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Abstract

Arc magmas derived from mantle melting often have trace element and isotopic signatures that
indicate crustal contributions. The origin and extent of crustal contributions are critical constraints
for quantifying crust-mantle recycling at subduction zones; however, it is difficult to distinguish
between inputs from the downgoing oceanic slabs and that of the over-riding arc crust. Here we
present a novel study using stable potassium (K) isotopes to fingerprint the long-debated crustal
signatures in lavas from Martinique Island, Lesser Antilles arc. We find 8*'K of Martinique lavas
varies from —0.66 to 0.01%o and correlates with chemical parameters and radiogenic isotope ratios.
These correlations cannot be produced by assimilation of arc crust during magma ascent. Rather,
they reflect mantle sources that have been modified by the input of subducted sediments. Most
lavas display a strong negative correlation between *'K and radiogenic isotopic compositions,
from typical mantle values of —0.37%o to much lower values of —0.66%o, suggesting the addition
of <1% to 5% subducted sediments to their mantle sources. Notable divergence in this correlation
occurs for three samples with variably high 8*'K (—0.28 to 0.01%o), which is likely caused by the
addition of isotopically heavy K-bearing fluids derived from slab dehydration. Our study indicates
that a substantial fraction of large ion lithophile elements, including K in arc magmas and thus
nascent crust, is inherited from subducted crust; K isotopes are useful tracers of this cycling
process.

Keywords: potassium isotopes; subduction zone magmatism; crustal recycling; Lesser Antilles
arc; Martinique Island
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1. Introduction

Subduction zones are the essential sites of crust-mantle recycling, where new crust is produced
via arc magmatism, and old crust is returned to the mantle with descending slabs of oceanic
lithosphere. The subducting oceanic plate is geochemically distinct from the mantle because
alteration by low-temperature hydrothermal fluids leads to a significant addition of volatiles (e.g.,
H,0 and CO,) and seawater alkalis (K, Rb, Cs). In addition, sediments deposited on oceanic crust
contain abundant large-ion lithophile elements (LILEs) that are incompatible during mantle
melting and thus are concentrated in the continental crust (e.g., K, Rb, Sr, Cs, and Ba). As
subduction proceeds, the oceanic plate dehydrates, or less frequently, melts, in response to
increased pressure and temperature. The LILEs hosted in altered oceanic crust and sediments are
then released into the overlying mantle wedge by fluids or melts and transferred to partial melting
zones to give rise to arc magmas. En route to the surface, arc magmas may interact with and
assimilate arc crust in the overlying plate. These various crustal components impart continental-
like trace element and isotopic signatures to mantle-derived arc magmas (Ryan and Chauvel, 2014,
and references therein). Distinguishing the various crustal contributions is at the center of the
debate over the origin of arc magmas that is important for understanding the formation of
continental crust and the development of long-term heterogeneities in the deep mantle.

The main controversial topics related to the presence of crustal input in arc lavas include: 1)
whether crustal material is involved mainly as slab addition to the sub-arc mantle source prior to
melting, or via assimilation of arc crust during magma ascent to the surface; 2) whether slab
components are dominated by subducted sediments or basaltic crust; 3) how crustal components
are transferred to partial melting regions; and 4) to what extent crustal components contribute to
the composition of arc magmas. Such debates are best exemplified in studies of lavas erupted along
the Lesser Antilles arc, where the Atlantic oceanic lithosphere is slowly subducting beneath the
Caribbean Plate. The Lesser Antilles lavas represent a compositionally enriched endmember
among global intra-oceanic arcs, containing continental crust-like Sr, Nd, Pb, Hf isotopic
compositions and stable O, Li, B, and Mo isotopic compositions that have been attributed to either
incorporation of slab-derived components to their mantle sources (e.g., Davidson, 1983; White
and Dupré, 1986; Carpentier et al., 2008; DuFrane et al., 2009; Bouvier et al., 2010; Labanieh et
al., 2010, 2012; Tang et al., 2014; Freymuth et al., 2016; Gaschnig et al., 2017) or assimilation of
sediments in the arc crust (e.g., Davidson, 1985, 1986; Davidson and Harmon, 1989; Smith et al.,
1996; Thirlwall et al., 1996; van Soest et al., 2002; Bezard et al., 2015).

This paper presents a novel study using K isotopic systematics to constrain the origin, nature,
and size of crustal components in Lesser Antilles arc lavas. Enrichment in K and other LILEs is
one of the defining characteristics of arc magmas when compared to mid-ocean ridge basalts
(MORBS). These enrichments provide a key argument for slab inputs to arc magmas because
LILEs are highly concentrated in the crust, particularly upper continental crust, whereas they are
depleted in the mantle. Recent advances in K isotope geochemistry suggested negligible K isotope
fractionations at mantle temperatures, and the majority (90%) of oceanic basalts reported by
Tuller-Ross et al. (2019a,b) have similar 6*'K values averaging at —0.43 = 0.09%o (2SD) despite a



few outliers that may be related to subducted components in their mantle sources (see Fig. S1 in
Hu et al., 2020). Fractionation of K isotopes is substantially greater in low temperature
environments. As an example, the global ocean is well-constrained to have a uniform and high
MK value of 0.12 + 0.07%o (Hille et al., 2019; Wang et al., 2020) whereas secondary clays and
riverine sediments typically have 8*'K values lower than that of the ambient mantle due to leaching
of heavy K during continental weathering (Li et al., 2019; Chen et al., 2020; Huang et al., 2020;
Teng et al., 2020). Our recent study of sediments entering the Lesser Antilles trench, as sampled
by Deep Sea Drilling Project (DSDP) Sites 144 and 543, detected unusually low 8*'K values
among global sediment compositions (Fig. 1) (Hu et al., 2020). The 'K values of lower than
—0.7%o are unlikely to be caused by subaerial continental weathering alone, given that a wide
survey by Huang et al. (2020) has not detected such low 6*'K values for upper continental crust
sediments that underwent similar, or higher degrees of weathering. Addition of K from seawater
after sediments entering the ocean is thus required, during which light K isotopes are commonly
preferred by authigenic minerals within the sediments (Hu et al., 2020). These sediments thus
provide a distinct, isotopically light K source that can be used to identify subducted sedimentary
contributions to the Lesser Antilles lavas.

Here we report high-precision K isotopic data for a suite of arc lavas from Martinique Island
in the central Lesser Antilles arc. We find large 8*'K variation in the lavas that is linked to
sedimentary inputs. We assess where, how, and to what extent sediments are incorporated to the
Martinique lavas by comparing the K isotopic compositions of the lavas to that of local subducting
sediments (Hu et al., 2020), coupled with previously published chemical and radiogenic isotopic
data for these lavas and sediments (Carpentier et al., 2008, 2009; Labanieh et al., 2010). Given that
Martinique lavas record all major eruptive stages of the Lesser Antilles arc and encompass almost
its full range of compositional variation (Labanieh et al., 2010, 2012; Germa et al., 2011), the
inferred crustal inputs to Martinique lavas have broader implications for the compositional
gradient in lavas erupted along the Lesser Antilles arc.

2. Geological background and samples

The Lesser Antilles (Fig. 1) is an intra-oceanic arc extending approximately 750 km along the
eastern margin of the Caribbean plate; it was formed by westward subduction of the Atlantic
lithosphere with ages that range from ca. 80 Ma in the north to older than 105 Ma in the south
(Westbrook et al., 1984; Carpentier et al., 2008). The arc has been volcanically active since late
Oligocene (~ 25 Ma, Germa et al., 2011). North of Dominica Island, the arc diverts to an active
volcanic branch (~ 7 Ma to present) lying west of an extinct older branch. This westward shift of
the northern part of the volcanic front has been attributed to subduction of an aseismic ridge that
led to a halt to volcanic activity for ~ 8 Ma and a change in slab dip angle (Bouysse and
Westercamp, 1990). During this period, however, volcanic eruptions continued on Martinique
Island, and erupted lavas built the central part of the island. More recent eruptions added lavas to
the eastern part of the island. As a result, Martinique Island contains a complete volcanic history
of the arc (25 Myrs, Coulon et al., 1991).



Lavas erupted along the arc display a prominent transition in radiogenic isotope ratios, from
primitive compositions typical of islands in the north to strongly enriched signatures that resemble
continental crust in the south (e.g., Macdonald et al., 2000). Sedimentary input also varies along
the arc (Westbrook et al., 1984; Carpentier et al., 2008). The Orinoco and Amazon Rivers that
drain South American continent deliver abundant terrigenous sediments to the southern part of the
arc, and form a large accretionary complex, i.e., the Barbados Ridge, in the forearc region. The
terrigenous input thins towards the north where pelagic sediments become dominant.
Representative sediment sections are drilled at DSDP Sites 144 and 543 (see Fig. 1). Their
geochemical compositions are well established in the literature (White and Dupre, 1986;
Carpentier et al., 2008, 2009); these studies found that sediments recovered from Site 144 in the
south display more heterogeneous and more “crustal-like” radiogenic isotopic compositions than
those recovered from Site 543 in the north.

The Lesser Antilles is an exceptional arc for assessing the relative roles of source
contamination versus upper crustal assimilation. Locally the high fluxes of subducting terrigenous
sediments eroded from the ancient South America continent could impart a strong sediment
signature to the mantle sources. Assimilation of sediments overthrusted in the upper plate is also
possible if the Lesser Antilles has been developed on the older Aves arc crust or its forearc region
(Bouysse et al., 1985; Davidson and Harmon, 1989). While sediments of such an origin are
reported in the basement rocks exposed on Grenada, the southernmost island along this arc (Speed
and Larue, 1985), they are not documented in islands north of St. Lucia (Larue et al., 1991; van
Soest et al., 2002). It thus remains unclear what is the volumetric importance of intercalated
sediments in the crust on which the Lesser Antilles arc as a whole is built.

High-precision K isotopic ratios are analyzed for 23 Martinique arc lavas that include those
from the old arc (24.8 to 20.8 Ma), through the intermediate arc (16.1 to 7.1 Ma), to the recent arc
(5.1 Ma to present). These samples were selected by Labanieh et al. (2010, 2012) from 127
collected samples to include only the freshest lavas of each eruptive phase of Martinique Island.
No secondary minerals such as chlorite have been detected under the petrographic microscope,
and samples that are analyzed for K isotopes have loss on ignition (LOI) below 2 wt.%. Three
samples with clear submarine eruption origin are excluded due to their anomalously high 67Li
values that may reflect interaction with seawater (Tang et al., 2014).

The geochemistry of the 23 fresh lavas has been investigated in detail by Labanieh et al., (2010,
2012). They are medium-K, calc-alkaline basalts, basaltic andesites, and andesites with K,O
contents varying from 0.29 to 1.9 wt.%. In addition to typical features of arc magmas (e.g., LILE
enrichment, low Ce/Pb ratios, and Nb-Ta depletion), their Sr-Nd-Pb-Hf isotopic compositions
form mixing hyperbolas between a depleted mantle endmember and an enriched endmember that
has a composition within the range of sediment core samples analyzed by Carpentier et al. (2008,
2009) for DSDP Sites 144 and 543. The well-defined hyperbolas allowed Labanieh et al. (2010)
to recognize two enriched sediment endmembers with slightly different Pb, Sr, and Hf isotopic
compositions. Their subsequent work using trace element ratios along with radiogenic isotopes
also identified inputs from slab dehydration, in particularly to the mantle sources of eastern



Martinique lavas (Labanieh et al., 2012). The presence of subducted sediments in the mantle
sources is also reflected in their Li, Mo, and Ce isotopic compositions (Tang et al., 2014; Bellot et
al., 2015; Gaschnig et al., 2017).

3. Analytical Methods

Potassium isotopic analyses were carried out in the Isotope Laboratory at the University of
Washington, Seattle. Chemical procedures were performed in class-100 vented laminar flow hoods
in a class-10,000 clean laboratory. Milli-Q water, double distilled acids, and Savillex screw-top
Teflon beakers were used to minimize blank level. Sample powders were dissolved with a
combination of Optima-grade concentrated HF-HCI-HNO; and heated on a hotplate until complete
dissolution. Following the purification procedure of Xu et al. (2019), dried samples were refluxed
with 0.5 N HNOj; then passed twice through column chemistry in a 0.5 N HNO; medium. The
columns are Bio-Rad Poly-Prep polyethylene columns that are packed with 2 mL pre-cleaned Bio-
Rad AG 50W-X8 cation exchange resin (200-400 mesh).

Potassium isotopic compositions of purified samples were measured on a Nu Plasma II multi-
collector inductively coupled plasma mass spectrometer (MC-ICPMS) using standard-sample
bracketing method (Hu et al., 2018). To reduce the formation of argon-based interferences, the
instrument was run at reduced radio-frequency (RF) power and the sample solutions were
introduced using a DSN-100 desolvation nebulizer system. The residual Ar interferences are
resolved using a high-mass-resolution source slit, with K" and 3°K* being measured
simultaneously on interference-free peak shoulders. A blank was measured at the beginning of
each analytical session and was subtracted from the measured ion beams. Potassium isotopic data
are reported relative to the bracketing standard SRM 3141a from National Institute of Standards
and Technology (NIST):

41 (41K/39K)sample
8" K (%0) = o 39 - 1} x 1000
(ks K)NIST SRM 3141a

To evaluate data accuracy, two USGS standards (JB-1 basalt and AGV-1 andesite) were
processed and analyzed. They yield 8*'K values that agree with recommended values (Table 1).
The sample-standard sequence was repeated N times (N = 4-8) for a given sample and the reported
K isotopic composition is the average of the N repeat analyses. Uncertainties are reported as both
2SD (standard deviation) of repeated N analyses for one sample, and 95% c.i. (confidence interval)
calculated from the 2SD of the 6*'K,nqarg and are corrected by Student’s t factor (Platzner, 1997).
Since bracketing standards have been measured many times more than any given sample during
an analytical session, we argue that the 95% c.i. reported here is more robust than 2SE (standard
error) calculated from the 2SD of a given sample (e.g., Teng et al., 2015). Furthermore, the 95%
c.i. reflects not only the precision but also the accuracy of the method, verified by analyses on (1)
high-purity KNOj solutions (Spex CertiPrep K), (2) synthetic solutions made from single element
ICP standards to match natural rock compositions, (3) mixed solutions of KNO; with proportional
additions of natural rock matrices, and (4) international rock standards; all purified by column
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chemistry (Xu et al., 2019). The 95% c.i. is typically better than 0.06%. based on multiple
measurements of K standard solutions and rock standards, as well as duplicate analyses of purified
sample solutions (Hu et al., 2018 and this study).

4. Results

The K isotopic compositions of Martinique lavas are reported in Table 1. There is no apparent
dependence of 3*'K on rock types, with 6*'K varying from —0.47 to 0.01%o in four basalts, —0.55
to —0.28%o in three basaltic andesites, and —0.66 to —0.20%o in 16 andesites, respectively (Fig. 2A).
Furthermore, the K isotopic compositions of Martinique lavas do not vary systematically with
eruption age (Fig. 2B). The three old arc samples have similar 6*'K values between —0.44 and
—0.37%o, while the three intermediate arc samples display a large variation from —0.66 to 0.01%o,
and the 17 recent arc samples fall between —0.55 and —0.20%.. Among all analyzed samples,
sample TAR has the lowest SiO, (47.7 wt%) and K,0 (0.29 wt%) on a volatile-free basis; it also
has a LOI value of —0.01%, suggesting it is the most primitive and fresh sample within the suite.
The 8*'K value of this arc basalt is —0.38%o, falling within the oceanic basalt range of —0.43 +
0.09%o (Tuller-Ross et al., 2019a,b). This value is taken to represent the mantle wedge composition
beneath Martinique Island. When compared to this sample, the majority of the arc lavas are
isotopically lighter except for three samples with high and variable 6*'K values of —0.28 to 0.01%o.

The K isotopic compositions of Martinique lavas can also be compared with published data on
continental sediments and subducting marine sediments, which are two potential sources of crustal
input that imparted highly enriched radiogenic isotopic compositions to the Martinique lavas (Fig.
2C and D). Overall, Martinique lavas span a wide range of 8*!K that is comparable to sedimentary
material from upper continental crust. By contrast, they are isotopically heavier than most of the
subducting sediments drilled at DSDP Site 144 and 543 (Fig. 2C). Apart from the three high-6*'K
lavas, samples vary from mantle-like 8*'K values at —0.37%o to considerably lower values of
—0.66%0 with increasing K,O and €Ce. In both cases (Fig. 2C and D) they trend towards local
subducting sediments.

5. Discussion

The wide and systematic variation of K isotopic compositions in the Martinique lavas could
result from a variety of processes, including post-eruption alteration, igneous differentiation,
crustal assimilation, and modification of their mantle sources by subducted slab-derived
components. These processes are discussed in detail below, followed by implications.

5.1. Negligible role of post-eruption alteration and igneous differentiation

Low-temperature fluid-rock interaction can lead to substantial K isotopic variations in erupted
lavas (Tuller-Ross et al., 2019a; Hu et al., 2020; Santiago Ramos et al., 2020). To minimize effects
from post-eruption alteration, our samples were selected after careful petrographic examination to
insure the absence of secondary minerals (Labanieh et al., 2010, 2012). Samples with a submarine
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origin and those with LOI values higher than 2 wt.% are excluded for K isotope analyses. This
selection criteria limits the effects of weathering on the K isotopic compositions of the studied
lavas because LOI is more sensitive than alkali elements to chemical weathering of basalts
(Chauvel et al., 2005). The 6*'K values of the 23 Martinique lavas do not correlate with their LOI
values (Fig. 3) or eruptive ages (Fig. 2B) but vary systematically with their chemical and
radiogenic isotopic compositions (Figs. 2 and 4-6). Taken together, these observations indicate
that the large K isotopic variations (—0.66 to 0.01%o) in the Martinique lavas are not caused by
post-eruption alteration.

Magmatic differentiation is unlikely to produce the range of 'K measured in Martinique lavas
either. As a large cation that is highly incompatible during mantle melting, K* is sequestered in
melts during partial melting, thereby it inherits the 3*'K signature from its mantle source with
negligible fractionation. This is supported by recent theoretical calculations showing that
equilibrium fractionation between silicate melts and minerals is less than 0.1%o at 1100°C (Zeng
et al., 2019). In addition, 6*'K data of globally-distributed oceanic basalts from Tuller-Ross et al.
(2019a,b) cluster around —0.43 = 0.09%o (see Fig. S1 in Hu et al., 2020). These observations
suggest no resolvable K isotope fractionation during mantle partial melting. Subsequent
differentiation of the Martinique magmas occurred via fractional crystallization of plagioclase,
olivine, and pyroxene (e.g., Davidson, 1986; Labanieh et al., 2010, 2012). These minerals are not
structurally compatible with K, and hence the differentiation process is not expected to exert strong
control over the K isotopic compositions of Martinique lavas. This inference is consistent with the
lack of correlation between §*'K and SiO, as well as studies of Iceland’s Hekla volcanics that
conclude no resolvable K isotope fractionation during basalt-to-rhyolite differentiation (Fig. 2A).
On the other hand, the systematic correlations between 8*'K and radiogenic isotopic compositions
(Figs. 4 and 6) are indicative of mixing between isotopically distinct components rather than
fractional crystallization, given that radiogenic isotopes are unaffected by mineral crystallization.

5.2. Crustal input as the primary cause of 6*'K variation in Martinique lavas

The two main sources of crustal inputs to arc magmas are 1) subducted oceanic crust and
sediments that modify the mantle wedge prior to partial melting, and 2) overriding arc crust with
intercalated sediments assimilated during magma ascent. It remains highly debated which of these
two sources leads to the prominent continental signatures in the Lesser Antilles lavas. Part of the
complexity arises from the possibility that forearc sediments of the extinct Aves arc may persist
beneath the currently active Lesser Antilles arc (Davidson and Harmon, 1989; Bezard et al., 2014).

Previous analyses of sediments cored at DSDP Site 543, north of Martinique, yielded
radiogenic Pb isotope ratios that are not sufficiently enriched to explain the most extreme Pb
isotopic compositions in lavas from the southern arc (Davidson, 1986; Davidson and Harmon,
1989; van Soest et al., 2002). White and Dupré (1986) proposed that sediments deposited further
south may contain more radiogenic Pb, where the Orinoco River delivers abundant turbiditic
sediments eroded from the Archean Guiana Highland (White et al., 1985). By contrast, others
argued that sediments with enriched radiogenic isotopic compositions are assimilated within the



arc crust, which is based on elevated bulk-rock 6'#0 that is concomitant with increasing 37Sr/%Sr
and decreasing '¥Nd/!*Nd (Davidson, 1985, 1986; Davidson and Harmon, 1989). However, 3!30
data reported later for mineral phenocrysts in the Lesser Antilles lavas display largely mantle-like
values (Davidson and Wilson, 2011), suggesting that the bulk-rock 3!%0 enrichment may be an
artifact due to secondary enrichments during post-eruption alteration. While there is no direct
evidence that sediments having required radiogenic isotopic ratios are present in local arc crust,
Carpentier et al. (2008) discovered highly radiogenic Pb isotopic compositions in black shale units
of sediments cored at DSDP Site 144, south of Martinique. These subducting sediments hence
provide an adequate source to modify the mantle composition of Lesser Antilles lavas in its
southern part (Hawkesworth et al., 1979; Hawkesworth and Powell, 1980; White and Dupré¢, 1986;
Carpentier et al., 2008; Labanieh et al., 2010, 2012).

5.2.1. Subducted slab as the source of crustal input

The substantial 6*'K variation revealed in Martinique lavas strongly indicates that the crustal
input to these lavas reflects slab-derived materials added to their mantle sources rather than
contamination by crustal materials within the local arc. First of all, there is no known high-8*'K
continental source to explain the three Martinique lavas that have 3*'K higher than the mantle (Fig.
2C). Second, the known low-3*'K values for crustal material are restricted to highly weathered
shale samples (e.g., Huang et al., 2020). These highly weathered materials are commonly present
in mature continental crust whereas they are absent in juvenile arc crust. In contrast to continental
sediments, marine sediments seaward of the Lesser Antilles arc have unusually low 8*'K values
(Fig. 2C). If such sediments are present in the arc crust, they may be assimilated into the ascending
Martinique magmas. However, the process of simultaneous crustal assimilation and fractional
crystallization (AFC) cannot reproduce the variation in *'K with 2°°Pb/2%4Pb (Fig. 4A). Similarly,
binary mixtures of primitive magmas with such sediments within the arc crust (i.e., crustal mixing)
cannot explain the observed trend (Fig. 4A). These processes nevertheless produce a reasonable
fit between 6*'K and Sr-Nd-Hf isotopes (Fig. 4B-D), but require unrealistically high proportions
(40-90%) of sediment addition that cannot be reconciled with the major element compositions of
the lavas. Crustal assimilation also failed to explain the well-defined radiogenic isotope mixing
hyperbolas shown by Labanieh et al. (2010) and the low 8’Li values of Martinique lavas (Tang et
al., 2014).

The subducting Atlantic plate provides a potential source for the isotopically distinct K added
to Martinique lavas. The slab surface temperature beneath Martinique Island (~ 780°C at 4.5 GPa,
Syracuse and Abers, 2010) is lower than that required to trigger melting of the basaltic crust
(Schmidt and Poli, 2014). Indeed, Martinique lavas do not display the high Str/Y ratio and Sr
concentration that are expected in the case of addition of basaltic melts. Therefore, any contribution
of basaltic crust to the Martinique magmas would be derived from dehydration fluids. The top
basaltic sequence cored at DSDP Site 543A is pervasively altered, displaying alkali metal
enrichments typically seen in altered oceanic crust (Bougault et al., 2000). Although altered
seafloor basalts may not necessarily be enriched in heavy K isotopes, as indicated by recent
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analyses of a western Pacific basement drill core (Hu et al., 2020; Santiago Ramos et al., 2020),
dehydration of basaltic crust during subduction could strongly fractionate K isotopes and release
heavy K into the fluid phase (Liu et al., 2020). In addition to basaltic crust, dehydration reactions
could occur in metamorphosed sediments in overlapping pressure-temperature regions (e.g.,
Konrad-Schmolke et al., 2016), preferentially releasing heavy K isotopes from both basaltic crust
and sediments due to similar solid-fluid fractionation. This is consistent with the Pb and Sr isotopic
compositions of the three high-3*'K lava samples that suggest a non-negligible sedimentary input
(Fig. 4A and B). Therefore, slab-derived fluids from basalt and sediment dehydration are a likely
source of heavy K isotopes for the three high-3*'K lava samples. The variations of 6*'K in these
three samples could reflect varying proportions of fluid additions from basaltic crust versus
sediments, given the stronger correlations of 6*'K with Pb and Sr isotopes than with Nd and Hf
isotopes (Fig. 4). Serpentinite dehydration is another possible source of fluids as inferred from the
heavy Mg isotopic compositions in this suite of Martinique lavas (Teng et al., 2016). Given that
serpentinite is formed from olivine alteration, fluids released from serpentinite are expected to be
enriched in Mg but depleted in K. While these fluids would not affect the K isotopic compositions
of the mantle wedge, they may facilitate melting of the subducted sediments.

The majority of the Martinique lavas has 6*'K values lower than that of the most primitive
sample AR, which is taken to represent the K isotopic composition of the local mantle. Therefore,
slab-derived fluids alone cannot explain their K isotopic compositions and an isotopically light K
source is required. Marine sediments approaching the Lesser Antilles trench are a suitable source
of the light K because they have anomalously low §*'K values compared to continental sediments
(Fig. 2C). Although sediment dehydration could have released a minor fraction of K to form
isotopically heavy dehydration fluids, this solid-fluid fractionation should not have a significant
effect on the K isotopic compositions of residual sediments because most K is expected to be
retained in the sediments by abundant clay and feldspar. For example, Busigny et al. (2003) studied
fluid-mobile elements in oceanic metasediments exhumed from the western Alps, and they found
no significant dehydration loss of these elements to at least the depth of arc magma production.
Taking the highly fluid-mobile alkali metal Li for comparison, limited Li isotope fractionation
occurs during progressive dehydration of metapelites and schists from sub-greenschist to granulite
facies metamorphism (Teng et al., 2007; Qiu et al., 2011a,b). It is therefore reasonable to assume
that the K isotopic compositions of sediments subducted beneath the Lesser Antilles arc are largely
unaffected by dehydration during subduction. In addition, while it is possible that both slab-derived
fluids and sediment melts contributed to the mantle sources of some lavas, the influence of
sediment melts would dominate over fluids due to orders of magnitude higher K contents in the
sediment melts.

There is a significant increase in sediment thickness and turbiditic component toward the south
of the trench due to proximity to the Archean South American continent (White et al., 1985).
Martinique Island is situated in the middle of the arc, and the nature of its sedimentary input can
be examined by relationship between §*'K and U/K because this ratio is not affected by magmatic
processes but reflects source features. The low-6*'K Martinique lavas display a decreasing trend
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in 'K with increasing U/K, indicating a dominant contribution from sediments cored at the
southern DSDP Site 144, particularly the U-rich, low-3*'K black shale units (Fig. 5A). These units
were formed during major Oceanic Anoxic Events (OAE 2, 93.5 Ma, e.g., Turgeon and Creaser,
2008); they are missing at DSDP site 543 because oceanic crust in the northern part of the Lesser
Antilles arc is too young to have undergone these events (Carpentier et al., 2008). Most Martinique
lavas fall on a binary mixing trend between the mantle and bulk Site 144 sediment, with up to 5%
of sediment addition (Fig. SA).

5.2.2. Sediment melts into the lava sources

Sediments can be incorporated to sub-arc mantle either as bulk solids or as partial melts, which
can be distinguished using Th/Nd ratio (e.g., DuFrane et al., 2009). Both Th and rare earth elements
are mainly associated with subducted sediments (e.g., Plank and Langmuir, 1993; Hawkesworth
et al., 1997; Plank, 2005) with limited mobility during low-temperature hydrothermal alteration of
oceanic crust (Staudigel et al., 1996; Kelley et al., 2003) and metamorphic dehydration during
subduction (e.g., Brenan et al., 1995; Arculus et al., 1999; Becker et al., 1999, 2000). Compared
to Nd, Th has a stronger preference for melts over solids; thus, sediment melts have higher Th/Nd
than the bulk sediments. In addition to source enrichments by sediments, however, partial melting
and magmatic differentiation also elevate the Th/Nd ratios of lavas; therefore, these effects need
to be accounted for prior to using the Th/Nd ratios of the lavas to represent their mantle sources.
Labanieh et al. (2012) provided a detailed correction method for La/Sm assuming that the primary
magmas were formed by 10-20% melting. Using the mineral modal abundance in their calculation,
we calculate that the Th/Nd in the primary magmas are enriched by a factor of approximately 1.2
compared to their mantle sources. The corrected Th/Nd display a negative correlation with 6*'K,
which corresponds to a decrease in 6*'K within an increased sediment contribution (Fig. 5B). This
mixing trend requires the low-8*'K sediment component to have a Th/Nd ratio higher than the bulk
sediment cored at DSDP Site 144, indicating that the subducted sediments are added as partial
melts. Using experimentally determined bulk partition coefficients for sediment melting at 800°C
(Johnson and Plank, 2000), such melts are estimated to have formed by ~ 50% of melting. The
lava data fall close to the binary mixing curve between the mantle and sediment melts, with the
isotopically lightest lava sample requiring ~ 10% input of sediment melts. This estimate is higher
than that assessed from the correlation between 8*'K and U/K, which is attributable to uncertainties
related to element partition coefficients during partial melting of sediments and mantle, as well as
during fractional crystallization.

A more accurate estimate for sediment contribution can be obtained from correlations of 6*'K
with radiogenic isotopic compositions because these are not affected by partial melting and
crystallization processes. Based on well-defined mixing hyperbolas of radiogenic isotopic
compositions, Labanieh et al. (2010) provides tight constraints on the Sr-Nd-Pb-Hf isotopic
compositions of the mantle and sediment end members involved in the sources of Martinique lavas,
and identified two enriched endmembers with slightly different Pb, Sr, and Hf isotopic
compositions for old and recent lavas. The strong and systematic correlations between *'K and
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these radiogenic isotopic compositions indicate that the variation in 8*'K reflects mixing of
different proportions of a common sediment endmember with the mantle endmember rather than
heterogeneous 8*'K added from sediments. The weighted average 6*'K of sedimentary sections
drilled at DSDP Site 144 (Hu et al., 2020) is taken to represent the bulk K isotopic composition of
the sediment endmembers. Using these values, binary mixing of the mantle and sediment
components can reproduce the negative correlations between 8*'K and Pb-Sr-Nd-Hf isotopic
compositions for Martinique lavas, except for the three high-6*'K samples that requires an
isotopically heavy K input from dehydration fluids (Fig. 6). Based on these correlations, the
estimated proportion of sediment contribution varies from < 1% to 5%, which agrees with the
estimation based on 6*'K vs. U/K correlation (Fig. 5A). These estimations are similar to those
proposed by White and Dupré (1986) and Labanieh et al. (2010) constrained from radiogenic
isotopes, and Tang et al. (2014) from Li isotopes, of the Lesser Antilles lavas, whereas they are
significantly lower than some previous estimations of up to 10-20% of sediment addition that are
based on elemental data of erupted lavas (e.g., Turner et al., 1996) or radiogenic isotope data of
subducting sediments (Carpentier et al., 2008).

5.3. Implications for geochemical gradient along the Lesser Antilles arc

The Martinique samples analyzed here cover a long magmatic history and large compositional
variability; therefore, crustal inputs to Martinique lavas have broader implications for the Lesser
Antilles arc. Along the arc, there is a well-recognized transition in lava composition, with those
from the northern islands having a typical oceanic mantle composition whereas those from the
central and south islands display a progressively crustal-like signature (e.g., Macdonald et al.,
2000). This transition may reflect a change in slab input along the arc.

The Martinique lavas contain 8*'K values both higher and lower than the average mantle value,
which suggests modification of their mantle sources by discrete fluid and melt components from
the subducted sediments. The preservation of high-6*'K fluid signature in Martinique lavas cannot
be reconciled with the mélange diapir model proposed for Lesser Antilles, which involves physical
mixing of dehydration fluids, bulk sediment, and mantle prior to partial melting (Nielsen and
Marschall, 2017). Based on a more comprehensive mapping of La/Sm, Ba/Th, and U/Th ratios
over the Martinique Island, Labanieh et al. (2012) suggested that sediment melts mainly
contributed to lavas erupted on western Martinique whereas dehydration fluids contributed to those
erupted on eastern and southwestern Martinique due to a shallower slab depth and insufficient
temperatures for triggering sediment melting. Due to limited numbers of high-6*'K samples (n =
3), no apparent correlation between their 'K and geological locations are observed. Nevertheless,
the three high-6*'K samples are located within regions of high Ba/Th that are indicative of a
dominate input of slab fluids compared to sediment melts. In addition to Martinique Island, the
control of slab geometry on sediment melting versus slab dehydration likely exerts across the entire
Lesser Antilles. Therefore, the fluid signature is likely to be more prominent in the north Lesser
Antilles due to a lower slab-top temperature by ~ 50°C (Syracuse et al., 2010).
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For the central to south Lesser Antilles arc, sediment melts likely dominate the arc signature,
whereby the size of crustal signature may increase towards the south of the arc due to a systematic
increase in sediment thickness and highly weathered turbiditic components derived from the South
American continent (White et al., 1985). The extent of sediment addition estimated from K
isotopes is < 5%; thus, a considerably greater sediment input toward the south of the arc is not
necessary. On the other hand, correlations between 6*'K and U/K in Martinique lavas indicate an
essential contribution from subducted black shale units to the mantle wedge. These units, which
only occur in the southern part of the arc, are also the key component required to explain the
extremely radiogenic Pb isotopic compositions in some lavas (Carpentier et al., 2008). Therefore,
the along-arc compositional gradient of arc lavas is more likely a reflection of differing
compositions of subducted sediments into the mantle wedge.

6. Conclusions

This study analyzed K isotopes in Martinique lavas from the Lesser Antilles arc to address the
ongoing debate regarding how mantle-derived arc magmas obtain their crustal signatures. Our
results suggest that subducted slab materials are the primary source of the crustal signatures instead
of contamination during magma ascent through the crust. The majority of Martinique lavas have
dMK varying from mantle-like values of —0.37%o to variably lowered values (down to —0.66%o),
indicating mixing of their mantle sources with <1% to 5% local subducting sediments that have
unusually low 8*K values. The correlation between 3*'K and the Th/Nd ratio suggests that the
mantle was mixed with melts from sediments rather than bulk solid sediments. Three lavas have
MK values (—0.28 to 0.01%o) that are higher than the mantle and are attributed to input of slab-
derived fluids. This study is the first example of using stable K isotopes to trace active sediment
recycling at subduction zones, and it highlights the role of subducted ancient crustal materials in
determining the composition of juvenile crust.
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Figure captions

Figure 1. Bathymetric map (GeoMapApp, www.geomapapp.org) showing the location of
Martinique Island and DSDP Sites 144 and 543 in the Lesser Antilles region, modified from
Labanieh et al. (2010). The Martinique Island is enlarged in the upper-right panel with sampling
locations color-coded by the age of the lavas: blue for recent arc, green for intermediate arc, and
orange for old arc. The lower-right panel is a histogram showing the unusually low 8*'K values in
the Lesser Antilles subducting sediments compared to global dataset. Data are from Hu et al.
(2020).

Figure 2. 3*'K of Martinique lavas plotted versus (A) SiO,, (B) eruptive age, (C) K,O, and (D)
€Ce. SiO, and K,O contents and ages are from Labanieh et al. (2010), eCe values are from Bellot
et al. (2015). The 6*'K of the most primitive lava (sample IAR) is taken to represent the K isotopic
composition of the local mantle. 6*'K data plotted for comparison also include Iceland’s Hekla
lavas (Tuller-Ross et al., 2019b), continental sedimentary materials (Huang et al., 2020), and local
subducting sediments (Hu et al., 2020). For local subducting sediments, carbonate-free K,O
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concentrations are plotted because the sediments entering the southern Antilles trench were
predominantly deposited above the Carbonate Compensation Depth (CCD) (Plank, 2014). The
three lavas with heavy K isotopes are shown in dark blue; they are likely affected by sediment-
derived fluids (see text for discussion). 6*'K data of the Martinique lavas are reported in Table 1.
K uncertainties are 95% c.i. in this and following figures.

Figure 3. 5*'K vs. loss on ignition (LOI) of Martinique lavas. LOI values are from Labanich et al.
(2010).

Figure 4. 5*'K versus Pb-Sr-Nd-Hf isotopic compositions in Martinique lavas. The red square
represents the primitive basalt, and the yellow stars represent the sediment components. The black
and red curves are modeled K isotopic variation during processes of assimilation-fractional
crystallization, and binary mixing between primitive basalts and sediments within the arc crust
(i.e., crust mixing), respectively; both with 10% increment. See Table 2 for modeling details.

Figure 5. 5*'K versus (A) U/K and (B) Th/Nd in Martinique lavas. The black curve represents
binary mixing between the mantle (red square) and the bulk sediment from Site 144 (yellow star)
with 1% increment. Mantle 3*'K value is based on the most primitive lava (sample IAR). Sediment
84K data are from Hu et al. (2020). The U, Th, Nd, and K concentrations of the mantle are from
Palme and O’Neill (2014); for Martinique lavas, they are from Labanieh et al. (2010) and for
subducting sediments are from Carpentier et al. (2009). The Th/Nd ratios measured in lavas are
corrected for effect of fractional crystallization, using partition coefficient of Nd from Fujimaki et
al. (1984): 0.1487 for plagioclase, 0.1828 for clinopyroxene, 0.0279 for orthopyroxene, and 1.012
for hornblende, and partition coefficient of Th from https://earthref.org/KDD/e:90/: 0.01 for
plagioclase, 0.10 for clinopyroxene, 0.14 for orthopyroxene and 0.16 for hornblende. These ratios
are then corrected for the effect of partial melting, using partition coefficient of Nd from Niu and
Hékinian (1997): 0.0059 for olivine, 0.3030 for clinopyroxene, 0.0163 for orthopyroxene, and
0.0008 for spinel, and partition coefficient of Th from https://earthref.org/KDD/e:90/: 0.0001 for
olivine, 0.0085 for clinopyroxene, 0.0007 for orthopyroxene and 0.0003 for spinel. The calculation
follows supplementary data file 4 from Labanieh et al. (2012). Sediment melt composition was
calculated using the bulk partition coefficients (at 800°C) from Johnson and Plank (2000): 1.45
for Th and 4.41 for Nd.

Figure 6. 5*'K versus Pb-Sr-Nd-Hf isotopic compositions for Martinique lavas. The black curves
represent source mixing between mantle and sediment components. Numbers along the curves
indicate the % of sediment component added. See Table 2 for modeling details. The three high-
dMK lavas are characterized by enriched Pb-Sr isotope ratios and subdued Nd-Hf isotope ratios,
suggesting a possible fluid input of isotopically heavy K from sediment dehydration.
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Table 1. Potassium isotopic compositions of rock standards and Martinique arc lavas.

Sample Rock Age K,O LOI  %Sr/86Sr  Nd/'"Nd  29Pb/2%4Pb VT6Hf/VTHE MK 2SD 95% c.i. N
type (ka)  (Wt%.) (wt%.) (%o0) (%o) (%o)
Standards
JB-1 B —0.41 0.06 0.03 7
Rec. value —0.42 0.06 0.04 9
AGV-1 A —0.42 0.07 0.04 7
Rec. value —0.45 0.05 0.02 19
Arc lavas
Recent arc
06MT50 A 1.929 0.98 0.23  0.704269 0.512744 19.4160 0.283046 —0.45 0.04 0.07 4
duplicate —0.42 0.03 0.04 7
average —0.43 0.03
06MT51 A 1.929 1.01 -0.02  0.704261 0.512766 19.4235 0.283093 —0.42 0.04 0.03 8
06MT40 A 189 0.85 0.82  0.704014 0.512832 19.3014 0.283117 —0.40 0.07 0.08 4
duplicate —-0.40 0.04 0.05 6
average —0.40 0.04
06MT37 BA 322 0.74 1.12  0.704986 0.512426 19.4802 0.283002 —0.55 0.04 0.03 7
04MTO07 A 341 1.07 0.46  0.705482 0.512359 19.5894 0.282874 —-0.43 0.02 0.04 6
06MT18 A 346 0.73 1.03  0.703931 0.512853 19.2506 0.283113 —-0.20 0.04 0.03 8
06MT28 A 543 0.95 1.2 0.703901 0.512882 19.2263 0.283131 —0.41 0.07 0.04 6
duplicate —0.42 0.05 0.03 7
average -0.42 0.03
IAR B 640 0.29 -0.01  0.703821 0.512951 19.0545 0.283152 —0.38 0.05 0.03 8
06MT21 A 893 1.33 0.92  0.705718 0.512410 19.6166 0.282893 —0.53 0.08 0.04 8
06MT36 A 998 1.47 1.55  0.706307 0.512293 19.6448 0.282793 —0.48 0.07 0.05 7
duplicate —0.48 0.04 0.04 7
average —0.48 0.03
06MTol BA 1175 0.64 0.1 0.703716 0.512818 19.1318 0.28311 —0.28 0.07 0.03 7
06MT55 A 1332 0.87 1.19  0.704157 0.512782 19.2893 0.28306 —-0.43 0.05 0.04 6
06MT14 A 1530 1.27 0.99  0.705131 0.512616 19.5857 0.283016 —0.55 0.07 0.04 6
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duplicate —-0.51 0.06 0.04 7

average —-0.53 0.03

06MT19 A 1750 1.27 1.4 0.705120 0.512612 19.5904 0.283002 —0.46 0.09 0.04 6
duplicate —0.45 0.02 0.03 7
average —0.45 0.03

06MTO04 A 1870 1.49 1.33  0.704972 0.512629 19.5847 0.282999 —-0.53 0.04 0.04
06MT10 A 2111 1.69 1.85  0.705098 0.512558 19.5970 0.282987 —-0.47 0.04 0.04

06MT13 A 2550 1.21 1.17  0.704960 0.512650 19.6018 0.282991 —0.46 0.04 0.04
Intermediate

arc

06MT60 A 8760 1.9 1.29  0.706689 0.512318 19.8770 0.282856 —0.67 0.09 0.04 7
duplicate —0.66 0.06 0.04 7
average —0.66 0.03

06MT71 B 10300  0.74 0.93  0.704936 0.512806 19.7037 0.283064 —0.01 0.09 0.06
duplicate 0.00 0.09 0.04 7
duplicate 0.01 0.06 0.04 7
average 0.01 0.02

06MT69 B 10640  0.77 1.95  0.704831 0.512837 19.6896 0.28307 —0.47 0.05 0.03 7
Old arc

06MT54 BA 20800  0.86 1.23  0.704092 0.512973 19.1876 0.283137 —0.45 0.09 0.05 5
duplicate —0.44 0.07 0.03

average —0.44 0.03

06MT53 A 23400  0.57 1.36  0.704014 0.512967 19.1900 0.283137 —0.40 0.05 0.03 7
06MT68 B 24800  0.49 1.47  0.703701 0.513030 18.9866 0.283163 —0.37 0.06 0.04 6

The age, K,O, LOI, and Sr-Nd-Pb isotopic data are from Labanieh et al. (2010).

Abbreviation for rock type: B = Basalt, BA = Basaltic Andesite, A = Andesite.

2SD represent two times standard deviation of N repeated analyses of a sample.

95% c.i. represents 95% confidence interval calculated from 2SD of all measurements on bracketing standard (NIST SRM 3141a) during a session.
N represents the number of repeated analyses on a sample solution during a session.

Duplicate represents repeat instrumental analysis on the same purified K solution during different sessions.

The average value and associated error are error-weighted average calculated from Isoplot.

Rec. value is recommended value from Xu et al. (2019).
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Table 2. Modeling parameters and end-member compositions for binary mixing and assimilation-fractional crystallization (AFC).

Crustal mixing (CM) and AFC Source mixing
Primitive magma  Sediment component D (AFC) Mantle Sediment component

Recent Old Recent Old
K,0, wt% 0.29 1.84 1.84 0.09 0.03 1.84 1.84
Sr, ppm 178 220 530 32 15.5 220 530
Nd, ppm 5.5 22.6 22.6 0.22 0.713 22.6 22.6
Pb, ppm 1.34 7.9 13 0.61 0.02 7.9 13
Hf, ppm 1.04 3.4 4.3 0.093 0.199 3.4 4.3
oMK -0.38 -0.74 -0.74 -0.38 -0.74 -0.74
87Sr/%6Sr 0.70360 0.70887  0.71047 0.70346 0.70887 0.71047
ISNd/'*Nd 0.51301 0.51181  0.51181 0.51301 0.51181 0.51181
206pp/204Ph 18.5 19.734 19.948 18.5 19.734 19.948
176H{/17TH 0.28316 0.28230  0.28240 0.28316 0.28230  0.28240

The trace element and radiogenic isotopic compositions of the mantle and sediment components are taken from values provided in Labanieh et al.

(2010).

D values for Sr, Nd, Pb and Hf are from Labanieh et al. (2010), and for K is calculated from D values listed on https://earthref.org/KDD/e:19/
assuming a mineral assemblage suggested by Labanieh et al. (2010), which consists of 60% plagioclase (Dx = 0.151), 15% olivine (D = 0), 13%
clinopyroxene (Dx = 0.0178), and 12% orthopyroxene (Dg = 0.014).

The K,O content of the mantle is from Palme and O'Neill (2014). The K,O of the sediment components are from Plank (2014), which is based on
the bulk composition of DSDP site 144 sediments reported in Carpentier et al. (2009) and recalculated to a carbonate-free composition.

K,O content and 6*'K value of the most primitive lava sample (IAR) are taken to represent primitive magma values.

The 6*'K of the sediment component is calculated from K,O-weighted average for sediment samples measured from DSDP Site 144. Sediment 6*'K
data are reported in Hu et al. (2020).

The AFC equations are from DePaolo (1981), assuming an assimilation/crystallization ratio (r) of 0.25 as suggested by Smith et al. (1996).

The binary mixing equations are from Langmuir et al. (1978).
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