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ABSTRACT 15 

The upper mantle is a heterogeneous mixture of refractory and recycled crustal domains. 16 

The recycled portions, more fertile and thus preferentially melted, dominate the 17 

composition of the basalts erupted on the surface, whereas the imprint of melting of the 18 

refractory counterparts is difficult to discern from the basalt chemistry. Contrasting 19 

radiogenic isotopic signatures of mid-ocean ridge basalts and oceanic mantle, however, 20 

show that Hf isotopes have high preservation potential during magma ascent and mixing, 21 

allowing identification of depleted mantle end-members unseen in other isotope systematics 22 

in basalts. Here, we show that basalts from Mohns and Knipovich ridges, two >500-km 23 

long oblique super-segments in the Arctic Atlantic, have uniquely radiogenic Hf isotope 24 

ratios, not mirrored by comparatively depleted Nd-Sr and Pb isotopes. These compositions 25 

can only be explained if a highly depleted asthenospheric mantle melts beneath this section 26 

of the Arctic Mid Atlantic Ridge. We argue that this depleted source consists of high 27 

proportions of ancient (> 1Ga), ultra-depleted mantle, drained of enriched components 28 

before being emplaced in the oceanic lithosphere and successively re-melted in its current 29 

location following a recent ridge-jump, allowing the identification of ultra-depleted mantle 30 

components in the arctic subridge mantle. 31 

 32 
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1. INTRODUCTION 35 

The upper mantle is a complex assemblage of peridotites and recycled materials with 36 

variable age and compositions, which testify to a long-term history of partial melting and 37 

re-fertilization during Earth history. Mid Ocean Ridges Basalts (MORB) and Ocean Island 38 

Basalts (OIB) originate by partial melting of this heterogeneous mantle source and thus 39 

provide indirect evidence about mantle composition and evolution (e.g., Allegre et al., 40 

1984; Zindler and Hart, 1986; Schilling et al., 1992; Goldstein et al., 2008; Meizen et al., 41 

2010; Stracke, 2012). However, to what extent the compositional variability is transferred 42 

from mantle to melts erupted on the surface depends on the way partial melts samples the 43 

Earth’s mantle and the style and extent of melt mixing prior to eruption. In general, mixing 44 

processes introduce a sampling bias such that the incompatible element budget of the melts 45 

is dominated by the most enriched, or least depleted, source components (i.e., Stracke and 46 

Bourdon, 2009; Stracke, 2012; Rudge et al., 2013; Lambart et al., 2012; Warren, 2016; Liu 47 

and Liang, 2017). This compositional bias is also inversely related to the overall degree of 48 

depletion (Salters et al., 2011), that is, the more refractory the mantle components are, the 49 

less they contribute to the overall incompatible element budget of the generated melts (see 50 

also Harvey et al., 2006; Liu et al., 2008; Warren and Shirey, 2012; Dai et al., 2017; Willig 51 

et al., 2019). This effect also applies to the long-lived radiogenic isotope ratios of the Rb-52 

Sr, U-Th-Pb, Sm-Nd, and Lu-Hf decay systems. If different portions of the mantle evolve 53 

without extensive isotopic equilibration, they develop increasingly different isotope ratios 54 

(Hofmann and Hart, 1978). The isotopic compositions of these most depleted domains of 55 

the mantle sources, however, are easily concealed by mixing with melts from more 56 

enriched components (e.g., Stracke and Bourdon, 2009; Salters et al., 2011; Stracke, 2012; 57 

Rudge et al., 2013; Liu and Liang, 2017; Lambart et al., 2019). As a result, the contribution 58 

of highly depleted portions of the mantle is likely to be grossly underestimated (Harvey et 59 
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al, 2006; Stracke et al., 2011; 2019; Warren and Shirey, 2012; Stracke, 2012; Byerly and 60 

Lassitier, 2014; Dai et al., 2017; Willig et al., 2019). 61 

Another fundamental effect is that the isotopic signal of the source will be recorded 62 

differently for the different isotope systems, because the daughter elements of the most 63 

commonly used decay systems (Rb-Sr, U-Th-Pb, Sm-Nd, and Lu-Hf) are variably 64 

incompatible. For instance, mantle melting fractionates Lu/Hf more than Sm/Nd, so that the 65 

residual mantle will develop a more pronounced isotopic record of depletion for Hf 66 

compared to Nd isotope ratios (Salters and Zindler, 1995; Blichert-Toft et al., 2005; Stracke 67 

et al., 2011). In addition, Hf is significantly less incompatible than Nd during mantle 68 

melting (e.g., Hoffman, 2007), so that the difference in concentration between melts and 69 

depleted mantle is much less for Hf than for Nd. Hence, high Hf isotope ratios expected for 70 

depleted source components have higher chances to be preserved during magma ascent and 71 

mixing. Based on this rationale, and in agreement with the evidence that clinopyroxenes 72 

from abyssal peridotites locally exhibit Nd and Hf isotope ratios that are more radiogenic 73 

than those of the associated basalts (Salters and Dick, 2002; Bizimis et al., 2003; Cipriani et 74 

al., 2004; Stracke et al., 2011; Byerly and Lassitier, 2014; Mallick et al., 2014; Warren, 75 

2016; Liu and Liang, 2017; Lambart et al., 2019), geochemical models (Salters et al., 2011; 76 

Sanfilippo et al., 2019) suggest that high and variable 176Hf/177Hf at a given 143Nd/144Nd in 77 

the most depleted MORB may result from a comparatively higher contribution of melts 78 

from ancient, ultra-depleted source components. 79 

Here, we report new analyses of Nd-Sr-Pb-Hf isotopes of basalts collected from the 80 

northern region of Knipovich ridge (77-78 ºN), which, in combination with literature data, 81 

result in detailed coverage of the compositional variability of basalts from the Arctic ridges. 82 

These data suggest that an, on average, highly depleted mantle asthenosphere is currently 83 

located below the Knipovich and Mohns ridges. We argue that this mantle domain consists 84 
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of large proportions of ancient, ultra-depleted material interspersed with small proportions 85 

of variably depleted lithologies. This parcel of North Atlantic mantle was scavenged of the 86 

most fertile lithologies when melted along the paleo-Mohns and paleo-Knipovich axes, and 87 

successively re-melted in its current location after a recent ridge-jump that occurred in the 88 

last 5 Ma. 89 

 90 

2. MANTLE SEGMENTATION IN THE ARCTIC REGION 91 

The Mid Ocean Ridges of the Arctic vary significantly in segment length, spreading rate, 92 

obliquity, axial depth and inferred thickness of the magmatic crust. All these parameters are 93 

primarily related to the extent and style of melt production. The spreading rate is very slow 94 

at Kolbeinsey and Mohns ridges (18–16 mm/yr) (Mosar et al., 2002; Breivik et al., 2006), 95 

and decreases to ultraslow (<13 mm/yr) at Knipovich and Gakkel Ridges (Michael et al., 96 

2003; Goldstein et al., 2008). The spreading direction changes from nearly orthogonal in 97 

Kolbeinsey and Gakkel (Mosar et al., 2002), to highly oblique (up to ~50°) at the Mohns 98 

and Knipovich (Okino et al., 2002) ridges (Fig.1). As a consequence, the Knipovich Ridge 99 

consists of a series of small pull-apart basins with sparse magmatic activity on the seafloor 100 

(Okino et al., 2002; Yampolski and Sokolov, 2003; Sokolov et al., 2011). The crustal 101 

thickness decreases progressively northward, from a 7-8 km-thick magmatic crust at the 102 

Kolbeinsey Ridge, to almost zero at Gakkel Ridge where large sections of mantle are 103 

directly exposed on the ocean floor (Dick et al., 2003). 104 

The geochemistry of the basalts from the Arctic ridges has been extensively studied 105 

and is depicted in figure 2 (Schilling et al., 1983; 1999; Neumann and Schilling, 1984; 106 

Waggoner et al., 1989; Mertz et al., 1991; 2004; Devey et al., 1994; Haase et al., 1996; 107 

1997; Mertz et al., 1997; Trønnes et al., 1999; Michael et al., 2003; Blichert-Toft et al., 108 

2005; Goldstein et al., 2008; Elkins et al., 2011; 2014; Nauret et al., 2011). The gradual 109 
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decrease in spreading rates from Kolbeinsey to Mohns and Knipovich Ridge is mirrored by 110 

an overall increase in Na8 (that is, Na2O normalized to 8 wt% MgO) (Klein and Langmuir, 111 

1987) and by changes in trace element ratios that mostly depend on melting conditions. For 112 

instance, there is an obvious increase in the ratio between the middle and heavy rare earth 113 

elements (M/HREE, e.g., Gd/Yb) from Kolbeinsey towards Knipovich Ridge, which 114 

suggests a larger proportion of melt generated in the garnet stability field. The high 115 

230Th/238U ratios in these basalts (Elkins et al., 2014) may also be due to the effect of 116 

thickening the lithospheric lid, as a result of decreasing spreading rates. At closer 117 

inspection, however, the basalt compositions identify different domains, which indicate a 118 

strong segmentation of the mantle in this region. The most obvious variations are defined 119 

by the radiogenic isotope ratios, through which we will hereafter describe the depleted or 120 

enriched nature of the mantle source (where “depletion” refers to time-integrated 121 

incompatible element depletion reflected in low 87Sr/86Sr and 206, 207, 208Pb/204Pb, but high 122 

143Nd/144Nd and 176Hf/177Hf; the converse applies to “enriched” isotope signatures). 123 

Figure 2 shows that a geochemically enriched mantle source is likely located 124 

beneath the Jan Mayen Fracture Zone, and dispersed into the neighboring ridges (Haase et 125 

al., 1996). These lavas are characterized by strong enrichments in incompatible elements 126 

(e.g., high La/Sm) and have the lowest Hf and Nd isotope compositions of all Arctic ridge 127 

basalts, thus suggesting the occurrence of a mantle section that is isotopically distinct from 128 

Iceland (Blichert-Toft, 2005). The dispersion of this geochemically enriched material is 129 

seen in the basalts from the northern part of Kolbeinsey Ridge as well as those from 130 

western Mohns Ridge (e.g, Schilling et al., 1983; 1999; Neumann et a., 1984; Waggoner et 131 

al., 1989; Haase et al., 1996) although detailed analyses of Pb isotope ratios reveal a sharp 132 

geochemical boundary south of the Mohns FZ (Blichert-Toft et al., 2005). Excluding the 133 

geochemically enriched compositions related to the influence of the Jan Mayen FZ 134 
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“plume”, basalts from Kolbeinsey Ridge are characterized by incompatible element 135 

depletions and radiogenic Nd and Hf isotope ratios. Along with a low Na8 and low Gd/Yb 136 

ratios these data are indicative of high degrees of melting of a shallow, depleted 137 

asthenosphere, which consists of depleted peridotite plus minor heterogeneities mainly 138 

derived from recycled oceanic material (e.g., Mosar et al., 2002; Elkins et al., 2014). 139 

Another obvious geochemical discontinuity is located along the Lena Trough, which 140 

represents an oceanic-continent transitional rift zone where volcanism is mainly localized 141 

in a southern and a northern region (Snow et al., 2007). At Lena south, K-rich alkali basalts 142 

show peculiar enrichments in highly incompatible trace elements, strong HREE 143 

fractionation and high Sr and low Nd isotope ratios, whereas Pb isotopes and Na8 are 144 

characteristically low (Fig. 3) (Nauret et al., 2011). These features have been related to the 145 

occurrence of subcontinental lithosphere, possibly phlogopite/amphibole- and garnet-146 

bearing, in the source of these basalts (Laukert et al., 2014). The enrichments in Sr and Nd 147 

isotope ratios are attenuated towards the northern part of Lena Trough, where the 148 

geochemical fingerprint of the volcanism is similar to that of the basalts from the western 149 

volcanic zone of Gakkel Ridge (WVZ). Both series are characterized by relatively enriched 150 

Sr and Nd isotope ratios and by a strong a DUPAL-like Pb isotope anomaly of high 151 

207Pb/204Pb (Goldstein et al., 2008). These features have been related to the occurrence of 152 

subcontinental lithospheric mantle (SCLM) in their source, most likely delaminated during 153 

the opening of the slow-spreading oceanic basin (Goldstein et al., 2008). On the other hand, 154 

the basalts in east Gakkel Ridge (East Volcanic Zone, EVZ) are depleted in trace elements 155 

and in all isotope ratios, which suggest moderate to low degrees of melting of a depleted 156 

mantle source, similar to the typical North Atlantic mantle (Goldstein et al., 2008; Elkins et 157 

al., 2014). In this framework, the basalts from Mohns and Knipovich Ridge define 158 

geochemical trends distinct from Kolbeinsey and Gakkel Ridge basalts (Figs 2, 3) 159 
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(Blichert-Toft et al., 2005, Elkins et al., 2014) and are thought to be sourced by a similar 160 

depleted mantle asthenosphere, bordered by two geochemical discontinuities located along 161 

the Jan Mayen FZ and Lena Trough. 162 

 163 

3. MATERIALS AND METHODS 164 

New isotopic data were obtained for basalt glasses and whole-rocks collected from 165 

the northernmost parts of Knipovich Ridge (77º-78ºN), which connects to Lena Trough 166 

through the Molloy FZ. Samples were collected during cruise 24 of the Akademik Nikolaj 167 

Strakhov (2006), and dredged either from the rift valley or rift flanks. A thorough textural 168 

description and major and trace element compositions of these samples are reported in 169 

(Sushchevskaya et al., 2010), and summarized in Table S1. The basalts are aphyric to 170 

weakly olivine-phyric and have high-MgO (8.6-14.8 wt%) and low incompatible element 171 

contents, indicating that these basalts are near-primitive melts. Their primitive nature is also 172 

confirmed by the high olivine Fo contents (>88.5 mol%) of phenocrysts and by the nearly 173 

complete absence of plagioclase. Basalts are locally subalkalic (Na2O + K2O = 2.8-4.1 174 

wt%), and have large variations in Na8 (2.0-4.0). Incompatible trace element compositions 175 

vary from depleted to slightly enriched (La/Sm=0.8-2.7) and are characterized by variable 176 

M/HREE fractionations (Gd/Yb=1.3-2.1) (Fig. 2). 177 

New Nd-Hf-Sr-Pb isotopic determinations were performed at the National High 178 

Magnetic Field Laboratory, Florida State University following the method described in 179 

detail in (Mallik et al., 2014), and are reported in Table S1 of the supplementary material. 180 

We digested approximately 100 mg of powder, which was leached at room temperature 181 

with 2.5 N HCl for about 15-20 min. The leached fraction was rinsed several times using 182 

18MΩ deionized water and then QD (quartz distilled) water and finally dissolved in a HF: 183 

HNO3 (3:1) mixture. Lead, Hf, Sr and Nd were separated from the same aliquot following 184 
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the techniques outlined in Mallik et al. (2014). Sr isotope ratios were measured by thermal 185 

ionization mass spectrometer (TIMS) in dynamic mode on a Finnigan MAT 262 RPQ mass 186 

spectrometer.  187 

87Sr/86Sr ratios are corrected for fractionation to 86Sr/88Sr = 0.1194. Long-term 188 

average of Sr standard E & A yields a value of 0.708004 ± 12ppm (n=25, 2 S.D.). 86Sr/88Sr 189 

of the samples are reported relative to the accepted ratio of E & A standard (87Sr/86Sr = 190 

0.70800). Nd-Pb-Hf isotope ratios were measured on a ThermoFinnigan NEPTUNE MC-191 

ICP-MS. 143Nd/144Nd ratios are corrected for fractionation to 146Nd/144Nd = 0.7219. 192 

176Hf/177Hf ratios are corrected for fractionation to 179Hf/177Hf = 0.7325. Ratios are reported 193 

relative to 176Hf/177Hf =0.282160 for standard JMC-475. Reproducibility of the basalt data 194 

is generally better than 10ppm. 143Nd/144Nd are reported relative to 0.511858 for the the 195 

LaJolla standard (Lugmair and Carlson, 1978). Pb isotope ratios were measured using a Tl 196 

spike to correct for mass fractionation with ratios corrected to 203Tl/205Tl = 0.4188. Samples 197 

and standard were spiked with Tl to obtain a Pb/Tl ratio of approximately 6. 198 

Reproducibility of the Pb-isotope ratios is better than 123ppm for 206Pb/204Pb; 164 ppm for 199 

207Pb/204Pb and 211 ppm for  , 208Pb/204Pb. Pb isotope ratios are reported relative to the 200 

accepted values of NBS 981 (206Pb/204Pb =16.9356, 207Pb/204Pb= 15.4891, 208Pb/204Pb= 201 

36.7006). 202 

 203 

5. RESULTS 204 

The samples show highly radiogenic and rather uniform 176Hf/177Hf isotope ratios 205 

(0.28211-0.28343) associated to variable 143Nd/144Nd (0.51311-0.51343), 86Sr/87Sr (0.7027-206 

0.7031) and 206Pb/204Pb (17.81-18.86) isotope ratios (Fig. 2). The Hf, Nd, Sr and Pb 207 

isotopic compositions are overall well interrelated, and correlate with the LREE/MREE and 208 

MREE/HREE ratios (see Fig. 4 and Fig.S2 in supplementary files). Overall, our new data 209 
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are consistent with published data from the southern portion of Knipovich Ridge and the 210 

eastern part of Mohns Ridge (defined ‘E-Mohns’ in figures 1 to 5). They have relatively 211 

high incompatible trace element ratios (i.e., La/Sm) and variable Sr and Pb isotopes, which 212 

are coupled with strongly radiogenic Nd and Hf isotopes. In particular, Nd, Sr and Pb 213 

isotope compositions of the Knipovich and E-Mohns basalts range between “DM-like” 214 

values (Salters and Stracke, 2004) and mildly enriched compositions similar to those of the 215 

Jan Mayen FZ (Figs. 2, 3). Nonetheless, basalts from both ridges have extremely high 216 

176Hf/177Hf ratios that exceed those of MORB in the region, suggesting the existence of a 217 

depleted end-member having strongly radiogenic Hf isotopes (see also Blicher-Toft et al., 218 

2005). Our new data thereby confirm that this prominent shift in Hf isotopic ratios 219 

characterizes an entire ~1000 km-long sector of Arctic MAR, ranging from the Jan Mayen 220 

FZ until the connection between Knipovich Ridge and Lena Trough. Hence in figure 4, the 221 

basalts from Knipovich and E-Mohns ridges form correlation lines parallel to those of the 222 

other ridges nearby, but at constantly higher Hf isotopic ratios. 223 

 224 

6. DISCUSSION 225 

6.1 A highly depleted mantle domain at Knipovich and Mohns Ridges 226 

The basalts from Lena and WVZ in Gakkel are thought to reflect a high proportion of 227 

subcontinental mantle in their source, and are the only basalts from the North Atlantic with 228 

a DUPAL-type signature (Goldstein et al., 2008; Elkins et al., 2011; 2014). Hence, it has 229 

been can argued that the overall high 176Hf/177Hf in E-Mohns and Knipovich basalts may 230 

also derive from melting stripes of delaminated subcontinental mantle with old depletion 231 

signatures (Blichert-Toft et al., 2005). Although the most enriched basalts of Knipovich and 232 

E-Mohns have similar Nd and Sr isotope ratio and trace element compositions to the most 233 

depleted basalts from Lena north and WGV, they do not have such high Hf isotope ratios. 234 
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Hence, the basalts at Knipovich and E-Mohns Ridge sample a distinct depleted mantle 235 

component. Moreover, the SCLM sourcing Lena and WGV basalts is characterized by high 236 

Rb/La and radiogenic Sr isotopes, but very low 206Pb/204Pb (Fig. 3). These compositions 237 

require the occurrence of mica or amphibole in their source, and further support the idea of 238 

a metasomatized subcontinental lithosphere akin that beneath the Svalbard as source of 239 

basalts in Lena Trough and WGV (Snow et al., 2007; Nauret et al., 2011; Laukert et al., 240 

2014). Low Pb isotope ratio and high Rb/La are not observed in the basalts from Knipovich 241 

and Mohns Ridge (see also Goldstein et al., 2008), which instead tend towards the isotopic 242 

compositions of the basalts from the Jan Mayen FZ (Fig. 3). Moreover, we must note that if 243 

there is a gradual chemical transition from Mohns to the enriched mantle source of Jan 244 

Mayen, our new data show that the transition from the source of Knipovich and the 245 

enriched mantle of Lena Trough is abrupt, which further questions the possible contribution 246 

of SCLM south of 79ºN of latitude (Fig. 2). The ~600 km-long Lena Trough, which 247 

separates the Knipovich and Gakkel Ridge, is therefore not simply a tectonic reflection of 248 

an ultraslow spreading seafloor (Dick et al., 2003), but represents a sharp compositional 249 

boundary between a northern mantle domain characterized by the presence of delaminated 250 

portions of SCLM and a southern domain, on average strongly depleted in Hf isotopes and 251 

influenced towards the south by the dispersion of enriched material located beneath the Jan 252 

Mayen FZ. 253 

Stracke et al. (2019) recently found evidence for ultra-depleted melts with higher 254 

Nd isotope ratios than observed for oceanic basalts so far, in olivine-hosted melt inclusions 255 

in basalts from the Azores. These Nd isotope ratios are comparable to the most radiogenic 256 

143Nd/144Nd observed in abyssal peridotites, and similar to those of highly refractory 257 

peridotites locally found at MOR (Harvey et al., 2006; Liu et al., 2008; Stracke et al., 2011; 258 

Byerly and Lassitier, 2014; Day et al., 2017; Urann et al., 2020). More importantly, the 259 



Sanfilippo et al. Mantle re-melting at MAR 

11 
 

preservation of such extremely radiogenic isotope ratios in melt inclusions (nonetheless 260 

partly mixed with more enriched melts) requires that this ancient and ultra-depleted 261 

material in the asthenosphere must be abundant, because mixing and aggregation of such 262 

ultra-depleted melts with more enriched melts easily erases the depleted isotope signatures 263 

(see also Stracke and Bourdon, 2009). Sanfilippo et al. (2019), came to similar conclusions 264 

and, following earlier models (Salters et al., 2011; Byerly and Lassitier, 2014), argued that 265 

Hf isotopic ratios in basalts may even better preserve extreme isotopic signature of a 266 

depleted mantle compared to the more incompatible Nd, Sr and Pb, although also partly 267 

dampened by mixing with enriched lithologies. From this perspective, the consistently 268 

higher Hf isotope ratios in basalts from Knipovich and E-Mohns Ridge compared to basalts 269 

from Kolbeinsey Ridge, Lena Trough and Gakkel Ridge (Fig. 2,4) may indicate a high 270 

contribution of ultra-depleted melts from ancient refractory mantle components, which will 271 

be evaluated quantitatively in the following. 272 

 273 

6.2 Contribution of melts from ancient, depleted mantle: a geochemical model 274 

The upper mantle is probably a complex mixture of variably depleted, residual 275 

peridotites and enriched lithologies, i.e., re-fertilized peridotites or pyroxenites (see for 276 

instance Liu et al., 2008; Stracke et al., 2011; Sanfilippo et al., 2019; Lambart et al., 2019). 277 

The simplest way to simulate melting of such a heterogeneous mantle source is by melting 278 

a three-component mantle formed by: (1) an ancient, refractory peridotite end-member, 279 

which produces an ultra-depleted melt (UD_Melt); (2) a less depleted peridotite with a 280 

“DM-like” composition that forms a MORB-like melt (D_melt) (3) a geochemically 281 

enriched source, possibly representing pyroxene-rich, recycled component and producing a 282 

melt with geochemically enriched trace element and isotopic compositions (E_melt). Melts 283 

from these three mantle end-members are variably mixed to reproduce the correlations 284 
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observed in the Arctic ridge basalts (further details of the model are given in the 285 

supplementary files). For simplicity, the composition of E_melt is the average of the 286 

geochemically enriched basalts from the Jan Mayen FZ, which are considered to sample a 287 

single mantle component (Haase et al., 1996; Blicher-Toft et al., 2005) ubiquitously found 288 

in ocean floor basalts (Hanan et al., 2000; Stracke et al., 2005). The D_melt and UD_melt 289 

are produced with a dynamic melting model described in detail in the supplementary 290 

material. This melting model follows the same rationale of Salters et al. (2011); Sanfilippo 291 

et al. (2019) and Willig et al., (2020), who intended to reproduce correlation lines of 292 

MORB in the Nd-Hf-Ce isotopic space; and is now expanded here to include the Sr and Pb 293 

isotope ratios and trace elements. The D_melt is produced by 10% melting of a depleted 294 

peridotite having DM compositions from Salters and Stracke (2004). The UD_melt is 295 

produced by melting a source having ultra-depleted, refractory compositions, which are in 296 

turn acquired during ancient melting events (spanning from 0.5 to 2 Ga in our model) of a 297 

DM source. In detail, the trace element and isotopic compositions of this refractory source 298 

were calculated as weighted sum of single melting intervals (each interval corresponding to 299 

F=0.2) of a triangular melting region residual from a DM-type mantle melted for F=15% 300 

(see supplements). Melts and source compositions are shown in Fig. 5, which illustrates the 301 

diversity of the three end-members in terms of trace element and Nd-Hf-Sr-Pb isotope 302 

compositions (see also Table SM2). 303 

Given the depleted character of the UD_Melt (see Table SM2), its isotopic 304 

signatures are easily concealed even at low extents of mixing, resulting in convex mixing 305 

lines in the Hf vs Nd, Sr and Pb spaces (Fig. 5b). At the scale of figure 4, however, these 306 

mixing lines appear almost vertical. Consequently, the different correlation lines of basalts 307 

from the Arctic ridges in the Hf vs Nd-Sr-Pb-La/Yb space can be explained with an overall 308 

higher contribution of melts from an ancient, refractory source, having an extreme isotopic 309 



Sanfilippo et al. Mantle re-melting at MAR 

13 
 

signal. To account for these parallel trends, our model suggests that the contribution of this 310 

depleted material must be nearly constant at the scale of each ridge segment. This implies 311 

that the basalts sample the contribution of melts form the ancient mantle remains constant, 312 

but the enriched and less depleted lithologies are sampled in variable proportions (see also 313 

Sanfilippo et al., 2019; Willing et al., 2020). For a depletion age of 1 Ga, consistent with 314 

the average Re depletion ages of the ancient, refractory peridotites sampled at Gakkel 315 

Ridge (Liu et al., 2008; Stracke et al., 2011; Day et al., 2017) our mixing model requires a 316 

contribution of ultra-depleted melts in the MORB mixture of Mohns and Knipovich basalts 317 

ranging between 20 and 30%, twice higher than those in the neighboring Kolbensey ridge 318 

(Fig. 4). Any change in the isotopic compositions of the E-melts and D-melts has a minor 319 

effect on the results of our model, which would produce lines parallel to the trends defined 320 

by each section (see for instance Fig. 4a). On the other hand, the use of different ages of 321 

mantle depletion would modify the isotope ratios of the UDM. This modifies the 322 

proportions of the ultra-depleted melts in the MORB mixture for the basalts of E-Mohns 323 

and Knipovich to a minimum estimate of 10% and a maximum estimate of 40%, for 2Ga 324 

and 0.5Ga depletion ages respectively (Fig. 4a). Independent of the age of depletion of the 325 

ultra-depleted source, the contribution of ultra-depleted melts in the MORB mixture of 326 

Mohns and Knipovich basalts remains two times higher than that in the more typical 327 

MORBs of Kolbeinsey Ridge (see Fig. 4). Changes in the absolute concentration of each 328 

element (i.e., Hf, Nd, Sr, Pb, La, Yb) in the three melts would also modify their proportions 329 

in the MORB mixture, but this would not modify the convex shape of the mixing lines in 330 

the Hf vs Nd-Sr-Pb-La/Yb spaces. Hence, although we recognize that the choice of melting 331 

parameters (e.g., critical porosity, amount of melt generated per the depth interval, partition 332 

coefficients), source compositions and age of depletion may strongly affect the overall 333 

estimates of the contribution of the three end-members in the MORB mixture, our model 334 
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indicates that the parallel correlation lines seen in the Hf vs Nd, Sr, Pb and La/Yb spaces 335 

requires different proportions of UD-Melt in the MORB mixture of the different ridge 336 

segments. On this basis, we infer that the prominent shift in Hf isotopic ratios towards 337 

radiogenic compositions in Mohns and Knipovich Ridge is a consequence of an overall 338 

higher amount of ancient, refractory material in this parcel of the North Atlantic 339 

asthenosphere. 340 

 341 

6.3 Ridge jump and mantle re-melting 342 

The formation of the Arctic oceanic basins started at ~55 Ma, by rifting between 343 

Greenland and Eurasia that initially formed the Aegir, Jan Mayen, Mohns, and Gakkel 344 

Ridges. The Jan Mayen FZ connected Mohns with an early Kolbeinsey Ridge, following a 345 

ridge jump and the final deactivation of Aegir Ridge (Bott, 1985). The formation of early 346 

Knipovich Ridge occurred in the early Oligocene as consequence of a change in spreading 347 

direction of the Mohns and Gakkel Ridges from NNW-SSE to NW-SE (Gusev and 348 

Shkarubo, 2001). However, the high obliquity of the present-day Knipovich axis (41º to 55º 349 

from the spreading direction) and its vicinity to the Norwegian continental shield (see Fig. 350 

1) led previous authors to suggest that the present-day Knipovich Ridge is an intra-oceanic 351 

rift resulting from rift jumps or breakup under conditions of shearing (Vogt, 1978; Sokolov, 352 

2011; 2014). The anomalous structure of this super-segment is obvious from its geometry, 353 

which is unlike a typical spreading center, and more similar to a series of pull-apart basins 354 

which are divided by highs perpendicularly to the spreading direction (Okino et al., 2002; 355 

Sokolov et al., 2011). 356 

Oceanic rifting is mostly supported by the geometry of the linear anomalies in the 357 

magnetic field, which although partly obscured by the thick sedimentary cover, are oriented 358 

at high angle (~45º) to the present ridge direction (Olesen et al., 1997) suggesting a recent 359 
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change in spreading direction (see Fig. S2 in supplement). Geodynamic reconstructions of 360 

the opening of the Greenland – Norway rift, which indicate an abrupt change of the plate 361 

separation direction in the late Pliocene (< 5 Ma) (Mosar et al., 2002; Sokolov, 2011; 362 

2014), further support a recent ridge jump, in addition to the anomalously thick and 363 

consolidated sedimentary cover (Vogt et al., 1978; Crane et al., 2001) which overlays the 364 

present-day axis. During recent cruises by Russian vessels (cruise 19 of the R/V Professor 365 

Logachev and cruise 24 of the R/V Akademik Nikolaj Strakhov), geophysical surveys 366 

indicated that the thick and consolidated sediments exposed along the axis are crosscut by 367 

active faults with angles up to 35º  (Sokolov, 2011; Yampolskiy and Sokolov, 2012; 368 

Sokolov et al., 2014). Dredging in these locations revealed the occurrence of partly 369 

consolidated argillites locally cut by fresh basalts and dated on the basis of paleontological 370 

association to the late Oligocene (Bugrova et al., 2010). Similarly, DSDP Hole 344 (located 371 

~25 km in the east flank of the ridge at ~76ºN) recovered gabbros and diorites with ages >3 372 

Ma younger than the overlying sediments, probably of upper Miocene to early Pliocene 373 

age. Although unambiguous evidence for an abandoned rift axis west of Knipovich are still 374 

lacking, all these data indicate a re-adjustment of the Knipovich axis towards the east in the 375 

late Pliocene. 376 

The prominent shift in Hf isotope ratios observed at Knipovich Ridge also extends 377 

to basalts from east Mohns Ridge. Here, the magnetic anomalies are coherent with the 378 

direction of the Mohns axis, and a well-developed positive anomaly delimits the present-379 

day ridge. The magnetic anomalies at Mohns Ride are, however, very poorly defined for 380 

the interval from ~60 km on the southern flank to ~75 km on the northern flank from the 381 

present axis, and the continuity of Mohns with the present-day Knipovich Ridge indicates 382 

that the two ridges align since relocation of the latter to its present position. The distance 383 

between Mohns axis and the 5C magnetic anomaly is 25% greater in the northwest flank 384 
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compared to the southeast flank (Vogt et al., 1978). It is thereby plausible that the change in 385 

spreading direction of Knipovich Ridge coincided with a synchronous translation of the 386 

Mohns spreading axis. A jump of the Mohns spreading axis towards the south-east, which 387 

is parallel to the existing ridge axis, would not have produced any change in the orientation 388 

of the recent magnetic anomalies. In addition, since this ridge jump must have likely 389 

occurred within the last 5 Ma - and assuming a spreading rate of 15 mm/yr - Mohns should 390 

have produced no more than ~ 35 km of new oceanic lithosphere in the present location, 391 

accounting for the well-developed, recent magnetic fabric. The possibility that the Mohns 392 

ridge axis might have jumped towards the southeast is in agreement with the observation of 393 

Vogt (1978) that the highest rift mountain topography and shallowest basement occurring 394 

on the west of the Mohns ridge axis, although subsidence is expected to be a regular 395 

function of time and distance to the ridge axis (e.g., Sclater et al., 1971). 396 

A recent ridge jump of the Knipovich and Mohns axes may also explain the 397 

anomalous depleted character of this portion of the Arctic mantle. Melting a heterogeneous 398 

mantle decreases preferentially the amount of enriched lithologies, in turn resulting in an 399 

overall higher proportion of the most depleted end members. As a result, material that is 400 

emplaced at shallower depths and transported laterally with the newly formed lithosphere 401 

will have an overall higher proportion of refractory mantle, whereas the proportion of the 402 

enriched/ or less depleted components is lower due to preferential melting during the earlier 403 

melting episode (Fig. 6). Successive adjustments in ridge axis, such as the opening of intra-404 

transform domains (Graham and Michael, 2020; Sani et al., 2020) or a jump in ridge axis, 405 

may cause this depleted portion of oceanic upper mantle to melt a second time, until new 406 

asthenosphere is gradually emplaced in the melting column. Owing to the ultra-slow 407 

spreading rates (<13 mm/yr) and the recent ages of the Knipovich ridge adjustment (< 5 408 

Ma), this depleted mantle source will be re-processed before new, fresh asthenosphere is 409 
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emplaced in the melting region (Fig. 6), leading to production of isotopically highly 410 

depleted basalts. Specifically, for a mantle upwelling that equals the present-day 411 

(half)spreading rates, more than 14 Ma would be required to entirely replace the depleted 412 

material with more ‘tyical’ asthenosphere in the melting region of Knipovich and Mohns 413 

Ridges (considering a depth of ~100 km). We note that the basalts from Knipovich and 414 

Mohns Ridges display a northward increase in Na8, LREE/MREE and MREE/HREE 415 

fractionations, associated to scattered and locally high Sr and Pb isotopic signals (Blicher-416 

Tpft et al., 2002) (Fig. 2) and 230Th/238U ratios (Elkins et al., 2014). Spreading rates in 417 

Mohns and Knipovich decrease northward, associated with an increase in obliquity and, 418 

therefore, in a gradual decrease in the overall degrees of partial melting, coupled with a 419 

deepening of the minimum melting pressure. The main consequence of these variations is 420 

the preferential melting of fertile, chemically enriched lithologies deep in the melting 421 

column and the local production of MORBs having relatively high La/Sm ratios and locally 422 

radiogenic Sr and Pb isotopic signatures (see Fig. 4). 423 

The last remaining issue is whether ancient, refractory domains of the mantle can 424 

melt after being emplaced at lithospheric levels within the mantle column. In particular, 425 

given that most of the incompatible element budget of a mantle peridotite is retained in 426 

clinopyroxene (Stracke et al., 2011), the ability of such refractory portions to transfer their 427 

isotopic signals to the primary melts is certainly limited. Using pMELTS calculations, 428 

Byerly and Lassitier (2014) have shown that an ancient, refractory lithosphere with 429 

compositions akin to the refractory peridotites from Gakkel Ridge (Liu et al., 2008; Stracke 430 

et al., 2011; Day et al., 2017) and Salt Lake Crater (Hawai’i) (Bizimis et al., 2003) can 431 

produce up to 10% and 5% of melts, respectively, before exhaustion of clinopyroxene, for 432 

typical mantle potential temperatures of 1350ºC. Sani et al. (2020) recently implemented 433 

this calculation considering mantle potential temperatures of 1325 °C, 1350 °C and 1375 434 
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°C. In detail, these authors used a starting pressure of 15 kbar and a final pressure of 5 kbar, 435 

for a mantle adiabat of ~0.8ºC/km, showing that sources with refractory compositions (i.e., 436 

residual after 5% to 10% melting of a DM-mantle) can produce significant amounts of 437 

melts (up to 12% and 7%, respectively) before exhaustion of clinopyroxene; independent of 438 

the mantle potential temperature (see Fig.11 in Sani et al., 2020). Since mantle melting 439 

fractionates Lu/Hf more than the other parent-daughter ratios of the common decay systems 440 

(i.e., Sm/Nd, Rb/Sr, U-Th/Pb) - an effect further amplified if melting in the presence of 441 

garnet - a clinopyroxene-bearing residual mantle will develop a more pronounced isotopic 442 

record of depletion for 176Hf/177Hf compared to the other isotopic ratios (Blichert-Toft et 443 

al., 2005; Salters et al., 2011; Stracke et al., 2011; Sanfilippo et al., 2019). Indeed, melting 444 

degrees between 5% and 15% will form a clinopyroxene-bearing residual peridotite with a 445 

strong radiogenic Hf fingerprint at ages of depletion of 1 Ga (see Table SM2 in 446 

supplements). This clinopyroxene-bearing, refractory mantle can therefore transfer its 447 

highly depleted isotopic fingerprint to the generated melts during a subridge melting. These 448 

inferences are entirely consistent with our melting model, which uses the triangular average 449 

trace element and isotopic compositions of a refractory mantle residual from 15% as source 450 

of the UD_Melts. A process of re-melting due to a jump in the ridge axis is thereby a viable 451 

a mechanism to melt a parcel of oceanic mantle containing high amounts of ancient ultra-452 

depleted material. This process may thereby cause the prominent increase in Hf isotopes 453 

within the basalts produced in the newly formed ridge, although this ‘depleted’ isotopic 454 

signature would be unseen in Nd, Sr and Pb isotopes as well as in most incompatible trace 455 

elements. 456 

In conclusion, the parallel correlation lines in the Hf vs Nd-Sr-Pb-La/Yb isotopic 457 

space shown by MORB form the Arctic MAR require that an ancient (>1 Ga) depleted 458 

mantle is a widespread component in the asthenosphere, but, given its highly refractory 459 
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nature, its isotopic fingerprint is often concealed in derivative melts by mixing with melts 460 

from more enriched source components. The example of the Mohns and Knipovich Ridges 461 

demonstrate that tectonic processes can influence the relative amount of variably depleted 462 

lithologies in the upper mantle, allowing the identification of mantle components that have 463 

so far escaped detection. 464 

 465 
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Figure Captions 671 

 672 

 673 
Figure 1. Orthostereographic projection of the Arctic region with the location of the basalts 674 
considered in this study along the Kolbensey, Mohns, Knipovich and Gakkel ridges and Lena 675 
Trough. Spreading rates and directions are from De Mets et al. (1990). 676 
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 677 
Figure 2. Along-axis geochemical composition of the basalts from the Arctic MAR. a) b) Sr-Nd-678 
Hf-Pb isotope and La/Sm, Gd/Yb and Na8 compositions of basalts considered in this study as 679 
plotted along the cumulative distance along the spreading axis. Point 0 is located in the 680 
southernmost part of Kolbensey ridge. Also indicated the ridge names divided by fracture zones and 681 
the probable location of the Jan Mayen “plume-like” material. WGV and EGV indicate Western 682 
Gakkel and Eastern Gakkel volcanic zone, respectively (see Goldstain et al., 2008). Data reference 683 
in the text. Nd-Hf-Sr-Pb isotopes of basalts from the 77-79ºN region of Knipovich are from this 684 
study and reported in table S1. 685 

 686 
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 687 
Figure 3. Possible contribution of a subcontinental lithospheric mantle in the basalts of the Arctic 688 
MAR. a) Sr vs Pb isotopes and b) Rb/La vs Pb isotopes. Green and yellow ovals include the 689 
enriched compositions of Lena Trough and Jan Mayen basalts. Also indicated the “dupal-type” 690 
anomaly depicted by Lena and WGV and defined by increasing Rb/La and Sr isotope at decreasing 691 
Pb (see Goldsteinet al., 2008). Although highly scattered, the basalts from Mohns and Knipovich 692 
follow a trend of enrichment pointing towards the enriched compositions of Jan Mayen (low Rb/La, 693 
high Sr and Pb isotopes), and diverging from enrichments typically related to a subcontinental 694 
lithospheric mantle (SCLM) component. 695 
 696 
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 697 
Figure 4. Co-variations in radiogenic isotope and incompatible trace elements of basalts from the 698 
Arctic MAR. Hf vs Nd (a), La/Yb ratio (b), Sr (c) and Pb isotopes (d). Symbols as in figure 1. The 699 
compositions of melts produced by our melting and mixing model are also plotted for comparison 700 
(see appendix for the model details and table S2 for melt compositions). The ultra-depleted melt 701 
(UD_melt) has Nd, Hf, Sr, Pb, thus plotting out of the plots. D_melt refers to MORB-like melt 702 
produced by 10% melting of a DM-like mantle source (DM composition from Salters and Stracke, 703 
2004); E_melt EMORB-type melts similar to the average basalts from Jan Mayen island. Mixing 704 
lines produced by these three melt compositions are indicated by the steep lines in blue and red. 705 
Dashed lines depict the variability of melts produced at same proportion of UDmelt, representing 706 
lines with constant UD_Melt/(D_Melt + E_Melt) ratios (from 0 to 30%). These lines are parallel to 707 
the correlation lines seen in global MORB from different section of the Arctic MAR. The effect of a 708 
different time of depletion of the ultra-depleted mantle (0.5 Ga, 1 Ga and 2 Ga) and a E-melt with a 709 
more enriched compositions are also indicated in A. Whereas the effect of a more enriched source is 710 
negligible on the UD_Melt/(D_Melt + E_Melt) ratios, this has a strong dependence on the time of 711 
depletion of the ultra-depleted source (see text for further discussion). 712 
 713 
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 714 
Figure 5. (a) Trace elements compositions of the mantle source and ultra-depleted melts resultant 715 
from the melting model. The average composition of the ultra-depleted mantle is calculated as 716 
weighted sum of intervals of F=0.2 and considering a triangular melting region (up to F=15%). (b) 717 
Large-scale view of the mixing trajectories between the three end-members melts in the Hf vs Nd-718 
Sr-Pb isotopic spaces. The grey insets correspond to the areas in Figure 4. 719 

  720 
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 721 

 722 
Figure 6. Three-dimensional visualization of the Arctic oceans and schematic representation of the 723 
ridge jump in Knipovich and Mohns ridges. The inferred positions of Paleo Knipovich and Paleo 724 
Mohns before ridge jump are indicated as blu lines (after Mosar et al., 2002; Sokolov et al., 2011). 725 
Solid black lines indicate the three profiles through the Kolbensey (a), Mohns (b) and Knipovich (c) 726 
ridges depicted in the inset. The inset shows three sections representing an idealized view of the 727 
asthenospheric mantle (redrawn after Liu et al., 2008; Sanfilippo et al., 2019; Sracke et al., 2019). 728 
Variably radiogenic mantle pockets (ranging from depleted to enriched in trace element and isotope 729 
compositions) are randomly distributed in a matrix formed by a depleted mantle possibly extending 730 
towards highly refractory compositions (ultra-depleted mantle, see text). During a first melting 731 
event, defined by a triangular melting region of a ~100 km depth, the amount of enriched material 732 
decreases, whereas the relative proportion of UDM/DM (depicted by the white-green color bar in 733 
the inset) increases. This refractory mantle will be emplaced at shallower depths, and transported 734 
laterally with the newly formed lithosphere (scheme a). If a rift jump occurs, this lithospheric 735 
mantle region is melted for the second time. Here, the proportion of UDM is higher, and its 736 
contribution becomes more noticeable in the erupted basalts. The ultra-slow spreading rates 737 
(indicated in figure) and the recent age of the ridge jumps (< 5 Ma) in Mohns and Knipovich allow 738 
this depleted portion of the mantle to melt substantially before new upwelling asthenosphere is 739 
emplaced in the melting region. 740 

 741 
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