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Abstract 23 

The existence of resolvable 182W/184W deficits in modern ocean island basalts (OIB) relative to the 24 

bulk silicate Earth has raised questions about the relationship of these rocks to Earth’s core. 25 

However, because the core is expected to host high abundances of highly siderophile elements 26 

(HSE), it would be expected that such heterogeneity is accompanied by correlating variability in 27 

HSE abundances among OIB, but this has not been observed. We report instead a relationship 28 

between the W isotopic compositions of Hawaiʻi and Iceland OIB, representing two of Earth’s 29 

primary mantle plumes, and their Ru/Ir ratios. Previous studies have highlighted the unique 30 

behavior of Ru relative to Os and Ir during metal-silicate fractionation, particularly when sulfide 31 

is segregated with metal. Using the information from these studies, we construct models predicting 32 

the consequences for HSE fractionation of various scenarios in which 182W/184W deficits can be 33 

created. It is shown that the observed trends are likely inconsistent with modern, active core-mantle 34 

interaction at the CMB in OIB sources, and instead the observed low-Ru/Ir, low-182W/184W OIB 35 

are best explained by metal-silicate interaction that happened at significantly lower pressures. Such 36 

conditions reflect what is expected for metal-silicate equilibration during core formation itself, 37 

meaning that the deep mantle sources of OIB, such as ultra-low velocity zones, may instead reflect 38 

preserved relics of core formation. An ancient origin for core-mantle boundary domains is 39 

consistent with geophysical and petrological observations, for example that the Mg/Fe ratio of 40 

ferropericlase in the D′′ layer is in significant disequilibrium with the modern core. Additional 41 

work is required to constrain the behavior of HSE during silicate differentiation processes that may 42 

also generate low 182W/184W ratios. However, if modern OIB represent a direct link to the ancient 43 

processes of core formation, future geochemical studies may be able to unlock new information 44 



about the formation and evolution of the core, as well as the identity and nature of the cosmic 45 

building blocks that delivered HSE to Earth during its accretion. 46 

 47 
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1. Introduction 50 

The largely negative μ182W (182W/184W normalized to the terrestrial standard, in parts per million) 51 

compositions of modern ocean island basalts (OIB; e.g., Rizo et al., 2019; Mundl-Petermeier et 52 

al., 2020) stand in stark contrast to the almost exclusively positive μ182W record of Archean 53 

tonalite-trondjemite-granodiorite (TTG) assemblages (e.g., Tusch et al., 2019; Reimink et al., 54 

2020). This apparent discrepancy raises crucial questions about the identity and accessibility of 55 

terrestrial mantle domains that host heterogeneous W isotopic signatures at different times in 56 

Earth’s history. In particular, it has been proposed that OIB mantle sources are distinct from the 57 

mantle sources of Archean felsic and mafic rocks. Some OIB sources are thought to contain 58 

geochemically detectible proportions of core-equilibrated material (Rizo et al., 2019; Mundl-59 

Petermeier et al., 2020) because the siderophile nature of W means that the core should possess a 60 

strongly negative μ182W if it was formed during the lifetime of the 182Hf-182W system (i.e., prior 61 

to ca. 4.5 Ga). In contrast, the common explanation for the positive μ182W signature of TTG is that 62 

it reflects a signature residual to core formation that remained undiluted by W from late accretion 63 

at least until TTG precursors were extracted from the mantle (e.g., Mei et al., 2020).   64 

 65 

On the other hand, the dominantly positive μ182W record from the Archean is not universal. Felsic 66 

and mafic-ultramafic rocks from southern Africa possess negative μ182W signatures (Puchtel et al., 67 

2016a; Tusch et al., 2022), consistent with a prior survey of glacial diamictites in the same region 68 

(Mundl et al., 2018). Additionally, some Archean-aged komatiites also possess negative μ182W 69 

signatures (Touboul et al., 2012; Puchtel et al., 2016b, 2020). Thus, one alternative explanation 70 

for the negative μ182W of modern OIB is that they have mantle sources with histories like those of 71 

some Archean rocks, and that these sources have survived for >2.5 Ga. In the case of komatiites, 72 



these signatures are often proposed to derive from core-mantle interaction or heterogeneous 73 

preservation of late-accreted components (e.g., Puchtel et al., 2020). For some mafic and felsic 74 

rocks, it was alternatively proposed that >4.5 Ga restites to TTG formation represent a domain 75 

with negative μ182W signatures that could be recycled into the mantle source of Archean lavas 76 

(Tusch et al., 2022). Given that W is only moderately siderophile, it is also possible that differences 77 

in μ182W compositions arise as a result of other Hadean-aged mantle differentiation events, 78 

including magma ocean crystallization (e.g., Brown et al., 2014; cf., Puchtel et al., 2016b).     79 

 80 

One geochemical factor capable of distinguishing these hypotheses is the behavior of highly 81 

siderophile elements (HSE: Os, Ir, Ru, Pt, Pd, Re). The properties of these elements means that 82 

they are strongly enriched in metal-rich domains, such as planetary cores, and correspondingly 83 

depleted in silicate domains. This poses some challenges for hypotheses that invoke core-mantle 84 

interaction in OIB sources because there is no observed link between HSE abundances and W 85 

isotopic compositions in these rocks. The discovery of such a link may be made analytically 86 

difficult by lower-than-expected HSE abundances in mantle domains that have equilibrated with 87 

the core (Mundl-Petermeier et al., 2020), however relatively low mantle HSE abundances 88 

compared to the core may counteract this effect. Additionally, low-degree mantle melts like OIB 89 

are susceptible to changes in their HSE abundances during magma differentiation, both due to 90 

fractional crystallization (FC) and sulfur saturation (e.g., Keays & Lightfoot, 2007), and this 91 

obscures the HSE composition of OIB sources. On the other hand, if the existence of a dynamic 92 

link between Earth’s mantle and core could be proven, this would strongly influence global models 93 

of processes such as late accretion (Peters et al., 2021), the thermal evolution and secular 94 

convection of Earth’s mantle, and extant understanding of intra-core dynamics (e.g., Brandon & 95 



Walker, 2005). More detailed understanding of any potential links between W, HSE, and Earth’s 96 

core is, therefore, critical to interrogating this hypothesis for the generation of negative μ182W 97 

signatures in modern OIB. 98 

 99 

An important observation that has arisen from experimental and observational studies is that it is 100 

unlikely HSE are equally siderophile during metal-silicate equilibration. Mann et al. (2012) 101 

reported that Ir is more strongly siderophile than Ru and Pt more strongly siderophile than Pd over 102 

a range of pressures and temperatures that are expected during core formation. Laurenz et al. 103 

(2016) extended this experimental observation to show that the presence of sulfur acts to make 104 

HSE less siderophile and increases the tendency for the silicate residue to preferentially retain Ru 105 

and Pd relative to Ir. Terrestrial core formation therefore likely led to elevated Ru/Ir and Pd/Ir 106 

ratios in Earth’s mantle relative to chondrites, and relative to the core itself. Late accretion of 107 

material with chondritic HSE abundances would have diluted these relative enrichments. However, 108 

at predicted mass fractions of late accreted material (e.g., Walker, 2009), they would likely not 109 

disappear entirely. This may be one reason why relative HSE abundances in Earth’s upper mantle 110 

are at least partially non-chondritic (Becker et al., 2006; Paquet et al., 2022; cf., Laurenz et al., 111 

2016) and why some OIB show analogous, but even more extreme relative excesses of Ru and Pd 112 

(e.g., Peters et al., 2016). Consequently, the relative abundances of HSE may play an equally, if 113 

not more important role than absolute HSE abundances in evaluating the veracity of core-mantle 114 

interaction in OIB sources. 115 

 116 

2. A tungsten-highly siderophile element link 117 



Consistent with this notion, there are positive relationships between μ182W and Ru/Ir ratios among 118 

Hawaiʻi and Iceland OIB (Figure 1) and an analogous, but more poorly defined relationship 119 

between μ182W and Pd/Pt ratios among Hawaiʻi OIB (Figure S1). The slopes of these relationships 120 

are distinct for each island, a trait reminiscent of their distinct 3He/4He-µ182W trends (Mundl-121 

Petermeier et al., 2020) and the general isotopic systematics of many multi-island hotspot chains 122 

(e.g., Weis et al., 2020). The existence of such relationships is a priori evidence against a strong 123 

effect of mantle melting and magma differentiation on HSE abundance ratios because melting and 124 

differentiation have no known effect on W isotopic ratios. This means that significant alteration of 125 

HSE abundance ratios by these processes would act to mitigate and eventually erase the observed 126 

relationships. However, melting and differentiation processes should still be carefully considered 127 

in order to determine whether the observed relationships reflect their respective mantle sources. 128 

 129 

The most common mineral phases affecting HSE abundances during melting and magma 130 

differentiation are sulfides. Major changes in HSE abundances and intra-HSE ratios arises during 131 

sulfur saturation in magmas, which can occur as FC and assimilation of felsic country rocks drive 132 

magmatic MgO to lower levels (typically ≤ 6 wt.%; e.g., Keays & Lightfoot, 2007; Jamais et al., 133 

2008). All samples for which HSE and W isotopic data are available have MgO > 6 wt.% and do 134 

not reflect the very high Ru/Ir ratios (> 5) associated with some OIB containing low MgO (e.g., 135 

Figure 2). However, relationships between Ru/Ir ratios and indices of FC, such as Ni and MgO 136 

are clearly visible among Hawaiʻi OIB across all MgO contents (Figure 2a-b). A correction for 137 

FC is therefore applied to all HSE data. In order to accomplish this, representative liquid lines of 138 

descent (LLD) for each hotspot are constructed with Petrolog (Danyushevsky & Plechov, 2001) 139 

using liquid compositions calculated with PRIMELT3 (Herzberg & Asimow, 2015) from selected 140 



primitive samples. The LLD were then post-processed using a variety of available HSE partition 141 

coefficients (e.g., Chazey & Neal, 2005; Puchtel & Humayun, 2001; Figure 2a) to calculate the 142 

evolution of Ru/Ir ratios during FC. Based on the fit to the observed correlations, the partition 143 

coefficients of Puchtel & Humayun (2001) were selected to perform the correction. Liquid 144 

compositions for each sample were then calculated by olivine addition or subtraction using 145 

PRIMELT3 and the results were post-processed to calculate analogous changes in Ru and Ir 146 

abundances during FC. Although PRIMELT3 is not capable of reconstructing FC involving phases 147 

other than olivine, changes in HSE abundances during FC are primarily controlled by precipitation 148 

of trace sulfide phases, which are almost exclusively hosted by olivine phenocrysts. Thus, 149 

additional precipitation of clinopyroxene, as sometimes detected by PRIMELT3, will not affect 150 

the FC correction. Samples that do not return solutions in PRIMELT3 were filtered out of the 151 

dataset.  152 

 153 

This correction essentially eliminates the dependence of Ru/Ir ratios on MgO and Ni in the case of 154 

Hawaiʻi and Iceland OIB (Figure 2c-d); the corrected Ru/Ir ratios for both hotspots are displayed 155 

in Figure 1c-d. For Hawaiʻi OIB, a possible residual trend between MgO and Ru/Ir ratios is still 156 

evident for MgO abundances less than ca. 12 wt.%, although it is less pronounced than before the 157 

correction is applied. However, all Hawaiʻi OIB with HSE and W isotopic data have MgO contents 158 

> 14 wt.%, meaning that such a trend, if it exists, will not affect the relationships observed in 159 

Figure 1. In addition, in-situ studies of HSE abundances among silicate, oxide, and sulfide phases 160 

have revealed no significant potential for the crystallization of these phases to change magmatic 161 

Ru/Ir ratios during magma differentiation (e.g., Gannoun et al., 2016, and references therein). 162 

Thus, it is considered unlikely that there are significant FC effects not captured by the correction. 163 



Further, the relationships shown in Figure 1 overlap with Réunion OIB compositions, which 164 

generally have high MgO abundances and whose Ru/Ir ratios were inferred to be unaffected by 165 

FC on the basis of in situ HSE abundance measurements (Peters et al., 2016).  166 

 167 

In Earth’s mantle, HSE compositions can be changed dramatically through partial melting, usually 168 

though incomplete exhaustion of base metal sulfides (BMS) and metal alloys. In general, research 169 

studying the effect of these phases on HSE abundances during mantle melting focuses on 170 

fractionation between iridium-group platinum group elements (IPGE: Os, Ir, Ru) and palladium-171 

group platinum group elements (PPGE: Pt, Pd) and have not reveled compelling evidence for 172 

strong intra-IPGE fractionation during melting of degrees typical for OIB (< 20%) (e.g., Mungall 173 

& Brenan, 2014; Lorand et al., 2010; Luguet et al., 2007). Similarly, the in situ data of Alard et al. 174 

(2000) for peridotites display no systematic bias of either silicate-hosted BMS or interstitial 175 

sulfides to Ru/Ir ratios that are distinct from primitive mantle estimates. On the other hand, some 176 

studies (Luguet et al., 2007; Lorand et al., 2010) have reported that some BMS may have a slight 177 

preference for Ru relative to Ir. This raises the possibility that heterogeneous Ru/Ir ratios may arise 178 

in OIB parental magmas that derive from variable degrees of partial melting. The integrated effect 179 

of this preference, if it systematically exists, could produce measurable differences in the Ru/Ir 180 

ratios of mantle domains with distinct melt extraction histories. However, Paquet et al. (2022) 181 

demonstrated that there is no relationship between bulk-rock Al2O3 abundances, a sensitive tracer 182 

of time-integrated mantle melting, and Ru/Ir ratios among global abyssal peridotites. A study 183 

observing the effect of mantle melting on HSE in arc environments (Dale et al., 2012) similarly 184 

found no compelling evidence for Ru-Ir fractionation by mantle melting. Among global OIB, there 185 

is no apparent relationship between Ru/Ir ratios and typical indicators for the degree of mantle 186 



source melting (e.g., La/Yb, TiO2, total alkali; Figure 3). In contrast, many studies have found 187 

strong evidence for fractionation of Pd/Ir and Pd/Pt ratios during mantle melting due to the distinct 188 

behavior of these elements in BMS and alloys (e.g., Mungall & Brenan, 2014; Luguet et al., 2007). 189 

Consequently, the relationship between W isotopic compositions and Pd/Pt ratios (Figure S1) is 190 

not discussed further. On the other hand, the observed relationship between μ182W and Ru/Ir ratios 191 

is interpreted to not have changed substantially due to OIB source melting or magma 192 

differentiation and instead is interpreted to represent an OIB source feature. 193 

 194 

3. A model for the origin of negative-μ182W, low-Ru/Ir OIB magmas 195 

The observed relationship between W isotopic compositions and Ru/Ir ratios can be described as 196 

representing a mixing relationship between two mantle domains: one with negative μ182W and 197 

subchondritic (<1.5) Ru/Ir and a second with μ182W near zero and suprachondritic Ru/Ir (≥ ca. 198 

3.8). It is hypothesized that variable Ru/Ir ratios in OIB sources may reflect the variably siderophile 199 

and chalcophile behavior of Ru and Ir during early metal-silicate equilibration (Mann et al., 2012; 200 

Laurenz et al., 2016), such that certain ancient and modern mantle domains that have experienced 201 

metal-silicate equilibration may retain elevated Ru/Ir ratios. By mass balance, the core must 202 

possess a chondritic to slightly subchondritic Ru/Ir ratio. Due to the lithophile nature of Hf and the 203 

contrasting moderately siderophile behavior of W, the core is thought to have a modern μ182W of 204 

approximately -220 (e.g., Kleine & Walker, 2017) whereas the silicate Earth and modern depleted 205 

mantle must have a 182W/184W close to the terrestrial standard (i.e., μ182W ≈ 0; Mundl et al., 2017; 206 

Budde et al., 2022). Thus, suprachondritic Ru/Ir ratios are likely associated with μ182W 207 

compositions of approximately 0 in the bulk mantle, and chondritic to subchondritic Ru/Ir ratios 208 



may be associated with negative μ182W in Earth’s core and silicate domains that have equilibrated 209 

with it.  210 

 211 

The exact mechanism of core-mantle exchange that would produce these core-equilibrated silicate 212 

domains is under debate (see Hernlund & McNamara, 2015, for a review). Many volcanic hotspots 213 

have been identified to overlie seismically anomalous regions of the mantle known as large low 214 

shear velocity provinces (LLSVP) or ultra-low velocity zones (ULVZ) that are commonly 215 

interpreted to have compositions distinct from the surrounding deep mantle. For example, the 216 

internal seismic properties of the Hawaiian ULVZ have been recently suggested to reflect core 217 

exsolution that generates progressively more Fe-rich silicate material towards the core-mantle 218 

boundary (CMB; Li et al., 2022). This Fe-rich material may also carry siderophile trace elements 219 

with distinct HSE compositions. Similarly, exsolution of Si-Fe-Mg oxides from metal (e.g., 220 

Humayun, 2011) has been shown in laboratory experiments to preferentially bring W into the 221 

oxides while other HSE remain in the metal (Yoshino et al., 2020; Rizo et al., 2019; Shofner et al., 222 

2016; Chabot et al., 2015). These processes may therefore promote the transfer of core-derived W 223 

into the mantle without significantly enriching it in HSE and may additionally generate intra-HSE 224 

fractionation of variable degrees (cf., Chabot et al., 2015; Mann et al., 2012).    225 

 226 

A model considering the potential chemical characteristics of such a core-mantle equilibrated 227 

domain (CMED) was constructed using the partition coefficients of Mann et al. (2012) and 228 

Schofner et al. (2014) following the framework of Mundl-Petermeier et al. (2020). Mann et al. 229 

(2012) is selected primarily because it considers partitioning over a variety of pressures relevant 230 

to core formation (cf., Rubie et al., 2011) and because its experimental setup most closely reflects 231 



recent seismological observations of CMB activity (Li et al., 2022). Tabulated inputs and results 232 

are available in Table 1. For input pressures between 10 and 135 GPa (i.e., modern CMB pressure) 233 

and temperatures fixed to 100 K above the mantle solidus (using the chondritic mantle equation of 234 

Simon & Glatzel, 1929), calculated Ru/Ir in the CMED varies from 6.7 to 14 and calculated W 235 

abundance varies from 5.0 to 310 ppb (Figure 4a). Similarly, for pressures fixed to 50 236 

(representing an average pressure of metal-silicate equilibration during core formation; cf., Fischer 237 

et al., 2015) or 135 GPa and temperatures varied from 200 K below to 2000 K above the mantle 238 

solidus, calculated Ru/Ir decreases from 21 to 2.2 (50 GPa) or from 16 to 1.0 (135 GPa; Figure 239 

4b-c). In the same scenario, W abundances in the CMED decrease from 660 to 34 ppb or 66 to 4.5 240 

ppb as the temperature is increased at constant pressure. Calculated W abundances are also highly 241 

sensitive to input oxidation state, with more reduced conditions leading to lower W abundances in 242 

the CMED. For example, for pressures of 50 or 135 GPa and temperatures fixed 100 K above the 243 

mantle solidus, W abundances vary from <0.1 to 2500 ppb or from <0.1 to 25000 ppb as CMED 244 

ΔIW is varied from -5 to -1 (Figure 5). More oxidized conditions also increase the abundances of 245 

HSE in the CMED, but they do not strongly change calculated Ru/Ir or other intra-HSE ratios. 246 

 247 

The selection of model input thus has a strong impact on the resulting endmember compositions; 248 

in particular, there are only some conditions that lead to Ru/Ir ratios as low as what is observed for 249 

Hawaiʻi or Iceland OIB. For example, a CMED that equilibrated under modern CMB conditions 250 

(P = 135.8 GPa, T = 4250K, ΔIW = -2.3) produces very high Ru/Ir (up to >13) compared to OIB 251 

(ca. 0.8-3.4), and so mixing between this CMED and an observational OIB endmember (W = 13 252 

ppb, the BSE abundance of Arevalo & McDonough, 2008) produces a mixing curve that trends 253 

away from the compiled OIB data (Figure 6a). A mixing model between the OIB endmember and 254 



a chondritic endmember, which simulates the incorporation of unmixed late accretion components 255 

instead of core-equilibrated material (cf., Puchtel et al., 2022, for komatiites) produces a curve that 256 

passes through the Hawaiʻi OIB data (Figure 6b). Secondary mixing with a DMM-like component 257 

(W = 3 ppb; Arevalo & McDonough, 2008; Ru/Ir = 2.2 ±1.2, 1σ; e.g. Paquet et al., 2022) can 258 

produce mixing arrays that overlap some of the OIB data (e.g., Figure 6b), especially considering 259 

the potential heterogeneity of the DMM endmember. However, many Hawaiʻi OIB with relatively 260 

low µ182W for a given Ru/Ir ratio, along with some OIB samples possessing very low Ru/Ir, cannot 261 

be explained within a three-component mixing system containing variably mixed chondrite. 262 

Similarly, while the secondary mixing arrays for modern core-mantle interaction (Figure 6) 263 

overlap much of the OIB data, they fail to reproduce the observed trends and are therefore 264 

considered an unlikely outcome. 265 

 266 

Lower Ru/Ir ratios for the CMED can be achieved by lowering the input pressure and/or increasing 267 

the input temperature. However, the sub-chondritic Ru/Ir ratios that seem to be required by the 268 

OIB data cannot be achieved, even at extremely high temperatures, unless the pressure at which 269 

the CMED equilibrated is substantially lower than modern CMB pressures (Figure 4a). Figure 7a 270 

instead shows models in which a CMED equilibrated at 5-60 GPa and fixed temperature (T = 4250 271 

K) and oxidation state (ΔIW = -3) are mixed with the observational OIB endmember. Metal-272 

silicate equilibration under lower pressure conditions echoes the conditions expected for core 273 

formation in the early Earth (e.g., Rubie et al., 2011). This suggests that the CMED, rather than 274 

being a modern, active domain that chemically exchanges with the core, may have instead formed 275 

in the Hadean Earth contemporaneously with the metal-silicate equilibration that eventually led to 276 

core formation. Significant metal-silicate interaction after initial equilibration has been 277 



experimentally shown to be a likely product of short-term (minute-scale) contact at moderate 278 

pressures (12.5 GPa; Otsuka & Karato, 2012). Such an outcome may in fact be a more likely than 279 

modern core-mantle interaction given that the Mg/Fe ratio of ferropericlase in the modern D′′ and 280 

E′ layers is in significant disequilibrium with the modern core (Trønnes et al., 2019, after Frost et 281 

al., 2010). If the observed µ182W-Ru/Ir trends indeed reflect early core-mantle interaction, this 282 

raises the possibility that the Fe-rich materials in ULVZ at the base of mantle plumes are 283 

themselves preserved relics of metal-silicate equilibration during core formation, an idea 284 

previously proposed by experimental petrologists (cf., Trønnes, 2010). 285 

 286 

If metal-silicate equilibration occurred during the lifetime of the 182Hf-182W system, as is expected 287 

for core formation, this could also produce variable Hf/W ratios and therefore variable µ182W in 288 

the CMED. Figure 7b displays models for the endmember scenario in which a higher resultant 289 

Hf/W ratio in the CMED promoted more rapid 182W ingrowth such that its modern composition is 290 

only slightly lower than the most unradiogenic modern OIB (for which µ182W ≥ -25; e.g., Mundl-291 

Petermeier et al., 2020). Such higher Hf/W ratios could be produced by, for example, variable Hf 292 

abundances in the deepest mantle following magma ocean differentiation (cf., Brown et al., 2014). 293 

Considering the variability of modern DMM with respect to Ru/Ir ratios, these combinations of 294 

input parameters best reproduce the observed OIB trends upon secondary mixing with a DMM-295 

like depleted component (Figure 7d). It is therefore evaluated that the observed OIB trends are 296 

consistent with an OIB source domain possessing negative µ182W and relatively low Ru/Ir ratios 297 

that formed in equilibrium with early fractionated metal, possibly contemporaneously with core 298 

formation. 299 

 300 



There are several drawbacks to the internal construction of this model. First, generation of the low 301 

Ru/Ir ratios required by the OIB data primarily relies on very high input temperatures, from 750 302 

K (60 GPa models in Figure 7a-b) to 2000 K (5 GPa models in Figure 7a-b) in excess of the 303 

mantle liquidus (Table 1), when input pressure is lowered below that of the modern CMB. 304 

Temperatures equal to or even higher than these have been discussed in the context of metal-305 

silicate equilibration during energetic impact events (Labrosse et al., 2007; Jacobsen et al., 2008). 306 

High temperatures may also be required to partition He into the core in quantities large enough to 307 

produce the observed He-W isotopic correlations (Yuan & Steinle-Neumann, 2021). However, it 308 

is generally predicted that sub-liquidus temperatures are required to explain the abundances of 309 

moderately siderophile elements in the terrestrial mantle (e.g., Fischer et al., 2015; Wade & Wood, 310 

2005), in part because very high temperatures promote more oxidized conditions that change 311 

metal-silicate partitioning behavior for these elements (cf., Rubie et al., 2011). If basal magma 312 

oceans where compositionally and thermally stratified (Laneuville et al., 2018), the requirement 313 

for lower temperatures may be satisfied in shallower regions of the magma ocean while thermally 314 

insulated deeper regions were able to achieve temperatures high enough to produce the observed 315 

Ru/Ir ratios. The data of Mann et al. (2012) indicate that Ru/Ir ratios are not strongly affected by 316 

changes in oxidation state (although the abundances of all HSE in the CMED increase under 317 

increasingly oxidizing conditions), meaning that in this case a higher oxidation state cannot 318 

alleviate the high temperature requirements of this model.  319 

 320 

Second, the models in Figure 7 predict very low W abundances in the CMED (1.2 ppb at 60 GPa 321 

to 0.1 ppb at 5 GPa) due to the lower input pressures and oxygen fugacity. This result permits 322 

mixing lines that roughly parallel the OIB data trends and substantially higher W abundances (e.g., 323 



Mundl-Petermeier et al., 2020) would result in poorer model fits. However, low W abundances 324 

require that the mixed OIB source has a very high proportion of CMED material; in Figure 7d, 325 

where three components are considered, Hawaiʻi OIB are predicted to contain ca. 40-90% CMED 326 

material depending on input conditions. This constraint may be relaxed when considering newer 327 

W partitioning data at high pressures and temperatures, which indicate that W may be less 328 

siderophile at the conditions examined by this model (e.g., Blanchard et al., 2022), however no 329 

empirical formula directly relating pressure and temperature to W partition coefficients was given 330 

in this study. Given these results, the participation of a highly trace-element depleted source 331 

domain may seem physically unrealistic, but ‘intrinsic’ deep mantle OIB source domains with 332 

similarly depleted compositions have also been previously discussed (e.g., Fitton et al., 2003; 333 

DeFelice et al., 2019). Because the CMED is similarly predicted to be depleted in Re and IPGE 334 

(Mann et al., 2012), even high mixing proportions of this domain would likely have very little 335 

effect on observed abundances of these elements or on the 187Os/188Os ratios of OIB. The lack of 336 

observed correlations between µ182W compositions, 187Os/188Os ratios, and HSE abundances 337 

among OIB is consistent with this conclusion. On the other hand, predicted Pt and Pd abundances 338 

in the CMED depicted in Figure 7 are high (cf., Suer et al., 2021). For example, between 5 and 60 339 

GPa calculated Pt abundances in the CMED increase from 31 to 52 ppb. In this case, the PPGE 340 

abundances and Pt/Os ratios of OIB sources could be more strongly affected by incorporation of 341 

CMED materials. In general, the PPGE abundances of OIB are notably higher than IPGE 342 

abundances (e.g., Waters et al., 2020; Paquet et al., 2019; Ireland et al., 2009), although they do 343 

not approach these levels. Further, the notable role of sulfide mineralization in the partitioning 344 

behavior of Pt (e.g., Alard et al., 2000) means that such effects may be obscured in measured OIB 345 

compositions.  346 



 347 

4. Discussion 348 

4.1 Alternative models generating negative µ182W in Hadean-Archean domains 349 

Although at present the idea that negative µ182W compositions in modern OIB are generated by 350 

core-mantle interaction is generally accepted (Peters et al., 2021; Mundl-Petermeier et al., 2020; 351 

Rizo et al., 2019), there are also alternative models that can generate negative µ182W signatures in 352 

the early Earth. In the absence of metal, W behaves as an incompatible trace element with partition 353 

coefficients in silicate phases that are generally lower than those of Hf. Thus, silicate 354 

differentiation will produce domains with distinct Hf/W ratios, with higher ratios being associated 355 

with trace element depleted materials (e.g., solids residual to low-degree partial melting) and lower 356 

ratios being associated with trace element enriched materials (e.g., low-degree partial melts). 357 

These properties have been developed into two primary models explaining the presence of low 358 

µ182W signatures in mantle-derived rocks of Archean age.  359 

 360 

First, crystallization of early (≤ ca. 60 Ma after solar system formation) magma oceans is 361 

predicted to generate dense (high-Fe), trace element enriched reservoirs with negative µ182W (e.g., 362 

Brown et al., 2014) that eventually overturn and could potentially be preserved over long terrestrial 363 

timescales near the core-mantle boundary (e.g., Ballmer et al., 2017). Magma ocean crystallization 364 

over these timescales would also be predicted to affect the short-lived 146Sm-142Nd isotopic system 365 

and produce coupled variations in 182W/184W and 142Nd/144Nd ratios (e.g., Brown et al., 2014). 366 

Among Archean mantle-derived rocks, coupled depletions in 182W and 142Nd have been observed 367 

in Schapenberg komatiites (Puchtel et al., 2016) and coupled enrichments have been observed in 368 

some Isua sample suites (Rizo et al., 2016; Willbold et al., 2011; Caro et al., 2006) although none 369 



of these sample sets show 182W/184W-142Nd/144Nd correlations on a per-sample basis. While 370 

modern OIB have strongly variable 182W/184W, their 142Nd/144Nd ratios are close to or barely 371 

resolvable from terrestrial standards (e.g., Horan et al., 2018; Peters et al., 2018; Jackson & 372 

Carlson, 2012). This first-order observation calls into question whether µ182W variability in OIB 373 

could result from silicate differentiation in an early magma ocean. In addition, because Ru is 374 

expected to be less siderophile than Ir during metal-silicate equilibration, the silicate magma ocean 375 

would be expected to preserve elevated Ru/Ir ratios residual to core formation (e.g., Laurenz et al., 376 

2016). Such signatures would contrast with the lower Ru/Ir ratios observed among Hawaiʻi and 377 

Iceland OIB. Although there is a paucity of data indicating how Ru and Ir would behave during 378 

subsequent basal magma ocean crystallization, an experimental study of Ru and Os has revealed 379 

no significant difference in partitioning among deep-mantle phases (Righter et al., 2020). Since 380 

IPGE generally behave similarly during mantle melting, this is a priori evidence that Ru/Ir ratios 381 

would not be strongly altered by this process. In the case of CMED, the metal-silicate equilibration 382 

that led to core formation is expected to occur in a completely molten magma ocean, or in a series 383 

of magma oceans (e.g., Rubie et al., 2011) that permit the differentiated, denser metal to percolate 384 

beneath silicate liquids. In a completely molten magma ocean following an energetic impact, it 385 

may be reasonable to expect that Sm/Nd ratios are efficiently homogenized by rapid convection, 386 

and thus that the CMED modeled here would preserve small or undetectable 142Nd/144Nd variations 387 

(though such variations were likely created in subsequent differentiation events) even though 388 

182W/184W heterogeneity is independently generated through metal-silicate interaction. Thus, 389 

CMED may be expected to host decoupled 142Nd-182W signatures. 390 

 391 



A second process by which negative µ182W compositions could be created by Hadean silicate 392 

differentiation is by recycling of mafic restites to generation of felsic crust. Such a process is 393 

attractive because it helps explain trends between 182W and long-lived radiogenic lithophile isotope 394 

systems among Archean-aged mafic rocks of the Kaapvaal craton (Tusch et al., 2022). An 395 

analogous trend may be present between the 182W and 143Nd (but not 176Hf) compositions of 396 

Réunion OIB (Peters et al., 2021), although such trends were not reported in this study. However, 397 

the behavior of HSE during this multi-stage process are difficult to predict with extant partitioning 398 

data. Felsic upper continental crust (UCC) may have highly elevated Ru/Ir (≥ 10, e.g. Peuker-399 

Ehrenbrink & Jahn, 2001; Schmidt et al., 1997). If the pre-late accretion Hadean mantle possessed 400 

more mildly elevated Ru/Ir compared to UCC (e.g., ~3-8, depending on the involvement of S; 401 

Laurenz et al., 2016) and formation of mafic protocrust had a negligible effect on Ru/Ir ratios, then 402 

by mass balance the restite to felsic crustal formation processes would be expected to have both 403 

negative µ182W (Tusch et al., 2022) and low Ru/Ir. Since mantle melting recorded by abyssal 404 

peridotites implies that this process does not change the Ru/Ir ratio of the depleted mantle over 405 

time (see Section 2; Paquet et al., 2022), this would mean that generation of Ru/Ir ratios <1.5, as 406 

required by the OIB data, would require relatively extreme HSE fractionation during restite 407 

formation.  Thus, significantly more study of HSE partitioning during early magmatic processes 408 

is required to refine this model. 409 

 410 

4.2 The observational OIB endmember: another relic of the early Earth? 411 

In the model simulating core-mantle interaction, the one OIB endmember is treated as an 412 

observational component seated at the upper-right end of the array of Hawaiʻi OIB. This 413 

endmember is estimated to have Ru/Ir of around 4 (Figure 8), which is higher than both chondrites 414 



(ca. 1.5; e.g., Horan et al., 2003) and the modern primitive upper mantle (ca. 2.0 ±0.24, 2σ; e.g., 415 

Becker et al., 2006). Although the relative HSE abundances of the modern mantle are considered 416 

to be roughly chondritic, the difference between the Ru/Ir ratio of the primitive upper mantle and 417 

chondrites has been investigated as a relic of a residual, elevated mantle Ru/Ir ratio following core 418 

formation (e.g., Laurenz et al., 2016). A simple calculation illustrating the subtraction of chondritic 419 

late accretion from modern mantle HSE concentrations also shows that the pre-late accretion 420 

mantle would have had a Ru/Ir ratio of 2.9-5.5 for 0.5-0.7% total late accretion by mass (Figure 421 

8).  422 

 423 

It is broadly expected that the diminishment of positive µ182W compositions and modern HSE 424 

abundances were jointly accomplished through gradual mixing of late accreted components in the 425 

mantle over ca. 1.5 Gyr. The composition of the observational OIB endmember could therefore be 426 

consistent with an intermediate stage of this process, where the initially higher Ru/Ir ratio of the 427 

mantle had mostly diminished and its µ182W composition had similarly returned to a value near 428 

zero. The precise location of this endmember could be more closely investigated by HSE 429 

abundance analyses in OIB with zero to slightly positive µ182W compositions. Regardless of the 430 

exact Ru/Ir ratio of this endmember, the existence of two mixing components that each have Ru/Ir 431 

ratios dissimilar to the modern mantle raises the question of whether OIB may preserve Ru isotopic 432 

compositions reflecting Earth’s early building blocks (cf., Fischer-Gödde et al., 2020). 433 

 434 

4.3 Implications of core-mantle interaction in OIB sources 435 

If core-mantle exchange was active on the early Earth, this may have had consequences for the 436 

secular chemical evolution of Earth’s mantle. Many of Earth’s hotspots are believed to be 437 



underlain by mantle plumes, some of which may bring material from the deepest parts of the 438 

mantle to the upper mantle and surface (e.g., French & Romanowicz, 2015). If the material at the 439 

base of these plumes included core material with negative µ182W, then the integrated flux of 440 

plumes from the CMB into the upper mantle may have altered the µ182W composition of the bulk 441 

mantle over geological timescales. The total time-integrated amount of plume material in the 442 

mantle can be estimated using the plume flux of the Hawaiʻi mantle plume (calculated from the 443 

cross-sectional area of the plume swell; Davies, 1992) as an example. Assuming that the 80% of 444 

the total plume flux is represented by this swell, that Hawaiʻi mantle plume represents 22% of the 445 

global flux from the CMB to the bulk mantle (the proportion of buoyancy flux for Hawaiʻi 446 

compared to all global plumes identified by French & Romanowicz, 2015, as “primary,” or having 447 

“clearly resolved,” links to the lower mantle; buoyancy fluxes from Courtillot et al., 2003), and 448 

that global plume flux is constant through geological time, approximately 6% of the modern mantle 449 

mass derives from plume material originating at the CMB. If this plume material possesses an 450 

average µ182W of -10, it would have lowered the bulk mantle µ182W by 4.5 ppm over 4.3 Ga (input 451 

W abundances identical to Peters et al., 2021). This demonstrates that if core-mantle interaction is 452 

a process that operated in mantle plume source domains, it must have a calculable and possibly 453 

resolvable effect on global siderophile element compositions over geological time. However, this 454 

calculation is likely a minimum estimate because it does not consider plumes originating from the 455 

CMB that are poorly imaged by seismic tomography and plumes that stagnate before reaching the 456 

surface but are nevertheless mixed into the convicting mantle. Additionally, higher Archean 457 

mantle potential temperatures (e.g., Herzberg et al., 2010) may have driven higher plume fluxes 458 

than what is observed in the modern mantle and enhanced this plume mixing effect. 459 

 460 



The veracity of core-mantle interaction has many additional geophysical consequences. For 461 

example, the thermal conductivity of the outer core would likely have resulted in net heat 462 

production during early metal-silicate interaction at the base of a magma ocean, which may have 463 

sustained core convection and the geodynamo prior to inner core crystallization (Trønnes et al., 464 

2019). Core-mantle exchange over a liquid metal boundary may additionally mediate 465 

electromagnetic effects and exert control over the velocity of Earth’s rotation and therefore over 466 

day length (Buffet et al., 2002). Such considerations warrant further development of the type of 467 

geochemical signatures expected from core-mantle interaction and investigation into how 468 

geochemical and geophysical signatures of this interaction can be used to study the origins and 469 

evolution of core material itself. 470 

 471 

5. Summary and Conclusions 472 

A trend between the µ182W compositions and Ru/Ir ratios of Hawaiʻi and Iceland OIB is reported 473 

and evaluated to be a mantle source feature of these ocean islands. The trend is interpreted to result 474 

from core-mantle interaction that occurred at pressures lower than the modern CMB, as this would 475 

lead to relatively high Ru/Ir ratios that are not observed among OIB. The lower pressure conditions 476 

required to reproduce the observed trends are similar to those expected for core formation, meaning 477 

that the envisaged core-mantle interaction may have occurred at the same time as the metal-silicate 478 

equilibration that originally formed Earth’s core. Additionally, the elevated Ru/Ir ratios recorded 479 

by OIB with µ182W near zero may also reflect an ancient reservoir in the OIB mantle sources. 480 

Alternatively, the observed trends may have been generated during Hadean crust formation 481 

processes, however additional information regarding the partitioning behavior of HSE is required 482 

to evaluate these scenarios. The observed trends strengthen current discussion that OIB act as 483 



modern links to Earth’s core. Additional study of other siderophile elements and their embedded 484 

isotope systems in this framework may unlock more information about the formation and evolution 485 

of the terrestrial core, as well as about the siderophile building blocks of the Earth.   486 
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Table 1. Summary of model inputs and outputs. For all low-µ182W endmembers with siderophile element abundances calculated 493 
according to Mann et al. (2012) and Schofner et al. (2014), input pressure, temperature, and oxidation state are given. For a chondritic 494 
low-µ182W endmember (Figure 6b), HSE abundances are from Horan et al. (2003) and W abundance and isotope composition are 495 
from Kleine & Walker (2017). The “OIB mantle,” endmember represents the observational endmember discussed in the text and has a 496 
Ru/Ir fixed based on a regression of the Hawaiʻi OIB data (Figure 8) with an Ir abundance reflecting the primitive upper mantle value 497 
of Becker et al. (2006) and a W abundance reflecting the bulk silicate Earth value of Arevalo & McDonough (2008). The mid-Atlantic 498 
ridge (MAR) depleted mid-ocean ridge basalt mantle (DMM) endmember represents sample 11R-1/55.46 of Marchesi et al. (2013), a 499 
fixed Ir abundance of 1 ppm, and the DMM W abundance of Arevalo & McDonough (2008). The choice of all other input parameters 500 
is discussed in the text. 501 

 502 

Fig. 6a Fig. 6b OIB mantle MAR DMM
Pressure (GPa) 135.8 5 60 5 60

Temperature (K) 4250 4250 4250 4250 4250
Oxidation state (ΔIW) -2 -3 -3 -3 -3

Ru/Ir 1.5 4 0.76
Ir, ppm 0.44395 0.0035 0.001
µ182W -220 -240 -220 -220 -35 -35 0 0

W, ppm 0.093 0.013 0.003
Ru/Ir 13 0.56 2.1 0.56 2.1

Ir, ppm 0.00074 0.000061 0.00011 0.000061 0.00011
Ru, ppm 0.0094 0.000034 0.00022 0.000034 0.00022
Pt, ppm 0.19 0.032 0.053 0.032 0.053
Re, ppm 0.00017 0.0000085 0.000018 0.0000085 0.000018
W, ppm 0.90 0.00010 0.0012 0.00010 0.0012

Inputs

Outputs

Low-µ182W endmember of Other endmembers
Fig. 7a Fig. 7b



503 
Figure 1. Measured Ru/Ir ratios (panels a-b) and fractional crystallization-corrected Ru/Ir ratios 504 
(panels c-d) versus µ182W compositions for Hawaiʻi and Iceland OIB. Symbols are colored 505 
according to the MgO contents of the sample. For Iceland OIB, symbols are differentiated for the 506 
‘high-’ and ‘low-206Pb/204Pb’ trends of µ182W vs 3He/4He to illustrate that this difference is not 507 
reflected in these trends. In future figures, only square symbols are used for Iceland OIB. Trend 508 
statistics are calculated using Isoplot (Ludwig, 2003); uncertainties on slopes represent 95% 509 
confidence intervals. Data sources: Mundl-Petermeier et al., 2020, 2019; Mundl et al., 2017; 510 
Ireland et al., 2009. 511 

  512 



 513 
Figure 2. MgO (panels a, c) and Ni (panels b, d) versus measured Ru/Ir ratios (panels a, b) and 514 
(Ru/Ir)0 (fractional crystallization-corrected Ru/Ir ratios; panels c, d). Clear relationships between 515 
measured Ru/Ir ratios, MgO and Ni are visible in panels a and b. In panel a, these follow the 516 
fractional crystallization trends calculated using partition coefficients from Puchtel & Humayun 517 
(2001) better than those calculated using partition coefficients from Chazey & Neal (2005). The 518 
applied correction for fractional crystallization processes essentially removes visible correlations 519 
for Hawaiʻi and Iceland OIB. For Hawaiʻi OIB, all samples with published HSE and W isotopic 520 
data have MgO > 14 wt.%. All available data are included in the figure, regardless of availability 521 
of µ182W compositions for the same sample. For data sources see tables S4 and S5. Data for other 522 
hotspots are excluded for clarity. 523 
  524 



 525 
Figure 3. Fractional crystallization-526 
corrected Ru/Ir ratios versus 527 
primitive mantle (McDonough & 528 
Sun, 1995) normalized La/Yb ratios, 529 
TiO2 compositions, and total alkali 530 
contents (Na2O + K2O), which are 531 
common tracers of partial melting 532 
degree among intraplate basalts. No 533 
global or per-hotspot dependence is 534 
observed on a scale that would 535 
substantially affect the correlations 536 
observed in Figure 1. Data sources 537 
are listed in the Supplementary 538 
Tables. 539 
  540 



Figure 4. Calculated Ru/Ir ratios and W abundances for variable pressure (panel a) and 541 
temperature (panels b, c) inputs. In panel a, the temperature is set to 100K above the solidus 542 
temperature for all calculated points. In all panels, the oxidation state is set to IW minus 2.3 log 543 
units to simulate conditions intermediate to early (lower oxidation state) and modern (higher 544 
oxidation state) core-mantle interaction. In panels b and c, the calculated Ru/Ir ratios for each point 545 
along the mantle liquidus are calculated for pressures from 10 to 180 GPa (dashed lines) and 546 
intersect the model curves for 50 and 135 GPa at their respective liquidus temperatures. Mantle 547 
solidus and liquidus temperatures are calculated from Simon & Glatzel (1929). 548 
  549 



Figure 5. Calculated W abundances in the core-mantle equilibrated domain (CMED) for variable 550 
oxidation states at pressures representing the modern core-mantle boundary (CMB) and the 551 
average pressure of core formation based on mantle abundances of moderately siderophile 552 
elements (ca. 50 GPa; e.g., Fischer et al., 2015). Tungsten is generally more siderophile at lower 553 
pressures and under more reducing compositions. 554 
  555 



 556 
Figure 6. Mixing models between an observational OIB mantle endmember (“OIB mantle”) with 557 
µ182W = 0 and Ru/Ir ≈ 4 and calculated low-µ182W endmembers: a core-mantle equilibrated 558 
domain (CMED) formed at the modern core-mantle boundary (CMB; panel a) and unmixed 559 
chondritic components left over from late accretion (panel b). The percent proportion of these low- 560 
µ182W reservoirs is given along the bold mixing lines. An inset to panel A shows the position of 561 
the modern CMED relative to the data. In panels c and d, these mixing lines are subjected to 562 
secondary mixing with a depleted mid-ocean ridge basalt endmember with a low Ru/Ir ratio (after 563 
sample 11R-1/22.99 of Marchesi et al., 2013; W = 3 ppb after Arevalo & McDonough, 2008, Ir = 564 
1 ppb). Réunion OIB data are from Peters et al. (2021) and reference DMM composition is an 565 
average of fresh abyssal peridotites from Day & Brown (2021). In general, the secondary mixing 566 
lines overlap most of the OIB data but fail to reproduce the shapes of the trends. Model inputs and 567 
outputs are summarized in Table 1. Original data sources for OIB are given in the Supplementary 568 
Tables. Reference DMM composition is the average of fresh abyssal peridotites from Day & 569 
Brown (2021); all other endmember compositions listed in Table 1. 570 
  571 



 572 
Figure 7. Additional mixing models between an observational OIB mantle endmember (“OIB 573 
mantle”) with µ182W = 0 and Ru/Ir ≈ 4 and calculated low-µ182W endmembers: a CMED 574 
equilibrated at 5-60 GPa and with either core-like µ182W (panel a) or equilibrated µ182W (panel b; 575 
see text for details). Secondary mixing lines with depleted mantle materials analogous to those in 576 
Figure 6c-d are illustrated in panels c and d. It is evaluated that the secondary mixing lines in 577 
panel d best reflect the observed data trends. Model inputs and outputs are summarized in Table 578 
1. Original data sources for OIB are given in the Supplementary Tables. Reference DMM 579 
composition is the average of fresh abyssal peridotites from Day & Brown (2021); all other 580 
endmember compositions listed in Table 1. 581 
  582 



 583 
 584 
Figure 8. Calculated Ru/Ir ratios for intermediate stages of chondritic late accretion compared to 585 
statistical fits for the “OIB mantle” endmember (Figures 6-7) from Hawaiʻi OIB data. An 586 
endmember composition of Ru/Ir = 4 is selected based on the polynomial fit to these data (p = 587 
0.03, r2 = 0.63 for a second-order polynomial regression) and may represent a post-core formation 588 
mantle domain that was depleted in Ir relative to Ru (cf., Laurenz et al., 2016). 589 
  590 
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