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ASH FLOWS
By Rorexr L. Saqry

Apsrgacr

; Pyrociastic deposits known gs welded tuffs, tuff
pumice flows, or ignimbrites, Other usefei! units are the cooling unit, both simple

pound, the composite sheet, #nd th w ficld. The-deposit of one ash flow is
ed analogous to, but not necessa Same a3, the deposit produced by the
ge of ane nuée ardente. . 'Fle

e ranging from 0,001 to 10,000 km?®,
'st'e from Gﬂm rarely exceed 10

i “pumfve

The Ligh-femperature welded

Elded ihivery shieots. Most welded tuffs are prob-

Sl these limits. Some deposits record

¥e Eruption cycle; others record & chauge

! ught to be genetically related to near-
-coinples,

Plupart des dépots pyroclastiques ap.
Gage, ouignimbrites. D'sutres €lements utfles
1apoes, Is nappe composée, et le champ de
‘8 'cendres sont considérés.comme analogues,
¥ produits par le Passage d’une seule nuge
T de coulées en menues pertictiles, et émet-

'f f de conservation de 1a chaleur, et parce

1t des blocs en refroidissement dont on
; Bent mis en place A des tem.-
entrer en jeu. Un mécanisme

. ares sy
n i

o e Lt . e

- .
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R. L. SMITH—ASH FLOWS

de ce genre pourrait &tre ia coloxme d'éruption verticale qui influe sur les propriétés ul-
times de nombreuses couldes de cendres. _

Lea dépdts sont groupés en 7 ordres de grandeur, de 0,001 & 10.000 km?. Les ordres de

1 2 3 comprennent les dépdts venus de domes. Ceux originaires de cratdres dépassent

rarement 10 k¥, ordre 4, Les dépdts des ordres 5 a 7 sont associde & des structures de

Je lisu dorigine est coonu. Les tufs soudés for-

subsidence dans tous les exemples dont
: jis ils sont compuns dans les dépdts d'origine

fissurale et de grand volume. Certains champs de cendres venus d'un lieu d'origine com-
oun atieignent des surfaces de plosde 30,000 km? et des volumes de plus de 2.000 km*;
‘des o Porigi a}tiples. atteignent des volumes dé 8.000 km?. On pense que les
dépota de cycles & unc seulle éruption qui ont des volumes de plus de quelques km" sont
en relation avec des structires de subsidetics. : .
Les données granulométiique suggbrent-que In plupart des tufs soudés contiennent plus
! oi técianx de mofus-e 4 mm de diamdtre. L'agglomération et la
crystallisation dépendent datgement deln tEmpérature relative et de Pépaisseur des uni-
tés en refroidissement, &t ln phapat des textures rencontrées dans les coulées de cendres
agglomérées peuvent d’expliquer en -congidérant ces variables, L'sgglomération com-
menge avec Ja cohésion naissante d¥chtaetde fragments de verre, et continue par la di-
minution du volume des-pores, ¢t déformiation, jusqud soudure complte qui aboutit 3
" gh verre. noir dense.. o oo i
- Lauynallmtmn se sursjoute @ w'isporte quel stade dans le mauériel aggloméré,
- ponis le degré de souduise peiit influer sui _le type de crystallisation. Les stades @’agglo-
mération et de crystaliisation oot en.2 ies, et permettent de distinguer ie refroidisse-
ment simple du composé, faggiomération shissante peat avoir ieu en dessous de §35°C,,
; ffonctdqhduxe.don:euinﬂmdepu
viduels en refroidissement.
§ Tetppiratures, tels que lés “conlées de ponce” de
& partie non soudés daxna les dépdts épais. Les
_ heiurt stide I'idabo sont densémient soudés en couches
trdy minces. La plupist s soudds Bt probablement mis en place & des tempéns-
tures Intermédinires €n  extpdmes; Lertains dépdts montrent un changement sys-
ot Je cycle de I'éruption, J’autres montrent un change-

tématique de températiis pendant le cyid
posi pegrintique. OB ‘pense que certaines coulées de cendres sont lides.

. ment de composition 8
génétigpement des plutens proches de In surface dont certains sont de grande taille et de
nature complexe. .
ZUSANMENFASSUNG
Des Aschenstrom ist_die G pyroklastischen Ablagerunts,
dic als zusammen geechwelssie dstisme, Bimsteinstrdme
l_;nim‘brite bekennt gewo! nd, Andel Einheiten sind die eif
dle zisammengesetste, AbK ; eifsrmige und dss
Aschenstromfeld.: Mad ines Aschepstroms im allge-
- meinén anslog 2. der 48 nuée srdente (“Glutwo
enl

nistebt, aber nichit

Die Ablagerimpen,
o bis 10,000 3" en. D g
ein, die von Domen erup! i Kraierablagerungen eigen

NgeTun; A -7 sind In allen Filled,

aginss Ursprungsgebiet sus verbreitet wurd!
umen von etwa 2.000 k.

rungsgebieten Volumen vor Qber
dass Ablagerungen von Einzel-Eruptions-




ABSTRACT

5. 5in Volumen mebr als cinigen km? baben, zu Absenkungs-Strukturen in )
th -Analyaen lassen vermuten, dass mehr als 70% des Gewichtes der meisten -
i en bestehen, die weniger als 4 mm im X
Auskristallisiercn hiingt weitgehend von der 4
sbkithlenden Einhejten &b, und die meisten A
Aschenstromen knnen mit Hilfe dieser :
beginnt mit ‘geringer Koblsfon von 3
Yired"bruchstiicken und verliuft weiter iber abnehmenden Porenraum und
I8 1 eiem velligen Verschweissen, das in einern’ undurchsichtigen,
et. - :
in dem geschweinsten Material in jedem Stadium euftreten, aber
menschweissens kann die Art der Kristallisation beeinflussen. Die 1
n xﬁﬁchweissnngundkxistaﬂisg' i i s kB
K unig von einfacher und komplexer ; M
ft ‘ o H
5
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~ teranoT o6vema Gonee 8 000 RyGHYSCKEX KHJIOMOTPOB. OrnosReRAS ONRABOTHEX

pMenme o0HOM - paBALE HeCKONLKEM KyOnusckuM
KRJIONETPAM, CBASKEM 00 OTPYETYPHME OCeRAERSR.

o neRHKM TPAEYAOMETPRESCEON0 BHAYHEA 6OMIBIMEACTBO ceapenHEX Tydos
cooToBT Ba Goaee e 709, no Becy 9 MaTepHAJIS O IBAMETPOM 86DeH MOHES
4 my, Cnafixs H KPECTSTIIMBANAS S4BECET, B 0CHOPHOM, OT OTHOCHTSIBHOR
TeMIEPATYPR X TOMITEER - OCTHBAIIWRK. sasiemeft. BoaLmEECTBO CTPYKTYP
¢BApEBHNX TNOTOKOB '

uanBelt. cOCTABERX uacTeR,, BUIOTH

roroporo obpasyerca nnoTHOe YEp! iy

~ Kpnerannussnii HakIal Tk 33 puan B mobolt cTanuu
paspRTEA, BO CTEDOHE N0 Es TAR xpEoTaLTazensn. CTenoss
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1. Ash-flow shests on the Pa jarito Plateau near
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tign of thought surrounding any

avledge . is a fascinating
org 50 than that leading to
of the recognition, origin,
ion of ‘the rocks coramonty
r ignimbrites, Many keen
trapbled or even confused
thay show characteristics
1d lavas, but are not clearly

‘belong the “tuffavas”
“‘piperno” of Italy,
o’ *hai ishi” (ash stones) of
the: “rhomb porphyry” of
dad perhaps the eutaxites
eriffe, Wi i

fhuidal lava Hows

ése rocks i not limited

ppitig of certain volcanic

WS- or Pyroclastic

. the text. Special
'R. A. Bailey

etrology, or volcanology. o, and to
i ’ > ‘cussion of ideas and facts. Special thanks are

and metamorphic terrains, with their problems
of stratigraphic and structural correlation. It
seriously affects the study of calderas, volcano-
tectonic depressions, batholiths, and many ore
deposits, The geochemist should find welded
ash fows a fertile field for innumerable prob-
lems of megmaticvolatiles, trace elements, and
rock alteration, To the experimental geologist
they offer unigue materials for the study of
rate processes, such as welding and deformation
of glass, devitrifichtion, diffusion, and cooling.

It would be presumptuous to attempt dis-
cussion of all the facets of the welded-tuff prob-
lem; some have zecently been or will be treated
in other papers; and.on others little or no work
has been done.”In this review the writer at-
tempts. 10 outling some of the more promising
aventes for fntuge research, as well as to con-
centrate on thoss facets of the problem that he
feels tised special:vonsideration..

The referencs:list” contains only a selection

‘ of the available papers on the subject. Many

Russien and :Japanese publications which

- might: have beeh included were not available

in‘a'language e author reads, and other very
oo papers were simply not sufficiently ger-
1o the Subjects selected for discussion.

MGst of thest iare listed In the recently pub-

lished sind nearly complete Tgnimbrite bibliog-
raphy by Cook: £1959). In addition sn excellent
imity of - émuptive processes and their
products has ‘bgén published by Williams (1957,

P- §9<65}; 2 vEly good summary paper covering

.many facets subject has been published -

by Martin (4959); and Ross and Smith (in

press) present’a historical review, summarize
* “eriteria for recognition, and discuss microscopic

and field featnses and processes,
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NoMeNcLATURE

- The writer recognizes that the nomenclature
of thest rocks is controversial, Differences on
1erminelogy. are usually resolved when those

0st tonterned reach a common level of knowl-
¢dge; ‘mutoal understanding, and communica-

h. With these thoughts in mind and with
tipnal thought that the “welded-tuff
¥ i, in

does not seem profitable to discuss
ative: ‘megits of different nomenclatures. In-
id, ‘for ‘the demands of internal consisten
tiA paper, the writer will present briefly
sage he bas found most applicgble to-the

Pumice flow

Scoria flow

Block and ash flow (in part)

Gas and ash flow

Hot ash flow

Glowing avalanche (in part) A

Deposits of the St. Vincent vertical type (i panp):

Deposits of the “Nude Ardente dy katmajen

Deposits of the Valley of Ten Thousand Sp
type '

Aso lava
Ignimbrite
J(Hai i'hi"
Tuff Java

. Welded tuft
Welded mud lava
Schmelztuff

Cy pj

Sillar

r of deposits of welded tufis or -

ed equivalents. He his no {llu-

t this vsage will necessarily satisfy

éds and beliefs of 'othﬂ'#grke;s, nor
wish to créate the impre‘séjoq that it

The ‘basic unit of ssh-flow de-
to, o

ASH-PLOW SHEET: Some ash-flow d
have not been subdivided into well-d
nits, yet they are nappable, sheetliki
‘graphic units and are of inferrable
.origin. For these a nonspecific name fs

* Ash-flow sheet is used in this sense
Bay unspecified -sheetlike unit or

WELDED ASH FLOW: Ap ash fluw in. 4
' produced a conspicuous
ash flow.. .

eswas'

V tp . . . . M "
I Tor their coherence.Crystallization gl

or accompany welding “but, while




rigroup of units that have

e or multiple ash-flow
<an. be shown to have
tintibus cooling is a cooling unit.
history of the unit may have been
unifolti ‘or - ‘broken by successive
x 1 not broken to the extent

A :‘_t, uné is an ash flow or
 that has had an essentially
g history. Such units re-

“tinit, as determined by
nent temperature, thick-
nd physical ‘and chemical
tion on Zones and-Zonal

cen ash- flows were
to a single-unit

.- 1),

- Cooling-unit complex

obe ‘cooling unit into two or

5'i8 a-composite sheet,

: Deposits of pyroclastic

shing: preponderantly of ash flows,
ted to'some specific unit of area,

v feld.

‘ "'-F»dyv PROBLEM

many-faceted ash-flow problem

-those deposits that contain
‘eipecially ‘those that occur in
n¢ over large areas. The solution of
iinsolved problems concerning these
bott only through detailed .
- these- problems are minor
must be considered major:
 flows, (2) recognition and

ts, (3) mode of eruption, (4)
ts and source areas, and (5) origin

0 Marshall (1935) and
nd: Re 935) discussed the field
bpic: characteristics of the New
' " and the Idaho “welded
t-time nearly all authors who
welded tuffs in detail bave dis-
blems of recognition, and many have

m- simple cooling, e

NOMENCLATURE 801

- suggested criteria. The problem still remains,
however, because the distinction between
welded tuffs and lava flows on the one hand, and
between ash-flow tuffs and tuffs of other origins
on the other hand, is not always possible,

Recognition and ‘definition of units within
ash-flow ‘fields is especially important where
detailed stnictural and stratigraphic correla-
tions are sought and where genetic problems
are concerned. Deposits that were emplaced
virtuglly “en masse” or from a very rapid
sequence of eruptions are much less complex
than those that contain cooling breaks or ero-
sional. disconformitigs,

Problems of the mode of eruption are related
to the fact that o scientifically observed
eruptions are known to have produced welded
tuffs ‘or deposits - comparable in volume to
those resulting frot' many prehistoric eruptions,
Neasly all reasoning of the last 35 years con-
cerning prehistoricdeposits has been by analogy
with the Valley of Ten Thousand Smokes
whose ‘deposits, i turn, have been explained
in terms of the nufe-ardente concept developed
fror.the observed eruptions of Pelée and La
‘Soufridee.

The soundness.of this chain of reasoning is
rarely questioned, slthough some misinterpre-
tation of the élpssical concepts have been
published, Neveitheless, the eruption mech-

anismis before émmplacement of deposits from
“nuées ardentes need investigation and clarifi-
cation as does the precise meaning for the term
nuée ardente, if-we persist in using the term
to designate the agent of emplacement of these
depoaita,

The most imp; t ash-flow problem con-
‘cerns the location and kind of eruptive vents
and source arzis which produce the sheet
deposits of -great volume. It seems almost
incredible that,bf the hundreds of occurrences
of ash flows cotaprising tens of thousands of
<ubic mfles of:vock in the western United
States, for examiple, the number of unequivo-
cally kriown soyirce areas is probably less than
10. In terms of published data the number is

"4, These are-al] subsidence structures: Crater

Lake calderd, ‘Oregon; Valles caldera, New
Mexico; Creedeé caldera, Colorado; and parts of
Yellowstone Nitional Park. On the other hand,
practically allthe deposits of “welded tufis”
or “pumice flows” known to have a volume of
miore than &:few cubic miles and that have
been unequivocally related to their source
areas are related to subsidence structures, With
this evidence favoring subsidence in the source

KN s
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, it becomes of prime importance to locate
X for the older deposits,

ic eruptions producing ash

ash-flow deposits are very

-in-tectonic settings that

A granitic batholiths, The

} the immediate origin of the
-HIRZME g canic” or “plutonic” sources
rather than its ultimate origin.

o Mom: or Eruprion
Géneral Statement

. Present concepts of the mode of eruption of
hot pyrotlastic flows ‘center atound the nuge-
.ardente o ing-avalanche eruption and

irely on the well-known
of the 1902 eruptions of

Martinique (Lacroix, 1903a;
Anderson and Flett; 1903) and

-§t. Vincent {Anderson and
and the eruption in 1912 near

Soutz
Flett, 1903)

_ {Fehnet, 1923). These accounts
euginented by detailed observarions
97932 eruption’ of Pelée by Perret
various eruptions of M.
cetitral : Java (Stebn, 1936;

g, 1933; Van Bemmeien
truptions, among which

5 LDamington (1952) 'in New

5 1934 Taylor, 1954; 1956) and

948-1953) " in “the Philippines
nd Alcaraz, 1956), have tended
“strépgthen the correctness of

fy. of data from seversl

¢d, however, a8 to whether
Xdente mechanics are adequate to
h.omd emplacement of the

the Valley of Ten Thousand’

standing the development of the “pyroclastic. .
flow” concept.

Nuée Ardente

Lacroix (1903a) introduced nuée ardente
as & geological term for the devastating erup.
tion of Mt Pelée on May 8, 1902, and for
subsequent eruptions from Pelée. The eruption
on May 7, 1902, of La Soufriére on St. Vincent
also came to beaz the name nuée ardente, as
have many othes. eruptions from other val.
canoes in -other parts of the world, particulardy
Merapi in central Java,

Nute ardente has also been used to designate
eruptions which ‘are believed to have heen
responsible for ‘the great welded-tuff sheets
and their nonwelded counterparts which are

i of this paper. This usage of

_has’its origin in the studies of '

Fenner (1923), Lacroix (1930), and othen, -

although Fennersensed the fundamental dif.

ferences between. fhe deposits of the Valley of .4
Ten Thousand Stokes and those of Pelée,

It should now be recognized that most welded E
ash’ fiows cannot'have had an origin from an °
eruption of the type that occurred at Mt ;
Pelée in 1902. The very size of the deposits.
precludes this; ‘however, the mechanics of - 3

cruption and transport as deduced by the - §

observers of thé deposits of the eruption of -
Pelée and La Soufriére that took place on -
May 7 and 8, 1902, and observers of subsequent

eruptions from Pelde, together with Fenner's -

Interpretation ¢t the deposits of the Valléy of -:
Ten: Thousand Smokes, give us insight into a
probable mechnnism for eruption and transport
of the gsh- osits of large volume,

two paris—a basal avalariche
ing spectacularly expanding -
d

‘sometimes . form - 193

significant, " in this

mée ardenite has i B

tuff, Because of the
~because some of the
- Uwelded:tufi” emplace-
. to ‘misconceptions re-
‘nuées ardentes and to
usage of the term, it séems n
¢ briefly into the nature of the classical
ntdéntes. This fs slso important for undep-

beensharp[yﬁwn These statements refer to

.the nule ardente as an agent of transpert of

material froni the vicinity of the vent to its
final resting place, not to the material as it is

" being enmpted from the vent. -

"Lacroix (1904, p. 350) has described th
nuée ardentes




nuéeardente est constituée par une émul-
térjeux solides dans un mélange de vapeur
4 haute température, sur ia nature

ne reviendrai pas. La forme et les
i'elle présente au moment de sa sortie
du déme montrent qulele était
3 celle-ci & une compression formidable,
it de quelques secondes, elle un

y . laquelle prédominent des ma.
{blocs - de_toutes dimensions, frag-
petts, cendres fines); chacune -des

I chaleur et doit etre entourée par une
de - ﬁ et de vapeurs extrémement
T : , empéchant les particules
‘touther, ‘maintient 'ensemble dans un

billté lui -permettant de couler sur les
ipresque 3 1a fagon d'un liquide.”

y because of the trajectoral (directed-
Dattire of the May 8 nuée ardente, at
early stages of formation, Lacroix
-of but did not emphasize the basal
be was, rather, preoccupied with
‘or “doud.” Herein seems. to Ke
f the “airborme-cloud™ connotations
literature on welded tuffs or

Y. writers have referred to the
ents of transport of “avalanche”
givealized that the cloud portion of the
“ardenites does carry and deposit ash-and
2alth - insignificant "amounts ds

[ e avalanche portion,’
‘and Flett (1903, p. 494-495), not-
n’th trajectoral-type nuée ardente,
Jollowing account of & July 9, 1902,
" Pelée:

inatant a red-hot evalanche -rose

£s fight dowp to the sea. It wes dull

brighter streaks, which we

nes, as they seemed to give
spatks. Th

_ s mmdull;
ilght ont of the avalanche, of which it was -
‘e lighter and cooler surlsce; and as it

particules solides qui les constituent '

mais st dilatant rapidement;’

| ‘doubly confusing when it is

veloch ,

. ardentsl . moved under the influence of gravity,
while Lacroix, although recognizing that grav-

MODE OF ERUPTION 803

‘advanced it Yisibly” swelled, getting larger and

every minute.

Of the avalanche deposits formed from the
May 7 eruption from Soufriére, Anderson and
Flett (1903, p. 449) write:

“The geological evidence was not sufficient to
demonstrate what form the di took, what
was its path, and how greot was its velocity when
it Jeft the crater; but by the time it reached the
valleys below it was a torrent of sand,
stones, and hot gases, which coursed along the
valley bottoms, adapting itself readily to all changes
in’ their. configuration, too heavy to surmount any
great h:;jgh:, ut sweeping over the surface of the
minor tidges, and coming gradually to rest in the
d ravings behind them. In the valleys of the
We;ﬁib‘u and Rabaka Dry River it filled the whole
Sanke, Sith iveglay Toua] maper ook 127, In
b , .with irregular ro upper sv i
glaciers of black sand. In the ﬂ:)en shallow and
open valiéy-of the Wallibu Dry River it had not been
confined to.a narrow and steep-sided channel, but
had bepn free to spread out laterally, and there it
took the form of a broad sheet of sand with round-
‘backed tidges, like wreaths of snow, pointing down
the valley:2nd diverging with s sﬁg‘:ﬁy fan-shaped
arrangement."”

These cbservations give a very clear picture
of the ayalanche portion of the nuée ardente.
After comparing their observations at Soufridre
with those at Pelée, they summarized in part
that Pelean-type eruptions are characterized
by avalanches of incandescent sand accom-
panied By 8 great cloud of gas and dust. The
avilanghe and the cloud both move at high

ity pliyed a part, believed that a directed

~initial ‘explosion was also necessary. They
- hillside, and poured over the

was due to expanding gases.
The ontroversy was slowly resolved when,

egreed that the extreme mobility of the mass

. through observations of other nuée-ardente

eruptioiis, it was realized that the position of
the vént within the volcauic edifice influenced

the initial behavior of the nuée ardente. It is
" not xecessary to review the details of this

evolition here; it is revealed in the works of
Perret’ (1935), Lacroix (1908; 1930), Escher
(19335; 1933b), Stehn (1936), Grandjean
(1931); Neumann van Padang (1933), Kem-
merlitig (1932), and MacGregor (1952; 1955).

- Mag@regor's paper is really the first detailed

analysis of the problem, and in it many distinc-
tions are clearly drawn. In particular it points
up ‘a° number of common misconceptions as
wefl as specific published errors.

@ eap vag
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Fetiner (1923, p. 71-74), from his studies in
e Villey of Ten Thousand Smokes, concluded
either gravity nor violent initial explo-
sion, alone, could explain the distribution of the
angd flow,” and that a third factor was essen.

- writes (p. 74):

$, a8 I conceive it, is the self-explosive
7 ivherent in the magma itself, due to the
and evolution of dissolved ega_se.s; and this
ive evolution fa.not manifest lmm_ediate‘.kv,
longed ovet & considerable portion of the
which the spreaf;m movement con-
gives to the material its fundamental
uasi-liquidity. Gravity plays an

gxr«:lmg g the flow down mountain

ographic depressions, but it is

ectivenﬁ wo‘:;l.d rather

t were it not for peculiar propertjes

y the form of disintegration described.”

‘¢ thus see' Fenner us the originator of the
- sive” flow concept, Latroix, and
on and Flett recognized the fundamental
nce of ‘expanding geses in giving " the
. Eigh mobility, especially -over low
ut the ‘delayed or continued-evoly.

5 hag been more dlearly expressed by

{1935), who witnessed more ‘than 100
erdentes from Pelée between 1929 and
.Técognized their dualchmcter

.the flowage mechanisin was not

erent from Fenner’s. He stressed.

range in intensity. Van Bemmelen

. 191-192) summarizes the nuée-ardente
enon based on 'his and -other workers’
ns in Indonesia, principally from the
lcano in Java, He points out that
cter of the eruption changes with an
-volume of erupted materisl. Small.

ches may be accompanied by &

s latrger volurjes:

be-

ite” may jump the banks

ependent of the avalanche for short

sage of the term nuée ardente is am-
ithin the references citéd in this
it his. been used for (1) the eruption
produces ‘the laterally movitg: mass of
materigl 311& gas, (2) t(l’i;avalanche
tiding cloud as agents of “transport,

the ‘dlond, exclusive of the évglanche,
mingly thé nuée ardente as dh agent of
transport of volcanic materials, whatever it
inzy be &t the moment of fts emergénce from

- Taylor, G.

R. L. SMITB—ASH FLOWS

the vent, is, when it begins to leave a recogni
ble deposit, a flow of
which the fragm

thesolid particles
beds of ash,

Any argument about the unity or separats.
ness of the avalanche, or flow, and the cloud
must center around the degree of inflation of ]
the flow or the sharpness of transition betweg
the flow and the cloud. Some writers have envi.
sioned the entire puée ardente as s “cloud’
with gas suspending -the solid mater;
whiole havi i

_ diffgse top,

turbulence, leave a graded deposit either vert.
cally, laterally, or both. To the writer's knowl-

ge no such deposits have been described. : -
B ?‘he eruptions discussed in this section werr

‘Insignificantly small compared to ancient ash

flow eruptions. To reconcile the two we mi
deposita, |

"Perhaps the significant point of differcriok
between Pelean eruptions and cruptions that
produce welded ash flows, aside from compasi
tion or the character of the vent, is that the
entire mass of a Pelean nuée ardente is P
duted in one short burst, whereas the o
type is produced by continuous evolutio
miaterial over

Vertical Component

The concept of formation of pyrociastit
flows from vertical-eruption columns ha.s u
been given the consideration it deserves®. T

* Since this man
portant
HB}’ ’ o) '
lowing avalanche deposit of St. Vincent, B.
ibhr.n&eology v. 67, p. 540-563
-» 1958, The 1951 eruption of
Lamington, Papua: Australia Bur. Minersl
sources, Geology and G

. Hay's findi
di .




concept embodied in Lacroix’s
21472) nube ardente dexplosion
and the nude ardente du massif du
or vertical eruption, but to tearly
rertical .component is just suff-
thing magma to the crater's
begins its lateral journey as a
' Perhaps the most important of
torical eruptions shedding light
e “was that of Komagatake in
1934; p. 136) states that during
of the eruption -pumice’ was
up as high as 12 km. ‘This
carried by the winds for more
his wir-fall pumice was followed
“eruption columns contiining
3 of pumice. erupted to Jesser
Ahe earlier materials. This later
D the mountain and poured
to distances as great as 6 km. -
lumn of pumice above the
th the pumice flows pouring
h, miay be seen in: pne of
ttations (Kozu, 1934, Fig."20).
(1942, p. 79) visualized conditions.
#; turing the eruptions of the
\” to be much the same as at
8 1929. Similar deposits: were
€y are of quite different crder

take “pumice flows,” according.
1851), were dry avalanchies
Lacroix, 1930) and are not
y;:deposits such as the Bishop tuff.
‘this may be true, but it-may be
_all- pyroclastic flows produced

with air before the flows were
arole temperatires a5 high as
imeasured in deposits averaging

tuff-is locally more than 300 feet
olume of more than 2400 times
Komagatake deposits. Thisalone is
cant with regard to the ultimate
ot with regard to methanics of
it. Units of the Bishop tuff that are

nends that Hay's paper be read
Interested iny these facéts of tg{
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ted in well-stratified, beds; . b
Vel

only 10 feet thick probably show no high-tem-
perature characteristics that are not shown by
the Komagatake flows, and, aside from compo-
sitional differences, the two would probably
be indistinguishable. This is not to imply that
the two deposits were emplaced at the same
temperature, but rather that comparisons are
not meaningful unless units of equal thickness
are fognd to be different.

Thgt the pyroclastic flow is a heat-conserving
mechdbism is shown by the temperature meas-~
urémerits on some historic deposits and by the
existerice of welded tuffs, Boyd (1957, Ph.D.
Thedis, Harvard Univ.), in his study of the
ostone welded tuffs, has concluded from a
carefifl analysis of factors causing heat loss,
bottidaring ent of the tuff and in the
conduit, that the formation of welded tuff, from
. materidl emplaced by the “tuff-flow” raechan-
isng, 3§ thermodynamically feasible,
yd's calculations assume minimum mixing
with air and indicate a temperature loss of less
thas °5° C., if the -emplacement time wag 1
hout; or less than 45° €., i the emplacement
timpiwas 10 hours. The approximate correct-
nesa 4f these figures, for the jdeal ash flow,
Is suggested by the existence of certain welded.
tuff sheets that are densely welded to within &
few feet of their tops. Such a condition calls for
very: efficient heat conservation, because it
meatis that the glassy particles must deform
and dveld urider a very low load of less than a
few: ‘pounds per square inch, Temperatures
netedsary to accomplish welding at such low
loadd'are probably m excéss of 800° C. (Smith,
Friedmin, and Long, 1958), whereas the erup-
temperature of rhyolitic magma contain-
henocrysts must be below about 960° C.
andis probably below 900° C. for most rhyolitic
pyrodastic rocks. These figures are suggested

frony a consideration of Tuttle and Bowen's

(1958, p. 58) PT curve for the ternary mini-
mum, and from our knowledge of minimum
weler contents of volcanic glass (about 0.1 per
cenit). There is no need to develop this argument
here. Itis mentioned only to shaw that fiedd and
experimental evidence support Boyd’s conclu-
siotis that actual heat loss during flowage
is small for ideal ash flows and that heat coti-
servation is very efficient.

~The ash flow seems in fact to be so efficient

" & heat-conserving mechanism that the writer

is Inclined to think that, except for eruptions
from domes, the only reason ash flows contain-
ing & high proportion of glass ever escape
welding is because they were cooled between
the time they were erupted from the vent and

-
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R L. SMITH——A‘S,ﬁ FLOWS

¢, they began their journey as pyro-

i¢. flows. Seemingly the only significant
echianism that can be invoked for this

hterval is mixing with air in a vertical-eruption
olumn;- the amount of mixing or- degree of
iz"dependent on the height, density,
mechani¢cs of the column, or columns,
Seeking. an expilenation for Lacroix’s “lateral
"at Pelle in 1902, Jaggar (1902, p. 366)

ested that they were due to the interference

t ownfalling ejecta and the upblast
om the crater, The interference caused- the
aterial to be deflected laterally. Anderson and
et (1903, p. 513) discounted Jaggar's theory -
grounds that it fails to accourit for their

Hons: of subsequent’ eruptions " from

hede ‘and later observations by others

elée and- other volcanoes support the views

{ Abderson and Flett, and it seems clear that
ahation is precluded for eruptions

, which, because of ‘the position ‘of

. give sectoral distribution and eom-

a horizontal component, Howevet,

nely doubtful whether Jaggar's of @

r explanation has been or éan be dis-
the. 1982 eruption’ fromt ‘Soufridre,

reint point of Jaggar’s explanation is

andsa vertical coluron of pyroclastic

‘amount of solid matetial in the coluron:
iat svhich can be efficiently erupted as
oclestics, the excess maust be dis-

a3 pyroclastic- avalanches.

aterally displaced. material is

re by interference: between up-

. and- downfalling material, or whether
-related to différential velovities in the
int, ‘but probably not $o important
onght that the volume of solid material

i d:e cohixm is a fusiction of gaspressre, and .

t Hiictuations’ or systematic clianges in gas
ressure might effectively control ‘the amount

dthe emplacement-temperatiire charge..
of, the laterally displaved. material,
. Blustrated by the Crater Lake “pumice

eme allows us to envision an eruption
‘olttan which at one stage is producing afr-fall

lasties and at another stage is simply -
- bolling .fragmgntal material over the lip of-

e vent, )

Behsvior of the laterally displaced material
shoitld depend on its volume, temperature, gas
cohtent, and the surrounding topography. If
its volume and temperature are low, the mate.
ria] ‘may accumulate to form dry’ avalanches, '
ovalatiches seches of Lacraix (1930, 'p. 466) or
“hot avalanches” of Perret (1924, p. 90). It,

its volume is large but its temperature i low
it will perhaps form deposits like those 2oy
Crater Lake, Oregon. If its temperatute
high and volume variable, it will form weld)
tuff sheets, the cheracteristics of which will |
determined by temperature, thickness, gas c3
tent, and composition, ’
The discussion in this section implies t
the emplacement temperature of these p
clastic flows may be controlled to much gres

- degree by cooling in & vertical column, before

the flows form. than by a fundamental diff

. elice in magma temperature or initial gas.

tent, and that this cooling is primarily relay
to the volume of materials in the columa; ¢
height of the column, and perhaps the saty o
the vent. This is not 1o infer that the magoy '
temperature is constant; it is not, and ' sothe

~‘deposits record a systematically changing tem

perature.

Emplacement by Flowage

The geologic evidence, aside from observi
nuées ardentes, for the emplacement -of

:flows by flowage or avalanche mechasiics
“been cited by authors such as Fenner (
‘P. 61-74), Anderson and Flett (1903, p.

‘Williams (1942, p. 81), and Matumoto (19437
$. 3-4). It may be summarized as follo
{1) restriction of deposits to valleys or othi
fopographic lows in mountainous regions; (2"
bearly level upper surfaces over buried:

~taphy except where compaction becau

rats

~welding has caused suiface irregularities;

~lack of sorting far from vents which' d
"-suggest emplacement en masse rather. thap by
ot somie other mechanismis an im- . )

i1

-air fall; (4) Bowage features in some de
5) retention of heat for long periods of -

(years) resulting in fumarolic activity, weldib
and crystallization, which appear imprd

in air-fall deposits; (6) incorporation of s !

debris, ’ S
TOPOGRAPHIC RESTRICTION. Restriction:.

ash-flow deposits to topographic lows is

Williams (1942, p, 81) comments that
standing feature of these deposits is the i
‘in which they have followed the prind
canyons near Crater Lake, In the Valles M
tains, New Mexico, all canyons that. d
from the bigh-mountain source area ap
are older than the Bandelier rhyolite cotita!
welded ash flows. These flows coalesce to fo .
continuous sheet deposits on pediment.d
alluvial suriaces below the canyon mouth
(Ross and Smith, in press).




trast to the coalesced sheets on the
nks of the Valles Mountains, the “Aso
tumoto, 1943, p. 3-4) form a con-
field peripheral to the caldera, whereas
devels the field is divided into innumer-
es thaf follow the highly dissected

SURPACES. The nearly level upper sur-
of- ash-flow sheets whose bases may rise
ponse to changes in topography
own and need no further discussion.
ORTING: Lack of sorting has been
@ characteristic feature and criterion
on of ash flows. It is genesally be-
the lack of sorting is a result’ of
Hon #rom a turbulent fiow or avalanche,
B some air-fall deposits in the vicinity
ve vents may also give rise to nonsorted
its, and at times the two are indig-
(Wiltiams, 1957, p. 64),
Y. many ash flows do show some sort--
ly bear their distal ends, where it
resumied that they were moving more
ctore”.coming to rest. Such sorting
be related directly to flowage and in
‘to- somie measure of laminnr flow,
visible traces are discussed - under
v features, ‘ :
¥EATURES. Flowage features are of
riniary and secondary, :
ow features include:
ce swarms—discontinuous streaks
-accumulations of pumice lapilli
8.in 2 finer matrix (Taneda, 1954, p,
96; Tdneda, Miyachi, and Nishi-
p-113), .
 pumice—top, side, and flow-frone
of pumice blocks (Kuno, 1941,
d' Sinith, in press),
i trains—discontinuous streaks
atcumulations of accidental inclu-
6o, 1941, p. 147),
primary flow features nppear to be
dant near the distal portions of ash
¢re they-seem to be related to lowered
moventent before the ash flow comes
ce accumulations of pumice,
W tops, probably are more-common
ity recognized and may at times be
distinguishing individual flows in
ed tuff deposits. These flow
' may: be overlooked in welded’ tuffs,
- welding and arystallization tend to
them,

ial stretching——shards and particu-
hnice fragments may occasionally have

over the possibility of a deeper-scated source
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been squeezed during compaction and welding
beyond simple loss of pore space, resulting
in radial stretching of the fragments. Most
pumice fragments in densely welded tufis have
simply collapsed without elongation; however,
if under great load or high temperature, they
occasionally display abnormal elongation in
cross section. Ross and Smith (in press) have
suggested that secondary solution of volatiles
by puthice may cause slight viscosity differences
between shards and pumice fragments and may
allow preferential radial elongation of pumice
"by differential compaction. Probably most
pumice fragments in ash flows before welding
are.niot longer than three times their smallest
dimension. Taking porosity and preierred
oriertation into sccount, Ross and Swith (in
press)’ suggest that, after dense welding, col-
lapsed pumice fragments baving a vertical
dimension 3 to 20 times smaller than their long
dimiension are probably the result of simple loss
of pore space without elongation. An elongation
of 20 to 60 or more times the smaller dimension
is believed to indicate stretching.

(2)° Flowage deformation—the stretched
puinice fragments are disclike in plan view and
bave random orientation. Some welded tuffs,
however, contain stretched pumice that has
preferred orientation, and these seem to indicate
mass flowage during or after weldicg. In exam-
ples'of this type seen by the writer the distance
flowed could have been only a few inches or at

‘miost a few feet.

Secondary flowage in these rocks is of minor
importance to the entire problem. It may be
reliited to sliding off topographic highs or
earth movements during welding of the tuff.

EEAT RETENTION, Retention of heat, result-
ing'in welding and crystallization, is one of the
strongest arguments for the emplacement by
fowage of welded tuff deposits. Heat measure-
ments on historic ash-flow deposits are few,
but significant, Unfortunately all the terapera-
ture measurements on the “sand flow” in the
Valley of Ten Thousand Smokes were of
necessity made on fumaroles, rather than in
the ash itself, and the first of these not untit §
years after the eruption. Fumarole tempera-
hires, however, may approximate the internal
heat of the flow, although variables such as

" §48 reactions, localization of gas in joint
«racks, depth from point of origin of the gas,

and thickness of the flow ali make an accurate
heat analysis impossible of, at most, very
undependable,

Because of the still unresolved controversy
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. '.r"'g_or some of the fumaroles, the most significant
. " lemperature measurements i

. . Ficors 1L.—Tesmrersrone Mxasozman:
Omagatake, pamice flows—data from Xozu (193

Valley of Ten Thousand Simpkes sand flow.
and Lovering (1957, p. 1590).

le no. 1. The three that show & rise in.

The tasximum .
the fumaroley.

- C. (Allen and Zies, 1923, p. 101),

T 2his temperature, 7 years after emplacement
. of the ash, is unrelated to a_deeper

‘Stiirce, it

of ash.”

‘Cettainly must reflect a very deep'layer

6] curves) and the pumice flow. deposits (P

uring the eruption of Komags.
0z, ] 143), The rurves:

drswn from measurements of both fumiaroles

1500

NTS ON HisTORIC Asu-Frow DErosirs

#

P. 143): S curves—fumaroles, P curves—bo of.3
data from Allen and Zies (1923, p. 106); Zies (1

.. labeled S were made on fumaroles; the mati
-, inuin temperature of 510° C., measured 8 ;
_days after the eruption, may be dose to'th
“». maximum emplacex;ient temperatures of th

flows,

5 the same ones wigasured in
- Suyre and Hagelbarger (1919, p: 262~
-but three of these measurements show -

/8’ temperture drop similar to that shown by

ders weighing tons, Some writers have obsc
evidence suggesting a strong erosive power. 0l
ash flows (Tsuya, 1930, p. 252), The ash Baws
constituting the Bandelier rhyolite tuff of ¥
Mexico have locally swept the underlying sur~3
face clear of rock debris of all kinds and sivets
up to boulders several feet in diameter, wh
elsewhere the flows have passed over bedds
air-fall ash deposits seemingly without dis

ing even the finest particles, In those
showing evidence of erosion the dete

factor apparently was an irregular
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whick increased turbulence in the over-  have been extruded en masse under optirsure,

8. - conditions, ' *he

' . This concept also is analogous to one held by

" Particidate ar Foam {Froth) Flows lddings as a mechanism for the formation of

. “welded ‘pumice,” 1ddings (1909, p. 331) en.

some "welded tuffs” severa] isiones trusi

0sed mechanismg of emplace-  gusly erupted. fiagmental materialg that had

iffer. from the Pyroclastic-flow fallen back into ¢

een: suggested that emplace- also -exp]ame‘dﬂpw breccia by this mechanism,
ther 23 a mass of coherent , ith {in press) discuss this and other
] collapsed to give mechanisms of formation of the rocks Iddings

OF a8 8 gas-charged called “welded pumice.”

Riculated and fragmenteq top The controversy over the classical Armenian

owing, resulting in a sort “tufflavas” andthe Italian “piperno™ has beep

uff deposit in which. the discussed by. Zavantskv (1947, p. 15), who

% Jlow is really a nonfrag. agrees with Pallenholz (1938) that the “tuff.

! and collapsed lavg, lavas” are. of ‘pyrociastic origin, -and with

{1955, p. 495) suggested Dell’Erba. (1892) and Zambonini (1919) that

ot the origin of the vast  the- Ttalian “piperno” was also a pyroclastic

eets of the Yellowstone area.  rock. Both ‘“tufflavas” and “piperno” are

Tbggs, Harvard Univ.) from regarded as lavi flows by other authors (e.g.,

14, believes the evidence - Ley -Lessing, Kalkovsky, and Abich, as

W concept; he sug~. cited by Zavaritsky),

local unit in Yellgw. . |

ﬁowédmpy bave origi.

Suinmary Statement

that the Doreng .. The evidence from Published studies of

gon. was emplaced  welded tuffs: ‘overwhelmingly favors emplace.

Top and bottom of ment by gvalariche or flowage .of fragmenta|

forming what seemg material dnd Kot gas. None of the other pro-

)" bt the.interior .. 'posed. - m i been" convincingly
L it " der inor deposit.

Kennedy, 195S;
] , 19535) to accept the
" origin. This concept was an
interpretation of the. mode of
f ‘iuées ardentes that undoubt-
influeniced by the devastating effects

 and fragmenta-. ¢
pth without - Jeff and lapilli deposits up to a few
Y " regener: érson and Flett, 1903, p, 487).
e from which the ‘cioud was
derive tobably confined to the valley of
b Rivi anche. During the eruption of

Posits. May ¥, 1902"at Soufridre clonds caused the
cal ‘death and leVastation of the settlement on

- . both' sides. of $t. Vincent and deposited a few
 : inches of ash (Anderson and Flett, 1903, p.

The oyl that devastated St Pierre and

448) The avalanches from which the clouds
eCha) were derived were confined largely to the
- lce_of‘pyﬂro_clasﬁc dikes. Walliby and baka valleys, -

It has Dot:deen shown that a welded tuff

dends

i
¥

H




R. L. SMITH—ASH FLOWS

from the ash cloud. The size
re of Pelean-type clouds are
uate. However, if we assume
ied prehistoric ash flows,

ly did, tonceivably they were at
ind larger and may have carried
¢ glassy ash could have been
pemmm of the order of

3. Complete welding would

ickness of the deposit. Such -

<ty ts, if they. exist, might have
crming distributional and textural charac-
it wouhi be very subordmate in

exs' of the patuculate-ﬂow
nemlly agreed that the driving

 gases. Hereln lies a problem

'; nately, what is the true -

naxnre ﬁ:e'gas ission process, and how
3 i’ different ash flows? Is total

: to the vent, conduit, or

some. of ‘it take plaoe in the

g ﬁowage .whlch if-explosive, gives -in

alled “auto-explosive” property -
that was tmpped s

and pumice, but

'cu]auon before.. ':_

X, amdunt gwen' off by
nly a: féw- biundredths of &
ht; 1) volume at the eruption

would' be impressive and would

lubrica.nt.

exmnple, many ash-flow deposits contain
quantities of pumice crowded with long '
parallel to subparallel, tubular vesicles, and y
shards may be seen to have formed by frug
mentation of such pumlce Presumably the
only place such pumice could form is in 4
conduit, and this suggests that most, if not all..
vesiculation, together with much loss of gas,
took place befoke the ash flow was formed, Tlu
lubricating gas of the ash flow, then, must he’
atuibuted to mechanisms other than auip.
explosion in the strict sense. Some ash flows;
however, show & paucity of Jong-tube pumice; 3
and the sbards are coarse irregular fragmen
‘many with' spherical vesides. Other doposi
are mixtures of types. Quantitative studics
shard and pumice types have not been mad
and such studjes may reveal important clu
for the solution of ash-flow problems.

RECOGNITION - AND DEPDMITION or Unms
Leneral Discussion

The recogmnon and definition of ash-tlow
units pose ong ‘of the most difficult problém of

- pyroclastic ﬂdws, especially in deformed roda,

Perhaps the pnnopal difficulty relates. to the

fact that thebhsic unit, one ash ﬂow, is, in'many

y mdxsuugm=hable in mullipl:
How tonling units, The problem is madeé mone
difficalt ‘becalise cooling units; or amgh ash

h‘bpernw of these rocks permit néw
e solution of old, as-well as n¥,

of units, and even of the basi
unit, is ccmmonly a function of the scale ¢

" imapping or of the degree of underitanding one
-wishes “to achieve. Thus, for recons

' inapping, & Jithologic unit may e a
3geneous volcanic field, whereas :for

" mapping a unit may be a texturally dlsunctfv

zone ‘of on¢ welded ash flow. The followin

 discussion may appear to be needlessly com
* plicated for fnany small ash-flow sheets andJo

some lsrgex ‘ones; for the great caldera-forming}
eraptions, however, the discussion is p bl

© an-oversimplification.

ma.!yaxs of pumfce and shard

of aorting characteristics, For_

Flow Units

The usual concept of a flow unit, stemy o :
as it does from our knowledge of hnsw




ong nu

in an
first’ eruption may prodice a
t valle flows, A second
%Al additional flow in each
~of the flows may coalesce at
8. As the surrounding
ted by materials from
ind the terrain is leveled,

ger valley units but become
arger, . complexly “lobate, units.
may. become single sheet flow
Continuous through 360° around the
his; model assumes approximately
distibution. from the crater.
ve of an’ eruption giving rise
stbuted ‘single flow of pet-
eround small sources -
j site. cone type, From
a3, afid- from multiple vents
that-culminate in large calderas
; depressions, the pattern
-increase in dimensions and

ke sotifce srea £ large and small .

escing lobate sheet flows
vorable sectors felative

5 credibla that a single litholoﬁ-
geneous flow unit could be formed

RECOGNITION AND DEFINITION OF UNITS

eruptions, is restricted because
ize-of these deposits and the fact  to cover an area the size of, for example, the
confined to valleys. The fiow unit

- genenally  considered the
e ardente, and at Pelée, for
ées ardentes were con-
he valley because they
the dome through a breach
ter ritn. The resulting de-
inevitably is a stack of thin
Separated from each other by
Hons, fine ash, materials re-
“water, or minor erosional
€ nature of these Ppartings
2 place 10 plage between the
l:lﬂ’i_omﬂy a perting miay not

e,

ecause of the open crater, the
e ‘fows. or avaelanches was
by-“tepography below the
Bis poured down several
b ol these valleys now contains g
{pfesumigbly one from the May 7,

% whith i3 a vait in itself, but
oduct of a single
minor - material’

environment similar to -

from multiple vents, or even one great fissure,

Toba field (2000 square miles). Such units
probably represent something more complex
than a single flow even though random sam.
pling indicates homogeneity. On the other
hand, because of the probability of the inter.
mingling of materials from multiple vents, or
continuous evolition of great volumes of
material from one or more vents, our concept
of & flow unit must embrace compound flows
. that could concelvably show nearly all possible

variations seen in welded tuffs, cxcept in-

compatible cliemical compositions,

* No descriptiofy of a single flow unit in its
remaining or ‘fxposed entirety has yet been
published, and it is doubtfu whether geologists
will undertake such g task in the near future,
It will thus be 27Jong time before we penetrate
the intricate maze of the large ash-flow sheets
and understand’their history and the history
of their source arcas.

Our immediate’ concern vith the flow unijt
is in"ome- and“two-dimensional vertical sec.
tions where it rjust be defined as the thinnest
Tecognizable “vittually nonsorted layer. Its

hic] yfange from inches to hundreds
of feet, and it'may be separated from other
flows by Partings of diverse characteristics

(Smith, in press). The visual recognition of
partings, and-hence flow units, may be very
difficult and logally impossible in some welded
tuff sheets, Some work suggests that the mag-
getic properties. of individyal flows may be
useful jn distinguishing them (Hatherton,
.1954a; 1954b),

The writer ‘thinks that some of these flow
units as szem in two dimensions are actually
subflows that -originated within the main
flow itself, mthier than at common point of
‘origin in the vicinity of the source. These sub-
flows may result from the lateral overlapping
of lobes on an irregular front ot possibly by
vertical overriding due to volume surges or
deposition on an irregular surface, These are
conjectural conicepts, but the overlapping of
lobes around’ topographic prominences can
cause the appearance of two flows in vertical
sections dowmslope from the prominence,

.whereas theré is only one upslope from it.

Whatever their origin, such units represent
8 physically distinct and tabular flowage
‘mass, and we bave little choice but to call
them flows until detailed mepping proves
otherwise,
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i flow (Pls. 1-2).

- however; have been emplaced in
ugh’ sutcession so that they cooled
ally  simultan or in continuum

arously,
- QUELan extendtdpedodofume.

Of compound if the zonal

m that “expectable in g
,_féoiﬁmon diﬁipulty of recog-

within densely ‘welded voolj
ly many of the so-called single

., . no discon
- such & nahwiE as to suggest that there
Was more ‘than one period of deposition,”
R, ‘Bailey {Oral communication),
- J. Heal ; has re-examined th

Fenner (1923, P. 29-31 and 1948, p, 8gs

Gilbert (1938, p. 1836), Willisms

Westerveld (1942, p. 204

nized this probl 3

especially for the more 4

aystallized sheets where distinctions are more -
and perhaps most, welded |
d be Ye-examined with thi

Composits Sheels

It can be demonstm.!;cd that all degrees of
welding .can exist at the contacts between
1 within . compound cooling unity, *

cooling, 10 ate,
that is, in so far as we are able to detect cun-: 3
tinuous ‘cooling in g vertical section. In com. .
plex fields of long-continuing cruptions e
may expect that single cooling units in one
area will grade intq separate cooling units -
elsewhere, Tliese mdy be separated hy er-
sional disconformities. . L
The aggregate of cooling units joined .hy
welding ‘or ‘crystallization in some areas, but
grading laterally into two or more scparate
cooling. units, is cafled a composite shieet
(Smith, in press). Because it has not been dotu-. i
mented by mapping, although supported by

inspection in a few localities and inferred in

Praze 1.—ASH-FLOW SHEETS ON THE PAJARITO PLATEAU NEAR LOS ALAMOS,-
NEW MEXICO

nformity and air-fall beds, make up the Bandelier rhyolits 8

onwelded and vitric ash-flow imit that underlies the lowés
uff and disconformi|
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RECOGNITION AND DEFINITION OF UNITS 813

, the unit is referred to as hypothetical
§

. Steven, 1959), Valles (Ross and Smith, in
i be accurately mapped. The existence press), and many others, are stacks of cooling
& sheet seems inevitable i

. , and it may  units or composite sheets with varying amounts
U9 'prove to be the most significant  of interbedded ash,
terms of the eruptive and structural

It is inferred that the greater the number of
the source area, especially in de- cooling units, and the greater the differences
18¢ volume, : among them, the longer and more complex
. problems of correlation may arise

has been the eruptive history in the source
.ds that.are separated into sectors  areas,

sector could conceivably have MAGNITUDE Of THE DEeposirs
- OF separate cooling-unit * counter-

th_er sectors, Distance Tryveled

Ash-Flow Fields The maximum distance an ash flow can

L travel from its source is not known, It may be
B ‘ash-flow field as here defined is the ag- of the order of 100 miles, although such g
2 deposit of ash flows that can be re- distance would be unusual in the light of exist.
‘A8 & UDit, or as a group of integral parts, ing data. Theoretically, temperature ang gas
8 cific source or source area. It may content, hence the gas-emitting properties
t of any one or all of the other units of an ash flow, appear to be the most significant
single or multiple forrus, The source  variables influencing distance traveled, When
simple volcanic vent such’ as a dome, "attual distances traveled by specific ash fiows
,"or small fissure, whereag source area are compared, however, gradient, topography,
13- to calderas, volcano-tectonic. grebens, and especially volume appear to have exerted
complex vent systems; Obviously such 4 greater contrel.

ble term cannot have meaningful genetie Figure 2 shows some maximum distances
ations, and it ig used. bete oiily in a  from known or inferred probable source areas.
ave sense to. provide some measure of The most reliable figures for the greater
i eous cc . distances are probably these given by Williams

rock deposits. One cap. envision (1942, p. 79) for the ““pumice flow” that can
 multiple fields, and be traced down the Rogue River valley jor
By bat: such subdivisions call for data not 35 to 40 miles, and by Matumoto (1943, p. 3)

‘pitsent. ] ~ho states that the farthest outcrop of the
oV fields, in their entirety or in part,

. "Aso lava” is 100 km from the center of Aso

ﬁ_g_(Westerveld, 1947), New Zealand <aldera. The Nomlaki twff of the northern
1935), Aso {Matumoto, 1943; Sacramento Valley, California (Anderson and
1941a), Chiricahua (Enlows, 1955),  Russell, 1939), may have traveled S50-65 miles

"p {(Larsen and Cross, 1956; Ratte and ' or more from an unknown source on the castern

Y

Pram 2.

~—VARIABLE WELDING IN THE BANDELIER RHYOLITE TCFF

 1,~Three members of the Baxdelier tuff along New Mexico

ltic lava flow at the man’s feet is a basal member of air-

Highway 4 near Totavi, New Mexico,
thitkness. The nonwelded anij

fall beds of lump pumice and ash of
vitn'q middle member (lower member in PJ. 1) underlies the tree-

Plate 1, crystalline and mildly welded

Lhe bt 7 Denser welding near the top indicates
ng with & probable in in emplacement temperature toward the top. Photograph by

- .
2.~North wall of Frijoles Canyon, Bandeljer National Monument, New Mexico. Upper half of
quals upper member of Figure 1 of this plate. The darker laye i
the lighter, The lower light-colored cliffs are formed in nonwelded materials and are pock-
wind-eroded boles. Prehistoric Pueblo '

the Bandelier ash flows in the Jemez Mountains. Photograph by George A. Grant, courtesy of the

I |

o v g
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1GURE 2.—Distancg

Valley Ten Thousand Smokes (Griggs, 1922,

&nd Smith, in Etm)' Crater Lake
Russef],

. Tu&' (Anderson and

.. The distance of 80 miles shown for the Toba
.tufl ‘represents the most distant outcrop of
_ shown on Westarveld’s ( 1947) map,
: measured from the northwiest rim of the Foba
- depression down the L, Biang and s, Wanjpoa
* valleys, This is tentative; however, because the
- most’. distant Outcrap may represent fall ‘de-
posit rather than flow. )
Many deposits of ash flows are contin

& single sheet it

: excessive when we consider,
for example, the Toba tuff which is 2 con-

tibuous. map unjt for more than 15p miles,

: ' is may not be a fair comparison,
ividual units of the Toba tuff

distinguished, However, the

: emphasize the large gige of
- -8ome welded-tuff deposits,

; ;

' i

: ~ 61000 volley !

i , , , _ ]

] ] 20 30 9 20 60 70 30 S0 mrieg
MAXIMUM xnown DISTANGE TR

MaBms, 1942, p,
1939, wapj; Toba (Wsterveid,

0

. F TRAVELZD BY Asy
Komafnuke {Kuno, 1941, p, 146); Asama (Atamaki 1
o .

59, p. 94);
p. 272); Mountains
o. 1943, p. 4); Nomiaki

rounding a source area influences the thicknes
of the tuff, jts area, and its symmetry. Lizuny

- Benerally quoted jor area and voiume are jor ‘

Pyroclastic fields which may or may not (ord.
narily not) consist of one ash flow, Usually the
eruptive history of any field is so complex that
detailed mapping has not been done and the
number and kind of units are not known,

It is therefore

not geologically equivalent. T
Crater Lake deposits (Williams, '1942) uppmr 4

appears to
S0 deposits,
at least i A D3
units and thys represent several periods of ..
CTuption separated by at least one matked
disoon.formity (Williams, 1941a; R. A. Bailey, i

oral Communication). Conditions sitnilar tv or -

those at Aso are commeon i -
a ash-flow fields surrounding -
calderas, They show the complexity oi f“"‘_“;-' :
tion of these fields ang associated calderty.
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U ‘Basin and ‘Range province of

" Y oot

" (19%6;.p. 162) state that

" . which he considers welded tuff,

o BIG.

. the’Ban Juan field. This field js a small part of
the:vast voleanic system of Tertiary age o the
asin western United
States and Mexico.
. Welded tuffs in the Basin and Range prov-
" ince have long been known, although Ross
© (1953; 1955, p. 430-432) seems to have been the
- -firstto make a clear statement in the literature,
Recently Williams (1957, p. 64) has stated that
53 than 50,000 square miles of southern
J\'n'a.daand southwestern Utah was buried to o
;. maximum depth of about 8000 feet by “fissure-
" eripted glowifg avalanches™ during Jate Tert;.
- ary._tme, Mickin ( 1960, p. 83) has estimated

the Volume of silicic volcanic rocks in the Great
. Basin to be sbout 50,000
. Is probably conservative,

cubic miles, and this

Thickness

Many figures have been published for thjck-

. nesses. of “welded-tuff sheets,” “ignimbrite
- sheets;” “glowing-avalanche deposits,” “tyuff
. B6wE" and related rocks, What these thick-
R es‘s'is'mea‘xii_in,tex_ms-of the units defined in
" rhis par -problematical. For many general
lack of detail is not serious; but
many genetic problems i units

. S . must be compared, Perhaps most
*-published figures are for argregate tuffl deposit
- ordeposits;and figures for welded- tuif sheey"
or “an avalanche deposit,” or “one’ignimbrite”
commonly represent muitiple-flow cooling

atshall (1935, p, 328) found that the New
- Zedlad “ignibrites” range from 60 to 500 feet
R ¢ thickness but stated that many are less than

100 Teei thick.. Some are probably single.fow
1inits, but ¥re now know that others dre mult;-
pleflowr  cooling units, Jenks and Goldich
{1 locaily the “whige.
are 160 feet thick, whereas” three

tuff Hows’
sutcessive tuff flows composed of salmon siltar,

o - with ‘very little interbedded" material, aggre.

gate 500 fest,

" “Enlows (1955,
froih 234 ‘10 880
“members” of the

. 1221) gives figures ranging
feet for the seven or-eight
Rhyolite Canyon formation,
) He infers

(B, 1219) that each layer or “member” is the
. product of one “nuée ardente” or “ho.ash®
. ‘eriiption.” Member No,
"densely wélded tuff. Mansfield and Ross {1935,

. 312) found that their Idaho welded tuff
- Tanges in thickness from 20 to 50 or more feet,
. Individual pytoclastic flows evidently range
irom & few inches to hundreds of feet in thick.

6 contains 700 feat of -

R. L. sMITH-AsH FLOWS

ness. Their individua] character js probably
determined primarily by their volume ang 1y,
topography, aithough we might expect that, j;
graphy were the

ined flows would be thinner
than the colder, coarser-grained ones, al thougn
this difference might be influenced by pas
content, Other .variables might be considered,
but at any rate we must expect that smajl.
volume, short-burst eruptions from **Peleggn
domes’ will resuit in thioner flows thag wilj
latger-volume, continuous-evolution-typc erip-
tHons from craters or fissures. Nevertheless the
latter type may also result in thin flow Wiists,
Most multiple-fiow cooling units probabiy TN
a similar range in thickness but have g niner
average thickness than do single flow unns,
Exceptionally thick cooling units are known,

The thickest welded-tuff sheet that 1he
writer would interpret as a cooling unit is the
Superior dacite in the Globe-Miami-Supcrior
area,  Arizona. This welded-tuff sheet as
kindly shown 10 him in 1956 by N. Pcterson
and in 1957 by D, Peterson, both of whom have
.studied’parts of it in some detail, The Superior
dadx.é;ir'_‘vas originally described by Ransome
{1908)as a lava flow mmore than 1000 fect thick,
and sgain by N, Peterson, Gilbert, and Quick
(1951 who discuss the possibility of its pvr.
clastic origin. D. Peterson (1959, p. 171 TR
sents the evidence jor pyroclastic origin anu
suggests that the sheet, which covers aq ho
400 sqirare miles and is locally as much ay, 150
feet thick, ‘“was deposited by a single huge
pyroclastic eruption.” The precollapsed thick-
ness of this sheer was probably well over 20m
feet. Publication of the details about this mast
interesting welded-tuff sheet will add greauy
to ouy understanding of the problems.

Thitker cooling units may exist in the San
Juan Mountains of Colorado, Those curremiy
being studied by Steven and Ratte (199,
P- 1788) in and around the Creede caldera ane
of special interest. Ratte and Steven (1959,
p. 1785) report two major stages of ash-flow
deposition: (1) 2 precaldera rhyulitic sty
fonming deposits more than 3500 fect in thick-
ness and ranging from densely welded 1un
“resembling fluidal rhyolite in the luwer pen!
to esséntially nonwelded pumice breccia at-tine
top”,-and (2) a caldera-subsidence stage pie
sumably culminating in more than 40 vl
of quartz latitic welded-ash flows that are mow
exposed in the caldera core. Other lsser ash-
flow, pyroclastic, and lava-flow units weur
within the volcanic edifice.

Stacks of cooling units in the Basin it

rupt
i have pm;luoedt"dep‘p
restricted d dlstn to

tion from an ope
of Soufridre, Stl]

; _Tbe classical ex
g



ice in Nevada reach a knowp
8000 feet (Williamg, 1957, p. 64).
€S ' probably represent over-
which, in aggregate, are even

(B - oSt critical problem of ash flows,
large-volume sheet deposits,
“the " location and characteristics of

Domes

W exceptions, historic nuées ardentes
ted from volcanic domes and
d. deposits of small volume and
stribution. None of the deposits
kn,

git _incipient welding in some of

stirdies show that some eruptions
in the formation of welded

relative to welded

ENOWH- examples of nuée-ardente -
m’ dotires are the 1502 and 1929.
i Pelte, Martinique, and the
[ tom Merapi, Centra} Jave.
-eruptions i
- (Taylor, 1954;

1956), H

o

Crater;. -

hé dassica.l example of a nuée-ardente
I8 a0 open cruger jg the 1902 erup-
ifridre, St Vincent. The resulting

58 of the high-erystal,
1t and. inadequate thickness, g
Y tills hive been Produced by historie-
pen Craters, although the few
pes far removed: from rocks
ded tuffs, Aramaki (1956}
1Suma nuée ardente?-
cts of the 1783 activity of
e lobe of this flow reached
its total area ig esti-"

18.5 ke, and its volume (assuming

MAGNITUDE OF THE DEPOSITS

oW to have formed welded

may have been overlooked, Evep -

Do way obscure the fact that -

were Mt, Lamingtan, > fis,
ibok--.

ppines (Macdonald and Alcares, 1,

dezymianny, Kamchatka {Gorsh- .

. evid

which is pigtared by Cotton

.1 km?®, The thj
10 m in the
the edges,

Fissures

Small central vents can undoubtedly prodyce
welded tuffs, but most Tecent writers believe
that the large:-volume ash-fiow sheets (tens of
cubic miles) have been erupted from fissures
(Williams, 1957, p. 64; Westerveld, 1952, )
P. 564-568; van Bemmelen, 1949, p. 202; Ross )
and Smith, inpress). Some writers have postu.
lated, in the absence of positive evidence for
fissures, that the fissure vents for these large-
volume deposits are buried beneath the ash-
flow. sheets (Cotton, 1952, P- 211; Weyl, 1954,
p. 25).

" e
s fsaere sy

-ty

No evidenge unequivocally supporting such
8 concept hag i
fissure dikes which they
were feeders, but none has proved it, Ag indi-
cated above, the writer ig speaking of deposits e
~with 8 volume in excess of several cubic miles, Sl
. Thils would exclude the deposits of the Valley of
“Ten Thousand Smokes deposit which Williams, RE
Curtis, and Juhle (1956, p. 129) now believe to i |
have been eriipted from fissures at the head of
the Velley a3 well as from the vent now occu-
‘pied by Novarupta, Fenner (1923) held much
the eame’ Vlew, although he. aisg suggested
fissu 1 the s & supplementing
pointed out by MacGregor ( 1952)
often been misquoted on this point.
The New:Zealand ignimbrites are often cited
-ﬁssurp-':rggj_)ted materals, and the “positive”

thought

SN S10) (R PR

as

' “which outcrops at Ongarue, and
(1952, p. 210,
Fig. 102). The writer has been skeptical of the
“feeder dike” interpretation for many years
and was interested to learn from Roy A_ Balley
(oral communication, 1957) who has examined
the ‘outcrop in the field, that there is indeed

study is needed, Aside from
locality it swould appear that no occurrence is
known whére Pyroclastic dikes actually project
into ash-flow sheets whereit can be shown or rea-




. SOnably inferred that the dikes were actually
~ feeders for the large-volume deposits,
»“The evidence for fissure feeders seems estab-
- lished-for at least part of the Valley of Ten
.. Thousand Smokes eposit (Williams, 1954)
..and for an extremely interesting occurrence in
" ‘the John Day formation of Oligocene age in
" Oregon, kindly shown the writer by A C
-+ Waters. In the latter area a dike several miles
" lohg appears to change from fluidal rhyolite in
its deepest exposed part to fividal-fragmental
. welded tuff near the surface and merge with a
. densely welded i sheet on the surface,
.~ Other areas where fissure feeders are sus-
pecwed include the Pilomasin basin, Sumatra
-* (van Bemmelen, 1949, p. 681), Macdoel quad-
. fangle, California (Williams, 1949, p. 52), Sud-
biry; Ontario (Williams, 1957, p. 64), Tude-
pendence Pass,” Colorado (Burbank and God-
“dsrd, 1935), and Black Range, New Mexico
uellmer, 1954),
- The negative evidence favoring fissure vents
- for. the Iarge-volume ash flow sheets is jncon-
. clusive but nevertheless more suggestive:
i- (1) Specitic central vents as source vents
.- '€eM B8 rare as fissures
" (2) Apparent ahsence of volcanic cones in
association, in many arecas, with ash-flow sheets
" (3) ‘Linear arrangement, in some areas, of
ost-ash flow vents and intrusive rocks |
.(3) Post-ash flow collapse along arcuate
fractures. or other linear zones of weakness
produting caideras and volcano-tectonic de-
ons
is significant that nearly all ash-Aow rields
rith a volume of more than a few <ubic miles
and that have been related unequivocally to
Bource areas are associated with calderas or
ther .depressions of subsidence, The specific
ents of entission of the ash flows no longer
. ‘exist at the surface; they were destroyed by the
: “totlapse after or during eruption. Those vents
* that were not destroyed or that may be present
. in the collapsed blocks are probably modified
“by¥ structural readjustments, post-collapse vol-
..+ tanism, or intrusion, and are no longer recog-
. mizable. In deeply dissected voleanic and vol-
Lanic-phatonic structures conduits may haye
een obliterated by ring dikes, stocks, or other
trusive bodies,

Caidm end Volcano-Tectonic Depressions

‘Subsidence related to igneous activity has
ong been recognized, but van Bemmelen (1930)
probably to be credited with the theory of
catastrophic engulfment of volcanic cdifices

R. L. SMITH—ASH FLOWS

after the cruption and draining o Miemg
chambers of large volumes of Pyroclastic ..
rial. Williams (19412) and others have o,

iterated and amplified this view, calling aqyen
tion to the fact that many of the pyrocig.g,
deposits surrounding such collapse StrUCiures
are of "“nuée-ardente” origin, and that my
these deposits contain welded tuffs,

Specifically, when we find welded tulis o
other-ash-flow deposits, where cooling units
compbsite sheets can be shown 10 have votume
of a few to many cubic miles, we may expet 1,
find subsidence structures in the source areax,
The existing positive evidence :c g
(Pleistocene and Recent) deposits -upmwon.
this view. The characteristics of these strye
tures may vary, but probably caldera-rpe
structures predominate.

Figute 3 shows volumes for a selection w .
roclastic flow deposits. The logarithmic metn
of plotting gives undue weight to diffcrences in
the -smaller deposits and suppresses more sig-
nificant differences in the larger deposits, but n
also allows a grouping of deposits on a small.
scalé plot which has geologic meaning,

This breakdown by volume is not an attempt
at classification in the sense of Aramaki's
(1957, p. 21-31) important three-fold classitica:
tion of pyroclastic flows, but rather an attempt
to géneralize the interrelationship of votume w
deposits with types ol source arcas. Ir - . e
cially designed to show that wnere «ree
areas are known. and welj studied, ir ot peasts
of large volume these areas are sites oi vocani
or volcano-tectonic subsidence, u fact wiich
shoidd be of critical importance, vspecrally t
students of older rocks.

The figures for volumes shown in Figure 3
are -the best available, Unfortunateiv it -
problematical f many can be compared as
equivalent entities, The figures represent units
of all rank between single-flow units and com-
plex pyroclastic fields and are not converiwl e
equivalent porosities. However, if we take cwi-
ing units or composite sheets as here detinel as
the units to be compared, it is doubuiul if suh-
division of the larger fields or more accurate
estimates of volumes of the deposits wiil r!mnm-
the figures more than one order of magnilnke,

The data suggest that the maximum voiuine
for deposits erupted from volcanic dumes, andd
hence Pelean-type deposits, strictly speaking,

ny o

is in the fourth order of Figure 3. or someniwre

between 1 and 10 km?. Most of these deposts
have a volume less than 1 km?. None is known
to contain welded tufls, The term *Pelean

should probably be restricted to depostta o

ST T

e g ol o

-

N HRE i

VOLUNE OF OEPOSITS M CUBIC KN.OMETERS




VOLCANIC VENTS AND SOURCE AREAS

'S‘::-;:.on Mins, Colo, Ema‘ggﬁmw) G others

o g

PRESSIONS

] Eiahorn, Momong K1epper 8 Smedes (19598 Oror)

= ~Tobo Yon Bemmeisn (1949)
=-—)~nno-non Soyo 11957y

Sudbury Wdlioms (1957)

LTPLE CALDERAS ~ — e e

ATt b,

=" AND M
——— et e

Pery West U934)

(TR L T SRR, Sy tocay
o —-Awe N -

[ oPimen, cat BT sasy

]
L R etant - Dontorm Eomobes 300 10ss)

[

-~ Brisbong 1934}
T

S0 0 totcr o)

IMPORTANT SUBSIOENCE STRUCTURES T ——

YOI CANO TECTONIC DE

M
ey

man
N2 Yovpeer o

> L hed
\\ ‘c'r:lur LOkS {bumicy Mows) M

{50
™ Am"ﬁ T)
=

Wey 1/98g) -
w:l':.mm&)-

L YT

— VENTS

. CALDE
———————a

Volley of Tan Thossong Smones Ferner 1192%)
Kosotsu- Shisgn; Aramon, {19579
Joragaze Hoy 11984

& sramem |

e L U,

OROERS OF MAGNITUDE

ELOED Turrs

£
:
i
y
g

L.a

Sromon: (1987]
4remok, (1957)

—————

FISSUNES - ang ——MULTIPLE

Argmoni {1987)

OPEN CRATERS

\mes-—ﬁ..___

Frovxe 3.-—Vox_.vm op 'PYRMC-FLOW Fixipg

es, in km? are plotted on five cle logarithmie PRpEr and span seven orders of magnitude from
'kt The data show a cond-qaﬁbn.% vents and source areas,




R. L SMITH—.ASH FLOWS

these low orders of magnitude erupted from
“domes, ‘irrespective of whether or not their
cmplacement mechanics are also applicable to
other deposits.

- The maximum probable volume irom single
* -open craters may also be in the fousth order,
-althongh the fifth cannot be ruled out. The over.
lapping. of caldera iormation obscures the
- nature of vents in most examples described,
-Deposits foond around calderas which have
formed in single giant cones may have been
crupted from the central crater, or they may
have been erupted along the boundary jrac-
‘tures of the subsided block or from fissure
$ystems in the block. )
.. Al known large calderas (sixth order of
" Fig: 3) such as Aso and Valles, and some
- simaller ones such as Tova and others, are not

relsted 1o single cones but rather were formed -

.. by subsidence of parts of volcanic' plateaus,
+ -groups of cones, or broad volcanic shiclds, It is

@, difficlt to imagine single vents or even mul-. -

. tiple vents, other than those associated with

" fracture {fissure) systems related to the col--
. lapse- itself. The same ‘is presumably true of

‘maty subsidence structures, both smaller and”
Jlarger than those calderas associated with -

" sixth order ash-flow deposits, ‘whick Wete:' southwestern New Mexico, mentioned carlicr,

" lic the Phins of San Augustin, a grabenlike

guided by pre-existing or active tectonic trend
lines and are called volcano-tectonic depres-
sions, : ‘

* Ash-flow deposits of orders 3, 6, and 7 scem-
ingly-cither are associated with collapse struc-
‘tiire§ or their source areas are unknown., The

‘eriter has been unable to find a well-authentis.”
~-cated cxception in the literature, .Deposits-

 from large composite cones such as Mt. Mazama
(Crater Lake) evidently reach their maximuim

Y volume inorder 8. They surely do not exceéd_
- 100 k¥, and probably most are smaller Lhax.:.ﬁ

S0kmt, - _ )
.. Ot the ash-flow deposits grouped: in order 6,
the sources of the Brisbane tuff, the Idahp
“welded tufi”, and the Peruvianm “sillars” are
- ‘unknown, and the volume estimates are very
 fentative. -Gilbert (1938, p.1859-1860) sug-
. gested a possible relation between the extrusion
. of the Bisbop tuff and faulting in Long Valley.
.The' rerhaining three fields—Aso, Aira, and
" Velles' (order 6)—are- genetically related to
 steuctures of the same names which have been

.- called the world's largest known calderas, Each '

cxceeds 12 miles in diameter,
The ash-flow fields of order 7 have been
- mentioned- briefly in the section on Ares.
Thompson (1957) and Williams {1957) con-
. siler the Sudbury basin to be a volcano-tee-

tonic depression; Boyd (1957, Ph.D. Thesis,
Harvard Univ.) noted a “tectonic basip™ in
Yellowstone Park and suggested a caidera on.
gin, but he was uncertain whether subsidenee
as consequent on the eruption of 400 cubie
miles of weided tuff or associated with 200 cubic
miles oi rhyvolite flows that now neatly fill the
basin. Toba (van Bemmelen, 1939) js the
classical, and one of the largest, volcano-tec
tonic depressions, It is only one oi scvemj

‘along the Barisan Mountain Range in Sumatry.

The source of the Elkborn, Montana, ash-jiox
field is not known and may have been totally
obscured by the intrusion of the Louider
batholith: Grange (1934; 1937, Williams
(1941a), azd others have considered tite Ny
Zealand  “ignimbrites” related o Taupeo-

.Rotorua praben which is considered 0 be vai

cano-tectonic in origin. Within the Sun Juan

~ voleanic sield three giant calderas are known,

but only cre is known to be directly associated
with the ash-flow field discussed on an carlier

“page and plotted on Figure 3. The volume oi

the field seems incompatible with a single

“structure, and the field should probably b

classified as a multiplecaldera field.
Within the tremendous ash-flow complex »

structure rrobably larger than the Toha v
pression. Qi is floored with Plejstocene ..
ments and voleanic ash. Gripgs (1954, . -
has suggested that this “‘promunent - mw
depression™ is a collapsed structure reiatey b
the eruption of the associated welded tuu.
Griggs reports beds of welded tuff downiaulted
to Jow elevations in the interior of the plains
and rhyolite domes in the interior and at the

* margins. It may be significant that this strw-

ture lies very clese to the junction oi Lsw
major tectonic trends at the southeast mangn
of the Colorado Plateau; its long dimension
lies athwart the directions of these trends.

THE DErosits
Introductory Statement

As stated earlier, recognition of welded tun
still is a major problem, especially in ohicr
rocks, and in the absence of clear-cut geohw
relations it is not always possible to distingurh
welded tuffs from lava Hows. Many wniters |
have considered criteria for recognition
welded tuffs, nctably Marshall (1938), Gilbert

(1938), Weyl (1954), Enlows (1955), Ross anu §

Smith (in press), No single criterion is in ilsen
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0D Thed fopaif e The ultimate criteria are thoge that

i’

L that the rock is oI was
 least in part,
53 shards gn

the base of the unjt in

the transitions from nonwelded

sely welded and from glassy to crystailine
within a few feet, and the physical

' materisls may be

be present in what was
welded glass zone, . The
sheet does not show the
mally found in silicic

Al T s
T more difficylt

tions of ﬁyrodasﬁc

may be indistinguishable from " true

stic flows, although the origin of most
i eciphierable if they can' be

Sorting Choracteristics

ﬂ_o 'd:.pos

a given flow. The

‘materials shoulg Ip’)‘ol:}F _

€ase dway from the source, espe-
78 of low gis content.
tumulative grain-size CUrves

for localities where size analyses are available,
Although few in pumber, they
similar, The followi

and Nishihara,
(2) Pumice deposits at Komoro on southwest

foot of voleano, Japan (Tsuya, Muraj,
and Hosoya, 1958)

(3) “Older pumice”, Crater Lake (Mocore,
1934)

(4) *Sand flow”, Valley of Ten Thousand
Smoke;_(Feuner, 1923)

(5) “Sillar” near Arequipa, Pery (Jenks and
Goldich, 1956)

(6) Nonweldeq portion of “ignimbrite”,
Arapuni, New Zealand (Marshal, 1935)

The "Shirasy” and the Komoro deposits are
by far the best studied for their sorting. The

and Sh-6p

Crater Lake urves, C-34 and C-53, ure
rsest and finest of four samples byp
00 closely oompared with the others,
they do not include materia] larger

164 mm in digmeter, Ay 2 result their
@ particle sizes are larger, and thejr total
. of ash-size ‘mpterial -are somewhat

Tho. dats, few ag they are, are o surprisingly
800d tepresentation of ash flows, The *“Shiragy”
is a déposit of large volume associated with the
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* *haiishi” (welded tuff) which surrounds the
giant Aim caldera. The “older pumice” js a
“noriwelded deposit associated with the forma-
tion of Crater Lake caldera in a large composite
andesitie volcano; the Komore deposit is a

100

contain a higher proportion of coarse blocks of
pumice or scoria, and a few such gg the weldeg
tufls from Idaho, studied by Mansfielg and
Ross (1935), and the Walcott tufl (Stearny
and Isotoff, 1956) are probably finer-grained;

. Diometer in_ mulimeters

Smowme Soprin v Asy Frows

Froure 4.—~Comuianive Cigves 4
Japan (Taneda, 1954; 1957, Taneda, Miyachi, and: §

~SH i:xrves "“Shirasu” deposits, South Eyuihu,
ishihora, 1957) : o L
# Curves: Asama wolcano, Komoro depositi Japan (Tsuys, Murai, and Hosoya, 1958)
.CL clirves: “Older sunﬁcc',;’%Cmter Lake; Oregon (Moore, 1934)

YITS curve: “San flow,” Valiey. of T

48 s 32 ses

en Thbusand Smokes, Alaska (Fenner, 1923)

£ Girve: “Siflar nea Arequips, P 4 'and Goldich, 1956)

A, €urver Nonwelded Pportio

U-vohime nonwelded “pumice fow".
umably from the summit crater of Agsama
¢ano, an’ andesite cone. The *sand. flow”
e Valley of Ten Thousind Stnokes, a small-
¢ deposit erupted from fissures ‘andper-
4 ctater, is at least postly welded and is
partly crystafline, The Peruvian “sillags” are
e-vohmie deposit of unknown crigin

1 finel-grained type of
brites” which forin
North Tsland of Ne;

from ash flows having sorting ‘char-
‘atteris ithin the range of the- cumilative
cintves of Figure 4. Some, nevertheless, will

n of “ignimibrite,” Arapuni, New Zealand (Marshall, 1935)

Seemingly there is no obvious torrelath
between sorting and volume of deposit, co
position, type of vent, or source area:
data, therefore, do not supply criteris. for sepis
rating ash flows erupted from craters from
fissure eruptions. Statistical studies of a 1si
number of deposits might show that there #4.
tendency for rhyolitic or fissure-enipted misteral
to be finer-grajned than others, but even this:
scems doubtful. The principal  differences
among the curves shown in Fi Ire 4 seem to
in the variation in amount of coarse mate
(pumice fragments above 4 mm) both withi
single deposit and in different deposits.

The data suggest that even within the fra
work of the cumnlative curves (Fig. 4) the
is considerable room for variation, and detafied
studies from many deposits should yield usé

S .v—-—.«sv-rn-.»l .
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& variable verties] (1876, p, 267), and Dell’Erba (1892) long before
ificant role jn these Iddings (1899) introduced the term “welded
then we have 8 mechanism that can pumice.” The term “welded ™, common|
rting featyres before the gs Jlow is incorrectly credited to Iddings,
rystal enrichment or, rather, fine evalved from Iddings’ yge of “welded X
&nd dust impoverishment might It wag first formally introduceq by Mansfield
® in the eruptive column giving rige and Ross (1935), although Ross (oral
t strictly representatiye Mmunication) savs that *“welded Wi’ wag iy,
from which they were formed. yge in the U, s. Geological Survey long before
tudies of pyj crystalglass 1935, His firsg recollection of using the term
e flows, angd of Crystal-glass ratjog was in 1919 i ConBection with rocyg in the
i Ements should be made where-  eastern San Juan Mountaing near Cr
Studies Contrasting nonwelded Colorado. Tbeig origin wag t.hen & puzzle, put

s - sorting during cmpl_acement, foaterials promotes the uniop o cohesi
j3nd might- ajsg further oy understanding of 85y 1

U 08 pyrodastic-flow mechanism_ of wrej )
1. Alewwtiters have considered attrition during marked by the sticking together or coh

Bowage to be fesponsible for the high Propor-  glagsy fragments at their points of contact tq
ton of £ne ash ip these deposits, Whether or complete welding of the surfaces of gl

-ash’ and fine ash from seurce to  where they are 80 abundant ag ¢o inhibit cop-
' . There are, a5 Yet, no  solidation of the glass fragments

Villiams 1942, p. 82) States  tion, The firse three control the viscosity of

; . o trally more. rounded at the distal cnds, Lithostatic loag is & function of density anq
no. Gbvigus correlation - ] M and Tisdel (1940, p, 303) have depth in the deposit. The loaq Pressure gnd
f deposit, com- _ g the sorting characteristics of the the Viscosity contro] the rate of loss of
‘area, T’_“ YAty Lake umice flows” onform to Rosin’s space which really is' the only measyre of rate
da ! ‘Crushing, g fact whig, T2y have some  of ‘welding, We thus see that the degree of
J oD of the pyroclastic. welding, in an agh flow, is dependen; on three
It probably remaine to be raze Processes: the rates of welding, cooling,
et explosive disintegration and crystallization, Crystallization is algo
uce the same sorting charac. related to the viscosity of the glass,

3. - The sorting characteristics - of lahar OF all the variables that Control the cooling
¢ inud flow) deposits are very similar history of ash flows the two most importang
of ash flows, byt perhaps of Eenerally  pe probably emplacement temperature and
grain, ' the thickness of the fiow “or  cooling unit,
Bécause these influence all the others, or are

Welding i i i

sticking together, cohesion, or welding lhe,.observablc variations in the flows in these

ents of tuffaceoys rocks was recognized  terms, I ash flows, emplaced at &pproximately
tsch and Reisg (1868, p, 414), Zirkel i

4
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Il: be faster at or near the base of

will decrease toward the top.
the transition between densely
d nonwelded tuff will invanfably

 deformation. : of pumice. .
5.89 2 criterion for welding,
Bt stage .there is a-¢co
Eressive loss of

nplete

Probable

: ing process and wil)

Iy requite an exceptionally bot, thick
its fulfilliment,

S by Bperi :
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priésure, whe
ent on these variables

assessed. No satisfactory min; t_xmtempgra.‘:l.l""‘;:;

. : s for complete welding ~ (black glass) has yebs
: Many carly workers have experimented with  peey found, although it is below 635°C.:
mielting, vesiculation, and -rystallization of 328 p.s.i. load pressure, 300 p.s.i. water-vap

velcanic glasses, but the first attempt to 4
welded tufig by weldin N
glass was by Boyd and Klmnedy (1951
-found thag crushed rhyolitic oy
om Mono Cratem,hCaH;t;rsx:i_a, welded ¢ 'f
températures ranging from to 900° C, Iy
later wark Boyd (1957, Ph.D, Thesis, _In: :
Univ) found that the Presence of water vapeg. |
ectively lowers the welding :
lassy rhyalitic volcaic ash from
Park:was sealed ip Platinum . ™
| WAt .equivalent to 0,45 weight per cent ang'}
pressure of 53- baty,

Volcapie |
» P 327), i

. Ire.
Yellowstone

2l

]

v

5903
ted ang
st |

it 690° C. after n:
2nd no welding

opd’ found th ia§h, .dehj'c_lra

wlthﬁ'ut addition of water in th

showed slight we)
hourd'at i

iiith, Friedman, and Long (1958, p, s3- ]
33, hnd unpublished data) found very similer

The method used différs from Boydh.
at the ch
in:

ternally, and

peliets was 1q

contfolled ex
the welded

and  water-va
pleté welding is depeng: ;

Teas com




ours time. Fifty per cent
1) Wil reactied fn one run, in about
535%43,,'528 ps.i. load pressure, and
er-vapor pressure. Further, for
rder of 100 feet thick or less,
ve 735°C. probably are
the formation of 2 densely welded

(1957, p. 99-100) reports weiding
& “Shirasu” (white sand), a

low?'~ déposit associated with Afra
South Kyushu, Japen. He found that
in .an electric furnnce in the
ge of 600° to 1260°C. in 1 to
nged color frem “sray white to
lish gray, a seCicii tinge being
raising t¢ . ztures from
00" €. Melticg ho.un between
"C.yandat 1207 €. coelting was
plete and the « - 4] color was
bearing test: of ; mice” were
ure rivs. i to 1000° C.
1, 3 and 3./ % the latter
1030 mdept* ¢ "irasu” bed,
¢luded that the ! iusu” would
920°C.  to. look like “Hai-ishi®

-significant - propostions in some

therefore to the ratio of pumice

must be greater than 50 per

not shown by putlished porosity

collecting and mcacuring repre-

mples of unconsclidated material,
ly in older rocks,

specific gravity and porosity curves for

ows shown in Figures 5 and 6 are
nes available. In addition to these

THE DEPOSITS

- studies involvihg

y-few references have been made -
paction of ash flows during .
ough' - compaction may reach .

sectiohs of densely welded tuff.-
ibility is relited to the bulk

aterial. In most ash fows the initial

curves, probebly because of the

curves Weyl (1954, p. 18, 21) gives specific-
gravity figures ranging from 1.28 to 2.03 for
thyodacite. tuffs from the Comalpa area ‘and
from 1.21 to 1.89 for dacitic tuffs from the
Zaragoza area, El Salvador. These have not
been plotted in Figure § because the positions
of the samples ‘wete not given. The figure of
1.28 for the Comalpa tuff probably represents a
bulk poresity of ‘about SO per cent, whereas
the figure of 1.21 for the Zaragoza tuff implies
over 50 per-cent frorosity, perhaps 55 per cent
to judge from Weyl’s chemical analysis, These
figures s¢em mofe realistic than others pub-
lished for freshi unconsolidated ash-flow mate-
tials as do the figures 0.98 (specific gravity) and
60 per cent (porgsity) given by Lovering (1957,
p: 1587, 1593)-Yor the Valley of Ten Thousand
Smokes “sand’flow.” Ross and Smith (in press)
found 70 per cent porosity for part of the
Battleship Rock ash flow, New. Mexico. Smith

Friedman, and YLong (1958) found by experi-

- ment that the compaction potential of uncon-

solidated material, mostly less than 4 mm in
size; for the Bandelier rhyolite tuff from New
Mexico i3 ‘apbroximately 50 per cent This
meaterial was wsed for making synthetic “welded
‘ufis” and repfesents only the finer-grained

Iy

part of the Baidelier tuff, the bulk porosity of

rably greater than 50 per cent.
dicate that where: measured
‘show maximum porosities less

porosity

-than 50 per cént, they should be extrapolated

to at Jeast S0 per cent if they are to be used for
g thicknesses of zones or cooling

units, compaction, or similar problems. Pure
shiards or eryptals probably have 8 bulk porosity
of about 50 pér cent, and most ash flows con-
tain pumice ‘Which commonly has 70 or more
in¥'space in rhyolitic rocks. Roughly

then, an s3h'flow containing 50 per cent by
volume of phmice or pumiceous ash of 70
per cent porogity and SO per cent shards would

“have & bulk’porosity of 60 per cent and a

specific gravity of about 0.94 if it were 100 per
cent glass, of about 0.99 if it were 50 PeT cent
ctystals of ‘sanidine and quartz. The ratio of
Crystals to-glass will not cause significant
variation inn the bulk density of unconsolidated
ash, 2xcept i very mafic rocks.

Because miost ash flows contain some pumi-
ceous materials but probably not more than
50 per centwe can expect that they will have
initiel porosities between 50 and 60 per cent,

" Obviously, an ash flow having 60 per cent pore

space could compact to a welded tuff having
less than half the original thickness, Probably
very few eutire sheets have undergone such
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of zones of partia] welding plus the thickness of
zones of no welding equals tota) thickness
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cvers . Unusual fluorine-bearing between depth ang cooling rates and the F
fram. the . classical Italian piperne, of crystallization structures formed, Gilbert -l
1937, P 236) found tridymite and (1938, p. 1856) emphasized that crystallization -

i n T
—

_ .

RaS B!

- i b

60 70 80 90
PER CENT pPoROSITY

- f_iem 6.—Porosrry Curves rox Witoen-Torr Supgry
Brere Mo »9&'&2,"‘2,@13& (Marshall, 1935) '

Rock: ‘mmléf&%% and Smlth,_ in press)

.of Ten Thousand . i the upper part of'the Bishop tuff sheet was
erulitic crystallization influenced by ris; gases. Westerveld (1942,
Marshall (1935, p. 347), and p, 211-212) Ying ¢ escfibed the effects of “pueu-
{1935, . 320) in the New - matolytic” crvitel tion in the Pasoemah

Ldaho welded tuffs, South Suma

pes R ded , and Toba tufis (1947,
Maurshiall (1935, p, 345-350) p, 34), North Sumatia,
fl the arystallization Fenner (1918, p. 883) Proposed that indura-
YXtivs in the “Ignimbrites tion In-the. Cordllesa. tuffs of Peru was due
80mhe deposits relationship primatily to poeumatolytic “recrystallization”
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rather thap “gof " and uniog by welding,
and that such gy should nop properly be
called “welt_:led tuffs,” F,

th

X-my studies that

and Smith (jp

&
)
A

4
,
o
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tuff
(<S50° C.). If this be admitted thep ash flows
at show Crystallization muyst i

;;ress) have shown by

cristobalite rather than

tridymite is the common form of silica, where

arystallization has

shards or welded glass

th

e other band, is mo,

beenconﬁnedtotheglass

masses, Tn'dymite, on
Te common as discrete

enner proposed the
»”
t

Crystallization are suggested: (1) devitrificy, o

—characterized by intergrowths of cristobaj,

and alkalic feldspar, Mmainly in axiolitic g4

spherulitic growths but algg jp some “clogey

Iithophyaa.l. cavities; and 2 vapor.p
ra

tendency jor tridymite to form in vith
the degree of porosity of the groundmasy ,
the tuff within the crystalline Portion. In sop,
welded tufly tridymite does NOt occur, yo

altered rocks quartz replaces the other sitiq
minerals,

Neady ajl writers who have siudieg
products of coolj -history crystallization
welded tuffs haye identified alkalie feldsp
and at Jeast one of the Polymorphs of silica a
the principal minerals formeq, ‘

SILICA mmm.s Tn'dymite,

for cristobalite in many descriptions, Cristobal

ite' has been r, ized by Zavaritsky ( 1947),

Williams (1957 173), Bailey (1957), and
404).

however, this quart, should give way at least
in the upper part of




haps tridymite, unless these minerals
replaced by secondary quartz.
s of this type need a much more
investigation before we can arrive at
_generalizations. The writer (Smith,
has proposed that the distribution of
Blica: minerals is zonal and is related to
and degree of welding within simple
pans: Very little can be said about the
pasd feldspars in crystallized welded
and systematic studies using modern
techniques have not been made. Feldspar
discrete crystals or crystal aggre-
tridymite in the vapor-phase zones,
NICTOS --.- intergrowths with cristobal-
‘devitrified .zones, and as granophyric
growths or discrete miarolitic cavity
térveld (1942, p. 211) and Martin (1959,
‘reported albite; Gilbert (1938, p. 1845)
(1955, p- 1230) reported sanidine;
948, p. ‘883), orthoclase or natro-
many other writers have reported
or “M fddspu," “potassium
or Bil'ﬂ.lﬂ)' "iddw."
i ost silicic welded tuffs the

suggestion is prompted by
wt; i some thick cooling units,
stalg of “sanidine have exsolved to
X probably bear a systematic
position within the cooling
dies of specific units may be
ormulating a framework for
erystallizatior temperatures.
1938, p: 1850) reported overgrowths
on_stnidine phenocrysts in the
; of the Bishop tuff where they were
ited by rising gases, Similar
found i1 ‘some ‘“vapor-phase zones”
ndelfer tuff, New Mexico.
‘MiNFRALS: Minerals other than the
- and-sdica minerals that form during
$ crystallization are not well known.
thé more common are magnetite,
B fayality, and sodic amphibole. These
piform deep within cooling units. Another
{fv: of near-surface and surfsce fumarolic
including magnetite, are known
Hrom the work of Fenner, Allen, and

Zies in the Valley of Ten Thousand Smokes,
Alaska (Zies, 1929). Most of these are halides,
sulfates, and sulfides of metallic elements.
Magnetite has aiso been recorded as 8 fumarolic
mineral by Mackin (1952, p. 1337-1338),
Williams (1942, p. 86-87), and Gilbert (1938,
p. 1851).

Behovior of Phenocrysts and Inclusions during
Welding and Crystallisation

It has not been shown that the welding
process per sc has caused changes in phenocrysts
in any rocks yet described; bowever, crystal-
lization processes and the rate of cooling do
cause changes in individual crvstals of some
weided tuffs. Sanidine phenocrysts undergo
changes, in optical properties and degree of
unmixing to cryptoperthites, which are related
to the cooling history of given vertical sections.
The catalytic effects of hot vapors may facilitate
these changes. Boyd (1957 Ph.D. Thesis,
Harvard Univ.) has made the only quantitative
X-ray study of unmixing of sanidine which
shows in the Yellowstone welded tufis a clear-
cut relatiopship to position in the unit. In a
qualitative wey the unmixing phenomena in
sanidine can be observed in some welded tuffs
by the change from clear “glassy” sanidines
in the chilled portions of the units to chatoyant
ones (moonstones) in the more slowly cooled
parts, This is a comimon phenomena in the
Bandelier tuff, Valles Mountains, New Mexico,
and the writer has observed it in other sanidine-
bearing weided ash flows.

Whereas unmixing is detectable in some
sanidiie phenocrysts under the microscope,
particulatly those from very thick cooling
units, it' does not resemble the unmixing to
course microperthite seen in the smaller, thinner
sanidine crystals formed in cavities during
cooling of the same unit. An excellent example
illustrating this difference in degree of unmixing
is a specimen the writer collected from Bonita
Canyon, Chiricahua National Monument,
Arizona. These rocks were described by Enlows
(1955), and the specimen is from Enlows’
Member 6 for which he gives a thickness of
880 feet. Chatoyant sanidine phenocrysts
show only faint visible traces of unmixing, but
chatoyant tabular “sanidine” crystals from
misralitic cavities are coarse microperthite.

Biotite and hornblende, commonly green to
shades of brownish green in chilled glassy
parts of ash fiows, are often changed to deep
red brown or sometimes completely destroyed
in the crystalline parts of welded ash flows.
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The degree of destruction seems related to the
intexsity of vepor-phase activity withip units’
-~ of-given compositions, and the thickness of the
coaling -unit plays a meajor role ‘in controlling
intensity of vepor-phase activity, This deuteric
r vapor-phase ‘alteration. ranges from a very
minor role in some cooling units o 5 major
.one in. ot Te it was intense nearly gl)
ions, except possibly zircon
ceessory minerals, show somme
gh commonly 5o more than
border. corrosion. Specifically the writer has
setved varying. degrees -of - alteration -or
in . phen C’ quartz, sanidine,
ise, amphibole, dinopyl‘oxene,-orthopy-

ene, fayalite, and sphene. - :
O systematic. studies of these -alteration
have been made, and they are andther
€ . alteritions, “are
ash flows throigh-
Range provinee: Sorie of
teen Utaki and adjbining
Nevads have been studied by
, P 1338, -and’ oral commuica-

an), and by Cook (1957, p.57). = .

workers since

types. For example, it would be iroprobail;
for the Walcott tuff (Stearns and Iw
laterally as the same ﬂow

welded erys A _
tuff, without the lithophysae and
that now characterize it in the gection’
American Falls, Idaho, Thickening. of
American Falls section from 25-59 §
75-100 feet (as a simple cooling unft)
ebly have resulted in

of a persistent crystalline zone
predominate over the present glassy s

In contrast to the Walcott tuff, which
dense welding in a 25-foot thick uni
Battleship Rock ash flow (Ross ahd Smit
press) shows 9o dense welding in
unit about 250 feet thitk, but its
of about 70 per cent has been redii
than 25 per cent jn the 3
deformation, and no ery

crystallization

place during cooling, The Walcott
other hand; shows. intipien - axystalfizatio
the form of spherulites g Lith

clearly was emplaced at the higher teny
Clearly the evidence preserited by

between the empls
degree of welding, the.
and the retention
cooling. For any given %
ment there is apparently a -corréspond

.&mlins.'nﬁl
i, in gencral, iy

more densely welded, and show

sitions between nonwelded and weld
than the maxithum

will result in " orys
incipient at first (Walcott tulf of 4
Falls, Idaho) but persistent a3 a. oo o
zone of crystallization at greater . thickrieses, ..
This zone exhibits an increasing o i
facies as the unit thickens furth
different facies or zones of crystallizi

tempera
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‘to the degree of welding of the tuff on
they are superimposed as well as to
nsmons within the units and to other

h (it press) bas atterpted to show the
o relations between thickness, tempera-
pd. the formation of textural and struc-
ones by means of hypothetical diagrams.
basic zones-are recognized: (1) the zone
#8ding, (2) the zone of partial welding,
%): the zone -of dense welding. Where
welding. occurs in a unit, the other two
shive upper ‘and lower counterparts
‘roerge with ateral thinning or near the
8.of thesheet. The lower zones of no
g and’ partial welding are thinner than
per ones in simple cooling units and may
ally ‘ébsent owing to special or extreme
fions of - temperature and pressure.
illizetidn’ ~superimposed. on the basic

sgnized as (1) the zome of
jon, (2). the zome of vapor-phase
tion, (3) the zome of granopbyric
on, and (4) the zone of fumarolic

me of representation is largely
,: but, with the accumulation of
e measifenents of the various zone
$e47and: positions within a variety of
{a, itanay develop into a quantitative
the solution of problems of
‘emplacement, emplacement
s, rutes of cooling, direction of
iany others, In future studies
ald, i possible, record the zonal

y, especially of complete cooling-
ns, quantitatively, The zonal patterns
le cooling units must be understood
. we can hope to evaluate compound

Diposits Emplaced ot Low Temperature

probably can be emplaced at any
] to a . maximum eruption
petbaps of the order of 1000° C,
um welding temperature is taken
C.; there is a wide temperature
which endless variations can

ndt,yet able to correlate specific ash
th specific temperatures, but a gross
séale is possible. Because thickness is &
‘important factor in controlling degree

i ‘many thin ash flows emplaced
sir:potential minimum welding tem-
‘dé. fiot show welding, These are

ordinarily not distinguishable from deposits
emplaced below their minimum welding tem-
perature, although the presence of a red zone
caused by oxidation of iron probably indicates
a higher temperature, Ferromagnetic properties
may be useful in distinguishing nonwelded ash
flows cmplaced above the miniroum welding
1emperature which is dose to the Curie point.
The designations high, low, and intermediate
must be arbitrary and are only expedient
subdivisions for ordered discussion.
Low-temperature - deposits, then, are those
in which little or no welding or crystallization
is apparent in thitk cooling units. These
include deposits such as the Crater Lake and
Krakatoan pumice deposits, the “Shirasu”,
and many others. Because some ash-flow fields
contain units emplaced at high, low, and
intermediate temperatures (Pl 2, fig. 2), but
presursably were derived from the same magma
and erupted at the same temperature, the
low-temperature deposits offer the best evidence
foraooolingmechmimbeforetheuhﬂawis

formed. (See section on Vertical Component.)

Deposils Emploced ot High Temperolure

Perhaps the best examples of high-tempera-
ture deposits are thuse from Idabo (Mansfield
and Ross, 1935; Stearns and Isotoff, 1956).
These tocks occur in sheets ranging from 15 to
50 feet thick and contain a zone of densely
welded tuff to within a few feet of the surface
and locally a zone of fused gir-fall tufl at the
base. These iacts attest to their high tempera-
ture of emplacement. A high magmatic tem-
perature is suggested by the paucity of pheno-
crysts. Probably these materials were derived
from very hot and very dry magmas. Obsidian
formed in the welded tuff from the Ammon
quadrangle {Mansfield and Ross, 1935, p. 319~
321; Ross and Smith, in press) has a water
content of 0.15 per cent, similar to many
normal obsidians - of rhyolite flow or dome
origin. The Walcott tuff of Stearns and Isotoff
(1956), considered by Mansfield and Ross
(1935, p. 310) to be equivalent to the tuffs
studied by them, has been restudied by H. A.
Powers (oral communication), who reports
water values for the obsidian facies as low as
0.06 per cent. Water contents of this order are
probably the lowest known for volcanic glasses
and give further indication of the high emplace-
ment temperature if not the low-water content
of the magma.

Mansfield and Ross (1935, p. 312) considered
that the tuffs described by them bad been
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8 great air-borne doud of incan.
particles and cited as evidence the
. tull' occurred at different eleva.-
out significant change in thickness,

tical ‘relief of over 2500 feet. The

St 1. oF. “ducoed” over the irregular
; This . connotation has been widely

-the litepature and should be re-evaly-
. Ross (oral communication) no

his. view; ‘he now thinks these
rmed from normial dsh flows, and
C ' be

mpliced ol Intermediate
emperptirey

R. L. SMITE—ASH FLOWS

tuff suggested that it had

temperature range within this
Category,

The vapor-phase zone requi
matrix for its formation (PL 1). At incr
higher temperatures, the zone of dense
would probably thicken, whereas the
upper zones would thin,
patt of the “chilled” vitric mantle of
leaving no space for the formation of the vapor.
phase zone:-In these hi er-temperature rocks
the vapor-phase zone. would probably give
way 10 8 gone of lithophysae in thin units or
a zone ¢f miarolitic lenticles in thick uni)
Composition, however,
the. problem

the sheet,

at this point, and, in gencral,

micire- basic deposits show less crystallization. §

throughout than do the thyolites,

emplacement temperature 4
different degrees of welding aint
tion of individual flows or coc

©]
s |
becomes important tg |

-flow fields, perhaps many, record i|

int.ermediau 4

ires a poroys |-
easingly |
welding :
porous

unti! they become 4 |

i
. icki: o mgousect;ibnwbicbxfaw
, fromi:30 to 100 m, but the inference is tluzt--j :
- chariges he noted from. top to bottom of by
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tif changes of the type described by  within a few feet (Williams, 1942, P. 83). The
eaplained in severg| ways depend-  transition was sudden, without g detectable -k
: ;ofulxg:.ginvolved. If the changes  time break, and it must be concluded that

Jerences in  emplacement there was an essentially continuous evolution

may represent g change in  of material. Locally the “scoria flows” have .
ture as progressively lower well-deirelopcdmlumnustxucwm; the “pumice ,
HMagma chamber are drained during  flowg* do not.,’

thaymay Fepresent progres. ‘Commonly valcanoes that have erupted

en tonservation of heat dyri silicic magms . i

Jen : thist took place between eruptions,
€ in Successive units §s At Crater Lake there was no 'time break, and
- Variable thicknesses  the suddentiéss of the transition leads us to
- in which they are consider possible conditions in the .
time between succes- The continuity of the eruptions that produced

onits  the dacite puice and “basie scoria” suggests

. --fror single magmg chamber F

and in which appatent  where they miust have existed as magmas with . ¥

® real: Deposits may eventually & sharp interfiice. The frequency of formation 3k

OW-an iicrease in density and - of simple  calderas, like Crater Lake, in com.
welding - from + ones

! M top to bottom, but posite  cones' supports the single-chamber
ormed by s cking: of Successively  hypothesig. - .

L Y PR

10g chemistry’ yet “
942, p.-98) states that  bag
l. -

volume (arder 7, Fig. 3)
, imilar trends. For exam
0. (1949, p. 694) states that the
YN was preceded and succeeded by
ditanism, The outburst of “granitic

¢ probably
H81e . produced } or & short sutcession of, - o
. catatlysmic” outbursts, because no distinct -

ng tott has been

‘possible that 4 change in compositon is re.
le i 1 corded?

the underlying “pomjes- - Both andesitic
he lates “scotia flows” takes Place’ involved i the

and rhyolitic magmas were
formstion of the “glowing-
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of the Sudbury

tendant possible
. a drastically reduced or eliminateq,
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immediate sources of many ash-flow
+small to large granitic to dioritic
s; they are not, however, directly
‘to the deeper-seated great batholithic
s. Nevertheless the tectonic settings
mal grouping of some ash-flow fields
‘common origins from decper-seated

ering now the immense deposits of
¢ those of the Basin and Range prov-
western United States, perhaps the
it ‘Guestion is whetber or not the ash-
js truly represent the magmas from
ey ‘were immediately derived. In other
re the rhyolite ash-flow fields derived
nite magma or do they represent only
wentiated part of bodies of quartz
te or granodiorite? If they represent
1 differentiated part, are they all or
t of that fraction? At Crater Lake the
{ shows that an ash-flow eruption can
¢ entire silicic differentiate, at least on
scale. Could this not aiso happen on a
le? Quartz latite and rhyodacite ash-
wets are common, in addition to the
‘ash flows, throughout the Basin and
province. Are these separate entities
ber source areas or are they related
By to the rhyolites, perhaps in a
tic succession? The answers to these
is may have real significance to students
sposits. It is suggested that the answers
found by careful studies of ash-flow
sns from common source areas.

GEOCHEMISTRY
Volley of Ten Thousond Smokes

studies of Shipley (1920), Sayre and
irger (1919), Allen and Zies (1923),
i (1924; 1929) in the VaBley of Ten
od Smokes contain nearly all the known
ative information on the geochemistry
lows. The essentials of these studies are
1l ‘known and include the tremendous
. of -chlorine and fluorine given off by
mroles; the transport in the vapor phase
3¢ number of metallic elements and their
ion in sublimate minerals around the
of fumaroles and in fissures; the detec-
mbst of these same metallic elements in
itered glassy pumice; and their release
s& pumice by attack of steam end acid
The reader is referred to Zies's (1924;
papers for details. These studies were
the finest of their kind, and their

importapce to students of ore deposits is well
recognized, Especially important is the positive
evidence for low-concentration, vapor-phase
transport of metallic elements from seemingly
ordinary magmas. Unfortunately, for students
of pure magma chemistry, these deposits are
formed from a mixed magma of andesite and
thyolite (Fenner, 1923, p. 38; Williams, Curtis
and Juhle, 1956, p. 129).

. The controversy over the source for the
fumaroles has not yet been resolved. Griggs
(1918, p. 97), Fenner (1923, p. 43), Allen and
Zies (1923, p. 95), and Zies (1929, p. 4) have
debated this point; although they recognize
that some of the smaller fumaroles may have
originzted in the ash fow itself, they concluded
that most fumaroles had a deeper-seated source.

Examination of the interiors of dissected
prehistoric ash-flow deposits indicate that
during cooling of many deposits vapor-phase
activity was common. Moreover, & large
proportion of ash flows, in particular those that
crystallized during cooling, gave off vapors at
their surface for many years.

This geologic evidence supports the belief
that the “sand flow” generated a large propor-
tion of its own fumaroles with some help from
surface waters converted into steam by contact
with the hot ash. Indeed, Williams (1954, p.
5$8) says, “Fumarole cracks gradually disappear
downward within the avalance deposits; hence
the ore-minerals were sublimated by gases
given off by the fragmental ejecta and not by
a deeper body of magma.” The data published
by the early workers at the Valley of Ten
Thousand Smokes, however, suggest that many
of the fumaroles rising from the “sand flow”
in the vicinity of Novarupta, Falling, Broken,
and Cerberus mountains are related to, or
contaminated by, 8 deeper source. Allen and
Zies (1923, p. 105) say, “The hottest areas
(in 1918) are in the central part of the main
Valley opposite Knife Creek Valley, in the
Novarupta Basin, in Broken Mountain Valley
and at a few points at either end of Knife Creek
Valley. They all fall in a nearly circular but not
continuious zone, with a salient extending out
from Broken Mountain into the middle Valley.”
All the incrustations enalyzed by Zies (1929, p.
41) containing more than 0.1 per cent boron
were found in this same area, and fumarolic
activity persisted here locally at least as jate
as 1952 (Muller and others, 1954, p. 66).

Lovering (1957, p. 1587-1588) has discussed
the evidence (from the earlier papers of Shipley,
1920; Allen and Zies, 1923; and Zies, 1929)
bearing on the geographic control of sulfur-acid
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dioxide and onclades that  temperature, T “sand flow"
"‘hxg‘h_e:_ponwntmionshz_ area seams to fit
nentioned sbove, TY; ples: i

examples hoth

1, bia (1929, p. 4) states
least 100 feet thick, and- .

8" ‘used . for. volume cal

welding and Crystalliza

Fenner's

-the ‘evidence forcefully irp)
e of releaaeof,c_us%y arystalliza
iderably in different q‘cpofs_ibia'
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txcecdpd
“volume  of ‘free
trapped in the voids at, the.
of o ; :

Ancient Deposits
2y of us have been fascinated with
thought of finding fumarolic minéral depou
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thase described from the “sand flow”’,
t.ash-flow deposits. Traces of former
-activity in the tops of some sheets
"1052, . p. 1337-1338 snd oral com-
u; Gilbert, 1938, p. 1851-1854; Wil-
12, p. 86-87;:1952, p. 156) and thick
vapor-phase crystallization in others
wem likely that many ancient sheets
“ssnd flow” had parallel histories.
many ancient deposits show evidence
i 'bad far ‘more intense vapor-phase
kan did the “sand flow.”

929, :p. 18-19) has emphasized the
I nature of the “sand-flow” sublimate
nd has stressed the importance of
emperature and steam dynamics.
7 important is the absence of magne-
other ‘minérals when the temperature
srole falls to the point where steam
i ‘The minerals are then dissolved by
scids and water. The persistence of
osits can ‘probably be ruled out for
wling units on the assumption that
gld have conformed closely to the
t¢ by the “'sand flow.”

und cooling units in ancient deposits
pon. This ledds us to wonder what
appen to the fumsroles and their
4n a sheet at the stage of cooling of
d fow” during the period 1917-1919
r.ash flow were emplaced on top of it.
much would: depend on the charac-
f the second flow, which, if it were hot
kly welded, might effectively seal in
woles in ‘the lower flow. Ultimately,
ing factors would probably be ground
id permeability. The suggestion is
1t these ‘compound cooling units that
fence of marked breaks in their cooling
hould be examined very carefully for
maroles and traces of their former

[

chemical analyses of rocks now known
‘ash-flgw origin have been published.
sord’ compositions ranging from basalt
te and trachyte, but show no notable
es as 8 group from normal lavas of
compositions. The same statement
in s0 far as is known at present, to
ments, )

nd Goldich (1956, p. 168-169) found
r*galmon sillar” from the Arequipa
Peru, conteined small amounts of
alts {chloride and sulfate), and halite
grmived by X ry. They attributed
introduction. by “ground water, which
7 paline owing to Jeaching of volcanic

deposits.” This study suggests examination of
vapor-phase zones in ancient deposits for water
soluble salts, if suitable deposits could be found,
located above present and past water tables,

Systematic geochemical studies of welded
ash flows are needed. We are now in a position
to roake such studies of limiied scope. They
should be made, in the beginning, on the
youngest possible fresh rocks. Probably some
sheets will be essentially homogeneous chemi-
cally, and others not. We need to know the
differences and their orders of magnitude.

Geochemical studies must consider the
degrees of welding and types and degrees of
crystallization. Major and minor elements
should be determined in relation to the zonation
in simple cooling units, preferably in single
flows. Great care must be taken to cvaluate
contamination by inclusions, and n the selec-
tion of suitable samples. J. H. Mackin (oral
communication, 1957) has arrived at similar
ideas based on his preliminary work in south-
castern Nevada.

CoNCLUDING REMARKS

The problem of ash flows is in a formative
stage, and a great deal of study is needed,
especially to supply quantitative data. Rocks
and rock bodies of ash-flow origin are now
known to be so common that their recognition
is no longer surprising, as it was only a decade
ago. It no longer seems necessary to recapitulate
the arguments or early history of development
of concepts.

The importance now of recognizing these
rocks, aside from pure knowledge, is because
they are useful tools for the understanding of
other geologic processes. Here their usefulness
may be many fold, but much will depend on the
accumulation of quantitative information from
entire pyroclastic fields, composite sheets, or
cooling units.

The important use of widespread ash-flow
deposits for correlation of stratigraphic se-
quences, although recognized 20 years ago by
Anderson and Russell (1939), is now being
more fully explored and bolds great promise.
Many, if pot all, ash-flows fields are associated
with extensive air-fall beds. In and adjacent
to the post-Cretaceous continental orogenic
systems, we should be able to establish even-
tually a “tephrachronology” for the entire
Cenozoic that may transcend anything en-
visioned today.

Detziled studies of the cooling characteristics
of simple ash-flow sheets and the application

Tt




1937, The 1783 activity of Asamwa volcaso, p,
2: Japume_ J_on;.lf _gseology and Geogmp}l:"

[ their origin; New York
.2, v. 5. p. 13134 -
G.C..

record some kind

ag from. the extremes

ationship to changes in
istry of crystallizing

3952, Volcanoes as landscape Jot
Whitcomb |

4. Roya Lot

v.-??m,' p’{ 353‘ -

< 788 sty of nwn vl
- Jour, . ]

Tansoy. 3, b joo S oW »

e e e T e




REFERENCES CITED 839

tﬁbut.ed Tech. Papers, Katmai Ser., no. 1,

W Tuffs and other volcanic d
nai and Yellowstone Park: Amﬁg_ &
D’ mmn, mmm Mtg., pt. 1

L, N, - Incandescent tuft flows in
i‘eru. . Soc. America Bull., v.

87
L‘H. ‘1984, rt of the subcommittee on
lnology 951 volcanol., ser. 2, v. 15,

K.'V andReu W., 1868, Geologische
ung der Insel. Tenerife: Winterthur,

lgvon rstér and Co., 494 p.

.M., 1938, Welded tuff in esstern Cali-

2. Geol, Soc. America Bull., v. 49, p. 1829-

r, G 'S..:
u:o

"‘b(‘)

1959, Gigantic eruption of the
g ull. voleanol., ser. 2,

7118
a,]. B.,-1981, Bi tot de kennis der
dwglku.:' 'denjdl;!?mpl van Midden-
nmgemenr. v. 12E, no. 12, p.

‘i., 1931 Rhynlite sheet ﬂowa of the
Tecttn Iog‘ o 0.3, b 5707
v. 16, no. 2, p.

f the otorun-Tnupo subdi-

Kaimenawa divisions:

Survey Bull. 37, 138 p.
re the Ten Thousand Smokes

Weld tuffs of Oreg
Acads Sci: Jour 1951-19

Pi'
Geology. of the Yellowtone
. S. Geol. Survey Mon. 32,

; 356-430
) 1gni mgéa, v. 1: New York, John
gu:z_‘d;sw,m;»

?hldnobsofageol in St.

Y Ay
ml a;:loMn‘ﬂmque Popular Sci. Monthly,

¥='., and- Goldich, S. ., 1956, Rhyolitic
Eowsln.t_outhtrn Peru: Jour Geology, v.

5. 1561
mg. G L 1., 1932; De controverse uit-
wien, glocdwolken (nuées ardentes d’ex-
 diriges) of lawinen gloedwolken (nuées
ites d’avilanche): De Ingenieur, v. 47,
8, p. 120137

, G. C.. 1988, Some aspecis of the role of

water in rock melts, p. 489504 in Poldervaart,
Arie, Edilor, Crust oéz th;:&anh Geol. Soc.
Kennedy. Ww. Q and Anderson, E. M, 1938,
yers and the origin of magmas:

Bull Vohnol. Naples, ser. 2. T. 3, p. 23-82
K]epE’ » M. R., and Smedes, H. W., 19! ,Elkhnrn
ountains volcanic field, western Montana
(g}bstnn) Geol. Soc. America Bull., v. 70, p.

Koru, Shukusuke, 1934, The great activity of
Komagatake (jlpnn) in 1929: Tschermaks
Miceralog. u. Petrog. Mitt., v. 45, p. 133-174

e, F. w., 1940 Size dis-
tributions of source rocks of sedlmenu Am.
{our Su. v. 238, no. 4, p- 296-305

Eu 1954, Geo)opcsectwn of the Black

nng: n )tm;non, New Mexico: New Mexico
Bur. Mines and Mineral Research Bull, 33,

Kuno, Pg.auhi 1941, Characteristics of deposits
formed b, pumiu: flows and those by ejected
umice: Tokyo Usniv. Earthquake Research
nst. Bull., v. 19, pt.l.p IM-%
Kuno, Hmuhx 1950, Geology of Hakone Volcano
and ndjwcnt aress, Part I: Tokyo Univ. Fac.
L.ms:';i'i}‘;ds‘%oii’ D on i In oo
‘eryption monugne
Pelée en janvier 1903 mﬂ. (Paris)
tes l'mdln, v. 448
t':h de la mission de la
Amll sci. (Paris) Comptes
rcndus, v 136. p. 871-876

_— t&u!’eléeetmé tions:
Ptrh,Mnonct e

~—— 1908, Ls Mo Pelée apra ses éruptions:
Paﬂs. Masson nug{:

~—— 1930, Remarques sur la matérmn de pro-
)ccdon des volcans et sur la genese des roches
g_ ues u‘ib constituent: Soc. geol.

nnce. le_t:,{u ire Centenaire, 18301930,

is. Jr., and Cross, W., 1956, Geol
andpetmlugyo!theSm
western Colorado: U. 5. Geol. Survey Prof.

lper 258 g7
Lovering, T 1957, Halogen-acid slteration of
ssh at fummle No. 1 Vallsy of Ten Thousand
Smokea, Alaska: Geol. Soc. America Bull.,

15851604
Mucdomkr G. A, snd Alcarsz, Arturo, 1956
Nuées ardentes of the 1948-1953 eruption of
Hibok-Hibok: Bull. volicanol., ser. 2, v. 18,

165-178

Mn.:&rq;w A. G., 1982, Eruptive mechanisms—
Mt Pelée, the Soufritre of St. Vincent (West
Indies) and the Valley of Tem Thousand
Smokes (Alaska): Bull.” volcanol., ser. 2, v.
12, p. 49-14

~—— 1955, Classifications of nuée u-denle eruptions:
Bullvolu.nol. uer.2 v. 16, p. 7-1

Mackin, J. H., 1 Hematite vemlets in an
lgnim te in, lhe Springs district, south-
western Utah (Abstract): Geol. Soc. America
Bull,, v. 63, p. 1337-1338

—_— 1960, Stnu:tun! significance of Tertiary
volcanic rock in southwestern Utah: Am.
Jour. Sdi., v 258, p. 81-131

Mansfield, G Rou. C. S., 1935, Welded
rhyoliuc tuﬂs fi southeastern l'daho Am.

-

o ® eres oy

T




. ¢ 5 div 48 ? mmm.
O .&m Ew i

Imbhaiidn i1 e 5
g Mam mm mmw - m d w H ...n.u § mmm »%m mm mw..m m
w 2 5y wm ! i % I w...unmmw bigcanit
;s .mwm : Mww Mm m.m.mﬂmmm mm M umm W { m%mmm.m..umw umm w.mm §°q
w ,aww 2 ﬁﬁmm% tdg mﬂ m _ ww
*

Kl
the
(in

. Mem,,

blem of
the mmmﬂn
Soc.

On
Armenian
Mineralogical




it

BT

i il 4 st 353 Il |

*’ggf;*gagﬁjgasﬁ '3'535‘?:‘55335 fggi

|
1 55: ! 5 o 5’5

3 :
Qﬁg 33 ] ﬁgézﬂ' ﬂ g h
o

the great
C«u..
and
.....—-"X:;’,‘.n
Mldu:nahth
ll-«' '
919,
b hﬂopiy
1
N., 194
"E A R Gt
18 (o with
924, The fumsarclic
of Ten Thousand
Cnmrhm'l‘ut.hpun,
Wﬂ"" ﬂ’w
incrustations and
o0 ore deposition; 'ﬂu
to during
!oc.ﬁnwibnud'r
vl!n.d.ﬂ
U. 8 Geal
Chg)vﬂ.ms.ﬂw nh;
TRVRY, Wasmncyon, D. C.

""P‘v
Rept. v ¥
UKMS

frifls
. gaﬁ

e

s,

L v S

b s 8
Skt~

e sF
i oy 3 T
e CREa

4
:
=

s
L
I
:'
2
S
=ied
M
el
ot
i




