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ABSTRACT 
The Vallcl> caldera formed durin~ two majur rhyolitk ignimbrite eruptive t'pisode .. (tht' 

Bandelier Tulr, aL 1.6J and 1.22Ma. aftt'Tsnme tl m.y. ofactivity in tbe Jemez Mountaim 
volcanic field. ~_ Mexico. Several subsequent eruptions between 1.22 and 0.52 Ma pro
duced dominantly high-silica rhyolite lava domes and tephras wilhin tbe caldera. These 
wcre followed by a dormancy or 0.40 m.)'. prior 10 the most recent incracaldera acthity, the 
longest hiatus since the inception ofttle Bandelier magma system al -1.8 Ma. The youngest 
volcanic actil'iry at - 60 lui produced the SW moat rhyolites, 8 series of lavas and ui16 that 
displa~' abunda", petrologic evidence of being newly generated melts. Petrographic lexture!; 
conform dosely to published predictions-for silk-Ie magmas generated by intrusion of 
basaltic magma ioto cuntinental crust. The Valles caJden may CUJ1"'eotly be .be lIite of 
renewed silicic magma generation. induced by intrusion of malic magma at depth. Recent 
seismic iO\,:Stigations ~vealed the presence of a large low-velocUy anomaly in the lower 
crust beneath the caldera. The generally aseismic character of the caldera. despite abun
dant regional seismicity. may be attributed to a heated crustal column, Ihe local eO'ed of 
13 m.~'. of magmatism aod emplacement or mid--crustaJ pfutons. Seismic signals of magma 
movement in tbe deep to mid-crust may therefore be masked, and dear seismic indications 
of intrusion may only be generated within a few kilometres of tbe surface. We therefore 
enCOUragt! the establishment of a local dedicated volcanic monitoring system. 

II''TRODUCflON 
The Valles caldera is the type example of 

a resurgem caldera (Smith and Bailey. 
19(8). II has long been recognized that the 
caJdera complex went through at least two 
major ignimbrite cycles (Smith and Bailey. 
1(6). Little is kno~ll or understood about 
the onset of identifiable eruptive cycles as· 
sociated with calderas, because the tarly 
products of an active cycle may be obscured 
or destroyed by climactic events. How such 
cycles begin bears on tbe questions of how 
bodies of caldera-forming ash-flow magma 
are generated, and identification of areas al 
long-term risk of major eruption. In Ihis pa· 
per. we present data suggesting that the 
youngest eruptive products of the Valles 
caldera represent a new magma batch. in
dependent of earlier systems devdoped on 
the same site. We take the position that the 
liming and character of the most recent vol
canic products from the Valles caldera. in 
the light of geophysical considerations. may 
signal the onset of a new active cycle. 

VOLCANIC HISTORY 
The Jemez Mountam~ volcanic field IS a 

sprawling edifice of 2000 km.' with indica· 
tions of activity stretching back to at least 
13 Ma; mOM of its history IS dominated by 
mafic to Intermediate volcanism (Smith et 
aL 1970: Gardner et aL. 19R6). The first 

11 m.y. of activity built a large volcanic ridge 
on the western margin of (he Rio Grande 
rift. The i!.otopic compositions of these 
lava~ record extensive interaction between 
mantle-derived magmas and local Protero
zoic crust throughout this period (DePaolo 
et aI., 19(2). At around 1.8 Ma, cenlral ac· 
tivity became exclusively rhyolitic. and there 
was eruption of high-silica rhyolitic ignim
brites. having strong chemical affinities to 
the Bandelier Tull. from the future site of 
the Valles caldera (Spell et al.. 1'-J90). The 
fim major episode of caldera formation at 
1.61 Ma accompanied the eruption of the 
Otowi Member of the Bandelier Tuff. Sub
sequent activity produced intracaldera high
silica rhyolite domes and associated tuffs 
(Smith et al.. 1970). At 1.22 Ma (Izelt and 
Obradovich. 1994). the Tshirege Memher of 
the Bandelier Tuff erupted to form the 
Valles caldera on approximately the same 
site as the earlier structure (Self et al.. 1(86), 

Resurgent uplift of the central part of the 
ValJes was accompanied and followed by the 
eruption of rhyolitic lavas onto the caldera 
floor up to the late Quaternary (the Valles 
Rhyolite: Smith et al.. 1970). Chemically 
and temporally, the caldera-related rhyo· 
lites fall into several groups. Each of thc two 
members of the Bandelier Tull an~d::Ullu,...J.j""""'i 

pora\!y associat~il~r~s';\ijPi'~\,~~ppr 
minor lavas an~ tuts-forms a distinct hut . 

chemically con~nguinous group. Spel 
(1993) showed that the postresur 
Valle~ Rhyolite unit~ (Fig. I) are them 
the products of four magma batche5 
rated by Significant time intervals 
youngest batch produced the !touthwe 
moat rhyolites. a series of lavas and 
clastic deposits (Fig. 1). These rock 
petrologically and geochemically dis 
lar to all earlier caldera·related uni 
hiatu!. of 0.46 m.y. preceded this YOU1 

activity. by far the longest since th 
ception of exclusively rhyolitic activi 
-1.8 Ma. 

SOUTKWESTERN MOAT RHYOLIT 
The term SW moat rhyolites is use 

collectively denote the EI Cajete. Battlc 
Rock. and Banco Bonito Members 01 
VaJle~ Rhyolite Fonnation (Smith el 

, 1970). and thc Ye-} rhyolite lava of I 

cl al. (1986). These units and their v 
are found in the southwestern sector oj 
Valles caldera moat, between the calc 
wall and the resurgent dome (Fig. 1).1 
are petrologically distinct from the ! 
ceeding high-silica rhyolite domes of 
Valle Grande Member (Fig. J) in con~ 
ing of nC';(·-7)l':f SiO~ rhyolite. with' 
dlstinct!vt: di!>cquilibnum relations am 
phenocrysts. 
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Eruption Chronology 

Self et aL (1991) considered the three SW 
moat rhyolite members to be the related 
oroducts of two eruptions. Our work on 

:wly available exposures suggesL~ that the 
. hole sequence is the result of a lengthy ep

isodic eruption. which oonsisted of at least 
three phases of lava enrusion. each pre· 
ceded by pyroclastic activity. 

initial Plinian faUs were dispersed south
east of the vent, and were accompanil!d by 
minor pyroclastic surges and flows. This 
phase was followed by a hiatus in explosive 
activity during which a lava dome grew in 
the vent: this dome was destroyed during 
subsequent explosions and was the source 
for abundant cognate vitrophyric fragments 
during the second phase. Fallout was dis
persed to the south during this phase. ac
oompanied by numerous and relatively vo
luminous pyroclastic flows. Several of these 
flows ponded in San Diego Canyon to form 
the Battleship Rock ignimbrite. This phase 
ended with the extrusion of a lava ftow, the 
VC-l rhyolite, which is known only from the 
VC-I corehole (Goff et al.. 1986; Fig. 1). 

After an indeterminate period, during 
which some erosion of the panlywelded top 
of the Battleship Rock ignimbrite occurred. 
I.he third eruptive phase commenced with 
;mplacement of a pyroclastic flow in the 
caldera moat. This was followed by effusive 
activity, production of the Banco Bonito 

lava. which occupies much of the southwest
ern moal are-·a. 

Petrology and Origin of the SW Moat 
Rhyolite Magma 

The SW moat rhyofites display crear evi
dence of melt generation very shortly prior 
to eruption. All units are petrographically 
idemical, apart from those differences im
posed by eruptive style. Resorption and 
overgrowth textures predominate among 
crystals and crystal aggregates (Fig. 2). and 
mineral compositions are highly varied. The 
mineral a<;semblage is dominated by strong
ly resorbed grains of plagioclase (An I6 .. 51 ) 

up to 3 mm in length, with les.~r amounts of 
quartz. hornblende. biotite. hypersthene, au
gite. olivine. magnetite. ilmenite, and acce~
.sory apatite and zircon in high-silica rhyolite 
glass (76.0%-77.8% Si02). Quanz grains 
are invariably resorbed. Mafic minerals typ
ically show complex overgrowth relations in
stead of resorption. Biotite is- commonly 
overgrown by hornblende (Fig. 2A). Cryst<;ll 
aggregates (Fig. 2B) containing plagioclase. 
biotite. and pyroxene :! quanz, are also re
placed by hornblende to varying degrees. 
The internal textures of these aggregates 
(Fig. 2B) are more suggestive of completely 
solidified igneous rock than of partly crys
tallized. glas.'i-bearing cognate "cumulate" 
fragments of the type described by Tait 
( 1988). We regard aU of tbese inclusions. 
both single crystals and aggregates, as rest-

o 
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itic. The resorption relations and the rc· 
placement of biotite by hornblende sugge~t 
strongly that much of the SW moat rhvollte 
magma wall being heated up to the time of 

eruption. 
Scarce smarr cuhedrar gram~ of praglo. 

clase and hornblende. lacking reaction or re
sorption textures. are scattered through the 
high-silica rhyolite glass. and probably crys
tallized from the hot, high-silica melt. The 
compositions of the small plagioclase crys
tals (An41_~) overlap with the most calcic 
zones in the large restite crystal!i. Th~ small 
hornblende crystal!. have similar composi
tions to the hornblende overgrowths. 

Banded mingled pumices are found 
throughout the SW moat rhyolites. The 
brown glass component in these is less silicic 
(72.50/0-76% SiO~than the prevalent col
orless glass. A.o;sociated with this brown gla.c;s 
is a crystal population characterized by Mg
rich pyroxenes (Mg# up to 71'1), titanomag
netite with up to 2.> wt% Cr20). and olivine 
(Fo7..). We interpret these crystals and glass 
as representatives of a mafic magma, of 
probable basaltic andesite composition. that 
has mixed and largely hybridized with the 
rhyolitic magma. 

The chief features of the petrology of the 
SW moat rhyolites. as outlined above, are 
predicted in almost every detail by the dy
namic model of Huppen and Sparks (1988) 
for the generation of silicic magma by fusion 
of crustal rocks at the upper boundary of B 

Figure 1. Map••howing 
location of Jemez Moun
tain. volcanic field (JMVF) 
(solid square) at edge of 
Rio Orande rift In northern 
New Mexico (in olrcle) and 
location of JMYF and 
Vall•• calder. with re
spect to major population 
center. (upper right). 
Random dash pattern I. 
preeent extent of Bande
Uer Tuft; detail. of caldera 
geology ar. on main map 
on lett Catter Smith fit aI., 
1970). Heavy line Is topo
graphic rim of caldera; di
agonal shading Is re.ur
gent dome; amall crosNS 
are po.tr••urgent hlgh
silica rhyolite lava dome. 
and flows (Valle Grande 
Member of Vall•• Rhyo
IIta); random pattern ,. 
Battleship Rock Member; 
heavy stipple Is EI Cajete 
Member; circle pattern Is 
Banco Bonito Member. 
Numbers on Valle Grande 
domea are age. (In ka). 
from Spell and Harrison 
(1993). Note locaUon of 
SW moat rhyolites vent 
area (haehured ovoid) and 
YC-1 CSDP core hole. 
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convecting mafic magma body emplaced 
intO the crust. In this model. a proportion of 
the melting rock may survive in the anatectic 
liquid as restite. and is accompanied by crys
tallization of the same assemblage as beal is 
lost to the melting roof (Fig. 3). Eruption of 
the magma at [Iris stage would preserve the 
restile textures, and cause some mingling 
",-jth the subjacent mafic magma through 
drawdown e[ects. Thus, the SW moat rhyo
lile magma erupted while it was still being 
generated through melting of an intrusive
probahiy granodioritic-rock body by basal
tic andesite magma emplaced into the sub· 
caldera crust (Fig. 3). 

Age or tbe SW Moat Rhyolites 
The SW moat rhyolites rocks have proven 

extraordinarily difficult to date, due largely 
to the unequilibrated nature of the crystal 
assemblage. Published fission-track ages 
(Marvin and Dobson, 1979; Miyachi el al., 
1985) have large errors and do not constrain 
the time of the SW moat rhyolite eruptions 
within the 0.52 m.y. since the latest Valle 
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Figure 2. Photomlcrographe of ....ttte tell
tures In SW moat rhyoIll.._P .. plagloclue. 
H =hornblende, 8 .. biotite. G ... glass, 0 = 
opaque, and PX '" pyrox..,.. A: Ragged blotlta 
with hombtende jacket. Banco Bonito Mem

Gran,:ie high-silica rhyolite eruption of 
South: Mountain. The SW moot rhyolites are 
essemiaJ\v undateable by u-n disequilib
rium me;hods (Self el al.. 1991). Spell and 
Harrison (1993) showed that SW moat rhyo
lite biotites contain eltcess A:r and for the 
most part give geologically unreasonable old 
ages. but they argued that the youngest ap
parent 4t.'ArF9 Ar age of 205 .Ita provides an 
older age limit for me SW moat rhyolites. 

Toyoda et al. (t99S) obtained eruptive 
ages of 4S to 73 lea by electron spin reso
nance (ESR) dating of quartz grains from 
the EI Cajete and Battleship Rock units of 
the SW moat rhyolites. Consistent with this 
are l4C detenninations on carbonized logs 
thaI indicate an age greater than 58 Ka, and 
thennoluminescence (TL) dating of pa
leosols beneath the EI Cajete fall deposits 
that constrain soil burial to <60 ka (S. L 
Reneau, 1994, personal commun.). 

The ESR resuJts (Toyoda et a1., 1995) 
constrain the age of the SW moat rhyolites 

--- ..".........---
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to -60 ::!:: 15 ka. and the 14C and TL 
suggest an age within a few thousand 
of 60 ka. This young age of the SW 
rhyolites is very significant. TIlese erup 
represent the first activity to have OCCI 

for almost haH a million years in Ihe \ 
caldera. 

GEOPHYSICAL CONSIDERATIONS 
If sihcic mell were currently being gl 

ated beneath the Valles caldera, as 
pened with the SW moat rhyolites, high 
peratures in the subcaldera crust 
actuallj' serve to mask seismic events 
may be heralding impending vol( 
eruptions. A number of studies have i 
lifted seismic anomalies, including 10101 

tocity zones and/or attenuation of sei, 
waves, at shallo...to mid-crustal depth~ 
neath VaJles caldera (Ankeny et aI.• 1 
Roberts et al.. 1991. 1995; Lutter et 
1995). A 5-km-thick low-velocity zone 
identified recently beneath the calder, 

-~-
Partially molten 
granodioritic roof 

Cool thenna! boundary 
layer of Dew roof melt 
containing restite (0): 
resorbed plagioclase and 
po Iycrystalline clots 

./ J Convecting rhyolitic magma 
/' '-/ / beginning to crystallize 

euhedral calcic plagioclase ~/ 
(') and hornblende (0) as 
it mingles with cooler roof 
melt; formatioD of jacketed 
biotite (~) 

Basaltic andesite magma 
conraining Mg-rich 
pyroxene, olivine. and 
er-bearing titanomagnetite 
(•.,) 

ber. Note optical continuity of biotite patches. Figure 3. Diagram lIIuatrating thermal and dynamtc structure of SW moat myollte magma, 
Field width .. 1.1 mm. B: Clot conalatlng of mld-cru.tal la"el. prior to eruption. lifter FIgure 7 of Huppert and Sparks 11988); ... tellt. No 
plagloclaae, hornblende partly ntplaclng bi mixing 0'/ relatively cool new melt containing restlte with hotter rhyollta produced at .artl, 
otite, and minor pyroxene and opaque miner 8t11ge during matting event. eruptIVe wtthdrawa' further mixes liquids and their cryatal pop, 
ala. Flefd wtdth =2.2 mm. lations, Including subjacent mafIC magma, which provides haat souroe. 



I depthS around 30 kIn. presumably al the with potential for future volcanism, includ Mullineaux. D.R.. 1976. Preliminary OVCrvlev. 
map of volcanic haz.ards In thc 4Jl conterml'base of the crust (Lutler et al.. 1995). The ing large c:xplosive eruptions. On the basis of 
nous Urute.d States: U.S. Geologica) Surve~

mid-crusta} anomalies are- attributed \'(I high the past record, any future: eruption would 
Ml5Cellanco~ Field Sludle~ Map MF7Hti, r temperatures and possible pockets of resid probably Ill:. in part. explosive. We encour !IC.1Ile 1:7,500.000. 

ual melt as.'iOCiated with the cooling pluton 
Ihal produced Ihe Bandelier Tuff. 

AJso attributed to the effects of the large. 
cooling plulO" is a notably aseismic zone co· 
Incident "'ith the caldera, in contrast 10 

ahundant surroundmg seismic activity (Ca.<;h 
and Wolff. J984). The combined thermal ef· 
feet:. of long-lived precaJdera magmatl!>nl 
and the empiacemenl of mid-crustal pluton!'> 
have resulted In elevation of the brinle-duc
tile transition to very shallow 1~e1s beneath 
the caldera. Thu!>, with such a thermal struc· 
ture of the crust. deep intrusion of new 
magma batches. such as may be represented 
by the low-velocity zone 30 km benealh 
Valles caldera (Lutler et lil... 19(5). or pos
sibly even mid-crustal intrusions. might have 
little or no seismic signature. and seismic 
monitoring will reveal intrusive. prevolcanic 
I!:vents only within a few kilometres of the 
surface. 

DISCUSSION 
There are a number of possible interpre

tations of the significance of the SW moat 
rhyolites In terms of their age. petrology, 
and place within the behavior pattern of the 
caldera since the second major Bandelier 
Tuff eruption at 1.22 Ma. One interpretation 
would place the SW moal rhyolite eruption 
as the !erminal event of the postca1dera ac
ti....ity that formed the Valles Rhyolite over 
-1 m.y. (e.g.. Smith, 1979). The regularity 
and frequency of postcaldera eruptions be· 
tween 1.21 and 0.52 Ma (Fig. 1). and the 
subsequent 0.46 m.y. dormancy. militate 
against this view. as does the different pet· 
rological character of the SW moat rhyolites 
(attributed to heating and melting of exist· 
ing crust) from the earlier Valles Rhyolite 
Units. 

Another interpretation. which we favor. is 
that magmatism ceased between 521 and 60 
ka. and that the SW moat rhyolites repre
sent the onset of a new cycle of activity, ul· 
timately due to renewed emplacement of 
mafic magma into the subcaldera crust. The 
scale of the mafic intrusive activity, which is 
unconstrained, will dictate the longeVity of 
this cycle. Whereas (he SW moat rhyolile 
eruption may represent an isolated mag
matic event. it is equally possible that the 
lower crustal low-velocity zone detected by 
Lutter et al. (1995) may represent the 
present-day expression of renewed magma
tism. If so. there is the possibility of a sig. 
nificant volcanic hazard to communities in 
and around the Jemez Mountains. including 
Los Alamos National Laboratory. Mul
lineaux l1976) identified the area as one 

age e~tablishmenl of a dedicated monitoring 
system. including seismographs, tilt meters. 
and periodiC leveling. survey!.. 
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