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Abstract A combined geochronological and structural
analysis of the Miocene Negra Muerta Caldera was
designed to better understand caldera formation asso-
ciated with prominent faults on the central Andean
plateau. Rb—Sr ages of the caldera outflow facies indi-
cate that caldera formation occurred in two volcano-
tectonic episodes. The first episode commenced with
explosive eruption of the 9.0£0.1 Ma andesitic Acay
Ignimbrite followed by a period of volcanic quiescence
and moderate tectonic activity. Dominant volcanic and
tectonic activity occurred during the second episode,
which is bracketed by eruption of the 7.6+0.1 Ma
rhyolitic Toba 1 Ignimbrite and effusive discharge of the
7.3+£0.1 Ma rhyodacitic to andesitic lava flows. Struc-
tural relationships between rocks of the Negra Muerta
Volcanic Complex and collapse-induced normal faults,
notably NE-striking normal faults, agree with simulta-
neous volcanic activity and floor subsidence of the cal-
dera during the second episode. Floor subsidence was
achieved by tilting on an outward dipping reverse fault
to the northwest of the caldera floor around a hinge zone
located south of the caldera floor. This induced hori-
zontal extension of the caldera floor and was accom-
plished by fragmentation of, and intrusion of dikes into,
the floor. Collapse-induced and post-collapse fault
populations of the caldera do not differ significantly in
the directions of their axes of maximum extension and
are in this respect kinematically compatible with left-
lateral slip on the nearby Olacapato-El Toro Fault
Zone. This furnishes evidence for a kinematic control by
prominent faults on the formation of collapse calderas in
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the central Andes. The structural analysis of the Negra
Muerta Caldera shows that collapse calderas can serve
as deformation markers that contribute in elucidating
the regional kinematic regime and the time of activity of
prominent dislocations genetically related to collapse
calderas.
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Kinematics - Deformation - Central Andes

Introduction

Unravelling the mechanism of collapse caldera forma-
tion is vital in understanding the relationship between
magmatism and deformation at shallow crustal levels.
Particularly in convergent orogenic belts, localised
deformation is often invoked to drive formation of
collapse calderas which are generally asymmetric in plan
view (Bellier and Sébrier 1994; Ventura 1994; Moore
and Kokelaar 1997; Acocella et al. 1999). Based on fault
geometry, stratigraphic evidence and geometry of the
caldera floor, the interface between rock masses col-
lapsed into an underlying magma chamber and volcanic
deposits, four end member collapse modes can be dis-
cerned (Fig. 1: Walker 1984; Lipman 1997). Plate or
piston collapse is accomplished by subsidence of a rel-
atively coherent caldera floor on one or several steeply
dipping ring faults. By contrast, downsag subsidence is
characterised by flexural inward tilting of wall rocks,
whereby ring faults with large displacements are gener-
ally not developed. Trapdoor collapse involves asym-
metric floor subsidence either by tilting around a linear
hinge zone or differential block faulting whereby col-
lapsed rock is confined by a partial ring fault. Vertical
displacement of the caldera floor on this ring fault in-
creases away from the hinge zone. Piecemeal collapse
results in an apparently non-systematic fragmentation of
the caldera floor and the underlying substrate into dif-
ferentially subsiding blocks. Calderas formed by the
plate or downsag collapse modes are likely to be sub-
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Fig. 1 Schematic illustration showing end member collapse modes
(modified after Lipman 1997). For explanation see text

circular at surface whereas those generated by the
trapdoor or piecemeal modes are often markedly
asymmetric (Moore and Kokelaar 1997; Acocella et al.
1999). This may indicate that circular calderas formed as
a consequence of magma overpressure whereas trapdoor
and piecemeal modes are preferentially associated with
localised deformation of the upper crust as a result of
regional tectonism.

In the central Andes, Miocene to Pliocene volcanism
affected large parts of the Puna, a high-altitude plateau
confined to the west and east by the active magmatic
arc and the eastern Cordillera, respectively (Fig. 2).
Here, voluminous felsic ignimbrites erupted between
about 10 and 1 Ma from collapse calderas which
compose the Altiplano-Puna Volcanic Complex (de
Silva 1989) and several NW-trending transverse volca-
nic belts (Viramonte and Petrinovic 1990). These vol-
canic belts are spatially associated with major fault
zones, such as the Olacapato-El Toro Fault Zone
(Fig. 2), a system of faults which has been intermit-
tently active since the Paleozoic and which accom-

plished left-lateral displacement on the order of 20 km
in Neogene time (Allmendinger et al. 1983). Orogen-
parallel dilation on NW-striking fault zones generated
by late Cenozoic differential crustal shortening may
well have facilitated magma ascent and caldera for-
mation in the Puna (Riller et al. 2001; Riller and
Oncken 2003). Nonetheless, the genetic relationship
between regional-scale, upper-crustal faulting and col-
lapse caldera formation in the transverse volcanic belts
remains to be ascertained. Identification of the collapse
mechanism may be valuable in this respect. In the
Puna, this is generally difficult to determine as the arid
climate effectively prevents erosion of volcano-sedi-
mentary deposits which generally obscure caldera floors
and caldera-forming structures. To date, information
on the mode of collapse exists only for the La Pacana
caldera, located on the northwestern segment of the
Olacapato-El Toro Fault Zone (Fig. 2). Based on the
asymmetric distribution of erupted volcanic rocks and
asymmetric subsidence of the caldera floor on a partial
ring fault, formation of this resurgent caldera was likely
initiated by trapdoor collapse (Lindsay et al. 1999).

Here, we report on a combined field-structural and
geochronological analysis of the Negra Muerta Caldera
(Fig. 3) which aims at constraining mode and history of
its formation. This study is the first of its kind in the
southern central Andes and pertains to better under-
stand the relationship between upper-crustal tectonism
and collapse-caldera formation in this region (J. Ram-
elow, unpublished data). The Negra Muerta Caldera is
the easternmost collapse caldera of the Puna and located
at the morphotectonic transition to the Eastern Cordil-
lera (Fig. 2). It is asymmetric in plan view and mor-
phologically characterised by a well-preserved northern
and western topographic rim (Fig. 3a), the top of which
is about 5,500 m above sea level (asl). In contrast, the
southern and eastern margins of the caldera, as well as
much of its interior, have been largely eroded due to
Pleistocene glacial activity and strong headward fluvial
incision by the Calchaqui River. As a consequence, the
structural caldera floor is well exposed from about
4,700 m asl in the north to about 3,900 m asl in the
south (Fig. 3a). Excellent exposure of collapse-related
structures and subvolcanic rocks in the caldera centre
furnishes ideal conditions to determine the collapse
mode of the caldera. Using the Rb—Sr method, volcanic
units of the outflow facies were dated to constrain dis-
tinct collapse pulses. Our study complements that by
Petrinovic et al. (2005) who examined the Negra Muerta
Caldera in terms of its magmatic evolution.

Geologic setting of the Negra Muerta Caldera

Collectively, Cretaceous and Tertiary sedimentary rocks
of the Salta Group resting unconformably on low-grade
metamorphic metapelite of the Cambrian Puncoviscana
Formation form the substrate of the Negra Muerta
Caldera (Fig. 3, 4a). The Salta Group formed during
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Fig. 2 Simplified map showing
morphotectonic units and
major NW-trending fault zones
of the southern central Andes.
Collapse calderas are spatially
associated with these fault
zones and define the NW-
trending transverse volcanic
belts and the Altiplano Puna
Volcanic Complex (APVC).
ACC Aguas Calientes Caldera,
NMC Negra Muerta Caldera,
LPa La Pacana Caldera
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and after a phase of continental rifting in NW-Argentina
and Bolivia that led to deposition of clastic sediments,
mafic lava flows and carbonate rocks in distinct, but
linked rift basins (Salfity and Marquillas 1994; Gonz-
alez-Bonorino et al. 1999). The 130-75 Ma Pirgua
Subgroup forms syn-rift deposits and consists of ruby-
coloured sandstone, conglomerate and intercalated ba-
salt flows (Vilela 1951; Reyes and Salfity 1973). In the
caldera centre, these rocks are about 40-50-m thick and
overlain by the 75-73 Ma Lecho Formation, a 10-20-m
thick unit consisting of white calcareous conglomerate
and sandstone. Dolomite and limestone of the 73-63 Ma
Yacoraite Formation are up to 50 m thick in the caldera

and considered as initial post-rift deposits. The forma-
tion is characterised by grey stromatolite and cream-
coloured to black oolite layers intercalated with yellow
limestone beds (Turner 1959). The Lecho and Yacoraite
Formations make up the Balbuena Subgroup (Fig. 4a).
The upper Salta Group consists again of clastic sedi-
mentary rocks, specifically the 63—54 Ma Mealla and the
54-49 Ma Maiz Gordo Formations (Moreno 1970; Del
Papa 1999). The Mealla Formation comprises orange to
purple-coloured sandstone beds separated by up to 2-m
thick mud stone layers. By contrast, the Maiz Gordo
Formation is characterised by about 70-m thick, fine-
grained conglomerate rich in quartz clasts.
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Fig. 3 Geological units and
structure of the Negra Muerta
Caldera. TMF Toro Muerto
Fault, CNF Central Normal
Fault, CV Central vent. a
Geological map of the Negra
Muerta Caldera modified from
J. Ramelow, unpublished data.
Line with node points A-E
represents the trace of the
profile shown in (b). b Profile
through the Negra Muerta
Caldera
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E-W crustal shortening affected much of the central
Andes during the Neogene (Isacks 1988; Allmendinger
et al. 1997) and led to formation of major orogen-par-
allel reverse faults and folds as well as reactivation of
pre-Neogene NW-striking structural discontinuities
(Riller et al. 2001). In the Calchaqui Valley, such
shortening is apparent from reverse faults at the valley
margins that placed rocks of the Puncoviscana Forma-
tion over those of the Salta Group (Servicio Geoldgico
Minero Argentina 1996). In the Negra Muerta Caldera,
however, only the reverse fault at the western flank of

the valley, the Toro Muerto Fault (Fig. 3a, b), is
apparent, whereas at the eastern valley flank the contact
between the Puncoviscana and the Lecho Formations is
overturned but unstrained (Riller et al. 1999). This
indicates that Late Cenozoic E-W shortening in the
Negra Muerta area was chiefly accomplished by kilo-
metre-scale folding of the Puncoviscana Formation and
its Cretaceous-Tertiary cover rocks. Large-scale folding
terminated probably prior to emplacement of the 19 Ma
Nevado de Acay Pluton (Petrinovic et al. 1999), an un-
strained monzonite body that intruded the Puncoviscana



and Yacoraite Formations at the northeastern portion
of the caldera (Llambias et al. 1985). NW-striking faults
of the Olacapato-El Toro Fault Zone are located at a
distance of about 5 km to the north and south of the
caldera and are kinematically linked with orogen-par-
allel folds (Allmendinger et al. 1983; Marrett et al. 1994;
Riller et al. 1999, 2001). Field-structural evidence and
seismic activity indicate that one of these faults to the
north of the caldera, the Chorrillos Fault, has been ac-
tive since Quaternary times (Marrett et al. 1994; Schurr
et al. 1999).

Volcanic units of the Negra Muerta Caldera

Andesitic to rhyodacitic volcanic rocks erupted from the
Negra Muerta Caldera are known as the Negra Muerta
Volcanic Complex (Llambias et al. 1985; Petrinovic et al.
2005). The outflow facies of this complex consists of ash
flow deposits and lava flows, whereas subvolcanic dikes
and domes as well as relics of ash flow deposits and lava
flows, make up the intra-caldera facies (Fig. 3a). The
outflow facies is well preserved to the north and west of
the caldera centre and consists of two ignimbrites, the
andesitic Acay and the rhyolitic Toba 1 Ignimbrites, as
well as rhyolitic and andesitic lava flows (Fig. 4b). The
Acay Ignimbrite, a greenish tuff, covers the substrate of
the caldera unconformably. The thickness of this
ignimbrite varies between 100 and 150 m close to the
caldera, but decreases with distance from the caldera.
The ignimbrite is nonwelded at its base, strongly-welded
and fiamme-rich in the middle part and again nonwelded
in the uppermost 30-50 m. The mineral assemblage of
the ignimbrite consists of plagioclase, alkali feldspar,
biotite, green hornblende and corroded quartz, all of
which display flow banding. Point counting of thin
sections indicates that the pumice contains about 15—
30% crystals. The matrix of the ignimbrite is poor in
lithic fragments (6%), but rich in phenocrysts (up to
35%), which may point to high viscosity during eruption
of this melt.

The Acay Ignimbrite is covered by the Toba 1
Ignimbrite (Viramonte et al. 1984; Petrinovic et al. 1999,
2005), a homogeneous and nonwelded rhyolitic ash flow
deposit (Fig. 4b). This ignimbrite occurs as a coherent
30-50-m thick unit chiefly to the NW of the caldera
(Fig. 3a) and is characterised by crystal-rich pumice (30—
45%), lithic fragments, and phenocrysts of quartz and
plagioclase (up to 60%). Plagioclase laths are up to 2-cm
long and randomly distributed in a white glass matrix.
Based on colour, two pumice variants can be discerned
in the ignimbrite, a dark-grey and a cream-coloured one.
Both variants are similar in their phenocryst content,
that is 70% feldspar, 21% quartz and about 8% biotite.
In places, however, the dark-grey variant may contain
up to 20% biotite phenocrysts.

The Toba 1 Ignimbrite is overlain by distinctive 10—
20-m thick glassy-porous to massive rhyodacitic lava
flows (Fig. 4b). These are rich in plagioclase, alkali
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feldspar, biotite and quartz phenocrysts. Locally, the
rhyodacitic lava flows are autobrecciated, probably as a
consequence of lava dome collapse. The top of the
outflow facies consists of up to 300-m thick, monoto-
nous andesitic lava flows, which cover an area of
approximately 105 km? (Fig. 3a).

Except for some relics of ashflow deposits and lava
flows, volcanic rocks have been eroded in the caldera
centre (Fig. 3a). Consequently, subvolcanic equivalents
to the outflow deposits, specifically rhyodacitic and
andesitic dikes and vents that intruded the sedimentary
substrate of the caldera are exposed in the caldera centre
and characterise the intra-caldera facies (Fig. 3a).
Rhyodacitic rocks contain up to 65% plagioclase, alkali
feldspar, rounded quartz and sub- to euhedral biotite
phenocrysts set in a matrix of microlitic feldspar and
rhyolitic glass. Similarly, phenocrysts of andesites con-
tribute to more than 50% of the whole rock, whereby
the mineral assemblage consists of plagioclase, alkali
feldspar, rounded quartz, biotite, hornblende and au-
gite. Subvolcanic rocks are often hydrothermally al-
tered. Rhyodacitic dikes forming the feeder system to
overlying lava flows in the centre of the caldera and a
large elongate rhyodacitic dome at the southern portion
of the caldera strike NE-SW. By contrast, 10-20-m
thick, NE-striking andesitic dikes in the caldera centre
truncate rhyodacitic dikes (Fig. 3a). This indicates that
andesitic dikes formed after rhyodacitic ones and is in
agreement with the stratigraphy of the outflow facies
(Fig. 4b).

Rb/Sr-geochronology

The Negra Muerta Volcanic Complex has been affected
to varying degrees by post-magmatic alteration. Rock
samples from the outflow facies are only slightly altered
whereas the dikes and vents of the intra-caldera facies
underwent a significant hydrothermal activity. We
therefore limited the radiometric age determination to
pumice samples of the Acay and Toba 1 Ignimbrites and
a specimen of an andesitic lava flow. To further mini-
mise the disturbance of the geochemical system of the
volcanic rocks by any alteration and contamination
from the country rock we obtained radiometric ages
using separates of biotite, feldspar and apatite. Separates
were analysed using the Rb-Sr method at the GeoF-
orschungsZentrum Potsdam.

The analytical procedures and the results are sum-
marised in Table 1. The data are shown in Fig. 5. Since
apatite may be affected by post-crystallisation uptake of
Sr, all reported ages represent feldspar-biotite two-point
ages. For the Acay Ignimbrite we obtained an age of
9.0+0.1 Ma (20), whereas the overlying Toba 1
Ignimbrite gave an age of 7.6+ 0.1 Ma (20). This age of
the Toba 1 Ignimbrite corresponds well with a K—-Ar age
of 7.4+0.1 Ma (20) determined by Petrinovic et al.
(1999) for a whole rock sample of the same ignimbrite.
The sample of the andesitic lava flow yielded an age of
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Fig. 4 Stratigraphy of the
Negra Muerta Volcanic
Complex and its substrate. a
Stratigraphy of the Paleozoic to
Tertiary substrate of the Negra
Muerta Volcanic Complex
(NMVCQ). b Stratigraphic
profile of the outflow facies of
the Negra Muerta Volcanic
Complex. Rb-Sr ages of
individual units of the complex
from this study are indicated
(see Fig. 5)
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7.3£0.1 Ma (20) indicating that magmatic activity
continued after the climactic eruption. The ages ob-
tained in this study are consistent with stratigraphy
(Fig. 4). Due to the lack of exposure of specimens suit-
able for radiometric dating, there are no age data on
rhyodacitic lava flows. Based on stratigraphical evi-
dence, however, we expect, that the rhyodacitic lava
flows extruded after the formation of the Toba 1
Ignimbrite and prior to emplacement of andesitic lava
flows. Thus, their age can be restricted to between 7.6

and 7.3 Ma.
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Structure and mode of floor subsidence of the Negra

Muerta Caldera

Knowledge of the fault pattern generated as a conse-
quence of caldera formation is paramount to assess the
mode and history of collapse. Collapse-induced discon-
tinuities of the Negra Muerta Caldera are well apparent
in the partially-eroded caldera floor by the presence of
displaced lithological contacts in distinct sedimen-
tary marker beds such as stromatolite, sandstone and



Table 1 Rb-Sr data for three units of the volcanic sequence
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Sample Sample weight (mg) Rb (ppm) Sr (ppm) 87Rb/ 8sr* 878/ 865r® Age (Ma)
NM-82

Acay- apa 0.74 2.68 519.0 0.015 0.710122£21

Acay- fsp 7.81 329 1050.0 0.090 0.710159 £ 21

Acay- bio 1.0 723.0 33.8 62.0 0.718062 £ 47 9.0+0.1
NM-5

Toba 1- apa 1.87 1.50 396.0 0.011 0.707900 £ 13

Toba I- fsp 4.63 13.4 1310.0 0.030 0.707542 £ 16

Toba 1- bio 1.0 1520.0 15.2 290.0 0.738829+79 7.6+0.1
NM-74

Lava-apa 0.5 1.44 458.0 0.009 0.710140 £ 62

Lava-fsp 4.92 7.11 1190.0 0.017 0.710322+17

Lava-bio 2.47 440.0 22.9 55.6 0.716110+£43 7.3+0.1

Rb and Sr concentrations were determined by isotope dilution using a 3*Sr—8’Rb-Spikes. Rb and Sr were seperated using standard ion-

exchange procedures (Bio Rad AG50-X8 and 2.5 N HCI medium);

2o error=1%

Serrors are 2o, and refer to the last two digits; 8’Sr/ ®°Sr normalized using °Sr/*¥Sr=0.1194. During the measurement period NBS 987
strontium reference material gave ’Sr/ **Sr=0.710255+ 10 (n= 4).

conglomerate layers of the Salta Group (Figs. 3a, 4a, 6).
The correlation of displaced stratigraphic units across
discontinuities allowed us to estimate displacement
magnitudes (see below), as well as the kinematics of
prominent collapse-induced discontinuities. The dis-
continuities consist generally of planar to sinuous NE-
to E-striking normal faults that affected also relics of
intra-caldera volcanic rocks (Fig. 3b). A coherent ring
fault is not apparent in the Negra Muerta Caldera.

The Toro Muerto Fault is one of the most prominent
discontinuities of the Negra Muerta Caldera and is lo-

Fig. 5 Rb-Sr isochrons for the 0.74

cated in the west-central portion of the caldera (Fig. 3a).
As mentioned already, motion on this west-dipping re-
verse fault commenced prior to formation of the caldera.
However, in the northern segment of the fault, rocks of
the Cambrian Puncoviscana Formation are juxtaposed
against rhyodacitic lava flows. North of this locality, the
fault strike changes from N-S to NE-SW and here, an
andesitic dike intruded into the fault zone. This suggests
that the Toro Muerto Fault acted as a reverse fault
during caldera formation. A second collapse-induced
master fault is the south-dipping Central Normal Fault
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Fig. 6 Photographs showing
structural field relationships
and location of vents in the
Negra Muerta Caldera. a The
central normal fault (CNF) in
the caldera centre bisects the
caldera floor into a northern
and a southern caldera block,
evident from juxtaposition of
the Pirgua Subgroup and the
Mealla Formation. Note the
roll-over anticline and the
central vent (CV) in the hanging
wall of the normal fault. b
System of NW-dipping normal
faults (stippled lines) in the
southern caldera block
displacing distinct sandstone
and conglomerate beds of the
Mealla Formation. ¢
Displacement of the
topographic surface by a post-
collapse left-lateral, oblique-
normal fault in the southern
caldera block. Note the well-
developed striae on fault
surface and person for scale.
Insets in (b) and (¢) show lower-
hemisphere, equal-area
projections of the respective
population of faults (great
circles) and senses of slip on
their surfaces (arrows).
Horizontal components of
shortening (yellow arrows) and
extension (white arrows) are
inferred from the P-T method
(Turner 1953)

(Fig. 3). Based on the distribution of Tertiary rocks in
the caldera substrate, this fault divides the caldera floor
into a northern and a southern caldera block (Fig. 3b).
More specifically, the top of the northern block is made
up of sedimentary rocks of the Cretaceous Pirgua Sub-
group, whereas the youngest pre-caldera rocks of the
southern block consist of the Eocene Maiz Gordo For-
mation. Juxtaposition of Upper Cretaceous rocks of the

Pirgua Subgroup against rocks of the Tertiary Mealla
Formation (Figs. 3, 6a) indicates a vertical offset be-
tween the two blocks of at least 150 m at the Central
Normal Fault. The presence of a roll-over anticline in
the sedimentary strata of the hanging wall, that is the
northern portion of the southern block (Fig. 6a), sug-
gests that the fault has a listric geometry (e.g. Wernicke
and Burchfiel 1982). Andesitic volcanic vents and



numerous quartz veins are spatially associated with the
hinge zone of this anticline and the Central Normal
Fault. Thus, ascent and eruption of andesite may have
been facilitated, if not triggered, by local dilation due to
folding and faulting of the caldera floor.

Both caldera blocks are distorted by second-order,
NE-striking faults, which dip either to the SE or NW,
and subvertical ENE-striking faults (Figs. 3, 7). NE-
striking faults show normal sense of displacement and
are characterised by up to 0.5-m thick quartzitic fault
breccias, fault striae and strong hydrothermal alteration.
Subvolcanic dikes are generally concordant to, or em-
placed into, the normal fault zones. This is typical of
concurrent tectonic and magmatic activity. Displaced
stratigraphic marker beds (Fig. 6b) indicate that the
magnitude of vertical displacement on these normal
faults varies between 10 and 70 m, whereby displace-
ment magnitudes decrease generally towards the south-
ern margin of the caldera (Fig. 7b). This gradient in
finite vertical displacement and the apparent absence of
a coherent ring fault suggests that the Negra Muerta
caldera formed by asymmetric floor subsidence around a
hinge zone located to the south of the caldera (Fig. 7c).
However, differential vertical displacement on second-
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order normal faults in both blocks (Fig. 7a) also points
to fragmentation of the caldera floor, indicative of
piecemeal floor subsidence (Fig. 1). The cumulative
vertical displacement of all collapse-related normal
faults, including the Central Normal Fault, amounts to
450 m. Based on the average inclination of 50° of the
normal faults (Fig. 3b), this translates to a minimum of
about 380 m of horizontal NW-SE extension of the
caldera floor in addition to dilation by dike emplace-
ment. This extension corresponds well to the length
change (AL in Fig. 7c) of the caldera floor, predicted for
asymmetric floor subsidence along the NW-dipping
Toro Muerto Fault around a hinge zone located to the
south of the Negra Muerta Caldera (Fig. 7a, c). Thus,
the Toro Muerto Fault may be part of a partial ring
fault system, the eastern portion of which is obscured by
Quaternary deposits in the caldera (Fig. 3a). This simple
model of caldera formation suggests that fragmentation
of the caldera floor by normal faulting is intrinsic to
asymmetric floor subsidence along a reverse fault that is
located opposite to, and dips away from, the hinge.
Vertical displacement on second-order normal faults
and consequently horizontal extension is larger in the
northern block than it is in the southern block (Fig. 7b).

a

m NW" outflow facies SE
5000 TMF CNF Structural caldera floor -
4000

0 km 2

b

[m]

200 Northern caldera Southern caldera block

block
100 ?
0 I I I T ]: I I T T =T T
c

Fig. 7 Subsidence of the Negra Muerta Caldera floor. a NW-SE
profile of the Negra Muerta Caldera showing prominent collapse-
induced faults and the partially-exposed structural caldera floor.
The TMF and the CNF define the northern caldera block. The
CNF to the north and the partially eroded topographic margin to
the south confine the southern caldera block. b Diagram showing
the vertical displacement magnitudes for prominent faults inferred
from offset stratigraphic markers with respect to position on the
NW-SE profile in (a). Note the differences in magnitudes between

the northern and southern caldera floors. ¢ Model showing caldera
formation by asymmetric subsidence on the TMF around a hinge
zone and fragmentation of the caldera floor. The displacement of a
point A to the position A’ on the TMF is accomplished by the
components of subsidence (AH) and horizontal extension (AL),
whereby AL is the difference in pre-collapse (a) and post-collapse
length (a’) of the caldera floor. Horizontal extension is accommo-
dated by normal faulting and dike intrusion which lead to
fragmentation of the caldera floor
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This correlates with the apparent volume of subvolcanic
dikes emplaced into the normal faults. More specifically,
the thickness and density of dikes in the northern block
are much higher than in the southern block (Fig. 3).
This suggests that dike emplacement and eruption of
volcanic rocks is controlled by horizontal extension and
underscores the notion of simultaneous magmatic and
tectonic activity, i.e. caldera floor subsidence.

NE-striking normal faults, subvolcanic dikes, as well
as the rhyodacitic dome, are cut by steeply-dipping,
ENE-striking faults (Figs. 3a, 6¢). These faults are
characterised by grooves and striations, the orientation
of which indicate left-lateral oblique normal sense of
displacement on the faults. The apparent horizontal
offset of lithological boundaries by these faults is up to
700 m (Fig. 3a). The component of vertical displace-
ment evident from fault scarps that displaced the topo-
graphic surface is often on the order of 10-15m
(Fig. 6¢). This indicates that ENE-striking faults post-
date caldera formation and have been active most
probably up to Quaternary times or even recently.

To elucidate collapse-induced and post-collapse
deformation, both fault populations were analysed in
terms of their kinematic axes using the P-T method.
This method is based on knowledge of fault orientations,
directions and senses of slip on the fault surfaces of a
given fault population (Turner 1953). The faults and
principal kinematic axes for collapse-induced normal
faults and Quaternary to Recent oblique-normal faults
are depicted in the stereographic projections in Fig. 6b,
c, respectively. The diagrams show that the directions of
horizontal extension for both fault populations differ by
about 30°. Thus, syn-collapse and post-collapse defor-
mation in the Negra Muerta Caldera did not vary sig-
nificantly in terms of these kinematic axes. Components
of approximately NE-SW shortening and NW-SE
extension are apparent in both fault populations. This is
kinematically compatible with left-lateral slip on the
ENE-striking Olacapato-El Toro Fault Zone (Fig. 2).
Such kinematic compatibility between collapse-induced
structures and regional faults, as well as evidence for
syntectonic eruption of the Negra Muerta Volcanic
Complex, suggests that localised upper-crustal defor-
mation drove ascent and eruption of viscous magma and
possibly asymmetric collapse of this caldera.

Collapse history of the Negra Muerta Caldera

Estimates of the displacement magnitudes on collapse-
related faults, their structural relationship to rocks of the
Negra Muerta Volcanic Complex and the radiometric
ages of this complex allows us to crudely reconstruct the
collapse history of the Negra Muerta Caldera (Fig. 8).
The reconstruction is based on the fact that large-scale
folding of Paleozoic to Eocene (meta)-sedimentary rocks
terminated prior to the onset of caldera formation, as
strata of the Negra Muerta Volcanic Complex were not
affected by the folding. However, the reconstruction is

based on the assumption that Tertiary strata were con-
tinuously present in the caldera at the onset of floor
subsidence. This is supported by the presence of Tertiary
rocks to the north and south of the caldera.

The first pulse of caldera formation occurred upon
eruption of the 9.0 Ma Acay Ignimbrite (Fig. 8a). Based
on the asymmetric distribution of this ignimbrite, this is
its preferred occurrence to the northwest of the caldera
(Fig. 3a), we speculate that it erupted along SE-dipping
discontinuities such as the Central Normal Fault. This
fault may well have been active during eruption of the
Acay Ignimbrite and during the following period of
volcanic quiescence. This is evident from the lack of
Tertiary rocks in the northern caldera block but their
presence in the southern block. Subsidence of the
southern caldera block on the Central Normal Fault
must have left the northern block at a higher topo-
graphic level and thus, more susceptible to erosion than
the southern block. As a consequence, headward fluvial
incision by the Calchaqui River (Fig. 8b) exposed the
Cretaceous Pirgua Subgroup prior to emplacement of
rhyodacitic lava flows on top of these rocks in the
northern block (Fig. 8c). Fluvial erosion following the
eruption of the Acay Ignimbrite also accounts for its
general absence in the caldera.

The second volcano-tectonic pulse (Fig. 8c, d) is
bracketed by the explosive eruption of the Toba 1
Ignimbrite at 7.6 Ma (episode 1) and effusive discharge
of andesite at 7.3 Ma (episode 2). Assuming that the
rhyodacitic lava flows are cogenetic with the 7.6 Ma
Toba 1 Ignimbrite, the period of magmatic quiescence
between the first and second volcano-tectonic pulses
lasted approximately 1.4 Ma. The close spatial associa-
tion of subvolcanic rhyodacitic and andesitic dikes with
normal faults suggests that the majority of normal faults
were active during the second volcano-tectonic pulse.
This is corroborated by the displacement of rhyodacitic
lava flows by normal faults, notably the Central Normal
Fault (Fig. 3b), in the northern caldera block (Fig. 8d).
Repeated activity of this fault during the second pulse
led to formation of a roll-over anticline (Fig. 8d) and
ascent of andesite at the central vent (CV in Fig. 8d) in
its hanging wall. Emplacement of andesite into, and
juxtaposition of the Puncoviscana Formation against
rhyodacitic lava flows along, the Toro Muerto Fault
indicates activity of this reverse fault during the second
volcano-tectonic pulse. These relationships suggest that
horizontal extension and asymmetric floor subsidence
on the Toro Muerto Fault was most effective during the
second volcano-tectonic pulse. Following this pulse,
ESE-striking oblique-normal faults affected chiefly the
southern portion of the Negra Muerta Caldera (Fig. 8e).

Geodynamic significance of collapse caldera formation

The structural analysis of the Negra Muerta Caldera
points to kinematic compatibility between collapse-in-
duced faults and the Olacapato-El Toro Fault Zone.
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This supports the hypothesis that collapse-caldera for-
mation and localised, upper-crustal deformation in the
transverse volcanic belts are genetically related (Riller
et al. 2001; Riller and Oncken 2003). A similar rela-
tionship between regional tectonism and mode of cal-
dera formation has been invoked for the La Pacana

Caldera (Lindsay et al. 1999) and the Aguas Calientes
Caldera (Petrinovic et al. 1999), both located on the
Olacapato-El Toro Fault Zone as well (Fig. 2). In fact,
these calderas share conspicuous structural characteris-
tics with the Negra Muerta including (1) asymmetric
shape at surface, whereby the maximum caldera
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diameter trends N-S, (2) asymmetric distribution of the
outflow facies and (3) presence of a partial ring fault that
likely accomplished asymmetric subsidence of the cal-
dera floor. It is, therefore, conceivable that the La Pa-
cana and the Aguas Calientes Caleras formed also by
trap-door collapse and that this mechanism is typical for
collapse caldera formation associated with the activity of
major upper-crustal dislocations during regional tecto-
nism.

Structural analysis of the Negra Muerta Caldera
suggests also that collapse calderas may serve as giant
deformation markers, that help to unravel not only the
kinematic regime but also the time of activity of prom-
inent dislocations associated with a collapse caldera.
Thus, the Olacapato-El Toro Fault Zone was active in
late Miocene times. South of this fault zone, Neogene
volcanic activity is also related to a prominent NW-SE
striking discontinuity, the Archibarca Fault Zone
(Fig. 2: Richards and Villeneuve 2002). Late Miocene
activity of NW-SE striking fault zones seems to have
been an important characteristic of upper-crustal
deformation in the central Andes, collapse caldera for-
mation and concurrent felsic volcanism. North-south
stretching of crust is indicated by the deformation re-
gime in which the Negra Muerta Caldera and, by
inference, the La Pacana and Aguas Calientes Calderas,
formed by left-lateral slip on NW-SE striking disloca-
tions. Such orogen-parallel stretching of upper crust
may have been induced by changes in the deformation
regime, i.e. from vertical crustal thickening to orogen-
parallel extension (Riller et al. 2001; Caffe et al. 2002) or
by the along-strike gradient in horizontal crustal short-
ening (Riller and Oncken 2003).

Conclusions

Age determination using the Rb-Sr method indicates
that formation of the Negra Muerta Caldera occurred in
two volcano-tectonic episodes. The first episode com-
menced with the eruption of the andesitic Acay Ignim-
brite at 9.0 Ma followed by a period of volcanic
quiescence and moderate tectonic activity that lasted
about 1.4 million years. In contrast, principal volcano-
tectonic activity occurred during the rather short second
episode bracketed by the eruption of the 7.6 Ma rhyo-
litic Toba 1 Ignimbrite and the emplacement of 7.3 Ma
andesitic lava flows. Simultaneous volcanic activity and
subsidence of the caldera floor during this episode is
evident from the (1) emplacement of subvolcanic dikes
into collapse-induced normal faults, (2) correlation be-
tween volume of subvolcanic dikes and horizontal
extension accomplished on these normal faults, (3) fault-
controlled position of the central vent and (4) ascent and
eruption of crystal-rich, viscous andesitic and rhyolitic
ignimbrites and rhyodacitic lava flows. The pattern of
collapse-induced normal faults indicates horizontal
NW-SE to N-S extension, which fits a simple collapse
model involving asymmetric subsidence of a fragmented

caldera floor. The direction of maximum extension did
not change significantly during post-collapse deforma-
tion and is kinematically compatible with left-lateral
displacement on the nearby Olacapato-El Toro Fault
Zone. This is in agreement with other recent studies
linking caldera formation and associated localised vol-
canism to the activity of prominent NW-striking fault
zones in the central Andes. The structural analysis of the
Negra Muerta Caldera shows also that collapse calderas
can serve as giant deformation markers that contribute
in elucidating the kinematic regime and the time of
activity of prominent dislocations genetically related to
collapse calderas.
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