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 16 

ABSTRACT 17 

It is still a matter of intense debate to what extent partial melting of the subducting slab contributes to arc 18 

magmatism in modern subduction zones. In particular, it is difficult to differentiate between silicate melts 19 

formed by partial melting of the slab, and aqueous fluids released during subsolidus dehydration as the main 20 

medium for slab-to-mantle wedge mass transfer. Here we use ɷ49/47Ti (the deviation in 49Ti/47Ti of a sample to 21 

the OL-Ti reference material) as a robust geochemical tracer of slab melting. Hydrous partial melting of 22 

subducted oceanic crust and the superjacent sedimentary layer produces silicic melts in equilibrium with 23 

ƌĞƐŝĚƵĂů�ƌƵƚŝůĞ͘�DŽĚĞůůŝŶŐ�ƐŚŽǁƐ�ƚŚĂƚ�ƐƵĐŚ�ƐŝůŝĐŝĐ�ƐůĂď�ŵĞůƚƐ�ŚĂǀĞ�ŶŽƚĂďůǇ�ŚŝŐŚĞƌ�ɷ49/47dŝ�;нϬ͘ϮϰцϬ͘ϬϲкͿ�ƚŚĂŶ�24 

their protolith due to the strong preference of rutile for the lighter isotopes of Ti. In contrast, even highly 25 

ƐĂůŝŶĞ�ĨůƵŝĚƐ�ĐĂŶŶŽƚ�ĐĂƌƌǇ�dŝ�ĨƌŽŵ�ƚŚĞ�ƐůĂď�ĂŶĚ�ŚĞŶĐĞ�ŚǇĚƌŽƵƐ�ƉĞƌŝĚŽƚŝƚĞ�ƉĂƌƚŝĂů�ŵĞůƚƐ�ŚĂǀĞ�ɷ49/47Ti similar to 26 

mid-ŽĐĞĂŶ�ƌŝĚŐĞ�ďĂƐĂůƚƐ�;DKZ�͖�ĐĂ͘�ϬкͿ͘ 27 

0DQXVFULSW &OLFN�KHUH�WR�YLHZ�OLQNHG�5HIHUHQFHV
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WƌŝŵŝƚŝǀĞ�;DŐη�шϲϬͿ�ĂƌĐ�ůĂǀĂƐ�ĨƌŽŵ�ĞŝŐŚƚ�ƐƵďĚƵĐƚŝŽŶ�ǌŽŶĞƐ�ƚŚĂƚ�ĂƌĞ�ƵŶĂĨĨĞĐƚĞĚ�ďǇ�ĨƌĂĐƚŝŽŶĂů�28 

crystallisation of Fe-dŝ�ŽǆŝĚĞƐ�ƐŚŽǁ�Ă�ŵŽƌĞ�ƚŚĂŶ�ƚĞŶĨŽůĚ�ůĂƌŐĞƌ�ǀĂƌŝĂƚŝŽŶ�ŝŶ�ɷ49/47Ti than found in MORB. In 29 

particular, primitive arc lavas display a striking correlation between SiO2 ĐŽŶƚĞŶƚ�ĂŶĚ�ɷ49/47Ti that ranges 30 

ĨƌŽŵ�ŝƐůĂŶĚ�ĂƌĐ�ďĂƐĂůƚƐ�ŽǀĞƌůĂƉƉŝŶŐ�ǁŝƚŚ�DKZ�͕�ƚŽ�ƉƌŝŵŝƚŝǀĞ�ƌŚǇŽĚĂĐŝƚĞƐ�ǁŝƚŚ�ɷ49/47dŝ�ƵƉ�ƚŽ�Ϭ͘Ϯϲк�31 

ĞƌƵƉƚĞĚ�ŝŶ�ƚŚĞ�ǁĞƐƚĞƌŶ��ůĞƵƚŝĂŶ�ĂƌĐ͘�dŚĞ�ĞůĞǀĂƚĞĚ�ɷ49/47Ti of these primitive arc lavas provides conclusive 32 

evidence for partial melts of the slab as a key medium for mass transfer in subduction zones. The Aleutian 33 

rhyodacites represent a rare example of slab melts that have traversed the mantle wedge with minimal 34 

modification. More commonly, slab melts interact with the mantle wedge to form an array of primary arc 35 

magmas that are a blend of slab- and peridotite-derived melt. We identify primitive arc lavas with a 36 

clearly resolvable slab melt signature in all eight subduction zone localities, confirming that slab melting is 37 

prevalent in modern subduction zones. 38 

 39 

Keywords: Slab melting; Titanium isotopes; Rutile; Subduction zone; Aleutian arc 40 

 41 

Highlights 42 

x Global primitive arc lavas (Mg# ш60) display notable ɷ49/47Ti heterogeneity 43 

x Residual rutile imposes high ɷ49/47dŝ�ŽĨ�Ϭ͘ϮϰцϬ͘Ϭϲк�ŽŶ�ŚǇĚƌŽƵƐ͕�ƐŝůŝĐŝĐ�slab melts 44 

x Primitive Aleutian rhyodacites have the same ɷ49/47Ti as predicted for slab melts 45 

x A variably diluted signature of slab melts is found in all eight subduction zones 46 

x A slab melt component is required to generate silicic primitive arc lavas 47 

 48 

1. Introduction 49 

^ƵďĚƵĐƚŝŽŶ�ǌŽŶĞƐ�ĂƌĞ�Ă�ŶĞǆƵƐ�ŽĨ�ŐĞŽĐŚĞŵŝĐĂů�ĐǇĐůĞƐ�ĂŶĚ�ůŝŶŬ�ƚŚĞ�ĐƌƵƐƚ͕�ŚǇĚƌŽƐƉŚĞƌĞ͕�ĂƚŵŽƐƉŚĞƌĞ͕�ĂŶĚ��ĂƌƚŚ͛Ɛ�50 

mantle. Mass transfer from subducting slabs is a likely trigger for partial melting of the overlying mantle 51 

wedge, giving rise to arc lavas with a ubiquitous geochemical signature of subducted oceanic crust and its 52 

sedimentary cover (e.g., Gill, 1981; Tera et al., 1986; White and Dupré, 1986; Plank and Langmuir, 1993; Elliott 53 

et al., 1997). Despite the key role in modulating the composition of the continental crust, deep mantle, and 54 

�ĂƌƚŚ͛Ɛ�ƐƵƌĨĂĐĞ�ŚĂďŝƚĂƚ͕�ƚŚĞ�ŵĞĐŚĂŶŝƐŵƐ�ŽĨ�ŵĂƐƐ�ƚƌĂŶƐĨĞƌ�ŝŶ�ƐƵďĚƵĐƚŝŽŶ�ǌŽŶĞƐ�ĂƌĞ�Ɛƚill not well understood 55 
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(Spandler and Pirard, 2013; Keppler, 2017; Nielsen and Marschall, 2017; Hernández-Uribe et al., 2020; Klaver 56 

et al., 2020). A persistent question is to what extent the top of the subducting slab melts in modern subduction 57 

zones. Melts are an efficient medium to mobilise trace elements and volatiles from the slab (e.g., Johnson and 58 

Plank, 1999; Hermann et al., 2006), and the latest generation of slab thermal models (Syracuse et al., 2010; 59 

van Keken et al., 2011; van Keken et al., 2018) and geochemical slab-top thermometers (Cooper et al., 2012) 60 

suggest that the hydrous solidus of sediments and altered oceanic crust can be reached in most modern 61 

subduction zones. Conversely, saline aqueous fluids might also be capable of carrying a significant budget of 62 

trace elements to the mantle wedge source of arc magmas without the need to invoke slab melting (Tatsumi, 63 

1989; Keppler, 2017; Rustioni et al., 2021). 64 

The trace element and radiogenic isotopic signature of primitive arc lavas unquestionably supports slab-65 

to-mantle wedge mass transfer, but does not provide a conclusive discrimination between slab melting and 66 

transport by saline fluids (cf., Rustioni et al., 2021; Li et al., 2022; Turner and Langmuir, 2022b). For instance, 67 

either model explains the characteristic relative depletion in Ti, Nb, and Ta displayed by primitive arc lavas. In 68 

the sediment melting scenario, this depletion is imposed by the accessory mineral rutile (TiO2) present in the 69 

residue during hydrous melting of eclogite-facies slab lithologies (e.g., Ryerson and Watson, 1987; Yogodzinski 70 

et al., 1995; Elliott et al., 1997), whereas in the saline fluid model the relative depletion in Ti, Nb, and Ta results 71 

from the negligible solubility of these elements in fluids. Here, we demonstrate that the isotopic composition 72 

of Ti in primitive arc lavas is a uniquely diagnostic tracer of the presence of a slab melt component in primitive 73 

arc magmas. This approach hinges on the distinct bonding environment of Ti in Fe-Ti oxides. Rutile has a strong 74 

preference for the lighter isotopes of Ti compared to silicate minerals and melts (Aarons et al., 2021; Hoare et 75 

al., 2022; Rzehak et al., 2022). As a result, partial melts in equilibrium with residual rutile will display the 76 

characteristic relative depletion in Ti, Nb, and Ta, as well as distinctly heavier Ti isotope compositions than 77 

their protolith. In contrast, experimental studies indicate that aqueous fluids cannot mobilise Ti even at high 78 

salinities (e.g., Kessel et al., 2005a; Keppler, 2017; Rustioni et al., 2021), and as rutile is not a stable residual 79 

phase during hydrous peridotite melting (Grove et al., 2006; Till et al., 2012), mass transfer by saline fluids 80 

alone does not have the capability to impose a distinct Ti isotope signature on primitive arc lavas. 81 

We test this hypothesis by combining quantitative Ti isotope fractionation modelling of slab melting with 82 

high-precision Ti isotope composition measurements of a comprehensive suite of global primitive arc lavas. 83 
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This shows that slab melting occurs in all eight subduction zones for which Ti isotope data are available, 84 

irrespective of slab age and temperature, and therefore is a widespread feature of modern subduction 85 

 86 

2. Samples and analytical techniques 87 

We present new Ti isotope composition data for 52 extrusive volcanic samples from six subduction zone 88 

localities. These comprise the Aegean arc (Nisyros and Santorini), Aleutian arc (Adak and dredge samples from 89 

the Komandorsky Straits and Western Cones area), Lesser Antilles arc (Bequia, Grenada, Saba, and St. Vincent), 90 

Philippines arc (Surigao Peninsula, Mindanao), Solander Islands (New Zealand), and Cook Island (Austral 91 

Volcanic Zone, Chile). A detailed description of these localities and the samples is provided in the 92 

supplementary material. The new data greatly expand on previously published data (26 samples) for arc lavas 93 

from the New Britain arc (Millet and Dauphas, 2014), Mariana arc (Millet et al., 2016), Kermadec arc 94 

(Monowai; Hoare et al., 2020), and Aegean arc (Santorini, Kos; Hoare et al., 2020; Greber et al., 2021). Taken 95 

together, these localities cover a wide range of subduction zone parameters such as the age of subducted 96 

crust (10 to ca. 200 Ma), slab dip (30ʹ70°), and subduction angle (straight versus oblique; see supplementary 97 

Table S4). All samples have a minimum of major- and trace element characterisation, in most cases 98 

complemented with radiogenic isotope data (compiled in supplementary Dataset 2). 99 

For the selection of the new samples, emphasis was placed on primitive lavas that are least affected 100 

by magmatic differentiation. We use Mg# (molar 100×Mg/[Mg+Fe]) as discriminant and designate 101 

samples with Mg# ш60 as primitive, and samples with Mg# <60 as evolved. In addition, we specifically 102 

targeted primitive arc lavas with a geochemical signature often ascribed to slab melts, such as elevated 103 

Sr/Y, fractionated rare earth element patterns, and high SiO2 content (e.g., Defant and Drummond, 1990). 104 

Although such primitive andesites, dacites, and rhyodacites are a volumetrically minor fraction of global 105 

arc magmas (Kelemen et al., 2014), they are well-suited to test the sensitivity of Ti isotopes to slab 106 

melting. In particular, we include seafloor rhyodacites with high Mg# (64ʹ73) erupted on thin oceanic 107 

crust in the western Aleutian arc, which are proposed to be nearly unmodified melts of the subducting 108 

Pacific oceanic crust (Yogodzinski et al., 2015; Yogodzinski et al., 2017). 109 

Titanium isotope composition measurements were carried out following a well-established protocol 110 

described in detail elsewhere (e.g., Millet and Dauphas, 2014; Hoare et al., 2020; Klaver et al., 2021). 111 

Briefly, aliquots of dissolved sample corresponding to ca. 5 ʅg Ti were equilibrated with a 47Tiʹ49Ti double 112 
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spike prior to Ti purification with Eichrom DGA resin. Measurements were performed using a ThermoScientific 113 

Neptune Plus (at Durham University) and Nu Plasma II (at Cardiff University) multi-collector inductively-114 

coupled plasma mass spectrometer (MC-ICP-MS) operated in medium resolution mode. Titanium isotope 115 

composition data are reported in the conventional delta-notation relative the Origins Laboratory Ti reference 116 

material (OL-Ti) as ɷ49/47TiOL-Ti (hereafter abbreviated to ɷ49/47Ti). Repeat measurements of geological and Ti 117 

solution reference materials indicates an intermediate precision of 0.020к (2s) for the individual 118 

measurements made in Durham (Millet et al., 2016) and 0.030к (2s) for those made in Cardiff (supplementary 119 

Figure S3). For most samples measured in Cardiff, 2ʹ4 repeat measurements were made (see supplementary 120 

Dataset 2). See the supplementary material for more discussion of measurement uncertainties. 121 

 122 

3. Results 123 

The primitive arc lavas (whole rock Mg# ш60) in this study vary in major element composition from (picritic) 124 

basalts with 46 wt.% SiO2 and up to 15.5 wt.% MgO (e.g., St. Vincent, Lesser Antilles arc) to high-Mg# 125 

rhyodacites (70 wt.% SiO2, 2.1 wt.% MgO) erupted as submarine lavas on oceanic crust in the western Aleutian 126 

arc. Despite the large range in silica content, their high Mg# indicates that these arc lavas are primitive melts 127 

that are in or very close to equilibrium with mantle olivine and/or orthopyroxene. As shown in Figure 1, 128 

primitive arc lavas display notably heterogeneous ɷ49/47Ti (ca. 0.3к�ǀĂƌŝĂƚŝŽŶͿ compared to normal mid ocean 129 

ridge basalts (N-MORB), which have homogeneous ɷ49/47Ti of 0.001±0.015к (Millet et al., 2016; Deng et al., 130 

2018). Basaltic primitive arc lavas overlap in ɷ49/47Ti with N-MORB but more silica-rich varieties have 131 

progressively higher ɷ49/47Ti. The high-Mg# rhyodacites from the Aleutian arc have the most extreme ɷ49/47Ti at 132 

0.21ʹ0.26к͕�ďƵƚ�ĂůƐŽ�ŚŝŐŚ-Mg# andesites from the Aegean arc, Philippines arc, Solander Islands, and Cook 133 

/ƐůĂŶĚ�ŚĂǀĞ�ɷ49/47Ti clearly elevated relative to N-MORB. 134 

 135 

4. Modelling Ti isotope fractionation during slab melting 136 

The contrasting bonding environment of Ti in Fe-Ti oxides compared to silicate minerals and melts is the 137 

fundamental parameter that introduces Ti isotope heterogeneity during magmatic processes (e.g., Millet et al., 138 

2016; Deng et al., 2019; Hoare et al., 2020). Titanium isotope fractionation between silicate minerals (e.g., 139 

pyroxene, garnet) and silicate melt is negligible and, as a result, partial melting of peridotite produces melts 140 

ǁŝƚŚ�ĞƐƐĞŶƚŝĂůůǇ�ƚŚĞ�ƐĂŵĞ�ɷ49/47Ti as their protolith (Figure 2; Hoare et al., 2022). Conversely, Fe-Ti oxide 141 
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minerals, notably rutile, have a strong preference for the lighter isotopes of Ti relative to silicates (Aarons et 142 

al., 2021; Hoare et al., 2022; Rzehak et al., 2022). As a result, the presence of rutile in the residue during partial 143 

melting will aid the retention of Ti and impose an isotopically heavy Ti isotope signature on the partial melt. 144 

Rutile is a stable residual phase during hydrous partial melting of eclogite-facies metabasite and 145 

metasediment due to the low solubility of TiO2 in the silicic partial melts produced at 750ʹ1000 °C 146 

(Ryerson and Watson, 1987; Gaetani et al., 2008; Xiong et al., 2009). We use experimentally determined 147 

melting reactions of such slab lithologies coupled with mineralʹmelt Ti isotope fractionation factors to 148 

model the magnitude of Ti isotope fractionation that occurs during melting in the presence of residual 149 

rutile. Rutile is the main repository of Ti in the melting residua of metabasite and metasediment, and the 150 

rutileʹmelt Ti isotope fractionation factor therefore exerts the dominant control on the magnitude of Ti 151 

isotope fractionation during melting. We employ an average rutileʹmelt Ti isotope fractionation factor of 152 

103ůŶɲrtʹmelt = -0.444±0.028 × 106/T2 compiled from two recent studies (Hoare et al., 2022; Rzehak et al., 153 

2022). The difference in Ti isotope composition between the partial melt and the protolith (ȴ49/47Timeltʹ154 

protolith) can then be calculated through isotopic mass balance as described in detail in the supplementary 155 

maƚĞƌŝĂů͘�^ƵďƐĞƋƵĞŶƚůǇ͕�ƚŚĞ�ĂďƐŽůƵƚĞ�ɷ49/47Ti of slab melts can be derived by adding ȴ49/47Timeltʹprotolith as 156 

ƐŚŽǁŶ�ŝŶ�&ŝŐƵƌĞ�Ϯ�ƚŽ�ƚŚĞ�ɷ49/47dŝ�ŽĨ�ƚŚĞ�ƉƌŽƚŽůŝƚŚ�;ɷ49/47Tislab melt = ȴ49/47Timeltʹprotolith н�ɷ49/47Tiprotolith). 157 

The water-saturated solidus of eclogite with a composition akin to pristine to altered MORB (0ʹ1.0 158 

wt.% K2O, 1.2ʹ2.0 wt.% TiO2) at sub-arc depths (2.6-4.5 GPa) lies between 750 and 800 °C (Schmidt et al., 159 

2004; Kessel et al., 2005b; Carter et al., 2015; Martin and Hermann, 2018; Sisson and Kelemen, 2018). 160 

These studies find rutile as a residual phase up to at least 900 °C or 25% melting. As a result of the 161 

residual rutile, hydrous, silicic metabasite partial melts (73ʹ79 wt.% SiO2 on an anhydrous basis) have 162 

notably higher ɷ49/47Ti than their protolith, in clear contrast with the negligible Ti isotope fractionation 163 

during partial melting of rutile-free peridotite (Figure 2a). Metabasite melts formed at 750ʹ800 °C show 164 

the largest Ti isotope fractionation (ȴ49/47Timeltʹprotolith = 0.21ʹ0.29к; Figure 2a). At higher temperature, 165 

the diminishing proportion of rutile in the residue leads to progressively lower ȴ49/47Timeltʹprotolith. The 166 

DKZ��ƉƌŽƚŽůŝƚŚ�ŽĨ�ƚŚĞ�ŵĞƚĂďĂƐŝƚĞ�ŚĂƐ�ɷ49/47Ti around zero (Figure 1; Millet et al., 2016; Deng et al., 2018); 167 

ŚĞŶĐĞ�ƚŚĞ�ĂďƐŽůƵƚĞ�ɷ49/47Ti of metabasite partial melts at 750ʹ800 °C is 0.24±0.06к͘� 168 

Low-degree hydrous partial melts of eclogite-facies metasediments at 750ʹ950 °C and 3ʹ6 GPa are 169 

also in equilibrium with residual rutile (Skora and Blundy, 2010; Martindale et al., 2013; Mann and 170 
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Schmidt, 2015; Skora et al., 2015) and therefore have higher ɷ49/47Ti than their protolith (Figure 2b), unlike 171 

what was assumed by Kommescher et al. (2023). Given the lower TiO2 content of the sedimentary protoliths, 172 

the proportion of rutile in the residue is generally smaller and the Ti isotope fractionation effect is more 173 

subdued compared to metabasite melting. In several cases, however, titanomagnetite joins rutile as a residual 174 

phase. Titanomagnetite has an even stronger preference for the lighter isotopes of Ti than rutile (Hoare et al., 175 

2022) and hence its presence leads to higher ȴ49/47Timeltʹprotolith (0.3ʹ0.4к; Figure 2b). As a result, 176 

metasediment partial melts have highly variable ȴ49/47Timeltʹprotolith, but are always positively fractionated 177 

relative to their protolith. Modern terrigenous sediments have ɷ49/47Ti in the range of 0.16ʹ0.24к (Greber et 178 

al., 2017; Klaver et al., 2021), meaning that hydrous metasediment partŝĂů�ŵĞůƚƐ�ŚĂǀĞ�ɷ49/47Ti ranging from 179 

0.25к up to Ϭ͘ϲк͘ 180 

 181 

5. Discussion 182 

5.1. Negligible influence of magmatic differentiation on ɷ49/47Ti of primitive arc lavas 183 

Differentiation of arc magmas in the crust modifies their composition and can obscure a mantle source 184 

ƐŝŐŶĂƚƵƌĞ͘�/Ŷ�ĐĂƐĞ�ŽĨ�dŝ͕�ŵĂŐŵĂ�ŵŝǆŝŶŐ�ĂŶĚ�ĨƌĂĐƚŝŽŶĂů�ĐƌǇƐƚĂůůŝǌĂƚŝŽŶ�ĐĂƵƐĞ�ůĂƌŐĞ�ɷ49/47Ti variation in evolved arc 185 

lavas (Millet et al., 2016; Hoare et al., 2020; Greber et al., 2021). Several lines of evidence confirm, however, 186 

that the variations recorded in our primitive arc lavas represent a primary feature of their source rather result 187 

from magmatic differentiation. The removal of isotopically light Fe-Ti oxides, mainly titanomagnetite, during 188 

fractional crystallization drives arc magmas to higŚĞƌ�ɷ49/47Ti (Deng et al., 2019; Hoare et al., 2020; Hoare et al., 189 

2022) and evolved, low-DŐη�ƌŚǇŽĚĂĐŝƚĞƐ�ĨƌŽŵ�ƚŚĞ��ĞŐĞĂŶ�ĂƌĐ�ĚŝƐƉůĂǇ�ɷ49/47Ti up to 0.7к (Figure 3a). Hoare et 190 

al. (2020) found that the saturation point of titanomagnetite may be dependent on the water content of arc 191 

magmas but generally occurs around Mg# 30ʹ40. The onset of titanomagnetite fractionation causes a notable 192 

inflection in both TiO2 ĐŽŶƚĞŶƚ�ĂŶĚ�ɷ49/47Ti versus Mg# (Figure 3a; Hoare et al., 2022). At higher Mg#, Ti is 193 

incompatible with only a small fraction hosted in clinopyroxene during fractional crystallization, which does 194 

ŶŽƚ�ĐĂƵƐĞ�ƐŝŐŶŝĨŝĐĂŶƚ�dŝ�ŝƐŽƚŽƉĞ�ĨƌĂĐƚŝŽŶĂƚŝŽŶ�;&ŝŐƵƌĞ�ϯĂͿ͘��Ɛ�Ă�ƌĞƐƵůƚ͕�ɷ49/47Ti of primitive arc lavas (Mg# ш60) is 195 

not affected by low-pressure fractional crystallization of Fe-Ti oxides. 196 

Crystallisation of garnet at the base of thick crust or in the upper mantle is another mechanism that can 197 

generate silicic magmas with a geochemical signature similar to slab melts (e.g., high Sr/Y; Defant and 198 

Drummond, 1990), as proposed for instance by Macpherson et al. (2006). High-pressure fractional 199 
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ĐƌǇƐƚĂůůŝƐĂƚŝŽŶ͕�ŚŽǁĞǀĞƌ͕�ĐĂŶŶŽƚ�ĞǆƉůĂŝŶ�ƚŚĞ�ŚŝŐŚ�ɷ49/47Ti as garnet, like other silicate minerals (see 200 

supplementary Figure S1), does not fractionate Ti isotopes relative to the melt. Furthermore, 201 

studies indicate that, just as found for low-pressure fractional crystallisation (Figure 3a), Fe-Ti oxides are 202 

absent in early stages of high-pressure crystallisation (Alonso-Perez et al., 2009; Coldwell et al., 2011) and 203 

thus cannot drive an increase in ɷ49/47Ti at Mg# ш60. 204 

The high Mg# of primitive arc lavas also precludes significant modification by mixing with evolved 205 

ŵĂŐŵĂƐ�ǁŝƚŚ�ůŽǁ�DŐη�ĂŶĚ�ĞůĞǀĂƚĞĚ�ɷ49/47Ti (Figure 3b). Binary mixing between a basaltic components 206 

wŝƚŚ�ɷ49/47Ti of ca. 0к and an evolved Aegean arc andesite (61 wt.% SiO2͕�ɷ49/47Ti = 0.19к), dacite (65 207 

wt.% SiO2͕�ɷ49/47Ti = 0.43к), or rhyodacite (70 wt.% SiO2͕�ɷ49/47Ti = 0.69к) forms a much steeper array in 208 

ɷ49/47Ti versus SiO2 space than the primitive arc lavas (Figure 3b). Furthermore, andesites and dacites 209 

from Kos (Aegean arc) that formed through extensive hybridization of mafic and felsic melts may have 210 

ƐŝŵŝůĂƌ�ɷ49/47Ti to the primitive arc lavas, but they also have Mg# <60 (Greber et al., 2021). In general, 211 

there does not exist a mixing solution that can reproduce the combined SiO2ʹɷ49/47Ti signature of the 212 

primitive arc lavas at Mg# ш60. 213 

dŚĞ�ƉƌŝŵŝƚŝǀĞ�ƌŚǇŽĚĂĐŝƚĞƐ�ĨƌŽŵ�ǁĞƐƚĞƌŶ��ůĞƵƚŝĂŶ�ĂƌĐ�ǁŝƚŚ�ɷ49/47Ti of 0.21ʹ0.26к are the most 214 

extreme arc lavas in this study and therefore deserve special consideration. The absence of Fe-Ti oxide 215 

phenocrysts suggests that these magmas are undersaturated with respect to Fe-Ti oxides. In general, the 216 

geochemical variability of lavas from the western Aleutian arc is inconsistent with any plausible fractional 217 

crystallisation process, and the complete absence of evolved (Mg# <55) samples further attests to the 218 

negligible role that intracrustal differentiation plays in this locality (Yogodzinski et al., 2015). Extensive 219 

fractional crystallisation of hydrous basaltic magmas in the mantle wedge, including removal of a Fe-Ti 220 

oxide phase and concomitant Ti isotope fractionation, followed by re-equilibration with mantle wedge 221 

peridotite to re-ĞƐƚĂďůŝƐŚ�DŐη�шϲϬ�(Macpherson et al., 2006) is therefore also unlikely. Furthermore, in 222 

such a scenario it would be expected that a broad spectrum of primitive lavas ranging from basalts to 223 

rhyodacites are erupted, but only primitive rhyodacites are recovered from the Western Cones area and 224 

there is no trace of lavas with lower Mg# or SiO2 (Yogodzinski et al., 2015). Hence, the unusual Ti isotope 225 

variation observed in the western Aleutian rhyodacites and other primitive arc lavas in this study does 226 

not result from crustal processes but reflects a primary signature that informs on the mode of slab-to-227 

mantle wedge mass transfer in subduction zones. 228 
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 229 

5.2. Bulk addition of sediments 230 

Recycled sediments form a key component of arc magmas and could contribute to the elevated ɷ49/47Ti of 231 

primitive arc lavas. Phanerozoic marine sediments have higher ɷ49/47Ti (0.16ʹ0.24к͖�Greber et al., 2017; 232 

Klaver et al., 2021) than N-DKZ�͕�ďƵƚ�ŽŶůǇ�ďĂƌĞůǇ�ƌĞĂĐŚ�ƚŚĞ�ɷ49/47Ti of primitive rhyodacites from the Aleutian 233 

arc (Figure 4). We investigate thĞ�ƌŽůĞ�ŽĨ�ƐĞĚŝŵĞŶƚƐ�ďǇ�ĐŽŵďŝŶŝŶŐ�ɷ49/47Ti with radiogenic Nd isotopes 234 

(143Nd/144Nd) that act as a sensitive proxy for recycled sediment. For the Aegean arc there are direct 235 

ĐŽŶƐƚƌĂŝŶƚƐ�ŽŶ�ɷ49/47Ti of subducting sediments, which are homogeneous at 0.172±0.0ϭϮк�ĂŶĚ�ŚĂǀĞ�236 

143Nd/144Nd of 0.5125 (Klaver et al., 2021). Bulk mixing of depleted mantle wedge peridotite with Aegean 237 

sediment causes a rapid decrease in 143Nd/144EĚ�ďƵƚ�ŽŶůǇ�Ă�ƐƵďĚƵĞĚ�ŝŶĐƌĞĂƐĞ�ŝŶ�ɷ49/47Ti in the peridotite (Figure 238 

4a). Mixing with sediment that has lower 143Nd/144Nd, such as the global subducting sediment average (GLOSS; 239 

Plank and Langmuir, 1998)͕�ŚĂƐ�ĂŶ�ĞǀĞŶ�ƐŵĂůůĞƌ�ŝŶĨůƵĞŶĐĞ�ŽŶ�ɷ49/47Ti. Hence, bulk mixing with subducting 240 

sediment can only cause a resolvable Ti isotope effect in primitive arc lavas with highly unradiogenic Nd 241 

isotope compositions. Moreover, partial melting of physical mixtures of sediment and mantle wedge 242 

peridotite, as proposed in the mélange model (e.g., Nielsen and Marschall, 2017), does not leave residual rutile 243 

or another Fe-Ti oxide phase (Codillo et al., 2018), and is hence not accompanied by Ti isotope fractionation. 244 

Two samples from the Lesser Antilles arc and one from the Aegean arc with 143Nd/144Nd <0.5129 show 245 

combined TiʹNd isotope compositions that can be consistent with bulk sediment mixing. A group of samples 246 

;ƉƌĞĚŽŵŝŶĂŶƚůǇ�ĨƌŽŵ�ƚŚĞ�>ĞƐƐĞƌ��ŶƚŝůůĞƐͿ�ŚĂǀĞ�ɷ49/47Ti and 143Nd/144Nd similar to MORB, but the majority of the 247 

primitive arc lavas have rather radiogenic Nd isotope compositions (143Nd/144Nd >0.5129) coupled with much 248 

ŚŝŐŚĞƌ�ɷ49/47Ti than sedimentʹperidotite mixtures, indicating that bulk sediment addition cannot account for 249 

the observed Ti isotope heterogeneity of primitive arc lavas. 250 

 251 

5.3. Partial melts in equilibrium with rutile 252 

dŚĞ�ŽŶůǇ�ǀŝĂďůĞ�ĂŐĞŶƚ�ƚŚĂƚ�ĐĂŶ�ŝŵƉŽƐĞ�ĞůĞǀĂƚĞĚ�ɷ49/47Ti on primitive arc lavas is a partial melt generated in the 253 

presence of residual rutile. The stability of rutile in a melting residue is an interplay between the Ti content of 254 

the protolith and the solubility of TiO2 in the partial melt. Rutile solubility increases with temperature and is 255 

much higher in mafic melts than in silicic, alkali-rich melts (Ryerson and Watson, 1987; Gaetani et al., 2008; 256 

Xiong et al., 2009). As such, rutile is not a residual phase during melting of sedimentʹperidotite mixtures 257 
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(mélanges) as the TiO2 solubility in such high-temperature (>1200 °C) mafic partial melts exceeds the TiO2 258 

content of the mélange protolith (Codillo et al., 2018). Furthermore, experimental studies indicate that Ti is 259 

highly insoluble in aqueous fluids; even highly saline fluids cannot liberate Ti from the slab (Rustioni et al., 260 

2021) ĂŶĚ�ŚĞŶĐĞ�ĚŽ�ŶŽƚ�ŚĂǀĞ�ƚŚĞ�ĐĂƉĂďŝůŝƚǇ�ƚŽ�ĚƌĂƐƚŝĐĂůůǇ�ĂůƚĞƌ�ƚŚĞ�ɷ49/47Ti of the mantle wedge. When an influx 261 

of aqueous fluids causes hydrous melting of mantle wedge peridotite, the Ti content of the peridotite protolith 262 

is too low to retain rutile in the residue (e.g., Grove et al., 2006; Till et al., 2012; Pirard and Hermann, 2015). As 263 

Ă�ƌĞƐƵůƚ͕�ɷ49/47Ti of hydrous partial melting of mantle wedge peridotite does not cause Ti isotope fractionation 264 

ĂŶĚ�ƚŚĞ�ƌĞƐƵůƚĂŶƚ�ŵĞůƚƐ�ĂƌĞ�ƚŚĞƌĞĨŽƌĞ�ĞǆƉĞĐƚĞĚ�ƚŽ�ŚĂǀĞ�ƚŚĞ�ƐĂŵĞ�ɷ49/47Ti as N-MORB (Figure 5).  265 

The oceanic crust and its sedimentary cover provide the only suitable protolith for partial melts in 266 

equilibrium with rutile. The Ti content of the protolith is sufficiently high (typically 1ʹ2 wt.% TiO2 in MORB 267 

and 0.5ʹ1 wt.% TiO2 in sediments), and hydrous partial melting at low temperature produces silicic partial 268 

melts in which the solubility of TiO2 is low but still at least an order of magnitude higher than in fluids. 269 

Hence, rutile is retained in the residue up to at least 900 °C and our modelling (see section 4 and Figure 2) 270 

shows that partial melts of (altered) oceanic crust formed at 750ʹϴϬϬ�Σ��ŚĂǀĞ�ĨƌĂĐƚŝŽŶĂƚĞĚ�ɷ49/47Ti 271 

;Ϭ͘ϮϰцϬ͘ϬϲкͿ͘�WĂƌƚŝĂů�ŵĞůƚƐ�ŽĨ�ƚŚĞ�ƐƵďĚƵĐƚŝŶŐ�ƐůĂď�ĂƌĞ�ƚŚĞƌĞĨŽƌĞ�ƚŚĞ�ŽŶůǇ�ƉůĂƵƐŝďůĞ�ŵĞĚŝƵŵ�ƚŽ�ŝŵƉĂƌƚ�ƚŚĞ�272 

ĚŝĂŐŶŽƐƚŝĐ�ɷ49/47Ti signature on arc magmas. 273 

Moreover, slab melts in equilibrium with residual rutile can adequately explain the characteristic 274 

relative depletion in Nb and Ta of global arc magmas (e.g., Ryerson and Watson, 1987; Yogodzinski et al., 275 

1995; Elliott et al., 1997; Turner and Langmuir, 2022a). Negative Nb anomalies by themselves, however, 276 

do not provide unambiguous evidence for slab melting. Slab-to-mantle wedge mass transfer by aqueous 277 

fluids can also impose a negative Nb anomaly on arc magmas due to the low solubility of Nb and Ta in 278 

fluids compared to other incompatible elements (Rustioni et al., 2021), but cannot impose elevated 279 

ɷ49/47Ti on primitive arc lavas due to the lack of Ti mobility in such fluids. The difference between fluid- 280 

and partial melt-dominated mass transfer is clearly demonstrated by the samples in this study. All 281 

primŝƚŝǀĞ�ĂƌĐ�ůĂǀĂƐ�ĚŝƐƉůĂǇ�ĐůĞĂƌ�ƌĞůĂƚŝǀĞ�ĚĞƉůĞƚŝŽŶƐ�ŝŶ�Eď͕�ďƵƚ�ŝŶ�ƐĞǀĞƌĂů�ďĂƐĂůƚŝĐ�ƐĂŵƉůĞƐ�ǁŝƚŚ�ɷ49/47Ti 282 

similar to N-MORB, including the majority of the Lesser Antilles samples (Figure 4), negative Nb anomalies 283 

are not associated with a fractionated Ti isotope signature (supplementary Figure S6). The lack of 284 

ĞůĞǀĂƚĞĚ�ɷ49/47Ti suggests fluid-dominated mass transfer in these Lesser Antilles samples, whereas the 285 
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combination of relative NbʹdĂ�ĚĞƉůĞƚŝŽŶ�ĂŶĚ�ĞůĞǀĂƚĞĚ�ɷ49/47Ti as seen in other primitive arc lavas in this study 286 

is uniquely attributable to slab melting. 287 

Metabasite partial melts will have the same 143Nd/144Nd as their protolith (MORB; Figure 4b). Primitive 288 

Aleutian rhyodacites overlap with metabasite partial melts in TiʹNd isotope space, in agreement with other 289 

geochemical data that suggest a strong slab melt signature in these samples (e.g., Yogodzinski et al., 1995; 290 

Yogodzinski et al., 2015; Yogodzinski et al., 2017)͘�^ĂŵƉůĞƐ�ĨƌŽŵ�ƚŚĞ�ŽƚŚĞƌ�ůŽĐĂůŝƚŝĞƐ�ŚĂǀĞ�ůŽǁĞƌ�ɷ49/47Ti, which 291 

suggests that they are not pure slab melts, but these lavas do require a variable contribution of a slab melt to 292 

explain their fractionated Ti isotope compositions. In general, Nd isotopes indicate that the slab melt 293 

component recorded in the primitive arc lavas is predominantly derived from the (altered) oceanic crust with a 294 

subordinate contribution from the superjacent sedimentary veneer. Aegean arc lavas show the strongest 295 

metasediment melt signature, consistent with the thick subducted sediment package that is clearly expressed 296 

in the radiogenic isotope composition of Aegean arc lavas (e.g., Elburg et al., 2014; Klaver et al., 2016).  297 

 298 

5.4. How slab melts contribute to arc magmatism 299 

Hydrous, silicic slab melts are in chemical disequilibrium with mantle wedge peridotite and will react to form 300 

orthopyroxene once released from the slab (e.g., Rapp et al., 1999; Pirard and Hermann, 2015). This reaction 301 

consumes some SiO2 from the slab melt and leads to an increase in Mg# and compatible element contents (Cr, 302 

Ni) in the reacted melt while incompatible trace element patterns are preserved (e.g., Pirard and Hermann, 303 

2015; Sisson and Kelemen, 2018; Lara and Dasgupta, 2020). Once formed, such orthopyroxene veins can act as 304 

pathways for subsequent batches of slab melt, leading to equilibration of melt Mg# with wall-rock 305 

orthopyroxene but otherwise leaving the major- and trace element signature of the slab melt unaffected 306 

(Rebaza et al., 2023). 307 

The reaction that forms orthopyroxene veins will have little effect on the ɷ49/47Ti of the percolating slab 308 

melt. Titanium is incompatible in orthopyroxene and hence the extraction of orthopyroxene from the melt will 309 

increase melt Ti content (Sisson and Kelemen, 2018). Equilibrium Ti isotope fractionation between silicate melt 310 

and orthopyroxene is negligible (Rzehak et al., 2021; see supplementary Figure S1). Hence, newly formed 311 

orthopyroxene is predicted to have a Ti isotope composition that mirrors that of the melt and does drive the 312 

melt to notably higher or lower ɷ49/47Ti. Even after substantive orthopyroxene formation ɷ49/47Ti of the slab 313 

melt will be thus conserved. 314 
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The primitive rhyodacites from the Aleutian arc with ɷ49/47dŝ�ŽĨ�Ϭ͘ϮϰцϬ͘Ϭϯк�;&ŝŐƵƌĞƐ�ϰ�ĂŶĚ�ϱͿ�are a 315 

rare example of such a process where silicic slab melts have traversed the mantle wedge with little 316 

modification besides Mg# equilibration and have erupted at the surface. This probably reflects the 317 

tectonic setting of western Aleutian rhyodacite volcanoes (Yogodzinski et al., 2015), which lie only 40ʹ50 318 

km above the top of the slab and just east of a physical opening in the subducting plate (Levin et al., 319 

2005; Hayes et al., 2018). In this setting significant melt production is expected because the temperature 320 

of the subducting oceanic crust must be well above the hydrous basalt solidus. The shallow depth means 321 

that, in turn, any melt that escapes the slab will have a relatively short pathway to the surface, thus 322 

limiting thermal and chemical exchange between the silicic melt and ambient mantle peridotite. 323 

More commonly, however, ascending hydrous slab melts will trigger partial melting of the mantle 324 

wedge when the wet peridotite solidus is exceeded (Kelemen, 1995; Pirard and Hermann, 2015). Mixing 325 

with peridotite melts will attenuate the trace element and ɷ49/47Ti slab melt signature and produce a wide 326 

array of primary arc magma compositions that are blends of slab- and peridotite-derived melt. 327 

Nevertheless, elevated ɷ49/47Ti compared to N-MORB remains a uniquely sensitive tracer for the 328 

involvement of a slab melt even when this is diluted with peridotite melt in transit through the mantle 329 

wedge (Figure 4b).  330 

Furthermore, the striking correlation between ɷ49/47Ti and SiO2 content of primitive arc lavas (Figure 331 

5) suggests that the elevated silica content of ƉƌŝŵŝƚŝǀĞ�;DŐη�шϲϬͿ�ĂŶĚĞƐŝƚĞƐ�ĂŶĚ�;ƌŚǇŽͿĚĂĐŝƚĞƐ�ĨŽƵŶĚ�332 

worldwide (e.g., Kelemen et al., 2014) is a direct consequence of slab melting. We reiterate that although 333 

fluid-fluxed melting of mantle wedge peridotite can produce andesitic melts with high Mg# (e.g., Kushiro, 334 

1972; Till et al., 2012), the lack of Ti mobility in fluids means that such partial melts do not have the 335 

elevated ɷ49/47Ti found in primitive andesites and (rhyo)dacites (Figure 5). Hence, Ti isotope systematics 336 

of primitive arc lavas provide strong support for slab melts as a key medium for mass transfer in 337 

subduction zones.  338 

 339 

5.5. A recipe for widespread slab melting 340 

The specific sensitivity of Ti isotopes to slab melting allows us to identify at least one sample with a slab melt 341 

component in all eight subduction zones for which ɷ49/47Ti compositions of primitive arc lavas are available 342 

(Figure 5). Primitive andesites and rhyodacites from the Aleutian arc, Cook Island, and Solander Islands have 343 
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previously been interpreted in the light of a significant slab melt contribution (e.g., Kay, 1978; Yogodzinski et 344 

al., 1995; Stern and Kilian, 1996; Foley et al., 2014; Yogodzinski et al., 2017; see supplementary material), 345 

which is confirmed by the new Ti isotope data, but also arcs where primitive silicic magmas are rare show 346 

ĞǀŝĚĞŶĐĞ�ĨŽƌ�ƐůĂď�ŵĞůƚŝŶŐ͘�&Žƌ�ĞǆĂŵƉůĞ͕�Ă�ƌĞĂƉƉƌĂŝƐĂů�ŽĨ�ƉƌĞǀŝŽƵƐůǇ�ƉƵďůŝƐŚĞĚ�ɷ49/47Ti data for the New Britain 347 

arc and Mariana arc (Millet and Dauphas, 2014; Millet et al., 2016) leads us to recognize that one out of two 348 

New Britain, and two out of three Mariana primitive lavas show a combination of elevated SiO2 content and 349 

ɷ49/47dŝ�;ĐĂ͘�Ϭ͘ϬϱкͿ�ƌĞůĂƚŝǀĞ�ƚŽ�E-MORB (Figure 5) that could be indicative of a modest but clearly resolvable 350 

slab melt contribution, though a more systematic study of Mariana and New Britain arc lavas is needed to 351 

substantiate this. Moreover, primitive basaltic andesites from the Aegean arc show clear Ti isotope evidence 352 

ĨŽƌ�ĂŶ�ŝŵƉŽƌƚĂŶƚ�ƌŽůĞ�ĨŽƌ�ƐůĂď�ŵĞůƚŝŶŐ�;ɷ49/47dŝ�с�ĐĂ͘�Ϭ͘ϭϬкͿ�ǁŚĞƌĞĂƐ�ƚŚŝƐ�ŚĂĚ�ŚŝƚŚĞƌƚŽ�ŶŽƚ been explicitly 353 

demonstrated. In the Lesser Antilles arc, there is no unambiguous Ti isotope evidence for slab melting in the 354 

southern islands (Grenada, St. Vincent, Bequia). The single sample from Saba, the northernmost active volcanic 355 

centre of the LessĞƌ��ŶƚŝůůĞƐ�ĂƌĐ͕�ĚŽĞƐ�ĚŝƐƉůĂǇ�ĞůĞǀĂƚĞĚ�ɷ49/47dŝ�;Ϭ͘Ϭϲк͖�&ŝŐƵƌĞ�ϰͿ͘�dŚĞ�ĐŽŵďŝŶĞĚ�^ŝK2ʹɷ49/47Ti 356 

signature of this samples falls on the primitive arc lava array in Figure 5, consistent with a slab melt 357 

contribution, but lavas from Saba show evidence for magma mixing (Defant et al., 2001) and this process 358 

cannot be completely ruled out. In general, however, slab melting seems to be a widespread phenomenon in 359 

modern subduction zones. 360 

The prevalence of slab melting in modern subduction zones raises the question of which conditions are 361 

required to allow melting of the subducted slab. Slab melting has often been related to the subduction of 362 

young and warm oceanic crust (e.g., Defant and Drummond, 1990). Recent dynamic models (Syracuse et al., 363 

2010; van Keken et al., 2011; van Keken et al., 2018) and geochemical thermometry (Cooper et al., 2012), 364 

however, suggest that the temperature required for slab melting can be met in the majority of modern 365 

subduction zones. Based on the Ti isotope evidence for widespread slab melting, it appears that slab age is not 366 

the defining parameter that dictates whether the slab can melt. For example, the Aegean arc has the oldest 367 

(ca. 200 Ma) and therefore coldest subducting oceanic crust globally, yet lavas with a strong slab melt 368 

signature are erupted. Rather than slab age, the three-dimensional structure of the slab likely plays a pivotal 369 

role in providing additional sources of heat. In particular, tearing of the slab allows the inflow of 370 

asthenospheric mantle that can heat the torn edge of the slab. This explanation has been invoked for the 371 
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melting of the 50ʹ60 Ma Pacific slab in the western Aleutian arc (Yogodzinski et al., 2001; Levin et al., 372 

2005; Yogodzinski et al., 2017) and can also apply to the Aegean arc where lavas from Nisyros display Pb 373 

isotope evidence for toroidal mantle flow through a slab tear (Klaver et al., 2016). 374 

Another prerequisite for slab melting is the presence of aqueous fluids to lower the solidus of the 375 

metabasite and metasediment. Insufficient water is probably present in the protolith at sub-arc depths to 376 

allow dehydration melting (e.g., Spandler and Pirard, 2013), and hence an external fluid source is 377 

required. Strontium isotope constraints suggest breakdown of serpentinite in the lithospheric mantle of 378 

the slab as an important source of aqueous fluids (Yogodzinski et al., 2017; Klaver et al., 2020). These 379 

fluids will travel up a temperature gradient in the slab and initiate hydrous partial melting when the wet 380 

solidus of metabasite and/or metasediment is crossed. In cold subduction zones where the temperature 381 

does not exceed the wet solidus of the slab, solute-rich aqueous fluids may still play an important role of 382 

slab-to-mantle wedge mass transfer (e.g., Keppler, 2017; Rustioni et al., 2021) and contribute to island 383 

arc basalt generation, but only slab melts can deliver fractionated Ti to the mantle wedge and produce 384 

silicic primitive arc magmas. 385 

 386 

6. Conclusions 387 

A comprehensive study of the Ti isotope composition of primitive arc lavas (Mg# ш60) from eight global 388 

subduction zones indicates that primitive arc lavas display pronounced Ti isotope heterogeneity compared to 389 

basalts erupted at oceanic spreading centres (MORB) and within-plate settings. Normal MORB has 390 

homogeneous ɷ49/47dŝ�;Ϭ͘ϬϬϭцϬ͘ϬϭϱкͿ͕�ĐŽŶƐŝƐƚĞŶƚ�ǁŝƚŚ�ĂŶ�ĂďƐĞŶĐĞ�ŽĨ�dŝ�ŝƐŽƚŽƉĞ�ĨƌĂĐƚŝŽŶĂƚŝŽŶ�ĚƵƌŝŶŐ�391 

peridotite melting. In contrast, primitivĞ�ĂƌĐ�ůĂǀĂƐ�ŚĂǀĞ�ƐƚƌŽŶŐůǇ�ĐŽƌƌĞůĂƚĞĚ�ɷ49/47Ti and SiO2 contents with the 392 

ŚŝŐŚĞƐƚ�ɷ49/47dŝ�;Ϭ͘ϮϰцϬ͘ϬϯкͿ�ƌĞĐŽƌĚĞĚ�ŝŶ�ƉƌŝŵŝƚŝǀĞ�ƌŚǇŽĚĂĐŝƚĞƐ�ĨƌŽŵ�ƚŚĞ�ǁĞƐƚĞƌŶ��ůĞƵƚŝĂŶ�ĂƌĐ͘�dŚĞ�393 

fractionated Ti isotope signature reflects melting in the presence of residual rutile, which can only plausibly 394 

ƚĂŬĞ�ƉůĂĐĞ�ŝŶ�ƚŚĞ�ƐƵďĚƵĐƚĞĚ�ŽĐĞĂŶŝĐ�ĐƌƵƐƚ�ĂŶĚ�ŝƚƐ�ƐĞĚŝŵĞŶƚĂƌǇ�ĐŽǀĞƌ͘�,ĞŶĐĞ͕�ɷ49/47Ti is a robust tracer of slab 395 

melting even when slab melts are diluted during interaction with the mantle wedge. The conclusions from this 396 

study can furthermore be summarised as follows: 397 

x dŚĞ�ŵŽĚĞůůĞĚ�ɷ49/47Ti of hydrous metabasite partial melts at 750ʹ800 °C and 2.6ʹ4.5 GPa 398 

;Ϭ͘ϮϰцϬ͘ϬϲкͿ�ŵĂƚĐŚĞƐ�ƚŚĂƚ�ŽĨ�ƉƌŝŵŝƚŝǀĞ��ůĞƵƚŝĂŶ�ƌŚǇŽĚĂĐŝƚĞƐ�;Ϭ͘ϮϰцϬ͘ϬϯкͿ͕�ŝŶĚŝĐĂƚŝŶŐ�ƚŚĂƚ�ƚŚĞƐĞ�399 
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Aleutian rhyodacites are slab melts that have traversed the mantle wedge with only little modification 400 

in the form of Mg# equilibration. 401 

x dŚĞ�ĞůĞǀĂƚĞĚ�ɷ49/47Ti of primitive andesites and rhyodacites rules out their generation through 402 

hydrous peridotite melting as the fractionated Ti signature cannot be carried to the mantle wedge by 403 

aqueous fluids and rutile is not stable in peridotite melting residua. 404 

x In addition to the Aleutian arc, all other studied subduction zones also display evidence for slab 405 

melting, but in a more diluted form. Hydrous, silicic slab melts in transit through the mantle wedge 406 

promote additional peridotite melting, which dilutes the original slab melt signature and generates a 407 

wide spectrum of primary arc magmas that are blends of slab- and peridotite-derived melt. 408 

x Slab melting therefore appears to be a common, widespread phenomenon in modern subduction 409 

zones, irrespective of slab age. Rather, three-dimensional effects such as the presence of slab tears 410 

can help raise the temperature of subducting slabs above their wet solidus. The influx of fluids 411 

released by serpentinite breakdown will then trigger hydrous melting of the oceanic crust and 412 

superjacent sediments. 413 
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 610 

FIGURE CAPTIONS 611 

 612 

Figure 1. Kernel density diagram for primitive arc lavas (Mg# ш60) compared to normal mid ocean ridge basalts 613 

(N-MORB; Millet et al., 2016; Deng et al., 2018) and ocean island basalts (OIB) pus enriched MORB (Millet et 614 

al., 2016; Deng et al., 2018; Deng et al., 2019; Hoare et al., 2020; Deng et al., 2023). See supplementary 615 

Dataset 2 for all data. The field for the bulk silicate Earth (BSE) is from Millet et al. (2016). Primitive arc lavas 616 

have ɷ49/47Ti that extends to higher values than MORB. 617 

 618 

Figure 2. The modelled magnitude of Ti isotope fractionation during hydrous melting of (altered) MORB (A) 619 

and various sediment lithologies (B) at 2.6ʹ6 GPa, expressed as ȴ49/47Timeltʹprotolith, which is the difference in 620 

ɷ49/47Ti between the partial melt and the protolith. Experimental studies (Schmidt et al., 2004; Kessel et al., 621 

2005b; Skora and Blundy, 2010; Martindale et al., 2013; Carter et al., 2015; Mann and Schmidt, 2015; Skora et 622 

al., 2015; Martin and Hermann, 2018; Sisson and Kelemen, 2018) yield the phase proportions and Ti content of 623 

the partial melt and residual minerals after which ȴ49/47Timeltʹprotolith is calculated by isotopic mass balance using 624 

Ti isotope mineralʹmelt fractionation factors (supplementary Tables S1 and 2). Rutile is invariably present as a 625 

residual phase during hydrous melting of metabasite and metasediment, which imposes an isotopically heavy 626 

Ti isotope signature on the partial melt. Some symbols are shifted slightly to higher or lower temperature (ч5 627 

°C unless indicated) to prevent cluttering of the datapoints. The open symbols in panel B denote experiments 628 

where both titanomagnetite (ш0.5 wt.% abundance) and rutile are present as residual phase. The grey field 629 
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shows the Ti isotope fractionation of 2ʹ25% anhydrous partial melts of a fertile peridotite at 1ʹ2.5 GPa. See 630 

supplementary material for a detailed description of the modelling approach and parameters used; the 631 

melting models are provided in supplementary Dataset 1. A corresponding figure for the fractionation of the 632 

melting residua relative to the protolith (ȴ49/47Tiresidueʹprotolith) is provided in the supplementary material (Figure 633 

S2). 634 

 635 

Figure 3. Effects of magmatic differentiation on the Ti isotope composition of arc lavas. (A) Fractional 636 

crystallization of isotopically light titanomagnetite (Ti-mag) drives arc lavas to high ɷ49/47Ti. Two arc 637 

differentiation suites are shown: a tholeiitic Kermadec and New Britain arcs trend, and a calc-alkaline trend 638 

displayed by Santorini lavas (Aegean arc). Both suites show a clear inflection in ɷ49/47Ti upon saturation of the 639 

melt with titanomagnetite at Mg# 30ʹ40. At higher Mg#, fractional crystallization of silicate minerals has 640 

negligible effect on ɷ49/47Ti and hence primitive arc lavas (PAL; Mg# ш60) retain a primary Ti isotope signature. 641 

(B) Titanium isotope effects of magma mixing. Two sets of mixing lines are shown between primitive lavas (St. 642 

Vincent picrite RSV52, New Britain basalt 116852-5) and either evolved andesite (AAS-036), dacite (AAS-041), 643 

or rhyodacite (AAS-033) from Santorini (Aegean arc). The mixing lines are dashed where Mg# <60. Magma 644 

mixing cannot account for the ɷ49/47Ti variation seen in global primitive arc lavas. 645 

 646 

Figure 4. Variation in ɷ49/47Ti of primitive arc lavas (Mg# ш60) versus 143Nd/144Nd; see supplementary Dataset 2 647 

for all data shown in the figure. (A) Model curves showing binary mixing between a depleted mantle (DM) 648 

source (0.05 wt.% TiO2, 0.4 ʅŐͬŐ�EĚͿ�ĂŶĚ�ďƵůŬ�ƐĞĚŝŵĞŶƚ�ƐƵďĚƵĐƚŝŶŐ�ŝŶ�ƚŚĞ��ĞŐĞĂŶ�ĂƌĐ�(Klaver et al., 2021) or 649 

global subducting sediment (GLOSS; Plank and Langmuir, 1998) ǁŝƚŚ�ɷ49/47Ti estimated at 0.24к�;ŝ͘Ğ͕͘�ƚŚĞ�650 

maximum of modern marine sediments; Greber et al., 2017). The compositions of N-MORB and OIB+E-MORB 651 

are shown for comparison ʹ see Figure 1 for data sources. (B) Model curves for mixing between a depleted 652 

mantle (DM) source and hydrous partial melts of metabasite and metasediment. The composition of the 653 

metabasite partial melt (ɷ49/47Ti = 0.24к͕�Ϭ͘Ϯϰ�ǁƚ͘й�dŝK2) is the average ȴ49/47Timeltʹprotolith for metabasite at 654 

750ʹ800 °C (0.244к; see Figure 2a) added to the average ɷ49/47Ti of N-MORB (0.001к; see Figure 1). The 655 

metasediment partial melt (ɷ49/47Ti = 0.34к͕�Ϭ͘ϭϳ�ǁƚ͘й�dŝK2) is the average ȴ49/47Timeltʹprotolith for metasediment 656 

(without titanomagnetite) at 750ʹ800 °C (0.171к; see Figure 2b) added to the average ɷ49/47Ti of sediment 657 

subducting in the Aegean arc (0.172к; Klaver et al., 2021). Both metabasite and metasediment partial melt 658 
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are assumed to have Ti/Nd of 55 (Martindale et al., 2013; Skora et al., 2015; Sisson and Kelemen, 2018). 659 

Aleutian arc rhyodacites for which no Nd isotope data are available are plotted at the average 143Nd/144Nd of 660 

similar samples from the Western Cones area where 143Nd/144Nd is homogeneous at 0.51312±0.00004. Sample 661 

location abbreviations: Aeg ʹ Aegean arc; Ale ʹ Aleutian arc; LAn ʹ Lesser Antilles arc; Mar ʹ Mariana arc; NBr 662 

ʹ New Britain arc; Phi ʹ Philippines arc; CI ʹ Cook Island (Austral Volcanic Zone, Chile); SI ʹ Solander Islands 663 

(New Zealand). 664 

 665 

Figure 5. Primitive arc lavas (Mg# ш60) display a strong correlation between ɷ49/47Ti and SiO2 content. The 666 

composition of the metabasite partial melts at 750ʹ800 °C (grey squares) is their ȴ49/47Timeltʹprotolith (Figure 2a) 667 

added to the average ɷ49/47Ti of N-MORB (0.001к; see Figure 1). The composition of hydrous peridotite melts 668 

is from experimental studies for peridotite+H2O (Grove et al., 2006; Till et al., 2012) where ɷ49/47Ti is calculated 669 

though an isotopic mass balance (as in Figure 2; see supplementary material for details), assuming that no Ti is 670 

transported to the mantle wedge by aqueous fluids (Rustioni et al., 2021) and mantle peridotite has ɷ49/47Ti = 671 

0. Sample location abbreviations: Aeg ʹ Aegean arc; Ale ʹ Aleutian arc; LAn ʹ Lesser Antilles arc; Mar ʹ 672 

Mariana arc; NBr ʹ New Britain arc; Phi ʹ Philippines arc; CI ʹ Cook Island (Austral Volcanic Zone, Chile); SI ʹ 673 

Solander Islands (New Zealand). 674 
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