
1.  Introduction
Earth's sub-ridge mantle consists primarily of peridotite that has become depleted in incompatible elements (e.g., 
K, Rb, Cs, Th, U, rare earth elements (REE)) during partial melting several 10 8–10 9 years ago, as inferred from 
Os isotope ratios (e.g., Alard et al., 2005; Day et al., 2017; Harvey et al., 2006; Lassiter et al., 2014; C. Z. Liu 
et al., 2008; C. Z. Liu et al., 2022; Paquet et al., 2022). Calculating the Sm/Nd and Lu/Hf ratios of such residual 
peridotites, that is, peridotites that have only been affected by melt extraction, shows that they should develop 
extremely high Nd-Hf isotope ratios during residence in the mantle (Salters & Zindler, 1995; Stracke et al., 2011). 
Such “ultra-depleted” Nd-Hf isotope ratios, which are by far higher than those generally observed in mid ocean 
ridge basalts (MORB; Figure 1), should therefore be typical for peridotites exposed on the ocean floor, abyssal 
peridotites.

But extremely high Hf isotope ratios, similar to those expected for ancient, residual peridotites, have only been 
observed in abyssal peridotites from the Arctic Ocean (Stracke et al., 2011). These “ultra-depleted” Hf isotope 
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ratios are not associated with correspondingly high Nd isotope ratios, however, showing that the Arctic peri-
dotites are not strictly residual (Stracke et al., 2011). Abyssal peridotites with both ultra-depleted  176Hf/ 177Hf 
and  143Nd/ 144Nd have not been found. So far, however, only two studies have reported combined Nd-Hf isotope 
ratios of abyssal peridotites (Mallick et al., 2015; Stracke et al., 2011), and only a handful of studies have reported 
Nd isotope ratios (Brunelli et al., 2018; Cipriani et al., 2004; Mallick et al., 2014, 2015; Salters & Dick, 2002; 
Snow et al., 1994; Stracke et al., 2011; Warren et al., 2009). The few existing  143Nd/ 144Nd data of abyssal peridot-
ites overlap with those of MORB, although sporadic higher values occur. This observation has led to the general 
notion that radiogenic isotope ratios (e.g., Sr, Nd, Hf, Pb) in sub-ridge peridotites should mirror those of MORB 
(e.g., Snow et al., 1994), but is in contrast to more recent observations (e.g., Salters & Dick, 2002), and to the 
ultra-depleted  176Hf/ 177Hf and  143Nd/ 144Nd predicted for ancient residual peridotites (Figure 1).

Further chemical and radiogenic isotope data of abyssal peridotites are critical, therefore, for assessing how 
abundant such ultra-depleted Nd-Hf isotope signatures are, and for accurately constraining the extent of incom-
patible element depletion of Earth’s sub-ridge mantle. Independently, however, the Nd-Hf isotope variability of 
MORB (Salters et al., 2011; Sanfilippo et al., 2019, 2021), and the discovery of ultra-depleted Nd isotope ratios in 
olivine-hosted melt inclusions (Stracke et al., 2019), require that melts from peridotites with ultra-depleted Nd-Hf 
isotope signatures contribute significantly to the chemical and isotopic budget of oceanic basalts. These obser-
vations are a smoking gun that residual peridotites with ultra-depleted Nd-Hf isotope ratios are more abundant 
in Earth’s mantle than generally thought, and raise several first-order questions: (a) Why are residual peridotites 
with ultra-depleted Nd-Hf isotope ratios not sampled ubiquitously on the ocean floor, and (b) why do MORB 
have lower Nd-Hf isotope ratios than ancient, residual peridotites (Figure 1)? If a large fraction of the sub-ridge 
peridotites has indeed ultra-depleted Nd-Hf isotope ratios, (c) how does this change the general perception about 
the rate of incompatible element depletion, and thus oceanic crust formation over Earth's history?

In this study, we address these questions with new chemical and Nd-Hf isotope data of clinopyroxenes from peri-
dotites exposed at the Doldrums Fracture Zone in the equatorial Mid Atlantic. Their heterogeneous chemical and 
isotopic compositions indicate that recurring cycles of partial melting have variably depleted these peridotites in 
incompatible elements, but also that ubiquitous past and/or recent reaction with migrating melts has dampened 
their chemical and isotopic record of prior melt extraction. The combined processes of partial melting and subse-
quent melt-rock reaction processes consequently determine the ultimate extent of incompatible element depletion 
and isotopic evolution of the peridotitic mantle that has been processed through sub-ridge melting regions.

The so-called “mantle processing rate” determines how much of Earth's mantle has been cycled through melting 
regions in the shallow mantle. Estimates of the mantle processing rate, based on current oceanic crust productions 
rate (e.g., Salters & Stracke, 2004; Stracke et al., 2003), or based on modeling the isotopic spectrum of oceanic 
basalts, range mostly from ca. 4 to 0.5 Ga for processing one mantle mass through melting regions in the shallow 
mantle (e.g., Albarède, 2005; Parai & Mukhopadhyay, 2018; Porcelli & Wasserburg, 1995; Rudge, 2006; Rudge 
et al., 2005). Although these estimates vary substantially, they suggest that partial melting and melt-rock reaction 
processes similar to those deduced in this study have affected all of the mantle at least once, if not multiple times, 
during Earth's history. The results of our study are therefore critical for understanding the global geochemical 
evolution of Earth's mantle, which scales with the mantle's convective vigor, and drives silicate Earth evolution 
in general. Hence, the presented results are of global significance and are crucial for understanding our planet's 
basic mode of operation.

2.  Materials and Methods
2.1.  Sample Selection

Abyssal peridotites were collected during three expeditions of the research vessel A.N. Strakhov (S06, S09, and 
S45) to the Doldrums Fracture Zone in the Equatorial sector of the Mid-Atlantic Ridge (7–8°N). The Doldrums 
Fracture Zone is a complex tectonic system composed by a 600  ×  100  km-wide, lens-shaped and deformed 
portion of oceanic lithosphere (Figure 2). The thick and cold lithosphere is fragmented by five transform faults 
interspersed by four intra-transform ridge segments (Skolotnev et al., 2020). Peridotites were sampled along the 
transverse ridge along the northern transform fault of this system (dredge S45-15), and across the western and 
eastern flanks of the northern intra-transform ridge, at the inside corner high located at 16 km from the active 
intra-transform spreading segment (dredge and S09-73, Figure 2; see also Skolotnev et al., 2020). These sampling 
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sites are located 150 and 180 km east of the Mid-Atlantic Ridge, roughly corresponding to a seafloor age between 
10 and 12 Ma.

2.2.  Analytical Techniques

2.2.1.  Major and Trace Elements Compositions

A thorough description of the petrography and major-trace element mineral compositions of previously analyzed 
peridotites from expeditions S06 and S09 is given by Sani et al. (2020). New samples from expedition S45 were 
characterized with optical microscopy, and the original mineralogy was estimated by point counting (Tables S1 
and S2 in Supporting Information S1). Serpentine with mesh texture and associated magnetite was attributed to 
olivine (ol), whereas bastitic serpentine was attributed to orthopyroxenes (opx). Selected peridotites range from 
harzburgites to cpx-poor lherzolites. Major element compositions were measured by electronprobe microanalysis 
with a JEOL JXA8200 superprobe at the Department of Earth's Science Ardito Desio of Milano University using 
an accelerating voltage of 15 kV and a beam current of 15 nA. Major element compositions of cpx, and spinels 
(sp) are provided in Table S1 in Supporting Information S1. The trace element composition of clinopyroxenes 
was analyzed on thin sections by laser ablation ICP-MS using a QQQ-ICP-MS Agilent Series 8900 interfaced to 
a GeoLas 193 nm excimer ablation system (Lambda Physik, Germany) at the Istituto Geoscienze e Georisorse, 
Consiglio Nazionale delle Ricerche  (CNR–IGG) S.S. of Pavia. The ablation system was operated at a 10 Hz 
repetition rate, 50 μm spot size, with a fluence of about 9 J/cm 2. 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  44Ca 

Figure 1.  Diagram showing the Hf and Nd isotope ratios of clinopyroxenes from abyssal peridotites (Indian Ridge 
peridotites: Mallick et al., 2014, 2015, Gakkel Ridge peridotites: Stracke et al., 2011) and depleted lithospheric peridotites 
(Bizimis et al., 2003; Byerly & Lassiter, 2014; Guarnieri et al., 2012; Sanfilippo et al., 2019) compared to global mid ocean 
ridge basalts (MORB) (compiled from PetDB, www.earthchem.org/petdb). Also shown are histograms of isotope ratios of 
MORB (light blue) and peridotites (dark green), including additional Nd isotope ratios from peridotites of the Atlantic and 
Indian Ridges (Brunelli et al., 2018; Cipriani et al., 2004; Mallick et al., 2014, 2015; Salters & Dick, 2002; Snow et al., 1994; 
Warren et al., 2009). Also shown are expected Hf-Nd isotopic evolution lines for depleted mantle residues after 5%, 7%, 10%, 
and 15% of partial melting at 0.5, 1, and 1.5 Ga ago (red, blue and brown lines, see Supporting Information S1 for details 
of the underlying calculations). Solid lines represent partial melting starting in the garnet stability field (3.5%) followed by 
further melting at spinel facies; dashed lines represent melting exclusively in the spinel stability field.
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as internal standard (Pearce et al., 1997). Background and signal were measured for about 60 s, and the raw data 
were processed with the software package GLITTER® (Griffin et al., 2008). The precision and accuracy was 
assessed by repeated analyses of the BRC-2g reference material and is generally better than ±10%.

2.2.2.  Nd and Hf Isotope Ratios of Clinopyroxene Separates

The Hf and Nd isotope ratio measurements of clinopyroxenes were performed at the Institut für Mineralogie, 
Westfälische Wilhelms-Universität Münster (WWU) (Table S2 in Supporting Information S1). We selected four 
peridotites from expeditions S09 (see Sani et al., 2020) and four from expedition S45. The clinopyroxene sepa-
rates (∼150 mg, hand-picked under binocular microscope) were leached with H2O2 in an ultrasonic bath for about 
2 hr to remove Mn oxide coatings. Subsequently, the cpx were leached in 6 N HCl for about 2 hr in an ultrasonic 
bath, followed by leaching in 6 N HCl for about 2 hr at 100°C to remove the effects of seawater alteration.

The grains were dissolved in concentrated HF-HNO3 (4:1) for 3 days at 140°C. After drying at 120°C, the 
samples were re-dissolved with 6  N HCl together with H3BO3 at 120°C for 1  hr. Strontium and the high 
field strength (HFSE) and REE fractions of the samples were separated using standard cation exchange 

Figure 2.  (a) Bathymetric map of the northern portion of the Doldrums Fracture Zone, shown as a shaded relief image 
obtained from swath bathymetry data acquired during expedition S45 (Skolotnev et al., 2020). Dredge locations from 
expeditions S06, S09, and S45 are indicated by the white dots. For further details see Skolotnev et al. (2020). (b) Covariation 
of the Na2O and TiO2 contents of clinopyroxenes from the Doldrums peridotites. The green squares are the samples 
included in this study, whereas the blue squares are peridotites reported in Sani et al. (2020). Global abyssal peridotites 
from Warren (2016) are also shown as small gray dots. (c) Chondrite-normalized (Sun & McDonough, 1989) Hf-REE 
concentrations of clinopyroxene of the peridotites reported in this study that are the basis for grouping the samples into 
“residual” and “refertilized” peridotites (Sani et al., 2020).
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chromatography (Biorad® AG50W-X8, mesh size 200–400  μm). Hafnium was purified from the HFSE 
fraction using Eichrom® Ln Spec columns (Münker et  al.,  2001). Neodymium was further purified from 
the REE fraction in a second column, using an Eichrom® Ln Spec resin (mesh size 50–100  μm) (Pin & 
Zalduegui, 1997).

The Nd and Hf isotope ratios were determined on a Thermo Scientific NEPTUNE plus MC-ICP-MS at WWU. 
Repeated measurements of the JMC-475 Hf standard gave an average  176Hf/ 177Hf = 0.282160 ± 13 (2 S.D., 
n  =  8, 10–30  ppb solution). All Hf isotope ratios are reported relative to  176Hf/ 177Hf  =  0.282160 (Blichert-
Toft et  al.,  1997). To verify accuracy of the isotope ratio measurements, the USGS rock reference materials 
BHVO-2 and BCR-2 were processed as unknowns and gave  176Hf/177Hf = 0.283096 ± 25 (2 S.D., n = 12) 
for BHVO-2 and  176Hf/ 177Hf = 0.282867 ± 20 (2 S.D., n = 10) for BCR-2. The JNdi-1 (20 ppb) Nd bracketing 
standard was determined at  143Nd/ 144Nd = 0.512067 ± 11 (2SD, n = 7), and all data are normalized to JNdi-
1  143Nd/ 144Nd = 0.512115 (Tanaka et al., 2000). The USGS rock standard BHVO-2 gave  143Nd/ 144Nd = 0.51298
1 ± 18 (2 S.D., n = 8) and  143Nd/ 144Nd = 0.512641 ± 12 (2 S.D., n = 5) for BCR-2.

3.  Results
Based on their texture and chemical compositions two groups of peridotites from the Doldrums Fracture Zone 
can be distinguished, termed “residual” and “refertilized” peridotites by Sani et al. (2020) (Figure 2) (see Tables 
S1 and S2 in Supporting Information S1).

Most peridotites selected for this study are residual peridotites, meaning they generally do not show textural 
evidence for interaction with melts during the recent melting process. Note that the term “recent” is used for 
melting processes during processing under the Mid Atlantic Ridge before emplacement on the ocean floor. Based 
on the maximum distance of the sampling sites from the Mid Atlantic Ridge axis and an average spreading rate of 
15 mm/year, the last melting events occurred no more than 12 Ma ago (see Sani et al., 2020). Consistent with their 
texture, the chemical compositions of the residual peridotites show no obvious sign of concomitant incompatible 
element enrichment during recent melt-rock reaction (Figure 3). They have high Cr# (Cr/(Cr + Al), 30–50 mol%) 
and low TiO2 contents (<0.1 wt.%) in spinel (Table S1 in Supporting Information S1), for example, but also low 
heavy REE abundances and light to middle REE ratios (Yb = 0.53–1.03 μg/g Ce/Sm = 0.13–0.42), as well as 
low high field strength element abundances (Zr = 0.23–0.31 μg/g and Hf = 0.02–0.1 μg/g) relative to similarly 
incompatible REE in clinopyroxene (cpx, Figure 2).

Despite such very depleted incompatible element compositions, the residual peridotites have Nd-Hf isotope ratios 
similar to the local MORB (Figure 3;  143Nd/ 144Nd = 0.51301–0.51328 and  176Hf/ 177Hf = 0.28312–0.28328). 
Surprisingly, the cpx with the lowest  176Hf/ 177Hf and  143Nd/ 144Nd have the highest Lu/Hf, Sm/Nd, and the lowest 
Ce/Yb and Yb content (Figure 4). That is, they are most incompatible element depleted, although their isotope 
ratios document a time-integrated evolution with only modest incompatible element depletion (low, MORB-like 
Lu/Hf and Sm/Nd ratios).

The refertilized peridotites, on the other hand, show textural evidence for recent post-melting entrapment and crys-
tallization of interstitial melts, such as interstitial cpx and rare plagioclase-bearing veins crosscutting the mantle 
porphyroclasts (Sani et al., 2020). These samples have high Cr# (51–52 mol%) with high TiO2 contents (0.12 wt.%) 
in spinel (Table S1 in Supporting Information  S1). Their heavy REE abundances (Yb  =  0.65–0.82  μg/g) in 
clinopyroxene (cpx) are similar to those of the residual peridotites, but they have higher Na2O (0.4 wt.%), high 
field strength element contents (Zr = 1.73–1.96 μg/g and Hf = 0.09–0.08 μg/g) and light to middle REE ratios 
(Ce/Sm = 1.13–1.24) (Figure 2).

Unlike the residual peridotites, the refertilized peridotites have Hf isotope ratios by far higher than MORB, but 
Nd isotope ratios within the MORB range (Figures 3 and 4;  176Hf/ 177Hf = 0.2841–0.2856,  143Nd/ 144Nd = 0.513
0–0.5133); similar to cpx of abyssal peridotites from the Arctic Ocean (Stracke et al., 2011), xenoliths from Hawaii 
(Bizimis et al., 2003), and peridotites from the sublithospheric continental mantle (e.g., Guarnieri et al., 2012; 
Sanfilippo et al., 2019). These isotope signatures indicate that the refertilized peridotites evolved with highly 
depleted incompatible element compositions for several 10 8–10 9 years, but have become partly re-enriched in 
incompatible elements by reacting with migrating melts during recent sub-ridge melting, consistent with their 
comparatively high light REE abundances (see detailed discussion below).
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4.  Discussion
Mantle melting at mid ocean ridges creates a range of residual peridotites from which variable amounts of 
melts have been extracted (e.g., Langmuir et al., 1992; Stracke, 2021; Willig et al., 2020). The variably incom-
patible element depleted peridotites may also react to different extents with migrating melts in the sub-ridge 
melting region (e.g., Brunelli et al., 2006, 2014; Hellebrand & Snow, 2003; Seyler et al., 2007; Warren, 2016), 
either recently or during prior melting, or both. A diverse range of incompatible element (e.g., REE) depleted 
and  re-enriched peridotites with highly variable Nd-Hf isotope ratios should therefore characterize the sub-ridge 
mantle, and thus abyssal peridotites sampled on the ocean floor (cf. Stracke et al., 2011).

Figure 5 illustrates how recurring cycles of partial melting and melt-rock reaction affect the REE abundances 
and Nd-Hf systematics of mantle peridotites and provides the context for evaluating the new major-trace element 
and Nd-Hf isotope data of the Doldrums peridotites in the following. A detailed description of the underlying 
calculations is included in Supporting Information S1.

4.1.  Partial Melting and Melt-Rock Reaction Processes in the Sub-Ridge Mantle

Figure 5a shows that partial melting produces residual peridotites with high Sm/Nd and Lu/Hf, which develop 
extremely high  143Nd/ 144Nd and  176Hf/ 177Hf over geologic timescales (10 8–10 9 years); by far higher than those 

Figure 3.  Diagram showing the Hf and Nd isotope ratios of clinopyroxenes from Mid-Atlantic Ridge peridotites reported in 
this study (error bars are smaller than the size of the symbols). Additional data are for abyssal peridotites from the Gakkel and 
Indian Ridges and Atlantic mid ocean ridge basalts (MORB) (data sources as in Figure 1, MORB data compiled from PetDB, 
www.earthchem.org/petdb). Note that clinopyroxenes of the “residual” peridotites analyzed this study overlap with those of 
MORB, whereas clinopyroxenes in the “refertilized” peridotites extend toward extremely high  176Hf/ 177Hf, similar to some of 
the peridotites from Gakkel Ridge.
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generally observed in MORB (see also Figures 1 and 3). Figures 5c and 5e show how variable extents of reac-
tion with migrating or trapped melts re-enriches the REE contents of the residual peridotites. Because resid-
ual peridotites have much lower Nd/Hf ratios than typical MORB-like melts, even low extents of melt-rock 
reaction result in melt-like Sm/Nd in the reacted peridotite, whereas high Lu/Hf close to those of the residual 
peridotites can be preserved (Figure 5c). After several 10 8–10 9 years (1 × 10 9 Ga in Figures 5a, 5c, and 5e), 
the reacted peridotites will have developed low, MORB-like  143Nd/ 144Nd, but retained high  176Hf/ 177Hf similar 
to residual peridotites (Figure 5c). For larger extents of melt-rock reaction (Figure 5e), both Sm/Nd and Lu/Hf 
become melt-like (Figure 5e), and the reacted peridotites develop MORB-like Nd-Hf isotope ratios after several 
10 8–10 9 years (1 × 10 9 Ga in Figure 5e). In this case, ancient melt-rock reaction effectively counteracts mantle 
depletion soon after its creation, and fully conceals the isotopic record for its extent and timing of prior melt 
extraction (Figure 5e).

Figures 5b, 5d, and 5f illustrate how renewed melting and melt-rock reaction affect the REE abundances and the 
Nd-Hf isotope ratios of the diverse peridotites produced by variable extents of ancient partial melting and melt-
rock reaction shown in Figures 5a, 5c, and 5e. The residual peridotites (Figure 5a), for example, may simply melt 
again, which further depletes their REE contents (Figure 5b left panels). Because there is no time for radiogenic 

Figure 4.  Diagrams showing Hf and Nd isotope ratios versus trace element indices of depletion in clinopyroxenes from peridotites of the Doldrums Fracture Zone 
and global abyssal peridotites. Clinopyroxenes in residual peridotites from this study (dark green squares) have MORB-like isotope ratios and incompatible element 
depleted trace element compositions indicating that they have developed with moderate incompatible element depletion for several 100–1,000 million years before 
additional recent melt depletion at the Mid-Atlantic Ridge (symbols as in Figure 2). The clinopyroxenes from the refertilized peridotites (light green squares) have 
very high  176Hf/ 177Hf coupled with MORB-like  143Nd/ 144Nd, but high Ce/Yb, low Sm/Nd and variable Lu/Hf suggesting that highly depleted peridotites were recently 
re-enriched with incompatible elements by melt-rock reaction. (c), (d) Close-ups of (a), (b) showing correlations between  176Hf/ 177Hf,  143Nd/ 144Nd and Yb contents in 
residual peridotites. Note that these are in opposite direction to those of abyssal peridotites from the Indian Ocean, where progressively more incompatible element 
enriched samples also have lower isotope ratios, resulting from recent reaction with isotopically less depleted melts (Mallick et al., 2014, 2015; Warren, 2016).
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Figure 5.
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ingrowth after recent sub-ridge melting, the residual peridotites preserve their “ultra-depleted” Nd-Hf isotope 
ratios (Figure 5b left panels; cf. Stracke et al., 2011).

Variable reaction with typical MORB-like melts after renewed melting, however, re-enriches the incompatible 
element contents of the residual peridotite to different extents, and changes their Nd-Hf isotope ratios (Figure 5b, 
right panels). The  143Nd/ 144Nd are readily shifted toward those of the interacting, MORB-like melt, even for 
low extents of melt-rock reaction, whereas high  176Hf/ 177Hf similar to those of the residual peridotite may be 
preserved (Figure 5b, orange line, orange dot). For larger extents of melt-rock reaction, the melt fully imposes 
its  143Nd/ 144Nd - 176Hf/ 177Hf onto the peridotites and completely erases the pre-existing Nd-Hf isotope signatures 
of ancient mantle depletion (Figure 5b, red line, red dot).

Figures 5d and 5f show how recent melting and melt-rock reaction affect the REE content and Nd-Hf isotope 
ratios of peridotites that have already been re-enriched by past melt-rock reaction processes (Figures 5c and 5e). 
Recent melting depletes the REE contents but preserves the high  176Hf/ 177Hf and MORB-like  143Nd/ 144Nd of peri-
dotites resulting from limited amounts of past melt-rock reaction (Figure 5d left panels). In comparison, peridot-
ites that have been partially reset by recent melt-rock reaction, but did not react with migrating melts during past 
melting processes have similar Nd-Hf isotope ratios, but different REE patterns (Figure 5b right panel). Hence, 
the relative light to heavy REE enrichment for peridotites with high  176Hf/ 177Hf but MORB-like  143Nd/ 144Nd can 
discern if small extents of melt-rock reaction occurred recently or in the past.

If peridotites affected by limited extents of past melt-rock reaction (Figure 5c) also react with MORB-like melts 
during recent sub-ridge processing, their REE become re-enriched and their Nd-Hf isotope values shift toward 
those of the reacting melt (Figure 5d right panels). The extent of this isotopic change depends on the extent of 
recent melt-rock reaction and the Nd-Hf isotope ratios of the reacting melt (orange and red lines and dots in 
Figure 5d right panels). In this case it is difficult to distinguish peridotites that are only affected by recent melt-
rock reaction (Figure 5b right panels) from peridotites that melted and reacted to a limited extent with migrating 
melts both recently and in the past (Figure 5d right panels).

Similar systematics apply for peridotites that were affected by past melting and extensive melt-rock reaction 
processes, and are characterized by MORB-like Nd-Hf isotope ratios today (Figure 5e). That is, they may simply 
melt again and become more incompatible element depleted while retaining their inherited MORB-like isotope 
signatures (Figure 5f left panels). Alternatively, they may melt and react again to various extents with migrat-
ing melts during recent sub-ridge processing, and thus become more REE enriched (Figure 5f right panels). 
Depending on the extent of melt-rock reaction and the isotope ratios of the migrating melt, the inherited, MORB-
like  143Nd/ 144Nd - 176Hf/ 177Hf of the peridotites may shift further toward those of the reacting melt (Figure 5f right 
panels).

Overall, Figure 5 shows that the combined REE content and Nd-Hf isotope ratios of mantle peridotites depend 
strongly on their prior history of melt depletion and extent of past and/or recent reaction with migrating or 
trapped melts. To what degree melt-rock reaction processes affect global mantle evolution, as opposed to 
creating second-order isotopic heterogeneity on a cm-m scale (Brunelli etal., 2006, 2014; Laukert et al., 2014; 
Le Roux et al., 2007; Sani et al., 2020; Seyler et al., 2001, 2004, 2007; Suhr et al., 2008; Tartarotti et al., 2002; 
Warren, 2016) is therefore critical for understanding the mechanisms and rate of incompatible element deple-
tion from Earth's mantle. The latter scales with the rate of melt extraction (ocean crust formation), and thus the 
processing rate and internal dynamics of Earth's mantle, which are the two most fundamental parameters for 
better constraining silicate Earth evolution.

Figure 5.  Diagrams showing the effects of past and recent partial melting and melt-rock reaction on the REE and Nd-Hf isotope ratios of mantle peridotites. Details 
of the underlying calculations of the melting and melt-rock reaction processes are given in Supporting Information S1. (a) Ancient REE-depletion after 7% degree of 
partial melting of a primitive mantle (compositions from McDonough & Sun (1995)) and isotopic evolution of the mantle residue for 1 Ga. (b) Effect of present-day 
melting and melt rock reactions on REE and isotope compositions on mantle residue produced in (a) (in orange partial resetting; in red total resetting, see Supporting 
Information S1 for further details). (c) Low degrees of past melt-rock reaction (1 Ga ago) of the mantle residue shown in panel (a). The low Sm/Nd and high Lu/Hf of 
the reacted mantle develop high  176Hf/ 177Hf coupled with MORB-like  143Nd/ 144Nd. (d) Effects of recent melting and melt-rock reaction of the mantle produced in (c). 
(e) High degrees of ancient melt-rock reaction of the mantle residue shown in (a). The low Sm/Nd and low Lu/Hf of the reacted mantle causes MORB-like  176Hf/ 177Hf 
and  143Nd/ 144Nd isotopic ratios. (f) Effect of recent melting and melt-rock reaction of the mantle produced in (e). Dashed lines in REE diagrams refer to the initial rock 
composition. Dashed lines in isotope spaces (b, d, f) refer to the isotopic evolution after radiogenic ingrowth. Empty and solid dots represent the initial and final rock 
compositions. Isotopic compositions of mid ocean ridge basalts are also reported as gray dots (PetDBdataset_PetDB05September2020). For detailed further discussion 
see Section 4.1.
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4.2.  Peridotites From the Doldrums Fracture Zone

4.2.1.  “Refertilized” Peridotites: Ancient Depletion, Recent Re-Enrichment

Textural evidence for post-melting entrapment and crystallization of small aliquots of interstitial melts at near 
lithospheric conditions for the “refertilized” peridotites shows that melt-rock reaction occurred recently, that 
is, immediately after partial melting at the Mid Atlantic Ridge (Sani et al., 2020). Notably, any textural record 
of past melt-rock reaction would have been erased by recrystallization of the deep-mantle assemblage to an 
olivine-pyroxene mineral assemblage during recent upwelling into the melting region under the Mid-Atlantic 
Ridge. Textural evidence for melt-rock reaction can therefore only be attributed to recent processes.

The high  176Hf/ 177Hf of the refertilized peridotites, however, reflect a time-integrated evolution with strong 
incompatible element depletion (high Lu/Hf and Sm/Nd) for billion-year timescales before being processed 
recently at the Mid Atlantic Ridge (e.g., up to 20% melt extracted from a primitive mantle (PM) up to ∼2 Ga ago, 
Figure 1). Similar to the scenario in Figure 5b (right panels), their MORB-like  143Nd/ 144Nd indicate that recent 
melt-rock reaction processes have partly reset their isotopic record of ancient melt depletion. But comparison to 
Figures 5c and 5d show that it cannot be fully excluded that the high  176Hf/ 177Hf but MORB-like  143Nd/ 144Nd 
may also result from past melt-rock reaction (Figure 5c), or both past and recent melt-rock reaction processes 
(Figure 5d, right panels).

Detailed modeling of the Nd-Hf isotope signatures of the refertilized peridotites (Figure 6; Figure S1 in Support-
ing Information S1) shows that ancient melt-rock interaction of an intrinsically heterogeneous residual mantle 

Figure 6.  Diagrams showing the effects of partial melting and melt–rock reaction on the elemental and Hf–Nd isotope ratios of the peridotites from the Doldrums 
Fracture Zone. Shown in panel (a) are the  176Lu/ 177Hf- 147Sm/ 144Nd (bulk rock) of pure melting residues (F = 5%, 7%, 10%, 15%, as indicated by italic numbers). 
Melting in the garnet and spinel stability field is indicated in solid and dashed black lines, respectively (see Figure 1a). The  176Lu/ 177Hf- 147Sm/ 144Nd evolution of these 
mantle residues after melt–rock interaction is indicated by gray lines. Details on the melting and melt-rock reaction models are given in Supporting Information S1. 
(b) Present-day isotopic compositions after ancient melt–rock interaction (500 Ma) of a heterogeneous mantle residue (melting in garnet stability field as in panel 
a) compared to clinopyroxenes from global abyssal peridotites and Atlantic mid ocean ridge basalts (MORB) (symbols as in Figure 1). Each gray trend refers to the 
isotopic composition of a single melting residue (F = 5%, 7%, 10%, 15%, as indicated by italic numbers) modified by melt-rock reaction at steps of F = 0.5% (filled 
or unfilled gray dots). Trends connecting the same degree of interaction are shown by solid black lines. The close-up at the lower-right shows the model results in 
the MORB isotope range. Note that ancient melt-rock interaction shifts the isotope ratios of the modified peridotites toward the melt composition, although never 
coinciding with the melt as an effect of difference in parent/daughter ratios.
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and migrating MORB-like melts can reproduce their trace element and isotope signatures. Independent of the 
initial degree of mantle depletion, low degrees of melt-rock interaction cause strong light REE enrichment, shift-
ing the Sm/Nd and thus the Nd isotope ratios of the reacted rock toward that of the interacting melt, whereas 
Hf and the middle to heavy REE are less affected (Figure S1 in Supporting Information S1). The Lu/Hf ratios, 
however, are only partially reset by melt-rock reaction, producing reacted peridotites with high present-day Hf 
isotope ratios (Figure 6a). Therefore, the Nd-Hf isotopic signatures of the refertilized peridotites could be partly 
inherited from past melt-rock reaction events (see Figure 5d), but further modified during recent partial melting 
and melt-rock interaction. Indeed, the low TiO2 contents and the relatively modest light to heavy REE enrich-
ment of the clinopyroxene, as well as the low TiO2 and Cr# in spinel, imply low degrees of recent interaction 
with melts, and further complicate assessing the magnitude of past versus recent melt-rock reaction processes 
(compare to Figures 5b–5d). Owing to the multitude of unknowns involved (e.g., extent of melting and melt-rock 
reaction, composition of melt and rock, timing of these processes, etc.), it is therefore exceedingly difficult to 
disentangle in retrospect to what extent the incompatible and isotopic signatures of the refertilized peridotites 
have been affected by ancient versus recent melt-rock reaction processes, or both (cf. Stracke et al., 2011).

4.2.2.  “Residual” Peridotites: Ancient Depletion and Re-Enrichment, Young Depletion

Unlike the refertilized peridotites, the texture and major element compositions of the residual peridotites from 
the Doldrums Fracture Zone indicate that they did not react with melts during recent melting at the Mid Atlantic 
Ridge (Sani et al., 2020). Clinopyroxenes from these samples are light REE depleted and range to very high 
Lu/Hf and Sm/Nd ratios (Figures 2 and 4), but are associated with MORB-like Nd-Hf isotope ratios (Figures 2 
and 4). The latter indicate that they must have developed with comparatively low Lu/Hf and Sm/Nd for several 
10 8–10 9 years before the recent melting event, reinforcing that their high degree of incompatible element deple-
tion is a young feature.

One possibility for explaining the MORB-like Nd-Hf isotope ratios of the residual peridotites is that they reflect 
ancient mantle that became mildly depleted during past melting, followed by additional partial melting during 
recent processing under the Mid Atlantic Ridge. The isotope signatures of the residual peridotites are consistent 
with extraction of about 1%–3% melt from an initially PM or <2% melt from a depleted mantle with a melting 
age between 0.5 and 2 Ga (Figures 1 and 5a). But it is impossible to match the REE patterns, especially the light 
REE versus heavy REE abundances, by two such successive partial melting events. The reason is that the heavy 
REE abundances of the residual peridotites are similar to those in cpx in equilibrium with PM (McDonough & 
Sun, 1995; Figures 2c, and 7). Ancient partial melting of PM would decrease the REE contents of the initially 

Figure 7.  Diagram showing the effects of two successive partial melting events on the REE contents of clinopyroxenes of 
originally primitive mantle (PM), compared to those in the average Doldrums residual peridotites. The parameters of the 
partial melt models are same as in Figure 5 and detailed in Supporting Information S1. Ancient (1 Ga ago) REE-depletion 
after 2% degree of partial melting of a PM (compositions from McDonough & Sun (1995)) leads to mildly light REE depleted 
REE patterns (orange line) and Nd-Hf isotopic compositions of the Doldrums residual peridotites (not shown). However, the 
clinopyroxene in this mantle residue (in orange) has similar heavy rare earth elements (HREE) but much higher light rare 
earth elements contents than the average clinopyroxene in the Doldrums residual peridotites (dashed green line). Additional 
partial melting (4%) during recent processing under the Mid Atlantic Ridge results in further REE-depletion. The modeled 
REE patterns match the light REE but have much lower HREE contents than the Doldrums peridotite clinopyroxenes. Hence, 
although the Nd-Hf isotope signatures of the Doldrums residual peridotites are consistent with a 1 Ga-old extraction of 2% 
melt from an initially PM, their REE patterns require ancient melt-rock reaction to increase the overall HREE concentrations 
(see left panel in Figure 5f).
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PM, followed by further lowering of the REE during recent melting. Matching the light REE depletion of the 
residual peridotites by repeated partial melting consequently leads to much lower heavy REE abundances than 
observed in the residual peridotites (Figure 7). Without concomitant or subsequent re-enrichment of the heavy 
REE by reaction with migrating melts, therefore, this scenario is impossible to reconcile with the high heavy REE 
contents of the residual peridotites (Figure 7).

An alternative explanation for the combined isotopic and REE element composition of the residual peridotites 
could be that ancient partial melting without melt-rock reaction, has produced peridotites with strong incompatible 
element depletions which have developed Nd-Hf isotope ratios by far higher than MORB prior to the recent melt-
ing event (Figure 5a). The observed MORB-like isotope ratios of the residual peridotites then require complete 
resetting by recent reaction with melts with MORB-like isotope ratios. But again, even with light REE depleted 
MORB-like melts, matching the light REE depletion and strong heavy REE enrichment of the residual peridot-
ites is impossible (Figures 5b and 7). This is confirmed by the REE contents of the “plagioclase-impregnated” 
peridotites that are associated with the residual peridotites (Sani et al., 2020). These plagioclase-bearing rocks are 
strongly light REE depleted but have even higher heavy REE contents than the residual peridotites. These features 
were reproduced by Sani et al. (2020) by recent reaction of light REE depleted melts (MORB-like or ultra-depleted 
melt) with originally ultra-depleted peridotites (cf. Brunelli et al., 2014). Comparison of the distinct light to heavy 
REE abundances of the “plagioclase-impregnated” and residual peridotites (Sani et al., 2020) therefore confirms 
that this alternative scenario of strong ancient depletion coupled to recent partial melting and extensive interac-
tion with light REE depleted melts is also impossible to reconcile with the combined REE abundances and Nd-Hf 
isotope ratios of the residual peridotites (Figures 2, 5b, and 7).

More likely, therefore, the MORB-like isotope ratios of the residual peridotites reflect variably incompatible 
element depleted peridotites which reacted with migrating melts during one or several past melting episodes 
(compare to Figures 5e and 5f left panels). Detailed modeling of the Nd-Hf isotope signatures (Figure 6), shows 
that very high degrees of melt-rock interaction of highly depleted mantle more than ∼0.5 Ga ago are required for 
reproducing the MORB-like Nd-Hf isotope ratios of the residual peridotites. In this scenario, extensive ancient 
melt-rock reaction entirely resets the Sm/Nd and Lu/Hf ratios of originally incompatible element depleted perid-
otites (Figure S1 in Supporting Information S1), leading to MORB-like Nd-Hf isotope signatures today, depend-
ing on the  176Hf/ 177Hf and  143Nd/ 144Nd of the reacting melts versus those of the residual peridotite. A melt with 
identical Nd and Hf isotope ratios to the mantle residues at the time of past interaction, for example, would 
result  in peridotites with higher Hf isotope ratios than observed for the residual peridotites (Figure S2 in Support-
ing Information S1). In contrast, pervasive reaction (>95% melt-rock reaction) between an ultra-depleted residual 
mantle (e.g., F = 10–15%) and a melt that has lower Nd and Hf isotope ratios than the mantle residues at the 
time of past interaction match the Nd and Hf isotopes of cpx from the residual peridotites (Figure 6). Lower Nd 
(Hf) isotope ratios in MORB compared to abyssal peridotites from the same ridge segment are often observed 
(Brunelli et al., 2018; Cipriani et al., 2004; Mallick et al., 2014, 2015; Salters & Dick, 2002; Warren et al., 2009), 
and are an unavoidable consequence of melting isotopically heterogeneous mantle (e.g., B. Liu & Liang, 2017; 
Rudge et al., 2013; Stracke, 2012, 2021; Stracke & Bourdon, 2009).

Notably, the residual peridotites with the highest Lu/Hf and Sm/Nd have the lowest  176Hf/ 177Hf and  143Nd/ 144Nd 
(Figure 4). This indicates that the peridotites that experienced extensive past melt-rock reaction recently melted 
to the largest extent, but did not react with migrating melts, which would have caused strong light versus heavy 
REE enrichment (Figure 5f right panels). The residual peridotites therefore became highly depleted and strongly 
re-enriched by melt-rock reaction during past melting, before recent partial melting without concomitant melt-
rock reaction caused their strong incompatible element depletion (compare to Figure 5f left panels).

4.3.  Implications for the Long-Term Isotopic Evolution of the Depleted Mantle

At the Doldrums Fracture Zone, isotopically heterogeneous peridotites are exposed within ∼15 km, attesting to 
a manifold history of melt depletion and melt-rock interaction. Notably, both ultra-depleted Hf and MORB-like 
Nd-Hf isotope ratios characterize the peridotites from the Doldrums Fracture Zone (Figure 3). The small-scale 
isotopic heterogeneity observed in this study thereby conveys a large part of the global compositional spectrum 
expected for variably incompatible element depleted and refertilized peridotites (Figure 5), and by analogy, the 
global sub-ridge mantle (Figure 3).
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Consistent with the abundant evidence for melt-rock reaction for the residual and refertilized peridotites of 
the Doldrums Fracture Zone, pervasive melt-rock reaction is a ubiquitous corollary of present ridge melting 
(Brunelli & Seyler, 2010; Brunelli et al., 2014; Laukert et al., 2014; Le Roux et al., 2007; Sani et al., 2020; Seyler 
et al., 2001, 2004, 2007; Stracke et al., 2011; Suhr et al., 2008; Tartarotti et al., 2002; Warren & Shimizu, 2010) 
and affects most of the recovered abyssal peridotites (Warren, 2016). Especially the chemical and Nd-Hf isotope 
signatures of most abyssal peridotites from the Indian Ocean (for which chemical and Nd isotope data are avail-
able) show evidence for almost complete overprinting by recent melt-rock reaction (Brunelli et al., 2014; Seyler 
et al., 2001, 2004, 2011; Warren & Shimizu, 2010; Warren, 2016; Figure 4) despite Os isotope evidence for prior 
melt extraction (Day et al., 2017). In addition, although the residual peridotites do not show any textural evidence 
for melt-rock reaction, their clinopyroxenes do not follow simple fractional melting models in terms of their light 
to heavy REE abundances (see Sani et al., 2020, discussion above, Figure 7). Similar features are common in 
abyssal peridotites world-wide (e.g., Warren, 2016) and indicate that, even for light REE depleted peridotites, 
some extent of melt-rock reaction, either recently or in the past, is generally required for explaining their REE 
patterns (Brunelli et  al.,  2006,  2014; Godard et  al.,  2008; Liang & Peng,  2010). Taking recent processes as 
analogs for past ridge processes, it is therefore by no means extreme or unusual that the residual peridotites from 
Doldrums Fracture Zone may represent residual mantle that became re-enriched during ancient melting episodes, 
although they experienced no, or only very modest melt-rock reaction recently.

Ubiquitous reaction of variably incompatible element depleted peridotites with migrating melts during past and 
recent melting events has fundamental implications for assessing the chemical and isotopic record of the rate of 
incompatible element depletion from Earth's mantle. “Ultra-depleted” Hf and Nd isotope ratios can only develop 

Figure 8.  Schematic isotopic evolution of the sub-ridge mantle (a), and (b) and (c) illustration of the melting region and 
melt-rock reaction zones below mid ocean ridges modified after (Katz, 2008; Katz & Weatherley, 2012). The blue dashed 
lines in panel (a) show the evolution of purely residual depleted mantle and the solid blue lines the evolution of variably 
depleted mantle after different extents of melt-rock reaction, the slopes depending on the modified parent/daughter ratio. Each 
vertical step of the blue lines represents different melting and melt-rock reaction events throughout the Earth's history (see 
Figure S5 in Supporting Information S1 for further details). The melting region under a mid-ocean ridge shown in panel (b) 
consists of variably depleted mantle ranging from mildly to highly incompatible element depleted mantle (light to dark blue 
colors) and regions of high melt porosity (gray areas). Melt-rock reaction may occur especially in zone of melt extraction and 
toward the peripheral portions of the melting region, as shown in (c) (modified after Katz, 2008). A high porosity layer is 
localized at the lithosphere-asthenosphere boundary where the decrease in temperature may enhance reactive crystallization 
of migrating melts. Variably incompatible element depleted mantle that reacted to different extents with migrating or trapped 
melts will be transported laterally away from the ridge axis and, eventually, into the deeper mantle, evolving to isotopically 
highly heterogeneous mantle domains.
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in strictly residual mantle that remains chemically isolated for several 10 8–10 9 years (Figures 1, 5, and 6). Nota-
bly, such signatures have not been observed in abyssal peridotites sampled to date (Figure 3). For low extents 
of reaction of incompatible element depleted peridotites with migrating melts, “ultra-depleted” Hf but not Nd 
isotope ratios may be preserved (Figures  5b–5d). For large extents of melt-rock reaction, the reacted mantle 
evolves with only moderate incompatible element depletion and is now characterized by isotope ratios similar to 
MORB (Figures 5d and 5f). Importantly, despite having quite contrasting isotope ratios today, peridotites in these 
latter two cases have reacted with migrating melts, but deceptively, these reactions partly to fully conceal  the 
isotopic record of the extent and timing of past melt extraction (Figure 8a). For extensively reacted peridotites, 
evidence for past melt extraction and the minimum time since the last melt extraction event is only discernible if 
subchondritic Os isotope ratios are preserved (Day et al., 2017).

Hence for assessing the global-scale chemical and isotopic evolution of Earth's mantle it is critical to constrain the 
extent and fraction of mantle affected by melt-rock reaction during sub-ridge melting. Owing to their high degree 
of incompatible element depletion, peridotites that melted to a large extent are more susceptible to resetting of 
their incompatible element signatures by melt-rock reaction than less depleted peridotites (Figures  4 and  5). 
Paradoxically, therefore, the isotopic record of significant prior melt extraction is more readily preserved in 
peridotites from which little melt has been extracted, either during past or recent partial melting events. Perhaps 
more so than a peridotite's chemical susceptibility to incompatible element resetting, it is therefore the fluid 
dynamics of melt migration –the formation of melt networks that set the boundary conditions for chemically 
reactive flow– that determines the fraction of reacted versus purely residual mantle during sub-ridge melting 
(Katz, 2008; Katz & Weatherley, 2012; Kelemen et al., 1997; Keller et al., 2017; B. Liu & Liang, 2017; B. Liu 
& Liang, 2019) (Figure 8b). Focused eruption at the ridge axis leads to a coalescing melt network (Katz, 2008; 
Katz & Weatherley, 2012; Kelemen et al., 1997; Keller et al., 2017; Sparks & Parmentier, 1991) (Figure 8b). 
The mantle that experienced the highest extent of decompression (i.e., partial melting) in the central part of the 
melting region is transferred to the base of the lithospheric boundary layer, and moves laterally along with the 
lithospheric plate through high porosity melt channels at the fringes of the melting region, where it has a high 
probability for reacting with migrating melts (Figure 8c). The most pronounced chemical depletion signatures 
generated during sub-ridge melting are therefore least likely to be preserved. When moving laterally out of the 
melting region, residual mantle in deeper parts of the melting region also moves through the “melt channel” 
which could promote extensive interactions with melts, that could affect most of the mantle when these channels 
are active (Figure 8c). As eruptions are periodic at mid ocean ridges, there must be periods where these melt 
channels are more or less inactive (little melt is present), but the mantle moves constantly out of the melting 
region, and thus there is less chance to react with melts during these periods of quiescence. The expectation thus 
is that the residual mantle that is re-integrated into the convective flow after being processed under mid ocean 
ridges, shows a very heterogeneous distribution of variably depleted (by partial melting) and refertilized (by melt-
rock reaction) peridotites. A more detailed understanding of the physico-chemical mechanisms of melt transport 
and probability for reaction with peridotitic mantle (Katz, 2008; Katz & Weatherley, 2012; B. Liu & Liang, 2017; 
B. Liu & Liang, 2019) is therefore required for gaining an accurate understanding of the peridotitic mantle's rate 
of incompatible element depletion and time-integrated isotopic record of melt extraction. The latter is a crucial 
parameter, because it scales with the frequency of processing through sub-ridge melting regions –the mantle's 
processing rate– and thus vigor of convection. The peridotitic mantle's isotopic record of prior melt depletion 
and melt-rock reaction is also critical for interpreting the radiogenic isotope ratios of MORB (cf. Stracke, 2021; 
Willig et al., 2020), as discussed in the following.

4.4.  Implications for Interpreting MORB Isotope Signatures

MORB are aggregated melts from isotopically heterogeneous mantle sources. The vast majority (>90%) of the 
MORB source is probably residual peridotitic mantle that became incompatible element depleted during prior 
partial melting. Hence the isotopic signatures of MORB should reflect the full diversity of isotopic signatures 
observed at the Doldrums Fracture Zone and predicted in Figure 5. The higher isotopic variability of MORB 
compared to ocean island basalts has indeed been attributed to contribution of melts with “ultra-depleted” Nd-Hf 
isotope signatures (Salters et al., 2011). But the isotopic range of MORB is much more muted than expected for 
melting such isotopically diverse peridotites (Figure 1).
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In addition to isotopically highly variable peridotites (Figures 1 and 3), the MORB source contains minor incom-
patible element enriched components (<ca. 10%, e.g., Lambart et al., 2016; Salters & Stracke, 2004; Stracke 
et  al.,  2003; Sobolev et  al.,  2007; Yang et  al.,  2020), perhaps mostly recycled oceanic and continental crust 
(Stracke,  2012 and references therein). The radiogenic isotope signatures of MORB thus reflect a weighted 
average of melts from the different source constituents (e.g., Stracke, 2021; Stracke & Bourdon, 2009; Willig 
et al., 2020). At least three source components can be discerned from the subparallel arrays in Hf versus Nd-Sr-Pb 
isotope space observed for MORB (Blichert-Toft et al., 2005; Salters et al., 2011; Sanfilippo et al., 2019, 2021). In 
order of increasing impact on the final Sr-Nd-Hf-Pb isotope signatures of the aggregate melt (MORB) these are: 
(a) highly incompatible element depleted, strictly residual peridotites with extremely high Nd-Hf isotope ratios 
(Figure 5a), (b) variably incompatible element depleted and re-enriched peridotites whose isotope composition 
trends toward MORB-like signatures (Figures 5b–5f), and (c) incompatible element enriched recycled crustal 
components.

Because peridotites with “ultra-depleted” radiogenic isotope compositions are much more incompatible element 
depleted than those with MORB-like isotope signatures, extreme Nd-Hf isotope ratios of ultra-depleted peridot-
ites have little influence on the isotopic composition of MORB (Byerly & Lassiter, 2014; Salters et al., 2011). The 
radiogenic isotope ratios of MORB therefore primarily reflect the less incompatible element depleted peridotitic 
and recycled source components (B. Liu & Liang, 2017, B. Liu & Liang, 2019; Salters & Dick, 2002; Salters 
et al., 2011; Sanfilippo et al., 2021; Stracke, 2012, 2021; Stracke et al., 2011; Willig et al., 2020). In essence, 
even <10% recycled oceanic crust in the mantle source can supply up to two-thirds of the incompatible element 
inventory of the erupted melt (e.g., Stracke & Bourdon, 2009). The radiogenic isotope ratios of MORB are thus 
heavily biased toward the composition of the melts from the recycled crustal components.

The natural consequence is that MORB do not convey the full extent of isotopic heterogeneity, nor do they accu-
rately reflect the time-integrated amount of prior melt extraction of their peridotitic mantle source constituents. 
Estimating the mantle's rate of incompatible element depletion based on the radiogenic isotope ratios of MORB 
may therefore considerably underestimate the rate of oceanic crust production, that is, the mantle's processing rate 
and thus vigor of convection. The magnitude of this effect is difficult to predict, but the discussion above suggests 
that Earth's mantle has likely evolved through a multi-stage history of mantle processing toward a more mature 
evolutionary stage than currently thought.

Conflict of Interest
The authors declare no conflicts of interest relevant to this study.

Data Availability Statement
The geochemical data used in this study are included as tables in Supporting Information S1. The data published 
are contributed to the Petrological Database (www.earthchem.org/petdb) and available to the EarthChem Library 
at https://doi.org/10.26022/IEDA/112764.

References
Alard, O., Luguet, A., Pearson, N. J., Griffin, W. L., Lorand, J. P., Gannoun, A., et al. (2005). In situ Os isotopes in abyssal peridotites bridge the 

isotopic gap between MORBs and their source mantle. Nature, 436(7053), 1005–1008. https://doi.org/10.1038/nature03902
Albarède, F. (2005). The survival of mantle geochemical heterogeneities. In van der R. D. Hilst, J. D. Bass, J. Matas, & J. Trampert (Eds.), Earth’s 

deep mantle: Structure, composition, and evolution (pp. 27–46). American Geophysical Union.
Bizimis, M., Sen, G., & Salters, V. J. M. (2003). Hf–Nd isotope decoupling in the oceanic lithosphere. Constraints from spinel peridotites from 

Oahu, Hawaii. Earth and Planetary Science Letters, 217(1–2), 43–58. https://doi.org/10.1016/S0012-821X(03)00598-3
Blichert-Toft, J., Agranier, A., Andres, M., Kingsley, R., Schilling, J. G., & Albarède, F. (2005). Geochemical segmentation of the mid Atlantic ridge 

north of Iceland and ridge–hot spot interaction in the North Atlantic. Geochemistry, Geophysics, Geosystems, 6(1), Q01E19. https://doi.org/ 
10.1029/2004GC000788

Blichert-Toft, J., Chauvel, C., & Albarède, F. (1997). Separation of Hf and Lu for high-precision isotope analysis of rock samples by magnetic 
sector-multiple collector ICP-MS. Contributions to Mineralogy and Petrology, 127(3), 248–260. https://doi.org/10.1007/s004100050278

Brunelli, D., Cipriani, A., & Bonatti, E. (2018). Thermal effects of pyroxenites on mantle melting below mid-ocean ridges. Nature Geoscience, 
11(7), 520–525. https://doi.org/10.1038/s41561-018-0139-z

Brunelli, D., Paganelli, E., & Seyler, M. (2014). Percolation of enriched melts during incremental open-system melting in the spinel field: A REE 
approach to abyssal peridotites from the southwest Indian ridge. Geochimica et Cosmochimica Acta, 127, 190–203. https://doi.org/10.101 
6/j.gca.2013.11.040

Acknowledgments
We would like to thank the captain, 
the officers, the crew and the chief 
scientist Sergey G. Skolotnev of R/V 
Akademik Nikolaj Strakhov 45. Thanks 
to Carlotta Ferrando for her help in 
the petrological characterization and 
geochemical analyses of S45 peridotites 
and to Valentin Basch and Marco Ligi 
for discussions on a preliminary draft 
of the manuscript. We thank L. Elkins, 
K. Putirka and one anonymous reviewer 
for their detailed and constructive 
comments which led to important clar-
ifications, and V. Salters for additional 
comments and the dedicated editorial 
work. This study was supported by the 
Italian Programma di Rilevante Interesse 
Nazionale (PRIN_2017KY5ZX8), 
by Accordo Bilaterale CNR/RFBR 
2018–2020 (CUPB36C17000250005) 
and by the Russian Foundation for the 
Basic Research (project no. 18-55-7806 
Ital_t), Russian Basic Research Program 
(project no. 0135-2019-0050). This 
study is also supported by the German 
Research Foundation by research Grant 
DFG-STR853/14-1 to A.St.

 2576604x, 2023, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022A

V
000792 by C

N
R

 B
ologna, W

iley O
nline L

ibrary on [11/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.earthchem.org/petdb
https://doi.org/10.26022/IEDA/112764
https://doi.org/10.1038/nature03902
https://doi.org/10.1016/S0012-821X(03)00598-3
https://doi.org/10.1029/2004GC000788
https://doi.org/10.1029/2004GC000788
https://doi.org/10.1007/s004100050278
https://doi.org/10.1038/s41561-018-0139-z
https://doi.org/10.1016/j.gca.2013.11.040
https://doi.org/10.1016/j.gca.2013.11.040


AGU Advances

SANI ET AL.

10.1029/2022AV000792

16 of 18

Brunelli, D., & Seyler, M. (2010). Asthenospheric percolation of alkaline melts beneath the St. Paul region (Central Atlantic Ocean). Earth and 
Planetary Science Letters, 289(3–4), 393–405. https://doi.org/10.1016/j.epsl.2009.11.028

Brunelli, D., Seyler, M., Cipriani, A., Ottolini, L., & Bonatti, E. (2006). Discontinuous melt extraction and weak refertilization of mantle peridot-
ites at the Vema lithospheric section (Mid-Atlantic Ridge). Journal of Petrology, 47(4), 745–77111. https://doi.org/10.1093/petrology/egi092

Byerly, B. L., & Lassiter, J. C. (2014). Isotopically ultradepleted domains in the convecting upper mantle: Implications for MORB petrogenesis. 
Geology, 42(3), 203–206. https://doi.org/10.1130/G34757.1

Cipriani, A., Brueckner, H. K., Bonatti, E., & Brunelli, D. (2004). Oceanic crust generated by elusive parents: Sr and Nd isotopes in basalt- 
peridotite pairs from the Mid-Atlantic Ridge. Geology, 32(8), 657–660. https://doi.org/10.1130/G20560.1

Day, J. M., Walker, R. J., & Warren, J. M. (2017). 186Os–187Os and highly siderophile element abundance systematics of the mantle revealed by 
abyssal peridotites and Os-rich alloys. Geochimica et Cosmochimica Acta, 200, 232–254. https://doi.org/10.1016/j.gca.2016.12.013

Godard, M., Lagabrielle, Y., Alard, O., & Harvey, J. (2008). Geochemistry of the highly depleted peridotites drilled at ODP Sites 1272 and 1274 
(Fifteen-Twenty Fracture Zone, Mid-Atlantic Ridge): Implications for mantle dynamics beneath a slow spreading ridge. Earth and Planetary 
Science Letters, 267(3–4), 410–425. https://doi.org/10.1016/j.epsl.2007.11.058

Griffin, W. L., Powell, W. J., Pearson, N. J., & O’Reilly, S. Y. (2008). GLITTER: Data reduction software for laser ablation ICP–MS. In P. 
Sylvester (Ed.), Laser ablation–ICP–MS in the earth sciences: Current practices and outstanding issues. Short course series (pp. 307–311). 
Mineralogical Association of Canada.

Guarnieri, L., Nakamura, E., Piccardo, G. B., Sakaguchi, C., Shimizu, N., Vannucci, R., & Zanetti, A. (2012). Petrology, trace element and Sr, Nd, 
Hf isotope geochemistry of the North Lanzo peridotite massif (Western Alps, Italy). Journal of Petrology, 53(11), 2259–2306. https://doi.org/ 
10.1093/petrology/egs049

Harvey, J., Gannoun, A., Burton, K. W., Rogers, N. W., Alard, O., & Parkinson, I. J. (2006). Ancient melt extraction from the oceanic upper 
mantle revealed by Re–Os isotopes in abyssal peridotites from the mid-Atlantic ridge. Earth and Planetary Science Letters, 244(3–4), 606–621. 
https://doi.org/10.1016/j.epsl.2006.02.031

Hellebrand, E., & Snow, J. E. (2003). Deep melting and sodic metasomatism underneath the highly oblique-spreading Lena Trough (Arctic 
Ocean). Earth and Planetary Science Letters, 216(3), 283–299. https://doi.org/10.1016/s0012-821x(03)00508-9

Katz, R. F. (2008). Magma dynamics with the enthalpy method: Benchmark solutions and magmatic focusing at mid-ocean ridges. Journal of 
Petrology, 49(12), 2099–2121. https://doi.org/10.1093/petrology/egn058

Katz, R. F., & Weatherley, S. M. (2012). Consequences of mantle heterogeneity for melt extraction at mid-ocean ridges. Earth and Planetary 
Science Letters, 335–336, 226–237. https://doi.org/10.1016/j.epsl.2012.04.042

Kelemen, P. B., Hirth, G., Shimizu, N., Spiegelman, M., & Dick, H. J. (1997). A review of melt migration processes in the adiabatically upwelling 
mantle beneath oceanic spreading ridges. Philosophical Transactions of the Royal Society of London. Series A: Mathematical, Physical and 
Engineering Sciences, 355(1723), 283–318. https://doi.org/10.1098/rsta.1997.0010

Keller, T., Katz, R. F., & Hirschmann, M. M. (2017). Volatiles beneath mid-ocean ridges: Deep melting, channelised transport, focusing, and 
metasomatism. Earth and Planetary Science Letters, 464, 55–68. https://doi.org/10.1016/j.epsl.2017.02.006

Lambart, S., Baker, M. B., & Stolper, E. M. (2016). The role of pyroxenite in basalt genesis: Melt-PX, a melting parameterization for mantle pyrox-
enites between 0.9 and 5 GPa. Journal of Geophysical Research: Solid Earth, 121(8), 5708–573527. https://doi.org/10.1002/2015jb012762

Langmuir, C. H., Klein, E. M., & Plank, T. (1992). Petrological systematics of mid-ocean ridge basalts: Constraints on melt generation beneath 
ocean ridges. Mantle Flow and Melt Generation at Mid-Ocean Ridges, 183–280. https://doi.org/10.1029/gm071p0183

Lassiter, J. C., Byerly, B. L., Snow, J. E., & Hellebrand, E. (2014). Constraints from Os-isotope variations on the origin of Lena Trough abys-
sal peridotites and implications for the composition and evolution of the depleted upper mantle. Earth and Planetary Science Letters, 403, 
178–187. https://doi.org/10.1016/j.epsl.2014.05.033

Laukert, G., Von Der Handt, A., Hellebrand, E., Snow, J. E., Hoppe, P., & Klügel, A. (2014). High-pressure reactive melt stagnation recorded in 
abyssal pyroxenites from the ultraslow-spreading Lena Trough, Arctic Ocean. Journal of Petrology, 55(2), 427–458. https://doi.org/10.1093/
petrology/egt073

Le Roux, V., Bodinier, J. L., Tommasi, A., Alard, O., Dautria, J. M., Vauchez, A., & Riches, A. J. V. (2007). The Lherz spinel lherzolite: Referti-
lized rather than pristine mantle. Earth and Planetary Science Letters, 259(3–4), 599–612. https://doi.org/10.1016/j.epsl.2007.05.026

Liang, Y., & Peng, Q. (2010). Non-modal melting in an upwelling mantle column: Steady-state models with applications to REE depletion 
in abyssal peridotites and the dynamics of melt migration in the mantle. Geochimica et Cosmochimica Acta, 74(1), 321–339. https://doi.
org/10.1016/j.gca.2009.09.029

Liu, B., & Liang, Y. (2017). The prevalence of kilometer-scale heterogeneity in the source region of MORB upper mantle. Science Advances, 
3(11). https://doi.org/10.1126/sciadv.1701872

Liu, B., & Liang, Y. (2019). Importance of permeability and deep channel network on the distribution of melt, fractionation of REE in abyssal 
peridotites, and U-series disequilibria in basalts beneath mid-ocean ridges: A numerical study using a 2D double-porosity model. Earth and 
Planetary Science Letters, 528, 115788. https://doi.org/10.1016/j.epsl.2019.115788

Liu, C. Z., Dick, H. J., Mitchell, R. N., Wei, W., Zhang, Z. Y., Hofmann, A. W., et al. (2022). Archean cratonic mantle recycled at a mid-ocean 
ridge. Science Advances, 8(22), eabn6749. https://doi.org/10.1126/sciadv.abn6749

Liu, C.-Z., Snow, J. E., Hellebrand, E., Brügmann, G. E., von der Handt, A. B., & Hofmann, A. W. (2008). Ancient, highly heterogeneous mantle 
beneath Gakkel ridge, Arctic Ocean. Nature, 452(7185), 311–316. https://doi.org/10.1038/nature06688

Mallick, S., Dick, H. J., Sachi-Kocher, A., & Salters, V. J. (2014). Isotope and trace element insights into heterogeneity of subridge mantle. 
Geochemistry, Geophysics, Geosystems, 15(6), 2438–2453. https://doi.org/10.1002/2014gc005314

Mallick, S., Standish, J. J., & Bizimis, M. (2015). Constraints on the mantle mineralogy of an ultra-slow ridge: Hafnium isotopes in abyssal peri-
dotites and basalts from the 9–25 E Southwest Indian Ridge. Earth and Planetary Science Letters, 410, 42–532. https://doi.org/10.1016/j.epsl. 
2014.10.048

McDonough, W. F., & Sun, S. S. (1995). The composition of the Earth. Chemical Geology, 120(3–4), 223–253. https://doi.org/10.1016/0009- 
2541(94)00140-4

Münker, C., Weyer, S., Scherer, E., & Mezger, K. (2001). Separation of High Field Strength elements (Nb, Ta, Zr, Hf) and Lu from rock samples 
for MC-ICPMS measurements. Geochemistry, Geophysics, Geosystems, 2(12), 1064. https://doi.org/10.1029/2001GC000183

Paquet, M., Day, J. M. D., Brown, D. B., & Waters, C. L. (2022). Effective global mixing of the highly siderophile elements into Earth’s mantle 
inferred from oceanic abyssal peridotites. Geochimica et Cosmochimica Acta, 316, 347–362. https://doi.org/10.1016/j.gca.2021.09.033

Parai, R., & Mukhopadhyay, S. (2018). Xenon isotopic constraints on the history of volatile recycling into the mantle. Nature, 560(7717), 
223–227. https://doi.org/10.1038/s41586-018-0388-4

 2576604x, 2023, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022A

V
000792 by C

N
R

 B
ologna, W

iley O
nline L

ibrary on [11/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.epsl.2009.11.028
https://doi.org/10.1093/petrology/egi092
https://doi.org/10.1130/G34757.1
https://doi.org/10.1130/G20560.1
https://doi.org/10.1016/j.gca.2016.12.013
https://doi.org/10.1016/j.epsl.2007.11.058
https://doi.org/10.1093/petrology/egs049
https://doi.org/10.1093/petrology/egs049
https://doi.org/10.1016/j.epsl.2006.02.031
https://doi.org/10.1016/s0012-821x(03)00508-9
https://doi.org/10.1093/petrology/egn058
https://doi.org/10.1016/j.epsl.2012.04.042
https://doi.org/10.1098/rsta.1997.0010
https://doi.org/10.1016/j.epsl.2017.02.006
https://doi.org/10.1002/2015jb012762
https://doi.org/10.1029/gm071p0183
https://doi.org/10.1016/j.epsl.2014.05.033
https://doi.org/10.1093/petrology/egt073
https://doi.org/10.1093/petrology/egt073
https://doi.org/10.1016/j.epsl.2007.05.026
https://doi.org/10.1016/j.gca.2009.09.029
https://doi.org/10.1016/j.gca.2009.09.029
https://doi.org/10.1126/sciadv.1701872
https://doi.org/10.1016/j.epsl.2019.115788
https://doi.org/10.1126/sciadv.abn6749
https://doi.org/10.1038/nature06688
https://doi.org/10.1002/2014gc005314
https://doi.org/10.1016/j.epsl.2014.10.048
https://doi.org/10.1016/j.epsl.2014.10.048
https://doi.org/10.1016/0009-2541(94)00140-4
https://doi.org/10.1016/0009-2541(94)00140-4
https://doi.org/10.1029/2001GC000183
https://doi.org/10.1016/j.gca.2021.09.033
https://doi.org/10.1038/s41586-018-0388-4


AGU Advances

SANI ET AL.

10.1029/2022AV000792

17 of 18

Pearce, N. J., Perkins, W. T., Westgate, J. A., Gorton, M. P., Jackson, S. E., Neal, C. R., & Chenery, S. P. (1997). A compilation of new and 
published major and trace element data for NIST SRM 610 and NIST SRM 612 glass reference materials. Geostandards Newsletter, 21(1), 
115–144. https://doi.org/10.1111/j.1751-908x.1997.tb00538.x

Pin, C., & Zalduegui, J. F. S. (1997). Sequential separation of light rare-Earth elements, thorium and uranium by miniaturized extraction chro-
matography: Application to isotopic analyses of silicate rocks. Analytica Chimica Acta, 339(1–2), 79–89. https://doi.org/10.1016/S0003- 
2670(96)00499-0

Porcelli, D., & Wasserburg, G. J. (1995). Mass-transfer of helium, neon, argon, and xenon through a steady-state upper-mantle. Geochimica et 
Cosmochimica Acta, 59(23), 4921–4937. https://doi.org/10.1016/0016-7037(95)00336-3

Rudge, J. F., McKenzie, D., & Haynes, P. H. (2005). A theoretical approach to understanding the isotopic heterogeneity of mid-ocean ridge basalt. 
Geochimica et Cosmochimica Acta, 69(15), 3873–3887. https://doi.org/10.1016/j.gca.2005.03.004

Rudge, J. F. (2006). Mantle pseudo-isochrons revisited. Earth and Planetary Science Letters, 249(3–4), 494–513. https://doi.org/10.1016/j.
epsl.2006.06.046

Rudge, J. F., Maclennan, J., & Stracke, A. (2013). The geochemical consequences of mixing melts from a heterogeneous mantle. Geochimica et 
Cosmochimica Acta, 114, 112–143. https://doi.org/10.1016/j.gca.2013.03.042

Salters, V. J. M., & Stracke, A. (2004). Composition of the depleted mantle. Geochemistry, Geophysics, Geosystems, 5, Q05B07. https://doi.
org/10.1029/2003GC000597

Salters, V. J. M., & Zindler, A. (1995). Extreme  176Hf/ 177Hf in the sub-oceanic mantle. Earth and Planetary Science Letters, 129(1–4), 13–30. 
https://doi.org/10.1016/0012-821X(94)00234-P

Salters, V. J. M., & Dick, H. J. B. (2002). Mineralogy of the mid-ocean-ridge basalt source from neodymium isotopic composition of abyssal 
peridotites. Nature, 418(6893), 68–72. https://doi.org/10.1038/nature00798

Salters, V. J. M., Mallick, S., Hart, S. R., Langmuir, C. H., & Stracke, A. (2011). Domains of depleted mantle; new evidence from hafnium and 
neodymium isotopes. Geochemistry, Geophysics, Geosystems, 12(8), Q10017. https://doi.org/10.11029/12011GC003874

Sanfilippo, A., Salters, V., Tribuzio, R., & Zanetti, A. (2019). Role of ancient, ultra-depleted mantle in Mid-Ocean-Ridge magmatism. Earth and 
Planetary Science Letters, 511, 89–98. https://doi.org/10.1016/j.epsl.2019.01.018

Sanfilippo, A., Salters, V. J. M., Sokolov, S. Y., Peyve, A. A., & Stracke, A. (2021). Ancient refractory asthenosphere revealed by mantle re- 
melting at the Arctic Mid Atlantic Ridge. Earth and Planetary Science Letters, 566, 116981. https://doi.org/10.1016/j.epsl.2021.116981

Sani, C., Sanfilippo, A., Ferrando, C., Peyve, A. A., Skolotonev, S. G., Muccini, F., et al. (2020). Ultra-depleted melt refertilization of mantle peri-
dotites in a large intra-transform domain (Doldrums Fracture Zone; 7–8°N, Mid Atlantic Ridge). Lithos, 374, 105698. https://doi.org/10.1016/j.
lithos.2020.105698

Seyler, M., Brunelli, D., Toplis, M. J., & Mèvel, C. (2011). Multiscale chemical heterogeneities beneath the eastern Southwest Indian Ridge (52°E-
68°E): Trace element compositions of along-axis dredged peridotites. Geochemistry, Geophysics, Geosystems, 12(9), Q0AC15. https://doi.o 
rg/10.1029/2011gc003585

Seyler, M., Lorand, J.-P., Dick, H. J. B., & Drouin, M. (2007). Pervasive melt percolation reactions in ultra-depleted refractory harzburgites at the 
Mid-Atlantic Ridge, 15° -20°N: ODP Hole 1274A. Contributions to Mineralogy and Petrology, 153(3), 303–319. https://doi.org/10.1007/s0 
0410-006-0148-6

Seyler, M., Lorand, J. P., Toplis, M. J., & Godard, G. (2004). Asthenospheric metasomatism beneath the mid-ocean ridge: Evidence from depleted 
abyssal peridotites. Geology, 32(4), 301–304. https://doi.org/10.1130/G20191.1

Seyler, M., Toplis, M. J., Lorand, J. P., Luguet, A., & Cannat, M. (2001). Clinopyroxene microtextures reveal incompletely extracted melts in 
abyssal peridotites. Geology, 29(2), 155–158. https://doi.org/10.1130/0091-7613(2001)029<0155:CMRIEM>2.0.CO;2

Skolotnev, S. G., Sanfilippo, A., Peyve, A. A., Muccini, F., Sokolov, S. Y., Sani, C., et al. (2020). Large-scale structure of the Doldrums multi-
fault transform system (7-8ºN Equatorial Atlantic): Preliminary results from the 45th expedition of the R/V A.N Strakhov. Ofioliti, 45, 25–41. 
https://doi.org/10.4454/ofioliti.v45i1.553

Snow, J. E., Hart, S. R., & Dick, H. J. (1994). Nd and Sr isotope evidence linking mid-ocean-ridge basalts and abyssal peridotites. Nature, 
371(6492), 57–60. https://doi.org/10.1038/371057a0

Sobolev, A. V., Hofmann, A. W., Kuzmin, D. V., Yaxley, G. M., Arndt, N. T., Chung, S. L., et al. (2007). The amount of recycled crust in sources 
of mantle-derived melts. Science, 316(5823), 412–417. https://doi.org/10.1126/science.1138113

Sparks, D. W., & Parmentier, E. M. (1991). Melt extraction from the mantle beneath spreading centers. Earth and Planetary Science Letters, 
105(4), 368–377. https://doi.org/10.1016/0012-821x(91)90178-k

Stracke, A. (2012). Earth’s heterogeneous mantle: A product of convection-driven interaction between crust and mantle. Chemical Geology, 
330–331, 274–299. https://doi.org/10.1016/j.chemgeo.2012.08.007

Stracke, A. (2021). A process-oriented approach to mantle geochemistry. Chemical Geology, 579, 120350. https://doi.org/10.1016/j.chemgeo. 
2021.120350

Stracke, A., & Bourdon, B. (2009). The importance of melt extraction for tracing mantle heterogeneity. Geochimica et Cosmochimica Acta, 73(1), 
218–238. https://doi.org/10.1016/j.gca.2008.10.015

Stracke, A., Genske, F., Berndt, J., & Koornneef, J. M. (2019). Ubiquitous ultra-depleted domains in Earth’s mantle. Nature Geoscience, 12(10), 
851–855. https://doi.org/10.1038/s41561-019-0446-z

Stracke, A., Snow, J. E., Hellebrand, E., von der Handt, A., Bourdon, B., Birbaum, K., & Günther, D. (2011). Abyssal peridotite Hf isotopes 
identify extreme mantle depletion. Earth and Planetary Science Letters, 308(3–4), 359–368. https://doi.org/10.1016/j.epsl.2011.06.012

Stracke, A., Zindler, A., Salters, V. J. M., McKenzie, D., & Groenvold, K. (2003). The dynamics of melting beneath Theistareykir, northern 
Iceland. Geochemistry, Geophysics, Geosystems, 4(10), 8513. https://doi.org/10.1029/2002GC000347

Suhr, G., Kelemen, P., & Paulick, H. (2008). Microstructures in Hole 1274A peridotites, ODP Leg 209, Mid-Atlantic Ridge: Tracking the 
fate of melts percolating in peridotite as the lithosphere is intercepted. Geochemistry, Geophysics, Geosystems, 9(3), Q03012. https://doi.
org/10.1029/2007GC001726

Sun, S. S., & McDonough, W. F. (1989). Chemical and isotopic systematics of oceanic basalts: Implications for mantle composition and processes. 
Geological Society, London, Special Publications, 42(1), 313–345. https://doi.org/10.1144/gsl.sp.1989.042.01.19

Tanaka, T., Togashi, S., Kamioka, H., Amakawa, H., Kagami, H., Hamamoto, T., et  al. (2000). JNdi-1: A neodymium isotopic reference in 
consistency with LaJolla neodymium. Chemical Geology, 168(3–4), 279–281. https://doi.org/10.1016/S0009-2541(00)00198-4

Tartarotti, P., Susini, S., Nimis, P., & Ottolini, L. (2002). Melt migration in the upper mantle along the Romanche Fracture Zone (Equatorial 
Atlantic). Lithos, 63(3–4), 125–149. https://doi.org/10.1016/S0024-4937(02)00116-0

Warren, J. M. (2016). Global variations in abyssal peridotite compositions. Lithos, 248–251, 193–219. https://doi.org/10.1016/j.lithos.2015.12.023
Warren, J. M., & Shimizu, N. (2010). Cryptic variations in abyssal peridotite compositions: Evidence for shallow-level melt infiltration in the 

oceanic lithosphere. Journal of Petrology, 51(1–2), 395–423. https://doi.org/10.1093/petrology/egp096

 2576604x, 2023, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022A

V
000792 by C

N
R

 B
ologna, W

iley O
nline L

ibrary on [11/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/j.1751-908x.1997.tb00538.x
https://doi.org/10.1016/S0003-2670(96)00499-0
https://doi.org/10.1016/S0003-2670(96)00499-0
https://doi.org/10.1016/0016-7037(95)00336-3
https://doi.org/10.1016/j.gca.2005.03.004
https://doi.org/10.1016/j.epsl.2006.06.046
https://doi.org/10.1016/j.epsl.2006.06.046
https://doi.org/10.1016/j.gca.2013.03.042
https://doi.org/10.1029/2003GC000597
https://doi.org/10.1029/2003GC000597
https://doi.org/10.1016/0012-821X(94)00234-P
https://doi.org/10.1038/nature00798
https://doi.org/10.11029/12011GC003874
https://doi.org/10.1016/j.epsl.2019.01.018
https://doi.org/10.1016/j.epsl.2021.116981
https://doi.org/10.1016/j.lithos.2020.105698
https://doi.org/10.1016/j.lithos.2020.105698
https://doi.org/10.1029/2011gc003585
https://doi.org/10.1029/2011gc003585
https://doi.org/10.1007/s00410-006-0148-6
https://doi.org/10.1007/s00410-006-0148-6
https://doi.org/10.1130/G20191.1
https://doi.org/10.1130/0091-7613(2001)029%3C0155:CMRIEM%3E2.0.CO;2
https://doi.org/10.4454/ofioliti.v45i1.553
https://doi.org/10.1038/371057a0
https://doi.org/10.1126/science.1138113
https://doi.org/10.1016/0012-821x(91)90178-k
https://doi.org/10.1016/j.chemgeo.2012.08.007
https://doi.org/10.1016/j.chemgeo.2021.120350
https://doi.org/10.1016/j.chemgeo.2021.120350
https://doi.org/10.1016/j.gca.2008.10.015
https://doi.org/10.1038/s41561-019-0446-z
https://doi.org/10.1016/j.epsl.2011.06.012
https://doi.org/10.1029/2002GC000347
https://doi.org/10.1029/2007GC001726
https://doi.org/10.1029/2007GC001726
https://doi.org/10.1144/gsl.sp.1989.042.01.19
https://doi.org/10.1016/S0009-2541(00)00198-4
https://doi.org/10.1016/S0024-4937(02)00116-0
https://doi.org/10.1016/j.lithos.2015.12.023
https://doi.org/10.1093/petrology/egp096


18 of 18

Warren, J. M., Shimizu, N., Sakaguchi, C., Dick, H. J. B., & Nakamura, E. (2009). An assessment of upper mantle heterogeneity based on abyssal 
peridotite isotopic compositions. Journal of Geophysical Research, 114(B12), B12203. https://doi.org/10.1029/2008JB006186

Willig, M., Stracke, A., Beier, C., & Salters, V. J. (2020). Constraints on mantle evolution from Ce-Nd-Hf isotope systematics. Geochimica et 
Cosmochimica Acta, 272, 36–53. https://doi.org/10.1016/j.gca.2019.12.029

Yang, S., Humayun, M., & Salters, V. J. (2020). Elemental constraints on the amount of recycled crust in the generation of mid-oceanic ridge 
basalts (MORBs). Science Advances, 6(26), eaba2923. https://doi.org/10.1126/sciadv.aba2923

AGU Advances

SANI ET AL.

10.1029/2022AV000792

 2576604x, 2023, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022A

V
000792 by C

N
R

 B
ologna, W

iley O
nline L

ibrary on [11/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1029/2008JB006186
https://doi.org/10.1016/j.gca.2019.12.029
https://doi.org/10.1126/sciadv.aba2923

	Earth Mantle's Isotopic Record of Progressive Chemical Depletion
	Abstract
	Plain Language Summary
	1. Introduction
	2. Materials and Methods
	2.1. Sample Selection
	2.2. Analytical Techniques
	2.2.1. Major and Trace Elements Compositions
	2.2.2. Nd and Hf Isotope Ratios of Clinopyroxene Separates


	3. Results
	4. Discussion
	4.1. Partial Melting and Melt-Rock Reaction Processes in the Sub-Ridge Mantle
	4.2. Peridotites From the Doldrums Fracture Zone
	4.2.1. “Refertilized” Peridotites: Ancient Depletion, Recent Re-Enrichment
	4.2.2. “Residual” Peridotites: Ancient Depletion and Re-Enrichment, Young Depletion

	4.3. Implications for the Long-Term Isotopic Evolution of the Depleted Mantle
	4.4. Implications for Interpreting MORB Isotope Signatures

	Conflict of Interest
	Data Availability Statement
	References


