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Supplementary Material A: Extended methods section 

 

Detailed analytical methodology 

Optimal laser settings were chosen by performing power tuning to maximize the signal intensity 

and minimize the relative standard deviation for olivine and pyroxene. For this tuning, we used 

natural reference materials of olivine, MongOLSh11-2 (Batanova et al. 2019), and pyroxene, 

Kilbourne Hole xenolith KH03-4 (Harvey et al. 2012). A spot size of 85 μm was selected based 

on leveraging the analyzable area of olivine grains in our samples alongside sensitivity and 

uncertainty. Based on our power tuning at this spot size, counts were maximized at a laser 

repetition rate of 10 Hz and laser set point of 6 mJ with 90% attenuation (fluency = 11 J/cm2), and 

400 shot counts, which corresponds to 40 s ablation time. For pyroxenes, optimized laser settings 

were obtained with a 110 μm spot size, repetition rate of 8 Hz and laser set point of 7 mJ at 90% 

attenuation (fluency = 12.37 J/cm2). We operated the iCAP ICPMS using the kinetic energy 

discrimination (KED) mode to eliminate cell-formed polyatomic interferences (Yamada 2015). At 

the beginning of each session, tuning was done on the synthetic glass NIST612 to maximize 

sensitivity using 238U, 232Th, and 139La while maintaining low elemental fractionation by 

monitoring 238U/232Th<1.1.  

For olivine, we measured the isotopes 26Mg, 27Al, 29Si, 44Ca, 48Ti, 51V, 53Cr, 55Mn, 57Fe, 59Co, 
60Ni, 66Zn, 89Y, and 172Yb, with 26Mg as the internal standard. Our list of elements is slightly 

different from those of De Hoog et al. (2010) for various reasons: The light elements 7Li and 23Na 

are not measurable under KED mode. Signals of 93Nb and 90Zr were too low for precise 

quantification. Instead, for Group III elements we added 172Yb because of its similar behavior with 
89Y and higher abundance compared to Nb and Zr. We excluded elements including 45Sc and 66Cu 

to allow more counting time for elements that are of low abundance but of more interest to this 

study, such as Al, Y, and Yb. 

For pyroxenes, we measured the isotopes 26Mg, 27Al, 29Si, 44Ca, 48Ti, 51V, 53Cr, 55Mn, 57Fe, 59Co, 
60Ni, 63Cu, 66Zn, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 137Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 151Eu, 159Tb, 
160Gd, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, 178Hf, 208Pb, and 232Th, with 26Mg as the internal 

standard.  

For olivine and pyroxene, dwell times were set to 0.05 s for 26Mg, 29Si, 52Cr, 55Mn, 57Fe, 59Co, 
60Ni, 66Zn, 0.1s for 51V, and 0.5 s for all other elements to improve counting statistics at lower 



concentrations. Background signals were collected for approximately 8 s ahead of each ablation. 

The signal for each element during ablation was carefully checked. Cycles with time-resolved 

signals indicative of spinel inclusions (anomalous spikes of Al, Cr, V) or penetration into a 

different grain (sudden increase/decrease of signal) were removed (Figure S1), as discussed further 

below. 

Element concentrations were calculated from measured signals in counts per second using 

working curves constructed by measuring MPI-DING reference glasses GOR-132G, StHs6/80G, 

KL2-G, T1-G, ML3B-G, ATHO-G (Jochum et al. 2000) and USGS basaltic glasses BHVO-2G, 

BCR-2G, and BIR-1G (Jochum et al. 2005). We use reference material values from the GeoReM 

database (Jochum et al. 2005a, 2016; summarized in Table S7). We demonstrate in the 

Supplementary Material B that matrix-dependent elemental fractionation is insignificant (<10%) 

at our operating conditions, which is supported by the long-term reproducibility of MongOLSh11-

2 in our study (Table S8). 

 

Monitoring spinel inclusions in olivine during LA-ICPMS analysis: 

For each laser ablation analysis, the time-resolved ablation signal for each element was carefully 

checked to ensure the quality of the data. For olivine, we occasionally observed anomalously high 

Al signals, often coupled with high V and Cr (Fig. S1). Since all other elements in the same 

ablation spot were unaffected, these high Al, V, and Cr spikes are best explained as contributions 

from spinel. The large plateaus observed in Fig. S1a suggest ablation into a neighboring spinel 

grain beneath the olivine grain, whereas the disseminated spikes in Fig. S1 are inclusions of spinel 

in olivine. This can be easily overlooked if Al, V, Cr are not included when evaluating the data 

and will yield erratic or anomalously high abundances of these elements.  

 
Figure S1 (Supplementary Material A). Time-resolved analyte signal in counts per second (cps) during 

LA-ICPMS analysis. (a) An example analysis that displays coupled increases in signal intensities for Al, 

V, and Cr during the latter part of the ablation. We interpret this as ablation into a spinel inclusion. (b) A 

similar example, but with abundant, smaller spinel inclusions identified by individual peaks of Al, Cr, and 

V. All other analytes (Mg, Ni, Mn, Co, Ca, and Ti) remained constant throughout the course of ablation. 

 



We found that Al, V, and Cr are often – but not always – coupled, as we identified individual 

peaks in only two of these three elements during our data analysis. An example can be seen at the 

very end of the ablation signal in Fig. S1b, where only small spikes of Cr and V are present. Similar 

spikes for Ca and Ti also occur occasionally, though less ubiquitously compared to Al, V, and Cr. 

Penetration into other mineral grains such as pyroxene, serpentine, or epoxy in some cases can 

also be characterized by sharp increases or decreases of elements specific to these phases. We thus 

carefully monitored the time-resolved signals when analyzing olivine data to avoid erratic results.  



Supplementary Material B: Evaluating matrix effects for the trace element calibration 

In LA-ICPMS, the term “matrix effects” refers to inter-elemental fractionations that can occur as 

a function of the material composition (or “matrix”). Matrix-dependent fractionation can occur 

throughout the entire instrumental process, including but not limited to: non-stoichiometric 

ablation at the laser pit, fractionation during transportation, and incomplete ionization in the 

plasma (Sylvester 2008; Gaboardi and Humayun 2009; Czas et al. 2012). These effects can 

compromise the derivation of absolute abundances from LA-ICPMS data (e.g., Jackson, 2008).  

The calibration of laser data assumes that the ratio of sensitivity (defined here as counts per 

second (cps) per concentration, or cps/ppm) of the analyte isotope over the internal standard (i.e., 

a coexisting element in the material that has been independently characterized of concentration) is 

the same between the sample and the calibration standard(s): 
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where I is intensity (in cps), C stands for concentration (in ppm), (
𝐼

𝐶
)

𝑖
 is the sensitivity of the 

analyte i, IS stands for internal standard, and CS stands for the calibration standard. The term 

[Ci]sample is the concentration of the target analyte to be determined, while the other terms are either 

measured or previously constrained. Matrix-dependent fractionations can invalidate the 

assumption of Equation S1, producing biased values. Hence, the analyte/IS sensitivity ratios 

between the sample and reference materials were checked to confirm reasonable similarity during 

LA-ICPMS analysis. 

The most straightforward way to evaluate similarity between sample and reference materials is 

to calculate the slope on a working curve (Fig. S2). Working curves were constructed by measuring 

a set of reference materials of known concentration to establish the correlation between analyte 

signal and absolute concentration. For analyses that incorporate an internal standard (IIS), the 

normalized cps (Ii/IIS) multiplied by the concentration of the internal standard (CIS) is plotted on 

the y-axis against the accepted concentration of element i on the x-axis. The slope (m) of this curve 

is the sensitivity ratio between the target analyte and the internal standard (which is also the right-

hand side of Equation S1): 
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where S is the sensitivity (cps/ppm).  

 



 
Figure S2 (Supplementary Materials B). Working curve example for 59Co/26Mg (where 26Mg is used as 

the internal standard). The blue circles are analyses of MPI-DING and USGS standards, which are regressed 

and forced through the origin to construct a working curve (regression results shown in blue). Three spots 

were measured for each standard. The green dots are analyses of the olivine reference material 

MongOLSh11-2 (Batanova et al. 2019), with a working curve calculated assuming the lines passes through 

the origin (green dotted line). The difference in slopes between the multi-standard (0.0628) and olivine 

(0.0627) working curves is minimal. This suggests that no significant matrix effect occurred and that the 

glass working curve can be used to calibrate olivine. 

 

If the working curve of an element determined from a matrix-matched reference material has the 

same slope as one determined from a reference material of a different matrix, this suggests no 

matrix effects between the two types of materials. Only one standard is available for olivine 

analysis by LA-ICPMS, whereas many basaltic and andesitic glasses have been characterized as 

reference materials (e.g., Jochum et al., 2016). Hence, if no matrix effect occurs between these 

glasses and olivine, then Equation S1 is assumed to be valid, and olivine can be calibrated using 

glass reference materials.  

Batanova et al. (2019) provided an olivine reference material, MongOLSh11-2, that we tested 

against glass reference materials for matrix effects. As demonstrated by the example in Fig. S2 of 
59Co (with 26Mg as the internal standard), the multi-standard working curve based on basalt glasses 

has a near-identical slope to that of MongOLSh11-2 olivine. This indicates the equivalence of the 

matrix-matched and multi-standard calibration, which we confirmed for all elements in this study. 

We then used the glass reference materials for calibration, given the limited amount of 



MongOLSh11-2 available. This also allowed us to use this olivine as a secondary reference 

material to evaluate long-term reproducibility and data quality (Table S8). 

 

  



Supplementary Material C. Assessing core-rim compositional variation in abyssal 

peridotite olivine. 

To evaluate the extent of compositional zoning in olivine, we selected a peridotite from the 

Gakkel ridge (PS59-235-17, residual lherzolite) and performed core-rim analyses on six olivine 

grains using LA-ICPMS. The methodology is the same as outlined in Section 4 of the main text 

and the data is compiled in Table S9. 

A representative profile of a 2-3 mm size olivine grain is shown in Fig. S3. Among the five 

analyzed profiles, major elements (Mg and Si) have flat profiles with no zonation, as are most 

divalent transitional metal cations including Mn, Co, Ni, and Zn (not shown). For Ca, around half 

of the surveyed grains display core-rim variability, but the pattern does not resemble a diffusion 

profile (Fig. S3a). Three elements – Ti, V, and Cr – often show core-rim zoning (Figs. S3b and c). 

Core-rim transects of Al have random variations across the grain with no identifiable core-rim 

zonation (Fig. S3c). Y and Yb are not zoned in most of the profiles (Fig. S3d), but occasionally 

show either reverse or normal zoning patterns that within approximately 200 µm of the rim.  

For each element, sample versus grain averages and one standard deviations are plotted in Fig. 

S3. All the elements in this grain have average and one standard deviations indistinguishable from 

the sample average. The grain average for Al and Ti is slightly lower than the sample average, but 

within uncertainty. This implies that the sample averages and standard deviations reported in this 

study, which are calculated from measurements on apparent “cores”, represent the extent of 

compositional variability within the sample. For more serpentinized samples, measuring the center 

of available olivine relicts might in fact be sampling different parts of the grain, in which case the 

sample average and standard deviation should thus be representative of the rock composition and 

variability, similar to the example shown here.  

Though Ti, V, and Cr are not discussed in detail in this study, the existence of core-rim zonation 

can potentially be useful for future studies that investigate cooling-induced diffusion profiles in 

olivine to extract cooling rates/timescales of olivine-bearing plutonic rocks (e.g., Ferrando et al. 

2020). So far the diffusivity of Ti and Cr in olivine have been experimentally determined (Ito and 

Ganguly 2006; Cherniak and Liang 2014; Jollands et al. 2018), but not that of V.  

 



 
Figure S3 (Supplementary Material C). Photomicrograph in cross-polarized light of a representative rim-

to-core concentration transect in an olivine grain in relatively fresh sample PS59-235-17. Each dot on the 

grain represents a laser pit of 85µm diameter. (a)-(d) Concentration and one standard deviation of elements 

Ca, Ti, V, Al, Cr, Y, and Yb plotted against distance from rim. The average and one standard deviation of 

this grain are plotted in solid and dashed lines, respectively, color coded for different elements. The average 

and one standard deviation for all core analyses of olivine from this sample (Table S1) is plotted to the right 

of the panels. Data of each spot is summarized in Table S9.  



Supplementary Material D: Co-variation between Group I elements. 

 
Figure S4 (Supplementary Materials D). Co-variation between Group I elements. P-values obtained 

using Pearson statistics and two-tailed t-test. All elements are significantly correlated with a p-value 

threshold of 0.05. 

  



Supplementary Material E: Evaluating the effect of spinel Cr# on TAl

ol-spl
 

To evaluate the effect of spinel Cr# on TAl

ol-spl
, we first plot the isotherms in spinel Cr# versus the 

olivine/spinel Al2O3 ratio according to the TAl-in-ol calibration by Wan et al. (2008), see Fig. S5 

below. To simulate the effect of spinel Cr# continuing to change on TAl-in-ol during cooling, we ran 

a simple model with a random starting sample (Kn162-9-50-7), highlighted with a red box in the 

figure. We assume that the Al2O3 in olivine remains constant, and that Al is added to spinel while 

the same amount of Cr is removed from spinel during cooling, so that spinel Cr# decreases while 

total Cr+Al remains constant, and the olivine/spinel Al2O3 ratio decreases. This results in a 

decrease of spinel Cr#, which is in agreement with the model of Voigt and von der Handt (2011). 

The results are plotted on the diagram below in blue asterisks and lie parallel to the isotherms (each 

asterisk depicts 0.01 mol of Al addition/Cr removal). This indicates that spinel Cr# variation during 

cooling probably has little effect on the observed TAl-in-ol. Therefore, the lower values for TAl-in-ol 

compared to TCa-in-ol is more likely due to faster diffusivity of Al in olivine, as suggested in the 

text. 

 
Figure S5 (Supplementary Materials E). Plot of spinel Cr# against the ratio of Al2O3 (wt%) between 

olivine and spinel, with experimentally calibrated isotherms from Wan et al. (2008) plotted in different 

colors. Our model for sample Kn162-9-50-7 is highlighted in the red box (see text above for details).  



Supplementary Material F: Additional details of the two-stage model   

Mineral/melt partition coefficients (i.e., 𝐷𝐴/𝑚𝑒𝑙𝑡
𝑖  where A stands for olivine, cpx, opx, and i 

denotes Yb and Y) are used in the “Partial melting and sub-solidus redistribution: Ti, Y, and Yb” 

section. for both the DMM partial melting model and the subsolidus re-equilibration model. 

Partition coefficients can be temperature, pressure, and composition dependent, and such 

dependence can be quantified using experimentally calibrated lattice strain models (Sun 2018). 

We calculated these 𝐷𝐴/𝑚𝑒𝑙𝑡
𝑖  values using formulation compiled in Appendix A of Sun and Liang 

(2014) with the Microsoft Excel spreadsheets with macros provided by C.G. Sun: https://earth-

sun.weebly.com/tools.html. For these calculations, the following values were used: 

 

Table S10. Modeling parameters used in Section “Partial melting and sub-solidus redistribution: 

Ti, Y, and Yb”. 

 𝐷𝑜𝑙/𝑚𝑒𝑙𝑡
𝑖  𝐷𝑜𝑝𝑥/𝑚𝑒𝑙𝑡

𝑖  𝐷𝑐𝑝𝑥/𝑚𝑒𝑙𝑡
𝑖  

 Olivine composition Opx composition Cpx composition 

SiO2 40.7 53.36 50.61 

TiO2  0.16 0.63 

Al2O3 0.12a 6.46 7.87 

Cr2O3  0.76 1.2 

FeOT 10.16 6.27 2.94 

MnO 0.14 0.12 0.09 

MgO 48.59 30.55 16.19 

CaO 0.05 2.18 19.52 

Na2O  0.05 0.89 

Additional 

parameters 
P=1.5GPa Melt TiO2=1.68b Melt H2O=0.30c 

Mineral compositions (in wt%) used are from Workman and Hart (2005). For the DMM melting 

model, we applied T=1350˚C. For subsolidus re-equilibration model, 𝐷𝐴/𝑚𝑒𝑙𝑡
𝑖  values were 

calculated at 1200˚C, 1100˚C, 1000˚C, and 900˚C. 

 
aEstimated by using cpx Al2O3 from Workman and Hart (2005) and 𝐷𝑜𝑙/𝑚𝑒𝑙𝑡

𝐴𝑙  and 𝐷𝑐𝑝𝑥/𝑚𝑒𝑙𝑡
𝐴𝑙  from 

Laubier et al. (2014)  
bALL MORB Mean value from Gale et al. (2013) 
cGlobal MORB average from Le Voyer et al. (2019) 

 

Additional details for the two-stage model: 

1. The model is extrapolated to 800˚C, which is beyond the temperature range (1190-1470˚C) 

of the partitioning experiments (Sun and Liang, 2014). Such experiments are difficult at 

lower temperatures as the time required for multiple phases to equilibrate is too long. One 

way to evaluate the error of this extrapolation is to apply our model to well-equilibrated 

https://earth-sun.weebly.com/tools.html
https://earth-sun.weebly.com/tools.html


peridotite xenoliths and compare the effectiveness of the models at predicting the observed 

𝐷𝐴/𝐵
𝑖  values, where A and B are coexisting mantle phases and i denotes the element of 

interest. Sun and Liang (2014) validated this by demonstrating good agreement between 

the predicted results of their model and the measured values for well equilibrated 

continental xenoliths (Witt-Eickschen and O’Neill, 2005; Witt-Eickschen et al., 2009).  

2. Diffusive exchange between cpx and opx ceases at 1200˚C in our model, with the 

assumption that Yb and Y values in both pyroxenes remain constant at lower temperatures. 

Previous studies (Dygert et al., 2017 and references therein) argued that exchange of Y and 

Yb between pyroxenes ceases within the temperature range 1100-1300˚C based on the TREE 

values. This assumption means that while 𝐷𝑜𝑙/𝑚𝑒𝑙𝑡
𝑖 , 𝐷𝑜𝑝𝑥/𝑚𝑒𝑙𝑡

𝑖 and 𝐷𝑐𝑝𝑥/𝑚𝑒𝑙𝑡
𝑖  continue to 

vary as a function of temperature for T<1200˚C, a kinetic barrier regarding REE exchange 

between the cpx and opx is imposed. At this stage, only Yb and Y in olivine is still diffusing 

and redistributing according to 𝐷𝑐𝑝𝑥/𝑜𝑙
𝑖  and 𝐷𝑜𝑝𝑥/𝑜𝑙

𝑖 at the given temperature. This agrees 

with the faster diffusivity of these elements in olivine compared to pyroxenes (Fig.8). 

3. Our model does not account for the effects of mineral chemistry variations and subsolidus 

reactions, such as pyroxene exsolution, on subsolidus re-equilibration of major components 

during cooling. Pyroxene exsolution is ubiquitous throughout the course of peridotite 

cooling and thus pyroxene modal proportions change. Thermodynamic modeling by Yao 

(2015) on the effect of modal abundances on REE subsolidus reequilibration demonstrated 

that modal variations slightly counters the effect of temperature on the redistribution of Yb 

and Y. The incorporation of these elements into cpx is decreased when compared to models 

that only account for temperature effects. Thus, considering mass balance and the existence 

of subsolidus reactions between minerals in natural samples, the extent of Yb and Y loss 

in olivine during cooling may be slightly less than calculated by our model. 



 
Figure S6 (Supplementary Material F). Results of the melting and re-equilibration model for Yb, Y, and 

Ti in abyssal peridotite minerals. Non-modal fractional melting model between opx and cpx for Yb (a) and 

Y (b). A follow-up stage of subsolidus cooling down to 1200˚C is also plotted. Non-modal fractional 

melting model for Ti in olivine against Ti in cpx (c) and opx (d). Subsolidus redistribution is not modeled 

for Ti as temperature-dependent partition coefficient models are not available. 

 



 



Figure S7. Observed and predicted partitioning values of 𝐷𝑐𝑝𝑥/𝑜𝑝𝑥
𝑖  for Yb (a) and Y (b). Observed and 

predicted partitioning values of 𝐷𝑐𝑝𝑥/𝑜𝑙
𝑖  for Yb (c) and Y (d). Observed and predicted partitioning values of 

𝐷𝑜𝑝𝑥/𝑜𝑙
𝑖  for Yb (e) and Y (f). Solid lines are 1:1 correspondence lines and dashed lines are 1:2 and 2:1 lines. 

  



Regression plots for TREE values summarized in Table 2 and discussed in Section “Evaluating 

olivine trace element thermometry”. 

Residual peridotites 

 
  



Residual peridotites (continued) 

 
  



Melt-influenced peridotites 

 
  



Melt-veined peridotites 
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