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Abstract. Subduction-related volcanism in the
Nevados de Payachata region of the Central
Andes at 18 °S comprises two temporally and geochemically distinct phases. An older period of
magmatism is represented by glaciated stratocones and ignimbrite sheets of late Miocene age.
The Pleistocene to Recent phase (_<0.3 Ma) includes the twin stratovolcanoes Volcan Pomerape
and Volcan Parinacota (the Nevados de Payachata volcanic group) and two small centers to the
west (i. e., Caquena and Vilacollo). Both stratovolcanoes consist of an older dome-and-flow series
capped by an andesitic cone. The younger cone,
i. e., V. Parinacota, suffered a postglacial cone collapse producing a widespread debris-avalanche
deposit. Subsequently, the cone reformed during
a brief, second volcanic episode. A number of
small, relatively mafic, satellitic cinder cones and
associated flows were produced during the most
recent activity at V. Parinacota. At the older cone,
i.e., V. Pomerape, an early dome sequence with
an overlying isolated mafic spatter cone and the
cone-forming andesitic-dacitic phase (mostly
flows) have been recognized. The two Nevados de
Payachata stratovolcanoes display continuous
major- and trace-element trends from high-K20
basaltic andesites through rhyolites (53%-76%
SiO2) that are weil defined and distinct from those
of the older volcanic centers. Petrography, chemical composition, and eruptive styles at V. Parinacota differ between pre- and post-debris-avalanche lavas. Precollapse flows have abundant amphibole (at SiO2 > 59 wt%) and lower Mg numbers
than postcollapse lavas, which are generally less
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silicic and more restricted in composition. Compositional variations indicate that the magmas of
the Nevados de Payachata volcanic group
evolved through a combination of fractional crystallization, crustal assimilation, and intratrend
magma mixing. Isotope compositions exhibit only
minor variations. Pb-isotope ratios are relatively
low (2°6pb/2°4pb = 17.95-18.20
and
2°8pb/
2°4pb = 38.2-38.5); 87Sr/86Sr ratios range 0.706120.70707,
143Nd/144Nd
ratios range 0.512380.51230, and 818OsMow values range from + 6.8%o
to + 7.6%o SMOW. A comparison with other Central Volcanic Zone centers shows that the Nevados de Payachata magmas are unusually rich in
Ba (up to 1800 ppm) and Sr (up to 1700 ppm) and
thus represent an unusual chemical signature in
the Andean arc. These chemical and isotope variations suggest a complex petrogenetic evolution
involving at least three distinct components. Primary mantle-derived melts, which are similar to
those generated by subduction processes throughout the Andean arc, are modified by deep crustal
interactions to produce magmas that are parental
to those erupted at the surface. These magmas
subsequently evolve at shallower levels through
assimilation-crystallization processes involving
upper crust and intratrend magma mixing which
in both cases were restricted to end members of
low isotopic contrast.

Introduction
Active volcanism in the Andean arc of western
South America occurs in three distinct and separated regions, i.e., the Northern Volcanic Zone
(NVZ) from 2°N to 5°S, the Central Volcanic
Zone (CVZ) from 16°S to 28°S, and the Southern
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Volcanic Zone (SVZ) from 33°S to 46°S (Thorpe
et al. 1982). Petrologic and geochemical investigations of magma genesis in the Central Volcanic
Zone generally have been restricted to either
large-scale, across-arc or along-arc traverses (e. g.,
McNutt et al. 1975, 1979; Dostal et al. 1977; Deruelle 1982; Longstaffe et al. 1983; Barreiro and
Clark 1984) or comparisons with the other two
zones (e.g., Francis et al. 1977; Klerkx et al. 1977;
Deruelle ]982; Harmon et al. 1981, 1984).
The CVZ is characterized by exceptionally
thick continental crust ( > 7 0 km, James 1971a, b)
and a great abundance of young (Late MesozoicCenozoic) volcanoes. However, because of the
high altitude and general inaccessibility of the region, few individual volcanic centers have been
studied in detail. Exceptions are San Pedro-San
Pablo at 22°S examined by Francis et al. (1974,
1977) and O'Callaghan and Francis (1986), Cerro
Purico-Chascon at 23°S discussed by Hawkesworth et al. (1982) and Francis et al. (1984), and

the Cerro Galan caldera at 26 °S studied by (Francis et al. ]980, 1983, in press).
The Nevados de Payachata volcanic complex
and surrounding volcanic centers at 18°S, 69°W
(Fig. 1) are located between the Barroso-Arequipa
region at 16°S-17°S in southern Peru and the
Salar de Atacama region at 22°S-25°S of northern Chile, southwestern Bolivia, and northwestern
Argentina. The 18°S area is virtually unstudied,
hut particularly interesting because of its unique
tectonic setting. It is situated directly east of the
' Arica bend," a conspicuous 45 ° kink in the PeruChile trench and the Nazca plate subduction
zone, and is located near the buried southern margin of the South American Precambrian craton.
This report describes the volcanic history of the
Nevados de Payachata volcanic region based on
field mapping and whole-rock K-Ar age dating
and calls attention to unusually high Ba, Sr, and
Ti contents in an otherwise typical high-K, calcalkaline central Andean volcanic suite. Questions
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Fig. I. a Tectonic setting of the volcanic zones in the South America Andes and location of the Nevados de Payachata volcanic
group in the Central Volcanic Zone (CyZ). Lar9e arrows indicate dirëction of movement of the Nazca plate toward the Peru-Chile
trench (horizontal bar signature). Wide dots, South American continent; narrow dots, South American Cordillera (i.e., > 3000 m
a.s.1.); AB, "Arica bend", b Sketch map of the Nevados de Payachata area and surrounding older centers. Bar in lower l e i t = 10
km
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regarding (a) the origin of this unusual chemical
signature, (b) whether it is only a local and temporally recent feature, and (c) to what exent it can be
traced along and/of across the Andean arc in
space and time remain.

The Andean arc at 1 8 ° S

From seismic data along the Andean arc Stauder
(1973, 1975) and Barazangi and Isacks (1976) recognized segments of low- and high-angle Nazca
plate subduction. The high-angle segments are
characterized by Benioff zones dipping about
20°-30°E and active volcanism, compared to the
intervening zones where subduction is at a shallower angle (5 °-10°) and Quaternary volcanism is
absent. The transition from steep to shallow subduction at the northern limit of the CVZ was
found by Bevis and Isacks (1984) and Grange et
aL (1984) to be characterized by flexure rather
than rupture of the subducted lithosphere. At
18°S the seismic zone is strongly focussed at ca.
t20 km beneath the active volcanic front some
300 km inland from the trench axis (Fig. 2). To the
east of the Arica bend there is a 90 o sector behind
the arc for which deep-seated ( > 120km) earthquakes are rare (Barazangi and Isacks 1976). A
"low-Q" zone is present below the base of the lithosphere (James, personal communication),
implying the presence of asthenosphere within the
mantle wedge.
The Peru-Chile trench outboard of the CVZ is
relatively deep (ca. 7000 m) and almost devoid of
sediments (Thornburg and Kulm 1987). The direction of plate convergence relative to the continental margin changes from oblique (75 °) at 17 °S to
perpendicular at 20°S (Pilger 1981), the transition
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taking place at the Arica bend. The present subduction rate is about 10 cm/y (Chase 1978), but
has varied between 5 and 20 cm/y during the past
70 Ma (Parado-Casas and Molnar 1987). The age
of the Nazca plate at the trench ranges from ca. 45
Ma in the northern CVZ to ca. 55 Ma in the
southern CVZ. Its age at the Arica bend is uncertain, but older than 55 Ma according to Wortel
(1984, using data of Handschuhmacher 1976).
Fast convergent rates and subduction of young lithosphere appear to be the characteristic features
of the Andean active plate margin (Pardo-Casas
and Molnar 1987).
The crust below the Altiplano of the CVZ
reaches its maximum thickness (>75 km) in the
vicinity of the Arica bend (Fig. 2). The exposed
geology at 18°S largely represents the history of
Nazca plate subduction and arc evolution along
the western margin of central South America during the past 200 Ma. The earliest products of this
magmatic cycle are submarine Early Jurassic andesitic volcanics and sediments found near the
coast. These are overlain by Mesozoic igneous
and marine sedimentary units that are covered by
continental sediments, intruded by younger plutonic rocks, and capped by a thin veneer of Miocene to Recent volcanics. A few lenses of Precambrian basement rocks (gneisses, amphibolites, and
serpentinites) of the South American craton are
exposed tectonically along the western margin of
the Altiplano.
The nature of the middle and lower crust is
poorly defined. Geophysical evidence (Wigger
1986; Schwarz et al. 1986) shows a low-velocity
zone with high electrical conductivity at midcrustal levels. This feature was interpreted by these
authors as a zone of partial melting that contains
numerous crustal magma chambers.
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Fig. 2. Profile from the Pacific coast at Arica
(18 °S) to the Nevados de Payachata volcanic
group on the Altiplano (based on data of
James 1971a, b)
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Volcanic stratigraphy at 18 °S

The Nevados de Payachata volcanic complex and
surrounding older centers (Fig. 1) are located on
the Altiplano of northeastern Chile and western
Bolivia some 285 km east of the trench axis and
about l l 0 k m above the top of the subducted
Nazca plate (Fig. 2). Two main magmatic phases
are recognized in the study area (Fig. lb): Pleistocene to Recent volcanism occurs within a zone
parallel to the trench axis while the older Miocene phase defines a broader magmatic arc extending to the east and west of this active volcanic
front.
Katsui and Gonzalez-Ferran (1968) have interpreted the stratigraphic relations of the Miocene
to Recent volcanic centers at 18°S. Our stratigraphic sequence and volcanologic/geologic map
(Figs. 4, 5, Table 2) are similar, but contain several important modifications. The absolute ages
of the volcanic centers are all documented by KAr dating to be older than inferred by Katsui and
Gonzalez-Ferran (1968). Neither V. Guallatiri, the
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Quimsachata centers, or V. Taapaca have had a
Holocene eruptive phase. Also, some lithologies
in the Katsui and Gonzalez-Ferran (1968) geological map have been reinterpreted. The hummocky
terrain west of V. Parinacota, thought by Katsui
and Gonzalez-Ferran (1986) to be a lava flow, is
clearly identified here and by Francis and Self
(1987) as a debris-avalance deposit. New K-Ar
whole-rock age determinations for the Nevados
de Payachata volcanoes and older centers are presented in Table 1. Stratigraphic relations of the
centers based on field data and these age determinations are shown in Table 2.

I The older volcanic series
a) Guane Guane. This feature is a topographic
high (5097 m) located between the western Cordillera and V. Parinacota (Figs. lb, 3, and 4). It
consists of a series of layered, epiclastic boulder
and pebble deposits containing Miocene andesite.
The strata dip ca. 30°S and are overlain uncon-

Fig. 3. Landsat image of the Nevados de Payachata volcanic
group and V. Parinacota debrisavalanche deposit (courtesy of P.
W. Francis, LPI). Width of the
figure is ca. 30 km
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V. PARINACOTA
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Fig. 5. Schematicdiagram illustrating the volcanichistory and stratigraphy of V. Pomerape and V. Parinacota

formably by t h e regional, Miocene rhyolitic ignimbrite. Therefore, Guane Guane suggests the
occurrence of post mid-Miocene tectonic activity
in the area.
b) Regional ignimbrites. A series of Miocene
rhyolitic ignimbrites form the planar morphology
of the Altiplano upon which the stratocones have
been constructed. Several different units can be
distinguished in canyons draining the Altiplano to
the west. However, we have undertaken no detailed work on these ignimbrites.
e) Volcan Lauea. V. Lauca (Fig. lb) is a collapsed
andesite cone consisting of a series of outwardly
dipping lava flows, a central calderalike depression, and a rhyodacitic dome. The cone-forming
lavas can be separated into a lower series of altered plagioclase-amphibole andesites and a
younger series of fresh, sparsely porphyritic, feldspar-rich dacites. These rocks contrast sharply
with the highly porphyritic (50 vol%), biotite, amphibole, two-feldspar rhyodacite dome. K-Ar
dates for the younger Lauca andesite cone lavas
and dome rhyodacite are identical at 10.4_+0.3
Ma and 10.5 _+0.3 Ma, respectively. The Lauca ignimbrite (Fig. lb) is an ash-flow sheet overlying
the Lauca andesite flows, which has its maximum
thickness, pumice clast sizes, and degree of weld-

ing within the northern breach of the caldera.
It has a dense rock equivalent volume of ca.
6-8 km 3.
d) Miocene stratocones. The laie Miocene magmatic phase is represented by large, deeply dissected stratocones such as the Choquelimpie
(>6.60 Ma) and V. Ajoya (>7.06 Ma) centers
(Figs. lb, 3). The older dacite dome series at Caquena (Fig. lb) may also belong to this phase. V.
Ajoya lavas consist of weakly to intensely altered,
pyroxene-bearing andesites, containing abundant
oxidized amphibole, and rare dacites. Both older
volcanoes have intensely altered cores and central
caldera-like depressions resulting from preferential erosion. These zones also have been sites of
epithermal mineralization; low-grade silver ore is
currently being quarried at Choquelimpie. Latestage dacite dikes, dated at 6.60+0.20 Ma, postdate this hydrothermal alteration.
H The younger volcanic series
a) Isolated Pleistocene centers. The Vilacollo, Caquena, and Chungara centers (Figs. lb, 4) have
produced thick, well-preserved lava flows as well
as cinder cones (Vilacollo) and dornes (Caquena).
The Vilacollo center erupted a mafic amphibole
andesite containing rare feldspar phenocrysts.
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Table 1. K-Ar whole-rock age determinations
Sample
no.

K20
(wt%)

Sample
weight
(g)

4°At RAD
(mol/g)
x 10 -11

4°Ar Rad 2
4°K* 1000

PAR 082

2.99

8.0817

0.0051

0.0007

0.38

0.012

PAR 016 ~
PAR 016 a

3,67
3,67

8.0837
8.0837

0.0289
0.0265

0.0032
0.0029

1.28
1.17

> 0.054
>0.050
>0.053

0.006
0.011
0.011 ~

POM 116 a
POM 116 a

3.25
3.25

7.0368
7.0368

0.0493
0.0504

0.0061
0.0063

7.34
7.51

0.105
0.108
0.106

0.005
0.009
0.007 ~

PAR 121 a
PAR 121 a

3.27
3.27

6.1733
6.1733

0.0523
0.0514

0.0065
0.0063

1.88
1.85

0.111
0.109
0.110

0.008
0.030
0.022 a

PAR 048 a
PAR 048 a

4.04
4.04

6.1246
6.1246

0.0671
0.0639

0.0067
0.0064

6.38
6.08

>0.115
_>0.110
>0.112

0.005
0.004
0.005 a

PAR 074 a
PAR 074 a

3.32
3.32

5.1515
5.1515

0.0927
0.0925

0.0113
0.0112

2.80
2.78

0.194
0.194
0.194

0.008
0.010
0.009 a

POM 149 a
POM 149 a
POM 149 a

1.55
1.55
1.55

6.4861
6.4861
6.4861

0.0494
0.0540
0.0428

0,0129
0.0141
0.0112

1.94
2.12
1.68

0.222
0.243
0.192
0.219

0.024
0.024
0.024
0.024 ~

POM 152 a
POM 152 a
POM 152 ~

1.43
1.43
1.43

7.0783
7.0783
7.0783

0.0394
0.0410
0.0373

0.0112
0.0116
0.0106

3.21
3.34
3.04

0.192
0.200
0.182
0.192

0.006
0.010
0.013
0.012"

PAR 118 a
PAR 118 a
PAR 118 a

3.21
3.21
3.21

6.1889
6.1889
6.1889

0.1241
0.1060
0.1357

0.0156
0.0133
0.0171

1.81
1.55
1.98

0.269
0.229
0.294
0.264

0.017
0.013
0.019
0.016

CAQ 001 a
CAQ 001"
CAQ 001"

3.27
3.27
3.27

6.1832
6.1832
6.1832

0.1373
0.1159
0.1343

0.0169
0.0143
0.0166

1.56
1.32
1.53

0.291
0.246
0.285
0.275

0.037
0.043
0.038
0.044 a

C H U 171 a
C H U 171"

2.94
2.94

5.0920
5.0920

0.1192
0.1231

0.0164
0.0169

2.51
2.59

0.282
0.291
0.285

0.031
0.053
0.053 a

CHO 098 ~
CHO 098 a
CHO 098 a

3.21
3.21
3.21

6.2581
6.2581
5.8088

3.0428
3.0240
3.0785

0.3823
0.3800
0.3868

55.99
55.53
56.52

AJA 177
AJA 177"

2.36
2.36

5.1337
5.1337

2.3845
2.4117

0.4087
0.4133

27.0
27.3

LAU 102
LAU 102 ~

2.46
2.46

2.5318
2.5318

3.7189
3.6955

0.6105
0.6067

90.6
90.2

10.5
10.4
10.5

0.3
0.3
0.3 ~

LAU 105

3.67

2.3398

5.5663

0.6124

85.6

10.5

0.3

%4°Ar RAD

Age (Ma)

+ sigma (Ma)

0.015

>-6.57
>_6.53
_>6.65
6.60

0.20
0.20
0.20
0.20 ~

7.02
7.10
7.06

0.21
0.21
0.21 a

RAD, radiogenic; sigma, standard deviation
Constants used: Lambda e + Lambda e' = 0.581 x 10- l°/years
Lambda 13
=4.92 x 10-m/years
4°K/Ktotal
= 1.167 × 10 -4 mol/rnol
a: Replicate analyses frorn a single sample fusion, average result given
PAR, V. Parinacota; POM, V. Pomerape; CAQ, Caquena; CHU, Chucuyo=Vilacollo; CHO, Choquelimpie; AJA, Ajoya; LAU,
Lauca
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Table 2. Ages and stratigraphic relations of the Nevados de
Payachata comptex and surrounding older centers
Young stratocones
Parinacota

V
IV
III
II

Late Holocene (Parasitic mafic centers)
Early Holocene
Pomerape
0.0135
too young to date
> 0.053_+0.011
III 0.106+ 0.007
Ib 0.112+0.005
II 0.205+0.024
Ia 0.110+0.022
I ?
Young local centers
Chungara
0.194_+0.009 to 0.264+ 0.030
Caquena
0.275 + 0.044
Vilacollo
0.285+ 0.053
Old stratocones, local centers and ignimbrites
Older Caquena
?
Choquelimpie
> 6.60+ 0.20
Ajoya
> 7.06_+0.21
Lauca
10.50+_0.30
Regional
Ignimbrite
?
The younger Caquena centers are characterized
by microporphyritic amphibole andesites. Amphiboles in both rock types are highly oxidized. K-Ar
ages (Table 1) for these centers are 0.29-+0.05 Ma
(Vilacollo), 0.28-+ 0.04 Ma (Caquena), and
0.194 + 0.009 to 0.26 + 0.02 Ma (Chungara).

b) The Nevados de Payachata. Pomerape (6222 m)
is young, but glacially dissected (Figs. lb, 3, 6).
Outcrops at lower elevations are limited due to
extensive glacial debris cover. However, the structure and stratigraphy of the stratocone appears to
be rather simple. It has been constructed upon a
complex of dacitic-rhyolitic domes (Tables 1, 2,
Fig. 5). These are coarsely porphyritic (up to 50
vol%), biotite, amphibole, two-feldspar rhyodacites. An isolated spatter cone and lava flow of
basaltic andesite composition overlie both these
dornes and the northern, lower flank of V. Pomerape. They possibly postdate an older glacial
phase, but also have been glacially dissected. This
mafic andesite is amphibole free and contains
phenocrysts of pyroxene, olivine, and plagioclase.
Xenolithic inclusions of quartz-bearing plutonic
rock are abundant and show reaction rims (clinopyroxene) with the surrounding host. Whole rock
K-Ar dates of handpicked material (POM 149 and
POM 152, Table 1) gave an average age of
0.205+0.024 Ma. The V. Pomerape stratocone
consists of cone-building amphibole andesite
flows (Stage II) with a cap of partly welded dacitic breccias. One andesite flow has been dated at
0.106+0.007 Ma.
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Volcan Parinacota, the younger stratocone
(6348 m), overlaps the southern flank of V. Pomerape (Figs. 4 and 6). Its stratigraphy is complex
and well-documented in outcrop. The following
five eruptive stages have been distinguished:
Stage I comprises a basal series of monotonous hornblende andesite lavas, here called the
"Chungara andesites" (Stage la), which occur
along the northern shore of Lake Chungara (Figs.
3, 4). On the basis of their age and subdued flow
morphologies these lavas could also be grouped
with the Vilacollo and Caquena centers. All
Chungara andesites are compositionally similar;
they contain abundant oxidized amphibole, and
variable amounts of clinopyroxene and biotite are
rarely present. A steep-sided plateau of phenocryst-rich rhyolitic to dacitic dornes and associated welded and unwelded collapse breccias
(Fig. 6a; Stage Ib) overlies the Chungara andesites. This coalescing dome sequence exhibits a
number of textural types ranging from sparsely vitrophyric to more porphyritic, coarsely crystalline
varieties. The rhyolite-dacite plateau is about
100 m thick and outcrops over a 100 ° sector from
south to west at the base of the V. Parinacota cone
(Fig. 4). The youngest stage Ia and Ib rocks are
closely related in time, yielding K-Ar ages of
0.110+0.004 Ma to 0.264_+0.03 and _>0.112
Ma + 0.005 Ma, respectively (Table 1).
Stage II consists of a sequence of older biotite-dacite dornes and flows (e. g., "border dacite"
of Fig. 4) with a minimum age of 0.053 -+ 0.011 Ma
(Table 1), andesites with variable amounts of clinopyroxene and amphibole, which are too young
to be dated, and an evolved feldspar-rich dacite
dome. All of these lithologies form an older,
mildly glaciated V. Parinacota stratocone (Fig. 4).
Modal compositions of stage II lavas are highly
variable and range from mafic olivine-pyroxene
andesite to amphibole-rich (up to 10 vol%) andesite, plagioclase andesite, and highly porphyritic
biotite-amphibole, two-feldspar rhyodacite. The
latter are petrographically and chemically indistinguishable from the V. Pomerape basal rhyodacite dome series. The abundance of amphibole,
even in some more mafic members of the series,
and the general presence of biotite is noteworthy.
Stage III in the Vù Parinacota history comprises the cone-collapse event that resulted in the
deposition of a Mount St. He!ens-type debris-avalanche deposit to the west of the present stratocone (Figs. 4, 5, 6), associated prismatically
jointed bombs, and a thin dacitic pumice-fall deposit. The debris-avalanche deposit has a hummocky morphology with a myriad of small lakes
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Fig. 6. a View of the Nevados de Payachata from the west (summit of Guana Guane, Figs. 1, 4). The summits of the two stratovolcanoes V. Pomerape (left) and V. Parinacota are approximately 5 km apart, emphasizing the close relationships of their magmatic system. Note large (up to 100 m high) tilted blocks at the base of V. Parinacota (right center) and hummocky terrain of the
debris avalanche in the middle ground, b Details of the hummocky terrain of the debris-avalanche deposit and the newly formed
Lake Chungara in the left background

and peat basins developed in the intervening depressions (Fig. 3, 6b). Lake Chungara was formed
when the avalanche deposit dammed a preexisting river. Peat underlying the debris has been 14C
dated at ca. 13 500 B.P. (P. Francis, personal communication).
The debris-avalanche deposit (Fig. 6a, b) covers an area of approximately 110 km 2, can be
traced to the west some 23 km, and has an esti-

mated volume of ca. 5-6 km 3. Although proximal
hummocks range up to 100 m in height, the average hummock size in distal portions of the deposit
is about 30 m. Internally, individual hummocks
commonly consist of a single large block in which
the original volcanic stratigraphy may be preserved (e. g., andesite flows on rhyolite dome material or flow sequences) and a mantle of more
disturbed loose material. Coherent blocks tens of
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meters in diameter have been encountered several
kilometers from the volcano. Individual blocks
comprising the intermediate to distal hummocks
( > 10 km from source) are between 0.5 and 2 m in
diameter. By comparison, hummocks at Mount
St. Helens are often highly sheared and brecciated
and contain decimeter-size blocks set in a fine
matilx of shattered rock.
A seiles of traverses form the basis for the lithologic map of the debris-avalanche deposit
shown in Fig. 4. Seven main lithologies have been
distinguished, six of which can be directly correlated with in situ remnants of the old stratocone
lavas (stage I and II lithologies). The irregular distribution of rock types in the proximal area (Fig.
4) is characterized by large, tilted blocks of stage
Ib dome material (up to 200 m in diameter) and overlying stage II andesite flows. Central and distal
portions of the avalanche deposit consist of elongated patches of monolithologic (with or without
stage Ib dome rocks) zones which are oriented parallel to the direction of transport. This suggests
laminar, high-velocity flow and the "smearing
out" of larger rock masses during movement (see
also Francis and Self 1987).
Prismatically jointed, biotite, amphibole, plagioclase dacite bombs are found in some places on
the top of the avalanche deposit. These probably
represent the juvenile magmatic component associated with the cone-collapse event (stage III) because this dacite is unusually fresh and quite distinct from all other dacites found on the old cone.
Ablast deposit similar to that at Mount St. Helens
has not been recognized.
Stage IV at V. Parinacota saw the complete reconstruction of the volcanic edifice during the
past 13 500 years to its present form by andesite
aa lava flows (here designated the "healing
flows," Fig. 4) and sub-Plinian andesitic pumice
and scoria flows. Some of these pumice flows are
mildly welded at distances of 2 km from the summit crater. Primary, delicate pumice-flow surface
morphologies (lobate flow fronts and margins,
levees) are well preserved on the lower eastern
flank of V. Parinacota. This eruptive activity produced the present steep-sided summit crater that
is about 1 km in diameter and a thin veneer of
brown andesitic ash distributed predominantly to
the east of the cone. Erosion forms on the upper
flanks around the volcano consist of abundant
gullies. Redeposition of tephra has occurred by
thin (0.2-2 m) lahars, spreading over the southern
and western lower flanks.
Where stratigraphic relationships are exposed
clearly, the more recent healing flows are more
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mafic, contain olivine phenocrysts, and are devoid of amphibole. There a r e a number of differences between the precollapse lavas (stage II andesites and dacites) and postcollapse lavas (stage
IV healing flows) at V. Parinacota. Eruption rates
appear to have been rauch higher for stage IV
flows, as is suggested by their monotonous petrography, uniform degree of preservation, and the
short duration (ca. 13 500 years) of this phase. In
contrast, rock types, eruption style, and degree of
alteration are all much more variable on the old
cone, and evidence of glacial erosion is found between different flows. Pyroclastic pumice flows
are abundant in stage IV, but are not observed on
the older cone. This may, however, be due in part
to a preservational bias. Finally, nearly all stage
IV lavas are amphibole-free, whereas most stage
II lavas contain abundant amphibole.
Stage V comprises the most recent volcanic activity at V. Parinacota, which occurred at a series
of satellite centers (the °°Ajata" cones and aa
flows, Figs. 4, 5). The most mafic compositions
found at V. Parinacota and in the Nevados de
Payachata area have been erupted at these small
centers. Older Ajata flows are plagioclase-porphyritic, mafic andesite flows, and the youngest
flows are distinctly olivine-rich (5-10 vol%), clinopyroxene-bearing basaltic andesites that lack
plagioclase phenocrysts.

Geochemistry
A total of 101 samples from the Nevados de Payachata complex and older surrounding centers
were analyzed for major- and trace-element contents using XRF spectroscopy of fused glass
beads. Selected samples were analyzed for their
Sr-, Nd-, and Pb-isotope ratios and O-isotope
compositions. Representative analyses are listed
in Table 3.

Major- and trace-element variations
There are well-defined, congruent geochemical
trends for both V. Pomerape and V. Parinacota
and the surrounding late Pleistocene centers
(Figs. 7, 8) that all define a high-K, calc-alkaline
andesite suite (Gill 1981). The compositional
trends of the two stratocones are largely identical
(Figs. 7, 8), although silicic lavas with > 70% SiO2
were not found at V. Pomerape. The Payachata
lava series lacks a compositional gap. However,
within individual eruptive stages, we observe (a)
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Fig, 8. Trace-element variation diagrams for the Nevados de
Payachata lavas and older, non-Payachata lavas (for symbols
see Fig. 7)

bimodal andesite-rhyolite associations (e. g., stage
Ia, ~ 60% SiO2; stage Ib, 69%-76% SiO2), (b) continuous ranges from mafic andesites through dacites (e. g., old cone, stages II, III, 57%-67% SiO2),
and (c) the new cone with contrasting andesite
(stage IV, 58%-62% SiO2) and mafic andesite
lavas (Ajata, stage V, 53%-57% SiOz, Fig. 5). The
latter are the youngest and most mafic lavas sampled.
Precollapse (stage II) and postcollapse (stage
IV) lavas also differ geochemically, in addition to
the volcanologic and petrographic differences.
Stage IV lavas are, on the average, less silicic than
older stage Il cone lavas, although they fall within
the SiO2 range of previously erupted andesite
compositions. Stage IV lavas are also lower MgO,
Cr, Ni, and Sr than most stage II flows at a given
SiO2 content. Prismatically jointed dacite bombs
and dacite pumice tephra associated with the
stage III cone-collapse event belong to the most
evolved compositions erupted at the Parinacota

cone. Thus, there is a notable difference in volcanologic, petrographic, and chemical character of
lavas erupted at V. Parinacota before and after
cone collapse. This implies a break in magma evolution resulting from a change in the subvolcanic
plumbing system. Either the intensive parameters
controlling differentiation (i. e., pressure and temperature) were modified, or a new batch of
magma entered the magma system.
Ni-Rb variations illustrate that at least two
processes, crystal fractionation and magma mixing, may have operated in the shallow, crustal
portion of the Nevados de Payachata magmatic
system. Data for the postcollapse mafic healing
flow lavas (stage IV), the satellite centers (Ajata
lavas, stage V), and the evolved rhyolites and
rhyodacites (stage Ib) define a strongly curved
path (long-dashed line in Fig. 9). This is characteristic of fractional crystallization or combined
assimilation-fractional crystallization. Stage Ib
silicic dornes plot at the evolved end of this path
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Major- and trace-element data from the Nevados
de Payachata area at 18°S are compared with
published data for other CVZ volcanic centers in
Figs. 10 and 11. Oxide abundances for Payachata
lavas mostly fall within the ranges for other CVZ
calc-alkaline magmas, whereas K20 and TiO2
trends for andesites fall within the uppermost part
of the CVZ field (Fig. 10). Ratios of N a 2 0 / K 2 0
for the Payachata lavas are all below unity, except
for a few rhyolitic rocks affected by high-temperature, vapor-phase alteration. This and the position of the complex at the volcanic front of the
present arc imply that all Nevados de Payachata
lavas are calc-alkaline, and not shoshonitic.
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Contents of Sr and, in particular, Ba are much
higher for all Nevados de Payachata andesites (up
to ca. 68% SiO2) than those previously documented for the CVZ (Fig. 11). Most Payachata andesites actually fall into, and some even plot
beyond the field for shoshonites erupted east of
the main CVZ volcanic arc. Moreover, the general
trend of decreasing Ba contents with increasing
SiO2 runs contrary to the typical calc-alkaline
trend (e. g., San Pedro-San Pablo in Fig. 11).
Even more unusual chemical characteristics
are observed for the most mafic basaltic andesites
erupted at peripheral centers (stars in Figs. 10,
11). TiO2 values for all of these rocks plot outside
the previously known range for CVZ calc-alkaline
lavas. Two samples from the youngest Ajata lavas
have the highest Ba and Sr contents (1800 ppm
and 1700 ppm, stars in Figs. 10, 11) of any CVZ
volcanic rocks. The Sr-isotope ratios of these
lavas are lower than those of all other Payachata
lavas (Table 3).
Similarly high Sr and Ba contents (1800 ppm
and 1500 ppm, respectively) have been measured
for two andesite samples ( ~ 59% SiO2) from the
Miocene volcanic center at Lirima (19°46'S,
68°45'W) by Tagiri et al. 1985). We have resampled this center and our petrographic and chemical data (unpublished data) indicates that these
high Sr and Ba values can be attributed to feldspar accumulation and strong hydrothermal alteration, rather than being a primary feature. Recent
fieldwork and geochemical analyses of lavas from
between 17°45'S and 19°45'S (unpublished data)
have shown that the Nevados de Payachata lavas
in fact represent the extreme peak of a broader
region of Sr and Ba enrichment in the CVZ between 18°S and 19°S.
By contrast, late Miocene lavas at the Lauca
caldera (ca. 10 Ma), V. Ajoya (ca. 7 Ma), and V.
Choquelimpie (ca. 6.5 Ma) plot largely within the
CVZ field (diamonds in Figs. 10, 11). Therefore,
the unusual geochemical signature at 18 °S is limited to volcanic rocks that are younger than 6
Ma.

Isotopic compositions
In spite of these large chemical variations, the Sr-,
Nd-, Pb-, and O-isotope compositions (Table 3) of
the Nevados de Payachata lavas exhibit relatively
little variation. This contrasts with the wide
ranges in isotope composition exhibited by many
other CVZ centers (Francis et al. 1977; Tilton and
Barreiro 1980; Hawkesworth et al. 1979, 1982;
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James 1982; Harmon et al. 1984; Harmon and
Hoefs 1984). Except for (a) the most mafic satellite lava at V. Parinacota, which has slightly lower
Sr- and higher Nd isotope ratios (0.7061 and
0.51238, respectively) than the other Payachata
samples and (b) an enigmatic V. Parinacota white
dacite pumice (stage III), which contains the most
radiogenic Sr of the Payachata samples (S7Sr/
S6Sr=0.7070), the ranges of whole-rock isotope
compositions are as follows: 87Sr/86Sr=0.70660.7069, mNd/l«4Nd=0.51235-0.51229, 2°6pb/
2°4pb = 17.95-18.20,
2 ° 7 p b / / 2 ° 4 p b = 15.59-15.62,
2 ° s p b / 2 ° 4 p b = 37.99-38.47, and ~18OsMow + 6.8%07.6%0. The older volcanic centers of Ajoya and
Lauca fall outside this range toward higher Sr-,
Pb-, and O-isotope ratios. O-isotope ratios exhibit
a modest, positive correlation with SiO2 contents.
No correlation is observed between Sr- and Ndisotope and bulk chemical compositions.
T h e 143Nd/144Nd ratios of the lavas from 18 °S
are lower and S7Sr/86Sr ratios are higher than
those observed in the Southern Volcanic Zone between 36 ° and 41°S (Hickey et al. 1986), indicating a strong contribution from a crustal protolith
having a long-term time-integrated S m / N d and a
high time-intergrated Rb/Sr ratio (Hawkesworth
et al. 1982; Francis et al. 1984). O-isotope ratios
significantly lower than + 9%0-10%0 indicate that
~80-rich upper crust has not played an important
role in the evolution of the Nevados de Payachata
magmas.
Pb-isotope relationships are disptayed in Fig.
12. The Payachata data plot outside the fields for
(a) previously analyzed CVZ volcanic rocks, (b)
the field for Nazca plate oceanic lithosphere, and
(c) the field for Nazca plate sediments. The Payachata field in Fig. 12 falls between the Nazca
plate and southern Peru Precambrian crust fields
in a sublinear array. Within this array Pb-isotope
compositions are positively correlated with indices of differentiation such as silica content.
Regional comparison of the CVZ centers (Fig.
13) shows a low-2°6pb/2°«Pb northern sector in
southern Peru (Barreiro 1984; James 1984) and a
high-2°6pb/2°4pb southern sector (e. g., Harmon et
al. 1984). The Nevados de Payachata volcanic
complex is similar to the northern sector with respect to its low 2°6pb/2°4pb values, but has distinctly lower 2°8pb/2°4pb values.
The isotope characteristics of the Payachata
lavas collectively suggest a complex petrogenesis
involving at least three distinct components. One
is a subcrustal, slab-related component, similar to
that described for the SVZ volcanic centers by
Deruelle et al. (1983), Harmon et al. (1984), and
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Hickey et al. (1984, 1986). The other components
are of crustal origin. One is characterized by low,
time-integrated U/Pb and Th/Pb ratios and may
be similar to the Precambrian Charcani gneisses
of southern Peru described by Tilton and Barreiro

LATITUDE
20os

2o6p b

19

25os

7#::.?=-l/ù

/

,,-m- .... I .....

I

CG

~~11"

8%; o,71o

•

[allm~ Iqk i - .
O, 705
"
~lr

i

. ! iqli "
=

a

SPSP

[]

all
a
-

ibm

1>70 km ////// CRUSTAL THrCKNESS ~//////<50km
I

f

,

,

i

i

20°S

,

A

,

I

,

•

j

25°S

Fig. 13. Reginal variations in Pb and Sr isotope cõmpositions
along the CVZ Andean arc. Note the sampling gap between
18 ° and 22 ° for Pb isotope data. Literature sources as quoted
in Fig. 9. SPSP, San Pedro-San Pablo; CG, Cerro Galan; CP,
Cerro Purico; SLP, Sierra de Lipez

301

(1980). The other is the young continental crust of
the Central Volcanic Zone enriched in radiogenic
Pb, as described by Harmon et al. (1984). In a
simplistic model, our data suggest that magmas
parental to the Payachata system are produced by
deep mixing between primary subcrustal and
lower crustal components and that these parental
basaltic andesite magmas differentiate further in
upper crustal magma chambers through combined fractional crystallization-assimilation and
magma mixing processes to produce the compositional fange of lavas erupted.

Summary
In this paper we have described the geologic setting and history of the Miocene to Recent volcanism of the Nevados de Payachata region at 18°S
in the Central Andes. The chemical and isotopic
character of these rocks has been shown to be
unusual in the context of the Central Volcanic
Zone. The present discussion forms the basis for
extended trace-element and isotope analyses and
quantitative petrogenetic modelling that is presently in progress (Davidson et al., in preparation).
Our main conclusions are as follows:
1) The volcanic history of the Andean arc at 18°S
encompasses two magmatic phases. The first produced a series of late Miocene andesitic stratocones and ignimbrite sheets (V. Lauca at 10.5 Ma,
V. Ajoya at >7.1 Ma, and the Choquelimpie center > 6.6 Ma). The second, Pleistocene to present
phase is represented by the Nevados de Payachata complex, which consists of the V. Pomerape
and V. Parinacota stratocones (0.3 Ma to Recent)
and two small centers of similar age and geochemical affinity (Caquena, 0.28 Ma; Vilacollo,
0.29 Ma).
2) The volcanic history at V. Parinacota comprises
five main stages and includes a major cone-collapse, debris-avalanche-forming eruption 13500
years ago. The resulting avalanche travelled up to
23 km, covered an area of 110 km 2, and emplaced
a deposit with an estimated volume of 5-6 km 3.
3) Compared to other centers in the CVZ, those at
18°S are characterized by well-defined geochemical trends spanning the entire range from basalt to
rhyolite. The petrographic and chemical character
of the V. Parinacota lavas indicate that a major
change in magma evolution occurred after the
cone-collapse event. Before this event, magma
evolution was dominated by fractional crystallization and magma mixing. This produced a range of

302

mafic andesites through rhyodacite lavas which
erupted over a large time interval. After the collapse event, magma extrusion rates were higher
and compositions on average were less silicic.
4) The cone-collapse event, associated change in
magmatic character, and the appearance of isotopically and chemically distinct lavas may all be
related to the input of new magma into the deep
volcanic plumbing system.
5) Whereas Miocene lavas represent typical Andean calc-alkaline compositions, the Pleistocene
to Recent centers are unusual in terms of their extremely high Ba, Sr, and, in the most recent lavas,
Ti contents.
Geochemical and isotope data suggest a complex magma genesis at 18°S that is unlike that
proposed elsewhere in the Central Andes: a valid
petrogenetic model must explain the wide variation in bulk composition, the limited isotope variation, and the unusual Ba, Sr, and Ti contents of
the Nevados de Payachata magmas.
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