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Mantle plume and rift-related volcanism during the
evolution of the Rio Grande Rise
Patrick A. Hoyer 1✉, Karsten M. Haase1, Marcel Regelous1, John M. O’Connor1,2, Stephan Homrighausen3,

Wolfram H. Geissler 4 & Wilfried Jokat 4,5

The Rio Grande Rise in the western South Atlantic Ocean has been interpreted as either an

oceanic plateau related to the Tristan-Gough mantle plume, or a fragment of detached

continental crust. Here we present new major and trace element data for volcanic rocks from

the western and eastern Rio Grande Rise and the adjacent Jean Charcot Seamount Chain. The

eastern Rio Grande Rise and older parts of the western Rio Grande Rise are comprised of

tholeiitic basalt with moderately enriched trace element compositions and likely formed

above the Tristan-Gough mantle plume close to the southern Mid-Atlantic Ridge. Younger

alkalic lavas from the western Rio Grande Rise and the Jean Charcot Seamount Chain were

formed by lower degrees of melting beneath thicker lithosphere in an intraplate setting

possibly during rifting of the plateau. There is no clear geochemical evidence that remnants of

continental crust are present beneath the Rio Grande Rise.
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Large regions of the ocean basins are covered by bathymetric
swells that formed by excess magmatism either in deep
mantle plumes or at subduction zones, and by rifting of

continental fragments. Oceanic plateaus, volcanic ridges and age-
progressive volcanic seamount chains are usually attributed to
anomalously hot mantle material rising in a plume from the deep
mantle resulting in partial melting and formation of crust up to
35 km thick1,2. Some of the largest plateaus may have formed
above mantle plumes close to spreading ridges, where decom-
pression melting is enhanced. However, some oceanic plateaus
represent slivers of ancient continental crust related to continental
rifting (e.g. the Seychelles and Jan Mayen microcontinents3,4),
some of which are covered by young basaltic lavas (e.g. Mauritius
and Mascarene Plateau5).

The Rio Grande Rise (RGR) and the Walvis Ridge (Fig. 1) are
the most prominent bathymetric features of the South Atlantic
Ocean and have been interpreted as a Large Igneous Province of
volcanic origin related to the Tristan-Gough mantle plume6–8.
Between ~120 and ~80Ma, this plume was situated beneath or in
close proximity to the Mid-Atlantic Ridge resulting in the for-
mation of the Walvis Ridge and western RGR (WRGR) on the
African and South American Plates respectively, in a setting that
was similar to present-day Iceland9–11. Trace element and Sr-Nd-
Hf-Pb isotopic data, as well as 40Ar–39Ar ages (80–87Ma) of
tholeiitic lavas from Deep Sea Drilling Project (DSDP) Site
51612–14 on the WRGR (Fig. 1), are in accordance with a joint
formation with the Walvis Ridge at the Mid-Atlantic Ridge15,16.
Between 80 and 60Ma, continuous volcanic activity separated the
Walvis Ridge and WRGR along a southward propagating plume-
fed spreading axis, which subsequently led to the formation of the
N-S trending eastern RGR (ERGR) and its corresponding coun-
terpart on the African Plate9,10. Compared to the WRGR, much
less is known about the origin and evolution of the ERGR, and it
has not been previously sampled. At ~60Ma, the Walvis Ridge
and RGR were finally separated by several ridge jumps, which
isolated the RGR on the South American Plate and temporarily
terminated its magmatic formation17. Plume-related volcanism
continued on the African Plate forming the Guyot Province
consisting of two age-progressive and isotopically distinct volca-
nic tracks extending from the Walvis Ridge to the volcanically-
active ocean islands of Tristan da Cunha and Gough16. Recent
40Ar–39Ar ages from the samples recovered from the crest of
WRGR indicate a later volcanic event at ~46 Ma16,18,19 with a
distinct geochemical signature compared to the main plateau
forming stage20. At about this time, the RGR was cut by the NW-
SE trending Cruzeiro do Sul Rift (CdSR) that is up to 20 km wide
and 1 km deep21 (Fig. 1). Since the CdSR also affected the Bra-
zilian continental margin forming the Cabo Frio High22, it is
believed to reflect a major plate reorganization in the Paleogene
and Neogene21. A recent re-examination of a multichannel seis-
mic reflection profile suggests that the formation of the CdSR
could have started earlier during the Late Cretaceous23. Satellite
altimetry maps reveal a chain of seamounts in the northwestern
prolongation of the CdSR extending towards the Cabo Frio
High24 (Fig. 1). This so-called Jean Charcot Seamount Chain
(JCSC) has not been previously sampled, so its age and rela-
tionship to the formation of WRGR and CdSR are unknown.

In contrast to exclusively magmatic models, recent geophysical
and petrological studies claim that the WRGR is a continental
crustal fragment detached from the Brazilian margin that has
been preserved as a ‘microcontinent’ embedded in plume-
influenced oceanic crust25,26. The submarine plateau exhibits a
negative Bouguer anomaly indicating a mass deficiency relative
to the surrounding seafloor21. Further, submersible sampling
recovered boulders of gneiss, granite and pegmatite of Proterozoic
age suggesting that the WRGR may be underlain by slivers of

continental crust25. These recent findings seem to contradict the
previous models for the volcanic origin of the RGR25,26.

Here we present major and trace element data for new samples
of volcanic rocks recently dredged from the eastern and western
RGR as well as the adjacent JCSC. We use petrological and
geochemical data to examine the petrogenesis and tectonic setting
of formation of these oceanic volcanic structures, their relation-
ship to the Tristan-Gough mantle plume, the Walvis Ridge and
the CdSR, and investigate whether there is evidence for the pre-
sence of remnants of continental crust in the area of the RGR.
To address these questions, we also present major and trace
element compositions for volcanic rocks drilled from DSDP Site
516 which serve as a reference for the local geochemical signature.
Our geochemical study contributes to the understanding of the
volcanic processes on the South American Plate during the
opening of the South Atlantic Ocean.

Results
Petrography and mineralogy. The ERGR samples were dredged
from the northern shoulder of the CdSR from depths between 915
and 5266m below sea level (Fig. 1b). The common rocks in this
area are fine- to medium-grained aphanitic basalts with weak to
moderate seawater alteration and manganese oxide/hydroxide
crusts up to 4 cm on surfaces. Furthermore, porphyritic basalts
with phenocrysts of plagioclase and/or clinopyroxene embedded
in a fine-grained matrix occur. Both aphanitic and porphyritic
rocks contain numerous vesicles of variable size and shape, which
are filled with calcite and/or brownish alteration material. Rarely,
volcanic breccias composed of angular to rounded basaltic frag-
ments were sampled.

The samples from the WRGR were dredged from both the
southern and northern flanks of the CdSR in water depths
between 1100 and 4500 m below sea level (Fig. 1b). In contrast to
the lavas from the ERGR, those from the WRGR are more
heterogeneous ranging from mafic to intermediate compositions.
Both aphanitic and porphyritic textures are common, whereby
phenocrysts of plagioclase and/or clinopyroxene are the domi-
nant mineral phases within the latter. Most rocks have thin
manganese oxide/hydroxide coatings on their surfaces, while only
a few show distinctive crusts with up to 3 cm thickness. In
general, the samples are less affected by seawater alteration, but
strong seawater alteration occurs along cracks. The majority of
rocks contain vesicles that are filled with calcite and/or brownish
material. Volcanic breccias composed of mafic to intermediate
rock fragments are more common compared to the ERGR.

The DSDP Site 516 samples were obtained from two sections of
Core 128 of DSDP Hole 516 F27 (Fig. 1b). One sample each was
taken from the intervals 23–24, 58–59 and 124–125 of core 128-1
as well as from the intervals 26–27 and 37–38 of core 128-2. The
samples display a glomerophyric texture with phenocrysts of
plagioclase and clinopyroxene occurring as small clusters
embedded within a fine-grained matrix14. Vesicles are rare and
filled with greenish clay minerals, chlorite and calcite14.

The samples from the JCSC were dredged from steep slopes of
distinct submarine volcanoes from depths between 1780 and
3335 m below sea level (Fig. 1b). The rocks display both aphanitic
and porphyritic textures with phenocrysts of plagioclase,
clinopyroxene and/or altered olivine. The matrix is predomi-
nantly fine-grained with common sub-rounded to rounded
vesicles. The majority of rocks show weak alteration along with
fractures, but exhibit MnOOH coatings or crusts (up to 2 cm) on
their surfaces.

Geochemistry. In total, 27 samples from the ERGR (from seven
sites), 20 samples from the WRGR (from six sites), 31 samples
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from the JCSC (from six sites) and five samples from DSDP Site
516 (Fig. 1) were analyzed for their major and trace element
compositions and the results are provided in Supplementary
Data 1. Although our samples were carefully selected and only
the freshest parts of each rock were used for geochemical analysis,
the loss on ignition ranges from 0.7 to 26 wt.%. To minimize the

effects of secondary alteration processes on the major and trace
element concentrations, we only used samples with a loss on
ignition <5 wt.% yielding a number of 56 out of a total of
83 samples. As an exception, we further consider the samples
MSM82-80-DR-1 and MSM82-65-DR-2 with a loss on ignition
of 5.8 and 5.3 wt.%, respectively, since these samples
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Fig. 1 Bathymetric map of the South Atlantic Ocean. a The map shows the locations of the Rio Grande Rise and Walvis Ridge. Grey areas on the South
American and African continents are the Paraná and Etendeka Continental flood basalt provinces (CFBs), respectively. MAR stands for Mid-Atlantic Ridge.
b Zoomed map section from a. Detailed map of the Rio Grande Rise showing the Eastern Rio Grande Rise (ERGR), Western Rio Grande Rise (WRGR) and
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elevation models are based on the GEBCO_2020 Grid (http://www.gebco.net).
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macroscopically appear relatively fresh and are the least altered
from the respective seamounts.

Seawater alteration has an influence on the concentration of
fluid-mobile elements, such as K and other Large Ion Lithophile
Elements in submarine volcanic rocks28. Thus, we focused our
interpretation on fluid-immobile elements (e.g., Ti, Y, Zr, Nb, Hf,
Th and rare earth elements), which are assumed to be resistant to
seawater alteration28. We used classification diagrams applying
fluid-immobile elements to distinguish between different rock
types and oceanic settings. The Nb/Y vs. Zr/Ti discrimination
diagram29 reveals that our samples from the ERGR and WRGR
are geochemically distinct (Fig. 2a), which is also observed in the
Total-alkalis versus SiO2 diagram (Supplementary Fig. 1). The
lavas from the WRGR show highly variable compositions ranging
from alkali basalt to trachyandesites, tephriphonolite and foidite
similar to intraplate lavas from Tristan da Cunha and Gough
(Fig. 2a). The alkaline rocks from the WRGR overlap in
composition with those from the JCSC and previously dredged
~46Ma old16 alkaline volcanic rocks from the WRGR (Fig. 2a). In
contrast, lavas from the ERGR are tholeiitic basalts and overlap
with those from DSDP Site 516 and the Walvis Ridge (Fig. 2a).
The lavas of the Walvis Ridge, ERGR and DSDP Site 516 show E-
MORB-like (enriched Mid-Ocean Ridge Basalt) compositions and
follow a diagonal trend from the OIB (Ocean Island Basalt) to the
N-MORB (normal MORB) fields (Fig. 2b). In comparison, the
new, as well as the published alkaline samples from the WRGR
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and JCSC, possess a OIB signature and overlap with lavas of
Tristan da Cunha and Gough (Fig. 2b). Because some of the
element ratios used for this classification diagram30 are affected
by fractional crystallization processes (particularly TiO2), only
samples with MgO contents ≥4 wt.% are shown.

In terms of a larger range of incompatible element composi-
tions the new as well as the published alkaline WRGR samples

have distinct geochemical patterns from the Walvis Ridge, ERGR
and DSDP Site 516 lavas, but are similar to those from the Tristan
da Cunha, Gough, and JCSC (Fig. 3). The alkaline WRGR,
Tristan da Cunha, Gough and JCSC lavas are enriched in light
rare earth elements (LREE) and high field strength elements (e.g.
Nb, Ta) as well as depleted in heavy rare earth elements (HREE)
compared to the ERGR, DSDP Site 516 and Walvis Ridge lavas
(Fig. 3).

Volcanic rocks from the ERGR have a relatively narrow
compositional range of Nb/Zr at given MgO comparable to lavas
from the Walvis Ridge and DSDP Site 516 (Fig. 4a). The alkaline
lavas from the WRGR partly overlap with the lavas of the ERGR,
but extend to higher ratios similar to samples from Gough
(Fig. 4a). The JCSC is characterized by highly variable but
elevated ratios of Nb/Zr (Fig. 4a). The lavas from DSDP Site 516,
the alkaline lavas from the WRGR and the JCSC have variable
ratios of Nb/Th between 6 and 14 similar to Tristan da Cunha,
Gough and Walvis Ridge lavas. Importantly, the RGR lavas do
not show decreasing trends of Nb/Zr and Nb/Th with decreasing
MgO (Fig. 4b), indicating that fractional crystallization processes
have not substantially affected these element ratios. In compar-
ison, the ERGR exhibit variable ratios of Nb/Th at a given
MgO with those having the highest ratios (~13) were sampled in
close proximity (dredge sites MSM82-DR-6 and MSM82-DR-7)
(Fig. 4b).

Bivariate plots of fluid-immobile incompatible element ratios
show geochemical similarities between lavas from the ERGR,
DSDP Site 516 and Walvis Ridge (Fig. 5). Rocks from the ERGR
and Walvis Ridge overlap, whereas the alkaline lavas from the
WRGR and JCSC resemble those from Tristan da Cunha and
Gough (Fig. 5).

Discussion
Although the RGR is considered as a coherent Large Igneous
Province, it was previously suggested that the eastern and western
parts have distinct morphologies and geological histories31. To
the best of our knowledge the ERGR had previously not been
sampled, and the only information about the age and geochemical
evolution of the WRGR were available from the 80 to 87 Ma16

tholeiitic volcanic rocks at DSDP Site 51612–14 and alkaline vol-
canic rocks from one dredge site along the CdSR with an age of
~46Ma16. Plate tectonic modelling suggests that during the
emplacement of the tholeiitic DSDP Site 516 lavas the WRGR and
Walvis Ridge were formed together at a plume-influenced
spreading centre9,32. Our trace element data for volcanic rocks
from DSDP Site 516 support this model showing geochemical
compositions similar to those from the Walvis Ridge for this time
period, and intermediate between southern Mid-Atlantic Ridge
MORB and alkalic lavas from Tristan da Cunha and Gough
(Fig. 2b). In contrast, our new dredged samples from the WRGR
have incompatible trace element-enriched geochemical signatures
similar to the published alkaline WRGR samples as well as to
those from Tristan da Cunha, Gough, and the JCSC (Figs. 2–5).
The new and published alkaline WRGR lavas resemble each other
geochemically (Figs. 2–5) and were both dredged from the crests
of the CdSR, so that we infer a similar age of ~46Ma for our new
samples. The WRGR is therefore heterogeneous in both age and
geochemical compositions.

Besides sampling the WRGR, we were also able to obtain
volcanic rocks from the southernmost part of the N-S trending
ERGR and provide here extensive geochemical data from this area
(Fig. 1b). The ERGR is believed to have formed between 83 and
70 Ma16,33 either along a southward propagating, plume-fed
spreading axis9, or as an eastern extension of the WRGR due
to decreasing effects of the Tristan-Gough mantle plume33.

0 5 10 15
MgO (wt.%)

0.0

0.2

0.4

0.6
N
b/
Zr

Tristan
da Cunha

Walvis Ridge

Paraná
felsic rocks

a

FDS

Gough

MAR 40-41°S

0 5 10 15
MgO (wt.%)

20

N
b/
Th

0

5

10

15

Tristan da
Cunha Gough

Walvis
Ridge

b

MAR
40-41°S

FDS

Paraná
felsic rocks

WRGR
WRGR publ.
DSDP Site 516

ERGR
JCSC

Fig. 4 Major and trace element ratios showing that the lavas of the Rio
Grande Rise exhibit no clear geochemical indications for assimilation
with continental crust. Major and trace element variations of a MgO
versus Nb/Zr and b MgO versus Nb/Th are shown. For comparison lava
flows from the Walvis Ridge15,52 and the ocean islands of Tristan da Cunha
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Swarm36 (FDS) for comparison. The field of the Paraná felsic rocks include
the Paulo Lopes Granites and Garopaba Granodiorites35.
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Our samples from the ERGR are incompatible trace element-
enriched tholeiites and display similar geochemical characteristics
to lavas from DSDP Site 516 and the Walvis Ridge (Figs. 2–5)
possibly indicating a similar formation.

In contrast to the exclusively magmatic formation models,
some studies suggest that the RGR is a microcontinent embedded
in plume-influenced oceanic crust and covered by flood
basalts25,26 comparable to structures in the Indian and North
Atlantic Oceans3,34. In particular the negative Bouguer anomaly

observed at the WRGR is interpreted as an indicator of con-
tinental crust25,26, but other studies state that gravity inversion
alone is inconclusive on the composition and origin of the RGR
crust17,21. A recent study shows that the potential presence of of a
microcontinent is only one of many explanations for the negative
Bouguer anomaly observed at the RGR21. However, dredging at
several locations on top of the WRGR recovered partly rounded
boulders of gabbroic, granitic, and metamorphic rocks with thin
Mn oxide coating25. Zircon U-Pb ages for these samples range
from 480 to 2200Ma which possibly indicates an origin from the
Gondwana continent25. In contrast, our sampling of the slopes
of the rifted western and eastern parts of the RGR even at water
depths of >3000 m recovered exclusively angular volcanic
rocks ranging from mafic to intermediate compositions (Fig. 2a).
These rocks were dredged from different depths and locations,
and in combination with the lavas from DSDP Site 516 (Fig. 1),
we believe they provide a representative overview of the sub-
marine plateau.

If the lavas exposed in the area of the RGR are underlain by
fragments of continental crust, we would expect that at least some
of them show geochemical indications for crustal assimilation. In
general, the predominantly felsic continental crust differs geo-
chemically from mafic mantle-derived magmas. For example, the
Paulo Lopes Granites and Garopaba Granodiorites35 exposed in
the southern part of the Parana continental flood basalt province
in Brazil (Fig. 1a) have relatively low ratios of Nb/La, Nb/Th, Hf/
Th and Nb/Zr compared to mafic uncontaminated volcanic rocks
from the Walvis Ridge (Figs. 4 and 5). Lavas from the Flor-
ianópolis Dyke Swarm (Fig. 1a) were contaminated by up to 15%
with the Paulo Lopes Granites and Garopaba Granodiorites36 and
plot in between the fields of these continental rocks and the
Walvis Ridge (Figs. 4 and 5). The crustally contaminated lavas
also partly overlap with some rocks of the WRGR and ERGR
(Figs. 4 and 5), but if the latter were affected by crustal assim-
ilation, these rocks should display a positive correlation between
MgO and Nb/Th similar to the Florianópolis Dyke Swarm lavas
(Fig. 4b). Nb and Th are neither fractionated by crystallization
processes nor are these elements mobile during seawater
alteration28. Typically, assimilation of continental material during
stagnation and fractional crystallization in the crust would cause
decreasing Nb/Th with decreasing MgO in a lava suite. In con-
trast, the DSDP Site 516 and alkaline WRGR lavas display rela-
tively constant ratios of Nb/Th with decreasing MgO (Fig. 4b)
which indicates extensive assimilation-fractional crystallization
processes in the area of the WRGR is unlikely. Similarly, the
high Nb/Th and Hf/Th of the lavas from the ERGR resemble
volcanic rocks from the Walvis Ridge but are generally unlike the
contaminated lavas of the Florianopolis Dyke Swarm (Fig. 5).
Geochemical variability occurs in the ERGR samples at MgO >
5 wt.% with two groups with different Nb/Th ratios that probably
reflect a heterogenous mantle source rather than crustal assim-
ilation (Fig. 4). Thus, we find no evidence that the RGR lava-
s experienced crustal contamination and therefore suggest that
the plateau is dominantly volcanic in origin. These findings
are consistent with recent wide-angle seismic data gathered from
across the RGR, which show a typical velocity-depth distribution
for submarine large igneous provinces37. The previously dredged
granitic rocks from the summit of the RGR are likely to
represent ice-rafted material rather than in situ samples from the
continental crust.

Because the lavas of the RGR appear to be unaffected by crustal
contamination, we use the rare earth element compositions to
estimate the melting conditions of both the tholeiitic and alkaline
magmatic phases of the RGR. We applied the REEBOX Pro (v.1)
melting algorithm from Brown and Lesher38, which calculates
the trace element compositions of pooled melts over a range of
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Fig. 5 Trace element ratios showing geochemical differences between the
Eastern Rio Grande Rise (ERGR) and Western Rio Grande Rise (WRGR).
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pressures between the mantle solidus and the base of the rigid
lithosphere. Due to the retention of the HREE relative to the
middle rare earth element (MREE) in residual garnet, ratios of
these elements reflect changes in the depth of melting39,40. The
latter depends on the composition and temperature of the
upwelling mantle which defines the depth of solidus intersection
and thus the beginning of partial melting. The degree of melting
is controlled by the length of the melting column which is limited
by the thickness of the overlying lithosphere, and also increases
with increasing mantle temperature. Since the MREE are less
incompatible than the LREE in mantle minerals, higher ratios
of LREE/MREE reflect a lower degree of melting39,40. Subsequent
fractional crystallization has little effect on the ratios of rare
earth elements or other highly incompatible elements used in the
modelling.

Modelling of decompression melting requires assumptions
about the mantle source. From published isotope data it is evident
that the source regions associated with the South Atlantic vol-
canism and more specific with the Tristan-Gough mantle plume
are heterogeneous in composition15. In the case of the RGR,
isotope data for the ~87 to ~80Ma DSDP Site 516 tholeiites and
the ~46Ma alkaline WRGR lavas reveal source heterogeneity
during the formation of the submarine plateau15,20. Our new
alkaline WRGR lavas display higher ratios of Nb/Zr at a given
MgO compared to the DSDP Site 516 tholeiites and the ERGR
indicating a more enriched mantle source for the former (Fig. 4a).
Since the DSDP Site 516 and ERGR lavas display E-MORB-like
geochemical characteristics (Fig. 2b), we define a source con-
sisting of 80% depleted MORB mantle41 and 20% primitive
mantle42 possibly reflecting the interaction of depleted upper
mantle with enriched plume material. In contrast, the alkaline
WRGR lavas overlap with OIB-like geochemical compositions,
which is why we assume a more enriched source consisting of
70% primitive mantle42 and 30% depleted MORB mantle41.

To estimate the degree and depths of melting during the
emplacement of the DSDP Site 516, ERGR and WRGR lavas, we
modelled partial melting for different mantle potential tempera-
tures (TP) (Fig. 6). The latter range from 1380 to 1480 °C (20 °C
steps), and the changes in the trace element compositions during
progressive decompression melting are illustrated by black solid
lines in Fig. 6. The degrees of melting is indicated in 1% steps and
shown by red dashed lines (Fig. 6). The pressure estimates within
our model range from 2.0 to 3.2 GPa, shown by the black dashed
lines representing 0.1 GPa steps (Fig. 6). Since no pre-existing
lithosphere was assumed in the modelling, for each TP ratios of
(La/Sm)N and (Dy/Yb)N progressively decrease with increasing
degrees of melting and decreasing pressure (Fig. 6).

The tholeiitic DSDP Site 516 and ERGR lavas with MgO
contents ≥4 wt.% indicates moderate degrees of partial melting
between 2% and 5% coupled with low pressures <2.7 GPa which
is consistent with an origin at or close to a plume-influenced
spreading centre (Fig. 6a). The lavas can be modelled with a TP

between ~1400 and 1440 °C (Fig. 6a) which is comparable to
recent temperature estimates for the Tristan da Cunha hotspot
ranging from 1410 to 1430 °C43. The modelled TP yield crustal
thicknesses between ~15 and ~19 km which are similar to the
current crustal thickness estimates in the area of the ERGR (~15
to ~17 km)17,37. In comparison, the alkaline basalts recovered
from the WRGR apparently formed by low degrees of partial
melting between 0.5 and 2% at pressures >2.9 GPa (Fig. 6b)
possibly reflecting partial melting beneath a plate distant from
the spreading axis. The majority of lavas can be modelled with
TP ranging between 1420 and 1440 °C (Fig. 6b) yielding crustal
thicknesses between ~21 and ~24 km which are somewhat
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Fig. 6 Trace element-based melt model results showing partial melting
over a range of different pressures and mantle potential temperatures.
The melt model algorithm was taken from Brown and Lesher38. The mantle
potential temperatures ranging from 1380 to 1480 °C (20 °C steps),
whereby the changes in the trace element compositions during each
decompression step are illustrated by black solid lines. The degrees of
melting are indicated in 1% steps and shown by red dashed lines. The
pressure estimates range from 3.2 to 1.5 GPa, whereby 0.1 GPa steps are
given by grey dashed lines. For each mantle potential temperature, ratios of
(La/Sm)N and (Dy/Yb)N temporally decline reflecting increasing degrees of
melting with decreasing pressures. a The lavas of Deep Sea Drilling
Program (DSDP) Site 516 show a degree of melt of ~4 %, a mantle potential
temperature of 1440 °C and model pressures of ~2.6 GPa. In comparison,
the lavas of the Eastern Rio Grande Rise (ERGR) show degrees of melting
from ~2 to ~5%, mantle potential temperatures ranging from 1400 to
1450 °C and model pressures between ~2.2 and 2.7 GPa. For melt modeling
we assumed a mantle source consisting of 80 % depleted MORB mantle41

and 20 % primitive mantle42. b The lavas of the Western Rio Grande Rise
(WRGR) show degrees of melting from ~0.5 to ~2 %, mantle potential
temperatures ranging from 1420 to 1440 °C and model pressures between
~3.0 and 3.2 GPa. For melt modeling we assumed a mantle source
consisting of 30% depleted MORB mantle41 and 70% primitive mantle42.
Note, one sample plot outside the melting grid and cannot be modelled by
the assumed melting parameters. To minimize the effects of fractional
crystallization processes, we only show samples with MgO≥ 4 wt.%. Trace
element ratios are normalized to chondrite59.
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less than recent crustal thickness estimates in the area of the
WRGR (~25 km)17. For both the ERGR and WRGR, an effect
by a deep mantle plume is supported by the fact that both
areas have a considerably thicker crust than average oceanic
crust (~7 ± 1 km)44 and the potential temperatures of the mantle
required are higher than average asthenosphere mantle tem-
perature (~1330 °C).

A shift from a voluminous tholeiitic shield stage to late-stage
alkaline rocks is a common feature of mantle plume-related ocean
intraplate volcanism45. However, late-stage volcanism usually
occurs a few million years after the formation of the main tho-
leiitic volcanic edifices, whereas the change from the tholeiitic
stage to the alkaline melts of the RGR occurred over tens of
millions of years. Recent 40Ar-39Ar age dating of WRGR lavas
suggest ages of 87–80Ma for the tholeiites of DSDP Site 516,
whereas the age-dated alkaline WRGR samples yield an age of 46
Ma16. These authors suggest that the early tholeiitic stage
occurred when the RGR formed together with the Walvis Ridge
close to a spreading axis, which is consistent with our melting
model, indicating moderate degrees of melting at shallow depths
(Fig. 6a). The Walvis Ridge was affected by a widespread volcanic
event 20–40Ma after its formation20, but it is unlikely that the
same processes were responsible for the alkaline stage of the
WRGR, because the two plateaus were separated at that time. In
accordance with this, the ~46Ma alkaline WRGR samples exhibit
lower 207Pb/204Pb and 208Pb/204Pb ratios for a given 206Pb/204Pb
isotope ratio compared to the late-stage samples from the Walvis
Ridge indicating derivation from different mantle sources20.

The geochemical similarity of the alkaline WRGR lavas to some
of the JCSC lavas may indicate that the former is related to vol-
canic activity forming this seamount chain at the northwestern
prolongation of the CdSR (Fig. 1). The JCSC lavas resemble those
from oceanic seamount chains, for example, those from Tristan da
Cunha and Gough (Figs. 2–5). The deep melting of an enriched
mantle source suggested by the major and incompatible trace
element compositions (Figs. 2–5) implies low degrees of partial
melting beneath a thick lithosphere. The northwestern section of
the JCSC lies on the prolongation of the CdSR (Fig. 1), which is
believed to represent an Eocene rift zone21,26. Tectonic models
suggest lithospheric rifting21,26 that typically causes thinning of
the lithosphere and deep partial melting of the asthenosphere,
thereby initiating the alkaline WRGR and JCSC volcanism.
Although the lavas of the JCSC generally display similar geo-
chemical characteristics to those from the WRGR (Figs. 2–5),
some incompatible element ratios indicate that the lavas of both
locations were fed from different mantle regions (Fig. 5). For
example, the alkaline WRGR and some of the JCSC lavas overlap
with those from Gough Island in terms of Hf/Th, Nb/La, Nb/Th
and Nb/Zr, but most of the JCSC samples have higher ratios of
Nb/La and Nb/Zr, to some extent resembling Tristan da Cunha
basalts (Fig. 5). Thus, we suggest that the late-stage volcanism of
the WRGR on the flanks of the CdSR was formed by Eocene
rifting of the thick lithosphere of the RGR which may have also
caused magma generation of the JCSC (Fig. 7). However, the
WRGR and JCSC lavas were probably derived from composi-
tionally different sources, indicating small-scale mantle hetero-
geneity beneath the western South Atlantic Ocean. We note that
volcanic rocks with ages of ∼51Ma46 are also known from Cabo
Frio at the coast of Brazil (Fig. 1a), and previous studies suggested
faults crosscutting the continental and oceanic lithosphere47–49. In
this case, the formation of the alkaline WRGR-JCSC volcanism
may therefore have been comparable to that of the recent volcanic
belt of the Cameroon Line crossing from continental into oceanic
lithosphere50,51. The RGR is therefore a complex volcanic plateau
formed over at least several tens of millions of years in response to
plume–ridge interaction and lithospheric rifting.

Methods
Sampling. The samples considered in this study were collected during research
cruise MSM-82 with RV Maria S. Merian in March/April 2019. In total 47 volcanic
rocks were sampled from submarine structures with steep flanks and little sediment
cover from both the ERGR (seven sites) and the WRGR (six sites). Furthermore,
31 samples were taken from six submarine volcanoes of the JCSC (Fig. 1). The
rocks were obtained by dredging from water depths ranging from 915 m to 5266 m
below sea level.

Sample preparation. Selected samples were cut on board into blocks with a rock
saw for both thin-section preparation and geochemical analyses. For the latter, the
altered rims and manganese crusts were removed and only the fresh-looking
interiors of the rocks were retained. On land, the pieces were cleaned in an
ultrasonic bath with deionized water and dried at 60 °C for 12 h. Subsequently the
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Fig. 7 Schematic sketch illustrating the geochemical and tectonic
evolution of the Rio Grande Rise and Jean Charcot Seamount Chain
(JCSC). a 87–80Ma ago, the interaction of the Tristan-Gough mantle
plume (red circled T) with the Mid-Atlantic Ridge (MAR) caused the
formation of the western Rio Grande Rise (WRGR) and Walvis Ridge (WR).
During this stage the tholeiitic Deep Sea Drilling Program (DSDP) Site 516
lavas were formed by high degrees of shallow melting of slightly enriched
upper mantle material. b Between 80 and 60Ma seafloor spreading
separated the WRGR and WR and the tholeiitic eastern Rio Grande Rise
(ERGR) lavas were formed due to plume–ridge interaction similar to those
from DSDP Site 516. c Between 51 and 46Ma, die formation of the Cruzeiro
do Sul Rift (black dashed line) caused lithospheric rifting and possibly
initiated the alkaline magmatism at the WRGR and Cabo Frio High as well
as the formation of the JCSC. The Tristan-Gough mantle plume was
situated beneath the African Plate during this time. The yellowish areas
were formed by tholeiitic volcanism, the pink areas by alkaline volcanism.
Areas outlined in red indicate active volcanism at this time. Black arrows
indicate seafloor spreading at the MAR and lithospheric rifting during the
formation of the Cruzeiro do Sul Rift. Abbreviations are as follows: SA South
America, A Africa.
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blocks were coarsely crushed using a hydraulic press and unaltered fragments were
pulverized in an agate mill. Prior to further geochemical analyses, the powders were
dried at 105 °C for 12 h. In addition, five drill core samples from DSDP Site 516
were obtained from the IODP Bremen core repository. These samples were pre-
pared using the same method as described above.

Major and trace element analyses. For major and selected trace element mea-
surements whole-rock powders were mixed with lithium tetraborate, fused to glass
beads and analyzed using a Spectro XEPOS He X-ray fluorescence spectrometer at the
GeoZentrum Nordbayern, Friedrich-Alexander-Universität Erlangen-Nürnberg.
Repeated measurements (n= 5) of the international rock standard BE-N yielded a
precision better than 1.2% and an accuracy better than 4.2%, except for P2O5 (12.8%).

Trace element analyses were carried out using a Thermo X-Series2 quadrupole
ICP-MS at the GeoZentrum Nordbayern in Erlangen. Approximately 50 mg of
sample powder was accurately weighed into a Teflon beaker, wetted with a few
drops of 15M HNO3, before adding 2 ml 12M HF. Samples were digested in the
sealed beakers for 24 hours at 80 °C. Three drops of concentrated perchloric acid
were then added, and the solution evaporated to near dryness at 125 °C. The
residue was treated three times with 2 ml 15M HNO3 and evaporated at 145 °C to
fume off the perchloric acid. Samples were then re-dissolved in a solution of 4 ml
15M HNO3, 5 ml H2O and 1 drop 12M HF in sealed beakers overnight, allowed to
cool, before transferring quantitatively to HDPE bottles and diluting to 200 g with
H2O. Sample solutions were mixed online with a Be-In-Rh-Bi internal standard
solution, and introduced into the plasma via a Cetac Aridus II desolvating
nebuliser. The ICP-MS was tuned using a mixed Li-Ce-In-U solution in order to
obtain maximum sensitivity (typically 40,000 cps/ppb for 238U) and low oxide
production (Ce/CeO > 5000). Multiple analyses of the BHVO-2 Hawaiian rock
standard give accuracy and precision better than 5% and 3%, respectively.

Trace element modelling. Trace element modelling was carried out using the
REEBOX Pro (v.1) melting algorithm from Brown and Lesher38. The model cal-
culates the trace element compositions of pooled melts that were formed over a
range of pressures by using the latest melting reactions and mineral/melt partitions
coefficients. For this, the region between the bottom (mantle solidus) and the top
(base of the rigid lithosphere) of the melting columns are subdivided into several
decompression steps, in each of which small quantities of melt are formed. The
trace element concentrations of these instantaneous melts are calculated by using
non-modal batch melting, while those of the residue is obtained by using mass
balance38. The remaining mantle of the previous decompression step is assumed to
ascend to slightly lower pressures and partially melts again simulating progressive
depletion of the upwelling source. The instantaneous melts formed along individual
melting columns are accumulated at the top of each melting column. Then these
accumulated melts are aggregated from the base to the top of the melting zone
forming the pooled melt compositions. Since it is believed that the tholeiitic lavas of
the WRGR were formed at a plume-influenced spreading center, we modelled an
active upwelling scenario by using suitable mixing functions describing how
instantaneous melts are aggregated within the melting zone38. Independently from
the mixing functions, the transition from the garnet to spinel stability field has an
influence on the geochemical compositions of the pooled melts. For a pyrolite
peridotite (enriched mantle) the REEBOX Pro application assumes that garnet is
stable at pressures above 2.7 GPa, whereas spinel exists below 3 GPa, respectively.
Hence, both phases are stable in a 0.3 GPa transition field38.

Data availability
Major and trace element data produced during this study are provided in Supplementary
Data 1 and are openly available in the EarthChem database at https://doi.org/10.26022/
IEDA/112205.

Code availability
The REEBOX PRO (v.1) application utilized in this study can be downloaded at http://
geo.au.dk/forskning/forskningscentre/earth-system-petrology/reebox-pro/.
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