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The stratigraphy of the Bahía Inglesa Formation in the Caldera Basin west of Copiapó, (north-central Chile) is re-
vised, based on hitherto unpublished stratigraphic sections and 87Sr/86Sr dating. The depositional environment
varied from a rocky shoreline to the upper continental slope, with sea-level oscillations and tectonic movements
causing numerous local unconformities as well as lateral and vertical facies changes. Geohistory and sedimento-
logical analyses show that the area was close to the concurrent sea level at about 15.3 Ma, but at the same time
being elevated about 100 m above the present sea level. Although the basin then subsided at least 350 m until
around 6Ma,marinedepositionwas only recorded after 10.4Ma. This suggests that the sea level initially dropped
faster than the rate of subsidence so that subaerial erosion occurred. The period of subaerial exposure before
10.4 Ma can be attributed to the presence of a NE-trending branch of the Juan Fernández Ridge below the conti-
nental crust at this time, whereas the ensuing subsidence was due to subduction erosion and crustal accommo-
dation in itswake as itmigrated south along the South American coastline. The subsequent uplift of at least 250m
can be explained by an acceleration in plate expansion and isostatic rebound of the continental crust after being
partially submerged in the upper mantle. The uplift–subsidence–uplift pattern mirrors those recorded around
the Nazca Ridge in Peru, as well as in similar basins to the south of Caldera. However, a higher southward migra-
tion rate of the Juan Fernández Ridge against the edge of the South American Plate and less intense uplift–
subsidence–uplift cycles are recorded in the latter basins. This can possibly be attributed to oroclinal bending
of the ridge due to friction with the overlying continental plate, which diminished the angle of incidence and
the intensity of the stress field, but increased the migration velocity of the ridge relative to the coastline.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

A prominent feature of the Pacific coastline of South America be-
tween 2° and 47°S is the presence of Neogene sedimentary basins
with similar structural and sedimentological characteristics (Fig. 1). In
Chile, during the last few decades, many of these basins have been stud-
ied intensively (e.g. Marquardt, 1999; Hartley et al., 2001; Godoy et al.,
2003; Gómez, 2003; Le Roux et al., 2004, 2005a,b, 2006, 2008;
ía, Universidad de Chile, Plaza
Marquardt et al., 2004; Suárez et al., 2004, 2006; Walsh and Suárez,
2005, 2006; Encinas, 2006; Walsh and Martill, 2006; Finger et al.,
2007; Sallaberry et al., 2007; Encinas et al., 2008, 2010; Gutiérrez,
2011; Carreño, 2012; Gutiérrez et al., 2013; Pyenson et al., 2014). In
spite of this effort, however, manyuncertainties still remainwith regard
to their ages, depositional environments, and inter-basinal correlations
(e.g. Finger et al., 2013; Le Roux et al., 2013, 2014; Encinas et al., 2014;
Spiske et al., 2014; Le Roux, 2015). Here, we present an interpretation
of the stratigraphy, age, depositional environment, and tectonic setting
of the Bahía Inglesa Formation in the Caldera Basin west of Copiapó,
based on as yet unpublished stratigraphic sections measured through-
out the basin (Le Roux, unpublished work, Achurra, 2004; Henríquez,
2006; Carreño, 2012).
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Fig. 1. Neogene sedimentary basins along the Chilean coastline.
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2. Geological background and previous work

The Caldera Basin is located at the northern margin of the so-called
flat slab region, which is characterized by low-angle subduction proba-
bly related to the presence of multiple ocean ridges (Pardo et al., 2002;
Le Roux et al., 2005a). The basin developed over a distance of 43 km on
the coastal plain between Caldera and the mouth of the Copiapó River,
with amaximumwidth of about 20 km from the coastline to the Coastal
Range (Fig. 2). It is filled by a Neogene marine succession directly
overlying Paleozoic metamorphic rocks and Mesozoic granitoids
(Marquardt, 1999; Godoy et al., 2003).

Three Neogene units have been identified within this basin (Rojo,
1985; Marquardt, 1999; Godoy et al., 2003; Marquardt et al., 2004),
namely, the Angostura Formation, the Bahía Inglesa Formation, and the
Caldera Beds. The Bahía Inglesa Formation, cropping out between the
Copiapó and Caldera Bays (Fig. 2), is a semi-consolidated succession of
(bio)clastic and phosphatic rocks characterized by numerous lateral and
vertical facies changes. Near Puerto Viejo (Fig. 3), it unconformably over-
lies the Angostura Formation of early to middle Miocene age (Marquardt
et al., 2000). Further north, at Playa Chorrillos (section 17 in Fig. 3), it has a
non-conformable contact with the Jurassic Morro Copiapó Granodiorite
(Fig. 2). It is overlain, in turn, by the Pleistocene Caldera Beds (Gutstein
et al., 2009; Valenzuela-Toro et al., 2013).

Different authors have dated the Bahía Inglesa Formation on the
basis of shark teeth (Rojo, 1985; Suárez et al., 2004; Suárez, 2015),
paleomalacology (Herm, 1969; Mortimer, 1969; Guzmán et al., 2000),
micropaleontology (Herm, 1969; Marchant et al., 2000; Achurra, 2004;
Henríquez, 2006), morphostratigraphic relationships (Marquardt, 1999;
Marquardt et al., 2000), K-Ar dating (Marquardt, 1999), and Sr isotopes
(Achurra, 2004; Henríquez, 2006) as middle Miocene to Pliocene. Re-
cently, a rich fossil mammal site (Cerro Ballena, section 32 in Fig. 3)
was age-bracketed by Pyenson et al. (2014) on the basis of co-existing
shark and aquatic sloth species as late Tortonian to early Messinian.
The Caldera Beds at the same location have yielded macrofossils
of Pleistocene age (Long, 1993; Suárez et al., 2010; Valenzuela-Toro
et al., 2013).

The depositional environment has been interpreted as ranging from
the littoral zone to the upper continental slope (about 800 m depth)
based on benthic foraminifers (Achurra, 2004; Henríquez, 2006) and
sedimentary facies (Marquardt, 1999; Walsh and Hume, 2001; Godoy
et al., 2003; Achurra, 2004; Henríquez, 2006; Walsh and Suárez, 2006;
Achurra et al., 2009).

More than 60 species of vertebrates have been recorded from the
phosphatic bonebeds south ofCaldera (Suárez et al., 2002, 2004;
Suárez, 2015; Bianucci et al., 2006; Gutstein et al., 2007, 2008, 2015;
Rubilar-Rogers et al., 2009; Valenzuela-Toro and Gutstein, 2015),
including chondrichtyan fishes (sharks, rays, and chimeroids), reptiles
(crocodiles), sea birds (penguins, albatrosses, boobies, cormorants,
and petrels), marine mammals (whales, dolphins, seals, dugongs,
and marine sloths) and continental mammals (capybaras). These



Fig. 2. Simplified geological map of the Caldera Basin (after Godoy et al., 2003), showing localities mentioned in text.
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phosphatic bonebeds and the recent fossil whale discovery at Cerro
Ballena represent some of the best preserved fossil sites in the world
(Pyenson et al., 2014).

3. Stratigraphy

A total of 32 stratigraphic sections were measured in the Bahía
Inglesa Formation since 2003 (Fig. 3; Appendix), but the majority of
these profiles have only been recorded in unpublished graduate and
masters theses (Achurra, 2004; Henríquez, 2006; Carreño, 2012). Of
these, section 18 (Le Roux, unpublished work) lies within a submarine
canyon cutting through older strata of the Bahía Inglesa Formation, so
that the canyon-fill deposits cannot be correlated directly with the
rest of the Bahía Formation profiles, even though they are considered
to belong to the same succession.

Henríquez (2006) studied the area from just south of Puerto Viejo
to Punta Totoral, whereas Le Roux (unpublished work), Achurra
(2004), and Carreño (2012) examined the northern sector between
Punta Totoral and Quebrada Blanca (sections 13 and 31). Fig. 3
shows the locations of the measured sections, numbered as 1–32
from south to north, whereas Table 1 compares these numbers
with the original profile designations. The correlation of selected
measured profiles across different parts of the basin is shown in
the Appendix, in order to demonstrate the stratigraphic control
used as a basis for the stratigraphic subdivision and geohistory
analysis.



Fig. 3. Localities of measured stratigraphic sections between Puerto Viejo and Caldera: see Table 1 for original designations by Achurra (2004), Henríquez (2006), and Carreño (2012).

35J.P. Le Roux et al. / Sedimentary Geology 333 (2016) 32–49
While Henríquez (2006) identified 13 units in his study area,
Achurra (2004) and Carreño (2012) identified 8 and 9 units, re-
spectively. These are here reinterpreted and subdivided into formal
Table 1
List of original measured sections and present designations numbered from 1 to 32. Loca-
tions are shown in Fig. 2. Letters in brackets indicate original author (H=Henríquez; A=
Achurra; C = Carreño; L = Le Roux).

1. Quebrada Añañucal (H)
2. Desembocadura El Pimiento (H)
3. Quebrada Río Copiapó (H)
4. Quebrada Puerto Viejo (H)
5. Playa Norte Puerto Viejo (H)
6. Desembocadura Sur, Quebrada Copiapó (H)
7. Desembocadura Norte, Quebrada Copiapó (H)
8. Las Salinas (H)
9. Quebrada La Higuera (H)
10. Cerro Testigo, Quebrada la Higuera (H)
11. Cerro Extremo Norte, Quebrada La Higuera (H)
12. Corte Camino, Quebrada La Higuera (H)
13. Punta Totoral (H)
14. AL-1 (A)
15. Chorillos 4, CHO-4 (A)
16. Chorillos 3, CHO-3 (A)
17. Playa Chorillos Sur, PCS (L)
18. Playa Chorillos Norte, PCN (L)
19. LT-2 (A)
20. LT-1 (A)
21. Chorillos 1, CHO-1 (A)
22. Chorillos 8, CHO-8 (A)
23. Los Amarillos, LA (C)
24. El Morro 1, EM-1 (A)
25. El Morro, EM (C)
26. Quebrada El Morro, QEM-1 (A)
27. Mina Fosforita, MF (C)
28. Los Negros, LN (C)
29. Quebrada El Morro 3, QEM-3 (A)
30. Rocas Negras, RN-1 (A)
31. Quebrada Blanca, QBL-1 (A)
32. Cerro Ballena, CB (C, L)
members with geographical names, according to the rules of the
International Subcommission on Stratigraphic Classification of the
IUGS Commission of Stratigraphy (Hedberg, 1976). Fig. 4 shows a com-
posite stratigraphic succession of the Bahía Inglesa Formation based on
selected, measured type sections of the different members.

3.1. Angostura Formation (units 1 and 2 of Henríquez, 2006)

The Angostura Formation is present along the lower reaches of the
Copiapó River and possibly in an isolated outcrop in Quebrada La
Higuera (Fig. 2; localities 2, 3, and 9 in Fig. 3). It is composed of two con-
glomerate units separated by an erosional contact.

The basal conglomerate (unit 1 of Henríquez, 2006) has an average
thickness of 2.5 m, overlying the Jurassic basement gabbros with a
non-conformable contact, and consists of fine, matrix-supported, hori-
zontally stratified conglomerate with reddish, poorly sorted, angular
granitoid clasts. Thematrix ismedium-grained sandstone that generally
fines upward. Some bioclasts, mostly broken Balanus shells filling shal-
low channels, are present. Henríquez (2006) correlated only this part of
the Angostura Formation (as defined here) with the Angostura Gravels,
whereasGodoy and Lara (1998) noted an erosional contact between the
latter and the overlying Bahía Inglesa Formation. It is not clear whether
the latter authors considered the second conglomerate mentioned
above to be part of the Bahía Inglesa Formation, or whether they re-
ferred to another conglomerate at the base of the El Pimiento Member.
Whatever the case may be, the lower conglomerate unit has a middle
Miocene age (Godoy et al., 2003), whereas the second conglomerate
was dated by 87Sr/86Sr on a Chlamys specimen at 15.3 ± 0.6 Ma
(Henríquez, 2006). Although erosional contacts are common among
the different units of the Bahía Inglesa Formation, the 5-million-year
age difference between the Angostura Formation and the El Pimiento
Member (of which the basal part was dated at 10.4 ± 0.9 Ma by
Henríquez, 2006), indicates a major unconformity, so that the upper
conglomerate cannot be included as a member of the Bahía Inglesa For-
mation (Henríquez, 2006).



Fig. 4. Type sections of the different members of the Bahía Inglesa Formation. For location, see Fig. 3.
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Fig. 5. Conical trace fossils in the El Pimiento Member, attributed to the feeding activity of
stingrays.
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The upper part of the Angostura Member (unit 2 of Henríquez,
2006), reaches a thickness of about 5 m and has a polymictic, clast-
supported conglomerate at the base, showing angular pebbles and cob-
bles in a medium-grained sandstone to gravelly matrix. It grades up-
ward into very coarse, poorly sorted, matrix-supported conglomerate
with subrounded boulders up to 1 m in diameter. The percentage of
bioclasts (Balanus, Ostrea) gradually increases upward so that the rock
grades into a biocalcirudite, before reverting again to a matrix-
supported, polymictic conglomerate with bioclast fragments.

Benthonic foraminifer species recorded in the Angostura Formation
include Bolivina bicostata Cushman 1937, Bolivina pseudospissa,
Buliminella elegantissima d´Orbigny 1839, Buliminella peruviana Cush-
man and Stone 1947, and unidentified species of Hoeglundia and
Pseudononion.

The presence of Balanus, Ostrea, and Chlamys shell fragments sug-
gests marine interaction along the lower reaches of the paleo-Copiapó
River, along which the Angostura gravels were transported from the
continental hinterland. In the Central Valley of the Atacama Region of
north-central Chile, the Angostura Gravel Formation (Mortimer, 1973)
reaches a maximum thickness of about 500–600 m (Gabalda et al.,
2005),where it was deposited in large alluvial fans. In the coastal sector,
however, it has a very limited thickness (7.5 m), but it is still possible to
show its distribution on a 1:50,000 map due to its horizontal disposi-
tion. Therefore, there is no need for a change in rank to that of a mem-
ber, and in any case it does not form part of any formal formation at
this locality.

3.2. Bahía Inglesa Formation

3.2.1. El PimientoMember (unit 1 and basal part of unit 2 of Achurra, 2004;
units 3 and 5, basal part of unit 6 of Henríquez, 2006)

Henríquez (2006) identified three units (3–5) overlying his unit 2
(here includedwithin the AngosturaMember), but the contact between
his units 4 and 5were never directly observed in the field. Furthermore,
the latter unit generally overlies the Jurassic basement directly (sections
4, 5, 6, 8, and 13), is lithologically similar to unit 3 (mainly
biocalcarenites, biocalcirudites and sandstones), and was dated (ac-
cording to stratigraphic position) at 10.3 ± 0.9 Ma (Table 3.3;
Henríquez, 2006), which coincides with the 87Sr/86S age of 10.4 ±
0.9 Ma for his unit 3. Therefore, in the absence of evidence to the con-
trary, units 3 and 5 of Henriquez (op cit.) are here considered to be
stratigraphically equivalent and to formpart of the El PimientoMember.

In sections 2 and 3, the El Pimiento Member (unit 3 of Henríquez,
2006) overlies the AngosturaMemberwith a sharp to erosional contact.
This up to 24-m-thick succession consists of grey, quartz-rich, medium-
grained biocalcarenites and fine to medium, micaceous quartzarenites
containing up to 15% Ostrea, Balanus, Chlamys and unidentified gastro-
pod fragments. The contacts between these lithologies are gradual and
the percentage of bioclasts decreases up the profile.

In section 4, the lower part of unit 6 of Henríquez (2006) is consid-
ered to belong to the upper part of the El Pimiento Member, which
here consists of an up to 2-m-thick, well-imbricated conglomerate con-
taining fine-grained sandstone, phosphate, and granitoid clasts with
scarce shell fragments. This is followed by 2.5 m of grey, medium-
grained sandstones with thin calcirudite intercalations showing low-
and high-angle planar cross-lamination. The underlying unit 5 of
Henríquez (2006) at this locality is also considered to be part of the El
Pimiento Member, being composed of medium- to coarse-grained
biocalcarenites and sandstones.

In the nearby section 5, unit 5 of Henríquez (2006) is up to 11m thick,
consisting mainly of medium- to coarse-grained, massive calcarenites
with scarce bioclasts, as well as biocalcarenites and minor shale.

In section 6, this unit consists of 11 m of sandstone with rare
bioclasts. The nearby section 7 starts with coarse, lithic biocalcarenites
containing about 20% unidentified, highly fractured bivalves and gastro-
pods, grading towards the top into grey calcirudites with numerous
basement crystals, and finally into yellowish, massive, well-cemented
(bio)calcarenites with 5%–40% bioclasts.

The El Pimiento Member in section 8 consists of 6 m of medium- to
coarse-grained biocalcarenites, in this case overlain with an erosional
contact by the Punta Totoral Member.

In section 13, the El Pimiento Member has a non-conformable con-
tact with Jurassic intrusives and forms a 21-m-thick, generally fining-
upward succession of biocalcirudites, (bio)calcarenites, and minor
sandstones with sparse bioclasts. In the basal biocalcirudites, which
contain scattered, well-rounded basement clasts up to 10 cm in diame-
ter, shell fragments make up to 70% of the rock, although whole Ostrea
sp. also occur. The (bio)calcarenites are medium- to coarse-grained
and contain between 10% and 80% bioclasts, as well as sub-angular to
rounded basement clasts reaching 5 cm in diameter. Trace fossils in-
clude Skolithos and Thalassinoides.

Section 14 of Achurra (2004) is almost identical to section 13 of
Henríquez (2006), but plots somewhat to the north of the latter accord-
ing to the provided coordinates. The basal 20 m were considered by
Achurra (2004) to belong to his unit 1. In addition to Skolithos and
Thalassinoides, conical structures (Fig. 5) were observed, which are sim-
ilar to those interpreted by Buck and Goldring (2003) as caused by the
collapse of Diplocraterion parallelum, or by Howard et al. (1977) as due
to the feeding activity of stingrays.

In section 16, the El PimientoMember (unit 1 of Achurra, 2004) con-
sists of 16mof generallymassive, but occasionally horizontally laminat-
ed biocalcarenites and biocalcirudites with scarce, reddish claystone
lenses. Bioturbation is common, including tubes up to 40 cm long and
3 cm in diameter, probablymade by arthropods.Ostrea and Balanus fos-
sils occur near the base.

Section 21 shows about 5 m of coarse, bioturbated biocalcarenites
overlying the basement, followed by 1.5 m of shale with slump
structures and 7 m of sandstones largely devoid of shell fragments.
Small paleochannels and rip-up clasts are present. This interval
was considered by Achurra (2004) to belong to the basal part of
his unit 2.

The benthonic foraminifer species B. elegantissima, Pseudononion
basispinatum, and B. pseudospissa, as well as unidentified species of
Buccella, Hansenisca, and Cibides were recorded within the El Pimiento
Member. Planktonic foraminifers include Globigerina bulloides d´
Orbigny 1826 and Globigerina angustiumbilicata Bolli 1957, as well as
Neogloboquadrina acostaensis and Neogloboquadrina pachyderma
Ehrenberg 1861 (Table 2).

Achurra (2004) obtained two 87Sr/86Sr ages of 10.3 ± 0.9 and 8.9 ±
1.0Ma, respectively, fromhis unit 1. The sampleswere taken at the base
and 20m above the latter in section 14. Henríquez (2006), on the other
hand, dated his unit 3 by 87Sr/86Sr at 10.4 ± 0.9 Ma. Based on the



Table 2
Foraminifers identified in the Bahía Inglesa Formation, with maximum recorded water
depths and age ranges indicated.

Angulogerina angulosa: b23.03 Ma
Bolivina bicostata: 326 m (max)
Bolivina pseudospissa: 0–326 m
Bulimina marginata: 809 m (max) b 5.33 Ma
Buliminella elegantissima: 354 m (max)
Cassidulina laevigata: 2,564 m (max)
Globigerina angustiumbilicata: 921 m (max)
Globigerina bulloides: 3,780 m (max); b 56 Ma
Globigerina praebulloides: 1,101 m (max); b 37.2 Ma
Globigerinella calida: 668–3,700 m
Globigerinita glutinata: 393–3,700 m
Globigerinoides ruber: 217 m (max)
Globigerinoides trilobus: 2,578 m (max) 23.0–1.81 Ma
Globorotalia miocea conoidea: 505 m (max)
Globorotalia crassaformis: 3,700 m (max)
Globorotalia margaritae: 6–809 m
Globorotalia puncticulata: 59–137 m
Globorotalia scitula scitula: 1–415 m
Globorotalia tumida: 2,578 m (max)
Globorotaloides hexagonus: 3,700 m (max)
Gyroidina soldanii: 515 m (max)
Neogloboquadrina dutertrei dutertrei: 438 m (max)
Neogloboquadrina pachyderma pachyderma: 106 m (max)
Orbulina universa: 3,700 m (max); b 15.97 Ma
Pseudononion basispinatum: 34–192 m
Siphonodosaria advena: 13.8–3.6 Ma
Uvigerina subperegrina: 330 m (max)
Virgulinella pertusa: 2–163 m
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overlapping error brackets, this would yield a range of 9.5–9.9 Ma for
the El Pimiento Member, with a median age of 9.7 Ma.
3.2.2. Puerto Viejo Member (upper part of unit 1 and unit 2 of Achurra,
2004; unit 6 of Henríquez, 2006; unit 1 of Carreño, 2012)

The Puerto ViejoMember is composed of the upper part of unit 1 and
the greater part of unit 2 of Achurra (2004) in sections 14 and 15, aswell
as unit 6 (in sections 4, 6, and 13, respectively), of Henríquez (2006).
This predominantly fine-grained succession thins out towards the
north.

In section 4, unit 6 of Henríquez (2006) consists of 4 m of yellowish,
fine- to very fine-grained sandstones and siltstones. A sharp contact
separates these beds from the overlying, buff shales and intercalated
siltstones. Towards the top of this fining-upward succession is a 1-m-
thick, intercalated silt- and claystone unit with contorted bedding, cut
by small channels filled with mudstones. The Puerto Viejo Member is
here capped by a thin shale unit with microcoquina lenses.

Section 6 shows 3 m of and shales and calcareous siltstones with
very fine shell hash.

Section 13 consists of 6 m of reddish, bioturbated shales and fine-
grained sandstones with occasional bioclasts, parallel lamination,
high-angle planar cross-lamination, and rare ripple marks.

In section 14, the basal part of the Puerto Viejo Member was includ-
ed by Achurra (2004) into the uppermost part of his unit 1, being com-
posed of 3 m of medium- to fine-grained sandstones and shales.
However, it overlies the El Pimiento Member as defined here with an
erosional contact and is relatively free of bioclasts. The sandstones also
show wave ripple marks and some bioturbation. The upper part, de-
fined by Achurra (2004) as his unit 2, consists of 3 m of shales overlain
by about 1 m of medium to fine sandstone.

The basal part of section 15 (Achurra, 2004) is composed of 10 m of
finely laminated, bioturbated shales, which are here correlatedwith the
upper part of the Puerto Viejo Member. Achurra (2004) included this
succession in the basal part of his unit 2 at this locality.

In section 16, the Puerto Viejo Member is composed of 11 m of bio-
turbated, laminated shale with occasional slump structures.
The upper part of the Puerto Viejo Member in section 17 consists of
about 8 m of fine to medium, horizontally bedded sandstone with
Thalassinoides traces. This unit is eroded by small channels up to 10 m
wide and 1–3.5 m deep, filled with thinly bedded, fine-grained yellow
sandstone intercalated with reddish, sometimes highly contorted
shales. The channel-fill occasionally drapes over the steep northern
edges of the chutes. This section, measured by Le Roux (unpublished
work) was considered by Carreño (2012) as her unit 1.

In section 21, the Puerto Viejo Member is composed of about 8 m of
finely laminated shales.

The benthonic foraminifera of the Puerto Viejo Member include the
Bolivina species B. tumida and B. ticensis, Buliminella elegantissima,
Pseudoparrella californica, Uvigerina subperegrina, Virgulinella pertusa
Reuss 1861, Cassidulina laevigata Cushman 1922, Angulogerina
angulosa Williamson 1858, and unidentified species of Pseudononion,
Epistominella, Hoeglundia, Fursenkoina, Cibicides, and Globocassidulina.
Planktonic foraminifers observed are the Globigerina species
G. bulloides, G. angustiumbilicata, and G. praebulloides Blow 1959, as
well as Globorotalia miocea conoidea.

Although no direct dating has been done on the Puerto Viejo Mem-
ber, its stratigraphic position suggests a range between 9.7 and 9.0 Ma,
with a median age of 9.4 Ma.

3.2.3. Punta Totoral Member (upper part of unit 2, units 3 and 4 of Achurra,
2004; units 4 and 7 of Henríquez, 2006, basal part of unit 2 and 3 of
Carreño, 2012)

This unit overlies the uppermost shales of the Puerto Viejo Member
(unit 6 of Henríquez, 2006) with a sharp contact and crops out between
Puerto Viejo and El Morro de Copiapó (Fig. 2). It consists of alternating
biocalcarenites, biocalcirudites, and matrix-supported conglomerates
showing mostly gradual upper and lower contacts. Although the great
majority of bioclasts are highly fractured, some Chlamys specimens
and unidentified gastropods have been preserved whole.

In section 2, the Punta Totoral Member is a 2-m-thick, clast-
supported, medium to coarse conglomerate overlying biocalcarenites
of the El Pimiento Member with an erosional contact. It was assigned
by Henríquez (2006) to his unit 4. The clasts are polymictic, well round-
ed, poorly sorted, and vary in size between 1 and 25 cm. Well-
developed imbrication is observed, and there is an absence of bioclasts.
This bed is overlain with a sharp contact by about 2.5 m of fine tomedi-
um, massive calcarenites with scarce Chlamys fragments. Towards the
top, these are overlain with an erosional contact by a 1-m-thick,
polymictic, matrix-supported conglomerate with poorly sorted, round-
ed clasts varying from1 to 20 cm in diameter. Thematrix is composed of
medium sand and fine shell hash. In turn, this conglomerate grades into
1.5 m of medium, parallel-laminated, as well as herringbone and high-
angle planar cross-laminated sandstones intercalated with thin, well-
cemented calcirudites, and fine conglomerates.

In sections 13 and 14, unit 3 of Achurra (2004) and unit 7 of
Henríquez (2006) are 7 m thick and overlie the Puerto Viejo Member
with a sharp contact. At the base, it has a 50-cm-thick, clast-supported
conglomerate with well-rounded cobbles and boulders up to 50 cm in
diameter, in turn overlain by a succession of medium- to coarse-
grained biocalcarenites with thinner biocalcirudites and pebble-
supported conglomerates. Some high-angle planar cross-bedding was
recorded in the biocalcarenites and pectinoid fossils are present.

Section 15 shows about 16 m of interbedded fine to coarse sand-
stones with occasional ripple marks, bioturbated shales, thin, some-
times fining-upward, pebble-supported conglomerates with clasts up
to 1 m in diameter, and a meter-scale biocalcirudite about 8 m from
the base. This succession was included by Achurra (2004) in the upper
part of his unit 2, but also encompassing his units 3 and 4. However, it
has unifying lithological characteristics and is considered here to belong
to the El Totoral Member.

In section 16, the Punta Totoral Member is represented by a 4-m-
thick unit consisting of coarsening-up, fine to medium sandstones



Fig. 6. Small domal structures in Cerro Ballena Member, attributed to algal filaments.
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overlain with an erosional contact by 2 m of polymictic, pebble-
supported conglomerate. Some rip-up clasts are also present.

The basal part of unit 2 of Carreño (2012) in section 17,measured by
Le Roux (unpublished work), consists of a 3.5 m thick, fining-upward
succession grading from biocalcirudite at the base to medium-grained
biocalcarenite. Thalassinoides and Skolithos traces are present in the
basal, coarse-grained portion. It is here assigned to the Punta Totoral
Member.

In section 18, the Punta Totoral Member (unit 3 of Carreño, 2012) is
a 23-m-thick succession of interbedded conglomerates and medium to
fine sandstones. It overlies the basement directly at this locality, show-
ing a transitional zone in which well-rounded boulders and cobbles up
to a few m in diameter occur in a matrix of weathered basement mate-
rial. Some boulders protrude into the overlying, yellowish, pebbly to
gritty, shelly sandstone. Bivalves, oysters, and barnacles were recorded.
Higher up this sandstone becomes fine-grained and trough cross-
laminated. A prominent conglomerate about 6 m from the base is up
to 6 m thick, clast-supported and polymictic with well-rounded and
sorted cobbles and boulders of sandstone, rhyolite, basalt, gabbro, and
chert, most of which are probably derived from Mesozoic basement
rocks such as the early Jurassic Caldera Gabbro (Godoy et al., 2003), as
well as the Coastal Range to the east (Fig. 3). Most pebbles vary in size
from5 to 10 cm, but isolated gabbroic boulders reach up to 30 cm. A sec-
ond, 6-m-thick conglomerate with channel features and trough cross-
beds is present higher up, being underlain and overlain by fine- to
very fine-grained sandstones with occasional trough cross-lamination
and Skolithos traces.

Section 19 has 21 m of fine to coarse (slightly coarsening-upward)
biocalcareniteswith somewell-preserved Chlamys sp., which erosional-
ly overlie a 7.5-m-thick, polymictic, pebble-supported conglomerate at-
tributed by Achurra (2004) to his unit 4. However, it is here reassigned
to the Punta Totoral Member, which thus reaches its maximum record-
ed thickness of 28.5 m at this locality.

This member has a total exposed thickness of 16 m in section 20,
where it overlies bioturbated, laminated shales of the Puerto Viejo
Member. It has very fine to fine sandstones with minor shales in the
basal 9 m, followed by calcarenites and calcirudites in the remainder
of the profile.

In section 22, this member overlies the Jurassic basement, being
composed of 7 m of biocalcirudites and matrix-supported conglomer-
ates with angular clasts.

Benthonic foraminifers identified in the Punta Totoral Member in-
clude Bulimina pyrula d´Orbigny 1846, Gyroidina soldanii d´Orbigny
1826, G. bulloides d´Orbigny 1826, and Siphonodosaria advena Cushman
and Laiming 1831.

A 87Sr/86Sr date of 9.0± 1.0was obtained byHenríquez (2006) from
shell fragments 4 m from the base of the Punta Totoral Member in sec-
tion 14. In addition, Achurra (2004) reported a 87Sr/86Sr date for his unit
9 (section 15) of 9.2 ± 0.7 Ma, which here directly overlies the Punta
Totoral Member. If his correlation of this biocalcirudite with the Caldera
Beds is correct, this is clearly an aberrant age, as the latter is considered
to belong to the Pleistocene. However, it is likely that the dated shell had
been reworked from the underlying Punta Totoral Member, thus yield-
ing an additional date for the latter. The two dates give a range of 10.0–
8.0 Ma for this member, with a median age of 9.0 Ma.
Fig. 7. Gypsum veins in the La Higuera Member.
3.2.4. Cerro Ballena Member (unit 8 of Carreño, 2012)
In section 32, a 9-m-thick succession of very fine to silty sandstones

is exposed along a national road cut at Cerro Ballena. This outcrop, cor-
responding to unit 8 of Carreño (2012), has an extraordinarily well pre-
served vertebrate fossil record (Pyenson et al., 2014), including more
than 40 large baleen whales (Balaenopteridae or rorquals), an extinct
species of sperm whale (Scaldicetus), a walrus-like, toothed whale
(Odobenocetops sp.), dolphins (Odontoceti), seals (Phocidae), and an
aquatic sloth (Thalassocnus natans). Trace fossils include Psilonichnus,
Ophiomorpha, and Thalassinoides, while apparent algal structures
(small domes) are also preserved (Fig. 6).

Although the lithostratigraphic correlation of this succession with
other members is uncertain, Pyenson et al. (2014) assigned it an age
of 9.03–6.45 Ma based on the species of aquatic sloth fossil (T. natans)
and shark fossils (Carcharodon hastalis), which occur together in beds
of this age in the Sacaco Basin of Peru. It is thus more or less time-
equivalent with the La Higuera Member, which lies between the 9.0-
Ma-old Punta TotoralMember and the 7.0-Ma-oldMina FosforitaMem-
ber. However, the supratidal flat environment of the Cerro Ballena
Member is more compatible with the upper to middle shoreface envi-
ronment of the Punta Totoral Member than with the outer shelf to
upper continental slope environment of the La Higuera Member and
parts of the Mina Fosforita Member. Therefore, it is considered to be
slightly older than the La Higuera Member, with an age around 8.4 Ma.
3.2.5. La Higuera Member (unit 4 of Achurra, 2004; unit 8 of Henríquez,
2006; parts of units 2, 3, and 4 of Carreño, 2012)

Thismember is fairly easily recognizable, being dominated by poorly
consolidated shales with many gypsum veins (Fig. 7) as well as interca-
lations of very fine-grained sandstones, siltstones, and diatomaceous
clays. Both the shales and diatomaceous clays are finely laminated
with a high content of fish scales.

Section 9 shows 23 m of shales with minor siltstones, usually less
than 1 m thick, in unit 8 of Henríquez (2006).
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In section 16, 11 m of shales with rare, thin, very fine-grained sand-
stone beds and many cross-cutting gypsum veins are exposed. It was
correlated by Achurra (2004) with his unit 4.

In section 17, the La Higuera Member consists of only 2.5 m of lam-
inated siltstones and shales overlying the Punta Totoral Member, but it
was evidently eroded by the Chorrillos Member along this part of the
submarine canyon. It was attributed by Carreño (2012) to the upper
part of her unit 2.

Section 18 has a similarly reduced thickness due to erosion along the
submarine canyon, showing 3 m of horizontally bedded, fine-grained
sandstones with slump structures and some Skolithos traces. This in-
cludes the upper portion of unit 3 of Carreño (2012).

The La Higuera Member reaches a thickness of at least 16 m in sec-
tion 21, where it consists of shales with numerous gypsum veins. How-
ever, these shales overlie 3.5 m of fine-grained sandstones intercalated
with shales, in turn resting on top of the 2.5 m thick Chorrillos Member.
Below the latter are another 2 m of shales that might still belong to the
La Higuera Member. If this is correct, the Punta Totoral Member is rep-
resented by only 0.5 m of conglomerate with shell fragments, which
overlies about 8 m of shales forming part of the Puerto Viejo Member.

In section 22, 26 m of bioturbated, well-laminated shales with occa-
sional very fine sandstone interbeds are present.

Benthonic foraminifers in the La Higuera Member include
the Bolivina species B. bicostata, B. pseudospissa, and B. sinuata
Galloway and Wissler, 1927, the Buliminella species B. cf. elegantissima
and B. peruviana, as well as unidentified species of Hoeglundia and
Pseudononion.

Based on stratigraphic and sedimentological considerations, the La
Higuera Member is considered to be somewhat younger than the
Cerro Ballena Member, i.e. at around 8.0 Ma.

3.2.6. Chorrillos Member (basal part of unit 4 of Carreño, 2012, as based
upon unpublished work of Le Roux)

This member fills an at least 10-m-deep submarine canyon cutting
from northeast to southwest into the La Higuera Member in sections
17, 18, and 21.

In section 17, occasionally imbricated basement pebbles and clast-
supported rip-up clasts (up to 4 m long and 2 m thick), overlie a
sharp, slightly irregular basal contact in chaotic fashion (Fig. 8). These
rafts occur in all orientations from vertical to horizontal, although
most are sub-parallel to the basal contact. There is a general
coarsening-upward trend, with some boulders protruding into the
Fig. 8. Large blocks ripped up from the substrate in the Chorrillos Member.
overlying unit. This 4- to 5-m-thick bed is overlain with a sharp contact
by 3 m of conglomerates with basement boulders up to 30 cm in diam-
eter. Lenses of gritty, matrix to clast-supported conglomerate within
these coarser conglomerates show horizontal lamination, trough-
crossbedding and imbrication, with clasts dipping towards the east.
The cobbles and boulders are well-rounded, without any clear size-
grading. The Chorrillos Member is here overlain with a sharp contact
by about 7 m of siltstones belonging to the Mina Fosforita Member.

In section 18, the Chorrillos Member is 3.5 m thick, filling a part of
the submarine canyon that cuts into 3m of fine-grained, laminated, bio-
turbated sandstone of the La Higuera Member. Here, it is a clast-
supported conglomerate with dioritic boulders derived from the Meso-
zoic basement and angular to subrounded, very poorly sorted rip-up
clasts than can exceed a meter in diameter. Along the steep, stepped
northern edge of the channel, a sandstone rip-clast frozen in the process
of being incorporated into this unit can be seen. At the top, theChorrillos
Member contains megaclasts protruding into the basal part of theMina
Fosforita Member. The underlying, fine-grained sandstone shows verti-
cal fractures with cm-scale downward displacement on the channel
side, indicating that the sandstone began to slump into the channel,
which thus existed as such before deposition of the Chorrillos Member.
Towards the north, the underlying sandstone thins out and steepens
into the channel. The southern edge of the latter is more gradual, but
in places shows conglomerate of the Chorrillos Member injected along
the bedding planes of the underlying sandstone. Here, the channel-fill
deposits aremuch finer, although they still contain some large boulders
at the top.

The stratigraphic position of the Chorrillos Member suggests an age
between that of the La Higuera Member and Mina Fosforita Members,
i.e. 8.1 to 7.0Ma, although in section 21 it appears to be emplacedwithin
the former. Therefore, it is considered to be a time-equivalent of the La
Higuera Member, but at least younger than its base. An age of around
7.5 Ma is proposed.

3.2.7. Mina FosforitaMember (upper part of unit 4, unit 5 of Achurra, 2004;
uppermost part of unit 8, aswell as units 9 and 10 of Henríquez, 2006; units
4, 5 and 6 of Carreño, 2012)

The Mina Fosforita Member is notably coarser than the La Higuera
Member, being a generally fining-upward, reddish-brown succession
of medium- to fine-grained sandstones, siltstones, and shales, with at
least one fossil-rich, nodular phosphate bed (Fig. 9) and manganese
nodules in its basal portion.

Section 9 shows, in the upper part of unit 8 of Henríquez (2006), that
there are horizons with intensive bioturbation and abundant molds of
Turritella and Ostrea spp. in the intercalated, very fine-grained sand-
stones and siltstones. A prominent, meter-thick phosphate-pebble con-
glomerate, attributed by Henríquez (2006) to his unit 9, occurs about
Fig. 9. Nodular, fossil-bearing phosphate bed (middle of photo) in the Mina Fosforita
Member.



Fig. 11. Unidentified trace fossils in the Mina Fosforita Member, possibly made by
arthropods.
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10 m above the base of this member in this section, which has a total
thickness of about 10m. This lenticular unit overlies a local disconformi-
ty and contains angular, dense phosphate clasts in a fine to medium
sandstone matrix. In this section, unit 10 of Henríquez (2006) is com-
posed of siltstones and shales reaching a total thickness of 11 m.

In sections 10 and 11, unit 10 of Henríquez (2006) is characterized
byfine-tomedium-grained sandstones, occasionally slightly calcareous,
with very thin siltstone and shale intercalations. In section 10, there are
thin, well-consolidated, bioturbated sandstones with phosphate nod-
ules and a prominent, grey sandstone with undetermined pelecypods
and gastropods, Turritella and Chlamys fossils, as well as cetacean, seal,
and penguin bones. Fish bones, scales, and teeth are also present. The
trace fossils Rosselia, Planolites, Ophiomorpha, Skolithos, and
Monocriterion were recognized in some intensively bioturbated hori-
zons. Higher up in this unit, the sandstones are parallel-laminated
with interbedded horizons showing climbing ripples. Some channel
structures filled with contorted, fine-grained sandstone were observed
(Fig. 10). Slump structures were also recorded in section 11.

In section 17, the ChorrillosMember, whichfills a submarine canyon
cut into in the upper part of the LaHigueraMember, is succeeded by 6m
of siltstones with Thalassinoides traces, a thin phosphate-pebble con-
glomerate, a meter-thick, fine-grained sandstone, a thin conglomerate,
and finally about 16 m of silty shales and shales with gypsum veins.
Within the basal 12 m of this unit are manganese nodules described
by Achurra et al. (2009).

In section 18, the upper part of unit 4 of Carreño (2012), which
is here attributed to the Mina Fosforita Member, is dominated of
about 11 m of very fine- to fine-grained, bioturbated sandstones with
ripple marks, contorted bedding and dish structures, containing two
polymictic conglomerates with basement clasts within the lowermost
5 m. The sandstones are overlain by a 1.5-m-thick phosphate-pebble
conglomerate with borings (Fig. 6), in turn succeeded by 2.5 m of
shale and 2 m of very fine-grained sandstone.

Section 22 shows 3 m of medium-grained biocalcarenites with
pectinids and manganese nodules overlying the La Higuera Member
with a sharp contact, followed by 2 m of polymictic conglomerates
with angular clasts and manganese nodules. These are succeeded by
1.2 m of shale, a meter-thick monomictic “breccia” with angular base-
ment clasts, and finally about 6 m of fine-grained, well-stratified
sandstones.

Very fine-grained sandstone, siltstone, and shale with hematite and
carbonate nodules form a 5-m-thick succession in section 23. Unidenti-
fied, branched trace fossils were also observed (Fig. 11).

In section 24, unit 5 of Achurra (2004) is composed of 15 m of very
fine-grained to silty, bioturbated, horizontally laminated sandstones.
They are brownish yellow to purplish grey and poorly consolidated.

In section 25, unit 5 of Carreño (2012) is composed of 2 m of
biocalcarenites overlain by a meter-thick phosphate-nodule
Fig. 10. Channels filled with contorted, fine-grained sandstone in the Mina Fosforita
Member.
conglomerate containing basement clasts, shark teeth, vertebrate
bones, and fish scales. Her succeeding unit 6 consists of 7.5 m of silt-
stones interrupted by a second, very thin phosphate bed about halfway
up the sequence. Some slump structures, carbonate nodules, and un-
identified traces are present above the latter.

Section 26 shows 16m of very fine- to fine-grained sandstones, con-
taining two meter-thick biocalcirudites occurring below a fossiliferous
phosphate-nodule bed about 7 m from the base. Shark teeth occur
throughout the succession. Here and elsewhere in the phosphate
bonebed, various fossils including seals (Acrophoca and Piscophoca), car-
tilaginous fishes, cetaceans, sloths, and rats, have been found (Walsh
and Hume, 2001; Walsh and Naish, 2002).

Unit 6 of Carreño (2012) in section 27 consists of two thin (less than
1m) phosphate beds separated by an equally thin shale bed at the base,
with the lower phosphate containing vertebrate bones and shark teeth.
This is overlain by about 6 m of very fine-grained sandstones grading
upward into siltstones, containing a thin volcanic ash bed at the top.

Section 28 is composed of 12 m of shales and siltstones with oc-
casional, very fine-grained sandstones, but a meter-thick phosphate
bed with vertebrate bones and shark teeth occurs at the base of the
exposure. Fe2O3 and CaCO3 nodules are present throughout the
succession.

The benthonic foraminifers Bulimina marginata d´Orbigny 1826, B.
elegantissima, P. basispinatum, as well as the Bolivina species B. bicostata
and B. pseudospissa, were identified in the Mina Fosforita Member. The
only planktonic species identified is N. pachyderma.

K–Ar dating of an ash layer cropping out about 7 m above the basal
phospatic bonebed at Bahía Inglesa indicated an age of 7.6 ± 1.3 Ma
(Godoy et al., 2003). Henríquez (2006), on the other hand, obtained a
87Sr/86Sr date of 6.8 ± 0.8 Ma from his unit 10. The overlapping error
brackets yield a range of range 6.3–7.6 Ma, with a mean age of 7.0 Ma.
This contradicts the maximum recorded age for B. marginata of
5.33 Ma (Encyclopedia of Life: http://eol.org/pages/490131/overview).
However, fossil teeth of the lamnid shark Carcharodon hastalis (Suárez
y Marquardt, 2013) and C. hubbeli in the phosphatic bonebed also sup-
port a late Miocene age, the latter species in fact suggesting an age be-
tween 6 and 8 Ma (Ehret et al., 2012). This means that the established
age range of B. marginata should be revised.

http://eol.org/pages/490131/overview


Fig. 12.Chaotic rip-up clasts in theQuebradaBlancaMember attributed to a tsunami back-
flow event.
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3.2.8. Rocas NegrasMember (unit 6 of Achurra, 2004; unit 12 of Henríquez,
2006; unit 7 of Carreño, 2012)

This member occurs in an isolated outcrop in section 8, where unit
12 of Henríquez (2006) overlies calcirudites and calcarenites of the El
Pimiento Member with an erosional contact. The basal part contains
well-rounded clasts of Jurassic to early Cretaceous basaltic andesite up
to 20 cm in diameter, probably derived from the Coastal Range
(Fig. 3), followed by well-cemented, sandy calcirudites containing
Turritella, Chlamys, and Ostrea sp. Hummocky-and-swaley cross-
lamination was recorded in this bed, which is about 1 m thick at this
locality.

In section 24, unit 5 of Achurra (2004) is succeeded after a 2 m cov-
ered interval by 8 m of medium-grained calcarenites with occasional
trough cross-lamination and oyster fossils, attributed to his unit 6.

In section 25, theMina FosforitaMember is overlainwith an erosion-
al contact by about 5 m of biocalcirudites arranged in fining-upward
units, considered by Carreño (2012) as her unit 7, but here designated
to the Rocas Negras Member. These contain abundant basement clasts,
bivalves and Ostrea sp. A meter-thick tuffaceous bed is present near
the base.

Section 26 is an identical section to that at section 25, with unit 6 of
Achurra (2004) composed of 5 m of biocalcarenites showing bioturba-
tion, occasional trough cross-bedding, pectinoids, and oysters.

The Rocas Negras Member attains its maximum recorded thickness
in section 29, where unit 6 of Achurra (2004) is a 30 m succession
dominated by medium- to very coarse-grained biocalcarenites and
biocalcirudites, with monomyctic conglomerate, fine-grained sand-
stone, and shale in the basal 7 m.

This unit yielded the following benthonic foraminifers: the Bolivina
species B. bicostata and B. pseudospissa, Bulimina marginata, Buliminella
elegantissima, P. basispinatum, and unidentified Pseudononion and
Neoeponides spp. The planktonic representatives include G. bulloides,
Globigerinoides trilobus Reuss, the four Globorotalia species mentioned
below, as well as N. pachyderma.

The Rocas Negras Member was dated by 87Sr/86Sr on a well-
preserved gastropod at 4.9 ± 0.7 Ma (Henríquez, 2006), while three
87Sr/86Sr dates of 4.6 ± 0.5, 4.4 ± 0.5, and 3.7 ± 0.5, respectively,
were also obtained from this member by Achurra (2004). The presence
of B. marginata suggests an age of less than 5.33 Ma (Encyclopedia of
Life: http://eol.org/pages/490131/overview), while the coincident oc-
currence of Globorotalia tumida Brady, G.margaritae Bolli and Bermudez
1965, G. puncticulata, and G. crassaformis, as well as vertebrate fossils
also confirm a Pliocene age (Srinivasan and Kennett, 1981;
Valenzuela-Toro et al., 2013). The overlapping age brackets of the four
Sr dates indicate a mean age of 4.2 Ma.

3.2.9. Quebrada Blanca Member (units 7, 8 and 9 of Achurra, 2004; unit 11
of Henríquez, 2006)

Thismember is highly variable and because its sections are far apart,
correlation between them is uncertain. In section 12, it is a poorly con-
solidated unit with a thin, matrix-supported, small-pebble conglomer-
ate at the base that contains rounded clasts as well as fractured shells.
It grades into about 3.5 m of fine to medium, finely laminated sand-
stones with thin conglomerate interbeds, as well as calcirudites show-
ing low-angle planar cross-lamination.

In section 30, about 7 m of very fine sandstones and shales corre-
spond to the basal, fine-grained part of the Quebrada Blanca Member,
here overlain by 1.5mof very fine- to fine-grained sandstones interbed-
ded with thin, polymictic, clast-supported conglomerates containing
angular to rounded phosphate pebbles, chaotic rip-up clasts (Fig. 12)
and cetacean bones. These are followed by 3 m of coarse biocalcirudites
with thin sandstone lenses, trough cross-bedding, and some phosphate
nodules.

Section 31 shows a 23-m-thick succession dominated by yellowish
white, diatomaceous shales, but with two 2- to 3-m-thick, shell-rich
conglomerates near the base and at the top. About 7 m from the base
is also a 2-m-thick conglomerate formed by substrate rip-clasts, which
grades into ameter-thick calcirudite. Shark teethwere found in this bed.

Unidentified species of Neoeponides and Hansenisca were reported
from the Quebrada Blanca Member by Henríquez (2006), while
Achurra (2004) identified the Neogloboquadrina species N. pachyderma
and N. dutertrei d´Orbigny 1839, the Globigerinoides species G. ruber d´
Orbigny 1839 and G. trilobus, the Globorotalia species G. scitula Brady
1884 and G. tumida, Globigerinella calida, Globigerinita glutinata,
Globorotaloides hexagonus, and Orbitulina universa.

Achurra (2004) obtained a 87Sr/86Sr date of 2.4 ± 0.5 Ma for the
basal part of the QuebradaMember in section 30. The only other age in-
dication is the presence of Neogloboquadrina dutertrei recorded in his
unit 8. This foraminifer first appeared in the Globorotalia margaritae
margaritae subzone (N18), i.e. at the base of the Pliocene at 5.3 Ma
(Bolli et al., 1985).

4. Environmental interpretation of the different units

4.1. Angostura Formation

The Angostura Formation only occurs in and around the present
Copiapó River mouth, grading into the typical fluvial gravels of the
Angostura Gravel Formation upstream (Godoy et al., 2003). The red col-
our of the conglomerates may be due to either prolongedweathering of
the hinterland rocks that provided many of the clasts, or to partially
oxidizing conditions of deposition, as for example on longitudinal
bars. Horizontal, upper flow regime stratification suggests fast currents,
as supported by small channels filled with broken shell fragments,
whereas the presence of Balanus, Ostrea, and Chlamys sp. indicates a
shallow marine environment with some freshwater input. The ben-
thonic Bolivina species B. bicostata and B. pseudospissa, as well as B.
elegantissima, have maximum recorded depth ranges of less than
about 350 m (Gross, 2001; Encyclopedia of Life: http://eol.org/pages/
488101/overview; http://eol.org/pages/6841343/overview; http://eol.
org/pages/6999360/overview), but all three species also occur in the
upper shoreface environment. Biocalcirudite beds or lenses were prob-
ably deposited on local shoals. This member therefore represents a rel-
atively high-energy river-mouth environment, i.e. fluvially dominated
estuarine conditions with clear marine interaction.

4.2. Bahía Inglesa Formation

4.2.1. El Pimiento Member
This member is dominated by biocalcirudites and biocalcarenites

with broken Ostrea, Balanus and Chlamys fragments, indicating high-
energy conditions such as marine shoals affected by turbulent wave ac-
tion, which is supported by the presence of Skolithos traces. The

http://eol.org/pages/490131/overview
http://eol.org/pages/488101/overview
http://eol.org/pages/488101/overview
http://eol.org/pages/6841343/overview
http://eol.org/pages/6999360/overview
http://eol.org/pages/6999360/overview
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polymictic conglomerate in section 4 contains large granitoid clasts
probably derived from the Morro Copiapó Granodiorite, which crops
out sporadically throughout the study area (Fig. 2). This suggests sub-
aerial exposure and erosion of the latter in a rocky shoreline environ-
ment. Well-developed imbrication indicates strong offshore-directed
rip currents. However, the combined presence of low- and high-angle
cross-lamination in the overlying sandstones signals the existence of
ridges and runnels in an upper shoreface environment, so that the
beach changed from a reflecting to dispersive type. On the other hand,
well-preserved, articulated Chlamys sp. have also been found in life po-
sition in calcarenites of this member (Henríquez, 2006), suggesting
more tranquil local conditions, perhaps in depressions between shoals
or in a somewhat deeper, lower shoreface environments. Such deeper
water conditions at greater distances from the coastline could explain
the presence of Thalassinoides traces (Buatois et al., 2002), as well as
sandstones devoid of shell fragments, shales, and claystone lenses oc-
curring within small paleochannels. The El Pimiento Member is there-
fore attributed to a mainly upper shoreface environment in the
vicinity of freshwater creeks, but with sea-level oscillations causing
temporarymiddle to lower shoreface conditions. The latter is supported
by the presence of the benthonic foraminifer P. basispinatum, which has
been recorded in a depth range of 34–192 m (Culver and Buzas, 1980;
Nomura, 1982; Encyclopedia of Life: http://eol.org/pages/6815614/
overview).

4.2.2. Puerto Viejo Member
The generally fining-upward succession of the Puerto ViejoMember

reflects a marine transgression. The fine- to medium-grained sand-
stones intercalated with shales are attributed to a middle–lower
shoreface environment, as supported by Thalassinoides and Skolithos
traces that according to Buatois et al. (2002) aremore typical of themid-
dle than the upper shoreface. The fact that they are locally cut by small
channels filled with thinly bedded sandstones and shales suggests the
existence of hyperpycnal flows transporting sand and mud into the off-
shore environment. This is supported by abundant climbing ripples, in-
dicating a high suspension load, and a relatively high gradient
exceeding 1°, as suggested by slump structures (Camacho et al., 2002).

The benthonic foraminifer species B. bicostata, B. pseudospissa, B.
elegantissima, and U. subperegrina suggest water depths of less than
330 m (Gross, 2001; Encyclopedia of Life: http://eol.org/pages/
488101/overview; http://eol.org/pages/6841343/overview; http://eol.
org/pages/6999360/overview; http://www.eol.org/pages/6816852/
overview), whereas V. pertusa has only been recorded in depths up to
163 m (Hayward, 2015; Encyclopedia of Life: http://www.eol.org/
pages/489938/overview), but occurs mainly in water depths less than
60 m (Nigam and Anantha Padmanabha Setty, 1982). This supports a
middle to lower shoreface environment.

4.2.3. Punta Totoral Member
The facies of the Punta Totoral Member are similar to those of the El

Pimiento Member and parts of the Puerto Viejo Member. Pebble-
supported conglomerates with large basement boulders and bivalves,
oysters and barnacles reflect a rocky coastline receiving some freshwa-
ter input from local creeks. The biocalcirudites were probably deposited
on high-energy shoals in an upper shoreface environment, as supported
by the presence of Skolithos traces. On the other hand, planar and her-
ringbone cross-laminated calcarenites with whole Chlamys and gastro-
pod specimens suggest a quieter, upper shoreface environment with
ridges and runnels under the influence of tidal currents. Bioturbated
shales interbedded with fine- to coarse-grained, ripple-marked sand-
stones correspond to a middle shoreface environment, as also signalled
by the presence of Thalassinoides traces. All these facies occur in differ-
ent stratigraphic positionswithin the Punta TotoralMember, suggesting
rapid sea-level oscillations in contrast to themore generalmarine trans-
gression reflected by the Puerto Viejo Member.
4.2.4. Cerro Ballena Member
The depositional environment of the Cerro Ballena Member was

interpreted by Pyenson et al. (2014) as a supratidal flat due to the pres-
ence of wave ripple lamination, Thalassinoides, Ophiomorpha, and
Psilonichnus traces, as well as small, domal algal structures. An 80-cm-
thick bed at the top of the measured section showing low-angle planar
cross-lamination suggests a beach environment and probably formed
on a barrier bar that protected the supratidal flat from the open ocean
to the west. This is suggested by the presence of E-W orientated wave
ripples lower down in the profile, which indicates that waves did not
reach the tidal flat from the west, but propagated from the south
under the influence of the prevailing northerly winds. Using the dis-
tance from the nearest basement outcrops to the south, assumed to
have formed the shoreline of an embayment or estuary south of the out-
crops, the mean sandstone grain size, and normal wind conditions dur-
ing storms, a water depth of about 1.5 m was calculated, enough to
allow the carcasses of large whales and other vertebrates to float in
from the south (Pyenson et al., 2014).

4.2.5. La Higuera Member
This member is dominated by bioturbated shales, often with cross-

cutting gypsum veins, but also showing very fine to fine sandstones.
The sometimes intensive bioturbation and local, high concentrations
of fish scales within the shales, suggest that the La Higuera Member
was deposited very slowly, which would be typical of an outermost
shelf to upper continental slope environment during a relative sea-
level highstand. Slump structures encountered in this member would
be consistent with the higher gradients of the upper continental slope.
Outermost shelf to uppermost continental slope depths are also sup-
ported by the benthonic foraminifers B. bicostata, B. pseudospissa, B.
elegantissima (Encyclopedia of Life: http://eol.org/pages/488101/
overview; http://eol.org/pages/6841343/overview; http://eol.org/
pages/6999360/overview), and Bolivina sinuata (Galloway and
Wissler, 1927), whereas B. pyrula, G. soldanii, and S. advena typically
occur in depths exceeding 500 m (Ingle et al., 1980).

4.2.6. Chorrillos Member
The location of thismemberwithin a relatively large submarine can-

yon eroded into the Higuera Member, together with a general
coarsening-upward trend, indicate a large debris flow from the east.
That the canyon already existed before this event is shown by
synsedimentary faults in the underlying sandstones indicating
slumping into the channel, as well as the fact that the dip of these sand-
stones steepens as they enter the northern flank of the canyon. The
presence of gravelly sills injected from the base of this flow along the
bedding planes of the underlying unit, as well as clasts several meters
in diameter ripped up from the substrate, are features typical of tsunami
backflow events (e.g. Le Roux et al., 2004, 2008; Le Roux, 2015).

4.2.7. Mina Fosforita Member
The Mina Fosforita Member shows the highest variability in deposi-

tional environments of the Bahía Inglesa Formation, varying from the
upper shoreface to upper continental slope. Scarce poly- and
monomictic conglomerates and intensively bioturbated beds with
Turritella and Ostrea molds suggest short-lived upper shoreface condi-
tions with some freshwater influence. Some of the conglomerates
have angular clasts and possibly formed by cliff collapse in a rocky
shoreline environment. Medium-grained biocalcarenites and bioturbat-
ed, fine- to medium sandstones interbedded with shales, on the other
hand, are similar to parts of the Totoral Member and therefore also at-
tributed to a middle shoreface environment. This is supported by the
trace fossil assemblage represented by Rosselia, Planolites, Ophiomorpha,
Skolithos, and Monocriterion (Buatois et al., 2002).

Phosphatic conglomerates associated with siltstones containing
Thalassinoides traces are more typical of the lower shoreface or conti-
nental shelf. According to the classification of Garrison (1992), the
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Bahía Inglesa phosphates are of the types P and D, the former being
commonly transformed to the latter due to cementationwith carbonate
fluorapatite, forming hardgrounds and nodules. Blatt et al. (1972) pos-
tulated that phosphates of this type typically precipitate inwater depths
between 45 and 180 m during the upwelling of cold, deep ocean water
rich in phosphates and other nutrients. Trough cross-lamination and
small channels filledwith contorted, fine-grained sandstone, associated
with sandstones showing climbing ripples, could indicate hyperpycnal
flow events, which normally occur close to river mouths.

Despite the fact that most of the avifauna comprise species typically
dwelling far from land, the fossil record also includes sulids and juvenile
spheniscids (penguins) indicating an environment closer to the shore
(Chavez, 2008). Some fossil chondrichthyanfishes suggestwater depths
of up to 200 m (Walsh and Hume, 2001). The benthonic foraminifer
species B. bicostata and B. pseudospissa, as well as B. elegantissima and
P. basispinatum, are typically found on the continental shelf (Encyclope-
dia of Life: http://eol.org/pages/488101/overview; http://eol.org/pages/
6841343/overview; http://eol.org/pages/6999360/overview; http://eol.
org/pages/6815614/overview), although B. marginata has been record-
ed to a maximum depth of 809 m (Encyclopedia of Life: http://eol.org/
pages/490131/overview).

In the Mina Fosforita Member, slow deposition is suggested by the
relative abundance of shark teeth and cetaceous bones in thick, clay-
rich sandstone successions. The fining-upward biocalcirudite beds in
these units could represent storm events that eroded nearshore shoals
and redistributed the material over the continental shelf. However, in
the manganese nodule-bearing shales, the presence of C. laevigata sug-
gests water depths between 200 and up to 2,564 m (Achurra et al.,
2009; Polovodova Asteman and Nordberg, 2013; Encyclopedia of Life:
http://eol.org/pages/488135/overview), although B. sinuata has a max-
imum recorded depth of 326 m (Encyclopedia of Life: http://eol.org/
pages/6999376/overview). Therefore, uppermost continental slope
conditions can also be assumed. The presence of gypsum veins in
these shales was attributed by Achurra et al. (2009) to the upwelling
of cold, nutrient-enriched waters supporting a large population of
plankton, which consumed oxygen and created a belt of anaerobic
sedimentation on the continental slope following their death and de-
composition. Anaerobic bacteria thus reduced SO4 dissolved in the sea-
water and formed H2S that reacted with iron minerals in the sediment
to precipitate FeS. This low pH, strongly reducing environment became
saturated with calcium obtained by the dissolution of calcareous organ-
isms and precipitated gypsumwhen the product of the calcium and SO4

concentrations exceeded the gypsum solubility product. This interpre-
tation was based on a similar situation on the present Namibian conti-
nental slope described by Siesser and Rogers (1976).

4.2.8. Rocas Negras Member
The dominance of biocalcirudites and biocalcarenites in thismember

suggests an upper to middle shoreface environment, although the
fining-upward biocalcirudites with basement clasts were evidently de-
posited as tempestites or stormbeds on the lower shoreface. This is sup-
ported by the presence of hummocky and swaley cross-lamination,
whereas Turritella, Chlamys and Ostrea species in these beds can be at-
tributed to their erosion from shallow water areas by the storm waves.

4.2.9. Quebrada Blanca Member
This member is of variable composition, but the presence of

(bio)calcirudites showing low-angle planar and trough cross-
lamination indicates strong rip currents and wave action, probably on
partly emergent shoals in an upper shoreface environment. Conglomer-
ates with rounded clasts rich in fractured shells could also indicate local
beaches. The thick, diatomaceous shale-dominated unit indicates a re-
turn to deeper water, possibly an outer shelf environment, whereas
the conglomeratewith large substrate rip-up clasts represents a second,
younger tsunami event.
5. Relative sea-level changes as related to tectonic uplift and subsidence

The sedimentary facies and stratigraphic succession of the Bahía
Inglesa Formation reflect sea-level oscillations that can be used, in con-
junctionwith published global sea-level curves (Hardenbol et al., 1998),
to deduct relative tectonic movements affecting this part of the south-
eastern Pacific coastline during the Neogene. The methodology,
known as geohistory analysis (Van Hinte, 1978), consists of determin-
ing the age and depositional depths of the units composing a strati-
graphic succession, relating the paleobathymetry to the global sea
level at the time, and calculating the progressive elevation of a reference
surface relative to the present sea level. Themean cumulative thickness
of the units is generally employed, but in this case, the thicknesses of the
different members are highly variable from section to section and in
some cases incomplete, e.g. where the base or top of the member was
not exposed. Therefore, the maximummeasured thickness of each par-
ticular member, rounded to the nearest meter, was considered to be
more representative. This was also the procedure followed at
Carrizalillo and Tongoy further south, making the different curves in
Fig. 13 compatible. The cumulative maximum thickness was measured
upward from the reference surface (the contact between the Angostura
Formation and the Jurassic basement at Puerto Viejo) to the middle of
each member, progressively adding the maximum thickness of each
member to those of the underlying members. The Chorrillos Member
was left out in this case, as it occupies a submarine valley cutting at
least 10 m into the La Higuera Member and is thus not representative
of the general environment. However, it might indicate a short pulse
of uplift and subaerial exposure prior to its deposition. As concerns the
paleobathymetry, the following mean depositional depths were
assigned to the different facies: supratidal flat, 1 m; foreshore, 0 m; es-
tuary, −10 m; upper shoreface, −20 m; middle shoreface, −50 m;
lower shoreface, −80 m; inner shelf, −120 m; outer shelf, −170 m;
upper continental slope,−380 m. Where a particular member was de-
posited in a range of environments, the mean depth was calculated as

follows, e.g. upper shoreface − inner shelf: ð−20Þþð120Þ
2 ¼ −70m .

Table 3 and Fig. 13a show the results of this analysis.
In Fig. 13a, the individual data points linked by a fine stippled line

represent a detailed, but possibly less accurate rendering of the base-
ment behavior during the Tertiary, whereas the thick, continuous line
is considered to better reflect major, more representative changes in
the latter. It is thus more directly comparable with the basement behav-
ior at Carrizalillo (Figs. 1, 13b, 14) and Tongoy (Figs. 1, 13c, 14) further to
the south (Le Roux et al., 2005a,b).
6. Discussion

Correlation between the different units in the Caldera Basin is diffi-
cult due to rapid lateral facies changes and the fact that very similar
environments, mostly ranging from the upper to lower shoreface, oc-
curred repeatedly due to sea-level oscillations combined with tectonic
movements. This is complicated by the fact that most of the members
locally overlie the basement directly,which indicates a very irregular to-
pography sculptured by subaerial erosion before deposition of the Bahía
Inglesa Formation. Nevertheless, a few important trends do emerge.

The absence of rocks with an age between 15.3 and 10.4 Ma in the
coastal sector between Puerto Viejo and Caldera indicates a major un-
conformity, suggesting that this part of the coastline was subjected to
subaerial erosion from the Langhian to early Tortonian. The irregular
topography also indicates that there was no period of tectonic and/or
sea-level stability to allow peneplanation of the coastal sector.

The Angostura Formationwas deposited in a shoreline environment,
probably a paleo-estuary of the Copiapó River, but at an elevation of
more than 100 m above present sea level according to global sea-level
curves. Starting sometime after 15.3 Ma, tectonic subsidence occurred
simultaneously with a drop in global sea level but was outpaced by
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Fig. 13. Relative elevation of the basement of theBahía Inglesa Formationwith respect to present-day sea level during theMiocene, as based on geohistory analysis. Tectonicmovements in
the Carrizalillo and Tongoy Basins repeat the same uplift–subsidence–uplift patterns, but are more subdued.
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the latter, so that the irregular, subaerial topography persisted. Le Roux
et al. (2005a,b, 2006) recorded a period of coastal subsidence in the
Coquimbo Basin of south central Chile between about 15 Ma and
11 Ma, which also coincided with a change from estuarine peat
Table 3
Data used for geohistory analysis of the Bahía Inglesa Formation.

Formation/Member Mean age
(Ma)

Cumulative thickness
(m)

Global sea level
(m)

De

Angostura 15.3 4 130 Es
El Pimiento 9.7 16 −1 Up
Puerto Viejo 9.4 22 −1 Up
Punta Totoral 9.0 33 1 Up
Cerro Ballena 8.4 38 5 Su
La Higuera 8.0 51 10 Ou
Mina Fosforita 7.0 62 21 Up
Rocas Negras 4.2 77 29 Up
Quebrada Blanca 2.4 98 −3 Up
swamp conditions to deep marine embayments in the Valdivia and
Osorno Basins (Fig. 1) (Elgueta et al., 2000; Le Roux and Elgueta,
2000). In the Caldera Basin, no marine deposition is recorded until
about 10.4 Ma. However, from before this moment in time to around
positional environment Paleobathymetry
(m)

Reference surface
(m)

tuary −10 116
per–middle shoreface −35 −52
per shoreface–inner shelf −70 −93
per–middle shoreface −35 −67
pratidal flat +1 −32
ter shelf–upper continental slope −275 −316
per shoreface–upper continental slope −200 −241
per–middle shoreface −35 −83
per–lower shoreface −50 −151



Fig. 14. (a) Present positions of Nazca, Copiapó, and Juan Fernándes Ridges. White triangles show active volcanoes. Note how present axes of Nazca and Juan Fernández Ridges deviate
towards the left as they approach the edge of the continent. (b) Inset (corresponding to red square in a) shows gap in volcanism coinciding with projection of Copiapó Ridge below
the continental crust. (c) Schematic figure shows how angle of ridge incidence affects impact area. With a high angle of incidence (above) impact area (red bracket) is smaller but
more intense. As incidence angle decreases (below) due to oroclinal bending, impact zone increases but becomes less intense.
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5.65 Ma, the basin continued to subside, reaching nearly 350 m below
present sea level and bringing the depositional depth to that of the
upper continental slope. This contrasts with the elevation history of
the central Andes Range. Gregory-Wodziki (2000) maintained that the
Altiplano of the central Andes had attained no more than half its mod-
ern elevation by 10.7 Ma, and that surface uplift of 2,300–3,400 m oc-
curred since the late Miocene. Bissig et al. (2002) also recognized an
important erosional surface in the high central Andes that formed in
the interval 10–6 Ma. Further south in the Navidad Basin (Fig. 1),
Gutiérrez et al. (2013) concluded that marine regression and tectonic
uplift started soon after 11 Ma. Therefore, some tectonic process must
have led to subsidence of the Caldera Basinwhile the Andeanhinterland
was rising and coastal uplift was occurring further south. This is here at-
tributed to southward migration of the Juan Fernández Ridge (JFR),
causing this part of the continental crust to first rise and then subside
to fill the mantle void left in its wake.

Yañez et al. (2001) showed the location of the NW-striking continu-
ation of the JFR more or less opposite Caldera at 12 Ma, which would
constrain the beginning of subsidence to around 11 Ma. According to
these authors, the migrating ridge reached the Navidad area (Fig. 1)
770 km further to the south at about 10Ma,whichwould imply amigra-
tion rate of 38.5 cmper year. This portion of the ridge becoming parallel
to the relative direction of plate movement at this time, it did not
migrate further south after 10 Ma. However, Kay and Abbruzzi (1996)
considered that the JFR reached this configuration only between 5 and
3 Ma, which in this case would imply a mean migration rate of 9.6 cm
per year.

The present Copiapó Ridge (Fig. 14) opposite Caldera is causing sim-
ilar crustal doming and thickening where it intercepts the trench, as
shown by Álvarez et al. (2015). Using the Earth Gravitational Model to
calculate the gravity anomaly and vertical gravity gradient in the central
Andes region opposite this aseismic ridge, these authors propose that
there is a spatial relationship between its projected subduction and
neotectonic deformation associated with volcanic eruptions along the
Ojos del Salado–San Buenaventura volcanic lineament. However, it
should be noted that there is a gap in active volcanism just to the
north of their ridge projection, which might be an alternative location
for the latter if it is deflected slightly towards the north (Fig. 14). This
seems to make more sense, because crustal thickening should lead to
a cessation of volcanism as presently observed over the flat-slab zone.
Nur and Avraham (1981), for example, proposed that the assimilation
of aseismic ridges along the South American coastline could
explain the lack of volcanic activity along these parts of the Andes. In
this regard it is interesting that the initial subsidence of the Caldera
Basin between 11 and 10Ma coincided with volcanic eruptions leading
to the large Copiapó Ignimbrite in the volcanic arc directly to the east
(Mpodozis et al., 1995), i.e. volcanism occurred only after the ridge
started to migrate away from this area. This might be attributed to
mantle-deep faults generated by extensional stress in the subsiding
crust.

The individual data points in Fig. 13 (fine stippled line) show a pos-
sible interruption in the subduction trend of the Caldera Basin that
caused uplift of about 75 m during the period 9.7–8.3 Ma, followed by
very rapid subsidence of nearly 300 m from 8.3 to 8.1 Ma. The subma-
rine canyon in which the Chorrillos Member was deposited at about
7.5 Ma predates this age (see Section 4.2.6.), and might possibly have
formed sub-aerially during this short-lived pulse of uplift. The latter
could have been due to a topographic outlier of the JFR, as can be seen
along the present ridge where anomalous peaks occur up to 30 km
from the ridge axis. The time from 9.7 to 8.3 Ma also coincides with a
gap in the eruption of the Copiapó Ignimbrites (Mpodozis et al., 1995),
which would reinforce the idea of reduced volcanism during the pres-
ence of aseismic ridges or their outliers below the continental crust.

In spite of the possible correlation between this pulse of uplift, the
submarine canyon at Chorrillos, and temporary cessation of the Copiapó
volcanism, this event is considered to be somewhat anomalous and im-
plies a very rapid subsidence rate of 1.5 mm/year. Therefore, the more
general interpretation is preferred in Fig. 13 (thick solid line), which in-
dicates continual subsidence at a rate of 0.06 mm/year from 11 to
5.65 Ma. At this point, a dramatic turnaround uplifted the basin by at
least 250 m. In the coastal sectors further south, similarly strong uplift
commenced at around 2.3 Ma (Le Roux et al., 2005a,b, 2006). This
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period coincides with the Messinian–Pliocene Warming episode be-
tween 6 and 2.8 Ma (Le Roux, 2012), linked to an increase in the East
and South Pacific Rise spreading rates (Rea, 1976; Cande and Leslie,
1986; Le Roux et al., 2005a), and uplift of the Bolivian Orocline (Ghosh
et al., 2006). At 6Ma, the volcanic arc frontwas also displaced eastward,
which can be linked to crustal thickening during back-arc thrusting and
enhanced subduction erosion (Kay et al., 1994, 2004, 2013; Goss et al.,
2013). Adam and Reuther (2000) and Clift and Hartley (2007) also at-
tributed uplift after 2 Ma to the onset of underplating and trenchward
tectonic erosion. In Fig. 13a, the data point at 0.86 Ma reflects the
highest emerged Pleistocene marine terrace in the Caldera Basin, at an
elevation of 224 m (Quezada et al., 2007).

The overall uplift–subsidence–uplift pattern of the Bahía Inglesa For-
mation mirrors that of the Coquimbo Formation at Carizalillo and
Tongoy (Figs. 1, 13b, 13c; Le Roux et al., 2005a, 2006), but these cycles
were progressively more subdued towards the south. At Carrizalillo,
subsidence after 15 Ma was followed by strong uplift commencing at
around 12 Ma, whereas uplift started at 10.5 Ma in the Tongoy area.
This was also attributed by Le Roux et al. (2005a) to the southward mi-
gration of a NE trending branch of the Juan Fernández Ridge (Yañez
et al., 2001, 2002) past these localities. The Caldera Basin lies 140 km
to the north of Carrizalillo, which suggests that the period between
15.3 and 10.4 Ma, when this part of the coastal sector was above sea
level, might correspond to the presence of the ridge branch underneath
the continental crust. This agrees with the presence of the JFR here at
12 Ma as postulated by Yañez et al. (2001).

Using the generalized curve (Fig. 13a), subsidence of the Caldera
Basin in the wake of the migrating Juan Fernández Ridge started at
about 11 Ma, whereas this process commenced at Carrizalillo at
7.5 Ma. Taking the 140 km distance between these two localities, this
implies a southward migration rate for the Juan Fernández Ridge of
around 4.0 cm/year. At Tongoy, subsidence commenced at 6.9 Ma and
ended at 2.1Ma (Le Roux et al., 2005b), which suggests a southwardmi-
gration rate of about 26.5 cm/year between Carrizalillo and the former
locality.

The amount of uplift attributed to the passing of the Juan Fernández
Ridge was at least 100m at Bahía Inglesa, 80 m at Carrizalillo, and 55 m
at Tongoy, whereas the subsidence phase recorded around 350 m,
140m, and 110m at these three localities, respectively. This was subse-
quently followed by uplift, probably in part related to isostatic rebound,
of about 250 m, 210 m, and 175 m in the same areas.

The slower migration rate in the north could possibly be related to
the Serravalian–Tortonian cooling episode, attributed by Le Roux
(2012) to a diminished South Pacific spreading rate accompanied by
subsidence in central Chile (Le Roux et al., 2005a,b, 2006). However,
this does not explain the increased intensity of uplift–subsidence–uplift
cycles as compared to Carrizalillo and Tongoy.

It is likely that the elevation of the Juan Fernández Ridge branchwas
diminished by subduction erosion as it scraped against the bottom of
the continental plate. Subduction erosion along the northern margin
of the Chilean–Pampean flat-slab region is indicated by the presence
of adakite-like high-Mg andesites containing a component of continen-
tal crust that was incorporated into the sub-arc mantle (Goss et al.,
2013). However, a new portion of the ridge, as yet unaffected by sub-
duction erosion, would be arriving at the trench as it progressively mi-
grated south, so that this not only fails to explain the diminishing
uplift–subsidence cycles, but also the dramatic increase in its migration
rate. An alternative interpretation could be the effects of oroclinal bend-
ing of the Juan Fernández Ridge against the South American continental
plate. If the ridge was originally oriented at a relatively high angle with
the edge of the latter, its rate of southward migration would have been
much slower (Le Roux et al., 2005a). At the same time, the stress field
around the impact zone would be more concentrated (see northern
bracket in Fig. 14), leading tomore pronounced and rapid isostatic reac-
tions. During the southward migration of the ridge, friction with the
overlying continental plate could have led to its oroclinal bending,
decreasing the angle of incidence and thus increasing the rate of south-
wardmigration. The stress field would also become broader but less in-
tense (southern bracket in Fig. 14), with more subdued subsidence and
isostatic rebound (Fig. 14).

A similar process of uplift–subsidence–uplift involving several hun-
dreds of meters at Lima, Peru, was attributed by Le Roux et al. (2000)
to the passage of the Nazca Ridge underneath the continental plate dur-
ing the late Miocene. The present extension of this ridge also coincides
with the absence of Quaternary volcanism in southern Peru (Isacks
and Barazangi, 1977). Ridge subduction and migration therefore
seems to be characterized by crustal updoming and thickening causing
the cessation of volcanism, followed by crustal subsidence and
stretching accompanied by renewed volcanism, and final uplift partly
explained by mantle rebound. The angle of incidence between the
subducting ridge and the edge of the continental plate can decrease
due to oroclinal bending as a result of friction at the base of the latter,
which would lead to an increased migration rate and less intense up-
lift–downward–uplift cycles.
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