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Restoration of Compositional Zonation in the Bandelier Silicic 

Magma Chamber Between Two Caldera-Forming Eruptions: 

Geochemistry and Origin of the Cerro Toledo Rhyolite. 

Jemez Mountains, New Mexico 

JoHr~ Snx.' F~...sE~ GotT/ MICHAEL P. GoRT•)N, 1 GilA"'' HEIKEJ-~,3 AND 5'AMMY R. <:iARC'IA' 

Th< •~r"o l.•led<- ll.hyolnc "a aroup olluah..,IKa rhyolnc domes and tephra• that ranac tn .,,. lrom 

I.A~ 10 I l ~ M~~o. 1'hc unn crops out 1n the lcmrt Mountains or non hem Nc• MtJ.M:cl and l":s strau

Jraphocall) b<1wern 1hc composotoonall) zoned upper and lower n~mbcn or lhc Bandeloer l uft. The 

CeJrn T olcdo Rh)ohlc pro•ida an c>eq>lional oppor1un11y 10 Sludy lhc onpn ol c:ompotnll.:>nal lb>· 

nahon 1n 'du.,c tnl(tn\a d\.lmbcn because II al\ovrl h1 to Jo\low the ra.tora\t«'ft of the JDRahOn with lime 

txa .. rcn 1hcs< ••·o Ia a fC caldera-lo""ana ianimbrite •:Np11ons. Blled upon suatiaraph•c. geochrunolopc . 

.und fcnchemtcal ~vicl C"ncc. we h•vr correlated diftcrent C.nro T olcdo ~ hyolnlf t&phra uniu with lf"OUJb 

o>t d.>ma larh C<n·> Toledo llh)olne domes appnr to ht lcx.oted pcrally al<>na the Toledc· caldera 

""I ,, .. 'lure .... h( fU. rounBCr ""rncs lend IO duslcr '" tM l·ole'Clo ~baymcnl The- Ccrrc Toledo 

Rhyoht( appc.an .... , h.eV!f lapped IM most fracttonaled laQutds •• or near tht: lOp or lhe Bandc:ltf"' mapna 

ch•mb<r and rcoordo •h• rntorali.:>n of composil•onal Jradicnls ovcr a J!"fiod of 0.33 m.y .. afiCf lhc 

L••w~r 6111ndr:•.:r tttntmrm•r ~rupuon. Cl Rb. Cs.. heavy ran canh elements. Y. Nb. Th. and U 1n:rea~~r tn 

.. :·un ... ~mratttJn "' prOfJCSSIVCfy youn,er c~ro loledCt IU•yohle rocks. BecauK of deple-tions'" 1{/C&. Sr. 

z, Nb. a~nd Lie Vb <n'-"C't 1tw s.amr tntrn-~&t we favor cry,tal lracuonahon of eucnlilll) quar.z.. alkah 

lddspar. 7.1rt:.nn. an..J M hlhl rare c.a"h element cnnch~ phasr (pro ... bl) allannet as the pnn~ar:• ll'lltdla· 

nasm by .. taach 1hc composniunal Jrodicnu _,.. recsllblo•hed. W• beh•~ d1IIUII'VC prooesoet did not 

play an amp•nanl rok bcou.se t I) crrtaen c•hons of ...,tdrly dtiJ'ft'f11l "alenoa and dift'W1Y1tte. 1n: nol 

lrocunnorcd ..-uh rnpect 10 each other at.d Cll lh• obsrr_.., chcmi<al arad.mll cx>ntiiCI wllh lhciSe 

prt"d1cted b) rc«nl ta~ntnent•l Sorel lhiCht"S. 

I" TROOUCl'IUI' 

The C~rro Tukdu Rhyolil< IS a J1roup of mc1ai-Jm1nous 

luJh->~h•·a rhynhlc dum•• an.! a>..,._.,a•cd lephra• lhal crop 

out 1n an<! "''"'"" the lulah> ~nd \'alles .:aldcras m the 

Jcmc.t Mounlalll> .. r nonhcrn Nc,. "'•"~"· The Tole,lu and 

Valles caldera> were lormed ar I 45 ilnd I 12 Ma, ~pccfivcly 

[~II 1'1 Dl.. 1%8. Sm11h tJN/ &rll',l'. 19118; Smith l'l tJI., 1970] 

(Fitur• I) oh< Cerro Tnleo1o Rhyohtc consists or sihac lava 

domes and l<phta of lalloul and surr.< orisin. The unil •• 

situated sluligraph•cally belwecn lhc lower and upper mem

bors of 1he Sandel•cr Tuft' (LBT and UBT. respccuvclyland is 

dated al 1.47 .. 1.20 Ma [lzm r'l tJI.. 1981. Hl'iMn tl al. 19861 

In conlrasl 10 1hc LBT and liBT. wh•ch are larJ1c-~olumc 

(2~~ km'l rhyohue •gnrmbrun 1ha1 were erupted (!C<>Iosi· 

ally ins1an1ancously dur1r.g cal<l<ra collapse and arc comro

silionally zoned. 1hc Cerrn Toledo Rhyolite P a prodUCI of 

nplosive and ellusivc 1n1raaldcra aC1a•ily lhac lasted 0.27-

0.33 m.y. durina th• period ben•oem 1hc 1wo 011adysmic Ban

delier eruptions. The Cerro Toledo Rhyolite thus ocxupin lbc 

interval between 1hc caldcra-lormina evenls and record• 1hc 

m1ora1ion of chemical pra<l•cniS and lOnalion wilhtn lhc 

Bandelier mar.ma chamber (Smull, 1979). The Ceno Toledo 

Rhyolite deposits may represent lhe products of the moSI frac

tionated liquids lhal colla-red ar the top of lhe mapa 

I Ocr·.--rlmcnt or Grolosy. Uni\Oe'f'SII '! .,( T otonlo. Canada. 

'Ea: .,h and Spacr SCiences D,.,.,on. La. 'lamo• No11onal La '>oro· 

lorf, L •. .- Alamos. N.,. Meak.-o. 
"bo~opc and Nvclear ChcmtSir} D1vtS1• n. Lo!o Alan.os National 

uboraiOI), l..oo Alum<». Nc .. Me.,ro 

Copyriahl 1'188 by the AmeriQn Geophv~acat Unum 

P•per numher 787047 
014&.0227188/0078-7047SC•Hl0 

chamber. lkcauK lhc olraliaraphy •nd aac of lhc. Cerro 

Toledo Rhyolite tephra and domes II<C well known [I:<'U .., 

od , I 'Ill I ; G••ff l'l tJI.. I \11!4; II rikl'n <tl al., I ~86), Ne believe 

rl''"""'" '•"-."'' run,·•dc d ""mdr-w thHlUIJh ._.h1ch •c: arc able to 

Mu.ly rhc '"~'lahl"""'~nl "' .:omposlllonal zonauon 1n a 11li· 

ere m~'ma d\amber alter a caldera-lorm•nf. crupllon. l&nim

brncs ·~nl) rcprc•cnl snapshlliS or compositional sradicntl in a 

marma chamber at Hn inslanl in lime; in conlrasl, lhc Ceno 

1 olcdo Rhyohlc allow• us 10 follow the cs1ablishmen1 of rhc 

ttradieniS over O.l m.) .• lhus pro~id1n11 an opponunily lo place 

much ll(lhltr cons1ramu on 1be mechanisms anvolved. 

h i• rhc purpo5C of 1h•• study 10 Ill correlate Cerro Toledo 

Rhyolire domn and 1ephras by means or llralisraphy. ace>· 
~hem•str)'. a rod ~tcochr<-nolof.y.(21 document ar\d discuss aeo
chemacal •a11al10n olthc Cerro Toledo Rhyohle, and Ill dis· 

cuss rhe pt"trOf.CnCSIS or 1he Cerro Toledo Rhyolite and lbc 

evululton of composmonal z.onalion wuhtn 1hc Band,ber 

ma1ma chamber. 

(iff.lCHROio.oUIO\', GliOLOOY, AN(J Ml><lii<ALOGY 

1 ,,ledo domn and 1ephra arc formally named lhc Cerro 

Toledo Rhyolite and lie sualtgraphtcally bclween the LBT 

(Otowi Member). wh•ch wa~ cruplcd at 1.4~ Ma durin& forma

lion of 1he Toledo caldera. and lhc UBT CTshireac Member). 

•ruptcd al 1.11 Ma from Valles c-.aldcra [lzl'll d ol~ 1981) 

cdalcs r~'Ca.l ·••laled from DMII.., al. ( 1961]~ The localiona of 

rhc Tolcdo and Valles calderas appear 10 be nearly coincidenl 

[Gofl rl tJI., 19a.]. and both may have formed by asymmeuic 

napdoor collapse ..,ilh caldera fill lhickeninl to lbc easl [Nid· 

Stln and H~<lrn. 1984; Htiktn tl al., 1986; St•l/ t1 tJI., 1986]. The 

Cerro Toledo Rhyolil< domes were finl reror.mzed by Griur 

[ 191>4] and mo~pped by Smirh.., a/. (1970]. The Cerro Toledo 

Rhyolite lulls w•:re nolcd by lfadry tl dl. rl%~] and also 

mapped by .'imllh <'I o~l. [1970]. lztll t1 dl. [IY81) •nd Hl'ikln 
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POST- VAUES CALDERA 

OvAU.ES RHYOLITE 

POST- TOLEDO CALDERA 

II CERRO TOLEDO TUFFS 

PRE- TOLEDO CALDERA 

[]ceRRO RUBIO OUART2 LATITE 
~ SOUTHf.AST RtfYOt.ITt GROUP 

OTURK£Y RIDGE RHYOLITE GROUP 

DRING FRACTURE RHYOLITE GAOUP 

h§cERRO TOLEDO RHYOUTE GROUP 

FlJ. 1. Map sh.,winf th• kK"ttOIII of Toledo and Valles <;aldera• and Toledo embeymau. Jemez Mountains. N
M~ICD. c..,rro Toledo Rhyolll• domes and la•as a~ aho,.., b' tho stippled patterns; Cerro Toledo Rhyolite tc:phras .._ 
l<prn<ntL.J by tho cross•halched JlallerR. locatiOn> o( ...... Oro lndlalled b)' lho mel- IUIJS . 

.rr ul. (191<'>] hn" otudied the alfaliJlraphy. volcanology. and 
geoc:hron•llogy or uw Cerro Tulcdo Rhyolite terhra in detail. 

o.-. 
Cerro Toledo Rhyolite domes arc conveniently divided into 

three sroups: !II A 1roup ol four domes, uposed within tile 
north-northeast pan of Valles caldera. fomta a semicircular 
outcrop panc:m. and is dated at I.SG-1.25 Ma [H,ilr..!n" al~ 
1986] CFiJUrc I and Table 1). These domes may rqxuent 
remnants of rinJ fracture volcanim• in Toledo caldera [Golf ft 
Ill~ 1984: Sri/ n ol~ 1986] and arc referred to herein as the 
Tol<xlo Rin11 Fractun: (TRF) Group. C2) The aecond set or 
domes crops 0\lt in the Toledo embayment and consists of the 
Cerro Toledo CCT) Group. 1.50-1.33 Ma: the Southeast Rhyo
lite (SR) Group. 1.20 Ma: and the Turkey Ridp (TR) Group, 
l.l4· 11,48 CFipre I and Table I). C3) The third locality is Rabbit 
Me>11ntain (1.47 MaJ. e domr and pyroclastics aituatcd on the 
southeast marfin or Valles caklef'a CFiprc I and Table 11. 
Rabbit Mountain pootrographically and aeochemically resem
bles domcs o1 th«: CT and has a similar K-Ar aae. 

C"rro Rubio quanz latitc domes also crop out 
Toledo embayment (Fi,urc 11. These doma arc co;nsi<rJer~r; 
oldet (2.2-3.6 Mal than those ol the Cerrq Toledo 
cTablc I~ The Cerro Rubio doma appear to be part 
Tschicoma Formation, a unit ,..hidl conaists of inta1-ilil~. 
composition lavas and pyroclastics thai were 
6.7 Ma [l..twJ!Irr. 19114). These roc:ka may 
maamas or th«: Ctrro Toledo Rhyolite and Bandelier 

Our onaoinl! studies ha~ so far shown thai Cerro 
Rhyolite domes arc composed primarily ol pau (>90%). 
lc$ur amounts or plqioclasc (7-1""), ·horoblende (:S 
sanidine and quartz ( :s 2,-.). biotite ( <: 1"4), ani 
amounts or anor'lhodasc: and hypersthene [HdlcCfl er 
1986'1. 

T~plt "U 

Cerro Toledo Rhyolite tephra consists or Plinian 
rail~. fine-grained phreatomagmatic ash beds of 
sur1e oripn that contain accretionary lapiRi and 
S<"dimentary rock$. Individual tephra unita sometime~; 
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TARLE I CompolatM>n o( Potaaium·Araon O.tes f'rom Tcwo Group RhJOiites and Rclalcd ltocb tn lhe Valles Calclen, Toledo Etnbllyment, and Pajarito Plateau, Jemer Mountahll, N-

M'!~ko --
Radioaenic •• Ar, ltadioaenic Aac.t 

Sample• Unit ltnd· T~ll" Ma1erial K,% 10" 11 move .. ,.,,,., Ill" years Sou,.t Comment 

Upper Mcrnher, Bondefler TufF 
Tsanhwi Pumice pumoce sanidine I 12 T 0.0) I -iahtecl mc.n c.r three ap determinatiolla 

Cerro Toledo Rhynlll~ 
!'yrtldutic units 

Foil unit D? pumice !'tntd1ne 602 IU 568 1.2J:!: 0.02 I 

JS-6-~ Ftll unit C pumice alan + sanidlnc 1921 S.SQO 13.3 I.Sl :!: 0.114 s 
Fallnnit B pum..:e zircon Ul:!:O.II I mcon or IW<' fission-tnc:lr: ltte' 

pumice 
U7 :!:0.04 I isachron ap !'rom sanlchne. ptaa· 

Iodate. and hornblende 

C'.erro Toledo llhy.,lite 
Tnledo Emboymtttl domes 

F81·130 Pinnocle Pctk obsiditn II•H ) 74 7.197 46.) 1.20:!: 002 T meart oltwo ap determinations 

PC-RI·U 1'urkey ltid~C rhyolttc Urn diM HRI 126 40.9 I 24 :!: 0.0) Dt 

FRI-1411 Unnomed dome oMidtan .t .. s l11 ,_,n 200 Ill i 0.01 T mean ol two ap detemtlnalions 

f~6 Rabbit Hountain obeidia'l ala .. + sanidir.c l6B~ 9,1], 4U 14~:!: 0.04 s 

t'84-6 Robbit MGUntain oblidian stoss ) 7]) 9.1)1 65.0 t.n ± 0.06 Dr 

F84-9 Cerro 1 oledo rhyolite wfoos + llnidine 1.170 91)6 )02 U8 :f:O.OS s 

r:at.t.U. Cerrn Toledo nhtridian al•~· )6'1 10)11 50.5 I.A2 :!: 0.02 T me•n of tWO •• determin•t~ 

Toledo Colden moat dom .. 
Womt Sprintt dome rhyolite .. ntdtne HS 12.65 Sl.9 us:!: 0.04 Do weiahted mean or·- ... determinations 

F81-ll9 Cerro T raoquilar obeidian aJau )75 R 235 51.0 1.27 :t O.ol T mean oltwo ap determinatlolll 

F84-t2 East Lot P0t01 dome rhyolite &lou + .anidine 2 Sl7 6.46 41.0 1.47:!: 0.05 s 

FR~·27 Weor Lot Posos dome rhyolite sanldine S$5 14.6 4S.C UO :tO.OS Dr 

tAwer Mem~. Bandelier Tufl' 
Guaje Pumice pumice sanidine 

1.45 :t 0.06 I weipted mean ol three •ee d~erminatlons 

Cerro Rubio Qaartz Latile 

614-84-B Dome north ol Cerro Rubio dacite P:•lkldiiK 'J.4~! 1.611 .... 111 ±OJ~ s 

fi).24S Cerra Rubio~ cbcile plalioclw o.m 2.20 26.4 U9 :t O.l6 Dr 

..,.llutdelier ll!rimbritc 67.1 2.114 :!: O.D7 s 
FS4-IO l~eB pumice sanidlne 4)79 21.6 

VII-~ lpimboite A pumice unidiae 4.60 29.06 • ).64 :t 1.64 K 

•JS-~S coHectcd by J. Stll. PC·II· ll c:olleetcd by P. Carrol: ~14-14-8 collect..t by G. Vatcnltne; Vll-$611 cotleeted hy S. Seff: tn F samples collected by F. Gofl'. 

tHere • .t,- 0 . .58 " to·•• yr·• • .t1 
- 4.962 • to·•• ,..-•. ••K!l( • 1.167 • 10" •: method of reportlnl error ... ne. rrom lah to Ia!> 

tOo. DNII rr al. (1961); Dr, R. O..ke, Unl..enlty or Calirornia, Berhley; I, lmr" Ill. [ 19111); K, D. Krummcnadtcr, San ();qo State Uni\ICFSity; S.M. Shallqullah, Univenity ol Arimna; T, S. 

Tamanyu. Geololical Suncy ol Japell. Man:r elates ha•e t-een pre•lously reponed h:r Goff rt Ill [ 1914]: Hnwur Ill. [1916]. artd Stf/ *'IlL (1916). 
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UPI'Efl IIEI'.MEI! fDHIRIOII Of THf lloU~II TVr' 
.. AII$7\III.ANIOINI, OIJARlZ, HOMIIL81DE.f'lfl'JIIC 

P\'llioe&.Mnt PI.OWL 

NOJIIMALL '1'-GMMD PUIIIICI 8£0. ft, LtniiC CUITI; 

Ol !)01 wtl.DUI TUff ANO GUllY ,t.NOUill L,t.Vt. 

AL Tl!IINA1'f 8£0$ Of FINI A1tt tWmt ACCIIfTJONAIIY 

LAflUil ,_ !10 P\aiiCt LAPIL&.L lOME FM API Rill 
GIIADi Uf\lll•tiD tNTO PUMK:IIIDI. 1Hft-U1141C CUITI: 
IIIORL Y PliiiUTlJitiO ONIDIM.. 

MAIIWillO~I!~LY IIOfiMAUY.oAADED ..... ICt HO • 

c:owtlUNI-.1aa &.mttr. Cl.ASTI;uonL v PORftfY1111C 
LAVAS IIUT K'MI ~IASI AJIID·I'fiiU'J:I. 

,,..-INn_ll_afDC_JUI __ IIP·-..,-•• -.. ---MD-.-IUI!a--.LN'I-l.-U-. -, ... -l

ASH IEDIS OOtllAIIII AtCRI'hONAIIY ..... WNIOIURGE 
~. Mhlll~ liUIO MVIflllU', GRADID·f'UIIICE MOl 
CIONT,UIIII• Wt. LITHIC CU.Sft;I'OflfKYRI'IIC L,t.VAI AND 

~Of OIISIIOIM. 

llfORMALI, T 4MO£O f!UMICI &APILU MO. CONTAINS 

NMta eo••"" 1'0 u- LONia, ••~ :::u.sts; 
... 1\.Y PCM!fMY11!11c LAV& 

llVIfiAl •1n-PR L YoCIIIIAOI:D .101 Of~ LA"U.I 
1MD CO.utBI API. 1-1ft LITHIC Cl.Asli:MCISTLV LAVAS. 

COMPOSITE STRATIGRAPHIC UCTION, CERRO 10LEDO 1VFfl. 

..-,. %. Cotnpo.tlc ,., .. u,,..phk: cnlt..,.,, O.no TolecJo ~h)'Oiilc lqhra. T1te .,._ cxmslsl of J'.'UIIIIce falls ad 

ptual.,.,....,..dc utL .. "" u moorilod wolc:anicludc 4d!rb. Unih c aod c llbcnr ·rapi4 llacuaations between ptaa 
lalh a11d ....... rained phreaU>mapnatic deposih lc'. c) No llCIIc is indicaled boc::auR oldie variable ltliOMIII of die ltllhm 

al diftcrml looaliaiel. Wbcrc lbey crop 0111. lbc 1cpllns raJIIC trona lea lhaa 1 m 10 U m lbldt. 

·:•a:ra4alkln from pbl'eaiOirlaJIII'Ik asb al lhe but iato c:o&BeJ with accretlonary lapil& C(:') and pumice falll ~ aad 

upward (lie/Ant., el~ 1986]. '11le Ulphra is found aac of 1.52 ± O.G4. ML Unit d is dated at l;l!.:;c."'!.'l. '4'·"~-'::"·• 

lD-'kJri.·Wifle bead IO lhe eu1 or tbe Toledo embll)'llltn1 [12m ~· Gl., 1981]. U~t d il a plllllb' (all,-~ 

•,!.f;t:··~r,rr':,"' ~ot and in a 4-bD·widc·:blanket from c:ontaina fine ash wilb aa:retionacy lapllli (e'} aJtj~aiil11 

IMiit'I~OiliiiiW._: lo Chc eovthealt ofValk:s caldeira [H.rllcln., pumicx beds (e~ TYJncafty,llne uti pd01 upwanf irdo. 

--~._,.,.,...._. Cf"lplt 1). A poalble .Ubturfac;e lntr~a facies · lapiUi and eoane ash. Unit e is sim!Jar lo c. UDID f aDd. 

Toledo llilfOlilc. lePI!ra il ~lir:d li1 die Sa both pumicle lalla. . 

f,;~-"'1~11il~ile 01 NWIMM. 11M H.., [l984) ID the tnnky. Of the Ceno T~ IUiyoli'e tephra u coJilPOil"d pNillon~l!ll-1: 

--:~~;~!t!JIIIilt.blcd of.\'111101 ealderL Tbe s, u.a4aioile Cbittetll. Of sJua (:>95%)."SanidJpe: ·does 1101 e~ 

70anit a dcplit of 1709 min botebok B-4 1%, ~the Bandelitir Tuff c:OritaiDs 5-20% IUoJCWIIC:ctllta 

'1bt:atJratilllnll~_lY ol the Cerro Toledcl llhye>litc tephra ncar 5-IS% quartz (Smhll tPII BGII,y, J~; Rrika .s ~ ··l~iii.J.~r(· 

. .,..-,,_,,-~--- lr. llllii•mariDcl bc:low fr0111 lid"-t a et. [1986). We t.ne ao far idwti~ the foUowi.DI millor ,.._ .• Orftl·'!r!!l•;r; 

c:onshPI or JCVC major units (Yi&UR 2), tqinnma TtlleJo Rh)'OIItc.-tephra: plaai&l~ .auaife. tl.: rpcrd~~!~!l;:' 

&. a', uj a• at the bax, m~ c-'mut of pumiCe bc•mblende, blotiie_ F~Ti. oxicks., and u.oes of 

some ;fine ath with mud aac:kl. Abow:, units b aDanile {H,IIwl ~ el~ ·t9ili]. These mineral~ do DOl .,...d, 

Plinian hlloul beds. Unit b Ia dated at IA7 ± 0.04 I%. For example. unil b <omains only 0.00014 wt "·~ 

-''·~··.·IL""''"· ., Ill .. 1911] {Tr.ble n Unit c: c:ondsu or fine tufr [l.z.nr"' 411~ 1981]. 

() 
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r pumice falls and 
ns bel"'eea pumice 
:laea o( the tephra 

•mice falb 4<:) and has au 
dated at 1.23 ± 0.02 Ma 
•nUcc fall. whereas unit a 

lapilli Cc') ahcmatina wit11 
rada up ... ·ard into pumillr 
lar to c. Units r and 1 al'll 

c:omposcd predomina ntl)' 
ot Poccd 5% and quartz 

tains s-20% sanidinc aud 
J66; Hdun n Q/_ 1qU} 

na minor phitSCS .n Cerro 

'"· •Illite. a.,pcnthcae. 
nd traces or zircon aad 
· minerals do not eu:-:oed 
nly 0.00014 WI % zirOOII 

Coall.tLATKit< ll£TWEEt< Cl1lRO Tt>UDO 

IRHYOUTT· Dowe AND TEPHllA 

• ~MnUCtll M~ltod!. 

Major dements were ana.Jy:z.ed hy X ray fluorescence (XRF) 

ar Los AIJimos lollowina I he procedures or VolrnliM ( 1983), 

cxc::cpt lor samples 14-2, 14-4, 14-S, 14-7, 14-8, IS·I, and 15·2. 

""'ich wen an.llyzed by dc:ctron microprobe [ll<ikn <I Gl., 

t9S6J. Rb, Sr. Y, Zr, and Nb •ocrc run by XRF at Toronto 

ronowin& Norr :sh orul Chap~ll (1977]. 0, Cs.. Co, Sc:. rare 

earth elements (kEE}. HI, Ta. Th. and lJ were analyzed by 

jostrumental n.:uuon activatoon analysas (INAAJ methods at 

1,..o5 Alamos allcr Ciorcio rt ol. [1982) and Mino< r1 Gl. [ 19112). 

Table 2 ai-.cs accuraC) and predsoon for rephcate aMiysa or 

!'liM-G. Table 3 liSis ~nincnt @tochcmrcal data for indovod· 

ua1 pmplcs. 

,.,.,.,.,,;_ 
Fiaure 3 •hows a composote chmoslrMIII!Ii•PhY of Cerro 

Toledo Rhyolite tephr~ a!.S<'mblcd from ind";dual samples of 

five straupaphic ICCIIons ohrout:h the oufTs. 'Nt prcvinu•ly 

11avc correlated on .. lividual u:phra units amor 11 oecllnns by 

means or marker hcds lc.J .. unit• c and eland (l<ochemi•try. as 

cleta!lcd by llril"" "' ol ( 1986) We diKuSS the corrclalions 

bef\\'CCn domes and tephra Jtnerally in order ol decrns•n11 

•F and rd'er the rc•der to Fit~ure 3 and Tables I. 3. and 4. 

Oidn C•rro Tolrdo Rl.ro/rrrs 

Tephra unrls a-a· arc rclaUY<:Iy depleted in Hb and Nh. for 

clUIJnplc, compared wioh the: younJ!Cf paru of ltc: stratil!raphy. 

These units do not appear In c:crrelalr W1th an~· Cerro Toledo 

Rhyolite domc5. The oldest domo may have h«n obliterat<d 

or buried dunnll suhscqurnl ~J.ploMvc: »C't•,.••~ c"tf lht Crrro 

Toledo Rhyolite: and ll81 The: l.ns l>n•o• d<>mn ti.~O I 47 

Ma. TRFJ correlate well wnh tr:rhra unot• band b'(l.47 Mat 

with respecl lo asc and chc:nustry .... ., c:•amplc. tlcmcnts such 

as lib (domes 139-14~ rpm, tufts I 39-145 ppml and Sr td•omes 

,2& 23 ppm. lufT• 21-24 ppml bear llrOnl! rCKmblancc. Jlow. 

c:•ocr, Zr shows somewhat poorer &l!r~mc:nt (domes 162-1611 

ppm. tuft's 134-144 ppml. Thi• may be a result or variable 

crystal contents between tcphras and domes and/or changina 

zircon saturation levels between tht time of le-phra eruptions 

and emplacement of the domes, due to dtffcrcno amounts or 

"'atr:r and/Or different temperatures ol the tephra and dome 

matmas [Horri:wn tmd Worso". 1983; w.,,.,.., Gtrd ltorruon, 

1983, 1984}. 
Rabbit Mountain 4averaJ!e date 1.47 Mal and Cerro Toledo 

(avcraJE I.SO Ma. CT) hnc: similar •Jcs to that of units b and 

b'. The domes arc enriched in Nb, Rb. and 'Y and d<plc:ted •n 
Sr compared with the tuffs (Table 3). suggesllng either I hat the 

eruptions were: compoSitionally to~ or that the dome~ were 

not the source of the tephra units 

MUidk c...,.., Tol<'do Rl.yolitrs 

The Turkey Ridge domes (1.~4 Ma. TR) appear tntcrmcdi

atc tcochemically between older TRJ-' domes (I.S0-1.47 Ma. 

Los Pososl and younJ!Cr TRF domn 11.27·1.25 Ma. Warm 

Sprirrp dome. Cerro Truquilarl. El•ments such as Nb, Rb, 

•nd heavy rare earth clements 1HR EEl clear!~· dosplay thi~ 

trend (c.~-o TR 8S-89 ppm Nb, TRF 69- ISO ppm Nb). The: 

Turkey Rid,e domes may rcprestnl the •ource of tcphras in 

and/or between units d and e This would be consistent with 

respect to age, because umt dis dat<d a: 1.23 Ma [ luu "' al.. 

6133 

HBLE 2. Pleci••on •nd Ac:rurMCY lor Tra« E.kmml Analysn or 
NJM-G b7 XP.f and INAA 

Ac«pted Values. prnn 

Alllw)' Got•..do"'jv 

E.kmrnt " i,ppm '"·rpm ( 198~) ( 191W) 

(1 ll 270 4(\ 1701 170' 
Rb M ~19 2 J20 no 
c. ·~ 1.1 0.5 ,. t• 
s. R 12 t Ol 10 10 ... I} 12) 7 10~· 109 

C'• p 2~2 16 100 195 

Nd I) fJ'l 10 611' 72 

Sm ·~ Ito Jl\1 IH 
[u I) 0.5 0.1 oa• 0.35 

o, 1.1 70 z IS' 17' 
Yb n Jq 07 14 141 

l.u 1.1 ~.I 0.2 1' 1' 
y ~ 117 7 07 14~ 14~ 

Z.r ' .2'111 I ~ )(10 

Hr J.l 1.14 011 .~ .. l:t" 
Nb ~ !o<l7 0'1 5~ 5) 

Th I) 52 ) 5~ 51 
II II ,, 4 01 .~ .. ·~1 

1'1111). However. KtCs ratios of the domes 17.7-11.4" 101 ) 

l.1vor a correlation in untts c andJor d IK/Cs 11.0·11.4 " 101). 

One possible rroblcm "' that these domco carry phenocrysts, 

whereas the tuffs arc nearly aphyric. An cuct l!co<:hcmical 

correlation is nol possible: in thil case as "'ith units b and b'; 

howc:~r. I he data do suggest that the ~urcrs or units d 

and/or c were the Turkey Ridi!C domes. 

t· • ..,,..,.., c,,,, T"I"J" Rh.omi~rs 

Worh "''I''''''"' Nh. Rh. V. Th. •nd U. tht Sc•uthc"" Rltyu· 
lit~ Jo•mc t I 20 Mu. SRI and wc:lded tuffs uf l'rnnn'lc Peak 

show clnK corresrnndcnce with unit c. H~ilrn .,, al. [ 1986] 

have sut:.l'c•ocd that a tun rinl! in which the: welded tuff ill 

found was the: sour.x of untt e. Bec:auK unit c is leu lh;on 1.2) 

Ma (lull ~~ ul~ 1981], the aeoc:hronok>l!y is consistent be

tween dome and tephra. Three objectio11• to thiS conels.tion 

arc (I) the dome carries phenocrysts, whereas the tuffs are 

practically aphyric, (2lthe dome bas very low Sr. whereas unit 

c has 6 ppm Sr. 131 the: REE content or the domes does not 

match that or unil e. and (4) the K/Cs ratoo• or the domes 

14 J-4.7 ~ 1(1,) arc lower than lhosc of unit c IK/CI S.8~.8 
>< 101). The sc:cond prohlem is a general one between Cerro 

Toledo Rhyolite comes and tephra, the third may be an ana· 

lytic.:.al cfrc:ct, and the founh ausgest~ the: domes lie strati

graphically between unit f and lhc Tsanbwi Pumice IK/Cs 

5.2-2.11 "·1011. 
Warm Sprinp dome (1.25 Ma. 1 RF) and Ccno Trasquilar 

11.27 Ma. TRF) arc also possible aource< or unill e--s. Certain 

trace elemcnusuch L• lltb, Nb, Zr, Y, ancll' sho•• close &@ret:· 

ment. However, Cerro Trasquilar also i• deplete-d in Sr with 

respect to the lull's The K!Cs ratios of the d<~mes (3.7-4.6 

>< 10'1 a11nin \ndicalc that the dome& arr. situated between 

unn rand the Tsankawi Pumice (Table 3). 

TsGni<Gwi l'umic.r B..J of UBT 

The Tsanhwi Pumice bed represents the tnnial Plinian de

posit from the eruption that formed Valles caldeta at 1.12 Ma 

(DMII<• ai., 1968].lhe Tsankawi thus o'"'rlies 1.11d postdates 

the C'crro Toledo Rhyolite. It is therefore intere:.tinll that 

Warm Sprmgs dome: (1.25 Ma. T'RF) has trace dement con· 
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TABLE k 

.. .. a' • b' b' b' b b c ------------------------·----------·-------------------------------------------------------. Numlocr" 

s;o. 
TI02 

"'•o) rc,o, 
MaO 
M,O 
CaO 
..... o 
K 20 
P,O, 
LOI 
Total 

0 
ltb 
Co 
s.
l.a 
('c 

""' s.. 
Eu 
Dy 
Yb 
l.oo 
y 
z, 
HI 
Nt. 
Til 
u 

15-1 

12.1 
1.71 
O.G6 

0.41 
uo 
4.M 

700 
99 
l.l 

30 
72 

149 

1.6 
0.34 
5.7 
3.7 
O.M 

J6 
309 

9.tl 

"' 14 
4.3 

14-1 

71.1 
0.16 
lU 

I.G6 
0.05 
0.02 
0.32 
3.24 
4.51 

99.73 

900 

: ... 

"' 107 
II 

"·' 0.10 
6.7 
.o 
0.67 

6.0 

J7 
5.1 

14-7 

78.0 
0.04 

12.1 
1.01 
0.07 
0.04 
O.J2 
3.74 
4.66 

99.98 

1000 

l.O 

49 

" 33 
7.1 
0.12 
6.9 
4.4 
0.69 

5.4 

17 

'·' 

I S-f 

11.6 
1.11 
0.01> 

0.43 
3.41 
4.ll 

900 
Ill 

3.1 
1.1 

!Ill 
ll6 

6.1 
0.23 
6.6 
4.4 
0.72 

43 
161 

6.4 
63 
17 
5.6 

IS-10 

11.!1 
IJNI 
0.116 

HO 
4.58 

,_, 
0.2: 
fl. I 
4.S 
0.67 

42 
140 

S.l 
6S 
17 
6.G 

14-5 

71.1 
0.10 

12.1 
0.12 
0.07 
0.04 
o.J7 
3.$7 
4.11 

100.04 

1300 

l.i 

43 
lb 
:1 
5.9 
0.18 

'·' 4.5 
010 

18 
S.l 

~I 

11.3 
I.Ga 
O.G6 

0.51 
3.69 
4.11 

1700 
145 

4.1 
ll 
41 

IOC 

6.2 
0.29 
6.1 
4.0 
0.10 ... .... 
6.2 

67 
17 
6.G 

11.9 
0.9J 
0.06 

o.J9 
J.?S 
4.54 

1100 
139 

3.9 
23 ... 
" 
7.4 
0..20 
6.4 
4..1 
0.63 

42 
133 .. _, .. 
•• 5.7 

~3 

11.9 

G.06 

0.41 
3.69 
s.oa 

1100 
138 

4.2 
24 
40 
97 

6.4 
o.l9 

"' 4.4 
(;.67 

42 
136 

5J 
62 
17 
5.7 

IU 
0.19 
006 

o.J4 
3.69 
4.11 

llOO 
139 

4.3 
l5 
42 
a 

6.4 
0.24 
6.2 
l.t 
0.61 

42 
134 

6.G 
6) 

17 
5.7 

IIA 
oa 
OJ1i 

(1.41 
3.56 
4.36 

1000 
JSJ 

4.5 
u 
n 
12 

6.1 
Cl.2) 

1.2 
s.o 
o.n .., 

IJS 
u ., .. 
6.1 ---------------------------------------------------------------------------------An.oly...-1 umrJc> art cnmlmtcd pumtcc lar•ll• 1ha1 ,.-e.., handpichd and ck•necl uhrasonK:IIIIy pnor 10 bcon1 crushecl. •Tephr• .,.mrln "-rrc colltacd lrom four ,,.,.,r .. phoc Sttt&ons. ind&e.Jied toy lh< prdi> in 11>< wmpk number. The: four S«Uons arc loca ... on 1h< G""Jt Mounlau> ~!-m•n quadranfk. lt.echun 6. 'NWj, TJ9N, RliE.- IJ; ~«!lOll 14, SW;i, TI9N,II6E.- 10; IDCiion IS; SWf, TltN, 1:6£..- II:-'- lS. SW:j. TlON, 116[.- 14. 

ceau rcmarl<ably ailllilu co tbc bual T~a~~hwi Pumice 
(aunplr 6-8) chac is uposed abow Ceno Toledo Rhyolicc 
tapbra in dw us~ara Jemez Mouncainl (e..a.. Warm Sprinp 
dOJK 291 ppm Jib, Tanbwi 297 ppm Rb~ Howe\'e, lipc 
rare eanh elemenu (LREEI do not •arce 10 -11 between tbeR 
1-.o uniu. furthermore, K-Ar qes confticl, and S#lf •• 111. 
[1Pii6) h.-.c piAecd clw IOUIQ or clw T~&~~l:awi IICil1 Redondo 
Pal Jrom ilopadl dau (F"~p~ 1). S4mple ~IIINiy nor ~pre· 
lUll die true bue of die T u.nbwi Pumice bec:auK it is not 
enriebed in J.b, lor aunpk. CIOfll,...rect wilh other u.mpla of 
TaDhl"i mllected iD tbr Jancz Mount:ains (J. Wolft'. Univcr
licy ofTcU&. umpubli.sbcd data, 1987~ Indeed, rbe thickness of 
TaDbwi Pumice is mud! leu co the CUI or Vallel c:alder1 
tUJI to tbr ~ [54'., "'~ 1986). AJcbouafl nmple 1>-11 IJid 
W1rm Spriqs dome 810e111inal7 conclatco wilh rcsP't'l to aeo
cbemiatr)' (but DOC ap). nmplc 6-11 INI.f repruenl a leu 
evol\'011 pan or the Taankawi Pumice. erupled at 1.12 M .. and 
mar eoi'rcapoad 10 a acnaia lnd or compositional zonation 
in CIM 8ancklicr _,... c:twnba dial wa.s also lapped b-y the 
«UJIC.iOII of Wa.rm SpriJIII dome ., 1.25 MI. This level or 
zonnti011 may buc been 11ilualed ac 11 l!JTCaiCr dcplh in tbe 
ma1ma cbamba at 1.12 M1 diu II 1.2:i ML 

DUcvsslow 

Oclrty, Cerro T olalo Rbyolirc domes are lbe 10ura: of 
O:no Toledo Rhyolicc ccph11 and were aasoc:iatecl with U· 
plotiw \IOkaaic aniYi17. The eruptions appear co be 1 n:suh 
of hiP water coclen.t or lbc mqma [N•whnll 4N/ M•lson, 

191!.3). Cenaia tephra ut~iu arc In pare pbn:aCOIIIIIJI'IIic: (.._ 
uniu c' aud c'l (Fiaurc 2). Hciknt cr al. [1986] IIIIJII'Sted die 
1ull'1 crvp&cd chrOuJh a lake in the lopopaphic::ally low DOJ1It. 
CUicm pan of VaDes caldera and Toledo emba)'llleDL 

Because or rdincmcnu in our knowledJC or Toledo caldaa 
and Toledo embayment, the Ceno Toledo Rhyolicc ICp1ara
noc merely a scqumcr of luffs from moat myolicc ~ 
The above aac and acochemical correlations sugat that die 
location or source domes for Ceno Toloclo Rhyolit& lqlln 
cha"'led, in pan. lrom rina fraaurc cSomcl ill Toledo caldca 
in arly Cerro Toledo Rhyolicc time co Toledo cmbaymclll 
domes in middle to lace Cerro Toledo Rhyolicc time. n. 
locus or nplosivc volcanism then chanlecl dtamalically 10 
nc:ar Redondo Peak at 1.12 t>4a durii!J: eruption of UBT [s.r 
r1 Gl~ 1986). The III'UCiural emplaccmenc of doma ill Tcledo 
cmbaymc111 is probably nol coioc:idcnlal because the~ 
huh zone, rcsurgt.'IIC dome faulta, Toledo embaymcnc, alld 
Sanu Oara shear zone define the &raa: of cbe Jema lia
eammt, • .zone or crustal wcalr.nesa intcrmiucnlly active frO!II 
Prccar:tbrian co Quaternar.l' lime [ALine-h. 1986). 

G130C'HEMIC'AL VA~ATION WITHIN THE 
CDUIO Tou:oo RHYOU11i 

Younscr TRF domes (W11nn Sprinp. Cerro Truqw'llr. 
1.27-1.2.5 Ma) are dcplc&cd in LREE, Eu. and Sr UICI 

.) 



11.1 
0.19 
Q.06 

1:1110 ,, ..., 
25 
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6.4 
0.24 
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J.t 
OM 
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tM 

u 
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'· . i '_: 5:7 

S'i:iMH:,.• 
.'Lin! 

1000 
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13 
:12 
12 

6.1 
G.23 
7.2 
18 
0.7.1 
~ 

135 
1J 

69 
II 
6.1 

Sn• n AL: JlEsJDKATIIIIf C1lf ~~AL Zm!A1101'1 6m 

c' c' d d! c c c c' e' 

...... U-l ~ 1~-11 t.-7 IS. I IS.7 IS·Il I Sol lS.I ls-6 

17.9 
77.1 n.1 

0.11 
om 0.06 

110 11..2 i~.l 11.6 116 Jl.l 11.6 11.7 ll.l 11.3 12.1 

0.99 t_o. 1.10 1.07 I 12 1.11 Ill 1.16 1.00 1.12 1.19 

CI.OJ 0.~ (l06 0.07 0.07 0.06 0.07 0.07. 0.11 0.07 o.oe 

O.' 
0~ O.G2 

I).J7 O.SI "~' 
0.4) 0.26 0.21 D.lS 0.66 

J.38 J.o:; ~.86 ).90 ).18 3.59 3.6) ).76 ).~ 2.~ ).77 

1.19 4.711 4.99 4.52 ~.91 ~-·· 
~.95 5.13 '14 5.04 4.36 

100.01 
99.69 99.91 

91111 1000 111(1(1 ••oo IMJO 1400 l"iOo 1700 1100 1100 1700 

159 1 .. 1 197 200 197 202 

.1.1 4..2 •.9 ... o 6.1 6.2 11.3 7.3 '·' 5.1 6.9 

23 ··.0 S1 ).I s.o '·' ., )II ··' "' )) )) )) )\ 36 Jl )I 

101 71 911 ~' 110 75 116 110 II 19 71 

21 29 J4 26 n 
6 .• 7.2 7.~ 7.S 11.1 6.6 7.9 7.1 S.9 7.1 'lA 

0.21 0.14 030 0.11 O.ll 001 0.21 0.12 0.12 0.11 

!1.4 6.7 7.9 ~.2 1.9 9.2 9.4 9.) 9.6 9.) II 

4.l 4.7 4.6 f>.S 6.0 6.S 6.1 7.2 S.l 6.2 7.6 

IL611 0.71 079 0.119 1.0 0.96 1.1 1.1 0.811 0.96 1.0 

:!0 64 66 
I :SO IS7 161 

6.0 S.ll S.9 7.0 7.1 7.5 
77 91 9S 

18 II 19 21 l2 ll 

5.5 S.JI t\9 .. IU 

• 
enriched in HREE. Y, Cli, Rb. Nb. Th. and U compared with 

die older TRF domes (Los Pos01, U-1.47 Ma). In contrast, 

CT and Sll domn uhibil comparatively little chcmic:al vari· 

ation 'll'ith ap for many elements (e.a~ Rb, Zr. Nb, Th. U). 

alllloup lOme variability eaists fo REE. Y. and Ca. TR 

dontn lihow ,enerally lower concentrations of It b. Zr, Hf. Nb. 

Y. and U compared wiih Cland SR domc:s (Table 3). 

The above rdationthips suaacs1 that the c:bemical con>po· 

sitiom or Cerro Toledo Rhyolite domes '"' in part, Jtruc:tur· 

ally controlled by the location or Toledo o:aldcra. lntracaldera 

rina rrac:turc domes (Tilfl 'bow brp .,:oc=bemical cbanpa 

.,..jth time and thus may be connected to the main Bandelier 

maama chamber. Elltracalckra domea ccr. SRI exhibit much 

more limited temporal chemical e-lution and may be erup

li11t products ol a series ol imaJlcr, iaoiated malffill bodies in 

which aeochcmic:al proa-ssa opcnted •imilarly but did not 

auich or dcpktc dUJerenl elements so ellicicndy. N an eum· 

pic, a.bbit ·Mountain (CT) crop out on the aovlbeaal marlin 

ol Toledo caldera and iJ isolated from tbe other domes or 

Toledo embayment (Fiprc I); ho-.VCT, ltabbit Mounlllin has 

many seodJemical similarities to other CT and Sit domes. 

The lower concentrations of Rb, Zr. Hf. Nb, Y. and U 'll'ithin 

TR domes. compared with CT and Sit. olomea, may reftccl a 

amall. isulaled mapa chamber that noolved IIOfi>CYo•hat dift'er• 

mlly from thoac or CT and SR dolll4. Because the Jemez 

lineament probably controlled the asocnt of mapa. the Tit 

dorna may ba.-c been ,;upplied wi1h dift'erent amounts o( 

mapt at dillerina rates and times compared with I he CT and 

SRi!omea. 

8.0 

66 61 69 

'"' 16) 161 
7.) ... 6.9 6.9 7.fj 

9S 1M 96 
2l 2) 10 10 l2 

1.0 8.0 6.9 6.9 l.l 

The relative DI!CI or the difJerml Cerro Toledo Rhyolite 

tephra units arc wdl understood becaUK or aoocl time

str•lil!raphic control. Due to atnliJraphic juxtaposition. ,.-e 

arc able 10 eaaminc lemporal aeocflemical relationships be

'"·ecn lhe LBT and UBT and the Cerro Toledo Rhyolite 

tephra. The tephra sequence ahoM systematic pochemical 

varialions with time more clearly than do the Cen-o Toledo 

Rhyolite doma. 
Many trace tlcmenll vary syatcmalicaUy in concentration 

upsection throup the Cerro Toledo llbyolite alratipapbic 

column (figures 3 1nd 4). 0. Cs. Jtb, Nb, Y, Th. U, and 

HllEE arc enriched upward. For example, Nb incrcucs 

upward rrom 50 ppm at the base of the Cerro Toledo Rhyolite 

10 1.56 ppm at the Tsankawi Pumice bed. In contrast. LltEE 

decraosc irreaularly in Cllncentntion upsec:tion throup mos1 

or the sequence but increase at unit e and above. z, clecreasa 

10 a minimum in lhc middle or the sequence. then increucs 

upward rrom 1here. However, the b/Nb ratio ~ up

section. Lilr.ewisc, the K/Ca and [l..a/Yb],. ratiol I)'Slnnati· 

cally decrease upward (14,600-2800 and 13-3.2. rcspec:tivc:lyt 

(figure4). 
Unit b displays a sli&hl reveraal o( trend for dements iuch 

as Rb. Nb. andY (fiaurc 3). This rcvcrsaJ may be lhe ruult ol 

1 rdali~ly large eruption that tapped a slightly deeper lcvd o( 

the Banddier mapa chamber. fndeed. unit b is a thick (2m 

at sec1ion 15) Plinian deposit when compared with other 

Cerro Toledo Rhyolite tephr• units. We believe li&nificanl the 
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SJ!rittJI l"etm lm l.M I...M lediell Unn•noe4 lttbbit c.,.., U1111lflled U11nallled U1111amed l'lwftllde o..- TntqlliW ,_,. ...._ .._ Paillf Dome Mou!IUIIII Teleclo Dome o-e Dome Pnlr 
Number Fll..f fll-139 Fll·lll FI:J,.27. Fl)o26 Fll.t41 fl)o21 fiO.J6 nt-145 f1).24 1'13-29 F11-1!0 fi1·1S9 .., 
SI01 

,_., 7$.2 74.3 16.3 ''-'- 11.3 76.9 TU 11.0 7U 11.1 77.0 7.&.3 i1 no, o.os 0.01 11.12 ll.fJ 11.12 II Of 0.01 0.01 fi.OI 0.01 11.011 0.01 0-01 l\1 Al 10 1 12.6 11.9 IU IU IU 12.2 12.2 12.1 12.2 12.0 IU I:U IU r. Fe,o; 1.16 1.01 1.34 1.29 1.30 0.91 1.06 1.03 t.t9 1.61 1.16 1.07 0.99 MnO 0.03 0.01 0116 «lOS . Cl06 M6 0.0$ 0.07 CI.05 M6 O.o6 0.07 '107 r Mto 0.011 0,0] 0111 0.011 .,_.. CUM 0.0$ 0.03 0.112 f)~~ M3 om 0.03 c.o O.ll (1.26 II. oM G.ll II.~ 0.20 0.16 IUO 0.14 0.12 0.18 O.lj 0.19 s; N110 1.80 c.n l.9S 4.16 .... 4~7 3.91 t.51 Ul 3.92 41lll 4.46 4.01 if k,o. 4.94 ...... 4-dl t.SC uo Ul 4.54 4.42 4..tT 4.4) UJ 4.43 4.46 'I P,o, 0.02 01l05 0.01 0.005 0.01 O.MS 0.00$ OM$ o.oos 0.005 0.01 0.005 0.14 

' LOI II.S9 l.lt . l.Sl U6 OA 0.21 O.Sl 0.$9 o.H O.Jl 0.21 0.!0 3.tl 

I 
Tcb! lfl0.32 lt'JO.n IGD.ft 100.12 100.14 IGII.fll 99.41 lOOM 99.59 99.31 99.6( IOO.Ot 99.17 

C1 1)00 21)0() liM 100 1)00 Mill 1100 ~~~ !1!0 &:lG .100 2100 2100 
Rh 291 ~ 1)9 14J 1'3 ITt. ·-2 195 199 ,., 198 202 "" c. II 11.1 3.7 3.6 3.1 .u ., 6.9 4.6 4.1 ... u 7.1 
St A.6 <I 2) ~ 20 <I <I <I <I <I u <I <I 
LA ll l6 S7 40 "" «) 36 4) ll 21 21 34 .. I Ce 76 110 19• ... t1 11 '70 ll 72 69 '70 68 7l 
Nd 19 29 ,, 26 ll 21 ~ 23 II 25 IS 23 211 
!at lJ 7.4 7;7 6.1 u 7.7 1.2 u 7.0 5.3 1.1 7.4 11.0 
eo 0.06 0.0!1 O.t4 o. .. 0.19 l!.M ... 0.10 .. Q.Q7 ... 0.11 0.01 
Oy 16 li 1.0 .6.2 6.9 . 1.4 . u II 10 ?.4 7.9 11 12 
Yil II u u 4.4 5.0 3.1 5.9 1.9 '·' 5.1 6.0 IU 7.7 

tu 0.97 0.$9 0.65 G.67 0.72 0,67 1.0 O.T' o.eo 0.1S 0.85 Q.93 1.4 .. 60 6A 67 y 106 68 . 45 40 .. 50 ~ 63 so 
164 162 161 161 142 1$8 173 17'2 161 112 169 161 Zr ljt) 

7.8 6.3 6.2 6.0 1.1 7.2 8.9 u 1.1 A .A u 
"' I) u 

lOll 97 fl '711 It! 19 91 99 99 98 Nb ISO &9 &9 
24 23 24 23 Th 34 23 19 21 19 21 22 22 2) 

s.t 5.9 ... 6.6 7.6 u .., u 1.1 ... ... u 16 1.2 

·~ 

.; 

L L 0 
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259 IM · lQ 161 
... . ... , 1st .. 173 172 161 1'71 169 • ~~ 

~; . . rtr l3 u ·'U 6.1 6.0 . 1.i tt u 7.1 11.4 u ; 

~~"·. ~ uo 91 
., 69 1o - 19. 91 99 99 91 100 

·'~ 

34 2l 19 21 19 . 22 22 23 24 23 24 · ... ~:~ 

u 16 1.2 5.9 5.9 6.1 6.6 7.6 1.0 1.5 8.6 7.7 .... 1.1 

Cerro Ruhia Graup 

Cerra Rubio utile Tsankawi Pumice• Lower Bandelier T ufr Pre-Bandelier Pumioeo• 

Plua 
Ftll-154 FU-245 FU-22 t..lt t..9t Ftl2·94 Fll-95 G·lt 0·21 Fl2·11t f8J.Jlt Fll-91 F82-92 

Si01 66.9 1\6.9 68.2 72.7 67.4 ... . .. 73.6 74.2 n.o 74.4 

Ti0 2 0.45 0.47 IH5 ... 0.01 0.4] ... 0.~ 0.011 0.11 0.10 

41 10 1 
, .. U.2 IH 11.5 "" Jl.l JS.O 11.4 IIR 11.9 11.8 12.0 IU 

Fe 10, 3.04 l.O 3.55 ..,, 2.12 1.47 ).20 • 14R 1.54 1.40 1.50 1.25 1.54 "' 
MnO O.OS 0.1, 006 0.09 0.09 0.08 0.06 0.08 0.09 O.o1 0.05 0.06 0.06 a 
MwO I.) I I 42 1.29 0.05 1.35 ... ... 0.10 0.09 o.•2 0.08 ~ 

CaO ].2~ 132 3.23 0.99 Oll 3.!9 0.41 014 0.30 0.45 0.33 
f. 

Na,O PO 3.60 3.96 3.95 l.l] 3.08 4.R6 3.94 us U6 U6 2.'10 4.00 

K,O ).I 'I ]20 3.16 4.10 ).)6 5.36 2.85 4.50 4.60 4.61 HI 4.'10 ·-~' 

I P,o, 0.14 0.15 0.16 000~ 0.16 0.005 0.005 0005 0.005 

LOI 2.01 1!-" 0 :'? <tll i.42 ... 4.26 2.95 4.70 ll5 

Total 99.13 99.11 99.13 99.37 99.92 ... 100.59 9972 99.10 100.34 

Cl 600 400 2~ 1900 1200 1140 2.00 ,900 2100 900 1100 1600 

Rl> 52 52 53 2'17 251 lSI 340 3411 1114 15) 153 Q 

e. 0'1 O.M Oil I 2 10 JM 4.0 II II 10 44 3.9 4.1 

I Sr 512 507 508 p 93 514 II 61 6.1 12 2.1 

La 
, :14 H '' H 91 )7 )Q ... 51 45 50 59 

C"e 70 61 6'1 120 142 117 79 Ill lOll 109 'II Ill Ill 

'lid I 'I I 'I 24 ... 60 38 ... 47 42 ... J(l 

4.) 44 4.7 12 II " 5.3 II •• 14 97 7.2 8.0 .. 
Sm 

,. 

Eu I 2 1.1 1.2 0.12 046 0.90 2.4 ... 0.33 0.16 i 
Dy ).I l.D J.l IS 14 2R 5.0 17 II II 7.1 6.4 1.0 

5.7 4.9 5.6 
,. 

Yb I. I 1.6 14 12 9.4 15 3.0 II 12 12 ~ 
0.21 0.20 o.r . 1.9 1.7 1.1 0.42 1.7 u 1.4 o•fl 0.74 0.66 

Lu 
18 li) 100 Jl 112 Ill ... ss ,, " 

y 18 18 209 llt 

Zr Zlll m llt ~ .. ; 27l .. 129 256 278 ... 116 

13 12 12 67 1.4 1.2 

Hf H s.o u 14 u '" 6.6 Sl 71 71 

Nb u 12 I) 156 IH 31 191 212 

4.6 4.6 Jl ~7 40 II 40 46 22 21 11 

Ttl s.s 
:.2 1.2 1.1 12 9.9 12 2.7 16 17 16 14 I\. I u 

u 

• Analyzed umpla are combined pumiae 18pllli I hat Weft handpdi:ed and cleaned ultrato,.ically prior io bein1 crushed. 

tS.mplel coll«ted (rom -io" 6. 
tSamplel callocled from Ouaje Pumice at bae of Lawer Bandelocr Tuft'. 
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TAJIL£ 4. CD<nio"- !let.....,. Ccn-o Toledo Rhyotitc D10me1 
udlcpllras 

incrc:aJeS from :5.1 to 52. Furtbcnnorc, unit b ma.)' ""'5ora-.·.;.·-::• 
re>~eraal ol trencl, as discussed above. If so, lheJi All'fltll ...,_ ..,. •.• 

Tephra 
Unit 

inaasc upsoctio11 fr0111 unit b'to die Tsanl11'Wi (6.9-52J. 

Sigrti/iaJrt« 

w- Spriap......_ Cerro Traoquilar 
(SouU!alt R~e Grvup) • W.e belkw: the chemicll aradltnts docume~~tcd .......... 

CaTo Toledo Rbyolltc iephm rcpnseDt suc:a:ssi11e 1ir,ndd 
War111 Spri¥ ca-c, c.no Tnsquilar 
~· Rlt)oalite GrovpJ 

Soudicao lka,.,uac Group .., e· 
positions at or neu the top or lbc_'Banddier maiJD& _,_.....,D-1':<'11 

betWCC11 1.4:5 ancll.l2 Ma. Four lino:5 ofnidena: ~- ..,,-,....,. __ , 

(W..,... Spr!Dp dome. Cnro TruqullarJ contcntioa. ... 

TJ&Jkey~OI'IIIIJI 
T..-I&C) llidp Oroup' 
IMr-"-Loo_,._._ 

d 
c. c· 
b 
b" 

I. Cerro Toledo Rhyoliu: eruption~ orqpnatcd ~·it . 
soumos and produced rauout and sur,~t tq:•bra widiOUi ...lOa .. 
u1cd la~le pp~tic: ftows. Thcst uuptl('Da -.i 1r 
Tdatiw:ly smaU ~~liJt!IC (<Ibn'''! .men «•mpared~''Wkb ~ 

:': j:k.;;.,.. in por.tnt""- ln<:tiea~e • a- (a\ored, but J>OISibh• cone· that produced .LBT an4 UBT (>250 km 3) and molt .. ·e&,.,_ ....... :· _ • 

• '/1oiio.D Yil)· doe _,..,..di"' tcphn uniL 0>-ion tnar• indic:aiCI [ ~1 
·· ,:P _., CIDI'nlaliea. u-f'PC!d onl7 the: upper wrfac:c of die mapNI .• .._ ~i-.;· 

· . · '· '· Sf'IU'b. 1984). . . ,, =:; ... 
-.·,.. 2. Trace dement c:oncentrations or d.e Cerro."(~'-: 

, . Rh~ olite tephra llhow consistent, systernatt: ina case~ ~!1111.6;: 
: r.,d. doat Rb, Nil, .and Y arc correlated and aD sh...., this cn,:ses with nspect t~ srratiJraphic poaidoa. If-~ ~ 
~ ~wrul . T,,J,ooo RI!Jl)litt cnrpli~ bad u.ppcd various teVet;· of 6t 
•,S~riy. samples 6-ll and 6-9 show a rnct¥al witllln the · annpooitional zonation . instl'.ad or the u~ -~ · 

~' ;~llhwi J'um~ Cfitura 3 aad .. ). 11M: eruption that •. .- ch.:l!iaostratiara~ wariation ·would be random,.nqi.,..,. 
;:·;-~ the fall IIIIi•. rqtre21tted b)' ulftllle 6-9 ma! hn111 atic. .: · ' · : · 

:>.}~ dwprr lnels 111 a zoned rMJ1YD c:blmber. Apt": llb, J. Cerro· Toledo Rb)oliu: tufTs and ckmes arc -· .-

. _/I.J)olb,liio\5 Y sbow corrdaeed treo&. The DIJ'enw;l>' la1JC Jump ~·•I poor, copsil~l witb :chcsc rocks l:cin& 

· . ·\ •. };~:s~~tent bet- the two units ('-7 to 93 ppinJ is difriC\IIt tbe upper pan of ·11!c maarna chamber [Smith fllltl 
: ' · '('JO. ~i11. Th.t ji'rmp maJ be a man~~ or Cc-ftta~ 196£.; S...Uh, 19'19J. ,. 

· ~ ·., \·.JI~/0,: m1.m.a or rhyoJire m..- 'IVitll Tscbieorna,~Cvro 4.. Wbc11 p1ott.a,f011 variatjon diaJrauis ~ bdoWl~:tltd\i 
:;;,\~: :~it~'Ciac:IIC lll.,ma or tua'fl Sr alDlmllibOul 5o7-jJ2 ppm) Toledo Jtllyolitc cOmposidOIIS ~bibit bOth Wl!ll-dc•_liil_,~llr 
-tq: ~~i{~i~" •L. 1916: ~V~• Ill" 1916). H~,.,, tn¥w eJe. and alifnmcnt witll11.11mplcs C)fihc Uppc~aad 
:·;, •. },_~·if! partlic:ular K 10.donoc suppon a miKiq'model. icr Tulf. This~~~ C.no Toledo Rhyo~ 
.,. '·. :"'~::sr ttrnek art undeolr. pc»!'ibl:y because or analytical impre· ier MllJmas art comaJITiatic and tapped ttae· ume 

· ~·: . ,: _cisioJI aJ rclal.ivcl.- low Sr 1:0ntcn1&. ll.b/Sr ~ncrca- from vnit d>antba'. 

! !:;:. r-_.j~~arii (Rt.(Sr' 6.9--,21 lf'laurc 4-'1. Jr unit d il inoorrectlJ With these poililS iD min4, we liOW Clt'lllpaR CD~ 
. _:; i:omtlaeed and sansple 15-11 ia uaocl imlead of 6-6, llb/Sr lrcnds for LBT, UBT, and lhc: intcnal of time dunna:~ y. 

... 
Rb 

.. 
lAI 

... y .. Zr ... 
Nb 

) -- ) 
• 

• 
• 
• .. 

_ .. . I 
... L.~-=-~~-:-' -

F.._ l. Compooltiooal ..,riatlor• •llh -pee• 10 ••nti,.aJ>I!ic: ... ,..... ot aloded trace ~u wwilhm ·,tc <leno T oledD . 
Rtu-oJiw Jcpilra. Til< .,,.li,..aphice87lowat ••<I hi&hal _,..., Dlai11 arc.~~"" ( ,..,.::tiwl7. Ualu 6-& and ~9 nflr 
to .. ....,.,. lrom tbc TsanhlWI P•ml<c (UBT). ..,,.Jd> o-lla lk Ce to 'l'okdo ~Ui.Jdite ........... Anal,_t 1111111plel ol 
individ..al MDih •~ pumk:eo e>ctpl for oniiJ ~unci c~. "'hich are ba..,.Unt-d pl>rwtCIID~·ubea. lnclividualoalu
rqwtiU~tal byth<lolk>winJ .. mpb: a", IH; 1', i4-7, 1441;.; 15-9; b', 6-1; b, ,_o~'-2,-6-J, 6-4;c, 6-S;c:·, I .... 15-3; 
d. 6-6; 1. 6-1; e·, 15-l. 25-1; f, 1,_.; oad Tsa11biri Puinice.6-1.~9. !llo --"<:a!_IICI1c Ia lilioMibecnsetloc 1eplna warieaiD 
tllid<DeSS at dilll'ereal localitiea.Comparc witll Slolllh [·1979, FIJurc SJ •IRCI Mai'IOorl [f'NI, Fipra 4 and'.). 

··i .. • •. I' \J 
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fiJ. 4. Variauon or mAJOr and UAOr tlemeru raiiOI "'ith rapecl to llr•ti.raphK heiJht tn the: Ccno Toledo Rh:yoiJIC 

tephra. Unit ·~•mn and oampk numbrn arc the ••me as thoM listed in FiiUR 3. 

die Ceno Toledo Rhyolile was c:ru1>1ed bf,twecn 1hc: 1wo i•· 
oimbriu sequena:s IFiprc ~). The enrichmcnl ratios represenl 

1M c:oncxntration of a particular clement in the earliesl cnap

tcd material divided by the concentratiOII in the Jast-eruplcd 

clc:po&its [d. HIJJrcrlt. 1979]. We apin stress the imponanl 

distiDc:tlon hctwun the Ccno Toledo l!hyolite and Band~Jic:r 

Tuff; """ereas the Ceno Toledo ltbyolit~ represents small 

eruption• that tapped lhc top of the masma dtamber o¥U a 

period of 0.27..0.33 m.y1 the LBT and UBT are the result of 

~visceralinf, ~up1ions 1ha1 sampk-'11 the chc:mic-.. 1 suaur.raphl 

puc:n1 in the marma chamber a1 an im1an1 in a~oloaic time 

(HUdnrlt. 1981). The data for the interval between the LBT 

and UIIT arc taken from the stradaraphically Jowa1 aampled 

Cerro Toledo Rhyolite 115-S) and bual Tunkawi unit 16-8~ 

We bavc c:boten tbe UBT Ample inslcad of lhat from tbe 

atratljpaphicaUy hiahcst Cerro Toledo Rhyolite tephra unit 

(IIDit ll ror two reasons: II) - Wllnt to document compo

sitional chanp!S at the top of tbc &ndelicr maama chamber 

duriJII! the 0.33-m.y. period betwc:en the two caldcra-formin& 

c:ruptiOilf; howeYCJ, lhe Cerro Toledo Rhyolite tephra K· 

qllen(lC docs not fuDy record these d.anJP!S; and (2) aystematic 

compositional chanacs occur from the bue of the Ccno 

Toledo Rhyolite teph111 to the b&-.e of the UBT 1F"11urcs J and 

4); thus we have considered umplc " u a 1oaJic.a1 cod

member of the Cerro T oleclo Rhyolite tephra ~equence. 

FiJUR 5 lbo'lll'l podlemiall tmlds for the intracaldc:n in· 

krval ~lte to those displayed by LBT and UBT, with 

respec1 to Rb, Y, Nb, and Tb. The trench a.ugest thai c:hemi· 

cal .,.adicnta were ratorcd ~ the: tw10 ipimbrit~ cnap

lioos [Smitlt. 1979]. If we lake 0.33 m.y. ns the aae ranp of 

intrac:a.ldera volcanic activity, we c:a11 c:alo..""U18te the rate of res

tcntion or compositional zonation at the top of tbe Bandelier 

masma chamber. For Rb, Y, and Nb, the rates arc 0.60 ppm 

k:rt- 1,0.23 ppm kyr· 1,and 0.32 ppm kyr- 1, re~pcctivcly. For 

comparison, Nb enrichment in Cctro Tol<ldo Rhyolite TRF 

domes increased a1 an averase rate of 0.32 lpm kyr- 1 (Tables 

I and 3). funhennore, Smllll [1979, Fipn: ll] ahows a rate of 

0.3S ppm Nb kyr- 1, and we calculllte a rate or 0.34 ppm Nb 

kyr·• usins data from Btd~c)' ft al. [198~) and Kwnu ~• al. 

[1985). Due to fitratiJraphic and a!Jt' uncertainties, there is a 

cxrtarn dc:arec: of error in these calculatiolll. As order-or

rnaprludc eslimates, however, we believe they are correct. 

Fiaurc ~ indic:ales that the mapitude or early/late intracal

dera depletion of Rb, Nb, and Y resembles that of LBT en

richmc:nt much more: dosely lban UBT. ThiJ implies thai the 

atc:nt of chemical zona lion reestablished in intrac:aldera time 

equalled lhat tapped by the LBT enaplion. The UBT eruption 

may nol have lapped the zollCG mapa chamber to the ex. tent 

I hat the LBT eruplion did. This caplanntion is con)i~tent with 

the sn:aller \IOiume ''' UBT 1250 km>r compared with l.RT 

1400 km>) [Bul.drr "' <JI .• 1985, 1986; Kt~rnt: C'l<rl .• 19115). 

PETilOllCNISI5 

C'r.•·srdl Fr.~c·frrrndli<HI 

We bc:hc:vc thai cry51al fractionation has aencratcd a:nain 

o! the chemical Jllldic:nts in the Ceno Toledo ll.hyclite, as well 

a• in the Bandelier Tuff. We prewnt here data that support 

1hi• h~pothc5it;. We ulihzc 1wo types of diapams 1n the fol

lowc nr d iscupron. 

I Chcmmtrutigraphic plots that show changes en chemis

try ,.;lh respe:. to straliarapbic heiaht and time (l'iaura 3 

and 4~ 
2. Bhrarianl plol& with Nb plot\cd as the absc:Wa (Fiaun:s 

6 and ll-111. Althouah Nb drarly is fractionated, we justify 

I his choic:r hec:auK I I I Nb appears relatively incompatible (but 

nol to the ntent of Cs: sec below) In the Cerro Toledo Rhyo

lite <~nd Bandcliet Tuft' rocks as shown in Fipre 6, where Nb 

varies linearly with Rb. and the Rb/Nb ratio rt:mains eMCII· 

rially c:onstanl at 2 abo"e 50 ppm Nb: (2) Nb has far better 

rc:lali'-e precision lhan does C. at the concentration le"Wels 

encounlercd in these rocks (Table 2); (3) we usc: Nb as an 

inde• of masmatic e"olution followina s,.lrh ( 1979, Fisurc I]: 

and C41 Nb is relalively immobile [PNru ontl Norry, 1979). 

F,/Jsp~~r fra<"lionarion. Figures 7 and 8 show depletions of 

K!Cs and Sr with incrcasint Cs and Nb, respecti\ICiy. T'hese 

are prnC,ral trends for rocks of different aps but also arc 

rc:flectcd in the Cerro Toledo Rhyolite poinu. The younpt 

Cerro T olcdo Rhyolile tephru tend to be: most depleted in 
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· most ~cpletcd {A,urc 9b). These. relations and tlu: prcsc:ncC. . . . 
~rcon in CnTo Toledo Rhyolit~ tcpbra1 •ugcst air(.or, ~: · 
tionalioll. - · · . · · '.'. · .. :.:- . 

~osuatifraptlic dia~~ .abow aD initial : · 

lo..-ed by iDCR&~C. of Zr u~on (f"" 3d);: 
Zr/Nb propssiYCI.y ~ UJ#cctioo f!'~ •6.2 at :.oa·H ""'"-

1.7 '' unit-. 6'-9 (f.ip~ ~ ·l'l* in)plit(:tha\ zon>Ua.- .. Dlll!'l.·:, 
_tionalion oeevrRd JllrOu~l ~ f0!64o r ..... ,_u>·<,C.);i. 

tr0111 • mai_II'IR tha; · ~ :•!i\tl,lntea iii_· · 
•• to c, tiri)oa ~~~I!Uloti' :~ iul!~t;·~ . 
aid~ lnlifl,.~ of botli·Zi ~ Zr~: ttll(~llc disltri&~,
todllcicnl c( 2.r c.aloCtCiclcd ~It}; F~ U1ih t --up~~iolt,.~·'.,;< 

.. ~u; 'U!:~;:,r;~~~ . . . 
·(odi"JCieiu ofZi im1)' !mY&-~ lti . . . I; .zift:Oia 
_ ·tionatiOG ~ took :~ ~-~r.::tiec&UI( tbc_ U/Nb 

dec:m!scs ~~ty u~i Jt.':is. probable .. , 

lhlil' 4efi!W5 DO broad I'Clat!ondllp - .wd ~O;J Vi. Cl~ ~lO,na ~~ dllfercDI 

~-ill c:oJIQt!ll~; With·.l'lb dhe m~-da.r, ~\tl)~~»1V~ Is 
Jlhyo .. )t~ .... etlllltr- ·'zrJNt;' il co imd 'cbMP.S Jrj\;~aj;~l~tflibd··~ . 

· ...mb ~nina N~~• paf1i~~flr lor-~ .magma rwm_; ~[f#~.~9si·j9&4j1ind t2l ~ 
"-.. ~, ........ , ..... ~plu'as 111. ~laid! the )'OIRIJC$1, ~.:,pc ._ .chamber ..m. wned \lliih ~to temPCr-atw.W aitd 
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f"iJ. b. 1•1 Nb ph>ncd ap.a1nS1 llb in ppm A wdl-<:a•rclolcd linear 1rcnci IS appo"'"' Ccno Toledo Rhyolnc tephra 

... mp~eo. '"'" ore mnM n>riched in Nh arid Ill> n:prncnl the later Sl_,n of Cerro Toledo llhyoliiC 1n1racalckra npt..Uw 
wolcnni,.,.. Ccno Rubio Gmup oamplcs ore ..,..,ively doplcocd in Nb and Rb. (Ill Nb venus Nb/llb Tile Nb/llb ratio 
rrmoino rdaliWI) cxnosoanl abow 30 ppm Nb. 111< symbob on 1his diapam rcmoin the Nmc in &lie follo•iiiJiiJures. 

[Sntlth a1td Balk.l'. 1966; w.,,.sJw,.. allld S"'ith. JCJ80]. Not•bly. 
the in(:Teasc in chlonne content m1mia that of Zr from unit f 
(sample JS-61 10 the baM of the T.anlutwi Pumicx (5amplc 
~8). Zr incr~ by Sll% from 168 ppm in unit f to 26S 1'11111 
in lhc T111nkn•i Pumice IFi1urr 3d). whereas 0 increases 
from 1700 to 2S00 ppm (47%1 O"Cr the same interval. tr 0 
contcriiJ IR indicative of overall ¥Oiatilc c:ona;r•trations in the 
masma dlambcr. these trend~ sugest th•t vol•lllc rontents c II 
control. a1 lcaJt in JNirl, ~reoa saturation in the m:tgma and 
(2} increased sianilicanlly in 1he Bandelier n,..ama chamber 
before lhe eruption of th.e Uppc1 Member or the Bandelier 
Tuft 

Fractionation of 11ft LREE.-ridl tJ«n-y phDM. When 
ploucd apjnst Nb, La displays wide. ~~alter in ""hich CetTO 
Toledo Rhyolite points show La dcplctiol• witfl increasing Nb 
(Fiaure lOa). However, [La:'Yb)0 is lltr••ngly dcj:lt:tcd wilh 
rapect to Nb, panicularly for the Cerro Toledo II hyolile 
IFiJurc lOb~ Although 111 .anJ Nb show a po!!itiYe linear 
correlalion, Tb/Nb also dc.:rcascs with Nb enrichment !Figure 
II). For Ccno Toledo Rhyolite tcphras, the oldest arc most 

depleted in Th but hiVe the hithest Th/Nb values •. similar to 
7.r relations tn Figure- 9. These trends contrast with those of 
Fifurc 6. in which Nb and Rb arc positively conelatcd wilh 
essentially no change in the Rb/Nb ratio above 50 ppm Nb. 
These data suucst fractionation or a phase that hu prefer
entially incorporated bolh Th and LREE. In mctaluminous 
roch. allanite is an aoocssory mineral that contains LREE u 
cssemial constituents ( Ropp ft "'~ 1986]. Allanite is an ac:cea
ory J•hasc in unit a· or the Cerro Toledo Rhyolite tephra 
f H,;&,,. cr at~ 1986), in the Bandelier Tuff (l<tu~nl:r, 1986). 
and in the Vallca Rhyolite of po~~t-Valles caldera aF (T. Spell, 
New Me,ico Institute or Minin1 and TecbnolOIJ, pcTSOnal 
communication, 1987). We have plotted theoretical Rayleigh 
frae1ionation trends lor allanite in Fiaun:s 10 and I I by as
sumina erystallizalion or G.06-<l.08 wt % allanile from sample 
IS-8 as rhe parent. TIICrc is reasonable aarecmcnt between tM 
the-oretical 11nd ob5crwed curves, dapile rnincral prop<'niOftl 
and purtitoon coefficient& thai are poorly constrai~. 6oa.o·f!11: 
allanite i~ so efficient at extractint LREE from the ~r.a&•'!..,, 
howc"er, the uact values of lhe panition cocllkicnts for each 
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F"4t- ?. Cs ~'" K/C'J. T1v Cla1a illldica1e de :liar al k)Cs wilh i..o:n:a.l:sa Cs, bodl-o"""'U .flt/Cs .3)-l.$ ,. 10') u Ml 

• for ...,pia of Cei1V Tolo!do llh)'olilc lcphra (K/01 IS.S.l " 10'~ Symbcib a ill r,.... 6.'a&eq!l for * llan, ..... 
ia4icase T1tdtiawn•l'.-ori<>o1Pdeoi.e •nd~ (~, Jn.t]..Tbaeflllennediate ~a.·erupud in 3.7-4? Na.·
linlilolf Ia .,. .-d composition 10 Cerro llllhio and ..,)' ~ parenlal .......,. oldie Oorro Toa.db IUIJOI!Ic ud 
lllladllllcr Tlllt ·:·. 

_..- ... -"' ...... arc or aeo:mcbl')' imponance. The P'rtiikmiAa ralios aea that •palite ~ ~wei !rpm t1a1: maJma 
lllilmdual IIE.E are •i111iflca11t when lnodelina efe. 1979; tviiiiDII tuoi/.Gt~ i98J).l!ec:ause.dae __ ,_ ~-~I!Qi., 

'JIIC~YI.n!IIOII-;11 • U/Yhnd Th/Nb. apatite decrcua ~nifia.. ~d,f.o(lO abo!JI 0.1 .. % -~ J'lo>'l'~ 1'~. 
't·t·'Odl~rttifllll·ptilc cbta · abow ~ ~ upteeUoa lite) !Jith ~-:~~tcm; ~--<:e~.,-_r olcldo;~"-' 

~ Th/Nb (FiJII!U U and~l (La/Yb)., tn•II.,_S m..rly w#,f·~~c:e Sti'u~~ in 
f.).).21 li'O!n imil··-.o;~-. w¥~ lb/Nb. liZ~:(! ~~i~.JW•rii~ li~'.C~IG~~ 

timef .OlOCt tile .:...e: 'inlc,naJ. [la;r$aal), uee o11not llaw ~~~ •~1!1 --,-...,. __ .. ,,.,.., .. .....,-, 
---"'·'-·.:... :Windbr to T11,1N11 fl.? dll1es~ £is~ do-· bioiJR til Lit~~ at¥·~ ~~~ ltrt~u_,ran~~·!JIIq 

~CJ~Jon;.,r · . wirta~TIIapd~~ibb ~~is;trci.P ·apariie. :•1!11' ihus,lt.;'-~ :a~p~ ~-~~!A~-1-f~~ 
· ct~>reeto~d ·~ eWPid) e1 141iwcr 111 ·~ 101d~ b ap&f!~'iit ;«J~,rtJ:..p_i$1~ 

.... ~ ~ ~Dik. dii(yo··c% ~-~"* .~'·~R~~:~~:~::~ . 
..... .-lti!J: ~;.r.MJ.iilid HIIIMII. Jfli)'J. Nld HJEt (""' ~?-1~;:;:w~~-luii --Gr:MI. 

., ... ,.,_. ·ir>ILil'tlllil>b_otJ_ itlto zinQ~ _. wdL but tf?e ~rthioa PJO, (1011Wjts ki.~··Jjle ·laS! &.~!oliJ',reCt · .. 
tillleiiPil&llcr lhu tha! oi.U.nlte in NJ)Io loW that t10t mlicli ap,~iite cr)'II&Dit.,tiO!II ._ · 

l'-'aNH>i.UHIIJ,<ftA.I91!3). Ai.~hZr,LI clllbnplacx(.<O.!,; .... \:. :o-- .:: . ;· 
, ..................... ~ibfttJ7('J~")r~ 111dt q~~)o.-' ··;fll"OIIIj>t,,~•"'-··~fi:·r~ ;:*e· .·. -. 

· Pumice (58 pPJII) (Fil~ lhl Ollorlile ciontcnb abo~ we belinc·diat ,;ry.iral frattio!Diic.O -~~-~-l,ilil~~ 
iiW:ftajii~.ill1% o\Oir the ...., it~trt~t irQplyina diat \.olalllc pet'bapi domihaDl, •proC:cin ill tbt .evolullioa or 

Coliu.,l tile ~ubt'1i1y':'O( Lk~£.cl'lriched .ca.. Toledo IUiyOtiae all!i • Bt~r.deiler ~ We · die...... . . . . : .. ,..,"" equadoa: 
't!ii"' •t-o- dlaa·-t.REE ~ill Aoll• 

· ~..,.,_. occur• "-!ua1J1. o..-. -.1 
· · ptne~~ud -~ ~ lhar 1M 

llldt in a pnodlorile Jilutcm .dca<:lllllld 
· cryeuJiiutioa ·of -~ . .aad 

. ·.lt;.i~~--~,lftr,,""'-,'ft!'rrirfrt#Jidr (191~' A:ilil~rnUj*'-' Alfl/n 
· _lsaw ~-ttaat-'a~ 

,aa·.p:MI!~•e· ...cs. aJW~~ ~D ,trectl!d7 ~o~ 
iifiCI\ftfcna,lftitliaolll.IU$:.Jieca-- thCie tlemerib ariilOI. 

:~ltl~.eqjs·iri a.;e.rn."• ..,....;.~;:... che abil~:or 

wller1e c~ is tbc concx:ntratiOb of; an dement .. dlie ..... ..,._, ... · .. :01: 

.liquNI, C,_ the COPaintraCioD ~ dle_'ckmmt ill . 
'liqu~ as • ,m,lr·of~oplil.ii:ysw~ioa, F 
liquid~-~ ~liblli ..Dd D the hlitll''idlilid!•<·~"-11; 
burioa mrdllc:ient. Fcif ~bk dciriCilts, D-: J; ~--•"illi 
11)-can be~ li.i ab.e·tom:a, 
•·· .".F •• • 1• • 

. .-nne.:10 ~-~diftlJlitR$.~~;te 
·16ilD"~)olubitit) . ~~~ill ~hline or 

w--. JW.; IUI19 ,.,,.,~ 19.u}. . -c c F 
~.:J:'.l4JioHI'd,..:i..,Q"' 'J'bc.:ftrJ ~ .P,o. co~tt f;il'1.1ie . · • 1 .. ., 

~ (Jenr#:JIJ' <il.a..%~'P~o.l~ ' Thit tUllplc lnvene apj:lroach to ~:cnetk modcJiraj 
... 

() 
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bc1ween each othc1 (fiaure 6). and (3) tbe est•mate of 78•4 

aystallization from tbc Cs data repreants a minimum fisurc. 

Althouah less compatible than Rb because or ita larac siK, Cs 

docs c:n~r alkali fc!.Upar to a certain dcpec [Nosll GIIJ Cr~ 

rraft, 1~85]. Thus the amount of ~tallization was probably 

hi,:!Jct'. 
We uplorc below physical proa:ISCS that may or may not 

be capable ol Ill formina the chemic:al cradicnts "We ha~e doc:

umc:nlrd for 1hc Cerro Tolcdn Rhyolite. (2) cnrichina -•he re

$idual magma sc:~cralfold in inc•nmpatible traa: ekmenta 

f Afi/W.r and Mirrlrfrhldl, 1984], and CJ) acnerating nearly 

aphyric liquids as rrprCKnted by the- Cerro Toledo Rhyolite. 

Co•wrr•i•"' frorll:malio•. Recent espcrimcntal anli ttocoret· 

•cal work sugc:sts 1ha1 sidewall crynallization could result in 

the formation or a compositionally llaht, incompatible· 

c:tc:rncnl-cnric:hcd b<1undary layer th:ll flows up the walls of the 

masma chamber 10 snalify at the tnp [S,..rl<s rr al~ t984]. lu. 

well 11<tlidif11:ation at the roof may 'I'CSiralt in a crystallization 

front thai mo\'Cll downward into [he maam• chamber with 

o lime [Bulrr t1rtd MrBirM)', 1911!5]. This is essentially in situ 

cryslallization. We favor roofward crystallization over side

wall cryslalli;uolion for the followi-. n:asons: U) heat loa is 

srealest a1 the roof [lrrinC', 1970]; C2l snatification by roof· 

ward crys1~llization may be more dl"'cknl than sidewall c:r,... 

lallizalion because 1hc: li&ht bounobf) layer formed b)' the 

,-.,_ I. SnniiO# riot of Nb venvs Sr. The cia .. ouucst rapid dc

pletiDD of S.. "ioh in<TuAin1 Nb. partiru .. rly for Cerro Toledo Rh,... 

liiC·wpllra. Many <"nru Tolcd<> Rh)'C'Iilc cl...,_ con1ain prachc:aD)' 

110 'Sr. No1e Ill dw Tson ...... , Pumoce sample 1hao1 contains 514 ppon 

Sr jt112·9~L rl•Mo..,J '"'"r lh< C'nru ~~- Gmur ... mpk:a. and t21tM 

rour point .. all ol-o."< I ;\0 Prm Nb. lhut latl .,n liM' o•-uall tn:nd and 

lilt nbtiwly ...nc1wc1 on S-1 for such Juab conootolralions of Nb. Only 

- col1M_. p>int< .. I (·r.ro T uledo ahY'•Iilt. S..c ICSI for clioaouioa. 

~~-ito Foton:6. 

,. f'l •I~ 1977) has been "sed b)' Frrrara awl Trru/1 [1974] 

for pc.alkalinc ~ystems. e, assipint aarnplc IS-I at the bue 

·or -the Cerro toledo II hyotitc u C0 and sampk 6-8 or the 

Tsaakawi Pumice CUB1't as C, lf'i,ure 3). we can calculate an 

apparent F usi~ diffc:rc:nl incompalible elements IT•blc 5). 

The lowest 11ppercn1 F ""'UC. 0.22 l'or Cs. implies that at least 

78% or I he masma chamber had crystallized ow:r a period or 
OJ m.y. by fractional cry$tallization or esscntiaUy quanz and 

albli rddspar. For comparison. lkrfw.r 11 al. [1916] hit..e 
estima~ 70% crystallization occurred to produce the ob

senoed chemistry of the Lo"WCr Bandelier Tuft'. Furthermore. 

IIOmlall)' iacornpatible dcmca11 such as HREE. Nb, and Rb 

ltavc hi&het f nlua, irnplyins that these elcmcntl arc not in 

fact pcrfcctlJ incompatible. Table 5 bsll mace dements in 

order of increasin& CCJmpatibility (inctcasina F values). Rb 

. and, to a Jeucr rurn.t, Cs are taken inlo alkali feldspar. 

Mlereu HREE. Y. Nb. Th. and U probably partition into 

II<XltS&Or)' phasa lc,a.. zircon, allanite. apatiu, and ilmenite). 

Nn.rlhc:las.. lhe amounts of these ao:cssory pb- that ~r)'S· 

lalllzed appear to bo: so low that the HREE and hiahly 

c:barpd cations Y.~re enriched. rather than depleted. in the 

maame U COOlin@ and crystallizatiOR r•roceeded. These rcla· 

tiona show that C II decouplina occurs bet..-ccn large mono· 

"aknl alulies and more hi&hly charged ca1ions, 121 in spite or 
lhia dcc:oupline. Rb and Nb arc not noli .. -cably fractionated 

Iauer process may be niJCCicd by shaarinr. bacl<miaina [McBw· 
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F'lf. 9. tal Nh ~nuo Zr. A ..;de acaner of poiDIJ is abibited lor 

tile uriou• trrours. There io • poorly cla:fi....S lncn:aoc in Zr with Nb 

lor Cerro 1 oldlo RllyoliiC tephra saml'la. lbJ ScmiJoa pkM Gl Nb 

¥Crsus Zr/Nb. Zt/Nb clccru ... wilh inc:rasina Nb. Ia coni,_ 10 

neure 9a. <".crro Toledo Rhyolilc tephra samples ahow a emeral 

decrnsc in Zr /Nb wil h incrrasi!IJ Nb. The four pointl above I JO 

ppm Nb, only OM of "'hich ftpn:oet>IIIM 0orTo Toied<> RhyoliiC. fall 

otr Jh< trend of 2.r/Nb dcplelion. Sy1nboh •• In Fipre 6 
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.ie 0.41001 weilbl 

~/ "i .In aabydrous JDlllllll 
J.-.~lforvery• 
;:;~compared wilb -1: 

:Hhe. inii'aaJdcp acliviiJ ;.;: .. ··:;na, be remowd 
~;~aid • bioliu [M,., 1;· 
~"i.:;wt;W;c.iwr,., 1986]; 

b·""~ 1M1ft1L MOll 
~:,id •.~ die marjJirls or die 
f;~ ·~ 1be roo1 or die 

~~i.;1.: aho Qn ~- . 

p~. •• •be top or • 
! : -o the ·liquid at the top 10 

r,-~--------~--------~----------~--------; 
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20 

... 

• 
Cbl 
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Fia. II ltll Nh ,rnu' Th. A •rll<~'•~l;ated hnar mcrca:ec tn Th •·nh ra.pec1 h.1 Nh 11 1ndtated fbi Nh "C'itoua Th!Nb 

Th/Nb i~ depleted wnh inerca.stn.l ~b. TM chanw tn stopr for C~o Tolcdn Rh)·olne •~m.lla bet weft~ F•Mura I I• and 

,,, ,, -cu tllusnated. lbalreti<Al CUO'CS 8R •• ·lek-nbcd in Ft8Uft' 10. Ctcq.n ror 0.0006 Wtiaht fractiOn atlanitc end 

D,.- 4Ao4. The di"""cpanC)' 1ft "'Cilhl rracttons bct .. W'ftn lh" •nd FtfUf'C 10 ,, rrotwlbly due 10 uncertatnlta '" tt..r parlllK'In 

c:ocfrKoc:n" lor L• •nd Th Symbcol• •• on t'rpuM 6 

nraintain super·hr:¥t and prc•ent cry<talli>-"llon. rnol mehrnp 

wiD occur ir the temperature of the magrrn~ uoeeds the melt· 

inJ point of the ,. ... 11 rocks [ T"'"" and C<Amplwll. 1?116]. The 

IRIJ'PIY or beat raay come from c:rystalliz.ation of malic rna~ 

81 • lower le,.el in the masm• chamber {Hi/d.,rh. 19U] The· 

oretiaiDy. rool mehintt proYidcs a more efi'JC:ient ma:hanism 

tb•n side,.·•li crystallization to straufy liquids •• the t<>p ol i~te 

ch•mber: and roof mehint~ combined with subsequent Ira<:· 

tional crystallization may be a common process [T .. rnl'r omd 

CQIIIpbdl. 1'.186). It i• difrrcult 10 assess the role of roo: mehrnl! 

for Cerro Toledo Rhyolite rrus(!ma.< bt:uusc of • Ia< ~ of rso· 

topic data: howe,..,r. the follo .. rna poinu sugacst ·.hat roof 

melti"B wu not rcspon•ible for the obsenoed c:hem.c~~l ... ri· 

•tion:.: II) Sr contents gtnnaliy an: "'"f)' low in Cerro Toledo 

TABLE ~ l.pporcnt F Valun 

---------------- ------
Ek~~Hnt F 

c-. 0.22 

'b O.JI , .. O.J2 
Nb 0.31 
Rb O.H 
l..u 0 .. \4 

ll 0.)6 

0~· 
0 ,. 

n o ..... 

F is ealculated b)' di~idinw: omc:rntrauo' of sample t~ K •C,t h) 

lUI «>16-IIC' t~ where 1· • C nfC '· 

R hyohle ""'h. and 111 Sr is •tron(!l~· dq>l<ted wnh rnpcc.'l 10 

Nb and lnllows ·a lra~tional crystallization trend 11-"rgun: 81. 

Fr3Cii<>nal cry513lli711110n •• .., may m•sk !he efl'cc:ll or earlier 

ro-:>f mehinf. lsoropic data from tho: Bishop Tuft'. • high-silica 

rhyolite th•t hits many JlCOChcmic:al similarities with the B•n· 

dclier system. ,,,dJC:atc thai lillie or no mchina or the roof 

oc:c:urrcd ( """'""·'' rr "'·· 1984].1n contrast. Noblr orul Hrdfl<' 
Jl9f>9] ha..c; shown tho I the lirst~ruptcd rocks of certain ash 

lh>w •hccts haw hipher rmtial strontium ratios than do the 

l.otcr-cr upled, upper f'.,IS of the Sheets. indic:atin1 that the 

Lrppc:r J"lriO ol the map:ma chambers were contaminated, ,._. 

sibly by roof mehinf, s•opina. •nd/or lluid usimilation. 

DilfM3ill<' anti Sorr~ Procrun 

Sc"eral workers ha,.., proposed liquid-st•tc thermodlfl'usi"C 

proc:cssc:5 to uplain ob&erved major •nd trac:c clement vari

ations in ignimbrites {e.g., Hlltlrrrlr. 1979, I ')II: SciiOfl, 1983). 

We discuss, in turn, r .. tcs of diffusion amons eatrons of difl'cr. 

ent "alenc:ies •nd the Son:l ctrect in silicic bquids. 

For cations or similar ionic: radius (K ", Ba 1 •) •t 110(1"C, 

difl'usivity of 1M 2 • a lion is 3 orden or maanitude lo

t han that of the I-+ (Hoflrl4lln, 1980 Figure 7). Similarly. for 

c.•· and Cc3 ••• soo··c. difl'usivity or the 3+ calion u 6 

orders of mar:nitude lower th•n that oft he 2 + [Jalltbon. 1982. 

Fisurc 2). Eurapolation sug(!CSIIlhal difl'usivities for S + cat• 

1ons suc:h as Nb arc muc:h lower still [Jombon, 1982, equations 

Cl3l and (14Jl1Table 6). Thus if ditrusion played a sisnilic:ant 

role. Rb and Nb &hould be ._.ry atronaJy fra~"lionated with 

·J .. 

I. 



TABLE 6. Calt"ubtcd Dift"otth"iti<S for Tl>nor C.liaow or Dilfenm Valenct S~ae 

Ionic kadius A<!lr.ation £naa,. F~a~llalr)' f'loaor, DftruSJYitJ, 
Catiott Va~ncy A kcol mol"' CIDI .... an•,-• 

Rb ~·I I.Sl h·' :t.la 10"1 l.4 .. 10"' 
y •l 0.90 77.0 s.o .. 10' 2JI .. 10" 11 

Nb •.5 0.64 411 C>.) a IOU 6.S • lo-•• 
Dilf,..;•itin c:alc:ubted r,.,., equations (I~) and Cloll) or Jrmlbt>n [191l] a1 1IIOO"C. Ionic radii from 

s~.a..,,.,., (1976) in ocoahcdral (VIJcoordinatioa. 

rmpec1 touch crher in Ceno Tol«''o Rhyolite and &ndelier 
r~ However, Rb and Nb dearly arc not fraction.~led 
ff"ieuno 61. 

,.umina to the role of Sorel difru!lion, ml\)of • nd traoe clc· 
~~ .fra<:tioruotion in experimental relsK siliaiC melta by 
:·SoT~ cont!Hll nroiiJiy with acochemiciolsrad.inta 
I #.~lid m otrtain ipimbrite MqiR11QS [d." SlllirA flu Boil~~. 
., •. r-l,~re 16: CtwrtVi rr.t~ 1981, Fiaurc 6;1/0~,,l, 1911, 

f1B'i; .. · 7: ,.,.,_., 1981, F"iaurc 3; this work, flJ!urc S]. 
u.wr [ 1986, Fiaures 4<" and ~ haa ahown rhat networlt
to.rtiii., ~ts rc-a.. Sll franioPJtte to rile bol aid of the 
]j~~·~ Sorel temperature fT•dil!nt, whtreu neJwork mod· 
::fii~;k:j .. ·ca. M .. Fa. and fDMI traer elctnenll) concentrate at 
,lie;~ end. for r.illdc mdr compositions at 1300"-1670"C 
t>~ 11ft// Wi!lo.-1 "(19"') baft obtained similar resulrs at 
ieA,perjn.rea moro: appropriate to SJ1ic:ic: mapnu (1030"C). 
~ .resul11 co~fticf directly "'hh ianimbrlte data and auuat 

. •"'''.{~ ditl"usion don mot cause the COillpOSitional zonina 
. doi:u~Dmred in naan)' silicic maJma chambers. 

..... 

COSCLUSIONS 

·we h<a\-c rcad•l'<l f<>ur rnain ronclusions frnm nur study of 
fhe C;cr,ro Toledo Rhyolite. 

;·, '· · "11. Cctro Toledo Rhyolite tracb the restoration of 
~i&ional p adkntw at the top or the Bandelier maarna 
c:blimber bet10·~n 1.4.5 and l.ll Ma. 
~ (;iyat·J lt6Clion.aion .,. ... tbe major pr0Clr81 by ,.,hich 

nu were n:atorcd, mainiJ by cry:nallization at the 
dac ........ m.tnber. 

. · ·fik~- trace f'~ •ilkb 'll't: ha..: analy.zed remained 
·· · · · dllrins ~luaion of tbe Cerro Toledo 

; C. cornn dosat. 
and So~ procuecs did n01 contribute to any 

IIJi:JIIInc;.~•n•· catcnt in forminf the compositional zonioa or the 

:.~,-.~~--
:~ ... -:~ ........... We ah•nl aotarocl Hapa. IMbll Launroca. 

-, JciM ... Wol«. Jounit Garclner, o..,. ValonliDC. aDd Paul Carroll for 
.. ;:. aiOiiiD;loc;t .t.irin, Ylrio .. Ill .... af the p<Oject. The .......ct Cblbot 

' : ·wftU•:I~ Hn•"'' of IIMc:a Land and Cattle C".o~ Abilofte. Tc•u. for 
· ... .-·{o.i'ht 'ooonb«., van .. caJden raaiofl<~uri., J911-lllk Thor
.·~1~·l!J.'Wca Hlldeoc• and lolul Swrmer atMicomtnentt by 
. 't\f;.·p; ~.'!law impn:noecl lite IIWDUKOf'lalbstaDtiall)'. lbil """"' b 

.· · . 11' .Ulwt~ ·ID lbi 't)armal lq!i,_. PR!I"aJJI ol the U.S. Coftti
-1 .•·:f,~}~Hk Drillltoa Pro;m •• vat~a ·aklera. n• nuc11 -
' .. ,. ~'II)' the Olllu d ..... l'.llnJY :Sdenca, u.s. Deponmeru or 

·•, ;;. >~!~it!!l,·lhe Natural Scienoos and Entinerifal fl.-ardl Council 
·: \ ·<or~.··: 

. ~f ~:·t:· .~: ~··:~ · RIRitENCD 

• , :.A~.'S.. S.udin ill '"stanc!Mnl Nmples• of oilicote rods and..,;,_ 
. :< erM; 196J-198l. G,.,l, S...·. C•11. P•fi.IIJ•/3, 1-114. 19U. 

,:_AIIfM fitJ. T41<'tonio., of tilt lnncr tinumcno in the J~ MOUII• 
· · .. ..aaio C.an4t ~J. ~-•·•· R~J- Pl. 1733-17611916. 

:::.·.,An .. ,ori'•-.;..,._ M. Tl'eUii,IA'. Miouour, II. Minster, and F. Albarede. 

S~matic usc of traor etrment in qneous proaesa.· I. F~ 
CY)-sl~lh.t.oltlinn ru,.'"C'DO lh \"'Oic•nic auilcs. C"nnlrl,, MlrttTGI. Pftlcll.. 
.v;,n-n.lll77 

A rib, J 0 .. lkho~~"tt.lf or u:. ... flnnrn•l dwin. nup .. tic p~ 
..,..,mary of lllcOh"lll"'l modcb and lhcir applicaJiono, J. Jln. U,a.. 
c;...,, Swr _ 4. "11-47. 197fo. · · 

Baile-y. R. A .• R. L Slllith . .and C. S. lloos, "Straliftaplril: ~ 
or Wlh:.11k rod>• in '"" Jeinca Moun !aiM. Nft. MCllicD; -li.S. Gt;i 
$....-. B•ll- 1114·1'. 1-19, IM9. . . ·;, 

Baktt. 1!. H. and A. R. Mc:Bi""'Y· Uquld fractioaatioll. fU. 0.:. ell.,..,;..,, of ZIHk.'ll m .. .,. ... and the compo;ilional efl'ccls olliqllll 
lrl<1t<mlltOII. J. l'ulranol. Gn>r,.,..#tn..:/4, 5s-&l, 191S. 

&bk). 5. D. J. A. Wola, J. N. Gard11et. D. C. Kumtz. P. a: K)lr.. 
•• · S. lidf, C·•mJ><>SitiofUII nriations ..;ohm I he Upper ....... 
Turr. Joomcz• Mountains. Ne- Mnico, Eoo Tr- AGII,"' 1.14-
11•~. 1911S. . . . :· 

&Ilk~. S. D. D. C". kuernz. J. A. Wnlll. and P.R. Kyle.~- · 
try oJI a biJC'"W>Iumo tu,h .. iiK:.o rh,olit~ m .. ,,... .,.._llliAicitilill 
,..;,~ 1llc llio Grande rifl: Tile Bo>ndclicr Tuff, New Metdca. :Goiof. . 
.Sao ........ Akr. 1'-1a, S3l. 1986. . . · 

tltrri:t. 5. o_ llvf'luti<>D or radi~l-beari"' 
and ohc disnihuti<>n d U end 'nl iJt lbc Cai1'11J0'11l Gr'llllile,A!fWii:,:]l 
Scotland. £oJ Trou AGV,01, )81, 1986. . 

!l,.,.,..o. C. K •• P. H~~ .... and J.(J.II.onsbo.. Ra..-rth.~ 
brt9"'"' alia nit< '""' -' ... in lhc oblidilln or Saodr a.-. ~ 
lrdoo>d. Mmrrrrl, "''*~~- .u. 157-16Q. till I. . 

('amcmn. K. L .. and M. C"ameron. Wllo!~·ro:k/.,.......tllllia ....... 
'f'nlt:t1"'" 1rrndl' c.r ra~~anh efemen•• in tu~;h~ica tftyolha.GP·· 
uddm ('""'"' ... 1»..,, ... 1111 • • ~II. 7~7w9J. 19116 : . . 

t r<'<'raf:. II II .. \\. P. N~.t.. and S. H. E•·Hnll. l..au. C"CIIOO<IIc ...;. 
anio.m •• T•;n l'eakL Utal): GeoloiJ and pruoloaY, J.~-':· 
11..-s.. •• 10_10..\..10-~JO. 19111. . '. ·:. 

o-11. lt. R. 0. II. Dalrpuplc; R. L Smith, and R. A. Ballet, ...-.,: 
mapn~tiotn .......... ium-a,..,n .,.,... and rok>l7 or rt.,.olita .... 
••ocoaoed mos of the li•lics caldera. New MaicQ. ll- ·GM 
s...-. ""'" "'· 211-2"11,.196J.. · ·· 

Druiu. T. H. and R. 5. J. Spo)'b. ~ lhc hnnatiqJ> Ofcallllirllis11o!ri._/' 
-t~imbrilc cr1!f>li0ils.li•II.Y,-JIO, 6'JS)-:.681, 19M. . 

Ferrara. Ci •• and .. M. T...;u,'l. ~Jolotdcal implic:odono or.,.C 
and Sr i>otopc disoriburioflo iJt baMII-pnscllcrilc aeria, .... 
nmnl .. Jll. ,.. ... ,7-C. 1914. . '• .. 

O..rQ,, S. a .. W. K. l ....... ley. M. M. MiDOf. M. M. i:lemoia, 
A. fuh.An aulom•noOd multidetector I)'SlC1em;~fM~·::::~=~~;,!:I 
non lOCI i~ation analysis -ol lf'Oioaical aod e 
in Ar••~r ...J Nwlrtlr ~''""""J .. ,_,, Elwr•7 ll.lfti-.-..·--1'?.;,.• 
by R. H. Filby, B. S. Ca~w. and a. C. II....W. 
Plenum. Nn· l'ork, 1911 

G,.dncr. J. N •••. Ooll'. s. Gll!rc:ia. aDd ll. C. Hapta. St~~lil~ltif~·~·;JI:,:· 
,..lotK>ft• and litholoJik "-'Jon• in lhc Jemez IIOicaalc 
1\.tcai<'o. J. Gft>plo'"" ~ Pl,lll!l-lnt. 1986. 

Gdf, F. G H. Heiken. 5. 'l •maa,...J . .Oanlncr, S. Sdt L DiJab, 
1\4. Sballqullall. Loa lion al Toledo c:a.klcra and lormaiioio · 
Toledt• nnbiyrMIIl. lcnK~r M.,.,nlaiR .. Norw Mcoik:v, &f: J'fiiii::"?MI:<' 
AGU. 6.•. I 1•.5. 19M. ' 

CicwiradoraJU. K- 1984 compiluion or 9'orUJ11 vaJiib 
clacriptions for llO intcnaa'ional n:krenCc· samples ol ..,liiJ:IIIv ~•··~• 
•••• mda and mincrali,G.r:wr..,.. . .N~wl-:.S. )-16,.19M. 

Gnus. R. l- Gcoloi)' and aro~IG rort(IU....,. or.~~w I ... ,,,_.;.;oT.il • 
.on a. ~- M~.l!ico. U.S. &ool. s-: w..,,. s..,,.,, I'J¥~ /1;lf.J.;.jlll1,,$l,. 
1964 • 

Ormnet. L p_ and L T. Silwer. llare canb elc:MM ~~t=~\~1 
amonJ n·incral• in • ITanodioritc ·and their ~
c:otiom. G to<"At"'. c....._mm. Ana. ~1. 92.439, 1'9$3. . ... 

HaHidJy. A. N_ A· E. Fallid, J. llutdiiroaors. and W. Hii...~.A .,..., . ...,.,. 
Sr. aaod 0 iwlppic in..,tlJ:alion inlo tile c:auses Cll'·daimkitil· 

r-) 

0 



.. 

i r...... 

l fi'IIClionatiOQ. Ill, ~ .~ 
posilional dl'ce1o of liquid 

u. ~s-at. """ 
>. C. Kuentz. P. It K,tc. 
thia the Uppn Bandelier 
oo Tr ...... AGU. 60, I 142-

d f'. ll IC yle. Cieo<"herms. 
mapna system associ.ued 
Tutr. Nc"" Mcaico, GM ·~ 

carina aca:uory minc.U 
aimaonn Granite. east.ena 

...t>o. llare-carth poanitiae 
• of Sandy Braes. northcra 

C•rocl/.,OUndmOII diftcr• 
• hi&h-silica rhyolites. W. 

'· 
•uru.. lAte (."cnoiA>IC ,.,.. 
-ad pctroiOIJ, J. Gooplop. 

d ll A Bailey, Paleo
rhyolites ... 

• M ...... Gel/. 

ldcras duriaa 
'1. 1914. 
plicabOIII of trac:c elcrDall 

. rotdlcrite scnes. B.UI V.,. 

·r. M. M. Denton. and M. 
4m1 rot inJtrwnental DIU· 
I eoviroomental matcril!s. 
II bonn ll.cktlld. edi..r 
C bpini. pp. 13H40. 

· '. C Hapn. Stntilf&plilc 
· Jerne:r ,olcanic field., New 
·1916. 

. IIIG", S. Self, ll. Draltc. aad 
:·~era aad formation of ... 

Ne.. Mcsico, £oo Tr-

>rtifta values and oamplr · 
oce 11mpks of mainly oili- ·· 
.1,)-14,1984. 

. oourca of the Loo Al:aftll'l 
r S11pply Pap. 17$3, 1-107. 

anh ctancnt diltributiotol ~ 
their p:tropetic impli
~39.1983 . 

. n. and W. Hildreth, A "'
IC ealdel or chemieal aDd 

:.-..:--. ·, i . 

jsOiopio: 11)1\ltioJn in the BishOf• T ull, California. LJ1·1h Plmw• Sn. 

~ 6!,379-391. 1984. 
;i.,n.oa.. T. M. aDd E. B. Wat""'. Ktn<tia or zirco•• dusolutiur. and 

zir"c:OIPUR1 diffusion •n granit•c mchs of varia hie "'•ler Q'Jiltr'rn. CCHt

frlb. Minm>l. Pnrol. l-4, 66-72. 198l. 

HcikCft. 0. f. Gall', J Sti.a, S T omonyu. M Shaflqultah. S. G• rna, 

aJJd a. Hapn. lntl'llcaldeu "Clk:anJC IC1ivny. Toledo Clllden aftd 

embllyn.mt, Jemez Mountotn._ Ne.,.. Mu>«>. J Groph ... ll.n. 91. 

J799-ll.,, 1916. . 

Hild~h. W~ The Bishop Tuff: E . ..;d<roa lor th< ontpn of co npo· 

Jitiona1 zonation tn 11liac mapna ch ... mbnL SP'f"C. t'ap Wol SM. 

....... 180. •3-75. 11'79. 
Hildreth. W .. GradK·n1s tn _aihac mapn.i c:h~trnbrrs~ Jmphaltors lot 

lit~ric mapat,.m.J. Groph.•~.l:10.86. 10.15) .. 10.1~2. 1~1 

tJo(mana. A. W~ Ditfus10n in na1ural silica!< mdu: A cnuo:al ,..,..., 

in ,bysjn II} u ... ,_,,, PrO<"C:JMS, ecued by R II. HtrJt<IWO. pp 

315-<117, Prin=on Unt•enuy Pres>. Pnn<r~on. N.J., 1980. 

Hupper\. H. E~ and R. S. J. Spol'b. D<'Uolc-ditrusivt con•ec'llor. dut 

10 cryoulliutiotl in maP~~S. Ann~. 1/.n·. t.arlh Plorwl Sc:, 11. 

11-37. 19M. 
Irvine. T. N .. Heat uan4~ durin' solidifi,11ttan of l•ycrcd muu,tons. 

LShcc .. andr.ilb.Ct~n.J £GNbSt"r.1.1•J)I-tObt.l'170 

boll. 0. A- J. D. Obrado•>Ch. C. W No<~<r. ond 0 T. Crbula. 

f'otaDium-II'JCNI and 1\s.sion-uad "'""'' O(!CI ol Cnro T .>kdo 

PJtyolite tePhra irr tbc Jemez Mountoon<. ~ ... Mntco. (/.S Gtel 

S""'· l'raf. '"'• 1199-D, 37~3. 1"11. 
J•mboft. A .. Tracct dif\'usion tn aran,uc mdts: E.1.prn~ntal ,~uh~ 

for Na. It, Rb. Ca. ~r. 8a. Cc. E11 to 1300'('" and 1 moc:rl ol 

c:aJcularion, J. Gropllys. ll.n..ll7, t0.797 .. 1(L810. 191l 

Kuatb.tfP· C. Tbc Oto .. ; Member of thr Bandel~e~ Tulf: A SI..Oy ol 

dw pclloloay. prtro.,...phy, and r:ochcmoauy of an eapk,.;•• stbac 

cruptiorl. Jcmc:t ·Mountain&. ~ Mew;.:o. M.S. 11>es,.. 16~ PI'~ 

l,lai•. ofTn. 11 AtliDIJton. Atlina•on. 191M•. 

KuenU. D. C~ J. A. Wolff, S. D. Balsley. J N. Gardner. P. R Kyle. 

aDd S. Sell Cc:tmposjaionll ~r:oiatioa ,..uhin 1M lo'W't'r BanJd~r 

lull. Jemez Mountains. ~~ .. Mc11co. Lo" Tru,..s A<.il:. M., 114J . 

1915. 
l...aher. C. E .. Efteds of ailiah~ liquid c:c-.mpos.it1on on muKfll-hqutd 

panilionina from Sorel dtl'fus.on •hldtes. J (Wc•plt,~ Rf'·. Y/. 

61l~t•t. 1916. 

locfficr. 8. M .• MaJnr- ·•nd lr~h .. ~-c-lrme-na .and !!olrUnltum• •"«1 " .. )~n
OOtopt acochcmtAU) "'the Polt~ .. ckr.t (.iiOUJ', l<mrl ,.,,k..-.nk. f~ld. 

N~w Ma.ico: lmphauons for tM petr...,,nx·sa, of lhfo Polv•ckra 

Group, Ph.D. thesio. :'9 pp. Un••· of C"<>lo .. Bo>ukln. hb .19~ 

Mahood. Ci. A_ Chcnuc:al tvotut"m ot a Plnt1ocrnt f'b\'ohhc cxniC'r 

Sierra La Pnmncra. Jalisco. M••""'· Cmom/r. Mrrwr;,, f',~rol • • '~. 
129-1•9. 1911. 

Mahood. G. A. one! W. Hill.lrcth. lArlb' poruuon cocff..Xnts for troc:r 

elemenu in hip .. ilicJ rhyolitC5. Groc-~""· Co-·~,,. .4<111. 4'. 
11-30. 1913. 

M<Bimc), A. R. B. H. Bahr, and R. H. Nrlson. Ltqutd frachonauon. 

L Basic princ•r.ta ~md capcnmcnt~l sunuh•hon.._ J 1-'flko,ul ,;,..,,. 

tltnrrt. llts. 14, I ·l•. 1915 
Miller, C. F~ and D. W. MinlciV.klt, Deplrhon ol hl~t urr-eanh 

clcmnts in felsic ma,...as. G,..,l<>tiJ'. 10, 129 I 33. 1911~ 

Miller, C. F. and D. W, Mlltldchldt, EltrC111< frae1wnat10n '" lehrc 

mapna ch•mben: A pruchJCt or liquMt.wlatf dilfU&I('Ioft or fracuonaJ 

c::rystalllzation7, .Earth l'l11"". Sn. uu .. M. ISI-ISB. 19114. 

Minor, M. M. W. K Hensley. ~. M. Den1on. and S. R. 0Meta. An 

automated acu .. tion analyst> ay"llcm. J. llodioo,...l. C"Min .• 10. 4'9-

•71, 1911. 
Mitdefchldt. D. W. and C. F. Milk"· Oeoc!Kmmry ol the SwHt,.atn 

Wuh pluton. California: Implications lot "anomalous· trace cle· 

mcnt bchuior duriua d>fferent•ation or let.ic mattmas. G.,,. .• ,, 
Cos,......,lm. Aftll. 41, I<J9.·1l•, 1983. 

Muruc, T. ViiiCOIIIy a IN! related 1oropcrtiu ol •olcontc me~• at 1100" 

to I<IOO"C,J. f"ot.Scr. HoUouln UrrJL" .• Sn. Fll.l.oll'1·~•. 1962 

Noah. W. P. and H R. Cra:rafl. Partnion cociTrcte:nu lor traa: ck

mmll in silicic '""I"'"S. c;.,,..Ait• CosrN><Irim. Ana. #~. 2309- 2n2. 

19U 
fllewhoJI, C. 0. and W 0 Melson. Eaplostw aC1t•ny anoaated woth 

lh< lr<>wth or •olcanoc domes. J Volr11rr<>l. ·'.if'OI/wrm 1/.n .. 11. Ill· 

131,1913. 
Nit:i.on, D. L .. and J. 8 Hulen, ln1crnal rc·nl< ·JY and nuluuon •>I ohr 

Redondo dome. Valle> caldua, Nrw 'MniCO, J. Gt"oplt)·s. ltr> .. 419, 

8b9s-t!711, 1984. 
N<>blc. D. C _ and C. E. Hedae. Sr" ,'Sru ••riat>ons withan tndl\·ldual 

a.h-fto,.. sheets. U.S. Gf'OI. :Saorr. l'r</. l'op •• 6$11-C. 13~-0'1. 19tr9 

No"'sh. K. and 8. W. Chappell, X-roy ftuoraccrrcc spcctrometr). 1n 

Ph,.,rrol Mrrh,Js rn p.,..,,;,...,;~ Mrwral"f/1". lnd ed. edited b• J 

ZuS>man. pp 201-272 • ._cadrmic. Orlando, no .. 1977. . 

Pc.orc:. J A. one! M J. Norry. PnrOJ!Cm'll< rmplrcat10n1 of TL Zr. Y. 

•nd Nb ,anauon' in ,<tla•ttc rod.a. f~tMirib. M111n•l l'f'lrnl. 69. 

33 ... 7. 1979. 
Punadrr,C" W.and G. A Mahood. So,.,. dill"'"'n rn Simple pctalh· 

hnC' slltQIC ltquKh 11ear ntaftnAiif: 1cmprr•1urn and prnturft. 

(;no/ Soc. Am A"•"· P"lll'""''· 16, fl2~ 1'1 .. 
f!app. R P. and E. 8 Wot>On. Mono.z>te anlubtht) and dt~W'IIuuon 

l.inrites lmphcauons for tht lhonum and l•lhl r•~ c.ar1h chnn•'· 

uy ol kl>o< mo'm"•· <"•"'"'~- M'"'"'"'· P#rrol. W, 304-llfl. 1'1~6 

R~pp, II P .. r. J. Rycnon. and(". f'. Mtller. Monoun< and allanue rn 

rh< cru•l: Rdtvancr 10 the d>Sinbution of the LIIEL>, Y, l). aftd 

Th. E"·' T"'"'· .~Gtl. 07. 3114r. 191fl. 
~:hon. J .. ThC"rmal difl'"'"'" •nd ma1mat.: dtl'f~•muatMtn. A. ntn~o 

~<'<>~ 11 on <>klprobl<m. B~/1 Mrwral~ lllto. 247-,fll. 1913. 

~II. S .• F GoiT. J N. Gardner. J V. Wn1ht. and W M Kttc. Ca· 

rlnSI\~ rh)·ahuc: \'Oicantsm In •• J~mcz Mountatnl V~n• "'· 

cau~ns. aldcfl dc'YCiopmenl and relellon ~a rca,ional s1rue1ure. J 

c;,_,,.,,.,. llr> .. 91, 177'1-17911. 1916. 

Sh~tnnnn. R D .. Rrv•K'\1 dkC"ItW tOnK r•d•• and systcmauc 11udtn nf 

wniC"JttiC'mh: dt,.l4ncn 111 h•ltdcJ. aatd c;b.;,~kor.c-nactcs.. An .. Crt·,.. 

lfllllfJI' .. S.·.·r A,J!. 7'J ... 1b7.19'!6 

Smnh. R L. A•h·llo• mopousm. s,....·. P111' Gf'oi. ;s..,· Arn., 1110 

~ ~7. 1~7'1 

S"'nh. R I. . and R A 1\atlry. The Bandebn Tuft· A study of ••h· 

flo,.· crupuon cy<la hom ~onrd ma(IIIU' chambc11. D.UI. Volc·.,nrrl .. 

19.1)-10). 1%6 
Smllh. II L .. ond II A Both:). Rauraent cauldrons, Af..,.. c;...r1 Stlf" 

A., .. 110. ~I )-6«12. 19loll 
S"onh. II 1... R A Hooky. and (" S. Rou. (ieoloJIIC map ol th< l~m<'7 

Mctuf\Unn,.., Nr• MckM."\,, ...:Mie I :125.CJlKt, Gt'ul. hu.,SI Mor 1.~11. 

U.S (;rol Sur<. Rnlon. Va. 1'170 

Sr•rt.•. R S J. H J: Hurpcrt. •ncl J S. 1 urncr. Th~ llurd dynainoco. 

,,r "'"'·unr m•lo'•n.f ,·h)tn~ht''"· Plttf,., T,.,,., A S,,.. t..,MtJ,,., St""r A. 

.'I'' '.J :"" '"'""' 
l•atrtt.•t IS.·'"'' I ft l •• mrl'tc"U (nnw;o,·tre•n .tru1 mr•rn~ rn nr;.,:m.r 

-:-h;.~ndJt"t). lt~•rl• ~. '· llc•a ••• '.f. ~~~ J~:_ I'I&Ct 

v .. J.:nllftC:. G. Pr."rtJur~ feu anttl,stS ur ••lt..:alc: rOC .. !r. .and mnM'tMho •• 

'-'"' .-.l•mo't. ft-;•l">nul L•bor•tory b) )( .. ray fluoresccncr. iA" 

~'"""" :v .. r/ t..r• 11<"1' .. l.4-WiftJ.AfS •. H pp .• 19113. 

w ......... l' M_ and R. I .. l>muh. f"erroma.nntan .,I>Caln 1n the 

B~nd<hcr Tun. ,;~,rl. s,,... Am. Absrr. l'rGfl•"'"•· 1~. ~~. 19110. 

W•t~. 1·:. D .• At.atilc satura1ton m banK to •ntcnncdiatc mafmal. 

G•·nplrt·•. II" '-'"·· 0. 937 .. 9.0. 1979. 
Waltt111. f. B. and C. J. t"•pol>•oncu, Pbosphoru• and thr ,.,. ca"h 

rh~mtuh tn rri'!>K' mafn\as: A11 asStUnxnl ''f tM role nf apautc. 

ln·tte J,,, (",,,,,. .. lmr1 A'1•t. 4,, ~)4.,.-1)SI. ICJit 

w •• ...,n. E B. onJ T H. Gn:rn. ApaUte.1tqutd """iuun cucrr ....... n .. 

r,u 1hc: raft' roanh clemcnts •nd suonnunt. [.,,,,. PI•"" Yr. Lru. 

.~. oC<I~-1;1. 1'111 
\\'at~m .. t: H . and T. M. Harnson. Z.arcon t.alurahon rc--.uitcd l'eft'l· 

~rai\Ur and c&wnposruon cft"cct\ in a "'arirry of aushd INifiR• 

type>. lartlo Pldron S.-i. tilt~ 64. 29S-304. 19113 
Wotsnn. 1: 8 .. and T M. Harnson. Aoceo•ory moncrals aftd the fCU" 

chemiCal c-vet1ulmn ol crusla• ma1m8l1C' 1oystcms · 1\ 5umm•n· and 

proopc<:tu> of upcumcntal approaches. l'h)"> Larrh Plllw1. lnlr< .. 

J.•. 1'1-)(), 1984 

S II G.,.,.. INC-5. MS 0776, Los Alan1o• Notional L•l>oratnl\ 

l."' Alamos. NM U~~. • · 

r (joR ond G lf~i~~n. ESS·I. MS 04fll. Lo• Alamo• Nouonol 

l..ab<>rolt")'. lA ....... m .... NM n~s. 

M p ti<lriOD and J. Sti•. Department ol GcniOIIY· llnt\'Crslly or 

lnronl,;, lurontu.C'an•d• M551AI. 

IR~.;co~ March lO, 198~. 
rnrocd AUJ!USI )1. 1'187. 

a<"<OJ'Ied Scptcmhtr 21. 1'1117.1 

·.·,. 

'·' 

.. 


