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SHORTER CONTRIBUTIONS TO GENERAL GEOLOGY 

ZONES AND ZONAL VARIATIONS IN WELDED ASH FLOWS 

Hy RoBERT L. SMITH 

ABSTRACT 

WeWed tuffa are recognized ae special t>arts of ash tlows, 
other pyrodaatlc 11ow., or, more rarely, air-fall deposits. Aab. 
~ ma:r be emplaced at any temperature below a maxtmura 
entpdOn temperature.. ·Tbose emplaced above a minimum 
weldlllc temperature may sbow any and all degrees of welding 
aDd eJ:lrstaWuttou. · · 

i1lJ"ee basle wues are recognized. the ::one1 of no weldlnq, 
partCGJ· wrldmg, and derue welding. In sheets where the zone 
nf clenae welding ocrura, the zones of no 'l'l"elding and partial 
1veld.'- wlU bave upper and lower t-ounterparta. 
~ ot "·eldt'd ash 11owa rna;y result in sheets that ranp n-om eompletel7 4:'1aaa;r (e:xt"ept .for phenocrysts and lncltu~lona) 

to ~ ecyatalllDe. 
Cr7iitaiuzatton 1uperimposed on the &oll&l patterns prodaeed 

})J Wl!lld!Da resulta 1n anotller eet ot zo11es that Is controlled tn pelt_. decree of wel4lar. 
'l'tlfee pdnclpal types of crystalltzatlon that take place dur

lar tile. C!OOlllllr hJatoey are recogDJzed. These In order of fre
qn~ of occurrence, are devUrJtlcatlon, '·apor-pbase crystalUutioa, ud granopb7rle crystallization. The ~one of devltrl
Jlc~ Ia common to most Cfl'stalllzed weldt'd tutrs and fre
quenf:l7 ~plea moat ot the zones of dense welding and parUal 
~. Tbe ~one of txJpor-phcle ClrJidclluctiofl, wbere pres.-.nt; ~plea the poro1111 parts of the welded tuff sheets and 
~ 1bl ma;rlmum development In tile upper zone of partial wetdilla where It overla'PI the zone of devltr111catlon. The - 0/ FOtw~hvrtc Clrlfi~UwUon Is probabl)' con11nt'd to coolIDt tlJikl ~enral hUDdredj ot teet Wet where 1t will diVide the c~trUted sone Into upper 8lld lower parts. Fumarollc 
alb!!iaUoD 1D117 be found In the upper zone of no weldfDs. 

$bqrllt ub 11oWI mu cool with the formation of a basle 
patte'nJ of sonea. This Jlllttem 11 tllustr.ated and descrlbecl 
botb' tor those llheeb! whlcb remalll glaBQ' and for those In 
whlcll ecyatalliatlon baa occurred. These 11ows are called 
.....,.. eooUAg -u.. 
~ aab ftowa, emplaced qutckl)' enough to bridge the 

coolft~K pp between flows. wru form a atac:k of 11ows that m&J 
ablo eool to form tile sonal pattern of a simple cooling unit. 
Tbe ppa or blatueee, bere called partings, m&J contain or 
roDBII!t ot lump pumice m,.ere, 11ow surfaces reworked by wlnd 
or watar, aJrtalJ p;vroclatrtle materlsl, other deposits, or minor 
eJWSODal UDrontormltl-. 

00MI0Uft4 coo'Hn1 tltl4" consist ot multiple 11ow units with 
or Without visible part:tnp and whlcb show zonal patterns 
that depart from tbe patterns of the simple cooling units. 

Horizontal separation of compound cooHng units fllto separate 
()()OJlnc ontts suggests the enstence or a hypothetical uolt, tile 
compodte 1het't, which could have time-stratlgrapble slgnUl
cance-

Burled topography can bave a profound lnduence on the 
zonaUon of r.ertaln asb-~ow coollog units. Ver7 bot o~, be
cause of their high rompactablllt7 potential, wlU show Jeaa 
zonal change than colder onea, although the:r will show greater 
surfat"e expression of the burled topography. Abrupt chance
in relief, especially It the burled topoarapblc hlgh .rlsee to tbe 
top of the zone of dense welding, can cause horizontal chancea, 
In a short dlstant"e, that m&J be dlftkult to interpret. 

INTRODUCI'ION 

• In this report, welded tuffs are considered to be spe
cial part:B of ash flows, other pyroclastic flows, or more 
rarely, air-fall deposits (not to be confused with f1ised 
tuffs, p. 155). Most students of welded tuft"s have rec
ognized vertical variations of texture, specific gravity, 
color, mineralogy, and other properties within th~ de
posits. Horizontal variations are rarely emphasized 
because complete ash-flow shoots have not been mapped, 
particularly in detail. Mapping of complete sheets hu 
not been done because of the generally large areal ez
t.ent of the sheets, they may be of only casual interest 
to the mapping problem, or because erosion, and cover 
by younger rocks, limits their a.rea of e:z:posure. 

The uniform and unsorted eha~r of ash-fl.ow de
posits has been cited as a criterion for their recogni
tion. Although this is generally true, the eomplez 
emplacement and cooling history of many such de
posits may produce various textural and min:eralogica.l 
facies that bear little or no resemblance to the origin8.1 
materia1s of the ash flows. These variations &re zonal 
and normally show a consistent pattern of transitions .r 
both vertically and horizontally in uniform ash fl.owa 
which have had an unimpeded cooling history. Once 
this zonal pattern is clearly understood for simple cool
ing units, progress can be made in interpreting aber
rant patterns in more complex deposits. 
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The purpose of this report is to describe thr. zones and the simple zonal patterns by means of 4 simplified 
diagrams (pl. 20 A.-D) and a brief text. The dia
grams are not int~nded to repre.os<'nt sprcific wt•lded ash flows but are simply hypothetical mn<lo'ls. Thc~y "·ere constructed to illustrate, in part, the> writer's 
conr.ept of simple ash-flow coolinJr units. The scales 
uSed give an orcler-of-magnituole n•lation among the 
different zones that is probably renlil;t ic for !'ome nnt · 
ural sheets. The most difficult characterist ies to J!en
eralize are the horizontal chrmgc•~;, lw.c:m~ n cnoling 
unit may range from les.c; than rl milt• to many tc~ns of 
miJp.s in len~rth, or from lc•s!l thnn :1 !'!Jllar•~ mil<> to hundreds and perhaps thou!\:tnils of RI)U:trl' milt•s in 
area. The true nature of tlw distal ••.nd~ i!;: ~l'n<>rally 
problematical. Titey are. raroly pro!:>~~n·e·l or r<>I'OJ!· nized in prehistoric sht>.ets and thrrr. appt•ars to lK• a v-ide variation in historic "nue.~ nrdentt>" dl'p()!;its, from "snub nost>.s" to thin tapert•d l'ntls often nwn!'ttr· 
able in inches. 

The diagrams were ronst rucll~d lm~·l on t lw assump· tion that some coolin~r took pln.r.P in thl' dirN·tion of thinning. Although this is probnhl~· n rommon condi
tion it is by no moons ne<~ssarily t ru~· for ull flow~. 
Some widespread ash-flow cooling units show only slight effect of cooling or thinning o\·er lNts of miles whereas others show marked effects in only 11 fe\~ miles. The direction of thinning mRy be relatrd to the surfllc.e underlying the flow or it nmy rdll•ct n chnnge away from the source Brea. Tlwse fud~, nmong othc>r.~, indicate the need for a critical elmminntinn of ncceptc>d concepts on the mechanics of eruption and l'.mpln.ce-
ment of ash ftowa. . 

The use of welded tufTs for c.orr~>ht ion purpo~s pre· 
sents many pitfalls to the geologist, but with cnreful work a high degree of success should be achie\•ed. The 
potential importance of these rocks as stratigraphie marker beds ca.nnot be overemphasized, considering 
their possible long-distance continuity in terrane where lensing and facies changes, in sedimentary and other 
volcanic depoSits, are common. 

this difficulty may he o\·ercome if the geologist has a clear understanding of the normal characteristics of 
the unaltered rocks. The zonal pattenlS will be ex
t re.mely important for de.t.niled gt>ochemicnl st.udies. 

ACI{l'\OWLF.UGMENTS 

The writer is indebted to Clnren<!c S. Ross with 
t whom he has st udil'd welded tuffs for ronny years and 

with whom he ltns written a more comprehensh·e re
port (Ross and Smith, 1960). 1\fud1 of the materia) 
in the pn>!'l~lll report is nn outgrowth of tl1is t'.arlier 
study, althouJ!h the writer is solt!ly r~spon;:;ihle for the m·J!anizution of tht\ dat:land tln~ury as prl':;cnlt>.d here. Tim wrir .. ,· i:-: t~spedally indcbled to Hoy A. Bailey, 
nl:;:o a cloSt• working companion of mnny yMrs, who has been a most helpful critic. Of the many other n('ologit•:tl Stll"\"('~· l'Olleagni'S who ltn,·e Aided the writf'r·s studir.s spo~eial thnnks are dul' C. A. Anderson and 
1 larry ,V. Smr.des for their constructh·e criticisms. 

EIWPTTO~ A!liH E!IU>I.ACEME~T 

Much could hr. written nhout the emption of pyro
clastic matt>ri:ll!\ that nre «'mplnced as hot. sheetlike hodiP.s and '~hose slow eooling may result in deposits that show striking physical and d1emical differences from the initiaJJy ~n1pted material. However, the main purpose of this report is to discuss the more obvious d1aractc>ri~tics of thr. dP.posits nfter they have r.ot>IPd. It is wl'll rl'cogniY.I'd thnt. tht>l'O dt>posits wr.re, fc>r the most part, emplaced ns hot a\·aland1elike nmss<.>s or particulate flows, m:my if not nll of which 
cont.aine.d hot gas and many of which were aut.oe:xplosive. The nidcnce for flim·age a.c; thP. principal mechanism for emplnc•~ment of tltese deposits hns been cited by many authors; the most. fundamental papers are 
those by Fenner (1928), Marshall (1935) 1 and Gilbert 
(1938). I11 the present report, the basic unit of most 
of these deposits is referred to as an ash flow. 

Ash flows can probably be emplaced at any tempera
ture below a maximum eruption temperature. How
ever, there will be a temperature of emplacement below' 
which no visible physical or chemical changes will take 
place during cooling. This temperature may be re
ferred t.o as the minimum welding temperature and wiJI vary from place to place with changes in the vari
ables tl1at control the lower limit of the softening 
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The presentAtion of bypot11etical diagrams without 
documentation leaves much to be desired. Also much 
of this report may seem academic concerning very 
young and undeformed welded ash flows. However, this study should have practical merit where applied 
to mapping and interpreting problems in highly de· 
formed al'PS. It should also be useful in regions 
where ash-flow sheets from dift'erent sources overlap, 
and in the vicinity of some ore deposits where the geol
ogist must locate relative spatial position within a rock 
body. In the vicinity of most ore deposits, alteration 
of different types will further complicate matters, but 

range of the glass. ¥' 
Nonwelded ash flows are important, hut those em

placed at temperatures above their minimum welding 
temperatures are of greater interest. 

A single ash flow may be the only unit of cooling, or 
two or more ash flows, with or without intercalated 
air- fa]] beds or other partings, may combi.nr'to form 
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ZONES IN WELDED ASH FLOWS 151 

the cooling unit~ A deposit that can bt>. shown to be a 
coolin!/ wn.it in one place, mny by di\·ision horizont.ally, 
become two or more cooling units, separated hy chill 
zones, air-fall pyroclastic rocks, sedimr.ntary deposits, 
erosional unconformities, or lava flows. The writer 
wi11 refer to this complex rock body a.<; thr t'OIIIJIO·•itf! 

~heet. The comph~xities inherent in such a :::clwme are 
infinite nnd the ~eologic implkutinns will lw ohdou;;. 

WELDIXG 

Thl' wcltling process must hegin inmwdiatcly :lftrr 
emplacement if the nsh flow OJ' nny part of it, C•11lles 

to n>.st abO\'e it.s minimum wc.lding tt•mperatur.•. ".eM
in~ continues until it. is complt>te or until thr pro"t'!t'l 
is stopped by cooling nr crysla!lization of the l!l:t~~. 

In the present report \n>lding i!\ bric•fly <lefini'J a.-; 
that process which promot~·s the union o1· t•olw:<ion of 
glassy frngmPnts. The dcgl't't~ of wddin~ m:ty r:tngc 
from incipient stnges mnrked by tlw !:'tiddn~ tow·ther 
or cohesion of glnssy frngmrnt~ at tht>ir points of ron
tnct and "·ithin the softenin~ run:!'' of thl' ~Ia;:,: to 
··omplete welding mnrkl'd h;r t.hc l'olu•!'ion •lf thl' :'llr· 
fares of ~I:L'SSY frng1m~nts u•·••comp:\llit•ol h_y tlwir oh.·f··•r· 
nmtion and the elimination of p•m• ;:p:we, :md JK•rh:tps 
ultimate homogenization of the glass. 

Incipient welding may be rt~cogni7..t>.d in some n~ry 
young and fresh glassy tufTs hy hrittll• rather thnn 
crumbly fracture, although thll rock is ,.e.ry porous. 
However, this criterion is not entirely drpendable be· 
c.ausc other types of induration mny r:mse the rock 
to bn-.nlc in a similar manner. 

'\\'here the distinction bet.,'l'een n<mw••lded nn(l in· 
cipit>.ntly welded tuft' is nCCI'.ssary, tlw boun•tary sh()n)d 
he placed at, or cloAe to, that point where d••formntion 
of glassy fragments bt.>.comt>s visible. Deformation of 
pumiceous fragments and shards is the only posith•e 
criterion of welding in the tuft's which have crystal
lized, particularly in older rocks. 

Incipient welding presumably takes place in most 
welded tuft's before the deformation of glass fragments 
becomes visible, because the deformation accompanying 
welding is related primarily to lithostat.ic load pressure, especially at the lower temperatures. In practice 
the transition between visible deformation and ob'l"i
ous)y nonwelded tuff can be located in most tuft's 
within a few feet or at most a few tens of feet. 

Even the sillars (Fenner, 1948, p. 883), those col
umnar-jointed, largely crystalline, but very porous 
tuft's, which are believed to be indurated by crystalliza
tion rather than by welding (Fenner, 1948, p. 883; 
Jenks and Go1dich, 1966, p. 157), were probably incip
iently welded before they crystallized. Specimens of 

snlmoP and white sillars kindly given to C. S. Ross 
and tlw. writer· h_y Fenner, are inlerpn~tctl by the writer 
to be incipiently welded. Some of the specimens of 
snlmon sillar show practically no crystallization but 
:111~ fir·mly col1erent. They sl1ow slight deformation of 
::hnrds in thin se.ctions and indpient compaction folia
! ion in hand spet·imens. The white sillar, on the other 
h:tnd, i::; comph'u·ly crystalline and could represent. 
snlmon sillnr that has crystnlliZPd in the vapor-phase 
zone of a cooling unit. 

The sillnr-typt! tuffs were probahls emplnced at 
tempc~rature.<; ns high :\s that. of many densely welded 
t ulfs ltut the lo:td prrssun>. within the deposits wn.c; in
!':lltlicient to cause ob\·ious vh:ible deform:ttion of the 
:!l:a~s J.dor't? crystallization (whill• sillnr) or cooling 
J,..J.,w the minimum weldin~ t.mnpl'rnture (salmon sil
!:11') ltt!;!nn. If tlwse tuft's could be trn('.(',d horiz.on
Jally into thida•r coolin~ n11its, th£> degree of welding 
would incro.•.nl"l' ;rrentl~·. 

Till' tmnsition from indpient to <"omplete welding is 
· •111! of pro;r•·e!\Sin' lo1;.c; of por(' !'pac('. accompanied by 
:on inn't':IS(' in d··fonnntiou of th<• ~;hnrds nn<l pmnir.e
ooll:< fm;!mt>nt:-: (pl. 21:1·FL 'flu~ progn~s.c;h·<' flatten
in;r of shnrds n111l purnicc pmducc•s the stren.ky foliate 
:;I ruct nre long known as eutn:xitic structure, '"hich can 
be seen in outcrop, hand specimen, and under the 
microscope. 

In most welded tuft's complete welding is probably 
achieved by !';implc load deformatjon, without stretch
ing of purtidt>!\1 other than thnt llt>CI'.ssnry for locnl 
ael'ommodat.ion to a\·ailable space. Crinkling or crenu
l:ttion nround crystal or rock fragments is common, 
and in many pumi,·.c-rich or inclusion-rich tuffs '"a.vy 
,~maxitic foliation is normal. 

Flattened pumiceous fragments, depending on their 
primary shape, are normally disclike in the plane of 
flattening. However, in some tuft's, usually in the 
lower part of the cooling unit, the fragments are elon
gate rather thnn disclike and show a preferred orienta
tion. In most such examples probably some mass flow
age has taken plac.e in the sheet during welding. In 
"·elded tuft's of this kind observed by the writer, the 
stretching could have been accomplished by mass move
ment of from le.c;s than a few inches to a maximum of 
a few feet. Such mass flowage might he related to 
buried topography, earth movements during welding, 
or other factors, and more rarely, might be of greater• 
magnitude. 

CRYSTALLIZATION 

Crystallization of the glass to.ke.c; place in many ash 
flows subsequent to, or perhaps in part synchronous ., 

~~; .J. •• 

It 

4· 
8 
8 
I 
') 
.. 
7 



152 SHORTER CONTRIB1ITIONS TO GENERAL GEOLOGY 

with, the welding proet'SS. Physic.ally and (or) chemi.;,;·-;-.y different environments within the cooling unit. 
~ gh·e rise t.o different. typt>.s of crystallization. 

These may, depending on the degl'('.e of their develop
ment, be rec.ognized as distinct., although m•rrlapping, 
entitit>.s, and together with the degree of welding, can 
be potential guide.s to relative position within a de.
posit. 

Yapor·pluUJl'. r·ry8tallization.-The growtl1 of crys
tnls, from a Yapor phase, in pore spact>.s. Vapor-phase .. 
crystallization is, in general, a coarser grained crystkl
lization than devitrification, and is commonly manifest 
in the porous uprx~r parts of welded ash flows where 
it is rontcmporary with, or follows, devitrification. In 
rhyolitic ash flows the predominant vapor-phase min
t>rals nrc alkalic ft•ltlspal·, tr-idymite, and crist.obalite. 

Three principal categories of crystallization which 
m:ty take pln.oo during cooling are recognize.d by the 
writ.er. In order of frequency of oc.currt'nce, these aw 
de,·itrification, ,·apor-phn.se crystallization, and grano
phyric cr:ystallization. Throughout the report the term 
"<'.ooling·history crystallization" refers to t.he.se three 
types, and to fumarolic alteration unlE-ss ot.lwrwiso spe
cified. The prindpal cat.egorit>."' of cooling·history 
crystallization nlllY be defined as follows: 

Dc·vitrifir.ali<>n.-Crystallization of glass to form 
spherulitic nnd nxiolitic intcrgrowlhs nnd :tg-greg:ues, 
chiefly of cristohalitc and ft>.ldspar. This nystnlliza
tion is confinrd within glass fmgmt'nl8 or nms.o;in' 
gln.c;s. It is common to nil <'ry~tnllizPtl l'iJi,·ic. wpldcd 
tuft'!. 

Granophyric r.ry.~talli2ation.--In silicic welded tuft's 
grnnoph_yric crystallization is charach~rized. by ground
mas.<; quartz intt>rgrown with, or as blebs associated 
with, alkalic felclspu.r und minor ttccessory minerals. 
The :•::gT\~gah' shows granophyric or micrographic tex
tures similar t.o those shown by many slowly c.ooled 
.-J,yolitic flo"·;;, clonll~s, and shallow intrusive rocks. 

G mnophyrit~ t·r~·stallizat ion ( 'lunrt.z) has never been 
;;~":ell bv the wrih~r in fresh unaltered welded tuft's that 
were j,.l>S than about. 600 foot. thick. However, many 
olcirr dt'))(>8its and ultimately nil dt>posits will probably 
•:ontain quartz ns the groundmass silica mineral, 
throu!!h \~onwr.>ion of eritob:tlih~ nnd t.,·idvmit.e. 

A fourth eafl~gory of ·~oolin~-history c;ystallization 
or. prohahly lli<ITI' )H-eriSt·l~·, nltemti<>n, should he rec-

t::XPLASATitlll OF Pl •. ,Tt: 2t 

ZONES OF :'\0 WEI.J>I:"G. P:\H.TIAL WEJ.OI:-;G, A:o<D DE:-\l'E WELJ>I:"(i, A:"D TIIEIH AI>PROXI:\tATl;; 
CRYSTAJ.I.HH: EQ\JJV Al.E~TS 

Spec:imt:l\8 A-/<' 11huw traneition from :r ... nr. of no welding to zone of d~>nst.• Wf'lding. ~Jwc·imens 0-1.. Rhow approximate cryBtalllne 
equivalents In zones of partial welding nnd <irnse welding. A-E, from Battleship Hock, .Jt'fncz ~pringM quudranglt•; a-1, frorn the 

L . ndelie.r rhyolite tuff (Smith, 1938), Jemez Mountains. N. M~x. 

Zone of no \\"f'iding. Pumice blnr.k>~alld l:~pilli in an 11neon- Tlu• pt~mi.,r-tuho• ~lrurt.ure i~. w .. n ,. .. ,.,.,.n·ecl. Approxi-
solidAtcd uhy 111:1trlx. Rorne A«ocidentnl rol:k fragment.!. llllltc crystallim: "f!Uh-nlc•nt to U. V<!ry l!imilar, exc.•pt. 

B. Zone of partial welding (upper part of uppo•r zone). Shows for frngml'nt si7.t', to white ~illnr d!!!ICrit><ld by Fenner. 
incipient eornpnclion folinti<Jn. Fractorre t.nk<l8 place II. Vnpor-pha.'ll' 7.011\! (IIJlprr ZOIW or partl:d wdding). Com-
through, rstlwr than amund pumice fragrnent.s. Mntrix p:u:lion fnli:lt.iun W•!ll clt•\'c•loptod. l'urnit'l!-tuhe structure 
aah more gray than In A. not as """II prr!<••n·cd in thi01 p1nnc, but vP.ry obvious in 

C. Zone of partial welding (upper zone). Compaction foliation the planr of flntt.rning. Approximate crystalline equlva-
well developed, pumioe fragments darker with less pore lent. t<) C. 
space and more vitreous luster than In R. l~y contrut, /. Devitrified zone (zone of dense ""elding). Some collapsed 
the uby matrix et.ill hM a dulllueter and hackly fracture. pumice fragm1,nt.s visible. In thin section this specimen 

D. Zone of partial "'elding Oower part of upper zone). Col- shows eonnc axiolitlc devitrificAtion. 
lapsed purnice lenticles and matri:x &l!h have vitreoue luster J. De,·itrified wnr. ncar base (zone of dell!le welding). Fine-
and conchoidal fracture although pore spar.«l ia still about. grained dcvitrificntion of a dense black glaas. Only faint 
20 percent. traees of original pyroclut.ic character preserved in hand 

B. Zone of partiAl we.lding (near transition to zone of dcnl!C specimen. Pcrfer.t preservat-ion of shards and flattened 
welding). Collapsed pumice lenticles obsidian! ike without pumice fragmcmt.s in t.lrin section. Crystalline equivalent 
pores alt.houRh traces of former vt>.siclcll cnn 11till be seen to F. Matahinn a.~h flow, Rongit.&iki Gorge, North Island, 
in thin 11eetlon. Nt>w Zealand. Collected hy R A. HA-lley. 

F. Zone of d•·nse welding. Pt•nse hlnck oh~idianlike glllMI or K. Sp .. cirncn ~howiup; the ,,lf,lct of f!;ll!l trnpped during welding . 
. virtually &ero porot~ity. Colla~ed pumice fragments only The rock hclon~!!' in the r.one of dense welding hu~ the 

faintly ,·il!ihle in hand aptcimcn. Their boundaries are collapsed purnioe fragments arc miarolitic and coa111ely 
vieible in thin section but formrr Vtll!icular structufel\ have crystalline. From tim lower part. or F.:nlows' (1965) mem-
been pnrt.ly to eonrplct.ely hornol(<miz(•d hy "·cl•ting. From l~e•r 6, Rhyolit.c.• CL nyon formation, Bonita Crmyon, Chiri-
km 153, Taxco Highway, C\'ntrat Mexico. Collect-l'.d hy c:ahua National ~lonumenl, Ariz. 
Carl Frlee, Jr. L. Lithophysal cnvitirs in the devitrificd zone of dense welding. 

G. Vapor-phnae ~one (upper pnrt. of upper zone of partial Thie rock is cnrnpO!\ed of fine-grained pyroclastic materiala 
welding). Slight compaction foliation; completely devitri- which probably caused lithophysae to form lnatead of 
Bed. Pumice frogmcnts cryHtallized into dru11y growths miarolitic cnvilic!l' in pumic1! fragmtm~. !~rom the Ammon 
of trldymit~ and alkalic fdd~por and ~;orne cri~<t-ohulite. quadrangl1•, Jclaho. -.,T 

'·'' .. ; .·.. . . · ..... . _;.,~:-: ... ~" . 

• 

.. 



PLATE21 

.-

t. 

.~ 



.. 

L I 

.· 

...... , ... ~ :!1 



• 
I 
I 

0 

PROFESSIONAl, PAPER 3114 PLATE 21 



... 

ZONES IN WELDED ASH FLOWS 153 
ogni:z.ahle in n1any deposits. This little-studied and the individual major zones. All zone boundaries are 

., ~erally unrecognized (in older deposits} process is transitional, some more abruptly than others. In gen

.., unarolic alteration. Some geologists may argue tl1at era) tlle boundaries of the basal zones are more sharply 
"1his process is not basically different from "apor-phase defined than those of the upper zones. 
crystallization, but the products are notably different The ordered sequence of overlapping zones is best 
and, generally belong to lower tempemture and pres- l'isualized by exumining first the zones formed during 
sure environments. the welding process without crystallization upon cool-

Devitrification of the glass after initial ('Ooling, and ing. If welding proceeds to completion in any part of 
other forms of low-grade alteration Med much discus- an ash flow, three distinct zones will be formed. These 
sion, but these should be considered in well-documented nrc the zone ofM welding, the zone of pa.rtial welding, 
papers. Correct interpretation of cooling-history proc- and the 2one of driiJJt! welding (pl. 20 A,B). The 
es56S is obstructed by post-cooling-history, hydt·ation, Y1pJ1er zones of no welding and partial welding will be 
devitrification or other alteration of glas..<;, oxidation separnt.E>d from rhe lou:er zones of no' we.lding and par
of iron, and conl'ersion of tridymite and crist.obalite tial welding by the zone of dense welding. Where 
to opal, chnlcAJdony, or quartz, and related processes. suiTieicnt lateral thinning of tl1e ash Bow occurs, such 
Some of these processes take place during ns wdl II!:' a:-; the normal distal ends and margins, points will be 
after cooling, and the knowledge nect>.•;~mry to ah"ays t-cadu~d where tl1e upper and lower zones of partial 
distinguish between the two has not yet been nrquircd. wcldiu~r "·ill merge nnd grade into the nonwelded 
In PleistoCE'ne and Recent rocks the prohlt>ms nt·e mi- mantle of the deposit. 
nor or nonexistent, but in some l'lioCE'ne nnd in most This simph~ pattern of zones is illustrated in plate 
Miocell(' n nd olcler formations many physka 1 nnd :?OA n nd lJ. Plate 208 shows t.he zonal relations in a.n 
chemical propertit-.s of the rock!! Sl'..ern t~> hn,,e been PXft-cn•ely hot. nnd moderately thin llSh flow "'hen}&S
affl'Cted by processes that occurred after cooliuJ!. Depth plate 20.-1 E<hnwl'! the zonal relnt.ions in a thic.kc>.x ash 
of burial and ground-water conditions nre rxr ITmely llow t•mplnc-~.•d at much lower tempemture. Plat.e 208 
important factors. Many geologists consider these al- nlso shows an additional zone which representS an 
tt"red rocks to be fresh and unaltered. •!:nly stage of crystallization. This additional zone in 

These alteration effects are oft.en of regional extent no way aft'ect.s the comparison of the other zones illus
and can best be interpreted as low-grade metamorphic lrated in plate 20A and B. An ash Bow emplaced at a 
reactions. tempP-rature too low for welding is not shown, but is 

• mE ZONES l'I.'.J>rt'.sented by the nonwelded mantle (pl. 20.4.). All 
~ All ash ftows in which welding or crystalliz.:\tion trunsitions bet""l'.l'.n this low-temperatura extreme and 

have taken place show zonal va1·iations in texture, the hot, densely welded type shown in plate 20B cn.n 
color, or other features. These variations are dt-pend- oel:llr. Howt".ver, as temperature and thickness are 
ent upon such factors as temperature, thickness of the increased toget.he.r, a point will be reached where crys
deposit, composition of the ash, amount and composi- tnllizntion begins; thus the type of tuff illustrated in 
tion of volatile constituents, and the ratio of pumice plate 20B can never reach great thickness and remain 
fragments to shards. glassy throughout during cooling. 

Any system that includes several variables where Tht-. glass of densely welded tuff that is of the order 
one variable ca.n change the entire appearance of a rock of tJ1ickness shown in plate 20.A and B will probably 
body, or any part of it, is a very flexible system, nnd be charged with spherulites or lithophysae or both, 
must be treated as such. The chance that two or more although these may vary in number and character with 
welded ash flows wiD show no differences as a whole the initial gas content. 
is extremely slight. On the other hand, the close simi- Crystallization usually follows, but may in part, a.e
Jarities that commonly exist between some weldef ash ~ompany the welding process. This crystallization 
flows may be confusing and it may be impossible to may occur in a narrow zone confined to the deep inf&. 
distinguish between their equivalent zonal facies. Dif- rior of the cooling unit or as a broad zone wl1ich may 
ferentiation may then be dependent upon detailed pet- overlap, horizontnlJy at least, all other zones formed 
rographie st.udies of phenocrystic minerals coupled during welding. All transitions between the two ex- ~ 
with careful field study. · tremes may occur. 

The zones shown in plate 20 are those which can be The character of crystallization is strongly inftu-
easily recognized or inferred in the field. Recognition enced by the degree of welding of that part of the tuf 
of minor zones depends on the microscopic study; they upon which it is superimposed, the rate of cooling of 
are briefly mentioned in the follmving discussions of the ash flow, and the amount and composition of vola-..,. 
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154 SHORTER CONTRIBUTIONS TO GENERAL GEOLOGY 

tile materials that it contains. Differences in character 
of crystallization, then, add another set of zones con
trolled in part by the zones already formt>.d during 
welding, and in part by other factors. 

ZONE OF NO WELDING 

The sone of M welding is that part of an ash flow 
in which no welding has taken pine~~ (pl. 21.:1). This 
zone may comprise the entire nsh flo,~ or only a sm:Lll 
part. Most single ash-flow cooling units have a non
welded top and bottom (pl. 20A), although in some of 
the very hot flows the nonwelded bottom may not. be 
present under the en th-e sl1eet (pl. '201J nml C). In 
these l"ery hot. nsh flows densely or pnrtly wt>lded tuff 
may extend to the b:tse of the unit, e!'peciall)· nt'ar the 
source anm.. 

The nonwelded zone wiiJ probably contain some in
cipiently welded tuff, especially in the crystalline units, 
because as mentioned on page 151, tht' only prncti<':ll 
way to )ocate the zone boundary is by me~ascopic d('
tection of deformation or compaction foliation. Incip
ient welding occurs at some point lx•fm-c this. 

The nonwe]ded zone is commonly the least spectn<"U· 
Jar part of a welded ash flow, but is probably the most 
important zone because it is the only one that shows 
the original character of the erupted materials. Its 
preservation is necessary to eu<-h measuremenLc; as ini
tial density and porosity, size analyses, and to the 
natwe of the primary glass. For the most. nccnrat.e 
characterization of the magma, cltemical analyses 
should be made of pumice from this zone (pl. 21A.), 
providing that the rocks are fresh and the pumice is 
not foreign ma~ria.I. Most middle to early Tertiary 
and apparently all known pre-Cretaceous B!'ih-flo''" tuft's 
show some alteration in this zone beyond simple hydra
tion of the glass a.nd are not too helpful in understand
ing the chemistry of the primary magma. 

ZONE OP PARTIAL WELDING 

The ~ of partial welding includes all material 
ranging from that which shows incipient welding to 
that which has lost virtually all its pore space (pl. 
218-E). This zone shows a grea~r diversity of tex
tures than a.ny of the other zones because of the wide 
ra.nge in porosity and degree of deformation of its 
glassy pa.rts. The boundary between the zones of par
tial and dense welding is discussed below. 

Further subdivision of the zone might have practical 
application in some welded ash flows. For example, 
a measure of the degree of collapse of pumice frag
ments can be an important factor in determining the 
relath·e vertical position of material in the sheet. 

In some cooling units the upper zone of partial weld
ing may extend horizontally for many miles without 
much apparent. change in thickness as long as it is 
underlain by a zone of dense welding. 

The zone of pnrt.ial 'velding is best developed in 
colder ash flows (pl. 20A) nnd is poorly developed in 
,·ery J10t nsh flows (pl. 20B). 'fhe thickness of this 
zone i!; thcn•fore, in n j!enernl wny, an index of the 
emplacement tempernt.ure of tlu~ ash flows. 

ZONE OF DENSE WELDING 

Ideally l11e zon<~ of deme ·wcl.ding should be defined 
n:> that 7.01ltl in which complete coalescence of the glassy 
frap;lllt'JJts h:ts rcsuJted in the eJimination of all pore 
!"pace. A dense hlnck glass or ,·it rophyre is the normal 
pro<lu<'t of this process (pl. 21F). Actually it "'·ill be 
a rare wr.lded tuff that is completely pore free, exclu
l'i,·e of the vitrophyre. zone in some sheets, becnuse of 
proc{!SSP.S other than welding thnt he.lp determine the 
final clJnracler of the rock. Entrapped or exsolved 
g-as, for example., causing the formation of lilhophysal 
(pl. 2ll) or other types of <:avitit·s, mny inhibit com
plete loss of pore space in this zone during welding. 
Howe\·er, in the groundmass surrounding these porous 
areas, complete welding of tl1e shards will show that 
the rock is in the zone of dense 'velding. The bound-·· 
ary between the zone of dense welding and the up'Per 
zone of partial welding marks a plane below which the 
rock is pore fre.e, or potentially pore free were it not 
for entrapped gas, and abol'e which the rock would 
be porous, with or l\·ithout gas entrapment. Cryst.al
lizntion of n pore-free glass may result in a slightly 
porous rock. All these factors must be considered in 
distinguishing the zone of dense welding from the zone 
of partial welding. 

If the welded tuft' remains glassy upon cooling, all 
the zones and zonal transitions are generally well de
fined and simple, although in the simple cooling units 
the transitions above the zone of dense welding are lees 
sharply defined than those below. However, when 
crysta1Jization takes place, the upper transitions may 
become obscure, and the exact location of the zone 
boundaries in some sheets will be largely subjective, 
particularly in crystal~rich quartz latites and rhyo
dacite&. 

The transition from partial to d'3nse welding in 
glassy welded tuB's is best shown by changes in the .
pumice :fragments present. in most ash flows. In fresh 
rocks and those tl1at have had a simple cooling history, 
the pumiceous fragments and blocks change by de
CI'{'asing porosity and a general darkening of color 
until they become black .and obsidianlike (pl.~-F). 
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ZONES IN WELDED ASH FLOWS 155 

The darkening of the pumiceous fragments ·precedes 
• tl1e darkening of the shnrdy matrix. For fidd pur
"l. oses the end stage of the welding process is a dense 

',, t>lack glass in which the pumiceous fragments and the 
matrix are megnscopically indistinguishable .. 

('_,omplcte welding is not achieved until the pumir.c
ous fragments, shards, and glm;s dust are homoge
nized; all gmin boundaries disappear nnd, <~.xdush·e 
of crystals and inclusions, a completely homogenous 
gl:tss is formed. This zone of lwmogcnization can only 
hP. prol·en by micro..~..opic study in conjunction with 
field study, and willlx>. found only rarely, probably for 
the following rem;ons: (a) In ash flows initially thin 
enough o1· cold enough to remain uncrystallized after 
cooling, temperntures and pres.~ure.c; high enough to 
(':mse homogenization of the glass particles nn~ rare; 
(b) in truck cooling units where o. zone of complete 
homogenizatiop might occur, this zone will likely crys
tollize on cooling and may he indistinguishable from 
nonhomogenizcd welded tuff whose vitrocl:tstic struc
ture has boon obliterated by crystallization. Partial 
homogenizntion of tube struchu«>s in pmniro frag
ments is common in some glassy w!!lderl tufTs hut com
ple.te hornogt~nizntion is ran!. Tulm structures refer 
to tubular ve.o;icles which nre more common than spher
ical vesicles in pumice from tuffs of silicic composition. 
Thel!le tubes are sometimes so fine that t.hey present a 
fibrous appearance and cause the pumice to have a 
silky luster. The writer ho.s never soon complete ob-

•. 1iteration of shard boundaries in glassy rocks but it 
~dll no doubt be found, nnd it is for this reason that 

the point of homogenization is emphasized. 
The vitrophyre zone generally shows a transition 

downward through a partly welded zone to a non
welded base '~hich may range. from almost zero to 
many feet in thiclmess. Howe\'l~r, some flows were em
placed at such high temperature tlmt the vitrophyre 
zone extends to the base of the cooling unit and, in 
some vertical sections, may extend below the base of 
the unit as a fused zone in underlying glassy pyro
clastic deposits (pl. 20D). This fused selvage will 
probably never be more than a few fl'.et thick. If the 
underlying material is bedded ash, the bedding may 
still be preserved in the vitrophyre. An excellent 
example of this basal fusion ho.s been described by 
Boyd.• 

The vitrophyre zone (pl. 200 and D) is often the 
most useful part of a cooling unit for mapping pur
poses, especially in complexly faulted rocks, as it pro
vides a useful marker unit. 

• lle7d. F. Jl., 111r>7, Oeolo17 ot the Tellow&tooe rbrollte pldeaa: 
Pll. D. theoll. Harnrd UotY~ 18t p. 

ZONES OF CRYSTAI.LIZ.ATlOH 

A_ l:uge proportion of ·welded ash flows have crys
talhzl'd to some degree upon cooling. Crystallization 
may Le incipient. or intensely pervasive. Incipient 
crystallization mny be marked hy growths of minute 
spherulitt'.S in th<\ zone of d1~11se. \Yelding, or by the 
presrnce of Ynpor-phnse or fnmarolic minerals in scat
ten~d iine-gmined growths in 1 he uppl'r porous zones. 
Crystallization mny also be so cxtensi"e throughout the 
c~oling unit thnt only a ~·ery thin chilloo bnse, top, and 
~1stal l't~d o~ th~ unit wlll remain glnssy ufter cooling. 
CQ·!'talhzatwn mmost wdd(•d nsl1 flows wiU fall some
where betwl'cn the two extremes (pl. 200). 

Dc\'itrificntion is thr. most common crystnllizntion 
proc••ss nnd in most cooling units the products of de
Yitrifkntion will he pr~nt throughout the entire crys
talline zone. HoweV('r, in some porous rocks these 
product~ w.ill hP subordin.nte to those of vnpor·phase 
crys1alhzat1on because of mtense \'apor-phase a.cth•ity. 

In rhyolitic tuffs, devitrifk.ation consists of the si
multaneous ('.rystallization of rristobnlite and alkalic 
fddsp:u· to fnrm submiero!;copic sphe.rulitic and nxio
lit.i<! intergrowths of tht'sc minernls plus minor acces
sory minemls. This de,·itr·ificntion process is confined 
wit11in shards or glnss masses, whereas crystallization 
by growth of crystals into porn spnces is a difFerent 
process re.latcd to the movement of vapors o.nd transfer 
o_f m.aterial. Without pore space, vapor-phase crystal
hzahon cannot take place. Thus in densely welded 
t~il' _tJmt .has ?1ot entrap~ed large quantities of gas,·de
\'ltnficntlon 1s the dommnnt nnd commonly the only.. 
process of rrystnllization. For this renson tl1e writer 
refers to the crystallized pnrt of the zone of' dense 
welding as the devitrified zone (pl. 211 and J). The 
crystalline }lorous zone is referred to as the 'IJapor
phase .eOM (pl. 210 and H), if it contains crystal 
growths in the pore spaces, or if it is probable that 
it had crystal growths in the pore spaces. 

The ideal boundary between that part of the zone 
of devitrification that contains the vapor-phase zone, 
and that part in which the vapor phase does not occur 
is the boundary between the zone of dense welding a.nd 
the upper zone of partial welding (pl. 200). The 
abrupt appearance of the lower boundary of the vapor
phase zone will depend on the sharpness of transition 
between the glassy zones before crystallization. In 
some tuffs this transition may take place within a few _ 
feet., '~hereas in others it may be so broad that it may • 
be difficult to detect at all. 

Some of the features that may mark this transition 
are: (a) The upward appearance of 7apor-phase min
erals; (b) a ''isible upward increase in porosity; (c) ..,. 
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156 SHORTER CO~TIUDUTIONS TO GENERAL GEOLOGY 

a downward change in color or shading of color from 
light to dark; (d) a downward change from coarse to 
fine joint spacing; and (e) t11e zone of dense welding 
is usualJy a better clitr fonne.r in crysta11ine tuft's. 

Curves deri~ed from density or porosity measure· 
ments of vertical sections of simple cooling units may 
sometimes show that a porosity gradient exists in the 
zone of dense welding. Ideally the porosity of a Yerti
ca) section of a cooling unit should show no change in 
the zone of dense welding. However, the ideal is not 
usually achieved except in the vitrophyre zone or in 
the basal part of some devit.rified zones. Thus in some 
cooling units, there is a slight, pcrl1aps irregular, but 
steady increase in porosity upward from n point near 
the ba.<10 of the devitrified zone to the top of the zon~ of 
dense welding. Above this point. tht! porosity incre.nse.s 
more rapidly and the transition is marked on porosit~ 
cur>es by a change in slope of the curve. The writer 
suggests thnt where this poro.c;ity gradient. d()(>.s e.xist 
in the zone of dense welding, it reflects a lithnst.ntic 
pressure gradient, but«>.xists owing to the direct or in
din>et effects of entrapped ~?liS that ac.ted n~ :1 d~terrcnt 
to uniform completion of the> wdding process. 

Thick hot gas-rich ash flows mny wr.Jd so fast thnt 
gas is entrapped throughout. all but n relatively thin 
basal zone. Pumice fragments commonly serve as loci 
for the entrapped gas, and cryst.allizat.ion of these 
gh•es rise to stre.aky eutaxitic folia, some of which nre 
cavernous and more coarsely crystalline than the 
densely weldoo ~roundmRSS shards Fm·rounding them 
(pl. 21K). lTnles.c; the.se tuffs are very young and 
fresh, it may be diflknlt. or imprn;.c;ible to differentiate 
between the \·apor·phase crystallization around the 
f'.ntrapped-gns caviti«>.s and the true continuous vapor
phase zone above the zone of dense welding. Thus in 
some ash-flow cooling units recognition of the Yapor
phase :zone may be of questionable importance. How
ever, in others differentiation of. the vnpor·phnze zone, 
from vapor-phase crystallization in lenticular or Iitho
physal cavities in the zone of dense welding, may be 
highly important for the following reasons: (a) Stra
tigraphic significance; (b) petrologic and mineralogic 
interest; (c) because this zone is one of active rising 
vapors and it is here that changes may take place in 
chemical composition due to vapor-phase transfer of 
materials. Preliminary investigations indicate tJ1at 
apprer..iable r.hemica1 differences (in both major and 
minor elements) may be found between this and other 
JODea. 

Mafic phenocrysts, especial1y biotite, hornblende, and 
orthopyroxene, are commonly in part or 'vholly de
stroyed by the crystallization processes. Their fonner 
presence may be confinned by the distribution of 

opaque oxidc.s, relicts, and their existence in the vitric 
zones. ln ertreme examples a new generation of mafic 
minerals may be formed (biotite, amphibole, fayalite, 
and others). 

ln fresh rhyolitic rocks the nppenrancc of t.ridymite 
with drusy feldspar usually indicates the presence of 
a "apor-pl1ase zone (pl. 210 and //). Commonly 
these c:rystal drnses nre localizt:d in pumice fragments 
and show varying deg·rer.s of lenticularit.y depending 
on the amount of flattening of the pumice frn.gment 
during welding. The former pumice.tube structures 
are often pn'&'ITC(l in these crystJtl ug-gregates and cnn 
lw. 8('('11 in thP tit•ld hy the mmidr.d rye. In older or 
lrss ft·t>sh roc'ks (midole Tertiary nnd older) thrse 
nlput·-ph:l...c;e cr,rst als haw t•mmnonly been replaced by 
opal, chnlcedony. c]U:II'Iz or other minernl11 nnd their 
ori;.!inal strnct ure may no lonw.r be n•cognizable. 

Tlw writer hclirn~s that. mo.c;t. of the groundmass 
qu:u'lz that is sc•rn in some welded tuffs is probably 
~~·c:Qntl:u~·, h:n·ing formed throu~h thr. conv~rsion of 
t~ristolmlill' or tri.J~·Illil~ lty diagem•lic or low-grade 
metnnlCirphic proc~I'~"~>S. Ilowf'\'t\r1 snm~t imrs quurl7.. 
is S(~Pn dt•cp in tin• interior of the devitrificcl 7.0ne of 
n~ry thick ash-flow ·~ooling units, where it is probably 
primary in the sen$ that it formed during the cooling 
histor·y of the cooling unit. The te.xtures formed are 
similar to those seen in granophyric rocks. Conditions 
might exist within very hot. thick ash flows where 
qunrtz '~ould form in preference to cristohalit.e ns t.IJe 
~roundmnss silic ... -. mineral, or enrly forml•.d c.ristol;lalit.c 
might be r..onn~rtecl to C)llnrtz durin~ later st.Rgt'S of 
cooling. This would gh·e rise to a zone of grafi.O
phyrir. crylltnllization Sl\f>nrntin,:t the de\'ilrified zone 
int.o upper and ]ower parts. 

Poor pre.sen·at ion or complete obliteration of vitro
clastic textur«>,s might be expected in very thick cooling 
units. Severa] variables are involved hence tho mini
mum thickness of tuft' necessary for the formation of 
this zone is problematical. The writer has never seen 
what he would interpret to be primary groundmass 
quartz in any welded tuft' unit less than about 600 feet 
thick. 

Speculation on tl1e probable nature of a very hot 
gas-rich cooling unit that is 2,000 feet or more thick 
seems warranted. No dOtibt thicknes.c;e.c; of this mag
nitude will be found. Welding would be almost in
stn.ntaneous throughout most of t.he sheet and much 
gas would be entrapped. Slow cooling could be ex
pected and a long stage of deuteric activity would pro
duce a granophyric groundmass in which former pyro
clastic textures could be completely destroyed. 

Without exccl1ent exposure.s to reveal the contact · 
relations, such a rock body could easily be int~eted 
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ZONES IN WELDED ASH FLOWS 157 
as an intrusive mass. Even the contacts might be ex

.. ,. pected to show injection phlmomena. Some ash flows a.."" are hot enough to cause fusion of underlying glassy 
ash or to weld almost completely against low porosity 
rocks that are relatively fast heat conductors. Such 
welded material under high load could inject. craC".ks 
and cre\·ices. Crysta11iznt.ion might nlso extend to the 
hase of such a rock body. The zone of ;;rnuophyric 
crystallization might then occupy a large proportion of 
t.he cooling unit. 

Any ash' flow that. contAins hot l!:ll' or is empln\'.ed 
at. a temperature high enough t.o crystallize on cooling 
should gh•e off gas at its surface. The nmount, c:om
posit.ion, and temperature of this gas, along with other 
factors, will determine the degree of alteration of tlll' 
surfnce nnd upper parts of the deposit including joint 
cra.cks. By this reasoning, and by a!Jillogy with historic· 
ash-flow deposits such as t.he Valley of Ten Thousnncl 
Smokes (ZiP.s, 1929, p. 1-79) and the Komagntake 
df'posits (Kozu, 1934, p. 16.1--174), mnny nsh flows 
should show s zone of fumarolic alteration transit ionnl 
l'.·ith the Yapor-phnse zone nnd with, Jl<'l'hnps, mol'\• 
intense altt>ration loc.ali1..ed by dt>~p joints. Surfnc~ 
sublimates and !!Orne nenr-surface alteration products 
are probably rapidly reworked by water entering the 
deposits. Some are no doubt )'{>.moved entirely, but 
others are probably lodged in the soft tops of the cool-
ing units. . 

"Where these ash-flow tops are pre..<;t~n·ed in rocks of 
- ilicic composition, pale but dPcidedly vnril'gutc.>d colur ... "''patterns may indicate the presenc{! of fonm•r fumnroli~· 

activity. These color pat.ten1s arc in contrast to the 
uniform c.halky white, gray, pink, lavendnr, red, brown, 
or purplish groundmass colors of the vnpor-phase zone. 
Mild fumarolic alteration Juu; been recognized in pre
historic deposits by Gilbert (1938, p. 1851--1854) 1 Wil
liams (1942, p. 86-87), and Mackin (1952, p. 1337-
1388). 

COOLING UNIT 

Unimpeded cooling of ash flows emplaced above the 
minimum welding temperature results in a deposit that 
shows a pattern of zones resembling closely (a) plate 
20.4, B, or 0; (b) some intermediate stage between t.he 
diagrams; or (c) a vertical segment of these diagrams 
or intermediate stages. Such deposits may be called 
nmpl~ cooling unltl. Multiple flow units may also 
form a simple cooling unit prol·ide.d thl'y are emplaCR.d 
in such rapid Sl.t\'cession that tl1ere is no hiatus in cool
ing which eannot be bridged by successive flows (pl. 
20D). 

In a given ,·ertical section of a simple cooling unit 
it may be impossible to di_stinguish between flow units, 
anfl the rec.ognition of partings be.t:v;(l('n tll<'m mny onl~· 

be possible h<'cause of hori:oontal changes in the sheeL 
Partings that exist in the non welded and partly welded 
zones will probably be easily seen. Holvever, those oc
curring in the densely '"elded zon('., especially after 
crystnlli:z.ation, mny be inYisible for many miles, de
pt>nding on the characteristics of the partings. 

Partings het.we.en succcssh·e ash flows within a single 
cooling unit may be mark~d by the following: (a) 
Concentrations of Jump pumice; (b) fine- to ooarse
Leddf'd air-fnH a~h, lnpilli, or blocks; (c) bedded ash 
from a reworking of the surface of the nsh flow by 
wind or "'ater; and (d) minor erosional nnc~mformi
ties. In the abso•ncc of these criteria, t.he ash flows may 
in plaCR.s be distinguished on the basis of abrupt 
C"hnnges in their physic.al or chemiCA.} makeup. Such 
properties as grain size, phenocryst ratios, d1emica1 or 
mineralogicnl compo~it.ion~ color and inl·lusions should 
he considel't'd. In some densely weldeli tuffs where 
partings betwel'll nsh flows are obscut't', prefc•r·ential 
Wl'nther·in~ or sli~hl il'l'eJ!ulnrities in dcn,o.ity or poros
ity nmr su~f.!C$1 thrir pn-srncc. Any, all, or nnne of 
the·~ hi;rhl~· \':ll'i;lhll• fnr1m~ may be si;!nilic:mt in n 
:-implc ,·oolin~ unit. 

PronouJH'..t~cl dl'vintions in the pattern of zones as 
outlinecl for simple cooling units seem to indicate 
breaks in the cooling history of gil'cn cooling units and 
suggest compound cooling. The54.' com]lO!tnd cooling 
1mil8 ran show infinite ,-nl'iation lwtw••••n l'implr •:ool
ing units nnd sepnrntP. coolin,:t units. In other words, 
n simple \'.ooling unit mn~·, hy hnrizont:tl grnd:tt.ion, 
IK't'Ollll.' a <"ompountl cooling unit whic:h, in tm·n, ~~:\~'· 
~mde into two m· more f:imple or. compound <;_ooling 
units. 

A few of the more oL\'ious ft>ntut't's tlmt su~-tf!CSt 
•:ompound cooling are: (a) Reversal of relnth·e thick
ness of upper and lower zone of pnrtial wt>lding; (b) 
extensil"e development of ''npor-phase zone belo'v a 
de,·itrified zone of dense welding with a transitional 
contact between the two zones; (c) basal nonwclded 
zone which is m~tny times thicker than overlying 
?.ones; (d) visible rel"ersals in density or porosity 
within t.he zones of "·e.lding exclusive of those related 
to differing mineral facies; (e) extensive development 
of colum~ar joints below a zone of dense welding. 

Some of the factors contributing to compound cool
ing are: (a) Unequ:\1 areal distribution of indh;dual ash flows; (b) degree of de,•elopment. of some of the • 
phenomena which cnuse the partings listed nhove; 
(c) succes.c;h·e emplacement of osh flows of radically 
different tempcrnturt>s; and (d) periodicity of erup
tions. 

The cooling unit, either simple or compound, is prob
nhly the log:knl mnp unit in most unmetnmc.phosed 
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rocks. It if< a closely limited time unit as well IL" a 
genetic rock unit. Distinguishing between indi,·illunl 
ftow units is generalJy not practical and is impossible 
in many situations. In many areas, mapping of at 
least the more spectacular zones of the cooling uni1 is 
practical, and in detailed studies, rL>eognition and map· 
ping of the zones as integral parts of a unit may help 
soh·e many problems of structure and stratigraphy. 

COMPOSITE SHEET 

.\hypothetical unit, the compoaitc lfheet, is discussr.d 
because its existence seems inevitable now that many 
of the dh·erse characteristics of the cooling units are 
known. The writer has examined ash-flow deposits 
which can be explained only on the assumption that 
they are part of a unit of higher rank than the cooling 
units. The evidence consists of observed horizontal 
change of compound cooling units into Sl.'.parate cooling 
units. Titat is, the composite sheet is composed of 
cooling units that may range horizontally through nn,y 
or e\'"ery stage from a single· or multiple-flow simplt~ 
<'OOling unit, multiple-flow compnunol rl)olinl!" uuil. In 

cooling unit.s that are separated by erosional uu..:on· 
formities, other volcanic or sedimentary deposits, or 
local hiatuses in time sufficient to altow cooling of one 
unit before another is emplaced on top of it. Detailed 
mapping for documentation of this concept is neces
&al")'. 

At any given time during its emplacement cycle the 
oomposite sheet is visualized li.S undergoing continuous 
cooling throughout some of its fe,v tens t.o f~w thou
sands of square miles of area. The merging or overlap 
of composite sheets or cooling units from different 
source areas would give rise to many complexities. 
The time-stratigraphic importance of such a relation 
might be very great, especially if air-fall deposits can 
be related to the ash-ftow sheets. 

INFLUENCE OF BURIED TOPOGRAPHY 

The zonal variations expected to occur where a 
simple cooling unit is ruperimposed on a high or low 
feature in the underlying topography are shown in 
plate 20D. The eB'ects are the same as would be ex· 
pected from normal horizontal thinning or thickening, 
but the changee are more abrupt. 

The changes due to buried topography may be strik
ing in regions of high relief, hut in regions of low 
relief they are more subtle. For example, the distri
bution of outcrops of a persistent dense glass zone may 
euddenly become erratic. One explanation might be 
that the cooling unit was emplaced on an irregular 
surface rucb that the tops of the buried topographic 
high areas were roughly coincident with the ]e,·el in 

the cooling unit that marks the. transition from the 
zone of dtmsc welding to the upper zouc of partial 
welding. A dense black glass could not ftJrm over any 
topo~:,rntphie high that reached this transit ion level. In· 
sheets of this type., buried topography will ulso be re· 
flcded by ge.nt.lc inl!gulnrities in the sur-face of thc 
cooling unit. 

Otlu~r Y:triables being equal, the thicknt>..ss of the 
cooling unit (producing load pressure) at. any point 
controls the amount and degree of wdding at t.hnt 
p11int. Thus the J>t•rcr.nt of total compaction will be 
;.!l"l?alt•r in lhn thio,kt•r parts of the unit., :md it i:; t.his 
olitf~·n•ntial compaction that n>.sults in surface expres
:::ion of buried topography. If two cooling units of 
PqualPmplaceml'nt thickness nrc of different compnctn· 
l.ility~ tho:> one with the higher eompactability will 
,;how the more irre.gulnr surface 0\"er e.qnintlent. buri,'Cl 
top•1graphy. 

By <:nrdul considemtion of plate 20D1 tlu~ efTt•ct of 
hurit\<1 topography can be predicted for other 1.oncs 
unrl diiTen•nt topographic tmvironments. The e:tlrt•nw 
:1hruptrwss tJf c-h:mge.c: in the cooling-unit !'illl"fnce and 
lht! zoru•!< as shown in plnto 20D is due to the ,·crti<-nl 
t•xngger:ttion of the projection. 

Some cooling units (map units) can change abruptly 
O\"er a burie.d escarpment., resulting in thick welded 
tuff on one side and a thinner nonwelded or nnl~· partly 
Wt'ldt>d tuff on thr other. As shown in plntc '20D, the 
t h i<·k side of the burie.d l\Scarpment contains a vitro· 
phyt·t• zone nnd :1 dt•,·itrified zmm of dl'n!'t' wt>lding. 
wlu!rE'a~ the otlu-1· side is prt'dominnntly n ••;;ill:\r" t~"P(' 
of luff ( p. 151 ). 1f such n situntion ns this were to be 
found in deformt>d nnd eroded terrtme, with poor upo
:<ull·s, the chan<"R.s of correct interpretation would prob
nbly be small even for experi~.nced geologists. It would 
present difficulties cve.n under ideal field c.onditions. 
Infinite variation is possible, especia11y if compound 
enoling or composite sheet effects are involved. 
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