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ABSTRACT

The Cerro Toledo Rhyolite comprises a
group of domes and tephra which were
erupted during the interval between two
caldera-forming ignimbrites. the Tshirege
Member and Otowi Member of the Bandelier
Tufl. in the Jemez Volcanic Field. New Mexico.
To provide a chronologic framework for geo-
chemical and isotopic studies on these rhyo-
fites, which record the evolution of the Bande-
tier magma system during this interval, a
*ArPAr geochrunology study was under-
taken. Pumice from major pyroclastic fall de-
pusits within the rhyolite tephra and samples
from the rhyolite domes were dated as well as
the stratigraphically bracketing Bandelier
Tufl. Analyzed crystal populations range from
being fairly homogeneous jusenile material to
very heterogeneous mixed juvenile and
venocrystic assemblages. In moust cases Jomi-
nant groups of juvenile sanidine crystals define
®Ar:®Ar ages which agree with stratigraphic
constrain: s. Plagioclase analyses are distinctly
swre scat’ ered and do not typically define rea-
- nable ages. The *AriAr ages for the two
inembers r-” the Bandelier Tuff yvield an inter-
vl of 387 2 20 k.). between these caldera-
forming eis ptivns. During this interval nine

i~ pyro " astic pumice units were deposited
in the w tions studied. for which six vield
isochre n ages. une a weighted mean age. one 2
maximer age. and one no reliable age due to
) ckof i idine. ®Ar-™Ar dates on pumice fall
units % ithin the Cerro Toledo Rhyolite tephra
indicate that cruptive activity occurred at
>1.59, "5, 148, 1.37 and 1.22 Ma. ®ArPAr
dating of Cerro Toledo Rhyolite domes indi-
cales these were erupted within the caldera at
1.54, 1.45. 1.38-1. 04, and 1.27 Ma. The dates

“Present address: Spell Departiment of Gewwr-
eoves Lniseraty of Nevada 4505 Marviand Park
way Las Vepas, Nevada K918

obtained indicate that eruptive activity oc-
curred throughout the 380 k.». interval be-
tween the two members of the Bandelier Tuff,
but suggest that eruptions producing both
tephra and domes occurved during discrete in-
tervals at ca. 1.84, 1.48. and 1.38-1.34 Ma. The
interval from 1.4 10 1.38 Ma was particularly
active: 7 of 18 units dated are these ages.

INTRODUCTION

The mechariisms by which sihcic magma
chamben are peneruted and evolve continues 10
be debated (e.g.. Smith. 1979: Hildreth, 1981:
Lipman. 1984, Huppen and Sparks. 198X, Hait-
way et al.. 1989, Christensen and DePaolo.
1993 Davies et al.. 1994: Bogaard. 19951 Erup-
Hon tnggering events, processes of crysalhza-
ton within the magma chamber. and the
longevity of lurge upper crustal magma cham-
ber have been inensely studied. but are but not
welt understood. Muliicyclic caldera systems in
which the products of posteollapse volcanism
are preserved provide the potential for study ing
these processes in detald.  Voluminous gn-
imbnites recurd the churactensiics 0* the magma
chambet at an instant 1n ime. w hereas pusteol-
lapse volcanism records temporal evolunon of

the magma system and may yield msights into

the transitions 1o and trom these large eruptions
and caidera collapse events. Goud chronological
constrainis on. tor example. rates of differentia-
hon and nming ot recharge exents. are essential
10 the interpretation of geochemical and 1S0topw:
data trom such systems.

The Valles-Toledo caldera complex. located
near the center of the Jemes Volcanie Field
{Fig. 1. provides an ideal opportunity for study-
ng the exolution of silicic magma sy stems asso-
clated with mulucychie caldera compleaes. This
» hecause the praducts of two caldera-forming
igmmbnte eruptions as well as pastcollapse rhy-
ohte domes and tephra are well preserved and ex-
posed. In this study we examine the peochronol-
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vg) ot the Cemo Toledo Rhyolite, a sequence of
smull-volume pyroclastic rochs and  domes
which were erupted duncg a 380Ky imien al be-
tween two caldera-forming ignimbrites. the
Orows Member Bandelier Tutf thower tran-
graphic unit. ca. 1.61 M and the Tshirege
Member Bandeher Tuff tupper strutigraphic unu,
ca. 1.23 Mai. These ks thus record the evulu-
non of the magma svstem from mmediately tof.
lowing one caldera collapse esent unul immedi-

. ately prior 10 the next caldera coljapwe event,

Nine pumice tall units within the Cerro Toledo
Rhyolite tephra. nine Cerro Toledo Rhyolite
domes. and the bracheting Bandelier wifs were
dated by the single crysial laser fusion “Ar/*ar
technique. These data form an integral part of 3
prelminary geochemical study (Spell ¢t al..
19961 and will be cntical 1o more detaled tuture
work un the Bandelier silicic magma sy stem.

GEOLOGIC OVERVIEW

The Jemez Volcame Field 1s located in north-
ventral New Mexico on the western margin of
the Rio Grande nft tFig. 1). The overatl structure
of the present-day volcanic field is dominated by
basaltc 10 rhyolitic volcanic rocks of the
Polvadera and Keres groups. which form the
broad shield upon which younger silicic vol-
canic rocks of the Tewa Group were erupted
tBailey et al.. 1969; Gardner and GuotY. 1984;
Gardner et al., 1986). Beginning at ca. | 85 Maa
series of explosive thyolitic eruptions wecurred.
The first of these produced the San Diego
Canyon ignimbrites. which consist of two small
1<) km*) units ta stratigraphically lower unit A,
and an upper unit B) that were vented from a
source area beneath the Valles caldera (Self et
al.. 1986: Turbeville and Self. 198R: Spell e1 al.,
19901 These were followed by the Bandeler
1uffs. which represent =650 km' o thyoliue
magma (Kuentz. 1986: Balsley. 19XK). The
Otowi Member was erupted 1.608 £ 0.010 Ma
and resulted in collapse of the Toledo caldera.
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Figure 1. Geologic map of Jemez Volcanic Field showing location of Cerro Toledo rhyolite 1« TR domes

-' and tephra tpartly after Smith et al.. 1970; Heiken et al.. 1986: Stix and Gorton. 1993, Ring fracture
A post-Valles Calders domes are shown as unpatterned. Cerro Toledo Rhyolite domes shown by speckied
R pattern. Major Cerro Toledo Rhyolite tephra vutcrops indicated by cross-hatched pattern. Bandelier Tuff
! Is expused In large outcrop areas to the east and west of the caldera. smaller outcrops are to the nurth.

south. and within the Valles Caldera and Toledo embayment (not shown for clarity). Location of Cerrv

.

samples  Kuentz, 1986; Balsley. 1988) are indicated.

whereas the Tshirege Member. or upper Bande-
her Tutf ( Tshirege Member Bandelier Tuff), was
erupted 1.225 £ 0.008 Ma and resulted in forma-
non of the Vatles caldera at a nearhy comncident
locaton (Smith and Bailes. 1968: Bailey et al..
1969: Heiken et al.. 1986: Soif et al.. 19861
Rhyolite domes and aswciated ephra. the Cerro
Toledo Rhy olite were erupted ¢ :nng the interval
between the howr Member ¢ 1d the Tshirege
MemberiGnggs. 1963; Baili s et al.. 1969), Pre-
served Cerro Toledo Rhyolite domes (vome
were hikels destroved during th- collapse of the
Valles calderas are situated 1n the northeastern
half of the Valles caldera and withun the Toledo
embayment, whereas the iephras are exposed 1n
cunyons 1o the cast of the caldera (Fig. 1. Post-
collapse rhyolues of the Valles caldera are in-
cluded 1n the Valles Rhyohite Formation and
consint donunantly of high-sulica thyolite domes
and tovas (Grggs, 19nd, Bailey et al., 1969;
Spell and Kyle. 19RY: Spell et al.. 1993 which
rany age from ca. 1.12 Ma to vca. S0-60 ka
1Spen and Hamson. 19923, Rencau et al , 1996,

Previc us GGeochronology

The first K-Ar geoachronology on thyolites of
the Vilies caldera complen was reported hy
Doell and Dalrymple + 19661 and the complete
datase: was reponted by Docll et al. 1 1968, Therr
work caelded ages of 1,12 2 (.03 Ma for the
Trhirege Member and | 45 £ .06 Ma for the

Otowi Member tall errors are vuoted ot the ¥
level: ages are adjusied. w here necessany. to con-
form with the decay constants and wotopic abun-
dances recommended by Steiger and Jager,
197711 Table 1.

+'Ar/™Ar dating of the Bandehier Tuff and San
Diego Canyon igrimbwrites was reported by Spell
et al (1990), who obtained ages of 1.4
2 002 Ma (Tshirege Members. 1 §1 2 0.03 My
tOtow e Members, and 1 78 2 007 and 172
2 (114 Ma for San Diego Canyon igrimbnies A
and B (lower and upper stratigraphic unitsy, re-
spectively. These ages were baved on an age of
179 Mz for the Bern M muscon ite ~tandard
from the snterlaboraton calibration of Dalny mple
and Lanphere 119711 n orde? 10 directly com-
pare the *'Ar/™Ar apes of Spell et al. 1 1990 with
those reporied in this ~tudy they must be 1n-
creased by 1.9 because Bern M has an age of
18.6 Ma relative 10 27.9 Ma tor the Fish Canyon
Tuff «amdine standard used here sHurford and
Hammenchimidt, 19851 This yields ages of 1,19
20.02Ma. 1.57 2 003 Ma.and | K8 £ 007 Ma
for the Trhirege Member, Otow Member and
San Diego Canyon igmmbrites. respectively.
Tzett and Obrados ich 1 1904) reponed Y'Ar/™Ar
ages on several Jemez thy olites including the
Tshirege Member and Otow 1 Member. They ob-
tained weighied mean ages of 1 24 2 (.02 Ma for
the Tohirege Member and 1.63 2 001 Ma for the
Otow 1t Member tadjusted 1a an age of 27.9 Ma
for the Fish Canyon Tuff sanidine standard)

Toledo Rhyalite tephra sections 6 and 18 in Pueblo canyon and sample lucalities for the Bandelier Tuff

A summary ot published chronological data
on the Cerro Toledv Rhyolite was gnén by Sun
et al. (19RR). lzett et al. (19%1) repurted K-Ar
ages on a unit of the Cerro Toledo Rhy olnte 10
ward the middie of the sevtion and on a unit near
the top of the section of 1.37 £ (104 Maand 1.23
2 0.02 Ma. respectively (Table 13, 1zett et ). alvo
reported zircon fission rack ages of 1.3V £ 006

ind 1.46 2 0.06 Ma for this sample. Sun et al.

1988 reported a K-Arage of 1.522 044 \Maon
a ssmple from stratigraphic level 27 (Table 1.
Addinonal age data. summarized by Stix et al,
t198%). from rhyolite domes of the Cerro Toledo
Rhyolite that may provide chronological tres
with the tephras are discussed bekom,

A stratigraphic chronology based on the K-Ar
age data from Cerro Toledo Rhy olite tephra is in
Table 1. The data suggest that more than half of
the Cerro Toledo Rhyolite tephra siratipraphic
sequence in the sections studied was erupted ca.
1.5 Ma: the K-Ar age for the Otow s Member and
stratigraphic levels 22 and 27 inear the muddle of
the sequence are indistinguishable ar the 2o
level. An apparent hiatus of ca. 290 L.y, appean
between level 22 and the nexi Jated honzon.
fevel 31, which has an age indinunguishable
from the K-Ar age of the Tshirege NMember.

METHODS AND DATA TREATMENT

Nine Phiman pumice fall units within the
Cerro Toledo Rhy olite tephra and nine Cerm
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TABLE 1. STRATIGRAPHIC RELATIONS AND BEOCHRONOLOGY

OF CERRO TOLEDO RHYOLITE TEPHRA AND ASSOCIATED UNITS

i e~
Siratgraphec  Secton  Secton  Sample KiAs “OAr S A¢ (M8 = )
lovet® 6 15° ] {Ma 2 61 isochron Mean Weightes mesn
45 - -— 8727 {TM) 1.1220.03" 122532 0.008 1.220 2 0.007 1.212 = 0 006
) 61 -_
“ - -—
42 810 -
41 &8 - cT9 1232002° 1.21250.0099 121320010 1.21220.007
38 - 15-8 CcT6 - 13622 00784 140420124 1 389 = 0.011
35 - 1512 CTs - 1.376 2 0 018% 138720012 1384 2 0 008
3 - 157
3 - 1511
30 (2] -
27 65 - crs 1522004 147920.0200 1457 20.016 1 459 1 0.008
28 6-4 -—
23 64 -
22 63 - cr? 1472004° NDO.(s) 1543200688(s) 152020016(m
N.DO.(p) 13242 0215(p1  1.205 320024 (p)
- - cT4 - 14742 0023%(s) 1488:0024(5) 14912 0000(s)
o2 N.OO i) 13702 0143(p) 128720019 (D)
21 -
18 61 1510 CcT3 - 145120022 15312 0.032 1542 2 0 008Y
15 - 15§
14 - ':-: CT-2 - 1536200188 1.558 2 0033 1 550 £ 0.008
1" - 1
10 - 15-8
9 - 15-8
8 - 15-8 (3] - NDO. 165320032 1652 ¢ 0.008 .
7 - 15-8 .
[ - -
-3 -— -
2 - - 17-31(OM) 14532 006™ 1.808 2 0.010% 16112 0.008 1.609 = 0 008

Notes, Aust; san Nanonal Unsversity 0ata. N.D.O = no date obtamed. TM « Tshirege Member Bandelier Tut. OM « Otow

Member Banc' ¥ar Tull Isochron ages calcular 4

usng Fverse wochron York (1969) it routne snd omitbng outiiers unti MSWD

<2.5.ovrusmdudo.lwuswo.w.-gmodn.emaguuumbyw-mmmmnmm.ammo.SNJw
©rOr M 3N 8 : 3 Bre SAMPIS Meen 2 POPUIAKK 1 STANGSTO Oeviabons. Means and weghted means are caituisied using Modet
wmagumududouwymdcﬁc' the maan. All OAr/®Ar analyses are sanidne uniess otherwise mdicated. For
sampies whe: both sarudine and plagiocia:- were analyzed. 8 = Sanwhine. p = plagrociase

S bgra
Dol ot &' (' 968).
$Proferre ages.

“izent @t i (1987).
St i1 (1988)

" ievels and saction unt mumber : from Stix (1989)

Toledo Rhyolite domes withun the Valles-Toledo
caldera complex were sampled (Fig. 1. Tables |
and 2). The pumice-fall <amples were collected
from two sections 16 and 1%, Tocated 1.2 km
apart in Pueblo Canyon) in order to sample the
complete Cerro Toledo Rhyolite stratigraphy be-
tween the two membens of the Bandelier Tuff
and are considered 10 represent the most signifi-
cant eruptive events preserved within this se-
quence ti.e.. the onset of an eruption within the
calderar. The Cerro Toledo Rhyalite tephra con-
asts of Plinian pumice fall units, phreatomag-
matic fall and surge ash beds. and epiclastic sed-
ymentars rocks (Stix et al.. 1988). The tephra are
dominantly phenocryst poor, containing <5%
cn stals: the major phases are quartz and sani-
dine. and plagioclase 15 usually constituting a
minor phase (Sux et al.. 19881, Most units con-
tain separable amounts of sanidine. and this was
the pnmary phase analyzed. For units where
samidine was sparse, both sanidine and plagio-
clase were analvzed. Dome samples range from
nearly aphync to phenocryst rich (=25% ) most
have =$¢%—10% phenocrysts. Cerro Toledo Rhy-
olite tephra samples were dated at the Ausiralian
National University: and dome samples were

ittt

dated ¢. the University of Hous:on. Analytical
proced. -es are discussed ==parat- Iy below.

Mim ral separates were prep; ed at the Aus-
tralian Nationa! Upiversity. Un: liered pumice
clasts (=1 10 =§ cm) wer:: wire brushed to re-
move surfacc material ai.d the- crushed. Ap-
proxit.iately 10-30 clasts were used for cach
separate. Whol: -rock samplesw :re crushed and
sieved. Sanidim and plagioclas were obtained
by standard he: vy liquid techniques folowed by
hand picking. : nd were ultrasonically treated m
dilute HF (7%) for 10 mun to remove adhenng
glass. Separat: d crystals runged in size from
~0.5 10 2 mm i:nd weighed from =0.5 10 § mg.

Australian National University Laboratory
Methods

Samples analyzed at the Australian Nauonal
University were wrapped in Sn foil and stacked
in a silica tube for irradiation. Samples were al-
temated with fluence monitors (standard miner.
als), 92-176 sanidine tseparated from the Fish
Canyon Tuff), such that =3 mm separaied flu-
ence monitor positions, Loaded silica tubes were
packed in an Al irradiation container hined with

Geological Society of America Bulletin, December 1996

0).2-min-thick Cd for shielding against thermal

neutrons. Synthetic K-bearing glass tobtained

from B. Turrin. U.S. Geological Survey) and op-

tical grade CaF, were mcluded in the iradiation

packages to monitor neutron induced argon n-

terterences from K and Ca. Irrudiations (20 hy

done 1n the X132 or XM positions adjacent to the

core of the HIFAR nuclear reactor a1 Lucas
Heights. New South Wales. Sample containens
were inveried three times during the irradiations
i order lo reduce neutron fluence gradients n
both the horizontsl and verical dimensions. Cor-
rection factors determined by repeated isotopic
anulysis of iradiated K glass and CaF, frag-
ments were: (YAr/An, = 2.57(20.19) x Ir-
urradiation can K798/181) and 1.84 (2 0.2
x 10°7 crradiation can K746/182). (*Ar/ " A,
= 3.50(20.14) x 10~ and ( YAt/ Ar), = 786
12 0.01) x 10, § factors were determined by
laser fusions of & § single crystals (=0.2 mg} of
the Fish Canyon Tuff samidine star Sard. which
yielded reproduca::ility of 0.1 1% to 1.45% istan-
dard deviation of population) at each level.
within the range ! mass spectrometer analytical
errors for individual analyses. An crror in J of
0.5% was used in age calculations. Variation in
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TABLE 2. GEOCHRONOLOGY OF CERRO TOLEDO R™YOLITE DOMES

AND ASSOCIATED UNITS

Sampie Dome KA Y gAv ‘Ma £ 0)

D Ma ¢ o) Isochron Mesn  Weignted mean
WS-2 Warm 1252008 126530011 126720025 126330011
TE-® Sverra de Toledo - 1.336:0018" 1326320027 133620012
TE-1S Turkey Rioge 1242003° 134330018' 135120028 1.3483 0021
TE Unnamea dome 13320028 134820010' 135620013 1.357 2001}
TE-26 Cermo Trasquntar 1272002° 1350:0012' 136820048 1.36920.011
TE-13 Swers de Toledo - 137920012 136720030 138020.011
TE-20 Los Posos East 1472005 144620000 148130027 14772 0.009
TE-18 Incsen Powry - 146320011 145720018 14642 0.009
TE-28 Los Posos West 1502005 154020012' 154820010 1.54520.018
17-31 BT Orowm Member 1452 0.06% 161820011 164420083 162520009

Notes. Univessity of Houton 0aia. isochron ages caiculated usng swerse Bochron York [1960)
MrmnmumgmmmMSWD<2.5.cmmmeuswuwmcM
mmmwmmwmum.omwosame.Munm
mmMgWMWMWmMummmmmmmw
nngrnoudmmmamnum-mmuyummmhmvumn.ﬂ.ammﬂ

AR A7/ %A1 analyses are on Samdng.
“Shx ot 8. {1988)
*Preterec ages.
$Dosk ot al. (1968)
1281t ¢1 8. (1981)

neutron fluence along the 31 mm length of the Si
irradiation 1ubes was <%, The excellent repro-
ducability of the single crystal fluence monnor
fusions indicates thas no significant neutron flux
gradients were present within individual packets
of cryvals.

Iradiated crystals, 1ogether with CaF, and K
glass fragments. were placed in 3 Cu sample tray
within an ultrahigh vacuum extraction line and
fused using a 10 W Ar 1on laser. A binocular mi-
croscope and a video camera system was used to
view sampley dunng tusion. Reactive gases were
removed by a 10 L« SAES gener prior to being
admatted 10 4 VG mass spectromeler by ex-
pansion. The relative volumes of the extraction
e and mass spectrometer allowed =82% of the
ga~ 10 be admitted to the mass spectrometer. Peak
intensities were measured usviny 3 Daly phoro-
multiplier collecior sysiem by peak hopping
through seven cycles; inntial peak heights were
determined by lincar regression 1o the tme of gas
admission. Mass spectrometer discrimination
and sensitivity was monitored by repeated analy-
sis of atmosphenc argon aliquots from an on-line
air argon pipete system. Measured PAr/®Ar ra-
tios were 289.9 2 0.6 1 1g). and the appropniate
discrimination corrections of 1.00458 10 1.00507
1 AMU) were applied 10 1sotope ratios. The
measured sensitivity of the mass spectrometer
was =1.25 x 10-'" mol mV-'. Line blanks were
checked after each 3-35 analyses: they averaged
2.5 x 1r'* mol for mass 40 and were unde-
tectable at mass 36. Mass spectrometer back-
grounds were measured before cach analysis and
the appropriafe corrections made to subsequent

d:aa. Discrimination. sensitivity, blanks, and
br:chgrounds were relatrvely constant over the pe-
niv- ! of data collection. Final data reduction and
ag. cakculations were Jone using Macintosh-
t':sed software tKArDate) wntien at the Aus-

15852

tralian National University. An age of 27.9 Ma
(Stevenetal.. 1967: Cebula et al.. 1986) was used
for the Fish Canyon Tuff sanidine fluence moni-

tor in calculating ages for samples.
University of Houston Laboratory Methods

Samples analyzed at the University of Hous-
ton were wrapped in Al foil and stacked in a 6-
mm-inside-diameter Pyrex tube. Individual
packets averaged 3 mm thick and fluence mons-
tors (Australian National University 92-176.
Fish Canyon Tuff sanidine) were placed appros-
imately every 6 mm along the tube. Loaded sil-
ica tubes were packed in an Al container for irra-
diation. Synthetic K-bearing glass (obtained
from B. Tumin. U.S. Geological Survey) and op-
tical grade CaF, were included in the irradiation
packages 10 monitor nevtron nduced argon in-
terferences from K and Ca. Samples were irradi-
audforShinanSposlﬁmonmecortedge
(fuel rods on three sides. moderator on the fourth
side1of the IMW TRIGA type reactor at the Nu-
clear Science Center of Texas A&M Umiversuty.
Irradiations are performed in a dry tube device,
shiclded against thermal neutrons by a § mm
thick jacket of B,C powder, which rotates about
its axis at a rate of 0.7 rpm to mutigate honzontal
flux gradvents. Correction factors for interfering
neutron reactions on K and Ca were determined
by repeated analysis of K glass und CaF, frag-
ments. Measured (*'Ar/™Ar), values were
<U.00012, always within 10 of 0. thus no correc-
tion for the *K(n.pr*"Ar reaction was made. Ca
correction factors were (*Ar/'’Ar), = 2.78
120.06) x 10~ and (“Ar/"Ar), = 6.82 (2 0.34)
x 107, J factors were determined by fusion of
3-5 individual crystals of 92-176 sanidine (Fish

Canyun Tuff sanidine ). which gave reproducibil-
ities of 0.15% 10 0.20% (1 ».d.) at each standard
position. Variation in neutron flux along the

*
80 mm length of the St srradiation wubes w an
<7%. An error nJ of (1L.5% was usen 1n age o4l
culations. No significant neutron s gradients
were present within indwidual pachers of ¢n -
1als. as indicated by the excellem reproducibilay
of the single crystal fluence monior Tusions.
frradiated crystals together with C aF, and K

glass fragments were placed in a Cu sample tray
in an ultramgh vacuum extraction hine and wen
fused using a 10 W CO, laser. Samples wes
viewed duning fusion by a video camera sy siem.
and were positioned on a motorized sample stage.

Reactive gases were removed by a SO L+ ! SAES
geter prior to being admutted 10 3 MAP 215-%0
mass spectrometer by expanson, The relative ol
umes of the extraction line and mass spectrometer
allow =B0% ot the gastobe  tied 10 the maw
spectrometer. Peak intensitie~ - ere measured us-
ing a Johnston electron muluplier by peak hop-
ping through seven cycles: minal peak heights
were determined by linear regneswion 10 the time
of gas admission. Mass spectrometer discrimina-
tion and sensitivity were monitored hy n-pested
analysis of atmospheric argon aliquots from an
on-line pipette system. Measured *'Ar/™ Ay ration
were 292.9 2 1.7 (10): thus discrimination cor-
rections of 1.00085 ¢ 10036911 AMU» were ap-
plied to measured isotope r: tios, The semsitiviry of
the mass spectrometer wis =1.6 x 10~ mol
mV-'. Line blanks were checked afier each
3 analyses and averaged 1.2 x 1" mol for mas
40 and 2.4 x 10-*" mol for mass 36. Discrimina-
tion. sensitivity. and blanks were relatively con-
stamk over the period of data collection. Computer-
automated operation of the sumple stage. laser,
extraction line, and mass spectrometer as well as
final data reduction and age calculations were
done using Macintosh-based software written by
A. Deino (University of Califom:a, Berkelev). An
age of 27.9 Ma (Steven et al.. 1967: Cebula et al..
1986) was used for the Fish Canyon Tuff sanidine
fluence monitor in calculating ages for samples.

Intercalibration of the ®Ar/®Ar dating
Laborstories ‘

Intercalibration of the Australian National
University “’Ar/*Ar data with those from the
University of Houston was accomplished by an-
alyzing sample 17-31 (Orowi Member, Bande-
lier Tuff) at both laboratories. The fluence mon-
itor for samples run in both labs was 92176,
which is 27.9 Ma sanidine from the Fish Canyon
Tuff (Steven et al.. 1967: Cebula et al.. 1986).
That identical results were obtained for the age
of sample 17-31 (see below) indicates that the
two datasets are directly comparable.

Data Treatment

A major advantage of dating indis idual e
1als from explosively crupted volcamic rocks is
that mixed crysial populations conmsting of ju-

Geological Society of America Bulletin. December 1996
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8727 Tshirege Membaer Bandeller Tutt

AQe = 1225 2 0 0OB Me
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vemle phenocry sts. altered crystals. and veno-
orysts can be wdenufied. ideally this will aliow an
accurate eruptive age to be calculated based on
the ages of juvenile phenocrysts alone. provided
that they can be unambiguously identified. Two
methods are used here (0 assess the homogene-
1y of analyzed crystal populations and to iden-
tify ;uvenil?g‘* phenocrysts. First, sample means
and popula‘ion standard deviations are calcu-
lated. Any.. amples greater than 20 from the
mean are excluded and a new mean calculated.
Weighted means of these refined datasets are
also calculated using the inverse of the variance
as the weighting factor ( Young. §962). Weighted
mean ages are initially calculated using enalyti-
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cal errors only and a (L.87% 1 tactor error is then
incorporated by quadratically combining n with
the weighted standard error. Second. 1sochron
ages are valculated using a method outlined pre-
viously (Deino and Potts, 199(); Spell and Harri-
son, 19931 All analyses are regressed on an
isochron using the York ¢ 1969) routine. 1f mean
square of weighted deviates (MS\ ‘D) 1s sreater
than =2.5 tindicating geologic scatier 1 the data
as mught be caused by the presenci of xeno-
crysis) the analysis contributi-ig the mo:: 10 the
MSWD is ominted and the r. maining data re-

gressed again. This process is repeated if neced:
sary. and the result is momie red visually by use *

of a frequency distribution ¢iagram. until a ho-

mogencous crystal populanon s delined. In
some cases MSWD falls from above 2 8 o be.
low 1 upon omission of the tast outlier. For
MSWD less than 1. the standard imerpretation i
that the analyticat errors have been overesu-
maied. In the cases we find here it 1s muont likely
the result of huving a very homogeneous poputas
tiot. of analyses from small crystals. resultng in
reli-uively large erron on each analysis. For sam-
ple: that define acceptable isochrons, the age
and error quoted includes the 0.5% emor in J as
well as an additional square root of MSWD error
1a,: ccount for scatter in the dataset.

2 Analyzed ey sal populations ivpicatly const
of . dominant group of juvenile phenoerysis,
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that definc the eruptive age. mixed with a lesser
1. mber of older (xenocrystic) and younger ral-
1. .ed?) crystals. and these outliers are identified
».d removed from the age calculation by these
methods. In a few cases crystal populations are
so heterogencous that age constraints remain
ambiguous; this is discussed further. :

For most samples a sufficient spread in radi-
ogenmic yield among analyses allows relisble
isochrons 1o be defined. and these are taken as
giving the preferred age of the unit (see Table 1).
For a few samples the weighted mean age is pre-
ferred: these are ponted out in the next secuon,
We emphasize that in some cases these methods
of calculating an age result in rejection of differ-
ent analyscs: however, the overall agreement in
ages by the different methods illustrates the gen-
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eral age coherence of the crystal populations and
the reliability of the results. Thus. the substitu-
tion of ages calculated by the aliernate methods
for our preferred results does not sigmficantly al-
ter the conclusions of this study.

REFULTS

Cerr. Toledo Rhyolite Tephra and
Panc ler Tulf—Australian National
Usive ity Data

Eight fusions of sanidine crystals from the
Tshin ge Member of the Bandelier Tuff gave a
‘wry homugeneous p »pulation of six crystals at
. 1.22 Ma. and a toi | range in ages from 1.206
1o 1.247 Ma (Table 3 . The irochron analysis re-
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sults in exclusion of two outliers (samples
8/27-6a and 8/27-7a) and yields an age of 1,228
2 0.008 Ma. an initial ©.Ar/®Arof 2883 £ 139,
and a mean square of weighted deviates
{MSWD) of 0.2 (Figs. 2 and 3. Table 1). The
mean and weighted mean analysis results in ex-
clusion of 8/27-7a and gives similar resulis of
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1.220 £ 0.007 Ma and 1.212 £ 0.006 Ma, re-
spectively 1Table ).

Erght tusions of sanidine ¢rvstals trom the
middle flow unit of the Otowi Member of the
Bandelier Tuft 1sample 17-31) vield apparent
ages from 1.580 10 1.623 Ma (Table 11, The
isochron approach vields an age of | 608
2 0.010 Ma. imtial *'Ar/*"Ar of 296.6 £ 2.2, and
aMSWD of 1.6 1Figs. 1 and 2) after omitting
1731-5a 1 Table 1). The mean omits the same
analy sis and grves an age of 1611 £ 0.008 Ma
and the corresponding weighted mean iy 1.609
2 0.008 Ma (Table |). These three ages are in-
Jisuinguishable emphasizing the homogenous
ages of the analy2ed crystal population.

Sample 92-CC-01 is from the Otow1 Member
ignimhnie expored 1n a complexly channeled out-
crop in Cochits Canyon «J. A. Wolff. 1994, per.
sonal commun.). A population of eight analyzed
samdine cry stals is heterogeneous. having appar-
ent ages of 1.566 1o 1.690 Ma (Table 3). An
wochron regressed using all the data vields an age
of 1.604 2 0.049 Ma with a MSWD of 35.6. Ex..
cluston of three outhers (Fig. 3) results 1n an
isochron age of 1.601 & 0.014 M, iniual
“Ar/*Ar of 296.7 £ 2.2, and an acceptable
MSWD of 2.6 inot shown:. The mean age i
16202 0042 Ma with no excluded data and the
weighted mean is 1.601 £ 0.014 Ma, These ages
are indisunguishable from that of the Olowa
Member middie fow unit 1see abave.

Sample CT-9 vielded a very homogeneous
population of sanidine apparent ages uveraging
=1.21 Ma (Fig. 3. Table 3). The 10 analyses tall
on an wochron that defines an age of 1.212
= 0.009 Ma, an inimal *’Ar/*Ar of 295.5 £ 10.6.
and a MSWD of |7 (Fig. 2). The mean and
weighted mean ages of 1.213 £ 0.010 Ma and
1.212 2 0.007 Ma. respectively. are virtually
wdentical tTable 1) and aiso include all analyses.

Nine samdine cry stals from sample CT-6 de-
tine a dominant group at = 1.37 Ma (Table 3). The
1sochron treatment results in omitting two dis-
unctly vlder outliers (CT6-5a and CT6-7a) and
one younger vuther (CT6-8a). This gives a six-
point isochron and an age of 1.3622 0.016 Ma. an
il *'Ar/*Ar of 2988 £ 3.8, and a MSWD of
1.7 (Figs. 2and }1. No omussions are wdicated for
the mean age of 1.404 2 1).124 Ma_ and the corre-
sponding weighted mean 1s [.389 £ 0.1 1 Ma
1Table 11. These three ape estimates overlap at the
16 level.

Ten tusions of sunidine crystals from CT-$
yielded a tairly homogencous population with a
mean of | 383 Ma 1 Tables 1 and 33. An isochron
regressed using all the data yiwelds an age of
1.376 1 0.018 Ma, an innial *'Ar/*Ar of 310.6
2 351 and a MSWD of 2.6 1Figs. 2 and 3, Al-
though «lightly above the 2.5 MSWD cutolf
level, this result is deemed acceptable because
the MSWD for the standard sochron ¢ “Ar/®Ar
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vs. Ar/"Ar o 1.7. The mean age indicates ex-
clunion of vample CTS-5a and gives an age of
LIR7 2 0.012 Ma. The weighted mean of these
data is 1,384 2 0.008 Ma (Table 1. These three
estimatex of the age are virually identical and
emphasize the age coherence of the analvses,
Ten fusions of sanidine ¢n stals trom CT-X
yeelded a population at =1.46 Ma (Table 3). The
isochron analysis results 1n omission of one
older (CTR-1a» and one younger outher
{CTB-%a); the remaiming R analyses define an
1isochron age of 1.479 2 0.020 Ma. an mtial
VAr/*Ar of 2509 £ 42.5. and a MSWD of 1.6
tFigs. 2 and 3). The mean indicates that only
CT8-1a be ominted and gives an age of 1.457
2 0.016 Ma. The weighied mean equivalent 1y
1.459 1 0.008 Ma tTable 1. Once again. these
age estimaies all overlap ai the 10 level.
Sample CT-7 1 nearly aphync and contains
dominantly plagioclase feldspar. and thus both
sanidine and plagioclase were analyzed. A 10tal
of 12 fusions yielded only two sanidines: the re-
maimng analyses were of plagioclase (1denufied
by Ca/K > 11 (Table 3). None of these data define
meaningful 1sochrons. The 1wo sanidine analy-
~es have a mean of 1.543 1 0.066 Ma and a
weighted mean of 1.520 2 0.016 Ma. whereas
the same treatment for the plagioclase analy ses

omits CT7-4a and yields a mean of 1.324.

2 0016 Ma ‘and weighted mean of 1.208
2 0.023 Ma (Table 1). The two sanidine analy ses
are broadly consistent with stratigraphic rela-
vonships among other Cerro Toledo samples
ages: how ever. the plagioclase ages are either oo
Imprecise or 100 inconsistent with stratigraphic
relationships 1o be of use in constraining ages,

Sample CT-4 is also nearly aphync: the dom-
inant feldspar 1s plagioclase, and both ~amidine
and plagioclase crysials were analyzed. The
6 sanidine analyses define a relativels coherent
group atca. 1.49 Ma, whereas the 10 plapioclase
analyses are significantly more heterogencous
and tend to define younger ages. although there
are some older ages. A sanidine nochron yields
an age of 1.474 £ 0.023 Ma. an iniial *'Ar/*Ar
of 296.6 £ 51.4. and a MSWD of (1.4 after omut-
ting analysis CT4-3a 1Figs. 2 and 2. The 6 \ani-
dine analyses define a mean of 1.4%% 2 0.024 Ma
and a weighted mean ot 1.491 & O.000 Ma
{Table 1). These ages are consistent with strati-
graphic relationships, The plagioclave analyses
do not define an isochron. A plagioctase mean of
1.370 2 0.143 Ma and weighted mean of 1.287
2 0.019 Ma include all 10 plagioclase analyses.
As for CT-7. these uges arc stratigraphically in-
consisient or 100 iImprecise to be uselul,

Nine fusions trom sample CT-3 vielded appar-
ent ages from 1.474 10 1,998 Ma 1 Table 3). The
1sochron procedure results in omiting 1hree of
these: a resulting isachron s detined by siv analy-
ses 1present as two distinet clusiens) having a very

1

.‘.-
namow range of radiogenic Miehds o940, e,
which gve an age of 1451 £ 0022 \y wah 3
apparent il *"Ar " Ar of T13 2 .m\f.:
MSWD ot 2.2, The mean age omits ~.|m|ﬁ§
CT3-Ra and yields 1.531 & 0032 Mo, Tb’
werghted mean of these data s 1.542 = 000K My
1Table 11. Because of the narrow range 1n rudis
ogenic yield of the CT-X analyses and the resulf-
ing unconstrained isochron. we tahe the weiphttd
mean as the best estimate of the age of the unn
1Table 11

Sample CT-2 yiclded apparent ages tor 12
analyses that range trom 1.200 10 1.623 Mg
1Table 31 Seven of these deline an 1sochron
tomiting CT2-3a, CT2-3a. CT2-%a. CT2-12a,
and CT2-13 giving anage of 1.5 2 001K My
with an inal LAY Arof 2976 £ %1 and a
MSWD of 2.2 «Figs. 2 and 31. The mean omits
only CT2-12a and gies an ape of 1.38x
2 0.033 Ma. The corresponding weighted nwan
15 1.550 2 0.008 Ma i Table 11. These three apes
are dentuical at the 10 level.

We did 13 fusions on sample CT-1. which s
from a pumice bed straugraphically a lew metres
above the Otowt Member. These yield seattered
apparent ages of 1.593 1o 1.956 Ma 1 Tuble 3,
with only the youngest being conststent with it
strangraphic position abme the underhying
Orow i Member (Fig. 3). These duta tal 1o detine
an acceptable isochron regardless of how many
outhers are omited. A mean age ot 1653
2 0.032 Ma omits CT1-7a and the corresponding
weighted mean age » 1632 = 000K Mgy
1Table 1). Although the mean age is in agreement
with the age of the Otowr Member 1vee below s,
these data add no useful constramis 1o the age of
sampie CT-1. However. 1s age i stranigraphi.
cally constrnned 10 be betw een that of the Qtom j
Member and the overlying CT-2 (Tuble 1.

Cerro Toledo Rhyolite Domes and Otow}
Member—University of Houston Data

Sanidine crystals (n = 2%) from the Warm
Spnings dome (WS-2) exhibit the wident range 1n
WANAT ages from 1044 to 1RO Ma
Table ). of all samples i ths study The 1
chron approuch excludes 10 of these anals ses,
most wignificantly older than the mode at
1.252 Ma (Fig. 3) (WS-2p-WS.20), and one
younger crystal (WS-2e1. and gnves an ape o
1.265 & 0.011 Ma, an atmosphenc initial
*Ar/**Ar of 296 £ 15, with s MSWD o 1.1
(Fig. 2. Table 2). Analywes defining the isovhron
exhibit 8 Gaussian distribution with o mode at
1.232 Ma (Fig. 3). When including all analyses,
the mean and standard devwanons 164 .
1 200.2 May suggest exclusion of WS-2m only,
and thus fail 10 idenuify the obvious mode of
analyses at 1.252 Ma tFig 3. The mean and
weighted mean ages of 1.267 2 0.023 My and
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1.263 £ 0.011 Ma. respectively. shown in Table 2
are calculated using the juvenile crys: :1 popula-
tion defined by the isochron approach ..nd are in-
distinguishable from the 1sochron age.

Sample TE-9 from the Sierra de Tol -do dome
gave a very population o” sanic’ine
analyses: all 10 fell on an isochron definin; an
age of 1.336 £ 0.018 Ma_ an inital *Ar/®A: of
305 £ 19 and a MSWD of 0.8 (Fig. 2. Table 2).
These analyses. afier omining TE-9i, give m-an
and weighted mean ages of 1.326 2 0.027 a
and 1.336 2 0.012 Ma. respectively. which are
indistinguishable from the isochron age.

Fusions of sanidine phenacrysts (n = 13} from
sample TE- 1S from the Turkey Ridge dome yield
SOAr/®Ar ages ranging from 1.318 to 1.927 Ma.
11 of these forming a coherent group that defines a
mode at 1.343 Ma on the probebility distribution
plot (Fig. 3. Table 3). The isochron approach omits
crystals TE-15h and TE-15j (Table ). which have
distinctly older ages than the remaining 11. and
gives an age of 1.343 2 0.015 Ma. an initiaj

1556

YArF*Arof 315 2 70 anda MSWD of 1.2 (Fig. 2.
Table 21. The mean and standard devianon omits
analysis TE-15 11.927 Ma). giving an age of
1.351 2 0.026 Ma. with the comesponding
weighted mean at 1.348 £ 0.021 Ma (Table 2).

Ten sanidine analyses from sample TE-I,

from Unnamed dome. range in age from
1.234 Ma to 1.981 Ma, with eight clustered
tightly at 1.354 Ma (Fig. 3. Table 3). The
isochron approach omnts TE-1d and TE-lg.
which are older and younger. respectively. than
the remaining analyses (Table 3). The ochron
defines an age of 1.34R 2 0.010 Ma. with an im-
tial **Ar/*Ar of 307 £ 30 and a MSWD of 0.9
(Fig. 2). The mean and weighted means result
from omission of the same analyses and are
1.336 £ 0.013 Ma and 1.357 £ 0.01] Ma.
respectively.

A total of 21 sanidine fusions tfrom sample
TE-26 (Cerro Trasquilar) define a fairty homo-
geneous population: *'Ar/*°Ar ages rnge from
1.224 Mato 1.460 Ma. and 17 of these are wn the

range 1.321 10 1.416 Ma. giving a made at 1.378
(Fig. 3. Table 2. The isochron (Fig 23 i detined
by these 17 analvses (TE-26f, TE-26r. and
TE-26s omitied). which give an age ot 1.3589
1 0.012 Ma. an initial ¥Ar/*Arof 310t X and a
MSWD of 1.4 (Fig. 2. Tuble 2). The mean ape
approach omits only analysis TE-26y and gnes
an age of 1.368 2 0.(4R Ma with a correspond-
ing weighted mean of 1369 £ 0.0 Ma
{Table ),

A homogeneous population of *'Ars™ Ar apes
was oblained from fusion of 21 samidine phe-
nocrysts trom sample TE-13 1Siera de Toledo.
The isochron approach includes all analyses and
21ves an age of 1.379 1 ().012 Ma. w ith an mitsal
YA *Ar of 305 £ 10 and a MSWD of 09
tFig. 2). The mean age omits analysn TE-1 3g. -
ing an age of 1.367 £ (.030 Ma. and the w eighted
mean of these analyses in 1.380 = 0011 Ma
(Table 21

Sanidine fusions (n = 22) from TE-20. Lo~
Pasos East dome. gave a fairly homogencous

Geological Society of America Bulletin. December 1996
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TABLE 3. ©°Ar/®Ar ANALYTICAL DATA FOR CERRO TOLEDO RHYOLITE SAMPLES

Geological Society of Amenca Bulletin. December 1996

Samole Ar [ T Ar AP CalK SAr s,

10 (10" mol) (> 10"'""moll (+ 10" mol) (- 10" moh (%)  (» 109) Ma 2 )
Tshirege Member Bandetisr Tuft, Plinian Unil J = 0.00039730, Australian National University

827-1a 6127 11786 1319 24585 913 198 16997 12182 0.00
827-28 5284 8.245 9789 1858 903 185 17123 1.2272 0010
827-3a 1072 10.28 1151 23.0¢ 850 198 17023 1.220 2 0.009
827-42 6.789 1412 . 15.14 28.22 916 205 17068 1.223 2 0.008
82758 3153 7685 6 489 1212 910 261 17047 1.2212 004
872762 10.30 1249 13.13 2547 es.8 209 16832 1.206 2 0.008
8727-7a 2.378 8420 8.510 157 942 218 1 7403 124720010
8727-8a 1.230 7.502 8.396 1492 96.2 1.97 17088 1224 2 0.008
mtmmvmwwn ANUZ 92141, J » 0.00040904, Austratian National

CT9-12 2083 6.641 11.58 937 21 1.6338 1.205 £ 0.008
CT8-28 21.41 a.uv 9127 2145 698 214 16398 121020014
CT9-3 Jise 6.682 7128 12.88 918 2.06 16554 1.22120.012
CTo-4a 3837 6.059 6.738 1229 898 198 1.6380 1.208 = 0.009
CT9-S5e 21 493 §.283 9413 924 208 16527 12192 0.018
CTo-8a 1465 2.502 52328 9 35§ 943 107 16568 1.222 2 0.011
CT9-78 7.783 . 6.2680 5 220 10 96 782 264 16414 1.21120.016
CTo-8a Lm 7013 4.563 8 041 9285 2338 16308 1.20320013
CTo-%a 1226 6408 §23%5 8006 950 269 vezu 12002 0.013
CT9-108 1809 5080 4920 8 786 836 2.7 1.6687 1.231 £ 0.0%0
CmTobﬂoRhymemMgupMc Laved 38, ANUS 82-138. J = 0.00041290, Australian National U

CTé-1a 9212 4 880 2% 287 44 1.9098 142250034
CT6-28 2 729 4107 2569 5.541 847 382 18264 1.360 £ 0.022
CT6-3a 1360 3781 1876 3.961 890 4.43 1.8800 1.400 £ 0.020
CT6-5a 1164 3.487 1 868 4 486 818 4N 2.1902 1.631 20031
CTe-6a 4145 4 880 2114 5124 754 508 1.8208 1.362 2 0.021
CT8-7a 0.608 4322 1781 383 846 5.48 2.08040 1.552 2 0.045
CT8-8a 15.99 2234 03938 6.263 243 S24 1.6251 1.21020.037
CTé-% 1758 3904 1519 3250 833 568 17824 132720028
CT6-10a 10.29 4118 1350 5.544 4“8 [-¥4) 1.86398 1.370 2 0.021
Cerro Toledo Rhyoﬂh'hphu. Stratigraphic Leve! 35, ANU? 92-137,J » omocuu Mnlbnﬂlﬂonnl Uni

CTS-19 9.571 4841 9.970 90.1 1.8567 1387 £ 0.011
cTs-28 |.974 179 7843 15.53 05.4 331 1.8891 141120011
CT5- 3.548 6481 4 558 98573 882 312 1.0548 1.385 2 0.018
CT5-42 1.398 $ 509 3740 7414 936 324 18552 138612 0.015
CT5-5s 1972 4748 T8 S 840 889 37e 1.805¢ 1.349 2 0.022
CT5-88 2149 6.675 3Ian2 6827 839 443 1.8534 1.384 £ 0.019
CT5-7a 1693 8834 360 7 448 928 526 1.8054 1.3932 0.014
CT5-8 3363 7030 ang 6.845 848 497 1.8637 1.3822 0.011
CT5-9e 313 0.282 6474 1298 920 318 1.8408 1.375 2 0.010
CTS-108 2163 9.809 4972 9.849° 928 4% 1.8342 1.370 2 0.009
Cerro Toleco Rhyolite Tephrs, Stratigraphic Level 27, ANUS $2-140, J » 0.00040908, Austrafian National

CT8-19 5.749 1787 5421 1337 867 713 2.1387 15782 0.018
CTe-2a 4824 2701 9.308 2004 823 633 1.9979 1.474 £ 0010
cTe.2 2.080 1517 7 484 15.69 842 447 19802 148120011
CTo-4a 2712 13.58 7.290 15 €2 94.0 4.09 19804 1487 20.013

- CTe-5a 4689 4227 7792 16.04 912 19 19711 1.452 2 0.000
CT8-78 3.67¢ 7n 5084 1118 89.5 552 1.90632 1.44" 2 0.017
CT8-82 2795 18.07 7144 1517 938 464 19919 3 467 2 0.010
CY8-9e 2200 9.880 4519 © 485 923 4.8t 1.8319 142" 2 0.011
CT8-10a 3.708 15.33 7500 16.23 928 444 19778 1.457 2 0.016
Carvo Tolstio me Lwolu ANUs uﬂa J = 0.00041060. Austrailan National Univ-reity
CT7-1a Je? 881 544 2.0190 149" 2 0.018
CT7-2a 1.880 2078 0370 I "7 518 120 15184 112 2019
CTr% 1858 14.49 0.250 X1} 474 128 17204 128120479
CT7.40 0598 1738 0318 1042 842 121 27912 20¢ 20149
CY7-% 1798 2.3 0.338 1.287 60.0 141 2.3078 ' 20108
CT76a 0.798 24 0.382 0.049 76.8 124 1 9088 1.413 2 0.086
CT7-7a 0872 14.73 0.291 0748 786 112 2.0147 1292 20,903
CT7-88 " R39 13.07 0.281 0738 676 110 19076 11320219
CT7-%9a 287 4998 1487 3.666 876 734 21489 1.:80 2 0.027
CT7-10a . 88 17.00 0317 1098 4“9 118 1.5570 1°5320.080
CT711 1188 11.83 0157 0683 478 143 19548 1477 20.183
CT72s 1319 1548 0.251 071e 471 138 1.3418 0.994 2 0.051
CT7-13a 1.501 2248 0.445 1139 62.3 106 1.5941 1.180 2 0 041
Carro Toleto Riryolite Tephra, Stnﬂgnphk Lovel 21-22, ANU# 92-138. J » 0.00039580, Australlan Natlonal Un
CT4-1a 1178 2918 6.46% 8386 6.98 2.0740 1.480 £ 0.013
Cle-2 1688 3142 0.623 1634 708 111 1.6881 1.320 2 0048
CT4-30 1549 16.73 3.648 8 308 938 101 2.1321 1.521 2 0011
Cla-da 0.798 1718 0347 0975 768 108 2.1564 153820180
CTe4-Sa 1166 3049 X 111 1.691 805 109 22148 1.580 2 0.070
CTa-8a 1 202 6.726 3002 6 644 93.6 493 2.0712 1478 2 0017
(Connrued)




CERRO TOLEDO RHYOLITE. JEMEZ VOLCANIC FIELD. NEW

MEXICO
TABLE 3. (Conhinved)
Sampig SAr (Y Ar Ar Ar* CaK  “0pp Ar, Age
10 10" mol 1. 10" mon (» 10-'8 mol) (= 108 moll (%) (x 100 IM8 2
Cerro Toledo Rhyoltte Tephra, Stratigraphic Leved 21-22. ANUS 92-138,J » 0.00039560, Australisn Nationa) University
{con, )
CT4-7a 1972 3.3 0633 1.566 640 116 1.5841 113020028
CT4-8a 1563 6050 2309 5 260 902 57 2 0550 146620014
CT4-9a 1459 1169 3558 7836 935 724 2 0600 147020017
CTa.108 9 040 25.21 0474 1259 799 117 21234 151520073
CTa.v1p 1452 2768 0.521 1435 71 117 1 9590 139920036
CT4128 1820 kkT. ] 0584 1589 676 127 1 8525 1322 0076
CT4-132 1728 15.35 0305 1.014 504 111 16762 119620177
CTa-14p 1377 1778 0 3761 1 089 634 104 1 8364 131020093
CT4.16a 1271 1526 0288 C 962 618 1§ 20619 1471+ 0143
CT4-18a 1333 18 85 0.256 0885 $74 182 2 0091 1433:0167
Cerro Toledo Rhyoite Tephrs, Stratigraphic Levet 18, J = 0.00039400, Austratian Nstions! University
CT3-1p 5132 4294 - 2372 52.58 860 398 21293 1513+ 0008
CT3-28 2212 any 5 487 1272 98 349 2174 154520011
CT3-3a 6 530 26 14 17 12 40 14 942 336 2 2080 1569 2 0 009
CT3i4a 0 807 9970 6 327 1409 972 Ja7 2 1658 153920015
CT3-Sa 232 1068 5873 1362 939 400 21T 154820010
CT3-6a 2 559 7 209 3 304 7823 893 480 2187 150320018
CT3-7a 1314 18 04 4947 49.20 209 6.24 2073 1474 1 0044
CT3-8a 2495 5245 052y 2181 678 222 2.6120 1998 2 0030
CT3.9a 1192 7179 3525 8178 847 448 2 1959 1560320013
Cerro Toledo Rhyoiite Tephra, Stnﬂgnphic Level 14,95 0.00039370. Australian Nationa! Unhnully
CT2.% 1044 43 1218 2979 887 623 2 1686 154020013
CT2.2a 3642 2202 8162 18.83 933 594 2 1522 1528 2 0 068
CT2-38 8763 3949 12?7 27.89 698 ™m 222 1579 + 0 008
CT2-4a 2557 2087 7135 1724 847 643 22879 1624 : 0014
CT2-58 6978 40 06 37 3258 927 640 21932 1557 : 0 010
CT2-6a 2951 4492 1063 24 33 955 867 21851 1551 2 001?
CT2-7a 2099 16 07 8223 1882 856 430 21529 152920010
CT2-8a 21 32 1901 8077 2398 729 518 21656 153820010
CT2-9a 3729 2607 124 2814 950 462 21543 1530 2 0 009
CT2.10e 5628 3951 8607 2137 814 1019 2.2689 1611 ;0011
CT2-11a 3127 19 69 7520 17 49 937 $7¢ 21773 15486 2 0 009
CT2-12a 1644 5.401 2601 4 943 689 457 16898 1200 2 0022
Cerro Toledo Rhyolite Tephra Stratigraphic Level 8.J » 0 00039681, Australian National University
CTig 9589 36 0 36 S0 934 3o 22321e 1657 2 0 009
CT1.2a 5633 23.49 1198 N 93§ a3 2 3501 1677 : 0010
CT1.3a 4578 2793 1353 3388 951 454 2 3802 1699 2 0 009
CYi.42 2732 27 19 1780 41 81 970 33 22794 1627 2 0 009
CT1r.5 3703 32.37 186 39 44 80 96 6 s 23418 167120009
CTi.6a 8282 2.6 1074 28 18 904 463 23724 168520010
CT1.7a 1633 09?7 1416 T 39 44 a8 2 7407 195620017
CT1.8s 2193 2326 osw 2 559 740 626 23147 1652 : 0050
CT1-9s 24 41 1428 9 457 28 93 743 3 22721 1622 + 0 009
CT1-108 5 968 14 88 8 447 21 51 909 kX ] 23138 165120009
CTi-11a 3 808 1604 111§ 2673 948 317 22728 1 622 2 0009
CT1.12s 3048 1419 8222 19 45 944 380 22322 159320009
CTi.13a 1457 2303 Y103 68.04 N2 460 2.3322 168520019
Otowi Member Bandelier Tut Middie Fiow Unit. J « 0.00040092. Austratian Nations! University
17-31.1a 24 31 2137 12 38 34 90 766 361 22199 1605 2 0009
17-31-2a 1428 2064 1048 27 80 829 a3 22319 1614 £ 0.009
17-31-3s8 191 Jr.68 20 61 8198 S64 3% 2.2447 162320012
17-31-4a 1657 50 30 2488 60 18 %09 450 2.2238 1608 2 0 008
17.31.%a 2004 12.28 6 305 14 54 a7 40 21850 158020010
17-31-6a 7 556 13.32 7099 18 3t 869 413 2.2409 162020011
17-31.7» 93 1322 701 2733 568 418 2.2157 160220016
17-3183 84 97 2978 1762 64 62 605 an 22184 1604 2 0012
Otow! Member Bancetier Tut Cochiti Canyon, J » 0.00039978. Austratian National University
82CC1-1a 248.3 8638 S. 66 14 147 3S3 2.3448 1680 2 0 087
92CC1-28 28 62 19.68 1261 37086 764 34 2.2449 161832 0011
92CC1-3a 5182 189.94 1019 25 19 930 408 22449 165820013
$2CCr-4a 1528 15908 10.2¢ 67 95 333 343 2 2085 158320018
92CC1-5¢ sy 12.08 5 685 1363 %06 467 21723 1566 2 0 009
92CC1-8a 1629 4197 2022 4.987 894 457 2.2052 1580 20024
92CC1.7a 2104 9.520 5478 1287 942 382 2219 1584 20010
92CC1-8a 5.298 1462 1222 29 85 936 263 2.2905 185120010
Cerro Toledo Riyolite, Warm Springs Dome, J = 0.000581, University of Houston
WS-2a 0784 5.238 4 957 6397 9% 5 191 12478 1262 20032
WS-2b 1568 4844 5384 6972 90qs 163 12175 ° 123220028
WS-2¢ 2464 5218 5079 6.893 896 186 12190 123320032
WS.2d 3248 10857 2212 3673 T4 152 12337 1248 2 0059
1Contrwed
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SPELL ET AL.

TABLE 3 (Conanuved)

Sample LTY; Tar “Rar Tar . TAr . Cak CAr A, Age
D C10%moll (107 mol 1= 10" enol; (105 mol) (%) (s 107N iMa = m
Cerro Toledo nhyom. Warm Springs Dome, J = 0.000561, ummnyemoumlm)
WS-, 2752 2924 2 852 3730 78.6 1.88 1.0320 104420063
wWS-2 1696 1777 1940 2883 829 166 1.2369 125120083
WS-29 353% 1787 2832 7 996 872 112 24727 25012000
WS-2n 77 088 2089 2413 31682 2958 <87 38930 3936 = 0089
WS- 17.280 1636 1818 17.344 712 183 76633 773920076
WS-2) 1218 0994 1.251 8.337 858 144 64118 6.478 2 0063
WS-2x 6352 201 2029 6.680 e RN )] 2.36879 241520046
WS- 24 13152 2314 . 2232 15 628 756 168 53190 $ 37520053
WS-2m 54 032 1340 0883 108 376 857 275 1066100 104 795 ; 0625
wS-2n 3440 1246 1307 10516 90.5 173 72158 738920077
wWS-20 1.232 1076 0.883 3738 S04 a2 3.832¢ 3874 2 0082
WS-2p 2098 0588 1387 2283 733 o078 12274 124220054
wWS-2q 0976 0.239 1044 1582 820 042 12457 1.260 2 0 072
WS-2r C 080 1512 2458 3198 994 110 1.2960 1311 20,031
wS-2s 1120 1.808 3104 4192 922 108 1 2480 1.263 1 0.028
wS-2t 32 2228 1278 2534 628 316 12489 1264 1 0.057
WS-2u 0640 0 000 2 600 3791 951 000 12904 1305 1 0 030
WS-2v 1952 4 902 1 380 2333 %8 638 1.2748 129020057
WS-2w 1824 3 840 2924 4177 873 244 12501 126520027
WS-2x 0304 1008 1228 1663 847 148 12842 1.299 2 0 061
WS-2y 0480 3959 1230 1702 919 583 12745 1289 =200%
WS-22 0180 4419 24%0 3OS 986 3 12357 1.250 2 0 030
Cerro Toledo Rhyolite, Sisrrs de Toleoo, J-OMUnMunyoiNouﬂon
TE-Ba 5088 12 455 13310 889 253 13326 134120018
TE-S0 €976 8681 5425 9220 779 289 13274 1336 2 0027
TE-8¢ 212 6.87¢ 4 808 € 968 912 259 13248 1333:000
TE-9a 3312 6672 4722 7148 865 258 131127 132120032
TE-Se 2 582 4.666 3028 4769 643 279 1.3328 1341 2 0.049
TE-ot 8618 3.061 2349 5652 547 238 13226 133120088
TE-9g 1760 283 145¢ 2419 79.1 353 13211 1320201
TE-on 0388 1.859 1 608 2254 953 210 1 3431 135120037
TE-S 1392 1158 0821 1428 717 255 12504 1258 2 0 090
TE-8 1984 2293 1678 2936 806 247 14183 142520037
Cerro Toledo Rhyolite. Turkey Ridge, J = 0.000554 University of Houston
TE-15 aon 2403 an 98.2 233 13558 135520080
TE- 150 0160 0.887 1078 1472 870 148 13217 132620147
TE-15¢ 0288 2.813 1.682 233 9% S 303 1 3450 134420112
TE-150 0 208 3es2 2 564 340 963 2.72 13196 1318 2 0.061
TE-159 0624 16820 1497 2147 97 220 1 3200 131920043
TE-1$ 0992 1 969 1178 1861 8486 300 13018 1.341 2 0 08¢
TE-159 0160 1654 1222 1734 974 248 13888 1.387 2 0.057
TE-15h 4 848 1.302 0854 2787 493 276 16122 1681120008
TE- 1% 0752 3.029 0 886 1447 848 614 13897 1.388 2 0 087
TE- 1% 0128 0 426 083 1 650 978 090 19288 1927 20101
TE-15k 1104 0 000 1 400 27 854 000 1 3562 1 355 2 0.070
TE1S 0096 .34 1003 1413 98.2 581 1 3869 1.386 2 0 075
TE-15m 0.084 3647 1084 1473 989 602 13473 1346 = 0.072
Cerro Toledo Rhyolie, Unnsmed Dome. J = 0.0008818, University of Mouston
TE-1a 1 6273 4028 5 g2¢4 280 13753 1.368 2 0 038
TE-10 2.808 [X.3] ] 3643 SN2 854 305 1.2558 1348 2 0.042
TE-1¢ 1952 8.3 3one 6.032 %086 287 1.3768 1.368 2 0 036
TE-t1d 0 704 5178 3008 4 688 957 310 14891 14812 0.043"
TE-te 2178 2.808 3730 $710 889 J.08 1 3840 1.357 2 0.048
TE-of 4432 5.147 3098 5519 768 2.97 1 3747 1367 20027
TE-1g 1664 4118 1807 2708 824 409 12402 1.234 2 0 039"
TE-1h 0416 3.723 0999 1463 919 6N 1.3491 134220073
TE-% 3744 8.321 4 689 7 447 854 319 13593 135220018
TE-y; 0160 7.643 1502 2085 880 911 13503 1.3432 0.048
Cerro Toledo m.mm.uomass.ummmmm
TE-268 1 664 3951 4291 887 260 13926 1345320083
TE-26d 161€ 4472 3514 % 309 912 2.29 1.3806 1.3332 0037
TE-26¢ 0s78 21T 229) 3.245% 95.0 28 1.3952 1347 2 0.065
TE-260 3.504 12514 8637 12 992 822 2861 1 3900 134220020
TE-260 1248 2 842 2338 370" 90.2 219 14337 1384 £ 0.058
TE-26t 0 304 1789 1378 216, 96.0 233 1.5122 1 4860 2 0 050°
TE-269 1920 2244 1626 292 810 247 1 4659 141820040
TE -26h 033 1.683 1272 1903 90 2M 14276 137820043
TE.26 1024 21862 1758 2 84) 89.6 221 1.4565 1406 2 0 04
TE-26 0738 1.688 1.212 1924 89.0 249 14183 1.370 2 0 050
TE-26k 4440 6 001 s € 849 A4 274 14380 1.3892 0019
TE-26 1 082 3.845 1764 S 747 45.2 392 14773 1427 £ 0047
TE.26m & 000 2.897 1622 4 007 564 320 1.3960 134820049
TE-28n 0320 2372 0770 1180 923 553 14171 135920073
1Contnued)
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CERRO TOLEDO RH YOLITE. JEMEZ VOLCANIC FIELD. NEW MENICO

TABLE 3 (Contrued) .

Sample XA Tar B Ar T Tar - Cak 'mAv'-‘“Ar_ Age

D G mol) 14 10°Tmol) 1 1075 mol) (<10 mol  (*e) (s 100 Ma = a
Carro Toledo Rhyolite, Cerro Trasquilar, J = 0.0005358, Unlvmny of Houston lconmund)

TE-260 0864 2.204 1.961 917 14039 135620028
TE-26p 0688 23713 1022 1591 875 416 1 3682 132120069
TE-28q 1.232 1 647 1107 1750 796 300 12672 1224 £ 0 055
TE-26¢ 1088 1558 0980 1616 80s 285 131688 1271 ¢ 0 089"
TE-26¢ 1232 0 000 2037 3087 883 0.00 13324 1287 20037
TE-26 2672 0359 1849 kEVi] 780 036 14884 1437+ 0040
TE-26u 0.896 0 001 1366 2197 88t 000 14202 137220049
Cerro Toledo Nhyom. Sierra de Toledo. J » 0.0003473, University of Houston

TE-13a 2032 4197 2967 4 524 69 255 13279 131120044
TE 1 0.432 4.203 3108 4612 973 243 14480 143020052
TE- 1 0.576 2122 1417 2083 921 2689 13569 134020113
TE.- 130 4 880 9 687 & 456 10.308 862 270 13793 1362 : 0027
TE-13e 0832 2.939 2189 3185 925 24 13492 1332 : 0069
TE1M 0.416 201 2182 3129 962 187 1 3983 1381 :0038
TE-13g 1.680 2812 1983 Jad 859 254 14940 1475+ 0038
TE-13h 9 408 4422 2822 6716 594 2.80 14209 1403:003
TE-1¥ 0.192 12 0930 1368 961 2% 14219 1404 2 0079
TE- 1Y 0 400 1264 0.868 120 91 28 13628 1346 : 0072
TE- 13k 0.848 1720 1808 2697 909 172 13598 134220036
TE1N 1.504 2.021 2108 3389 870 172 13940 1376 : GON
TE-1Im 03s%2 1278 1442 2 092 952 158 t 3644 1367 : 0046
TE-13n 0876 5758 3.785 5630 950 274 14239 1 406 £ 0018
TE-130 0.528 1173 1258 1869 219 167 13718 1354 3 0054
TE-13p 0.338 1334 1250 1840 948 191 13978 1380 2 0052
TE-13q 0.560 1.208 3673 5 344 970 058 14148 1396 2 0023
TE-13r 0.992 2087 1123 1820 842 33 13682 135120088
TE-138 0 688 2744 2139 INng 936 229 13658 1349 : 0039
TE 1R 0.240 0001 0754 116 938 000 1 3904 1377 : 0089
TE- 13 0.960 2302 1 266 1982 860 3.29 1 3481 1332 10086
MTMRWM.mMsEuLJ-OW.WmMMM.M

TE-208 6412 kX 14] 58672 989 3 15321 150320049
TE-20b 0 048 6878 4973 735¢ 999 242 14792 145120030
TE-20¢ 008 5.348 J 488 S 048 1000 278 14584 143120048
TE-200 0320 20 510 14 603 21812 997 253 14917 1463 20012
TE-20e o418 3322 2445 3696 968 248 14687 14392 0061
TE-201 1264 2317 191§ 3.289 888 218 15334 1504 + 0084
TE-20g 0.352 2 456 2079 3148 968 212 14719 1444 ¢+ 0034
TE-200 2528 4478 3053 5 400 865 263 15366 1 507 £ 0028
TE-200 0 304 1944 1638 2875 966 213 15248 1496 2 0 049
TE-20§ 0.016 2807 1 942 2954 99 2.59 15266 1498 30037
TE-20k 2.648 5050 3as 5 603 853 281 14938 1465 2 0030
TE-200 0 180 1778 1197 1826 975 267 14912 1463 2 0050
TE-20m 1840 1.354 0752 170 68sS 3.2% 15520 1522 2 0082
TE-20n 0.320 5627 2 829 431 979 350 1 4992 1471 20022
TE-200 0.480 4438 2289 3559 962 347 1.4986 1470 2 0032
TE-20p 1.200 S 432 2909 4767 827 In 15227 1494 2 002
TE-20q 0978 10789 4518 710 96 1 430 15172 148820018
TE-200 0128 12 329 37N 5.800 99 592 15487 15182 0022°
TE-208 0180 7403 200 3080 997 657 1 5048 1476 2 0038
TE-20 0224 8.199 1498 2387 97§ 983 15370 1508 2 0048
TE-20u 0.6%6 18% 1.908 2840 913 178 1307 1368 2 0040°
TE-20v 1.200 1520 1801 3.243 892 153 16108 158020038
Cerro Toledo Rhyoile, WMJ-OW UMnnnyoiNoum

TE-188 3.104 0.545 9.308 803 282 1 5464 1504 2 0.028
TE- 180 2978 8.676 5407 9 054 2905 285 14858 1455320033
TE-18¢ 1 058 4228 3423 S 687 947 222 157%9 153320048
TE-1&d 1328 219 1663 2 958 869 237 1 5484 1506 2 0080
TE-18e 8304 14 512 10 768 18 695 871 243 15149 147420018
TE- 181 1 696 14 360 8.830 13456 964 303 15240 148350017
TE-18g 5488 7756 4 941 9 082 823 283 15108 147020020
TE-18h 0928 2242 1742 2782 804 231 14507 141120038
TE-18 0240 2242 1143 1759 91 351 1 4880 1446 2 0062
TE- 18y 0832 4422 263% 4108 943 1300 14754 1435+ 0030
TE- 18k 0480 . s 2272 352% 962 28 14984 1458 2 0030
TE 18 4432 4029 2687 5323 760 268 15118 147120027
TE-18m 0.208 3238 1737 2673 970 333 14992 1459 £ 0.043
TE-18n 0.608 4.068 3167 4835 964 2.30 14758 1436120025
TE-180 0512 1.057 1227 1987 923 158 14760 1436 2 0057
TE-18p 2.032 2.855 2118 3648 839 243 14487 1409 £ 0.033
TE-18q 0.656 1084 1567 2.568 927 122 15217 1380 £ 0.048
TE-18¢ 1.728 3.08d 1939 3.258 846 282 14251 1386 3 0040
TE-188 0.544 3149 2387 e 957 236 145385 1414 2 0029
TE-1& 2.016 2674 1707 3084 81y 282 14568 1427 2 0046
TE-18u 0.944 2873 2248 3638 928 2N 1 5012 14681 2 0040
TE-18v 7 680 1081 2 560 6 024 628 0768 14821 1 442 2 0 036

{Continued)
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SPELL ETAL.

TABLE 3. (Continued)
Sampe Yar Tae SAsr AT CAr | Ca “‘Arﬁn.
0 10" mon (= 10-" mol) (10 mol) 1. 10" mol) (%) (« 107 M8 2 01
Cerro Toledo Rivyolite, iIndian Point. J » 0.0003396, University of Houston (continued)
TE 18w $ 488 §.488 2078 6198 743 rn 1.5002 1.459 £ 0.030
TE-18x 0498 2888 1814 291 951 286 1.5290 1.488 2 0 045
TE-18y 0720 2.20¢ 3038 4.8% 957 129 1.5333 1482 2 0.020
Cerro Toledo Rhyolite. Los Posos West. J = 0.000565, University of Houston
TE-25a 0.800 47684 1814 3.020 923 475 1.5404 1.569 £ 0.07¢
TE-25d 0.672 10.088 2.687 4224 855 6.00 15161 15485 2 0.058
TE-25¢ 4320 12.628 7.000 11.892 895 320 1 5080 1.534 2 0.021
TE-250 1744 a7 2.548 4487 88?7 312 15573 1587 + 0048
TE-2%¢ 0448 2639 1264 2048 -939 3718 15277 1 556 2 0.096
TE-285¢ 1088 3359 0.896 1683 812 670 15028 1531 20068
TE-259 1232 2483 1.39%0 2483 856 319 1.5231 1.552 2 0.048
TE-25h 0448 2.094 0993 1631 923 n 15219 1.551 2 0.068
TE-25 0448 2841 1646 2618 51 309 15188 1547 20,042
TE-28 0.720 1.401 09003 1.57% 870 279 15228 1.551 2 0.063
TE-25k 2784 2474 0693 8.648 906 639 1132% 11 506 = 0 131°
TE-28 0.320 2.200 0906 142 836 439 1 4821 151020077
TE-25m 1008 1 958 0.848 3458 916 412 37438 381220082
TE-2%0 0 30¢ 1347 047 2407 %64 507 48759 4.963 2 0.185°
TE-2% 0 768 0.000 0933 1812 875  0.00 1.7038 1736 2 0.085°
TE-2% 2688 3058 [ Rgs] 1061 602 708 185182 1.548 2 0 102
TE-25q 0400 2.599 0963 1 568 926 488 1508 1.837 2 0 082
mmmm.mmmna.ommam
1731UM-12 10418 14 603 8.232 16.258 813 320 1 6098 1646 2 0.0268
1731UN-1D 8§ 568 0922 5048 10 868 852 .08 1.8053 1.641 2 0.031
1731UK-1¢c 4 800 6.080 3.907 8047 826 280 1.7087 1.744 3 0.051
1731047 11822 7588 5078 11 853 708 268 16150 1.651 20038
1731UM-19 9.600 a8780 5.600 11.888 764 2n 15967 1623 2 0.020
1731UM-9 21984 15.999 7554 18.298 64.9 as 15758 161120027
1731uM.g 15.280 8.443 537 12.754 6.1 288 1.5618 15987 £ 0.038
1731UH-1h 31.344 19553 11.837 27838 874 298 1 5901 1.826 2 0.022
1731UH.1s 6 784 2287 13138 22.394 913 312 15628 158820014
1731UH-1) 72 480 14 249 9 641 36428 Q2 265 16028 1638 2 0032
1731UM- 1k 3re 11178 6.638 11518 906 302 1.5783 161420022
173U Akas ] 7274 4457 18.472 689 29 2 5564 2.613 2 0.031°
1731UM-m 15.852 4.878 3ew 37.699 881 24 9.2714 9.459 2 0.060°
1731UH-In 11.920 $.208 asn 8542 596 318 1727 1.760 = 0.037
173110 1 780 7.6583 4 100 6.987 927 3.3 15638 16192 0.02¢
17310 1p 3.264 5097 4% 6 470 853 308 16118 1.648 2 0.025
1731UK-1q 1360 4.901 3.078 $.238 a2s 288 1.5780 16142 0.023
1731UM-r 2832 3089 2 507 S.213 842 am 17544 1.764 2 0.072
1731UM-13 0.080 3960 3048 8199 %8 234 26934 2753 3 0029°
1731UM. 91 2 400 4980 Jops 7118 903 358 16128 164920019 .
1731UN-1u 0592 r872 4673 7.634 979 303 16023 163820019
731Uy 1712 4404 2338 413 880 Ja2 15578 158320038 ‘
73Ut 45138 4.808 3268 18 441 207 264 18221 1.658 = 0.048
173U 2016 5.622 2892 3004 885 28 1.5630 1.598 2 0.028
1731UN- iy 5.804 6519 4321 10000 @28 2.7 1.9238 1967 £ 0.020°
1731UM-12 3.968 5.907 3.000 $.891 808 3.30 15788 16142 0.019
1731UN-1a8 09544 0.880 1447 2.6 9.9 1.08 18744 17122 0.042
17U D J.02¢ $.440 2.8% 5263 833 148 1.5498 1.584 £ 0.022
1731UN- 1ae 3188 1.808 1.000 4178 78 148 1.6308 1.675 2 0.029
1739UM- 188 0.0'8 $.290 3.180 5.283 0we 2408 1.5820 18170018
1731UH- 188 2.62¢ 4.302 1750 m 781 4% 1.5478 1.883 ¢ 0.030
173UN-18 1120 0.902 1.048 kX~ ) 91.1 0.83 1.7109 1.758 £ 0.031°
1TWH-18g 0129 4.008 1.312 2184 984 550 16419 1.679 2 0.044

mvegrr—— ——
Note Errors on ages quoted &1 10 8na NClude 0 5% error 1 4, ‘Sanwonwnodhomvsomronnmryu

smaller analytical set w1 the Australian National
Univernity 1n = K1, These differences serve to il-
lustrate the potential for varisbility introduced
both by the sumple and by the number of analy.
“es in the analyzed cr stal populahion.

Cerro Toledo Rhyolite Tephra

The ®Ar/™Ar ages obtained in this study are
broadly consisienat with previously reporied K-Ar
and fission-track data 1 Doell ¢t al.. 1968: lzen et
al.. 1981; Stix et al.. I98X: Tables 1 and 2). Cerro

Toledo Rhyolite tephra sumple CT-9, dated here
as 1.212 £ 0.00% Ma. may correspond to the up-
per pumice unit dated by lzett et al. (1981) as
1.23 2 0.02 Ma. Although CT-9 is stratigraphi-
cally below the Tshirege Member Phinian unit.
the Iwo ages are indisinguishable within analyt-
ical errors. This indicates that significant erupave
activity was occurning within the Cerro Toledo
Rhyolite prior 1o eruption of the Tshirege Mem-
ber and collapse of the Valles caldera. Sample
CT-8 has a *'Ar/®Ar age of 1.479 £ 0.020 Ma
and compares favorably with a K-Ar age of 1.52

$0.04 Mareg sned by Stix et & (1988) on a sam-
ple from the same bri-ug-aphic level. Although
our sample CT-7 gave no rel;. bie date. ut corre-
lates stratigraphically with CT-4 (1.473 Ma) and
the lower pumice unit of Izen et al. ¢ 1981) dared
as 1.47 £ 0.04 Ma by K-Ar (Table 1).

The new “°Ar/™Ar ages are show n in Figure 4
wn relation to their stratigraphic position. There is
agreement between the ages. including those of
the bracketing Bandelier wffs, and stratigraphic
level in the tephra sequence. O-verall. the sam-
ples fall into groups with ages of ca. 1.54. 1 48,

Geological Society of Amenica Bulletin, December 1996




CERRO TOLEDO RHYOLITE. JEMEZ VOLCANIC FIELD., NEW MEXICO

Section 15

Section 6

TMBT
1.2250.008 Ma
e o -y . h so'
——— - -~ Cr'6
_- 1 1.36220.016 Ma
’/
2x0.009 Ma CT-S
1.376£0.018 Ma
1.47920.020 Ma
~ ~
—
TSl CT-4
~<. 1.4742 0.023 Ma
TT =l a0
5 CT-3
1.542 20.008 Ma
155
; CT-2
m I 15-9% 1.5360.018 Ma
158
« CT-1
' OMBT ~2m
1.60820.010 Ma

Figure 4. Composite stratigraphic column s%- ing ®Ar/Ar dates ‘biained in this study rel.
ative to the stratigraphic position <" Cerro Tol:d Rhyolite ICTR) tep! ra samples. Dashed lines
between sections indicate cori clat:d units. Arro- s indicate soil hords . ns. Unit numbers as de-
fined by Stix (1989). A dai %.om the Austv. tir Natlonal Universicy, TMBT is Tshirege Mem-
ber Bandelier Tuff; OMBT b 0@{ i Member B: delier Tuff,
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" 4
1.37.and 1.21 Mu (Frg. Sl.’Thc'n: oo el
progression of decreaning age with hagher igm-
graphic level, with the exveplion of ihe .lppg
=150 k.. gup between samples CT-6 and
which. as discussed below, may he m.uc:rulﬂ\:
to erostan. The new dates indicate that the mgliv
Cerro Toledo Rhyolite eruptve acinn S s
recorded by the large pyroclastic punnice uﬂ:
sampled) occurred throughout the = %0 hath.
terval between the Otows Member and Tshirepe
Member, and that Cerro Toledo Rhyolue wephra
cruptions occurred in distinet pulses ca. 1,54,
1.48.1.37.and 1.21 Ma (Fig. 5,

The age of sample CT-3 1 somew hat prob.
lematic. The 1sochron age of 1.451 2 0022 \py
suggests the presence of sigmificant encess arguon
tFig. 21, which 15 not evident for any of the other
tephra samples analvzed. On the bavis of reo.
chemustry, CT-3 appears 10 group with samples
CT-3. CT-7. and CT-B 1Spell et al.. 1990, which
are dated here asca, 1. 475 Ma, sugResung a sim-
tlar age for CT-3. However. neither CT-4 nor
CT-8 show signs of excess argon (Fig. 21, Thus,
we suggest that the weighted mean ape ot 1542
1 0008 Ma 1s preferable due 10 the very kwm
spread in radiogenic yield among the analy ses
defining the 1sockron. but this age 1 somew hat
uncertain. :

. For samples CT-3 and CT-7. feldspurs are
dominantly plagioclase and the “samples are
nearly aphyric, so hoth plagioclase and sanidine
crystals were analyzed. Even though radiogenic
vields as high as =R15 were obtained for the
plagioclase analyses, the data generalhy are dis-
cordant with coexisting sanidine and wath trau-
graphic relauons. aithough preciyon s otten
poor enough that ages overlap at 20. Sample
CT-4 15 a good example of this problem because
6 sanidine ages form a coheremt group. whereus
10 plagioclase analyses are scattered 10 buth
older and. dominantly, younger ages (Table 3.
Exvess arpon could be invoked as an explanation
for the older ages because this would affect pla-
groclase more than sanidine because of the lower
K contents of plagioclase. However. the T3
sanidine 1sochron does not indicate the presence
of excess argon. All mineral separates unaly zed
appeared pristine under the binocular mrcro-
svope. although unrecogmized micrometre-seale
alteration cannot be ruled out. Kelley et al.
119941 noted thut ultraviolet faser analysis of
tractured and/or altered areas in otherw ise prs-
tine plagioclase yrelded younger ages und sug.
gested that these lowered ages were from alter.
ation products (clays and K-feldspar). A
significant correlation between radiogenic vield
and age that might be expected from such a
mechamsm is not seen, However, this night ex-
pected for laser fusion analyses. because the m.
tensity and duration of tusion of indn wdual R

(N
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Cerro Toledo Rhyolite l:?or‘ es

Probebility

we-2
1.27

~ TE18.13,18.30

TE8-18.20
1.48

17187

100 110 120 130 140 150 160 1.70 180
Cerro Toledo Rhyolite Tephra
k- cr-3.2
54
erar o7 »
cT-9
1.28 17-3187
1.8

Probability

1.00 110 120 1.30

140 1850 160 170 1.80

4OAr/3%s Age (Ma)

Figure 5. Probab{ity distribution diagram Blustrating eruptive per;odicity during the inter-
va! between the Ba.deller tufls. Sample ages and standard deviations used are preferred
“Ar/PAr ages and #ssociated ervors from Tables 1 and 2. Modes snd samples defining modes
are indicatzd. Cervo Toledo Rhyolite dome samples tupper diagram) analyzed at the University
of Houston: tephra 1i:mples analyzed st the Australian National University (lower diagram).

tals vary resulting in varying degrees of de-
gassing. The varying amoumts of degassing may
mask any possible correlation between radi-
ogenic yicld and age that may exist. In general,
our experience is that 1otal fusion plagioclase
ages may not be reliable and should be inter-
preted with caution (cf. Pringle et al., 1992).
The distinctly more heterogeneous age popu-
fation from sampie CT-1. immediately above the
Orow1 Member makes estimation of its uge
somewhat problematic. These analyses fail to
define an isochron, however: the mean age of
these data of 1.653 £ 0.032 Ma is indistinguish-
able from that of the Otowy Member. The
youngest *'Ar/™Ar age obtained for CT-1.1.593
£ 0.009 Ma (Table 3). may represent this sam-
ples eruptive age, although this cannot be con-
firmed with cenainty from the dataset. An age of
ca. 1.59 Ma is consistent with the strangraphy.,
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which shows that CT-1 must be older than the
Orowi Member (1.60R8 £ 0.010 Ma) and younger
than CT-2(1.536 2 0.018 Ma) (Fig. 4. Table 1).

The observation that CT-9 yields an age iden-
tical to that of the overlying Tsfurrge Member
(Table 11 sugpests that significant volcanism was
occumng immediately prior to the cataclysmic
Tshirege Member eruption and collapse of the
Valles caldera. These precursor eruptions re-
sulted in deposition of = | m of tephra in the sec-
tions we studied (Fig. 4). and the geochemistry
of CT-9. which 1s identical 10 that of the first
erupted material of the Tshirege Member (Spell
et al., 1996). suggests thai these eruptions were
tapping the same magma chamber. These obser-
vations also allow that CT-9 records an early
pulse of the Tshirege Member Plinian eruption.

The new ¥Ar/™Ar dates place significant
chronological constraints on a magma chamber

1 ]
recharge event (Stin and Gonon, 1993 reconded

n samples stratigraphically equn alent with unns
between our samples 17-31 (Oww i Member,
and CT-2. Ages of 1.608 - 0.010 Ma (Orowg
Member) and 1.536 2 0.018 Ma (CT-21 supgent
that this event occurred within =70k +. ot crup-
tion of the Oow1 Member of the Bandeher Tult
and collapse of the Toledo caldera.

Cerro Toledo Rhyotite Domes ‘

Of the nine domes dateg ~ study, six have
been previously dated by the . Ar method 11z2ent
etal.. 1981: Sux et al.. 1988: Table 2). The new
VAN Ar ages are generally consistent with the
previously reported ages with the exception that
some are slightly older. Cerro Toledo Rhyohie
dome samples WS-2. TE-1, TE-20. und TE-28
vield *"Ar/"Ar ages similar 10 previous K-Ar
ages (Tables | and 2) 1lzett et al.. 19%;. Sun et
al.. 1988). Sample TE- 1S from the Turkey Ridge
dome as well as TE-26 from Ceno Trasquilur.
however. have significantly older *'Ar/™ Ar ages
than previous K-Ar ages (Table 2). These older
ages probably reflect incompiete degassing of
radiogenic argon during K-Ar dating ( Webb and
McDougall. 1967: McDowell, 1983).

Despite being the most contaminated unit

dated in this study. having xenocrysts as old as ca.
105 Ma. Warm Springs dome gave a *'Ar/™Ar
age indistinguishable from the previous K-Ar ape
(1.265 2 0.01 1 Ma vs. 1.25 1 0.04 Ma. respec-
tively) (Tables 2 and 3). An integrated age
tweighted by amount of *°Ar per analysis) of
3.61 2 0.018 Ma can be calculated from the
A/ Ar analyses in Table 3. It is common for
M Arf9Ar dates 1o be up 10 =10% older (as is the
casc here for TE-15) than K-Ar dates on sanidine
due to incomplete extraction of radiogenic argon
during K-Ar analysis (Webb and McDougall,
1967. McDowell. 1983). If the 25 crystals dated
from this sample are representative of the crysial
population. then the K-Ar age of 1.25 Ma is
=65% vounger, which would be unusual. This
suggests that the xenocrystic component 1s over-
represented in our analytical data.

The *'Ar/™Ar age of 1,343 £ 0.015 Ma ob-
tained for Turkey Ridge dome (Table 21ix R.3G
oider than the previous K-Ar age of 1.24
1 0.03 Ma reported by Stix et al. (1988). The
Unnamed dome gives a *"Ar/*“Ar age of 1.348
2 0.010 Ma. indistinguishable from the previous
K-Ar age of 1.33 2 0.02 Ma (Table 21. Cerro
Trasquilar, sample TE-26. gave a “'Ar/YAr age
of 1.359 2 0.012 Ma. which 1s 7.0% older than

the previously reporied age of 1.27 £ 0.02 Ma -~ A

(Table 2). .
Sample TE-20. from Los Posos East dow’

with the exception of tephra sample C”

cussed above. the only sample dated #
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that shows evidence tor significant excess *'Ar
with an indicated inital *'Ar/*Arof 02 ¢ 12
(Fig. 21, Because most of these analyses are
mghly radiogenic. the mean and weighted mean
agex tcalculated assuming an atmosphenc imtsal
argon composiion are only 220 older (eon-
trasting with CT-3 analy ses that are Jess radi-
ogenic. resuling in mean and weighted mean
ages =6% olden). Bevause the TE-20) isochron is
defined by a large number ot anaiyses tn = 20y
with a reasonable spread n radogeny yield, we
take the ochron age Jas the best estimate of the
eruptive age of the Los Posos East Jome. The
mochron ages of TE-20001.446 £ .00 Ma) and
CT-211.451 £ 0.022 Ma) are indistinguishable,
supgesting that CT- 3 iephsa s the Phinan phase
ot the eruption that produced the Lus Posos East
dome However, these two units are distinet geo-
chemically. suggesnng that thes are unrelated
1Spell et al., 1996

The last Cerro Toledo Rhyolite dome we
Jdated that was prevsousty dated by the K-Ar
method s Los Posos West 1sample TE-28) Al
though the *'Ar/™Ar ivochron date of 1.540
2 0.0012 Ma s within error of the presious 1.50
£ 0.05 Ma date, it s =275 older and vignsfi-
vantly more precise ( Table 2».

Cerro Toledo Rhyolite domes dated during
*7us study are within the Toledu embay ment with
the exception of Warm Springs dome. Cerro
Trasguilar. and possibly the Los Posos domes
1Fig. 1). There 1 no apparent regular progression
of ages with geographic Jocality within what re-
many of the Toledo caldera. Two samples of
Swerra de Toledo, a previously undated dome,
vieldages of 1.336. 2 0018 Ma(TE-9) and 1.379
2 U012 Ma s TE- 131, which are 3.2% different
and disunguishable at the 16 confidence level.
The Sierra de Toledo dome may be a composite
unit produced by multiple eruptions. Note that
Turkes Ridge 11,343 £ 0.015 Ma) and the Sierra
de Toledo dome form a vontinuous morphologi-
cal feature and thus may represent a single erup-
uve event between =1.34 and 13X Ma.

The most obvious aspect of the "Ar/™Ar
dates on Cerro Toledo Rhyolite domes - the tact
that five of the nine samples dated fall i an n-
terval between the daies on the two Sierra de
Toledo sumples TE-Y and TE-13. This 1 also an
wterval of ime during which two of the Cerro
Toledo Rhyolite tephra samples (CT-§. CT-6)
were erupted tFig. 2. Table 1. The previously
undated Indian Pount dome gave a *'Ar/™Ar age
of 1.463 2 0.011 Ma. As with Cerro Toledo Rhy-
olite tephra samples. the domes dated were
erupted during discrete periods separated by
longer guiescent inters als. Eruptions occurred at
1.84, 145, 1.38=1 4. and 1.27 Ma. Quiescent
intervals of 70-R0 k.y. separate these volcamie
periods.

Correlations Between Cerro Toledo Rhyolite
Tephra and Domes

Initial speculations on correlations between
Cerro Toledo Rhyolite tephra and domes were
made hy Heiken et al. (19861, who suggesied
that the Lon Poson 1East Los Posos in particulan
dome- or the Cerro Toledo domes comresponded
to tephra units that include our samples CT-1.
CT-2.CT-3. CT3. and CT-7 in stranigraphic Jes -
<ls § through 23 (Table 11. Heiken et al. 1 19R&)
atso mdwcated that strangraphic levels 26
through 41 «Table 1) (CT-R, CT-5. CT-6. and
CT-91 correlate with Pinnacle Peak. which way
not dated in this study.

Suv et al (19RR) discussed correlations be-
tween Cero Toledo Rhyclite ephrs and domes
based on the more detailed geochemastry and
peochronelogy available at that ume. They sug-
gested that the Los Posos domes Fig. 1) with
K-Arages of 1.47-1.50 Ma (Hetken et al . 1986
correlate with tephra units corresponding 1o our
samples CT-3, CT-4. and CT-7. which are Jated
here as 1.47 10 1.54 Ma (Table 11. Strangraphic
units, below which ous sample CT-8 fies. were
suggesied to correlate with the Turkey Ridge
domes idated as 1.24 2 0.03 Ma by Heiken et al.,
1986) The Southeast Rhyolite dume. Pinnacle
Peak,. Warm Spnngs dome. and Cerro Trasquilar
were suggested 10 correlate with tephra unite
vorrespunding 1o our samples CT-6 through
CT-9 (Stix et al.. 1988).

The *'Ar/™Ar ages reponied here t Tables | and
21 allow these correlations 10 be tested. Both
Cerro Toledo Rhyolite rephra and dome samples
record penodic volcanic activity and have similar
timing for these eruptive penods. Eruptive activ.
iy is recorded in Cerro Toledo Rhyolite tephra at
1.54,1.98,1.37. and 1.21 Ma. A similar uming of
eruplive episodes 1s defined by the Cerro Toledo
Rhyolite dome samples dated in thes study as
1.54, 145, 1.38-1.34, and 1.27 Ma (Fig. $1.

Tephra samples CT-2 and CT-3 (1.536
1 0.018 and 1.542 2 0.008 Ma. respectively )
trom ncar the base of the section vield ages iden-
tical 10 those obtained on Los Posos West dome
sample TE .25 11,540 2 0.012 Mar. This result
confirms the suggestions of Heiken et al. { 19%6)
and Stix et al. (1988) that CT-2 and CT-2 corre-
late with the Los Posos West dome. but shows
that Los Posos East (see below ) does not corre-
late to these stratigraphic levels in the 1ephra and
alyo shows that CT-4 and CT-7 are nat correla-
uve with Los Posos West (Fig. $).

Farther upsection. tephra samples CT-4 und
CT-8¢1.474 2 0.023 and 1.479 £ 0.020 Ma, re-
spectively) correlate with the Indian Point and
Los Posos East domes samples TE-1¥ and
TE-2011.463 2 0.011 and 1.446 £ 0.009 Ma. re-
spectively). although there 1~ a suggestion that
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Los Povos East may be shightly vounger thah
these Cerro Toledo Rhyolue tephra umpt&
Heihen et al. 119801 and Stux et al (198K, \&
gested the correlation between CT-3 und Liag
Posos East which our *'Ar/™Ar dates confing

Stx et al (198K correlated a section of Ccrg
Toledo Rbyolnte sephra with the Tuthey Ridge
dome Outr CT-R sample lies below this The
1.479 Ma *Ay™Ar age for CT-8 and thy
1.M3 Ma *'A¢/™Ar date on TE-15, trom Turkey
Ridge. do not suppon this correlation.

Tephra samples CT-8 and CT-611 376 2 0.0I1R
and 1.362 £ 0016, respectively 1 comrelate empo-
rally with a large group of samples from Sierra de
Toledo. Cerro Trasquilar. Unnamed dome. and
Turkey Ridge. samples TE- 1341 3179 20012 May,
TE-20 (LAS1 2 O™ Mo, TE-V o MR
20010 M), TE 1S AL M2 0018 Mo, and TE-9
(1.336 2 0.01% Mai. Sux et al. ( 19RKX) sugpeted
the comelation between CT-6 and the Warm
Spnngs and Cemo Trasquilar domes. which s sup-
poned by our daa.

There 15 no correlanive wephra Tor the Warm
Spnings dome (WS-2,1.265 2 0.011 Ma). Suv et
al. t198R) indicated a correlation between tephry
corresponding to CT-6 and CT-9 with the Warm
Spnngs dome Our duta show that CT-6 1 sig-
nificantly older and CT-9 significantly younger
than the Warm Springs dome 1Tabies | and 2).
There is no Plinian pumice fall unit within the
Cerro Toledo Rhyolite tephra sections we sam-
pled—stratigraphically  between CT-6 and
CT-9—that might represent the 1nstial phase of
the cruption prodiicing the Warm Springs dome.

At the top of the Cerro Toledo Rhyolie strati-
graphic section, tephra sample CT-9 ¢1.212
2 0.009 Ma) does not correlate with any domes
dated n thes study : however. it has an age indis-
tingumishable from that of the Tshirege Member
11.225 2 0.008 Ma). This 1s convisient with the
geochemustry of CT-9, which is indistinguish-
abie from the overlying Tshirege Member Plin-
1an pumice (Spell et al., 1996y,

SUMMARY

The Cerro Toledo Rhyolites record volcamsm
during the =380 h.y. intenal between two
caldera-forming eruptions; the Tshirege and
Otow1 members of the Bandelier Tuff in the Je-
mez Volcanic Field. They contain imponant in-
formation about the evolution of this large
crustal silicic magma system dunng the transi-
tion from and 10 caldera collapse events: this
study provides the good chronological control
which is essential for interpreting such data.

¥'Ar/™Ar dating of nine major purmice fall
units within the Cemro Toledo Rhyolite tephra,
which may record the inception of sigmificant
dome extrusion events within the Toledo caldera,
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ytehds a detailed chronology of eruptive activity:
seven of thes: unity have reliable and stran.
graphically consistent ages. With a few eacep-
tons. reliable sanidine inochrom were obtamed
from multiple laser tusions of indisidual phe.
nocry M. For some sparsely: porphyntic sumples
n which the dominani feldspar is plagioclase,
this phase was analy zed. Plagioclase dates were
generally of poor precision. discordant with co-
exnsting sanidine. and inconsistent with straty-
graphic constrants. The dates obtained suggest
that Cerro Toledo Rhyolite Plinian purmice fall
eruptions accurred throughout the interval be-
tween the Bandelier tuffs ica. 1.61-1.23 Mas,
but that sequences of these eruptions occurred in
pulses at cu. 1.8, 1.38. 1.37. and 1.22 Ma.
“'Ar/™Ar dates indicate that Cerro Toledo Rhy-
olite rhyolite domes were produced at .84, | .48,
1 38-1.34.and 1.27 Ma. and show that many can
be correlated chronologically with the tephra se-
quence. The oldest and youngest Cerro Toledo
Rhyolue tephra are indistinguishable in age from
the Otow1 Member and Tshsrege Member, re-
spectively. and thus therr geochemistry may pro-
vide innight o the final products of the Otowt
Member magma chamb: 1 and the carliest phases
of the Tshirege Membe:. magma chamber,

The cruptive chrone logy provided by this
study, when combined with geochemical and
wotopic data tSux and Gorton, 1993; Spelletal..
19961 shouid sigmficantly enhance our under-
standing of the evolution of & Bandelier silicic
magma system. For exampi . evidence for a
magma chamber recharge event revorded in
Cerro Toledn Rhyohitr 1cphra immediately
above the Otowi Member (Sux and Gonon,
1993). combined with straugraphic and age con-
sraints, andicate that ity occurred wathin
=70 L.y, of culdera collap~e.
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