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ABSTRACT

Clivine-bearing basalt, low-silica andesite and low-silica latite of late Eocene, early and middle Miocene,
and Pliocene age are present in various places in the Andes of south-central Perd. Neogene units containing
basalt, conglomerate and/or freshwater iimestone predate pulses of Incaic 1V(?), Quechua | and Quechua Il
compressive deformation in the vicinities of Ayacucho, Lircay, Huancavelica and Huachocolpa by several
million years or less. In the Ayacucho basin, conglomerate and alluvial fan deposits are intercalated with
mantle-derived olivine basalt, rhyolite and other volcanic rocks that erupted along the high-angle taults, and
lacustrine sediments were deposited in closed basins. Near Lircay, extensional basin formation, basaltic
volcanism and formation of freshwater limestone was followed by deposition of conglomerate derived from
the upthrown block of a high-angle reverse fault. Eruption of latest Miocene-Fliocene low-silica andesite and
basalt appears to have been associated with little fault movement or basin formation.

The amount of absolute extension was much less than in regions such as the Great Basin of the
western United States, and was localized within basins bounded by high-angle faults, commonly reactivated,
parallel to the trend of the Andes. Conglomerate wedges were also sourced from tectonic highs produced by
folding and/or reverse faulting and deposited in “piggy-back” basins. Conglomerate cannot be confidently
used, without other data, to differentiate episodes of compressive and extensive tectonism.

A possible explanation for the cbserved geological relations is provided by the model of Mercier et al.
(1992), in which a steeping subducting plate first allows spreading of the Andean highlands towards the
trench. This is quickly followed by breaking of the sinking slab, more direct interaction between the converging
plates, and a resultant pulse of compressional deformation. Buring the episodes of extension or transtension,
faults extending into the lower crust allowed little-modified mafic magma to ascend to the surface.

During late Eocene time, olivine basalt, underlain by a unit containing freshwater limestone, was
locally erupted shortly after formation of the regional post-Incaic || erosional surtace. in other areas, the
Incaic |l surface in overlain by coarse conglomerate, in places accompanied by freshwater limestone or
dolomite. The age of late Eccene basalt, conglomerate and carbonate is closely constrained by that of
overlying volcanic units, and intense Incaic |l compression, uplift, formation of the regional erosional surface,
as well as subsequent extension of the rising block cccurred within no more than two to three million years.
The enormous volume of intermediate and silicic volcanic rock subsequently erupted betweean about 41 and
37 Ma suggests a genetic relation between the relaxation of stress following Incaic | compression and the
generation and eruption not only of basalt but also enormeous volumes of subduction-related calc-alkalic
magma.

The presence of oliving basalt of Neogene and Paleogene age, in conjunction with the common
straight traces of faults paralleling the general trend of the Andes, argues that steeply-dipping faults with an
important strike-slip component are commaon, and perhaps typical, of the Western Cordillera of Perd. Faults
were typically repeatedly reactivated, with the direction of slip at any given time being a function of the local
slress field.
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There is some suggestion that mineral deposits were preferentially formed during periods of neutral
stress or extension. Possibly stress conditions that allowed the generation and rapid eruption of mafic mag-
ma were favorable for the generation of more felsic magmas with mineral potential, and/or the rapidity of
eruption to high crustat levels resulted in the preservation of sufficient amounts of the critical chemical
components necessary for mineralization.

RESUMEN.- EpisoDIOS DE EXTENSIGN CENOZOICA EN EL OROGENO ANDINO DEL PERU Y SU
RELACION CON LA COMPRENSION, ACTIVIDAD MAGMATICA Y MINERALIZACION

Basailtos olivinicos, andesitas y latitas subsiliceas del Eoceno tardic, Mioceno temprano y medio y
del Plioceno estan presentes en varias localidades de los Andes en el sur del Perd. En las vecindades de
Ayacucho, Lircay, Huancavelica y Huachocolpa, las unidades del Neégeno gue contienen basaltos, conglo-
merados y/o calizas lacustrinas predatan a los pulsos de compresién Incaico IV (?), Quechua | y Quechua
Il. En la cuenca de Ayacucho los conglomerados y abanicos aluviales estén intercalados con basaltos
olivinicos, riolitas y ofras rocas voicénicas que erupcionaron a lo largo de fallas de alto dngulo que —a su
vez— controlaron la sedimentacion lacustrina en cuencas cerradas. Cerca de Lircay, la formacién de cuen-
cas extensionales, el volcanismo basdltico y la formacién de calizas lacustrinas fueron seguidos por depo-
sicion de conglomerados derivados de la erosién de un blogue levantado por tallas inversas, La erupcién de
andesitas y basaltos del Mioceno-Plicceno parece estar asociada con menor movimiento de fallas y forma-
cidn de cuencas extensionales.

El grado de extensién absoluta en ef Cenozoico del Perd fue mucho menor que aquel descrito para
la regién del “Great Basin” ubicada al ceste de los Estados Unidos. La tectonica extensional en ambos
casos estuvo localizada dentro de cuencas limitadas por fallas de alto angulo y cominmente reactivadas
paralelamente a las cordilleras. Los lentes de conglomerado tuvieron sus origenes en altos tecténicos
producidos por plegamiento y/o fallas inversas para luego depositarse a horcajadas en cuencas del tipo
“piggy-back”. La presencia de conglomerados sin otra informacién adicional no puede ser usada
conftablemente para diferenciar episodios de tectonismo compresivo ¢ extensivo.

Una probable explicacion para las relaciones geolégicas observadas fue propuesta por Mercier et al.
{1992}, cuyo modelo propone una placa en subduccion de alto angulo que permite la expansion de las
planicies altoandinas. A esta etapa le siguen la rotura de la placa en subduccion, una interaccion directa
entre las dos placas convergentes y —como resultante— un episodio de deformacién compresional. Duran-
te los episodios de extension o transtension, las fallas resultantes atraviesan la corteza inferior y canalizan
el ascenso de magmas maficos a la supetficie.

Durante el Eoceno tardio los basaltos olivinicos fueron localmente erupcionados después de la for-
macion de la superficie erosional post-incaica il. En otras dreas sobre esta misma superficie de erosion
yacen conglomerados gruesos y calizas a dolomias lacustrinas sin basaltos. La edad de estas secuencias
esta determinada por las unidades volcénicas superiores, la intensa compresién Incaica [l, el levantamiento
y la formacién regional de la superficie de erosion asi como la posterior extensién; todo lo cual sucedio en
no mas de 2 a 3 Ma. El enorme volumen de rocas volcanicas de composicion intermedia a félsica posterior-
mente erupcionadas entre 41 y 37 Ma sugieren una relacién genética entre el relajamiento de los esfuerzos
luego de la compresidn Incaica Il. La generacion y erupcidn de rocas volcanicas incluyd no sotamente
basaltos sino inmensos volimenes de magmas calco-alcalinos relacionados a la subduccién. La relacion
entre fas fallas de rumbo andino con los basaltos olivinicos del Cenozoico es una caracteristica comun y
probablemente tipica en toda la Cordillera Occidental del Per(. Las fallas y conductos alimentadores fueron
repetidamente reactivados con variable direccién de desplazamiento segun los esfuerzos locales.

Es aparente que los yacimientos minerales se formaron preferencialmente durante los periodos
neutros o extensionales. Asimismo, las condiciones tectdnicas que permitieron la generacion, el rapido
ascenso y la erupcion de magmas maficos fueron favorables para la posterior generacién de magmas
félsicos con potencial polimetalico. Alternativamente, la rapidez eruptiva de estos magmas primitivos hasta
alcanzar los niveles corticales superiores habria preservado cantidades suficientes de los componentes
quimicos criticos para alimentar los procesos hidrotermales mineralizantes.



INTRODUCTION

The Peruvian Andes arc a classic area for uplift and
compressive tectonism (e.g., Mégard, 1987). It is
generally accepted that compressive tectonism was
cpisodic, reflecting a number of pulses of deformation,
some of which can be recognized over large areas {e.g.,
Noble et al., 1974; 1979; 1990, Mégard, 1977: Soulas,
1977, McKee and Noble, 1982; Mégard et al., 1984;
Sébricr et al., 1988a; Ellison et al., 1989; Sandeman et
al., 1995; Benavides-Ciceres, 1999), These include the
Incaic II pulse at 42-43 Ma and the Quechua 1, II 1I1,
events at about 17, 9, and 5 Ma. In addition, there is
cvidence for one or more pulscs of late Oligocene (727
Ma) and earliest Miocenc ("22 Ma) deformation: the
Incaic III and IV pulses of Benavides-Céceres (1999).
There is not, however, unanimitly concerning the nature,
identity, duration. and degree of synchronicity of indi-
vidual pulses (c.g., Mégard et al., 1983; Noblc et al.,
1996).

Strong evidence for transcurrent movement is also
present in a number of arcas (e.g.. Soulas and Mégard,
198(): Mégard, 1984; Mégard et al., 1984; Marocco et
al.. 1995), which fits well with the partitioning of the
known plate vectors (Dewey and Lamb, 1992).
Transpressive and transtensive deformation, with
common rapid changes in stress direction, was probably
acommon feature of Andean lectonism (Dorbath ct al.,
1990; Mercier et al., 1992; Macharé and Ortega, 1997).
This is particularly so during the Neogene. when stress
patterns reflecting the oblique direction of subduction
(Somoza, 1998) would have favored strike-slip
movement. In the high Andes, compressive cvents were
separated by longer periods during which tectonic
guicscence prevailed, Field relations, controlled by
radiometric dating, in a number of localitics, mainly in
central Perd, provide cvidence suggesting that in some
cases pulses of extension or, perhaps more commonly,
transtension, immediately preceded compression.

Spectacular examples of Plio-Quaternary normal
laulting are known in Perd, perhaps the best examples
being provided by the normal fault system along the
western margin of the Cordillera Blanca in northern Perd
(Dalmayrac. 1974; Bonnot et al., 1988; Deverchére et
al.. 1989) and the Cuzco-Vilcanota fault system in
southeastern Perd (Cabrera, 1988; Mercier et al., 1992).
Transtensional movement has been postulated for the
fate Neogene history of the Cordillera Blanca and Ca-
llejon the Huaylas (Mercier et al., 1992; Petford and
Atherton, 1992). Extension is taking place in the
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highlands coeval with contraction in the foreland thrust
belt. Modern scismicity shows this patiern of coexisting
extension/transtension and compression/transpression
(Suarcz et al., 1983),

Continental-margin rift-extension has also becn
recognized in the pre-Cenozoic, with examples being
provided by the rifting that led to the deposition of clastic
and volcanic rocks of the Permian-Triassic Mitu Group
(Noble et al., 1978; Kontak ct al., 1985). More than
nine kilometers of primitive basalt of the early
Cretaceous Casma Group are generally believed o have
been deposited within the Huarmey-Cafiete rift basin
or Western Peruvian trough (Wilson, 1963; Atherton
and Wcbb, 1989; Cobbing, 1998). although the
possibility exists that the Casma Group may be separated
from miegeoclinal rocks to the cast by a major
trancurrent structure. Both of these examples, however,
may reflect a tectonic mode distinct from the Neogene
extension-compression events that are the subject of this

papet.

In spite of the clear evidence for late Neogene nor-
mal faulting and the recognition of episodes of extension
in the pre-Cenozoic portion of the Andean cycle
(Benavides-Cdceres. 1999), with certain notable
exceptions (¢.g.. Marocco et al., 1995) relatively little
atlention has been given to the possibility of crustal
cxtension reflected by normal faulting and the formation
of grabens and tilted fault blocks prior to latest Miocene
time in the High Cordillera. The present paper
summarizes the presence of basalt, conglomerate and
freshwater limestone in various parts of the Neogene
and Paleogene section of central Perd (Figure 1) and
interprets this petrotectonic assemblage in terms of
extensional/transtensional faulting, basin formation and
associated mafic volcanism. Episodes of exiension are
associated with slightly younger pulses of compressive
tectonism, producing extension-compression couples
that appear to characterize Neogene deformation in this
portion of the Andes (Figure 2).

ROCK TYPES INDICATIVE OF EXTENSION
Olivine-bearing basalt and low-silica andesite
Olivine-bearing basalt, low-silica andcesite and latite
(shoshonite) are found in the Andes of south-central
Perd (Noble et al., 1975) More recent work has increased
the geographic distribution and range in age of basalt

occurrences. Specific occurrences of basalt of Eocene
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Figure 1. Map of south-central Peru showing localities and sample sites referred to in text.
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Figure 2. Diagram showing ages of compressive deformational pulses, probable and possible
extensional events and metallogenic subbelts, and the relative intensity of mineralization within the
Miocene metallogenic belt of central and northern Peru. Compressional pulses are as given by
Benavides-Caceres (1999) and data on metallogenic belts and mineralization are from Noble and
McKee (1999). Extensional events are indicated by names of areas where they are best known in
south-central Peru.

and early and middle Miocene age in south-central Perd
are described in following sections. In addition, basalt

of late Miocene and/or Pliocene age is present west of

Huancayo, south of Ayacucho and in the Lircay-
Huancavelica area in central Perd (Noble et al., 1975).

Basalt is also present locally in northern Perd.
Hollister and Sirvas (1978) and Atherton et al. (1985)
have reported basalt in the thick sequence of frontal arc
volcanic rocks (“Calipuy Group™) that that overlies the
Incaic IT unconformity. (But note that the large areas of
“plateau basalt™ shown by Petford and Atherton, 1992,
Figure 1, are incorrect.) Basalt of late Miocene or
younger age is present in the Tamboras district of
northern Perd (Heintze, 1985). Basalt and latite
(shoshonite) of Neogene age 1s present in various areas
of southeastern Pert (e.g., Cabrera, 1988; Carlier et al.,
1993: Sandeman et al., 1997).

Major- and minor-clement analyses for eight
specimens of olivine-bearing basalt, low-silica andesite
and latite from south-central Pert are given in Table 1.
All rocks contain abundant olivine and possess moderate

to high concentrations of potassium and other large-ion-
lithophile elements, and show marked enrichment in the
light rare earth elements (Figure 3). The elevated
concentrations of many lithophile elements suggest that
they were derived from an enriched mantle sources.
However. Rb contents and Rb/Sr ratios are unusually
low, suggesting one or more prior stages of magma
generation that depleted the sources in Rb (cf. Hedge
and Noble, 1971).

The rocks can be subdivided into two groups based
on the relative amounts of Ta and Th and Ti contents.
The four oldest specimens have Ta/(Ta+Th) of between
0.27 and 0.40 and Ti contents between 1.9 and 2.15 wt.
percent, whereas the four late Miocene and Pliocene
specimens have markedly lower Ta/(Ta+Th) values of
between 0.10 and 0.17 and Ti contents of between 1.15
and 1.45 wt. percent. The differences in Ta/(Ta+Th)
mostly reflect the markedly lower contents of Ta in the
younger rocks. Depletion in Ta, invariably accompanied
by lower contents of Nb and Ti, are generally thought
to reflect the effects of subduction processes on the
source material of the basalt (e.g., Pearce and Peete,
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Figure 3. Chrondrite-normalized rare-earth-element diagram for Cenzoic olivine-bearing basalts, low-
silica andesites and latite from south-central Pera.

1995). These relationships are best shown on a triangu-
lar plot of Ta-Th-H{/3 (Wood, 1980) (Figure 4). The
younger specimens fall well within calc-alkaline field
of Wood (1980) whereas the rocks of late Eocene to
middle Miocene age, irrespective of position relative to
the coast, fall within or near the field of continental
basalt. The chemistry of these rocks will be discussed
in more detail elsewhere.

In south-central Perd, mafic magma was generated
in late Eocene and early Miocene time from mantle
materials that were largely unaffected by subduction
processes. In contrast, the olivine-bearing low-silica
andesite and latite erupted during late Miocene and
Pliocene time possess a clear subduction signature, as
shown by their markedly lower Ta and Ti contents. The
data suggest that marked changes in the mantle mate-
rial beneath central Perd occurred during late Neogene
time as the locus of subduction shifted to the east from
Eocene through Miocene time. The earlier basalts were
crupted from mantle sources lying sufficiently to the
east of the subducted slab to have escaped the effect of
subduction-related solutions. In early Miocene time (ca.
23 Ma), the zone of subduction lay sufficiently to the
west of the Lircay (Figure 2) so that basalt with high Ta
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and Ti contents could be generated from mantle mate-
rial unmodified by subduction processes. By 10 Ma,
however, magmas of intermediate to silicic composition
were generated in the Huachocolpa and Lircay areas
(Noble and McKee, 1999). Approximately coeval basalt
erupted to the east in the Ayacucho basin lacks evidence
of subduction involvement.

Sanidine-bearing rhyolite

Typical volcanic rocks of the late Eocene and
Miocene volcanic pulses of central Pert consist of
andesite, dacite, rhyodacite and low-silica rhyolite with
plagioclase as the only phenocryst typical of a frontal
arc environment. Sanidine-bearing rhyolite tuff,
however, 1s locally present. Such rocks appear to have
been erupted primarily during periods of general tectonic
and volcanic quiescence (for example a sanidine-bearing
tuff in the Castrovirreyna synclinorium yielding an age
of 25.8+0.3 Ma) and/or in association with conglomerate,
freshwater limestone and/or basalt, for example tuffs
within the upper part of the Huanta Formation and the
early Miocene section of the Huancavelica district
(McKee and Noble, 1982; Mégard et al., 1984).
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Figure 4. Th-Hf-Ta diagram (after Wood, 1980) for Cenozoic basalts and other rocks from south-central
Peru. D is field of subduction-related basalts and intermediate rocks; A, B and C are fields of basalts
not affected by subduction. Symbols are the same as in Figure 3.

Conglomerate and fanglomerate

Beds of conglomerate and fanglomerate are present
throughout the Palcogene and Neogene section of Peru.
Perhaps the most spectacular example is provided by
beds of coarse boulder conglomerate of late Eocene age
locally more than 100 meters in aggregate thickness that
in many places overlie the post-Incaic II (Laderas)
erosion surface in northern, central and southeastern
Pert (McLaughlin, 1929; Jenks, 1951; Mégard, 1977,
Noble et al., 1979b; Benavides-Caceres, 1999; D.C.
Noble. unpublished data). Beds and lenses of
conglomerate are also present in many parts of the
Neogene section, and selected examples are discussed
in following sections.

EXAMPLES OF MIOCENE EXTENSIONAL
TECTONISM

While in no way diminishing the importance of
compressive and transpressive deformation, extensional
tectonism was an integral part of Andean deformation
throughout much of Cenozoic time. The following
section summarizes the geological relations at certain

localities where basalt, conglomerate, freshwater
limestone and/or sanidine-bearing tuff suggest crustal
extension. Normal faulting produced graben and other
cxtensional/transtensional basins that were filled by
conglomerate and lacustrine sediments (e.g.. Marocco
et al., 1995) that in places are associated with basalt
and other volcanic rocks that erupted along extensional
structures.

Early Miocene
Rumichaca basin

At Lircay, a sequence of volcanic and sedimentary
rocks of early Miocene age, locally referred to as the
Rumichaca Group, (Petersen et al., 1977; Mégard et
al., 1983; Morche and Larico, 1996) is unconformably
overlain by early volcanic rocks of the Julcani volcanic
center dated at 10.1 Ma (Noble and Silberman, 1984).
The early Miocene sequence consists of several tens of
meters or more of olivine basalt overlain in turn by a
thin unit of rhyolite tuff dated at about 22.5-23 Ma
(McKee and Noble, 1982), and about 100 meters of
freshwater limestone with algal laminations and
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hydrocarbons. These rocks are succeeded by a thick
section of conglomerate and boulder conglomerate
(Mégard et al., 1983; Marocco et al., 19935}, The
sequence unconformably overlics Mesozoic limestone
in which karst cavities contain a mammalian fauna of
carly Oligocene age (Hartenberger et al., 1984),
sugpesting an extended period of Oligocene-carlicst
Miocene tectonic quicscence.

The association ol basalt with the freshwater
limestone is strongly suggestive of deposition within
an extensional basin. In places. conglomerate is
interbedded within the limestone, indicating tectonic
instability. The sequence of conglomerates is limited
on the west by a west-dipping thrust fault, and fanning
dips and internal unconformities near the fault are
strongly suggestive of syntectonic compressional
deformation (Mégard et al., 1983; Marocco et al., 1995),
Compression could belong to the Incaic IV pulse of
Benavides Céceres (1999) or possibly Lo the Quechua [
pulse. Although Mégard et al. (1983) suggested that
deposition and syndepositional deformation of the
conglomerate sequence took place over a considerable
part of middle Miocene time, it is more likely that
deposition and deformation took place within a fraction
of a million years.

Huancavelica

About 11 kilometers south-southeast of the town of
Huancavelica, a section of volcanic sandstone, rhyolite
tuff, conglomerate and freshwater limestione is exposed
within the core of a synchne, where it unconformally
overlies more tightly foluce beds of Cretaceous
limestone. K-Ar ages of 21.7xu... and about 19 Ma have
been obtained on units of tufl within the section (McKee
and Noble, 1982). The carly Miocene rocks therefore
appear to have been deposited after the Incaic IV
compressive putse and before the Quechua I cvent.
Folding took place during the Quechua | and/or Quechua
IT events.

Altos de Camilaca surface

Wedges of conglomerate in several areas, although
unaccompanied by basalt, may retlect uplitt and
extension rather than compression. A candidate is the
regional southwest-dipping erosion surface, the Altos
de Camilaca surface, in south-central and scuthern Perdl,
which is overlain by locally thick beds of boulder

conglomerate succeeded by a sequence of ash-flow tutf

sheets of early Miocene age (Noble et al., 1979a; Tosdal
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et al., 1984). A similar surlace. overlain by coarse
conglomerale and volcanic rocks ranging in age from
about 22.2 to 18.6 Ma (D.C. Noble and C.E. Vidal)
unpublished data}, in the Cordillera Negra northwest of
Huaraz in northern Perd is probably of the same age. In
both arcas, the overlying early Miocenc volcanics were
strongly folded during the Quechua T ¢venl. although in
the Nazca-Puquio transect folding took place only east
of the rigid Coastal batholith.

Middle and late Miocene
Avacucho Basin

Mégard et al. (1984) have described a complicated
sequence of depositional, magmatic and tectonic events
in the Ayacucho basin of south-central Perd, which is
located on the northeastern margin of the belt of active
Neogene magmatic activity at the boundary of the High
Plateau province and the Eastern Cordillera (Figure ).
The Ayacucho basin and areas to the west (McKee and
Noble, 1982) together comprise the type region for the
Quechua I, 1T and Il tectonic phases in Per.

The Huanta Formation, which has been divided into
several informal members, is perhaps the most important
unit cxposed in the Ayacucho basin. Mégard et al. (1984)
recognized a fower part consisting of beds of arkosic
sandstone, siltstone, mudstone, [reshwater limestone
and. near the base, lenses of breccia and conglomerate.
Somewhat different subunits are recognized by Morche
et al. {1995} and Ldépez ct al. (1996). The upper part
consists of hundreds of meters of arkose and volcanic
sandstone. beds of pebble, cobble and boulder
conglomerate and fanglomerate, and volcanic rock.
Maximum thickness of the formation approaches, and
may exceed, 3,000 m. These units clearly require
detailed sedimentological study. They do not, however,
appear to contain tilted, fanning angular unconformities,
suggesting that they did not form in a contractional
piggy-back basin environment.

Volcanic rocks of the Huanta Formation, and other
Neogene units of the Ayacucho basin range in
composition from basalt, low-silica andesite and latite
to rhyolite (Morche et al., 1995). This variability
probably owes at least as much to magma mixing as to
differentiation, in a manner similar to the inner arc
volcanic rocks of southeastern Perti (Carlieret al., 1993;
Sandeman et al., 1996). Some of the volcanic rocks in
the Huanta Formation are olivinc-bearing basalt and/or



low-silica andesite (Morche ct al., 1995; Lépez et al.,
1996; D.C. Noble, unpublished data). Morche et al.
(1995) have presented several analyses of rhyolite wffs
with iron contents of less than 0.9 wt, percent. If
allowance is made for the addition of Mg and Ca by
groundwaticr, the analyses indicate a high-silica rhyolite
composition typical of highly evolved rhyolites of
bimodal suites erupted in areas of crustal extension.

The lower part of the Huanta Formation has heen
dated at about 11.5 Ma (Mégard et al., 1984).
Stratigraphic relations and a K-Ar age determination of
9.3+0.3 Ma show that the upper member was deposited
beforc about 9 Ma. Conglomerate and basalt of the upper
part of the Huanta Formation were, therefore, deposited
within several million years of the subsequent 9 Ma
Quechua IT compressive tectonic pulse,

Aspects of the depositional environment, such as
topographic reliel and basins fed by adjacent uplifted
blocks, were probably similar to that of the Great Basin
of the western United States, and perhaps Death Valley
or Owens Valley, California. Coarse clastic units within
the Huanta Formation appear to represent high-encrgy
alluvial fans (Marocco et al., 1995) being fed by streams
that were continually downcutting because of repeated
movement along normal faults bounding the basin (see
detailed description of Huanta Formation in Lépez et
al.. 1996). This analogy, however, does nccessarily not
imply similar amounts of extension for the two regions.

Faults arc present along both flanks of the Ayacucho
basin. Mégard ¢t al. (1984} recognized major faults, with
in part strike-slip movement, along the southwestern
margin of the Ayacucho basin thal were interpreted as
being a reactivated extension of the braided fault zone
of the Ricran synclinorium. A dike of probable low-
silica andesitc composition about 4.5 km in length and
paraliel to the structural trend of the basin cuts pre-
Cenozoic rock near the northeastern margin of the basin
(Lopez ¢t al.. 1996). As recognized by Lopez ¢t al.
{1996, p. 131) “Las vulcanitas del Miembro Tancas (For-
macion Huanta) deben de estar relacionados a iniciales
y discrelos puisos distensivos de la subfase Quechua
2.". The Molinoyoce and Puchcas volcanics, were
crupted between about 10 and 7.5 Ma tom vents along
the northeastern margin of the basin, providing cvidence
for an open [ault zone during the early part of late
Miacene time (Mégard et al., 1984). In conclusion. the
Ayacucho basin may have been a thombochasm, filled
with alluvial fan deposits, conglomeraie and a bimodal
suite of volcanic rocks, including olivine basalt and high-
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silicarhyolite, generally interpreted as reflecting crustal
extension (e.g., Edwards and Russell, 1999), that was
reactivated scveral times during the Neogene and
repeatedly overprinted by compressional events.

The late Miocene (ca. 7 Ma) Ayacucho Formation
overlies the Huanta Formation with strong unconformity,
providing the type example of the Quechua II
compressive event (Mégard, 1984). The Ayacucho
Formation consists of rhyolitic ash-flow wff and
interbedded lake sediments (Pacaycasa mcmber) that
to the southeast interfinger with and are overlain by lava
flows of intermediate composition, some of which
contain olivine. The Pacaycasa member contains beds
of conglomerate, particularly along the northcastern
margin of the basin, and intraformational unconformities
arc locally present. These features have been interpreted
by Mégard ct al. {1984) to indicate, at least in part, ho-
rizontal shortening coeval with deposition. It seems
posstble. however, that these local unconformitics were
produced by slumping or even local compression within
an actively subsiding extensional or transtensional basin,

Huachocolpa district

In the Arco Iris area directly north on the Tinquicorral
zone of the Huachocolpa district. a sequence of boulder
conglomerate interbedded with beds of silicie tuff and
freshwater limestone is overlain by dacitic tuff and
breccia on which K-Ar ages of 10.3£0.3 and 10.6+0.3
Ma have been obtained (McKee et al., 1975). No basalt
has been recognized. The overlying volcanic rocks
exhibit a progressive shallowing in dip. suggesting
tectonic rotation durinx deposilion. Although volcanic
rocks interbedded with the conglomerates have not been
dated, the transitional rclation with overlying rocks dated
at about 10.5 Ma suggest deposition between the
Quechua I and Quechua II pulses. The conglomerate-
bearing sequence was tightly folded by the late Miocene
Quechua II event.

Huancavelica mercury district

At the area of the historic Santa Barbara mercury
mine, a sequence of coarse conglomerate composed
largely of cobbles and boulders of Mesozoic limestone
overlics strata of Mesozoic age with strong unconformity.
The conglomerate 1 overlain by a sanidine-bearing
rhyolite il intercalated with pehble conglomerate and
{reshwater limestone that in turn is overlain by lava of
intermediate 10 mafic composition. Although mapped
as the Casapalca Formation of latest Cretaceous-early
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Paleogene age by Yates et al. (1951), the sequence is
appreciably younger. The conglomerate locally contains
atits base beds composed almost entirely of blocks of a
distinctive phenocryst-rich rhyelite lava lithologically
very similar to a unit that crops out less than a kilometer
away and has been dated at about 16.6 Ma (McKee et
al., 1986). The entire sequence has been tilted about 35
10 40+ degrees to the west. The conglomerate locally
hosts ore, which was deposited between about 7 and 4
Ma (McKee et al., 1986), and because the deposit or
overlying rocks of late Miocene age have not been tilted,
the steep dips must reflect Quechua Il deformation. The
conglomerate, therefore, is best interpreted as reflecting
post-Quechua I extension.

Castrovirreyna district

West of the Huachocolpa and Huancavelica districts
and the Chonta fault, a major, very linear structure that
was active as late as the Quechua II event, dacite and
andesite lavas that host the veins of the Castrovirreyna
mineral district grade outward through laharic breccia
1o volcanic sandstone that locally is intercalated with
beds of freshwater limestone and black anoxic shale.
Basalt has not been recognized, and in the absence of
information {rom other areas the presence of a closed
hasin could be aseribed either to extension or to initial
phases of Quechua IT compression.

Pliocene

In the Huachocolpa district, dikes of rhyodacite or
low-stlica rhyolite accompanied by domes and small
pyroclastic vents of very similar composition that defi-
ne a north-northwest — south-southeast trending belt at
fcast 25 km in length were emplaced about at about 4
Ma (McKee et al., 1975). The dikes show a consistent
north-south trend, suggesting an approximately east-
west directed least principal stress direction during the
carly Pliocene (Mégard ct al.. 1954), The dikes arc
identical in age within the limits of anatytical uncertainty
to the potassic low-silica latile (shoshonite} Huari la-
vas, dated at 3.8+0.4 Ma (Noble et al., 1975; Mégard ct
al., 1984; Morche et al., 1995} of the Ayacucho basin,
the more mafic of which are clearly of mantle derivation.
Beds of conglomerate of Pliocene age in several basins
in southcastern Perd {(Benavides-Cdceres, 1999) may
he interpretable 1n terms of extension.

Late Pliocene extension is also suggested by small
volumes of olivine-bearing low-silica andesite and basalt
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that locally overlie volcanic rocks of late Miocene age
in a belt extending trom south of Lircay to several tens
of kilometers northeast of Huancavelica, One occurrence
in the Julcani district has been dated at 2.24+0.05 Ma
{(Noble and Silberman, 1984). Southeast of Ayacucho,
the morphelogically very young lavas of the Lucho
Jahuana Pampa volcano, situated along the southeastern
extension of the fault system bounding the eastern
margin of the Ayacucho basin, include olivine-bearing
basalt (Morche et al., 1995).

Latest Miocene-Pliocene extension in south-central
Perti with the emplacement of dikes and the eruption of
basalt does not appear to have been associated with
major fault movement or the formation of extensional
basins.

Possible late Eocene extension

The oldest known occurrence of basalt is near the
base of the late Eocene (41-37 Ma) section (Sacsaquero
Formation), which overlies the ca. 41-42 Ma Incaic I1
unconformity in south-central Perd. Olivine basalt
(Table 1} at the base of the locally recognized
Yahuarcocha member overlies a thin discontinuous unit
(Chonta member) composed ol volcanic sandstone with
intercalations of freshwater limestonc and pebble
conglomerate. Radiometric ages on the Yahuarcocha
member and overlying units (Noble ct al., 1979h; D.C.
Noble, unpublished data) show that basalt was erupted
within three million years of the 42-43 Ma Incaic 11
tectonic pulse. The remainder of the voluminous
Sacsaquero Formation consists of andesite, dacite and
rhyolite of calc-alkaline aspect. Arecal extent and
maximum thickness ol the basalt flows arc unknown.

Perhaps the most spectacular occurrence of late
Eocene conglomeralte is found in the general region of
Colguijirca, Cerro de Pasco, and Gollarisquiza in north-
central Perd, where the sequence has been termed the
Pocobamba Formation by Jenks (1951). Sequences of
coarse conglomerate in places containing blocks in
excess of one meter in diameter are interbedded with
and overlain by carbonate-bearing beds of lacustrine
origin. The sequence of conglomerate, which has been
termed the Shuco member, 1s composed almost cntircly
of limestone of the Upper Triassic-Lower Jurassic
Pucara Group, which is exposed over large areas directly
east of the Colquijirca and Cerro de Pasco districts. In
the Colquijirca district, the Shuco member is overlain
by the Calera member, which includes beds of non-
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Table 1. Analyses of Cenozoic Basalt, Low-Silica Andesite
and Latite from South-Central Pert

1 2 3 4 5 6 7 8
Sio, 47.73 4717 45.54 48.76 52.6 52.8 534 52.8
TiO, 1.88 2.14 2.14 1.92 1.16 1.35 1.45 1.39
ALO, 15.30 15.44 14.42 15.07 16.6 16.4 15.5 16.8
Fe as Fe,0, 10.59 10.00 10.63 9.72 7.59 8.40 7.40 7.80
MgO 6.10 7.36 7.87 7.44 8.16 7.03 5.91 6.62
CaC 9.79 8.14 10.90 8.41 7.66 8.03 8.02 7.56
Na,0 3.25 3.66 3.22 3.74 3.3 3.8 38 4.0
K,0 1.58 1.72 0.95 2.22 1.72 1.40 2.86 1.80
MnO 017 0.14 0.16 0.13 0.12 0.12 0.16 0.12
PO, 0.96 0.91 1.33 1.07
LOI 2.49 3.23 3.42 1.47
Total 99.84 99.94 99.77 99.97 99.0 99.4 98.5 98.9
Ni {ppm} 109 39 88 77 139 134 74 79
Co 35 32 34 34 35.8 35.1 31.0 33.6
Cr 210 203 186 194 395 328 172 210
Rb 28 24 18 37 54 32 52 48
Sr 870 898 2,022 1,236 624 695 2,200 1,030
Ba 576 741 1,064 1,004 482 488 3,050 768
Zr 201 204 190 190
Hf 3.8 4.6 6.3 5.0
Nb 45 54 51 49
Ta 2.37 3.2 2.8 2.7 0.79 0.60 0.84 0.64
Th 6.0 4.7 6.1 7.4 4.5 3.0 7.4 4.6
La 46 44 62 67 22.3 30.3 95 37.7
Yb 1.9 1.9 1.7 1.5 1.83 1.55 2.36 1.45
1. Olivine-bearing basalt (CP-A) Base of Sacsaquero Formation, late Eocene.
2. Qlivine-bearing basalt (LIRCAY-BA), Rumicancha Formation, early Miocene.
3. Olivine-bearing basalt (HUANTA-RIO-2), Huanta Formation, late middle Miocene.
4. Qlivine-bearing basalt (HUANTA-RIO-D), Huanta Formation, late middle Miocene.
5. Olivine-bearing low-silica andesite (NPA-22), late Miocene or Pliocene. Data from Noble et al. (1875},
6. Olivine-bearing low-silica andesite {AYA-10), late Miocene or early Pliocene. Data from Noble et al. (1975)
7. Qlivine-bearing low-silica latite (AYA-1A), Huari lavas, early Pliccene. Data from Noble et al. (1975)-
8. Olivine-bearing low-silica andesite (J3-5), late Pliccene. Data from Noble et al. (1975).

marine dolomite containing organic material (Angeles,
1993). A K-Ar age on biotite from a thin unit of tuff
within the Calera member has been dated at about 36-
37Ma(D.C. Noble and E.H. McKee, unpublished data).

The coarse conglomerales of the Pocobamba
Formation, which in places reach thicknesses of
hundreds of meters, have conventionally been
interpreted as having been produced by erosion from
the toc of a major east-dipping thrust fault (Jenks, 1951}

An alternative interprctation is that the Pocobamba
group reflects extension, resulting in down-to-the west
movement along the longitudinal, Sacrafamilia and other
faults of the region. In the vicinity of Colquijirca an
olivine-bearing basaltic dike has been deveded in the
San Gregorio prospect (Pinto, 1997). About 30 km
north-northwest of Cerro de Pasco, near the Pacos Hill
prospect, conglomerate of the Pocobamba Formation is
underlain by a sequence of about 50 meters of olivine
basalt that in turn is overlain by a thick flow or {flows of
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hornblende-biotite dacite. These lavas arc probably of
late Eocene age, although no radiometric age
determinations are available. Mincralization at Cerro
de Pasco and Colquijirca did not take place, however,
until middle Miocenc time (Silberman and Noble, 1977;
Vidal et al., 1984), when relaxation of stress allowed
renewed [ault movement and the upward movement of
magmas and hydrothermal solutions.

DISCUSSION
Compression and extension

Compressional pulses, episodes of inferred
extension/transtension, and metallogenic events are
summarized on Figure 2. Extension/iranstension appears
10 precede the Miocene Incaic 1V, Quechua I, Quechua
II and Quechua IIT compressive pulses by, at most,
scveral million years. In contrast, extension appears 10
follow the major late Eocene Incaic Il pulse by a very
short period of time. Zones of extension appear to be
preferentially situated to the northeast of zones of most
intense contemporancous arc magmatism. The existence
of episodes ot pronounced extension of Tertiary age is
not surprising when considered in light of the commonly
spectacular active extensional faulting observed in many
parts of Peri. What is notable is the apparently short
duration of periods of marked extension/transtension
and the fact that these cpisodes appear to immediately
precede compressive pulses. The shortness of periods
ol marked extension is consistent with a growing body
of geologic and radiometric data that demonstrate very
rapid movement along major cxtensional faults (c.g.,
Hodges ct al., 1998).

Neogene cxtension in the high cordillera appears to
have been restricted to relatively narrow belts,
commonly bounded by faults reactivated from carlier
episodes of Cenozoic and pre-Cenozoic tectomism, To-
lal extension across the Andes probably totaled less than
perhaps five percent. The situation is much different,
for example, than the pervasive and profound regional
extension of the Great Basin area ol the western United
States during the Neogene.

Relation of large-scale magmatism to episodes of
extension

The temporal relation of large-volume arc
magmatism Lo cpisodes of extension suggest a genelic
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relationship. The conglomerate, basalt and freshwater
limestone that overlie the Incaic-II uncontormity in the
Western Cordillera are followed by several kilometers
of lava and tuff of intermediate to silicic composition.
Volcanism began at 41 to 42 Ma and was essentially
finished by about 37 Ma. The major period of carly
Miocene volcanism (e.g., Noblc ¢t al.,, 1974; Swanson
et al., 1993) generally coincides with episodes of
extension associated with the Incaic [V and Quechua 1
pulses. In contrast, metallogenic belts, as discussed by
Noble and McKee (1999), appear to fall within periods
of relative tectonic quicscence (Figure 2), although the
tectonic changes during middle and particularly late
Miocene time were so rapid that the timing and nature
of tectonic events is not fully resolved.

Tectonic implications of basaltic magmatism

Pera is characterized by unusually thick crust and
lithosphere. The presence of basalt at high crustal levels
requires that faults penctrated deeply 1o tap little-
modificd basalt derived from below the aesthenosphere-
lithosphere contact and that stresses across these faults
were sufticiently low to allow ready upward movement
ol magma. Moreover, the basalt magma that reached
the surface must have moved upward so rapidly that
interaction with the thick lithosphere was minimized.
Basaltic magma clearly passed in some manner through
rock situated below the brittle-ductile transition zone.
Faults that channcied basalt magma clearly were not
listric structures. Field geologists who have worked in
the Peruvian Andes commonly portray many faults as
high-angle, at lcast in the upper portions (c.g., Mégard.
1987), and the fact that basalt has arisen along certain
of these structures supports this inference. The
stcepness of certain. and perhaps many of the [aults
may, at least in part, be attributed to the common
occurrcnee of transcurrent movement along Andean
structures (¢.g.. J.-P. Soulas and F. Mégard, 1980;
Mégard. 1984). Deep-scated. subvertical faults in the
highlands along the central Peruvian Andes do not fi1
the balanced models of thrust duplexing on a crustal
scale as shown by such authors as Schmitz (1994) and
Baby ctal. (1997). At least in Pert, thc Andean highlands
form a definite structural domain distinct from the
{oreland thrust belt that has the classical fold and thrust
fault structural pattern.

Central and northern Perti 1s presently an amagmatic
region. This is generally interpreted as reflecting a flat
subduction mode, which occludes aesthenospheric



material. The distribution of basalt and other igneous
rocks gencrally follows this model. For example,
voleanic rocks of various types were erupted along the
Cuzco fault zone in southern Perd, but not along the
presently active normal fault system of the Cordillera
Blanca in northern Peni. The 4 Ma dikes in the
Huachocolpa district along with other early Pliocene
volcanic rocks and high-level intrusive rocks in the
western Cordillera of central and northern Perd (Noble
and McKee, 1999; Benavides-Cédceres, 1999), and the
carly Pliocene Huari lavas in the Ayacuche basin have
been considered to reflect the last igneous activity before
the magmatic shutdown. The Pliocene basalt
occeurrences in the Lircay-Huancavelica region are
anomalous. Although only one radiometric age ol
2.24+0.05 Ma is available (Noblc and Silberman, 1984),
the age was carefully determined on a specimen of fine-
grained holocrystalline basalt very suilable for K-Ar
dating in laboratorics of the U.S. Geological Survey.
The age must be taken as reflecting an cpisode of late
Pliocene extension and mafic volcanism in the zone of
Lircay and Huancavelica.

RELATION OF TECTONISM TO
SUBDUCTION

Neogene tectonism

As summarized by Mercier et al. (1992), a varicty
of ncotectonic data from Peri and Bolivia indicate a
period of Pliocene extension in the high cordillera
followed closely by a pulse of east-west directed
compression (The Quechua IV pulse of Benavides-
Ciaceres, 1999). Mercier ¢t al. (1992) have also
suggested that a similar scquence of cvents may have
oceurred several times previously during the Neogene.
Marocco et al. (1995} have discussed a similar, albeit
more temporally extended, pattern of extension
foflowed by compression. The data presented in this
paper are consistent with, and perhaps support this
suggestion, and lead to a possibly generally applicable
model of episodic subduction-related tectonism for the
central Andes.

The typical state ol stress at higher clevations in the
central Andes during the Neogene appears to have been
neutral or weakly extensional. Body forces tending to
produce extension (Dalraymac and Molnar, 1981;
Séhrier ¢t al.. 1988b: Deverchére et al,, 1989) are
approximately balanced by compressive forces produced
hy subduction. This quasi stcady statc was puncluated
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by relatively short-lived periods not only of compression
but also of marked extension. Morc than simple
gravilational extension was in all probahlity involved
at various (imes, because both in Perd and elsewhere
(e.g., Marrett ct al., 1994), extensional faults have
formed over a wide range of elevation.

Mercicr et al. (1992) have explained the sequence
of extension followed closely by compression using a
more sophisticated version of the model presented by
Sébrier and Soler (1991). In this model, as subduction
progresses, the subducting slab begins to steepen,
reducing the stress applied to the overriding plate. This,
in turn, results in absolute extension in the cordillera
and locally at lower elevations. The subducting siab
continucs to steepen, and cveniually breaks, allowing
the oceanic plate to more directly intcract with the con-
tinental platc and producing a pulsc of compressive
deformation best recognized as a discrete event at high
elevations.

Extension and subsequent compressive deformation,
therefore, comprise two portions of a coupled
deformational cycle that may be explainable in terms
of a repetitive pattern of subduction episodes. If the
hypothetical model of Mercier et al. (1992) is correct,
then the geological record may provide information
useful in understanding details of the subduction
process. Although in some cases volcanism or plutonism
may be more-or-less contemporaneous with tectonism
{c.g., McKee and Noble, 1989), magmatic activity
cannot, in itself, be used as cvidence for tectonism.

Paleogene tectonism

Although the mechanism of Mercier et al. (1992)
may explain the Neogene teclonic histery ol Perd, it
probably is not the only process that has produced
compressive deformation, Various workers (e.g., Suarcz
ct al., 1983) have attempted to explain certain of the
cmpirically observed tectonic pulses as a result of a
change in subduction rate or direction of plate
movement. Possibly the best correlation is between the
major Incaic II pulse and the age of the bend in the
Hawaii-Empcror chain (Claguc and Jarrard, 1973;
Dalrymple and Clague, 1976). The Incaic Il phase was
4 major tectonic event that has been recognized
throughout Perii as well as in northern Chile and Ar-
gentina {c.g., Noble ct al., 199(0; Sandeman et al., 1995).
Profound uplift occurred after compressive deformation,
as shown by the deep erosion that to the west exposed
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the Coastal Batholith (Noble et al., 1978). Incaic II
compression is not known to have been preceded by
extension. The post-Incaic 1l erosion surface, however,
is in places overlain by conglomerate, basalt, freshwater
limestone and/or other rocks suggestive of extension,
A possible explanation is that the Incaic II pulse was
the result of the major Eocene plate reorganization
mentioned above (Noble et al., 1974; 1979b), and that
the cxiensional lithofacics reflect gravitational extension
on continued uplift of a regional palechighland that had
already been uplified and eroded, producing the Incaic
1I surface, very shortly after the cessation of an unusually
strong pulse of compressive deformation.

Evolution of mantle chemistry with time

The trace-clement composition of the basalts and
low-silica andesites indicate that the nature of the source
for mafic magma beneath south-central Peni changed
progressively through time. Mafic magma was generated
in latc Eocenc and early Miocene time from mantle
materials that were largely unaffected by subduction
processes. In contrast, the olivine-bearing low-silica
andesites and latites erupted during late Miocene and
Pliocene time possess a clear subduction signature, as
shown by their markedly lower Ta and Ti contents.

At the end of the Incaic II compressional pulse,
mantle material unmodified by subduction was present
beneath the general arca of the present continental divi-
de. Within several million years, the horizon from which
specimen CP-A was collected was overlain by thousands
of meters of intermediate to silicic rock of clearly calc-
alkalic character of late Eocene age.

The locus of volcanism remained sufficiently to the
west so that mantle unaffected by subduction was present
heneath Lircay during earliest Miocene time (=23 Ma).
By 10 Ma, strongly calcalkalic dacite of the Julcani
district, with Ta/(Ta+Th) between 0.06 and 0.11 and
other chemical characteristics indicative of strongly
calc-alkalic character, were being erupted at the same
locality as well as in the Huachocolpa district to the
west (Noble and McKee, 1999; D.C. Noble,
unpublished data), whereas to the east in the Ayacucho
basin coeval mafic magmas with much higher Ta/
(Ta+Th) were rcaching the surface. The four specimens
of low-silica andesite and latite of late Miocene and
Pliocene age, two of which are from the region of
Ayacucho, all possess clear subduction signatures,
indicating that mantle material with a subduction
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signature was present, at least locally beneath the An-
des as far easl as the Eastern Cordillera.

Whereas in south-central Perti mafic magma was
generated 1n late Eocene and early Miocene time from
mantle materials that were largely unaffected by
subduction processes, the olivine-bearing low-silica
andesites and latites erupted during late Miocenc and
Pliocene time possess a clear subduction signature, as
shown by their markedly lower Ta and Ti contents. The
very sparce, but consistent, data suggest that marked
changes in the mantle material beneath central Perd
occurred during late Neogene time as the locus of
subduction shifted to the east from Eocene through
Neogene time. The earlier basalts were erupted from
mantle sources lying sufficiently to the east of the
subducted slab to have escaped the effect of subduction-
related solutions (e.g., Pearce and Peete, 1995). In early
Miocene time, the zone of subduction lay sufficiently
to the west of the Lircay so that basalt with high Ta and
Ti contents could be generated from mantle material
unmodified by subduction processes. By 10 Ma,
however, magmas of intermediate to silicic composition
were generated in the Huachocolpa and Lircay arcas
(Noble and McKee, 1999), whereas approximately
coeval basalts erupted to the east in the Ayacucho basin
lack evidence of subduction involvement.

The change from an enriched mantle sourcc region
to one modificd by the subduction process must refllect,
in a qualitative manner, the interaction between the
position, orientation and evolution of the subduction
zonc and the preservation and/or westward movement
of aesthenospheric material in front of the subducting
plate. More detailed and regionally systematic analysis
of mafic and low-silica intermediate rocks has the
potential of providing information on the evolution of
the uppermost mantle beneath the Andes.

RELATION OF MINERALIZATION TO
EXTENSION AND COMPRESSION

A large number of mineral deposits were formed in
central and northern Perd during Neogene time (Noble
and McKee, 1999). The more important deposits for which
radiometric ages are available are shown in figurc 5.

Castrovirreyna-Huachocolpa-Lircay transect

Within the belt trending cast-west from
Castrovirreyna district through Huachcolpa to the region
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Figure 5. Diagram showing the ages of more important mineral deposits in central and northern Peru
for which radiometric ages are available from Noble and McKee (1999).

of Lircay and Julcani, mineralization and magmatic
activity took place before, during and after the Quechua
Il and probably the Quechua IIT compressive events
(Noble and McKee. 1999). In the Castrovirreyna district,
a large field of andesite and dacite lava and tuff were
crupted between about 12 and 11 Ma immediately prior
to mineralization. Volcanic rocks of the Julcani center
were formed between about 10.1 and 9.7 Ma. In both
districts, magmatic activity and mineralization took pla-
ce during the period of tectonic quiescence and
subsequent extension that immediately preceded
Quechua II compression. In the Huachocolpa district,
magmatic activity commenced about 10.5 to 11 Ma
coeval with, or very shortly after, the onset of extension.
Volcanism was concentrated within a northwest-
southeast trending graben bounded on the west and east,
respectively. by the Chonta and Huachocolpa faults (Fi-
gure 1). These are linear, steeply dipping, probably
reactivated structures that at various times must have
experienced various combinations of dip-slip and strike-
slip movement. Magmatic activity was focused within
the graben, forming a thick, interfingering pile of lava,
volcanic breccia and related rock related to central

volcano — volcanic dome complexes. Conglomerate,
freshwater limestone and associated volcanic rock
exposed in the Arco Iris area were folded early in the
history of volcanic activity. This is shown by the fact
that isoclinally folded beds are overlain by near ninety-
degree unconformity by hydrothermally altered and
mineralized volcanic breccia and lava of the
Huachocolpa volcanic field. At this time, renewed
movement may have taken place along the Huachcolpa
and Chonta faults. After deposition of most of the
volcanic rocks of the Huachocolpa district, and
emplacement of stocks at 9.3£0.3, 8.4+0.3 and 7.9+0.3
Ma, a new tectonic pulse produced steeply dipping frac-
tures, including several sets that host the polymetallic
vein mineralization of the Recuperada subdistrict. The
stress history is not clear, but SW-NE and/or E-W
compression may have been followed by relaxation and
extension in a N-S to NW-SE direction. The latest stages
of vein mineralization in the Teresita vein is dated at
6.4+0.2 Ma. A small amount of late Miocene magmatic
activity appears to have postdated mineralization in
certain areas. Hydrothermal activity had completely
terminated by 4 Ma, when east-west extension is
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demonstrated by the completely unaltered north-south
rending dikes of the Huachocolpa district.

Uncertainties exist concerning the exact timing and
assignment of regional compressive events. Sébricr et
al. (1988a) and Sébricr and Soler (1991) recognize
Quechua II and Quechua IIT events at about 10 and 7
Ma, respectively, whereas Benavides-Céceres (1999)
places these pulses at about 8-7 and 5-4 Ma, respectively.
Meégard et al. (1984) assigned an age ol about 9 Ma for
Quechua Il compression in the Ayacucho basin. There
appear o be two compressive events in the Huachcolpa
district. Il an age of about 6.5 Ma is accepted for
Qucchua IIL, the vein-hosting fractures may be
provisionally assigned to Quechua T, and the cifects
of Quechua II may be restricted to the early folding in
the Arco Iris area. Alternatively, both early folding and
late fracturing must be assigned to a prolonged episode
of Quechua 1l deformation.

Several acid-sulfate — high-sulfidation type
magmatic-hydrothermal sysiems are present in the
Huachocolpa district. Of these, the most important is
Arco Punco, which s spatially associated with the
Tinquicorral sysiem of gold- and copper-bearing
polymetallic veins. A K-Ar age determmination of 9.5+0.3
Ma has been on hypogene alunite lrom Arco Punco (No-
ble and McKee, 1999). Other high-sulfidation systems
in the arca may have formed at various times both after,
and possibly prior to, the Arco Punco system. It has been
suggested that Arco Punco and the Tinquicorral veins
arc part of a large, complex magmatic-hydrothermal
system formed several types of potentially economic mi-
neral deposits (Noble, 1997). A not unreasonable alternate
view is that the veins formed scveral million years later,
and were mineralized at about the samce time as Teresita
and other veins of the Recuperada subdistrict. A new K-
Ar age dctermination of 9.4+0.3 Ma on hydrothermal
sericite from one of the veins of the Tinquicorral system
would appcar to support the first interpretation.
{ Analytical data for this age, {rom Geochron Laboratories,
Inc., Cambridge, Massachusctts, USA, are as follows:
K. 0 = 7.13 and 7.17 wt. percent; radiogenic *Ar =
0.9915 x 10 moles “Ar/gram, with “*Ar/Total “Ar =
10.4 and 13.0 percent, respectively.) The Tinquicorral
vein structures, therefore, would appear be oo old to
have been formed by the Quechua Il event, and perhaps
rellect local stresses related o a subjacent stock.

The recognition ol episodes ol extension as well as
compression lends insight into the kinematies of certain

faults, for cxample the regional Chonta and Huachocolpa

60

faults. For example, in the Huachocolpa district, the north-
south striking Huachocolpa fault, which passes a short
distance to the west of the pueblo of Huachocolpa, marks
the contacl between steeply dipping Mesozoic strata on
the east and gently cast-dipping andesitic breccia and lava
of late Miocenc age on the west. This contact has been
interpreted by various workers as being cither a normal
fault, a rcverse fault, or representing a depositional
contact. A reasonable scenario is that extensional
movement along a reactivated older structure produced a
fault scarp that was partly buricd by middle to late
Miocene sedimentary rocks and volcanic rocks. Later
compression may have resulted in compressive or, more
likely, transpressive deformation. Likewise, the Chonta
fault, a major lincar structure that ¢xtends in a northwest-
southeast direction for at least 100 kilometers. probably
cxperienced various combinations of normal, reverse,
dextral and sinistral movement before it was intruded
by intermediate and silicic magmas in latc Miocene time,
In a general sensc, the deposition of relatively
incompetent material within graben or other basins
bounded by extcnsional faults may provide a partial
explanation {or the relative intensity of folding of the
fault-basin scediments compared to degree of folding
produced in rocks in adjacent arcas.

Regional metallogenesis

Noble and McKee (1999} have recognized a locus
of late Miocene hydrothermal activity and mineralization
extending from the Huachocolpa district to Pasto Bue-
no in northern Perii. On a regional scale, more intcnse
mineralization appears to fall between compressive pul-
ses (Figure 2). This 1s well shown by mineralization of
the middle Miocene Quirnvilca-Pierina subbelt, defined
by a number of deposits formed mainly between about
13 and 15.5 Ma. Although at least one hydrothermal
system in the Cordillera Necgra, that of the
Chururopampa district, was formed during the later
stages of eruption of the youngest part of the early
Miocene sequence of twiff and lava that comprise the
upper part ol the “Calipuy Group”, the major districts
in the Cordillera Negra and arcas to the north and south,
for cxample Picrina, Pashpap and Quiruvilca all postdate
both early Miocene volcanism and the Quechua IT
tectonic pulse. Similar relations appear to hold for the
late Miocene subbelt, although there are uncertaintics
in the ages of the Quechua IT and HI pulses.

A number of mineral deposits of Paleogene age were
formed during periods of neutral stress or extension at



high elevations, and relative magmatic guiescence.
These include the carly Oligocene skarn and related
deposits of the Andahuaylas-Yauri mineral belt (Santa
Cruz et al., 1979; Noblc ¢t al., 1984) and latc Oligocene-
carliest Miocene W-Cu vein systems of southeastern
Perii (Clark et al., 1983). In central Perd, the Quicay
acid-sulfate gold system was active at about 37 Ma (No-
ble and McKee, 1999), the major Pb-Zn-Ag replacement
deposits of the Atacocha and Milpo districts formed at
about 29-30 Ma (Soler, 1988), and the Uchucchagua
Ag-Zn-Pb deposit was formed about 24.5-25 Ma (No-
ble and McKee, 1999).

It is not clear whether or not the high-level intrusive
and volcanic rocks typically spatially and temporally
associated with mineralization (Petersen, 1965; Noble
and McKee, 1999) arc in some manner different from
the common calc-alkalic arc rocks of the central An-
des. The sparce minor-element and isotopic data
available indicates a “subduction signature” (e.g., low
Ta/(Ta+Th). Glassy volcanic rocks from the Julcani
district, where [resh dacite and rhyodacite are
fortuitously locally preserved, have retained portions of
what must have been unsually high contents of magmatic
arsenic and other elements (Noble ct al,, 1998). Whether
such clevated initial contents are unigue to magmas
associated with mineralization is unclear. One can
speculate on the possibility that the stress conditions
that permitted little-modificd basaltic magma to reach
the surface may also have permitted more silicic magmas
with high “mineral potcntial” to be generated and/or
reach high crustal levels, in the process perhaps loosing
relatively small amounts of the various components
necessary for the formation of hydrothermal mineral
deposits.

Explanation of the location of mineral districts is
complicated. Not only is there control by regional
magmatic belts presumably localized by subduction
processes, but also control by fractures gencrally
paralleling the trend of the Andes that may extend to
mantle depths. In addition, major northeast-trending
rransandean structurcs that apparently date from pre-
Cenozoic tme may exert some control over district
location (Vidal and Noble, 1994).

CONCLUSIONS

Terliary deposits consisting conglomerate and/or
alluvial fan deposits, basalt and/or [reshwater limestone
and other lacustrine deposits in the high Andes arc best
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interpreted as the result of brief episodes of crustal
extension. During Neogene time, episodes of marked
extension/transtension occurred shortly before pulses
of compressive deformation, suggesting the cxistence
of coupled extension-compression pairs. Basalt was
derived from enriched mantle sources that in part had
been affected by subduction processes. The presence
of basalt strongly suggests the existence of steeply
dipping faults along which basaltic magma was erupled
to the surface during periods when conditions of
cxtension or transtension prevailed. Mineral deposits
of magmatic hydrothermal affinities appear to have
preferentially formed during periods of teclonic
quiescence or extension.
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