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Abstract: 1 

 2 

In subduction zones, fluids rise from the slab to the mantle, causing metasomatism and flux 3 

melting of the mantle to produce arc magmas.  The transfer of material from slab to mantle and, 4 

in turn, to arc crust is an important control on the long-term chemical evolution of the mantle 5 

and continental crust.  In this study, we investigate the transport of K in subduction zones, by 6 

exploring the systematics of K stable-isotope variations in lavas of the Izu arc.  We find that the 7 

Izu lavas have isotopically heavy K, relative to estimates for midocean ridge basalt (MORB)-source 8 

upper mantle.  Moreover, the δ41K values of the lavas are clearly heavier than those of 9 

subducting sediments and are probably heavier than subducting altered ocean crust.  An across-10 

arc decrease in δ41K values is apparent.  Arc-front lavas are heavier than the mantle by about 11 

0.22‰ (median), whereas rear-arc lavas are heavier by only about 0.08‰ (median).  The heavy 12 

K-isotope compositions of the arc lavas may arise from isotopic fractionation during slab 13 

dehydration, where light K is preferentially retained in phases such as phengite in the slab.  The 14 

across-arc decrease in δ41K values is due to progressive breakdown of these phases, and to 15 

associated depletion of the slab in heavy K.  Variations in the relative contributions of different 16 

source materials—igneous ocean crust, sediment, and mantle peridotite—may also play a role.  17 

In particular, we explore one possibility, motivated by radiogenic-isotope studies, that the slab 18 

signal in K isotopes may be attenuated in the rear arc as a result of extensive fluid-mantle 19 

interaction.  If K isotopes do track slab dehydration, then K isotopes provide insight into the 20 

transfer of K and similarly mobile elements out of the slab and into the upper mantle and arc 21 



crust.  Lastly, we observe extreme isotopic variations in some of the lavas, which we interpret to 22 

result from crustal-level processes that affect only a subset of the lavas.   23 

 24 

1. Introduction 25 

 26 

The chemical compositions of arc lavas provide insights into the unique processes occurring in 27 

subduction zones.  Arc lavas are typically enriched in large-ion lithophile elements (LILEs; K, Rb, 28 

Sr, Cs, Ba, and light REEs) and other fluid-mobile elements (e.g., Pb).  These enrichments are 29 

presumed to reflect fluid-transport processes.  Specifically, transfer of fluids—whether aqueous 30 

solutions or hydrous melts (Keppler, 2017; Spandler and Pirard, 2013)—from the subducting slab 31 

to the overlying mantle is expected to enrich the mantle wedge in these elements.  Partial melting 32 

of the metasomatized mantle wedge produces magmas, enriched in these elements, that 33 

ultimately erupt from arc volcanos.   34 

 Potassium is among the elements that exhibit a marked enrichment in arc lavas—and is 35 

likely centrally involved in processes of dehydration, melting, and fluid transport in the slab and 36 

mantle.  At pressure and temperature conditions of the slab at subarc depths, K is hosted in the 37 

mica mineral phengite (Hermann and Rubatto, 2009; Hermann and Spandler, 2008; Schmidt et 38 

al., 2004).  Since phengite is also an important host of H2O and many LILEs, the behavior of K in 39 

subduction zones is coupled, to some degree, to that of H2O and select LILEs—particularly, Ba, 40 

Cs, and Rb.  As slab-derived aqueous solutions or hydrous melts rise into the mantle, there is also 41 

potential for interaction between these fluids and mantle peridotite.  This may entail 42 

precipitation or dissolution of the K-bearing mica mineral phlogopite (Pirard and Hermann, 2015; 43 



Sekine and Wyllie, 1982), which, like phengite, hosts H2O and LILEs.  Better understanding of the 44 

behavior of K is therefore likely to provide general insights into the material transport of H2O, 45 

LILEs, and fluid-mobile elements in subduction zones.   46 

 Stable K-isotope ratios of arc lavas have the potential to place new constraints on the 47 

transport of K in subduction zones.  Heterogeneities in K-isotope compositions have been 48 

documented within, and among, pertinent reservoirs including the upper mantle (Tuller-Ross et 49 

al., 2019a), altered oceanic crust (Parendo et al., 2017; Santiago Ramos et al., 2020) and marine 50 

sediments (Hu et al., 2020; Parendo et al., to be submitted).  Additionally, isotopically light K has 51 

been observed in samples of exhumed eclogite—and, specifically, in mineral separates of 52 

phengite—suggesting that slab dehydration results in fractionation of K isotopes (Liu et al., 2020).  53 

Recently, Hu et al. (2021) reported covariation between K-isotope ratios and radiogenic isotopes 54 

in lavas from the Lesser Antilles arc, consistent with variable addition of K to the mantle from 55 

isotopically light subducted sediments.  Thus, K-isotope variations in arc lavas may reflect 56 

isotopically distinct source materials or isotopic fractionation in association with fluid-transport 57 

processes.   58 

Here we report K-isotope data for volcanic samples from the Izu arc.  Potassium-isotope data 59 

are here expressed as parts per thousand deviations relative to the standard NIST SRM 3141a. 60 

That is, δ41/39K = [(41K/39K)sample/(41K/39K)SRM3141A – 1]*103.  The sample set includes 61 

materials from both the arc front and rear arc, such that across-arc variations can be evaluated 62 

(Figure 1).  We explore possible explanations for observed across-arc variations in K-isotope 63 

ratios.  In particular, we consider the influence of (1) different source materials (i.e., mantle 64 



wedge, sediment, and altered ocean crust), and (2) progressive breakdown of phengite and 65 

depletion of the slab in K 66 

 67 

2. Analytical methods 68 

 69 

Sample Processing 70 

 71 

Most samples were received as powders.  Data previously obtained for these samples were 72 

presented in Taylor and Nesbitt (1998) and Kimura et al. (2010).  A small number of samples—73 

including all samples of highly altered subaqueous lavas—were received as rock fragments.  74 

These were powdered in an agate mortar or alumina shatterbox.   75 

 Dissolutions were performed using HF, HNO3 and HCl saturated hydrofluoric, nitric and 76 

hydrochloric acids, respectively.  Aliquots of sample powders (40-80 mg) were weighed out and 77 

transferred to 30 mL Savillex PFA beakers.  A mixture of 0.5 mL HF, 2 mL HNO3, and 1 mL HCl 78 

acids was added to each, and the capped beakers were heated at 170°C on a hotplate for one or 79 

more days.  The resulting solutions were dried down, then redissolved in a mixture of 0.5 mL 80 

HNO3, 1.5 mL HCl, and 1 mL H2O.  Again, these were heated for at least one day.  After complete 81 

dissolution, the samples were stored in 4 mL 3N HNO3.   82 

 Potassium was isolated by ion-exchange chromatography.  Quartz-glass columns, with 0.4 83 

cm inner diameter, were filled with 1.63 mL Bio-Rad AG50-X8 (100-200 mesh) ion-exchange resin.  84 

The resin was cleaned with 100 mL 4N HCl, rinsed with 10 mL purified H2O, and conditioned with 85 

20 mL 0.5N HNO3.  Dissolved samples containing 10-100 ug K were loaded onto the resin in 0.5 86 



mL 0.5N HNO3.  Next, a volume of 49 mL 0.5N HNO3 was passed through each column, and K was 87 

collected in the interval from 24-49 mL.  This step was repeated, such that all samples were 88 

passed through the columns twice.  The purified K was then dissolved in 2% HNO3, by volume, in 89 

preparation for analysis by MC-ICPMS.   90 

 91 

Potassium Isotopic Analysis 92 

 93 

Potassium isotope analyses were generated using a Nu Sapphire MC-ICPMS equipped with a 94 

hexapole collision-and-reaction cell.  Additional details on data acquisition are provided in 95 

Supplement.  Isotope ratios were determined by the standard-sample bracketing method.  A lab 96 

standard (abbreviated to “Suprapur”) derived from a batch of Merck KgaA Suprapur KNO3 was 97 

used as the bracketing standard.  Data are reported in delta notation relative to the NIST SRM 98 

3141a.  Values were converted to the NIST SRM 3141a scale by use of the following conversion: 99 

δ41KRelative to SRM 3141a = δ41KSuprapur − 0.047 (Supplement).   100 

 Analytical uncertainty is estimated from replicate analyses of standards.  In this report, 101 

we use “N” to denote the number of analytical sessions; and “n” the number of bracketed 102 

analyses of a sample solution during a particular session.  The long-term reproducibility of NIST 103 

SRM 3141a solutions, which were not processed through columns, was 0.02‰ (2SD, N=45).  104 

External reproducibility was estimated by processing rock standards through chromatographic 105 

columns and analyzing the purified K solutions multiple times: Geological Survey of Japan 106 

standards JA-1 and JA-2 were reproducible at levels of 0.03‰ (2SD, N=4) and 0.04‰ (2SD, N=18), 107 



respectively.  We consider the latter value (0.04‰, 2SD) to be a reasonable estimate of the 108 

uncertainty associated with the δ41K values reported for our samples.   109 

 110 

3. Results 111 

 112 

Potassium-isotope data for the arc-front and rear-arc lavas, and for variably altered arc materials, 113 

are provided in the Supplement and summarized in Figure 2.  We make three main observations.   114 

 First, we observe that materials from the Izu arc have δ41K values that are generally 115 

heavy, relative to estimates of the upper mantle, and relative to many subduction inputs (Figure 116 

3).  The δ41K values of the arc-front lavas have a median of -0.22‰ and largely cluster between 117 

-0.26‰ and -0.18‰ (25th and 75th percentiles).  The δ41K values of the rear-arc lavas have a 118 

median of -0.36‰ and mostly cluster between -0.40‰ and -0.29‰ (25th and 75th percentiles).  119 

These values for the arc front are higher than estimates for the upper mantle based on analyses 120 

of MORBs and other mantle-derived products: Tuller-Ross et al. (2019a) reported a mean δ41K 121 

value of -0.44‰ ± 0.09‰ (1SD) for a set of 32 MORB samples.  The values for the rear arc are 122 

also slightly heavier than the  MORB average, though the difference is small and not necessarily 123 

significant.   124 

 Second, we observe an across-arc decrease in δ41K values, with heavier values in the arc 125 

front and lighter values in the rear arc.  To make this apparent, we plot the distributions of δ41K 126 

values from the arc front and rear arc (Figure 3).  Despite high variability among some materials, 127 

the distributions appear to be offset from one another.  To formalize this observation, we note 128 

that the median δ41K of the arc front lavas is greater than that of the rear-arc lavas by 0.14‰, 129 



and that a bootstrapping calculation yields an estimated 95% confidence interval for this 130 

difference of 0.08 to 0.20‰ (Supplement).  In describing these data, we have used medians 131 

rather than means since the median statistic is not as sensitive to outlier values.   132 

 Third, we observe that a subset of the samples from the arc front and rear arc are 133 

extremely variable.  In the arc front, most samples have similar δ41K values, but one sample has 134 

a δ41K value of -0.65‰, which is far lower than the rest.  In the rear arc, again most samples have 135 

δ41K values that fall within a narrow range; however, several samples (7 or 8) are highly variable, 136 

with δ41K values as low as -0.81‰ and as high as +0.88‰.   137 

Lastly, we note that the δ41K values of visibly altered materials from the submerged 138 

caldera Omuradashi are somewhat more variable, and extend to slightly heavier values, in 139 

comparison to the δ41K values of the samples from subaerial lavas of the arc front (Figure 2).   140 

 141 

4. Discussion 142 

 143 

4.1.1. Possible sources of isotopically heavy K 144 

 145 

A central finding of this study is that the lavas of the arc front are isotopically heavy.  A source of 146 

heavy K to the arc front is therefore required.  In the following, we consider two possibilities.  147 

First, we consider whether any of the reservoirs within the subduction zone has sufficiently heavy 148 

K to account for the arc-front compositions.  We conclude that this is possible only if the K-isotope 149 

composition of lower oceanic crust, which is not well characterized, is heavy.  Second, we 150 

consider whether isotopic fractionation occurs in association with slab dehydration and/or 151 



melting.  In the context of the Izu arc, isotopic fractionation as a result of dehydration processes 152 

has been proposed for other stable-isotope systems—in particular, for U, W, and Mo stable-153 

isotope ratios (Freymuth et al., 2019; Mazza et al., 2020; Villalobos-Orchard et al., 2020).  In our 154 

view, it is also possible that K-isotope ratios are significantly fractionated in sub-arc settings.   155 

 156 

4.1.2. Isotopic composition of slab and mantle wedge 157 

 158 

Potassium from neither the mantle wedge nor from sediments is likely to be sufficiently heavy to 159 

account for the K-isotope values of the arc-front lavas.  We assume that the mantle wedge has a 160 

K-isotope composition that is similar to the MORB-source upper mantle.  Available data for 161 

MORBs indicate an average δ41K value of -0.44 ± 0.09‰ (1SD; n = 32; Tuller-Ross et al., 2019).  162 

This value should reflect the composition of the MORB source.  An isotopic offset between MORB 163 

and the MORB-source upper mantle is unlikely because K partitions nearly quantitatively into the 164 

liquid during partial melting to produce MORB.  Thus, we assume that the mantle wedge has a 165 

composition similar to that of MORBs.  The K-isotope composition of sediments is constrained by 166 

analyses of sediments from IODP Site 1149 adjacent to the Izu trench.  Data for these sediments 167 

indicate an average δ41K value of -0.53 ± 0.06‰ (1SD; n = 19; Parendo et al., under review; 168 

Supplement).  In addition, variability in δ41K values with depth in the sediment column is limited: 169 

The average values by lithological unit are -0.53‰ in Unit I (n = 8), -0.54‰ in Unit II (n = 3), -170 

0.58‰ in Unit III (n = 3), and -0.51‰ in Unit IV (n = 5).  Thus, the K of both the mantle wedge and 171 

subducting sediments is estimated to be too light to explain the heavy K of the arc-front lavas.   172 



 The upper part of oceanic crust—which acquires K from interaction with seawater—also 173 

does not appear to be very isotopically heavy.  Two K-isotope studies have included samples of 174 

altered oceanic crust from Site 801 in the western Pacific.  Materials recovered from this site 175 

include altered basalts from the upper approximately 400 m of a MORB section.  In one study, an 176 

average δ41K value, weighted by K/Ti ratios, was reported of -0.36 ± 0.18‰ (1SD; n = 12; Santiago 177 

Ramos et al., 2020).  In another study, a ‘super composite’ from Site 801 (Kelley et al., 2003) was 178 

among the materials analyzed: the composite was reported to have δ41K value of -0.32 ± 0.04‰ 179 

(2SD; analytical uncertainty; Hu et al., 2020).  Both estimates suggest that the upper part of 180 

oceanic crust at this site has a δ41K value that is similar to or about 0.1‰ heavier than the MORB 181 

average.  Similar observations have come from analyses of materials from the upper part of the 182 

Troodos ophiolite (Santiago Ramos et al., 2020) and Sites U1365 and U1368 in the South Pacific 183 

(Liu et al., 2021).  Altered oceanic crust—at least the upper few hundred meters—may be slightly 184 

heavier than MORB but is probably not sufficiently heavy to explain the arc-front lavas.   185 

 Few data are available to characterize lower oceanic crust.  Parendo et al. (2017) reported 186 

analyses of a set of samples (n = 6) from the Bay of Islands ophiolite.  The materials derive from 187 

relatively deep parts of the oceanic crustal section.  The 4 samples of altered basalts and diabases 188 

(i.e., excluding analyses of an unaltered gabbro and a plagiogranite) have a range in δ41K values 189 

from 0.22 to -0.06‰ (Figure 3).  If these values are representative of lower oceanic crust, then 190 

this could serve as a source of heavy K.  However, there are significant uncertainties.  For 191 

example, the materials of the Bay of Islands ophiolite have highly elevated 87Sr/86Sr ratios.  This 192 

may be common among ophiolites (Alt and Teagle, 2000; Coogan, 2009).  But the 87Sr/86Sr ratios 193 

are more elevated than what appears to be typical of lower-crustal materials obtained by drilling 194 



in modern oceanic crust at locations such as Site 504 in the eastern Pacific (Alt and Teagle, 2000).  195 

Thus, the Bay of Islands materials may reflect greater interaction between seawater and oceanic 196 

crust than is typical.  Lower oceanic crust offers a potential—but presently uncertain—source of 197 

heavy K.   198 

 We note that, although sediments and upper altered ocean crust are high in K relative to 199 

MORB (or to lower-oceanic crust), it is nonetheless plausible that a significant fraction of K in the 200 

Izu lavas derives from lower crust.  Increasingly, models of slab dehydration invoke fluid loss from 201 

hydrated peridotite, including from peridotite that is part of the mantle wedge near the slab-202 

wedge interface, and from peridotite that comprises the base of the subducting slab (e.g., 203 

Spandler and Pirard, 2013).  If aqueous solutions are released by dehydration of peridotite in the 204 

slab, these fluids will rise through the entire thickness of the oceanic crust, potentially 205 

incorporating material from lower oceanic crust, upper oceanic crust, or sediments.  Pertinently, 206 

206Pb/204Pb and 208Pb/204Pb ratios in the Izu arc lavas may require a large contribution of Pb 207 

specifically from lower oceanic crust, as upper oceanic crust has high 206Pb/204Pb ratios (reflecting 208 

U addition by seawater and radiogenic ingrowth) that make it unsuitable as a significant 209 

component to the Izu lavas (Freymuth et al., 2019).  Thus, future work investigating the K-isotope 210 

composition of lower oceanic crust will be valuable in assessing this reservoir as a source of heavy 211 

K to the Izu arc.  In the following section, we consider an alternative explanation for the origin of 212 

heavy K in the Izu lavas.   213 

 214 

 4.1.3. Isotopic fractionation in association with slab dehydration or melting 215 

 216 



Potassium is likely to be retained in the slab as phengite—or possibly in the mantle wedge as 217 

phlogopite—and this may provide a mechanism to fractionate K isotopes.  The expression of 218 

isotopic fractionation in a slab-derived fluid phase requires that a significant fraction of an 219 

element be retained in a solid phase.  As examples, the U-isotope compositions of the Izu arc-220 

front lavas have been proposed to arise via retention of U in slab-hosted epidote, apatite, or 221 

zircon (Freymuth et al., 2019).  Likewise, W- and Mo-isotope compositions of the arc-front lavas 222 

have been provisionally associated with retention of these elements in rutile (Mazza et al., 2020; 223 

Villalobos-Orchard et al., 2020).  In the case of K, experiments indicate that the primary host in 224 

the slab at sub-arc conditions is likely phengite (Schmidt et al., 2004; Hermann and Rubatto, 225 

2009).  In addition, phlogopite may be stabilized in the mantle if K-rich fluids interact extensively 226 

mantle-wedge peridotite (Sekine and Wyllie, 1982).  If K isotopes are fractionated in subduction 227 

zones, it likely occurs because of retention of K in slab-hosted phengite or in mantle-hosted 228 

phlogopite.   229 

 An open question is whether fractionation effects on 41K/39K ratios will be of significant 230 

magnitude at the high-temperature conditions of the sub-arc slab or slab-mantle interface.  231 

Equilibrium isotope effects are likely to be small at these conditions.  Ab initio calculations 232 

provide estimates for equilibrium fractionation factors for several K-bearing minerals and 233 

aqueous K (Li et al., 2019; Zeng et al., 2019).  No such estimates are available specifically for 234 

phengite or fluids at high pressure-temperature conditions.  Nonetheless, the magnitude of 235 

effects as estimated by Zeng et al. (2019) among silicate phases—including orthoclase, illite, 236 

muscovite, and phlogopite—and dilute aqueous K are small at high temperatures.  The effects 237 

among these specific phases would be on the order of 0.05‰ or less at temperatures of 700-238 



800°C—i.e., at temperatures corresponding to an estimate of the slab surface temperature under 239 

the Izu arc (Syracuse et al., 2010).  These estimates suggest that equilibrium-isotope fractionation 240 

will not produce sufficiently fractionated K-isotope ratios to explain the heavy K in the Izu arc 241 

front.   242 

 More significant isotope effects may arise through kinetic processes, though the 243 

particular mechanism here is uncertain.  Isotopically light K has been noted in one study of 244 

eclogitic materials, including K-bearing amphibole and phengite (Liu et al., 2020).  The eclogites 245 

of that study—from the Sumdo metamorphic belt in Tibet—have a mean K-isotope composition 246 

that is about -0.76‰, which is about 0.32‰ lower than average MORB.  This offers general 247 

support for the possibility of significant isotopic fractionation occurring in the slab.  In our view, 248 

one potential opportunity for kinetic effects to arise is through (re-)precipitation of K as phengite 249 

in veins or as phlogopite near the slab-mantle interface.  Phengite can be an important 250 

component of ecologitic veins (Spandler and Hermann, 2006), and phlogopite may precipitate 251 

where slab-derived fluids infiltrate the mantle (Sekine and Wyllie, 1982).  Unidirectional transfer 252 

of an element from one phase (e.g., a fluid) to another (e.g., phengite or phlogopite) may result 253 

in kinetic isotope fractionation with preferential transfer of lighter isotopes—especially if 254 

diffusion in some way limits the rate of transfer of an element.  Whether a process like this affects 255 

K isotopes in subduction zones is speculative, but we note it as one potential mechanism that 256 

could result in lighter K in phengite or phlogopite and heavier K in a corresponding fluid.   257 

 258 

4.2.1. Possible causes of across-arc K-isotope variation 259 

 260 



Another important finding of this study is the across-arc decrease in δ41K values—at least when 261 

comparing median compositions.  While the arc front is distinctly heavy, the rear arc is similar to 262 

or only slightly heavier than MORB.  A number of other geochemical parameters also exhibit a 263 

systematic across-arc difference.  These include trace-element ratios that are often interpreted 264 

as indicating a fluid component (Ba/Th) versus a melt or sediment component (La/Sm).  These 265 

also include stable- and radiogenic-isotope ratios.  In the following, we discuss specific 266 

mechanisms that may account for the across-arc shift in δ41K values within the context of these 267 

constraints.   268 

 269 

4.2.2. Across-arc breakdown of K-bearing phases 270 

 271 

Progressive breakdown of K-bearing phases such as phengite in the slab may account for the 272 

across-arc decrease in K-isotope ratios.  In previous sections, we noted that in our view the heavy 273 

K of the arc-front lavas implies that isotopic fractionation may occur such that K in the fluid phase 274 

is heavy relative to K in the mineral phases.  If this is correct, then it follows that the K-isotope 275 

compositions of slab-derived fluids will decrease as increasing amounts of phengite (or other K-276 

bearing phases) are dissolved into aqueous solutions or hydrous melts.  This dynamic may arise 277 

in two ways.  First, it may occur because of a simple distillation effect.  Namely, if heavy K is lost 278 

under the arc front, the residual slab will be isotopically light.  Fluids derived from it will 279 

presumably reflect this lighter composition.  Second, it may occur in response to an increase in 280 

the solubility of phengite.  The solubility of phengite increases with temperature, especially as 281 

the solidus is crossed (Hermann and Spandler, 2006; Hermann and Spandler, 2009).  If phengite 282 



dissolves extensively, then a greater proportion of K will be transferred to the fluid.  In this case, 283 

the K-isotope composition of the fluid will more closely resemble the composition its source.  To 284 

summarize, if K isotopes are fractionated during slab dehydration or melting, then the 285 

progressive breakdown of phengite or other K-bearing phases may result in increasingly light K 286 

being released from the slab as it descends.   287 

 An isotopic signal from progressive depletion of the slab in heavy K—and/or greater 288 

partitioning of K into a fluid under the rear arc—is qualitatively consistent with many other 289 

geochemical parameters.  In particular, the Izu arc front is characterized by high Ba/Th, Pb/Ce, 290 

and Cs/Rb ratios.  The high relative abundances of fluid-mobile elements (e.g., Ba, Pb, and Cs) in 291 

the arc front has been attributed to a significant influence by slab-derived aqueous fluids rather 292 

than (or in addition) to a slab-derived melts.  The rear-arc exhibits lesser relative enrichments in 293 

these elements, suggesting a stronger influence by slab-derived melts.  These observations may 294 

be reconciled with a model in which K is more completely dissolved in the rear arc, resulting in a 295 

fluid with a K-isotope composition more directly reflective of its source.  Alternatively, some of 296 

the across-arc decrease in the relative abundances of Ba, Pb, and Cs may arise from the depletion 297 

of the slab in these readily mobilized elements.  In particular, across-arc variations in Cs/Rb and 298 

Cs/K ratios in arc lavas have been hypothesized to result from depletion of the slab in Cs relative 299 

to Rb and K, specifically as a consequence of the relative compatibilities of these elements in 300 

phengite (Melzer and Wunder, 2000).  Cesium is highly incompatible, whereas Rb and K are both 301 

compatible in phengite (Melzer and Wunder, 2000; Hermann and Rubatto, 2009).  Thus, the 302 

across-arc decreases in the relative abundances of fluid-mobile elements appear also to be 303 



consistent with progressive loss of material from the slab—and an associated fractionation of 304 

trace-element and possibly K-isotope ratios.   305 

 Other stable-isotope systems also seem to exhibit across-arc changes.  However, as a 306 

general matter, the number of analyses of rear-arc samples is limited.  Uranium is similar to K in 307 

its level of enrichment in the Izu arc-front and rear-arc lavas relative to other trace elements.  308 

Hence, U and K may be surmised to behave analogously—or at least to be similarly mobile in this 309 

subduction zone.  Freymuth et al. (2019) observed that U-isotope ratios (238U/235U) are very light 310 

in the arc front and interpreted these values as reflecting isotopic fractionation as U partitions 311 

into an aqueous fluid.  By contrast, U-isotope ratios from the rear-arc island of Niijima (n = 2) are 312 

more similar in composition to estimates for slab components such as sediment or MORB.  This 313 

is consistent with the fullest expression of isotopic fractionation occurring in the arc front where 314 

an aqueous-fluid influence may be especially strong.  In the model of Freymuth et al. (2019), it is 315 

assumed that U isotopes are negligibly fractioned in slab melts—i.e., a fractionation factor (α) of 316 

one.  A difference in the fractionation factor that characterizes partitioning into aqueous fluids 317 

versus into melts is one valid explanation for across-arc isotopic changes.  Progressive depletion 318 

of the slab—or more quantitative transfer of elements into the liquid phase—is another, as we 319 

have emphasized for K isotopes.   320 

 321 

4.2.2. Across-arc changes in source of K 322 

 323 

Here, we consider across-arc changes in the source of materials to the Izu lavas.  We focus on 324 

constraints from radiogenic-isotope systems, though interpretations of these systems are varied.  325 



We note, first, that 143Nd/144Nd and 176Hf/177Hf ratios are slightly less radiogenic in the rear arc, 326 

consistent with a more enriched reservoir.  This may reflect an input by a sediment-melt 327 

component to the rear arc or compositional heterogeneity in the mantle wedge.  On the other 328 

hand, 206Pb/204Pb and 87Sr/86Sr ratios are less radiogenic in the rear arc, consistent with a more 329 

depleted reservoir.  This may reflect a greater contribution of these elements by mafic-oceanic 330 

crust or by the mantle wedge.  In the following, we consider K-isotope variations primarily in 331 

relation to Pb- and Sr-isotope ratios.  We illustrate these considerations with two models.  In the 332 

first, slab-derived fluids dominate the signal in Pb-, Sr-, and K-isotope ratios in both the arc front 333 

and rear arc.  In the second, the slab signal is attenuated in the rear arc as a result of a greater 334 

mantle-wedge contribution of Pb, Sr, and K.   335 

To start, we note that K, Pb, and Sr are present at high concentrations in the Izu lavas, 336 

relative to MORB compositions, such that each of these elements appears to have been vastly 337 

enriched in the source region of the Izu arc by the action of metasomatic fluids.  Enrichment of K 338 

in the Izu lavas can be illustrated by K/Yb – Nb/Yb systematics (Pearce, 1982).  In a K/Yb – Nb/Yb 339 

diagram, MORB compositions define an array (Figure 5a), where most of the variance is 340 

interpreted to result from (1) mantle heterogeneity and (2) variable degrees of partial melting 341 

(Pearce, 1982).  Assuming that the Yb and Nb contents of the mantle wedge are negligibly 342 

affected by fluids, displacements from the MORB array in K/Yb – Nb/Yb space are attributed 343 

entirely to additions of K to the mantle by metasomatic fluids.  As illustrated, the K/Yb ratios of 344 

the Izu lavas are elevated relative to the MORB array, by factors of roughly 16 in the arc front, 345 

and 8 in the rear arc (Figure 5a).  These enrichment factors translate into estimates that 346 

metasomatic fluids account for about 94% of the K in the arc front lavas, and about 88% of the K 347 



in the rear arc lavas (Figure 5b).  Analogous systematics show that Pb and Sr are also vastly 348 

enriched in the Izu lavas (Figure 5b).  By contrast, the much smaller enrichments in Nd and Hf 349 

abundances imply that lower proportions of these elements are contributed by metasomatic 350 

fluids; accordingly, Nd and Hf isotopic variations in the lavas may largely reflect mantle 351 

heterogeneities (Straub et al., 2010).  Thus, in assessing the effect of changes in source materials 352 

on the K-isotope compositions of the Izu arc lavas, we focus on the Pb and Sr radiogenic-isotope 353 

systems, since the Pb, Sr, and K contents of the lavas appear to be principally controlled by 354 

metasomatic fluids.   355 

 The Pb- (and Sr-) isotope systematics of the Izu arc have been interpreted in two 356 

fundamentally different ways.  In one view, the unradiogenic—low 206Pb/204Pb—endmember in 357 

mixing relationships is the mantle wedge.  The basis for identifying the mantle as the source of 358 

unradiogenic Pb is that 208Pb/204Pb vs. 206Pb/204Pb require that the unradiogenic component have 359 

high 208Pb/204Pb at a given 206Pb/204Pb ratio.  That is, the unradiogenic component must have an 360 

Indian-Ocean-Type Pb-isotope signature.  The mantle wedge appears to have an Indian-Ocean-361 

Type signature (Hickey-Vargas, 1991; Hickey‐Vargas, 1998).  By contrast, mafic oceanic crust 362 

adjacent to the Izu trench has a Pacific-Ocean-Type Pb-isotope signature (Hauff et al., 2003; 363 

Durkin et al., 2020).  On this basis, several studies have identified the mantle wedge as a 364 

significant source of unradiogenic Pb.  These studies have interpreted the relatively unradiogenic 365 

Pb (and Sr) in the rear arc as indicative of a greater proportion of mantle-derived Pb (and Sr) in 366 

those lavas (Hochstaedter et al., 2001; Ishizuka et al., 2006; Kimura et al., 2010; Taylor and 367 

Nesbitt, 1998; Tollstrup et al., 2010).   368 



Alternatively, it has been proposed that the mantle wedge is incapable of supplying a 369 

large proportion of Pb to the Izu arc lavas, so that subducting mafic oceanic crust must serve as 370 

the depleted endmember.  Straub et al. (2009) pointed out that simple mixing of slab-derived 371 

fluids with mantle peridotite is insufficient as a mechanism to explain both the Pb enrichments 372 

and the Pb-isotope compositions of the lavas.  To illustrate this: in a simple mixing scenario, Pb-373 

isotope data would require that roughly 50% of Pb in the rear-arc lavas be derived from the 374 

mantle, whereas Pb/Yb – Nb/Yb systematics would require that roughly 90% of the Pb in the 375 

same lavas be supplied by an external source, presumably slab-derived fluids (Figure 5b).  This is 376 

a severe inconsistency.  Thus, Straub et al. (2009) proposed that mafic oceanic crust must be the 377 

dominant source of the unradiogenic Pb.  Accordingly, it was inferred that the subducted oceanic 378 

crust has an Indian-Ocean-type Pb-isotope composition Straub et al. (2009; 2010).  The strength 379 

of this interpretation is that it reconciles the Pb-isotope and the elemental relationships.  Yet, 380 

this interpretation requires that oceanic crust presently under the Izu arc have a fundamentally 381 

different Pb-isotope signature as compared to the oceanic crust presently adjacent to the Izu 382 

trench.  This is a possibility but has not been substantiated by independent evidence.   383 

 384 

4.2.3. Model 1: Control of K, Pb, and Sr by slab components 385 

 386 

Here, we consider a model in which the slab components explain the Pb, Sr, and K contents of 387 

the Izu lavas.  We adopt the assumption that the mafic oceanic crust of the subducting slab has 388 

an Indian-Ocean-type radiogenic-isotope signature, as proposed by Straub et al. (2009; 2010).  In 389 

this scenario, the less radiogenic 206Pb/204Pb and 87Sr/86Sr ratios of the rear arc lavas imply a lesser 390 



contribution of Pb and Sr from subducting sediments, and a greater contribution of these 391 

elements by mafic oceanic crust.  We consider how such a model may be reconciled with the K-392 

isotope data.   393 

 A two-stage model is presented in Figure 6, with parameters as described in Table 1.  In 394 

the first stage, fluids are released from the sediment and mafic oceanic crust lithologies of the 395 

slab.  Mixing of these fluids accounts for the isotopic composition of the lavas of the arc front.  396 

The residual composition of the slab following dehydration/melting to produce the fluids is also 397 

calculated.  In the second stage, fluids are released from the residual sediment and residual mafic 398 

oceanic crust lithologies.  All parameters relating to slab dehydration/melting, including the 399 

isotopic fractionation factor for 41K/39K are held constant, for both stages.  The difference in the 400 

sediment- and ocean-crust-derived fluids between the arc front and rear arc arises solely because 401 

of the change in the composition of slab—i.e., because of the depletion of the slab by fluid loss 402 

under the arc front.   403 

 In this simple model (Figure 6), an across-arc change in δ41K values results from depletion 404 

of the slab in heavy K.  As modeled, most of the K in the lavas of both the arc front and the rear 405 

arc derives from oceanic crust.  This reflects the higher K/Pb ratios calculated for the oceanic-406 

crust-derived fluids as compared to the sediment-derived fluids.  Thus, it is principally the loss of 407 

heavy K from this reservoir—and to a lesser degree the loss of heavy K from sediment—that leads 408 

to a residual slab that is relatively light.  This residual slab, in turn, contributes light K to the lavas 409 

of the rear arc.   410 

 411 

4.2.4. Model 2: Control of K, Pb, and Sr by slab and mantle components 412 



 413 

Next, we consider a model in which the mantle contributes large fractions of Pb, Sr, and K to the 414 

rear-arc (Figure 7; Table 2).  This model rests on the assumption that the mantle is the source of 415 

unradiogenic Pb.  In this model, a fluid that incorporates elements from the lower parts of the 416 

mantle wedge is included in addition to slab-derived fluids.  Thus, this fluid concentrates mantle-417 

derived Pb, Sr, and K and delivers it to part of the mantle wedge that is the source regions of the 418 

Izu lavas.  The inclusion of this step, in particular, follows a model recently proposed for the Izu 419 

arc by Durkin et al. (2020).  Its inclusion is motivated by the need to reconcile Pb-isotope and Pb 420 

elemental data (Straub et al., 2009; Durkin et al., 2020).  This model does not account for 421 

progressive depletion of the slab.   422 

 The model is formulated as follows.  First, fluids are released from the different 423 

components of slab.  In addition, a fluid that has incorporated material from the mantle wedge 424 

is also released.  While slab fluid loss is modeled by closed-system equilibrium (i.e., batch 425 

melting), mantle fluid loss is modeled by a ‘zone-refining’ process with a high solid-to-fluid ratio—426 

namely, 200.  Regarding this step, we envision that dilute aqueous fluids hydrate the mantle 427 

wedge above the slab in the forearc region.  As mantle-wedge materials are dragged downward, 428 

these parcels of mantle dehydrate, releasing fluids that incorporate elements from the mantle.  429 

The composition of the metasomatic fluids that reach the Izu arc source is then a mixture of both 430 

mantle-derived and slab-derived fluids.   431 

 We also incorporate assumptions about mantle heterogeneity.  A slightly more enriched 432 

radiogenic-isotope signature is assigned to the sub-rear-arc mantle.  This is based on the 433 

assumption that the lower 143Nd/144Nd ratios of the rear-arc lavas are indicative of an enriched 434 



mantle component (rather than a sediment component) under the rear arc.  In addition, the 435 

elemental composition of the sub-rear-arc mantle is inferred to be more enriched.  Elemental 436 

compositions of the arc-front and rear-arc mantle wedge are inferred from X/Yb vs. Nb/Yb 437 

systematics, as described in the Supplement.  These assumptions and inferences result in 438 

different compositions of the mantle-derived fluids under the arc front vs. rear arc.   439 

 Importantly, the model is also sensitive to assumptions about the partitioning of 440 

elements.  Some assumptions are motivated by our aim of fitting isotopic and elemental 441 

compositions of the arc lavas.  In addition, we find that it is necessary that the Sr/Pb ratio of the 442 

sediment-derived fluid be lower than the ratio of bulk sediment at Site 1149.  Otherwise, the 443 

curvature of the mixing curve in Figure 7 will be too extreme to explain the compositions of the 444 

arc lavas.  Accordingly, we effectively treat the partition coefficient DPb
Sed/Fluid

 as an adjustable 445 

parameter, and assign it a value of DSr
Sed/Fluid

 multiplied by a factor of 2.  This value does fall 446 

within the range of plausible values, given that there are large uncertainties in experimental 447 

partition coefficients applicable to sediment melting (Supplement).  In addition, we assume that 448 

the fluid that incorporates material from the mantle wedge is an aqueous fluid.  This has the 449 

advantage of mobilizing Pb preferentially over the LREEs.  Moreover, we specifically use the 450 

partition coefficients for clinopyroxene/fluid and garnet/fluid from the 6 GPa and 800 C 451 

experiments of Kessel et al. (2005) to model this fluid-mantle interaction.  These choices lead to 452 

an adequate fit for several elements (Supplement), but they do not resolve all problems for the 453 

model.  The limitations of the model are discussed later, at the end of this section.   454 

 The model illustrates how a signal in δ41K from slab-derived K is expressed in the arc front 455 

but is attenuated in the rear arc.  The heavy K of the slab fluid arises as a result of isotopic 456 



fractionation.  A fractionation factor (∆slab−fluid) of -0.50‰ is employed in order to generate 457 

sufficiently heavy K.  Mixing with mantle-derived fluids leads to lower δ41K values.  This reflects 458 

our assumption that isotopic fractionation is associated with slab dehydration and melting but 459 

not mantle-fluid interaction.  Accordingly, the across-arc change in δ41K values is partly explained 460 

by a greater contribution by mantle-derived fluid in the rear arc.  Note that, in addition to this 461 

simple dynamic, there are also different curvatures for the mixing relationships in the 206Pb/204Pb 462 

— δ41K diagram.  This reflects the different K/Pb ratios of the mixing components under the arc 463 

front versus rear arc (Figure 7).  The mixing curve for the rear arc has greater curvature.  This 464 

reflects the more-enriched (high K/Pb) composition inferred for the sub-rear-arc mantle.  To a 465 

lesser degree, it also reflects the greater contribution of sediment (low K/Pb) and lesser 466 

contribution of oceanic crust (high K/Pb) to the slab-derived fluid under the rear arc.  These 467 

general trends illustrate how across-arc δ41K variations may relate to across-arc Pb-isotope 468 

variations, in the context of a model where unradiogenic Pb is interpreted as deriving from the 469 

mantle wedge.   470 

 471 

Limitations of Model 2 472 

 473 

We conclude by noting that the validity of this model depends mostly on factors other than how 474 

well it can explain the K-isotope data.  One challenge is whether a fluid interacting with the 475 

mantle can acquire elemental patterns that are consistent with the elemental patterns observed 476 

in the Izu lavas.  In particular, in order for this model to be successful, the fluid must incorporate 477 

Pb, Sr, and K (with similar efficiency) from the mantle while not incorporating too much LREEs or 478 



Nb or Ta.  Many partition coefficients for fluid-mantle or melt-mantle interaction do not meet 479 

these criteria.  The set of coefficients we have used results in an adequate fit for several elements, 480 

but does not reproduce the low Nb or La abundances that are needed (Supplement).  The 481 

mismatches for these elements is usually less than a factor of 2.  Perhaps there is enough 482 

uncertainty regarding partition coefficients, so that this does not preclude the viability of the 483 

model.  Another challenge is whether a fluid can transfer sufficient amounts of mantle-derived 484 

material without also transporting excessive amounts of H2O.  Our modeling requires about 5% 485 

metasomatic fluid to be added to the parts of the mantle wedge that are the arc source regions.  486 

If this metasomatic fluid is highly H2O-rich—e.g., greater than 50% H2O, which would be 487 

consistent with our choice of partition coefficients—then this may produce unrealistically high 488 

H2O contents in the primary arc lavas.  Thus, the model as formulated would likely require some 489 

mechanism to lose H2O from the metasomatic fluids and/or primary magmas.   490 

 491 

5. Conclusions 492 

 493 

(1) The lavas of the Izu arc have high δ41K values relative to our current best estimates for the 494 

upper mantle, sediments, and ocean crust.  We infer that heavy K is mobilized preferentially by 495 

fluids during slab dehydration.   496 

 497 

(2) A decrease in δ41K values is observed from arc front to rear arc.  Arc front and rear arc lavas 498 

are typically heavier than the upper mantle by about 0.22‰ and 0.08‰, respectively.  This shift 499 



may reflect a progressive depletion of the slab in heavy K, resulting in the release of progressively 500 

lighter K as the slab descends to greater depths.   501 

 502 

(3) Lead and Sr isotope relationships have been interpreted in fundamentally different ways in 503 

the setting of the Izu arc.  If unradiogenic Pb is derived from the mantle (as suggested by some 504 

lines of evidence), then it appears that fluids must efficiently scavenge Pb and presumably other 505 

fluid-mobile elements from the mantle wedge.  In this scenario, the across-arc decrease in δ41K 506 

values may also be related to a greater contribution of K from the mantle wedge to the rear-arc 507 

lavas.   508 

 509 

(4) Potassium isotopes may be useful in tracking the depletion of subducting slabs in K and other 510 

elements.  Since K is hosted in hydrous and LILE-bearing phases, such as phengite or phlogopite, 511 

K-isotope variations in arc lavas may contribute to understanding the fate of H2O and LILEs in 512 

subduction zones.   513 

 514 

(5) To the extent that preferential loss of heavy K by the slab is common in subduction zones, it 515 

will be the case that heavier K will be added to arc and continental crust whereas lighter K will be 516 

added to the mantle.  Future work can assess whether a difference in K-isotope compositions 517 

between continental crust and mantle can be resolved.   518 

 519 



(6) Very large δ41K variations among a subset of samples are not well-understood.  Provisionally, 520 

these variations are attributed to processes that occur at shallow or crustal depths that may 521 

conceivably mobilize K to a significant degree.   522 

 523 

 524 

 525 

 526 

 527 

 528 

 529 

 530 

 531 

 532 

 533 

 534 

 535 

 536 

 537 

 538 

 539 

 540 



 541 
 542 

Figure 1. (Left) Overview of the Izu-Bonin-Mariana arc, and location of IODP Site 1149. (Right) 543 

Volcanos of the Izu arc from which we obtained samples.  Arc front volcanic islands and Hakone 544 

volcano denoted by blue markers, rear-arc volcanic islands by red markers, and the submerged 545 

caldera Omuradashi by a green marker.  Bathymetric data from Ryan et al. (2009), plotted with 546 

GeoMapApp software (www.geomapapp.org).   547 

 
 548 

 549 

 550 



 551 

Figure 2.  Graphical summary of δ41K values in all samples reported in this study.  Within the arc 552 

front and rear arc groups, volcanic islands (and Hakone volcano) are ordered vertically according 553 

to their latitude.  Note that the altered samples appear to have more variable δ41K values, 554 

extending to higher values, in comparison to unaltered arc front samples.   555 

 556 



 557 
Figure 3. Distributions of δ41K values for arc front and rear arc samples.  Median values are 558 

indicated by dashed vertical lines.  The difference between the medians is 0.14‰, with a 95% 559 

confidence interval [0.078 to 0.195‰] calculated by a bootstrapping approach.  Literature data 560 

bearing on the compositions of the mantle wedge, sediments, and altered oceanic crust are 561 

summarized: Markers indicate mean values, and horizontal bars indicate ± one standard 562 

deviation.   563 

 564 

 565 

 566 

 567 

 568 

 569 

 570 

 571 



 572 

 573 

Figure 4. Alkali element (K, Rb, Cs) ratios of the Izu arc lavas.  Ratios of K/Cs and Rb/Cs are 574 

generally higher in the rear arc lavas (red) than in the arc front lavas (blue).  The decrease in δ41K 575 

values from the arc front to rear arc is consistent with the across-arc increase in K/Cs and Rb/Cs 576 

ratios, in that they both support progressive breakdown of phengite with depth in the subduction 577 

zone.   578 

 579 

 580 

 581 

 582 

 583 



 584 

 585 

Figure 5. (a-Top) Potassium enrichment as quantified by K/Yb – Nb/Yb systematics, after Pearce 586 

(1982) and Pearce and Stern (2006).  Global MORB data from the compilation of Gale et al. (2013).  587 

Black dashed line is regressed through MORB data points. The grey dashed lines are contours 588 

that correspond to the enrichment factors of K/Yb relative to the MORB array.  (b-Bottom) 589 

Enrichments of K, Pb, Sr, Nd, and Hf as quantified by X/Yb – Nb/Yb systematics, where X is K, Pb, 590 

Sr, Nd, or Hf.  Proportions of each element contributed by metasomatic fluids is also indicated.  591 

For each element, markers are based on median values, and bars correspond to 25th and 75th 592 

percentile values.   Bars are not intended to represent all sources of uncertainty. 593 

 594 



 595 

Figure 6. Relationships from Model 1: Control of K, Pb, and Sr by slab components.  The 596 

compositions of the Izu lavas are modelled as mixtures of sediment and MORB (lower ocean 597 

crust) fluids.   The MORB component is assumed to be negligibly affected by seafloor 598 

hydrothermal alteration.  A fractionation factor (∆solid−fluid = -0.40‰) is assumed.  Depletion of 599 

the slab by fluid loss under the arc front modifies the composition of the slab, resulting in 600 

different fluid compositions being released under the rear arc.  Model 1 parameters are provided 601 

in Table 1.   602 

 603 

 604 

 605 

 606 



 607 

Figure 7. Relationships from Model 2: Control of K, Pb, and Sr by slab and mantle components.  608 

The compositions of the Izu lavas are modelled as mixtures of slab-derived (sediment- and MORB-609 

derived) fluids and mantle-wedge-derived fluids.  Depletion of the slab by progressive fluid loss 610 

is neglected in this model.  A fractionation factor (∆solid−fluid = -0.50‰) is assumed.  In the arc 611 

front, the slab-derived fluid includes sediment and MORB components.  In the rear arc, the slab-612 

derived-fluid includes only sediment components.  Mantle-wedge fluids vary in composition as a 613 

result of inferred compositional heterogeneity in the mantle wedge.  Model 2 parameters are 614 

provided in Table 2.  615 

 616 

 617 

 618 



 619 

Table 1 

Parameters used for modeling in Figure 6. 

  Sed. Sed. Fluid 
MORB, Indian-
Ocean-Type MORB Fluid Residual Sed. 

Residual-Sed. 
Fluid Residual MORB 

Residual-MORB 
Fluid 

  (1) (2) (3) (4) (5) (6) (7) (8) 

Pb 15.4 122 0.51 9.1 12.7 100 0.29 5 

Sr 136 1075 128 1807 112 884 85 1199 

K 9630.3 40929 1162.3 20681 8907 40929 662 11776 
206Pb/204Pb 18.63 18.63 17.91 17.91 18.63 18.63 17.9105 17.91 
208Pb/204Pb 38.63 38.63 37.70 37.70 38.63 38.63 37.6951 37.70 
87Sr/86Sr 0.7106 0.7106 0.7030 0.7030 0.7106 0.7106 0.7030 0.7030 

δ41K -0.53 -0.17 -0.44 -0.22 -0.57 -0.21 -0.62 -0.40 

 620 
Table 1 Caption 621 
 622 
(1) Sediment elemental composition is Site 1149 weighted average from Plank et al. (2007).  Radiogenic isotope compositions from averaging of data from Hauff et al. (2003), Chavagnac et al. (2008), 623 
and Scudder et al. (2014): see supplement.  Potassium-isotope composition from a Site 1149 average (Parendo et al., under review): data included in supplement.   624 
(2) Sediment-fluid composition is calculated by batch melting with melt fraction of 2.5%.  Partition coefficient for Sr (DSr

solid/liquid
) from experiment C-1699 (3.5 GPa, 900 C) of Hermann and Rubatto 625 

(2009).  DPb
s/l

 is assumed equal to DSr
s/l

.  Potassium content of fluid is buffered by phengite: a saturation concentration of 4.9% is used (experiment C-1699; Hermann and Rubatto, 2009).  A fractionation 626 
factor (α

s/l
) for 41K/39K of 0.9996 is assumed.   627 

(3) MORB elemental composition is N-MORB of Gale et al. (2013).  Pb-isotope composition is estimated from average of back-arc-basin basalt data of Hickey-Vargas (1991) and Straub et al. (2010).  Sr-628 
isotope composition is adjusted to a slightly higher value (by about ~0.0002) than an average of data from Hickey-Vargas (1991) and Straub et al. (2010), following assumption of Straub et al. (2010) 629 
that Sr may be affected slightly by seawater alteration; This value (0.7030) is also the same as the median of Indian-Ocean MORB samples from the compilation of Gale et al. (2010).  Potassium-isotope 630 
composition from Tuller-Ross et al. (2019).   631 
(4) MORB-fluid composition is calculated by batch melting (dehydration) with melt (fluid) fraction of 2.5%.  Partition coefficients DPb

s/l
 and DSr

s/l
 from 4 GPa and 900 C experiment of Kessel et al. (2005).  632 

DK
s/l

 is assumed equal to DPb
s/l

.  A fractionation factor (α
s/l

) for 41K/39K of 0.9996 is assumed.   633 
(5) Residual sediment is composition of sediment following loss of material according to melting described in footnote (2).   634 
(6) Residual-sediment fluid is composition of fluid produced by melting using the same parameters as in footnote (3).   635 
(7) Residual MORB is composition of sediment following loss of material according to melting described in footnote (4).   636 
(8) Residual-MORB fluid is composition of fluid produced by melting (dehydration) using the same parameters as in footnote (5).   637 
 638 
 639 

 640 

 641 

 642 



Table 2 

Parameters used for modeling in Figure 7. 

  Sed. Sed. Fluid 
MORB, 
Pacific-Type MORB Fluid 

Arc-Front 
Slab Fluid 

Rear-Arc   
Slab Fluid 

Arc-Front 
Mantle 

Arc-Front 
Mantle Fluid 

Rear-Arc 
Mantle 

Rear-Arc 
Mantle Fluid 

  (1) (2) (3) (4) (5) (6) (7) (8) (7) (8) 

Pb 15.4 69 0.51 9.9 39 69 0.016 2.0 0.027 3.5 

Sr 136 1114 128 1938 1526 1114 4.9 656 7.3 973 

K 9630.3 40929 1162 22630 31780 40929 16 1994 61 7666 
206Pb/204Pb 18.63 18.63 18.31 18.31 18.59 18.63 17.91 17.91 17.94 17.94 
208Pb/204Pb 38.63 38.63 37.74 37.74 38.52 38.63 37.70 37.70 37.79 37.79 
87Sr/86Sr 0.7106 0.7106 0.7025 0.7025 0.7055 0.7106 0.7028 0.7028 0.7029 0.7029 

δ41K -0.53 -0.07 -0.44 -0.13 -0.09 -0.07 -0.44 -0.44 -0.44 -0.44 

 643 
Table 2 Caption 644 
 645 
(1) Sediment elemental composition is Site 1149 weighted average from Plank et al. (2007).  Radiogenic isotope compositions from averaging of data from Hauff et al. (2003), Chavagnac et al. (2008), 646 
and Scudder et al. (2014): see supplement.  Potassium-isotope composition from a Site 1149 average (Parendo et al., under review): data included in supplement.   647 
(2) Sediment-fluid composition is calculated by batch melting with melt fraction of 2.0%.  Partition coefficient for Sr (DSr

solid/liquid
) from experiment C-1699 (3.5 GPa, 900 C) of Hermann and Rubatto 648 

(2009).  DPb
s/l

 is assumed equal to (2 * DSr
s/l

).  Potassium content of fluid is buffered by phengite: a saturation concentration of 4.9% is used (experiment C-1699; Hermann and Rubatto, 2009).  A 649 
fractionation factor (α

s/l
) for 41K/39K of 0.9995 is assumed.   650 

(3) MORB elemental composition is N-MORB of Gale et al. (2013).  Radiogenic-isotope composition is average of individual Pacific MORB samples from compilation of Gale et al. (2013).  Potassium-651 
isotope composition from Tuller-Ross et al. (2019).   652 
(4) MORB-fluid composition is calculated by batch melting (dehydration) with melt (fluid) fraction of 2.5%.  Partition coefficients DPb

s/l
 and DSr

s/l
 from 4 GPa and 900 C experiment of Kessel et al. (2005).  653 

DK
s/l

 is assumed equal to DPb
s/l

.  A fractionation factor (α
s/l

) for 41K/39K of 0.9995 is assumed.   654 
(5) Arc-front slab fluid is a mixture of 50% sediment fluid and 50% MORB fluid.   655 
(6) Rear-arc slab fluid is identical to the sediment fluid.   656 
(7) Elemental compositions of mantle wedge under arc front and rear arc obtained are inferred on the basis of Nb/Yb ratios, X/Yb — Nb/Yb systematics,  and assumptions of extents of melting of the 657 
mantle wedge of 28% and 16% below the arc front and rear arc., respectively  See supplement for full explanation.  Strontium and Pb values under arc front are average values of BABBs of the Shikoku 658 
Basin (Hickey-Vargas, 1991; Straub et al., 2010), and values under rear arc are midway between values for BABBs and values for the Kinan Seamount Chain (KSC; Ishizuka et al., 2009): This selection of 659 
radiogenic-isotope compositions is intended also to consistent with 143Nd/144Nd variation across the arc, under the assumption that 143Nd/144Nd variation reflects mantle heterogeneity.  Potassium-660 
isotope composition is same as for MORB.   661 
(8) Mantle-fluid compositions for sub-arc-front and sub-rear-arc calculated by ‘zone-refining’ interaction of an initially pure fluid with sub-arc-front and sub-rear-arc mantle wedge at a solid-to-fluid 662 
ratio of 200: This is similar in effect to producing a fluid by batch melting at a low extent of melting, i.e., about 0.5%.  Partition coefficients for Pb and Sr from 800 C and 6 GPa experiment of Kessel et 663 
al. (2005), and assuming a mantle wedge mineralogy that includes 5% garnet and 5% clinopyroxene.  Other minerals are assumed to retain negligible amounts of trace elements.  DK

s/l
 is assumed equal 664 

to DPb
s/l

.  A fractionation factor (α
s/l

) for 41K/39K of unity is assumed.   665 

 666 

 667 

 668 



 669 

 670 

 671 

 672 

 673 

 674 

 675 

 676 

 677 

 678 

 679 

 680 
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Section 1: 853 

Discussion of extreme K-isotope variations in certain samples 854 

 855 

The subset of highly variable δ41K values within our dataset requires a separate explanation. 856 

Since many processes occurring in the slab or mantle wedge are expected to entail mixing or 857 

homogenization, it is probable that these highly large variations originated after many of these 858 

processes.  Thus, we focus on processes that occur at relatively shallow depths and at the Earth’s 859 

surface, such as magmatic differentiation, exsolution of fluids, and secondary alteration.   860 

 Secondary alteration remains a possibility; however, petrographic evidence and other 861 

considerations suggest that it is not the responsible mechanism.  To look for signs of alteration, 862 

we examined sample NJ-22, a significant δ41K outlier, under petrographic microscope and by 863 

electron-microprobe.  We observed that the bulk of K in this sample is hosted overwhelmingly in 864 

glassy matrix and that the glass shows no clear signs of degradation or conversion to secondary 865 

phases (Supplement).  To check for heterogeneity, we also dissolved and analyzed two separate 866 

chips of sample NJ-22, in addition to the initial powder.  The δ41K values of the three pieces of 867 

NJ-22 yielded values of 0.25, 0.32, and 0.36: This range is greater than our estimated analytical 868 

reproducibility but is smaller than the gap between NJ-22 and most rear-arc samples.  Large 869 

variability among different pieces of NJ-22 would probably indicate alteration, whereas the 870 

relatively narrow range of δ41K values here does not provide clear evidence one way or the other.  871 

Finally, we note that we analyzed five visibly altered samples, mostly from the submarine caldera 872 

Omuradashi.  Among these samples, we did not observe any extreme variations in δ41K values.  873 

This provides additional evidence against alteration of glass to secondary phases—or assimilation 874 

of such material—as an explanation for the highly variable δ41K values in arc front and rear arc.  875 

Based primarily on the petrographic observations, we conclude that secondary alteration is not 876 

the cause of extreme δ41K variability, unless the K of the volcanic glasses can be affected 877 

dramatically without visible changes to the glass.   878 

 Fractional crystallization can be ruled out as an explanation.  Potassium in the mafic and 879 

andesitic samples, in which the extreme δ41K values are found, is resides overwhelmingly in the 880 

glassy matrix, since there are no significant K-bearing mineral phases in these volcanic rocks: 881 

Without K in a mineral phase, there is no mechanism by which fractional crystallization can drive 882 

δ41K variations in the lavas.  Moreover, the rhyolite samples in our dataset (NJ-30, NJ-40, KZ-02, 883 

KZ-05) have normal, minimally variable K-isotope compositions, supporting the conclusion that 884 

fractional crystallization has a negligible impact on δ41K values.  These findings are consistent 885 

with the results of Tuller-Ross et al. (2019b), who reported a lack of significant variation in δ41K 886 

values among variably evolved volcanics that lack a K-bearing mineral phase, from Hekla volcano, 887 

Iceland.   888 

 Certain other magmatic processes, such as fluid exsolution or wallrock assimilation, have 889 

the potential to transfer significant amounts of K to or from magmatic systems, so these may be 890 

viable mechanisms to produce the extreme δ41K values.  Here, we focus primarily on the process 891 

of fluid exsolution, though it seems probable that, ultimately, both export of material by exsolved 892 



fluids and an assimilative process may be required to fully explain the data.  As magmas rise, the 893 

drop in pressure reduces the solubility of H2O and other volatiles in the magmas, such that 894 

exsolution of aqueous solutions or vapors is expected to occur.  Additionally, fluids exsolved from 895 

magmas may, in some instances, possess high solute contents, with higher K concentrations in 896 

the aqueous-solution phase than in the melt phase (Zajacz et al., 2008).  Thus, we may expect 897 

exsolving fluids to significantly mobilize K in magmatic systems under certain conditions.  898 

Moreover, there is petrographic evidence to substantiate that solute-rich fluids were exsolved 899 

from the melt corresponding to sample NJ-22.  Photomicrographs show that vesicles in sample 900 

NJ-22 have ingrowing euhedral phenocrysts of phases including Na-feldspar and pyroxene 901 

(Supplement: Figures S3-S6).  This indicates that these silicate minerals were precipitated from 902 

aqueous fluids that had separated from the melt, and that the fluids were solute-rich.  While the 903 

K contents of the fluids are not known, it is possible that these fluids exported isotopically light K 904 

from the melt, such that the remaining melt acquired a heavier K isotopic composition, as 905 

observed in sample NJ-22.  Other processes, such as assimilation of fresh or altered wallrock, 906 

would complicate this picture, but may be essential to accounting for the fact that both light and 907 

heavy extreme K-isotope compositions are observed.  The roles of these mechanisms remain 908 

speculative, but we highlight them as provisional explanations for the highly variable isotopic 909 

compositions that seem to be characteristic of only a subset of the lavas in our dataset.   910 

 911 

 912 

 913 

 914 

Overview of Izu arc-front (blue) and rear-arc (red) samples.   915 

 916 

 917 



 918 

Section 2 919 

Partition coefficients for Models 1 and 2 920 

 921 

Partition coefficients used in Models 1 and 2 are included in Table S1 and S2, respectively.   922 

 923 

Partitioning during MORB dehydration/melting 924 

 925 

The partition coefficients for fluid loss from MORB are from the experiment at 4 GPa and 900 C 926 

of Kessel et al. (2005) for all elements except K.  The starting material used by Kessel et al. (2005) 927 

was K-free.  In the experiment, the elements Cs and Rb (the latter of which may commonly 928 

behave similar to K) are both highly incompatible — more so than even Pb and Sr.  However, the 929 

mobility of Rb and K is expected to be sensitive to whether phengite is or is not saturated 930 

(Hermann and Rubatto, 2009), which in turn depends on several not well-constrained 931 

parameters—including temperature, the amount of fluid present, and the starting K content of 932 

the material.  We therefore make a simplifying assumption: namely, that D(K) = D(Pb).  Although 933 

we assign a saturation level of 40929 ppm K (~5 wt. % K2O) in solution (see section on sediment 934 

melting), this has no effect for the MORB-derived fluid in our modeling—because the K content 935 

of the MORB-derived fluid does not quite reach that level in our modeling.   936 

 937 

Partitioning during sediment dehydration/melting 938 

 939 

The partition coefficients for fluid loss from sediment are from the experiment at C-1699 (3.5 940 

GPa, 900 C) of Hermann and Rubatto (2009).  In C-1699 and other experiments, K contents (as 941 

well as REE contents) of the melts are observed to not be well described by constant partition 942 

coefficients.  Rather, the K abundance in the melt is buffered by phengite; the REE content by 943 

other accessory phases.  The K content of the fluid is largely a function of T while phengite is 944 

present.  In the experiments around 900 C (which is above the solidus), the K content of the melt 945 

is ~ 5 wt.% K2O.  We note that, as long as conditions are above the solidus, this value may not be 946 

expected to vary greatly—but even so K/Pb ratios may vary greatly with variable extents of 947 

melting because one element (K) would be buffered while the other (Pb) would have a variable 948 

abundance in the melt at different extents of melting.  Thus, there may be large uncertainty in 949 

the estimated K/Pb ratios of the modeled sediment-derived fluids.   950 

 The partitioning of Pb was not estimated from the experimental data of Hermann and 951 

Rubatto (2009) because Pb alloying to gold capsules was observed during the experiments.  In 952 

the experiments by Kessel et al. (2005) on MORB-type material, Pb is less compatible than Sr at 953 

lower temperatures (experiments at 4 GPa 700-800 C), whereas Pb and Sr are similarly 954 

incompatible near the transition from aqueous fluids to hydrous melts (experiments at 4 GPa 955 

900-100 C).  In Model 1, we assume D(Pb) = D(Sr) for sediment melting, which is consistent with  956 

these experiments.  However, we use a different assumption in Model 2: D(Pb) = 2*D(Sr).  The 957 

experiments on sediment melting of Johnson and Plank (1999) indicate greater compatibility of 958 

Pb than Sr in some cases, although there is a chance this is an artefact of Pb alloying.  For example, 959 



at 900 C, D(Sr) = 1.23 and D(Pb) = 1.29.  We regard the partitioning of Pb during sediment melting 960 

to be somewhat uncertain, and therefore choose to use it as an adjustable in Model 2 in order to 961 

fit Pb- and Sr-isotope data.   962 

Partitioning during fluid-mantle interaction 963 

 964 

The partition coefficients for fluid-mantle interaction used only in Model 2 are based on the 965 

experiment at 6 GPa and 800 C of Kessel et al. (2005).  The modelled trace-element patterns in 966 

the metasomatic fluid—and metasomatized mantle (Figure S1)—will be highly sensitive to the 967 

choice of partition coefficients.  To explain the data, it is required that the fluid that interacts 968 

with the mantle incorporates high Pb contents while (1) not greatly fractionating Pb/Sr ratios 969 

relative to mantle-wedge composition and (2) fractionating Pb/LREEs and Pb/Nb ratios, such that 970 

Pb is much more highly concentrated than the LREEs and Nb in the fluid.   The experimental data 971 

for the 6 GPa and 800 C experiment of Kessel et al. (2005) were used in the modeling because 972 

these partition coefficients result in Pb being highly mobilized while the LREEs and Nb are much 973 

less mobilized—and, hence, the elemental patterns are adequately fit (Figure S1).   974 

 Here we discuss possible alternative choices of partition coefficients.  In the context of 975 

our model, partition coefficients for interaction between (hydrous) melts and mantle peridotite 976 

do not fractionate Pb/LREEs sufficiently.  Higher rock-to-fluid ratios for the zone refining process 977 

would help this but would likely result in fractionation of other ratios (e.g., Pb/Sr) and thus not 978 

result in a better overall fit.  Also, partition coefficients for relatively low pressures (900-100 C, 2 979 

GPa; Ayers et al., 1997) appear to indicate greater compatibility of Sr in clinopyroxene, which 980 

would fractionate Pb/Sr ratios.  As an alternative to the partition coefficients we used, the 981 

coefficients for the 4 GPa and 900 C experiment of Kessel et al. (2005) could be utilized (though 982 

for this experiment cpx compositions were not determined, so these coefficients would have to 983 

be scaled based on assumptions).  These coefficients would be similar to those we used, except 984 

that (without rutile) they would indicate greater mobility for Nb, and hence not fit Nb well.  985 

Finally, the experiments of Adam et al. (2014) at 2 – 3 GPa and 1100-1200 C on fluids in 986 

equilibrium with peridotite indicate behavior capable of fractionating Pb (and Sr) from the LREEs 987 

but also indicate greater mobility for Nb.  The viability of Model 2 may depend on whether under 988 

any conditions Pb (and other fluid-mobile elements) can be mobilized without also mobilizing 989 

LREEs and some HFSEs such as Nb.   990 

 991 
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Table S1         

Model 1 — Partition coefficents and saturation levels      

  
MORB melting: 
D(solid/fluid) 

  

MORB melting: 
Saturation level 
in fluid (ppm) 

  

Sed. melting: 
D(solid/fluid) 

  

Sed. melting: 
Saturation level 
in fluid (ppm) 

  

     

        

Pb 0.032 [1] —  =1*D(Sr) [2] —   

Sr 0.047 [1] —  0.10 [3] —   

K =D(Pb) [2] 40929 [3] — [3] 40929 [3] 

Nb 1.455 [1] —  0.56 [3] —   

La 0.8813 [1] —  1.60 [3] —   

Nd 0.6623 [1] —  1.95 [3] —   

Hf 1.926 [1] —  0.91 [3] —   

Yb 88.4 [1] —   40.16 [3] —   

[1] 4 Gpa, 900 C experiment of Kessel et al. (2005)      

[2] Assumed         
[3] experiment C-1699 (3.5 GPa, 900 C)  of Hermann and Rubatto 
(2009)     

 1006 

Partition coefficients used in Model 2:  1007 

 1008 
Table S2           

Model 2 — Partition coefficents and saturation levels       

  MORB 
melting: 

D(solid/fluid) 

  
MORB 

melting: 
Saturation 

level in fluid 
(ppm) 

  

Sed. melting: 
D(solid/fluid) 

  
Sed. 

melting: 
Saturation 

level in fluid 
(ppm) 

  
Mantle 

Fluid, Zone 
refining: 

D(solid/fluid) 

  

      

          

Pb 0.032 [1] —  =2*D(Sr) [2] — [1] 0.005 [4] 

Sr 0.047 [1] —  0.10 [3] — [1] 0.004 [4] 

K =D(Pb) [2] 40929 [3] — [3] 40929 [2] =D(Pb) [2] 

Nb 1.455 [1] —  0.56 [3] — [1] 0.146 [4] 

La 0.8813 [1] —  1.60 [3] — [1] 0.010 [4] 

Nd 0.6623 [1] —  1.95 [3] — [1] 0.061 [4] 

Hf 1.926 [1] —  0.91 [3] — [1] 0.732 [4] 

Yb 88.4 [1] —   40.16 [3] — [1] 5.751 [4] 

[1] Experiment (4 GPa, 900 C) of Kessel et al. 
(2005)        

[2] Assumed          

[3] Experiment C-1699 (3.5 GPa, 900 C)  of Hermann and Rubatto (2009)      

[4] Experiment (6 GPa, 800 C) of Kessel et al. (2005): grt/liq and cpx/liq partition coefficients and mantle-wedge peridotite 
composition with 5% garnet, 5% cpx  

 1009 

 1010 



Section 3  1011 

Additional Details for Model 2 (control by slab and mantle components) 1012 

 1013 

Elemental patterns:  1014 

A summary of model parameters and results for K, Pb, and Sr (elements and isotopes) is provided 1015 

in Table 2 of the main text.  An expanded version of this table with concentrations of Nb, La, Nd, 1016 

and Yb is proved in Table S1 — This table also includes additional columns.  The additional 1017 

columns provide the elemental and isotopic compositions of the mixtures ( “metasomatic fluids” 1018 

in Table S1) of mantle-derived plus slab-derived fluids.  The additional columns also provide the 1019 

elemental and isotopic compositions of the metasomatized mantle—i.e., simple mixtures of the 1020 

mantle-wedge and the metasomatic fluids.  The mixing proportions used are 4% metasomatic 1021 

fluid and 96% mantle wedge for the arc front, and 5% metasomatic fluid and 95% mantle wedge 1022 

for the rear arc.  Finally, plots showing elemental patterns for the metasomatized mantle are 1023 

given in Figure S1.   1024 

 1025 
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Table S3     

Expanded version of Table 2 from main text.     

  Sed. Sed.  MORB MORB 
A-F 
Slab  

A-R 
Slab  A-F Mantle A-F Mantle  A-R Mantle A-R Mantle A-F Metasomatic A-R Metasomatic 

A-F 
Metasomatized 

A-R 
Metasomatized 

    Fluid    Fluid Fluid Fluid   Fluid    Fluid Fluid Fluid Mantle Mantle 

Pb 15.4 69 0.51 9.9 39 69 0.016 2.0 0.027 3.5 3.8 6.6 0.2 0.4 

Sr 136 1114 128 1938 1526 1114 4.9 656 7.3 973 698 980 33 56 

K 9630.3 40929 1162 22630 31780 40929 16 1994 61 7666 3424 9262 152 521 

206Pb/204Pb 18.63 18.63 18.31 18.31 18.59 18.63 17.91 17.91 17.94 17.94 18.25 18.29 18.22 18.26 

208Pb/204Pb 38.63 38.63 37.74 37.74 38.52 38.63 37.70 37.70 37.79 37.79 38.11 38.21 38.07 38.18 

87Sr/86Sr 0.7106 0.7106 0.7025 0.7025 0.7055 0.7106 0.7028 0.7028 0.7029 0.7029 0.7031 0.7034 0.7030 0.7033 

d41K -0.53 -0.07 -0.44 -0.13 -0.09 -0.07 -0.44 -0.44 -0.44 -0.44 -0.29 -0.36 -0.30 -0.37 

Nb 5.220 9.130 3.620 2.504 5.817 9.130 0.035 0.236 0.184 1.257 0.504 1.635 0.053 0.257 

La 23.400 14.763 4.190 4.742 9.752 14.763 0.078 6.796 0.220 19.171 6.938 18.959 0.352 1.157 

Nd 25.200 13.021 10.660 15.933 14.477 13.021 0.447 7.385 0.604 9.981 7.725 10.126 0.738 1.080 

Hf 1.440 1.573 2.460 1.290 1.431 1.573 0.135 0.184 0.149 0.204 0.244 0.270 0.139 0.155 

Yb 2.530 0.064 3.280 0.038 0.051 0.064 0.306 0.053 0.246 0.043 0.053 0.044 0.296 0.236 

1053 



 1054 

 1055 
 1056 

Figure S1.  Modeled elemental pattern of Izu arc front and rear arc source mantle.  The 1057 

composition of metasomatized mantle obtained by forward modeling (Model 2) is shown by solid 1058 

lines.  The composition of metasomatized mantle as inferred from the Izu arc lava compositions 1059 

is given by the dotted lines.  The composition of the mantle wedge prior to addition of 1060 

metasomatic fluid is given by the dashed lines.  The method for inferring the metasomatized-1061 

mantle composition (as well as the mantle-wedge composition prior to metasomatism) is 1062 

explained in the supplemental section “Composition of the mantle wedge”.   1063 



Composition of mantle wedge 1064 

 1065 

The elemental compositions of sub-arc-front and sub-rear-arc mantle wedge were estimated 1066 

using an inverse calculation: namely, elemental data for primitive lavas (with 5.25 to 6.75 1067 

wt. % MgO) were used to estimate the composition of the mantle wedge.  The following 1068 

approach was taken.  First, we took the elemental compositions of the primitive arc magmas 1069 

(i.e., average composition using samples within the specified range of MgO) and scaled these 1070 

concentrations by a factor of 0.7 to provide a rough correction for fractional crystallization 1071 

of olivine: this calculation thereby provided us with estimates for the primary arc magmas 1072 

for both the arc front and rear arc.  Second, we assumed extents of melting, F, of the 1073 

metasomatized mantle of 0.28 and 0.16 to produce the primary magmas of the arc front and 1074 

rear arc, respectively.  A higher extent of melting was assumed for the arc front than for the 1075 

rear arc to be generally consistent with the significantly lower Nb contents and Nb/Yb ratios 1076 

of the arc front relative to the rear arc.  Here we used the mineral-melt partition coefficients 1077 

from Salters and Stracke (2004), and a mantle (residue) mineralogy of 65% olivine, 30% 1078 

orthopyroxene, 5% clinopyroxene, and 0% garnet.  The mantle source composition was, 1079 

thereby, calculated using the batch melting equation, and the specified F values and primary 1080 

compositions.  Third, X/Yb vs. Nb/Yb systematics (Figure 5) were used to estimate the 1081 

enrichment factor for all elements for the arc front and rear arc: K, Pb, Sr, Nd, and Hf.  We 1082 

assumed enrichment factors of unity for both Nb and Yb, consistent with the assumption that 1083 

these elements are negligibly affected by fluid contributions.  These enrichment factors 1084 

determine the proportion of each element that is endogenous to the mantle wedge vs. the 1085 

amount that is added by metasomatic fluids.  Thus, we used these factors, along with our 1086 

estimates for the composition of the metasomatized mantle wedge, to produce estimates of 1087 

the mantle wedge prior to metasomatism.  In this way, we obtained the estimates for sub-1088 

arc-front and sub-rear-arc mantle wedge: These estimates were used in our modeling 1089 

calculation and are listed in Table S2.   1090 

 1091 

The radiogenic isotope composition of the mantle wedge was estimated on the basis on data 1092 

for typical back-arc-basin basalts (BABBs) from the Shikoku Basin (Hickey-Vargas, 1991; 1093 

Straub et al., 2010)  as well as more enriched basalts from the Kinan Seamount Chain (Ishizuka 1094 

et al., 2009).  We assumed that the 143Nd/144Nd and 176Hf/177Hf ratios of the Izu arc lavas, in 1095 

both the arc front and rear arc, may simply reflect the composition of the mantle wedge.  1096 

Thus, we used the radiogenic-isotope compositions of typical BABBs to estimate the 1097 

composition of the sub-arc-front mantle wedge, as these BABBs have 143Nd/144Nd ratios very 1098 

similar to those of arc-front lavas.  Also, we used radiogenic-isotope compositions (Pb, Sr, 1099 

Nd, and Hf) midway between those of typical BABBs and basalts of the Kinan Seamount Chain 1100 

to estimate the composition of the sub-rear-arc mantle wedge, as such 143Nd/144Nd ratios are 1101 

similar to those of rear-arc lavas.   1102 

 1103 

 1104 

 1105 

 1106 

 1107 

 1108 



Zone-refining equations: 1109 

 1110 

The 2nd model employs ‘zone-refining’ equations (e.g., Ayers, 1998).  Note that, in the context of 1111 

this model, the initial concentrations of the fluid are zero.  As a result, the compositions obtained 1112 

from a ‘zone-refining’ process at a high solid-to-liquid ratio (~200) are not much different from 1113 

the compositions that would be obtained from a ‘batch melting’ process at a low degree of 1114 

melting (~0.5%).   1115 

 1116 

The zone-refining equations we used are as follows. 1117 

 1118 

Equilibrium partition coefficients are defined as: 1119 

 1120 

D =
Csolid

Cfluid
 1121 

 1122 

The parameter, N, is the solid-to-fluid ratio.  It describes the integrated amount of solid with 1123 

which a parcel of fluid interacts.   1124 

 1125 

 The concentration of an element in the fluid is provided by: 1126 

 1127 

Cfluid = Csolid
i Ds/f⁄ − exp (−NDs/f)(Csolid

i Ds/f⁄ − Cfluid
i ), 1128 

 1129 

where the superscript “i” indicates “initial”.  Csolid
i  and Cfluid

i  are the initial concentrations in 1130 

the solid and fluid, respectively.  Cfluid is the final concentration in the fluid.   1131 

 1132 

The radiogenic-isotope composition of a given element in the fluid is provided by: 1133 

 1134 

εfluid =
(Cfluid

i Csolid
i⁄ )εfluid

i + εsolid
i (1/Ds/f)[exp(NDs/f) − 1]

(Cfluid
i Csolid

i⁄ ) + (1/Ds/f)[exp(NDs/f) − 1]
 1135 

 1136 

where εfluid
i  and εsolid

i  are the initial radiogenic-isotope ratios of the fluid and solid, 1137 

respectively.   1138 

 1139 

The stable-isotope composition of a given element in the fluid is provided by: 1140 

 1141 

δfluid =
(Cfluid

i Csolid
i⁄ )δfluid

i + (δsolid
i − ∆s−f)(1/Ds/f)[exp(NDs/f) − 1]

(Cfluid
i Csolid

i⁄ ) + (1/Ds/f)[exp(NDs/f) − 1]
 1142 

 1143 

where δfluid
i  and δsolid

i  are the initial stable-isotope compositions expressed as normalized 1144 

ratios (delta values), and ∆s−f is the difference fractionation factor (∆s−f =  δsolid − δfluid).   1145 

 1146 

 1147 



Section 4 : 1148 

Statistics on 𝛅𝟒𝟏𝐊 values 1149 

 1150 

Difference in median 𝛅𝟒𝟏𝐊 values: arc-front vs. rear-arc lavas 1151 

 1152 

Medians, unlike means, are not highly sensitive to small numbers of outliers.  Thus, we use 1153 

medians to formalize the observation that, in general, the arc-front lavas have higher δ41K values 1154 

than do the rear-arc lavas.  A 95% confidence interval was calculated for the difference between 1155 

the medians.  This interval was estimated by the percentile bootstrap method (Efron and 1156 

Tibshirani, 1994).  This was performed in the following way.  First, we resampled from the δ41K 1157 

values of our arc-front dataset (n=24), drawing n times (randomly and with replacement).  1158 

Second, we calculated a median from this “resample”.  We repeated steps one and two a large 1159 

number of times (105), thereby generating 105 bootstrap estimates of the median for the arc-1160 

front lavas.  These same steps were taken for the rear-arc dataset (n=22), generating 105 1161 

bootstrap estimates of the median for the rear-arc lavas.  Finally, we calculated 105 differences 1162 

by pairwise subtracting the bootstrap estimates of the rear-arc median from the bootstrap 1163 

estimates of the arc-front median.  Figure S2 shows the resulting distribution.  We obtain a 95% 1164 

confidence interval for the difference between medians by taking the values at the 2.5th and 1165 

97.5th percentiles from this distribution.   1166 

 1167 

 1168 

 1169 
 1170 

Figure S2.  Bootstrap distribution of estimates of difference in median K-isotope composition 1171 

between arc-front and rear-arc lavas.   1172 

 
 
 
 



Section 5: 1173 

Petrography on Sample NJ-22 1174 

 1175 

 1176 
Figure S3.  Combined elemental map of a polished section of sample NJ-22: K (red), Mg (green), 1177 

and Ca (blue).  Potassium is at highest concentrations in glass in interstices.  Magnesium is mostly 1178 

in pyroxene, and Ca is mostly in plagioclase.   1179 

 
 
 1180 



 1181 
Figure S4.  (Top) Combined elemental map of sample NJ-22 in a region of the section with 1182 

interstitial glass: K (red), Mg (green), and Ca (blue).  Potassium is apparent in glass.  Magnesium 1183 

is mostly in pyroxene, and Ca is mostly in plagioclase.  (Bottom) Backscattered electron image of 1184 

same region to show texture.   1185 

 
 
 
 1186 

 1187 



 1188 
Figure S5.  Backscattered electron image to show locations of point analyses on a part of sample 1189 

NJ-22.  Points 2, 10, and 12 have high K content.  These points are interpreted as falling within 1190 

areas of interstitial glass.  Major elements compositions for these analyses are provided in Table 1191 

S4.   1192 

 1193 

 1194 
#  Na2O   MgO  Al2O3  SiO2   K2O   CaO  TiO2   MnO   FeO 

— — — — — — — — — — 
2 1.24   12.06 81.89 4.21 0.6       
— — — — — — — — — — 
4 2.19 14.26 11.8 43.51  10.86 2.61 0.54 14.22 
5 0.7 11.2 7.85 44.9  21.77 1.52  12.07 
6 4.3  28.37 53.85  13.48    
7 4.46  28.18 54.14  13.22    
8 4.13  28.46 53.73  13.68    
9 3.13  29.5 51.1  16.27    
10 1.2   12.25 82.34 3.52 0.69       
11 0.55   99.45      
12 1.31   11.84 82.41 3.87 0.57       
          

Table S4.  Major element compositions (normed to 100 wt. % totals) obtained from analyses at 1195 

locations indicated in previous figure.  Points 2, 10, and 12 have high K content, and are 1196 

highlighted.  Other analyses (not shown) indicate that some plagioclase crystals (specifically, 1197 



those with relatively sodic compositions) contain small amounts of K: up to roughly 0.06 wt. % 1198 

K2O.   1199 

 1200 
Figure S6.  Backscattered electron image to show euhedral phenocrysts, mostly of plagioclase 1201 

and pyroxene, in void space in sample NJ-22.   1202 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Section 6 1203 

K-Isotope Analytical Details 1204 

 1205 

 1206 

Conversion of 𝛅𝟒𝟏𝐊 values between reference scales: 1207 

 1208 

The following equation describes the conversion between δ-values relative to our lab standard 1209 

(δ41KLab_Standard) to δ-values relative to NIST SRM 3141a (δ41KSRM_3141a): δ41KLab_Standard =1210 

1.000047 ∗ δ41KSRM_3141a + 0.047.  It is sufficient to use δ41KLab_Standard = δ41KSRM_3141a +1211 

0.047.  The conversion factor (0.047) was obtained by analyzing the standard NIST SRM 3141a 1212 

relative to our lab standard (Figure S9).   1213 

 1214 

Correction of 𝛅𝟒𝟏𝐊 values for CaH+ interference: 1215 

 1216 

Testing revealed the presence of a Ca-hydride interference at mass 41, during analysis by MC-1217 

ICP-MS.  This probably results from formation of a small amount of CaH+ in the collision-reaction 1218 

cell.  Thus, we monitored the Ca content of solutions to ensure that Ca was sufficiently low in all 1219 

solutions.  This was done by collecting the mass-40 beam.  We also applied small corrections to 1220 

account for the effects of this interference on K-isotope ratios.  The corrections were generally 1221 

<15 ppm.   1222 

 The corrections require knowledge of the ratio of 41(CaH+) to 40Ca+ entering the Faraday 1223 

cups.  A solution of Ca-spiked stand14ard was measured relative to unspiked standard during 1224 

almost every analytical session, so that this ratio could be independently estimated for each 1225 

session.  The ratio of 41(CaH+) to 40Ca+ is given by: CaH/ Ca4041 = (Rspiked
41/39

− Rstd
41/39

)/(Rspiked
40/39

−1226 

Rstd
40/39

), where R denotes the ratio of ion-beam intensities after blank subtractions: e.g., 1227 

Rspiked
41/39

= ( Ispiked −41 Iblank)41 /( Ispiked −39 Iblank)39 .  The error in δ41K values of sample 1228 

solutions arising from Ca-hydride interference is given by: δ41Kerror =  103 ∗ Rsample
40/41

∗1229 

( CaH/ Ca4041 ).  The δ41K values corrected for Ca-hydride interference are given by: 1230 

δ41Kcorrected =  δ41Kuncorrected −  δ41Kerror.  1231 

 1232 

 1233 

 1234 

 1235 

 1236 

 1237 

 1238 

 1239 

 1240 

 1241 

 1242 

 1243 



Analytical uncertainty: 1244 

 1245 

 1246 

 1247 
Figure S9.  Measurements of NIST SRM 3141a relative to the lab standard of the Cosmochemistry 1248 

Lab at Harvard University (Merck KGaA Suprapur high-purity KNO3).  Error bars on markers 1249 

represent internal precisions (2SE).  Data were collected over a 14-month period, from 1250 

September 2018 to November 2019.   1251 

 
 



 1252 
Figure S10.  Measurements of Geological Survey of Japan standard JA-2, relative to the lab 1253 

standard of the Cosmochemistry Lab at Harvard University.  Markers represent instances in which 1254 

separate aliquots of JA-2 were processed through columns and then measured during a single 1255 

analytical session.  Therefore, the data capture variability contributed by column chemistry. Error 1256 

bars on markers represent internal precisions (2SE).  Column separations were completed, and 1257 

data were collected, over a 14-month period, from September 2018 to November 2019.   1258 
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