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Systematic Across-Arc Variations of Molybdenum Isotopes in a
Fluid-Dominated Subduction Zone System
M. Willbold! ‘= and N. Messling!

! Abteilung Geochemie und Isotopengeologie, Fakultit fiir Geowissenschaften und Geographie, Universitit Gottingen,
Gottingen, Germany

Abstract Mass-dependent Mo isotope variations are a promising new tracer to study magmatic processes
in different geological settings. We report the first Mo isotope data for the Kamchatka arc system in the
Northwest Pacific, comprising basaltic lavas of a complete Southeast-Northwest traverse from the volcanic

arc front through to the back arc region. The majority of volcanic centers investigated directly override the
Hawaii-Emperor Seamount Chain, which is currently being subducted underneath the arc system. Our Mo
isotope data show systematic trends with Ce/Pb, Ce/Mo, Nb/Zr, La/Sm, and '“*Nd/!**Nd ratios from the
volcanic arc front to the back arc. Arc front lavas have higher §°*°Mo and lower Ce/Pb, Ce/Mo, Nb/Zr, La/Sm
compared to back arc lavas. Because the involvement of subducted sediments can be excluded, we attribute the
observed variations to a change in the mantle source composition from the arc front to the back arc regions. The
isotopic and chemical budget of arc front lavas is dominated by a slab fluid component (high §°¥**Mo, low Ce/
Pb, Ce/Mo), whereas mantle-like Ce/Pb, Ce/Mo, elevated Nb/Zr and La/Sm in the back arc samples suggest

an enriched mantle source. Combined 8°¥**Mo, Nd, and Pb isotope data in back arc lavas are very similar to
those observed for modern ocean island basalts from Hawaii. We thus explore the possibility that the back arc
mantle was contaminated by a Hawaii-type, enriched asthenospheric mantle component from the subducted
Hawaii-Emperor Seamount Chain.

Plain Language Summary In subduction zones, tectonic plates—tens of kilometers thick and
making up the outer shell of our planet—are on a collision course. Although the absolute convergence rates of
these plates are minute (a few cm/year), the forces in this process are so large that one plate is pushed under
the other, causing the lower plate to be recycled into the Earth's mantle over time scales of millions of years.
The tangible consequences are high-magnitude earthquakes and large-volume volcanic eruptions along these
convergent plate margins. It is thus important to better understand the geological processes that operate in
subduction zones. Here, we have studied the chemical and isotopic composition of volcanic rocks from the
Kamchatka subduction zone. Our results confirm that water, locked into the subducting plate while residing on
the surface, is released into the hot, overlying mantle after subduction, causing the formation of large volumes
of magma that eventually erupt in volcanoes on the Kamchatka Peninsula. Our data also indicate that the
subducting plate, once pushed into the mantle, is being ripped apart, allowing buoyant mantle material from
greater depth to rise and contribute to the large-scale volcanism observed along this convergent plate margin.

1. Introduction

Over the past few years, the use of mass-dependent Mo isotope variations in studying magmatic processes has
gained considerable traction. This is because under ambient mantle conditions, Mo predominantly exists in its
MoS* valence state (O'Neill & Eggins, 2002) and is therefore a lithophile, highly incompatible element that
is geochemically fractionated between the Earth's mantle and crust (Greaney et al., 2018; Greber et al., 2015;
Newsom & Palme, 1984; Palme & O'Neill, 2014; Rudnick & Gao, 2014). From a global perspective, the depleted
mantle has a moderate but resolvable sub-chondritic §°***Mo of —0.22%0 (Bezard et al., 2016; Hin et al., 2022;
McCoy-West et al., 2019), with chondrites having an average %Mo = —0.15%0 (Burkhardt et al., 2014; Liang
et al., 2017). In contrast, the Earth's upper continental crust appears to have a super-chondritic bulk Mo isotope
composition of ca. +0.15%0 (Willbold & Elliott, 2017). Here, §°¥**Mo denotes the parts-per-thousand deviation
in *Mo/*Mo determined for a particular sample relative to that of the National Institute of Standards and Tech-
nology (NIST) standard reference material 3134. The observed dichotomy between the mantle and the conti-
nental crust is intriguing because mass-dependent Mo isotope fractionation should be near-absent in magmatic

WILLBOLD AND MESSLING

1 of 16


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0003-2178-2470
https://orcid.org/0000-0003-0977-4689
https://doi.org/10.1029/2023GC011007
https://doi.org/10.1029/2023GC011007
https://doi.org/10.1029/2023GC011007
https://doi.org/10.1029/2023GC011007
https://doi.org/10.1029/2023GC011007

A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2023GC011007

systems owing to the small relative mass difference between Mo isotopes and the high temperatures, under which
magmatic processes operate (Bigeleisen & Mayer, 1947; Gaschnig et al., 2021a; Urey, 1947; Yang et al., 2015).

In this context, measured Mo abundances and isotope compositions in slab fluid-dominated mafic arc lavas
positively covary with tracers of fluid addition (Freymuth et al., 2015; Gaschnig et al., 2017; Konig et al., 2016;
Villalobos-Orchard et al., 2020). This is in line with experimentally constrained mobility of Mo metamorphic
fluids at slab conditions (Bali et al., 2012; Green & Adam, 2003; Konig et al., 2016) and also suggests that the
high-8°¥3Mo signature observed in fluid-rich arc basalts are derived from redox-driven reaction of the fluid with
the subducted crust under metamorphic conditions (Ahmad et al., 2021; Chen et al., 2019; Freymuth et al., 2015;
Gaschnig et al., 2017; Konig et al., 2016; Villalobos-Orchard et al., 2020; Willbold & Elliott, 2017). Overall,
there is an increasing data set for Mo isotope data in arc rocks. However, lavas from back arc systems are yet
to be appropriately characterized (X. Li et al., 2021a). In this context, the Kamchatka arc system provides a
unique setting, as it is one of the largest across-arc systems worldwide with contemporary magmatic activity
from the volcanic arc front into the back arc region. It therefore offers an ideal opportunity to constrain the
continuous change in the Mo isotope inventory of arc-related magmas from a fluid-dominated volcanic front to
the mantle-dominated back arc region in a single arc system and with a limited number of potential geochemical
sources and near-constant subduction parameters. In this contribution we will thus explore the different geolog-
ical processes that determine the Mo isotope compositions of arc lavas observed across an entire system. To this
end, our results contribute to a better understanding of the Mo isotope systematics in modern subduction zones
and a reliable interpretation of the Mo isotope data in complex present-day subduction zones or arc systems that
are preserved in the geological record (e.g., Ahmad et al., 2021, 2022; Casalini et al., 2019; Fang et al., 2022; H.
Y. Li et al,, 2019; H. Q. Liu et al., 2022; Ma et al., 2022; Rojas-Kolomiets et al., 2023; Yu et al., 2022; Zhang
etal., 2019, 2020).

2. Geological Setting and Sample Selection

The Kamchatka arc forms part of the Circum-Pacific Volcanic Belt (Figure 1). Its volcanic activity is caused
by the subduction of the ca. 90-105 Ma old oceanic Pacific plate under the Eurasian plate at a rate of currently
ca. 9 cm/year (Geist & Scholl, 1994). To the South, the arc continues into the Kuril volcanic arc, whereas to the
North it is terminated by the Aleutian-Kamchatka triple junction through a series of transform faults (Gorelchik
et al.,, 1997; Yogodzinski et al., 1995, 2001). Here, the plate motion changes from convergent to strike-slip
between the Pacific and the North American plate. Early magmatic rocks in the Kamchatka arc system date back
to the Cretaceous. Volcanic activity increased during the Pliocene to Lower Pleistocene with the emplacement
of plateau basalts and culminated in the Upper Pleistocene to Holocene (Churikova et al., 2001). The present dip
angle of the subducted plate shallows from 55° in the South to 35° in the North, probably related to the subduc-
tion of the Hawaii-Emperor Seamount Chain below the Northern part of Kamchatka. This change in dip angle,
as well as the broadening of crustal extension of the Central Kamchatka Depression (CKD) north of ca. 55°N,
causes a shift of the volcanic activity in the arc from the East to the West (Figure 1). Today, this area is one of the
volcanically most active regions on Earth with more than 34 active volcanoes and abundant eruptions of mafic
arc lavas (Kepezhinkas et al., 1997).

Active arc volcanism in Kamchatka can be divided into three zones that run sub-parallel to the trench (Figure 1):
Volcanic centers of the Eastern Volcanic Front (EVF) comprise the frontal arc of the Kamchatka system. Further
to the West lies the CKD, which includes the large active cluster of the Klyuchevskoy Group and the Shiveluch
Group in the Northern Central Kamchatka Depression (NCKD). This region is one of the most productive parts of
the subduction zone and comprises ca. 50% of melt volume of the active volcanoes of the entire Kuril-Kamchatka
arc (Ishikawa et al., 2001). The Sredinny Ridge (SR) represents the back arc of the Kamchatka system, some
400 km behind the present trench with Holocene volcanism at the Ichinsky volcano (Volynets et al., 2009). Along
the arc, crustal thickness increases from 20 km in the South to 42 km in the North (Balesta, 1991; Gorbatov, 1997).
Above the subducted Hawaii-Emperor Seamount Chain and across the arc, crustal thickness varies from ca.
30 km under the SR to ca. 42 km underneath the CKD and the Klyuchevskaya Group, where the crust-mantle
transition is marked by a ca. 10 km thick zone most likely related to massive underplating of basaltic melts
(Balesta, 1991). This would explain the surprising thick crust of the CKD, given that this zone is considered a rift-
like structure, for which an otherwise thinned crust would be expected (Churikova et al., 2001). Such a model is
supported by seismic evidence that suggests the existence of active magma reservoirs within the Kamchatka crust
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Figure 1. Map of the southern Kamchatka peninsula showing the locations of investigated volcanoes. Most samples come from a Southeast-Northwest transect
overriding the Hawaii-Emperor Seamount Chain that is currently being subducted underneath the Eurasian Plate. EVF: Eastern Volcanic Front, CKD: Central
Kamchatka Depression, SR: Sredinny Ridge (back arc), NCKD: Northern Central Kamchatka Depression. After Churikova et al. (2001). The location of DSDP Site 192
drill core is also shown (see text). Base map from https://www.geomapapp.org.

with depths ranging from ca. 2 km below the Avachinsky and Tolbachik volcanoes through to the transition zone
depths of ca. 20 km underneath the Bezymianny volcano (Balesta, 1991). At mantle depths, the seismic zone of
the subducted plate is situated about 100-140 km beneath the EVF, 100-200 km below the CKD and extents to
a depth of 400 km in the SR (Gorbatov, 1997).

All Kamchatka magmas display rather uniform Pb isotope (*°Pb/?™Pb = 18.15-18.30, 27Pb/?**Pb = 15.4
5-15.48, 208Pb/2%4Pb = 37.74-37.95) as well as Sr isotope compositions (¥’Sr/*Sr = 0.70334-0.70366)
(Churikova et al., 2001; Dorendorf, Wiechert, & Worner, 2000). Together with comparatively low °Be abun-
dances (<1.2 x 10° at/g), this suggests that the trace element budget of Kamchatka lavas is mainly controlled
by fluids derived from the subducted plate and less so by subducted sediments (Churikova, Worner, Mironov,
& Kronz, 2007; Churikova et al., 2001; Dorendorf, Wiechert, & Worner, 2000; Kersting & Arculus, 1995;
Miinker et al., 2004). The samples of this study come from a 210 km Southeast to Northwest transect across the
Kamchatka arc (Churikova et al., 2001) encompassing its three structural units, the EVF, the CKD and the SR,
mostly following the trail of the subducted Hawaii-Emperor Seamount Chain (Figure 1). Most of the samples
were previously characterized according to their geochemistry as well as their Sr, Nd and Pb isotopic composition
(Churikova, Worner, Mironov, & Kronz, 2007; Churikova et al., 2001; Dorendorf, Wiechert, & Worner, 2000;
Miinker et al., 2004). Based on these data, care has been taken to limit the sample selection of this study to mafic
lithologies in order to minimize any potential effect of fractional crystallization or assimilation processes on Mo
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Figure 2. Primitive upper mantle (PUM)-normalized trace element patterns of Kamchatka lavas of this study. (a) Eastern Volcanic Front (EVF), (b) Central Kamchatka
Depression (CKD), (c) Back arc (Sredinny Ridge—SR) and (d) andesites from the Northern Central Kamchatka Depression (NCKD). Data from Churikova et al. (2001)
and this study. Values for PUM were taken from Palme and O'Neill (2014).

isotope distributions (Freymuth et al., 2015; Villalobos-Orchard et al., 2020). The samples comprise basalts from
the volcanoes of Gamchen, Schmidt, Komarov and Kizimen (EVF), the Klyuchevskoy, Tolbachik (CKD) and
Schiveluch volcanoes (NCKD), as well as from the Esso and Achtang region and the Ichinsky back arc volca-
noes (SR). For the purpose of this study, we have allocated the Bakening volcanic center with its transitional
CKD-EVF character (Churikova et al., 2001) to the CKD group. For comparison (see below), the data set also
includes data for three andesites from Schiveluch volcano in the NCKD. The maximum arc width is found where
the Hawaii-Emperor Seamount Chain is being subducted underneath the Kamchatka arc (Figure 1). Accordingly,
the across-arc distance of active volcanism covered by our Mo isotope sample set is one of the widest found in
any arc setting today.

3. Results

High-precision Mo isotope data for all samples have been acquired at the Department of Geochemistry and
Isotope Geology, University of Gottingen. Existing trace element and '“*Nd/'*Nd data (Churikova et al., 2001;
Norman & Garcia, 1999) have been supplemented by newly acquired data for critical samples where necessary.
A detailed description of all analytical procedures is given in Supporting Information S1. All data, together with
relevant measures of quality control, are reported in Table S1. According to their SiO, and alkaline element
composition (Le Maitre et al., 1989), all EVF and CKD samples are classified as basalts and basaltic andesites,
whereas back arc samples also include trachybasalts and basaltic trachyandesites.

All EVF and CKD samples show rather uniform Primitive Upper Mantle (PUM)-normalized trace element
patterns (Figure 2) typical for a subduction zone setting (Pearce & Peate, 1995). These include a general enrich-
ment of large-ion-lithophile element (LILE) concentrations over light rare-earth element (LREE) concentrations,
the enrichment of LREE over heavy REE (HREE) concentrations and depletion of high-field strength elements
(HFSE) Nb and Ta relative to La and Th. In detail, however, small but systematic variations between the EVF
and CKD exist (also see Churikova et al., 2001). Samples from the EVF show less pronounced and more variable
Nb depletion compared to samples from the CKD. The average PUM-normalized (Nb/La),;,, in EVF samples
18 0.43 £ 0.16 (1SD; n = 11) compared to the average (Nb/La)p;, 0.33 = 0.08 in CKD samples (n = 24). Note
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Figure 3. Plot of “Nd/'*Nd against §°**Mo (in %o) for samples from Kamchatka (Table S1), as well as from the Izu arc
(Villalobos-Orchard et al., 2020), Pacific and Indian MORB (Bezard et al., 2016; Chen et al., 2022; Hin et al., 2022; Liang
et al., 2017) and Hawaii (Table S1). Uncertainties indicate 2SD confidence intervals of repeated measurements of geological
reference materials (see Supporting Information S1).

that, PUM-normalized trace element ratios of 1 express relative parity between the two elements (see Figure 2),
whereas lower and higher values express depletion and enrichment, respectively.

Compared to EVF and CKD samples, samples from the back arc (i.e., the SR group; n = 12) show less pronounced
relative LILE enrichments and HFSE depletion in their trace element patterns, with an average (Rb/La);,, of
1.8 + 0.7 and (Nb/La)p,, of 0.68 + 0.34 compared to 2.7 & 0.7 and 0.36 + 0.12, respectively, in EVF and CKD
samples. However, back arc samples are generally more enriched in incompatible element over less incompatible
element abundances as expressed by their elevated chondrite-normalized (La/Yb), of 5.5 + 1.5, compared to the
EVF and CKD samples (average (La/Yb), = 2.4 + 0.8). Also, (Nb/Zr),;, ratios in back arc samples tend to be
higher (average 1.2 + 0.7) than in the EVF and CKD samples (average 0.43 + 0.15; also see Figure 2).

Andesites from the Schiveluch volcano in the NCKD (n = 3; Table S1) show relative enrichment in LILE and
LREE as well as relative depletion in HESE, typical of andesitic rocks from subduction zone settings, but are
additionally marked by elevated Sr/Y ratios (average 45) at low Y concentrations (average 8.3 pg/g). High Sr/Y
and MREE/HREE ratios reflect a so-called ‘“adakitic” trace element signature that has been related to partial
melting of subducted oceanic crust (Yogodzinski et al., 2001). A comprehensive description of the petrogra-
phy and geochemistry of the samples analyzed here is given in Churikova et al. (2001), Dorendorf, Churikova,
et al. (2000), Dorendorf, Wiechert, and Worner (2000), and Yogodzinski et al. (2001).

There is considerable overlap in radiogenic “*Nd/!**Nd ratios between EVF and CKD samples (Figure 3), yet they
have on average higher **Nd/!*Nd (average 0.513074 + 0.000061, 2SD) compared to samples from the back arc
(average 0.513013 + 0.000093, 2SD; also see Figure 3). Molybdenum isotope ratios in samples from Kamchatka
vary between 8°Mo = —0.31 and +0.02%¢ and show a distribution similar to that observed for '“*Nd/'*Nd
ratios (Figure 3) with EVF and CKD samples having an average higher 5°*Mo (average —0.13 + 0.13%o0; 2SD)
compared to the average value for the back arc samples (§°¥°*Mo = —0.22 + 0.09%o; 2SD). This results in a trend
between Nd and Mo isotope data for the Kamchatka sample set.

4. Discussion

4.1. Effect of Fractional Crystallization and Crustal Assimilation on the Mo Isotope Variation of
Kamchatka Basalts

It has been proposed that continuous intra-arc fractionation of isotopically light amphibole during magmatic
differentiation of mafic parental magmas decreases Dy/Yb whilst increasing La/Yb ratios and §°**Mo values in
the residual, high-SiO, melts (Davidson et al., 2013; Voegelin et al., 2014; Wille et al., 2018). Our focus on mafic
samples helps to minimize such effects but we cannot a priori assume that the observed §°®*Mo variations in
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our data set are insensitive to differences in the degree of fractional crystallization between individual samples.
Figures Sla and S1b in Supporting Information S1 shows 8°¥*Mo data plotted against MgO content as a measure
of the degree of fractional crystallization. Data for the three different sample groups (EVF, CKD, back arc) define
a cluster between 4 and 10 wt.% MgO and no significant trend with §°¥*Mo. Weak negative trends between
8°¥95Mo and SiO, and Dy/Yb are visible (Figures S1b and Slc in Supporting Information S1). However, similar
trends in the same direction are observed when plotting SiO, and Dy/Yb ratios against '**Nd/!“Nd (Figures Sle
and S1f in Supporting Information S1), hinting at a possible source effect that controls Dy/Yb and SiO, (and
also 5°*%Mo; see below) in the samples rather than fractionation of amphibole. In addition, the trend of 5°**Mo
data with '*Nd/'*Nd values (Figure 3) is unlikely to be controlled by fractional crystallization processes and
also rules out partial melting effects (cf. McCoy-West et al., 2019) as a driver of Mo isotope variability in the
mantle-sourced Kamchatka basalts.

Churikova et al. (2001) used near-constant K,0O/Na,O ratios at variable MgO contents on a much larger sample set
(>90 lavas), which included samples of this study but also more differentiated rocks (andesites, dacites, and rhyo-
lites), as an indicator for limited crustal assimilation in the Kamchatka magmas. Exceptions were some samples
from the Tolbachik volcano (CKD). However, we do not observe any trend between 8°%°Mo and K,0/Na,O for
our samples from this volcano (Figure S2 in Supporting Information S1). We therefore assume that these samples
are also not affected by crustal assimilation. However, excluding these samples from the discussions below would
not change the conclusions of this study. Overall, the combined considerations above suggest that the §*°>Mo in
the Kamchatka arc basalts are not controlled by shallow magmatic processes but reflect the Mo isotope composi-
tion of their respective sources in the mantle, in line with findings from other Mo isotope studies on mafic lavas
(Freymuth et al., 2015, 2016; Gaschnig et al., 2017, 2021a; Konig et al., 2016; Rojas-Kolomiets et al., 2023;
Villalobos-Orchard et al., 2020; Yang et al., 2015).

4.2. Slab Contribution to the Mo Budget of the Eastern Volcanic Front (EVF) and Central Kamchatka
Depression (CKD) Magmas

Enrichment of LILE over LREE, high LREE/HREE ratios, together with concomitant (Nb/La),;,, < 1 and (Nb/
Zr)pym < 1 in arc basalts are generally assumed to reflect the incorporation of slab-derived material in their
sources (Elliott et al., 1997, 2007; Gill, 1981; Hawkesworth et al., 1991; Spandler & Pirard, 2013). For the
Kamchatka arc system, the uniform and unradiogenic 2°°Pb/?**Pb composition of the lavas, the lack of correla-
tion between Pb and Nd isotopes with indicators of subducted sediments (e.g., Th/La and Sr isotopes) as well as
high Ba/Th at low Th contents (<3 pg/g) have previously been used to argue for a dominant aqueous slab fluid
component and the absence of a significant contribution from subducted sedimentary components in the source
of the arc basalts (Churikova, Worner, et al., 2007; Churikova et al., 2001; Kersting & Arculus, 1995; H. Liu
et al., 2020; Miinker et al., 2004; Shu et al., 2022). Within each group—(a) EVF and CKD arc basalts on one hand
and (b) back arc basalts on the other—our measured §°***Mo values also do not correlate with typical markers
for sediment input, such as Pb isotopes or chondrite-normalized (La/Sm), (Figures S3 and S1d in Supporting
Information S1). Values of §°**Mo for EVF and CKD samples vary independently from both, 2°°Pb/2%*Pb and
(La/Sm), ratios, ranging between —0.25 and 0.02%., while §°¥**Mo values for back arc samples are rather
constant at —0.17 to —0.31%o for a range of (La/Sm), (1.0-2.5). A similar observation is made for combined
8°%95Mo and (Nb/Zr),,, data (Figure 4). Thus, while the observed relative increase in the enrichment of immo-
bile incompatible elements in the basalts—from (a) the arc (EVF, CKD) toward (b) the back arc—seems to be
geographically related, the variation of §°¥*Mo within each group is unlikely to be dominated by partial melts
of a slab- or sediment component.

In contrast, basalts from Kamchatka show trends of §?¥**Mo with Ce/Pb, Ce/Mo, and Ba/Th (Figure 4). Notably,
the Kamchatka data extend similar trends observed in mafic lavas from the Izu arc, where decreasing 5°¥*Mo
correlate with increasing Ce/Pb and Ce/Mo as well as decreasing Ba/Th (Villalobos-Orchard et al., 2020). Along
this trend, EVF and CKD arc lavas are similar to Izu arc lavas. They have high §°¥*°Mo and Ba/Th ratios as well
as low Ce/Pb and Ce/Mo ratios. Back arc basalts have lower §?¥°Mo as well as higher Ce/Pb and Ce/Mo ratios.
The element ratios Ce/Mo, Ce/Pb, Ba/Th are a diagnostic feature for the involvement of a slab fluid phase because
these element pairs behave near-identically during mantle melting but Mo, Pb, and Ba are more mobile in slab
fluids than Ce and Th (Bali et al., 2012; Elliott et al., 1997; Hofmann et al., 1986; Keppler, 1996; McCulloch &
Gamble, 1991; Newsom & Palme, 1984; Newsom et al., 1986). The addition of such fluids to a mantle source will
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Figure 4. Plots of §°*°Mo (%o) versus (a) Ce/Pb, (b) Ce/Mo, (c) Ba/Th, and (d) (Nb/Zr),, for samples from Kamchatka as well as from the Izu arc
(Villalobos-Orchard et al., 2020) and Hawaii. Average compositions of Pacific and Indian MORB (Bezard et al., 2016; Chen et al., 2022; Hin et al., 2022; Liang

et al., 2017) for reference.

thus cause its Ce/Mo and Ce/Pb to drop and Ba/Th to increase relative to the average mantle values (Hofmann
et al., 1986; Newsom et al., 1986; Salters & Stracke, 2004; Workman & Hart, 2005). Therefore, the observed
trends in the Kamchatka and Izu basalts provide a clear indication that §°**°Mo in the EVF and CKD arc lavas are
predominantly controlled by slab fluids. This is in good agreement with the findings of Freymuth et al. (2015) and
Villalobos-Orchard et al. (2020), who suggested a fluid control on the Mo budget in similarly fluid-dominated
arc basalts from the Mariana and Izu subduction zones. In this context, the marginally less well-defined trend
between 8°¥**Mo and Ba/Th (Figure 4) is most likely a reflection of the more variable Ba/Th in Mid-Ocean
Ridge Basalts (MORB) (i.e., the source of Ba in the fluid), compared to more homogeneous Ce/Mo and Ce/
Pb compositions. For instance, the single relative standard deviation of Ba/Th for Pacific and Indian MORB
samples, for which combined 8°***Mo and trace element data are available (Bezard et al., 2016; Chen et al., 2022;
Hin et al., 2022; Liang et al., 2017), is 38%, compared to 29% for Ce/Mo and Ce/Pb. In addition, the mobilization
of Mo in slab fluids critically depends on the presence of complexing agents (Bali et al., 2012), whereas Ba is a
highly fluid-mobile element. As such, initial Ba/Th heterogeneity, a difference in fluid mobility between Ba and
Mo, or a combination of both, could lead to a slight decoupling of the 5°***Mo—Ba/Th systematic observed for
our samples.

It has previously been demonstrated that Pb isotopes can be used to trace the source of slab-derived fluids
(e.g., Avanzinelli et al., 2012; Miller et al., 1994; Shu et al., 2022). In this respect, the Pb isotope composi-
tion of Kamchatka arc lavas does not match the Pb isotope composition of drilled basalts and sediments from
DSDP Site 192, sampling the altered crustal section of the Hawaii-Emperor Seamount Chain that is currently
being subducted into the Kamchatka arc (Figure 5). The Pb isotope systematic of the Kamchatka arc lavas is
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Figure 5. Plot of 28Pb/2Pb versus 2°°Pb/?*Pb in arc and back arc volcanic
rocks from the Southeast-Northwest transect in Kamchatka (Churikova

et al., 2001; Dorendorf, Wiechert, & Worner, 2000). The basaltic samples

of this study are included in these data sets. Also shown are data for oceanic
basalts and sediments from DSDP Site 192, sampling the upper altered section
of the Hawaii-Emperor Seamount Chain crust currently being subducted
under the transect (Regelous et al., 2003; Shu et al., 2022). Note that data for
Kamchatka volcanic rocks firmly overlap with data for modern ocean island
basalts from Hawaii (https://georoc.eu/georoc/new-start.asp; data retrieved
October 2022) but not with data for the upper crustal section of subducted
crust (basalts and sediments). Data for Pacific and Indian MORB from Stracke
et al. (2005). See text for discussion.

therefore inconsistent with the derivation of a slab fluid component originat-
ing in altered, upper part of the subducted Hawaii-Emperor Seamount Chain
crust. Unaltered sections of the Hawaii-Emperor Seamount Chain crust have
not been recovered from DSDP Site 192. Yet, the latter may be accurately
approximated by present-day ocean island basalts from Hawaii, as both, the
current Hawaii archipelago as well as the Hawaii-Emperor Seamount Chain,
were formed by the same mantle plume (Clague & Brent Dalrymple, 1994;
Regelous et al., 2003; Tatsumoto, 1978). The Pb isotope data for Kamchatka
arc lavas firmly overlap with those of modern ocean island basalts from
Hawaii (Figure 5) and therefore suggest that the Pb budget of the Kamchatka
arc lavas is predominantly sourced from the lower, less altered lithosphere of
the subducted Hawaii-Emperor Seamount Chain (Figure 6a).

Not only is this conclusion in line with similar findings for the fluid source
in the Mariana arc system (Avanzinelli et al., 2012; Freymuth et al., 2015),
it also confirms the more general observation that large quantities of slab
fluids are sourced from the deeper, serpentinized mantle lithosphere of the
slab (Skora & Blundy, 2010; Spandler & Pirard, 2013; Till et al., 2011; van
Keken et al., 2011). These serpentinites likely form as a result of the bending
of the down-going plate during incipient subduction and the concomitant
formation of deep-rooted fractures that penetrate into the lithospheric mantle
(Ranero et al., 2003). Continued subduction to mantle depth then causes the
lithospheric serpentinite layer to de-stabilize and to eventually release fluids
upward into the overlying mafic crustal section (Walowski et al., 2015).
Within this context, Chen et al. (2019) have shown that the high §°*Mo
values of the slab fluid are controlled by the stability of residual rutile (with
low 8°%°Mo) in the eclogite crust during subduction because of the strong

partitioning of the lighter Mo isotopes in rutile (Chen et al., 2019; Freymuth et al., 2015). In this “reactive chan-
nelized flow” model, serpentinite-derived fluids ascend through the overlying mafic crustal section and react with

residual rutile, leaving the fluids exiting the mafic crustal section isotopically heavy (Chen et al., 2019; Freymuth
et al., 2015; Villalobos-Orchard et al., 2020). The ascending fluids then carry the high §°¥*Mo signature into the
hot mantle wedge and cause partial melting (Figure 6a). The combined Mo and Pb data in our samples support

this notion and suggest that the reactive channelized flow model can explain the Mo isotope systematics in the
EVF and CKD basalts. In this respect, it is worth emphasizing that the Pb isotope composition of the EVF and
CKD basalts is determined by the source of the slab fluid (i.e., the dehydrating lithospheric mantle) and/or equi-
libration of the fluid with unaltered oceanic crust during its passage upwards, as both have the same Hawaii-type

Pb isotopic composition (see above and Figure 5). At the same time, their Mo isotope composition is the result of

an isotope fractionation process that operated during the reactive flow of the fluid released from the underlying

serpentinized mantle. As such, a decoupling of both isotope systems would be expected and is, in fact, observed

in our data set (Figure S3 in Supporting Information S1). In addition, the fractionation of Mo isotopes between

the residual slab and the slab fluid is accompanied by an increase in the Pb and Mo concentrations in the passing
fluid (i.e., decreasing its Ce/Mo and Ce/Pb) due to the fluid mobility of both elements (see above), leading to the
observed trends between §°%*Mo and Ce/Mo, as well as Ce/Pb (Figure 4).

Previous workers have argued for models whereby slab fluids ultimately originate in the hydrated part of the
subducted crust (Churikova, Worner, Mironov, & Kronz, 2007; Churikova et al., 2001; Dorendorf, Wiechert, &
Worner, 2000; H. Liu et al., 2020; Shu et al., 2022). Yet, the two seemingly contrasting models of fluid sources
may not be mutually exclusive. In fact, it is more than likely that there is more than one fluid source in such

complex subduction zone systems like the Kamchatka arc (also see Rojas-Kolomiets et al., 2023). Churikova,

Worner, Mironov, and Kronz (2007) identified multiple fluid compositions involved in the petrogenesis of

Kamchatka arc basalts. This is in line with our view that chalcophile element concentrations as well as the Li
and Tl isotope and LILE systematics (Churikova, Worner, Mironov, & Kronz, 2007; H. Liu et al., 2020; Shu
et al., 2022) are most likely controlled by different fluid sources within the Kamchatka system compared to that
controlling the Mo and Pb isotope systems (see above and Figure 4c). On the other side of the spectrum, Ahmad
et al. (2021) and Rojas-Kolomiets et al. (2023) have recently suggested a model whereby slab fluids with a high
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§985Mo signature directly emanate from a serpentinized arc mantle. Questioning the reactive channelized flow
model, they argue that the rutile formation in the subducting crust may occur early during the dehydration phase
of the subducting serpentine mantle. This would prematurely lock up Mo into rutile thus rendering the reactive
channelized flow model unlikely. Yet, such notion would necessitate quantitative redistribution of Mo into rutile
to occur well before flushing of the subducting oceanic crust with serpentine-derived fluids as well as an inert
behavior of rutile to mineral-fluid isotopic exchange during the succedent fluid flushing. In addition, it would
also require the serpentinite-derived fluid to be void of any Mo. While this view may have some merit, it never-
theless relies on a series of assumptions that need to be verified. Based on our observations and interpretations
presented above, we find the reactive channelized flow model to be the most likely explanation for the observed
Mo isotope systematic in the Kamchatka arc basalts.

4.3. A Common Mo Isotope Slab Fluid Composition in the Izu and Kamchatka Arcs

The trend between §°°°Mo and Ce/Pb defined by samples from the Izu arc and the EVF and CKD from the Kamchatka
arc (Figure 4) approaches a maximum value of §°¥*Mo = 0.1-0.25%o at a hypothetical, near-zero Ce/Pb value; that
is, representing the “pure” Mo endmember fluid composition (see Villalobos-Orchard et al., 2020). This suggests that
the Mo isotope fluid composition emerging from the subducted mafic oceanic crust in the two arc systems along the
Western Pacific margin and ca. 3,700 km apart is surprisingly uniform. The Mo isotopic composition and concen-
tration in the fluid passing through the subducted mafic oceanic crust are dominated primarily by interaction with
rutile-bearing, subducted basaltic crust at eclogite facies (Chen et al., 2019; Freymuth et al., 2015; Villalobos-Orchard
et al., 2020). The latter is likely to have a uniform petrological composition (in particular the presence of metamorphic
rutile) and can explain, why the Mo isotope composition of slab fluids from sediment-poor subduction zone systems
appears to be rather constant. If confirmed, a uniform fluid Mo composition emerging from the mafic portions of
the subducted crust may ultimately be assumed for Mo mass balance calculations in other subduction zones that may
also involve additional Mo sources, that is, subducted clastic and chemical sediments and crustal melts (e.g., Fang
et al., 2022; Freymuth et al., 2016; Gaschnig et al., 2017; H. Q. Liu et al., 2022; Yu et al., 2022; Zhang et al., 2020).

4.4. An Enriched Mantle Source for the Back Arc Basalts

In contrast to the EVF and CKD lavas, the Ce/Pb and Ce/Mo values in back arc samples approach typical mantle
values that are ca. 25 and 32, respectively (Gale et al., 2013; Hofmann et al., 1986; Newsom et al., 1986; Salters
& Stracke, 2004). This suggests a waning influence of Mo and Pb from slab-derived fluid on the back arc mantle
source composition. Back arc samples also display a considerable range in (Nb/Zr)p,, at rather constant §°%°°Mo
(Figure 4d) and have lower (Rb/La);;,, and higher (Nb/La)p;,, than EVF and CKD basalts (Figure 2; Figure S4 in
Supporting Information S1). In addition, '*3Nd/'*Nd ratios are considerably lower in back arc samples compared
to EVF and CKD lavas and MORB (Figure 3), pointing towards a long-term enrichment of incompatible elements
in the back arc mantle source. These observations indicate an increasing dominance of an enriched mantle compo-
nent on the composition of the back arc basalts (cf. Churikova et al., 2001; H. Liu et al., 2020; Miinker et al., 2004),
although slab fluid-impregnated mantle is still present in the back arc as evidenced by some back arc samples
having §°*°Mo, (Rb/La)p;,,, Ba/Th, 1*Nd/!*Nd and (Nb/La)p;,, comparable to samples from the EVF and CKD
(Figures 3 and 4; Figure S4 in Supporting Information S1). However, back arc samples with the most pronounced
enriched mantle signature (1**Nd/!“Nd < 0.513000) also have high (Nb/Zr),, (i.e., >1.4) and average §°%°°Mo
values (—0.31 to —0.18%o) that are slightly lower than the depleted mantle value and the majority of the arc basalts.

Such an enriched mantle component could be of “enigmatic origin,” that is, represent ambient enriched mantle
components within the upper mantle (Churikova et al., 2001). Recent studies revealed that MORB samples

Figure 6. A conceptual model illustrating the magmatic and structural processes that can reconcile the isotopic and geochemical composition of basaltic lavas in

the Kamchatka subduction zone. Not to scale. (a) Reactive channelized flow model modified after Chen et al. (2019) and Spandler and Pirard (2013). Dehydration

of subducted serpentinite lithospheric, followed by the interaction of fluids with rutile-bearing subducted oceanic crust can explain the combined Mo and Pb isotope
and fluid-mobile element composition of Eastern Volcanic Front (EVF) and Central Kamchatka Depression (CKD) lavas. Prograde decomposition of serpentine in
lithospheric mantle causes the formation of structural weak zones in the subducted slab (Craiu et al., 2022). (b) At high mantle depths (>300 km), structural failure of
the slab due to the change from horizontal compression to vertical extension in the slab (Craiu et al., 2022), and possibly aided by progressive heating and additional
loading from the heavy Hawaii-Emperor Seamount Chain eclogite crust, causes fragmentation of the slab. This allows the Hawaii-type asthenospheric mantle to leak
into the Kamchatka arc mantle wedge, forming a source component of the back arc basalts. However, this asthenosphere may be too cool to initiate partial melting of
eclogite crust (i.e., adakite formation) during passage. See text for further discussion.
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comprising an enriched component have high §°°Mo values (Bezard et al., 2016; Chen et al., 2022), whereas
ocean island basalts appear to have §°**Mo values lower than the average MORB value (Gaschnig et al., 2021b)
that is similar to the values that we observe for the back arc basalts. For the remainder of this discussion, we will
therefore focus on exploring more detailed models of the nature and origin of the enriched mantle component.

4.5. Origin of the Enriched Back Arc Mantle Component
4.5.1. Incorporation of a Hawaii Plume Component

There is considerable overlap between data for the back arc samples and data for modern ocean island basalts from
Hawaii in terms of several key trace element ratios as well as 2°°Pb/2**Pb-28Pb/?Pb isotope ratios (Figures 4
and 5; Figures S1 and S2 in Supporting Information S1). The match extends to Mo isotopes with the average
and range of data for Hawaiian samples overlapping with that of the back arc samples at '“*Nd/'**Nd < 0.513030
(Figure 3). This suggests that the back arc mantle source would be compositionally consistent with a Hawaii-type
enriched mantle component. The Hawaii-Emperor Seamount Chain, currently being subducted below Kamchatka
(Figure 1), is the surface expression of a long-lived mantle plume currently residing underneath the Hawaii
archipelago (Clague & Brent Dalrymple, 1994; Regelous et al., 2003; Tatsumoto, 1978). Thus, the presence
of an Hawaii-type enriched component in the back arc region of the Kamchatka arc is more than likely. Nota-
bly, all three units (EVF, CKD, back arc) have near-identical 2°%2%Pb/2%*Pb compositions of Hawaii-type herit-
age (Figure 5). The most straight-forward explanation for this is that the original Pb isotope composition of the
Kamchatka arc mantle is quantitatively overprinted by a Hawaii-type slab fluid component (see above). The latter
seems feasible given that slab-controlled Pb isotope budgets in subduction zones have been reported before (e.g.,
Straub et al., 2010). Adding a Hawaii-type enriched mantle as an additional component to the mantle source of
the back arc lavas would, therefore, not result in a change of the Pb isotope composition of this mixture. At the
same time, the '*Nd/!**Nd isotope composition of the Kamchatka arc mantle (as gauged by data from the EVF
and CKD) and the Hawaii mantle are different (Figure 3) because Nd is not transported in a slab fluid. As such,
mixing between a Kamchatka arc mantle and an Hawaii-type enriched mantle to produce the back arc lavas does
result in the observed variation of '**Nd/'*Nd in the back arc basalts. Yet, all of this raises the question of how an
Hawaii-type mantle component could contribute to the source of the back arc basalts that originated in the mantle
wedge above the subducted plate.

4.5.2. Slab Window Formation and Associated Asthenosphere Mantle Corner Flow

To the East of Kamchatka, the Northwest-ward subducting Pacific plate is separated from the North American
plate by a Northwest trending transform fault that continues into the trench of the subduction zone underneath
Kamchatka (Figure 1). Here, the Eurasian, North American and Pacific plates form a triple junction at an angle
of almost 90°. At this point, seismic data indicate that North of the triple point no subduction occurs (Davaille
& Lees, 2004; Yogodzinski et al., 2001). Based on geophysical, geochemical and thermal models, it has been
proposed that a slab window has opened within the subducting Pacific plate along the subducted transform fault
at the Kamchatka-Aleutian junction (Yogodzinski et al., 2001). This slab window could allow the subducted
Pacific mantle—and with it an enriched Hawaii-type mantle component—to enter the Kamchatka arc mantle
wedge. Low-degree melting of the enriched Hawaii-type components contained in this mantle could then explain
the observed enriched isotope and trace element signatures of the back arc basalts (see above). However, this
would require the flow of Hawaii-type asthenospheric mantle to remain focused toward the back arc region of the
Kamchatka system over a distance of >200 km away from the slab window to reconcile the observed Mo, Pb, and
Nd isotopes as well as trace element composition of the back arc basalts.

4.5.3. Slab Melts From Subducted Crust in the Back Arc Mantle Source

Partial melts of subduction-modified crust have been hypothesized to explain the Mo isotope composition in arc
lavas from the Mariana arc (cf. H. Y. Li et al., 2021b). Given its high age, the Hawaii-Emperor Seamount Chain
crust, currently being subducted in the Kamchatka arc, is too cold to partially melt at a distance of >200 km away
from the slab window (see above) (Figure 1). On the other hand, any partial melts generated directly along the
edges of the subducted Pacific plate close to this presumed slab window would have a Pacific-type Pb isotope
composition, unlike the Hawaii-like Pb isotope composition observed for the back arc basalts (Figure 5). Such
slab melts would also have an adakitic trace element signature (high St/Y, LREE/HREE and Dy/Yb values),
which is not observed in the back arc basalts (see above and Churikova et al., 2001). We also observe elevated
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8°Mo in purported partial melts of the residual subducting slab, that is, the three adakitic andesite samples
from the NCKD (Table S1), where slab edge melting has previously been proposed (Yogodzinski et al., 2001).
This contrasts the low 8§°°*Mo values in the back arc basalts. It thus seems unlikely that the addition of partial
melts from the subducted oceanic crust contributed to the trace element, radiogenic isotope and Mo isotope
budget of the back arc mantle source.

4.5.4. Deep-Mantle Slab Fragmentation

Because serpentine has a lower density than olivine, serpentinization of mantle peridotite causes a ca. 50% volume
increase that can lead to stress build-up and cracking (Evans, 2010; Jamtveit et al., 2008; Macdonald & Fyfe, 1995;
O’Hanley, 1992). The serpentinization of the lithospheric oceanic mantle during incipient subduction is most likely
confined to areas below deep-running fault zones within the oceanic crust (e.g., Spandler & Pirard, 2013). As such,
the serpentinized lithospheric mantle volumes (Figure 6) must represent localized structural weak points within the
subducted lithosphere, even before entering the subduction zone. In turn, consecutive volume decrease accompany-
ing prograde dehydration at high mantle depths must aggravate the structural weakness of the subducted lithosphere.
In fact, Craiu et al. (2022) recently found that dehydration of serpentinite in the subducted slab can cause an aniso-
tropic volume change within the serpentinite mantle domains. Together with the rotation of the stress field from
horizontal compression at shallow levels to vertical extension in the deep mantle during subduction (Figure 6b),
the dehydration of the lithospheric mantle can result in fault reactivation, strain localization, structural weakening
of the slab, and eventually vertical slab detachment (Craiu et al., 2022). In addition, model results suggest that the
lithospheric mantle section of a ca. 90 Ma old subducted slab at >200 km mantle depths reaches temperatures of
>700°C (Rupke, 2004) further weakening the structural cohesion of the subducted lithosphere. In the case of the
subduction of the Hawaii-Emperor Seamount Chain in the Kamchatka arc, loading of the subducted lithospheric
mantle by the overlying, high-density eclogite crust—much thicker than the normal oceanic crust—may add more
localized and vertical structural stress to initiate structural failure and fragmentation of the subducted slab. We
therefore hypothesize that a loss of structural integrity of the subducted Hawaii-Emperor Seamount Chain litho-
sphere at >300—400 km mantle depth (i.e., the depth of the slab surface under the back arc) may cause localized slab
tearing, allowing asthenospheric Hawaii plume mantle to leak into the overlying subduction-modified Kamchatka
arc wedge (Figure 6b). A contribution from leaked Hawaii-type mantel material underneath the back arc area to the
back arc mantle source would be consistent with the isotopic and geochemical observations for the back arc basalts
described above. This would also explain the unusual presence of increased volcanic activity so far behind the active
volcanic front in absence of any major structural extension (the latter being concentrated in the CKD further toward
the trench, Figure 1). At a depth of >300—400 km underneath the back arc area, the subducted slab is most likely
completely dehydrated and mineralogically and geochemically too “inert” to further contribute any fusible compo-
nents to the arc mantle. This is because under these high-pressure conditions (i.e., at 400 km mantle depth), the dry
solidus of the vapor-free eclogite system lies at temperatures well above 1,300°C (Petermann & Hirschmann, 2003).
Given that the subducted Hawaii-type asthenosphere mantle is likely to be comparatively cool, with temperatures
close to the normal oceanic geotherm (i.e., <1,300°C, representing mantle material residing at shallow mantle levels
for >90 million years), it may not be possible to produce partial melts from the overlying subducted fluid-depleted
crust, even when the Hawaii-type asthenospheric mantle passes through the fragmented lithosphere (Figure 6b).
The latter may also explain why distinct “adakite-like” signatures are missing in the Kamchatka back arc basalts.

We acknowledge that, so far, independent geophysical evidence to verify this notion for the Kamchatka arc
system is missing; yet would like to point out that the localized fragmentation of the subducted slab along the
subducted Hawaii-Emperor Seamount Chain may not be resolvable by seismic data (Figure 6). Also, such a
process may or may not be distinctly unique to the Kamchatka arc owing to the generally high age and structural
rigidness of the subducted lithosphere (i.e., >90 Ma) combined with the presence of a thick and heavy subducted
seamount chain crust (i.e., the Hawaii-Emperor Seamount Chain), as well as the large isotopic and geochemical
contrast between an in-leaking mantle (i.e., Hawaii asthenosphere) and the arc mantle.

5. Conclusions

In basalts from EVF and CKD, typical indicators of slab fluids, that is, Ce/Pb, Ce/Mo, and Ba/Th, co-vary with
§°¥95Mo indicating that the Mo isotope composition in these rocks is dominated by a Mo-rich fluid component.
In these plots, data for arc basalts from Izu and Kamchatka fall on the same trends suggesting that the subduction
zone fluids in these two sediment-depleted arc systems have a rather uniform §°*°>Mo composition.
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Back arc basalts show a waning influence of the slab fluid component and an increasing dominance of an enriched
mantle component as inferred from systematic variations in *Nd/!'*Nd, (Nb/Zr)p,,, along with other tracers of
mantle enrichment, such as (La/Sm), and (Nb/La),,,. Notably, trends of these tracers with °¥**Mo point toward
a Hawaii-type composition of such an enriched mantle component.

The mechanism for transferring an Hawaii-type signature into the Kamchatka back arc region remains open but
can be explained by projected influx of Hawaii-type asthenospheric mantle through a slab window North of the
path of the subducted Hawaii-Emperor Seamount Chain. Alternatively, the fragmentation of the subducted slab
following structural failure at high mantle depths may allow cool Hawaii-type asthenospheric mantle to enter the
mantle wedge directly below the back arc region. Independent verification of the latter model strongly depends
on a better understanding of the physical properties of subducted oceanic lithosphere into the deeper mantle (i.e.,
beyond 300 km depth). However, in lieu of a better explanation for the involvement of a Hawaii-type mantle
component in the Kamchatka back arc basalts, the slab fragmentation model remains our preferred option.

Data Availability Statement

Molybdenum isotope data for basalts from the Kamchatka subduction zone system as well as complementary Nd
isotope and trace element data acquired in this study are provided in Table S1 and are archived at the Géttingen
Research Online (GRO) data repository at Willbold (2023).
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