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The oceanic lithospheric mantle is rarely preserved in a pristine, anhydrous state, yet the 
scale and impact of hydration remain poorly understood. In this study, we identify 
systematic Fe-Zn isotope anomalies in mantle peridotites and chromitites from the 
Purang ophiolite (Tibet, China), where silicates (olivine δ56Fe = –0.08 to 0.15‰, δ66Zn = 
0.02 to 0.37‰; orthopyroxene δ56Fe = –0.15 to 0.01‰, δ66Zn = 0.05 to 0.26‰; 
clinopyroxene δ56Fe = 0.04 to 0.17‰, δ66Zn = 0.09 to 0.42‰) exhibit heavier isotope 
compositions than coexisting spinel (δ56Fe = –0.18 to 0.07‰, , δ66Zn = –0.27 to 0.00‰), 
a reversal of theoretical predictions and patterns observed in continental mantle 
peridotite xenoliths. While partial melting and melt metasomatism account for some 
inter-sample variations, the pervasive inter-mineral fractionation requires hydrous 
fluid-mediated element exchange, in addition to solidus diffusion, between spinel and 
silicates. This reversed Fe-Zn isotope fractionation (mirrored in Mg and Cr isotopes) is a 
widespread feature of ophiolites and abyssal peridotites, reflecting a key characteristic of 
the oceanic lithospheric mantle. Elevated water contents in ophiolitic olivine, positively 
correlating with forsterite numbers, further indicate pervasive hydration and associated 
element exchange. These findings reveal that extensive hydration significantly overprints 
primary geochemical signatures of melting and melt-rock interaction in the oceanic 
lithospheric mantle, with its scale and physiochemical impacts historically 
underestimated. 

1. INTRODUCTION 

The lithospheric mantle is rarely preserved in a pristine, 
anhydrous state due to pervasive hydration processes. Re
cent studies have increasingly recognized hydration as a 
key mechanism altering mantle rocks, primarily through 
melt or fluid metasomatism, which introduces water and 
drives significant modifications in metal isotope compo
sitions (e.g., Cui et al., 2025; Demouchy et al., 2015; J. 
Liu et al., 2017; Nishi, 2015; Schmädicke et al., 2018; B.-
X. Su et al., 2018, 2021, 2025). However, stable metal iso
tope distributions, particularly Fe and Zn, exhibit striking 
differences. In continental mantle peridotite xenoliths, Fe 
isotopes follow a systematic equilibrium fractionation se
quence (δ56Fe: spinel > clinopyroxene > orthopyroxene > 
olivine), consistent with bonding strength controls (Beard 
& Johnson, 2004; Huang et al., 2011; Macris et al., 2015; 
Roskosz et al., 2015; Schauble et al., 2001; Williams et al., 
2005; Zhao et al., 2012, 2015, 2017). In contrast, ophiolitic 
mantle peridotites display a reversed Fe isotope sequence, 
with silicates enriched in heavier isotopes relative to coex

isting spinel (Chen et al., 2015; B.-X. Su et al., 2021; Xiao 
et al., 2016; Zhang et al., 2017). This anomaly extends to 
Zn and Cr isotopes, which similarly deviate from theoreti
cal predictions (Chen et al., 2019; Fang et al., 2022; Shen et 
al., 2018; Z.-Z. Wang et al., 2017; Yang et al., 2021). 

These reversed isotope fractionations, consistently ob
served across ophiolites, challenge conventional models of 
mantle processes and suggest a distinctive characteristic 
of the oceanic lithospheric mantle. Hydrous fluid-mediated 
element exchange, potentially linked to chromitite forma
tion or subduction-related fluids, has been proposed as a 
key driver (Gose & Schmädicke, 2021; B. X. Su et al., 2021; 
B.-X. Su et al., 2020, 2021, 2023, 2026; in press; Xiao et al., 
2023). Yet, the absence of significant chromite deposits in 
mid-ocean ridges and some ophiolites, coupled with vari
able fluid sources, indicates that hydration is a complex, 
multi-faceted process (Cui et al., 2025; B.-X. Su et al., 2023, 
2025, 2026). The scale and impact of hydration have his
torically been underestimated, obscuring its role in reshap
ing mantle geochemistry. The mechanisms governing inter-
mineral isotope fractionation and their connection to 
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pervasive hydration remain unsolved, limiting our under
standing of oceanic lithospheric mantle evolution. 

This study presents high-precision Fe and Zn isotope 
data from coexisting minerals (spinel, orthopyroxene, 
clinopyroxene, and olivine) in mantle rocks from an ophi
olite in Tibetan Plateau. By integrating these data with 
global ophiolite records, we elucidate the controls on inter-
mineral isotope fractionation, revealing hydrous fluid-me
diated element exchange as a widespread process in the 
oceanic lithospheric mantle. Our findings highlight the 
transformative role of hydration, demonstrating its pro
found impact on mantle geochemistry and necessitating 
a revised framework for interpreting oceanic mantle 
processes. 

2. PURANG OPHIOLITE AND SAMPLES 

The Purang ophiolite is located in the Yarlung-Zangbo Su
ture zone in the Tibetan Plateau (fig. 1A, B). It exposes a 
well-preserved mantle sequence dominated by harzburgites 
with subordinate lherzolites and dunites (fig. 1C; C.-Z. Liu 
et al., 2010; F. Liu et al., 2015). Our samples, largely un
altered (figs. 2, S1) have been previously characterized for 
petrography and elemental geochemistry (B. X. Su et al., 
2019; B.-X. Su et al., 2015) and are briefly summarized here. 
The lherzolites and harzburgites have similar mineral as
semblages with differences in modal contents of clinopy
roxene, and their orthopyroxene grains are highly variable 
in size from <1 mm to >2.5 cm (fig. 2A–D). The dunites 
and chromitites are commonly associated with each other 
and consist exclusively of olivine and spinel, with minor 
amounts of serpentine in a few samples (fig. 2E–H). Spinel, 
orthopyroxene, clinopyroxene, and olivine were separated 
from 4 lherzolites, 7 harzburgites, 6 dunites, and 5 chromi
tites from the Purang ophiolite for Fe and Zn isotope analy
ses. The major oxide mineral chemistry of the Purang lher
zolites and harzburgites is very similar (B. X. Su et al., 2019; 
B.-X. Su et al., 2015). Olivine in the lherzolites and harzbur
gites has forsterite (Fo) contents of 90.5–92 and shows no 
apparent correlation with NiO contents, whereas olivine in 
the dunites and chromitites has a slightly larger variation 
in Fo (90–93) and exhibits a positive correlation between 
Fo and NiO. All spinel grains in the studied samples are 
high-Al varieties with Cr# (100×Cr/(Cr+Al)) values of 15.8 
to 50.1. Orthopyroxenes generally have variable CaO and 
Al2O3 contents and Cr#s and show weak or no correlation 
with Mg# values (100×Mg/(Mg+Fe); 89.7 to 91.8). Clinopy
roxene compositions in the Purang samples are highly vari
able, such as Mg# = 91.1 to 94.4 (B. X. Su et al., 2019). 

3. ANALYTICAL METHODS 

Fe-Zn isotopic analyses were conducted at Metallogenic El
ements and Isotopes Laboratory in the Institute of Geology 
and Geophysics, Chinese Academy of Sciences, following 
the protocol described in J. Wang et al. (2022, 2023). 6–200 
mg of minerals were weighed. The spinel was preprocessed 
using a M6 Microwave Oven (PreeKem, China) with mixture 
of concentrated 4.5 mL HCl, 1.5 mL HNO3, 3 mL HF and 1 

mL HClO4. And then followed the general routine like other 
minerals concentrated HNO3 and HF acids in 7 mL PTFE 
Teflon square digestion vessels at 160 °C for 2 days. Follow
ing the evaporation of HNO3 and HF, the samples were sub
sequently treated with HNO3 and HCl (1:3) and refluxed at 
80 °C for 1 day. Then the samples were dried down and re-
dissolved in 1 mL concentrated HCl at 130 °C. Finally, the 
samples were dried down again and brought into solution 
in 8 M HCl (+0.001% H2O2) for chemical purification. Fe and 
Zn were purified using a two-step ion exchange chromatog
raphy. The solution was loaded onto pre-conditioned 2 mL 
Bio-Rad AG-MP-1M resin first. Matrix elements were eluted 
in the next 9 mL of 8 M HCl. Fe fraction was collected in 
18 mL of 2 M HCl. After that, 2 mL of 0.5 M HNO3 was 
added to resin and Zn fraction was collected in 10 mL of 
0.5 M HNO3 sequentially. Fe and Zn fractions were evapo
rated to dryness and then redissolved in 1 mL of 8 M HCl 
(+0.001% H2O2) separately for second chemical purifica
tion. They were loaded onto pre-conditioned 1 mL Bio-Rad 
AG-1-X8 resin for second purification. 9 mL of 8 M HCl was 
used to elute the matrix elements and Fe fraction was col
lected in the next 10 mL of 0.4 M HCl. Zn fraction was col
lected in 7 mL of 0.5 M HNO3 afterwards. The final Fe and 
Zn eluates were evaporated to dryness and diluted in 2% 
HNO3 to 30 ng g-1 (Fe) or 500 ng g-1 (Zn) for isotopic mea
surements. The total procedure blank for Fe and Zn isotope 
analyses are 5 ng and 6 ng, respectively. 

Fe and Zn isotopic measurements were performed on Nu 
Sapphire CC-MC-ICP-MS at the conventional pathway (Zn) 
or the collision cell pathway (Fe) in low resolution mode us
ing the sample-standard bracketing method. Data were col
lected in static mode, with connected to pre-amplifiers fit
ted with 1011 Ω resistor. Each analysis consisted of a block 
with 50 cycles of 3 s integration. A 30 s (Zn) or 50 s (Fe) 
wash was performed in 2% HNO3 between each standard 
and sample to avoid cross contamination. Long-term repro
ducibility is 0.03‰ (2sd) for Fe and Zn isotopic measure
ments. The Fe and Zn isotope results were reported as the 
per mil deviation relative to standard IRMM-014 and JMC 
3-0749L, respectively. The results of samples are presented 
in table 1, and geostandards in table 2. The values of geo
standards are consistent with previous results (J. Wang et 
al., 2022, 2023 and references therein). 

4. RESULTS 

The Fe isotope compositions of the Purang ophiolite suite 
reveal mineral-scale fractionations across lherzolites, 
harzburgites, dunites and chromitites (fig. 3; table 1). In 
lherzolites, olivine is enriched in heavy Fe isotopes, with 
δ56Fe values ranging from 0.05‰ to 0.08‰, while coexist
ing spinel is isotopically lighter, with δ56Fe values between 
–0.10‰ and –0.06‰. Orthopyroxene exhibits intermedi
ate δ56Fe values from –0.15‰ to 0.00‰, and clinopyrox
ene shows much higher δ56Fe values of 0.04‰ to 0.17‰. 
Harzburgites display a similar pattern: olivine δ56Fe ranges 
from 0.02‰ to 0.14‰, spinel from –0.18‰ to –0.04‰, 
orthopyroxene from –0.13‰ to 0.01‰, and clinopyroxene 
from 0.06‰ to 0.15‰. In dunites, olivine δ56Fe spans 
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Table 1. Fe and Zn isotope compositions of olivine (Ol), orthopyroxene (Opx), spinel (Sp), and clinopyroxene (Cpx) in lherzolites, harzburgites, dunites, and chromitites from Purang                        
ophiolite  

Sample Rock type Mineral δ56Fe 2sd N δ66Zn 2sd δ68Zn 2sd N Sample Rock type Mineral δ56Fe 2sd N δ66Zn 2sd δ68Zn 2sd N 

PL14-5-1 Lherzolite Ol 0.08 0.03 4 0.23 0.03 0.43 0.04 4 PL14-5-1 Lherzolite Sp -0.08 0.03 4 -0.20 0.05 -0.42 0.01 3 

PL14-5-2 Lherzolite Ol 0.07 0.04 4 0.20 0.06 0.45 0.00 3 PL14-5-2 Lherzolite Sp -0.09 0.02 4 -0.25 0.03 -0.48 0.05 4 

PL14-5-7 Lherzolite Ol 0.06 0.03 4 0.31 0.03 0.62 0.04 4 PL14-5-7 Lherzolite Sp -0.06 0.03 4 -0.22 0.03 -0.44 0.04 3 

PL14-5-4 Lherzolite Ol 0.05 0.03 4 0.23 0.03 0.42 0.02 4 PL14-5-4 Lherzolite Sp -0.10 0.01 4 -0.20 0.05 -0.43 0.07 4 

PL14-5-11 Harzburgite Ol 0.02 0.02 4 0.12 0.05 0.26 0.00 4 PL14-5-11 Harzburgite Sp -0.04 0.03 3 -0.11 0.05 -0.20 0.04 3 

PL14-5-3 Harzburgite Ol 0.03 0.01 3 0.22 0.04 0.47 0.05 4 PL14-5-3 Harzburgite Sp -0.12 0.01 4 -0.18 0.03 -0.38 0.05 4 

PL14-1-3 Harzburgite Ol 0.04 0.02 3 0.37 0.06 0.75 0.04 3 PL14-1-3 Harzburgite Sp -0.16 0.02 4 -0.24 0.03 -0.52 0.07 3 

PL14-1-3-R Harzburgite Ol 0.05 0.02 4 0.35 0.03 0.69 0.02 3 PL14-1-3-r Harzburgite Sp -0.18 0.03 4 -0.23 0.03 -0.47 0.03 3 

PL14-5-6 Harzburgite Ol 0.04 0.03 4 0.17 0.04 0.36 0.04 4 PL14-5-6 Harzburgite Sp -0.05 0.04 4 -0.15 0.04 -0.33 0.04 3 

PL14-5-6-r Harzburgite Ol -0.01 0.01 4 PL14-5-16 Harzburgite Sp -0.06 0.02 4 -0.13 0.03 -0.27 0.07 3 

PL14-5-16 Harzburgite Ol 0.06 0.03 4 0.30 0.01 0.59 0.07 3 PL14-2-1 Harzburgite Sp -0.08 0.04 4 -0.27 0.04 -0.55 0.06 3 

PL14-5-16-R Harzburgite Ol 0.05 0.03 4 0.27 0.04 0.55 0.07 3 PL14-2-1-r Harzburgite Sp -0.08 0.03 4 

PL14-2-1 Harzburgite Ol 0.07 0.04 4 0.11 0.03 0.21 0.05 3 PL14-2-1-R Harzburgite Sp -0.09 0.02 4 -0.23 0.04 -0.46 0.04 3 

PL14-2-1-r Harzburgite Ol 0.12 0.04 0.24 0.06 4 PL14-5-9 Harzburgite Sp -0.05 0.02 4 -0.06 0.05 -0.12 0.01 3 

PL14-5-9 Harzburgite Ol 0.14 0.01 4 0.19 0.05 0.38 0.06 3 PL14-3-1 Dunite Sp 0.04 0.02 4 0.09 0.05 0.16 0.02 3 

PL14-3-1 Dunite Ol 0.12 0.03 4 0.27 0.04 0.53 0.08 4 PL14-3-1-R Dunite Sp 0.07 0.02 0.15 0.04 3 

PL14-5-17 Dunite Ol -0.06 0.03 3 0.13 0.04 0.25 0.03 3 PL14-5-17 Dunite Sp -0.12 0.02 4 -0.10 0.03 -0.20 0.03 3 

PL14-5-19 Dunite Ol -0.07 0.04 4 0.29 0.03 0.59 0.04 4 PL14-5-19 Dunite Sp 0.01 0.01 4 -0.06 0.03 -0.11 0.05 3 

PL14-5-19-R Dunite Ol -0.07 0.04 4 0.25 0.03 0.51 0.02 4 PL14-3-2 Dunite Sp -0.11 0.02 4 -0.21 0.04 -0.44 0.03 3 

PL14-3-2 Dunite Ol -0.08 0.02 4 0.10 0.04 0.21 0.05 4 PL14-5-10 Dunite Sp -0.11 0.02 4 -0.01 0.04 -0.04 0.03 3 

PL14-5-10 Dunite Ol -0.08 0.04 3 0.02 0.04 0.04 0.04 3 PL14-5-12 Dunite Sp -0.03 0.02 4 -0.01 0.05 -0.02 0.06 3 

PL14-5-12 Dunite Ol -0.08 0.03 4 0.26 0.06 0.60 0.21 2 PL14-5-12-r Dunite Sp 0.03 0.03 4 

PL14-5-8 Chromitite Ol -0.01 0.03 4 0.27 0.03 0.54 0.05 3 PL14-5-8 Chromitite Sp 0.05 0.03 4 0.00 0.02 -0.01 0.00 3 

PL14-5-18 Chromitite Ol 0.02 0.01 3 0.27 0.05 0.57 0.08 3 PL14-5-8-R Chromitite Sp 0.07 0.04 4 -0.02 0.05 -0.04 0.05 3 

PL14-5-20 Chromitite Ol 0.03 0.04 4 0.13 0.03 0.26 0.00 3 PL14-5-18 Chromitite Sp 0.00 0.03 4 -0.11 0.03 -0.23 0.03 4 

PL14-5-20-R Chromitite Ol -0.03 0.04 4 0.09 0.04 0.22 0.05 3 PL14-5-18-r Chromitite Sp -0.09 0.03 -0.17 0.05 3 

PL14-5-15 Chromitite Ol 0.07 0.02 4 0.31 0.03 0.62 0.05 5 PL14-5-20 Chromitite Sp -0.02 0.02 4 0.00 0.03 -0.01 0.06 3 

PL14-1-5 Chromitite Ol 0.15 0.03 4 0.24 0.04 0.50 0.04 3 PL14-5-15 Chromitite Sp 0.00 0.03 4 0.03 0.04 0.06 0.03 3 

PL14-1-5-r Chromitite Ol 0.15 0.05 4 PL14-1-5 Chromitite Sp 0.07 0.03 4 -0.10 0.06 -0.20 0.06 3 

PL14-5-1 Lherzolite Opx -0.13 0.04 4 0.18 0.05 0.33 0.04 3 PL14-1-5-r Chromitite Sp -0.16 0.02 -0.32 0.01 3 

PL14-5-2 Lherzolite Opx -0.15 0.03 4 0.21 0.03 0.45 0.02 4 PL14-5-1 Lherzolite Cpx 0.07 0.01 4 0.10 0.02 0.20 0.02 3 

PL14-5-7 Lherzolite Opx -0.15 0.02 4 0.16 0.03 0.34 0.05 3 PL14-5-1-r Lherzolite Cpx 0.04 0.02 4 

PL14-5-4 Lherzolite Opx 0.00 0.02 3 0.12 0.03 0.28 0.05 4 PL14-5-2 Lherzolite Cpx 0.17 0.02 4 

PL14-5-4-r Lherzolite Opx 0.00 0.03 4 PL14-5-7 Lherzolite Cpx 0.05 0.04 3 0.13 0.07 0.27 0.04 3 

PL14-5-11 Harzburgite Opx -0.13 0.03 4 0.05 0.05 0.12 0.00 3 PL14-5-4 Lherzolite Cpx 0.12 0.03 4 0.09 0.03 0.20 0.07 3 

PL14-5-3 Harzburgite Opx -0.03 0.03 3 0.17 0.02 0.38 0.04 3 PL14-5-4-r Lherzolite 0.13 0.05 0.24 0.05 3 

PL14-1-3 Harzburgite Opx 0.01 0.03 4 0.25 0.02 0.49 0.01 3 PL14-5-3 Harzburgite Cpx 0.06 0.02 4 0.16 0.03 0.32 0.05 5 
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Sample Rock type Mineral δ56Fe 2sd N δ66Zn 2sd δ68Zn 2sd N Sample Rock type Mineral δ56Fe 2sd N δ66Zn 2sd δ68Zn 2sd N 

PL14-5-6 Harzburgite Opx -0.10 0.03 4 0.12 0.02 0.26 0.02 4 PL14-5-3-r Harzburgite Cpx 0.09 0.03 3 

PL14-5-16 Harzburgite Opx -0.07 0.04 4 0.23 0.05 0.47 0.03 3 PL14-5-6 Harzburgite Cpx 0.13 0.03 4 0.42 0.01 0.87 0.04 2 

PL14-5-16-R Harzburgite Opx -0.02 0.03 4 0.20 0.02 0.41 0.01 3 PL14-5-6-R Harzburgite Cpx 0.15 0.02 4 0.39 0.04 0.82 0.04 3 

PL14-2-1 Harzburgite Opx -0.06 0.03 4 0.15 0.03 0.30 0.03 3 PL14-2-1 Harzburgite Cpx 0.13 0.02 4 0.10 0.03 0.22 0.05 4 

PL14-5-9 Harzburgite Opx -0.04 0.03 4 0.26 0.02 0.54 0.05 4 PL14-2-1-r Harzburgite Cpx 　 　 　 0.09 0.02 0.21 0.04 2 

R-Replicate: repeat sample dissolution, column chemistry and instrumental analyses; r-duplicate: repeat analysis on the same purified sample solution during different analytical sessions. 
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Figure 1. (A) Tectonic sketch map of Tibetan Plateau, highlighting major suture zones. (B) Distribution of               
ophiolites within the Yarlung-Zangbo Suture Zone, southern Tibet. (C) Geologic map of the Purang ophiolite                
(modified after   Hebei Institute of Geological Survey    ,  2006), illustrating the spatial arrangement of mantle        
sequences dominated by harzburgites with subordinate lherzolites and dunites.          

–0.08‰ to 0.12‰, and spinel ranges from –0.12‰ to 
0.04‰. Chromitites show olivine δ56Fe values from 
–0.03‰ to 0.15‰ and spinel δ56Fe from –0.02‰ to 
0.07‰. 

Zn isotope compositions mirror the Fe isotope trends, 
with a clear light-heavy partitioning (fig. 3; table 1). In 
lherzolites, olivine δ66Zn spans 0.20‰ to 0.31‰, while 
spinel is isotopically light, with δ66Zn of –0.25‰ to 
–0.20‰. Orthopyroxene has moderate δ66Zn values be
tween 0.12‰ and 0.21‰, and clinopyroxene ranges from 
0.09 ‰to 0.13‰. In harzburgites, Zn isotopic composi
tions of minerals vary from 0.11‰ to 0.37‰ for olivine, 
from –0.27‰ to –0.06‰ for spinel, from 0.05‰ to 0.26‰ 
for orthopyroxene, and from 0.09‰ to 0.42‰ for clinopy
roxene. Dunites exhibit greater scatter in olivine δ66Zn 
(0.02‰ to 0.29‰), with spinel ranging from –0.21‰ to 
–0.01‰. In chromitites, olivine δ66Zn spans 0.09‰ to 
0.31‰, while spinel δ66Zn ranges from –0.10‰ to 0.00‰. 

5. DISCUSSION 

5.1. Widespread reversed inter-mineral fractionation 
of Fe-Zn isotopes in oceanic lithospheric mantle 

Global isotope data compilations highlight a consistent 
pattern of reversed Fe-Zn isotope fractionation in oceanic 
lithospheric mantle, distinct from continental mantle peri
dotite xenoliths (fig. 3). In ophiolitic lherzolites, harzbur
gites, dunites, and chromitites, olivine exhibits δ56Fe val
ues (fig. 3A) typically higher than or within the average 
upper mantle range (0.02 ± 0.03‰; Weyer & Ionov, 2007), 
while coexisting spinel displays a broader δ56Fe range, pre

dominately lighter than this benchmark (fig. 3A). The Pu
rang ophiolite reinforces this trend, with olivine isotopi
cally heavier than spinel, and clinopyroxene showing 
notably elevated δ56Fe values compared to other coexisting 
minerals (table 1). Orthopyroxene δ56Fe values generally 
exceed those of spinel, though some outliers with lower 
δ56Fe are noted and discussed later. This silicate > spinel 
δ56Fe sequence in ophiolitic rocks inverts the bonding-
strength-driven equilibrium fractionation (Macris et al., 
2015; Roskosz et al., 2015; Schauble et al., 2001) observed 
in mantle peridotite xenoliths (fig. 3A). 

Zinc isotopes exhibit even sharper contrasts. In mantle 
peridotite xenoliths, spinel is enriched in heavier Zn iso
topes relative to olivine, orthopyroxene and clinopyroxene, 
all of which align closely with the average upper mantle 
δ66Zn (0.18 ± 0.08‰; Sun et al., in press) (fig. 3B) and fol
low bonding-strength predictions (Fang et al., 2022; Z.-Z. 
Wang et al., 2017; Yang et al., 2021). Conversely, ophiolitic 
spinel and olivine show δ66Zn values extending to signif
icantly lighter and heavier compositions, respectively, far 
beyond the average upper mantle range (fig. 3B). While py
roxene δ66Zn values in ophiolitic rocks resemble those in 
xenoliths (Fang et al., 2022; Z.-Z. Wang et al., 2017), their 
consistently heavier compositions than coexisting spinel 
distinguish oceanic from continental mantle mineral pairs 
(fig. 3B). 

This reversed Fe and Zn isotope fractionation is not ex
clusive to ophiolites but also evident in abyssal and oro
genic peridotites, albeit with limited data (Fang et al., 2022; 
Yang et al., 2021). Abyssal peridotites mirror ophiolitic 
olivine-spinel Zn isotope patterns, while orogenic peri
dotites show heavy olivine and comparable pyroxene δ66Zn 
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Figure 2. Scanned thin-section images of representative samples from the Purang ophiolite, illustrating mineral             
assemblages and textural variations (width of thin sections ~2.5 cm.). (A, B) Lherzolites composed of olivine (Ol),                  
orthopyroxene (Opx), clinopyroxene (Cpx), and spinel (Sp), with larger Opx grains (0.5–1 cm) in sample PL14-5-7                 
compared to PL14-5-4; (C, D) Harzburgites containing Ol, Opx, Sp and minor Cpx, with larger Opx grains (1–2.5                   
cm) in sample PL14-5-6 relative to PL14-5-3; (E, F) Dunites consisting of Ol and Sp, with serpentinization evident                   
in sample PL14-5-19; (G, H) Chromitites primarily composed of Sp and Ol, with increased serpentine (Srp)                 
content in sample PL14-5-8.     

relative to ophiolitic counterparts (fig. 3B). Given that ophi
olitic, abyssal, and orogenic peridotites are all represen
tative of oceanic lithospheric mantle, this reversed inter-
mineral fractionation appears widespread, pointing to a 
process distinct from equilibrium fractionation or simple 
melt/fluid-rock interaction. Notably, the magnitude of in
ter-mineral isotope fractionation in oceanic lithospheric 
mantle surpasses that in continental settings (fig. 3), imply
ing a potentially fundamental geochemical distinction be
tween them. 

5.2. Effects of grain size and serpentinization on 
mineral Fe-Zn isotopes 

In the Purang ophiolite, most samples exhibit reversed Fe-
Zn isotope fractionation between silicate and spinel, but 
certain lherzolites and harzburgites (e.g., samples PL14-5-7 
and PL14-5-6) display orthopyroxene with lower δ56Fe than 
coexisting spinel (fig. 4A). Petrographic analysis reveals 
that these samples contain unusually large orthopyroxene 
grains (0.5–2.5 cm) compared to others (< 0.5 cm) (figs. 2B, 
C, S1). The large grain size likely limited isotope modifi
cation, preserving a δ56Fe closer to primary compositions. 
In contrast, Zn isotope compositions of these orthopyrox
ene grains align with those of smaller grains (fig. 3B), likely 
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Table 2. Fe and Zn isotope compositions of standard references         

Sample δ56Fe 2sd N δ66Zn 2sd δ68Zn 2sd N 

BIR-1 0.06 0.02 4 0.16 0.04 0.34 0.07 3 

BCR-2 0.08 0.04 4 0.25 0.01 0.48 0.06 3 

W-2 0.01 0.03 4 0.19 0.04 0.41 0.04 3 

BHVO-2 0.08 0.02 4 0.27 0.01 0.58 0.00 3 

BIR-1 0.06 0.01 4 0.25 0.03 0.48 0.07 3 

BIR-1 0.04 0.04 4 0.24 0.00 0.47 0.03 3 

NOD-P-1 -0.60 0.02 4 0.74 0.02 1.45 0.07 3 

W-2 0.05 0.03 3 0.17 0.04 0.34 0.04 3 

NOD-A-1 -0.40 0.02 4 0.88 0.05 1.96 0.06 3 

NOD-P-1 -0.57 0.03 4 0.68 0.05 1.39 0.08 3 

BCR-2 0.05 0.01 4 0.22 0.02 0.46 0.02 3 

W-2 0.04 0.01 4 0.19 0.05 0.35 0.07 4 

NOD-A-1 -0.39 0.02 4 0.90 0.03 1.76 0.07 3 

Figure 3. Fe and Zn isotope compositions of mineral pairs in mantle peridotite xenoliths, ophiolites, and               
orogenic and abyssal peridotites. Purang data are from this study, and others are literature compilations. (A)                 
δ56Fe values, with ophiolitic silicates showing heavier isotopes relative to spinel, contrasting with the               
equilibrium sequence in xenoliths. (B) δ     66Zn values, highlighting lighter spinel and heavier silicates in          
ophiolites compared to xenoliths, deviating from upper mantle average. Average upper mantle values of Fe and                 
Zn isotopes are from Weyer and Ionov        (2007)  and Sun et al.     (in press) , respectively. Data sources for δ     56Fe:  
peridotite xenolith, An et al.      (2017), Beard and Johnson     (2004), Huang et al.     (2011), Macris et al.     (2015), Williams   
et al.   (2005), Williams and Bizimis     (2014), Zhao et al.     (2010,  2012,  2015,  2017); ophiolitic rocks, Chen et al.       
(2015), Su et al.     (2021), Xiao et al.     (2016), Xiong et al.     (2025), Zhang et al.     (2017,  2019). Data sources for δ    66Zn:  
peridotite xenolith, Fang et al.      (2022), Z.-Z. Wang et al.      (2017); orogenic peridotites, Fang et al.       (2022); abyssal   
peridotites, Yang et al.     (2021); ophiolitic rocks, Lian et al.       (2024), Yang et al.     (2021).  
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due to Zn’s lower abundance relative to Fe, which facilitates 
greater isotope sensitivity to modification. 

Serpentinization also influences isotope signatures in 
some Purang samples. Serpentinized dunites and chromi
tites (e.g., PL14-5-19, PL14-5-8; figs. 2F, H, S1) show 
lighter Fe isotope compositions in olivine compared to co
existing spinel (fig. 4A). This shift likely results from ser
pentinization-driven oxidation and preferential leaching of 
heavier Fe isotopes from olivine (Scott et al., 2017; B.-X. Su 
et al., 2015). Zinc isotopes, unaffected by valence changes, 
exhibit minimal fractionation during serpentinization (fig. 
3B; S.-A. Liu et al., 2019; Yang et al., 2021). Excluding these 
outliers, Purang minerals display a positive correlation be
tween δ56Fe and δ66Zn (fig. 4B), reflecting similar geo
chemical behaviors of Fe and Zn isotope systematics. 

Mineral chemistry further informs isotope variability. 
Spinel, rich in total FeO (fig. S2A), Fe3+, and Zn (500–1700 
ppm) compared to olivine (intermediate FeO, Zn ~20–95 
ppm) and pyroxenes (Zn ~10–30 ppm; B. X. Su et al., 2019), 
is less abundant but more resistant to isotope modification. 
Olivine, dominant in modal abundance, lacks Fe3+ and 
shows larger Fe-Zn isotope variations (figs. 3, 4B). 

5.3. Influences of partial melting, melt 
metasomatism, and magma differentiation on inter-
sample Fe-Zn isotope variations 

5.3.1. Partial melting and melt metasomatism in peridotites 

Both continental and oceanic lithospheric mantle undergo 
partial melting and metasomatism, which influence Fe and 
Zn isotope compositions. Partial melting typically enriches 
residual rocks and minerals in lighter isotopes (Z.-Z. Wang 
et al., 2017; Weyer & Ionov, 2007), while melt metasoma
tism normally introduces heavier compositions to re-equi
librated phases (Sun et al., in press; Weyer & Ionov, 2007). 
These processes primarily contribute to inter-sample iso
tope variability. Spinel Cr# and olivine FeO content serve as 
proxies for mantle melting and metasomatism. Spinel from 
mantle peridotite xenoliths and ophiolitic peridotites, in
cluding Purang samples, shows a negative correlation be
tween δ56Fe and Cr#, suggesting retention of partial melt
ing and metasomatism signatures (fig. 4C). The scattered 
distribution of xenolithic spinel likely reflects metasomatic 
melts with variable Fe isotope compositions (Poitrasson et 
al., 2013; Zhao et al., 2012, 2015). In contrast, olivine Fe 
isotope compositions show no clear correlations with FeO 
content in either xenoliths or ophiolites (fig. S2). Limited 
Zn isotope data for xenolithic olivine align with partial 
melting- metasomatism trends, whereas olivine from ophi
olitic, abyssal and orogenic peridotites deviates toward 
lower FeO and higher δ66Zn values (fig. 4D). This indicates 
that peridotitic olivine in oceanic lithospheric mantle is 
more susceptible to isotope disturbance, preserving fewer 
primary melting or metasomatism signatures compared to 
spinel (Pan et al., 2025; B.-X. Su et al., 2018, 2020, 2023; 
Zhang et al., 2019, 2024). However, neither processes can 
reverse the inter-mineral isotope sequence as observed in 
ophiolitic rocks (fig. 3). 

5.3.2. Effect of magma differentiation on mineral isotopes of 
chromitites and dunites 

Chromitites and dunites in ophiolites, being of cumulate 
origin in magma chambers and conduits (e.g., B.-X. Su et 
al., 2020, 2023, 2026), exhibit distinct isotope trends. Spinel 
in these rocks shows increasing δ56Fe and δ66Zn with 
higher Fe3+/(Fe3++Fe2+) ratios, a marker of magma differ
entiation (fig. 4E). These spinels are distinguished from 
those in peridotite xenoliths and oceanic mantle peridotites 
by intermediate δ66Zn values and FeO contents (fig. S2C). 
Cumulus olivine Zn isotopes follow magma differentiation 
trends (fig. 4D), but their δ56Fe values diverge from this 
path (fig. 4F), suggesting that significant post-crystalliza
tion isotope modification in olivine, which is discussed be
low. 

5.4. Influences of subsolidus exchange and hydrous 
fluid-mediated diffusion on reversed inter-mineral 
Fe-Zn isotopes 

Element diffusion, particularly during subsolidus exchange, 
is a well-established mechanism for isotope fractionation, 
with lighter isotopes diffusing faster than heavier ones 
(e.g., Dauphas et al., 2010; Sio et al., 2013; Teng et al., 
2011). This process accounts for the observed Fe, Zn, Cr, 
and Mg isotope fractionation between spinel and olivine 
in layered intrusions (Bai et al., 2019, 2021) and ophiolites 
(Xiao et al., 2016, 2023). During subsolidus exchange, Fe 
and Cr migrate from olivine to spinel, while Mg moves 
in the opposite direction, resulting in elevated δ56Fe and 
δ53Cr values and reduced δ26Mg in olivine, with converse 
trends in spinel. The extent of fractionation depends on 
mineral modal abundances, spatial relationships, and el
ement concentrations (Pagé & Barnes, 2009; B.-X. Su et 
al., 2021, 2026; Xiao et al., 2016, 2023). In peridotites, low 
abundances of spinel (<5%) and their high FeO and Zn con
tents make it highly susceptible to isotope modification, 
while in chromitites, variable abundances of olivine and 
their lower FeO and Zn contents amplify its sensitivity to 
exchange (figs. 2E–H, S2). Olivine in oceanic lithospheric 
mantle peridotites and dunite cumulates deviates signif
icantly from partial melting and metasomatism trends, 
aligning instead with patterns of element exchange (figs. 
4D, F, S2B). Spinel in ophiolitic chromitites shows notably 
δ56Fe variability at a given Fe3+/(Fe3++Fe2+) ratio, consis
tent with subsolidus exchange effects (fig. 4E). 

High-temperature dry diffusion (e.g., subsolidus Fe-Mg 
exchange) can produce reversed fractionation (Bai et al., 
2019, 2021; Xiao et al., 2016) but is limited by grain bound
ary distances (<1 mm) and requires long residence times 
(>107 years at 900 °C; Sio et al., 2013), which fails to ac
count for the widespread reversal in ophiolites lacking close 
mineral contacts (fig. 5A–C). Deformation-enhanced diffu
sion (e.g., via dislocations) may amplify rates but still re
lies on proximity and does not explain pervasive patterns 
across unstrained samples (e.g., Purang lherzolites; fig. 2). 
Oxygen fugacity changes (e.g., fO2 increase during serpen
tinization) affect Fe valence and isotopes but not Zn, which 
lacks redox sensitivity (S.-A. Liu et al., 2019; Muir et al., 
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Figure 4. (A) Fe isotope compositions of minerals in samples from the Purang ophiolite, with sample numbers                
corresponding to those in     fig. 2 . (B) Plot of FeO vs. δ      56Fe for minerals from the Purang ophiolite, illustrating         
isotopic variations. (C) Cr# vs. δ     56Fe for spinel from mantle peridotite xenoliths and ophiolitic lherzolites and            
harzburgites, reflecting partial melting and metasomatism signatures. (D) FeO vs. δ          66Zn for olivine from ophiolitic      
rocks, abyssal peridotites, orogenic peridotites, and mantle peridotite xenoliths, highlighting deviations in oceanic              
mantle. (E) Fe  3+/(Fe3++Fe2+) vs. δ  56Fe for spinel from ophiolitic dunites and chromitites, showing element exchange            
effects. (F) FeO vs. δ    56Fe for olivine from ophiolitic dunites and chromitites, indicating post-crystallization isotope            
modification. Trends of partial melting, melt metasomatism, fluid-assisted/subsolidus Fe(Zn)-Mg exchange, and            
magma differentiation are defined based on Fe and Zn isotope geochemical behavior. Purang data are from this                  
study, and others are literature compilations with same data sources in            fig. 3 .  
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Figure 5. (A–C) Schematic model of fluid-assisted element exchange and subsolidus diffusion in various             
lithologies of the oceanic lithospheric mantle. Magnesium diffuses from spinel to silicates via a hydrous fluid                 
medium, while Fe and Zn move in the opposite direction, resulting in reversed Fe and Zn isotope fractionation.                   
Large orthopyroxene grains in lherzolites and harzburgites may experience limited isotopic modification. (D)              
Correlation between H  2O content and Fo in olivine from ophiolitic rocks, highlighting hydration-driven            
compositional changes (after    Cui et al.  ,  2025; B.-X. Su et al.    ,  2025; and references therein).     

2023). The coupled reversed Fe-Zn (and Cr) fractionation 
uniquely points to hydrous fluid mediation, as fluids enable 
long-range transport and selective element mobility (e.g., 
Fe2+ and Zn substituting Mg in lattices; Lian et al., 2024; 
Yang et al., 2021). 

We note that H2O can significantly enhance diffusion 
rates in nominally anhydrous minerals at subsolidus tem
peratures (800–1000 °C), as demonstrated by experimental 
studies (e.g., Demouchy & Bolfan-Casanova, 2016; Nishi, 
2015). Hydrous fluids facilitate element mobility over dis
tances of centimeters to meters, far exceeding dry sub
solidus diffusion limits (e.g., Bai et al., 2021; Sio et al., 
2013). Experimental diffusion models indicate that H2O 
contents of 10–50 ppm increase Fe-Mg interdiffusion coef
ficients in olivine by 1–2 orders of magnitude (e.g., Hier-
Majumder et al., 2005), sufficient to produce the observed 

Δ56Fesilicate-spinel of 0.1–0.3‰ over timescales of 104–106 

years at 900 °C. Consequently, to account for the pervasive 
reversed fractionation, hydrous fluid-assisted diffusion is 
critical (B. X. Su et al., 2021; B.-X. Su et al., 2021). Highly 
mobile hydrous fluids overcome spatial barriers of sub
solidus exchange, facilitating large-scale element transport 
across minerals (fig. 5A–C). This process drives significant 
Fe enrichment in spinel and depletion in olivine, partic
ularly pronounced in peridotites and chromitites, respec
tively (fig. 5A–C; B. X. Su et al., 2021). Zinc, with geochem
ical behavior similar to Fe, is co-mobilized or substitute 
for Mg in mineral lattices, leading to lighter Fe-Zn isotope 
compositions in spinel relative to silicates (fig. 4; Lian et 
al., 2024; Yang et al., 2021). Petrographic evidence, includ
ing spinel zoning and inter-grain compositional hetero
geneity, supports hydrous fluid-mediated exchange (Gamal 
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El Dien et al., 2019; Pan et al., 2022; B.-X. Su et al., 2023, 
2026). Elevated H2O contents in ophiolitic olivine, posi
tively correlated with Fo values, further confirm hydration-
driven compositional changes (Cui et al., 2025; B.-X. Su et 
al., 2025, 2026). Additionally, lower δ18O values in ophi
olitic spinel (1.04–4.87‰) compared to silicates (e.g., 
olivine: 4.90–6.68‰) in dunites and harzburgites indicate 
extensive fluid interaction (Pan et al., 2025). The inter
growth of clinopyroxene and spinel in ophiolitic rocks (B. X. 
Su et al., 2019) results in comprehensive element exchange 
and thus heavier Fe-Zn isotope compositions in clinopy
roxene (fig. 3). These observations suggest that spinel in 
ophiolitic mantle peridotites rarely retains pristine paleo-
oceanic mantle signatures, highlighting its sensitivity to 
fluid-mediated modification and challenging its use as a re
liable petrogenetic indicator. We acknowledge that these 
estimates are based on representative ophiolitic data, fu
ture direct analyses of H2O contents on our mineral sep
arates would provide even tighter constraints on sample-
specific variability. 

5.5. Extensive hydration in oceanic lithospheric 
mantle 

Recent studies of ophiolitic peridotites have revealed hy
dration as a pervasive and transformative process in the 
oceanic lithospheric mantle, with profound implications for 
its geochemical and physical properties. Traditionally 
viewed as a minor, surface-related phenomenon associated 
with hydrothermal alteration or late-stage serpentinization 
(Greenberger et al., 2021; Gruau et al., 1998; Sanfilippo et 
al., 2025), hydration is now recognized as a deep-seated 
process (Cui et al., 2025; Demouchy et al., 2015; Nishi, 
2015; Schmädicke et al., 2018; B.-X. Su et al., 2023, 2025). 
Isotopic evidence, including reversed Fe and Zn isotope 
fractionation between spinel and silicates, contrasting with 
equilibrium patterns in continental mantle xenoliths, indi
cates fluid-mediated element exchange as a common fea
ture of oceanic mantle rocks (ophiolites, abyssal, and oro
genic peridotites) (fig. 3; Chen et al., 2019; Fang et al., 
2022; Yang et al., 2021). Petrographic features, such as zon
ing in spinel, compositional heterogeneity, and variable 
oxygen isotope ratios (e.g., spinel δ18O: 1.04–4.87‰ vs. 
olivine: 4.90–6.68‰), alongside the presence of hydrous 
minerals like amphibole, confirm widespread hydrous fluid 
infiltration (Gamal El Dien et al., 2019; C.-Z. Liu et al., 
2010; Pan et al., 2022, 2025; B.-X. Su et al., 2020, 2023, 
2026). 

Hydrous fluids in the oceanic mantle originate from mul
tiple sources. In supra-subduction zone (SSZ)-type ophio
lites like Purang, slab-derived fluids dominate during fore
arc extension (post-melting, pre-obduction) (C.-Z. Liu et 
al., 2010; Pan et al., 2025; B.-X. Su et al., 2023). In contrast, 
mid-ocean ridge (MOR)-type abyssal peridotites may in
volve asthenospheric fluids at the lithosphere base 
(Hirschmann & Kohlstedt, 2012). Post-obduction serpen
tinization cannot explain the coupled Fe-Zn reversal, as 
it primarily affects Fe isotopes via oxidation without re
versing Zn isotope fractionation (S.-A. Liu et al., 2019). 
Chromitite formation releases hydrous fluids, as observed 

in ophiolites (Cui et al., 2025; Matveev & Ballhaus, 2002; 
B. X. Su et al., 2021; B.-X. Su et al., 2020, 2021, 2025, 
2026) and layered intrusions like the Stillwater Complex, 
which exhibits reversed Fe-Cr isotope fractionation (Bai 
et al., 2019, 2021, 2024). In ophiolites lacking significant 
chromite deposits, such as Purang, subduction-related flu
ids from slab dehydration infiltrate the mantle wedge, dri
ving hydration and isotopic resetting (Gose & Schmädicke, 
2021; B.-X. Su et al., 2023). Additionally, asthenospheric 
upwelling introduces minor hydrous fluids due to water 
gradient (Hirschmann & Kohlstedt, 2012), further hydrat
ing the lithosphere base (Cui et al., 2025; B.-X. Su et al., 
2025). These diverse sources underscore the complex, 
multi-stage nature of mantle hydration. 

6. CONCLUSION 

While pronounced in SSZ ophiolites like Purang, the re
versal of inter-mineral Fe-Zn isotope fractionation is ev
ident in MOR-type abyssal peridotites (albeit with fewer 
data; Yang et al., 2021), indicating a potentially fundamen
tal oceanic lithospheric mantle trait. Future studies on pris
tine abyssal samples will test its ubiquity. Driven by diverse 
fluid sources, including chromitite formation, subduction-
related dehydration, and asthenospheric upwelling, this 
hydration facilitates extensive fluid-mediated element ex
change, profoundly altering mantle geochemistry. Histor
ically underestimated due to methodological limitations 
and an overemphasis on anhydrous processes, hydration is 
now recognized as a deep-seated, integral component of 
mantle evolution, impacting supra-subduction and likely 
abyssal settings. Its effects extend beyond geochemical 
overprinting to influence mantle rheology, volatile cycling, 
and geophysical properties. Recognizing the scale and sig
nificance of hydration is critical for refining models of 
oceanic lithospheric mantle formation, subduction zone 
dynamics, and global tectonic and geochemical evolution. 
Hydration emerges not as a secondary process but as a 
primary architect of the oceanic mantle’s physiochemical 
framework. 
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