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The Mahoney Seamount is a recently discovered volcanic edifice located 4 km north of the ultra-slow 
spreading Southwest Indian Ridge (SWIR). The SWIR is one of the slowest spreading ridges world-
wide with a full spreading rate of ∼14 mm/year and low magmatic productivity. We report that highly 
vesicular basalts from the Mahoney Seamount have unradiogenic Nd-Hf together with radiogenic Sr iso-
topic compositions. Their distinct low 206Pb/204Pb isotope signature combined with high 207Pb/204Pb and 
208Pb/204Pb is best explained by melting of a mantle that has been strongly influenced by stranded lower 
continental crust. The geographic distribution of the isotopic variability favors the idea of shallow re-
cycling of lower continental crust isolated for a longer period contributing to melts forming Mahoney 
Seamount through off-axis fault systems. The isotopic composition of Mahoney Seamount lavas shares 
many characteristics with EM-1 sources and the DUPAL signature. Previous isotopic studies of the SWIR 
basalts proposed recycling of ancient subcontinental lithospheric mantle (SCLM) or pelagic sediments 
with oceanic crust to be responsible for this enriched isotopic signature. Lu/Hf and Sm/Nd ratios of 
pelagic sediments would result in decoupled 143Nd/144Nd and 176Hf/177Hf ratios. This decoupling is also 
observed in Ejeda-Bekily dikes from Madagascar, but those are believed to sample the SCLM dispersed in 
the Indian Ocean. However, Mahoney Seamount shows no decoupling in those isotopic systems and the 
restricted occurrence of the extreme lower continental crustal signature at Mahoney Seamount implies 
that the enriched isotopic signature has a different origin.

© 2022 Elsevier B.V. All rights reserved.
1. Introduction

The so-called DUPAL signature recognized in Indian Ocean ridge 
basalts (Dupré and Allègre, 1983; Hart, 1984) and EM-1 type 
mantle (Stracke et al., 2005) is characterized by low 206Pb/204Pb, 
143Nd/144Nd, 176Hf/177Hf and high 207Pb/204Pb, 208Pb/204Pb and 
87Sr/86Sr ratios compared to ridge basalts from the Pacific and 
most of Atlantic mantle domains. This enriched isotopic compo-
sition is related to a time-integrated evolution of a component 
with high Th/U, Rb/Sr and low U/Pb, Sm/Nd and Lu/Hf dispersed 
in the Indian mantle domain (Hart, 1984). Basalts from the SWIR 
between 39◦ - 41◦E with very low 206Pb/204Pb combined with low 
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143Nd/144Nd, and 176Hf/177Hf have been interpreted to contain a 
component of either recycled lower continental crust, subcontinen-
tal lithospheric mantle (Escrig et al., 2004; Janney et al., 2005; 
Mahoney et al., 1992; Meyzen et al., 2005). Sediments recycled 
into the mantle billions of years ago can evolve to low 206Pb/204Pb 
combined with low 143Nd/144Nd (Stracke et al., 2003). Recycling of 
crustal material either occurs by subduction and deep recycling to 
the core-mantle boundary (e.g., ocean island basalts, OIBs), or by 
recycling into the shallow mantle during subduction erosion and/or 
crustal delamination (Clift et al., 2009; Willbold and Stracke, 2010) 
and later incorporation into upwelling flow of mantle.

Mahoney Seamount (named after geochemist Prof. J. J. Mahoney 
and discovered during cruise SO273 in 2020) is at 38.9◦E north of 
SWIR. The SWIR is an ultra-slow spreading ridge (∼14 mm/year, 
full spreading rate) extending from the Bouvet Fracture Zone 
for over 7000 km to the Rodriguez Triple junction (Patriat and 
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Fig. 1. Bathymetric map of Mahoney Seamount at the Southwest Indian Ridge west of Eric Simpson Fracture Zone. Blue circles D30 and D31 are dredge locations on Mahoney 
Seamount. Grey circles are dredge locations of 39-41◦E basalts. Green circle is dredge location MD34-D6 of Marion influenced basalt (Janney et al., 2005; Mahoney et al., 
1992; Meyzen et al., 2007, 2005). Panel A shows the location of the study area in the Indian Ocean, Madagascar Ridge, and Marion Island. Maps created with GeoMapApp 
together with high-resolution bathymetric data of expedition SO273 and MD121. (For interpretation of the colors in the figure(s), the reader is referred to the web version of 
this article.)
Segoufin, 1988). Mahoney Seamount is situated 40 km north of 
the ridge axis west of Eric Simpson Fracture Zone and protrudes 
2 km above the seafloor with its top rising to 450 meters below 
sea level and its southern side covered by 500 to 800 m diameter 
parasitic cones. Mahoney Seamount has no corresponding edifice 
off-axis south of the SWIR (Fig. 1), is 33 km long by 18 km wide 
and is elongated in the spreading direction. R/V Sonne 273 in 
2020 sampled Mahoney Seamount by two dredges which recov-
ered 59 samples of highly vesicular basalts with abundant olivine 
and plagioclase phenocrysts. Twenty-five samples were selected for 
analysis based on their visible freshness and glass abundance.

2. Methods

Twenty-five lavas and glasses from Mahoney Seamount were 
analyzed geochemically for their major element, trace element, and 
isotopic composition. The complete data set is presented in supple-
mentary Table S1. For whole rock analysis, samples were cut with 
a rock saw and alteration rims removed. The samples were washed 
thoroughly in deionized water to remove potential contamination 
by seawater, coarsely crushed, and reduced to powder with an 
agate mill. The powder was dried for 12 hours at 105 ◦C before 
being used for further major element and trace element analysis 
and preparation for Sr-Pb-Nd-Hf isotope determination.

2.1. Major elements

Major element analyses of the whole rock samples were car-
ried out with a Spectro XEPOS He X-ray fluorescence spectrometer 
using fused glass beads after the method described by Woelki et 
al. (2018). Loss on ignition (LOI) was determined by weighing ap-
proximately 1 g of the sample before and after heating the samples 
for 12 hours at 1300 ◦C. The accuracy and precision of the major 
elements were determined by multiple measurements of the in-
ternational rock standards BR and BE-N. The accuracy is generally 
2

better than 3.5% except for Na2O and P2O5 where it is better than 
6.4% and 9.4%, respectively. Precision is generally better than 1% 
except for Na2O which is better than 3.3%.

Eleven lavas with fresh glass rinds were crushed and single 1-2 
mm sized chips were hand-picked, cleaned in distilled water, em-
bedded in epoxy resin, and polished for electron microprobe and 
laser ablation ICP-MS analyses. Fresh glasses were analyzed for ma-
jor elements and trace elements. Analysis of the major elements 
(SiO2, TiO2, Al2O3, FeOt, MnO, CaO, Na2O, K2O, P2O5 SO3 and Cl) 
was carried out using a JEOL JXA-8200 Superprobe electron micro-
probe at the GeoZentrum Nordbayern (GZN), Friedrich-Alexander 
Universität Erlangen-Nürnberg, Germany. The microprobe was op-
erated with an acceleration voltage of 15 kV, a beam current of 15 
nA, and a defocused (10 μm) beam. Counting times were set to 20 
s and 10 s for peaks and backgrounds for all elements, except for 
Cl where peak counting time was 40 s and background times were 
set to 20 s. Accuracy and precision were determined using inter-
national glass standards VG-2 and VG-A99 measured during each 
analytical session. For the VG-A99 standard, accuracy is better than 
3.7% for all elements except MnO and P2O5, and precision is better 
than 3.3% except for MnO and P2O5 (Beier et al., 2018). The av-
erage values of 10 spot analyses on each sample and standard are 
presented in Table S1.

2.2. Trace elements

Trace element analyses of 16 selected whole rock samples were 
measured using a Thermo Fisher Scientific XSeries 2 Quadrupole 
Inductively Coupled Plasma Mass Spectrometer (ICP-MS) connected 
to an Aridus 2 membrane desolvating sample introduction sys-
tem. Standard and sample powders were dissolved using nitric 
and hydrofluoric acid as reactants (Woelki et al., 2018). Repeated 
measurements of the international rock standard BHVO-2 yield an 
accuracy of better than 4% (2σ ) for all analyzed elements.
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Fig. 2. Incompatible trace element patterns normalized to normal – mid-ocean ridge basalt (Sun and McDonough, 1989) of the MSL compared to REEBOX melting model of 
lower continental crust, depleted mantle and Marion Rise basalt (red line, details in discussion). Composition of average Marion Island basalts (Le Roex et al., 2012), MD34-D6 
basalt (Janney et al., 2005) and lower and upper continental crust (Rudnick et al., 2003; Rudnick and Fountain, 1995) for comparison. Note the peaks at Ba, K, Pb, and Sr of 
the VOAB overlapping with continental crustal material.
Trace element contents of the glasses were analyzed by laser 
ablation inductively coupled plasma mass spectrometry (LA-ICPMS) 
using an Agilent 7900 s quadrupole system coupled to a Coherent 
GeoLas Pro MV 193 nm laser ablation system at the Department of 
Geosciences and Geography, Environmental and Mineralogical Lab-
oratories (HelLabs) at the University of Helsinki in November 2020. 
Laser ablation spot sizes of 90 μm in diameter were used with a 
fluence of 10 J/cm2 at 10 Hz. The He carrier gas flow was set to 
1050 ml/min. A set of 38 isotopes of 37 elements was measured 
(29Si, 39K, 43Ca, 44Ca, 45Sc, 47Ti, 51V, 52Cr, 60Ni, 63Cu, 66Zn, 
71Ga, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 98Mo, 137Ba, 139La, 140Ce, 
141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 
169Tm, 172Yb, 175Lu, 178Hf, 181Ta, 208Pb, 232Th and 238U). 
The dwell time for Si, Ca, Ti, Rb, and Sr was set to 10 ms and 
20 ms for all other elements, a 40-second washout prior and after 
each analytical period (50 seconds) was used to ensure sufficient 
background levels. Analyses of glasses and SRM NIST 612 as sec-
ondary reference materials measured as unknown were bracketed 
by measurements of the SRM NIST610 standard reference mate-
rial every 15-20 analysis. The instrument was tuned to ThO/Th 
ratios of <0.3% and U/Th ratios of ∼100%, doubly charged cations 
were tuned to <0.4% using SRM NIST610, and SRM NIST612 as un-
known. Trace element concentrations were internally standardized 
using Si contents determined by EMP for the same grain domains. 
Repeated analysis of SRM NIST612 (n = 6) corrected using SRM 
NIST610 deviates less than 3% for most elements and 5% for K, 
Cr, Ba, Pr, Ho, Tm, and <8% for Cu and V, respectively relative 
to accepted values published in GEOREM for most elements. The 
long-term accuracy using SRM NIST612 (n = 426) deviates less 
than <3% from the published GEOREM values for all isotopes ex-
cept for Mo, Ba, Pr, Ho, Tm which are <5%, respectively. SRM NIST 
612 has a relative reproducibility standard deviation of less than 
3% for all elements except for from the published GEOREM values.

2.3. Radiogenic isotopes

Seventeen basalts have been selected for Sr-Nd-Hf-Pb deter-
mination. Approximately 90 – 110 mg of sample powder were 
leached, dissolved, and processed through columns and measure-
3

ment at the National High Magnetic Field Laboratory, Florida State 
University. The separates were leached in 5 ml 2.5N HCl and 
<30% H2O2 for 60 min at room temperature to remove any al-
teration products. The leached separates were rinsed several times 
with quartz sub-boiling distilled water. Subsequent dissolution and 
column chemistry was performed after procedures described by 
Stracke et al. (2003). Sr isotope compositions were measured by 
thermal ionization mass spectrometry (TIMS) using a Finnigan 
MAT 262 RPQ system. Measured value of the Eimer & Amend 
(E&A) SrCO3 standard is 87Sr/86Sr = 0.708000 ± 000007 (2σ , 
n = 6). The 87Sr/86Sr ratios are corrected for mass bias using 
88Sr/86Sr = 0.1194 and reported to the E&A SrCO3 standard of 
87Sr/86Sr 0.708000. Blanks for Sr were <100 pg. Nd isotopes 
were measured using a Neptune multi-collector (MC-) ICP-MS sys-
tem. The estimated uncertainties are based on repeated measure-
ments of the standards. The measured value of the La Jolla stan-
dard is 143Nd/144Nd = 0.511799 ± 0.000003 (2σ , n = 19). The 
143Nd/144Nd ratios are corrected for mass bias using a 146Nd/144Nd 
ratio of 0.7219 and are reported relative to La Jolla standard of 
0.511850. Blanks for Nd were 10 pg.

For the digestions and Pb column chemistry only double dis-
tilled acids were used with dropper bottles to keep the blanks 
as low as possible. For the separation of Pb, the dissolved sam-
ples were loaded on 100 μl Sr-Spec resin columns and washed 
with 1M HCl. The Pb was collected using 6M HCl. Lead isotope 
measurements were carried out on a Thermo-Fisher Neptune MC-
ICP-MS using a 207Pb/204Pb double spike to correct for instrumen-
tal mass fractionation. The double spike, with a 207Pb/204Pb ratio 
of 0.8135, was calibrated against a solution of the NBS982 equal 
atom Pb standard. Samples were diluted with 2% HNO3 to a con-
centration of ∼20 ppb, and an aliquot of this solution spiked to 
obtain a 208Pb/204Pb ratio of about 1. Spiked and unspiked sam-
ple solutions were introduced into the plasma via a Cetac Aridus 
desolvating nebulizer and measured in static mode. Interference of 
204Hg on mass 204 was corrected by monitoring 202Hg. An expo-
nential mass fractionation correction was applied offline using the 
iterative method of Compston and Oversby (1969), the correction 
was typically 4.5 permil per amu. Twenty measurements of the 
NBS981 Pb isotope standard (measured as an unknown) through-
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out this study gave 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb ratios of 
16.9459, 15.5019, and 36.7301, respectively. The Pb blanks are gen-
erally below 30 pg. The results for all samples can be found in 
Supplementary Table 1.

3. Results

R/V Sonne SO273 Marion Rise in 2020 recovered Mahoney 
Seamount lavas (MSL) by two dredges (D30, D31; Fig. 1). They 
recovered highly vesicular basalts with abundant olivine and pla-
gioclase phenocrysts. We have analyzed the major and trace ele-
ment abundances and Sr-Nd-Hf-Pb isotopic ratios (Figs. 2-3; see 
appendix for data) of fresh basalts (LOI <1.4 wt.%, except for one 
sample) and glasses. The glasses have low Cl/K2O ratios of <0.02 
overlapping with mantle values (∼0.09) even at high Ba/Th, show-
ing their composition was not influenced by seawater contami-
nation (Michael and Schilling, 1989). Whole-rock analyses over-
lap with glass analysis, indicating that their compositions have 
not been changed by seawater contamination. The recovered MSL 
range in composition from basalt to basaltic andesite with MgO 
contents of 7.6 – 5.1 wt.%, K2O of 0.57 – 1.49 wt.% and TiO2 of 1.5 
– 2.0 wt.%. Lavas from nearby Marion Island (Le Roex et al., 2012) 
overlap in MgO and K2O, but tend to lower TiO2. N-MORB nor-
malized (Sun and McDonough, 1989) incompatible trace-element 
patterns show an enrichment of highly incompatible elements and 
depletion of Heavy Rare Earth Elements (HREE), with elevated con-
centrations of Ba, K, Sr, and Pb similar to global OIB and Marion 
Island (Fig. 2). The MSL however display lower Nb, Ta, Th, Zr and Ti 
contents compared to Marion Island basalts and have higher Ba/Nb 
(18.6 – 33.5) and Ba/Th (213 – 385) ratios, respectively (Fig. 2 & 5). 
The Ba/Th ratios are approximately three times higher than most 
OIB (∼87) (Stracke et al., 2003; Sun and McDonough, 1989) includ-
ing EM-1 type OIBs like Pitcairn Seamounts (50 - 100; Stracke et 
al., 2003) (Fig. 5) but are comparable to the Afanasy-Nikitin Rise 
(253 – 264) (Borisova et al., 1996; Homrighausen et al., 2021; 
Mahoney et al., 1996). The Afanasy-Nikitin Rise is the southern 
terminus of the aseismic 85◦E Ridge in the northern Indian Ocean, 
south of India (Homrighausen et al., 2021; Mahoney et al., 1996).

In radiogenic isotope space, the MSL have distinct low 143Nd/
144Nd, 176Hf/177Hf and high 87Sr/86Sr (Fig. 3). They have extreme 
Pb-isotopic composition with low 206Pb/204Pb, falling well left of 
the geochron with high 207Pb/204Pb (Fig. 3), and intermediate 
208Pb/204Pb for their 206Pb/204Pb. These geochemical characteris-
tics overlap with EM-1 type OIB, and their closest analogues in 
Nd-Sr-Pb isotopic composition are the Afanasy-Nikitin Rise basalts 
(Homrighausen et al., 2021; Mahoney et al., 1996). SWIR basalts 
(MORB) at 39◦ – 41◦E, the ridge nearest to Mahoney Seamount, 
fall above the 143Nd/144Nd - 176Hf/177Hf mantle array tending to-
wards higher 176Hf/177Hf isotopic ratios (Fig. 4; Janney et al., 2005; 
Mahoney et al., 1992, 1996; Meyzen et al., 2007, 2005). Lavas from 
the Afanasy-Nikitin Rise and the 39◦ – 41◦E SWIR both show un-
radiogenic Pb-isotope compositions.

4. Discussion

4.1. Origin of the distinct composition of Mahoney Seamount

The origin of the enriched component in Indian MORB has been 
discussed extensively over the last decades, e.g., delaminated sub-
continental lithospheric mantle (SCLM) (Tatsumi, 2000), recycled 
oceanic crust with sediments (Hofmann and White, 1982), pelagic 
sediments and continental lower and upper crustal material (Jan-
ney et al., 2005; Meyzen et al., 2005; Willbold and Stracke, 2010). 
The MSL shows some of the most pronounced characteristics of the 
Indian Ocean component and thus allow us to define the origin of 
this component in this area.
4

Fig. 3. Isotopic variation of MSL compared to Indian MORB, 39-41◦E basalts (gray
circle), MD34-D6 basalt (green circle) and Marion, Prince Edward, and Crozet plume 
lavas. (A) 207Pb/204Pb, (B) 87Sr/86Sr, (C) 143Nd/144Nd vs. 206Pb/204Pb. Compositions 
of the three endmembers are lower continental crust (LCC), depleted MORB mantle 
(DMM), and Marion plume together with bulk mixing lines. Endmember composi-
tions are reported in the supplemental material. Red numbers indicate percentage 
of LCC mixed with DMM and black numbers indicate percentage of mixed LCC-
DMM with Marion plume. Afanasy-Nikitin Rise (light gray field) (Homrighausen et 
al., 2021; Mahoney et al., 1996) and Pitcairn EM-1 lavas (dark gray field) (Stracke et 
al., 2003) for comparison. Data of Indian MORB along the SWIR are from the PetDB 
database (https://search .earthchem .org/, Accessed September 2021).

Subducted pelagic sediments would evolve to highly radiogenic 
87Sr/86Sr, and unradiogenic 206Pb/204Pb, and 143Nd/144Nd. Pelagic 
sediments also have deficiencies in Zr and Hf, and thus tend to 
have high Lu/Hf and low Sm/Nd (Vervoort et al., 2011), which will 

https://search.earthchem.org/
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Fig. 4. Plot of εHf vs εNd of the MSL compared to MORB along the SWIR, 39 – 41◦E 
basalts and Ejeda-Bekily dikes from Madagascar (Mahoney et al., 1991; Storey et al., 
1997). The mantle array (dashed line) represents the regression line of Vervoort et 
al. (2000) of oceanic basalts. Lines labeled �εHf is the offset 5 εHf units below and 
above the mantle array. Pitcairn EM-1 lavas (dark gray field) (Stracke et al., 2003). 
Data sources as in Fig. 3.

result in decoupling of 143Nd/144Nd and 176Hf/177Hf ratios, and 
rules them out as a possible source in the MSL as the Hf and Nd 
isotopes at Mahoney Seamount are correlated and fall below the 
mantle array (Fig. 4; Rehka and Hofmann, 1997).

Peridotite xenoliths from southern Africa have shown that sub-
continental lithospheric mantle (SCLM) has radiogenic 87Sr/86Sr, 
unradiogenic 206Pb/204Pb, and decoupled Hf-Nd isotope systemat-
ics with radiogenic Hf (Simon et al., 2007). However, none of the 
Southern African peridotite xenoliths have 206Pb/204Pb low enough 
to explain either the 39◦ – 41◦E basalts or the MSL (Hawkesworth 
et al., 1990; Kramers, 1977; Kramers et al., 1983). The Ejeda-Bekily 
dikes in Madagascar have been interpreted to be SCLM melts be-
cause of their high 176Hf/177Hf and due to their similarity in Sr-Nd 
isotopes. It has been argued that SCLM is the origin of the enriched 
isotopic composition at the 39◦ – 41◦E ridge segment (Janney et 
al., 2005; Mahoney et al., 1992, 1991; Storey et al., 1997). How-
ever, opposite to the 39 – 41◦E basalts the MSL lie below the Hf-
Nd mantle array and thus require a different source contribution 
(Fig. 4). We conclude that SCLM and subducted pelagic sediments 
can both be ruled out for the origin of the MSL.

Involvement of recycled oceanic crust in combination with sed-
iments and recycled crustal material could potentially explain the 
MSL. While subduction of pure oceanic crust will result in a 
HIMU-type component with high 206Pb/204Pb ratios (Zindler and 
Hart, 1986), oceanic crust with variable amounts of global sub-
ducting sediment (GLOSS) can evolve to unradiogenic 206Pb/204Pb, 
143Nd/144Nd, and 176Hf/177Hf and radiogenic 87Sr/86Sr (Janney et 
al., 2005; Willbold and Stracke, 2010). GLOSS is mainly domi-
nated by terrigenous material and thus its composition is biased 
towards the upper continental crust (Plank and Langmuir, 1998). 
Incompatible trace elements are very variable in the continental 
crust, but upper crust generally has high Rb/Sr and thus evolves 
to high 87Sr/86Sr ratios (Rudnick et al., 2003; Stracke et al., 2003; 
Willbold and Stracke, 2010). The MSL have high 87Sr/86Sr ratios 
greater than 0.705 (Fig. 5), and are higher than those from the 
Marion hotspot, but lower than many OIBs associated with “EM-
type” mantle components worldwide (Stracke et al., 2003; Willbold 
and Stracke, 2010). Willbold and Stracke (2010) showed that most 
OIBs with 87Sr/86Sr ratios greater than 0.706 also have Eu/Eu∗ < 1 
(Eu∗ = (SmN × GdN)1/2), whereas OIBs with 87Sr/86Sr ratios lower 
than 0.706 have Eu/Eu∗ ≥ 1. The Eu/Eu∗ in the MSL (1.04 – 1.2) 
5

Fig. 5. Variations of (A) 87Sr/86Sr with Eu/Eu∗ (Eu∗ is the chondrite-normalized Eu 
concentration derived by interpolation between the chondrite-normalized SmN and 
GdN concentrations (Eu∗ = (SmN × GdN)1/2)) and (B) Ba/Th with 87Sr/86Sr of the 
MSL. Most MSL have Eu/Eu∗ ratios >1 and high 87Sr/86Sr, indicating lower conti-
nental crust contribution. (C) The Mahoney lavas have intermediate Dy/Yb between 
most Indian MORB and plume related lavas (Marion Island, Prince Edward Island, 
Crozet) at high Ba/Th ratios, implying a different origin of the high Dy/Yb in the 
MSL Pitcairn EM-1 lavas (dark gray field) (Stracke et al., 2003). Data sources as in 
Fig. 3.

is not correlated with Mg# and likely source related. Several stud-
ies found that lower continental crust typically has Eu/Eu∗ > 1, 
whereas upper continental crust has Eu/Eu∗ < 1, related to either 
depletion or excess of plagioclase in the enriched source com-
ponent (Rudnick et al., 2003). Eu/Eu∗ ≥ 1 and high Ba/Th could 
also be explained by the interaction of melts with plagioclase-rich 
lower oceanic crustal cumulates, however low Cl/K2O and differ-
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ences in 206Pb/204Pb - 207Pb/204Pb, and 87Sr/86Sr isotopic compo-
sitions (Holm, 2002) cannot be explained this way. The MSL all 
show Eu/Eu∗ > 1 at higher 207Pb/204Pb and low 206Pb/204Pb at 
high Ba/Th. This is consistent with a lower continental crust (Ba/Th 
> 250) compared to a upper continental crust (Ba/Th ∼50) com-
ponent (Fig. 5; Rudnick et al., 2003) and confirms previous studies 
that argued for the absence of a subducted sediment component in 
the 39 – 41◦E basalts based on the U-Th-Pb systematics (Meyzen 
et al., 2005). We conclude that lower crustal material is most 
likely responsible for the unradiogenic 206Pb/204Pb, 143Nd/144Nd, 
and 176Hf/177Hf and radiogenic 87Sr/86Sr signature at Mahoney 
Seamount.

The MSL and adjacent SWIR basalts range to higher 206Pb/204Pb 
than depleted MORB mantle (DMM) and lower continental crust, 
indicating a third component must contribute (Fig. 3). Indian 
MORB are thought to contain a component with moderate 206Pb/
204Pb, high 207Pb/204Pb, 208Pb/204Pb, and 87Sr/86Sr at low 143Nd/
144Nd and 176Hf/177Hf related to plume material in the Indian 
Ocean (Janney et al., 2005; Meyzen et al., 2005; Stracke et al., 
2005). The composition of the nearby Marion hotspot as a third 
component can explain the MSL compositions and has been argued 
to influence the SWIR in this area (Le Roex et al., 2012; Mahoney 
et al., 1992; Meyzen et al., 2005).

The basalt compositions were modeled with the REEBOX 
PRO (Brown and Lesher, 2016) adiabatic decompression melting 
model with passive upwelling. Inputs for initial lithologic abun-
dances for anhydrous peridotite, silica-saturated pyroxenite and 
silica-undersaturated pyroxenite are DMM, lower continental crust 
(Meyzen et al., 2005; Rudnick et al., 2003) and Marion island basalt 
(Le Roex et al., 2012), respectively. We assumed mantle potential 
temperature of 1330 ◦C and a lithospheric thickness of ∼5 km con-
sistent with 7.5 mm half-spreading rate. In bulk isotopic mixing 
calculations (Fig. 2), most of the SWIR MORB can be explained by 
a mixture of a depleted mantle, plume influenced material (e.g., 
Marion plume) and contributions of lower continental crustal ma-
terial. The MSL lava trace element compositions can be explained 
by mixing DMM with a Marion plume component (6%) and a 
larger amount of lower continental crustal material (10%) (Fig. 2), 
whereas the isotopic compositions constrain the Marion plume and 
lower continental crust contribution to 2 – 3% and 6%, respectively 
(Fig. 3) and is in good agreement taking the potential variability 
of source components into account. MSL and nearby Indian MORB 
differ by the contribution of lower continental crust needed to 
explain the extreme isotopic composition. Modeling endmember 
compositions are detailed in the supplemental material, further 
details on the modeling can be found in Brown and Lesher (2016).

4.2. Deep versus shallow recycling of lower continental crust

An important question is whether the crustal component 
present in MSL was incorporated through upwelling of deep plume 
material from the nearby Marion plume or is entrained into the 
mantle through shallow recycling of lower continental crust dur-
ing the breakup of Gondwana (Escrig et al., 2004; Janney et al., 
2005; Mahoney et al., 1992; Meyzen et al., 2005; Zhou and Dick, 
2013). Previous studies (Mahoney et al., 1992; Meyzen et al., 2005) 
showed that the influence of the Marion plume at the ridge is 
strongest in the region between 36 - 39◦E (Fig. 1, 3). On-ridge 
basalt MD34-D6 only 40 km south of the MSL is strongly in-
fluenced by the Marion plume and shows no evidence of lower 
crust involvement (Fig. 2; Mahoney et al., 1992; Meyzen et al., 
2005). At 39◦ - 41◦E, between the Eric Simpson and Discov-
ery II fracture zone, a lower continental crust component (i.e., 
unradiogenic 206Pb/204Pb, 143Nd/144Nd, and 176Hf/177Hf and ra-
diogenic 87Sr/86Sr) appears (Janney et al., 2005; Mahoney et al., 
1992; Meyzen et al., 2005). The variation in source components in 
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this area could be explained if the components are unevenly dis-
tributed in the Marion plume and the lower continental crustal 
component occurs only to the east of the Eric Simpson fracture 
zone. The maximum amount of a lower continental crustal compo-
nent at Mahoney Seamount on the opposite of the spreading axis 
as Marion Island makes this unlikely. The origin of the lower crust 
component north of the ridge is further indicated by the spreading 
axis at ∼38.8◦E, directly between Mahoney Seamount and Mar-
ion Island which shows larger contributions of the Marion plume 
component compared to the MSL (Fig. 2; Mahoney et al., 1992; 
Meyzen et al., 2005). The lower continental crust component is 
most prevalent in the MSL, north of the ridge axis, and absent at 
the on-axis basalts MD34-D6. Thus, we suggest that the lower con-
tinental crustal material originates from a shallow recycling into 
the upper asthenosphere as opposed to a deep contribution from 
the Marion mantle plume.

The lower continental crustal component (i.e., unradiogenic 
206Pb/204Pb, 143Nd/144Nd, and 176Hf/177Hf and radiogenic 87Sr/
86Sr) occurs at the intersection of the SWIR and the extension of 
the Madagascar Ridge, which is thought to be the late Cretaceous-
Tertiary expression of the Marion plume (Fig. 1; Duncan et al., 
1990). The Ejeda-Bekily dikes are evidence of this plume activity 
beneath Indo-Madagascar between 130 and 85 Ma ago, when the 
plume was interacting with the SCLM and forming melts similar 
to the 39 – 41◦E basalts at the SWIR (Duncan et al., 1990; Ma-
honey et al., 1992, 1991). Likely the SCLM together with lower 
continental crustal material eroded due to the Marion plume activ-
ity. The higher density of lower crust compared to the underlying 
asthenosphere caused delamination and sinking into the mantle 
(Jull and Kelemen, 2001). This process is proposed to occur in arcs, 
rifted margins and continental masses with high rates of exten-
sion (Clift and Vannucchi, 2004; Jull and Kelemen, 2001; Rudnick 
et al., 2003). These type of conditions were probably met during 
the breakup of Gondwana (Mahoney et al., 1992). If lower crust 
sank into the shallow mantle during continental breakup and Mar-
ion plume activity was directly involved, this material would be 
transported with the mantle flow either away or towards the de-
veloping spreading axis. No exact information of the location of the 
Marion Plume relative to the spreading axis is available, however 
the limited occurrence of the lower continental crust on only one 
side of the spreading axis favors the plume position away from the 
spreading axis. Thus, we speculate that lower continental crustal 
material observed in the MSL was delaminated and sank to a depth 
as blocks relatively isolated for a longer period of time and subse-
quently incorporated in upward flow due to rifting and spreading 
(Fig. 6).

4.3. Eruption mechanism

The occurrence of more exotic compositions such as the MSL 
is likely representing sampling a smaller mantle domain related to 
the ultra-slow spreading rate and the extensive segmentation of 
the ridge. Both, segmentation, and slow spreading result in thicker 
lithosphere and decreased melting and increased average depth of 
melting (Dick et al., 2003; Fox and Gallo, 1984; Reid and Jackson, 
1981). At ridge-transform intersections, the ridge is cooled by old 
and thick lithosphere across the transform fault: the “transform 
cold-edge effect” (Fox and Gallo, 1984). This effect is strongest 
at large transform offsets at ultraslow spreading rates like at Eric 
Simpson fracture zone next to Mahoney Seamount (Fig. 1; Fox and 
Gallo, 1984). Models have shown that crustal production decrease 
towards transforms (Bonatti et al., 2001), which is evidenced by 
the widespread occurrence of exposed peridotite at the Marion 
Rise. The high vesicularity of the MSL indicate the presence of 
volatiles in the source as well as decreased degree of melting. 
Melting in the presence of residual garnet is indicated by higher 
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Fig. 6. Schematic model of the process of sinking of lower continental crustal (LCC) material during rifting and Gondwana breakup ∼200 Ma (Mahoney et al., 1992) and 
recycling at the SWIR today. During rifting, LCC material was eroded and sank to depths where the crustal material could stay isolated for longer periods of time. LCC 
material has been transported to the now established spreading center by upwelling, contributing to Mahoney Seamount lavas at the northern side of the ridge.
Dy/Yb ratios of the Mahoney lavas (2.3 – 2.8) compared to In-
dian MORB (<2.0) (Janney et al., 2005; Ligi et al., 2005; Meyzen 
et al., 2005). These melts are less efficiently extracted on-axis as at 
a slightly cooler and thicker lithosphere (Standish and Sims, 2010). 
Furthermore, seismic imaging shows that long-lived rift bound-
ing faults at the Mid-Atlantic ridge penetrating the melt injection 
zone at the brittle-ductile transition zone (Demartin et al., 2007) 
and thicker lithosphere would deepen the brittle-ductile transition 
zone, fault penetration depth and generating melt permeable path-
ways through the crust (Standish and Sims, 2010), allowing melts 
to be extracted off-axis.

5. Conclusions

The material recycled at the Mahoney Seamount shares many 
characteristics with the EM-1 enriched mantle component and the 
so-called DUPAL signature found in various spreading centers and 
ocean islands worldwide. The obvious occurrence of this lower 
continental crustal component can be related to the unique loca-
tion of the Mahoney Seamount on the extension of the Madagascar 
Ridge. However, the shallow recycling of lower continental crustal 
material is not unique to this location and is a more common 
process often associated with continental break-up. This has been 
argued to be responsible for the formation of the Afanasy-Nikitin 
Rise in the Eastern Indian Ocean (Mahoney et al., 1996) and the 
Christmas Island Seamount Province which probably formed dur-
ing the breakup of West Burma from Australia and India (Hoernle 
et al., 2011). These observations imply that continental break-up 
could play an important role in delamination and foundering of 
lower continental crust into the shallow asthenosphere and recy-
cling during upwelling. Whether delaminated and widely dispersed 
lower continental crust is responsible for enriched signatures like 
DUPAL needs more detailed knowledge of the composition of the 
lower continental crust together with information about the recy-
cling and dispersion in the mantle.
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