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ABSTRACT 20 
Serpentinites play a crucial role in mass transport and volatile recycling in subduction zones, yet 21 
the mechanism for their contribution to the formation of arc magma remains elusive. Here we 22 
investigate this issue by examining the magnesium (Mg) and boron (B) isotope compositions of 23 
volcanic rocks and forearc serpentinites from the South Sandwich Island arc. The volcanic rocks 24 
display δ26Mg values ranging from −0.25 to −0.06‰ and δ11B values ranging from +9.6 to 25 
+16.5‰, while the forearc serpentinites exhibit δ26Mg values of −0.21 to −0.02‰ and δ11B 26 
values of +5.2 to +9.8‰. Given the substantial contrast in both Mg and B contents between 27 
mantle rocks and fluids, the combined heavy Mg-B isotope compositions of volcanic rocks pose a 28 
challenge to traditional arc formation models, i.e., flux melting of depleted subarc mantle 29 
metasomatized by slab-derived fluids. Although an alternative model involving flux melting of 30 
dehydrated serpentinites can partly account for the heavy Mg isotope compositions of arc 31 
magmas, it is difficult to simultaneously explain the B isotope and trace element compositions. 32 
Instead, these distinct compositions can be adequately explained by partial melting of a 33 
serpentinite-dominated mélange beneath the volcanic arc. Given that arc magmas exhibiting 34 
coupled heavy Mg-B isotope compositions are increasingly reported, we propose that 35 
serpentinite-mélange melting represents an effective and geochemically self-consistent 36 
mechanism for transferring signatures of subducted slabs to the overlying mantle source. This 37 
process can be significant in subduction zones with prominent forearc mantle erosion or those 38 
involving considerable amounts of slab-hosted serpentinite. 39 
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 42 
INTRODUCTION 43 

The formation of arc magmas has been traditionally attributed to the partial melting of mantle 44 
wedge peridotite, a process driven by fluids derived from the subducting slab [1,2]. Numerous 45 
studies have focused on distinguishing the contributions of various subducted components, 46 
primarily composed of sediment, altered oceanic crust (AOC) and serpentinite, to the mantle 47 
source of arc magmas. Serpentinite, known for its capacity to accommodate water and boron (B) 48 
[3], is characterized by heavy B isotope compositions that are distinct from those of sediment and 49 
AOC at subarc depths [4-6]. Combined with the fluid-mobile behavior of B during serpentinite 50 
dehydration [7,8], B isotopes serve as a powerful tool for tracing the contribution of serpentinite 51 
to the source of arc magmas in subduction zones [9-12]. 52 

Island arc volcanic rocks typically have higher B contents and δ11B values than mid-oceanic 53 
ridge basalts (MORB) [5]. This has been traditionally attributed to being sourced from enriched 54 
mantle hybridized by fluids derived from subducted AOC and/or sediments [2,13]. More recently, 55 
growing evidence indicates that serpentinite plays an important role in the generation of arc lavas, 56 
particularly those with high δ11B values (>+5‰) [4,5,9-12,14]. However, the exact mechanism 57 
and process for the contributions of serpentinites are still unclear. In addition to the 58 
well-established flux melting model, diapirism within the mantle wedge, potentially as part of a 59 
mélange, may also play an important role [15-17]. Moreover, across-arc geochemical variability 60 
in volcanic arc magma could provide insights into the composition of mantle wedges and slab 61 
dehydration or melting processes [9-10,18]. The correlations of various isotope tracers (like 62 
B-Sr-Nd isotopes) and trace element ratios (like B/Nb) along the arc can also effectively reflect 63 
the influence of serpentinite components in subduction zones [9-10]. 64 

Arc magmas with δ26Mg values higher than those of MORB have been increasingly reported 65 
[19-22]. The observed heavy Mg isotope data were attributed to either fractional crystallization 66 
and/or crustal assimilation processes or mantle source that has been metasomatized by slab 67 
components [20,23,24]. Regarding fractional crystallization, a significant increase in δ26Mg value 68 
has been predominantly observed in differentiated magmatic rocks with MgO < ca. 5 wt.% 69 
[19-24]. Weather this process can account for the Mg isotopic fractionation in more primitive arc 70 
magmas remains uncertain, highlighting the necessity of examining the Mg isotope systematics 71 
of high-Mg, relatively unfractionated rocks. Another explanation for the heavy Mg isotope 72 
compositions in arc magmas is that they primarily reflect a metasomatized mantle source by 73 
slab-derived fluids [20]. However, due to the substantial difference in Mg contents between 74 
mantle rocks and aqueous fluids, the mass proportion of infiltrating fluids would need to be 75 
exceptionally high (>50%) [25]. This high fluid proportion clearly contradicts the constraints 76 
provided by B isotope systematics, which suggest a fluid contribution of less than 5% [11,12]. 77 
This apparent paradox indicates that the mechanism for mantle source modulation by subducted 78 
components may be more complex than a simple fluid-flux melting process. Other mechanisms, 79 
such as the melting of dehydrated forearc serpentinite or the involvement of serpentinite-bearing 80 
mélange diapirs, should be considered [9,16,17].  81 

The South Sandwich Island (SSI) arc in the South Atlantic is an intra-oceanic arc characterized 82 
by a young age of less than 3 Ma, a simple tectonic setting, and a considerable distance away 83 
from any continental crust [26]. SSI arc lavas span a large MgO contents and have the highest 84 
δ11B values among worldwide arc magmatic rocks, which has been attributed to fluids derived 85 
from forearc serpentinites eroded and transported to subarc depths [11]. These unique samples 86 
provide an excellent opportunity to investigate the contribution of serpentinite to the mantle and 87 
to study the mechanism of crust–mantle interactions in subduction zones. 88 
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In this study, we present the first set of combined Mg and B isotope compositions of arc 89 
magmas and associated forearc serpentinites from the SSI arc. These arc magmas simultaneously 90 
exhibit high δ11B and δ26Mg values, which are difficult to explain solely by fluid-flux melting or 91 
magmatic evolution. We propose that the diapiric rise and partial melting of mélanges composed 92 
of forearc serpentinite and minor sediments can account for the geochemical compositions of SSI 93 
arc magmas. Given the increasing reports of coupled heavy Mg-B isotope compositions in both 94 
serpentinites and arc rocks, we argue that, in addition to traditional flux-melting model, the 95 
diapirism of serpentinite-bearing mélanges may also play a significant role in the generation of 96 
arc magmas. 97 

 98 
RESULTS  99 

We analyzed the boron and magnesium isotope compositions of volcanic samples and associated 100 
forearc serpentinites from the SSI arc-basin system. The general petrology and geochemistry have 101 
been reported previously [26,27]. The arc lavas were collected from 11 main islands on the 102 
Sandwich microplate (Fig. 1), most of which belong to the (low-K) tholeiitic magma series, but 103 
some lavas are calc-alkaline [26]. The extensively serpentinized forearc peridotites were recovered 104 
from the inner wall of the South Sandwich Trench during the dredging program undertaken by 105 
dredges 52–54 from the British Antarctic Survey [26,27,29] (Fig. 1). The slab depth beneath the 106 
SSI arc volcanos ranges from 80–155 km based on the data from Hayes et al. [30] (Fig. S1). 107 

 108 

 109 

Boron contents range from 5.1 to 18.6 μg/g for SSI arc magmas and from 59 to 119 μg/g for the 110 
serpentinites (Fig. 2) (Table S1). The SSI arc magmas have the highest δ11B values worldwide, 111 
ranging from +9.6 to +16.5‰, while the forearc serpentinites have δ11B values ranging from +5.1 112 
to +9.8‰. Both arc rocks and forearc serpentinites exhibit δ11B values systematically higher than 113 
the mantle of ca. −7‰ [31]. 114 

 115 

 116 
In terms of Mg isotopes, the arc rocks have δ26Mg values ranging from −0.25 to −0.06‰ (Table 117 

S2). Among the subgroups, the low-K tholeiites and normal tholeiites exhibit δ26Mg values of 118 
−0.17 to −0.12‰ and −0.13 to −0.06‰, respectively, which are significantly greater than the 119 
MORB of −0.25 ± 0.06‰ [33]. The calc-alkaline samples with the lowest MgO contents (2.6–3.8 120 
wt%) display relatively low δ26Mg values of −0.25 to −0.19‰ (Fig. 3). The forearc serpentinites 121 
show a δ26Mg range of −0.21 to −0.02‰, broadly overlapping the arc magmas. There is no 122 
correlation between the Mg isotope compositions and geographical location or slab depths, while 123 
the B/Nb ratios, δ11B values and 87Sr/86Sr ratios tend to decrease with increasing slab depths (Fig. 124 
S2). 125 

 126 
DISCUSSION 127 
The origin of heavy B-Mg isotope compositions in SSI arc magmas  128 

The processes of subduction material recycling in the SSI arc are examined in the context of 129 
B-Mg isotope systematics. Boron contents in the arc magmas range from 5.1 to 18.6 μg/g, which 130 
are significantly higher than the MORB value of ~1.3 μg/g [31]. The ratio of B to fluid immobile 131 
elements such as Zr or Nb in arc rocks can be used to infer the nature of the mantle source 132 
[11,12,31,35]. Notably, while B and Zr do not fractionate from each other during partial melting 133 
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and magma differentiation, Nb is more incompatible than B and Zr [31]. However, generally 134 
consistent trends between B/Zr and B/Nb (Fig. 2) suggest that the difference in compatibility 135 
between Nb and B does not significantly affect the evaluation. In the SiO2 vs. B/Zr plot of the SSI 136 
arc rocks (Fig. 2A), fractional crystallization leads to SiO2 enrichment while maintaining a 137 
constant B/Zr ratio, confirming the similar partitioning of both elements. The enrichment of B in 138 
both arc rocks and forearc serpentinites suggests the incorporation of B-rich fluids (Fig. 2B). 139 
Specifically, as fractional crystallization has a negligible effect on the δ11B values of residual 140 
melt [14,36], the correlation between B/Zr (and Nb/B) ratios and δ11B values clearly shows the 141 
involvement of serpentinite or serpentinite-derived materials in the source of the arc magmas (Fig. 142 
2C–D). Indeed, the very high δ11B values of SSI arc rocks have been interpreted to result from a 143 
hybridized mantle infiltrated by fluids from forearc serpentinites, which were transferred to 144 
subarc depths via subduction erosion [11]. 145 

The high δ26Mg values observed in both SSI arc magmas (−0.25 to −0.06‰) and associated 146 
forearc serpentinites (−0.21 to −0.02‰) are notably higher than those of MORB (Fig. 3), which, 147 
again suggests a potential contribution of the forearc serpentinite component to the formation of 148 
SSI arc rocks. Given that the large range of δ26Mg values of these arc rocks do no correlate with 149 
either large ion lithophile elements or Sr-Nd isotope compositions (Fig. 3), it can be inferred that 150 
crustal assimilation does not account for the elevated δ26Mg values in the magmas. It is thus 151 
crucial to clarify whether these heavy Mg isotopic compositions in arc magmas represent a 152 
mantle source signal or are instead the result of magmatic differentiation processes. While mantle 153 
melting has a negligible effect on Mg isotope fractionation [37,38], previous studies have 154 
documented the influence of fractional crystallization of basaltic melts [21,24,39,40]. A negative 155 
Mg isotope fractionation factor between olivine and melt was identified, suggesting that the 156 
separation of olivine could lead to the enrichment of heavy Mg isotopes in evolved residues [21]. 157 
The modelling results of δ26Mg evolution during the co-crystallization of 20% olivine and 20% 158 
clinopyroxene shows that the magmatic variation in less-evolved arc magmas does not exceed the 159 
MORB range [21] (Fig. 3A). In addition, this crystallization effect may be partially offset by the 160 
simultaneous separation of spinel/chromite, which are preferentially enriched in isotopically 161 
heavy Mg [38,39]. A compilation of global island arc basalts in Fig. 2A demonstrates that most 162 
less-evolved samples with MgO contents >5 wt% exhibit δ26Mg values similar to those of MORB 163 
within analytical uncertainty, whereas highly evolved samples tend to show elevated δ26Mg 164 
values. This observation supports previous findings that significant Mg isotope fractionation 165 
occurs due to crystal fractionation in highly evolved samples [21,40]. However, the overall 166 
increase in the δ26Mg value caused by crystal fractionation is typically within 0.07‰ [21,40], 167 
which is close to the analytical uncertainty. Therefore, δ26Mg values of the arc basalts may 168 
slightly increase due to the crystallization of olivine in the initial crystallization stage, but the 169 
increase is too limited to show an observable difference compared with those of MORB [33,37] 170 
(Fig. 3A). In this regard, the effect of crystal fractionation may be overestimated and requires 171 
further constraints.  172 

The SSI arc magmas, characterized by high δ26Mg values in conjunction with relatively high 173 
MgO contents (up to ca. 11 wt%), represent a more primitive magma (Fig. 3A). Their Mg isotope 174 
compositions are inconsistent with the evolution trend caused by fractional crystallization [21,40]. 175 
Consequently, the heavy Mg isotope compositions of these unique SSI arc magmas provide 176 
compelling evidence that crystal fractionation has an insignificant effect on their elevated δ26Mg 177 
values, which are primarily inherited from the mantle source (δ26Mg> −0.15 ~ −0.10‰). The 178 
lower δ26Mg values observed in the two calc-alkaline samples with low MgO, TiO2 and FeO 179 
contents (Figs. 3 and S3) may be attributed to the crystallization of titanomagnetite during the 180 
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later stage of magma differentiation [40], or to the mantle source with normal Mg isotope 181 
compositions. 182 

 183 
Serpentinite mélange melting to form SSI arc magma  184 

Various processes have been proposed for the contributions of material from the subducted 185 
slab to the mantle. A commonly proposed model for arc magma formation is flux melting, which 186 
involves the partial melting of a depleted mantle wedge metasomatized by slab-derived aqueous 187 
fluids or hydrous melts at subarc depths [1,41]. More recently, diapiric rise and melting of 188 
high-pressure mélanges that initially formed at the slab-mantle interface were proposed as 189 
another important mechanism for arc magma generation [16,17]. We conducted geochemical 190 
mixing modelling based on SSI arc rocks to provide further insights into the dynamics of material 191 
recycling and arc magma generation in subduction zones (Fig. 4). The parameters used in the 192 
modelling are provided in Table S3, and the details of the model are described in the Materials 193 
and Methods section. 194 

 195 
 196 
The geochemical characteristics of SSI arc magmas, particularly their coupled heavy Mg and B 197 

isotope compositions, cannot be explained by fluid/melt metasomatism of mantle wedge. This is 198 
due to the low B and Mg contents and low δ11B values of fluid/melt generated by metasediments 199 
and AOC at subarc depths [5,43] (Fig. 4C). These features also present challenges for the 200 
traditional fluid flux melting model driven by serpentinite-derived fluids as proposed by Tonarini 201 
et al. [11] and Cooper et al. [12]. While such a model can reasonably explain the high δ11B values 202 
of SSI arc magmas (where fluid addition does not exceed 3% in mass proportion, Fig. 4A), it 203 
cannot simultaneously account for the high δ26Mg values, given the contrasting Mg contents 204 
between mantle rocks and aqueous fluids (Fig. 4B). Although serpentinite-derived fluids are 205 
expected to contain relatively high Mg contents compared to those derived from crustal materials 206 
[8,25,43], it still requires exceptionally large amounts of fluids to account for the observed high 207 
δ26Mg values of SSI arc rocks. For instance, even under extreme upper limit estimates of MgO 208 
contents (5 wt%) and δ26Mg values (+0.5‰) of serpentinite-derived fluids, the required fluid 209 
mass proportion still exceeds 50%, which is unreasonable (Fig. 4B). Furthermore, the strikingly 210 
contrasting fluid proportions inferred from Mg and B isotopic constraints pose a challenge to this 211 
scenario. This discrepancy necessitates an alternative mechanism to explain the observed 212 
geochemical signatures in SSI arc magmas. 213 

Serpentinites can occur in various tectonic settings, as abyssal serpentinites on the ocean floor, 214 
as forearc serpentinites formed by slab fluid metasomatism, and as slab mantle resulting from 215 
bending near the trench [9,44]. Due to their low density and viscosity, these serpentinites can be 216 
subducted and transport into the hot mantle wedge, where they rise and may subsequently 217 
undergo flux melting induced by slab-derived fluids [9,10]. Notably, the dehydration of 218 
serpentinite, despite progressive changes in P–T conditions, does not significantly modify the 219 
heavy Mg isotope composition of the residues due to the limited amount of Mg in the fluids. 220 
High-pressure serpentinites and their dehydration products can still display high δ11B values, 221 
even exceeding +20‰ [4,45,46], while retaining significant B due to its high solubility in 222 
secondary olivine [46-48]. Given that the temperature at the slab-mantle interface of subarc 223 
depths is too low to induce the melting of refractory serpentinite [49], the scenario involving 224 
serpentinite diapirism can be considered as a hybrid fluid flux melting model. Considering the 225 
depleted nature of serpentinites [27,50], the addition of a sediment component is required to 226 
account for the high trace element compositions of arc magmas [26,51,52]. Partial melting 227 
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modelling based on a composite source composed of forearc serpentinites and depleted mantle, 228 
along with Sr–Nd isotope mixing modelling, consistently suggests that the mass proportion of the 229 
sediment added to the mantle source is less than ca. 3% (see Methods for details) (Figs. S5 and 230 
S6). This observation aligns with previous work showing that the addition of less than 6% of 231 
sediment to the mantle can effectively account for the incompatible element contents of global 232 
arc magmas [51].  233 

Furthermore, the sediment component added to the SSI arc mantle source was documented to 234 
exhibit similar Nb/La ratios to those of the bulk sediment [52]. This observation can be explained 235 
by the sediment being either added in the form of a bulk solid or through sediment melt without 236 
changing the Nb/La ratio. The latter can be achieved only when rutile is absent during sediment 237 
melting [52]. However, high-P/high-T experimental results, using starting materials similar to 238 
those of South Sandwich sediments—especially in terms of Ti and Fe contents—have indicated 239 
the presence of rutile at pressures exceeding 2 GPa during sediment melting [ 53,54]. To further 240 
verify this point, we conducted phase equilibrium modelling using South Sandwich sediment as 241 
the bulk composition (see Methods for details). The results also confirm the presence of rutile 242 
during sediment melting (Fig. S7). Thus, the Th/La, Sm/La and Nb/La systematics of SSI arc 243 
magmas suggest that the sediment was recycled in the form of a bulk solid rather than as a melt. 244 
This is consistent with previous constraints by Sr-Nd isotope compositions [17], as well as our 245 
modelling results (Fig. S6B). Notably, the addition of sediment in bulk solid form does not favor 246 
the hybrid flux melting model, but instead aligns well with the serpentinite-dominated mélange 247 
model (Fig. S6). 248 

The Mg-B isotope data can also be reconciled by considering a serpentinite-dominated 249 
mélange melting process. This scenario involves the physical mixing of serpentinite and minor 250 
sediments to form low-density diapirs. Considering the observed high δ11B and δ26Mg values in 251 
SSI forearc serpentinites (Figs. 2B and 3C), and the fact that forearc serpentinites can be 252 
transferred to subarc depths through mantle flow or subduction erosion [11,29,35,55], we suggest 253 
that SSI forearc serpentinites may have served as the main constituents of the mélange materials. 254 
Along with the widespread high δ11B values, both mantle wedge serpentinite and seafloor 255 
serpentinites can also show elevated δ26Mg values [56-58] (Fig. S4), which are attributed to 256 
serpentinization and/or chemical weathering [56,57,59]. 257 

The quantitative modelling for the process described above is shown in Fig. 4, with a 258 
schematic illustration provided in Fig. 5. Our results reveal that a composite mantle source 259 
constituting 20–70% (by mass) of the mélange can effectively explain the high δ26Mg values of 260 
the SSI arc magmas (Fig. 4). However, as the δ11B values of SSI forearc serpentinites are lower 261 
than those of associated arc magmas, the interpretation of the B isotope systematics requires a 262 
more complex scenario (Fig. 4). This feature could be attributed to the fact that the serpentinites 263 
dredged from the SSI trench may not fully represent all serpentinites eroded in the forearc region, 264 
as global reports have shown that forearc serpentinites can exhibit higher δ11B values (can exceed 265 
+20‰) [60,61]. Alternatively, the forearc serpentinite-dominated mélange may have undergone 266 
additional infiltration by 11B-rich fluids, which derived from slab serpentinite that is known to 267 
maintain high δ11B values even at great depths [4,45,46] (Fig. 4C). In either scenario, the melting 268 
of serpentinite-dominated mélange diapirs provides a plausible mechanism for the coupled heavy 269 
Mg and B isotope compositions observed in the SSI arc magmas. Furthermore, the interaction 270 
between melts generated from the partial melting of serpentinite-dominated mélange and mantle 271 
peridotite can yield arc-like major element compositions, further supporting the hypothesis that 272 
mélanges can serve as a potential source of arc magmas [62]. 273 

Previous studies have documented cross-arc geochemical variations within many island arc 274 
regions, including progressive change in the concentrations of fluid-mobile elements and the 275 
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isotopic compositions of B-Sr-Nd-Pb-Mo systems [2,10,18,63-65]. For example, it has been 276 
noted that the contents of fluid-mobile elements, such as B and Pb, decrease with increasing 277 
depths of arc magma formation [2,18], which was interpreted as being driven by the dehydration 278 
of the subducting slab at varying depths. In addition, an increase in the concentration of elements 279 
like Th and Hf further requires the involvement of a melt component, likely sourced from 280 
subducted sediments [66]. However, the scenario involving a mantle source metasomatized by 281 
fluid- or melt- component is difficult to explain the heavy B-Mo isotope compositions observed 282 
in some arc magmas [11,12,65,67], because heavy isotopes would typically be depleted during 283 
the progressive subduction before subarc depths [5,68]. Recently, a multi-stage model has been 284 
proposed to account for the cross-arc geochemical variations, particularly regarding the 285 
B-Mo-Sr-Nd-Pb isotope compositions from the Mariana and Kurile arcs [9,10,64]. According to 286 
this model, the heavy B-Mo isotope compositions in arc magmas can be primarily attributed to 287 
the dehydration of forearc serpentinites at frontal arc depths, whereas the lighter B-Mo isotope 288 
compositions in rear arc rocks were due to the distillation of B and Mo from sediments or AOC 289 
by fluids derived from serpentinite. 290 

The SSI arc magmas display similar cross-arc geochemical variations, with the frontal arcs 291 
showing higher B/Nb ratios, δ11B values and radiogenic Sr isotope compositions than those of the 292 
rear arcs (Fig. S2). In our proposed scenario, forearc serpentinites were scrapped off and mixed 293 
with minor amounts of sediments and AOC, forming a serpentinite-dominated mélange. The 294 
diapiric rise of this buoyant mélange into the wedge can explain the heavy Mg-B isotope 295 
compositions of the SSI arcs. The distance-related geochemical variations can be accommodated 296 
by the decreasing amounts of crustal-derived materials or the preferential releasing of 297 
fluid-mobile elements of mélanges at shallower depths. Consequently, frontal arc rocks exhibit 298 
higher B/Nb ratios, heavier B isotope compositions, and more radiogenic Sr isotope compositions 299 
relative to rear arc rocks. Notably, the suggested model emphasizes the role of serpentinite over 300 
previously proposed sediment-dominated mélange model [16], in view of the coupled heavy 301 
Mg-B isotope compositions of magmatic products. In addition, the serpentinite-dominated 302 
mélange diapir in the wedge mantle may undergo additional metasomatism by fluids or melts 303 
derived from the descending slab, thereby enhancing the crustal-derived signals in arc magmas. 304 

 305 
Implication for global arc magma formation 306 

Recently, there is increasing emphasis on the significant role of serpentinite in geochemical 307 
cycling and arc magma generation, highlighting the importance of Mg-B-Mo isotope systematics 308 
in discerning serpentinite signatures in subduction zones [6,9,10,12,25,69,70]. Although 309 
combined Mg-B isotope studies of arc magmatism are still rare, coupled heavy isotope signatures 310 
are increasingly reported [5,20,21,71,72]. For example, Du et al. [71] reported arc rocks in 311 
Eastern Tianshan, China, with coupled heavy Mg and B isotope compositions (δ26Mg = −0.23 to 312 
−0.13‰, δ11B = −0.04 to +1.08‰), although they ascribed these signatures to the contribution of 313 
serpentinite-derived fluids. Similar isotopic signatures were found in magmas from the Lesser 314 
Antilles Arc (LAA), where magmas from the central islands show high δ26Mg values of −0.25 to 315 
−0.10‰ and high δ11B values of +2.3 to +11.2‰ [12,20]. As discussed earlier, a fluid-mediated 316 
metasomatic process would require an exceptionally high fluid mass proportion, which 317 
contradicts the constraints imposed by B isotopes (Fig. 4A, B). Trace element and Sr-Nd-Pb 318 
isotope data suggest that the LAA arc lavas contain considerable crustal components in the 319 
mantle source [20]. In the context of a mélange model, minor additions of sediments do not 320 
significantly alter the Mg-B isotope compositions but can notably shift the Nb/B ratio of the 321 
mantle (Fig. 4C). Our model, which involves the mixing of mélange melt, slab-derived fluids and 322 
depleted mantle rocks, can also be applied to explain the Mg-B isotope systematics of LAA 323 
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magmas (Fig. 4C, D). This integrated approach provides a comprehensive framework for 324 
understanding the geochemical signatures of arc magmas. 325 

As such, our proposed serpentinite-dominated mélange melting model can effectively account 326 
for the formation of arc magmas exhibiting coupled heavy B and Mg isotope signatures. These 327 
signatures are increasingly observed in arc magmas [5,20,21,71,72]. In subduction zones where 328 
forearc erosion is significant (such as the SSI arc and Mariana arc) [29,73], diapiric rise and 329 
partial melting of a mélange predominantly composed of forearc serpentinite may be applicable 330 
for the formation of magmas in these settings. Seafloor serpentinites commonly occur at 331 
ultraslow to slow spreading ridges [74,75], such as the South American-Antarctic ridge that is 332 
associated with the SSI arc system [76]. Additionally, serpentinization also occurs in 333 
plate-bending regions where the slab enters subduction zones [75,77]. As serpentinization and/or 334 
seafloor weathering of abyssal peridotites can lead to heavy Mg-B isotope compositions in 335 
serpentinites [56,59,76], the incorporation of such serpentinites into the mélange can also be 336 
considered as an important reservoir for the generation of coupled heavy Mg-B isotopes in arc 337 
magmas. The compositions of arc magmas from different localities are influenced by many 338 
factors, including the nature of the mantle source, the thermal structure of subduction zones, the 339 
degree of partial melting and magmatic differentiation, which are ultimately dictated by the 340 
compositions of metasomatic agents in a fluid flux melting process or material constituents in a 341 
diapiric mélange melting scenario. Given the complexity of geochemical compositions observed 342 
among different arcs, variable constituents of the mélange may be needed. Our study on SSI arc 343 
magmas suggests the important role of serpentinite-dominated mélanges in the formation of 344 
global arc magmas with coupled heavy Mg-B isotope compositions (Fig. 5). 345 

 346 

 347 
 348 

MATERIALS and METHODS 349 
Boron content and B isotope analysis  350 

The whole-rock B elemental and isotopic analyses were performed at the State Key Laboratory 351 
of Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences. 352 
The sample preparation followed the methods described by Wei et al. [78]. Briefly, ~150 mg of 353 
powder was weighed into a polypropylene centrifuge tube and fully digested with 354 
HF-H2O2-mannitol at 60 °C for one week. Subsequently, the sample solutions were diluted with 355 
Milli-Q water and separated using AG MP-1 anion-exchange resin. The resulting solution was 356 
further diluted for B content and isotope measurements. The B concentration was determined 357 
using ICP-AES (atomic emission spectrometry), and the analytical uncertainty was generally less 358 
than ±5%. The B isotopic composition was analyzed by a Neptune-plus MC-ICP‒MS and the 359 
results are reported as δ11B (δ11B = 1000 × [(11B/10B)Sample/(

11B/10B)NBS951 − 1]). The B contents 360 
and δ11B values for the external reference materials are consistent with the recommended values 361 
within error, validating the reliability of the data (Table S1). 362 

 363 
Mg-Sr-Nd isotope analysis 364 

Mg isotopes were obtained following the method of An et al. [79] at the CAS Key Laboratory 365 
of Crust-Mantle Materials and Environments, University of Science and Technology of China 366 
(USTC), Hefei, China. Appropriate amounts of whole-rock powders were fully digested with a 367 
mixture of concentrated HF-HNO3 to obtain ~20 μg of Mg for chemical purification. Mg 368 
purification involved two cycles of chromatography using Bio-Rad AG50 W-X12 resin columns. 369 
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Mg isotope analysis was performed using a Thermo Scientific Neptune Plus MC-ICPMS. The 370 
mass bias of the instrument was calibrated by the sample-standard bracketing (SSB) method with 371 
DSM-3 as the standard. The results are reported in delta notation relative to DSM-3: δxMg = 372 
[(xMg/24Mg)Sample/(

xMg/24Mg)DSM-3 – 1]×1000, where x=25 or 26. The long-term external 373 
precision for δ26Mg values is better than ±0.05‰ [79]. During the analytical session, the δ26Mg 374 
values of the USGS reference materials BCR-2, BHVO-2 and AGV-2 were identical within error 375 
with established values [37,79] (Table S2). The duplicate samples processed via the same 376 
procedure also gave identical δ26Mg values within error (Table S2). The plot of δ25Mg vs. δ26Mg 377 
from our data showed a linear trend with a slope of ~0.520 (Fig. S8), consistent with the 378 
theoretical mass-dependent fractionation values [80].  379 

Whole-rock Sr–Nd isotope compositions were measured at the USTC following the chemical 380 
separation and analytical protocol described by Ma et al. [81]. In brief, ~100 mg of sample 381 
powder was completely digested by a mixture of HF-HNO3-HCl in capped beakers at 120 °C for 382 
one week. Sr-Nd separation and purification were achieved by cation exchange chromatography 383 
and Sr was further purified using a Sr-specific resin. The purified Sr-Nd solutions were measured 384 
by a Thermo-Scientific Neptune Plus MC‒ICP‒MS. The isotopic mass fractionations of Sr and 385 
Nd were corrected by normalizing 86Sr/88Sr to 0.1194 and 146Nd/144Nd to 0.7219, respectively. 386 
Multiple international standards, including NBS987 for Sr and JNdi Nd for Nd, were measured 387 
for quality control. The USGS reference materials BHVO-2 and BCR-2 were consistent with 388 
previously reported values within error [81] (Table S2). 389 

 390 
Mixing models for arc formation 391 

The detailed compositions used in the modelling are presented in Table S3. For depleted 392 
MORB mantle (DMM), the parameters are set as follows: B concentration of 0.077 μg/g with a 393 
δ11B value of −7.1‰ [31], Nb concentration of 0.148 μg/g, MgO concentration of 38.7 wt% [36], 394 
and δ26Mg value of −0.25‰ [32]. Considering the relatively high B contents of SSI forearc 395 
serpentinites, the initial B concentration is assumed to be 60 μg/g [11,60], which experienced a 396 
significant loss of B during dehydration via subduction to subarc depths [5,15,82]. Therefore, the 397 
final meta-serpentinite is estimated to have a B content of ca. 15 μg/g and a δ11B value of +13‰, 398 
with a Nb/B ratio of 0.0007 according to the distribution coefficient of Nb from Kessel et al. [83]. 399 
Similar to previous models, the ranges of B concentrations and δ11B values of 400 
serpentinite-derived fluids are set as from 325 μg/g and +19‰ to 289 μg/g and +11‰, 401 
respectively, with a Nb/B ratio of 0.001 [4,11,12]. The effect of different incompatibilities 402 
between Nb and B [31] on the overall discussion is minimal, which will slightly increase the 403 
mass proportion of fluids (less than ~1%). 404 

The MgO contents for SSI forearc serpentinites are from Pearce et al. [27], and dehydration 405 
does not significantly modify their MgO contents. As serpentinites with high δ26Mg values are 406 
globally observed [19,57-59], the initial δ26Mg value of mélange serpentinite is assumed to be ca. 407 
40‰. The MgO contents of serpentinite-derived fluids are assumed to range from 1.0 to 4.3 wt% 408 
based on fluid inclusion results from high-pressure metaperidotites [8]. Although 409 
serpentinite-derived fluids are suggested to have relatively high δ26Mg values, the exact 410 
fractionation factor during dehydration remains poorly constrained. We assume the high δ26Mg 411 
values of serpentinite-derived fluids (+0.15‰ to +0.50‰) to demonstrate that the addition of 412 
fluids to the mantle cannot effectively affect the Mg isotope compositions of Mg-rich mantle.  413 

The initial compositions of the subducted sediments and AOC followed those of previous 414 
studies [11,13,84-86] and are listed in Table S3. The uppermost slab is assumed to be composed 415 
of 90% AOC and 10% sediment in mass proportion [11]. It is assumed that the progressive 416 
subduction of sediments will result in the loss of more than 60% of the initial B content [5,87]. 417 
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The MgO content of the slab-derived fluids is estimated as a maximal value based on the 418 
mineral-fluid partition coefficient of Mg [88]. Since there are no convincing data for the Mg 419 
isotope compositions of slab crust-derived fluids, we set an extremely high δ26Mg value of +0.20‰ 420 
to illustrate the limited effect of slab crust-derived fluids [89]. Additionally, it is expected that the 421 
dehydration process would not significantly change the Mg isotopic composition of the residual 422 
slab [58] due to the low Mg content of the fluids [90]. 423 
 424 
SUPPLEMENTARY DATA 425 
All the data of this study are given in the main text and Supporting Information. 426 
 427 
ACKNOWLEDGEMENTS 428 
We thank Guochao Sun for Mg isotope analysis, Le Zhang and Jinlong Ma for B content and B 429 
isotope analysis. The constructive comments by Dr. Horst Marschall and Thomas Sisson for the 430 
earlier version of the manuscript and anonymous reviewers on the present version greatly helped 431 
to improve the presentation. We also thank the Associate Editor Zhonghe Zhou and Managing 432 
Editor He Zhu for the efficient handling of this manuscript. 433 
 434 
FUNDING 435 
This study was supported by funds from the National Natural Science Foundation of China 436 
(42273043, 42073029), and the Fundamental Research Funds for the Central Universities. 437 
 438 
AUTHOR CONTRIBUTIONS 439 
Y.-X.C. conceived the idea, supervised the study and obtained funding for this work. J.P. 440 
provided the samples. X.-Y.Q., J.-W.X conducted the analytical work and wrote the draft with 441 
significant input from Y.-X.C.; F. H. and Z.-F. Z. contributed to the analytical methods and data 442 
acquisition. All the authors contributed to the interpretation of the data and editing of the 443 
manuscript.  444 
 445 
Conflict of interest statement: The authors declare no competing interests. 446 
 447 
REFERENCES 448 
1. Hawkesworth C J, Gallagher K and Hergt J M et al. Mantle and slab contributions in arc 449 

magmas. Annu Rev Earth Planet Sci 1993; 21: 175-204. 450 
2. Ishikawa T and Nakamura E. Origin of the slab component in arc lavas from across-arc 451 

variation of B and Pb isotopes. Nature 1994; 370: 205-8. 452 
3. Pabst S, Zack T and Savov I P et al. Evidence for boron incorporation into the serpentine 453 

crystal structure. Am Mineral 2011; 96: 1112-9. 454 
4. Scambelluri M and Tonarini S. Boron isotope evidence for shallow fluid transfer across 455 

subduction zones by serpentinized mantle. Geology 2012; 40: 907-10. 456 
5. De Hoog J C M and Savov I P. Boron isotopes as a tracer of subduction zone processes. In: 457 

Boron Isotopes: The Fifth Element (eds Marschall H, Foster G) 2018; 217-47. 458 
6. Chen Y X. Reverse metasomatism of subduction zone fluids. Sci China Earth Sci 2024; 67: 459 

634-8. 460 
7. Scambelluri M, Bottazzi P and Trommsdorff V et al. Incompatible element-rich fluids 461 

released by antigorite breakdown in deeply subducted mantle. Earth Planet Sci Lett 2001; 462 
192: 457-70. 463 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/advance-article/doi/10.1093/nsr/nw

ae363/7825886 by guest on 28 O
ctober 2024



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

8. Scambelluri M, Pettke T and Cannao E. Fluid-related inclusions in Alpine high-pressure 464 
peridotite reveal trace element recycling during subduction-zone dehydration of serpentinized 465 
mantle (Cima di Gagnone, Swiss Alps). Earth Planet Sci Lett 2015; 429: 45-59. 466 

9. Li H-Y, Li X and Ryan J G et al. Boron isotopes in boninites document rapid changes in slab 467 
inputs during subduction initiation. Nat Commun 2022; 13: 993. 468 

10. Li H Y, Xie C and Ryan J G et al. Slab dehydration and magmatism in the Kurile arc as a 469 
function of depth: An investigation based on B-Sr-Nd-Hf isotopes. Chem Geol 2023; 621: 470 
121373. 471 

11. Tonarini S, Leeman W P and Leat P T. Subduction erosion of forearc mantle wedge 472 
implicated in the genesis of the South Sandwich Island (SSI) arc: Evidence from boron 473 
isotope systematics. Earth Planet Sci Lett 2011; 301: 275-84. 474 

12. Cooper G F, Macpherson C G and Blundy J D et al. Variable water input controls evolution of 475 
the Lesser Antilles volcanic arc. Nature 2020; 582: 525-9. 476 

13. Leeman W P, Tonarini S and Chan L H et al. Boron and lithium isotopic variations in a hot 477 
subduction zone—the southern Washington Cascades. Chem Geol 2004; 212: 101-24. 478 

14. Jones R E, De Hoog J C M and Kirstein L A et al. Temporal variations in the influence of the 479 
subducting slab on Central Andean arc magmas: Evidence from boron isotope systematics. 480 
Earth Planet Sci Lett 2014; 408: 390-401. 481 

15. Savov I P, Ryan J G and D'Antonio M et al. Geochemistry of serpentinized peridotites from 482 
the Mariana Forearc Conical Seamount, ODP Leg 125: Implications for the elemental 483 
recycling at subduction zones. Geochem Geophys Geosyst 2005; 6: 484 
https://doi.org/10.1029/2004gc000777. 485 

16. Marschall H R and Schumacher J C. Arc magmas sourced from mélange diapirs in subduction 486 
zones. Nat Geosci 2012; 5: 862-67. 487 

17. Nielsen S G and Marschall H R. Geochemical evidence for mélange melting in global arcs. 488 
Sci Adv 2017; 3: e1602402. 489 

18. Ryan, Jeffrey G, Morris, Julie and Tera, Fouad et al. Cross-Arc Geochemical Variations in the 490 
Kurile Arc as a Function of Slab Depth. Science 1995; 270: 625-627. 491 

19. Li S-G, Yang W and Ke S et al. Deep carbon cycles constrained by a large-scale mantle Mg 492 
isotope anomaly in eastern China. Natl Sci Rev 2017; 4: 111-20. 493 

20. Teng F Z, Hu Y and Chauvel C. Magnesium isotope geochemistry in arc volcanism. Proc Natl 494 
Acad Sci 2016; 113: 7082-7. 495 

21. Liu X N, Hin R C and Coath C D et al. Equilibrium olivine-melt Mg isotopic fractionation 496 
explains high δ26Mg values in arc lavas. Geochem Perspect Lett 2022; 22: 42-7. 497 

22. Chen L, Li D‐Y and Deng J‐H et al. Fe–Mg isotopes trace the mechanism of crustal recycling 498 
and arc magmatic processes in the Neo-Tethys Subduction Zone. J Geophy Res 2023; 128: 499 
e2023JB026778. 500 

23. Brewer A, Teng F-Z and Dethier D. Magnesium isotope fractionation during granite 501 
weathering. Chem Geol 2018; 501: 95-103. 502 

24. Pang K N, Teng F-Z and Sun Y et al. Magnesium isotopic systematics of the Makran arc 503 
magmas, Iran: Implications for crust-mantle Mg isotopic balance. Geochim Cosmochim Acta 504 
2020; 278: 110–21. 505 

25. Hu Y, Teng F-Z and Ionov D A. Magnesium isotopic composition of metasomatized upper 506 
sub-arc mantle and its implications to Mg cycling in subduction zones. Geochim Cosmochim 507 
Acta 2020; 278: 219-34. 508 

26. Pearce J A, Baker P E and Harvey P. K. Geochemical evidence for subduction fluxes, mantle 509 
melting and fractional crystallization beneath the South Sandwich-Island Arc. J Petrol 1995; 510 
36: 1073-109. 511 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/advance-article/doi/10.1093/nsr/nw

ae363/7825886 by guest on 28 O
ctober 2024



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

27. Pearce J A, Barker P F and Edwards S J et al. Geochemistry and tectonic significance of 512 
peridotites from the South Sandwich arc-basin system, South Atlantic. Contrib Mineral Petrol 513 
2000; 139: 36-53. 514 

28. Maldonado A, Dalziel I W D and Leat P T. The global relevance of the Scotia Arc: An 515 
introduction. Glob Planet Change 2015; 125: A1-8. 516 

29. Vanneste L E and Larter R D. Sediment subduction, subduction erosion, and strain regime in 517 
the northern South Sandwich forearc. J Geophys Res 2002; 107: 518 
https://doi.org/10.1029/2001JB000396. 519 

30. Hayes G P, Moore G L and Portner D E et al. Slab2, a comprehensive subduction zone 520 
geometry model. Science 2018; 362: 58-61. 521 

31. Marschall H R, Wanless V D and Shimizu N et al. The boron and lithium isotopic 522 
composition of mid-ocean ridge basalts and the mantle. Geochim Cosmochim Acta 2017; 207: 523 
102-38. 524 

32. Gale A, Dalton C A, Langmuir C H et al. The mean composition of ocean ridge basalts. 525 
Geochem Geophys Geosyst 2013; 14: 489-518. 526 

33. Teng F-Z, Li W-Y and Ke S et al. Magnesium isotopic composition of the Earth and 527 
chondrites. Geochim Cosmochim Acta 2010; 74: 4150-66.  528 

34. Wang S, Kang J and Ding X et al. Magnesium isotope behavior in oceanic magmatic systems: 529 
Constraints from mid-ocean ridge lavas from the East Pacific Rise. Earth Planet Sci Lett 530 
2024; 638: 118739. 531 

35. Savov I P, Ryan J G and D'Antonio M et al. Shallow slab fluid release across and along the 532 
Mariana arc-basin system: Insights from geochemistry of serpentinized peridotites from the 533 
Mariana fore arc. J Geophys Res 2007; 112: https://doi.org/10.1029/2006JB004749. 534 

36. Kaliwoda M, Marschall H R and Marks M A W et al. Boron and boron isotope systematics in 535 
the peralkaline Ilímaussaq intrusion (South Greenland) and its granitic country rocks: A 536 
record of magmatic and hydrothermal processes. Lithos 2011; 125: 51-64. 537 

37. Teng F-Z. Magnesium Isotope Geochemistry. Rev Mineral Geochem 2017; 82: 219-87. 538 
38. Stracke A, Tipper E T and Klemme S et al. Mg isotope systematics during magmatic 539 

processes: Inter-mineral fractionation in mafic to ultramafic Hawaiian xenoliths. Geochim 540 
Cosmochim Acta 2018; 226: 192-205. 541 

39. Su B-X, Hu Y and Teng F-Z et al. Chromite-induced magnesium isotope fractionation during 542 
mafic magma differentiation. Sci Bull 2017; 62: 1538-46. 543 

40. Wang X-J, Chen L H and Hanyu T et al. Magnesium isotopic fractionation during basalt 544 
differentiation as recorded by evolved magmas. Earth Planet Sci Lett 2021; 565: 116954. 545 

41. Schmidt M W and Jagoutz O. The global systematics of primitive arc melts. Geochem 546 
Geophys Geosyst 2017; 18: 2817-54. 547 

42. Workman R K and Hart S R. Major and trace element composition of the depleted MORB 548 
mantle (DMM). Earth Planet Sci Lett 2005; 231: 53-72. 549 

43. Chen Y-X, Schertl H-P and Zheng Y-F et al. Mg-O isotopes trace the origin of Mg-rich fluids 550 
in the deeply subducted continental crust of Western Alps. Earth Planet Sci Lett 2016; 456: 551 
157-67. 552 

44. Deschamps F. Geochemistry of subduction zone serpentinites: A review. Lithos 2013; 178: 553 
96-127. 554 

45. Harvey J, Garrido C J and Savov I et al. 11B-rich fluids in subduction zones: The role of 555 
antigorite dehydration in subducting slabs and boron isotope heterogeneity in the mantle. 556 
Chem Geol 2014; 376: 20-30. 557 

46. Clarke E, De Hoog J C M and Kirstein L A et al. Metamorphic olivine records external fluid 558 
infiltration during serpentinite dehydration. Geochem Perspect Lett 2020; 16: 25-9. 559 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/advance-article/doi/10.1093/nsr/nw

ae363/7825886 by guest on 28 O
ctober 2024



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

47. Tenthorey E and Hermann J. Composition of fluids during serpentinite breakdown in 560 
subduction zones: Evidence for limited boron mobility. Geology 2004; 32: 865-8. 561 

48. De Hoog J C M, Clarke E and Hattori K. Mantle wedge olivine modifies slab-derived fluids: 562 
Implications for fluid transport from slab to arc magma source. Geology 2023; 51: 663-7. 563 

49. Syracuse E M, van Keken P E and Abers G A, The global range of subduction zone thermal 564 
models. Phys Earth Planet In 2010; 183: 73-90. 565 

50. Peters D, Bretscher A and John T et al. Fluid-mobile elements in serpentinites: Constraints on 566 
serpentinisation environments and element cycling in subduction zones. Chem Geol 2017; 567 
466: 654-66. 568 

51. Plank T. Constraints from thorium/lanthanum on sediment recycling at subduction zones and 569 
the evolution of continents. J Petrol 2005; 46: 921–44. 570 

52. Plank T. The Chemical Composition of Subducting Sediments, Treat Geochem (Second 571 
Edition) 2014; 607-29. 572 

53. Hermann J and Rubatto D. Accessory phase control on the trace element signature of 573 
sediment melts in subduction zones. Chem Geol 2009; 265: 512-26. 574 

54. Skora S and Blundy J. Monazite solubility in hydrous silicic melts at high pressure conditions 575 
relevant to subduction zone metamorphism. Earth Planet Sci Lett 2012; 321: 104-14. 576 

55. Hattori K H and Guillot S. Volcanic fronts form as a consequence of serpentinite dehydration 577 
in the forearc mantle wedge. Geology 2003; 31: 525-8. 578 

56. Liu P-P, Teng F-Z and Dick H J B et al. Magnesium isotopic composition of the oceanic 579 
mantle and oceanic Mg cycling. Geochim Cosmochim Acta 2017; 206: 151-65. 580 

57. Wang Y, Deng J and Liao R et al. Magnesium isotopic composition of the Mariana forearc 581 
serpentinite: Implications for Mg isotopic composition of the mantle wedge and Mg isotopic 582 
fractionation during mantle wedge serpentinization. Chem Geol 2023; 624: 121428. 583 

58. Li X, Li S and Zhang Z et al. Magnesium isotopic fractionation during post-serpentinization 584 
alteration: Implications for arc and oceanic Mg cycles. Chem Geol 2024; 648: 121866. 585 

59. Zhao M-S, Chen Y-X and Xiong J-W et al. Magnesium–oxygen isotope constraints on the 586 
origin of rodingites in oceanic lithosphere. Chem Geol 2023; 635: 121612. 587 

60. Benton L D, Ryan J G and Tera F. Boron isotope systematics of slab fluids as inferred from a 588 
serpentine seamount, Mariana forearc. Earth Planet Sci Lett 2001; 187: 273-82. 589 

61. Yamada C, Tsujimori T and Chang Q et al. Boron isotope variations of Franciscan 590 
serpentinites, northern California. Lithos 2019; 334-335: 180-9. 591 

62. Codillo E A, Le Roux V and Marschall H R. Arc-like magmas generated by 592 
melange-peridotite interaction in the mantle wedge. Nat Commun 2018; 9: 2864. 593 

63. Li H Y, Zhao R P and Li J et al. Molybdenum isotopes unmask slab dehydration and melting 594 
beneath the Mariana arc. Nat Commun 2021; 12: 6015. 595 

64. Li H-Y, Xie C and Ryan J G et al. Pb-Sr isotopes of the Kurile arc provide evidence for 596 
Indian-type oceanic crust in the Pacific basin. Lithos 2023; 107174: 448-449. 597 

65. Li X, Yan Q and Zeng Z et al. Across-arc variations in Mo isotopes and implications for 598 
subducted oceanic crust in the source of back-arc basin volcanic rocks. Geology 2021; 49: 599 
1165-1170. 600 

66. Kelley K, Plank T and Farr L et al. Subduction cycling of U, Th, and Pb. Earth Planet Sci 601 
Lett 2005; 234: 369-383. 602 

67. Dai F-Q, Chen Y-X and Chen R-X et al. Subducted serpentinite contributes to the formation 603 
of arc lavas with heavy Mo isotopic compositions. Geochim Cosmochim Acta 2024; 369: 604 
62-70. 605 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/advance-article/doi/10.1093/nsr/nw

ae363/7825886 by guest on 28 O
ctober 2024



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

68. Chen S, Hin R C and John T et al. Molybdenum systematics of subducted crust record 606 
reactive fluid flow from underlying slab serpentine dehydration. Nat Commun 2019; 10: 607 
4773. 608 

69. Zhang Y, Gazel E and Gaetani G A et al. Serpentinite-derived slab fluids control the oxidation 609 
state of the subarc mantle. Sci Adv 2021; 7: 48. 610 

70. Rojas-Kolomiets E, Jensen O and Bizimis M et al. Serpentinite fluids and slab-melting in the 611 
Aleutian arc: Evidence from molybdenum isotopes and boron systematics. Earth Planet Sci 612 
Lett 2023; 603: 117970. 613 

71. Du Q, Qin Z and Zhang G et al. Origin and tectonic implications of Paleocene high-Mg 614 
dioritic plutons in the Lhasa terrane, Qulong area, Tibet. J Asian Earth Sci 2023; 246: 105539. 615 

72. Hao L-L, Nan X-Y and Kerr A C et al. Mg-Ba-Sr-Nd isotopic evidence for a mélange origin 616 
of early Paleozoic arc magmatism. Earth Planet Sci Lett 2022; 577: 117263. 617 

73. Barnes J D and Straub S M. Chorine stable isotope variations in Izu Bonin tephra: 618 
Implications for serpentinite subduction. Chem Geol 2010; 272: 62-74. 619 

74. Dick H J B, Lin J and Schouten H. An ultraslow-spreading class of ocean ridge. Nature 2003; 620 
426: 405-12. 621 

75. Cai C, Wiens D A and Shen W et al. Water input into the Mariana subduction zone estimated 622 
from ocean-bottom seismic data. Nature 2018; 563: 389-92. 623 

76. Vils F, Tonarini S and Kalt A et al. Boron, lithium and strontium isotopes as tracers of 624 
seawater-serpentinite interaction at Mid-Atlantic ridge, ODP Leg 209. Earth Planet Sci Lett 625 
2009; 286: 414-25. 626 

77. Ranero C R, Phipps Morgan J and McIntosh K et al. Bending-related faulting and mantle 627 
serpentinization at the Middle America trench. Nature 2003; 425: 367-73. 628 

78. Wei G J, Wei J and Liu Y et al. Measurement on high-precision boron isotope of silicate 629 
materials by a single column purification method and MC-ICP-MS. J Anal At Spectrom 2013; 630 
28: 606-12. 631 

79. An Y, Wu F and Xiang Y et al. High-precision Mg isotope analyses of low-Mg rocks by 632 
MC-ICP-MS. Chem Geol 2014; 390: 9-21. 633 

80. Young E D and Galy A. The isotope geochemistry and cosmochemistry of magnesium. Rev 634 
Mineral Geochem 2004; 55:197-230. 635 

81. Ma L-T, Dai L-Q and Zheng Y-F et al. Geochemical evidence for incorporation of subducting 636 
sediment-derived melts into the mantle source of Paleozoic high-Mg andesites from 637 
northwestern Tianshan in western China. Geol Soc Am Bull 2022; 135: 310-30. 638 

82. Kodolányi J and Pettke T. Loss of trace elements from serpentinites during fluid-assisted 639 
transformation of chrysotile to antigorite — An example from Guatemala. Chem Geol 2011; 640 
284: 351-62. 641 

83. Kessel R, Schmidt M W and Ulmer P et al. Trace element signature of subduction-zone 642 
fluids, melts and supercritical liquids at 120-180 km depth. Nature 2005; 437: 724-7. 643 

84. Hu Y, Teng F-Z and Plank T et al. Magnesium isotopic composition of subducting marine 644 
sediments. Chem Geol 2017; 466: 15-31. 645 

85. Huang K-J, Teng F-Z and Plank T et al. Magnesium isotopic composition of altered oceanic 646 
crust and the global Mg cycle. Geochim Cosmochim Acta 2018; 238: 357-73. 647 

86. Liao R, Zhu H and Zhang L et al. Unusual δ26Mg values in oceanic crust basalts from the 648 
South China Sea. GSA Bulletin 2022; 135: 523-33. 649 

87. You C F, Chan L H and Spivack A J et al. Lithium, boron, and their isotopes in sediments and 650 
pore waters of Ocean Drilling Program Site 808, Nankai Trough: Implications for fluid 651 
expulsion in accretionary prisms. Geology 1995; 23: 37–40. 652 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/advance-article/doi/10.1093/nsr/nw

ae363/7825886 by guest on 28 O
ctober 2024



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

88. Jones J H. Temperature and pressure-independent correlations of olivine/liquid partition 653 
coefficients and their application to trace element partitioning. Contrib Mineral Petrol 1984; 654 
88: 126-32. 655 

89. Huang J, Guo S and Jin Q-Z et al. Iron and magnesium isotopic compositions of 656 
subduction-zone fluids and implications for arc volcanism. Geochim Cosmochim Acta 2020; 657 
278: 376-91. 658 

90. Manning C. The chemistry of subduction-zone fluids. Earth Planet Sci Lett 2004; 223: 1-16. 659 
  660 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/advance-article/doi/10.1093/nsr/nw

ae363/7825886 by guest on 28 O
ctober 2024



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T
 661 

Figure 1. (A) Tectonic setting of the South Sandwich Island (SSI) arc-East Scotia Ridge (ESR) region 662 
(modified after ref. [28]). CSS, Central Scotia Sea; ESR, East Scotia Ridge; ESS, East Scotia Sea; WSR, West 663 
Scotia Ridge; and WSS, West Scotia Sea. (B) Detailed location of the SSI arc (modified after ref. [26]). The 664 
volcanic samples are from islands on the Sandwich Plate. The hexagon indicates the location of the dredged 665 
serpentinized peridotites [27]. 666 
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 668 

 669 

Figure 2. Boron element and isotope variations in arc magma and forearc serpentinite from the SSI. (A) B/Zr 670 
vs. SiO2. (B–D) δ11B vs. B concentration (B), Nb/B ratio (C) and B/Zr ratio (D) of arc magma and forearc 671 
serpentinite. The error of the δ11B is smaller than the symbol. Both the major and trace element data are from ref. 672 
[26,27], and the MORB data are from ref. [31,32]. 673 
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 676 

Figure 3. Plots of δ26Mg vs. MgO (A), SiO2 (B), 87Sr/86Sr ratios (C) and 143Nd/144Nd ratios (D) of arc magma 677 
and forearc serpentinite from the SSI. Data for Lesser Antilles Arc (LAA) magmas and mantle from ref. [20] are 678 
shown for comparison. Mg isotope data for global island arc magmas are from ref. [19-21,23]. The green line 679 
represents the modelled δ26Mg evolution during the co-crystallization of 20% olivine and 20% clinopyroxene 680 
[21]. The two brown lines represent the reported Mg isotope evolution trend of MORB from East Pacific Rise 681 
and Kilauea Iki lava [31,34]. The isotopic compositions of MORB are from ref. [32,33]. 682 
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 684 

 685 
Figure 4. Mg-B isotope modelling for arc magma genesis. (A–B) Modelling results showing the 686 

contamination of depleted mantle (DM, yellow stars) [31,42] by (1) serpentinite-derived fluids, and by (2) fluids 687 
derived from the uppermost slab; the dotted line represents in panel (B) serpentinite-derived fluid with high 688 
δ26Mg of +0.5‰; (C–D) Modeling results of mixing DM with (3) a serpentinite-dominated mélange, and (4) the 689 
subducted slab. Given the lower δ11B values of forearc serpentinite than SSI arcs, we also consider the possible 690 
contributions of serpentinite-derived fluids at subarc depth. The red numbers along each mixing line represent 691 
the mass proportions of recycled materials. The error bars on the δ11B values are smaller than the symbol size. 692 
See Materials and Methods section for modelling details.  693 
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 696 
Figure 5. The serpentinite-dominated diapiric mélange melting model for the origin of the SSI arc magmas, 697 
modified from ref. [17]. The serpentinite-dominated mélange was initially formed at the slab-mantle interface, 698 
which is primarily composed of forearc serpentinite along with minor sediments and possibly other 699 
slab-derived materials. The mélange rises as diapirs into the overlying hot mantle wedge due to its buoyancy 700 
and low viscosity, which then melts along with the surrounding mantle rocks and eventually forms SSI arc 701 
magmas. 702 
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