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ASH FLOWS 

BY Rom:ar L SJilTR 

ABSnAC't 
'· · '.die ash .Bow Is the baalc: uuit of UIOIIt ppoc;II!Stic: deposita bowo u welded tuffa, tuB · pumice fiowa, or lgntmbdtes. are the coolbJs unit, both simple tXml~~d, the composite The-9epoait of one ash Bow is E-:MIIi!S•:red analogous to,· but . u, th~ depo.lt produc:cd by the one nu~ · · faVOJI pa-emittm, particulate 

billt-cllliDIIi:riiilf)~•dllmilllll, and, becauee ma.ny ash-41ow 
COJIIIDOil magma, but dearly ten:~.W:~.a -~~:!~=~~~must be invoked. Suc:h a medl-.., izrlluenca the ~ propertiell of JIJIIJly 

eevtit·~~·of·:m.,~tude nmsmr from 0.001 to 10,000 kml. from ~ rarely exceed 10 wbsidenl:e ttnK:tura m aU wuu~e:wr In 6elds ~ ,.U volumea, bat lptpr .vol~ SoUle ash-flow 
~·Of more thaD 12,000 · · ~. iftiJHoU~ce fielda are · of'~ption c:ydell 

~ bndatcd tO 110bsideace 

( 



lt L. SMITH-ASH FLOWS 

de ce senre pounait e.ue Ia ~loune d'wption verticale qui infiue IW' let propril.t4a vJ. 

timea de nombreuaea cou.ilel de c:endrta. 

Lea d~ts sont groupb en 7 ordrt!l de grandeur, de 0,001110.000 km'. La ordra de 

1 1 .3 comprennent lea ~~ venua de d&nes. Ceux oripnairet de aat«es ~ 

rarement 10 k.m1, orcin: 4.J,.rs dfp6b des OJdre& S l 7 tont usocial deuuuctumde 

subsidence cla.ila toUB lea qCillpie& dont le 1m! d'oname est coonu. Lea tufa 10Ud6a for. 

ment 1ies champ& de tOIJI. volWDell, mi.ia. )Is sont co~ dani lea ~ d'oriliae 

fissurale et de g1IIJid vohpDe: ~ champ& de t.endra venua d'un lieu d'origine com­

mun at.teiguent ~ ~~ de plus de 30;000 km' et dea .VI:Ilume& de phu de 2.000 km'; 

des champs d'origine mul~lesatteigne)lt des volumes d~ 8.000 JuDI. On peDIC que lei 

~ti ~e cycles l ~ ~e. 6:Uptlon qui ll,Jlt des volume. de plus de quelqua km• sont 

en relation avec: do atru~ de eubllid~ 
• 

Les donntes granwo~~ii\if•uumnt<Ne Ia plupart des tuft IOUda contiennent plus 

de 70% en .poids de :tna~ de. mohii~ 4 mm de dialn~ L'agglomatioA et I& 

crystaJ)isation ~entJatpment dela·
~Jl&at11111 reladve et de 1'~ da unl· 

tis en refrvidisserilent;, et Ia pb,lpatt dee ~. ·. · · rencon~ dana let couMcs de cendra 

a~ pcuvcnt (j'4J)Ilquu .en ·co!!sl~ ces. variab)ea. L'aggloml!ration com· 

~avec la coh&ion nal~e d'&18ta'~'dt fragmenti de vern, et continue par Ia di­

miDution du volume de&·~ et ~Olllla~ jusqu'l soudure compRte qui aboutit l 

·lin vem noir denJe.. . . •· . .-. 

. · La. crystalliatlon ~ Stiraioll.~ i a'i~ que! &tade daDa le mathiel acglomVf, 

. ma)$ le degri de 110ud\(re l!etit)nfl~ ''1(~ type de ~~ Lee stades d'!L~ 

nihati9n et de crysta.l&iat:ion•onha ~~ et permett,ent de ~auoguer le refrmdiue­

mint almple clu ~~·~fi!!h~t
e peut avoir Jieu.ca dessoua de~ C., 

inaill ia Sou~ conw~·~d i!e
-Ja,~on- de Ia dluie, ~om: eat intluenc:ft par 

l'hlstorte du.~e&oid~il#-:t:d·:~~J~~dUc:
ls etJ refroi~. 

Lesmatfria\A: Ul!l:i!o.~;~ ~·~W,¢ntur
ea, tela que lee"f!Oall!es de ponce" de 

Crater Lake dilis J'~*)l: .. t a zi"~ partie non sou• .daDs lea~ •is. 1a 

tulstl()u~ A l!au~e t~~Fi-&ifll~t~el'
ldabo sont d~t souda en couc:bes 

~~.minces. La pl~~1f~,~ ~-~ probablemeot O:U. flD ~ l dcs.telD~ 

tures .lnterm6dlan'eii ~~.w ~··~na
 dl!pOtll moa,tmlt un ~t IJ)'II­

t&natique de te·t.~~~nt te.~ 
de l'&uplion, d'aut«:s montrmt un cha.., 

ment de ca~tion )$*tiqut,; On penie que certll.ipee couWee de c&ndres sont Iiies 

gml!tiq'llement ~des p~llprtiChes c1c •:aumce dont certawlcmt de gt'llllde taille et dt 

nablrecomplae. 

• 1 



ABSTRACT 

• ein Yolumen mehr ala einigen km' h&ben, .zu Abaenlwnga-Strukturea in 
•'·"'la!JI'Ielllassen vennuten, dus mehr ala 70% des Gewichtes der melsten ·tea~•dl!lteD Tu1fe aua Materla!ien batehm, die wenipr ala 4 ll1lll im Schweisaen und Auekriltllliei~ hlqt weitgehend von dtr !'~tpel~tlu lind der Dkke der abkflhJemlen Eioheiten ab, und die meiaten Zatainmen geachweissten Ali:henstr(l.n ktsnmm mit HiUe dieaer 1Verdeu. Der Scbwe~ b~t mit ·aedDp.r Koblalon YOD ~~#:~!P.illd'-bruclill!tflldt•m und verliuft weitet t1bU abnehmenden Porenraum und . tltttm vlllligen Vmch\lreiaHQ, das In doem undurchaichtipn, 

tes<ch11'-eiu:tcn Material in Jedem ~~um auftreten, abel' ~=:;~,:!:e;: die Art der Kristalliaatiiln beeinfluaseD. Die tJi Kristalliaatioli.1!iDd zonal aujbrdnet und erlaubell ein!iadlll!l'. und komplm,. Abklihl :.~qinnende Zusam-C. stattfindt:P1 ... wlla. ·· . .zUea.mmeuacbweil-von dtr.tei~ ~.· ·~ . so dun:h den Ab-illdi'ridueBen Abkllhlun~Jlteli beeiD1I ' · 1!tt<11i1gen ~tiir~tel,..~et~en, wie die "Bim­siJld in ~i~ea: J.&ges:il,.~rocheu unae­. welcl!e·~_h'JI;ltn ~~turen. .zueammen ·u::n:!:!~· ~u=ild ~ ~~~ ausammen p­PJ~ ::~;san:in::. · · · Tu!e eilid ~einlic:h bei Tem-.·~ .·. liqell, eingebelt'. ~ .... m~;~Jqe.tunpn weiaeD . • . :Temperaturwecbsel •WAhr•d ·· ~ l!;r~JP~ea &Uf, andere · . In der magmatmcben 2usainjnetiaeta~.:-·a&n nimmt an, due · .. ··• .. teneti~~eh mit nahe· der •Etdo~e .~den Plutonen wr­. wn deneneinige von grossem ~· V.~ komplcUii'Natur lind. 

UOTORH BYJIKA.HJiliECl{OI'O ~ 
Po&PT jz. ~ 

PeaJOial 

~OOOTaJIUo8 qacon.IO 
oT.lrtmiWIBJl DpeACIT&IIJieBK 

nBBMtSpa-

~~i==~~~~:.J!=~~~oo~ 

797 0 

0 

0 



tnr8l0'1' o61>eMa 6o;nee 8 000 Rytia<~ecKiix KwtOHeTpOB. OTnomeBBJJ oAJmo'IHWX 

~B BBllep,.;eiQUl, BM81011Dle o61.etj pii!IBWl BeeKOJILKIU( JC}'6B'IBCKIUI 

Kll.llOIIIeTpaM, BepOSTBO 'Clllll!fi.IWI CO C'$ylrrypallOI Ocep.aBJI.L 

no A&HBW4 rpaBy.llOYe'l'pB'Je030ro a~a 60ilblmiHCTBO Oll&peBHWS TY~OB 

COOTOBT Ha 6o.nee 'leM 70% DO. Jlecf .~ .·Ma'l'epHll.na C ;nBBMe'l'pOM eepeB YeBee 

4 Idol. Cni!JtRa B JqlBCTa:miHBIUIBJI Bllo'BI!CJl'J'1 ll OCBDJIBOM, OT OTBOCH'l'eni>BOI 

'l'eJIJlepaorypw • To~ OOTW!IaJi>- eaJJemeJt. Bom,llUIBcTBo CTJ>YKTYP 

ci!apeiUIJ>1X nOTOKOB llyo!IR&HD~O~ lletulll. BBJIBCBT OT TeYJJepa.TypW B 

Tomt{irBW aanelKIJ, Cna.ti;B& n~·co cnen.nens OGKOJIKOB BYaK&BJ11180o 

xoro c'l'e1uu1 'B npo~o~~TCII no:tzyTBo~ yuemmeBBell OO'IoeKa nop a c !llltop­

Mici.ael.eocTai!ll~ q~l,, IIMoTb ~9;nomtoro caapiUiaBBJI, B pesymTaft 

RO'foporo o6pas~ ~t?e . .;epsb!;~Mo. 
. 

}tpiliiTarumaal\llil ~~~~a,eT<ia ~ 9apeHHwit NA'l'eJlHAll ll mo6ot1 CTDABB 

p&i!B~~ HO c-r.e~Bb' CP:I'~lQU)02l:ttl:'l' ~ Ba TBD JtpJICTaJlmlliBIUIJl, Orene111o 

cnJ)HB a 'ltpBCi'l'anJUl:l3aii,Wi ~li:IT li~Hid xap~p a noaBonmoT paa­

mt'iAT.l. npDCTOA·.B en'olltli:wJ uponeOo'.~ThlBIJ.IIBIL Ha'l&m.B&ll cna1bm UOlB81' 

npo~&<ljt'l'B rip& ,.eWJiip~~~ .~3·j~p fie.nJ>CJDO, 80 DOJIBU CB&pKa BSI!BCII'l' 

DT JlalltleHBR ll.WUe~.~o Mljo~~· B 0'1' BpeMeHB, a Til.laDI o6paaoM 

saBBCBT OT !qloUeCC.a·o.cf~·~ &!U!BZI!I, 

OT.nc»Remia, o6p~.olia)~c~ npB):i#.pcott .TBMnepa"J7pe, TaRHe KB.K "nOToK1l 

neJiaK" Kpa'i'epBoro OAA~ II. {}pe~~· .B ocsoauou, B BIIJIBlllalt 6ommol 

lii!!JUipcTB ~ .Cl!a~~.~Joi.~~'!~Hiol
e cBapeBBWe 'l'Y~'W BB lOI'OBoi)­

.~'!morO A:allaso nn~a~.~~!"P,lle,~.~~:1•~ TOliRIDt n~oaas. Bom.Wlii'BcHD 

CB&JM!~ 'I'#OJ!l ~~o~.:~,TJ~~¥o .upu .CJlBAIDDt .. lnl~aTYPAL BeRO­

TOplpl. 01JJOl'EeBIUI .. ~~·~ ~~aTB'IB~Q
e ,B3~~~~~111!e. TeKnep&'l'fPII · 

B'O :tlpelUI ItJDUUL'.B3)N!~;:;tq;~)'Ral
!WIIUOT lla·ll;I~HeBBII ll C:OCTa88 

M~U"NK. C~&CTBy~,- ~;:..,.o
 .UI!IlQ'.l'opWB no'l'ORB Jiy.nKaBB"leoaoro neun& 

· 1'8~ cBma~ ~;:.6.Jnwi!'
,OII~~ JUlTl'J>ea.YB; ue~t<rropwa 'BB 

··;· · ,x_moP~ ~Sua~~ ......
. ~noaa!atl aoc~. 

. .. . . :~· 
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and metamorphic terrains, with their problems of stratigrap~c ud structural correlation. It 
seriously aflecu lhe study of calderas, volcano­tectonic depressisms, batholiths, and many ore deposits. The geoj:hemist should find welded 
ash flciwa a fertil,e.-1ield for innumerable prob­lems of magmatiC.~olatiles, trace elements, and roclt alteratioii. To the experimental geologist they .offer uniq~ materials for the study o{ rate 'processes, such as welding and deformation 
of p.as, devi~~ diffusion, and cooling. It would be ~ptuous to attempt dis­t.'llssion bl all the lacets oi the welded-tuff prob­lem; lome lut.ve~eently been or wiU be treated Ui other pa~~:~ on others li~tle or no work h~ been. done.:'Jn this review the writer at­
~pb .tO ou~ ~J;De of the ·more promisinc avenue$ for 'futut~e researdJ, as well as to con­
centtatC Qn ~:facets of the problem that he feet& heed · · iit-~nslderadon. . Tht' ret!f:cfllit ·con taint only a selection of. tb:e availabl •.. papera on the subjecL Many Ruman and cj~panese publications which 
fui{ibt: have beei). included were not a\·aila!:lle in ii1ii.ngUage .~~ author rea:ds, and otl1er very tPo.cl papers·~ simply not sufficiently ger­. ~· tb the SUb,iec::ta selected for discussion. MOSi -of tlies~~ listed in the recently pub-1!54~ ~d-n~ complete /gnifrdwit• bibUDg­~~by c~_(1959), In addi~9D an exQ:lleot · s,~lJilD~. of >~tiw proctSMS . and their phXJucts ~&~~~ppubfisbed byWUba.tns (19~7, 

·j). 5HS); a "4'~9'sood au:mma:ry paper .(l(IVenDI . ml!oQy. facetS ;-of~ subject ·w been published · by Mwtiu (J'gSJ); and Ross and Smith Cin p~)'presen~;:~ historical review, summarize :c:ritena for ~tion, and discuss microscopic 
and 1ield featutel arid proCesses. 
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~ P. E. Cloud, Jr., S. S. Goldich,and J.H. for critical review of the manuscript. 

N OllENCLATUllE 

.::·. ·The writer recognizes that the nomenclature · ::."i·ofthaii -rocks is controversial. Differences on :\:~tCn.niliot~ .... are usually resolved when those ···. moat tontemed reach a common level of knowl­. · · • : ~cC,; ·lh"Qtua\ understanding, and com.munica-. ·"tll>:n: w~ these thoughts in mind and with : _:the ~uiditional thought that the "welded-tuft' · .,. ·. ptOD~" iS, in many respects, still m "infa.nt," : · ·::.it · seem prontable to discuss tbe re1- · · · merita of different nomenclatures. ln-'for ·the qeiD.i.])ds of internal cOnsistency ···";.·:-·.-c:-·.·. paper, the writer will p~t briefty · 
· ·he bas .found m011t apptiQJble to;the · · of deposits of welded tuffs or &c:U: 'I'JOl1W4:kl~:d equi:valents, He ~ no mu-

usage will riecessatny sa:tisfy and beliefs of· other· ·Work en, nor \viSb to create the impreSSion_ 1hat it 

PUmice Bow 
ScOria Bow moa and ash 11ow (in part) Gas and ash Bow 
Hot ash 8ow 
Glowing avak.ncbe (in part) 
Deposits of the St. Villcent verticnl type (in Deposita of tbe "Nu& Ardente tlu 1<nt11111ienn~'. Deposits of the Valley of Ten Thousand type 
Aso lava 
Ignimbrite 
''Hai iahi" 
Tuff Java 
Welded tulf 
Welded mud lava 
Scbmelztd p· 
~ .. 
SiJiar 

\ 



NOMENCLATURE 801 

c:ocmng-u:rut complet 
into two or 

~u~po51u: sheet. 
of pyr~tic 

IJI;.~:j!ondj!rlll~tly of ash 1lOW8, 
unit of area, 

. suggested criteria. Th~ problem still remaiDa, however, .because ttle distinction between welded tufts and lava Sows on the one hand, and between ash-Bow tuBa and tu1fa of other origins on the other ~nd, ~·not always possible. Recognition and ·d¢ni.tion of units within ash-11(iw ·fields is ~Y important where detailed structural and stratigraphic correla­tions are sought and where genetic problems are concerned. nepos~ that were emplaced 
virtu~y "en ~" or from a very rapid sequei:u:e of erup~ are much .less complex than those that cop~ cooling breaks or ero­sional disconformi-

Problems of the i:D,ode of eruption are related to the fact thaf.'no scientifically observed eruptions m ~to bave produced welded tuBa or: . deposiill · CQinparable in volume to th·ose resulting from: many prehistoric eruptions. N ~Jy aU .r~ of the last 35 yelll'S con­cerning pr~:istoric~eposits bas been by analogy with the VaUey :of Ten Thousand Smoke& 
wli~.dep(lsiU, 4\ 'tUrn, bave been explainecl in ~ Of the n~ .. rdente concept developed frojn .~~ obs~ ,eruptions of Pe~e and La .Soulrl&e. .. : 

The· soundn~ oi this chain of reasoning is r~y questio~ ~though some misiliterpre­tation of the ~iCIIl concepts have been published. Nev~ess, the erupdon mech~ anisms ·J>eforc e¢plac::ement of deposits from "nu&s ardentis'.'.lleed investigation and ~­cation as does th~ precise meaning for the term nuEe ardente, if:-we penist In usinJ the tenn to (lesignate the 11gent of emplacement of these de}loii,:a. . 
'1'1le ·most inlportant ash..fiow problem co~­cems the locatiCiJ1 and kind of eruptive vents alid source at~ which produce ~e sheet deposita of.· great volume. It seems almost incredible tha~ 'of the hundreds of oc;currences Qf a&h fiowa ~iislng tens of tholisands of cubic. miles of,:·rodt in the western United StaUI, for eza#le, the number of unequivo­callY known aoUft:e areas is probably less than !0. Ill t&ms ~-published data the number :is · 4. These ate ·.U subsidence structurea: Crater Lake cald~ ·()regon; Valles caldera, New M~; Cret!ie caldera, Colorado; and parts of 'YelloW&b)ne National Park. On the other band, 

PtUtia!.UY al1'1he deposits of "welded tuffs" o'i "pumice ~" known to have a volume of more than a:·&w cubic miles and that have 
been unequi~ly related to their sourc.e areas are related to subsidence structures. With this evidence favoring subsidence in the source 

0 
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con.~ts of the mode of eruption of 
pyz'OCIIIISti~ flowt ·~ter atound the nufe.. 

eruption and 
the well-known 

1902 eruptions of 
Dj•Tt!ni,n•P (Lacroix, 1903a; 

,Alliilerson an~ Flett; 1903) and 
>Sj)~Jif~f St., Vincent (Anderson and 

the eruption in 1912 near 
Valley of Ten Thousand· 

1923). Th~ accounts 
·tf·~:~~~~~(:~ :detailed observatiom -~ mtDik.n·· of Pd6e by Perret 

·W·<.Dnol.IB eruptions of M:erapi 
u.,..,.,..._-:l'~·n~-,- .. ·:~----: Java (Stehn, 1936; 

.-CIK!aJ!W, 1933; Van Bemmeien 
among which 

(1952) in New 
1954; 1956) and 
-~ ·Philippines 

nuo ........... 1956), have tended 
J!i.lo!!f>i:iolll~~·-~*"····stl~gtben the correctness of 

standing the development of the "pyroclutic. 
fiow" concept. 

NukArdenle 

Lacrois (1W3a) introduced nuee ardente 
as a geological term for the devastating erup. 
tion of Mt. Pel& on May 8, 1902, and for 
subsequent eruptions from Pelie. The eruptioo 
on May 7, 1902; of La Soufriue on St. Vincent 
also came to ·bea.t. the name nuee ardente, as 
have many other: eruptions from other \'Ill· 
canoes in other parts of the world, panicularty 
M~api in cen~ Java. 

Nu6e ardente hija also been used to desi~o,'llate 
eniptioils which. ·are believed to have !)eft 
responsible for :tlle great welded·tlllf shloets 
and theit non~ed counterparts which arc 
the main sub]I!Ctof this paper. This usage of 
nuee ardente hu.:its origin in the studies of 
Fenner (Hl23).-~t;,aaou (1930), and othen, 
although Fennet.:'$ensed the fundamental dif, . 
f~cei betW~.:Jhe deposits of the Vall~ of .· 
Ten Th~d .SiDokes and those o( Pel&. 

_lulio\ild n~be recognized that most welded ash Bow.· ca.nnot:·bave had an origin from an 
eruptiOn of ~· type that occurred at )fL 
Pe}& .in i~ -n,e very size of the deposill. 
precludes this;' .;Jwwever, the mechanics of 
eruption and _tt'ulsp«t as deduced by the 
observers of ~- deposits of the eruption oi 
Pe!Ee and La Soufriere that took place on 
MAY 7 aii4 8, 1002, and observers of subsequent eroptiom frotit_ ;Pelee, together with Fenner's 
lnterp~~Uon ~i the deposits of .the Valley of Tea. The)usa~ ~okes, give us insight into a 
PrPbabl~ me.i:h,1ttlism for eruption and transport · . of data ·from several of d.l~ l!lih:-ft.OW,::deposits of large votunae. . · iiM~•---"""''"" m_altes the "nu6C· .All ob . • fhe nu~ ardente:pheJ:!Omt;". of iti forms, well ·nort~:. ly La~ix, a~ 'that 1lie 
nu&'~ente .tWo parts-a basal-avalaJitht hoWever, 88 to whether ~: ~: o\r~ spectacularly exjJanditig , .: . ~tute':l~~;~ec.:hallllas· are adequate to -cloud: of-~-~~ Qust (Lacroix, 1901,, p. 350: .·. . of the Arii:let:So'a an<I',PJett, 1903, p. 447-453; Perret, · : s<>rnetinlta. form· t9~ }>;:·s,i:~~Nt;iulD van Padang, 19;33, P· 134~- :- · significant;· in thii VB.fl~~~\~,}949, p. J91-192;Taylor, 19~ · -~mt~.:t.l~c.'il'& obietilti(l nu& udente 'baa '~>. ~;. ~*ijk, 1941, p. 63-64). The·dts~ . · • tiilL B~Wie of the rlncticin ~bf'~ the two pam has not alwaya -· because some Of the betin ·is.barpf¥ ~wn. These statements refer to ''welde&tuft" emplace- -the nult a«Jeiite 88 an agent of transport o{ ·ms~~- to · misconttptiona re- m:ateriil fronl·the vicinity of the vent to its tl!i!'·~~lt!ill ·nuha .anlentes and to ~resting p\ace, not to the mnterial as it is ~lbigtioU. oJ the term, it seems necessary · ~ erupted fiom the vent. tliirinitift.•hr'lf!fhr mm the nature of the d&Slllcal . Lacrobi (1904, p. 350) has described also important for undu- nuEe ardeille: 



MODE OF ERUPTION 803 

~!e..~rdentc: ~ C:OII!titu& par une t!mul­
d&DJ un mBange de ve.peur 
tempc!l1lture, sur I& nature ' ;~:~~~~~!! pns. La forme et lea :;;, .~ . .--·,.,..-- au moment de sa sortie 

montrent qu'elfe ~tait 
compression formidable, 

eUe ocasp11 liD 
milliera de foil l 

deeond~ ••• 
trouve une zone l plus haute 

pn!domiDent des ~ 
de toutee dimensions, frq­

fines) ; chacune ·des 
pa:Jtla.tlee solides qui les constituent · 

et doit etre entourie par une 
et de vapeW'I extrtmement 
m!lls · ee dilatant rapidement: · 

~~~~~q~;w~· ·~~~~~~ les particulea !'ensemble dana liD 
de couler &ttr ·lea 
liquide." 

llecause of the trajectoral (directed­
. of the May .8 nu~ ardente, at 
eari.y $1:afiel. of formatiOn, Lacroiz 

9f liui did not emphasize the basal 
he waa, rather, preoccupied whh 

"cloud." Hen;in seems. to ~ 

advanced it visibly awellcd, getting larger and 
larpr every minute." 

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

"The geological evidence wu not aufficient to 
demolllltr&tll what form tbe diacba.rp took, what 
wae ita pa~ and how great was ita velocity when 
it ldt the crater; but &y the time it reached the 
valkys beloW it was a rushing torreat of I&Dd, 
stones, and. hot gases, which couraed alolllJ the 
valley bo.~~iDs, ade.pSfng itself readily to a.U changes 
in· their: cori!iEuration, too heavy to surmount any 
great heiltlit, 'but aweel?~ over the surface of the 
minor ti<fgC!s, and co!NDg ~dually to rest in the 
deep ra.vi.n!* behind tbem. In the valleys of the 
Walllbu and Rabaka Dry River it filled the whole 
channel, &nd when Its enerjy wu spent it lay in 
banks, Widl' irregular rounded upper ISUrl~ lilr.e 
glaciera cif .black &and. In the more shallow and 
open va.Ue7of the Walb"bu Dry River it bad not been 
confined to· a narrow and steep-sided channel, but 
bad. ~D tree to spread out biterally, and there It 
took the :fQnn ·of a broad sheet oi &and with round­
backed ·ridJes, like wraths of snow pointing dowa the vaney..,,.ud diverging with a l!lightly fan-shaped 
arrBusa#.Dt." 

· "aiibome-dOud'' connotatieftis Th~ :Observations give a very clear picture 
Q.ell•le .. 1 me. literature on welded tuifi or of the &,yalanche portion ol the nuie ardente. 

. ·have referred to the After ~p&ring their observations at Soufrike ,,. . .,..,,.,.t.o .. nf of"ava.lancile, with thoie at Pel&, they summarized in part 
confusing when it is · that Petean-type eruptioDS are characterized 

the doud portion of the bv av~ches of incandescent sand accom­dCle! c&flY ~ deposit 8$h and pamed.'~y a great cl~d of gu and dust. The 
: .bl: insignificant ·amount. 1i,s avalanthe and the cloud both move at high 

. :a~cbe portion. . velocl~ · 
.F1eu (1903, p. 494-495), not· Aiidepon and Flett believed that the nuH& 

. trajectoral-tYpe nu~ arden'te, . arden~:i:noved under the mtluence of gravity, 
roli.QW.:i.Jl. 11 account of a July 9, 1~, .while 4\croix, although recognizing that grav­

ity played a part, believed that a directed 
· init,iaJ. :-explosion was also nec.essaey. They 
· agr~: that the extnnDe mobility ol the mUB 
· wail d~~ ~ expanding gasel. 

The:,timtroveny wa.i slowly resolved wbeo, 
throuab, · observations ol other nu~ardente 
eruptions, it was realized tliat the position of 
the v~'t within the volcanic edifice intluenc:ed 
ihe inltial behavior of the nub: ardente. It Ia 
not .necessary to review the details of this 
evoluijon here; it is revealed in the works of 
Pemii {1935), Lacroix (1908; 1930), Escher 
(1933!l; 1933b), Stehn (1936), Grandjean 
(193l}i Neumann van Padaq (1933), Kem­
merJ¥i (1932), and MacGregor (1952; 1955). 
Ma.;~regor's paper is really the first detailed 
anaijjis of the problem, and in it many distinc­
tions >&re clearly dawn. In particular it points 
up ·a · number of common misconceptions as 
well: as specific published errors. 

( 

( 

(. 
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~~~-.··· (1923, p. 71-74), from his studies ill Valley of Ten ThouSillld Smokes, concluded t neither gravity nor violent initial uplo­:. . .. s~b~:iJone, could explam the distribution of the . · : . . . ·~ 1JO'If/' and that a third factor was esseu­. ·· til+ & Writes (p. 74): 
.... . ;< .. 

j who witne5$ed more ~ 100 aroc«:nl!ea from .Pel& between l9.29 aad .. ~ed their d~:character. 
. . flowage mechanism was .not ··~~·fili:!lf.·dilfet1·et. ll fron:i Fenner'.s. ~~ stressed. ·'f .. :., . .,.,.""'"'"" · in intensity. Van ~~mel~ 

iummarius the nu~ard~te. ?'':·::r:.Phl~oilli~aon· ··based on his and othi~('wol'ki!ll$' ll"'·'":iW!r'Vll:tiO!ll!l m Indonesia, principally fr(u~ the ill ]a\'8. H~ point$ :Out tha.t the eruption chat~~~!=~ \l1ith an 
of erupted material.:Small• :;! ... i;oblti'ile:;R:v!UJJ~l!S. -may' be acc:o~t!d:·by a · ·iatger vol~ea: of'· more 'Uloii&alltl.: . "\o maD)'' ~.of ~n;;j;Jl~ilil,i:ili5. · · ai\1! .;iSe. iV·.t. nuje . ~~ter. ne '4~~ (ave.­

the .. ~olil, · w'Ji~~ the ~tm)lfe .a:rdenlle'' may jump the b&nb and be-"""'""""'"~ _bl~eJ~fenl of the avalaneb'6 fOr short 

the term nute ardente IS am­
the references dtlf.l ia this 

used for (1) ~ wupdon 
laterlllly movitig; mass of 

· and ga.S, (2) the &.valanche 
as agents of trimspnrt, 

~cluslve of the avalanChe. -S~emmgly the nuEe ardente as an i.gerit of of voltanic materlab, whatever it at the moment of hi emergence ti'OJD 

the vent, is, when it begins to leave a 
ble deposit, a flow of pyroclastic materillla ;,,;'.;.~ which the fragments are hot and 
gaa. An accompanying expanding emerges from the Bow and carries COI~aklm~ble:· solid: material, and it may become from the flow because of topographic diveni<1li•b and run a short distance (several miles) own, before the gas becomes separated the solid particles. The cloud may deposit bedsof ash. 

Any argument about the unity or ....,,,...,"'"' . .., ness· of the avalanche, or flow, and the mU11t center around the degree of the Bow or the sharpness of transition the flow and the cloud. Some writers sioried the entire nu~e ardente as a witb' gas suspending the solid m .. r .. r''"'"~ whole having a dense base grading up dift:~ top. Such a medium should, in · tw£ulence,leave a graded deposit 
ca;IlY.,Iaterally, or both. To the 
~no such deposits have been descril:IC!d. ·.'i)e i!ruptions discussed in th.is section . in,s~nifica.ntly small compared to ancient Bow _eruptions. To reconcDe the two we , ma;Bnify the riu~es many fold or seek · ap)anation for the ·emplacement of 
d~ts. 

·Perhaps the significant point of ditfercilct·' ~i:en Pelean eruptions and eruptions pi:r;Jduce welded ash flows,aside from compos!~; tiQD or the character of the vent, is that th1f entire mass of a Pelean nuEe ardente. is · du!;ed in one short burst, whereas the type· is produced by continuous evolu i:ti11-terial over periods of.bours, days, or . w.eeks. Fluctuations in intensity of the .. nc,nuore­~Ow diversity in ash fiows not seen l!i:po5Its. The difference is · .ri!lated to the volume of eruptible ma.<e< ..... 

Vertical Component 

I 
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embodied in Lacroix's only 10 feet thick probably show no high-tem­nule a~tkntl d'uplositm pera~ characteristics that are not shown by nule arlk11" tit. massif du the Jromagatake flows, and, aside from compo-.,..;;,..,.,;,..l.eruption, but to nearly sitioual dUJerences, the two would probably co1npc>ne:nt is just suffi- be indistinguishable. This is not to imply that ""'""'4"·" .... ",;"ft to the crater's the two deposita were emplaced at the same lateral ;oumey.as a temperature, but rather that comparisons are ...... , ... -,..,.w the most imPor~t of not meaningful unleu units of equal thickness eruptions sh~<I~;;IJP.t an; fo\)JK.I to be dilferent. that of Kom~~ in ~the pyroclastic flow is a heat-conserving . 136) states· that .duri.Dg mech~lsm is shown by the temperatun: meaa­the eruption ·pllllllcf"was ureme!i.!ts on some historic deposits and by the as high as 12 ~·This exi!l~i.:e of welded tuffs. Boyd (1957, Ph.D. jlq~ited ·in weU-sttatined~.lieds; .. ~ Harvard Univ.), in his study of the the windS fot more Y ell~tone welded tufts, has concluded from a pumice was to!lOwtici care@; analysis o1 fact.ors causing heat Joss. emml•-eruntt•~n columns con~~ botl'hljublg empla1:ement of the tuff and in the of pumice. erupted to lesser cotidiiti, that the formation of welded tuB, from ~lier II)aterials .• Th~ ~~ . ma~ emplaced b:y the "tuff-flow" mec,han-!Jn the mountain ~d "pmtted ~ .~ tbermodynamiC!lly feasible. to distances as gi-eat ·as 6 km. · Boyq's calculations assume minimum mix:mg · of pumice abQ~ the With- air and indicate a temperatunl loss of lesa .the pumice flow• pauring ~ ·;S". C., if the emplaeem~t time was 1 may be seen in one of ho\lr;.or less than 4S" c., if the emplaoement {KOJU. 1934, flg/.20). tim,~\· 10 hoim. The aPProximate. correct.-79) 'Visualiit!d COJ)IDtrons nesajJf these figures, ~~ the ideal ash Bow, the erupdons . d. the- is s~ted ey the ezis~ce of certain welded-to be much the siuDe as at tutf-~eets that are densely welded to Within a W29. S"J,miJar. deposits. ~ere few teet of their tops. Stich a condition caDs for . are of quite different ol'dfll" vel){ .effiCient heat conservation, because it ~ that the glassy · p-.rticles must deform and .~eld under a very low load of Jess than a f~ j)ounds per square inch:. Temperatures 

net;~ to accomplish welding at such low ltia"'.M'e probably m ~.of 800" C. (Smith, F~, and Long, 1958), whereas the erUp­tion~:~peratun of r~yolltic masma contain­int::l:ihenoc:ry,ts must be below about 96(r c. an,4;,s probe.bly below 900° C. for most rhyolitic pyrOclastic rods. These tiguree are suggested 

SoWB," a~ing. 
dry a va.lli.nc:hes 

1930) am:f iU:e bot 
U,~(le~iits m~ as the BishOP. •tuft 

be true, but it·may be 
nvroci1L<iti~ &wa· p~w:e4 

~l·'!:fliJpticm.s, the on.es m~ ~1 
ro4~s1ts0f Cratu Lake; ~'tO&, 

Teil Thopsa.nd S¢~kEli(.are 
flow-i;'' The ~i?ltuljpL. 

very !!mall voliml~ ~pud 
and hence ~mewha.t. 

air before the B~ws were 
f.·ftinilarolle. tempera bites ~ 'hidi as 
m··,lrnll'liilil'nr~ In deposits .av~~ 

,.,1"•"'·•• locally more than:500 feet 
;,;.•a· ... ·····-1···'-• of more than 24GO" times 
~lnat~i!-:.e depOsita. TtiiS~oneis 
,gw;u<:B.rn With regard to the 'illtunate 

with regard to m~ica of 
· · Of the Bishop tuf that ate 

· ~ a consideration of Tuttle and Bowen'• (19!8, p. 58) PT CQrve for the ternary mini­
m~ and froui our knowledge of minimum wr.b!r contents of volcanic glass (about 0.1 per cent). There is no need to develop this argument 
h~ It-U mentioned only to sbow thatfieldalld 
~ental evidence support Boyd's condu­siona that actual heat Joss during fiowage is • BlJlall for ideal ash flows and that heat con­serVation is very efficient. 

The ash flow seems in fact to be so efficient · a hea.tweonserving mechanism that the writer is· !nclined to think that, except for eruptions from domes, the only reason ash Bows contain­ing a 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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· .. '~e. they began their journey as pyro- its volume is large but its temperature is ,.._o~~W~su,.. fioWs. Seemingly the only significant it will perhaps form deposits like those ·· that can be invoked for this Crater Lake, Oregon. If its ':iilwvilljs'IIDildMwith air in a vertical-eruption high and volume variable, it will form . amount of mixing or· degree of tuff sheets, the characteristics of which . :dependent on the heigh~· density, detfrmined by temperature, thickness, ga5 of the column, or colum.Da. tent, and composition. ~i;~~:~lm explanation for Lacroix~s "lateral The discussion in this section implies Pd~ in i902, Jaggar (1902, p~ 366) the. emplacement temperature of the5!! ::r,JSligges~ that they were due to the interference di.stic fiows may be controlled to much · ~·~:tWi!ell•' downfalling ejecta .and the. upblast dllgree by cooling in a vertical column, cratc;r. The interference caused· thl! th~ flows form. than by a fundamental be defiected laterally. An~eisOn a!ld . e~ce in magma temperllture or initial 513) discounted Jaggar'a· theory tent, and that this ·tooling is orima·rilv -~pi•;,l1J~-1!;to}~lJlS that it fails to account Jor their to the volume of materials in the ~:.;,:,·~;t:;:~~1b$1i!tvlii.'tfti13J.: ~f. subsequent· erupoo• ·.from b~gbt of the column, and perhaps the 
later observations .by othtra th-e vent. This iS not to infer that the 
volcanoes suppofl. th.e views temperature is coruit.ant; it is not, and· . and it seems clear that tieposits record a systematically changing. Jajgp.r's' ex;pJana1tion is preclud~ for erupf.ion$ perature. 

because of the ~on of 
distribritiCJi! :a.na t:Om-

~;~~~1Jfjj~o~~;::~~lori:roDital com~(.-HI)Wevcr, it: COliDLIUI Whether Jatiars· of 8 
expmnatl<ID has been oi' can be dis­

eruption: lroni :soirlri~re. 
of Jaggar's exp1lmation ils. 

CQlumn C?f p~tic 

Emplacement by Flowage 

The geologic evidence, llSide from 
n'uces ardentes, for the · emlpili~telllleJ~t 

:Pi>WB by floWa.ge or ave"an.cm: ml:4;:oa.J[Jl«;5 
·been cited by authors such· as . 
· p. '61-74), Anderson and Flett (1903, 
Williams (1942, p. 81), and Matwitoto material !Dllle colunm· p. 3-4}. It may be summarized as can be effi~tly erupted as (1) restriction of deposits to valleys pyl:od.a$t1its, the exCess must be dis- ~opographic lows in mountainous 

pyroclllStic: · il\~ala~cbea.. · nearly tevel upper surlac;es over 
displaced:- mil.te:rial i8 · .J-ap)ly except where compaction 

lnt.erflmJnee' be.~wcen up-- .welding has caused 'sutface i·r reg~aritle&;·{~! do1wnlia.ll!ing materiat 9r whether : Jack of sorting far from vents .·r..·"···''~"".....- to differential' V.el~tiea in the ·-suggest emplacement en masse rather cit some· other medumisltds an im- .air fall; (4) flowage features in some but probably not· $a iniportant . (S) retention of heat for long that the volume of tiP[id :material . ·(years) resulting in fumarolic: acll.IVI~Y. ia a tUliction of gi!S.p"~re, BDi1 .. and crystallization, which appear irnJpro~~"' ~~ .. ~·~~~~. LWIIJ:i or systematic cHangeS in gu in air-fall deposits; (6) incorporation :-.:•~:ri::S!me might effectively cojlt~ ·the amount debris. · . the emplacement-ietnpettiitire chit.rac-. roPOGRAl'lDC usnucnoN. Rcstrlctiotr of, .the laterally displ.~. material. .. a.sb-fiow deposits to topogOlphic loW& .is · · allowa ullto envis1o~:an enjption . illustrated by the Crater Lake "pumice . at one staie is pro'duclJig li.ir-faU Williams (19-12, p. Si) comments that and at another stale. Is simply . standing feature of these deposits is . , . . fta.gmental material over the lip of· ·in which they have followed . ·-:: .the·.vent. canyons near Crater Lake. In the ... . ·:. Behavior of the laterally displaced material tains, New Mexico, all canyons that. · · : • s~d depend on its volume, temperature, gae from the high-mountain source area . coiitent, and the surrounding topography. If are older than the Bandelier rhyOlite · · <. its V.Oiuine and temperature are low, the mate- welded ash iloWB. These fiows coalesce · • · ·:rial may ac:cu.mulate to form dry· avalanehea,' continuous sheet deposits on . ~ sechu of Lacroix (1930, 'p. 466) or alluvial surlaces below the canyon < ,•'Jt~i: a•al-.nches" of Perret (1924,. p. 90). n. (RO!IS and Smith, in press). 

.I 
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to the coalesced sheets on the 
~e Valles Mountains, the "Aso 

<'Pil•tliJDli)tQ. 1943, p. H) form a con• 
:I~ .. PeJripl~eral to the caldera. whereas 

is divided into innumer­
. follow the highly diss.:Cted 

been squeezed during compaction and welding beyond simple loss of pore space, resulting in radial stretching of the fragments. M01t pumice fn.gments in densely welded tuffs have simply collupsed without elongation; bowe\"er, if under great load or high temperature, they occasiorially display abnormal elongation in cross section. Ross and Smith (in press) have suggested that secondary solution of volatiles by purilice may cause slight viscosity differences between shards and pumice fragments and may allow preferential radial elongation of pumice · by d$erential compaction. l'robably moet pumice fragments in ash fiowa before welding are .ririt longer than three times their smallest dil!lehSion. Taking porosity and preierred wientation into account, Rosa and Smith (in pressr·$uggest that, after dense welding, col­lapsed pumice fragments having a vertical dimension 3 to 20 times smaller than their long diirieQSion are probably th~ result of simple loss of ~space without elongation. An elongation of 20 to 60 or more times the smaller dimension is believed t<! indicate stretching. 
(2). Flowage deformation-the stretched pup!ice fragments are disc;:like in plan view and have random orientation. Some 'velded tuffs, hmvever, contain s~tdted pumice that has preferred orientation, and these seem to indicate mass tlowage during or afte.!' welding. In exam­ples of this type seen by the writer the distance flowed could have been only a i«.-w inches or at most a few feet. 
Secondary flowage in these rocks is of minor impOrtance to the entire .problem. It may be rcla.ted to sliding oil topographic highs or earth movements during welding of the tuft. 
$:AT RETJ:l>.'TION. Retention of heat, result­ing in welding and crystallization, is one of the stl'llngest arguments for the emplacement by liowage of welded tuff deposits. Heat merusure­ments on historic ash·fiow deposits arc f.ew, but significant. Unfortunately all the tempera­ture measurements on the "sand fiow" in the 

V~ey of Ten Thousand Smokes were of necessity made on fumaroles, rather thil.n in tbe ash itself, and the first of these not until~ ~s after the eruption. Fumarole tempera­hires, however, may approximate the intemal heat of the fiow, although variables such as . ·.ps reactions, localization of gas in joint aacks, depth from point of origin of the gas, and thickness of the flow all make an accurate heat analysis impossible or, at most, very undependable. 
Be<:ause of the still unresolved controversy over the possibility of a deeper-seated source 
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· for 80il1e of the fumaroles, the most significant ·· ~emper,.ture measurements in the Valley of ; Ten Thousand Smokes probably are those made ·on fumarole no. 1, near the distal end of ti1e 

labeled P are three of five very similar 
that show the rate of cooling in the 
depth of 70 em and give a minimum 
ment temperature of 385" C. The 

·~::_, . 3 ~ 42. 

4~I 
~·--·---- -17 

.... ..,.,.'Pli''';J'hese· are ~lso .the only on~.tliat spur a labeled S were made on fumaroles; the ·"' ····-•···-·-.•·.;...l·· anJ they give 5oaie ititlicaticm of · · mum temperature of 510° C., measured ht.·rnnllrn"• of milii~uil) emplace. . days alter the eruption, may be dose sh<JWnbi F'I8ure·1 ·;-: muimum emplacement temperatureS of atronii'·Witb :an llotlu!r terilpera.tuni tnm1:1rementi · fiowa. · ~n' fU:ina:rC;Jlli!S :thitt AJien'~·Zies coufd. . . lNCOlU'ORATION OF SUU'ACE DUll$. It as t:he same oiles"measured ln unusual to see in ash flows inclusions that .. a~if Hagelbarger {i.919; p; 262- ... have been derived only from the · Of these meiLsureiilen'ts ahow · which the ash 11ow traveled. The iiidU$11!1~ .·tetnpe~~.ill'e drOp similar to tfu,lt Shown. bf. :range from very fine-grained material . ~~·The three that" -shaw a :rise" Ul· ders weighing tons, Some writers have nh•~ri'VeiH teii~.D.eatun:" -~ unetp~ed; '(he ~ •. evidence suggesting a strong erosive teri11Jer'ature measured iuilobJ i:bi; .fi.uitaroiC!Ii." ... ash 11ows (Tsuya, 1930, p. 252). The . . (Allen i.nd Zies, W23, P• tO f). constituting the Bandelier rhyolite tuft' ,of . . . · afte~:~~t Mexico have locally awe:pt the underlymg ~e. ash, u . to a deeper so'!Ute, it face clear of rock debriS of aU kinds and .•. ~taiiiJfmust rdlett a very deep"~~-~~-· up to boulders several feet in dia.m_eter, ·· Also. shown in Figure 1 are eo<>fuig ·tutva elsewhere the flows have passed over ~ .fi'()m measurements of b9th. tu!Ji!lroleit air-fall ash deposits seemingly without ($ C:ilrVes) and . the pumice floiv dqx;sits (P ing even the finest particles. In · ·· f(ll'llled dlirlng the ~p~ol . .l\~ showinr evidence of erosion the iiw~JU :JB~te 'Ill. ·, •. ·J. · (.Ko~ 1934t p. l~)~,~e·~, factor apparently wail an irregular 

I 
I 
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"welded tuffs" several P~!J'Oised.mecba.nisms of emplace­
~- pyroclastic-Bow .._,.. .. ..,, . ..,- ._,_ .. .,."''''"suggested that emplae&­as a mass of coherent w~~;:!!\il:~iUe!ILtly collapsed to give lCl''"'n:s, or as a gas-charged ~~~~r~~'J~~~: aud fragmented wp i-esulting in a sort 

in which the 
. really a nonfrag~ 

collapsed lava. 
p. 495) suggested 
origin of the vast ~~~~~~F~~~~~~~ Yellowstone area. II 

·nanram Univ.) iroJil 
the evidence . )pii~!1J;:Ulll•~liiO\If COilLceD1t: .he sug~, 

YeUOw­
ba ve origl.-

have been extruded m nUJSse under optm~ure, conditions. · 
'he This concept also is analogous to one held by ldding~~ aa a mechanism for the formation of "welded pumicz." Iddings (1909, p. 331) en­visioned the utnlsion as a lava fiow of previ­ously erupted fiagmental materials that had fallen back into a vent and been reheated. He also aplained :tfow breccia by this mechanism • Ros~ and Smith.(in press) discuss this and other mechaniSms of. fprmation of the rocks lddinp calltd "welde4. pumice." .The contr'Ove;rsy over the classical A1'DleniaD •<tufBavas" anrf;the Italian "pipemo" h.o.s b"-= diScussed by Ze,variu.ky (19-17, p. 15), who agrees with P~olz (1938) that the ''tuft­la~" an:. Of ?pyroclastic origin, ·and with Pell)Erbil (18~) •nd Zambonini (1919) that the· I tal~ · "piperno" was also a pyroclastic rock;· Both ,,.~vas" and "piperno" are ~e4 a$ ~ali ftows by other authon (e.f., LeVinsoa-Le.sSifia, Kalkovsky, 11.nd Abic:b. as cl~ by Za~tsky). 

S.mrnar, SIDklflelll 
.• Th,. evid~ from published studies of welded 1\ins··oV.~helmin:gly favors emplaoe­me#lt by -~~be or flowage .of fragmental mat~ -jind ~t gas. None oi the other pro­.·~. m~9l:~~ has been· c::onvinc::ingly : dempnstmtetl:"~n for a minor deposit. ao;;<Jrowg ··• The de.l7elo~eut of the alternate theories ... fl,,..,...... -~ ~~~~i: of welded tuffs however in 

,,.,-• ......:...J;.;..:·-:.~ 1- -pan pi:Qbab_iy:~lted from the reluctance of ge9iop6ti·· (~ge, 1934; Kennedy, 1955; 1Ji!.l1seni 19$-;illentschel, 1955) to accept the •!4ir-bw~e-.d.~'' origin. This concept was~ :. ,~t~te,.~.:interpretation of the mode of 
11l'd~fudi$trilJ,uti~~n in upper ~plat¥~neliJ.'« nu&s ardentes that undoubt­ceQly}.WjJ~u~cecl by the de\·astating eftects '142) irivokes a thini ' tif~e ¢1Pti4 · . ~~~t.iJD.init."\Velded tufa.'' Thill · .' : ,J)uJir.!~·~e~ption of May 8, 1902, at Pel& 
~~~iirti~o·n and fragmenta- lt:vi~'jl,le ~o1fd that devastated St. Pierre and without ~· ]_~f·~ ~,!J,rid lapilli deposita up to a few .regl~nef.itiOJl_.,. )fll!~ ~~ (~~&Bon and Ftett, 19031 p. 487). ·~- a.~!YltB from which 1.he cloud was ·def~ ''Wjs:;piobbably c::onti.ned to the valley of . ,ibe l:U~~re,·:~che. During the eruption of J~·.1~)~~,.,t Soufooe clouda ~sed the ot>l~ate.the typi~ . d~tllan~ (i~astation of the settlement on It might: .· ootti sides .Of ;$t. Vincent and deposited a few J'oc:k whic:li: inC::bes of aQ~(Andmon and Flett, 1903, p. · dli!Ltai::teristla· of a :ilU). The ~v&lancbes from which the clouds 
. . conceivable were derivolld ._::were confined largely to the 

~:ten~~ of pyroclastic dikes. WaUi'P!l a.nd.;.~baka valleys. · ·that I!UCh ~terial couJd . . I~ ·hall Iiot :IJeen shown that a welded tuft 
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RECOGNITION AND DEFlNITION O'F uNrrs 811 
is restricted because these deposits and the fact • n~c-rl'onfi1nl'rl to \-alleys. The flow unit 

generally considered the 
ardente, and at Pe16e, for :.s!l~:ces~ve nuees ardentes were con­

valley because they 
dome through a breach :Ji·:~lh-.-~tlle':t:nl• rim. The resulting de­;~~'vililb!t\1. i:o~-itablv is a staclt of thin 

~·1ua~= from each other by ~cXI~tila.~~Oili$, ash; materials re-
or· minor erosional 
of these partinp 

· pla.ce between the -~'''""·~- ''-- a parting may not 

from multiple vents, or even one great fissure, to cover an area the size of, for example, the Toba field (2000 square milea). Such units probably represent something more complex than a single tl.ow even though random sam­pling indicates homogeneity. On the other hand, because of the probability of the inter­mingling of materials from multiple vents, or continuous evol:r;ttion of great Yolumes o{ lllf!.teria-1 from one· or more \'enta, our concept of a fiow u_nit n)ust embrace compound flows . that could conc:Clvably show nearly an possible variationl &eell_ in welded tufts, except in­comp;~.tible cheriljcal compositions. · No de5crip'd0b of a single ilow unit in its remainmg or .sed entirety has yet been published, and it is doubtful whether geologists will undertake ~cb a task in the near future. It will thus~ a;)ong time before we peuetrate the Jntrleatt -m~ of the large ash-ttow sheeta and underst:ai)4Hheir history and the history ol their sourt:e .arC!'So 
Our immediaje: cnn-cern with the 11ow unit is in· one- and·:1wo-dimensional vertical sec:­.tiOns where lt JbUst be defined as the thinnest re<:os;~b1e ~ally nonsorted layer. Ita thlckness mayi~ge from inches to hundreds of feet, and _it'JDay be separated from other &~ by pat;tinp of diverse characteristics (Smjth, in ~). The visual reco~nition of parthigs, and. ·lienee ftow units, may be , ... 'l'Y difficUlt and lo~y impossible in some welded tuff sheets. SoDie work suggests that tht' mag­netic properties. of individual flows may be useful in distinguishing them (Hathcrtou, . l9S4a; 1954b)_; .· 

The writer 'thinks that some of these flolt' units as s~en ·in two dimensions are actually subtlow$ thai. originated within the main flow -itself, ratij.er than at a common point of <1rigin in .the vicinity of the source. These sub­ftoWI may res1ilt from the lateral overlapping of lo~ on all irregulu front ot possibly by vertical overrid~g due to volume l!iUrge& or depasitwn on, :eJl irregulu surface. These are conjectural oo.ncepts, but the overlapping of lobei .:rou~' · topographic prominence& can a.use the ap~ce of two flows in vertic:al 'Sections do~ from the prominence, · . whereas thm_ is only one up&lope from it. Whatever their origin, such units represent a physie&lcy: distinct and tabul&r flowage ·inss, and we' ·have little choice but to can them Bows lintil detailed mapping proves otherWise. . 
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CoDll(ng.Umt.s 
., :In deposits of weldfld ash fiows the single ash -now is commoDly subordinate to a unit th&t c:o~is· :of mOte thin one fiow (Pls. 1-2). ··,.~it~, how«iv~ .have been emplaced in ... a:~~ enough' su~on so that they cooled ~·>¥~aJJ,y sirouh:.O~usly, or in continuum ·.J~:W an ~tfnded Pf!JWd' 01 .time. .':'>:':.·: ,1"hC!III= :mul~ units may show :ronal ·' ':w~ of. wetilius· and crystallization in-. :• :-di$,tingu~ .. · the pattern shown by ~ . ·~e ~ J¥>-wil . the same · :.•····.· .·.~mre · chlll'aCteristics. ·: V:..tt"iS · · more practicable and . ,\f. t~ of any ioned unit as : :.;a;· · exhibitsthe .wnation ' compound if the zonal 

that upectable in a 
"·.l~·~.u:· se of tai· toinmon difficulty of remg­!ow ~'within densely welded cooling . p~babl1. ·.~any ~f the so-called single .-,·; ... mJ ... are TeiJ.~ :muJtipit:-ftoW cOOling units. · · · esiellent example. oi thiS problem is &hoWD . · tht "~Jl~.. sheet· at Mametai 5, . . ZealallfL )lt~U (19l5, })· .347) writes this •• ... no discontinuity could be seen in ... . :;-, · ·of· s\lc:h a ri~tutci as to suggest that there ·.:~:'::\• · more ·thaD one· period of deposition." -}~i/t,l Bailey ·(Oral ~mmllnicntion), accompanied "':· '.by. J; Healy; liaS ~amined this sheet and ;,.i .. :;t,i~ pbsen-e(l d~tin~ties that show that · 1': 'ai least tliri!e · ~ · units are represented. a•tberton (lQM.b, p. 427) distingUished three ~·sheets" by.~~ ~inat1ob, whereas his 'tlleasurernents . of 1/eiD&nent magnetism SUI• . five probal,Jle "sheets." A similar situ­may· eXlllt_: in . the Motutere uction . . . . by j{arsha!l_ (1935, p. 351), as is - :-tndiQ!ted. by re'Vri&ab within his measured ~~'Y sequence <F:"li· S). 

Fenner (1923, p. 29-31 and 1948, p. 885) Gilbert (1938, p. 1836), Williams (1942, p. 1!2): · Westerveld (1942, p. 204), and others rec011~ · nlzed this problem, but details are lackit~~~ especially .for the more densely welded and aystalliz.ed sheets where distinctions are more obscure. Many, and perhaps most, welded tuff sheets should be re-examined with this thought in mind. 

Cpmposild Shuls 

It can be demonstra~ that all clc~rccs ol welding can uist at the contacts between Bow unil:S within . cot»pound cooling units. · The paning between .. pvo tlow units may at one plaoeoccut in d~y welded tuff, whereas elsewhere it may ~·in nonweldCd tult The spe~~ cbitacter)f these contacts In ariy giVen PJace is relat~~r to the time in~l betweenJ!ows, ~e ~la~ent temperaturea a.nd thic;JaleS&es of ~)~Bows, a~d the .numbct · of fiows that constitute. the cooling urut. Spme. ·. C{)tnb~'\ions of tberiCI.iVariables will cause. tlui: Ionl!ation· of units thU will show zonntioos. in .vertit:al ~ttions ~~ from the patt~: of siinple cilOfula;: thrQ~ degrees ofcompollnd.: cooling,>t.o sepamte· cc:ooling units--sep!!.n.&lt; . that is,'m so far aS we &re able to detect Con· tinuoll$ cooling in a vertical section. In com· pia fields of long-<ontinuing eruptions ,we . may expect that s. cooli~ units in one . area will gr.ade in~~ separate cooling unit~ . el.seWblire. These mq be separated by ero-sioiiai discoQ{onnities. · . · · . The ilggregate of cooling units joint.-d l!Y ' .. welding ·or 'C:rystallization in some areas, . gra.dinc laterally into two or more. scpara_te coolinJ. · uniu, is ~eel a composite shl'"t · (Smitli. in press). Because it has not been dotll· mented py· mapping~ although supported ~y .· inspection in a few localitieS and infcrrd m 

Puu 1.-,..ASH"FLOW SHEETS ON THE PAJARITO PLATEAU NEAR LOS Al .. AMO:;,. NEW MEXICO 
Two uiembm, kpaJ'IIted by an erosional diaconform!ty and air-faD beds, make up the Bandelier rhyolit~. 

tuB In the photograph. The lower member Is a nonwelded and vltrlc uh-ftow Unit that underlies the . 
· tree-<overed Sl~ :of the mesaa. '.l'ha air-faU tuff and disconformlty an: visible at tlle far left, o.t the · 
of the onrtyi111 ~if .. fomrlng .member. The upper member is a mliltiple-llow cooliag unit whoee 

:arc deady emp~ by weathering. It Ia mildly welded and crystalline (va{ior-pbase woe) from 
of the Jilesali dinvii to the middle of the lower dark band about midway up the exposed sections. The 

: balf of this baiU1 ~ a·DOD,-eJded, reddish, Vitric zone. The degree ~ welcJin8 inc:reasea toward the Roc:allJOUillall'f.' 
· beyond whiCh lia.die .Ource area. The partlnp between flo:w umts become more obacure and I 'I 
.. viSible \\ith incru .ill degree of welding. Photograph by R. A. Balley. 
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RECOGNffiON AND DEFINITION OF UNITS 813 
~e unit i! referred to &$ hypothetical · J>e accurately mapped. The. existence sheet seems inevitable, and It may pr9ve to be the most slgnilicant of the eruptive and structural &Qurce area, especially in de-

w:pn:~le:ms of correlation may arise 
are separated inm sectors 

baniers. Here the tompoaite ·sector could conceivablv have ·separate cooling-unit· ~ounter-sectors. 

.4sii-Fiow Fields 

field as here defined is the a.g­'•FIIjjli!liat2 deposit of ash !lows that can be re­,.·:·:.·~l~iiliil-ti·· a unit, or as a group of integral parts, 
source or source area. It may any one or all of the other units ·w;;;Ro .. •·in single or multiple foiias. The sowu .sfulple volcanic vent such· as a dome, ·. or small fissure, whereas 59Urte area to calqeras, volcano-tectonic grabens, . O;J~ple~ vent systems; Obviously such .·term cannot have meaningful genetic ·. • and it i! used hete oiily in a · to provide some measuie of otherwise heterogenf:()us rompleS rock One can ·envision 

fields, and sut,dh,isitt>ns caU for data not 

. in their entirety or in part, .. (Westerveld, 1947), New Zealand 1935), Aso (Matumoto, 1943; ,l941a), Chiricahua (Enlows, 1955)~ (Larsen and Cross, 1956; Ratte and · 

Steven, 1959), Valles (Ross and Smith, in press), and many others, are stacks of cooling units or composite sheets with varying amounts of interbedded ash. 
It is inferred that the greater the number of cooling units, and the greater the ditJerences among them, the longer and more complex has been the eruptive history in the source areas. 

:\1 AGNITUDE OF TilE DEPOSITS 

Diskmce Tru!!ekd 
The maximum distance an ash fiow can travel from its source is not known. It mav be of the order of 100 miles, although suCh a distance would be unusunl in the light of exist· it)g data. Theoretically, temperature and gas e:ontent, hence the gas-emitting properties Of an ash flow, appear to be the most signmc:ant variables intluencing distance traveled. When · attual distances traveled by specific ash fiowa ~ c;ompared, however, gradient. topography, and especially volume appear to have exerted 6 gteater control 

Figure 2 shows some maximum distances from known or inferred probable source areas • . The . most reliable iigures for the greater distances are probably those given by Williams :(1942. p. i9) for the '"pun>ke !low" that can be traced do\VD the Rogue River '"ailey ior 35 to 40 miles. and by ~'latumoto (19U, p. -1) who states that the farthest outcrop of the "Aso lava." is 100 km from tbe center of Aso · caldera. The Xomlaki tulr of the northern Sacramento Valley, California (Anderson and Russell, 1939), may have traveled 50-65 miles or more from an unknown source on the eastern 

. Pu:m 2.-VARIABLE WELDING IN THE BANDELIER RHYOUTE TUFF 
~.-·u''""' members of the Bandeliertu« aloug New Mexico Highway4 near Totavi,New Mexico. · Sow at the ma11'1 feet is a basal member of air-fall beds of lump pumice and ash of !fJJJ~es,a. The llOnwelded and vitric middle member (lower member in Pl. 1) underUes the tree­upper member 18 ~multiple-flow .cooUng unit of Plate I, crystaiUne and mildly welded the lower tier of coJi.u!IDs to the top~~ the section. Denser welding near the top indicates with a probable increase in emplaCement temperature tDward the top. Photograph by 

~., .... --... ,, ..... wall of Frijoles Canyon, Bandelier National Monument, New Mexico. Upper half of ""'"~· ..,,.,.,.,,. Upper member m f"isure J of this plate. The darker layers indJCRte higher degrees of the. lighter. The lower light-colored ciils are formed in nonwelded materials and are pock­wind-eroded holes. Prehistoric Pueblo Indian ruins at their bue are a feature of nonwelded llaiDdeller aab fioWB in the Jeme% Mountains. Photograph by George A. Grant, courtesy of the >:":"~.~- ... Service. 
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&ide of the val\ev to the foothills of the western side. On the w"estem side of the valley the tWf sheet has an outcrop area of more than 40 miles in a north-south direction. 
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' ltomagatake (ltuno, 1941, p.l46); A&ILDIII (~ki, 1956, p. 209); Bezymianny (Gonbkov, 1959, p. 'H); 

VaDey of Ten Thousand Smokn (Griggs, 1922,':1). 253); Hak.one (Kuno, 1950, p. 2721: Valles Mounl.aiAS 

(~and Smith. in p~ Ctater .L:lk~ {Wdliama, 1942, p. 79); Af!/0 iMatumoto, 1943. p. •H: Nomlaki 

-Tuff (Andmon and R . , 1939, mapJ; To~ (Westervdi:l, 1947, map) • . · . The d'ssunce oi 80 mlks: ~hown for .the Toba . . tuif represenu the most distant outcrop of · · .. ·td. shown on WeswVei.d's (1947) ~p, .· ·.· .. ·· ·. •measuted from the notthW~ .. rim of the T-oba · • · : : .. · tMpresstQD down the L. BiAilg and S. W11.l'!Jpoa · vall~ Thia is tentative-; hh:W:ever, becau~ the (no-st. distant outttqp rne.y represent fall ·de­pOsit rather than fi9w. Many deposits of ash flows are continuous fer~~re- than so miles, bui in the absence :Of a . known .source area all sui:h·dlstail.ces ~ly : ~t only a partial dimension of i. U,tge sheet. Maddn (1960, p. 9S) .and Cook. (l"PSB, p. 1548) have mentioned single. welded-tuft ·Units that extend for mote .thail 100 ·miles in 5outhwestem Utah and southbstem Nevacm. U this 'represents dist,ance. irom a source it is . a. pro4igious figure, but if ·it repmen~ di-. , ~ameten~r long dimensioft· of a single ~ it . : · Ia ·~ but not excessive when we conSider, · •. · .' for example, the Toba ·tuff 'Which is a con­tinuous. map unit for more tha.n 150 iniles. ·. . ··• .. Adllllttedly this may not be a fair comparison, · ·:. because the individual unitl of the· Toba tufi · ban not been distingw5bCid. However; the . . comparison does em~ the large· s~e oi . some wclded-tu.II depQSits. 

rounding a source area induences the tlucku~ oi tire tuff. its area. and its s,·mmetrv. fi::un-:1 generally quoted ior area arid v0iume a.rc kif pyroclast~ fiekJs which may or may not 1onfi. narily not) consi5t of one ash flow. Usually the eruptive history of any field is so complex tiQt detailed mapping bas not been done and lbc number and kind of units are not known. It is therefore easy to ovedoolr. tbo ian·· that when the magnitudes of such ash-ftow fields u Crater Lake and Aso are mmp~~rtd • they are not geologically equi\'BlenL '11lr Crater Lake deposits (Williams, 1941) o~. to represent one ca ta.strophic eruptive pl'riUd" . and thus one unit, which, notwithstanding lbe fact that it probably consists of many ~~~~ flows, appears to have been a unit o( olUli•~.:. The Aso deposits, on the other band, cum~ at least three if not five or six major ClOCJI~ . units and thus represent several periods ul ·· · eruption separated by at least one ana~krd disconionnity (Williams, 1941a; R. :\. Bad•·~·· oral communication). Conditions similat l•' .. r more complez than those at Aso are comm~m . a great many ash-flow fields surroundm~ :' calderas. TI1ey sho\v the complexity oi Con•"'~ ; . tion of these fields and associated c-.&ld•~ 
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R. L. S~IITB-ASH fLOWS 
t~:&nJu~m field. This field is a smaU part of ~:~o·olcanic system of Tertiary age oi the SasiJi arid Range province oi 'll'estem United Srates and Mexico. ·· · ~ .. ·Waded tuBs ~ the Basin and Range prov· hiee ·have long been known, although Ross (1953; 1955,p. 43()-432) seems to have been ilie fiil;t)o :inake a clear statement in the literatUre. Recenldy W1llia.ms (1957, p. 64) has stated that not ~esii 'thall 50,000 squar~ miles of southern X~-kJaand.southwestern Utah was buried to a . ma'xibiliu) depth Of about 8000 feet by "fissure­•. nupted glowii\g avalanches" durin~ late Terti­.. nrjt'.rln'te. Mac.k.in (1960, p. 83) has estimated · ihewlume of silicic volanic rocks in the Great B~ t~ ,be about .50,000 cubic miles, and this iS probably tilllserva tive. '• ... . . 

ness. Their individual character is probabl" determined primarily by their volume and b~ topography, although \\'e might expect that. ii volume ·and topography "·ere the same. the hotter, finer-grained flows would be thinner than the colder, coarser-grained ones, althouo this ditrerence might be influenced hy gas content. Other .,·ariables might be considered. but at any rate we must espec:t that small­volume, short-burst eruptions from ''Pd1M" domes ";11 resuit in thinner flows than wili largcr,volume, continuous-evolution-type crnp. tions 1roin craters or fissures. Nevertheless rtv: latter t)'Pe may also result in thin flow m;as. )fost ~ultiple-ilow cooling units probabl\• k·:•· a si'li:rllar range in thickness but ha \"I! a ui::l\lT average thickness than do single flow urul$. ExceP.tJonally thick cooling units are kno\\'n. The thickest welded-tuft sheet that rhc 1vriter lVould in tcrpret as a cooling unit is thr 
. M~ ngures have been published for thick- SuperiOr dacite in the Globe-Miami-Superior 

. n •. of "welded-tuff sheets,'' "ignimbrite area,. Arizona. This welded-tuff sheet was 
·. sh«ts;11 "glowing-a"alanche deposits." "tuf kindjy Shown to him in 1956 by N. Pctm;on 

ftowa/'.·alld related rocks. \\"hat these thlck- anq in 1957 by D. Petenon, both oi whom han 
oeSSes · tnt:llli .. in. tenns ·of the units defined in . studii:4;pans of it in some detail. The Superior 
~iii. ~per ·~ problema tical. For many &eneral dacite 2·was originally described by Ransomt 
pr.Obl.etilS tli~ lack _of detnil is not serious, but (190 . .'~)il.s a lava tlow more than 1000 feet thick. 
!t • .-ttitic&l to many genetic problems ii un~ts and again by 1\. Peterson, Gilbert, and {)nid 
·ortiquD.l tank must be compared. Perhaps Jn1)St (l95l)iwho discuss the possibility of i1s JWnr· 
published fiiUm are ior a~;rgregate tuff deposit ci:J..~tli: oril!'in. D. Peterson 0959. p. I i lfl 1 n•· 
6r:dt(.ibsi~:~d fi~tUres for ·•n welded-tuff sheet" scnts tbe e~;dence ior a pyroclastic or;l!ill illlll 
or.:•an avl!,l.ahche deposit," or "'one·ignimhrite" suggeSts that the sheet, which con-r:; nt :.·.t•l 
~~i:.co11lJ'1lOOly represent mui tiple·flow cooling 400 $q\iare miles and is locally :15 muctu., l.;j~J 

. .. u~.:· . ,· . fee( thick, "was deposited by a sin~tlc hui!C 

.. • ·• 
Thickness 

:. · .. :~ts~ ~1935, p . .328) found that the New pyroclutic entption." The precollapsal 1hidt· 
. l~ •:'igrutnbrites" mnge from·«) to 5ql) feet ness q{this sheet \VBS probably we\1 0\,"Cr .!IJII) 
·.: :in 'du~' but stated that many are less than feet. Publication of the details about this mtt~t 

, Hl<t#~-,~ck .. Some are probably single~Bow interes1ing w*ied-tuf sheet wiD add gn-au~· 
·,I.J~~ pat ~ DC)\\' knoW that otlJen; lire l]lUlti- to our 'Understanding of the problems. 
· plt'&li ~ling· units. Jenks and Goldicb Thf~er cooling units m;&y exjst in the li:l•• 
(t~$.·· . .p. 162) state that locally tbe "white- Juan Mountains of Colorado. Those curremly 
.t\di :HOw&" are 160 feet thick, whereas>three being studied by Steven and Ratte tliJSIJ. 
$utci$Sive tuft tlows composed of salmon sillar, p. 1788) in and around the Creede caltlcra an· 

. · wi$; vet)' .littJe interbedded. material, aggre- of special interest. Ratte aQd Steven t1'15'), 
. ga_t4'; 5W feet. 

p. 17!5) report two major stages of :.sh-lk•"' 
· 'Erilows~ (1955, p. 1221) gives figures ranging deposition: (1) a precaldera rhyolitic ~•:u.-c 
.finrri 2'-' ·to 880 feet for the seven or .eight forrtiing deposits more than 3500 feet in t!lid•· 
"membem'' of the Rhyolite Canyon formation, ness ·and ranging from densely wddl'll ' 1111 

. whiCh he considers welded tuft. He inferl! "reserobling fluidal rhyolite in the luwl·r I"" 1 

. (P, 1~19) ·tlmt e:.ch layer or ''member" is the to esSentially nonwelded pumk-c breccia :11· """ 
.'Pioa.uct of on.~· "nu6e ardente" or "hot~" . top"; :and (2) a caldera-subsidence :;till:l' I'"' 
~ruption: ~fember No. 6 contains 700 feet of :ruma~ly culminating in more than 41HlU Jn·J 

::.·q~ly. welded tuff. :Mansfield and Ross {19351 of qu!l,rtz latitic welded-ash tiows rhat arc"""" 
·. :p. 'M2) found that their Idaho welded tutJ expOsed in the caldera core. Other lt-s:ll'f ;.,h· 

·· rangl!is in. tllickne!s from 20 to 50 or morti {eet. fioW'~ ·pyroclastic. and lava-Bow units ,~~."(ur 
' ~; : :lndlvidual pyroclastic Bows evidently tanre within the volcanic edifice. ·. ' trom a few inches to hundreds of feet in thick- Stadts · of cooling units in the .Ha:sin ·""' 



MAGNITUDE OF TBE DEPOSITS 817 pil~1ce in Nevada reach a known ~\lWH~:o'!'IVfeet (Williams, 1957, p. 64). 
an average thickness of S m) is approximately 0.1 km'. The tbickneas ranges from more than 10 m in the central part to less than 4 m at the edges. 

probably represmt over­which, in aggregate, are even 

:\'(l)r.c.\j~ VENTS AND Somcz AREAS 
-111c:$t critical problem of ash 11owa, . ··-~ lr.rge-volume sheet deposits, · · ~e .location lllld cbaractemtics of 

Pissuru 
Small central vents can undoubtedly produce welded tuffs, but most rettnt writers believe that the Jarge,:volume asb-fiow sheets (tl'lll of cubic miles) have been erupted from ri.ssurca (Williams, 1957, p. 64; Westerveld, 1952, p. 564-568; van Bcmmelen, 1949, p. 202; Rosa and Smith, in}lreas). Some writers have postu­lated, in the ibsence of positive evidence for :fissures, tbil.t the fissure vents for these large-

-~:ep1:iODtS, historic nu~ ardentes volume depOsits are buried beneath the ash­
volcanic domes and tlow sheets (Cotton, 1952, p. 211; Weyl, 1954, 

of small volume and p; 25). None of the d~tl No eviden~ unequivocally supporting such 
to have formed welded r. concept has been published. Several writers 

~h . iri,:ipi,ent welding in some of have fOllnd ~re dikes which they thoupt 
been overlooked. Evm · were feeders, but none has proved it. As indi­

~-~~'L.Ill!lcs.su'"'""· that some eruptions cated abo-ie, jhe writer is speaking of deposits 
~""·T~_q,,th•'lf in the formation of welded With a volwnl! in excess of several cubic miles • 

. no way obscure the fact that : This Would ~ude the deposita of the Valley oi 
be rare, . relative to welded .. ··Ten ThouSB:~d Smokes deposit which Williams. 

on.',,. .. ,,"'",... 
Curtis, and Juhle (1956, p. 129) now believe to 

· ~mples of nuEe-ardente · bilve been· eii.ipted from fissures at the head of 
·dome! ~ the 1902 lllld 19,29- the Valley u well as from the vent now occu­

. · ofl'elee, Martinique, and the pied by ND~pta. Fenne~ (1923) held much 
· Merapi, Cenual JaVJ- the !l!.Dle ,~, although he. also suggested 
eritbtion. .. were M t. Laniingtott, · · fiisUn:s on ~ Valley floor as a supplementin• 

1954; 1956), Hibok~·. soun:e. As l»mted out by MacGregor (1952) 
lMaalonaJG and Alcara:e. Ffiriner has often been misquoted _on this point. 

.Q«iO.Y., ..... ,~ny, Kamchatka (Gorsh- . The New~and ignimbrites are often cited as fissure-enqned materials, and the "positive" evidence se$8 to center at:aund an "ignim­brite dike';}which outcrops at Ongarue, and whic;h is pi~ed by Cotton (1952, p. 210, 
example of a nu~e-ardente F"Jg. 102). 'tbe v•riter has been skeptical of the 
Open crater is the 1902 uup-._ "feeder dilt.t'.; interpretation for many years 

DS"c)UJld&e, St.. Vincent. The resultlna and was inierested to leam from Roy A. Bailey 
.. were seemingly unconsoli~. (oral communication, 1957) who has examined 

lt¢~11!I\\"" . weldmg wa.s probably pre. the outcrop in the field, that there is indeed 
ilat<·bt!allase of too low a temperature, sonic· doubt as to the intrusive origin of the 

high-bystal, low-glasi· ''dike". It ibowa a horizontal planar eutaxhic 
maucq[ua.loc thickne~~. . foliation ju:S~ like that seen in the surroundinc 

been produced by historil,!· Ignimbrite. rather than the vertical lineation 
.,. ~··~""'· ~ • .-- craters, although the lew expected in a dike. Bailey suggests that the 

far removed frcim rocks horizontal jOinting may he related to an ab­
tufis. Aramak.i (1956) · normal cooling surface such as might be found 

rlKJ•""~Iwa nu~e ardente" if an ash-:flow 1illed a narrow gorge. Detailed 
pr-o<Iuc:ts of the 1783 activity oJ study is ~ed. Aside from this one doubtful 

One lobe of this flow reached locality it ;would appear that no t'ieairrenc:e is 
the aa~, its total area is esti-' · known where pyroclastic dikes actually project 

J$.5 ktt!, and its volume (assumiug intoash-fiow sheets where it can be shown or rea-

·.·~:. . 

. .. 

0 

0 
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so~ably inferred that the dikes were actually feeders ior the large-volume deposits. :The evidence ior fissure feeders seems estab-lis:hm for at least part of the Valley of Ten Thousand Smokes deposit (Williams, 1954) aQ4for an extremely interesting occurrence; in 'th~ john Day iormation oi Oligocene age in Or~n, kindly shown the writer by A. C. . W-aters. In the Ia tter area a dike se\·eral miles · ·· · lt;ng appears to change from .duidal rhyolite in · i~ deepe$t exposed part to fluidal-fragmental w.~ded tuti near the surface and merge with a densely welded tuii sheet on the suriace. ·other areas where 1issucc ieeders are sus­.. :·· pee~ include the Pilomasin basin. Sumatra ·. ·. ·{van Benimelen. !949, p. 681), i\facdoel quad-·.> · ringle, California /Williams, 1949, p. 32}, Sud-;- ·, })Utyi Ontario IWilliams. 1957. p. fH), T•ide-': .. . · · ·: piindence Pass.· Colorado <"Burbank and God­'/ ·.c4r~ _1935),_ and Black R:lnge, Xcw .Mexico . . (1.\l,le)}met, 1954). 

l·.·. 

:::::.:' · _; _'; ·: .·'Tht negative e,·idencc ia,·oring fissure vents ·for. the large-\·olume ash fiow sheets is incon­.· ciusive but ne\·ertheless more suggestive: 

.· . ~· 

· · · (t) Specilic central YCnts as source \'ents ,.· · · ·· ·!eem as rare as .lissures 
i/':~ · · (2) J\pparent absence of volcanic con<!S in ,...... IISSOciation, in many areas, with ash-flow sheets ~;_:::.:'_:: . (3) Linear arrangement, in ~orne areas, o( :::·· .·. P.9st-Mh .llow wnts and intrusive rocki ~:·-.. ' .... (~_) Post-asit ilow collapse along arcuate ~~->. . ; i~cture&. or •>I her linear zones oi 1\'e:tkne~~:~ ;:..>\ ·~ •. ·:·producing calderas and ,-nlcano-tect:Onic dl'­~:,~;·,:·:; ··>t>r~oos 

"~'· ft is signmeant that nearly all ash-Bow lields. ~th a volume of more than a few cubic miles .· ..... ·<>~aiuf that _have been related unequivocally to <,•:.•:: · :1;bUree areas are associated with calderas or ~r·: :(jdief depressio111 of subsidence. The speciJic t_;_>: .. ~. -~~ of emission of the ash Bows no longer 1:.'· •. · :m~f at the suriace; they were destroyed by the .. , .. : ·collapse after or durin~ eruption. Those vents './· th4t were 119t destroyed or that may be present ,.: · '· ·_, ·.. itj the collapsed blocks are probably modified J 'by· structura:l readjustments, post-collapse vol­·~:; ... canlsm, or intrusion, and are no longer recog­·J, .. . . ~l:>le. In deeply dissected volcanic and vol­i\: ... · · -:.~c-pN,tonic struct.ures. conduits may have ;;~:· :·'· .. ::b~ _obliterated by nng d1kes, stocks, or other :~}.. · inttu~ve bodies •. 

··.· :fA~ a1ul Vokanc-Trctonic Depressio1z.s 
:Sub~dence related to igneous activity has been recognized, but van Bemmelen (1930) onJtbalblv to be credited with the theorv oi · ... n[tJI.J;tr~~nh•ic_ engulfment oi volcanic t.-diftees 

L 

after tbe eruption and drainin~,t o1 m:unua chambers of large \'olumes of pyrocla-'Lic n.~ 1 ... rial. Williams (194la) and otheB h:.\'1' ,, iterated and amplified this \'iew. callin~ ath·n tion to the iact that many oi the pyroci;~>ur deposits surrounding su<·h colla~e Hructurr; are ot "nuee-ardente" oribrin, and that man'· .. 1 these deposits contain welded tutla. · Specifically, when we find wclrfed 1 uri~ .. 1 other: asb-tlow deposits, where ooolin~r uniu ,r compilsi~ sheets can be shown to M\'e \'nlumc"' of a few to many cubic miles, we ma\" c:XIll't'l '" find subsidence structures in the so~rCl; :1ft"•· Tbe existing positive c\·idencc : •• r , ... ,mr (Pleistocene and Recentl deposits ·llf'l~•rJ· this view. The characteristics oi 1 hr,;c ,r mr ture$ rna~· \'nry, but probabl)' c:•lrlcrn-1' 111: ,;tructures predominate. 
Figure 3 shows volumes for a selection u• •·~·· roclai!tic flow deposits. The logarithmic mcu~o•i of plotting gh·es undue weight to diiicrcnrc':l in the ·lllllaUer deposits and suppresses mcm~ >ir· nificant differences in the larger deposits, but II nlso allo~ a grouping oi deposits on a ;mall· ~cale plot which has geologic meanin,~r. This breakdown by \'olume is not an auc·rntll at classification in the &ense oC Aramaki'~ (1957, p. 21-31) important three-fold da~~i•ic:~· lion of pyroclastic BoWJ;, but rather an "llt111f11 to generalize the interrelationship of \'n!umc •·• deposits with t~-pcs oi source areas. I• ;_ . ·••·· dally dt'signed to show that wnl•rc• · •urn· areas are known. and well studied. ; .. r •It '""'" of large volume these areas are site:> v1 n111:am.: or :volcano-tectonic subsidence, a iacl which shoWd be of critical importance. c~pecmlly '" 5tUdents oi older rocks. 

. The figures for voluma shown in Fieurl' ,; are . the best aYailablc. l"nfortun:Jtl'h' il · pr()blematical if manv can be rompnr~~t ~, equivalent entities. The figures represent unit~ of all rank between single-tlow units ancl ,· .. m· plex pyroclastic fields and are not conwn"t '" equivalent porosities. Howevet', i{ we take<'"~­ing units or composite sheets as here (ll'lim~l ~~ the units to be compared, it is doubtiul ii ,ul•· dh·ision oi the larger fielda or more '"'l"Ur;cJt• estimates oi '·olumes of the deposits w1ll c'~mm:c· the 1igures more than one order oi maJ:nttu•l•·· 'fhe data suggest that the maximum ,.,,iutnc· for deposits erupted from volcanic dollll':l, :"''' hence Pelc:an-type deposits, stricdy ~r,..akmJt. is in the fourth order of Figure 3. c1r S<lllll'" no·r•· between 1 and 10 km~. Most oi these ch·J~"'' 1 ~ have a volume less than 1 km;. None is k•10"·~ to contain welded tutfs. The term "Po•lc':ltl should probably be restricted to dl'posll~ " 1 

I: 

c: 



VOLCANIC VENTS AND SOURCE AREAS 
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. these low .orders oi magnitude erupted from tonic depre!sion; Boyd (1957, Ph.D. Th<=l'.is, ··dQmes, irrespective of \\'hether or not their Harvard t":1iv.) noted a "tectonic basin'' ir, emplatell!ent mechanics are also applicable to Yellowstone Park and suggested a caldera em. other depOSits. gin, but he was uncertain whether subsidcnc:t ,- The maximum probable volume irom single n-as consequent on the eruption oi 400 c:uhic epi:Jl .cntters may also be in the iourth order, miles oi "·eided tuff or associated with 200 cubic . althOugh the 1ifth cannot be ruled out. The over- miles oi rhyolite ilows that now nearly lill tht lappitlg of caldera iormation obscures the hasin. Toba (\'an Bemmelen, 1939) is tbr na~re· of ''ents in most examples described. classical. a:1d one of the largest, \'olcano-tec . Deposlus: found around calderas which have tnnic depre:~sions. It is only one oi sc,·crai .iormtd in single giant <:ones may· have been along the Barisan Mountain Range in Sumatra. .!rupted from the central crater, or they may The source oi the Elkhorn, .Montana. a~h·tlow Ji:~,•e been erupted along the boundary irac- field is not known and may have been tntally tines of the subsided block or irom tissure obscured bY the intrusion oi the li<•Uidcr ·. '. -.iy~t~ms in the block. .batholith: ·Grange (1934; 19371, '.\'illiams . All known Iorge calderas (~ixth order of (1941ai. a:-.d others have considered the :,,,. :Fig; 3) such as Aso and Yalles, :tnd some Zealand "':gnimbriu:s" related :,1 TauJIO· . J<ma.Uer ones such as To~"ll and others, are not Rotorua l!::lben 'vhich is consid~red to 1.~ \'oi· · .=. · • related to single cones but rather were forme<) · cano·tectonic in origin. Within L':c San Juan . :: _:, by subsidence ot parts oi volcanic plateaus; ,-olcanic ne!d three giant calderas are known . ." · . . gr~ps of cones, or broad volcanic shields. It is but onh· l'ne is known to be dircctlv associa.tl'd ·, .. _·: .. difficult to imagine single vents Or even mul· · · with the ash-fiow iield discussed o'it an earlier tiple \•enus, other than those associate4 with ·page and plotted on Figure J. The volume oi · fra«;ture -(fissure) systems relat~ to the col_.· the field ~eems incompatible witb a sinJJ~ lapse: itself. ·Tile same ·iJ presutnably true of Hructure. :1od the field should probably •~· · ~y sub~idence structures, both !maUer and · classi.ti.ed u a multiple-caldera iield. larger th&m those calderas nssodated with·.- Within the tremendous ash-flow et>mplex '" sizth order ash-Bow deposits,· ·which u·e~.·· southwe!tem New Mexico, mentioned earlirr. guided by pre~existin~ or active tectonic trenci. · lie the Plains oi San Augustin, a graber.lik•· lint$. and arc c:~Ued \"<Jicano-tec:tonic depres- structure rrobably larger than the Tvha •k .;iQD$. 
pression. It is floored with l'leistoccnt~ -.... :\Sil·ftow deposits oi orders .5. 6; and ; seem- :~1ents ar.d volcanic ash. Griggs \1~15-1. ••· · in.gly either are associated with ccllapse struc- has suggested that this ·'promment • · .,.,, ~\ir~ or. their scn.irce areas are unkoown. The" . depression., is a collapsed structure rci:au.:u I·• writer has "been unable to find a ·weU"11uth~~ the eruption oi the associated welde.d tuu. 0.~ exception in the liter.S:tiore. Deposi~ Griggs reports beds oi welded tuff downiauhal fr6m.Jargecompositeconessuchas.Mt. Mamma. to lo\\' ele,·ations in the interior of the plai"> ... -: (crater Lake) e\•idently reach their maximum and rh,·olite domes in the interior ant! at IIJL' ;.'. · \"'Owne ill .order 5; They surely do not e:tceed. · margin~. lt may be significant that this 51111\· ·· ·<.· 100 ~!!ina; and'probably most are $mallei- than··. ture lies very· clo&e to the junction oJ l":" :' , SO km'. · · : · major tectonic trends at the southeast maoon · Q(the a.sh~fiow deposits grouped,ln order 6,_. of the Colorado Plateau; its long dimensic•• the sourcts of the Brisbane tQff, the ldah9 lies athn-art the directions of these trcnti:~. "welded tutr' and the Pcruvma '-'sillllll" are. :unknown, .nd the volume es•ta are very tentit.ive: Gilbert (19$8, p.: Jasg;.-1860) lUI" .. ~ted a possible relation "between the extrusion · . ohhe Bishop tuff and faultm( in Long Valley. . · 1'i!t! rerilaining three Jielda~A~, Aira., nod Vall~'. (order 6)--are ge_netir:a:Dy related ~ sti'uttures of the same names ~hicb have bejn ealled the world's largest known calderas. Ea¢11 . 

t':lcteds 12 miles in diameter. 
The asb-11ow fields oi order 7 have been mentioned· briefly in the section on Area. Thompson ~1957) and \Villia~DS (1957) co~ ~itler the Sudbury basin to be a \"Olcano·l~-

THE DEPOSITS 

l11JrodmlDTY Statement 

.\s stated earlier, recognition of n·eltkd tull ~till is a major problem, especially iu cJckr rocks, and in the absence of clear·CUt gwlv,:t( relations it is not always possible to distinJ!U"'" welded tuffs from lava flows. Many wrut·r~ have considered criteria for recognilior• '" welded tutls, notably Man;hall (1935), (iilbrrl (1938), \\"eyl (1954), Enlows (1955), R?ss.;auc• Smith fin press). 1\o single criterion is 111 ,,,.,, 

.j 



THE DEPOSlTS 
R2l ~··~~H~!t~~~· The ultimate criteria are those that for localities where size analyses are available. 

that the rock is or was composed of Although few in number, they are remarkably 
least in part, pyroclastic materials, similar. The following localities are represented: 

~t)Sidlfld.•.d!}~'·gij shards and pumiceous fragments, (1) Ttifl "Shiraau" depositl, South Kyuahu, 
.ttrlifhi!CH~1t:U1ae have been deformed and welded Japan (Taneda, 1954; 1957; Taneda, Miyachi, 

cut·t ·wl~··tb~~· ~re still hoL The '1\·riter bas fo\IJld and Nislilhara, 1957) most pertinent observations are (2) Pu!llice deposits at Komoro on southwest 
n ........... rnAn• at or near the base of the unit in foot of Asa.ma volcano, Japan (Tsuya, Murai, 

VI!I!Ql.l~o-t~t the transitions from nonwelded and Hosoya, 1958) and from glassy to crystalline (3) "Older pumice", Crater J..a.ke (Moore, 
· a iew feet, and the pbyaical 19~) fragmented materil;ls may be (4) "Sand ilow", Valley of Ten Thousand 

in contrast to the more gradual Smokes. (Fenner, 1923) the upper pan ol the sheet. Even (5) ''Sillar'' near Arequipa, Peru (Jenks and 
.o'lt•rli'·:io.nnu• metamorphism, relict vitroclastic Goldich, 1956) f~~f)lre may still be present in what wu (6) Nonwelded portion of "ignimbrite", 

_....,...,.,.., the ·densely welded glass zont.. The Arapuni, New Zealand (Marshall, 1935} 
.. we!ded-tu.II sh«t does not show the The "Shirasu" and tbe Komoro deposits are 

· · zone normally found· in silicic by Jar the best studied for their sorting. The 
J.llf'li~llQ.W$. 

"Shlra.su"· cun-es, Sh-35 and Sh-60, represent 

·~~atlc ~no~ difficult than the distinction .the highest and lowest" median (size at 50 per 

uaw~· . some.welded tuftS and lava flows is.tbe cent). :!.a.lues of nine samples considered by 
be~ nonwelded !ISh flows. and Ta.:,and othea to be representative of the 
· · of!gins. Voluminous pyrocl~tk . bulk ·~~sit. The Komoro osrves, K-S and 

¢.-~l$18;· near &Ource areas, a1 well ·as · K-$; ·· fl)ao represent the bigbe5t and lowest 

l'~t:Pli~.dlu:sef loOse accumulations of pyroclutic media!("alues of nine sa!llples considered to be 
tll@.~ls riiay be indistinguishable from true repri!Se,iitative of the bulk deposit, and curve 
1.li~~itic· &W$, although the origin. of roost K-10 .. ffl>resenta the fine-grained upper layer 

g'tabefl,lilt.f:'8i!Cfi:~:~~J)Qsita is deeipherable ii they can be ol th~'i{epoiit. 
Tbe\C:rater Lalte 1:llrves, C-34 IUld C-53, are the ;@.n;est and fillest Of fo\1.1' samples but <:a~o(:be too closely a~mpared with the others, bec.an~, they do not include material larger 

. dePosits are gener.ny · non$0n~. th~ :~ mm in diameter. As a result their 
. hi any outcrops of no~wel<l«J or . riied~particle sizei are larger, and their total 

· ...... ft te.:t..'-..• • '-.-.en'' •.-. ;...·." ·.·.~ .. ,.: .. · · <:On~:ci of a&h_.ize nilltitri&l are somewhat. 
.._ ,......, -Th':citiJ"di~ · :srnait~:#wl Shown~· .. ~~i~po:~t5i:1.ie. ·~·· · be in the proPoi'clODs th~;;J!~d-tlow" and the ''sillar" curves are 

1Dii,teria!a and in the reliltive~ not ,atlequate fepreseiltation of their respective 
• .. ·'1"-'·"'Jtll~,.. · Befot• wi1<Uni: . depGa,l~, bu~ neither caii they be much in error. 

. · ·d~):ts· ate' . 11Je '~e may be sa1d for $e Ampuni., New 
·and ;.gl~i d\&st, · ~a. curve~~, which are both ·from the same 

ffalim•~ts and o&aste~y ·"ig~brite sheet", one fri>nl above .and the 
. . oth~:~m below the weldtd zane. 11ti.PW:Il1 :Pre- ·1"he .. ·.· --·...;. ·-: ·~. nt thin.; shoWll .,;,., these curv-
lilateljili. · JJfo•t ""..,............ .... "J -

•~?<:idi:liltal·lithic fra~n~ . is th~·. preptmderan.ce of. a8b and fine ash-size 
~,:a-;~o·Jlo~ indi~te that d't~jl).r. mat¢ali. In all the $Jllples plotted 70 per 

:ai'tifuiJrit1~t phenomentm;of)he . ccnlOf'the materi&l is SDlBller than 4 mm. The 
Probat)Iy, h9~ever, · m~ sizes lie betwe<>..n O.m and 0.8 mm, or 

m(iLUSI•ons, ot.her thai:l.thOse close·!.to one order of magnitude. As mentioned 
'riVII!'lt:·Will · in me and .ii!fiolint abOv!l; at least some of the Cmter Lake mate-

of a given 11ow. T~ rial_ will be generally coarser if the sizes above 
::ll.nill~lam~ m~terials shoUld .p.tol>- . 64 .. were included. ·· . . ·away from the eoUtce, ·~ N data, few as they are, are a surprisingly 

· of low p.a content. good t,epresentation of ash Bows. The "Shiraau" 
shoW& cumulative grain-size rurves is a deposit of large volume associated with the 

-
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4lai-ishi" (welded tuff} which surrounds the giant Aira caldera. The "older pumice" is a llOliwelded deposit associated with the forma­tion of Crater Lake caldera in a large composite and5ftic _volcano; tbe Komoro deposit is a 

"Oi~ter tn m.Uirnet.,. .. , . . . . Ficuu 4.~TJVJ! ~V£S SHOWING So~tTDIG m Asu FLOWS ·. · ·· .-. :S.B titrves: "Shir&Sil" deposits, South .K)roibu, Japan (Taneda, 1954; 1957; Taneda, Miyuhi, lllill· . 
. ·::'l'TISh~ 1957) . ·. . .· · · •'.':' ·-:4· ~-~·Asama volcimo, Komorodeposi. f!.. Japan (Tsuya, Murai, and Hosoya, 1958) ~{: ,CL'Wrve:S:."Oider 1)\imi~~·--er-ater L&~e; ~egon (Moore. 1934) 

.. 
· · •. ·YTTS$Ye;, "Sand flOw," Valley: of Ten ~.usand Smokes, Alaska {Fenner, 1923) ·. < 

: P Ciirve: A'SiUar'.' ·near ..veq:tiJ~ Petu g~ f:Ud Goldich, !956) . : /i $.A. Cl,lfVel Nonwelded portion of "•Bnbiibrite," Arapuru, New ~d (Marshall, 1935) ~~- . . . . .. ·. . . · .. · · · · · ottiAU~V.oJti~e nonWelded "Puriili:e llow•~. J,ne-. . . ~bly from the summit· crater of Ajlil.ma -~.. i/oti:aJiO; . iui. andeSite. cone. The! ''sand ~ow" · · o(tbe VaHey of Ten ThoiJ.Sii):ld Smokes, a sfuall­:::. vt>tiuxie · de~t erupted !rom fissur.es ·and;jJU­' ba,Ps a ctater, Is at least pattly welded and is · : · ·flill'i:JY. :c:yBt&lline. The Pei'I1villll ''silla.ni'' are . . ', ·. -~ a lalie-Vl>l11,1;Iie deposit of. unknown Origin . · · a~~f d?pilisi of Jioirw~ded) -mildly ·weld~ lllld . · : ~·.fades. The mP:"imi 51Unpte8· repre­. ' ~\'~ finei-grain~ type ~'t PJe nssu~ted . • ··:: :#ligtljmbrites" w.bich f~ tbD~'Vli.St tuff dij>osits . of/~~ North Island of N~#eata~. · · · · : : Thelniter offers with coilSitlerable c1>nfidence . the opinion that mwi wcltled iufts. ba~ been ·deli~ .from ub 11on having _sortlng.:cbar­a:.~rlstics withln the muse af the c:um:Wative -~ of Figure 4. Some, nevertheless, will 

Seemingly there is no obvious torrelll~a . between sorting and volume of deposi~, position, type of vent, or source area; data, therefore, do: not supply criteria- for rating asb flows erupted from ~1e3· fissure eruptions. Statistical studies ~ ~ . number of deposits might sbovi ttlat there . · tendency for rhyolitic or · . • . to be finer-gia.jned than others, . . . seems doubtful. The principal dUJ~~ among the curves shown in F'tgUre 4 aeem to be . in the variation in amount of cX>ane materials (pumice fragments above 4 mm) both withiii'a single deposit and in different deposits. · · The data sliggest that even within·..,.,_.,,.....,. work of the cumulative curves (Fig. is considerable room for variation, and studies from many deposits should 
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THE DEPOSITS 
823 If, for example, a variable vertical ·.alf!~tent plays a significant role in these . then we have a mechanism that can ~ • sorting features before the aslt jluw is i · Cry~tal enrichment or, rather, fine I 

. shald and dust impoverishment might ··.. plate in the eruptive column giving rise .~ tlima that are not strictly representative 1 llf1he .magma from which they were formed. i ~tive studies of bulk crystal-glass • in the flows, aod of crystal-gla&S ratios ~ttlu:.pumice fragments should be made where­•• J>OSMble. Studies contrasting nonwelded ~idlo'IVS with the nonwelded facies oi.densely Wt\d~· gaJ-Cicb asb tlows might supply in­lormatian on the t<>le of gases in teducing #trltion and. sorting during emplacement, .. · might- also further our undentandillg of . pyrodastk-11ow mechanism. few Writers have considered attrition during to be responsible for the high propor-Of ~e ash in these deposits. Whether or fs tnie remains to be demonstrated. ~ot seem possible that such s, mass of IIJiWJt~:~.· material could flow ioJ' . miles •'~~'lWinu · ~hsiderable at~ition (esi;leclaUy distal end), yet if attrition does take should be a marked increase in . asb · and fine ash from SCJurce to ·.the flow. There are, as· yet, no cmltnOStllC datil bearin~ on this facet o£ ~~~:p1robJ.em. Altho\lgb Moo(e•s (19M, p. 365) that there is an increase ·~n mate­_ .......... .,.,. than 4 mm awav from the source, Cri.ter Lake pumice ·flows this may be . to sorting. Williams 11942. p. 82) states .the sice of pumice lumps bears no relation l"fl:r.~ista:nte from the source although they are more rounded at the di~;tal ends. •s:nnri~ln and Tisdel {1940, p. 304) have the sorting 1=haracteristics o{ the "pumice fl!lWs" conform to Rosin's . a fact which may have. some on our interpretation of .the pyrocla.stic­•i!t•:me1~· lllttifsm. It probably remains to be explosive disintegration ilrillctt:rit1~•1'1 produce the same sorting charac· ··The sorting characteristics of lahar . i:nud flow) deposits are very similar . . of asb flows, but perhaps of generally .grain. 

w~ldinr 
sticking together, cohesion, or welding ~~·e nts of tuffaceous rock& was recognized and Reiss (1868, p. 414), Zirkel 

{1876, p. 267), and Dell'Erba (1892) long before Iddings (1899) introduced the term. "welded putnice." The tenn "welded tuff", commonly incorrectly credited to Iddings, probably evolved irom Iddings' use of "welded pumice." It was first formally introduced by Mansfield and Ross (1935), although R<>ss (oral com­munication) says that "welded tuff'' was in use .in the U. S. Geological Survey long before 1935. His first recollection of using the term was in 1919 in connection with rocks in the east~m San Juan Mountains near Creatone. Colorado. Their origin '1\·as then a puzzle, but we pow know irom re-examination that these rodtS are densely welded tuffs of ash-flow origin. The welding process as it applies to ash-flow ma.ttrials promotes the unio51 or cohesion of gla.Ssy iragments in a viscous state. The degree of ~el<ling may range !rom incipient stages rwi.*ed by the sticking together or cohesion of ~ fragments at their points of contact to complete welding of the surfaces of glassy fn\Plents accompanied by their deformation nnd. by the elimination of pore. space, and pe~ps ultimate homogenization of the glass. Phenocrysts and roclt fragments are rarely a~ed by the welding process nor do they haYe much effect on it, except in rare instances wh~ they are so abundant as to inhibit con­solidation of the glass fragments. · :;\!any variables affect the degree oi welding; the: more important ones a.re (l) temperature, (2) amount and corilpO!ition of volatiles, (3). composition of ash, (4) lith<>static: load, (S) rate of cooling, and (6) rate of crystalliza­tion. The first three control the viscosity of the glass and for purposes of discussion may be reduced to the one "wiable, viscositv. Lii!:iestatic load is a function of density ~ depth in the deposit. The load pressure and the viscosity control the rate of loss o£ pore space which really is· the only measure of rate of ··welding. We thus see that the degree of welding, in an ash ftow, is dependent on three rate processes: the rates of welding, cooliDJ, and crystallization. Crystallization is also rdated to the \'iscosity of the glass. Of all the variables that control the cooling history of ash flows the two most important are. probably emplacement temperature and the thickness of the flow ·or cooling unit. Because these influence ;ill the others, or are in some way related, it is possible to interpret the. observable variations in the flows in these tenDs. In ash floW!, emplaced at approximately uniform temperature throughout, the rate of 
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faster at or near the base of volca.Uic glasses_ but the mat attempt tD 

· · · will decrease toward the top. we14ed tufia by wddirig fngmental volCIL!Iit. , 
':,Fc){.:tl~ l~Clll the transition between d~y gla8s wu by Boyd and Kennedy (1951, p. 3i7). 

uonwelded tu1r will invllriably They . found that crushed rhyolidc ~ 
. ;~qw~cn-~~~.· in the lower part than in the from Mono Cratm, CaUfomia, weldect · · coolins unit. AD ·tran- tetnP.Uatures ranging from 775° to 900" C. · high-ttmperatUre ash Iatet'!'VQJ'k Boyd (1957, Ph.D. Theda, · 

1Q11r•u:·mpera1mre ash flOW$. . Uillv~) found that the presence ~ wa.ter ~- · 
~~.?=-l~;t~~'i the welding proceas dl'etfo/~ .lowers the w~diug temperatuli· 
tl · .~ _vjsrous g~ particles into a Gliis9 rhyolitic voka:rrlc aslt from V.eUowstcJDe 

.,...,...~.,.,.,R...._·· ·tn vfi:y youn,g.·&J:td fresh aah Padiif;wa$ sealed iD p1atiil~ tapsula 
"'~, .... , ........ -~t ~tallize,i, tlie b}~ient · w~~:;equivatent to 0.4$ weight.per cent · · iie ~k~ by th~, first hel~Jor so houra ~ a pres~ure of st 

m~;,.,.;.na;· . brittleness in the tran- ~}~ninlmllm welc:liag telilpt:rature . 
. Ui;iJ~S!';illidatled to _.obViou'iiY. : iJ:i. · thest;OOiuiitJons was betwten 590" and ,_..,,.. ... ,., 

ed 1liia~ri,~:t !Uld .le5s ~'rOcks In~~~ the time of tbe i:zPerhnent 
,-;,;u:i·"""'~'"'"' .. . cryi~ 'wfi must w~ :resulted in lowering of ~e .... ,_.n-·'1 (lefo~t!on . of puniitt t.¢i~filtwe to be~ SStr a,l)d a cnt¢0i 'for w~l(!ing. · Pof4'Sound that the·same ash, dehl'dnlted there 1s a complete withOut addition of W&ier in the exnll!li'ttll!llt!. 

·~~~~[~~if:~~": Joss of pore space._ sbA~ sllgbt weldilii at (i9{j0 C. 
•( Andsban!s,a,nd~~ b · t_a pressured.48 ba.ra,cd ,i8~~~!:-1Bj~·••.tlll!4.. glass. Duthij ~·'::t9tor- at C. From theio_&nfi oUier exp.~.j 

:!ltuk~q Of · pu~qf;J,Uti;lpa .B · ·. ·. :,! Cl)ncluded · that th. mimmum wd1rlllll\l 
pt~<:eO·es d:ark•enillg. of. "the' ,ibanJy . terli~litul-e in the p~ or water 

~"•'il:i,liffi;t;. ·..,m;t,,,.,.t. emjjh&ll:i,ees. the·, \Y~- abQ~~\600° C. · · . 
__ ...,...,.. .. ea:l&Xlluc -.t-..,..,;rnn. chatad.erisUC: of so Si6lf.h, Friedman, and Long (1958, p. 5 ... 

esi":cially in those of low sJa;,:~ unpublished data) found very similar 
;;dli~'-"ill;fQJ::.t9:~Spe'fj~l:),; 

reiliil~ The method used ~from · .in-~t the·i:blll'p of \ui~lldated .. -- ....... ,, · p~. in• a platinum-1ined C()pper con;tailtcr·.J 
mLtro!:t:QJi.e,_.1Ln &<ddl1tioiial · whil;:h was in turn plilceci'in. a l:!omb . 

hi'i'.nrt~·~,ifbii.Te~1t--the an 11-djustable pistml thtoup .. hs top. ~ was applied• · tO flle- sud. 'ace'illf·.q th~- t;ha:rge by the · · ·. · ·· · · arrii~t applies 
t,() t(iU:oTdet, and 
mea.Sured. Water c':.tiritroned ert..m•illv. ~ lffdded pellets 
Of lftterJnined by JtniLinll"lt"nl (1\11~cl;Ung meiils m8de on· 

. diff~etit temperatures ;pr~ures. . . , , . ellii:ilii!!.•tion . WlefJ in the welding ~t.a wu . no.elded fades of tht Blmd-aier rhyolite ~\II; 
dusty .· .•. ·.· . ... ,., .. ,u ... w. not presented. :by··th~ Homogenization of 'JB the -~'i!l:li*l ··lbat.Wl! ..:rid pumice is, then, the lm!babit !.\lttinllrte· 'end of the weldinl process and will 

V~ Mountains, New lttd:JOI;. .-.~ minimum tempe,tafuit for wtl~ing was below· 53$":~. and 'is conl~~"<;l la~y by temperatu8. aDd p.re, whereas complete welding ill e/;;;;. Aili~flcrir:fl'rit~.J::~.;Drn~tiotially hot, thid: 
'WCII"ml TMperoliUu Dekrmiflell . . . . . . . . . , btmfnerll . . . . . ..•. ·· -: . ·.Man,~ workers have. experimented with ·. . ¢d.~~ ve5itul&tion, and cryeta.llizatiOD of . ·~: -~·-·. . . . 

ent on these variablell pltii load pressure um~ Time is limited·b)- ~tion codling, but these fact0111 have not yet ~- No satisfactory mlniin\1111 ten:tp.~l~­for ~ complete weldbig (bl&4 glass') · ~- found, although it i& below 63S" 528 p.s.i. load pres!UR, 300 p.s.i. wal:er·,,.lllll'·?.il 
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tiine, Fifty per cent 
-~'nac1ea in one run, in about 

load pressure, and 
-wa.ter-~oor prr.s511re. Further, for 

4il'·tbet:cOrder of 100 feet. thick or less, 
7.3S° C. probably are 

t:lu:'~•rm:adcln of a densely welded 

{19Sj~ p. ~100) reports welding 
tbe "Shirasu" (white sand), a 

~ecJ11~W':·.·: •. ~eposit associa~ with A!ra 
'ilto..i'•·.""'':-< .... :Xyushu, Japan. He found that 

an electric fumttce in the 
=<tuu::·.a .. lll[c of 600" to 1200°"C. in 1 to 

color frr:;rr. ">ray white to 
~·:PUJ1>kSfl gray, a w'C:io;i tinge being 

raisirig t> , < tures from 
,. Meltiq• \·., . e~.n between 

e.t 1:c•1' C. nrlting was 
the r : · "I color was 

'1Al18<l-·Del~ru111: tt-;u <:·i ·•mice" were 
~:fJ:a::Hi~ .. ~eb!),mltuJre n n . ; ·" to looo<' C. 

and 5 ; ;. 1, the latter 
mdep1 . "·".ir;;csu''bed. 
that t11e ·• ln~u" would 
· .. to Jo.:,J,: me "Hai-ishi'' 

u&ocutted 111'ith ".· ·.lrasu") and 
:1®n~eld1!d ·""'-'·-···" r., ..Ud not have 

curves Weyl (J.9St, p. 18, 21) givea specific­
gravity figl.lres ranging from 1.28 to 2.03 for 
rhyodacite. tuffs hom the Comalpa &ll:l'o ·and 
fro~ 1.21 to 1.89 for dacitic tu1ls from the 
Zaragoza area. El Salvador. These have not 
been plotted hi .fl8are S becau,se the positiona 
of tbe !am pies· ~'#re not given. The fiiure of 
1.28 for the Co~a tufi probably represents a 
bulk porosity of;about SO per cent, whereas 
the figure of 1.2i for the Zaragoza tuff implies 
over SO per centj)orosity, perhaps 55 per cent 
to ju~ from W.~'s chemical analysis. These 
figures ~ more realistic than otherB pub­
lished for fresh. unconsolidated ash-fiow mate­
rials as do the ~res 0.98 (spec:ifi.c gravity) and 
60 per cent {potQSity) given by Lovering (1957, 
p. 1587, 1593):\br the Valley of Ten Thousand 
Smokes. "sand~ flow." Ross and Smith (iD press) 
found 70 per ieent porosity for part of the 
Battleship Rock·'asb fiow, New.Mexico. Smith, 
Friedn:lan, and ·ltong (1958) found by experi­
ment that tht! .cXl!npaction potential of uncon­
solidated mat~; mostly less t.ha$1 4 mm ill 8lzt; for·.th~ ~Ji#delier rhyolite .tuft from New Memo is aWJoximately so per ti:nt This 
material was ~ for making synthetic "welded ti.li$'1 al'ld r~ents only · ~e fin~ined 
pan of tlie .. Bii!ldelier tuf, the bUlk ~ of 
wli!ch is, ~~~bly greater than SO per !=eat. 

The data<ibdicate that where measured 
porosity ~:C~how maximum porosities less 

. than 50 .per ~t, they should be. eruapolat«d 
to a~ leM>t SO ~ cent if they are to be ulled !or · studies invol~ng thicknesses of zoni!B or cooling 
unib!, compa~n, or similar pro~e~ Nre 
shards or ~tala probably have~ bulk pOrosity 
of about SO: ~·c:mt, and mOlt~ -~ows con­
tam· pumice ~liic:h commonly h-. 7Q or more 
per «nt ~·~ce in rhyolitic ~. Rougbly 
then, an ~~fi!Jw containing SO per cent by 
volume of ~ce or pumiceouS ash of 70 
per teiit po~ty and SO per c'.ent shards would 

·have a bulk;' porosity of 60 per cent and a 
specific grf.vib' of about 0.94 if it were 100 per 
cent gias$, oi1about 0.99 if it 1Vere 50 per cent 
crya~ or !iarudlne and quartz. The ratio of 
ti)'Btala to .·,glass will not ca~ significant 
variation m the bulk density of unconsolidated 
ash, ucepf~ very mafic rocks. 

Because ·niost ash flows contain some pumi­
ceous mat,e:rlals but probably not more than 
50 per ~~::we can expect that they will have 
initiliJ poi'O!!ities between SO and 60 per cent. 
Obviously, an ash flow having 60 per c:ent pore 
space could' Compact to a welded tuff havinc 
less than hlUf the original thickness. Probably 
very few: eotire sheets have undergone such 
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R. L. S'MITH-ASB FLOWS oompaction. Those in which it has occum:d probably gives the figure closest to a minimllll. 

would have been very bot, thus more thor- The calculations: 2 times the thickness of 2011e 

oughly welded, or very thick allowing a thick-of dense welding plus ~~~ times the thickn~:~a 
400 G2. 
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SP£CIFIC GRAVITY 

2.!5 
FICtnlB s.-Sncm:c-GuVITY Cmlvu l'OJI WELDED-TUl'l' SHJ!:ETS 

C CllfW$: Bishop tuff, Califorola (Gt1bert, 1938) 
Ml curve: Motutere "ignimbri!'3" New Zealand (ManbaU, 1935) 
M2 cirve: AJ:apulii "ignimbrite,' N-~d (Marahall, 1935) 
E curves: Cbiricahua "welded tuft," Arisona (Enlowa, 1955) mae of dense welding to form, or, rarely, may b~ve had exceptionally high initial porosity. For simple cooling units that contain densely -welded tuff it Is possible to get an approximate ·1igbre for the thickness before welding without deiisity · or porosity measurements, if tile thiclalesses of the three basic zones (su section Qtt Zones and Zonal VariatioDB) are known. · Aa!Uniption of SO per cent initial porosity 

of zones of partial welding plus the thickness oi zones of no welding equals total thicknCD ·• before welding. This method is subject to some · .. error but is a useful approximation. 

Crystallization 
CrystaUization during cooling in pyroclastic: deposits was noted by Zambonini (1919) "IV~O 

\ 
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827 .·. ~eral· · u~usual fluorine-bearing . frri.m. the ,_classical Italian pipemo. p; 2U) found tridymite and 

between depth and cooling rates aad the type of cryst.allization structures formed. Gilbut (1938, p. 1856) emphasized that crystalliu.tion 

80 90 

in the upper part ot::t:he Bishop tuH sheet was influenced· by risltii':gases. Westerveld (1942, p. 21F~tt) 1las ~~ed the effects of "pneu· mato1~' ~tion in the PasoeMah tuffsj South S.~ and Toba tuffs (1947, p. 34), Noi:th.SUJXia~ Fenner (1.9-lB, p; $83) proposed tbat indura­tion in the Cordma tuil1 of Peru wu ilue primarily tt> pnmill'iatolytic "recrystallization" 

•') 
·-
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R. L. SMITH-ASH FLOWS rather than "softening'' and union by welding, and that such tuBs should not properly be called "welded tufts." Fenner proposed the local Peruvian name "sillar" to rover these materials. Jenks and Goldicb (1956) restudied these tu1is in more detail but agreed essentially with Fenner's views. No one who has studied both the "sillar" type tuff and densely welded tu.ll would confuse the two in their optimum state of development or question Fenner's need for distinguishing the two, even though in some deposits they are transitional. However, we should perhaps question the reasoning that leads to the conclusion that the induration was the result or crystallization rather than welding. We may seriously doubt that the crystallia· tion or the vapor-phase mineral assemblages, ~~anidine-tridymite or sa.nidine-cristobalite in the "sillar" type tuffs, was init~ below the minimum weldiD& temperature or the tuff ( <550" C.). If this be admitted then ash ftows that show c:ryst.alliz.ation must also be mildly welded if they are thick enough to ahow even mild deformation or pumice or shards. Some compaction could be upected without visible deformation of shards of pumice, resulting in an incipiently welded coherent rock which after crystallization would no longer abow that it had once been mildly welded. However, the Writer has observed that coarse vapor-phase crystallization will render an incipient to mildly welded tuff less coherent after crystal­lization. The comparison can be made between fresh and unaltered glassy and crystalline rocb, judged to be otherwise equivalent, in which the first visible traces of compaction folliation have appeared. The crystalline "slllar" is the more crumbly. It is also less resistant to erosion. Some specimens of Peru­vian "silla.r" as well as other "sillar'' type tufta s.bow compaction foliation. We cannot question the fact that crystal­lization of unconsolidated ash and pumice would result in material more coherent than it was before crystallization, but we can suggest that moat completely crystalline "sillar'' was · a coherent, albeit porous, rock, owing to weld· ins before it crystallized. :Ross and Smith fm press) have shown by X-ray studies that cristobalite rather than trldymite is the mmmon form of silica, where ayataiHzation hu been confined to the glasa .shazds or welded glass masses. Tridymite, on the other hand, ill more common as discrete ayatal or crystal aggregates in pore space where its c:rystalliza.tion ill believed to be related to active vapors. Two distinct types or 

crystallization are suggested: (l) dev1tnf;,.,,;;.J -cllaracterized by intergrowths and alk.alic feldspar, mainly in spherulitic growths but also in some lilhophyaal cavities; and (l) crystallization-cbaracterized by tridymite, alkalic feldspar, and in pore space. Poroua uiolites and spli1erulita may contAin tridymite, but this simply overlapping of two processes. In general, tendency ior tridymite to form increases the degree of porosity of the groundmass the tuB within the crystalline portion. In welded tuffs tridymite does not occur, cristobalite is common to aU crystalline tuff aheets that have not undel)lone diai~eneticiJij other metamorphic changes. In these altered rocks quartz replaces the other minerals. 
Nearly all writers who have studied products of cooling-history Cl),Stallization welded tutls have identified alkalic: and at least one of the polymorphs of sUica the principal minerals formed. Sn.ICA MIJQtll.U.S: Tridymite, easily identified with the mi<:roscope, sUica mineral most menwooell,j and, although it is a common welded tufts, it hu probably been for cristobalite in many descriptions. Cristo:bll-l ite has been recognized by '"'~'•·ar'"'''v Williams (1952, p. 173), Bailey (1 Martin (1959, p. 404). Enlowe (1955, p. 1230) reports quartz as common groundmass silica mineral in No. 6 of the Rhyolite Canyon fonnation, on X-ray study. He states that tri(lyulite not found. The writer has been son~ewbatl reluctant to ac::cept most interpretations quartz as a primary groundmass mineral welded tuffa. It seems that it is far common in older and more obviously rocks, whereas in fresh Pleistocene and rocks it has not been reconied. By thick rhyolite ftows it should occur in thick sheets of welded tuff. The writer is convinced that primary groundmus should occur in any simple cooling rhyolitic composition more thaa about feet thick. The necessary thickness for formation of quartz will no doubt vary wi&h emplacement temperature, vapor pressure, and perhaps other factors. Enlows' Member 6 880 feet thick, and there seems little that the quartz reported by him is n ...... l"O':IJ however, this quartz should give in the upper part of the sheet to rn!ltol)lllltell 
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trldymite, unless these minerals 
by secondary quartz. 

type need a much more 

·in•vesti.n1tic111 beforl! we can arrive at 

geuezal(i.za;tio[IS. The writer (Smith, 
pfOJposc!d that the distribution of 

milltrll.b iS zonal and is related to 
· degree ·Q( weldiq within simple 

Zies in the Valley of Ten ThoUllalld Smok.es, 

Alaska (Zies, 1929). Moat of these are halides, 

sulfates, and sulfides of metallic elements. 

MAfP1etite has also been recorded as a fumarolic 

mineral by Mackin (1952, p. 1337-1338), 

Williams (1942, p. 8H7), and Gilben (1938, 

p. 1851). 

BehaM of P'-«;rym t~nd Indruiom during 

w eltlu., tmd Cry11allillllion 

It baa not been shown that the welding 

process ~ 3e has caused changes in phenocrysts 

in any rocks yet desaibed; however, aystal­

lization p~es and the rate oi cooling do 

cause changes in indi'ridual CI)"Stals of some 

welded tutfs. SanidiDe pbeDOO)"Sts undergo 

changes, in optical properties and degree of 

unmixing to cryptoperthltes, which are related 

to the cooling history of given \-crtical sections. 
The catalytic effects of. bot vapors may facilitate 

these changes. Boyd (1957 Ph.D. Thesis, 

Harvard Univ.) has made the only quantitative 

X-ray study of u~ of sanidine which 
shows in the Yellowa~e welded tufts a dear­

cut relationship to pOsition in the unit. In a 

tuBs the qualitative way the unm.ixing phenomena in 

sanidine can be obaerved in some welded tuft's 

by the change from dear "glassy" saoidines 

in the chilled portions of the units to cbatoyant 

ones (moonstones) in the more slowly cooled 

parts. This is a ootrilnon phenomena in the 

Bandelier tuff, Valles Mountains, New Mexico, 

and the writer has obllerved it in other sanidine­

bearing welded ash BOws. 
Wbereu u~ is detectable in some 

sanidirie phenoc:rystil. under the microscope, 

particula.rly those from very thick. cooling 

units, it does not n':llernble the unmixing to 

coarse microperthite teen in the smaller, thinner 

sanidine crystals fOpDed in cavities during 

cooling of the same llDi.t. An excellent example 

illustrating this difference in degree of urunixing 

is a specimen the writer collected from Bonita 

Canyon, Chirkahua National Monument, 

Arlzona. These rocks .Were desaibed by Enlowa 
(1955), and the specimen is from Enlowa' 
Member 6 for whiCh be gives a thickness of 

880 feeL Chatoyant sanidine phenocrysts 

show only faint visible traces of unmixing, but 

chatoyant tabular .. sanidine" crystals from 

miarollitic cavities are coarse microperthite. 

Biotite and hornblende, commonly green to 

shades of brownish green in chilled glassy 

parts of aah fiowa, are often changed to deep 

red brown or sometimes completely destroyed 

in the cry~~talline parts of welded ash flows. 

·' 
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The degree of destruction aeem3 related to • 'intensity of vapor-phase activity Within units : •.. · ol.given ~mpositio!lB, and the thickness of the ·. coolb;lg unit plays a maj9r role m controlliDg ; -lntenmty of vapor-phase activlt;y. Thi1l deuteric . , .Qt :v!!por-phase altuation. rang~· from a 'Very ' minot role in some cooling units tO a major . ·;one m. others. Where it was mteJ.l$e nearly all ,·· . militrals and inclusions, ucept possibly mean .' ··~cf,,sim.ilar accessory minerals, show some · ·. df~, although commonly no more than .;;:.bol'dt!i'· corrosion. Specific:ally the writer has ·. i)~ed varying degrees of · alteration: -or ;· conosiQD in phenocrystk quartz~ sanidine, · ~--. ;~~ •mplu"bole, dinopyiolreo:e, orthopy-:. . · }'OJI!rie, kyalite, and sphene. · ·. : · .. <.:· No· systematic. studies of tm:se ·•ltera.don .· {~eCtS. bave been mAde, and they are ~~ '~•~,Atit~ri:Sting field .of ii!quiry. Ex¢elleut ~pies .. .: <~(d .biotite and hornblende alte"'tiOII$ •.are . ·. ;ioiUid ]n .wddect quartZ latite ·lish .&Wi thrOii~­. ··. . .. the BUin ant! Rang{!: wovmc:e. -~- of · · ffom southwesuim ·t:Ttalfll.nd ~'thing of ea!!tern Neva:(,l;. na~ -~ atu!llild by :UJ~.ac•:&m· (1952, p, 1338; ~>;otal commciinc:a· · and by Cook (1957, P:•iS.fJ. . -. 

workers sinu· J;he 1.930'.s wbo.hav.e .::./::..''rt'<:ogtl.iullftliie. fwidamenti!.(pY!Wlastit: clliit\lre have also:o'b5e.&ed:4P.d d~b'ed · tit~i particula~ m ~······.:·"""""""''ll<ecocJilll,· · · · gi-ven' units: ~rci~bly .;iij.·;~ii:~~nt ~ ha~;:,::!:ae 
4esc~bed{lllanball·, ~~!~jr;~~.~~ 

in .. the . ilfuiltra.tions of~Ois press). S!Jllth fm px:e!B)~·.:-and GoOd ffitistriltions .Of il'irltbd fea~ have not y~ been 
\ .··.· 
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to the deg«e of welding of the tuff on 

they are superimposed as well as to 

~tions withbi the units and to other 

~:'(m pr~) has attempted to show the 

•' rdations betWeen thickness, tempera­

~, ,the.' formatiOn of textural and struc­

~~ by~ of hypothetical diagrams. 

~'c ~e5-aie recogtlized: (1) the zone 

ir~d~g, ,(2) the wne of partial welding, 

l.)', tlJc, ~-·of dense weldina. Where 

:jrielding. ~ in a unit, the other two 

;.~~ upper and lower counterpartS 

:'~ with ilaur&l thinniD( or near the 

~;,'of .t,lij! -i!hfleL The lower zones of no 
•· and' -~ welding are thinner than 

ipii ones In $imple coolina units and may 

all)' ·abSent owing to special or extreme 

-, · temperature a.nd pressure. 

.,ni:r.af~ · S!lperimposed . on the basic 
recOgnized as (1) the zone of 
(2} . the· zone of vapor-phase 

......,.~"""'!'> · (3) the zone of granopbyric 

~:ati·o~ aZid (4) the zone of fumarolic 

ll>scttetilte Qf representation is largely 
.. with the accumulation of 

of the various zone 

~sef,:-:Q(J_·, ,Jlosi1tiozJS within a variety of 
develop into a quantitative 

the 119lution of problems of 
emplacement 

of cooling, direction of 

othm. In future studies 
if possible, record the zonal 

li::t.i~r!A't:iill. especially of compleu cooling­

~'"""'"". quantitatively. The zonal patterns 
i;ooling unita must be unden;tood 

w-e can hope to evaluate compound 

probably can be emplaced at any 
""...,, . .,_....... _ilp to a maximum eruption 

~fWJL~~:,.· jlerbape of the order of 10000 C. 

II} thln.iirq~m weldiui temperature is taken 
C.i there is a wide temperature 

Wl:viiiPl· which endless variations can 

ordinarily not distinguishable from depoaitl 

emplaced below their minimum welding tem­

perature, although the presence of a red zone 

caused by oxidation cif .iron probably indicates 

a higher temperature. ,erromagnetic properties 

may be useful in ~oguisbing nonwelded ash 

lloWll emplaced abOve the minimum welding 

lemperature which is dose to the Curie point. 

The designations m,h. low, and intennediate 

must be arbitrary Ud are only expedient 

~ubdivi,ions loT ordaed diiiCUSSion. 
Low-temperature ·deposita, then, are those 

in which little or no welding or crystallization 

is apparent in thick cooling units. These 

include deposits such as the Crater Lake and 

K.raka.toan pumice deposits, the "Shirasu", 

and many othm. Because some asb-fiow fields 

contain units emplaced at high, low, and 

intermediate temperatures (Pl. 2, fig. 2), but 

pre511Jl1ably v.·ett' derived from the same magma 

arui erupted at .the same temperature, the 

low-tempenture deposita offer the best evidence 

for a cooling mechanism before the ash fiow is 

formed. (Sec section on Vertical Component.i 

DeposiU Emplocetl tJJ High Tempuolwe 

Perhaps the best .examples of high-tempera· 

lure deposits are those from Idaho (Manmeld 

and Rou, 1935; Steams and lsotoff, 1956). 

These rocks occur in sheets ranging from lS to 

SO feet thick and contain a zone of densely 

wdded tuff to within a few feet of the surface 

and locally a zone of fused air-fall tuff at the 

base. These facts atteat to their high tempera­

ture of emplacemenL A high magmatic tem­

peratun: is suggested by the paucity of pheno­

cryata. Probably these materials were derived 

from very hot and very dry magmas. Obsidian 

formed in the welded tuff from the Ammon 

quadrangle (Mansfield and Rosa, 1935, p. 319-

321; Ross and Smith, in press) bas a water 

content of 0.15 per cent, similar to many 
normal obsidians -of rhyolite flow or dome 

origin. The Walmtt tuff of Steams and Isotoff 

(1956), ron!oiderfd by Mansfield and Ross 

(1935, p. 310) ·to be equivalent to the tuffs 

studied by them, has been restudied by H. A. 

P\JWCI'S (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 temperatun: if not the low-water content 

of the magma. 
Mansfield and Ross (1935, p. 312) considered 

that the tuifs described by them bad beeu 
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<,,ejiipl~~!J:tlJY a, great air-borne cloud of incan­··l'iArtij•J .. ,,. · and cited as evidence the 

tuft (K;CUlTed at difierent eleva­·--"'-"''" "'·-· 5ignfficant change in thickness, ·A'--~ven1ou-- relief of over 2500 feet. The the tuff suggested that it had or. "dn~" over the irregular 
.·connotation has been widely · · and should be re-evalu­

(oral communicatio~) no 
\'few; • he now thinks these froin normid _ash flows, and .t~.i'it~''A-~;.: .;rlct•~"hurtihn be explained _bY 

temperature range within this intermcdiale category. 
The vapor-phase zone require~ a porous matrix ~r tts formation (Pl. 1). At increasin~y higb~r t~peratures, the zone of dense welding would probably thicken, whereas the porous uwer zon~ Wt>uld thin, until they become a . pan of the ''chilled" vitric mantle of the sheet, leavin¥ J¥1- !pace for the formation of the vapor. phase wpe; ln these higher-temperature rocks the va_pol•phase zone. would probably giv~ way. to a:;ione oi lithophysae -in thin units or to a zone (if miarolitic lenticla; in thick unitS. Co~i:ron, however, becomes important to · the PJ;OQ~ at this point, and, in -nici~ b~t deposits show lesi 

t~rough~t than do the rhyolites. 
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within a few feet (Williams, 1942, p. 83). The traiUiition waa sudden, without a detect&ble time break, and it must be concluded that there waa an essentially continuous evolution of materlal. Locally the "ac:oria :fl.owa" have well-developed-columnar structure; the ''pumice flows" do DO\;. · 
Commonly volca.noea that have erupted silicic ·Dlli.g~Da la.ter erupt more baaic magma. In most instances we cannot evaluate the cban&es tba~:,twk place between eruptions. At. Crater I..li.li,e there was nc .. tim.i: break, and the suddeun~ of the . trar1sitlon leads U5 to considu .~ conditions in the magma. The continuity of the erupti~ that produced · the dacite pu~ice and "basic scoria" sugeata 

~~tJI}''SteitrialtiC:.,eml>laCl:Iruent··tellGperablR they came. ·.ih:lm a single magma chamber where they •n:lust have existed aa magmas with a .sharp ill~~ The frequency of formation of simple ~~ms, like CratCJ Lalr:e, in com­posite ~~. supporta the single-chamber hY.PPth~·.,: ~ 
·1'be ~~:'Lake deposita are proba.bly not uriiqu~ C~Jit,tasting magm.u ol rhyolitic and basaltic ~ons are known from· 'air"fall pyr~tii:''~OJIJ m l~ These are . ··.v.err srilan;:~e depo~~itS. He~ (Thorarins-succ;es!;ive ash· :fl.ow.$, . · .. lion. 1~,54. .p;;:~7'-4S) . is a· nota~ txanwle. In 

·Si~~tlifu:ant. all d~tl ... · tOn~~ *.9.\)ii,se 'Jhe vo~ume (~er,s~<Fi£. 3) of tfuee kinds: .. ' of the ;CU~iJ;.ak~ ejcctlds l&rgi!; ~ ·voiume 
·m.:,JJIJli<!Pl~ cll1ernbitiY; (2) change in': . Of p~;~ecb!-~ up the B.andelier in typi! ~~· . t\rlf; \i~es'~rltainl, Nelv M~io. iii approsi-

:ir!llP!le:~ti. /t. ·· ~-- ~tdy ')t)-,$J::t:Ubic'miies (Qrder fi; ~g;.3). The · by.: B.~~':::~ Bo~ ·r~ • ~ance from may ~·· .. ·· .. ~y bigh~JUfta rhyolites t:O quatb; latites a.t .the end ·ot. :(4\ last ash-:fl.ow cyde. ·The, ~·- ~t ~ ·the ash fiows include ·ti~~ latite, myoda~ and more . 'states· tha~ · baSic ~.!.> ·. · : . irt>11ocl~d:il!mi.Wial ~kl •, ·Even tht;~ry 1aJp volumt (or4er 7, Fig. 3) 
c:ulltainittit:.l8. eruptiOn& of ijepbSitS ~'1 ~how similar trends. For example, and 11.75 ~;Ubi~. Vigl :BeiJl!i'lel.(m. (1949, p. $4) states that the ·this co~ists' of:· Toba,eiup~ was preceded and su~ed by 

ri.v~~~dli~:' ·iletXIsilts·, seven-ei,ghtbil ~de$itic ~tanism. The outbur.t of "gra~tic: .. . . ash; the ~t llr · ~·· wJiJ. ·otily an interlude in the contima­
......... ~-=••'~A •. :.· . ..;,. . . The Silii:a c_on~ .. · ous ;\>OIC~i:tt!~ activity that norma.lly produced 
""'"'"""'''"ranges from «J.4 1» 68.9 ·· "diorltie''- :'itlli~ VaD Ilemme!.en· (1949, 

"baSic scoria" frotn :53;9 · p. 691) saY&.~tba.t the Toba tuffii w~ probably no intermed,i&~ prod~.~ one, or a short sUcceSsion of, 
Mlin.t1-akl.gic· al.l:Y the "buic · a~f.srnic.: outbunta, beca.UIIe no distinct 

't'4ilfe'r.f{:t<l.dl tilt! cia:dte pumice in havlili. st11ittfi.~~.-- has been observed throughout 
i~'i:~~9.tli&gillesilliil"' mineJ'IIls, .. homblen~ :·. m!)Sf.of thHtratigraphk section. Some layering, 

i:no;re talcic: feidspar, anti:', hoftvl:r, lB tibserved in the higher Pazu. Is it 
3Mi~'.dliiii It .aJso c:Ontains more lithiC· posstbie tb&~ a change in compo&iton ill re-~ the fact that cordeid, · the Wlderlying "pumice· · Both @dt:sitic and rhyolitic magmas were 

........ , -· .... "seoria tlows'' takes place . invoiVt'd m the formation of the "glowing-
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immediate sources of many ash-fiow 
r ·&mall to large granitic to dioritic 
lj they are not, however, din:ct.ly 
:to the deeper-seated great batholithic 
s. Nevertheless the tectonic settiJ18s 
mal grouping of some a.o;b-fiow fields 
:common origins from deeper-seated 

:ering now the immense deposits of 
e those of the Basin and Range prov­
we5tera United States, ptrhaps the 
1t .question is whether or not the ash­
~ 'trulY represent the magmas from 
r_y;wen: immediately derived. In other 
re .the rhyolite ash-flow fields derived 
nite.magma or do they represent only 
~entiated part of bodies of quartz 
&e ~ granodiorite? If they represent 
t differentiated part, are they &II or 
t of that fraction? At Crater Lake the 
: shows that an ash-fiow eruption can 
1: entire silicic differentiate, at least on 
scale. Could this not also happen on a 
ale? Quartz latite and rhyodacite ash­
~~~ are common, in addition to the 
:ash fiows, throughout the Basin and 
province. Are these separate entities 
her ·source areas or are they related 
fty to the rhyolites, perhaps in a 
tic succession? The a·nswers to these 
is may have real significance to students 
!!p(isits. It is suggested that the answers 
~uild by careful studies of asb-fiow 

:ms from common source areas. 

VtJlley of Ten Thousand Smoku 

studies of Shipley (1920), Sayre and 
~rger (1919), Allen and Zies (1923), 
:s (1924; 1929) in the Valley of Ten 
Qd Smokes contain nearly all the known 
a.tive information on the geoc:hemisuy 
lows; The essentials of these studies are 
:11 known and include the tmnendous 
: of·cblorine and fluorine given of by 

l&h)les; the transport in the vapo' phue 
~number of metallic elements and their 
ion in sublimate minerals around the 
of fumaroles and in fissures; the detec-

most of these same metallic elements in 
tltered glassy pumice; and their release 
l8 .pumice by attack of steam end acid 
l'hC reader is referred to Zies'a (1924; 
papers for detaDs. These studies were 

the finest of their kind, and their 

importance to students of ore deposita is well 
recognized. Especially important is the positive 
evidence for low-concentration, vapor-phase 

transport of metallic elements from seemingly 
ordinary magmas. Unfortunately, for studenta 

of pure magma chemistry, these deposits are 

formed from a mixed lllJI8lll& of andesite and 
rhyolite (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 

originr.ted in the ash Jlow itself, they concluded 

that most fumaroles had a deeper-seated source. 
Examination of the interiors of dissected 

prehistoric ash-dow deposits indicate that 
during cooling of many deposits vapor-phase 

activity was common. Moreover, a large 
proportion of ash dows, in particular those that 
CJYBtallized during cooJins, gave oil 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. 
58) says, "Fumarole cracka gradually disappear 
downward within the avalance deposita; hence 
the ore-minerala were sublimated by gases 

given llff 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 fiow" 
in the vicinity of Novarupta, Falling, Broken, 

and Cerberus mountains are related to, or 

contaminated by, a deeper source. AUen and 
Zies {1923, p. lOS) liLy, "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 oot 

continuous zone, with a salient extending out 

from Broken Mountain into the middle Valley." 

All the incrustations analyzed by Zies (1929, p. 
41) containing more than 0.1 per cent boroo 

were found in this lame area, and fumarolic 

activity persisted here locally at least u late 
as 1952 (Muller and others, 1954, p. 66). 

Lovering (1957, p. 1587-1588) has discusaed 
the evidence (from the earlier papers of Shipley, 

1920; Allen and Zies, 1923; and Ziea, 1929) 
bearing on the geographic control of sulfur-acid 

) 



Aneiml Deposill Many of U& ha~ been fascinated with tho~.- of finding fumarolic mineral deJIOI. ~l!'i;j 
. ~ 1 

...... 
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those described from the "sand flow", 
t ~-flow depo6its. Traces of fonner 
:activity in the tops of some sheets 
· 1952, .p. 1337-1338 and oral com­
in; Gilbert.>: :1938, p. 1851-1854; Wil­
~. P. &r87; 1952, p. I 56) and thick 
vapor-phli$: .Cl)'l!tallization in others 
eem likely that tnanY ancient sheets 
''sand flow" had parallel histories. 
manY ancient d~its show evidence 
f 'bad .far ·mote intense vapor-phase 
liaDdid·the''sand flow." 
9~; 'p. 13-19) has emphasized the 
t liatuie of .the "sand-flow" sublimate 
nd bu 'stressed the importance of 
emperaturc and steam dynamics. 
; important is the absence of magne­
tlther ,mfnerab when the temperature 
arole falls 'w the point where ateam 
1. The minerals are then dissolved by 
ldds. and water. The persiatence of 
oslts ~ probably be ruled out for 
)C?ling Ullits on the assumption that 
llld have ~nformed doaely to the 
&t by the '"sand flow." 
~d coolbJi units in ancient deposits 
boli. This leadS us to wonder what 
llppeD to the fumaroles and their 
in a sheet at the stage of cooling of 
d fiow" ~~ the period 1917-1919 
r . .ash &w were emplaced on top of it. 
.mud1 would: depend on the charac­
lf the Second fi~w, which, if it were hot 
ldy welded, might effectively seal in 
Ltoles in .the lower fiow. IDtimately, 
lmg f~ton 'Would probably be ground 
:U:I ~eabllity. The suggestion is 
lt tbe:Se :mmpound cooling units that 
:lence of~ed breaks in their cooling 
bould be eiamined very carefully for 
maroles and trac:cs of their former 

• . chemical analyses of rocks now known 
ash-fkiw orlgin have been published. 

ionf compoottions ranging from basalt 
.te and tra.dl)"te, but show no notable 
es .as a_.:poup from normal lavas of 
compOsiti~Jm. The same statement 
in .a far as Is knoWll at present, to 
meats; 
alu:l Goldich (1956, p. 168-169) found 
t:· .. lalmon sillar" from the Arequipa 
Peru, amtained &mall amounts of 
alta. (chloride .and sulfate), and halite 
ennined by X ray. They attributed 
introduction by "ground water, which 
raa'line owing to leaching of vqlcanic 

dt:posita." This study suggests examination of 
vapor-phase zones in andent deposits for water 
soluble salts, ii 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 make such studies of limil«l scope. They 
should be made, in the beginning, on the 
youngt:St possible fresh rocks. Probably some 
shec:ts will be essentially homogeneous chemi­
cally, and others not. We need to know the 
differences and their orders of magnitude. 

Geochemical studies must consider tbe 
degrees of welding and types and degrees of 
crystallization. Major aud minor elemenu 
should be determined in relation to the zonation 
in simple cooling unita, preferably in aingle 
flows. Great care must be taken to evaluate 
contamination by inclusions, and m the selec­
tion of suitable samples. J. H. Mackin (oral 
communication, 1957) has arrived at similar 
ideas based on his preliminary work in south­
eastern Nevada. 

CoNCLUDING lb:u.u.KS 

The problem of ash flows is in a formative 
stD.ge, and a great deal of study is needed, 
especially to 6upply quantitative data. R.oc:ka 
and rock bodies of ash-flow origin are now 
known to be so common that their recognition 
is no longer surprising, u it wu 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 knowlf'dge, is because 
they are useful toola for the undeBtanding of 
other geologic processes. Here their usefulness 
may be many fold, but much will depend on the 
accumulation of quantitative information from 
entire pyroclastic field&, composite sheets, or 
coolin1 units . 

The important use of widespread ash-ftow 
d~its for correlation of stratigraphic se­
quences, although recognized 20 years ago by 
Anderson and Russell (1939), Is now being 
more fully explored and holds great promiae. 
Many, if not all, ash-flows fields are associatl!d 
with extensive air-faD beda. 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. 

Detailed studies of the cooling characteriatice 
of simple ash-flow sbeetl and the application 
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