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1. Analytical Method 

The Fe isotope compositions of the whole-rock samples were measured at State Key 

Laboratory for Mineral Deposits Research, Nanjing University, China. The purification and 

analytical methods have been described in detail by Du et al. (2017) and Ye et al. (2017). Briefly, 

~20 mg of sample powder was dissolved in Teflon beakers using a 2:1:1 mixture of 

concentrated HCl–HNO3–HF on a hotplate for two days. The digested samples were purified 

using ion-exchange chemistry with a chloride-form AG MP-1 anion-exchange resin. The 

resulting purified Fe solutions were measured using multicollector–inductively coupled 

plasma–mass spectrometry (MC–ICP–MS) employing a Thermo Fisher Scientific Neptune 

Plus instrument with moderate resolution and used in the wet-plasma mode. The resulting 

sensitivity was 6–10 V/ppm for 56Fe, with a 2 ppm Fe solution used during analysis. A 

standard–sample–standard bracketing method was used to correct for mass bias and instrument 

drift, and iron isotope compositions are reported as the per mil deviation (δ56Fe) from the 

international standard IRMM-014 (δ56Fesample = [(56Fe/54Fe)sample / (56Fe/54Fe)IRMM–014 – 1] × 1000 

[‰]). Analytical reproducibility on δ56Fe is better than ±0.06‰ (2 standard deviations, 2SD) 

based on repeated analyses of several international standards against an in-house stock solution 

(Du et al., 2017; Ye et al., 2017; Huang et al., 2021). The measured GSP-2 and w-2a geological 

standards, which were purified and measured together with samples in this study, yield δ56Fe 

values of 0.16 ± 0.04‰ (δ57Fe = 0.20 ± 0.09‰, n = 4, 2SD) and 0.07 ± 0.04‰ (δ57Fe = 0.10 ± 

0.13‰, n = 6, 2SD), consistent with the published values (e.g., Craddock and Dauphas, 2011; 

He et al., 2015). In addition, δ56Fe of two ultrapure Fe solutions, J-M and HPS Fe, are 0.34 ± 

0.04‰ (δ57Fe = 0.51 ± 0.08‰, n = 5, 2SD) and 0.59 ± 0.06‰ (δ57Fe = 0.84 ± 0.15‰, n = 5, 

2SD), which are also in excellent agreements with the recommended values (Beard et al., 2003; 

Heimann et al., 2008). For the samples investigated in this study, each sample was measured at 

least three times, and analytical uncertainties of Fe isotope ratios were given as 2 SD. The 

uncertainties on δ57Fe are much higher than those on δ56Fe. This is due to the limitation of 

counting statistics of low signal of 57Fe (<0.3 V for typical session). 

  



Crystal fractionation modelling based on pMELTS 

In order to evaluate the role of pressure (crustal thickness) on Fe isotope fractionation and 

trace-element (i.e., Sm/Yb ratio) evolution of arc magmas, we use pMELTS program (Ghiorso 

et al., 2002) to predict how residual melt and complementary cumulate relate in equilibrium for 

a range of pressures (0.2–2.0 GPa, the pressure step was set as 0.1 GPa) and oxygen fugacities 

(from QFM – 1 to QFM + 1). A primitive arc magma from Andean CVZ, defined by Schmidt 

and Jagoutz (2017), was used as the starting composition, i.e., AN-73 (volatile-free): 53.82 wt% 

SiO2, 1.18 wt% TiO2, 15.88 wt% Al2O3, 7.68 wt% FeOT, 0.13 wt% MnO, 8.24 wt% MgO, 8.29 

wt% CaO, 2.78 wt% Na2O, 1.71 wt% K2O, and 0.28 wt% P2O5. For simplicity, we referred to 

‘Initial Composition A’ for this primitive arc magma in the latter section. Initial water content 

was set as 3 wt%. For comparison, we also tested a higher initial water content of 4 wt%. 

Simulations were conducted for closed-system batch crystallization starting from the liquidus 

temperature and decreasing at 5 ℃ steps. At each step, the compositions and respective mass 

of residual melt and minerals in equilibrium were obtained.  

With the coexisting mineral assemblages, we calculated the bulk Sm and Yb partition 

coefficients between minerals and melt based on the definition of a bulk partition coefficient: 

D =  𝑥𝑥1𝐾𝐾𝐾𝐾1 +  𝑥𝑥2𝐾𝐾𝐾𝐾2 +  𝑥𝑥3𝐾𝐾𝐾𝐾3 …                                (1), 

where 𝐾𝐾𝐾𝐾  is the mineral/melt partition coefficient and 𝑥𝑥𝑖𝑖  refers to the mass fraction of a 

particular mineral out of the total crystallized assemblages. The partition coefficients for 

different minerals used in the modeling are given in Table S2. We then calculated the evolution 

of Sm and Yb in the evolving melt based on Rayleigh fractionation model, with Sm and Yb 

concentrations in evolving melt (𝐶𝐶) given as: 

     𝐶𝐶
𝐶𝐶0

= 𝐹𝐹(𝐷𝐷−1)                                                   (2), 

where 𝐹𝐹 is the mass fraction of residual melt, and 𝐶𝐶0 is the initial concentrations of Sm and 

Yb. We assumed that the initial melt has Sm and Yb concentrations of 4 ppm and 2 ppm (i.e., 

Sm/Yb = 2), respectively.  

The Fe isotope evolution of the melt (𝛿𝛿56𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ) was calculated using the Rayleigh 

fractionation model: 

𝛿𝛿56𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝛿𝛿56𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝛥𝛥56𝐹𝐹𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 × ln (𝑓𝑓𝐹𝐹𝐹𝐹)             (3), 



where the fraction of iron remaining in the melt is 𝑓𝑓𝐹𝐹𝐹𝐹 = 𝐹𝐹×𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝐹𝐹𝐹𝐹𝐹𝐹

𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝐹𝐹𝐹𝐹𝐹𝐹  (𝐹𝐹 and 𝐶𝐶 refer to the melt 

fraction and Fe content, respectively), and 𝛥𝛥56𝐹𝐹𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  is the fractionation factor 

between the residual melt and the minerals removed. The 𝛥𝛥56𝐹𝐹𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is obtained with 

the equation: 

𝛥𝛥56𝐹𝐹𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = ∑ (𝛥𝛥56𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖 × 𝑊𝑊𝑖𝑖
𝑖𝑖 )                  (4), 

where 𝛥𝛥56𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖   is the fractionation factor between a specific mineral 𝑖𝑖  and the 

residual melt, and 𝑊𝑊𝑖𝑖 is the iron fraction of mineral 𝑖𝑖 to the bulk cumulate (∑ 𝑊𝑊𝑖𝑖 = 1𝑖𝑖 ). The 

fractionation factors (𝛥𝛥56𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖  ) used in the modeling are listed in Table S1. The 

initial arc melt is assumed to have a δ56Fe value of 0.05‰. 

In addition, another starting composition equivalent to an arc basalt from the Central Andes 

database (GEOROC) was also assumed (volatile-free; 51.17 wt% SiO2, 1.89 wt% TiO2, 15.49 

wt% Al2O3, 9.00 wt% FeOT, 0.15 wt% MnO, 7.28 wt% MgO, 8.12 wt% CaO, 3.77 wt% Na2O, 

2.11 wt% K2O, and 0.82 wt% P2O5). We referred to ‘Initial Composition B’ for this starting 

composition. The ‘Initial Composition B’ differs from ‘Initial Composition A’ with higher 

FeOT but lower SiO2 and MgO contents.  

All the modeling studies are summarized below: 

Parental melt 
Reference Initial H2O 

(wt%) 
P (GPa) fO2 Figure 

Initial Composition A Schmidt and 

Jagoutz 

(2017) 

3 2–0.2 QFM + 1 Fig. 3B, D 

Initial Composition A 3 & 4 2–0.2 QFM + 1 Fig. S1 

Initial Composition A 3 & 4 2–0.2 QFM Fig. S2 

Initial Composition A 3 & 4 2–0.2 QFM – 1 Fig. S3 

Initial Composition B GEOROC 

database 

3 2–0.2 QFM + 1 Fig. S4 

Initial Composition B 3 2–0.2 QFM Fig. S5 

Initial Composition B 3 2–0.2 QFM – 1 Fig. S6 

These modeling results indicate that the arc magma δ56Fe gradually increases with 

increasing crustal thickness under more oxidized states (e.g., ≥ QFM), regardless of the starting 

compositions. 



Interpretation of the high δ56Fe in the younger “Normal Crust” samples 

The younger “Normal Crust” samples (18–10 Ma) have higher δ56Fe values than the older 

“Normal Crust” samples (> 19 Ma). All the “Normal Crust” samples have low and relatively 

homogeneous Sm/Yb ratios, indicating they did not experience garnet fractionation. Four 

candidate mechanisms may explain the higher δ56Fe signatures of the younger “Normal Crust” 

samples: (1) higher degrees of magmatic differentiation; (2) similar degrees of differentiation 

at different in fO2 and water contents; (3) higher degrees of crustal contamination; or (4) Fe 

isotopically heavier sources. The younger and older samples are very similar in indexes of 

magma differentiation, including major (e.g., SiO2, MgO, FeOT; Fig. 3A) and trace element 

indicators (e.g., Cr, Ni, La/Yb and Sm/Yb; Fig. 3B; Fig. S7A, B). These suggest that they 

experienced comparable extents of magma differentiation, eliminating mechanism (1). At low 

fO2 (i.e., QFM – 1) and low water content (e.g., 3 wt%), clinopyroxene and olivine are the 

dominant Fe-bearing minerals under mediate to low pressures (< ~25 km), and fractionation of 

these two phases can increase δ56Fe in residual melts up to ~0.13‰ (at 50 wt% crystallinity; 

Fig. S3B, Fig. S6B), similar to those of the younger “Normal Crust” samples. However, 

fractionation of clinopyroxene and olivine cannot lead to clear Fe depletion (e.g., Sossi et al., 

2012; Tang et al., 2018). Under hydrous (e.g., 4 wt% initial water content) and oxidizing 

conditions, amphibole and magnetite fractionations can explain the moderate Fe depletion (e.g., 

Kay et al., 1991; Kay and Mpodozis, 2001; Zimmer et al., 2010), but they cannot produce the 

higher δ56Fe values (Fig. 1C). These indicate that mineral fractionation under low to mediate 

pressures (i.e., without garnet saturation) hardly explain simultaneous Fe depletion and high 

δ56Fe signatures of the younger “Normal Crust” magmas. Increasing crustal contamination 

should be reflected in the ratios such as Th/La and Ba/Th (Kay et al., 2013). However, the 

younger “Normal crust” samples have Th/La and Ba/Th ratios broadly identical to those of the 

older “Normal Crust” samples (Fig. S7C, D), indicating that crustal contamination is not 

responsible for the higher δ56Fe signatures. 

Magma differentiation (i.e., partial melting and fractional crystallization) cannot explain the 

high δ56Fe values of the younger “Normal Crust” samples, and thus an additional contribution 

from some isotopically heavy materials is required, such as magnetite-bearing cumulates and 



metasomatized mantle peridotites. Magnetite-bearing cumulates formed via earlier arc magma 

differentiation tend to enrich in heavy Fe isotopes. To test this possibility, we calculated the 

δ56Fe evolution of cumulate based on pMELTS modeling results of hydrous basalt crystal 

fractionation under 0.2–2.0 GPa, 3 wt% initial water content, and a constant fO2 of QFM + 1. 

As shown in Fig. S8, magnetite-bearing cumulates formed at ~25–40 km depths have δ56Fe 

values ranging from ~0.04‰ to –0.02 ‰ , slightly lower than the mean value of 

unmetasomatised upper mantle lherzolite (0.033 ± 0.01‰, 2SE; Sossi et al., 2016). Thus, 

incorporating of these magnetite-bearing cumulates into arc magmas and/or their sources 

cannot explain the high δ56Fe values of the “Normal Crust” samples. In addition, Weyer and 

Ionov (2007) indicated that the Fe isotope composition of mantle peridotites could be 

significantly modified by metasomatic processes (e.g., melt percolation), which lead to an 

increase in δ56Fe values up to 0.16‰. In this regard, metasomatized peridotites are the possible 

sources that elevate the δ56Fe values of the younger “Normal Crust” lavas. 
  



 

 

 

Fig. S1. Modeled pressure effect on melt Sm/Yb (A, C) and δ56Fe (B, D) during arc magma 
differentiation. The modeling results are from pMELTS simulation of ‘Initial Composition A’ 
crystal fractionation under 0.2 to 2.0 GPa, 3 wt% (A, B) and 4 wt% (C, D) initial water contents, 
and a constant fO2 of QFM + 1. The pressure can be converted to crustal thickness based on 
the equation of thickness (km) ≈ 3.3 (km/kbar) × pressure (kbar). The dashed lines in (B) and 
(D) represent the iron fraction of magnetite/garnet to the bulk cumulate after 50 wt% 
crystallization. The solid lines in (B) and (D) are magma δ56Fe evolution paths from 0 to 50 wt% 
crystallinity. The initial arc melt is assumed to have a δ56Fe value of 0.05‰ (Foden et al., 2018). 
 
  



 
 
 

 

Fig. S2. Modeled pressure effect on melt Sm/Yb (A, C) and δ56Fe (B, D) during arc magma 
differentiation. The modeling results are from pMELTS simulation of ‘Initial Composition A’ 
crystal fractionation under 0.2 to 2.0 GPa, 3 wt% (A, B) and 4 wt% (C, D) initial water contents, 
and a constant fO2 of QFM. The dashed lines in (B) and (D) represent the iron fraction of 
magnetite/garnet to the bulk cumulate after 50 wt% crystallization. The solid lines in (B) and 
(D) are magma δ56Fe evolution paths from 0 to 50 wt% crystallinity. The initial arc melt is 
assumed to have a δ56Fe value of 0.05‰ (Foden et al., 2018). 
  



 
 
 
 

 

Fig. S3. Modeled pressure effect on melt Sm/Yb (A, C) and δ56Fe (B, D) during arc magma 
differentiation. The modeling results are from pMELTS simulation of ‘Initial Composition A’ 
crystal fractionation under 0.2 to 2.0 GPa, 3 wt% (A, B) and 4 wt% (C, D) initial water contents, 
and a constant fO2 of QFM – 1. The dashed lines in (B) and (D) represent the iron fraction of 
magnetite/clinopyroxene/garnet to the bulk cumulate after 50 wt% crystallization. The solid 
lines in (B) and (D) are magma δ56Fe evolution paths from 0 to 50 wt% crystallinity. The initial 
arc melt is assumed to have a δ56Fe value of 0.05‰ (Foden et al., 2018).  



 

Fig. S4. Modeled pressure effect on melt Sm/Yb (A) and δ56Fe (B) during arc magma 
differentiation. The modeling results are from pMELTS simulation of ‘Initial Composition B’ 
crystal fractionation under 0.2 to 2.0 GPa, 3 wt% initial water content, and a constant fO2 of 
QFM + 1. The dashed lines in (B) represent the iron fraction of magnetite/garnet to the bulk 
cumulate after 50 wt% crystallization. The solid lines in (B) are magma δ56Fe evolution paths 
from 0 to 50 wt% crystallinity. The initial arc melt is assumed to have a δ56Fe value of 0.05‰ 
(Foden et al., 2018). 
 

 

 

Fig. S5. Modeled pressure effect on melt Sm/Yb (A) and δ56Fe (B) during arc magma 
differentiation. The modeling results are from pMELTS simulation of ‘Initial Composition B’ 
crystal fractionation under 0.2 to 2.0 GPa, 3 wt% initial water content, and a constant fO2 of 
QFM. The dashed lines in (B) represent the iron fraction of magnetite/garnet to the bulk 
cumulate after 50 wt% crystallization. The solid lines in (B) are magma δ56Fe evolution paths 
from 0 to 50 wt% crystallinity. The initial arc melt is assumed to have a δ56Fe value of 0.05‰ 
(Foden et al., 2018). 
 

 



 

Fig. S6. Modeled pressure effect on melt Sm/Yb (A) and δ56Fe (B) during arc magma 
differentiation. The modeling results are from pMELTS simulation of ‘Initial Composition B’ 
crystal fractionation under 0.2 to 2.0 GPa, 3 wt% initial water content, and a constant fO2 of 
QFM – 1. The dashed lines in (B) represent the iron fraction of olivine/clinopyroxene/garnet 
to the bulk cumulate after 50 wt% crystallization. The solid lines in (B) are magma δ56Fe 
evolution paths from 0 to 50 wt% crystallinity. The initial arc melt is assumed to have a δ56Fe 
value of 0.05‰ (Foden et al., 2018).  

 

 

Fig. S7. A–D show Cr (ppm), Ni (ppm), Ba/Th and Th/La versus MgO (wt%) for the Andean 
“Normal Crust” samples. 

 



 

Fig. S8. Modeled pressure effect on cumulate δ56Fe during arc magma differentiation. The 
modeling results are from pMELTS simulation of ‘Initial Composition A’ crystal fractionation 
under 0.2 to 2.0 GPa, 3 wt% initial water content, and a constant fO2 of QFM + 1. The dashed 
lines represent the iron fraction of magnetite/garnet to the bulk cumulate after 50 wt% 
crystallization. The solid lines are cumulate δ56Fe evolution paths from 10 to 50 wt% 
crystallinity. The initial arc melt is assumed to have a δ56Fe value of 0.05‰ (Foden et al., 2018). 
The shaded area represents the mean δ56Fe of unmetasomatised upper mantle lherzolite (δ56Fe 
= 0.033 ± 0.01, 2SE; Sossi et al., 2016).   

 

 

 

Fig. S9 Effect of amphibole/garnet fractionation on the residual magma’s Sm/Yb ratio. The 

partition coefficients for different minerals used in the modeling are given in Table S2.                                                



Table S1 Compilation of published mineral/melt-magnetite fractionation factors 

Type Phase A  Fe3+/ΣFe CN 103lnβ56Fe Phase B  Fe3+/ΣFe CN 103lnβ56Fe Δ56FeA-B Temperature 
(K) Reference 

Rock-calibrated Grt       Mag       -0.36 106/T2 Ye et al., 2020 
Experimental Grt       Mag       -0.44 106/T2 Sossi and O’Neill, 2017 

Theoretical Andesitic 
melt 

0.05 5–6 0.57 Mag 0.67 5.33 0.75 -0.19 106/T2 Dauphas et al., 2014 

Theoretical 0.35 5–6 0.73 Mag 0.67 5.33 0.75 -0.02 106/T2 Dauphas et al., 2014 
Rock-calibrated Melt       Mag       -0.13 106/T2 Sossi et al., 2012 
Theoretical Ol 0 6 0.56 Mag 0.67 5.33 0.75 -0.19 106/T2 Dauphas et al., 2014 

Experimental Fa       Mag       -0.20 106/T2 Shahar et al., 2008 

Theoretical Opx 0 6 0.49 Mag 0.67 5.33 0.75 -0.27 106/T2 Dauphas et al., 2012 
Rock-calibrated Px       Mag       -0.30 106/T2 Sossi et al., 2012 

Theoretical Amp 0.36 6 0.54 Mag 0.67 5.33 0.75 -0.20 106/T2 Schoenberg et al., 2009 

Rock-calibrated Amp       Mag       -0.16 106/T2 Ye et al., 2020 

Calculated Grt    Melt    -0.23  106/T2  

Calculated Mag    Melt    0.13 106/T2  

Calculated Fa    Melt    -0.07  106/T2  

Calculated Px    Melt    -0.17  106/T2  

Calculated Amp       Melt       -0.03  106/T2  

Note: The 103lnβ56Fe for magnetite is from Roskosz et al (2015) and the equilibrium fractionation factor between A and B is calculated as: Δ56FeA-B = 103lnβ56FeA –
103lnβ56FeA. The calculated mineral-melt Fe isotope fractionation factors are derived by the equation of ∆56Femineral–melt = ∆56Femineral–Mag + ∆56FeMag–melt based on the 
factors constrained by natural rocks (except for ∆56FeFa–Mag, which is constrained by experiment), in which ∆56Femelt–Mag is cited as 0.13×106/T2 (Sossi et al., 2012).  
CN = coordination. Abbreviations: Grt = garnet, Ol = olivine, Fa = fayalite, Opx = orthopyroxene, Px = pyroxene, Amp = amphibole, Mag = magnetite.  



Table S2 Mineral/melt partition coefficients used in the trace element modeling 

Mineral Element Kd value Kd type Reference 
Garnet Yb 6.1 Experimental Green et al., 2000 
Clinopyroxene Yb 0.54 Phenocryst-matrix Dostal et al., 1983 
Orthopyroxene Yb 0.22 Experimental Green et al., 2000 
Biotite Yb 0.44 Phenocryst-matrix Higuchi and Nagasawa, 1969 
Plagioclase Yb 0.299 Phenocryst-matrix Schnetzler and Philpotts, 1970 
Magnetite Yb 0.24 Phenocryst-matrix Luhr and Carmichael, 1980 
Olivine Yb 0.03 Phenocryst-matrix Luhr and Carmichael, 1980 
Amphibole Yb 0.44 Experimental Adam and Green, 2006 

Garnet Sm 0.800 Experimental Ronov and Yaroshevskiy, 
1976 

Clinopyroxene Sm 0.550 Phenocryst-matrix Dostal et al., 1983 
Orthopyroxene Sm 0.015 Experimental Green et al., 2000 
Biotite Sm 0.26 Phenocryst-matrix Higuchi and Nagasawa, 1969 
Plagioclase Sm 0.203 Phenocryst-matrix Schnetzler and Philpotts, 1970 
Magnetite Sm 0.290 Phenocryst-matrix Luhr and Carmichael, 1980 
Olivine Sm 0.007 Phenocryst-matrix Dunn and Sen, 1994 
Amphibole Sm 0.54 Experimental Adam and Green, 2006 
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