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Abstract

The mechanism of crustal recycling in subduction zones has been a heated debate, and Mg–Fe isotopes may provide new

constraints for this debate. This study reported the Fe–Mg isotope data for mafic plutonic rocks from the eastern and central

Gangdese arc and their associated trench sediments in southern Tibet. The δ26Mg (–0.32 to –0.20(0.04 to 0.12and positive

correlations with (87Sr/86Sr)i and (206Pb/204Pb)i values, but positive and negative correlations with εNd(t) and εHf(t) values,

respectively. The Mg and Fe isotopic compositions (δ26Mg = –0.28 to –0.15comparable with the eastern ones, but they are

not covariant with Sr–Pb–Nd–Hf isotopes. More importantly, the Fe–Mg isotopes for most of the arc rocks fall in between

local trench sediments (δ26Mg = –0.61 to –0.30qualitative analyses and quantitative simulations suggest that while the Mg–Fe

isotope variations in the eastern Gangdese arc rocks revealed the important role of source mixing between sediment-derived

melts and peridotite, their variations in the central Gangdese arc rocks reflected the controlling effects of source mixing between

carbonated serpentinite-derived Mg-rich fluid and peridotite and source melting. The good covariant relationships between

Mg–Fe isotope and traditional geochemical tracers provide further evidence for the recycling of crustal materials in subduction

zones via various types of slab-derived fluids and melts.
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Key Points: 25 

• The Mg–Fe isotope compositions of the Gangdese arc mafic plutonic rocks are closely 26 
connected to their associated trench sediments 27 

• Good covariant relationships between Mg–Fe isotope and traditional geochemical tracers 28 
are found for mafic arc rocks for the first time 29 

• Mg–Fe isotope provide further evidence for crustal recycling in subduction zones via 30 
various types of slab-derived fluids and melts  31 



manuscript submitted to Journal of Geophysical Research: Solid Earth 

 

Abstract 32 

The mechanism of crustal recycling in subduction zones has been a heated debate, and Mg–Fe 33 
isotopes may provide new constraints for this debate. This study reported the Fe–Mg isotope data 34 
for mafic plutonic rocks from the eastern and central Gangdese arc and their associated trench 35 
sediments in southern Tibet. The δ26Mg (–0.32 to –0.20‰) and δ56Fe (0.04 to 0.12‰) values of 36 
the eastern Gangdese arc rocks show negative and positive correlations with (87Sr/86Sr)i and 37 
(206Pb/204Pb)i values, but positive and negative correlations with εNd(t) and εHf(t) values, 38 
respectively. The Mg and Fe isotopic compositions (δ26Mg = –0.28 to –0.15‰; δ56Fe = 0.02 to 39 
0.12‰) of the central Gangdese arc rocks are comparable with the eastern ones, but they are not 40 
covariant with Sr–Pb–Nd–Hf isotopes. More importantly, the Fe–Mg isotopes for most of the arc 41 
rocks fall in between local trench sediments (δ26Mg = –0.61 to –0.30‰; δ56Fe = 0.00 to 0.17‰) 42 
and the normal mantle. Integrated qualitative analyses and quantitative simulations suggest that 43 
while the Mg–Fe isotope variations in the eastern Gangdese arc rocks revealed the important role 44 
of source mixing between sediment-derived melts and peridotite, their variations in the central 45 
Gangdese arc rocks reflected the controlling effects of source mixing between carbonated 46 
serpentinite-derived Mg-rich fluid and peridotite and source melting. The good covariant 47 
relationships between Mg–Fe isotope and traditional geochemical tracers provide further 48 
evidence for the recycling of crustal materials in subduction zones via various types of slab-49 
derived fluids and melts.  50 

Plain Language Summary 51 

At present, the mechanism of crustal recycling in the subduction zone has been controversial, 52 
and magnesium and iron isotopes are considered potential tools to resolve this dispute. However, 53 
it is not straightforward to relate the Fe–Mg isotopic compositions of mafic arc rocks to specific 54 
crustal recycling processes, due to the lack of either good covariations between Fe–Mg isotopes 55 
and the traditional tracers such as radiogenic Sr–Pb–Nd–Hf isotopes, or the Fe–Mg isotope data 56 
for the intrinsically highly heterogeneous subducting sediments. We report the Fe–Mg isotope 57 
data for mafic plutonic rocks from the eastern and central Gangdese arc and their associated 58 
trench sediments in southern Tibet, and for the first time find good covariant relationships 59 
between Fe–Mg isotope compositions and traditional geochemical tracers of subduction zone 60 
processes in arc rocks. This finding, from the viewpoint of major element isotopes, provides 61 
further evidence for the recycling of crustal materials via various types of slab-derived fluids and 62 
melts rather than diapiric mélange in subduction zones. 63 

1 Introduction 64 

A subduction zone is the most important region for the transport of crustal materials to 65 
the mantle, although some of the subducted materials can be recycled to the crust via arc 66 
magmatism (e.g., Stern, 2002). Traditionally, crustal recycling in the subduction zone is thought 67 
to be accomplished by extraction of aqueous fluids and felsic melts, with characteristic trace-68 
element fractionations from metasediments, subducted altered basaltic oceanic crust (AOC), as 69 
well as serpentinized lithospheric mantle (e.g., Ellam and Hawkesworth, 1988; Elliot, 2003; 70 
Elliot et al., 1997; Gill, 1981; Rüpke et al., 2004; Tatsumi et al., 1986). This idea has been 71 
widely accepted because, in addition to their success in explaining the isotopic characteristics of 72 
arc rocks (e.g., Hawkesworth et al., 1997; Miller et al., 1994; Morris et al., 1990; Nebel et al., 73 
2011), experimental work (e.g., Hermann and Rubatto, 2009; Kessel et al., 2005; Skora and 74 
Blundy, 2010) demonstrated that subducted sediments partial melting together with AOC 75 
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dehydration can release liquids with the required unique trace-element fractionations for arc 76 
rocks (i.e., depleted in HFSEs, but enriched in LILEs; Elliot et al., 1997; Pearce and Peate, 1995). 77 
Nevertheless, this traditional wisdom has recently been challenged by renewed interest in the 78 
idea that a mélange composed of physically mixed slab metasediments, AOC, as well as 79 
hydrated mantle wedge, can rise from the cold interface of the mantle and slab into the hot 80 
shallow mantle wedge due to density buoyance and subsequently melt for arc magmatism (e.g., 81 
Codillo et al., 2018; Cruz-Uribe et al., 2018; Nielsen and Marschall, 2017).  82 

The current arguments in support of the mélange model are based mostly on trace 83 
elements and their pertinent radiogenic or stable isotopes, therefore, whether this idea can 84 
withstand the examination of stable isotopes of major elements would be the key to further 85 
establishing the theoretical framework of crustal material recycling in subduction zones. Oxygen 86 
isotopes have been documented to be useful in discriminating different slab lithologies, 87 
especially sediments with exclusively heavy oxygen isotope composition than the normal mantle. 88 
Nevertheless, it is challenging to use oxygen isotopes to distinguish solid protoliths from their 89 
derivate fluids/melts that are generated under subduction zone conditions, because both have 90 
similar oxygen contents and isotope compositions (e.g., Bindeman, 2008; Eiler et at., 2000).  91 

Mg and Fe isotopes are likely to provide new constraints on this issue because (1) the Mg 92 
and Fe contents are quite different between subducted slab lithologies and their derivate 93 
fluids/melts (e.g., Herman and Rubatto, 2009; Kessel et al., 2005; Rapp et al., 1999; Scambelluri 94 
et al., 2015); and (2) it is generally believed that the isotopically heterogeneous AOC (e.g., 95 
Huang et al., 2018; Rouxel et al., 2003), subducting sediments (e.g., Hu et al., 2017; Nebel et al., 96 
2015), and abyssal peridotites (e.g., Beinlich et al., 2014, 2018; Chen et al., 2016; Debret et al., 97 
2016; Liu et al., 2017) can be delivered to the mantle by subduction, since limited isotope 98 
fractionation is observed during slab dehydration/melting (El Korh et al., 2017; Huang et al., 99 
2020; Inglis et al., 2017; Li D. Y. et al., 2016; Li, W. Y. et al., 2011, 2014; Wang, S. J. et al., 100 
2014). Previous studies have revealed a negative correlation between δ57Fe values and the slab 101 
thermal parameter φ (Foden et al., 2018), and a positive correlation between average δ26Mg 102 
values and slab surface temperatures or slab depths (Hu et al., 2020) in global arc rocks. These 103 
observations verified the capability of Mg and Fe isotopes as tracers of slab materials recycling, 104 
though the exact meanings of these correlations are currently not very well understood (Foden et 105 
al., 2018; Hu et al., 2020). Specifically, Magnesium isotope is preliminarily used to trace the 106 
mechanism of serpentinite Mg recycling in subduction zones, and both serpentinite-derived 107 
fluids (Hu et al., 2020; Teng et al., 2016) and serpentinite themselves as part of a diapiric 108 
mélange (Hao et al., 2022) were claimed as the source for heavy Mg isotope components in arc 109 
magma sources. Mafic arc rocks generally show lighter Fe isotope signatures, compared to 110 
MORB (e.g., Dauphas et al., 2009; Foden et al., 2018; Nebel et al., 2015). It is proposed that 111 
these light values must result from either, the extraction melts with heavy Fe isotope from the 112 
peridotite sources, or the incorporation of materials with light Fe isotope from the slab, or a 113 
combination of both (e.g., Dauphas et al., 2009, 2017; Deng et al., 2022; Foden et al., 2018; 114 
Nebel et al., 2015), but the relative contribution of the two factors is currently not very clear. The 115 
main reason for this situation is that, while melt extraction would lead to the depletion of the 116 
mantle residual in heavy Fe isotope (e.g., Weyer and Ionov, 2007), the slab contribution is hard 117 
to be evaluated, because the subducting lithology, especially sediments, is highly variable in Fe 118 
isotopes and so far, no clear covariation between robust geochemical tracers of slab components 119 
and Fe isotope has been found to undisputedly constraint the direction of Fe isotope shifting of 120 
the mantle wedge in response to adding of slab materials (e.g., Deng et al., 2022; Foden et al., 121 
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2018; Nebel et al., 2015). Nevertheless, simultaneous analyses of the Fe and radiogenic isotopes 122 
of the arc rocks and corresponding trench sediments show the potential to solve the above 123 
dilemma (e.g., Nebel et al., 2015). In addition, Fe isotopes are sensitive to both partial melting 124 
and source mixing (Dauphas et al., 2017), whereas Mg isotopes do not significantly change 125 
during partial melting (Teng et al. 2017). Therefore, integrated Mg and Fe isotopes analyses 126 
would be useful in discriminating the relative role and sequence of source mixing and partial 127 
melting, and thus the relative role of fluids/melts metasomatism and mélange diapirs in crustal 128 
recycling and arc magmatism. 129 

In this study, both mafic plutonic rocks and their associated trench sediments from the 130 
Gangdese arc were analyzed for their Fe–Mg isotope compositions. Our new Fe–Mg isotope data 131 
exhibit good covariations with Sr–Pb–Nd–Hf isotope data and incompatible element ratios, 132 
providing solid evidence for the contribution of various fluids and melts from the slab to the 133 
mantle sources of arc rocks and their significant role on Fe–Mg isotope variation of arc magmas. 134 

2 Geological setting and sampling 135 

From south to north, the Neo-Tethyan subduction zone consists of the Xiukang Complex, 136 
the Indus-Yarlung Zangbo ophiolitic mélange zone, the Xigaze forearc basin, and the Gangdese 137 
continental arc (e.g., Dai et al., 2021; Hu et al., 2016, 2020; Yin and Harrison, 2000; Fig. 1).  138 

The Gangdese arc is located at the central part of the >8000-km-long Neo-Tethyan arc 139 
system from Kohistan to Sumatra (Searle et al., 1987; Zhang et al., 2019), a product of the 140 
northward subduction of the Neo-Tethyan oceanic slab under the Lhasa terrane in the 141 
southernmost part of the Asian continent, from at least the Middle Triassic to the end of the 142 
Mesozoic (Zhu et al., 2019; Fig. 1a). The Lhasa terrane is classified into the northern, central, 143 
and southern subterranes, which are separated by the Shiquan River-Nam Tso Mélange Zone and 144 
Luobadui Milashan Fault, respectively (e.g., Zhu et al., 2011; Fig. 1b). The Gangdese arc 145 
magmatism is mainly confined to the Southern Lhasa subterrane (Fig. 1b) (Hu et al., 2016; Yin 146 
and Harrison, 2000; Zhu et al., 2019).  147 

 148 
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 149 
Figure 1. Tectonic framework and igneous rocks distribution in the Gangdese arc (modified 150 
from Zhu et al., 2019). (a) Location of the Gangdese arc in the Tibetan Plateau. (b) Distribution 151 
of the Mesozoic and Cenozoic plutonic and volcanic rocks in the Gangdese arc and the detailed 152 
sample locations for Late Cretaceous plutonic rocks and associated trench sediments that were 153 
investigated in the present study. Abbreviations: JSSZ = Jinsha Suture Zone; BNSZ = Bangong–154 
Nujiang Suture Zone; SNMZ = Shiquan River–NamTso Mélange Zone; LMF = Luobadui–155 
Milashan Fault; IYZSZ = Indus–Yarlung Zangpo Suture Zone; WGA = the Western Gangdese 156 
arc; CGA = the Central Gangdese arc; EGA = the Eastern Gangdese arc. 157 
 158 

Arc magmatism has been dated to have started from the Middle Triassic and terminated 159 
around the Cretaceous-Tertiary boundary in the Gangdese arc with two tensive pulses at ca. 200–160 
160 Ma and ca. 105–85 (Chen et al., 2022; Ji et al., 2009; Ma et al., 2013a, 2013b, 2013c; Wen et 161 
al., 2008; Zhang et al., 2010, 2014, 2020; Zhu et al., 2011, 2019). The existing arc rocks are 162 
composed of a large number of plutons with a small number of volcanic successions (Fig. 1b). 163 
The main products of the Cretaceous arc magmatism are gabbros/norites, diorites, granodiorites, 164 
with small amounts of ultramafic cumulates, including hornblendite, wehrlite, and dunite (Chen 165 
et al., 2022; Guo et al., 2020; Ma et al., 2013a, 2013b, 2013c; Zhang et al., 2020; Zhu et al., 166 
2019). These plutons occur along a ~50-km-wide east-west striking narrow belt that is sub-167 
parallel to the Indus Yarlung Zangbo Suture Zone (IYZSZ), from Xigaze in the central Gangdese 168 
arc (CGA; ~88–92° E) to Nyingchi in the eastern Gangdese arc (EGA; ~92–95° E) (Fig. 1b; 169 
Chen et al., 2022; Xu et al., 2015; Zhang et al., 2020). 170 

Ophiolitic mélange zones in the IYZSZ are composed of both well-preserved and 171 
dismembered ophiolitic massifs, and were documented to have formed during the 130–120 Ma 172 
interval (e.g., Fig. 1b; Dai et al., 2021; Singh et al., 2022; Yin and Harrison, 2000). The 173 
prevailing view is that mafic rocks within these ophiolites formed in a forearc setting (Dai et al., 174 
2021 and references therein), and therefore, their radiogenic isotope compositions can be treated 175 
as an analogy of the ambient subarc mantle (e.g., Chen et al., 2022; Ma et al., 2013a, 2013b, 176 
2013c).  177 

As summarized by Hu et al. (2020), the Xiukang Complex is traditionally considered to 178 
be a subduction complex that accreted on the Asian margin prior to the India-Asia collision. 179 
Nevertheless, recent field studies and provenance analyses have revealed that the Xiukang 180 
Complex formed during the Cretaceous to early Paleogene period, as a complex accretion 181 
product of the Neo-Tethyan subduction and the India-Asia collision. The recently established 182 
Cretaceous trench-fill deposits include the Luogangcuo, Rongmawa, and Jiachala formations. 183 
Since the depositional age of these trench sediments is contemporaneous with the Cretaceous 184 
intense pulse of magmatism in the Gangdese arc, these sediments can be used as recycled 185 
sediment end-members in the source region of these arc magmas (Chen et al., 2022). 186 

In the present study, we have analyzed a series of mafic arc rocks, including diorites, 187 
gabbros, and norites from the Namling, Numa, and Nimu areas in CGA, as well as diorites and 188 
gabbros from the Zhengga area in the EGA (Fig. 1b). We also analyzed the Luogangcuo 189 
Formation paleo-trench sediments near Saga in the IYZSZ of southern Tibet, including 190 
conglomerate, coarse sandstone, and chert (Fig. 1b; An et al., 2018; Chen et al., 2022). The age, 191 
major-trace elements, and radiogenic Sr–Pb–Nd–Hf isotope compositions of the selected arc 192 
rocks and sediments have previously been analyzed by Chen et al. (2022). The results show that 193 
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trench sediment-derived melts were involved in the formation of most plutonic rocks, especially 194 
those of the EGA. Thus, we consider our sampled trench sediments representative of sediments 195 
that were incorporated in the mantle sources of the investigated Gangdese arc mafic rocks. 196 

3 Analytical methods 197 

Mg and Fe isotope analyses were performed at the Key Lab of Submarine Geosciences 198 
and Prospecting Techniques of the Ocean University of China, Qingdao. The procedures for 199 
sample dissolution, column chemistry, and instrumental analysis are described in detail by 200 
Dauphas et al. (2009) and Teng et al. (2010) and are summarized below. Approximately 50 to 70 201 
mg of the same whole-rock powders as those used in Chen et al. (2022) were successively 202 
dissolved by concentrated (double-distilled) HF and HNO3, HCl and HNO3, as well as HCl in 203 
capped Savillex beakers (7 ml) using a hotplate. Once the dissolution was complete, the solution 204 
was evaporated to dryness before fluxing with 6N HCl for column chromatography. 205 

3.1 Mg isotope analysis 206 

Before chromatographic purification of Mg, about 0.2 to 0.6 ml of the stock solution was 207 
first dried, then evaporated with concentrated HNO3, and finally digested with 1 ml 2 N HNO3. 208 
Mg was then separated using 2 ml pre-cleaned AG50W-X8 (a Bio-Rad cation resin) that is 209 
conditioned with 1 N HNO3. Matrix elements removal and Mg elution was done by 1 N HNO3. 210 
About 20 mg Mg was loaded on the resin and the Mg was quantitatively extracted (>99% yields). 211 
Compared to the loaded Mg, the <10 ng blank of the whole procedure for Mg is negligible. The 212 
Mg contents in the elution collected before and after the Mg cuts were analyzed to assess the Mg 213 
yields. During column chemistry, basalt and andesite standards (JB-2 and JA-2) were processed 214 
along with our samples.  215 

Mg isotope ratios were analyzed on a Neptune Plus Multi-Collector Inductively Coupled 216 
Plasma Mass Spectrometer (MC-ICPMS). The instrumental fractionation correction was done by 217 
sample-standard bracketing during measurement. Mg solutions were introduced with 2% HNO3 218 
under ‘‘wet” plasma conditions and analyzed in a low-resolution mode. Standard DSM3 was 219 
used to report Mg isotopic data: δiMg = [(iMg/24Mg)sample/(iMg/24Mg)DSM-3–1] x 1000‰, i = 25 220 
or 26. The associated error is 2SD for each datum, and the long-term external precision is ± 221 
0.06‰ for δ26Mg.  During our analyses, the basalt standard (JB-2) yield δ26Mg of –0.23 ± 0.07‰, 222 
and the andesite standard (JA-2) yield δ26Mg of –0.28 ± 0.03‰ (Table 1). These values agree 223 
well with the recommendations  (Table 1). 224 

3.2 Fe isotope analysis 225 

Fe was purified using 1 ml pre-cleaned and 6 N HCl conditioned AG1-X8 (a Bio-Rad 226 
anion resin). The eluting of Fe was done by 0.4 N HCl after 10 ml 6 N HCl. 227 

Fe isotope ratios were also analyzed on a Neptune Plus MC-ICPMS. The instrumental 228 
fractionation correction was done by sample-standard bracketing during measurement. Fe 229 
solutions were diluted by 2% HNO3 to 2 ppm and bracketed with 2 ppm IRMM14. 57Fe, 56Fe, 230 
and 54Fe were analyzed in static mode on H1, C, and L2 Faraday cups, respectively. 231 
Measurements were carried out in medium resolution (M/ΔM of 7000) using Sample + H cone 232 
with the 56Fe sensitivity of ~7V/ppm. Fe standard IRMM14 was used to report Fe isotope: δiFe = 233 
[(iFe/54Fe)sample/(iFe/54Fe)IRMM14–1] x 1000‰, i = 56 or 57. The associated error is 2SD for each 234 
datum, and the long-term external precision is ± 0.06‰ for δ56Fe. During our analyses, the basalt 235 
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standard (JB-2) yielded δ56Fe of 0.05 ± 0.06‰, and the andesite standard (JA-2) yielded δ56Fe of 236 
0.13 ± 0.00‰ (Table 1). These values also agree well with recommendations  (Table 1), 237 
verifying the accuracy of the methods. 238 

 239 

Table 1  240 

Fe-Mg isotope compositions of Gangdese arc rocks and trench sediments. 241 

 242 
Categories Sample ID Lithology SiO2 MgO CaO/Al2O3

c δ56Fe 2σ δ57Fe 2σ δ26Mg 2σ δ25Mg 2σ

Standard 
reference 
material 

JB-2 Basalt    0.05 0.05 0.06 0.08 -0.23 0.07  -0.13 0.02 
Recommended 
valuesa Basalt    0.06 0.04 0.09 0.06 -0.21 0.02  -0.11 0.01 

JA-2 Andesite    0.13 0.00 0.14 0.02 -0.28 0.03  -0.14 0.05 
Recommended 
valuesb Andesite    0.11 0.04 0.14 0.03 -0.29 0.00  -0.15 0.03 

Gangdese arc 
trench 
sediments 

12QD07 Sandstone 61.9 1.5 2.37 0.09 0.05 0.15 0.10 -0.61 0.00  -0.36 0.03 
12LGC19 Chert 89.7 0.3 2.04 0.17 0.04 0.31 0.08 -0.56 0.04  -0.27 0.00 
12LGC19 Re Chert 89.7 0.3 2.04 0.15 0.01 0.23 0.03 -0.53 0.03  -0.31 0.05 
12QD18 Conglomerate 69.0 1.9 0.34 0.10 0.05 0.15 0.03 -0.37 0.01  -0.24 0.08 
12LGC02 Conglomerate 72.3 2.3 0.11 0.06 0.02 0.09 0.02 -0.42 0.03  -0.23 0.06 
12LGC13 Sandstone 60.6 2.2 0.59 0.02 0.05 0.03 0.10 -0.30 0.02  -0.17 0.01 

12LGC29 Pebbled coarse 
sandstone 72.2 1.5 0.09 0.00 0.05 0.03 0.07 -0.43 0.05  -0.24 0.02 

Eastern 
Gangdese arc 

15XZ254 Monzonite 57.6 3.5  0.07 0.05 0.17 0.11 -0.26 0.02  -0.16 0.04 
15XZ255 Monzonite 58.7 3.4  0.04 0.01 0.13 0.06 -0.23 0.01  -0.14 0.07 
15XZ259 Diorite 61.5 2.8  0.05 0.01 0.08 0.09 -0.24 0.01  -0.14 0.03 
15XZ263 Diorite 55.2 5.6  0.09 0.00 0.01 0.11 -0.22 0.06  -0.14 0.03 

15XZ286 Hornblende 
gabbro 46.0 5.7  0.12 0.03 0.24 0.13 -0.32 0.02  -0.20 0.02 

15XZ289 Gabbro 47.7 6.4  0.11 0.01 0.12 0.01 -0.28 0.03  -0.14 0.05 

15XZ291 Hornblende 
gabbro 41.2 13.7  0.09 0.01 0.17 0.06 -0.25 0.02  -0.22 0.03 

15XZ300 Gabbro 49.0 7.7  0.09 0.02 0.16 0.10 -0.20 0.01  -0.14 0.01 
15XZ301 Gabbro 49.8 12.0  0.07 0.00 0.13 0.05 -0.30 0.06  -0.19 0.00 

Central 
Gangdese arc 

15XZ482 Diorite 57.9 4.2  0.08 0.04 0.07 0.07 -0.28 0.02  -0.21 0.04 
15XZ483 Monzonite 57.3 4.5  0.05 0.05 0.06 0.06 -0.27 0.03  -0.14 0.00 
15XZ488 Monzonite 57.6 4.1  0.06 0.06 0.09 0.10 -0.23 0.02  -0.15 0.02 
15XZ492 Diorite 55.2 6.7  0.04 0.03 0.11 0.12 -0.24 0.04  -0.15 0.03 
15XZ494 Monzonite 59.0 3.8  0.08 0.02 0.10 0.09 -0.20 0.03  -0.12 0.02 
15XZ497 Monzonite 58.1 3.4  0.05 0.04 0.09 0.04 -0.25 0.06  -0.14 0.01 
15XZ503 Monzodiorite 55.8 3.9  0.06 0.05 0.12 0.10 -0.21 0.01  -0.14 0.00 
15XZ504 Monzodiorite 56.0 3.7  0.05 0.03 0.04 0.09 -0.27 0.02  -0.14 0.02 
15XZ510 Monzodiorite 54.6 4.1  0.05 0.03 0.03 0.10 -0.22 0.03  -0.14 0.02 
15XZ511 Monzodiorite 54.1 5.4  0.07 0.04 0.14 0.00 -0.15 0.01  -0.13 0.03 
15XZ514 Monzodiorite 53.8 4.6  0.07 0.00 0.05 0.10 -0.25 0.06  -0.16 0.06 
15XZ515 Monzodiorite 53.3 4.8  0.05 0.02 0.07 0.09 -0.19 0.00  -0.15 0.09 
15XZ516 Monzodiorite 54.3 4.3  0.05 0.07 0.10 0.09 -0.24 0.04  -0.11 0.00 
15XZ634 Monzodiorite 54.4 3.4  0.02 0.03 0.06 0.04 -0.22 0.00  -0.14 0.06 
15XZ643 Gabbro 46.5 8.0  0.11 0.05 0.15 0.09 -0.22 0.02  -0.09 0.01 
15XZ644 Gabbro 50.2 4.7  0.04 0.04 0.08 0.10 -0.25 0.05  -0.18 0.02 
15XZ644 Re Gabbro    0.06 0.03 0.08 0.01 -0.16 0.04  -0.11 0.00 
15XZ645 Gabbro 51.2 4.3  0.05 0.07 0.13 0.05 -0.22 0.01  -0.13 0.01 

15XZ727 Hypersthene-
bearing Diorite 56.1 3.8  0.05 0.03 0.19 0.13 -0.24 0.05  -0.14 0.02 

Note. aRecommended values for Mg and Fe isotopes are from Teng et al. (2017) and He et al. 243 
(2015), respectively.bRecommended values for Mg and Fe isotopes are from Gao et al. (2019) 244 
and He et al. (2015), respectively.cCaO/Al2O3 ratios from Chen et al. (2022). Re = repeat column 245 
chemistry from another aliquot of dissolved sample solution. 246 
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4 Results 247 

The Mg and Fe isotope compositions of the Gangdese arc rocks and associated trench 248 
sediments (Table 1) are illustrated in Fig. 2. The δ26Mg values of the Gangdese arc rocks range 249 
from –0.32 to –0.15‰ with a weighted mean of –0.24 ± 0.01‰, δ56Fe values range from 0.02 to 250 
0.12‰ with a weighted mean of 0.07 ± 0.01‰, overlapping with part of the global arc rocks that 251 
show the relatively low δ26Mg and high δ56Fe values, respectively. While most of the arc rocks 252 
show Mg isotope composition overlapping with MORB, the δ56Fe values for most arc rocks are 253 
lower than MORB but higher than mantle peridotite (Fig. 2). In general, EGA samples have 254 
comparable Mg and Fe isotope compositional ranges to those of the CGA, though the two groups 255 
of samples have different MgO and SiO2 compositional ranges (Table 1 and Fig. 2). 256 

 257 

 258 

 259 
Figure 2. Fe–Mg isotope plots for the Gangdese arc rocks. (a) δ26Mg vs. MgO; (b) δ56Fe vs. 260 
SiO2. The Mg isotope data for global arc rocks are from Teng et al. (2016) and Li, S. G. et al. 261 
(2017); The Fe isotope data for global arc rocks are from Dauphas et al. (2009), Nebel et al. 262 
(2015), Williams et al. (2018) and Foden et al. (2018); The Fe isotope data for Banda arc trench 263 
sediments, Indonesia (SS–Banda arc) are from Nebel et al. (2015). The Mg isotope values for 264 
mantle peridotite and MORB are adopted from Teng et al. (2010), and the Fe isotope values for 265 
mantle peridotite and MORB are adopted from Craddock et al. (2013) and Dauphas et al. (2017), 266 
respectively. Uncertainties are plotted at 2σ and are smaller than the symbols when not shown. 267 

 268 

The Mg and Fe isotope composition of Gangdese arc sediments shows δ26Mg and δ56Fe 269 
ranges from –0.61 to –0.30‰, and 0.00 to 0.17‰, respectively (Fig. 2). In general, sediments 270 
with higher CaO/Al2O3 ratios tend to have lower δ26Mg values (Table 1), suggesting the 271 
influence of the relative proportion of carbonate components on the Mg isotope compositions of 272 
the bulk rocks (Hu et al., 2017). The Mg isotope composition of Gangdese arc sediments 273 
overlaps the relatively light Mg isotope values observed for global subducting sediments (Hu et 274 
al., 2017; Teng et al., 2016), and five out of six of the sediments show δ26Mg values lower than 275 
MORB, mantle peridotite as well as Gangdese arc rocks (Fig. 2a). On the other hand, the Fe 276 
isotope composition of Gangdese arc sediments overlap the Banda arc sediments (Nebel et al., 277 
2015) with slightly larger compositional range extents to the lower δ56Fe values (Fig. 2b), which 278 
also overlaps with Gangdese arc rocks, except for one sample that shows a higher δ56Fe value 279 
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than all the arc rocks. Collectively, the sediments subducted along the Gangdese part of the Neo-280 
Tethys subduction zone have light weighted mean Mg (δ26Mg = –0.45 ± 0.10‰) and heavy 281 
weighted mean Fe (δ56Fe = 0.07 ± 0.05‰) isotope compositions with restricted ranges.  282 

5 Discussion 283 

5.1 Covariations between Fe–Mg isotope and traditional tracers 284 

When plotted against Sr–Pb–Nd–Hf isotope compositions in the isotope space (Figs. 3 285 
and 4), the δ26Mg values of EGA samples generally show a clear negative covariation with 286 
(87Sr/86Sr)i and (206Pb/204Pb)i ratios (Figs. 3a and 3c), but a positive covariation with εNd(t) and 287 
εHf(t) values (Figs. 3b and 3d); in contrast, the δ56Fe values of these rocks show a positive 288 
covariation with (87Sr/86Sr)i and (206Pb/204Pb)i ratios (Figs. 4a and 4c), but a negative covariation 289 
with εNd(t) and εHf(t) values (Figs. 4b and 4d). These covariation patterns defined progressive 290 
variation trends from end-members with relatively heavy Mg isotope, light Fe isotope, and less 291 
enriched Sr–Pb–Nd–Hf isotopes to end-members with relatively light Mg isotope, heavy Fe 292 
isotope, and more enriched Sr–Pb–Nd–Hf isotopes (Figs. 3 and 4). On the other hand, the Mg 293 
and Fe isotopes of the CGA samples stretch out straight from the end-members with relatively 294 
heavy Mg isotope, light Fe isotope, and less enriched Sr–Pb–Nd–Hf isotope to lighter Mg and 295 
heavier Fe isotopes without changing of Sr–Pb–Nd–Hf isotope compositions (Figs. 3 and 4). 296 

 297 
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 299 
Figure 3. Mg isotope composition in comparison with Sr–Pb–Nd–Hf isotopes for the Gangdese 300 
arc rocks. (a) δ26Mg vs. (87Sr/86Sr)i; (b) δ26Mg vs. εNd(t); (c) δ26Mg vs. (206Pb/204Pb)i; (d) δ26Mg 301 
vs. εHf(t). The Sr–Pb–Nd–Hf isotope data are from Chen et al. (2022). R2 denotes the values of 302 
R-Square that are reported by linear fit using Origin software. 303 

 304 

 305 

 306 
Figure 4. Fe isotope composition in comparison with Sr–Pb–Nd–Hf isotopes for the Gangdese 307 
arc rocks. (a) δ56Fe vs. (87Sr/86Sr)i; (b) δ56Fe vs. εNd(t); (c) δ56Fe vs. (206Pb/204Pb)i; (d) δ56Fe vs. 308 
εHf(t). The Sr–Pb–Nd–Hf isotope data are from Chen et al. (2022). 309 
 310 
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Nd, and Hf with quite different mobility during slab dehydration/partial melting (e.g., Herman 313 
and Rubatto, 2009; Johnson and Plank, 2000; Kessel et al., 2005; Klimm et al., 2008), they are 314 
documented to be ideal tracers for material transportation from slab to arc magma sources in 315 
subduction zones (e.g., Elliott, 2003; Elliott et al., 1997; Hawkesworth et al., 1997; Miller et al., 316 
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1994; Straub and Zellmer, 2012; Straub et al., 2015; White, 2015; Zheng, 2019). For this reason, 317 
correlations between δ56Fe or δ26Mg values and these tracers of recycled crustal components are 318 
expected to provide the most convincing evidence for the controlling effect of crustal recycling 319 
in dictating the Mg and Fe isotope variations of arc rocks (e.g., Foden et al., 2018; Hu et al., 320 
2020). Nevertheless, different from radiogenic Sr–Pb–Nd–Hf isotopes that remain unchanged 321 
during partial melting and fractional crystallization, Mg and Fe isotopes can be fractionated to 322 
different extents during these processes (Dauphas et al., 2017; Teng et al., 2017). Furthermore, 323 
crustal contamination or magma mixing in the overlying crust would also change both the Fe–324 
Mg and radiogenic isotope compositions of arc rocks. Therefore, before we use the above 325 
covariant relationships to trace crustal recycling and other processes during arc magmatism in 326 
the Neo-Tethys oceanic subduction zones, the potential influences of fractional crystallization, 327 
crustal contamination, and magma mixing should be carefully evaluated.  328 

5.2 Fractional crystallization, crustal assimilation, and magma mixing 329 

The most robust evidence for magma mixing or crustal contamination is the 330 
disequilibrium petrological textures or mineral structures/compositions, and covariation between 331 
differentiation indices (e.g., MgO, Mg#, SiO2) and radiogenic isotopes or highly incompatible 332 
trace element ratios/contents (e.g., DePaolo, 1981; Gill, 1981). However, the previous studies 333 
documented that both kinds of evidence are lacking for the investigated Gangdese arc rocks (e.g., 334 
Chen et al., 2022; Ma et al., 2013b; Ma et al., 2013c; Xu et al., 2015; Yin et al., 2020; Zheng et 335 
al., 2014;). In addition, there is no covariation between Sr concentration and  (87Sr/86Sr)i ratio 336 
(Fig. S1a in Appendix B), Nd concentration and εNd(t) value (Fig. S1b in Appendix B), Ce/Pb 337 
ratio and (206Pb/204Pb)i ratio (Fig. S1c in Appendix B), Nb/U ratio and εHf(t) value (Fig. S1d in 338 
Appendix B), which further excluded the significant influence of crustal contamination on the 339 
geochemical features of these rocks. As an exception, Ma et al. (2013a) proposed that the 340 
composition of an outlier, a diorite sample from the Zhengga pluton with Sr and Nd isotope 341 
compositions that are much more enriched than the rest of Gangdese arc rocks, may have been 342 
formed by assimilation of a large amount (~30 wt.%) of upper crustal materials (gneiss) into 343 
mantle-derived magmas. Nevertheless, recently, Chen et al. (2022) demonstrated that new 344 
sampling and analyses revealed that this sample is not an outlier. This sample and other samples 345 
from the same pluton show close Sr–Pb–Nd–Hf isotope affinity with the local subducting 346 
sediments, demonstrating clearly that recycled sediments in their sources rather than assimilation 347 
of an unrealistic large amount of cold upper crust have dictated their radiogenic isotope 348 
compositions.  349 

Most of the investigated arc rocks exhibit low Mg# values (< 60) and Ni concentrations 350 
(< 50 ppm), except for some samples from the EGA (Chen et al., 2022). Such geochemical 351 
features cannot be the primary features of depleted mantle-derived melts (Schmidt and Jagoutz, 352 
2017), but indicate fractional crystallization of Mg-rich minerals from primary mantle melts 353 
(Müntener and Ulmer, 2018). In general, the whole-rock Mg isotopic compositions remain 354 
largely unchanged during the differentiation of basaltic magma (Teng et al. 2007, 2010). 355 
However, magmatic differentiation involving spinel with heavy Mg isotope and garnet with light 356 
Mg isotope could potentially cause Mg isotope fractionation (e.g., Su et al., 2019; Wang, S. J. et 357 
al., 2016). As shown in Fig. 5, the δ26Mg values of these plutonic rocks do not correlate with 358 
their Cr contents or Dy/Yb ratios—chemical indices of chromite or garnet crystallization—359 
indicating that fractional crystallization of neither Yb-rich garnet with light Mg isotope nor Cr-360 
rich spinel with a heavy isotope, from the magmas, could be responsible for the variable δ26Mg 361 
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values of these arc rocks. The lack of covariation between Mg isotope and MgO contents (Fig. 362 
2A) also argues against the significant influence of fractional crystallization on the Mg isotope 363 
composition of these rocks.   364 

 365 

 366 

 367 
Figure 5. Fe–Mg isotope compositions in comparison with magma differentiation indices for the 368 
Gangdese arc rocks. (a) δ26Mg vs. Cr; (b) δ26Mg vs. (Dy/Yb)N; (c) δ56Fe vs. V; (d) δ56Fe vs. 369 
MgO. The major-trace element data are from Chen et al. (2022). Note that the lack of covariation 370 
between Fe–Mg isotopes and differentiation indices suggests that fractional crystallization of 371 
garnet, magnetite, and other Fe–Mg- bearing minerals did not dominate the Fe–Mg isotope 372 
variation of the Gangdese arc rocks.  373 

 374 

The potential role of fractional crystallization in modifying the Fe isotopic composition 375 
of mafic magmas has been intensively discussed and modeled (e.g., Foden et al., 2018; 376 
Schuessler et al., 2009; Sossi et al., 2012; Teng et al., 2008; Wawryk and Foden, 2017). Among 377 
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it tends to have heavier, while other minerals such as olivine and pyroxenes have lighter, Fe 379 
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isotopes than equilibrium melts (e.g., Sossi et al., 2012). It’s clear that magnetite crystallizing 380 
alone would decrease the δ56Fe values of the differentiating melt (Foden et al., 2018). 381 
Nevertheless, although magnetite crystallization would be promoted in the oxidized arc magmas 382 
(e.g., Feig et al., 2010), its emergence was usually preceded by a time interval of olivine ± 383 
pyroxene crystallization (Dauphas et al., 2017). The co-precipitation of magnetite with iron-384 
magnesite silicate would still result in slight heavy iron isotope enrichment (Dauphas et al., 385 
2017). There is no covariation between δ56Fe values and V (Fe, Ti, not shown) or MgO contents 386 
(Figs. 5C and 5D)—chemical indices of magnetite or olivine ± pyroxene crystallization—387 
indicating that fractional crystallization of neither magnetite nor olivine ± pyroxene can account 388 
for the variably low δ56Fe values of these arc rocks. Therefore, fractional crystallization cannot 389 
explain the consistently lighter Fe isotope compositions of the Gangdese arc rocks than MORB 390 
(Fig. 2).  391 

In summary, magma mixing, and fractional crystallization with or without crustal 392 
contamination do not significantly change the Fe–Mg isotopes of the Gangdese arc mafic rocks. 393 
On the other hand, the variable δ26Mg and lighter- than-MORB δ56Fe values of the mafic arc 394 
rocks should primarily have originated from their magma sources, similar to their enriched 395 
incompatible trace elements and radiogenic Sr–Pb–Nd–Hf isotope compositions (Chen et al., 396 
2022). 397 

5.3 Fe–Mg isotope variation of the EGA and sediment recycling 398 

The Gangdese arc rocks with variably enriched Sr–Pb–Nd–Hf isotopic compositions have 399 
δ56Fe values that are situated between MORB and mantle peridotite values (Fig. 2). Previous 400 
studies proposed that the lighter than MORB Fe isotope composition of arc rocks must either 401 
have resulted from the extraction of melts with heavy Fe isotope from the peridotite sources, or 402 
been produced by incorporation of slab materials with light Fe isotope composition into their 403 
magma sources, or a combination of both, but the relative contribution of the two factors is 404 
debated (e.g., Dauphas et al., 2009, 2017; Deng et al., 2022; Foden et al., 2018; Nebel et al., 405 
2015). While melt extraction would lead to the depletion of the mantle residual in heavy Fe 406 
isotopes (Weyer and Ionov, 2007), the slab contribution is hard to evaluate. The subducting 407 
lithology is highly variable in Fe isotopes and so far, no clear covariation between robust 408 
geochemical tracers of slab components and Fe isotopes has been found to undisputedly 409 
constraint the direction of mantle wedge Fe isotopes shifting in response to slab metasomatism 410 
(Deng et al., 2022; Foden et al., 2018; Nebel et al., 2015).  411 

Given the quite good covariations between Fe isotopes and radiogenic isotopes (Fig. 4) 412 
for EGA rocks, source mixing between the mantle and isotope enriched end-member with 413 
relatively heavy Fe isotope composition rather than different extents of mantle depletion would 414 
have dominated the Fe isotope variation of these rocks. This is because although a lower degree 415 
of mantle melting would possibly produce melts with heavier Fe isotope composition (Weyer 416 
and Ionov, 2007), it can’t result in different radiogenic isotope compositions in the melts. It is 417 
easy to connect this Fe isotope heavy slab end-member to sediment, because sediment is the only 418 
candidate that occupies highly enriched Sr–Pb–Nd–Hf isotope compositions. More importantly, 419 
our analyzed local trench sediments not only have Sr–Pb–Nd–Hf isotope compositions that are 420 
enriched enough to cover the isotope variation of these arc rocks (Chen et al., 2022), but also 421 
have Fe isotope compositions that are heavy enough to encompass all the arc rocks (Fig. 6). Our 422 
inferred source mixing model got support from the good negative covariation between δ56Fe 423 
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values and Zr/Hf ratios (Fig. 7b) as sediment-derived melts are quite lower in Zr/Hf ratios due to 424 
the residue of zircon (e.g., Hermann and Rubatto, 2009) than mantle peridotite (~3 vs. ~40), 425 
although the sediments themselves commonly show Zr/Hf ratios comparable to the mantle (e.g., 426 
Plank, 2014; Salters and Stracke, 2004). Therefore, it is likely, that recycling sediment-derived 427 
melts to the arc magma sources can readily explain the observed covariation patterns between Fe 428 
isotope and radiogenic isotope, as well as trace element ratios in EGA rocks, at least in a 429 
qualitative sense. 430 

 431 

 432 

 433 
Figure 6. Fe isotope composition in comparison with Sr–Pb–Nd–Hf isotopes for the Gangdese 434 
arc rocks, Gangdese arc trench sediments, as well as IYZSZ ophiolites. (a) δ56Fe vs. (87Sr/86Sr)i; 435 
(b) δ56Fe vs. εNd(t); (c) δ56Fe vs. (206Pb/204Pb)i; (d) δ56Fe vs. εHf(t). The Mg and Fe isotope 436 
compositions for mantle peridotite from IYZSZ ophiolites are assigned as the same as normal 437 
mantle peridotite of Craddock et al. (2013) and Teng et al. (2010), respectively; The Sr–Pb–Nd–438 
Hf isotope data for arc rocks and sediments are from Chen et al. (2022), and for IYZSZ 439 
ophiolites are from Xu and Castillo (2004), Zhang et al. (2005), and Zhang et al. (2016).  440 
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 442 
 443 
Figure 7. Fe–Mg isotope compositions in comparison with selective major and incompatible 444 
trace element ratios for the Gangdese arc rocks. (a) δ56Fe vs. Zr/Hf; (b) δ26Mg vs. Zr/Hf; (c) 445 
δ56Fe vs. (La/Yb)N; (d) δ26Mg vs. Ba/Rb. The major-trace element data are from Chen et al. 446 
(2022).  447 

 448 

To test this interpretation, we carried out binary mixing modeling between mantle 449 
peridotite and bulk sediments or sediment-derived melts (Table A1 in Appendix A); the 450 
modeling results are illustrated in Fig. 8. Mixing between mantle peridotite and bulk sediments 451 
generates values that decrease δ56Fe with minimal change in εNd(t) of the melts, these values are 452 
inconsistent with measured values for EGA rocks (Figs. 8a and 8c). On the other hand, the 453 
observed mixing trends between mantle peridotite and sediment-derived melts passed nearly all 454 
the EGA rocks including some CGA rocks with relatively low δ56Fe values (Figs. 8b and 8d). 455 
These quantitative results confirm the inference that the recycling of trench sediments to the 456 
magma sources in the form of melts resulted in the covariation between δ56Fe and εNd(t) of the 457 
EGA rocks. 458 

In this regard, our results suggest that even though the added slab components are heavy 459 
in Fe isotopes, it still can’t buffer the effect of arc mantle depletion in leading the arc magma Fe 460 
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isotopes to light values. This supports the idea that the relatively light Fe isotope compositions of 461 
arc rocks most likely resulted from repeated fluid-fluxed melting of the subarc mantle (Foden et 462 
al., 2018).        463 

 464 

 465 

 466 
Figure 8. δ56Fe versus εNd(t) plots showing the results of binary mixing modeling between 467 
depleted mantle wedge peridotite and bulk Gangdese arc trench sediments (a and c), or sediment-468 
derived melts (b and d) for the Fe and Nd isotope compositions of the EGA rocks. Modeling 469 
parameters are listed in Table A1. Data sources for the bulk sediments and depleted mantle 470 
peridotite are the same as those in Fig. 6. The composition of sediment-derived melts is 471 
calculated from the Gangdese arc sediments and the bulk partition coefficients between sediment 472 
protoliths and melts reported by Hermann and Rubatto (2009). Both the reported δ56Fe value (a 473 
and b) and the reported δ56Fe value plus 2σ (c and d) for each sediment sample were used in the 474 
modeling. Noteworthy is that sediment-derived melts, especially when reported values plus 2σ 475 
were used (d), mixing with depleted mantle peridotite can readily reproduce the δ56Fe and εNd(t) 476 
values of the EGA rocks while bulk sediments cannot.  477 

 478 
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The Mg isotope composition of the EGA rocks is comparable to MORB with restricted 479 
variation (Fig. 2), like the lavas from the Costa Rica and Kamchatka arcs (Li, S. G., et al., 2017). 480 
Nevertheless, it also shows good covariation with Sr–Pb–Nd–Hf isotopes (Fig. 3). Because Mg 481 
isotope composition does not change much during mantle melting unless large amounts of garnet 482 
or spinel are involved (Su et al., 2019; Wang, S. J. et al., 2016), which is not the case for these 483 
rocks (Fig. 5), and mantle melting does not lead to radiogenic isotope fractionation between 484 
melts and solid residual, the observed covariations can only be produced by source mixing. The 485 
required sediment end-member should have lighter Mg isotope composition than mantle 486 
peridotite, which is consistent with the composition of the analyzed trench sediments (Figs. 2 and 487 
9). Therefore, from a qualitative point of view, the recycling of sediments themselves or melts 488 
derived from them to the arc magma sources can explain the observed covariations (Fig. 9). Our 489 
inferred source mixing model got support from the roughly positive covariation between δ26Mg 490 
values and Zr/Hf ratios for the majority of the EGA samples (Fig. 7b) because sediment-derived 491 
melts are the only candidate that has low enough Zr/Hf ratios to meet the requirement for the 492 
light Mg isotope end-member with enriched radiogenic isotopes (Figs 3 and 7b). Like the case 493 
for Fe–Nd isotopes, results of quantitative modeling suggest that binary mixing between mantle 494 
peridotite and sediment-derived melts rather than bulk sediments can reproduce the Mg and Nd 495 
isotope compositions of the majority of EGA rocks (Fig. 10).  496 

 497 

 498 

0.703 0.704 0.705 0.706 0.707 0.708

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-8 -6 -4 -2 0 2 4 6 8 10

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

17.1 17.4 17.7 18.0 18.3 18.6 18.9

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-15 -12 -9 -6 -3 0 3 6 9 12 15 18

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

δ26
M

g 
(‰

)

(87Sr/86Sr)i

Source mixing trends

δ26
M

g 
(‰

)

εNd(t)

c d

a b

 Central Gangdese arc
 Eastern Gangdese arc
 SS-Gangdese arc
 IYZSZ-O

δ26
M

g 
(‰

)

(206Pb/204Pb)i

δ26
M

g 
(‰

)

εHf(t)



manuscript submitted to Journal of Geophysical Research: Solid Earth 

 

 499 
Figure 9. Mg isotope composition in comparison with Sr–Pb–Nd–Hf isotopes for the Gangdese 500 
arc rocks, Gangdese arc trench sediments, as well as IYZSZ ophiolites. (a) δ26Mg vs. (87Sr/86Sr)i; 501 
(b) δ26Mg vs. εNd(t); (c) δ26Mg vs. (206Pb/204Pb)i; (d) δ26Mg vs. εHf(t). Data sources for the bulk 502 
sediments and depleted mantle peridotite are the same as those in Fig. 6. The Mg isotope 503 
compositions for mantle peridotite from IYZSZ ophiolites are assigned as the same to normal 504 
mantle peridotite of Teng et al. (2010). 505 

 506 

 507 

 508 
Figure 10. δ26Mg versus εNd(t) plots showing the results of binary mixing modeling between 509 
depleted mantle wedge peridotite and bulk Gangdese arc trench sediments (a and c), or 510 
sediment–derived melts (b and d) for the Mg and Nd isotope compositions of the EGA rocks. 511 
Modeling parameters are listed in Table A1. Data sources for the bulk sediments and depleted 512 
mantle peridotite are the same as those in Fig. 9. The compositions of the sediment–derived 513 
melts are calculated from the Gangdese arc sediments and the bulk partition coefficients between 514 
sediment protoliths and melts reported by Hermann and Rubatto (2009). Both mixing between 515 
the reported δ26Mg value (a and b) for each sediment sample and the recommended average 516 
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value for the depleted mantle peridotite, and between the reported value plus 2σ (c and d) for 517 
each sediment sample and the recommended average value plus 2σ for depleted mantle peridotite 518 
were used in the modeling. Consistent with the result of Fe–Nd isotope modeling, mixing 519 
between sediment-derived melts and depleted mantle peridotite, especially when reported values 520 
plus 2σ were used (d), can readily reproduce the δ26Mg and εNd(t) values of the EGA rocks while 521 
bulk sediments cannot. 522 

 523 

We noticed that sediment recycling was disputed in explaining the Mg and Fe isotopes 524 
variation of arc rocks by many previous studies (e.g., Foden et al., 2018; Hu et al., 2020; Nebel 525 
et al., 2015; Teng et al., 2016). Nebel et al. (2015) observed that there is no covariation between 526 
Fe isotope and radiogenic isotope tracers in mafic arc rocks from the Banda arc, Indonesia—a 527 
well-known arc for a prominent subducted sediment contribution to arc magma genesis. The 528 
authors, therefore, concluded that subducted sediment recycling would not cause resolvable Fe 529 
isotope variation of arc rocks, likely because of the low Fe content of the sediment-derived 530 
components. Foden et al. (2018) also could not find the expected covariant relationships between 531 
Fe isotope and radiogenic isotope compositions in arc rocks, even though a much larger dataset 532 
for global arc lavas was investigated. Teng et al. (2016) excluded sediment recycling as the 533 
origin of the heavy Mg isotope composition of the Lesser Antilles arc rocks because the δ26Mg 534 
compositions of the local subducting sediments are not heavy enough (Hu et al., 2020; Teng et 535 
al., 2016), and because there is lack of covariation between Mg isotope and radiogenic isotope 536 
compositions for arc rocks from an arc that is well known for sediment recycling (e.g., 537 
Carpentier et al., 2008; Labanieh et al., 2010, 2012; Tang et al., 2014). However, similar to the 538 
trace elements and radiogenic isotopes (Plank, 2014), the Mg and Fe isotope composition of 539 
subducting sediments vary dramatically from trench to trench (Hu et al., 2017; Nebel et al., 2015; 540 
this study). In our case, the Gangdese trench sediments have consistently lighter Mg isotope 541 
composition than arc rocks and mantle peridotite with restricted variation, in contrast to the large 542 
range of Mg isotope composition for sediments from the Lesser Antilles arc, which are both 543 
lighter and heavier than the arc rocks and mantle peridotite (Teng et al., 2016). In addition, the 544 
Mg isotope variation of Gangdese arc rocks is restricted and comparable to normal mantle 545 
peridotite, as well as metasomatized arc mantle wedge (Hu et al., 2020), which means that we do 546 
not need to change the δ26Mg values of the metasomatized mantle very much to produce the 547 
observed covariation patterns (Fig. 3). A similar argument would also work for Fe isotopes (Fig. 548 
2B).  549 

Different from these previous studies, we observed very well-presented covariant 550 
relationships between both Mg and Fe isotopes and radiogenic Sr–Pb–Nd–Hf isotopes for the 551 
Gangdese arc rocks that can readily be reproduced by source mixing between subducted local 552 
trench sediments-derived melts and the ambient mantle (Figs. 3, 4, 8 and 10). Therefore, we 553 
attributed the difference between our conclusion and those of previous studies which found the 554 
impact of sedimentary material invisible from the Fe–Mg isotope perspectives in arc magmas 555 
(e.g., Foden et al., 2018; Nebel et al., 2015; Teng et al., 2016), to mainly the different Fe–Mg 556 
isotopes and associated radiogenic isotopes as well as trace element compositions in the 557 
subducting sediments. All these differences make the detectable covariant relationships between 558 
Fe–Mg isotope compositions and Sr–Pb–Nd–Hf isotopes in our samples indetectable in their 559 
samples though the absolute deviations of the Fe–Mg isotope compositions of arc rocks from the 560 
mantle compositions may be comparable in our samples and their samples (Fig. 2).  561 
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As such, the present study provides solid evidence for the contribution of recycled 562 
sediment-derived melts in modifying the Fe and Mg isotope compositions of arc rock though the 563 
absolute extent of modification may be quite limited due to their much lower Fe, and especially 564 
Mg contents compared to mantle wedge peridotite.  565 

5.4 Fe–Mg isotope variation of the CGA, serpentinite recycling, and mantle melting 566 

In contrast to the EGA rocks, CGA rocks do not show good covariation between Fe–Mg 567 
and Sr–Pb–Nd–Hf isotope compositions. On the other hand, the Mg and Fe isotopes of the CGA 568 
samples stretch out straight from the end-members with relatively heavy Mg isotope, light Fe 569 
isotope, and less enriched Sr–Pb–Nd–Hf isotope to the lighter Mg and heavier Fe isotopes 570 
without obvious change in Sr–Pb–Nd–Hf isotope compositions (Figs. 3 and 4). Since a slab 571 
component including sediments is necessary to interpret the enriched Sr–Pb–Nd–Hf isotope 572 
compositions and characteristic trace element distribution patterns of the CGA rocks (Chen et al., 573 
2022), the constant and relatively less enriched Sr–Pb–Nd–Hf isotope compositions of CGA 574 
rocks could be produced by source mixing between mantle peridotite and a consistent but 575 
relatively small amounts of sediment components, with or without variable amounts of 576 
AOC/serpentinite-derived components (Chen et al., 2022). This is because AOC/serpentinite-577 
derived components would have much lower Sr, Nd, Pb, and Hf contents, as well as much closer 578 
Sr–Pb–Nd–Hf isotope compositions, compared to the mantle wedge than sediments (e.g., 579 
McCulloch et al., 1980; Spandler and Pirard, 2013; Staudigel, 2003, 2014), variation in their 580 
proportions, would have negligible influence on the Sr–Pb–Nd–Hf isotope compositions of the 581 
metasomatized mantle and arc rocks. The trends of increasing δ56Fe values with consistent Sr–582 
Pb–Nd–Hf isotopes can be attributed to decreasing extent of the metasomatized mantle melting, 583 
because of the preferential releasing of Fe3+ with heavy Fe isotope during low degree partial 584 
melting (e.g., Dauphas et al., 2009; Foden et al., 2018; Schauble, 2004; Weyer and Ionov, 2007). 585 
However, mantle sources with consistent amounts of sediment component cannot melt out 586 
magmas with quite different δ26Mg values without the involvement of large amounts of garnet 587 
and/or spinel (Fig. 5; Wang, S. J. et al., 2016). Therefore, incorporation of various amounts of 588 
AOC/serpentinite-derived components in addition to sediment-derived components in the 589 
magma sources is necessary to explain the Mg isotope variation of the CGA rocks.     590 

Although the absolute change of Fe isotope is not significant, the explanation that 591 
variation of the δ56Fe values of the CGA samples corresponding to different extents of mantle 592 
melting got support from the roughly positive correlation between δ56Fe values and (La/Yb)N 593 
ratios defined by all but one CGA samples (Fig. 7c), because the lower degree of source melting 594 
would lead to higher (La/Yb)N ratios in the melts. Further quantitative modeling on batch 595 
melting of the metasomatized mantle (Table A2 in Appendix A) did generally reproduce the 596 
observed covariation pattern in Fig. 7c (Fig. 11a). On the other hand, source mixing between 597 
different amounts of AOC/serpentinite-derived components with mantle peridotite in controlling 598 
the Mg isotope variation of the CGA samples got support from the roughly negative correlation 599 
between δ26Mg values and Ba/Rb ratios (Fig. 7d), because while most subducted sediments, 600 
AOC, serpentinite, as well as sediment-derived melts have Ba/Rb > 10 (Herman and Rubatto, 601 
2009; Plank, 2014; Spandler et al., 2014; Staudigel, 2003, 2014), AOC- or serpentinite-derived 602 
fluids are always characterized by Ba/Rb < 3 due to the much more soluble nature of Rb over Ba 603 
during dehydration (Kessel et al., 2005; Spandler et al., 2014). AOC has a wide δ26Mg range 604 
with values ranging from much lighter to much heavier than the mantle peridotite (Teng et al., 605 
2016, 2017), which would more or less fractionate during dehydration (Huang et al., 2020). 606 
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Nevertheless, AOC-derived fluid is documented to be too low in Mg to significantly change the 607 
Mg isotope composition of the metasomatized mantle (Hao et al., 2022; Hu et al., 2020; Liu et 608 
al., 2017). Serpentinite-derived fluids are documented to be much higher in MgO contents than 609 
AOC-derived fluids (Chen et al., 2016; Deschamps et al., 2013; Dvir et al., 2011; Scambelluri et 610 
al., 2014, 2015), and thus more efficient in modifying the Mg isotope composition of the 611 
metasomatized mantle and arc rocks (Hao et al., 2022; Hu et al., 2020; Teng et al., 2016; Zhao et 612 
al., 2023). Nevertheless, normal serpentinites are documented to be exclusively heavier in Mg 613 
isotopes than normal mantle due to weathering (Beinlich et al., 2014; Debret et al., 2016; Liu et 614 
al., 2017; Zhao et al., 2023). Moreover, although first-principles molecular dynamics simulations 615 
predict that equilibrium Mg isotope fractionation at low temperatures would cause aqueous fluids 616 
depleted in heavy Mg isotope compositions compared to lizardite (Wang, W. Z. et al., 2019), 617 
fluids released by high-temperature–high-pressure antigorite dehydration are demonstrated to be 618 
consistently heavier in Mg isotope than normal mantle (e.g., Chen et al., 2016; Hu et al., 2020; 619 
Teng et al., 2016). However, carbonated serpentinites can have δ26Mg values as low as ~–0.7‰, 620 
and carbonation is ubiquitous for abyssal serpentinites (e.g., Beinlich et al., 2018; Oskierski et al. 621 
2019). Therefore, carbonated serpentinite-derived fluids can serve as the potential low δ26Mg-622 
low Ba/Rb end-member in the magma sources of CGA rocks (Fig. 11b). 623 

 624 

 625 

 626 
Figure 11. δ56Fe versus (La/Yb)N (a) and δ26Mg versus Ba/Rb (b) plots showing the results of 627 
mantle wedge peridotite batch melting and source mixing between subducting serpentinite-628 
derived fluids and mantle wedge peridotite modeling, respectively. Modeling parameters are 629 
listed in Tables A2 and A3. The La, Yb, and Fe contents of the depleted mantle wedge are 630 
adopted from Workman and Hart (2005), and the Fe3+/FeTotal is adopted from Canil et al. (1994). 631 
The δ56Fe value for the depleted mantle wedge peridotite and the isotope fractionation factor 632 
between the mantle and melt (lnαmantle-melt) are adopted from Weller and Ionov (2007). During 633 
partial melting, melt/solid partition coefficients for Fe2+ and Fe3+ are adopted from Canil et al. 634 
(1994), and melt/solid partition coefficients for La and Yb are adopted from Kessel et al. (2015). 635 
The Mg, Ba, and Rb contents for the serpentinite-derived fluid are from Scambelluri et al. (2015). 636 
The elemental composition of the depleted mantle wedge peridotite is from Workman and Hart 637 
(2005). The Mg isotope value for the carbonated serpentinite-derived fluid (SF) (δ26Mg = –638 
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0.40‰) is adopted from Beinlich et al. (2018) assuming negligible Mg isotope fractionation 639 
during the dehydration of carbonated serpentinites. The results of the modeling would still be 640 
true even though carbonated serpentinite dehydration releases aqueous fluid with a heavy Mg 641 
isotope because we have chosen the highest value of the carbonated serpentinites reported by 642 
Beinlich et al. (2018).  643 

Quantitative modeling on binary mixing between carbonated serpentinite-derived fluids 644 
(δ26Mg = –0.40‰, see caption of Fig. 11 for the criterion of data selection) and mantle wedge 645 
peridotite (Table A3 in Appendix A) obtained mixing trends passed nearly all the data points of 646 
CGA samples (Fig. 11b). Therefore, source mixing between carbonated serpentinite-derived 647 
fluids and mantle peridotite can readily explain the observed correlation between δ26Mg values 648 
and Ba/Rb ratios. Thus, different from previous studies which observed that serpentinite-derived 649 
fluid recycling would lead to heavy Mg isotope composition of the arc magmas (Hao et al., 2022; 650 
Hu et al., 2020; Teng et al., 2016; Zhao et al., 2023), the present study reveals that recycling of 651 
carbonated serpentinite-derived fluid can also pull the Mg isotope values of the arc rocks in the 652 
opposite direction, though not by much. 653 

6 Implications on processes of subduction zone crustal recycling 654 

The relative role of AOC-derived fluids plus sediment-derived melt, as well as 655 
serpentinite-derived fluid, and diapiric solid mélange in transporting slab materials to the arc 656 
magma sources to accomplish crustal recycling in subduction zones, has been a heated debate 657 
recently (e.g., Chen et al., 2021; Codillo et al., 2018; Cruz-Uribe et al., 2018; Li, H. et al., 2022; 658 
Nielsen and Marschall, 2017; Parolari et al., 2021; Turner and Langmuir, 2022).  659 

Although mainly based on a new round of numerical modeling (e.g., Behn et al., 2011; 660 
Marschall and Schumacher, 2012), an increasing number of geochemical and experimental 661 
studies argue that mélange models have advantages over the traditional fluid/melt fluxed models 662 
in explaining not only the major-trace elements, but also radiogenic isotope as well as 663 
nontraditional stable isotope (e.g., Mg) compositions of individual arc rocks or global arc rocks 664 
in general (e.g., Hao et al., 2022; Codillo et al., 2018; Cruz-Uribe et al., 2018; Nielsen and 665 
Marschall, 2017; Parolari et al., 2021). On the other hand, considering that this model 666 
intrinsically demands the low-pressure–high-temperature melting conditions for the oceanic crust 667 
including sediments in the mélange or mélange-peridotite mixtures, and physical mixing of 668 
sediments and oceanic crust with the mantle would significantly dilute the concentration of key 669 
elements such as Ti and Zr in the mixtures, whether sufficient quantities of key accessory 670 
minerals such as rutile and zircon will continue to stabilize during mélange melting to produce 671 
the unique trace element geochemical characteristics of arc rocks was severely questioned (e.g., 672 
Li et al., 2022; Pirard and Hermann, 2015; Turner and Langmuir, 2022).  673 

The present study observed strong covariation between Mg and Fe isotope compositions 674 
with radiogenic isotopes (Figs. 3 and 4), which unequivocally demonstrated the controlling 675 
effects of sediment recycling on both trace and major element isotopes of the arc magmas (Figs. 676 
6 and 9). Further quantitative modeling indicates that the sediment components in the arc magma 677 
sources should be sediment-derived melts rather than bulk sediments (Figs. 8 and 10). This is 678 
consistent with the inferred low Zr/Hf ratios of the sediment end-members (Figs. 7a and 7b) that 679 
demand the residual of a significant amount of zircon during high-pressure–low-temperature 680 
metasediments melting (Hermann and Rubatto, 2009).  681 
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On the other hand, the well-defined positive covariation between Mg isotope and Ba/Rb 682 
ratios (Fig. 7d) asks for AOC or serpentinite-derived fluids recycling in controlling the Mg 683 
isotope and Ba/Rb variations in the Gangdese arc rocks. The quantitative simulation indicates 684 
that the required recycled materials should have high Mg contents, which would be derived from 685 
serpentinite instead of AOC (Fig. 11b). Meanwhile, the required recycled components should 686 
have a slightly light Mg isotope composition than normal mantle (Fig. 11b). The candidate 687 
material most likely to meet both requirements is the aqueous fluid released by dehydration of 688 
carbonated serpentinites, as it is characterized by a lighter Mg isotope composition than the 689 
normal mantle (e.g., Beinlich et al., 2018; Oskierski et al. 2019). Therefore, this observation 690 
again provides major element isotope evidence to argue against the significant role of bulk 691 
serpentinite in recycling slab materials to the Gangdese arc magmatism, as claimed by the 692 
mélange diapir model, but instead, provides evidence for the key role of carbonated serpentinite-693 
derived fluids in subduction zone crustal recycling and arc magmatism. 694 

As such, the present case study based mainly on the results of stable isotopes of Fe–Mg 695 
major elements provides further support to the idea that variable in-situ fractionated slab 696 
components (e.g., Ellam and Hawkesworth, 1988; Elliot, 2003; Elliot et al., 1997; Gill, 1981), 697 
rather than sub-solidus unfractionated bulk mélange composed of metasediments, AOC, and 698 
hydrated mantle peridotite (e.g., Codillo et al., 2018; Cruz-Uribe et al., 2018; Nielsen and 699 
Marschall, 2017), are the dominant agents for material transportation from slab to mantle wedge 700 
in oceanic subduction zones. 701 

7 Conclusions 702 

Well-defined covariations between Fe–Mg isotopes and radiogenic isotopes, as well as 703 
incompatible trace element ratios, were observed for the Gangdese arc mafic plutonic rocks, 704 
which combined with the Fe–Mg isotope compositions of the local subducting trench sediments, 705 
revealed a complex crustal recycling, slab-mantle reaction, as well as metasomatized mantle 706 
melting processes for the Cretaceous Gangdese arc magmatism and shed new light on subduction 707 
zone crustal recycling: 708 

(1) Source mixing between subducting sediment-derived melts with relatively heavy Fe 709 
isotope, light Mg isotope, variously enriched Sr–Pb–Nd–Hf isotope, as well as low Zr/Hf ratios, 710 
and mantle wedge peridotite, dictated the variation of Fe–Mg isotopes and other geochemical 711 
features of the EGA rocks, though preceding melt extraction determined the lighter than MORB 712 
Fe isotope composition of these rocks. Although sediment-derived melts are much lower in Mg 713 
and Fe contents compared to the mantle wedge peridotite, their distinct Mg and Fe isotope 714 
compositions to the peridotite make their impact visible in mafic arc magmas, the subtle changes 715 
they cause on the Mg and Fe isotopes of arc rocks would be hard to identify unless they covary 716 
with conventional tracers. 717 

(2) Mixing between carbonated serpentinite-derived fluids with relatively light Mg 718 
isotopes and high Mg contents as well as quite low Ba/Rb ratios with mantle wedge peridotite 719 
dictated the Mg and other geochemical features of the CGA rocks. Different from previous 720 
studies which found that serpentinite–derived fluid recycling would result in the heavy Mg 721 
isotopic composition in arc magmas, we found that such recycling would also shift Mg isotopic 722 
values of the arc rocks in the opposite direction, though the magnitude is limited. 723 



manuscript submitted to Journal of Geophysical Research: Solid Earth 

 

(3) The results of stable isotopes of Fe–Mg major elements provide further support to the 724 
idea that variable in-situ fractionated slab components (fluids/melts) rather than sub-solidus 725 
unfractionated solid mélanges are the main material transporting agents from slab to mantle 726 
wedge. 727 
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