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Juan Fernández Ridge (JFR) is a ca. 800 km long volcanic chain composed by
seamounts, guyots and oceanic islands in the SE Pacific. JFR is thought to be related to
a deep mantle plume and usually scores high in the hotspots catalogs (e.g., Anderson,
2005; Jackson et al., 2017). High 3He/4He in Robinson Crusoe is probably the most
undoubted feature of lower mantle involvement. However, one of the most convincing
pieces of evidence for a source rooted deep in the mantle is the age progression along
a volcanic chain, which is poorly constrained for JFR. In fact, some scarce K-Ar dates
in Alejandro Selkirk and Robinson Crusoe islands, and a total fusion age for O’Higgins
Guyot published more than 20 years ago, is the only evidence available for such a
hypothesis in previous works. Here we integrate recently published 40Ar/39Ar ages and
17 new results on groundmass step heating experiments from rocks corresponding
to the late shield stage (O’Higgins Guyot: 8.4 Ma; Alpha Guyot: 4.6 Ma; Robinson
Crusoe Island: 3.7 Ma; Alejandro Selkirk Island: 0.83 Ma; Friday Seamount: 0.62 Ma)
to document a solid age progression which yields a long-term absolute velocity of ca.
81 mm/year− for the Nazca Plate. This value is much higher than the velocity prescribed
by plate tectonic models that assume fixed hotspots, and still somewhat higher than
models that take into account hotspot drift, indicating that the Juan Fernández hotspot
is moving ca. 20 mm/year toward East Pacific Rise. Present hotspot would be ca.
20 km west of Domingo Seamount. Merging geochronological data with our current
understanding of the mantle sources and magmatic evolution, we provide a case for
a hotspot possibly rooted in a weak primary plume, and discuss some causes and
consequences of that.

Keywords: seamounts, guyots, mantle plumes, Juan Fernández Ridge, SE Pacific

INTRODUCTION

Seamounts are conspicuous features of the deep seafloor, and together with oceanic islands,
form a widespread expression of intraplate volcanism. Linear arrays of seamounts, some
of them forming age progressive trails of intraplate volcanoes were early described from
the Hawaiian chain by McDougall (1964, 1971) based on K-Ar geochronology. From that
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finding emerged the fixed hotspot concept (e.g., Wilson, 1963;
Morgan, 1971, 1972) with a remarkable and long-lasting
influence on plate tectonics and modern geodynamics. However,
in the last decades more detailed global bathymetry has revealed
more seamounts in a wide range of size and geometry, many
of them isolated and others forming chains with no clear age
progression. The latter became evident for the Pacific basin
(Clouard and Bonneville, 2001) and thus new ideas were raised
to question the fixed hotspot model, and the mantle plumes
theory. Bonatti et al. (1977) early proposed the “hot lines” as
a kind of leaky fractures controlling linear arrays. Lithosphere
cracking was proposed by Sandwell and Fialko (2004) whereas
Ballmer et al. (2007) proposed the small-scale sublithospheric
convection as a way to form long chains that violate the age
progression expected for fixed hotspots. A milestone in testing
age progressions is geochronology, and the advent of 40Ar/39Ar
geochronology with modern spectrometers opened avenues to
study these features with growing accuracy.

A suitable target for this kind of study is the Juan Fernández
Ridge (JFR) in the SE Pacific, close to the south-eastern corner
of the so-called Pacific Large-Low Shear Velocity Province
(Steinberger and Torsvik, 2012). JFR is thought to be related to
a deep mantle plume and usually scores high in the hotspots
catalogs (e.g., Anderson, 2005; Jackson et al., 2017), mostly
because of high 3He/4He ratios in Robinson Crusoe Island, but
firm geochronology is still lacking. In fact, some scarce K-Ar dates
for Alejandro Selkirk and Robinson Crusoe islands (Booker et al.,
1967; Stuessy et al., 1984) and a total fusion 40Ar/39Ar age for
O’Higgins Guyot published more than 20 years ago (von Huene
et al., 1997) is the only evidence available for such a hypothesis. In
addition, JFR seems to be also important for the evolution of the
South American continental margin. In fact, the intersection of
the JFR with the continental margin coincides with the southern
limit of the Pampean flat slab (Ramos et al., 2002; Ramos and
Folguera, 2009) and is the starting point for high sedimentation
rates at the trench (von Huene et al., 1997) and hence is thought
to be playing a role on the segmentation of the margin and to
control processes in the overriding plate (Kay et al., 1991; Reich
et al., 2003; Le Roux et al., 2005; Rosenbaum and Mo, 2011;
Arriagada et al., 2013). Therefore, a better understanding of the
nature and specially timing of the JFR collision would shed light
on some of those relevant margin-scale processes.

Here we use 40Ar/39Ar geochronology on groundmass, whole
rock and plagioclase separates to date shield stage lavas along the
JFR, and by comparison with other age-progressive seamount
chains on the Nazca Plate (e.g., Easter Seamount Chain, ESC),
we discuss their origin in the context of mantle plumes and plate
tectonics.

REGIONAL TECTONIC SETTING

The JFR intersects the continental margin at ∼33.4◦S and its
eastern component (O’Higgins seamounts group) is located
∼120 km west of the Chile-Peru Trench (Figure 1), where the
Nazca Plate sinks beneath South America with an azimuth of
78.4◦ at a high convergence rate of 74 mm/year according to

the MORVEL model (DeMets et al., 2010) or 70.5 mm/year
according to the GEODVEL 2010 model (Argus et al., 2010). The
age of the Nazca Plate underneath the JFR ranges from 27 to
37 Ma (Müller et al., 2008) and is segmented by the Challenger
Fracture Zone, which defines a conspicuous magnetic domain
that disrupts the normal pattern of the oceanic plate and cuts
the JFR near Robinson Crusoe Island (Rodrigo and Lara, 2014).
South of the Challenger Fracture Zone, the oceanic crust of the
Nazca Plate forms at the Chile Ridge whereas its northern domain
is originated at the fast spreading East Pacific Rise (Cande and
Haxby, 1991). The Challenger Fracture Zone is EW-trending at
the Chile Ridge but changes to a more oblique ENE strike near the
Selkirk trough, south of the JFR (Figure 1). Close to the JFR, the
Challenger Fracture Zone is poorly defined but appears as a sharp
discontinuity of the magnetic fabric (Rodrigo and Lara, 2014).
3D modeling of the magnetization suggests that the fracture zone
would also have channelized intrusions in a trend that departs
from the JFR (Rodrigo and Lara, 2014).

Global bathymetry based on satellite altimetry (Weatherall
et al., 2015; GEBCO 2014 at www.GeoMapApp.org) shows
the JFR to be a ca. 800 km long EW-trending chain that
extends eastward from the Friday and Domingo seamounts
(at 97.5◦W/34◦S, close to where the present hotspot would
be located; e.g., von Huene et al., 1997) nearly parallel to
the convergence vector. The JFR has a roughly continuous
morphology west of 76.5◦W (Gamma Seamount), where a free
air gravity response can be observed (Yáñez et al., 2002; Tassara
et al., 2006). Negative anomalies along the flanks define a moat
structure as expected by flexural loading of the oceanic crust.
Beyond a bathymetric gap, this signature is not evident further
east where the gravimetric anomaly is centered at the O’Higgins
seamounts cluster without a resolved moat structure (Flueh et al.,
2002; Kopp et al., 2004). The latter has been interpreted as the
absence of a crustal root, although a broader feature could be
masked by the Nazca Plate bending at the outer-rise (Kopp et al.,
2004).

Long-term effects of the collision of JFR against the
continental margin have been extensively proposed in terms of
tectonics (e.g., Yáñez et al., 2002; Le Roux et al., 2005; Arriagada
et al., 2013), magmatism (Kay et al., 1991) and even mineral
resources (e.g., Reich et al., 2003), although based on the existing
poor geochronology and an arguable geometry of the subducted
portion of the ridge (Yáñez et al., 2001). In fact, the NE- bending
of the trail at ca. 25–26 Ma proposed by Yáñez et al. (2001)
implies a rapid southward migration of the ridge collision point
for ∼1400 km since 22 Ma to a more orthogonal encounter at
10 Ma, when the EW segment started to subduct.

MATERIALS AND METHODS

40Ar/39Ar Geochronology
Eleven 40Ar/39Ar laser incremental heating experiments were
conducted at the WiscAr Geochronology Laboratory using both
MAP 215-50 and Noblesse 5-collector mass spectrometers.
Groundmass separates were prepared by crushing, sieving
to 250–355 µm, magnetic sorting, and density separation
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FIGURE 1 | Juan Fernández Ridge (JFR), SE Pacific (bathymetry from GEBCO, downloaded from www.GeoMapApp.org). White boxes show O’Higgins seamounts
cluster, Dresden and Cinque Ports seamounts (close up view in Figure 2). Inferred location of the hotspot is based on the age progression defined by new 40Ar/39Ar
data (see text for details). Location of the subducted Papudo Seamount is from Yáñez et al. (2001). Black box shows the area of the “petit spots” identified by Hirano
et al. (2013). The Easter Seamount Chain is also pointed out, along with the Challenger Fracture Zone. Present day displacement is shown with a white arrow for the
Nazca Plate relative to South America, according to the MORVEL 2010 model (DeMets et al., 2010), with an azimuth of ∼80◦. Selected index contours for the
seafloor age are shown in light blue (after Müller et al., 2008). Inset on the left is modified from ETOPO1 Global Relief (Amante and Eakins, 2009) and shows the area
of the Juan Fernández Ridge in a white rectangle.

using methylene iodide. The separates were then ultrasonically
leached as needed in a 5–10% HCl, rinsed ultrasonically with
deionized water, and then hand-picked under a binocular
microscope to remove altered domains. Groundmass separates,
along with the 28.201 Ma Fish Canyon sanidine standard
(Kuiper et al., 2008) or the 1.18 Ma Alder Creek rhyolite
sanidine (Jicha et al., 2016), were irradiated at the Oregon
State University TRIGA reactor in the Cadmium-Lined In-
Core Irradiation Tube (CLICIT). Groundmass separates of
∼20 mg were incrementally heated with a 25 W CO2
laser following the procedures in Jicha and Brown (2014)
and analyzed using the MAP 215-50 single collector mass
spectrometer. Youngest sample ‘FRIDAY’ was incrementally
heated with a 60 W CO2 laser and analyzed using a Noblesse
5-collector mass spectrometer following the procedures in
Jicha et al. (2016). Reported ages in Table 2 were calculated
using the decay constants of Min et al. (2000) and analytical
uncertainties, including J contributions (neutron fluence monitor
during irradiation), are reported at the 95% confidence level
(± 2σ).

Nine samples (Table 2) were analyzed by 40Ar/39Ar laser
incremental heating at the SERNAGEOMIN Geochronology
Laboratory using a MAP 215-50 mass spectrometer. Fresh rock
fragments were crushed to 250–180 µm grain sizes and hand-
picked to extract major phenocrysts or weathered surfaces. Single
aliquots were placed in a disk of high purity aluminum together

with a monitor grain of Fish Canyon sanidine (28.03 ± 0.1 Ma;
Renne et al., 1994). Sealed disk was sent for irradiation to
La Reina nuclear reactor (Chile), operated by the Comisión
Chilena de Energía Nuclear. Samples were irradiated for 20 h.
Once the samples were received from the reactor, individual
total fusion analyses were performed for all the monitors from
the disk, and J factors were calculated for each grain. The
distribution of J in 2 dimensions across the disk is modeled
by a 2-dimensional quadratic fit to the data, resulting in a
J surface for the disk (e.g., Lara et al., 2006 and references
therein). Individual J factors for each sample are thus calculated
depending upon the coordinates of the sample. Following each
three heating steps a line blank was analyzed. Then, the noble
gases were separated by means of a cold trap at ≈133◦C and
a ST101 getter operated at 2.2 A. Once purified, the noble
gases were introduced into a high resolution MAP 215-50
mass spectrometer in electron multiplier mode. The isotopes
36Ar, 37Ar, 38Ar, 39Ar, and 40Ar were analyzed in 10 cycles,
and the 36Ar/40Ar, 37Ar/40Ar, 38Ar/40Ar, and 39Ar/40Ar ratios
were calculated for time zero to eliminate the effects of isotope
fractionation during the analysis. The baseline was analyzed
at the beginning and the end of the analysis, for each step,
and subtracted from the peak heights. Spectrometer bias was
corrected using periodic analyses of air samples, from which
a correction factor was calculated. A reproducible result was
considered when a plateau age was defined using the approach
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TABLE 1 | Morphological features and inferred ages along the JFR.

Seamount/lsland Lat
(◦S)

Long
(◦W)

Vol
(km3)

(eroded)

Age (Ma)∗ ± 2σ Crust
age ± 0.5

(Ma)
Muller
et al.
(2008)

1age ± 1
(Ma)

Comments Relevant
references

Punta Salinas Ridge 32 25.00′ 72◦05.00′ - 10.74 0.50 39.4 28.7 Subducted, no reliable
volume estimation

Yáñez et al., 2001

San Antonio Seamount 33 05.00′ 72◦05.00′ - 10.59 0.50 38.8 28.2 Subducted, no reliable
volume estimation

Laursen and
Normark, 2002

Papudo seamount 32◦36.00′ 72◦30.00′ 380 10.23 0.50 38.8 28.6 Subducted; volume
from magnetic anomaly

Yáñez et al., 2001

O′Hiigins ridge 32◦34.71′ 73◦18.24′ 345 9.42 0.50 37.6 28.2 Age inferred from age
progression

von Huene et al.,
1997

O′Higgins seamount 32◦53.80′ 73◦50.10′ 380 9.02 0.50 36.9 27.9 Age inferred from age
progression

von Huene et al.,
1997

O′Higgins (Guyot) 32◦54.16′ 73◦54.17′ 1305 8.64 0.28 36.5 27.9 40Ar/39Ar
geochronology

Lara et al., 2018

Gamma 33 27.28′ 76◦51.91′ 2400 5.59 0.50 32.2 26.6 Age inferred from age
progression

Beta 3 33 41.05′ 77◦20.10′ 400 5.07 0.50 31.4 26.3 Age inferred from age
progression

Beta 2 33 23.14′ 77◦27.08′ 1100 5.00 0.50 31.5 26.5 Age inferred from age
progression

Beta (Guyot) 33 37.54′ 77◦43.56′ 3000 4.68 0.50 31.1 26.4 Age inferred from age
progression

Omega 33 31.93′ 78◦02.55′ 700 4.37 0.50 30.8 26.4 Age inferred from age
progression

Alfa (Guyot) 33 40.50′ 78◦28.59′ 4300 3.91 0.06 30.3 26.4 40Ar/39Ar
geochronology

Robinson Crusoe 33 38.26′ 78◦51.48′ 7600 3.52 0.11 30,0 26.5 40Ar/39Ar
geochronology

Booker et al., 1967;
Stuessy et al.,
1984; Baker et al.,
1987; Reyes et al.,
2017

Duke 33 43.68′ 79◦36.94′ 1600 2.73 0.50 29.7 27.0 Age inferred from age
progression

Rodrigo and Lara,
2014

Cinque Ports 33 44.89′ 79◦52.28 1600 2.47 0.50 29.5 27.0 Age inferred from age
progression

Rodrigo and Lara,
2014

Dresden 34 04.91′ 80◦15.70′ 600 2.06 0.50 28.9 26.8 Age inferred from age
progression

Rodrigo and Lara,
2014

Epsilon 33 49.61′ 80◦20,94′ 750 1.96 0.50 29.2 27.2 Age inferred from age
progression

Alejandro Selkirk 33 45.66′ 80◦47.22′ 4800 1.54 0.10 28.7 27.2 40Ar/39Ar
geochronology

Xi 33 34.57′ 81◦22.41′ 150 1.09 0.50 28.6 27.5 Age inferred from age
progression

Friday 33 47,40′ 81◦43.50′ 600 0.66 0.50 28.4 27.7 40Ar/39Ar
geochronology

Farley et al., 1993

Domingo 33 56.80′ 81◦50.70′ 320 0.42 0.50 28.2 27.8 Age inferred from age
progression

Devey et al., 2000

∗Ages reported in italics are from the regression line (see text for details). Age of the seafloor taken from Muller et al. (2008) in GeoMapApp, with a nominal maximum
uncertianty of 0.5 Ma. 1age is the difference between Age and Crust age with 1 Ma of nominal uncertainty. Volumes estimated from the best bathymetry available, mostly
from GRMT in GeoMapApp, or published sources, with nominal uncertainty of 10%. Higher discrepancy is expected for guyots.

of Fleck et al. (1977) and Sharp and Renne (2005). Reported ages
were calculated with the decay constants published by Steiger and
Jagger (1977).

In order to obtain comparable values, we recalculated the
age and uncertainties following the procedures by Mercer and

Hodges (2016) using ArAR software tool1, with the age published
by Kuiper et al. (2008) for the Fish Canyon sanidine (28.201 Ma)
and the decay constants of Min et al. (2000). Table 2 contains

1http://group18software.asu.edu
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values as reported from the laboratories and a column with the
recalculated values. Subsequent figures use corrected values.

Geological Mapping, Bathymetry and
Sampling
Most dated samples come from the islands, and for them exist
stratigraphic constraints on relative ages based on 1:25,000
scale geological mapping. Some others were dredged during
cruises since 1995. Global low resolution bathymetry (e.g., Global
Multi Resolution Topography at www.GeoMapApp.org) was
used for first-order geomorphological analysis, complemented
with multibeam surveys in the area, for example the Hydrosweep
mapping of SO101 CONDOR cruise in 1995 (von Huene et al.,
1997) and multibeam bathymetry of SO161 SPOC campaign
in 2000 (Flueh et al., 2002; Reichert and Schreckenberger,
2002). Higher resolution bathymetric charts were produced
with multibeam echosounders Kongsberg EM122 (12 kHz) and
EM710 (70–100 kHz) on board of the AGS 61 Cabo de Hornos
research vessel during the FIPA (Fondo de Investigación Pesquera
y de Acuicultura) cruise in July 2014, mostly for Duke, Cinque
Ports and Dresden seamounts (as named by Rodrigo and Lara,
2014). MB-System software (Caress and Chayes, 2017) was used
for post-processing and GMT software (Wessel and Smith, 1995)
served to prepare interpolation grids with 30 m of horizontal
resolution for the whole depth range and with 6 m at seamounts
summits (depth range from 300 to 1000 m). From the available
bathymetry, seamount volumes were estimated from sections
in which we identified basal planes as those where curvature
change is maximum, and after assuming simple geometries for
calculation purposes. We assign a nominal uncertainty of ca. 20%
as a very conservative value for volume estimations, which also
takes into account uncertainty related to erosion and total growth
above sea level.

Geochemistry
In this article we briefly discuss the main geochemical signatures
of the JFR rocks extensively described in Reyes et al. (2017),
Reyes (2018, unpublished), and Lara et al. (2018), where methods
and procedures for whole rock and mineral geochemistry are
described in detail. We focus here on the shield stage because it is
the main building stage with a long-term plumbing system (Reyes
et al., 2017) and thus could provide clues about the nature of
the underlying mantle source. There is evidence of a rejuvenated
stage at O’Higgins Guyot (Lara et al., 2018) and Robinson Crusoe
Island (Reyes et al., 2017) but we do not further discuss about its
origin or driving factors. A discussion of the contrasting patterns
of ascent and magmatic evolution between shield and rejuvenated
stage lavas in JFR can be found in Reyes et al. (2017). Ongoing
research about the mantle source of JFR magmas includes Sr-
Nd-Pb isotope ratios and systematic modeling of the melting
process. Whole rock major and trace elements here discussed
were analyzed at AcmeLabs, Vancouver, BC, Canada2. Rock
chips crushed from field hand samples were fused with lithium
metaborate/tetraborate followed by a dilute nitric acid digestion
prior to major element analysis by ICP-ES and trace elements

2www.acmelab.com

by ICP-MS. In addition, a separate split was digested in Aqua
Regia and analyzed by ICP-MS to report the precious and base
metals content. Loss on ignition (LOI) is determined by weight
difference after ignition at 1000◦C. Precision and accuracy (2σ) is
between 3–8% for all elements (in ICP-ES and ICP-MS).

JUAN FERNÁNDEZ RIDGE

Seamounts and Islands Along the JFR
The JFR is composed of more than 20 seamounts, a number
of knolls and two main islands (Rodrigo and Lara, 2014 and
references therein) emplaced on the Nazca Plate. JFR converges
against the South American Plate at ∼33.4◦S (Figure 1). An
already subducted portion of this ridge was identified by
magnetic anomalies (von Huene et al., 1997; Yáñez et al., 2001),
the most prominent depicting the Papudo Seamount (von Huene
et al., 1997), which has a volume of ca. 380 km3, comparable to the
O’Higgins Seamount further west (Table 1). On the overriding
plate a tectonic fabric develops in response to the JFR subduction,
the ENE-trending Punta Salinas Ridge being one of the more
clear expressions (von Huene et al., 1997). Normal and thrust
faults are widespread and subsidence of the Valparaiso basin
is interpreted as a consequence of the collision (Laursen et al.,
2002). Structural highs are controlled by a complex pattern
of contractional structures possibly underlain by subducted
seamounts, such as the Topocalma knoll well above San Antonio
Seamount (Laursen and Normark, 2002). This oblique structural
fabric is partially aligned with that of the O’Higgins seamounts
cluster in the outer-rise region on the Nazca Plate (Figure 1).

The JFR comprises two volcanic segments separated by a
∼400 km wide gap with a common base at ca. 3900 m depth.
The Easter group is located 120 km west of the trench and is
composed by the O’Higgins seamounts (Figure 2): O’Higgins
Guyot, O’Higgins Seamount, O’Higgins Ridge and a number
of knolls. Although they seem to be part of the roughly EW
trend of the western JFR segment, they actually form a ENE-
trending (N70◦E) alignment subparallel to the fault pattern of the
incoming plate observed in this region (Figure 2; Laursen et al.,
2002; Ranero et al., 2006). This structural feature, orthogonal to
the magnetic fabric, is notably marked by the O’Higgins fault
(Kopp et al., 2004), a deep scarp south of the O’Higgins Guyot
but also by the elongation of the O’Higgins Ridge. The eastward
projection of the O’Higgins group, however, still follows a more
EW trend with the subducted Papudo Seamount (Yáñez et al.,
2001) and maybe others inferred from the bulges in the marine
forearc sequences. Laursen and Normark (2002) interpreted the
structural high south of the Valparaiso basin as a consequence
of the accretion of the San Antonio Seamount. O’Higgins Ridge
is a ∼45 km long elongated feature composed by a number of
juxtaposed seamounts, flanked by extremely deep fractures (von
Huene et al., 1997; Ranero et al., 2006). The O’Higgins Guyot is a
volcanic edifice ca. 3450 m high with a flat top at ca. 500 mbsl
on average, which is overlain by a rejuvenated lava flow (Lara
et al., 2018). A total eroded volume of ca. 1300 km3 was inferred
for the O’Higgins Guyot (Lara et al., 2018). Maximum volume
estimated using the formulas by Vogt and Smoot (1984) and
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FIGURE 2 | Close up view for seamounts labeled in Figure 1. Contrasting morphologies (interpreted as different erosion degree) suggest a more complex evolution,
despite the highly correlated linear trend described by geochronological data (see text for discussion). (a) O’Higgins cluster with O’Higgins Guyot and O’Higgins
Seamount; (b) Duke, and Cinque Ports seamounts; (c) Dresden Seamount.
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Mitchell (2001) is higher, within the range of uncertainty. The
shelf break is partially obscured by the rejuvenated features. The
summit cone is a compound structure ca. 2 km in diameter
with a nested crater 930 m wide. From thickness estimated
in bathymetric profiles a maximum volume of ca. 1.7 km3 of
rejuvenated basanites was deduced. The O’Higgins Seamount is
a compound structure formed by two coalescent edifices with
summits separated by 25 km with a saddle at ca. 2000 mbsl.
Two 40Ar/39Ar groundmass ages of 9.26 ± 0.28 and 8.41 ± 0.07
were obtained by Lara et al. (2018), which are similar within
uncertainty to the 8.5 ± 0.4 Ma total fusion age reported by
von Huene et al. (1997). Above the summit plateau, a fresh
and chemically distinctive rejuvenated lava flow was reported by
Lara et al. (2018), with a groundmass age of ca. 8.2 Ma. The
partially stellate edifice O’Higgins Seamount is ca. 3280 m high,
has the summit at 720 mbsl and a present volume of ca. 380 km3.
About 45 km south of the O’Higgins Guyot, Hirano et al. (2013)
reported two so-called “petit spots” (small seamounts sourced in
the upper mantle and related to plate flexure, as defined in Hirano
et al., 2006) dated at ca. 7–10 Ma.

The western segment is a nearly continuous ridge (N85◦E)
from Gamma to Domingo and includes 22 seamounts partially
overlapping, 15 of them taller than 1000 m above seafloor.
Gamma Seamount is a compound structure marking the
resumption of volcanism after a∼300 km gap. It is NE-elongated
and has two summits, the shallowest at ca. 547 mbsl. A saddle
at 3700 mbsl separates Gamma from the Beta seamounts cluster.
Beta 2 is an apparently nested structure with a central cone
at 700 mbsl and a total height of 2870 m. Beta 3 is a small
perfect cone 1900 m high with a summit at 2020 mbsl, connected
with Beta and Beta 2 through a saddle at 3000 mbsl. Beta is
a prominent guyot with its flat surface only 250 mbsl and a
total volume of ca. 3000 km3. Beta and Beta 2 form a corridor
joined by an unresolved bathymetric high, maybe representing
another seamount. Omega Seamount, a perfect cone 2200 m
high, is the bridge between Beta cluster and the large Alpha
volcanic complex. The latter is a guyot with its flat surface gently
dipping to the north, at 260–450 mbsl. A volume of ca. 4300 km3

is inferred for this structure, which partially overlaps with the
pedestal of Robinson Crusoe Island.

Robinson Crusoe Island (915 masl) and the nearby Santa
Clara (375 masl) are part of the same edifice. Their advanced
erosion exposes a continuous sequence of shiled stage lavas
(Baker et al., 1987; Farley et al., 1993; Reyes et al., 2017; Truong
et al., 2018). Submerged marine abrasion terraces (at ∼ 200
and ∼ 500 mbsl; Astudillo, 2014) and sedimentary layers of
marine origin now uplifted at 70 masl indicate a complex history
of vertical displacement (Sepúlveda et al., 2015). K-Ar ages of
ca. 3.5–3.8 Ma (Booker et al., 1967; Stuessy et al., 1984) were
later refined with a 40Ar/39Ar age of 3.83 ± 0.03 Ma by Reyes
et al. (2017) for a tholeiitic basalt from the Puerto Inglés shield
sequence. Rejuvenated volcanism is also present in Robinson
Crusoe complex as pyroclastic cones, dykes and associated lavas.
A sharp erosion unconformity separates the shield stage sequence
from the younger rejuvenated stage (Figure 3). A basanite lava
flow from the Bahía del Padre rejuvenated sequence was dated by
Reyes et al. (2017) in ca. 0.9 Ma.

A saddle at ca. 3500 mbsl separates Robinson Crusoe Island
from the paired Cinque Ports and Duke seamounts 70 km west
(Figure 2; Rodrigo and Lara, 2014). Duke Seamount has a stellate
form with a summit at ca. 500 mbsl and a height of ca. 3500 m
(Figure 2). Four radial rift zones are recognized in the flanks,
which appear also dotted by small flank vents. The western
slope of Duke Seamount overlaps with the Cinque Ports Guyot,
whose summit is 25 km west. Rough topography on the lower
flanks could be interpreted as mass wasting deposits from sector-
collapses. Cinque Ports is a guyot with its summit plateau at
ca. 440 mbsl, with a height of 3660 m. Notably, a number of
small cones are present at the base of the western flank, some
of them with resolved craters. They are small 100–300 m high
cones with diameters of 2–3 km. Five kilometers further west,
Delta Seamount is an isolated small cone with summit at 1954
mbsl and base at 3565 mbsl. About 30 km south of the main
alignment, Dresden Seamount appears as a stellate cone with a
summit 380 mbsl and a height of 3620 m. It is elongated in the
NW-SE direction and presents three prominent rift zones, one
of them sigmoidal. North of Dresden Seamount, in the main
alignment, is Epsilon Seamount, which is a dome-shaped edifice
with a summit at ca. 1960 mbsl and a base at ca. 3570 mbsl.

Separated from Epsilon by a short saddle, Alejandro Selkirk
Island is the other emergent volcanic edifice, ∼180 km W of
Robinson Crusoe, with a summit 1320 masl and ca. 3800 m
of submerged section. The sequence is exposed inland as a
homoclinal sequence dissected by straight valleys downward to
the east and high cliffs on the west coast. For Alejandro Selkirk
the published K-Ar ages range between 2.44 and 0.85 Ma, with
most of them ca. 1.0–1.3 Ma (Booker et al., 1967; Stuessy et al.,
1984).

In the saddle that separates Alejandro Selkirk platform from
the Domingo Seamount and Friday complex emerges the isolated
Xi Seamount, a small perfect cone ca. 1000 m high. Further west,
Friday (Farley et al., 1993) and Domingo (Devey et al., 2000)
seamounts form a cluster with unresolved additional centers
included. Friday complex has a multiple summit area at ca. 2900
mbsl with the base in the abyssal plain at ca. 3800 mbsl. Domingo
is volumetrically smaller with a height of ca. 636 m. West of
Domingo and Friday cluster there is a flat area at ca. 3200 mbsl
rising ca. 500 m above the seafloor, which roughly coincides with
the inferred position of the present hotspot.

The Challenger Fracture Zone, which is clear ∼100 km south
of the Alejandro Selkirk cluster, converges to the JFR and crosses
in a diffuse zone somewhere between Alpha and Beta guyots, and
also disturbs the magnetic anomalies of the seafloor fabric even
west of Alejandro Selkirk Island (Figure 1). A magnetic fabric
associated with this fracture zone is oblique to the JFR and defines
an intrusive/extrusive domain that disrupts the regular fabric of
the sea floor (Rodrigo and Lara, 2014). This feature resumes as
a ∼N60-65◦E linear bathymetric feature north of the JFR, where
it offsets the magnetic anomalies of the seafloor in a left-lateral
sense.

Geochemical Features
Juan Fernández Ridge samples are from the upper section of
seamounts and islands (i.e., not including basal parts of the
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FIGURE 3 | Photographs representing the typical shield stage sequences of dominant tholeiitic basalts at Robinson Crusoe and Alejandro Selkirk islands.
(A) Panoramic view of Cumberland Bay and San Juan Bautista village, Robinson Crusoe Island, with the exposed ca. 900 m thick, NE gently dipping sequence.
(B) View of ‘Quebrada de las Casas’ village in Alejandro Selkirk Island and the exposed E dipping sequence. Numbers are 40Ar/39Ar ages (see Table 2 for analytical
details) in their stratigraphic position (white arrows).

major edifices) and rock types are mostly tholeiitic basalts
and scarce alkaline basalts and basanites, representing both the
shield and rejuvenated stages (Figure 4). As described from
other hotspot volcanoes (e.g., Konter and Jackson, 2012; Garcia
et al., 2016), basanites are typical of the rejuvenated stage,
and they have been recovered from Robinson Crusoe Island
(Reyes et al., 2017) and O’Higgins Guyot (Lara et al., 2018).
We here focus on the shield stage, and because samples come
from the upper slope of seamounts and from the subaerial
sections of Alejandro Selkirk and Robinson Crusoe islands,
they most likely represent the late shield stage. Summarizing
the main geochemical features of the shield stage based on
recent results (Reyes et al., 2017; Truong et al., 2018) and
our ongoing research, JFR is formed by basic lavas highly

enriched in incompatible elements (LIL and HFSE) compared
to MORB, probably due to a more enriched mantle source
and smaller degrees of melting. This geochemical enrichment
is more marked in Robinson Crusoe Island and Alpha Guyot,
and extends to higher La/Sm and Nb/Zr ratios compared
to O’Higgins Guyot and Alejandro Selkirk Island (Figure 4).
These features could be explained by differences in the partial
melting degree and mantle potential temperature, although subtle
changes in the composition of the source over time could
also be playing a role. Basanites are also present at Friday
Seamount and lavas from Domingo carry some signatures that
mimic those recognized in lavas from the rejuvenated stage in
O’Higgins Guyot and Robinson Crusoe Island (Reyes et al.,
2017; Lara et al., 2018). Devey et al. (2000) interpreted these
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FIGURE 4 | Step heating diagrams for selected samples (analytical data in
Table 2). (A) Stacked plateaux for shield stage lavas from O’Higgins Guyot
(samples D10-2 and D10-7; Lara et al., 2018); (B) Robinson Crusoe Island;
and (C) Alejandro Selkirk Island. Plateau ages are shown before recalculation
reported in Table 2.

features as the effect of source metasomatism at early stages of
extrusion.

Published Sr-Nd-Pb isotopic ratios suggest source enrichment
with respect to depleted mantle source of MORB (Farley et al.,
1993; Truong et al., 2018), including those from the East
Pacific Rise and North Chile Ridge and excluding the extensive
participation of the lithospheric mantle. Local differences cannot

be explained only by changes in the degree of partial melting
and thus subtle variations in the enriched source are needed.
These mantle heterogeneities could also explain the low values
of 3He/4He in Alejandro Selkirk compared to the higher values
reported for Robinson Crusoe (Farley et al., 1993; Truong et al.,
2018), the latter usually interpreted as evidence of an origin
in the deep mantle (Hahm et al., 2009) and one of the most
compelling probes of a mantle plume involvement in JFR. Despite
the internal variation, the narrow field of isotopic values implies
a relatively stable source beneath JFR, which is in contrast to
the large variation observed in coeval chains on the Nazca Plate
like the Easter Seamount Chain (Ray et al., 2012), where a
mixture of enriched and depleted sources has been proposed
(e.g., Kingsley and Schilling, 1998; Simons et al., 2002). Data
from San Félix and San Ambrosio islands also reflect mantle
heterogeneities beneath the Nazca Plate in the SE Pacific (Gerlach
et al., 1986).

RESULTS

Ages and Age Progression
Seventeen new 40Ar/39Ar ages, and 3 recently published (Reyes
et al., 2017; Lara et al., 2018) were determined from experiments
that yield well defined plateaux following Sharp and Renne
(2005), all comprising > 60% of the 39Ar released, with
probability of fits of at least 0.05, and having no resolvable
slopes (Figure 5 and Table 2). Isochron regressions (York, 1969)
indicate that 40Ar/36Ar intercepts are indistinguishable from the
atmospheric value of 295.5 (Steiger and Jagger, 1977). Thus, we
consider the plateau ages as the best estimate of the time elapsed
since eruption or cooling below closure temperature and we
used these data to calculate the age progression and cumulative
eruptive volumes. In two cases we preferred the isochrones
because of the lower uncertainty at 2σ.

Radioisotopic ages form a linear array when plotted against
great circle distance to Domingo Seamount (thought to be
near the present hotspot) and thus a clear age progression. We
obtain thus a velocity of 81.30 ± 1.70 mm/year (R2 = 0.96)
using all the samples, which is slightly better when only latest
shield stage samples are considered (80.65 ± 1.70 mm/year
with R2 = 0.99) (Figure 6). There are no significant outliers,
even taking into account the poorly constrained stratigraphic
position for submarine samples. For example, Domingo and
the more mature Friday Seamount are probably in the early
stage of shield volcanism and thus only comparable with the
unsampled, older section of the others. We included Friday
Seamount age in the regression despite its signature comparable
with that of the rejuvenated stage, basically because of the short
time span represented by these lavas. In fact, when the age of
Friday Seamount is excluded, the trendline does not change
significantly. On the other hand, the regression line predicts
younger ages for Robinson Crusoe Island, which is expected
since all the samples are from the exposed stratigraphic section
with an eroded section of yet unknown thickness inferred. From
the reported ages in consecutive seamounts along the JFR, the
duration of the shield stage would have been ca. 1 My. From
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FIGURE 5 | Major and incompatible trace elements ratios for JFR samples. (A) N2O + K2O vs. SiO2 plot with data from Reyes (2018, unpublished), Lara et al.
(2018), and Reyes et al. (2017) for O’Higgins and Alpha guyots, and Robinson Crusoe and Alejandro Selkirk islands. Data for Domingo and Friday seamounts are
from Devey et al. (2000). The field for the rejuvenated stage recognized at O’Higgins Guyot (Lara et al., 2018) and Robinson Crusoe Island (Reyes et al., 2017) is
shown in light gray box. Note that Domingo Seamount is close to the rejuvenated field. (B) Nb/Zr vs. La/Yb ratios. La/Yb increases with the differentiation and Nb/Zr
is higher at lower degrees of partial melting (see text for details).

the regression line, the intercept at y = 0 implies that the
hotspot is presently ca. 20 km west of the Domingo Seamount
(33◦55.5′S/82◦2.9′W).

Volumes and Eruptive Rates
We use radiometric ages obtained for shield units and
independently estimated volumes from bathymetry to document
changes in the eruptive volumes over time (Figure 7). We found
that the 400 km gap between O’Higgins seamounts and the
western JFR segment marks a temporal gap of ca. 4 Ma without
eruptive record. The onset of a period with the highest eruptive
rate occurred at 5.5 Ma and lasted for ca. 2 My (from Gamma
to Robinson Crusoe). A more moderate growth period extended
from ca. 3–1.5 Ma (Duke to Alejandro Selkirk) and the more
recent episode occurred at an even lower eruption rate. The
earlier low volumetric growth period coincides with a decreasing
difference between the age of the oceanic crust and the age of
volcanism (1age in Figure 7); the rapid growth period occurs with
a nearly constant 1age and the change to a lower growth rate is
accompanied by a slight increase in 1age, which also corresponds
to the intersection of the Challenger Fracture Zone (Figure 7).
On the other hand, geochemical tracers only show minor changes
along the chain (related to variations in partial melting degree and
subtle mantle source changes) and thus volumes, eruptive rates
and continuity of the alignment seems to be independent of the
nature of the source.

DISCUSSION

Velocity of the Nazca Plate
Age progressions along hotspot trails are useful to test absolute
plate tectonic models. The early idea of a possible age progression

along JFR was based on very few imprecise K-Ar dates for
Robinson Crusoe and Alejandro Selkirk islands and a single total
fusion 40Ar/39Ar date for the O’Higgins Guyot. Despite the high
uncertainty of these values, the velocity inferred for the Nazca
Plate is not significantly different from our result, which is based
on more precise radiometric dating. The velocity here obtained
is close to the value deduced at Domingo Seamount with the
NUVEL 1A model (DeMets et al., 1994) and slightly higher than
that obtained with MORVEL (DeMets et al., 2010). However,
these models are in a no-net-rotation frame, and when converted
to fixed-hotspot frames, inferred velocities are much lower. When
absolute plate models with moving hotspots are considered
(e.g., T25M by Wang et al., 2018; 57.04 mm/year at Domingo
Seamount), the difference is less and could be reconciled with a
ca. 20 mm/year westward drift of the mantle plume. In addition,
if the convergence rate between the Nazca and South-American
plates is higher than the inferred absolute motion of the Nazca
Plate, then South America is advancing toward the trench. In
fact, Schepers et al. (2017) showed that South-American Plate
advance has been accompanied by > 200 km of trench retreat
since∼12 Ma.

On the other hand, our estimated velocity for the Nazca Plate
is lower than the value published by Ray et al. (2012) based
on the age progression along the coeval Easter Seamount Chain
(110 mm/year for the range 0–20 Ma). In order to perform a more
robust comparison, we scrutinized the dates obtained by Ray et al.
(2012) removing values possibly related to rejuvenated stages
(those with Nb/Zr > 0.2 and La/Yb > 15 being also clear age
outliers) and those without clear plateau ages. For this subset we
obtained a slightly lower velocity of 106.38 mm/year (R2 = 0.96)
when all the < 20 Ma samples are taken into account. A closer
inspection in this range allow us to identify a break at ca. 10 Ma
from which we obtain a velocity of 89.29 mm/year (R2 = 0.99)
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FIGURE 6 | 40Ar/39Ar groundmass age vs. great circle distance from Domingo Seamount (A). A linear regression line is shown with corresponding equation and
coefficient of determination R2. Lower panel in (B) shows the correlation for Easter Seamount Chain (data modified from Ray et al., 2012 only removing the outliers in
the range 0–10 Ma). Velocity from the T25M model taking into account moving hotspots (Wang et al., 2018) is shown for comparison, together with other fixed
hotspots plate tectonic models as NUVEL 1A (DeMets et al., 1994) and MORVEL56 (DeMets et al., 2010) computed at Domingo Seamount.

Frontiers in Earth Science | www.frontiersin.org 12 November 2018 | Volume 6 | Article 194

https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-06-00194 November 8, 2018 Time: 16:15 # 13

Lara et al. Age Progression Juan Fernández Ridge

FIGURE 7 | Evolution of JFR as constrained by volumetric eruption rate and
1age (see text for details). (A) Cumulative volume; (B) 1age and crust age from
Müller et al. (2008) (Table 1).

for samples < 10 Ma (Figure 7). Despite the uncertainty of
radiometric dating, this value is closer to the velocity deduced
from the JFR and thus both seems to unravel coherent drift of
mantle plumes beneath the Nazca Plate.

A Weak Primary Mantle Plume Beneath
JFR?
Preliminary geochemical evidence suggests the possible
involvement of pyroxenite in the source of JFR magmas. Our
modeling effort (e.g., Reyes, 2018, unpublished) shows in fact
a spatially heterogeneous mantle plume beneath JFR with a
minor but relevant pyroxenite fraction (5–12%) and a relatively
low potential temperature (Tp, ca. 1330◦C). This model Tp is
low, in general, compared to some other OIB (e.g., Herzberg
et al., 2007; Putirka, 2008; Kimura and Kawabata, 2015), but
similar or slightly higher than some estimates for the ambient
mantle temperature, e.g., ∼1396◦C (Putirka, 2008), ∼1280–
1400◦C (Herzberg et al., 2007) or ∼1300–1310◦C (Kimura and
Kawabata, 2015), the latter calculated with the same method.
A low temperature in a pyroxenite-bearing plume could be
explained by its disposition to cool because of the low ascent
velocity imparted by its density, high viscosity (Adam et al.,

2017) and its possible volatile content (e.g., Devey et al., 2000).
Thus, although a more precise appraisal of the nature of the
mantle plume beneath JFR is beyond the scope of this article, we
speculate that discontinuities along the JFR, and the variations of
the eruptive rates, could be a result of the weakness of the feeding
mantle plume with temporal changes in Tp implying different
partial melting degree over time.

In addition, gaps and changes in volumetric magma
production could be also related to the dynamic nature of the
oceanic plate. Orellana-Rovirosa and Richards (2017) proposed
a dimensionless parameter (R) as a proxy for rough or smooth
topography along seamount chains, with R < 1.5 for rough,
discontinuous ridges and R > 3 for those with a smooth
topography. R is approximated by the equation R = (Q/V)−2/Te
as function of buoyancy flux Q (m3/s), plate velocity V (m/s) and
elastic thickness of the lithosphere Te (m). When computing R for
JFR with appropriate values (buoyancy flux = 0.19 m3/s from the
review by King and Adam, 2014; Te = 5–15 km from Manríquez
et al., 2013) we obtain 1.3 ± 0.5, which is consistent with a
mostly rough topography. From that reasoning we speculate that
a low buoyancy flux combined with an old oceanic lithosphere
(ca. 26 Ma at the time of volcanism) are the main controlling
factors for the observed discontinuity. A low buoyancy flux is also
consistent with a low volumetric eruption rate (Figure 7), and
also with an independently estimated low Tp in the pyroxenite-
bearing source. Recent global seismic tomography (French and
Romanowicz, 2015) beneath JFR shows a partially resolved
anomaly of low shear-wave velocities that is consistent with this
interpretation.

A Reappraisal of the JFR Collision
Against the Continental Margin Over
Time
The apparent age progression along JFR was used by a number
of authors to assess the possible geological effects of the collision
of this ridge against the continental margin (e.g., Martinod et al.,
2010 and references therein). Some of them proposed a fast
migration velocity of the collision point (Yáñez et al., 2001)
based on an extremely sharp ridge bending at ca. 25–26 Ma
(from ENE to NNE). However, close inspection of the intraslab
seismicity reported by Kirby et al. (1996), and the updated picture
by Clouard et al. (2007) from the NEIC catalog (1993–2003),
shows a clear pattern of earthquakes clustering in an ENE trend
(N78◦E), which coincides with the convergence vector, and the
absence of any major bending of the seismicity at depth that shed
light on the older JFR segment. In addition, the geometry of the
Easter Seamount Chain shows a more complex pattern instead of
a simple bending when it continues on the Nazca Ridge at ca. 25
Ma. The latter is a NE-trending structure and could be a closer
analog of the subducted portion of the JFR older than 25 Ma.
Thus, we consider NE rather than NNE as a more plausible trend
for the older Oligocene segment and hence a lower migration
velocity of the collision point would be implied. A recent study
of the ridge-trench collision along the Andean margin by Bello-
González et al. (2018) reaches the same conclusion based on a
reconstruction of the Nazca Plate hotspot trails.
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On the other hand, and more directly related to the younger
segment of the JFR, we interpret the morphology and alignment
of the O’Higgins seamounts as indicating a more recent and
gradual change in the strike of the JFR that would produce
a gentle concavity to the north (∼15–20◦). This hypothesis
was also considered by von Huene et al. (1997), but discarded
because of apparent inconsistency with other temporal and
physical indicators. One objection came from the apparent
absence of an equivalent geometry in the coeval segment of
the Easter Seamount Chain. Interestingly, and despite the rough
morphological continuity, the Easter Seamount Chain does show
a jump in the age progression just at ca. 9–10 Ma after removal
of the anomalous values reported by Ray et al. (2012) (Figure 6).
There is not a clear reason for such a subtle bending because the
Nazca Plate has been stable after the last major reorganization
at 26 Ma (Tebbens and Cande, 1997), although changes in the
Nazca-South America convergence velocity have been reported
(e.g., ca. 5% reduction of convergence velocity at 10 Ma and 20%
at 5 Ma; Somoza and Ghidella, 2012). Most importantly, Tebbens
et al. (1997) found an increase of the half spreading rate at the
Chile Ridge at ∼9.58 Ma (from 37.8 to 45.6 mm/year), which
could be enough to drive some change in the plate movement
considering that the south portion of the Nazca Plate is being
created at the Chile Ridge. Thus, we suggest that the JFR trace
has a primary curvature with an inflection point at O’Higgins
seamounts, now accentuated by the NE-trending structural fabric
acquired in the outer-rise region.

Taking advantage of refined plate tectonic models (e.g., Seton
et al., 2012) and tools in GPlates 2.0 (Cannon et al., 2014), we
used the rectified JFR trace to reconstruct the migration of the
collision point over time (with South-American Plate fixed and
JFR parallel to the convergence velocity). Our preliminary result
yields a velocity of ca. 90 ( ± 20) mm/year southward from 15 to
10 Ma, which is lower than the value of ca. 200 mm/year obtained
by Yáñez et al. (2001) and comparable with the value reported by
Bello-González et al. (2018). For this reconstruction we partially
modified the subducted segment older than 25 Ma to be parallel
to the Nazca Ridge, a reasonable assumption before the major
plate reorganization at ca. 26 Ma. If a restored continental margin
is considered as in Arriagada et al. (2008, 2013) and Martinod
et al. (2010), an even lower value would be obtained. Despite the
significant uncertainty, the latter imply that JFR arrived at 27–
28◦S (northern limit of the Pampean flat slab segment) at ca. 15
Ma, and reached 31◦S at ca. 10 Ma migrating since then at a lower
velocity (ca. 25 mm/year). This slower migration velocity seems
to be more consistent with the gradual initiation of the flat slab
at this latitude (e.g., Kay et al., 1991), where the arc front started
to decline in the Upper Miocene but persisted until Late Pliocene
(Bissig et al., 2002), and the evidence of protracted uplift at coastal
areas (e.g., Le Roux et al., 2005).

CONCLUSION

Juan Fernández Ridge is a ca. 800 km long and partially
discontinuous chain of seamounts and islands in the Nazca
Plate. 17 new and 3 recently published 40Ar/39Ar ages

indicate a clear age progression with a mean velocity of ca.
81 mm/year. This is consistent with an origin of the JFR
above a hotspot rooted in a mantle plume. The inferred
velocity is much higher than obtained from models based
on stationary hotspots, and still higher than those absolute
plate motion models that consider moving mantle plumes.
A westward drift of the mantle plume beneath JFR is thus
implied. Morphological discontinuity along the ridge and
along chain variations of the eruptive rates could be either
related to changes in the petrological signature of the source
and/or the dynamic nature of the overriding plate. Preliminary
geochemical evidence suggests the possible involvement of
a pyroxenite-bearing source from which low temperatures
and low ascent velocities could be inferred. Such a nature
of the source and the overlying lithosphere could explain
both the diffuse geophysical signature of the plume and
its intermittent upwelling. Both the age progression along
the JFR based on new geocronological data and a detailed
inspection of the morphology at O’Higgins seamounts cluster,
allow a reappraisal of the subducted segment and hence a
review of some of the postulated effects of the collision
against the continental margin, at least during the last
15 Ma.
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