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Abstract 

Subduction of oceanic crust generates chemical and lithological heterogeneities in the mantle. 

An outstanding question is the extent to which these heterogeneities contribute to subsequent 

magmas generated by mantle melting, but the answer differs depending on the geochemical 

behavior of the element(s) being investigated: incompatible elements (those that preferentially 

concentrate into silicate melts) suggest that recycled oceanic crust is an important contributor, 

while compatible elements (those that concentrate in crystalline residues) generally do not.  

Recently, however, the concentrations of Mn and Ni — two elements of varying compatibility—

in early-crystallizing olivines, have been used to infer that erupted magmas are mixtures of 

partial melts of olivine-rich mantle rocks (i.e., peridotite) and of metasomatic pyroxene-rich 

mantle rocks (i.e., pyroxenite) formed by interaction between partial melts of recycled oceanic 

crust and peridotite. Here, we test whether melting of peridotite alone can explain the observed 

trend in olivine compositions by combining new experimental data on the partitioning of Mn 

between olivine and silicate melt under conditions relevant to basalt petrogenesis with earlier 

results on Ni partitioning. We show that the observed olivine compositions are consistent with 

melts of fertile peridotite at various pressures—importantly, melts from metasomatic pyroxenites 

are not required. Thus although recycled materials may well be present in the mantle source 

regions of some basalts, the Mn and Ni data can be explained without such a contribution. 

Furthermore, the success of modeling the Mn-Ni contents of olivine phenocrysts as low-pressure 

crystallization products of partial melts of peridotite over a range of pressures implies a simple 

new approach for constraining depths of mantle melting. 

Main Text 



 3 

The process of subduction recycles basaltic oceanic crust into the peridotitic mantle, generating 

pronounced chemical and lithological heterogeneities. A major geochemical question is the 

extent to which the more fusible basaltic components contribute to subsequent magmas 

generated by the upwelling of this “marble-cake”1 mantle under mid-ocean ridges (MOR) and/or 

ocean islands2,3. For the most part, this question has been addressed using isotopic and 

incompatible trace elements (e.g., ref. 4,5). Recently, this problem has also been addressed by 

analyzing olivine (ol) phenocrysts from basalts6,7. At a given primitive olivine Mg# 

(Mg/[Mg+Fe], atomic), the Ni and Mn contents of olivines are inversely correlated (Fig. 1, see 

methods for calculation). Figure 1 shows this correlation for NiO89 and MnO89 in olivine 

phenocrysts from igneous provinces worldwide (where 89 indicates that MnO and NiO are 

corrected to an Mg# of 0.89).  Further, Ni and Mn contents in primitive olivines are correlated 

with lithospheric thickness6 (qualitatively shown in Fig. 1), and any successful model must also 

explain this. 

One possible explanation of the correlations between Ni and Mn contents of olivines and of both 

with lithospheric thickness relates to the fate of recycled basaltic crust during mantle upwelling. 

It has been argued that the basaltic component begins to melt first8, generating a silica-rich melt 

that infiltrates and reacts with the surrounding peridotite, producing a metasomatic pyroxene-rich 

rock with (relative to other pyroxenites) high bulk Ni (e.g., ref. 9). Later melting of this 

metasomatic, or second-stage, pyroxenite would generate Ni-rich, Mn-poor melts that, when 

mixed with partial melts of the peridotite, precipitate olivines with Ni and Mn contents that 

correlate with the amount of melt contributed by the pyroxenite source. Using this framework, it 

has been estimated that recycled oceanic crust is responsible for ~17% of the volume of mid-

ocean ridge basalts and ~60% of basalts erupted through thick (>70 km) lithosphere6. The 
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correlation with lithospheric thickness is suggested to arise from the fact that, at fixed mantle 

potential temperature, pyroxenite generally starts to melt at a higher pressure than peridotite10; 

thus, in regions under thick lithosphere where the mean depth of melting is higher, melts would 

be expected to contain a greater proportion of liquid derived from melting of pyroxenite. 

However, it is important to note that alternative hypotheses have been proposed to explain the 

observed variations in Ni and Mn (for example, refs 11–15). 

Given the potential importance of the pyroxenite-melting hypothesis for mantle temperature 

structure and for understanding the generation of basaltic magmas, our aim is to test whether a 

simple alternative model involving only partial melts of peridotite produced at different pressures 

can reproduce the inverse correlation seen in Fig. 1. Specifically, we combine our new data on 

Mn partitioning with recently published results for Ni15,16 and calculate how these elements are 

expected to vary during partial melting of peridotite and then, using the same partitioning 

models, predict the compositions of olivine phenocrysts that precipitate when these melts cool at 

(or near) the Earth’s surface.  

Mn partitioning 

We measured Mn concentrations of experimentally-produced coexisting olivine and basaltic 

glass using high-current (100–200 nA) electron microprobe analyses16,17; the measurements and 

the resulting partition coefficients are given in Table 1. These experiments can be considered in 

two groups: the first comprises one-atmosphere experiments on a synthetic analog of a Hawaiian 

picrite17. The second comprises several sets of experiments where, within each set, temperature 

and pressure were varied such that liquid and olivine compositions are approximately constant, 

resulting in data over a range of temperatures for liquids with ~12, 15, 18 and 21 wt. % MgO. In 
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Fig. 2 we show the resulting olivine-liquid partition coefficients. For each constant-MgO series, 𝐷𝑀𝑀𝑜𝑜/𝑜𝑙𝑙(MnOolivine/MnOliquid, by wt.) is roughly constant and independent of temperature.  

However, the partition coefficient depends on melt composition, decreasing from 0.94 at ~12 wt. 

% MgOliq to 0.55 at ~24 wt. % MgOliq; these systematics agree with previous results from simple 

systems18. Such partition coefficients often depend on both melt and olivine composition19, but 

exchange coefficients (a ratio of two partition coefficients of elements with equal valences) are 

generally less sensitive to phase composition and temperature20,21. In this case we define the 

olivine-liquid exchange coefficient, KD, as the ratio of the partition coefficients of Mn to Mg 

(𝐾𝐷,𝑀𝑀−𝑀𝑀𝑜𝑜/𝑜𝑙𝑙
= 𝐷𝑀𝑀𝑜𝑜/𝑜𝑙𝑙 𝐷𝑀𝑀𝑜𝑜/𝑜𝑙𝑙� ). Data from the literature (both low- and high-precision) as well as 

the new measurements reported here, which are consistent with previously reported high-

precision data, are shown in Supplemental Information Fig. S1. We parameterized 𝑙𝑙𝐾𝐷,𝑀𝑀−𝑀𝑀𝑜𝑜/𝑜𝑙𝑙  

in terms of the MgO content of the liquid (see methods for a discussion of the rationale for this 

functional form): 

𝑙𝑙𝐾𝐷,𝑀𝑀−𝑀𝑀𝑜𝑜/𝑜𝑙𝑙 = 0.0088±0.0013(MgOliq) − 1.503±0.023,  (1) 

which recovers the experimentally-measured  𝐷𝑀𝑀𝑜𝑜/𝑜𝑙𝑙 with an average error of 6% (relative). The 

corresponding equation for Ni has been shown to depend on temperature but not the MgO 

content of the liquid15,16: 

 (2)
 

Modeling peridotite melting 
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In order to examine alternatives to the hypothesis that the varying Mn and Ni concentrations of 

olivine phenocrysts are due to differing amounts of melt derived from metasomatic pyroxenite in 

their mantle sources, we began by considering melting of peridotite in the absence of pyroxenite. 

We forward-modeled melting of fertile mantle peridotite as follows: modal abundances, phase 

compositions, and temperatures were taken from experiments in which isobaric partial melting of 

peridotite was investigated at 1, 3, 4, and 4.5 GPa22-25; MnO and NiO contents of residual 

olivines were calculated using the olivine-liquid expressions given above; olivine-mineral 

[orthopyroxene (opx), clinopyroxene (cpx), spinel (sp), and garnet (gt)] partitioning expressions 

were fit to data from the literature (see methods); and whole-rock MnO and NiO contents were 

taken to be 0.131 wt. % and 0.25 wt. % respectively26 (see methods). The analyses of phases in 

high-pressure peridotite melting experiments and in peridotite xenoliths show that olivine is the 

principal host for Mn and Ni in the upper mantle but that, in the garnet stability field, garnet can 

exert an important control on Mn partitioning between residual solids and coexisting melt (e.g., 

ref. 25). 

With increasing degrees of partial melting at constant pressure, the Mg# of the residual olivine 

increases, and our calculations show that its MnO content decreases and its NiO content 

increases slightly (Fig. 3). And as shown in Fig. 3a, with increasing pressure at fixed olivine 

Mg#, the modeled MnO content of residual olivine decreases. There are two factors contributing 

to this pressure dependence. First, low-degree partial melts of peridotite become progressively 

richer in MgO as pressure increases27,28, which is caused by a decrease in 𝐷𝑀𝑀𝑜𝑜/𝑜𝑙𝑙 with increasing 

pressure and temperature at constant olivine Mg#. Because the 𝐾𝐷,𝑀𝑀−𝑀𝑀𝑜𝑜/𝑜𝑙𝑙 , which is defined as 𝐷𝑀𝑀𝑜𝑜/𝑜𝑙𝑙 𝐷𝑀𝑀𝑜𝑜/𝑜𝑙𝑙� , can be approximated as a constant (see equation 1), a decreasing 𝐷𝑀𝑀𝑜𝑜/𝑜𝑙𝑙 with 



 7 

increasing pressure means that 𝐷𝑀𝑀𝑜𝑜/𝑜𝑙𝑙 must also decrease, resulting in the decreasing Mn content 

of the residual olivine with increasing pressure at constant olivine Mg# shown in Fig. 3a. The 

second factor contributing to the model decrease in MnO content of residual olivine with 

pressure is the appearance of garnet at the expense of spinel + pyroxene at ~3 GPa. Mn is 

appreciably more compatible in garnet than in either orthopyroxene or clinopyroxene (see 

methods); consequently, stabilization of garnet in the residue of melting at high pressure 

sequesters Mn relative to the coexisting olivines and pyroxenes, contributing to lower Mn 

contents in these phases. Finally, we note that the calculations presented here assume isobaric 

batch melting when, in reality, mantle melting is most likely nearly adiabatic (i.e., polybaric) and 

at least fractional to some degree (e.g., ref. 29). Despite these simplifications, the results of our 

calculations are still applicable because the style of melting has little effect on the concentrations 

of elements (like Mn and Ni) whose bulk partition coefficients are between ~0.5 and 10 (e.g., ref. 

30); thus, even if eruptive products represent fractional melts accumulated from a range of 

pressures, systematics similar to those shown in Fig. 3 are expected (with the caveat that the 

most relevant pressure in the figure equivalent to Fig. 3 for integrated fractional melting would 

be the mean pressure of melting e.g., ref. 31).  

Olivine phenocryst compositions 

We took the results of our forward model of batch peridotite melting and assumed that the partial 

melts separate from the mantle residue at the pressure of melting; ascend to low pressure without 

significant olivine crystallization; and then precipitate forsterite-rich olivine on cooling at low 

pressure, near-surface conditions (e.g., at Hawaii, where magma transits a thick lithosphere, 

olivine crystallizes dominantly at low pressures based on the volatile contents of forsteritic 

olivine-hosted melt inclusions; e.g., ref. 32,33). For MnO, we see from equation 1 that the MnO 



 8 

contents of such near-surface olivines should, at fixed MgOliq, be the same as those in the residue 

from which the melt separated. Unlike Mn, however, the partitioning of Ni between olivine and 

silicate melt is temperature dependent (equation 2), and thus the temperature drop between high-

pressure melting and low-pressure crystallization will result in near-liquidus, near-surface 

olivines with higher NiO contents than those left in the residue after high-pressure melting16. 

Temperatures of olivine saturation at 1 bar were estimated using olivine-melt equilibria34, 

allowing the calculation of  𝐷𝑁𝑙𝑜𝑜/𝑜𝑙𝑙 at low-pressure15,16, which is all that is then need to calculate 

the NiO contents of near-liquidus olivines that crystallize as primitive magmas cool as they near 

the Earth’s surface. Finally, we corrected our predicted olivine compositions down from the 1 

bar liquidus to the point in the liquid line of descent at which Mg# 0.89 olivines are in 

equilibrium with the residual liquid. In order to do this objectively, we used the same median 

NiO and MnO vs. Mg# slopes used to correct the natural olivine data6,35 (3.093 and –1.441, 

respectively; see methods) to make this correction.  

Figure 4 shows that the NiO89 and MnO89 contents of Mg#89 olivines predicted to crystallize at 

low pressure from partial melts of peridotite based on our modeling generate a negative trend of 

NiO89 versus MnO89 that corresponds well to the trend observed in the natural phenocryst data.  

As emphasized by Sobolev and coworkers6, a key feature of the natural dataset is that olivines 

that erupt on thick lithosphere (e.g., Hawaii) tend to have high NiO89 and low MnO89 contents, 

while olivines with lower NiO89 and higher MnO89 contents tend to come from eruptions onto 

thinner lithosphere (e.g., MORBs). Our model of melting of a peridotite-only source—captures 

this behavior: i.e., as the pressure of melting increases, we predict that olivines that crystallize at 

low pressures will have progressively higher NiO89 and lower MnO89, suggesting that significant 

contributions from a metasomatic pyroxenite6 are not required to explain this trend. An 
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important consequence of this is that if basalts are, in fact, largely sourced by peridotites as 

assumed in our modeling, the Ni and Mn contents of Mg#89 olivines can provide quantitative 

constraints on the depth of peridotite melting leading to their parental magmas. We must 

emphasize, however, that our Mn and Ni modeling does not exclude the presence of metasomatic 

pyroxenite — either as a separate lithology or as an intimate mixture — in the peridotite sources 

of the basalts plotted in Fig. 1.  We return to this point below.  

In Fig. 5, we compare the NiO89/MnO89 ratios of our model results (colored bars) with the subset 

of natural olivine phenocrysts (gray symbols) previously shown in Fig. 1 for which the depth to 

the lithosphere-asthenosphere boundary at the time of eruption is well-constrained15,36.  The 

overlap between the trends in the natural data and our model results again suggests that the Ni 

and Mn contents of the olivines considered here can be explained by partial melts of fertile 

peridotites segregating from their residues at pressures corresponding to the lithosphere-

asthenosphere boundary, without requiring any significant component of pyroxenite melting.  

In contrast to the peridotite melting model we present, pyroxenite melting models (including 

both models of melting of metasomatic pyroxenite as described above and melting of basaltic 

rocks and their cumulates within the eclogite facies) have many free parameters, including initial 

pyroxenite composition, degree of partial melting, details and extent of reaction between melts of 

recycled crust and the surrounding peridotite, and details of how mixing occurs between melts 

from peridotite and pyroxenite source rocks.  Considering the possible ranges of these 

parameters, judicious choices would likely be able to reproduce the NiO89-MnO89 trends of Figs. 

1 and 4.  Nevertheless, we emphasize that the standard (and far simpler and better constrained) 

reference model based on partial melting of fertile peridotite as the dominant process 

contributing to basaltic melts worldwide reproduces the Ni-Mn trends seen in the natural olivine 
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phenocryst data. Although explaining these data was a prime motivation in the development of 

more complex models involving metasomatic pyroxenite, a key finding is that such models are 

not required to explain the main trend of these data. Note that we do not assert that source 

regions of basalts are uniform in composition: Compositional heterogeneities in the mantle, 

including the presence of pyroxene-rich lithologies, have been widely invoked to explain other 

aspects of the chemical and isotopic variability of basaltic magmas e.g., ref. 3,4,37-39. Some of 

the scatter, and some of the systematic behavior, observed in Figs. 1 and 4 could be due to 

compositional heterogeneities of peridotites and/or the presence of lithologically distinct 

recycled components (e.g., pyroxenites) in their sources. However, at Hawaii, trace element and 

isotopic evidence has been used to suggest that compositional heterogeneities are not segregated 

into a separate pyroxene-rich lithology (e.g., ref. 40,41; for an alternative view, see, for example, 

ref. 42). Regardless of the physical state of the recycled components in the sources of oceanic 

basalts, these pyroxenitic components are not needed to explain the first-order systematics 

observed in the MnO and NiO contents of olivine phenocrysts.  Thus, despite the requirement 

(informed by isotopes and trace elements) for recycled material in the mantle, major and minor 

elements (including the Ni and Mn contents of olivines43) are consistent with a source that is 

dominantly peridotitic.  
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Figure Captions: 

Figure 1.  

Covariation of NiO89 and MnO89 in a global array of olivines. Motivated by ref. 6, after 

correction to an Mg# of 0.89 (see methods), there is a good correlation between NiO89 and 
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MnO89  concentrations (in wt. %) in primitive olivine phenocrysts in basalts6,35 (Spearman rank-

order correlation coefficient of –0.79, p < 0.001). Lithospheric thickness appears to play a role; 

Ni increases and Mn decreases moving from olivines from MORBs (orange fill) to those erupted 

on thin (<70 km, cyan fill) and thick (>70 km, magenta fill) lithosphere.  NATP, North-Atlantic 

Tertiary Province; FB, flood basalts; OIBs, other ocean-island basalts (including seamounts); 

Haw-Emp, Hawaiian-Emperor seamount chain.  Dotted lines connect samples from localities 

where olivines with Mg#s of ~0.89 have MnO and NiO concentrations that differ substantially 

from the calculated values, see methods.  

 

Figure 2. 

Olivine-liquid manganese partition coefficients (𝐷𝑀𝑀𝑜𝑜/𝑜𝑙𝑙), by weight. Triangles denote 1-atm 

experiments on a synthetic Hawaiian picrite17; circles denote those experiments where 

temperature and pressure were varied in concert in an attempt to keep the liquid composition 

constant15,16. Symbol fill corresponds to the MgO concentration of the experimentally-produced 

glass, in wt. % (MgOliq).  𝐷𝑀𝑀𝑜𝑜/𝑜𝑙𝑙 values appear to be insensitive to temperature and pressure; 

they do correlate with the MgO content of the coexisting silicate liquid, decreasing from ~0.9 to 

~0.5 as MgOliq increases from 12 to 24 wt. %. 

 

Figure 3. 

Model MnO (a) and NiO (b) contents (in wt. %) of olivines during partial melting of peridotite.  

Olivine MnO and NiO concentrations were calculated using the phase fractions, major-element 

compositions, and temperatures from peridotite partial melting experiments22-25, along with 

partitioning expressions in the text and methods. In (a), dotted lines connect subsolidus 
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experiments to the lowest melt fraction experiment run at the same pressure. Dashed lines are 

approximate melt fraction contours (in wt. %).  Solid lines are least-squares fits to each isobaric 

supersolidus dataset. MnO contents of residual olivines depend strongly on both the pressure and 

extent of melting (see text). 

 

Figure 4. 

Comparison of model peridotite melting results to natural olivine phenocryst NiO89 and MnO89 

values. The plotted olivine NiO and MnO contents from the high-pressure experiments have 

been corrected to a Mg# of 0.89 using two steps: calculating 1-atm liquidus olivine compositions 

for the high-pressure melts; then projecting these liquidus olivine compositions to a Mg# of 0.89 

(see text and methods); symbols and sources of data for natural olivines as in Fig 1. Predicted 

olivine compositions from 1.0, 3.0, and 4.0–4.5 GPa are shown in green, orange, and purple, 

respectively. The overlap between our modeling results and the natural olivine phenocrysts 

suggest that the covariation between NiO89 and MnO89 can be largely explained by varying 

degrees of batch melting of peridotite at different pressures.  

 

Figure 5. 

NiO89/MnO89  as a function of  depth to the lithosphere-asthenosphere boundary (LAB). Only 

samples where the LAB at the time of eruption is well-constrained15,36 are shown, see methods 

and Supplementary Table S1 (light grey symbols; olivine compositions from Fig. 1). 

NiO89/MnO89 agrees well with the depth corresponding to the pressure of our partial melting 

calculations. This suggests that (1) the NiO89/MnO89 ratio can be used as a broad indicator of the 

depth of peridotite melting, and (2) for the majority of natural samples in the dataset, the Ni and 
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Mn contents are well-explained by equilibration of melts with peridotite at pressures 

corresponding to the lithosphere-asthenosphere boundary.   

 

Methods: 

MnO89 and NiO89 

Direct comparison of natural olivine phenocrysts to each other and to our model results requires 

consideration of the effects of fractionation on their MnO and NiO contents. In order to do this 

objectively we performed, for each location, an iterative, bisquare-weighted fit of high-precision 

natural olivine data for NiO and MnO6,35 as a function of Mg# (all fits are shown in the 

Supplementary Information, Figures S6–S63). This yields MnO and NiO at a Mg# of 0.89 for 

each location. We chose Mg# of 0.89 because many locations report olivines at, or very near to, 

this Mg#, thereby minimizing any error due to extrapolation (we excluded those locations where 

the maximum Mg# was less than 0.885). Corrected values for NiO and MnO at an Mg# of 0.89 

(NiO89 and MnO89, respectively) are reported in Table S1 and are shown in Figure 1.  Note that 

some samples from the Galápagos report multiple analyses on a single olivine phenocryst. For 

these samples, we performed our fits using only the analysis from each phenocryst with the 

highest Mg#. For the Galápagos samples we also excluded analyses that did not report both the 

Ni and Mn contents of an olivine. In some locations, analyses from different samples display 

distinct NiO or MnO contents, relative to the other samples from the same location.  In these 

cases, samples were divided and fit independently; it is for this reason that we report multiple 

NiO89 and MnO89 values for some locations (e.g., Mid-Atlantic Ridge samples from 43°N). 

During the fitting process our default position was to group samples from a given location 
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together; to be fit separately, a sample (or group of samples) needed to have, at a range of Mg#s, 

NiO or MnO contents that were not only higher or lower than the majority of other analyses from 

the same location, but also values that fell consistently outside of the distribution of NiO or MnO 

contents generated by the other samples from the same location.  

For each location the NiO and MnO data were fit using either a linear [y = a(x) + b] or a power-

law [y = a(xb) + c] function. Linear fits were used if 1) the exponent in the power-law fit was, 

within uncertainty (1σ), unity, 2) if the calculated NiO89 or MnO89 for the linear and power-law 

fits overlapped at 1σ, and 3) if the minimum Mg# olivine for the location was >0.89. For NiO, 

linear fits were also used if the curvature of the power-law fit was concave down.  Several 

exceptions were made for the MnO vs. Mg# fits: for Kilauea Iki; Koolau, Makapuu; Koolau, 

KSDP; Reykjanes, Sulur/Stapafell; Snaefellsness, Sydri–/Ytri–Raudamelur; 9° N Mid-Atlantic 

Ridge; Bouvet; and Galápagos, San Cristobal-1, linear fits were used as these fits did a superior 

job of describing the high-Mg# olivines for these samples.  The results of our fits are listed in 

Table S1 and shown in the Supplementary Figures.  

There are seven suites that are problematic and/or merit further discussion. Galápagos, San 

Cristobal–2: this sample set contains only nine analyses and although the five most magnesian 

span a range of Mg#s from 0.878 to 0.911, the NiO contents of these five olivines increase with 

decreasing Mg#. It is clear that these olivine compositions are not related via simple 

fractionation and although the fits are included in the Supplemental Information, this locality is 

not included in any further analysis or on any figures. The problems associated with the 

remaining six suites fall into three general categories: (1) the total number of olivine analyses is 

small and the data show appreciable scatter in NiOol and MnOol vs. olivine Mg# space (La 

Gomera; irrespective of the scatter, we calculated NiO89 and MnO89 values based on the best-fit 
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regression lines). (2) All the olivine Mg#s plot above the target value of 0.89 requiring an 

extrapolation down to NiO89 and MnO89 values (Siqueros Fracture Zone and 43°N Mid-Atlantic 

Ridge-1). However, olivine NiO and MnO contents in both of these suites are well characterized 

by the regression lines (see Supplementary Figures) and the extrapolations are relatively minor 

(0.006 and 0.004 Mg# units, respectively). (3) The bulk of the analyses in the final three suites 

(Koolau, KSDP; Kauai, Haena; and Reykjanes, Haleyjabunga) are well described by best-fit 

lines, but each suite contains a small number of olivine analyses with NiO and (in two of the 

suites) MnO values that are visibly offset from the majority of the data (see Supplementary 

Figures). In each suite, one of these “offset” compositions has an Mg# that is very close to 0.89 

and in Figs. 1 and 4, we show both the calculated NiO89 and MnO89 values (based on regressions 

of all of the data in each sample set) and the “offset” compositions closest to 0.89 (pairs of NiO 

and MnO values are connected by a dotted line; the Mg#s for the three plotted “offset” olivines 

are: 0.891, Koolau, KSDP; 0.889, Kauai, Haena; and 0.890, Reykjanes, Haleyjabunga and both 

sets of NiO and MnO values are reported in the Supplementary Information). Although NiO and 

MnO values for these six “problematic” suites of samples are shown in the figures, their data is 

not given any interpretational weight; i.e., the NiO89-MnO89 slope quoted in the main text 

considers only the other 51 locations listed in the Supplementary Table.  

As described in the main text, we use the median slopes of the NiO and MnO vs. Mg# fits to 

correct the olivine NiO and MnO values from our peridotite melting calculations to an Mg# of 

0.89. When a power-law expression was fit to the data, if the maximum Mg# from the location 

was less than 0.89 we determined the slope for that location by taking the derivative of the fit at 

an Mg# of 0.89; if the maximum Mg# from the location was greater than 0.89 we took the slope 

at the midpoint between the maximum Mg# of the sample set and 0.89. Note that the reported 
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slopes for Galápagos, Floreana are simply the first derivative of the fits at an Mg# of 0.89 due to 

the dearth of olivines with Mg#s between ~0.908 (the highest Mg# for this location) and 0.89.  

Errors reported for MnO89 and NiO89 reflect solely the uncertainty associated with the fits, and 

are only shown on Figs. 1 and 4 when significantly larger than the symbol size.  

Depths to the lithosphere-asthenosphere boundary (LAB) at the time of eruption were largely 

taken from ref. 36 (see also ref. 15). 

Analytical Methods 

Glass and olivine compositions were measured on Caltech’s JEOL JXA-8200 electron 

microprobe. Mn in glasses was analyzed using a 200-nA beam, a 20-μm spot, and ~90 sec on 

peak counting times (in all cases, high and low background positions were measured for half of 

the on-peak counting time). Glass major-element compositions were determined in a separate 

analytical session (using a 10-nA beam and a 10-μm spot), and the high-current analyses were 

processed44 using the major- and minor-element concentrations from the low-beam-current 

analyses. Olivine compositions were measured using a 1-μm spot, a 100-nA beam current and an 

accelerating voltage of 15 kV; the on-peak counting time for Mn in olivines was 60 s. Glass45 

and olivine (San Carlos and Guadeloupe) secondary standards were repeatedly analyzed during 

each analytical session to monitor and correct for inter- and intra-session drift.  

Partitioning expressions 

Using modal abundances and major-element phase compositions from high-pressure 

experiments, we calculated the abundances of Mn in all phases using olivine-liquid and olivine-

mineral partitioning expressions obtained by fitting experimental and xenolith-derived 
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partitioning data to either temperature-based or composition-based functional forms. For Mn 

partitioning, most of the previously-published experiments were obtained from two sources, (a) 

the olivine-liquid compilations used by Matzen et al.16,17, and (b) the library of experimental 

phase relations, LEPR46. LEPR was interrogated for experiments whose starting material 

contained at a minimum, Si, Al, Fe, Mn, Mg, and Ca and the phases of interest. Note that we also 

included experimental data from Davis et al.47 in our initial datasets. In an attempt to include 

only high-quality data, a series of filters were applied to the reported analyses: under oxidizing 

conditions a fraction of Mn in a silicate liquid may be trivalent48; thus, we included only those 

experiments conducted under reducing conditions (reported ƒO2s < 2 log units above the QFM 

buffer, or where the sample was run in a graphite, Fe, or Mo capsule). Olivines were only 

accepted if they had 3 ± 0.15 cations and 1 ± 0.15 Si per formula unit, respectively. 

Orthopyroxene and clinopyroxene analyses were included only if they had 4 ± 0.15 cations per 

formula unit. Garnet analyses with fewer than 7.9 total cations and 2.95 silicon per formula unit 

were excluded. Lastly, in an attempt to fit only those experiments where Mn was measured with 

relatively high precision, we filtered experiments by the fractional error (1 σ/value) of their 

partition coefficients. We excluded olivine-liquid partitioning measurements where the fractional 

error was >0.066, the average plus two standard deviations of the fractional errors associated 

with the 𝐷𝑀𝑀𝑜𝑜/𝑜𝑙𝑙 values reported here. For olivine-mineral partition coefficients we were less 

restrictive, excluding those experiments with fractional errors greater than 0.15, (a value that is 

approximately two times the largest fractional error for the olivine-liquid measurements reported 

here); experiments from the LEPR database that did not report errors on the phase compositions 

were not included in the fit. These criteria excluded a large number of experiments, resulting in 

ol-liq, ol-opx, ol-cpx, and ol-gt datasets with 68, 20, 44, and 11 experiments, respectively. Due to 
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the relatively small number of experiments in the ol-opx, ol-cpx, and ol-gt datasets, we also 

included Mn partitioning data from xenoliths. To the experimental ol-opx and ol-cpx dataset, we 

added data from 24 well-equilibrated spinel peridotite xenoliths where Mn was measured with 

high precision49, and to the ol-gt data we added 30 garnet peridotite xenoliths that appear to be 

well-equilibrated50. For the garnet-bearing xenoliths, we used agreement between five different 

thermometers51-54 as evidence of equilibration, selecting only those xenoliths where the standard 

deviation between thermometers was <30° (using the Al in orthopyroxene barometer52 to 

calculate pressure). For the selected garnet-bearing xenoliths, temperature was calculated by 

taking the median of the two-pyroxene52, the olivine-garnet51, and the garnet-clinopyroxene54 

thermometers.  

Major- and minor-element partitioning between olivine and liquid is often described 

using an exchange reaction that involves Mg e.g., ref. 18,20,55,56-58. The Mn-Mg, the exchange 

reaction is:  

liqolliqol
MgOOMnSiMnOOMgSi +↔+ 25.025.0 , (3) 

for which we can write an expression for the free energy of the reaction as: 
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where 
PTr G ,)3(∆  is the standard-state Gibbs free energy of reaction (3) at temperature (T) and 

pressure (P),  and  are the mole fraction and activity coefficient of the ith component in 

phase φ, and R is the gas constant. In detail, 
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ranges in temperature and pressure 
pr C)3(∆ and Vr )3(∆ are small enough to be safely 

neglected16,59; (b) at high temperatures, olivines can be treated as ideal solutions e.g., ref. 60,61; 

and (c) the ratio of activity coefficients for divalent cations in silicate liquids is approximately 

one, equation (4) simplifies to:  
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where
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X
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D 25.0= . Note that although the ratio of activity coefficients for divalent cations 

in silicate melts is unlikely to be equal to one, there is evidence to suggest that it can be taken as 

approximately constant (e.g., ref. 21), in which case, the 

refref PTr S ,)3(∆  term will also contain the 

liquid activity coefficient term. If the assumptions listed above are valid, 𝑙𝑙𝐾𝐷,𝑀𝑀−𝑀𝑀𝑜𝑜/𝑜𝑙𝑙  should be 

independent of composition and there should be a linear relationship between 𝑙𝑙𝐾𝐷,𝑀𝑀−𝑀𝑀𝑜𝑜/𝑜𝑙𝑙  and 

inverse temperature. As shown in Supplemental Information Fig. S2, however, there is a clear 

dependence of 𝑙𝑙𝐾𝐷,𝑀𝑀−𝑀𝑀𝑜𝑜/𝑜𝑙𝑙  on liquid composition with the highest MgOliq series having the 

highest 𝑙𝑙𝐾𝐷,𝑀𝑀−𝑀𝑀𝑜𝑜/𝑜𝑙𝑙  values. Furthermore, most of the fits to 𝑙𝑙𝐾𝐷,𝑀𝑀−𝑀𝑀𝑜𝑜/𝑜𝑙𝑙  and inverse temperature 

for the individual constant composition series do not overlap at one sigma with the fit to the 

dataset as a whole (slopes for the 12, 15, 18, and 21 MgOliq series, and the dataset as a whole are 

418 ± 1488, 762 ± 918, 480 ± 594, 1235 ± 1545, and −745 ± 260 (K) respectively.  This result 

supports earlier inferences18,57 that either the temperature dependence of 𝐾𝐷,𝑀𝑀−𝑀𝑀𝑜𝑜/𝑜𝑙𝑙  is small 

and/or that the ratio of the activities of MgO and MnO in the liquid is not constant. Because each 

constant-compositional series has a temperature dependence that is zero, within error 

(Supplemental Information Fig. S2), and because MgOliq has the highest linear correlation 
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coefficient with the residuals in a fit of 𝑙𝑙𝐾𝐷,𝑀𝑀−𝑀𝑀𝑜𝑜/𝑜𝑙𝑙  vs. inverse temperature (Supplemental 

Information Fig. S1a), we parameterized the exchange coefficient as a function of the MgO 

content of the liquid [equation (1)]. Equation (1) successfully predicts (within one standard 

deviation of their measured values) 86 % of our new measurements of 𝐷𝑀𝑀𝑜𝑜/𝑜𝑙𝑙. For the 

experiments reported here and the low-error experiments from the literature, comparing 

calculated and measured 𝐷𝑀𝑀𝑜𝑜/𝑜𝑙𝑙values results in a median percent error of 3.22, where percent 

error is defined as .  Fitting the same partitioning data against 

𝐷𝑀𝑀𝑜𝑜/𝑜𝑙𝑙 34,62,63 results in median errors that are only slightly higher, 3.37 or 3.86 % depending on 

whether the fitting is done in wt. % or cation fraction, respectively.  

Olivine-orthopyroxene and olivine-garnet partitioning were parameterized using the exchange 

reaction approach55,56,64. This results in the following ol-opx and ol-gt models:  

𝐾𝐷,𝑀𝑀−𝑀𝑀𝑜𝑜/𝑜𝑐𝑐  = exp(−328 ± 106/T(K) − 0.099 ± 0.075) (6) 

𝐾𝐷,𝑀𝑀−𝑀𝑀𝑜𝑜/𝑀𝑔  = exp(−4171 ± 302 /T(K) + 1.11 ± 0.22),  (7) 

Supplemental Information Figs. S3 and S4 show the data as well as the resulting fits. Note that 

on these figures we also show the peridotite melting experiments that form the basis of our 

melting calculations22-25. Although these studies did not measure Mn to high precision, our fits, 

based on high-precision analyses of selected experiments and well-equilibrated xenoliths, are 

consistent with their findings.  

Large cations such as Ca, Mn and the REE partition into the large M2 site in clinopyroxene in 

ways which are readily systematized using the lattice-strain model65,66. The ideal cation radius 
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(ro) is observed to increase with increasing Ca content of the M2 site and the energy “penalty” 

for replacing Ca by Mn depends on the Young’s Modulus (E) of the site which is similar to that 

of clinopyroxene itself 65. In our model, ro was varied linearly between that of pure Ca and Mg in 

the M2 site (using ionic radii from ref. 67), and E was assumed to be two thirds of the value for 

rare-earth elements66.  In practice, the functional form of the lattice strain model for 

clinopyroxene is well described by a 4th order polynomial based on the CaO content (in wt. %) of 

the coexisting cpx. The strain-based model was fit to the data by varying only the constant term, 

equivalent to varying D0. The resulting expression is:  

𝐷𝑀𝑀𝑜𝑜/𝑐𝑐𝑐 = 2.1101x10–5(CaOcpx)4 – 7.5872x10–4(CaOcpx)3 + 1.3204x10–2(CaOcpx)2 – 0. 10348 

(CaOcpx) + 1.2147 ± 0.0213. (8) 

To estimate the uncertainty associated with the constant term in equation (8), we used the 

bootstrap method and the reported errors on 𝐷𝑀𝑀𝑜𝑜/𝑐𝑐𝑐 and CaOcpx from the LEPR database. Errors 

on the MnO and CaO contents of the xenolith samples were not reported, thus we assumed that 

errors (1σ) on the MnO contents of olivine and clinopyroxene in the xenoliths were 4 % (the 

upper limit of the external precision estimate)49, and that the errors on the CaO content of the 

clinopyroxenes were 0.87 wt. %, a value that is two times the median of the errors on CaOcpx 

from the experiments fit from the LEPR database.  Fits and data are shown in Supplemental 

Information Fig. S5. 

To parameterize Mn-Mg exchange between olivine and spinel, we performed a least-squares fit 

to well-equilibrated spinel-lherzolite xenoliths49 using the functional form of ref. 68 (applied to 

ol-sp Ni-Mg partitioning) that incorporates the effect of spinel composition as well as 

temperature on the KD. The resulting equation is: 
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𝐾𝐷,𝑀𝑀−𝑀𝑀𝑜𝑜/𝑠𝑐  = exp[−2292.2 ± 110.8( )/T(K) − 0.161 ± 0.027],  (9)    

where  is defined as Cr2O3/(Cr2O3 + Al2O3 + Fe2O3) in the spinel, by weight. Finally, the 

fertile peridotite MnO content was assumed to be 0.131 wt. % 26,69. 

To model Ni contents we used the olivine-liquid partitioning expression from 15. Olivine-

orthopyroxene, olivine-clinopyroxene, and olivine-spinel partitioning was modeled using the 

expressions presented by ref. 68: 

𝐾𝐷,𝑁𝑙−𝑀𝑀𝑜𝑜/𝑜𝑐𝑐  = exp(1419/T(K) – 0.241), (10) 

𝐾𝐷,𝑁𝑙−𝑀𝑀𝑜𝑜/𝑐𝑐𝑐  =exp(1773/T(K) – 0.422), and (11) 

𝐾𝐷,𝑁𝑙−𝑀𝑀𝑜𝑜/𝑠𝑐  =exp[1,722( )/T(K) – 1.118] (12) 

where is the molar Cr2O3/(Cr2O3 + Al2O3 + Fe2O3) in the spinel.    

Olivine-garnet partitioning was calculated according to 70 

𝐾𝐷,𝑁𝑙−𝑀𝑀𝑜𝑜/𝑀𝑔  = exp(5264 ± 589/T(K) – 2.065 ± 0.405).  (13) 

The fertile peridotite NiO content was assumed to be 0.25 wt. %26, identical (within 7 ppm) to 

the value used by ref. 7.  

To calculate errors on the MnO content of olivines in our peridotite-melting model, we used the 

bootstrap method, incorporating the reported errors on the major-element compositions of the 

peridotite melting experiments (as changing phase compositions affect the calculated phase 

fractions and thus our calculated MnOoliv) and the errors on the Mn partitioning expressions 
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presented above. We used an unweighted mass balance calculation and assumed that all errors 

were normally distributed. The errors shown in Fig. 3 are one standard deviation of 10,000 

iterations of our error-propagation calculation. Errors were not calculated for NiO since 

uncertainties on the coefficients in equations (10), (11), and (12) were not reported68. 

Data availability 

The authors declare that the data supporting the findings of this study are available within the 

article and its supplementary information files. In addition to the high-precision measurements 

reported in Table, 1, data from other authors used in this study are referenced in the main text, 

the methods section, and in the Supplemental Information.  

Code availability 

A spreadsheet that contains our forward model of batch peridotite melting is included in the 

Supplemental Information. 
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Table 1. Run Conditions and Phase Compositions 

Run T(°C) P(kbar) n
liq MgOliq MnOliq nol MgOol Mg#ol MnOol liqol

MnD
/  

Matzen et al. 2011 
26 1500 0.001 10 23.9 0.162(6) 10 50.7 92.4 0.088(6) 0.54(4) 
24 1451 0.001 10 20.8 0.166(4) 10 49.9 91.2 0.102(4) 0.62(3) 
21 1452 0.001 7 21.0 0.166(4) 10 49.9 91.5 0.101(6) 0.61(4) 
17 1401 0.001 10 18.1 0.168(3) 9 49.0 90.0 0.115(6) 0.68(4) 
27 1398 0.001 10 18.4 0.169(4) 10 48.7 90.0 0.111(4) 0.65(3) 
28 1350 0.001 9 15.9 0.172(5) 10 47.5 89.0 0.121(5) 0.70(3) 
15 1349 0.001 10 15.4 0.169(3) 10 47.8 88.6 0.132(5) 0.78(3) 
6 1302 0.001 10 13.2 0.167(4) 8 47.0 87.7 0.148(8) 0.89(5) 
46 1300 0.001 9 14.0 0.171(3) 10 47.1 87.8 0.140(5) 0.82(3) 
Matzen et al. 2013 
6 1450 10 9 17.7 0.193(2) 10 48.6 89.7 0.142(5) 0.73(3) 
7 1450 10 10 17.4 0.191(1) 9 48.5 89.8 0.138(8) 0.72(4) 
8 1450 10 9 17.4 0.192(2) 10 48.1 89.6 0.140(6) 0.73(3) 
9 1500 20 8 18.9 0.196(6) 10 49.0 90.2 0.133(5) 0.68(3) 
10 1500 20 9 18.4 0.197(2) 8 48.7 90.0 0.136(4) 0.69(2) 
13 1525 25 10 17.2 0.195(4) 7 47.9 89.7 0.141(5) 0.72(3) 
17R 1450 10 8 17.8 0.191(4) 6 48.5 90.1 0.140(6) 0.73(3) 
25 1400 0.001 11 18.1 0.198(3) 7 48.8 90.3 0.140(3) 0.71(2) 
28R 1500 20 8 17.2 0.191(1) 11 48.2 89.8 0.143(4) 0.75(2) 
30 1550 30 12 18.3 0.205(8) 7 48.4 89.7 0.140(5) 0.68(4) 
32R 1400 0.001 8 17.1 0.203(2) 8 47.1 89.7 0.147(3) 0.72(2) 
33R 1550 30 9 16.3 0.207(3) 9 46.7 88.1 0.147(5) 0.71(2) 
45R 1450 10 11 17.4 0.191(3) 11 48.3 89.7 0.139(7) 0.73(4) 
Matzen et al. 2017 
49 1430 15 10 15.2 0.184(3) 10 47.7 88.5 0.154(4) 0.83(3) 
50 1450 20 9 14.6 0.191(2) 10 47.0 87.7 0.158(6) 0.83(3) 
51 1400 10 10 15.1 0.181(3) 10 48.2 88.8 0.149(7) 0.82(4) 
52 1375 15 10 12.0 0.183(2) 6 46.6 86.7 0.174(6) 0.95(3) 
53 1350 10 9 12.2 0.173(3) 10 47.2 87.6 0.166(5) 0.96(3) 
56 1475 25 10 14.7 0.197(3) 7 47.0 87.2 0.154(6) 0.78(3) 
58 1550 20 5 21.3 0.206(3) 10 49.3 90.1 0.131(6) 0.63(3) 
59 1575 25 10 21.1 0.208(8) 10 49.5 90.2 0.132(5) 0.63(4) 
62R 1400 20 7 11.8 0.183(2) 8 44.7 85.7 0.168(5) 0.92(3) 
63R 1475 25 10 14.1 0.197(3) 7 45.7 86.5 0.157(6) 0.79(4) 
64R 1600 30 10 20.4 0.206(3) 10 48.9 90.0 0.133(4) 0.65(2) 
65 1348 0.001 10 15.9 0.195(2) 10 48.5 88.9 0.153(7) 0.78(3) 
67R 1348 0.001 10 15.4 0.196(3) 9 46.8 88.5 0.155(5) 0.79(3) 
68 1300 0.001 10 13.2 0.196(4) 10 47.3 87.5 0.171(7) 0.87(4) 
70 1451 0.001 10 21.9 0.189(3) 4 49.9 91.1 0.123(8) 0.65(4) 
Selected run conditions and olvine (ol) and liquid (liq) compositions. Note: We do not report values for run 39 from 
Matzen et al. 2011 (ref. 17) as under oxidizing conditions Mn3+ may be present in the silicate liquid48. Numbers in 
parentheses are analytical uncertainties in terms of the least units cited, e.g., 0.162(6) corresponds to 0.162±0.006 where 
0.162 represents the average of n analyses, and 0.006 is one standard deviation of those analyses. Italicized olivine 



analyses have been previously published. liqol

MnD
/ , by weight, number enclosed in parentheses represents propagated 

analytical uncertainty (one sample standard deviation) of MnO in the olivine and glass.   
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Supplementary Information to the manuscript “The roles of pyroxenite and peridotite in the mantle 

sources of oceanic basalts,“ by Andrew K. Matzen, Bernard J. Wood, Michael B. Baker, and Edward 

M. Stolper. 

Figure S1 

 

Supplemental Information Figure S1. 
Mn-Mg olivine-liquid exchange coefficients vs. 104/T(K), (a) and vs. MgO content of experimental 
liquids (in wt. %), (b). Constant-composition series experiments from this work show no statically-
significant temperature dependence (see Supplemental Information Fig. S2), but our work, and high-
precision experiments from the literature, show a slight compositional effect on the exchange coefficient. 
Solid black line in (b) is a bisquare-weighted fit to both the low-error literature data and data from this 
work (Equation 1, main text). Note that axes are scaled such that 22 experiments are not shown 
  



 

 

Figure S2 

 

Supplemental Information Figure S2 
Mn-Mg olivine-liquid exchange coefficient vs. 104/T(K) for only the new data presented here.  Weighted 
fits to the constant composition series (where temperature and pressure were changed in concert to 
produce liquids with ~12, 15, 18 and 21 wt. % MgO) are shown as dashed lines whose color corresponds 
to that of the dataset fit, a weighted fit to the dataset as a whole is shown as a solid line. If the assumptions 
used to arrive at equation 5 are operative, each constant-composition series should have a slope and 
intercept that is equal to that of the dataset as a whole (see methods).  
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Figure S3 

 

 

Supplemental Information Figure S3.  
Mn-Mg olivine-orthopyroxene exchange coefficient vs. 104/T(K), and a bisquare-weighted fit (solid black 
line). Exchange coefficients from the experiments of Walter25 (squares) and Baker and Stolper22 
(rightward pointing triangles) are also shown, however they were not included in the fit since their major-
element concentrations and phase fractions are used to construct a forward model of Mn and Ni 
partitioning during partial melting and their MnO contents were not determined to high precision. Note 
that y-axis minimum is set such that two experiments are not shown.   
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Figure S4 

 

 
Supplemental Information Figure S4 
Mn-Mg olivine-garnet exchange coefficient vs. 104/T(K), and a bisquare-weighted fit (solid black line) 
Exchange coefficients from the experiments of Walter25 (squares) are also shown, however they were not 
included in the fit (for explanation, see caption to Supplemental Information  Fig. S3).  
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Figure S5 

 

Supplemental Information Figure S5 
Partitioning of Mn (in wt. %) between olivine and clinopyroxene; lattice strain model shown as a solid 
black line (see methods). Coefficients from the experiments of Walter25 (squares) and Baker and Stolper22 
(rightward pointing triangles) are also shown, however they were not included in the fit (for explanation, 
see caption to Supplemental Information Fig. S3). Note y-axis is scaled such that 9 experiments with 𝐷𝑀𝑀𝑜𝑜/𝑐𝑐𝑐 > 3 are not shown.  
.  
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Table S1: MnO89, NiO89 and depths to the lithosphere-asthenosphere boundary 
Location Max Fo Min Fo MnO89  error NiO89 error MnO-Mg# slope  NiO-Mg# slope a (Mn) b (Mn) c (Mn) a (Ni) b (Ni) c (Ni) LAB (km) 
   (wt.%)  (wt.%)  (wt.%/Mg#) (wt.%/Mg#)   
Mull Island-1  88.6 76.4 0.1496 0.0013 0.3829 0.0029 –1.325 1.314 0.29697 –2.80760 –0.26231 1.31423 –0.78678 0 - 
Mull Island-2  88.9 80.9 0.1602 0.0005 0.3343 0.0032 –1.268 3.517 –1.26850 1.28914 0 1.31620 16.35744 0.13868 - 
Mull Island-3  89.7 69.3 0.1566 0.0006 0.3643 0.0016 –1.159 2.162 0.40622 –2.02939 –0.35803 0.59457 7.96709 0.12936 - 
Baffin Bay 92.6 84.9 0.1633 0.0003 0.3693 0.0013 –1.252 3.548 0.20612 –3.81882 –0.15841 3.54843 –2.78883 0 65 
Greenland  92.7 83.9 0.1592 0.0004 0.4038 0.0015 –1.248 2.022 –1.24780 1.26979 0 2.02205 –1.39580 0 100 
Disko  89.0 86.2 0.1648 0.0002 0.3947 0.0008 –1.351 2.511 –1.35124 1.36742 0 2.51123 –1.84025 0 - 
Ontong Java Plateau-1  89.5 80.7 0.1627 0.0003 0.3268 0.0021 –1.549 3.637 –1.54860 1.54095 0 1.15964 14.42523 0.11089 - 
Ontong Java Plateau-2  89.4 84.1 0.1406 0.0006 0.4277 0.0052 –1.275 1.590 –1.27486 1.27524 0 1.59018 –0.98760 0 - 
Karoo-1  90.1 81.0 0.1517 0.0003 0.3468 0.0025 –1.329 2.178 –1.32946 1.33495 0 2.17841 –1.59196 0 - 
Karoo-2  90.9 83.6 0.1362 0.0003 0.5153 0.0018 –1.250 3.306 –1.24976 1.24848 0 3.30595 –2.42701 0 - 
Emeishan-1 91.2 82.9 0.1865 0.0004 0.3146 0.0010 –1.295 1.002 0.08154 –6.93995 0.0034856 1.00194 –0.57710 0 - 
Emeishan-2 91.7 75.9 0.1552 0.0005 0.4133 0.0018 –1.324 2.052 –1.32378 1.33332 0 0.55231 6.49880 0.15427 - 
Zawl-Kelkelti  89.7 65.0 0.1575 0.0007 0.3361 0.0024 –1.348 3.862 –3.78109 0.33054 3.79574 1.10876 11.95915 0.06098 - 
Reunion, Piton de Neige  90.1 84.3 0.1551 0.0006 0.3616 0.0013 –1.441 1.851 –1.44099 1.43758 0 1.85079 –1.28560 0 83.4 
Kilauea Iki  89.0 83.4 0.1467 0.0003 0.4432 0.0032 –1.362 9.414 –1.36222 1.35904 0 399.12310 69.53426 0.32240 90.1 
Mauna Loa, Puu Wahi  89.0 83.0 0.1460 0.0002 0.4107 0.0038 –1.404 4.978 –1.40358 1.39516 0 7.29411 34.79678 0.28424 90.1 
Mauna Loa, HSDP–2  91.0 79.6 0.1458 0.0001 0.4396 0.0015 –1.315 4.248 –0.55570 2.88534 0.54284 1.43026 18.25360 0.26918 90.1 
Mauna Kea, HSDP–2  91.0 77.6 0.1443 0.0001 0.4157 0.0006 –1.369 3.797 –0.49535 3.65645 0.46776 1.06749 14.00328 0.20690 90.1 
Mauna Kea, Post Shield 89.5 79.7 0.1459 0.0006 0.3725 0.0039 –1.753 5.355 –0.48821 7.67351 0.34550 5.17292 30.83390 0.23022 90.1 
Koolau, Makapuu  89.8 80.7 0.1404 0.0003 0.4787 0.0024 –1.227 3.093 –1.22698 1.23245 0 3.09335 –2.27439 0 88.8 
Koolau, KSDP 89.5 84.3 0.1415 0.0005 0.4551 0.0025 –1.166 2.040 –1.16559 1.17887 0 2.03991 –1.36044 0 88.8 
Koolau, KSDP, measured       89.10 0.142  0.509 

Loihi Seamount 90.2 77.3 0.1525 0.0002 0.3802 0.0018 –1.318 3.522 –1.31810 1.32564 0 1.14197 15.99933 0.20325 90.3 
Kauai, Haena  88.9 83.2 0.1504 0.0011 0.4221 0.0019 –0.609 1.404 0.017787 –9.72491 0.095159 1.40440 –0.82779 0 88.8 
Kauai, Haena, measured       88.92 0.135  0.493 

Suiko Seamount 89.1 82.4 0.1437 0.0007 0.4471 0.0045 –0.915 2.734 0.017141 –11.91140 0.075023 2.73439 –1.98648 0 64.8 
Detroit Seamount 90.4 82.5 0.1570 0.0003 0.3652 0.0015 –1.449 2.580 –1.44948 1.44706 0 2.58043 –1.93141 0 49.5 
La Gomera  89.4 87.7 0.1585 0.0016 0.3555 0.0238 –1.567 3.282 –1.56734 1.55345 0 3.28245 –2.56588 0 95.9 
Gran Canaria 90.0 79.9 0.1508 0.0009 0.4264 0.0054 –1.150 1.560 –1.15006 1.17440 0 1.56035 –0.96235 0 96.1 
Reykjanes, Haleyjabunga 90.9 88.2 0.1743 0.0006 0.2751 0.0015 –1.809 3.830 0.067966 –9.11817 –0.022371 3.83009 –3.13366 0 32.3 
Reykjanes, Haleyjabunga, measured       88.96 0.181  0.221 

Reykjanes, Lagafell 91.3 88.9 0.1744 0.0008 0.2548 0.0049 –1.606 3.878 –1.60607 1.60384 0 3.87827 –3.19683 0 32.3 
Reykjanes, Sulur/Stapafell  89.1 80.2 0.1665 0.0006 0.3089 0.0031 –1.480 1.977 –1.47996 1.48364 0 1.97695 –1.45055 0 32.3 
Hengill, Midfell/Maelifell  91.0 82.9 0.1678 0.0003 0.2818 0.0017 –1.516 2.649 –1.51599 1.51704 0 2.64856 –2.07544 0 32.3 
Kistufell 89.6 84.6 0.1625 0.0002 0.3127 0.0010 –1.729 3.387 –1.72932 1.70158 0 3.38736 –2.70200 0 32.3 
Theistareykir, Laufrandarhraun–1  91.1 85.4 0.1723 0.0003 0.2590 0.0014 –1.631 4.187 –1.63100 1.62386 0 4.18693 –3.46739 0 32.3 
Theistareykir, Laufrandarhraun–2  89.9 86.3 0.1655 0.0005 0.3281 0.0029 –1.442 2.239 –1.44189 1.44874 0 2.23906 –1.66470 0 32.3 
Theistareykir, Laufrandarhraun–3  88.7 86.9 0.1652 0.0008 0.3292 0.0032 –1.601 3.663 –1.60127 1.59035 0 3.66307 –2.93095 0 32.3 
Theistareykir, Langavitishraun  91.7 86.8 0.1680 0.0006 0.2838 0.0026 –1.406 1.033 –1.40621 1.41950 0 1.03278 –0.63539 0 32.3 
Theistareykir, Theistareykjahraun 90.4 86.9 0.1635 0.0003 0.3349 0.0015 –1.511 3.062 –1.51070 1.50799 0 3.06154 –2.38986 0 32.3 
Snaefellsness, Enni 89.6 78.7 0.1635 0.0006 0.2997 0.0041 –1.397 3.829 –1.39718 1.40701 0 1.15922 13.41432 0.05690 32.3 
Snaefellsness, Sydri–/Ytri–Raudamelur 89.7 83.4 0.1681 0.0008 0.2699 0.0027 –1.839 2.331 –1.83856 1.80437 0 2.33146 –1.80513 0 32.3 
Sao Migel-1 88.9 77.8 0.1468 0.0003 0.3099 0.0006 –1.357 1.740 –0.39872 6.55957 0.33245 1.73965 –1.23839 0 67.6 
Sao Migel-2 89.6 86.2 0.1441 0.0002 0.2687 0.0014 –1.686 16.733 –0.72637 20.10232 0.21386 19936723.76 170.23874 0.22036 67.6 
Sao Migel-3 90.3 77.3 0.1600 0.0004 0.2825 0.0012 –1.888 6.350 –0.51185 10.92397 0.30335 7.71907 35.37976 0.15749 67.6 
Treceria  89.4 72.5 0.1618 0.0006 0.3394 0.0023 –0.966 5.855 0.091192 –5.21045 –0.0055727 2.48761 19.49230 0.082781 47.2 
Southeast Indian Ridge  90.6 83.5 0.1729 0.0002 0.2553 0.0013 –1.679 5.869 –1.67910 1.66732 0 5.19696 32.01483 0.13066 0 
Garrett Fracture Zone.  91.1 89.2 0.1698 0.0007 0.2770 0.0086 –1.568 4.070 –1.56790 1.56528 0 4.07049 –3.34572 0 0 
Siqueros Fracture Zone  91.0 89.6 0.1643 0.0007 0.2521 0.0046 –1.316 6.246 –1.31599 1.33549 0 6.24578 –5.30668 0 0 
9°N Mid-Atlantic Ridge  90.1 86.4 0.1634 0.0007 0.3018 0.0018 –1.640 3.010 –1.64022 1.62320 0 3.01012 –2.37718 0 0 
43°N Mid-Atlantic Ridge-1 90.3 89.4 0.1637 0.0006 0.2697 0.0022 –1.336 6.613 –1.33606 1.35280 0 6.61260 –5.61551 0 0 
43°N Mid-Atlantic Ridge-2 91.8 86.6 0.1732 0.0005 0.2666 0.0034 –1.466 1.643 –1.46581 1.47773 0 1.64260 –1.19535 0 0 
Famous  91.8 88.2 0.1679 0.0006 0.2349 0.0036 –1.513 3.808 –0.37516 10.54987 0.27757 3.80804 –3.15426 0 0 
Bouvet  91.2 86.6 0.1720 0.0003 0.2448 0.0036 –1.615 5.522 –1.61521 1.60954 0 5.52202 –4.66981 0 0 
Romanche Fracture Zone  90.6 79.8 0.1761 0.0002 0.2457 0.0010 –1.574 1.722 –1.57417 1.57707 0 1.72173 –1.28662 0 0 
Galapagos, Cerro Azul 89.1 82.3 0.1689 0.0025 0.2792 0.0040 –0.832 1.363 0.031015 –8.73824 0.083028 1.36272 –0.93366 0 35.8 
Galapagos, Fernandina 88.8 78.5 0.1541 0.0016 0.3138 0.0025 –1.512 2.365 –0.55953 3.74918 0.51556 2.36528 –1.79128 0 37 
Galapagos, Floreana 90.8 83.1 0.1544 0.0014 0.3295 0.0042 –2.284 6.181 –1.21855 22.21810 0.24594 27.96944 46.99125 0.21246 42.1 
Galapagos, San Cristobal 1 88.7 82.2 0.1579 0.0011 0.2987 0.0050 –1.477 2.139 –1.47745 1.47279 0 2.13946 –1.60539 0 35.5 
Galapagos, San Cristobal2 91.1 69.7 0.1815 0.0132 0.2152 0.0095 –1.481 0.888 –1.48135 1.49993 0 0.88820 –0.57531 0 35.5 
Galapagos, San Cristobal3 88.5 82.3 0.1700 0.0020 0.2806 0.0043 –1.797 4.095 –1.79661 1.76896 0 3.13786 25.40665 0.11811 35.5 
Notes: Fo = 100Mg# where Mg# = Mg/(Mg+Fe), molar; max and min Fo values are the maximum and minimum Fo values at each locality. The three sample sets/localities in both plain text and italics are those where a small subset of olivine analyses are offset from the 
main body of data in MnO vs. Mg# and NiO vs. Mg# space; the plain text MnO and NiO values are those calculated using the regression equations and a Mg# of 0.89; those MnO and NiO values in italics represent measured values from the olivine in each "offset" 
population with a Fo value closest to 89 (Fo value reported under the combined Max Fo/Min Fo headings; see methods for further discussion). Values under the “a”, “b”, and “c” heading are the coefficients for the regressions lines used to calculate MnO89 [where the 
heading contains (Mn)] and NiO89 [where the heading contains (Ni)], respectively. Locations where the “c” coefficient is 0 means that a linear fit [y = a(x) + b] was used; where a non-zero “c” coefficient is reported, a power-law [y = a(xb) + c] fit was used. LAB (km) refers 
to the depth of the lithosphere-asthenosphere boundary at the time of volcanism; data sources: ref. 15, 36 and references therein. The reported slopes for Galápagos, Floreana are simply the first derivative of the fits at a Fo of 89 due to the dearth of olivines with Fo contents 
between ~90.8 (the highest Fo olivine for this location) and 89. Samples used in fits Mull Island-1: BR-5; Mull Island-2: BR-2, BR-6, BHL-15; Mull Island-3: BHL-19, 34, BCH-14, 24, 27, 33, AM-7a, BB-22, B-26, 29; Ontong Java Plateau-1: 1185A 9R 2 92-96, 1187A 
6R 6 116-119; Ontong Java Plateau-2: 1187A 10R 7 46-49, Karoo-1: P23-9, 32; Karoo-2: N365; Emeishan-1: EM-43; Emeishan-2: EM-55, 57, 58; Theistareykir, Laufrandarhraun–1: 01-55, 01-57-4, 01-56-1, 01-56-2 ; Theistareykir, Laufrandarhraun–2: 01-44, 01-54; Sao 
Migel-1: SM-10; Sao Migel-2: SM-16; Sao Migel-3: SM-6, 36, 36a, 4, 33; 43N Mid-Atlantic Ridge-1: 20; 43N Mid-Atlantic Ridge-2: AII-32 11-92, AII-32 12-6(i), (ii), AII-32 12-2, AII-32 12-7, AII-32 11-178; Galapagos, San Cristobal-1: 10.6D, 25.3D, 25.4, 27.6, SC-
82-47; Galapagos, San Cristobal-2: SC-82-59; Galapagos, San Cristobal-3: SC-82-76. 
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