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Effect of Serpentinite Dehydration in Subducting Slabs
on Isotopic Diversity in Recycled Oceanic Crust and
Its Role in Isotopic Heterogeneity of the Mantle

G. Shimoda' (2) and T. Kogiso®

!Geological Survey of Japan, National Institute of Advanced Industrial Science and Technology, Tsukuba, Japan,
Graduate School of Human and Environmental Studies, Kyoto University, Kyoto, Japan

Abstract we conducted geochemical modeling of the isotopic evolution of subducted oceanic crust that
takes into account the chemical variation produced at mid-ocean ridges and in subduction zones, and
examined the suitability of our model for generating the high-u (HIMU), focal zone (FOZO), and prevalent
mantle (PREMA) mantle components. Chemical variation produced at mid-ocean ridges was represented by
the chemical compositions of two groups of mid-ocean ridge basalts (depleted and enriched). Chemical
variation produced in subduction zones was investigated with pressure-temperature paths of slabs of
different ages (governing the physicochemical conditions of element exchanges), as determined using
representative subduction zones involving young (hot), intermediate, and old (cold) slabs. The results
suggest that dehydration of oceanic crust cannot alone produce isotopic variation beyond the bounds of
PREMA compositions. Producing the wider range of isotopic diversity from PREMA to FOZO requires
various degrees of element partitioning between subducted oceanic crust and fluids (aqueous or
supercritical) released by dehydration of slab serpentinite. The extremely radiogenic Pb isotopic signature
of HIMU can only be produced by extensive reaction between subducted oceanic crust and fluids

derived from slab serpentinite along the specific geothermal gradient resulting from the relatively slow
descent of moderately old slabs. The rarity of such tectonic conditions explains the scarcity of HIMU.

Plain Language Summary The Earth’'s mantle has a mixture of different chemical compositions
resulting from variations in the subduction of oceanic lithospheric plates (an expression of mantle
convection) throughout Earth's history. The mantle sources of the magmas forming today's oceanic plates
and islands have been classified into major groups, or components, in the mantle based on evidence from
various isotopes, but how these components are formed and maintained has long been debated. It has
been inferred that dehydration reactions of oceanic crust (the uppermost layer of oceanic plates) during
subduction may be responsible, but dehydration reactions in the crust cannot alone produce the observed
mantle components because high-pressure experiments show that the temperatures at which

dehydration occurs are too low to sufficiently change the chemistry of plates. We explored the causes of
mantle components by using forward modeling. Our model evaluated the effect of serpentinite
dehydration in the lithospheric mantle (the lower layer of oceanic plates), which has been poorly modeled
in previous studies, and it provided evidence that accounts for the components, including the rare HIMU
group, by differences in the temperatures and pressures at which elements are exchanged between
subducted oceanic crust and fluids from serpentinite dehydration.

1. Introduction

Subduction of crustal material has produced chemical heterogeneity in the mantle since plate tectonics
began. This heterogeneity, in turn, is expressed as variations in the isotopic composition of mantle-derived
basaltic rocks, such as ocean island basalt (OIB) and mid-ocean ridge basalt (MORB). Therefore, the isotopic
variation of recycled crustal materials should be closely linked to the isotopic diversity of global MORB and
OIB suites, but this topic has long been a matter of debate (e.g., Allégre & Turcotte, 1986; Chase, 1981; Elliott
et al., 1999; Hart et al., 1992; Hofmann, 1997; Hofmann & White, 1982; Jackson et al., 2018; Stracke, 2012;
Sun & McDonough, 1989; Weaver, 1991; White, 2015). For a better understanding of how the Earth's interior
has chemically evolved since its formation, it is important to have a quantitative understanding of the links
between the chemistry of subducted crustal materials and the isotopic diversity of OIB and MORB sources.
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Figure 1. Relationships of 87Sr/865r, 143Nd/144Nd, and 206Pb/szb in OIBs, with symbol colors indicating values of the
20 Pb/ 204pp, ratio. OIB compositions and representative mantle components are (a) Plotted in three dimensions, (b) pro-
jected onto the 206pp294ph versus **Nd/ **Nd field, (c) projected onto the 143Nd/ **Nd versus ®7sr/%%r field, and

(d) projected onto the 206pp29%ph versus ***Nd/ **Nd field. Isotopic compositions of mantle components are indicated by
labels (see text for definitions), and the purple fields indicate the isotopic range to which isotopic arrays in OIB converge.

The isotopic diversity of OIB and MORB sources is commonly represented by just four end-member compo-
nents with extreme isotopic signatures (Hofmann, 1997; White, 1985; Zindler & Hart, 1986): depleted MORB
mantle (DMM), high-u (where u = 238y/2%4ph; HIMU), enriched mantle 1 (EM1), and enriched mantle 2
(EM2; Figure 1). Many studies have proposed that DMM is the residue of upper mantle melting that pro-
duced continental crust (e.g., DePaolo & Wasserburg, 1976a, 1976b; Gast, 1968; Hauri & Hart, 1993;
O'Nions et al., 1977; Richard et al., 1976), that HIMU is derived from recycled oceanic crust (e.g., Castillo,
2015; Chase, 1981; Chauvel et al., 1992; Elliott et al., 1999; Kimura et al., 2016; Kogiso et al., 1997), and that
EM1 and EM2 are derived from recycled pelagic and terrigenous sediments, respectively (e.g., Chauvel et al.,
1992; Weaver, 1991; White, 1985), or recycled upper and lower continental crustal materials, respectively,
via tectonic erosion or delamination (e.g., McKenzie & O'Nions, 1983; Shimoda, 2009; Willbold & Stracke,
2006, 2010).

Among these end-member components, HIMU has been considered to be the only one that is mainly
affected by recycled oceanic crust (e.g., Chauvel et al., 1992; Kimura et al., 2016; Kogiso et al., 1997). The con-
troversial issue in the production of HIMU is how it resulted in low Rb/Sr coexisting with high U/Pb and
Th/Pb, because high U/Pb and Th/Pb imply an enrichment by a melt component in the source materials,
which would inevitably produce high Rb/Sr ratios (e.g., Stracke et al., 2005). To resolve this issue, many stu-
dies have proposed models in which hydrothermal alteration or dehydration of the oceanic crust play a key
role (e.g., Chauvel et al., 1992; Hanyu et al., 2011; Hauri & Hart, 1993; Hofmann & White, 1982; Kogiso et al.,
1997; Weaver, 1991). These studies appear to successfully explain the origin of the HIMU source. However,
the rarity of HIMU basalts is difficult to reconcile with the ubiquity of the subduction process (Stracke, 2012;
Stracke et al., 2005).
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In contrast to the extreme isotopic compositions of the end-member components, some authors have pro-
posed more common components with intermediate isotopic compositions; discussed here are prevalent
mantle (PREMA), focal zone (FOZO), common component (C), and primitive helium mantle (PHEM;
Figure 1). The existence of PREMA was proposed to account for the OIB compositions near the enriched
(higher 87Sr/%°Sr) end of the MORB array (Zindler & Hart, 1986). Hart et al. (1992) postulated the FOZO
component, which differs in 2*°Pb/***Pb composition from PREMA, as occupying the focal area of the
fan-shaped distribution of many OIB arrays and away from the MORB field (Figure 1). Hanan and
Graham (1996) proposed the C component, similar in composition to FOZO, as the composition to which
MORB arrays converge and which produces relatively high *He/*He ratios in OIB. Similarly, Farley et al.
(1992) advocated the PHEM component that is characterized by high *He/*He ratios, FOZO-like Pb isotopic
compositions, and Sr-Nd isotopic ratios near that of the bulk Earth. Stracke et al. (2005) subsequently mod-
ified the definition of FOZO to a range of 2°°Pb/?***Pb compositions that includes but extends beyond the
high 2°°Pb/?**Pb end of the MORB array. More recent studies have proposed the existence of a deep reservoir
of intermediate isotopic composition, formed early in Earth's history, called the early depleted reservoir
(EDR), situated near PREMA (Boyet & Carlson, 2005, 2006; Jackson et al., 2010; Kimura et al., 2017).
Although recent studies using the short-lived '*°Sm-"**Nd radiometric system have obviated the need for
EDR (Bouvier & Boyet, 2016; Burkhardt et al., 2016), others using geochemical models or the short-lived
182Hf 182\ radiometric system have suggested that such a reservoir is preserved in the mantle (Kimura
et al., 2017; Rizo et al., 2016). Today, there is no consensus about the reason that the OIB isotopic composi-
tions converge into a limited range (purple fields in Figure 1).

Numerical modeling of the isotopic evolution of heterogeneous mantle has demonstrated that continuous
subduction of oceanic crust at various periods in geologic time can explain the present-day isotopic distribu-
tion of OIB (Christensen & Hofmann, 1994; Kellogg et al., 2007). However, this isotopic distribution has not
yet been quantitatively reconciled with the composition of recycled oceanic crust. Stracke et al. (2005)
showed that recycling of present-day MORB can produce in the future an isotopic array that has negative
correlations on Sr-Nd and Pb-Nd isotope diagrams (Figures 9 and 10 of Stracke et al. (2005)), which they pro-
posed as an analogue of the present-day isotopic distribution extending from MORB to FOZO. If the recy-
cling of oceanic crust produced FOZO, then the question arises as to what process is responsible for the
geochemical difference between FOZO and HIMU, given that HIMU too is thought to originate by recycling
of oceanic crust (e.g., Chauvel et al., 1992, 1997; Kimura et al., 2016; Kogiso et al., 1997; Salters & White,
1998; Stracke et al., 2005). Although the isotopic differences between FOZO and HIMU have been explained
as the possible consequence of differences in recycling age (Kimura et al., 2016), very low Rb/Sr ratios
coupled with high U/Pb ratios of the HIMU source definitely require a chemical difference between
HIMU and FOZO, with or without age differences (Stracke, 2012; Stracke et al., 2005). Indeed, several pre-
vious studies have shown that the isotopic array of the mantle could not arise from recycling age alone
(Iwamori et al., 2010; Iwamori & Albaréde, 2008; Rudge, 2006; Rudge et al., 2005).

Although the origin of the end components is still controversial, there is general agreement that the subduc-
tion process is essential in generating the isotopic heterogeneity of the mantle. Dehydration reactions in
oceanic crust during the subduction process have been extensively studied, but the effect of serpentinite
dehydration of the slab mantle on oceanic crust chemistry is poorly understood. Recent work has produced
geophysical and petrological evidence that the upper oceanic lithosphere is pervasively serpentinized,
although the depth range of serpentinization is highly controversial, with estimates ranging from a few kilo-
meters to 40 km (Andreani et al., 2007; Billen & Gurnis, 2005; Cai et al., 2018; Contreras-Reyes, Grevemeyer,
Flueh, & Reichert, 2008, Contreras-Reyes, Grevemeyer, Flueh, Scherwath, et al., 2008; Escartin et al., 1997;
Faccenda et al., 2009; Garth & Rietbrock, 2014, 2017; Nedimovi¢ et al., 2009; Ranero et al., 2003, 2005). As
serpentinite can contain as much as 13% water, serpentinized mantle may be a major source of water in a
subducted slab (e.g., Hacker, 2008; Peacock, 2001; van Keken et al., 2011). In addition, given that serpenti-
nite is the product of reactions between peridotite and seawater, its chemical composition should inherit the
chemical signature of seawater (e.g., high concentrations of Rb and U; Deschamps et al., 2013; Niu, 2004). It
follows that fluid derived from serpentinite in subducting slabs can induce major chemical fractionation as it
passes through and reacts with the overlying oceanic crust. Therefore, the effects of serpentinite dehydra-
tion, along with dehydration of the oceanic crust, should be evaluated for a quantitative understanding of
mantle heterogeneity caused by recycled oceanic crust.
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In this study, we addressed these issues by forward modeling of the isotopic evolution of subducted oceanic
crust, focusing on the compositional variation of recycled oceanic crust. Because oceanic crust changes in
composition during subduction, as a result of various degrees of dehydration of the oceanic crust itself
and reaction with fluids created by serpentinite dehydration of the underlying slab mantle, subducted ocea-
nic crust should give rise to a corresponding range of isotopic compositions in the mantle. We calculated the
isotopic evolution of subducted oceanic crust over geologic time and investigated whether the resulting iso-
topic variation is quantitatively consistent with the isotopic diversity of OIB including HIMU, especially the
convergence of OIB to FOZO.

2. Chemical and Isotopic Modeling of Recycled Oceanic Crust

We modeled the isotopic evolution of recycled oceanic crust, paying particular attention to the effects of differ-
ent degrees of dehydration in subducting slabs upon isotopically important parent-daughter element pairs
(Rb-Sr, Sm-Nd, Lu-Hf, and Pb-Th-U). Note that the definition of dehydration processes in this study is rather
restricted, assuming that elements in oceanic crust are only mobilized by aqueous or supercritical fluids in an
equilibrium state and excluding the effects of other dehydration-related processes, such as dehydration melt-
ing and flux melting. To explore the effect of initial chemical variations produced at mid-ocean ridges on iso-
topic variations of recycled oceanic crust, we adopted the normal MORB (N-MORB) composition of Sun and
McDonough (1989), which is a geochemically depleted composition, and the average MORB composition of
Gale et al. (2013), which is a geochemically relatively enriched composition, to represent the range of oceanic
crust before it undergoes alteration and subduction (Figure 2a). Although the composition of MORB can only
represent the upper part of the oceanic crust (up to 40%), considering that the major-element compositions of
oceanic gabbro and MORB are similar (Pertermann & Hirschmann, 2003) and that the trace-element patterns
of N-MORB and average MORB are also fairly smooth (Figure 2a), elemental ratios used in this study should
not be very different from those of bulk oceanic crust. Hence, although our assumption is admittedly imper-
fect, our modeling used MORB compositions to represent the composition of oceanic crust.

The effects of seawater alteration on chemical composition were estimated on the basis of previous studies of
Site 801, Site 1149, and Site 504 in the western and eastern Pacific Ocean; Site 417/418 in the Atlantic Ocean;
and Site 735 on the Southwest Indian Ridge (Alt et al., 1996; Alt & Teagle, 2003; Bach et al., 2001, 2003;
Contreras-Reyes, Grevemeyer, Flueh, & Reichert, 2008; Hart & Staudigel, 1989; Jarrard, 2003; Kelley
et al., 2003; Plank et al., 2000; Staudigel, 2003; Staudigel et al., 1995, 1996; van Avendonk et al., 2011).
Our estimation included redeterminations of the bulk chemical composition of oceanic crust before and
after alteration and the age effect of seawater alteration on the composition of oceanic crust (Supporting
information S1). Because these studies showed that the main chemical effect of alteration is to increase con-
centrations of alkalis (e.g., Rb) and U, we used a composition for altered oceanic crust that differed from
unaltered crust only in its Rb and U concentrations (Table 1).

2.1. Dehydration of Oceanic Crust

The water content of oceanic crust varies from nearly dry (<1%) to over 6% (e.g., Bach et al., 2001, 2003;
Plank et al., 2000; Robinson et al., 1997; Staudigel et al., 1995, 1996) and possibly to approximately 10%
(Ridley et al., 1994), owing to differences in the extent of alteration (Plank et al., 2000; Stakes & Franklin,
1994). Because water contents of the oceanic crust reach up to 6% (Hacker, 2008; Hacker et al., 2003;
Iwamori, 1998, 2007; Poli & Schmidt, 1995; Schmidt & Poli, 1998), we modeled crustal dehydration using
6% as the maximum water content of hydrated oceanic crust and 0% (dry MORB) as the minimum. The
extent to which elements are removed from oceanic crust during subduction depends on the pressure and
temperature (P-T) conditions of dehydration reactions (e.g., Green & Adam, 2003; Kessel, Schmidt, et al.,
2005). To evaluate the effect of temperature, we modeled three representative subduction zones: a hot
(young) one based on the South Chile subduction zone (10.3 Ma), an intermediate one based on the
Western Aleutian subduction zone (56.1 Ma), and a cold (old) one based on the South Marianas subduction
zone (151.6 Ma; Syracuse & Abers, 2006; Syracuse et al., 2010, and references therein).

For each of the three model subduction zones, we estimated the effect of dehydration using the P-T paths of
descending slabs reported by Syracuse et al. (2010) and the stability fields of hydrous minerals reported by
Hacker et al. (2003). According to these sources, major dehydration reactions occur at similar temperatures
but at different depths due to the strong temperature dependence of dehydration reactions, as shown in
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Figure 2. N-MORB normalized trace-element compositions and elemental ratios used in this and previous studies. (a) N-
MORB normalized trace element compositions of average MORB (thick green line) and MORB produced at slow-spread-
ing ridges (dotted black line), altered oceanic crust composition (orange line), lower basaltic layer (LBAS in Kimura et al.,
2016; blue line), and gabbroic layer (GAB in Kimura et al., 2016; purple line). Also shown are changes in (b) U/Pb, (c) Th/Pb,
(d) Lu/Hf, (e) Sm/Nd, and (f) Rb/Sr in average MORB (Gale et al., 2013) and average N-MORB (Sun & McDonough, 1989)
with dehydration and fluid-rock reactions in hot (red), cold (blue), and intermediate (green) subduction zones.

Figure 3a (470-480 °C in the hot subduction zone at 2.1-2.3 GPa, 440-460 °C in the intermediate subduction
zone at 2.6-3.7 GPa, and 425-460 °C in the cold subduction zone at 2.7-4.3 GPa). Although small amounts of
water still remain in the slab after these major dehydration reactions, the chemical effect of the dehydration
of the remaining water should be limited. Therefore, we focused on testing the effect of major dehydration
reactions. Because partition coefficients have not been determined at temperatures as low as these, we used
the partition coefficients experimentally determined at 650 °C and 3 GPa (Green & Adam, 2003). We used
the same partition coefficient values listed in Table 2 for all three subduction zones because pressure has
a much smaller effect than temperature on element solubilities (Manning, 2004). Note that because
element solubilities in aqueous fluids increase with temperature (Manning, 2004; Nakamura & Kushiro,
1974; Plank et al., 2009), and given the lack of experimental constraints, our use of these partition
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Figure 3. P-T paths of subducting slabs in cold (blue lines), intermediate (green lines), and hot (red lines) subduction
zones. P-T conditions were determined with the D80 model of Syracuse et al. (2010). Stability fields of hydrous phases
are from Hacker et al. (2003); numbers in each field are the percent water in the oceanic crust. (a) P-T paths of the top of
the oceanic crust (solid colored lines) and the base of the crust (dotted colored lines). Abbreviations: amp, amphibole;
ampt, amphibolite; blschst, blueschist; co, coesite; dmd, diamond; eclgt, eclogite; epd, epidote; grnlt, granulite; grnschst,
greenschist; gt, garnet; jad, jadeite; law, lawsonite; zoi, zoisite. The thick gray curve represents the main dehydration
reaction line of basaltic systems (Hacker et al., 2003); superimposed on it are colored segments corresponding to cold
(blue), intermediate (int.; green), and hot (red) subduction zones. P-T conditions of fluid-rock reactions are also shown by
colored horizontal bars, extending from the top to the bottom of the crust, for the three subduction zone categories.

The gray dashed line at 5 GPa is the inferred boundary between supercritical and aqueous fluids. (b) P-T path of the top of
the subducted slab mantle in cold, intermediate, and hot subduction zones; dashed lines represent the Bonin (purple) and
Costa Rica (orange) subduction zones. Abbreviations: opx, orthopyroxene; phA, phase A. The thick dark gray curve
represents the P-T conditions of the major dehydration reaction; the stars mark the conditions of serpentinite dehydration
in the three subduction zone classes, and the pink segment represents the conditions of serpentinite dehydration
suitable for the production of HIMU, bounded by the field of aqueous fluid and the stability field of hydrous phase A. The
light gray shading represents the range of possible P-T conditions at the top of the slab mantle, determined from P-T paths
of the Tonga (cold) and North Cascadia (hot) subduction zones.

coefficients limited us to estimating the maximum effects of dehydration on oceanic crust chemistry.
Chemical compositions of subducted oceanic crust were estimated for two different conditions, that is, no
dehydration (dry oceanic crust) and 6% dehydration (water saturated oceanic crust) using the chemical
compositions of N-MORB and average MORB, plus their alteration products (Table 1 and Figure 2).
Effects of dehydration were estimated using the batch melting equation of Shaw (1970).
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Table 2
Partition Coefficients Used in the Dehydration and Water-Rock Reaction Calculations

Dehydration®  Fluid-rock reaction (hot subduction zone)b Fluid-rock reaction (cold/intermediate subduction zone)® Serpentinited
650 °C 700 °C 800 °C 900 °C 800 °C 900 °C 1000 °C 1200 °C

Rb 0.0751 0.011 0.019 0.013 0.00419 0.00323 0.015 0.0102 0.0102
Sr 0.22 2.9 0.526 0.0474 0.035 0.0313 0.012 0.0081 0.0081
Nd 37.0 18 6.85 0.661 0.525 0.325 0.0511 0.039 0.039
Sm 65.0 39 15 2.70 1.5 1.1 0.27 0.14 0.14
Lu 386 238 195 107 42 60 13 4.39 4.39
Hf 126 47 16 1.9 6.41 1.78 0.19 0.0793 0.0793
Pb 6.62 0.31 0.0526 0.0318 0.0402 0.0392 0.021 0.00922 0.00922
Th 8.47 8.37 2.3 0.16 0.17 0.0408 0.016 0.00410 0.00410
U 8.44 6.98 0.977 0.17 0.479 0.24 0.0400 0.00599 0.00599
Fractionation factor®
Rb/Sr - 34.84 6.37 1.39 1.39 1.36 0.97 0.97 -
Sm/Nd - 0.47 0.45 0.27 0.38 0.34 0.37 0.52 =
Lu/Hf - 0.20 0.08 0.02 0.15 0.03 0.02 0.03 -
Th/Pb = 0.05 0.05 0.46 0.46 0.99 1.06 1.06 -
U/Pb - 0.05 0.12 0.44 0.21 0.37 0.84 1.04 -

#Bulk partition coefficients during dehydration of oceanic crust were calculated based on reported data determined at 3 GPa and phase modes determined by
Schmidt et al. (2004): 47.3% garnet, 38.9% clinopyroxene, 12.4% quartz/coesite, and 1.4% rutile, after recalculation to 100% total. Partition coefficients are from
Green and Adam (2003) for garnet and clinopyroxene, from Ayers (1998) for rutile, and zero is assumed for quartz/coesite. Partition coefficients of Hf and Lu into
rutile were assumed to be identical to those of Zr and Tm from Ayers (1998). Bulk partition coefficients of Nd into garnet and rutile were estimated based on the
equation Kdng = (Kdgm + Kdce)/2.  Partition coefficients are from Kessel, Schmidt, et al. (2005) determined at 4 GPa for aqueous fluid. ~ Partition coeffi-
cients are from Kessel, Schmidt, et al. (2005) determined at 6 GPa for supercritical fluid. ~Bulk partition coefficients of serpentinite were estimated based on
the assumption that serpentinite becomes harzburgite after dehydration, consisting of 70% olivine and 30% orthopyroxene. Partition coefficients of olivine
and pyroxene are from Adam et al. (2014), Ayers (1998), and Brenan et al. (1995). The partition coefficient of Pb into orthopyroxene was assumed to be identical
to that for olivine. The partition coefficient of Hf into olivine is assumed to be identical to that of Zr. ~Fractionation factors were determined with the equation
FR = (Dg + F(1 - Dgq)) / (Dp + F(1 - D)), where FR is the fractionation factor, F is the weight fraction of fluid, and D}, and Dy are partition coefficients of parent
and daughter elements. We assumed a fluid fraction of 7% for the maximum fluid-rock ratio. Elemental fractionation is stronger when the fractionation factor is
large and both parent and daughter elements are incompatible.

2.2. Fluid-Rock Reaction Caused by Serpentinite Dehydration

Serpentinite is recognized as a major water reservoir in subducted slabs (e.g., Scambelluri et al., 2004; Spandler
& Pirard, 2013; Yogodzinski et al., 2017), and dehydration of serpentinite causes chemical fractionation of the
overlying oceanic crust in subducting slabs through fluid-rock reactions. Accordingly, the degree and spatial
extent of serpentinization in the slab mantle are indispensable information for quantitative modeling of chemi-
cal fractionation in subducted oceanic crust, although they are poorly constrained and subject to a variety of
tectonic conditions such as the angle between the current trench and the ancient spreading ridge, plate age,
and other factors (e.g., Faccenda, 2014; Fujie et al., 2018; Nedimovic et al., 2009). The most extensively hydrated
plate may be the northwestern part of the Pacific plate beneath northern Japan, where a layer 40 km thick that
is 17-31% serpentinized has been documented (Garth & Rietbrock, 2014). However, because more than 10%
serpentinization would decrease the density of the slab mantle to the extent that it would interfere with subduc-
tion (Schmidt & Poli, 1998), we assumed that maximum hydration of the slab mantle is limited to a layer that is
10% serpentinized and 40 km thick, which corresponds to a water content of 1.3% in that part of the slab mantle.
Note that the maximum depth of serpentinization is debated.

The amount of water released by serpentinite dehydration depends on the P-T path of the slab. In hot and
intermediate subduction zones, serpentinite can be completely dehydrated and release up to 13% of its mass
in water (Figure 3b; Bose & Ganguly, 1995; Hacker, 2008; ITwamori, 2000, 2004; Peacock & Wang, 1999;
Ulmer & Trommsdorff, 1995). In cold subduction zones, where the P-T path of the serpentinite layer crosses
the stability field of phase A (dense hydrous magnesium silicate, Mg-Si,Og(OH)s), serpentinite can be par-
tially dehydrated and release no more than ~9% water (Iwamori, 2000, 2004; Komabayashi, Hirose, et al.,
2005; Peacock, 2001). The remaining water, hosted in phase A, can be carried into the mantle transition zone
and possibly into the lower mantle (Komabayashi & Omori, 2006; Komabayashi, Hirose, et al., 2005,
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Komabayashi, Omori, et al., 2005; Nishi et al., 2014; Ohtani et al., 2018; Shieh et al., 1998). Hence, we
assumed that the amount of dehydration water from serpentinite in the cold subduction zone is no greater
than 9%. It follows that the maximum water-rock ratios are 0.07:1 in hot and intermediate subduction zones
and 0.05:1 in cold subduction zones for an assumed average thickness of oceanic crust of 7 km (Mutter &
Mutter, 1993; White et al., 1992). Compositions of serpentinite-derived fluid were determined from the aver-
age serpentinite composition of Deschamps et al. (2013), the batch melting equation of Shaw (1970), and par-
tition coefficients listed in Table 2. Although the chemical composition of serpentinite is affected by
elements in seawater, the concentrations of these elements are much lower in serpentinite than in MORB
(Table 1), such that the effect of adding serpentinite-derived fluid to oceanic crust is negligible.

Serpentinite dehydration was inferred to occur at 3.5 GPa and 620 °C in the hot subduction zone, 5.3 GPa
and 600 °C in the intermediate subduction zone, and 6.0 GPa and 550 °C in the cold subduction zone
(Figure 3b and Table 2). Because the serpentinite layer is in contact with oceanic crust, we assumed for sim-
plicity that serpentinite dehydration and fluid-rock reactions occurred at the same pressure. As for the tem-
perature conditions, fluid-rock reactions were inferred to occur over temperature ranges of 620-870 °C in the
hot subduction zone, 600-850 °C in the intermediate subduction zone, and 550-800 °C in the cold subduc-
tion zone (horizontal bars in Figure 3a), the low and high temperatures corresponding to the cold base and
the hot upper surface of the slab crust. Because solubilities change with temperature, fluid-rock reactions
occur at high temperatures after dehydration of oceanic crust and further increase the chemical fractiona-
tion as the slab heats up. Effects of these temperature ranges on partition coefficients were estimated based
on their log-linear correlation on a plot of partition coefficient versus reciprocal temperature (Appendix A).

It has been reported that the second critical endpoint in basaltic systems lies between 5 and 6 GPa (Kessel,
Ulmer, et al., 2005; Mibe et al., 2011). Accordingly, pressure is important for fluid-rock reactions because they
involve aqueous fluid in the hot subduction zone and supercritical fluid in the intermediate and cold subduc-
tion zones (Figure 3a). Chemical compositions of oceanic crust after fluid-rock reactions, estimated with the
batch melting equation (Shaw, 1970) and the partition coefficients shown in Table 2 and Figure A1, are sum-
marized in Table 1 and Figure 2. The major differences between reactions with aqueous and supercritical
fluids arise from two considerations: solubilities of elements are much greater in supercritical fluid than in
aqueous fluid, and solubilities of elements in aqueous fluid have a stronger temperature dependence than
in supercritical fluid, such that solubilities are very small at low temperatures (Kessel, Schmidt, et al., 2005;
Figure A1l). Thus, large chemical differences can develop in residual oceanic crusts through fluid-rock reac-
tions, as supercritical fluid can cause greater chemical fractionation than aqueous fluid during reactions that
occur at relatively low temperatures (e.g., Hacker, 2008; Peacock, 2001; Syracuse et al., 2010; van Keken et al.,
2011). Note that the presence of phase A decreases the amount of released fluid and thus tends to reduce the
degree of chemical fractionation in cold subduction zones (Figure 2). The temperature gradient in the sub-
ducted slab means that serpentinite dehydration may occur over a specific pressure range; however, for sim-
plicity we assumed dehydration to occur at certain P-T conditions.

It may be worthwhile to verify the consistency between our assumptions on serpentinite subduction in this
study and the reported water budget of the Earth, because serpentinite subduction may be a major water flux
to the deep mantle (Parai & Mukhopadhyay, 2012; van Keken et al., 2011). Although we assumed subduction
of a thick serpentinite layer, dehydration reactions at hot and intermediate subduction zones release essen-
tially all of the water in the slab mantle, suggesting a trivial amount of water transport to the deep mantle. In
contrast, serpentinite subduction at cold subduction zones can transfer large amounts of water to the deep
mantle in phase A after dehydration (i.e., ~0.4% water in a layer 40 km thick). This value can be reconciled
with a reported water flux equivalent to a 500-m thickness of pure serpentinite (Parai & Mukhopadhyay,
2012) if cold subduction zones constitute less than 40% of all subduction zones. Consequently, there appears
to be no contradiction between our assumptions on serpentinite subduction and estimated water flux to the
deep mantle.

3. Results and Discussion
3.1. Effect of Dehydration of Oceanic Crust

We calculated the isotopic evolution of selected elements in subducted oceanic crust with recycling ages
from 2.0 to 0.5 Ga under the assumption that the initial isotopic composition of oceanic crust was that of
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DMM at the time of subduction, as estimated by Stracke et al. (2003) (Table 1). The results are shown in
Figure 4. The effect of seawater alteration on ®’Sr/*®Sr ratios in oceanic crust is significant but difficult to
constrain because it depends on the 8’Sr/*°Sr ratio of ancient seawater and the extent of isotopic exchange
during alteration. Thus, in Figure 4c we show only the reported shift in ®’Sr/*°Sr of bulk altered oceanic
crust determined at Site 417/418 (Hart et al., 1999; Staudigel, 2003; Staudigel et al., 1981, 1995). As this
shift was determined for the upper 500 m of old oceanic crust (118 Ma), it may represent a realistic
maximum value if we take into account the isotopic evolution of seawater from approximately 0.704 at 2
Ga to approximately 0709 at present (Shields et al., 2003; Shields & Veizer, 2002). The effect of seawater
alteration on the chemical composition of oceanic crust is discussed further in section 3.3.

As shown in Figure 4, the calculated isotopic compositions of dehydrated oceanic crust (open diamonds) are
nearly identical to those of unmodified (dry) oceanic crust (open squares), except in the case of Sr, which dif-
fers from the other elements considered in that only Rb is mobile in fluids at our assigned P-T conditions. It
follows that the effect of dehydration on the chemical composition of residual oceanic crust is negligible,
except for Rb/Sr (Figure 2f; Green & Adam, 2003; Hermann et al., 2006). As mentioned in the previous sec-
tion, our calculations are an estimate of the maximum effect of dehydration. Consequently, it is reasonable
to infer that dehydration alone could not produce large isotopic variations in oceanic crust, although dehy-
dration has been inferred to be essential for the production of HIMU (e.g., Kogiso et al., 1997). Instead, dif-
ferences in the recycling age and chemical composition of oceanic crust may account for these isotopic
variations, particularly those in Pb isotopes.

It is widely accepted that most of the water in oceanic crust is released beneath the forearc area (~80-km
depth) at relatively low temperatures around 500 °C (Hacker, 2008; Hermann et al., 2006; Kelemen et al.,
2003; Okamoto & Maruyama, 2004; Omori et al., 2004; Schmidt & Poli, 1998; Tatsumi, 1989). The solubility
of elements in water is low at low P-T conditions (Green & Adam, 2003; Hermann et al., 2006). It follows that
dehydration cannot explain the Pb isotopic compositions of HIMU, or even FOZO. To reproduce the Pb iso-
topic composition of HIMU and FOZO requires strong fractionation of U/Pb to occur in residual oceanic
crust; an example would be changing U/Pb ratios from less than 0.2, typical of dry oceanic crust, to more
than 0.3. Such a degree of U/Pb fractionation is possible at temperatures above 800 °C, at which Pb behaves
as a moderately or highly incompatible element (see fractionation factors in Table 2) and can be removed
from oceanic crust more effectively than U and Th (Kessel, Schmidt, et al., 2005). However, dehydration
is unlikely at such high temperatures because most dehydration reactions within oceanic crust are complete
at approximately 500 °C (e.g., Hacker et al., 2003). Accordingly, an additional process other than dehydra-
tion is required to produce the Pb isotopic composition of HIMU and possibly FOZO.

3.2. Effect of Serpentinite Dehydration

Dehydration of serpentinite in subducting slabs is important for the fluid-rock reactions that can be expected
to cause chemical modification of oceanic crust (e.g., Spandler & Pirard, 2013). Indeed, reactions between
average MORB of various ages and serpentinite-derived fluids can produce the Pb isotopic variations ranging
from PREMA to HIMU (large solid symbols in Figures 4a, 4b, 4e, and 4f) because they take place at higher
P-T conditions than dehydration reactions (Table 2 and Figure 3). In contrast to average MORB, the depleted
composition of N-MORB can only produce small isotopic variations distributed near PREMA (small colored
symbols in Figure 4a), although the low Th/U ratio of N-MORB results in unrealistically high *°°Pb/***Pb
and low 2°®Pb/?**Pb ratios in recycled oceanic crust older than 1.5 Ga (small colored symbols in Figure 4b).
Therefore, a combination of three factors—oceanic crust chemistry, degree of fluid-rock reaction, and recy-
cling age—could produce the range of Pb isotopic variation between PREMA and HIMU. Similarly, the
878r/%sr versus *Nd/***Nd and "**Nd/"**Nd versus '"°Hf/'”’Hf diagrams show that the calculated isotopic
compositions of young (<1.0 Ga) recycled oceanic crust are limited to the area near PREMA and FOZO
(Figures 4c and 4d).

Note that most of the calculated Pb isotopic compositions lie between PREMA and FOZO. The HIMU iso-
topic composition (*°°Pb/?**Pb > 21.5) is only produced within narrow constraints: recycling of moderately
old oceanic crust (1.5 Ga) with the composition of average MORB that passes through the intermediate P-T
path (orange solid stars in Figures 4a and 4b). Although earlier recycling of oceanic crust (2.0 Ga) can pro-
duce extreme HIMU Pb isotopic compositions (red solid symbols in Figures 4a and 4b), such an old recycling
age necessarily produces high 206pp /2%4ph and 2°’Pb/?**Pb, which contradicts a key distinguishing character
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Figure 4. Estimated isotopic compositions of recycled oceanic crust with N-MORB chemical composition (small symbols)
and average MORB composition (lar%e symbols). Initial isot%pic ratios of MORB are identical to those of DMM (Stracke
et al., 2003). (a) 207pp/2%%ph versus 2*°pb/ 204Pb, (b) 208p,/204ph versus 206Pb/204Pb, (©) 143Nd/MNd versus ¥sr/ 86Sr,
(@) 7°Hf/"Hf versus “**Nd/**Nd, (&) 2°°Pb/2**Pb versus 7 Sr/%%sr, () 2°°Pb/2%*Pb versus 1**Nd/***Nd, and (g) 2°”Pb/
206py, versus 2°®Pb/2°°Pb. Recycled oceanic crust without modification by subduction and dehydrated oceanic crust are
shown with open squares and open diamonds, respectively. Colored symbols indicate recycled oceanic crust that experi-
enced fluid-rock reaction (F-R) at hot, intermediate, and cold subduction zones (triangles, stars, and inverted triangles,
respectively) and oceanic crust formed at slow-spreading ridges, recycled through the intermediate P-T path (four-pointed
stars; 2.0-Ga recycling case not shown). Symbol colors indicate the recycling age: blue, 0.5 Ga; green, 1.0 Ga; orange, 1.5
Ga; and red, 2.0 Ga. Gray dots and light gray squares are OIB and MORB compositions, respectively, compiled by Salters
et al. (2011) and Stracke (2012). Fluid-rock reaction of oceanic crust with lesser degrees of serpentinization produces
isotopic compositions plotting between the open diamonds and the colored symbols. Isotopic compositions of mantle
components are indicated by labels or dark gray fields; 98pb/2*pb and 17°Hf/'77Hf have not been determined for
PREMA and thus PREMA is not shown in (b), (d), and (g). The /Sr/*®Sr shift from 0.7029 to 0.7046 (+0.0017) at Site 417/
418 caused by seawater alteration (Hart et al., 1999; Staudigel, 2003; Staudigel et al., 1981, 1995) is signiﬁed by the gray
arrow in (c). As this isotopic shift was estimated in the upper part of old oceanic crust (118 Ma) and as 87Sr/5%Sr of seawater
has evolved with time from approximately 0.704 at 2 Ga to approximately 0709 at present (Shields et al., 2003; Shields &
Veizer, 2002), it may represent the maximum isotopic shift resulting from seawater alteration.
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of HIMU, namely, high 2°°Pb/?**Pb but low 2°’Pb/?**Pb (Figure 4a). Additionally, the extremely low Hf and
Nd isotopic compositions of oceanic crust recycled at 2.0 Ga (red solid symbols in Figures 4d and 4f) suggest
that such recycling ages are not suitable for generation of HIMU (Halldérsson et al., 2016; Iwamori et al.,
2010; Iwamori & Albaréde, 2008; Rudge, 2006; Rudge et al., 2005). Although Kimura et al. (2016) have
shown that very early recycling of oceanic crust (~2.5 Ga) can produce HIMU, this result may reflect a com-
bination of U enrichment in the upper altered layer of oceanic crust and Th enrichment in the lower basaltic
and gabbroic layers (Figure 2a). Although such an enrichment pattern may be plausible, such an old recy-
cling age would necessarily result in both high **°Pb/***Pb and **’Pb/>**Pb ratios, which is not a defining
feature of HIMU. Hence, it is reasonable to infer that only subduction zones with recycling ages less than
approximately 1.5 Ga and under limited P-T conditions can produce HIMU.

The two main differences that distinguish production of HIMU from production of FOZO or PREMA can be
summarized as follows. The first concerns the solubility of elements. Solubilities in aqueous fluid are
strongly temperature-dependent and are quite low at the temperatures typical of serpentinite dehydration
(approximately 500 °C; Green & Adam, 2003; Kessel, Schmidt, et al., 2005); thus, production of HIMU by
chemical fractionation is unlikely in aqueous fluid. However, solubilities in supercritical fluid are high
and less dependent on temperature (Kessel, Schmidt, et al., 2005), such that fractionation could raise
U/Pb ratios from approximately 0.2 in average MORB to approximately 0.3 after fluid-rock reaction even
at the P-T conditions of serpentinite dehydration (Table 1). The solubility of Pb, in particular, is much higher
in supercritical fluid than in aqueous fluid (Figure Al; see also the fractionation factors in Table 2) and
would lead to stronger fractionation in U/Pb. Thus, reaction with supercritical fluid appears to be favorable
for the production of HIMU. Because the pressure threshold for the transition from aqueous to supercritical
fluid lies between 5 and 6 GPa (Kessel, Ulmer, et al., 2005; Mibe et al., 2007, 2011), the production of the
HIMU source is most favored in parts of subduction zones where serpentinite dehydration can occur at pres-
sures of at least 5 GPa (Figure 3b).

The other important condition for the production of the HIMU source is high fluid-rock ratios during reac-
tions, inducing strong chemical fractionation. For example, fractionation at the maximum fluid-rock ratio
(0.07:1) assumed for the intermediate subduction zone can change the U/Pb ratio from approximately 0.2
to 0.3, sufficient to produce HIMU, in oceanic crust with average MORB composition and a 1.5-Ga recycling
age. Because the presence of phase A reduces the amount of dehydration fluid and thereby suppresses the
chemical effect of fluid-rock reaction (Figure 2), only P-T paths passing through the limited part of the main
dehydration curve in Figure 3b below the phase A stability field (the pink segment) can produce HIMU. If
this is the case, then the P-T range in which slabs can produce HIMU is limited to a very small portion of
the full P-T range of slabs (gray shaded area in Figure 3b; Syracuse et al., 2010).

Our modeling shows that suitable P-T paths of a slab to produce HIMU are limited to intermediate subduc-
tion zones, as exemplified by the Western Aleutian subduction zone involving a moderately old plate (56.1
Ma). However, the P-T path of a given slab is also subject to various other factors beside the age of the plate,
such as the slab descent rate and sediment thickness (e.g., Syracuse et al., 2010). For example, Figure 3b
shows that the slab in the Costa Rica subduction zone, which is young (15.8 Ma) and fast-sinking
(63.9 km/Myr), and the slab in the Bonin subduction zone, which is old (145.3 Ma) and slow-sinking
(28.1 km/Myr), can both intersect the same section of the major dehydration reaction curve as the intermedi-
ate (Western Aleutian) slab (56.1 Ma and 42.0-km/Myr descent rate); thus, the P-T conditions at these
subduction zones also allow the production of the HIMU source.

3.3. Effect of Alteration of Oceanic Crust

It has long been noted that alteration processes of oceanic crust have an essential role in the production of
HIMU (e.g., Chauvel et al., 1992). In particular, Castillo (2015) stressed the importance of carbonate added to
oceanic crust for the production of HIMU because of its high U concentration. However, as Kelley et al.
(2005) reported, alteration fails to reproduce the isotopic composition of HIMU as well as the isotopic varia-
tion of OIB, instead resulting in very high 206pp /294ph values (approximately 30 at 1.5 Ga-recycling age) and
very low 2*®Pb/?**Pb values (approximately 40 at 1.5-Ga recycling age) that have never been observed in OIB
(Table 1 and Figure S1-4b). These extraordinary ratios resulted from strong enrichment of U relative to Th
due to precipitation of secondary carbonate from seawater (e.g., Bach et al., 2003; Kelley et al., 2003;
Staudigel et al., 1996). As the effect of alteration was estimated based on upper part of oceanic crust
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(Supporting information S1), mixing between upper and lower curst could reduce the effect of alteration if
the lower crust remained fresh. However, even in that case, isotopic composition of altered oceanic crust
should evolve to different direction from OIB isotopic array in 2°°Pb/***Pb and *°*Pb/?**Pb isotopic field.
Therefore, if carbonate remains stable along subduction P-T paths (e.g., Connolly, 2005; Dasgupta &
Hirschmann, 2010; Gorman et al., 2006; Hammouda, 2003; Poli et al., 2009), then subducted oceanic crust
should have very high **°Pb/***Pb and very low ***Pb/>**Pb values that are well outside the range of OIB
isotopic compositions (Table 1 and Figure S1-4b). This contradiction could be explained by the change in
atmospheric oxygen fugacity at approximately 2 Ga (Elliott et al., 1999). However, crustal recycling of that
age does not reproduce either the Nd-Pb isotopic composition of OIB (Figure 4f) or the combination of high
206pp /20%ph and low 2°’Pb/?°°Pb of HIMU (Figure 4a), as mentioned previously. Hence, a process is needed
that can decrease the U/Th ratio of subducted oceanic crust, as has previously been shown for the Mariana
arc (Kelley et al., 2005). Indeed, much evidence suggests that external fluid derived from serpentinite dehy-
dration in the underlying slab mantle effectively dissolves the carbonate in subducted oceanic crust, almost
completely stripping it from the subducted slab (e.g., Ague & Nicolescu, 2014; Brovarone et al., 2018; Facq
et al., 2014, 2016; Frezzotti et al., 2011; Fryer et al., 1999; Kawamoto et al., 2013; Kelemen & Manning,
2015; Piccoli et al., 2016, 2018; Spandler & Pirard, 2013). It follows that secondary U hosted in carbonate
could be lost from the slab during subduction. Although only a very small amount of carbonate is sufficient
to explain the high *°°Pb/?**Pb value of HIMU (Castillo, 2015), producing high 2°°Pb/**®Pb by carbonate
addition appears to be problematic.

3.4. Why Is HIMU Rare?

As discussed previously, it can be inferred that four conditions favor the production of HIMU: (1) oceanic
crust similar to or more enriched than average MORB composition (Gale et al., 2013), (2) high fluid-rock
ratio, (3) limited range of P-T path, and (4) limited range of recycling age (1.0-1.5 Ga). This section presents
details of these conditions and addresses the rare occurrence of HIMU.

To produce high fluid-rock ratios, a critical factor is the number density of faults, which allow for fluid infil-
tration deep into oceanic plates (Fisher et al., 2003). This aspect of crustal structure depends on the spreading
rate of ridges; in particular, crust produced at slow-spreading ridges is relatively thin (1-7 km) with many
large normal faults on the ridge flank as the result of intermittent magmatism. Thin, highly faulted crust per-
mits deep fluid circulation, which promotes serpentinization of the oceanic mantle (e.g., Carbotte &
Scheirer, 2004; Deschamps et al., 2013; Ildefonse et al., 2007; Mével, 2003). In addition, thin crust tends to
have a high ratio of slab mantle to basaltic crust, further contributing to high fluid-rock ratios during sub-
duction. Significantly, crust produced at slow-spreading ridges has a chemical composition more enriched
than N-MORB and even average MORB, which enables it to produce enriched isotopic compositions
(Table 1, Figure 2a, and Appendix B). Indeed, the average MORB produced at slow spreading rates (10-40
mm/year) can produce Pb isotopic compositions typical of the HIMU end component (Table 1; four-pointed
orange stars in Figures 4a, 4b, 4e, 4f; and Appendix B). Oceanic crust produced at slow spreading ridges
amounts to about 20% of the annual production of oceanic crust by area (Gale et al., 2013), a proportion that
is even smaller by volume, which is consistent with the rarity of HIMU.

It has been proposed that the degree of serpentinization is correlated with plate age because older plates are
affected by large tensional stresses, which may produce cracks penetrating as deep as 50 km in a plate of 100-
Myr age (Korenaga, 2007, 2017). In addition, the greater depth of the brittle-ductile transition in old oceanic
plates favors deeper faulting (Contreras-Reyes, Grevemeyer, Flueh, Scherwath, et al., 2008, 2011; Watts,
2001). The gentle temperature gradient in old oceanic lithosphere increases the depth range of favorable
temperatures for serpentinization. Indeed, observations suggest that the degree of plate hydration at the
outer rise may be dependent on plate age (Garth & Rietbrock, 2017). However, the P-T path of old oceanic
plates can cross the stability field of phase A, which reduces the amount of dehydration water they release.
Similarly, dehydration of thick serpentinite layers should occur within a certain pressure range due to the
thermal gradient within slabs, resulting in incomplete dehydration wherever phase A is stable in the deeper
part of the serpentinite layer. To completely dehydrate serpentinite in old slabs, warmer tectonic settings,
such as the initial stage of subduction, may be required to sufficiently heat the deep parts of old slabs (van
Keken et al., 2018). These constraints further limit the tectonic conditions suitable for HIMU production
to a narrow range of descent rates. And although the P-T path in some young subduction zones (e.g.,
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Costa Rica) may favor HIMU production (Figure 3b), young subduction zones may offer small opportunities
for serpentinization of the slab mantle (Faccenda, 2014; Garth & Rietbrock, 2017; Nakajima et al., 2011,
Nedimovic¢ et al., 2009; Ranero et al., 2003, 2005; van Keken et al., 2011).

In summary, the four conditions for HIMU production constrain it to oceanic crust with relatively enriched
chemical composition that undergoes pervasive hydration during its passage from ridge to trench and then
takes a tightly limited P-T path during subduction (Figure 3b). These stringent constraints help explain the
scarcity of HIMU OIB; however, this statement is conditioned on the assumptions and simplifications we
adopted for our modeling. It is necessary to gain a quantitative understanding of the uncertainties due to
the assumptions and simplifications of our model as well as the inherited errors from the results of high-
pressure experiments and geophysical modeling upon which this study has relied.

4. Conclusions

Geochemical modeling elucidates the genetic link between the HIMU, FOZO, and PREMA mantle compo-
nents and subducted oceanic crust as the consequence of chemical variations produced at mid-ocean ridges
and subduction zones. Our results show that radiogenic isotopic ratios for dry or dehydrated oceanic crust
with average MORB composition are moderately depleted and are comparable to PREMA after recycling
at about 0.5-1.5 Ga. In contrast, extensive reaction between subducting crust and fluids from serpentinite
dehydration can produce high **°Pb/***Pb and '**Nd/***Nd ratios and low ®’Sr/*Sr ratios at both hot and
cold subduction zones, and is thus a suitable mechanism for the origin of FOZO. Oceanic crust with depleted
chemical composition (N-MORB) can produce PREMA-like isotopic compositions, but its depleted chemical
composition is unlikely to produce FOZO-like Pb isotopic compositions by any processes occurring at sub-
duction zones. Hence, the isotopic array extending from PREMA to FOZO can be explained by recycling
of oceanic crust with variable chemical compositions that in turn is chemically modified by different degrees
of fluid-rock reaction induced by serpentinite dehydration. HIMU isotopic compositions can be explained as
the rare result of a process in which oceanic crust with a composition similar to or more enriched than aver-
age MORB, underlain by intensively serpentinized slab mantle, passes through a restricted P-T path upon
subduction. Thus, variations in the extent of serpentinization of plates before subduction and diversity in
the P-T paths of slabs during subduction may be essential in producing the isotopic variations among
PREMA, FOZO, and HIMU. Specifically, the Pb, Nd, and Sr isotopic compositions of PREMA, FOZO, and
HIMU are all affected by slab recycling.

Appendix A: Estimation of Effect of Thermal Gradient in Slab A.

Because partition coefficients and the inverse of temperature show a strong linear correlation in a logarith-
mic plot (Figure Al), the partition coefficient of an element at temperature T can be written as

D=ace", (1)

t=1/T, 2

where D is the bulk partition coefficient, a and b are the constants obtained from the regression line, and T'is
the temperature. Applying the batch melting equation, the fluid composition can be calculated from

Cu = Cs/(D + F(1-D)), 3)

where Cr and Cg are the element concentrations in the fluid and source material, respectively, and F is the
mass fraction of water relative to the initial mass. Inserting equation (1) into equation (3) gives

CL = Cs/(ae’ +F(1-ae™)). 4

Assuming that ¢ (inverse of temperature) in the slab (oceanic crust) and depth in the slab are linearly corre-
lated, then the relationship between depth and ¢ is
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Figure Al. Relationship between partition coefficients (Kd) and inverse of temperature (1/7) at different pressures for (a) U, (b) Th, (c) Pb, (d) Lu, (e) Hf, (f) Sm (g)
Nd, (h) Sr, and (i) Rb. Blue square symbols are for 4 GPa (aqueous fluid) and red square symbols are for 6 GPa (supercritical fluid). Partition coefficients are from
Kessel, Schmidt, et al. (2005). Regression lines and their equations are also shown. Note that partition coefficients determined for melt at 4 GPa were excluded.
Light blue symbols represent partition coefficients for aqueous fluid at low temperatures and pressures: 3 GPa (diamonds; Green & Adam, 2003), 0.7 GPa (circles;
Mutter et al., 2014), and 0.4 GPa (triangles; Mutter et al., 2014). These roughly align with the regression lines for aqueous fluid, suggesting that the partition
coefficients can be extrapolated to low P-T conditions.

t=kx+w, ©)

where x is the depth from the surface of the oceanic crust and k and w are the constants for the linear corre-
lation between slab depth and slab temperature, respectively. This correlation is an approximation to sim-
plify calculations that can be considered realistic at relatively high pressure (Figure A2). Hence, the
assumption of this linear correlation is applicable to estimating chemical effects of fluid-rock reaction on
residual oceanic crust. Inserting equation (5) into equation (4) gives

CL=Cs/ (a gb (kxtw) F(l—a eb (k x+w)>). (6)

Integrating Cy. from the top to the bottom of the oceanic crust and then dividing by the thickness of the ocea-
nic crust yields the chemical composition of fluid:
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Figure A2. Thermal gradients in subducting oceanic crust during (a) dehydration reactions and (b) fluid-rock reactions.
The thermal model is from Kimura et al. (2014), based on Syracuse et al. (2010) and van Keken et al. (2011). Depths of
plotted points in the oceanic crust correspond to the top surfaces of layers in the modeled slab, consisting of sediment
(0 km), upper volcanics (0.3 km), lower volcanics (0.6 km), dikes (0.9 km), upper gabbro (2.3 km), lower gabbro (3.3 km),
and peridotite (6.3 km).

c = (Cs/(a e (1-F) + F) )ax 1/0C, )

where x0 and x1 are the depths at the surface and bottom of the crust, respectively, and OC is the thickness of
the oceanic crust. Rewriting equation (5) as

x =1/k (t-w) (8)
we obtain the following equation:
dx/dt = 1/k. ©)
Thus, equation (7) can be rewritten as
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Cr = [ (Cs/(a & (1=F) + F)) (1/k) dt 1/0C, (10)

where 10 and ¢1 are the inverse of temperature at the surface and bottom of the oceanic crust, respectively.
Therefore, the fluid composition can be determined from

Cst t0 1
Cp = ———1 (1-F)ae” + F —. 11
L= { Jae” + } 1 oC (11)

We can estimate the chemical composition of fluid that is in equilibrium with oceanic crust, the temperature
of which is correlated with depth. The chemical composition of residual oceanic crust can then be calculated
using the mass balance between Cp, and Cs.

Note that equation (11) calculates the bulk composition of oceanic crust that has experienced fluid-rock
reaction. As the chemical fractionation caused by fluid-rock reaction depends on temperature, crustal layers
at different depths should have different chemical and isotopic compositions due to temperature-sensitive
solubilities of elements. Hence, isotopic variation, particularly in Pb isotopes, should exist within oceanic
crust. Because this effect could potentially contribute to the isotopic heterogeneity of the mantle, we assessed

Table Al
Isotopic Compositions of Top and Bottom 1 km of Recycled Oceanic Crust

Composition after fluid-rock reaction

Z)rie;nic Hot subduction zone (South Chile) Cold subduction zone (South Marianas) Moderate subduction zone (Western Aleutian)
composition Top 1 km Bottom 1 km Top 1 km Bottom 1 km Top 1 km Bottom 1 km
0.5-Ga crust

875 /86sr 0.702710 0.702673 0.702670 0.702634 0.702683 0.702636
143Nd/M*Nd 0.513061 0.513045 0.513074 0.513046 0.513115 0.513048
17648/ 77 1g 0.283145 0.283142 0.283143 0.283142 0.283146 0.283142
206py, 204py, 19.394 18.179 18.918 18.238 19.436 18.451
207pp/2%*pb 15.532 15.463 15.505 15.466 15.534 15.478
208py, /204py, 39.510 38.135 38.639 38.193 38.754 38.403
1.0 Ga crust

875r/%%sr 0.702721 0.702646 0.702639 0.702567 0.702667 0.702571
143Nd/ M Nd 0.512921 0.512890 0.512947 0.512891 0.513029 0.512896
17ope1 77 0.282939 0.282932 0.282934 0.282932 0.282940 0.282932
206pp/204pp 21.474 18.700 20.338 18.828 21.510 19.299
207py,/204py, 15.708 15.507 15.626 15.516 15.711 15.551
208py, /204py, 41.587 38.537 39.642 38.659 39.924 39.113
1.5-Ga crust

8751 /80sr 0.702731 0.702619 0.702608 0.702500 0.702650 0.702505
143Nd/ M Nd 0.512781 0.512734 0.512820 0.512736 0.512943 0.512743
Y7ont A ae 0.282730 0.282720 0.282723 0.282719 0.282732 0.282720
206py, /204py, 24.134 19.304 22.058 19.514 24.080 20.301
207pp,/204py, 16.036 15.584 15.842 15.604 16.031 15.678
208pp/204pp 44.144 38.989 40.829 39.187 41.360 39.925
2.0-Ga crust

875 /865y 0.702742 0.702592 0.702578 0.702432 0.702633 0.702439
143Nd/M*Nd 0.512640 0.512577 0.512693 0.512580 0.512857 0.512590
17648/ 77 1g 0.282519 0.282506 0.282510 0.282505 0.282523 0.282505
206py, /204py, 27.657 20.011 24.188 20.323 27.364 21.504
207pp/*%*pb 16.658 15718 16.231 15.756 16.622 15.901
208py, /204py, 47.419 39.506 42.274 39.792 43.187 40.873
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it quantitatively by calculating isotopic compositions of the uppermost and lowermost 1 km of crust origin-
ally of MORB composition after fluid-rock reactions (Table Al).
Appendix B: Crust Composition From Slow-Spreading Ridges B.
We estimated the average oceanic crust composition produced at slow-spreading ridges (10-40 mm/year)
from
2 (CoegXVpXLseg)
Coe ="c/5 o7 @
2 (VapXLseg)
where C,c is the average concentration of an element in MORB produced at slow-spreading ridges, Cqcg is
the average concentration of an element in MORB from an individual ridge segment with a slow spreading
rate (10-40 mm/year), Vg, is the spreading rate of the segment (i.e., 10-40 mm/year), and Ly is the length of
the segment. The resulting MORB compositions are listed in Table 1.
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