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ABSTRACT

We present the first volatile contents (H20, CO», Cl, F, S) of young (< 6 Ma) submarine basaltic glasses from the
Phoenix and West Scotia mid-ocean ridges and the Bransfield Strait back-arc of the South Shetland subduction
zone in the Antarctic Peninsula.

The volatile contents of the MORB glasses correspond well with those of published Pacific MORB and reflect
covariations in source enrichment and extent of melting. Our results support the hypothesis that decreasing
spreading rates at the Phoenix Ridge resulted in preferential melting of less abundant enriched MORB mantle,
due to its greater fertility and higher volatile contents, relative to the more abundant depleted MORB mantle.

The volatile contents of the Bransfield Strait back-arc glasses correlate with geochemical indicators of sub-
duction processes and reveal an along-axis spatial distribution consistent with a toroidal inflow of sub-slab
asthenosphere around the edges of the subducting plate into the mantle wedge. This inflow should be consid-
ered when assessing spatial and geochemical variability at subduction zones, particularly those with slab win-
dows and tears.

A small group of Bransfield Strait samples have volatile contents that do not correlate with geochemical signals
of subduction influence. We speculate that these samples reflect flux melting of residual enriched mantle brought
beneath the Bransfield Strait via corner flow following recent alkaline magmatism in the far eastern regions of
the Antarctic Peninsula.

Our new data on lavas from the W7 segment of the West Scotia Ridge reveal their source was significantly
affected by subduction processes. Unexpectedly, these lavas have CO2-H20 pressures of vapor saturation that
suggest they were collected in-situ and erupted relatively recently (~6 Ma), at odds with previous interpretations
of their origins. We suggest they originated from a subduction-modified mantle (lithosphere or asthenosphere)
left behind by the eastward-migrating South Sandwich subduction zone sometime over the past ~30 Myr. These
lavas demonstrate the long-lasting effects of subduction processes on the upper mantle and their potential to
influence melt compositions even in non-subduction environments today.

We use the compositions of lavas from the Phoenix Ridge and Bransfield Strait to estimate mantle potential
temperatures; our results agree well with global estimates for mid-ocean ridges and subduction zones,
respectively.

1. Introduction

Wallace, 2005). Along-slab variations in fluid flux have been used to
explain spatial trends in the geochemistry of arc and back-arc lavas at

Volatiles have strong effects on mantle melting and magma crystal- subduction zones across the world, but often these studies are not sup-
lization, especially at subduction zones where there is a heavy supply of plemented with volatile data (e.g., Pearce et al., 2005; Barry et al., 2006;

fluids from the subducting slab (e.g., Sto
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Fig. 1. a) Map of the greater Antarctic Peninsula region showing the positions of the South American (SAM), Phoenix (PHO), Antarctic (ANT), Scotia (SCO), and
Sandwich plates (SAN). Also pictured are the North Scotia Ridge fault and the South Sandwich Islands volcanic front of the South Sandwich subduction zone. b) Map
of the northern Antarctic Peninsula, showing the locations of the Phoenix and West Scotia mid-ocean ridges, the South Shetland trench, the South Shetland Islands
volcanic front, the Seal Nunataks, and the Bransfield Strait, Prince Gustav Rift, and Larsen Rift back-arcs. Individual segments of the Phoenix (P1-P3) and West Scotia
(W1-W7) ridges are also labeled. Dredge locations for samples from this study are marked by circles in the Bransfield Strait, squares in the Phoenix Ridge, and
triangles in the West Scotia Ridge. Symbol colors correspond to the representative geochemistry of samples from each dredge.

Bransfield Strait, a back-arc of the South Shetland subduction zone in the
northern Antarctic Peninsula, are ideal samples to investigate trench-
parallel variations in fluid flux. Their major and trace element con-
tents and radiogenic isotope compositions indicate significant along-
trench differences in the extent of slab-derived material fluxing the
mantle wedge (e.g., Fretzdorff et al., 2004; Anderson et al., 2023). The
abundant glassy rinds from basalts erupted at 1-2 km depth below the
sea surface make excellent targets to measure volatile concentrations
(Stolper and Newman, 1994; Dixon and Stolper, 1995; Shimizu et al.,
2016). Furthermore, we have the advantage of using geochemically
well-characterized basalts from the nearby Phoenix and West Scotia
mid-ocean ridges to infer a local “background” mantle composition
unaffected by subduction processes. Here we present the first volatile
measurements (Hp0, COy, Cl, F, S) of submarine glasses from the
Bransfield Strait, Phoenix Ridge, and West Scotia Ridge to assess the
volatile contents of mantle sources beneath the ridges and the trench-
parallel variability in the slab flux throughout the South Shetland sub-
duction zone mantle wedge.

2. Geologic background
2.1. The South Shetland subduction zone

Since the Mesozoic, ongoing subduction of the Phoenix Plate beneath
the Antarctic Plate has shaped the geologic history of the Antarctic
Peninsula (Fig. 1). This subduction zone is characterized by the South
Shetland Islands volcanic front and a series of back-arc extensional
features at progressive distances from the trench: The Bransfield Strait,
the Prince Gustav Rift, and the Larsen Rift. Our study is centered on the
Bransfield Strait, where recent submarine volcanism offers a unique
opportunity to study the effects of subduction processes on the mantle of
the northern Antarctic Peninsula. The limits of the Bransfield Strait
roughly coincide with the modern extent of the trench, leading many
workers to suggest that the strait opened through lithospheric thinning
in response to roll-back of the subducting Phoenix slab in recent (<4 Ma)
times (e.g., Barker, 1982; Haase and Beier, 2021). Today, seismic evi-
dence suggests that the South Shetland subduction zone remains active,
though subduction is proceeding quite slowly (Jordan et al., 2020; Leat
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Fig. 2. Total alkalis vs silica diagram showing the compositions of the lavas from Anderson et al. (2023) used in this study, which are marked with black borders.
Borderless symbols are published data from the Phoenix Ridge (Haase et al., 2011) and the Bransfield Strait (Baker et al., 1975; Weaver et al., 1979; Keller et al.,
1992; Keller and Fisk, 1992; Keller et al., 2002; Fretzdorff et al., 2004; Kraus et al., 2013; Marti et al., 2013). The APAV (Antarctic Peninsula Alkaline Volcanic) group
represents alkaline melts with unique isotope ratios and no clear subduction signals in their trace element compositions. Dashed line represents the alkaline-

subalkaline boundary from MacDonald and Katsura (1964).

and Riley, 2021a, 2021Db).

2.2. The Phoenix and West Scotia ridges

Neighboring the South Shetland subduction zone are the Phoenix
and West Scotia mid-ocean ridges (Fig. 1). The lavas from these areas are
important points of comparison for our study since they sample a portion
of the upper mantle that has not been modified by subduction processes,
with the exception of lavas from the West Scotia Ridge segment W7. The
three segments of the Phoenix Ridge are what remain today of an
extensive mid-ocean ridge system that was progressively consumed
during a series of collisions with the trench from ~50-4 Ma (Barker,
1982; Hole et al., 1994; Hole, 2021). The oblique angle between the
trench and ridge segments resulted in the formation of a slab window
beneath the Antarctic Peninsula from southwest to northeast, as the
trailing half of each segment remained locked at the trench while the
leading half continued to subduct (Hole, 1990; Guenthner et al., 2010;
Hole, 2021). Spreading rates at the ridge decreased significantly until
extreme slowdown by 3.3 Ma, though published ages for samples
collected along and near the ridge axis range to as young as 1 Ma
(Livermore et al., 2000; Choe et al., 2005; Choi et al., 2008; Haase et al.,
2011).

Spreading at the West Scotia Ridge initiated ~30 Ma, resulting in the
eastward opening of the Drake Passage and formation of the Central
Scotia Plate (predecessor to today’s Scotia Plate), north of the Antarctic
Peninsula (Eagles, 2010; Maldonado et al., 2014; Fig. 1). The seven
segments of the West Scotia Ridge continued spreading until extinction
~6 Ma (Eagles et al., 2005; Maldonado et al., 2014).

3. Materials and methods

For each sample, three to five hand-picked chips of the freshest

available, naturally-quenched submarine volcanic glass were mounted
in indium and polished using diamond grit paste down to 1 pm. Addi-
tionally, a small subset of olivine phenocrysts from six samples were
mounted, polished, and analyzed for their major element and V con-
centrations to estimate Fe>*/Fer following the approach of Kelley and
Cottrell (2012). Multiple glass chips and olivine separates were used per
sample to characterize natural variation of the sample and determine the
reproducibility of the measurement. Wherever possible, measurements
were made on the glass encompassing the olivine separates, though not
all olivine grains were directly in contact with analyzable glass.

All new data are reported in Supplementary Tables S1-S3 and
through Mendeley Data at https://doi.org/10.17632/stz3xzt98n.1. The
major and trace element concentrations and isotope ratios of most lavas
used in this study were previously reported by Anderson et al. (2023).
However, we re-collected major element and V concentrations for
several samples with glass in contact with the olivine separates, which
we used to estimate their Fe3+/FeT (Kelley and Cottrell, 2012). In
addition, we present new data for six lavas from the W7 segment of the
West Scotia Ridge analyzed during the same analytical sessions as the
data reported in Anderson et al. (2023) but never published. These six
samples were dredged during the British Antarctic Survey cruise
JR16003 (November 2016-January 2017) on RRS James Clark Ross, and
the dredge locations for all samples are listed in Supplementary Table S2
and shown in Fig. 1. We also report new isotope ratios for three Brans-
field Strait lavas with previously published major and trace element data
from Anderson et al. (2023). Their material was provided by the Polar
Rock Repository (PRR), Byrd Polar and Climate Research Center
(BPCRC), Ohio State University. Finally, we report data for one basaltic
sample from the Seal Nunataks, R3723.7 (collected by the British Ant-
arctic Survey; Fig. 1), which we use for the model in Supplementary
Fig. S1. Major and trace element contents were measured on whole rock
powder at the Peter Hooper GeoAnalytical Lab at Washington State
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Fig. 3. Primitive mantle normalized trace element diagram of representative a) N-MORB from the Phoenix and West Scotia ridges, b) E-MORB from the Phoenix and
West Scotia ridges and APAV from the Bransfield Strait, c) Weak Arc lavas from the Bransfield Strait and West Scotia Ridge, and d) Strong Arc lavas from the
Bransfield Strait and West Scotia Ridge. Primitive mantle composition is from McDonough and Sun (1995).

University (see lab for details on long term precision and standards:
https://environment.wsu.edu/facilities/geoanalytical-lab). A detailed
description of how all major and trace element and isotope analyses
were conducted is provided in Anderson et al. (2023), and we present
abbreviated methods below.

Volatile element (H20, CO,, Cl, F, and S) analyses were performed
using the Cameca 6F ion probe at the Carnegie Institution for Science.
Each glass chip was analyzed using a 10-15 nA current, 10 pm diameter
Cs*t primary beam scanned over a 20 pm diameter raster area using a
manual diaphragm to avoid surface contamination. Data come from a 3
pm circle within this area. Spots were pre-sputtered for 180 s prior to
210 s count times. See Hauri et al. (2002) for further details on analytical
techniques and standards. Reproducibility of the three to five chips for
each individual sample was calculated, then averaged across all samples.
For the Phoenix and West Scotia Ridge glasses, the average reproduc-
ibility (20 SE) is < 5% for all volatiles except CO5 and Cl, which are <
8%. For Bransfield Strait glasses, the average reproducibility (26 SE) is <

8% for all volatiles except COz, which is ~ 24% on account of extremely
low concentrations. Average root mean square errors on our volatile
calibration curves were < 5% for Cl, < 6% for F, < 9% for CO,, and <
10% for S and H5O.

Major element analyses for the glasses and olivine separates were
performed on the Brown University Cameca SX-100 electron micro-
probe. The operating conditions of the instrument consisted of 15 kV
voltage, 10 nA current and either a 10 pm (glass) or a 1 pm (olivine)
diameter spot size. Reproducibility of repeated analyses per sample was
calculated, then averaged across all samples. For the glasses, the average
reproducibility (2 SE) for each oxide is < 0.5% for SiO,, < 1% for Al,O3
and FeOr, < 1.6% for MgO and CaO, < 2.8% for TiO and Nay0, < 5.5%
for K50, < 10.5% for P,0s, and < 14.5% for MnO, consistent with values
reported in Anderson et al. (2023). For the olivine, the average repro-
ducibility (20 SE) is, < 0.5% for SiO, and MgO, 1.75% for FeO, and <
10.5% for MnO. To ensure the olivine was in equilibrium with its sur-
rounding glass, we calculated molar Mg# for each grain, as Mg/(Mg +
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Fig. 4. Variations in volatile contents vs refractory trace elements of similar incompatibility during mantle melting. a) H>O vs Ce, b) CO, vs Ba, c¢) Cl vs Nb, d) F vs
Nd, e) S vs Dy. Error bars reflect each sample’s 2 standard error for each element. In cases where the volatile calibration error was larger than the standard error,
that was used instead. Small gray circles here and in subsequent figures are published Pacific MORB from the East Pacific Rise (Shimizu et al., 2016). Dark gray
represents E-MORB (Th/La > 0.11) and light gray represents D- and N-MORB (Th/La < 0.11). Pacific MORB data here are not filtered for assimilation of hydro-
thermally altered crust and brines. Pink highlighted Strong Arc samples from the Bransfield Strait here and in subsequent figures represent Strong Arc lavas with
incompatible trace element patterns distinct from other Bransfield Strait lavas. See Section 5.2.2 for details and discussion. All data here and in subsequent figures are
filtered for MgO >3.0 wt%. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fe?"), and then we compared that value to the Mg# of olivine that
would be in equilibrium with the glass using an olivine-melt Fe?*/Mg Kp
of 0.3 (Roeder and Emslie, 1970). The reproducibility of secondary
standards USGS BCR-2G and San Carlos Fo90 olivine is < 1% (2¢ SE) for
all major elements except MnO (5.4%).

Trace element concentrations of glasses and V contents of olivine
separates were determined by 193 nm wavelength excimer Analyte G2
laser ablation system coupled to a Thermo Scientific X-Series II quad-
rupole ICP-MS at Brown University. Olivine separates were analyzed
using a 150 pm spot with a 20 Hz repetition rate and a laser frequency of
3.78 J/cm? at 50% energy level. Glass chips were analyzed using a 150
pm spot and 10 Hz repetition rate, though for some partially crystallized

or vesiculated samples, the spot size was reduced to 85 pm. The average
reproducibility (26 SE) obtained for the glass samples is better than 8%,
consistent with values reported in Anderson et al. (2023).

The new isotope data reported here were collected on hand-picked
glass chips that were leached with cold 2.5 N HCIl for 30 min, dis-
solved in a mixture of HF(3):HNO3(1), and then processed through ion
exchange chromatography. Sr, Nd, Hf, and Pb isotopic compositions
were measured on a Thermo Scientific Neptune Plus MC-ICP-MS at the
Mass Spectrometer Analytical Facility, Brown University. To account for
instrumental mass fractionation, we applied corrections using 2°Sr/%8Sr
= 0.1194, “°Nd/***Nd = 0.7219 and '7°Hf/*7Hf = 0.7325 and an
exponential law. Sample Pb solutions were spiked with NBS SRM-997 Tl
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Fig. 5. Variations in a) CO,, b) Cl, ¢) F, and d) S vs H20 in the northern Antarctic Peninsula submarine glasses and Pacific MORB (not filtered for assimilation of
hydrothermally altered crust and brines; Shimizu et al., 2016). Error bars reflect each sample’s 26 standard error for each volatile element. In cases where the volatile
calibration error was larger than the standard error, that was used instead. Isobars and isopleths in a) were calculated for the composition of tholeiitic N-MORB
sample 53DR-20 with the VESIcal web-app (v 1.0.1; Iacovino et al., 2021) using the model of Ghiorso and Gualda (2015) at 1200 °C.

standard prior to analysis with a Pb/Tl ratio of ~4 to correct for mass
fractionation using an exponential law and 2°3T1/2%°T1 = 0.418922. Sr,
Nd, and Hf isotope ratios are reported relative to NBS SRM-987
875r/86sr = 0.71024, JNd-i '**Nd/'**Nd = 0.512115, and JMC-475
176H£/177Hf = 0.282160, respectively. Pb isotope ratios are reported
relative to the NBS 981 26Pb,/2%4pb = 16.9356, 2°7Pb/?**Pb = 15.4891,
and 2°8pb,/294pb = 36.7006 (Todt et al., 1996). The external precision on
the ratios over the course of two years is 30 ppm for Sr (26) and Nd (20),
40 ppm for Hf (26) and 80 ppm (20) for Pb. All blanks were < 50 pg.

4. Results

We report new volatile data for a suite of lavas that were previously
analyzed for major and trace element contents, and isotope ratios
(Anderson et al., 2023). Additionally, we report new major element,
trace element, and radiogenic isotope compositions for a set of West
Scotia Ridge lavas from the northernmost W7 segment. The lavas in this
study extend in composition from basaltic to rhyolitic and range from
tholeiitic to slightly alkalic, though there are a few instances of tra-
chybasalts and basanites (Fig. 2). Isotope data on the most differentiated
samples from the Bransfield Strait overlap with the range of more
primitive lavas from the same area, suggesting that crustal assimilation
is not controlling their compositions (Anderson et al., 2023). However,
to avoid the effects of accessory mineral crystallization on the volatile/

refractory incompatible trace element ratios used in this study, we do
not consider data for any sample more differentiated than basaltic
andesite when assessing source variations in volatile contents. All data
and results are presented in Fig. 2 and Supplementary Table S2, but in all
other figures the data are filtered for SiO2 < 57.0 wt%.

We separate the samples into four groups based on tectonic setting,
source enrichment, and extent of subduction influence (Fig. 3). We
assess the effects of subduction using ratios of fluid-mobile large ion
lithophile elements (LILE; e.g., Cs, Rb, Ba, K) to fluid-immobile high field
strength elements (HFSE; e.g., Nb, Ta) (e.g., Rustioni et al., 2021). These
ratios are hereafter referred to as “subduction signal.” We also include
Th/La, since increases in this ratio indicate sediment input into the
source of arc and back-arc lavas (Johnson and Plank, 2000; Plank,
2005). Surprisingly, subduction signals have been reported in lavas from
the W7 segment of the West Scotia Ridge, and our new data corroborate
that these melts have been affected by a subduction-like source (Riley
etal., 2019; Fig. 3c—d). We add these new West Scotia Ridge lavas to the
appropriate compositional groups, described below, according to the
strengths of their subduction signals.

The four main compositional groups, which come from Anderson
et al. (2023), are defined as follows. 1) MORB from the Phoenix and
West Scotia ridges, which have compositions consistent with published
Pacific MORB (Haase et al., 2011; Stracke, 2012; Anderson et al., 2023).
This group forms a compositional range from normal MORB (N-MORB,



D.W. Anderson et al.

Chemical Geology 646 (2024) 121839

500+
Supersaturated
—
o 400+
—
©
L 300f
'
©
v 200 -
o
100 + Undersaturated -
0 1 L L
0 100 200 300 400 500
P bars
coll ( )
MORB Subduction-related APAV

OPhoenix Ridge N-MORB
AWest Scotia Ridge N-MORB
O Phoenix Ridge E-MORB
AWest Scotia Ridge E-MORB

O Bransfield Strait Weak Arc

/A West Scotia Ridge Weak Arc
O Bransfield Strait Strong Arc
A West Scotia Ridge Strong Arc

OBransfield Strait APAV

Fig. 6. Modeled pressure of saturation (Pg,) vs pressure of collection (P.y;) for our samples. Py, values calculated with the VESIcal web-app (v 1.0.1; Iacovino et al.,
2021) using the model of Ghiorso and Gualda (2015) at 1200 °C. P, values were calculated using the average depth of each dredge. Vertical errors were calculated
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are calculated using the variation in depth for each dredge. Symbols plotting above, on, and below the 1:1 line represent CO,-H,O supersaturated, saturated, and

undersaturated lavas at their pressures of collection, respectively.

0.06 < Th/La < 0.11, after Shimizu et al., 2016) to enriched MORB (E-
MORB, Th/La > 0.11). 2) Weak Arc lavas from the Bransfield Strait and
West Scotia Ridge, which have weak subduction signals (Fretzdorff
et al., 2004; Riley et al., 2019; Anderson et al., 2023). 3) Strong Arc lavas
from the Bransfield Strait and West Scotia Ridge, which have the
strongest subduction signals (Fretzdorff et al., 2004; Riley et al., 2019;
Anderson et al., 2023). We note that the cutoff between Weak and
Strong Arc is arbitrary —lavas of both groups form a spectrum of
increasing subduction signal that extends from MORB. 4) Antarctic
Peninsula Alkaline Volcanic lavas (APAV), which are seemingly ubiqui-
tous alkaline lavas found across the region that carry no clear subduction
signals (e.g., Hole, 1990; Kosler et al., 2009; Hole, 2021; Panter et al.,
2022; Anderson et al., 2023). We were only able to retrieve glass and
measure the volatile contents of one APAV submarine sample from the
Bransfield Strait.

The samples show wide variations in volatile contents; in Fig. 4 we
compare them to concentrations of refractory elements of similar in-
compatibility during mantle melting. In most cases, the MORB and arc-
like lavas define their own respective fields and slopes in these plots.
Volatile contents roughly correlate with incompatible trace element
enrichment in the MORB samples. The most trace element enriched
MORB have the highest concentrations of HyO, Cl, and F and the lowest
concentrations of CO; and S (Fig. 4-5). In the Bransfield Strait, Strong
Arc lavas range to lower F and S than Weak Arc lavas, whereas the
ranges in Hy0, CO,, and Cl contents overlap between the two groups.
Furthermore, nearly all Bransfield Strait lavas have extremely low CO2
contents, suggesting loss during magma degassing. Separations between
West Scotia Weak and Strong Arc lavas are clearer than for the Brans-
field Strait. West Scotia Strong Arc lavas range to greater abundances of
H50, Cl, and F and lower concentrations of CO5 and S than Weak Arc
lavas. Notably, West Scotia Ridge Weak Arc lavas largely have volatile
concentrations within the range of N-MORB. The APAV sample has
exceptionally low concentrations of HoO and CO; and relatively low Cl,
F, and S contents compared to E-MORB samples from the Phoenix and
West Scotia ridges.

5. Discussion
5.1. The effect of shallow level processes on volatile contents

Past work has shown that the bulk partition coefficients of volatile
elements are similar to certain refractory incompatible trace elements
during mantle melting: Hy0-Ce, CO,-Ba, Cl-K-Nb-Ba, F-Nd-P, S-Dy (e.g.,
Michael and Cornell, 1998; Danyushevsky et al., 2000; Saal et al., 2002;
Rosenthal et al., 2015; Shimizu et al., 2016). By closely comparing
variations in absolute volatile concentrations, ratios of volatile to re-
fractory incompatible trace elements, and experimentally derived ther-
modynamic models, we can account for the effects of shallow level
processes (e.g., crystal fractionation, magma degassing, contamination,
assimilation of hydrothermally altered crust, sulfide saturation, etc.) and
assess source variations in volatile abundance.

5.1.1. Crystal fractionation

Though we report data for andesites and rhyolites, they cannot be
used reliably to assess source composition. This is due to the potential
effects of late-stage crystallization of accessory minerals on the volatile/
refractory trace element ratios of the glasses, making the ratios unreli-
able source indicators. Additionally, ratios of volatile elements them-
selves can be influenced by this differentiation process. For instance, Cl/
F ratios, commonly used to distinguish between MORB and subduction
influenced compositions can be modified by apatite fractionation during
late stage crystallization. Thus, we do not consider these samples when
assessing source variations in the upcoming discussion.

5.1.2. Degassing

A growing number of studies have shown the significant control that
melt composition, exsolved gas composition, pressure, fO5, etc. have on
the solubility of volatiles and the extent to which degassing governs melt
volatile composition, even at submarine pressures (e.g., Dixon, 1997;
Straub and Layne, 2003; Wallace, 2005; Edmonds et al., 2009; Plank
et al.,, 2013; Ghiorso and Gualda, 2015; Thomas and Wood, 2021;
Hughes et al., 2023; Wieser et al., 2022; Ding et al., 2023). Thus, it is
necessary to assess the effects of degassing on the volatile compositions
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and brines. Errors for each ratio are propagated from each sample’s 2¢ standard error for each element. In cases where the volatile calibration error was larger than

the standard error, that was propagated instead.

of the lavas. Using the compositions of the lavas in this study and the
MagmaSat model of Ghiorso and Gualda (2015), we calculated pressures
of CO2-H,0 saturation (Pgy). We then compared these pressures to the
approximate pressures of sample collection, P, to assess whether the
samples were CO2-HO saturated at their collection depths (Fig. 6). In
nearly all cases, the lavas fall along the 1:1 line, indicating that they
were saturateed at their collection depths (i.e., they were likely collected
in-situ) and experienced some degree of COy-HyO degassing. A few

samples from the Bransfield Strait are CO2-H,0 supersaturated, with Pgy¢
values above the 1:1 line. These samples must have ascended from
within the crust so quickly that they failed to re-equilibrate prior to
erupting. On average, this supersaturation corresponds to crustal depths
of ~270 m, assuming a crustal density of 2800 kg/m°>, though one
extreme sample’s overpressure corresponds to a depth of ~750 m within
the crust. The APAV lava is the only CO»-H50 undersaturated sample in
this study. Though it was collected at 178 bars of water pressure, its



D.W. Anderson et al.

4500 ————r—

1000 © ‘

|
500 i ;

H,O/Ce

. 3
o o
o)
o o
| B
%o

0 20

40 60 80 100 120

Ba/Nb

Chemical Geology 646 (2024) 121839

MORB

East Pacific Rise N-MORB
[OPhoenix Ridge N-MORB
/A West Scotia Ridge N-MORB
o East Pacific Rise E-MORB
O Phoenix Ridge E-MORB
A West Scotia Ridge E-MORB

Subduction-related

O Bransfield Strait Weak Arc

A\ West Scotia Ridge Weak Arc
© Bransfield Strait Strong Arc
A West Scotia Ridge Strong Arc

APAV
OBransfield Strait APAV

Fig. 8. H,0/Ce vs Ba/Nb for the samples in this study and Pacific MORB, which has been filtered for assimilation of hydrothermally altered crust and brines (Shimizu
et al., 2016). Errors for each ratio are propagated from each sample’s 2¢ standard error for each element. In cases where the volatile calibration error was larger than
the standard error, that was propagated instead.

1800 T
1600 Sulfide supersaturated
1400 -
~ 1200+ W A I
||
0 1000 A é§+§— O ,
£ 500/ 52:@7 | ]
7)) [ Sulfide undersaturated ]
600 A o g
400 ¢ O 1
—Om— -0
200 6% ¢ ]
0 Q @_é @ .
0 500 1000 1500
SCSS (ppm)
MORB Subduction-related APAV

[OPhoenix Ridge N-MORB
AWest Scotia Ridge N-MORB
O Phoenix Ridge E-MORB
AWest Scotia Ridge E-MORB

O Bransfield Strait Weak Arc

/A West Scotia Ridge Weak Arc
O Bransfield Strait Strong Arc
A West Scotia Ridge Strong Arc

OBransfield Strait APAV

Fig. 9. Measured S content vs modeled sulfur content at sulfide saturation (SCSS), calculated using the model of Smythe et al. (2017). Given the errors of the model,
the differences between the ideal and non-ideal sulfide solution models presented by Smythe et al. (2017) are negligible for our samples, so we use the ideal case.
Samples plotting below the 1:1 line are sulfide undersaturated, whereas samples that fall within error of the line reached sulfide saturation prior to eruption. Vertical
errors are each sample’s 2¢ standard error for S. In cases where the calibration error was larger than the standard error for S, that was used instead. Horizontal errors

are provided by the model.

extremely low CO2-H20 contents yield a Pgy¢ of O bars, suggesting either
that its source is extremely CO,-H0 depleted (unlikely) or the lava
significantly degassed and erupted at subaerial pressures and was sub-
sequently transported to its collection depth.

The CO2-H20 of most Phoenix and West Scotia Ridge MORB overlap
with the range for published Pacific MORB glasses, reflecting degassing
and melt equilibration with a CO3-dominant vapor phase (Fig. 5a). The
alkaline E-MORB samples (HoO > 1.0 wt%) have somewhat lower H,O

contents for a given Ce content than the Pacific E-MORB, and they have
exceptionally low Hy0/Ce, which may indicate they degassed slightly
more HyO than the tholeiitic E-MORB (Figs. 4a and 7a). Yet, their F
contents, which should not degas substantially at submarine pressures,
correlate strongly with HoO and fall within range of Pacific MORB,
suggesting this degassing has only minimally affected their HyO contents
(Edmonds et al., 2009; Fig. 5c).

Lavas from the Bransfield Strait have extremely low CO; and span a
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wide range of HyO contents, suggesting that they have significantly
degassed and equilibrated with an HoO-dominant vapor phase (Fig. 5a).
Degassing of this HyO-rich vapor phase likely resulted in some H20 loss
in these samples (e.g., Wallace, 2005; Plank et al., 2013). However,
positive correlations between H,O and F contents (Fig. 5c), as well as
between H,0/Ce and subduction signal (e.g., Th/La and Ba/Nb; Figs. 7a
and 8, respectively) suggest that despite HoO degassing, the HoO/Ce
ratios of the Bransfield Strait lavas still reflect compositional differences
in their sources (i.e., extent of subduction influence).

5.1.3. Contamination with hydrothermally altered material

Assimilation of hydrothermally altered crust and seawater-derived
brines will elevate the Cl contents of a lava, making CI a useful tool to
assess contamination in MORB (e.g., Michael and Cornell, 1998; Shi-
mizu et al., 2016). It is more difficult to assess these effects in
subduction-derived melts, which are fluxed with significant amounts of
Cl. However, since we intend to compare the Cl contents between the
MORB and arc-like samples, we use Cl/Nb instead of Cl/K or Cl/Ba, since
slab-derived fluids will elevate arc-like lavas in Cl, K, and Ba.

The MORB samples in this study show no signs of assimilation of
hydrothermally altered crust in their Cl/Nb ratios. Compared to our
MORB data, the Pacific MORB glasses from Shimizu et al. (2016) extend
to higher Cl for a given Nb and higher Cl/Nb at similar values of Th/La,
indicating Cl addition through assimilation of hydrothermally altered
crust or brines. In contrast, the MORB samples of this study form a tight,
shallow positive correlation (Figs. 4c, 5b, and 7b). Prior work suggested
that decreasing spreading rates at the Phoenix Ridge resulted in pro-
gressively lower degree melts sampling increasingly trace element and
isotope enriched sources (Haase et al., 2011; Anderson et al., 2023). The
steady increase in Cl/Nb in the MORB samples with increasing Th/La is
consistent with this shift to lower extents of melting and greater source
enrichment, rather than contamination. Our data suggest that Cl/Nb
ratios of uncontaminated N-MORB and E-MORB are roughly <15 and
20, respectively. The Pacific MORB data from Shimizu et al. (2016) are
filtered on this basis in all figures except Figs. 4, 5, and 7b, where we are
not considering differences in the volatile contents of their sources. For
the arc-like lavas, high Cl/Nb ratios correlate with stronger subduction
signals. The positive correlation between Cl/Nb and Th/La reflects a
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high Cl input from slab fluids that corresponds well with increasing
sediment flux (as indicated by Th/La). This increase in Cl/Nb could be
controlled by assimilation of hydrothermally altered crust. At a given
range in Th/La, many of the arc-like lavas show slight variations in Cl/
Nb, which could be caused by some assimilation of hydrothermally
altered crust or brine. However, these lavas display no clear changes in
trace element or isotope ratios with decreasing MgO, suggesting
assimilation is not the main control on their compositions.

5.1.4. Sulfide saturation and sulfur degassing

We calculated the sulfur content at sulfide saturation (SCSS) using
the model of Smythe et al. (2017), which we then compared to the
measured S concentrations of the lavas (Fig. 9). The SCSS of a melt
depends heavily on pressure, temperature, melt composition, and fO,
(Smythe et al., 2017., Nash et al., 2019; O’Neill, 2021). We broadly
assume MORB melt near the conditions of the fayalite-magnetite-quartz
(FMQ) oxygen buffer (Lee et al., 2005; O’Neill et al., 2018), but this may
not be the case for the subduction-influenced lavas (Lee et al., 2005;
Kelley and Cottrell, 2012; Plank and Forsyth, 2016). For this reason, we
estimated the fO5 of the subduction-influenced lavas using the parti-
tioning of V between olivine and melt after Canil (2002). The data
collected for this model are presented in Supplementary Table S3. The
fO2 values were then converted to proportions of Fe3" relative to total Fe
(Fe3+/FeT) using the model of Kress and Carmichael (1991). This con-
version was done using pre-eruptive temperatures (using the ther-
mometer of Wallace and Carmichael, 1992, calibrated using olivine-
diopside-silica multiple saturation experiments and correcting for the
effect of HyO using Médard and Grove, 2008) at 0.1 GPa. Although we
did not measure V in the MORB and APAV samples, we used the values
presented in Kelley and Cottrell (2012) for the East Pacific Rise. Our
values for Fe>*/Fer at pre-eruptive conditions were ~ 0.17 for MORB
and APAV, ~ 0.20 for arc-like West Scotia Ridge lavas, and ~ 0.25 for
Bransfield Strait lavas. We combined these fO, estimates with the
calculated pre-eruptive temperatures at 0.1 GPa to calculate SCSS for
each sample.

The results of the model reveal that all samples from the Phoenix and
West Scotia ridges are within error of sulfide saturation. As a result, any
signal of source composition in the S contents of these lavas has likely
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been overprinted by sulfide saturation. Fig. 9 shows that the E-MORB
require lower S to saturate than the N-MORB, on account of differences
in melt chemistry, which may explain their lower absolute S contents
(Figs. 4e, 5d, and 9). This also explains why the alkaline E-MORB (seen
in Fig. 2) have particularly low S/Dy (Figs. 7e and 10). While their S
contents are within range of other E-MORB, their Dy contents are
elevated due to their lower extents of melting (Fig. 4e).

The fO; of the arc-like samples seems to be the dominant variable
controlling their S contents. Despite their strong subduction signals, arc-
like samples from the West Scotia Ridge are sulfide saturated and have
lower fO; compared to the Bransfield Strait lavas, which have high fO,
and are sulfide undersaturated. Despite their strong subduction signals,
the West Scotia arc-like lavas have S/Dy ratios consistent with those of
MORB, whereas the S/Dy ratios of the Bransfield Strait lavas roughly
correlate negatively with subduction signal (Fig. 7e). This negative
correlation suggests either the slab flux producing the subduction signal
has low S/Dy or the melts have lost S during degassing. However, the S
contents of arc magma sources are expected to be higher than those of
the MORB mantle; therefore, S loss through degassing is a more viable
explanation (De Hoog et al., 2001; Wallace, 2005; Taracsak et al., 2023).
This S loss was likely spurred by high H>O contents and higher fO- (e.g.,
Liu et al., 2007; Wallace and Edmonds, 2011; Hughes et al., 2023; Ding
etal., 2023). The negative correlation between S/Dy and H,0/Ce for the
Bransfield Strait lavas in Fig. 10 supports this hypothesis. The effect of
fOo on sulfide saturation and sulfur degassing in the West Scotia arc-like
lavas can also be seen in Fig. 10, since the melts have similar values of
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S/Dy to those of MORB despite wide ranges in HyO/Ce and strong
subduction signals. The results of the SCSS model suggest that any signal
of source variation in the S contents of the lavas has been overprinted by
either sulfide saturation or degassing, so we will not consider S source
contents any further.

5.2. Source variations in volatile contents

Having assessed the effects of secondary processes on the geochem-
istry of the lavas, we can assess variations in the volatile contents of their
mantle sources. The HyO, CO5, and S of the lavas have likely degassed to
some extent and have, for the latter, additionally been affected by sul-
fide saturation. However, as indicated before, H,O degassing did not
completely erase the initial HoO/Ce source signals of the lavas, and thus,
H30/Ce may still be informative of source composition. Only the APAV
sample degassed so extensively that its HoO/Ce bears no source signal.
Furthermore, secondary processes have not affected the Cl and F con-
tents of the lavas, even for the extremely degassed APAV lava (Figs. 4, 5,
and 7).

Fig. 11 demonstrates the strong relationship between Th/La and
source composition. In the following discussion, we use Th/La as a proxy
for source composition, which allows us to consider the source volatile
contents of samples that do not have isotope data. Increasing Th/La in
the MORB samples corresponds to greater isotopic source enrichment,
whereas increasing Th/La in the arc-like lavas reflects greater subduc-
tion influence.
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5.2.1. Source variations in volatile contents of Phoenix and West Scotia
Ridge MORB

Differences in volatile/refractory incompatible trace element ratios
correspond well with source variations for the MORB samples (Fig. 7).
The most trace element and isotope enriched MORB have the lowest
H20/Ce and COy/Ba and the highest Cl/Nb and F/Nd. The lower CO5/Ba
ratios in the E-MORB are jointly controlled by higher Ba concentrations
and CO, degassing at similar pressures to the N-MORB samples (Fig. 6).
The MORB samples follow a shallow negative correlation in HyO/Ce
with increasing Th/La and appear to define mixtures of melts from a
depleted MORB mantle (D-DMM) and a low-H;0/Ce enriched MORB
mantle (E-DMM) (Fig. 7a). This was similarly observed in East Pacific
Rise MORB by Shimizu et al. (2016), with many lavas varying little in
H,0/Ce across broad ranges in Th/La. There are two possibilities to
explain the low-H»0/Ce in E-MORB: They either melted from E-DMM
with intrinsically low H,O/Ce (e.g., Dixon et al., 2002), or they melted
from E-DMM with high initial H,O/Ce that subsequently experienced
solid state HpO diffusive loss to the surrounding depleted mantle as
proposed by Shimizu et al. (2016). Either way, Phoenix and West Scotia
Ridge E-MORB seem to represent melting from an H,O/Ce-depleted E-
DMM, resulting in the shallow trend observed in Fig. 7a.

Despite this HoO/Ce depletion, our estimate for the H,O concentra-
tion of Phoenix Ridge E-DMM is still slightly higher than that of DMM.
For the most depleted N-MORB (average H,O/Ce = 187 + 15 20 SD), we
assume a DMM Ce concentration of 0.55 from Workman and Hart
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(2005), which yields a DMM HO concentration of 103 + 8 ppm.
Because the alkaline E-MORB samples may have degassed some H20, we
only consider tholeiitic E-MORB (average H,O/Ce = 175 + 14 20 SD) in
our E-DMM estimate. We assume an E-DMM Ce concentration of 0.726
from Workman and Hart (2005), resulting in an E-DMM H50 concen-
tration of 127 + 10 ppm.

Furthermore, Cl/Nb and F/Nd correlate positively with source
enrichment, and the MORB data from this study overlap with the Pacific
MORB lavas from Shimizu et al. (2016). The slight offset in our data to
slightly lower HyO/Ce, Cl/Nb, and F/Nd at a given Th/La suggest our
samples define a lower bound for Pacific MORB (Fig. 7). The data
indicate that for the Phoenix and West Scotia ridges, the E-MORB source
is more enriched in Hy0, Cl, and F than the N-MORB source, in agree-
ment with what Shimizu et al. (2016) found for East Pacific Rise MORB.
These findings support that the most enriched MORB, generated as
spreading rates at the Phoenix Ridge decreased, were preferentially
formed due to higher volatile contents and greater fertility of the E-
MORB source (e.g., Choi et al., 2008; Haase et al., 2011).

5.2.2. Source variations in Bransfield Strait volatile contents

Bransfield Strait lavas show variations in volatile/refractory incom-
patible trace element ratios that correspond well with varying amounts
of subduction input to their mantle sources. Positive correlations in
H,0/Ce, Cl/Nb, and F/Nd vs Th/La support that increasing slab flux
produces greater volatile enrichment (Fig. 7).
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Furthermore, previous work has shown that Bransfield Strait lavas
follow a gradual along-axis increase in subduction signal from SW to NE
beginning at about 59°W until reaching about 56°W, where the signal
sharply decreases (Fretzdorff et al., 2004; Anderson et al., 2023). Our
volatile data reveal that this spatial compositional trend is also present
in volatile/refractory incompatible trace element ratios (Fig. 12). Lavas
with the highest H,O/Ce, Cl/Nb, and F/Nd are roughly found near the
central-NE region of the back-arc, where the mantle wedge is expected
to carry the strongest signs of subduction influence (Anderson et al.,
2023). This makes sense because greater subduction influence should
raise the volatile contents of the mantle, spurring high extents of melting
and lowering the concentrations of similarly incompatible refractory
elements. Indeed, Anderson et al. (2023) found that Bransfield Strait
lavas bearing the strongest subduction signals melted to the greatest
extents, an unsurprising effect of increased subduction influence.
Interestingly, S/Dy forms the reverse trend, with the highest values
occurring near the ends of the strait in the least subduction-modified
lavas (Fig. 12d). This again is likely a function of the effect of fO,
(increasing with increased slab flux) and HoO degassing, which vary
along the length of the of the Bransfield Strait —the areas where S/Dy is
lowest correspond to the areas where HoO/Ce is highest (Figs. 10 and
12).

The observed spatial geochemical trend along the Bransfield Strait is
likely tied to the area’s complex mantle dynamics. The Phoenix Ridge
upper mantle has likely passed into the mantle wedge via toroidal flow
around the edges of the Phoenix slab as the subduction angle has
steepened through time, diluting the effects of subduction processes at
the ends of the strait and forcing the most subduction-modified portions
of the mantle wedge to the center (Anderson et al., 2023). This is why
lavas that occur at the ends of the strait, areas that are in more direct
contact with fresh inflowing sub-slab MORB mantle, have the weakest
subduction signals and lowest volatile/refractory incompatible trace
element ratios (Fig. 12). Our findings suggest that inflowing sub-slab
asthenosphere into the mantle wedge may strongly influence spatial
and compositional variations in back-arc basalts, especially in subduc-
tion zones with slab windows and tears.

A subset of Strong Arc lavas from the Bransfield Strait back-arc range
to low Hy0/Ce and F/Nd and high S/Dy at high Th/La, deviating from
the trends defined by other Bransfield Strait samples (Fig. 7, highlighted
in pink). However, their range in volatile contents overlaps with that of
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other Strong Arc lavas at comparable MgO contents and Th/La ratios
(Figs. 4-5). Thus, their distinct HoO/Ce, F/Nd, and S/Dy ratios must, in
part, be affected by their elevated Ce and Nd and lower Dy concentra-
tions. This can be seen clearly when comparing their primitive mantle-
normalized incompatible trace element patterns to those of other
Strong Arc lavas at similar MgO and H2O contents (Fig. 13). Their
relative depletions in Nb, Ta, Ti, and mid to heavy rare earth elements
(REE) suggest that their mantle source was depleted in incompatible
refractory trace elements before being affected by subduction processes
(Fig. 13). In spite of this, these lavas have some of the most enriched
isotope compositions in the Bransfield Strait, suggesting that recent
melting of an isotopically enriched source produced this trace element
depletion (Fig. 14). Their isotope compositions also suggest a connection
to the enriched APAV lavas ubiquitously present throughout the Ant-
arctic Peninsula (Fig. 14; e.g., Hole, 1990; Kosler et al., 2009). We
speculate that residual mantle from recent APAV melt generation
beneath the Prince Gustav Rift region behind the Bransfield Strait has
been dragged beneath the Bransfield Strait via corner flow and fluxed
with subducted sediments and fluids, producing low degree melts (< 3%
melting) with elevated incompatible trace element concentrations (e.g.,
Ce and Nd) and steep REE slopes (which may also indicate the presence
of residual garnet in their source). Using the simple model presented in
Supplementary Fig. S1, we show that this process could explain the
compositions of these Strong Arc lavas from the Bransfield Strait.
Although by no means is this the only possible explanation for their
origins, this is a reasonable model to explain their trace element, volatile
element, and radiogenic isotope compositions.

With only one sample, we cannot infer much about the volatile
composition of the APAV source. However, despite the significant loss of
H»0, CO», and S to degassing, the APAV lava appears to have retained its
Cl and F. It is at least clear that the C1/Nb and F/Nd of this single sample
are very close to those of MORB, suggesting its source may at least have
similar Cl/Nb and F/Nd to DMM (Fig. 7).

5.2.3. The origins of West Scotia Ridge arc-like lavas

The presence of arc-like lavas from the W7 segment of the West
Scotia Ridge is rather surprising and not well understood. These lavas
have subduction signals in their primitive mantle-normalized incom-
patible trace element patterns (Fig. 3), and our new data reveal that they
also deviate from MORB in isotope space, extending towards a
subduction-like radiogenic Pb-Sr-Hf and unradiogenic Nd endmember
similar to the South Sandwich Arc (Fig. 14). Additionally, their elevated
volatile/refractory incompatible trace element ratios correlate with
subduction signal and further support they melted from a mantle source
affected by subduction processes (Fig. 7).

Published “°Ar-3°Ar ages of 137-93 Ma suggest that these lavas are
much older than the West Scotia Ridge itself, which only began
spreading ~30 Ma at the earliest (Maldonado et al., 2014; Riley et al.,
2019). To reconcile the unique geochemistry and ages of these lavas,
previous workers suggested the W7 segment crust was part of a down-
faulted block of the Cretaceous Tierra del Fuegian Andes, parts of
which were dragged >1200 km eastwards along the North Scotia Ridge
fault during the opening of the Scotia Plate (Riley et al., 2019; Fig. 1a).
However, our volatile data are inconsistent with this interpretation.
Calculated Pg,¢ for each sample fall within error of their P, suggesting
that since erupting, these lavas have not experienced any significant
changes in bathymetry (Fig. 6). This is at odds with a supposed Tierra del
Fuegian Andes origin, since the lavas would need to have survived
substantial changes in depth over a ~ 100 Myr period of significant
tectonic reconfiguration (e.g., Dalziel et al., 2013; Eagles and Jokat,
2014; van de Lagemaat et al., 2021). Furthermore, in discussing their
geochronology, Riley et al. (2019) acknowledged there is evidence of
39Ar recoil, leaving open the possibility that the ages themselves could
be artificially older.

We propose that these W7 lavas are recent melts (~6 Ma based on
their proximity to the ridge axis) that sampled a subduction-modified
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mantle left behind by an earlier subduction zone —likely an ancient
predecessor of the modern South Sandwich subduction zone (Fig. 1a).
Tectonic reconstructions of the Scotia Sea region are greatly debated,
but one thing most have in common is that roughly 20-30 Ma a sub-
duction zone existed in the area where the W7 segment currently lies
(Eagles and Jokat, 2014; van de Lagemaat et al., 2021). Based on the
geochemistry of lavas at the W7 segment, it appears that some
subduction-modified mantle was left behind as the Scotia Plate
continued rapidly expanding eastwards. Whether this mantle remained
as ambient asthenosphere or as metasomatized lithosphere is unclear.
Regardless, there are undeniable geochemical similarities between W7
lavas and arc lavas from the South Sandwich subduction zone. In isotope
space, the W7 samples bearing the strongest subduction signals coincide
perfectly with lavas from the South Sandwich Arc, whereas the W7 lavas
with the weakest subduction signals back-project towards N-MORB
compositions (Fig. 14). This suggests that some portions of the West
Scotia Ridge overlie mantle that was modified by subduction processes
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during the eastward migration of the South Sandwich Arc and the
opening of the Scotia Plate. Our findings underscore the enduring
impact subduction processes have on the upper mantle, even in regions
that today are hundreds of kilometers from the nearest subduction zone.
This calls into question our understanding of the lifetime and distribu-
tion of subduction-derived material persisting in the upper mantle
across the Earth, something that has begun to be recognized at other
ridges as well (Yang et al., 2021).

As previously discussed, these W7 lavas have higher S/Dy ratios
(within the range of MORB) than the arc-like lavas from the Bransfield
Strait, and they are the only sulfide saturated Strong Arc samples (Fig. 7e
and 9). This suggests that these lavas did not lose S to degassing like the
other Bransfield Strait lavas on account of their somewhat lower fO, (see
Section 5.1.4 and Supplementary Table S3 for details), despite their high
H»0 contents (Figs. 5d and 10) and strong evidence of subduction in-
fluence in their trace element and isotope compositions (Figs. 3 and 14,
respectively). Even though some subduction-modified mantle underlies
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Fig. 15. Equilibrium depths and pressures vs temperatures for a) Phoenix
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2012) lavas, modeled using Plank and Forsyth (2016). Depths were calculated
assuming 6 km and 15 km crust, respectively, assuming a crustal density of
2800 kg/m® and a mantle density of 3250 kg/m>. Also plotted are the dry
peridotite solidus from Plank and Forsyth (2016), and 500 and 1000 ppm H,0
solidi after Katz et al. (2003). Additionally, 1323 °C and 1239 °C adiabats in a)
and b), respectively, were calculated assuming an adiabatic gradient of 0.4 °C/
km. A simple, steady-state conductive geotherm was calculated in b) using a
120 mW/m? surface heatflow (Lawver et al., 1995; Kaminuma and Nagao,
1996; Schreider et al., 2015), 15 km crust (Christeson et al., 2003), a litho-
spheric mantle heat production of 0.03 pW/m?® (Rudnick et al., 1998), and a
crustal heat production of 0.4 pW/m3 (Rudnick et al., 1998). Error bars were
calculated by propagating the uncertainties of equilibrium mantle Fo (+ 1),
melt Fe*/Fer (+ 0.03), and melt H,O concentration (+ 5% relative) through
the model. See Section 5.3 of the text for details and discussion.

the W7 segment, the melts do not seem to be especially oxidized, which
is unusual for subduction modified melts (e.g., Kelley and Cottrell, 2009;
Cottrell et al., 2021). We cannot rule out the possibility that the sub-
duction modified source component of the W7 lavas is part of the
oceanic lithospheric mantle.

5.3. Equilibrium pressure and temperature estimates

We estimated the pressure (P) and temperature (T) conditions of
melts in equilibrium with the solid mantle using the H,O contents, major
element compositions, and Fe3" /Fer ratios at mantle conditions, which
we determined iteratively using measured V olivine-melt partition co-
efficients for each compositional group (see Section 5.1.4 and
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Supplementary Table S3 for details). At each iterative step, samples were
fractionation-corrected to be in equilibrium with Fogy by adding equi-
librium olivine in 0.1% increments, and then these corrected composi-
tions were used to estimate mantle pressures and temperatures using the
model of Plank and Forsyth (2016). Values for Fe?’*/FeT were then re-
calculated following the model of Kress and Carmichael (1991), and
these steps were repeated until the values converged. Mantle Fe>*/Fer
estimates for the Phoenix Ridge MORB and Bransfield Strait arc-like
lavas were ~ 0.12 and ~ 0.19, respectively. These estimates are
reasonable given the range of published values for MORB and back-arc
lavas and the uncertainties of the calculation. Though the Plank and
Forsyth (2016) model is calibrated for melts in equilibrium with only
olivine and orthopyroxene, we applied it here as a rough estimate of
equilibrium P-T conditions for Phoenix Ridge and Bransfield Strait lavas.

The model requires fractionation-corrected primitive melt composi-
tions, so we only used samples with MgO ~8.0 wt% or greater, where we
could be confident that they have only crystallized olivine. In the
Phoenix Ridge, this is not a problem, since many of our glass samples are
sufficiently primitive. However, in the Bransfield Strait, only a few
published samples from Fretzdorff et al. (2004) are primitive enough to
apply the model. For these primitive samples, we estimated their H,O
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contents using representative HyO/Ce values from our data and
measured Ce contents from Fretzdorff et al. (2004). For Weak Arc lavas,
we used a HyO/Ce value of 668, and for Strong Arc lavas, we used a
value of 1157 (Fig. 7a). These values come from samples in our study
with similar incompatible trace element patterns to those of the selected
Fretzdorff et al. (2004) high MgO lavas. Additionally, we applied the
model to a set of primitive Quaternary South Shetland Island volcanic
front samples from Haase et al. (2012) as analogs for Bransfield Strait
Strong Arc lavas. Anderson et al. (2023) found that these lavas have very
similar trace element and isotope compositions to Bransfield Strait
Strong Arc lavas, distinct from older (> 30 Ma) South Shetland Island
lavas. We estimated the H2O contents of these Quaternary South Shet-
land lavas using the same representative Strong Arc HoO/Ce value of
1157. More details on these selections are provided in Supplementary
Table S4.

Results for Phoenix Ridge MORB are all within error of each other,
recording equilibrium conditions of ~ 1.35 GPa (~ 43 km depth) and ~
1340 °C (Fig. 15a). These conditions may reflect stalling at a boundary,
possibly the lithosphere-asthenosphere boundary, since polybaric melt
segregation along an adiabat would form a steep P-T trend (see reference
adiabats in Fig. 15). Assuming a mantle adiabatic gradient of 0.4 °C/km
(after Plank and Forsyth, 2016), the MORB samples would fall along an
adiabat with a potential temperature of ~ 1323 + 43 °C, which is
reasonable for MORB (Klein and Langmuir, 1987; Falloon et al., 2007;
Dalton et al., 2014; Fig. 15a).

Despite broad uncertainties in the model, the calculated equilibrium
P-T of arc-like samples from the Bransfield Strait and Quaternary South
Shetland Islands show resolvable variations in P at similar ranges in T
(Fig. 15b). Given their steep trend in P-T, these melts may represent
discrete partial melts that formed along an adiabat. If this is the case, the
most incompatible trace element-depleted lavas should record the
shallowest pressures, reflecting increasing extents of melting upon
ascent. In fact, we observe strong correlations between modeled equi-
librium P and incompatible trace element enrichment (Fig. 16). The
results also show that the mantle began melting below the dry peridotite
solidus, which is unsurprising because back-arc mantle should be
elevated in HO. Assuming the results reflect final equilibration in the
asthenosphere, the shallowest results would put the maximum depth of
the lithosphere-asthenosphere boundary beneath the strait at ~ 30 km,
broadly consistent with seismic data (Wiens et al., 2023). Again,
assuming the same mantle adiabatic gradient of 0.4 °C/km, the arc-like
samples fall along an adiabat with a potential temperature of ~ 1239 +
41 °C (Fig. 15b). This is somewhat low compared to the back-arc esti-
mates of Wiens et al. (2006) but not unreasonable for Bransfield Strait
melts, which have higher HyO contents than the melts they use —the
imposed HyO/Ce values we use yield average HoO contents of ~ 2 wt%
for our selected Bransfield Strait samples, compared to values <1 wt% in
Wiens et al. (2006).

6. Conclusions

We have reported the first volatile element concentrations in the
northern Antarctic Peninsula, revealing several important spatial and
compositional relationships that hold broad implications for subduction
worldwide.

Our findings support that as spreading rates slowed at the Phoenix
ridge, preferential melting of less abundant, more fertile and volatile-
rich E-DMM produced increasingly isotope and trace element enriched
melt compositions.

In the Bransfield Strait, volatile enrichment corresponds strongly
with increased subduction signal and increased degree of melting. These
increases occur near the middle and NE portion of the strait, where the
subduction-modified mantle is being forced by incoming sub-slab
asthenosphere flowing toroidally around the slab’s edges. Therefore, it
is important to consider the potential influence sub-slab asthenosphere
may have on the geochemistry of arc and back-arc lavas located near the
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edges of subducting plates at other subduction zones, especially those
with slab windows and tears that offer easy pathways into the mantle
wedge. Furthermore, several Bransfield Strait samples have strong
subduction signals but unusually low volatile/refractory incompatible
trace element ratios. We suggest these samples reflect flux melting of
residual enriched mantle, brought beneath the Bransfield Strait via
corner flow following recent generation of alkaline lavas in the far
eastern regions of the Antarctic Peninsula, highlighting the heteroge-
neous nature of the mantle wedge.

New data on arc-like lavas from the W7 segment of the West Scotia
Ridge suggest they were collected in-situ and erupted perhaps as
recently as 6 Ma. Their trace element and isotopic compositions suggest
the W7 segment overlies subduction-modified mantle left behind within
the past ~ 30 Myr by the eastward-migrating South Sandwich Arc. The
fact that this mantle remains beneath an area that is now hundreds of
kilometers from the nearest subduction zone illustrates the enduring and
widespread effects of subduction modification on the upper mantle.

Finally, modeled equilibrium P-T for Phoenix Ridge MORB suggest
they accumulated at relatively uniform conditions, possibly at the
lithosphere-asthenosphere boundary. In contrast, modeled P-T for lavas
from the Bransfield Strait suggest they are discrete partial melts that
formed along a mantle adiabat. Estimated mantle potential tempera-
tures for both sets of lavas are consistent with ranges for mid-ocean
ridges and subduction zones, respectively.
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