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a b s t r a c t

The results obtained in this work evince that the metallic mineral deposits located in the northern region
of the Chilean-Pampean flat slab (in northern Chile and north-western Argentina), at approximately 27�

300S, would be related to the subduction of the Copiap�o aseismic ridge. The analysis of the gravity
anomalies and vertical gravity gradient allows inferring a deflection and truncation of the main trend of
the Andean structures at the extrapolated zone of the Copiap�o ridge beneath South America. Thus, the
general NNE-trend of the Andean structures are rotated locally to an ENE-strike within the area of the
Ojos del Salado e San Buena Ventura lineament. We explain that this anomalous behavior of the gravity
derived anomalies is related to the deformational effects imprinted by the ridge subduction. Regions
with a low subduction angle (<30� to horizontal) are related to large mineralization due to fluids released
by dehydration of the subducting crust. In addition, a higher degree of mantle melting could be produced
by a thicker oceanic crust. Therefore, we interpret that the processes associated to the subduction of the
Copiap�o aseismic ridge (emplaced on a thickened oceanic crust due to a local compensation of the
seamounts) are the cause of formation and emplacement of big metallic mineral deposits in this region of
Chile and Argentina.
© 2019 Institute of Seismology, China Earthquake Administration, etc. Production and hosting by Elsevier
B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Seamounts, aseismic ridges, hotspot volcanic chains and oceanic
plateaus trajectory reconstructions at the western Pacific, have
been used to explain the development of the Pampean-Chilean flat
subduction zone [1e3].
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The ENE-trending Ojos del SaladoeBuena Ventura volcanic
lineament [7] extends at approximately 27�S for almost 300 km
[8,9]. This geologic lineament ranges from the Chilean Central
Valley to the eastern Andean front producing a major transverse
morphological discontinuity through the chain composed of the
highest volcanoes of the world (e.g. the Ojos del Salado dome
complex and Tres Cruces and Incahuasi stratovolcanoes, for
more details see Bonatti et al. [10]; Mpodozis and Kay [11];
Mpodozis et al. [5]). This lineament is associated with a strong
deflection in the Andean drainage divide area from N in the
south to ENE in the north imposed by aligned stratovolcanoes
and dome complexes that are forming part of the arc front at
these latitudes [4] (see Fig. 1). These centers are affected and
controlled by normal and right lateral structures with regional
extent identified in the field defining a general ENE structural
alignment [4e6,12].
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Fig. 1. Shaded digital elevation model at the northern region of de Chilean-Pampean flat slab. White triangles show the southern limit of the active volcanic arc known as Central
Volcanic Zone (CVZ). This region around 27.5� S, is the transition zone between the 30�E dipping Nazca plate (to the north) and the flat slab (to the south) where a gap in arc activity
is established up to approximately 30�S (Chilean-Pampean flat slab). Yellow circles depict individual centers of the Ojos del Salado-San Buenaventura volcanic lineament that
develop from the arc zone to the retroarc area [4e6]. Note the general match between the trend of the extrapolation of the Copiap�o ridge beneath the South American plate and the
Ojos del Salado-San Buenaventura volcanic lineament.
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The relation between the Copiap�o ridge subduction and upper
plate deformation had been previously suggested by different
authors [10,13e15]. In a recent work, Alvarez et al. [3,16] used
Earth gravity field data to track the presence of this feature
beneath the South American plate. The last authors calculated
the gravity anomaly and vertical gravity gradient for the South
Central Andes and adjacent offshore region taking the advantage
of the relative high spatial resolution of the global gravity field
model EGM2008 and the homogeneous precision of GOCE sat-
ellite data. Moreover, Mulcahy et al. [17] through earthquake
hypocenters recorded in the Andean Southern Puna seismic array
(25e28�S, 70e65�W) obtained a refined shape of the Wadati-
Benioff zone under the Southern Puna and the northern margin
of the Chilean-Pampean flat slab. Their results support high
temperature at the base of the lower crust and a hot astheno-
spheric mantle wedge under the Southern Puna. They found
slight differences of the redefined geometry from previous rep-
resentations in the Southern Puna; being a more pronounced
westward bulge of the 100e130 km contours in the region
centered near 27�S where the Copiap�o aseismic ridge intersects
the Chile trench.

Rosenbaum et al. [18], reported a spatio-temporal link be-
tween the subduction of the Juan Fernandez ridge in Central
Chile and the intense metallogenic activity in this region since
the middle Miocene and also to the lateral changes in the spatio-
temporal distribution of the metallogenic domains in the area.
Alvarez et al. [3] proposed that the subduction of the Copiap�o
aseismic ridge could have controlled the northern edge of the
Chilean-Pampean flat slab, due to higher buoyancy, similarly to
the control that the Juan Fernandez ridge exerts in the geometry
of the flat slab further south.

In this study, we infer a link between the subduction of the
Copiap�o ridge in the North of Chile and NW of Argentina, with the
intense metallogenic activity in this region since the middle
Miocene to the present.
2. Gravity data

We focused this work on the evaluation of the interplay be-
tween the subduction of an aseismic ridge (Copiap�o) and the
mineralization that could produce in the overriding plate. For this,
we calculated the gravity anomaly and the vertical gravity
gradient in the South Central Andes region from the Earth gravity
field model EIGEN-6C4 [19].Earth gravity field models are pre-
sented as sets of coefficients of a spherical harmonic
approximation of the gravity field up to a maximum degree Nmax

which governs the spatial resolution of the model l [20e22].
EIGEN-6C4 is developed up to degree/order 2159 with some
additional terms up to degree/order 2190, the spatial resolution
for the potential field model EIGEN-6C4 becomes equal to l/
2 z 9 km (according to Barthelmes [22]).
3. Gravity anomaly and vertical gravity gradient

In order to analyze the gravity and the gradient field with
certain geological features we calculated the vertical gravity
gradient and the gravity anomaly [23] in the Southern Central
Andes region (Fig. 2). The need for higher resolution justifies the
calculation with the EIGEN-6C4 model as satellite only models
(e.g. GOCE derived) presents a lower resolution of approxi-
mately l/2 z 60 km (being the degree/order of the spherical
harmonic expansion N ¼ 300). For calculation we used the data
of the model EIGEN-6C4 up to degree/order N ¼ 2159 [24] on a
regular grid with a cell size of 0.05�. The values were calculated
in a geocentric spherical coordinate system at the calculation
height of 7000 m to ensure that all values were above the
topography.

Both quantities were corrected by the topographic effect in
order to eliminate the correlation with the topography. Topo-
graphic mass elements obtained from ETOPO1 [25] were
approximated with spherical prisms [26e30] of constant density
in a spherical coordinates system. The use of spherical prisms is
necessary to take into account the Earth's curvature [31e34]. A
standard density of 2.67 g/cm3 was used for continental crust and
a density of 1.03 g/cm3 for the sea water. All calculations were
performed with respect to the World Geodetic System 1984
(WGS84). The topographic correction becomes greater (up to tens
of mGal/m (E€otv€os) for Tzz and up to a few hundreds of mGal for
gravity) over the maximum topographic elevations (e.g. the Puna
and the Main Andes) and lower over the topographic depressions
such as the Chilean trench.
4. Euler Poles

The backtracking technique [35,38e41] allows to rotate sea-
mounts (of known age) back to their presumed origin (e.g. a
hotspot), and forward to a final position. We calculated the
extrapolated track of the Copiap�o ridge (forward) using Euler
Poles (Fig. 3) indicating its future development in 2 Ma, and in
8 Ma. The backward calculation indicates a probable origin at



Fig. 2. a) Vertical gravity gradient from EIGEN-6C4 corrected by topographic effect in the region of the Copiap�o ridge and Ojos del SaladoeBuena Ventura volcanic lineament. b)
Gravity anomaly computed from the EIGEN-6C4 model corrected by topographic effect. Superimposed, the track of the Copiap�o ridge is indicated backwards in time (white dashed
line) and forwards in time (black dashed line). Circles are seamount locations and respective age of the underlying sea floor in million years, from the catalog of Wessel [35]. Solid
line indicates oceanic crust ages [36]. Triangles indicate the current position of the active volcanic arc [37].

Fig. 3. Reverse and forward reconstruction of the Copiap�o ridge trajectories using Müller et al. [36] and DeMets et al. [42] Euler Poles respectively. The square indicate the cor-
responding position 2 Ma ago for the seamount (circle) located near the trench (Seamount age 40.3 Ma), while the rhomb indicates its future position beneath the continent in 2 Ma.
Triangles indicate the current position of the active volcanic arc [37]. Note that the extrapolation of the Copiap�o ridge coincides with an eastward migration of the active volcanic arc
instead of the gap in magmatic activity, characteristic of the Pampean-Chilean flat slab, observed to the south. Blue circles are seamount locations with the age of the underlying sea
floor (Ma) from the catalog of Wessel [35]. Solid lines indicate oceanic crust ages [36].
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the Easter (Sala y Gomez) hotspot approximately 40 Ma ago. At
the latitudes between 26.5�S and 27.5�S is observed a rotation in
the general strike of the NNE pattern of the Ga and Tzz anom-
alies to a general ENE direction. This is interpreted as the
expression of a regional rotation in the Andean structures
(Fig. 2), circumscribed to a stripe coincident with the extrapo-
lation of the Copiap�o ridge beneath the South American Plate
(obtained from Euler poles between Nazca and South American
plates.
5. Results

In the map of the topography corrected gravity anomaly, the
influence of the Andean root is expressed by lowgravity values (less
than �300 mGal). The positive effect of the oceanic Nazca plate is
also observed, reaching its maximum values (more
than þ200 mGal) at the outer rise area. The Copiap�o ridge can be
tracked by its well-defined gravity signal, lower than the sur-
rounding oceanic ocean floor.
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Seaward of the trench, the outer rise area produced by the
flexure of the downgoing Nazca plate, coincides with a positive Ga
of about 200 mGal, and with a positive Tzz higher than 25 E€otv€os
(Fig. 2). The Copiap�o ridge is marked by a well-defined Tzz signal
higher than 30 E€otv€os and a Ga higher than 250 mGal.

Between 26.5�S and 27.5�S, a notorious change in the strike of
the general NNE pattern of the anomalies to an ENE-direction is of
particular interest, being exhibited by both the Ga and Tzz ob-
tained from EIGEN-6C4 (Fig. 2). This is interpreted as reflecting a
change in the Andean structural trend. This change coincides with
the extrapolation of the Copiap�o ridge beneath the South Amer-
ican plate, when calculating the forward position of the ridge
using the present rotation poles between Nazca and South
American plates.

The ENE deflected Ga and Tzz obtained from EIGEN-6C4 would
be mainly related to the shallowest expression of the deformation
as the high frequency gravimetric signal is mainly related to shal-
lower density contrasts (long wavelengths are related to deeper
sources).

6. Ridge subduction and mineralization

A seamount or an aseismic ridge acquires different states of
buoyancy as enter the trenches. A seamount located on a strong
oceanic platewould be regionally supported and, hence, much of its
compensation have been removed prior to subduction. Due to a
lower buoyancy, such a seamount or aseismic ridge would be less
likely to uplift the outermost forearc and, and thus being more
weakly coupled to the overriding plate. On the other hand, a
seamount formed on a weak plate is more locally compensated,
being more bouyant and is more likely to jam producing indenta-
tion, a higher degree of faulting and deformation of the continental
margin [43].

Studies of seamounts (or aseismic ridges) made by Nishizawa
et al. [44] and by Contreras-Reyes et al. [45] using deep seismic
reflection along the continental margin, showed that these sea-
mounts are underlain by a thickened oceanic crust. Moreover, P-
wave velocity contours are elevated; suggesting that these sea-
mounts have relatively dense cores and that the underlying flexed
crust may have been intruded by magmatic material. Baker et al.
[14] proposed that the Ojos del Salado lineament may represent a
continental extension of the chain of islands and seamounts
referred to as the ‘Easter Hot Line’.

The Ojos del Salado-San Buena Ventura volcanic lineament
represents an anomaly in the pattern of arc-retroarc volcanism at
the northern extreme of the Chilean-Pampean flat zone. These
volcanic centers are controlled by ENE-oriented regional struc-
tures with dip and strike-slip strain components that project into
the retroarc zone transversally to the arc front. Moreover, the
development of this volcanic lineament coincides with a strong
deflection in the fabric of the Andean deformation determined
from gravity analyses [3]. Then, neotectonic deformation, volca-
nic alignments and the deformation patterns at about 27.5�S
could be spatially linked to the collision of the Copiap�o aseismic
ridge. Additionally, convergence direction of this oceanic feature
parallels the plate convergence direction between the Nazca and
South American plates (78.1� azimuth NE in our study area [46]).
This implies that the point of insertion of the Copiap�o ridge
colliding against the trench does not shift towards the south as
reported for the Juan Fernandez ridge further south [1]. There-
fore, the deformational imprint over the upper plate is expected
to affect a more discrete zone than in the southern ridge colli-
sion, producing an ENE-localized deformational zone. This could
explain the regional deflection of the gravity anomalies and
gradients observed along a discrete stripe. The Andean fabric
associated to the flat subduction processes in the region looks
unaltered to the north and south of it. Additionally it explains
why neotectonic deformation acquires, to the east of the arc
front, a predominant EeNE orientation along the Ojos del Salado-
San Buena Ventura volcanic alignment.

Kay and Mpodozis [47], expressed that major Miocene Central
Andean ore districts (between 22� and 34�S) share common tec-
tonic and magmatic features that point to a model for their for-
mation over a shallowing subduction zone or during the initial
steepening of a formerly flat subduction zone. In the region of
Copiap�o the subduction angle is of about 5�E and the crustal
thickness is 60 km [48].

A key ingredient for magmatism and ore formation is release of
fluids linked to hydration of the mantle and lower crust above a
progressively shallower and cooler subducting oceanic slab. Other
ingredient is stress from Nazca-South American plates convergence
that results in crustal thickening (in depth) and shortening (WeE)
in association with magma accumulation in the crust. Fluids for
mineralization are released as the crust thickens, and hydrous,
lower crustal amphibole-bearing mineral assemblages that were
stable during earlier stages of crustal thickening break down to
dryer, more garnet-bearing ones [47].

Following the track of the Copiap�o ridge over the continent, are
located the most significant mining deposits in Argentina, such as:
Farall�on Negro (the biggest gold district in this country). Production
is under way at Bajo de la Alumbrera, 767 Mt of reserves with 0.51%
Cu and 0.64 g/t Au [49] and Farall�on Negro 1.5 Mt with grades of
approximately 6 g/t Au and 99 g/t Ag [50]. Other locations are under
evaluation: Agua Rica with 1457 Mt of measured and indicated
reserves with 0.2% Cu cutoff grading 0.44% Cu, 0.03% Mo, 0.19 g/t
Au, and 3 g/t Ag (electronic communication, Northern Orion web-
site). In Fig. 4, we show the track of the Copiap�o aseismic ridge and
all mining districts located in the area.

The mineralization is linked to changes in crustal and litho-
spheric thickness induced by the evolving geometry of the sub-
ducting Nazca plate. Fluids for mineralization that are ultimately
derived from the hydrated mantle above the subducting slab are
released as wet amphibole-bearing lower crust thickens and
transforms into dryer, garnet-bearing crust above a shallowing or
recently shallow subduction zone [51]. The mineralization associ-
ated to Copiap�o ridge took place in the Chilean flat-slab region, as
the subduction zone was shallowing [48].

7. Conclusion

The Ojos del Salado-San Buenaventura volcanic lineament
presents an anomaly in the pattern of arc and back-arc volcanism
at the northern end of the Pampeana flat subduction zone, coin-
ciding with the extrapolation of the Copiap�o aseismic ridge. This
causes a strong deflection of the Andean deformation factory
determined from the gravimetric analysis, which is clearly
observed at 27.5�S latitude. This trace produced by the Copiap�o
ridge under the South American plate is inferred by a gravimetric
analysis.

The subduction of the Nazca plate between approximately 27�S
to 32�S, in a flat slab configurationwith two ridges subducting at its
edges (the Copiap�o aseismic ridge to the north and the Juan Fer-
nandez ridge to the south), produced one the larger mineralized
regions in South America. This “abundance” of mineral deposits
could be explained as produced by the fluids released via dehy-
dration of the subducting oceanic crust in a shallow setting added



Fig. 4. Tzz from EIGEN-6C4 corrected by topographic effect in the region of the Copiap�o ridge and Ojos del Salado-San Buena Ventura volcanic lineament. The track of the Copiap�o
ridge (black dashed line) is related to the most significant mining deposits in this region of Chile and Argentina. References: BT: Bajo la Tapada, BD: Bajo el Durazno, AR: Agua Rica,
FN: Farall�on Negro, C: Capillitas, BP: Bajo la Pampita, BA: Bajo la Alumbrera, FC: Filo Colorado, AB: Alto la Blenda, VC: Veta Carmen, LJ: La Josefa.
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to a higher degree of mantle melting produced by a thicker oceanic
crust resulted from seamounts compensation.
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