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Abstract 16 

Mantle differentiation produces geochemically enriched crust and complementary 17 

depleted mantle residues. While crustal recycling over supercontinent cycles has shaped 18 

a first-order east-west mantle compositional dichotomy between an enriched African 19 

mantle domain and a depleted Pacific mantle domain, the nature, distribution and origin 20 

of depleted mantle remain poorly known. Here we report the presence of an ultra-21 

depleted mantle domain beneath the northern Atlantic Ocean, characterized by highly 22 

depleted elemental compositions and radiogenic Hf isotopes. We develop a statistical 23 

mantle model to reconstruct distinct mantle depletion histories, which can also explain 24 

the Hf-isotope discrepancy between oceanic basalts and peridotites. Model results 25 

indicate that the ultra-depleted mantle (UDM) domain records ancient high-degree melt 26 



extraction at depths greater than those of normal mid-ocean ridge melting. In contrast, 27 

a depleted Pacific mantle domain reflects a progressive melt extraction that mostly 28 

occurred at shallow depths, compatible with those of mid-ocean-ridges. We propose 29 

that distinct melt-depletion histories contribute to mantle’s compositional structure, in 30 

which the UDM domain beneath the northern Atlantic Ocean may represent residues of 31 

ancient mantle plumes that have been preserved in the lower mantle. 32 

Introduction 33 

Earth’s differentiation and long-term geodynamic evolution have produced a 34 

heterogeneous convective mantle, recorded by oceanic basalts and peridotites. Recent 35 

statistical analyses of global basalt geochemistry revealed an east-west mantle 36 

dichotomy, expressed as a relatively enriched African mantle domain and a more 37 

depleted Pacific mantle domain1,2. This dichotomy is geographically coupled with the 38 

two large low-shear-wave-velocity provinces (LLSVPs), indicating that enriched 39 

crustal materials have been preferentially transported into the African mantle domain 40 

by long-lived subduction during Pangea assembly and along the circum-Pacific 41 

subduction girdle. While the effects of crustal recycling on enriched mantle 42 

heterogeneities have been extensively investigated1–4, the nature and origin of depleted 43 

mantle remain poorly documented and understood. 44 

The depleted upper mantle has traditionally been treated as a comparatively 45 

homogeneous reservoir produced by crust-mantle differentiation, but this paradigm has 46 

increasingly been challenged by evidence for the presence of ultra-depleted mantle 47 

components5–10. For example, abyssal peridotites from the Gakkel and Southwest 48 

Indian ridges can have abnormally low Al2O3, unradiogenic 187Os/188Os and radiogenic 49 

176Hf/177Hf, recording ancient, refractory and ultra-depleted mantle parcels5,6,8,11. Such 50 

observations have led to the hypothesis that ultra-depleted mantle may be widespread 51 

or even volumetrically significant within the asthenosphere9. Yet abyssal peridotites are 52 

sparsely sampled and unevenly distributed, limiting constraints on the global 53 

distribution of ultra-depleted mantle. By contrast, oceanic basalts broadly sample 54 

mantle beneath global mid-ocean ridge system and ocean islands/plateaus, but how they 55 



record depleted mantle heterogeneities remains enigmatic9. 56 

Here we integrate global geochemical observations of oceanic basalts and 57 

peridotites to reconstruct a global mantle depletion framework that reflects the mantle’s 58 

complex depletion history. We report the presence of an ultra-depleted mantle (UDM) 59 

domain beneath the northern Atlantic Ocean that is distinguishable from the depleted 60 

Pacific mantle domain by coupled elemental and Nd-Hf isotopic systematics, and 61 

interpret this UDM domain as an ancient one in the lower mantle that was brought to 62 

the surface through Cenozoic plume activity.  63 

An ultra-depleted mantle domain beneath the northern Atlantic Ocean 64 

We compile isotopic and elemental data of MORBs, plume-related ocean island 65 

basalts (OIBs) and oceanic plateau basalts (OPBs) along the global mid-ocean ridges 66 

and near-ridge hot spots (Fig. 1). MORBs primarily sample the shallow asthenosphere, 67 

whereas plume-related OIBs and OPBs commonly incorporate deeper mantle 68 

components2,12. Given a heterogeneous mantle composed of peridotites and pyroxenites, 69 

MORBs and plume-related OIBs and OPBs sample different portions of mantle 70 

components13,14. While Sr, Nd and Pb isotopic signatures of oceanic basalts can be 71 

easily overwhelmed by enriched mantle components, Hf isotopes, owing to the 72 

moderate incompatibility of Lu and Hf, are more sensitive indexes of depleted and 73 

ultra-depleted mantle components15,16. 74 

The Nd-Hf isotopic patterns of MORBs define depleted, ultra-depleted and 75 

enriched mantle domains (Figs. 1 and 2), signatures of which are also observed in near-76 

ridge OIBs and OPBs (Supplementary Fig. 1) from the Pacific, northern Atlantic, 77 

southern Atlantic and Indian Oceans. Pacific MORBs define a depleted mantle domain, 78 

characterized by high εNd and radiogenic εHf, but predominantly negative ΔεHf (ΔεHf 79 

= εHf − 1.55εNd − 1.21) relative to the terrestrial array17 (Fig. 2a). By contrast, African 80 

MORBs display more heterogeneous Nd-Hf isotopic signatures that can be subdivided 81 

into two domains: i) MORBs from the northern Atlantic Ocean (from the Azores–82 

Iceland region northward to the Knipovich ridge) (Fig. 1) exhibit high εNd and positive 83 

ΔεHf that clearly plot above the terrestrial array, defining a UDM domain; ii) MORBs 84 



from the southern Atlantic and Indian Oceans exhibit overall low εNd and dispersed 85 

εHf around the terrestrial array, defining a relatively enriched mantle domain. In 86 

addition, MORBs from the central Atlantic Ocean exhibit highly variable isotopic 87 

signatures transitional between the abovementioned two mantle domains4,10, and will 88 

not be considered further in this study.  89 

While the African mantle domain overall exhibits more enriched and hydrous 90 

signatures relative to the Pacific mantle domain1,2,4, our analysis shows that the UDM 91 

domain beneath the northern Atlantic Ocean displays distinct signals from the enriched 92 

mantle domain beneath the southern Atlantic and the Indian Ocean (Figs. 2b–d). The 93 

UDM domain exhibits concentrated and lower 87Sr/86Sr and 208Pb*/206Pb* relative to 94 

the PREMA18–20, whereas the enriched mantle domain has dispersed and higher 95 

87Sr/86Sr and 208Pb*/206Pb*. Moreover, the UDM domain exhibits higher Nb/Nb* 96 

(Nb/Nb* = NbN/(ThN
0.5 × LaN

0.5), where ‘N’ denotes primitive mantle normalization21) 97 

and lower Th/U relative to the enriched mantle domain, although they consistently have 98 

higher Ba/Th than the Pacific mantle domain2 (Supplementary Fig. 2). 99 

In addition to isotopic compositions, the UDM domain displays systematically 100 

depleted major-element and incompatible-element compositions. At comparable high 101 

MgO contents (MgO>8.0 wt. %), MORBs from the UDM domain exhibit lower TiO2 102 

and Na2O relative to those from the depleted and enriched mantle domains (Figs. 3a–103 

b), consistent with melts derived from clinopyroxene-poor peridotites22. Incompatible 104 

element ratios such as Zr/Y also support an ultra-depleted mantle source (Figs. 3c–d), 105 

although the slightly elevated Nb/Y ratios indicate a possible contribution of recycled 106 

oceanic crust23. While depletion in elements can be explained by high-temperature 107 

mantle melting associated with mantle plumes24, these ultra-depleted characteristics 108 

persist even at distances >1000 km from plume centers (Supplementary Figs. 3–4), 109 

indicating that they reflect a widespread UDM source8 rather than localized high-110 

temperature melting. Together, these coupled isotopic and elemental characteristics 111 

suggest the existence of a UDM domain beneath the northern Atlantic Ocean. 112 



Global mantle depletion modelling based on statistical analyses 113 

Because MORBs and abyssal peridotites are commonly regarded as 114 

complementary melts and melting residues derived from the same mantle domain, they 115 

have traditionally been expected to preserve consistent isotopic characteristics25. 116 

Recent studies, however, demonstrate that abyssal peridotites can have extremely high 117 

εHf relative to MORBs of the same region6,8,9,26,27, here referred to as the Hf isotopic 118 

paradox. One explanation is that ultra-depleted peridotites with high εHf are too 119 

refractory to melt efficiently beneath mid-ocean ridges5,6. However, experimental 120 

constraints suggest that clinopyroxene-poor peridotites can melt under normal ridge 121 

conditions, albeit producing lower melt fractions than fertile peridotites22 122 

(Supplementary Fig. 5). In addition, some peridotites with extremely high εHf retain 123 

relatively fusible major-element compositions8,9,28. Together, these observations 124 

indicate that refractory behavior alone is insufficient to explain the systematic Hf 125 

isotopic differences between abyssal peridotites and MORBs. 126 

An alternative explanation is that melts from isotopically ultra-depleted peridotites 127 

are strongly depleted in incompatible elements, which are subsequently overprinted by 128 

enriched mantle melts during magma ascent and mixing7,9,26. As such, MORBs with 129 

highly depleted incompatible-element compositions should tend towards high ΔεHf 130 

with increasing εNd. This prediction, however, is inconsistent with observations of the 131 

Garrett transform in the Pacific Ocean, where some of the most incompatible-element-132 

depleted MORBs29 exhibit extremely high εNd but negative ΔεHf, following the 133 

depleted Pacific mantle trend30 (Fig. 2a). The ultra-depleted mantle endmember 134 

developed by Stracke et al.6 satisfactorily explains Nd-Hf isotope compositions of 135 

peridotites, but it does not readily account for the systematic Hf isotopic offset between 136 

the depleted and ultra-depleted mantle domains recorded by oceanic basalts, unless 137 

variably depleted endmembers are invoked9,16.  138 

To reproduce the links between ultra-depleted peridotites and basalts, we utilize 139 

Monte Carlo approaches to model mantle composition under variable depletion extents 140 

and ages (Methods, Supplementary Figs. 6–10). Published global abyssal peridotite 141 



results are taken as representing the entire range and frequency distribution of the 142 

depleted mantle assemblage, from which variable depletion extents were generated 143 

using observations of abyssal peridotites corroborated by a dynamic melting model 144 

(Supplementary Fig. 8). For a depleted MORB mantle (DMM)31-like mantle 145 

assemblage formed at 800 Ma within the spinel peridotite field, the modelled Nd–Hf 146 

isotopic compositions overlap those observed in abyssal peridotites (Supplementary Fig. 147 

9), although the modelled proportion of extremely radiogenic-εHf compositions is 148 

lower than observed. It is noteworthy that extremely radiogenic-εHf peridotites are 149 

more likely to be sampled when a modelled mantle assemblage has greater melt-150 

depleted extents and/or older depletion ages, consistent with previous work6,8. In 151 

addition, modelled mantle assemblages generated within the garnet peridotite field 152 

develop higher Lu/Hf ratios and more time-integrated radiogenic εHf than those formed 153 

in the spinel peridotite field (Supplementary Fig. 9), providing a potential mechanism 154 

for generating the distinction between the ultra-depleted and depleted mantle domains 155 

(Figs. 2a and 3c). 156 

Distinct depletion histories between the ultra-depleted and depleted mantle 157 

domains 158 

Two-component mantle mixing models reveal that the ultra-depleted and depleted 159 

mantle domains reflect distinct mantle depletion processes (Supplementary Fig. 6) 160 

(Methods). We first consider a shallow-depletion model (Scenario I), in which varying 161 

mantle assemblage models formed exclusively within the spinel peridotite field32 are 162 

mixed with recycled oceanic crust, both formed at 800 Ma as a starting age. The 163 

modelled mixtures reproduce the εNd range of global MORB mantle, but yield slightly 164 

lower ΔεHf that is below the terrestrial array (Supplementary Fig. 11). Increasing 165 

depletion degrees of the modelled mantle assemblage would shift these mixtures toward 166 

higher εNd, yet ΔεHf remains lower, with only sparse modelled data extending to higher 167 

ΔεHf. This demonstrates that normal mid-ocean-ridge depletion alone is unlikely to 168 

account for the UDM domain.  169 

Alternatively, scenario Ⅱ assumes that mantle depletion occurs at greater depths 170 



than normal mid-ocean-ridge melting, involving variable proportions of spinel- and 171 

garnet-peridotite residues33 at 800 Ma. With increasing mantle depletion, modelled 172 

mixtures evolve towards higher εNd and higher ΔεHf, producing a substantially 173 

improved match to the UDM domain (Fig. 4). For an ultra-depleted mantle assemblage 174 

with a mean 147Sm/144Nd ratio of 0.32 (more depleted than the Depleted-DMM)31 the 175 

modelled isotopic field closely reproduces the observed UDM domain (Fig. 4d). This 176 

agreement remains robust even with higher proportions of garnet-peridotite residues 177 

(Supplementary Fig. 12) or older depletion ages (e.g., 1.5 Ga; Supplementary Fig. 13). 178 

These results indicate that the UDM domain requires an ancient, ultra-depleted mantle 179 

assemblage formed by high-degree melting at depths greater than normal mid-ocean-180 

ridge melting. 181 

By contrast, neither Scenario I nor II reproduces the high εNd and low ΔεHf 182 

endmember of the depleted Pacific mantle domain (Supplementary Fig. 11 and Fig. 4). 183 

Instead, scenario Ⅲ, which involves ancient oceanic lithosphere (oceanic crust and 184 

lithospheric mantle)34 followed by continuous shallow melt extraction, provides a 185 

viable explanation. Recycled oceanic crust can generate low ΔεHf values below the 186 

terrestrial array35, whereas subsequent shallow depletion shifts the mantle towards 187 

higher εNd. While this model employs a simplified two-stage oceanic lithosphere 188 

depletion (oceanic lithosphere formed at 1.5 Ga followed by melt extraction at 800 Ma), 189 

the resulting mixtures successfully reproduce the combination of high εNd and low 190 

ΔεHf for the depleted Pacific mantle domain (Supplementary Fig. 14).  191 

Together, these results indicate that the UDM and depleted mantle domains record 192 

distinct mantle depletion histories in Earth’s history. Our modelling results suggest that 193 

the UDM domain in the northern Atlantic Ocean likely experienced an ancient (≥800 194 

Ma) mantle depletion event at greater-than-mid-ocean-ridge melting depth and high-195 

temperature36. Such conditions can be readily provided by large-scale ancient plume-196 

related melting events (Fig. 5a). Given that the modelled depletion ages represent 197 

minimum estimates, even older Hadean-Archean mantle residues37,38 appear to be 198 

reasonable candidates39. By contrast, the depleted Pacific mantle domain records 199 



recycling of ancient oceanic lithosphere, followed by progressive melt extraction at 200 

shallow mid-ocean-ridge melting depths. This is consistent with the formation of the 201 

paleo-Pacific since the break-up of the supercontinent Rodinia1,2,40.  202 

Geodynamic implications of the ultra-depleted mantle 203 

The existence of UDM components beneath the northern Atlantic Ocean, which 204 

are composed of substantial clinopyroxene-poor peridotites36, has important 205 

implications for mantle geodynamics7,8. If UDM components were stored primarily in 206 

the upper mantle, their positive buoyancy relative to more fertile mantle lithologies 207 

would have favored long-term accumulation beneath ridges, and should have been 208 

recorded by earlier northern Atlantic MORBs. However, MORBs formed during the 209 

opening of the northern Atlantic Ocean (e.g., lavas from Goban Spur and Hatton Bank) 210 

exhibit high εNd but negative ΔεHf (Supplementary Fig. 15), distinct from observations 211 

of the present-day UDM domain41. Alternatively, this UDM signature since the eruption 212 

of the North Atlantic Igneous Province might have originated from delamination of sub-213 

continental lithospheric mantle during continental break-up30. However, as discussed 214 

above, the post-55 Ma appearance of the UDM signature (Supplementary Fig. 15) 215 

similarly argues against this model.  216 

Here we hypothesize that the UDM components beneath the northern Atlantic 217 

Ocean were formed by plume-related high-degree melting at ca. 800 Ma or older. The 218 

ultra-depleted mantle lithospheric blocks were recycled to the lower mantle (Fig. 5a), 219 

and remained there7,8 until Cenozoic mantle plumes brought them up and produced 220 

basalts with the reported UDM signatures (Fig. 5b). Studies suggested that 221 

clinopyroxene-poor peridotites can indeed be long-lived in the lower mantle7,42,43. The 222 

deep plume origin is spatiotemporally consistent with the appearance of ultra-depleted 223 

mantle signatures7,8,14,39 (Supplementary Fig. 15). In addition, the geographic 224 

distribution of the ultra-depleted mantle domain overlaps regions influenced by the 225 

(proto-)Iceland and the (proto-)Azores plumes44, where positive residual topography 226 

exists45. UDM components from the lower mantle may also contribute to other plumes 227 

(e.g., the Marion Rise, Sierra Leone and Hawaii)10,46,47, although their signatures are 228 



often obscured by enriched components in plume-derived basalts. If this is indeed the 229 

case, ancient depleted components in the deep mantle must be taken into account in 230 

models of Earth’s geodynamic evolution and mantle compositional heterogeneity40,42,48. 231 

The presence of such ancient depleted components in the deep mantle may also help 232 

explain the anomalous buoyancy and upward flux of mantle plumes8,14. 233 

Methods 234 

Compilation and filtering of geochemical data 235 

Geochemical data used in this study (Supplementary Table 1) were compiled from 236 

published literature, supplemented by published datasets from Yang et al.4 and 237 

Harðardóttir et al.51. We focus exclusively on Hf isotope data of oceanic basalts 238 

measured by multi-collector inductively coupled plasma mass spectrometry (MC-ICP-239 

MS), whereas those analyzed by thermal ionization mass spectrometry (TIMS) are not 240 

included. MORB samples with MgO < 5.0 wt % were excluded to minimize the effects 241 

of magmatic differentiation.  242 

Monte Carlo modelling of mantle compositions 243 

To parameterize mantle depletion, we fitted a Johnson-SU distribution to the 244 

¹⁴⁷Sm/¹⁴⁴Nd ratios of abyssal peridotites compiled in Supplementary Table 2. The fitted 245 

parameters were a = −7.4960, b = 1.7667, loc = −1.8316 and scale = 0.0208. The fitted 246 

distribution had a mean ¹⁴⁷Sm/¹⁴⁴Nd ratio of approximately 0.37 and represented the 247 

most depleted end-member assemblage considered in our model. To reduce the effects 248 

of complex melt-rock interaction and metasomatic overprinting, only abyssal 249 

peridotites with 147Sm/144Nd > 0.2 were considered in this study. Alternative truncation 250 

thresholds, including the 147Sm/144NdPM = 0.19621 were also tested, which do not affect 251 

interpretations in this study. 252 

To generate mantle assemblages with variable depletion extents, we first truncated 253 

the fitted Johnson-SU distribution by excluding the 147Sm/144Nd < 0.2 tail and 254 

renormalized the remaining probability density. The truncated distribution was then 255 

transformed toward 147Sm/144Nd = 0.20 using a linear compression:  256 



Xnew = 0.20 + k (Xold – 0.20), 257 

where Xold represents values sampled from the truncated Johnson-SU distribution 258 

and k is the compression factor. This procedure preserves the empirical shape of the 259 

abyssal-peridotite distribution while systematically reducing its mean 147Sm/144Nd. For 260 

each target assemblage, k was chosen such that the conditional mean of 147Sm/144Nd 261 

within the interval 0.2 < 147Sm/144Nd < 1.0 matched a prescribed value. In this study, 262 

we considered target means of 0.24, 0.26, 0.28 and 0.32 to represent mantle 263 

assemblages with progressively increasing depletion extents (Supplementary Fig. 8). 264 

For each mantle assemblage, we used dynamic melting models to calculate 265 

corresponding Nd, Hf and 176Lu/177Hf compositions for residues formed in the spinel- 266 

and garnet-peridotite fields (Supplementary Table 3). These modelled elemental 267 

correlations allow each Monte Carlo simulation of 147Sm/144Nd to be translated into 268 

corresponding Sm, Nd, Lu and Hf, then the isotopic compositions of mantle 269 

assemblages at given depletion ages could be achieved. 270 

As an illustrative case, we generated elemental and isotopic compositions of a 271 

DMM-like mantle assemblage, which was extracted from a starting mantle source at 272 

800 Ma. This starting mantle source has an Nd-Hf isotopic evolution similar to that of 273 

PREMA (Supplementary Fig. 7), and is used here as an isotopic approximation of a 274 

broadly primitive mantle reservoir18–20. Nd-Hf isotopic evolution of a PREMA-like 275 

source lies within errors of a depleted mantle reservoir35,52. The modelled Nd-Hf 276 

isotopic compositions of mantle assemblages broadly reproduce the observed isotopic 277 

range of the abyssal peridotites (Supplementary Figs. 9a–b). Alternative source 278 

compositions, such as chondritic mantle, were also tested but produced isotopic 279 

compositions less consistent with the observed data fields (Supplementary Fig. 10). 280 

This is partly because a PREMA-like composition is a more plausible mantle source 281 

for oceanic basalts53, which provides minimum estimates of depletion ages and extents. 282 

All Monte Carlo simulations were implemented using the open-source programming 283 

language Python (version 3.11). 284 

Monte Carlo simulation of two-component mantle mixtures 285 



We used Monte Carlo sampling to simulate two-component mixtures comprising 286 

95–99% mantle assemblage and a 1–5% recycled oceanic crust. For a given depletion 287 

extent and age, isotopic compositions of a mantle assemblage were generated by 288 

combining variable proportions of mantle residues formed in the spinel- and garnet- 289 

peridotite fields from a PREMA-like source19,20,35,53 Isotopic compositions of the 290 

recycled oceanic crust were modelled by assuming N-MORB54 was extracted from a 291 

PREMA-like source at a specified age, similar to the approach of Chauvel et al.35.  292 

Data availability 293 

All data used in this study can be found in Supplementary Tables 1–4. 294 

Code availability 295 

All the code are available upon request to the corresponding author. 296 

References 297 

1. Doucet, L. S. et al. Distinct formation history for deep-mantle domains reflected in 298 

geochemical differences. Nat. Geosci. 13, 511–515 (2020). 299 

2. Doucet, L. S. & Li, Z.-X. Large-scale mantle heterogeneity as a legacy of plate tectonic 300 

supercycles. Nat. Geosci. 17, 1175–1181 (2024). 301 

3. Hart, S. R. A large-scale isotope anomaly in the Southern Hemisphere mantle. Nature 309, 302 

753–757 (1984). 303 

4. Yang, A. Y. et al. A subduction influence on ocean ridge basalts outside the Pacific 304 

subduction shield. Nat. Commun. 12, 4757 (2021). 305 

5. Liu, C.-Z. et al. Ancient, highly heterogeneous mantle beneath Gakkel ridge, Arctic Ocean. 306 

Nature 452, 311–316 (2008). 307 

6. Stracke, A. et al. Abyssal peridotite Hf isotopes identify extreme mantle depletion. Earth 308 

Planet. Sci. Lett. 308, 359–368 (2011). 309 

7. Stracke, A., Genske, F., Berndt, J. & Koornneef, J. M. Ubiquitous ultra-depleted domains in 310 

Earth’s mantle. Nat. Geosci. 12, 851–855 (2019). 311 

8. Sanfilippo, A. et al. Upwelling of melt-depleted mantle under Iceland. Nat. Geosci. 17, 312 

1046–1052 (2024). 313 

9. Stracke, A. & Salters, V. J. M. The role of peridotite for oceanic volcanism. Geochem. 314 

Geophys. Geosyst. 26, e2025GC012463 (2025). 315 

10. Sani, C. et al. Ancient, buoyant mantle under the Sierra Leone Ridge in the equatorial 316 

Atlantic. Earth Planet. Sci. Lett. 677, 119812 (2026). 317 

11. Liu, C.-Z. et al. Archean cratonic mantle recycled at a mid-ocean ridge. Sci. Adv. 8, 318 

eabn6749 (2022). 319 

12. Hofmann, A. W. Mantle geochemistry: the message from oceanic volcanism. Nature 385, 320 

219–229 (1997). 321 



13. Phipps Morgan, J. & Morgan, W. J. Two-stage melting and the geochemical evolution of 322 

the mantle: a recipe for mantle plum-pudding. Earth Planet. Sci. Lett. 170, 215–239 323 

(1999). 324 

14. Shorttle, O., Maclennan, J. & Lambart, S. Quantifying lithological variability in the 325 

mantle. Earth Planet. Sci. Lett. 395, 24–40 (2014). 326 

15. Salters, V. J. M., Mallick, S., Hart, S. R., Langmuir, C. E. & Stracke, A. Domains of 327 

depleted mantle: New evidence from hafnium and neodymium isotopes. Geochem. 328 

Geophys. Geosyst. 12, Q08001 (2011). 329 

16. Sanfilippo, A., Salters, V. J. M., Sokolov, S. Y., Peyve, A. A. & Stracke, A. Ancient 330 

refractory asthenosphere revealed by mantle re-melting at the Arctic Mid Atlantic Ridge. 331 

Earth Planet. Sci. Lett. 566, 116981 (2021). 332 

17. Vervoort, J. D., Plank, T. & Prytulak, J. The Hf–Nd isotopic composition of marine 333 

sediments. Geochim. Cosmochim. Acta 75, 5903–5926 (2011). 334 

18. Zindler, A. & Hart, S. Chemical geodynamics. Annu. Rev. Earth Planet. Sci. 14, 493–571 335 

(1986). 336 

19. Jackson, M. G. & Carlson, R. W. An ancient recipe for flood-basalt genesis. Nature 476, 337 

316–319 (2011). 338 

20. Giuliani, A., Jackson, M. G., Fitzpayne, A. & Dalton, H. Remnants of early Earth 339 

differentiation in the deepest mantle-derived lavas. Proc. Natl Acad. Sci. USA 118, 340 

e2015211118 (2021). 341 

21. McDonough, W. F. & Sun, S.-S. The composition of the Earth. Chem. Geol. 120, 223–253 342 

(1995). 343 

22. Laporte, D., Toplis, M. J., Seyler, M. & Devidal, J.-L. A new experimental technique for 344 

extracting liquids from peridotite at very low degrees of melting: application to partial 345 

melting of depleted peridotite. Contrib. Mineral. Petrol. 146, 463–484 (2004). 346 

23. Fitton, J. G., Saunders, A. D., Kempton, P. D. & Hardarson, B. S. Does depleted mantle 347 

form an intrinsic part of the Iceland plume? Geochem. Geophys. Geosyst. 4, 1032 (2003). 348 

24. Dalton, C. A., Langmuir, C. H. & Gale, A. Geophysical and geochemical evidence for 349 

deep temperature variations beneath mid-ocean ridges. Science 344, 80–83 (2014). 350 

25. Snow, J. E., Hart, S. R. & Dick, H. J. B. Nd and Sr isotope evidence linking mid-ocean-351 

ridge basalts and abyssal peridotites. Nature 371, 57–60 (1994). 352 

26. Sanfilippo, A., Salters, V., Tribuzio, R. & Zanetti, A. Role of ancient, ultra-depleted 353 

mantle in Mid-Ocean-Ridge magmatism. Earth Planet. Sci. Lett. 511, 89–98 (2019). 354 

27. Tilhac, R., Begg, G. C., O'Reilly, S. Y. & Griffin, W. L. A global review of Hf-Nd 355 

isotopes: New perspectives on the chicken-and-egg problem of ancient mantle signatures. 356 

Chem. Geol. 609, 121039 (2022). 357 

28. Byerly, B. L. & Lassiter, J. C. Isotopically ultradepleted domains in the convecting upper 358 

mantle: Implications for MORB petrogenesis. Geology 42, 203–206 (2014). 359 

29. Wendt, J. I., Regelous, M., Niu, Y., Hékinian, R. & Collerson, K. D. Geochemistry of 360 

lavas from the Garrett Transform Fault: insights into mantle heterogeneity beneath the 361 

eastern Pacific. Earth Planet. Sci. Lett. 173, 271–284 (1999). 362 



30. Hanan, B. B., Blichert-Toft, J., Pyle, D. G. & Christie, D. M. Contrasting origins of the 363 

upper mantle revealed by hafnium and lead isotopes from the Southeast Indian Ridge. 364 

Nature 432, 91–94 (2004). 365 

31. Workman, R. K. & Hart, S. R. Major and trace element composition of the depleted 366 

MORB mantle (DMM). Earth Planet. Sci. Lett. 231, 53–72 (2005). 367 

32. Chauvel, C. & Blichert-Toft, J. A hafnium isotope and trace element perspective on 368 

melting of the depleted mantle. Earth Planet. Sci. Lett. 190, 137–151 (2001). 369 

33. Frey, F. A. et al. Depleted components in the source of hotspot magmas: Evidence from 370 

the Ninetyeast Ridge (Kerguelen). Earth Planet. Sci. Lett. 426, 293–304 (2015). 371 

34. Andersen, M. B. et al. The terrestrial uranium isotope cycle. Nature 517, 356–359 (2015). 372 

35. Chauvel, C., Lewin, E., Carpentier, M., Arndt, N. T. & Marini, J.-C. Role of recycled 373 

oceanic basalt and sediment in generating the Hf–Nd mantle array. Nat. Geosci. 1, 64–67 374 

(2008). 375 

36. Weller, O. M., Copley, A., Miller, W. G. R., Palin, R. M. & Dyck, B. The relationship 376 

between mantle potential temperature and oceanic lithosphere buoyancy. Earth Planet. 377 

Sci. Lett. 518, 86–99 (2019). 378 

37. Morino, P., Caro, G. & Reisberg, L. Differentiation mechanisms of the early Hadean 379 

mantle: Insights from combined 176Hf-142,143Nd signatures of Archean rocks from the 380 

Saglek Block. Geochim. Cosmochim. Acta 240, 43–63 (2018). 381 

38. Birner, S. K., Cottrell, E., Davis, F. A. & Warren, J. M. Deep, hot, ancient melting 382 

recorded by ultralow oxygen fugacity in peridotites. Nature 631, 801–807 (2024). 383 

39. Willhite, L. N. et al. Hot and heterogenous high-3He/4He components: New constraints 384 

from proto-Iceland plume lavas from Baffin Island. Geochem. Geophys. Geosyst. 20, 385 

5939–5967 (2019). 386 

40. Li, Z.-X., Liu, Y. & Ernst, R. A dynamic 2000–540 Ma Earth history: From cratonic 387 

amalgamation to the age of supercontinent cycle. Earth Sci. Rev. 238, 104336 (2023). 388 

41. Kempton, P. D. et al. The Iceland plume in space and time: a Sr–Nd–Pb–Hf study of the 389 

North Atlantic rifted margin. Earth Planet. Sci. Lett. 177, 3–4 (2000). 390 

42. Ballmer, M. D., Schmerr, N. C., Nakagawa, T. & Ritsema, J. Compositional mantle 391 

layering revealed by slab stagnation at ~1000-km depth. Sci. Adv. 1, e1500815 (2015). 392 

43. Yan, J., Ballmer, M. D. & Tackley, P. J. The evolution and distribution of recycled oceanic 393 

crust in the Earth's mantle: Insight from geodynamic models. Earth Planet. Sci. Lett. 537, 394 

116171 (2020). 395 

44. Glišović, P. & Forte, A. M. Two deep-mantle sources for Paleocene doming and 396 

volcanism in the North Atlantic. Proc. Natl Acad. Sci. USA 116, 13227–13232 (2019). 397 

45. Hoggard, M. J., Parnell-Turner, R. & White, N. Hotspots and mantle plumes revisited: 398 

Towards reconciling the mantle heat transfer discrepancy. Earth Planet. Sci. Lett. 542, 399 

116317 (2020). 400 

46. Bizimis, M., Griselin, M., Lassiter, J. C., Salters, V. J. M. & Sen, G. Ancient recycled 401 

mantle lithosphere in the Hawaiian plume: Osmium–Hafnium isotopic evidence from 402 

peridotite mantle xenoliths. Earth Planet. Sci. Lett. 257, 259–273 (2007). 403 



47. Zhou, H. & Dick, H. J. B. Thin crust as evidence for depleted mantle supporting the 404 

Marion Rise. Nature 494, 195–200 (2013). 405 

48. Tucker, J. M., van Keken, P. E., Jones, R. E. & Ballentine, C. J. A role for subducted 406 

oceanic crust in generating the depleted mid-ocean ridge basalt mantle. Geochem. 407 

Geophys. Geosyst. 21, e2020GC009148 (2020). 408 

49. French, S. W. & Romanowicz, B. A. Whole-mantle radially anisotropic shear velocity 409 

structure from spectral-element waveform tomography. Geophys. J. Int. 199, 1303–1327 410 

(2014). 411 

50. Galer, S. J. G. & O'Nions, R. K. Residence time of thorium, uranium and lead in the 412 

mantle with implications for mantle convection. Nature 316, 778–782 (1985). 413 

51. Harðardóttir, S., Matthews, S., Halldórsson, S. A. & Jackson, M. G. Spatial distribution 414 

and geochemical characterization of Icelandic mantle end-members: Implications for 415 

plume geometry and melting processes. Chem. Geol. 604, 120930 (2022). 416 

52. Griffin, W. L. et al. The Hf isotope composition of cratonic mantle: LAM-MC-ICPMS 417 

analysis of zircon megacrysts in kimberlites. Geochim. Cosmochim. Acta 64, 133–147 418 

(2000). 419 

53. Hofmann, A. W., Class, C. & Goldstein, S. L. Size and composition of the MORB+OIB 420 

mantle reservoir. Geochem. Geophys. Geosyst. 23, e2022GC010339 (2022). 421 

54. Gale, A., Dalton, C. A., Langmuir, C. H., Su, Y. & Schilling, J.-G. The mean composition 422 

of ocean ridge basalts. Geochem. Geophys. Geosyst. 14, 489–518 (2013). 423 

55. Gale, A., Langmuir, C. H. & Dalton, C. A. The global systematics of ocean ridge basalts 424 

and their origin. J. Petrol. 55, 1051–1082 (2014). 425 

56. Xu, F., Zhang, G.-L., Sanfilippo, A. & Liu, C. H. A distinct ultra-depleted mantle domain 426 

under the equatorial western Pacific. Lithos 528–529, 108482 (2026). 427 

57. Salters, V. J. M. & Stracke, A. Composition of the depleted mantle. Geochem. Geophys. 428 

Geosyst. 5, Q05B07 (2004). 429 

Acknowledgements 430 

We thank Dr. Yin-Zheng Lin, Dr. Zhen Zhang and Dr. Ji-Xin Wang for useful 431 

discussions. This work was supported financially by Laoshan Laboratory (No. 432 

LSKJ202501100), National Natural Science Foundation of China (Grants No. 433 

42350710792 and 42541602), Key Talent Program of Guangdong Province 434 

(2024TQ08A845), and Science and Technology Program of Guangzhou 435 

(2025A04J5496). 436 

Author contributions: 437 

F.X. and Z.X.L. conceived and designed the study. F.X. compiled the data, developed 438 

the model and prepared the figures. F.X. drafted the manuscript. P.A.B.S., A.S., X.B.Z., 439 



L.S.D. and Z.X.L. contributed to data interpretation and critically revised the 440 

manuscript. All authors contributed to discussions. 441 

Competing interests 442 

The authors declare no competing interests. 443 

 444 



Figures 445 

 446 

Fig. 1 εNd and ΔεHf values of global mid-ocean-ridge basalts (MORBs). a, 447 

Distribution of mid-ocean-ridge basalts, with their εNd and ΔεHf values shown. ΔεHf 448 

= εHf − 1.55εNd − 1.2117. Based on εNd and ΔεHf, we identify three mantle domains: 449 

a depleted mantle (DM) domain beneath the Pacific Ocean; an ultra-depleted mantle 450 

(UDM) domain beneath the northern Atlantic Ocean; an enriched mantle (EM) domain 451 

beneath the southern Atlantic and the Indian oceans. The purple dashed lines denote the 452 

-1% dlnVS contour at 2900 km depth from the SEMUCB-WM1 model49. The plot was 453 

produced using the open-source library PyGMT. Hotspot abbreviations: As, Ascension; 454 



Az, Azores; Bo, Bouvet; Can, Canary; Cr, Crozet; Cv, Cape Verde; Ea, Easter; Ga, 455 

Galápagos; Go, Gough; Ic, Iceland; Ja, Jan Mayen; Ke, Kerguelen; Lo, Louisville; Mad, 456 

Madeira; Re, Réunion; St. H, Saint Helena; Tr, Tristan. Geochemical data of oceanic 457 

basalts are listed in Supplementary Table 1. b,c, Isotopic variations of MORBs from 458 

the Atlantic, Indian and Pacific Oceans. MORBs from the northern Atlantic Ocean 459 

generally exhibit high εNd (εNd > 8) and positive ΔεHf (ΔεHf > 0), whereas those from 460 

the Pacific Ocean exhibit high εNd (εNd > 8) but negative ΔεHf (ΔεHf < 0), 461 

corresponding to ultra-depleted and depleted mantle domains, respectively. Black 462 

curves show Gaussian-kernel regressions of MORB data, and shaded envelopes 463 

indicate 95% bootstrap confidence intervals. 464 

 465 



 466 

Fig. 2 Isotopic compositions of MORBs from depleted, ultra-depleted and 467 

enriched mantle domains. a, εHf versus εNd. Terrestrial array is from Vervoort et al. 468 

17. b, 208Pb*/206Pb* versus 206Pb/204Pb. 208Pb*/206Pb* represents radiogenic 208Pb/206Pb 469 

of samples relative to chondrites.50 c, εHf versus 87Sr/86Sr. d, εHf versus 208Pb*/206Pb*. 470 

Isotopic data of the PREMA are from Jackson and Carlson19 and Giuliani et al.20. 471 

Contours denote kernel-density estimates of MORB data from the northern Atlantic 472 

Ocean, Pacific Ocean and southern Atlantic and Indian Oceans. Geochemical data of 473 

MORBs are listed in Supplementary Table 1. 474 



 475 

Fig. 3 Major- and trace-element compositions of MORBs from depleted, ultra-476 

depleted and enriched mantle domains. a, TiO2 versus MgO. b, Na2O versus MgO. 477 

c, (Lu/Hf)N versus (Sm/Nd)N. ‘N’ denotes primitive mantle normalization21. d, Nb/Y 478 

versus Zr/Y. Contours denote kernel-density estimates of MORB data from the northern 479 

Atlantic Ocean, the Pacific Ocean, and the southern Atlantic and Indian oceans. 480 

Geochemical data of MORBs are listed in Supplementary Table 1. 481 



 482 

Fig. 4 Monte Carlo simulation of isotopic compositions of two-component (mantle 483 

assemblage and recycled oceanic crust) mantle mixtures. a–d, Monte Carlo results 484 

for mantle assemblages with mean 147Sm/144Nd ratios of 0.24, 0.26, 0.28 and 0.32, 485 

respectively, representing progressively greater depletion. The model workflow is 486 

shown in Supplementary Fig. 6. Mantle assemblages formed at 800 Ma comprise 487 

variable proportions of spinel- and garnet-peridotite residues (spinel peridotite: garnet 488 

peridotite= 90–70%:10–30%), and are mixed with 1–3% recycled oceanic crust 489 

component of the same age. Simulated compositions are colored by relative point 490 

density. Reported overlap values quantify the areal overlap between the modelled 491 

distributions and the observed ultra-depleted mantle (UDM) field. Blue and green 492 

circles indicate mean isotopic compositions of spinel- and garnet-field residues, 493 

respectively, whereas orange circles denote recycled oceanic crust. Blue and green 494 

contours represent the observed DM and UDM domains, respectively. The black line 495 

represents the terrestrial array17.  496 



 497 

Fig. 5 Schematic for possible origins of depleted and ultra-depleted mantle 498 

domains. a, Mantle melting under plume environment prior to 800 Ma produces ultra-499 

depleted mantle residues, whereas that under mid-ocean-ridge environment produces 500 

depleted mantle residue. b, The UDM domain beneath the northern Atlantic Ocean 501 

records ancient ultra-depleted mantle residues, stored in the lower mantle and 502 

remobilized by mantle plumes.  503 

 504 



 505 

Supplementary Fig. 1 Isotopic compositions of MORBs and near-ridge 506 

OIBs/OPBs. a,b, εHf versus εNd for OIB/OPB data from ultra-depleted mantle domain 507 

(a) and depleted mantle domain (b). c,d, 208Pb*/206Pb* versus 206Pb/204Pb for OIB/OPB 508 

from ultra-depleted mantle domain (c) and depleted mantle domain (d). e,f, εHf versus 509 

208Pb*/206Pb* for OIB/OPB from ultra-depleted mantle domain (e) and depleted mantle 510 

domain (f). Isotopic data of the PREMA are from Jackson and Carlson19 and Giuliani 511 



et al.20. Contours denote kernel-density estimates of MORB data from the northern 512 

Atlantic Ocean, Pacific Ocean and southern Atlantic and Indian Oceans. Points show 513 

the relative density of OIB and OPB data estimated using a Gaussian kernel. 514 

Geochemical data of oceanic basalts are listed in Supplementary Table 1. 515 

 516 

Supplementary Fig. 2 Subduction-related trace-element compositions of MORBs 517 

and OIBs/OPBs. a, Ba/Th versus Nb/Nb*. Nb/Nb*=NbN/(ThN×LaN)0.5. b, Th/U versus 518 

Nb/Nb*. 519 

 520 



 521 

Supplementary Fig. 3 Major-element variations of oceanic basalts along global 522 

mid-ocean ridges. a–c, Ti8.0, Na8.0 and Ca8.0, respectively, from Gale et al.55. Black 523 

curves show Gaussian-kernel regressions of MORB data, and shaded envelopes 524 

indicate 95% bootstrap confidence intervals. 525 



 526 

Supplementary Fig. 4 Trace-element variations of oceanic basalts along global 527 

mid-ocean ridges. a, Zr/Y. b, (Sm/Nd)N. c, ΔLu/Hf. ΔLu/Hf = (Lu/Hf)N – (1.17×528 

(Sm/Nd)N – 0.41)56. Black curves show Gaussian-kernel regressions of MORB data, 529 

and shaded envelopes indicate 95% bootstrap confidence intervals. 530 



 531 

Supplementary Fig. 5 Major-element compositions of abyssal peridotites and 532 

experimental mantle melting. a, Major-element compositions of abyssal peridotites. 533 

b, Experimental melting of fertile and depleted mantle. Abyssal peridotite and 534 

experimental data are provided in Supplementary Tables 2 and 4, respectively. 535 

 536 



 537 

Supplementary Fig. 6 Schematic workflow of the two-component mantle mixing 538 

model. 539 

 540 



 541 

Supplementary Fig. 7 Nd and Hf isotope evolution of distinct mantle reservoirs. a, 542 

143Nd/144Nd versus Age. b, εNd versus Age. c, 176Hf/177Hf versus Age. d, εHf versus 543 

Age. DM, depleted mantle formed at 4.5 Ga52 or at 2.2 Ga57. 544 

 545 



 546 

Supplementary Fig. 8 Trace element compositions of abyssal peridotites. a, A 547 

histogram for 147Sm/144Nd of abyssal peridotites under truncation of [0.2, 1.0] with the 548 

fitted Johnson SU distribution. b, ln (176Lu/177Hf) versus ln (147Sm/144Nd). c, ln (Nd) 549 

versus ln (147Sm/144Nd). Black and red curves show residues predicted by dynamic 550 

melting models in the spinel- and garnet-peridotite stability fields, respectively. The 551 

models use a primitive-mantle starting composition from McDonough and Sun21. 552 

Abyssal peridotite data are provided in Supplementary Table 2. 553 

 554 



 555 

Supplementary Fig. 9 Modelled isotopic and trace-element compositions of mantle 556 

assemblages derived from a PREMA-like reservoir at 800 Ma. a–c, Monte Carlo 557 

simulations for mantle assemblages with mean depletion extents of 147Sm/144Nd = 0.24, 558 



0.26, and 0.32, respectively. Each assemblage was constructed using a distribution 559 

parameterized from abyssal peridotite data (Supplementary Fig. 8). Blue and green 560 

points show simulated compositions of residues formed in the spinel- and garnet-561 

peridotite stability fields, respectively, where color intensity indicates relative point 562 

density. Filled circles denote the mean compositions of the simulated spinel- and garnet- 563 

field residues. Histograms along the top and right margins compare simulated spinel-564 

field residues with observed abyssal peridotites. 565 

 566 



 567 

Supplementary Fig. 10 Modelled isotopic and trace-element compositions of 568 

mantle assemblages derived from a CHUR-like reservoir at 800 and 1500 Ma. a–569 

b, Monte Carlo simulations for mantle assemblages with mean depletion extents of 570 



147Sm/144Nd = 0.26 formed at 800 and 1500 Ma. c, Monte Carlo simulations for a mantle 571 

assemblage with mean depletion extents of 147Sm/144Nd = 0.32 formed at 1500 Ma. 572 

Each assemblage was constructed using a distribution parameterized from abyssal 573 

peridotite data (Supplementary Fig. 8). Blue and green points show simulated 574 

compositions of residues formed in the spinel- and garnet-peridotite stability fields, 575 

respectively, where color intensity indicates relative point density. Filled circles denote 576 

the mean compositions of the simulated spinel- and garnet-peridotite field residues. 577 

Histograms along the top and right margins compare simulated spinel-field residues 578 

with observed abyssal peridotites. 579 

 580 



 581 

 582 

Supplementary Fig. 11 Modelled isotope compositions of mixtures of spinel-583 

peridotite field mantle residues and recycled oceanic crust. a–d, Monte Carlo model 584 

results of mantle assemblages with mean 147Sm/144Nd ratios of 0.24, 0.26, 0.28 and 0.32, 585 

respectively (Supplementary Fig. 8). Mantle assemblages formed in pure spinel 586 

peridotite field at 800 Ma are mixed with a minor recycled oceanic crust component 587 

(1–3%) of the same age. Modelled results are shown as density-colored scatters, where 588 

color intensity reflects relative point density. Blue circles indicate mean isotopic 589 

compositions of spinel-peridotite field residues, respectively, whereas orange circles 590 

denote recycled oceanic crust. Blue and green contours represent the observed DM and 591 

UDM domains, respectively. The black line represents the terrestrial array17.592 



 593 

Supplementary Fig. 12 Modelled isotope compositions of mantle mixtures 594 

containing 30–50% garnet-peridotite field residues in the mantle component. a–d, 595 

Monte Carlo model results of mantle assemblages with mean 147Sm/144Nd ratios of 0.24, 596 

0.26, 0.28 and 0.32, respectively (Supplementary Fig. 8). Mantle assemblages formed 597 

at 800 Ma comprise variable proportions of spinel- and garnet-peridotite residues 598 

(spinel peridotite: garnet peridotite = 70–50%:30–50%), and are mixed with a minor 599 

recycled oceanic crust component (1–3%) of the same age. Modelled results are shown 600 

as density-colored scatters, where color intensity reflects relative point density. 601 

Reported overlap values quantify the areal overlap between the modelled distributions 602 

and the observed ultra-depleted mantle (UDM) domain field. Blue and green circles 603 

indicate mean isotope compositions of spinel- and garnet-peridotite field residues, 604 

respectively; orange circles indicate the recycled oceanic crust component. Blue and 605 

green contours represent the observed DM and UDM domains, respectively. The black 606 



line represents the terrestrial array17. 607 

 608 

Supplementary Fig. 13 Modelled isotope compositions of mixtures of mantle 609 

residues and recycled oceanic crust formed at 1,500 Ma. a–d, Monte Carlo model 610 

results of mantle assemblages with mean 147Sm/144Nd ratios of 0.24, 0.26, 0.28 and 0.32, 611 

respectively (Supplementary Fig. 8). Mantle assemblages formed at 1500 Ma comprise 612 

variable proportions of spinel- and garnet-peridotite residues (spinel peridotite: garnet 613 

peridotite = 70–50%: 30–50%), and are mixed with a minor recycled oceanic crust 614 

component (3–5%) of the same age. Modelled results are shown as density-colored 615 

scatters, where color intensity reflects relative point density. Reported overlap values 616 

quantify the areal overlap between the modelled distributions and the observed ultra-617 

depleted mantle (UDM) domain field. Blue and green circles indicate mean isotopic 618 

compositions of spinel- and garnet-peridotite field residues, respectively; orange circles 619 



indicate the recycled oceanic crust component. Blue and green contours represent the 620 

observed DM and UDM domains, respectively. The black line represents the terrestrial 621 

array17. 622 

 623 

Supplementary Fig. 14 Modelled isotope compositions of mantle mixtures 624 

incorporating recycled lithospheric residues with two-stage depletion histories. a–625 

d, Monte Carlo model results of mantle assemblages with mean 147Sm/144Nd ratios of 626 

0.24, 0.26, 0.28 and 0.32, respectively (Supplementary Fig. 8). Mantle assemblages 627 

comprise variable proportions of spinel peridotite residues (40–60 %) and recycled 628 

oceanic lithosphere (1.5 Ga, 60–40 %) with subsequent melt extraction at 800 Ma, and 629 

are mixed with a minor recycled oceanic crust component (1–3 %) of 1.5 Ga. Blue and 630 

purple circles show mean isotopic compositions of spinel peridotite residues and two-631 

stage recycled oceanic lithosphere, respectively; orange circles show the recycled 632 



oceanic crust component. Reported overlap values quantify the areal overlap between 633 

the modelled distributions and the observed depleted mantle (DM) domain field. Blue 634 

and green contours represent the observed DM and UDM domains, respectively. The 635 

black line represents the terrestrial array17. 636 

 637 

Supplementary Fig. 15 Distribution and isotopic compositions of tholeiites from 638 

the early northern Atlantic Ocean. CAMP, Central Atlantic Magmatic Province; 639 

NAIP, North Atlantic Igneous Province. 640 
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