
,t)_ .d II\ 

1ermal area. 
restimatlllg 

JO: 231. 251. 
'"~K!re,'W.M .. 

the .JE>mez 
nt'nt andre 

- .. 9llii~l 

l..aOOTrilAJT.\' 

("~ . ..t: ·..-.·; :\~l. 

~herTutl. A 
rwd ma)!m>' 

-L 
r ca~;ldr•>n>'. 

:o. (~enl()gJt 
u.:-;. (;t>ol. 

..., t ) ) ! 

~ '· tt!A --- -,~. I .. -.... \ ... 
·' 'r 1 H 'c; l;t 
J '"' ,_ ~ , I I I ..... 

·-+-tl ( t I \. ' • 

• }uJo rnni • ·/ \ 'ulc'(/'!1 .~·, '1..':~ C'l·f ( ;fl :i };. rr~tui /{~ .,,·,;r. !: . \( · ( ! 't ~~~ I · ... 't :: ~l ~ \ -

El~• 'H r :-;, l('lln· I '•tldi'-ht·r- B \' :\m,lt·rd .• m ···· l'nnt.·d •t~ T!11· :\,-: l~··rl.lnoi· ·j "tifl.l 

LAVA-DOME GROWTH AN~XPLOSIVE VOLCANISM IN THE 
JEMEZ.fY.'IOUNTAINS, NEW MEXICO: EVIDENCE-FROM-THE 

PLIO-PLEISTOCENE PUYE ALLUVIAL FAN 
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Abstract 

Tt<riW\ ;Ill'. H \ . \\';Ht·~h.t .. k. n B. and :-;t-1:." . I~·-~·· 1 .•• \" \lol11t ,,, '"' l hand t'Xfll<l~l\'t' \ •llnllli' Ill Ill llw ,,,.,,, ... , M>•tlll 
l:llll'.\'f•w\kxi•·,·E,,<If.nn·lrorfttla·I'!J., I'I•·I·I"'''~'" I'.Jic.d:Jn.tll,tn .J \'"f,an .. f (;,·,th··r"J fi,, .:{(;~(;-; ~:11 

Tht l'lin-l'lt·J~tun·n•· l'u~·{· FormHtt<•ll. north n·ntral '\o·\1 :\lo·~h••. 1~ a :.'0(1 km' volr<tn>ll!t'lli<' alltii'JaiiHn !<lwd 

t•a,tward from llw T,.cl-ncoma ,·.,fntiiH ct'ntrr. piirt "' :lu· -'•·IIU'7 :\t .. untam' \ttkanw f~t•ld Tlw fan Co>Jll<llll~ .' ).", km 
•Jf ,., •lralnrla"t u: milt f'Tlllltkri\·ed from rill~!' I v spa<'!·d 1.11 .1 d .. mt'' Ht t l11· ttllrllu·a'-tl'rll po>rt ion oft Ill' T .. cht .. nma n·nt t'r 

lntnh.:dded Ill tilt' fan st'dimrnts art' at h·a~t :!'t prunan p\'tll( !,t,t '' llllii" frnm l'Xplw>l\·t· t•ruptton, "' d.,.·itt<' .snd 
rh1·olitw Jan• domt·>. T .. phra o<·nn nwul11 :t- pt.JIIht' tall' l>ut Ill• hd•· ~t·n·ral pwnil'l'tlll~ l~nllnbritl'" ltlld twothid< 
proximal block-and-ash pvroda~tK tlow-; Th•• llppl'r part· f th•· faro aJ,.,, conl<tin" rhyolitic plintan rft•posil~ eruptt•d 

I r••m ~uurt t•s JtJ 1 ht' ern I ral portwn ot tht· -It-nit'/ fit' I.! and h;ls;llt ,,. ''"" df··ri~<·d fr•llll tht• t'l'rlt ral Hro (~randt• rift. 
Fanglonwratl< tpyrodll~lic and t>pida~tlr I fflrtt'" ··~luhit l'flll.'"l••rithl~> luH·ral \·ariation. l'rimary t~phru dl·~)(tsit~. 

httwf'n•r. rrnvich• li ~trllti~-:raphi< frame"-·ork f(,r l't'<"ll'tn:.·ti•m .. t th«' ~:rnwth of indi\'iciuallava O•>m•·~. \\'hilt• onll 
volcani( dllfllt•, ;mclla\'a flows IHI' t•xpo~·d inth .. T,< hro <>IIHI n·ntt•r. 1'111·•• lt'phralayrr~ shoY. lhat ,·ulo-arllim, suhpli 

n 1an and pi inmn nn int.v. and bk~·k -and ·n,h 111 roda,ti< fl, "' ~ b<T"!I!Jlall it'<l mun.v dnnw· forrrnng f'\Tnt.~. Df'l'rad;rt '"" 
nf tht'~t' iavu d>~rnt•s pn1ciuced <:o;USf'·Jtraino·d Of•lm~ llnw, dnmmaiNI hv !Hva and rlonw ntmpnn• dnst~ Fronn tht•s.• 

•~pirla.'t" 11 i.• f'''~~ibk to idf·nt ify lit hologw' uf J .. , tl> t hell an• t·llher cu rn·nt I\· hurit>d nr havt• tll't'll nhhH•ratf'c! by t'TfiSton 

<>r by rnllap..,t· nf t hf' \'allt•, caldt·ras 
Tht' prt'~·n atio11 of Puve deposiLo; rt<ll•·ct, \t'TY l11gh rulf'' of UI{J.:r<tdat ion Hllcl J.:faclual down -fa11lr Inl! 111 tht• Espai!.,la 

h;1~in of I ht' nnt ral HI<> (:rand<' rift. Thi~ n·cord of PH• wl.•·ll<' and •'Jll< Ia.'> II<' dr'f"'~''""' all< ·W~ df'f adt•d Illii'TJtretat j,.n 

of I hf' ''""iut jqnnf a \·olean ic n•nt••r irom tt" p1 r .. ,.J,.,.t 11· ;md •·: 11'-H ''' JH• 11hH't>. anclr~ t ht· ftr"-1 Px:unpl•· "f '' 1 olntllflj!f•n 1c 

a lienal fan i 11 an 1 nl ranlllllllf'll t a I ri fr >'t'll m;: t" ht· d .. ~ndH-d 111 d··t .1 !I Th i> ~lud,· ••rnplw~rz•·s t h;t! JJ!It•rprelllt ion ol 
an\· anncnt ,.,>Jntrnr lt·rrH! n ba>ot•d snlt>h' upnr; d:illl d•·rf\ ··d t r•lm lll.IJIJ>!fll!. radinnwt ric dat in~:. and dwmwal ;;naly''~ 
.,f htv!l,. or t"XI>.llnl! dt'nudf•d edifi.-,·~ i~ likPh tn ~!!'Ill h un•it·n·"t imat1· hot h lht• rol~· of t•xplnsiw• Vt~kani'rn 111 ttw build 
up ol ,·,,Jrflnit n'lllt·r, and ""h~<·q.a•nt f'!-1 :mat•·' uf t h·· \ • d:al11·~ •.t m:sft'nal prt~dun·d. 

(ntroduetion 

Expln:;iH· ,.(lkani:;rn ocrurn·ci t hroughnut ! hl' 
l :~_;>-milli•>n .n·ar <IPwiopnwnt of r ht .h·mez 

'('urrPnt ,Hldrt.'"'' f li•f'ttrllllt-lll < 1i { ;l~tlo~:io·aJ ~ 'lt-11> f•<;, I .Ill 

\t•r,Jt\' Ill Tt•xa' 111 :\tJ•IIIl, r\!l~fitL T:\ ·;w:J·, 7'"''' !'"' :\ 

11111111111111111111111111 Ill\ 
7463 

Mountnin:-; volcanic fi£>ld t.JMVF; Fig. J I of 
nonh-n·rHral i\('W \1exico. Mo~t work in thi ... 
are:! fw~ conn·ntrat(·d prinwrih on t'idwr th•· 
n>ltllnint~u~ Quatl'rll<in· rhyolit ir ignimhritt·:-: 
l Sn11t h and Bailey. 1 ~Wti; ben ct al.. 1981 J and 
rrlmf'rl ('alnt'fas (Smith and R1iiP_V, 1!H1FII. or 
on t}w pel rolog-~· ;·nd ;tg~· rf'lation~hjp.., of long 
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lived episodes of!a\'a effusion and donw growth 
( (;ardner et al.. l9f.n: Singer and Kurlo. Ht~li: 
Loeffler tt al., 1988), particularly in the Paliza 
Canyon and Tschicoma Formation sequences 
(Fig. 2). A neglected area hal'. bf'en st l&dy oft h(' 

ext l:'I1Sive volcanidast ic s~·qu£>n<'f'S that re\at e 
erupt i\'e act !vi t y itnd erosion of indi\'idual .Je
mez volcani(' centers to Rio {; randt· rift -1·on

trolh·d :-;pdimentation. Detailt•rl riocum(•ntati,m 

oft hese s<quences is crucinl to understand!ng 
th(> ,·olcanological evnlut ion oft his f'wld. as t ht'Y 
contain ahundnnt pyrm lastic deposits inter
~~ ratified wi1 h epidas\ i<· debris. Tht•st• rt>lat ion· 
ships are rar<>ly l'\·id.l'm in the central .Jenwz 
field hut are particularly well displayed in tht
Puye Form<~ti1>n, nlarge \'olcanidastic fan shed 
{rom the TschiconHI volcanic cent-er in tlw 

northeastern part ol the field (Fig. l). The Pu~·(· 

Formal ion i~ ideal for study because of its ex
cellenl exposure and close spatial, temporal, and 
lithofogic a>.sociation with the Tgchicoma n·n
ter. Pyroclastic and ('pidastil· deposit:; in tlw 
Puye fan. t h('refore. prm·idt> valuahlt• insight 

into the history of Plill· PleistocE."ne t•xplo~ive 
t•rupt ions and lava dome developm!'nt in the 
northeastern .JMVF. 

Tschicoma volcanic center 

The .Jemez Mountains are situated on the 
we:-;tern margin of the Hin (irandt· rift at it:; in
tersection with t h(' .J<"nH'7. Litwament t Fig. l ). 

Erupted product~ haw been divided into three 
stratigraphic groups repr£>sent ing thret• sut'Ct>S· 
sivt> peri• >ds of ma~mat ic £>\'olut ion and £>rup · 
t i1111 ( Bailt'\ t.'t al.. 1 %~~:Smith et a\.. 1 ~l/0 I. Tlw 
proposed di\·ision~ an• t }w KPres 'induding t ht· 
Paliw Can~·on Format ion l. Polvadera ( indud· 
ing thE' T~chicoma Format ion l. and Tt.•wa ( pri
marily Bandelier Tuff and post-calrlera lava 
domes) (:roups, in agP !'-equ<>nre (Fig_ 21. Tlwse 
'l.'olcani~· and \'okanida~t ic depo!'iits ~pan t ht• 
p('riod l:LStoO.l Ma ((~ardneret aL.19Rfll. 

Th<' T~chicoma vokanil' <'t'nter { 7.-tO :2.~1 !\1a; 
(;ardnPr ~·t al.. l!IRfi: SingH and Kudo, l~lHii: 

Haldridgt- Pt i-ll.. l~lH-;-) contains >:"">011 km' ol 

daciti<" l<n·a flows and dome:-; in the northt>rn 

Hnd ea:'lt'rll ,Jt•nwz Mountains with subordi

nate amounts of 2-pyroxene andesite. rhyoda

citt-. and low-~ilica rhyolite (Baldridge and 
\'animan. W~6; David Rroxtun. unpuhl. data}. 
Ande:-itic lava~ g('m•rally undl•rlit> th•~ dacitic 
and rh\o(bciti<· lwnb and dnmt':-;. Mud1 of th{' 
~nut hwt>.sl t•rn part nf t ht- Tl">t·hicoma n'n!er has 
ht'l'tl ohht<'filh'd. initially hy fortnatiOil {If tlH' 
Tnlt•<k EmlMytn<'lll (fih. I). and later by col
lapse of tiw \'alks) (or Toledo; Smith, I979) 
and II caldt>ra~ at \A and 1.1 Ma, n.•stwrtively 

'Baldrid:.!t' and \"animan. l~JK(i; St'lf l't al., 
1 !H'ifi l. Survi,·in)! volcanic tt>atures oft his cen

t t•r suggt·~t a strung tectonic control on mag
mat ism \\'it h t ht" early dt•velopnwnt <If baRalt ic 
and andes it ic st rato\'olcanoes in tlw north

we~tern .lMVF <md later growth of daritic and 

rhyodacit ic donw complexes farth<'r Nlstward 

1 Singf'r and Kudn, 19~6: Bnldridge <'l al.. 19H7). 
Magmatic activity in the north(~:tstern .JMVF 

lwgan to wan<' ht.•t Wt'cn 4 and 2 Ma as !WVeral 
~mall. i~olat ed lava do mel". (i.e. Jllltnil~eom~ flank 
dome!') were t~mpl:\('ed onto Tsrhicoma For· 
mat ion deposit~ 1 Fig. I)_ These dompc; form the 

El Redmdos Hhyolitt> and Cerro Ruhio Quartz 
Lutite I Fig. 2; Bailey l't al., 1969 ), the latter se
quenn' more recently recognized O!' part of the 
Tsl'hiroma Formation < Gardrwr et aL, 19R6 ). 
The yo\lnge!'t El Hechuelo~ Rhyolitt~ lavas are 
di.stinguished mineralogically and clwmically 
from t lw "nldt>r C Ts<·hicnm<l) rhyolit('s'' of 
Lo<'f11er t•t al. ( l~JR.~). hut ar(' mineralogically 
similar to sev<'ral tephra deposits in the upper 
Puye Format i1lll. Epidast j(' material from thi5 
1'{'11\<'r. howp\·t·r. is poorly repres('nted in Puyt• 
dt•po~it ~ dtH' to topo~raphic harri<'rs (~xist ing at 
t lw t inw 11f l'rupt ion oft hes<• domt>s. 

Tht• ~·ntmgl•st eupt iw~' hit hc•rto reported from 
t lw T~chi('oma ,·olcanic ('<•nter Ar<· 2.9 Ma 
1 Haldrid~t· l't al.. I~JR7 ), although this study 
(•mpha~in•s that portions of t lw center f('

rnai!l(·d actin• up to 2 Ma (or lt·~s; Turht'vil!£>. 
1 q~() I. and 1 hat <•,·idetH'l' for ~·nunger <i<witt• and 
rh~·odacitt• Ia\· a do11H's ( sincP clt•st ro\'t>d hy ero-
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Fig. 1. Location map of the Jemez Mountains and Valles Caldt>ras t VC ). New M<·xiro labrl\'e ), and th<· studv area. eastt•rn 
PaJ;Hito Plateau I partly after Smith et al.. 1970 I. Shown arr surfAI'I' rxtt'nt oft h(' T!O-ducoma Forrnilt.toll ( Tf'l. E! Ht•chudos 
Rhyolite domes I ER l. thE' Pu_ve Formation { PFl, LniJ<Jto Ha~rtlt 1 LR). Cerro~ ell•! B 1c1 lut:o.alt lidd ( Cf{H l. and Santa Fe 
Group deposits t SH;). Al:;o included are prominent lo<"nl top<Jg-raphir featurt'~. CNro Pt•lnn (CP 1. Pnl\'adna l't•ak ( /'/' t. 
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sertiOOI:\ in Fig. 5. 
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TAHLE I 

\\'holt~ r,K.·k eonlJ)tJ:SlliCJil~ ,.1 r•·J)t¥Jt.Pnla11\t' Puy't· Formauon J'UID 

i•·es and a TS<'hicoma Formatiun dante lava fluY. 
·-·---·--·-

I..owerGnu.p Middle Upper Tst·hi(Uma 

Group Rhyolitto Daciu-• 
P2 1'4 Puye l~mmh. G:!:! '~> !\l.o > 

·----·--
M.:.1"r elemt'nU II•' I '."f;J 
s.o. 6ti.4fi f.6 :I;, 65.til -·) t ~ '- .r., C.:l 

TiO () 4:1 0.44 0.44 0.1~1 o.~. r 
AIO, !.'> 14 l~.:hi 1!'>.119 I I ~:l 1 ;, :!·"" 
F~.ll .' :1 4~t .1''1 :IX. 1 : ,,~, .ll.,-. 

\lllU tl\") t!.U~·~ \) \);·, ll.<lt.i I• . •t. 

.~l!!fl I fil 1 il 1.1~ t).:!tl ) ,;~i 

Ca<J :LI."> :l4:! :! ~.I 0 :tl :; .(d 

~a.O 4.01 ;q;, 4.".!0 :u~ ;\ ~~~ 

K,O :\.7~1 :1.~0 :'IJ~) !'.~~ ;' t:-
I' (). 0 IIi 0 )(; I) 1"; \).1)! '• I~ 
l..l) l l.tjtl l ;,c, l :o 4.t;;:' I 41-

Total IOO.ti:, w.~6 ~)~ ~·9 ~J ~; II~ I:.: 

Tron· t•i,·mt"nl:; {trl ppnll 
s .. 1;!-l 646 !')f. '2'2 . .~t I 

rr :lh :q :!4 llti '!:2 
Hb (;{) t'.fi 911 1!1:1 -;~ 

c~ 0.&> () 9~ :1.:1~ :llil' l 4 

Ba J:!()(i 120(1 995 lllll ll'-li 

La :I:U :1:1..~ :lti 4 4H.I' ~~ 1 
('(' 64 2 r,;,_:l ti:!! !J:, 4 :.~ 

~It\ 44 -t . .r, :1 4!'> '7 ot; 44 
Et~ 1.1 I l I)~~~ 0 J:l 1" 
Th 0.4(1 O.f,O tl42 l li 

Yb ).:!4 I :17 1.:!1 -Ut1 l :. 

Lu 0'20 0'20 0.2:2 064 
Hf 4.!"1 4 ~ 4.0 -;n : { .~ l 

Ta 0.~4 u ~-. ,, 1.21 46:.? 
T'1 4.:1; 4.!'>M 8.22 ~~ 'i(l : .. ~ 

Ma_ior el~m~nts by XRF. lra<'e elemt'nL~ hy INAA: Sl't' Turhenllt· 
( 1986) for analytkal mt'Lhod~ and qualny of data. 
•Total iron ar. Fe 10 1 from analysis. 
·rhemic-al data frnm C.ardn~r 1'1 at t 19111;) 

sion and caldera collapsE') survi\'Ps t>xrlusiwly 
in the Pu~·e Formation. 

The Puye Formation 

The Puye Formation (Griggs. 19H4; Manley. 
1976. 197~; Waresback and Turhevilit:. in prt'i's) 
is the expol"ed upper part of a thick vokaniclas
t ic sequence emplac('d contemporan('ousl:-' wit b 
1 ht• Pliocene development ,,f the Tschieoma 
volcanic center. The Puye Formation contains 
> 1 i) km:1 of Plio· Pleistonme alluvial sedinwnt:
df'rive<i main!~' from lavn donws in the north· 

A 

B 

~f1TE 
~· .. 

~OTHERS 

~
~ 896 

ANDESITES \ v BASALT 
28% 12% 

RHYODACITE 
4'% 

~~·;I 

~Rr• II·; .~ . ll ::. ~~ LOWER 
1· ·r · :,'. ~~~ FAN 

I 

20 40 60 80 100 
'lb 

r.~ 4. A Appruximah· vnlumt> JWrCt'nlal(('>' nf fiK'k tnws 
t .. uud 11~ (>Jltda~l$ ( !oe't" Tnhlt· '2 I in Puw· funl!lorrwratt•s 
I valut's dt>nvt'<i from rqJrt•st•ntat lVI' cnunts of clasts :.> Ill 
mm: n = :!01) pt>r dt'posit. 
H. \"ariat 1ons 1111 ht• Jwrct>nt.ngt> .,r I ht>st· da~l I ~1'('" lwtwt•t•n 
1 ht· lowt•r :md uppt>r purl tons of tlw nw<liallan f,u·it•s uftlw 

l'u~·t· Formation lS('t' Fii!S. r,,f} ). 

eastern part of tlw T~chicoma center (Figs. 1, 
:~).This alluvial fan record~ a history of explo
sive activity that produced abundAnt dacit it· to 
rhyodacitic tephra (Tahlt> 1) during the later 
development of the Tschicoma center I :l.S-1.9 
l\1a; Gardner et al., l9R6; Turbeville, 1986 ). The 
wt>ll-expose<i parts of t tw fHn show medial to 
distal \·olcanogenie fanglomerat i<" facies with 
abundant epidastic material emplaced as sub
at'rial mass flows and hyperconcent rated flood 
flows tc.f .. Smith. 19K6). stream channel dP
posits. and shf'(~t flood conglonwrates. These 
sedinwnts are intPrhedded with primary andre
dPpositl'd pyroclastic deposits and. to n les~wr 
extent. areally extensive mafic !ova flows and 
Hssociat <'d hreccias. In addition. lacust. rint' de· 
posits 1 including abundant watt•r-lain fp)siC' nnd 
hasalt ic tephra) are volumetrically ~i~:nificant 
Ill distal partsnftlw fan . 

Explo~iv(• t>rupt ions that HC('Illl)JW niNi t h(' 
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j)\:~ic ... :t~ fu:-.d:~-1 L:hr:, ~-·r .. ,n! ·;·\ \\!th!'i i'' i ~; ... J:l, 
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c. f\ -...t;d:-- Hl tttrh ft·d i•f't \'.I! f!•~illidJ:;·.t"~ 

1\ ~~:,{t ... ll~ hkt· cr•'lihdrtt.i~ .... \\;1\\ ... !;.Hd ltkt· !• ,t,ilft ... ,,utluw ·' '"•'·'" tl"" J,~tllllcn:~ t.ttl br,,\,11 

d,' 1trda~d ru;itn\ c'htl•~t:- ··-tn·T· L•-d -...i.:in· .tJ'p«~,,r,,n, c 

I ndi\ 1d lallo.t,.lit It" t l.t'l- l · it' t"ll\ d •.• n: • 1:1 fl, nr .. t Itt ~m.dh .dlt·ro·d .ond lo.mdo·d 1:r.:t l·r"" It 
~rutlft•lrH.t:-- .... ':rHJ ... ;t;;! ~·Jt·!t·T.t~ ;t;.:rr··~.~:, ..... ,lf J,J.i,!•·,! .•. ;:,.:;~~ 

J );·.:t!h'tl\t•ll•''' 1t'\flHt :n p.tric·d f,\ pi.t~: lllh'r,d.1t· .. 1d.r~: J•h•·r~''( r_\ ... t • ... !r·riJ;:h ':nl t'..t·d. ,,J px 

1H! tLh rt•{Jh·- ltl hrt•\\rl. ~;,,.., .... , ~r .. o,t~·ift!.b"'- !11Lh • f\··~.d rf.t ...... f.lffl, 

l ... r;.:t• pl.q..: J,!\dllh"t•t,-r, ... t ... Olllt~ .. ;!}h·J)!utu· ,l',~l\t !fl ~!Lt\ l}rr.\\Jl ~·J."i...,..,\ J.!ftHt!Jdt!Lt.'"' \\ liL f,•\\ pl,tJ,! 

tllh·r •. lrtt• ... 

i.;lf~t" J-i.t~.' ~l···UH·Tnt r,· ... t ... l!l dt·n-...t·. l)f'lt :;:t•d Jl):f r~tlt:.d ltlh rldlft• ~:,,n,ndrn ........ Lttct·l. hid 
\ r~ ... t,,t;oo. a11d q\1 rLJt r,,piH·ii~',·r\.._f ... 

l..tr,:t· pi.;~ pho·ll••l"r'''' \\tth it' lu hi-!"' r:tud.:m!' •·TI•·J.tt"d Ill!• r•dttlt w:rrrn. mr I" q' 
nuaupho•n in r.-uliar in);: ••r d<·ndrtt" . 1<.-r.-r-

I.;I!Ht··rh\·•.ld<h"Jlt· \\Jth pi.Jg ph•·n rtndtH·d !w :wrrht!~o ·•r p.,n••;tlt\rtt •1\t·rp••\\th, 11: \\t·ald.\ 

tlnw h;HHlt•tl. rlark gr.l\" grollndm"'' 1-\. :,·ld'I'H .m. •l~t.Jf.,tt-h al ••llld.llrt il' lar~·· I ;a I •11lar 

Fl~''' h;,n:h•d l.n·:1 ~·l,, ... t .... ll! .i: .. tJtlt th l·li!nH•·,nJ .. rnu ftlh!•·•' ),Ut·d n~.ttTI'. ( r\ ... Ld and 'Jfhl• 

t:.h'l!/#·!:1-. ~ ··rl~UI• II 

;.:rowrlt llt"T~d:i~··•nwl;,,.,. d<•lltl'!' \\"t'rt' pro•l><lhl:.. 

in!'tf\trnent;d in r~·mohilii'ing L1r~l' pori ion:- nt 

1 :llu~·('O\"t·rf-d d~>nH· ,.;url;h"t·:-- i c.!.. J\,r!'t". l ~'-"-:-. 
:-:l·, 11 t. 1 ~~~~-:- l. :-:1 n•p t t~p• t;.:raph_\ and !-por:tdH· 

t P•).;:-:ihly t-pi:--llr!ic} tl<~(ld lrt>q\H·tlr': ;111d flllllll! 

111 t hi,- ~('ni -;md rt·~i .. n 1 l~t·ll•·:. I ;l-;"~l: l><•t hit·r 
;mrl Dt·m~r:. 1~·~-ll ,·,,ntrihutt·d ,,, tht· appar 

vnti~· h~~~~ .-r,.,,,,n tal\·,. a~!-<~l"tatl·d \\ith th(' 
dt.-nlHbtitl~1 "' t!H·,.:t• dnnH•,.:. iHo\·iding ai11J1l 

d:mt t-picloh! :c t;),ll~·r:a! t" tiH· t.:l""\' in~ f:tn. F .. r 

th1~ n•a,..••:l. wt·lwht•\t•lh;ll tiH· l'rr\t' :llhl\ial 

t;tn adt·(p;;;tt·h n·pn•-..t·Jlt:- :tn in\t·rtt·d '-'Irati· 

graphrl· ~IHI"t·:-~t•>ll of l'lt<~·l'lt·i-..ron·r:r· 1:1\a 
d<~nH· dt·q·loprnetl! and t'ro:-ton in 1 iJ,. JI>~rth· 

t·a--tt·rn p.lr! ol I fw T!'t·hn·onJa n·nt<·r 

l'u't' h·rrnatJ•!Irt·p~t·la:-ti··dt·p••"tt~ct•llt.nn H 

hq:hh \·an:rhl<- ~UJlt· n! l:r\ :· ill !11 do:~ It·~ I T<thlt• 
:..:. hl!. ~ i. :hi!' ,,. tn ,.;ftarp ··•lilt ra:--1 tu 1 ht· t'X· 

Jl"'t·d rock t\-pt·~ nltlw 'J',.t"fttt·om" t'l"ilJll in·~ 

; lb!drnfl!t· :llld \":llllllLIIl. 1 ~._...,,;' l :tl,.flll 

I. 



lie I 

1-'t• 

I •P' 

pl·l'j>X 

ttnfil'd 

llt' 

-.,wn 

,b! 

.tr 

hH 

llu\·ial 
,;tratl· 
. Ja,·a 
north-

ttain <l 

. Table 

hE.' ex· 
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1fnrt u· 

nJtt.·l_,. dir~lt~ t''rrt·i~:~t(ifi ,,! tan dt·~~'''!l~ \\:;!· 

t hl' current h <k n11dl',j , .. , .kantt' r~· :; t t•r l' pt·.lt h 
Jnhii;;lt'd tl.\ l:n111t-d t \jl• •:--ilrt· 111 the art·,t \\ ht·r•· 
la\'a il<J\ .. -~ and fan "ediments i;ltertint::er. ~1m· 
ilarit~· ht-twt-fn ;1\;l::ah:t· mirll'r;ll<•~l,·:1l :wd 
gt·<idH:'IlllCat ~·h:\Ta< '• ri-t''- ••l 1''1\t·tt-p!lr<t .tn.: 
1\rhit·mr,a L,\<i,.., !.•c\\t'\t·r. :-tr• n;..:h ·'''JlJ···r:
t tw t·nnt t·mp' 'r;i!H·lt ,. '>l t h,.,,. r• •d,, 1 "t't' l 1d• •\\ · 

The f't'\£· !;!:J ;:~,, .. "';f.J::J:- !,,,,,,Jt:•· .t-1: .:. 
fl\ c>d from p!Ht·<tllitli>t~lll.•l ll t•ruptlull.- 111 t Lt· 
C~:rr•>~ dt·l 1\t<.: ,-,d, <l!<i,· f!t·;d, .f 1 ht·, t·ll! r:d f{t•· 
Crandt· ntt t Fn!~ l. -~ .. \<ltH k. I ~~:-~1. Ft~hcr, ~ 

:.1\ . 19.~.; l. Tlw l'1111lili:tt·d tnt11H.'IllT~ PI l'•>fllt·n; 

p•·T<Int•utJ" \t>kani:-l:l !r~>JJI tlJ,.,..l. l\\11 <ldJ<IIt·nt 

\'tdcanic ct•nter" :lrt· n•!lt•l'ft·d 111 t lw Lm h\ t ht· 
de\·rlopnwnt <•f dr"t inct j, •' n·, lit';ll dt•p• ,,..j 
tinnal ~P4\1('1H't'~. In t'~-.en<"·t·. tht· T--<"hic<•llli! 
rent('r ~tt'adth '-Upp!lt'd Ltr~t· quant 1i it·,.. n! \ nl 
,·aniclaq tl' m:ttl:'rtal h• t h•· prt~gradltl~ f<tn. 

whereas \·okantsm 111 t ht· (\·rro:- f~t·ld ~tr"n:.;h 

influpnced :'t·dilllt'rJTilll<•l1 fr,m tlw t':t"lt·rn 
ha,..in margin. h\· l<th•· d,·\t J,rl:lwllt ;md \.1r;;1 

tion:' in tPcal tlitYial h.1~~· !t'\t·l-. 

Pyroclastic stratigraph~· 

Anal~·sis iind ~·qtn•latJun uf pnm;sr\ p,·rq 

da:"t ic d~~po~lt::; in t lw Ptl_n· Format j, •n t :-ot·t· lh·· 

....... ' , .:.:;.:t·-r 1 l: .. r "'t·\'t•rai t·xpl• '"'' t· t·rupt i••n,.. 
! r· •!n 1 !:·· T-.,-t:~.·om:l l't•tHt·•r prnd,,,.,.,j \\ idt• 

'l•ft•ii,J :;dj l>l.llli-t'!.'- iil'r<•:-:- tilt' pnll!ij.; l'u~·t· 

IH!i. L•K<llt7t•d prt·~t>n·nt ion of t hes•· de;Josit.s 

(i•.·pt'lHit-d Pt: tih· r:tpid ill'l'lllllt!I,Jt 1"r: "' :1 pro
: I 'I l! \ t· t < •\ 1 1 1 •I t•pi.-J,I:-11!' (lt•hti.-: ! •f ,tddJlilll};i j 

p_\rn·_·:.: ..... :tc :11 .. teri~1r ·r·tH~ :.h'tlnct ,,; CI•C\iil' 

I'\ f•.lt l,,~ It(' 1\-.>po~ II-. ht•\·nnd I }w ! Ill Ill, • •I t}JI,.. .d · 
: •· , ; t! • ._ , : ~" n ~ , !l :.::..: , ·~ 1 ~ 1 It: t: t Ill' ~ tlf r' •' dHt: n:,: t·n 
'•ronn.t·nt~ '•t'rt' th:•rt>lurt· rwt :-tnt;~hh· tor t:w 

J•r··,(•n ;•! l"ll"l tt·phr:t. :\11\ tt•phra t'lliplan·d '" 
lht· ~nuth\\t·~t o!IIH' T-.dllt'<llll:l \'l'lllt'r wa..: nh 

!l:t·rarn:. :1! >11~ w11h T ... rhtt·••lll:l Ll\.1 ll•m!' and 
d!l!!lt'~. b\ btt•r t'JI'""dt•;o; ul t·ahh·ra ,., •! hp-..• and 
1n!illmg b~ inlracaldt·ra Band·•l~t•r t;.!nimhritt· 
, \'1eb<•n and llult·n, l!l.'\.t I. 

1-:xr.J .. -.j, (' t•rupt ion:' and clo-.;·1~ '' -~u•·ialt•d 
t·pida~ti<· ,..t•dimt·ntatwn produn·d c_,·d1ral ~t·· 

qtH·!lCt'' o! (lnt• or mort• pumit t' Ltll:-. ''ltt'll un· 
dnlain IJ\ thin mudllow dcposih and u\t•rlalll 

L.\ t•it ht'r ignimhrilt' or t hirk pumH·t·"tl:- mud
(j,,,,~ 1 Frg. ;, I. Tht·"t' :-.t>qtwru·t·:- rt'f1,., t ind1v1d· 

t;,tl t•ruptt\'t•t'\t'nt~ awl an· :-:Pparatt·d b,· mtPr· 
t·rupt in• <h·hri~ tltJw and h~·ppn·nrh't•nt ratt•d 

n .. nd llmv dt·posits 'mduding \•dumit' llllld· 

fl.,w~). llmial ;.;poinH·nb (J.P. l>raid£·d "lrt•am 

, . .,nglonwratl',; l. ;11111 dt'JHI,..it-: pf slu•t•tl1uod ar
t 1\ lt\·. Tht• latlt•r rt'flt•t·t high ratt·~ of ;tggrada-
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Fig. ti. Compositt-ll'phro~trat tj!rapll\·.oftllt· f'uyt, Forrniilt•lll -hnw1111-' lnwt•r. mtddlt and uppt•r lt•pltral~rtliiJI dt•po~tl!-,prt·fix 
.. P" mrhratefi a fan· wule n>trl'lat ion I..,,.,. lt·x t l. ot lwr lllllt~ <Ht· J.,,_ ahl<'d <•XJI"': m·' • ·onfi n•·d I" ,..pc·.-i fh · part,.. of tlw Pun· fan 
(~<· Fil'(. 1 for sertion lol'atlt>ll~l. Otlwr dt•l'tl.!lliltion~ <itt· c;:.!.! ami ('9:::.UpJ..-r grottp rh.\·oltll' pl1111an dt·p<~"ll" <so>t• t.•xtl. 

HA = b11,:.altic a"h dep,,.ib. JKlllf::: JHIIlllt't>Oll,_ llll!tlllou dq>n-lt· . . "1 = :o;anl<t Ft (;roup ~tlim.-nt,. 'IF~· Toll!\ i !'ormation 
grawk Thto Puye 1pllmhrilt· c :..' .:-,:, ·• 11.1 \h l at approx '"'"' •·h 4 ·, m "'a kt·~ ~Ira! lj!tupht,· ruatkl't hunz"" 111 t lu· fan. 

tion that did not pNmit signilicant im·i,;ion h:--· 
fan draimtgE' Rnd wert> <·mnmonly ll!':~O<'iat<•d 

with the format ion of shallow hut wiciPspn•;Hi 
lakes. 

'l\•phra depo;o;it~ 111 tht• l'u_H· Format ion :lrt· 

informally di\·ided into t lm.•t• stratig-raphic 
gruups according to dist i net i\.'t' changes in t fw 
dominant ju\'enile clast t:\'pt.'. t lw ('ll\'ironnH·nt 
of d(•position. and Sltspectpd SIIUf!'t•s i Fi;..:. ti). 

The low£-r ttophra group contains st'\'t.•ral 

widespread pumice fall clt'ptlsits and thin Ig

nimbrites. in l'lddition to ahuncLmt redeptlsitt•d 
•ephra (Figs. 7A.H l. Tht~st· d<•JH>Sits cnnr ain 
light color('d, fihrous. h''rnhh·rHlt.•- and hiot itt· 

ht·:Jnng rh,odaeitt• pllmit'l' and l<"~sc·t illllii\Jilts 

ol dark gray or hand(·d two-p~·rox<'ll<' dacite 

pumice f Tablt• 1 }. 

:\ middll- tt·phra grm:p l'Oll"ist s nf a Ill hit · rid1 
1gnimbrih· ( llllnrmal!y ntllt•d tlw ··a•u_H' ignim
hrlte".datedat 2!',:1-i 0.1 Mah~· K/Ar<~nalysis 

ol!t·ldspar S('J>aratt·s: Turht.•,·illt• :md St>lf. I !1AA I 
and coarst·-grained JHitni<'P flow dt•pw.it!' with 

lar~t· two-p~·ro>.t•nt· dac·itl' purnin· blocks that 
l:il·k biot Itt' ,md hornhlt>mlt•. A,;!'o<'iHI<'d with t ht> 

i;..:nimbritl· !"t•qtJ<'IH'(' an• sp,·pmJ <'nltrH'. lit hie
rich pumin• falls and l'irw-gr<-~inNi capplllg a~h 
Lti!:' IFi~_.l;,}. 

Tlu• uppt•r tf·phra group <'(•fltallh s(•vc•rHI 
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Fi~. 8. Profitt' through lht· .. l'uy" lj!llimhna··· and li.'i~llfl3l(>d pumtn• and IJI--h r .. u~ 'Fs.:.li l:;hnWIIl!( dlllllj/1"~ llllllt dtan t:rain 
size (!\·1dol and !'tort in~: of df'p<lSit!- (a 0~ ,-alut>" d.-ri\'l•d from cumulattw fr!'<JU(•nn cur\"1''- in till' f!r!\111 ~ito· rallft' -4¢ to 
4C>). and {r('quenc-y \"llr!at sun curn•" of individual compllll!'lll po~pull1t tnn~ ( pumsct- :o. ;.t spplt·<l. 1st h•n· -. --hodt'd. cry~

tals = unshadt>d I. Samplt•s t<Jk<'n tr.,rn hom••l(t•neous I un~~:radttl. ma-;~ivt'l~ lW'ddt·d 1 purtitms <>f ~·ll<'h un1t. Sh.ov.n at right BTt' 
estimated perrentai!E'!- of arccs~orv lit hie t~llt-S observt:'d in pumu·t· falls. )'t; Fmd (;I r, (lit hie t~v<-~ tl'fn tu Tlllo!.- ? 1. 

thick rhyodacitic pumice tails, ahundant lake

deposited pumice and H!'h <Fig. 'i<' ), and thick 
sequences of water-lain basaltic ash. Exposures 
of individual units an~ ronsiclembly more re

stricted than lower group dt·posit:-; and differ 

mark(·dly in mineralogy.lithic tnws, and grain

size characteristics. In addition. two rhyolitt
pumice falls in tlw upper part of the Puye fan 
(units C:22 and C~~. Figs. ti. 'iD l differ signifi 
cantly from other Puye tephra units in compt>· 
sition 1Table 1 t. and are runjt>c:ured to han· 
been dt>ri\.;>d from suurrt' n·nts currently hur
;ed beneath \'aile>- II C'alckra f Fig I I. Only ntH· 

('XposurE.' ofE.'ach unit has bt•t•n found. although 
it is apparPnt from cit·posit ch<lracterist ic:-; h.;pt• 

lwl<lW J that tlwv wvrP nnn· wirlt·~pn·ad pliniaJJ 
df'JHl~its 

Correlation of tephra 11nits ond deposit 
dispersal 

Key :->I rat igraphir tl'phra hnri:t•Hh Wl't<' cor· 
rt'lated ( Turbevillt•, Hili•) .l us in(.! a combinat i<•n 
(d. mineralo!{il"al chararterist ll'~. distinctive 
Itt hie dn!'ts, and t ran• t•lPIIH.•nt rompo~it ions of 
Ia rge pumice cla~ts. CotrPlat ion w;t" 1 mpedrd in 
man~· rasPs hy a highly variable ;~:->,;pmhlagt> of 
_1uvenil~· dast typt•s in i'ldi\·idual dt·posits and 
~~~· the uftt•n erratic ltlt('ral varinhi!Jt\· of incii
,·i<iuAI tt·phra units du<' tn locnliz<•d rt·wnrking. 
The n·~lllt!' of tephm unit corrt·latJr•n arP prP· 

st·ntt•d schrmatically tn Fig fi. 
Of tlw :!!") primnr~· j('(<,jc pyroclast 1• d('posits 

t·xpost·d in t lw Ptl\"t• Formal ion. t'Jdil pumit't· 

falls nnd l\\•o ignirnh:·it•·'- :sn· r•·····~:lliit·d l:tn 

anr 
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and lithk ( H 1 clasts: valut>s !'hnwn art' 11\'I:'TRI(es nl thf' fi\'{· laq.!t•st clasts I Inn~-: dim1·n~ion) mt-asurt•d in outcrop. 
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wide .-\t k<l"t 1 hirtt•t·n un:t:-. that' :tnuot tw !at 
t·r:dl\ t"rn·l<i!l'll ;Ht· t·xp .. :-t·d in tlw .;outht·:-n 

port itm .. ( t h·· l 'u' t· fan d·'ig. I I. two 1110rt' 111 

tht·t'.l~h·rn l:a:1 -.t·;~nwn1:-.. ;t!ld \l'l ;tno1lwr 1W•• 

111 t ht• 1\tlrl lwrn and pr•>.xunal t'Xj.•nsun·~ lt·x 

dudtn;.: t"" hi"' k and a,..h p~r•ll·h~t ic t1u\\ :-•· 

qut'!lt'\"·: 't't' ht·!nw I. In ;tdclit inn. {llllllh't· ;n;d 
; l 'h I •!1 '-' i I\ U I a· , i .., q.:,llt (j I ; 1111 jJ [II\ I!> rt !<Ill II l Ill; I 11.\ 

t·Jnt·l:l'-11< dc·p•"l'" :111d \;1< 11~1 rirw .;t•dtllit'tl1"' 

; F q.:. - 1. 

Tht· inn:tt·d t·XP""'Jl'l· t•nh pl·fllll1"- ;~ppr<~:>.t 

!tl<tti<>n' •·I dt•pu,it d,,..pt•r.,:d" llOI:'t·d ontlw dt~ 

trihut~<•n 11! !ll:tximum t L1-.1 di:lttwtt•r..; t Fig.~~ 1 

T\w lu;.:hl~ trrt•!.!td:;r t htt'kllt'"' ,·aria1 I< In,.. o\ 

lll•!"'t t;l\j dt'P<"it.; ait<~).:t>tlter limit 1 h1· u..;t•!tdl 
n •. ,.,q 1--•jt:lc \; 111:1)1:-. Tlit' Cllll\nllr' f,.r 1111it l'l 
; F.:.>.,;_ ltJ 1 :l•,,J.,tlH·r \'tl\t· t;dl,.. di,pl:t,. ,·ru<lt

hn ,·"n"l'l('nt l r•·JHl:- Tlwr•· i:- a s\~t('tll:tt ic !';t"'l 

:tnd ... ,.qtht·.t't dJ~Iu·r-.tl. :d~ .. v~>llllllllll '" Jl"'l 

l'mc .1.\1\T 1t·pitra dt•p.,,..tl:- I Wri)!ht t•l al.. 

i''"lh 1. '"n~t~t•·t;t ''tth pr"l1:1ltk ""''rt't' Vl'llt:

;n 1\lt' n·•rtlw;,,lnn 'J',..chwoma dontt' vnmplt•x. 

. .\iPt:Hbnt an t··~··r,· lit hi··, Ll,t._ intltt'"'' purn 
,,,.tall:- tT;tl)k :.2: Fig:-. 1'\. \til rltN·h· n•s(•mhlt' 
T-·. hic•l!:t<t l;t\;l'-l'XJl'l'-t'tl1•>tlw north\H•:-1 1~1'1' 

I ,.), '" I.'' lwr•··l' t ht• T,..,·hwlllll:l dt•po-.11" S0\11 h
\\o·~1 11! tlH· t;.:l 1 Fit: I l ;tit' :-tilltt.il'llll\ dilt!'r· 

t:lt t'llll<P"'''"'llalh lrt~llt l'tl\t' tl'phr""' tl>a,id 
H rux 1• ":. Pt·r.' , llll\11 11111 • I~ 1~:. 1 tc; <'XI' ludP t lwm 

;1- prul >a hit- "'"'lrn·:-. Tt•ph r<~ d '"Jl(·r,..a 1 pa111·rn:
;1rt· .tl:-••, ••n,..;~l•·nt with Jl'l''-iblt· ,..,Hif•'t•,.. in till' 

n ~~~~~~ "'' ht 'I• •it-do E111l1a.' lilt' Ill Tl11 ... dl'pre:-

'-l••rl. h'''''''l'l \\ lH·lllt'r ;J 1 .l!dt·r<~ or· Lllld:<lidt· 
,, art Fr.t-1·r i ;,,II. pn,.. n>tnllltlfl. Jq.><,;,: ~<·ll 1•1 

,,) . \~1."11' •.1•'lll:•·t\ ll"l htt·r th;tn :; F \Lt tl;anl

::•·1 t'\ ;t} \''"'' I ;t\ k:t,J II-, Ill\. t•,trlll•f 1\t;l!l 

.ill\ currc·n1h tbtt-d. t·xptt:-t·d Puq· 1t·phra . 

l'l~t·n·•r11:\'' ~11·rrt l't\\~' Ltn l''-Jl"'''rt'- tl·t~~-
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Fig. 11. Chondritt>·normalizt•d (Haskin et al., 1~fi~; Thomp~on. I()H:!) trarl'·f•lf'mPnt diagram~ comparinl<! 1 A I l'll\'t• F:lr 
mat ion rhyodacitR pumin·~ anrl Tsrhi<'oma Forr'.ation rlant•· Ia\ a,..; ( H 1 l'u~·t- Format 11111 upJu-r J:r•mp rh_,·,ldllCJlt• pum1n·. 
rh~·udaritR lava bl,"-·ks in pruximal bh){'k-anrl·a~h flow~ I ~<•''' to•xt l. and Fl Hf'c·hndo~ Hh,·nlitl· clt~mt· IH\'Il; and ( (' l Pu~'(' 
F.,rmatJon rhyolite pumin·~ ((;:!2, CB; Fi,::. 61. Lo"'t'r lhndPht'r plinian pnnuce. pumi('t' from prt• Bnndt>li('r (San llit'l!" 
Canynn 1 ignimbritt•s, and rang!' llf l'uyt> Format mn rh\·nd»c·ttt· JllllniC't"R T!'rhicoma and El Ht·ch\lt'lnR Hhvnlne data from 

LMffl1•r ( IB!I-4 1 and (;!!rdm·r "' 11!. I 19~61. 
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1. li J are ('l•·;1rh pr••Xllll<il. Th1 ... , ... -.upp· •r!t·d h\ 

1 he pn•,;t·nn· •If 1 J) J.!Thtll·r t hi,·knt'''·''' and 

•>n·rall•·•,ar:-em·~" ni ptrrnrn· l.dl dt'l"'"''"· ! .: J 

r hick <tc<:umulation:- qf conr:-t:, lit hic-du.ni· 
nHt£'d pumit"eou;-; i~nimbritt':- and a:.~h rrch.rlt> 
hri~ t1•tW dt·po~ih. i :{) .I ~t'ljlii'IH't ,,f !H·;trh 

nwnollthnl<Jgir hlnck-and·;i"-h !low ,j~'ll"'il"' Ill 

t hi· uppt·r p:t rt of 1lw "I'Cl i< •11. and q ' .1 L. «•\ t·r:•! l 
p:hl\'11\ lli -.ht·P11lo,,d <l<-p••'lt~ tl .. n d•n:llfi:l 1 t 

llllt•r-enlpt l·•n :-eq11•·n•·, .... :tl• ·n;.: 1 1\,• t•:i ... 1·.·rL .I'll I 
~~n.thern pnrl;on~ o"tlw tar; i F11~. ~). \\'art·~kwk 

an,J TurlH·\·:llt·. ill prt·-.-. • Ptl\t> dt'P"'-ll"'lll tLt' 

art·H al;-<1 1!11t·rfin!!l'r t<J '"na· ··XIt·nt \\lth "'·lr 

f;H'I' ('XJltl,..l!ri,'-. n1 l'<~ha:\t-r;! c;r .. l:p Ll\;J~ :o!id 

talu:- hn·cn~t:-. n·l.tti"ll~liip,.; t"] ... l'\\IH·rt· unl\ d. 

lt·ctt·d in tht· :-uh-url<lrt' 1Crig~:--. Hlli·ll. 

Atl(k-.Jtl:' i<l\·a:- II\ t ht· T~t·hit orl!a •·t·lllt·r t·x 
hdoit a lt·!ted pLq.!to(·h~<··p\ fll:\t•!H·-gronllldn:.•" 

and plwnnn~·~t-. uf plal,!ioclao..l'. <HJ;_:Itt·. h jli'f 

~thl'IW. anrlrnapwti1t' ICardn.·r t·! al. l~~'-~i;, 

I )ac it(' and riwodacit l' la' as. n n t ht· nt lw r ha !id. 
<Hi'. l\'Jllrai)Y ,·it rnphvric and P•ll1ain t ht· .• -
'-'t·mhlH:.!t'l,, hbl qt; cpX·••JlX·IIl:.nlin"r ap tl1<•· 

and ZIT<'· I II. ;1nd c<lmpkxl.\· 1nrwd pl:t~t·" );.,.,. 

~lPtnt·r• •n' s1 ._ with pron• o\Jnn·d d:~etpldihrltllli 

t ~ 1 t'\'{• ) ~.l' x 1 u n·s II .ud t1t-r, l!l.-1-i I. I '11.\ t· F .. r 
mat it•ll rl:\·o>daritt· pumin• dt•pn-.tt~ exhihtt fJI'T 

rograph ic lt·<H un•,.. Sllllllar IH >I h t" 1 h~o· t.~idt'T an· 

dt·sitt> ... <ind to ~ht· Y••ung•·r. mon· <.,,;.,I'd 
Tsrhicor:w la\'il"- I \1anky. lq';'l\: T Jrht·\ dJ... 
I !lMt)). 

Fih'l.lfl· ll ~·omp:tn·:- \\ holt--rnrk t ra,··· t·k 
nH·nt C<•lll{l":-lti<tli" >~t "'''\t··ral l'i!Yt' horrL.!lJ••!. 

lt.:phr;;:- \\i1h r<~,·k t'Jl''" c•Hnnr"n a,.. 1•,,,,. Lo!: 
lithi1·s ITahlf'L Fig Jtl) :·.nd\\Jth(ltht·r.l\1\T 
t·ruptiw•s 11! similar a~~t·. I'11Yt' Fnrm;tl1<~!1 

rh~·odaCJit' flltllli('t'"' ! F1~ J I:\ 1 Ira',. :-llii:L:r 

c:umpt1~11H•J;,. ln T:-'dli<<tll\d d.witt• :1nd d,\ .. 
chcilf· \aya,.. dl"'rrihl'd h, l.ot·ftler 1 l 'P-i.\ 1 .!!:d 

by Balrlrrd~t· :md \'an1man t l~lSh I. H .. rn 
hkndr>·rtl\'()d:tl'ttt• la\;1 block~ u1 pr•IXI!l\.:i 

hlnck ·il:ld·ii"h tl"w dl·p••:-Jts • "t't' ll\·J.,w l .trt· 
"'i!l1Jiar. I untplo:-11 i•,n:d!y. to lt•p!Hil~ 1,j t ht· tip 

pPr 1-!f•)Up 1 Fi:!. 11 H '. Fi;_:\lrt' Ill' ~~~.,,~· ... • !11· ,. 
:-Jm;!:trttlt'"' ht·1\\t·t·l< liPJ•"r 1'11·,,. F<•flli:t! l• r1 

rl:\'<.\111' f''l!Jlil·,. fd:l~ { ;~~: ,IJ)It {'<t ( Flt: I• I'~;'!: 

i'tllll:·.·· 111 Lttt· l';tntTllt· 1 pr•· H.·t:dt·l:t·r I 1;.: 

:lltnh:-1:•·:- t·XJh· ... •·d ... .,ul!t\\1·-t '" \' .. 1:<··· II C:tld 
t·r;: ( rllrbt•\ Jiit• •nd ~dt. ~~'·"'"'' ;i1J(l LP\\l'f 

Bancic:it'r plinian pumi<'t'. n•:-.jWl'f l'•t·l.'. 

In ~\ll 1mar\'. tlw l'u"· ailtl\ 1.d i;~n prohald· 

n·pn ..... n, ..... nh· " ... !ll.tll l'~'"l'''rti":• .,f 1111' m;s 
lt·n.•: 1!1.11 m:l\ t·lltll'<'l\'ahiv !J;I\ ,. l·c•·n t·r:lpt•·d 

• xp~"~l'• :, tr••Jtl t!H· T,..,·lnt ••n;.• :llld El Ht· 
• frtlt'."' dt~llll''. Ill' lr<lJll \t'lll -I il;ot .\t'!·•· nloiJ1t•t 
,,;,.,! !,,. '·o!Ltp.,..,. <II tl t· \·.~IJ.. ... ,·al·l• ;.,., It j,.. till 

Lc1d~ '' :· ... titn:ltt· th•· '":\Iiiii ••! lll\t'I\tk 

l'•·r,,, h:-: t<'llt:llc'ri:ll pt't':-t•rn·d 111 tln tannr tlw 

J••·r .. ·t:LI;:•· .... nl titt•:-t' t•·phr:t~ d .. rJ\t·d lr"lll in 
(!:, JdoJ:d i:l\ ;t d"nH·s. lltt\\T\ t•r. till' pnman dt· 

l"''it,.. .111d n· .. n~ni;altlt· t'r'lJ111"'· "''lJ\Il'lH , .... 

:-tl;.!;..:t·'' th:11 a milllllllllll of f.ltt·t·n ,..llt<tll ttl. I 

I IJ kln I t·:.;plo,.;i\t' •·r11p1 t(lfl:-- :tt'l'lll'lfl:tlllt'd tIll' 

~~~~\\:it nj l:t\ :1 dillllt'~ Ill I ht · tit •rt llt'.l:-11· fll p;t rt 

ut tht· T.'l l1ll't1lll:t \uk;inic n·lllt·r. Ill :ulditJ••n 

I•• t\'" "ll,:l1l!it·an1 t'jli:--.orlt·-. 11{ \ uh <tl.\:tll :11'1 i\ 11' 

proh:ll>IY a,.~·ll'i:tlt•d \'i! h ~f<l\ 11 ·1 '"nal Ia' ;1 

d· •tJH· < ,j);tp--•· AJ,.., •. :II It-a' I t hr• t ~·xpl"~'' t· 
t'rtlpt i• ·!1"' P••~:-lf,h· a~-.•wialt·d \\ tl h ! f,,. \<lllll:,:•·r 

J-:1 J<,., hw·i"' Hhv•ditc· dt~mc·~ i J..,,.Jfl,·r 1'1 .t/ .. 

1 ~~"~ • :1n· n·pn·,.;t·ntt·d . ., ... wt·ll ;t~ t \\11 plinJ<Ill 

• lt·p• ·~n ... I r• •m "< 111 rt ·t· ... n• ''' h•t rlt'd lu·rll':tt lr \'a 1 k:
ll ( ':drl<-ra ;\\(,,lr h1-. :It'll\ tl.\ O<'l'llr!o·d ht•l\\t't'll 

;thout :L.-. and 1.'1 \1a t\1nnln. J~r;ti. J!l':-!1: 
Tm\., ... ti It·. 1 ~ 1~1; 1 

Charu(·((•ri~lit·sof pyroda~tit· and 
a~sodal••d dc.•pusits 

l'tJ::;wt· !:ill dtvn~:l" 111 the l't:\1· Ltl \,IT\ fr•olll 

ii1lrw P""r pnmit't· :tnd ;!,..It Loll ... 'Fq: JOt I•• 
• f\,l,,j !llid lttJ\11' d<lllli!Llll d i:tJJ dt p••:-'lh \\!l!J 

·•n!Y '-!Jhnrdin:llt• :mltHlllts of p::Jl•tc t· t !' 1 .• hl.:. 
"·tall 'Ifill l'•i l Tht."'' l~·;lliJrt• ... :tr(' di"tinc1J\t· 
.,f fall ... produn·d h\ "''" plitll:tll .m.l ·.tilt a!ll;lll 

··r.lp1Pifl- n·~pc·•'ll\•·h 1,·1. ~,.\,!J.tll ;,r:d \kl 
..... n.l'!.".\.llt·ih•·niltll! \\···lil•·t.'.l~l..., ··.:ind~~~~ 

::•·-:! tL.11 iHtllr t\·p··~ .,fl'rtiJ'li"lln•J:lll•IJilh' :il 

· "ll•!' tOito·d 1 !J, ~r•o\\1 h .,j 'I ····hv"nl·t 1.1\ ·' 
·l·•tll<'' lro :tddit 1 •ll lnoo-1 I'll\ •· t..!l ,·,n:.wt .: 
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F,~ 1:2 A Ttornd~' pro~f><lf(i<•ll,,lJJght<••lnrt·dh .. rn!>!t-!Hit·pl!H;I,,. ,J.]'I.d.trh):r;t\ ~·p,rc.\1'1<<1• >1111<•· tlll'l .. mdaph\'rt<'. 
p .... r[,·\'(·~tc•.d .• r r~J}nC'k\'1 J•l\l'!!do·c!a·l· (j'\'(;flllf'fll(>lr••ll"''!ll'-"'' 1'1 J•;:_j•; I'.•. and 1'1; 1'-. t~•-• F11: lo;wdt•·xt fnr 

d<-t>~ll' l. hal•:h~>rl fi~;}d, m.-lnd~: .til '"n.pi,., >~rtal\'lt·d lr:>n: ,._,. 1, ,,.q ,o·nn· '· •, .'·\I 

B. ~1t.~than hra:n ... ,lt· t \td(,• pl1·l~t·d (ji!Ain-..t lnruan·!"> 1 Pt .. ~·:' ~~·r!ll L p.tnHn~·!t·r 1 r: ~:,1 l"r tht· ... ;«rut pf.ru ... ,.,~~,,.,, •.•. ~ ~•~ in,-\: 
;·Dnlti\;r~d f1~·lli~ ;,rt" \\'a)kpr·:-. '1:r;·( 1 l"'·n<·tHt1~t::-- "t 11\ r"( i., ... tt' tl,:: d··P"~'~" ':'ttldu d ,,.,rJ,htJdt· 

Wide- 11!--:'C·rt Tnt'i1l uf dist inc! J\'1' _111\'('rJtl{' and il('

U:'S~nry ch:--t t''I>P~ IT<ihl(• :? l. and nn o\'t'rilll 

rrer:d i:-- 11pp:ln·nt str:llr~raphi('ally. :\t Jt.a .... t 
l h ft·(• ('( lht'l 'Ill!\!' :--t'ljtit'l1'.'t"" Ill ( h(• j, IWI'J' gr• >I~ f' 
c•q·,t:lin r•tWl:n· 1:dl:- tl'l. 1'-1. l'i;: I-'ll! ii l ,,,,.r. 
Ltl:: !" t;.:n:n1i>ritt· J-:,,, h :-•·qtwnn· t·\htl!; 1 

,.,, tl\'r <ill liJl\\ ;tn!ttH'l'l';l!--1' 111 t lw proport inn of 
d.nk gra\· or handPd JH.min· in SUC('t•ssi\·c· fall 
dq1• >!-II" or (' ha ll;!t·~ in t lw p rr •P, rt ions nf poo rl ,. 
\t "il'trlar Jll\t·nile rn:t!t·rial ill1•1 ptnnin·~>tt~ ac

<• -~otn .·l:t:-! ~ •l· i:.: I:!.\ L TIP· npp;trPnl n-rlit· 

I'\, ... ;ll-•r rdlt'<l<·d In ~:r:un -1/1' tLIT:• fr.,Jn Ill> 
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mogenenu,.. l i.t·. ungraclt•cL ll1:t!-!-i\·t'l~ ftt·dth•tf 1 

part:- ol t.'ach Lllluni1 'Fig. l :!B 1. l'u111it·t· tall, 

;H l hf• hn:-t• Ill ench ~t·qllt'nl't' apJW;ll· 1 <1 h\• Ill' 1d 
t~ratt!ly w~ll sorted and rich in crystals Hnd 
highly w~irular" hhl-hi-ht>aring pnmict'. fhPr
lving unit:- <Ht' progr··~~i,·t·k h<.'ttl'r :<~>rtt-d. t·~ 

Jlt'Ciall_v P7 ; hat t~l~o bf'c·.,r~t(':-< muc!1 firwr· 
grairwd :md richer in non-\·t·!-<il'llbr ~~Ia~~ 

Tlwsp t rt>nd!< 'l<g!!e,;t :-otH'('('~"ivt·l\· higlwr 
W;tl('f CO!ltt•t11:- ill t'Plj.lt ;,lll t'll!lltnll~. that t"IIU!d 

ha\"f' initi<ltt•d prt•m;\!IJrt• tlt•pu-..:itit~n .,f fiJH·r 
grairH'd lll<lterial and would h:1\'1' drarn;l' icalh 
J, 1werPd erupt ion column height:-; f \\"al ker. 1 !1.''1: 

B. Houghton. JWr:-. \"•lllllllU!l .. Wh/'11. ( ·,,IIUll••n 
transit ions lwr wt•t•n phrt>:lt 1 Jlllagm:Htt· ;md pre 
dolllinant 1~- magruar ic at·t ;, 1ty h;t\t' ht•t·n dnl'
unH~flt(•d frum dona· ('f'lpt 1o11:-; el:-;,·wllt'rt• I llt·i
ken and \\'ohletz. l~lS71_ Ttw~t- liata:h"\\'Ht·r. 
do not :-.up:>ort the :-ou~ge~t ion t h:tt phrt•;tl omag
:nat ir act i\ it\ llt't'O alwa_\·~ ht• prt•t·ur:-or_\ '" 
ll)agmatic eruption:- from growing dnn>t>:-. In 
additi~m. tf :-oub:"('4llt'lll t-nlptiom. had lapped 

deeJlt'r. mort· 'olilt ilt· poor r:Jagma. t hi' re..:trlt 
ing erupt inn phllllb \\ould als11 han' l,t·t·nlo\\t·r 
anrl fp~s pif(•ct in' in d1:-pt>r~ing coarq• rla:-t ~ 
'Care~- and Sparks. I~l~f) ). ( 'onsl·4lH'nt l'tllumn 
t·uUaps{' or ash fountaining <Spark:- ctnd \\"il
:;on. 1976; Sparbt>t al.. 197~; Horn. l~Jhli 1 might 

he ('Xp('Ctt>d l() haw produn•d thin hut widt> 
>'pre ad pyrodad il· !lows ;.l,..o rich ill ponrl~ "'" 
JCular juvenile g-la-;,.. and bi\H lithil's. 

Pumice d('posit~ nn· l!Wr<' clost·l~- spac·pd !11 

ward tht> top uf tlw lnwl'r tq>hra ;!r11Up. ,..11:.:
~Psting that Pxplo~in• <lt't:•·ity Ina\· han• ht·t•n 

accelE>rated dun ng this J>('riod. culmina! ing wll h 
t•rnplacement oft IH· Puve 1gnimhritt· t Fig til_ 

This possible ith'ft'ase in rlw frt·qul'nn nft>nJp 
t itlll,.. i:-; als.n n·l1et·tt·d h~- a'-:-o\·iatt-d l"fllda,..t 11 

_· ..... .; 

tft.pn~it,...; thick IIHt·r-t•rupti••tl ~t'qt]('tln·:< of 

u.udtlnw;., on·ur ami !->llt·t>ttlootl dtvo:-il~. ahun
<bn! lll ~''lJllt'IKt·:- ht-!ow, ht·conw ks~ appar<'nt 
u11wctrd. Also, debri~ flow depos1t:- lwcorn<· 
I h ickt•r upw:url in t lw fan and prt'dnrmnat~> ovC'r 
t·I;H -po11r mudllow~. Tht·~t· trt'rllh- n-!lt·t·t in
,·r<·a:-;t·~ in ~nllrt't' an•;t rt•lit·f and prnxi111al fan 
~!ope and :-1:~~~·-.;1 :m ir:crNlst• in tlw Hlll•Jtltlt of 
c1 •:t rs«· \ < d~·:ln id .. ~t ic lll:li t·rial availahk !11 t lw ... t• 
ii~~·.,·:-. A~ Ill"( 1,.\ tala 1s ~: 1pP~ an· \ 1 rt ••.dh uhiq-
11il••u~ !'eatlll'l'~ of ,-okanic dlllllt·s I \\'iltiam~. 

J~U:!: Hn"t', J!IH-;' )_;Ill innt·a:-t• in tilt' ln·qtlt'llt'Y 
ol t'Xfll~tsivl' t·rupr inns from Tschir-om:t onnws 

mu~l h"' t· gn·at h· at't'<'lt>ratl'd tlw lllo\l'llWnt ol 
hrgP \·olllnH'" of poorly cnn;.,olidatt•d matt'fial. 

pr"' rrrra I h.- n·p~;.,t'nh•tt ~)\- \('f)" Cll;ff!--1' g-raim·d 
(h·hris U\alan<"ht•s and hltwk Hll(Lt~h pvroda~
t It' !lows. and dist all_\· hy st:l<'kt·tl c Ja-..t-sup
port<•rl ciehri~ tlow d('posit:-. 1 Fig. r, L 

t 'pper IPphra group pumin• falls an·~·ornpar· 

atl\l'l~- thid; whl'rt' prt•st•rn·d ( 1 :! 111 I in t'X
pn-.tJn·-. up fo ~(I k rn fron1 sou reP. I )ppo,..rts an• 

ln·qu£•nt 1\· wal1·r-lain and n·work('(f in di~ral 

c·XJ•n:-ur<·~ t Fig. ';'(·I. stiJ.!J..:t':-1 ing an irwrc•ast· in 
t1 m· ial art i\ rt y and Ia kt• dt•\'l•lopnwnt a l1111g t lw 
laP tot' as tht• Puy·(• fan matun·d (Fig.:.; I. Th<'!-t' 
Ldl~ contain a YariPI\ of cognatt• and an 1•ssor~· 
l1t hie typt•s not ohsf•rn·d in t ht· low\·r group 

nh~idian. apatitt·-ht'aring handt•d JHlmicP, and a 
\\ Jdt· a:-~ort llll'llt of highly porphynt it· rhvoda

c;tw cla,..t-..: and aiTOtllJl<lrl~· an app.1n·n1 up
\\ilrd incrt·a-..:~· in t lw proportions of q1wrtz- and 
,..,trll(iin('· plr~ ric Ltv a <'last:- in <•piclao.:t 11' "t'· 

q• H·JH't':- (Fig. 4 B 1. l'umin· lapd I i ill tIll' 111 rfall!-
al..;" H•ncl to hf' mort· ;tph~·ril'. and t lu· pPrn·nt
:lgt· llf dark gra~· :!.-pvrnxl'tll' Jlllll111'(· t'\'HI('nt in 
J.,w~·r group d('po!--it ~ dimirw,lw~ tlpw:ud 

through t lw liJlJH'r group~. as diJ<'s 1 liP prnpor-

Fig. I::_ .-\ ( ; ra :n '11o·- '"rr m:.: p r· •t tk tin·" ;cl' · q •J "· r I'•; \, 1·. •rtl .. ol t· ·" r h ,.,.11 t • I'' .Jill< •· !:d I ( • ~· · 1 ,,.,. F 1:.: 1, 1. lliJtl .I ..-r- a 1 n:.: b 1 

.,f C'olnmn r•-l•·r ; •. 111dtndu:d lalillllt!• l,,u.f,,.j, ·'' tnl·t;._ '• llt .• t·r.ont• ;,1 rtdtt cln·JH·r··~-lllal!•·- ••I ,.,,,.,ll\• , la•l ''J•t·' 111 

;o·"'·t·r and tiJtJh·T t.tll oru~ .... and 1 1H: '!\Prall prflp• ·TI "'11' ',f a· ct·,..,. ''" lr! hIt· t' 1 ~ ...... th •1 •· 1 t,dt 1 ft,.rt· Hn· n•' t orrt·~p~ ,:uinn.: Itt hu 

das1 1\lW' 111· Tab!.·:! 1 Ill l'~:n· F"rrnatt .. n f.Jla:l .. m.·r.tl '' dt·P"'"' 
H l)r,,filt· thr•Jil).:h 1:pp··r 1'·.:-.~· F•·nn.til•'JI d:• ... !i·,. (' ont:., t;,H l ~· •F:~: .... ., '."IJI.tlld 'u·rn·nt.tr•· .... ,f t I.J:d tq)•"· .,t, .... ,.~,t·d ..... 
·it\'t· ...... or\' !sthr~· ... I.Jthh·' l,, ... , !\'Jn· ... trt~n\ )l.,fh L . .' .tud f ·q ,,r,· ... u,~.l.sr (41 L~'·' ltrft~t!o~~u-:-. n·p ·rft·d lr~ttH th• l'.t'~tt.t ,·,,n,···n 
Fon:1,\f l·tfl ('XJ•I:.._ .. ,f .... 111t h ttnd ,,, .... • • d) .til,- II~ .• :dcr.t •', !rdttt r ,., .ti. I,. .. , 
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tion ol hlllck\ .l-!lil!'!'~· tlHllerial. In add11in11. tht· 

dt•po<t:- an• gt·tH'ra\1~· lit hie ·pnllr and rom par

at i..-f: ly t'nridwd in fret· crystals rei at iw to unit:
below. Thesr teatureR sur,gest marked <'hanges 
in thl' nat un• of t·xpJ,·,:-iq• t>rupt ion~. that proh
ahl' <H'l'lllllfltlllit·d dwngt•:- in mapna rompo:-i 

tion t;md rhE'Illog\·1 in thP T:-chi··oma \·olc<Hlic 

t·entt•r 1 lbldrid;.:t· and \'ant man. l~~t; I. ,·oitl 
t·idt•n' wi: h t>:>:! n:.,illll ''! t ht· Fl H~>cin~t•\c, l~h' · 
olilt• dtlll\t':- ( l.t,..lllN d <il., HI~~ I Sili<-it· ll' 

ph ril dqw,..ih in t ht· Pu \ t• Fnrmat i1111 \h'T,._j..,; 

up\\'nrd tot ht• Plt•tstot t.'tlt· Pro:-it~rt :-urfan· ( Fi;.:. 
:\ t. t'on,..ir!t·n·d 1,\. \\'an•,IJack ! l~l~ti I tn rt'JHt• 

,..t•nt nnh· tn;n,.r t'!'<'<lrpnu.'nt n·trt•;tt prior ''' 
t>lllpl;~<·t•IIJI'Ill • ·I tlu· Lnwt•r Handt·ln·r T<tlf ap 
proxirllalt•ly l.-l;-1 \la. 

~t'\ ('ral ha:-;dt n· phn•att~!ll;l~lll<ll ic <'rllJ'l ifln~ 

ut'C\trrt•d rlttrrn,: tlJt• dt'Jl""it ion u·fanuppt>r Pu\·t· 
lan1:-1 ri11t· :-t•qut'tll't' 1 Figs.:~. f;: al~n "('uJt.hra" 
la kP I'! a: nt Kt·lie~·. 1 ~l.-•111. The~t· unit:- i n~t-rfin
·gt>r with Ptt\'f' tlu\·ial gra\'t•ls anrl Likt' ~f'di

mPnt,.. in tlw ... ,•utlwrn Jl•'rtiun nt' tlw tan. and 
n·llt•t·tt h•'dP:-.t• ;1,_~,,,-i;tt inn ot'T,;l·hicnma- Pun• 
:-'t·dinwntall•lll ;1nd phreatnmagmatic artJ\'it\' 111 

tlw ( ·t'rrP:- ch·l Hio \nkanic ftt•ld ( Fi~lwr t•t al.. 
1 ~11-',.l I. C n,1 rH• dehri:- !111\\' rlPpo,..it ~dominate t ht> 
upp<>r PU\T F· •rm;lt tt>ll in Jllt·dial ;,nd d1,-tal fan 
:-Pgnwm,- anrl art• ('\'t·r:·whNf' a~soriat~·d with 
purnin·•ltl, tl!l\ ;a! :md lacu,.ct rint- dt'JHl:-'if:-
1 \\'nrl:':-;ha,·k and Turlu·Yillt'. in prt·~~ l. again 
:-uggf':'-1 Ill!-! t l1l' imp•lTt illll't• nf Jll:l!-':- t1ow Jlf\l· 

t't':':'-e:- i :tJ,,ng w i 1 h (\· rr• ,,.. d(' I H j, lhasa It il' t•rup. 
ti~>n.' 1 111 &nlltietwtn;.: !neal draitwp• pallt•rn, 
\lall\· ,;f tlw mudt1u\\.; nnrl dt>hrt~ t1nw~ W('rt• 
emplat t>d ~uhalJllt·•lll:-']\ i \\'ar<·~ha,·k. 1 ~~~~i land 
,·an lw t racPd upl;tn tn lnterall:· t>qlli\;\lt>nt 
pm:-;inwl hl••Ck·;!lld·;1:-h ~('lj\ll'IH't·:-. 

l\1!,,,\ilt· pun:tn· Ldl:- <H't ur in t\\'c, il!'l'a:- HI 

lhl' t•'P ••I th<' l'll\t' tan and an· ltoth tl\Nlain 
h\ .!··I n1 "' ('pid;~-.t i(· matt·rial ( unil:- ( ;:22 and 
C~l. Fi~. t; t. Tlw--t· an· di~t inn front ntlwr J'u,·t· 
!t•phr;t:-. :1\t h•1il~h t lw lunitt•d l·xpo..,urt- of t·;wh 
r,,n.\t.r, tiH·ir ,., >rrt•L&llll!l ditflnt!t. \'nil ( ;:!:! '" 

1:211 t m t hll'k and l'Oil:-;i:-t:-. ul :-1x I all unit:-. t•ach 

:-.t>p:1ratt>d h\ ll.:"l .:to em oh er~ iitll', cry~t<ll- rirh 
a~h \ Fi~. 1 :t-\ I. Thi~ dt•pnsit <'ontain~ distinr 
t iH• aph)·ric t uhe (capillary) pumice with vt>si
clt>,.c of a~pt•t·t rill in : · 100: l. Thi~ juwnile clnst 
t_,·pt· ha:- on I~ I rt•t•n d>:-.t•rvt•d t·l~t·wlwrt• in tlw 
;1rP· H.mddit•r !'\an 1 lit•;.:o t 'an~·on ignimhri:es "n 
t 1~1:"- :-ont l1wt>,.-.h•rn n~+: rgirt ul \'allt•:- lL CaldNa 
l Turn"' illt· :md :o;t'lf. ;n pn·~l" l 

t'app111g tlw l'uyt· ForrmalioJJ ir. till' n•ntral 
P• 1rt ion "f t lw L11: i:-" ..,, l'nnd unit t C~. Figl'. fi. 
7lH. a :!:,nnn·thrd' rh\ol·itt•ptnHitT faH n·~1-
in~ ••n a di~l inl'l in• n·ddish cia~· horiwn. Silkv 
whitl'. :-.anidtnt•·ph\ri<" pumin· int hi:" dt>posit 1s 
dwmi.·;tlly mtd moq;boJ,,gil':tlh inclist inguish
ah ll' fn •m pum i('t' of t tw Lo\\l'r Bandel it•r 
l(;uajt> I plinian rlt·po~it!"' I Fig. Jl(' 1 that owr
lif' tlw 1\J~'t' l'ormation in thi~ art•a.llnit ('!lis 
di~t m:..•11i~lwd I rom tIll' (;uaj(' ptlll)H't' fall h~· o 
hi~h matrix cia\· contt•nt, ahst•nn• of associatPd 
ignimhritt·. o\'£>rall firwr gr;tin ,jz(' and hf'ttt•r 
!'orl in;:. and an ann111alousl_,. n:·st ai-Pnridwd 
IP\\t•r fall unit t Fig. J:H\ I. Tlw ab~t·m·p ol'tuht• 

pumin· and dwrnical drs:-imilaritiPs di~tin

~·'IJish t lw unit from pumin• fall ( ::2:2 (Fig. 11 C l. 
although hoth unit:- !'llgp•st conH•mporam·it\' 
lwt wt•en E'rupl ion~ frnl!l t lw Tschicoma/El Ht·· 
t·hu('\n!' donw ... anci rh~·olit it· igmmhrit£•-form· 
i np•v!'nt" in t ht · ct>n t ra 1.1 :'\ 1 \' F I Turhf>vi lie and 
!-\ell. 1~~~~ ~-

'J',,o thin ignimlmtt·~ 1 Fi;.o:. ~;I in tlw lnwt•r 
tl•phra :!Tilllp tll'CIIT ht•!Wt'I'TI <'OllTSt'·graint•d, 

lithic nd1 pumicl' fall:- and arP t·ompo~('d pre· 
domin<Httl;.· of l,!ra;.· ~-p\roXt'lH' pumit'('. Tlw 
i~n1mlrritt•" Padt ron~i:--.1 of a r•·lati\·el_\' homn

gt·m•nu~ main tl"" unr t and Sl'\'t·ral !'itwly st rat· 
if:t>d. fitH'· tnc~t:tr:-(·-~rairwd tmmicPou~ lavn~ 
th;l! Y:lr\. from lit hie ril'h to lit hi·· -poor and l'X· 

hihn :-light pinch-and·-..\Wll ft·attm•s. oftt•ll with 
thin int('rn•ninf! a~h la\·t·r-. I FtJ.!. 1 tAL Tlw~•~ 
igm mbntt·:- art·,.., 111i \;• r t" d,·p• ,.,, t,.. Hll rilntt t>d t P 

JlHnda,.;ti!' !low,.. I rm•·lin~ 1n h&ghh· tluidi~t•d nr 
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PUYE [ Q:1 Pumice-Flow 

IGNIMBRITE k~o., Lithic-rich 
•"• Main Flow Unit 

DAsh-Fall 

~Pumice Fall 

D Lake/Fluvial 
Sediment& 

r.il Clay-rich 
~Debris Flow& 

Fi~:. F>. Fanl',; variattnns of tlw Puyt' il(nimbritt' ( ,...·t· ab• • F1)( "'I. lllllt' ""Pt't'iHily tht·li!lt'rHl vnriBitilit ~-of a""'•nat .. d pum1n• 

flows and fall dt•p.,~its. ar.d \\·e,.tward transit ion nf mum !lnv. 111111 dut• tu subaqut·ou,; rrnplnt•t•nwnt Clast !'Ill':' uol to !'<'alt•. 

highly energetic !low rt'gimel" ("low ·asp(•ct ra
tio ignimbrites .. of Walkt.•r t:'t a!.. 1 %0; \\'alhr. 
198:); Wilson. 1 ~lH4 i. Both units exhibit cnnsirl· 
e rable lateral variahility within n·lal i\'t'ly short 
distances, and in proximal expol"ures are much 
coarser-graint>d, mal'siwl~· h(·dded. and more 
lit hie· ric b than di~tal t•quivalent s. 
Th~ Puye ignimbriH· <1ft he middlt• gronp nlsn 

exhihit:-; considt•rahlf' lat('ral variability y<>t is 
consistent I~· rE>pre:-;ented in di ffprent exposures 
h:-,· a 2--;1-m-t hirk, ver:v lithic-ri~·h main t1ow unit 
<Fig. 1 r1 1. t; ndtorlying d<'pos:ts vary frum ('oarse. 
lithic-rich basal pumice falls I Fig. ~I to very 
coarse. clast-supported pumice-now d(•posits. 
The main now unit is non-weldt:>rl nnd c•mtains 
a variet~ of laq.!l' 1 '> .tl• em rliam. ). angular to 

sulHm~rular lithic dasts of Tsrhirot:ut Forma· 
tion andesite and dacitt~ lnvus (Fig. 14H) with 
~mall rounded pumic('~ in a matrix olpink ash. 
This unit hm; a sharp hasal <·onfa('t with under· 
l~·ing pumice deposits, hut n grad;ltional upper 
contact with the overlying pumiet• flows. Tht• 
(•nt ire ~equence attains a maximum t hickne!'s 
11f about 1 () m in dwruwls (Fig. l !'1 1. The Pu_\'t' 

pumil'e flows. and a thick st>qut•JH'f• of larg£'1~· 
reworked. ('OIHSe-grnin(•d puml<'t•olls deposit;; 
imnwdiately he low t h(' ignimhrit(' l"11lder pum · 
il'e-f1ow!-". Fig. (i 1. varv from matrix ·supported 
to pumiceous dast -supportNi and contain largl• 
f up to 'iO <'m dinm. I. wt•ll-roundt'rl. hr(>aocru:;;t · 
lik<' pumin· blocks 1Fi~. J.l(') int·xp••surPs 1-"> 
:.!0 k m from soun·t•. 
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T-., u l h 11 k bioi' k ;l!id -;s-..11 tlow :-t·qut·ll•'t•:- 'n 
CIJJ in tiH· pruxi!Jl;d upJwr l'uyi· Formatton 
i Figs. fi. ti 1. Tht,~t· H·quenceg art:' inf"rmdly 
de~igmttPd t ht:' Espai1t1ia and Santa f'lara hlo<k
and-a ... h dt·Jhi:-iT.-.. Tht·_, difh-r in <tppt·<Hillll't' and 
dt'po:-:it cL;~ r;l<'l eri~t ic:-:. TJw Espanola ~<·qu<·ttn· 
;.. - 1 t1 ll' 1 hick and <'nn--t:-.1 ~ n! at lt-a~t ~ix n .. ,\ 
unit~ di:-.t Jng-ui:'h(·d bY ;.:\'mt:wtrirat andre't-f"~-' 
f.:rading <~!Llrg•·. :-llll;tt!~~ubr lava l'i;t:-t". :\llunJt:
;m• non·\\{·iflt•c!. hut :-1 r••n,.!!,·lithifit•fi. and gradt· 
latt>raJl,· :md \"!·rtwall_, to \t-r~· coar:-·.·. 

pol\·! it holuga· dt•hri-. tl•tW dt>po~it:-: with JHP· 

d<•mJn;lnth· r,·d ;ntd ~r;l\ pnrpl1\ rit ic d<Kll\' 

houldt·r-. 1 :-.••!lit' · :\ tn <ham. i in an induratt·d 
plllk a;;h m:tt rix. 

The oq·rh 111g Santa< 'l;•ra :-:l'qllt'IH'I' t'nnta~n:

J:)_,-, Ill ol ,,·!Jitt·. ;drn .. -.t JllolltJiithldhgic block· 
and-a::-h <kpiJ:-it,.; with !"iX unit!- ~l'paratl'd by 
thin l<l~·er;.., ol lltl\ ialh n•workNI a:-oh. Tlw~t· dt· 
po:-.1t,; an· cli~tin~ui:-ht·d frr11n tht: undl•rJ,tng 
E:-p<ll-\()la :-t·qut-nn· IJ,· tlw pnt~rl.v '-·onsoli<Litt•d 
nat un• oft ht· t"rnH·r. tlw oq·rall '>vhitf' l·olor. ,, 
munu!it iwlogic lwrnhl<'ndt· dn:od;!Citt· hould1·r 
£hsemblagt· 1 !"f't' Fig. ! 1 H 1. nnd n comparat i\t·l\ 
high ratio •lt matrix a.;;h IIJ st;hroundPd hi<Kh 
1 Fig. 1-l D I. Tht· fltt\ tall~· rework(•d ash Ia\ t:r~ 
du nut contain abundant ch•t rita! matt' rial. su~ 
g{·stinl-! fairly rapid t·mplan•nwrn of stlcn•s:-iq• 

ilow unit:-.. 

Discussion: <>rupt ions from la\'a doml'!-i 
and e\·olut ion oft ht' Puyt• Fan 

\lost I'll\(· Format son t·rupt ion ~equt·n<·t•:

stq.~gf>st 1 ra nsi110ns lwt Wt't'il phn•aiO!ll<l/.!llliitlc 

and prt>O•ltninantly maj!matic (sul1plinian and 
plininn1 <H"t iYitv. !'-imiletr to Ja,·a domt• t•rtJp 

tion" docurnPnted t•l:-t·where ! H<·ikt·n and 
\\'ohletz.l<tX71. Pumice falls of the lowngr~•tlp 
rarE>!~ t'Xl'f'<·d 2m thickllt·:-." (P\'('Il in proximal 
~:·xpo:-:tm•s I. ;md l'<rmmonh t·xhihit highl~ l'r 
r;;t ic Ynnahilit\' in grain Sli'.l', Sllrt ing and dt· 
po-;it grading. !'UggPs1 ill!-! fallo\lt from lnw. wp· 
idh flurt ua1Jilg E'rtlpt ioon 1·• ,hllllll'- mt lwr t h;llJ 

lrt>nJ :-:ust;nm•d phlllli'S. Frdl d<'Jll"'it:- are g~·n 
l'r;dk po·11h· ~ortPd parlwulark in hnsal Ldi 

.: ........ 

1 ;r1 !1 ,.._ ;.! : l·-.tm~ t 11tlw pn·mat 11 n· t1u-.t o1 n~ "la:-h 
trum ,,_,;,·r-rich n•lunu~:-:. Tlw:-t·u:nt-. :tl:-n<·ot: 
1ain ahunda:Jt pn•Jrh· n·sicular _lll\t'lliit• matt.'

rial P'"'"ihh fnrnH·d h\· qll<'nching nl magmas 
i . r; · , r 1 ' • ·, t ·-. w 11 L 11 1o n. I' ht> n' .crv :-- t s 1 -"I ·ll ally t1 j,.;. · 
1 da\' t·\ idt•nn· • ·~ inn l:HpiPt t• di.;aggrq::•t '''ll Ifill II 
J,,:-l pntnH"t ;.:Lt,..,.., ;111d lilwratPd cn:-t:tl:-: olu•n 

in-.{' a !: 1 r~f· pt·rn·rll a!!P 1-•-l- ;.•l:t"" ml.iwn n·~ I o tlwi r 
-tJr!;:n·--. "t:;..:;:t·,..l :ng int·ll'tl·wnt n;a;..:tJ.<II ,c !rag 
l:l< nt:iltl>ll ;l!ld pos:-:1hlv lt•'-'s ,•xplo~·i\t' t rup 
111111:-- t\k~t·r. l~t7~t. llq.;hl.' porph\rttir l'og

na1t> tit !uc'-'. \ .tr\ing trnm den:-;t• to moderatC'h· 
\ Pstnd.tr. art· allundant inmost l'u\·t· Iilii:- ITa
hh- ~ 1 ;md n·-.t·ml>lt· "carapan·" liiH· matt.'rial 

dt·:-t·rilwd I rom \·okani<' dome!' and nh~idian 
l;,,.,l tl11\\!'- t F1nk and \tanlt·v. l!lK7: Ht·I~~<'n and 
\\'ohietl. 1!1:--.71. :-iirnilar d:l!'-r:-. an· ;d:-.o ahun
dant Ill igr!lmhntt•,.; prodtJl't•d l•,·t hl'st• 1 nrpt ion;;. 

Tbt• ,·n.tr""· gr:IJnl'd Pu.\ ,. Fornlilt i<oll pumict·· 
tl< JW:O:, dt•Jl:-t· 1>1• wk- and· a"h p~·rodastw !lows. 
;uHI n·lall\t·h th11l.l1thu· rid1 and \n•ll strati· 
lit•d ignllnhrttt·-.. 1 Frg. J.J 1 fmtht·r -..ttggt·-..t that 

'tll<'iHll:tll and --t1hplrnian ('Tllpl inn:-. wt•rt· pn•
cursor~ 111 <llld a<Tompanied tlw gmwth and 
p11-.~ihh· t•pi:-.odi(' r•>llapst> of pori ion:-. of Tschi
' .,ma ~;t,·a dnnws <•r ovt·rst<·t•pt•flt•d lava llows 
't'.l., Hose t'l al.. lqlli: !\<urn and ::-;pjt, 1~17~: 

\\.right <·t al.. 1~11'\ta!. Hnwt•\·er. si'HTalof tlw 
\iJlJ>t:'T tl•phra grqup deposll s m;1~ han• heen 
produn•d 1)\· mort• \ io!Pnt lv t·xp!P:-.ivt• erup

: ''Ill!--, approarh111g t lw eli ... , wrsa I dw r.tl'll'rist ics 
•>I pllll:an :wtJ\ Jl\ i \\'alkN. !~IS II. <tnd tlw up
f'H group rin •dit<· Jlll!llll'\' lnlJ~ I ( '!t ;md C;;!;.? I 

an· almo~t t't•rtainh· of plinian 1YfW. Tht• pre~
(•ncE•otmultiplt• lallllnihol t•V('Il thi1 htwssand 
I ht> pi:!lll'lt \ nl po J()TI\· \ ('SI!'ll; liT jtl\'1'11 i l<• cl:lst !' lll 
1 iw-..£• t hil'kH rll\ olit ic tall tlt-p()-;st ~at t t>~l tot hi~ 
t•r"hahili1\. t ·tl!nrttlllatt·l\· tlw l1lll1t"d t>xpo 
~tJrP o!tlw--•· un1h and tlw lnghl.\ un,..~stPmatic 
\<!nations snthwktws~o! lll•l~t 11

11\t' tq>hradf• 

Ji"'it:- d" 11111 JH·T!Jll1 a pn·t 1'-l't'sltill:ltt· of(•itlwr 
r rw di-.p<·r--:11 an·;1 t I) 1 or t ragnll'nt "''"n ind('x 
1 F 1 "' \\'Hihr t l ~11:11 

Th<·,·<~rlit·:-1 t·xpl<~:-.l\'1' ;!II 1\ It\· P'pn·..:l'lllt>d 111 

1 ht·l'u\t' tan 1,.. -.htownlo\ ,,., r·r;tl 1 ll;tf,l' ::rain<·d 
rh,nd:wttt· Jllllllln' Llib :md thtn fllilllll't·ou ... 
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mudflow deposits. These debris-laden mud· 
flows apparently dammed the axial drainage at 
the fan toe, forming a widespread lake (Fig. 3) 
into which abundant tephra accumulated (Fig. 
Ia ). Stacked pumiceou!' mHdflows form a 
prominent 2-5 m thick apron around the pe
rimeter of the Puye fan at this horizon (Fig. 6) 

and are cor:-E:lative upfan with thick sequences 
of int.erbedded pumicE-ous sht•et flood and 
bra~ded stream cong!0merates. Several ex~lo
sive eruptions 13re recorded in the lower 45-50 
m of the fan, each sequence consisting of two or 
more pumice falls, thin ignimbrites, and highly 
pumiceous mudflow deposits that represt>nt 
laterally remobilized portions of primary te
phra units. These sequences are separated by 
several meters of sands, ~ravels, and con~lom
erates deposited by channelized streams, sheet
floods, and mass flows (Fig. 5). 

Explosive eruptions continued as the fan 
prograded eastward into the Espanola basin and 
were accompanied by incn.•ases in the propor
tions of coarse debris flows and coarse pumice
flows, many of which were rapidly reworked 
upon emplacement. This period culminated 
with eruption and emplacement of the lithic
rich Puye ignimbrite and accompanying pum
ice and ash deposits. Following this event, coarse 
debris flows charact£>rized much of Puye fan de
position, as abundant material was being sup
plied from proximal dome breccias. Fluvial ac
tivity was apparently accelerated, probably due 
to cycles of increasingly efficient incision across 
the growing fan surface, and lacustrine systems 
again began to predominate along thfi' fan toe 
as drainagfi' pattern!' were disrupted by episodic 
sediment accumulations. The well preserved 
nature of most deposits in the Puye fan (espe
cially mudflows) and the lack of evidence for 
abundant vegetation in this semi-arid region 
CKelley,1979; Manley, 1979: Dethierand Dem
sey, 1984) suggest that dimatir fluctuations 
were not significant during thi5 period. hence 
most sedimentary prores:;;es in the fan are more 
feasibly attributed to change~ in volcanological 
and tectonic rP~ime~. Continued silicic erup-

tiom; from the Tschicornn/El Hechuelos et:•n
ters, and simultaneous basaltic activity from the 
Cerros del Rio volcanic center, resulted in tht' 
coeval subaqueous emplact>ment of ahundant 
felsic and basaltic tephra. 

Tht> proximal hlock-and-ash flow ::;equi'nces 
attest to at lt•ast two episodes of vukanian ac
tivity, prchah[~· associatNf with trw gravita
t 10nal l'olh-!p:-<> of un~t11hh· port ions of a litho
logically distinctive hnrnhlend~-rhyodnrit{- l11va 
dome that has not yet het>n idt>ntified in the 
Tschicoma volcanic <'enter. These ('pisodes are 
also retle<·ted distally in the fan by coarst>
grain('d. near monolit hologic stacked dehris flow 
sequences that dominate the upper parts of the 
Puye Formation (Figs. 5. 7C; Waresback and 
Turbeville, in press). 

Volcanogenic alluvial sequen<~t'S like the Puye 
Formation pres('rveexcellt>nt records from vol
canic terrains. An e~timated l!l--16 km:1 of 
largely Tschicoma-de-rived volcaniclastic ma
terial current ty resides in the Puye fan and an 
undetermined, but undoudbtedly significant, 
amount of sediment exists in the subsurface be
neath the eastern edge of the Tschicoma massif 
(Fig. 1; Griggs, 1964). The large variety of rock 
types found as Puye epiclasts (Table 2), com
pared to the much morP restricted suite ob
served as Puye nirfalllithics (t>.g., Figs. 8, 11) 
or among TRchieoma lava flows, st ron~ly im
pliE-s t hf' former existence of a lithologically 
highly variabl£· north<~astern Tschicoma dome 
complex that was rapidly denuded following 
cessation of volcanism. Topographir con
straint~ suggest that much of the mAterial shed 
from this complex was t ranspurted hy east
ward-f1owingdraina~,w en route to the ance!'itral 
Rio Grande. However. the fairly high rates of 
aggradation evident from the Puye fan, dufi' to 
the sporadic availability of WHter in this semi
arid region and gradual down- faulting in the as
soriated depocenter I Esparioln hal'lll of the 
central Rio Gran de rift ). gr('atly rnhanced t lw 
incorporation of much otthi~ tnlllPrial into tlw 
Pu~·E' Format inn. 

{ 

( 

a 

tE 

T 

ti 
hi 

p) 
di 
flt 
ac 
('(J 

sa 
Stt 
ell 
w} 
In! 

gn 
l'll 

~UJ 

t 01 

ka 



~n-

he 
~he 

•ant 

ces 
ac-
Ita-

ho-
3.V8 

the 
are 
:-se-
low 
the 
and 

uye 
vol-
1 of 

1'"t.•l 

ant. 
'be-
lSSif 
rock 
·om· 

ob-
11) 

im-
cally 
tome 
wing 
con-
shed 
east· 
·stral 
es of 
ue to 
•emt-
1e as-
f the 
t4 the 

e 

Conclusions 

From this study of pyroclastic units in tht 
Puye Formation. oorth·central New Mexico, we 
can make the folk1wing ~onclusions concerning 
the Late Pliocene-Early Plei:>tocenc evulution 
of the Jemez Mountains \'okanic tield. 

(I ) The Puye ailuvial ~ystem crmtains > };.', 
km:' of vokanidastic material ch.•rivt>d almo~t 
exclusively from the northeastern p:1rt uf tht> 
Tschicoma volcanic rente;· and records explo
sive volcani~m and epidastir sedimentation di
rectly relaterl tot he growth of largt' lava donws. 
These dacitic and rhyodaciti<' donws ~upplied 
abundant material to tht• fan in tlw form of 
coarse epiclasts deri"ed from proximal talus 
slopes and pvrodastic material emplact>d as 
pumice falls ~nJ pyrodastic flows. At. least Hi 
small-magnitude (0.1- 1.0 km') explosive erup
tions from the northea$tern Tschicoma lava 
domes-are recorded. as well al' two episode:" of 
vulcanian block-and-ash now, possibly associ· 
ated with gravitational lava dome collapse. In 
addition, tht· fan contain::- rhye)lit i<' and basaltic 
tephra derived from snun·es outside of th(• 
Tschicoma <:enter. 

(2) The recognition of cydical Puyt- deposi
tional sequences greatly simplifies an interpre
tation of eruptive events from this dome com· 
plex. The Puye Formation reprt>sents a 
distinctive depositional me~asequence that re
flects contemporanPous \'okanism from twn 
adjacent vokanic <:ent<>r:.. t lw Tschicoma dome 
complex to the west and the C'erros del Rio ba
saltic field to the south. The Tschicoma center 
steadily supplied lar~(· quantities of volcani
clastic material to the prograrling fan system. 
whereas volcanism in the Cerros field st rongl~· 
influenced sedimentation from the basin mar
gim>. Preservati0n reflects the combined influ
ences of a continuous volcaniclastic serlim<>nt 
supply in a semi-arid rt-gion and post-4 Ma tec
tonic activity (down-faulting) in the Espanola 
basin of the centrAl Rio Grande rift. In this rP
spect, the fan is also an integral stratigraphic 
featnre of this major intrarontinPntal dPprp .... 

sion and is essen! ially cont<,rnporarwous with 
tJt-her alluvial s:.·~ter·ns-expof'ed-along the rift. 

t 3 I Vokanogenic alluvial facies as Cdm

pletely preserved as the Puye Formation are 
uncommon in the stratigraphic record. ~uggest · 
in~ that such :,;;t.>quenct•s generally have wry low 
prt'~ervatinn J)Ot<'ntitsl and that the Puye allu
vial fan ~~ therefore ~ornewhat unusual. Rela
t i( m,;hip!-0 lwt Wt't'n vokanidast ic st•quen•·t·s and 
thl'tr soun.·e:c-. however, nre rarely as dear-cut 
as that oft lw 'I sd1icoma- Puye s~·~h·m. Stn1ilar 
sequences art' pr<'sPrved in more complicated 
vnlcanic tt>rrains ( Ha~·. 19!",1): f'hrist iAns(•n and 
Blank. J~J7:2; Fritz and Harrison, 1~1R:1; Smith, 
HIH'7; Smith et al., 1H~7) when.• st•\·eral volca
nogenic aprons ovt>rlap and l'oalesce, forming 
widesprf':~d vokanidustic sequences > IOUO m 
thick. In many older volcanic terrains only the 
distal to mid-portions of .mce exten~i"e voka
nida~tk facies are likt•ly to he preserwd. henct> 
the 5>ourres oft hese sequPnces are rarrly appar
<'nl. Di!;ta\ \'olranic facie~ may t hert'tore pro
,·idP the only dut•s fort he interpret at ion of par
ent terrains, and it will be necessary to extract 
as rnuch information us possible from isolated 
volcaniclastic depositR so that the rE:'t'ognition 
of di"t inct ivP erupt ion st•qm•rwt•s (on any !".cal<>) 
can fully <·omplement petrologic evaluations. 
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