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Mélange dehydration and melting beneath
South Sandwich Islands arc

Yunchao Shu 1,2,3,4 , Sune G. Nielsen 1,3,5 , Veronique Le Roux 3,5,
Danielle Santiago Ramos1,6, Jerzy Blusztajn 1,3, Maureen Auro1, Phil T. Leat7,8 &
Tristan J. Horner1,9

Mechanisms regulating material transfer from subducted slabs to arc magmas
remain debated, centered on metasomatized mantle wedge interactions ver-
sus mélange mobilization at the slab-mantle interface. The South Sandiwch
Islands arc offers a unique setting to distinguish between these models due to
the significant barium isotope contrast between altered oceanic crust and
sediments, the latter displaying unusually light barium isotope compositions
compared to the global sediment range. Here we show substantial barium
isotope variations coupled with invariant strontium isotope ratios in arc lavas,
consistent with mélange mobilization beneath the arc. Northern arc lavas
display a broader range of barium isotope values than expected from slab
inputs, suggesting barium isotope fractionation during slab material trans-
port, potentially driven by phengite-related barium retention within the mél-
ange. Notably, sediments, rather than altered oceanic crust, emerge as the
dominant source of barium in arc lavas. While a comparison of barium isotope
data from four additional arcs indicates mantle wedgemetasomatism remains
visible in several cases, mélange mobilization is consistent with available data
across all of these subduction zones.

Subduction zones are the loci of mass transfer between the Earth’s
surface and its deep interior. They play a major role in Earth’s heat
budget and have a significant impact on long-term climate. Addi-
tionally, subduction zones are the sites of valuable ore deposit
creation and pose one of the most serious natural risks to humanity
through major earthquakes and volcanic eruptions. Geochemical
evidence has shown that material released from the subducted slab,
primarily sediments, hydrothermally altered oceanic crust (AOC),
and perhaps serpentinite, plays a significant role in generating arc
lavas and imparting distinct chemical signatures to arc volcanism1–3.
However, significant debate exists regarding the exact mechanisms
that control this mass transfer4–9, which has important implications

for the division of slab material between Earth’s surface and deep
mantle.

Some trace element ratios (e.g., Sr/Nd, U/Nb, Ba/Th) in pri-
mitive arc lavas fall well outside the range of subducted compo-
nents. This discrepancy suggests that the mechanisms involved in
transferring these components from the subducting slab to arc
volcanoes must include a means of fractionating trace element
ratios beyond the values observed for discrete subduction zone
inputs. Such fractionation can occur via the involvement of fluids
from—or partial melts of—slab material4,10,11. The fluid-mobile
element barium (Ba) exhibits significant enrichment in arc lavas
compared to mid-ocean ridge basalts (MORBs)2,10. Consequently,
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it has been hypothesized that Ba enrichment in arc lavas reflects
the input of a Ba-rich component derived from the subducted
slab. The source of the Ba enrichment has been traced by nor-
malizing its concentration to that of elements with similar com-
patibility such as La or Th. High Ba/La and Ba/Th ratios in arc
lavas are often inferred to reflect the addition of fluid from AOC,
because experiments in which fluids were equilibrated with
basaltic ocean crust indeed showed that Ba is substantially more
soluble in aqueous fluids than Th and La over temperature and
pressure ranges relevant to subduction zones (600–1000 °C;
4–6 GPa)12,13. However, sedimentary Ba concentrations are highly
variable (100–10,000 µg/g), because the mineral barite (BaSO4)
controls the Ba budgets of many marine sediments14. Some indi-
vidual sediment horizons rich in barite display extremely high Ba
concentrations (up to 10,000 µg/g), and extremely high Ba/Th
and Ba/La that can exceed the highest ratios observed in arc
lavas14. Hence, the ultimate source of Ba enrichments in arc lavas
remains uncertain. Recent advancements in Ba isotope studies
have revealed the potential to distinguish the source of Ba
enrichments in subduction zones15–18, thereby providing insight
into the mechanisms of mass transfer under arcs. This potential is
premised on the different components exhibiting distinct
δ138/134Ba (Ba isotope compositions, whereby δ138/134Ba
(‰) = 1000 × (138Ba/134Basample ÷

138Ba/134Bastandard−1), where the
standard is National Institute of Standards and Technology (NIST)
Ba Standard Reference Material (SRM) 3104a). For example, stu-
dies have shown that sediments exhibit δ138/134Ba of ≈−0.1 to
+0.1‰15,19–21 and AOC with δ138/134Ba = +0.20 ± 0.10‰19,22, which
differ from those of the fresh MORBs (δ138/134Ba ≈ −0.04 to
+0.15‰)19,23,24.

Models of mass transfer processes from slab to mantle wedge and
then to arc magmas fall into two broad categories, at least from an
isotope mass balance perspective. The first model proposes that indi-
vidual components of the incoming slab melt and/or dehydrate before
mixing and/or reacting with the mantle wedge2,5,25,26. The second model
suggests that rockmixing and fluid metasomatic processes occur at the
slab-top, leading to the formation of mélanges that then melt and/or
dehydrate and participate in arc magma generation9,27–29. We, therefore,
hypothesize that these two categories of arc magma generation pro-
cesses should have distinct consequences for predicted Ba isotope
relationships. In the metasomatized mantle wedge models, water-rich
fluids primarily come from dehydration reactions of AOC or deeply
seated serpentinites1,2,5, whereas sediments and sometimes AOC at the
top of the slab produce partial melts11,26,30–32. These fluids and sediment/
AOC melts then metasomatize the overlying mantle wedge, which
subsequently melts to form arc magmas. In the mélange models, com-
ponents of themantle wedge, sediments, and AOCmix via shearing and
fluidmetasomatism at the slab–mantle interface. The newly formed and
hydrated mélange then partially melts and/or dehydrates, either at the
slab-top or in buoyant diapirs29. However, we stress that there is curr-
rently no geochemical means to distinguish between a slab-top and
diapir origin of magmas derived from mélange materials.

In this study, geochemical co-variations for Ba and radiogenic Sr
isotopes (Fig. 1) will be used to distinguish between the two model
categories. Within the framework of the first model, serpentinites
typically have very low Ba and Sr concentrations and the hydrothermal
reactions that cause serpentinization do not add significant Ba and
Sr33–35, thus serpentinite-derived fluids are not able to perturb the Ba
andSrbudget of subductionfluids. TheAOCand sediments havemuch
higher Ba concentrations as well as Ba isotope values that can be
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Fig. 1 | Schematic illustration of Ba isotopes vs Sr isotopes to distinguish the
two different end-member models of slab material transport in
subduction zones. A In the metasomatized mantle wedge model, sediment and
AOC (yellow and blue boxes, respectively), which both potentially show fractio-
nated Ba isotope characteristics upon melting and dehydration, respectively
(orange and blue horizontal lines extending from boxes), mix with the mantle
wedge to form arc magmas. Orange and blue lines represent mixing lines between
mantle wedge and sediment melts and between mantle wedge and AOC fluids,
respectively. Yellow and blue diamonds represent arc magmas produced by the
mixing of sedimentmelts andAOCfluids, respectively, withDMM.B In themélange

model, sediment, AOC, and the mantle wedge physically mix to form hybrid mél-
ange rocks with a Sr isotope ratio determined by the relative proportions of the
components that formed the mélange. The mélange subsequently melts and/or
dehydrates to form arc magmas with fractionated Ba isotope signatures. A mixing
line between sediment and AOC (purple dashed line) is shown. Purple dotted lines
representmixing lines between themantlewedge and subducted slab components
withdifferent proportionsof sediment andAOC. Thepurple area indicatesmélange
compositions. Purple diamonds represent arc magmas generated from mélange
melting and dehydration. Data sources of the DMM19,23,24,43,91, sediment14,15,19–21, and
AOC19,22,92–94 are all from literature (see text for details).
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distinct from the uppermantle15,19,22, and thus could serve as significant
sources of isotopically anomalous Ba in arcs. Dehydration reactions of
hydrous minerals in subducted slab materials have been inferred to
fractionate Ba isotopes based on results for high-pressure meta-
morphic rocks36,37, and AOC typically exhibits Ba isotope values similar
to or higher than upper mantle19,22. Therefore, a positive correlation
between Ba and Sr isotope values in arcmagmas, or variable Sr isotope
values with mantle-like Ba isotope values, would likely suggest the
involvement of AOC-derived hydrous fluids16,18. Conversely, sediments
typically exhibit Ba isotope values similar to or lighter (lower δ138/134Ba)
than theuppermantle15,19–21,38. Thus, the involvementof sedimentmelts
would produce a negative correlation between Ba and Sr isotopes in
arc magmas, or variable Sr isotope compositions with mantle-like or
variable Ba isotope values. Schematically, it is expected that mixtures
of the mantle wedge with discrete sediment melts or AOC-derived
fluids should producemagmas that fall along sub-vertical mixing lines,
with variation in Sr isotopes and limited covariation of Ba isotopes
(Fig. 1A). On the other hand, combined dehydration and melting of
mélange rocks has been hypothesized as an alternativemechanism for
the generation of arc magmas and can account for both radiogenic
isotope and trace element ratio variations observed in arc
lavas4,6,27,39,40. The mélange layer located at the slab–mantle interface
may consist of several kilometer-thick zones of physically mixed,
sheared, and metasomatized sediments, AOC, and serpentinized
mantle27,28,41. Therefore, some heterogeneities will be expected in
mélange rocks, as also ubiquitously observed in the field27,28,42. How-
ever, on the scale of arc magma sources (1–10 km) some of this het-
erogeneity is likely to attenuate, producing geochemically less variable
magmas, which is commonly observed for radiogenic isotope

compositions from individual volcanic centers4. Given that sediments
have Ba concentrations one to three orders of magnitude higher than
AOC, and two to four orders ofmagnitude higher than themantle14,19,43,
the Ba budget ofmélange rocks can principally be dominated by either
component depending mostly on Ba content and thickness of sub-
ducted sediment. Hydrous fluids derived from themélange, therefore,
are expected to display variable Ba isotope values due to Ba isotope
fractionation during dehydration of the hydrous minerals in the mél-
ange together with relatively narrow radiogenic (e.g., Sr, Nd, and Pb)
isotope compositions as these are determined by the initial mélange
mixing processes. Thus, mélange dehydration and melting are
expected to result in horizontal arrays with little variation in Sr iso-
topes but a range of Ba isotope compositions (Fig. 1B).

Disentangling thesemodels of slabmaterial transport is simplified
in arcs where the recycled sediment and AOC components display the
largest Ba isotope difference, which has been predicted to occur in the
South Sandwich Islands (SSI) arc15. The SSI arc is located in the
Southern Ocean northeast of the Antarctic Peninsula and consists of 11
islands running 400 km roughly north-south from ~56°S to ~60°S
(Fig. 2). The arc has an exceptionally simple structure and is a tecto-
nically primitive intra-oceanic island arc situated on the small Sand-
wich plate, below which the South American plate is subducting44.
From north to south along the arc, the volcanic centers include
Zavodovski, Visokoi, Candlemas group (Candlemas and Vindication),
Saunders, Montagu, Bristol, Southern Thule group (Bellingshausen,
Cook, and Thule)45. There is no significant influx of continent-derived
sediment to the arc-trench system due to its remote location away
from pre-existing continental crust, and virtually all of the sediment
cover on the subducting plate is subducted46,47.
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Fig. 2 | Location of South Sandwich Islands (SSI) subduction zone and Ba iso-
tope characteristics in the SSI arc. A Location of SSI arc and surrounding areas.
B Map of the SSI arc volcanoes. Also shown is the location of two sediment cores
fromwhich sampleswere analyzed in this study to constrain the composition of the
sediment input to the arc. The black dashed line represents the propagation of the
Bullard fraction zone, which divides the SSI arc into northern and southern sec-
tions. The approximate plate motion direction is represented by a white arrow60.

C Regional variations in Ba isotope systematics with latitude along the SSI arc. Also
shown are the Ba isotope compositions of the DMM (δ138/134Ba = +0.03 to
+0.12‰)19,23,24, AOC (δ138/134Ba = +0.20±0.10‰)19,22, and sediments (this study) (see
text for details). Error bars associated with the δ138/134Ba values represent 2 standard
deviations (SD) of sample reproducibility. The image of the landform was made
with GeoMapApp 3.6.10 (www.geomapapp.org)/CC BY/CC BY95. Source data are
provided as a Source Data file.
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Marine barites, which precipitate from the uppermost few hun-
dred meters of the water column48, exhibit light Ba isotope values due
to Ba isotope fractionation during precipitation from seawater with a
Δ138/134Babarite-seawater (=δ

138/134Babarite− δ138/134Baseawater) of ≈−0.5‰
20,49–51.

The surfacewaters of the SouthernOcean display the lightest seawater
Ba isotope compositions observed to date51, which should render
sediments from this region very light because barites are the main Ba-
bearing component of most pelagic sediments14. The sediments out-
board of the SSI arc are, therefore, expected to exhibit values sub-
stantially lighter than the mantle19,24 and AOC-derived fluids16,36. In this
respect, arc lavas from the SSI arc are ideal because of the likely dis-
tinct Ba isotope signatures for sediments and AOC outboard of the SSI
trench. In addition, SSI arc lavas investigated in this study are all basalts
or basaltic andesites in which the Ba isotope compositions are unlikely
to be pervasively affected by fractional crystallization and/or crustal
contamination, as revealed in the Ryukyu and Aleutian arcs15.

Here we analyzed 63 SSI arc lavas from subaerial locations for Ba
isotope compositions. We complement our dataset with trace element
and high-precision Sr, Nd, and Pb isotope data for the same samples.
We also report elemental and isotope data (Ba, Sr, Nd, Pb) for 9 sedi-
ment samples from sediment cores (AII-107-6-17 and AII-107-6-18)
collected from the SouthAtlanticOcean situated at ~55°S slightly north
of the SSI (Fig. 2). These sediments are likely the best available mate-
rials representing subducting sediments outboard of the SSI trench as
they are more proximal to the SSI arc than those conventionally used
(i.e., Ocean Drilling Program (ODP) Site 701 sediments). Our results
reveal that systematic variations between Ba isotopes, trace elements,
and radiogenic isotope ratios are primarily controlled by dehydration
and melting of a mélange underneath the SSI arc, following the pre-
dicted relationship outlined in Fig. 1B.

Results
Barium isotope signatures in the SSI arc lavas
Barium concentrations in SSI arc lavas vary from 15.7 to 191 µg/g
(Supplementary Table 1), which are higher than those of global MORB
glasses19 and comparable to other arc lavas15. The SSI arc lavas display a
large range of Ba isotope compositions and include the lightest Ba
isotope values in modern arc lavas documented to date15, with δ138/

134Ba = −0.18 to +0.08‰ (Supplementary Table 2). The vast majority of
lavas exhibit Ba isotope values ofδ138/134Ba < 0‰ (Fig. 2), which is lighter
than MORBs (δ138/134Ba > 0‰19,23,24). The SSI arc can be divided into
northern and southern sections by propagating the long-offset Bullard
fracture zone at ~58°S on the South American-Antarctic ridge, which
forms the boundary between the South American and Antarctic
plates52,53. Notably, the northern section of the arc displays more
variable Ba isotope compositions than the southern section (Fig. 2).
Trace element concentrations, and Sr, Nd, and Pb isotope composi-
tions of the SSI arc lavas are also reported in Supplementary
Tables 1 and 2.

Barium isotope characteristics in subducting components
Offshore sediment data from two drill cores are presented (Sup-
plementary Tables 3–5). Though these cores are only about
740 cm and 71 cm long, substantially less than the ~400m of
sediment subducted in the SSI arc14, the similar lithology and
more proximal geographic position to the SSI of these cores than
ODP Site 701 (Fig. 2), which has previously been utilized to
represent subducted SSI sediments14,45,54, likely render it a better
representation of the Ba isotope input to the SSI arc. This infer-
ence is particularly relevant given the gradient in Ba isotope
compositions and concentrations between the South Atlantic and
Southern Ocean surface seawater from which marine barites
precipitate51. Most of the Ba in marine pelagic sediments is
thought to originate from barite precipitated in surface
seawater14. Thus, the Ba isotope variations in barite will be the

dominant factor controlling the δ138/134Ba values of the subducting
sediment55. The Ba isotope compositions of sediments directly
outboard of the SSI trench can be inferred based on the sys-
tematic relationship between Ba isotope ratios and concentra-
tions in seawater, where lower Ba concentrations are associated
with heavier (higher) δ138/134Ba values51,55. Surface seawater
between ≈57°S and ≈60°S has similar dissolved Ba concentrations
between 75 and 81 nmol/kg, and their isotope compositions dis-
play a narrow range between δ138/134Ba = +0.3 and +0.4‰51,56.
Subducting sediments are, therefore, expected to display a
similarly narrow range of Ba isotope values throughout the SSI
arc, offset from seawater due to the precipitation of barite. Off-
shore sediment samples analyzed in this study are siliceous ooze
and clay (Supplementary Table 3) and show high and variable Ba
concentrations (526–1321 µg/g, Supplementary Table 4) com-
pared to depleted MORB mantle (DMM, ≈0.5 µg/g)43. Barium iso-
tope compositions in these sediments exhibit values between δ138/

134Ba = −0.10 to 0.00‰ (Fig. 2 and Supplementary Table 5), with a
mean, δ138/134Ba = −0.05‰, representing some of the lightest
values documented (in comparison to global marine
sediments15,19–21,38). We also report the trace element and radio-
genic isotope systematics (Sr, Nd, Pb) for these sediments in
Supplementary Tables 4 and 5. No relationship between Ba con-
centrations and Ba isotope compositions in the sediments is
observed (Supplementary Fig. 1). The sediments in this study
display comparable Sr and Nd, but more radiogenic Pb isotope
compositions relative to ODP Site 70114,45,54.

Although systematic large-scale Ba isotope studies on AOC have
not yet been conducted, limited published data reveal the likely
influence of seawater-rock exchange through hydrothermal
circulation15. Given that seawater in the deep ocean adjacent to AOC
displays Ba isotope values of δ138/134Ba≈ +0.2 to +0.3‰20,49, it is
expected that these compositions form one end-member for upper
AOC. The other end of the upper AOC spectrum is likely represented
by the Ba isotope compositions of fresh MORBs, which exhibit Ba
isotope values between δ138/134Ba = −0.04 and +0.15‰19,23,24. Therefore,
the Ba isotope variation in upper AOC is theoretically expected to
display δ138/134Ba = −0.04 to +0.30‰. This inference appears to be
confirmed by reported Ba isotope values for upper AOC from Inte-
grated Ocean Drilling Program (IODP) Site 1256 at the East Pacific Rise
and Deep Sea Drilling Project Hole 442B in the Philippine Sea, which
collectively show a large range of values from δ138/134Ba = −0.01 to
+0.40‰19,22 for samples influenced solely by typical seawater hydro-
thermal circulation processes. The sheeted dyke complex in IODP Site
1256 displays δ138/134Ba ranging from +0.05 to +0.28‰22, which is within
the range of values observed in the upper section. Although the lower
plutonic section of IODP Site 1256 shows δ138/134Ba = −0.17 to −0.05‰,
the weighted average δ138/134Ba of all AOC samples at this site is
+0.17‰22. Given that the lower plutonic section was interpreted to be
influenced by late magmatic fluids, rather than seawater-derived
hydrothermal fluids22, it is reasonable to use only the upper crustal
rocks (lavas and sheeted dikes), which are predominantly affected by
conventional hydrothermal alteration processes, to characterize the
Ba isotope composition of AOC. These exhibit a concentration-
weighted average value of δ138/134Ba = +0.20 ±0.10‰ (n = 32; 1 SD)22,
which is the valueweuse throughout thismanuscript to representAOC
contributions in the SSI arc. Thus, AOC should generally be char-
acterized by heavy Ba isotope compositions (with average δ138/134Ba
value of +0.20‰) compared to the upper mantle.

Discussion
No evidence for Ba isotope effects from assimilation, fractional
crystallization, or post-eruption alteration
Although all samples investigated here are basalts or basaltic andesites
with <59wt.% SiO2 (Supplementary Fig. 2), it is possible that their Ba
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isotope compositions have been modified by assimilation of wall rock
material characterized by different isotope compositions than the
original magma. These processes are expected to be most common in
magmas that have experienced significant amounts of fractional
crystallization (MgO< 2wt.%). However, such magmas have been
avoided in this study (Supplementary Fig. 3). No relationship between
MgO (or SiO2) and Ba/Th or Ba isotope compositions is observed for
SSI arc lavas as a whole or for individual volcanoes when also con-
sidering measurement uncertainty (Supplementary Figs. 2 and 3).
Notably, lavas from the adjacent islands Candlemas and Vindication
display the most variable Ba isotope values and Ba/Th ratios at similar
SiO2 orMgO levels, which is distinct compared to the horizontal trends

of similar Ba isotope and Ba/Th ratios with variable SiO2 or MgO con-
tents for all other volcanoes. These observations indicate that mag-
matic evolution did not cause substantial Ba isotope or Ba/Th
fractionation in these samples. The variation in Ba/Th and δ138/134Ba for
the SSI arc lavas is more likely attributable to differences in the source
regions of these magmas rather than magmatic differentiation and
assimilation.

Subaerial basalt alteration has been shown to create system-
atically low alkali element concentrations due to leaching by meteoric
water57,58. As Th, Rb, and Cs partition similarly in igneous processes,
subaerial aqueous alteration can result in high Th/Cs and Th/Rb due to
the immobile nature of Th during post-magmatic alteration
processes59. Thus, high Th/Rb (i.e., >1) coupled with high Th/Cs (i.e.,
>60) might indicate subaerial alteration. Compared with data from
other subaerial arcs that do not record significant alteration, we do not
observe higher ratios for any samples in our study (Supplementary
Fig. 4). All samples investigated here are relatively young arc lavas with
ages less than 3.1Ma60, and fresh lava flows are unlikely to have
experienced significant alteration. In addition, measured Ba isotope
compositions do not correlate with Th/Rb and Th/Cs (Supplementary
Fig. 5), which implies that subaerial alteration is likely limited and did
not significantly affect the Ba isotope ratios of the investigated lavas.
Furthermore, petrographic descriptions of the samples revealed no
evidence of alteration minerals or other indicators of weathering61.

Contribution of sediments and AOC to SSI arc lavas
Our high-precision Sr, Nd, and Pb isotope data for SSI arc lavas and
proximal sediments allow an assessment of the relative importance of
subducted sediments and AOC in the SSI arc lava source (Fig. 3). Pre-
vious studies have shown that the source region of the SSI arc lavas is
affected by subducted sediments60,62,63. However, binary mixing
between sediments and the depletedmantle cannot account for all the
Sr and Nd isotope variations in the SSI arc. The SSI arc lavas form a
trend that is almostperpendicular to thebulk sediment–mantlemixing
line, which likely indicates some contributions of an AOC component
with radiogenic Sr isotopes and mantle-like Nd isotopes. Indeed, the
observed Pb isotope variations in the SSI lavas can be explained by
simple binary mixing between the depleted mantle and sediments,
without any additional AOC contributions. However, the Pb isotope
mass balance calculations demonstrate that bulk sediment contribu-
tions would represent 0.5–1% by weight, which is less than the 1.5–3%
by weight indicated by Sr–Nd isotope mass balance calculations
(Fig. 3). This difference can be explained by the need for AOC con-
tributions in the Pb isotope space. Since the Pb isotope compositions
of AOC, DMM, and sediments fall on the same line (Fig. 3) and indivi-
dual contributions are hard to disentangle, Sr isotopes may provide a
more reliable estimate of bulk sediment and AOC contributions.

We also observe that SSI lavas north of the Bullard fracture zone
should contain, on average, a slightly higher proportion of sediment
component (2–3% by weight) than the southern section (1.5–2.5% by
weight), based on Sr and Nd isotopes (Fig. 3). This observation is
consistent with the age of subducted crust entering the trench from
the South American plate being ~83Ma in the north and ~27Ma in the
south46. Given that the oceanic crust being subducted north of ~58°S is
older than that subducted south of ~58°S52, it is expected that a thicker
sedimentary layer is found outboard of the northern SSI arc compared
to the southern section, as previously inferred from multichannel
seismic reflection profiles, which suggested sediment thicknesses of
<1 km and <0.2 km in the northern and southern SSI arc, respectively64.

Global MORBs show variable Ba isotope compositions ranging
from δ138/134Ba = −0.04 to +0.15‰19,23,24. One study found that the most
depletedportion of theDMMdisplays theheaviest Ba isotope values of
δ138/134Ba ≈ +0.08 to +0.15‰ (with average value of δ138/134Ba = +0.12),
withmore enrichedmantle components generally exhibiting lighter Ba
isotope values on a global scale19. Two recent studies expanded the

DMM

Sediments

1.5%

3%

5%

DMM

Sediments

Zavodovski

Visokoi

Vindication

Candlemas

Saunders

Northern

section

Montagu

Bristol

Bellingshausen

Thule

Cook

Southern

section
Sediment

A

B

0.5%

1%

AOC

AOC

1% 3% 5%10%

20%

30%
1%

0.5%

0.5123

0.5124

0.5125

0.5126

0.5127

0.5128

0.5129

0.5130

0.5131

0.5132

0.5133

0.702 0.703 0.704 0.705 0.706 0.707 0.708 0.709 0.710 0.711

14
3 N
d/
14
4 N
d

87Sr/86Sr

37.0

37.2

37.4

37.6

37.8

38.0

38.2

38.4

38.6

38.8

39.0

17.5 17.7 17.9 18.1 18.3 18.5 18.7 18.9 19.1

20
8 P
b/
20
4 P
b

206Pb/204Pb

2.0%

2.5%

Fig. 3 | Strontium, Nd, and Pb isotope characteristics for the South Sandwich
Islands (SSI) arc lavas. Plots ofA Sr isotopes against Nd isotopes and B 206Pb/204Pb
versus 208Pb/204Pb for the SSI arc lavas. Data for the DMM91 and AOC92–94 compo-
nents are from the literature, and data for sediments are from this study. Mixing
lines between the DMM and bulk sediments (yellow bold lines) and between the
DMM and bulk AOC (blue bold line) are also shown. Numbers in mixing lines
represent sediment or AOC additions by weight. Data of DMM, AOC, and sediment
endmembers used for calculation in this figure are shown in Supplementary
Table6. Note that the legend colors follow thatof themap inFig. 2 and are the same
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MORB dataset and argued that the most common Ba isotope com-
position of the DMM end-member should be δ138/134Ba = +0.03 to
+0.05‰23,24. In order to accommodate all views of the Ba isotope
composition of DMM, we here use a range of δ138/134Ba values from
+0.03 to +0.12‰ rather than a single point (δ138/134Ba = +0.03, +0.05 or
+0.12‰) to represent Ba isotope compositions of DMM (see Supple-
mentary Information for discussion of the DMM value). SSI arc lavas
have Ba isotope values ranging from −0.18 to +0.08‰ (Fig. 2), which is
significantly lighter than DMM. Given thatmagmatic processes such as
fractional crystallization and assimilation cannot account for the
observed Ba isotope variations, it is reasonable to infer that compo-
nents from the subducting slab (e.g., marine sediments and/or AOC)
with lighter Ba isotope compositions than the mantle are the main
cause of the light Ba isotope characteristics in the SSI arc lavas.
Because AOC displays Ba concentrations about two orders of magni-
tude lower than those of marine sediments14,65, and much heavier Ba
isotope characteristics than the DMM19,22, we reason that AOC cannot
account for the light Ba isotope characteristics observed in the SSI arc
lavas. Based on these arguments, Ba isotope compositions in most SSI
arc lavas should result from inheriting the Ba isotope characteristics of
subducting pelagic sediments outboard of the SSI trench, consistent
with the fact that all SSI lavas exhibit lighter Ba isotope compositions
than the DMM (Fig. 2).

Sources and processes of fluid and melt release underneath the
SSI arc
The primary difference between the two end-member models of slab-
to-mantle wedge material transport lies in the sequence of events that
lead to the combination of various components to ultimately form arc
magmas4. Our stable Ba isotope data, coupled with radiogenic Sr, Nd,
and Pb isotope data, demonstrate that, although AOC does influence
the SSI arc, subducted sediment is the dominant Ba input to the source
of the SSI arc lavas. This is most evident in the northern section where
the subducted sediment thickness is greatest. However, arc lavas
throughout the northern part of the SSI reveal Ba isotope values both
lighter (Candlemas and Vindication islands; as light as δ138/

134Ba = −0.18‰) and heavier (Zavodovski and Saunders; as heavy as δ138/

134Ba = +0.08‰) than sedimentary inputs (δ138/134Ba = −0.10 to 0.00‰).
This suggests that some Ba isotope fractionation occurs during the
transport of subducted sediments within the subducting slab, as has
been inferred in other arcs15. Our Ba isotope data, used in combination
with radiogenic isotope ratios, help determine whether Ba isotope
fractionation occurred during sediment melting and/or AOC dehy-
dration before slab components mixed with the mantle wedge
(metasomatized mantle wedge model), or whether sediments, AOC,
and mantle components mixed together at the slab–mantle interface
before Ba isotope fractionation occurred duringmélangemelting and/
or dehydration (mélange model). As described in the introduction, an
effective means of discriminating the two models is by using plots of
87Sr/86Sr versus δ138/134Ba (Fig. 1).

In the SSI arc, especially in the northern section, arc lavas exhibit
limited Sr isotope variation, whereas Ba isotope compositions are
highly variable, producing an almost horizontal trend in a Sr–Ba iso-
tope plot (Fig. 4). These characteristics are difficult to account for by
mixing slab-derived fluids and sedimentmelts with amantle source, as
these should produce sub-vertical trends (Fig. 1A). In contrast, the
horizontal data array is readily explained by dehydration and/or
melting of a mélange underneath the SSI arc that generates Ba isotope
fractionation. The Ba isotope variability of the assumed mélange
compositions (purple field in Fig. 4) reflects some of the inherent
heterogeneity of natural mélanges28,41,42,66, even though they do not
account for the entire Ba isotope range of the SSI lavas. In contrast, the
mélange has a limited range of Sr–Nd isotope compositions, which
results from the average proportion of the subducted sediment com-
ponent only varying by a factor of three for the entire arc (1–3%; Fig. 3).
In theory, mélange compositions can straddle a large field between
sediments, AOC, and DMM (Fig. 4), but the Sr–Nd isotope variations in
northern SSI lavas are relatively small and provide some constraints on
possible mélange compositions. The source under the northern sec-
tion of the SSI arc may comprise 1.8–3% by weight of sediments, and
<15% of AOC (Figs. 3 and 4). In the southern part of SSI arc, bulk
sediment and AOC contributions to the source could account for
1.0 − 2.5% and <8% by weight, respectively (Figs. 3 and 4), consistent
with thicker sediment cover on the subducting slab in the north.
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Although thenorthern sectionof the SSI arcdisplays a horizontal trend
in Ba–Sr isotope space that can only be attributed to mélange forma-
tion, the southern section of the arc could either be consistent with
more weakly developed mélange formation or with the metasoma-
tized mantle wedge model. Melting or dehydration of the weakly
developedmélange underneath the southern section of the arc did not
result in Ba isotope fractionation. Otherwise, Ba and Sr isotope varia-
tions in the southern section reflect mixing between the DMM and
sediment-dominant melts. The current data do not permit distin-
guishing between the two models. When considering Ba–Sr isotope
data from other arcs, it is also apparent that similar trends to the
northern and southern sections of the SSI can be observed. Data from
the Tonga and Aleutian arcs reveal similar trends to the northern SSI
(Fig. 5), that appear most consistent with mélange dehydration and/or
melting. However, both the Ryukyu and Kermadec arcs show Sr–Ba
isotope variability that could be consistent with eithermelt generation
withinmélanges67, or processes related tomantlemetasomatism16, or a
combination of both.

In the following section, we investigate how mineral breakdown
reactions associated with dehydration and melting within a mélange

could have affected the Ba isotope and trace element signatures of the
northern section of the SSI arc, and how similar mélange processes or
melt generation from metasomatized mantle wedge could have
affected the Ba isotope and trace element signatures of the southern
section of the SSI arc.

Barium isotope fractionation during mélange dehydration and
melting underneath the northern SSI arc
We employ the Ba isotope characteristics of the northern section of
the SSI arc, and their relationship with other tracers of fluid and melt
release, to investigate the processes that may cause Ba isotope frac-
tionation during mélange dehydration and melting. Barium isotope
fractionation during subduction-related metamorphism has been
observed in eclogites and associated veins, which reveal that heavy Ba
isotopes are preferentially extracted by aqueous fluids during partial
decomposition of the minerals lawsonite and phengite, whereas light
Ba isotopes are preferentially enriched in residual minerals (e.g.,
phengite) at depths approximating the source zones of arc
magmas36,37. Some mélanges may start melting at subarc magma
generation depths (~2.5 GPa) within a low-temperature range of
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of sediments, and <3% by weight of AOC, to the mantle wedge. D The purple area
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reproducibility.
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700–900 °C29, thatwould favor the Ba isotope fractionations observed
in exhumed metamorphic rocks from slab tops. In combination, mél-
ange melting experiments andmetamorphic Ba isotope data allow for
Ba isotope fractionation during mélange melting, both at the slab-top
as well as during diapirism depending on where melting starts due to
the arc thermal structure29. Arc lavas from different volcanoes likely
represent different degrees of melting and have undergone different
magma processes (e.g., fractional crystallization) that can strongly
affect the absolute concentrationof a trace element likeBa. Instead,we
prefer to use trace element ratios in which two elements show similar
compatibilities during partial melting and fractional crystallization,
rather than absolute trace element concentrations for further
discussion.

Candlemas and Vindication lavas display lighter δ138/134Ba than any
of the components thatmakeup themélange,whichcould indicate the
occurrence of Ba isotope fractionations during the generation of the
magmas. The residual phengite is the host of light Ba isotopes during
dehydration of hydrousminerals in the subducted slab36.We speculate
that the Ba isotope fractionations in the Candlemas and Vindication
lavas could result from complete breakdown of residual phengite with
light Ba isotope compositions in the source after early pulses of partial
dehydration of phengite in the slab liberated the heavy Ba isotopes36,37.
Candlemas and Vindication volcanoes are also characterized by high
and variable Ba/Th, high Sr/Nd, and low U/Ba (Fig. 6), consistent with
the final breakdownof Ba-bearingminerals like phengite6. Although Ba
is highly fluid-mobile2,3,8, phengite is the primary mineral that can
accommodate Ba in the subducted slab at arc magma generation
depths9,68 but is not enriched in U and, thus, phengite breakdown
would producefluidswith lowU/Ba9,69,70. Lavas influencedby complete
breakdown and melting of residual phengite with light δ138/134Ba in a
mélange, as hypothesized for Candlemas and Vindication volcanoes,
thus should contain higher Ba concentrations than those produced
with phengite in the mélange residue37. Despite strong arguments for
phengite dehydration, the exact nature of the dehydrating mineral
does not change the main results of our study.

Zavodovski and Saunders volcanoes display heavier δ138/134Ba sig-
natures (−0.05 to +0.08‰), indicating that the source of these volca-
noes is affected by dehydration fluids as hydrous fluids prefer to take
up heavy Ba isotopes during partial decomposition of lawsonite and
phengite36,37. These volcanoes are also characterized by lower Ba/Th
and Sr/Nd and higherU/Ba thanCandlemas andVindication volcanoes.
Lawsonite is a main host for light rare earth elements (e.g., Nd), Sr, U,
and Th, but does not contain significant quantities of alkali metals71–73.
Fluids derived from lawsonite-out reactions should therefore be
characterized by relatively high U/Ba and low Ba/Th, which is con-
sistent with the trace element ratios in Zavodovski and Saunders vol-
canoes. In addition, arc lavas generated from breakdown of lawsonite
with residual phengite in themélange, as hypothesized for Zavodovski
and Saunders volcanoes, should also display lower Sr/Nd than lavas
that record the complete breakdown of phengite6. Visokoi volcano is
more challenging to interpret as it displays light δ138/134Ba (−0.12 to
−0.01‰) similar to Candlemas and Vindication volcanoes that record
phengite breakdown, but shares the trace element characteristics of
Zavodovski and Saunders volcanoes (lowBa/Th, lowSr/Nd, highU/Ba),
interpreted to record lawsonite breakdown with residual phengite. It
may represent a transition between these two stages, where incipient
breakdown of residual phengite with light δ138/134Ba is accompanied by
near-complete breakdown of lawsonite. Accessory phases such as
monazite, allanite, and zircon may also affect the mobilities of U, Th,
Sr, and Nd10,12,30,74; however, to a first order, lawsonite and phengite
stabilities are broadly consistent with the observed trace element
variations.

It is worth noting that the volcanoes associated with lawsonite
breakdown and residual phengite (Zavodovski and Saunders) present
rear-arc magmatism and associated seamount chains, while the

volcanoes showing evidence of phengite breakdown (Candlemas and
Vindication) do not (Fig. 2). The seamount chains were hypothesized
to be tectonically controlled by parallel NE–SW fractures of the
Sandwich plate75. Although we do not have compositional data for the
rear-arc, they structurally resemble the rear-arc volcanoes of the Izu
arc in the Western Pacific76. The presence of fractures likely enhanced
melt focusing mechanisms around the volcanoes, but while lawsonite
and ultimately phengite were still available in the source of Zavodovski
and Saunders volcanoes, Vindication andCandlemas volcanoes record
a more advanced stage of phengite breakdown, which may indicate
reduced hydrous mineral abundances and source fertility, thus an
inability to produce noticeable rear-arc magmatism.

Barium isotope signatures of AOC dehydration and sediment
melting underneath the southern SSI arc
Bristol, Bellingshausen, Thule, and Cook lavas are associated with
relatively high U/Ba and low Ba/Th (Fig. 6). These patterns are similar
to Zavodovski and Saunders volcanoes, but with a much narrower
range of Ba isotope compositions (Fig. 6). In these volcanoes, trace
element fractionations and Ba–Sr isotope characteristics would most
simply be explained by fluids derived from lawsonite breakdown with
residual phengite in the AOC, mixed with sediment melts, consistent
with a metasomatized mantle wedge model (Fig. 1). A mélange source
is not required, though it is not precluded either. These lavas display
Ba isotope compositions of δ138/134Ba = −0.06 to +0.05‰ (Fig. 6), which
could indicate Ba isotope fractionation during partial decomposition
of lawsonite or phengite or both within a mélange, or reflect sediment
melting, or a combination of both (Figs. 4 and 6). The sediment
component underneath the southern section is less voluminous than
beneath the northern section, as revealed by radiogenic isotopes
(Figs. 3 and 4) and multichannel seismic reflection data64. Montagu
volcano exhibits indistinguishable Ba isotope compositions compared
to Bristol, Bellingshausen, Thule, and Cook volcanoes, but displays
high Ba/Th, the highest Sr/Nd of the entire chain, and lowU/Ba (Fig. 6),
which could indicate significant fluid release from deep-seated phen-
gite in AOC or mélange. Residual phengite with light δ138/134Ba may be
carried within the AOC or mélange into the deepmantle. Montagu sits
at the boundary between the old subducting plate to the north and the
young subducting plate to the south and may have experienced a
higher influx of fluids due to its particular location. The southern half
of the subducted plate beneath the SSI arc is considerably younger,
and likely warmer and more buoyant, compared to the old and dense
northern half46,52. It can be speculated that the thin sediment cover in
the southern section could have melted to a large degree before a
thick, relatively cold mélange had time to form.

In conclusion,wecombinedBa isotope systematics, radiogenic Sr,
Nd, and Pb isotopes, and trace element ratios in SSI lavas and sedi-
ments to discernmechanisms of subductedmaterial transfer in the SSI
subductionzone.Our results reveal that the northern sectionof the arc
primarily records mélange dehydration and melting. Mélange forma-
tion in this region is favored by the relatively thick sediment cover and
colder subducting oceanic plate. Progressive dehydration of different
hydrous minerals in the mélange, comprising mantle wedge, sub-
ducted sediments, and AOC, accounts for the variability in trace ele-
ment and Ba isotope compositions. Although the presence of a
mélange cannot be precluded in the southern section, volcanoes in the
southern SSI arc are most simply consistent with a contrasting meta-
somatized mantle wedge model. In this model, AOC dehydrates and
sedimentsmelt early ondue to the thinner sediment cover andwarmer
slab-top conditions. The unique Ba isotope signatures of subducting
sediments at these latitudes make the SSI arc a truly exceptional set-
ting to evaluate the utility of Ba isotopes in studying subduction pro-
cesses. Our findings show that slab material transport mechanisms
vary between different arcs and also within a single system, as exem-
plified by the SSI arc.
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Methods
Wehave analyzed the Ba isotope compositions of 63 arcmagmas from
the SSI arc, supplemented by analysis of 9 sediment samples from
sediment cores outboard of the SSI trench. Samples were dissolved in
1:1 mixtures of concentrated HF and HNO3 on a hotplate overnight
followed by evaporation and repeated refluxing in concentrated HNO3

to remove fluorides. Sample aliquots containing ~50ng of Ba were
isolated from each sample and spiked with an appropriate quantity of
135Ba–136Ba double spike77 prior to ion-exchange separation (Supple-
mentary Information). The ion-exchange separation was conducted
using AG 50W-X8 cation exchange resin (200–400 mesh). Spiked
samples were dissolved in 250μL of 2M HCl and passed through
500μL of resin in the NIRVANA Laboratories at the Woods Hole
Oceanographic Institution (WHOI)49. The majority of the sample
matrix, including major elements, was eluted with 2M HCl and Ba was
subsequently eluted with 2M HNO3

49. This protocol is based on
established procedures78,79, noting that Ba and other Group II elements
show no absorption to AG 50W-X8 resin in HNO3. In contrast, rare
earth elements, such as isobaric La and Ce, are strongly retained. Fol-
lowing the elution of Ba, samples were evaporated to dryness, recon-
stituted in 2M HCl and the ion-exchange procedure was repeated
using fresh resin.

Barium isotope measurements were performed using a Thermo-
Finnigan Neptune multi-collector inductively coupled plasma mass
spectrometer (MC-ICP-MS) situated in the WHOI Plasma Facility.
Samples and standards were aspirated at ≈140μLmin−1 using a PFA
nebulizer anddesolvatedusing anAridus II. Analyses comprised30 sof
baseline monitoring (in 1 s integrations), followed by 30 × 4.2 s inte-
grations of sample solution, and a 90 s washout between samples.
Instrumental and sample mass fractionation was calculated by solving
for Ba isotope compositions relative to the double spike using a
MATLAB-based code for spike-sample deconvolution. Each sample
was typically analyzed four times, and final Ba isotope compositions
are reported as the weighted mean of these four measurements rela-
tive to similarly spiked aliquots of NIST SRM 3104a. The precision of
our Ba isotope analyses is reported as either the long-term ±2 SD of
sample unknowns (±0.03 ‰), or the ±2 SE of the four replicate mea-
surements of the samples, whichever is larger. The accuracy of our Ba
isotope data was assessed by passing four international reference
materials, BHVO-1 andG-2 (USGS) and JA-2 and JCp-1 (GSJ), throughour
processing procedures alongside sample unknowns. Our results for
these standards fall within the uncertainty of previously reported
compositions49,80,81 and are reported in full in Supplementary Table 8.

Strontium, Nd, and Pb were separated from thematrix of samples
using previously published ion-exchange chromatographic
methods82–84. Their isotope compositions for SSI arc lavas and sedi-
ments were determined using the Neptune MC-ICP-MS, located in the
WHOI Plasma Facility, following published methods82–84. All results
were corrected against the Sr reference material NIST SRM 987
(87Sr/86Sr = 0.710240)85, JNdi-1 value of 143Nd/144Nd =0.51210486,87, and
NIST SRM 981 Pb reference material (206Pb/204Pb = 16.9356,
207Pb/204Pb = 15.4891, 208Pb/204Pb = 36.7006)88. The well-characterized
USGS referencematerial BHVO-1wasmeasured as unknown. Its results
for Sr, Nd, and Pb were 87Sr/86Sr = 0.703466, 143Nd/144Nd =0.512980,
206Pb/204Pb = 18.694, 207Pb/204Pb = 15.574, and 208Pb/204Pb = 38.361,
which are within error of published values89.

Trace element concentrations were determined for all samples
using an ICAP-Q ICP-MS at WHOI. Concentrations were calculated via
reference to ion beam intensities obtained from a four-point calibra-
tion curve constructed by analyzing serial dilutions of a gravimetrically
prepared four rock reference materials (AGV-1, BCR-1, BHVO-1, and
BIR-1) with recommended concentrations90. Each sample was doped
with indium (In) before measurement, and drift was monitored and
corrected via normalization to In intensities. The precision and accu-
racy of these analyses are between 5 and 10% based on the

measurement of additional dissolutions of the same USGS rock refer-
ence materials as unknowns during the same analysis runs (Supple-
mentary Table 9).

Data availability
All data needed to evaluate the conclusion in the paper are present in
the paper and the Supplementary Materials. Source data generated in
this study have been deposited in the Zenodo database (https://doi.
org/10.5281/zenodo.14674281). Source data are provided with
this paper.
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