Geochimica et Cosmochimica Acta 369 (2024) 179-195

Contents lists available at ScienceDirect Geochimicaet

Geochimica et Cosmochimica Acta

]

EI. SEVIER journal homepage: www.elsevier.com/locate/gca

L)

Check for

A carbon, nitrogen, and multi-isotope study of basalt glasses near 14°N on | W&
the Mid-Atlantic Ridge. Part B: Mantle source heterogeneities

D.V. Bekaert>”", P.H. Barry?, J. Curtice?, J. Blusztajn , M. Hudak?, A. Seltzer?,
M.W. Broadley?, J.A. Krantz ", V.D. Wanless‘, S.A. Soule®, E. Mittelstaedt, M.D. Kurz®

& Marine Chemistry and Geochemistry Department, WHOIL, Woods Hole, MA, USA

b Centre de Recherches Pétrographiques et Géochimiques, Vandoeuvre-les-Nancy, France
¢ Geology and Geophysics Department, WHOI, Woods Hole, MA, USA

d Department of Geosciences, Boise State University, 83725 Boise, ID, USA

€ Marine Geology and Geophysics Department, The University of Rhode Island, MA, USA
f Department of Earth and Spatial Sciences, University of Idaho, 83844 Moscow, ID, USA

ARTICLE INFO ABSTRACT

Associate editor: Manuel Moreira Geochemical variations along mid-ocean ridges reveal the heterogeneous nature of the convecting upper mantle
and geodynamic evolution of our planet (e.g., Hofmann, 2007; Parai et al., 2012). Although the occurrence of

Keywords: incompatible element and isotopically enriched mid-ocean ridge basalts (E-MORB) commonly arises from

Popping rocks interaction with nearby mantle plumes, the source of E-MORBs far from known hotspots is debated. A well-

Mantle source heterogeneities
Subduction-driven recycling
Primordial volatiles

known example of an enigmatic geochemical enrichment is found at 14°N on the Mid-Atlantic ridge (MAR).
This is also one of the few locations worldwide where volatile-saturated E-MORBSs, often referred to as “popping

HIMU rocks” (PR), have been recovered. Although the mechanism(s) involved in popping rock generation remain
Oceanic Core Complexes elusive, compressional regimes associated with the exhumation and formation of oceanic core complexes (OCC)
Mantle carbon may be required to produce popping rocks via protracted volatile accumulation. However, the geochemical
Mantle nitrogen signature of OCC samples and their potential relationship to local geochemical enrichments associated with
Planetary evolution popping rock-affiliated MORBs remain unknown. Here, we present a comprehensive volatile characterization of

popping rocks and associated MORBs (n = 19) sampled at 14°N on the MAR, including (n = 2) normal MORBs
(N-MORB) from an oceanic core complex (OCC) and (n = 17) E-MORBs (Bekaert et al., Part A). We use isotopic
and abundance data for volatile (carbon, nitrogen, noble gases) and radiogenic (Pb, Sr, Nd) elements, as well as
the abundances of major and trace elements, to elucidate on the source(s) of E-MORBs at 14°N and discuss the
potential origin(s) of geochemical heterogeneities within the upper mantle. We observe co-variations of helium
and radiogenic element isotopes, suggesting potential contributions from a young HIMU-type (high p = time-
integrated 2*4U/2%Pb) component in the OCC mantle source. The mantle source of the OCC samples is clearly
distinct from that of PR-affiliated samples, suggesting no genetic relationship between OCC samples and E-
MORBs. In addition, elevated Dy/Yb in OCC samples likely point to the incorporation of a subducted crustal
component that is not observed in the mantle source of other MORB samples analyzed in this study. We report
mantle source “°Ar/3®Ar variations at 14°N, which, in line with previous studies, are interpreted as primarily
reflecting variations in the amounts of recycled atmospheric Ar. Despite extensive evidence for drastic
geochemical heterogeneities at 14°N on the MAR, we observe no significant §'°N variation (average 5!°N = -4.49
+ 1.40 %o) across N-MORB and E-MORB samples. This is a fundamental constraint, as the absence of significant N
isotope variations across the upper mantle may imply that sedimentary N (with a typical 81N ~ +6%o) is not
extensively introduced within this reservoir during subduction. We investigate several scenarios that could
explain this observation, including a significant contribution of altered oceanic crust to the overall budget of
subducting slabs, quantitative return of subducting sedimentary N to the Earth’s surface by arc volcanism, and/
or preferential transport/preservation of sedimentary N in the lower mantle source of oceanic island basalts.
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1. Introduction

From a major/trace element and radiogenic isotope perspective, the
MORB mantle appears geochemically heterogeneous on local (sub-
kilometer) through global (ocean basin) scales (e.g., Bougault et al.,
1988; Schilling et al., 1994; Hofmann, 2007). While the major element
and petrological properties of MORB provide insight into the melting
processes occurring beneath ridges (e.g., Klein and Langmuir, 1987), the
range of basaltic isotopic compositions and geochemical variability
provide information about mantle source features. For example,
geochemically-enriched basalts (E-MORB), with elevated concentra-
tions of K20 and other highly incompatible elements, are less abundant
than normal (N-type) MORB. The extent and origin of geochemical
heterogeneities observed along mid-ocean ridges has remained a subject
of great debate (e.g., Donnelly et al., 2004; Hofmann, 2007; Meyzen
et al., 2007; Liu and Liang, 2017), potentially involving contributions
from (i) recycled material (e.g., oceanic crust, alkali basalts from sea-
mounts), (ii) mantle plume-derived material, and/or (iii) metasomatic
enrichments of the lower oceanic crust by infiltration of low-degree
melts (e.g., Allegre and Turcotte, 1986; Donnelly et al., 2004; Stracke,
2012; Ulrich et al., 2012).

Part of the geochemical variability observed within the solid Earth
could also reflect primordial heterogeneities that have not been evenly
distributed by convective mixing. For example, mantle plumes tapping
into the deepest portions of Earth’s mantle show evidence for the
preservation of primordial signatures that were inherited from the early
stages of terrestrial formation and differentiation (e.g., Mukhopadhyay,
2012; Mundl-Petermeier et al., 2020; Broadley et al., 2020). The lateral
entrainment and dispersal of “blobs” or veins of plume material
throughout the convecting mantle has the potential to scatter enriched
geochemical signatures far from plume conduits rooted in the deep
Earth (Allegre et al., 1984; Koppers et al., 2021). The motion of these so-
called blobs may either be driven by physical interaction with the
asthenospheric mantle flow field or by pressure gradients at sub-
lithospheric depths (e.g., Sleep, 1996; Bekaert et al., 2021a). In addi-
tion, the protracted injection of oceanic lithosphere into the mantle
during subduction has introduced differentiated and geochemically-
enriched material into the solid Earth for up to 3 billion years (e.g.,
Anderson, 2006; Shirey and Richardson, 2011; Smit et al., 2019).
However, the relative contributions of these different processes, and
their roles in generating a heterogeneous upper mantle, remains under-
constrained.

We present and discuss a comprehensive set of volatile (C, N, He, Ne,
Ar) and radiogenic element (Pb, Sr, Nd) isotopes, as well as major and
trace element data for a suite of (n = 19) seafloor basaltic glasses from
different tectonic settings, collected between 2016 and 2018 near 14°N
on the MAR using R/V Atlantis and the human occupied submarine
vehicle Alvin (Péron et al., 2019; Jones et al., 2019; Parnell-Turner et al.,
2018). The sample set consists of (n = 5) popping rocks (hereafter “PR”),
(n = 6) low-vesicularity (<3 vol%) MORBs with PR-like trace element
patterns (“PRTE-LV”), (n = 6) non-popping rocks (“NPR”), and (n = 2)
MORBs recovered from an oceanic core complex (“OCC”), located off-
axis of the MAR (Parnell-Turner et al., 2018). This extensive dataset is
used in combination with data reported in Bekaert et al, Part A to
provide novel insights into the extent and origin of geochemical het-
erogeneities at 14°N on the MAR and, more generally, across the upper
mantle. The paper is basically structured as follows: first, major and
trace element, radiogenic isotope, and noble gas isotope data are
considered together in order to investigate potential sources of observed
mantle source heterogeneities (i.e., occurrence of plume-derived and
recycled (crustal and/or sedimentary) components. These signatures are
then tentatively related to observed mantle source C/®He, C/N, and
N./3He variations. A special focus is set on the remarkable — but puz-
zling — N isotope homogeneity of the upper mantle, which appears at
odds with the widespread occurrence of surface-derived, recycled
components with presumably distinct N isotope compositions.
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2. Methods
2.1. Pb-Sr-Nd isotope analyses

For each sample, >200 mg of fresh glass chips was first acid leached
in 6.2 N HCl for 1 h at 100 °C. HCI was then pipetted off and the samples
were rinsed twice in Milli-Q H»O. For Sr, Nd and Pb, separation-leached
samples were dissolved in a 3:1 mixture of concentrated HF: HNOg,
followed by three dry downs in 6.2 N HCI to convert fluorides to chlo-
rides. Lead was separated following the HBr-HNO3 procedure of Abou-
chami et al. (1999) using a single column pass. Separation of Sr and Nd
was carried out with Eichrom Sr-Spec and Ln-Spec resin, respectively. Sr
and Nd were recovered from the clean wash of the Pb columns. This
wash fraction was split in two, one destined for the Sr separation pro-
tocol and the other destined for the Nd separation protocol. In this
manner, Pb, Nd, and Sr were all separated from the same sample dis-
solutions, thereby avoiding potential problems due to possible sample
heterogeneity.

The total procedural blanks for Pb, Sr and Nd were < 30 pg, < 80 pg
and < 35 pg, respectively, which are all negligible relative to the amount
of Sr, Nd and Pb analyzed in the rocks. All Pb, Sr and Nd isotopic
measurements were performed on the Neptune MC-ICP-MS at Woods
Hole Oceanographic Institution (WHOI). The well-characterized USGS
standard BHVO-1 was measured with results for Sr, Nd and Pb isotopic
compositions of %7Sr/%sr = 0.703466, *3Nd/!**Nd = 0.51298,
206pp,/204ph — 18.689, 2°7Pb/2%*Pb = 15.567, 2°°Pb/2*“Pb = 38.339.
After renormalization based on (Abouchami et al., 2000), the Pb isotopic
results are 2°°Pb/2%*Pb = 18.694, 27Pb/20*Pb = 15.574, 208pb/2ph =
38.361, which are within error of former work (Weis et al., 2006).

2.1.1. Lead isotope analysis

Lead isotopic ratios were corrected for instrumental mass bias by
introducing T1 (SRM 997) as an internal standard to sample Pb solutions
prior to each run, assuming a 2°>T1/2%3T1 ratio of 2.38709. Mass 202 was
monitored to correct for 2°‘Hg interference, but this correction was
small owing to low 2°2Hg/2%®pb ratios (typically < 1.0x10°°). Measured
Pb-isotopic ratios of the samples were normalized based on the offset
between our average measured and the accepted SRM981 values from
(Todt et al., 1996) (*°Pb/2%*Pb = 16.9356, 2°/Pb/2**Pb = 15.4891,
208pp,,/204pp = 36.7006). External reproducibility on runs of SRM981 at
WHOI ranges from 17 ppm (20) for 2°’Pb/2%6Pb to 117 ppm (20) for
208pp,/204pp (Hart et al., 2004).

2.1.2. Strontium isotope analysis

During each analytical session, intensities were measured on masses
82 through 88. Corrections for isobaric interferences of Rb on mass 87
and Kr on masses 84 and 86 were made offline following the procedures
outlined in Jackson and Hart (2006). Strontium isotope ratios were
corrected for instrumental mass bias relative to an %sr/38sr value of
0.1194. 87Sr/%%sr ratios for unknowns were then normalized by the
offset between our average measured value of SRM987 during each
analytical session and the accepted 87Sr/®°Sr of 0.710240 (Jackson and
Hart, 2006). The external precision of the 875r/80Sr measurements is
estimated to be 15-25 ppm (20) (Hart and Blusztajn, 2006).

2.1.3. Neodymium isotope analysis

The data were corrected for instrumental mass fractionation relative
to a 1*6Nd/ *Nd value of 0.7219. Both the La Jolla and JNdi-1 standards
were run during each analytical session. The **Nd/***Nd values for
JNdi-1 were adapted to the La Jolla **Nd/!**Nd value using a ratio of
1.000503 (Tanaka et al., 2000). The La Jolla and La Jolla-renormalized-
JNdi-1 1**Nd/**Nd measurements were averaged to give a final La Jolla
average for each analytical session. Samples were normalized based on
the offset of this La Jolla average and the actual La Jolla '**Nd/*‘Nd
value of 0.511847 (White and Patchett, 1984). The external precision of
the '**Nd/'**Nd measurements is estimated to be 15-25 ppm (20) (Hart
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and Blusztajn, 2006).

3. Results

3.1. Major and trace element data

Major and trace element data are reported in Bekaert et al., Part A.
They demonstrate a wide range in MORB compositions, from E-MORB
(PR-affiliated samples) to N-MORB (OCC samples) end-members
(Fig. 1), with non-popping rock samples (NPR) spanning a wider
range of chemical compositions across the T-MORB to E-MORB ranges.

3.2. Radiogenic isotope variations

Radiogenic isotope data measured in this study are reported in
Table 1. The Pb, Sr, and Nd isotope variations observed among PR,
PRTE-LV, NPR, and OCC samples support the existence of geochemical
heterogeneities in the mantle source of MORBs near 14°N (Fig. 2). In
line with major and trace element systematics, we find that PR-affiliated
and OCC samples represent the two most extreme mantle source end-
members in radiogenic isotope space. In particular, OCC samples
exhibit a distinct signature of lower **Nd/***Nd and 8 Sr/2%Sr and more
radiogenic Pb isotopes than the mantle source of PR-affiliated samples
(Fig. 2). Akin to major and trace element systematics (Bekaert et al., Part
A), NPR samples show more isotopic variability, spanning the entire
compositional range between PR-affiliated and OCC end-members.

(a) 100
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3.3. Noble gas isotope variations

3.3.1. He isotope systematics

Most of the MORB samples analyzed in this study show He/*He
values within the range of previously analyzed MORBs (i.e., 8 & 1 times
Ra, where Ry is the atmospheric 3He/*He of l.384x10’6; Clarke et al.,
1976). However, the OCC samples exhibit 3He/*He of ~6.8 Ry, lower
than the typical MORB range, while PR and PRTE-LV (hereafter referred
to as PR-affiliated samples) show typical 3He/*He ratios between ~7.6
and 8.5 Ry (Fig. 3). Low 3He/*He values - akin to those observed here for
OCC samples - have previously been reported for many MORBs world-
wide, including some originating from elsewhere on the MAR (near
37°N, down to 6.5 Ra, (Kurz et al., 1982)), from the ultra-slow
spreading western Southwest Indian Ridge (SWIR, down to 6.3 Ra;
Georgen et al., 2003), from the Australian-Antarctic Discordance (down
to 6.2 Rp; Graham et al.,, 2001), and from the Galdpagos Spreading
Center (Colin et al., 2011). We find that the 3He/*He of NPR samples are
more variable, spanning the entire range of values between PR-affiliated
and OCC samples, similar to radiogenic isotope systematics. Overall, He
isotope data appear to correlate with Pb, Sr, and Nd isotope data across
the (n = 19) MORB samples (Fig. 3), implying that He isotope variations
at 14°N directly reflect mantle source heterogeneities sampled by
distinct eruptive events.

3.3.2. Ne and Ar isotope systematics

Neon isotope data for the (n = 19) MORB samples show limited, if
any, deviation from the MORB line previously defined from the analysis
of popping rock 21D43 by Moreira et al. (1998) (Figure S1). With
respect to Ar isotopes, PR and PRTE-LV samples broadly define two
distinct compositions, marked by maximum *°Ar/3Ar at ~16,000 and

PRTE-LV

Primitive mantle-normalized abundance for moderately to highly incompatible elements

I"v'."' I‘ T T T T T T T T T T T T T T T L § T T T T T T T T
Cs Rb Ba Th U Nb Ta K La Ce Pb Pr Sr P NdSm Zr Eu Ti Gd Tb Dy Y Er Tm Yb Lu

Fig. 1. Primitive mantle-normalized trace element abundance patterns for MORB samples analyzed in this study. Average N-MORB, E-MORB, oceanic alkali
basalts (OIB), as well as primitive mantle values are from Sun and McDonough (1989).
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Table 1
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Radiogenic isotope composition of MORB samples analyzed in this study. The classification refers to popping rocks (“PR”), non-popping rocks (“NPR”), MORBs
recovered from oceanic core complexes (“OCC”), and low-vesicularity (<3 vol%) MORBs with popping rock-like trace element patterns (“PRTE-LV”). NPR*: NPR

sample dredged at the same latitude as OCC samples.

Sample Classification 206pp, /204pp 207pp,/204ph 208pp, /204ppy 878r/%5sr 143Nd/14Nd
AL4818-003 PR 19.02727 15.55272 38.51872 0.70274 0.51311
AL4821-055 PR 19.02516 15.55242 38.51467 0.70274 0.51311
AL4821-058 PR 19.02420 15.55397 38.51810 0.70274 0.51309
AL4821-059 PR 19.03483 15.55759 38.52977 0.70273 0.51307
AL4820-037 PR 19.03263 15.55526 38.52256 0.70275 0.51311
AL4818-006 NPR 19.08194 15.55511 38.68403 0.70276 0.51305
AL4819-029 NPR 19.19415 15.57263 38.80708 0.70286 0.51298
AL4820-032 NPR 19.25633 15.57039 38.88095 0.70276 0.51301
AL4820-045 NPR 18.74816 15.52150 38.26230 0.70265 0.51310
AL4824-104 NPR 19.12962 15.55759 38.76151 0.70277 0.51300
AL4959-406 NPR* 19.64512 15.59386 39.25306 0.70261 0.51302
AL4822-064 occ 19.64253 15.57265 39.17994 0.70251 0.51295
AL4822-065 occ 19.59033 15.57400 39.13836 0.70251 0.51299
AL4818-001 PRTE-LV 19.04755 15.55655 38.52138 0.70274 0.51306
AL4818-002 PRTE-LV 19.03735 15.55716 38.51491 0.70272 0.51306
AL4820-040 PRTE-LV 18.97003 15.55369 38.45631 0.70271 0.51307
AL4820-041 PRTE-LV 18.96176 15.54761 38.43638 0.70270 0.51307
- - 18.95616 15.55089 38.43978 0.70271 0.51309
AL4820-043 PRTE-LV 18.95921 15.55021 38.45256 0.70272 0.51307
AL4821-049 PRTE-LV 19.01634 15.55166 38.48578 0.70272 0.51310

25,000, respectively (Fig. 4), which had previously been attributed to
the existence of small-scale mantle source heterogeneities caused by
variable contributions from recycled atmospheric noble gases (Péron
et al., 2019). Here, we find that OCC samples exhibit a maximum
40Ar/35Ar of ~21,000, which is intermediate between the compositions
of PR and PRTE-LV samples. Likewise, NPR samples show “°Ar/36Ar
values that largely overlap with PRTE-LV. Taken together, these data
suggest the potential existence of a *’Ar/*®Ar-2’Ne/?’Ne continuum
across mantle sources sampled at 14°N (Fig. 4a), consistent with a
mantle source “°Ar/%°Ar ~25,000 (Moreira et al., 1998). However,
combining Ar and He isotope systematics together (Fig. 4b) reveals that
40Ar/3%Ar and ®He/*He mantle source variations across PR, PRTE-LV,
OCC and NPR samples are decoupled: whereas PR-affiliated and OCC
samples are the most extreme mantle source end-members in He isotope
space (Fig. 3), whereas OCC samples have intermediate compositions
between PR and PRTE-LV samples in Ar isotope space (Fig. 4). The
mantle source of OCC samples therefore appears to have a higher
40Ar/%6Ar and lower He/*He compared to the PR mantle source.

4. Discussion
4.1. Origin of mantle source geochemical heterogeneities at 14°N

4.1.1. Occurrence of a plume-derived component

The higher 3He/*He of E-MORBs (i.e., popping rock-affiliated rocks)
compared to N-MORBs (i.e., OCC) could potentially reflect a small
contribution from plume-derived material, as for instance proposed in
the framework of an upwelling Researcher Ridge plume material
contribution (Long et al., 2019). These authors proposed that the
deflection of upwelling Researcher Ridge plume material towards the
west-ward migrating MAR could explain the production of E-MORBs
near 14°N, with similar isotopic compositions to the Researcher Ridge
lavas. However, because the *He/*He of E-MORBs consistently remain
within the canonical MORB range of 8 + 1 Ry (Barfod et al., 1999;
Graham, 2002), a plume contribution is not warranted. Graham and
Michael (2021) recently hypothesized that *He/*He variations along the
East Pacific Rise (EPR) can be attributed to the partial melting of distinct
mantle source compositions, involving an ultra-depleted mantle source
end-member and a depleted mantle component containing percent-level
contributions of enriched material. However, the He isotope systematics
of E- vs. N-MORBs appears to be location-dependent. For instance,
although E-MORBs from the SWIR have lower *He/*He than associated
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N-MORBs (Graham et al., 2014), some E-MORBs from the southern EPR
have been shown to exhibit elevated *He/*He (Kurz et al., 2005), sug-
gesting that the source(s) of E-MORBs may be variable. In this view, it is
likely that E-MORBs do not reflect a unique noble gas end-member. It is
also worth noting that there are no previous OCC noble gas measure-
ments, so it is unclear if they are representative of OCC basalts in gen-
eral, or if they are typical “normal” MORB due to the unique tectonic
setting.

4.1.2. Heterogeneous recycling of surface-derived noble gases

While PR and PRTE-LV samples have trace-major element compo-
sitions and radiogenic isotope ratios pointing to a common mantle
source composition (Bekaert et al, Part A), these samples are distinct in
their bulk volatile compositions, possibly reflecting volatile element
heterogeneities in their respective mantle sources. Indeed, Péron et al.
(2019) previously observed the existence of a systematic difference
between the mantle source “°Ar/%°Ar of PR (~16,000) and PRTE-LV
(~27,000) samples, which they interpreted as reflecting small-scale
upper mantle heterogeneity. Due to the fact that He is not signifi-
cantly entrained into the mantle during subduction (e.g., Staudacher
and Allegre, 1988; Poreda & Craig, 1989; Porcelli & Wasserburg, 1995),
mantle source *He/*He variations cannot be ascribed to variable over-
printing by surface-derived components. Instead, these must arise from
the preservation of mantle domains with different melt and gas extrac-
tion histories, as well as variable (Th+U)/He, and radiogenic “He
accumulation times. This is however not the case for Ar (and potentially
Ne; Kendrick et al., 2018), implying that a mantle source with lower Ar
isotopic ratios could have been more influenced by recycling of atmo-
spheric noble gasses. Interestingly, we note that the historical PR sample
27D43 exhibits a mantle source *°Ar/3°Ar (~25,000; Moreira et al.,
1998; Parai and Mukhopadhyay, 2021) that is markedly higher than
other PR samples (Fig. 4), but indistinguishable from PRTE-LV samples
(Péron et al., 2019). This indicates that the mantle source “OAr/30Ar
composition is not embodied in a given MORB type.

Here, our observation that He and radiogenic isotope variations do
not correlate with “°Ar/36Ar (as was previously shown for some other
MORBS; Sarda et al., 1999) is compatible with the 40Ar/30Ar variations
near 14°N primarily arising from variable amounts of recycled atmo-
spheric Ar in the mantle or magmatic plumbing, as previously proposed
by Péron et al. (2019). One possibility is that this sea water-derived
argon component originates from altered oceanic crust that would
have been assimilated by the magma source of popping rocks during its
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Table 2
Step crushing He and Ne analyses of PR samples analyzed in this study.

Sample Type weight crushing SHe/*He 1o 22Ne (x10°'2 20Ne/??Ne 1o 2INe/??Ne 16
step (xRa) cm3STP/g)

AL4818-003 PR 1.4 1 7.99 0.10 1.24 12.10 0.07 0.0583 0.0009
2 8.09 0.17 2.63 12.17 0.07 0.0576 0.0008
3 8.04 0.17 3.3 12.23 0.07 0.0570 0.0007
4 8.06 0.12 18.2 11.94 0.06 0.0540 0.0008
5 7.74 0.12 131 12.25 0.07 0.0571 0.0009
7 8.15 0.17 2.08 12.22 0.07 0.0567 0.0009
8 7.94 0.10 1.19 12.10 0.07 0.0563 0.0008
9 8.04 0.08 3.57 12.17 0.07 0.0568 0.0009
10 8.30 0.20 22.6 12.25 0.07 0.0583 0.0010
11 8.00 0.18 8.4 11.06 0.05 0.0432 0.0004
12 7.70 0.17 5.91 12.18 0.07 0.0579 0.0007
13 8.15 0.18 9.63 12.26 0.07 0.0577 0.0007
14 8.08 0.17 1.24 11.80 0.07 0.0536 0.0011
15 8.34 0.16 11.4 12.16 0.07 0.0570 0.0008
16 8.02 0.34 15.6 11.13 0.06 0.0461 0.0008
17 7.93 0.15 12.0 12.20 0.07 0.0572 0.0007
18 8.06 0.20 2.64 12.18 0.07 0.0574 0.0007
19 8.17 0.23 2.05 12.22 0.07 0.0585 0.0009
20 8.16 0.19 4.85 11.84 0.06 0.0531 0.0006
21 8.24 0.18 3.96 12.17 0.07 0.0570 0.0007
22 8.10 0.17 2.21 12.25 0.07 0.0559 0.0008
23 8.26 0.23 8.16 12.21 0.07 0.0572 0.0006
24 7.97 0.20 6.96 12.11 0.07 0.0568 0.0006
25 8.02 0.22 4.93 12.06 0.07 0.0559 0.0006
26 7.96 0.23 7.47 12.14 0.07 0.0568 0.0007
27 7.98 0.21 5.11 12.17 0.07 0.0565 0.0007
28 8.32 0.20 2.05 12.18 0.07 0.0582 0.0010
29 7.99 0.19 4.42 12.24 0.07 0.0580 0.0007

AL4821-055 PR 1.94 1 8.01 0.20 2.42 12.29 0.07 0.0587 0.0009
2 7.82 0.13 12.4 11.71 0.07 0.0564 0.0006
3 7.83 0.14 6.66 11.74 0.06 0.0559 0.0007
4 7.98 0.33 8.98 12.24 0.07 0.0597 0.0010
5 7.93 0.17 1.47 12.19 0.07 0.0563 0.0008
7 7.77 0.13 7.77 11.64 0.06 0.0561 0.0007
8 8.28 0.17 1.62 11.96 0.07 0.0567 0.0009
9 7.86 0.14 17.6 12.02 0.07 0.0576 0.0007
10 8.05 0.16 8.98 11.93 0.07 0.0561 0.0008
11 8.16 0.15 3.20 12.04 0.07 0.0561 0.0007
12 8.13 0.18 3.63 12.07 0.07 0.0570 0.0008
13 8.03 0.13 4.72 11.84 0.06 0.0545 0.0006
14 8.03 0.16 3.3 12.10 0.07 0.0572 0.0007
15 8.35 0.19 1.63 12.17 0.07 0.0555 0.0009
16 7.90 0.18 2.03 12.09 0.07 0.0565 0.0009
17 8.03 0.17 211 12.09 0.07 0.0565 0.0010
18 8.08 0.16 3.88 11.93 0.07 0.0565 0.0008
19 7.95 0.14 1.99 12,11 0.07 0.0567 0.0009
20 7.92 0.17 2.42 12.12 0.07 0.0573 0.0009
21 8.56 0.28 1.88 12.04 0.07 0.0571 0.0012
22 8.34 0.27 0.83 12.10 0.07 0.0563 0.0012
23 8.30 0.27 2.05 12.08 0.07 0.0576 0.0008
24 8.13 0.25 5.03 11.79 0.07 0.0567 0.0006
25 8.20 0.26 3.37 12.00 0.07 0.0575 0.0006
26 8.12 0.28 1.73 12.11 0.07 0.0566 0.0007
27 8.23 0.28 1.28 12.05 0.07 0.0578 0.0010
28 8.14 0.25 0.91 12.17 0.07 0.0577 0.0008

AL4821-059 PR 1.40346 1 8.52 0.38 2.52 9.87 0.04 0.0292 0.0007
2 7.79 0.20 6.34 12.19 0.07 0.0566 0.0009
3 8.06 0.24 1.04 12.16 0.07 0.0565 0.0013
4 8.02 0.28 1.19 10.73 0.05 0.0402 0.0011
5 7.82 0.29 11.1 10.80 0.05 0.0400 0.0006
7 7.29 0.25 70.4 9.92 0.04 0.0301 0.0004
8 7.51 0.32 3.39 11.05 0.05 0.0433 0.0007
9 7.19 0.25 1.07 12.05 0.07 0.0555 0.0013
10 7.57 0.21 19.7 10.52 0.05 0.0361 0.0005
11 7.28 0.19 3.91 11.72 0.06 0.0520 0.0009
12 7.66 0.31 5.58 10.50 0.05 0.0365 0.0006
13 8.00 0.29 11.7 10.25 0.05 0.0343 0.0005
14 8.29 0.43 15.2 10.22 0.04 0.0328 0.0005
15 7.48 0.23 118 9.77 0.04 0.0290 0.0004
16 7.08 0.20 12.9 10.85 0.05 0.0407 0.0006
17 7.28 0.24 2.82 11.90 0.06 0.0546 0.0010
18 7.61 0.40 88.5 9.89 0.04 0.0298 0.0003
19 8.10 0.45 0.65 12.14 0.07 0.0563 0.0014

(continued on next page)
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Sample Type weight crushing 3He/*He 16 22Ne (x10°'2 2°Ne/?*Ne 16 2INe/**Ne 10
step (xRa) cm®STP/ g)
20 7.98 0.41 19.5 10.44 0.05 0.0352 0.0005
21 8.37 0.46 45.1 10.00 0.04 0.0304 0.0003
22 8.07 0.44 1.83 11.66 0.06 0.0515 0.0009
23 8.21 0.48 1.58 12.06 0.07 0.0538 0.0011
24 8.03 0.45 0.53 12.01 0.08 0.0573 0.0019
25 8.11 0.51 1.67 10.53 0.05 0.0369 0.0009
26 8.56 0.46 0.21 11.74 0.10 0.0523 0.0031

AL4820-037 PR 3.09191 1 7.92 0.10 4.91 10.87 0.05 0.0422 0.0006
2 7.84 0.19 2.01 10.65 0.05 0.0387 0.0005
3 7.93 0.10 12.3 10.26 0.05 0.0368 0.0005
4 7.78 0.08 5.91 11.41 0.06 0.0521 0.0007
5 8.22 0.17 0.79 12.13 0.07 0.0578 0.0010
7 7.87 0.11 6.73 11.06 0.05 0.0454 0.0006
8 7.98 0.10 6.80 10.99 0.05 0.0455 0.0006
9 8.17 0.12 3.20 11.32 0.06 0.0538 0.0008
10 8.22 0.12 33.4 9.78 0.04 0.0305 0.0004
11 7.69 0.11 3.18 11.29 0.06 0.0491 0.0006
12 7.97 0.11 2.27 11.97 0.07 0.0568 0.0008
13 7.86 0.12 11.2 10.43 0.05 0.0373 0.0004
14 8.10 0.13 4.22 10.23 0.05 0.0354 0.0004
15 8.14 0.18 4.93 10.23 0.05 0.0346 0.0004
16 7.97 0.13 1.70 12.16 0.07 0.0563 0.0007
17 8.04 0.14 5.58 10.73 0.05 0.0406 0.0005
18 7.95 0.15 1.68 12.16 0.07 0.0572 0.0008
19 7.91 0.10 4.4 11.07 0.05 0.0447 0.0005
20 8.12 0.11 1.64 12.15 0.07 0.0568 0.0007
21 8.12 0.18 2.28 11.23 0.06 0.0465 0.0006
22 7.93 0.11 2.01 12.08 0.07 0.0568 0.0006
23 8.12 0.13 1.96 12.00 0.06 0.0553 0.0007
24 8.32 0.14 3.70 10.84 0.05 0.0419 0.0005
25 7.98 0.12 3.29 12.04 0.07 0.0567 0.0008
26 8.29 0.17 7.01 10.25 0.05 0.0348 0.0004
27 8.05 0.12 3.22 11.01 0.05 0.0437 0.0005
28 8.23 0.11 1.63 12.17 0.07 0.0574 0.0008
29 8.05 0.11 1.56 12.15 0.07 0.0570 0.0009
30 8.19 0.16 4.79 10.47 0.05 0.0365 0.0004
31 8.36 0.21 1.15 12.02 0.07 0.0563 0.0009
32 8.01 0.12 3.15 11.17 0.06 0.0464 0.0005
33 8.19 0.12 2.58 11.37 0.06 0.0487 0.0007
34 8.03 0.11 1.93 11.98 0.06 0.0557 0.0008

ascent through the crust, which is potentially consistent with the slightly
lower maximum 2°Ne/??Ne of PR analyzed in this study compared to
other samples (Fig. 4a). Another possibility is that the continuum of
mantle source “°Ar/2°Ar—2°Ne/??Ne observed near 14°N (Fig. 4) pri-
marily reflects variable degrees of atmospheric contamination during
lava emplacement at the seafloor. Péron et al. (2019) however ruled out
this later scenario by pointing out a remarkable agreement between bulk
measurements and laser ablation data, and arguing that contamination
by atmospheric gas should not be pervasive enough to uniformly affect
the samples. If correct, this indeed suggests that subduction of
atmosphere-derived Ar (and potentially Ne) and/or assimilation of sea
water-bearing altered oceanic crust are the two most likely processes for
generating apparent mantle source heterogeneities along a mid-ocean
ridge, by variably reducing mantle *°Ar/3®Ar (and 2°Ne/?’Ne) (e.g.,
Sarda et al., 1999; Parai et al., 2012; Tucker et al., 2022; Holland and
Ballentine, 2006). We note however that noble gas analyses of individ-
ual popping rock vesicles by Burnard et al. (1997) showed a large
variability of *°Ar/®Ar, from ~4000 to ~40,000, suggesting that a large
fraction of °Ar released from popping rocks may actually originate from
surface-adsorbed atmospheric Ar, and implying that the mantle source
40Ar/30Ar is likely higher (>40,000, Burnard et al. (1997); but arguably
< 44,000, Moreira et al., 1998) than derived from step crushing ex-
periments (<25,000; Fig. 4a).

4.1.3. Occurrence of a recycled, sedimentary component

By analogy with He isotopes, N isotopes have the potential to
distinguish between convecting mantle and plume-derived mantle
source contributions. Historically, an isotopically heavy 8'°N has been
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defined for the deep mantle (typically ~ +3%o; Marty and Dauphas,
2003) and attributed to the introduction of subducted sediments (Car-
tigny and Marty, 2013; Barry and Hilton, 2016; Bekaert et al., 2021b),
which are enriched in !°N relative to the atmospheric composition (5'°N
= +3 to +7 %o; Peters et al., 1978; Kienast, 2000). Likewise, it has been
proposed that the §'°N of E-MORBs could be as high as +2 %o (e.g.,
Cartigny et al., 2001), i.e., much higher than the canonical upper mantle
(-5 £ 2 %o), due to the pervasive addition of recycled N with positive
51°N. However, Labidi (2022) recently provided an in-depth comparison
of '°N and N,/°He systematics in low (®He/*He < 8*R,) and high
(®He/*He > 8*Ra) 3He/*He mantle plume sources, demonstrating that
positive 8!°N signatures are likely restricted to low *He/*He sources
akin to that sampled by the Society plume (i.e., with conspicuous
geochemical evidence for recycled material contribution, including
detrital sediments; e.g., Chauvel et al., 1992). The average 8'°N signa-
ture of high 3He/*He sources may thus be intermediate between low
®He/*He plume sources and the 1°N-depleted convecting mantle (Labidi,
2022). The potential occurrence of *He/*He mantle plume sources with
positive 8!°N compositions has been suggested based on the analysis of
Icelandic volcanic glasses (with 515N up to +5.71 %o; Halldorsson et al.,
2016), but the low “°Ar/*®Ar of these samples suggests these signatures
may not represent a deep signature.

In any case, the observation of a homogeneous 5'°N (=—4.49 + 1.40
%o; Table 4) across the full range of MORB compositions (i.e., form N-
MORBSs to E-MORBs) implies that N isotopes are not sensitive to mantle
source heterogeneities at 14°N, and that there is no clear evidence for
the occurrence of recycled sedimentary N or plume-derived N in the
mantle source of MORBs near 14°N on the MAR. This conclusion appears
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Table 3
Step crushing He and Ne analyses of NPR samples analyzed in this study.
Sample Type weight crushing SHe/*He 1o 22Ne (x107'2 20Ne/??Ne 1o 2INe/?*>Ne 1¢
step (xRa) cm3STP/g)
AL4818-006 NPR 2.21 1 7.95 0.20 0.69 10.59 0.05 0.0373 0.0007
2 7.57 0.34 0.23 11.12 0.08 0.0475 0.0016
3 7.87 0.21 0.68 10.79 0.05 0.0403 0.0009
4 7.88 0.22 0.65 10.48 0.05 0.0369 0.0011
5 7.82 0.2 1.03 10.55 0.05 0.0376 0.0009
6 7.97 0.19 0.65 10.33 0.05 0.0336 0.0009
AL4819-029 NPR 3.21032 1 7.66 0.15 0.73 11.24 0.06 0.0452 0.0009
2 7.64 0.15 0.78 12.26 0.07 0.0558 0.0012
3 7.82 0.14 0.94 11.86 0.06 0.0513 0.0008
4 7.65 0.12 1.11 12.04 0.06 0.0542 0.0009
5 7.53 0.13 0.82 12.02 0.06 0.0533 0.0011
6 7.51 0.08 1.46 11.87 0.06 0.0529 0.0009
7 7.67 0.08 1.74 11.2 0.06 0.0446 0.0006
8 7.67 0.11 1.46 11.32 0.06 0.0461 0.0008
9 7.50 0.11 0.58 10.97 0.06 0.0421 0.0011
AL4820-045 NPR 2.45725 1 7.85 0.14 3.65 9.86 0.04 0.0300 0.0004
2 8.13 0.15 1.08 10.18 0.04 0.0331 0.0005
3 8.20 0.2 0.47 11.38 0.06 0.0479 0.0011
4 8.00 0.21 0.43 11.13 0.06 0.042 0.0008
5 8.04 0.15 1.88 11.45 0.06 0.0466 0.0005
6 8.25 0.17 4.18 10.07 0.04 0.0323 0.0004
7 8.13 0.14 0.14 12.23 0.08 0.0535 0.0015
8 8.26 0.21 1.68 10.49 0.05 0.0353 0.0004
AL4824-104 NPR 1.1409 1 7.62 0.12 0.67 11.03 0.07 0.0431 0.0019
2 7.56 0.18 1.33 11.37 0.06 0.0478 0.0013
3 7.60 0.22 2.58 10.69 0.05 0.0394 0.0012
4 7.56 0.16 1.94 10.99 0.06 0.042 0.0009
5 7.45 0.25 1.54 11.24 0.06 0.0447 0.0013
6 7.59 0.24 9.45 10.32 0.05 0.0336 0.0005
7 7.51 0.14 1.67 10.6 0.05 0.0366 0.0009
8 7.81 0.16 1.56 10.38 0.05 0.0349 0.0012
AL4959-406 NPR* 2.14152 1 7.20 0.18 0.61 12.42 0.07 0.0569 0.0012
2 7.03 0.19 7.12 9.92 0.04 0.0305 0.0004
3 7.11 0.16 0.95 12.21 0.07 0.0544 0.0010
4 7.20 0.19 0.67 11.7 0.06 0.0485 0.0013
5 7.22 0.19 1.35 12.25 0.07 0.0551 0.0008
6 7.20 0.24 0.32 12.2 0.08 0.0527 0.0010
7 7.31 0.27 1.45 11.82 0.06 0.0503 0.0007
8 7.21 0.18 0.94 11.82 0.06 0.05 0.0006
9 7.09 0.2 0.46 11.7 0.07 0.0458 0.0010
Table 4
Step crushing He and Ne analyses of OCC samples analyzed in this study.
Sample Classification weight crushing 3He/*He 1¢ 22Ne ()(10'12 20Ne/?2Ne 16 21Ne/?2Ne 10
step (xRa) cm®STP/g)
AL4822-064 ocCC 1.19782 1 7.00 0.16 1.48 12.48 0.07 0.0569 0.0013
2 6.63 0.17 1.20 12.43 0.07 0.0573 0.0012
3 6.77 0.11 0.47 12.25 0.08 0.0467 0.0045
4 6.77 0.13 0.57 12.12 0.08 0.0559 0.0017
5 6.79 0.19 22.6 9.90 0.04 0.0295 0.0004
AL4822-065 0ocCcC 0.9391 1 6.74 0.13 37.1 9.86 0.04 0.0298 0.0004
2 6.97 0.14 0.70 12.28 0.08 0.0563 0.0014
3 6.82 0.18 1.76 12.34 0.07 0.0565 0.0015
4 6.91 0.12 0.62 12.35 0.09 0.0550 0.0029
5 6.80 0.14 0.53 12.29 0.09 0.0533 0.0020
6 6.56 0.13 0.03 11.54 0.93 0.0557 0.0145

also consistent with AZ7Pb/2%4Pb— A 298pb,/20ph systematics, which
tracks the distribution of recycled sediments across the mantle (Hart,
1984; Jackson et al., 2007) (Fig. 5). The A Pb isotope systematics of
MORB samples from 14°N on the MAR displays no evidence for a
contribution of marine sedimentary material in the corresponding
mantle sources (Fig. 5). At first order, MORB samples at 14°N on the
MAR define a broad trend from DMM values towards a low A
207pb/204ph end-member (that still remains in the range of previously
analyzed MORBSs). Because only “young HIMU” samples (HIMU = “high-
p”, whereby p = 238U/2%4pb; Zindler and Hart, 1986) are known to
consistently harbor negative A 207Pb/2%*Pb values (e.g., Thirlwall,

1997), there is a potential for OCC samples with low A 297Pb/2%4pp
values to reflect a slight addition of a young HIMU-type flavor. The exact
nature of the additional mantle component found in OCC samples
however remains uncertain.

4.1.4. Occurrence of a recycled, crustal (“young” HIMU-type) component
in OCC samples?

OCC samples (classified as N-MORBs according to their trace and
major element ratios; Bekaert et al., Part A) have more radiogenic Pb
and Nd isotope compositions than PR-affiliated samples (which are
classified as E-MORBs). Typically, N-MORBs are characterized by (La/
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Table 5
Step crushing He and Ne analyses of PRTE-LV samples analyzed in this study.
Sample Classification weight crushing SHe/*He 16 22Ne (x107'2 2'Ne/??Ne 10 2INe/??Ne 10
step (xRa) cmssTP/g)
AL4818-002 PRTE-LV 1.37599 1 7.90 0.17 0.98 11.26 0.06 0.0452 0.0008
2 8.00 0.17 1.24 12.32 0.07 0.0569 0.0007
3 8.23 0.21 1.04 12.28 0.07 0.0572 0.0010
4 8.04 0.19 0.73 12.14 0.07 0.0563 0.0011
AL4820-043 PRTE-LV 0.96187 1 8.31 0.13 1.63 11.53 0.07 0.0490 0.0009
2 8.33 0.26 17.8 10.09 0.04 0.0319 0.0003
3 7.83 0.25 29.3 9.87 0.04 0.0295 0.0003
4 7.69 0.25 16.2 9.73 0.04 0.0291 0.0003
5 8.27 0.20 5.70 12.66 0.07 0.0596 0.0007
7 8.27 0.14 6.38 12.56 0.07 0.0594 0.0006
8 8.13 0.20 4.81 12.45 0.07 0.0587 0.0007
9 8.40 0.20 6.60 12.54 0.07 0.0591 0.0007
10 8.18 0.22 45.0 9.55 0.04 0.0316 0.0004
11 8.05 0.19 13.6 11.12 0.05 0.0411 0.0005
12 8.10 0.24 3.66 12.54 0.07 0.0585 0.0008
13 8.09 0.24 8.06 11.38 0.06 0.0462 0.0006
14 8.23 0.21 4.04 12.20 0.07 0.0554 0.0006
15 8.03 0.25 2.80 12.48 0.07 0.0588 0.0010
16 8.04 0.24 2.28 12.52 0.07 0.0586 0.0009
17 8.44 0.23 11.7 10.75 0.05 0.0392 0.0005
18 8.15 0.23 2.54 12.48 0.07 0.0589 0.0010
19 8.06 0.25 1.74 12.52 0.07 0.0602 0.0011
Table 6 Sm). < 1, K30/TiOy < 0.11 (Fig. 6) and isotopic compositions
able

Summary of helium isotope and concentration data for MORB samples analyzed
in this study, by combined (single step) crushing and melting of the remaining
powder.

Sample Classification  >He/*He Error Bulk “He  “He fraction
(R/Ra) (106) (ccSTP/ released
g) upon
crushing

AL4818- PR 8.22 0.11 6.77x10° 99 %
003 05

AL4821- PR 8.25 0.11 3.38x10° 97 %
055 05

AL4821- PR 8.02 0.10  4.47x10° 98 %
058 05

AL4821- PR 7.67 010  6.77x10° 99 %
059 05

AL4820- PR 8.07 0.10 2.67x10° 97 %
037 05

AL4818- NPR 7.66 0.10 3.56x10° 63 %
006 06

AL4819- NPR 7.77 0.11 1.22x10° 85 %
029 05

AL4820- NPR 7.43 0.09 1.35x10° 3%
032 06

AL4820- NPR 7.69 0.11 1.22x10° 48 %
045 05

AL4824- NPR 7.65 0.10 8.68x10° 92 %
104 06

AL4959- NPR 7.18 0.08 2.15x10° -
406* 06

AL4822- occe 6.64 0.09 5.64x10° 83 %
064 06

AL4822- occe 6.84 0.08 1.11x10° 83 %
065 05

AL4818- PRTE-LV 8.16 0.11 8.03x10° 69 %
001 06

AL4818- PRTE-LV 7.77 010  4.77x10° 55 %
002 06

AL4820- PRTE-LV 8.25 0.10 3.48x10° 95 %
040 05

AL4820- PRTE-LV 8.10 0.12 3.63x10° 96 %
041 05

replicate - - - - -

AL4820- PRTE-LV 8.04 0.12 4.58x10° 97 %
043 05

AL4821- PRTE-LV 8.45 0.10  4.97x10° 41 %
049 06

reflecting long-term depletion in the more incompatible elements (i.e.,
high 143Nd/144Nd, low87Sr/865r, low?%Pb,/294pD). Conversely, E-
MORBs are enriched in the incompatible elements (e.g., (La/Sm)cn, >
1.7, K20/TiO4 > 0.2; Fig. 6) as a result of a low degree partial melting
and/or geochemical enrichment of the mantle source. Their isotope
ratios also suggest less long-term depletion of the most incompatible
element (e.g., low!**Nd/'**Nd, high®sr/%0sr, high?*Pb/2°*Pb)
compared to N-MORBS (Fig. 2). If the mantle sources of PR-affiliated
and OCC samples were to be compositionally identical, then the low
(La/Sm)¢,, and K30/TiO2 of OCC samples ((La/Sm)q,, < 0.7) could
indicate a higher degree of partial melting compared to PR-affiliated
samples ((La/Sm).,, > 1.8; Fig. 6). However, conspicuous evidence for
the existence of geochemical heterogeneities near 14°N on the MAR (e.
g., as seen through the Pb, Sr, and Nd isotope variations; Figs. 2-3)
suggest that (La/Sm)ch, and KoO/TiO variations may primarily reflect
local mantle source geochemical variations rather than variable degrees
of partial melting. Further support for mantle heterogeneities near 14°N
on the MAR is found in the high Dy/Yb of OCC samples relative to other
MORB samples (Fig. 6), suggesting the presence of garnet (which retains
the heavy REE in preference to middle and light REE during mantle
melting at depth (garnet stability field)) in the source of the OCC
samples.

Taken together with the lower >He/*He of the mantle source of OCC
samples compared to other MORBs at 14°N on the MAR, the geochem-
ical characteristics of OCC samples (e.g., low A 2°7Pb/204p 143Nd,/1*4Nd
and ®7Sr/%%sr) are potentially consistent with a slight addition of a
(“young”) HIMU-type “flavor”, widely thought to originate from oceanic
crust recycling (Chauvel et al., 1992). HIMU-type MORBs are indeed
considered to have lower radiogenic noble gas isotopic ratios than
typical MORBs, with mantle source >He/*He ~ 4.5 Ra and *°Ar/%°Ar
about 18,100 + 600 (Hanyu and Kaneoka, 1997; Barfod et al., 1999;
Moreira and Kurz, 2001; Day and Hilton, 2011; Hanyu et al., 2011;
Tucker et al., 2012). Interestingly, the nitrogen isotope composition of
the “recycled oceanic crust” component is poorly constrained and highly
variable (e.g., Li et al., 2007; Busigny et al., 2019), although the analysis
of alpine ophiolites also suggests slightly positive §!°N around 2.8 + 1.2
%o (106) (Busigny et al., 2011). A contribution from a I5N-rich component
in OCC samples is thus not evident from our N isotope measurements
(Table 4).
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Fig. 2. Radiogenic isotope variations in MORB samples analyzed in this
study. End-member compositions from Hofmann (2007) do not include

extreme EM2 samples reported by Jackson et al. (2007). The grey areas
represent the contours of the available data (Hofmann, 2007) that were
assembled from the GEOROC database. Panel (b) shows a zoomed-in view of
the data presented in this study in Nd versus Sr isotope space, emphasizing the
distinct composition of OCCs relative to PR-affiliated samples.

4.2. Origin of C and N within the convecting mantle

4.2.1. Mantle source C/°He, C/N, and N/>He variations

MORB samples analyzed in this study exhibit highly variable C/N (in
the range 125-4580), spanning the entire range from N-MORB-like (i.e.,
273 + 106) to E-MORB-like (i.e., 1839 + 641) values (Marty et al.,
2020) (Fig. 7, Fig. 9, Bekaert et al., Part A). Importantly, and regardless
of the assumed “He/*°Ar* production ratio (scenario A or B; Bekaert
et al., Part A), we confirm previous findings by (Marty, 2012) (Marty
et al., 2020) that the C/N of the MORB mantle is markedly higher (>90)
than that of the surface reservoir (C/N = 21 + 6; Bergin et al., 2015;
Hirschmann, 2018). This finding is important, as the C/N of the bulk
silicate Earth remains a subject of ongoing debate, with estimates
ranging from 61 + 23 (where mantle carbon concentrations are ob-
tained from calibration to Ba (Bergin et al., 2015)) up to 365 + 233
(from the analysis of CO2 and N3 in MORBs and oceanic island basalts;
Marty and Zimmermann, 1999; Marty and Dauphas, 2003; Marty,
2012). The heterogeneous nature and higher C/N of the MORB mantle
relative to that of the surface inventory has notably been proposed to

187

Geochimica et Cosmochimica Acta 369 (2024) 179-195

O PR APRTE-LV O NPR  OCC

0ocC o A
il,f_}_g}
o 89.0-
o g R
5
o ]
§ |
38.5-
{1 PR-affiliated ”
] "
0.51310 76 piy,
) e :
F 0.51305- S
3 ' .
] o)
¥ 051300 o
[ o
0.51295 o/
o C
0.7028 -
ez
{h r
5 .
0.7026 - o)
65 70 75 80 85
3Her*He (R/Rp)

Fig. 3. Co-variations of radiogenic (Table 1) and He (Tables 2-6) isotope
data in MORB samples near 14°N on the MAR. Co-variations between He
isotope and radiogenic isotope data across the (n = 19) MORB samples analyzed
in this study suggest that He isotope variations near 14°N reflect mantle source
heterogeneities. The two dashed circles represent the two compositional end-
members corresponding to OCC and popping rock-affiliated (PR-affiliated)
samples. NPR samples have intermediate compositions between these
two endmembers.

reflect the preferential subduction of C compared to N (Marty and
Zimmermann, 1999). Considering the analysis of COg-rich gases
worldwide for which a mantle origin has been determined using noble
gas isotopes, Marty et al. (2020) confirmed that the mantle consistently
exhibits high C/N relative to the surface inventory, pointing towards a
unique volatile composition when compared to potential cosmochem-
ical accretionary endmembers. These authors thus proposed an alter-
native possibility for explaining the high C/N of the BSE, suggesting it
could have been inherited from evolved planetary precursors depleted in
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Fig. 4. He-Ne-Ar isotope variations during stepwise crushing of MORB samples analyzed in this study. (a) The “°Ar/3°Ar composition of the mantle source (i.
e, at 20Ne/?’Ne~12.6) of OCC samples appears intermediate between the mantle source compositions of PR (~16,000) and PRTE-LV (~27,000) (Péron et al., 2019).
Broad regions indicative of mantle source compositions for OCC (purple), NPR (blue), PR (green) and PRTE-LV (red) samples are reported as colored areas on panel b.
As suggested by Parai and Mukhopadhyay (2021), a significant fraction of the scatter in the data likely reflects contribution from multiple atmospheric contaminants
with varying 3®Ar/??Ne ratios. Bounds on mixing hyperbolae between atmosphere (ATM) and mantle source (Mantle) components from Parai and Mukhopadhyay
(2021) are shown for reference (r = (36Ar/22Ne)manﬁe/ (36Ar/22Ne)air, also referred to as the curvature parameter). (b) Whereas PR and PRTE-LV samples define two
distinct mantle source “°Ar/3°Ar, they share a common mantle source SHe/*He at ~ 8.2 Ry. *°Ar/3°Ar and ®He/*He mantle source variations for PR, PRTE-LV, OCC
and NPR samples appear to be decoupled, suggesting that mantle source “°Ar/3°Ar variations have a distinct origin from mantle source *He/*He variations. The
historical PR sample 21D43 exhibits a mantle source *°Ar/3°Ar that is markedly higher than other PR samples (i.e., ~25,000 (Moreira et al., 1998), here shown using
data from Parai and Mukhopadhyay (2021)) but indistinguishable from PRTE-LV samples (Péron et al., 2019), indicating that the mantle source *“°Ar/*¢Ar
composition is not representative of a given MORB type. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

formation (Marty, 2012; Roskosz et al., 2013). More experimental work

{1 @ PR . is however needed to investigate the role of pressure and bulk chemical

b A PRTE-LV g Q" composition on the metal-silicate partitioning of N compared to C

10 =1 (7] $ (Dalou et al., 2017; Grewal et al., 2020). In this framework, and given

] O NPR the multiplicity of processes that could have contributed to increasing

a . <> OocC the C/N of mantle reservoirs, the relative efficiencies of C and N recy-
o 1 EM‘ cling remain open to debate (Bekaert et al., 2021D).

<Or 54 nd After correction for solubility-controlled fractionation (assuming a

L 4 DMM “He/*Ar* production ratio = 1; Bekaert et al., Part A), we find that

8 4 * C/3He4/40 and C/Ng4,49 ratios at 14°N on the MAR generally do not

~ . correlate with the degree of geochemical enrichment, with the potential

8 O | exception of NPR samples (coefficients of determination for C/3He4/40

<] ] 4@ and C/Ny/49 versus KoO/TiOy are 0.50 and 0.94, respectively; Fig. 7).

- W O Correcting the C/°He values for solubility-controlled fractionation

. & assuming a *He/*Ar* mantle production ratio of 3 would only

-5 - marginally affect this result (Fig. 9 in Bekaert et al., Part A), yielding

] average C/°Hey 49 of (2.81 + 0.46) x 10°, (2.18 = 0.19) x 10°, (2.09 +

—TTTTT —r—TTTTTT 0.29) x 109, and (2.99 + 0.41) x 10° for PR, PRTE-LV, OCC and NPR

-50 0 50 samples, respectively. These data therefore suggest limited (if any) dif-

208 204 ference between the C/°He ratios of N-MORB and E-MORB mantle

JA Pb/ Pb sources near 14°N, with an average pre-degassing MORB C/°He of (2.65

Fig. 5. APb isotope compositions of MORB samples analyzed in this study, + 0.51) x 10°. This estimate is indistinguishable from the previously
indicating the clear absence of a significant contribution from recycled proposed average C /3He 4/40 of all MORB types ((2.2 + 0.6) x 10°%
marine sediments in the corresponding mantle source(s). APb corresponds Marty and Zimmermann, 1999), and slightly higher than the average
to the delta deviation from the Northern Hemisphere Regression Line of Hart pre-degassing MORB C/%He ratio of (1.67 + 0.21) x 10° proposed by

(1984). Figure adapted from Jackson et al. (2007), using MORB data from X . . ] . 3
Stracke (2012) for comparison. Pb isotope data for mantle endmembers DMM, Tucker etal. (2018). Considering a pre-degassing MORB C/"He of (2.65

EM1 (Pitcairn), EM2 (Society,Samoa), and HIMU (Mangaia and Tubuai) are + 0.51) x 109’ a 3He flux of 800 mol /year, a degree of mantle partial

ack al. (2 . . . .
reproduced from Jackson et al. (2007) melting of 12 %, and a magma generation rate at ridges of 20 km®/yr (e.

g., Marty, 2012; Bekaert et al., 2021b) yields an upper mantle C flux

volatile and moderately volatile elements, rather than the result of from ridges of (2.12 + 0.41) x 10'2 mol/yr. This value is consistent with

terrestrial differentiation and evolution. A third possibility is that the
high C/N ratios across the solid Earth could also - at least partially -
result from the preferential sequestration of N in planetary cores
compared to C during planetesimal differentiation and/or Earth’s core

previous estimates of 1.327577 x 102 mol/yr and 2.3"27 x 10'? from
Le Voyer et al. (2019) and Cartigny et al. (2008) and a homogeneous
MORB mantle C concentration of 50 + 10 ppm, indistinguishable from
previous estimate of Marty (2012). The absence of significant difference
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in the C concentration of N-MORBs and E-MORBs near 14°N appears at
odds with the proposal of a systematic difference between these two
end-members (i.e., 30 + 10 ppm C and 140 + 30 ppm C for N-MORB and
E-MORB, respectively (Marty, 2012)). This suggests that “E-MORB” may
not be a unique mantle end-member, and that the multiplicity of mantle
sources and processes contributing to MORB generation at 14° N on the
MAR may produce a geochemical enrichment that is specific to this
location.

The absence of a clear correlation between C/Ny4, 40 — C/3He4 /40 Ta-
tios and the degree of MORB enrichment (Fig. 7) suggests that the
geochemical enrichment carried out by PR-related samples near 14°N on
the MAR is not associated with recycling of a C-rich component with a
high C/N, as was suggested for other MORB samples worldwide (Marty
and Zimmermann, 1999). The good correlation between C/Ng4,49 and
K20/TiOy (R? = 0.94, Fig. 7c) for NPR samples however appears
compatible with the proposal of a geochemical enrichment associated
with recycling of a C-rich component (Marty and Zimmermann, 1999),
implying that the geochemical enrichment observed for some NPR
samples may have a distinct origin from that of PR-related samples. This
could notably indicate that several processes and/or sources are
contributing to the geochemical enrichments at 14°N on the MAR.

These results do not preclude the possibility that at least a portion of
the C within the upper mantle originates from recycling. As recently
pointed out by Graham and Michael (2021), the common C/°He ratio of
2 x 10° generally ascribed to the upper mantle source for MORBs may
actually reflect the pervasive and homogeneous overprinting of mantle
carbon by a recycled, carbon-rich component. Assuming that the base-
line G/3He ratio of the upper mantle is on the order of 3 x 108 or less
(Graham and Michael, 2021), this could imply that most of the C in
Earth’s upper mantle actually originates from recycling. Also note that
extrapolation of regional observations (e.g., near 14°N on the MAR) to
the global upper mantle is highly uncertain as local mantle source het-
erogeneities exist and can be seen through the lens of other geochemical
proxies (section 4.1.5.). Thus, the absence of carbon enrichment in the
mantle source near 14°N does not exclude the possibility for high C/*He
in other regions to represent more prominent inputs of recycled C.

Combining C/3He with C/N systematics, we derive estimates for the
Ny/3He of the samples analyzed in this study. We observe an inverse
correlation between No/>He and *He/*°Ar*, in line with expectations for
fractional degassing. Correcting the No/®He using a mantle *He/*°Ar*
production ratio of 3 or 1 (scenarios A and B from Bekaert et al., Part A,

geochemical enrichment
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Fig. 7. C/N-*He/*°Ar* systematics of MORB samples analyzed in this study. C/Ny 40 values, computed by assuming a “He/*°Ar* mantle production ratio of 3
(Fig. 9; Bekaert et al., Part A), are represented as small symbols. We find that the C/N4,4¢ values of NPR are generally higher than NPR, with C/N4,4¢ values of PRTE-
LV and OCC samples being intermediate between these two end-members. E-MORB and N-MORB C/N ranges from Marty et al. (2020) are shown for comparison. We
observe no clear correlation between the C/*Hey,40 (b) and C/N4 40 (c) of MORB samples analyzed in this study and their degrees of geochemical enrichment
represented by the K,0/TiO,, with the potential exception of NPR samples (dashed lines with coefficients of determination of 0.50 and 0.94 for C/*Hey,40 (b) and C/

Ny4,40 (c) versus K;0/TiO,, respectively).
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respectively) reduces the discrepancies observed across Ny/°He of
MORB samples analyzed in this study, suggesting that a significant
fraction of the observed variability arises from solubility controlled
fractionation. In line with C/3He4/40 and C/Ny,49 systematics (Fig. 7),
we find that Ny/3He, /40 variations at 14°N on the MAR generally do not
correlate with the degree of geochemical enrichment, with again the
potential exception of NPR samples (coefficients of determination for
N2/3He4/40 versus KoO/TiOy of 0.88; Fig. 8b,c). In agreement with
Marty and Zimmermann (1999), we find that the correlation between
Na/3Hey 40 and K20/TiO, for NPR samples may even be slightly nega-
tive. One PR sample (AL4818-003) exhibits a N2/3He4/40 that is mark-
edly higher than any other sample analyzed in this study. Excluding this
sample yields an average N2/3He of (5.5 + 3.8)x10°% and (1.1 + 0.8)
x107, for mantle *He/*°Ar* production ratios of 3 and 1, respectively.
These estimates are slightly higher than (but within error of) previous
estimates for the Ny/2He of the convecting mantle from all types of
MORBs worldwide ((4.37 + 1.64)x106, Marty and Zimmermann, 1999;
(3.7 £ 1.2)X106, Labidi (2022)). This apparent homogeneity of both
Ny/3He and 8'°N across mantle source reservoirs with variable degrees
of geochemical enrichment has been considered as precluding signifi-
cant contribution of subduction-derived N to the overall budget of N
within the Earth’s mantle (Labidi, 2022). If correct, this would imply
that the homogeneous Ny/°He and 8'°N of the convecting mantle
represent primordial signatures, predating the onset of subduction
(Labidi, 2022).

4.2.2. How to explain the N isotope homogeneity of the upper mantle?
The average 5'°N value of —4.49 + 1.40 %o at 14°N (Fig. 9) appears
consistent with previously published nitrogen isotope data for popping
rocks (Javoy and Pineau, 1991; Labidi et al., 2020) and other upper
mantle-derived samples (e.g., diamonds; Cartigny and Marty (2013)),
but inconsistent with the proposal of a positive (~ 42 %o) 5'°N value for
the E-MORB end-member (Marty and Humbert, 1997; Marty and Zim-
mermann, 1999; Sano et al., 1998; Nishio et al., 1999; Cartigny et al.,
2001). The striking 5'°N homogeneity of MORB samples with highly
variable K20/TiO; indicates the processes and/or sources contributing
to the geochemical enrichments at 14°N on the MAR did not modify
their N isotope compositions. High K2O/TiO lavas worldwide appear to
be associated with a diverse range of incompatible element signatures
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Fig. 9. Homogeneity of the N isotope composition of the upper mantle.
MORB and diamond data are from this study and the compilation by Cartigny
and Marty (2013), respectively. The range of N isotope compositions of —2%o to
0 %o for high *He/*He Oceanic Island Basalts (OIBs) is taken from Labidi
(2022). As per this study, lavas from the Society plume with low *He/*He ratios
may be representative of an enriched mantle source, with elevated 515N > +0.5
%o (Labidi, 2022). Such positive 8!°N are interpreted as reflecting the addition
of sedimentary material with high 51N (e.g., Busigny et al., 2011) to a primi-
tive mantle. Whether or not high *He/*He sources may also exhibit positive
5'°N remains a matter of debate, which we illustrate by extending the potential
range of OIB 8'°N with a shaded area reaching up to +2 %o.

(e.g., Bach et al., 1994; Dosso et al., 1999; Le Roex et al., 1989; Le Roux
etal., 2002; Bougault et al., 1988), requiring variable contributions from
surface-derived, recycled components. Likewise, the occurrence of
mantle source *°Ar/3CAr heterogeneities but homogeneous N isotope
compositions further suggests that Ar and N are likely decoupled during
subduction, with the main carrier phase of subducted Ar most likely
being vacancies in the structure of serpentinites (e.g., Kendrick et al.,
2011). The striking 8'°N homogeneity of MORB samples with variable
K0/TiO, and mantle source “°Ar/6Ar thus appears at odds with the
fact that subduction delivers sediment, altered oceanic crust, and
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Fig. 8. Ny/°He-*He/*°Ar* systematics of MORB samples analyzed in this study. End-member N,/*He compositions for cratonic gas, Eifel (Germany), and other
mantle gas source compositions are from Labidi et al. (2020) and references therein. The NPR sample with a PR-like N,/>He corresponds to NPR AL4959-406 which,
despite its low vesicularity, plots within the range of popping rocks in “He/*°Ar* vs. “°Ar* space (Bekaert et al., Part A). No/>Hey, 40 values, computed by assuming a
“He/*°Ar* mantle production ratio of 3 (b) or 1 (c), generally do not correlate with the degree of geochemical enrichment, with the potential exception of NPR
samples (dashed lines with coefficients of determination of 0.88).
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hydrated ultramafic rocks with generally positive 5'°N values arising
from organic/sedimentary processes at Earth’s surface (Busigny et al.,
2005a; Busigny et al., 2005b; Li et al., 2007; Halama and Bebout, 2021,
and references therein).

4.2.2.1. Bulk 5'°N of downgoing slabs?. While the average 8'°N of
downgoing slabs is often considered to be ~ +6%o, reflecting dominance
of sedimentary N sources, it is conceivable that the true representative
slab 8'°N value may be closer to the canonical mantle value (~—5%o) if
altered oceanic crust (rather than sediments) were to dominate the bulk
N budget of typical slabs. Indeed, sediments make up only a small part of
subducting plates (Plank and Langmuir, 1998; Straub and Layne, 2003;
Barnes and Straub, 2010; John et al., 2011; Bekaert et al., 2021b), and it
has been suggested that the nitrogen flux from subducting altered
oceanic crust may actually be the dominant flux of subducting nitrogen
in many regions of the globe, including the Marianas (Li et al., 2007;
Mitchell et al., 2010) and New Zealand (Epstein et al., 2021). Impor-
tantly, N is introduced into the altered oceanic crust through the uptake
of ammonium ions in secondary clay minerals and can be isotopically
heavy (416 %o) or light (—12 %o) depending if the alteration takes place
at low or high temperatures, respectively (e.g., (Li et al., 2019)). Pre-
vious analyses of nitrogen in subducted altered oceanic crust or litho-
sphere have thus found large ranges of §!°N variations (e.g., —11.6 to
+8.3 %o (Li et al., 2007); —3.8 to 5.8 %o (Busigny et al., 2005b); —0.9 to
+7.3 %o (Busigny et al., 2019)). Given the wide range of 5!°N signatures
measured within subducting lithologies, it is difficult to determine a
representative 5'°N for bulk subducting slabs. This may be especially
true for recycled material in the mantle depending on the variable
amount of nitrogen that may be retained according to the slab-specific
thermal structure of any subduction zone (Mallik et al., 2018; Jackson
et al., 2021) and fractionations between solid phases retained in the slab
and nitrogen released in fluids (Bebout and Fogel, 1992). Thus, one
cannot rule out the possibility that the §'°N of slab-derived N input to
the mantle is lighter than typical sedimentary N (and therefore closer to
measured 5!°N in this and other MORB studies). Interestingly, the ho-
mogeneous 5'°N composition is consistent with the homogeneous light
noble gas (He and Ne) isotope composition of the upper mantle, his-
torically used as evidence for a well-mixed reservoir, potentially indi-
cating that volatile elements (including N) are efficiently and rapidly
mixed within the upper mantle, compared to non-volatile elements. To
have the average 8'°N of bulk subducting slabs matching “by chance”
the primitive composition of the upper mantle however remains un-
likely, and would invariably violate independent constraints from the
constant No/°He across MORB samples with variable K/Ti ratios (e.g.,
Labidi (2022)).

4.2.2.2. Chemical barriers to N subduction. Bulk N content and 8'°N
compositions of subducting slabs are likely to be modified in a number of
chemical ways during subduction. During progressive metamorphism at
temperatures of ~350-550 °C (depending on pressure), devolatilization
can release significant fractions of the N initially fixed in crustal rocks
through organic diagenesis (Bebout et al., 2016). Challenges associated
with the deconvolution of recycled and air-derived N in volcanic systems
(including volcanic arcs) worldwide prevent setting unambiguous con-
straints on the efficiency of N recycling at subduction zones (e.g.,
Bekaert et al., 2023). Thus, the possibility that most of the N that is
initially subducted is destabilized and quantitatively returned to the
Earth’s surface by degassing at the volcanic arcs cannot be discarded
(Labidi and Young, 2022). Although the partitioning and overall
behavior of N in slab mineral assemblages remains poorly constrained, N
loss during slab dehydration could be particularly efficient along warm
and oxidized subduction geotherms (Jackson et al., 2021), thereby
limiting the ingassing efficiency of nitrogen to the mantle. Slab dehy-
dration along reduced and cooler geotherms may only extract moderate
amounts of nitrogen, resulting in greater ingassing efficiency of nitrogen
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to the deep (compared to the upper) mantle (Jackson et al., 2021). The
coupling between N and other geochemical proxies for sediment input in
the mantle may therefore greatly vary depending on the temperature
and fO, conditions of a given subduction zone.

It is also worth noting that the stability of subducted N-bearing
phases in the lower vs. upper mantle may also differ due to contrasting P,
T, and fO, conditions. While N is transported to the mantle via cold slabs
through NHy4 inherited from sedimentary material, and stored at high-
pressure in K-bearing minerals (Halama et al., 2010; Busigny and Beb-
out, 2013; Cartigny and Marty, 2013), N output from the mantle hap-
pens through degassing of Ny (Watenphul et al., 2010). The speciation
(and therefore behavior) of subducting organic-sedimentary N is
determined by a combination of temperature, pressure, oxygen fugacity,
chemical activity, and pH, which may differ between the upper and
lower mantle. Although fO, is the controlling factor that determines if N
is molecular (N3) or ammonic (NHZ and NHj3), pH designates if ammonic
nitrogen is NHJ or NH3 (Mikhail et al., 2017). The poor retention of
subducted sedimentary N in the upper (compared to the lower) mantle
may be due to the enhanced oxidation of NH,4 into molecular nitrogen,
which is prone to loss by degassing (Watenphul et al., 2010). Conversely,
the poor retention of primordial N in a given mantle reservoir could
make it more prone to overprinting by subduction-derived N. The loss/
preservation of primordial versus recycled N-bearing components may
ultimately control the N isotope composition of the mantle and explain
the striking homogeneity of N isotopes across the upper mantle (Fig. 9).
The role of organic matter (stable at great depths) in delivering organic-
sedimentary N to deeper mantle domains remains a promising avenue of
investigation (e.g., Sadofsky and Bebout, 2004; Karleskind et al., 2011).

4.2.2.3. Physical barriers to subduction of N-rich sediments. Physical
processes may prevent subducting N from reaching mantle depths.
Sedimentary layers covering downgoing slabs may either be carried
down to depth along the slab interface with the overriding plate, or
eroded from top of the downgoing plate and appended to the accre-
tionary wedge. The ultimate effect of sediments on subduction dynamics
(and the retroactive effect of subduction dynamics on the extent of
sediment accumulation within accretionary margins) is not straightfor-
ward (Behr and Becker, 2018; Brizzi et al., 2021). Nonetheless, the
thickness and viscosity of subducting sediments may control the extent
of frictional coupling between the plates (also known as the “lubricating
effect”): higher viscous coupling favors an erosive style of margin (tec-
tonic removal of crustal material from the overriding plate by subduc-
tion erosion), whereas reduced viscous coupling promotes accretionary
wedge generation (substantial accretion of subducting plate material to
the forearc owing to frontal accretion and/or underplating; Straub et al.,
2020; Pusok et al., 2021). Given that the geometry of the wedge controls
the bending of the slab and the radius of the curvature, it likely also
determines how recycled components are introduced into the upper/
lower mantle. Although tectonic erosion margins subduct a higher
percentage of sediments than accretionary margins (e.g., Clift, 2017),
they are typically associated with a reduced sediment cover, such that
accretionary margins may ultimately subduct larger volumes of sedi-
ments (Pusok et al., 2021). We speculate that a relationship may exist
between the slab dip angle/radius of curvature, the sediment flux to
depths below the lithosphere, and the fate of subducted material (to the
upper/lower mantle). Subduction dynamics may regulate the amount of
sediments that are recycled into the mantle, and whether the absence of
recycled sedimentary N in the upper mantle could be explained by the
fact that shallow dip angle slabs (preferentially introduced into the
upper mantle) are subject to greater sediment removal than steeply
dipping slabs (preferentially introduced into the deep mantle). This
could potentially contribute to explaining why positive §'°N associated
with sedimentary N are preferentially observed in the deep (and not the
upper) mantle (Marty and Dauphas, 2003; Barry and Hilton, 2016;
Bekaert et al., 2021b).



D.V. Bekaert et al.

Most conceptual models assume that sediments are — at least partially
— transported to depth with the subducting plate. However, numerical
and analog modeling studies indicate that buoyant material, including
sediments, may separate from the subducting plate at shallow depths (e.
g., Gerya and Yuen, 2003; Boutelier et al., 2004). Owing to their low
density relative to the mantle, sediments are expected to detach from the
subducting plate at ~100 km depth, for a wide range of sediment den-
sities and rheologies (Currie et al., 2007). Sediment detachment may
vastly reduce sediment transport to the mantle, in particular for regions
where the subducted sediment thickness is > ~350 m (Currie et al.,
2007). The physical separation of sediments and oceanic crust during
subduction may contribute to explaining the absence of sedimentary N
and widespread occurrence of recycled oceanic crust across the upper
mantle.

4.2.2.4. Fingerprints from Earth’s accretion/differentiation?. The No/>He
and 8'°N characteristics of Earth’s mantle may have been established
during terrestrial formation and early evolution (Labidi, 2022). Inter-
estingly, however, many planetary processes potentially modified the N
isotope composition of the solid Earth, and potentially introduced
planetary N isotope variations that are no longer present in the modern
day mantle. For instance, Earth is considered to have inherited its vol-
atile budget from the heterogeneous accretion of planetary bodies
originating from various heliocentric distances in the Solar System
(Broadley et al., 2022). However, the planetary precursors of terrestrial
accretion likely exhibited a great variability of N isotope compositions,
including enstatite ("N in the range —40 to ~0 %o) and carbonaceous
("N in the range ~0 to +60 %o) chondrite-like materials (Piani et al.,
2020), differentiated planetary bodies (Grewal et al., 2021) and comets
(Jehin et al., 2009). The uniform N isotope composition of the upper
mantle therefore requires efficient mixing and homogenization of its
initial budget, which could have been achieved during the magma ocean
stage. Notably, the observed 5!°N disequilibrium between the MORB
mantle and the atmosphere could be mostly accounted for by magma
ocean degassing under low fO5 (e.g., Labidi (2022)). It is also note-
worthy that some extent of N isotope fractionation (Dalou et al., 2019; Li
et al., 2016) during partitioning into Earth’s core (e.g., Johnson and
Goldblatt, 2015) could have contributed to introducing N isotope dif-
ferences between different reservoirs of the solid Earth. These distinct
processes could explain the present-day distribution and composition of
N in terrestrial reservoirs, without requiring significant N exchange via
subduction.

5. Conclusions

Mid-ocean ridges provide a direct window into the heterogeneous
nature of the upper mantle, whose geochemical composition can be
probed to decipher the long-term evolution of our planet. In this study,
we combine the isotopic analysis of volatile (carbon, nitrogen, noble
gases) and radiogenic (Pb, Sr, Nd) elements, as well as the abundances of
major and trace elements, to document the origin of upper mantle
geochemical heterogeneities near 14°N on the Mid-Atlantic Ridge.
These data unequivocally show that the mantle source of OCC samples
(which we classify as a “young” HIMU-influenced N-MORB) is distinct
from the mantle source of geochemically enriched, PR-affiliated samples
(E-MORBSs). Taken together, our data do not support the existence of a
ridge-centered, primitive mantle plume near 14°N on the MAR (e.g.,
Dosso et al., 1991; Bougault et al., 1988; Long et al., 2019) nor signifi-
cant contribution of recycled sediments in the mantle source, therefore
calling for alternative processes to account for the observed mantle
source heterogeneities. Possible scenarios may include contribution
from old, subducted crust (devoid of sediments; Staudacher et al., 1989)
or relics of sub-continental lithospheric mantle removed from the con-
tinents during continental break-up (Bonatti et al., 1992; Dosso et al.,
1999; Hoernle et al., 2011). Regardless, the observation of mantle
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source geochemical heterogeneities at the local scale (i.e., near 14°N on
the MAR) appears consistent with the occurrence of dispersed, recycled
crustal components across the upper mantle (Stracke, 2012), as pro-
posed in the framework of the “marble-cake” mantle (Allegre and Tur-
cotte, 1986).

In this paper, we also focus on the remarkable absence of significant
515N variation across N-MORB and E-MORB samples (average 5!°N =
—4.49 + 1.40 %o in this study). The extent to which the surmised N
isotope variability of planetary precursors of terrestrial accretion was
homogenized, and uniformly affected by fractionation processes (e.g.,
during partitioning into Earth’s core), remains poorly understood.
Overall, the possibility that the average 8'°N of bulk subducting slabs
matches “by chance” the primitive composition of the upper mantle is
unlikely, as it would invariably violate independent constraints from the
constant Ny/°He across MORB samples with variable K/Ti ratios.
Therefore, we envision a series of chemical and physical processes that
may contribute to reducing the contribution of recycled sedimentary
nitrogen to the overall budget of the upper mantle. This may involve
specific P, T, and fO5 conditions during subduction and storage within
the mantle, as well as slab dip angle-controlled physical separation of
sediments and oceanic crust upon subduction. These considerations
however remain fairly speculative, and call for more experimental and
theoretical work to disentangle the relative contributions of primordial
(terrestrial accretion and differentiation) and secondary (subduction)
processes in producing the N isotope characteristics of the solid Earth.
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