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% Check for updates Seafloor anomalies along mid-ocean ridges with exceptionally thick and

compositionally distinct basaltic crust, for example, at Iceland, suggest that
the underlying mantle is hotter and chemically different from the adjacent
subridge mantle. Here we present hafnium and neodymium isotope ratios
of peridotites from the Charlie Gibbs Transform Zone, whichis located
atthe southern end of the Reykjanes Ridge south-west of Iceland. These
peridotites are strongly depleted inincompatible elements with extremely
high hafniumisotope ratios, suggesting that they had already melted to
alarge extent before being incorporated into the plume, at least 1 billion
years ago, and thereby also became less dense. We argue that seismic
velocity anomalies, geodynamic models and geochemical affinities of ridge
basalts connect the peridotites from the Charlie Gibbs Transform Zone to
the ‘Iceland plume’. The thermochemical buoyancy of the moderately hot
Iceland plume, but also that of other plumes worldwide, may therefore be
strongly influenced by composition. Variable peridotite depletion along the
rising Iceland plume could also cause the transient, density-driven pulses

in plume flux, which have formed the V-shaped Reykjanes Ridge south of
Iceland. Overall, expansion of aridge-centred plume along adjacent ridges
and melting of heterogeneous plume material explains the topographic
swell, the seismic anomaly and the formation of V-shaped ridges, as well as
the regional distribution of basalts with Icelandic affinity.

Abyssal peridotites are mantle rocks from which melt has been
extracted during one or more previous melting events, primarily
under mid-ocean ridges. Most abyssal peridotites are therefore
incompatible element (ICE) depleted, and clinopyroxene (cpx)-poor
peridotites or harzburgites (<5 wt% cpx) with high Sm/Nd and
Lu/Hf ratios. Over time, such residual peridotites develop extremely
high Nd and Hf isotope ratios, much higher than those observed in
mid-ocean ridge basalts (MORBs)'*. The expected high Hf isotope

ratios areindeed observed in abyssal peridotites', but are also found
in peridotites from ophiolites, plume-related peridotite xenoliths'™
and peridotites from the subcontinental lithospheric mantle (SCLM)®
(Fig.1). Yet, these so-called ultradepleted Hf isotope ratios are often
not correlated with high Nd isotope ratios, implying that the majority
of peridotites fromthe oceans and continents are not strictly residual,
but havereacted with migrating or stalled melts at some point during
their evolution>*’ 2,
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Fig.1|Location of Charlie Gibbs TZ and global compilation of Hf-Nd isotopes
inmantle peridotites. a, Bathymetry of the northern Atlantic from the General
Bathymetric Chart of the Oceans (GEBCO) 2023 Grid (https://doi.org/10.5285/
f98b053b-0cbc-6¢23-e053-6¢86abc0af7b; GEBCO Compilation Group) showing
the location of the Charlie Gibbs transform zone (TZ) (star). b, A diagram showing
the Hf and Nd isotope ratios of cpx from Charlie Gibbs peridotites (error bars are
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smaller than the data points) compared with cpx from other abyssal peridotites
(AP)"*and peridotite xenoliths from ocean island basalts (OIB)*°. Also shown are
cpx and whole-rock data of cratonic SCLM (see compilation in ref. 6). The field
of Atlantic MORB erupted between the Azores (40° N) and Iceland (62° N) is also
indicated (compiled from PetDB, www.earthchem.org/petdb). The grey lines in
Fig.1b denote the Hf and Nd isotope ratios of the bulk silicate Earth (BSE).

Invariably, cpx crystallizes during melt-rock reaction*'* and
thereby forms ‘secondary’ Iherzolites, which are cpx-rich (-10-20%)
peridotites”®'°, The residual peridotites that have been recirculated
within the mantle after subridge processing—and now re-melt under
mid-ocean ridges and ocean islands after several 10?>-10° Ma mantle
residence—therefore have variable chemical compositions and density.
These diverse peridotites are frequently foundin close association on
the ocean floor, with a length scale of chemical heterogeneity from
10to10* m (refs. 3,10,12). Occasionally, melt-depleted, light perido-
tites support entire ridge segments, such as the shallow Marion Rise
along the Southwest Indian Ridge", and thus cause variations inridge
topography.

Here, we report chemical and Hf-Nd isotope data of peridotites
collected at the Charlie Gibbs TZ, located at 53° N at the Mid-Atlantic
Ridge (MAR). This fracture zone is the southern boundary of the large
areaof low shear wave velocity that marks the dispersion of the ‘Iceland
plume™®?°, As the peridotites from the Charlie Gibbs TZ are sampled
above the area influenced by the Iceland plume, we argue below that
they represent the predominant peridotitic part of the Iceland plume
and thus provide critical constraints on its composition.

Mantle peridotites from the Charlie Gibbs TZ
The Charlie Gibbs TZ is amulti-fault transform system that offsets the
MARDby 380 kmat the southernend of the Reykjanes Ridge at 52-53° N
(Fig.1and Extended DataFigs.1and 2). Peridotites were collected dur-
ing expeditions S50 and V53 on board the R/V A.N. Strakhov and A.S.
Vavilov?. Detailed petrographical features of the samples are described
in Methods and areillustrated in Extended Data Fig. 3.
Theinvestigated peridotites are partly serpentinized harzburgites
and lherzolites. The harzburgites contain olivines with high forst-
erite content ([Mg/(Mg+Fe) mol%] = 91-90), rounded spinels with
variable Cr# ([Cr/(Cr + Al) mol%] = 17-32) and rare cpx with high Mg#
([Mg/(Mg + Fe) mol%] = 91-93) and Al,O; contents (5-6 wt%). The cpx
from the harzburgite are also strongly depleted in TiO,, Hf and rare
earth elements (REEs) (Fig. 2a,b), and have higher middle-to-heavy

REE contents, as well as more pronounced depletions of the light REE
(Cen/Smy=0.02) and Zr (Zr/Ndy = 0.1-0.2) compared with cpx from
the lherzolites (subscript N indicates normalization to bulk silicate
Earth?). The compositions of the harzburgites thus resemble sim-
ple partial melting residues (Extended Data Figs. 4 and 5). Only one
of the harzburgites contains plagioclase-pyroxene veins (hereafter
referred to as Pl-harzburgite; Extended Data Fig. 3), which crosscut
the deformed mantle minerals, indicative of melt impregnation at
shallow levels.

In contrast, the Iherzolites have very low TiO,, Zr, Hf and middle-
heavy REE contents in cpx (Fig. 2a,b), and high forsterite contents in
olivine (91-92 mol%), despite being cpx rich. Plagioclase is absent
and cpx occurs as microveins or inter-granular crystals characterized
by high Al,0; (5.5 wt%) and Mg# (92-93 mol%). Overall, the cpx in the
lherzolites are more depleted in ICE than those in the harzburgites. The
lherzolites cannot be mereresidues of partial melting however, because
(1) spinels appear asinterstitial amoeboid grains often aligned along a
preferential direction and have low Cr# (18-25) and (2) cpx are mostly
inter-granular crystals with high Na,O contents (up to 0.8 wt%) and
enrichments in light REE (Cey/Smy = 0.2-0.5; Fig. 2b) compared with
the harzburgites. This means that spinel and cpx probably crystallized
during thereactionbetweenanICE-depleted protolithand migrating
melts. Collectively, the high Na,O and light REE contents observed in
the cpx fromthelherzolitesindicate that recent reactions with migrat-
ing alkaline melts led to crystallization of cpx, and re-enrichment of
ICE™", Substantial depletion of the middle-heavy REE, Tiand Y on the
otherhand, suggeststhat these rocks were originally more ICE depleted
than the harzburgites (Extended DataFigs. 4 and 5).

The Nd and Hf isotope ratios observed in peridotites from the
Charlie Gibbs TZ far exceed the variability in MORBs erupted along
the MAR from 45°-70° N. The harzburgites have high *’Sm/**Nd
(0.72-0.94) and "3*Nd/**Nd (0.5132-0.5136) (¢Nd 0f 10.1-16.5); the
latter are slightly lower in one Pl-bearing sample (Fig. 2c). The 7*Lu/"’Hf
range from 0.12 to 0.22 and are coupled with MORB-like "*Hf/""Hf
(0.2832-0.2837) (¢Hf 0f 16.9-32.3) (Fig. 2c). The lherzolites have low and
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Fig. 2| Major, trace elements and Nd-Hf isotopes of Charlie Gibbs peridotites.
a, Covariation in Na,0 and TiO, cpx contents of the Charlie Gibbs peridotites.
Global abyssal peridotites are shown as grey dots'. Schematic trends show how
Na,O and TiO, contents in cpx change with progressive partial melting (thick
grey line), plagioclase impregnation (red line) and reaction with alkaline melts
(blue line)”'%. b, Primitive mantle (PM)-normalized®* Hf-Y-REE concentrations
of cpx from the peridotitesin this study. ¢, Diagrams showing Hf and Nd isotope
ratios versus trace element indices of depletion in cpxs from peridotites of

the Charlie Gibbs TZ (error bars are smaller than the data points) and global
abyssal peridotites (grey dots; data compilation from Fig. 1). Cpxs in residual

harzburgites from this study (dark red squares) have low Nd-Hf isotope ratios
and ICE-depleted trace element compositions in agreement with their residual
character. Cpxs from the lherzolites (orange squares) have very high *Hf/"”’Hf
coupled withlow**Nd/**Nd, but high Ce/Yb, low '¥’Sm/**Nd and variable

6L u/""Hf. These data suggest that these highly depleted peridotites were
recently re-enriched with ICEs by melt-rock reactions. Plagioclase harzburgite
cpxs (yellow square) have "°Hf/”’Hf and "*Nd/***Nd, similar to the residual
harzburgites but slightly lower Sm/Nd and higher Ce/Yb as aresult of recent
interaction with migrating melts.

nearly constant*’Sm/**Nd (0.26-0.35) and **Nd/**Nd (0.5129-0.5130)
(eNd of 5.4-6.8) (Fig. 2c), while their 7*Lu/"’Hf vary from 0.2 to 0.6
(Fig. 2c). Remarkably, the "Hf/"”’Hf of the Iherzolites range from 0.2843
t0 0.2959 (eHf of 53-463). The highest eHf value of 463 is much higher
than any previously reported "®Hf/”’Hf in abyssal peridotites. While the
correlation between ’Sm/"**Nd and "Lu/"’Hf (Extended Data Fig. 5)
and the low (Ce/Yb), (Fig. 2c) in the harzburgites are consistent with
aresidual origin, the lherzolites have high 7°Lu/"”’Hf coupled to low
7Sm/"**Nd and high (Ce/Yb), (Fig. 2¢), indicating recent re-enrichment
inICE. The chemical and isotopic heterogeneities observed in the peri-
dotites fromthe Charlie Gibbs TZ therefore document distinct histories
of melt depletion and/or re-enrichment, as discussed further below.

‘Secondary lherzolites’ formed by melt-peridotite
reaction
Thelow TiO,, Zr and middle and heavy REE contents of the Iherzolites
require high degrees of melting of a depleted mantle (DM)-like peri-
dotite” (12-14%), but their Na,O and light REE contents are too high to
beattributed to such extensive fractional melting (Fig.2a,b), and thus
result from melt-peridotite reaction. Nevertheless, the preservation
of eHf upto 463 suggests that the peridotites have melted atleast1 Ga
before renewed melting under the MAR (Extended Data Fig. 6).

The low eNd despite high eHf values of the Iherzolites can there-
fore notbe produced by partial melting alone, and show that they also
reacted with migrating melts (for example, ref. 8) (Fig. 3a,b and see

model detailsin Extended DataFigs.4 and 5). In principle, both ancient
(>0.2 Ga) and recent melt-rock reaction can account for the sharply
decreasing Hf isotope ratios at low, MORB-like Nd isotope ratios of
the lherzolites (Fig. 3). The abundant volcanism in the northern part
of'the Charlie Gibbs TZ is evidence for sustained melt production and
relatively hot mantle”, andit is therefore likely that the local peridotites
have reacted with migrating melts during or following renewed partial
melting under the MAR. In addition, such recent melt-rock reactions
better agree with the low eNd of the least-depleted Iherzolite sample®
(Fig.3b). Nevertheless, ancient melt-rock reaction cannot be ruled out,
but must have been limited because the presence of high Hf isotope
ratios implies that high Lu/Hf persisted for at least 1 Ga before recent
melting (details provided in Methods).

Incontrast to the lherzolites, the composition of the harzburgites
is similar toresidues of moderate degrees of fractional melting (7-10%
according to the melting model shown in Extended Data Fig. 6) and
limited reactions with melts under the present MAR. However, their
Hf-Nd isotope ratios indicate a long-term evolution with moderate
ICE depletion. Two samples have MORB-like Nd-Hf isotope ratios,
falling within the range of basalts erupted at the Charlie Gibbs TZ*,
whereas two harzburgites have eNd and eHf much higher than any
MORB erupted along the MAR. These eNd and eHf values indicate
that the harzburgites have evolved with lower Lu/Hf and Sm/Nd than
the associated lherzolites, either due to low degrees of ancient melt-
ing (melting degrees <3%, as shown in the melting trend in Fig. 3) or
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Fig. 3 | Effects of past and recent partial melting and melt-rock reaction on the
Nd-Hfisotope ratios of mantle peridotites compared with the cpxin Charlie
Gibbs peridotites. a, Present-day isotope ratios following ancient melt-rock
interactions (1.2, 0.7 and 0.2 Ga, orange lines) of cpx from an ultradepleted
ancient mantle residue (F=13% melting at 1.2 Ga of DM**) compared with cpxs
from Charlie Gibbs peridotites (error bars are smaller than the data points),
global abyssal peridotites and cratonic SCLM peridotites (symbols as in Fig. 1).
b, Close up of ashowing the model results and MORB from Charlie Gibbs and
MAR. Note that ancient and recent melt-rock reactions (indicated as orange
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peridotites towards the Nd isotope ratios of the migrating melt. At low degrees
of interaction, ancient and recent melt-rock reactions can both reproduce the
Hf-Nd isotope ratios of most Charlie Gibbs Iherzolites, starting fromacommon
ultra-DM mantle protolith. Nonetheless, the recent melt-rock reaction best fits
the low Nd isotope ratios of the Iherzolites that also have the least radiogenic Hf
isotope ratios (see text for further details). On the other hand, the MORB-like
Hf-Nd isotoperatios of the residual harzburgites can be explained either by
high degrees of ancient melt-rock reactions® or by low degrees of ancient partial
melting (<3%) of a DM mantle. Details of the calculations of the melting and melt-
rock reaction processes are given in Methods.

near-complete chemical resetting by an ancient melt-rock reaction’.
Ineither scenario, the harzburgites were cpx- and ICE-rich peridotites
before they re-melted extensively under the present-day MAR, and
thereby acquired their residual, cpx- and ICE-depleted characteristics.
Remarkably, however, these rocks did not react recently with migrat-
ing or stalled melts.

Links to the Iceland plume
At Iceland, extensive melting over the ridge-centred Iceland plume
produces anomalously thick oceanic crust and exposes the MAR above
sealevel (Fig.4a). Geodynamic models show that if amantle plumerises
under an active spreading centre, the upwelling mantle is channelled
into the adjacent ridges and pushes the pre-existing asthenospheric
mantle away. Although dependent on poorly constrained material
properties of the Iceland plume, the consequence in these geodynamic
modelsis that ‘only plume material is presentin the melting zone over
the whole distance of the ridge influenced by the plume’. Given that
the Iceland plume has been active since ca. 55 Ma (refs. 19,20,26), any
pre-existing asthenospheric mantle under the MAR adjacent to Iceland
has long been flushed out. MORB and the associated oceanic litho-
sphere of the MAR adjacent to Iceland have therefore been generated
by melting mantle derived exclusively from the Iceland plume'*?%,
Theseismic velocity modelinFig.4b,c (and refs.17-20) shows that
the low seismic velocities that delineate the Iceland plume extend to
the northern part of the Charlie Gibbs TZ. The mantle Bouguer anomaly
(MBA) shows a similar pattern (Fig. 4c). The MBA takes into account
crustal thickness variations or density anomalies and is computed
following methods detailed in ref. 29, incorporating available free air
gravity data (Fig.4cand Extended Data Fig.1). MBA and seismic veloc-
ity patterns along the MAR overlap, suggesting that the Charlie Gibbs
TZis amajor boundary between the upwelling Iceland plume and the
mantle under the MAR to the south. The peridotites from the Charlie

Gibbs TZ investigated here can therefore be considered samples of the
predominant peridotite of the upwelling Iceland plume and, with the
possible exception of peridotite xenolithsin Hawaiian lavas®, they are
the only direct peridotite samples of an active mantle plume.

The estimated minimum degree of ancient melt depletion (12-14%)
of the lherzolites from the Charlie Gibbs TZ shows that ICE-depleted,
buoyant peridotites are part of the Iceland plume. At pressures ranging
from3to 6 GPa, correspondingto depths of -100-200 km (Fig. 4¢), this
extent of prior melt depletion (12-14%) makes them ~1.5% lighter than
fertile mantle compositions™, which is equivalent to a temperature
increase of ~200-300 °C (ref. 31). The low density of melt-depleted peri-
dotite cantherefore compensate for the negative buoyancy of recycled
crustintheIceland plume®, and causes its positive thermochemical
buoyancy, despite its moderate, yet still uncertain, excess tempera-
ture’*”, Notably, both the harzburgites and the lherzolites were already
meltdepleted beforerecent melting, and thus light and composition-
ally buoyant. Upwelling of a plume that is predominantly composed
of such heterogeneous melt-depleted peridotite thus accounts for the
heightened topography, increased melt production and formation
of thick oceanic crust at Iceland and the adjacent MAR. Importantly,
the ICE-depleted yet cpx-rich Iherzolites from the Charlie Gibbs TZ
show that such ancient, melt-depleted peridotites can also produce
abundant melt®>*%,

Implications for the origin of V-shaped ridges

Variability in melt production with a periodicity of 5-10 Ma, associated
with along-axis flow of the Icelandic plume, produces the diachronous
V-shaped ridges of thick crust along the Reykjanes Ridge?****!, Pulses
ofincreased melt production may be caused by temperature variations
ofthelceland plumerelated to hot solitary waves triggered by thermal
instabilities in the mantle****° or viscous heating of high-viscosity
blobsintherising plume?. However, such temperature fluctuations of
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Fig. 4 |Bathymetry and waveform tomography model of the North Atlantic.

a, Abathymetric map of the North Atlantic from the GEBCO 2023 Grid (https://
doi.org/10.5285/f98b053b-0cbc-6¢23-e053-6¢86abc0af7b; GEBCO Compilation
Group). b, Seismic tomography by the recent NAT2021 model calculated at

100 km depth. 8V, shear wave velocity anomaly”. ¢,d, Bathymetry, free air (FAA)
and MBA (c), and 8V, (d) along section A-A’ from b. Bight FZ, bight fracture

zone;s.l., sealevel. e, A schematic image of the melting region north of Charlie
Gibbs (B-B’) including a crosscut section of 6 V.. Enriched, fertile lithologies are
widespread in the mantle, ranging from depleted to ultradepleted compositions.
Low-velocity anomalies, 8V, <0, may correspond to ultradepleted, buoyant
mantlelocally converted into lherzolite by interaction with migrating melts
produced by enriched lithologies.

thelceland plume may*?, or may not”, be supported by mantle poten-

tial temperatures inferred from the crystallization temperatures of
magmatic phenocrystsin Icelandic lavas.

Alternatively, intrinsic buoyancy variations due to variably
depleted peridotitic domains, that is, the predominant component
of the Iceland plume®>***, may also lead to periods of increased plume
flux and enhanced magma production*®*. Variations in the average
extent of melt depletion of the predominant peridotite component
along the rising Iceland plume appear likely, given the variable melt
depletion of the peridotites from the Charlie Gibbs TZ. The variable
extent of average melt depletion of peridotite results in density varia-
tions** that are similar to the small temperature fluctuations (several
tens of °C) proposed for forming the V-shaped Reykjanes Ridge?****¢,
Note that the magma productivity of melt-depleted, yet still cpx-rich,
peridotite is sufficient for increased melt production resulting from
density-driven pulses of higher plume flux (see the discussion above
andrefs. 3,4,47,48). Hence, variable peridotite depletion along the ris-
ing plume may have triggered the pulses of enhanced plume flux and
magma production required to generate the V-shaped Reykjanes Ridge.

Implications for MORB compositions along the
Reykjanes Ridge

Bianco and co-workers* have shown that the flow and melting system-
atics of a compositionally and lithologically heterogeneous mantle
along a plume-influenced ridge produces ‘gradientsin mantle dynam-
ics and melting (that) cause along-axis geochemical variations’, and
‘transfers material that was partially depleted near the centre of the
plume laterally along the axis’. Hence, melting close to the plume cen-
tre partly consumes fertile, enriched recycled components before
the plume material moves further along axis, resulting in a gradual
decrease of the compositional and isotopic ‘plume signature’ along
the Reykjanes Ridge.

High *He/*He values are retained in MORB along the entire Rey-
kjanes Ridge, including the MAR segment immediately north of the
Charlie Gibbs TZ*. This observation supports the geophysical con-
straints (discussed above) that mantle derived from the Iceland plume
expands along the Reykjanes Ridge down to the Charlie Gibbs TZ at
53°N, and is consistent with the isotopic domain delineated by Sr-
Nd-Hf-Pbisotoperatiosinbasalts fromIceland and adjacent ridges™.
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Moreover, Hf-Nd (and Sr-Pb) isotope ratios of MORB collected on a
north-south transect across the Charlie Gibbs TZ alsoindicate that the
fracturezone at 53° N represents ageochemicalboundary: MORBinthe
northernsegment of the fracture zone have higher "Hf/”’Hf at agiven
3Nd/™*Nd (Extended Data Fig. 7), and hence a higher contribution of
melts from ICE-depleted peridotite>*****? relative to MORB formed
atthe MAR to the south.

The variable contribution of melts from ICE-enriched components
and variably ICE-depleted peridotite also explains much of the com-
positional variation of Icelandic basalts**** as well as the differences
between on- and off-rift Icelandic basalts. Icelandic basalts produced
on axis have higher Hf (Nd) isotope ratios than basalts produced off
axis, because the thinner lithosphere leads to higher degrees of melting
and more effective dilution of melts from ICE-enriched components
by melts from ICE-depleted peridotite™.

Insummary, the ultradepleted compositions of lherzolites from
the Charlie Gibbs TZ suggests that a large part of the Iceland plume
consists of ancient, ICE-depleted peridotites from which large extents
of melts (12-14%) were extracted at least 1 Ga ago (Extended Data
Figs. 5 and 6) before re-melting as part of the Iceland plume. These
ultradepleted peridotites compensate for the excess density of recy-
cled crustinthe Iceland plume and cause its positive thermochemi-
cal buoyancy, despite its relatively moderate excess temperature.
Although being melt depleted, these peridotites are still cpx rich
(both before and after recent melting and melt-rock reaction), and
can produce the thick Icelandic crust which, in combination with the
low density of the peridotites, accounts for the elevated topography
of the North Atlantic region. Variation in the average extent of peri-
dotite depletion along the rising plume could lead to density-driven
pulses of higher plume flux and thus to periods of high magma pro-
duction that generate the V-shaped Reykjanes Ridge. Moreover, the
geodynamics of melting a heterogeneous, ridge-centred plume that
expands along the adjacent ridge axes®”*® causes the continuous
Icelandic isotopic province that extends from Iceland southward
along the Reykjanes Ridge to the Charlie Gibbs TZ, and northward
until Lena Trough®.

Ancient and extensively melt-depleted peridotites similar to those
foundinlIceland may also dominate other major mantle upwellings, for
example, those under Hawaii’>*> ¥, the Azores* or the Canary Islands®.
Variable peridotite depletion, and thus density fluctuations upstream
of arising plume, may therefore also lead to variable plume flux over
other major hot spots, and affect the geometry of evolving mantle
plumes***°, So far, the compositional contribution to the thermochemi-
cal buoyancy of mantle plumes, and the mantle’s convective motionin
general, may therefore have been underestimated.
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Methods

Charlie Gibbs peridotites and basalt glasses

The Charlie Gibbs TZ is located in the North Atlantic between 52° and
53° N where it displaces the MAR for about 380 km. The TZ is located
along a segment of the mid-ocean ridge immediately south of the
Reykjanes Ridge. The Charlie Gibbs TZ is composed of two parallel
transform faults, subdivided by ashort intra-transform ridge segment.
All samples in this study were collected during expeditions S50 and
V53in October 2020 and October 2021%. Basalt glasses were sampled
atdifferentlocations along the southernand northern segments of the
MAR, including the intra-transform spreading centre, whereas mantle
peridotites were collected exclusively along the northern transform
(see sample locations in Extended Data Fig. 1). The sample locations,
mineralogy and textural features arereportedin Supplementary Table1
for peridotites and Supplementary Table 4 for basalt glasses. Details on
peridotite textures are also reported in Extended Data Fig. 3. Harzbur-
gitesare serpentinized, brownish toblack and are generally pyroxene
poor.They havelarge, partly deformed orthopyroxene and subrounded
spinel within a serpentinized olivine matrix. Cpx is mainly found as
neoblasts surrounding porphyroclastic pyroxene. One sample contains
asubmillimetre plagioclase vein crosscutting the deformed mantle
minerals. Lherzolites are partly weathered, brownish and commonly
show atectonite fabric. Large pyroxene and altered olivine are mantled
by neoblastic pyroxenes. Spinel occurs as elongated irregular grains,
oftenassociated with fine-grained cpx. The lherzolite that has cpx with
high-middle REE contentsis characterized by the occurrence of random
pyroxene-rich patches within the olivine-rich matrix.

Major and trace element concentrations

Four to six representative olivine, spinel and cpx grains and three
basalt glass shards were selected for each peridotite and basalt sam-
ple, respectively. Major element concentrations were measured by
electron probe microanalysis with aJEOLJXA8200 Superprobe at the
Department of Earth Science Ardito Desio of Milano University using
anaccelerating voltage of 15 kVand abeam current of 15 nA. The trace
element concentrations of cpx and basalt glasses were analysed on the
same grains previously analysed for the major element compositions by
laser ablationinductively coupled plasmamass spectrometry (ICP-MS)
usinga Triple Quadrupole ICP-MS Agilent Series 8900 interfaced toa
Geolas193 nmexcimer ablation system (Lambda Physik) at the Istituto
diGeoscienze e Georisorse del Consiglio Nazionale delle RicercheS.S.
of Pavia. The ablation system was operated at a10 Hz repetition rate,
50 um spot size, with a fluence of about 9 ] cm™ Helium was used as
carrier gas and mixed with Ar downstream of the ablation cell. The
NIST SRM 610 synthetic glass was used as external standard, with**Ca
asinternal standard®. Background and signal were measured for about
60 s,and theraw datawere processed with the software package GLIT-
TER. The precision and accuracy were assessed by repeated analyses
of the BRC-2g reference material and were both generally better than
+10%. Major and trace element mineral compositions are reported
in Supplementary Tables 2 and 3 for peridotites and Supplementary
Table 4 for basalt glasses.

Neodymium and hafnium isotope ratios

The Hf and Nd isotope ratio measurements of cpxs and basalt glasses
were performed at the Institut fiir Mineralogie, Universitat Miinster
(Supplementary Tables 3 and 4). All sample materials (<150 mg, cpx
and basalt glasses were hand-picked under a binocular microscope)
were leached with H,0, in an ultrasonic bath for about 2 h to remove
Mn oxide coatings. Subsequently, the cpx were leached in 6 NHCl for
about 2 hin an ultrasonic bath, followed by leaching in 6 N HCI for
about 2 h at 100 °C to remove the effects of seawater alteration. The
grains were dissolved in concentrated HF-HNO; (4:1) for 3 days at
140 °C. Afterdrying at120 °C, the samples were re-dissolved with 6 N
HCl together with H;BO; at 120 °C for 1 h and finally dried at 120 °C,

before redissolving for ion exchange chromatography. Strontium
and the high field strength and REE fractions of the samples were
separated using standard cation exchange chromatography (Bio-Rad,
AG50W-X8, mesh size 200-400 pum). Hafnium was purified from the
high field strength fraction using Eichrom Ln Spec columns®’. Neo-
dymiumwas further purified from the REE fractionin a second column
using Eichrom Ln Spec resin (mesh size 50-100 pm)®, The Nd and
Hf isotope ratios were determined on a Thermo Scientific NEPTUNE
Plus multi-collector ICP-MS at the University of Miinster. Repeated
measurements of theJMC-475 Hf standard gave an average "¢Hf/"’Hf
of 0.282155 +16 (2s.d., n=12, determined on 10 ppb solutions).
All Hf isotope ratios are reported relative to 7*Hf/"’Hf of 0.282160
(ref. 64). To verify the reproducibility of the isotope ratio analyses,
smallaliquots (thatis, 5-10 mg) of the United States Geological Survey
rock reference materials BHVO-2 and BCR-2 and BIR-1were processed
as unknowns and gave 7¢Hf/"’Hf of 0.283092 +12 (2 s.d., n = 4) for
BHVO-2,7Hf/""Hf 0f 0.282856 + 6 (2 5.d., n = 4) for BCR-2 and "°Hf/"’Hf
0f 0.283282 +19 (2s.d., n=1) for BIR-1; all reference materials were
diluted to about 4-8 ppb Hf to match typical concentrations of the
sample solutions (Supplementary Table 3). Note that total procedural
blanks were typically <10 pg of Hf, whereas the cpx samples yielded
between 400 and 2,700 pg of Hf. The JNdi-1 (20 ppb) Nd bracketing
standard was determined at**Nd/**Nd of 0.512081+ 12 (2 s.d.,n=17),
and all data are normalized to JNdi-1*Nd/**Nd of 0.512115 (ref. 65).
The United States Geological Survey rock standards are measured with
Nd/*Nd of 0.512975 +15 (2 s.d., n = 4) for BHVO-2, with **Nd/**Nd
0f0.512634 + 8 (2s.d.,n = 4) for BCR-2and **Nd/**Nd 0f 0.513099 + 8
(2s.d.,n=4)forBIR-1.

Geochemical modelling

Mantle melting. We reproduce the trace element and isotopic com-
positions of mantle residues using a dynamic melting model with
fixed residual porosity (at 1%) and percentage of melting per km
at 0.15% (ref. 3). The initial peridotite composition is the DM and
partition coefficients from ref. 48. Melting begins at 100 km in the
garnet-stability field until the total degree of melting reaches F=3%,
followed by further melting in the spinel stability field starting at
75 km. Melting reactions are recalculated at 60 km, 48 km, 33 kmand
24 km. The present-day isotopic composition of ancient residues is
calculated usinginitial isotope ratios at the time of melting according
to a two-stage DM mantle evolution starting from primitive mantle
at 3.5 Ga and present-day isotope ratios of "°Hf/"’Hf of 0.28330 and
3Nd/"**Nd of 0.51311 (ref. 48). Parameters and results are provided in
Supplementary Table 5.

Melt-rock reaction. The melt-rock reaction model reproduces melt
migrating through a peridotite column, modified by partial assimila-
tion of peridotite and crystallization of new mineral phases. The trace
element composition of the reacting melt and resulting peridotite
is simulated using the non-dimensional plate model by ref. 66. The
melt-rock reaction causes dissolution of olivine and crystallization of
new cpx, following the mineralogical compositions of the peridotites
from the Charlie Gibbs TZ. Theincoming meltis assumed to crystallize
in the matrix, neglecting mixing enthalpy and density differences, and
theICE andisotope contents areredistributed in chemical equilibrium
betweenmeltandsolid. The starting peridotite is assumed to represent
aresidual peridotite (DM) after F=13% (see melting model) composed
of 78% olivine + 20% orthopyroxene + 2% cpx. The initial porosity is
set at 1% and porosity, melt-rock ratio and the modal composition of
thecrystallizing cpx varies during the reaction. The starting mantle is
designed as acolumn dividedin 40 cells, where each cell represents a
processincrement for atotal of 40 processincrements®. The assimila-
tionrate of peridotite mineralsis set to 2%. throughout the column and
crystallization at 2% of the incremental melt fraction to assure a ratio
of mass assimilated (M,) to mass crystallized (M,) of 0.99; the latter is
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calculated using the following equation, where Fis the dissolution rate
andfisthe crystallization rate:

M, _ 1-o)F
M. (1-Pla+F1-2)]

Theresults are reported in Extended Data Figs. 3 and 4 as REE-Hf
composition of cpx in equilibrium with the migrating and reacting
melt and the mass of crystallized cpx at each simulated increment.
The parameters and results are provided in Supplementary Table 6.

The isotopic evolution during the melt-rock reaction process is
calculated using an assimilation-fractional crystallization process
using equations giveninref. 67. As starting melt for both the recent and
ancient melt-rock reaction model, we used a MORB with eNd of 5 and
eHf of 10 to account for the low Nd isotope of the Iherzolite, with REE-
Hf composition of a typical MORB®®. The composition of the reacted
peridotite is calculated at 1% increments, which indicate the mass
fraction of peridotite equilibrated with the melt undergoing assimila-
tion-fractional crystallization (scaled from 0% to 100%). The degree
ofinteraction correspond to the ‘F’inthe equationinref. 67. Theinitial
isotopic ratios, calculated from Equation 15ain ref. 67, were added to
the radiogenic *Nd and "°Hf ingrowth based on the ’Sm/**Nd and
76Lu/""Hf ratios of the reacted peridotite. Three scenarios of melt
rock reaction processes were calculated at 1.2, 0.7, 0.2 and O Ga. The
parameters and results are provided in Supplementary Table 6.

Data availability

Geochemical datausedinthis paper are provided in Figshare at https://
doi.org/10.6084/m9.figshare.24619665 (ref. 69). The results of the
geochemical modelling are available as Supplementary Information.
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Extended Data Fig. 1| Detail of variations inbathymetry (a), free-air gravity following ref. 29 by evaluating the density contrast between water, crustal and
anomaly (b) and mantle Bouguer anomaly (c) of Mid Atlantic Ridge across mantle rocks, and the density variations in the mantle due to the temperature
Charlie Gibbs area. Bathymetry is from the GEBCO 2023 Grid (d0i:10.5285/ field. The mantle Bouguer correction (MBA) is obtained considering a water
f98b053b-0cbc-6c23-e053-6¢86abc0af7b; GEBCO Compilation Group), and free layer of density equal to 1040 kg/m?, an 8 km constant thickness crust of
air gravity data are from the satellite derived gravity grid (version 32) of ref. 70. density equal to 2690 kg/m?, and a layer of mantle material of density equal to
Variations of crustal thickness and upper mantle density anomalies affect the 3330 kg/m?. The arbitrary zero level corresponds to the center of the range in
mantle Bouguer reduced gravity field. Their contribution has been evaluated anomaly amplitudes.
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Extended DataFig. 2 | Bathymetric map and dredge location within the the norther wall of the transform zone, whereas basalt glasses were sampled at

Charlie Gibbs Transform Zone. Shaded relief image of the Charlie Gibbs Fracture  different locations along the Mid Atlantic Ridge and in the intra-transform ridge
zone obtained from the original swath bathymetry data acquired during the S50 segment (see Supplementary Tables1and 4).
and V53 expeditions (see?”"). Mantle peridotites were selected exclusively at
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large spinel crystals oriented parallel to the foliation defined by orthopyroxene

peridotites. Insets in the bottom right corner give arepresentative view of the elongation. Clinopyroxene occurs mostly at the contact between orthopyroxene
sample modal composition: olivineis shownin light green, orthopyroxene in porphyroclasts and olivine; ¢) Plagioclase harzburgite V53-7-14, showing an
beige, clinopyroxene in dark green and spinelin dark brown; a) Lherzolite V53-7-1,  aggregate of large subequant orthopyroxenes and interstitial clinopyroxenes; d)
showing strong alteration of olivine but preserves the porphyroclastic texture Harzburgite V53-7-21, showing a porphyroclastic texture with the occurrence of
of orthopyroxene, clinopyroxene and spinel; b) Lherzolite V53-7-4, showing coarse-grained orthopyroxene and interstitial clinopyroxene.
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Extended Data Fig. 4 | Primitive Mantle-normalized Hf-Y-REE compositions the melting and melt-rock reaction model in the Methods) between a residual
of the Charlie Gibbs peridotites compared to the results of the melting (a) harzburgite and aN-MORB. The reaction simulates assimilation and concomitant
and melt-rock (b) reaction models. The natural samples are compared to fractional crystallization, leading to progressive increase in clinopyroxene
clinopyroxene residual from different melting of spinel fractional melting (a) modal composition (initalic on plate b) as the reaction proceeds, from <3%
and melt-rock reaction processes (b). The REE compositions of the harzburgites modal clinopyroxene at low extents of melt-rock re-equilibration to ~6% at near
are overall compatible with residues of partial melting at F = 7%. The trace complete re-equilibration of the harzburgite with the percolating melt. The
elements composition of Pl-harzburgite is not comparable with melting best fit of REE-Hf composition of the lherzolites is obtained when clinopyroxene
trends, having higher LREE than pure melting residue. On the other hand, the reaches -5 wt% (see details in the Methods), consistent with petrographic
middle REE and Hf contents of the clinopyroxene in the lherzolites require high observations.

melting degrees (13%) followed by low extents of melt-rock reaction (details of
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Extended Data Fig. 5| Sm/Nd vs Lu/Hf ratio of the clinopyroxenes from the
Charlie Gibbs peridotites. The samples are compared to clinopyroxene resulting
from melting (at 5,7 and 10 % melting degree; green line), and melt-rock reaction
trend. The melt-rock reaction trend (grey line) is plotted as clinopyroxenesin
equilibrium with the reacting and modified melt; each black dot indicates a
single reactionincrement corresponding to progressive decrease in olivine
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modal contents and concomitant increase in clinopyroxene modes (indicated

initalicnumbers). The modelled clinopyroxene modal contents reported for
singleincrements in this plot correspond to those in Extended Data Fig. 2b.

The composition of the reacting meltis also reported as a black star. Radiogenic
Hf ingrowth following ancient melting and melt-rock reaction processes explain
the trendsin Fig. 3 of the main text.
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Extended Data Fig. 6 | Isotopic evolution of a residual peridotite created 1.2
Ga, 0.7 Gaand 0.2 Gaago by variable degrees of partial melting. The model
shows melting processes started in the garnet stability field (dashed lines) and
spinel stability field (bold line) following the dynamic melting model explained
in Material and Methods. Panel a shows the variation in7°Lu/"’Hf versus melting

Melting degrees (F)
degrees; panel b shows the isotopic evolution following radiogenic ingrowth
at different times asindicated by the numbers on each trend. The 7°Lu/"’Hf
and "°Hf/""Hf ratios of the clinopyroxene in the most depleted Charlie Gibbs
lherzolite are plotted for comparison, and indicate that the high Hf isotopic ratio
must be acquired following melting degrees of 12-14% at an age >1Ga.
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Extended Data Fig. 7| Hf-Nd isotope variations of MORB glasses in the vicinity
of the Charlie Gibbs Transform Zone. Sampling stations in Extended Data
Fig.2; major, trace elements and Nd-Hf isotope compositions in Supplementary
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Table 4. MORB North and South of Charlie Gibbs are represented in blue and
greensquares, respectively. Also shown are literature data of Atlantic MORB from
MAR 49°-53°N (green circles) and 53° to 60°N (blue circles) (data source PetDB).

Nature Geoscience


http://www.nature.com/naturegeoscience

	Upwelling of melt-depleted mantle under Iceland

	Mantle peridotites from the Charlie Gibbs TZ

	‘Secondary lherzolites’ formed by melt-peridotite reaction

	Links to the Iceland plume

	Implications for the origin of V-shaped ridges

	Implications for MORB compositions along the Reykjanes Ridge

	Online content

	Fig. 1 Location of Charlie Gibbs TZ and global compilation of Hf–Nd isotopes in mantle peridotites.
	Fig. 2 Major, trace elements and Nd–Hf isotopes of Charlie Gibbs peridotites.
	Fig. 3 Effects of past and recent partial melting and melt-rock reaction on the Nd–Hf isotope ratios of mantle peridotites compared with the cpx in Charlie Gibbs peridotites.
	Fig. 4 Bathymetry and waveform tomography model of the North Atlantic.
	Extended Data Fig. 1 Detail of variations in bathymetry (a), free-air gravity anomaly (b) and mantle Bouguer anomaly (c) of Mid Atlantic Ridge across Charlie Gibbs area.
	Extended Data Fig. 2 Bathymetric map and dredge location within the Charlie Gibbs Transform Zone.
	Extended Data Fig. 3 Representative photomicrographs of the Charlie Gibbs peridotites.
	Extended Data Fig. 4 Primitive Mantle-normalized Hf-Y-REE compositions of the Charlie Gibbs peridotites compared to the results of the melting (a) and melt-rock (b) reaction models.
	Extended Data Fig. 5 Sm/Nd vs Lu/Hf ratio of the clinopyroxenes from the Charlie Gibbs peridotites.
	Extended Data Fig. 6 Isotopic evolution of a residual peridotite created 1.
	Extended Data Fig. 7 Hf-Nd isotope variations of MORB glasses in the vicinity of the Charlie Gibbs Transform Zone.




