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Abstract Minor centres in the Central Volcanic Zone
(CVZ) of the Andes occur in different places and are
essential indicators of magmatic processes leading to
formation of composite volcano. The Andahua—Orcopampa
and Huambo monogenetic fields are located in a unique
tectonic setting, in and along the margins of a deep valley.
This valley, oblique to the NW—SE-trend of the CVZ, is
located between two composite volcanoes (Nevado Coro-
puna to the east and Nevado Sabancaya to the west).
Structural analysis of these volcanic fields, based on SPOT
satellite images, indicates four main groups of faults. These
faults may have controlled magma ascent and the distribu-
tion of most centres in this deep valley shaped by en-
echelon faulting. Morphometric criteria and '*C age dating
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attest to four main periods of activity: Late Pleistocene,
Early to Middle Holocene, Late Holocene and Historic. The
two most interesting features of the cones are the wide
compositional range of their lavas (52.1 to 68.1 wt.% SiO;)
and the unusual occurrence of mafic lavas (olivine-rich
basaltic andesites and basaltic andesites). Occurrence of
such minor volcanic centres and mafic magmas in the CVZ
may provide clues about the magma source in southern
Peru. Such information is otherwise difficult to obtain
because lavas produced by composite volcanoes are
affected by shallow processes that strongly mask source
signatures. Major, trace, and rare earth elements, as well as
Sr-, Nd-, Pb- and O-isotope data obtained on high-K calc-
alkaline lavas of the Andahua—Orcopampa and Huambo
volcanic province characterise their source and their
evolution. These lavas display a range comparable to those
of the CVZ composite volcanoes for radiogenic and stable
isotopes (¥’Sr/*®Sr: 0.70591-0.70694, '**Nd/'**Nd:
0.512317-0.512509, *°°Pb/*°*Pb: 18.30-18.63,
27Pb/*%Pb: 15.57-15.60, **°Pb/***Pb: 38.49-38.64, and
6'%0: 7.1-10.0%0 SMOW), attesting to involvement of a
crustal component. Sediment is absent from the Peru—Chile
trench, and hence cannot be the source of such enrichment.
Partial melts of the lowermost part of the thick Andean
continental crust with a granulitic garnet-bearing residue
added to mantle-derived arc magmas in a high-pressure
MASH [melting, assimilation, storage and homogenisation]
zone may play a major role in magma genesis. This may
also explain the chemical characteristics of the Andahua—
Orcopampa and Huambo magmas. Fractional crystallisation
processes are the main governors of magma evolution for
the Andahua—Orcopampa and Huambo volcanic province.
An open-system evolution is, however, required to explain
some O-isotopes and some major and trace elements values.
Modelling of AFC processes suggests the Charcani
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gneisses and the local Andahua—Orcopampa and Huambo
basement may be plausible contaminants.

Keywords Peruvian Andes - Monogenetic cones -
Quaternary activity - Magma source - Deep crustal
assimilation - Fractional crystallization

Introduction

The Andahua—Orcopampa and Huambo (AOH, 15°10'S—
16°S, 72°30"'W—72°W) volcanic province comprises three
monogenetic fields located in the Central Volcanic Zone
(CVZ) of the Andes in southern Peru (Fig. 1). Active
volcanism in the CVZ is mainly characterised by formation
of large composite volcanoes. They reach 2,000 to 3,000 m
in structural height and have life times of generally about
0.8 to 0.6 M.y. and sometimes up to several M.y. These
composite volcanoes consist of a variety of volcanic
structures and edifices, with varying evolutionary styles
(e.g. dome clusters, simple and compound cones dominated
by pyroclastic deposits or lava flows, composite cones).
Erupted magmas mainly belong to the high-K, calc-alkaline
series and their compositions range from rare basaltic
andesites to rare rhyolites, with large volumes of andesites
and dacites. Some large centres have rather uniform
compositions, whereas some others show large composi-
tional ranges.

Minor volcanic centres, mainly monogenetic, are rare in
southern Peru. There are minor shoshonitic centres in the
vicinity of Cuzco, and scattered scoria cones near the
Nevado Coropuna, north of the Nevado Solimana, and east

Fig. 2 a Location map of the volcanic province and the three P>
monogenetic fileds on a SPOT satellite image (as of 1998). Volcanic
cones and sample numbers are shown on this map, as well as the lo-
cation of the Fig. 3a—c and Fig. 4a—d. b Structural map of the
Andahua—Orcopampa and Huambo monogenetic fields showing the
main four groups of faults identified

of the Nevado Sara-Sara. The Andahua—Orcopampa and
Huambo fields are characterised by an unusual abundance
of such minor centres and associated lava flows. The
Andahua—Orcopampa monogenetic field is located in and
along the margins of a series of NNW-SSE trending en-
echelon valleys: Orcopampa, Andahua and Ayo valleys
(Figs. 1 and 2a). They are located between the Nevado
Coropuna to the east and the Rio Colca to the west (Figs. 1
and 2a). The second monogenetic field is located close to
Huambo, on the left side of the Rio Colca, in the Andean
highlands close to the Nevado Sabancaya. It consists of a
northern and a southern volcanic field (Fig. 2a). In the
Orcopampa—Andahua valleys, more than 15 cones (Fig. 2a)
are concentrated in an area of approximately 240 km?
(about 40 by 6 km). They are associated with large lava
flows, which cover more than 50% of the valley floor.
Another young isolated monogenetic cone, Cerro Nichol-
son is found near Yura (Fig. 1) in the vicinity of the Huanca
thrust fault. The Andahua—Orcopampa and Huambo volca-
nic province, as well as the Cerro Nicholson monogenetic
scoria cone represent brief periods of volcanic activity.
Their lavas display a rather wide compositional range, from
unusually mafic olivine-rich basaltic andesites to dacites.
Although also found in other areas in the CVZ (e.g. El
Negrillar Field near Socompa volcano in Northern Chile,
Deruelle 1982; Antofalla field in Argentina, Allmendiger et
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al. 1989; Kay et al. 1994), this type of volcanic activity
during the Quaternary is quite unusual in the Andes. These
monogenetic fields are virtually unstudied (Venturelli et al.
1978; De Silva and Xuming 2000) despite their unusual
character. The contemporaneous and closely spaced occur-
rence of two distinct types of volcanism is an interesting
feature that allows us to consider the influence of the size of
magma reservoirs and the different modes of ascent and
eruption on magma composition. The Andahua—Orcopampa
and Huambo lavas, as well as Cerro Nicholson lavas, display
petrographic and geochemical similarities to those of the
composite volcanoes, as well as some differences from them.
Our study will focus on the differences in order to highlight
the nature of the parent magmas.

Current petrogenetic models for CVZ magmas call on
extensive crustal contamination, but mechanisms and struc-
tural levels of this contamination remain in debate (James
1982; Barreiro and Clark 1984; Harmon and Hoefs 1984;
Harmon et al. 1984; Thorpe et al. 1984; Hildreth and
Moorbath 1988; Davidson et al. 1991; Aitcheson and
Forrest 1994; Davidson and de Silva 1995). As the Peru—
Chile trench is virtually sediment-free (Thornburg and Kulm
1987), the crustal component is not introduced to the source
by melting of subducted sediments. Most importantly,
modern CVZ magmas have systematically high Sm/Yb and
St/Y ratios, which may reflect partial melting with garnet in
the residues (Kay et al. 1987; Kay 2002). In the northern part
of the CVZ, tectonic shortening resulted in significant
thickening of the crust. This thickening induced an anoma-
lous thermal regime in the lower crust that promotes partial
melting of granulitic crustal material (Whitman et al. 1996;
Kay et al. 1999). Such crust-derived melts may mix with
mantle-derived magmas at deep levels, in a high-pressure
MASH [melting, assimilation, storage and homogenisation]
zone (Hildreth and Moorbath 1988; Kay 2002), producing
large volumes of contaminated andesitic magmas. Low-
pressure assimilation and fractional crystallisation (AFC)
processes, magma mixing and crustal anatexis may also be
involved at upper levels in the crust, in particular below large
composite volcano complexes (James 1982; Barreiro and
Clark 1984; Harmon and Hoefs 1984; Harmon et al. 1984;
Thorpe et al. 1984; Hildreth and Moorbath 1988; Davidson
et al. 1991; Aitcheson and Forrest 1994; Davidson and de
Silva 1995). Petrological characteristics of the Andahua—
Orcopampa and Huambo magmas suggest that they were
erupted from deep reservoirs and have been less strongly
modified in shallow magma chambers and feeder systems
that appear to exist below many composite volcanoes. Thus,
these Andahua—Orcopampa and Huambo lavas provide a
window to the zone and processes where CVZ parent
magmas may evolve.

SPOT (Satellite pour 1I’Observation de la Terre) satellite
images, as well as field observations enable the identifica-

tion of numerous fault structures in the Andahua—Orco-
pampa and Huambo volcanic province. A structural
analysis has evaluated their potential activity during the
Quaternary and has determined that a clear connection with
the Andahua—Orcopampa and Huambo volcanic activity
may be inferred, since tensional faulting prevails in the
Western Cordillera of southern Peru (Sébrier and Soler
1991; Mering et al. 1996).

Geodynamic setting

The Central Andes (15-28°S) are part of an active
continental margin mountain belt (Fig. 1), related to the
convergence between the subducting oceanic Nazca plate
and the South-American plate. The surface morphology
above the 30° eastward-dipping downgoing slab (Barazangi
and Isacks 1976; Cahill and Isacks 1992) is characterised
from west to east by an active volcanic arc in the Western
Cordillera, a broad high plateau (Altiplano in the north and
Puna in the south) and an active eastward verging foreland
belt. The present-day rate of convergence is 61+3 mm
year ' at an azimuth of 79+4°, as estimated from space
geodetic data at southern Peru latitude (Norabuena et al.
1998, 1999). Plate reconstructions suggest a peak conver-
gence rate during Late Oligocene and a gradual deceleration
of convergence since 20 Ma (Somoza 1998; Norabuena et
al. 1999). This phase is also a period of major continental
deformation that initiated the Andes’ growth. The uplift of
the thickened crust at the western edge of the continental
block is an isostatic response to crustal shortening (James
1971; Isacks 1988; Zandt et al. 1994; Beck et al. 1996;
Gregory-Wodzicki 2000; Beck and Zandt 2002). Geophys-
ical data acquired in the past two decades have confirmed the
extreme crustal thickening of the Central Andes. They also
clarified the picture of the crustal structure in the Central
Andes and demonstrated the variable nature of the mantle
root (Whitman et al. 1992, 1996; Giese et al. 1999; Beck
and Zandt 2002; Gerbault et al. 2005).

The Andahua—Orcopampa and Huambo volcanic prov-
ince is located in the Western Cordillera, which supports the
active magmatic arc. This magmatic arc, made up of
andesitic to dacitic composite volcanoes, is placed about
120-130 km above the Wadati—Benioff plane and built on
60-80 km thick crust (Barazangi and Isacks 1976; Cahill
and Isacks 1992; Beck and Zandt 2002). In the Western
Cordillera and the Altiplano, a deep crustal root is evident
from both gravimetric and seismic studies. Beneath the
active volcanic arc, geophysical properties suggest partial
removal of the mantle lithosphere, so that hot astheno-
spheric material is mainly filling the gap between the crust
and the subducting plate (Whitman et al. 1992, 1996, Beck
and Zandt 2002). Giese et al. (1999) address the question of
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the petrological interpretation of these geophysical data.
They suggest that the Moho discontinuity may not
correspond to a boundary between crustal and mantle
rocks. Hydration and metasomatism of peridotitic mantle
rocks may change their petro-physical properties to typical
crustal values. Furthermore, some authors propose that a
thin lithospheric mantle lid is present beneath the crust of
the Western Cordillera (Baumont et al. 2001).

The 60—80 km thick crust supporting the active volcanic
arc has mainly a felsic to intermediate bulk composition
(Beck and Zandt 2002). From thermo-mechanical proper-
ties, the shallow crust, up to 50 km deep, is predominantly
felsic, whereas the lower crust tends to be mainly mafic
(Yuan et al. 2002). A mid-crustal seismic low-velocity zone
and high surface heat-flow argue for high-temperature
conditions within the crust and widespread intra-crustal
melting since Miocene and Pliocene times (Babeyko et al.
2002; Yuan et al. 2002). Numerical modelling of the
thermo-mechanical properties of the crust suggests that
convective heat and mass transfer from partially molten
lower crust to shallower levels may result in high intra-
crustal temperatures (Babeyko et al. 2002). Warm astheno-
spheric material possibly enhances heating and partial
melting of the lower crust (Whitman et al. 1992, 1996;
Babeyko et al. 2002). The mechanical decoupling is
enhanced by a competent upper crust and a westward
moving, ductile, middle to lower crust as shown by
numerical models (Isacks 1988; Gerbault et al. 2005;
Tassara 2005). The regional stress regime in the Central
Andes causes horizontal ductile flow in the lower crust,
which induces brittle deformation in the upper crust and
small amounts of surface deformation with vertical uplift
(Womer et al. 2002; Victor et al. 2004; Gerbault et al.
2005). Indeed, the cold and rigid forearc acts as a
mechanical barrier, resisting the relative motion of the
ductile crustal material. This has caused crustal material, in
response to tectonic shortening, to accumulate below the
competent upper crust of the Western Cordillera (Babeyko
et al. 2002). Observed active regional scale strike-slip
faults, such as the N135-striking Ichupampa and Huanca
faults in southern Peru (Mering et al. 1996; Antayhua et al.
2001), also indicate mass transfer in a direction roughly
perpendicular to the direction of convergence. These
structures only accommodate small amounts of displace-
ment, suggesting that they are related to crustal block
rotations responding to regional bending (Lamb 2000).

Analytical methods
Petrographic observations of thin sections of lavas (olivine-

rich basaltic andesites, basaltic andesites, andesites and
dacites) collected from the Andahua—Orcopampa and

@ Springer

Huambo monogenetic fields were used to document the
textural relationships and to identify mineral phases.
Quantitative mineral chemistries have been determined with
an electron microprobe CAMECA SX100 at the “Labo-
ratoire Magmas et Volcans” of the Université Blaise Pascal
in Clermont-Ferrand, France. Operating conditions for
mineral analyses were 15 kV accelerating voltage, 15 nA
beam current, 10 s counting times for major elements and
15 s for minor elements (Cr, Ni) and a focussed beam.

Major elements analyses and trace elements of whole-
rock samples were performed by inductively coupled
plasma-mass spectrometry (ICP-MS) and X-ray fluores-
cence (XRF) at three different laboratories. A first set of
samples was analysed at Ecole Nationale des Mines of
Saint-Etienne, France, by XRF method. Major elements and
trace elements have been measured on glass pills and on
compacted powder pills, respectively, with an analytical
precision (20) less than 1% for major elements and around
5% for trace elements, except for Ni, Co, Cr and V, which
have an analytical precision less than 10%. A second set of
samples was analysed at CRPG-Nancy, France, by ICP-
AES and ICP-MS after fusion with LiBO, and dissolution
by HNO;. The analytical precision (20) is less than 1% for
major elements (except for Ca, Na and Ti: 2% and Mn:
5%), and less than 10-15% for trace elements (if concen-
trations are higher than 50 ppm, the analytical precision is
less than 5-10%). The REE of these two sets of samples
have been separated and concentrated by ion-exchange
chromatography, and analysed by ICP-AES at Ecole
Nationale des Mines of Saint-Etienne, with an analytical
precision (20) estimated to be less than 10% from systematic
in-run analysis of international standard BCR2 (basalt from
USGS). In addition, a third set of whole-rock analyses (major
and trace elements, and REE) were performed at Geo-
wissenschaftlisches Zentrum of Gottingen Georg-August
Universitdt, Abteilung Geochemie, Germany. Major ele-
ments and some trace elements (Sc, V, Cr, Co, Ni, Zn, Ga,
Rb, Sr, Zr, and Ba) were determined by X-ray fluorescence
(XRF) analysis on glass pills prepared with a lithium
tetraborate flux. The analytical precision (20) is less than
1% for major elements (except for Fe, Na: 2% and LOI:
~10%) and around 5% for trace elements. Additional trace
elements were analysed by ICP-MS. The analytical errors
estimated according to rock standards JB3 and JA2 are about
15-20% for Nb and Ta, and <10% for other trace elements.
Cross-check analyses were performed to guarantee analyti-
cal consistency and the concordance between labs was found
to be good; the combined data set is used for this study.

Sr-, Nd-, and Pb-isotope compositions have been
measured on selected samples. Whole-rock powders were
dissolved using an HF/HNO;/HCIO, mixture, and Sr and
Nd elements were separated at the Department of Geology
of the Université Jean Monnet in Saint-Etienne, France,
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with ion-exchange chromatography according to the proce-
dures described by Pin et al. (1994), and Pin and Santos
Zalduegui (1997). ¥’St/*°Sr and '"**Nd/"**Nd isotopic ratios
were determined using a VG Isomass 54E multicollector
mass spectrometer at the “Laboratoire Magmas et Volcans”
(CNRS, Université Blaise Pascal, Clermont-Ferrand,
France). During the period of measurements, SRM-987
and AMES Rennes standards gave °'Sr/*®Sr=0.71026+
0.00003 (20, n=7) and '"**Nd/"**Nd=0.511960+0.000015
(20, n=4), respectively. Sr-, Nd- and Pb-isotope composi-
tions were also measured at Geowissenschaftlisches Zen-
trum of Gottingen Georg-August Universitdt, Abteilung
Geochemie, Germany, with a Finnigan MAT 262 RPQII+
mass-spectrometer. During the period of analyses, standards
NBS987 (0.710245) for Sr and LalJolla (0.511847) for Nd
and NBS981 (recommended values from Todt et al. 1984)
for Pb were measured. Statistical errors (20) were estimated
less than 0.004% for Sr and Nd and less than 0.1% for Pb.
For more details see Churikova et al. (2001).

Oxygen isotope ratios of whole-rock samples and
mineral separates were determined after degassing under
vacuum on a conventional line for 3 h at 250°C. The
powders were reacted with BrFs at 550°C for 8 h and the
extracted O, converted to CO, using a hot platinised carbon
rod (Clayton and Mayeda 1963). Duplicate splits of the
internal quartz standard (Murchinson Line Quartz, MQ)
provided by the University of Cape Town were run with
each batch of six samples. The 6'*0 value of MQ has been
accurately determined to be 10.1% VSMOW (Vennemann
and Smith 1990) after calibration against the NBS-28
quartz international standard, assuming a value for NBS-
28 of 9.64%0 VSMOW (Coplen 1993). Oxygen isotopic
ratios were determined with a VG-prism mass spectrometer
at the Ecole Normale Supérieure of Lyon (S.M.F. Shep-
pard). All data are reported in the familiar § notation where
6" 0=(Rsampie/Retandara—1)* 10° and R="%0/'°0. The aver-
age value obtained for MQ was used to normalise the §'*0
values on the SMOW scale. The average difference of 16
MQ duplicates analysed during the course of this work was
less than 0.3%o. Thus 2¢-analytical precision of 0.3%o for
the O-isotope data is estimated and is mainly due to the
extraction procedure, as the mass-spectrometer analytical
precision is less than 0.010%o.

Accelerator mass spectrometry (AMS) '*C age-dating
was performed at the Isotope Research Center of Groningen
(Netherlands).

Volcanism and crustal structure in the Andahua—
Orcopampa and Huambo volcanic province

The present day stress regime in southern Peru is controlled
by: (1) north—south stretching, related to the extensional

regime of the high Andean Cordillera and to the slow
motion of the convergent plates, and; (2) ecast—west
compression associated with the N80-trending convergent
oceanic Nazca plate (Sébrier and Soler 1991; Mercier et al.
1992). Moreover, data obtained with SPOT and SAR ERS-
1 satellite images (Mering et al. 1996) indicate that the
tectonic regime in southern Peru close to Arequipa (Fig. 1)
is controlled by two main faults: the NW-trending Huanca
and Ichupampa faults. The extension in this area is NE-SW
and the Huanca and Ichupampa faults form a discrete pull-
apart structure in the vicinity of Arequipa that contains the
Nevado Sabancaya volcano. These extensive zones along
N70- and N135-trending faults are associated with fissures
that allow the ascent of the magmas to the surface (Huaman
et al. 1993).

The Andahua—Orcopampa and Huambo monogenetic
fields extend roughly oblique to the NW-SE-trending
volcanic range of the CVZ. The Andahua—Orcopampa
monogenetic field lies in a NS-trending valley (Fig. 2a, b),
divided into four segments, the N—-S Orcopampa area, a
NW-SE trending tributary valley to the west, WNW-ESE
trending Andahua area and the N—S-trending Andahua—Ayo
valley to the south. To the south of the Rio Colca Valley,
the Huambo monogenetic field (Fig. 2a, b) displays a
northern and a southern field. Within these two fields, the
volcanic centres are roughly WNW-ESE-trending, parallel
to the N120-trending Huanca thrust fault zone in the
Western Cordillera (Mering et al. 1996; Antayhua et al.
2001). Lava flows are channelled towards the Pacific
piedmont as far as 35 km from the Huanca fault scarp in
southern field of Huambo.

A structural analysis of this part of the Western
Cordillera suggests that the emplacement of the Andahua—
Orcopampa and Huambo volcanic province is related to the
regional stress regime and regional tectonic trends (Figs. 2a, b
and 3a, b). The study of a 1998-SPOT satellite image shows
four groups of faults in the Andahua—Orcopampa and
Huambo areas (Fig. 2b). (1) N120 to N130-trending
left-lateral strike-slip faults, e.g. in the Andahua area, are
“en-echelon” faults. They accommodate the Orcopampa
valley, to the north, and the Ayo valley, to the south
(Figs. 2b and 3a). The left-lateral component is consistent
with the present N80-trending convergence of the Nazca
plate with the south-American plate. (2) Extensional NO70—
NO80-trending faults have offset lava flows of late
Pleistocene age (e.g., the two Huambo—Cabanaconde
scarps, Fig. 2b), and the Holocene Puca Mauras lava field
(Fig. 3b, c), and N80-trending extensional faults observed
on satellite images have been analysed by Huaman et al.
(1993) and Mering et al. (1996). (3) N130-trending thrust
faults, with a southwest dip, affected the southern Huambo
area (Fig. 2b). These regional thrusts, parallel to the Peru
fore-arc trench, are inherited features from earlier stages in
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Fig. 3 a Valley of Andahua as shown by extracted scene of SPOT4
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showing that the NO70-trending normal faults offset the Holocene lava
flows. ¢ Scarps showing the NO70-trending normal faults in the
Pleistocene lava flow

the formation of the Andes (Vicente et al. 1979). From one
eruptive fissure, parallel to the N130-trending thrust fault, a
recent lava flow has mantled the fault scarp west of Marbas
Grande cone. (4) N010-N040-trending faults are inherited
faults, which are often offset by active faults, e.g. in the
Ayo area.

The north—south extensional regime in southern Peru
may have reactivated the fault system identified within the
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Andahua—Orcopampa and Huambo province, especially the
N120-N130-trending and N80-trending faults. These faults
may be deeply penetrative and may provide pathways for
magma ascent from deep reservoirs (Huaman et al. 1993;
Mering et al. 1996). The Andahua—Orcopampa and
Huambo volcanic centres may thus be representative of
parental magmas feeding the composite volcanoes.

Morphology, volume, and age of the Andahua—
Orcopampa and Huambo cones and lava flows

Morphology of the cones

Monogenetic scoria and cinder cones of moderate size
(200-300 m high and 500-650 m across) are the predom-
inant volcano type in the Andahua—Orcopampa and
Huambo monogenetic fields, and were each formed during
a single eruption. About 60 cones are found in the
Andahua—Orcopampa and Huambo volcanic province, with
40 of them concentrated between Orcopampa and Ayo
(Fig. 2a). Most of the cones lie on the valley floors (e.g.
Chilcayoc Grande or Jechapita, Fig. 4a) but a few edifices
have been built on the Miocene to upper Cretaceous rocks
of the valley sides. For instance, Cerro Jenchafia (Fig. 3a) is
built on Cretaceous sandstone forming the western scarp of
the Andahua valley and Cerro Ticshé has grown on
Pleistocene lava bedrock of the Orcopampa group (Caldas
1993). Lavas of these scoria cones often contain sedimen-
tary xenoliths and xenocrysts, suggesting partial digestion
of bedrock fragments in magmas. Some lava flows
associated with the cones extend as far as 4 to 8 km (e.g.
Loma Ninamama; Fig. 4b), and extensive compound
block-lava flows have a total estimated volume of 15+
5 km®. Thick lava fields cover the floors of the Orco-
pampa—Andahua valleys to thicknesses of up to 130 m in
the Ayo valley. Thinner lava flows, a few tens of meters
thick, cover parts of the northern and southeastern Huambo
fields.

Ages

A number of methods were used to estimate the chronology
of the volcanic activity in the Andahua—Orcompampa and
Huambo volcanic province: (1) 'C age dating, (2)
morphometric classification of the edifices, and (3) relative
dating using stratigraphical relationships, surface morphol-
ogy criteria and the degree of weathering on surfaces, based
on interpretation of aerial photographs and field observa-
tions. Previous K—Ar dating of the andesitic bedrocks near
Andahua indicated Middle to Late Pleistocene ages
(Kaneoka and Guevara 1984). One sample collected north
of the Cerro Tichs6 (WNW of the town of Andahua)
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Fig. 4 a Photograph of the Jechapita and Chllcayoc Grande cones that
are typically well preserved cinder and scoria cones in the Andahua field.
These cones are built on Middle Pleistocene age lava bedrock. b Aerial
photograph of the historical Loma Ninamama coarse ropy lava flow, east
of Andahua village. ¢ Marbas Chico cone of middle Holocene age

yielded an age of 0.27+0.02 Ma, and a second one sampled
south of the Yanamauras cones provided an age of 0.5+
0.07 Ma (Table 1).

Four '*C ages point to limited eruptive activity during
Middle and Late Holocene times. The ages and locations of
the analysed samples are presented in Table 1. Some
monogenetic cones may even have been active in historical
times, particularly in the Andahua field, as suggested by
one of the ashfall layers of Jenchana cinder cone, which is
directly overlain by the A.D. 1600 Huaynaputina ash
deposit (Thouret et al. 2002). The two ashfall layers are in
sharp and regular contact without intercalated soil, imply-
ing a short time interval between the two events. Age

O i )

= lavadield

Loma Nmnamamadaya
flow of historical age

~ coarse, ropy.aa-lava

=}

500 m

deep "fresh" crate

(southern Huambo area), showing surface-modifications, e.g. gullies,
subdued crater, and vegetation cover. d “fresh” Mellizos cinder and scoria
cones (Andahua village), showing no trace of degradation, no deep craters
and no vegetation cover. The morphometric values (D, S, and H) of one
cone are shown on this photograph (see text for discussion and Fig. 5)

determinations thus range from Late Pleistocene to possibly
historic eruptions. The older ages overlap with those of
similar mafic centres north of Coropuna and in the Colca
Canyon to the NE of the Andahua—Orcopampa and
Huambo monogenetic fields. Voluminous Holocene erup-
tions of minor centres, however, are clearly restricted to the
three fields studied here.

The denudation rates of the Andahua—Orcopampa and
Huambo edifices have been estimated from measurements
on topographic maps (scale: 1/25,000) and aerial photo-
graphs in order to determine the relative age of the volcanic
cones (Appendix A). The four morphometric parameters
utilized (following Wood 1980) are: (1) the basal diameter

Table 1 Ages of edifices and lava flows of the Andahua—Orcopampa and Huambo volcanic fields (A: Andahua, O: Orcopampa, H: Huambo)

Location Volcanic fields Methods Material dated and deposit Age

Cerro Tichso A e Burned twigs in ash 4,060+50 year BP

Cerro Mauras | A-O 4c2 Organic matter from a peat in ash 2,810-2,970+50 year BP
Cerro Keyocc H 4c2 Peat in ash 2,650+50 year BP
Chilcayoc Grande A e Charcoal in ash 1451 to 1523 A.D.
Lava-bedrock north of Cerro Tichsd A-O K/Ar® Whole-rock 0.27+0.02 Ma
Lava-bedrock south of Andahua A K/Ar® Whole—rock 0.5£0.07 Ma

? Conventional analyses made at the Isotope Research Centre of Groningen (Netherlands)

°Kaneoka and Guevara (1984)
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Dy, (2) the crater diameter D, (3) the edifice height H, and
(4) the slope average dip S, with S=tan ' (H/(Dy—Dy,)). A
decrease in the ratio of height (H) to basal diameter (Dy) is
the consequence of height reduction due to erosion and to
the fact that the basal diameter increases as scree
accumulates. From the measured H/Dy ratios, the Anda-
hua—Orcopampa and Huambo edifices may be classified
into two relative age groups (Fig. 5a) according to erosion
stages, as described by Wood (1980): (1) The “Andahua
age” applies to cones less than 5,000 years old with H/Dy,
ratios in the range 0.25-0.35, and (2) the “Orcopampa age”
applies to cones 6,000 to 20,000 years old with moderate
denudation rate and H/Dy, ratios of 0.1-0.25. Based on the
measured morphometric parameters, the average slope
angle of cone flanks (Fig. 5b) decreases with H/D, ratio
and hence with age. Therefore a slope range for each
edifice generation can be used as a criterion for relative
chronology: (a) 30 to 35° for late Holocene and historical
Andahua cones; (b) 20 to 28° for the Early to Middle
Holocene Orcopampa cones; and (c) 15 to 20° for the

450 qfo Orcopampa cones
O Andahua cones
400 1 O Huambo cones © Puca Mauras
350 {|a C. Wood data (1980)
fé\ 300
£ 250 oA °
N _ .
T 200 Andahua L%, .
150 | age o “a o » Orcopampa
100 ] o o, . a e
_ P A A— —
50 | _a o0— —
A —_
e @
0 200 400 600 800 1000 1200 1400 1600 1800
Dy (in m)
504[e Orcopampa cones
O Andahua cones Puca Mauras o
40 | O Huambo cones
~ 304
o
R
«©nn 20
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old cones young cones
0 , , , ®
0 0.1 0.2 0.3 0.4

H/D,

Fig. 5 Graphs showing morphometric statistical data. a H versus Dy,
diagram, defining two age groups: the Andahua cones for the
historical and late Holocene edifices and the Orcopampa cones for
the Early to Middle Holocene and late Pleistocene edifices. Puca
Mauras showing different features is out of the two trends. b S versus
H/Dy, diagram, showing the linear evolution of cone slopes with H/D,
ratio
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oldest Orcopampa cone group of Late Pleistocene age
(Fig. 5a).

The stratigraphical relationships, surface morphology
(e.g. drainage density, vegetation cover, crater shape;
Colton 1967) and weathering stages indicate the same four
periods of volcanic activity: Late Pleistocene, Early to
Middle Holocene, Late Holocene and historical time. For
instance, some cones, e.g. Marbas Chico I (southern Huambo
field, Fig. 2a) and Cerro Mauras II (Orcopampa field,
Fig. 2a), display characteristics of at least Early to Middle
Holocene age (e.g. subdued crater, deep barrancos, vegeta-
tion cover; Fig. 4c), whereas the fresh morphology of the
Andahua cones (deep craters, steep slopes without gullies,
no soil and scattered vegetation, e.g., Mellizos volcanoes,
Fig. 4d) indicates Late Holocene eruptive activity.

Petrography and mineralogy of the Andahua—
Orcopampa and Huambo lavas

Textures as well as mineral assemblages are similar
throughout the Andahua—Orcopampa and Huambo mono-
genetic fields irrespective of age, size and morphology of
the eruptive centres (Table 2). The Andahua—Orcopampa
and Huambo minor centres, and Cerro Nicholson lavas and
tephra are generally dark, subaphyric to poorly porphyritic,
and variably vesicular (0—70 vol.%). The lavas often exhibit
trachytic textures. Fewer than 10% of the lavas are
porphyritic; these contain up to 15 vol.% phenocrysts, which
are generally 200-600 pm and rarely up to 1 mm in size.

Plagioclase is the prominent mineral phase, except in a
few rare cases (e.g. vol6 and vol58) in which olivine and
clinopyroxene occur in equal proportions with plagioclase.
Clinopyroxene and Fe-Ti oxides are present in all petro-
graphic types. Olivine is found in olivine-rich basaltic
andesites and is also present, though rare, in some
andesites. Hornblende and orthopyroxene also appear in
the andesites, whereas biotite phenocrysts are found only in
the most evolved dacite (A99-08).

Matrix textures are generally microlitic (crystal size less
than 80 um) and more rarely microcrystalline (crystal size
of 80-200 pm), with brownish interstitial glass. These
textural features are quite different from those of eruptive
products from the large composite stratovolcanoes. Their
lavas, generally more porphyritic, contain up to 25 vol.%
phenocrysts with sizes frequently exceeding 1-2 mm (e.g.
Nevado Sabancaya recent lavas, Gerbe and Thouret 2004).

The compositional ranges for minerals in the four
distinct petrographic types (olivine-rich basaltic andesites,
basaltic andesites, andesites and dacites) are summarized in
Table 3.

Plagioclase composition shows decreasing anorthite
contents from olivine-rich basaltic andesites to dacites.
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Table 2 Textural and mineralogical characteristics of lavas from the Andahua—Orcopampa and Huambo volcanic fields and from the Cerro
Nicholson cone

Volcanic fields Orcopampa field Andahua field Huambo field Cerro Nicholson

Lavas and cones

Texture Microlitic Microlitic Microlitic to porphyritic Porphyritic
Vesicularity (%)  10-70 10-70 10-70 0-70
Compositional Basaltic andesites to Basaltic andesites to Olivine-rich basaltic andesites to Olivine-rich basaltic
range dacites andesites andesites andesites
Mineral assemblage
Basalts pl+cpx+ol+mt pltcpx+ol
Basaltic pl+cpx+ol+mt pl+ol+cpx+mt pl+cpx+ol+mt
andesites
Andesites pl+px+ol+hb+mt pl+cpx+ol+hb+mt pl+px+ol+hb+mt
Dacites pl£cpx+hb+biot+mt
Pleistocene lavas of the bedrock
Texture Porphyritic Porphyritic
Vesicularity (%) 0-20 10-15
Compositional Andesites Andesites
range
Mineral pl+px+ol
assemblage

The mineral assemblages of each petrographic type are reported (p/ plagioclase, o/ olivine, px orthopyroxene and clinopyroxene, #b hornblende,
biot biotite, mt Fe—Ti oxides).

Most phenocrysts and microphenocrysts display normal
optical and compositional zoning, with a decrease of ca. 5—
15% An from core to rim. Nevertheless, plagioclases in
some andesites (voll6b, vol70) show reverse stepped-
zoning with low-amplitude oscillatory zoned cores, usually
bounded by sharp resorption surfaces and mantled by
50-pm thick inclusion-rich rims with higher An contents.

Large An-contrasts (>10%) associated with resorption may
be caused by injection of more mafic magmas into
differentiated magmas in reservoirs feeding the volcano
(Gerbe and Thouret 2004; Ruprecht et al. 2006).

Euhedral olivine phenocrysts and microphenocrysts form
about 25% of the crystal content (i.e. ca. 5 vol.% of the
rock) in the olivine-rich basaltic andesites (vol6, vol58). In

Table 3 Types and compositional range of minerals in the four distinct petrographic types of the Andahua—Orcopampa and Huambo monogenetic
fields and the Cerro Nicholson cone

Petographic Olivine-rich Basaltic Andesites  Dacites ~Comments
types basaltic andesite andesites
(sample nb) 3 13 51 2
Plagioclase % An 63-72 53-71 34-60 29-38 Mainly normal zoning with an amplitude of 5-15% An
pheno. and rarely oscillatory zoning
% An 63-67 55-64 35-54 33-49
ppheno.
Clinopyrox. % Wo 3149 3143 3143
Composition  Calcic augite Calcic Calcic
range and diopside augite augite
Orthopyrox. % En 67-75
Olivine % Fo 80-86 74-83 71-79 Basalt olivines contain Cr—spinel inclusions
Ni (ppm) 470-2,120 175-390 500-1,250
Cr (ppm) 135-890 136410 130-810
Amphibole Magnesio-hastingsite- ~ Amphibole show reaction rims of Fe—Ti oxides (ilmenite
Tschermakite and magnetite)
Biotite 1.14<Al'<1.28

Fe-Ti oxides <-Ulvdspinel-magnetite and ilmenite series->

Number of samples from each petrographic type is based on samples analysed for whole-rock chemistry (major and trace elements).
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andesites, olivine crystals are very rare, and often display
anhedral resorbed shapes suggesting that they may be
xenocrysts. Concomitant to modal variations, olivines
decrease from Fogs to Fo;y (Table 3) with increasing
degree of magmatic differentiation. In olivine-rich basaltic
andesites, olivine displays an average composition of Fogs
and contains chromian spinel inclusions, which show a
limited range of Mg-numbers and Cr-numbers (40-55 and
50-65, respectively). These homogeneous compositions are
consistent with equilibrium crystallisation with Fogs-olivine
at high temperature (Irvine 1967; Fisk and Bence 1980;
Dick and Bullen 1984). These authors have also demon-
strated that coexisting Cr-spinel and olivine are highly
sensitive to subsolidus exchange of Mg and Fe, due to
changes in intensive parameters like temperature and
oxygen fugacity. This narrow range of Cr-spinel composi-
tion may suggest that magmas did not suffer long storage
prior to eruption. Nevertheless, compositions of both Cr-
spinel and coexisting olivine suggest that they formed in
magmas that had already suffered some differentiation
compared to primary mantle melts.

Clinopyroxene is ubiquitous in all lavas and has a
diopside—calcic augite composition (Table 3; Morimoto
1988). Clinopyroxene composition is overall more calcic in
the olivine-rich basaltic andesites where diopside is found
as phenocrysts, whereas Mg- and Ca-rich augite exhibits
very homogenous compositions in all other petrographic
types. Orthopyroxene in andesites exhibits a narrow
compositional range from Eng; to Enys (Table 3). Amphi-
boles rarely occur in andesites and dacites (Table 3), and
plot within the field of magnesio-hastingsite or, rarely, in
the tschermakite field (Leake et al. 1997), with Al,O3 and
TiO, contents spanning ranges of 10-13 wt.% and 3 to
4 wt.%, respectively.

The mineralogy of the Andahua—Orcopampa and
Huambo lavas is thus characteristic of calc—alkaline lavas
of the Central Andean Volcanic Zone, with plagioclase,
pyroxene and amphibole crystals showing a typical calcic
compositional range. The unusual feature of the Andahua—
Orcopampa and Huambo lavas is the occurrence of olivines
with high-forsterite contents and chromian spinels as
inclusions in the olivine-rich basaltic andesites.

Pre-eruptive temperatures have been estimated for the
basaltic andesites using the distribution of Fe** and Mg**
between olivine and liquid (Roeder and Emslie 1970;
Leeman 1978) and from the distribution of CaO/MgO
between olivine and liquid (Jurewicz and Watson 1988). In
andesites and dacites, temperature estimates were obtained
with the Fe—Ti oxide geothermometer, using the calculation
scheme of Spencer and Lindsley (1981) for pairs of
magnetite and ilmenite that satisfied the equilibrium Mg—
Mn partitioning test (Bacon and Hirschmann 1988). In
cases where clinopyroxene and orthopyroxene coexist
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different calibrations of the two-pyroxenes geothermometer
were also used (Wood and Banno 1973; Wells 1977; and
Kretz 1981). The ranges of pre-eruptive temperature are
1,100-1,150°C for olivine-rich basaltic andesites, 1,000—
1,050°C for basaltic andesites, 900—1,000°C for andesites,
and 900-920°C for dacites.

Whole-rock major and trace element chemistry

Sixty-nine whole-rock samples were analysed for major and
trace elements; 38 representative analyses are given in
Table 4. Figures 6 and 7 contain the full data set, where
each analysis was recalculated to 100% on a volatile-free
basis and with all Fe as FeO.

The Andahua—Orcopampa and Huambo lavas consist of
high-K (1.4-4.4 wt.% K,0) calc-alkaline lavas, from
olivine-rich basaltic andesites to dacites, ranging from
52.1 to 68.1 wt.% SiO, (Fig. 6; Peccerillo and Taylor
1976; Le Maitre 1989). Andesite is the most abundant and
ubiquitous lava type (51 samples), whereas dacites are very
scarce (four samples) and limited to the largest volcanic centre
(e.g. Puca Mauras in the Orcopampa valley). The three least
differentiated olivine-rich basaltic andesites are found in the
Huambo area and at Cerro Nicholson. MgO, CaO, FeO,, Ni,
Cr, and V contents show negatively correlated curved trends
with SiO, abundance (52 to 56 wt.%, Fig. 7). The
abundances of most incompatible elements (Rb, Th, U) are
positively correlated with SiO, content. Al,O3, Na,O, Sr and
Ba concentrations display two-step evolution, with increas-
ing trends from 52 to 58 wt.% SiO,, and decreasing trends
for higher SiO, contents. Major and trace element evolution
is thus broadly consistent with differentiation by fractional
crystallization at shallow pressures.

A closer inspection, however, indicates a more complex
magmatic evolution. Ba, Pb, Th, U and, to a lesser extent,
Na,0, K,0, Rb and Sr contents show a high variability in
intermediate and evolved lavas, which cannot be attributed
to analytical imprecision (see the Analytical method section).
Furthermore, data for highly incompatible elements U, Th,
Rb and Pb can be interpreted to define two trends for the
differentiated lavas of the Puca Mauras composite cone and
lava flows located in the Orcopampa field. The curvature in
some of the trends on the variation diagrams suggests that if
mixing has occurred, the compositional contrast between
end-members must have been small. Otherwise, mixing
between mafic recharge and evolved dacites would result in
linear rather than curved trends.

Thus, a simple crystal fractionation model is not
consistent with the observed scatter and, for example, with
the evolution of Ba from intermediate to silicic lavas.
Decreasing Ba-contents would suggest that biotite and/or
sanidine are the dominant fractionating phases from 5 wt.%
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Table 4 Major, trace and REE analyses of selected samples from the Andahua—Orcopampa and Huambo volcanic fields and the Cerro Nicholson

cone
vol58  vol60 vol4 vol5 vol6 vol64 vol65 vol66 vol70
Area C.N. C.N. H H H H H H H
Location Llajuapampa  road above C. Marbas Chico ~ Marbas Chico  summit Mojonpampa
C. Marbas Tururuma  lava field lava field Marbas lava field
Grande
Type OBA OBA A A OBA A A BA A
Method 1 2 1 1 2 2 2 1 2
SiO, 5246 5225 57.15 60.33 51.43 58.78 60.65 55.81 58.67
Al,O4 16.54 17.18 16.53 16.37 16.71 16.88 16.98 17.20 16.39
Fe,04 9.47 9.29 6.67 5.68 9.03 6.31 5.80 7.51 6.65
MnO 0.12 0.13 0.08 0.07 0.12 0.06 0.06 0.08 0.08
MgO 5.34 5.09 2.84 2.40 7.30 2.77 231 3.37 3.03
CaO 8.37 8.19 5.78 5.02 8.72 5.61 4.96 6.40 5.56
Na,O 3.69 3.54 5.23 4.67 3.37 431 4.56 4.80 3.64
K,0 1.72 1.71 2.85 3.20 1.38 2.87 3.05 2.09 3.10
TiO, 1.46 1.34 1.26 1.03 1.21 1.03 0.99 1.44 0.96
P,0s 0.36 0.38 0.63 0.45 0.29 0.41 0.43 0.58 0.30
LOI 0.37 1.10 0.37 1.05 0.38 0.99 0.24 0.92 1.58
Sum 9991 10020 99.39 100.26 99.94 100.02 100.03 100.21 99.96
FeOt 8.52 8.36 6.00 5.11 8.13 5.68 522 6.76 5.98
Rb 26 33 49 64 21 63 72 29 81
Sr 864 877 1212 873 594 925 915 1108 693
Ba 653 730 1454 1263 500 1154 1248 1059 907
Zr 155 169 282 269 137 232 258 179 231
Nb 5 6 10 10 5 9 10 7 8
Ni 56 67 17 13 134 22 18 30 28
Cr <d.l 91 <d.l <d.l 372 37 28 <d.L 37
\% <d.l 241 <d.l <d.l 215 144 131 <d.l. 161
Y 22 20 16 14 16 12 12 13 17
Pb 9 8 <d.l <d.L 3.7 12.8 12.5 9.3 15.1
Th <d.L 3.00 <d.l 4.80 2.21 5.06 5.11 <d.L 10.59
U <d.l 0.62 <d.l <d.L 0.57 0.85 0.89 <d.L 2.12
La 28.70  31.70 60.28 51.20 19.54 44.83 49.02 40.10 40.87
Ce 62.70  69.75 118.94 100.00 43.04 92.96 104.76 83.00 83.75
Pr <d.l 8.50 <d.l <d.l 5.45 11.42 12.89 <d.L 10.35
Nd 3550  34.60 50.70 44.00 23.70 42.65 46.61 43.00 38.63
Sm 7.04 6.48 8.45 7.45 4.67 6.78 7.58 7.16 6.46
Eu 1.56 1.87 2.01 1.65 1.42 1.76 1.79 1.71 1.64
Gd 5.80 5.25 5.41 5.12 3.76 4.69 4.60 5.30 4.64
Tb <d.l 0.74 <d.l <d.l 0.57 0.59 0.57 <d.L 0.66
Dy 4.27 3.92 2.84 2.53 2.99 2.81 2.60 3.22 3.33
Ho <d.l 0.73 <d.l <d.l 0.61 0.46 0.40 <d.L 0.61
Er 2.36 1.86 1.28 1.08 1.63 1.14 1.03 1.20 1.64
Tm <d.l 0.26 <d.l <d.l 0.21 0.15 0.16 <d.L 0.20
Yb 1.74 1.89 0.95 0.85 1.41 0.97 0.90 0.92 1.46
Lu <d.l 0.26 <d.l <d.L 0.26 0.15 0.12 <d.L 0.19
(La/Ybyy 153 15.6 59.0 56.0 12.8 43.1 50.5 40.6 26.0
St/Yb 497 465 1277 1028 420 958 1016 1207 475
Sr/Y 39 43 77 62 37 75 79 83 42

All Fe is given as Fe,0s.
Abbreviations for the petrographic types are: OBA for olivine-rich basaltic andesites, B4 for basaltic andesites, 4 for andesites, D for dacites.
Abbreviations for locations: CN Cerro Nicholson, # Huambo, AND Andahua, O Orcopampa. Abbreviations for the method and laboratories where the
analyses were performed: (/) XRF for major and trace elements and ICP-AES for REE on concentrated fraction by ion-exchange chromatography at
Ecole Nationale des Mines de Saint-Etienne, France; (2) ICP-MS at CRPG—Nancy, France; and (3) ICP-MS and XRF at Geowissenschaftlisches
Zentrum of Gottingen Georg-August Universitit, Abteilung Geochemie, Germany.
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Table 4 (continued)

vol71 vol75 vol77 H99-03 H99-04 H99-05 vol8 voll4 voll5 voll6 A
H H H H H H AND AND AND AND
Mojon- Lava flow lava flow Marbas flow small cone lava flow Chil- Jechapita  Chilcayoc
pampa lava Laguna from Chicas II  below near road south exit of cayoc lava field
field Mucurca basement road town Chico

BA BA A A BA BA A A A BA

2 2 1 3 3 3 1 1 1 1
54.81 55.25 59.10 59.00 53.7 55.00 58.64 58.12 59.04 54.76
17.51 17.44 16.40 16.50 17.40 16.90 16.51 16.35 16.25 16.47
7.90 7.87 6.52 6.28 8.58 8.07 6.42 6.71 6.21 7.39
0.08 0.08 0.08 0.08 0.11 0.10 0.08 0.08 0.07 0.08
3.83 3.72 3.12 2.78 4.29 4.12 2.76 3.02 2.56 3.39
7.72 7.35 5.41 5.55 7.31 6.88 5.71 5.90 5.34 6.64
4.06 4.14 3.73 4.45 4.36 4.14 4.78 4.95 5.05 4.96
1.92 2.09 3.10 2.87 2.09 2.47 2.24 2.65 2.69 1.92
1.32 1.35 0.99 1.07 1.41 1.43 1.17 1.22 1.16 1.37
0.45 0.46 0.31 0.43 0.49 0.52 0.42 0.52 0.43 0.51
0.39 0.26 0.90 0.28 0.10 0.00 0.22
99.99 100.01 99.66 99.01 99.74 99.63 99.01 99.62 98.80 97.71
7.11 7.08 5.87 5.65 7.72 7.26 5.78 6.04 5.59 6.65
32 37 83 64 29 37 34 42 48 18
1197 1204 650 917 950 938 930 1063 861 114
835 871 940 1228 1130 1130 967 1298 1078 970
154 167 231 232 222 223 180 251 227 194
5 6 8 8 10 8 6 10 9 7

29 28 19 22 43 51 20 20 15 28
43 42 <d.l 37 69 97 <d.l <d.L <d.l <d.L
207 205 <d.l 148 194 190 <d.l <d.L <d.l <d.L
15 15 17 15 17 15 14 15 15 15

8 9 17 9 67 11 <d.l. <d.l. <d.l <d.l.
3.95 3.93 8.90 3.29 3.08 3.19 <d.l. 3.20 4.60 3.80
0.75 0.88 <d.l. 1.01 0.82 0.63 <d.l. <d.l. <d.l. <d.l
33.16 35.90 45.50 37.08 33.18 40.65 31.10 48.37 43.10 34.74
73.93 76.77 89.90 84.08 80.81 92.20 68.20 104.36 89.90 82.02
9.62 10.16 <d.l 11.35 9.66 10.82 <d.l <d.l <d.l <d.L
40.86 42.40 42.20 41.69 33.93 42.03 34.60 40.74 41.00 38.99
6.49 7.38 6.98 7.99 6.09 7.34 6.61 7.76 7.63 7.84
1.77 1.91 1.44 1.73 1.56 2.03 1.55 1.71 1.62 1.60
5.13 4.89 5.42 3.93 4.72 5.06 4.49 5.05 5.08 5.37
0.64 0.64 <d.l. 0.53 0.51 0.64 <d.l. <d.l. <d.l. <d.l.
3.11 3.30 3.10 2.50 3.36 291 2.44 2.79 2.68 2.80
0.53 0.56 <d.l 0.54 0.54 0.48 <d.l <d.L <d.l <d.L
1.48 1.30 1.24 1.27 1.31 1.30 0.97 1.52 1.08 1.25
0.20 0.19 <d.l 0.13 0.21 0.16 <d.l <d.L <d.l <d.L
1.20 1.23 0.93 0.85 0.99 0.93 0.74 0.91 0.88 0.84
0.18 0.17 <d.L 0.13 0.17 0.14 <d.L <d.L <d.l <d.L
25.7 27.2 45.7 40.6 31.0 40.4 38.8 49.2 453 38.4
999 981 702 1082 956 1004 1250 1164 974 1360
79 79 39 61 56 63 680 72 59 76
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Table 4 (continued)

voll6 B vol49 vol54a vol54b vol54c A99-17 A%9-18  A99-20 A99-22 A99-27
AND AND AND AND AND AND AND AND AND AND
Chilcayoc lava Chilcayoc basement basement basement Flows W of Ticsho  Nina- Chil- Chil-
field Chico rock rock rock valley mama cayoc cayoc
A A A A A A A A A A

1 2 2 2 2 3 3 3 3 3
56.19 58.33 58.85 58.49 59.08 59.00 58.10 57.60 57.90 56.50
16.4 17.07 16.40 16.66 16.78 16.7 16.60 16.90 16.80 17.20
6.97 6.54 6.63 6.61 6.65 6.19 6.20 6.74 6.59 7.53
0.08 0.07 0.07 0.07 0.07 0.09 0.08 0.09 0.09 0.09
3.14 2.96 2.94 3.07 3.02 2.48 2.59 2.94 2.99 3.41
6.21 5.99 5.41 5.74 5.67 5.54 5.87 6.01 5.90 6.69
5.01 4.69 442 438 4.47 5.06 4.81 4.94 4.88 4.88
2.17 2.71 2.63 2.58 2.59 2.9 2.73 2.54 2.63 1.97
1.29 1.12 1.14 1.12 1.12 1.17 1.15 1.25 1.19 0.98
0.51 0.49 0.40 0.41 0.39 0.56 0.56 0.56 0.54 0.52
0.00 0.06 1.08 0.85 0.13

97.98 100.03 99.97 99.98 99.97 99.68 98.68 99.56 99.51 99.77
6.27 5.88 5.97 5.95 5.98 5.57 5.58 6.06 5.93 6.78
28 52 66 60 63 58 44 43 45 25
1076 1076 849 859 861 1116 1272 1149 1115 1196
1014 1243 1045 965 988 1405 1521 1275 1305 991
199 250 234 224 221 255 228 222 233 179
7 10 9 8 8 8 7 7 9 4

23 25 33 35 35 20 19 25 28 33
<d.l 44 57 58 58 27 30 40 42 52
<d.l. 156 161 159 162 139 137 150 142 183
14 13 14 14 14 14 14 13 13 14
<d.l 13 13 12 13 13 7 12 12 7
<d.l 3.75 6.21 5.78 6.16 3.58 3.04 2.01 3.24 1.27
<d.l 0.73 1.29 1.18 1.24 0.64 0.75 0.61 0.61 0.42
35.90 51.35 43.19 39.38 39.95 49.51 51.96 46.13 47.86 31.49
84.76 109.56 91.45 86.08 86.61 102.85 120.99  89.01 106.40 64.81
<d.l 12.73 10.80 10.11 10.46 11.68 14.34 11.64 11.88 9.56
36.89 48.29 41.67 39.71 41.21 44.63 46.61 54.62 45.04 39.75
8.51 8.02 7.48 6.96 6.83 7.34 6.88 8.58 7.39 6.53
1.67 2.05 1.76 1.71 1.70 1.89 1.97 2.18 2.05 1.93
4.84 5.14 4.80 4.45 4.69 497 5.40 4.39 5.18 3.85
<d.l 0.66 0.60 0.60 0.61 0.60 0.54 0.71 0.63 0.60
2.54 3.12 3.11 2.86 3.01 2.64 3.03 2.26 2.84 2.22
<d.l 0.50 0.47 0.48 0.52 0.43 0.51 0.48 0.46 0.48
1.24 1.26 1.19 1.24 1.19 1.09 1.00 1.56 1.23 1.16
<d.l. 0.17 0.16 0.17 0.16 0.13 0.15 0.15 0.16 0.13
0.80 0.99 1.01 1.00 1.03 0.82 0.71 0.89 0.88 0.80
<d.l 0.13 0.17 0.16 0.16 0.12 0.14 0.11 0.14 0.10
41.5 48.0 39.6 36.7 36.1 56 68 48.2 50.5 36.4
1341 1084 838 863 838 1359 1787 1294 1267 1487
75 80 61 62 63 80 91 88 86 85
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Table 4 (continued)

vol22a vol25 vol29-1 vol32 vol35 vol37 A99-01 A99-10 A99-15
(0] (6] (6] (0] (6] (6] O O (0]

C. Mauras Puca Puca cone NE Puca Challhue Challhue Puca Puca Puca
Sur Mauras Mauras Mauras Mauras Mauras Mauras Mauras Mauras
A D A BA A A D A D

2 2 2 2 1 1 3 3 3
58.23 62.42 59.80 55.68 56.20 59.21 62.4 61.40 64.30
17.19 16.06 16.93 16.96 16.49 17.30 16.1 16.20 15.70
6.51 5.16 591 7.24 7.12 6.47 5.16 5.46 4.73
0.07 0.05 0.06 0.08 0.08 0.07 0.07 0.08 0.07
2.13 2.00 2.35 3.05 3.07 2.31 1.97 2.10 1.82
4.90 4.45 5.01 6.66 6.00 5.06 4.35 4.62 4.08
4.74 4.66 4.78 5.14 4.17 4.86 441 4.59 4.58
3.17 3.05 2.93 2.61 3.13 2.94 3.35 3.21 3.02
1.07 0.92 1.05 1.25 1.42 1.12 0.94 0.98 0.89
0.54 0.38 0.43 0.62 0.78 0.56 0.37 0.39 0.33
1.51 0.81 0.75 0.79 1.47 0.29

100.06 99.96 100.000 100.08 99.93 100.19 99.11 99.03 99.51
5.86 4.64 5.32 6.51 6.41 5.82 4.64 491 4.26
80 83 78 57 61 75 123 106 88
952 847 972 1342 1288 941 781 845 701
1568 977 1270 1438 1445 1493 1162 1166 826
292 177 226 235 237 278 214 218 150
12 8 9 11 9 11 7 7 7

22 17 18 26 22 15 15 15 17
39 29 25 50 <d.l <d.L 26 25 21
147 119 134 169 <d.l <d.l 109 122 107
14 11 11 15 16 18 12 14 11

8 9 8 7 14 14 16 15 16
5.92 5.67 6.65 4.15 4.80 <d.l 12.10 10.43 6.32
1.02 2.05 0.98 0.87 <d.l. <d.l. 1.48 1.36 2.44
63.92 36.80 50.64 62.21 64.40 65.20 42.71 42.65 27.78
125.92 77.80 102.29 125.27 129.00 129.00 92.43 92.87 63.19
14.34 8.80 11.44 14.01 <d.l <d.l 10.25 10.58 7.61
53.81 35.34 42.89 56.40 56.8 56.10 39.24 38.30 30.49
8.09 6.40 6.81 8.88 9.92 8.78 6.16 6.71 5.33
2.06 1.54 1.82 2.12 2.33 2.03 1.55 1.62 1.40
4.65 4.14 4.82 5.47 6.88 6.79 4.38 4.51 3.74
0.66 0.52 0.59 0.73 <d.l <d.l 0.53 0.55 0.47
3.06 2.57 2.57 3.42 3.51 3.40 2.34 2.36 2.20
0.55 0.41 0.40 0.54 <d.L <d.l 0.38 0.39 0.37
1.31 0.96 1.04 1.46 1.51 1.54 0.99 1.00 0.99
0.19 0.15 0.11 0.20 <d.l <d.l 0.13 0.13 0.13
1.15 0.84 0.76 1.16 1.26 1.14 0.77 0.80 0.85
0.17 0.12 0.13 0.18 <d.l <d.l 0.11 0.11 0.11
51.4 40.8 61.9 50.0 47.4 53.1 51.8 49.3 30.4
824 1011 1279 1161 1022 826 1020 1052 827
67 77 89 89 81 52 65 60 64

SiO, onwards, but this is not supported by petrographical
observations because the main phenocryst phases (olivine,
pyroxene, plagioclase) have Ba-partition coefficients signif-
icantly less than 1. Alternatively, this decreasing trend may

@ Springer

reflect mixing of intermediate andesites with Ba- and Sr-
depleted rhyodacitic melts. Such evolved compositions are
unknown in the Andahua—Orcopampa and Huambo volcanic
province, but have been found in Mio—Pliocene volcanic
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Fig. 6 Classification of calc—alkaline series (Peccerillo and Taylor
1976) modified and simplified by Le Maitre (1989) used for the
Andahua—Orcopampa and Huambo lavas. The lavas belong to the
high-K calc—alkaline field. The oxides contents are recalculated to
100% on a volatile-free basis and with all Fe as FeO

deposits of southern Peru (Vatin-Pérignon et al. 1996). Also,
the scatter of data around trends for Rb, Th, and to a lesser
extent U and Pb in the Orcopampa intermediate andesites
(58 to 64 wt.% SiO,) indicates magmatic processes other
than simple fractional crystallization, and are consistent with
additional magma mixing and contamination (see also
discussion below on isotopic compositions).

Multi-element patterns of the Andahua—Orcopampa
and Huambo lavas normalised to primitive mantle
(Fig. 8a) display enrichment in LILE (Cs, Rb, Ba) relative
to primitive mantle. Some elements exhibit anomalies
relative to their neighbour elements, e.g. Th is depleted
relative to Ba and Rb, Pb is enriched relative to Ce, and
Nb is depleted relative to K. The low enrichment in Ti, Y
and Yb relative to primitive mantle is likely related to
occurrence of mineral phases (e.g. garnet or amphibole)
that fractionate these compatible elements. The patterns
for the Andahua—Orcopampa and Huambo lavas are
similar to those observed for CVZ volcanic rocks
(Davidson et al. 1991; Stern 2002). Despite a decrease in
Sr abundance from 56 wt.% SiO, onwards, the lavas do
not exhibit any negative Sr-anomaly or Eu-anomaly
relative to their neighbours on multi-element patterns
normalised to primitive mantle, or on REE patterns
normalised to chondrite. The absence of Eu anomalies
suggests high fO, crystallisation conditions involving Eu
preferentially in the 3+ state, or high water pressure,
which leads to the reduction of plagioclase crystallization
(Sisson and Grove 1993).

REE patterns of the Andahua—Orcopampa and Huambo
lavas normalised to chondrite C1 display steep slopes with
an enrichment of the LREE (La, Ce) and a depletion in

HREE (Fig. 8b) relative to chondrite. (La/Yb), displays a
rough positive correlation with SiO, (Fig. 9). The olivine-
rich basaltic andesites, which are considered to be the
closest end-member to parental magmas, show the flattest
REE patterns, with the lowest LREE and the highest
HREE-contents. The REE patterns display enrichment in
LREE with increasing degree of differentiation, but a
depletion in HREE leading to crossover patterns. Thus
there is no overall enrichment in REE from olivine-rich
basaltic andesites to dacites as would be typical for simple
low-pressure fractionation, suggesting the role of other
differentiation processes or decoupled evolutions. The
absence of a strong plagioclase signature and these
crossover REE patterns, i.e. the depletion in HREE, would
be suggestive of garnet fractionation or garnet-bearing,
plagioclase-free residues at high pressures.

Oxygen isotope data

Whole-rock O-isotope data for 23 samples from the
Andahua—Orcopampa and Huambo Quaternary volcanic
province and for four samples of the Cenozoic volcanic and
sedimentary formations of the substratum are reported in
Table 5. Clinopyroxene and plagioclase separates were also
analysed in phenocryst-bearing samples. The Andahua—
Orcopampa and Huambo lavas show a considerable range
in 6'®0 values of whole-rock (7.1-10.0%0) and plagioclase
(8.0-12.5%0) and a much narrower range for clinopyroxene
(7.5-8.7%0). The olivine-rich basaltic andesites exhibit the
lowest 6'®0 values except sample vol60, a scoriaceous
Cerro Nicholson lava, which exhibits the highest §'*0
value of 10.0%o. The basaltic andesites and andesites show
variable O-isotope signatures but no systematic '°O-
enrichment with the degree of differentiation as reflected
by the silica content (Table 5; Fig. 10).

Assessment of oxygen isotope equilibrium

In young and unaltered volcanic rocks, phenocryst §'*0
values record the distribution of oxygen isotopes between
melt and crystals prevailing at the time of crystallisation.
Even in such fresh rocks, however, subsolidus oxygen
exchange with late-stage external fluids can shift 6'%0
values, with plagioclase and the glassy groundmass the
constituents most likely to be affected (Gregory and Criss
1986; Davidson and Harmon 1989). Secondary uptake of
water through low-temperature hydration (<400°C) should
result in a general '®O-enrichment correlated with LOI (as
a rough proxy for water contents in the samples). Most of
the Andahua—Orcopampa and Huambo samples do not
show such correlations for whole-rock data (Fig. 11a),
suggesting that low-temperature hydration had little or no

@ Springer



598 Bull Volcanol (2007) 69:581-608
8 10 10
£ A E P
Z,, 81 AXA 8¢ AXA
g 5+ X g 6—: i‘\iﬁ_f
24 A =k 2
2+ OO PR by
1 O , ;
O e e 0 A e [ e e L e e
50 52 54 56 58 60 62 64 66 68 70 S0 52 54 56 58 60 62 64 66 68 70 S0 52 54 56 58 60 62 64 66 68 70
Si0, Wi% Si0, W% Si0) wt%
20 6 5+
: z z O
o 18 5+ 4+
IS A S E A D [
z A% %D IS m@ﬁ O © f
= | 2 E > 3
oml6z Od O S g_é A* A 5 3E BD
Q4§ %2 Q2i A
< E T N E
124 “ 0l A
10:"'3"‘1“‘1“‘%‘“‘v““v“"v“‘v‘““v“‘ 0:““v‘“1‘“‘1‘“"v“‘v‘“‘i“‘i"'?“'i“‘ 0: . | — - . L —
50 52 54 56 58 60 62 64 66 68 70 50 52 54 56 58 60 62 64 66 68 70 50 52 54 56 58 60 62 64 66 63 70
Si0, wi% Si0, wi% Si0y wt%
160 + 20 O 2 O
140 200+
120 £ A 151 o U ‘
£ 100 + g A £ 1504
& 80_; &10‘» & I:"ZI
s o60: X P o =100 -
z : A -V A ~ [
40 £ A 54 A 50F
e i=iunfs : ¥
Qo o o I;‘ O s e I O‘A“
50 52 54 56 58 60 62 64 66 68 70 50 52 54 56 58 60 62 64 66 68 70 50 52 54 56 58 60 62 64 66 68 70
Si0, wt% Si0, wt% Si0y wt%
400 + 20 2000 ¢
508 A i g
300 + 154 1500+
£ 250 £ £ F =) b
£ 200 ¢ & 10f §1ooof; A - o
= 150 £ = r [
G 150¢ _ @ i
100 x AE st 500+ A%
50 £ r r
05"1“‘}‘@@1:11_'_‘#D‘1“”—m—” O-““““““‘““““““"' 0-“‘4“‘1“‘4“‘4“‘I“1‘1“‘I"‘I"'
50 52 54 56 58 60 62 64 66 68 70 50 52 54 56 58 60 62 64 66 68 70 50 52 54 56 58 60 62 64 66 68 70
Si0, wi% Si0; W% Si0y Wi%
1600
300 3 E
O 1400 ¢
2504y 254 O 1200 £
00+ A A% g 2+ A O £ 1000 ¢ AN
£ 150 &151 imh Es00- X 0
ES = % 000+ A
50 U 051 AXTDg 200+
L e S e R R t t il 0 1 L — E— LI e m— O F
50 52 54 56 58 60 62 64 66 68 70 50 52 54 56 58 60 62 64 66 68 70 50 52 54 56 58 60 62 64 66 68 70

Si0, wi%

Si0; wi%

Si0y Wi%

A Huambo @ Andahua O Orcopampa X C. Nicholson

Fig. 7 Harker-type diagrams for major and trace elements composi-
tions of the Andahua—Orcopampa and Huambo lavas. Most of the
elements show linear negative or positive trends with SiO,, but some

effect on their O-isotope compositions, except for sample
vol60. The oxygen isotopic equilibrium between co-
existing minerals at magmatic temperature can also be
tested by so-called 6—d plots (Gregory and Criss 1986).
The 6'%0 values of plagioclase, which should exchange
oxygen relatively rapidly, are reported versus 6'*O values
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elements, such as Na,O, Al,Os, and Sr display scattered trends (see
text for further discussion). The oxide contents are recalculated to
100% on a volatile free basis and with all Fe as FeO

of coexisting clinopyroxene, which should exchange
oxygen more slowly, for four samples spanning the whole
range of lava compositions from basaltic andesite to dacite
(Fig. 11b). The mineral pairs fall within the A=0.5%o and
A=1.6%0 equilibrium lines, which correspond to the

experimental App,,—cpx fractionations (Chiba et al. 1989)
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Fig. 8 a Multi-element diagrams of the Andahua—Orcopampa and
Huambo lavas normalized to primitive mantle (Sun and Mc Donough
1989) showing the typical pattern for lavas related to subduction
zones. b REE-patterns of the Andahua—Orcopampa and Huambo lavas
normalized to chondrite C1 (Sun and Mc Donough 1989)

for Anyy at 1200°C and Ansq at 700°C, respectively. For
the other samples, in which only one mineral phase was
analysed, 6'%0 values are within similar ranges of 7.5—
8.5%0 for pyroxene and 8.0-9.8%o for plagioclase. Thus
measured 0'*O are interpreted to reflect magmatic values.
Only in the case of sample vol60, with a plagioclase §'*0
value of 12.5%o, is there a suggestion of lower tempera-
ture O-reequilibration or a xenocrystic origin for the
plagioclase.

Interpretation of oxygen isotope ratios

The most mafic lavas, olivine-rich basaltic andesites, have
the lowest 6'*O values of 7.1-7.3%o but even these are '*O-
enriched relative to mantle-derived primitive basaltic
magmas of continental subduction zones (Fig. 10), which
have an average 0'%0 value of 6.2:£0.7%o. This is slightly
higher than the average value for MORB (5.7£0.2%o),
possibly reflecting intramantle subduction zone enrichment
processes (Harmon and Hoefs 1995). Consequently a
positive shift in the ¢'%0 values of about 1%o reflects
subsequent assimilation of crustal '®O-rich components at
some storage level in the crust by magmas ascending from
the mantle wedge. The main problem is to evaluate at
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Fig. 9 Diagram of (La/Yb)y versus SiO, for the Andahua—Orco-
pampa and Huambo lavas showing a positive correlation of the ratio
with increasing SiO,, as well as enrichment in LREE and depletion in
HREE of the lavas

which level in the crust this occurs, either by mixing with
partial melts from the lowermost crust (MASH zone), or by
assimilation of upper crustal components during low-
pressure differentiation.

Crystallisation and assimilation

Crystal fractionation is one of several processes includ-
ing assimilation and/or mixing involved in the differen-
tiation of the Andahua—Orcopampa and Huambo lavas, at
least from basaltic andesites to andesites. As noted
above, the Andahua—Orcopampa and Huambo lavas have
magmatic O-isotope compositions, which allow the
investigation of the effect of closed-system crystal
fractionation on the '*0/'°O ratio of differentiating
magma. Mineral-magma oxygen isotope fractionations
are quite small, generally less than +1%., except for
magnetite and olivine (Kyser et al. 1981; Kalamarides
1986; Zhao and Zheng 2003). Therefore, if closed system
crystal fractionation is the dominant process, the predicted
oxygen isotope composition of a derivative dacitic melt
would be only 0.6%o enriched relative to the parent melt
(Fig. 10). The observed ¢6'®0 values are systematically
higher than predicted values and they do not show a
systematic positive correlation with SiO,. Thus a complex
open-system evolution must be inferred. In the absence of
low-temperature exchanges, substantial increase in ¢'°0
values of the order of 1 to 2%o implies interaction with

@ Springer
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"®0-rich crustal components. Progressive assimilation of
surrounding crustal materials (AFC) and/or magma mixing
with "®0-rich melts can be tested in order to explain the O-
isotope signatures of the Andahua—Orcopampa and
Huambo lavas. Assimilation—fractional crystallisation is
commonly inferred to explain both trace elements and
isotopic data of the Peruvian Cenozoic volcanic rocks
(James 1982). The effect of continuously assimilating
upper crustal rocks with §'%0 values ranging from 12 to
22%o into a crystallizing magma with an initial §'*0=
7.3%o, corresponding to the §'®0 value of the more mafic
Andahua—Orcopampa and Huambo lavas, is shown in
Fig. 10 (AFC, De Paolo 1981). Potential contaminants are
the Precambrian Charcani gneisses, i.e. the regional
basement in southern Peru with an average 6'*O value of
12%o (James 1982), and two types of sedimentary rocks in
the Andahua—Orcopampa and Huambo local basement,
sandstones with 0'*0 values of 14.5%. and limestones
with 6'®0 values of 21.8%o (this study). The calculations
modelled in Fig. 10 assume constant ratios of crystallizing
minerals to assimilated rocks (=5 and 7) because of heat
balance requirements (Table 6). Our calculations of the
AFC curves of Fig. 10 also involve an assumption that the
effect of the contaminant composition on SiO, evolution-
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Fig. 10 Plot of whole-rock §'*0 values versus silica-content for the
Andahua—Orcopampa and Huambo lavas (data in Table 5). Symbols
for the different areas as in Fig. 6. 2 sigma-error bars for O-isotope
data are reported. Average compositions for mid-ocean ridge basalts
(MORB) and for continental arc basalts (CAB) are +5.7+0.2%0 and
+6.2+0.7%o, respectively (Harmon and Hoefs 1995). FC. trend
represents the 6'°O values predicted evolution for magmas differen-
tiating through closed-system fractionation, calculated using a
Rayleigh fractionation model assuming that the 6'*0 value of the
olivine-rich basaltic andesite (vol6) is the initial magma composition
(Table 6): 60 = [(5%0™™! 4 1000)£*~V] — 1000 where the
isotopic composition of the magma is a function of f, the fraction of
remaining melt, and «, the mean isotopic fractionation factor between
the crystallising minerals and magma. Curves 1, 2 and 3 are predicted
AFC curves in case that differentiating magmas continuously
assimilated Charcani gneisses, sandstones or limestones, respectively
(see text for explanations). One sample, vol60, is interpreted to have
been affected by O-isotope exchanges at low temperature (Fig. 11)

ary trend is negligible compared to the effects of crystal
fractionation because of the small ratio of introduced
contaminant to remaining melt at any stage of the process.
According to Fig. 10, the Charcani gneisses are plausible
contaminants. Furthermore, assimilation of sedimentary
rocks may also be inferred on a more local scale to
account for 6'*0 values of up to 9.5%o. However, andesite
lavas (58-60 wt.% SiO,) show the highest §'*0 values,
whereas lavas with higher SiO, content have systemati-
cally lower 6'%0 values (Fig. 10). These features are
inconsistent with a simple progressive assimilation of '*O-
rich material during differentiation in low-pressure mag-
matic reservoirs.
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Fig. 11 a Plot of whole-rock 6'%0 values (filled symbols) versus LOI
(=Loss On Ignition). Only O-isotope composition of sample vol60
records the effect of low-temperature re-equilibration. Two sigma-
error bars for O-isotope data are shown. b Plot of plagioclase 6'50
values versus clinopyroxene (cpx) 6'80 values. Symbols for the
different areas as in Fig. 6. Values are consistent with O-isotope
equilibrium at magmatic temperatures (see text for explanation)
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Table 6 Crystal fractionation model for the Andahua—Orcopampa and
Huambo lavas

Phase Fractionation Weight percent of 518o°
mineral-magma?® extracted mineral®

1. Olivine-rich basaltic andesite to basaltic andesite

Olivine-rich basaltic andesite vol6 73

Plag (Ansg) 0.15 18.3

Cpx —-0.35 7.5

Ol (Fogs) -0.9 7.9

Mt -2.05 22

Basaltic andesite vol75: 64 wt.% remaining melt, Y?=0.01¢ 7.4
2. Basaltic andesite to andesite
Basaltic andesite vol75

Plag (Anss) —0.1 22.5

Cpx —0.75 6.8

Ol (Foss) —-1.05 24

Mt —2.35 3.2

Andesite vol5: 65 wt% remaining melt, ¥?=0.11¢ 7.7

3. Andesite to dacite
Andesite vol5

Plag (Ansg)  0.05 21.2

Hornblende —0.9 11.8

Mt -2.6 2.1

Dacite A99-08: 64 wt% remaining melt, 37*=0.18° 7.9

* Experimental, empirical and theoretically calculated data (Kyser et
al. 1981; Kalamarides 1986; Zhao and Zheng 2003)

°Data from a numerical simulation of crystal fractionation using least
squares regression of the major elements.

¢ Calculated O-isotope model values of magmas derived by crystal
fractionation, except for the olivine-rich basaltic andesite value from
Table 6

9Data for the sum of squares of residuals between calculated and
measured compositions

Assimilation in MASH zones

The '®0-enrichment in the more mafic Andahua—Orco-
pampa and Huambo lavas indicates that even these are
affected by assimilation. Partial melting of recently under-
plated mafic material at the conditions of the CVZ lower
crust (MASH zone) will lead to intermediate to high-Si
crustal magmas, slightly '®*O-enriched compared to the
granulitic residue. As granulitic rocks from continental
settings have an average 6'°0 value of 7.8+1.5%0 (Fowler
and Harmon 1990), the O-isotope composition of the
olivine-rich basaltic andesite may thus be achieved by
mixing of 3:2 to 1:1 ratio of such silicic melt with §'%0=
7.8 to 8.3% and mantle-derived magma with §'%0=6.2+
0.7%0 (mean value of continental arc basalts, Harmon and
Hoefs 1995). However, this is not consistent with the Sr-,
Nd- and Pb-isotopic compositions and the mafic nature of
some of the rocks. Contamination probably occurred by
partial melting of old crust with evolved Sr-, Pb-isotopic
ratios and high §'®0 (see also discussion below on
radiogenic isotopic compositions).

@ Springer

Radiogenic isotope data

Twenty-six samples were analysed for Sr- and Nd-radio-
genic isotopes and eight were analysed for Pb-isotopes. The
results are presented in Table 5. The ¥’Sr/*®Sr ratios of the
Andahua—Orcopampa and Huambo lavas range from
0.70591 to 0.70694. Three lavas sampled in the Huambo
field, the olivine-rich basaltic andesite (vol6) and two
basaltic andesites (H99-04 and H99-05) are characterised
by the highest ®¥’Sr/*°Sr values (0.70669, 0.70671, and
0.70694, respectively). The '**Nd/"**Nd isotope ratios
range from 0.512317 to 0.512509 (Table 5). A basaltic
andesite located in the Huambo area (vol75) exhibits the
lowest ®’St/*Sr ratio and the highest '**Nd/***Nd isotope
ratio (0.70509 and 0.512509, respectively). The Sr- and
Nd-isotope compositions of the Andahua—Orcopampa and
Huambo volcanic province are more enriched than other
mafic samples analysed by Kay et al. (1994, 1999) from the
southern CVZ.

In a graph of "**Nd/"**Nd versus *’St/*Sr (Fig. 12a), the
Andahua—Orcopampa and Huambo lavas plot in the less-
enriched part of the isotopic range for CVZ lavas, and are
divided into two groups. The first group is characterised by
higher ¥’Sr/*®Sr ratios and comprises most of the less
differentiated lavas of the three monogenetic fields (vol6,
voll6a, vol70, H99-04, H99-05). The second group is
formed by the other lavas of Andahua—Orcopampa and
Huambo monogenetic fields (basaltic andesites, e.g. vol75,
andesites and dacites) and is characterised by higher
" Nd/"**Nd ratios. The isotopic compositions of the
Andahua—Orcopampa and Huambo minor centres define a
range of the most primitive lavas encountered in the CVZ.
Davidson et al. (1991) studied isotopic compositions of
basaltic andesites in the Central Andes, which they have
defined as “baseline” compositions. They show a similar
but narrower isotopic compositional range to that of the
Andahua—Orcopampa and Huambo minor centres. The
olivine-rich basaltic andesites and basaltic andesites (the first
group) of the Andahua—Orcopampa and Huambo volcanic
province are the most primitive lavas within the CVZ. Their
Sr-isotopic ratios are still, however, radiogenic, suggesting a
strong crustal signature even in these parent “baseline”
magmas that may likely feed the composite volcanoes.

The 2°°Pb/***Pb ratios of these lavas range from 18.30 to
18.63, the 207pp204pp, ratios range from 15.57 to 15.60, and
the 2°%Pb/2**Pb ratios are from 38.49 to 38.64. These values
are in the range of the local metamorphic basement
(Barreiro and Clark 1984; Mamani et al. 2004). In a plot
of 2°"Pb/?**Pb versus 2°°Pb/***Pb (Fig. 12b), the Andahua—
Orcopampa and Huambo lavas divide into the same two
groups defined by the Sr- and Nd-isotopes. The first group
of lavas shows the lowest 2°°Pb/2%*Pb ratios, and the second
group the highest 2°°Pb/2**Pb ratios.
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Fig. 12 Radiogenic isotopic compositions of the Andahua—Orcopampa
and Huambo lavas. a Plot of "*Nd/"**Nd ratios versus *’St/*°Sr ratios
showing the isotopic range for the Andahua—Orcopampa and Huambo
lavas within the CVZ. The NVZ, CVZ, OIB fields are drawn after
Wilson (1989) b Pb-isotopic composition of the Andahua—Orcopampa
and Huambo lavas compared to the Andean volcanic fields (NVZ, CVZ,
and SVZ, Davidson et al. 1991) and the domain defined by the
sediments and basalts of the Nazca Plate

According to Worner et al. (1992), Aitcheson et al.
(1995), and Mamani et al. (2004), there is a clear
relationship between the Pb-isotope composition of the
metamorphic basement and that of the magmas that
ascended through and were contaminated by this continen-
tal crust in the Central Andes. Therefore, the Pb-isotope
compositions of the Andahua—Orcopampa and Huambo
lavas may be interpreted to be dominated by assimilation of
the metamorphic basement.

Discussion
Source of Andahua—Orcopampa and Huambo lavas

The source of Andean magmas for the composite volcanoes
forming the volcanic zones of the Andes has been
extensively investigated (James 1982; Barreiro and Clark
1984; Hildreth and Moorbath 1988; Davidson et al. 1991;
Kay et al. 1999; De Silva and Xuming 2000; Gerbe and

Thouret 2004) but is still contentious. Because shallow
processes have affected the lavas produced by the compos-
ite volcanoes, their source is difficult to assess. Magmas
erupted from minor, monogenetic, volcanic centres may
provide better information concerning the deeper processes
and source sites involved in forming Andean magmas
(Davidson et al. 1991).

The Pleistocene Andahua—Orcopampa and Huambo
volcanic centres display geochemical characteristics similar
to those of the composite volcanoes of southern Peru (e.g.
Nevado Coropuna and Nevado Sabancaya), which are also
high-K calc-alkaline lavas and contain An-rich plagioclase.

The Sr-, Nd-, Pb-, and O-isotope compositions suggest
that the Andahua—Orcopampa and Huambo magmas assim-
ilated a crustal component. The assimilation of such material
could have occurred at deep levels by mixing of partial melts
of the lower crust (MASH zone) with primitive, mantle-
derived Andahua—Orcopampa and Huambo magmas.

The most mafic olivine-rich basaltic andesites display
the lowest 6'*0 values (7.1-7.3%0 SMOW), which are still
heavier than those of mantle-derived primitive basaltic
magmas of continental subduction zones (6.2+0.7%o,
Harmon and Hoefs 1995). These lavas are also character-
ised by high ®’Sr/*°Sr ratios (~0.7067) and crustal Pb-
isotopic compositions, strengthening the argument for a
crustal contaminant. Source contamination by subducted
sediments has been considered as an alternative to explain
crustal '80/'°0, ¥'St/®%Sr, and 2°°Pb/*°*Pb ratios of the
olivine-rich basaltic andesites and basaltic andesites above
subduction zones, e.g. for volcanics of the Mariana island
arc (Ito and Stern 1986). Geophysical and sea-bottom
imaging work (Thornburg and Kulm 1987) has demon-
strated that there are no sediments in the trench off the coast
of southern Peru. This is because of an extremely arid
climate since about 15 Ma, which mobilised only small
amounts of continental sediment; this has been transported
to the forearc and captured there, with virtually no sediment
entering the trench. Pelagic sediments on the Nazca plate
140 km off the coast of Chile, are mainly calcium carbonate
and about 220 m thick (Shipboard Scientific Party 2002).
Consequently, subduction of sediments into the mantle
source is not a viable process to explain the crustal '*O-,
87Sr/%°Sr and Pb-isotope signature. Moreover, for a shift
from 6.2 to 7.3%o0 O-isotope mass balance would require
large amounts of sediment in the source (>20%) and this
would result in a larger shift in *’St/*Sr ratios (>0.710).

The Andahua—Orcopampa and Huambo lavas have
chemical characteristics (high LREE, high Sr contents,
low Y contents, low HREE, and high (La/Yb), ratios >30;
Table 4) that are similar to those of adakitic-type magmas.
Indeed, their high (La/Yb)y and Sr/Y ratios plot close to or
within the adakite field (Fig. 13a, b). It is unlikely,
however, that Andahua—Orcopampa and Huambo lavas
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Fig. 13 Adakitic signature of the Andahua—Orcopampa and Huambo p>

lavas. a Plot of the (La/Yb)y versus Yby showing that the Andahua—
Orcopampa and Huambo lavas plot within and adjacent to the adakite
field. b Plot of St/Y versus Y showing that the Andahua—Orcopampa
and Huambo lavas plot across the boundary between the adakite and
calc-alkaline fields. ¢ Plot of ¥’Sr/**Sr versus Sr/Y showing that the
Andahua—Orcopampa and Huambo lavas have a low Sr/Y ratio for
high ®St/*°Sr ratios while their St/Y decreases for lower %’Sr/*°Sr
isotopic ratios. This strengthens the hypothesis that crustal melts
generated with a garnet-bearing residue are involved in forming
magmas below the southern Peruvian Andes

are real adakites. Adakites are defined as products of
melting of young and hot oceanic lithosphere during
subduction (Defant and Drummond 1990). Several authors
(Defant 2002; Kay 2002) have pointed out that this type of
process is totally unrealistic in the subduction setting of the
Central Andes (old and “cold” oceanic crust, 60—70 km
thick continental crust) and that another set of processes
may lead to the same chemical characteristics.

In the Northern Volcanic zone of the Andes, where the slab
is younger, Garrison and Davidson (2003) have also
demonstrated that adakitic-type geochemical signatures, such
as high St/Y (>40), is not specific of slab-melting and may
be produced by melting of any metamorphosed basalt. Thus
the adakitic signature is not indicative of slab-melting but
may related to a large variety of arc magmatic processes.

Geophysical data indicate that the Peruvian continental
crust is abnormally thick (60—70 km; Barazangi and Isacks
1976; Isacks 1988; Beck and Zandt 2002), and that partial
removal of the mantle lithosphere occurs, allowing hot
asthenospheric material to fill the gap between the crust and
the subducting plate. This hot asthenospheric material may
enhance heating and partial melting of the lower crust,
following delamination (Whitman et al. 1992, 1996; Kay
and Kay 1993; Kay et al. 1994; Babeyko et al. 2002). The
lower crustal materials tend to have mainly a mafic
composition (Yuan et al. 2002). If such partial melts are
mixed with mantle-derived basaltic arc magmas in a high-
pressure MASH (melting, assimilation, storage and homog-
enisation (Hildreth and Moorbath 1988)) zone, then
magmas with adakitic signatures will be produced. The
lower crust is likely to be old, with elevated Sr- and crustal
Pb-isotopic ratios (Fig. 12) and high §'®0 values. Thus,
assimilation by mantle-derived arc magmas of partial melts
generated at high pressure with a garnet-bearing granulitic
residue (>15 kbar) would have generated the isotopic and
geochemical signatures of the Andahua—Orcopampa and
Huambo magmas (Figs. 13¢ and 14).
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Evolution of the Andahua—Orcopampa and Huambo
magmas

The Andahua—Orcopampa and Huambo magmas were
already contaminated by a lower crustal component in a
high-pressure MASH zone before ascent and storage at
upper levels of the crust. Judging from the Cr-spinel
compositional range, the olivine-rich basaltic andesites did
not suffer prolonged storage prior to their eruption. They
were thus prevented from extended low-pressure interac-
tions with the upper crust.

The Andahua-Orcopampa and Huambo monogenetic
fields occupy a specific tectonic setting. They are situated in
the vicinity of regional scale fault zones, including the NW—
SE-trending Huanca and Ichupampa faults. Four major fault
groups were identified within the Andahua—Orcopampa and
Huambo volcanic province. Many of these faults are inherited
from previous major tectonic phases of Andean orogeny and
may have their roots quite deep in the lithosphere (Fig. 2b).
The current north—south extensional regime of southern Peru
has reactivated the N120-N130 trending and N80-trending
faults, which could create deep pathways for ascending
magmas (Huaman et al. 1993; Mering et al. 1996). The
relatively fast-ascending and small volumes of Andahua—
Orcopampa and Huambo magmas moving through these
fractures are more difficult to contaminate at shallow crustal
levels than are magmas in long-lived magmas chambers, such
as those of composite volcanoes.

Although there are some indications of open-system
fractional crystallisation and local contamination for some
minor centres (scattering of major and trace elements,
Fig. 7, and 5'80 trend versus Si0,, Fig. 10), most of the
cone magmas did not experience significant shallow level
crustal contamination. The anti-correlation between Sr/Y
and Sr-isotopes (Fig. 13c) indicates assimilation at high
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Fig. 14 Pb-isotopic composition of the Andahua—Orcopampa and
Huambo lavas (diagram modified after White 2005) showing the
effects of assimilation of the lower crust on mantle-derived basaltic arc
magmas

pressure, i.e. in the garnet stability field. Such a correlation
is not observed for the composite volcanoes of the CVZ,
because shallow level crustal assimilation overprinted it.
The Andahua—Orcopampa and Huambo monogenetic
centres do exhibit this anti-correlation, indicating that they
were not influenced by strong upper crustal contamination.
Moreover, the absence of an Eu-anomaly even in relatively
evolved magmas, which would be indicative of extensive
low-P plagioclase fractionation, suggests that these magmas
ascended relatively fast from deeper MASH zones without
much fractionation and/or assimilation at shallow crustal
levels. Accordingly, deep “mashed”-baseline magmas
(sensu Hildreth and Moorbath 1988) can be quite variable
in major element composition (mafic to silicic andesite)
while their isotopic signatures are relatively similar. We
infer that the Andahua—Orcopampa and Huambo magmas
represent base-line magmas in southern Peru.

Conclusion

Our study of the Andahua—Orcopampa and Huambo
monogenetic fields of the CVZ indicates the importance
of such minor centres for (1) identifying the most primitive
magmas in southern Peru, and (2) defining the composi-
tional range of magmas that probably ascended from deep
crustal levels through regional crustal faults. These magmas
represent the direct products of deep crustal MASH zones
that provide the input into large composite volcanoes in the
Central Andes.

In detail, the Sr-, Nd-, Pb-, and O-isotope compositions
of the most mafic Andahua—Orcopampa and Huambo lavas
reveal that these magmas suffered assimilation by lower-
crustal partial melts with granulitic garnet-bearing residues
in a high pressure MASH zone. Possible contaminants are
the Charcani gneisses and the local Andahua—Orcopampa
and Huambo basements. Shallow level crustal assimilation
is limited for the Andahua—Orcopampa and Huambo
magmas.
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Appendix

Appendix A Morphometric parameters (based on Wood 1980) measured on topographic maps (scale 1:50,000) and aerial photographs
(scale 1:30,000) for the Andahua, Orcopampa, and Huambo volcanic minor centres

Field name Edifice name Dy, (m) D, (m) H (m) S (°) 4c age Time/Generations
Orcopampa Cerro Mauras 750 175 100 19.2 Late Pleistocene
Pabellon Mauras 675 75 110 20.1 Late Pleistocene
Chalhue Mauras 1,050 350 200 29.7 Late Pleistocene
Yana Mauras 1,600 600 250 26.5 2,810-2,970+50 year BP Early/mid. Holocene
Cerro Mauras 11 1,000 350 160 26.2 Early/mid. Holocene
Puca Mauras 1,000 250 400 46.8 Late Holocene
Santa Rosa 625 225 50 15.0 Late Pleistocene
Puca Mauras pq. 687 127 166 30.6 Late Pleistocene
Andahua Cerro Tichso 700 224 117 26.3 4,060+50 year BP Early/mid. Holocene
Cerro Yanamauras 625 250 115 31.5 Late Holocene
Cerro la Cruz 462 150 105 339 Late Holocene
Cerro Cochapampa 675 325 50 16.0 Late Pleistocene
Jenchana 650 75 110 20.9 Historical
Chilcayoc pq. | 300 125 50 29.0 Historical
Chilcayoc pq. 1T 300 25 50 33.0 Historical
Jechapita 500 80 125 30.8 Historical
Chilcayoc Grande 675 188 156 32.6 A.D. 1451 to 1523 Historical
Huambo Cerro Marbas Grande 1,100 375 200 28.8 Late Holocene
Marbas 1,075 225 190 24.1 Late Holocene
Marbas Chico I 750 160 166 29.4 Early/mid. Holocene
Marbas Chico II 875 80 200 26.7 Early/mid. Holocene
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