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Abstract we document the effects of major mid-Cretaceous to Late Cretaceous compression within the
volcanic arc of the western Gondwanan margin. The thinned Early Cretaceous Andean margin underwent
rapid thickening and shortening-related exhumation of magmatic arc rocks during compressional inversion
of late Early Cretaceous intra-arc basins. Clastic sedimentary and volcanic rocks recording this phase of
initial Andean shortening correspond to the Las Chilcas Formation and are interpreted to have been
deposited in a proximal retro-arc position. A detailed analysis of these deposits reveals multiple periods
during sustained compressional deformation throughout the latest Early and Late Cretaceous, from 105 to
83 Ma. This deformation is evidenced by the exhumation of older units in the Coastal Cordillera, together
with the development of contractional structures and a strong sedimentary response involving

deposition of approximately 3 km of synorogenic nonmarine clastic deposits of the Las Chilcas Formation.
The structures and associated deposits suggest that the strongest uplift and deformation period occurred
from 100 to 95 Ma, whereas subsequent Late Cretaceous deformation was less pronounced, possibly a result
of eastward migration of deformation. This tectonic phase coincided with similar coeval synorogenic
deposits in Chile and other Andean regions, which have been attributed to initial Andean shortening
resulting from a major plate reorganization.

1. Introduction

The transition between Early and Late Cretaceous represents a crucial moment in the evolution of the
Andean mountain range, reflected by a shift from a predominant extensional period to compressional
tectonic conditions that caused major tectonic and paleogeographic changes on the continental margin.
This episode, originally named Peruvian tectonic phase (Mégard, 1984; Scheuber et al., 1994; Steinmann
et al., 1929), has been interpreted as a result of a major geodynamic reorganization on Earth. In the western
Gondwanan margin this phase is correlated with the plate reorganization that caused the northeastward dis-
placement of the Farallon Plate with a positive trench-normal absolute velocity in the margin and a dextral
oblique convergence between the oceanic and the South American plates (Horton, 2018a; Larson & Pitman,
1972; Maloney et al., 2013 and Somoza & Zaffarana, 2008). The tectonic conditions developed at this moment
initiate a new stage of Andean evolution characterized by dominant compression and mountain building
and therefore, this episode can be considered as the first orogenic phase in the development of the Andes.

The compressive tectonic conditions caused an abrupt paleogeographic modification characterized by (i) a
generalized uplift of the continental margin, generating relief and exhumation of the magmatic arc, (ii) the
development of a continental basin to the east of the arc and the retreat of the sea as a product of the defor-
mation of the Jurassic and Early Cretaceous marine back-arc deposits, and (iii) a rather wide, mostly conti-
nental forearc region to the west of the arc (Bascuiidn et al., 2016; Cecioni, 1957; Charrier & Vicente, 1972;
Di Giulio et al., 2017; Horton et al., 2016; Horton & Fuentes, 2016; Mpodozis & Ramos, 1990 among others).

Despite the importance of this phase, little has been made in central Chile to thoroughly analyze the sedi-
mentology, the chronology and to characterize the structural features affecting the associated deposits.
The latter are grouped in the Las Chilcas Formation, exposed along the eastern slope of the Coastal
Cordillera, between 32°S and 34°S (Figure 1).
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The scarce geochronological control for the Las Chilcas Formation and the reduced knowledge of its internal
stratigraphic and structural complexity has hindered previous authors to constrain the distribution and age
of the different members and establish regional correlations between them; this has prevented a robust tec-
tonostratigraphic interpretation of the unit and its general tectonic significance. Similarly, since no synoro-
genic deposits have been described for this stage in central southern Chile (Charrier et al., 2007), the
connection between the intensively studied petroleum-rich foreland basin (Neuquén and La Ramada
basins), the Late Cretaceous arc, and its deposits remains unclear. These uncertainties have prevented a full
understanding of the extent and effects of this major late Early Cretaceous paleogeographic reorganization
in the arc and proximal areas in this region of the Andes.

We present detailed stratigraphic, sedimentologic, and provenance analyses of the Las Chilcas
Formation deposits resulting from the major mid-Cretaceous Peruvian tectonic phase and the associated
paleogeographic modifications to fully understand its significance and paleogeographic consequences.
Based on the results obtained from these analyses and the present-day knowledge of the tectonic evolution
in this region, we infer the tectonic mechanisms that could have originated the structures affecting the Las
Chilcas Formation. Finally, we intend to correlate the studied deposits with other coeval deposits in Chile
and neighbor regions and discuss the possible tectonic setting where the Las Chilcas basin was located.

2. Tectonic and Geologic Setting

The long and complex evolution of the western margin of South America in central Argentina and Chile
shows a succession of varied tectonic settings. From the Late Triassic to earliest Jurassic, after a period of
arrested continental rift and possibly low rate subduction conditions, a renewed subduction caused a major
paleogeographic reorganization along western Gondwanan that lasted until the end of the Early Cretaceous
(Charrier et al., 2007; Mpodozis & Ramos, 1990). During this cycle slab rollback caused extension on the
margin and crustal thinning (Rossel et al., 2013). Subduction-related magmatism formed a well-developed
volcanic arc along the present-day coastline characterized by thick primitive volcanic sequences and marine
sediments intercalations (Oliveros et al., 2007; Vergara et al., 1995). The volcanic arc separated the oceanic
realm, to the west, from an interior sea or back-arc basin, to the east (Charrier et al., 2007; Mpodozis &
Ramos, 1990). In central Chile, the Jurassic and Early Cretaceous volcanics corresponding to this stage
are exposed on the Coastal Cordillera (Figures 1 and 2), next to the Paleozoic intrusives, which mostly border
the Pacific coast. The exhumation of the Paleozoic and Jurassic intrusive units took place between 106 and
91 Ma, based on apatite fission track dating of three samples in the Coastal Cordillera by Gana and Zentilli
(2000) and Gana and Tosdal (1996).

The Early Cretaceous units conform an east dipping homocline comprised by the thick volcanic and marine
Lo Prado Formation (~145 to ~132.9 Ma) and by the ~5,000 m thick primitive volcanic (flood-basalt-type
lavas) Veta Negra Formation (~132.9 to ~117 Ma) (Aguirre et al., 1999; Fuentes et al., 2005; Rivano et al.,
1993). Based on geochemical data and on their great thicknesses, Vergara et al. (1995) and Charrier et al.
(2007, 2015) proposed that these Early Cretaceous formations were deposited in a strongly subsiding
extensional tectonic basin; however, no solid structural evidence defining the type and architecture of the
basin have been documented. On this basis, they have been considered as synrift sequences (Figure 2).
The Veta Negra Formation is overlain by the 1.5 km thick volcanic and tuffaceous Cerro Morado
Formation (Carter & Aliste, 1962). In the area of this study the Early Cretaceous formations are intruded
by the Late Cretaceous and 60 km wide Caleu pluton. This intrusion is made of at least four dioritic to mon-
zogranitic intrusive pulses with zircon °*Pb/**°U age ranges from 99.7 to 94.2 Ma (Molina, 2014; Parada
et al., 2005). Based on Ar*’/Ar® plateau ages in biotite, amphiboles, and plagioclase Parada et al. (2005)
interpreted a rapid exhumation event for this pluton from 94.9 to 93.2 Ma and based on apatite fission track
results a subsequent slower one at 94-90 Ma.

From late Early Cretaceous time new tectonic conditions and a new tectonic setting prevailed on the western
margin of Gondwana (Charrier et al., 2007; Horton, 2018a; Horton, 2018b; Horton & Fuentes, 2016;
Mpodozis & Ramos, 1990). This episode is evidenced by unconformities in the retro-arc deposits, rapid sedi-
ment accumulation, and changes on the retro-arc basins provenance (Bascuifidn et al., 2016; Cecioni, 1957;
Charrier & Vicente, 1972; Di Giulio et al., 2017; Horton et al., 2016; Horton & Fuentes, 2016; Keidel, 1925;
Mégard, 1984; Mpodozis & Ramos, 1990; Steinmann et al., 1929; Windhausen, 1931, etc.).
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Figure 1. Simplified geological map of central Chile based on SERNAGEOMIN (2003) showing all the relevant localities for the study and the main regional
geographic features. The dashed line polygon indicates the location of the area of study.

Along the eastern slope of the Coastal Cordillera the Las Chilcas Formation (Figure 3) (Boyce, 2015; Gana &
Wall, 1997; Rivano et al., 1993) unveils clear facies change from the Early Cretaceous volcanics to Late
Cretaceous coarse and high-energy sediments (Figure 2). This formation is interpreted to be contempora-
neous to the described tectonic phase; however, it has been historically assigned to a wide age range, from
Early to Late Cretaceous (Gallego, 1994; Godoy et al., 2006; Rivano et al., 1986, 1993; Thomas, 1958;
Tunik & Alvarez, 2008; Wall et al., 1999). Due to the scarce geochronological control in it and the strong
lateral and vertical facies variations, there has been no consensus about its subdivision in members and

its age range.

Resting unconformably and flat-lying on the Las Chilcas Formation, the Late Cretaceous Lo Valle
Formation (70-73 Ma) consists of up to 1,800 m of tuffs interbedded with andesitic breccias and conglomer-

ates (Gana & Wall, 1997).

3. Stratigraphic and Sedimentologic Characterization of the Las
Chilcas Formation

We describe next the stratigraphy for the Las Chilcas Formation, divided in four members documented from
bottom to top in the area of study. The method how these sections have been constructed and the facies ana-
lysis method is detailed in Text S1 in the supporting information. Initially, Boyce (2015) named the
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Figure 2. Generalized stratigraphic column of the Coastal Cordillera based on previous studies in the area
(Carter & Aliste, 1962; Charrier et al., 2007; Rivano et al., 1993) and on this study.

stratigraphic units here documented with capital letters from A to U, including sections of the Veta Negra
and Cerro Morado Formations, which are not subject of the present study. We have kept the same
nomenclature but only to refer to those stratigraphic units in the Las Chilcas Formation corresponding to
capital letters from D to U. The stratigraphic sections are displayed in Figure 4, and their geographic
location can be found in Figure 3. The relevant facies mentioned in the text and displayed in the
stratigraphic sections are described in Table 1.

3.1. Pitipeumo Member: Lagoon, Shallow Braided River, and Distal Alluvial Fan Systems

The Pitipeumo Member rests on angular unconformity on the Cerro Morado Formation (Figure 5a) repre-
senting the basal member of the Las Chilcas Formation (Arévalo, 1992; Espinoza, 1969; Viteri, 1970)
(Figure 3). South of the Aconcagua Valley, directly overlying the volcanic Cerro Morado Formation
strongly weathered fine grained calcareous sandstones were documented with a preserved thickness of
about 30 m (within Unit D). Similarly, marine stromatolitic algal, as well as fan delta and lagoon lithofa-
cies have been documented at the base of the Las Chilcas Formation by Arévalo (1992) and to the south
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Figure 3. Geological map of the study area including ages obtained in this study. (1) Mean weighted U-Pb ages for igneous zircons; (2) Youngest detrital U-Pb

zircon age.

of the area of this study at the locality of Polpaico (see location in Figure 1) by Gallego (1994) and
Corvalan and Vergara (1980).

The basal marine calcareous horizon underlies a 150 m sequence of sandstones, conglomeratic sandstones,
and conglomerates (Unit E). In some localities no calcareous beds exist, and the conglomerates of Unit E rest
directly on the Cerro Morado Formation (Figure 5a). Three lithofacies represent the main depositional pro-
cesses in this portion of the Pitipeumo Member: poorly sorted, clast-supported conglomerate (Gth), matrix-
supported conglomerates (Gmm), and massive sandstones (Sm), whereas thin beds of massive siltstone
(Fm), though present, are rare. The dominant depositional process of this conglomeratic sequence is inter-
preted as traction currents in erosive flows. From the lithofacies analysis we interpreted that the conglom-
erate beds of this unit represent a shallow braided gravel bed system (according to Miall, 1996).

Representing the top of the Pitipeumo Member in this section and covering the basal conglomerates is a 90 m
thick dacitic-andesitic lava succession (Unit F), which in turn is covered by, at least, 10 m of conglomerates
and sandstones. The thick volcanic intercalation toward the top of the member records the active volcanism
in the area.
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Figure 4. Measured stratigraphic sections from north and south of the Aconcagua Valley. The diagram includes lithologies, lithofacies, stratigraphic correlations,
paleocurrent data, and locations of U-Pb zircon age datings.

3.2. Tabén Member: Alluvial Fan System and Shallow Braided and Wandering Fluvial Systems

North of the Aconcagua Valley, in the Cerrillos de Catemu area (see location in Figure 3), the Tabon
Member rests on angular unconformity on the Cerro Morado Formation (Figure 5b). Here, the base of the
Tabdén Member is clearly defined by the conglomeratic levels intercalated with few andesitic flows for about
100 m, and on top of this rests a 500 m thick homogeneous sequence of matrix-supported coarse conglom-
erates and sedimentary breccias (Gmm). Thus, somehow different to what is described next south of the
Aconcagua Valley, the Tabon Member here is dominated by Gmm facies, with almost no fine-grained
intercalations, indicating the continuous discharge of debris flows in a proximal alluvial fan environment.

South of the Aconcagua Valley, at the Las Chilcas Creek, the 1,750 m thick conglomeratic Tabén Member
unconformably onlaps the Pitipeumo Member and can be subdivided in nine successive units named from
G to N (Figure 4) each of them with its own prevailing sedimentary system. Here, the lower deposits of the
Tabon Member fill a deep incision in the Pitipeumo Member, which evidences an important erosion process
before the deposition of the Tabén Member (further discussed in section 5.1).

At the bottom, Unit G fills in the described incision; massive matrix supported pebble-boulder conglomer-
ates (Gmm) interbedded with massive pebbly sandstones (Sm), occasional intercalations of poorly sorted
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Table 1
Facies Classification
Facies in Miall's
this study facies Description Interpretation
Gem Gem, Gp Structureless massive clast-supported conglomerate, well sorted and rounded, with Channel filling in declining stages and
erosive bases. bar accretion.
Gth Gcm, Gt, Regularly sorted pebble to cobble clast-supported conglomerate. Shows imbrication, Longitudinal and frontal bars; cannel
Gp, Gh horizontal bedding, and though cross bedding. filling.
Gmc Gmc Structureless massive pebble to boulder conglomerate, poorly sorted and rounded, clast Hiperconcentrated flows.
supported. Nonerosive bases.
Gmm Gmm Structureless massive pebble to boulder conglomerate, matrix supported, and poor to Debris flows
regular selection.
Bm Gmm Massive breccia, regular to poor selection. Clast size from pebble to cobble, matrix- Hiperconcentrated flows, associated to
supported, crystal rich. lahar
Sm Sm Fine to coarse massive sandstone. Sediment gravity flows
Sh Sh Fine to coarse horizontally laminated sandstone; presents some pebbly levels. Critic flow
St St Fine to coarse sandstone, pebbly in some places. Tough cross bedding. Dunes (lower flow regime)
Fm Fm Massive mud and silt layers, present erosive bases and top. Overbank, abandoned channel, or

waning flood deposits.

Las Chilcas Fm, Tabén Mb.

220

Las Chilcas Fm; PitipeumoMb.

35

Cerro Morado Fm..

Paraconformity

Cerro Morado Fm.

> Hammer

Figure 5. Photographs of the contact relationships of the Las Chilcas Formation in the study area and some of the characteristic facies of the Tabén Member.
(a) Unconformity between the Cerro Morado Formation and Pitipeumo Member. (b) Unconformity between the Cerro Morado Formation and the Tabon Member
in the Catemu Valley. (c) Massive poorly sorted Gmm facies in the Unit H of the Tabén Member. (d) Erosive contact between massive mudstone (Fm)

and well-sorted gravel (Gem) in Unit I in the Tabon Member. (e) Bm-Sh-Gmm lithofacies association in Unit L in the Tabén Member. (f) Angular unconformity (red
line) between the El Calvario Member of the Las Chilcas Formation and the Lo Valle Formation; intrusives bodies are shown with a red pattern.
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clast-supported conglomerates, and a few thin beds of massive siltstone (Fm), totalize a thickness of ~300 m
(Unit G). The lithofacies assemblage in this unit is characteristic of alluvial fan depositional systems (Blair &
McPherson, 1994; DeCelles et al., 1991; Miall, 1996).

Still filling in the upper part of the incision, an ~500 m thick homogeneous and massive conglomerates
sequence (Unit H) conformably covers Unit G. This sequence is made of facies Gmc and Gmm, with some
blocks of decametric size (Figure 5¢). Several amalgamated conglomerate layers of these facies form massive
vertical outcrops of up to 15 m of thickness. The interpretation of this unit is in many ways identical to that of
Unit G; nevertheless, the lack of massive pebbly sandstones (Sm) beds indicates a continuous ingress of high-
energy debris and pseudoplastic flows, a distinctive characteristic of proximal or young alluvial fan systems
(Blair & McPherson, 1994).

Conformably overlying Unit H is Unit I (~225 m), which conglomerates (Gecm and Gth) intercalated with
massive siltstone (Fm) make up its main lithofacies association (Figure 5d), indicating traction transport
in turbulent flows. The lack of sandstone lenses or beds, and gradation trends in the conglomerates suggests
a steady high-energy discharge. Similar deposits with strong variations in the flow direction and lacking
important sandstone lenses were interpreted by Miall (1996) as the product of gravel bed wandering rivers.

Above Unit I, the ~55 m thick Unit J is made of conglomerates (Gmm) intercalated with both massive (Sm)
and horizontally bedded sandstones (Sh) with thicknesses of 30-50 cm. As previously discussed, such succes-
sions are typically interpreted as the product of a proximal alluvial fan systems.

The overlying Unit K (~70 m) consist of a homogeneous succession of 0.5 cm to 1.5 m thick conglomeratic
beds (Gth) interbedded with horizontally bedded 20-30 cm thick sandstone layers (Sm, Sh) with erosive
bases. As discussed for the Pitipeumo Member, the interpretation of the Gth-Sh-Sm lithofacies association
represents deposits of a shallow gravel bed braided river.

Conformably over Unit K, a reddish and strongly oxidized tuffaceous layer (~30 m) comprises Unit L. To the
east of the Las Chilcas Creek and overlying Unit L, the units M and N (~350 m) consist of gray massive sand-
stones (Sm), massive conglomerates (Gmm), crystal-rich breccias (Bm), and some massive siltstones (Fm)
(Figure 5e), which association would represent mainly distal and proximal alluvial fan system and a wander-
ing fluvial system. A major incision in the base of Unit N is infilled with a massive, matrix-supported
conglomerate (Gmm), which is included in the same unit.

3.3. Nilhue Member: Limestones

North of Aconcagua Valley, Carter and Aliste (1962) defined a calcareous unit resting on the Tabén Member
as the Nilhue Member. This consists of thin-bedded limestone layers containing fossils of mollusks, fresh
water clams, plant remains, and wood fragments, indicating a fresh water origin (Carter & Aliste, 1962;
Elgueta et al., 1990; Sanchez, 1968). At the type locality, the reported thickness of the Nilhue Member is
~825 m (Carter & Aliste, 1962); however, given the considerably smaller thickness observed in other regions
during this study and the structural complexity observed in the Nilhue area, this thickness is possibly
exaggerated due to structural repetitions.

South of the Aconcagua Valley, at the Las Chilcas Creek (Figure 3), this Member is not preserved and hence
the upper El Calvario Member rests directly on the Tab6n Member. Yet, 14 km to the SW of the Las Chilcas
Creek, a 25 m thick limestone layer (Unit P) is exposed. This calcareous unit, presenting chert nodules, and
some marl and calcarenitic intercalations, is strongly weathered and locally marbled by the effect of an
Oligocene dioritic intrusion. Godoy (1982) described in this member algae fossils indicating a lagoon
environment, a conclusion that differs from the continental origin assigned by other authors and causes
uncertainties about its depositional environment. Nonetheless, we interpret from the stratigraphic position
that these limestone beds (Unit P) correlate to the Nilhue Member.

3.4. El Calvario Member: Renewal of the Volcanic activity

On top of the Nilhue Member, the El Calvario Member was originally defined as the base of the Lo Valle
Formation (Carter & Aliste, 1962). Nevertheless, based on its stratigraphic position, lithological similarity,
and the new ages presented in section 4, we have included this as the upper member of the Las Chilcas
Formation. At the Las Chilcas Creek, the El Calvario Member unconformably overlies the Tabén Member
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in absence of the Nilhue Member. The El Calvario Member in this locality seals the deformation that affects
the Tabén Member with a back thrust fault (Los Maquis thrust, further described in section 5.1).

In the stratigraphic section completed at the Lo Valle creek, the El Calvario Member was subdivided into five
conformable units (Q to U) (Figure 4), which are unconformably covered by the Lo Valle Formation
(Figure 5f). Unit Q (~150 m) is characterized by matrix-supported conglomerates (Gmm) with a fine-grained
and intensely hematitized matrix. Above, Unit R (~130 m) rests on Unit Q and consists of andesitic lavas and
breccia. The overlying Unit S (~180 m) is also mostly made up of andesitic lavas, but it includes three con-
glomeratic intercalations of clast-supported and poorly selected (Gmc) clasts. Unit T (~180 m) is character-
ized by massive, clast- and matrix-supported conglomerates (Gmc and Gmm). Finally, Unit U commences
with a 50 m thick succession of andesitic lavas that grade upward to 130 m of conglomerates (Gmm) and
sedimentary breccias. From the matrix-supported array and the variable grain size of all sedimentary units
in the EI Calvario Member, the main depositional processes that took place between the volcanic events can
be interpreted as debris flows of different energies. The significance of the volcanic units in this member
indicates the renewal of an intense volcanic activity in the Las Chilcas basin.

3.5. Summary of the Sedimentary Environments

The presented stratigraphic and sedimentological characterization allows to understand the distribution of
the units and members in the study area (Figure 3) and the paleogeographic changes that took place during
the deposition of the Las Chilcas Formation. The main documented environments are (1) marine ingression
recorded by the basal limestone layers during the initial stages of the Pitipeumo Member; (2) shallow gravel
bed wandering river systems in some stages of the Pitipeumo and Tabon members; (3) alluvial fan system
during most of the Tabon and the El Calvario members; (4) continental or marine water inundations
recorded by the Nilhue Member; and (4) intense volcanic activity in parts of the Pitipeumo and El
Calvario members.

4. U-Pb Geochronological Results
4.1. Sampled Levels

To constrain the age of the Las Chilcas Formation and to determine which units were under erosion during
its deposition, five U-Pb age determinations on detrital zircons have been carried out south of the Aconcagua
Valley and one north of the valley (Figures 3 and 6). With the same objective, one U-Pb dating was carried
out on igneous zircons of a tuff clast collected from the base of the Las Chilcas Formation. In order to con-
strain the depositional age, two U-Pb zircon datings were made on volcanic samples located at the top and
bottom of the Las Chilcas Formation (Figures 3 and 6). Also, one igneous zircon U-Pb dating was done from
avolcanic sample taken at bottom of the Lo Valle Formation. Finally, one sample from the Caleu pluton was
dated by the same technique. A summary of all these radiometric datings performed in this study is exposed
in Table 2. Likewise, the ages distribution can be observed in Figure 3. The depositional age basis, the dating
method, the zircons textures, and the analytical data are detailed in Text S1 in the supporting information.

4.2. Igneous Zircon Ages

A crystal tuff clast sample (P16-2111) 150 m above the base of the Las Chilcas Formation yielded a mean
weighted age of 112 + 1.3 Ma (Figure 6). Its age indicates that the clast likely derives from the underlying
volcanic Cerro Morado Formation.

A mean weighted U-Pb zircon age of 103 + 0.68 Ma was obtained from 29 igneous zircons from a gray
pyroxene andesite (PP3-1601) (Figure 6) exposed in the southern part of the study region, next to the locality
of Punta Peuco (see locality in Figure 1). This volcanic succession overlies the Polpaico limestones, which we
correlated with calcareous beds at the base of the Pitipeumo Member.

A mean weighted zircon age of 91.1 + 0.74 Ma from 31 zircons was obtained from a sample (QC3-0204)
collected from a thick andesitic layer at the base of the El Calvario Member (Figure 6).

In the Lo Valle Creek, at the base of the Lo Valle Formation, a crystal tuff (ET31-1407) yielded a mean
weighted age of 73.3 + 0.45 Ma from 31 zircons (Figure 6).

At the eastern boundary of the Caleu Pluton, close to the contact with the Las Chilcas Formation (see loca-
tion in Figure 3), a strongly weathered phaneritic granodiorite sample (P3-2211) yielded zircon ages ranging
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Figure 6. In the middle a generalized section of the Las Chilcas Formation and the adjacent formations. In the left side U-Pb Concordia for the igneous samples
analyzed in this study and the respective stratigraphic location of the sample marked in the section with a bold circle and a number. In the right side, U-Pb
probability plots from the detrital samples analyzed in this study and the respective stratigraphic location of the sample marked in the section with black

star and a number.

from 109.0 + 3.8 to 123.4 + 1.9 Ma, with a mean weighted age of 115 + 1 Ma (see Concordia in the supporting
information). This age is much older than the ages previously obtained from this pluton (89 and 106 Ma)
(Molina, 2014), thus suggesting the existence of older magmatic pulses in the eastern edge of the pluton.

4.3. Detrital Zircons Ages

Pitipeumo Member: A sandstone sample (P5-2211) provided 100 zircon grains that yielded ages between 105
and 121 Ma (Figure 6); it was taken in the same layer where the crystal-tuff clast (sample P16-2111) was
collected, 150 m above the basal contact with the Cerro Morado Formation. Zircons from this sample form
a single peak with a flat top and ages ranging between 111 and 114 Ma. The youngest zircon age with a
discordancy <10% is 105.7 + 3.3 Ma representing the depositional age.

Tabén Member: in the base of the Tabén Member 104 zircons grains from a fine arkose layer were analyzed
(LC6-1609) (Figure 6). All the analyzed zircons yielded a single peak at 100 Ma, which can be interpreted as

BOYCE ET AL.

10 of 24



Tectonics

10.1029/2019TC005825

Table 2

Age Dating Samples Summary

Sample ID

X_UTM_WGS84 Y_UTM_WGSS85

Rock type

Mineralogy/clasts
by importance

Texture

Mean
weighted age

Max
deposition age

Youngest
Zircon age

LC3-1509

LV5-1709
P16-2111

P5-2211
P3-2211
QC3-0204

ET31-1407
LC6-1609

CA5-1501

PP3-1601

326642

336200
322766

322851

321008

326751

333623
323513

325114

329639

6363515

6353816
6354590

6354612

6353935

6364076

6356646
6361909

6389417

6336462

Medium arkose

Quartzwake
Crystal tuff

Medium
sandstone
Granite

Amphibole
trachyte
Crystal tuff
Medium arkose

Calcareous
sandstone
Piroxene
andesite

Felspar, volcanics,
clays
Qtz, Kspar, Mgt
Qtz, Kspar,
volcanics
Qtz, Plg, volcanics

Qtz, Plg, Kspar,
Amph
Plg, Kspar,
Amph, Qtz
Plg, Qtz
Qtz, Felspar,
volcanics
Cct, Qtz

Kspar, Plg,

Clastic

Clastic
Piroclastic

Clastic
Phaneritic
Seriate

Piroclastic
Clastic

Carbonatic

Porphyritic

112.5 + 1.3 Ma

115.1 + 1 Ma

91.1 + 0.74 Ma

73.3 £ 0.45

103.24 + 0.68

96 Ma

93 Ma

111 Ma

100 Ma

107 Ma

95.0 + 2.4 Ma

82.7 +£ 5.7 Ma

105.7 + 3.3 Ma

97.9 + 2 Ma

104.3 + 1.6 Ma

Px, Mgt Ma

the maximum depositional age. The age of the youngest zircon with a discordancy <10% is 97.9 + 2 Ma,
representing the depositional age. Given the small number of zircons with discordance <10% in this
sample and in order to have a more complete record, we have considered all the zircon ages with
discordance values <20% (n = 48) for the provenance analysis.

Toward the middle to upper portion of the Tabén Member, 27 zircons were obtained from a medium grained
sandstone (LC3-1509) (Figure 6). Due to the small number of zircons the obtained age is statistically weak.
Taking into consideration the most important and youngest probability peak, the maximum depositional age
is 96 Ma. The youngest zircon age with a discordancy <10% is 95.0 + 2.4 Ma, which is likely the depositional
age. For the provenance analysis zircons with discordance <15% (n = 16) were considered.

Nilhue Member: The single dated sample in this member was collected north of the Aconcagua Valley (CA5-
1501) in a strongly weathered limestone layer. In this sample, 100 zircons crystals were analyzed (Figure 6).
The probability plot shows a single peak at 107 Ma. The Concordia diagram shows a lower intercept at 99.5 +
8.3 Ma. The youngest zircon age with a discordancy <10% yielded 104.3 + 1.6 Ma. Because the results show
highly discordant values, and in order to obtain enough data for the provenance study, zircons grains with
discordances <20% (n = 33) were considered for this specific objective.

El Calvario Member: Toward the top of the Las Chilcas Formation, in the Lo Valle Creek (see location in
Figure 3), a fine arkosic quartz-wake was sampled (LV5-1709) and 100 zircons extracted to be analyzed
(Figure 6). The maximum depositional age is recorded by the most important and youngest probability peak
at 93 Ma. The rest of the zircon ages form a cluster between 84.2 + 6.5 and 100 Ma. The age of the deposit
would be that of the youngest zircon, which is 82.7 + 5.7 Ma, with a discordancy of 0.36%; however, given
the wide error associated with this result, it is difficult to assign a precise deposition age. In turn, considering
the U-Pb zircon age of 91.1 + 0.74 Ma from the QC3-0204 lava, collected near the top of this member, the age
of this layer is likely close to the maximum age within error of the youngest zircon age, hence, about 88 Ma.
For the provenance analysis, only zircons with a discordance <10% (n = 64) were considered.

5. Structures and Structural Style

As has been described, the Las Chilcas Formation evidences major lateral and horizontal stratigraphic var-
iations. This suggests the existence of an intense tectonic activity coeval with its deposition. In order to
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understand what structures may have influenced this process, we describe those most relevant observed in
the area.

5.1. South of the Aconcagua Valley

South of Aconcagua Valley is the east vergent asymmetrical Cerro Blanco anticline (Figure 7a), which core is
made of the Cerro Morado Formation and the Pitipeumo Member. This structure extends with a NNW-SSE
striking hinge line for over 12 km (see Figure 3) and presents an almost flat back limb and a steep frontal
limb, features suggesting a thrust propagation fold origin (Suppe & Medwedeff, 1989). The lower part of
the frontal limb consists of 50° east dipping layers of the Pitipeumo Member, which are unconformably
onlapped by the 30° east dipping conglomerates of the Tabon Member (Figures 7b and 7c; onlap location
labeled in Figure 3). At the Los Loros Creek (see location in Figure 3) this onlap occurs with a slightly
different architecture: The 30° east dipping Tabon Member layers fill up a deep incision generated in the
50° east dipping Pitipeumo Member volcanics (Figure 7b), evidencing a strong erosion process that took
place before or during the Tabén Member deposition. This intraformational unconformity (between the
two members) constrains the initial development of the anticline prior to deposition of the Tabon
Member. East of the onlap, on the eastern limb of the anticline, the Tabdn conglomerates show an upsection
decrease in dip and a lateral, eastward thickening of the beds conforming a growth strata geometry
(Figure 7d) (see growth strata location labeled in map of Figure 3). This feature was generated during the
development of the Cerro Blanco anticline while the Tabén Member was deposited. The growth of the anti-
cline under compressive stress is supported by the record of 13 slickensides measured on the frontal limb
showing reverse movement and by minor inverse faults recorded in the conglomerate layers of the Tabon
Member also on the frontal limb.

West of the Cerro Blanco anticline crops out the Caleu Pluton (Figure 3). A steep west dipping fault (Los
Perros Fault) is exposed on the contact between this unit and the Las Chilcas Formation (Figures 7e and
7f). Scarce slickensides and shear fractures preserved in the fault zone (Figure 7f) suggest thrusting of the
Caleu pluton over the Las Chilcas Formation. Locally, zones with intense argillic alteration are affected
by inverse faults that form east vergent duplexes. Despite the scarce structural information available on
the fault to better understand its kinematics, the fact that the Los Perros Fault puts in contact the eastern
and oldest units of the Caleu Pluton (113 Ma), which according to Parada et al. (2005) was emplaced at
7 km depth, with the much younger base of the Las Chilcas Formation (105 Ma), supports an east vergent
reverse movement of this structure.

Three kilometers east of the Cerro Blanco anticline, the short wavelength Los Peumos monocline deforms
the middle to upper section of the Tabén Member (location in Figure 3). This structure presents the same
strike as the Cerro Blanco anticline, but its interlimb angle is more open. The eastern limb of the Los
Peumos monocline is offset by a high angle, east dipping fault, the Los Maquis backthrust (Figure 7g).
This fault thrusts the lower section of the Tabon Member over its upper section and is sub-horizontally
sealed by the El Calvario Member, although a small amount of displacement can be observed in the lower
El Calvario Member above the Los Maquis backthrust.

Finally, recording the youngest deformation occurred in the Las Chilcas Formation, in the Lo Valle creek
(see location in Figure 3), the El Calvario Member exhibits an open hinge monocline with the frontal limb
dipping 25° to the east, gently flattening eastward (Figure 5f). The Lo Valle Formation subhorizontally over-
lies this structure in an angular unconformity.

5.2. North of the Aconcagua Valley

North of the Aconcagua Valley, the absence of the Caleu Pluton allows observation of the structural features
and the stratigraphic relationships between the Cerro Morado and the underlaying Veta Negra and Lo Prado
formations. These units form a massive N-S oriented and east dipping monocline—Melén monocline—that
extends along its axis for over 40 km (see fold in map of Figure 3 and photo in the supporting information
section). In its western side, the strata dip 20-30° to the east; The dip increases to the east reaching values
of 50° at the Catemu Creek valley (Figure 3). In the central part of the monocline several N-S striking,
subvertical normal faults were recognized. Along this valley a NS lineament with several occurrences of
intrusions and hydrothermal alteration, which are presently mined for copper, suggests the presence of a
deep-seated N-S structure (see Cu mining occurrences in Figure 3). We interpret that this lineament can
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Figure 7. Relevant structures south of the Aconcagua Valley. (a) The asymmetrical Cerro Blanco Anticline in the Cerro Blanco Hill area. To the west, the Caleu
Pluton overrides both the Cerro Morado and Las Chilcas formations. (b) Google Earth imagery showing the architecture of the frontal limb of the Cerro Blanco
Anticline. Note the deep incision filled with alluvial deposits corresponding to the Tabon Member. (c) On the frontal limb of the Cerro Blanco anticline at the
base of the growth succession of the Tabon Member anticline, detail of the onlap architecture. (d) On the frontal limb of the Cerro Blanco Anticline, the alluvial fan
deposits of the Unit H of the Tabén Member show growth strata geometry. (e) Silicified rock in the Los Perros Fault zone. (f) East dipping shear fractures

filled by clays in the Los Perros Fault zone. (g) The Los Maquis Backthrust, where lower levels of the Tab6n Member override upper levels of the same member;
above them, horizontally the lavas of the El Calvario Member.

be regarded as an extension of the Los Perros fault to the north; its geometrical implications are further
discussed in section 6.4. East of this lineament the top of the Veta Negra Formation and the Cerro
Morado Formation dip about 35° to the east and farther east are unconformably covered by the Tabén
Member of the Las Chilcas Formation, dipping 20° to the east (see unconformity in Figure 5b). The
presence of the Melén Monocline allows to estimate the potential thickness of the Veta Negra Formation
of around 6,000 m in its thicker section—to the west of the Los Perros Fault—and about 3,500-4,000 m to
the east of this structure (more details in section 6.4).
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6. Discussion

6.1. New Chronostratigraphy and Sediment Provenance of the Las Chilcas Formation

According to the stratigraphic successions described, the ages obtained by previous authors and the new ages
presented in this work (Table 2), it is possible to reconstruct the following chronostratigrapy and provenance
for the Las Chilcas Formation.

Unconformably overlying the Cerro Morado Formation, The Las Chilcas Formation can be subdivided into
the four members described in section 3. The ages of each of these members have been estimated based on
the new radiometric data and their stratigraphic relations that we detail below.

Pitipeumo Member: Estimated age range of ~105 to ~100 Ma. The provenance ages recorded in this member
are identical to those inferred for the Cerro Morado Formation, confirming that the latter is the main source
for the deposits of the lower to middle portion of the Pitipeumo Member. This is consistent with the 112 + 1.3
Ma U-Pb age obtained in the crystal-tuff clast (P16-2111) collected in the Pitipeumo Member.

A 30 m thick calcareous succession included by Thomas (1958) in the Las Chilcas Formation is exposed
20 km south of the study region and 35 km northwest of Santiago. These deposits, named Polpaico
Limestones were thoroughly described by Gallego (1994) but have never been assigned to a precise strati-
graphic position in the Las Chilcas Formation. We report a new U-Pb zircon age of 103.2 + 0.7 Ma obtained
on an andesitic sample (PP3-1601) collected from a volcanic succession overlying the limestones near Punta
Peuco (see locality in Figure 1). On this chronological basis, the Polpaico Limestones belongs to the base of
Pitipeumo Member, thus a lateral equivalent of Unit B described in section 3.

Tabén Member: Estimated age range of ~100 to ~95 Ma. The provenance results obtained in the lower
portion of the Tabon Member indicate that this member received debris solely from the volcanic levels of
the Pitipeumo Member. Toward the middle to upper portion of this member, the main source recorded
corresponds to a mixture of zircons from the coeval volcanic activity and from the underlying the Cerro
Morado Formation. Scarce grains with ages of 160 and 173 Ma coincide with the age of the Jurassic batholith
located in the present-day western slope of the Coastal Cordillera. However, according to Gana and Zentilli
(2000), this batholith reached the surface only at circa 70 Ma. Therefore, these grains are either recycled or
correspond to the Late Jurassic volcanic Horqueta Formation.

Nilhue Member: Estimated age range of ~95 to ~91 Ma. In the only sample collected in this member, a single
peak with an age similar to that of the top of the Cerro Morado Formation is likely due to a local paleogeo-
graphic condition. Where this sample was collected, in the Llanos de Portales area, the Pitipeumo Member is
absent and the Tabon Member rests directly and unconformably on the Cerro Morado Formation, lacking
direct sources of younger zircons. Hence, in this case the actual depositional age represented by the youngest
zircon age is likely incorrect.

El Calvario Member: Estimated age range of ~91 to ~83 Ma. Some major differences show up when consider-
ing the provenance age of the detritic sample in this member in comparison with the underlying members.
Well-defined peaks of 119 and 93 Ma come up in this member for the first time. The youngest one (93 Ma)
coincides with the age of the youngest plutonic unit of the Caleu pluton (Molina, 2014). This is consistent
with the exhumation age of the pluton determined by fission tracks data, which occurred between 94 and
90 Ma (Parada et al., 2005). The younger zircon grains of this peak (82 to 90 Ma) likely derive from the coeval
volcanic activity evidenced by the frequent volcanic intercalations in this member. The older peak (119 Ma)
coincides with the age of the Veta Negra Formation (Aguirre et al., 1999; Fuentes et al., 2005), in which the
pluton was emplaced. Thus, despite its composition of andesites and basalts, this formation appears to be an
important zircon source. This is consistent with the recurrent presence of andesite clasts containing large
plagioclase phenocrysts (a typical characteristic of the Veta Negra Formation) in the El Calvario Member
units. Three older and minor zircon peaks are also present in this Member; the first one (170 Ma) is similar
to those scarce zircons present in the Tabdn Member and hence are possibly recycled or correspond to zir-
cons derived from the volcanic Horqueta Formation. The two oldest peaks of 289 and 303 Ma, although
somewhat younger than the age of the Paleozoic Coastal Batholith (300 to 320 Ma from Deckart et al.,
2014), might be recycled or originated from that batholith, which, according to the ages in Gana and
Zentilli (2000), reached the surface at the same time that the El Calvario Member was deposited.
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According to this new information, the Las Chilcas Formation would have an age range between 105 and
83 Ma. This age range coincides well with the ages assigned to other formations interpreted to be associated
with the Peruvian tectonic phase by previous authors in Chile and elsewhere in the Andes, north and south
of the study region.

6.2. Chronology of Deformation

Based on the sedimentologic, structural and chronologic evidence provided in this article it is possible to
recognize that the transition period from the Early Cretaceous extension to the Late Cretaceous compressive
phase spans from 116 to 105 Ma when the Cerro Morado Formation was deposited in a postrift tectonic set-
ting (further described in sections 6.4 and 6.6). Subsequently, at least four periods of continuous compressive
tectonism occurred from the Albian to the end of the Cretaceous.

The first tectonic period is coeval with the early stages of the Caleu Pluton emplacement and is evidenced by
the erosion and angular unconformity exposed north of the Aconcagua Valley on the frontal limb of the
Mel6n monocline between the Cerro Morado Formation and the Tabén Member. In this region, the younger
Pitipeumo Member is absent, suggesting that uplift and erosion associated with this event either (i) elimi-
nated the Pitipeumo Member or (ii) precluded its deposition. It may also be possible that there is an onlap
relation between the Cerro Morado Formation and the Tabén Member, which could also involve the under-
lying Pitipeumo Member. In this case the Pitipeumo Member would wedge out before getting to the current
surface. Nonetheless, the abrupt facies change from the Cerro Morado Formation to the Pitipeumo Member
at 105 Ma and the clear folding and erosion process occurred to the Cerro Morado Formation before the
Tabén Member was deposited indicate that the Pitipeumo Member represents the first orogenic deposits
of the Las Chilcas basin.

The second compressive period occurs coevally with the emplacement of the last phase of the Caleu Pluton.
This period is recorded by the unconformity between the Pitipeumo and Tabén members on the frontal limb
of the Cerro Blanco anticline. Additionally, the deep incision in the Pitipeumo Member filled by the basal
Tabon conglomerates and the growth strata geometry developed in these conglomerates to the east of the
anticline’s frontal limb, indicate that the anticline growth occurred, at least in part, simultaneously with
the accumulation of the Tabon conglomerates. These thick molassic successions deposited in this subphase
and the structures described above possibly define this as the stronger compressive period within this major
compressive phase. The age obtained in the Tabén Member indicates that the deformation in this period
occurred between ~100 and ~95 Ma.

The third deformation period is recorded by the Los Maquis backthrust, which developed after the deposi-
tion of the Tabén Member, being partially sealed by the El Calvario Member. Based on this, it can be
concluded that the compressive period occurred coevally with deposition of the Nilhue Member. An age
of 91.1 + 0.74 Ma obtained at the base of the El Calvario Member, on top of the Los Maquis backthrust
constrains the age of this deformation period. The absence of the Nilhue Member in some sections south
of the Aconcagua Valley might also reflect the deformation and erosion process generated during this period.

Finally, evidence for a fourth gentle deformation period is recorded by wide N-S folds in the El Calvario
Member. This structure is unconformably covered by the almost flat-lying Lo Valle Formation, in which a
sample close to its base yielded 73.3 + 0.45, sealing and limiting the Late Cretaceous deformation phase.

These four compressive periods indicate the existence of a compressive regime throughout the Late
Cretaceous and particularly all along the deposition of the Las Chilcas Formation. Its synorogenic nature
occurred in relation to the development of compressive structures and growth strata. The thick molassic
Tabén Member is regarded as the more remarkable orogenic record in this period (100-95 Ma).

6.3. Tectonic Implications Based on Provenance Results

Provenance analyses based on the detrital zircon ages described in section 6.1 reflect a pattern of deposi-
tional evolution for the Las Chilcas Formation that can be interpreted as the result of the exhumation of
arc-related volcanic and intrusive units cropping out in the current Coastal Cordillera (Figure 8a).

Provenance variations document a normal unroofing of the mid-Cretaceous and Early Cretaceous arc
sequences during this period. The units under erosion are recorded in this order: (1) erosion coeval volcan-
ism of the Las Chilcas Formation, (2) erosion of the Cerro Morado Formation, and (3) erosion of the Veta
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Negra Formation along with the Caleu Pluton. This sequence indicates that the bulk of the sediments supply
into the Las Chilcas Formation came from these arc-related Cretaceous sources. At the same time a coeval
exhumation of western older units as Jurassic sediments and Paleozoic intrusive units took place. This is
recorded by apatite fission track exhumation ages of both Jurassic and Paleozoic intrusions in the Coastal
Cordillera (Gana & Zentilli, 2000). However, only some rare Jurassic zircon grains are documented in the
Las Chilcas Formation (in samples LC3-1509 and LV5-1709). This can be interpreted as a consequence of
an exhumation process taking place in two structurally different uplifted blocks: the eastern block, which
exhumated the arc-related Cretaceous volcanics, supplying sediments to the Las Chilcas Formation, and
the western block uplifting and exhuming the Jurassic units, supplying sediments to the west and only
locally to the Las Chilcas Basin.

The eastern block, which uplifted and exhumed the arc-related Cretaceous units, matches appropriately
with the structural interpretation described below in section 6.4 for the inverted Cretaceous basins.

6.4. Interpretation of the Deep Structure

The uplift, erosional and depositional evolution characterized above provides good approximation of the
tectonic processes involved in the deposition of the Las Chilcas Formation. Still, representing the upper crust
architecture by cross sections permits to interpret the overall vergency, deformation mechanisms and the
controlling structures, which are key elements for the subsequent interpretation of the paleogeographic
changes generated by the compressive periods described above. As indicated previously, little information
could be obtained directly from observation of the fault planes, since there is practically no evidence to deter-
mine their geometry at depth. Thus, faults movements have been interpreted based on their effects on the
exposed stratified succession and the contact with intrusive bodies. We present next two cross sections
(Figure 8b), which are an interpretation of the structural model based on the inversion of previous normal
faults in a half-graben array, that participated in the evolution of the extensional Early Cretaceous intra-arc
basins. This west dipping half-graben array is preferred since it is consistent with the east vergence of the
main structures throughout the area. In addition, this architecture has been consistently recorded in other
Early Cretaceous basins in Chile as the Chadarcillo (Martinez et al., 2013) and the Quebrada Marquesa
(Del Real & Arriagada, 2015) basins. Further justification for the interpretation of the deep architecture of
every structure is described below; however, this model has not been tested in a restoration software; hence,
different structural architectures may still be possible. The method how these sections were constructed is
detailed in the supporting information section.

Although several N-S oriented normal faults have been mapped in the Veta Negra Formation in this and pre-
vious studies (Boric et al., 2002), no definitive structural evidence has been provided indicating extensional
conditions during deposition of this volcanic unit. However, as previously described, the Veta Negra
Formation is interpreted to have been deposited under extreme extensional tectonics on a thin continental
crust (Vergara et al., 1995). The presence of roof pendants of the Veta Negra Formation (see cross section
A-A’ in Figure 8b) over the Caleu pluton, which was emplaced at 7 km depth (Parada et al., 2005), and
the fact that some of the highest ridges (>2,000 m of altitude) of the Coastal Cordillera in this region consist
of the Veta Negra Formation suggest that the structural style of the region can be related to inversion of a
former extensional basins that accommodated the Early Cretaceous volcanics. Furthermore, similar features
to those observed in the asymmetric, long-wavelength Cerro Blanco Anticline with a tight hinge and a steep
frontal limb onlapped by growth strata have been reconstructed in analogue modeling experiments for the
inversion of synrift sedimentary piles along a steep west dipping positively inverted listric fault (Gomes
et al., 2006; McClay & Buchanan, 1992; Yamada & McClay, 2003).

Similar to what is observed in the Cerro Blanco anticline, but at a larger scale, the Mel6n monocline is an
asymmetrical and long-wavelength fold with a steep east dipping frontal limb that reaches 45° east dip
toward a NS lineament correlated with the Los Perros Fault. According with the previously described ana-
logue models, the Melon monocline could also result from inversion of a deeply rooted west dipping inverted
listric fault with a thick synrift volcano-sedimentary pile on the hanging wall, resulting in an inverted half-
graben. This architecture would explain the extraordinary thickness of the Veta Negra Formation (up to
6,000 m), as the product of a deep-rooted master fault to the east and a thinning of the sequence to the west.
The half-graben structure inversion during the Late Cretaceous is supported by the unconformity between
the Cerro Morado Formation and the Las Chilcas Formation. The occurrence of several normal faults
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Las Chilcas Formation. (b) Cross sections; A-A’ corresponds to south of the Aconcagua Valley and B-B’ to the north of the same Valley (see explanation in the text).

affecting the Veta Negra Formation in the Melén monocline, with parallel strikes to the monocline, can be
interpreted as accommodation antithetic and synthetic structures generated during the development of the
monocline. To the south of the Aconcagua Valley, yet on the western side of the Los Perros Fault, the rapid
exhumation of the Caleu Pluton between 97 and 93 Ma (Parada et al., 2005) also supports the existence of an
important and deep-rooted structure uplifting the pluton. A hypothetical basal detachment deeper than
7 km would be needed to better reproduce the geometry of the Melén monocline. This deep detachment
would also explain the 7 km exhumation of the Caleu pluton.

Inversion of a single thick-skinned normal fault, in this case the Los Perros fault, cannot reproduce some key
structural features observed north and south of Aconcagua Valley such as the development of the Cerro
Blanco anticline and its related thin-skinned deformation to the east and the 20-30° tilting of the Veta
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Negra and Cerro Morado formations to the east of the Los Perros fault north of Aconcagua Valley. In con-
sequence, another reverse or inverse fault with a ramp-flat geometry is necessary farther east (El Sauce
Fault), conforming a couple of partially inverted half-grabens (“domino model”). In this model, the transi-
tion from the El Sauce fault ramp to an upper shortcut would allow: (i) the tilting of the Cerro Morado
Formation and the overlying Las Chilcas Formation north of the Aconcagua Valley and (ii) the generation
of the Cerro Blanco anticline, as represented in the cross sections.

According to this model the Veta Negra Formation has been deposited, at least in the eastern side of
the intra-arc basin, in a half-graben structural array with listric faults controlling the deposition of
the volcanic sequence. The Cerro Morado Formation represents the postrift deposits in which the El
Sauce fault was propagated subhorizontally to the east, hindering the observation of the El Sauce fault
in surface. Finally, the Las Chilcas sediments are deposited as the product of the inversion of the half-
graben array.

6.5. Tectonic Setting of the Las Chilcas Basin

The tectonic phase that caused inversion of the described Early Cretaceous extensional basins created a
major impact along the continental margin, including the development of the Las Chilcas basin.
Integration of the different aspects related to the basin treated in this article suggests that the Las Chilcas
Formation accumulated in a retro-arc position during mid-Cretaceous to Late Cretaceous contraction.
The stratigraphic record and thickness of the accumulated sediments also suggest that during the initial
stages of this period the floor of the basin reached the sea level and afterward was filled with synorogenic
continental deposits and volcanic layers.

In foreland basin systems (DeCelles & Horton, 2003), the frontal part of the orogenic wedge is buried by syn-
depositionally deformed wedge-top fluvial and alluvial sediments, characterized by immature and coarse
textures and by growth structures and progressive unconformities. Frontal thrusts in this depozone are com-
monly blind, tipping out in the cores of fault propagation anticlines. These features indicate that wedge-top
sediment accumulations are then deformed at or near the synorogenic erosional/depositional surface (as
opposed to deeply buried deposits, isolated from the surface) (DeCelles & Giles, 1996).

In this context, the Las Chilcas Formation and particularly the Tabén Member compares well with the
described lithofacies and structures from wedge top sediments. Also, consistent with this tectonic setting
is the coeval arc proximity (the Caleu pluton emplaced directly the west of the basin deposits). The absence
of postdepositional deformation and cannibalization of the Las Chilcas basin could be explained by the
migration of the deformation front toward the foreland in the Late Cretaceous by a deep eastward
propagating fault.

Deep-rooted structures controlled the evolution of the Las Chilcas basin on the eastern side of the
uplifted arc; however, not much shortening has been accommodated at this time, despite the extended
exhumation in the entire coastal range. Then, basin subsidence would be controlled by the high uplift
rate and low shortening rate, which was not sustained at depth by crustal thickening. This can be
regarded as a characteristic of the initial stages of this incipient foreland basin system. The described
setting can also be assigned to the retroside basin of a subduction wedge as has been described by
Comte et al. (2019).

6.6. Paleogeographic Evolution of the Las Chilcas Basin

It is described next a summary of the Cretaceous paleogeographic evolution based on the stratigraphic,
sedimentologic, chronologic, and structural results obtained in this study (Figure 9).

Between 116 and 105 Ma, volcanic activity associated with tectonic extension ceased in the Veta Negra basin.
Immediately after, arc activity resumed with a more explosive volcanism, covering the previous deposits and
basin margins with 1,500 m of pyroclastic and lava material of the Cerro Morado Formation.

Basin inversion began at ~105 Ma; at this moment the Veta Negra basin was partially uplifted by the Los
Perros fault. The considerable uplift generated subsidence to the east of the main structures, creating a
retro-arc basin, which was initially filled with sea water. This setting is revealed by the existence of the
marine limestones described in this study and by Arévalo (1992) at the bottom of the Pitipeumo
Member. The basin was subsequently filled with fluvial, alluvial, and volcanic deposits represented in
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the middle and upper portions of the Pitipeumo deposits. This first compressive period is coeval with the
exhumation event recorded in the intrusive rocks of the Coastal Cordillera between 106 and 98 Ma by

Gana and Zentilli (2000).

During the Cenomanian (100-95 Ma) further deformation is recorded by the Cerro Blanco anticline growth.
Its uplift caused an initial accumulation of coarse-grained alluvial fan succession on the foothills of the
anticline. These deposits were subsequently covered by high-energy wandering fluvial deposits, represented
by the upper portion of the Tabén Member. During this period inversion caused uplift of the westernmost
blocks of the Andean margin permitting erosion of the Jurassic intra-arc successions. Probably, the high
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compressive stresses caused cessation of the volcanic activity and the magmas remained captured in the
continental crust forming the deep-seated Caleu pluton.

In the Turonian (95-91 Ma) the retro-arc basin was flooded again but this time by probably fresh water,
creating conditions for deposition of the calcareous layers of the Nilhue Member. In case that these lime-
stones were marine (scenario discussed in section 3.3), the paths through which the ingression occurred
are unknown. An explanation for the development of this short-lived marine or fresh water basin may be
related to crustal bending caused by the load generated by the newly uplifted block. During this stage com-
pression was still active and caused deformation on the more distal deposits, evidenced by the propagation of
the Los Maquis backthrust. In the same period, between 94 and 90 Ma, the Caleu pluton experienced high
exhumation rates (Parada et al., 2005), which strongly supports an important uplift phase and erosional
activity in the eastern Coastal Cordillera at that time.

From 91 to 83 Ma, a thick succession of alluvial conglomerates and volcanic deposits represented by the El
Calvario Member was deposited next to an important topographic relief along the arc. These deposits record
the resumption of volcanic activity, but now on top of the proximal retro-arc basin deposits generated during
previous stages, recording an eastward shift of the volcanic activity and possibly also the eastward migration
of the basin axis. No direct evidence for compressional activity has been recorded during deposition of the El
Calvario Member; however, the thick alluvial deposits in this member indicate a strong erosional activity
centered in the reliefs west of the basin. A renewal of the compressive deformation is recorded toward
the end of this stage by presence of a N-S oriented, gentle fold affecting the El Calvario Member below the
unconformity that separates this member from the almost flat-laying tuffs of the Lo Valle Formation. The
latter was deposited between 73 and 65 Ma, representing a renewal of intense arc volcanism and its definitive
establishment farther east of the previous volcanic arc.

6.7. Tectonostratigraphic Relations With Other Middle to Late Cretaceous Deposits Along the
Andean Margin

Along the Andean continental margin there is vast evidence for a major tectonic phase representing a similar
shift in tectonic and paleogeographic conditions to those described in this contribution, although the
involved deposits do not always present the same characteristics.

In northern Chile, on the eastern flank of the Domeyko Range a mostly red-colored 4,000 m thick
Cretaceous succession of continental detrital, mainly coarse deposits are represented by the Tonel,
Purilactis and Barros Arana formations, included in the Purilactis Group (Bascufian et al., 2016;
Mpodozis et al., 2005). Detailed sedimentological analyses and chronological ages on detrital zircons
indicate a western and southwestern source for the deposits and have yielded ages of 107-83.6 Ma for
the Tonel Formation and the lower Purilactis Group, and of 79-65 Ma for the upper Purilactis and
Barros Arana formations. Based on the described features, the Purilactis Group has been interpreted in
earlier studies in a similar way as has been the Las Chilcas Formation deposits, as the retro-arc foreland
basin deposits located to the east of an uplifted relief formed during a major mid-Cretaceous compressive
phase (Bascufidn et al., 2016; Mpodozis et al., 2005). Farther north, similar deposits are grouped in the
Cerro Empexa Formation in the western slope of the Altiplano. Even though its ages ranges are somewhat
younger than the Las Chilcas Formation ages (85-65 Ma) (Morandé et al., 2015; Tomlinson et al., 2015),
this unit also exhibits syncompressional deposition linked to basin inversion, with a synrift interruption
during the Campanian (Morandé et al., 2015).

On the Principal Cordillera of Central Chile, in the Tinguiririca Valley, the Late Cretaceous Brownish-red
Clastic Unit (BRCU) (Charrier et al., 1996; Tapia, 2015) is a 200 to 250 m thick sedimentary succession repre-
senting alluvial fan deposits at the base and alluvial plain deposits at its upper part. The BRCU unconform-
ably overlies Late Jurassic marine deposits of the Bafios del Flaco Formation, indicating that prior to
deposition of the BRCU erosion removed the Early Cretaceous portion of the Bafios del Flaco Formation
and possibly also the overlying Colimapu Formation (Charrier, 1981; Charrier et al., 1996), removing an
estimated thickness of ~2,000 m (Charrier, 1981). The general upward fining and thinning in the BRCU
indicate retrograding deposition in a subsiding basin (Charrier et al., 1996). Recent datings on detrital zircon
crystals in the BRCU confirm a Late Cretaceous age and provide maximum depositional ages between 96.4
and 83.8 Ma (Tapia, 2015), somewhat younger than the oldest ages than the Las Chilcas Formation. All this
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evidence along with the existence of only Cretaceous components in the zircon populations of the BRCU
(Muiioz et al., 2018; Tapia, 2015) suggests that it represents more distal deposits in the same Las Chilcas
basin flanked to the west by the Cretaceous arc.

In the Mendoza-Neuquén basin of central southern Argentina, recent studies on two unconformably super-
posed mid-Cretaceous to Late Cretaceous sedimentary units—the Barremian to Aptian Bajada del Agrio and
the Cenomanian to Campanian Neuquén Groups—provide important evidence for a major uplift and com-
pressive deformation at this time (Di Giulio et al., 2017; Horton et al., 2016; Horton & Fuentes, 2016; Tunik
et al., 2010). Recent studies deduced a major paleogeographic change at ~100 Ma based on (i) the unconfor-
mity between the mentioned units, (ii) a regional westward thickening of the Neuquén Group, (iii) syndepo-
sitional thrust faults, and (iv) major paleocurrents and detrital sources changes from one unit to the other. It
was considered the cause of the change to be the uplift and exhumation of the Andean arc located to the
west. Similarly, in the La Ramada basin in the northern portion of the Neuquén basin, a dramatic change
in the detrital zircon provenance occurs from the lower section to the upper section of the Diamante
Formation, between 90.4 + 2.0 and 84.0 + 0.7 Ma (Mackaman-Lofland et al., 2019). According to
Mackaman-Lofland et al. (2019), this change initiates the supply of recycled zircons from Andean meta-
morphic complexes exhumed at that time. The arc exhumation would have resulted in the transition from
a back-arc basin to a foreland basin setting in the Neuquén area. Complementing this idea, in the
Malargiie area in the Argentinean foreland, Balgord and Carrapa (2016) suggested that initiation of the
Malargiie thrust fold belt occurred at 97 + 2 Ma and that from this moment onward the Andean orogen
was the main source for the deposits in the Neuquén basin.

The evidence from the Neuquén basin in Argentina indicate that deposition of the Diamante Formation and
Neuquén Group units occurred in the middle and distal portions of the foreland basin, in the foredeep zone
(Balgord & Carrapa, 2016; Horton et al., 2016; Horton & Fuentes, 2016), differently to the wedge-top setting
interpreted for the Las Chilcas Formation. Besides, relevant chronologic differences can be identified
between the Las Chilcas Formation and the Late Cretaceous Argentinean foreland deposits. For the latter,
no tectonic change has been recorded prior to the 100 Ma erosional surface, differently to the first evidence
for the onset of a compressive setting in the Las Chilcas Formation (105-100 Ma). This difference can be
explained by the progression of deformation from west to the east; hence, the first structures were developed
in the coastal region and then progressed eastward. Supporting this idea, Di Giulio et al. (2017) claimed that
the regional scale uplift affecting the arc in Cretaceous time caused only slight tilt on the stratified levels in
the external foreland because the initial uplift phase was caused by a large-scale continental folding during
the initial stages of the compressive period (~100 Ma), before full development of thrust tectonics and retro-
arc foreland basin development. This is consistent with the thick-skinned structures activity described for
the Las Chilcas Formation in this contribution. The progression of the orogenic front toward the foreland
during the Late Cretaceous has been well documented by Fennell et al. (2017) in the Malargiie thrust-fold
belt. They claim that the orogenic front was 400-500 km east of the present-day trench in the late stages
of the Late Cretaceous.

In the marine Rocas Verdes basin—southern Chile—a major coeval tectonic change is also reflected in the
sedimentation conditions. A Late Jurassic extensional period was followed by subsidence and a marine
ingression during Berriasian-Aptian time. In Aptian-Albian time, the area was affected by a tectonic phase
that initiated the closure of the Rocas Verdes basin and subsequent development of a foreland fold-and-
thrust belt, which resulted in exhumation and sediment supply to the foredeep (Cecioni, 1957; Malkowski
etal., 2017). Although in a different environment, this evolution shows that a major and regionally extended
tectonic phase occurred in mid-Cretaceous time in the central and southern Andes.

Other regions on the continental margin of South America show similar major modifications in mid-
Cretaceous time (Horton, 2018a) supporting the regional existence and importance of this tectonic phase.
These changes have been well documented in the Celica - Alamor basin in southern Ecuador (Jaillard
et al., 1999), which extends southward to the Lancones basin, in northern Peru, and to the Querque basin,
in southern Peru (Carlotto et al., 2009). In both basins, the Early Cretaceous deposits accumulated under
extensional conditions. In the Lancones basin, a major change in the tectonic conditions is documented
around 100 Ma and in the Querque basin in the Cenomanian. This major change in both basins is
represented by an angular unconformity and has been interpreted to have been caused by inversion of the
previous extensional basins.
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7. Conclusions

1. A major tectonic and paleogeographic reorganization occurred along the western Gondwanan margin at
the Early to Late Cretaceous transition. This phase originally named Peruvian Phase caused in Central
Chile important arc uplift and exhumation.

2. The uplift of the arc and the exhumation of the associated intrusions are interpreted as caused by the
inversion of Jurassic-Early Cretaceous basins.

3. Asaconsequence of this tectonic phase, a retro-arc basin, whose wedge-top deposits are recorded by the
Las Chilcas Formation, was formed adjacent to the mid-Cretaceous to Late Cretaceous magmatic arc.
This 3,000 m thick volcano-sedimentary succession represents the deposits resulting from the intense
erosion affecting the uplifted Andean arc regions.

4. Provenance analysis in the Las Chilcas basin indicate a gradual uplift and unroofing of the Early
Cretaceous volcanic arc from 105 to 85 Ma.

5. The Las Chilcas basin was dominated by high-energy synorogenic alluvial fan systems with volcanic
influence. At the base of the Las Chilcas Formation, the record of a marine transgression suggest that
the basin was initially close to the sea level and provide evidence of subsidence in the retro-arc.

6. The mid-Cretaceous to Late Cretaceous orogenic phase recorded in the Las Chilcas Formation is consis-
tent with the arc exhumation and compressive evidence recorded in the Cretaceous foreland basins
described at that time along the Andean margin.

7. The arc exhumation through deeply rooted reverse structures, the scarce shortening, and the disposition
of a retro-arc basin inundated during its initial stages by marine water and afterward filled by continuous
alluvial discharge with strong volcanic influence can be regarded as a characteristic response of a thinned
crust to long-lived orogenic phases in subduction margins or, according to Comte et al. (2019) to the
result of uplift and exhumation of a subduction wedge.
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