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Laguna del Maule Volcanic Field: Eruptive history of a
Quaternary basalt-to-rhyolite distributed volcanic field
on the Andean rangecrest in central Chile

Woes Hildreth Eslanislao Godoy
Judy Fiarstein Brad Singer

ABSTRACT

The Laguna del Maule (LdM) volcanic field, which surrounds the 54-km? lake of that name. covers ~500
km# of rugged glaciated terrain with Quaternary lavas and tuffs that extend for 40 km weslward from the
Argentine frontier and 30 km norlh-south from the Ric Campanario lo Laguna Fea. The distributed rear-arc
volcanic field is contiguous with the Tatara-San Pedro stralovolcano complex on the volcanic fronl of the
Quaternary Andean arc. The LdM field has had few large edifices but al least 130 separale venls have been
idenlified, from which >350 km* of products have erupted since 1.5 Ma. Products of 14 ice-ravaged (early
and middle Pleistocene) stratocones and shields, and of -115 monogenetic cones. demes, and lava flows,
were mapped on foot, studied petrographically, and chemically analyzed. Mare than 70 radiomelric ages
were determined to calibrate the eruptive sequence. A large welded ignimbrite erupted at 1.5 Ma and was
foliowed by another at ~950 ka, producing a 12 x 8 ken-wide caldera thal underlies the north half of the lake
basin and rugged highlands north of il; outside the caldera, the south half of the basin is an erosional feature
cut on Tertiary andesiles and dacites.

Avring of 36 postglacial rhyolite and rhyodacile coulees and domes that erupted from 24 separate venls
{and together cover ~100 km?) encircles the lake, The large number of postglacial silicic vents surrounding
the basin, a general progression from rhyodacites to rhyolites, narrow composilional arrays, and scarcity of
mafic enclaves in the rhyolites are features thal suggest growth of a lalest Pleistocene to Holocene magma
reservoir beneath the basin. One rhyalite coulee (23.320.4 ka) blocked the lake outlet, impounding a lake
200 m higher than today, resuliing in a single sharp high strandline thal rings the basin and, jus! downslream
from the gorge reamed by the oulbreak flood, radial boulder bars, plunge pocls, and a scoured lava-plateau
scabland. In addition to the many postglacial silicic units, gtacially eroded silicic lavas yield ages of 3.7, 2.5,
24,20, 1.6, and 1.35 Ma, and 924, 880, 712, 695, 680, 460, 335, 240, 203, 115, 97, 83, and ~38 ka, pro-
viding evidence of a prolonged history of potentially explosive silicic eruptions from vents scaltered throughout
the volcanic field.

Forthe LdM field, 425 analyses define an array conlinuous from 49% la 77.6% SiO,, medium-K toward its
mafic end (1.5% K, 0 @ 55% SiQ,) but high-K al ils silicic end (4.5% K,0 @ 75% 5i0,). Qualernary eruptive
units include 4 basalls, 28 mafic andesites (52-57% Si0,), 33 andesiles. 11 daciles (63-68% Si0,), 23 rhyo-
dacites, 21 rhyoliles (>72% Si0,}, and 6 ignimbrites (andesilic to rhyolitic). None of the basalts is primitive
and, as for conlinental-arc magmas globally, virtually all the mafic rocks display pelrographic and chemical
evidence for diverse crustal contributions. Production of distributed rhyolites throughout the long history of
the volcanic field makes this intensively true here. A range of parental magmas is inferred. but there is litlle
evidence for enriched inlraplate mantle contributions nor for an eastward decrease in manile mell fraction
across the 50-km-wide Quaternary arc-volcanic zone. All products, basalt-to-rhyolite, carry strong arc-lype
geochemical signatures. Numerous lrace-elemen! indicalors exhibit wide ranges but no syslematic across-arc
Irends, except Ba/Nb. which declines easlward, suggesting a slight weakening of the slab signature inboard.

Keywords:
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RESUMEN

El campo volcanico Laguna del Maule (LdM) rodea al fago homdninio de 54-km?, cubriendo un area de
~500 km? de accidentado lerreno glaciado, compueslo por lavas y tobas cuaternarias que se extienden por
40 km al oeste de ta frontera con Argentina y por 30 km en direccidon N-S desde el Rio Campanario hasla
Laguna Fea. El extenso campo trasarce es contiguo al complejo esltrato-volcanico Tatara-San Pedro del
frente volcanico del arco Cualernario Andino. El campo LdM ha tenido pocos edificios mayores pero »250
kim?® de produclos han hecho erupcién en los dllimos 1.5 Ma desde los al menos 130 centros de emision
aqui identificados. Se ha carlografliado a pie, estudiado petrograflicamente y analizado quimicamente los
productos de 14 estraloconos y escudos del Pleistoceno temprano a medio, devastlados por el hielo, junto
a ~115 conos, domos y flujos de lava monogenéticos. La secuencia eruptiva fue calibrada mediante mas
de 70 datacicnes radiomeétricas. A una gran ignimbrita soldada que hizo erupcion hace 1,5 Ma siguio olra
de ~950 ka asociada a una caldera de 12 x § km, la cual subyace a tanto la mitad norle del lago como a los
escarpados cerros al norle de él; fuera de la caldera, la mitad sur de la cuenca es un rasgo erosivo inciso
en andesitas y dacitas cenczoicas.

Ellago esta rodeado por un anillo de 36 'coulees’ y domos post-glaciales lanlo ricliticos como riodaciticos
que hicieron erupcidn desde 24 centros de emisién separados y que cubren un area de ~100 km?z. El gran
numera de centros de emisién silicicos post-glaciales que rodea la cuenca, la progresion general desde
riodacilas a riolitas, el angosto abanico composicional v los escasos enclaves maficos en las riolitas son
rasgos que sugieren el crecimiento de un reservorico magmatico Tardi-Pleistocenoe a Holoceno bajo la cuenca.
Una coulee riolitica {23,320,4 ka) abstruyd el desagle del lago. represandolo 200 m mas alto que hoy, la
cual origind primere una marcada y unica linea de costa que rodea todo el lage y luego, aguas debajo de la
garganta escariada por inundacién post-ruptura, barras radiales de bolones, piletas de desplome (‘plunge
pools'} y una meseta de lava formada por chorros de agua abrasives o 'scabland’. Alas numerosas unidades
sillcicas posl-glaciales se suman lavas silicicas con erosidn glacial que dan edades de 3,7, 2,5,2,4,2.0,1.6
y 1,35 May 924, 880, 712, 695, 680, 460, 335, 240, 203, 115, 97, 83 y ~38 ka, lo cual pone en evidencia una
prolongada historia de erupciones silicicas polencialmenle explosivas desde centros de emision dispersos
a lravés del campo volcanico,

425 andlisis de muestras en el campo LdM definen un abanico continuo desde 49% a 77.6% Si0O,, K-
medio hacia su extremo mafico (1,6% K,O @ 55% SiO0,) pero de alto K en su exiremo silicico (4.5% K,0 @
75% Si0,). Las unidades eruptivas cuaternarias incluyen 4 basaltos. 28 andesilas maficas (562-57% Si0,),
33 andesitas, 11 dacitas (63-68% Si0,), 23 riodacitas, 21 rialitas (>72% S10,) y 6 ignimbritas {andesiticas a
rioliticas). Ninguno de los basaltos es primitivo y, tal como ocurre globalmente en magmas de arcos continen-
tales, vituaimente lodas las rocas maficas muestran evidencias petrograficas y quimicas de contribuciones
corlicales diversas. Eslo es ain mas claro en este caso, debido a la produccion de riolilas distribuidas a lo
largo de la larga historia del campo volcanico. Se infiere un rango de magmas parentales, pero hay escasa
evidencia tanto de contribuciones de un manto intraplaca enriguecido como de una disminucién hacia el
orienle de fraccién de fundido mantélico a través de los 50 km de ancho en esla seccion del arco volcanico
Cualernario. Todos los produclos, desde basallos ariclitas, poseen una fuerte marca geoquimica de tipo arco.
Numerosos indicadores de elementos traza muestran tendencias de amplio rango, pero no-sistematicas, a
fravés del arco, exceplo la razon Ba/Nb, la cual disminuye hacia el oriente y sugiere un leve debililamiento
de la marca de placa subducida hacia el trasarco.

Falabras clave!
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INTRODUCTION

Straddling the Andean rangecrest (Figs. 1, 2}, the Laguna del Maule (LdM) volcanic field is the
superlative site of postglacial silicic volcanism in the Andean Southern Volcanic Zone (SVZ). No
fewer than 36 postglacial eruptions from 24 vents surrounding the 9-by-11-km lake basin have
produced rhyolite and rhyodacite lava flows, most or all of them accompanied by pumice falls.
Although silicic volcanism has been recurrent here throughout the entire Quaternary, the abun-
dance and frequency of rhyolitic eruptions in the postglacial intervai appears to be unprecedented.

This distributed rear-arc volcanic field has few large edifices but atleast 130independent Guaternary
vents, from which more than 350 km? of products have erupted since 1.5 Ma. Blanketing ~500 km? of
rugged glaciated terrain with Quaternary lavas and tuffs, the field laps slightly into Argentina and
extends 40 km west of the border and 30 km south from the Rio Campanario te beyond Laguna
Fea (Fig. 1). Although its products range from basalt-to-rhyolite, the LdM area can be considered
a coherent volcanic field on account of (1) the high spatial density of its distributed Quaternary
vents, in abrupt contrast to vent-poor surrounding areas, (2) the scattering of numerous eruptive
sites throughout the field persistently for at least 1.5 Myr, (3} unbroken continuity (from 49 to 77%
8i0, ) of tight compositional arrays for its multi-vent eruptive products, and (4} recurrent eruption
of rhyolite, restricted regionally to only a few centers but widespread throughout the LdM field.

This report is the first attempt to assemble a comprehensive chronological and compositional
eruptive history of the Laguna dei Maule Quaternary volcanic field. Previous geological work on the
voicanic field is [imited to reconnaissance maps by Gonzalez and Vergara (1962}, Drake {1976},
and Mufioz and Niemeyer (1984) and petrological-chemical reconnaissance by Munizaga {1978)
and Frey et al. (1984). Our work entailed 121 field days spread over ten summer seasons (1984-
2000}, largely on foot but twice using an inflatable zodiak to camp at the south shore of the lake.
We consider this report {0 be a detailed reconnaissance, limited by our backcountry backpack and
bivouac mode of operation; many mulli-flow edifices warrant more intensive sampling. Contacts
were mapped in the field on the 1:50,000 topographic sheets Bafios Campanario, Laguna del
Maule, Paso Pehuenche, and Rio Melado, published by the instituto Geografico Militar. Aerial pho-
tographs were amusing and suggestive but seidom of value for detailed work in glaciated terrain.
Grid references to site locations mentioned in the text are simplified to 100 m using the Universal
Transverse Mercator (UTM) grid, which is shown on the IGM topographic maps of the area. The
first three digits are easting, and the second three are northing. For example, the dam at the outlet
of Laguna det Maule would be approximated as 599/135; i.e.; 59.9 km east, 13.5 km north,

In the following discussion, we take the base of the Quaternary to be 2.6 Ma (Morrison and
Kukla, 1998; Ogg, 2004, Pillans, 2004, Gibbard et al., 2009). The boundaries between early, middie,
and late Pleistocene are now generally agreed to be ~780 ka and ~126 ka (Gradstein et al., 2004).
Volcanic-rock nomenclature in this paper is kept simple, based principally on SiO, contents, Basalt
has 47-52% $iO,, basaltic or mafic andesite 52-57%, andesite 57-63%, dacite 63-688%, rhyodacite
68-72%, and rhyolite >72% SiO,. For reasons of convenience or uncertainty, we commonly use
the terms mafic to lump basaltic andesite with basalt, intermadiate for andesite-dacite, and silicic
for rhyodacite and rhyolite. The common phenocryst minerals clinopyroxene and orthopyroxene
are usually abbreviated as ¢px and opx. All eruptive units discussed in this report are named and
assigned a {generally 3-letter) unit jabel; these are listed alphabetically within five major age group-
ings in Appendix 1, which provides concise characterization of each unit. To determine “CAr/*°Ar
ages, incremental heating experiments were done on 47 samples, resulting in 41 plateau ages; six
samples failed to yield a plateau (Table 1). In addition, conventional K-Ar ages were determined
for another 27 samples {Table 2).
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FIG. 1. Location map showing setting of Laguna de! Maule {LdM} study area, southeast of regional capital city Talca.
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Chile-Argeniina border is continental divide and rangecrest of Andean Cordiltera. Santiago, Rancagua, Curico,
Talca, and Chillan are cities aleng axis of Chilean Central Valley. Constitucién lies at mouth of Rie Mauie, which
drains from Laguna del Maule via Talca through Ceastal Cordillera to Pacific Ocean. Malargie is nearest city
eastward, situated at transition from cordiliera to pampas. Selecled Quaternary stratovolcanoes are marked by
A symbol. Four shaded fields indicate north-trending belt of Quaternary volcanic fields atypically enriched in
silicic eruptive units. See figure 2 for sense of rugged, sparsely inhabited, mountainous terrain around Laguna
del Maule.
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REGIONAL SETTING

The rear-arc LdM volcanic field is centered ~330 km east of the trench axis, 200 km from the
coast, ~130-150 km above the Benioff zone, and 40-50 km above the continental Moho (Campos
et al., 2002; Yuan et al., 2006, Gilbert ef al., 2006; Heit et al,, 2008}. The field just overlaps the
continental divide, which is here the international border. The rugged terrain (Fig. 2} is treeless
high desert with sparse shrubs and bunchgrass, snow-covered much of the year, and now largely
ice-free, though it was ice-scoured during several Pleistocene glacial episodes. Elevations are
generally 2,500-3,100 m around the rim of the Laguna del Maule basin, ~2,160 m at lake level, and
up to 3,943 m at Cerro Campanario. Sparsity of vegetation reflects the elevation, dry summers,
ubiguitous volcanic screes, and windscour by a veneer of sandy or pumiceous fallout constantly
remobilized by the prevalent rangecrest winds.

A fone gravel road (open only in summer) follows the Rio Maule (Fig. 1), skirts the north
shore of the lake, and crosses Paso Pehuenche into Argentina. Although a few rural seitlements
intervene, the nearest cities are Talca to the west and Malargile to the east, each ~140 km by
road from the lake. Customs entry siations are at La Mina (Chile) and Las Loicas (Argentina),
gach ~40 km from the lake. At the outlet of the Rio Maule, Laguna del Maule is today impounded
by a smali dam, which only slightly enlarges the 54-km? natural lake, regulates its level season-
ally, and is cited as a point of reference throughout this paper. The volcanic field and a large
surrounding region are otherwise roadiess and lack year-round habitation. Valley floors support
perennial streams and scaltered wet vegas used for centuries by transhumant herdsmen for
grazing livestock. Likewise only in summer {when the otherwise snowbound road is open), police
and agricultural officers are stationed near the outlet of the lake, which foday atiracts modest
numbers of fishermen and vehicular tourists. A small crew that manages the dam remains dur-
ing the winter. Because there is only the single road in the whole map area, we commonly give
location information with reference to 'the road'.

To its west, the LdM field adjoins the Tatara-San Pedro-Pellado stratovolcano complex, which
lies on the Andean volcanic front (Figs. 1, 2} and contrasts with the distributed LdM fisld in consist-
ing of a few long-lived central-vent compound edifices (studied in detail by Davidson et al. (1988),
Singer ef al. (1997}, and Dungan ef a/. (2001)). in what follows, we occasionally refer {o the
volicanic-front group, but the mapping addressed in the present study extends only to the eastern
margins of Volcan Pellado. To the south and east of the map area lie deeply eroded intermediate
volcanic centers, peorly known but probably of Pliocene and eariy Quaternary age. To the north,
most exposures are of deformed Tertiary volcanic rocks, overlain focally by middle Pleistocene
rhyolite lavas of the Puelche volcanic field (Hildreth ef al., 1999) and by glaciated remnants of
several Quaternary ignimbrite outflow sheets from sources farther north and east.

PRE-QUATERNARY ROCKS BENEATH THE VOLCANIC FIELD

The Quaternary arc-volcanic belt at the latitude of Laguna del Maule (36°S) is 60 km wide.
The Andean mountain range (Cordillera Principal) is here ~180 km wide, extending 80 km west
and 40 km east of the Quaternary volcanic belt. i should be noted that the shallowly subducting
‘flat-stab' segment of the Andes terminates 300 km north of Laguna del Maule and that a 'normar’
slab dips 20°-30° beneath this segment. Moreover, inboard components of the orogen that are
prominent farther north (Sierras Pampeanas, Precordillera, and Cordillera Frontal) are not present
at this latitude, where instead the eastern stope of the Cordillera Principal is part of the basement-
cored thick-skinned Malarglie fold and thrust beit, Still farther east at this latitude, the Llancanelo
and Payun Matru extensional volcanic fields {on the Argentine pampas, 70 to 220 km east of the
continental divide) consist of Pliocene and Quaternary mafic-alkaline intraplate lavas {Bermudez
and Delpino, 1989; Muroz ef al., 1989; Kay ef al., 2006).
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FIG. 2. Satellite photo of Andean study area (35.3%-36.2°G), about 100 km on a side and largely uninhabited, extending
from Calabozos caldera (Hildreth et al., 1984; Grunder and Mahood, 1988) southward beyond Laguna Fea.
Laguna del Maule {LdM) is the large lake south of center. Voican Descabezado Grande, Cerro Azul, and Volean
Tatara-San Pedre define Quaternary velcanic front of Andean Southern Volcanic Zone and lie about 50 km east of
Chilean Central Valley. Calabozos, Puelche, and Laguna del Maule areas are rear-arc mafic-to-rhyoiitic mulli-vent
distributed volcanic figlds as far as 40 km behind velcanic front. Snow is (false color) blue, Large light-colored
expanse north of center is plinian fallout sheet from April 1932 erupticn of Vaolcan Quizapu {Hildreth and Drake,
1992). White plateaux at east center are rhyalite ignimbrite, probably of middle Pleistocene age, erupted at little-
known Pichi Troion caldera west of Las Loicas. Gravel roadway, lone trans-Andean road in region and open only
in summer, ascends Rlo Maule, passes north shore of LdM to Paso Pehuenche on divide, and descends northeast
to Las Loicas.
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The Quaternary volcanic rocks of the LdM field (Fig. 3} principally overlie the foltowing regional
sets of Andean volcanagenic rocks of Tertiary age (Mufioz and Niemeyer, 1984; Jordan ef al., 2001;
Burns ef al., 2006}. (1) Folded nonmarine volcaniclastic sedimentary strata (principally epiclastic
fluvial and lacustrine units, with minor lavas and pyroclastic units interfingering), grouped as the
Cura-Mallin Formation, which is more than 2 km thick and of late Oligocene and early Miocene
age. The extensive basin for these sediments was one of a chain of extenional intra-arc basins of
that age along the Andean Cordillera between 33° and 42°S, The southernmost (Nirihuao) includes
minor marine sediments of Pacific provenance. {2} Andesitic and mafic lavas, stratified tuffs and
breccias, and subordinate volcaniclastic sedimentary rocks, grouped as the Trapa-Trapa Formation,
roughty 19-10 Ma, openly folded, and as thick as 1 km. {3) ignimbriles and associated silicic and
intermediate volcanic rocks assigned to the Campanaric Formation, ranging from middle Miocene
fo Pliocene age, undeformed or moderately folded, and widely as thick as 500 m (or >1,000 mina
few intracaldera settings). (4) Undeformed mafic and intermediate lavas from many centers, lumped
as the Cola de Zorro Formation of Pliccene and early Quaternary age (Vergara and Mufioz, 1982).
These are generally apron-facies stacks as thick as 500 m that blanketed much of the preglacial
relief and today form widespread subhorizontal rimrock lavas that conspicuously cap ridges between
glacially incised valleys (see section 4, below). Associated proximal- and vent-facies complexes
are thicker, structuraily complex, intrinsically focal, and not yet investigated.

A renewal of intense Andean arc magmatism began ~25 Ma, perhaps in response to a plate
reorganization and an abrupt increase in convergence rate ~28 Ma (Jordan et al., 2001). Although
strict continuity is hard to demonstrale, it appears that suchmagmatism has persisted in this segment
of the Andes ever since. The intra-arc extension inferred from subsidence of the Cura-Mallin and
contemporaneous basins diachronously terminated at ~20 to 15 Ma with the close of such intra-arc
sedimentation. Subsequent compressive deformation was probably intermittent and southward
younging, but its timing is not well constrained here. The Cura-Mallin sedimentary package and
overlying middle Miocene Trapa-Trapa arc-volcanic package were both deformed into broad north-
trending folds by the end of the Miccene, probably principally during the interval 11-6 Ma (Melnick
et al., 2008). At the north edge of our map area, andesitic lavas and rhyodacite ignimbrite, both
deformed, yield K-Ar ages of 12-14 Ma (Table 2) or perhaps as young as 7+1 Ma (Drake, 1976).
K-Ar ages of 6.1x0.5 Ma and 3.41£0.8 Ma for apparently undeformed ignimbrites adjacent to the
southwest margin of the LdM volcanic field were published by Mufioz and Niemeyer {1984).

Although the deformed Tertiary packages strike beneath the western and narthern margins of
the Laguna del Maule volcanic field (Mufioz and Niemeyer, 1984; Fig. 3), the Miocene folding is
better known in well-exposed Mesozoic strata of the thick-skinned Maiarglie fold-and-thrust belt on
the Argentine slope of the Andes (Manceda and Figueroa, 1995; Ramos ef al., 1996; Ramos and
Kay, 2006). Exposures of the folded Mesozoic rocks (Mzs in Figs. 3, 6) begin just beyond Paso
Pehuenche, within 8 km of Laguna de! Maule, yet none of the Pliocene and Quaternary volcanic
rocks in our adjacent map area appear to be defarmed; these include subhorizontal andesite la-
vas as old as 6.4£1.3 Ma on the sast wall of the Laguna del Maule basin (Table 1). According to
Ramos and Kay {2006}, deformation in the foreland fold-and-thrust belt may have persisted from
15 to 5 Ma but peaked in the late Miocene. Investigation of synorogenic Miocene sediments and
mafic lavas in syntectonic basins between anticlines to the east and northeast suggest secutar
eastward propagation of deformation from middle to latest Miocene (Silvestro ef al., 2005). The
Mesozoic strata, nonmarine and mainly shallow marine sedimentary units of the Neuguén basin,
are extensively exposed in the fold-and-thrust belt just east of the map area, where they overlie
Permian to early Triassic silicic volcanics of the Choiyoi Group. They also crop out between La
Mina and the El indio granitoid pluton (80 Ma; Nelson et al., 1889) northwest of the map area (Fig.
3). There are no Meseczoic exposures within the Laguna del Maule valcanic field and only two more
small windows nearby-along Cajon de Troncose 12 km southwest of the lake (Fig. 3) and at Rio
Invernada 25 km north of it (Hildreth ef al., 1999).
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FIG. 8. Simplified map of southwastern quarter of LdM volcanic field, limited approximately by west of rim of lake basin
(hachured), Volcan Pellado, Rio Bolacura, and Estero Redriguez. All units are discussed in text and unit labels
are identified alphabetically in Appendix 1. Colors and symbols as in figures 6, 7. Major streams in blue. Addi-
ticnally, Tv=deformed lavas and iuffs; Tvs=same, where volcaniclastic sedimentary strala make up more than a
trivial prepartion; all are thought to be Miocene or older. Tig=extensive silicic ignimbrites; two ages indicaled in
red {from Mufoz and Niemeyer, 1984) are lale Miccene and Pliccene. Tgd=late Miccene granitoid pluton (Nelson
et al., 1989), Cordédn El Guadal at west edge consists of mafic to dacitic lavas (510-360 ka), a component of the
Talara-San Pedre Cemplex (TSPC) studied by Feeley and Dungan (1996) and Feeley et al. (1998). Marginal ticks
are UTM grid in km east and north, as on IGM topographic maps.

above the floor of the nearby Rio Campanario (Fig. 9). A patch of coarse scoria surviving at the
uphill end of the lava bench suggests a local vent, and a small plug on the spur 300 m southeast
may be related.

(4) Unit acc is a single andesite lava flow {62% SiO,} as thick as 130 m that extends for 1.5
km along the crest of Cordon de Constanza, its base lying 300 m above the Rio Maule and 400 m
above the Rio Campanario (Fig. 9). The lava carries abundant plagioclase phenocrysts, common
opx, and subardinate cpx. It rests on deformed Miccene tuffs and lavas and is overlain by a lag of
rounded fluvial cobbles and scattered erratic blocks, suggesting that it had been a valley-filling flow,
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FIG. 3. Generalized map indicaling sets of pre-Quaternary rocks exposed beneath and arcund the Quaternary volcanic
field, which is shown in green. Long-lived Tatara-San Pedro {TSP) compound edifice on the volcanic frant and
adjacent Volcan Pellade (VP) (Singer et al., 1887) are distinguished from the distributed Laguna del Maule volcanic
field, the focus of this reporl. Basement includes Mesczoic sedimentary and metavcleanic rocks (Mzs, Mavs),
Cretaceous (Kg) and Tertiary (Tg) granitoid plutons, Tertiary ignimbrite sheets (Tig), deformed Tertiary volcanic
and volcanogenic sedimentary rocks (Tvs), and undeformed fiat-lying volcanic rocks {QTy) thought to be mostly
early Qualernary or Pliocene in age. Villages of La Mina and Los Cipreses to nerthwest are the enly permanent
seltlements in the map area. The basin that drains into Laguna del Maule {(LdM) is cutlined by the international
houndary (continental divide) on the east and south and by a hachured line on the north and west. The |zke drains
through a small dam on its northwest arm into the Rio Maule, one of Chile's major rivers.

OVERVIEW OF VENT DISTRIBUTION

Pliocene and Miocene [avas and tuffs are extensively represented in the ranges and canyons
surrounding the LdM volcanic field and are exposed in several areas within it (Fig. 3). We devoted
little attention fo them, and most of those we attempted to date gave poar results that reflect mild
secular alteration. Our understanding of the volcanic history is far better afler than before 1.5 Ma,
when a widespread sheet of pyroxene-dacite ignimbrite {unit igsp) was emplaced.

Sixteen mafic or andesitic Quaternary polygenetic stratovolcanoes and shields have been dis-
tinguished within or at the margins of the LdM volcanic field {Table 3; Fig. 4). The highest is Cerro
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TABLE 3. POLYGENETIC EDIFICES WITHIN AND ADJACENT TO THE LOM VOLCANIC FIELD."
'Edifice Unit  Agelka)  %SIO, %";‘;‘é‘o Notes
Cerro Campanano mee 150 54.1-54.4 4.6 Malic stralocong al norlheasl edge of volcanie held
V. de la Calla mve 150 53.5-56.1 5.1 Malic shield al soulheast edgs of map area
V. Pellado Mvp, avc  200-80 52.1.61.2 5.7 Stralocone al northwaesl edge of map arca
Cerre San Padio mcs 240 49.3-582 7.2 Mafic shield centared 11 kni wesl-norlhwest of LdM
V. Ef Zorro avz 430 52.4-G0.8 5.5 Complex slralocone centered 14 kmywest-norihwest of Ldhd
V. Tatara-San Pedro tsp 925-0 49.0-75.4 9.9 Compound edifice on volcanic fronl west of LdM; several
vents and sequences, basall-to-dacilo, plus Nank thyoliles
V. Munizaga mym 900 £50.3-54.7 6.8 Mafic stratocone centered 2 kmnorltwvestof Paso Pehuenche
V. Atravesado ava 050-720 53.5-64.G 50 Postcaldera inlermediatg adiice eroded [rom LdhS basin: iis
norlh flank preserved atong and beyond north wall of basin
V. Nirales mvin 1050900 51.4-657 6.3 Malic shield near wesl edge ol map, 17 km woest of Ldhd,
severely eroded
V. La Zoma alz 1 16060 57.7-62.2 2.9 Slralocone cenlered 3 km SW el Paso Pehuenche, aflered
and saverely eroded
'V Sin Puarlo msy <1.5Ma 53.2-56.7 4.9 Mahc cane with 300-m-wide plug centered 5 km wosl of LdM
V. Aguire mva 1280170 51.4-56.1 4.4 Mahe siralocons centered G km norlhwest of LdiM
|'V. Bolacura mvk 1,320 53.4-56.2 4.8 Mahc slralocong centered 7 km wesl-northwest of Ldh
i V. Fitlume mef, mas  2.5-1.5 Ma 52.8-58.8 5.0 Ercxled stratocons cenlered 10 km wes| of LM
V. Fea avl 2-1.3 Ma - - Intenmediale slralocone cenlered 2-3 km soulh of Laguna
Fea: some oulllow lavas preserved on norlh nm of Jake
Cerra Bayo apg 21 Ma? - . Eroded altered edilice cenlered 7 km east of Pase Pehuencha:

may be source of plaleau-capping andesilic lavas on divide

* Edifices on hgura 4. Unil labels in Appendix 1. V. Velcan; LdM. Lagiina del Maule. Radiomelric ages in Tables 1. 2,

Campanario (3,943 m; Hildreth et al., 1998} on the continental divide, and the most voluminous
is Volcan Tatara-San Pedro (Singer et al., 1997, Dungan et al., 2001} on the volcanic front. Only
the latter has remained active into the Holocene, though, like all the others, that edifice too had
been glacially dissected repeatedly during the Pleistocene. Of the 16, three might be as old as 2
Ma, eight others commenced activity about or before 900 ka, and five are younger than 500 ka
(Tables 1-3). Six of the big centers lie east or northeast of the LdM lake basin, seven are within
156 km west of it, and lwo are on the volcanic front 20-25 km from the lake {Figs. 3, 4), One of the
oldest (and poorest known) lies south of Laguna Fea (Figs. 2, 4).

Scattered across the volcanic field but more concentrated near the LdM lake basin are numer-
ous lesser vents, mafic to silicic, the great majority monogenetic, Figure 4Alocates 44 postglacial
vents, of which 15 are basaltic-to-andesitic, 3 dacitic, and 26 rhyodacitic or rhyolilic; two of the
posliglacial vents are indicated on Volcan Tatara-San Pedro. Figure 4B shows all the glaciated
vents identified, divided into late, middle, and early Pleistocene sets. The late Pleistocene set
(younger than 126 ka) includes vents for 19 basatltic-to-andesitic units, two dacites, three rhyo-
dacites, and four rhyolites, plus two vents on Volcan Tatara. Vents are covered or otherwise un-
recognized for two additional late Pleistocene lavas, bath andesitic (units ale and avim; Appendix
1). Middle Pleistocene vents {778-126 ka} shown in figure 4B represent 10 basaltic-to-andesitic
units, two dacites, eight rhyodacites, and three rhyolites. Units with concealed or unknown vents
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that erupted in this time interval include two poorly welded ignimbrites (units igce and igeg) and
one mafic and three andesitic lavas (units mor, aeb, ans, and ash; Appendix 1). Early Pleistocene
vents represent three malic, five dacitic, four rhyodacitic, and three rhyolitic units, plus the caldera
sources of extensive welded ignimbrite units igeb and igsp (Appendix 1). Additional units of this
age for which we have not located vents include five lava-flow remnants {units acc, ams, apg,
arp, and dif) and scraps of two regional sheets of welded ignimbrite (ighc and igeb; Appendix 1).

The distributed LdM volcanic field {not counting the large western edifices Tatara-San Pedro
and Pellado; Fig. 3) thus embraces 121 exposed venis (Fig. 4}, of which 14 built medium-sized
polygenstic stralocones or shields, 46 produced basaltic-to-andesitic monogenstic cones and flows,
and 81 issued dacitic-to-rhyolitic lavas and ejecta. A few of the silicic vents produced multi-lobate
lava-flow complexes. There are altegether no fewer than 23 lava-flow map units and remnants
of four ignimbrites for which vents are either buried or otherwise unlocated, as well as the two
welded ignimbrites (units igch and igsp) thought 1o have erupted within the LdM lake basin itself.

VENT DISTRIBUTION WITH TIME

Almost the full 50-km-wide east-west strip (Fig. 3) became volcanically active by the end of the
early Pleistocene, with major centers established on the volcanic front and near Paso Pehuenche
by 900 ka (Fig. 4). A thick sheet of welded pyroxene-dacite ignimbrite {unit igsp), preserved only
within 15 km north and wesl of the LdM basin, is inferred to have erupted there close to 1.5 Ma.
Like most of the early Quaternary volcanic rocks, the ignimbrite rests largely on deformed strata
of presumed Miocene age. Remnants of flai-lying lava fiows of Pliocene age, mostly andesitic or
mafic, locally underlie the early Quaternary volcanic units, but they are principatly confined to high
present-day ridgecrests, owing to glacial canyon-cutting during the first million years of the Quater-
nary; i.e.; prior to emplacement of the 1.5-Ma ignimbrite, from which we date our more complete
understanding of the voicanic field. Severa!l Pliocene rhyolite domes are also preserved northwest
of the LdM basin, possibly a harbinger of the major silicic center the basin was to become during
the Quaternary. A second ignimbrite {unit igeb), this time biolite-rhyodacite, erupted about 950
ka, in part from what has since become the LdM basin. An andesitic successor stratocone soon
grew atop the intracaldera ignimbrite just north of the present-day lake, adding to the nine early
Pleistocene stratocones previously established, three to the northeast, one to the south, and five
to the west of the basin (Fig. 4). The few monogenetic vents thought to be of early Pleislocene
age are scattered either west of the basin or in the south where they may have been peripherally
relaled to the major edifice south of Laguna Fea (Fig. 4b). More monogenetic vents are likely {o
have existed, now scoured down to dikes or buried by younger units, as suggested by the seven
early Pleistocene units for which we failed to find a vent,

FiG. 4. Distribution of Quaternary vents exposed in map area. See figuras 1-3 for regional setting. {a) Sixteen polygenetic
shields and stratovolcanoes (A) of any Quaternary age or composition, and 44 posiglacial monogenetic venis, of
which 15 are mafic or andesitic {¢}) and 29 are silicic domes, coulees, or pumice cones (e). (b) Pleistocene vents;
18 polygenslic edifices (A} and other symbols are same as in panel A. Monogenetic vents are as follows: 31 late
Pleistocene vents are indicated inblack; 23 middle Pleistocene vents in red; and 14 early Pleistocene vents in green.
L.akes are in blue. Polygenelic edifices are identified in panel A and their ages (in ka) noted in panel 8: CB=Cerro
Bayo; CC=Cerro Campanario; C8P=Cerro San Pedro; TSP= Volean Tatara-San Pedro on volcanic front; VA=Volcan
Aguirre; VB= Volcan Botacura; VC= Volican de la Calle; VEZ= Voledn Ef Zorro; VF= Volean Filume; VLF= Volcan
Laguna Fes; VLZ=Volcan L.a Zorra; VM= Volcan Munizaga; VN= Volcan Nirales; VP= Volcan Peltade; VEP= Volcan
Sin Puerto, VX= Volcan Atravesado. North of LdM field, nearest Quaternary vents are middle Pleistocene field of
Pueiche rhyolites (and a nearby 1.4 Ma rhyodacite intrusion) and the Pichi Trolon {P-T) caldera, source of undated
Pleistocene rhyolitic ignimbrite sheets that extend from near the Puelche field (Hildreth ef al., 1999} at least as far
east as Las Leicas (Fig. 2).
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Middle Pleistocene vents were likewise distributed across the whole volcanic field, from Volean
Tatara on the volcanic front to Cerro Campanario on the rangecrest. Volcan Pellado and Volcan
El Zorro, both andesitic, and the mafic shield Cerro San Pedro all developed in the west, while
the mafic edifices Voican de la Calle and Cerro Campanario were built in the east. Monogenetic
vents that preduced either scoria cones or silicic domes were scattered across the field but were
most concentrated in the west, peripheral to Volcan Ei Zorro and Cerrc San Pedro (Fig. 4b). To
the north, separated from the LdM volcanic field, the extensive field of Puelche rhyolite lavas also
developed in the middle Pleistocene (Hildreth ef al., 1999), as probably did the undated and poorly
known Pichi-Trolon caldera (Fig. 4b), source of two sheets of biotite-rhyolite ignimbrite that extend
eastward fo Las Loicas (Fig. 2).

Late Pleistocene vents were slightly more numerous (noteworthy because the middle Plaisto-
cene is six times as long as the late) as well as spatially more focussed, many being either near
the outlet of the lake or at the southwest fringe of the volcanic field (Fig. 4b). The only stratovol-
canoes remaining active in the late Pleistocene were Tatara-San Pedro and Pellado, just beyond
the western edge of the distributed LdM voicanic field.

In postglacial time, however, the region around and southwest of the lake basin came to life
magmatically. Postglacial silicic vents virtually surround the fake, while the mafic and andesitic
ones are concentrated in a belt that extends 15 km west from the lakeshore (Fig. 4a). The only
stratocone that remained active in the Holocene is Volcan San Pedro, far to the west on the vol-
canic front. Progressive concentration of vents toward the 1ake basin, already underway during
the late Pleistocene, became pronounced after deglaciation. The number of silicic vents and the
volume of postglacial silicic products increased strikingly around the periphery of Laguna del
Maule, which thus became a focus of silicic magmatism unparalleled since the caldera-forming
eruption at 950 ka.

PLIOCENE THROUGH EARLY PLEISTOCENE ERUPTIVE HISTORY

Subhorizontal to gently dipping stacks of lava flows, broadly andesitic (52-63% Si0, ) but nottied
to known vents, are preserved as remnants capping ridgecrest divides between canyons in three
broad areas within or near the LdM volcanic field: (1) along the narrow continental divide north of
Cerro Campanario; (2) plateaux on the east rim of the LdM basin, extending south to both rims of
Laguna Negra; and (3) the narrow divide west and southwest of Laguna del Maule, separating the
LdM lake basin from the Saso drainage and continuous with lavas capping ridgecrests that wrap
around the upper basin of Cajén Rodriguez. Al these remnants are thought to have erupted in the
Pliocene or earliest Pleislocene and, as undeformed intermediate lavas older than major canyon
incision, they would conventionally be assigned to the Cola de Zorro Formation, a regional catch-all
employed when individual undeformed eruptive centers remain unmapped. In area (3) just cifed,
packages of lava flows {units arp and acs; 53-62% Si0,) that underlie the 1.5-Ma sheet of pyroxe-
ne ignimbrite (unit igsp) yield “°Ar/*Ar ages of ~2 Ma (Table 1). In area (2), the topmost andesitic
lava gave a total-fusion age of 3.6 Ma, though the data were too erratic {o yield a plateau age. In
area (1), the divide-capping lavas extend northward beneath a thick pile of ignimbrites {northeast
of the Puelche volcanic field; Figs. 1, 2), the top sheet of which gave Drake (1976) a K-Ar age of
1.06+0.04 Ma (Table 2); and 10 km farther north, Drake (1978) determined an age of 2.0£0.3 Ma
for an undeformed pile of andesite lavas of similar topographic and stratigraphic position. All these
undeformed remnants overlie folded or filted volcanic {or subordinate volcanogenic sedimentary)
rocks last deformed in the late Miocene.

There are several places in the LdM valcanic field where the older deformed, broadly andesitic,
strata crop out-along the northwestern and southern shores of Laguna del Maule, on the walls
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of the Saso and Rodriguez canyons to the west, and on the lowermost walls of upper Arroyo
Botacura, where the strata are cut by an acid-altered 1.5-km? diorite stock. In all these areas, the
volcanogenic strala dip 10-25° and are presumed to be Miocene. On the other hand, a stack of
~20 andesitic lavas and breccias (65-61% Si0,) making up the southeastern wall of the LdM basin
remains almost horizontal. The lowest {and thickest) flow exposed there yields a plateau age of
6.4+1.3 Ma, the topmost flow gives a total-fusion age of ~3.6 Ma, and a 1-km? diorite stock intru-
ding the base of the wall yields a similar total-fusion age of ~3.6 Ma. The shallow magma-supply
system for the extensive slack of lavas may have included elements now beneath the {ake, the
diorite stock itself, and dikes that cut lower flows of the stack.

PLIOCENE RHYOLITES

The only group of Pliocene rocks that we considered in any detail is a cluster of rhyolite lava
domes northwest of Laguna del Maule that represent onset of the rhyolitic magmatism recurrent
in the area ever since. Five discrete lava masses (lumped as unit Trea), 4 to 7 km north of the
outiet dam, infrude and overlie Miocene rocks {Fig. 5). All five lavas are crystal-poor quartz-biotite-
plagioctase high-silica rhyolite (75-77% Si0,), and two of them yielded K-Ar ages of 3.7410.12 Ma
and 2.39+0.1 Ma (Table 2). All are extensively devitrified, having been glacially scoured of their
glassy exterior facies, but local remnanis of glassy vesicular margins, tiers of columnar joints,
and variously oriented flow foliations show all of them to be independent extrusions rather than
erosionally separated remnants. All five consist of cream-white to tan felsite, widely stained by
rusty orange-brown films. The two rhyolite units exposed along the twin Aguirre canyons {Fig.
5) overlie and intrude a white nonwelded ignimbrite of similar composition and mineralogy that
probably represents an early eruptive phase related to one or both of them. Those rhyolite lavas
are overlain by a 1.5-Ma dacite ignimbrite {unil igsp, described next) and by mafic products of
Volcan Aguirre (unit mva; 1.3 Ma), dikes of which also cut the rhyolites. Two additional rhyolites
that crop out along the road rest on paleosols developed atop Miocene welded {uff, and the fifth
rhyolite unit {(northeast of the Rio Maule) extends down into an exposed feeder that culs stratified
andesitic Miocene rocks.

Another Pliocene rhyolite (unit Trcf) forms the Botacura-Filume divide 6 fo 9 km west of the
outiet dam and 6 km southwest of the Aguirre rhyolite cluster just discussed. This 1.5 x 3-km lava
flow has 250 m of relief and consists of biotite-plagioctase felsite (74.8% Si0, ), which is variously
buff, cream, or pink and palchily iron-stained. Little glass is preserved except along a flow contact
exposed in a northwest-facing landslide scarp, where the lava is also cut by an andesite dike pro-
bably related to one of the contiguous early Pleistocene mafic-lo-andesitic edifices. The rhyolite
overlies andesitic breccias and volcaniclastic sediments presumed to be Miocene, and it yields a
OAFPPAr age of 2.57+0.01 Ma (Table 1). The rhyolite lava is not itself hydrothermally altered, but
rubble derived from it forms a major constituent of a landslide mass that extends 3 km northwest
and is strongly acid-altered in its downsiream half where it approaches the Arroyo de Botacura.

Another biotite-plagioclase rhyolite lava, undated but inferred to be Pliocene, crops out over
an area of 1.5 x 2 km along both walls of Arroyo de Botacura at the confluence of Estero El Zorro.
The deeply incised lava is white, in part hydrothermally altered, has 800 m of exposed relief on the
south wall, and is in apparent fault contact with intracaldera biotite-riwolite ignimbrite {unit Tigr),
which was K-Ar dated at 3.4+0.8 Ma by Mufiocz and Niemeyer (1982).

in addition, there are two small outcrops of Tertiary or early Quaternary rhyolite along the
margins of Laguna del Maule. A 200-m-wide nose of hydrothermally altered, crystal-poor rhyolite
crops out at the shoreline of the northeast arm of the lake (UTM grid 683/144). The poorly exposed
white rhyolite is just outside the structural margin of the ignimbrite-filled 850 ka Bobadilla caldera,
and it underlies or intrudes andesitic lavas and breccias assigned to early Quaternary unit alz,
Still another rhyolite lava has limited exposure around a cove on the west shore of the northwest

BOLETIN 63, Hidrelh28-4-10jndd 19 @& 28-04-2010 17:26:04

@

'



20

arm of Laguna del Maule {590/102) and along the arroyo draining into it. The stony crystal-poor
rhyolite crops out beneath west-dipping stratified andesitic lavas, tuffs, and breccias, which are
altered, cut by several dikes, and presumed Miocene. If that age inference is correct, this rhyolite
is significantly clder than the Pliocene rhyolites 6 km north and northwest.

@

FIG. 5. View southwestward up twin Cajones Aquirre from flood-scoured scabland plateau of mafic lavas (unit msm)
along Rio Maule, 8 km downstream from Laguna del Maule dam. Just right of image center, roadway cuts through
2.4-Ma tan dome of high-silica rhyolite, which inirudes and rests on white 12.9-Ma biotite-rhyodacite ignimbrite.
Canyen at center is flanked by two more lan masses of high-silica rhyclite, that on left yielding a K-Ar age of
3.7 Ma. Calumnar jeinting and lithelogic zonation show all three rhyolites (unit Trea) to be separate extrusions.
Ragged ridge aiong entire skyline consists of mafic lavas and breccias of erosionally ravaged edifice of 1.3-Ma
Volcan Aguirre {unit mva). Snow-mantled ledges in upper canyons are 1.5-Ma welded pyroxene-dacite ignimbrite
{unit igsp). Smooth red-brown sceria cone at upper right overlies all other units and is vant far andesitic lava flows
{unit aah; 372118 ka) that extend to road {to right of image). A 5-m-thick andesite dike that cuts rhyolite ridge at
right is compositionally similar to unit aab, not mva.

PYROXENE-DACITE IGNIMBRITE OF LAGUNA SIN PUERTO (1.5 Ma)

Ridge-capping remnants of an extensive sheet of pyroxene-dacite ignimbrite (unit igsp) are
conspicuous to the north and west of Laguna de! Maule. The thickest exposure {300 m) lies 2 km
northwest of the outlet dam, where it rests on the Pliocene rhyolites just described as well as on
limited exposures of hornblende-dacite and mafic lavas of early Pleistocene age. Other remnants
of the ignimbrite are 75-100 m thick atop Cordén de Constanza (7.5 km north of the dam); 100 m
thick along the Filume-Saso divide soutnwest of Laguna Sin Puerto (8 km SW of the dam); 50-100
m thick along the western divide separating the LdM basin from the Rio Saso; and 35 m thick on
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the plateau east of the confluence of Estero Bahamondes and the Rio de la Plata (15 km NW of
the dam). In upper Arroyo Los Mellicos, 1 to 2 km southeast of Laguna Sin Puerto, a 1,200-m-
long ledge of the ignimbrite (along with enclosing lavas) has slumped ~1 km downslope (~200 m
vertically} from its in sifiy outcrop strip along the ridgecrest. Plagioclase separated from one large
fiamma in the thick section above the dam yields a “**Ar/*®Ar age of 1,484115 ka (Table 1).

Most exposures are densely welded and cliff-forming, and, wherever exposed, the basal few
meters consist of black vitrophyre. The rest is typically grey-brown, devitrified, eutaxitic, welded
tuff rich in fiamme, which are generally strongly flattened, range in length from 1 to 40 cm, make
up 15-30% of the rock, and tend to remain glassy throughout thick devitrified sections. Associa-
ted fallout and nonwelded ignimbrite zones have nowhere been recognized, though thin zones
of lesser welding in the 300-m section close fo the dam have eroded out as minor benches
that divide the unit into as many as four conformable emplacement packages. Upper zones of
vapor-phase altsration have been stripped except at the distal Bahamondes locality {UTM grid
496/250), where 10 m of buff to pale violet vapor-altered tuff caps the surviving remnant. Lithic
inclusions are abundant, typically 5-10% but as much as 20% of the rock locally, and are mostly 1-5
om but as big as 20 cm. By far the most abundant lithics are crystal-poor rhyoliles, accompanied
by a variety of crystal-richer intermediate lavas, scoriae, and hydrothermally altered clasts. Phe-
nocrysts in the ignimbrite are predominantly plagiociase (1-2 mm) along with orthopyroxene and
sparser clinopyroxene; hornblende, bictite, and quartz are absent. Fiamme have ~10% crystals,
but the welded-tuff matrix ranges from 15% to 30%. Fourteen samples of individual fiamme from
all sectors of the ignimbrite range in SiO, content from 64% to 70%.

The unit is not present on ridgetops or elsewhere around the eastern and southern sides of
the LdM basin, though erratic blocks are common along valley floors in the southwest corner
of the basin. All remnants are confined to a 120° northwesterly sector (240° to 360°) and lie
within 8 km west, 15 km northwest, or 8 km north of the northwest arm of the present-day lake.
Because pre-ignimbrite rhyolites, which dominate the lithic suite, are likewise confined to that
sector, because the ignimbrite thins away from the area near the dam, and because no alterna-
tive source has been found in the surrounding region, we think the pyroxene-dacite ignimbrite
erupted from the area now covered by the northwestern part of the lake. Since the same area
underwent caldera collapse about 0.5 Myr later, during eruption of a sheet of biotite-rhyodacite
ignimbrite (unit igch), evidence for a 1.5-Ma caldera (or any alternative vent structure) has
apparenily been obliterated.

EARLY PLEISTOCENE ERUPTIVE UNITS YOUNGER THAN 1.5 Ma

Our knowledge of this interval {older than 0.78 Ma) is extensive but incomplete, owing to
erosion and cover by younger eruptive units. We start by characterizing several deeply eroded
polygenetic edifices, followed by a description of the caldera-forming biotite ignimbrite (unit igchb),
an early posicaldera andesilic edifice, and a miscelfaneous collection of monogenetic or orphan
lavas known or inferred to be of early Pleistocene age.

NINE PRECALDERA POLYGENETIC EDIFICES

Two large intermediale volcanoes, Cerro Bayo and Volcan Laguna Fea (Fig. 4a), are each
centered ~6 km into Argentina, beyond the limits of our mapping. What appear to be their apron
lavas, however, extend across the border into the area investigated. The cores of both centers
were hydrothermailly altered and deeply eroded, while the flank lavas have been glacially rava-
ged, leaving ruggediy incised terrain in place of the former stratocones.
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The narrow piateau that extends 7 km northward along the border from the cirque now occcupied
by Laguna Cari Launa {Fig. 7) consists of a package of at least nine pyroxene-andesite lava flows
(55-62% Si0,), widely platy and each 10-30 m thick. The plateau-capping package (unit apg) dips
gently (3-5°) west or northwest away from the Cerro Bayo center 6 km farther east, but it stee-
pens to 10-15° where it dips beneath the rhyolite of Cerro Negro {unit rcn; 460 ka) and the mafic
edifice of Volcan Munizaga {unit mvm; 900 ka}, apparently pitching into whatever pafeodrainage
was ancestral 1o the LdM basin.

South of Laguna Fea (Fig. 7), an edifice at least 12 km across is evident from its gutted core
and its remnant ramparts that dip radially. The apron of lavas (unit avf) from what is here called
Volcan Laguna Fea extends to the south shore of Laguna Fea, and some of the lavas are also
preserved along the north rim of that lake-filled glacial trough, where they overlie southward-
dipping Tertiary breccias and tuffs. At its eastern end, the north-rim remnant is a gently east-
dipping package more than 250 m thick consisling of at least seven similar pyroxene-dacite
lava flows (64% SiO,). North of the central part of Laguna Fea, the rim package is more than
350 m thick and consists of four lava flows {63-65% SiQ,) that dip only 5°NE; the second and
thickest of the flows yields a plagioclase “°Ar/**Ar plateau age of 1,582+9 ka (Table 1). These
two (apparently related) packages (unit dIf) are intruded, physically separated, and overlain by
a 1-km-wide dome of crystal-poor bioctite rhyolite {unit rIf} more than 300 m thick, which gave
a biotite *°Arf*®Ar age of 1,353+17 ka (Table 1). On Peak 3,104 the rhyolite is convolutely flow-
foliated and craggily eroded, but its flat-topped north ridge appears o be a near-primary surfa-
ce. Six kilometers northwest, on the rim above the northwest end of Laguna Fea, an isolated
1-km-long remnant of a hornblende-opx-plagioclase dacite lava flow (65% SiO,; also assigned
to unit dif) caps Peak 3,056, is 100-m-thick, has striking columnar joinis and flow foliation, rests
on Tertiary tuifs and lavas, and dips gently northward away from its presumed source at Volcan
Laguna Fea. Likewise on the north rim of Laguna Fea and 3 km east of Peak 3,058, a small
plagiociase-poor hornblende-biotite rhyolite dome (unit rnf; 75% SiO,) forms Peak 2,994, and
500 m north of it a plagioclase-rich opx-biotite rhyodacite knob (unit rdap; 89% SiQ,) with flaring
sets of columns (either ice-contact or shallowly intrusive) is exposed on the northeast face of
Peak 2,818. Whether these undated silicic units represent peripheral vents temporally relaled
to the Volcan Laguna Fea center is unknown.

Another inadequately known intermediate volcano of early Pleistocene age, here catled
Volcan Filume, is centeraed 10 km west of Laguna del Maule (Fig. 8). A 450-m-thick stack {unit
mcf) of at least 30 gently dipping, olivine- and pyroxene-bearing, andesitic lavas and breccia
sheels is exposed on the eastern slope of Corddn Filume where it is cut by a columnar-jointed
intrusive mass ~200 m in diameter. A few andesitic lava flows (53-58% S8iO,) extend to the
north where they bank against the Pliocene rhyolite (unit Tref; 2.57 Ma) and to the east where
they underlie the pyroxene-dacite ignimbrite {unit igsp; 1.5 Ma). Just west of Corddn Filume, a
more extensive (and inferred correlative) outflow apron of gently dipping olivine-andesite lava
flows (unit mas; 53-54% SiQ, ) thickens westward to ~300 m where it banks against a thick pile
of (probably caldera-filling) biotite-rhyodacite ignimbrite, which was K-Ar dated by Mufioz and
Niemeyer (1984) at 3.4+0.8 Ma. The undated eruptive products of Volcan Filume appear fo be
fairly well bracketed between ~2.5 and 1.5 Ma.

Eroded remains of three more mafic volcanoes are preserved 5-8 km west and northwest of the
outlet arim of Laguna del Maule. Cenlrally, each has an extensive siratified fragmental facies, but
their fava aprons and their preserved widths of 4-7 km indicate that each was a modest cormposite
cone or steep shield rather than just a big scoria cone. All three have similar phenocryst assem-
blages, containing varied proportions of clinopyroxene, olivine, and plagiociase. Opposing dips
indicate that the three were independent, although they are thought to be of roughly similar age.

Northernmost of the three is Volcan Aguirre, which caps the divide between Cajén Baha-
mondes and the Aguirre tributaries of the Rio Maule (Figs. 5, 9). Products preserved (unit mva)
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are dark-grey mafic lavas and breccias (51-56% SiO,), which are 250-350 m thick on the eastern
flank but probably thicker on the west where the base is widely concealed and a considerable
fraction of the edifice was removed by glaciation along the valley of the Bahamondes. The mafic
pile variously overlies Miocene ignimbrite {(unit Tigh), Pliocene rhyolite lavas (unit Trea), and the
pyroxene-dacite ignimbrite (unit igsp; 1.5 Ma). In a general way, the lower half of exposed sections
consists dominantly of massive coarse breccia that grades up into stratified breccia; these are
overlain by lava flows that now cap ridgecrests and appear to have extended slightly above the ice
of successive glaciations. A thick lava flow that caps the section on Peak 2,707 yields a “ArfAr
plateau age of 1,290+13 ka (Table 1). The breccias are thought to be proximal phreatomagmatic
explosive deposits, rich in basement lithics and in both dense and scoriaceous juvenile clasts. The
deposits are poorly sorted, with a range of angular to subrounded clasts as big as 1.5 min a matrix
of coarse ash. The lower part of the pile may include subglacial hyaloclastite, widely palagonitized,
while the better stratified upper part includes block-and-ash flow deposits and subordinate scoria
falls. The northern and southern ends of the outcrop belt consist dominantly of lava flows. The
principal vent is eroded out as a 500-m-wide plug that stands 200 m high on Peak 2,784 and ex-
hibits sets of inclined columns. Several mafic dikes nearby cut the underlying units, and remnants
of a lesser flank vent on the north wall of Cajon Chico Lo Aguirre crops out as 200-m-wide crag
with columns in several thick tiers. Most products have sparse plagioclase phenocrysts but carry
abundant microphenocrysts of plagioclase, olivine, and subordinate cpx; a few flows differ in being
rich in plagioclase phenocrysts,

A few kilometers southwest of Volcan Aguirre, a second deeply eroded mafic cone, here called
Volcan Botacura, forms the divide between the Filume and Botacura drainages (Fig. 8) and is
similarly dominated by fragmental deposils (63-56% S$i0,) that dip radially. The main pile {unit
mvb), centered on Peak 2,920, consists of more than 500 m of dark-grey, poorly sorted, thick-
bedded braccias interpreted as explosive phreatomagmatic deposits. Many layers are proximal
fall deposits in beds 5 to 15 m thick. Enclosed in a coarse-ash matrix, larger clasts show a range
of vesicularity, with scoria lapilli and bombs slightly ocutnumbering denser ejecta that include pris-
matically jointed blocks as big as 1 m. The 4-km-long edifice may have been in part fissure-fed.
At its southwestern end, a subdued 1-km-wide shoulder strewn with brick-red scoria, which is
compositionally identical but volcanologically in striking contrast to the main pile, was probably a
flank scoria cone on strike with the main vent system. This red-scoria segment is rich in partiaily
melted rhyolite xenoliths torn from the Pliocene rhyolite lava beneath it, whereas the main pile,
which rests on andesitic Tertiary bedded tuffs and sediments, lacks such rhyolitic lithics. A few mafic
lava-flow remnants are preserved alop the fragmental pile and along the southern flank where they
overlap the rhyolite. All products are rich in plagioclase and olivine phenocrysts along with minor
cpx. The massive devitrified interior of a 1-m block from high on the edifice gave a “°Ar/**Ar age of
1,324420 ka (Table 1), only marginally older than neighboring Volcan Aguirre,

Centered 3 km southeast of Volcan Botacura lies a third deeply eroded mafic edifice (53-
56% 8i0,), which is here called Volcan Sin Puerto after the lake just east of it (Fig. 8). Radial
dips define a modest edifice 4 km wide, of which the surviving components {unit msp) include
a 150-m-high twin-peaked plug ~400 m wide, an adjacent remnant of a stratified scoria and
agglutinate cone (Peak 2,889), a peripheral apron of glaciated lava flows, and two ice-scuipted
ridges consisting of a few thick flows that extend northeast and southwest from the plug. Most
products are phenocryst-poor, containing sparse plagioclase, olivine, and cpx. The scoria-cone
remnant includes bombs that exceed 1 m, and parts of its lower slopes are palagonitized. Lava
flows to the southwest overlie the pyroxene-dacite ignimbrite (unit igsp; 1.5Ma), and those to the
northwest bank against the Pliocene rhyolite (unit Tref). Two 100-m-thick maficlava fiows (54-56%
Si0, ) each have columnar jointing suggestive of ice-contact emplacement; one is phenocryst-rich
and forms a broad bench west of Laguna Sin Puerto while the other is crystal-poor and caps
the adjacent northeast ridge. The two flows sandwich a 150-m-thick sheet of crudely stratified
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dacite breccia (unit dsp; 65.6% SiO,), unknown elsewhere and of uncertain origin. The glassy
dacite clasts contain biatite, amphibole, opx, and abundant plagioclase phenocrysts. Products of
the center have not been dated, but its degree of dissection is more severe than that of nearby
Volcan Botacura (1.3 Ma) despite s much greater proportion of lavas to fragmental deposits.
There is little doubt that Volcan Sin Puerto, too, is of early Pleistocene age.

Atthe western margin of the distributed volcanic field, the remains of another early Pleistocene
mafic volcanc (51-5]% Si0,} are strikingly exposed for 5 km along the steep north-south ridge
called Puniilla Los Nirales, though younger units cover much of its northern half. The products
of what is here called Volcan Nirales {unit mvii) also crop out in tiny windows along the canyon
of Estero El Zorro 2-3 km east, but best exposures are along the steep wall of the glaciated
trough, Valle Chico (Fig. 8), where a 550-m stack of ~30 lavas {each 5-25 m thick) is exposed
in the south and ~17 lavas form a 300-m section exposed farther north. All products examined
contain clivine and subordinate cpx, but plagioclase phenocrysts range from sparse to abundant
in different flows. A lava flow at the north limit of the exposures gave a K-Ar age of 1,037£36 ka,
and one from the top of the section at the south end gave 914121 ka (Table 2). The vent complex
has been deeply eroded but was near Peak 2,623, the southeast face of which consists of nume-
rous thin lavas and agglutinates, stratified red breccias, and red scoria falls, alt cut by numerous
near-vertical dikes of varied orientation. The dikes also cut the units exposed beneath the edifice,
which are propylitized Terliary andesitic lavas, tuffs, and sediments on the west and Pliocene
biotite-rhyodacite ignimbrite {3.420.8 Ma)} on the east, separated by a near-vertical segment of
an apparent caldera wall that strikes south across Arroyo Botacura (Fig. 8). The highest peint on
the ravaged edifice of Volcan Nirales (Peak 2,623) is a 350-m-long remnant of a phenocryst-rich
dacite lava flow (unit dvi; 65.6% SiO,) ~50-m-thick, which may be related to a set of 5 m thick
veriical dikes that strike N80°E across the mafic edifice ~100 m farther north. The dacite carries
phenocrysts of amphibole, biotite, opx, and as much as 25-30% plagioclase.

Near the northeast margin of the LdM volcanic field (Fig. 6) are two additional deeply eroded
centers: andesitic Volean La Zorra, which lies adjacent to the northeast arm of Laguna del Mau-
le, and Volcan Munizaga, a mafic stratovolcano near Paso Pehuenche and contiguous with the
much younger edifice of Cerro Campanario. The apparent core of Volcan La Zorra {3 km WSW
of Paso Pehuenche) consists of a lava dome and radially dipping stacks of favas (unit alz), all
hydrothermally altered. Stacks of fresher, gently dipping, andesitic apron lavas (58-62% SiO,)
crop out along both walls of the northeast arm of the fake and also extend several kilometers
northward from Quebrada La Zorra into Estero Bobadilla. In the latter area, their contact with
{similarly eroded) andesitic lava flows derived from a younger center to the west {(Valcan Atra-
vesado; unit ava} is inadequately defined, as both sets are nearly horizontal where they meel.
An andesitic lava from the norihern part of Volcan La Zorra was K-Ar dated by Drake (1976) at
1.16+0.04 Ma, and another near Paso Pehuenche gave us a “Ar/*Ar age of 1013128 ka (Table
1). The lavas carry opx, cpX, and abundant plagioclase phenocrysts, and a few flows also have
subordinate opacitized amphibole.

in contrast, the products of Volcan Munizaga (which overlie those of Volcan La Zorra) are
exclusively mafic {unit mvm; 50-55% Si0,), containing 7-15% plagioclase phenocrysts, ~2%
olivine, and sparse cpx. The remains of the edifice now cover a 4 x 7 km area, with relief of
mere than 600 m. The altered fragmental core of the edifice has bean glacially gutted, and
is now occupied by a southeast-facing cirque adjacent to the present-day high point at Peak
3,132. On the cirque headwall, as many as 10 dikes cut the stratified fragmental interior of the
edifice. Thin flank lavas and agglutinates dip radially away from this central high and, on the
north and west sides, extend to steeply eroded scarps that expose 20 or more flows in stacks
250-350 m thick. A sample from high on the western scarp of the west ridge gave a “*Ar/*Ar
plateau age of 898120 ka, consistent with its position overlying the lavas of adjacent Volcan
La Zorra {unit aiz).
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BIOTITE-RHYODACITE IGNIMBRITE AND BOBADILLA CALDERA

The most voluminous eruption in the Quaternary history of the volcanic field resulted in colfapse
of an 80-km?ellipticat caldera with dimensions of 12-13 km north-south and 8 km east-west (Figs. 8,
7, 10). The subsidence affected the northern half of the basin now occupied by Laguna del Maule,
which has subsequently been entarged by glacial erosion and modified by several postcaldera lava
flows. The caldera-forming eruptive unit (igcb) is a biotite-plagioclase rhyodacite ignimbrite that is
preserved only within the caldera, except for a small cutflow remnant on its northeast rim. Itis widely
exposed along the north shore of the lake and in the Bobadiila canyons a few kilometers farther
north; much more of the ignimbrite, no doubt, extends beneath the central part of the lake, which
is 35-50 m deep. We previously reported a biotite K-Ar age of 1.09£0.1 Ma (Hildreth et al,, 1981),
but we now prefer a plagioclase “ArPAr age of 95017 ka (Table 1); both mineral separates were
extracted from individual fiamme {(collapsed pumice) from iniracaldera welded tuff. Compositions
of eight fiamme chemically analysed range from 66 to 72% SiO,,.

Surface exposures of the ignimbrite, everywhere glacially modified, range from densely to mo-
derately welded or, if nonwelded, intensely vapor-phase altered and indurated. Most exposures
are devitrified and crumbly or flaky, although fiamme remain glassy in many places and, where
banked against the northwestern caldera margin, much of the tuff is vitric. In general, the degree of
welding decreases upward, as vapor-phase alteration increases. Nowhere, however, is the base of
the intracaldera ignimbrite exposed, even though the thickness exposed north of the lake exceeds
500 m. On the divide between the Bobadilla canyons, the 250-m-thick exposure consists of ~100
m of grey-brown welded twff overlain by 150 m of pale grey vapor-altered tuff, proportions that
suggest a far greater unexposed thickness for the unit. The islets and promoniories at the north
end of the lake (Fig. 10) are predominantly punky vapor-altered tuff with lithophysae and rotten
pumices, but densely welded eutaxite crops out at beach level,

The ignimbrite contains 10-20% plagicclase, 2-5% biotite, and sparse quarlz, orthopyroxene,
clinopyroxene, and FeT} oxides. Fiamme also show a range of about 1515% plagioclase phe-
nocrysts. Pumice clasts in nonwelded vapor-phase zones range from granules up to 30 cm in
diameter. Fiamme in welded zones range from tiny wisps to a measured maximum of 45 x 8 cm
and typically make up 15-30% of the rock. Lithic fragments are notably abundant, widely consti-
tuting 10% of the rock and consisting principally of varied andesites along with subordinate felsite
and hydrothermally altered clasts. Most lithics are smaller than 4 cm, but some are 10-15 cm. In
several sections, the lithic abundance appears to decline upward from ~10% to less than 5%, and
exposures on the islets may be the lithic-poorest of all, perhaps because farthesi from the caldera
walls. On the other hand, a few hundred meters inboard {south} of the northwestern wall, at least
two 10 m thick sheets of coarse fithic wall-collapse breccia are intercalated within the ignimbrite.

Owing to glacial reduction of the surrounding landscape and protection of the lff by postcaldera
lavas, the northern half of the caldera is no longer a physiographic depression but, instead, a lava-
capped rugged hightand. Lacking such protective lavas, intracaldera ignimbrite of the southern half
was glacially scoured, despening the lake basin. Structural margins of the caldera are exposed
only along the north and northwest sides, where the tuff banked against a truncated stack of 25 or
more hydrothermally altered, Miocene andesitic lavas that dip ~25°N, away from the caldera. The
northeastern margin is concealed by the posicaldera lavas, and the eastern margin was intruded
by an enormous middle Pleistocene rhyolite dome complex {unit ren) that now forms the steep wall
of the lake basin (Fig. 10). The southern structural margin lies beneath the lake, probably at the
south end of its deep central floor, and the western margin is concealed by a postglacial rhyolite
coulee {unit rle), which may have flowed along a palec-outiet trough that had been incised along
the ring-fauit zone. Stratified Miocene andesitic lavas, tuffs, and breccias are exposed on the nor-
thwest, north, and southeast walls of the caldera, as well as along the southern and northwestern
shorelines of the lake (Fig. 7).
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POSTCALDERA LAVAS OF VOLCAN ATRAVESADO

A variety of infermediate lava flows {unit ava), glacially dissected, faulted, and largely andesi-
tic, overlies the biotite-rhyodacite ignimbrite along the north rim of the LdM basin and around the
Bobadilla canycns as far as 7 km north of the fake (Fig. 6). No central vent is preserved, bul a
preponderance of 5-15° northward dips and several intermediate dikes that cut the ignimbrite near
the lakeshore suggest that the lavas erupted from within the intracaldera basin. If this is correct,
then only the northern flank of this early postcaldera edifice is preserved, the main portion atop the
ignimbrite within the basin having been glacially destroyed. The surviving package of lava flows
is as thick as 350 m on the high divide north of the lake and 250 m on the ridges that separate
the Bobadilla canyons and the Cajon del Atravesado (for which the assemblage is here named).
Of 20 lava flows sampled, 18 are two-pyroxene plagioclase-rich andesiles with 56 to 64% SiO,,
while a capping cpx-olivine-plagioclase flow has 53.5% and an outlying dome remnant {UTM grid
685/194) of hornblende-plagioclase dacite has 67%.

A phenocryst-poor, chunky jointed, partly glassy andesite lava flow (60.5% SiO,) that rests on
the gullied surface of the ignimbrite just above the road along the north shore of the lake gave a
K-Ar age of 990480 ka (Hildreth ef al., 1981; Table 2). lts ubiquitously intricate jointing and glas-
siness and its local brecciation suggest chilling by lakewater or ice. Atop this flow is a sfack of
at least six plagioclase-rich pyroxene-andesite lava flows and breccias, each 25-75 m thick, that
thickens eastward, overruns the caldera margin, and laps east over precaldera andesitic lavas
assigned to Volcan La Zorra. Crudely siratified breccias (57-62% Si0O,), thick, very coarse, and
dark-brown-weathering, that make up the east part of the scarp just north of the fake (UTM grid
870/157) may be the moslt proximal surviving products.

A few kilometers north of the divide between the lake basin and the Bobadilla canyons, the
andesite stack atop the ignimbrite still consists of 6-8 flows, each 25-100 m thick, but dips have
diminished {oward subhorizontal. The topmost flow of pyroxene andesite capping Peak 2,753 on
the divide between the Bobadilla canyons gave a K-Ar age of 720+80 ka (Drake, 1976; Table 2).
Overlying the andesite pile atop the drainage divide just north of the laks is a 2-km-long remnant
of a plagiociase-rich biotite-rhyolite lava flow (unit rca), glacially stripped but still 120 to 180 m
thick, that yields a “°Ar/**Ar plateau age of 712+13 ka {Table 1). The pale-grey lava is locally un-
derlain by 10-20 m of white, massive, nonwelded, lithic-rich, biotite-rhyolite tuff that probably fills
their common vent. The northeast end of the lava flow and subjacent andesites are affected by
acid-sulfate alteration.

ISOLATED UNITS OF EARLY PLEISTOCENE AGE (MOSTLY MONOGENETIC)

Adozen map units fallinto this caich-all coliection of isolated monogenetic lavas and remnanis of
lava flows or ignimbrites for which vents have generally not been identified. Two are ridge-capping
sets of subhorizontal andesitic lava flows on the western ¢im of the Laguna de! Maule basin:

(1) Unit ams includes three or four pyroxene-andesite lava flows (61-63% SiO,} that directly
overlie the pyroxene-dacite ignimbrite {unit igsp; 1.5 Ma) along the crest of the divide between
the Rio Saso and the basin.

(2) unit arp consists of remnants of a set of three {older and compositionally unrelated to ams)
pyroxene-andesite lavas (60.5-62% SiO,) that cap Peaks 2,918, 2,856, and 2,942 on the high
southwestern divide that separates the basin from headwaters of Cajon Rodriguez (Fig. 8). The
top flow of the three has stout verlical columns, is more than 120 m thick, and yields a “Ar/*%Ar
plateau age of 2,0104£23 ka {Table 1).

Two more of the twelve are small lava-flow remnants near the northern edge of the volcanic field.

(3) Unit maf is an olivine-cpx-plagioclase andesite lava flow (63.7% SiO, ) that forms an isolated
300-m-wide bench at the head of Quebrada Fiera, high on the south slope of Cerro Galaz, 600 m
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now utterly inveried. The flow gave a K-Ar age of 1.04 Ma (R.E. Drake, Berkeley Geochronology
Center, personal communication, 1990), but its source vent is unknown.

Two additional orphan units are ignimbrite remnants preserved on high divides in the northern
part of the volcanic field.

(5) Unitigbc is an opx-plagioclase-rhyodacite (68% SiO,) densely welded tuff, as thick as 150 m,
that extends 2.5 km along the Bobadilia-Campanario divide, its base lying 300-400 m above the
adjacentvalley flocrs. It has a flat-lying vitrophyric base butis mostly devitrified and dark grey-brown
with prominent subhorizontal and vertical jointing. Andesite-dacite lithics are ubiquitous but zonally
distributed, ranging from abundant to sparse. The isolated ignimbrite remnant rests on Miocene
strata that dip ~25°N, and it laps onto the vapor-phase zone of an outflow remnant of the biotite-
rhyodacite ignimbrite unit igeb (950+7 ka). It is overiain by an andesite lava scrap on Peak 2,672
that was K-Ar dated at 1.0610.03 Ma (Drake, 1976). The dating obviously requires refinement, but
the unit is unequivocally early Pleistocene. Its source is unknown and no carrelatives are present in
the LdM volcanic field, although we think the unit is an outlier of a 650-m-thick stack of ignimbrites
along the international border ~20 km NNE (Drake, 1976; Hildreth ef al., 1999).

{6) Unit igeb is a 50-m-thick ridgecrest remnant of weakly to densely welded pyroxene-andesite
ignimbrite (61.5% SiO0,} that extends for 600 m along the continental divide about 5 km west of the
summit of Cerro Campanario (Fig. 8). The tuff is pale-grey and devitrified but rich in black glassy
discoid fiamme. It carries sparse plagioclase phenocrysis and sparser microphenocrysts of cpx
and opx. The remnant rests on a subhorizontal stack of mafic and andesitic lavas that form most
of the narrow, glacially sculpted ridgecrest. An ignimbrite plateau 5 km farther northwest may be
correlative but was not investigated. Its source is unknown and the unitis undated, though its flat-
lying position atop the high divide, more than 800 m above the floors of flanking canyons, virtually
requires that it be early Pleistocene or older.

Two of the twelve isolated older units are dacite lavas.

(7} Unit dab is a grouping of convenience, a cluster of dacitic lavas poorly exposed along the
upper Arroyo de Botacura (Fig. 9) that may include flows of various ages. Three cliff-forming flows
{64.5-67.7% 8i0,), each 30-100 m thick, are exposed only as ledges at the foot of the northwest
wall of the valley where they are overlain by much younger mafic and rhyolitic lavas, which probably
also cover their vent areas to the north. Two are pyroxene dacites and the uppermost {and most
silicic) a plagioclase-rich hornblende-hypersthene dacite. The thickest of the three yields a *°Ar/*°Ar
plateau age of 924437 ka (Table 1). Facing these on the southeast side of the valley is a parallel
pair of 1-km-long ridges, elongate downvalley, each a 300-m-wide remnant of pyroxene-dacite
tava ~75-m-thick. They overlie bedded tuffs and volcaniclastic sediments {presumed Miocens),
and the southerly one appears to bank against the base of the Volcan Botacura edifice (unit mvb;
1.3 Ma). On the north bank of Arroyo de Botacura, 1.5 km east of these, a coarsely blocky flow-
breccia of glassy plagioclase-rich hypersthene rhyodacite (69.3% SiO,) crops out poorly in vegas
on the Bahamondes divide. Vents are covered and unknown for all these early Pleistocene lavas.,

(8) Unit dpr is a convolutely fiow-folialed, plagioclase-rich opx-hornblende dacite lava (63%
Si0,) more than 250 m thick that supports a prominent mesa called La Puerta de Rodriguez in the
headwaters of Cajon Rodriguez (Fig. 8). Cliff-forming on most sides, the 1.7-km-long remnant is
widely glassy, brecciated, and columnar with several tiers of columns, both internal and basal. It
is overlain by two thin andesitic lava flows on the mesa top, and it rests on a thick pile of Miocene
andesitic lavas and {uffs that dips ~25°S. Because its base lies 500 m above the modern valley
floor and because it filled a broad depression {not a canycn}, we infer the lava to be no younger
than early Pleistocene. it may be a glacially modified dome rather than a flow, as no other remnants
are preserved in any direction.

Thefinal four isolated units are silicic, monogenetic, and appear to have erupted where preserved.

(9) The Rhyodacite of Cordén Las Romazas (unit rdcr} is a flow-foliated lava (71% SiO,) as
thick as 200 m that flowed more than 5 km gently westward (~5°} along what is now the Cordén
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Las Romazas, the Saso-Botacura divide. Eroded into three separate remnants, all lying along the
ridgecrest, the plagioclase-rich hornblende-bictite lava flow appears to have vented beneath the
easternmost exposure {Peak 2,757). Crumbly crystal-rich vitrophyre is subordinate to sheared,
massive, or spherulitic and vuggy felsite; basal columnar zones as thick as 50 m are developed
locally. The base of the lava is ~800 m above the adiacent valley floors and rests directly on Plio-
cene biotite-rhyodacite ignimbrite (3.41£0.8 Ma; Mufioz and Niemeyer, 1984). Only 500 m northeast,
the ignimbrite is in contact with a hydrothermally altered rhyolite mass that extends down to the
valley floor (Fig. 8). We infer the rhyolite to be related to the caldera-forming Pliccene ignimbrite
episode and the glassy undaied rhyodacite lava (unit rdcr) to be much younger, though its position
along the high divide suggests that it is no younger than early Pleistocene. Either the topography
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FIG. 8. Simplified map of northwestern quarter of LdM voleanic field, bounded approximalely by Volean Peliado, Rie Bo-
tacura, and Rio Maule. All units are discussed in text and unit labels identified alphabetically in Appendix 1. Colors
and other symbols as in figures 8, 7, 8. Major streams in blue; lone road (CH 115) follows Rio Maule. Additionally,
Kgi = 80-Ma Los Indios granitaid pluton; Mz mv = metavolcanic wail rocks intruded by that pluten; Tigh = mid-
Miocene synclinaily deformed silicic ignimbrite of Cajén Huemul. Marginal ticks are UTM grid in km east and north,
as on {GM topographic maps.
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has since been very severely inverted or the glassy lava flowed westward along a groove then
separating glaciers that filled the flanking valleys.

(10) The Rhyolite of Las Salinas (unit rls}) is a cryptodome of biotite felsite (72.4% SiO,}, ovoid
in plan, on the headwall of upper Cajon Rodriguez (Fig. 8). It intrudes deformed and dike-ridden
andesitic lavas and tuffs (presumed Miocene), and its glacially scoured surface everywhere exhibits
small-scale (~10 cm wide) columns, which are oriented vertically in the center but rotate toward
horizontal at the peripheral contacts. The 450 x 700-m intrusion has ~250 m of exposed relief and
consists of slightly glassy to finely crystailine felsite that contains ~10% plagioclase phenocrysts
(1-2 mm), ~3% biotite, and minor hornblende. There is no significant alteration other than rusty
orange or pink staining along columnar joint surfaces.

(11} Unit rddp is a rhyodacite dike {71% Si0,), ~5 m thick, exposed 1 km south of Laguna del
Piojo and 1 km west of the posigtacial Las Nieblas rhyolite coulee {Fig. 7). Vertical and oriented
east-west, the felsite dike cuts across a north-facing hillslope developed on a stack of andesitic
lavas and fragmental-flow deposits more than 600 m thick. Presumed Pliocene or older, the stack
is probably part of the erosionally receding southwest wall of the Bobadilla caldera (950 ka). The
rhyodacite dike has several percent phenocrysts of plagiociase and biotite, along with minor horn-
blende and zeolite amygdules. Its age is unknown but likely to be precaidera, though its freshness
suggests that it is younger than Miccene.

{12) Finally, the Rhyodacite of Lo Aguirre {unit rdia) is a 1.5 x 1-km-wide fava dome (67-69%
Si0,) on the south wall of the Rio Maule where formerly penetrated by a tunnel (now a roadcut} at
the top of the steep grade called Cuesta Los Condores (Fig. 9). The dome has as much as 450 m
of exposed relief and is flow-foliated throughout and marginally strongly columnar. The cliffy expo-
sures near and below road level may have originally bean shaliowly intrusive {or ice-contact} and
those at higher levels exirusive. Most of the unit is at least partly glassy, although felsite is commion
on the ridgetop and oxidation and vapor-phase alteration are widespread. Remnants of brecciated
carapace on top exhibit castellated erosion. Contacts with the Miocene ignimbrite (unit Tigh} it is
inferred to intrude are nowhere exposed because the dome is surrounded by younger units. The
rhyedacite contains 5-10% plagioclase phenocrysts and 1-2% each of biotite, hornblende, and opx,
along with minor cpx and common mafic enclaves and blebs. Felsite from the summit of the dome
yields a plagioclase K-Ar age of 881173 ka (Table 2).

MIDDLE PLEISTOCENE ERUPTIVE UNITS {780-126 ka)

Numerous volcanic units of this age interval are scatlered across the entire width of the LdM
field, from the arc front to Argentina, and they are generally better known than older ones owing to
better preservation and less cover. Within the map area, we recognize 33 eruptive units of middle
Pleistocene age, including three siratovolcanoes; one large shield; six modest scoria, spatter, and
lava cones; two ignimbrites; 12 discrete lava domes and flows; one dike; and eight remnants for
which vents have not been identified.

THREE MIDDLE PLEISTOCENE STRATOVOLCANOES

The three polygenetic stratocones of middle Pleistocene age are compaositionally varied, deeply
eroded glacially, and well separated from each other. Otdest of the three is Volcan El Zorro (unit
avz) centered on the divide between Estero Botacura and the Rio de la Plata ~15 km WNW of
the outlet dam (Fig. 9). lis lava-flow apron stretches 9 km north-south, but the edifice is exposed
east-west for only 4 km between upper Valle Chico and the overlapping younger shield lavas of
Cerro San Pedro. The southern half of the ice-ravaged stratocone is deeply gutied by Estero Ter-
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neros and Estero £l Zorro, at the head of which a 350-m-wide microdiorite plug (57.4%% Si0O,) is
well exposed. A second former vent appears to be represented at the head of Estero Terneros by
a coarse breccia mass, southwest-dipping stratified agglutinate, several dikes, and another plug.
Walls of these south-opening cirque-headed canyons provide more than 600 m relief, revealing
stacks of 5-12 mafic and andesitic lava flows (52-61% Si0,) and many intercalated proximal scoria
falls. Also exposed on the steep Zorro-Terneros divide are coarse proximal vent breccias, crudely
stratified, very thick, and gray fo orange-brown. The more gently sloping ice-scoured surface to
the north is a beveled stairstep stack of lava-flow benches, proximally cut by dikes and locally
mantted by intercalated remnants of brick-red agglutinate and scoria. Nearly all products of Volcan
El Zorro carry phenocrysts of cpx, olivine, and abundant plagioclase in varied proportions, and
some have opx as well. Some thin proximal lava flows grade into agglutinate and were probably
fountain-fed; most flows, however, are 10-30 m thick and a few as thick as 100 m. Thick glassy
zones with chunky or columnar jointing are common and suggest ice-contact emplacement. An
andasite lava near the top of a stack exposed on the northwest cirque headwall of Esterc El Zorro
{iust below Peak 2,788) gave a K-Ar age of 429+8 ka {Table 2).

On the continental divide at the northeast edge of the map area, Cerro Campanario {unitmec)
is a steeply ice-sculpted mafic stratocone 6-8 kmi in diameter (Fig. 11). Although the highest peak
in the area at 3,943 m, it rests on Jurassic basement as high as 3,000 m, so its eruptive volume
was probably no more than 10-15 km?®, of which about half is preserved today. lis dike-laced
fragmental core, the radial ramparts eroded from its lava-flow apron, and its radiometric ages
of ~150 ka were discussed in detail by Hiidreth ef a/. (1998). Rich in phenocrysis of olivine and
plagioclase along with sparse cpx, all eruptive products sampled are fairly uniferm in composition
(54.1-54.4% Si0,). In common with many shields and stratocones worldwide that are monoto-
nously mafic compositionally, Cerro Campanario may have grown during an eruptive lifetime no
longer than 103 to 104 years (Hildreth of al., 1998).

Al the northwest edge of the map area, Volcan Pellado (unit mvp) is another large glacially
eroded edifice, but, in contrast to Cerro Campanario, its products have a wide campositional range
(62-62% Si0,}, and it had an eruptive lifetime {~188 to 83 ka) at least as long as 100 kyr (Singer
et al., 1997}, continuing into the late Pleistocene. Its hydrothermailly altered central-vent complex
and its radially distributed apron lavas are summarized by Singer ef al. (1997), who estimated a
present-day volume of 12.5 km?® for the ice-ravaged volcano, a value plausibly only half of what
erupted. Two radial aprons of Volcan Pellado lavas frame the western margin of our map: one
that extends 10 km south along Valle Chico and another that extends 10 km northeast along the
crest of Cordon Loma Seca (Fig. 9). Recurrently glaciated, the floor of Valle Chico is a stairstep
series of ice-scoured benches representing valley-confined lava flows (53-59% SiO,}, 30 to 100 m
thick. The most distal and psrhaps oldest of the Valle Chico flows yields a “*Ar/*°Ar plateau age of
15143 ka (Table 1). Largely overlying these lavas are remnant stacks of 5-10 thinner flows, each
flow typically 8-20 m thick, preserved as sidewall veneers hanked against older rocks on the east
and west walls of the glacial valley. One such flow in mid-stack on the east wall gives a “°Ar/*%Ar
plateau age of 11416 ka (Tabfe 1). The stack of Pellado lavas capping Corddn Loma Seca, a 2-km-
wide flat-topped ridge separating two glacial canyons, consists of as many as 13 flows proximally
and only four distally. Many of these flows (55-59% Si0,) are ~30 m thick and a few are as thick
as 75-150 m, suggesting lateral confinement during outfiow, plausibly by glaciers that then filled
the adjacent parallel valleys {cf. Lescinsky and Sisson, 1998). A thick distal flow along Corddn
Loma Seca is directly underiain on the wall of Rio de 1a Plata by a rhyolite lava {unit rim) with a
WArPAr plateau age of 33542 ka (Table 1}, and the topmost proximal flow on Corddn Loma Seca
itself yields 83%2 ka {Singer ef al,, 1997). in both areas, Pellado lavas are petrographically varied,
individual flows carrying anywhere from ~1% to 25% phenocrysts, ubiguitously of plagioctase and
olivine, commonly of sparse cpx, and additionally of opx in silicic andesites.
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CERRO SAN PEDRO MAFIC SHIELD VOLCANO

One of the larger centers in the volcanic field is the glacially eroded mafic shield {unit mes) called
Cerro San Pedro (not to be confused with Volcan San Pedro, 15 km west, on the volcanic front).
Centered midway between Laguna del Maule and Volcan Pellado (Fig. 9), Cerro San Pedro {Peak
2,878} is an ice-ravaged cinder-spatter-lava cone and plug, now 250 m high and ~1 km wide, repre-
senting the vent complex for the shield (Figs. 12, 13). Oxidized south-dipping scoria and agglutinate
fayers on adjacent Peak 2,750 {~700 m south) indicate that this, too, was part of the vent complex
now gutted by a southeast-opening cirque between the peaks. Stacks of radially dipping olivine-rich
lava flows extend west against Volcan E! Zorro, south to the rim of Arroyo de Botacura, eastward
{beneath peripheral shield Cerro Bahamondes) beyond Cajon Bahamondes, and 10 km northward
as a broad ice-scoured till-mantled stairstep plateau. More than 20 lava flows, mostly 5-20 m thick,
are exposed in sections along the wall of Cajon Bahamondes (Fig. 13). Distally, this northerly apron
extends northeast beyond the Bahamondes, fills an east-trending paleovalley cut in Miocene ignim-
brite and continues down the west bank of the Rio Maule, where lava remnants now form benches
50-150 m above the present-day river. Lavas analyzed {n=13} range in SiO, from 49.3 to 58.2%,
but nine are in the range 51-55%. The three most silicic flows have abundant plagioclase and rare
cpx in addition to the olivine common to all; more mafic flows have abundant olivine and sparse or
only microphenocrystic plagioclase. One fiow (50.8% SiO,) at the southwest extremity of the shield
gave a K-Ar age of 243116 ka, and a waterfall-supporting flow {(55% SiO,; 125 m thick, thickest flow
of unit mes) that boxes Cajon Bahamondes at 2,050 m yielded 243143 ka (Table 2). The shield
favas overlie ignimbrite and andesitic strata of Terliary age as well as the lava-flow apren of Volcan
El Zorro (unit avez; 42948 ka), the older silicic lavas along the Botacura (unif dab; 924+16 ka), and
the rhyolite coulee of Los Murciglagos (unit rim; 34118 ka). They are overlain by the adjacent mafic
shield of Cerro Bahamondes {unit meb; undated but similarly eroded) and by two undated rhyodacite
coulees {units rdcb and rdes), both ~1 km east of the Cerro San Pedro vent cone.

SIX SMALL MAFIC AND INTERMEDIATE CONES

Cerro Bahamondes {unit mch), Peak 2,667, is a 500-m-wide brick-red scoria cone centered 3
km east of Cerro San Pedro (Figs. 9, 12, 13). lts radially dipping scoria and agglutinate are gutted
by a SSE-facing cirque and cut by several exposed dikes. Its lava shield is 3 x 4 km wide and
overlies the shield lavas of adjacent Cerro San Pedro. A meter-sized bomb at the vent has 53.5%
SiO,, but a shield lava ~1 km east has 59.3%, both are phenocryst-poor, carrying small amounts
of plagiociase, cpx, and olivine. Although buili on the flank of Cerro San Pedro and comparably
eroded glacially, Cerro Bahamondes is wholly younger (though undated) and differs in both phe-
nocryst content and bulk composition.

The Andesite of Arroyo Arenas Blancas {unit aab) built a 1-km-wide scoria cone at 2,500 m
on the northeast slope of Volcan Aguirre (Fig. 9) and produced two lava lobes that straddled the
rhyodacite dome of Lo Aguirre (unit rdia), each extending ~2 km northeast to elevations lower
than 2,000 m. The cone is degraded but not deeply eroded; stralified agglutinate and scoria dip
eas! off its east flank, but its smooth west and north slopes are sloughed red-cinder scree. The
cone itself and its scoriaceous, blocky, feveed proximal lava flows are unglaciated above 2,200 m,
whereas the lower reaches of both lava tongues are ice-scoured. The tongue down Arroyo Arenas
Blancas is plucked and eroded into a stack of several fava-flow benches, each 5-20 m high. The
snout of the eastern tongue encountered ice at Estero Aguirre, developing striking subhorizonial
to vertical sets of long slender ice-contact glassy columns distally and sets of stouter columns
farther upsiope. All products are plagioclase-rich with varied proportions of olivine, cpx, and opx;
two lava samples have 59.3% and 61.4% SiO,, whereas a near-vent scoria bomb has only 55.0%
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Si0,. A devitrified sample from the stoutly columnar zone gave a “Ar/*Ar plateau age of 372118
ka. The lavas overlie Pliocene rhyolite of unit Trea, breccia sheets of Volcan Aguirre (unit mva;
1,280+13 ka}, and the rhyodacite dome of Lo Aguirre (unit rdla; 881473 ka).

The Andesite of La Poza {unit mlp) is a small scoria cone remnant ~6 km northwest of the
dam impounding Laguna del Maule {Fig. 9). The brick-red 500-m-wide scoria mound has been
severely glacially eroded, exposing dikes and a platy devitrified plug in the core. Products have
53.1% Si0,, carry 5-8% plagioclase and 2-3% olivine phenocrysts (both as big as 2 mm), minor
cpx, and abundant rhyolite xenoliths. The undated unit overlies Miocene biotite-rhyodacite ignim-
brite and the 1.5-Ma pyroxene-dacite ignimbrite (unit igsp).

Volcan Bobadilla Chica (unit bbc)is a glacially eroded mafic spatter and tava cone (52.0-52.7%
Si0,} centered 4 km north of Laguna del Maule (Fig. 6). Peak 2,863 atop the 1.5-km-wide cone is
a coarsely jointed plug and dike complex that intrudes stratified red scoria and agglutinate. A nor-
thwesterly dipslope of thin lava flows condenses distally into a narrow glaciated tongue preserved
as low as 2,150 m atong Cajén Chico de Bobadilla. Columnar jointing at the terminus ~2 km from
the vent suggests ice-contact ermplacement. Products contain abundant olivine and plagiociase
phenocrysts. The cone was built atop the biotite-rhyodacite ignimbrite (unit igcb; 95047 ka) and
lavas of Volcan Atravesado (unit ava; >700 ka). The distal lava tongue gave a “CAr/**Ar plateau
age of 15417 ka (Table 1).

The Andesite of Paso Campanario {unit mpc)is a stack of at least seven lava flows that dip
radially away from a veni remnant at Crag 2,985, ~4.5 km west of the summit of Cerro Campana-
rio. The crag lies midway along an ice-sculpted spur ridge that extends 3 km southwest from the
eponymous pass at an elevation of 2,955 m on the continental divide. Monolithologic vent breccia
consists of subangular to subrounded blocks (as big as 1 m} of plagioclase-rich olivine-bearing
two-pyroxene andesite in a coarsely gritty lavender matrix, cut by dikes as thick as 4 m. The su-
rraunding stack of lavas thickens southwestward, apparently filling a pateocanyon, but it is not
known how much of the 500 m relief at the steep southwest end of the ridge represents its true
thickness (as opposed to draping a paleccanyon wall). The undated stack of lavas overlies altered
intermediate volcanic rocks, probably of Pliocene or early Quaternary age. It is overlain east of the
pass by mafic lava flows from Cerro Campanario (unit mcc; ~150 ka). The top lava preserved on
the ridgeline north of the vent crag has 54.0% Si0,), whereas a biock from the phenocryst-richer
vent breccia gave 58.1%,.

Volcan de la Calle {unit mvc) is a small glacially eroded mafic shield volcano centered along
the continental divide ~3 km east of the southeasl corner of Laguna del Maule (Fig. 7). Remnants
of the ravaged vent complex are marked by red scoria and agglutinate that crop out around an
ice-scoured upland bowl just southwest of Peak 2,954, which is a remnant of its easl-dipping flank
lavas that now line the divide. Aprons of numerous thin rubbly scoriaceous lava flows with massi-
ve zones 1-3 m thick extend 3 km southeast into Argentina and 3 km southwest, draping steeply
down to as low as 2,350 m in Arroyo de la Calle. Three widely separaled lava flows sampled are
all rich in plagioclase and olivine, carry minor ¢px, and contain 53.5-56.1% SiO,. A near-vent flow
gave a “Arf®Ar plateau age of 15317 ka (Table 1), aimost identical to the age of Volcan Bobadilla
Chica (unit bbe) 12 km north. The shield rests on Tertiary andesitic rocks, subhorizontal or gently
west- or east-dipping, that make up the southeast wall of the Laguna del Maule basin. The shiefd
lavas are overlain by a discontinuous veneer of till and by a Holocene rhyolite coulee of unit red
and its thick proximal pumice-fall deposits.

TWO MIDDLE PLEISTOCENE RHYOLITE IGNIMBRITES
Remnants of two different nonwelded to weakly welded ignimbrites of high-silica rhyolilic compo-

sition (>74% Si0, 8i0,} crop out north and northwest of Laguna del Maule at such high elevations
above present-day canyon floors that we infer their eruptive ages to be no younger than middle
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Pleistocene {i.e., >126 ka). The Ignimbrite of Cerro Galaz (unit igcg) is recognized only as a
1-km-wide bench at 2,700-2,800 m elevation high on ihe southeast shoulder of Peak 2,954, ~5
km northeast of Bafios Campanario and 12 km north of the dam impounding L.aguna del Maule.
The bench-forming sheet is nearly horizonfal, as thick as 50 m, and is mostly white, contrasting
with the subjacent dark gray-brown, radiaily dipping, mafic lavas and fragmental strata of a large
dike-ridden Terliary stratocone here called Cerro Galaz (after Cajén de la Galaz on its east side).
The base of the undated ignimbrite is ~1,250 m higher than the confluence of the canyons of the
Rios Maule and Campanario (6 km southwest). The dominantly while to tan-weathering massive
nonwelded {uff grades up into gray-brown zones that are lightly sintered to partially welded. All
facies are eroded into ledges, knobs, spires, and hoodoos. Everywhere vitric, the ashy matrix
carries sparse biotite and abundant plagioclase crystals, ~5% phenoccryst-poor while pumice
tapilli (mostly 1-3 cm), and $5% accidentat lithic fragments (1-10 cm) of rhyolitic and intermediate
lava. Analyses of two biotite-bearing pumice clasts yield 74.8 and 75.5% SiO,. The source of the
ignimbrite remnant is unknown. Thick sheets of Pleistocene biotite-rhyolite ignimbrite are known
regionally (Figs. 1, 2) only in the Puelche volcanic figld (12 km northeast; Hildreth ef al., 1999) and
around a probable caldera in upper Arroyo Pichi Trolén (22-32 km northeast; west of Las Loicas;
Figs. 2, 4}, Pumice and fiamme sampled from both those areas, however, have ~74% SiO, SiO,
and are geochemically somewhat less evolved than our two pumice clasts from unit igeg.

The lgnimbrite of Cordén Constanza (unitigcce)is recognized as three remnants of nonwelded
to weakly sintered biotite-plagioctase rhyolite tuff, two of which are banked against the western
nose of the eponymous ridge (corddn) that forms the steep divide between the Rios Maule and
Campanario, ~2 km east of their confluence. The lower of the two is ~100 m wide , 60 m high,
and is weathered into tan to pinkish-brown spires as high as 30 m that are conspicuous from the
road grade at Cuesta Los Cédndores across the Rio Maule; its base lies at ~1,650 m elevation.
The upper remnant is ~40 m thick, begins ~120 m higher than the top of the first, and caps the
ridgecrest for ~250 m longitudinally between 1,830 and 1,870 m elevalion. Bases of the two rem-
nants are respectively ~150 m and 330 m higher than the nearby confluence of canyon floors;
both are banked against Tertiary andesitic rocks and the difference in their elevations probably
reflects paleocanyon topography against which they were concurrently banked, rather than diffe-
rent ages or an extraordinary combined original thickness. Both are largely nonwelded, though
their upper parts grade into lightly sintered tuff with no flattening of pumice. Most cutcrops have a
case-hardened carapace, which spalls off in flakes as thick as 1 cm and generally 5-30 ¢m across.
The tuff contains sparse biotite and plagioclase crystals and abundant white to buff, phenocryst-
poor pumice lapilli, most of which are 1-5 cm in diameter, though pumice as big as 16 cm occurs
in flow-top pumice-concentration zones. The ashy matrix remains vitric and is in many zones so
coarse that 25-70% of the poorly indurated deposit consists of pumice grains 0.5-2 mm across.
A subordinate but common kind of pumice is black to medium gray, fibrous, and 1-10 cm across.
The two pumice types, as well as common clasts of black juvenile obsidian (mostly <1 cm), are
compositionally identical at 74.0-74.4% SiO, (significantly less evolved than the lithologically simitar
ignimbrite unit igcg up on Cerro Galaz, only 5 km northeast but ~1,000 m higher). Lithic clasts
are abundant {3-5%) but small {(0.1-1 cm) and pradominantly phenocryst-rich Tertiary intermediate
iavas; sparse biotite-bearing felsite lithics may (like the obsidian) be cognate. No parlings or internal
scour suggestive of discontinuous deposition were observed, but at least four conformable flow
units are distinguished by flow-top pumice-concentration zones. Plagioclase separated from the
lower remnant gave a K-Ar age of 336220 ka (Table 2).

A third remnant of unit igce survives 8 km farther downstream, cropping out atop Cretaceous
granacdiorile high on both walls of the steep divide between the canyons of the Rio de la Plata and
Rio Maude, ~1.5 km upstream from their confluence {Fig. 13). The base of the ignimbrite lies at
1,550-1,520 m elevation, ~100 m lower than the base of the upstream remnants but still ~250 m
above the Rio Maule. The pink nonwelded outcrop is 50-80 m thick, lithologically similar to those just
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described, and overlain directly by a phenocryst-poor rhyolite lava flow of unit im (335+2 ka; 34118
ka). The lava flow has only 73% SiO, and is correspondingly less evolved geochemically than the
ignimbrite. Their distribution and indistinguishable ages nonetheless suggest thatignimbrite unitigee
might be an early explosive and slightly more evolved member of the Rhyolite of Los Murciélagos
{unit rim) complex, which is now deeply incised by the Rio de la Plata tributary of the Rio Maule.

TWELVE SILICIC LAVA FLOWS AND DOMES

Eruptive units of middle Pleistocene age further include 12 silicic coulees and lava domes, each
of which extruded from its own vent, either peripheral to or independent of any pre-existing edifi-
ce. The dozen units include three rhyolites, two northeast of Laguna del Maule and an extensive
compiex along the Rio de la Plala; eight rhyodaciles, of which five lie between Arroyo de Botacura
and upper Valle Chico, two just east of Cerro San Pedro, and one a few kilometers southwest of
Laguna del Maule; and a single dacite coulee that exiends along the north wall of the Rio Saso.

(1) The Rhyolite of Cajon del Atravesado (unit rca) is a 2-km-long lava-flow remnant that
caps a narrow ridge just north of the northeast arm of Laguna del Maule (Fig. 6). The ridge forms
a triple divide separating the lake basin from Cajon del Atravesado and Cajén Chico de Bobadilla.
The glaciated lava flow is 120-150 m thick and drapes the north wall of the lake basin from Peak
2,933 atop the divide to as low as 2,650 m on the wall, only ~1 km from the lakeshore. Rich in
plagioclase and carrying sparse biotite phenocrysts, the lava is locally vitrophyric but dominantly
white flow-foliated felsite, widely vuggy or spheruiitic and at its northeast extremity acid-aitered.
Along the ridgecres!, the fava flow overlies 10-20 m of massive white nonwelded ignimbrite, also
biotite rhyalite but rich in lithic fragments, presumably an explosive vent-clearing phase of the rca
eruption. The unit rests on postcaldera intermediate lavas of Volcan Atravesado (unit ava; 990-
720 ka) and might be considered a late product of that edifice. Three widely separated samples of
the rhyolite contain 74.1-74.4% SiO, and one gave a ““Ar/*Ar plateau age of 712113 ka (Table 1).

{2) The Rhyolite of Cerro Negro (unit rcn) is a fava dome complex of high-silica rhyolite (75.3-
77.6% Si0,) that forms most of the steep northeast wall of Laguna def Maule (Fig. 10). The com-
plex extends 5 km north-south, 4 km east-west, and has >900 m of relief. Although predominantly
flow-foliated white to pale-gray {gray-brown weathering) felsite, several black cobsidian zones tens
of meters thick define boundaries between at leas! four stacked extrusive lobes. The rock contains
1-3% plagioclase phenocrysts and sparse biotite. It is locally vuggy, lithophysal, or spherulitic, and
is strikingly flow-foliated and deformed on scales ranging from 100-m folds to convolute lamination.
So pervasive are thin flow laminae that the unit widely decays into thinly platy screes. A sample
from the northwest scarp gave a K-Ar age of 44717 ka (Table 2), and ancther from the southerly
ridgecrest gave a “Ar/®Ar age of 46816 ka (Table 1). The rhyolite was extruded at the east mar-
gin of the Bobadilla caldera, locally cverlies ignimbrite unit igcb at the base of the eastern wall of
the Laguna del Maule basin, and was sheared off by ice that later filled the basin, producing the
steep scarp observed today {Fig. 10). Several postglacial slumps now mark the toe of that scarp.

(3) The Rhyolite of Los Murciélagos (unit rlm} is a discontinuous chain of six glaciated
remnants {Fig. 9), possibly of a single lava flow, that extends 11 km northeastward, from as high
as 2,863 m above a vega called Los Murciélagos to an eroded terminus at 1,500 m, just above
the confluence of the Ric de la Plata and the Rio Maule. At the 1.5-km-wide rhyolite plateau
above Los Murciélagos, the flow is >200 m thick, and il remains as thick as 150 m at the most
distal remnant, a 1-km-wide triangular plateau near the confluence {Fig. 13). Other remnants are
smaller and only 50-100 m thick, but all six have thick basal obsidian zones, which are in places
columnar. Most exposures, however, are flow-banded felsite, locally vuggy or spherulitic. Two
medial lava remnants rest upon white nonwelded rhyolilic ignimbrite as thick as 30 m, probably
coeruptive, rich in lithics and phenocryst-poor pumice lapilli. Relative slevations suggest that the
vent was beneath or near the high plateau above Los Murciélagos. Just off the north edge of the
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FIG. 10. View eastward from central peninsula at north shore of Laguna del Maule toward Cerro Negro atop steep northeast
wall of basin. Entire high skyline and most of wall consists of pale felsite and dark obsidian of extensive high-silica
rhyoiite complex of Cerro Negro (unit ren), which yields ages of 44717 ka and 46818 ka (Tables 1, 2). Reddish
brown promontories and both islands (at right) consist of intracaldera biolite-rhycdacite welded ignimbrite {unit
igch; 856047 ka). Ignimbrite also crops out near far shoreline as brown ledge just right of center, but three ledges
at far right are slump masses of rhyolite lava. At upper left, rhyalite lava has steep intrusive contact with gently
dipping andesite-dacite lavas assigned lo Velcan La Zorra {unit alz; 1.0 to 1.1 Ma). Beyond are Paso Pehugnche
and clouds in Argentina.

plateau, a 500-m-wide glaciated buttress with coarse vertical jointing and upward-flaring obsidian
marging may be an exposed part of the vent structure (UTM grid 475/207). The phenocryst-poor
rhyolite carries sparse 1-mm plagioclase phenocrysts as well as tiny opx and biotite. Eight widely
distributed samples yield a narrow range of bulk composition: 72.6-73.2% SiO, and 3.9-4.0%
K,O. One sample from the plateau rim above Los Murciélagos gave a *°Ar/*®Ar age of 34148 ka
and another from a 100-m-high rhyolite cliff on the opposite {northwest) wall of the canyon of the
Rio de la Plata gave 33512 ka (Table 1). The unit rests principally on deformed Tertiary andesitic
strata and Cretaceous granodiorite, but it also overlies andesitic lavas from Volcan El Zorro (unit
avz) proximally and remnants of pink rhyolitic ignimbrite (unit igcc) distally. [t is overlain by mafic
lavas from Cerro San Pedro (unit mcs; ~243 ka) and Valcan Pellado (unit mvp) and, atop the distal
plateau (Fig. 13), by a phenocryst-rich pyroxene-andesite lava flow (unit aeb).

{4) The Rhyodacite of Arroyo Cabeceras de Troncoso (unit rdct) is a 1-km-wide coulee
(just west of the eponymous arroyo) that erupted ~5 km southwest of the southwestern corner of
Laguna de! Maule (Fig. 7) and flowed 1.5 km toward the lake from a vent near the divide between
the lake basin and Cajon de Troncoso. As thick as 50 m, the flow is rich in plagioclase, biotite, and
amphibole along with sparse opx. Its exposures are flow-foliated and, although somewhat degraded,
still blocky and glassy: mostly dense vitrophyre with subordinate scoriaceous interlayering. Fine-
grained, mafic magmatic enclaves (1-10 cm) are abundant. Three samples range in SiO, content
from 67.1 to 88.6%, and one yielded a *°Ar/®Ar plateau age of 203141 ka (Table 1). The coulee
overlies Tertiary andesitic lavas and breccias and Miocene silicic ignimbrite; it is heavily mantled
by scoria falls of units mep and met, and a hornblende-dacite lava flow of unit dlp banks against
its west margin. The snout of the coulee was notched by a wave-cut bench during the postglacial
highstand of Laguna del Maule.

BOLETIN 63, Hidrelh28-4-10.indd 39 & 28-04-2010 17:26:11

@



®

@

40

FIG. 11, Cerro Campanario, 150 ka mafic stratoveicano on continental divide, 11 km northeast of Laguna del Mauls. View
is northeastward from 8 km southwest of its 3,943 m high summit, which consists of fragmental and aggluiinated
core facies, laced with dikes. Three black buttresses, at left, right, and toward viewer, are radially dipping stacks
of thin mafic lavas, now glacially sculpted. Pale-gray crag at right is infrusive core of an undated older volcanic
edifice. Middie ridge at left edge of image is scutheast rampart of mafic Volcan Munizaga (unit mvm; 900 ka).
Low sunlit divide near center of photo is 2,553 m Paso Pehuenche, crossed by international roadway.

FIG. 12. Glaciated mafic shield, 243-ka Cerro San Pedro (unit mecs), viewed northward across confluence of Estero
Los Terneros (left) and Arroyo de Botacura {right}. Its 2,879-m summit stands 850 m higher than conflugnce,
Snow-patched kneb at right is Cerro Bahamondes (peak 2,667), vent cone for a smaller mafic shield {unit meb}.
Snowy shelf between peaks is south end of glaciated rhyodacite coulee (unit rdes). These three units are all of
middle Pleistocene age. Bifurcating rimrock lava at center of image is late Pleistocene rhyolite coulee (unit ret;
97+15 ka). Snowclad pyramid on left skyline is Volcan Azufre, part of Peteroa cluster, 80 km north. Cn valley
floor at confluence is postglacial debris-avalanche deposit (dav) from Estero Terneros.
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FIG. 13. Convergence of valleys of Ric Maule {at left with road} and Rio de la Plata (right). View is southward to Cerre San
Pedro onright skyline, 12 km south of confluence. Just above center of image, stack of at least 20 olivine-rich shield
favas from Cerro San Pedre (unit mes) forms glaciated west wall of Estero Bahamondes, which joins Rlo de la
Plata at right center. Triangular Plateau (Crake, 1976} at center is capped principally by 100-m-thick rhyolite lava
flow {unit rim; 33512 ka), remnants of which are also preserved high along wall of Ric de la Plata for 7 km farther
upstream. Atop plateau, rhyolite is overlain by scoured remnant of andesite lava unit aeb (276 ka). Rugged wall at
left, light-calored and stratified, is Miocene ignimbrite (unit Tigh), here synclinally deformed (cf. Fig. 18). Between
rhyolite plateau and ignimbrite ridge, subdued gray-brown swale is paleovalley filled by 243 ka mafic shield lavas
from Cerro San Pedro that flowed into Rio Maule valley prior to culting of Estere Bahamondes. Beneath plateau,
rugged lower slopes are 80-Ma granodiorite (unit Kgi), as is foreground ridge. White gully at center of image
reveals {elsewhere scree-covered) nonwelded rhyolitic ignimbrite (unit igee; 336420 ka) sandwiched batween
granodiorite and rhyolite lava flow. On central skyline, red-brown knob is Cerro Bahamondes cene (unit meb; cf.
Fig. 12), and tan skyling bench fo its right is superimposed pair of rhyodacile coulees, units rdch and rdes. On
skyline just left of Cerro Bahamondes is ravaged siratified remnant of Volean Botacura (unit mvb), and on far left
skyline are comparably eroded dark-gray remnanis of Volcan Aguirre (unit mva), each ~1.3 Ma and both mafic.

(5} The Rhyodacite east of Cerro San Pedro (unit rdes) and {6) the Rhyodacite west of
Cajén Bahamondes {unit rdcb) are a pair of overlapping coulees that together form a prominent
glacially scoured ridge between the mafic centers Cerro San Pedro and Cerro Bahamondes (Figs.
9, 13). The upper coulee {rdes; 69.7% SiO,) is >1,00 m thick, ~600 m wide, and flowed nearly
2 km northward to a sloping flow front that has ~150 m relief. Mast of the flow is strongly flow-
foliated, mixed felsite and vitrophyre, and carries ~10% plagioclase phenocrysts along with ~1%
amphibole, minor biotite, and sparse opx microphenocrysts, in contrast to the lower coulee (rdch;
68.9% SiO0,), which instead contains ~15% plagioctase and abundant opx. The lower coulee is
~50 m thick, likewise partly glassy, and is exposed for only ~1 km as a bench underlying the nor-
theast margin of the upper. Both are presumed to have erupted from a southerly vent concealed
beneath them near knoll 2,648. They overlie the mafic-lava apron of unit mcs (~243 ka), and both
coulees appear lo have andesitic lavas of Cerro Bahamondes {unit mcb) banked against them.
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(7) The Rhyodacite of Estero Terneros {unit rdet)} is the easternmost of five independent
rhyodacite units of middle Pleistocene age distributed 2-6 km west and southwest of the summit
of Cerro San Pedro, between Arroyo de Botacura and Valle Chico (Figs. 8, 9). Along the Botacura
tributary called Estero Terneros, a pair of thick rhyodacite lava flows forms much of the canyon's
steep northeast wall, extending 2.5 km from the 1im of its aliuviated cirque bowl nearly down to
the Botacura. Both flows are strongly flow-foliated and rich in plagioclase; the lower has biolite
and hornblende, while the upper carries opx and sparse opacilized biotite phenocrysts. Both flows
range from panrtly glassy to devitrified and thinly platy, and both weather dark brown. The lower
flow (69.6% Si0,} is as thick as 200 m and has a columnar base, the upper (70.0% SiO,) forms a
150-m-high scarp near the head of the canyon. The lower flow banks against a mafic plug asso-
ciated with the gutted core of Volcan El Zorro {42948 ka), and the upper flow is overlain by mafic
{avas from Cerro San Pedro (~243 ka); both of the undated flows are overlain direcily by a thick
coulee of biotite rhyolite {unit ret; 9718 ka).

(8) The Rhyodacite of Estero El Zorro {unit rdez} is a 1 km wide lava dome only 1.5 km west
of Estero Terneros, on the floor of the cirque bowl at the head of Estero El Zorro {Fig. 9), where it
is directly overlain by andesitic lavas in the gutted core of Voican El Zorro (42948 ka), to which it
is likely to be related. With about 200 m of exposed relief, the rhyodacite (69.9% SiG,) is glacially
scoured into cliffy benches and ledges, and its base is concealed by till and scree. Because the
lava is exceptionally rich in plagioclase phenocrysts and subordinate opx, many exposures crumble
into grus. Parts of the dome are platy and much of it is slighily altered, weathering yellow-brown.

(9) The Rhyodacite of Puntilla Los Nirales (unit rdpfi) is another glacially modified dome
of pyroxene rhyodacite, lying only 1.5 km southwest of the unit rdez dome and 1.5 km north of
Arroyo de Botacura {Figs. 8, 14). The 900 x 1,400-m-wide dome (knoll 2603) forms the middie
reach of a steep narrow ridge called Puntilta Los Nirales; incised by a glacial canyon tributary to
the Botacura, the sheer southeast face of the dome has >300 m of relief, its toe buried in its own
coarse talus. The face is entirely felsite and much of it is marked by a single set of slender {(~1 m
thick) columns =150 m high. Vitrophyre is locally preserved on {op and along the gentler weslern
margin. The rhyodacite carries ~5% plagioclase phenocrysts as big as 4 mm, small amounts of
opx, amphibole, and biotite, and sparse fine-grained, relatively mafic enclaves (mostly <1 cm;
some to 5 cm). Samples from top and bottom both contain 70.4% SiO,, the latter gave a “*Ar/**Ar
plateau age of 680134 ka (Table 1}.

{10) The Rhyodacite of Valle Chico (unit rdve) is a composite flow-dome complex that crops
out steeply along the east wall of upper Valle Chico {Fig. 9). It ies only 2 km north of the unit rdpii
dome just described and is of similar age (69518 ka (Table 1), butit consists of pyroxene-plagioclase
rhyodacite. The complex consisls of two superimposed extrusive subunits, which altogether crop
out for 1 km north-south and 700 m east-west. The upper unit (70.3% S$iO,} is the more extensive,
is strongly flow-foliated, has >200 m of cliffy relief, and is phenocryst-rich, containing >20% plagio-
clase {up to 3 mm), common cpx and opx microphenocryts, and scattered mafic blebs. its steep
west face is marked by a vertically jointed centrat domain, flanked by flow lobes with moderately
dipping foliations that ramp upward distally both north and south. The lava is mostly devitrified,
pale gray, and vuggy but weathers gray-brown; medium gray domains of crumbly vitrophyre are
preserved locally. It is cut by at least iwo olivine-plagiociase mafic dikes, which may be related to
nearby Volcan El Zorro. The fower unit {71.2% SiO,} is a discrete lava dome or flow that directly
underlies the central part of the upper one along the vega margin at Valle Chico. Although its base
is not exposed, it has ~150 m of cliffy relief and crops out for 400 m north-south. Distinctively less
phenocryst-rich than the upper unit, the lava has only ~3% ptagioclase {as big as 1.5 mm) and
sparse opx and ¢px, but it too carries fine-grained mafic enclaves (1-5 mm across). The rhyodacite
pair overlies a stack of thin mafic lavas of unit mvii. Banked against the northwest toe (poorly
exposed al the vega) are mafic and andesitic lavas from Volcan Pellado (unit mvp), and banked
against the upper flow on the east are lavas from Volcan El Zorro {(unit avz; 4,2918 ka).
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{11) At the head of the Rioc de la Plata (Fig. 9}, only 1 km north of its divide with Valle Chico and
2 km north of the unit rdve rhyodacite just described, the Rhyodacite of Cabeceras de 1a Plata
{unit rdcp) is yet another small rhyodacite dome of middie Pleistocene age. The equant dome is
~300 m across and has ~70 m relief on its steep north side. Glacially scoured, the dome is flow-
foliated pale-gray felsite (71.0% Si0,) that weathers buff to pinkish tan and carries 3-5% plagioclase
phenocrysts, ~1% amphibole, and sparse opx and biotite. It is cut by a 5-m-thick vertical mafic dike
that strikes norihwest, probably related to Volcan El Zorro. The undated domie is overlapped by the
apron of olivine-plagiociase mafic andesite lavas from Volean Ei Zorro {unit avz; 4,298 ka) and
by outliers of plagioclase-rich pyroxene-andesite lava, probably from Volcan Pellado (unit mvp).

{12) Lasl to be described of the dozen silicic Javas of (known or inferred) middle Pleistocene
age is the undated Dacite of Estero Tapia {(unit det), a singte thick lava flow that erupted at ~2,600
m elevation high on the south slope of Cordén Las Romazas (the Botacura-Saso divide; Fig. 8).
The flow drapes down the north wall of the Rio Sase, descending steeply for 2.5 km {just west of
a Saso fributary called Estero Tapia) as a 300-m-wide tongue that doubles in width lower on the
slope, then at 1,900 m elevation turns west, forming a 100 m-thick-cliffy ledge that dips gently
westward for 3 km downstream. ils base is now ~150 m above the floor of the present-day Rio
Saso, perched on a 700-m-wide ladge that was evidently the floor of the Saso paleovalley at the
time of its emplacement. Much of the glacially scoured surface of the ledge is devitrified felsite,
block-jointed or slabby, but the lower half of its scarp is strikingly columnar and partly glassy. The
dacite (63.9-65.6% Si0,) is flow-foliated and contains 5-10% plagioclase phenocrysts (as big as
2 mm}, sparse amphibole, and rare opx and opacitized biotite. it erupted through and overlies a
major biotite-rhyodacite ignimbrite (3.410.8 Ma; Mufioz and Niemeyer, 1984} and, along the lower
wall of the Rio Saso, it rests on still-older Tertiary andesitic lavas and tuffs that dip ~20° NE.

ANDESITE DIKE OF CUESTA LOS CONDORES

A heterocgeneous intermediate dike (unit mic), near-vertical and 1-10 m thick, strikes northeast
across the road at an efevation of 1,770 m along the precipitous road grade called Cuesta los
Céndores (UTM grid 560/208), ~8 km northwest of the dam impounding Laguna del Maule. From
above the road, the dike descends the dliff below for at least 100 m, toward the base of the waterfall
of Arroyo Arenas Blancas. Alternating massive and vesicular zones define a crude vertical foliation
within the dike, which generally splits platy. The dike contains ~10% plagioclase phenocrysts {1-2
mmy}, common olivine, and sparse pyroxenes. Two samples from near the road gave contrasting
compositions: 53.4% SiO, at 1.19% K,0 and 58.5% SiO, at 2.01% K,O. The (fresh, nonhydrated)
dike cuts only Miocene biotite-rhyodacite ignimbrite and is clearly distinguishable from altered Ter-
tiary dikes nearby. it is not known to be related to any of the several mafic and intermediate lava
flows that crop out along the adjacent canyon, We infer the dike to be of middle Pleistocene age,
principally by comparison of its topographic situation and degree of weathering relative to many
nearby Pleistocene lavas, but we cannot exclude that it could be early Pleistocene.

EIGHT ORPHAN REMNANTS OF MIDDLE PLEISTOCENE LAVA FLOWS

In addition to the 25 middle Pleistocene units just described, there are eight glaciated remnants
of lava flows known or inferred to be of this age, for which vents have not been identified. The
eight range from basalt to dacite, are scattered widely across the velcanic field, and are generally
isolated scraps without clear stratigraphic context.

Two of the eight cap the Cordon de Constanza, the Maule-Campanario divide, forming narrow
ridgecrest remnants (Fig. 9} ~8 km north of Laguna del Maule and ~300 m above the nearby canyon
floors. The Andesite north of Salto de! Maule {unit ans) is a 600-m-long remnant of a single lava
flow as thick as 120 m, centered on knoll 2,003, Slender glassy columns, probably reflecting ice-
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contact emplacement, make up its iower 80 m cliff, and only its ice-stripped upper part is devitrified
and platy. The flow has 62.0% SiO, and carries 10-15% plagioclase phenocrysts (1-3 mm) and
sparse opx and cpx. It yields a “CAr/**Ar plateau age of 429+42 ka (Table 1). Less than 1 km west
and capping the same ridgecrest, the Andesite south of Bafios Campanario (unit asb) forms a
narrow 750-m-long remnant of another lava flow, as thick as 130 m and centered on knoll 2,046
(Fig. 9). its lower half consists of black glassy columns, including a basal colonnade of sfout vertical
columns 10-25 m thick and an overlying 50-m-thick zone of slender columns variably oriented.
The upper half is devitrified, platy to block-jointed, and pale gray, weathering tan o orange-brown.
The flow has 60.4% Si0, and carries abundant plagioclase phenocrysts along with sparse opx
and cpx. It yields a “Arf*Ar plateau age of 374+7 ka (Table 1). Both remnants rest on deformed
Tertiary volcanic rocks that include white biotite-rhyodacite ignimbrite.

Across the canyon northwest of Corddn de Constanza {Fig. 9}, three remnants of mafic lava
and ejecta, the Andesite of Rio Blanco (unit mrb; 54.1-54.4% SiO,) are preserved within 1 km
of Bafios Campanario, on the nose separating the Rio Campanaric from its Rio Blanco tributary.
The upper remnant, ~300 m wide, lies 1 km northeast of the confiuence, up at 1,650 to 1,750 m
elevation, and consists principally of a 1080-m-thick lava flow banked against the west side of the
nose. Most of the cliff-forming lava has hackly orirregularly spaced vertical joints, but its basal 25m
is columnar, some columns inclined at 45°. At the lower southeast end of the ocutcrop are exposed
several meters of brick-red breccia, agglutinate, and scoria bombs as large as 1 m, suggesting
a nearby vent, possibly concealed by the thick lava itself. Two lower remnants of similar lava are
banked against the same nose down at 1,600 to 1,650 m elevation and, taken together, are ~750
m fong and 200 m wide. Their partly glassy chunky-columnar aspect suggests ice-or-river-contact
emplacement. Products contain 3-5% plagioclase phenocrysts (1-4 mm) and ~1% each of cpx
and olivine (£1 mm). The undated remnants rest against Tertiary andesitic lavas and tuffs and a
small mass of pyroxene diorite; their bases fie 80 to 130 m above the nearby confluence of the
Rios Campanario and Blanco. Just south of the confluence, only 500G m from the lower remnants
of unit mrb, an intracanyon lava flow of unit avm (lowest lava on the Campanario-Matlle nose}
rests virtually at river level {~1,550 m) and yields a “*Ar/*Ar plateau age of 116127 ka {Table 1). On
this basis we infer the remnants of unit mrb to be slill older, and in fact Drake (1976) determined
a K-Ar age of 270+70 ka for one of them (Table 2).

Aglacially sroded stack of three phenocrysi-poor mafic lava flows, the Andesite west of Cerro
Risco Bayo (unit mor), caps the Campanario-Bobadilla divide, ~6 km north of Laguna del Maule
and 7 km northwest of Paso Pehuenche (Fig. 6). Each of the three is 6-8 m thick, with scoriaceous
rubble separating block-jeinted to slabby massive interior zones 4-5 m thick. Together they form a
till-strewn plateau 600 m wide and 1,200 m long. The lavas have 53.7-54.2% SiO, and carry very
sparse phenocrysts of olivine, cpx, and plagioclase. They are compositionally unlike any other
mafic lavas in the area nearby (e.g., units alz, ava, mcc, mpe, and mym), and their source vent
remains unidentified. The stack overlies unit igch (95017 ka) as well as Tertiary andesitic strata
that dip 25°N; it also banks against unit ighc to the west and an altered Tertiary dome called Cerro
Risco Bayo to the east.

The Andesite of Estero Bahamondes (unit aeb) consists of four remnants of (variously one or
two)lava flows of plagioclase-rich pyroxene andesite {69.4-61.6% SiO, ) that flowed northward down
a palec-Bahamondes valiey from an unidentified source. The southernmost is a columnar-jointed
ledge only 100 m long but alse 100 m thick, banked against unit mes high on the west wall of the
Bahamondes gorge at 1,850 to 1,950 m elevation (UTM grid 499/218). Downstream 2 km on the
opposite (east) rim at 1,800 to 1,900 m elevation is another glassy columnar remnant (502/238) of
similar dimensions, also banked against lavas of unit mes as well as against Miocene ignimbrite
beneath them. Above the confluence of Estero Bahamondes with the Rio de la Plata, ~1 km farther
downstream, ancther east-rim ledge at ~1,750 m elevation (495/248) is 30 m thick, 200 m long,
and mostly glassy and chunky-columnar, with subhorizontal columns where it banks against a wall
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consisting of both Miocene biotite-rhyodacite ignimbrite and 1.5-Ma pyroxene-dacite ignimbrite
(unit igsp). By far the largest remnant is 2.7 km long and as wide as 1.5 km, capping what Drake
(1976} called the 'Trianguiar Plateau’, a mesa that tapers to a point above the confiuence of the
Rio de |a Plata with the Rio Maule (Fig. 13). The ice-scoured lava that caps the plateau is at least
70 m thick and locally overlies what may be an earlier related flow unit; its till-mantted surface is
rich in erratics of unit mces, fewer of units rlm and avz, and few ar none of unit mvp. The capping
lava contains ~15% plagioclase phenocrysts (1-3 mm) and sparse cpx and opx. it overlies units
rim {~335 ka) and mcs {~243 ka)} as well as the older ignimbrites, and gave Drake (1976) a K-Ar
age of 276120 ka {Table 2). The andesites are compositionally unlike Pellado-derived lavas of unit
mvp and richer in phenocrysts than andesiies of unit meb. Because no andesites younger than
~243 ka are exposed farther upstream, we speculate that Cerro San Pedro itself may have been
the source of unit aeb; while most are more mafic, the most evolved lavas of unit mcs are similar
{though not identical} to those of unit aeb.

The Basalt of Cajén Filume (unit bcf) is an intracanyon unit that extends ~1.5 km southward
down the floor of a valley cut into the early Pleistocene andesitic edifice of Volcan Filume {unit
mcf), ~8 km west of Laguna del Maule (Fig. 8). At its eroded terminus at ~2,200 m elevation, a
single ice~-scoured bench-forming flow is 30-50 m thick and rmay well have originally extended the
additionat 1.5 km to the Rio Saso. Upstream benches of the same lithology at 2,350 m elevation
on both walls of the canyon may be the same or a higher flow unit, but the intervening area is
concealed by till. A 200-m-iong remnant only 20 m thick is also preserved ~1.5 km farther nor-
theast atop a Pliocene rhyolite dome {unit Trcf) at 2,625 m elevation. The lavas have 51.2-52.4%
Si0, and carry abundant olivine and plagioclase phenocrysts. All outcrops are glaciated and
most are block-jointed to slabby, though the base of the terminal scarp is stoutly columnar, The
source venlt is unidentified but might have been one of several dikes that cut the rhyolite dome.
Assignment of this undated unit to the middle Pleistocene is tenuous and poorly constrained. @®

The Dacite of Arroyo Cabeceras de Troncoso (unit dct} is a remnant of phenocryst-rich
vitrophyre {63.2% SiO, ) banked against Tertiary andesitic rocks at 2,300 m elevation on the west
wall of the eponymous arroyo, 4 km southwest of Laguna del Maute, 1.5 km southwest of Laguna
del Piojo, and 100 m east of the coulee of unit rdct (Fig. 7). The black glassy remnant (UTM grid
589/039) is <100 m long, slightly vesicular, and disintegrates blocky. It is apparently a marginal
facies of a plagioclase-rich opx-dacite lava flow that once filled the arroyo and was largely removed
by glacial erosion. {is source vent is unknown and its age is poorly constrained.

The Andesite of Casa de Piedra (unit acp) is an extensively glassy mass of columnar join-
ted and convolutely flow-foliated java banked against the north wall of Cajén Rodriguez (Fig. 8)
~15 km west of the south end of Laguna del Maule. More than 200 m thick, the cliff-forming unit
extends 1.3 km east-west and consists internally of several discrete columnar zones (variously
inclined or vertical) separated by thin shear planes. The undated lava contains 59.0-569.6% SiO,,
and it carries 10-15% plagiocltase phenocrysts {(1-5 mm), 2-3% pyroxenss (3.5-2 mm}, and rare
opacitized amphibole. lis stoully columnar base is 150 m above the present-day stream, banked
against a wall of altered and dike-ridden Tertiary andesitic strata. The source vent is uncertain; it
may well be at a glactated spur at the top of the outcrop, but this has not been verified. The unit
may have been emplaced against the margin of a canyon-filling glacier and need not ever have
occupied the entire valley.

LATE PLEISTOCENE ERUPTIVE UNITS (126-25 ka)

Within the area mapped, we have delineated 28 units that erupted in this age interval, inclu-
ding four rhyalites, two rhyodacites, two daciles, 12 silicic andesites, seven mafic andesites, and
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one true basait. We ignore the conventional end of the Pleistocene as poorly applicable here
and instead consider (as discussed in section 9, below) units younger than 25 ka as 'posigiacial'.
Nonglaciated lavas that yield *°Ar/**Ar ages as old as 24.6+2.2 ka occupy the floor of the glacially
excavated, ice-scoured, and till-slrewn basin of Laguna del Maule (Singer ef al., 2000). Glacially
meodified eruptive units of the late Pleistocene are scattered widely across the whole volcanic
field, just as during the middle and early Pleistocene. In discussing the 28 units, we group them
as follows: one slratovolcano, two rhyolite coulees, three silicic domes, six smalt mafic centers,
five small andesitic centers, five components of the Rio Maule intracanyon assemblage, and six
orphan units for which vents have not been identified.

LATE PLEISTOCENE COMPONENTS OF VOLCAN PELLADO

As discussed earlier, Volcan Pellado {unit mvp)is a glacially eroded stratovolcano that frames
the northwest edge of our map (Fig. 9). We have addressed only its margins, but Singer ef al,
{1997) found its eruplive products to have 52-62% SiQ, and its eruptive lifetime to extend from
~188 ka to at least as young as 83 ka, thus well into the late Pleistocene. Many of the youngest
lavas of Volcan Pellado are andesitic (67.3-61.0% SiO,; n=6 in our data set);, some of these are
shown as unit Qpmy on the map of Singer et al. (1997). Such lavas have yielded ‘“CAr/*Ar ages of
11416 ka, 11013 ka, and 1034 ka, afl in upper Valle Chico; and 83+2 ka atop the proximal end of
Corddn Loma Seca (Table 1 and Singer et al., 1997). A Pellado-derived phenocryst-poor andesite
lava flow (unit ave; 58.6% SiO,) as thick as 130 m that caps ridge 2,630 (the Valle Chico-Rio de
la Plata divide) may be younger still.

TWO RHYOLITE COULEES

Compositionally similar rhyolite iava flows were extruded in the |ate Pleistocene near the head-
waters of two adjacent tributaries of the Arroyo de Botacura, Esteros Terneros and El Zorro, one
phenocryst-bearing, the other aphyric. The Rhyolite of Estero Terneros (unit ret)is a cliff-forming
glaciated coulee (Fig. 12) as wide as 1 km and as thick as 150 m that flowed 3 km southward to
a now-eroded terminus where its base stands >100 m above the fioor of the Botacura. lis vent is
revealed on the east wall of the cirque heading Estero Terneros by a zone of near-vertical flow
foliation. Much of the lava is at least partly glassy, and its basal zone is dense black vitrophyre. it
contains 73.7% Si0, and carries 2-3% plagioclase phenocrysts and ~1% biotite as well as abundant
mafic blebs. The flow overlies units dab, rdet, and mcs (~243 ka), and a sample from its distal
scarp yields a "Ar/*°Ar plateau age of 87415 ka (Table 1).

Four kilometers west, the Rhyolite of Estero El Zorro {unit rez) is an obsidian flow (Fig. 14)
that extruded on the divide between Valle Chico and Estero El Zorro and flowed both 1 km north
and 3 km south. As wide as 1 km and as thick as 170 m, the glacially scoured coulee is subtly
flow-foliated and largely glassy, although felsitic and mixed interior zones are exposed on cliff
faces. Despite an erosional gap near its center of distribution, samples from its north and south
ends are compaositionally identical at 73.8% and are striclly aphyric. The rhyolite overlies units
mvii and avz, and it is overlapped by the scoria cone of unit apfi. It yields a "YAr/*Ar plateau age
of 83£3 ka (Table 1).

SILICIC LAVA DOMES

During the late Pleistocene, silicic domes (71-75% SiO,) were extruded in three places,
two near the outlet of Laguna del Maule and ancther 13 km northeast. The latter, the Rhyolite
of Estero de Bobadilla {(unit reh), is an ice-scoured ovoid dome (knoll 2667}, 500 x 700 m
across and 150 m high, that erupted in the headwaters of Cajon Grande de Bobadilla (UTM
grid 705/202), 5 km north of the northeast arm of the lake {Fig. 6). The till-strewn felsitic dome
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FIG. 14, View norhwestward across confluence of Esterc £1 Zorro (right) and Arroyo de Botacura {left foreground), Dips-
lope lava flow with 50-m rimrock ledge that caps ridge at center of image is aphyric rhyolite cbsidian (unit rez,
8313 ka). It overlies a stack of mafic and andesilic lava flows from Volcan El Zorro {unit avz; 42948 ka), part of
which alse forms snowy ridge at right skyline. On central skyline, swayback ridge {with ice hollow) is andesite
scoria cone {unhit apn) that overlies the obsidian flow. At left, flat-topped lava with 300-m-high face is pyroxene
rhyodacile of unit rdph, a 680 ka dome thal rests on ravaged remnanis of early Pleistocene Volcan Nirales (unit
mva). Snowclad double peak on far central skyline (10 km from camera) is Volcan Pellado {unit mvp, 188-83
ka). Snowy slope of Volcan San Pedro (on velcanic front) is visible at far upper left.

is largely devitrified or spherulitic and locally oxidized red-brown or silicified white. Fresh felsite
has 74.8% SiO, and contains 10% plagioclase, sparse biotite, and rare amphibole. The dome
extruded through altered andesitic strata of Tertiary or early Quaternary age, and it banks against
a large, highly altered, Tertiary lava dome called Cerro Risco Bayo (hill 2,729). Although stripped
of much of its glassy carapace, the undated rhyolite dome is inferred to be of lale Pleistocene age
because it remains compactly ovoid, domical, and unfaceted.

Centered 2 km southwest of the dam impounding the lake, the Rhyodacite of Domo del Maule
(unit rddm) is a glassy 200 m high lava dome, 1 km wide and subcircular in plan view, that rises
above a comagmatic lava-flow platform ~100 m thick that slopes gently eastward for ~600 m, ending
in a 50-m-high scarp above the lakeshore (Figs. 7, 15). The uneroded dome retains a pale-gray
micropumiceous carapace that is subtly flow-foliated but texturally quite uniform, weathers tan,
and disintegrates slabby to blacky. The transition from dome to platform is weakly marked by the
wave-cut highstand bench at 2,350 m elevation that encircles Laguna del Maule, but the lava-flow
platform had earlier been glacially eroded. lis lakeside cliff exposes felsitic, spherulitic, and glassy
micropumiceous zones but neither dense vitrophyre nor vuggy to scoriaceous facies; the lower half
is strongly flow-foliated but the rim of the eroded shelf is block-jointed. Samples frem both dome
and platform have 70.6-71.6% SiO, and contain ~10-15% plagioclase phenocrysts, 3-5% biotite,
sparse amphibole, and rare opx. The base is nowhere exposed, as the unit is surrounded by its
own pumice-fall deposits, both primary and reworked, and the north side of the dome is wrapped
by the postglacial rhyodacite coulee of unit rden. A moraine along the north side of Arroyo Los
Mellicos consists predominantly of material eroded from unit rddm, not from nearby rhyodacite
unit rdam. A felsite sample from the lakeside scarp vields a “?Ar/*°Ar plateau age of 115t49 ka.
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FIG. 15, View southwestward of rhyedacitic Domo del Maule {unit rddm; 115249 ka}, ~1 km in diameter, which rises 400
m above norfhwest arm of Laguna det Maule. Liltle-eroded glassy dome and glacially ercded 168-m-thick lava
flow in foreground are compositionally identical and presumed to be comagmatic. Postglacial high strandline at
2,350 m coincides with break-in-slope from shelf to dome, where il is mantled by talus from dome. Dark-gray
post-highstand lava at right is rhyodacilic Morthwest Coules (unit rden), which just reachss present lakeshore
between glaciated shelf of unit rddm and toe of glaciated ouilet dome (unit rdop). Ridge on left skyline is narrow
divide belween lake basin and Ric Saso, consisting of 1.5-Ma pyroxene-dacite ignimbrite (unit igsp) and andesitic
lava flows both below and above it; slump masses of ridgecrest lavas and ignimbrite protrude through pumice-fall
deposits at toe of scarp.

The Rhyodacite west of Presa Laguna del Maule (unit rdop} is a pair of lithologically and
compaositionally identical lava domes that lie immediately west of the dam {Figs. 7, 16). Each
is 200 m high, only 500 m wide, and somewhat elongate north-south, owing to glacial erosion
concentrated at the basin outlet. A palec-outlet channel separates them narrowly, and the present
outtet channel for the Rio Maule lies just to the east. Both domes retain parts of their glassy pu-
miceous carapace, but glacial erosion has exposed infernal felsite on their steep channel-facing
margins. Each dome contains 71.3-71.8% SiO, and carries ~10% plagioclase phenocrysis as
well as ~3% biotite and rare amphibole. The east dome overlies unit alm, and the west one is
abutted by postglacial unit rden. Magmas of units alm and rdop apparently mingled during ex-
trusion, as best observed on the northeast spur of the eastern dome, and are thus inferred to
have been approximately contemporaneous. An attempt to date the eastern dome failed to yield
measurable radiogenic Ar.

SIX SMALL MAFIC VOLCANOES
Among the 28 late Pleistocene eruptive units mapped are three modest scoria cones near the

ouflet of Laguna del Maule and three shallow scoria-ringed craters well southwest of the lake. The
Basalt of El Candado (unit bec) forms an erosively ravaged scoria-and-spatter cone ~1.5-km-wide
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FIG. 16. Cutlet of Laguna del Maule viewed norlhward, illustrating three different silicic units and one andesite. At right,
100-m-long dam regulates lake level and controls Rio Maule outflow through 200 m deep outlet gorge. At right, cliff
is late Pleistocene rhyelite lava (unit rep), of which two flow units are visible at right end of dam. This is overlain
hy lighter brown. rubbly postglacial coulee of high-silica rhyolite, Loma de Los Espejos (unil rle). Dome to left of
dam is late Pleistocene rhyodacite of unit rdop, which is separated from its twin dome (toe at left edge of image)
by a glaciated palec-outlet charnel. Beneath the dome and between it and the dam, the ragged lakeside shelf
censists of hybrid andesitic lava unit alm, which may have issued from same vent as overlying dome. Wavecul
bench at 2,350 m elevatlion, ~200 m above current lake level, is visible on all three silicic units on both sides of
dam. This postgiacial high strandline rings the lake basin, formed in response to damming of the outlet by eam-
placement of Loma de Los Espejos coulee, and here illustrates the threshhold of overflow prier o catastrophic
aulbreak and deepening of the gorge. Visible in dislance on right {east) wall 2 km down gorge is sheared-off cliff
of unit rle (above scree) where blockage collapsed.

on the west bank of the Rio Maule, ~1 km downstream from the dam (Figs. 7, 9). The edifice is
a 350 m high half-cone banked against the steep western sidewall {of welded ignimbrite igsp) of
the cutlet gorge. Stratified scoria-fall deposits dip 10°-30° radially down the southeast, east, and
northeast flanks, away from the remains of a devasiated summit crater where the strata roll over
to dip 10-35° inward, are capped by remnants of an effusive lava flow, and are locally fused at the
margins of a crater-filling massive intrusive complex. Extensively black but proximally brick-red and
locally palagonitized orange, most scorialayers are 0.3-2 m thick, either nonindurated or tack-welded
and strongly agglutinated only in and near the crater. The massive composite lava intruding and
overspilling the crater is ~200 m wide and exposed for 100 m vertically. Extending southwest from
the crater, several vertical dikes, 1-2 m thick and glacially striated, cut and locally fuse the layered
scoria. The ejecta are predominantly scoria lapilli, though some layers are rich in ¢oarse ash, and
scoria bombs are commonly as big as 30 cm on the flanks and as big as 2 m around the crater.
Sparse lithic gjecta include clasts of Tertiary andesite and pyroxene-dacite ignimbrite (unit igsp),
both shallowly subjacent. All juvenile products are rich in phenocrysts of plagioclase {(1-3 mm) and
olivine (1 mm), with or without sparse cpx. Five samples range in SiQ, from 51.4 to 52.9%, and
ane yielded a *“°Ar/Ar plateau age of 6214 ka (Table 1).
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Erosive undercutting along the outlet gorge has promoted failure of numerous slide masses
down the east and northeast dipslopes, such that the lower haif of the fragmental mafic ediiice
{below ~2,270 m elevation) now consists of displaced material. Eruption of Ef Candado ai ~62 ka
apparently postdated the last advance of a major glacier from the LdM basin into the outlet gorge,
because the {oe of the edifice overlies gorge-floor till rich in clasts of basin-derived lithologies but
devoid of Candado material. Thin diamicts rich in Candado material overlie the till along the river-
bank and probably represent local debris-flow deposits. The wavecuf high strandline that surrounds
Laguna del Maule at ~2,350 m elevation (~200 m higher than present-day lake level} is preserved
as a pebble-strewn bench on the south shoulder of the Candado cone. A small moraine deposited
by a local slope glacier from the ridge above is rich in blocks of pyroxene-dacite ignimbrite (unit
igsp), overlies Candado scoria, and ends abruptly at the strandline bench, White diatomite as thick
as 2.6 m, apparently deposited during the highstand, overlies the foe of Candado deposils near
river level along the road as far as 1.1 km north of the dam. Instability of the fragmental Candado
strata contributed to the breaching that catastrophically drained the highstand lake, as interpreted
in section 16, below. Undercutting by the outbreak flood in turn promoted recurrent slumping and
sliding of the Candado edifice.

The Andesite of Volcan Puente de la Laguna {unit mpl) forms a 600-m-wide scoria cone on
the east shore of the northwest arm of Laguna del Maule, 2 km south of the dam (Fig. 7). The badly
degraded cone has been glacially scoured and further eroded during the highstand of the lake.
Although it has only ~70 m of surviving relief, the cone still has a shallow central crater, 150 m wide,
rimmed by a lag of disrupted lava blocks and scoria bombs {presumed to have been depleted of
scoria fapilli by wave action). Most of the cone consists of layered scoria lapill and agglutinate, largely
brick-red, strewn with spindle bombs and capped by a few spatter-fed lava flows only 1-2 m thick.
All products have abundant plagiociase phenocrysts, sparse cpx, and rare tiny olivine. Two bombs
sampled have 56.3% and 57.2% SiO,, The undated unit overlies glacial deposits and is overlain
by scattered erratics of rhyolitic and intermediate lavas. The postglacial pre-highstand high-silica-
rhyolite coulee called the Loma de Los Espejos {unit rie) banks against the glaciated cone (Fig. 17).

Five kilometers west of the northwest arm of Laguna del Maule, a broad divide between the
headwaters of Cajon Filume and Arroyo de Botacura (Figs. 8, 9) consists of a lava plateau and
an associated overlying scoria cone, together assigned to the Andesite of Vega Piedras Negras
{unitmpn). The glacially scoured till-strewn plateau, 2 x 3.5 km across, appears io be a single lava
flow as thick as 100 m. The lava is generally massive, though locally streaky or slightly vesicufar,
and its block-jointed terminal scarp is 50 to 100 m high, facing northward above Vega Piedras
Negras. The 1-km-wide scoria cone atop the southeast end of the [ava plateau is only ~50 m high
but extends northeastward into a parallel pair of fissure-fed ridges of variably oxidized scoria.
Most products carry 10-15% plagioclase phenocrysis {1-2 mmj), varied proportions of opx and
olivine, and sparse cpx; scoriae are apparently poorer in phenocrysts. Four Java samples contain
52.2-53.4% Si0,, and a scoria bomb has 54.1%. The lava overlies units Trcf, mva, mvb, msp,
and dsp, and its east margin is overrun by the postglacial coulee of unit rden, A sample from the
steep north-central scarp yields a *Ar/*®Ar plateau age of 54+21 ka.

The Andesite south of Cajon Rodriguez (unit mcr) consists of two low-volume spatter-rimmed
craters at 2,550-2,750 m elevation, just below the south rim of Cajoén Rodriguez (Fig. 8), ~14 km
southwest of Laguna dei Maule (at the limit of our mapping). The glaciated craters are centered
~1 km apart, and each is ~300 m wide and surrounded by sjecta aprons 1,000 m and 700 m in
diameter, respectively. Mafic scoriae on the subdued rims of the shallow craters are widely agglu-
tinated and locailly grade into thin spatter-fed dense lava flows. A dense agglutinate sample from
the west crater has 54.2% SiO,, and a lava rimming the east crater has 52.6%. Thicker proximal
accumulations of gjecta and broader aprons may well have been substantially reduced by glacial
erosion. Products contain 15-20% plagioclase phenocrysts and 1-2% each of opx and ¢cpx. The
deposits overlie ignimbrite and stratified andesitic rocks, both of some undetermined Tertiary age.
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FIG. 17. \iew northeastward across northwest arm of Laguna del Maule, from Mellicos postglacial rhycdacite coulee (unit
rdam, near foreground) to 150-ka Cerro Campanario {unit mee; 3,943 m}, 23 km away on continental divide.
Glacially scoured andasitic vents flank both sides of lake's cutlet channel. Volcan Puente de ta Laguna {unit mpl}
with subdued crater on far shore, and sediment-filled brick-red spatler ring of Andesite of Arroyo Los Mellicos
{unit aamy) in foreground. Latter yialds *Arf°Ar age of 26.61£0.8 ka and is intruded at left by poslglacial rhyolite
minidome (unit ram), which is far more evolved than foreground rhyodacite rdam. Roadway beyond lake is cut
on high-silica rhyolite coules, Loma de Los Espejos {unit rle), which partly overruns andesite cone mpl and has
itself been smoothed by wave action and lake sedimentation up o elevation 2,35¢ m during highstand. Transition
at left to dark-gray, sediment-free, blocky vesicular carapace is atlended by several paraliel beach berms. The
postglacial Espejos coulee, dated al 23.3+£0.4 ka, blocked a palzo-outlet and raised lake level temporarily by
200 m. Serrate ridge beyond Espejos coulee consists of intracaldera Bobadilia biotite-riwyodacite ignimbrite (unit
igch; 95047 ka), more than 500 m thick, overlain by north-dipping andesite-dacite lavas and breccias of Volcan
Atravesado (unit ava; 900 to 700 ka) and rhyolitic lava and tuff of unit rca (71213 ka).

Because the undated craters remain well-formed despite glaciation, we specuwate that they erupted
in the late Pleistocene, but they might well be older.

The Andesite of Crater Las Salinas (unitmls)is alow-volume deposit of phenocryst-poor ejecta
around the rim of a 600-m-wide crater atop a ridgecrest in the headwaters of Cajén Rodriguez,
9 km southwest of Laguna del Maule and 1 km north of Puesto Las Salinas (Fig. 8). A thin sheet
of black scoria lapilli, including sparse bombs as big as 35 cm, mantles the east and south rims,
and a brick-red agglutinate sheet mantles the northwest rim, but each deposit exiends outward no
more than 300 m from the rim, and the ejecta are wholly missing on the southwest and northeast
rims, Juvenile ejecta contain 56.0% SiO, and carry 3-5% plagioclase phenacrysts, minor opx, rare
amphihole, and abundant tiny white lithics. Walls of the crater, which is floored by an ephemeral
pond, consist entirely of Tertiary andesitic strata and are as high as 50 m, though as low as 20 m
below the west rim. Lithic ejecta as coarse as 1 m torn from the Tertiary strata are abundant around
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the rim, suggesting a major phreatic component in the crater-excavating eruption; the volume of
lithic and juvenile ejecta, taken together, however, is far from malching the crater volume. The
volumetric budget can be satisfied only if a large fraction of the ejecta has been eroded away, but
the fragile material of the steep upper crater walls doas not appear to have been glaciated. The
crater and its deposits are undated, but preservation of its steep walls and pariial preservation of
the sheet of loose scoria suggest a late Pleistocene age rather than one still greater.

The sixth of the small mafic eruptive units is the Andesite of Laguna Turbia (unit mit), ridge-
mantling scoria-fall deposits ejected from two craters on and near the friple divide between Laguna
Fea, Laguna del Maule, and the Cajon de Troncoso {Fig. 7). Aitogether, six smali shallow craters
lie within 2.5 km of each other, but only the northwesternmost (Laguna Turbia} and easternmost
produced juvenite ejecta, while the four between were exclusively phreatic. The crater of Laguna
Turbia is ~250 m in diameter, enclosing a sediment-filled floor and small green lake; its walls
consist of andesitic lavas and buff ignimbrite {(both probably Tertiary), blocks of which dominate
the wind-deflated ejecta sheet surrounding the crater. The gjecta also include subordinate scoria-
ceous to dense blocks (as big as 1.5 m) of fresh, juvenile phenocrysi-poor mafic andesite (52.8%
Si0,). Along the north and west rims, a scoria-fall sheet as thick as 10 m has survived wind scour
and drapes the upper inner wall of the crater. in other sectors the sheet has been deflated to a
lag of larger blocks. The scoriae contain ~1% plagioclase phenocrysts (51 mm), sparser olivine,
and scattered white xenoliths, probably altered tuff, angular lo rounded, and as big as 3 cm. The
easternmost crater (UTM grid 608/999) is ~150 m in diameter, likewise blown out through Tertiary
basement, and surrounded by a scoria-fall deposit 5-10 m thick that dips back into the crater on
its south rim. The fower half of the ejecta sheet is brick-red near the rim but black above and el-
sewhere, where the scoria fall is preserved on ridges for 2 km easlward as well as within a narrow
sector for 1.5 km WNW of the crater. Scoria bombs from the eastern crater are nearly aphyric
but contain abundant cream-white frothy xencliths of partially melted granitoid or crystal-rich tuff.
The ejecia resemble those around Laguna Turbia in lithology, situation, and degree of preserva-
tion, but grainsize clearly decays away from two discrete centers of emission. A homb from the
eastern crater yields 54.3% SiO, (1.5% more than in a bomb from Laguna Turbia); the difference
might be attributable to contamination by the molten xenoliths. Around neither of the craters is a
liberally reconstructed volume of juvenile ejecta sufficient to account for crater volume. Phreatic
explosions evidently contributed to crater excavation, in part for these two and entirely for the four
craters between them. The degraded craters and scoria-fall remnants are inferred to be of latest
Pleistocene age {(~25-10 ka) but they apparently postdate locat deglaciation.

FIVE SMALL INTERMEDIATE VOLCANOES

Among the 28 late Pleistocene eruptive units identified, there are also five small volcanoes
of silicic andesite. Two lie at the northwest shore of Laguna del Maule, two are well southwest
of the lake, and one is atop the ridge east of Valle Chico, 15 km west of the lake.

The Andesite of Presa Laguna del Maute (unit alm) is a conspicuously heterogeneous lava
flow that extends from the dam that impounds the lake for 600 m weslward as a raggedly glacia-
ted lakeshore bench (Figs. 7, 16). Directly overlain there by rhyodacite dome 2,367 (unit rdop),
the lava flow also crops out ~500 m north as an ice-scoured spur beneath the northeast edge
of the dome. The andesite lava is widely glassy or partly so and generally massive, although its
scoriaceous surface is preserved locally near the south toe of the overlying dome; harizontal and
inclined columnar joints are preserved locally. Streaky heterogensity is broadly discernible, and
infimately mingled, relatively mafic and silicic lenses, sheets, and blebs are conspicuous at the
northeastern outcrop. Discrete chilled enclaves, fine-grained and finely vesicular, are abundant
and ubiquitous; most are smaller than 2 cm, a few as large as 10 cm, and all contain sparse
olivine and plagioclase. The host lava itself is variably phenocryst-rich, carrying 5-12% plagio-
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clase, common opx, and sparse biotite and amphibole (both opacitized), and {locally) sparse
olivine and cpx, both probably disaggregated from enclaves. Relatively homogeneous-appearing
samples from the south and northeast outcrops contain 61.8% and 61.2% SiO,, respectively. The
base of the undated unit is not exposed, but Tertiary ignimbrite crops out 800 m downstream on
the east bank of the Rio Maule. The silicic magma with which the andesite mingled is probably
that of the overlying glaciated rhyodacile dome {unit rdop), which is also thought to be of late
Pleistocene age.

The Andesite of Arroyo Los Mellicos (unit aam) is a glacially scoured lava-flow platform
that extends {in three remnants) for 1.8 km along the west shore of the northwest arm of La-
guna del Maule (Figs. 8, 17). What appears to be a single flow has up to 100 m relief near the
lakeshore, and its low-relief surface is capped locally by degraded remnants of a 150-m-wide
crater now defined by a low ring of brick-red spatter and sheeted agglutinate. The shallow crater
depression is largely filled with pumice and lake sediments, which also infill most of the modest
surface relief on the lava plateau, outcrops of which are strongly marked by glacial striae that
strike northeast toward the lake outlet. The medium-gray lava is largely block-jointed, locally platy,
and is generally stripped of any glassy exterior. It contains 57.9-58.8% SIO, and carries 3-5%
plagioclase phenocrysts (1-2 mm) as well as sparse cpx and olivine {both <1 mm). A sample
from the striated surface of the principal plateau yields a “®Ar/*®Ar age of 26.610.8 ka, making this
the youngest glaciated unit in the Laguna del Maule basin. The unit overlies deformed Tertiary
andesitic and rhyclitic lavas and tuffs, is intruded by a postglacial rhyolite minidome (unit ram),
and is overlain by the postglacial rhyodacite coulee of unit rdam. With its high point at 2,278 m
elevation, the unit was wholly submerged during the 2,350 m highstand of Laguna del Maule.

The Andesite west of Laguna del Piojo (unit alp)} is an ice-scoured red scoria cone on the
valtey floor 4 km west of Laguna del Maule and 2 km west of the sponymous iake {Fig. 7). Thin-

® ned by glaciation and later planated by wave action during the highstand of Laguna del Maule,
the pile is partly mantled by till, lake sediment, and aeolian sand, leaving no evidence of a former
crater or other vent struclure. Also surrounded by surficial deposits, its base is nowhere exposed.
The 500-m-wide mound has ~30 m relief and consists of stratified scoria and agglutinate, mostly
oxidized, capped by a 5-m-thick lava flow that extends along the east rim for ~150 m. Probably
spatter-fed, the lava is streaky to flow-foliated and locally preserves ghost blobs 1-5 ¢m across.
Many scoria bombs are fairly dense and as big as 1 m. They contain 8-10% plagiociase pheno-
crysts {1-3 mm), sparse amphibole and minor opx; one such bomb analyzed has 60.7% SiO,. The
unit contrasts with a postglacial scoria complex just 200 m north {unit mnp), products of which are
phenocryst-poor and considerably less silicic,

The Andesite of Cajon Rodriguez {unit acr) is an intracanyon lava flow 25-30 m thick that
extends for 3 km along Cajén Rodriguez from a vent ~12 km southwest of Laguna del Maule
{Fig. 8). The vent cone is largely eroded away and covered by till, but many remnants of inters-
tratified [apilli falls and agglutinate drape the lava flow at 2,120 m elevation on the canyon floor.
For 2 km downsiream the lava flow floors the canyon, and for an additional 1 km to its eroded
terminus down at 1,870 m, remnants on both walls form ledges as high as 25 m above the river.
The lava is widely vesicular, glacially striated, has 61.1% SiO,, and carries 5-8% plagioclase
phenocrysts, sparse opx and cpx, and opacitized amphibole. It rests exclusively on Tertiary
andesitic strata. Although undated, its good state of preservation on the canyon floor indicates
an age no clder than late Pleistocene.

The Andesite of Puntilla Los Nirales {unit apii) is a scoria cone atop the ridge just east of
Valle Chico, 15 km west of Laguna del Maule {Figs. 8, 14). Actually a half-cone, in part because
originally built on a slope and in part because its east side has been glaciated away, the stratified
scoria and agglutinate that make up the 1.5 x 1-km-wide edifice dip ~25° to the west and southwest,
The south and west sides of the edifice, which has ~200 m of surviving relief, are also glacially
eroded and strewn with varied erratics, and only its top ~70 m remained ahove the ice. The slopes
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are mostly stratified or sloughed scoria lapilli, along with scattered bombs as big as 1 m, hut a
20-m-thick gray lava flow, probably spatter-fed, is exposed on the southwest slope, enclosed by
layers of red scoria. All products are phenocryst-poor, containing sparse plagioclase, olivine, and
cpx. Two bombs analyzed contain 56.2% and 57.9% SiO,. The undated cone overlies units mvi,
rdpf, avz, and obsidian flow rez (8313 ka).

RiO MAULE INTRACANYON ASSEMBLAGE

Along the Rio Maule, fram a point 2 km below its origin at the lake, a scoured plateau (Fig. 9)
of mafic and andesitic lava flows extends ~8 km to an abrupt erosional scarp over which the river
falls nearly 100 m as the Salto del Maule (Fig. 18). Below the scarp, several intracanyon lava
remnarts are preserved on both sides of the Rio Maule for another 5 km downstream. The various
remnants are complexly stacked and distributed, but, on the basis of composition and petrography,
they have been subdivided into five eruptive units: two mafic andesites, two silicic andesites, and
a dacite. The lowermost, unit avm, yields a ““Ar/*?Ar plateau age of 116127 ka, so all the others
are thought likewise to be of late Pleistocene age.

FIG. 18. View southeastward up canyon of the Rio Maule from rim of Triangular Plateau (Fig. 13), 400 m abave deeply
alluvialed valley floor and area's only road. Middleground walls are synclinally folded Miocene ignimbrite (unit
Tigh) and stratified Miocene andesites {Tad). Upvalley 7 km, alluvial flocr ends abuptly at 150-m-high scarp cul
on stack of late Pleistocene lava flows over which Salto del Maule falis. Above scarp rim is scabland plateau
seen in figures 5, 20, and 38. Downstream 1 km from scarp (foward viewer), dark cliff left of valley floor is stack of
three iavas on Maule-Campanaric nose seen in figure 19, and dark lava remnant higher on opposite (right) wall
is Vacas Muertas (unit avm). Cn skyline, black ¢rag is eroded basaltic cone of unit bbc (154+7 ka) and pale-gray
peak tc its right consists of intracaldera rhyodacite ignimbrite of unit igeb (25047 ka).
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The Andesite of Vacas Muertas (unit avm) includes two separate remnants, one forming
the lowest of three lava flows that form the cliffy nose between the Rios Campanaric and Maule
just east of their confluence (Fig. 19} and the second a precipitous remnant ~225 m thick on the
south wall of the Rio Maule ~1 km south of the confluence. Tne basal flow is exposed on both
sides of the nose, is 40-50 m thick, rests on Tertiary andesitic rocks, and is pervasively columnar
and partly glassy. It has a basal colonnade of stout (0.5 to 1 m thick) vertical columns 5-8 m high,
overlain by a 40 m thick zone of slender (10-20 cm-thick) sweeping columns that locally hend
over to inclinations of 45°. We infer ice-contact emplacement, probably along a trough hetween
converging glaciers of the Maule and Campanario valleys. On the south wall of the Maule canyon,
the lava remnant forming the great cliff called Vacas Muertas (Fig. 18) is a single flow, its lower
150 m strikingly columnar and its upper 75 m displaying widely spaced vertical (non-columnar)
joints. The lower part was probably emplaced between the Maule glacier and the steep sidewall
of Tertiary ignimbrite, while the upper part was supraglacial. The lavas have 60.6-62.0% SiO, and
carry ~10% plagioclase phenocrysts (0.5-1.5 mm), as much as 5% olivine (21 mm), and minor
cpx. The basal flow on the south face of the nose 1 km east of the confluence yields a “°Ar/*Ar
age of 116127 ka (Table 1).

FIG. 19. Stack of three lale Pleistocene lava flows on nose dividing glacial valleys of Rie Campanario and Rio Maule
{foreground at 1,540 m elevation), 600 m southeast of their confiience. Lowest flow (unit avm; 60.6% SiO,},
pervasively columnar, padly glassy, and 50 m thick, rests on Tertiary andssile and yields a *®Ar/*Ar age of 116127
ka. Middle flow (unit ale; 59.3% SiO,) is platy or block-jointed, largely devitrified, and 12-15 m thick. Top flow (unit
meb; 53.9% Si0,} has several tiers of partly glassy, variously oriented columns, and thickens at the nose from
50 m to 100 m where it drapes down over the lower pair. View is northeastward to Cerro Galaz (peak 2,854),
a deformed and dike-laced Miocene mafic-to-andesitic cenler on skyline 6 km away; banked high against ils
right side, white-rimmed skyline banch is undated Plsistocene ignimbrite unit Igcg, nonwelded biotite-bearing
high-silica rhyolite. In upper right distance, patch of red scoria and nearby knob are remnants of olivine-bearing
phenccryst-poor unit magf (53.7% Si0,), probably early Pleistocene.

The Dacite of Cuesta Los Condores (unit dec) is a single thick flow of hornblende-bearing
dacite lava exposed on the north-facing scarp over which Arroyo Arenas Blancas pitches in a high
waterfall ~600 m south of its confluence with the Rio Maule (Fig. 9). At a distance, the dark-gray
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flow is easily confused with the set of cliff-forming mafic lava flows that overlie it. Lowest flow of the
stack exposed on the scarp, the dacite is largely glassy, widely vesicular, 50-80 m thick, and marked
by slender near-vertical columnar joinis. At the southwest sidewall of the canyon, however, where
banked against a cliff of Miocene ignimbrite, the glassy dacite margin extends ~100 m higher than
its own top surface on the adjacent north-facing scarp and also 50 m higher than the mafic lavas
that overlie it on the scarp. It can be inferred either that during emplacement the upper half of the
flow drained away after marginally chilling against its sidewall or that a flat-floored canyon was ero-
ded into the dacite prior to emplacement of the overlying mafic lavas. The high sidewall remnant of
the dacite crosses the road that ascends Cuesta Los Cdondores at an elevation ~170 m above the
valley floor; the remnant is ~10 m thick at road level and extends for ~25 m above the road as three
upward-thinning glassy, flow-foliated, locally brecciated veneers banked against baked coliuvium.
The flow contains ~10% plagioclase phenocrysts (1-2 mm), ~2% each of opx and hornblende, and
rare cpx and olivine, as well as common fine-grained, relatively mafic enclaves, which are typically
crenulate, chilled, and finely vesicular. Disaggregation of enclave materia! may be the source of the
rare cpx and olivine in the host dacite. Three samples have 63.4-65.5% SiO, and 2.54-2.78% K,O.
Drake {1976} reported K-Ar ages of 100410 ka and 170+20 ka for the dacite (Table 2).

The Andesite of Cuesta Los Condores (unit alc) consists of three glaciated remnants, -one a
plateau-rim roadcut at 1760 m elevation on the Cuestalos Condoresroad grade {UTM grid 562/207),
another the middle flow of the stack of three on the narrow nose {Fig. 19) separating the Rios Maule
and Campanario just above their confluence, and distally a roche moutonée <100 m long beside the
road ~1 km WNW of that confluence (543/230). The first is locally the top flow on the westerly rim,
overlying thick dacite unit dcc. On the nose, the middie flow is 10-12 m thick, largely devitrified with
platy to blecky non-columnar jointing, and sandwiched by thicker, glassier, columnar flows of units
avm and meb. The small distal remnant is banked against Terliary basement. The three outcrops are
virtually identical chemically at 59.2-59.6% SiO, and 2.00-2.05% K,O. They carry 10-15% plagioclase
phenocrysts (1-5 mm, some shattered), common opx, and scattered cpx-olivine-plagioclase clots
but few free cpx or olivine crystals.

The Andesite of Salto del Maule (unit msm) is the principal plateau-capping set of glaciated
mafic lava flows that extends 6 km along the Rio Maule from beneath the Loma de fos Espejos
rhyolite coulee to the eroded scarps near Salto del Maule {Figs. 9, 20). The stairstep plateau
consists of several lava flows, each 5-15 m thick, sitriated, scoured, and plucked into a series of
ledges and polished knobs and ribs, massive to vesicular, and only locally platy or rubbly. Till is
preserved in a few pockets, but the plateau surface near the Mauile gorge is a scabland scoured
clean by the breakout flood that culminated the Laguna de! Maule highstand {(see section 16, be-
low). Evidence for vents is preserved in two areas; (1) On the steep east wall of the Maule gorge
(601/158), stratified red scoria and agglutinate >25 m thick are intercalated near the middle of a
stack of ~10 thin lava flows {each 0.5-5 m thick) that may represent the edge of an adjacent vent
concealed beneaih silicic coulees of units rdno and rle; and (2) on the 2,250-m-nose (625/165)
just northeast of the unit rle flow front, iwo blocky 10 m thick lava flows sandwich a 50-m-section
of stratified red scoria, likewise probably a remnant of a glaciated vent complex. Separated by only
2 km, they may be parts of the same vent system, perhaps fissural, now largely covered by the
Lorma de Los Espejos coulee (unit rle) and its rhyodacite satellites (units rdno and rdne). Some
of the flows have only a few percent phenocrysts, but most have 5-10% plagioclase and 1-3%
olivine and ¢px. Flows become fewer and thicker downvalley, such that the distal northwest scarp
{570/210) consists of only three fiows, together nearly 100 m thick; the lowest is ~50 m thick, resls
on Terliary andesites and tuffs, and pinches out southward over the thick dacite lava flow of unit
dcc. From vents near or above 2,250 m elevation, the package of flows descends downvalley to
1,800 m at the Salto del Maule rim, and {2 km farther northwest) its base is as low as 1,650 m below
its terminal scarp. Adozen samples analyzed range in SiO, from 51.8% to 57.0%, but nine of them
have 53.3-55.6%. The least silicic is a thin spatter-fed flow at the westerly vent, the most silicic a
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Triangular Plateau

meb lavas

FIG. 20. Crater Bobadilla {unit meb), latest Pleistocene scoria cone, 200 m high and 1 km wide, of mafic andesile. Cone
itself stood aside of glaciers, but fountain-fed lavas issuing from ils base become glacially modified within 2 km
of cone where they merge onto flood-scoured scabtand lava plateau (left center) along Rio Maule, Plateau ends
in 160-m-high scarp over which river falls al Sallo del Maule. Steep black bultress on left bank ~1 km beyond
scam is Vacas Muertas, a 250-m-thick remnant of andesite unit avm {116+27 ka) banked against wall of Miocene
ignimbrite. Black pyramid cpposite Vacas Muertas on right side of Maule valley is 130-m-thick remnant of andesite
unit asb (374+7 ka; see Fig. 37). Skyline ridges and walls of Maule canyen downstream to northwest consist of
deformed Tertiary and Mesozoic volcanic and sedimentary strata and an 80-Ma grancdiorite pluton. In middle
distance at medial elevation, Trianguiar Plateau, 13 km downstream from scoria cone and 500 m above present
canyan floor, is capped by 335-ka rhyolile lava unit rim, which issued from Rio de la Plata tributary (cf. Fig. 13)
and indicates elavation of valley-floor confluence at that time.

rubbly flow at the easterly vent; otherwise, no simple compositional correlation with emplacement
sequence has been discerned. It may need emphasizing that none of the three units {avm, alc,
and meb) preserved on the Maule-Campanario nose (Figs. 8, 19) are represented on the plateau-
terminating scarp over which Salto del Maule plunges just 3 km upstream (Figs. 18, 20).

The Andesite of Estero Bobadilla (unit meb) is the youngest of the five compositionally dis-
tinguishable units making up the glaciated assembtage of lava flows above and below the scarp
at Salto del Maule. It is preserved as remnants in four separate areas: (1) Along both banks of
Estero Bobadilla at the foot of the scoria cone called Crater Bobadilla (Fig. 20); {2) a flow remnant
overlying the dacite {unit dcc¢) near the northwest end of the plateau, along the road and adjacent
Arroyo Arenas Blancas (UTM grid 564/2086); (3) the top flow of the stack of three on the narrow nose
{Fig. 19) separating the Rios Maule and Campanario just upstream of their confluence; and (4) a
200-m-long remnant at 1,600-1,650 m elevation banked against Miocene ignimbrite at the base of
the west wall of the Maule valley, 800 m southwest of the confiuence (548/220). Although the other
outcrops are clearly glaciated, those along Estero Bobadilla include rubbly scoriaceous surfaces
on lava-flow terraces adjacent to the stream gorge, which cuts down into a platy devitrified interior,
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At the upstream end of the Crater Bobadilla scoria cone, a 10-m-high lava-fiow ledge {621/188)
that grades up into stratified agglutinate and red scoria of the unglaciated cone (Fig. 20) gives a
WArAr plateau age of 8618 ka (Table 1), Because there are no lava outcrops farther upstream, we
infer that the scoria cone conceals the source of the lava and that an ice-free window separated the
Maule and upper Bobadilla glaciers during and subseqguent to eruption of the cone and its lavas.

The other oulcrops are strongly eroded, although pait of the glassy rubbly top of the flow
survives at the Arroyo Arenas Blancas location, where a columnar basal zone and massive in-
terior are also exposed along the creek. The top flow on the Maule-Campanario nose thickens
from 50 m to nearly 100 m distally where it drapes down over the two flows beneath it {Fig. 19},
several tiers of vertical, inciined, and subhorizontal glassy columns strikingly exposed on both of
its sidewalls suggest that the flow was emplaced against ice. Lavas at all four locations contain
10-15% plagioclase phenocrysts {1-3 mm), 1-3% olivine {0.5-1 mm, commonly in clusters), and
sparse cpx. Seven lava samples are chemically similar, containing 53.0-53.9% SiO,, 1.14-1.31%
K,0, and unusually high ALLO,(18.7-19.7%). By comparison, a scoria bomb from the crater of the
vent cone, which intimately overlies the most proximal Java, has fewer phenocrysts and is slightly
more evolved at 54.9% Si0,. The scoria cone is banked against a ridge of Terliary lavas and tuffs,
has ~200 m relief, and is degraded but not glaciated. lts shallow crater is open to the south, and
its red and black cinder-scree slopes are marked locally by thin ledges of tack-welded to dense
aggiutinate. The crater rim is armored by a deflation lag of scoria bombs, many as coarse as T m.
Rare partially melted granitoid blocks are present, but (overall) accidental lithics are remarkably
sparse, indicating open-vent strombolian activity.

SIX ORPHAN REMNANTS OF LATE PLEISTOCENE LAVA FLOWS

Ofthe 27 late Pleistocene units delineated, six are isolated lava flows for which vents are buried
or otherwise unlocated. These include two units in Cajon Rodriguez, three units just west of La-
guna del Maule, and a glaciated rhyolite coulee that forms the east wall of the lake's outlet gorge.

The Andesite of Vega Rodriguez {unit avr) is a glaciated intracanyon lava flow that floors the
upper Cajon Rodriguez for ~1 km (Fig. 8), ending in an eroded flow front at 2,250 m etevation.
Resting on deeply eroded Tertiary andesitic strata, the flow is at least 30 m thick, and parts of
its striated surface remain glassy and block-jointed. The undated lava contains 61.9% SiO, and
carries 10-15% plagioclase phenocrysts as well as sparse amphibole and opx. Phenocryst-poor
ejecta around the nearby crater of unit mis (~1 km east) are far more mafic and evidently unrelated.
Possible sites of a source vent (not visited in this investigation) include another glaciated remnant
that floors a cirque ~1.5 km to the northeast and red to black scoria and spatter-fed lavas draping
the 2,750-m south-trending spur ridge ~1 km 1o the north.

The Andesite northeast of Las Salinas (unit als) is an isolated remnant of a blocky lava flow
at 2,600 m elevation that floors the upper northeast cirque in the headwaters of Cajén Rodriguez,
8 km southwest of Laguna del Maule (Fig. 8). Covering an area of only 200 x 400 m, the bench-
forming flow is horizontal and as thick as 40 m. Although lightly glaciated and with till overlapping
its south margin, much of its surface remains partly glassy, vesicutar, and blocky. The flow-foliated
lava has 58.6% SiO, and carries ~5% plagioctase phenocrysts (1-2 mm), sparse opx and ¢px,
and abundant pale-gray crystal-poor mafic enclaves (1-10 cm). The remnant overlaps the contact
hetween deformed Tertiary andesites and subhorizontal ridge-capping andesitic lavas of early
Quaternary age (unit arp; 2,010£23 ka). it is unrelated to the phenocryst-poor mafic andesite of
Crater Las Salinas (unit mls), ~1 km to the west.

The Dacite of Laguna del Piojo {unit dlp} is a single lava flow from a largely concealed vent at
~2600 m elevation in the southwest corner of the Laguna del Maule basin (Fig. 7). it extends 4 km
northeast as a series of windows through younger deposits to a terminus on the southwest shore-
line of Laguna del Piojo at 2,200 m. Less than 500 m wide, the flow is everywhere black, glassy,
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block-jointed, and massive to vesicular. Distally, it is widely overlain by till, highstand lake deposits,
aeolian sand, and pumice scree. Medially, it banks againsi the coulee of unit rdct (203141 ka).
Proximally, the flow is mantled by agglutinate and scoria-fall deposits of fissure-fed mafic units mep
and mct. At its most proximal exposures (UTM grid 562/030), along the northeast-trending gulch
that parallels the southeast slope of scoria ridge 2,657, the glaciated glassy dacite forms both the
floor and the 30-m-high sidewall; at the head of that gulch, the flow grades into layers of dense
agglutinate as thick as 5 m, probably marginal to its concealed vent. The undaied lava contains
5-10% plagioclase phenocrysts (1-3 mm), ~2% slender prisms of amphibole, and minor biotite and
opx. Four samples yield 63.0-64.1% SiO, (with no obvious spatial systematics).

The Older Andesite of West Peninsula (unit apv) is a single glacially scoured lava flow that
crops out for ~2 km along the northwest side of the major peninsula on the west shoreline of
Laguna del Maule (Figs. 7, 21). lis exposure is 300-600 m wide with 50-80 m total relief, and it
rests on altered and deformed Tertiary intermediate lavas and tuffs. The ice-scoured lava shelf is
widely covered by highstand lake sediments and overlapped on the south by a postglacial lava
flow of andesitic unit apj. The flow is partly devitrified, platy to block-jointed, has 57.9% SiO, and
carries ~5% plagioclase phenocrysts, sparse olivineg, and rare cpx microphenocrysts. Its vent is
covered by the postglacial rhycdacite coulee of unit rded, which also overlies the source of youn-
ger andesitic unit apj.

FIG. 21. High strandline cut at 2,350 m on postglacial Crater Negro scoria cene {unit acn) and Coiada Dendriforme (unit
rdcd), as viewed toward southwest across northwest arm of Laguna del Maule from lake-smoothed surface of
Loma de Los Espejos coulee (unit rle); international roadway in foreground. Major gravel bar, rich in rounded
clasts from both unils, follows strandline between cone and coulee. Two ledges at left center are andesite lava
flows of West Peninsula, the lower one glaciated (unit apv), the upper postglacial (unit apj}, but both subdued
by wave aclion and lake sedimentation during the highstand. Hills at right center consist of Tertiary andesilic
lavas and tuffs. Crags on skyline frame snow-floored pass toward Cajén Redrigusz; subhorizontal stack of thick
silicic pyroxene-andesite Javas (unit arp) capping divide rests on deformed Terliary intermediale lavas and tuffs;
topmost lava flow on highesi peak 2,942 yields *°Ar/*Ar age of 2.0 Ma.
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The Andesite south of Domo del Maule (unit asd}is a small window of glassy glaciated lava
exposed locally beneath the northeast snout of the postglacial rhyodacite coulee of unit rdam,
just south of Arroyo Los Mellicos and 600 m from the west shore of Laguna del Maule (Fig. 7).
Cropping out over an area of 150 x 200 m, the lava has total exposed relief of only 30 m. s
base is covered and thus its relationship with adjacent glaciated unit aam (26.6+0.8 ka) remains
uncertain. Iis lower part is massive vitrophyre, and its upper part is slightly vesicular and striated
but only lightly ice-scoured, as itlustrated by preservation of prismatic and jigsaw jointing on its
glassy surface. The undated unit may be a small lava dome rather than a flow front. It has 62.5%
SiO, and carries ~10% plagioclase phenocrysts, 1-2% each of amphibole and opx, rare biotite,
tiny cpx, and sparse small mafic enclaves.

Last of the orphan lavas is the Rhyolite east of Presa Laguna del Maule (unit rep), which
forms the steep east wall of the outiet gorge downstream from the dam that impounds the fake
(Fig. 16). With ~150 m of relief, the unit crops out from the lakeshore near the dam for ~1.5 km
northward as a great ¢liff, the rim of which is draped by the postglacial coulee of unit rle, Just east
of the dam, a shearad contact divides the unit into a lower shelf and the main chiffy wall, but the
two subunits are compositionally and petrographically identical. They have 73.5% SiO, and carry
5-7% plagioclase phenocrysts, 3-5% biotite, and rare amphibole. Glassy surfaces are preserved
locally on both subunits, but their spherulitic to felsitic interior zones are deeply exposed on the
walls of the outlet gorge. The unit is unequivocally different from three other biotite-bearing silicic
lavas nearby (Fig. 7). glaciated unit rdop {71.6% SiO,) which forms the domes west of the dam,
postglacial unit rdno (69% SiO,) which forms the east wall of the outlet gorge 2-3 km below the
dam, and postglacial unit rle (76% SiO,) which drapes both units rdno and rep. The rhyolile is
direcily overlain by high-silica- rhyolite coulee unit rle (23.310.4 ka). An atternpt to date plagioclase
from unit rep itself yielded a “Ar/*%Ar plateau age of 38429 ka (Table 1).

POSTGLACIAL ERUPTIVE UNITS (<25 ka)

Of ~135 eruptive units distinguished within the map area, 34 are unmodified by glacial erosion.
These include eleven rhyolites, nine rhyodaciles, two dacites, eight silicic andesites, three mafic
andesites, and one true basalt. Morphologically, they include two scoria cones, six small mafic
or intermediate pyroclastic rings or fissure vents, four substantial fiows of intermediate lava, two
small lavas for which vents are not exposed, and 20 silicic units consisting of domes, coulees, or
radial arrays of flows with or without pumice rings or cones. In many parts of the world (including
the Chilean lake district only 400 km south of here), the Last Glacial Maximum took place around
21-18 ka, and at middle latitudes many mountain glaciers readvanced or remained in advanced
positions for severatl thousand years after that. In the Laguna del Maule basin, however, on the
36th parallel, with its floor at ~2150 m and its narrow surrounding divides at ~3,000 m, glaciers
had withdrawn from the basin floor by ~25 ka (Singer et al.,, 2000}. Glaciated andesitic unit aam,
at the fakeshore 2 km south of the outlet, yields a ®°Ar/*°Ar plateau age of 26.6+0.8 ka. Three non-
glaciated lavas, all also at lake level, yield plaieau ages only slightly younger: Unit ajp on the west
peninsula gives 24.612.2 ka; unit rdac at the southeast corner of the iake gives 21.120.9 ka; and
unit rle, the coulee that dammed the outlet of the lake, gives 23.3+0.4 ka {Table 1; Fig. 7).

TWO SCORIA CONES
The Basalt of Cerro Hoyo Colorado (unit bhe) is a 200-m-high scoria cone ~800 m in dia-

meter located on the northeast bank of Estero Rodriguez, a few kilometers upstream from its
convergence with the Rio Saso and 14 km west of Laguna del Maule {Fig. 8). The cone has a
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200-m-wide summit crater, and, from a mid-slope bocca on its west side, there emerges a 350 m
long bifobate package of very thin {1-2 m) effusive lava flows. The lavas are pervasively vesicular,
as are scoria bombs as big as 50 cm. Through the scoria scree that mantles the cone, dipslopes of
thin agglutinate are exposed locally. Additionally, a 10 m thick accumutation of several thin oxidized
agglutinate sheets mantles a basement ridge 500 m north of the cone, and a layer of black ashfall
drapes steep topography for ~2 km southeast of the cone. Products have 50.0-51.3% SiO, and
contain 15-20% plagiociase phenocrysts (1-3 mm), ~5% olivine (few >1 mm), <1% c¢px, and rare
plagioclase megacrysts as big as 10 mm.

The Andesite of Crater Negro {unit acn) is a 200-m-high scoria cone, elongate southwest-
northeast, that covers a 1.3 x 2km area, its summit located only 2 km from the west shore of Laguna
del Maule (Fig. 7). Its upper 100 m is a steep cone 600 m in diameter, dominantly of scoria lapilli,
smoothed and bevelied by the wind but otherwise little eroded. Below 2,350 m elevation, its lower
100 m was surficially reworked by wave action, which cut a prominent bench around the cone
during the brief highstand of the lake {Fig. 21). A beach bar of rounded scoria and lithic pebbles
extends north from the {oe of the upper cone for 600 m atong the wave-cul bench. A shalfow crater
300 m across tops the cone; on its rim are sparse juvenile bombs, some fusiform or breadcrusted,
as well as ballistic ejecta as big as 50 cm from the vent of younger rhyodacite unit rdcd, ~2 km
to the west. Sloughed sheets of pale-gray pumice-fall lapilli from unit rdcd mantle the indigenous
black scoria on the inner walls of the crater. On the west rim of the crater, an enigmatic patch of
andesite lava only 6 m wide, polygonally jointed but only 20 to 50 cm thick, rests directly on the
loose scoria; it may be an agglutinate remnant but, if so, it was strongly homogenized. Lavas and
scoria alike have 57.1-57.7% SiO, and contain 2-5% plagioclase phenocrysts (1-2 mm), sparse opx
and cpx, and rare olivine. Al its south toe, the scoria cone overlies concealed hillocks presumed
to be till. it is abutted on the east by rhyodacite lcbes of unit rded, and its north toe is apparently
overrun by the west peninsula andesite lavas of unit apj. The cone is almost surrounded by surficial
deposits reworked during the Iake highstand; a few tiny outcrops of lava that protrude through such
deposits are compositionally and petrographically like those of Crater Negro. Attempts to date lava
and scoria samples failed to yield measurable radiogenic Ar.

SIX SMALL LINEAR VENTS AND EJECTA RINGS

Independent postglacial vents for six small, exclusively pyroclastic, units of mafic to silicic
andesite are scatlered {(without alignment) within an 8-km-long north-south belt that fies 2-6 km
west of Laguna del Maule (Fig. 7). There are few constraints on their relative ages, so we describe
them from north to south,

The Andesite of Laguna Sin Puerto (unit asp) is a low ejecta ring of phenocryst-poor scoria
that thinly covers an area of 900 x 1,400 m, centered 3 km west of the northwest arm of Laguna del
Maule. Although the sheel of ejecta is nowhere thicker than 30 m, it has tolal relief of ~140 m be-
cause it drapes a steep ridgecrest divide and the northeast wall of the Laguna Sin Puerio depression.
The northern part of the ring drapes the rugged margin of the postglacial rhyodacite coulee of unit
rdcn. The scoriaceous gjecta are crudely stratified, red or black, and largely non-indurated, except
on the nerth rim where thin agglutinate sheets dip back into the shallow crater; scoria bombs as big
as 50-150 cm are abundant. The crater is centrally intruded by a lava dome of biotite-hornblende
rhyodacite {unit rdsp), which is 400 m in diameter, surrounded by a narrow shallow meat. With 40
m of reltef, the dome is as high as parts of the encircling scoria ring. Neither soil nor colluvium was
observed at contacts between the scoria deposit and the older or younger rhyodacites; all three
are younger than the highstand of Laguna del Maule. The inner wall of the scoria ring has locally
suffered fumarolic alteration. Scoriae contain <1% plagioclase phenocrysts {(~1 mm) and only traces
of olivine and cpx, but some have streaks and blobs of partially melted rhyodacite. An apparentiy
uncontaminated bomb contains 59.1% SIO,.
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FIG. 22. View southeastward across Laguna del Maule. On right skyline, Cerro Barrancas, a postglacial rhyolite complex
(unit reb), rises 930 m above lake level, 23 km from camera. Image includes seven more postglacial units, clock-
wise as labelled: Colada Las Nieblas (rin), West Peninsula andesite {ap}), Northwest Coulee (rdcn, foreground),
Loma de Los Espejos {rle), Colada Divisoria (red), and two superimposed pumice-mantled coulees at southeast
edge of lake: units rdac and ras. Three late Pleistocene, glacially modified units are also labelled: Older andesite
of West Peninsula {apv), Domo del Maule (rddm), and Volcan Puente de la Laguna (mpl). Shelf in left fore-
ground consists of 1.5 Ma welded ignimbrite (igsp), inferred to have erupted from the lake basin. Foreground
pond was impounded by rden coulee, through which it drains to vigorous springs at lakeside snout of lava flow.
Basin walls are pre-Quaternary lavas, breccias, and tuffs (Tad), predominantly andesitic, probatly all Pliocene
and late Miocene, but including a 3.6 Ma diorite pluton at far left lakeshore (Tdcl).

The Andesite south of Arroyo Los Mellicos {(unit asm}is a small-volume fissure-fed field of
phenocryst-poor scoria, centered 2 km southeast of Laguna Sin Puerto and 2 km west of Laguna
del Maule. Parallel northeast-trending low-relief ridges of coarse ejecta merge to the southwest,
forming a thin sheet aitogether ~1 km long and 700 m wide that slopes gently northeastward to
as low as 2,350 m. Nearly central to the field, a tiny window {20 x 30 m wide) of fumarolically
altered hornblende dacite {unit dsm) has been stripped clean of the overlying scoria on the north
slope of cerrillo 2484 (UTM grid 577/091). Accidental fragmenits of this dacite, including abundant
0.5-2 m angular blocks, make up 10-15% of the entire gjecta sheet and are also common as an-
gular or partially melted inclusions within juvenile andesite scoria. A clean scoria bomb sampled
has 61.3% Si0, and is almost apnyric, carrying only rare plagioclase crystals. The ejecta overlie
glacial deposits and Tertiary andesitic lavas and tuffs; some of the relief on the scoria-manted
ridges may be inherited from pre-eruptive topography formed by these units. The scoria deposit
is not itself glaciated, but a small proportion of the accidental lithic ejecta (lavas and granitoids)
appear to be derived from underlying till. Along its south margin, the scoria deposit is overrun by
a rhyodacite coulee of unit rded, which predates the highstand of Laguna del Maule.
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The Andesite north of Crater Negro (unit anc) is a small-volume gjecta ring only 300 m wide
that surrounds a shallow alluvium-filled depression next to the snout of a rhyodacite coules of unit
rded, ~1.5 km southwest of the northwest arm of Laguna del Maule. The low ring includes thin agglu-
tinate sheets and abundant scoria bombs as big as 30-50 cm (many with dense glassy polygonally
jointed rinds), but much of the ring is concealed by lake sediments and aegolian drifts of sand and
pumice. A bomb contains 59.5% Si0, and carries ~10% plagioclase phenocrysts and 1-2% each
of cpx and olivine {far more abundant mafic phenocrysis than in comparably young andesitic units
acn and apj nearby}. The unit erupted through the north toe of Crater Negro (acn) and was almost
overrun by the coulee of unit rded; it appears to be marginally overrun by the postglacial west pe-
ninsula andesite lava flows of unit ap}. The ring is postglacial but predates the highstand of the lake.

The Andesite north of Estero Piojo (unit mnp) is a small field of phenocryst-poor scoria
and agglutinate centered 5 km west of Laguna del Maule at the base of the steep narrow divide
separating the lake basin from the Cajén del Saso. Apparently fed from a 1.5-km-long southeast-
trending fissure vent, its upper {northwest) half is a scoria ring draping the headwall and sidewalls
of a small cirque. Its southeastern third is a 700-m-wide pile of scoria and agglutinate sheets that
locally enclose at least one 15 m thick zone of massive andesitic lava. The medial part of the unit
has iransverse ridges that suggest outflow and rafting of scoria from the upper bowl, but the distal
pile, more than 50 m high, was probably a discrete focus of emission. Iniruding and obscuring
much of the andaesitic fissure vent are two 500 m wide low-relief domes of glassy micropumiceous
hornblende-biotite rhyodacite {unit rdnp). The upper dome clearly postdates the scoria ring, but
the lower {southeasterly} dome occupies the floor of the ring, has only a few meters of relief, and
may be overlapped marginally by agglutinate at the southeast end of the ring. Contemporaneous
or alternating eruption is suggested but not proven. The scoria bombs have 57.6-60.3% SiO, and
carry 1-2% plagioclase phenccrysts (1 mm), sparse aliving and cpx, and numerous partially
melted silicic inclusions and streaks. Scoriae are black or brick-red, mostly tapilli but including
bombs as big as 50 em. The unit overlies deformed Terliary andesitic strata, and on the glaciated
headwall it drapes mafic andesite lavas that underlie the welded pyroxene ignimbrite (unit igsp;
1.5 Ma). Distally, the unit laps onto hillocks of till, just at the 2,350-m strandline bench cut during
the highstand of Laguna del Maule; rounded clasts of both scoria and varied stones from the till
are prominent in the beach deposit.

The Andesite of Arroyo Cabeceras de Troncoso (unit mct) is a pair of spatter-rimmed craters
in the southwest corner of the Laguna del Maule basin (UTM grid 572/030), 6 km southwest of the
lake and 1.5 km west of the eponymous arroyo. The adjacent craters are each 80 m in diameter
and surrounded by a joint ejecta apron only 300 m across. Agglutinate sheets and red and black
spatter and scoria bombs as big as 1 m ring the craters, but none are larger than 25 cm on the
surrounding apron, showing that coarser scoria mantling nearby plateaux to the west, southwest,
and northeast are from other vents. The scoriae have 63.6-53.8% SiO, and carry 2-3% plagioclase
phenocrysts, sparse olivine, abundant microphenocrysts of cpx and plagioclase, and abundant
partially melted silicic inclusions. Another scoria-ringed crater (578/030), ~150 m in diameter and
600 m east of the pair, is included in this map unit, for reasons of convenience and compositional
identity, although its ejecta may have somewhat fewer phenocrysts. If lies at the east end of a
400-m-long fissure, which is (like the crater rim and walls) locally draped with agglutinate and
sprinkled with scoria bombs. In addition {o sparse olivine and plagicclase phenocrsyts, the scoriae
of this crater also carry abundant partially melted silicic inclusions, probably from the underlying
coulee of unit rdct, through which the eruption issued.

The Andesite of Crater 2657 {unit mep) is the complex spatier-and-scoria fall deposit of a
noriheast-striking fissure vent in the southwest corner of the Laguna del Maule basin, 6 km from
the lakeshore at the base of the steep divide separating the lake basin from Cajén Rodriguez. A
shallow 200-m-wide crater marks the northeast end of the 1.3-km-long linear vent, which principa-
Ily built a 60 m high ridge of stratified scoria and agglutinate. An outlier of compositionally similar
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agglutinate ~700 m northeast of the crater (UTM grid 567/040) mantles a rhyodacite dome (unit
rdep) and appears to represent a continuation of the fissure vent, isolated beyond a Neoglacial
terminal moraine. Scoria-fall deposits up to 10 m thick (including thin agglutinated layers) extend
1 km south and 2 km southwest of vent, draping the high divide, as well as mantling a rhyodacite
coulee {unit rdct) as far as 2 km northeast. Deposits are rich in spatter and scoria bombs, which
are as big as 1 m and widely oxidized brick-red, although densely agglutinated layers tend to re-
main black and glassy or, if as thick as 3-5 m, internally pale gray and devitrified. Products contain
53.5-55.8% Si0, and carry <1% plagioclase phenocrysts and rare microphenocrysts of cpx and
opx, as well as common partially melted silicic inclusions as big as 5 cm. At the southwest end of
the fissure-fed ridge, the stratified andesitic deposit overlies superficially similar ledges of agglu-
tinate and scoria (individually as thick as 5 m) that contain 61.8% SiO, and traces of hornblende
and biotite; these apparently represent contamination or mixing with dacite magma of unit dip,
which had erupted from a vent now largely or wholly concealed by the ridge of unit mcp. Proximal
deposits of the andesile rest on units dip and rdep and on both Pleistocene and early Neoglacial
till; a small Neogiacial terminal moraine, however, overlies the northeast part of the unit, presuma-
bly reflecting a post-eruptive glacial readvance. The associated scoria-fall sheet rests on Tertiary
lavas and ignimbrite and on units arp and rdct; it appears not to overlie the nearby sjecta of unit
mct, to which its most mafic material is compositionally similar.

FOUR POSTGLACIAL INTERMEDIATE LAVA FLOWS

Four unglaciated andesite-dacite lava flows that erupted effusively and failed to build substantial
vent cones are distributed west of Laguna del Maule, two near the lakeshore and two that erupted
on the south wall of the Cajon de Saso, respectively 10 km and 13 km west of the lake.

@ The Younger Andesite of West Peninsula (unit apj} is the prominent muiti-flow complex thai @

- extends 4 km eastward into the lake basin from a vent concealed beneath the rhyodacite coulee of
unit rded (Figs. 7, 21, 22). As wide as 1.5 km, the flow field is dominated by the final lava flow, as
thick as 50 m, which overrode preceding lobes, both proximally and distally. Rugged flow margins
and local levees are blocky and glassy, typically with scoriacecus surfaces oxidized red-brown,
but focally they are more finely brecciated and rubbly. Ridges and hillocks on the flow top are
also blocky but were somewhat subdued by wave action and patchy deposition of lake sediment
during the highstand. Four samples analyzed yield 58.1-58.8% SiO,, and one on the south-central
margin gives a “Ar/*°Ar plateau age of 24.612.2 ka (Table 1). All samples have ~10% plagioclase
phenocrysts (1-3 mm), sparse cpx, and rare olivine. The unit overlies postglacial units acn and
anc, glaciated unit apv, and deformed Tertiary andesitic lavas and tuffs.

The Andesite of Arroyo Las Nieblas {unil aan} consists of blocky, vesicular to sceriaceous
lava flows that are exposed in two separate reaches. One extends 700 m along the floor of the
eponymous arroyo (Fig. 7), and the other, separated by a 500-m-wide inlet of Laguna del Maule,
extends 400 m north along the lakeshore {(615/070). Overlain by deposits of lake sediment, here
at least 30 m thick, the former is exposed only along the narrow arroyo floor and the latter only as
a wave-stripped biuff along the lakeshore. Elsewhere unoxidized, the lava grades into oxidized
flow breccia at the mouth of the arroyo. At the upper end of the arroyo exposure, the lava issues
from a 10-m-high poorly exposed mound of stratified agglutinate and scoria (608/060), overlain
by thick lake and aeolian deposits; clasts in the scoria-fall layers are of lapilli grade, suggesting
that the buried vent is nearby. The lavas contain ~5% plagioclase phenocrysts, sparse olivine and
cpx, and rare opx. The arroyo-flooring lava has 59.3% SiO, and the lakeshore exposure 57.0%,
suggesting that they may be different flows; each is compositionally distinguishable from the nearby
andesites of the west peninsula (unit apj) and Crater Negro {unit acn).

The Dacite of Corddn Rodriguez (unit der} is principally a singte thick lava ftow that erupted
effusively from an inconspicuous vent on the narrow ridgecrest divide between the canyons of
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the Saso and Redriguez (Fig. 8). The main flow dropped 800 m in elevation down the steep north
slope, ponding >20 m thick at the floor of Cajon de Saso ~2.5 km from vent and then flowing 2 km
westward {o an uneroded flow front where it is ~40 m thick. Its steep medial pitch has a striking
pair of blacky levees ~10 m high; its ponded surface is less rugged but is nonetheless marked by
blocky knobs and arcuate ridges with 2-6 m local relief. The steep terrain around the vent is strewn
with a thin sheet of gjecta, but no vent cone was constructed. A small lobe of lava also advanced
~400 m from vent down the opposite (south) wall, and a short |ateral lobe split off westward from
the main flow near the bottom of its declivity. The lavas are mostly angular blocks of black vitro-
phyre, many 1-2 m across, generally bearing scoriaceous rinds, A sample from the piedmont lobe
along the Rio Saso has 65.1% SIiO, and carries sparse plagioclase phenocrysts (0.5-1 mm), rare
biotite, and abundant mafic blebs and enclaves (63.0% SiO0,), fine-grained, angular to amoeboid,
and 0.5 to 7 cm across. The unit principally overlies deformed Tertiary andesitic lavas and tuffs but
also, on the ridgecrest, a narrow stack of flat-lying intermediate lava flows of presumed Pliocene
or early Quaternary age. The main flow overlies alluvial terrace deposits along the Saso, and its
piedmont lobe is patchily spread with thin alluvium. Otherwise virlually free of soil and sediment,
this may be one of the youngest eruptive units in the volcanic field.

The Andesite of Rio Saso (unit ars) is a blocky intracanyon lava flow that erupted on the south
wall of the Cajon de Saso, 14 km west of Laguna del Maule, and flowed 10 km westward along
the canyon floor (Fig. 8). The effusive vent is flanked by a pair of 100-m-wide sidewall ramparts of
scoria, which extend into a thin scoria-fall sheet that blankets the south wall of the canyon for ~1 km
eastward. The lava flow is finely vesicular and almost everywhere coarsely blocky; the blocks are
glassy with scoriaceous surfaces that weather red-brown or are dark gray on freshly broken internal
surfaces. Levees are best developed 1-2 km from vent, where they are 10-20 m high on both sides
of the flow {owing to central drainaway). Relief within the central trough is partly subdued by infill of
stream alluvium and aeolian sediment, except that the Rio Saso has incised a 6-m-deep gorge down
the proximat axis of the {low; this gorge is 20 m deep where it culs through the north levee. Distally,
the flow remains blocky but is locally more rubbly and scoriaceous, and the surface of its terminal
lobe is unusually rugged. Products are phenocryst-poor, containing <1% plagioclase phenocrysts
but abundant plagioclase microphenocrysts and sparse cpx and opx microphenocrysis. A distal
lava sample has 61.4% SiO,; a near-vent lava has 59.6%; and a scoria bomb from the vent has
58.3%. The unit erupted through and flowed downvalley between walls of deformed Tertiary lavas
and tuffs. Distally, where it dammed the Rio Botacura, 7-10 m of alluvium are banked against the
intracanyon andesite. The flow is overlain by scattered pumice-fall lapilii of tan biotite-hornblende-
plagioclase dacite that erupted from Volcan San Pedro in the late Holocene, and its distal 1 km is
overlapped by a debris-avalanche deposit, also from Volcan San Pedro.

TWO ISOLATED POSTGLACIAL LAVAS

Two nonglaciated favas that crop out only as small isolated windows are so extensively co-
vered by younger deposits that little can be inferred with confidence about their morphology or
areal extent, although in both cases buried vents are necessarily nearby. One is at the present-
day eastern shoreline of Laguna del Maule and the other 2 km west and 300 m higher than the
western shoreline. Since both are exposed on the basin floor and lack any sign of glacial erosion,
they clearly postdate the last recession of ice from the basin.

The Andesite of Playa Oriental {unit apo} is a blocky lava flow exposed for ~250 m along
the head of the beach at 2,200 m elevation along the southeaslt shoreline of Laguna del Maute
{UTM grid 675/063). Also exposed in patchy outcrops for ~200 m inland, its black blocky surface
is vesicular to massive, retaining brown-weathering scoriaceous rinds, and is little eroded except
for slight rounding of blocks at the beach-front rim, which appears to be the primary flow front of
a single flow lobe. Extensively covered by lake and beach deposits and by pumice-rich alluvium,
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the flow can be seen locally {o be at least 15 m thick, bul its base is nowhere exposed. The lava
has 59.5% SiO, and contains 5-7% plagioclase phenocrysts, conspicuous opx and cpx, and rare
olivine. The lava-flow surface is inclined slightly westward, but a similar slope to its east {(~1 km
to the base of the wall of Tertiary andesites and 2 km to the snout of Holocene rhyolite coulee of
unit red) is thickly covered by lake and beach deposits and fans of pumiceous alluvium, providing
no evidence for a vent location.

The Dacite south of Arroyo Los Mellicos (unit dsm) is a tiny window (UTM grid 577/091) of
ruggedly block-jointed lava, only 20 x 30 m in area, largely covered by scoria-fall unit asm. On the
north side of cerrillo 2484, 2 km west of Laguna del Maule and 1 kim south of Arroyo Los Mellicos,
much of the oulcrop is rusty orange-brown or yellow-brown, as if lightly affected by transient fu-
marolic alteration. The overlying ejecta blanket of fissure-fed andesitic scoria of unit asm is rich
in accidental fragments of the dacite, which account for 10-15% of the whole deposit. The dacite
gjecta range in size from granules {o 2 m and in ithology from micropumiceous to massive, glassy

" to felsitic, and dark gray to tan, rose, or pale gray. Their freshness and lithologic variety (relative

to the altered owtcrop) suggest the existence of a buried dacite dome of modest extent. Fresh da-
cite has 66.0% SiO, and carries ~10% plagioclase phenocrysts and 1-2% each of amphibole and
biotite. The fraghe outcrop is clearly unglaciated and, like the scoria fall overlying it, stood higher
than the 2,350-m postglacial highstand of Laguna del Maute.

NINE POSTGLACIAL RHYODACITE LAVAS

An extraordinary flare-up of silicic eruptive activity virtually encircling Laguna del Maule
{Fig. 7) took place in postglacial time, including nine separate rhyodacites (68-72% SiO,) and ele-
ven rhyolites. The multiplicity of silicic eruptions during so limited a time interval is unprecedented
in the entire history of the volcanic field. Seven of the nine rhyodacites predate the highstand of
Laguna del Maule, and all nine erupted within 5 km of the lake.

The Rhyodacite of Arroyo de la Calle {unit rdac) is a pancake-shaped coulee 2 x 3 km in area
at the southeast shore of Laguna del Maule {Fig. 7). Its nearly featureless pumice-mantled surface
slopes gently northwestward from a 2,330-m plateau to a 2,250-m distal rim that stands 100 m
above the lakeshore. It apparently spread radially from a vent now covered by the slightly younger
rhyolite coulee of unit ras, which may have shared the same vent area. All outcrops are of blocky
phenocryst-rich vitrophyre, commonly crumbly, containing ~10% plagioctase (1-2 mm), ~1% bio-
fite, and little or no amphibole. Samples from the north and south ends of the unit have 71.6% and
71.7% SiO,, respectively. The southerly sample yields a **Ar/°Ar plateau age of 21.120.9 ka and a
total fusion age of 23.611.1 ka (Table 1). The base is nowhere exposed as the flow is surrounded
by lake sediment and pumiceous alluvium. Its surface was planated during the highstand of the
lake and subsequently mantled by post-highstand pumice deposits. The flow is directly overlain by
unit ras and marginally by unit rcb.

Of six postglacial rhyodacite eruptive units just west of Laguna del Maule, the southernmostis the
Rhyodacite south of Estero Piojo {(unit rdep), a norih-trending chain of three contiguous domes
~5 ki southwest of the lake (Fig. 7). Each of the three has 50-75 m relief and is 300 to 400 min
diameter. Al are similarly phenocryst-rich, containing 10-15% plagioclase (1-3 mm, rarely 7 mm) and
abundant biotite and amphibole (both 1-3 mm). The middle dome (UTM grid 565/043) has 68.0%
Si0O, and the other two both have 68.7%. Their contiguity and their morphological, petrographic, and
chemical similarity suggest that the three were dike-fed concurrently. The southern dome, its top at
~2,475 m elevation, is unglaciated, blocky, glassy, micropumiceous, pale gray, and weathers tan;
its south {uphill} stope has a Neoglacial terminal moraine {from a cirque to its southwaest) banked
against it and mafic agglutinate of unit mep draped over it. The middle dome is likewise blocky,
finely pumiceous, and wholly glassy, but another Neoglacial moraine (from a cirque to its west)
grazes its northern toe and extends 1 km farther east. The northernmost and lowest dome {down
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at 2,300 to 2,350 m elevation) is partly glassy to felsitic, lightly strewn with erratics, and has had
its pumiceous carapace largely stripped; its top is planated by the strandline bench cut during the
highstand of Laguna del Maule, and it appears also to have been lightly eroded by Necglacial ice
that advanced a few kilometers from small cirques on the steep basin wall nearby. The domes
overlie Pleistocene till; all three are partly overlain by Neoglacial till, the southern dome also by
unit mep, and the northern dome aiso by lake sedimenis.

The Rhyodacite north of Estero Piojo (unit rdnp) fies just 2 km north of the last unit described
and 5 km west of Laguna del Maule {Fig. 7}. It consists of two, apparently discrete, extrusions of
rhyodacile lava inside the mafic scoria ring of postglacial unit mnp. Only 200 m apart and sepa-
rated by a small cratered mound of mafic scoria, the northwesterly exfrusion is a low dome 500 x
300 m across, whereas the southeastern one is a 550 x 200 m lava fiow with only a few meters
relief that floors a scoria-ringed bowl. Both consist entirely of micropurniceous pale-gray glass that
weathers tan, and both carry 2-3% plagioclase and ~1% biotite phenocrysts, as well as abundant
mafic blobs and streaks. There is no scoria atop the northwest dome, which appears to posidate
eruption of the scoria ring; the southeastern lava, however, may be marginally overlapped by
agglutinated scoria {but cinder scree makes the relationship ambiguous). The mafic andesile and
rhyodacite clearly erupted in virtually the same place in postglacial time, but whether they alter-
nated remains unproven. The northwestern rhyodacite has 68.3% SiO, and the other has 69.0%,
though any difference might simply be attributable to the mafic contaminant. These rhyodacites
are distinguishable compositionally from another postglacial rhyodacite dome nearby, unit rded,
only 500 m north, which (at 69.4% SiO,) is notably richer in K and poorer in Ti, Fe, Al, and Ca.

The Rhyodacite of Colada Dendriforme (unit rdcd) is a pair of contiguous lava domes 3-4 km
west of Laguna del Maule and a diverging array of four coulees that extend 1-2 km, generally east-
ward toward the lake {Fig. 7). The western dome, ~700 m in diameter, appears to bank against
the 1-km-wide eastern one, which marks the source of the coulees. Each dome has ~150 m relief,
and the four flows are 30-50 m thick at distal termini, which have sieep blocky flow fronts with
coarse talus aprons. Flow surfaces are blocky, glassy, strongly flow-foliated {commonly convolu-
tely), and have numerous rugged pressure ridges; delicately crenulated textures are conspicuous
on bloek surfaces. Dense black vitrophyre layers predominate over pumiceous layers, which are
pale-gray, tan, or oxidized; this contrasts with most other postglacial silicic lavas at Laguna del
Maule, on which the carapace facies is widely or exclusively pumiceous. The lavas have 69.4-
70.6% SiO, and contain varied amounts (5-10%) of plagioclase phenocrysts {0.5-2 mmy), 1-2%
each of amphibole and biotite, and abundant mafic enclaves (53.6-56.4% SiQ,), 1 to 30 cm across
and crenulate, some stretched or compiexly deformed. Angular xenoliths, 0.5 to 3 cm across, of
hydrothermally altered felsite are also present locally. The western dome, though chemically qui-
te similar, is somewhat poorer in phenocrysts, with only 2-3% plagioclase, ~1% biotite, and rare
amphibale. The unit overlies Teriary andesitic lavas and tuffs as well as units acn, anc, apj, and
asm. The east-southeasi coulee stopped at and overlies the 2,350 m highstand beach bar; neither
it nor the southeast and north coulees were affected by wave erosion. The east-northeast coulee,
however, advanced downslope as low as 2,300 m, and its steep blocky flow front is wrapped by a
weak strandiine (Fig. 21). Although most blocks there remain angular, some have suffered minor
abrasion, and detached pumiceous ones were rounded by tumbling in the waves. It appears likely
that this muttipulse eruption took place during the highstand of Laguna def Maule.

The Rhyodacite of Arroyo Los Mellicos (unit rdam) is a 600-m-wide coulee ~50 m thick that
extends 1.2 km northeastward along the south bank of the eponymous arroyo, from a vent near
knob 2,352 to a flow front at 2,250 m elevation, only 500 m west of the Laguna del Maule shoreline
(Fig. 7). The flow surface is everywhere blocky, glassy, micropurniceous, and pale gray. Although
most of the flow was subjected to wave action during the lake highstand, it is little eroded. Its
highest point, which stood barely a few meters above the highstand as a small peninsula, retains
delicately crenulated crusts on its blocky surface, whereas similarly micropumiceous blocks just
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downslope are slightly rounded and knobby. Three samples yield 69.7%, 71.9%, and 72.5% Si0,.
All contain ~5% plagioclase phenocrysts {1-2 mm) and ~1% each of biolite and amphibole. Rare
mafic inclusions may contribute to the compositional variability. The coulee overlies deformed
Tertiary andesitic and rhyolitic lavas and tuffs as well as units aam and asd.

The Rhyodacite northeast of Loma de Los Espejos (unit rdne) is a single small lava flow
just below the northeast toe of the great coulee Loma de los Espejos and ~3.5 km northeast of
the dam that impounds Laguna del Maule (Fig. 8). The flow, 700 m long and 250 m wide, slopes
gently northward toward Cajén Chico de Bobadilla and has only ~20 m marginal relief, in part
because heavily mantled by pumice deposits from the nearby Espejos vent (unit rle). The virtually
uneroded flow is wholly glassy, blocky to locally craggy, flow-foliated, and pale gray, weathering
tan to brown. Ithas 68.7% SiO, and carries 5-7% plagioclase phenocrysts and ~1% each of biotite
and amphibole. The flow is rich in fine-grained mafic enclaves (53.7% SiOQ,), 1 to 15 cm across,
finely vesicular with chilled rinds,

The Rhyedacite northwest of Loma de Los Espejos (unit rdno) is a single 100-m-thick fava
flow high on the east wall of the Rio Maule outlet gorge, 2-3 km downstream from the dam that im-
pounds Laguna del Maule (Figs. 6, 9). Much of the flow is concealed by the overiying L.oma de los
Espejos coulee, but the part exposed extends ~800 m northward and is as wide as 400 m at bench
2,357. Above the rim, the pale-gray flow surface is rugged, glassy, micropumiceous, and virtually
uneroded, but the 50 m high steep wall below has spalled during postglacial gorge enlargement to
expose the parily glassy to felsitic dense interior. Everywhere the lava is strongly flow-{oliated, and a
large flow fold is exposed on the gorge wall. It has 69.1-69.9% SiO, and contains 7-10% phenocrysts
of plagioclase, 1-2% biotite, and sparse amphibole, as well as abundant fine-grained crenulate mafic
enclaves (1-10 cm). The flow overlies a proximal stack of mafic lavas of unit msm, and it is directly
capped by the thick coulee of unit rle. The unit should not be confused with the glaciated biotite-
rhyolite lava (unit rep) that forms the east wall of the same outlet gorge just upstream {Fig. 16).

The Rhyodacite of Northwest Coulee (unit rdcn), one of the youngest eruptive units around
Laguna del Maule, is a single major lava flow 1.5-2 km wide that extends 3.5 km northeast from
a vent ~1 km northeast of Laguna Sin Puerio (Fig. 7). Craggy northeast-trending ridge 2,538 may
overlie a fissure vent, from which the flow spread radially but predominantly northeastward. The
flow surface is ruggedly corrugated (Fig. 22) with numerous blocky arcuate pressure ridges, con-
vex downflow; its margins are everywhere steep and range in height from 20 to 70 m. The lava
is medium-gray to black, flow-foliated, dense vitrophyre {(focally microcrystalline), the blocks of
which break unusually flaky or splintery. Blocks are mostly 20-200 cm across and, while few are
vesicular, many retain thin rusty red-brown scoriaceous crusts. Three samples range from 68.2%
to 68.1% SiO,, and all contain 1-2% plagioclase and sparse biotite and amphibole phenocrysts,
as well as abundant fine-grained relatively mafic enclaves. The north side of the flow blocked
drainages (Fig. 22), impounding two small lakes that have not yet silted in and fully converted to
vegas. A northeast-distal part of the flow descended to the shore of Laguna det Maule at 2,150 m
elevation (Fig. 15), evidently some time after breaching of the highstand lake because the 2,350 m
strandline cut on so many nearby units is not present on the Northwest Coulee. Numerous springs
that emerge at its snout along the lakeshore may be fed in part by underflow from the small lakes
impounded a few kilometers northwest.

The Rhyodacite of Laguna Sin Puerto (unit rdsp) is the last to be described and probably
the youngest of the nine postglacial rhyodacite units. A 40-m-high lava dome, circular in plan
view and 400 m in diameter, it lies on the northeast rim of Laguna Sin Puerto, only 200 m from
its lakeshore {Fig. 7). The dome nearly fills the interior of the andesitic scoria ring of unit asp,
leaving only a narrow moat, and its radially fissured summit is no higher than much of the ring and
40 m fower than its southeastern rim. The dome is craggy, blocky, enlirely glassy, flow-foliated,
and uneroded; layers are mostly 1-10 cm thick (within blocks) and consist of subordinate dense
black vitrophyre alternating with predominant pale-gray micropumiceous layers that weather
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pinkish tan to pale crange-brown. The phenocryst-poor lava carries <1% plagioclase laths {many
partly resorbed) and a trace of bictite; it also has abundant fine-grained mafic blebs, generally
only 2-5 mm across. A rhyodacite sample, hand-picked clean of such blebs, has 70.6% SiO,.
Ailthough they evidently erupted at essentially the same place, extrusion of the rhyodacite dome
postdates the andesitic scoria ring, which in turn drapes the Northwest Coulee (unit rdcn). Streaks
and blobs of silicic magma occur within the scoriae, but no rhyodacite lithic ejecta are present
in the scoria ring. Because the oldest of the three postglacial units here, the Northwest Coulee,
postdates the highstand of Laguna del Maule and the seven previously described postglacial
rhyodacite units do not, it appears well established that dome rdsp is the youngest rhyodacite
in the volcanic field.

ELEVEN POSTGLACIAL RHYOLITE UNITS

In addition to the nine rhyodacite (68-72% SiO, ) units just described, the remarkable postglacial
fiare-up of silicic magmatism around Laguna del Maule produced 11 eruptive units of true rhyo-
lite (72-77% Si0,), some of which include several discrete lava flows. Of the 11, two predate the
highstand of Laguna del Maule, one caused it by damming the cutlet, and eight postdate it. The
11 postglacial rhyolites virtually encircle the lake (Fig. 7), with one unit each to the east, west, and
northwest of the lake, three to the northeast, three fo the southeast, and two to the southwest. The
nine rhyodacites arrayed around the lake basin are comparably widely distributed, as previously
described, but, taken overall, most of the rhyolites are younger.

The Rhyolite of Arroyo de Septlveda (unit ras) is a 1.5 x 2-km pancake-shaped coulee near
the southeast corner of the lake {Fig. 22) that rests directly atop the broader rhyodacite coulee
of unit rdac (21.120.9 ka). Apparently erupted from the same concealed vent as the flow below,
the rhyolite is 50-100 m thick. It forms a nearly flat-topped mesa, which was planated during the
2,350 m highstand when only its top few meters stood above the waves of Laguna del Maule as
a small island. The lava has 73.6% SiO, and carries ~7% plagioclase and 1-2% biotite; it is pre-
dominantly vitrophyric, only mildly eroded by the lake, but does expose spherulitic zones locally
on its marginal scarps. The rhyolite, like most of the surrounding area, is heavily mantled with
pumice-fall deposits from the Cerro Barrancas vents 5 km o the south.

The Rhyolite of Colada Divisoria (unit red) includes a pair of phenocryst-rich coulees and a
3-km-wide pumice ring that erupted from a common vent on the continental divide, 5.5 km east of
and 900 m higher than the shoreline of Laguna del Maule. The first coulee, 1.5 km wide and 100
m thick, flowed 4 km southeast tfoward Laguna Negra and is thickly covered by the pumice ring
and its eastward-thinning pumice-fail apron. The pumice ring is at least 50 m thick proximally and
drapes downslope to the east and southeast such that, despite thinning eastward, it altogether has
~250 m of local relief; it wraps around the vent area for ~270°, being absent only in the northwest
quarter where it was overrun by the younger coulee. This western coulee, likewise 1.5 km wide
and 100 m thick, extends steeply down the east wall of the basin for 3 km to a steep flow front at
2,500 m elevation {Fig. 23). Unlike the other coules, it is not overlain by its own pumice fall deposit,
although aphyric rhyolite pumice lapitli from the younger Cari Launa center nearby are common on
its rugged blocky surface. The western flow front did not extend as low as the 2,350-m-strandline,
but the coarse pumice-fall sheet beneath it, thicker than 10 m, did so and was notched with a
broad wave-cut bench, indicating that the Divisoria eruptions predated the highstand. In contrast,
the snout of the southwestern coutee from the Cari Launa center, only 1 km away, did reach the
strandline but remains uneroded and thus postdates the highstand (Fig. 23). Darker brown, slightly
more weathered surfaces on Divisoria lavas are consistent with them being older than those of Cari
Launa. The blocky flow-foliated lavas are everywhere glassy, with black vitrophyre predominating
onsteep flow margins and pale-gray brown-weathering pumiceous textures predominating on upper
slopes and flow surfaces. The rhyolite has 74.1% SiO, and carries 1-2% plagioclase phenocrysts
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(1-2 mm) and =1% hiotite. No mafic enclaves were observed, but brittle and ductile inclusions of
felsite are locally common along the flow foliation. Within the coarse proximal pumice-fali deposits,
a few thin (1-m-thick) pumiceous pyroclastic flows are exposed along gullies. On the windswept
rangecrest, the pumice-fall surface has been deflated and armored with a lag of andesitic lithics,
mafic scoria (probably from subjacent unit mve), and dense blocks of cognate rhyolite, some as
big as 1 m. Plagioclase and biotite phenocrysts are conspicuous in the purmice, in contrast to the
nearly aphyric pumice from the adjacent Cari Launa center,

FIG. 23. Eastwall of Laguna del Maule basin, 2,350-m high strandiine (200 m above lake), and three postglacial rhyolite
coulees. View is east-northeastward across 100 m thick Colada Las Nieblas (unit rln, foreground), 15 km to crest
of 3,175-m basin rim (1,000 m above fake), which is Argentine border and continental divide. Wall is stack of late
Tertiary andesitic lavas {54-61% Si0,), which yield ages of ~6.4 Ma al base of exposure and ~3.6 Ma at crest, On
left skyline, Cari L.auna coulee (unit rcl) breaches its own pumice cone and descends 700 m to strandline, which
it postdates and slightly overruns. At far right, Divisoria coulee (unit red) descends from vent on high divide to a
2,500 m terminus, shorl of strandline, bul coerupted pumice-fall deposit beneath coulee extends farther downs-
lope and is cut by strandline, Black ridgeline at left center is glaciated rhyolite unit ren (dated here at 468486 ka);
pumice-maniled lower end of ridge ends near lakeshore in steep gray exposure of 3.6-Ma diarite pluton (Tdcl).

The Rhyolite of Loma de Los Espejos (unit rle) is a sprawling bilobate coulee (Fig. 7) that
erupted on the basin rim near the northwest end of present-day Laguna del Maute, damming
the paleo-outlet and causing lake level to rise to 2,350 m, as recorded by the prominent high
strandline that encircles the basin ~200 m above the modern lake (Figs. 21-23). The eruption first
built a pumice cone, which is parlly preserved as hill 2447 midway along the east margin of the
coulee. The viscous blocky lava then overran part of the pumice cone, spread 2 km west, and
descended 2.5 km northward to a terminus at 2,200 m elevation as well as 2.5 km southward to a
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terminus at 2,150 m (near the modern lakeshore). Flow margins are steep and blocky with 100-150
m of relief, and the flow surface is craggy, blocky, and rugged, except for its southernmost 1.5 km
where highstand inundation subdued its roughness (Fig. 17). The lava is flow-foliated, exhibiting
abundant layers of obsidian as well as brown-weathering pumiceous layers and surfaces, which
range from finely {o coarsely vesicular. The only place marked by substantial erosion is a short
reach of the outlet gorge where the steep west wall of the coulee spalled off (perhaps during the
outbreak flood), exposing a cliff of interior felsite. The southern surface of the coulee is gently
sloping up to an elevation of 2,350 m, where it is marked by a set of several beach lines defined
by berms of rounded blocks (mostly 10-50 em in diameter) torn from its pumiceous carapace
and tumbled by wave action; below that elevation, the surface is only lightly eroded but subdued
by ashy lake sediment and aeoclian reworked pumice-rich sand. Pumice clasts in the cone and
a subplinian pumice-fall sheet that extends eastward are mostly lapilli but are as big as 30 cm
proximally. Extending 500 to 1,500 m northward from beneath the north snout of the coulee is a
pale-gray nonwelded pyroclastic-flow sheet, 10-20 m thick, massive, and poorly sorted, in which
highly frothy cellular pumice as big as 30 ¢m is conspicuous; an eroded remnant is also preserved
along the road near Arroyo Arenas Blancas, 5 km downvaliey. A bulk proximal sample (excluding
pumice blocks) has a median grainsize of 0.45 mm and is fines-poor [only 4 wt% finer than 0.0625
mm (4@)]. Pumice blocks in the pyroclastic-flow deposit contain 76.4-76.7% and obsidian samples
from the lava flow contain 75.6-75.8% SIO,, all high-silica rhyolite. The lava has 1% plagioclase
phenocrysts (<1 mm) and very sparse thin flakes of biotite. An obsidian sample from the west
margin of the southerly lobe gave a “"Arf*Ar plateau age of 23.3+0.4 ka (Singer ef al., 2000; Table
1}. The unit overlies till at the lakeshore and glaciated eruptive units mpl, rep, and igcb, as well
as posiglacial units rdne and rdno.

The Rhyolite of Arroyo de Palacios (unit rap) is a pumice-mantled coulee in the headwaters
of the eponymous arroyo near the south margin of the Laguna del Maule basin, only 500 m north
of the rim above Laguna Fea (Fig. 7). From a pumice-ringed vent at 2,750 m elevation, the 1-km-
wide coulee descended 2.5 km northward to a terminus at 2,350 m. # is everywhere glassy and
uneroded; its steep margins have up to 50 m relief and are pale-to-medium gray and finely to
micropumiceous; dense obsidian is nowhere exposed. The flow surface is thickly covered by its
own pumice-fall deposit and by that from the nearby vent of Colada Las Nieblas (unit rin). The
narrow horseshoe-shaped pumice ring that semi-encircles the vent is sharp-crested and uneroded,
suggesting a mid to late Holocene age. The lava has 75.7% SiO, and is strictly aphyric. Although
their vents are separated by only 2.5 km, the slightly younger Colada Las Nieblas contains pla-
gioclase and biotite phenocrysts and has ~2% less SiO,. The rhyolite overlies deformed Tertiary
intermediate lavas, tuffs, and breccias.

The Rhyolite of Colada Las Nieblas {unit rin} is one of the largest postglacial coulegs around
Laguna del Maule, forming 5 km of its southwest shoreline {Figs. 7, 22, 23). From a pumice-ringed
vent complex, ruggedly viscous flows advanced 5 km northward to the lakeshore. Distal flow
fronis there are as high as 150 m, but generally 50-75 m along the medial margins. The erupti-
ve sequence began with construction of a pumice ring as high as 50 m that semi-encircles the
south end of the compliex. Extrusion of lesser lava flows (now exposed only locally beneath the
southeast and northwest margins of the complex) was followed by concurrent emplacement of two
contiguous voluminous flow lobes, together as wide as 4 km, each extremely rugged and marked
by dozens of concentric pressure ridges, convex downflow. At a late stage, a second pumice
ring, slightly inboard and parallel to the first, was built atop the proximal lavas. This inner ring is
pitted by two 150-m-wide craters, forms the highest point on the complex at 2,565 m, and wraps
~220° around the sequence-closing vent dome, which is 400 m wide and pumice-free. Pumice-
fall deposits mantle much of the nearby terrain and are as thick as 20 m on the basement ridge
1 km east of the vent. Giant pumice blocks as big as 2.5 m are distributed along the head of the
beach in the cove 1 km north of the coulee’s flow front at Laguna del Maule; only a few meters
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above present-day lake level, they probably spalled from the carapace of the coules and floated
into place. Eruption postdated the 2,350-m highstand of the lake, as no strandline is notched into
the flow front, which extends at least as low as 2,150 m. The lavas are blocky and flow-foliated,
widely exposing layers of dense vitrophyre but dominated by pale-gray micropumiceous surfaces
that weather tan to brown. Four analyzed samptes range in SiO, from 73.4% to 74.0%. The lavas
carry 2-4% plagioclase phenocrysts {0.5-1.5 mm) and ~1% biotite. They overlie Tertiary andesitic
lavas and breccias and bank against postglacial unit rap. An attempt to date a dense proximal
lava sample yielded no detectable radiogenic Ar.

The Rhyolite of Arroyo Los Mellices (unit ram} is a postglacial minidome <150 m in diameter
that intrudes glaciated unit aam just south of the eponymous arroyo and 500 m wesi of the nor-
thwest arm of Laguna del Maule (Fig. 7). The dome stands only a few meters higher than the west
end (UTM grid 588/110) of the degraded spatter ring that defines the vent of the glacially striated
andesite plateau of unit aam (Fig. 17). Circular in plan view, the weakly flow-foliated dome con-
sists of angular blocks, everywhere glassy, micropumicecus tc massive, and cream to very pale
gray, weathering tan. It contains 3-4% plagioclase phenocrysts (<1 mm}, 1-2% biotite (mostly ~1
mm, rarely to 5 mm), and rare amphibole, as well as sparse fine-grained mafic enclaves, 1-8 cm,
finely vesicular, and crystal-poor. Angular blocks of the dome lava are uneroded, aithough its top
at ~2,260 m is nearly 100 m lower than the highstand of the lake. it lacks the grave] and lake-
sadiment deposils present on the adjaceni andesite plateau, and the pumice and sand that infill
some of the microrelief on the dome may simply be aeolian. Two dome samples have 73.2% and
73.3% Si0, and are a fairly good match for pumice lapilli in a 58-cm-thick fall unit {(72.9% SiO,)
exposed in a roadcut {623/126) at 2,280 m elevation atop the postglacial Loma de Los Espejos
coulee (unit rle) ~4 km east-northeast of the dome. The rhyolitic fall unit consists of coarse ash
and subangular buff pumice lapilli (mostly <5 mm but as big as 10 mm) along with sparse cbsidian
granules but no crystals >0.25 mm, @

The Rhyolite south of Laguna Cari Launa (unit rsl) is a 1-km-wide pumice-mantled coulee
that provides the natural barrier that impounds Laguna Cari Launa (Fig. 7). Although erupted
from a common vent compiex {(at peak 3,031), 3 km east of Laguna del Maule, this initial coulee
precedad the subplinian pumice fall and lava flows of more extensive unit rcl. Two stubby lava
flows just west of the vent are likewise heavily pumice-covered and probably aiso part of unit rsl.
Emerging from beneath the younger rcl lavas only 500 m east of the vent, the 2.5-km-long coulee
spread 1 km northeastward to dam the lake and 1.5 km southwestward down the former valley
that had drained the basin now occcupied by the lake. The lavas (75.1% SiO,) are strictly aphyric,
flow-foliated, and mostly micropumiceous and pale-gray, weathering tan, but some layers are either
massive obsidian or coarsely vesicular and dark gray or oxidized brown. They also contain sparse
{but not rare) angular to rounded inclusions (1-3 cm) of dark-gray rhyolite rich in tiny amphibole
needles and flakes of oxidized biotite, perhaps cognate material entrained from a margin of the
magma conduit. The only good exposure of the unit through the 5 m thick pumice cover is the flow
front along the southwest shore of the lake. It banks against a stack of Tertiary andesite lavas (6.7
to 3.6 Ma; Table 1) that make up the east wall of the Laguna del Maule basin. The SiO, content
of this opening extrusion {unit rsl} of the Cari Launa sequence is ~1.5% greater than that of the
subsequent lavas assigned to unit rcl. Aithough impounded by this 150 m thick lava flow, not by
the permeable pumice deposits, Laguna Cari Launa has fluctuated in level by at least 10 m, as
shown by multiple strandlines higher than the lake level exposed during our summer visits. Such
fluctuations seem likely to reflect seasonal variations in precipitation and snowmeit,

The Rhyolite of Cari Launa {(unit rel) includes two rugged coulees and remnants of a pumice
cone centered high on the northeast wall of the Laguna del Maule basin, 3 km east of the lakeshore
{Fig. 7). The pumice cone was ~1 km wide with ~130 m relief, and remnants still form a partial ring
around the highest point of the complex at 3,031 m elevalion. A small vent dome now separates
pumice-cone remnants at the effusive site where two large (post-pumice) coulees distended and

BOLETIN 63, Hitdreth28.4-10indd 72 Iy 28042010 17:2628 | |~

|



@

@

73

disrupted the cone. One coulee forms a broad northeasterly apron, 2.5 km wide and long, that
extends into pre-existing Laguna Cari Launa and also impounded the small lake 2605 at its north
margin. The other coulee is 1.5 km wide and descends 3.5 km southwestward to a steep 50-m-high
flow front at 2,350 m, ~2 km from the modern shore of Laguna del Maule {Fig. 23). Both coulees are
ruggedly blocky and pervasively flow-foliated, and their surfaces have abundant pressure ridges,
longitudinal near flow margins and concentrically convex-downflow distally. Lavas are predominantly
micropumiceous and pale gray, although obsidian layering widely makes up as much as a third of
outcrops and sparse spherulitic and felsitic layers and lenses locally accompany the obsidian. Lavas
and ejecta are aphyric or nearly so, but, perhaps inhomogeneously, some carry as much as 1%
plagioctase (=1 mm) and traces of biotite (<1 mm). Five samples analyzed have 73.5-73.8% SiO,.

The snout of the southwestern coulee descended slighily below the level of the highstand
strandiine, which is well-defined nearby on both bedrock and surficial deposits (Fig. 23); because
the snout shows no evidence of erosion by wave action or beach processes, the flow appears
to be younger. The widespread pumice-fall deposit that accompanied construction of the pumice
cone is as thick as 5 m atop the early flows from the Cari Launa vent {uni{ rsl) and was apparently
subplinian {or weakly plinian). It was evidently dispersed narrowly eastward because it thickly
mantles the slope and continental divide (ridge 3033} as far as 5 km due east of the vent bul is
thinner and widely wind-stripped from ridges to the northeast and southeast. An isolated lapilli-fall
layer of white pumice, ~70 cm thick, preserved in a roadcut {UTM grid 687/147)} ~5 km northwest
of the Cari Launa vent is compositionally identical to unit rcl, not to pumice of nearby unit rle.

The Rhyolite of Paso Pehuenche (unit rpp) is a postglacial minidome 2620, ~1 km south of
the road, 1.5 km west of the north edge of Laguna Cari Launa (Fig. 7; UTM grid 721/141), and 4 km
southwest of Paso Pehuenche {Fig. 6). The dome is only ~100 m in diameter and 30 m high with a
jaggedly fissured fop; it is enclosed within a shallow explosion crater ~400 m wide, blasted through
the steep sidewall of Pleistocene rhyolite unit ren. It consists of angular blocks that are faintly flow-
foliated and pale gray, weathering tan, and mostly micropumiceous although sparse obsidian and
felsite interiayers are also present. The lava has 74.4% SiO, and is virtually aphyric, only very rare
biotite having been observed. The gjecta ring around the crater consists mostly of accidentat lithic
debris explosively excavated from the Pleistocene rhyolite and from underlying andesitic lavas
and stratified palagonitized scoria lapilli, all of which are exposed in the moat around the dome.
The dome has its own talus apron but fragments of juvenile rhyolite are uncommon in the gjecta
ring, which is rich in blocks {as big as 50 cm} of slabby felsite and obsidian of unit ren. Sparse
breadcrusted biocks of juvenile rhyolite are present, but juvenite pumice blocks are virtually absent.
Coarse accidental ejecta are scattered as far as 500 m from the crater. The stratified andesilic
scoria lapilli exposed in the crater suggest the presence of a nearby vent, presumably covered by
unit ren and probably of early Pleistocene age. Caution should be exercised in approaching the
crater, because the area surrounding it was a mine field around 1978-1982.

The Rhyolite of Laguna Negra (unit rng), earliest-erupted component of the Cerro Barrancas
complex {unit rch), consists of a pumice cone (UTM grid 737/955) and two pumice-mantled java
lobes, all located 3-5 km southeast of the international border (Fig. 7). Its top at an elevation of
~2,500 m, the pumice cone is ~1 km wide with 250 m relief and overlies its lavas, one lobe of
which descends 1 km southeast to a terminus at 2,000-m in the headwaters of the Rio Barrancas.
The other lobe extends 1 km northeast and impounds Laguna Negra at 2,162 m (Fig. 24). Where
exposed through the heavy pumice-fall cover, the lavas reveal only a pale gray finely pumiceous
carapace. They are virtually uneroded except for minor wave action at the lakeshore flow front.
Almost aphyric, the lavas carry trace amounts of plagioclase and biotite. At 73.5% SiO, and 14.41
ALO,, they are slightly less evolved than overlying lavas of the Cerro Barrancas complex (73.8-
74.1% SIO, and 14.08-14.18% Al O,; n=6}.

The Rhyolite of Cerro Barrancas (unit rch} is a 10-km-wide postglacial complex of three main
venis and eight coulees, some of them multi-lobate, centered on the continental divide ~7 km south

BOLETIN 63, Hildreth28-4-104ndd 73 ({'} 28-04-2010 17:28:28

@



1 j—

4

FIG. 24. Laguna Negra, 5-km-long and 1-km-wide, viewed northward toward Cerro Campanario {mcc; upper right, 23 km (é)
bayond far end of lake) and VolcAn Descabezado Grande (VDG; upper left, 70 km northwest). Lake is impounded ¥
by two postglacial coulees from Cerro Barrancas complex-unit rng {which crops out only at lakeshore and is
heavily mantled by nonwelded Barrancas ignimbrite and pumice-falls) and blocky unit reb {with thinner pumice
cover). Terrain is covered by pumice-fall deposits from Barrancas vents and, norlh of lake, from Divisoria vent
(unit red). Glacial valley occupied by lake is cut through a stack of as many as six andesitic lava flows (Tad)
that dip 5-15° southeast (to right); they appear to be continupus across the lake and with a subhorizontal stack
ihat forms 750 m high scutheast wall of Laguna del Maule basin, 5 km northwest. It is likely but nol proven that
these lavas are same ages as stack of similar andesitic lavas dated ai 6.4 to 3.6 Ma on cast wall of Laguna del
Maule basin (Fig. 23}, 7 km north of Laguna Negra. Near-vent remnant of 163 ka mafic shield (unit mve) overlies

of the southeast arm of Laguna del Maule (Fig. 7, 22). Not included here is a fourth postglacial vent
and its lavas, assigned to slightly older unit rng (just described), which appears to be the earliest part
of the local eruptive sequence. The summit of Cerro Barrancas at 3,092 mis a 1-km-wide pumice
cone with ~200 m relief. Two multilobate coulees to its west and northwest appear to have filled
a glaciated paleovalley that had drained Laguna Fea into Laguna del Maule at some point during
the Pleistocene (Fig. 25). The present-day outlet of Laguna Fea is subterranean, through surficial
deposits and nonwelded ignimbrite to the southeast. Although the threshold for southeastward
overflow is only 20-30 m above lake level (2,486 m), there is no evidence that this surface outlet
has been used since the Cerro Barrancas eruptions (Fig. 25). The alternative northward outlet from
Laguna Fea to Laguna del Maule via Arroyo de Sepulveda, now buried by postglacial rhyclites,
was nowhere higher than 2,500 m and was apparently used at times during the Pleistocene. The
southeasterly outlet to the Rio Barrancas was certainly also used during the Pleistocene, but at
some point Laguna Fea was captured by a tributary of Laguna de! Maule, the surface of which lies
300 m lower in elevation than Laguna Fea.

BOLETIN 63, Hildreth28-4-10.indd 74 @ 28-04-2010 17:2829 -



©

75

FIG. 25. Laguna Fea, 11 km leng and up to 2 km wide, viewed northwestward toward Volcan Pellada (mvp) and Volcan
San Pedro (vsp), on volcanic frant 30 km beyond far end of lake. Glacial valley cuts through stacks of andesite-
dacite lavas and breccias that dip gently toward right on both sides of lake, having erupted from ice-ravaged
early Pleistocene stratovoicano, Volcan Laguna Fea (unit avf), which is centered ~3 km left of image. Smooth tan
slopes in foreground are mantled by postglacial rhyclitic ignimbrite and pumice-fall deposits from neatby Cerro
Barrancas. Al far right, a postglacial (and post-pumice) rhyolite coulee from Cerro Barrancas (unit reh) blocks
former oullet of Laguna Fea northward toward Laguna del Maule. Present-day threshold for overflow would be
soulheastward {beneath the camera) where sill is only 20-30 m higher than lake, but gullying patlern on pumice
deposits indicates that such overflow has not taken place since Barrancas eruptions blocked former alternative
outlet. On ridgecrest at right skyline (peak 3,135), lowest of three gently nerth-dipping lava flows (unit dIf) that
uncanformably overlie deformed Tertiary breccias yields an *Ar/*%Ar plateau age of 158249 ka. To its left on rim
above lake, dark cliffy buttress is rhyolite lava dome as thick as 400 m (unit rlf; 1,353217 ka).

The Barrancas rhyclite complex altogether has 1,100 m of relief, but much of that owes to draping
the ruggedly glaciated divide. Basement rocks crop out within the complex tc elevations as high
as 2,850 m and up to 2,983 m on a ridge 2 km south of the pumice-cone summit. Most of the lava
flows are blocky, glassy, flow-foliated, and either aphyric or carry irace amounts of plagioclase and
biotite. Exceptionally, the southwestern coulee, which reaches Laguna Fea, contains 1-2% plagio-
clase and sparse biotite. Pumice blocks and lapilli in pumice cones and subplinian fall deposits are
pale gray to white and likewise aphyric. Six widely spaced samples range in SiO, only from 73.8
to 74.1%. Flow fronts are steep, and upper surfaces rugged and marked by numerous pressure
ridges, which are typically longitudinal medially and convex-downflow distally. Because none of
the flows are significantly eroded, exposures are principally of pale-gray pumiceous carapace that
weathers tan, although steep spalling flow fronts also expose obsidian layers.

Three vents appear to account for eight coulees. (1) The easterly vent now marked by dome
2,888 produced three rugged coulees and a pumice ring preserved only on its northwest side. A
southeastern flow is 1.5 km wide, 50-75 m thick, extends 2.5 km downhill to a terminus at 2,000 m,
and is mantled by pumice from its own vent. A second flow lacks the pumice-fall cover, is 1 km wide,
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and exiends 3 km eastward to the shore of Laguna Negra where its stesp terminus is ~50 m high
(Fig. 24). The third flow is continuous with the vent dome, which is ~1 km wide and as high as 300
m; the flow is also largely pumice-free, 1 km wide, extends 1.5 km east-northeast from the dome,
and is =50 m thick distally. The first two flows wrap around the pumice cone of unit rng and overlie
its lavas. (2) The summit pumice cone of Cerro Barrancas (3,092 m) marks the vent for four coulees,
three that flowed generally northward and one to the south. The northeast flow is oldest, widely
pumice-mantied, 1 kmwide, and 2.5 km long. The northwest flow erupted next, is pumice-covered
only proximally, widens downslope from <1 km to 3 km wide, descends 5 km from vent, and di-
vides distally into two terminal lobes, the steep flow fronts of which are 30-50 m high. Youngest
of the northerly three is the central flow, also 5 km long, which is likewise pumice-covered only
proximally, overrides the previous two flows, doubles in width downslope to 2 km, and diverges
into two terminal lobes with flow fronis 30-50 m high. The southerly fourth flow lacks any pumice
cover, even where it emerges from the east side of the pumice cone; the steep rugged flow, 5 km
long, widens from 500 m to 2 km as it drops >800 m to a flow front 50-70 m high at an elevation
of 2,080 m. (3) Finally, the westernmost vent produced a small dome (knob 3,010) af the western
toe of the pumice cone. The vent dome marks the source of a 2.5-km-wide pumice-free westerly
apron of rugged rhyolite lava that overlies all earlier pumice deposits and divides distally inlo
three stubby lobes, two of which drape steeply down for 2.5 km to the shore of Laguna Fea (Fig.
25). The total distance is only 4.5 km from the eastern pumice cone {of unit rng} to the western
dome 3,010, it seems well constrained on the basis of overlapping relaticnships that the four
main vents were sequentially active from east {o west.

Lavas of the Barrancas complex principally overlie late Tertiary and early Pleistocene interme-
diate lavas and tuffs, but the northernmost coulee also overlaps unit rdac (21.14£0.9 ka). Three
northerly lobes descend below the 2,350-m highstand strandline of Laguna del Maule, yet they
show no evidence of the wave-cut bench so prominent on basement rocks nearby. An attempt
to date obsidian (4.06% K,O) of the westerly (youngest) coulee of the Barrancas complex near
Laguna Fea produced low radiogenic Ar, an unusable plateau, and a suspect *Ar/**Ar isochron
age of 19412 ka. The complex is so pristine and uneroded, despite its high elevation, that we
infer its eruption to have been in the mid to late Holocene.

Further evidence of so young an age for the Barrancas complex is preservation on adjacent
canyon floors of a sheet of nonwelded rhyolitic ignimbrite that extends southeastward from
beneath its two southeastern coulees. Because the sheet is wholly in Argentina, we were not
authorized at the time to investigate it, but distant observations and aerial photographs make the
main outlines clear. From beneath the Barrancas lavas, the ignimbrite extends >8 km southeast
as an uneroded plateau as wide as 3.5 km and as thick as 50 m in siream gorges incised along
its margins. West of the plateau, the nonwelded deposit also occupies the floors of two valleys
{Arroyo Puente de Tierra and Arroyo de Curamilio) that head on steep basement rocks south of
the Barrancas complex. This distribution reguires thal pyroclastic flows had surmotinted a 150-m-
high divide and had dispersed across a 90° sector to fill transverse valleys at least 6 km southwest
and south of Cerro Barrancas. The three ignimbrite-floored valleys alt converge downstream into
the canyon of the Rio Barrancas, along which sidewall remnants are preserved for an unknown
distance southward,

IMPLICATIONS OF 24 POSTGLACIAL SILICIC VENTS ENCIRCLING
LAGUNA DEL MAULE

The 20 postglacial silicic map units just described (Table 4) erupted from 24 discrete vents,
and they include 36 separate silicic coulees and domes {15 rhyodacites and 21 rhyolites). Most
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of these lavas were preceded or foliowed by explosive eruplions of pumice and ash, which an
observer might have counied as discrete eruptive events if separated by hours to weeks from the
comagmatic effusions. None of the tephra eruptions are known to have had plinian dispersal, but
downwind investigations in Argentina have not yet been underiaken fo assess this. Some near-
vent pumice deposits are 5-20 m thick and a few pumice rings and cones are thicker still, but all
the fallout sheets we observed thin o a few centimeters within several kilometers from vent, None
are known o be on the scale of the 1932 plinian eruption of Quizapu, 50-km-north of Laguna del
Maule, where the pumice-fall deposit is still thicker than 1 m at the Argentine border 35 km east
of its vent (Mildreth and Drake, 1992). Most or all of the posiglacial pumice-fall deposits around
Laguna del Maule are probably subplinian.

TABLE 4. SILICIC ERUPTIVE UNITS.

Linit Name Age* Area Volume Notes
km? km?

postglacial rhyolites

ram Areoyo Los Mellicos pre 0.02 0.0002 Minidome intrudes unit aam

rap Arroyo de Palacios post? 22 011 Mantled by rln purice fall

fas Arroyo de Sepuliveda pre 2.28 0.11 Upper coulee; rests on rdac

ch Cerro Barrancas : post 37.45 1.87 3 vents, 8 coulees, pumice cone
Barrancas ignimbrite post =20 >1 Nonwelded sheet SE of complex

red Colada Divisoria pre 9.3 0.65 2 couleas, pumice cone

rel Cari Launa post 782 0.38 2 coulees. pumice ring

fle Loma de Los Espejos 233 0.84 1.0 Coulee dams LdM; pumice cone

in Colada Las Nieblas post i2.14 1.2 2-part coulee, pumice rings

mg Laguna Negra post 1.47 0.074 Coulee dams L. Negra; pumice cone

wep Paso Pehuenche post? 0.024 0.0003 Minidome intrudes unit ren

rsi South of Laguna Cari Launa post 3.28 0.164 Coulee dams L. Cari Launa

postglacial rhyodacites

rdac Arroyo de la Calle pre 466 0.33  Lower coulee; underlies unit ras

rdam Arroyo Los Mellicos pre 0.58 0.03  Top 10 m above highstand as islet

rded Colada Dendriferme pre 2.96 0.15 2 vent domes, 4 coulees

rden Northwest Coulee post 4.58 0.32  Coulee touches NW arm of LdM

rdep South of Estero Piojo pre 0.29 0.01 Chain of 3 contiguous domes

rdne Northeast of Loma de Los Espejos  pre =0.20 >0.006 Mantled by unit rle pumice fall

rdno Northwest of Loma de Los pre >0.23 >0.11 Beneath rle; cut by LdM oullet gorge
Espejos

rdnp North of Estero Piojo pre? 0.18 0.002 2 domelets intrude scoria ring mnp

rdsp Laguna Sin Puerto post 0.08 0.002 Dome intrudes scoria ring asp

late Pleistocene

reb Estero de Bobaditla (dome 2667) - 0.25 0.014  Titlkmantled minidome

rep Easi of Presa Laguna del Maule ~38 0.33 -- Beneath rie; cut by LdM outlet gorge

ret Estero Terneros 97 2.0 v Coulee south of Cerro San Pedro

rez -Estero £l Zorro 83 3.0 - Obsidian flow east of Valle Chico

rddm Domo del Maule 115 1% >0.2 Uneroded dome and glaciated lava
fiow

rdop West of Presa Laguna del Maule - 0.71 >»0.05 Pair of domes just west of LdM outlet
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Table 4 continued: Qlder units.

Unit Name ' Age* Area Notes
km?

middie Pleistocene

rca Cajon Alravesado 712 1.2 Ridgecrest remnant; biotite rhyolite lava
rcn Cerro Negro 480 125 Northeast wall of basin >900 m high
rim Los Murciglagos 335 i12.7 11-km-long chain of lava remnants
rdch West of Cajén Bahamondes - 0.63 Pyroxene-bearing lower coulee
rdop Cabeceras de la Plata - 0.06 Smail hornblende-biotite lava dome
rdct Arroyo Cabeceras de Troncoso 203 1.38 Modest hornblende-biolite coultee
rdes East of Cerro San Pedro - 0.88 Bictite-bearing upper coulee
rdet Estero Terneros -- >03.75 Two ceulees rich in hornblende, plag, and opx
rdez Estero El Zorro - >0.5 Phenocryst-rich coulee of pyroxene rhyodacite
rdpf Puntilla Los Nirales 680 0.71 300-m-thick dome; ~0.14 km?® remain
rdve Valle Chico 895 0.47 300-m-high dome; ~0.1 ken?® remain
early Pleistocene and oider
rf Laguna Fea 1.363 0.58 Severely eroded lava dome >300 m thick
rs Las Salinas - 0.20 Cryptodome of biotite rhyolite
rnf North of Laguna Fea - 0.07 Smalllavadome remnantonkbagunaFeadivide
rddap Plug of Arroyo de Palacios - 0.22 Rhyodacite intrusion N of Laguna Fea divide
rdcr Cordén Las Romazas - >3.3 Chain of ridgecrest iava remnants
rddp Bike south of Laguna del Piojo - >0 Dike & m thick
rdla Lo Aguirre 880 1.52 tava dome cut by road tunnel; >0.2 km? remain
Tref Cajén Filume 2,572 29 3-km-long coulee; >0.5 km® remain
Trea Estero Aguirre 2,280 318 Roadside dome, Rfo Maule; remnant
3,740 265 2 domes in Cajones Lo Aguirre; remnanis

*

For postgiacial units, pre and post refer to ages relative {o highstand of Laguna del Maute, during which a strandline
was cut into many units, Numbers are radiometric ages in ka; for details and unceriainties, see Tables 1 and 2. Volu-
mes are estimated only for postglacial or little-eroded units. Areas of glaciated units are reconstructed conservatively
where feasible; some may be far shor of eriginal area covered.

The 24 postglacial silicic vents are inside or on the rim of the Laguna del Maule topographic
basin {except that two vents of the Barrancas complex fie just beyond the divide). Dimensions of
the vent field are 16.5 km east-west (rcd {o rded), 18 km southwest-northeast (rdep o rpp), and
23 km southeast-northwest {rng to rdne). With respect {o the center of the lake, vents for the major
coulees lie at the foliowing distances: rle 5.5 km northwest, rdcn 9 km west-northwest, rded 8-8
km west, rin 8 km south-southwest, rcb 14 km south-southeast, rcd 8.5 km east-southeast, and
rcl 7 km east-northeast. The lake is thus virtually encircled by postglacial rhyolites and rhyodaciles
{Fig. 7}, and, during that postglacial time interval, little else is known to have erupted far inside the
circle. Of H1 postglacial mafic and intermediate eruptive units, all but orphan lava flow apo lie west
of the lake, and of the westerly 10, six erupted essentially along the silicic-vent circle. Four others
{units aan, acn, anc, and apj (24.6+2.2 ka)] erupted only 1-2 km inboard of such a projected circle,
between and close te coulees rin and rded (or in the case of unit apj somewhere beneath coulee
rdcd); all four predate the adjacent silicic coulees. A bathymetric map of the lake by the Direccidn
de Riego suggests, however, that there could also be a few more small eruptive units beneath
the northwest part of the lake; even if ihis be so, it is not known whether they are posiglaciat or
glaciated units like the nearby ocutcrops of units mpl and aam {Figs. 7, 17).

In contrast to postglaciat time (<25 ka), only six silicic lavas (Table 4) are known to have erupted
within or close to the basin during the late Pleistocene (<126 ka), a remarkable difference consider-
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ing that the time interval is four times longer. These include the small dome of hornblende-biotite
rhyolite {unit reb} 5 km north of the northeast arm of the lake; the hornblende dacite lava flow at
Laguna del Piojo (unit dip) in the southwest corner of the basin; and four lavas within 2 km of
the outlet: the Domo del Maule {unit rddm), the twin domes west of the dam (unit rdop}, and the
rhyolite lava flows at the east end of the dam (unit rep).

Late Pleistocene (glacially scoured) mafic and intermediate eruptions were likewise concentra-
ted'in the western part of the basin. Of nine such units identified, eight lie in the west to northwest
corner of the basin and the Laguna Turbia crater group (unit mit) in the southwest corner. Cf the
eight, five vents lie within 3 km of the outlet dam (uniis bec, mpl, msm, aam, and asd), and the
other three are 5-8 km from it {mpn, alp, and apv). Together with the four late Pleistocene silicic
lavas that vented within 2 km of the outlet (see preceding paragraph), these eight vents mark an
area only 5 x 9 km wide that was during its time the most intense focus of volcanism in the entire
distributed volcanic field. In posiglacial ime, eruptive activity persisted within this westerly focus
but also spread to the entire periphery of Laguna det Maule.

The 36 postglacial silicic coulees and domes cover a combined area of 100 km? and have a
total lava volume of ~6.4 km?® (Table 4). The 15 rhyodaciles account for 14% of the total volume and
the 21 rhyolites for 86%. Most voluminous of the rhyodacites are the Northwest Coulee (unit rden)
and the fower coulee at Arroyo de la Calle {unit rdac), each amounting to ~0.33 km?®, The muli-
vent Barrancas complex (units rng and rcb) is by far the most voluminous of the rhyolites at ~1.9
km?®, followed by Colada Las Nieblas at 1.2 km?® {(unit rin, the most voluminous lava from a single
vent}, and then by the Loma de Los Espejos coulee (unit rie; ~1 km?) and the bilobate Divisoria
complex (unit red; 0.65 km?). The minidomes, units ram and rpp, each have volumes smaller than
0.0003 km?®. The poorly known volume of the nonwelded Barrancas rhyolitic ignimbrite sheet {part
of unit rch) certainly exceeds 0.5 km?® and, considering downstream erosicn, might have been as
great as 1 km?, equivalent to about haif as much lava. Much smalier is the thin nonwelded rhyolitic
Espejos ignimbrite (part of unit rle}, which is preserved as a 1.5-km? remnant at the north toe of
the Espejos coulee, Another remnant 5 km downvalley suggests that the deposit could once have
covered an area at least five times greater, but, even if so, the total nonwelded volume is unlikely
to have exceeded 0.05 km?.

More impressive than the postglacial volume of silicic magma released is the ubiquity of the
24 postglacial silicic vents on all sides of the lake. The basin containing the 54-km? lake has a
total area of 300 km?, of which 100 km? are covered by postgtacial rhyolite and rhyodacite lavas.
There is no other place in the entire 1,400-km-long Southern Volcanic Zone of the Andes with
such a concentration of distributed sificic vents, let alone of posiglacial silicic vents. This suggests
either (a) that an upper-crustal silicic magma chamber of potentially caldera-forming dimensions
has been evolving beneath the lake basin throughout postglacial time, or (b) that a deep-crustal
melting zone roughly 20 km wide has been relsasing distributed batches of ascending silicic
magma, recurrently for fast 25 kyr. Several circumstantial observations favor the hypothesis of an
avolving upper-crustal magma chamber. (1) The overall postglacial progression from predominan-
ce of modest-volume rhyodacites toward predominance of larger baiches of rhyolite. (2) Narrow
collinear arrays of chemical data, similar for most postglacial silicic units {Fig. 28) but distinct from
most older rhyolites (Table 4) of the LdM voleanic field. (3) Near absence of postglacial mafic
and intermediate eruptions within the focal area close to the lake. (4} Rarity of mafic magmatic
enclaves (common in rhyodacites) in the postglacial rhyolites, suggesting the shadow effect of a
voluminous and growing silicic reservoir. (8) Distribution of the 24 postglacial silicic vents in a ring
around the basin {and not centrally), suggesting that conduit locations are influenced by the stress
field peripheral o the roof of a basin-scale magma reservoir.

Scrutiny of figure 26 brings out the following relationships among the postglacial silicic lavas.
(1) Units rle and rap are compositionally indistinguishable, even though their vents are 13 km
apart, north and southwest of the lake. (2) Units rpp, rci, rsl, red, reb, and rng, all east and south
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of the lake, provide a tight collinear compositional array, although their vents are separated by
as much as 18 km. (3} Unit rln, which erupted southwest of the lake, is compositionally almost
identical to those six units, which vented as far as 15 km away. {4) Unit rsl, the first lava srupted
at the Cari Launa vent, is collinear but notably more evolved than the subsequent lavas of unit
rch. {5) Superimposed coulees rdac and ras are compositionally collinear, but the younger unit is
2% richer in SiO,. {6) Similarly, units rdam and ram plot collinearly, despite erupting at different
times from vents ~t km apart. Such relationships are consistent with existence of a physically
continuous silicic magma reservoir, possibly enlarging with time and progressively integrating
previously separate pods and chambers.

It warrants re-emphasis that the postglacial silicic flare-up, concenirated around Laguna del
Maule, has no precedent in this volcanic field, at least since collapse of the Bebadilla caldera ~850
ka (when voluminous ignimbrite but no known rhyolite lavas erupted). Although rhyolite lavas have
erupted sporadically throughout the long history of the volcanic field, they had previously been widely
scattered, infrequent, and generally solitary {Table 4). If the late Pleistocene rhyolites and rhyodaci-
tes concentrated near the northwest end of the lake were predecessors related to the subsequent
postglacial flare-up, the crustal melting anomaly would have been underway by 100 kyr ago.

It also needs to be emphasized that true rhyolites (72-78% Si0,) are very uncommon in the SVZ
and, indeed, in the Quaternary Andes as awhole. Several Quaternary SVZ systems have produced
minor fractions of rhyodacite (68-72% SiQ,), while in the Descabezado-Quizapu-Calabozos region
{(Figs. 1, 2) and in the Puyehue-Corddn Caulle system (40.5°S; Gerlach ef al., 1988; Lara of al,
20086; Jicha et al., 2007, Singer ef al.,, 2008) rhyodacies are abundant. They are typically the most
evolved eruptive products atarc volcances globally. Some notable exceptions ocourwhereintracrustal
melting helps generate true rhyolites in areas of intra-arc extension {such as the Taupo Velcanic
Zone or the Lassen and Three Sisters segments of the Cascade arc; Hildreth, 2007}. Among the
rare Quaternary rhyolites in the SVZ are the Cerro Amarilio dome complex (Fig. 1; 33.9°S; Godoy
and Hildreth, 2001}, the extensive ignimbrite associated with the Diamante caldera (34.2°S; Stern @
et al, 1984; Harrington, 1989); numerous lavas of the Puelche volcanic field (35.8°S; Figs. 1, 2}
and the 2008 and early Holocene products of Volcan Chaitén (42.85° S; Naranjo and Stern, 2004;
Mufioz et al., 2008; Lara, 2009; Watt of al.,, 2008). Such rarity elsewhere, in both space and time,
underscores the extraordinary anomaly posed by the many postglacial rhyolites that surround
taguna del Maule, and the exceptionally great potential hazard they portend.

®

BIMODAL TWO-MAGMA ERUPTIVE VENTS

Although our scrutiny was seldom intensive or thorough, field observations are adequate to
assert that mafic magmatic enclaves are rare or absent in the postglacial rhyolites. In many of the
postglacial rhyodacites, on the other hand, chilled enclaves are conspicuous, commonly crenulate,
finely granular with few phenocrysts, and typically 1-10 cm across but as big as 30 cm. |n addition,
there are five places near Laguna del Maule where substantial batches of mafic and silicic magma
erupted from a common vent and close in time. {1) The spatter ring of the Andesite of Arroyo Los
Mellicos {(unit aam; 26.610.8 ka) was intruded (Fig. 17) by a postglacial rhyolite minidome (unit
ram). (2} The postglacial Dacite south of Arroyo Los Mellicos (unit dsm), probably a small dome,
was disrupted and extensively blanketed by a fissure eruption of andesite scorfa {(unitasm}, leading
to an abundance of dacite blocks in the scoria-fall deposit. (3} The postglacial fissure vent of the
scoria eruption of unit mnp was intruded by two discrete masses of rhyodacite unit rdnp. (4) The
40-m-high rhyodacite doms of unit rdsp intrudes and nearly fills the postglacial scoria ring of unit
asp, adjacent to Laguna Sin Puerto. Their joint vent is contiguous with that of the slightly oider
Northwest Coulee (unit rden), which is itself quite young, postdating the highstand of Laguna del
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Maule. {5} The south end of the dike-fed chain of three contiguous rhyodacite domes of unit rdep
was draped by mafic agglutinate of unit mcp, the fissure vent of which extends right to the toe
of the south dome. Additionally, it can be noted that units acn and rdcd erupted only 2 km apart,
both in the brief postglacial pre-highstand time interval.

In figure 27, chemical data are plotted for the mafic and silicic members of the five two-magma
complexes, along with enclave-host pairs for three more units. Tie-lines o connect mafic with
silicic members of pairs would be essentially paraliel to the remarkably collinear arrays for the
whole data set. The linearity of the arrays, embracing the patent examples of enclave mingling as
wel! as successively erupted silicic-mafic pairs, suggests the influence of pre-eruptive mixing on
producing the compositional ranges of both the rhyodacitic-dacitic and andesitic segments of the
arrays. The five two-magma eruptive sites are all on the western fringe of the LdM basin; no two
are closer than 2 km, but all five are distributed along a north-south belt only 8 km long (Fig. 7). All
five are younger than ~27 ka and, though most are undated, their eruptions were spread out over
iatest glacial, pre-highstand, and post-highstand time, with the sequence of units rdcn-asp-rdsp
possibly as young as mid-Holocene. All five mafic members represent eruptions of small volume
{each 0.01 to 0.05 km®)}, and the five silicic members are smaller stil {0.0002 o 0.01 km?; Table 4).

From these observations, we speculate on the influence of magma reservoir configuration as
follows. if dikes and pods of ascending magma are well distributed as they reach the upper crust,
encounters between previously separate batches variously lead to composite dikes, mingling and
mixing, or bimodal mafic-silicic eruptive sequences. When pods or silis of silicic magma grow
to moderate dimensions, their enhanced capacity to intercept mafic batches favors mixing or (if
eruption ensues soon enough) enclave-rich lavas. When reservoir components grow large and
a thick rhyolitic zone accumulates at the roof {Hildreth, 2004), recharge batches are trapped at
deeper levels and the resuiting dispersed enclaves are seldom circutated into the uppermost low-
density part of the chamber.

COMPOSITIONS OF ERUPTIVE PRODUCTS

About 425 major-element XRF analyses, 400 trace-element analyses by XRF, and 43 trace-
element analyses by INAA are given in Appendices 2-4, and 30 Sr-isotope determinations in Table
5. On the canonical TAS diagram {Fig. 28a), rocks of the LdM volcanic field straddle the arbitrary
dividing line between subalkatine and mildly alkaline suites. They range continuously from 48.3%
to 77.6% Si0,, though only a few samples plot near 67% SiO,. The data yield an alkali-lime index
of 8 (Fig. 28b), indicating a calc-alkalic suite, as originally defined (Peacock, 1931; Arculus, 2003).
By the rather different criteria of Miyashiro (1974}, LdM samples scatter widely at all SiO, contents
an both sides of the arbitrary tholeiitic/calcalkafine dividing line (Fig. 28c).

The LdM suite is medium-K at 50-60% SiO, but high-K in its silicic portion (Fig. 29a). Contents
of K,O are ~0.8% at 50% SiO, but, far more variably, 1-2% at 54% SiO,, 2-3% at 62%, and 4-5%
at 75%. The SiO, arrays of FeO*, MgO, ALO, {Fig. 29) and to a lesser extent of CaO (Fig. 28b)
are broad at their mafic ends and much harrower at their silicic ends. For example, at 63% SiO,,
FeO” ranges from 7% to 10%, but at 70% SiO, only from 2% to 2.5%. At 53% SiO,, AL,O, ranges
between 17% and 20%, but it narrows drastically along the silicic part of the array. Na,O contents
range widely at all SiO, values but reach a maximum near 70% SiO, and decline slightly in rhyolites
{even nonhydrated ones). TiO, contents are ~1% at 50% SiO,, diversify greatly to 0.8-1.5% at 54%
SiQ,, then exhibit a progressively narrowing evolutionary array toward rhyolites, P,O, contents are
0.15-0.33% in basalts and only 0.04-0.12% in rhyolites but are extremely varied among interme-
diate members of the suite (0.15-0.50%), reflecting the vagaries of apatite saturation, transport,
accumulation, and entrapment in other crystals.
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Nene of the 425 analyzed rocks from the LdM volcanic field are primitive. Excluding a few
oliving-accumulative samples, basalts range in MgO content from 4% to 7% and mafic andesites

from 2.5% to 5.5%. The few basalts (49-52% Si0,) have mg-numbers [mg # = 100 Mg/{Mg+Fe)

mol]

of only 49-58, Cr<170 ppm, and Ni<70 ppm. For the entire LdM suite, Cr and Ni concentrations are
less than 20 ppm for all samples with 259% SiO,. Mafic andesites, taken narrowly at 54% SiO,,
range in mg-number from 38 to 59 and in K,O content from 1% to 2%, showing that the composi-
tional diversily originales early in the differentiation sequences. For 17 of the least evolved ('most
primitive') samples, some illustrative data are tabulated in Table 6.
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FIG. 27. Bimodal eruptive units. Plots of wt% K,0 and Ca0 versus Si0, {or eight pairs of mafic and silicic magmas, each
pair arupted jointly or at virtually sama location, all within last 27 kyr. Sea text for details. Unit labels are {dentified
in Appendix 1, and all units are discussed in text. Key at right uses open symbols for mafic members, in same
color as filled symbols for silicic counterparts, Three labels with suffix -i represent samples of chilled crenulate
magmalic enclaves in host lava of unit preceding on list. Unit rdcn is unpaired (though rich in unanalysed mafic
enclaves), butits vent is almost contiguous with that for paired units rdsp and asp, which are very slightly younger

than rdc
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TABLE 5. Sr-ISOTOPE DATA FOR 30 LAGUNA DEL MAULE SAMPLES.

Sample % Si0, Unit UTM Grid S8} Rb Sr Rb/Sr Lab*
LdM-2 706 rddm 688/123 0.7041215 143 250 4572 1
Ldi-3 68.1 rdcn 585M27 0.7040614 122 273 0.447 1
LdM-6 788 rle 603/126 0.7041215 179 70 2.657 1
LdM-15 0.2 igsp 583/147 0.70431+1 143 164 0.872 2
LdiM-18 51.4 bec 586/148 0.7040613 18 549 6.033 1
LdM-25 53.1 mip 585/166 0.70404+4 30 554 0.054 1
LdM-32 71.4 igch 631175 0.7042811 164 127 1.291 2
LdM-33 520 bbe 86431167 0.7040946 30 599 0.050 1
EdM-33A 52.0 bbe 643/167 0.7040811 24.1 606 G.040 2
LdM-38 59.3 aab 580/188 0.70404x4 59 501 0.118 1
LdM-52 776 ren 895/110 0.7048311 315 25 12.60 L2
LaM-114 53.2 M 4251111 0.7040641 27 674 0.040 2
LdM-146 49.3 mcs 4991246 0.70404+1 13.7 713 0.019 2
LdM-238 54.2 mec 762218 0.70424%1 35 570 0.061 2
LdM-243 50.3 mvm 7431194 0.7038611 i0.3 521 0.020 2
LdM-248 75.1 rsl 736112 0.7041441 182 60 3.03 2
LdM-248A 74.1 red 7261072 0.70415+1 163 93 1.753 2
LdM-278 54.7 mvm 708187 0.70435121 42 490 0.086 2
€84.2 70.6 igch 636/133 0.7043015 156 177 0.881 1
C84-3 60.5 ava 633/136 0.7042245 i 378 0.204 1
C84-4 736 rep 600/136 0.7042324 169 157 1.076 1
C84-6 579 apv 599/094 0.70409+4 53 556 0.095 1
Liv-1 63.4 mic 560/2085 0.7038613 68.1 426 0.163 3
LM-4 53.2 msm ~b67/204 0.7041443 254 632 0.040 3
EM-3 65.1 dce 561/208 0.70388+3 97.9 380 0.258 3
FM-37 56.5 acn 591/074 0.7042413 52.5 584 0.090 3
FM-78 73.4 rch 680/007 0.7041815 150 93.8 1.698 3
Fi-94 50.3 bec ~590/145 0.70419x3 17.8 592 0.030 3
Fit-123 62.8 dce 56072085 0.7040013 90.8 408 0.223 3
Fii-206 69.5 rdno 6037157 0.70418£ 56 154 231 0.667 3

*

Isotope ratios measured at (1) University of Oxford {methods reported by Hildreth and Moorbath, 1988); {2) UCLAbDy F,
Ramos {metheods reported by Feeley and Davidson, 1994); (3) MIT as reported by Fray f al, {1984). Rb and Sr {ppm)
determined by isotope dilution in Labs 1 and 3. Wt% SiOQ, for all samples by XRF at USGS lab, Lakewood, Colorade,
Rb and Sr for Lab 2 samples determined by XRF at USGS or University of Massachuselts.

1 Isotope ralios listed are as measured. Age correclions gives initial rafios of 0.70427 for sample LdM-15; 0.70424 for
LdM-32; 0.70460 for LdM-52; 0.70428 for C84-2.

PHENOCRYST CONTENTS

Most of the 21 rhyolite units (72-77% SiO,; Table 4) carry phenocrysts of plagioclase and bio-
tite, although units rap, rez, rng, rpp, rsl, and some flows of units rch and rel are strictly aphyric.
Units ram, reb, rep, rls, and rnf also contain sparse amphibole subordinate to biotite, and unit rim
contains subegual amounts of opx and biotite. Among the phenocryst-bearing rhyolites, plagio-
clase predominates over the mafic phases in ali units but rnf. Most of the rhyolites contain 0-3%
phenocrysts; units ram, ras, rca, ret, rif, and rln have 3-7%,; and units reb and ris have 7-12%.

Most of the 23 rhyodacite units (68-72% SiQ,) carry phenocrysts of coexisting amphibole and
biotite, and plagioclase predominates in all 23. Contrary to the rhyolites, no rhyodacite is aphyric,
few are phenocryst-poor, and most have 5-25% phenocrysts. Only units rdcb, rdez, and rdvce fack
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TABLE 6. LEAST EVOLVED SAMPLES.

LdM # Unit  S10, MgO mg# Cr Rb Ba Nb La Y SY ZrlY KiRb
16 bee 514 57 53 82 19 269 43 135 18 35 7.6 396
33 bbe 520 51 51 92 24 346 58 16 18 33 7.9 370
42 mva 514 109 71 654 13 214 21 9 13 48 59 531
76 mcf 52.8 50 53 45 26 264 27 10 16 39 53 343
83 avz 539 54 57 73 33 259 3.1 <] 15 39 6.0 330
85 mcs 508 6.2 67 73 22 263 25 22 16 51 5.5 424
109 mvit 514 63 56 168 23 356 55 15 18 35 6.1 431
137 mvp 53.0 56 55 102 25 361 69 19 16 40 8.1 387
140 mvp 531 57 55 89 33 395 57 15 16 38 7.7 281
146 mes 493 72 58 81 14 198 26 15 15 49 40 483
150 mch 535 56 54 128 30 359 64 165 155 a8 9.1 336
230 mct 536 50 53 65 30 391 67 20 18 33 7.8 331
243 mvm  50.3 68 58 37 10 231 33 105 17 30 5.4 575
324 bef 511 56 54 32 9.4 274 3.1 g 17 35 5.5 703
kYAl bhe 50.0 133 66 332 18 288 5.1 13 i3 44 9.1 376
498 mer 526 59 56 133 26 391 68 17 15 42 9.5 339
508 mpc 540 6.8 59 271 74 316 75 18 24 18 7.3 220

Volcanic Front

QCNE-1 TSP 480 99 66 522 7.4 190 23 15 29 582  B57
EML-7 TSP 51.0 7.2 605 167 20 280 3.2 18 35 6.2 409
QTWi2-18 TSP 527 73 64 151 20 262 1.9 14 38 5.4 379
ESPE14 TSP 517 7.3 61 203 22 281 2.0 16 35 6.7 357

LdM data are from Appendices 2-4; Unit labels in Appendix 1 and text; Volcanic front data for comparisen are four of
most primitive samples of Volcan Tatara-San Pedro {TSP) from Bungan ef af. {2001).

both bictite and amphibole, each carrying opx instead. Biotite occurs alone with plagioclase in uniis
rdac, rdnp, and rdsp. Opx coexists with biotite in unit rdap, and opx accompanies both amphibole
and biotite in units rdcp, rdct, rddm, rdes, rdla, and rdpii. Cpx occurs in trace amounts in some
thin sections, usually in crystal clots with plagioclase, opx, or rare olivine; it may be antecrystic,
entrained from conduit rinds, or alternatively disaggregated from mafic enclaves.

All eleven dacite units {63-68% Si0,) are plagioclase-dominant, eight of them have amphibole,
six have biotite, and nine have opx. Unit dsm has biotite and amphibole without pyroxenes, and unit
der carries biotite without either pyroxene or amphibole and is the only extremely crystal-poor (<1%
phenocrysts) dacite unit here. Unifs det has opx and dif carries both opx and cpx, and both lack
hydrous phenocrysts. In units dab, dee, and dpr, amphibole coexists with opx (£ trace amounts of
cpx), whereas in units det, dlp, dsp, and dvf, biotite and amphibole coexist with opx (£ minor cpx).

Of the 33 andesite units (57-63% SiO0,), 13 contain olivine as well as cpx ( opx). Most products
carrying ofivine have 58% Si0,, but olivine survives in some lavas having as much as 61% SiO,
in units ars, ava, and avz. in products of 13 andesite units (58-62% SiO,), pyroxenes are the only
mafic silicate minerais in units aam, acc, aeb, ams, ans, apg, arp, asb, ave, and in some of the
lavas of comprehensive units acs, alz, ava, and avz. Amphibole coexists with pyroxenes in units
acr, alm, alp, asd, avr, and in some flows of units acs and alz (all with 59-62% SiO,). Thoroughly
opacitized amphibole accompanies epx in units acn, acp, and als. Amphibole coexists with biotite
but without pyroxenes in unit asm (61.3% SIiO,). Plagioclase is the predominant phenocryst in all
the andesites except unit apf, in which it occurs only as microphenocrysts and microlites. As in
most arc andesites globally, coexisting generations of plagioclase in varied conditions of resorption
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FIG. 28. Whole-rock chemical data for entire Laguna del Maule volcanic field suite of 425 Quaternary samples. (a} Total
alkalies versus SiC,, in weight percent, modified from LeBas et al. (1966). (b) Ca0Q and total alkalles versus Si0,,
in weight percent; alkali-lime index {intersection) is ~58, the suite thus calc-alkalic, following Peacock {1931).
{c) FeO*/MgO versus Si0,, in weight percent; FeO" is total iron recalculated as FeO. TH/CA line is tholeiilic/
calcalkaline suite boundary according to Miyashiro (1974); LdM suite would straddle entire {ow-Fe and medium-
Fe fields of Arculus (2003).

BOLETIN 63, Hildreth28-4-10.indd 86 {é% 28-04-2010 17:28:32

©



@

and overgrowth are the mostvisible evidence
of complex parentage and crustal histories,
Mast of the andesites contain 7-25% total
phenocrysts, and only units acn, als, api,
ars, asm, asp, av¢, and most lavas in acs
can be described as phenocryst-poor, in
having only 1-3%.

QOf 28 mafic andesite units (52-57%
Si0,) and four true basalts, nearly all con-
tain coexisting olivine and cpx, and some
(generally the more silicic) lavas also have
subordinate opx. Only in units mas, mlf,
bbc, bef, parts of bec, and basaltic lavas of
mcs is olivine the lone mafic silicate. Such
products lacking pyroxene are limited to the
range 49-54% SiO,, bul in other units cpx
coexists with olivine in lavas as poorin SiO,
as 51.3%. Plagioclase predominates over
mafic phenocrysts in all units except some
lavas of unit mv#, in which it occurs only
as microphenocrysts. Among mafic units,
only mep, met, mlit, mnp, and mor, and
some lavas of comprehensive units mch,
msp, mva, mvii, and mvp are phenocryst-
poor (<3%}.

Among the six Quaternary ignimbrites,
all are plagioclase-dominant and, in three
(igeb, igcc, and igeg), biotite is the only
mafic silicate phenocryst. The other three
tack hydrous phenocrysts; unitigbhc contains
opx, igeb carries sparse ¢px and opx, and
igsp has abundant opx and sparse cpx.
All the ignimbrites contain Fe-Ti-oxide mi-
crophenocrysts, as do the great majority of
eruptive units of all compositions.

Quartz has been observed here only in
Miocene ignimbrite unit Tigh, in Pliocene
rhyolite lavas and tuffs of unit Trea, and
very sparsely inunitigeb. Inno thin section
have we observed sanidine.

FIG. 29. Compositional variation with Si0,, in weight
parcent, of selected major-element oxides
for425Quaternary samples from Laguna del
Maule volcanic field. {a) K,0. (b} FeQ* (lotal
iron calculated as FeQ). {¢) MgO {two high-
MgO samples are olivine-accumulative). {d}
ALO, (two low-AlC, hasaltic samples are
olivine-accumulative). (e) TiC, All data in
Appendix 2.
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MAGMATIC DIVERSITY WITHIN THE LdM ARC FAMILY

The consummate flow-by-flow investigation of nearby Volcan Tatara-San Pedro (Dungan ef al.,
2001) demonstrated that attempts to treat as simple comagmatic evolutionary arrays any collec-
tion of 10 or 100 samples from a long-lived arc edifice is wishfully naive. Stratovolcanoes grow in
spurts (Mildreth and Lanphere, 1994; Singer ef al.,, 1997; Bacon and Lanphere, 2008), and each
successive magma batch is a potentially unigue product of distinctive mantte parentage and an
irreproducible sequence of encounters in passing fitfully through the magma-percolation labyrinth
in heterogeneous arc crust {Hildreth, 1981; Hildreth and Moorbath, 1988; Dungan ef al., 2001).
Each short-lived magma batch that erupts a definable package of iava flows is itself typically he-
terogeneous owing to ongoing crystal fractionation, entrainment of cumulates and rind crystals,
assimilation of wall-rock melts and stoped fragments, mixing with contending batches, and mingling
of recharge batches into fransiently crystallizing sills, pods, and chambers, Dungan and Davidson
{2004 ) further demonstrated that assimilative recycling of the voluminous intracrustal cumulates left
behind beneath any long-lived arc volcano, by blending grain-boundary malts and varied fractions
of the disaggregated spinel-olivine-pyroxene-plagioclase antecrysts {or xenocrysts) into each new
magma batch, can elevate both incompatible and compatible elements, thus violating their (usually
assumed) inverse relationship during magma evolution.

The degree of diversity demonstrated by Dungan et al. {2001} for the large volcanic-front cen-
ter is approached by products of the distributed LdM volcanic fisld just inboard of it. Behind the
front there are fewer basalts, far more rhyolites, and rather broadly diverse compositional arrays
in the mafic-to-intermediate compositional range (Figs. 28-34). Chemical data for products of the
130-0dd scattered Quaternary vents identified (Fig. 4) do display a general family resemblance,
reflecting passage of all batches through arc mantle and arc crust of broadly similar thermal and
physical structure. Each balch erupting at each of the many independent distributed volcanoss,
however, had a unique ascent path and sequence of intracrustal encounters. A partial exception
may be represented by some of the postglacial rhyolites, several of which (as discussed earlier;
Fig. 26) might have been successive leaks from an evolving chamber.

Variation of KIRb with SiQ, (Fig. 30a) epitomizes several points just made: (1) scarcity of primitive
eruptive products, {2) highly varied intracrustal differentiation trajectories, (3} ubiquitous crustal
contributions, and (4) strong diversification of the evolutionary arrays within the mafic interval (up
to ~56% Si0,). K/Rb in mafic magmas would be little affected by closed-system fractionation of
anhydrous phenocrysts but is severely modified by only modest assimilation of Rb-rich crustal
melts {Davidson ef al., 1987, 1988, Hildreth and Moorbath, 1988). Indicative of the wide range of
magmatically integrated crustal assimilants available is the K/Rb field of Tertiary granitoids (Fig. 30a)
exposed in this part of the Andean arc (Dungan et al,, 2001). In the LdM volcanic field, while K,.O
increases from 0.8% in basalts {0 4-5% in rhyolites (Fig. 29), Rb rises from 10-25 ppm in basalts to
130-210 ppm in rhyolites, roughly twice as steeply as K,O. As rhyolites have been produced widely
and persistently during development of the volcanic field, admixture of silicic melts to mafic magma
batches is probably routine. Figure 30k illustrates the divergent fan of differentiation trajectories
represented within the LdM volcanic field, entailing wide ranges of both excess Rb enrichment and
relative Fe enrichment (cf. Fig. 28c¢). Figure 30c shows, however, that the degree of intracrustal
Rb enrichment reflected in K/Rb values does not change systematically across the arc.

COMPOSITIONAL VARIATIONS ACROSS THE ARC

What can be learned from the composilions of a heterogeneous suite of variably fractionated,
contaminated, and hybridized volcanic rocks that erupted from 130-odd vents during an interval of
1.5 Myr? By concentrating on incompatible trace elements in mafic members of the assemblage,
one might hope to find some evidence not wholly obscured by crustal processes for compositional
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trends that reflect cross-arc changes in slab contributions, intraplate mantle contributions, mantle
fertility, or degree of mantle melting (as discussed by Hildreth ef al., 2004).
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Distance to Trench in km

FIG. 30. Rb contents as indicator of LILE enrichment in excess of closed-system fractionation. (a) K/IRb versus weight %
SiO,, illustrating wide array of KIRb values, especially aver 49-57% SiO, range. (b) Fe O*/MgOQ versus Rb-enrichment
rate (ppm RbAwt% Si0,}, showing wide range of frajectories. Compare with FeO*/MgO versus Si0, in figure 28C.
RY/SI0, is >2 for rhyoliles and some rhycdacites: for basalts and mafic andesiles, itis <1. (¢} K/Rb for mafic rocks
only, plotted against distance in kilometers from inboard margin of trench floor to vent for each eruptive unit. Field
of nearby 8VZ granitcids (mostly Miocene), K/Rb range for Volcan Tatara-San Pedro (TSP) on volcanic front, and
low-pressure trajectory for fairly dry, closed-system, olivine-plagioclase crystat fractionation {(FC)-all after Dungan
ef al. (2001). [Data in Appendices 2 and 3. In panels A and B, Rb data are from four sources: Diamonds, WDXRF
by UMass or Lausanne labs; squares, WDXRF by USGS lab, triangles, EDXRF by USGS lab].
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In a seminal study of mafic products of several SVZ volcanoes, Hickey ef al. (1986} pointed
out that several rear-arc centers, although richer in LILE, REE, and HFSE than nearby volcanic-
front centers, have lower ratios of Ba/lLa, Ba/Th, Ba/Nb, La/Nb, Zr/Nb, and Cs/Rb. They explored
complementary models in which greater contributions of LILE-rich slab-derived fluid enhance
the degree of melting beneath the front (thereby lowering incompatible~element abundances
generally) or in which all or part of the rear-arc mantle might be more fertife than that beneath the
front, Likewise, in comparing two Mexican volcanoes, Luhr (1992) identified a similarly inverse
relationship between key abundances and ratios that he linked to a greater flux of slab-derived
fluid resulting in a more hydrated mantle source and consequently in larger melt fractions beneath
the more trenchward center. A similar inverse pattern has by now been documented in transects
across several arcs (see Hildreth et al., 2004, for a review).

Praducts of the Laguna del Maule volcanic field have incompatible-element patterns typical of
continental arcs. In mafic samples (49-56% Si0O,), LILE are enriched relative to LREE (Ba/La=12-
33}, though not as strongly as in intracceanic arcs, and both groups are enriched relative to HFSE
{Ba/Nb=40-130 and Ba/Ta=530-1060; La/Nb=2-5 and La/Ta=37-63).

REE data for 43 samples are given in Appendix 4. For 22 mafic samples (49-54% SiO,) La
contents are 9-22 ppm and Yb 1.2-2.0 ppm. For 13 silicic samples (69-77% SiO,) La is 28-38 ppm
and Yb is 1.7-2,0 ppm {plus four ignimbrite fiamme at 2.5-3.7 ppm Yb). La/Yb {steepness of the
REE pattern) is 6-14 among the mafic rocks and 9-17 among the silicic, with sighificant scalter at
all values of SiO, (Fig. 31). There is no systematic trend in La/Yb across the volcanic field, neither
among mafic rocks nor in the whole data set (Fig. 31). La/Sm (steepness of the LREE pattern)
generally increases with SiO, (from 3 to 9) but not across-arc, while Sm/Yb (slope of the HREE
pattern) scatters from 1.8 lo 3.4 but shows no correlation with either SiO, or longitude (Fig. 32).
Quaternary volcanoes at the northern end of the SVZ {250-300 km north of LdM), where the crust
may be as thick as 80 km, have La/Yb values as high as 20-28 and Sm/Yb values as high as 4
to 5, indicating retention of HREE by residual garnet in the deep source of crustal melts condri-
buted to the magmas {Hildreth and Moorbath, 1988). Beneath the LdM field, where the crust is
40-50 km thick, crustal garnet is less likely to be important, although the few basaits with Sm/Yb
>3 might refiect slight garnet influence. The same ambiguity can be inferred from contents of Y
{which behaves much like the HREE}, 13 to 18 ppm in basalls, 12-30 ppm in mafic andesites, and
12-44 ppm in rhyolites. There is no systematic trend in Y contents across the arg, but the handful
of mafic lavas that have only 12-15 ppm Y may retain the effects of residual garnet from early in
their crustal ascent, despite blurring of the garnet signaiure during subsequent passage through
the Y-richer, garnet-free, middle and upper crust.

If an infraplate or enriched mantle component contributes subordinately to some of the arc
magmas here, its distribution is scattered, and its contribution does not increase across the
arc. Among mafic rocks, TiO, content ranges widely from 0.8% to 1.2% in basalts and from 0.8
to 1.5% in mafic andesites (52-56% SiO,), but there is no suggestion of a cross-arc increase.
Likewise, Zr abundance varies greatly, 60-120 ppm in basalts and 80-220 ppm in mafic andesi-
tes, and Nb abundance displays proportionately wide ranges of 2-6 ppm in basalts and 2-9 ppm
in mafic andesites, but neither element exhibits any systematic trend across the arc. Similarly,
among the mafic rocks, values of ZrfY {4-12) and Nb/Y {0.13 to 0.5) are widely scattered, show
no correlation with TIO, or Si0,, and exhibit no tendency to increase inboard (Fig. 33). It was
observed by Dungan ef al. (2001) that Nb/Y is a key ratio for discriminating among parental ba-
salts because the ratio changes little with crystat fractionation and is madified only modestly by
crustal contributions. Because the rhyolites of the LdM volcanic field range in Nb/Y from 0.5 to
0.8, assimilation of crustal melis may coniribute {o some of the Nb/Y variation in the LdM mafic
magmas, but we agree that the 3-fold range of Nb/Y {0.15 to 0.4) in LdM basalts (virtually the
same range found by Dungan ef al. (2001) at Volcan Tatara-San Pedro) also reflects variability
among deep-seated parental magmas.
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FIG. 31. LafYh (steepness of REE pattern) plotted against weight % Si0O, and across-arc distance from inboarg margin of
trench floor to vent location. Tie-lines connect sample pairs frem particular eruplive units, There is ne systemalic
trend across arc, among all data or among mafic samples alone. Two ignimbrites (igsp and igch) and high-silica
rhyolite fava unit ren have lower ratios than other rhyolites. REE data in Appendix 4.

Despite the apparent range of parental basalts, there is little evidence here for an enriched
intraplate manile contribution. For mafic samples, ratios of St/Nd (20-45), Sr/P (0.3-1.1), StfY
(30-50), LafTa (40-80), Th/Ta {7-27), and Zr/Nb (19-42) are far greater than the low values typical
of average OIB (Sun and McDonough, 1989). Likewise, the ratios of TafYb (0.1-0.3), Ti/Yb {3,000-
5,500}, and La/Yb {6-14) for mafic samples are well below the elevated values typical of OIB-type
intraplate basalts. Such relations are epitomized by the Th/Yb versus Ta/Yb plot (Fig. 34) which
illustrates the subduction-related Th-enrichment trend (Pearce, 1982), a normal arc signature for all
LdM samples. By comparison, Quaternary products of the Llancanelo volcanic field, mostly mafic
monogenetic scoria cones and lavas 70-220 km due east of Laguna del Maule (Fig. 1), are alkali
basalts with such intraplate values as 1.5-2.5% TiO, at 47-49% SiQ, , Ba/Nb=10-25, Nb/Y=0.7-1.9,
La/Ta=11-30, and Th/Ta=1-6 {(Muficz et al, 1989). The Th/Ta data for that back-ar¢ extensional
volcanic field would plot along the mantle-enrichment trend in figure 34.
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per) with increasing Si0,, whereas HREE palterns become flatter and less varied. Both ratios exhibil significant
ranges among mafic samples but narrower arrays among silicic ones. Rhyodacite ignimbrite units Igsp and igeb
{(flamme) are epriched in all REE (La, Sm, Yb, and the rest) relative to the silicic lavas. REE data in Appendix 4.

Ba/Nb is the signature LILE/HFSE ratio that distinguishes arc suites from intraplate suites,
and it epitomizes the Nb-Ta trough characteristic of arc magmas on mantle-normalized extended
incompatible-element diagrams ('spidergrams'). Among LdM basalls, Ba/Nb ranges widely from
50 to 110 and among mafic andesites from 40 to 130. Because LdM rhyolites also range in Ba/Nb
from 40 to 105, crustal contamination does not greafly modify the ratio in the mafic magmas.
These high continental-arc values can be compared to Ba/Nb=7.3 for average OIB (Sun and
McDonough, 1989} and typical ranges of 5-20 forrelatively uncontaminated intracontinental alkali
basalts. (The range of Ba/Nb for some extensional intraplate alkali basalt fields extends as high as
50-80, overlapping with arc values; rather than representing a proximate slab contribution, such
high ratics probably reftect a fossilized subduction contribution remobilized by partial remelting
of older subcontinental lithosphere). In figure 33, Ba/Nb values for mafic rocks (49-55% SiO,)
of the LdM field are plotted against the cross-arc distance from the Chile Trench to each vent
lecation. This ratio provides the only evidence detected here for eastward weakening of the slab
signature across the arc, and it needs to be noted that the Ba/lNb pattern displayed in figure 33
entails only eastward diminution of higher ratios, with little change in the baseline ratios of 40-60.
Several other ratios that could potentially reflect an eastward decline in the slab contribution were
similarly plotted against trench-vent distance. All of the following ratios have wide ranges among
the mafic rocks, but none show systematically significant change across the arc: Ba/Th (40-150),
Ba/Zr {2-3.5), ZrfY (4-12), LalYb (6-17), K,O/TiO, (0.7-1.5), and Rb/Cs (10-70). Concentrations
of Y in the mafic rocks scatters widely from 13 to 30 ppm, with no cross-arc pattern, and baseline
Y values remain 152 ppm across the volcanic field. Likewise, Nb concentration in mafic rocks
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ranges from 2 to 9 ppm and maintains a cross-arc baseline of 3+1 ppm. The Nb/fY range of mafic
products narrows a bit across arc (Fig. 33) but, like so many other ratios, reveals no systematic
trend. Notably, there is no trend toward the high Nb/Y values (Fig. 33) of the intraplate basalt field
70-220 km east of Laguna del Maule (Fig. 1).
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FIG. 33. Ba/Nb and Nb/Y for mafic samples {49-55% SiO,) plotted against across-arc distance from inboard margin of
trench fioor to vent location. TSP fields show ranges of ratics reported by Dungan et al. (2001) for Volean Tatara-
San Pedro on volcanic front. LIvf fields shiow ranges of ratios reported by Muftoz ef al (1989} and Bermudez
and Delpino {1989) for Quaternary intraplate alkaii-basaltic Llancanelo volcanic field (70-220 km east of Laguna
del Maule). (WDXRF data only, from Appendix 3; EDXRF data are less precise for Nb, not plotted here].
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1989). Intraplate alkali basalts of the Llancanelo voleanic fieid {70-220 km east of Laguna del Maule) would piot
close to the mantle-enrichment trend. Data in Appendix 4.

If mantle melt fraction producing primitive parent magmas diminishes eastward across the
arc (potentially reflecting weaker slab fluid flux), then such ratios as La/Yh, Nb/Zr, Nb/Y, and Na/
Ca and concentrations of such (poorly fluid-mobile) elements as Nb, Ta, Zr, Hf, and Y might be
expected to increase eastward in the mafic magmas. Despite wide ranges in all such quantities,
none exhibit systematic increases inboard, so it can be concluded that either (1) degree of mantle
melting ranges unsystematically across the arc, or (2) any mantle-derived cross-arc differences
have been overprinted by crustal processes.

In summary, compositional data show diversity inconsistent with closed-system fractionation
within almost every eruptive unit, even in most rhyolites. The diversity is greatest, with few ex-
ceptions, amang the mafic products of many individual volcanoes. The slab-derived contribution
remains so dominant across the 50-km-wide Quaternary arc that any cross-arc trends in degree of
mantle melting orin mantle source fertility are difficult to discern, even in the least crustally modified
rocks. Arc magmatism virtually continuous here since ~25 Ma, spanning intervats of arc extension
and contraction, has so permeated the sub-arc mantle and crust with an enduring repository of
slab-derived contributions that a strong arc signature is impesed on Quaternary magmas, whether
or not the proximate (modern) slab contribution actually diminishes inboard.
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Sr ISOTOPES

Table 5 gives Sr-isotope ratios for 30 samples from 25 eruptive units that range in SiO, content
from 49 to 77%. Eleven mafic samples (49-55% Si0, )} range from 0.70396 to 0.70435, and seven
intermediate samples (68-65% Si0,) from 0.70388 to 0.70422. Eleven silicic samples (69-76%
Si0,} have (age-corrected) initial ratios that range from 0.70406 to 0.704286, plus high-silica rhyo-
lite unit ren {77.6% Si0, with Rb/Sr=12,6) that has an outlying initial ratio of 0.70460. The data
set shows no correlation of ¥Sr/**Sr with either SiO, or Rb/Sr (Table 5), implying for the volcanic
field a general absence of repeatedly systematic paths of magma generation and assimilation.
Neither is there any systematic change in ¥ Sr/%8Sr from east to west across the volcanic field (Fig.
35). The relatively narrow range of Sr-isotope ratios for Quaternary magmas of all compositions
reflects, of course, their low to modest degrees of isotopic contrast with the Mesozoic and Tertiary
crustal rocks through which they ascended (Hildreth and Moorbath, 1988). Limited isotopic con-
{rast between basement and volcanics is likewise responsible for the restricted range at Volcan
Tatara-San Pedro on the nearby volcanic-front (0.7038-0.7040 for the least crustally modified and
up fo 0.70425 for nearly all the rest), as reported by Davidson et al. (1987, 1988), Nelson et al.
(1999), and Dungan et al. (2001).

Pairs of Sr-isotope determinations for different samples from five eruptive units appear in Table
5. For two units, values for the pairs are nearly identical, but for three units the ratio pairs are quite
different (Fig. 35a): Unit bec gives 0.70406 and 0.70419: unit mvm gives 0.70396 and 0.70435; and
unit dee gives 0.70388 and 0.70400. Such data suggest significant amounts of crustal assirnilation
across the whole compositionai range, as too does the range of initial ratios among rhyolites alone
{0.70412 to 0.70460; Table 5). It is now well-established that most of the Sr-isotopic vartability of
arc magmas develops by intracrustal mixing and assimilation and, moreover, that much {not all)
of it takes place in the deep crust while magmas are still in the mafic stages of their evolutionary
arrays (Hildreth and Moorbath, 1988; Dungan ef al., 2001; see also Fig. 29 of Hildreth, 2007, for
the compositionally unsystematic ¥Sr/%Sr diversity of the Cascade arc).

GEOQOCHEMISTRY OF THE RHYOLITES

The Quaternary rhyolites range in SiO, from 72% to 77.6% and plot collinearly with the com-
parably abundant rhyodacites (88-72% SiO,). Of 58 unaltered rhyolite samples analyzed, 15 are
high-silica rhyolites with 275% SiO, (units rap, rcn, rle, and rsl). Pliocene units Trea and Trcf are
also high-silica rhyolites, as is ignimbrite unit igeg (but most ignimbrites here are not).

Rhyolite lavas of the Laguna del Maule volcanic field are ordinary continental-margin arc rhyo-
lites with low TiO, (0.33-0.15%), low FeO* (1.8-0.5%), and moderate Al O, contents (15.2-12.5%),
each of which varies inversely with SiO, (Fig. 29). All are high-K (K,0=4-5%) and subalkaline to
weakly alkaline (Figs. 28A, 28). From 72% to 77% SiO,, the Na,O/K,O ratio decreases from ~1.25
to ~0.6. The rhyolites have low concentrations but wide ranges of P,0,{0.12-0.03%}, MgO (0.56-
0.08%}, and Ca0 (1.5-0.5%).

Like most arc rhyolites, those of Laguna del Maule are not as highly evolved in trace-slement
signature as intracontinental rhyolites of various dislinctive types: Cl-rich peralkaline, F-rich topaz-
bearing, high-temperature Fe-rich 'anorogenic’, or allanite-rmonazite-bearing LREE-depleted sub-
alkaline rhyolites. Among true rhyolites, those of Laguna del Maule have moderate abundances
{i.e., compared globally, neither high nor low) of Rb {150-220 ppm), Sr (44-170 ppm)}, Ba (550-820
ppm), Y (11-34 ppm), Zr (87-220 ppm), Nb (7-19 ppm), Zn {18-50 ppm), and Th (16-24 ppm). The
average concentrations for continental-margin arc rhyolites worldwide compiled by Macdonald et
al. (1992) fall within the stated ranges for all elements reporied here, except Th (12:9 ppm]). Such
ratios as K/Rb (260-185), Rb/Sr (1-3), Ba/l.a (17-37), Ba/Nb {40-90), and La/Yb (13-17) are in the
normal ranges for rhyolites of continental-margin arc suites.
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The concentration of Zr in the rhyolites is evidently controlled by zircon fractionation; its abun-
dance is scattered at 200-270 ppm in rhyodacites, but from 72% to 77% SiO,, it declines from
220 to 87 ppm. On the other hand, Ba concentration and Ba/K drop only weakly in a few of the
rhyolites, most values scattering widely in the same ranges as the rhyodacites, consistent with the
absence of sanidine phenocrysts. Decline in both Ba and Zr at high SiO, might alternatively reflect
retention of alkali feldspar and zircon in residues of high-silica partial melts of basement granitoids
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that contributed to the rhyclites, but cryptic fractionation of zircon and sanidine or Ba-rich biolite
in the pre-eruptive magma reservoir is also plausible.

Rhyolite compositions here are remarkably similar to those of the numerous Pleistocene rhyolites
of the Puelche volcanic field (Hildreth ef a/,, 1999), 20-35 km north of Laguna del Maule {Fig. 1).
On the other hand, rhyodacites and rare rhyolites reported farther south along the SVZ have less
than half the Rb and Th but more than twice the Y and Yb of equivalents reported here, suggesting
that the Laguna del Maule and Puelche silicic suites contain much larger crustal contributions.

A unigue sample (LdM-52) from 450-ka unit ren on the east wall of the lake basin is the most
evolved sample analyzed, in many respects more exireme than our five other samples of the same
complex. At 77.6% SiO,, it has lower Al,O, 12.2%), TiO, (0.13%), Ca0 (0.48%), Sr (25 ppm), Ba
(66 ppm), and K/Rb (127) than any other sample in our data set; and it has higher Rb (315 ppm),
Nb (21 ppm), Th {38 ppm), Rb/Sr (12.6), and initial ¥Sr/Sr (0.70460) than any other. Aithough
tempting to regard it a minimally contaminated partial melt of granitic crust, its association with a
voluminous dome complex of only slightly less evolved rhyolite (75.3-76.9% Si0,) suggests that
it instead represents simply the most fractionated part of its silicic magma batch.

GEOCHRONOLOGY

Radioisotopic ages are given for 73 samples in Tables 1 and 2. Table 1 lists analytical data
and*Ar/f°Ar ages for 47 samples analyzed by Singer at the Laboratoire de Géochronologie, Uni-
versité de Geneve, following methods described by Singer et al. (2000}, Singer ef al. {2004a), and
Singer et al. (2004b}). Table 2 lists analytical data and K-Ar ages for 26 samples, of which six were
runin 1993 by Singer in the USGS Menlo Park laboratory then supervised by M A. Lanphere, and 20
were run between 1970 and 1988 by R.E. Drake in the University of California Berkeley laboratory
then supervised by G.H. Curtis. Analytical and sampling methods for the K-Ar determinations are
described in Hildreth and Lanphere (1994), Lanphere (2000}, and Dalrymple and Lanphere {1969).

Figure 36 summarizes the radioisotopic-age data, each of which was cited conlextually for
individual eruptive units in the text. The diagram illustrates several generalities: (1) Predominance
of polygenetic edifices (stratocones and shields) and extensive ignimbrites during the early Pleis-
tocene; (2) predominance of monogenetic pyroclastic cones and lava flows during the fast 100
kyr; (3) scarcity of dacites relative to more mafic and more silicic eruptive units; (4) scarcity of true
basalts (<52% SiO,}, and (5) few eruptions between 700 ka and 450 ka.

OLDER ROCKS OF BASIN WALLS

Because so much of the iake basin is surrounded by late Pleistocene and postglacial eruptive
units {and related surficial deposits), the older bedrock walls are too easily ignored. The northern
part of the basin was probably the source of the 1.5-Ma pyroxene-dacite ignimbrite (unit igsp),
subsequently modified by collapse of the Bobadilla caldera on eruption of the 950 ka biotite-
rhyodacite ignimbrite (unit igcb), which now forms most of the basin’s north wall, The southern
slopes of the basin and its east and west walls, however, consist of subhorizontal or modestly
dipping Tertiary volcanic strata, mostly andesite-dacite lavas, breccias, and tuffs that are entirely
precaldera, extracaldera, and unaffected by the early Pleistocene subsidence nearby. Integralion
of the basin and evolution of its morphotogy has resulted from excavation and enlargement by
glacial and fluvial erosion during the last 950 kyr. Tertiary rocks of the basin walls were not studied
in detail, but a summary of our many passing observations follows here.
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younger than ~25 ka) is shaded and its limescale expanded for clarily.

The East Wall, 600 m high as exposed (Fig. 23) between Laguna Cari Launa and the Divisoria
coulee {unit red), consisis of a gently east-dipping (3°-8°E or SE) stack of more than 20 Miocene
and Pliocene andesite-dacite lava fiows and breccia sheets. The lowest unit exposed on the wall
is a coarse glassy andesite breccia (57% SiQ,) at least 50 m thick that yielded a “°Ar/**Ar plateau
age of 6.4+1.3 Ma. This is overlain by 15-20 intermediate lava flows and breccia sheets, each one
5-20 m thick, with which several fall layers (1 to 10 m thick) of coarse scoria are intercalated. The
stack is capped on the ridgecrest by a few thicker flows that range from olivine andesite (54.7%
Si0,) to flow-foliated pyroxene dacite; the topmost lava flow at Hito Maule (Peak 3,175; mafic
andesite of unit QTad) gave a total fusion age of 3.6 Ma. Numerous east- and southeast-striking
vertical dikes cut the wall stack, some coarsely porphyritic and some as thick as 7 m. Much of
the vent complex inferred for this dike-ridden stack has been eroded to form the 1-km-wide va-
lley now accupied by the postglacial Cari Launa coulee {unit rcl}, but just west of the coulee is a
dicrite pluton that was probably a late-crystallizing component of the andesite-dacite edifice. The
porphyritic diorite {unit Tdcl; 52.4% 8i0,) is ~1 km in diameter, forms a 300-m-high nose near
the lakeshore (Fig. 23), intrudes wall rocks of green-altered intermediate lavas and breccias, and
yields a “PArf/Ar total-fusion age of 3.6 Ma. Quaternary excavation of the LdM lake basin has
thus removed all but the east flank and deep interior of a substantial late Terliary siratovolcano.

The Southeast Wall (Fig. 22) is exposed between the Divisoria coulee and the postglaciat Ba-
rrancas complex, cropping out in two segments separated by an erosional recess, which is draped
by mafic lava flows of unit mvc {14347 ka). Both segments rise ~700 m above the lake and appear
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to be elements of a single andesite-dacite eruptive complex. The southerly wall segment, heavily
mantled by Barrancas pumice-fall deposits, consists of a stack of at least 6 or 8 intermediate lava
flows (along with intercalated fragmental layers} dipping 10°-20°SE toward Laguna Negra (Fig.
24); flows examined are all plagioclase-rich pyroxene andssites, thick or thin but generally thickest
on the ridgecrest. The stack making up the northerly segment consists of about 15 similar layers of
intermediate lava and breccia, which are subhorizontal on the ridgecrest but dip 10°-15°W toward
Laguna del Maule near the south end of the exposure. It appears that the vent complex for products
of both segments is partly exposed on the north wall of Arroyo de la Calle and along its southwest-
draining tributaries (UTM grid 700/035), where stratified breccia, white tuff, and several dikes crop
out an both sides of the swale-filling drapery of mafic lavas of unit mve. None of the wall-forming
strata have been dated here, but physiographic similarity to the east-wall stack (~1 km away, sepa-
rated only by the gap filled by the Diviscria coulee) suggests that they too may be of Pliocene and
late Miocene age. Because the southeast-dipping stack of lava flows merges into a gently dipping
lava plateau that extends right across the linear valley now occupied by Laguna Negra (Fig. 24), it
is clear that the north-south trough does not reflect a caldera fault.

The South Wall includes the sharp 10-km-long divide between Laguna del Maute and Laguna
Fea, its 500 m high wall above Laguna Fea (Fig. 25), and the 6-km-long slope from the divide
to the shoreline of Laguna del Maule (Figs. 7, 22). Except for remnants of early Pleistocene
lavas along its crest, the divide and both its slopes are eroded from a pile of Tertiary andesitic
favas and breccias apparently related to a deeply ravaged vent complex that may have been
centered between present day Arroyo de Palacios and Arroyo de Sepllveda. Total relief on the
stratified package exceeds 800 m, yet it everywhere appears {0 belong to the same lithologic
assembiage, whether north or south of the divide or east or west of Colada Las Nieblas. This
assemblage includes andesitic lava flows but is dominated by stratified breccias, including lava-
flow breccias, fragmental flow deposits, and lithic-rich or scoria-rich fall deposits. In the inferred
near-vent area south of Arroyo de Palacios, some such fallout layers are 3-4 m thick, and sectlions
of tuff-breccia as thick as 25 m contain meter-sized angular blocks of glassy andesite in a white
matrix dominated by coarse ash. Here and southward toward the high divide, the strata dip 15°-
258°G, but 1-2 km farther east {hear Arroyo de Sepuiveda) they dip 10°NE. Clasts in the breccias
are principally plagioclase-rich pyroxene andesite and phenocryst-poor olivine andesite. Much
of the assemblage remains parily glassy and, although zeolites are present locally, no propylitic
aiteration was observed; deformation is not obvious and, if present, is modest. The assemblage is
undaled but inferred to be Pliocene or late Miocene, It is overlain unconformably along the crest
by gently northeast- or east-dipping (5°-15°) andesite-dacite lava flows {unit dif} that erupted at
Volcan Laguna Fea, south of the fake. One of these thick flows on Peak 3,135 just northeast of
the divide yields a*®Arf°Ar plateau age of 1,582+9 ka; another that caps Peak 3,056 on the triple
divide above the northwest end of Laguna Fea gives a total-fusion age of ~1.5 Ma. Also on the
divide, a large rhyolite dome (unit rif} that intrudes the Terliary andesitic assemblage yields a
WAL Ar plateau age of 1,353+17 ka. Incision of the glacial valley now occupied by Laguna Fea
evidently began well after 1.5 Ma, and because northeast-dipping lavas of that age extend right
across the valley from their source edifice south of the lake, it is also clear that the linear trough
does not reflect a caldera fault (Fig. 25).

The Southwest Wall {Fig. 21) curves around from saddle 2,558 on the Troncoso-Maule divide
through Peak 2,942 on the Rodriguez-Maule divide {0 a triple divide above the upper Cajon de
Saso. Three main suites of rocks crop out around this rugged divide: (1) Miocene ignimbrite; (2)
late Tertiary stratified andesile-dacite lavas, breccias, and tuffs (continuous with those on the south
wall), overlain by (3) ridgecrest remnants of thick, gently dipping or subhorizontal, infermediate
lava flows of early Quaternary age. The buff to ochre-weathering ignimbrite forms both walls of the
upper Cajén de Troncoso for at least 6 km downstream from its headwaters (saddle 2,558), inclu-
ding its high divides with Laguna del Maule and with Laguna Fea, where it is at least 800 m thick.
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if the lithic-rich silicic ignimbrite represents a single eruption {(as we think}, such a great thickness
would be expected to represent a caldera fill. On the west wall of the Troncoso, the ignimbrite is
cut by numerous dikes and by the plug and ravaged flanks of a small infermediate center (UTM
grid 565/010). Four km west of the upper Troncoso, what is probably the same ignimbrite was K-Ar
dated at 6.1+0.5 Ma by Mufioz and Niemeyer {1984). At the head of the Troncoso, the ignimbrite
is overlain by the widespread stratified package of Tertiary intermediate lavas, breccias, and tuffs
and, at the triple divide above Laguna Fea, both are capped by a 100-m-thick dacite lava (unit dIf)
dated at ~1.5 Maon Peak 3,056, Farther west, ignimbrite exposure is losl and the Rodriguez-Maule
divide consists of the Tertiary intermediate suite, which dips ~20°E and is capped along the crest
{on Peaks 2,918, 2,856, and 2,942, Figs. 8, 21) by craggy remnants of thick pyroxene-andesite
tavas (unit arp} that dip gently southeast and yield a *°Ar/*°Ar plateau age of 2,0101+23 ka. Along
the divide ~1 km northwest of these crags, Peak 2,910 (Fig. 8) is a deeply eroded vent complex,
with variably dipping attered lavas and tuffs cut by numerous dikes, that may be the source of the
stacks of 2 Ma lavas. Beyond the divide, the stratified Tertiary inlermediate assemblage continues
west along both walls of upper Cajon Rodriguez, where it is openly folded, as thick as 800 m, and
includes a large proportion of pale-gray fragmental deposits: minor ignimbrites, block and ash flows,
and explosive vent fills. The varied dips of the Terliary strata (0°-30°) contrast with the subhorizontal
early Quaternary, thicker and fresher, ridge-capping lavas that overlie them.

The West Wall runs from the southwest corner of the basin through Peak 2,849, extending 8 km
northward as a narrow ridgecrest aréte (Fig. 15) that forms the Saso-Maule divide as far as Laguna
Sin Puerto. Cirgues on both sides cut down into late Miocene rocks beneath a sirip of early Qua-
ternary lavas and welded ignimbrite preserved along the crest. The older suite consists of brown-
weathering stratified infermediate lavas, breccias, and tuffs much like those in Cajon Rodriguez and
on the slopes south of Laguna del Maule. On the basin wall where as thick as 500 m, the strata dip
10°-20°SE, but they are also exposed discontinuously as far east as the northwest shoreline of La-
guna del Maule, where they dip 20°W. Afong upper Cajén de Saso they are openly folded (generally
dipping 15°-20° sither northeast or southwest) and include a greater proportion of stratified breccias
than in other sectors. On the east wall of Cajén de Saso, 1.5 to 3.5 km downstream from Laguna
Sin Puerto, this suite overlies a massive white nonwelded bictite-rhyolite ignimbrite {presumed to be
Miocene), which is crystal-poor, at least 200 m thick, and lithic-poor except in its uppermost 30 m,
which is yellow-brown and weakly sintered. The younger suite capping the high divide includes the
1.5-Ma welded pyroxene-dacite ignimbrite {unit igsp), here 50-100 m thick, and several andesitic
lava flows beneath and above it. Those beneath (lumped as unit acs) are a varied assemblage of
lavas, ranging from 20 {o 70 m thick, from phenocryst-poor and olivine-bearing to plagioclase-rich
and hornblende- or pyroxene-bearing, and from 53% to 62.5% S8i0O, (n=6); two samples, one from
each side of the divide, failed to yield interpretable ““Ar/*Ar plateau ages but gave total-fusion ages
of 2.0 and 2.1 Ma. Lava flows atop the ignimbrite {unit ams) are chemically more uniform pyroxane
andesites {61% to 63% Si0,) but include flows both rich and poor in plagioclase. Composite slabs
of these lavas and the welded ignimbrite, thin but as long as 1.2 km, have detached from the ridge-
crest aréle in posiglacial time and slumped downslope as far as 1 km (up to 200 m verlically) into
the upper bowi of Arroyo Los Mellicos {Fig. 15).

The North Wall consisis of three segments separated by the (largely concealed) margins
of the 950 ka Bobadilla caldera. West of the outlet gorge, the north wall is a narrow east-west
aréte that separates the lake basin from Estero Aguirre. It is composed principally of the 1.5-Ma
pyroxene-dacite ignimbrite {unit igsp), 300 m thick and in large part densely welded. Discon-
tinuously exposed beneath the ignimbrite on the south side of the divide are a tiny window of
aphyric rhyolite, a 50 m thick ledge of platy hornblende dacite, and {along an arcuate lake-filled
depression; Fig. 22; UTM grid 575/145) a sheet of plagioclase-rich pyroxene-andesite breccia
and an underlying crystal-poor flow of mafic lava, each 50 m thick. These units extend no higher
than 2,500 m elevation, lower than rimrocks elsewhere around the basin, suggesting that what-
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ever kind of paleodrainage system may have existed prior to eruption of the 1.5 Ma ignimbrite,
its outlet 1o the Rio Maule was, as today, generally northwestward. The 1.5 Ma ignimbrite aréte
also covers a significant boundary between (1) the weakly deformed stratified assemblages of
andesitic lavas, breccias, and tuffs {Pliocene andfor late Miocene) that ring so much of the basin
to the south and (2) a terrain to the north dominated by synclinally deformed Miocene ignimbrite
(unit Tigh; Fig. 18), which extends more than 20 km northward, has 1,200 m vertical exposure,
and yields a K-Ar age of 12.94£0.7 Ma (Table 2}.

East of the cullet gorge, the 1.5-Ma ignimbrite is missing, having foundered with the 950-ka
Bobadilla caldera, which during subsidence filled with the bictite-rhycdacite ignimbrite {unit igch)
that now dominates the east-west ridges that form the main north wall of the lake basin. Although
its base is nowhere exposed, the biotile ignimbrite today exhibits as much as 550 m of relief on
the divide between Laguna del Maute and Cajon Chico de Bobadilla. On that divide, it is overlain
by remnant stacks of andesite-dacite lavas (unit ava; 0.9 to 0.7 Ma) that dip generally northward
and appear to have erupted from intracaldera vents now glacially eroded and reduced to dikes
within the lake basin. Several arcuate south-side-down faults that cut the biotite ignimbrite on and
near the promontories at the north shore of the lake are likely to reflect gravitational instabilily of
the weak tuffs in response o glacial deepening of the lake basin. On the rim just north of there
{UTM grid 675/157), a northeast-striking fault with ~50 m vertical displacement, east-side-down,
that cuts the 712 ka rhyoiite {unit rca) and subjacent andesitic strata {unit ava) is enigmatic and
unigue in the area.

Little is known of the nature of the north-central wall of the basin prior to the 950-ka caldera
collapse, the ring-faulted western margin of which is now covered by the Espejos coulee {unit rle)
and the lake. Along the outlet gorge, Miocene welded ignimbrite crops out only close to river level,
where it is overlain by late Pleistocene and younger units. About 6 km north of the lake where the
structural caldera margin is exposed (Fig. 6), stacks of altered Terliary andesitic lavas and {uffs
dip 10°-20° north or northwest, but all these older rocks have foundered or been buried by Pleis-
tocene volcanics on the north-wall divide between the lake basin and the Cajones de Bobadilla.

The eastern segment of the north wall lies east of the buried margin of the 950 ka caldera and
consists of varied andesite-dacile lavas, severely eroded and assigned to unit alz, large parts
of which are hydrothermaily altered. Two andesite samples were dated, vielding a K-Ar age of
1.161£0.04 Ma (Drake, 1976; Table 2) and a “Ar/*®Ar plateau age of 1,013+£28 ka (Table 1). This
poorly known pile of lavas crops out on both sides of the northeast arm of Laguna del Maule,
stands as high as 750 m above the modern lake, and may have formed the highest part of the
basin’s north rim prior to caldera collapse.

In summary, because Tertiary strata exiend to the northwestern, southern, and east-central
shorelines of Laguna del Maule, i is clear that the basin as a whole is not a caldera. Nor were the
linear glacial troughs of Laguna Fea and Laguna Negra excavated along caldera faults, because
gently dipping stacks of (early Quaternary or latest Tertiary) andesitic lavas are continuous across
both of them. The southern third of the 950-ka Bobadilla caldera il underlies only the northern
half of Laguna del Maule; the southern half of the basin was excavated by glacial and fuvial
erosion of the weakly deformed or undeformed Tertiary andesitic strata that surround it. Because
pre 1.5 Ma rocks maintained their lowest elevation around the northwest rim of the basin, it seems
likely that the precaldera outiet toward the Rio Maule drainage system lay in that direction, then as
now. Nonetheless, because eroded north-rim ridges of both the 950-ka ignimbrite and the 1.5-Ma
ighimbrite now stand as high as 450-500 m above the level of the lake {which is as deep as 50 m),
it seems clear that most of the erosive deepening of the basin took place subseqguent to formation
of the 950 ka caldera. Atop the north-wall biotite-rhyodacite ignimbrite, postcaldera lavas of unit
ava (0.9-0.7 Ma) are preserved as high as 730 m above the modern lake floor, implying a secular
average rate of basin deepening close to 1 m/kyr. In contrast to the many long narrow glacial va-
lleys in the surrounding region (those of Laguna Fea and Laguna Negra, those of the Troncoso,
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Rodriguez, Saso, Botacura, Bahamondes, and La Plata, and those of the Cajones Bobadillas
and Rfo Campanario), the broad and equant basin of Laguna del Maule (16 to 19 km in diameter)
developed a radial drainage pattern that may have been nucteated or recrganized by the caldera
subsidence at its north end.

Not a single outflow-sheet remnant of either Pleistocene ignimbrite survives along the east,
south, and southwest walls of the basin. The nearly flat-lying remnants of ridge-capping Quater-
nary lavas (generally thick resistant flows) that overlie the Terliary strata around the basin rim are
targely in the age range 1.5 {o 2 Ma (though 3.6 Ma on the eastern divide). More detalled work on
the stratified Tertiary packages that surround the basin would help separate and describe Miocene
eruptive centers, and it might help outline paleodrainage evolution better than our reconnaissance
has done, but it is nonetheless now well established that the broad Laguna del Maule basin is
fundamentally an erosicnal feature of Quaternary age.

GRANITOID ERRATICS

In several places around Laguna del Maule, we found rounded boulders and cobbles of horn-
blende-biotite granodiorite, aithough no such rock is known to outcrop within the basin, Rounded
granitoids as big as 15 cm are sparsely strewn around Laguna Cari Launa, and a 25-cm boulder
was found atop the Cerro Negro scoria cone; in each case entrainment of till from beneath the
postglacial explosive vent seems a probable explanation. Along the lakeshore 1-2 km east of
the Espejos coulee and on the promontory below ils southwest terminus, till and beach gravels
reworked from till contain abundant granitoids, including some with pink feldspars. Several ridges
north of the lake and east of the Espejos coulee are strewn with granodiorite boulders, mostly
fine to medium grained and fewer coarse grained, that range in size from 10 to 100 cm. They
accompany stones of a variety of volcanic lithologies, and ali are thought to be lag veneers from
glacial deposits now being eroded from slopes as high as 400 m above the lake. One such boulder
toose on the north slope above the lake (UTM grid 649/135) failed to yield an acceptable “Arf*Ar
plateau age but gave a total fusion age of ~1.1 Ma. Because no source is recognized within the
basin, three explanations seem feasible; (1) A granitoid outcrop was overlooked or was buried by
postglacial lavas; (2) glacial ice entered the basin from beyond its surrounding high divides; or,
our favored interpretation, {3) a granodiorite pluton is concealed somewhere beneath the lake,
contributed material to downlake till during glacial advances, and may have been magmatically
related to one of the early Pleistocene ignimbrites (units igsp and igeb) we infer to have erupted
from the northern part of the present lake basin. Exptosive sjection of granitoid blocks from the roof
or margins of a composite multi-stage magma chamber during a great caldera-forming eruption,
as documented for Mount Mazama, Oregon (Bacon ef al., 2000; Bacon and Lowenstern, 2005),
is a mechanism worthy of investigation.

EROSION RATES

Radiometric ages determined for volcanic units on the floors, walls, and rims of the several
drainages place some |loose constraints on rates of erosive deepening of canyons in the map area.

Estero Rodriguez, 18 km long, is floored by glacial and slump deposits, thick and little incised,
between elevations of 2,700 m and 2,150 m along its uppermost 5 km reach and in the cirques of
its headwaters, For 2 km downstream from 2,150 m, the stream runs shallowly on a late Pleisto-
cene intracanyon andesite lava flow (unit acr), but below 2,000 m, a steeper 1.5-km-long reach
has eroded headward into the lava flow, incising a 50-m-deep gorge through the flow and into
Tertiary bedrock. Downstream from the gorge mouth at ~1,800 m, the stream runs shallowly on a
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broad alluvial ptain, which is contiguous with the uneroded toe of the postglacial Hoyo Colorado
scoria cone {unit bhe).

The Rio Saso, 17 kmlong, is floored by thick alluvium {which locally mantles till) in its uppermost
4.km reach, between elevations of 2,500 m and 2,100 m. For the rest of its downsitream course,
the valley is floored by postglacial intracanyon lava flows {units der and ars). The stream has cut
a narrow slot 5-20 m deep around the snout of the dacite from 2,100 m {o 2,000 m, and through
the downstream andesite a 9-km-long trench, which is typically ~6 m deep but as deep as 20 m
where it cuts across the north levee of the flow.

Arroyo de Botacura, 20 km long, runs shallowly across thick glacial and alluvial fill in its
uppermost 6 km reach, from 2,450 m downstream to 2,050 m, where the valley floor is abruptly
swamped by a hummocky postglacial debris-avalanche depositrich in blocks of rhyolite, rhyodacite,
and andesite derived from the walls of Estero Terneros (Fig. 12). The deposit is 30 to 50 m thick
and filis the canyon floor for 3.5 km downsiream to an elevation of 1,850 m. Farther downsiream,
the stream runs shallowly through a composite valley fill of slumps, talus, alluvium, and minor
till, as far as the confluence with Estero Valle Chico near ~1,580 m elevation, beyond which it
cuts deeply into a large hummocky postglacial debris-avalanche deposit from Volcan San Pedro
{Singer ef al., 1997). Both avalanche deposits as well as the snout of the postglacial intracanyon
andesite lava flow from the Rio Saso (unit ars) induced thick alluvial aggradation aleng the valley
of the Botacura. During the late Pleistocene, two rhyolite coulees had flowed southward to the
Botacura, which has subsequently cut deeper adjacent to their termini (Figs. 12, 14). The base
of rhyolite unit rez (8313 ka) is now at an elevation of 1,950 m, 200 m above the valley-floor fill
{or as much as 250 m above underlying bedrock), implying an incision rate of 2.3 to 3.1 meters
per thousand years {m/kyr). Farther upstream, the base of rhyolite unit ret (97115 ka} is now at
2,100 m, ~100 m above the valley floor {where fill is also ~50 m thick), implying incision of 0.9
to 1.8 mv/kyr. In the low-relief vegas at the head of the Botacura, however, lava flows from Cerro
San Pedro (unit mes; ~243 ka) are flush with the banks of the non-incised meandering stream
at 2,200 m elevation, probably the result of thick aggradation and glacial deposition in the head-
waters during waning stages of the Last Glaciat Maximum.

Estero Bahamondes, 11 km long, runs shallowly across thickly alluviated, low-relief vegas in
its uppermost 4 km, then pitches over a 100-m-high fall cut into lavas of unit mes, below which it
follows a smooth gradient along the floor of a 350-m-deep bedrock canyon from elevation 2,050 m
down to 1450 m, where it joins the Rio de La Plata. Above the north end of the Bahamondes (Fig.
13), where the rhyolite lava flow of unit im (34118 ka, 33542 ka) crosses its canyon, the base of
the rhyolite lies 275-300 m above the floor, implying a downcutting rate of 0.8 to 0.9 m/kyr. Where
the 100 m stack of (more easily eradible) rubbly mafic shield lavas from Cerro San Padro {unit
mcs; 243143 ka) crosses the Bahamondes (Fig. 13), its base lies 250 m above the bedrock floor,
implying a faster average incision rate of ~1.4 m/kyr.

The Rio de La Plata, 14 km long, drains from ~2,500 m elevation on the east side of Volcan
Pellado and the north side of Volcan El Zorro to join the Rio Maule at ~1,230 m. Its floor has a
relatively smooth gradient (Fig. 13) despite its upper third being cut into Tertiary andesite lavas and
luffs and its lower two-thirds through Cretaceous granodiorite. The floor of its middle reach from
etevation 1,750 m to 1,500 m is covered by a 3-km-long debris-avalanche deposit from the west
wall with numerous hummocks as high as 20 m. Farther downstream, separated by a 1-km-fong
gap, another debris-avalanche deposil, this one from the east wall, overlies lateral moraines and
axtends 4 km from the Bahamondes junction to the Rio Maule. In the upper bowl of the Rio de La
Plata, the base of the stack of lava flows from Volcan Pellado {unit mvp, which here may be as old
as 188121 ka) lies 300 to 350 m above the Tertiary andesite floor of the valley, implying an incision
rate in the range 1.5 to 2 m/kyr. Farther downstream where the canyon walls are of granodiorite,
a rhyolite lava flow of unit rlm (34118 ka; 335+2 ka) crops out on both rims, 250 to 300 m above
the floor, implying a lesser rate of 0.75 to 0.90 m/kyr.
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The Rio Maule begins at the 2,160-m outlet of Laguna del Maule, drops to 1,600 m elevation
in its first 8 km, a gradient of 70 m/km for a reach that includes the outlet gorge and the Salto del
Maule. The river next flows shallowly on a bouldery alluvial plain (Fig. 18) for 21 km to the con-
fluence of the Rio Puelche at 1,040 m, a gradient of 27 m/km. As one of Chile's major rivers, the
Maule then extends 175 km farther westward (via several hydroelectric installations) to the Central
Valley and across the Coast Range to Constitucion at the sea, a gradient of 6 m/km.

Along Cordén de Constanza, the narrow Maule-Campanario divide, remnants of several
Pleistocene volcanic units are preserved atop deeply incised Tertiary rocks {Fig. 37). The flat-
lying base of the widespread pyroxene-dacite ignimbrite {unit igsp; 1.5 Ma) is now 470 m above
the bedrock floor of the adjacent Rio Campanario, which is smoothly graded to its confluence
with the Rlo Maule, implying a long-term Quaternary average incision rate of 0.3 m/kyr. The next
remnant west along the divide is a 1.04 Ma andesite lava flow (unit acc; Figs. 37, 38), the base of
which lies 400 m above the Rio Campanario, implying an average downcuiting rate of 0.4 m/kyr.
Incision rates are inferred to have been greatest during the latter parl of the middle Pleistocene
(which includes the MIS-6 glaciation), because the next two units along the crest (Fig. 37), units
ans (429 ka; 350 m above the canyon floor) and asb (374 ka; 300 m above the Maule, 325-350
m above the Campanario} both yield average rates in the range 0.8 to 0.9 m/kyr. All these rates
for Cordén de Constanza should be considered maxima because the remnants survive only on
the ridgecrest, and it has not been demonstrated that the flows were emplaced strictly along va-
lley floors or whether, alternatively, they were laterally confined by glaciers that fioored adjacent
paleovalleys {cf. Lescinsky and Sisson, 1998).

Conflupnce Cordén de Constanza E
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FIG. 37. Profile aleng Corddn de Constanza, the narrow divide belween the Rlos Maule and Campanario. Ages of
Quaternary velcanic units (Tables 1, 2) record 750 m of progressive canyon deepening over the course of 1.5
Myr. At nose just before the confluence (cf. Fig. 19), the middie of thrae lava flows (unit alc) is compositionally
identical to a remnant 1.7 km downstream; the top flow (unit meh) has correlatives as far as 7 km upstream;
and the boltem flow (unit avm) is dated at 116+27 ka and is compositionally identical to a large remnant at
Vacas Muertas (Figs. 18, 20) on the opposite (south) wall of the Maule canyon. Elevaticns in meters, No vertical
exaggeration,

The late Pleistocene and Holocene appear, in contrast, to have been largely a time of aggra-
dation along the Rio Maule, presumably involving deglaciation following MI1S-6, accumulation and
erosion of a 150 m thick valley-filling stack of lavas, and fluvial gravels related to late Pleistocene
glaciers and to the outburst flood from Laguna dei Maute. The base of the lowest lava flow on
the Maule-Campanario nose (unit avm; 116127 ka; Figs. 18, 37) lies virtually at the valley floor,
which here consists of terraced alluvial gravels of unknown thickness. On the west bank 5 km
downstream from that nose, the base of a set of mafic lavas from Cerro San Pedro {(unit incs;
243 ka) that crossed the Bahamondes and flowed into the Rio Maule now lies ~75 m above its
alluvial floor; this suggests a downcutting rate of 0.3 m/kyr or double that if the gravels are 75
m thick. Just 1-2 km upstream from the Campanario confluence, however, the plateau-forming
stack of intracanyon mafic and intermediate lavas has been eroded headward by the Rio Maule
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to produce a 150-m-high scarp at and near the Salto del Maule (Figs. 18, 20). The scarp lavas
have not been accurately dated but are likely to be ~100 ka or younger, if so, this implies a down-
cutting rate by headward retreat of ~1.5 m/kyr.

It should be no surprise that incision rates vary greatly with glaciation and deglaciation, with
secular maturity and size of the stream and its drainage basin, with disturbances caused by abrupt
valley-filling debris avalanches and intracanyon lavas, and with lithologic differences in erodibility
among the lavas, pyroclastic units, and plutonic rocks that wall the canyons.

HIGH STRANDLINE: OUTLET BLOCKAGE AND OUTBREAK FLOOD

A single wave-cut strandline rings the Laguna del Maule basin at 2,350£20 m elevation,
approximately 200 m above the (fluctuating) fevel of the preseni-day lake {which was elevated
only ~15 m by construction of the outlet dam). Notches, benches, and beach deposits mark the
highstand paleoshoreline, which is cut on numerous postglacial eruptive units as well as on many
older units, Beach deposits of sand and gravel are commonly marked by one or several parallel
berms rich in rounded clasts of pumice and scoria. Deposits of lake mud rich in ash and dia-
toms, typically 1 to & m thick, are widely preserved between the high strandline and the modern
lakeshore. During late summer intervals of exceptionally low {managed) drawdown of lake level,
thicknesses as great as 30 m of such poslglacial lake mud are exposed nearshore in sheltered
inlets. Six lava flows, all siiicic, overrun and thus postdate the high sirandline-Colada Las Niebias,
the Northwest Coulee, one coulee from the Cari Launa edifice, and three from Cerro Barrancas.

The basin outlet was blocked at 23.310.4 ka by emplacement of the nonglaciated high-silica-
rhyolite coulee, Loma de Los Espejos, which banked against the fragmental basaitic cone, E!
Candado (6214 ka)}. The 2,350-m strandline was cut on both, and as much as 2.6 m of laminated
diatomite was deposited between those units near the floor of the present outlet gorge, from near
the base of the modern dam to a point as far as 1.2 km northward, indicating that the natural bloc-
kage lay a bit farther downstream {(near UTM grid 600/150), some 800 m north of the present-day
traffic control gate. At this site, a small lateral lobe of the Espejos coulee had draped down the
gorge wall (Fig. 38) through a gap between cliff-forming units rep and rdno, and banked against
the then-larger basaltic edifice of El Candado, raising the overflow to ~2,350 m {>200 m higher
than the gorge floor at the site of blockage).

Encirclement of the entire basin by the 2,350-m strandline indicates that glacial ice was not
involved in damming the outlet, as does the singutarity of the high strandline (because glacial
dams typically release repetitive outburst floods, thereby leaving multiple strandlines). The
gently sloping wave-cut bench on an easily erodible substrate can be 75-100 m wide with seve-
ral parallel (probably seasonal) beach berms and a vertical extent of 5-10 m. Rapid filling and
abrupt draining is inferred, but duration of the highstand is unknown. Because the strandline
notches dense bedrock units as well as vesicular lavas and surficial deposits, a duration of cen-
turies seems likely. The white, nearly pure, laminated {varved) diatomite that accumulated to a
thickness as great as 2.6 m just upsiream of the blockage {(where the lake has never extended
except during the highstand) would represent 520 years or 2,600 years at sedimentation rates
of 5 mmiyr or 1 mmlyr, respectively.

Ultimately, sapping or overtopping of the fragmental edifice of Candado basalt led to runaway
incision, landsliding from both walls of the gerge, and flooding downstream. If the highstand level
of a 75-kn lake dropped by 200 m all at once, ~15 km?® of water poured out through the gorge,
probably in a single event. Along with a much larger mass of Candado basalt, the blockage-inducing
lobe of Espejos rhyolite was swept away by the outburst, leaving a 250-m-long near-vertical
wall, ~150 m high, of flow-foliated felsite, the only place in the entire Espejos coulee where its
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devitrified interior is exposed (Fig. 39). The plateau of late Pleistocene mafic lavas (unit msm), 2
to 5 km downstream from the blockage, was denuded and pitted by plunge pools, leaving reces-
sional cataracts and a shallowly channeled scabland (Figs. 5, 20, 38; Bretz, 1925, 1969). Where
the confined outlet gorge debauches onto the broad plateau, the flood deposited a splaying set
of radiating boulder bars (Scott and Gravlee, 1968), 3-8 m high and rich in clasis as big as 1 to
4 m (Fig. 38). Among the boulders are abundant clasts of Candado basalt and phenccryst-rich
rhyodacite (unit rdno), fewer of pyroxene ignimbrite (unit igsp} and various andesite lavas, and
sparse representatives of biotite ignimbrite, green-altered Tertiary andesite, and phenocryst-poer
Espejos rhyolite. While boulders armor the bars, their internal material is predominantly cobble-
sized and finer gravel that appears to be relatively richer than the boulder population in rhyolite
and Tertiary intermediate clasts.

FIG. 38. Flood-scoured scabland plateau 3 km north of outlet of Laguna del Maule and 300 m downstream from mouth of
narrow outlat garge where Rio Maule debouches onto previously glaciated stairstep plateau of late Pleistocene
mafic lava flows (unit msm). Foreground scarp is 15-25 m high. Following temparary highstand caused by ouilet
hlackage by rhyolite coulee {unit rle), cutbreak flood abruptly lowered lake by 200 m, stripped scabland plateau,
cut plunge pools, and deposited splaying gravel bars that contain abundant boulders as big as 1 to 4 m, Rio
Maule crossing center fereground was at unusually low discharge, owing to control at dam. Beyend lava plateau,
scarp in middle distance consists of deformed Terliary lavas and tuffs (Tad}, which are intruded and overtain by
pale orange-brown feeder dike and dome of Pliocene high-silica rhyolite (unit Trea). To left of dome, single 50-m-
thick andesite lava flow on crest (unit acc; 1.04 Ma} rests uncenformably atop Tertiary pile on Maute-Campanario
divide {see Fig. 37). Distant view is northward beyond canyon of Rio Campanario to skyine edifice of Cerre Galaz
(peak 2,954), a deformed Miccene mafic-to-andesitic center (its peak 10 km from camera); banked high against
its right side, white-rimmed skyline bench is undated Pleistocene ignimbrite unit igeg, nonwelded biotite-bearing
high-silica rhyolite.
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The three glacially eroded silicic lava domes (units rep and rdop) marginal to the modern
outlet are cut by a pair of glacially scoured channels (Fig. 18), showing that palec-outlets to the
Rio Maule had also been located there prior to the blockage. Alternative paleo-outlets around the
basin rim to the southwest, southeast, and northeast are all higher than 2,500 m, more than 150
m above the high strandline. Westerly overflow into the Arroyo de Botacura could take place ata
2,482-m saddle, but it clearly did not happen because the upper Botacura is thickly filled with non-
incised glacial and alluvial deposits. Minor north-trending arroyos on the plateau just north of the
snout of the Espejos coulee fack gravels from the lakse basin and are far too small to represent a
pre-Espejos paleo-outiet for Laguna del Maule. It can be securely concluded that the late Pleisto-
cene and younger location of the basin outlet is right where it is today and that the outbreak flood
restored the original channel without significantly deepening it {except for removing the blockage).

The gorge floor adjacent to and downstream from the outlet domes but upstream from the bloc-
kage site is mantled by drumlinoid hillocks of till that is rich in clasts of Terliary andesite from the
take basin but poor in clasts of rhyolile and basalt; the till is overlain by thin diamicts rich in Candado
basalt (probably local debris-flow deposits) and by the diatomite deposit mentionsd above. At and
downstream of the inferred site of blockage, however, the gorge floor was widely scoured down to
Tertiary ignimbrite bedrock, leaving only discontinuous veneers of till and alluvium. Deposition of
flood-borne boulder-gravel began just helow the mouth of the {ignimbrite-walled) gorge, where the
Rio Maule spreads out onto the scabland plateau. The chaotic jumble making up the lower slopes
of £l Candado (below ~2,280 m} is the product of several discrete avalanche masses that were
emplaced after the outbreak flood had laterally undercut the toe of the fragmental basaltic edifice.
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APPENDIX 1. ERUPTIVE UNITS OF THE LAGUNA DEL MAULE VOLCANIC FIELD.

Code* Grid EIN t % $i0, Unit Name and Notes

Postgiaciail eruptive units

bhe 4731042 50-51 Basalt of Cerro Hoyo Colorado {small scoria and spatter cone along
Arroyo de Rodriguez)

mcp 580/030 53-62 Andesite of Crater 2657 {cinder-spatter linear vent overlies i)

mct 570/030 53-54 Andesite of Arroyo Cabeceras de Troncoso (scoriafspatter of fissure vent
and 3 small craters)

mnp 564/068 56-60 Andesite north of Estero Piojo {sceria ring and spatter-fed flow: intruded by
rhyodacite unit rdnp)

aan 808/059 59 Andesite of Arroyo Las Nieblas (cinders and lava buried by lake sedment}

acn 5931073 57-58 Andesite of Grater Negro (pre-highstand scoria cone)

anc 593/084 59 Andesite north of Crater Negro {phreatomagmatic gjecta ring)

apj 810/085 59 Younger andesite of West Peninsula {pre-highstand fava flow into L.dM}

apo B875/063 59.5 Andesite of Playa Orlental (blocky lava largely buried by beach deposits)

ars 480/055 53-61 Andesite of Rfo Saso (10-km-long lava flow with vent-scoria ramparts}

asm 5771090 61 Andesite south of Arroyo Los Melficos (scoria vent 2,484 linear vent for thin
deposit of coarse ejecta; see dsm, below)

asp 5671111 59 Andesite of Laguna Sin Puerto {scoria ring intruded by dome rdsp)

der 520/045 65 Dacite of Cordon Redriguez (4 km-long-lava flow from ridgecrest venis)

dsm 577091 66 Dacite south of Arroyo Los Mellicos {cerrilio 2,484 only; 25-m-wide window of

blocky giassy lava mantled by scoria of unit asm, which erupted through and
ejected abundant blocks of the dacite)

rdac 680/035 718 Rhyodacite of Arroyo de la Calle (lower of 2 pre-highsiand coulees; upper
is unit ras)

rdam 5831105 69-72 Rhyodacite of Arroyo Los Mellices (pre-highstand coulee 1.2 km long)

rdcd 573/080 69-71 Rhycdacite of Colada Dendriforme {muitilobate lava complex and 2 vent
domes W of LdM)

rdcn 580/130 68-69 Rhyodacite of Northwest Coulee (farge coulee at NW side of LdM)

rdep 565/045 68-69 Rhyodacite south of Estero Piojo {chain of 3 pre-highstand domes)

rdne 6201165 69 Rhyodacite nertheast of Loma Los Espejos {(smalt pumice-covered flow)

rdno 603158 69-70 Rhyodacite nerthwest of Loma Los Espejos (overrun by rie coulee)

rdnp 561/071 68-69 Rhyodacite north of Estero Piojo {2 smail domes intrude unit mnp}

rdsp 5621112 71 Rhyodacite of Laguna Sin Puerto {dome intrudes scoria cone asp)

ram 588110 73 Rhyolite of Arroyo Los Mellicos {minidome intrudes aam}

Tap 616/010 76 Rhyolite of Arroyo de Palacios (pumice-covared coulee SW of rin)

ras 685/020 73.8 Rhyolite of Arroyo de Sepiiveda {upper of 2 flows; overlies rdac)

rch 700/985 74 Rhyolile of Cerro Barrancas {multi-coulee edifice with pumice cones)

red 7301064 74 Rhyolite of Colada Divisoria (divergent coutees from pumice cone)

rel 718/110 74 Rhyolite of Cari Launa {mulli-coulee edifice with pumice cone}

rle 620/140 76 Rhyolite of Loma de Los Espejos {coulee and pumice cone; impounded

Laguna del Maule)
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Appendix 1. continued.
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[ Code* GridEINT % SiO,

Unit Name and Notes

rin

mng
pp
7si

bec

mer

meb

mis

milt

mp!

mpn

msm

aam

acr

ale

alm

alp
als

ave

avm

avr

6251021
7371955

7217141
7331107

5877148
500/980

558/224
548/220
564/206
618/192

538/025
580/015

608/118
550/130
5871208
590110
504/024
569/222
543/230
5621207

596/134

573/055
5471021

435138

600/093 -

586/107

4301170

566/217

520/020

74
735

74.4
75

L.ate Pleistocene eruptive units

51-63
53-54

53-55

55
53-54

56-57

51-54

51-67

58-59

61

59

61-62

81 -
60

56-68
58
82.5

58-62

61-62

62

Rhyolite of Colada Las Nieblas (coulee with pumice-ringed vent dome)

Rhyolite of Laguna Negra (pumice cone and pumice-covered fava flows; earli-
est unit of Barrancas complex; impounds Laguna Negra)

Rhyolite of Paso Pehuenche (minidome 4 km SW of Paso Pehuenche)

Rhyolite south of Laguna Cari Launa {pumice-covered flow beneath rcl)

Basalt of El Candado {failure of cone flanks drained LdM highsiand)

Andesite south of Cajon Redriguez (pair of shallow craters; agglutinate and
spatler-fed favas limited to glaciated ejecta rings)

Andesite of Estero Bobadilia (top flow on Maule-Campanario nose; flow remnant
SW of confluence; banked-in remnant on rim at road; and flows on banks of
Estero Bobadiila that issue from Crater Bobadilla scoria cone}

Andesite of Créter Las Salinas {thin phreatomagmatic gjecia ring)

Andesite of Laguna Turbia (scoria rings around two phreatomagmatic craters
on norih rim of Laguna Fea)

Andesite of Volcan Puente de [a Laguna {glaciated scoria and spalter cone
partly overrun by coulee rle}

Basalt and andesile of Vega Piedras Negras {lava plateau and scoria cone}

Basalt and andesite of Salto del Maule {plaleat-forming stack of lava flows
extending from beneath coulee rle {o ercded scarp at 570/210, proximal scoria
fall crops out between flows at 601/160)

Andesite of Arroyo Los Mellicos {spatter-ringed crater and lava-flow remnants
along NW shore of LdM)

Andesite of Cajon Rodriguez {infracanyon fiow and vent scoria)

Andesite of Cuesta los Céndores {middle flow on Maule-Campanario nose;
most distal 1,500 m remnant an valley floor; and 1,750 m rim remnant along
roadgrade)

Andesite of Presa Laguna de!l Maule {heterogensous mixed javas beneath
rdop dome 2,367 just W of LdM dam)

‘Andesite west of Laguna del Piojo (scoria mound overlapped by til)

Andssite northeast of Las Salinas (blocky orphan lava fiow in upper head-
waters of Cajén Rodriguez)

Andesite of Puntilla Los Nirales (scoria cone and lavas atop obsidian rez)
Older andesite of West Peninsula {glaciated lava under N edge of apj)

Andesite south of Domo del Maule {small window of glassy lava under snout
of Mellicos rhyodacite rdam}

Andesite of Cabeceras del Vatle Chico {lavas from Velcan Peliado capping
ridge 2,630 on divide between Rio de La Plata and Valle Chico)

Andesite of Vacas Muertas (lowest flow on Maule-Campanario nose and
remnant at Vacas Muertas)

Andesite of Vega Rodriguez {intracanyon lava on floor of upper valley of
Cajén Radriguez)
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bbc
bef

mch
mee
mes
mic
mip
mor
mpc
mrb
mve

mvp

aab

acp

aeb

660/160
518/095

5121171
770/240
486/166
560/208
585/165
685/215
723/229
568/233
564/227

717/047

xXxxfyyy
4101120
450/220

561/183

485/027

600/260

Middle Pleistocene eruptive units

52-53
51-52

53-69

54

49-58

53-59

53

54

04-58

54

53-56

53-59

59-61

59

54-62

Code* Grid EINT % SI0, Unit Name and Notes

deo 561/208 63-66  Dacite of Cuesta Los Condores (lava flow drapes 8W wall of canyon from above
road to valley floor, where it underlies cliff of mafic lavas between Rio Maule and
Arroyo Arenas Blancas. Remnant is 10 m thick at road, 70 m at toe of scarp)
[K-Ar dated at 100-180 ka by R.E. Drake}

dlp 597/051 63-64  Dacite of Laguna del Piojo {lava exposed in series of windows extending 4 km
NE to terminus at Laguna del Piojo)

rddm 5801120 71 Rhyodacite of Domo det Maule (250-m-high glassy dome rises above eroded
scarp of comagmatic tava-flow platform >50 m thick)

rdop 583/139 71 Rhyodacite west of Presa Laguna del Maule (fwo twin domes; dome 2,367 forms
W wall of Ldh outlet)

reb 705/202 75 Rhyolite of Esters de Bobadilla {dome 2,667 on floor of headwaters)

rep 801137 735 Rhydclite east of Presa Laguna del Maule {lava flow forms E wall of LdM outiel
from dam for 1.5 km N; underties coulee rie)

ret 482/143 74 Rhyolite of Estero Terneros {coulee S of Cerre San Pedro)

rez 4401138 74 Rhyalite of Estero El Zorro {obsidian coulee £ of Puntilla Los Nirales)

Basalt of Voican Bobadilla Chica {smail mafic lava cane)

Basalt of Cajén Filume (intracanyon flow remnants extend 3 km southward to
valley fioor)

Andesite of Cerro Bahamondes {scoria cone 2,667 and lava apron on E side
of Cerro San Pedro)

Andesite of Cerro Campanario (3,943-m mafic stratovolcano on divide; small
peripharal cone east of edifice is unsampled.

Basalt and andesile of Cerro San Pedro (spatter and lava cone and shield apron
extending 10 km N}

Andesitic dike of Cuesta los Céndores {cuts Miocene rocks in roadcut; dike is
compositionally heterogeneous}

Andesite of La Poza (glacially ravaged scoria and lava cone}

Andesite west of Cerro Risco Bayo (stack of 3 phenocryst-poor lavas on
Campanario-Bobadilla divide; overlies units Ibeb and Ighc; chemically different
from products of nearby V. Munizaga and Cerro Campanario}

Andesite of Paso Campanario {lava cone and vent breccia at crag 2,985; lavas
fill pass between Rfo Campanario and fArgentine] Cajon Grande)

Andesite of Rio Blanco (two lava-flow remnants NE of confluence of the Rios
Campanaric and Maule)

Andesite of Volcan de la Calle {mafic lava cone on continental divide NW of
Laguna Negra; crater rim at 2,954)

Andesite of Volcan Pellado (stratocone {~188-83 ka) centered W of map area;
its valley-confined lava flows to S in Valle Chico and flows to NE capping Corddn
Lema Seca frame W margin of LdM volcanic field}

Andesite of Arroyo Arenas Blancas (lava flows bifurcate around hill of unit rdla;
ice-cantact ferminus in valiey to E; unglaciated scoria cone at source is mare
mafic [55% Si0,] and either younger or above glaciers}

Andesite of Casa de Piedra (250-m-thick infracanyon lava flow banked against
N wall of Cajén Rodriguez)

Andesite of Estero Bahamondes {ridge-capping java flows on both rims of
lower canyon of Estero Bahamondes)
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Code*

Grid EINT % Si0,

Unit Name and Notes

ans

asbh

avz

dct

det

rdch

rdep
rdct

rdes

rdet
rdez

rdpfi
rdve

ca

cn

thn

igce

igeg

mas

mef

maf

584/213

574/218

4541154

589/039

4501070

506/178

4391179
585/033

502/175

4721148
450/145

4351125
4321154
676/166

7107130

480/260

565/218
5021275

800/260

473/093

5051087

6001245

62

60

52-61

63

63-65

69

71
7t

70

70
70

70
70-71
74

75-77

73

74-75

75-76

64

53-59

53

Andasite north of Salto det Maute (100-m.thick flow remnant capping Cordén
de Constanza at knob 2,003)

Andesite south of Bafios Campanario (130-m-thick flow remnant atep Cordén
de Constanza at knob 2,046)

Andesite of Violcan El Zorro {severely eroded stratocone centered at plug on
divide between Esteros Terneros and Zorro)

Dacite of Arroyo Cabeceras de Troncoso (small remnant of glassy lava on
floor of the arroyo)

Dacite of Estero Tapia (thick lava fiow drapes steep N wail of Rio Saso from
vent on Cordén Las Romazas)

Rhyodacite west of Cajén Bahamondes {fower of 2 coulees between Cerros
San Pedro and Bahamondes

Rhyodacite of CabecerasdeLaPiata (smalldome atheadwaliof Riode La Plata)

Rhyoedacite of Arroyo Cabeceras de Troncoso {coulee widely covered by scoria
falls of units mep and met)

Rhyodacite east of Cerro San Pedro {upper of 2 coulees between Cerros San
Pedro and Bahamondes
Rhyodacite of Estera Terneros {2 thick flows S of Cerre San Pedro)

Rhyodacite of Estero El Zorro (200-m-thick coulee beneath andesitic fava
pite of avz cone)

Rhyodacite of Puntilla Los Nirales {dome 2,603, 300 m thick exposure)
Rhyodacite of Valle Chico (dome 2,583, 250-m-thick exposure)

Rhyolite of Cajdn Atravesado (vent tuff and glaciated coulee capping divide
atop N wali of LdM basin}

Rhyolite of Cerro Negro {flow-dome complex 3,080, more than 900 m thick;
forms steep NE wall of LdM basin}

Rhyolite of Los Murciélagos {thick glaciated lava flow ~10 km long preserved
as several remnants along both rims of Rl de La Plata)}

Ignimbrite of Corddn de Constanza {remnants of nonwelded to sintered, pink
to orange-brown ignimbrite, originally >250 m thick, preserved on Maule-
Campanario divide and on Maule-La Plata divide)

Ignimbrite of Cerro Galaz {subhorizontal sheet of vitric, nonwelded to moder-
ately sintered, biotite-rhyolite ash-flow uff as thick as 40 m; rests on deformed
dike-ridden Miocene fragmentat strata of andesitic edifice)

Early Pleistocene eruptive units {£1.5 Ma)

Andesite of Arroyo Santuario (stack of subhorizontal lava flows capping
Botacura-Saso divide around Peak 2,844; unsampied vitrophyre along Wwall
of stack suggests wider range of compositions}; source uncertain but probably
an outlier of apron lavas from nearby unit mcf

Andesite of Cordén Filume {plug and surrounding stack of lava ftows capping
Botacura-Filume divide; underlies igsp on E wall Cajén Filume)

Andesite of Quebrada Fiera {orphan lava-flow remnant 3.5 km NE of Bafios
Campanario, at 2,300 m on S slope of Cerro Galaz)
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Code* GridEINT % SIO, Unit Name and Notes

msp 539101 53-56 Andesite of Violcan Sin Puerto (ravaged edifice W of Laguna Sin Puarto;
300-m-wide plug and surrounding stacks of lavas and scoria)

mva 543177 51-56 Basalt and andesite of Volcan Aguirre {ice-ravaged mafic stratocane; remnant
>7 km long caps Bahamondes-Aguirre divide)

mvh 5251125 53-56 Andesite of Violcan Botacura {mafic lava and scoria cone centered near Peak
2,920 on Botacura-Filume divide)

mvm 7251193 50-55 Basalt and andesite of Volcadn Munizaga {gutted stratovolcano on NW side of
Paso Pehuenche; centered near Peak 3,132)

mvit 424110 53-57 Andesite of Volcan Nirales {remnants of modest mafic edifice cap divide between
Rio Botacura and Valle Chico; many dikes near Peak 2,623)

ace 595/213 62 Andesite of Cordén de Constanza {remnant of single lava fiow as thick as 130 m,
alop Maule-Campanario divide}

alz 720/170 58 Andesite of Volcan La Zorra {widely altered intermediate lava pile centered 3 km
SW of Paso Pehuenche)

ams 5571077 61-63 Andesite of Mellicos-Saso Divide {lava flows on Saso-LdM divide, along crest

and/or downfaulted to E, that overtie ignimbrite igsp)

apg 760/160 55-62 Andesite of Paso def Guanaco {gently dipping stack of lavas that cap the con-
tinentat divide from Laguna Casi Launa to Paso Pehuenche; may have issued
from unmapped Cerro Bayo center 5 km farther E}

arp 5531027 61-62 Andesite of Rodriguez-Piojo Divide {subhorizontal stack of lava flews, each
50-150 m thick, that caps SW rim of L.dM basin}
@} ava 880/180 54-87 Andesite and dacite of Volcan Atravesado {apron of lavas and thick breccias

that extend 8 ke N from N shore of LdM; N-dipping to subhorizontal; fed
by dikes now near or under the lake that cut unit igch, which the lava stack
directly overlies)

avf 820/930 nd Andesite of Volcan Laguna Fea (intermediate siratocone centered 2-3 km S of
Laguna Fea; some outflow lavas preserved on N rim of (ake)
dab 500145 62-69 Dacite and rhycdacile of Arroyo de Botacura (several separate lava flows on
5121144 the floor and lower walts on both sides of upper Botacura drainage, W of Vega
532146 Piedras Negras)
dif 588/006 62-65 Dacite of Laguna Fea {remnant stacks of lava flows that cap the divide between
655/863 LdM and Laguna Fea; genily N-dipping flows are each 30-150 m thick; source
probably Volcan Laguna Fea just S of lake)
dpr 510/010 63 Dacite of La Puerta de Rodriguez (single 250-m-thick ridge-capping tava flow
5 of Cajén Rodriguez, glassy, convolute, widely columnar)
dsp 551/118 66 Dacite northwest of Laguna Sin Puerto (glassy stratified breccia, >100 m thick,
that underlies mafic lavas of unit msp)
dvil 425/114 66 Dacite of Volcan Nirales (lava-flow remnant that caps Peak 2,623, the summit
of the otherwise mafic edifice)
rdap 620/003 69 Rhyodacite plug of Arroye de Patacios (columnar cliff >75 m high, on NE slope
of Peak 2,818)
rder 464/094 74 Rhyodacite of Cordén Las Romazas {series of remnants along the Botacura-

Saso divide of a lava mere than 150-m-thick that flowed at least 5 km westward
from Peak 2,764 as far as nose 2,145)

rddp BOD/G44 71 Rhyodacite dike south of Laguna de! Piojo (5-m-thick vertical dike of
nornblande-biotite rhyodacite; strikes E-W and culs stack of Tertiary andesites
that forms SW wali of LdM basin}
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Code* GridEINT % SiO,

rdla 5721192 64-69
rif 646/974 73
ris 543/015 72-73
nf 621/997 75
ighc 670/215 59
igeh 655/120 66-72
675/205
igeb 716/250 61.5
igsp 554/075 64-70
580/M150
620/208
496/250

Eruptive units older than 1.5 Ma

acs 553/066 53-62
581/103

Qifad - 55-66

Tv, Tvs - 53-68

Tdel 695/085 52

Tevl 490/115 n.d.

Tiga 5731170 75-76

Rhyodacite of Lo Aguirre (lava dome-flow >450 m thick; extends from hill
2,262 over the steep S wall of the Rio Maule canyon, where it is pisrced by
the road tunnet)

Rhyolite of Laguna Fea {dome >300 m thick at Peak 3,104 on divide betwesn
LdM and Laguna Fea; convolutely foliated and eroded craggy)

Rhyolite of Las Salinas {700-m-long shallow intrusion (cryptodome) at head
of Cajén Rodriguez; ovoid in plan, columnar throughout}

Rhyolite north of Laguna Fea (small dome remnant at Peak 2,994 on divide
betwean LdM and Laguna Fea)

lgnimbrite of Bohadilla-Campanario Bivide {remnant of welded-tuff orphan
as thick as 150 m that extends 2 ki atong the divide crest; source unknown,
widely columnar; overlies contrasting ignimbrite igeh)

Ignimbrite of Cajones de Bobadilla (intracaldera welded tuff =500 m thick but
base nowhere exposed; from north wall at Cajon Grande de Bobadilla, unit
extends 13 km south to peninsulas, isiets, and beneath LdM)

lgnimbrite of Estere Guanaco {remnant sheet of moderately to densely welded
tuff > 50 m thick, capping continental divide 5 km W of Cerro Campanario;
abundant glassy firamme; another ignimbrite remnant & km farther NW, un-
sampled, may be correlative)

tgnimbrite of Laguna Sin Puerle {many remnants of iwo-pyroxene-plagioclase
welded tuff, typicatly $00-200 m thick, mostly capping ridgecrests; identified for
16 km from west rim of LdM to Bobadilia-Campanario divide; source uncertain
but distribution suggests north end of LdM)

Andesite of Cabeceras del Saso (stack of lava flows that underlies 1.5 Ma
ignimbrite igsp along west wall of LdM basin: Sasc-LdM divide)

Undifferentiated undated undeformed andesite-dacite lavas and tuffs; {argely
subhorizontal ridge-capping units; most probably 3to 1.5 Ma). Similarto Cola
de Zorro Formation of Vergara and Mufoz (1982).

Undifferentiated undated deformed (and commonly sltered) lavas, tuffs, and
subordinate volcaniclastic sedimentary strata (Pliocene and mostly Miccene),
predominant assemblage exposed beneath the Quaternary LdM volcanic field;
mostiy andesite-dacite). Designated Tvs where volcaniclastic sedimentary
strata make up more than trivia! fractions of sequences,

Digrite of Cari Launa { 1-km? ovoid pluton Ar-dated at 3.6 Ma, near east shore of
LdM; intrudes pile of Terliary andesitic rocks that form east wall of LdM basin)

Diorite of Vega Larga (1-km? pluton that intrudes Tertiary andesitic pile on S
wall of Arroyo Botacura, mostly amphibole and plagioclase with abundant
disseminated epidote and pyrite)

Ignimbrite of Estero Aguirre {indurated but nonwelded white ignimbrite of
quartz-bictite high-silica rhyolite along Cajones Aguirre; associated with and
tocally intruded by lavas of unil Trea. White ignimbrite benches isclated just
north of Salto del Maule [581/210] are lithclogically and compositionally similar
to Tga, not to Tigh)
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Appendix 1. continued.

Code*

Grid E/IN T % §i0,

Unit Name and Notes

Tigh

Tigr

Tig

Tecf

Trea

Kgi

<® Mzsvy

520/290 68-71
450/090 nd.
515110 75
570/180 75-77
590/180

603/203

480/260 54-68
470/310

490/360

lgnimbrite of Cajon El Huemut {Miocene biotite-rhyadacite welded tuff =1 km
thick that crops out as a NNW-striking belt 5-7 km wide and at least 23 km
long, from Cajones Aguirre fo N of Rie Puelche; synelinally folded where it
crosses Rio Maule [530/248}; includes outcrops in LdM outlet gorge [800/165].
K-Ar dated at 12.910.7 Ma at outlet gorge by R.E. Drake)

tgnimbrite of Cordon Las Romazas (Pliocene intracaldera biotite-rhyodacite
welded tuff >850 m thick on south wall of Arroyo Botacura where its lithologic
zoning is subhorizontal and its base is not exposed; along Rio Saso to 8, ap-
parent outflow equivalent is half as thick and its base exposed atop Miccene
andesites. K-Ar dated a! 3.420.8 Ma by Mufioz and Niemeyer, 1984, Fig. 8)

Silicic ignimbrites, undivided {undeformed or little deformed; one unit just
south of area mapped gave Mufioz and Niemeyer, 1984, a K-Ar age of
8.1£0.5 Ma, Fig.8)

Rhyolite of Cajén Filume {lava dome-flow as thick as 250 m and 2.5 km long;
on Botacura-Filume divide)

Rhyolite of Estero Aguiree {four discrele domes and a fava fiow, all are Pliocene
biotite-bearing high-silica rhyolites, distributed 3-7 km north or northwest of
LdM; two domes are in part intrusive at level of exposure)

Granodiorite of Los Indios {large 80 Ma pluton that crops out along a north-
south strip from 6 km south of confluence of Rios de La Plata and Maule as
far as 4 km north of Rio Puelche, 15 km in all. Units Tigh, Tvs, and several
Quaternary lavas bank against or overlie it)

Undifferentiated Mesozoic sedimantary and volcanic rocks (crop out only just
beyond fringas of LdM volcanic field-in Arroyo Pehuenche, Cajon de Troncoso,
upper Rio Invernada, and west of Los Indios pluton}

Miscellaneous Surficial Deposits

al

cl

alluvium {Holocene and Pieis{ocehe), focally pumice-rich

colluvium {Holocene and Pleistocene; mapped only where bedrock refations are extansively obscured;
actually ubiquitous as talus, scree, and slope-manifing debris)

lake mud (peripheral to Laguna del Maule; exposed at shoreline during seasonal drawdown; aiso deposited

as high as 200 m above modern lake tevel during late Pleistocene highstand

landslides, slumps (Holocene and Pleistocene)

surficial deposits, undivided {Holocene; generally mixed areas of till, coliuvium, pumice scree); includes
beach deposits predominantly of reworked riwolitic pumice and crystal sand

till (Late Pleistocene and Neoglacial; includes moraines, formless glacial deposits, and subordinate re-

worked gravels,

* Units are listed by (generally 3- or 4-letter) code within each of the five main age groups, first by composition (b, m,
a, d, rd, r, ig} and then alphabetically, where b=basalt, m=mafic andesite, a=silicic andesite, d=dacite, rd=rhyodacite,

r=rhyolite, and ig=ignimbrite.

t Locations are simpiified to 100 m using the Universal Transverse Mercator {UTM) grid, which is shown on the IGM topo-
graphic maps of the area. The first three digits are easting, and the second three are northing. For example, the dam at

the outiet of Laguna del Maule would be approximated as 599/135; i.e., 59.9 kim east, 13.5 km north.
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APPENDIX 2. MAJOR ELEMENT DATA BY XRF.

®

Unit Si0, TiO, ALO, FeO*

LdM-# MnQ Mg0 <€a0 Na,0 K,0 PO, LOI Original
Labet total
Main data are in order of compositional groups (r, rd, d. a, m, ig, Tv)
195 ram 733 030 1389 180 007 043 135 424 4326 007 208 0756
398 ram 732 029 1422 153 007 043 130 423 426 010 241 96869
199 rap 757 018 1327 088 006 011 066 428 443 005 110 9829
212 ras 736 031 140 147 007 035 110 443 418 097 031 99.08
58 rca 741 022 13985 1116 007 010 0585 442 502 005 031 98925
3 fca 743 021 1380 111 008 @12 058 443 496 005 033 8900
415 Fca 743 021 1400 090 003 012 0565 435 508 008 05t 9868
206 rch 741 023 1408 107 008 018 075 488 414 005 027 99.03
208 rcb 741 023 1408 109 008 020 075 484 415 005 033 9903
210 rch 740 024 1414 110 008 018 077 487 413 006 033 9931
358 reh 738 06256 1417 113 008 027 083 487 4086 008 029 9950
360 reb 740 023 1414 105 008 024 076 491 411 009 031 9951
500 rch 738 025 1418 111 008 G621 083 488 408 006 030 9945
249A red 741 025 1400 1143 008 025 073 479 418 007 041 9890
351 red 742 025 1401 11t 008 024 073 482 413 010 038 9935
2478 rcl 736 026 1430 118 008 028 083 485 407 007 030 9891
253 rcl 737 026 1428 115 008 025 087 484 408 007 044 9837
254A rcl 738 026 1421 116 008 027 {087 484 407 007 036 9883
348 rel 736 026 1426 116 008 028 089 489 404 010 026 9956
417 pum fail rcl 735 026 1459 147 008 022 0B84 483 403 004 265 9719
48 ren 760 019 1300 o091 006 013 066 394 470 005 101 9887
49 ren 769 017 1251 078 003 010 0584 362 491 005 030 9949
50 ron 755 020 1326 101 006 013 070 408 460 005 045 9918
52 rcn 776 013 1224 059 004 010 048 3568 482 005 034 06825
350 rcn 753 020 1330 103 005 017 071 411 4568 009 032 6940
352 ren 754 021 1321 098 008 022 075 414 458 0083 034 9956
279 reb 748 021 1390 052 003 008 052 440 505 004 028 9390
81 rep 735 031 1408 150 007 038 128 43t 404 008 110 9832
62 rep 73.5 032 1396 153 007 041 127 429 412 0068 070 9846
C84-4 rep 736 029 1403 143 006 053 125 422 414 008 0869 9870
86 ret 79.2 020 11.05 103 005 026 0980 363 327 003 99.82
102 ret 737 025 1445 132 008 033 120 454 401 005 - 98.97
94 rez 738 (024 13¢5 130 008 033 115 4868 400 005 - 98.74
119 rez 738 026 1412 127 o008 029 113 447 409 007 041 9875
6 rle 756 015 1328 079 0056 024 062 4497 442 005 045 9897
60 rle 757 018 1323 087 007 012 0864 427 444 005 073 9864
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Appendix 2, continued.
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LdMm-# Unit S0, TiO, ALO, FeQ* MnC Mg0O Ca0 Na0 K0 PO, LOl Originai
Label total
169 rle 758 018 1315 087 007 011 085 430 445 005 046 9923
257 pum rle 757 017 1325 085 006 014 066 422 448 005 114 97.74
2712 rle 756 017 1323 085 006 016 086 433 444 005 045 9863
307 igpum rle 787 015 1283 072 005 010 058 371 462 007 327 9551
42Zigpum rle 764 016 1319 077 005 009 058 379 457 005 220 9737
356 ff 727 032 1487 146 006 034 124 480 391 012 037 9935
147 rlm 730 033 1435 168 004 034 136 445 401 0611 035 9858
156 flm 73.0 031 139% 171 0058 046 137 474 391 008 - 99.73
158 flm 726 032 1404 179 005 056 150 481 389 006 - 100.17
181 rim 732 029 1400 166 005 043 132 469 390 005 99.56
162 tim 727 031 1403 176 005 05t 146 479 390 008 - 99.86
444 rlm 732 031 1414 164 005 042 129 446 39 010 076 98.50C
446 rim 732 032 1410 164 005 040 134 460 391 008 027 8954
450 rim 73.0 032 1409 167 005 041 138 457 398 008 034 9882
197 rn 740 026 1409 121 008 023 079 478 444 008 035 9899
200 rin 734 026 1460 119 008 022 080 483 409 005 038 9958
205 rin 739 026 1418 1168 008 02t 081 476 412 006 130 9833
224 pum rtn 738 026 1412 118 008 023 085 488 490 006 08B0 9874
384 fls 724 027 1525 158 006 (036 149 498 307 009 058 9928
202 rnf 749 028 1418 112 001 034 090 311 488 005 279 96586
501 ng 735 028 1441 115 008 022 092 488 405 008 122 9842
236 mp 744 021 1400 099 007 020 066 479 422 005 022 9892
248 rsl 751 018 1369 085 007 016 054 463 436 005 133 9752
209 tdac 717 039 1480 188 008 051 146 471 3988 009 024 9860
213 rdac 716 041 1475 1985 008 054 449 468 396 010 030 9928
196 rdam 697 045 1545 254 008 078 220 447 382 015 208 9736
309 rdam 725 032 1441 171 006 046 150 432 418 010 165 9786
400 rdam 719 035 1480 181 006 056 158 430 409 013 220 9710
204 rdap 688 066 1807 270 011 085 208 541 267 018 453 9436
151 rdch 689 047 15867 294 007 072 244 484 339 013 - 98.98
1 rdcd 694 044 1541 258 007 097 233 4869 357 014 045 9887
215 rded 706 041 1513 225 008 0865 197 464 379 012 031 9938
216 rdcd 694 047 1559 253 008 076 222 4983 341 017 048 99.00
(W dome)
402 rded 697 (045 1531 252 008 084 225 466 360 019 058 9814
392 rded(i) 536 122 1810 857 014 469 821 372 087 034 035 9855
402i rded (i) 564 124 1759 791 014 338 673 422 156 043 134 97.77
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Appendix 2. continued.

LdM-# Unit  8I0, TiO, AID, FeO* MnO MgO CaO Na,0 K,0 PO, LOI Original
Label totai
3 rdcn 69.1 053 1543 27t 008 092 238 502 329 016 031 10007
187 rdcn 68.2 059 1584 298 010 096 260 495 318 02t 040 9934
3729 rdcn 68.7 055 1568 282 010 091 240 494 327 019 058 9849
438 rdcp 71.0 038 1508 231 006 057 193 452 370 008 028 99.01
68 rder 710 037 1508 184 008 052 136 533 39 0.08 99.91
110 rder 70.6 03¢ 1489 235 008 067 182 468 404 009 99.568
226 rdct 68.6 059 16563 282 009 086 250 479 344 023 046 9880
227 rdct 67.1 066 1614 335 010 116 295 470 321 020 146 97.50
335 rdct 87.9 062 1584 297 010 106 271 486 326 023 123 9816
2 rddm 706 044 1484 229 007 076 208 464 368 013 070 uBG7
188 eddfm 716 043 1467 198 008 058 1.7t 455 384 012 160 9776
189 rddm 71.2 045 1487 208 008 060 182 458 376 012 038 98913
334 rddp 70.8 041 1570 160 005 027 102 577 38t 013 038 9859
232 rdep-8  68.7 058 1583 271 009 087 238 472 350 018 1656 9752
234 rdep-M 67.9 063 1578 308 009 106 275 482 332 020 084 9848
389 rdep-N 68.7 063 1578 247 009 098 258 483 330 021 076 9873
152 rdes 69.7 047 1548 248 008 078 213 491 342 014 065 9844
82 rdet 696 046 1585 235 009 056 174 545 343 OMN 98.15
87 rdet 70.0 043 1555 222 610 054 165 550 355 010 99.48
89 rdez 8.9 047 1583 245 006 050 171 454 407 009 98,23
10 rdla 68.9 049 1585 271 Q08 078 241 504 318 014 9910
11 rdla 64.3 067 1626 438 009 200 421 472 278 018 125 9801
39 rdia 689 051 1573 275 008 082 230 517 326 014 0468 9880
333 rdla 67.3 057 1588 340 009 132 310 472 309 018 115 ©98.16
280 rdne 68.7 054 1548 295 0.08¢ 112 268 450 336 017 177 9759
290i rdne(l) 53.7 1.19 18.61% 843 0145 413 800 377 128 035 135 9761
273 rdno 69.1 053 1530 282 008 101 25 461 338 018 187 9698
275 rdno 699 049 1528 245 008 083 222 467 354 018 0.13 9851
217 rdnp 683 054 1582 290 010 095 261 489 326 020 114 9824
220 rdnp 690 050 1568 2862 010 084 237 498 334 017 083 9844
4 rdop 71.3 041 14.81 183 067 071 170 474 376 0.1 065 9883
63 rdop 716 042 1472 198 008 058 173 457 383 012 041 9882
64 rdop 7186 043 1475 202 008 057 172 451 381 012 144 97.83
1014 rdph 70.4 03¢ 1488 232 008 088 182 491 402 0.10 99.57
116 rdph 70.4 041 1502 235 007 068 181 469 409 OH 0.3¢ 98.80
1856 rdsp 70.6 043 1513 224 009 065 182 488 355 010 020 9940
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Appendix 2. continued,

LdM-# Unit  Si0, TiO, ALO, FeQ* MnO MgQ Ca0 Na,0 KO PO, LOI Original

Label total
192 pum rdsp 701 044 1590 211 009 056 188 487 350 013 308 9646
123 rdve 703 046 1488 243 007 064 173 481 412 008 - 99,27
124 rdvc 71.2 038 1508 198 003 045 145 470 428 008 - 99.43
103 dab 651 064 1668 381 010 148 348 4589 308 018 - 99.21
104 dab 67.7 053 1573 334 008 1145 273 470 346 0.14 99.43
107 dab 645 078 1683 412 010 149 356 504 31t 023 99.71
108 dab 624 0.87 1692 498 011 201 450 475 275 027 - 99.13
491 dab 60.3 042 1579 270 007 098 260 438 322 015 229 9738
7 dece 655 060 1626 403 009 174 422 428 278 018 - 99.09
453 dee 649 064 1638 410 009 189 435 439 270 018 028 99.00
457 dee 634 067 1664 442 009 237 508 416 254 017 094 9862
319 der 651 086 1657 384 010 136 328 532 284 030 011 9905
3181 der{i) 530 113 1866 871 015 481 815 361 114 026 016 9915
345 det 632 098 1641 504 010 189 441 454 264 038 015 8828
374 det 655 066 1673 378 0142 124 319 528 295 022 040 99.09
375 det 639 071 1710 425 041 173 379 50t 274 026 065 9863
198 dIf 817 0983 1663 592 012 219 481 453 270 023 - 99.06
338-B dIf 651 063 1690 392 015 132 364 528 232 033 135 9824
357 dIf 830 112 16143 557 013 183 415 453 278 (038 244 9783
359 dIf 641 091 1651 502 016 135 363 468 297 032 086 98556
225 dip 643 085 1680 404 041 1563 383 503 278 030 - 99.28
229 dip 63.0 092 1695 453 012 182 430 498 260 035 - 99.29
235 dip 634 084 1692 448 0141 169 427 482 263 037 027 9889
343 dip 618 1.0t 1708 507 011 213 474 479 245 043 005 9955
344 dip 641 087 1686 416 011 161 38% 483 276 035 041 9927
383 dpr 628 096 17.06 467 01t 187 441 483 257 035 000 9982
261 dsm 66.0 078 1621 372 010 130 320 478 328 026 019 9891
180 dsp 656 059 1648 391 008 153 361 4142 350 019 141 9768
1156 dva 657 059 1663 365 008 136 338 439 367 0186 079 9824
38 aab 59.3 0.83 1763 691 012 293 631 437 199 021 008 9942
164 aab 560 1.05 1780 750 013 493 750 388 142 037 99.41
420 aab 614 G881 1741 533 012 242 520 451 223 021 055 9859
193 aam 57.9 1.00 1692 679 012 380 746 360 183 020 <001 9948
194 aam 588 117 1690 683 013 285 612 435 205 039 - 98.95
223 aan 570 111 1756 689 012 363 733 388 168 039 037 9869
346 aan 9.3 103 17.06 623 01 311 630 4086 203 041 065 9895 |
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Appendix 2. continued.

@

LdM-# Unit §i0, TIO, ALO, FeO* MnO MgO Ca0 Na,0 KO PO, LOI Original

Label total
268 acc 622 078 1723 524 012 236 496 4068 242 022 99.55
214 acn 571 124 1697 781 013 333 647 422 181t 040 - 98.18
393 acn 575 117 1785 669 (013 305 661 441 175 046 003 9945
394 acn 577 118 1786 660 013 301 646 438 183 050 074 9858
401 acn 575 147 1788 670 013 3.06 663 438 174 044 020 9954
380 acp 59.0 091 17.79 647 0144 312 685 334 177 019 455 9505
381 acp 596 090 1765 620 012 288 641 345 224 018 250 97.23
379 acr 81t 098 1747 523 01t 231 512 460 233 035 010 9943
181 acs 54.1 1567 1680 981 047 378 728 414t 167 033 - 99.18
219 acs 532 136 1767 1020 02 389 774 398 110 025 08656 9866
316 acs 56.2 095 1868 747 018 327 678 419 152 031 (66 9853
317 acs 611 062 1824 526 008 204 532 453 185 044 135 9823
143 aeb 616 104 1679 568 010 197 481 435 311 033 079 9846
157 aeb 534 080 1759 595 011 329 653 368 213 015 038 9850
9 alc 506 1147 1670 698 014 237 548 479 204 034 - 98.92
426 alc 583 119 1699 7.02 013 242 651 473 200 034 014 9933
461 ale 592 1147 1684 700 014 255 557 466 205 038 074 98.81
5 alm 618 097 1670 539 010 234 491 441 262 031 068 9841
37 alm 612 103 1876 5665 011 235 504 467 245 035 027 8927
399 alp 807 1.03 1727 554 011 236 543 446 241 034 030 9780
386 als 596 108 1740 591 011 280 566 447 214 044 039 §9.22
56 alz 622 085 1716 547 020 141 494 438 260 031 081 8842
255 alz 577 104 1719 781 019 293 B70 392 182 027 165 9732
419 alz 585 107 1738 669 010 231 580 424 223 026 154 8829
184 ams 619 113 1688 537 012 163 439 482 288 045 019 9909
191 ams 629 110 1647 514 012 156 395 489 308 044 021t 9920
263 ams 622 116 1882 530 011 1567 422 484 296 045 055 9828
314 ams 625 117 1657 583 012 147 402 480 279 050 082 9832
315 ams 628 116 1641 823 043 182 386 494 300 048 031 9875
318 ams 610 128 1671 604 012 192 457 486 256 058 068 9851
403 anc 594 106 1730 605 011 282 619 420 205 037 028 9880
430 ans 620 081 1703 527 011 244 484 454 231 022 018 9953
238 apg 623 0.87 1695 523 015 183 428 516 244 040 99.33
244 apg 594 (085 1816 638 011 205 530 463 242 031 - 99.39
256 apg 549 141 1783 821 0146 332 846 373 1567 030 285 9610
221 apj 585 1.04 1820 581 013 275 647 436 189 038 99.31

BOLETIN 63, Hildreth28-4-10.indd 124

®

28-04-201¢ 17:28:40

@



@

Appendix 2. continued,

@

125

LdM-#  Unit SiO, TiO, AL,0, Fe0* MnO MgO Ca0 Na,0 K,0 PO, LOI Original
Label : total
222 apj 58.8 097 1809 575 012 280 645 433 192 0356 071 9855
395 apj 58.1 101 1832 595 0142 289 677 420 183 040 102 9819
C84.5 apj 58.7 097 17.78 803 0O.H1 314 658 405 194 029 070 6859
117 apfi 57.9 090 1699 670 012 44% 652 366 198 028 056 9849
118 apfi 562 098 1736 726 012 490 716 366 1.7t 029 004 9807
353 apo 59.5 1.14 1690 646 0.1 2768 580 432 210 043 -005 9949
C84-6 apv 579 114 1785 6566 012 3.08 656 420 178 044 004 9932
340 am 61.9 088 1729 527 015 185 444 516 220 050 034 9915
341 aip 60.6 117 1685 633 013 227 494 472 2156 03¢ 079 9872
342 arp 61.9 087 1729 524 015 196 440 511 221 050 042 9817
111 ars 61.4 098 1692 537 O 226 487 498 238 034 - 99.37
372-A ars 59.6 095 1710 600 OH 32t 589 430 215 028 021 9918
372-B ars 59,3 097 17145 614 OH 332 603 422 209 029 004 9948
429 asb 60.4 082 17.21 571 0N 313 559 431 210 023 019 9860
399 asd 62.5 1.04 1666 529 0N 184 444 464 264 039 085 9876
262 asm 613 088 1674 579 0O 272 513 425 239 028 085 9815
186 asp 581 121 1629 765 015 281 577 445 194 023 - 98.23
34 ava 56.8 119 1798 759 015 248 714 41 189 (028 085 9859
55 ava 57.0 114 1786 759 0415 278 760 387 135 030 183 49157
55 ava 56.9 112 1788 756 015 275 758 406 1356 028 - 99.58
57 ava 64.0 1.00 1651 419 012 160 4147 442 321 038 1585 9774
170 ava 59.3 121 1696 669 014 238 565 428 238 033 117 9866
280 ava 5986 $.01 1685 683 014 270 591 403 216 028 136 98820
281 ava B7.1 043 1723 367 010 055 328 432 271 025 315 9649
297 ava 60.2 1.02 1690 620 034 273 598 382 232 028 179 9748
298 ava 603 098 1679 657 014 255 570 394 233 028 165 9729
300 ava 535 1.04 1743 8988 021 501 846 346 130 026 120 97.84
302 ava 605 .01 1684 645 015 24 550 398 246 029 t30 9706
303 ava 840 091 1694 451 010 140 388 498 255 036 055 9918
304 ava 646 079 1654 420 008 148 388 458 316 028 030 9948
305 ava 6832 085 659 458 012 198 467 435 265 030 162 8799
367 ava 641 095 1848 499 011 167 379 485 233 037 325 9547
411 ava 587 106 1702 747 0142 270 602 443 2056 033 062 9868
412 ava 56.6 115 1744 775 014 294 727 4.0t 197 635 164 9803
413 ava 621 096 17.01 560 011 175 489 404 284 023 240 9766
414 ava 594 089 1708 6982 016 253 6BM 343 285 028 310 6826
C84-3 ava 60.5 143 1624 672 014 231 518 480 252 036 019 9938
131 ave 5886 119 1680 753 015 258 563 4867 213 036 - 99.24
433 ave 61 0 099 1680 6.19 011 215 489 458 258 033 041 99.88
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Appendix 2. continued.

LdM-# Unit 8i0, TiO, ALO, Fe0O* MnO MgO Ca0 Na, 0 KO PO, LOI Original
Label total
423 avm 828 076 1878 517 0N 258 516 439 239 022 1256 9828
427 avm 606 075 1708 522 010 333 626 393 218 015 1.11 9843
382 avr 619 094 1715 4985 0N 223 482 465 246 037 014 99.02
72 avz 608 081 1728 523 oOoMN 290 536 442 250 019 - 98.82
74 avz 665 098 1759 672 012 395 730 428 193 022 - 99.39
75 avz 590 107 1701 693 013 276 598 438 212 0.25 - 99.24
a3 avz 539 087 1808 738 014 540 866 373 133 0.13 - 99.87
84 avz 534 140 1847 7169 013 485 860 386 129 021 - 99.56
83 avz 610 088 1760 518 010 226 6519 4864 25t 0.26 - 99.54
a0 avz 572 089 1795 657 013 3867 701 418 }.79 0.20 - 99.35
91 avz 540 108 1808 742 013 488 857 378 145 0.21 - 99.38
92 avz 574 105 1770 703 013 322 640 438 206 0.25 - 99.46
93 avz 590 094 1748 626 012 300 588 443 230 0.23 - 99.65
96 avz 573 100 1744 653 012 349 6989 447 190 033 - 98.57
98 avz 577 091 1721 676 012 426 654 381 184 030 - 99.59
100 avz 581 108 1692 688 014 273 580 451 217 025 - 98.96
113 avz 541 107 1853 796 014 416 784 387 167 021 - 98.13
130 avz 572 106 1746 7143 0192 403 648 397 182 031 067 9868
155 avz 584 092 1726 658 012 349 601 436 225 024 - 99.07
@) 163 avz 542 106 1855 764 013 443 808 358 165 024 034 9878
434 avz 564 102 1823 708 0142 369 693 385 193 023 094 9830
435 avz 524 113 1911 832 014 482 858 3861 127 022 -0056 9939
436 avz 847 1.07 1852 748 013 4256 795 374 152 028 051 9880
441 avz 548 1.07 1837 747 0143 427 788 386 153 026 -0.10 9961
442 avz B40 4106 1755 770 013 551 8389 362 144 0256 000 9920
443 avz 581 096 17680 649 0142 322 692 392 194 030 -0.01 9920
445 avz 536 117 1772 842 014 533 780 372 140 033 -0.13 9940
449 avz 562 101 1637 736 012 551t 708 362 201 035 010 9899
69 mas 538 1.07 1882 846 015 387 825 394 107 019 - 99.36
150 mch 535 111 1768 839 013 5655 785 381 121 033 - 98.75
490 mch 533 091 1718 608 011 347 638 3903 199 027 001 9946
239 mce 542 123 1B00 820 014 455 760 383 148 037 024 9906
240 mce h41 1148 1785 822 (0156 4146 174 422 156 036 - 99.35
241 mce 544 120 1800 804 0.4 446 763 388 148 036 <001 9905
76 moef 528 081t 1895 795 0.4 497 9256 349 108 0.6 - 99.33
T mef 552 108 1787 835 016 377 757 413 135 023 - 998,43
79 mci 588 095 1796 808 013 275 8626 441 203 023 - 99.32
322 mcf 581 112 1783 705 014 271 588 4584 174 043 (26 9895
228 mcp‘ 558 103 1793 726 0143 4145 765 36% 151 029 - 99.48
231 mcp 537 106 1828 785 014 491 832 382 119 033 - 99.60
233 mcp 555 100 1798 718 012 425 760 397 149 027 - 99.47
385 mep 535 123 1813 85t 014 445 824 393 120 030 -014 9980
388 mcp 557 1.03 1803 725 0.2 423 763 379 149 032 029 9924
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MnO

LdM#  Unit S0, TiO, ALO, FeO* MgO0 CaO0 Na® KO P, LOI Original

Label total
497 mer 542 1.26 17.26 878 015 456 742 367 1.92 040 015 99.27
498 mer 526 1.08 183 811 043 687 852 346 1.08 033 035 99.20
86 mes 508 1.01 1852 841 0.14 615 968 366 111 017 -  99.63
105 mes 675 096 17.28 691 012 422 656 383 192 032 - 9980
106 mes 582 095 17.31 652 042 375 646 398 200 033 - 9949
145 mes 663 101 17.68 7.15 013 480 7.90 392 144 024 - 9357
146 mes 493 103 1819 946 046 7.19 1004 325 080 015 - 9972
148 mes 550 110 1872 7.23 013 341 810 428 135 026 -  100.10
149 mes 581 090 1767 630 012 359 651 433 180 028 - 9972
153 mes 543 109 17.88 7.75 014 490 828 363 135 027 - 9955
154 mes 530 15t 18.02 819 014 477 836 387 149 028 99.36
159 mes 566 143 1866 7.20 013 307 773 427 144 027 - 9902
447 mes 544 103 1861 7.77 013 448 775 382 138 026 -0.15 99.71
448 mes 537 100 1848 812 013 513 779 366 130 026 000 9951
456 mes 648 110 19.04 7.23 012 356 826 397 127 028 059 9872
230 met 536 1.06 1828 7.90 014 498 836 376 118 033 - 9920
339 met 538 1.07 1823 787 014 498 831 355 118 030 028 9964
35 meb 530 1.07 1957 749 012 394 920 374 118 029 042 99.25
265 meb 549 147 17.71 814 014 410 768 406 145 030 - 99.19
270 meb 532 106 1968 741 013 374 898 395 119 027 -  99.34
406 meb 531 106 19.56 743 012 405 916 362 125 027 041 9952
407 meb 534 106 1965 7.29 0.13 387 B89 372 123 028 004 99.80
425 meb 539 114 1874 779 013 396 847 387 131 028 -010 9967
454 meb 530 108 19.45 7.60 0.12 435 893 365 114 031 023 9850
482 meb 536 112 1890 7.7t 013 405 864 379 130 032 -0.06 99.29
8 mic 534 105 1923 756 013 445 890 375 119 027 - 99.32
455 mle 594 119 1678 7.00 013 253 551 469 201 034 003 9913
25 mp 534 111 1840 817 013 460 876 387 147 030 <01 9962
387 mis 560 118 1805 747 013 356 7.45 415 154 038 047 97.78
336 mit 528 124 1844 870 0415 452 850 385 110 030 -0.05 9945
337 mit 543 122 17.89 835 0.4 419 791 389 130 032 -0.03 99.21
218 map 579 105 1720 700 013 349 635 434 183 028 - 6911
2188 mnp 603 090 1695 604 041 307 570 407 218 026 041 9873
391 map 576 107 17.34 716 013 352 642 429 176 030 -0.08 9758
282 mor 542 151 17.55 928 016 363 697 437 147 043 -020 99.07
283 mor 541 150 17.59 9.28 016 366 7.02 433 149 044 -0.05 98.41
510 mor 537 153 17.54 959 016 376 7.14 430 142 040 -0.25 99.36
506 mpc 581 093 1803 694 013 298 631 396 189 031 086 9852
508 mpc 540 101 1628 820 016 662 803 312 1.97 025 095 983t
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Appendix 2. continued.

®

l.dM-# Unit §i0, TiO, ALO, FeO* MnO Mg0 <CaD Na,0 KO0 PO, LOI Original
Label total
59 mpl 57.2 122 1749 B94 012 344 705 394 4181 041 005 9910
397 mpl 56.3 120 1774 698 0.12 3.74 744 386 170 043 009 9920
44 mpn 522 1149 1849 9156 014 430 8487 399 096 027 035 9913
175 mpn 53.2 101 1883 8.01 315 477 827 3.78 130 0.22 99.30
176 mpn 54.1 1.21 1770 891 015 402 797 408 122 026 - 99.02
326 mpn 534 114 1833 881 014 4.23 B.45 391 1142 029 -010 9961
327 mpn 529 100 1919 7989 014 479 842 378 110 027 -004 9978
488 maf 53.7 1.25 1786 843 014 475 8.09 375 116 036 087 9891
459 mrb 544 121 1753 7197 013 488 7.78 384 147 042 -006 9945
460 mrb 54.1 116 1820 798 0.13 4.23 851 381 138 029 145 9765
28 msm 537 1.34 1757 9.3% 0.17 398 7.94 408 124 028 <00t 98922
36 msm 556 117 17.75 808 0.13 354 742 4.11 166 028 055 98.78
65 msm 549 127 1784 859 0186 376 745 418 140 029 - 99.687
65 msm 549 120 1764 8.7t 0.16 376 743 3487 1398 030 019 9880
271 msm 553 149 17.77 825 (.14 383 7.38 415 148 030 - 99,31
274 msm 5t.8 1.12 1937 858 Q.16 464 913 381 097 022 - 99,23
201 msm 57.0 t1.04 1777 722 0.14 342 709 397 189 029 066 9856
292 msm 553 107 1824 773 Q.12 389 787 389 142 028 (.14 9932
{@ 306 msm 548 123 1797 839 0.14 3.7t 149 403 145 035 018 9943
408 msm 545 119 1834 834 0.3 396 7.59 388 136 035 (@67 9866
409 msm 564 127 17.32 8.1 0.16 342 6.81 427 153 036 -0.11 9963
458 msm 53.3 119 1838 841 0.14 4.32 851 389 112 G430 -014 89.22
177 msp 559 111 1718 856 (.16 362 720 394 158 0629 010 99.12
178 msp 558 110 1715 851 0.17 362 726 391 176 0.23 - 99.08
179 msp 540 106 1880 825 Q.14 427 749 404 128 026 <001 9960
3 msp 532 092 1788 901 017 494 9.1 318 107 018 001 9921
312 msp 550 1.04 1854 787 014 397 713 401 157 028 023 9896
325 msp 567 100 1812 7138 013 330 689 418 168 027 071 9849
40 mva 539 1.1 1826 830 014 427 8056 388 144 028 048 9873
42 mva 514 Q77 1509 810 014 1096 936 273 084 019 01868 9902
43 mva 543 100 1809 814 014 430 8.20 398 126 02t 044 9908
45 mva 548 111 1831 8068 014 380 7.18 429 157 030 057 9846
165 mva 56.1 131 1686 B87 0.16 3.32 881 416 70 029 035 9868
166 mva 548 136 1675 978 0.18 348 7.15 447 t36 0.26 - 99.55
492 mva 539 104 1884 BL8 014 439 7.51 383 136 028 £72 9835
80 mvb 53.4 097 1883 781 014 481 884 342 122 015 - 99.50
81 mvb 56.2 093 1825 739 013 397 682 394 175 023 - 99.71
328 mvh 551 099 1858 778 0.14 410 7.23 390 149 024 041 9827
211 mvce 546 104 1693 812 0186 509 849 367 128 017 - 99.40
354 mvc 56.1 1.00 1672 7.71 0.14 460 805 361 148 021 -019 9982
355 mvc 535 t.12 1857 825 Q.14 469 175 390 142 032 030 9933
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Appendix 2, continued.
LdM-# Unit  Si0, TiO, ALO, FeO* MnO MgO Ca0 Na0 K0 PO, LOI Original
Label totai
237 mvm 540 106 1796 880 016 451 7.72 356 157 027 040 9871
242 mym 53.1 1.20 19.04 857 015 365 866 378 118 028 031 9887
243 mvm 503 1.03 1845 945 0146 677 0949 306 071 022 160 9771
277 mvm 538 1.08 1772 877 (016 440 844 354 141 028 066 9875
278 mvm 547 116 1792 867 015 414 723 384 152 03¢ 032 0885
369 mvm 541 1143 1776 872 016 448 775 377 138 030 119 9821
95 mvi 550 117 17475 801 014 419 768 394 142 033 - 99.50
109 mvii 513 123 1781 884 $15 626 898 3541 118 028 - 99.17
114 mvii 532 093 1985 719 013 379 947 374 115 019 - 99.53
i22 muii 570 093 717 697 012 477 679 369 183 029 <00t 9918
132 mvi 548 100 1742 763 013 562 750 370 148 0.29 - 99.53
112 mvp 57.3 083 1728 668 (.12 414 7.0% 396 1.8 028 - 99.2¢
112 mvp 5756 096 1723 664 01 424 699 377 184 032 <001 9943
120 mvp 550 106 1781 777 013 474 743 384 151 028 <001 9901
121 mvp 551 100 1799 767 013 477 761 374 135 025 <001 99.08
125 mvp 548 114 175% 828 0.14 402 816 398 128 024 033 9855
126 mvp 52.7 122 1813 828 (014 564 825 377 118 031 <001 9945
127 mvp 568 105 1816 724 (013 303 713 428 15t 024 008 9976
128 mvp 549 107 17.78 8.01 013 493 716 388 144 027 -0.21 9998
129 mvp 594 1.17 1688 6.87 013 249 551 473 200 034 -018 8937
134 mvp 56.8 097 1800 692 013 379 7.24 385 170 024 0861 9848
137 mvp 53.0 t.14 1820 815 04 567 815 375 117 029 - 99.29
139 mvp 588 1.17 17.06 7.06 013 256 58% 487 190 035 <001 9925
140 mvp 531 1.3 1803 828 044 569 B.04 384 111 029 - 69.35
160 mvp 553 082 1756 718 013 541 B8.07 349 152 Q.12 - 99230
432 mvp 586 076 17.17 6.1 0.4t 435 675 357 201 018 016 99.01
437 mvp 582 098 1767 650 012 316 8.57 4056 202 028 001 0932
439 mvp 57.3 109 1763 7.23 (013 346 651 426 172 030 -026 9958
440 mvp 584 105 1752 699 012 270 642 443 172 029 011 9913
33 bbe 520 121 1868 871 014 5056 855 383 107 033 011 9916
294 bbe 527 120 1832 867 014 519 816 377 113 035 -005 9897
502 bbe 523 118 1824 880 015 552 837 368 105 031 -008 9905
320 bef 524 105 1940 789 013 487 909 344 106 028 -015 9942
321 bef 521 1.02 1960 793 013 508 9N 345 105 031 000 9952
324 bef 511 101 1834 868 015 565863 908 355 080 025 -0.13 9963
16 bec 514 1.06 1836 915 014 572 908 358 080 024 <001 9983
404 bec 525 116 1863 837 013 377 912 365 t.04 031 019 99.30
405 bac 522 107 1842 8832 014 535 875 352 102 031 086 9868
3986C bec 529 147 1820 908 014 456 856 363 109 027 024 98490
396E bec 528 127 1848 945 (015 444 794 375 108 026 171 9728
371 bhe 506 100 1659 958 014 1030 788 302 083 026 -0.07 9925
377 bhe 513 105 1988 795 012 505 10.07 313 087 021 012 89585
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Appendix 2. continued.

&

Ldm-# Unit $i0, TIO, ALO, FeO* MnO MgO CaQl Na0O KO PO, LOI Original
Label total
Quaternary Ignimbrites
288 ighe 689 078 1591 285 612 048 181 523 333 020 145 9752
30 igch 662 063 1649 333 010 10t 304 528 346 018 146 97.84
31 igeh 68.3 057 1594 279 008 080 217 484 39 016 218 9685
32 igch 714 043 1464 177 008 052 118 387 557 009 328 959
51 igeh? 67.1 077 1851 157 006 027 242 513 349 024 189 97.93
B3A igeh 7001 055 1826 192 003 031 1386 475 4147 009 131 9740
54 igch 71.8 047 15614 147 003 027 089 451 484 009 076 9866
284 igch 722 039 1477 17¢ 009 037 080 506 397 009 048 98.51
C84-2 igch 706 051 1687 206 002 054 139 4145 433 011 232 9662
428A igee 742 023 1388 1156 007 024 085 38 508 007 391 9541
4288 igee 744 023 1376 112 007 020 081 414 476 007 393 9493
428C igee 740 025 1391t 120 007 024 090 443 450 009 080 9830
485 igeg 748 018 1375 118 008 085 078 360 430 005 506 9456
486 igeg 755 047 1327 103 008 039 069 385 444 005 386 89557
509B igeb 616 143 1669 554 013 138 428 539 255 068 124 9799
15 igsp 702 049 1527 231 004 036 148 50t 439 008 060 9851
17 igsp 68.1 058 1717 235 008 055 139 452 472 010 527 9398
18 igsp 66.0 083 1636 395 010 113 327 480 310 022 050 9864
26 igsp 643 069 1689 443 012 156 381 485 272 023 144 97.89
41 igsp 648 067 1682 427 0N 138 353 490 284 022 051 9892
46 igsp 646 066 1674 426 0.2 146 380 497 272 023 115 9815
46A igsp 667 061 1662 376 010 128 338 481t 3.08 022 211 97.1%
47 igsp 679 058 1602 283 007 088 243 469 398 01t 265 9634
182 igsp 674 078 1584 358 010 075 228 478 410 023 030 9936
284A igsp 676 079 1583 357 008 087 207 486 389 022 079 9812
264B igsp 675 078 1671 350 0130 070 228 479 403 021 060 9829
288 igsp 699 052 1563 253 003 028 138 469 449 010 086 9812
310 igsp 67.3 0.80 1574 364 011 080 237 503 348 024 056 9845
524 igsp 677 060 1680 ‘341 004 059 229 397 418 017 218 97.22
The following are in approximate order of age
13 QTad 659 070 1691 372 004 087 309 484 32 030 160 9815
173 QTad 545 138 1726 934 018 309 775 401 173 0386 124 9811
332 QTad 599 089 1712 616 012 289 577 421 218 025 061 9826
503 QTad 584 102 1746 718 012 294 626 371 227 026 080 9823
515 QTad 550 107 1729 753 014 512 7862 355 196 029 046 98866
78 Tref 748 024 1342 127 005 024 088 413 459 003 - 100.08
323 Tref 748 026 1371 107 002 009 085 408 464 006 048 9898
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Appendix 2. continued.

K2

13

LdM-# Unit 8i0, TiO, ALO, FeD* MnO MgC Ca0 Na,0 K0 PO, LOI Original

Label total
12 Trea 769 047 1261 027 002 013 046 314 586 005 056 9872
23 Trea 764 017 13.02 085 002 023 055 355 473 005 140 9788
27 Trea 722 021 1552 151 009 024 105 540 322 015 099 98147
168 Trea 753 020 1346 105 006 012 066 446 422 005 031 9918
269 Trea 757 020 1336 08 002 022 056 333 518 005 166 9763
330 Trea 77.2 016 1268 068 002 008 05t 341t 486 004 060 9863
331-¢c Trea 764 019 1322 048 001 010 080 386 472 004 044 9880
431 Tiga 760 019 1341 127 007 050 087 148 568 008 272 9653
525 Tiga 747 023 1421 170 005 Q075 1.1 282 392 013 394 9535
526 Tiga 762 016 1312 088 004 013 052 330 519 008 101 9792
347 Tdcl 524 1,10 1887 859 014 487 847 362 123 028 084 9841
245 Tv 57.2 122 1798 694 014 246 648 433 245 037 - 99.01
246 Tv 605 083 1781 595 012 228 508 440 233 031 065 9845
250 Tv 547 125 1776 823 014 368 771 390 189 031 - 99.47
487 Tv 525 116 1826 907 (0156 462 919 346 093 027 185 7.1
496 Tv 59.0 100 1731 723 013 263 589 391 223 028 127 97.77
C91-8 Tv 641 083 1715 554 022 035 451 422 247 036 272 9843
22 Tigh 707 054 1530 249 003 021 1865 387 485 011 104 98.28
24 Tigh 681 058 1650 277 002 041 257 442 406 013 167 97.78
308 Tigh 675 081 1664 353 003 0356 222 443 381t 024 233 97.32
483 Tigh 703 045 1580 210 006 069 164 418 424 011 516 9366
484 Tigh 704 039 1528 272 008 039 118 471 439 008 140 98H
528A Tigh 698 053 1529 258 007 042 224 388 468 0144 181 97.04
531 Tigh 679 061 1568 342 o1t 087 186 407 487 018 118 9782
480 Kgi 581 066 1851 5675 (012 383 595 575 064 023 1456 9708
481 Kgt 691 058 1538 2968 007 (77 210 437 408 017 125 9743
511 Kgi 636 051 1727 479 008 185 531 412 185 019 089 0835
512 Kgt 549 084 1862 780 0.7 382 836 366 116 024 066 98.27

All data in weight percent. Determinations in U.S. Geological Survey laboratery at Lakewood, Cotorado, supervised by
J.E. Taggart. Methods and precision discussed by Taggart ef al. {1987). LOI= weight loss on ignition at 9000 C. Fe0*=
total iron calculated as FeO {as analyzed). values are mutiplied by 1.03 to better approximate added weight of unanaiyzed
Fe,O, {in order not to exaggerate SiO, content}. All values normalized to volatile-free total of 89.6% (leaving 0.4% for trace
oxides and halogens). Data are ordered numerically within map units, which are ordered alphabetically within compositio-
nal groups-- in sequence rhyolite {r), rhyodacite {rd), dacite {d), andesile (a), mafic andesite (m}, basalt {b), ignimbrites

{ig), followed by miscellaneous pre-Quaternary unils,
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APPENDIX 3B. TRACE ELEMENTS BY XRF.

Part B. WDXRF analyses at U.S. Geclogical Survey laboratories.

LdM-#  Unit Rb Sr Ba Y Zr Nb Cr Ni Cu Zn
L.abel

37 alm 80 480 500 20 200 10 < 20 <10 10 70
42 mva 14 640 210 13 65 <10 640 192 43 69
45 mva 38 590 415 22 138 <10 <20 13 50 81
48 FCn 196 70 670 27 140 16 <10 <10 < 10 26
49 rcn 220 55 610 26 120 i7 <10 <10 <10 18
50 ren 182 75 740 27 160 15 < 10 <10 <10 22
51 igeb? 128 350 820 46 335 i5 <10 <10 10 42
52 rcn 315 25 66 3z 114 21 <10 <10 <10 "
83A igch 154 210 750 43 330 12 <20 <10 <30 47
54 igch 182 138 820 44 320 16 < 10 <10 < 10 80
55 ava 58 550 480 33 164 10 26 12 43 70
56 ava 92 405 B00 38 205 12 < 10 <10 26 65
57 ava 110 350 890 41 260 15 <10 < 10 14 13
58 rca 210 58 680 34 190 19 <10 <10 <10 38
59 mpl 682 620 540 28 205 14 39 19 32 79
60 rie 186 72 660 28 136 i6 < 10 <10 <19 34
61 rep 174 170 670 27 188 16 <10 <10 <10 33
62 rep 174 166 680 26 188 14 <10 <10 <10 38
63 rdop 156 235 700 27 220 15 <10 <10 <10 44
64 rdop 156 230 690 27 218 15 <10 <10 <10 42
65 msm 43 560 400 3 142 10 16 15 22 76
112 mvp 60 580 - 18 174 <10

115 dva 150 340 570 26 270 10 <20 <10 12 50
116 rdpA 152 200 630 20 285 <10 <20 <10 <10 52
119 rez 150 180 6860 18 194 10 <20 <10 <10 38
120 myp 45 530 425 22 158 < 10 63 39 53 75
121 mvp 40 570 370 20 124 <10 66 36 50 85
127 myp 40 541 373 15 145 - - - -
128 mvp 40 555 376 13 133 - - - - -
129 mvp 53 485 448 18 188 - - - - -
130 avz 57 540 440 20 184 <10 49 30 36 70
134 mvp 50 600 - 24 148 <10 - - - -
139 mvp 60 520 - 26 180 <10 - - - -
143 aeb 100 405 570 31 295 10 <20 <10 35 69
152 rdes 126 270 650 19 255 <10 <20 <10 <10 49
157 aeb 68 480 415 20 156 <10 36 i5 35 52
163 avz 42 690 360 17 140 <10 32 21 68 70
165 mva 40 485 415 27 140 <10 <20 <10 19 92
168 Trea 156 68 650 16 140 <10 < 20 <10 <10 31
169 rle 176 62 870 19 126 13 <20 <10 <10 33
170 ava 68 408 540 28 188 <10 < 20 <10 42 83
173 Qtad 44 500 440 30 176 <10 <20 <1¢ 35 80
179 msp 30 590 390 20 124 <10 <20 13 44 Ly
182 igsp 126 240 860 39 285 15 <20 <10 <10 68
184 ams 93 405 710 34 240 <10 <20 <10 <10 58
185 rdsp 132 230 710 19 230 12 <20 <10 <10 50
187 rden 114 3G0 670 21 230 11 <20 <10 <10 62
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Appendix 3, Part B, continued.

137

LdM-#  Unit Rb sr Ba Y zr Nb  Cr Ni Cu Zn
Label
188 rddm 148 215 700 19 200 12 <20 <10 <10 40
189 rddm 142 225 730 22 205 1 <20 <10 <10 42
191 ams 100 360 740 40 285 10 <20 <10 <10 73
192 rdsp 124 265 710 22 250 12 <20 <10 <10 56
193 aam 83 460 395 21 120 <10 56 13 40 52
195 ram 162 140 700 21 176 12 <20 <10 <10 33
196  rdam 138 240 720 20 256 12 <20 <10 <10 43
197 rn 152 104 760 22 198 12 <20 <10 <10 43
199 rap 178 68 670 21 132 14 <20 <10 <10 35
200 rn 156 106 740 22 188 12 <20 <16 <10 42
205 rin 154 108 730 20 186 12 <20 <16 <10 41
208 rob 160 92 750 22 176 1 <20 <10 <10 42
208 rcb 156 93 750 23 182 14 <20 <10 <10 43
208 rdac 160 184 810 20 260 12 <20 <10 <10 43
210 rcb 156 94 750 23 178 13 <20 <10 <10 44
212 ras 170 128 760 22 200 12 <20 <10 <10 38
213 rdac 156 188 820 21 270 12 <20 <10 <10 44
215 rdcd 148 230 760 21 270 10 <20 <10 <10 43
216 rded 122 280 730 20 260 1 <20 <10 <10 56
217 cdnp 120 315 700 22 250 11 <20 <10 <10 56
2188 mnp 75 450 475 20 176 <10 <20 12 36 66
219 acs % 530 370 21 104 <10 22 11 16 74
220 rdnp 124 300 720 20 260 10 <20 <10 <10 53
222 apj 63 550 - 20 186 <10 - - - -
223 aan 52 610 530 21 194 11 50 16 49 75
224 dn 154 110 750 23 118 14 <20 <10 <10 44
226 rdet 124 300 750 23 235 1 <20 <10 <10 52
227 rdet 110 325 710 23 225 12 <20 <10 <10 48
232 rdep 120 205 730 22 235 12 <20 <10 <10 47
234 cdep 18 325 720 23 225 10 <20 <10 <10 52
235 dip 90 475 680 23 225 <10 <20 <10 <10 74
236 mpp 168 87 720 24 166 13 <20 <10 <10 33
237 mvm 42 490 385 23 126 <10 26 26 42 87
239 mec 35 570 415 21 188 10 82 30 27 73
241 mee 40 580 425 26 182 <10 75 31 23 90
242 mvm 20 560 360 27 124 <10 25 13 36 76
243 mvm 13 520 230 20 87 <10 43 46 52 73
246 Tv 64 550 590 25 205 <10 <20 <10 14 70
2478 rel 168 120 710 23 200 14 <20 <10 <10 50
248 sl 182 60 680 24 132 13 <20 <10 <0 45
249A  rod 166 90 690 21 188 13 <20 <10 <10 46
253 rcl 162 116 700 23 200 14 <20 <10 <10 47
254A 1ol 164 120 730 22 200 12 <20 <10 <10 50
256 apg 42 480 405 23 136 <10 41 22 45 72
257 fle 178 65 640 20 128 12 <20 <10 <10 36
261  dsm 126 375 710 25 260 11 <20 <10 <10 46
262 asm 85 430 520 20 190 <10 <20 <10 29 74
263 ams 100 400 710 40 250 <10 <20 <10 10 81
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Appendix 3, Part B. continued.

®

LdM-#  Unit Rb Sr Ba Y Zr Nb Cr
Labe

264A  igsp 126 235 840 41 290 14 <20
2648 igsp 122 240 780 a7 285 1 <20
266 igsp 148 156 690 38 365 13 <20
269 Trea 230 69 640 20 154 13 <20
272 de 190 70 650 24 130 12 <20
273 rdno 126 290 640 20 210 10 <20
a7t bhe 20 550 283 15 106 . -
372.A  ars 72 491 567 26 279 " .
3728 ars 76 560 574 14 285 13 .
374 det 73 327 892 25 350 . .
377 bhe 27 655 263 13 104 . .
379 acr 75 513 593 17 213 13 .
380  acp 49 465 519 25 157 - -
a1 acp 59 382 500 26 158 10 -
383 dpr 87 473 653 22 231 10 -
.4 s 83 263 773 16 174 10 -
87 mis 52 564 414 23 160 15 -
390 mep 82 491 601 19 226 11 -
391 mnp 57 516 417 22 167 - -
398 asd 90 441 634 23 260 12

401 acn 59 580 472 20 183 - -
403 anc 70 542 538 19 217 1

406 meb 38 661 347 15 134 .

407  meb 31 655 353 16 133 . -
413 ava 83 362 546 30 200 12

417 gl 153 110 694 20 197 12 .
419 ava 68 447 505 6 181 . .
420 aab 56 439 520 22 180 . .
422 de 201 54 558 21 90 11 .
423 avm 81 417 476 14 175 ; .
425 meb 39 828 372 15 141 ; -
426 alkc 58 491 469 21 188 1 .
427 avm 78 462 414 144 - .
428 asb 68 448 463 17 181 - .
430 ans 62 417 504 20 189 . .
433 ave 81 437 525 28 249 10 -
434 avz 82 595 359 16 170 .
435  avz 36 743 300 15 121 - -
437 mwo 83 483 439 18 185 -
438 rdep 131 219 626 18 222 - -
439 mwp 45 526 403 21 170 14 -

Cu

<10
<10
<10
<10
<10
<10

Alt abundances in ppm. Determinations in U.S. Geological Survey faboratories at Menlo Park, California, and Reston,

Virginia; principal analyst 8.-8. L. King. Methods and precision discussed in Taggart ef al. {1987).
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APPENDIX 3C. TRACE ELEMENTS BY XRF.

Part C. EDXRF analyses at U.S. Geological Survey, Menio Park, California.

139

LdM-# Unit Rb Sr Ba Y Zr Nb
Label
1 rded 136 269 704 24 260 12
2 rddm 143 250 678 23 208 1
5 rden 122 273 655 29 223 10
4 rdap 145 224 679 22 201 11
5 alm 87 454 591 22 189 6
6 il 179 70 661 22 126 9
11 rdla 76 356 526 19 193 5
12 Trea 251 52 574 18 136 8
15 igsp 130 154 723 33 345 8
16 bec 18 549 269 18 113 4
18 igsp 105 314 734 33 240 9
22 Tigh 171 182 693 27 297 11
23 Trea 183 59 565 20 140 B
24 Tigh 147 263 674 a2 az7 12
25 mip 30 564 319 19 134 3
26 igsp 78 401 718 31 229 g
27 Trea 99 184 730 21 220 10
28 msm 41 555 316 24 128 4
0 igch 11 204 747 33 277 8
3 igch 130 229 752 37 285 10
& 32 igeo 185 119 694 34 274 12
33 bbe 30 599 300 20 138 3
34 ava 58 489 450 30 158 8
35 meb 28 646 342 15 141 7
6 msm 42 544 388 18 148 5
38 aab 59 501 458 24 167 5
39 rdla 95 280 642 18 207 8
40 mva 36 573 363 19 126 5
41 igsp 103 349 580 28 237 9
43 mva 21 567 289 19 99 2
44 mpn 19 578 323 20 119 3
46 igsp 89 361 675 26 231 6
48A igsp 106 329 640 26 242 9
47 igsp 122 230 687 29 300 8
8 apfi 59 541 433 17 164 -
127 mvp 40 541 373 15 145 -
128 mvp 40 565 378 13 133 .
129 mvp 53 485 448 18 188 .
147 flm 131 149 668 12 203 -
180 dsp 92 327 . ; 194 -
202 nf 179 123 805 19 108 11
204 rdap 75 211 818 40 218 10
258 gr erratic 217 123 625 29 229 -
275 rdno 125 269 704 19 205 +
283 mor 36 552 - 174 -
290i rdne {i} 38 587 y . 138 y
307 e 192 52 538 19 87 14
314 acs 80 407 . 253 -
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Appendix 3, Part C. continued,

@

Ldm-# Unit Rb Sr Ba Y Zr Nb
Label

315 ams 81 360 - - 2486 -
329 rdon 113 281 - - 224 -
334 rddp 123 161 - - 357 -
342 arp 64 482 - - 173

367 ava 75 368 - - 222 -
371 bhg 20 550 283 i5 106 -
372-A ars 72 491 587 26 279 al
3728 ars 76 500 574 14 265 13
374 det 73 327 892 25 350 -
375 det 71 325 837 22 336 12
377 bhc 27 855 263 13 104 -
379 acr 75 513 593 17 213 13
380 acp 49 465 519 25 167 -
381 acp 59 392 500 26 158 10
382 avr 83 476 608 186 219 10
383 dpr 87 473 653 22 231 10
384 fis 83 2683 773 16 174 16
385 mep 34 578 316 18 145 -
3886 als 74 525 545 19 192 -
387 mis 52 564 414 23 160 15
388 mep 48 563 428 15 147 -
389 rdep 113 318 Iall 22 235 12
390 alp 82 491 601 19 226 £k
391 mnp 57 516 417 22 167 -
392 rded (i} 23 610 307 16 115 -
393 acn 57 557 455 16 174 -
394 acn 59 554 487 20 174 7
395 apj 57 562 477 20 173 9
396C bec 30 535 313 17 109 -
396E bec 28 513 318 18 121 -
397 mpl 51 651 486 19 194 13
398 fam 166 143 896 17 175 10
364 asd 90 441 634 23 250 12
400 rdam 158 188 750 18 242 9
401 acn 59 580 472 20 183 -
402 rdcd 135 248 712 20 259 7
402i réed (i) 42 565 394 18 141 10
403 anc 70 542 538 19 217 1
404 bec 32 605 304 15 112 7
405 bec 29 553 290 13 111 10
408 meb 38 661 347 15 134

407 meb 31 655 353 16 133 -
408 msm 37 568 415 20 146 9
409 msm 43 527 424 20 129 5
411 ava 65 425 503 27 172 6
412 ava 55 444 715 23 147 9
413 ava 83 362 546 30 200 12
414 ava 84 399 483 31 186 11
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Appendix 3, Part C. continued.

141

LdM-# Unit Rb Sr Ba Y Zr Nb
Label

415 rca 187 44 661 30 168 13
417 ek pum 153 110 894 20 197 12
419 ava 68 417 505 36 18%

420 aab 56 439 520 22 180 -
422 rle pum 201 54 558 21 g0 *
423 avm 81 417 476 i4 175

425 meb 39 629 372 15 141 -
426 alc 68 481 469 21 188 "
427 avm 78 462 414 <10 {9} 144 -
428A igce 174 95 690 21 175 "
4288 igce 155 80 698 17 161 8
428C igcc 162 100 755 16 191 1"
429 asb 68 448 463 17 181

430 ans 62 417 504 20 189 -
431 Tiga 103 116 612 16 111 11
432 mvp 65 440 354 15 145 8
433 ave? 81 437 525 28 249 10
434 avz 62 595 359 16 170 -
435 avz 36 743 300 16 121 -
436 avz 45 689 330 16 139 3
437 mvp 63 483 439 18 185 -
438 rdcp 131 219 626 18 222 -
438 mvp 45 528 403 21 170 11
440 mvp 46 509 402 20 145 10
441 avz 50 688 323 19 140 -
442 avz 43 722 351 17 127 6
443 avz 87 486 414 16 185 -
444 rm 137 49 671 13 208 7
445 avz 28 541 371 22 166 "
446 flm 128 152 654 17 208

447 mcs 38 576 341 18 138

448 mes 40 572 323 12 135 -
449 avz 63 463 407 21 198 8
450 rim 132 150 696 14 213 -
453 dece o7 396 525 10 180 10
454 meb 29 642 351 13 144 10
455 mic 62 498 497 286 190 -
456 mes 35 603 328 22 137 -
457 dece 89 408 494 18 136 -
458 msm 32 586 344 17 134 -
459 mrb 49 833 450 18 196 11
460 mreb 46 601 374 18 136 -
461 ale 57 488 458 27 193 -
462 meb 37 832 362 17 145 41
4380 Kai 25 485 157 i7 130 -
481 Kgi 131 207 717 29 287 12
483 Tigh 118 132 729 31 313 13
484 Tigh 136 134 804 38 342 10
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Appendix 3, Part C. continued.

@

LdM-# Unit Rb Sr Ba Y Zr Nb
Label
485 igeg 138 67 628 18 98 15
486 igcg 138 55 618 19 88 11
488 bagf 31 590 290 17 123 -
480 mch 61 536 498 H 154
491 dab 107 208 831 18 187
492 mva 36 801 357 14 122 -
497 mar 75 478 411 29 219
498 mecr 3t 649 363 13 142 -
500 rch 145 102 715 23 194 12
501 mng 142 124 752 15 212 -
502 bbc 24 568 321 18 121 -
503 Qtad a6 408 410 28 202 11
508 bapc 52 582 529 20 179 13
508 bapc 70 413 288 23 164 i0
5098 igeb ) 405 552 32 185 -
510 mar 36 560 398 23 172 10
511 Kgi 30 488 578 14 160 -
512 Kgi 37 438 330 21 127 11
515 QTad 65 498 358 25 186 -
522 Tiga a0 361 575 28 230 9
524 igsp 155 240 728 35 340 14
525 Tiga 142 159 437 33 80 24
526 Tiga 21 58 634 18 115 11
528A Tigh 1814 193 740 30 323 14
531 Tigh 160 21 853 28 280 11
Ce4-2 igch 156 177 734 35 289 13
C84-3 ava 17 378 529 31 205 <]
C84-4 rep 169 187 652 20 169 10
L C84-5 apj 59 529 496 24 185 7
C84-6 apy 53 556 455 25 184 5

All abundances in ppm. Determinations by energy-dispersive x-ray fluorescence spactrometry at U.S. Geological Sur-
vey, Menfo Park, California; P. Bruggman, analyst. Methods and precisien discussed by Johnson and King (1987} and

Bacon and Deuitt (1988),
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[ENT DATA BY INAA FOR LAGUNA DEL MAULE VOLCANIC FIELD.

@

Ba Co Cs Hf Rbh Sh Ta Th U Zn Zr Sc La Ce Nd Sm Eu Gd Tt
6399 34 2 480 6.2 132 033 096 186 45 49 300 46 283 54.1 210 3.74 083 38 0.
712 28 3 4.08 53 140 0.25 1.07 179 4.2 51 260 52 319 612 24.7 4.44 895 57 0.
694 29 - 3.70 5.8 120 .31 0985 160 3.9 54 240 56 302 570 230 440 098 42 0.
689 16 - 4.20 53 142 0.25 111 182 48 43 180 37 320 618 232 4.24 085 48 0.
600 M 10 248 47 84 020 G671 109 24 77 270 132 286  56.1 281 5.33 1.25 3.1 0%
692 0.2 1 563 40 179 0.36 128 238 58 28 116 24 322 607 20,7 3.68 053 49 8.
580 9.8 iyl 533 48 87 055 055 110 2.8 59 209 99 213 425 18.7 3.92 095 43 0.+
723 22 1 196 886 133 047 095 159 4.0 35 348 6.1 320 663 307 6.91 1.04 0.4
267 355 78 0.67 286 22 022 028 2.8 05 88 85 228 135 289 15.7 3.72 1.08 0.4
318 278 58 053 33 30 - 0.28 3.6 - - - 223 174 3956 208 4,44 1.29 - 0.t
710 2.6 - 240 81 176 0.24 113 199 27 35 276 5.2 322 640 288 6.30 116 52 0.
896 7.3 3 400 60 89 022 074 1086 24 74 203 g5 301 59.7 258 5.59 1.26 - 0.
690 1.3 - 731 78 168 0.32 119 1886 48 48 280 6.0 381 739 324 7.34 116 59 04
308 295 92 093 30 30 029 32 - - 20.2 183 384 214 4.45 1.35 - 0.1
367 229 39 a.77 3.1 30 0,21 .41 3.9 0.9 76 107 204 178 36.3 18.4 4.25 1.20 - 0.t
210 404 655 0.63 1.8 14 - 6.20 1.7 - - - 283 92 218 12.9 282 088 - 0.c
323 297 41 0.6 27 i9 .18 3.4 - - - 245 140 3341 18.5 3.75 1.18 - 0.

66 0.2 - 930 38 315 1.58 392 - - - 1.7 31.4 659 222 3.84 0.24 - 0.
284 270 53 063 2.2 26 0.1 4.0 - - 28.4 103 257 14.0 3.26 1.04 - 0.
264 2786 87 0.85 3.6 22 0.41 37 - - - 242 221 512 257 5.33 1.47 - 0
3566 336 173 .71 2.7 23 0.25 27 - - - 267 16.1 36.8 19.7 4.04 1.30 - 0.4
308 218 26 2.30 25 27 - 0.19 38 - - - 284 128 305 175 4.01 1.2 - 0.4
395 314 H3 0.24 2.9 33 - 0.30 28 - - - 212 15.2 378 200 4.22 1.2 - 04
198 208 36 0.52 3.3 14 - 022 42 - - - 220 151 358 19.9 4.09 1.24 - 0t
305 305 106 1.14 28 44 . 0.31 6.7 - - - 2741 136 208 15.3 3.61 1.14 - 0.4
415  26.2 90 120 44 35 - 0.61 49 - - - 181 2386 551 27.8 587 1.66 - 0t
230 37 36 028 20 13 - 0.23 186 - - - 264 10.5 253 14.6 3.47 1.09 0.¢
579 1.1 2 512 4.7 169 - 117 2049 53 35 147 3.1 30.2 57.0 19.9 371 .67 3.0 Q.
495 1863 30 176 4.2 860 027 058 7.2 1.8 77 185 18.7 240 497 279 5.04 127 45 0.

1 samples analyzed at Massachusetts institute of Technology under supervision of F.A. Frey.

ological Survey, Reston, Virginia, under supervision of C.A. Palmer and G.A. Wandless.

icussed by Lopez-Escobar ef al. (1981} and Baedecker and McKown (1987).

samples analyzed at MIT were reported by Frey ef al. (1984); in our stratigraphic framework, they are as follows: EM-1 = unit mic; LM-4, 5, 6, 7, 8 all = unit msm; L
= ynit meb; FM-67a = unit rpp; FM-78 = unit rch; FM-94 = unit bec; and FM-205 = unit rdno.
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