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ABSTRACT

Magma ascent and emplacement in com-
pressional tectonic settings remain poorly
understood. Geophysical studies show that
volcanic plumbing systems in compressional
environments are vertically partitioned into
a deep level subject to regional compression
and a shallow level subject to local extension.
Such vertical partitioning has also been docu-
mented for the plumbing systems of mud vol-
canoes, implying common, yet unresolved,
underlying processes. In order to better con-
strain the mechanisms governing this depth
partitioning of emplacement mechanisms,
we studied the structure and evolution of the
Cerro Negro intrusive complex emplaced in
the Chos Malal fold-and-thrust belt in the
foothills of the Neuquén Andes, Argentina.
The Cerro Negro intrusive complex consists
of sills and N-S—striking dikes that crosscut
the sills. The most prominent structures in
the study area are N-S—trending folds, and
both E- and W-vergent thrusts. We pro-
vide new U-Pb ages of 11.63 + 0.20 Ma and
11.58 + (.18 Ma for sills and 11.55 + 0.06 Ma
for a dike, which show that the Cerro Negro
intrusive complex was emplaced in a short
period of time. Our ages and field observa-
tions demonstrate that the emplacement
of the Cerro Negro intrusive complex was
coeval with the tectonic development of the
Chos Malal fold-and-thrust belt. This implies
that the dikes were emplaced perpendicular
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to the main shortening direction. The sys-
tematic locations of the dikes at the anticlinal
hinges suggest that their emplacement was
controlled by local, shallow stresses related
to outer-arc stretching at the anticlinal hinge.
We conclude that folding-related outer-arc
stretching is one mechanism responsible for
the vertical partitioning of igneous plumbing
systems in compressional tectonic settings.

INTRODUCTION

There is growing evidence of close structural
and temporal links between igneous plumbing
systems and thrust faults (Fig. 1). Recent field
observations (Foster et al., 2001; Kalakay et al.,
2001; Musumeci et al., 2005; Ferré et al., 2012),
seismic data (Araujo et al., 2013), and laboratory
experiments (Galland et al., 2003; Musumeci
et al., 2005; Galland et al., 2007a, 2008; Monta-
nari et al., 2010; Ferré et al., 2012) suggest that
magma can be transported along thrust faults.
Active volcanoes such as Guagua Pichincha
volcano (Ecuador; Legrand et al., 2002), El
Reventador volcano (Ecuador; Tibaldi, 2005,
2008), Tromen volcano (Fig. 1A; Argentina;
Marques and Cobbold, 2006; Galland et al.,
2007b; Llambias et al., 2011), and several vol-
canoes in Atacama (northern Chile-Bolivia;
Branquet and Van Wyk de Vries, 2001; Gonzélez
et al., 2009; Tibaldi et al., 2009; Acocella et al.,
2011) are, however, almost never located along
the nearby thrust faults, but instead they are
positioned at the top of the hanging wall of
thrust faults, away from the actual fault surface.

Recent geophysical (Legrand et al., 2002;
Tibaldi, 2005) and geological studies (Gonzélez
et al., 2009) suggest that magma does not

only follow thrust faults all the way through
the crust, but instead that the volcanic plumb-
ing systems in compressional environments
are vertically partitioned into: (1) a deep level
subject to regional compression, likely con-
trolled by thrust faults, and (2) a shallow level
subject to local extension, controlled by local
extensional fractures (Fig. 1C). Consequently,
deep magma conduits are expected to be domi-
nantly subhorizontal, whereas shallow magma
conduits are expected to be mainly subvertical.
This structural partitioning is very similar to that
documented at mud volcanoes formed in fold-
and-thrust belts, where: (1) the source of mud
is mostly horizontal in a specific sedimentary
formation, (2) mud volcanoes crown the top of
thrust ramp anticlines, and (3) shallow mud con-
duits are inferred to be vertical and located along
the hinge of the anticlines (Fig. 1B; Deville
et al., 2003; Morley et al., 2010; Roberts et al.,
2011). These observations, both from igneous
and mud volcanoes, lead to the following ques-
tions: What mechanism controls the partitioning
of emplacement depth and geometry between
deep to shallow levels? At what depth does such
transition occur?

There are several hypotheses that could
explain the occurrence of the vertical partition-
ing of subvolcanic conduit orientations in com-
pressional tectonic settings: (1) Rheological
layering of the country rock controls the tran-
sition from subhorizontal to vertical conduits
(Watanabe et al., 1999; Kavanagh et al., 2006).
(2) Local stresses due to folding (e.g., outer-arc
stretching; Galland et al., 2009; Galland and
Scheibert, 2013) or local tectonic structures
cause magma pathways to deviate (Valentine
and Krogh, 2006; Galland et al., 2007a; Bureau
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Figure 1. Characteristic examples of igneous and mud volcanoes formed in fold-and-thrust belts. (A) Structural
map of Tromen volcano, Neuquén Province, Argentina, modified from Galland et al. (2007b). Tromen volcano
crowns the thrust ramp anticline of an east-verging Tromen Thrust. (B) Schematic cross section of characteristic
relationships between mud volcanoes (gray) and ramp anticlines in fold-and-thrust belts, modified from Morley
et al. (2010). Mud volcanoes also crown thrust ramp anticlines. (C) Schematic drawing of a partitioned volcano

plumbing system in fold-and-thrust belts, modified from Gonzalez et al. (2009).

et al., 2013; Magee et al., 2013). (3) Local
stresses due to the weight of a volcanic edifice
control the formation of vertical magma con-
duits (e.g., Tibaldi, 2008; Gonzdlez et al., 2009;
Kervyn et al., 2009; Tibaldi et al., 2014). These
hypotheses have been proposed based only on
either indirect observations (Gonzélez et al.,

2009), or pure tectonic models with no magma
injection (Tibaldi, 2008). In addition, none of
the existing models of magma emplacement
in a shortening crust reproduces this partition-
ing of magma conduit orientation (Musumeci
et al., 2005; Galland et al., 2007a; Montanari
etal., 2010).
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To test the relevance of this partitioning, to
document it, and to constrain the mechanisms
governing it, one needs direct geological obser-
vations of: (1) the structure of exhumed vol-
canic plumbing systems in fold-and-thrust
belts, and (2) the relationships between these
plumbing systems and associated tectonic
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structures. Hence, we document detailed struc-
tural and geochronological data from the Cerro
Negro intrusive complex, which was emplaced
in the Chos Malal fold-and-thrust belt in the
foothills of the Neuquén Andes, in Argentina
(Kozlowski et al., 1996; Cobbold and Rossello,
2003; Turienzo et al., 2014). The Cerro Negro
intrusive complex is an ideal case study because
its plumbing system and the adjacent tectonic
structures of the Chos Malal fold-and-thrust
belt are exhumed and well exposed (Zollner and
Amos, 1973).

GEOLOGICAL SETTING

The Cerro Negro de Tricao Malal (2520 m) is
located in the western part of the Neuquén Basin,
northern Neuquén Province, Argentina (Fig. 2).
The Neuquén Basin is part of an extensional
system, which was developed in a retro-arc con-
text along the active margin of South America.
It contains Late Triassic to early Paleogene
marine and continental sequences, up to 6000 m
in thickness, accumulated in a variety of condi-
tions (Uliana and Legarreta, 1993; Legarreta
and Uliana, 2001), which we describe next. The
western margin of the basin is bounded by an
almost continuous volcanic arc (Fig. 2).

The oldest Mesozoic rocks cropping out in
the study area are the uppermost part (120 m
thickness) of the Upper Jurassic—-Lower Creta-
ceous organic-rich mudstone of the Vaca Muerta
Formation, the Lower Cretaceous sandstone of
the Mulichinco Formation (250 m thickness),
and two sequences of organic-rich mudstones
of the Agrio Formation (Weaver, 1931). The
Lower Agrio shales, known as the Pilmatué
Member (600 m thickness), and the Upper
Agrio shales, termed the Agua de la Mula Mem-
ber (Leanza et al., 2001), are separated by a
conspicuous fluvio-eolian sandstone known as
the Avilé Member (Fig. 3; Weaver, 1931). In
the study area, the Avilé Member is 150-180 m
thick (Veiga et al., 2002), and we estimated
the thickness of the Agua de la Mula Member
to 150 m based on mapping arguments. These
formations were deposited in a postrifting sub-
sidence setting (Howell et al., 2005). The Agua
de la Mula Member is unconformably covered
by fluvial sandstones and playa-lake muds of
the Lower Troncoso Member (45 m thickness)
and evaporitic deposits of the Upper Troncoso
Member (15 m thickness) of the Huitrin Forma-
tion (Kozlowski et al., 1996; Guerello, 2006).
The unconformity between the Agrio Formation
and the Huitrin Formation marks the onset of
compressional deformation and the beginning
of sedimentation in a foreland setting (Cob-
bold and Rossello, 2003; Leanza, 2009; Tunik
et al., 2010). Younger, mainly lacustrine reddish
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Figure 2. Simplified geological map of the Neuquén Basin, northwestern Neuquén Province,
modified from Cobbold and Rossello (2003) and Galland et al. (2007b). Map shows main
groups of sedimentary and magmatic rocks, major tectonic structures, and principal vol-
canoes (white triangles). CFS denotes the regional-scale Cortaderas fault system (e.g., Cob-
bold and Rossello, 2003). Box indicates area around Cerro Negro de Tricao Malal, north of
Chos Malal, within the Chos Malal fold-and-thrust belt (CMFTB). Inset shows large-scale
tectonic setting; numbers denote current velocity vectors for Nazca plate relative to South

America (cm/yr).

deposits of the Rayoso Formation and the red
deposits of the Neuquén Group represent clas-
tic deposition in a continental setting (Fig. 3).
Pliocene—Pleistocene aggradational deposits
also crop out in the core of a syncline between
the Cerro Negro and the Cordillera del Viento
(Fig. 2; Leanza, 2010).
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The Cerro Negro intrusive complex is located
north of the Cortaderas fault system (Fig. 2), a
major regional lineament, to the north of which
Eocene to Holocene back-arc magmatic rocks
are widespread, and shortening is more pro-
nounced than to the south (Kay et al., 2006;
Ramos and Kay, 2006). The Cerro Negro intru-
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Figure 3. Geological map of the Cerro Negro intrusive complex and surrounding structures. The simplified stratigraphic column of the Neuquén
Basin in the study area (left) is modified after Kozlowski et al. (1996) and Galland et al. (2007b). Black straight lines locate geological cross sec-
tions of Figure 4. CU—Central unit; WU—Western unit; SS,—Southern Sill 1; SS,—Southern Sill 2; SS,—Southern Sill 3; NS,—Northern
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sive complex was emplaced within the Chos
Malal fold-and-thrust belt (Kozlowski et al.,
1996; Sanchez et al., 2013; Turienzo et al.,
2014), north of the Agrio fold belt (Fig. 2).

The Chos Malal fold-and-thrust belt is devel-
oped between the Cordillera del Viento (Paleo-
zoic basement) to the west (Llambias et al.,
2007) and the Tromen Massif, with its volcanic
products, to the east (Galland et al., 2007b;
Llambias et al., 2011). As a result of intense
shortening, the Chos Malal fold-and-thrust belt
exhibits a complex framework of thrust faults,
associated with tight anticlines and synclines
(Sanchez et al., 2013; Turienzo et al., 2014). Itis
the result of a long and complex tectonic evolu-
tion, with three main phases of shortening: the
Patagonidican phase (Aptian to Campanian),
the Incaican phase (Eocene), and the Quechua
phase (Neogene; Groeber, 1929; Cobbold and
Rossello, 2003). The Neogene tectonic evolu-
tion of the Chos Malal fold-and-thrust belt is
debated. Kozlowski et al. (1996) and Folguera
et al. (2007) argued that the main compressional
phase ended before 12 Ma. Several authors
claim that the area was subject to back-arc
extension during the last 5 m.y. (Folguera et al.,
2006b; Kay et al., 2006; Ramos and Kay, 2006;
Folguera et al., 2008). Based on structural, geo-
morphic, and bore-hole evidence, Cobbold and
Rossello (2003), Galland et al. (2007b), Fol-
guera et al. (2007), Guzman et al. (2007), and
Messager et al. (2010, 2014) concluded that
compressional deformation is still active. Such
discrepancies highlight the need to constrain
the timing of deformation to better understand
the temporal relationships for the emplacement
of the Cerro Negro intrusive complex in the
context of adjacent tectonic structures. Thus,
determining whether shortening occurred dur-
ing magmatism, or not, is a key question of
our study.

The study area also experienced a complex
igneous evolution since the Cretaceous (Cob-
bold and Rossello, 2003; Kay et al., 2006; Gal-
land et al., 2007b; Ramos, 2009). The region
hosts igneous rocks formed in the Upper Creta-
ceous (Cerro Varvarc6 and Cerro Nevazén; Kay
etal., 2006), Eocene (Collipilli Province south of
Chos Malal, Fig. 2; Llambias and Rapela, 1988;
Kay et al., 2006), Lower Miocene (Huantraico
Formation; Ramos and Barbieri, 1988; Kay and
Copeland, 2006), Upper Miocene (Cerro Negro;
Kay et al., 2006), and Holocene (Tromen vol-
cano; Kay et al., 2006; Galland et al., 2007b).
Kay et al. (2006) interpreted the back-arc posi-
tion of this magmatism as a result of evolving dip
angle of the subduction slab to the west.

The structure and age of the Cerro Negro
intrusive complex are poorly constrained. Zoll-
ner and Amos (1973) mapped the complex as a

massive intrusion, connected to a vertical dike
at the core of an anticline to the south. They also
mapped lavas in the surroundings of the intru-
sion, suggesting that the current level of expo-
sure of the Cerro Negro intrusive complex is
shallow (1-2 km depth). Llambias and Rapela
(1988) correlated the intrusive rocks of the
Cerro Negro intrusive complex with the Eocene
volcanic Collipilli Formation based on their
petrography, together with the Cerro Mayal
and Cerro Caycayen located west and south
of Chos Malal, respectively. In contrast, Kay
et al. (2006) suggested that the intrusive com-
plex may be Miocene, based on a “*Ar/*Ar age
(11.7 £ 0.2 Ma) on hornblende from the western
flank of the complex (Fig. 3).

STRUCTURAL OBSERVATIONS

To constrain the geometry of the Cerro Negro
intrusive complex, and its structural and tempo-
ral relationships with the deformation observed
in the Chos Malal fold-and-thrust belt, we
conducted detailed mapping of the complex
and adjacent structures, as well as U-Pb dat-
ing of zircons from the magmatic complex.
The detailed description of our observations is
provided as electronic supplementary material
(Table DR1"), together with a full list of field
localities (waypoints [WP]) with global posi-
tioning system (GPS) positions (degrees, min-
utes, seconds) and measurement descriptions.
Structural measurements were corrected for
magnetic declination and are presented as dip
direction/dip angle for planar elements (bed-
ding, faults, foliations). The stereograms in the
figures display bedding planes (black dashed
lines), fault planes (black solid lines), and intru-
sion/host contact planes (gray solid lines).

Structure of Chos Malal
Fold-and-Thrust Belt

The most prominent structures observed in
the study area are N-S—trending folds and N-S—
striking faults (Fig. 3). The easternmost struc-
ture is the NNE-SSW-trending China Muerta
anticline (Fig. 4; Guerello, 2006), which can
be followed for 14 km (Fig. 3). Slightly to the
southeast of the area of Figure SA, small-scale
reverse faults measured on the eastern flank of
the anticline are compatible with WNW-ESE

'GSA Data Repository item 2015284, Contains
additional information on sample petrography (text
and figures), major element geochemistry (text, fig-
ure, Table DR1) and zircon morphology (text, fig-
ures), and a full list of field localities (Table DR2)
with corresponding structural measurements, is
available at http://www.geosociety.org/pubs/ft2015
.htm or by request to editing @ geosociety.org.
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shortening, i.e., subperpendicular to the local
fold axis (Fig. 5B). In addition, at the hinge of
the China Muerta anticline, we locally observed
normal faults dissecting the Troncoso sand-
stone, striking parallel to the local fold axis (Fig.
5B). The striations indicate ESE-WNW exten-
sion, likely due to outer-arc stretching local-
ized at the hinge of the anticline. Note that the
China Muerta anticline extends to the south as
the Curileuvi anticline, as defined by Sanchez
et al. (2013).

The west-verging Cerro Colorado thrust
bounds the China Muerta anticline to the west
(Fig. 4) and can be followed along the eastern
margin of the study area for ~25 km (Fig. 3). It
is best seen on the western flank of Cerro Colo-
rado, where it offsets, and locally repeats, the
Troncoso sandstone of the Huitrin Formation
(Fig. 6). The presence of the Huitrin evaporite
along the Cerro Colorado thrust (Fig. 3) sug-
gests that it acted as décollement layer.

The main tectonic structure passing through
the summit of Cerro Negro is the Cerro Negro
anticline, which is continuous across the study
area (Figs. 3 and 4). It exhibits along-strike
wavelength variations, from ~1.5 km north of
Cerro Negro to ~4 km at the Cerro Negro sum-
mit area (Fig. 4). The Cerro Negro anticline
continues to the south of the Curileuvi River as
the Las Maquinas anticline, defined by Sanchez
et al. (2013) and Turienzo et al. (2014).

North and south of Cerro Negro intrusive
complex, the Cerro Negro anticline passes later-
ally into a tight syncline to the west (Fig. 4). In
the north, it was named Tricao Malal syncline
by Guerello (2006). This syncline is not exposed
west of the Cerro Negro intrusive complex
(Fig. 3), and it is uncertain whether it is the same
structure as the Cerro Negro syncline exposed
south of the Cerro Negro intrusive complex
(Figs. 3 and 4).

Between the Curileuvi River and Tricao
Malal, the Lower Agrio shales crop out over a
large area (Fig. 3; cross-section A-A” in Fig. 4).
The shales are very soft, and no continuous
structure is observable in the landscape. Never-
theless, satellite image analysis of the area and
the observation of a folded sill (NS,; Fig. 3; see
also next section) indicate the presence of tight
anticlines and synclines of short wavelengths
(Fig. 4). The hinge lines of these folds vary from
N-S to NNE-SSW (Fig. 3). Directly to the west
of the Cerro Negro intrusive complex, the slope
is covered by debris, and only igneous rocks
crop out (Fig. 3), so that no tectonic structure is
observable (Fig. 3; cross-section B-B” of Fig. 4).

Between the Cerro Negro anticline and the
Curileuvi River, the folds of the southwest-
ern part of the study area are well exposed
and exhibit some complexity with along-strike
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variations (Figs. 3, 4, and 7). Cross-section C-C’
(Fig. 4) shows the succession of anticlines and
synclines, separated by a west-verging thrust.
These structures do not continue southward
(Figs. 3 and 4).

The Curileuvu thrust at the southwestern edge
of the study area (Figs. 3 and 4) locally exhibits
a duplex structure (Fig. 3; cross-section D-D’
of Fig. 4). The footwall of the Curileuvi thrust
is characterized by a succession of tight folds,
partly covered by the Curileuvd River (Fig. 3).

Structure of the Cerro Negro
Intrusive Complex

In contrast to the depiction in the geologi-
cal map of Zollner and Amos (1973), the Cerro
Negro intrusive complex does not correspond
to a single massive intrusion, but it consists of
several units.

The most prominent and spatially exten-
sive units are sills. The main sill (northern sill
1, referred to as NS,; Fig. 3) crops out over a
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large area because it is subparallel to the topog-
raphy (cross-section B-B’, Fig. 4). We mainly
observed its upper contact, but we locally
also identified its lower contact (Fig. 8). It
is dominantly concordant with the host rock
stratigraphy (Lower Agrio shales), but local
discordant contacts are common. It is folded
into the Cerro Negro anticline, where the lat-
ter is 4 km wide (cross-section B-B’ of Fig. 4).
The upper contact of NS, is well exposed in
a small quarry to the east of the sill (Fig. 9).
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Figure 5. (A) Field photograph of the China Muerta anticline, looking N, south of Cerro Colorado (WP120-121; supplementary material
[see text footnote 1]; location in Fig. 3). (B) Schematic diagram illustrating the location of fault plane measurements with respect to the
China Muerta anticline. On its eastern flank (WP147; supplementary material [see text footnote 1]), reverse striated fault planes (solid
lines) indicate E-W shortening. Fault planes are almost parallel to bedding (dashed lines). At the fold hinge (WP108; supplementary mate-
rial [see text footnote 1]), normal faults strike parallel to the local axis of the China Muerta anticline and indicate ESE-WNW extension. The
stereograms show strata measurements from the eastern and western limbs of the anticline, the intercept of which shows that the anticline
axis trends NNW-SSE.
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Figure 6. Field photograph of the western flank of Cerro Colorado (around 2 km in length; for location, see box
in Fig. 3), view toward the ESE from WP47 (see supplementary material [see text footnote 1]). The west-verging
Cerro Colorado thrust locally duplicates the Upper Troncoso sandstones. Dark lithology at the summit of Cerro
Colorado is altered magmatic rock, which was mapped by Zollner and Amos (1973) as the red sediments of the
Rayoso Formation. Poor field exposure does not allow us to constrain the shape of the Cerro Colorado intrusion.
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lower contact of NS, crops out locally (lower-left corner; WP253; supplementary material [see text footnote 1]). The contacts (solid white
line) are dominantly concordant with respect to the layering of the host Agrio shale (dashed white line).
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N 230

Contact

Mineralized veins

Figure 9. Interpreted field photograph of the upper contact of NS, exposed in a quarry, at the eastern side of NS,
(WP18; supplementary material [see text footnote 1]; location in Fig. 3; cross-section B-B’ in Fig. 4). The Lower Agrio
shales (dashed white lines) exhibit strong folding, where intense fracturing can be observed. Among the numerous
fractures, E-W-striking ones are mineralized (lower-right stereogram). The contact is dipping to the east (upper-right
stereogram). Away from the contact, the main bedding orientation is approximately subparallel to the contact. Small

person for scale.

In this quarry, the Agrio shales are intensely dis-
sected by joints, some of which are mineralized
and dominantly strike E-W (Fig. 9).

A folded sill (northern sill 2, referred to as
NS,) is also exposed at the foot of the north-
western flank of Cerro Negro (Fig. 3) along
both limbs of an anticline, so that its outcrop
distribution exhibits an elliptical shape (Fig. 3).
The rocks of NS, are strongly altered and light-
brown-yellow to orange in color, and their mag-
matic fabric is hard to recognize.

Three main sills (SS,, SS,, and SS;) are
exposed at the southern flank of Cerro Negro
(Figs. 3, 4, and 7). Sills SS, and SS; were
emplaced in the middle, and sill SS, was
emplaced at the bottom of the Lower Agrio
shales (cross-section C-C” of Fig. 4). Sill SS,
forms a prominent ridge directly southeast of
the summit of Cerro Negro (Figs. 7 and 10),
along the eastern limb of the Cerro Negro anti-
cline (cross-section C-C” of Fig. 4). Both the
upper and lower contacts are well exposed and
associated with a layer of baked shale. The sec-
ond thick sill (SS,), consisting of altered yellow-
ish andesite, is located south of the summit of
Cerro Negro (Figs. 3, 7, and 10). The third sill
(SS,) crops out on the western limb of the Cerro
Negro anticline (cross-section C-C” in Fig. 4;
Figs. 7 and 10). The similar andesitic miner-
alogy, chemical composition (supplementary

material [see footnote 1]; Giirer, 2012), texture,
and stratigraphic position of SS, and SS, sug-
gest that they correspond to the same large sill
exposed on both limbs of the Cerro Negro anti-
cline (cross-section C-C” of Fig. 4).

A prominent feature to the south of the Cerro
Negro intrusive complex is a thick, 6-km-long
dike of andesitic composition, which strikes
roughly N-S (southern dike, referred to as SD;
Figs. 3, 4, and 7; supplementary material [see
footnote 1]). Locally, the southern dike exhib-
its several parallel dikes. Note that the southern
dike crops out in the core, and is parallel to the
axis, of the Cerro Negro anticline (cross-sec-
tions C-C’ and D-D’ in Fig. 4).

The central part of the Cerro Negro intrusive
complex, named the Central unit (CU), is struc-
turally the most complex. Near the summit of
Cerro Negro, we observed a dense swarm of
intrusions of variable compositions, separated
by thin layers of baked limestone and shale
of the Agrio Formation (Fig. 11). The con-
tacts between the Agrio shales and intrusions
(marked by chilled margins) are both concor-
dant (subhorizontal) and discordant (vertical,
stereogram in Fig. 11); many of these dikes
strike N-S. They appear darker in the field than
the sills and continuous in the landscape, sug-
gesting that some of the dikes, at least, crosscut
the sills. These dikes continue to the south, and
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some of them have been observed to crosscut
SS, (WP217 and WP227; see supplementary
material [footnote 1]; cross-section C-C’ in
Fig. 4; Figs. 7 and 10).

The Central unit dikes exhibit the same ori-
entations as the southern dike and are located
in its northern continuation (Fig. 3). Neverthe-
less, we observed neither the northern tip of
the southern dike nor the southern tips of these
dikes; therefore, it is unclear whether they are
connected or not. Petrographically, these dikes
appear darker and more mafic than the southern
dike. This suggests that they were not connected
at the time of emplacement.

To the west of Cerro Negro, there are vast
areas of igneous rocks, termed the Western unit
(WU; Fig. 3). Although this part of the field
area is widely covered by talus derived from
the summit of Cerro Negro, several outcrops
of Agrio shales between the central part of the
Cerro Negro intrusive complex and the West-
ern unit suggest that the latter is a separate unit.
The contacts between igneous and sedimentary
rocks are, however, hidden, and, consequently,
the structure of this unit is not constrained
(cross-section B-B” of Fig. 4).

Finally, the summit area of Cerro Colorado,
a hill east of the Cerro Negro (Fig. 3), consists
of orange to dark-red rocks (Fig. 6). These were
previously mapped by Zollner and Amos (1973)
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Figure 10. Field photograph (top) and corresponding interpretation (bottom) of the southern flank of Cerro Negro (field of view is ~2 km;
see location in Fig. 3; cross-section C-C’ in Fig. 4), view toward the N from WP274 (supplementary material [see text footnote 1]). It displays
the Southern Dike (SD) in the foreground, Southern Sill 1 (SS,, crest to the right of main summit) and Southern Sill 2 (SS,, intermediate

ridge), Southern Sill 3 (SS,, lower left), the Western unit (WU, behind SS,), and the dikes of the Central unit (CU) crosscutting SS,.

as being the sediments of the Rayoso Forma-
tion, but in fact they are very altered magmatic
rocks. Due to poor outcropping conditions, no
clear contacts between the intrusion and the sur-
rounding Rayoso and Huitrin Formations were
found (Fig. 6).

U-Pb AGES
Rationale for Sampling

Zircons in five samples were dated to verify
whether the sills were coeval, or whether the
N-E-striking dikes were systematically younger
than the sills, and also to evaluate whether there
was a chronological relationship between short-
ening in the Chos Malal fold-and-thrust belt and
the dikes of the Cerro Negro intrusive complex.

The samples include two folded sills and
three dikes. Sample CN-11-01 represents
andesitic sill NS, (Fig. 9). At this locality,
the sill is locally discordant, and mineraliza-
tion has been observed at the contact. Sample
CN-11-03 was collected from a sill on the
eastern flank of Cerro Negro (SS,, WP32; sup-
plementary material [see footnote 1]), close to
the contact with Agrio limestones. The three
dikes include samples CN-11-13 and CN-11-
41, from a dike south of Cerro Negro (WP185,
WP274, respectively) and CN-11-14 from
a small plug, which is part of a network of
andesitic dikes north of the Cerro Negro sum-
mit (WP194).

Analytical Procedure

Dating was carried out by U-Pb isotope dilu-
tion—thermal ionization mass spectrometry (ID-
TIMS), following a modified procedure of Krogh
(1973) as detailed in Corfu (2004). Zircon grains
were extracted by crushing, milling, and separa-
tion by means of a water table, magnetic separa-
tor, and heavy liquids. Zircon grains were selected
under a binocular microscope and subjected
to chemical abrasion (Mattinson, 2005, 2010)
before spiking with a 2Pb-*“Pb-U tracer,
dissolution, and mass spectrometry. Because of
the small amount of Pb available, measurement
was done with an ion counting secondary elec-
tron multiplier. The obtained data were corrected
with fractionation factors of 0.1%/amu for Pb
and 0.12%/amu for U, subtracting blanks of 0.1
pg U and <2 pg Pb. The remaining initial Pb was
corrected using compositions calculated with the
model of Stacey and Kramers (1975). The data
were also adjusted for a deficit of 2®Pb due to
initial deficiency of 2°Th (Schérer, 1984). Plot-
ting and regressions were done with the Isoplot
software package (Ludwig, 2009). The decay
constants are those of Jaffey et al. (1971). Uncer-
tainties in the isotope ratios and the ages are given
and plotted at 26 (Table 1; Fig. 12).

Results

Zircon in all samples shows variations in
morphology, ranging from long-prismatic to
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equant crystals, with sharp crystal faces and
edges or more resorbed and subrounded mor-
phologies. There are also variations in the inten-
sity and size of inclusions, such as irregular melt
channels and distinct minerals such as biotite,
feldspar, and apatite. Analyses were carried out
both on single- and multiple-grain fractions of
zircon selected according to morphology and
other characteristics.

The five samples yielded either coherent
overlapping data sets or more scattered patterns.
The latter reflect in part geological complexity,
but, in some cases, likely also analytical com-
plications due very small amounts of Pb avail-
able for analysis (Table 1; Fig. 12). An inherited
component was found in sample CN-11-03,
where four analyses yielded a discordia line
with an upper-intercept age of ca. 1440 Ma,
indicating a Mesoproterozoic age of the xeno-
crystic cores. The lower-intercept age of 11.58 +
0.18 Ma indicates the time of magmatic crystal-
lization and is identical within error to that of
11.63 £ 0.20 Ma provided by three overlapping
analyses for the other dated sill CN-11-01. Zir-
cons for two of the dikes, CN-11-13 and CN-11-
14, yielded data that were scattered but roughly
coincident with those of the sills, supporting
an approximately coeval age of emplacement.
More coherent results were obtained for sample
CN-11-41, thanks also to the presence of larger
zircon grains with better Pb levels for analysis.
The five analyses yielded an average age of
11.55 £ 0.06 Ma, again identical within error to
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Figure 11. Field photograph (top) and corresponding interpretation (bottom) of the Central unit (CU) at the
summit of Cerro Negro (field of view is ~1 km; see location in Fig. 3), looking toward the S from WP242 (supple-
mentary material [see text footnote 1]). Despite access difficulties, it is possible to observe baked Agrio shales, and
intrusions with both concordant and discordant contacts. The most prominent intrusions in the landscape are the
dark N-S-striking dikes of the Central unit. The structure of the other, lighter, intrusions is hard to constrain,

although measured concordant contacts (see stereogram) suggest that they are dominantly sills.

that of the two sills. In detail, one can observe
a small internal variation from 11.64 Ma for
an equant grain to 11.50 Ma for a long prism
(Table 1) that may reflect progressive crystal-
lization processes during magma evolution and
emplacement, as is observed in other young
magmatic systems (e.g., Schoene et al., 2012).
However, the confirmation of the suggested
sequence would require further work and a
more extensive data set.

INTERPRETATION AND DISCUSSION
Timing of Sill and Dike Emplacement

Crosscutting relationships between dikes
and sills have been observed at two localities
(WP218 and WP227; supplementary material
[see footnote 1]; Figs. 7 and 10) south of the
Central unit, where dikes locally crosscut the
folded sill (SS,). Opposite relationships, i.e.,
sills crosscutting dikes, have not been observed.
Furthermore, from the summit of Cerro Negro
(Fig. 7), we observed that a swarm of N-S—strik-
ing dikes crosscuts all other units, sedimentary
as well as magmatic. From these observations,
we infer that the observed dikes are younger
than the sills (Fig. 13).

The geochronological data obtained in this
study indicate ages of 11.63 + 0.20 Ma for NS,
11.58 +0.18 Ma for SS,, and 11.553 £ 0.061 Ma
for the southern dike. There are no resolvable
age differences between the two distinct types
of conduits, and the ages are similar to the
OAr/PAr age of 11.70 = 0.20 Ma determined by
Kay et al. (2006) for hornblende from the West-
ern unit (sample TDR21 in Fig. 3). These ages
suggest that magmatism in the study area was
short-lived, with sill intrusion shortly predating
dike intrusion.

One question concerns the geological mean-
ing of the obtained ages: Do they correspond
to the time of emplacement of the magma, the
time of cooling of the bodies, or the time of for-
mation of zircons as antecrysts in the magma
chamber? The magmatic conduits observed at
Cerro Negro intrusive complex are thin sheet
intrusions. Their cooling time depends much on
their depth of emplacement, i.e., the tempera-
ture of their host. Given that in the studied area
the shale of the Agrio Formation experienced
maximum maturation conditions in the oil win-
dow (Parnell and Carey, 1995; Legarreta et al.,
2004), the maximum possible depth of emplace-
ment of the Cerro Negro intrusive complex
intrusions is ~4 km, and the intrusions likely
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solidified in a relatively short time. The zircons
could have formed as antecrysts in the magma
chamber, but the match between U-Pb zircon
ages and the hornblende *’Ar/**Ar age indicates
that any residence time of zircon in the magma
chamber would have been short.

Age of Deformation versus
Age of Magmatism

In the Neuquén Basin, compressional defor-
mation started as early as the Late Cretaceous
(e.g., Vergani et al., 1995; Cobbold and Ros-
sello, 2003). In the Chos Malal fold-and-thrust
belt, the main compressional deformation
occurred during the Incaican (Paleogene) and
the Quechua (Neogene) phases (e.g., Kozlowski
et al., 1996; Cobbold et al., 1999; Cobbold and
Rossello, 2003; Folguera et al., 2006a, 2007).
The newly obtained Late Miocene U-Pb ages
indicate that the Cerro Negro intrusive complex
was emplaced during the Quechua phase, i.e.,
synchronous with shortening in the Chos Malal
fold-and-thrust belt.

Regional geological correlations confirm that
the area was experiencing contraction during
the emplacement of the Cerro Negro intrusive
complex. This is evidenced by the middle Mio-



TABLE 1. ZIRCON U-Pb DATA, CERRO NEGRO INTRUSIVE COMPLEX

207pp/235 Tt

206p /238t

2s
(abs)

H

+2s
(abs)

+2s
(abs)

Pbct*

U
(ppm)*

Weight

+2s (ageinMa) =+2s

(age in Ma)

207Pb/206PbTT

[¢]

206Pb/238UTT rh

207Pb/235UTT

206Pb/204Pb**

(Pg)

Th/U$

(ug)”

Properties*

Sill (NS1) CN-11-01

1 gr, br-pr
1gr, res

1.03
4.01
2.72
2.05

12.69

0.080
0.

12.083
11.71
11.70
11.57

0.0038
0.016

0.0486
0.037
0.041

0.63
0.66

0.000012
0.000032
0.000023
0.000018

0.001876
0.001818

0.0010
0.0040
0.0027
0.0020

0.0126
0.0092
0.0104
0.0098

0.65 1.4 121
0.49

0.00
0.25

238

9.26
10.48

20

42
58
70

76
392
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0.010 0.15

0.83

0.001817
0.001797

1 gr, br-pr, res, in

19r res

0.0394 0.0080 0.1 9.86

0.82

98

Sill (551) CN-11-03

>10 gr, I-pr

1.63
0.61

18.74
11.91
11.44
11.37

0.17

15.27

11.684
11.541
11.474

0.0050
0.0023
0.0020
0.0008

0.0570
0.0472
0.0459
0.0458

0.12
0.66
0.64
0.50

0.002372 0.000027

0.0186 0.0016

50
122
199
435

17.0

0.42
0.51
0.57
0.67

98
85
86
86

36
32

0.044
0.041

0.0000069
0.0000064
0.0000045

0.0018142

0.00060

0.01180
0.01133
0.01126

3.0
1.4
1.0

10 gr, s-pr + eq

6 gr, |-pr, in

0.53

0.0017919

0.00052

27

0.22

0.029

0.0017814

0.00022

45

>10 gr, br-pr

Dike (CU) CN-11-14
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**Raw data corrected for fractionation.

tCorrected for fractionation, spike, blank (2*Pb/2*Pb = 18.3: 27Pb/2*Pb = 15.555) and initial common Pb (based on Stacey and Kramers, 1975); error calculated by propagating the main sources of uncertainty.

The U-Pb ratio of the spike used in this work is adapted to 2°°Pb/2%U

0.015660 for the ET100 solution obtained with the ET2535 spike at the Natural Environment Research Council Isotope Geosciences Facilities.

4 for the parent magma and using the equation of Scharer (1984).

The 2°°Pb/2%U and 27Pb/2°°Pb values are corrected for excess 2°°Pb assuming Th/U

cene synorogenic deposits of the Conglomerado
Tralalhué Formation and Trapa Trapa Formation
(described by Ramos, 1998; Repol et al., 2002;
Leanza et al., 2006; Melnick et al., 2006), and
the middle to late Miocene synorogenic depos-
its of the Pustos Burgos and Rincén Bayo For-
mations (Leanza et al., 2001; Zamora Valcarce
et al., 2006; Folguera et al., 2011), observed in
different parts of the Agrio fold-and-thrust belts.
North of the Cerro Negro intrusive complex, in
southern Mendoza, several synorogenic units
show evidence of various phases of contraction,
including one between ca. 11 and 8 Ma, i.e., dur-
ing the emplacement of the Cerro Negro intru-
sive complex (Silvestro and Atencio, 2009).

The orientations of the mineralized veins
observed in the small quarry on the eastern edge
of NS, (Fig. 9) provide constraints on paleo-
stress orientation. Although the host rock exhib-
its joints of various orientations, only the E-W—
striking fractures are mineralized (lower-right
stereogram in Fig. 9). This observation suggests
that the maximum horizontal stress at the time
of the formation of the mineralized veins was
parallel (i.e., E-W) and the minimum horizontal
stress was perpendicular (i.e., N-S) to the veins
(e.g., Jolly and Sanderson, 1997; Bureau et al.,
2013). This horizontal stress distribution is com-
patible with E-W compression. As the veins are
concentrated in the vicinity of the sill-host-rock
contact, we infer that their formation was coeval
with the cooling of the sill, shortly after its
emplacement. We therefore conclude that NS,
was emplaced in a compressional stress regime
(Fig. 13).

The main sills are dominantly concordant
in a folded sequence (Figs. 4 and 10). Assum-
ing that these sills were intruded as horizon-
tal sheets, substantial shortening must have
occurred during and/or after their emplacement
atca. 11.5 Ma.

The geological map (Fig. 3) and the geo-
logical cross sections (Fig. 4) show that (1) the
folds and faults bend gently around the western
flank of Cerro Negro, and (2) some folds exhibit
along-strike variations in wavelength. These
relationships between the along-strike variations
of the tectonic structures and the location of the
igneous units suggest that the igneous units have
affected the structural development of the Chos
Malal fold-and-thrust belt in the study area. This
implies that substantial parts of the observed
folding were developed after the emplacement
of the Cerro Negro intrusive complex.

All these arguments are coherent with the
emplacement of the Cerro Negro intrusive
complex synchronous with the development of
the Chos Malal fold-and-thrust belt (Fig. 13),
unless the Quechua phase was discontinuous
through time.
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Although we observed substantial shorten-
ing affecting the main sills, we did not observe
deformation affecting the dikes of the Cerro
Negro intrusive complex, possibly due to their
location close to the hinge of the Cerro Negro
anticline (Figs. 3, 4, 7, and 10). The dikes,
however, have almost the same ages as the sills
and, therefore, also have to be synkinematic
(Fig. 13).

Mechanical Interpretation

The orientations of the dikes are perpendicu-
lar to the shortening direction, i.e., to the regional
maximum principal stress G,, which is the exact
opposite to theoretical predictions (Hubbert and
Willis, 1957; Sibson, 2003). Nevertheless, we
observed that all the N-S—striking dikes were
emplaced close and parallel to the hinge of the
Cerro Negro anticline (Figs. 3 and 4). Such
systematic structural relationships between the
dikes and the anticline cannot be a coincidence.
It is known that folding produces complex local
stress fields. In particular, local extension due
to the fold’s outer-arc stretching can occur in
a regional compressional tectonic setting (Fig.
13). The normal faults locally observed at the
hinge of the China Muerta anticline (Fig. 5),
for example, are likely the result of outer-arc
stretching, because (1) the small normal faults
are parallel to the local fold axis, and (2) the
extension appears perpendicular to the fold axis
(Fig. 13). Although we did not observe struc-
tures associated with outer-arc stretching in
the Cerro Negro anticline, it is likely that this
mechanism is present there as well and con-
trolled the emplacement of the observed N-S—
striking dikes (Fig. 13). The peculiar orienta-
tions of these dikes with respect to the regional
compressional tectonic stresses are thus likely
due to local, shallow effects. This conclusion
is in agreement with laboratory models, which
produced local extensional fractures perpen-
dicular to the regional compression at the hinge
of thrust ramp anticlines (Galland et al., 2007a;
Tibaldi, 2008).

In addition to outer-arc stretching, folding
is also expected to produce inner-arc compres-
sion. In theory, these inner-arc stresses should
have prevented the N-S—striking dikes observed
in the Cerro Negro intrusive complex to intrud-
ing the inner part of the Cerro Negro anticline.
The presence of the southern dike and dikes of
the Central unit suggests other processes than
pure tectonic folding. One possible explanation
may be that thrusting at the core of the Cerro
Negro anticline facilitated magma flow to the
upper parts of the anticline. Another hypothesis
is that the magmatic pressure at the core of the
anticline was high enough to generate tensile
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Figure 13. Schematic drawing of the two-stage magmatic evolution of the Cerro Negro in-
trusive complex with respect to the deformation history of the Chos Malal fold-and-thrust
belt. Progressive folding leads to more pronounced outer-arc stretching, which becomes the
dominant factor in controlling dike emplacement during stage B.

stresses even in the inner-arc zone of the anti-
cline. Neither the root zone of the dikes nor the
lower parts of the Cerro Negro anticline are
exposed; therefore, these hypotheses cannot
be tested.

There are striking differences between the
structure of the igneous conduits observed in
the Cerro Negro intrusive complex and that of
the neighboring Tromen volcano (Galland et al.,
2007b; Llambias et al., 2011); the vertical dikes
observed at Tromen strike E-W, i.e., parallel to
the shortening direction. Similar vertical dikes
parallel to shortening have been observed, e.g.,
at Spanish Peaks, Colorado, USA, and have
been interpreted as resulting from the interfer-
ence between regional compressional stresses,
where o, and o, are horizontal, interacting
with an overpressurized vertical central conduit
(Odé, 1957; Johnson, 1970; see also Nakamura,
1977). The model for Spanish Peaks, how-
ever, does not apply to Tromen, given that in
the latter, (1) there is no evidence of a central
vertical conduit, and (2) magmatism at Tro-
men was coeval with thrusting (Galland et al.,
2007b; Llambias et al., 2011), i.e., regional
6, (E/W) and o, (N/S) were horizontal, and
o, was vertical. Such a regional stress field is
not compatible with the vertical E-W—striking
dikes observed at Tromen volcano. We propose
instead that the substantial weight of the 3-km-
high Tromen edifice locally switched o, to the
vertical and G, to the horizontal (N/S), control-
ling the E-W strikes of dikes. Such a process has
been observed in the laboratory experiments of
Galland et al. (2007a), which produced short-
ening-parallel open fractures when substantial
topography was present. Furthermore, recently
published experiments of Tibaldi et al. (2014)
also documented the primordial influence of the
load of a volcanic edifice on stress distributions
and on dike patterns.

Conversely, the N-S—striking dikes at the
Cerro Negro intrusive complex suggest that if a
volcanic edifice was present at the time of their
formation, it might have been relatively small,
as its weight was not sufficient to control the
emplacement of E-W-striking dikes.

The occurrence of both horizontal sills and
vertical dikes at the hinge of anticlines of the
Cerro Negro intrusive complex suggests dis-
tinct emplacement mechanisms (Fig. 13). This
is in agreement with the model of vertical stress
partitioning in volcanic plumbing systems in
compression, in which “deep” levels are con-
trolled by regional compression, and “shallow”
levels are controlled by local effects (Fig. 1;
Legrand et al., 2002; Tibaldi, 2008; Gonzélez
et al., 2009). The occurrence of both intrusion
geometries in the study area suggests that the
level of exposure was close to the transition
zone between the “deep” and the ‘“‘shallow”
levels. Nevertheless, we did not observe a con-
nection between the sills and the dikes (Fig. 13).
Thus, our field observations do not allow us to
estimate the depth of the transition between the
deep and shallow levels.

The structure of the Cerro Negro intrusive
complex is very similar to that of many mud
volcanoes occurring in fold-and-thrust belts,
such as in the Barbados accretionary prism
(Deville et al., 2003), the Niger Delta and Bru-
nei Darussalam (Morley et al., 2010), and Azer-
baijan and Lusi mud volcano, Indonesia (Planke
et al.,, 2003; Roberts et al., 2011). In these
examples, the mud volcanoes erupt at the tips
of thrust ramp anticlines, with the feeding con-
duits being vertical, parallel to the hinge of the
anticlines. The sources of the mud are flat-lying
overpressurized shale formations. The similarity
between the Cerro Negro intrusive complex and
these examples suggests that the formation of
the vertical mud conduits is controlled by local
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stresses associated with outer-arc stretching.
The similarities between igneous and mud vol-
cano plumbing systems also suggest common
underlying processes.

Implications for Regional Geology

The folded sills of the Cerro Negro intrusive
complex recorded substantial shortening in the
Chos Malal fold-and-thrust belt during the last
11 m.y. This confirms the conclusions of Cob-
bold and Rossello (2003), Galland et al. (2007b),
Guzmdn et al. (2007), Messager et al. (2010),
and Sagripanti et al. (2015), among others, that
compressional deformation prevailed during the
Late Miocene. Conversely, this contradicts
the conclusions of, e.g., Kozlowski et al. (1996)
and Folguera et al. (2007), who suggested that
the compressional deformation stopped before
the emplacement of the Cerro Negro intrusive
complex, based on the assumption that the igne-
ous products of the latter were not deformed.

Our field observations do not allow us to con-
strain the age of the latest compressional defor-
mation in the study area, as we did not observe
geological units postdating deformation. The
substantial amount of folding that affects the
sills, however, suggests that compressional
deformation prevailed at least until the Late
Miocene. The recent compressional structures
observed in the Andean foothills of the Neu-
quén Basin confirm this hypothesis (Cobbold
and Rossello, 2003; Marques and Cobbold,
2006; Galland et al., 2007b; Messager et al.,
2010, 2014). Our observations are not compat-
ible with a shift to an extensional environment
in the last 5 m.y., as suggested by, e.g., Kay et al.
(2006), Ramos and Kay (2006), and Folguera
et al. (2006b), because this would imply a fast
and intense shortening episode between 11 and
5 Ma, directly followed by a regional extension,
which seems unlikely.

Our U-Pb ages of 11.5-11.6 Ma for the Cerro
Negro intrusive complex match the “Ar/*Ar
hornblende age of 11.7 Ma published by Kay
et al. (2006). This confirms that the Cerro Negro
intrusive complex is not related to the Eocene
Collipilli volcanism (Llambias and Rapela,
1988), which includes the nearby Cerro Mayal
and Cerro Caycayén intrusive complexes,
despite their petrological similarities.

CONCLUSIONS

In this paper, we provide structural and geo-
chronological data that document the structure
and evolution of the Cerro Negro intrusive
complex emplaced in the Chos Malal fold-and-
thrust belt, northern Neuquén Province, Argen-
tina. The main results of our study are:
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(1) The Cerro Negro intrusive complex con-
sists of sills emplaced in the Lower Agrio shales,
and N-S-striking dikes. The dikes crosscut
the sills.

(2) Zircon U-Pb ages of 11.63 + 0.20 Ma and
11.58 +0.18 Ma for sills and 11.553 £ 0.061 Ma
for a dike show that they were emplaced in a
short period of time and confirm the “Ar/*Ar
age of Kay et al. (2006).

(3) Our ages and field observations demon-
strate that the emplacement of the Cerro Negro
intrusive complex was coeval with the tectonic
development of the Chos Malal fold-and-
thrust belt.

(4) The N-S-striking dikes were emplaced at
the hinge of the Cerro Negro anticline, perpen-
dicular to the shortening direction. We conclude
that dike orientation was controlled by local,
shallow stresses related to shallow outer-arc
stretching at the anticlinal hinge zone.

(5) The latter formation of the dikes with
respect to the sills suggests a progression in the
growth of the Cerro Negro anticline during the
evolution of the Cerro Negro intrusive complex.

(6) The folding affecting the sills shows that
substantial shortening, leading to the current
structure of the Chos Malal fold-and-thrust belt,
prevailed during the last 11 m.y.

We conclude that folding-related outer-arc
stretching is one mechanism responsible for the
vertical partitioning of igneous plumbing sys-
tems in compressional tectonic settings.
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