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Magma Chamber Between Two Caldera-Forming Eruptions:
Geochemistry and Origin of the Cerro Toledo Rhyolite, ’
Jemez Mountains, New Mexico o

L3

Jorn STIX.! FRASER Gorr,? MicHAEL P. GORTON,' GRANT HEIKEN,? AND SAMMY R. GARCIA® i
The Cerro Tulede Rhyolie i a group of hugh-ulca thyoliic domes and tephras that range in uge from ,

1.45 10 1 12 Ma. The unit crops out mn the Jemez Mountains of northern New Mexico and lws strat- i

graphically between the composiionally zoned upper and lower
Cerra Totedo Rhyohte provides an exccptional opportunity 1o study the ongin of compositional 20
nation n stheic magma chambers because 1t aliows us 1o Joliow the restoration of the zonation with time
between these two large caldera-forming ignimbrite cruptions. Based upon stratigraphic, geochronolog.
und gcochemical evidence. we have correiated difierent Cerro Toledo Rhyolite tephra units with groum
of domes Early Cenry Toledo Rhyohie domes appea
nng fruclure. wherea. younger domes tend 10 dluster n the Toledo embayment The Cerre Toledo
Rhyolite appears to have tapped the most fracnonsied bquids at of near the 1op of the Bandehe magma
chamber and records the restoration of compositional gradients over a period of 0.33 m.y. et the
Lower Bandeint ignmonie cruption. CL Rb. Cs. heavy rare earth elements, Y. Nb, Th, and U inirease m
concemirstion 1n progressively younger Cerro Toledo Rhyolite rocks. Because of depletions en K/Cs, St.
Zy Nb, and La Yb over the same interval. we favos crysual Iractionation of essentially quarz alkah
Ieldspar, zrcon. and » hght rare carth element ennched phase (prohably atlamne) as the pnmary mecha-
msm by which the compositional gradienis were recsiablished. We beheve diflusive processes did not
play an imporant roke because (1) centain cations of
Iractionated with respect 1o each other ard () the obscrved chemical gradiwents confict with those

predicted by recent eaperunental Soret studues.

InTRODUCTION

The Cerro Toledo Rhyolite 1s a group of mctaluminous
gh-sihea thyolite domex and associated tephras that crop
out 1 and atound the Toledo and Valles calderas in the
Jemecz Mountaina of northern New Meuva, The Toledo und
Valics calderas were tormed at 145 and 1 12 Ma, respectively
[Doell €1 al.. 1968, Smuth and Barley. 1968 Smith et al., 1970)
{Figure 1) The Cerro Toledo Rhyohte consists of sihac lava
domes and tephra of fallout and surge origin. The unit s
situated stratigraptucally between the lower and upper mem-
bers of the Bandelier Tufl (LBT and UBT. respectively) and is
dated a1 1.47-1.20 Ma {lzet1 et al.. 1981, Heiken et al., 1986]

In contrast to the LBT and UBT, which are jarge-volume
{250-400 km?) rhyohtic 1gnimbries that were crupted geologi-
ally instantaneously dunrg calsera collapse and sre compo-
sitionally zoned. the Cerro Tokdo Rhyolite 15 a product of
explosive and effusive intracaldera activity that lasted 0.27-
033 m.y. during the period between the two cataclysmic Ban-
delier eruptions. The Cerro Toledo Rhyolite thus occupies the
interval between the caidecra-forming events and records the
restoration of chemical gradients and zonation within the
Bandelier magma chamber (Smuh, 1979]. The Cerro Toledo
Rhyolite deposits may represent the products of the most frac-
tionated liquids that collected at the top of the magmsa
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bers of the Bandeher Tufl. The

1 10 be Jocated generaily atong the Tolede: caldera

widely different valenaes and diffunivite. arc not

chamber. Because the stratigraphy and age of the. Cerro
Toleso Rhyolite 1ephra and domes are well known [1zet1 et
al, 1981; Goff 1 al. 1984; Heiken 2t al.. 1986), ~e believe
Ihese tocks provide a window through which we are able to
study the teestablishment of compositional zonation in 3 sli-
ac magma chamber after a caldera-lorming eruption. Ignim-
brites only represent snapshots of compositional gradients in a
magma chamber at an instant in time: in contrast, the Cerro
Toledo Rhyohite aliows us Lo follow the establishment of the
gradients oves 0.3 m.y., thus providing an opportunity to place
much tighter constraints on the mechanisms nvolved.

1 is the purpose of this study 10 (1) correlate Cerro Toledo
Rhyolite domes and iephras by means of stratigraphy, geo-
chemustry, and geachrenology. (2) document and discuss geo-
chemical vanation of the Cerro Toledo Rhyolite, and (3) dis-
cuss the peirogenesis of the Cerro Toledo Rhyolite and the
evolution of composiional zonation wathin the Bandcher
magma chamber.

GEOCHRONOLOGY, GEOLOGY, AND MINERALOGY

Toledo domes and tephra arc formally named the Cerro
Toledo Rhyolitc and lic stratigraphically between the LBT
(Otowi Member), which was crupted at 1.45 Ma during lorma-
tson of the Toledo caldera, and the UBT (Tshirege Member),
crupted at 1.12 Ma from Valies caldera [(/zett et ol 1981]
(dates recal mlated from Doell et al. [1968]) The locations of
the Toledo and Vallcs calderas appear to be nearly coincident
{Goff et al., 1984], and both may have formed by asymmetric
wrapdoor collapse with caldera fill thickening 1o the east [Niel-
son and Hulen, 1984; Heiken et al., 1986, Self et al., 1986). The
Cerro Toledo Rhyolite domes were first recogmzed by Griggs
[ 19647 and mupped by Smith er al. [1970). The Cerro Toledo
Rhyolite tufls were noted by Hailey et al. [1969] and siso
mapped by Smith et al. [1970). 1zett @1 al. {1981] and Heiken
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TOLEDO AND VALLES
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Ecerro ToLeDO AHYOUTE GROUP

Fip. 1. Map showing the locatons of Toledo and Valles alderas and Totedo embayment, Jemez Mountains, New
Mevco. Cerro Toledo Rhyolite domes and 1avas are shown by the stippied patterns; Cerro Toledo Rhyolite icphras are
represenicd by the cross-hatched paitern. Locations of vents are indicated by the enclosed swars.

et al. [1986] have studicd the miratigraphy, volcanology., and
geochronology of the Cerro Tuledo Rhyolite tephra in detail.

Domes

Cerro Tokdo Rhyolite domes are convenicntly divided into
three groups: t1) A group of four domes, exposed within the
north-northeast part of Valles caldera, forms & semicircular
outcrop patiern. and is dated at 1.50-1.25 Ma (Heiken et al,
1986 (Figure 1 and Table t). These domes may represent
remnants of ring fracture voicanisn: in Toledo caldera {Goff e1
al., 1984: Seif e1 al., 1986) and are referred to herein as the
Tolido Ring Fracture (TRF) Group. (2) The second set of
domes crops out in the Toledo embayment and consists of the
Cerro Toledo (CT) Group, 1.50-1.33 Ma; the Southeast Rhyo-
fite (SR) Group. 1.20 Ma; and the Turkey Ridge (TR) Group,
1.24 Ma (Figure | and Tabie 1). (3) The third locality is Rabbit
Mountain (1.47 Mas » dome and pyroclastics situated on the
southeast margin of Valles caldera (Figure | and Table 1).
Rabbit Mountain peirographically and geochemically resem-
bles domes of the CT and has & similar K-Ar age.

Cerro Rubio quartz latitc domes also crop out in the

Toledo embayment {Figure 1). These domes are considerably:

older (2.2-3.6 Ma) than those of the Cerrg Toledo Rhyolie

(Table 1). The Cerro Rubio domes appear 10 be part of )
Tschicoma Formation, 8 unit which consists of intermediste
composition lavas and pyrociastics that were erupted at 36~
6.7 Ma [Locfller, 1984]. These rocks may represent parestsl
magmas of the Cerro Toledo Rhyolite and Bandelier Tuff, 8

Our ongoing studies have so far shown thal Cerro Tolede,

Rhyolite domes arc composed primarily of glass (> 90%), with 28

lesser amounts of plagioclase (7-15%), -hornblende (< 3%)

sanidine and quartz (< 2%) biotite (< 1%), ard oract,

amounts of anorthoclase and hypersthene [Helken @ ol
19861

Teph-u

Cerro Toledo Rhyolite 1ephra consists of Plinian pumsics
falls. fine-grained phreatomagmatic ash beds of fallout »»d 3N

surge origin that contain accretionary lapilli and epiclast
scdimentary rocks. Individual tephra units sometimes show.




¢ MOTS SHRURAIOS UN ¥

apsepoeda pue qpdeg Aw
pus Inof[s] JO $Paq Ysw 3

smnd RN JO BT

1Edatend
§Z§§§#§§
i
Tiiidr.
rigst iy

a@ ut no dod oy s

ase varyda mokqL
MIN U

AVALY Q

tHere, A, = 058 x 10°"yr~". 1,
Do, Doell ¢t al. (1968]; De, R. Drake,
Tamanyu, Geological Survey of Japan. Many dates have been previously seported by Goff et ol [1984]; Hei

-4962 % 10°'%yr
University of Californis,

=1, 40K /K = 1.167 x 10" *; method of reporting
Berkeley; I, Izet1 et ol [1981]; K, D.

error varies from lab to leb
K rummenacher, San Diego State University:
ken et al. [1986], and Self et al. (1986).

TABLE | Compil of P Argon Dates From Tews Group Rhyolites and Related Rocks in the Valles Calders, Toledo Embayment. and Pajarito Pl Jemer M
Mazyico
. . Radiogenic “°Ar,  Radiog Age.t
Sample Unit Rock Type Material K. % 10°'? molg AL, % 10* years Source] Commaent
Upper Member, Bandelier Tuff
Tsankawi Pumice mice sanidine i inati
Cerro Toledo Rhyolite pu 112 £ 0.0) i weighted mean of three age determinations
Oyroclastic units
Fait unit D? pumice samdine 602 128 $6.8 1.23 £ 0.02 t
38-6-5 Falt unit C pumice glass + sanidine 3928 5.590 133 1.52 + 0.4 S
Fall unit B purmice zircon 143 £ 0.11 ! mean of two fission-track ages
pumsce 147 + 0.04 ' isochron age from sanidine, plag-
ioclase. snd horablende
Cerro Toledo Rhyolite
Toledo Embayment domes .
F81-150 Pinnacle Pesk obsidian glass 114 1797 46) 1.20 £ 0.02 T mean of two age determinations
PC-81-13 Yurkey Ridge rhyohie samdmne 5.80 128 409 124 4003 Dr
F8t-148 Unnamed dome obsidian glass m 8.382 200 131 ¢ 002 T mesn of two age determinations
F34-6 Rabbit Mountain obsidian glass + sanidine 3682 9.138 436 143+ 0.04 S
F84-6 Rabbit Mountain obsidian glass 3133 9.838 65.0 1.52 £ 0.08 Dr
F84-9 Cerro Joledo rhyolite giass + sanidine 1870 9236 302 1.38 £ 0.08 S
FRi.146 Cerro Toledo obsidisn glase )69 10,378 5.5 1.62 £ 0.02 T mean of two age determinations
Toledo Calders moat domes
Warm Springs dome rhyolite samdine 58% 1263 339 1.2 £ 0.04 Do weighted mean of two age determinations
3 F81-139 Cerro 1rasquilar obsidian glass 38 £238 5o 1.27 £ 0.0 T mean of two age determinations
F84.12 East Los Posos dome rhyolite glass + sanidine 2 $37 6.46 410 1.47 £ 0.03 S
FRY.27 West Los Posos dome thyolite sanidine T 5588 146 450 1.50 £ 0.08 Dr
Lower Member, Bandelier Tufl
Guaje Pumice pumice sanidine 145 £ 0.06 1 weighled mesn of three age determinations
Cerro Rubio Quartz Latite .
614-84-8 Dome north of Cerro Rubio dncite plagiociae 0.42¢ 1.618 441 218 £ 0.9 S
F8)-245 Cerro Rubio dome dscite plagiociase 0.353 220 264 159 £ 0.36 Dr
Pre-Bandelier Ignimbrite
F84-10 tgnimbrite 8 pumice sanidine 439 216 618 284 £ 007 S
V81-%68 tgnimbrite A pumice ssnidine 4.60 29.06 4 364 2 1.64 K
1563 collected by ). Stix, PC-81-13 coltected by P. Carvol; 614-84-8 flected by G. Vab 1 V81.56B d by S. Self: all F samples collected by F. Goff.

$, M. Shafiqulish, University of Ardizons; T, S.
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UPFER MEMBER {TSHIREGE] OF THE BAVDELIER TUFF
MASIVE SANIDNNE, GUARTZ, HORNSLENDEFHYRIC
PYROCLASTIC FLOWS.

MASSIVE PURICE LAPILLY BED, T% LITHIC CLASTR.

NORMALLY-GRADED PUNICE SED. 8% LITHIC CLASTS;
O1 VER WELDED TUFF AND GLASSY ANDESITE LAVA.

L8 ALTERNATE SEDS OF FINE ASH BVITH ACCRETIONARY
LAPILLE) AND PUBRCE LAMLLL SOME FINE ASH SE08
GRADS UPRARD SNTO PUMICE SER3. 15-20% LITHIC CLASTS;
MOPTLY PEALITE AND DISIDIAN.

o MASSIVE 70 CAUDELY NORMALLY-GRADED PUMICE SED.
] CONTAINS $30% LITHIC CLASTS; MGSTLY PORPHYRITC
N LAVAS BUT BOME OSSIDIAN AND PERLITE.
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#” WTERBEDOED VERY FINE ASH ARD PMICE LAMILLL. FINE
ASH BEDS COHTAI ACCRETIONARY LAPILLE AND SURGE
DUMES. MASSIVE AND REVERSELY - GRADED PUMICE $£08
CONTAIN S - 307, L ITHIC CLASYE; PORPRYRITIC LAVAS AND
TRACES OF OBSICIAN,

HORMALLY GRADED PUMICE LAPILLI BED. CONTAINS
PUMICE BOMEE A TO 12 om LONG. 10-15% LITHIC ZLASTS;
MOSTLY PORPHYRITIC LAVAS.

BEVERAL NEVERSE LY-GRADED 8808 OF FUMICE LAMLLI
AND COARZE ABH, 5-10% LITHIC CLASTS; MOSTLY LAVAS.

WORMALLY BRADED PUMICE LAPH.LY BED. 10-155 LITHIC
. CLASTS;MUSTLY AWDESITIC, DACITIC LAVAS.

S ——————tt——
ALL TURFS ARE PHENOCARYET < POOR € %) mromneesare i

0% 8 2] 7 waTa. Fmt s aY 0ASE ITH ACCRETIONARY LAPILLL.
- | SROKEN §Y MUDCRACKS, OVERLAIN. BY AEVERSELY

fafls and finc-grained phr

-gradation rom phreatomagmatic ash &t the base inio coarser
purmics falls upward {Helken o el., 1986). The tephra is found
o 5 20Am-wide bond 1o the cast of the Toldo embayment
pear Los Alamos and in & 4-kmi-wide blanket from

sbbit Mountain:to the southeast of Valies caldera [Hetken et
3 986] (Figure 1) A polinlk subsurfacs intracaldera facies
& Tdiro Toleda Rhyolite’ tephrs i represcrited by the S,
MQNMMJRM[MiDIMM[dm

eastwatd £ 70 m 1 a depth of 1709 m in borchole B4,
.. The;sratigraphy of the Cerro Toledo Rhyolite tephra near
famoe ks sumnarized below from Heiken e al {1986).
tphra consisty of scven major units (Figure 2), beginning

sving some finc ash with mud cracka. Above, uniis b
‘$"are Plinian lallout bods. Unit b ks dated st 147  0.04
2eit &1 al., 1981] (Teble 1) Unit ¢ consists of fine tufl

iAJ GRADED PUBICE LAPMILLISER.  ~
. LOWER MEISER (0TOWI) OF THE BANDELIER TUFF. MASSIVE,

COMPOSITE STRATIGRAPHIC BECTION, CERRD TOLEDO TUFFS.

Fig 2. Composite suatigraphic column, Cerro Toledo Rhyolile icphra. The tephras oonsist ‘of pumice falls and

phrestomagmatk ash. a3 well 33 reworked volcaniciastic debris. Units ¢ and ¢ show -rapi¢ fi between p
ic deposi (c‘.e'}Nomlehindicaledmdm“ﬁlbklhidmolduuphn

81 difterent localities. Where |bcy.a‘op out, the tephras range from less than 1 m 10 22 m thick,

fapilli snd cosrse ash. Unit ¢ is simflar to ¢ Units { and g a8

Jesibrgent block of Valles caldera. The S, sandsione thickens

i‘niitsl.a',t'jmi 2° 3t she base, which consist of pumice
"1%. For example, unit b contains only 0.00014 wt % -zircos

age of 1.52 £ 004 Ma. Unit d is dated at 1.23 3! R
[1zett et al, 1981]. Unit 4 is a pumice afl, wheress uiiit £
contains finc ash with accretionary lapilli () aliemating with 8.

purice beds {e). Typicafly, ine asli grades upiard intop e

both pumice falls, 1
Cerro Toledo Rhyolite tephina is composed predd ol
of glasm (>95%). Sanidine does not exceed 5% and quirdi:

1%, wheieas the Bandelier Tuff contains 5-20% sazedine:
$-15% guartz [Smirh end Bailey, 1966; Heiken &1 al. 1586}
We lave s0 far identified the following minor phases in Gerre
Toledo Rhyolite tephra: plagidclase, .sugite, b _
hornblende, biotite, Fe-Ti oxides, and trsces of ‘Zircon snd
aBanite [Hetken et al, 1956). These mincrals do not ecwsood

[1ze11 & al., 1981]).




I pumice falls and
ns betwees pumice
spess of the tephra

wmice falls (c) and has an
dated at 1.23 + 0.02 Ma
'mice fall, whereas unit ¢
lapilli {¢') alternating with
rades upward into pumice
lar to ¢. Units { and g are

composed predominantly
4 exceed $% and quarz

tains $-20% sanidine and

¥66; Heiken et al.. 1986}
ng minor phases :n Cetro
$e, sugite, hypersthens,
nd waces of zircon and
- minerals do not excred

nly 0.00014 wt % zitcoB -

CorreLamon Berween Cerro ToLEDo
RHYOUTE 1DOMES AND TEPHRA

~ Geochemical Mathods

Major clements were analyzed by X ray fluorescence {XRF)
ot Los Alamos following the praceduses of Voleniine [1983).
except for samples 14-2, 14-4, 14-5, 14.7, 14-8, 15-1, and 15.2
which were analyzed by clectron microprobe (Heiken et al.,
1986} Rb, St, Y. Zr, and Nb were run by XRF at Toronto
following Norrsh and Chappell [1977]). Q1 Cs, Co, Sc, rarc
earth elements (REEL HI, Ta, Th, and U were analyzed by
w(mmenlnl peutron activation analysis (INAA) methods at
Los Alamos sficr Garcia er al. {1982) and Minor e1 al. [1982].
Table 2 gives accuracy and precision for rephcate analyses of
NIM-G. Table 3 lists pertinent geochemical daia for individ-
ual samples.

Correlations

Figure 3 shows a composite ciwmostraugraphy of Cerro
Toledo Rhyolite tephra asscmbled from individual samples of
five stratigraphic sections through the twfls. ‘We previously
pave correlated individual tephra unils amorg sections by
means of marker beds (e.g.. units ¢ and ¢| and geochemistry, as
deiarled by Meiken e1 al [1986] We discuss the correlations
between domes and tephra generally in order of decressing
age and refer 1he render to Figure 3and Tables . 3. and 4.

Oider Cerro Toledo Rhyolues

Tephra umts a-a" are relatively depleted in Kb and Nb. for
example, compared with the younger paris of tte stratigraphy.
These units do not appear to correlate with any Cerro Toledo
Rhyolite domes. The oldest domes may have been obliterated
or buried during subsequent eaplosive activity of the Cerro
Toledo Rhyolite and UBT The Los Posos domes (1.50 1 a7
Ma. TRF) correlate well wath 1ephra units b and b’ (1.47 Ma)
with respect to age and chenustry. For example. elements such
as Rb (domes 139-145 ppm, tufls 139-145 ppm) and Sr (domes
20 23 ppm, iufls 21-24 ppm) bear strong resemblance. How-
ever, 2t shows somewhat poorer agreement (domes 162-168
ppm. tufls 134-144 ppm). This may be a result of variable
crystal contents between tephras and domes and/or changing
Zircon saturation levels between the time of tephra cruptions
and emplacement of the domes, due to different amounts of
water and/or different temperatures of the tephra and dome
magmas [Harrison end Watson. 198); Watson and Harrison,
1983, 1984).

Rabbit Mountain {average date 1.47 Ma) and Cerro Toledo
{average 1.50 Ma, CT) have similar ages 10 that of units b and
b'. The domes are enriched in Nb, Rb, and Y and depicted in
St compared with the tufls (Table 3). suggesting either that the
eruptions were compositionally zoned or that the domes were
not the source of the tephra units

Middle Cerro Toledo Rhyolites

The Turkey Ridge domes (1.24 Ma, TR) sppear intermedi-
ate geochemically between older TRE domes (1.50-1.47 Ma,
Los Posos) and younger TRF domes (1.27-1.25 Ma. Warm
Springs dome. Cerro Trasquilar). Ehments such as Nb, Rb,
and heavy rare carth clements (HREE) cicarly display this
trend (e.g.. TR 85-89 ppm Nb, TRF 69150 ppm Nb). The
Turkey Ridge domes may represent the source of 1ephras in
and/or between units d and ¢ This would be consistent with
respect to age, because umit d is dated at 1.23 Ma [Izeu er al..
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TABLE 2. Precision and Accurucy for Trace Element Analyses of
NIM-G by XRF and INAA

Accepred Values. ppm

Abbey Gorwndarajw
Element n <. ppm 1o, ppm (1983} (1984)
Q 1] 20 « 170? 10
Rb L} M9 2 1N 120
Cs 1 1.2 0s 1? 17
Se R 121 0z 10 10
la 1) n 7 108? 109
Ce n m 16 200 198
Nd 13 o9 10 68" 72
Sm 1 16 2 167 158
Eu 13 0.s 03} 04" 013
M 1 2 2 18 Al
Yo 1 187 07 14 142
lu 13 21 0.2 b 2
Y .Y 137 07 1458 142
Zt 3 291 1 MO0 w0
Hf 13 134 06 (4 12
Nb ] 47 o9 $3 33
Th 1 $2 3 52 b1
u t 174 (1B} L 187

1981). However, K/Cs ratios of thc domes (1.7-84 = 10°)
lavor @ correlation in units ¢ andjor d (K/Cs 8.0-8.4 x 10%).
One possible problem s that these domes carry phenocrysts,
whereas the tulls are nearly aphyric. An exact geochemical
correlation is not possible in this casc as with units b and b’;
however. the data do suggest that the sources of units d
and/or ¢ were the Turkey Ridge domes.

Y.unger Cerra Toledo Rhyolites

With respect 10 Nb, Rb. Y, Th, and L), the Southcast Rhyo-
e dome {120 Ma, SR) and welded tulls of Pinnacle Peak
show close correspondence with unit e. Heiken ef al. [1986]
have sugpesied that a wil ring in which the welded tufl is
found was the source of umit . Because unit ¢ is less than 1.2}
Ma [/ze11 e1 al., 1981), the geochronology is consisient be-
1ween dome and tephra. Three objections to this correlstion
are (1) the dome carries phenocrysis, whereas the wffs are
practically aphyric, (2) the dome has very low St. whereas unit
¢ has ¢ ppm Sr. (3) the REE content of the domes does not
match that of unit ¢. and (4) the K/Cs ratios of thc domes
(4 3-4.7 x 10°) are lower than those of unit ¢ (K/Cs 58-6.8

» 10%). The second problem is a general one between Cerro

Toledo Rhyolite comes and tephra, the third may be an ana-
Iytical cfiect, and the fourth suggests the domes lie strati-
graphically between unit f and the Tsankawi Pumice (K/Cs
5.2-28 x-10".

Warm Springs dome (1.25 Ma, TRF) and Certo Trasquilar
(1.27 Ma. TRF) are also possible sources of units e—g. Certain
trace clements such as Rb, Nb, Zr, Y, and U show closc agree-
ment. However, Cerro Trasquilar also is d in Sr with
respect 1o the wils The K/Cs ratios of the domes (3.7-4.6

x 10%) agnin indicate that the domes are situated between
umit § and the Tsankawi Pumice (Table 3).

T sankawi Pumice Bed of UBT

The Tsankawi Pumice bed represents the inntial Plinian de-
posit from the cruption that formed Valles caldcra at 1.12 Ma
(Doell et ai., 1968]. The Tsankawi thus overlies 1nd posidates
the ¢erro Toledo Rhyolite. It is therefore interesting that
Warm Springs dome {1.25 Ma, TRF) has trace ¢lement con-

-y
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TABLE 3a  Goochemical Analysey *

-

———

Unit &

*Tephrn sumples were collecied }mm fo
on the Guaye Mountain 7§
R6E. soc 11: section 25. SW1. T20N, REE, sec 14,

-un Quadrangle. Secion 6, NWE, TI9N, ROE. sex 13; section 14, SWi

us si7angruphic sections, indicated by the prefix in the sample number. The four sections are locatad
+ TI9N, R6E. sec 10; section 15; SWY, TIIN,

———
s a 2 [ b L} b b b b 3
D
Number® 15-8 143 14.7 15-9 15-10 145 61 62 63 o4 [ 3]
$i0, . 78.1 780 ni
TiO, 0.16 0.04 0.10
ALO, 21 122 121 116 9 121 1n3 ns 119 s 14
Fe, O, (K]} 1.06 101 118 108 0.82 108 093 e . 089 0ss
MoO 0.06 0.05 007 0.06 0.06 0.07 006 006 0.06 006 0ns
M;O 002 0.04 . ’ 0.04 res .o oee
Ca0O 043 032 032 043 e 0.37 0s1 03 047 034 o
Na,O 380 3.24 3 348 3.¢0 .8 Je9 328 369 169 13¢
K,0 4.94 4.58 4.66 432 4.58 437 4.7 4.54 508 LRI 436
P'O. .o .. vee e . . .o e .. R . .ws
wl ) e L
Total 99.73 99.98 100.04
a 100 900 1000 900 1300 1300 1700 1100 1100 1200 1000
Rb 9 B 2 140 145 139 138 139 153
Cs 28 24 30 8 38 15 4.3 a9 42 43 43
Se 30 o e 8. r* - 21 23 24 25 13
le n 50 49 b 4 43 4 a4 ) Q 2
Ce 149 - 107 93 126 3 Bo 104 87 97 8 ° .
N - Y] 33 8 . e
Sm t X [ X} 78 68 2.8 59 62 74 64 64 [ V]
Eu 0.34 0.0 0.12 023 0.2 0.48 029 020 029 02¢ [1F )
Dy 57 6.7 69 6.6 63 63 63 64 39 6.2 22
b 32 43 44 44 4.5 45 40 41 a4 3 0
L 004 067 0.6% 072 0.67 (1l 1] 0.7 0.63 G671 0.68 on
Y 36 : . 4 L > : “ Q L] 42 «
Zr 309 . 161 140 . 144 133 136 134 135
Hf 2.6 6.0 54 64 32 33 62 49 s3 60 9
Nb 50 s 0 [\ - 67 o4 62 (1] ®
™ 14 17 17 n 17 18 17 18 17 17 18
(V) 43 5. 3.5 se 60 S8 60 L% A 87 3.7 [ %]
Analyzed sampies are combined lapudls that were handpicked and cleaned ulirasonically prior 10 being crushed.

tonts remarkably similar to the basal Tsankawi Pumice
(sample 6-8) that is exposed above Cerro Toledo Rhyolite
tephra in the eastern Jemez Mountains (eg, Warm Springs
dome 298 ppm Rb, Tsankawi 297 ppm Rb). However, light
rare earth elements (LREE) do not agree so well between these
two units. Furthermore, K-Ar ages conflict, and Self @1 al.
[1986) have placed the source of the Tsankawi nenr Redondo
Paak jrom isopach dsta {Figure 1) Sample 6-8 may not repre-
sent the true base of the Tsankawi Pumice because it is not
enriched in Rb, for exampie, compared with other pies of

1983). Certain tephra units are in part phreatomagmatic (eg. ;
units ¢ and ¢') (Figure 2) Heiken ef al. [1986] suggesied the
tuffs erupied through a lake in the topographically low nortb-
castern part of Valles caldera and Toledo embayment.
Because of refinements in our knowledge of Toledo calders
and Toledo embsyment, the Cerro Toledo Rhyolite tephra are
not mercly a sequence of 1uffs from moat rhyolite eruptions.  §
The above age and geochemical correlations suggest that the v
location of source domes for Cerro Toledo Rhbyolite sephn ¥
hanged, in part, from ring fracture domes in Toledo calders %

Teankawi collected in the Jemez Mountains (J. Wolfl, Univer-
sity of Texas, unpublished data, 1987). Indeed, the thickness of
Teankawi Pumice is much less to the cast of Valles caldera
than to the west [Seff o1 al., 1986). Although sample -8 and
Wann Springs dome secmingly correlate with respect to goo-
cbemistry (but not age), samplec 6-8 may represent s less
evolved part of the Taankswi Pumice, erupted at 1.12 Ma, and
may correspond 10 a ceruain level of compositional zonation
in Ure Bandclier magma chamber that was also tapped by the
erujtion of Warm Springs dome at 1.25 Ms. This lkevel of
2onution may have been situated at & grester depth in the
magma chamber at 1.12 Ma than at 1.25 Ma.

Discussion

Clearly, Cenvo Toledo Rbyolite domes are the source of
Cerro Toledo Rbyolite tephra and were associated with ex-
plosive volcanic activity. The eruptions appear 1o be a result
of high water coptent of the magma [Newhall and Melson,

NN P

in carly Cerro Toledo Rhbyolite time to Toledo embayment ‘§ |
domes in middle to late Cerro Toledo Rhyolite time. Ths 8
locus of explosive volcanism then changed dramatically t0 &
near Redondo Pesk at 1.12 Ma during eruption of UBT [Sef
et al. 1986). The structural emplacerment of domes in Toledo 3
embayment is probsbly not coincidental because the Jemee
fault zome, resurgent dome faults, Toledo embayment, and }
Santa Qlara shear zone define the trace of the Jemes lin-
cament, & zone of crustal weakness intermittently active from
Precarbrian to Quaternary time [ Aldrich, 1986).

GBOCHEMICAL VARIATION WITHIN THE
Cerro ToLEDO RHYOLNE

Domes

Younger TRF domes (Warm Springs, Cerro Ttuqm"ﬂ-"

1.27-1.25 Ma) are depleted in LREE, Eu, and Sr and a. ]
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107 112 L1 118 116 1.00 112 119 n
0.07 007 0.06 007 0.07. o.n 0.07 0.08 -
. 0.04 002 .. Fl
. 043 0.26 0.28 0.25 0.66 . i *
190 388 1 36 3176 1.5 2.5 M\
4352 498 4.61 495 513 $14 $.04 436
99.69 9993
1500 1600 1400 1700 1700 1100 1800 1700
190 197 .. 200 197 e s 202
“0 6.1 6.2 63 73 8.8 sl 69
0 $7 3t 30 .- 44
l 33 33 3 3¢ 36 i 38
] 80 % R6 80 81 ” 78
18 X 66 19 18 sy 7 24
o018 0.22 - 008 o 0.12 0.12 ols
9.2 89 9.2 94 93 96 9.3 1
65 60 (%] (%] 22 58 6.2 10
099 10 096 1 ¥ 086 096 10
6t 66 - &6 67 . cee 9
157 161 161 16} .- - 168
10 7.1 18 7.3 8.4 69 69 79
N 9s : 95 9% . - 9
bl 22 2 22 2 20 20 2
31 %1 8.0 80 8.0 69 69 8.2
enriched in HREE. Y, Cs. Rb, Nb, Th. and U compared with Tephra

the older TRF domes (Los Posos, 1.5-1.47 Ma). In contrast,
CT and SR domes exhibit comparatively little chemical vari-
ation with age for many elements (e.8. Rb, Zr. Nb, Th, U)
although some variability exists fo REE. Y, and Cs. TR
domes show generally lower concentrations of Rb, Zr, HEL Nb,
Y, and U compared with CT and SR domes (Tabic 3).

The sbove reistionships suggest that the chemical compo-
sitions of Cerro Toledo Rhyolite domes are, in part, structur-
ally controlled by the location of Toledo caldera. Intracaldera
ring fractiure domes (TRF) show large geochemical changes
with time and thus may be connected to the main Bandelier
magms chamber. Extracaldera domes (CT, SR) exhibit much
more limited temporal chemical evolution snd may be erup-

tive products of a series of smaller, isoisied magma bodies in
r which geochemical processes operated similarly but did not
enrich or deplete different elements so eflicicnty. As an exam-
ple, Rabbit Mountain (CT) crops out on the southeast margin

The relative ages of the different Cerro Toledo Rhyolite
tephra units are well understood because of good time-
stratigraphic control. Due 10 stratigraphic juxiaposition, we
are able 10 examine temporsal geochemical relationships be-
tween the LBT and UBT and the Cerro Toledo Rhyolite
tephra. The tcphra scquence shows systematic geochemical
variations with time more clearly than do the Cerro Toledo
Rhyolite domes.

Many trace tlements vary systeinatically in concenuration
upsection through the Cerro Toledo Rhbyolite stratigraphic
column (Figures 3 and 4). C1, Cs, Rb, Nb, Y, Th, U, and
HREE are enriched upward. For example, Nb increases
upward from 50 ppm at the base of the Cerro Toledo Rhyolite
10 156 ppm at the Tsankawi Pumice bed. In contrast, LREE
decrease irvegularly in e stion up: through most
of the sequence bul increase at unit ¢ and above. Zr decreases

of Toledo calders and is isolated from the other domes of
Toledo embayment (Figuse 1); however, Rabbit Mountain has
many geochemical similarities to other CT and SR domes.
The tower concentrations of Rb, Zr, HI, Nb, Y, and U within
TR domes, compared with CT and SR (lomes, may reflect a
small, isolated magma chamber that evolved somewhat differ-
ently from thosc of CT and SR domcs. Becausc the Jemez
lineament probably controlled the ascent of magma, the TR
domes may have been supplied with diflerent amounts of
magma at differing rates and times compared with the CT and
SR domes.

10 a2 minimum in the middle of the sequence, then increases
upward from there. However, the Zr/Nb ratio decreases up-
section. Likewise, the K/Cs and {La/Yb], ratios systemati-
cally decrease upward (14,600-2800 and 13-3.2, respectively)
(Figure 4).

Unit b displays a slight reversal of trend for elements such
as Rb. Nb, and Y (Figure 3). This reversal may be the result of
a relatively large eruption that tapped a slightly deep level of
the Bandelier magma chamber. Indeed, unit b is 8 thick (2 m
at section 15) Plinian deposit when cormmpared with other
Cerro Toledo Rhyolite tephra units. We believe significant the
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- TABLE 3. Geochemicn! Anslyses for Associated Rocks %
Toledo Ring Fractuie Group Y
9 Turk, i i
Warm Wen Wer Vot ey Ridge Gronp Cerro Toledo Oreup Southeast Rhyotite Group
; Springs Cerra Lot Los Low tadisn Unnamed Rabbit Cerro ] d U v 4 Pinnacte
Dome  Trasquiter Posos Posos Posos Point Dome Mountsin  Teledo Dome Dome Dome Peak
Number  F82.9 Fii-139 F81123  F13.27°  Fus26  FRI-141 (33%)) F30-36 Foi-M48  FRL Fi3-20 F21-1%0 .15 ”
s1o, 759 5.2 .3 7.3 764 13 79 769 0 %8 m o 743 #
o, 003 008 (X}] 012 0.12 009 0.08 008 008 007 008 0.08 007 "
ALO, 126 ne 124 122 128 122 122 121 122 120 122 123 122
Fe,0, 136 10 134 .9 1.36 09t 1.06 1.03 139 164 116 107 099 F .
M 0.03 007 006 Q0. . 006 006 008 00?7 003 006 0.06 007 007 f
MO 008 00 008 0.06 008 004 0.05 003 an om om 003 0.03 g
0 012 026 (YY) €1 043 020 0.16 030 a4 )] .19 0.23 0.19
N1,0 320 o 195 w18 au 4 391 45 a2 X7) <08 446 ] §
X,0 494 “w a8 454 440 457 4 042 447 0 4.3 443 445 -}
P,0, 002 0003 001 0.008 001 2003 0.00% 0008 6008 0.008 0.01 0.008 014 8
Lot 039 119 . 383 046 048 o 0.52 0.5 0.25 0N a2 0.%0 i
Totst 12032 100.52 10088 10012 100,54 19008 .48 100.00 99,59 99.38 LN 100.04 99.37
Ct 900 2000 1100 200 900 &0n 0 2100 0 06 300 2200 2100
Rb F. ] 08 35 143 143 % 192 198 199 ” 1o 202 199
Cs " LX) 37 36 38 49 a8 69 48 4y 'R} 86 18
St (1) <1 23 » 20 <! <l <! <) <1 23 <! <t
Ls k] 36 $7 © “ %0 36 4 1 n 2 34 41 g
Co 7% %0 5 - L] n ) [} ” K] 0 (1] 73
Nd 19 2 3 2% 3 n 56 n 18 1] 18 pi} 0 g
Sm X ] 4 2.7 &4 (1] 17 | B 2.7 70 3 70 74 90
) 606 0.09 oK old 0.19 oo - 0.10 . 0.7 .o o 008
Dy 18 12 80 82 69 - - 84 L3 " 10 74 79 12 12 :
Yb " 1 48 4 50 87 9 19 %) 5.7 60 6t 2.7 ¥
tu 1.4 097 0% . 08s 0.67 on 087 10 oT4 0.50 0.75 0.83 09 &
Y 106 € 43 0 “ %0 34 (1] % ) 0 73 67
Zr 259 184 162 168 T 142 158 m 172 168 m 189 161
HE 1 (3 63 62 80 67 72 89 86 77 14 LX 18 ;
Nb 150 L] & 69 7 L1 89 91 9 (] 9 100 97
Th M 2 19 2 19 2 n n 2 2% n 7] F3)
u 16 02 $3 59 - 61 a6 76 20 [X] 86 17 LY} (1]
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10 168 T m n” 16 n
4 R 16
43 62 12 (1) 8 71 84 LX)
o ® ; “. ) »® 99 98 100
19 2 , n n n u n 24 '
59 59 61 'Y 76 &0 8s 26 21 84 A
[ ]
Cerro Rubio Group
Cerro Rubio l:'::t: Tsankawi Pumice® Lower Bandelier Toff Pre-Bandelier Pumices®
F81-154
13 F8)24s  FRL22 &8¢ 69 F82.94 F82.95 G-13 G-2t Fe2.11f  F83121 F82.91 F8292
Si0, 669 66.9 68.2 7.7 7.4
Ti0, 045 0.47 0.45 . . 008 o - ne Toom 9 744
ALO, e 152 15.5 s 19 122 150 1.4 "e 1ne 108 120 1?';0
Fe,0, J04 ) 338 1.56 2 147 320 T 1.84 1.40 1.50 1.2 .54
MmO ?gu ?2: ? g: 009 009 g.g: ?.g: 008 009 007 003 006 0.06
C30 128 i 3 : 0% 033 XTI 041 S W by %a‘zs P¥)
Ns,0 37 260 396 398 m 308 486 394 425 43 226 2.90 00
X,0 119 3.20 316 410 136 5.36 288 430 4“0 48 S8 490 a8
P.0, o 0.5 016 - o00¢ 0.16 - o 0.008 0.008 0008 0003
LOI 201 13 3 it P42 426 293 470 335
Total 99.13 .11 2983 9037 9.9 100.59 %1 99.80 100,34
a 600 400 . 2500 1900 2200 1140 2400 1900 2800 900 1100 1600
Rb 52 52 33 97 281 151 340 346 ~ 14 153 153
e 09 0x oR 12 10 "% 40 " 11 10 44 39 41
S 512 s07 so8 57 9 - sia 1 61 : 6.1 12 2
La ” u as 58 5 9t » » “ 02 Y 50 59
Ce 2 68 9 120 142 1" 79 12 100 109 9 n 13
Nd 19 19 2 60 i1 - ) Q 30
sm 43 4 a7 1 1 1 53 1" 14 14 1) 72 80
Eu 12 " 1.2 on 045 g 090 24 033 016
Dy 3 0 32 15 1 n 50 17 18 1 71 64 10
Yo ) 16 14 n 9.4 1) 30 T 12 ” 57 49 56
Lu o 0.20 0. 19 11 12 042 1.7 14 14 one 0 066
Y 18 18 18 1i3 100 . 3 TE) Sm 7] a3 Y
zr 228 7 b33 03 m . 29 236 278 o 186 209 23
Hf 54 50 8 14 13 14 66 1 1 12 67 84 11
Nb 13 12 13 156 133 - n 191 m 8 7 7
™ 58 4 46 n ) 40 1" 0 % - 2 2 2
u 12 1.2 11 12 99 1 21 16 1 16 " «8 61
*Analyzed ples are bined p tapilli thet were handp ked and ck d ul Hy prior to being crushed.
tSamph tected from section 6.
$Samples collected from Guaje Pumice 2t base of Lower Bandeher Tofl.
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TABLE 4 Cordatioms Sctween Cerro Toledo Rhyolite Domes  increases from 5.8 to 32 Furthermore, unit b may W

and Tephras
Tephra
Dome Unit
Warm Springs dome, Cerro Trasquilar s
" {Southenst Rhyothe Group)
Warm Springs dome, Cerro Trasquilar f
_ {Southeast Rbydlite Group)
" Souiheast Rhyolire Group e
{Wann Springs dome, Cerro Teasquilar)
Turkey Ridge Gronp d
Tearkey Ridge Group? ¢
.. Los Posos domes b
", Los Posos domes b

Ilomu in parenthests indicsie a less favored, but possibh: corre-
bm with the corresponding iephra unit. Question mark indicates
" ;an ymceriain correlslion.

. lucl that Rb, Nb, and Y are correlaied and all show this
K amuall:veml

’Tnn\am Pumice (Figures 3 and 4) The eruption that de-
ited the fall unit repreznted by ulnple 65 may have
dupar Jevels in 3 zoned magma chamber. Apm. Rb,

*Simihﬂy. samples 6-8 and 6-9 show 3 reversal within the -

reversal of trend, as discussed above. If 30, then Rb/$e o
increase upsection from unit b to the Tsankawi {6.9-52),

Significance .
We believe the chemical gradients documented hory ja "
Cerro Toledo Rhyolite fephra represent successive liguid g P
positions at or neas the top of the Bandelier magma chany,
beiween 1.45 and 1.12 Ma. Fomhnsofw)dcne:mm.
CO'IIC’“IOB.
1. Cerro Toledo Rhyolite eruptions originated from poy,
sources and produced fallout and surge tephra without ..u
uted lsrpe-scale pyroclastic flows. These eruptions wers of
relatively small volume (< 1 m?) when compared ‘with h
that produced LET and UBT (>250 km®) and mon Ty
tpped only the upper surface of the maging [e;.b‘mu
Sparks, 1984}, .
2 Trace clenx th of he. Cerro Te
Rh; olite tephra rbow consistent, systematic increases ad
crenses with vespect 10 stratigraphic position. If the cq.
Toledo Rhyollu erupllons had tepped various Icveh ﬂﬁ

atic.
3. Cerro’ Toledo Rhyolm: wffs and domes are- m
crysual poor, cousmcm with these rocks teing dedwd from

A Sr ttrnds are uncle.n. powbly because of analytical impre-  ier T'¢ are _;malk' and lapped the same’ ma':m
cision a1 relatively Jow Srcontents. Rb/Sr increascs from wnit  chamber
b1 ﬁ’*upward {Rb/Sr 8.9-32) (Fi;ure 48). if vnit d is incorrectly With these points in mind, we now wmpm enndngl
" vorrelsted and samplc 13-11 is vsed instead of 66, Rb/St  trends for LBT, UBT, and the intcrval of time during which
“ m ¥ ta © oy i “ W
>4 .,
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1
*
o
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lracz within tte Cerro Toledo -

Fig. 3. Compositioos! variatior, with 10 sirati

p phic heighs of seles
Rhyolite tephra. The siratigraphice fly lowest and highess nmphd oniv are 8™ and £, rnyecuvcly Units 6-8 and 6-9 refor
16 sampies from the Taankswi Pumice (UBT), which overiles the Ceico Toledo Rhiyolite Sephra. Analyzed samples of
individua) units are pumices except for unils ¢ ind ¢, which are Bno-gruined phreatomagmatic ashes. Individual vnits are
represnted by the following samplos: a”, 15-8; &', 14-7, 14-8; &, 159 ¥, 6-1; b, mean of 8.2, 6-3, 6-4: ¢, 6-5: ¢, 14-4, 15-3;
d. 66,667, ¢, 152 25-1. 1, 15-6; and Teankaiwi Pumice, 6-8, 6-9. No vu-uul ‘scale §s Ehown becabse the 1ecphva vasies in
thickness st different localities. Cornp-re with Smizh (1979, Figure 8) 1nd Mahood [ §981, Figures 4 and 5).
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Fig. 4. Varisvion of major and irace clemeni ratios with respect 10 stratigraphic height in the Cerro Toledo Rhyolne
1ephta. Unit imes and sampie numbers are the same as those tisted in Figure 3.

the Cesro Toledo Rhyolite was erupted between the two ig-
pimbrite sequences (Figure 5). The enrichment ratios represent
the concentration of 3 particular ciement in the carliest erup-
ted materia) divided by the concentration in the last-crupted
deposits [cl. Hildreth, 1979). We again stress the important
distinction between the Cerro Toledo Rhyolite and Bandelier
Tuff; whereas the Cerro Toledo Rhyolite represents small
cruptions that tapped the top of the magma chamber over 8
period of 627-0.33 m.y., the LBT and UBT are the result of
eviscerating eruplions that sampled the chemical siraugraphy
present in the magma chamber at an instant in geologic time
(Hildrerh, 1981). The data for the interval between the LBT
208 UBT are wtaken from the siratigraphically lowest sampled
Cerro Toledo Rhyolite (15-8) and basal Tsankawi unit (6-8).
We have choscn the UBT sample insiead of that from the
siratigraphically highest Cerro Tolkedo Rhyolite tephra unit
{unit ) for two reasons: (1) we want to document compo-
sitional changes at the top of the Bandelier magma chamber
during the 0.33-m.y. period between the two caldera-forming
cruptions; however, the Cerro Toledo Rhyolite tephra se-
quence does not fully record these changes: and (2) systematic
compositional changes occur from the buse of the Cerro
Toledo Rhyolite tephra 10 the base of the UBT (Figures 3 and
4); thus we have considered samplke 6-8 as a logical cnd-
member of the Cerro Toledo Rhyolite tephra sequence.

Figure S shows geochemical trends for the intracaldera in-
terval opposite to those displayed by LBT and UBT, with
respect 10 Rb, Y, Nb, snd Th. The trends suggest that chemi-
cal gradicnts were restored between the tvo ignimbrite erup-
tions [Smith, 1979). If we ke 0.33 m.y. as the age range of
intracalders volcanic activity, we can cakulate the rate of res-
toration of compositional zonstion at the top of the Bandelier
magms chamber. For Rb, Y, and Nb, the rates are 0.60 ppm
kyr=',0.23 ppm kyr~*, and 0.32 ppm kyr~ ', respectively. For

parison, Nb enrich t in Cerro Toindo Rhyolite TRF
domes increased st an average rate of 0.32 apm kyr ™' (Tables
1 and 3). Furthermore, Smith (1979, Figure 8] shows a rate of
035 ppm Nb kyr~?, and we calculnte 8 rate of 0.34 ppm Nb
kyr=1 using data from Balsley et al. [1985) and Kueniz et al.
[1985). Duc 10 mratigraphic and age unceriainties, there is 3

certamn degree of error in these calculations. As order-of-
magmiude estimates, however, we believe they are correct.

Figure 5 indicates that the magnitude of carly/late intracal-
dera dcpletion of Rb, Nb, and Y resembles that of LBT en-
richment much more closely than UBT. This implies that the
extent of ch I 20nation recstablished in intracaldera time
equalicd that tapped by the LBT eruption. The UBT eruption
may not have tapped the zoned magma chamber to the extent
that the LBT eruption did. This explanntion is consistent with
the smaller volume of UBT (250 km*) comparcd with LRT
1400 km?’) [ Bulslcy et al., 1985, 198B6; Kuent: e1 al., 1985).

PETROGENESIS
Crystal Fractionation

We believe that crystal fractionation has gencraied certain

" of the chemical gradients in the Cerro Toledo Rhyolite, as well

ax in the Bandelier Tull. We present here data that support
this hypothesin. We utihze 1wo 1ypes of disgrams in the fol-
lowing discussion.

§  Chemostratigraphic piots that show changes i chemis-
try with respect 1o suatigraphic height and time (Figures 3
and 4).

2. Bivanant plots with Nb plotied as the abscissa (Figures
6 and 8-11). Although Nb clearly is fractionated, we justily
this choice because (1) Nb appears relatively incompatible (but
not 10 the extent of Cs; see below) in the Cerro Toledo Rhyo-
Jite and Bandelier Tulf rocks as shown in Figure 6, where Nb
varies linearly with Rb, and the Rb/Nb ratio remains essen-
tially constant at 2 above 50 ppm Nb; (2) Nb has far better
relative precision than does Cs at the concentration levels
encountered in these rocks (Table 2); (3) we use Nb as an
index of magmatic evolution following Smith (1979, Figure 8);
and (8) Nb is relatively immobile [ Pearce and Norry, 1979).

Feldspar fractionation. Figures 7 and 8 show depletions of
K/Cs and Sr with increasing Cs and Nb, respectively, These
are genecral trends for rocks of different ages but also are
reflected in the Cerro Toledo Rhyolite points. The youngest
Cerro Toledo Rhyolite tephras tend to be most depleted in
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Fig. 6. (a) Nb ploned against Rb in ppm A wellcorrelated linear trend s apparent Cerro Toledo Rhyohie tcphra
sumples that are most enriched in Nb and Rb represent the later siages of Cerro Toledo Rhyolite intracalders eaplosive
volanism, Cerro Rubio Group samples are relatively depleted in Nb and Rb. (5) Nb versus Nb/Rb. The Nb/Rb ratio
remains relutively consiant sbove 30 ppm Nb. The symbols in this diagram remain the same in the following figures.

[Smith and Bailey, 1966; Warshaw and Smith, 19%0]. Notably,
the increase in chliorine content mimics that of Zr from unit {
(sample 15-6) 10 the base of the Tsankawi Pumice (sample
6-8). Zr increases by 58% from 168 ppm in unit [ to 265 ppm
in the Tsankawi Pumice (Figure 3d), whereas C1 increases
from 1700 10 2500 ppm (47%) over the same interval. If Cl
contents are indicative of overall volatile concentrations in the
magma chamber, these trends suggest that volatle contents (1)
control. at least in part, zircon saturation in the magma and
(2) increased significantly in the Bandelicsr magma chamber
before the eruption of the Uppet Member of the Bandeli
Tuff.

Fractionation of an LREE-rich accessory phase. When
ploticd against Nb, La displays wide scztter in which Cerro
Toledo Rhyolite points show La depletion: with increasing Nb
(Figure 10a). However, [La/Yb}, is strongly depleted with
respect 10 Nb, particularly for the Cerro Toledo Rhyolite
{Figure 10b). Although Th »ni Nb show a positive linear
correlation, Th/Nb also dezreases with Nb enrichment (Figure
11}. For Certo Toledo Rhyolite tephras, the oldest are most

depleted in Th but have the highest Th/Nb values, similysr (o
Zr selations w Figure 9. These trends contrast with those of
Figure 6, in which Nb and Rb are positively correlated with
essentially no change in the Rb/Nb ratio above S0 ppm Nb.
These data suggest fractionation of a phase that has prefer-
entially incorporated both Th and LREE. In metaluminous
rocks. allanile is an »accessory minera) that contains LREE as
esseniial constituents { Rapp et al., 1986]. Allanite is an access-
ory phase in unit &' of the Cerro Toledo Rhyolite tephra
[Heiken er al. 1986], in the Bandclier Tufl {Kuentz, 1986],
and in the Valles Rhyolite of post-Valles caldera age (T. Spell,
New Mexico Institute of Mining snd Technology, personal
communication, 1987). We have plotied theoretical Rayleigh
fractionation trends for allanite in Figures 10 and 11 by as-
suming crystallization of 6.06-0.08 wt % sallanite from sample
15-8 as the parent. There is reasonable agreement between the
theoretical und observed curves, despite rnineral proportions
and partition cocflicients that are poorly constreined. Bocares
allanite is so efficient at extracting LREE from the mag: 2,
however, the exact values of the partition coeflicients for each

k-
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Fig. 8. Semilog plot of Nb versus $r. The dats suggest rapid de-
pletion of St with increasing Nb. psriicularty for Cerro Toledo Rhyo-
Eite-wephra. Many Cerro Toledo Rhyolite domes contain practcally

 mo Se. Note {1} the Tsankawt Pumice rample thut contains $14 ppm
S (FR2-95) plotied near the Cerra Rutwe Group sumples. and 12) the
four pointx. all shore 130 ppem Nb, that Gl off tac overall trend and
are relatively enriched in s for such high concentrations of Nb. Only
one of these points 1 2 Cerro Toledo Rhyolite. Sec text for discussion.
Sywbols #3 in Figure 6.

gre a1 al., 1977) has been used by Ferrara and Treuil {1974}
for peralkaline systems. By assigning sample 15-8 at the base
‘of the Cerro Toledo Rhyolite as C, and sample 6-8 of the
Tsankawi Pumice (UBT) as C, (Figure 3), we can calculate an
apparest F using different incompatible clements (Tuble 5).
The lowest apparent F value, 0.22 for Cs, implics that at lcast
78% of the magma chamber had crysullized over a period of
03 m.y. by fractional crystallization of essentially quartz und
alkali feidspar. For comparison, Baisley e1 al. [1986) have
etimaied 70% crystallization occurred 1o produce the ob-
scrved chemistry of the Lower Bandelier Tuff. Furthermore,
normally incompatible ¢l such as HREE, Nb, and Rb
bave higher F values, implying that these clements are not in
fact perfectly incompatible. Table 5 bsts trace clements in
order of increasing compatibility (increasing F values). Rb
. and, to a Jeaser extent, Cs are taken into alkali feldspar.,
whereas HREE. Y. Nb, Th, and U probably partition into
acoessory phases (e.g.. zircon, allanite. apatite, and ilmenite).
Neveriheless. the amounts of these acoessory pbases that crys-
tllized appésr 1o be so low that the HREE and highly
charjed cations were ensiched, rather than deplcted, in the
magms as cooling and crystallization jrroceeded. These rela-
tions show that (1) decoupling occurs between large mono-
valent alkafies and more highly charged cations, (2) in spite of
this decoupling, Rb and Mb arc not noticeably fractionated
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between cach other (Figure 6). and (3) the estimate of T8%
crystallization from the Cs data rep ami figure.
Although less compatible than Rb because of its large size, Cs
does cnter alkali feldspar to 8 certain degree (Nash and Cre-
craft. 1585]). Thus the amount of crystallizstion was probably
higher.

We explore below physical proceises that may or may not
be capable of (1) forming the chemical gradients we have doc-
umented for the Cerro Toledn Rhbyolite, (2) enriching the re-
sidual magma severalfold in incompatible trace elements
{Miller and Mitticfehidi, 19841, and (3) gencrating nearly
aphyric liquids as represenied by the Cerro Toledo Rhyddite,

Convective fractionation. Recent experimental anG theoret-
wcal work suggests that sidewall crystallization could resuht in
the formation of a compositionally hght, incompatible-
clement<cnriched boundary layer that flows up the walls of the
magma chamber 1o stratify at the top [Sparks et al., 1984]. As
well, solidification 21 the roofl may vesult in a crystallization
front that moves downward into the magma chamber with
rime [Buker and McBirney. 1985). This is essentially in situ
crystallization. We favor roofward crystallization over side-
wall crystallization for the following reasons: (1) heat loss is
greatest at the roof [lrrine, 1970]: (2) stratification by rool-
ward crystallization mey be more eflicient than sidewall crys-
1allization because 1he light boundary layer formed by the
1stter process may be nffecicd by shearing, backmixing [ McBwr-
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Fig. 9. ta) Nb versus Zr. A wide scatter of points is exhibited for

e various groups. There is 8 poorly defined increase in Zr with Nb
for Cerro Toiedo Rhyolite teph ples. (b) Samilog plot of Nb
versus Zr/Nb. 2¢/Nb decreascs wilh increasing Nb. In contrast W0
Figure 90, Cerro Toledo Rhyolite tephra ples show a § L}
decrease in Zf/Nb with increasing Nb. The four points above 130
ppm Nb. only onc of which represents the Cerro Toledo Rhyolite, fall
off the trend of Zs/Nb depletion. Symbols 38 in Figure 6 ’
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Th/Nb is depieied with increasing Nb. The changr n slope

1a) N versus Th. A wellcorrelated hinear increase in Th with respeci to Nbhos indicated (b} Nb versus Th/Nb
for Ceno Tolcdn Rhyohie samples beiween Figures V1o and

11h is welf sllusirated. Theoretical curves are 83 «described in Figure 10, except for 0.0006 weight (ractron sllanite and
Dy, = 484 The discrepancy in weight lractions betreen this and Figure 1013 probably due 10 unceriamnties in the paruition

coeflicients for Lu and Th Symbols ws in Figure

maintsin supcrheat and prevent crystallization, roof melung
will occur if the temperature of the magma exceeds the melt-
ing point of the wall rocks { Turner and Campbell, 1986). The
supply of heat 1aay come {rom crystsllization of mafic magms
at 8 lower level in the magma chamber [Hildreth, 1951] The.
oretically, roof melting provides 8 mare efficient mechanism
than sidewali crystallization 1o stratify liquids at the top of the
chamber: and roofl melting combined with sub: frac-
tional crystallization may be 2 common process [ Turner ond
Campbell, 1986]. 1t is difficult 10 assess the role of roo! melung
for Cerro Toledo Rhyolite magmas because of 8 lack of 1so-
topic data: however. the following points suggest -hat roof
melting was not responsible for the observed chemcal vari-
ations: (1) St contents generally are very low in Cerro Toledo

TABLE § .pperent F Values

Elememt F
Cs 022
A1) o
Y 032
Nb 0.32
Rb 0.33
tu 0.3
U 0.3
Dy 0
™ 0.44

F is calculated by dividing oicentrstios of sample 11 8 ¢C,) by
that of 6-8 (C,). where ¥ = Co/C, i

Rhyolne rocks, and (2) St is strongly depleted with respect (o
Nb and (ollows 3 fraciional crystailization trend (Figure 8).
Fractional crystaliization also may mask the effects of carlier
roof melting. Isoropic data lrom the Bishop Tuff, a high-silica
rhyotitc that has many geochemical similarities with the Ban-
delier system. iadicate that little or no meling of the roof
occurred [ Halhday 1 al.. 19847, In contrast, Noble and Hedyc
[1969] have shown that the first-erupted focks of certain ash
Aow sheets have higher imtis] strontium ratios than do the
Later-crupted, upper parts of the shects. indicating that the
upper pasis of the magma chambers were ¢ i d. pos-
sibly by roof mehing, stoping. and/or fluid assimilation.

Difjusive and Soret Processes

Scveral workers have proposed liquid-siate thermodiffusive
processes to explain observed major and trace element vari
stions in ignimbrites {c.g.. Hildreth, 1979, 1981 Schort, 1983).
We discuss, in turn, rates of diffusion among cauons of differ-
ent valencies and the Soret effect in silicic hquids.

For cations of similar ionic radius (K-, Ba?*) at 800"C,
diffusivity of the 2+ calion is 3 orders of magnitude lower
than that of the | + [Hofmann, 1980 Figure 7). Similarly, for
Ca?® and Ce®* at 800°C, diffusivity of the 3+ cation i ¢
o