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 11 

Abstract 12 

Subduction zones have played a central role in exchanging volatiles (H2O, CO2, S, halogens) 13 

between the different Earth’s reservoirs throughout its history. Fluids that are released as the 14 

subducted plates dehydrate are major agents that transfer these volatiles inside the Earth; but 15 

the origins and the compositional evolution of the slab fluids as plates begin to sink are yet to 16 

be understood. To explore processes that take place during subduction infancy, here we 17 

examine the compositions of proto-arc magmas from the Izu-Bonin-Mariana (IBM) convergent 18 

margin that formed during subduction inception; and we compare these to a modern example 19 

of near-trench spreading in the southeast Mariana fore-arc rift (SEMFR). There is a temporal 20 

and spatial evolution in the slab fluid composition that is accompanied with a change in the 21 

fluid reservoirs, as subduction progresses. During the early stages of the subduction zone, 22 

dehydration of the serpentinized subducting mantle likely triggered dehydration and melting 23 

of the altered oceanic crust in the amphibolite facies to produce boninites. As the subduction 24 

zone matured, the volcanic arc front was displaced away from the trench. The arc magmas 25 

captured deeper slab fluids released from the subducted oceanic crust, the sediments and the 26 
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underlying serpentinized mantle. Dehydration and melting of the subducted sediment became 27 

more prevalent with time and increasing slab depth ( 100 km) to produce arc magmas. This 28 

compositional evolution was associated with a deepening of magma generation, which is likely 29 

accompanied with the progressive serpentinization of fore-arc mantle. Hence, fore-arc mantle 30 

serpentinization might have facilitated arc maturation and subduction stabilization throughout 31 

the IBM history.  32 

 33 

1- Introduction 34 

Subduction zones have efficiently cycled volatiles (H2O, S, Cl, F, CO2) between the 35 

Earth’s interior and the hydrosphere - atmosphere over geological time. The varying fluxes of 36 

volatiles released at subduction zones have regulated explosive volcanism, which, in return, 37 

has modulated and Earth’s climate and habitability for millions of years.  38 

 39 

During subduction, the subducted sediments are believed to dehydrate first, at about ~50 40 

to 100 km depths, releasing water-rich slab fluids enriched in volatiles (CO2, H2O, S, Cl) and 41 

in fluid-mobile elements (Cs, Rb, Ba, Pb, U). These water-rich slab fluids serpentinize the 42 

relatively cool (~ 600oC) fore-arc mantle wedge at shallow slab depth (< 100 km depth) 43 

(Hyndman and Peacock, 2003; Rüpke et al., 2004; Savov et al., 2007). Dehydration of 44 

subducted altered oceanic crust and serpentinized mantle occur at greater depths, of ~100 – 45 

200 km depths, to trigger magmatism beneath the volcanic arc front and the back-arc basin 46 

(Elliott et al., 1997; Grove et al., 2006; Pearce et al., 2005; Rüpke et al., 2004). As subduction 47 

proceeds, the slab-derived fluids become less water-rich; and they progressively transition 48 

into solute-rich slab fluids derived from sediment melting (or sediment melts) with increasing 49 

slab depth ( 100 km) (Johnson and Plank, 1999; Kessel et al., 2005; Manning, 2004). 50 

Volatile liberation from the incoming plate is discontinuous to sub-arc depth (Muñoz-51 



Montecinos et al., 2021), and the slab’s capacity to carry water and other volatiles diminishes 52 

with increasing depth (Rüpke et al., 2004; Schmidt and Poli, 1998). Although our 53 

understanding of the formation and role of slab fluids has improved significantly over the 54 

past decades, questions still remain regarding their origins and temporal-spatial 55 

compositional evolution as subduction begins and the slab sinks progressively deeper. We 56 

can wonder if this long-standing model also holds during the early development of a 57 

subduction zone and throughout its lifespan. Does the composition of the slab fluids evolve 58 

over time? Are the fluids released from the same part of the subducting slab during 59 

subduction maturation?  60 

 61 
To address these questions, we compiled a dataset from the Izu-Bonin-Mariana (IBM) 62 

proto-arc crust (i.e., fore-arc basalts and boninites), the infant arc, and the mature volcanic arc 63 

to examine the temporal variations in the compositions and in the sources of slab fluids since 64 

subduction inception. We further compare the IBM proto-arc magmas to those from the 65 

Southeast Mariana fore-arc rift (SEMFR), which developed by near-trench spreading long 66 

after subduction initiated, to place additional constraints onto the subduction processes that 67 

occur relatively close (within ~ 90 km) to the trench.  We find that the slab fluid 68 

compositions evolved over the lifetime of IBM. This compositional evolution reveals a 69 

change in the sources of the slab fluids, which is associated with the progressive migration of 70 

the volcanic arc front and a deepening of magma generation. 71 

 72 

2- Geological background 73 

2.1- Temporal evolution of the IBM convergent margin  74 

The Izu-Bonin-Mariana fore-arc crust has long been regarded as a typical example of 75 

proto-arc crust that developed during subduction inception (Fig. 1A) (Ishizuka et al., 2006; 76 

Reagan et al., 2010; Stern and Bloomer, 1992). The IBM subduction zone is associated with 77 



the sinking of the Pacific plate underneath the Philippine Sea plate, which initiated about 52 78 

Myr ago (Fig. 2). Rapid sinking of the nascent slab enabled spreading of the proto-arc 79 

oceanic lithosphere in front of the trench (called hereafter near-trench spreading) (Ishizuka et 80 

al., 2006; Reagan et al., 2010; Stern and Bloomer, 1992). Hence, the asthenospheric mantle 81 

flowed into the mantle wedge (i.e., the future fore-arc) and melted right above the descending 82 

plate, producing new oceanic crust in front of the trench (Fig. 1A) (Ishizuka et al., 2006; 83 

Maunder et al., 2020; Reagan et al., 2010). Several types of magmas were produced over the 84 

IBM lifetime, as the subduction zone evolved; and these include:  85 

 86 

 Tholeiitic proto-arc basalts (also named fore-arc basalts or FABs in the literature, after 87 

Reagan et al. (2010)) which represent the first magmas emplaced as the slab began 88 

sinking. These formed by decompression melting of the proto-arc asthenosphere with 89 

limited infiltration of slab fluids from 52 to 48 Myr (Maunder et al., 2020; Pearce et 90 

al., 1984; Reagan et al., 2010; Stern and Bloomer, 1992). Proto-arc lithosphere 91 

accreted by spreading in front of the trench (i.e., near-trench spreading) during 92 

subduction inception (Coulthard et al., 2021; Ishizuka et al., 2006; Ishizuka et al., 93 

2011a; Reagan et al., 2017). 94 

 95 

 Low-silica boninites (LSB) which formed shortly after the FABs by near-trench 96 

spreading from 51 to 48 Myr (Coulthard et al., 2021; Ishizuka et al., 2006; Reagan et 97 

al., 2010; Shervais et al., 2019). As the subducted slab began to dehydrate and melt, 98 

the resulting slab-derived fluids infiltrated the residual, depleted proto-arc 99 

asthenosphere to produce the LSB (Ishizuka et al., 2006; Pearce and Reagan, 2019; 100 

Reagan et al., 2017). 101 

 102 



 Seafloor spreading rapidly transitioned into fluid-assisted mantle melting due to the 103 

increasing fluxing of the depleted asthenosphere by the slab fluids, which produced 104 

high-silica boninites (HSB) from 50 to 45 Myr (Coulthard et al., 2021; Li et al., 2019; 105 

Pearce and Reagan, 2019; Reagan et al., 2010; Reagan et al., 2017; Shervais et al., 106 

2021; Stern and Bloomer, 1992) (Fig. 1A). The progressive compositional evolution 107 

from the FABs to the high-Si boninites further implies that near-trench spreading 108 

continuously transitioned from decompression mantle melting to fluid-assisted mantle 109 

melting within 5-10 Myr following subduction inception (Coulthard et al., 2021; 110 

Ishizuka et al., 2006; Ishizuka et al., 2011a; Reagan et al., 2010; Shervais et al., 2021; 111 

Stern and Bloomer, 1992). HSB developped as small volcanic cones only a few 112 

kilometers from the trench. Some of these volcanoes have been preserved in the IBM 113 

fore-arc (Bonin Island, now called Chichijima; Fig. 2) (Reagan et al., 2010; Reagan et 114 

al., 2017). Boninites represent the onset of arc magmatism, as they are the first melts 115 

that formed by fluid-assisted mantle melting (Ishizuka et al., 2011a; Pearce and 116 

Reagan, 2019; Reagan et al., 2010). 117 

 118 

 Infant arc magmas appeared shortly after the eruption of the high-Si boninites, i.e. 119 

from 45 to 41 Myr (Ishizuka et al., 2020; Ishizuka et al., 2011b; Reagan et al., 2017). 120 

These represent the youngest arc volcanoes, which rapidly form within 10 Myr of 121 

subduction inception (Ishizuka et al., 2006; Ishizuka et al., 2011b; Kanayama et al., 122 

2012). Arc infancy is a transient and short-lived stage (that lasted ~ 5 Myr) during 123 

which small submarine and subaerial volcanic cones rapidly developed and migrated 124 

away from the trench, without consolidating magma generation (Ishizuka et al., 2011a; 125 

Ishizuka et al., 2020; Ribeiro et al., 2019). Some of these early arc volcanoes are 126 



preserved in the Bonin Islands (Fig. 2) (Ishizuka et al., 2006; Kanayama et al., 2012, 127 

2014). 128 

 129 

 The mature volcanic arc began to develop from ~ 40 - 42 Myr and remains active  130 

(Baker et al., 2008; Ishizuka et al., 2011b; Stern et al., 2013a; Tamura et al., 2014; 131 

Tamura et al., 2011). The volcanic arc front has stabilized at its current location at ~ 132 

150 km from the trench the past 40 Myr (Ishizuka et al., 2011b; Straub et al., 2010; 133 

Straub et al., 2015), and it lies ~ 100 - 150 km depth above the slab surface (Stern et 134 

al., 2003). Magma generation has consolidated over time through the formation of 135 

dykes and sills. This continuous supply of melts underneath the mature arc promoted 136 

crustal thickening and magma differentiation.  137 

 138 

As the IBM subduction zone matured and stabilized into a long-lived convergent margin, 139 

progressive serpentinization of the fore-arc mantle was accompanied by the retreat of the 140 

infant volcanic arc front until stabilization. Hence, the conditions for a mature subduction 141 

zone were rapidly established in IBM ( 10 Myr) (Ishizuka et al., 2006; Ishizuka et al., 142 

2020; Ishizuka et al., 2011b; Ribeiro et al., 2019; Straub et al., 2010; Straub et al., 2015).  143 

 144 

2.2- The southern Mariana fore-arc rift (SEMFR) 145 

The southern Mariana intra-oceanic arc represents the southern end of the Izu-Bonin-146 

Mariana (IBM) convergent margin (Fig. 2). To the south, Eocene proto-arc crust, that formed 147 

during subduction infancy (Reagan et al., 2010), has undergone recent extension (< 5 Myr) to 148 

accommodate opening of the Mariana Trough (Martinez et al., 2000; Martinez et al., 2018). 149 

As a result, the southeast Mariana fore-arc rifts (SEMFR) opened in front of the trench due to 150 

large-scale and disorganized lithospheric stretching above the shallow part of the subducting 151 



Pacific plate (< 100 km depth to the slab), long after subduction had initiated (Fig. 1B). Slab 152 

dehydration probably enhanced magmatic activity, resulting in a 6-km-thick and 153 

homogeneous basaltic crust in the Mariana fore-arc (Martinez et al., 2018; Ribeiro et al., 154 

2013b). To the northwest, the SEMFR progressively transitions into the Fina-Nagu volcanic 155 

chain (FNVC), which represents a juvenile arc that initiated less than 5 Myr ago (Brounce et 156 

al., 2016; Ribeiro et al., 2019; Stern et al., 2013b). Near-trench spreading aborted within ~2 157 

Myr (Martinez et al., 2018; Ribeiro et al., 2013a); and the inflated spreading ridges collapsed 158 

as soon as magmatic activity ceased, forming the actual fore-arc rifts.  159 

 160 

The SEMFR is now floored with recently erupted basaltic pillow lavas and lava flows 161 

within 80-90 km from the trench (Martinez et al., 2018; Ribeiro et al., 2013a). The basalts are 162 

underlain by a gabbroic lower crust and by a mixture of harzburgitic and refertilized 163 

lherzolitic mantle (Michibayashi et al., 2009; Ohara and Ishii, 1998; Ribeiro et al., 2013a). 164 

Even though near-trench spreading in the southern Marianas occurred long after subduction 165 

initiated, the formation of new seafloor above a shallow dehydrating slab may be analogous 166 

to the processes that occur during subduction inception. Hence, examining the SEMFR 167 

magmas can provide critical insights into the shallow and near-trench subduction processes, 168 

which are rarely captured in modern subduction zones.  169 

 170 

3- Data compilation and filtering 171 

To place additional constraints upon the processes that developed during subduction 172 

infancy, we compiled a dataset (n = 1132) that includes bulk rock analyses and in-situ micro-173 

analyses of glasses from the SE Mariana fore-arc rift (SEMFR), the Izu-Bonin-Mariana 174 

proto-arc crust, and the Mariana arc and back-arc. Fresh glass shards and olivine-hosted melt 175 

inclusions were selected whenever possible, as they may have retained their primitive melt 176 



compositions more faithfully than their host rock. Additionally, glass shards and olivine-177 

hosted melt inclusions have experienced the least degassing, and so may provide additional 178 

constraints onto the volatile contents of water-rich slab fluids.  179 

 180 

Because magmas degas upon ascent or during eruption, so fresh glass shards and 181 

olivine-hosted melt inclusions were filtered for minimally degassed volatile contents (CO2 >50 182 

ppm and S >500 ppm), as in Kelley et al. (2006). Samples were then screened for basaltic (SiO2 183 

≤ 56 wt%) and boninitic compositions (i.e., as reported in the literature) with a total sum of 184 

oxides equal to 100 ± 2 wt% to ensure freshness and filtering for highly fractionated magma 185 

compositions, as some fractionating mineral phases (amphibole, ilmenite, biotite, …) could 186 

modify trace element ratios (Schiano, 2003). Boninites are not excluded of our database for 187 

high silica content, as neither low- nor high-silica boninites crystallize the mineral phases 188 

which could modify their incompatible element ratios (i.e., olivine, spinel, orthopyroxene) 189 

(Pearce et al., 2005). This filtering (n = 521) allows us to minimize the effects of volatile 190 

degassing, alteration, crustal assimilation and contamination to ensure that the composition of 191 

the magmas is most representative of their sources. Our filtered dataset includes 20 olivine-192 

hosted melt inclusions and 13 basaltic glass shards from the SEMFR, 203 olivine-hosted melt 193 

inclusions, 11 basaltic glass shards and 29 bulk rocks from the Mariana arc, 46 bulk rocks and 194 

47 basaltic glass shards from the Mariana Trough, 72 glass shards from the IBM proto-arc 195 

crust, and 75 bulk rocks from the infant arc.  196 

The water content of the glasses was also compared to incompatible elements, such as 197 

Rb, that are mobilized with the aqueous slab fluids but remain unaffected by volatile degassing. 198 

Correlations between water, Rb, MgO and SiO2 indicates that the filtered dataset (i) glasses 199 

have probably lost little water by degassing (Fig. S1-S4); and (ii) the melt inclusions did not 200 

experience diffusive re-equilibration with the host olivine (Gaetani et al., 2012) . This filtered 201 



dataset was used to examine the composition of slab fluids. However, we also used the 202 

complete dataset to examine major element composition of the magmas as well as their Pb-Sr 203 

isotopic ratios, which are rarely measured on fresh glass shards.  204 

 205 

Despite their freshness, glasses can still be prone to secondary alteration processes 206 

after being emplaced onto the seafloor. They can also have captured hydrothermal brines 207 

within the magma chamber or upon ascent (Kent et al., 1999). Elements of interest (Ba, Rb, 208 

Th, H2O, …) were plotted against elements that are believed to remain immobile during 209 

alteration processes (see supplementary Fig. S1-S4). Fractionation trends were mostly 210 

preserved, indicating that magmas were little affected by alteration (Fig. S1-S4). Hence, their 211 

composition can be used to reliably track the composition of the slab fluids that infiltrated 212 

their mantle source. The complete and the filtered datasets are reported in Table S1. Details 213 

and references can be found in the supplementary material.  214 

 215 

4- Magma composition  216 

4.1- From the IBM proto-arc to the mature arc magmas 217 

The IBM FABs are characterized by low K2O (< 1 wt%) and low water contents (H2O = 218 

0.75 ± 0.58 (1) wt%) (Fig. 3A). They are however slightly enriched in water compared with 219 

mid-ocean ridge basalts (H2O < 0.2 wt%) (Saal et al., 2002). The low-silica (LSB) and the 220 

high-silica boninites (HSB) possess higher K2O content (> 0.2 wt%) and higher water content 221 

(H2O = 3.68 ± 1.21 (1) wt%) than the FABs (Fig. 3A). They are characterized by low TiO2 222 

content (< 0.4 wt%) (Fig. 3B) compared with the Mariana arc magmas, which indicates 223 

melting of a strongly depleted, residual mantle source (Pearce and Reagan, 2019; Reagan et 224 

al., 2017).  In the MgO vs. SiO2 diagram of Pearce and Reagan (2019), the FABs, the LSB 225 

and the HSB plot along distinct liquid lines of descent, demonstrating that they did not form 226 



during the same melting event. From the FABs to the HSB, there is an increase in the SiO2 227 

and K2O contents of the magmas over time (stages 1 to 3 in Fig. 3A).  228 

 The infant arc magmas are low-K to medium-K basalts to dacites (Fig. 3A). As the arc 229 

reaches maturity, the magmas become more enriched in K2O, so that the mature arc magmas 230 

are medium-K basalts to dacites. The infant arc magmas thus contrast with the more mature 231 

Mariana arc by having lower K2O content (Fig. 3A). This increase in the K2O content of the 232 

magmas during subduction maturation reveals the progressive migration and deepening of the 233 

magma generation with time. Indeed, K-rich phases within the subducted slab, such as 234 

lawsonite and phengite, tend to breakdown at sub-arc depth, so that the near-trench magmas 235 

that overly a shallower part of the slab ( 90 km depth), capture K-poor, water-rich slab 236 

fluids. By contrast, the infiltration of K-rich, water-rich aqueous slab fluids into the sub-arc 237 

mantle enriches the arc magmas in K (Hatherton and Dickinson, 1969; Kimura and Stern, 238 

2008; Pearce and Robinson, 2010; Plank and Langmuir, 1993; Schmidt and Poli, 1998) (Fig. 239 

4-5). The low K2O content of the early IBM magmas is thus consistent with their formation 240 

within ~ 90 - 100 km from the trench and above a shallow, nascent subducted slab. The 241 

mature arc magmas formed instead at ~ 150 – 200 km from the trench, and they overlie a 242 

deeper portion of the slab (~ 100 km depth). 243 

 244 

4.2- The SEMFR magmas 245 

The SEMFR magmas are low-K basalts (SiO2 < 59 wt%, K2O  1 wt%) (Fig. 3A), and 246 

contain 1.84  0.39 (1) wt% H2O on average. In terms of SiO2, K2O, MgO and TiO2 247 

contents, the SEMFR basalts are similar to FABs. Their higher TiO2 content (> 0.4 wt%) 248 

compared with the boninites (Fig. 3B), reveal that they formed by melting of a relatively 249 

undepleted mantle source, as also shown by their Nb/Yb ~ 1 (Fig. 4).  250 



 The SEMFR basalts host some olivine mantle xenocrysts (Fo90-92), which can enclose 251 

fresh melt inclusions. The melt inclusions occur as isolated pieces of melt that are fully 252 

entrapped by their olivine host. The melt inclusions were perhaps entrapped at ~ 22.0 ± 6.6 253 

km depth during olivine growth (Ribeiro et al., 2015). The SEMFR olivine-hosted melt 254 

inclusions are primitive basalts (MgO > 8 wt%, SiO2 < 54 wt%) that possess low K2O (< 1 255 

wt%) and low TiO2 (< 0.5 wt%) contents (Fig. 3). In the classification diagram of Pearce and 256 

Reagan (2019), the olivine-hosted melt inclusions overlap the compositional field for the 257 

LSB (Fig. 3). This suggests melting of a more depleted mantle source than that of their host 258 

lavas, and is consistent with their lower Nb/Yb ratios (~ 0.1) (Fig. 4). Ribeiro et al. (2015) 259 

suggested that the SEMFR olivine-hosted melt inclusions trapped melts that formed by 260 

adiabatic decompression mantle of the refractory fore-arc asthenosphere, that was infiltrated 261 

by the water-rich slab fluids released during shallow slab dehydration. They proposed that the 262 

recent stretching of the Eocene fore-arc lithosphere in the southern Marianas (~ 5 Myr ago) 263 

enabled the fore-arc asthenosphere to flow in and melt under highly hydrous conditions 264 

within 90 km from the trench. Near-trench spreading allowed the SEMFR magmas to erupt in 265 

Pliocene time, while they captured mantle olivine upon ascent. 266 

 267 

5- Compositional evolution of the slab fluids since subduction inception 268 

 Slab dehydration and slab melting can be inferred using chemical proxies (e.g., Rb/Th, 269 

Cs/Th, H2O/Ce, Th/Nb, La/Sm, Hf/Sm and Zr/Sm), which represent a record of the water-270 

rich and solute-rich slab fluids that participate in mantle melting (Elliott et al., 1997; Johnson 271 

and Plank, 1999; Manning, 2004; Pearce et al., 2005). Ratios of a fluid-mobile element (Ba, 272 

Cs, Rb, H2O, Th, La) over an incompatible element that is not mobilized with the fluids (Nb, 273 

Yb, Sm, Ce), but migrate similarly during mantle melting, has the advantage to minimize for 274 

fractionation and melting processes. Hence, elemental ratios can preserve a reliable signature 275 



of the slab fluids (Kogiso et al., 1997; McCulloch and Gamble, 1991). Because Ba, Rb and 276 

Cs are mobilised by both with the water-rich fluids and the sediment melts, Rb/Th, Cs/Th and 277 

Ba/Th ratios will track the water-rich slab fluids (Fig. 4–5), as Th is mainly mobilized during 278 

sediment melting  (Johnson and Plank, 1999; Pearce et al., 2005). Similarly, H2O/Ce has been 279 

used as a marker of water-rich slab fluids, as Ce remains relatively immobile with the water-280 

rich slab fluid (Dixon et al., 2017; Dixon et al., 2002; Ruscitto et al., 2012). The Ba/Nb, 281 

Rb/Nb and Cs/Nb ratios track instead the total subduction signal (i.e., water-rich fluid and 282 

solute-rich fluid); while Th/Nb ratios track the solute-rich fluids released during sediment 283 

melting (Elliott et al., 1997; Pearce et al., 2005).  284 

 Hf/Sm and Zr/Sm ratios have been proposed to track melting of the oceanic crust in 285 

the amphibolite facies (Foley et al., 2002; Li et al., 2019; Pearce et al., 1992), so that high 286 

Hf/Sm and Zr/Sm ratios would reflect the infiltration of slab-derived amphibolite melts into 287 

the mantle source. La/Sm, by contrast, tracks solute-rich fluids released by melting of both 288 

the sediments and the amphiboliltized oceanic crust. Amphibole is the only mineral phase 289 

that fractionates Hf and Zr from Sm (Foley et al., 2002; Pearce et al., 1992). The scarcity of 290 

amphibole in mantle rocks from modern subduction zones cannot account for the 291 

compositional variations in Hf/Sm and Zr/Sm observed in the magmas (Pearce et al., 1992). 292 

As such, slab melting of altered oceanic crust in the amphibolite facies has been proposed as 293 

a cause of these variations, which is consistent with the observations of amphibolite melting 294 

in subducted slabs with a warm P-T path (Angiboust et al., 2017; Prigent et al., 2018). Below, 295 

we examine the composition of slab fluid markers in magmatism spanning the history of the 296 

IBM margin.  297 

 298 

5.1- Large fluxes of water-rich slab fluids released during subduction infancy 299 



The FABs possess a geochemical fingerprint in the markers of water-rich slab fluids that 300 

is intermediate between mid-ocean ridge basalts (MORBs) and back-arc basin basalts 301 

(BABBs) (Ba/Th = 63.26 – 92.47, Rb/Th = 5.50 – 39.54, Cs/Th = 0.05 – 0.54, H2O/Ce = 302 

484.06 – 2798.09; Table S1-4) (Fig. 4-5), indicating that a minor amount of slab fluid 303 

infiltrated the asthenospheric mantle during the first stages of subduction inception in IBM  304 

(Coulthard et al., 2021; Ishizuka et al., 2011b; Reagan et al., 2010; Reagan et al., 2017). 305 

There is an increase in the markers of slab dehydration from the FABs to the boninites 306 

(Ba/Th = 133.01 – 913.18, Rb/Th = 30.41 – 219.32, Cs/Th = 0.53 – 4.79 for the LSB glasses; 307 

and Ba/Th = 115.65 – 239.90, Rb/Th = 51.19 – 134.23, Cs/Th = 1.71-5.17 for the HSB 308 

glasses in Fig. 4-5; Table S1-4), that is associated with an increase in H2O/Ce (Fig. 4A). The 309 

boninites also possess higher H2O/Ce ratios (7522.55 – 21775.79) compared with the modern 310 

arc and the back-arc magmas. Although HSB have slightly higher markers of slab 311 

dehydration than LSB, their compositional ranges generally overlap (Fig. 4-5, 7). The sharp 312 

increase in the markers of slab dehydration (Rb/Th, Ba/Th, Cs/Th, Cs/Ba) from the FABs to 313 

the low-silica boninites further implies that large fluxes of water-rich fluids were released 314 

from the shallow part of the subducting slab ( 90 km slab depth) within ~1 Myr of 315 

subduction inception.  316 

The high Th/Nb and La/Sm (Fig. 4, 6) in the IBM HSB further indicate that the subducted 317 

sediments began melting shortly after the subduction began. The high Hf/Sm and Zr/Sm in 318 

the IBM boninites (Fig. 6) has been proposed to track melting of the altered oceanic crust in 319 

the amphibolite facies, due to high temperatures on top of the nascent slab (Foley et al., 2002; 320 

Li et al., 2019; Pearce et al., 1992). Slab melting increases from the LSB to the HSB, as 321 

shown by the higher Hf/Sm and Zr/Sm ratios in the HSB (Fig. 6). Such high temperatures 322 

were perhaps caused by a return of asthenospheric mantle flow (Pearce and Robinson, 2010; 323 

Reagan et al., 2010), triggered by the sinking of the nascent subducted plate. Slab melting in 324 



the amphibolite facies during the early stages of IBM reveals the warm thermal structure of 325 

the Pacific plate as it began sinking (Agard et al., 2020; Li et al., 2019; Prigent et al., 2018). 326 

As subduction matures, its slab thermal structure progressively cools over time (Holt and 327 

Condit, 2021).  328 

 329 

5.2- Less water-rich slab fluids and more sediment melts released beneath the 330 

Mariana arc 331 

The infant arc basalts possess an intermediate composition between arc and back-arc 332 

magmas in slab fluid proxies (Ba/Th = 57.93 – 299.23, Rb/Th = 9.29 – 34.43, Th/Nb = 0.08 – 333 

0.87; Table S1-4) (light green compositional field Fig. 4) (Ribeiro et al., 2019). Their 334 

composition in these slab-fluid markers is generally much lower than that observed in the 335 

LSB and HSB (Fig. 4). During arc infancy, the slab fluids released from the slab at ~ 90 - 100 336 

km depth progressively become less enriched in water and in sediment melt.  337 

Mature arc basalts possess, instead, higher values for proxies of sediment melt (Th/Nb = 338 

0.18 – 1.17) and water-rich fluids (Ba/Th = 138.18 – 1141.18, Rb/Th = 6.86 – 33.04, Cs/Th = 339 

0.23 – 1.23, H2O/Ce = 1727.82 – 9828.55; Table S1-5) than the infant arc magmas (Fig. 4-5). 340 

The slab fluids released at sub-arc depths ( 100 km depth) beneath the mature volcanic arc 341 

progressively became more aqueous and solute-rich, as compared to the fluids released 342 

beneath the infant arc. However, these deeper slab fluids generally remained much less 343 

aqueous than the shallow slab fluids released during subduction infancy (i.e., during boninitic 344 

magmatism). Thus, there is a rapid decrease in the water-rich and solute-rich slab fluids from 345 

the HSB to the infant arc magmas that occurred within 5 Myr of subduction inception (Fig. 6-346 

7). As the volcanic arc began to develop, the slab capacity to transport water, Rb and Cs to 347 

depth diminished (Kessel et al., 2005; Manning, 2004; Schmidt and Poli, 1998); while 348 

sediment melting became more prevalent at sub-arc depth (Fig. 4B). 349 



 350 

5.3- Slab fluid composition released beneath the SEMFR 351 

The SEMFR magmas possess lower Hf/Sm and Zr/Sm ratios (Fig. 6) than the 352 

boninites, which suggests a cooler thermal structure on the mature subducted slab. Unlike the 353 

nascent slab, the Pacific slab subducting underneath the Southern Marianas did not permit 354 

melting of the oceanic crust in the amphibolite facies. The SEMFR basalts are however 355 

strongly enriched in markers of slab dehydration (Ba/Th= 93.86 – 798.36, Rb/Th = 9.51 – 356 

139.75, Cs/Th = 0.22 – 17.79, H2O/Ce = 1799.06 – 18935.56) (Fig. 4-5) compared to the 357 

Mariana arc magmas (Rb/Th ≤ 68, Cs/Th ≤ 4, H2O/Ce ≤ 9829). The SEMFR basalts and 358 

associated olivine-hosted melt inclusions display similar enrichments in markers of water-359 

rich slab fluids to those observed in the IBM boninites (Fig. 4-5). These results support the 360 

notion that the shallow part of the downgoing plate could extensively dehydrate within ~ 90 361 

km from the trench ( 90 km depths to the slab) in cold subduction zones (Angiboust and 362 

Agard, 2010; Penniston-Dorland et al., 2015; Philippot, 1993; Ribeiro, 2022; Ribeiro et al., 363 

2015). Shallow slab dehydration seems to be accompanied by a decoupling between Ba from 364 

Rb and Cs (as emphasized by the high Cs/Ba ratios of the SEMFR magmas and boninites in 365 

Fig. 4C), which may reveal differential partitioning into water-rich slab fluids with increasing 366 

slab depth  (Bebout et al., 2007).  367 

 368 

6- Origin of the slab fluids released in IBM since subduction inception 369 

 Pb-Sr radiogenic isotopes are commonly used to track the host reservoirs of the slab 370 

fluids in subduction zone magmas, as Pb and Sr are both mobilized with sediment melts and 371 

water-rich slab fluids (Kessel et al., 2005). Plotting markers of slab dehydration (Ba/Th) and 372 

sediment melting (Th/Nb) against Pb-Sr radiogenic isotopes can thus place additional 373 

constraints on how the sources of the slab fluids have varied throughout the lifetime of IBM 374 



(Fig. 7-9). We also performed mixing calculations to assess the origin of the slab fluids and 375 

quantify the contribution of the host reservoirs (i.e., subducted serpentinized mantle, altered 376 

oceanic crust and sediments). Details about our mixing equations and end-member 377 

composition can be found in the supplementary material and in Table S2.  378 

 379 

6.1- Sources of the water-rich slab fluids released at shallow slab depth (  90 km) 380 

Although subducted sediments are predicted to dehydrate first at shallow slab depths 381 

( 90 km depths) (Rüpke et al., 2004; Schmidt and Poli, 1998), the composition of the water-382 

rich slab fluids released from the sediments subducting underneath IBM may not account for 383 

the compositional variations observed in the IBM boninites (both LSB and HSB) and the 384 

SEMFR magmas. Indeed, the Ba, Cs, Rb do not seem to strongly partition into the water-rich 385 

fluids released during sediment dehydration (Johnson and Plank, 1999). Hence, the inferred 386 

compositions of sediment-derived, water-rich fluids possess much lower markers of slab 387 

dehydration (Rb/Th < 5, Ba/Th  100, Cs/Th < 1; see supplementary material and Table S2) 388 

than those observed in the boninites and SEMFR magmas (Ba/Th = 20.7 - 100.0, Rb/Th =1.7 389 

– 12.4, Cs/Th = 0.15 – 0.39, 206Pb/204Pb = 19.03) (Fig. 4-5, 8-10). For instance, the inferred 390 

composition in Rb/Th and La/Sm of the sediment-derived, water-rich fluids cannot explain 391 

the compositional variations observed in the SEMFR magmas and IBM boninites (Fig. 4C). 392 

Retention of volatiles (H, C, N, S), alkalis (Rb, Cs) and other fluid-mobile elements (e.g., As, 393 

Sb) in the subducted sediments beyond ~40 km depth has also been observed in 394 

metasedimentary rocks from the Fransiscan complex and the Western Baja Terrane (Bebout 395 

et al., 2007; Sadofsky and Bebout, 2003). Such petrographic observations concur with the 396 

notion that the subducted sediments would retain most of their intra-slab, water-rich fluids to 397 

sub-arc depths to mainly contribute to the generation of arc magmas  (Plank and Langmuir, 398 

1993).  399 



  400 

By contrast, Cs, Rb and Ba are easily partitioned into the water-rich fluids released 401 

during dehydration of the underlying serpentinized mantle and the altered oceanic crust from 402 

the subducting plate (Kessel et al., 2005; Scambelluri et al., 2001), so that their aqueous 403 

fluids would have elevated Ba/Th, Cs/Th and Rb/Th ratios (Fig. 4-5, 8-10 and supplementary 404 

material). Their dehydration could account for the compositional variations observed in the 405 

IBM boninites, SEMFR basalts and associated olivine-hosted melt inclusions (Fig. 4-5). 406 

Petrographic observations of cold subducting slabs (e.g., Western Alps and Zagros) and 407 

modeled thermal structure of nascent slabs also suggest that the subducted oceanic crust and 408 

the underlying serpentinized mantle are the main sources of water-rich slab fluids released at 409 

shallow depths (  90 km) (Angiboust et al., 2012; Holt and Condit, 2021; Muñoz-410 

Montecinos et al., 2021). They would release large fluxes of water-rich slab fluids beneath 411 

the fore-arc as pulses from ~ 50 – 80 km the trench (Holt and Condit, 2021) within 2 to 5 412 

Myr of subduction inception, as evidenced by the elevated markers of slab dehydration in the 413 

boninites (Fig. 6).  414 

 415 

6.2-  A temporal evolution in the fluid reservoirs throughout the lifetime of IBM 416 

The composition of the IBM magmas suggests a temporal change in the slab fluids 417 

compositions that was associated with a change in their host reservoirs and increasing slab 418 

depth (Fig. 6-10). This temporal evolution in magma composition, as highlighted in the 419 

figures (Fig. 3, 6-10) by white numbers in black circles, is described as follows: 420 

 421 

1-    Formation of the FABs by near-trench spreading from 48 to 52 Myr (Ishizuka 422 

et al., 2006; Reagan et al., 2019; Reagan et al., 2017). Limited slab fluids infiltrated 423 

the relatively fertile asthenospheric mantle, which has a depleted MORB-like mantle 424 



(DMM) composition (Fig. 4-6, 8-10). The low values of slab-fluid proxies suggest 425 

that the nascent subducted Pacific slab dehydrated relatively little during subduction 426 

inception (Coulthard et al., 2021; Reagan et al., 2019; Reagan et al., 2010). 427 

 428 

2-   Formation of the LSB by near-trench spreading from 48 to 50 Myr (Coulthard 429 

et al., 2021; Reagan et al., 2019; Reagan et al., 2010). Water-rich and solute-rich slab 430 

fluids progressively infiltrated the asthenospheric mantle residual to FAB melting, to 431 

produce the LSB (Ishizuka et al., 2006; Reagan et al., 2019; Reagan et al., 2017). The 432 

LSB marks the transition from adiabatic decompression melting to fluid-assisted 433 

mantle melting (Coulthard et al., 2021; Reagan et al., 2019; Reagan et al., 2017; 434 

Shervais et al., 2019). The 86Sr/87Sr isotopic composition of the LSB (86Sr/87Sr < 435 

0.704) is lower than that of the HSB (86Sr/87Sr > 0.704), and is best explained by the 436 

infiltration of water-rich fluids released from dehydrating of subducted crust and 437 

serpentinized mantle into their mantle source (Fig. 8B). 208Pb/204Pb vs. 206Pb/204Pb 438 

variations (Fig. 10A) further suggest that there is a negligible contribution from the 439 

subducted sediments in the LSB, and that altered oceanic crust dominates the 440 

composition of the first fluids released from the nascent slab (Li et al., 2019). Our 441 

mixing calculations suggest that the water-rich fluids released during the early stages 442 

of IBM mainly come from dehydrating 50 – 100 % of the altered oceanic crust, and 0 443 

- 50% of the serpentinized mantle. Up to 85 % of this water-rich slab fluid infiltrated 444 

residual proto-arc mantle to produce the LSB (Fig. 8, 10). Deserpentinization of the 445 

subducted mantle likely triggered dehydration and melting of the altered oceanic crust 446 

in the amphibolite facies at shallow slab depth (< 100 km depth) (Fig. 6). The absence 447 

of sediment fingerprint in the Pb isotopic composition of the LSB suggests that the 448 



sediments were not subducted; and they were instead accreted or relatively limited 449 

during the early stages of IBM (Li et al., 2019). 450 

 451 

3-   Formation of the HSB by fluid-assisted melting of the proto-arc mantle, 452 

residual from LSB melting, from 45 to 50 Myr (Ishizuka et al., 2006; Reagan et al., 453 

2017). In contrast to the LSB, the Sr isotopic composition of the altered oceanic crust 454 

cannot account for the Sr isotopic composition of the HSB, as the isotopic 455 

composition of the oceanic crust in 87Sr/86Sr (0.7045) is too low (Fig. 8B). Instead, 456 

the HSB are best explained by the infiltration of a water-rich fluid that was released 457 

from dehydrating at least 50% subducted serpentinized mantle and up to ~50% 458 

sediments. Up to 60% of this composite fluid was captured by the HSB. These results 459 

further suggest that the sediments began to be subducted within 2 – 3 Myr of 460 

subduction inception. The Pb isotopic composition of the HSB (Fig. 8A, 10A-B) also 461 

requires the involvement of a fluid from the altered oceanic crust, either as a water-462 

rich slab fluid or a solute-rich fluid. Variations in 206Pb/204Pb vs. Ba/Th (Fig. 8A) 463 

further suggests that at least 50% altered oceanic crust and less than 50% 464 

serpentinized mantle is required to account for the compositional variations observed 465 

in the HSB. Hence, the composition of the HSB is best explained by the infiltration of 466 

water-rich slab fluids that were released from dehydrating altered oceanic crust (50 - 467 

100%), the subducted serpentinized mantle ( 50%) and the subducted sediments (≤ 468 

50%). Up to 60 to 85% of this water-rich slab fluid was captured by the HSB (Fig. 8, 469 

10).  470 

The solute-rich fluids captured by the HSB come from melting the oceanic 471 

crust in the amphibolite facies (Fig. 6) (Li et al., 2019) and the subducted sediments 472 

(Fig. 8C). Up to 35% of sediment melt infiltrated the proto-arc mantle. The 473 



compositional variations in Th/Nb vs. 206Pb/204Pb of the HSB requires, however, an 474 

end-member with high Th/Nb ratio (~1-3) and lower Pb isotopic composition 475 

(206Pb/204Pb ~18.5) than the Pacific sediments drilled at ODP Leg 129, Site 800 (Fig. 476 

8C) (Plank and Langmuir, 1998).  Such observations imply that the composition of 477 

the Pacific sediments that subducted underneath IBM ~50 Myr ago might have been 478 

much less radiogenic than are the sediments of ODP Site 800. Melting of the 479 

subducted sediments triggered by dehydration of the subducted mantle offers a simple 480 

alternative to that scenario. The resulting slab fluids would have had a Pb isotopic 481 

composition (~18.5) intermediate between that of the sediment and the serpentinized 482 

mantle.  483 

Deserpentinization of the subducted mantle at shallow slab depths (< 100 km) 484 

likely triggered dehydration and melting of the altered oceanic crust and the 485 

subducted sediments, which facilitated melting of the residual, proto-arc mantle. 486 

Hence, the sediments are progressively incorporated into the subducted slab through 487 

time, as a mélange zone overlying the slab interface (Bebout, 2007; Cloos and 488 

Shreve, 1988; Marschall and Schumacher, 2012) within ~ 1-2 Myr after subduction 489 

inception  (Li et al., 2019). Magma composition suggests that the sediment 490 

contribution increased from the LSB to the HSB; while the contribution of the altered 491 

oceanic crust decreased over time. The decreasing capacity in dehydrating the 492 

subducted oceanic crust might indicate progressive slab eclogitisation at ~ 90 km 493 

depths. This temporal change in the host reservoirs from the LSB to the HSB could 494 

reflect a deepening of magma generation. The higher K2O content of the HSB, as 495 

compared to FABs and LSB (Fig. 3A), suggests that the HSB overlaid a deeper 496 

portion of the subducted slab. Deepening of magma generation in the HSB could be 497 



associated to a slab rollback and/or to a retreat of the melting front (Fig. 11) (Ishizuka 498 

et al., 2006; Reagan et al., 2019; Reagan et al., 2010; Stern and Bloomer, 1992).  499 

 500 

4-   The infant arc began to develop at ~ 41 to 45 Myr, forming small trails of 501 

subaerial and submarine volcanic cones within 90 km from the trench (Ishizuka et al., 502 

2011a; Kanayama et al., 2012, 2014). Infant arc magmas formed by melting of a 503 

relatively fertile asthenosphere (Nb/Yb ~ 1 and TiO2 > 0.4) that was infiltrated by 504 

water-rich slab fluids and solute-rich melts. The sub-arc mantle was likely 505 

replenished by the inflow of fresh asthenosphere. Variations in Ba/Th, 206Pb/204Pb and 506 

86Sr/87Sr suggest that the infant arc magmas captured the water-rich slab fluids 507 

released from dehydrating 0-50% subducted mantle and 50-100% altered oceanic 508 

crust; and 40-50% of this water-rich slab fluids infiltrated the sub-arc mantle (Fig. 509 

8A). Variations in 208Pb/204Pb and 206Pb/204Pb further suggest that the subducted 510 

sediments could also contribute to fingerprint the Pb isotopic composition of the 511 

infant arc magmas, as depicted by a light green compositional field in Fig. 10A. 512 

Hence, the subducted sediments could also dehydrate to some extent in the early arc, 513 

as suggested by the variations in 86Sr/87Sr vs. Ba/Th (Fig. 8B). During that stage, 514 

melting of the oceanic crust was negligible, so that the solute-rich fluids mostly 515 

derived from sediment melting. The infant arc magmas captured the sediment melts 516 

with a similar Pb isotopic composition to that observed in the HSB. 35% of sediment 517 

melt was captured by the infant arc magmas (Fig. 8C).   518 

 519 

5- The mature volcanic arc front began to develop ~ 40 – 42 Myr by fluid-assisted 520 

melting of a relatively undepleted sub-arc mantle, forming larger and thicker-crust 521 

volcanoes (Ishizuka et al., 2011b). The arc magmas captured the slab fluids released 522 



from the deeper part of the subducted slab (~ 100 – 150 km depth), so that sediment 523 

melting was more prevalent in the mature arc (Fig. 8C). The Pb-Sr isotopic 524 

compositions of mature arc magmas suggest that the water-rich slab fluids were 525 

released from dehydrating 50 - 100% altered oceanic crust, and 0 - 50% subducted 526 

mantle, with a minor contribution from the sediments (Fig. 8A-B). However, 527 

variations in Ba/Th and 206Pb/204Pb are best explained by mixing between 50% altered 528 

oceanic crust and 50% subducted mantle (Fig. 8B). The solute-rich melts only came 529 

from melting of the sediments (Fig. 8C). The mature arc magmas captured up to 40 % 530 

of water-rich slab fluid and up to 70% of sediment melt. The contribution of the 531 

solute-rich fluids released from the subducted sediments is much clearer in the mature 532 

arc magmas (Fig. 4C, 8C) (Elliott, 2003; Johnson and Plank, 1999; Pearce et al., 533 

2005), implying that sediment melting become more prevalent at sub-arc depth. 534 

Dehydration of the subducted serpentinized mantle triggered dehydration and melting 535 

of the overlying sediments, and dehydration of the altered oceanic crust (Klaver et al., 536 

2020).  537 

The temporal change in slab-fluid reservoirs is likely associated with the 538 

retreat of the volcanic arc front and a deepening of magma generation with time (Fig. 539 

11). Arc migration is likely associated with serpentinization and cooling of the fore-540 

arc mantle, which progressively displaces the depth of magma generation until it 541 

stabilizes in its current location (i.e., ~ 100 – 150 km from the trench and ~ 100 km 542 

depth to the slab) (Ribeiro et al., 2019). Hence, serpentinization of the fore-arc mantle 543 

could be essential in the development of a long-lived subduction zone (Agard et al., 544 

2020; Gerya et al., 2008; Hyndman and Peacock, 2003; Ribeiro and Lee, 2017; 545 

Ribeiro et al., 2019).  It would permit the formation of a subduction channel (Cloos 546 

and Shreve, 1988), which could act as a lubricating layer on top of the subducted slab 547 



that would facilitate deeper slab penetration and subduction stabilization (Agard et al., 548 

2020; Gerya et al., 2008).  549 

 550 
6.3- Comparison with the SEMFR magmas: Implications for the formation of the 551 

IBM proto-arc crust 552 

The SEMFR magmas formed by near-trench spreading above a long-lived subduction 553 

zone (Ribeiro et al., 2013a). The basalts possess similar chemical features to the FABs in 554 

major element contents and in some of the trace element contents. However, unlike the 555 

FABs, the SEMFR basalts captured greater extent of slab fluids. The SEMFR olivine-hosted 556 

melt inclusions display similar features to the LSB in terms of major and trace element 557 

contents, implying that they formed under similar (but not identical) petrogenetic conditions 558 

(Fig. 3-4). The SEMFR basalts (bulk rock) display similar Pb-Sr isotopic composition to the 559 

LSB (Fig. 9-10), which support the notion that they incorporated the slab fluids that were 560 

released from the shallow part of the subducted slab (Ribeiro et al., 2013b). The water-rich 561 

slab fluid was released from dehydrating at least 50% of the altered oceanic crust, less than 562 

50% of subducted mantle (Fig. 9A-B). The SEMFR magmas captured 40% to 80% of this 563 

water-rich slab fluids. Although sediments are subducted in the Southern Mariana Trench, the 564 

SEMFR magmas possess similar Pb-Sr isotopic composition to that of the LSB (Fig. 8-10), 565 

implying that the subducting sediments would retain most of their volatiles and alkalis to 566 

release them at sub-arc depth. Hence, the subducting altered oceanic crust and the underlying 567 

serpentinized mantle represent the main sources of water-rich slab fluids released beneath the 568 

IBM fore-arc. 569 

The strong enrichment in markers of water-rich slab fluids in the SEMFR glasses (Fig. 4-570 

6) further suggest that extensive slab dehydration could occur within ~ 90 km from the trench 571 

both in mature (i.e., in the fore-arc) subduction zones (Ribeiro et al., 2015). Dehydration of 572 

the subducted mantle and the altered oceanic crust likely dominates the water-rich slab fluids 573 



released at shallow slab depths. Dehydration and melting of the subducted sediments become 574 

more prevalent beneath the volcanic arc front  (Johnson and Plank, 1999; Plank, 2005; Plank 575 

and Langmuir, 1993, 1998). The sediments would thus retain most of their alkalis and some 576 

of their volatiles to sub-arc depth to contribute to arc magma generation (Bebout et al., 2007; 577 

Bebout et al., 1999; Busigny et al., 2003).  578 

The fact that the SEMFR magmas display similar geochemical fingerprint to the IBM 579 

proto-arc magmas further indicates that, despite having developed above a long-lived 580 

subduction zone, the SEMFR can place important new constraints onto the processes that 581 

occurred at the onset of a subduction zone. This is particularly important because there are a 582 

few modern analogs to subduction infancy. These similarities further suggest that the IBM 583 

proto-arc crust formed within 90 km from the trench and overlain a nascent slab at   90 km 584 

depth or less. Such findings are consistent with the current location of the proto-arc crust that 585 

has been preserved in the Bonin Island (Fig. 2) (Kanayama et al., 2012, 2014). 586 

 587 

7- Conclusions 588 

The composition slab-derived water-rich and solute-rich fluids evolved over the 589 

lifetime of IBM (~ 52 Myr ago), reflecting a change in the sources of these fluids with time. 590 

Markers of high slab dehydration (e.g., elevated Ba/Th, Rb/Th, Cs/Th, H2O/Ce) recorded in 591 

the IBM boninites indicate that large fluxes of water-rich slab fluids were mainly released 592 

from dehydrating the subducted serpentinized mantle and from the altered oceanic crust 593 

within 90 km from trench ( 90 km slab depth). As the subduction evolves, less water-rich 594 

slab fluids are released from dehydrating the subducted serpentinized mantle and the altered 595 

oceanic crust to sub-arc depths. The contribution from sediments, as water-rich and solute-596 

rich fluids, initiated later and hence deeper, suggesting that the sediments overlying the 597 

Pacific plate were not subducted until ~ 50 Myr.  598 



Changes in slab fluid compositions and in their sources reveal retreat of the volcanic 599 

arc front, so that mature arc magmas captured slab fluids that are released from a deeper part 600 

of the slab where sediment melting can occur. Therefore, mature arc magmas formed deeper 601 

and they captured less water-rich slab fluids, compared to the shallow slab fluids released 602 

during subduction infancy. Arc retreat and subduction stabilization in IBM were likely 603 

modulated by the growth of the serpentinized fore-arc mantle, which could, therefore play a 604 

key role in long-lived oceanic subduction zones. However, there is not a single scenario of 605 

magma petrogenesis. Magma compositions depend upon the tectonic conditions, the thermal 606 

structure of the subducted plate, and the mantle flow regime that prevail during subduction 607 

evolution.  608 
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 910 

Figure captions 911 

Fig. 1:  Subduction inception vs.  modern near-trench spreading. A) Sketch of near-912 
trench spreading that occurred during subduction inception, such as in the Eocene IBM proto-913 
arc crust. B) Sketch of the Southern Mariana fore-arc rifts (SEMFR), which represents a 914 
modern near-trench spreading center that developed in the fore-arc above a mature 915 
subduction zone in Pliocene time.  The Southern Mariana is characterized by the occurrence 916 
of infant arc volcanoes (the Fina-Nagu volcanic chain) and a back-arc basin (BAB) spreading 917 
center, the Malaguana-Gadao Ridge (MGR). Although the SEMFR share some similarities 918 
with the IBM proto-arc crusts, these geological features are not observed during subduction 919 
inception; and they are instead typical of long-lived subduction zones. 920 
 921 
Fig. 2: Bathymetric map of the Izu-Bonin-Mariana convergent margin 922 
(http://www.geomapapp.org). The map shows the location of the IODP Site 352 (Reagan et 923 
al., 2017), Bonin Island (Ishizuka et al., 2020; Kanayama et al., 2012, 2014), southern 924 
Mariana fore-arc rifts (SEMFR) (Ribeiro et al., 2013a; Ribeiro et al., 2013b), and of the 925 
Eocene proto-arc crust from the southern Marianas (Reagan et al., 2010). 926 
 927 
Fig. 3: Composition of the magmas. A) SiO2 vs. K2O diagram used to classify rocks 928 
(Peccerillo and Taylor, 1976). B) MgO vs. TiO2 diagram. The southern Mariana olivine-929 
hosted melt inclusions are primitive basalts with a boninitic fingerprint. The boninitic 930 
compositional field is from Pearce and Reagan (2019). C-D) MgO vs. SiO2 classification 931 
diagram of Pearce and Reagan (2019) used to distinguish low- and high-Si boninites. We 932 
compiled glass shards and olivine-hosted melt inclusions for the IBM proto-arc magmas and 933 
for the SEMFR magmas to ensure freshness, and bulk rocks for the IBM infant arc as there 934 
were no available data for basaltic glass shards. White numbers in black circles (from 1 to 5) 935 
refers to the compositional evolution of the magma over time. These numbers also refer to 936 
the sequence of event the caption, as well as to the sequence of events outlined in the 937 
discussion. 938 
 939 

Fig. 4: Composition of the slab fluids released during subduction inception. A) Th/Nb vs. 940 
Nb/Yb and B) Ba/Th vs. Rb/Th diagrams, after Pearce et al. (2005), showing enrichments in 941 
sediment melts (Th/Nb) and in water-rich, slab fluids (Ba/Th, Rb/Th) in the magmas. The 942 
IBM boninites and the SEMFR basalts and associated olivine-hosted melt inclusions display 943 
high slab fluid markers in Rb/Th and Ba/Th, indicating that they captured water-rich slab 944 
fluids. The light green, dark green and blue rectangles represent the fluid composition (water-945 
rich fluid and solute-rich fluid) released from the subducted sediments (sed.), the subducted 946 
serpentinites, and the altered oceanic crust (AOC), respectively. The composition of the slab 947 
fluids were assessed using the bulk sediment composition of the Mariana composite, Site 800 948 
(Plank and Langmuir, 1998) and the partition coefficients for melting and dehydration of the 949 
subducted sediments (Johnson and Plank, 1999), the composition of the crust composite of 950 
Site 801 (“SUPER”) (Kelley et al., 2003) and the partition coefficients for dehydrating the 951 
oceanic crust (Kessel et al., 2005), and the composition of olivine-hosted fluid inclusions 952 
from serpentinized mantle rocks (Ribeiro et al., 2015). See text and Table S2 for details. 953 
 954 

http://www.geomapapp.org)/


Fig. 5: Composition of the water-rich slab fluids released during subduction inception. 955 
A) H2O/Ce, B) Cs/Th and C) Cs/Ba vs Rb/Th diagrams showing the strong enrichment in 956 
water-rich slab fluids of the SEMFR basalts and proto-arc boninites glasses from IBM, as 957 
compared to the IBM arc and back-arc basalts. The light green, dark green and blue 958 
rectangles represent the slab fluid composition released from the subducted sediments (sed.), 959 
the subducted serpentinites, and the altered oceanic crust (AOC), respectively. See Fig. 3 for 960 
details about the slab fluid composition.  961 
 962 
Fig. 6: Melting of the oceanic crust in the amphibolite facies during subduction 963 
inception. A) Zr/Sm and B) Hf/Sm vs. La/Sm diagrams of Pearce et al. (1992) showing that 964 
melts from the oceanic crust infiltrated the depleted mantle source of the low-silica and high-965 
silica boninites in IBM.  966 
 967 
Fig. 7: Variations of the water-rich slab fluids with the distance to the trench in IBM. A) 968 
H2O/Ce and B) Rb/Th vs. trench distance. The highest H2O/Ce and Rb/Th ratios in the IBM 969 
boninites suggest that there is a peak in slab dehydration in IBM within 1-2 Myr after the 970 
onset of subduction, which rapidly decreases with time and trench distance, as the arc 971 
develops. Similar ratios are also observed in the SEMFR magmas, indicating that a peak in 972 
slab dehydration may also occur within 90 km from the trench in long-lived, cold subduction 973 
zones (Johnson and Plank, 1999). We used the estimated distance to the trench for the IBM 974 
FABs (~20- 30 km) and IBM boninites (~40 - 60 km) of Reagan et al. (2019). The trench 975 
distance for the infant arc (~80  25 km) was assessed from the current location of Hahajima 976 
(Ishizuka et al., 2020), which represent preserved infant arc volcanoes that formed in Eocene 977 
time. A trench distance of 200  25 km was estimated for the Mariana arc, and of 300  25 978 
km for the Mariana Trough. Trench distance for the SEMFR glasses ( 5 km) is from Ribeiro 979 
et al. (2013a).  980 
 981 
Fig. 8: Sources of the slab fluids throughout the lifetime of IBM. A) Ba/Th vs. 206Pb/204Pb 982 
and B) Ba/Th vs. 87Sr/86Sr diagrams show that the subducted mantle and the altered oceanic 983 
crust dehydrate first to contribute to fingerprint the IBM boninites. The composition of the 984 
subducted sediments in 206Pb/204Pb cannot explain the compositional variations observed in 985 
the magmas (panel A). C) Th/Nb vs. 206Pb/204Pb and D) vs. 207Pb/206Pb   diagrams showing 986 
the enrichment in sediment melts into the mature arc magmas. D) We used bulk rock 987 
composition for all samples as radiogenic isotopes were not measured on glass shards. 988 
Because Ba, Th and Nb are less sensitive to secondary alteration processes than Cs and Rb, 989 
Ba/Th, and Th/Nb were used to track the slab fluid contribution. Details about the end-990 
members and the mixing equations are provided in the supplementary material and in Table 991 
S2. AOC: altered oceanic crust, sed: sediments, serp: serpentinized mantle. The black start 992 
represents the estimated mantle composition of Ribeiro et al. (2013b). 993 
 994 
Fig. 9: Sources of the slab fluids in the SEMFR magmas. A) Ba/Th vs. 206Pb/204Pb and B) 995 
vs. 87Sr/86Sr diagrams showing the contribution of the altered oceanic crust (AOC) and 996 
serpentinized mantle (serp) in the water-rich fluids released beneath the southern Mariana 997 
fore-arc. C) Th/Nb vs. 206Pb/204Pb and D) vs. 207Pb/206Pb diagrams showing the reduced 998 
enrichment in sediment melts into the SEMFR magmas. The composition of the SEMFR 999 
magmas overlap that of the LSB. We plotted the bulk composition of the magmas as isotopic 1000 
composition were only measured in whole rocks. For this reason, we selected Ba and Th to 1001 
track the slab fluids as in Pearce et al. (2005), as these elements are less prone to alteration 1002 
than Cs and Rb.  1003 
 1004 



Fig. 10: Pb isotopic composition of the IBM and SEMFR magmas. A-B) 206Pb/204Pb vs. 1005 
208Pb/206Pb and C-D) 206Pb/204Pb vs. 207Pb/206Pb diagrams showing the various contribution in 1006 
sediments and altered oceanic crust in the SEMFR (B, D) and IBM magmas over time (A, C). 1007 
The white numbers in a black circle represent the time sequence of the IBM magmas (see 1008 
figure caption for details).  1009 
 1010 
Fig. 11: Sketch illustrating slab dehydration and melting following subduction 1011 
inception. A) During subduction inception, FABs form by decompression melting within a 1012 
few kilometers from the trench. Large fluxes of water-rich fluids are rapidly released within 1013 
90 km from the trench from dehydrating the subducted mantle and the altered oceanic crust 1014 
(AOC) within 2 – 3 Myr following subduction inception. The nascent, warm slab also melts 1015 
in the amphibolite facies. B) In IBM, the increasing fluxing of the highly depleted mantle 1016 
source produces the HSB. The HSB marks the transition from adiabatic decompression to 1017 
fluid-assisted mantle melting. Eruption of the HSB terminates shortly after the development 1018 
of the infant volcanic arc within 5 to 10 Ma following subduction inception. The slab 1019 
capacity to carry volatiles diminishes with increasing slab depth, so that the infant arc 1020 
magmas capture less water-rich slab fluids, as they are migrating away from the trench. C) As 1021 
the volcanic arc front reach maturation, the IBM volcanic arc front is at ~200 km from the 1022 
trench and capture slab fluids released from a deeper part of the slab. The deeper slab fluids 1023 
are less enriched in water (Rb, Cs) and more enriched in total dissolved solutes and K. The 1024 
contribution of the sediment melts into the arc magmas thus increases with time and 1025 
increasing slab depth. This evolution and subsequent stabilization of the subduction zone is 1026 
permitted by slab dehydration at shallow depth, that is associated serpentinization of the fore-1027 
arc mantle since arc inception. 1028 
 1029 
Supplementary material 1030 
 1031 
Table S1: Compiled dataset for major and trace element composition of the fresh glass 1032 
shards and olivine-hosted melt inclusions from the Southern Marianas, the Mariana arc and 1033 
back-arc basin, and the Izu-Bonin-Mariana proto-arc crust. 1034 
 1035 
Table S2: Composition of the end-members and slab fluid composition used for the mixing 1036 
equations. 1037 
 1038 
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