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The upper mantle is a heterogeneous mixture of refractory and recycled crustal domains. The recycled
portions, more fertile and thus preferentially melted, dominate the composition of the basalts erupted on
the surface, whereas the imprint of melting of the refractory counterparts is more difficult to discern
from the basalt chemistry. Contrasting radiogenic isotopic signatures of mid-ocean ridge basalts and
oceanic mantle, however, show that Hf isotope ratios may provide hints for melting of refractory source
materials despite ubiquitous magma mixing during ascent and stalling in the crust. This property may
allow identifying contributions from depleted mantle materials unseen in other isotope systematics in
basalts. Here, we show that basalts from Mohns and Knipovich ridges, two >500-km long oblique super-
segments in the Arctic Atlantic, have distinctly high Hf isotope ratios, not mirrored by comparatively
high Nd and low Sr and Pb isotope ratios. These compositions can be explained if a highly depleted
asthenospheric mantle melts beneath this section of the Arctic Mid Atlantic Ridge. We argue that this
depleted source consists of high proportions of ancient (>1 Ga), ultra-depleted mantle, previously drained
of enriched components before being re-melted in its current location following a recent ridge-jump,
allowing the identification of ultra-depleted mantle components in the arctic subridge mantle.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction Stracke, 2012; Rudge et al., 2013; Liu and Liang, 2017). This com-
positional bias is also inversely related to the overall degree of
depletion (Salters et al., 2011), that is, the more refractory mantle
components are, the less they contribute to the overall incompat-
ible element budget of generated melts (see also Harvey et al,
2006; Liu et al., 2008; Warren and Shirey, 2012; Lassiter et al.,

2014; Day et al., 2017; Willig et al., 2020). This effect also applies

The upper mantle is a complex assemblage of peridotites and
recycled materials with variable age and compositions, which tes-
tify to a long-term history of partial melting and re-fertilization
during Earth history. Mid-Ocean Ridge Basalts (MORB) and Ocean
Island Basalts (OIB) originate by partial melting of this hetero-
geneous mantle source and thus provide indirect evidence about

mantle composition and evolution (e.g., Allégre et al., 1984; Stracke
et al.,, 2005; Goldstein et al., 2008; Meyzen et al., 2007; Stracke,
2012). However, to what extent the compositional variability is
transferred from mantle to melts erupted on the surface depends
on the way partial melts sample the Earth’s mantle and the style
and extent of melt mixing prior to eruption. In general, mixing
processes introduce a sampling bias such that the incompatible
element budget of melts is dominated by the most enriched, or
least depleted, source components (i.e., Stracke and Bourdon, 2009;
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to the long-lived radiogenic isotope ratios of the Rb-Sr, U-Th-Pb,
Sm-Nd, and Lu-Hf decay systems. If different portions of the man-
tle evolve without extensive isotopic equilibration, they develop
increasingly different isotope ratios (Hofmann and Hart, 1978). The
isotopic compositions of these most depleted domains of the man-
tle sources, however, are easily concealed by mixing with melts
from more enriched components (e.g., Stracke and Bourdon, 2009;
Salters et al., 2011; Stracke, 2012; Rudge et al., 2013; Liu and Liang,
2017). As a result, the proportion of highly depleted portions in the
mantle is likely to be grossly underestimated (Harvey et al., 2006;
Stracke et al., 2011, 2019; Warren and Shirey, 2012; Stracke, 2012;
Byerly and Lassiter, 2014; Day et al., 2017; Willig et al., 2020).
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Fig. 1. Ortho-stereographic projection of the Arctic region with the location of the b

asalts considered in this study along the Kolbeinsey, Mohns, Knipovich and Gakkel ridges

and Lena Trough. Spreading rates and directions are from DeMets et al. (2010). Seafloor bathymetry from Jakobsson et al. (2012). (For interpretation of the colors in the

figure(s), the reader is referred to the web version of this article.)

Another fundamental effect of the presence of ultra-depleted
mantle domains is that the isotopic signal of the source will be
recorded differently for the different isotope systems, because the
daughter elements of the most commonly used decay systems (Rb-
Sr, U-Th-Pb, Sm-Nd, and Lu-Hf) are variably incompatible. Hafnium
is significantly less incompatible than Nd during mantle melting
(Salters et al., 2002), so that the difference in concentration be-
tween melts and depleted mantle is much less for Hf than for
Nd (e.g., Stracke et al., 2011). Hence, high Hf isotope ratios ex-
pected for depleted source components have higher chances to
be preserved during magma ascent and mixing. Based on this ra-
tionale, and supported by clinopyroxenes from abyssal peridotites
that locally exhibit Nd and Hf isotope ratios that are more ra-
diogenic than those of the associated basalts (Salters and Dick,
2002; Bizimis et al., 2003; Cipriani et al., 2004; Stracke et al.,
2011; Byerly and Lassitier, 2014; Mallick et al., 2014), geochem-
ical models (Salters et al., 2011; Stracke et al., 2011; Sanfilippo
et al,, 2019) suggest that high and variable 76Hf/177Hf at a given
143Nd/#4Nd in the most depleted MORB may result from a com-
paratively higher contribution of melts from ancient, ultra-depleted
source components.

Here, we report new analyses of Nd-Sr-Pb-Hf isotopes of basalts
collected from the northern region of Knipovich ridge (77-78°N)
(see location in Fig. 1), which, in combination with literature data
(Schilling et al., 1983, 1999; Neumann and Schilling, 1984; Wag-
goner, 1989; Mertz et al,, 1991; Haase et al., 1996; Michael et al.,
2003; Blichert-Toft et al., 2005; Goldstein et al., 2008; Nauret et al.,
2011; Elkins et al., 2011, 2014, 2016a), result in detailed coverage
of the compositional variability of basalts from the Arctic ridges.
These data suggest that a highly depleted mantle asthenosphere
is currently located below the Knipovich and Mohns ridges. We
argue that this mantle domain consists of large proportions of an-
cient, ultra-depleted material interspersed with small proportions

of variably depleted lithologies. This parcel of North Atlantic man-
tle was scavenged off of the most fertile lithologies when melted
along the paleo-Mohns and paleo-Knipovich axes, and successively
re-melted in its current location after a recent ridge-jump that oc-
curred in the last 5 Ma.

2. Mantle segmentation in the arctic region

The Mid Ocean Ridges of the Arctic vary significantly in seg-
ment length, spreading rate, obliquity, axial depth and inferred
thickness of the magmatic crust. All these parameters are primarily
related to the extent and style of melt production. The spreading
rate is very slow at Kolbeinsey and Mohns ridges (18-16 mm/yr)
(Mosar et al., 2002), and decreases to ultraslow (<13 mmy/yr) at
Knipovich and Gakkel Ridges (Michael et al., 2003; Goldstein et
al.,, 2008). The spreading direction changes from nearly orthogonal
in Kolbeinsey and Gakkel (Mosar et al., 2002), to highly oblique
(up to ~50°) at the Mohns and Knipovich (Okino et al., 2002)
ridges (Fig. 1). As a consequence, the Knipovich Ridge consists of
a series of small pull-apart basins with sparse magmatic activ-
ity on the seafloor (Okino et al., 2002; Sokolov, 2011; Kvarven et
al., 2014). The crustal thickness decreases progressively northward,
from a 7-8 km-thick magmatic crust at the Kolbeinsey Ridge, to
almost zero at Gakkel Ridge where large sections of mantle are di-
rectly exposed on the ocean floor (Michael et al., 2003; Dick et al.,
2003).

The geochemistry of the basalts from the Arctic ridges has been
extensively studied (Fig. 2; Schilling et al., 1983, 1999; Neumann
and Schilling, 1984; Waggoner, 1989; Mertz et al., 1991; Haase
et al., 1996; Michael et al., 2003; Blichert-Toft et al., 2005; Gold-
stein et al, 2008; Nauret et al, 2011; Elkins et al.,, 2011, 2014,
2016a, 2016b; Richter et al., 2020). The gradual decrease in spread-
ing rates from Kolbeinsey to Mohns and Knipovich Ridge is mir-
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Fig. 2. Along-axis geochemical composition of the basalts from the Arctic MAR. A),

B) Sr-Nd-Hf-Pb isotope and La/Sm, Gd/Yb and Nag compositions of basalts considered

in this study as plotted along the cumulative distance along the spreading axis. Point O is located in the southernmost part of Kolbeinsey ridge. Also indicated the ridge
names divided by fracture zones and the basalts from Jan Mayen Island (after Elkins et al., 2016a). WVZ and EVZ indicate Western and Eastern volcanic zone of Gakkel Ridge,
respectively (see Goldstain et al., 2008). Data reference: Schilling et al., 1983, 1999; Neumann and Schilling, 1984; Waggoner, 1989; Mertz et al., 1991; Haase et al., 1996;
Michael et al., 2003; Blichert-Toft et al., 2005; Goldstein et al., 2008; Nauret et al., 2011; Elkins et al., 2011, 2014, 2016a, 2016b. Nd-Hf-Sr-Pb isotopes of basalts from this

study are reported in Table S1.

rored by an overall increase in Nag (that is, NaO normalized
to 8 wt% MgO) (Klein and Langmuir, 1987) and by changes in
trace element ratios that mostly depend on melting conditions.
For instance, there is an obvious increase in the ratio between
the middle and heavy rare earth elements (M/HREE, e.g., Gd/Yb)
from Kolbeinsey towards Knipovich Ridge, which suggests a larger
proportion of melt generated in the garnet stability field (Fig. 2).
The high 239Th/?38U ratios in these basalts (Elkins et al., 2014)
may also be due to the effect of thickening the lithospheric lid, as
a result of decreasing spreading rates. At closer inspection, how-
ever, the basalt compositions identify different domains, which
indicate a strong segmentation of the mantle in this region. The
most obvious variations are defined by the radiogenic isotope ra-
tios (Fig. 2), through which we will hereafter describe the de-
pleted or enriched nature of the mantle source (where “depletion”
refers to time-integrated incompatible element depletion reflected
in low 87Sr/86Sr and 206.207.208pp204ph byt high 143Nd/'44Nd
and "76Hf/177Hf; the converse applies to “enriched” isotope signa-
tures).

Fig. 2 shows that a geochemically enriched mantle source is
likely located beneath the Jan Mayen Island, where erupted basalts
have an OIB geochemical affinity (Haase et al., 1996; Elkins et al.,
2016a, 2016Db). These lavas are characterized by strong enrichments

in incompatible elements (e.g., high La/Sm) and have the lowest
Hf and Nd isotope compositions of all Arctic ridge basalts, thus
suggesting the occurrence of a mantle section that is isotopically
distinct from Iceland (Blichert-Toft et al., 2005; Elkins et al., 2016a).
The dispersion of this geochemically enriched material is seen in
the basalts from the northern part of Kolbeinsey Ridge as well as
those from western Mohns Ridge (e.g., Schilling et al., 1983, 1999;
Neumann and Schilling, 1984; Waggoner, 1989; Haase et al., 1996).
However, detailed analyses of Pb isotope ratios (Blichert-Toft et
al.,, 2005) and U-series disequilibrium measurements (Elkins et al.,
2016b) suggest a geochemical boundary south of the Jan Mayen FZ,
implying that Kolbeinsey basalts are relatively unaffected by the
adjacent Jan Mayen hotspot. Most basalts from Kolbeinsey Ridge
are characterized by incompatible element depletions and radio-
genic Nd and Hf isotope ratios. Along with a low Nag and low
Gd/Yb ratios, these data are indicative of high degrees of melting
of a shallow, depleted asthenosphere, which consists of depleted
peridotite plus minor heterogeneities mainly derived from recycled
material (e.g., Mosar et al., 2002; Elkins et al.,, 2014).

Another obvious geochemical discontinuity is located along the
Lena Trough, which represents an oceanic-continent transitional
rift zone where volcanism is mainly localized in a southern and
a northern region (Snow et al.,, 2007). At Lena south, K-rich al-
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Fig. 3. Possible contribution of a subcontinental lithospheric mantle in the basalts of
the Arctic MAR. A) Sr vs Pb isotopes and B) Rb/La vs Pb isotopes. Green and yellow
ovals include the enriched compositions of Lena Trough and OIB from Jan Mayen
Island. Also indicated the “dupal-type” anomaly depicted by Lena and WGV and
defined by increasing Rb/La and Sr isotope at decreasing Pb (see Goldstein et al.,
2008). Although highly scattered, the basalts from Mohns and Knipovich follow a
trend of enrichment pointing towards the enriched compositions of Jan Mayen (low
Rb/La, high Sr and Pb isotopes), and diverging from enrichments typically related
to a subcontinental lithospheric mantle (SCLM) component inferred for Lena and
Gakkel WVZ. Data source as in Fig. 1.

kali basalts show peculiar enrichments in highly incompatible trace
elements, strong HREE fractionation and high Sr and low Nd iso-
tope ratios, whereas Pb isotopes and Nag are characteristically low
(Fig. 3) (Nauret et al., 2011). These features have been related
to the occurrence of subcontinental lithosphere, possibly phlogo-
pite/amphibole- and garnet-bearing, in the source of these basalts
(Laukert et al., 2014). The enrichments in Sr and Nd isotope ratios
are attenuated towards the northern part of Lena Trough, where
the geochemical fingerprint of the volcanism is similar to that of
the basalts from the western volcanic zone of Gakkel Ridge (WVZ).
Both series are characterized by relatively enriched Sr and Nd iso-
tope ratios and by a strong a DUPAL-like Pb isotope anomaly of
high 297Pb/2%4Pb (Goldstein et al., 2008). These isotopically en-
riched compositions are coupled with high Ba/La and Rb/La ratios
and have been either related to the occurrence of subcontinental
lithospheric mantle (SCLM) in their source, most likely delam-
inated during the opening of the slow-spreading oceanic basin
(Goldstein et al., 2008), or hydrated mantle domains from a Cre-
taceous subduction zone (Richter et al., 2020). On the other hand,
the basalts in east Gakkel Ridge (East Volcanic Zone, EVZ) are
depleted in trace elements and in all isotope ratios, which sug-
gest moderate to low degrees of melting of a depleted mantle
source, similar to the typical North Atlantic mantle (Goldstein et
al., 2008; Elkins et al., 2014). In this framework, the basalts from
Mohns and Knipovich Ridge define geochemical trends distinct
from Kolbeinsey and Gakkel Ridge basalts (Figs. 2, 3) (Blichert-Toft
et al., 2005; Elkins et al., 2014) and are thought to be sourced
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by a similar depleted mantle asthenosphere, bordered by two geo-
chemical discontinuities located along the Jan Mayen FZ and Lena
Trough.

3. Materials and methods

New isotopic data were obtained for basalt glasses collected
from the northernmost parts of Knipovich Ridge (77°-78°N),
which connects to Lena Trough through the Molloy FZ. Samples
were collected during cruise 24 of the Akademik Nikolaj Strakhov
(2006), and dredged either from the rift valley or rift flanks. A
thorough textural description and major and trace element com-
positions of these samples are reported in (Sushchevskaya et al.,
2010), and summarized in Table S1. The basalts are aphyric to
weakly olivine-phyric and have high-MgO (8.6-14.8 wt%) and low
incompatible element contents, indicating that these basalts are
near-primitive melts. Their primitive nature is also confirmed by
the high olivine Fo contents (>88.5 mol%) of phenocrysts and by
the nearly complete absence of plagioclase. Basalts are locally sub-
alkalic (Na;O + K0 = 2.8-4.1 wt%), and have large variations in
Nag (2.0-4.0). Incompatible trace element compositions vary from
depleted to slightly enriched (La/Sm = 0.8-2.7) and are character-
ized by variable M/HREE fractionations (Gd/Yb = 1.3-2.1) (Fig. 2).

New Nd-Hf-Sr-Pb isotopic determinations were performed at
the National High Magnetic Field Laboratory, Florida State Uni-
versity following the method described in detail in (Mallik et al.,
2014), and are reported in Table S1 of the supplementary mate-
rial. We picked fresh glass fragments and digested approximately
100 mg of powder, which was leached at room temperature with
2.5 N HCI for about 15-20 min. The leached fraction was rinsed
several times using 18 M2 deionized water and then QD (quartz
distilled) water and finally dissolved in a HF: HNOs3 (3:1) mixture.
Lead, Hf, Sr and Nd were separated from the same aliquot follow-
ing the techniques outlined in Mallik et al. (2014). Sr isotope ratios
were measured by thermal ionization mass spectrometer (TIMS)
in dynamic mode on a Finnigan MAT 262 RPQ mass spectrome-
ter.

875r/86Sr ratios are corrected for fractionation to 86Sr/88Sr =
0.1194. Long-term average of Sr standard E & A yields a value
of 0.708004 + 12 (n =25, 2 S.D.). 85r/38Sr of the samples
are reported relative to the accepted ratio of E & A standard
(87sr/86Sr = 0.70800). Nd-Pb-Hf isotope ratios were measured on
a ThermoFinnigan NEPTUNE MC-ICP-MS. #3Nd/!#4Nd ratios are
corrected for fractionation to 146Nd/1#4Nd = 0.7219. 76Hf/177Hf
ratios are corrected for fractionation to 72Hf/!77Hf = 0.7325. Ra-
tios are reported relative to 176Hf/!77Hf = 0.282160 for standard
JMC-475. Reproducibility of the basalt data is generally better than
10 ppm. "3Nd/™4Nd are reported relative to 0.511858 for the La-
Jolla standard. Pb isotope ratios were measured using a Tl spike to
correct for mass fractionation with ratios corrected to 203T1/205T] =
0.4188. Samples and standard were spiked with TI to obtain a Pb/TI
ratio of approximately 6. Reproducibility of the Pb-isotope ratios is
better than 123 ppm for 296Pb/294Pb; 164 ppm for 297 Pb/2%4Pb and
211 ppm for 298Pb/294pb, Pb isotope ratios are reported relative to
the NBS 981 values of Todt et al. (1996) (2%6Pb/2%4Pb = 16.9356,
207pp204ph = 15.4891, 298Pb/2%4Pb = 36.7006).

4. Results

The samples show highly radiogenic and rather uniform 76Hf]
177THf isotope ratios (0.28211-0.28343) associated to variable
143Nd/144Nd  (0.51311-0.51343), 86sr/87Sr (0.7027-0.7031) and
206pp/204ph (17.81-18.86) isotope ratios (Fig. 2). The Hf, Nd, Sr and
Pb isotopic compositions are overall well interrelated, and corre-
late with the LREE/MREE and MREE/HREE ratios (see Fig. 4 and
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Fig. S2 in supplementary files). Overall, our new data are consis-
tent with published data from the southern portion of Knipovich
Ridge and the eastern part of Mohns Ridge (defined ‘E-Mohns’ in
Figs. 1 to 5; Blichert-Toft et al.,, 2005; Elkins et al., 2016a). The
basalts from Knipovich have variable and locally high incompati-
ble trace element ratios (i.e., La/Sm) and 87Sr/®6Sr and 296pb/204pb,
which are coupled with highly radiogenic Nd and Hf isotopes. In
particular, Nd, Sr and Pb isotope ratios of the Knipovich and E-
Mohns basalts (depicted as red circle and stars in Figs. 2, 3 and
4) range between “DM-like” values (Salters and Stracke, 2004) and
mildly enriched compositions, tending towards the OIB from the
Jan Mayen Island (Figs. 2, 3). Nonetheless, basalts from Knipovich
and E-Mohns ridges have extremely high 76Hf/'77Hf ratios that
exceed those of MORB in the region (see also Blichert-Toft et al.,
2005). The data reported in this study indicate that a prominent
shift in Hf isotopic ratios characterizes an entire ~1000 km-long
sector of Arctic MAR, ranging from the Jan Mayen FZ until the con-
nection between Knipovich Ridge and Lena Trough. The prominent
shift in 76Hf/177Hf ratios is shown in Fig. 4, where the basalts
from Knipovich and E-Mohns ridges form correlation lines paral-
lel to those of the other ridges nearby, but at constantly higher Hf
isotopic ratios.

5. Discussion
5.1. A highly depleted mantle domain at Knipovich and Mohns Ridges

The basalts from Lena and WVZ in Gakkel are thought to reflect
a high proportion of subcontinental mantle in their source, and are
the only basalts from the North Atlantic with a DUPAL-type signa-
ture (Goldstein et al., 2008; Elkins et al., 2014). Hence, it has been
argued that the overall high 7Hf/!”7Hf in E-Mohns and Knipovich
basalts may also derive from melting veins of delaminated sub-
continental mantle with old depletion signatures (Blichert-Toft et
al., 2005). Although the most enriched basalts of Knipovich and
E-Mohns have similar Nd and Sr isotope ratios and trace element
compositions to the most depleted basalts from Lena north and
WVZ, the former do not have such high Hf isotope ratios. Hence,
the basalts at Knipovich and E-Mohns Ridge sample a distinct de-
pleted mantle component. Moreover, the mantle source of Lena
and WVZ basalts is characterized by high Rb/La and radiogenic Sr
isotopes, but very low 206Pb/204pb (Fig. 3). These compositions can
be related to the occurrence of mica or amphibole in their source,
and further support the idea of a subcontinental lithosphere akin
that beneath the Svalbard (Snow et al., 2007; Goldstein et al.,
2008; Nauret et al., 2011; Laukert et al., 2014) or hydrated mantle
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domains from a Cretaceous subduction-modified mantle (Richter et
al.,, 2020) as source of basalts in Lena Trough and Gakkel WVZ.

Low Pb isotope ratio and high Rb/La are not observed in the
basalts from Knipovich and Mohns Ridges, which instead are pref-
erentially aligned between DM-like values and the isotopic compo-
sitions of the basalts from the Jan Mayen Island (see also Goldstein
et al.,, 2008) (Fig. 3). The gradual increase of such enriched isotope
signatures towards the Jan Mayen Island, along with morpholog-
ical indicators of enhanced magma productivity in the western
Mohns Ridge (W-Mohns), led previous authors to argue that mag-
matism in this sector is influenced by dispersion of enriched mate-
rial from the nearby Jan Mayen hotspot (e.g., Schilling et al., 1983,
1999; Neumann and Schilling, 1984; Waggoner, 1989; Haase et al.,
1996). At >400 km from the Jan Mayen Island, erupted basalts
(E-Mohns and Knipovich, Figs. 2, 3) show a general shift towards
more depleted compositions, with only few samples retaining high
875r/86Sr and 296Pb/294Pb (Fig. 2), high La/Sm and high 239Th/238U
(Elkins et al., 2014). Whether caused by pollution of the Jan Mayen
hotspot or by the occurrence of garnet-bearing eclogites as sug-
gested for the Eggvin Bank in Kolbeinsey (Elkins et al., 201643,
2016b), these enriched compositions are distinct from the SCLM
inferred for Lena Trough and Gakkel WVZ. Hence, the occurrence
of SCLM south of 79°N of latitude (Fig. 2) is contentious. The ~600
km-long Lena Trough, which separates the Knipovich and Gakkel
ridges, is therefore not simply a tectonic reflection of an ultra-
slow spreading seafloor (Dick et al., 2003), but represents a sharp
compositional boundary between a northern mantle domain that is
potentially characterized by the presence of delaminated portions
of SCLM and a southern domain, having a depleted end-member
strongly radiogenic in Hf isotopes and locally influenced by the dis-
persion of enriched material mostly deriving from the Jan Mayen
hotspot.

Stracke et al. (2019) recently found evidence for ultra-depleted
melts with higher Nd isotope ratios than observed for oceanic
basalts so far, in olivine-hosted melt inclusions in basalts from
the Azores. These Nd isotope ratios are comparable to the most
radiogenic 143Nd/1#4Nd observed in abyssal peridotites, and simi-
lar to those of highly refractory peridotites locally found at MOR
(Harvey et al.,, 2006; Liu et al., 2008; Stracke et al., 2011; Byerly
and Lassitier, 2014; Day et al., 2017; Urann et al., 2020). More
importantly, the preservation of such extreme radiogenic isotope
ratios in melt inclusions (nonetheless partly mixed with more en-
riched melts) requires that this ancient and ultra-depleted material
in the asthenosphere must be abundant, because mixing and ag-
gregation of such ultra-depleted melts with more enriched melts
easily erases the depleted isotope signatures (see also Stracke and
Bourdon, 2009). Sanfilippo et al. (2019), came to similar conclu-
sions and, following earlier models (Salters et al., 2011; Stracke
et al., 2011; Byerly and Lassitier, 2014), argued that Hf isotopic
ratios in basalts may even better preserve extreme isotopic sig-
nature of a depleted mantle compared to the more incompatible
Nd, Sr and Pb, although also partly dampened by mixing with en-
riched lithologies. From this perspective, the consistently higher Hf
isotope ratios in basalts from Knipovich and E-Mohns Ridge com-
pared to basalts from Kolbeinsey Ridge, Lena Trough and Gakkel
Ridge (Figs. 2, 4) indicate that an entire ~1000 km-long sector of
Arctic MAR has high contribution of ultra-depleted melts from an-
cient refractory mantle components.

5.2. Contribution of melts from ancient, depleted mantle: a geochemical
model

The upper mantle is a complex mixture of variably depleted,
residual peridotites and enriched lithologies, i.e., re-fertilized peri-
dotites or pyroxenites (see for instance Liu et al., 2008; Stracke
et al,, 2011, 2019; Sanfilippo et al., 2019). A simple way to simu-
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late melting of such a heterogeneous mantle source is by melting
a three-component mantle formed by: (1) an ancient, refractory
peridotite end-member, which produces an ultra-depleted melt
(UD_Melt); (2) a less depleted peridotite with a “DM-like” compo-
sition that forms a MORB-like melt (D_melt), and (3) a geochem-
ically enriched source, possibly representing pyroxene-rich, recy-
cled component and producing a melt with geochemically enriched
trace element and isotopic compositions (E_melt). Melts from the
three end-members are variably mixed to reproduce the correla-
tions observed in the Arctic ridge basalts (further details of the
model are given in the supplementary files). For simplicity, the
composition of E_melt is the average of the geochemically en-
riched basalts from the Jan Mayen Island, which are considered to
sample an enriched mantle dispersed in western sector of Monhs
Ridge (Haase et al., 1996; Blicher-Toft et al., 2005; Elkins et al.,
2016a,b). The D_melt and UD_melt are produced with a dynamic
melting model described in detail in the supplementary material.
This melting model follows the same rationale of Salters et al.
(2011); Sanfilippo et al. (2019) and Willig et al. (2020), who in-
tended to reproduce correlation lines of MORB in the Nd-Hf-Ce
isotopic space; and is now expanded here to include the Sr and
Pb isotope ratios and trace elements. The D_melt is produced by
10% melting of a depleted peridotite having DM compositions from
Salters and Stracke (2004). The UD_melt is produced by melting a
source having ultra-depleted, refractory compositions, which are in
turn acquired during ancient melting events (spanning from 0.5 to
2 Ga in our model) of a DM source. In detail, the trace element
and isotopic compositions of this refractory source were calculated
as a weighted sum of single melting intervals (each interval corre-
sponding to F = 0.2) of a triangular melting region residual from a
DM-type mantle melted for F = 15% (see supplements). Melts and
source compositions are shown in Fig. 5, which illustrates the di-
versity of the three end-members in terms of trace element and
Nd-Hf-Sr-Pb isotope compositions (see also Table SM2).

Given the depleted character of the UD_Melt (see Table SM2),
its isotopic signatures are easily concealed even at low extents
of mixing, resulting in convex mixing lines in the 37Hf/188Hf vs
143Nd/144Nd, 87Sr/86Sr and 206Pb/297Pb spaces (Fig. 5b). At the
scale of Fig. 4, however, these mixing lines appear almost verti-
cal. Consequently, the different correlation lines of basalts from
the Arctic ridges in Hf vs. Nd-Sr-Pb isotopes, and 76Hf/177Hf vs.
La/Yb can be explained by an overall higher contribution of melts
from an ancient, refractory source, having an extreme isotopic sig-
nal. To account for these parallel trends, our model suggests that
the contribution of this depleted material must be nearly constant
at the scale of each ridge segment. This implies that the contri-
bution of melts from the ultra-depleted mantle remains constant,
but that from the enriched and less depleted lithologies is vari-
able (see also Sanfilippo et al., 2019; Willig et al., 2020). For a
depletion age of 1 Ga, consistent with the average Re depletion
ages of the ancient, refractory peridotites sampled at MAR (Har-
vey et al., 2006; Liu et al., 2008; Stracke et al., 2011; Lassiter et al.,
2014; Day et al., 2017) our mixing model requires a contribution of
ultra-depleted melts in the MORB mixture of Mohns and Knipovich
basalts ranging between 20 and 30%, twice higher than those in
the neighboring Kolbeinsey ridge (Fig. 4). Any change in the iso-
topic compositions of the E-melts and D-melts has a minor effect
on the results of our model, which would produce lines parallel
to the trends defined by each section (see for instance Fig. 4A).
On the other hand, the use of different ages of mantle depletion
would modify the isotope ratios of the UDM. This modifies the pro-
portions of the ultra-depleted melts in the MORB mixture for the
basalts of E-Mohns and Knipovich to a minimum estimate of 10%
and a maximum estimate of 40%, for 2 Ga and 0.5 Ga depletion
ages respectively (Fig. 4A). Independent of the age of depletion of
the ultra-depleted source, the contribution of ultra-depleted melts
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Fig. 5. (A) Trace elements compositions of the mantle source and ultra-depleted melts resultant from the melting model. The average composition of the ultra-depleted
mantle is calculated as weighted average of intervals of F = 0.2 and considering a triangular melting region (up to F = 15%). (B) Large-scale view of the mixing trajectories
between the three end-members melts in the Hf vs Nd-Sr-Pb isotopic spaces. The grey insets correspond to the areas in Fig. 4.

in the MORB mixture of Mohns and Knipovich basalts remains two
times higher than that in the more typical MORBs of Kolbeinsey
Ridge (see Fig. 4). Changes in the absolute concentration of each
element (i.e., Hf, Nd, Sr, Pb, La, Yb) in the three melts would also
modify their proportions in the MORB mixture, but this would not
modify the convex shape of the mixing lines in the Hf vs Nd-Sr-
Pb-La/Yb spaces. Hence, although we recognize that the choice of
melting parameters (e.g., critical porosity, amount of melt gener-
ated per the depth interval, partition coefficients), source compo-
sitions and age of depletion strongly affect the overall estimates of
the contribution of the three end-members in the MORB mixture,
our model indicates that the parallel correlation lines seen in the
Hf vs Nd, Sr, Pb and La/Yb spaces require different proportions of
UD-Melt in the MORB mixture of the different ridge segments. On
this basis, we infer that the prominent shift in Hf isotopic ratios
towards radiogenic compositions in Mohns and Knipovich Ridge is
a consequence of an overall higher amount of ancient, refractory
material in this parcel of the North Atlantic asthenosphere.

5.3. Ridge jump and mantle re-melting

The formation of the Arctic oceanic basins started at ~55 Ma,
by rifting between Greenland and Eurasia that initially formed the
Aegir, Jan Mayen, Mohns, and Gakkel Ridges. The Jan Mayen FZ
connected Mohns with an early Kolbeinsey Ridge, following a ridge
jump and the final deactivation of Aegir Ridge (Bott, 1985). The
formation of early Knipovich Ridge occurred in the early Oligocene
as consequence of a change in spreading direction of the Mohns
and Gakkel Ridges from NNW-SSE to NW-SE (Gusev and Shkarubo,
2001). However, the high obliquity of the present-day Knipovich
axis (41° to 55° from the spreading direction) and its vicinity to
the Norwegian continental shield (see Fig. 1) led previous authors
to suggest that the present-day Knipovich Ridge is an intra-oceanic
rift resulting from rift jumps or breakup under conditions of shear-
ing (Vogt et al,, 1978; Mosar et al., 2002; Sokolov, 2011; Sokolov
et al.,, 2014; Faleide et al., 2008; Dumais et al., 2021). The anoma-
lous structure of this super-segment is obvious from its geometry,
which is unlike a typical spreading center, and more similar to a
series of pull-apart basins which are divided by highs perpendicu-
larly to the spreading direction (Okino et al., 2002; Sokolov, 2011).

That rifting occurred is mostly supported by the geometry of
the ocean continental transition and the linear anomalies in the
magnetic field, which although complicated by the thick sedimen-

tary cover and a very slow spreading rate, are oriented at high
angle (~45°) to the present ridge direction (Olesen et al., 1997;
Dumais et al., 2021). These observations suggest that a recent
change in spreading direction occurred (see Fig. S2 in supplement).
Geodynamic reconstructions of the opening of the Greenland -
Norway rift, which indicate an abrupt change of the plate sepa-
ration direction in the late Pliocene (<5 Ma) (Mosar et al., 2002;
Faleide et al., 2008; Sokolov, 2011; Sokolov et al., 2014), further
support a recent ridge jump, in addition to the anomalously thick
and consolidated sedimentary cover (Vogt et al., 1978) which over-
lays the present-day axis. During recent cruises by Russian vessels
(cruise 19 of the R/V Professor Logachev and cruise 24 of the R/V
Akademik Nikolaj Strakhov), geophysical surveys indicated that the
thick and consolidated sediments exposed along the axis are cross-
cut by active faults with angles up to 35° (Sokolov, 2011; Sokolov
et al.,, 2014). Dredging in these locations revealed the occurrence of
partly consolidated argillites locally cut by fresh basalts and dated
on the basis of paleontological association to the late Oligocene
(Bugrova et al., 2010). Recent deformation and built-up of a thick
sedimentary cover coming from the Svalbard continental shelf is
also obvious from seismic profiles on both sides of the ridge axis in
several locations (Kvarven et al., 2014). Finally, DSDP Hole 344 (lo-
cated ~25 km in the east flank of the ridge at ~76°N) recovered
gabbros and diorites with ages >3 Ma younger than the overly-
ing sediments, probably of upper Miocene to early Pliocene age.
Although unambiguous evidence for an abandoned rift axis west
of Knipovich is still lacking, all these data indicate a recent re-
adjustment of the Knipovich axis towards the east (Dumais et al.,
2021).

The prominent shift in Hf isotope ratios observed at Knipovich
Ridge also extends to basalts from east Mohns Ridge. Here, the
magnetic anomalies are coherent with the direction of the Mohns
axis, and a well-developed positive anomaly delimits the present-
day ridge. The magnetic anomalies at Mohns Ridge are, however,
very poorly defined for a distance of ~70 km from the present
axis (supplementary Fig. S2), and the continuity of Mohns with
the present-day Knipovich Ridge indicates that the two ridges align
since relocation of the latter to its present position (Dumais et
al.,, 2021). The distance between Mohns axis and the 5C magnetic
anomaly is 25% greater in the northwest flank compared to the
southeast flank (calculated from Vogt et al, 1978; Mosar et al,
2002; Dumais et al., 2021). It is thereby plausible that the change
in spreading direction of Knipovich Ridge coincided with a syn-
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Fig. 6. Three-dimensional visualization of the Arctic oceans and schematic representation of the ridge jump in Knipovich and Mohns ridges. The inferred positions of Paleo
Knipovich and Paleo Mohns before ridge jump are indicated as blue lines (after Mosar et al., 2002; Sokolov, 2011). Solid black lines indicate the three profiles through
the Kolbeinsey (a), Mohns (b) and Knipovich (c) ridges depicted in the inset. The inset shows three sections representing an idealized view of the asthenospheric mantle
(redrawn after Liu et al., 2008; Sanfilippo et al., 2019; Stracke et al., 2019). Variably radiogenic mantle pockets (ranging from depleted to enriched in trace element and
isotope compositions) are randomly distributed in a matrix formed by a depleted mantle possibly extending towards highly refractory compositions (ultra-depleted mantle,
see text). White dashed lines represent isotherms, which allow defining a triangular melting region of a ~100 km depth and ~200 km width. During a first melting event
the amount of enriched material decreases, whereas the relative proportion of UDM/DM (depicted by the green color bar in the inset) increases. This refractory mantle will
be emplaced at shallower depths, and transported laterally with the newly formed lithosphere (scheme a). If a rift jump occurs, this depleted mantle region is melted for the
second time within a strongly asymmetrical melting region (see Johansen et al., 2019). Here, the proportion of UDM is higher, and its contribution becomes more noticeable
in the erupted basalts. The ultra-slow spreading rates and the recent age of the ridge jumps in Mohns and Knipovich allow this depleted portion of the mantle to melt

substantially before replaced by new upwelling asthenosphere.

chronous translation of the Mohns spreading axis. A ride jump of
the Mohns spreading axis towards the southeast, which is paral-
lel to the existing ridge axis, would not have produced any change
in the orientation of the recent magnetic anomalies. In addition,
if this ridge jump occurred within the last 5 Ma - and assuming
a spreading rate of 15 mm/yr - Mohns should have produced no
more than ~35 km of new oceanic lithosphere in the present lo-
cation, accounting for the well-developed, recent magnetic fabric.
That the Mohns ridge axis might have jumped towards the south-
east is in agreement with the observation of Vogt et al. (1978) that
the rift mountain topography is strongly asymmetrical in Mohns
ridge, although subsidence is expected to be a regular function of
time and distance to the ridge axis. This asymmetry was recently
imaged using a joint inversion model combining controlled source
electromagnetic and magnetotelluric data (Johansen et al., 2019).
This 2-D model depicts a broad melting region centered northwest
of the present-day Mohns Ridge, in good agreement with a recent
relocation of the axis towards the southeast.

A relocation of the Knipovich and Mohns ridge axes may also
explain the anomalous depleted character of this portion of the
Arctic mantle. Melting a heterogeneous mantle preferentially de-
creases the amount of enriched lithologies, in turn resulting in an
overall higher proportion of the most depleted end members. As
a result, material that is emplaced at shallower depths and trans-
ported laterally with the newly formed lithosphere will have an
overall higher proportion of refractory mantle, whereas the pro-
portion of the enriched/or less depleted components is lower due
to preferential melting during the earlier melting episode (Fig. 6).
Successive translation in ridge axis, such as the opening of intra-

transform domains (Sani et al., 2020; Graham and Michael, 2021),
gradual ridge migration (Chalot-Prat et al., 2017) or ridge jumps
(Dumais et al., 2021), trigger further melting of these depleted por-
tions of oceanic upper mantle. This anomalously depleted material
would continue melting until replaced by new ‘typical’ astheno-
sphere in a steady state regime. Specifically, for a mantle upwelling
that equals the present-day (half)spreading rates of Mohns and
Knipovich ridges (7 mm/yr), more than 14 Ma would be required
to replace the depleted material in a 100 km-thick melting region
(Fig. 6). The ultra-slow spreading rates and the recent ages of the
Knipovich ridge adjustment allow this depleted mantle source to
be re-processed below the present day axis, leading to production
of isotopically highly depleted basalts. We note that the basalts
from Knipovich and Mohns Ridges display a northward increase in
Nag, LREE/MREE and MREE/HREE fractionations, associated to scat-
tered and locally high Sr and Pb isotopic signals (Blicher-Toft et al.,
2005) (Fig. 2) and 23°Th/238U ratios (Elkins et al., 2014). Spreading
rates in Mohns and Knipovich decrease northward, associated with
an increase in obliquity and, therefore, in a gradual decrease in the
overall degrees of partial melting, coupled with a deepening of the
minimum melting pressure. The likely consequence of these vari-
ations is the suppression of melting at shallow depths, the higher
contribution of chemically more enriched lithologies deep in the
melting column and the local production of MORBs having rela-
tively high La/Sm ratios and locally radiogenic Sr and Pb isotopic
signatures (see Fig. 4).

A potential issue is whether ancient, refractory domains of the
mantle can melt after being emplaced at lithospheric levels within
the mantle column. In particular, given that most of the incompat-
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ible element budget of a mantle peridotite is retained in clinopy-
roxene (Stracke et al., 2011), the ability of such refractory portions
to transfer their isotopic signals to the primary melts is certainly
limited. Using pMELTS calculations, Byerly and Lassiter (2014) have
shown that an ancient, refractory lithosphere with compositions
akin to the refractory peridotites from Gakkel Ridge (Liu et al.,
2008; Stracke et al., 2011; Day et al.,, 2017) and Salt Lake Crater
(Hawai'’i) (Bizimis et al., 2003) can produce up to 10% and 5% of
melts, respectively, before exhaustion of clinopyroxene, for typi-
cal mantle potential temperatures of 1350°C. Sani et al. (2020)
recently implemented this calculation applied to the opening of
an intra-transform domain in the Equatorial MAR. To reproduce
a mantle sequence initially emplaced at shallow depths below a
moving ocean plate, these authors used an initial pressure of 15
kbar, and a final melting pressure of 5 kbar, along a mantle adiabat
of 0.8 °C/km. These conditions are consistent with the thick litho-
sphere expected at ultra-slow spreading environments (Dick et al.,
2003). Their calculation shows that sources with refractory com-
positions (i.e., residual after 5% to 10% melting of a DM-mantle)
can produce significant amounts of melts (up to 12% and 7%, re-
spectively) before exhaustion of clinopyroxene; with typical mantle
potential temperatures ranging between 1325°C and 1375 °C (see
Fig. 11 in Sani et al., 2020). Since mantle melting fractionates Lu/Hf
more than the other parent-daughter ratios of the common de-
cay systems (i.e.,, Sm/Nd, Rb/Sr, U-Th/Pb) a clinopyroxene-bearing
residual mantle will develop more pronounced isotopic record of
depletion for 76Hf/177Hf compared to the other isotopic ratios
(Blichert-Toft et al., 2005; Salters et al., 2011; Stracke et al., 2011;
Sanfilippo et al., 2019). This effect is further amplified if the an-
cient melting event occurs in the presence of garnet, and high
Lu/Hf ratios are preserved in the refractory material when em-
placed at shallow depth (Stracke et al., 2011). Indeed, melting
degrees between 5% and 15%, with 3% melting at garnet facies
conditions, will form a clinopyroxene-bearing residual peridotite
with a strong radiogenic Hf fingerprint at ages of depletion of 1
Ga (see Table SM2 in supplements). This clinopyroxene-bearing,
refractory mantle can therefore transfer its highly depleted iso-
topic fingerprint to the generated melts during a sub-ridge melting.
These inferences are consistent with our melting model, which
uses average trace element and isotopic compositions of a refrac-
tory mantle residual from 15% melting as source of the UD_Melts.
A process of re-melting due to a jump in the ridge axis is thereby
a viable mechanism to melt a parcel of oceanic mantle contain-
ing high amounts of ancient ultra-depleted material. This pro-
cess may thereby cause the prominent increase in '76Hf/177Hf
ratios within the basalts produced in the newly formed ridge, al-
though this ‘depleted’ isotopic signature would be unseen in Nd,
Sr and Pb isotopes as well as in most incompatible trace ele-
ments.

In conclusion, the parallel correlation lines in 76Hf/177Hf vs
143Nd/144Nd-865r/87Sr-206ph/204pb-La/Yb space shown by MORB
form the Arctic MAR require that an ancient (>1 Ga) depleted
mantle is a widespread component in the asthenosphere, but,
given its highly refractory nature, its isotopic fingerprint is often
concealed in derivative melts by mixing with melts from more
enriched source components. The examples of the Mohns and
Knipovich Ridges demonstrate that tectonic processes can influ-
ence the relative amount of variably depleted lithologies in the
upper mantle, allowing the identification of mantle components
that have so far escaped detection.
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