
1.  Introduction
Volcanic seamounts are dynamic features across oceanic basins and form in diverse tectonic settings. While 
most are located near mid-ocean ridges (MOR) and trenches linked to seafloor spreading and subduction-related 
volcanism, respectively (White, 2005), others occur away from active plate boundaries in intra-plate tectonic 
settings. Mantle plume interactions with lithosphere can explain some intraplate volcanism, particularly lead-
ing to the age-progressive linear seamount chains (e.g., the Hawaiian-Emperor seamount chain) (Morgan, 1972; 
Wilson, 1963). In contrast, the origin of solitary intraplate seamounts, often less conspicuous and found sporad-
ically on the seafloor, remains enigmatic (e.g., Batiza, 1982; Gaina, Blischke, et al., 2017). Isolated seamounts 
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Plain Language Summary  This study investigates the formation of Vesteris Seamount, the largest 
submarine volcano in the Greenland Sea, situated north of Iceland and the Jan Mayen Fracture Zone and east 
of the Greenland continental margin. Given the isolated position of Vesteris, it is challenging to define its 
formation mechanisms and the mantle source. This study presents geochemical data by analyzing samples 
dredged from Vesteris' flanks. A deep mantle component, similar to the Iceland plume, seems to contribute 
to the mantle source of Vesteris magmas and the regional depleted asthenosphere. However, our results also 
suggest a contribution of an enriched component. This could be the sub-continental mantle lithosphere (SCLM) 
and a crustal component. These components could have been transported from the Northeastern Greenland 
Margin, North of Scoresby Sund, along with the mantle flow. Subsurface seismic tomography images 
indicate an NNE-directed flow lobe from the mantle plume under Iceland. We suggest that this setting played 
an important role in the seamount formation and explain the isotope signatures of SCLM-like and crustal 
components by deep mantle carving of the western Greenland margin.

BELOŠA ET AL.

© 2024 The Authors. Geochemistry, 
Geophysics, Geosystems published by 
Wiley Periodicals LLC on behalf of 
American Geophysical Union.
This is an open access article under 
the terms of the Creative Commons 
Attribution License, which permits use, 
distribution and reproduction in any 
medium, provided the original work is 
properly cited.

Deep Mantle Component and Continental Crust 
Remobilization in the Source of Vesteris Seamount, East 
Greenland Margin
L. Beloša1  , S. Callegaro1  , C. M. Meyzen2, C. Gaina1  , S. Polteau3, M. Bizimis4  , 
and A. Mazzini3,5 

1Centre for Planetary Habitability, University of Oslo, Oslo, Norway, 2Department of Geosciences, University of Padova, 
Padova, Italy, 3Institute for Energy Technology, Kjeller, Norway, 4School of Earth, Ocean and Environment, University of 
South Carolina, Columbia, SC, USA, 5Department of Geosciences, University of Oslo, Oslo, Norway

Key Points:
•	 �New volcanic rock samples are 

dredged from Vesteris Seamount in 
the SW Greenland Sea

•	 �Sample analysis shows geochemical 
evidence of deep mantle component 
and continental crust remobilization

•	 �Melting underneath Vesteris was 
enhanced by steep lithospheric 
thickness change that allowed 
channeling of the Iceland plume 
branch

Supporting Information:
Supporting Information may be found in 
the online version of this article.

Correspondence to:
L. Beloša,
lea.belosa@geo.uio.no

Citation:
Beloša, L., Callegaro, S., Meyzen, C. 
M., Gaina, C., Polteau, S., Bizimis, M., 
& Mazzini, A. (2024). Deep mantle 
component and continental crust 
remobilization in the source of Vesteris 
Seamount, East Greenland margin. 
Geochemistry, Geophysics, Geosystems, 
25, e2023GC011196. https://doi.
org/10.1029/2023GC011196

Received 21 AUG 2023
Accepted 9 DEC 2023

Author Contributions:
Conceptualization: L. Beloša, S. 
Callegaro
Data curation: L. Beloša, S. Polteau, M. 
Bizimis, A. Mazzini

10.1029/2023GC011196

Special Section:
Through the Arctic Lens: 
Progress in Understanding the 
Arctic Ocean, Margins and 
Landmasses

RESEARCH ARTICLE

1 of 26

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-9446-3609
https://orcid.org/0000-0003-3932-7935
https://orcid.org/0000-0001-5533-8103
https://orcid.org/0000-0002-4611-6928
https://orcid.org/0000-0003-0913-8682
https://doi.org/10.1029/2023GC011196
https://doi.org/10.1029/2023GC011196
https://doi.org/10.1029/2023GC011196
https://doi.org/10.1029/2023GC011196
https://doi.org/10.1029/2023GC011196
http://entities.wiley.com/objects/ARCTICMASS

http://entities.wiley.com/objects/ARCTICMASS

http://entities.wiley.com/objects/ARCTICMASS

http://entities.wiley.com/objects/ARCTICMASS

http://crossmark.crossref.org/dialog/?doi=10.1029%2F2023GC011196&domain=pdf&date_stamp=2024-01-10


Geochemistry, Geophysics, Geosystems

BELOŠA ET AL.

10.1029/2023GC011196

2 of 26

can have a random spatial distribution and lower volcanic activity than seamount chains. Still, they can form 
long-lived volcanic centers rising a few kilometers above the seafloor (Wessel et al., 2010).

Volcanic seamounts are generated by igneous processes and exhibit strong axial symmetry. As they grow, the 
complex distribution of stresses that form rift zones and fissure eruptions cause the seamounts to lose their initial 
shape. Many seamounts exhibit structures from combining single magma feeder tubes and fissure linear erup-
tion. Therefore, the morphology of volcanic seamounts is controlled by eruption rates, magma composition and 
viscosity, and pre-existing topography (e.g., Schmidt et al., 2000).

The composition of isolated seamounts often features alkalic volcanic rocks, such as basanite, nephelinite, or even 
phonolites. These lithologies generally indicate that the mantle source of magmas forming these seamounts undergoes 
partial melting to low degrees and great depths; therefore, it is distinct from the sources generating volcanic material 
at MORs or subducting zones. Various mechanisms have been proposed to elucidate the generation of intraplate 
seamounts, involving scenarios such as pressure release causing partial melts in the asthenosphere, small-scale 
sublithospheric convection, and shear-driven upwelling resulting from asthenospheric and sub-lithospheric hetero-
geneities or related to the proximity of mantle plumes (e.g., Ballmer et al., 2009; Buck & Parmentier, 1986; Conrad 
et al., 2010; Forsyth et al., 2006; Haxby & Weissel, 1986; Hirano et al., 2006; Sandwell & Fialko, 2004). The 
geochemistry and petrology of seamount rocks can unveil the processes involved in their formation.

In this study, we investigate the origin of the Vesteris Seamount, a large (33 × 27 km; Moreno et  al., 2021) 
solitary volcanic construction located in the Greenland Sea, Northeast (NE) Atlantic, with a summit dated at 
0.65–0.010 Ma, and a basement probably younger than 7–13 Ma (Mertz & Renne, 1995). This volcano is ca. 
300 km away from the Greenland coast, 300 km from Mohn's Ridge, the closest active plate boundary, and 220 km 
north of the large and complex Jan Mayen Fracture Zone (K. M. Haase & Devey, 1994; Mertz & Renne, 1995; 
Moreno et al., 2021) (Figure 1).

Over the years, explanations for the formation of Vesteris swung between theories involving lithospheric extension 
and plume-driven processes. Based on seismic reflection data collected by the ARKTIS II/4 (1984) marine expedi-
tion, an initial suggestion indicated that the volcanic activity at Vesteris might be related to a crustal weakness zone 
(Hempel et al., 1991). A follow-up survey in 1990 (ARKTIS VII/1) led to the interpretation of Vesteris magmas as 
being produced by a region with low seismic velocity and transported through lithospheric fractures caused by the 
stress field exerted by the development of Mohn's and Kolbeinsey MOR (K. M. Haase & Devey, 1994). Regarding 
the geochemical composition of Vesteris rocks, Cherkis et al. (1994) highlighted that they are silica-undersaturated 
compared to the neighboring Jan Mayen Island. This discrepancy may indicate distinct melting regimes or mantle 
sources for the two volcanic bodies (Mertz & Renne, 1995). A mantle plume origin for Vesteris was discarded by 
Mertz and Renne (1995) due to the lack of an associated dome anomaly in the vicinity of Vesteris (K. M. Haase & 
Devey, 1994; Vogt et al., 1982). Zhang et al. (2020) recently rejuvenated the plume hypothesis by showing that the 
Vesteris Plateau (VP), an elevated region (∼1,500 m) surrounding the Vesteris Seamount, lies above an anomalous 
broad low shear-wave seismic velocity anomaly (LVZ). The LVZ is most prominent at mantle depths of 420–320 km 
and extends up to 150–100 km depth (Auer et al., 2014; Marquart et al., 2007; Pilidou et al., 2005; Zhang et al., 2020). 
An excess crust volume of ∼2.33 × 10 5 km 3 makes this plateau comparable with other North Atlantic elevated bathy-
metric structures like the Bermuda Rise east of North America (Wang et al., 2011). Such seismic anomaly could 
reflect the presence of a hot mantle below the VP, interpreted by Zhang et al. (2020) as the northernmost expression 
of the Iceland-Jan Mayen plume. A comprehensive study of the Vesteris Seamount area that revisits the connection 
between its geochemical signature and the surrounding lithospheric and mantle structure is presently lacking.

This study tests the hypothesis that deep mantle anomalies (possibly the Iceland plume [IP]) contributed to the 
formation of Vesteris Seamount. First, by analyzing a set of samples dredged from Vesteris flanks, we present 
whole-rock major and trace element and radiogenic isotope data (Sr-Nd-Pb and, for the first time for Vesteris, Hf 
isotopes). Next, we examine the available regional lithospheric thickness models and mantle seismic tomography 
to identify possible sources for this submarine volcanism. The presented geochemical results are integrated into a 
regional framework to contextualize the formation of Vesteris into the NE Atlantic geodynamic evolution.

2.  Regional Geologic Context and Vesteris Edifice
Following the continental breakup between Eurasia and Greenland in the early Eocene (i.e., Talwani & 
Eldholm, 1977), the NE Atlantic and its northern sub-basins (i.e., Greenland, Lofoten, Norway Basin; Figure 1a) 
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formed between the two continents. The accompanying large-scale magmatism that occurred before, during, 
and after the breakup was closely connected to the impingement of a mantle plume below Greenland (i.e., Vogt 
et al., 1982). The interaction between the mantle plume (presently active under Iceland) and the NE Atlantic lith-
osphere led to a large igneous province formation (the North Atlantic Igneous Province, NAIP; 62–56 Ma, i.e., 
Saunders et al., 1997). Later on, this was followed by a shift in plate boundary north of Iceland from the Ægir to 
the Kolbeinsey MOR completed in the Late Oligocene (26 Ma, Chron C7; Gernigon et al., 2012). Currently, the 
slow-spreading active MOR is split into several segments that run through the NE Atlantic Ocean, intersecting 
Iceland, where the mantle plume built the island and continues to generate large amounts of magma. The ridge is 
offset to the east by the Jan Mayen Fracture Zone and continues northwards to the Arctic Ocean via the narrow 
Fram Strait (Figure 1a).

The NE Atlantic seafloor is littered with seamounts (Figure 1). Gaina, Blischke, et al. (2017) defined 175 features 
with elevations greater than 500 m and 12 features taller than 1,000 m. The distribution of seamounts on the 
smooth and older oceanic crust (54–50 Ma) is related to a spreading rate increase and higher magmatic produc-
tivity. Late Eocene-Early Miocene seamount clusters are located on the rough oceanic crust in the Irminger, 
Iceland, and Norway basins. They are related to kinematic changes, MOR segment readjustments, and forma-
tion of a fracture zone in the southern part of NE Atlantic. Seamounts located on the Mid-Miocene to Present 
rough crust of Lofoten and Greenland basins and Kolbeinsey ridge flanks may also be associated with ridge 
propagation and V-shaped ridges. The distribution and origin of the NE seamounts are linked to variations in 
seafloor spreading rates, spatio-temporal IP activity, and main tectonic events affecting the region (i.e., Schilling 
& Noe-Nygaard, 1974; Kempton et al., 2000). Gaina, Blischke, et al. (2017) also pointed out the asymmetric 
distribution of the younger Mid-Miocene-Present seamounts in the conjugate Greenland and Lofoten basins in 
the Greenland Sea. They noted that spatial and temporal links between the IP and the Jan Mayen Fracture Zone 
may have played a role in producing submarine volcanism in the northern part of NE Atlantic. Most seamounts 
and submarine volcanic plateaus south and north of the Jan Mayen Fracture Zone are related to either MOR 

Figure 1.  (a) NE Atlantic regional bathymetry (GEBCO, 2021). Mid-ocean ridge segments (active and extinct) are represented as white lines and fracture zones 
as yellow lines (Müller et al., 2016). Pink polygons indicate the location of volcanic edifices (Gaina, Blischke, et al., 2017). The orange circle marks the Vesteris 
Seamount's location. (b) Vesteris Seamount bathymetry (acquired by the MSM86 cruise (Moreno et al., 2021)). Dredged transects indicated by black arrows: EGS 
12-93D (SOL—73.537701N; 9.183944W, EOL—73.520879N; 9.149131W) and EGS 12-94D (SOL—73.502981N; 9.113111W, EOL—73.521535N; 9.149729W). 
Abbreviations: EB, Eggvin Bank; EJMFZ, East Jan Mayen Fracture Zone; GrBa, Greenland Basin; HH, Hold with Hope; JMI, Jan Mayen Island; JMR, Jan Mayen 
Ridge; JMP, Jan Mayen Platform; KS, Kap Simpson; LofBa, Lofoten Basin; NEGM, Northeast Greenland Margin; NorBa, Norway Basin; WB, Werner Bjerge; WF, 
Wollaston Forland; WJMFZ, Western Jan Mayen Fracture Zone.
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formation, the activity of the Icelandic plume (O'Connor et al., 2000), or to another mantle anomaly interpreted 
in some studies as the Jan Mayen plume (Elkins et al., 2016; Kharin & Eroshenko, 2014; Schilling et al., 1999).

Among these structures, the Vesteris Seamount in the Greenland Basin (73° 30′N and 9° 10′W, Figure 1b) is the 
largest seamount on the NE Atlantic oceanic crust. Vesteris sits on ca. 50 km thick and 40.3–43.4 Ma old oceanic 
lithosphere (Gaina et al., 2009; Gaina, Blischke, et al., 2017; Steinberger & Becker, 2018; Zhang et al., 2020). 
This volcanic edifice, exceptional because of its dimensions and position, rises from a depth of ∼3,225 m to reach 
137 m below sea level with a total eruptive volume of ca. 800 km 3 (Moreno et al., 2021), comparable to the large 
seamounts observed in the Pacific Ocean, where fast-spreading dominates (Vogt & Smoot, 1984). The edifice is 
quasi-conical with an elongated prolongation SE from the main edifice, interpreted as en echelon rift extrusion 
(K. M. Haase & Devey, 1994). Its orientation is sub-parallel to Mohn's and Kolbeinsey's active MOR, which 
prompted suggestions that these bathymetric features may be related (Grønlie et al., 1979; Hempel et al., 1991). 
A recent study based on detailed bathymetry data offers detailed observations about the seamount surface, as 
summarized below (Moreno et al., 2021). The summit has a smooth surface, low relief, and a slope angle of 
less than 10°. Apart from the main cone, Vesteris has several satellite volcanic cones at the NW and SE ends of 
the edifice and radial ridges. They strike perpendicularly to the summit and the main ridge, which may indicate 
the episodical building of the edifice. Several other morphological features with different slope and ruggedness 
indexes, described as a distribution of terrain heterogeneity, have been observed (Moreno et al., 2021). Smaller 
volcanic cones and hummocky lava flows at the basement exhibit slope angles up to 45°. Most cones crowning 
radially distributed irregular ridges are characterized by slopes above 20°. Irregular elongated ridges accommo-
date volcanic debris fans having steep slope angles as well. They represent a boundary between low-ruggedness 
volcanoclastic terrains (<20) with smooth surfaces and hummocky lava flows with high ruggedness (>20). 
Moreno et al. (2021) suggest the following model to explain the complex morphology of Vesteris seamount: (a) 
widespread effusive volcanism erupted from a central vent during the earliest stage and related to deep, regional 
extensional lithospheric stresses; (b) the intermediate stage saw frequent dike-fed eruptions, controlled by a 
local stress field within the edifice, and (c) during the latest stage of growth, toward shallower water depths, 
hydro-magmatic eruptions deposited easily erodible hyaloclastite at the summit, and the edifice suffered decon-
struction by flank collapses and dislocation of cross-cutting ridges.

Note that this solitary volcano is much younger than its substrate, dated to 40.3–43.4 Ma, based on magnetic 
anomalies (C18–C20; Gaina et al., 2009, 2017b). Early  40Ar/ 39Ar studies pointed toward an episodic building 
of Vesteris, with trachybasaltic and tephritic eruptions between 0.50–0.65 Ma, followed by an eruptive phase of 
mugearitic composition around 0.010–0.085 Ma (Mertz & Renne, 1995).

3.  Methods
3.1.  Sampling Campaign and Selection

In 2012, Vesteris Seamount was sampled with two dredge profiles during a research campaign (East Greenland 
Sampling, EGS-2012) onboard RV Sermilik II. The dredge was a heavy-duty 80  ×  40  cm steel frame with 
teeth on one side and a 1 m deep chain bag lined with a fisherman's net in nylon to retain smaller fragments. 
The samples were collected along opposite SE (EGS12-94D) and NW facing slopes (EGS12-93D, Figure 1b, 
Table S1) by lowering the dredge to ca. 900 m depth and dragging it on the flanks toward the summit at 165 and 
186 m, respectively. The dredges recovered ca. 5 kg of angular to sub-rounded volcanic rock fragments (generally 
3–5 cm diameter) coated with brown-reddish weathered surfaces (Figure S1 in Supporting Information S1). The 
dredge recovered abundant organic material (sponges, coral fragments). It did not contain any hemipelagic sedi-
ment along with the rock fragments. Most of the samples had sides with freshly broken surfaces, suggesting that 
they were ripped directly from steep escarpments Moreno et al. (2021), while some samples were sub-rounded. 
Dredge might have crossed different terrains, U-shaped volcanoclastic terrains, and hummocky lava flows.

Sample selection was conducted to identify the representative, freshest, and largest lava fragments based on 
macroscopic petrographic observations. A total of 23 samples selected for chemical analyses were first carefully 
washed in purified water to remove potential surface contaminants. For whole-rock analyses, <1 cm thick slabs 
were cut from each sample, keeping only the fresh core. Slabs were subsequently crushed with a hammer, and indi-
vidual fragments were hand-picked under a binocular microscope to avoid any weathered surfaces. Hand-picked 
samples were repeatedly washed in ultrasonic baths of purified water and ethanol for 60 min, repeatedly and then 
dried. The hand-picked fractions were powdered in an agate mortar and weighted.
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3.2.  Analyses

Whole-rock major elements were measured on a subset of six samples using an Inductively Coupled Plasma Opti-
cal Emission (ICP-OES), following the four Lithores-Research routine at Actlabs (Activation Laboratories Ltd., 
Canada), and another six samples at the Franklin and Marshall College (Lancaster, Pennsylvania) using Lith-
ium Tetraborate fusion Malvern PANalytical, Inc. Zetium X-ray fluorescence (Boyd & Mertzman, 1987). Addi-
tional 11 samples were used to analyze TiO2, Al2O3, Fe2O3, MnO, MgO, and CaO, using Thermo ELEMENT 2 
HR-Inductively Coupled Plasma Mass Spectrometry (ICP-MS) at the Center for Elemental Mass Spectrometry 
(CEMS), University of South Carolina (USC). Typical uncertainties are 2% for all major elements except MnO 
and P2O5.

Whole-rock trace element analyses were performed on 16 samples using a Thermo ELEMENT 2 HR-ICP-MS at 
the CEMS, USC, and six following the four Lithores-Research routine at Actlabs (Activation Laboratories Ltd., 
Canada). Indium was the internal standard, standardized against the BHVO-2 USGS rock material using the 
preferred concentrations from the GEOROC database. The major cations (SiO2, MgO, Fe2O3, Al2O3, CaO, Na2O, 
K2O, P2O5, TiO2, and MnO) and trace elements were analyzed using the Medium Resolution (ΔM = 3,000) on 
the ELEMENT 2 HR-ICP-MS. Repeated analyses of unknown solutions reproduced to better than 3% (typically 
1%). Therefore, the accuracy of the data is estimated by the BCR-2 (USGS) and JB-2 basalt (Geological Society 
of Japan) materials run as unknowns. Rare-Earth Element (REE) reproducibility was produced within 3%–4% 
for other elements.

Sr-Nd-Pb-Hf isotopic compositions were analyzed on 12 samples at the CEMS, USC, on a Neptune MC-ICP-MS. 
About 120 mg of powdered samples were leached and then analyzed following laboratory standard techniques 
(Béguelin et al., 2017; Frisby et al., 2016). Each digested sample was split to run different fractions for the differ-
ent isotope systems, all from a single dissolution. Measured  87Sr/ 86Sr ratios were corrected for mass fractiona-
tion using  86Sr/ 88Sr = 0.1194, and krypton interference on  86Sr was corrected online using  83Kr/ 86Kr = 0.66474. 
Accuracy was monitored every 2–3 samples by measuring the NIST SRM987 standard (Ehrlich et al., 2001), 
giving a mean of  87Sr/ 86Sr = 0.710307 ± 0.000009 (2 standard deviations, n = 16). All the  87Sr/ 86Sr data are 
reported relative to  87Sr/ 86Sr  =  0.710248. The mean  87Sr/ 86Sr value for the BCR-2 USGS standard obtained 
during the analyses is 0.705023 ± 0.000006 (n = 4), consistent with the recommended values (Weis et al., 2006). 
Sr procedural blanks were less than 50 pg. Measured  143Nd/ 144Nd isotope ratios were corrected for mass frac-
tionation using  146Nd/ 144Nd = 0.7219. The JNdi-1 reference material was determined at  143Nd/ 144Nd = 0.512090 
(±0.000009, n = 10), and the data is reported against the accepted value of 0.512115 for this material. The 
mean  143Nd/ 144Nd value for BCR-2 obtained during the analyses is 0.512638 ± 0.000011 (n = 4), identical to the 
recommended values published by Weis et al. (2006). Measured  176Hf/ 177Hf isotopes were corrected for mass frac-
tionation using  179Hf/ 177Hf = 0.7325. An in-house Hf solution was determined at  176Hf/ 177Hf = 0.282134 ± 0.000
004 (n = 11), corresponding to the JMC 475 original solution of 0.282155; data is reported against the accepted value 
of 0.282160 for the JMC-475 material.  176Hf/ 177Hf for BCR-2 was determined at 0.282664 ± 0.000006 (n = 4), 
identical to the literature (Weis et al., 2007). Pb isotopes were corrected for mass fractionation using the Tl doping 
technique. NBS 981 was determined at  206Pb/ 204Pb = 16.9345 ± 0.0008,  207Pb/ 204Pb = 15.4873 ± 0.0012,  208Pb/  
204Pb = 36.6828 ± 0.004, and the data is reported against the SRM 981 triple spike values of Abouchami et al. (2000). 
BRC-2 was determined at  206Pb/ 204Pb  =  18.762  ±  0.0007,  207Pb/ 204Pb  =  15.6194  ±  0.0009,  208Pb/ 204Pb  =   
38.7367 ± 0.0032.

4.  Results
Here, we report novel petrography and geochemistry data from a collection of rocks dredged from the Vesteris 
Seamount (Table  S1). We analyzed the samples and performed the geochemical analyses to determine their 
composition and investigate their magmatic source. No geochemical data from this rock collection have ever been 
published before.

4.1.  Petrography

Extrusive samples dredged from the Vesteris Seamount are generally dark gray to black with brown-reddish 
surfaces. The vesicularity of lavas ranges from 5% to 20% (Figures 2a and 2c). The vesicles are mostly void, only 
occasionally filled (amygdalae) with secondary calcite, zeolites, or Fe-Mn oxide-hydroxide crusts.
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The samples were classified into five groups based on their distinctive mineral assemblages and whole-rock 
major element compositions (Table S1, Figure 3). The sample set consists of alkali basalt, basanites/tephrites, 
mugearites, phono-tephrites, and benmoreites. Most lavas are porphyritic, and phenocrysts are generally <1 mm 
in size (Figure 2). Alkali basalt and basanites/tephrites primarily consist of olivines, clinopyroxenes, and Fe-Ti 
oxides (Figures 2d–2g) We observe more samples with olivine content above 10% and therefore in further text we 
refer to basanites/tephrites as basanites only. Euhedral clinopyroxenes, amphiboles, and subordinate plagioclases, 
followed by Fe-Ti oxides, are dominant phenocrysts of mugearites and phono-tephrites (Figures 2h and 2i). In 
contrast, most phenocrysts in benmoreites are euhedral plagioclase with subordinate clinopyroxene, amphibole, 
Fe-Ti oxides, and haüyne (Figures 2j–2l). Phenocryts in all samples are set in a glassy hypocrystalline groundmass 
with intersertal and fluidal textures, consisting of plagioclases with subordinate clinopyroxenes, amphiboles, and 
Fe-Ti oxides microliths, except for an aphyric sample (mugearite (9A) Figure 2b). Sporadic apatites and sulfides 
are found in mugearites, phono-tephrites, and benmoreites. Haüyne, a feldspathoid of the sodalite group, is here 
reported in the Vesteris rock suite for the first time (Figure 2k). Although common in alkaline volcanic rocks 

Figure 2.  Micro-photographs of Vesteris Seamount samples. Groundmass of (a) basanite, (b) aphyric mugearite, (c) 
benmoreite; (d) subhedral olivine with melt inclusions, (e) left—olivine with a rim of clinopyroxene, right—zoned 
clinopyroxene with a green core, (f) clinopyroxene glomerocryst with a resorbed core, (g) zoned clinopyroxene with a green 
core, (h) euhedral amphibole with needle-like apatite inclusions, (i) top—plagioclase phenocrysts, bottom—glomerocrysts 
of plagioclases and amphibole, (j) oscillatory zoned plagioclase in polarized light, (k) top—plagioclase, bottom—euhedral 
haüyne with melt inclusion, (l) glomerocryst of oxide with amphibole.
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(i.e., Cooper et al., 2015; Melluso et al., 2018, 2021), the NE Atlantic haüyne was previously reported only in 
tephrites of the nearby Southern Seamount (Chernysheva & Kharin,  2007). Fractured phenocrysts and glass 
embayments suggest fast ascent, emplacement, and rapid growth. Clinopyroxene, amphibole, and plagioclase 
phenocrysts show oscillatory and sector zoning, indicating magma mixing or mingling. Melt inclusions are abun-
dant in olivine, clinopyroxene, amphibole, and haüyne but rare in plagioclase.

4.2.  Whole-Rock Geochemical Compositions

4.2.1.  Degree of Seawater Alteration

Long-term interaction with seawater has not resulted in any significant degree of hydration of our selected 
samples (LOI <1.12  wt%) and does not appear to have mobilized any of the major and trace elements. For 
instance, when major and trace elements are plotted as a function of an immobile element such as TiO2, there is 
no systematic loss of CaO and MgO coupled to any gain in U, Ba, K2O, SiO2, and Rb (e.g., Alt, 1995; Donnelly 
et al., 1980; Revillon et al., 2007; Staudigel et al., 1996). There is also no correlation between the LOI index and 
mobile elements (Sr, Rb, Ba, e.g., Sayyed, 2014).

4.2.2.  Major and Trace Elements

Major and trace element concentrations of Vesteris rocks are presented in Data Table S1. In the diagram of 
Total Alkali versus Silica diagram (TAS; Le Maitre et al., 2002), Vesteris samples (N = 12) are classified 
as basanites (93D-14, 34, 47; 94D-2), alkali basalt (93D-15), phono-tephrites (93D-7, 10), mugearite (sodic 
basaltic trachyandesites; 93D-9A), and benmoreites (sodic trachyandesites; 93D-1, 6, 13, 28). The analyzed 
lava samples belong to the sodic alkaline magma series (Na2O − 2.0 > K2O) (Figure 3). They range from 
relatively primitive to mildly evolved rocks, with MgO content ranging from 4.99 to 10.46 wt% for basanites 
and alkali basalts, 2.73 to 3.24 wt%  for mugearites and phono-tephrites and 1.48 to 2.06 wt% for benmoreites 
(Figure  4). As a function of MgO concentration, the major element variations of Vesteris samples define 
systematic compositional trends going from basanites and alkali basalts to phonotephrites and mugearites 

Figure 3.  The Total Alkali versus Silica (wt%) classification diagram (TAS; Le Maitre et al., 2002) shows the compositional 
range re-calculated on a dry basis of the investigated 12 volcanic rocks from Vesteris Seamount (Table S1). All rocks are 
alkaline and sodic (alkaline-sub-alkaline discrimination line after Irvine & Baragar, 1971). Vesteris samples from this study 
are shown with large symbols, color-coded following petrographic and chemical grouping: alkali basalt/basanites (pink 
diamonds), mugearite/phono-tephrites (blue squares), and benmoreites (yellow triangles). Data from other studies for Vesteris 
Seamount are shown with gray symbols (K. M. Haase & Devey, 1994; Moreno et al., 2021).
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to benmoreites, with Al2O3, Na2O, and K2O increasing with decreasing 
MgO concentration (Figure 4). The alkali basalt sample is slightly shifted 
toward lower Al2O3, Na2O, and K2O relative to the general trends defined 
by the Vesteris samples. Phono-tephrites and mugearites show shifts from 
general trends toward lower Al2O3 and Na2O, FeO, and P2O5. As MgO 
decreases, the increase in TiO2, P2O5, and CaO shows sharp kinks at ca. 
4–6 wt% MgO, from which these elements sharply drop. The substantial 
decrease in P2O5 and CaO at less than <4 wt% MgO reflects the appear-
ance of apatite on the liquidus. The onset of Fe-Ti oxide fractionation is 
marked by a decline in TiO2 at <4 wt%. The greater scatter observed for 
the most differentiated rocks can be attributed to the variable accumulation 
of phenocrysts.

Compatible trace element concentrations, such as Sc, Cr, Ni, and Co, 
decrease with fractionation degree (decreasing MgO), with primitive 
basanites having the highest concentrations (Sc = 31 ppm, Cr = 488 ppm, 
Ni = 251 ppm, Co = 55 ppm; Figure 5). Highly to moderately incompatible 
trace element concentrations (e.g., Ba, Nb, Sr, Y), show an overall increase 
with decreasing MgO (Figure  5). These elements show a negative corre-
lation with MgO in lava samples with MgO <4 wt%, likely due to a frac-
tionating assemblage of plagioclase, fractionation of apatite and kaersutitic 
amphibole.

The REE patterns (normalized to chondrite, McDonough & Sun, 1995) show 
strong similarities to typical ocean island basalts (OIB-type) but are slightly 
more enriched in the most incompatible elements (Figure 6a; McDonough & 
Sun, 1995). They show a high fractionation of light REE (LREE) relative to 
heavy REE (HREE) but with a steeper LREE slope (Figure 6a). Basaltic lavas 
from Jan Mayen, off-axis Iceland, and East Greenland post-breakup magma-
tism south of Scoresby Sund also show these characteristics (Jensen, 1998; 
Thirlwall et  al.,  1994; Trønnes et  al.,  1999). Both ratios of LREE relative 
to HREE or middle REE (MREE) increase with differentiation ((La/Yb)CH  
= ca. 16.59 (alkali basalt); ca. 23.25 (mugearite); ca. 28.97 (benmoreites) 
(Figure 6a)).

Primitive mantle normalized (Sun & McDonough,  1989) incompatible 
trace elements show patterns partially overlapping with those of OIB (Sun 
& McDonough,  1989).  There is a broad similarity in most HFSE (High 
field strength elements) and HREE. Still, our lava samples are much more 
enriched in LILE and Th, U, Na, and Ta (Figure 6b). All samples have prim-
itive mantle-normalized incompatible element patterns with positive Nb and 
Ta anomalies typical of within-plate volcanic rocks, including OIB (Willbold 
& Stracke, 2006). All the analyzed samples share negative K anomalies. A 
negative Ti anomaly increases with the differentiation, which is most promi-
nent in benmoreites. Also, positive anomalies in Th, U, and Pb are stronger for 
the phono-tephrites and mugearites, likely reflecting apatite and plagioclase 
accumulation. Patterns of basanites and benmoreites are broadly parallel with 
each other but show some variability (Ba = 79–189 ppm, U = 80–326 ppm, 
La = 76–188, Yb = 4–6) (Figure 6b). Phonotephrites lie above the arrays 

defined by basanites and benmoreites, having higher Ba, Nd, Sr, Hf, Sm, Eu, and HREE (Figure 6b). We observe 
a significant spread in Ba and Sr for phonotephrites 7, 10, mugearites 9A, and benmoreite 28, possibly explained 
by varying levels of fractionation and accumulation of plagioclase and possible amphibole fractionation. This 
is indicated by a negative Ba anomaly in benmoreites compared to La values, as Sr and Ba can be compatible 
elements in plagioclase (McKenzie & O’Nions, 1991) and amphibole (Chazot et al., 1996).

Figure 4.  Major element variation (wt%) versus MgO (wt%) diagrams 
of Vesteris Seamount lavas. Symbols as in Figure 3. MgO content ranges 
from 4.99 to 10.46 wt% for alkali basalt and basanites, 2.73 to 3.24 wt% 
for mugearites and phono- tephrites, and 1.48 to 2.06 wt% for benmoreites. 
SiO2, Al2O3, Na2O, and K2O increase with decreasing MgO concentration. 
Sharp kinks of TiO2, P2O5, and CaO at ca. 4–6 wt% MgO are attributed to 
oxide, apatite, clinopyroxene, and plagioclase fractionation. Glasses from 
partial melting experiments are plotted for comparison; garnet pyroxenite 
MIX1G (2.0 GPa) (Hirschmann et al., 2003) and anhydrous peridotite HK-66 
(2–5 GPa) (Hirose & Kushiro, 1993).
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4.3.  Isotopic Compositions

This study presents new Sr, Nd, and Pb isotopic compositions for Vest-
eris whole-rock samples (N = 12), along with the first Hf isotope compo-
sitions ever obtained on samples from this seamount (Table S1; Figure 7; 
Figures S2–S4 in Supporting Information  S1). Previously published data 
on volcanic rocks from the region are integrated in Figure 7 for comparison 
(Bernstein et al., 2000; Blichert-Toft et al., 2005; Elkins et al., 2014, 2016; 
K. M. Haase et  al.,  1996; Hards et  al.,  1995; Harðardottir et  al.,  2022; 
Jensen, 1998; Kokfelt  et al., 2006, 2009; Manning & Thirlwall, 2014; Mertz 
& Haase, 1997; Peate et al., 2010; Prestvik et al., 2001; Schilling et al., 1999; 
Storey et al., 2004; Thirlwall et al., 1994; Trønnes et al., 1999). As a whole, 
our samples define restricted isotopic variability.

The Hf isotopic compositions of the samples cluster between ( 176Hf/  
177Hf  =  0.283139–0.283156; εHf  =  +12.51 to +13.12), while the Nd 
isotopic compositions range between ( 143Nd/ 144Nd  =  0.512931–0.512965; 
εNd = +5.88 to +6.52).  87Sr/ 86Sr ranges between 0.703576 and 0.703733. Pb 
isotopic signatures range between 18.656 and 18.723 in  206Pb/ 204Pb, 15.506 
and 15.516 in  207Pb/ 204Pb, and 38.518 and 38.638 in  208Pb/ 204Pb.

In the  207Pb/ 204Pb versus  206Pb/ 204Pb isotopic space, Vesteris lavas overlap 
the Northern Hemisphere Reference Line (NHRL; Hart, 1984), with only a 
slightly negative Δ7/4 value (average value: −0.52), respectively (Δ7/4 is the 
offset of  207Pb/ 204Pb relative to the Northern Hemisphere reference line at a 
given  206Pb/ 204Pb, as defined by  207Pb/ 204Pb = 0.1084 ( 206Pb/ 204Pb) + 13.491; 
Hart,  1984). In the  208Pb/ 204Pb versus  206Pb/ 204Pb isotopic space, Vesteris 
lavas plot well above NHRL with positive Δ8/4 values (average value: 
34.35; Δ8/4 is the offset of  208Pb/ 204Pb relative to the Northern Hemisphere 
reference line at a given  206Pb/ 204Pb, as defined by  208Pb/ 204Pb  =  1.209 
( 206Pb/ 204Pb) + 15.627 (Hart, 1984) (Figure 7); Figures S3 and S4 in Support-
ing Information S1).

Our new Sr-Nd-Pb isotope data form a tight cluster and broadly overlap 
with previously published data for Vesteris (Mertz & Haase, 1997). Within 
our sample set, alkali basalt, mugearite, and phono-tephrites have slightly 
lower  143Nd/ 144Nd (<0.512960) compared to basanites/tephrites and benmo-
reites (Figure S2 in Supporting Information S1). The phono-tephrites and the 
mugearite also have the highest  206Pb/ 204Pb and  208Pb/ 204Pb ratios (Figure S2 
in Supporting Information S1) (e.g., phono-tephrite (18.722 and 38.638) and 
mugearite (18.694 and 38.594), respectively).

5.  Discussion
5.1.  Vesteris Isotopes in the Context of NE Atlantic Signatures

In the Sr-Nd isotopic space (Figure  7a), Vesteris samples plot within the 
mantle array (DePaolo & Wasserburg, 1979). Regionally, they plot distinctly 

bottom-right of the North Atlantic MORBs field (Reykjanes, Kolbeinsey, Mohn's, Knipovich, and partially 
Gakkel Ridge) having less radiogenic  143Nd/ 144Nd, and more radiogenic  87Sr/ 86Sr. They fall at the enriched end 
of the IP field (Fitton et  al.,  2003; Kempton et  al.,  2000; Kokfelt et  al.,  2006; Peate et  al.,  2010; Thirlwall 
et al., 2004). Vesteris lavas cluster at higher  87Sr/ 86Sr and  143Nd/ 144Nd than most samples from Jan Mayen Island 
(Trønnes et  al.,  1999). Compared with the Jan Mayen Platform, Vesteris lavas have comparable  143Nd/ 144Nd 
but exhibit similar to slightly higher  87Sr/ 86Sr values (Blichert-Toft et  al.,  2005; Elkins et  al.,  2016; Trønnes 
et al., 1999). Our Vesteris data differ from most of Iceland, being more radiogenic in  87Sr/ 86Sr and extending 
toward less radiogenic  143Nd/ 144Nd, except for some samples from the South Iceland Volcanic Zone that have 
less radiogenic  143Nd/ 144Nd. Our alkali basalt and mugearites from Vesteris overlap with the Öræfajökull cluster, 

Figure 5.  Trace element variations (ppm) versus MgO (wt%) diagrams of 
Vesteris Seamount lavas. Compatible trace element concentrations decrease 
significantly with fractionation degree, with primitive basanites having 
the highest concentrations (Sc = 31 ppm, Cr = 488 ppm, Ni = 251 ppm, 
Co = 55 ppm). Highly to moderately incompatible trace element 
concentrations (e.g., Ba, Nb, Sr, Y) show an overall negative correlation; 
phonotephrites are outliers regarding Ba and Sr concentrations.
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while the other Vesteris samples fall between the eastern Iceland flank zone 
(Öræfajökull-Snæfell) and Jan Mayen compositions (Chekol et  al.,  2011; 
Kokfelt et  al.,  2006; Peate et  al.,  2010; Prestvik et  al.,  2001; Thirlwall 
et al., 2004) (Figure 7 and Figure S3 in Supporting Information S1).

In the εNd-εHf space, Vesteris samples plot above the mantle array (εHf = 1.44 
εNd + 1.61; Chauvel et al., 2008; Jones et al., 2019; Vervoort et al., 2011); 
in the fields defined by Atlantic MORB and OIB. When compared with the 
Iceland field (Harðardottir et al., 2022), Vesteris lavas plot near its unradio-
genic end, along with Snæfell (Peate et al., 2010) and Öræfajökull samples 
(Prestvik et al., 2001) (Figure 7), even if the Öræfajökull compositional clus-
ter extends toward lower εHf values. Vesteris rocks show more radiogenic 
εHf-εNd values than Jan Mayen Island but lie within the trend defined by Jan 
Mayen Platform samples, located near the southern termination of Mohn's 
Ridge. Some of the latter rocks are more radiogenic in εHf than Vesteris 
(Blichert-Toft et al., 2005).

In Pb-Pb isotopic spaces, Vesteris samples form a single cluster (Figures 7c 
and 7d). In  207Pb/ 204Pb versus  206Pb/ 204Pb, they fall slightly below the NHRL 
(avg. Δ7/4 = −0.58) but above the trend defined by most Atlantic MORBs 
and Jan Mayen (island and platform; Kokfelt et al., 2006, 2009; Manning & 
Thirlwall, 2014; Peate et al., 2010; Prestvik et al., 2001; Trønnes et al., 1999) 
and Mohns Ridge. Here, Vesteris samples plot at an intermediate position 
between the main Icelandic array and samples from Öræfajökull, which clus-
ter near NHRL. There is still partial overlap with Öræfajökull compositions, 
but less pronounced than what is observed for the other isotopic systems. 
An even more pronounced shift toward positive Δ7/4 values is a characteris-
tic of Tertiary magmatism occurring at the Northeastern Greenland Margin 
(NEGM), north from Scoresby Sund at Wollaston Forland, Hold with Hope, 
Kap Simpson, and Werner Bjerge. The isotopic signatures of this magmatism 
have been attributed to remobilization of moderately radiogenic lead from 
local, continental crust; basement and sedimentary basins (Palaeoproterozoic- 
Mesoproterozoic gneisses, Neoproterozoic-Ordovician sediments, Caledo-
nian granites, and Palaeozoic-Mesozoic sediments; Thirlwall et  al.,  1994; 
Jensen, 1998).

In the  208Pb/ 204Pb versus  206Pb/ 204Pb diagram, Vesteris samples lie well above 
the NHRL and slightly above the array delineated by most Atlantic MORBs 
and lavas from Jan Mayen (island and platform; Kokfelt et al., 2006, 2009; 
Manning & Thirlwall, 2014; Peate et al., 2010; Prestvik et al., 2001; Trønnes 
et al., 1999) and Mohn's ridge. The strong positive Δ8/4 (avg. 34.35) of Vest-
eris samples is comparable to that of Öræfajökull, NEGM Tertiary basalts, 
and to some samples of Jan Mayen Island and Platform (Trønnes et al., 1999).

In summary, the observed overlap in isotope trends between high latitude 
North Atlantic MORBs signatures (53°–73°30'N) and the Iceland array indi-

cates a common genetic relationship between these two magmatic realms. A two-end-member control on the 
Arctic Ocean and North Atlantic magmatism mainly produces such a trend. The Sr-Nd-Pb isotopic variability 
of magmas from these areas is most easily explained by mixing the depleted mantle (DM) and enriched plume 
material (IP; Mertz & Haase, 1997).

In the Pb-Pb space (Figures 7c and 7d), Vesteris  206Pb/ 204Pb compositions plot along this main trend, and in this 
sense, they reflect the regional picture of isotopic signatures as a mixture between a plume and a depleted source 
component. However, together with samples from Öræfajökull-Snæfell flank zones, and to some extent samples 
from Jan Mayen, Vesteris  207Pb/ 204Pb,  208Pb/ 204Pb, and εHf are shifted away from this main trend, asking for an 
additional component to their mantle source (Figure 7, Mertz & Haase, 1997).

Figure 6.  (a) Chondrite normalized (McDonough & Sun, 1995) Rare-Earth 
Element patterns of Vesteris Seamount (basalts: pink, mugearites, 
phono-tephrites: blue, and benmoreites: yellow) in comparison with 
N-MORB, E-MORB, and OIB (McDonough & Sun, 1995). (b) Primitive 
mantle-normalized (Sun & McDonough, 1989) multi-element diagrams 
illustrate trace element compositions of Vesteris Seamount in comparison 
with N- MORB, E-MORB, and OIB (Sun & McDonough, 1989). Using 
the REEBOX PRO melting model, melt compositions of Vesteris seamount 
are roughly reproduced by 3%–4% melting under a pre-existing lithosphere 
of 65 km of a bimodal source composition composed of 50% anhydrous 
peridotite (PYROLITE) bearing a primitive mantle trace element composition 
(McDonough & Sun, 1995) and 50% silica undersaturated pyroxenite MIX1G 
having an N-MORB trace element composition (Sun & McDonough, 1989).
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Figure 7.  Sr-Nd-Pb-Hf isotopic compositions of Vesteris Seamount and neighboring volcanic occurrences. Vesteris samples analyzed in this study are 
presented with thick edges, while samples studied by Mertz and Haase (1997) from Vesteris plotted here for comparison are presented without an edge. 
(a)  87Sr/ 88Sr- 143Nd/ 144Nd, (b) ɛHf versus ɛNd (ɛHf and ɛNd calculated by CHUR values by Dickin (2018)); mantle array described by εHf = 1.44 εNd + 1.61 
(Chauvel et al., 2008; Jones et al., 2019; Vervoort et al., 2011), (c)  207Pb/ 204Pb- 206Pb/ 204Pb (Northern hemisphere reference line described by  207NHRL = 0.1084 
( 206Pb/ 204Pb) + 13.491; Hart, 1984) and (d)  208Pb/ 204Pb- 206Pb/ 204Pb (NHRL described by  208NHRL = 1.209 ( 206Pb/ 204Pb) + 15.627; Hart, 1984). Isotope 
ratios of mantle components EM1 and EM2 and approximate directions are given for each plot. Components are represented as averages of Pitcairn 
(EM1;  143Nd/ 144Nd = 0.512692;  87Sr/ 86Sr = 0.704115;  206Pb/ 204Pb = 18.148;  207Pb/ 204Pb = 15.501;  208Pb/ 204Pb = 38.900; εHf = –2.55; εNd = +1.21) and 
Samoa (EM2;  143Nd/ 144Nd = 0.512742;  87Sr/ 86Sr = 0.705635;  206Pb/ 204Pb = 19.036;  207Pb/ 204Pb = 15.603;  208Pb/ 204Pb = 39.227; εHf = +4.53; εNd = +1.21) 
(Supplementary Table 1 in Stracke, 2012). The mean value for sub-continental lithospheric mantle component is calculated from the isotopic compositions of 
lherzolite, harzburgite, clinopyroxene and amphibole xenoliths from Spitsbergen Island (εHf = +61.11 ± 45.72; εNd = +8.44 ± 3.94, Choi et al., 2010); Sr-Nd-Pb 
data ( 87Sr/ 86Sr = 0.70363 ± 0.00039;  143Nd/ 144Nd = 0.51301 ± 0.0003;  206Pb/ 204Pb = 18.23 ± 0.31;  207Pb/ 204Pb = 15.44 ± 0.05;  208Pb/ 204Pb = 38.06 ± 0.32, Ionov 
et al., 2002). The transparent blue and yellow background shows NE Atlantic MORB and OIB fields (Supplementary Table 1 in Stracke, 2012). Iceland database is 
shown with a gray background (Iceland IVID database, Harðardottir et al., 2022). Data sources: Vesteris Seamount (Mertz & Haase, 1997); East Greenland lavas 
N of Scoresby Sund (Jensen, 1998; Thirlwall et al., 1994); East Greenland lavas S of Scoresby Sund (Bernstein et al., 2000; Storey et al., 2004); Jan Mayen (Elkins 
et al., 2016; Trønnes et al., 1999); Iceland (IVID data set; Harðardottir et al., 2022); Iceland flank zones: Öræfajökull and Snæfall (Manning & Thirlwall, 2014; Peate 
et al., 2010; Prestvik et al., 2001); Snaefellsjökull (Hards et al., 1995; Kokfelt et al., 2006, 2009); Mohn's Ridge (Blichert-Toft et al., 2005; Elkins et al., 2016; K. M. 
Haase et al., 1996; Schilling et al., 1999).
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5.2.  Vesteris Seamount Source End-Members

We use our isotopic data to evaluate the nature and contribution of different source end-members to the petrogen-
esis of Vesteris magmas (Figure 8). Excluding the Tertiary lavas, the samples from the NE Atlantic broadly define 
a triangular shape in  207Pb/ 204Pb- 206Pb/ 204Pb. The apexes of this compositional triangle correspond to (a) the unra-
diogenic Mohn's Ridge MORB; (b) the most radiogenic  206Pb/ 204Pb end-member below the NHRL, defined by 
South Iceland Volcanic Zone; (c) an intermediate  206Pb/ 204Pb end-member, but accompanied by high  207Pb/ 204Pb, 
defined by Öræfajökull. Vesteris samples plot within this triangular distribution, which reflects the presence of 
at least three source components. We first focus on two of these components, that is, the regional depleted and 
enriched mantle end-members, their signatures, and their origin. Afterward, we discuss the contribution of addi-
tional enriched sources that may explain our geochemical results.

5.2.1.  Depleted mantle (DM): The Depleted End-Member

The best candidate for the depleted end-member component at regional scale is represented by the Sr-Nd-Pb isotopic 
composition of a Mohn's MORB sample (Sample EN26 32D-3g; Table 1a in Schilling et al., 1999; Blichert-Toft 
et al., 2005), characterized by a low  206Pb/ 204Pb (17.927),  207Pb/ 204Pb (15.417),  208Pb/ 204Pb (37.570),  87Sr/ 86Sr 
(0.703173) and high  176Hf/ 177Hf (0.283401) and  143Nd/ 144Nd (0.513083) (Figure 8, Table S2). We ascribe to this 
end-member the Pb concentration of the DM (0.018 ppm) defined by Workman and Hart (2005).

5.2.2.  Main Iceland Plume (IP): The Enriched End-Member

Basalts from Iceland show a wide range of compositions. The elongated trends below the NHRL described 
by Icelandic rocks (IVID database, Harðardottir et  al.,  2022) in the  207Pb/ 204Pb- 206Pb/ 204Pb space and above 
the NHRL in the  208Pb/ 204Pb- 206Pb/ 204Pb space, require a component with high radiogenic  206Pb/ 204Pb (>18.8) 
and one with low-radiogenic  206Pb/ 204Pb (<18.8). Low radiogenic picrites ( 206Pb/ 204Pb  <  18.1; Eastern 
and Northern Rift Zone in Harðardottir et al., 2022) from the North and East Rift Zones were interpreted as 
entrained MORB-source mantle into the rising IP (Elliott et  al.,  1991). Conversely, the radiogenic composi-
tions ( 206Pb/ 204Pb > 18.8) recorded in the South Iceland Volcanic Zone, paired with one of the highest  3He/ 4He 
isotope ratios observed in the area (ca. 17–22 RA; Harðardottir et al., 2022; Starkey et al., 2009), are thought to 
represent the HIMU-ROC (recycled oceanic crust) IP component (Stecher et  al., 1999; Torsvik et  al., 2015). 
Many studies support the notion that the enriched IP domains bear the signature of recycled oceanic crust (i.e., 
Fitton et al., 1997; Hemond et al., 1993; Hofmann & White, 1982; Sobolev et al., 2000). Thus, it is difficult to 
describe the IP isotopic flavor with a univocal signature because the wide range of Sr-Nd-Pb isotopic values 
measured on IP-derived magmas suggest the presence of both refractory and fertile components in the IP itself 
(Dasgupta et al., 2010; Stracke, 2012). We here refer to IP signature as a composition that can represent the 
enriched end-member of the Iceland and North Atlantic MORB array, that is, high  206Pb/ 204Pb (19.239) with a 
moderate  207Pb/ 204Pb (15.550),  208Pb/ 204Pb (38.832), and  143Nd/ 144Nd (0.512976) and  87Sr/ 86Sr (0.703275), and 
low  176Hf/ 177Hf (0.283086), as exemplified, for instance, by Sample BHE-43 from South Iceland Volcanic Zone 
(Harðardottir et al., 2022) (Figure 8). For this end-member, we chose the Pb concentration of the primitive mantle 
(0.185 ppm; Sun & McDonough, 1989).

Vesteris rocks have moderate  206Pb/ 204Pb (18.656–18.723) compositions within the range of the Iceland and North 
Atlantic MORB array (Figures 7c and 7d). Hence, the  206Pb/ 204Pb position of Vesteris Seamount along this array 
is best reproduced by binary mixing of the two end-member components just described (Figure 8, Table S2). 
The unradiogenic lead component represented by a sample from Mohn's ridge (Sample EN26 32D-3g; Schilling 
et al., 1999) contributes between 85% and 90%, and the IP end-member with more radiogenic lead, represented 
by lava from the South Iceland Volcanic Zone (Sample BHE-43; Harðardottir et al., 2022) contributes between 
10% and 15% (Table S2). A variable range of these contributions best explains the variation in  206Pb/ 204Pb signa-
tures in the Vesteris data set. However, as noted above, a third component is shifting Vesteris samples toward 
higher  207Pb/ 204Pb and  208Pb/ 204Pb (Figure 8.) at a given  206Pb/ 204Pb with respect to the regional Iceland and NE 
Atlantic MORB array.

5.2.3.  Crustal Component

5.2.3.1.  Crustal Component in the Source

The Sr-Nd-Hf and Pb isotopic compositions of Vesteris samples share similarities with those of lavas from 
Iceland flank zones (Öræfajökull-Snæfell; Manning & Thirlwall, 2014), which are anomalous when compared 
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Figure 8.  Mixing model of proposed crustal contamination for Vesteris Seamount basalts shown on Pb-isotopic diagrams. (a)  207Pb/ 204Pb- 206Pb/ 204Pb and 
(b)  208Pb/ 204Pb- 206Pb/ 204Pb diagram, showing the proposed mixing model (Table S2). In the mixing model, we refer only to the Vesteris samples analyzed in this 
study, with state-of-the-art precision, forming a uniform cluster. Legend is as in Figure 7. All values used in the mixing model are presented in data Table S2. A 
three-component mixture can explain Vesteris lavas compositions. First, a binary mixing trend extends from a depleted end-member (shallow mantle, resembling 
the depleted mantle (DM)) and an enriched end-member (deep mantle, resembling the Iceland Plume—IP). The depleted end- member composition, labeled as DM, 
with low  206Pb/ 204Pb (17.927),  207Pb/ 204Pb (15.417),  208Pb/ 204Pb (37.570),  87Sr/ 86Sr (0.703173) and high  176Hf/ 177Hf (0.283401), and  143Nd/ 144Nd (0.513083) is taken 
from sample EN26 32D-3g (Table 1a in Schilling et al., 1999; Blichert-Toft et al., 2005). For this end-member, we chose the Pb concentration of the DM (0.018 ppm; 
Workman & Hart, 2005). The enriched end-member is characterized by these Sr-Nd-Hf-Pb isotopic ratios:  206Pb/ 204Pb (19.239),  207Pb/ 204Pb (15.550),  208Pb/ 204Pb 
(38.832),  143Nd/ 144Nd (0.512976),  87Sr/ 86Sr (0.703275) and  176Hf/ 177Hf (0.283086). Its composition is taken from the BHE-43 sample in the South Iceland Volcanic 
Zone (Harðardottir et al., 2022). For this end-member, we chose the Pb concentration of the primitive mantle (0.185 ppm; Sun & McDonough, 1989). Then, another 
trend is calculated from a mixture of 85%–90% DM and 10%–15% IP composition along this line and a continental contaminant with higher  207Pb/ 204Pb and  208Pb/ 204Pb. 
The latter contaminant is taken as an average of three clustered samples with the highest  207Pb/ 204Pb and  208Pb/ 204Pb from Malmbjerg in the WB alkaline complex 
(average of three samples;  206Pb/ 204Pb (18.722);  207Pb/ 204Pb (15.626);  208Pb/ 204Pb (38.919) (Table S2) (Jensen, 1998)). For the Pb concentration, we use 42 ppm, the 
average of 250 pre-Tertiary rocks from Gauss Halvø, Hudson Land, and Kuhn Ø as compiled by Jensen (1998). Up to 1% of this contaminant is sufficient to account for 
the compositions of Vesteris samples. Alternatively, sediments (pink field) as another possible continental contaminant with elevated  207Pb/ 204Pb and  208Pb/ 204Pb ratios, 
are taken into consideration, namely the Haltenbanken sediments (Torsvik et al., 2015). We chose a sample from the Haltenbanken sediments compilation;  206Pb/ 204Pb 
(18.707);  207Pb/ 204Pb (15.607);  208Pb/ 204Pb (38.757); Pb = 25.3 ppm (sample Halt_088; Torsvik et al., 2015). We calculated the concentration of the starting melt with a 
90:10 mix between a typical MORB (Pb = 0.185 ppm) and a typical OIB (Pb = 3.2 ppm) composition (Sun & McDonough, 1989) to be Pb = 0.59 ppm. As in Figure 4. 
Gray and pink fields respectively represent the Iceland IVID database (Harðardottir et al., 2022) and Haltenbanken sediments (Torsvik et al., 2015).
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with the main Icelandic array. Additionally, Vesteris samples partially overlap with some samples of Jan Mayen 
Island and Platform (Trønnes et al., 1999). In the Pb-Pb isotope spaces, Vesteris samples trend toward those of 
Tertiary lavas and mineralized alkaline complexes from NEGM north of Scoresby Sund (Jensen, 1998; Thirlwall 
et al., 1994). Öræfajökull, Tertiary mineralized alkaline complexes and lavas from NEGM and their underlying 
basement show the highest Δ7/4 values in the region, which were explained through the involvement of an 
enriched continental crust component (Jensen, 1998; Thirlwall et al., 1994; Torsvik et al., 2015).

The isotopic similarity in the Pb-Pb space suggests that an analogous enriched end-member (a crustal compo-
nent) may be at play in the petrogenesis of Vesteris, in addition to the binary mixing between a depleted source 
(DM) and the main Iceland Plume (IP) (Figure 8).

For Öræfajökull, the positive Δ7/4 values have been assigned to the incorporation of continental crust from the 
Jan Mayen Microcontinent (JMMC) (Torsvik et al., 2015). Mixing models accounting for the isotopic Sr-Nd-Pb 
variability of Öræfajökull-Snæfell region requires the assimilation of 2%–6% continental crust to primitive basal-
tic melts. The presence of buried continental crust in SE Iceland is supported by its very thick crust as derived 
from gravity anomaly data and plate reconstructions suggesting that continental crust below Öræfajökull is a 
southward extension of the Jan Mayen microcontinent beneath southeast Iceland (Torsvik et al., 2015).

Another nearby example of contamination with continental crust is found at NEGM (Figure 1), where pyrites 
found in granite greisen vein, shale quartz vein, aplite, and granite from Werner Bjerge complex north from 
Scoresby Sund exhibit typical modern, crustal isotopic Pb ratios (Jensen,  1998; Stacey & Kramers,  1975; 
Zartman & Doe, 1981). For the Tertiary igneous rocks in the NEGM, positive Δ7/4 values have been explained 
by the assimilation of moderately radiogenic lead remobilized from local sedimentary basins and the basement 
(Jensen, 1998). Notably, the isotopic signatures of these rocks starkly differ from those of the Tertiary magmas 
exposed south of Scoresby Sund at the Kangerlussuaq igneous complex with remobilized Pb incorporated from 
low-µ Archean source (high-grade metamorphic Archean gneisses) (Jensen, 1998).

We propose that the entrainment of a crustal component as an enriched third end-member can explain the 
observed geochemical signatures of Vesteris rocks analyzed in this study (Figure 7). Because crustal lithologies 
are enriched in Sr, Nd, and Pb (ca. 325, 20, 12.6 ppm, respectively; Rudnick & Fountain, 1995) compared to 
depleted MORB mantle (DMM) (ca. 7.664, 0.581, 0.018 ppm; Workman & Hart,  2005), even minor contri-
bution of a crustal component with high  87Sr/ 88Sr,  207Pb/ 204Pb and  208Pb/ 204Pb, intermediate  206Pb/ 204Pb, and 
low  176Hf/ 177Hf and  143Nd/ 144Nd would dilute the signature of the original mantle-derived Vesteris composition.

We choose to model the continental crust contribution to the petrogenesis of Vesteris by binary mixing between 
the previously obtained regional mantle mixing and a crustal component with the isotopic signatures of the NEGM 
Tertiary basalts, igneous complexes, and sulfide occurrences north of the Scoresby Sund region (Jensen, 1998) due 
to their compositional similarities and geodynamic settings (Figure 1). We stress here that a simple mixing model 
does not provide a means to distinguish between pure bulk mixing at the source and partial melt assimilation en 
route to the surface. However, we specifically chose to model the contribution of this enriched end-member as a 
source component and not as an assimilant due to geodynamic reasons (see further discussion). As such, binary 
mixing is more suitable to the task than other assimilation models (e.g., Callegaro et al., 2013).

To reproduce Vesteris signatures, we start from a 90% DM-10% IP mixture along the DM-IP binary mixing line 
as previously established (see Section 5.2.2). This end-member is then mixed with a crustal component having 
high  207Pb/ 204Pb and  208Pb/ 204Pb. The isotopic composition of the crust is here represented by the sulfides meas-
ured in Werner Bjerge alkaline complex from Malmbjerg (Jensen, 1998) (average of three samples;  206Pb/ 204Pb 
(18.722);  207Pb/ 204Pb (15.626);  208Pb/ 204Pb (38.919) (Table S2)). For the Pb concentration, we use 42 ppm, the 
average of 250 pre-Tertiary rocks from Gauss Halvø, Hudson Land, and Kuhn Ø as compiled by Jensen (1998). 
Notably, Jensen  (1998) uses a similar model to reproduce the signature of Hold with Hope Tertiary basalts 
(Thirlwall et al., 1994). Our mixing model reproduces Vesteris Pb signatures by adding up to 1 wt% crust to the 
90% DM-10% IP mantle source (Figure 8).

The addition of a crust-like contaminant as that of the NEGM margin, which is very enriched in Pb (42 ppm), 
reproduces Vesteris signatures better than if just adding an average upper crust (23 ppm) or an average lower 
crust (6 ppm) (Zartman & Haines, 1988). Using these latter Pb concentrations, we observe a decoupling between 
the effect produced by crust entrainment in the  207Pb/ 204Pb- 206Pb/ 204Pb space (1%–5%) and that produced in 
the  208Pb/ 204Pb- 206Pb/ 204Pb (2%–14%).
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5.2.3.2.  Crustal Assimilation

We note that an alternative mechanism to produce elevated  207Pb/ 204Pb,  208Pb/ 204Pb, and  87Sr/ 86Sr is assimilating 
oceanic sediments or altered oceanic crust (AOC).

In the Vesteris Seamount region, the crustal thickness derived from a P-wave velocity model based on sparse 
seismic data (Funck et al., 2014; Voss et al., 2009) indicates a crustal thickness of ca. 10 km, in agreement with 
gravity inversion data (C. Haase et al., 2017). Thick oceanic crust is explained by a higher spreading rate around 
chrons 18–20 in the Greenland basin than today (ca. 25 cm/yr, compared to 18 cm/yr for the last million years, 
i.e., Gaina, Nasuti, et al., 2017), and magmatic additions may have subsequently thickened this crust. Shallow 
assimilation of AOC during magma transport could occur during thermomechanical erosion of encompassing 
units. AOC assimilation during the magma transport to the surface cannot be ruled out (slight negative correlation 
of Pb isotopes (Figure S2 in Supporting Information S1) and U/Pb with MgO). It can be expected when OIB 
erupts over and ascends through thick oceanic crust. However, the alteration of the oceanic crust in the Atlantic 
Ocean is generally poorly constrained (Staudigel et al., 1996), and its assimilation is thus difficult to quantify.

Given the persistent seawater alteration of oceanic crust throughout millions of years, a hallmark characteris-
tic of AOC is its high  87Sr/ 86Sr ratio (0.703636–0.707437; Staudigel et al., 1996). Another peculiarity of AOC 
melts is the high abundance of TiO2 due to the melting of primary and secondary iron-titanium oxides and 
secondary titanite (e.g., Fisk et al., 1995). Vesteris has a higher  87Sr/ 86Sr for a given  143Nd/ 144Nd relative to NE 
Atlantic MORB and Iceland magmas. In addition, there is a very slight inverse correlation between  87Sr/ 86Sr and 
whole-rock MgO (Figure S2 in Supporting Information S1). This might result from the assimilation of AOC 
during differentiation in a magmatic lens. However, there is no marked positive Ti anomaly in Vesteris magmas 
(Figure  6). Assimilation of oceanic sediments is thus a more likely contaminant that could change (elevate) 
both  208Pb/ 204Pb and  207Pb/ 204Pb values. Because the feeding conduits of the seamount crossed both oceanic crust 
and Eocene sediments, and because the magnitude of such Ti anomaly would also depend on the proportion of 
AOC assimilation, a combination of the two processes is also possible.

Seafloor sediments are generally enriched in LREE, LILE (e.g., K), and Pb and exhibit enriched Sr-Nd-Hf isotope 
signatures and a negative Nb-Ta and Ti anomaly (Chauvel et al., 2008; Plank, 2014; Plank & Langmuir, 1998; 
Vervoort & Blichert-Toft, 1999; Vervoort et al., 2011). The intraplate setting of Vesteris Seamount in the Greenland 
Basin supports sediment assimilation as a viable mechanism, given that the old oceanic crust is overlayed by a thick 
sediment cover derived from the East Greenland shelf (mid-Miocene-present) with a total basin sediment volume of 
1.37 × 10 4 km 3 (Berger, 2006). Seismic reflectors at the seamount's base reveal a deeper base covered with ca. 1 km 
thick discontinuous sedimentary covers with uplifted and flexured layered sequences (Hempel et al., 1991). The only 
available sediment isotopic data in the literature are from the Norwegian basin—Haltenbanken sediments (Torsvik 
et al., 2015). As visible in Figure 7, they show a very broad range of isotopic signatures, encompassing the compo-
sition of the NEGM crust in  207Pb/ 204Pb- 206Pb/ 204Pb space but being generally lower in  208Pb/ 204Pb- 206Pb/ 204Pb 
space than the previously modeled crustal end member. We chose a sample from the Haltenbanken sediments 
compilation (Sample Halt_088; Torsvik et al., 2015) among those with elevated  207Pb/ 204Pb (15.607) and, more 
crucially, elevated  208Pb/ 204Pb (38.757), to represent the contaminant (Table S2). We calculated the concentration 
of the starting melt with a 90:10 mix between a typical MORB (Pb = 0.185 ppm) and a typical OIB (Pb = 3.2 ppm) 
composition (Sun & McDonough, 1989) to be Pb = 0.59 ppm. Mixing a melt of the previously calculated 90% 
DMM—10% IP or 85% DMM—15% IP source with up to 1% of this sediment is enough to raise the  207Pb/ 204Pb 
isotopic signatures to reach the ratios measured for Vesteris lavas. However, to reach Vesteris  208Pb/ 204Pb, up to 8% 
of sediments need to be added. The same decoupling (more assimilation required in the  208Pb/ 204Pb vs.  206Pb/ 204Pb 
isotopic space) is observed if we model assimilation of this oceanic sediment by AFC (assimilation during frac-
tional crystallization; De Paolo, 1981). Starting from a 90% DMM—10% IP-sourced parental melt,  207Pb/ 204Pb 
Vesteris compositions are reached after 10% crystallization, for a ratio of mass assimilation rate over mass frac-
tionation rate (r) of 0.2 (for a bulk partition coefficient for Pb, D = 0.17). To reach the  208Pb/ 204Pb compositions, 
either the r parameter must reach 0.5 (unlikely high) or crystallization needs to proceed until 40% (unlikely for the 
basanites). Besides this decoupling in modeled results for  207Pb/ 204Pb and  208Pb/ 204Pb signatures, we also note that 
the isotopic signatures of our lavas are mostly spread in  206Pb/ 204Pb and thus do not align along an assimilation line. 
In addition, Vesteris rocks show a K negative anomaly, which would be likely reverted by significant assimilation 
of K-enriched sediments. We thus favor a model in which the enriched (crustal) component is entrained directly at 
the source, although minor amounts of sediment assimilation cannot be ruled out.
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5.2.4.  SCLM Component—Subcontinental Lithospheric Mantle

Several investigators have suggested that a regional Archean SCLM component might be prevalent in NE Atlantic, 
north of Jan Mayen (Northernmost Atlantic and Arctic) (e.g., Blichert-Toft et al., 2005; Goldstein et al., 2008). 
Unusually high εHf signatures in MORB from Mohns and Knipovich ridges have hence been interpreted as 
reflecting a contribution of low-degree melts from old Greenland SCLM caught by upwelling asthenosphere 
beneath these ridges (K. M. Haase et al., 1996; Blichert-Toft et al., 2005). Greenlandic craton (3.6–3.7 Ga) has as 
well the lowest initial  207Pb/ 204Pb ratio and source U/Pb ratio (μ = 7.991) found in all known cratons, attributed to 
lithosphere delamination, while source Th/U ratio is in range with other cratons (Luais & Hawkesworth, 2002). 
This is reflected as a relatively large proportion of an SCLM component in the mantle source of basalts from the 
Western Gakkel ridge owing to the negative Δ7/4 and high Δ8/4 signature of MORB (Goldstein et al., 2008). 
The presence of a SCLM component in the NE Atlantic and Arctic mantle is as well supported by  187Os/ 188Os 
ratios below 0.131 in a number of Icelandic flank zone basalts and in Jan Mayen basalts (Debaille et al., 2009) 
and below 0.126 in peridotite xenoliths from Pleistocene basalts in northern Spitsbergen (Choi et  al.,  2010). 
In NEGM lavas and dykes south of the Scoresby Sund (i.e., Kangerlussuaq, Tasiilap Karra dykes; Hanghøj 
et al., 1996; Holm, 1988; Jensen, 1998), significant involvement of SCLM relatively unradiogenic in  207Pb/ 204Pb 
and  206Pb/ 204Pb would limit the required amount of interaction with continental crust necessary to produce the 
enriched signatures.

In a diagram of εHf versus εNd, the positive εHf values (12.98–13.58) shown by Vesteris samples (Figure 7b) plot 
above the mantle array and partially overlap a mixing hyperbola defined by MORB from the Mohns ridge and 
Jan Mayen platform (Blichert-Toft et al., 2005). The end-members of this hyperbola are interpreted by Blichert-
Toft et al. (2005) as being the “C” component (Hanan & Graham, 1996) and a DMM, possibly contaminated 
by streaks of Greenlandic SCLM. This suggests that tectonically entrained SCLM caught in the asthenosphere, 
as indicated by the radiogenic εHf isotope compositions of MORB present at these MOR segments, may also 
play a role in the Vesteris source. The εHf signatures of Vesteris lavas and their decoupled Pb isotopic traits 
(negative Δ7/4 accompanied by positive Δ8/4) suggest that the SCLM domains may play a role in the source 
of this seamount, as they do elsewhere in the region. However, such an assumption cannot be properly quanti-
fied because of the general lack of Sr-Nd-Pb isotopic data on Greenlandic mantle xenoliths (especially north of 
Scoresby Sund). This means that a quantitative mixing model including an SCLM component would be presently 
highly speculative, especially because of the extreme trace element and Sr-Nd-Pb isotopic variability of this 
reservoir. Future measurements of  187Os/ 188Os ratios on Vesteris basalts and basanites would represent a strategic 
asset to test this hypothesis.

In summary, we can draw some information from the geochemical modeling of the Vesteris mantle source: (a) 
because Vesteris compositions differ even from those of the most enriched Icelandic lavas, the required enriched 
component cannot be “endemic” to the IP, but must be located elsewhere; (b) the SCLM has often been recog-
nized in the region as a provider of enriched signatures, and we cannot exclude its contribution in the source of 
Vesteris lavas, as supported by their εHf signatures and negative-Δ7/4 accompanied by high-Δ8/4. However, at 
present, it is impossible to constrain and quantify the contribution of SCLM as a source component of Vesteris 
because compositional data of SCLM north of Scoresby Sund are not available; (c) the most realistic contributor 
of Vesteris enriched signatures is a continental component, and it must be markedly enriched in Pb concentration; 
(d) The spread in  206Pb/ 204Pb ratios depicted by Vesteris samples is mostly controlled by the amount of main 
source mix (90%–85% DMM—10%–15% IP), while the proposed crustal component is responsible for rais-
ing Vesteris  208Pb/ 204Pb and  207Pb/ 204Pb signatures to higher values than the main Icelandic—N Atlantic MORB 
array; (e) we favor an entrainment of this crustal contaminant directly at the source.

5.3.  Upper Mantle Structure and Lithospheric Control on Melting

In this section, we analyze the upper mantle structure as depicted by mantle tomographic models available for 
the study region and discuss possible implications for the mantle source mixing model (Figure 9). Tomographic 
models published in the last decade, which rely on a much-improved seismological database and modeling tech-
niques, show that the IP has a complex structure, being possibly rooted at the core-mantle boundary and develop-
ing several conduits at shallower depths (1,200 km), perhaps nurturing several surface expressions (i.e., Iceland, 
Jan Mayen, and Svalbard; Rickers et al., 2013; Toyokuni et al., 2020). A more recent regional tomographic model 
based on waveform inversion of surface, S, and multiple S waves image the upper mantle, showing the complexity 
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of the IP in greater detail than before (Celli et al., 2021). Assuming that the 
IP represents thermal upwelling, in this model, the IP conduit, centered under 
eastern Greenland at ca. 420 km, is branching and reaching under the Green-
land Basin at 320 km and again at around 120–80 km (Figure 9). A shallower 
low-velocity anomaly becomes visible at 120 km below the Jan Mayen Plat-
form, and then more prominent below VP at around 80 km. A deeper anomaly 
deflects eastward toward Mohn's ridge, avoiding the western JMFZ region, 
which appears to have an underlying colder asthenosphere (Figure 9). This 
colder region under the long-offset dual JMFZ may have acted as a physical 
barrier and reduced and deflected the upper mantle flow. Such deflections are 
also described at other hotspots (e.g., Canary/Cape Verde hotspot; Negredo 
et al., 2022). The tomographic slice at 80 km (and probably also at 56 km, as 
shown by Celli et al. (2021)) indicates a NE-SW oriented negative anomaly 
that underlies the Vesteris Seamount and the group of seamounts SW of the 
Mohn's ridge. Its orientation may be slightly different from the one observed 
at 320 km, and we suggest this is due to the motion of the Greenland/North 
American plate relative to the mantle (i.e., Gaina, Nasuti, et al., 2017). The 
thicker lithosphere under the western Jan Mayen Fracture Zone may have also 
contributed to the shallower mantle flow deflection (Figure 9; panel showing 
a horizontal slice at 50  km; SL2013 model, Schaeffer & Lebedev,  2013). 
Considering the distribution of upper mantle anomalies detected by seismo-
logical data, we infer that a shallower reservoir (ca. 80–50 km) created by the 
IP may feed the Vesteris Seamount and possibly the seamount clusters in the 
western Greenland Basin.

The topography of the lithosphere-asthenosphere boundary and lithospheric 
thickness are also important parameters in estimating the location and cause 
of intraplate magmatic activity (Figure 10, Figure S5 in Supporting Infor-
mation  S1). Melt channeling through dykes and/or mantle upwelling is 
usually favored by abrupt lithospheric thickness changes (Figure 10). Mantle 
upwelling would follow lithospheric thinning from a thicker continental lith-
osphere toward a thinner continental margin (Boscaini et al., 2022; Conrad 
et al., 2010; Thompson & Gibson, 1991). We have evaluated several litho-
spheric models (gypsum (Simmons et al., 2010), s40rts (Ritsema et al., 2011), 
savani (Auer et al., 2014), semum2 (French et al., 2013), SL2013 (Schaeffer & 
Lebedev, 2013), mean (represent the mean of these five models) (Steinberger 
& Becker, 2018)) which show a range of lithospheric thickness beneath Vest-
eris from 35 km (Sl2013sv) to 80 km (gypsum and s40rts) (Figure 10, Figure 
S5 in Supporting Information S1). The mean model and semum2 and savani 
models show a lithospheric thickness of roughly 50 km (Figure 10 and Figure 
S5 in Supporting Information  S1). The inverse lithospheric topography 

inferred from the SL2013 model (Schaeffer & Lebedev, 2013) images well-pronounced  lithospheric steps at East 
Greenland and Norway margins. In numerical fluid dynamic experiments reproducing plume/ridge interaction, 
the slope of the base of the oceanic lithosphere is a crucial factor in driving the plume flow (Kincaid et al., 1995). 
The steeper the gradient is, the more likely plume material will flow. This suggests that lateral asthenospheric 
flow traveling from the margin of Greenland (Figure 9) toward Mohns Ridge would rapidly rise and decompress 
beneath the upwardly sloping region of the lithosphere (Figure 10 and Figure S5 in Supporting Information S1). 
Melting could hence be triggered underneath Vesteris because the lateral asthenospheric flow encounters rapid 
gradients in the thickness of the lithosphere of 250 km at the Greenland cratonic root to 35–80 km in the Green-
land Basin, depending on a model (Steinberger & Becker, 2018) (Figure 10).

5.4.  Melting Model for Vesteris Seamount Rocks

The major element composition of the most primitive Vesteris rocks (alkali basalt/basanites) overlaps or falls near 
that of experimental melts derived from silica-undersaturated pyroxenite melting at 2 GPa (MIX1G, Hirschmann 

Figure 9.  NAT2022 upper mantle tomographic model (Celli et al., 2021) as 
depth slices imaging S-wave velocity anomalies. These anomalies are shown 
in % from the reference seismic velocity at 50, 80, 120, 220, 320, and 420 km 
depth respectively. Lithospheric thickness contours on the 50 km depth slice are 
from the SL2013 model (Schaeffer & Lebedev, 2013). Red lines denote MOR, 
blue lines are fracture zones, and black contours outline the Gaina, Blischke, 
et al. (2017) seamounts; Vesteris Seamount is marked with a white star.
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et al., 2003), as shown in Figure 6. This observation is generally backed up by forward numerical models of 
dynamic melting performed with REEBOX PRO (Brown & Lesher, 2016) (Table S3). The best match with the 
trace element compositions of our Vesteris basanites and alkali basalt is obtained by active melting a mixed 
lithology (50% peridotite—50% pyroxenite) source under a pre-existing lithosphere of 65  km (Figure  6 and 
Figure S5 in Supporting Information S1). The maximum extent of melting (Fmax) for this mixed source at the top 
of the columnar regime (65 km depth, 1.99 GPa pressure) is estimated to be 1% for the peridotite and 2% for the 
pyroxenite. The anhydrous peridotite (pyrolite) has a primitive mantle trace element composition (McDonough & 

Figure 10.  Lithospheric thickness maps produced from different tomography models as summarized by Steinberger and 
Becker (2018): (a) SL2013 (Schaeffer & Lebedev, 2013), (b) s40rts (Ritsema et al., 2011), (c) mean of 5 presented models 
(Steinberger & Becker, 2018), (d) savani (Auer et al., 2014), (e) semum2 (French et al., 2013), (f) gypsum (Simmons 
et al., 2010). Vesteris Plateau, a region (∼1.12 × 10 5 km 2) of uplifted oceanic seafloor (Zhang et al., 2020), is represented 
by pale pink shading. The dotted black line represents a track where the lithospheric depths of all models are extracted 
(Figure S5 in Supporting Information S1). Thin magenta contours outline Gaina, Blischke, et al. (2017) seamounts; Vesteris 
Seamount is marked with a white star. The orange line represents the Caledonian Deformation Front (CDF) (Gee et al., 2008), 
and the yellow line is the Central Fjord (CF), where an east-dipping high-velocity oceanic slab was documented by Schiffer 
et al. (2014, 2016, 2020).
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Sun, 1995), while the Si-undersaturated pyroxenite (MIX1G) has an N-MORB trace element composition (Sun & 
McDonough, 1989). Pooled melts aggregated over this rather short columnar melting regime (i.e., Pi = 2.31 GPa; 
Pf = 1.99 GPa) are dominated by a greater proportion of pyroxenite-melts (59%) relative to peridotite-melts 
(41%). Modeled melts of either pure MIX1G or pure pyrolite under a range of plausible mantle potential temper-
ature (Tp) and pre-existing lithospheric thicknesses fail to reproduce the trace element composition of our Vesteris 
data set. The pyroxenitic lithology could be produced by reacting the lithospheric (crustal or SCLM) domains 
delaminated from Greenland with the ambient peridotite (e.g., Yaxley & Green, 1998). The interactions between 
siliceous partial melts of eclogitic and peridotite might have formed pyroxenitic veins (Yaxley & Green, 1998). 
Alternatively, the material thermally eroded from the Greenland keel could have already been pyroxenitic 
(Hirschmann et al., 2003). We conclude that the melting model and resulting depth and temperature results agree 
with the geodynamic setting of the Vesteris seamount and our geochemical results.

The numerical REEBOX simulation indicates that the ambient mantle (pyrolite) source composition underneath 
Vesteris might be primitive rather than similar to that of the DM. First, this outcome is inconsistent with the 
end-member proportions (90%–85% DMM—10%–15% IP) estimated by the previous isotopic modeling. One way 
to resolve this paradox would be to involve a fourth component, unradiogenic in  206Pb/ 204Pb, such as the Archean 
Greenlandic SCLM. Such an addition would require a higher proportion of IP in order to match the  moderately 
radiogenic  206Pb/ 204Pb of Vesteris. It also indicates that the potential temperature (1,330°C) at the  time of volcan-
ism at Vesteris might not have been warmer than the ambient mantle temperature (1,300–1,400°C, Herzberg & 
Gazel, 2009). However, the estimated final depth of melting falls in the depth range (80–50 km) where a low seismic 
wave mantle anomaly is presently detected underneath Vesteris (Figure 9). This anomaly might be a secondary branch 
of the Icelandic plume or an enriched mantle blob released by the Icelandic plume. The remoteness of this anomaly, 
up to 1,000 km relative to the main Icelandic conduct, would have favored heat loss of the Icelandic material during 
transport, lowering its temperature underneath Vesteris relative to that of the main Icelandic conduit. Such a thermal 
dissipation mechanism is well known for plume material spreading over long distances (Ribe & Christensen, 1999).

5.5.  Potential Mechanisms and Location of Contamination/Mixing: Entrainment of Continental Crust 
and SCLM

Based on our geochemical results, the described mantle tomography model of the NE Atlantic, the lithospheric 
thickness models (Figures 9 and 10 and Figure S5 in Supporting Information S1), and the forward melting model 
produced (REEBOX PRO model; Brown & Lesher, 2016), we propose the following geodynamic scenario to 
explain the origin of Vesteris seamount. Tomographic models (Rickers et  al.,  2013 and, more recently, Celli 
et al., 2021) image a mantle anomaly between 400 and 320 km that deviates from Iceland's plume and flows 
northward under the East Greenland margin and Greenland Basin. Horizontal slices of S-wave velocity anomalies 
show eastward deflection of the flow just north of the western JMFZ (Figure 9). Several studies show that the 
East Greenland margin (Scoresby Sund and Fjordland region), thinned due to continental rifting, has heat flow 
values higher (>100 mW/m 2) than expected at a passive margin (Artemieva, 2019). The presence of a northward 
deflection of the IP could also explain such a characteristic.

We note that the steep gradient of lithospheric thickness, from about 250  km of Greenland cratonic root 
(Steinberger & Becker, 2018) to around 50 km in the Greenland Basin, would enhance the decompression melt-
ing of such a rising mantle and channel it upwards along a steep slope between thick continental and thin-
ner oceanic lithosphere. Therefore, Vesteris Seamount is possibly nurtured by a plume branch that is eroding 
the Greenland lithosphere and may detach enriched blobs or veins of SCLM (Blichert-Toft et al., 2005; Elkins 
et al., 2014) and possibly crustal streaks (Rankenburg et al., 2005) and transport them through the ambient mantle 
below the Greenland Basin (Figure 11). Both SCLM and continental crust are geochemically enriched and have 
been previously advocated as local contributors to the magmatism in the region (e.g., Blichert-Toft et al., 2005; 
Jensen, 1998; Torsvik et al., 2015; Trønnes et al., 1999). Archean SCLM is found beneath the Greenland craton, 
∼500 km west of Vesteris Seamount, and might be eroded by the Icelandic plume flow during its ascent. In 
addition, an upper mantle structure in East Greenland was interpreted as a fossil Caledonian subduction complex 
based on teleseismic receiver function analyses (Schiffer et al., 2014, 2016, 2020). A suture resulting from an 
east-dipping subduction zone (high-velocity layer (Vp N 8.3 km/s)) is entrained in the lithosphere of the Central 
Fjord region, as marked in Figure 10. Petrological and geophysical models show sub-crustal structure in the lower 
crust/uppermost mantle as a combination of eclogitized mafic crust or older igneous intrusions overlayed with 
mafic intrusions, and serpentinized peridotite (Schiffer et al., 2016). Such a slab remnant could bring a variable 
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amount of Archean, Proterozoic, and Paleozoic basement domains deeper into the crust or uppermost mantle that 
could contaminate and enrich the source of Vesteris lavas (Figure 11).

It is observed elsewhere that SCLM delaminated material could be brought by plume thermal erosion in the 
surrounding convecting asthenosphere (e.g., Class & le Roex,  2006; Meyzen et  al.,  2007). Even though the 
mechanisms by which such material is detached and transported to ocean basins have not been well constrained, 
its contribution has been proposed to account for the peculiar Sr-Nd-Pb-Hf isotopic signatures of South-Atlantic 
MORB (African craton) (Meyzen et  al., 2007) and Walvis Ridge (Congo and Rio Apa—Luis Alves cratons) 
(Class & le Roex, 2006). Therefore, carving the East Greenland margin by the IP branch is a feasible mechanism 
to explain the sampling of various cratonic and passive margin structures (allowing both SCLM and continental 
crust mixing/assimilation) by sources that produced Vesteris magmatism.

Our geochemical results and conceptual model show for the first time that the northward continuation of the 
IP impacted the solitary Vesteris seamount formation. This contrasts the published models that invoke a purely 
uppermost mantle, rifting-related source, and mechanisms for its formation. Given that the seamount may have 
been formed by multiple volcanic events (Mertz & Renne, 1995; Moreno et al., 2021), we cannot completely 
discard that more recent tectonic events contributed to the construction of part of its edifice. Vesteris seamount 
is remotely located relative to active plate boundaries, and the known direction of motion for Greenland/North 
America relative to the mantle (Figure 5 in Gaina, Nasuti, et al., 2017) cannot explain the volcanic edifice shape. 
Proper lithospheric stress and paleo-stress modeling are beyond the scope of this study, but it could shed more 
light on the origin and tectono-magmatic evolution of this enigmatic seamount.

6.  Conclusions
Major and trace elements and high-precision Sr-Nd-Pb-Hf isotopes from lavas dredged from the Vesteris 
Seamount are presented in this study, and the results allow us to trace the mantle source characteristics and a 
plausible geodynamic mechanism for the origin of this seamount. Published mantle tomography and lithospheric 
models helped to understand the lithosphere and upper mantle structure in the Vesteris Seamount region. This 
integrated geochemical and geophysical study provided a more comprehensive and contextualized understanding 
of the processes that led to the formation of Vesteris Seamount. Our main conclusions are summarized as follows:

•	 �Deep mantle low-velocity anomalies, possibly connected to the IP, contributed to forming the Vesteris 
Seamount volcanic construction. This supports previous hypotheses suggesting that the IP has played a 

Figure 11.  A simplified conceptual model for the formation of Vesteris Seamount, along a profile trending west—north-
east from NE Greenland to Vesteris. The upper mantle was influenced by the northward flowing Iceland plume branch that 
may have eroded the Greenland and entrain continental crust and sub-continental lithospheric mantle geochemical signature 
in the Vesteris Seamount melting region. A fossil Caledonian subduction complex—Ancient subduction zone (ASZ) and 
high-velocity lower crust (HVLC) in East Greenland are based on Schiffer et al. (2014, 2016, 2020). The pink field represents 
the Caledonian Deformation Front (CDF) (Gee et al., 2008).
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significant role in shaping the geology of this region (active melting scenarios) and is in contrast to prior 
studies that invoke purely local tectonics and uppermost mantle sources (passive melting scenarios) for this 
volcanic edifice.

•	 �Compared with the dominant signatures displayed by MORB and Iceland volcanism in the region, Vesteris 
has anomalous isotopic compositions that cannot be explained solely by the complementary contributions of 
the DM and the Icelandic plume. We suggest that the additional enriched component able to produce Vesteris 
high-radiogenic  207Pb/ 204Pb and  208Pb/ 204Pb signatures is of continental origin. Our favored scenario envis-
ages a remobilized crustal component from the East Greenland basement, contributing directly to the source. 
Alternatively, the assimilation of oceanic sediments or locally AOC could explain the observed signatures, 
although we flag it as less likely based on geochemical evidence.

•	 �The involvement of Archean SCLM in the source of Vesteris is likely because this component is widespread 
in the region (e.g., Mohns MORB) and supported by the εHf composition of Vesteris lavas and their low Δ7/4 
accompanied by high Δ8/4. However, we cannot quantitatively constrain its contribution due to the lack of 
available isotopic data for the NE Greenland SCLM.

•	 �The following source petrogenetic scenario for Vesteris is proposed by merging geochemical and geophys-
ical observations: A northward deflected branch of the main IP branch beneath East Greenland produced 
delamination of lithospheric domains from the Greenland craton and margin. It reached the Greenland basin 
area beneath the Vesteris seamount using the steep gradient of lithospheric thickness. Here, a mixture of 
plume-derived sources, ambient depleted asthenosphere, and enriched lithospheric material (pyroxenitic) 
could melt up to a maximum 65 km depth to produce the alkaline, isotopically enriched magmas that formed 
Vesteris.

We note that this study has some limitations. The lack of high-resolution seismic data and comprehensive isotopic 
data coverage has prevented a complete understanding of the subsurface plumbing system of Vesteris Seamount 
and the influence of the IP.  In particular, the entrainment mechanism of the enriched component cannot be 
completely resolved at this stage. Similarly, the absence of regional petrological data sets prevented a quantita-
tive evaluation of the SCLM contribution. Further research, including more detailed constraints on the Vesteris 
magmas evolution (fractionation trends, magma chamber processes, open-vs. closed-system differentiation), is 
needed to address these limitations and provide a complete picture of the processes shaping this dynamic region.

Data Availability Statement
All data supporting the findings of this study are available within the supplementary material and the data files 
are archived at Belosa (2023).
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