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Abstract in2015a geothermal exploration well was drilled on the island of Tutuila, American Samoa.
The sample suite from the drill core provides 645 m of volcanic stratigraphy from a Samoan volcano,
spanning 1.45 million years of volcanic history. In the Tutuila drill core, shield lavas with an EM2 (enriched
mantle 2) signature are observed at depth, spanning 1.46 to 1.44 Ma. These are overlain by younger (1.35 to
1.17 Ma) shield lavas with a primordial “common” (focus zone) component interlayered with lavas that
sample a depleted mantle component. Following ~1.15 Myr of volcanic quiescence, rejuvenated volcanism
initiated at 24.3 ka and samples an EM1 (enriched mantle 1) component. The timing of the initiation of
rejuvenated volcanism on Tutuila suggests that rejuvenated volcanism may be tectonically driven, asSamoan
hotspot volcanoes approach the northern terminus of the Tonga Trench. This is consistent with a model
where the timing of rejuvenated volcanism at Tutuila and at other Samoan volcanoes relates to their distance
from the Tonga Trench. Notably, the Samoan rejuvenated lavas have EM1 isotopic compositions distinct from
shield lavas that are geochemically similar to “petit spot” lavas erupted outboard of the Japan Trench and
late stage lavas erupted at Christmas Island located outboard of the Sunda Trench. Therefore, like the Samoan
rejuvenated lavas, petit spot volcanism in general appears to be related to tectonic uplift outboard of
subduction zones, and existing geochemical data suggest that petit spots share similar EM1 isotopic signatures.

1. Introduction

Samoan volcanoes display a wide range of radiogenic isotopic compositions (Hart et al., 2004; Jackson et al.,
2010, 2014, 2007; Konter & Jackson, 2012; Workman et al., 2004; Wright & White, 1987); however, the rela-
tionship between these isotopic compositions and the stages of volcanism has not been closely examined.
Previous work has identified three stages of volcanism in the Samoan hotspot: a shield stage of volcanism,
followed by caldera collapse and caldera infilling with differentiated lavas, which is in turn followed by a
hiatus in volcanism that ends with rejuvenated volcanism veneering the shield stage (Stearns, 1944;
Natland, 1980). Several other studies have noted that the rejuvenated stage of volcanism in Samoa is geo-
chemically distinct from the shield stage (Hart et al., 2004; Konter & Jackson, 2012; Wright & White,
1987; Workman et al., 2004). However, identifying geochemical distinctions within the Samoan shield stage
is challenging due to the limited subaerial sampling and the relatively few deep submarine dredges from a
small number of volcanoes.

One method of constraining the life cycle of a shield volcano is deep drilling and coring. While drilling pro-
vides only a limited, one-dimensional record of volcano evolution, it can yield the most stratigraphically
complete record of volcanism at a given location. Previous work has utilized drilling to constrain hotspot
volcano evolution at, for example, Hawai'i (e.g., Garcia et al., 2007; Kurz et al., 1996; Lassiter et al., 1996),
Louisville (Koppers & Sager, 2014), Marquesas (Caroff et al., 1999), Kerguelen (Neal et al., 2002; Wallace
et al,, 2002; Weis & Frey, 2002), and Iceland (e.g., Flower et al., 1982). However, to date there has been no
Samoan drilling project.

In 2015, a 645-m geothermal exploration well was drilled on the Samoan Island of Tutuila for the American
Samoa Power Authority. The core samples from this drill hole provide the basis for this study. Here we

REINHARD ET AL.

1485



AGU
100

a3 snht acfines

Geochemistry, Geophysics, Geosystems 10.1029/2018GC007985

o R

Drill Core

Figure 1. Regional (a), archipelago (b), and island (c) scale maps of the study area. Volcanic trends in the lower left panel
are from Jackson et al. (2014). In (b) the cyan shading on the islands of Savai'i, Upolu, and Tutuila shows the extent of
subaerially exposed rejuvenated volcanism (Konter & Jackson, 2012; Natland, 1980). In the same panel the Upo, Malu,
and Vai trends are outlined in yellow, purple, and blue, respectively, which are defined by their distinct isotopic
compositions (Jackson et al., 2014). Panel (c) shows the location of the geothermal exploration well (TGH-3) from which
the samples in this study were taken. Plate velocities are from Bevis et al. (1995).

perform systematic major and trace element, radiogenic isotopic, and geochronologic analyses (including
'€ and *°Ar/*’Ar) of the Tutuila drill core. We find that the Tutuila drill core lava flow units sample several
of the known mantle compositions in Samoa, including EM1 (enriched mantle 1) and dilute expressions of
EM2 (enriched mantle 2), a depleted mantle (DM) component, and a primordial common component called
FOZO (Focus Zone; Hart et al., 1992). We note (as detailed in Jackson et al., 2014) that, while Samoan lavas
sample the most extreme EM2 lavas erupted in an oceanic setting, they do not exhibit true extreme endmem-
ber EM1, DM, HIMU (high “p”), or common component FOZO material, but rather Samoan lavas have iso-
topic compositions that trend toward these endmembers. Therefore, when we refer to EM1, DM, and the
FOZO component material sampled by Samoan lavas, the implication is that these lavas are sampling these
components in diluted form.

The geochemical boundaries between the compositions identified in subaerial Tutuila basalts are abrupt and
marked by the appearance of reef carbonates in the upper 150 m of the core and by muds and diamicts
and/or volcaniclastic breccias deeper in the core. Critically, the Tutuila drill core captures the boundary
between rejuvenated and shield stage lavas, which allows us to temporally constrain the onset of rejuvenated
volcanism on Tutuila at the location of this drill core (rejuvenated volcanism on Tutuila is geographically
limited to the southwest portion of the island where this core was drilled; see Figure 1) and the time elapsed
between the termination of shield stage and the initiation of rejuvenated stage lavas.

Rejuvenated volcanism in the Samoan Islands has long been attributed to the juxtaposition of the Samoan
Islands to the Tonga Trench (Konter & Jackson, 2012; Koppers et al., 2008, 2011; Natland, 1980; Wright &
White, 1987). Therefore, establishing the timing of the onset of rejuvenated volcanism at Tutuila allows us
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to evaluate a possible relationship between the approach of a Samoan volcano to the Tonga Trench and the
onset of rejuvenated Samoan volcanism.

Recently, it has been proposed that oceanic volcanism can be triggered when ancient oceanic lithosphere
flexes as it approaches subduction zones; the resulting volcanoes, called “petit spots,” were first identified
outboard of the Japanese Trench (Hirano et al., 2001, 2006, 2008; Machida et al., 2015; Yamamoto et al.,
2014). Magmas of similar tectonic origin and geochemistry have also been reported in late-stage lavas at
Christmas Island, located ~150 km outboard of the Sunda Trench; at Christmas Island, the final, youngest
(4.3 to 4.5 Ma) stage of volcanism caps an older (37 to 44 Ma) stage of volcanism on the island (Hoernle et al.,
2011; Taneja et al., 2015). Hoernle et al. (2011) argue that the late-stage lavas at Christmas Island provide an
example of a tectonic trigger (i.e., uplift as the island moved over the flexural bend as it approached the Java
Trench) for late-stage volcanism at an ocean island volcano. Notably, a flexural model has also been sug-
gested for generating rejuvenated volcanism at Hawai'i, although the flexure at Hawai'i is the result of litho-
spheric loading by the large volcanic edifices themselves and not subduction (Bianco et al., 2005). Konter
and Jackson (2012) demonstrated that a tectonic trigger is a plausible mechanism for generating rejuvenated
Samoan volcanism, based on the expected timing of Samoan rejuvenated volcanism as Samoan volcanoes
approach the northern terminus of the Tonga Trench. The examination of rejuvenated volcanism at
Tutuila presented here provides insight into the timing of the onset of rejuvenated volcanism in Samoa
and whether it relates to the volcano's approach to the northern terminus of the Tonga Trench. Here we also
present geochemical evidence suggesting that Samoan rejuvenated lavas sample a similar enriched mantle
reservoir to that sampled by other tectonically influenced, near-trench volcanoes in the western Pacific (such
as the petit spot volcanoes near the Japanese Trench) and eastern Indian Oceans (such as late-stage
Christmas Island volcanism, which has compositions that resemble petit spot lavas). We also examine the
appearance of various geochemical components along the stratigraphy of the Tutuila drill core and compare
this with the geochemical stratigraphy inferred for other Samoan volcanoes to develop a preliminary model
for the geochemical evolution of a Samoan volcano.

2. Geologic Background

The Samoan Islands form an age-progressive volcanic hotspot track on the Pacific plate (Figure 1) that is
anchored to the active eastern end at Vailulu'u (Hart et al., 2004, 2000; Koppers et al., 2008, 2011; Sims
et al., 2008; Staudigel et al., 2006). Like Hawai'i—which has two en echelon volcanic lineaments, “Loa”
and “Kea”—the eastern Samoan region has two en echelon volcanic lineaments, referred to as “Vai” and
“Malu” (Koppers et al., 2011). Samoan volcanism extends as far west as Alexa Bank (23.4 Ma; Hart et al.,
2004)), and small groups of Cretaceous seamounts in the western Pacific are suggested to be related to the
Samoan hotspot (Koppers et al., 2003).

The Samoan hotspot lies just outboard of the Tonga Trench: the island of Savai'i, the largest Samoan Island,
is presently ~130 km from the northern terminus of the Tonga Trench. At the northern terminus of the
Tonga Trench, the Pacific plate tears and subducts beneath the Australian plate, while the northern portion
of the plate continues westward. It is this unique tectonic setting that has been suggested to influence mag-
matism on the Samoan Islands (Hawkins & Natland, 1975; Natland, 1980), in particular the rejuvenated
stage of volcanism (Hart et al., 2004; Konter & Jackson, 2012; Koppers et al., 2008). Shield stage volcanism
in the Samoan Islands isrelated to a seismically imaged low-velocity conduit, or plume, beneath the hotspots
(Chang et al., 2016; French & Romanowicz, 2015; Maguire et al., 2017), and Pacific plate motion over the
plume results in a clear age progression of shield-stage volcanism at Samoa (Koppers et al., 2008, 2011).
Konter and Jackson (2012) argue that the more recent veneer of rejuvenated volcanism in the western
Samoan Islands (Savai'i, Upolu, and Tutuila) isdriven by regional tectonics as the Pacific plate flexes upward
as it passes by the northern terminus of the Tonga Trench.

A significant fraction of the surface exposure of the two westernmost subaerially exposed volcanoes of the
Samoa hotspot track, Savai'i and Upolu (>99% and ~50%, respectively; Figure 1), is covered with a veneer
of rejuvenated volcanism (Konter & Jackson, 2012; Natland & Turner, 1985; White, 1985). Of the
Hawai'ian volcanoes that display rejuvenated volcanism, the subaerial coverage by rejuvenated lavas is gen-
erally <6%. The two exceptions are Ni'ihau and Kaua'i, where rejuvenated lavas cover ~35% of the volcanoes
subaerial extent (Clague & Sherrod, 2014; Garcia et al., 2010, 2016). Among Samoan volcanoes, rejuvenated
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volcanism on Tutuila covers a much smaller fraction (~15%) of the subaerially exposed portion of the volca-
nic edifice than at Savai'i and Upolu and may indicate that rejuvenated volcanism on Tutuila initiated only
recently (see section 4.1.) and is in an earlier stage of tectonically driven rejuvenated volcanism.

Lavas erupted at the Samoan hotspot sample five geochemical groups (Jackson et al., 2014): (1) EM2 (geo-
chemically very radiogenic 875r/%°sr and unradiogenjcl43Ndf144Nd; intermediate Pb isotopic compositions);
(2) relatively dilute EM1 (geochemically enriched 875r/%6Sr and "**Nd/***Nd, unradiogenic Pb isotopic com-
positions); (3) dilute HIMU (pure HIMU represents highly radiogenic Pb isotopic compositions); (4) a pri-
mordial common component called Prevalent Mantle (Worner et al., 1986; Zindler & Hart, 1986), FOZO,
C (common; Hanan & Graham, 1996), or Primitive He Mantle (PHEM; Farley et al., 1992) that is character-
ized by having intermediate radiogenic isotopic compositions and 3He/*He > 20 Ra; and (5) a component
that trends toward DM (unradiogenic ®’Sr/*¢Sr and Pb isotopic compositions, radiogenic **Nd/***Nd).
Jackson et al. (2014) proposed that three of these geochemical compositions are expressed at the Samoan
hotspot as three volcanic lineaments: the Upo (DM) volcanic trend, the Malu (EM2) volcanic trend, and
the Vai (HIMU) volcanic trend that coincide with the En Echelon configuration of the seamount trail
subtracks (Koppers et al.,, 2011; Workman et al., 2004; Figure 1). The three oldest islands (Savaii, Upolu,
and Tutuila) are veneered by rejuvenated lavas with an EM1 composition. Using new data for the geochem-
ical stratigraphy of Tutuila from the drill core, together with the inferred geochemical stratigraphy at
other Samoan volcanoes, we propose a preliminary model for the geochemical evolution of Samoan
shield volcanoes.

3. Methods

3.1. Major and Trace Elements

Major and trace elements concentrations were measured in 92 whole-rock basalt samples. Samples were
selected for freshness while at the same time being representative of all igneous lithologies in the core and
providing relatively even coverage across all depths in the core. For sections of the core that appeared
altered, the least visibly altered portions of the lava flow were sampled. In preparation for analysis the sam-
ples were cut with a rock saw to avoid material that was in contact with the coring bit. After cutting from the
core material, samples were then sanded with silicon carbide abrasive paper to remove any potential metal
contaminants left behind by the saw blade. After sanding, the samples were crushed, and the freshest rock
chips were picked under a binocular microscope to avoid visibly altered material. Finally, all samples were
rinsed in deionized water to remove any surface contaminants from sanding or crushing. The samples were
then analyzed at the Peter Hooper GeoAnalytical Lab at Washington State University for their major and
trace element concentrations. The rock samples were powdered in an agate mortar, and the powders were
then fused and analyzed for major element concentrations via X-ray fluorescence and trace elements via
solution inductively coupled plasma mass spectrometry (ICP-MS; Knaack et al., 1994). Documented preci-
sion for Si0,, Al,0;, TiO,, and P,O; analyses is 0.2-0.7% (20) of the amount present and 0.8-1.4% (20) for
FeOr, MgO, CaO, Na,0, MnO, and K,O (Johnson et al., 1999); trace element ICP-MS analyses have a pre-
cision of 1.5-6.4% (20; Knaack et al., 1994), except for Th (8%) and U (9%). Three United States Geological
Survey (USGS) reference materials (BHVO-2, BCR-2, and G-2) were run as unknowns for major and trace
elements with the Samoan basalt samples reported here (see Table S1 in the supporting information). For
all three reference materials SiO,, Al,03, MgO, CaO, Na,O, TiO,, and K,0 were within 2.2% of the preferred
values from Jochum et al. (2015). Other elements analyzed by X-ray fluorescence—P, 05 (within 0.7 to 4.0%,
depending on the USGS reference material), FeO (0.4 to 3.8%), and MnO (0.1 to 9.4%)—deviate more from
Jochum et al.'s (2015) preferred values (see Table S1). Most trace element concentrations measured by ICP-
MS were within 5% of the Jochum et al.'s (2015) preferred values for all three reference materials (Rb, Ba, U,
Ta, La, Ce, Pb, Pr, Nd, Sr, Zr, Hf, Gd, Y, Er, Tm, Yb, and Lu), while the other elements (Cs, Th, Nb, Sm, Eu,
Tb, Dy, Ho, and Sc) reproduced to within 10% of the Jochum et al. (2015) preferred values.

3.2. Isotopes

A subset of 15 of the 92 samples analyzed for major and trace element concentrations was analyzed for 87gr/
8gr, Nd/***Nd, and Pb isotopic ratios. The samples selected for isotopic analyses were selected based
upon the major and trace element data to span the wide range of major and trace element compositions
encountered in the core. All six samples that were dated via OAr-¥Ar (see section 3.4) were among those
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selected for isotopic analysis. Rock chips selected for isotopic analyses were leached in 6N HCI at 90 °C prior
to dissolution. Rock chips were dissolved in lieu of powders to avoid contamination from grinding equip-
ment, which has been demonstrated to contribute significant Pb to samples (Takamasa & Nakai, 2009).
Chemical separations were performed at Woods Hole Oceanographic Institution following the methods
described in Hart and Blusztajn (2006). All isotopic measurements were made on the Thermo Scientific
Neptune multicollector ICP-MS housed at Woods Hole Oceanographic Institution. The procedural blanks
were 65, 10, and 50 pg for Sr, Nd, and Pb, respectively. Sr isotopic analyses were corrected for mass bias
assuming 86Sr/%8sr of 0.1194 and assuming the exponential law. Rb and Kr isobaric interferences were cor-
rected using the method of Jackson and Hart (2006). Sr isotopic analyses were made over the course of two
analytical sessions; repeat analyses of NBS 987 yielded average ’Sr/*¢Sr ratios of 0.710334 (+0.000018, 20,
n = 5) and 0.710300 (+£0.000018, 2o, n = 3) respectively, and samples were corrected for the offset between
measured (in the same analytical session) and preferred (0.710240) values of the standard. Nd isotopes were
corrected for mass bias by normalizing to 146Nd/***Nd = 0.7219 and assuming the exponential law; samples
were corrected for the offset between the measured (in the same analytical session) and preferred JNdi-1
value of 0.512104 (Hamelin et al., 2011). Nd isotopes were also measured over the course of two analytical
sessions; repeat analyses of JNdi-1 run over the course of two analytical session yielded average 143Nd/
1#4Nd ratios of 0.512090 (£0.000016, 20, n = 4) and 0.512094 (+0.000022, 20, n = 3), respectively. Pb isotopic
compositions were corrected for mass bias on the instrument by Tl addition (SRM997), assuming a 2051y/
203T] = 2.38709 and the exponential law (White et al., 2000); samples were corrected for the offset between
the measured (in the same analytical session) and preferred NBS981 values of from Eisele et al. (2003) of
16.9409 (2°5Pb/2%Pb), 15.4976 (2°7Pb/2%*Pb), and 36.7262 (***Pb/2**Pb). Pb isotopes were also measured over
the course of two analytical sessions; repeat analyses of NBS981 run over the course of two analytical ses-
sions yielded an average 2°°Pb/>**Pb of 16.9329 (+0.0020, 20, n = 4), 2’Pb/***Pb of 15.4855 (+0.0020, 20,
n = 4), 2°8pb/?°*pb of 36.6827 (+0.0065, 20, n = 7) ratios for the first session and an average 206pp /204pp
of 16.9338 (+0.0004, 20, n = 3), 27Pb/***Pb of 15.4862 (+0.0008, 20, n = 7), 2**Pb/***Pb of 36.6832
(+0.0020, 20, n = 7) ratios for the second session.

Two aliquots of unleached USGS reference material BCR-2 powder were dissolved, chemically separated,
and analyzed with the unknowns. The measured *’Sr/*°sr, **Nd/***Nd, 2*°Pb/***Pb, 2°’Pb/***Pb, and
208ph /2%Ph ratios of the two BCR-2 aliquots agree within error with the values reported by Weis et al.
(2006; see Table S1).

3.3. "C geochronology

Two reef carbonate units are present in the drill core (see section 4 below): the upper carbonate unit (located
at82.3 to 91.1 m depth) and the lower carbonate unit(135.9 to 150.3 m depth). Three carbonate samples from
the stratigraphically higher carbonate unit (one sample from near the top and two from near the bottom of
this unit) and one sample from the top of the stratigraphically lower carbonate unit were selected for '*C
analyses. The four samples analyzed include a bivalve (Wallucina fijiensis), two corals (Scleractinia), and a
second bivalve (species unknown). All are extremely fresh and show no evidence of alteration or thermal
metamorphism (Figure S1). These four samples were analyzed for "*C using the W.M. Keck Carbon Cycle
Mass Spectrometer located at the University of California Irvine. The samples provided ages with uncertain-
ties <131 years (20; see Table S2). The radiocarbon ages were calculated using the Calib7.0.4 software (calib.
qub.ac.uk/calib/) the Marine13 calibration curve (Reimer et al., 2013), and a AR (the correction for the mar-
ine radiocarbon reservoir) value of +57 + 23 (Phelan, 1999) was used as it is the published reservoir value
geographically closest to the Tutuila drill core.

3.4. “Ar/*Ar Geochronology

Basalt samples were prepared for analysis by sawing, crushing, and magnetic separation. Following separa-
tion, the samples were then irradiated for 6-7 hr in the TRIGA CLICIT nuclear reactor at Oregon State
University. “Ar/**Ar measurements were made on six samples from the Tutuila drill core by incremental
heating of basaltic groundmass separates on the multicollector ARGUS-VI mass spectrometer at Oregon
State University using the methods detailed in Koppers et al. (2011) and Konrad et al. (2018). Ages are cal-
culated as weighted means 1/0” using the ArArCALC v2.7.0 software from Koppers (2002, available at earth-
reforg/ArArCALC). For the age calculations the Steiger and Jager (1977) decay constant
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Figure 2. High-resolution incremental heating Oar/PAr age spectra for Tutuila drill core lavas dated in this study. Plots are arranged in depth order from shal-
lowest to deepest. The 40ar/3%Ar ages are weight age estimates with 95% confidence level errors including 0.3-0.5% standard deviations in the Jvalue. Data can be

found in Table S3.

(5.530 + 0.097 x 10~'°) as corrected by Min et al. (2000) was used. Ages were normalized to a Fish Canyon
Tuff sanidine standard using the preferred age of 28.201 + 0.023 Ma (Kuiper et al., 2008). All “°Ar/*°Ar data
are of high quality, and age plateau plots can be found in Figure 2 and data can be found in Table S3.

4. Data and Observations
4.1. Physical and Geochronological Description

The Tutuila drill core was drilled from a surface elevation of 76.8 m above mean sea level to a total depth of
645.3 m or 568.5 m below mean sea level. All depths discussed will be in reference to the top of the well, not
mean sea level. The drill core is preserved in the USGS Core Research Center at Denver, CO (Core number
R286). Below we provide a lithological and petrological overview of the drill core as well as a description of
the major boundaries and, where available, their ages. A detailed core log is reported elsewhere (my.usgs.
gov/crcwe), and images of the entire drill core are available online (escholarship.org/uc/item/6gg6p61w).

The uppermost 4.3 m of the hole was rotary drilled and not recovered. From 4.3 to 78.3 m, the recovered core
is basaltic lava flows with abundant small (<1 mm) olivine phenocrysts and occasional small (< 2 cm) peri-
dotite xenoliths. The lavas have variable vesicularity ranging from <5% to 60% vesicularity (scoriaceous).
From 78.3 to 82.3 m the recovered material is hard to friable, brownish red to black volcaniclastic deposits.

The section of drill core recovered from 82.3 to 91.1 m is carbonate reef material composed of individual
coral fragments (with individual reef units up to 75 cm thick) interlayered with varying abundances of brec-
ciated corals and carbonate mud. The core transitions from grain stone to float stone and at the base is frame
stone. This suggests that this carbonate reef interval represents a relatively shallow portion of an active reef.
A fully intact articulated bivalve (W. fijiensis) was taken from 83.6-m depth (near the top of the upper carbo-
nate unit) for radiocarbon dating. This sample yielded a calibrated median '*C age of 4,438 + 102 years
before present (BP), and this age provides a maximum age for the lavas that lie above this carbonate unit.
Two carbonate samples, a coral (Scleractinia) and a bivalve (species unknown), were taken from near the
base of the upper carbonate unit, at 90.1 and 90.8 m depth, respectively, and yielded calibrated median
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“c ages of 6,997 + 125 and 7,128 + 114 years BP: these two ages overlap within error and provide a
minimum age for the lavas located between the upper and lower carbonate units of the drill core. Located
at depths of approximately 7 to 14 m below present-day sea level, the bivalve (at 4,438 years BP) and the
coral and shell (6,997 and 7,128 years BP) were deposited at depths roughly corresponding to paleo sea
level in the Pacific at the times recorded by the '*C ages (Bard et al., 1996). This is consistent with the
presence of the bivalve W. fijiensis in the upper carbonate unit, as this species typically lives in water
depths between 0 and 15 m (Glover & Taylor, 2001).

From 91.1 to 135.9 m the drill core is basaltic lava flows with abundant small (<1 mm) olivine phenocrysts
and occasional small (<2 cm) peridotite xenoliths. The lavas have variable vesicularity ranging from <5%
vesicles to scoracious. While the lithology does not vary greatly from 91.1- to 135.9-m depth, approximately
65% of this depth interval consists of angular basaltic rubble (>5-cm diameter) that is visually similar to the
intermittent unfractured sections of basalt in this depth interval. It is difficult to discern if the rubbly nature
of some portions of this depth interval is the result of the drilling or is representative of highly fractured sec-
tions of lava.

A second, lower carbonate unit is found at 135.9 to 150.3 m and is composed of white to dark gray carbonate
muds with brecciated corals and carbonate shell clasts. This carbonate section contains more carbonate
mud, and significantly less brecciated coral, than the stratigraphically higher carbonate unit. This carbonate
unit contains pack stones (with rounded coral cobbles) and mudstones, indicative of a deeper fore reef envir-
onment. A clast of coral from 138.1 m, taken from near the top of the lower coral unit, yielded a '*C median
age of 10,385 + 131 years BP. This depth corresponds to a depth of approximately 61 m below current sea
level, which roughly corresponds to ~15-m depth below estimates of paleo sea level at 10,300 years BP
(Bard et al., 1996). However, this observation is consistent with a fore reef interpretation for the lower car-
bonate unit, as the fore reef would form at relatively greater depth than paleo sea level.

This lower carbonate unit lies above 7.1 m of moderately weathered aphanitic basalt flows (150.3- to 157.2-m
depth). A sample from this depth section (153.2-m depth) in the drill core was dated by *Ar/>?Ar to have an
age of 24.3 + 2.1 ka, consistent with a young, rejuvenated volcanic origin, and in section 4.4, we show that
these lavas have rejuvenated isotopic characteristics. All basalts erupted above 157.2-m depth will be
referred to as rejuvenated lavas, as the shield-building basalt sampled at 157.4-m depth has an age of
1,172.8 + 4.2 ka (see below). This interpretation is consistent with a drill core being situated atop the
Leone rejuvenated lava series on Tutuila (Natland, 1980; Stearns, 1944).

The material between 157.2 and 167.8 m is primarily composed of siliciclastic sediments (clay, silt, sand, and
volcanic clasts) that lie unconformably on top of deeper basalt flows and is shown as a brown layer in
Figure 3. Referred to as the “upper breccia and diamict unit” in Figure 3, this unit represents an unconfor-
mity between the shield and rejuvenated stages of volcanism. The depth from 157.2 to 163.4 m consists of a
poorly lithified breccia composed of ~65% angular basaltic clasts (1-5 cm) and 35% yellow-brown mud. The
basaltic sample (3-516.5) from the top of this unit was dated by “°Ar/*°Ar and yielded an age of
1,172.8 + 4.2 ka (Figure 3). However, it is challenging to determine whether this sample is from a lava flow
oris a cobble based on the context of an 8.5-cm drill core (a second sample from within this diamict may also
be a cobble [3-526.5]). Between 163.4 and 165.4 m, the recovered drill core is unlithified friable reddish-
brown to brown mud with <30% silt to sand-sized particles. The deepest portion of this sedimentary
sequence (165.4 to 167.8) is a poorly lithified friable breccia composed of ~50% angular basaltic clasts
(0.5-4 cm) and 50% yellow-brown mud and silt.

The depth section from 167.8 to 431.0 m, which lies immediately below the shield-rejuvenated unconformity
and spans 263.2 m, consists primarily of basaltic lava flows (60%) with interlayered volcaniclastic material
(30%; dominantly breccias) and occasional lapilli tuffs (10%). The basalts in this section of the core are dom-
inantly aphanitic, with occasional flows with small (<1 mm) olivine phenocrystals that have been comple-
tely iddingsitized and one flow with large (up to 3 cm) moderately altered plagioclase phenocrysts. The
matrix of the volcaniclastic breccias and the tuffs is generally highly altered, and include secondary carbo-
nate, consistent with a submarine volcanic origin (similar volcanic morphologies are identified throughout
the shield stages sampled in the core). One lava flow sample from near the top (169.5 m) and one sample
from the bottom (431.0 m) of this section were dated by **Ar/*°Ar to 1,278 + 4.5 and 1,353 + 43 ka, respec-
tively. Thus, the lavas from this depth section, representing nearly 41% of the drill core’s depth, span only
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Figure 3. Simplified stratigraphic column of the drill core. An age-depth relationship is also shown for age-dated
samples in the Tutuila drill core. Cyan triangles represent carbonate material dated by 14c, while the other symbols
represent 40ar/3%Ar ages of lavas. Symbol colors correspond to sample depth (cyan is rejuvenated, gray and yellow are
upper shield, and pink is lower shield), which relates to the geochemical classification of the lavas (EM1, FOZO, DM, and
EM2, respectively). A detailed core log for this drill core is available at my.usgs.gov/crcwc. EM = enriched mantle;
FOZO = focus zone; DM = depleted mantle.

~75,000 years of volcanic history. The basalts from the upper breccia and diamict unit and the lavas, between
167.8 and 432.2 m, will be referred to as the upper shield lavas (which will be shown in section 4.4 to have
radiogenic isotopic compositions that are consistent with the primordial common FOZO component
previously identified in Samoa (Farley et al., 1992; Jackson et al., 2014; Workman et al., 2004), as well as five
lavas with DM characteristics).

Between 432.2 and 443.9 m, spanning 12.9 m, the recovered drill core is composed of volcaniclastic breccia
that lies on top of a (~0.9 m) diamict section (and is shown as a yellow layer in Figure 3, labeled “lower brec-
cia and diamict” unit). Basalts taken from immediately above (1,353 + 4.3 ka at 431.0 m depth) and below
(1,438 + 4.1 ka at444.1 m) this breccia and diamict unit span an age range of ~85 ka. Thus, the lower breccia
and diamict unit represents a relatively short volcanic hiatus between the 263.2-m-thick basalt depth section
above and the 201.2-m-thick basalt depth section below.

From 443.9 to 645.3 m, spanning 201.2 m, the drill core is predominantly basalt flows (~70%) with inter-
layered highly altered (30%) volcaniclastic units (dominantly breccias). The basalts in this section range from
minimally to moderately altered and frequently have clinopyroxene (~75%) and occasionally (20%) have oli-
vine phenocrysts. Phenocrysts range from <1 mm to ~1 cm in size. One lava from near the top of this section
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Figure 4. Total alkali versus silica plot of the analyzed Tutuila drill core samples. Rock-type classifications are based on le
Maitre (2002). Symbol colors as in Figure 3. The alkali-tholeiite line is from Macdonald and Katsura (1964). EM = enriched
mantle; FOZO = focus zone; DM = depleted mantle.

of the drill core (444.1 m) was dated by “°Ar/*°Ar to 1,438 + 4.1 ka. Additionally, a sample from near the
bottom of the drill core (644.4 m) was dated to 1,455 + 5.8 ka, and this sample is a portion of the deepest
lava flow that extends to the completion depth of the well (645.3 m). The difference in ages between the
top and bottom of this 201.2 m section is only ~17 ka. The lowermost 201.2 m of the drill core will be
referred to as the lower shield lavas (and we show in section 4.4 that these lavas have EM2 characteristics).

4.2. Major Elements

Major and trace elements for the 92 samples analyzed in this study are presented in Table S4. All 92 lavas
are generally fresh with a few outliers, as shown in Figure S2. On a total alkali versus silica diagram
(Figure 4), the rejuvenated lavas from the Tutuila drill core plot in the fields defined by basalts and basa-
nites and all lavas are alkalic or transitional. However, the deepest lava in the rejuvenated series is a
picrobasalt (sample 3-502.5). The upper shield lavas have compositions that include basalts, hawaiites,
mugearites, and a single benmoreiite. The lower shield lavas are composed of basalts and hawaiites, as
well as one basanite. The silica content of the rejuvenated lavas is generally lower than the shield lavas.
The rejuvenated lavas show relatively little variability in silica content (39.6 to 45.4 wt. %; Table S4). The
shield lavas show a greater variability in total alkali content, and they generally have higher total alkali
content than the rejuvenated lavas.

Whole rock major elements are plotted against MgO concentrations for the samples analyzed in this study in
Figure 5. Previously published major element data from the Samoan hotspot chain are also plotted in
Figure 5 (gray symbols represent shield lavas, and black symbols represent rejuvenated lavas). In SiO versus
MgO (Figure 5) space, the lavas from this study fall within the range of compositions previously observed on
Tutuila. The rejuvenated lavas from the Tutuila drill core tend to plot with rejuvenated lavas from other
Samoan Islands in Figure 5. While Samoan rejuvenated lavas overlap with shield lavas, the rejuvenated lavas
do not extend to the highly evolved compositions observed in the shield lavas. In the plot of CaO versus MgO
(Figure 5), the upper shield lavas in the drill core trend to low MgO and low CaO, while the rejuvenated and
lower shield lavas from the drill core do not exhibit such evolved compositions. Some of the upper shield
lavas from the drill core trend toward the Tutuila trachytes analyzed by Natland (1980), who suggested that
late shield lavas in Samoa can include more evolved compositions than earlier shield lavas. The upper shield
lavas extend to higher Na,O and P,Os contents (two elements that are generally incompatible during mag-
matic evolution) than other lavas from Tutuila. In the plots of TiO, (and FeOr) versus MgO, there is a sharp
decrease in TiO, (or FeO) with decreasing MgO, and this occurs at MgO concentrations less than ~5%, sug-
gesting a role for titanomagnetite crystallization.
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Figure 5. MgO versus major element oxide plots for samples examined in this study. All data are in weight percent.
Previously published background data (black [rejuvenated lavas] and gray [shield lavas] symbols) were taken from
Hawkins & Natland (1975), Natland (1980), and Natland and Turner (1985), Wright and White (1987), Workman et al.
(2004), Jackson et al. (2007, 2010), Konter and Jackson (2012), and Hart and Jackson (2014). Symbol colors as in Figure 3.
EM = enriched mantle; FOZO = focus zone; DM = depleted mantle.

4.3. Trace Elements

The upper and lower shield lavas as well as the rejuvenated lavas have geochemically distinct trace element
ratios (Figure 6). The upper shield lavas have lower Nb/Zr ratios (0.097 to 0.131) and do not overlap with the
rejuvenated or lower shield lavas (0.147 to 0.196). Similarly, there is no overlap in Zr/Th ratios between the
upper shield lavas (71.8-101) and the rejuvenated (46.5-68.9) or lower shield lavas (35.1-56.7). La/Yb ratios
are also useful for distinguishing between the upper and lower shield lavas; the upper shield lavas have gen-
erally lower La/Yb ratios (12.7 to 21.1), while the lower shield lavas have higher La/Yb (202 to 39.1)
(Figure 6). Thus, Nb/Zr, La/Yb, and Zr/Th ratios are useful for distinguishing between lower and upper
shield lavas and demonstrate that there is a systematic shift in trace element geochemistry across the
observed physical boundary (i.e., the lower volcanic breccia and diamict unit from 432.2- to 443.9-m depth)

separating the upper and lower shield lavas.

Rejuvenated lavas from Savai'i, Upolu, and Tutuila are enriched in Ba relative to shield stage lavas (Jackson
et al., 2010; Konter & Jackson, 2012; Workman et al., 2004), and Ba/Th ratios have been used to distinguish
rejuvenated lavas (high Ba/Th) from shield-stage lavas (low Ba/Th) erupted at the Samoan hotspot (Jackson
etal., 2010; Konter & Jackson, 2012; Workman et al., 2004). Figure 6 shows a clear distinction between the
higher Ba/Th of the rejuvenated lavas (94.2 to 156.8) and the lower Ba/Th (40.4 to 72.1) of the shield lavas
from the drill core. Thus, Ba/Th shows a systematic shift across the observed physical boundary (i.e., the
breccia and diamict unit from 157.2 and 167.8 m depth) that separates the rejuvenated lavas above from
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Figure 6. Trace element ratios versus depthin the core. Data can be found in Table S4. Samples circled in black were analyzed for radiogenic isotopes (see Figure 8).
Ages on the stratigraphic column were obtained by e (samples younger than 11 ka) and O Ar/Ar (samples older than 24 ka). Symbol colors as in Figure 3.

the shield lavas below (Figure 6). We note that Ba can be fluid mobile during alteration; however, these lavas
show little evidence for significant Ba loss (Figure S2).

Jackson et al. (2014) identified five geochemical groups within the Samoan plume based on Pb isotopic
ratios, and here we use relatively unevolved lavas (MgO > 5 wt.%) from endmember volcanoes from these
geochemical groups to generate representative fields for each group in trace element space: the Samoan
EM]1 field (defined by rejuvenated lavas from Savai'i and Upolu), the Samoan EM2 field (defined by EM2
lavas from the eastern Samoan volcanoes of Malumalu and Malutut), the Samoan HIMU field (defined by
HIMU lavas from Ofu and Ta’u), the Samoan DM field (defined by DM lavas from Upolu and Alexa), and
the Samoan primordial common component FOZO field, which is defined by Samoan lavas with *He/
“He > 20 Ra (Jackson et al., 2014). A plot of Zr/Th versus Ba/Th (Figure 7) shows the data from the
Tutuila drill core in the context of fields for the different Samoan geochemical groups and demonstrates that
trace element ratios are effective in (1) resolving rejuvenated lavas from shield lavas and (2) resolving the
different geochemical groups identified in shield stage lavas, including Samoan EM2, DM, and FOZO
(and HIMU) components. In Ba/Th versus Zr/Th space, the rejuvenated lavas from the drill core generally
plot within the Samoan EM1 field (though the new data for Tutuila rejuvenated lavas suggest that the field
for rejuvenated lavas should be expanded); much of the upper shield lavas span the FOZO and HIMU fields
(which overlap in this trace element space), and a small subset of the upper shield series lavas—consisting of
just five samples—plot within or near a Samoan DM field and we term these lavas “upper shield DM lavas”
(this DM field is not the depleted MORB mantle but rather is the depleted component within the Samoan
plume). The lower shield lavas from the drill core plot in the EM2 field.

4.4. Radiogenic Isotopes

Consistent with their EM2 pedigree inferred from trace element ratios in Figure 7, the lower shield lavas
have *’Sr/*Sr ratios that are significantly geochemically enriched (0.706304-0.707734; n = 4) relative to
the other lavas in the Tutuila drill core (0.704978-0.705443; n = 11; Figure 8). Therefore, the 879r/%8Sr ratios
of the lower shield lavas are consistent with the enriched *’Sr/®®Sr ratios Farley et al. (1992) reported in lavas
from the Masefau section on Tutuila (0.70583-0.70742). Similarly, the lower shield lavas have *Nd/***Nd
ratios (0.512602-0.512661; n = 4) that are significantly lower than the rest of the drill core and overlap with
compositions observed in the Masefau section (0.51264-0.51272). The rejuvenated lavas generally have the
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Figure 7. Ba/Th versus Zr/Th is plotted for all samples analyzed in this
study. Data can be found in Table S4. The red arrows show compositional
evolution of the lavas through time, starting with the lower shield lavas
(EM2), the progressing to upper shield lavas (which cycle between volume-
trically dominant FOZO lavas and intermingled DM lavas), and finally

the rejuvenated lavas (EM1) in the shallowest portion of the drill core. The data
fields are defined using published data (Hart & Jackson, 2014; Jackson et al.,
2007, 2010; Konter & Jackson, 2012; Workman et al., 2004): Lavas from the
literature were filtered such that highly fractionated lavas (MgO < 5 wt.%) are
not shown, and only data obtained by ICP-MS are included. The fields in this
figure are defined by samples that have been determined to be associated
with isotopic groups (i.e., EM1, EM2, HIMU, FOZO, and DM) as discussed in
Jackson et al. (2014). The cyan field is derived from previously published
rejuvenated lavas from the Savai'i and Upolu. The yellow field is derived from
previously published DM shield lavas from Upolu (Workman et al., 2004) and
Alexa seamount (Hart et al., 2004). The gray field (the FOZO common
component) encompasses all Samoan lavas with 3He/*He > 20. The dark blue
field encompasses previously published lavas with (dilute) HIMU radiogenic
isotopic signatures from Ofu and Ta'u volcanoes. The pink field
encompasses previously published lavas with EM2 radiogenic isotopic signa-
tures from Malumalu and Malutut seamounts. Sample U10 (from Upolu)
has trace element characteristics similar to rejuvenated lavas but isotopic
compositions consistent with shield volcanism. However, its field
relationships are not reported and it is not shown here. The average Pacific
MORB plotted is the average of EPR data as compiled by Gale et al. (2013).
EM = enriched mantle; FOZO = focus zone; DM = depleted mantle.

lowest Pb isotopic ratios, but they overlap with the subset of shield lavas
with the least radiogenic 207pb/***Pb and ***Pb/***Pb. In contrast, the
lower shield lavas have the highest Pb-isotopic ratios and do not overlap
with the rejuvenated or upper shield lavas in any isotopic space (Figure 8).

Five geochemical groups were identified in Samoan hotspot lavas based
on radiogenic isotopes (Jackson et al.,, 2014), and the lavas from the
Tutuila drill core sample much of this geochemical variability. In multii-
sotopic spaces the lower shield lavas plot within the Samoan EM2 field
defined in Jackson et al. (2014; Figure 9). The upper shield lavas generally
plot within Samoan FOZO field. The shallowest shield lava (a cobble
hosted within the upper breccia and diamict unit) trends into the
Samoan DM field in all radiogenic isotopic spaces (Figure 9). In all but
143Nd/***Nd versus ¥7Sr/*¢Sr isotopic space, the rejuvenated lavas from
the drill core generally plot within or near the field defined by previously
analyzed Samoan rejuvenated lavas, and one rejuvenated lava is shifted
toward the Samoan DM field. However, given their young age following
a protracted volcanic hiatus, and the shift in composition that is consistent
with rejuvenated lavas (e.g., high Ba/Th, low 2°6Pb/?%*Ph, etc.), we suggest
that the compositional field for Samoan rejuvenated lavas should be
expanded to include these rejuvenated lavas from the Tutuila drill core.
Expanding the Samoan rejuvenated field boundary seems particularly
appropriate given that no rejuvenated lavas from Tutuila have been pre-
viously characterized for both radiogenic isotopes and trace elements, so
the rejuvenated field shown in Figure 9 consists of rejuvenated lavas from
Upolu and Savai'i and no rejuvenated lavas from Tutuila.

Together, radiogenic isotopic measurements (Figures 8 and 9) and incom-
patible trace element ratios (Figures 6 and 7) provide insights into the
geochemical evolution of Tutuila. The lower shield lavas from the
Tutuila drill core have EM2 isotopic (Figure 9) and trace element
(Figure 7) compositions similar to those previously observed in the
Tutuila Masefau section (Farley et al., 1992; Workman et al., 2004) and
lavas from other Samoan volcanoes with EM2 signatures (Jackson et al.,
2014). Following a ~85-ka hiatus in volcanism, marked by deposition of
diamict, the Tutuila volcano began to erupt the upper shield lavas domi-
nated by lava flows with isotopic (Figure 9) and trace element (Figure 7)
compositions similar to lavas from other Samoan volcanoes that have a
high He/*He FOZO component. (Unfortunately, none of the drill core
samples that overlap with the high He/*He region contains glass or oli-
vine phenocrysts suitable for *He/*He analysis to confirm a FOZO taxon-

omy.) Moving stratigraphically upward, a lava (sample 3-516.5 [157-m depth]) sampled from within the
upper breccia and diamict unit has a DM isotopic composition like that observed in lavas from other
Samoan volcanoes with DM signatures (Figure 9), and the trace element composition of this lava (including
elevated Zr/Th) plots in the field defined by Samoan lavas with DM signatures (Figures 6 and 7). Four addi-
tional lavas from the upper shield, including a second lava from the upper diamict and breccia unit (sample
3-526.5 [160 mbsf]), have incompatible trace element compositions similar to sample 3-516.5 (Figures 6 and
7), consistent with a Samoan DM designation. These five Samoan DM lavas are found scattered throughout
the upper shield (see Figure 6), interbedded with Samoan FOZO lavas, indicating that the Samoan DM lavas
erupted in concert with lavas with FOZO characteristics that constitute the bulk of the upper shield stage
(the occasional sampling of DM isotopic compositions within the otherwise FOZO upper shield stage is
represented by the red circling arrows between blue and yellow symbols in Figures 7 and 9). Following an
~1,150-ka volcanic hiatus, rejuvenated lavas with EMI isotopic signatures (Figure 9) and trace element
signatures similar to other Samoan rejuvenated lavas (Figure 7) appear in the drill core at 24.3 ka, together
with the deposition of two Holocene reef carbonate units.
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Figure 8. Depth versus heavy radiogenic isutogpic compositions for the 15 lavas analyzed in this study. Ages on the stratigraphic column to the left were obtained by

e (samples younger than 11 ka) and

OarAr (samples older than 24 ka). Data can be found in Table S4. Symbol colors as in Figure 3. EM = enriched mantle;

FOZO = focus zone; DM = depleted mantle.

5. Discussion
5.1. Geochemical Evolution of Samoan Volcanoes

In ~650 m of volcanic stratigraphy from Tutuila, the drill core hosts lavas that have fingerprints of four of the
five Samoan mantle isotopic groups observed at the Samoan hotspot: EM1, EM2, DM, and FOZO (but not
HIMU). Critically, the isotopic compositions observed in the Tutuila drill core exhibit a clear temporal evo-
lution: the deepest shield lavas have an EM2 composition, followed stratigraphically by upper shield lavas
with Samoan FOZO compositions interlayered with Samoan DM composition lavas. Following an ~1.1-
Myr hiatus, the shield lavas are capped by EMI1 rejuvenated lavas (Figure 8).

Based on the geochemistry observed in the Tutuila drill core, we propose a generalized model for the geo-
chemical evolution of a Samoan hotspot volcano. The main shield stage of volcanism produces lavas with
EM2, FOZO (and, unlike Tutuila, some Samoan volcanoes erupt dilute HIMU compositions concurrently
with, or in lieu of, FOZO-type lavas), and DM isotopic composition lavas (but DM compositions are observed
only in the later upper shield stage, as observed on Tutuila). The final stage in a Samoan volcano's evolution
is a cap of EM1 rejuvenated lavas following an ~1.1-Myr hiatus in volcanism. However, it is important to
note that this model is based on a ~650-m drill core, which represents <10% of the modern vertical extent
of one Samoan volcano. An important question is whether this geochemical progression is typical of other
volcanoes at the Samoan hotspot, so we turn to subaerial and limited submarine sampling of other
Samoan volcanoes to address this question and graphically summarize the available geochemical stratigra-
phy at each volcano in Figure S4.

We evaluate this model by first examining the older islands of the western portion of the Samoan hotspot
(Savai'i and Upolu). At ~3,200 mbsl (meters below sea level), the deepest lavas dredged (dredge DR115) from
Savai'i have extreme EM?2 isotopic compositions (Jackson et al., 2007; Figure S4) and ages of 4.98 to 5.29 Ma
(Koppers et al., 2011). Moving stratigraphically upward, two dredges between 2,660 (dredge DR118) and
2,560 (dredge DR128) mbsl returned lavas with EM2 signatures (Jackson et al., 2007): the age of the former
dredge is unknown, and the latter has an age of 4.80 Ma (Koppers et al., 2011). Two lavas dredged (dredge
DR114) from slightly higher on the flank of Savai'i (2490 mbsl), with an age of 4.24 Ma (Koppers et al,,
2011), have dilute HIMU isotopic compositions with relatively high 3He/*He (18.6 Ra; Jackson et al.,
2010). However, the ~2,500 m of volcanic stratigraphy to sea level remains unsampled. The subaerial sam-
pling of Savaii has exclusively yielded samples with EM1 isotopic compositions associated with the rejuve-
nated lavas that have almost completely resurfaced the island (Konter & Jackson, 2012; Koppers et al.,
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Figure 9. Radiogenic isotopic compositions for lavas analyzed in this study. The red arrows show compositional evolution
of the lavas through time, starting with the lower shield lavas (EM2), the progressing to upper shield lavas (which cycle
between volumetrically dominant FOZO lavas and intermingled DM lavas), and finally the rejuvenated lavas (EM1) in the
shallowest portion of the drill core. The Samoan fields are defined by samples that have been determined to have isotopic
endmember compositions as discussed in Jackson et al. (2014): the cyan field is derived from previously published
rejuvenated lavas from the Savai'i and Upolu; the yellow field is derived from previously published DM shield lavas from
Upolu(Workman et al., 2004), Tutuila Pago, and Alexa seamount (Hart et al., 2004); the gray field (FOZO) encompasses all
Samoan lavas with >He/*He > 20; the dark blue field encompasses previously published lavas with (dilute) HIMU
radiogenic isotopic signatures from Ofu, Ta’u, Tamai'i, Soso, and Tupito volcanoes; the pink field encompasses previously
published lavas with EM2 radiogenic isotopic signatures from Malumalu, Malutut, Tutuila Masefau, and Tulaga sea-
mounts. The Christmas Island field encompasses the upper volcanic series (UVS, published in Hoernle et al., 2011), which
we refer to as Christmas Island rejuvenated lavas. The petit spot field encompasses the petit spot lavas from outboard of the
Japan Trench published by Machida et al. (2009). Uo Mamae lavas were previously published by Regelous et al. (2008)
and Falloon et al. (2007). Christmas Island, petit spot lavas outboard of the Japan Trench, and Samoan rejuvenated lavas

together with Uo Mamae) sample different EM1 domains (all characterized by having low Ng/ ™ Nd ata given 87gr/

Sr and high 208ph/2%4ph at a given mstfszb}, and the different EM1 reservoirs sampled by tectonically induced

volcanism are shown with black arrows. The HSDP field encompasses the lavas published in Eisele et al. (2003). Symbol
colors as in Figure 3. The average Pacific MORB plotted is the average of EPR data as compiled by Gale et al. (2013).
EM = enriched mantle; FOZO = focus zone; DM = depleted mantle.

2008). In summary the volcanic stratigraphy of Savai'i supports our model of Samoan shield volcano
geochemical evolution—with EM2 lavas at greatest depth, HIMU lavas at shallower levels, and an EM1
rejuvenated cap—with the caveat that there is no published data for a significant portion of the Savai'i
shield stage (including the entire late shield stage).

Like Savai'i, the rejuvenated lavas of Upolu have Samoan EM1 isotopic compositions. However, in contrast
to Savai'i, only ~50% of Upolu has been resurfaced with rejuvenated lavas (Konter & Jackson, 2012; Natland,
1980; Natland & Turner, 1985). Therefore, on Upolu the latest shield stage lavas are well exposed for sam-
pling, and they display near-ubiquitous Samoan DM isotopic signatures (Jackson et al., 2014; Natland &
Turner, 1985; Workman et al.,, 2004; Wright & White, 1987). A single lava of Samoan FOZO taxonomy
has also been found on Upolu (Sample U39F; Workman et al., 2004; Jackson et al., 2014). This coeval erup-
tion of lavas with Samoan FOZO and Samoan DM isotopic compositions is also observed in the upper shield
lavas of the Tutuila drill core. Unfortunately, the submarine flanks of Upolu remain unsampled, so we can-
not test whether the deepest volcanic stratigraphy at Upolu has erupted shield stage EM2 lavas. However,
the exposed subaerial volcanic stratigraphy suggests that the latest shield and rejuvenated lavas of Upolu
are consistent with the Tutuila drill core model for the isotopic evolution of a Samoan shield volcano, but
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this comes with the caveat that the majority (>80%) of the volcanic stratigraphy of Upolu remains
unsampled, because no submarine samples have been collected.

The remaining geochemically characterized volcanoes of the Samoan hotspot (e.g., Ofu, Ta’u, and Tupito
[previously Muli], Malumalu, and Vailulu'u) lie to the east of Tutuila and appear to have a different geo-
chemical evolution than the western volcanoes (Tutuila, Upolu, and Savaii). We do not include Uo
Mamae in this analysis because it does not clearly relate to volcanism produced by the Samoan hotspot.
The eastern volcanoes have been divided into two en echelon lineaments, the Vai trend and Malu trend
(Figure 1), based on their dominant isotopic compositions (dilute HIMU and EM2, respectively; Jackson
et al., 2014; Koppers et al., 2011; Workman et al., 2004). Notably, the Malu and Vai trend volcanoes erupted
contemporaneously (Koppers et al., 2011; Sims et al., 2008). Therefore, the dominant isotopic compositions
of each lineament have been attributed to the Samoan mantle plume conveying different “plums” of mate-
rial simultaneously erupting at geographically separate volcanic lineaments (Jackson et al., 2014; Koppers
etal., 2011) indicating that, in addition to temporal geochemical evolution, there is also a geographic com-
ponent to the geochemical variability in the eastern portion of the Samoan hotspot track. The two geochemi-
cally distinct volcanic trends in the eastern volcanoes may represent a “splitting” of the Samoan mantle
plume into two separate eruptive lineaments sampling geochemically distinct plums. All volcanoes west-
ward of, and including, Tutuila may sample similar plums of mantle material along a single trend, resulting
in shield stage lavas that sample both FOZO (and in the case of Savai'i HIMU) and EM2 material. While the
dominant isotopic compositions of the Malu and Vai volcanic lineaments are distinct, there is some geo-
chemical overlap between the volcanoes of the two lineaments (i.e., some EM2 lavas are found in the
HIMU lineament [Vai trend], and vice versa; see Figure S4). A similar splitting of a hotspot into two eruptive
lineaments has been observed at Hawai'i, with the Loa and Kea lineaments splitting eastward of Oahu
(Abouchami et al., 2005; Tanaka et al., 2008; Weis et al., 2011), a phenomenon that was posited by Jones
et al. (2017) to be the result of a change in plate motion. Like the Samoan hotspot, a slight geochemical over-
lap between volcanoes from the two geographic lineaments has also been observed in Hawai'i (Abouchami
et al., 2005; Harrison et al., 2017).

No EM1 rejuvenated stage lavas have been observed on the of the eastern volcanoes of the Samoan hotspot,
because these eastern Samoan volcanoes—with the exception of sparsely sampled Malutut (1.04-1.48 Ma)—
are younger than 1 Ma (Koppers et al., 2008, 2011; McDougall, 2010; Sims et al., 2008) and also have not yet
passed over the flexural bulge. Similarly, no Samoan DM component has been observed on these volcanoes,
which might be expected if the DM component is only erupted during the latter period of the shield stage of a
Samoan volcano: only the western, older Samoan volcanoes, Upolu and Tutuila (and possibly the unsampled
submarine portion of the late shield stage at Savai'i), exhibit the DM component. Geochronology suggests
that the eastern Samoan volcanoes are still in the “early” to “middle” shield stage of their evolution, which
may be too early in their volcanic evolution to capture the DM component.

While this drill core represents the most complete continuous section of Samoan volcanic stratigraphy, we
cannot rule out further isotopic variability in the several kilometers of unsampled volcanic stratigraphy in
the deepest shield stages at Tutuila. However, we do note that a lava from the only submarine dredge of
Tutuila (ALIA-DR112), obtained at ~2,330 mbsl, has a clear EM2 signature that is consistent with EM2-type
lavas found in the deepest portions of the Tutuila drill core. Nonetheless, the rejuvenated lavas at Tutuila
provide critical insight into the timing of the onset of rejuvenated volcanism, which has not been well
described on the other two Samoan Islands (Savai'i and Upolu) that exhibit rejuvenated volcanism. Below
we explore the implications for constraining the timing of the onset of rejuvenated volcanism at Tutuila.

5.2. Tectonic Influence on Rejuvenated Volcanism

Two aspects of rejuvenated volcanism in Samoa distinguish it from rejuvenated volcanism at other hotspot:
(1) the large volumes of Samoan rejuvenated volcanism and (2) the EM1-type geochemistry of the Samoan
rejuvenated lavas. The Hawai'ian volcanoes have volumes of rejuvenated volcanism that are at most 0.1% of
the total volcano volume (for Kauai; Garcia et al., 2010) and generally only cover a small extent of the sub-
aerially exposed volcano (<6%) at the other Hawai'ian volcanoes (Clague & Sherrod, 2014; Garcia et al,,
2010), except for Ni'ihau (Cousens & Clague, 2015). However, in Samoa, rejuvenated volcanism is much
more voluminous, up to ~1.8% of the total volcano volume (estimated for Savai'i; Konter & Jackson, 2012)
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and the coverage of rejuvenated volcanism ranges from near-complete coverage (99%) on Savai'i to ~15% on
Tutuila (Konter & Jackson, 2012; Natland, 1980).

The origin of this anomalously voluminous rejuvenated volcanism (relative to volcano volume) is thought to
be related to the proximity of the Samoan hotspot track to the northern terminus of the Tonga Trench,
which induces tectonic stresses in the Samoan region that may enhance melting (Konter & Jackson, 2012;
Koppers et al., 2008; Natland, 1980; Natland & Turner, 1985; Wright & White, 1987). Konter and Jackson
(2012) hypothesized that the voluminous rejuvenated volcanism in Samoa is the result of decompression
melting due to plate flexure as the Pacific plate is subducted at the Tonga Trench. Because tectonic stresses
relating to the trench will vary as a function of distance from the trench (Hawkins & Natland, 1975; Natland,
1980), one prediction of this hypothesis (Hart et al., 2004; Koppers et al., 2008; Konter & Jackson, 2012) is
that the timing of the onset of rejuvenated volcanism at a Samoan volcano should relate to the volcano's posi-
tion with respect to the trench: as Samoan volcanoes are rafted westward toward the trench, tectonically
induced rejuvenated volcanism will appear first in the western Samoan Islands (like Savai'i) before they
appear in the eastern Samoan Islands (like Tutuila). The Tutuila drill core provides the first opportunity
to test the hypothesis of a tectonic origin for Samoan rejuvenated volcanism because the geochronologic data
from the Tutuila drill core capture the onset of rejuvenated volcanism at 24.3 + 2.1 ka, which places Tutuila
~150 km east of the trench axis at the onset of rejuvenated volcanism (Figure 10).

Govers and Wortel (2005) use a finite difference method to evaluate plate flexure as a tectonic plate tears and
is partially subducted. Konter and Jackson (2012) apply the generalized plate flexure model of Govers and
Wortel (2005) to the region encompassing Samoa and northern Tonga as a model for the “vertical velocity”
of the Pacific plate resulting from plate flexure as the Pacific plate subducts into the Tonga Trench. We
emphasize that this is a general model that is not specific to Samoa, but it does provide a framework for
understanding plate flexure in the region near a slab tear. In Figure 10, the shaded orange area highlights
the region where vertical velocities exceed 0.4 mm/year, which is the vertical velocity experienced by
Tutuila at the onset of rejuvenated volcanism at 24.3 ka. At this time, Tutuila was ~150 km east of the trench
(and Tutuila has moved only ~2 km further to the east during the past 24.3 ka).

If this vertical velocity contour reflects a threshold at which significant rejuvenated volcanism can be
released from (or generated within; see Konter & Jackson, 2012) the melt zone at the base of the plate
beneath other Samoan volcanoes, then this model can be used to predict the timing of the onset, and relative
volumes, of rejuvenated volcanism at other, older Samoan volcanoes, including Upolu and Savai'i, located to
the west of Tutuila. It is also possible that rejuvenated volcanism operates continuously at a Samoan volcano
while it passes through the region of the Pacific plate with high (>0.4 mm/year) vertical velocity (which is
the orange shaded region between the two dashed lines in the panels of Figure 10). Note that in this simple
model, we assume that the melt produced is erupted and does not account for melt segregation or transport.

This model is qualitatively consistent with the timing and relative volumes of rejuvenated volcanism on
Savai'i. Savai'i lies within the region with >0.4 mm/year vertical velocity and has had recent historical reju-
venated eruptions reported from 1905 to 1911 (Anderson, 1910; Sapper, 1906a). Going further back in time,
the oldest dated Savai'i rejuvenated lava (0.39 Ma; Workman et al., 2004) also erupted when Savai'i was
located within the region of high vertical velocity (see “0.39 Ma” panel in Figure 10). Unfortunately, no pub-
lished data have captured the onset of rejuvenated volcanism at Savai'i, but rejuvenated lavas older than
0.39 Ma may exist. If Savai'i rejuvenated volcanism initiated when the lithosphere beneath the island
achieved a vertical velocity of >0.4 mm/year, then Savai'i rejuvenated volcanism is predicted to have
initiated at ~1 Ma when Savai'i crossed into the region characterized by a vertical velocity > 0.4 mm/year
(see “1 Ma” panel in Figure 10). At this time, Savai'i would have been located approximately the same
distance from the trench as Tutuila was at 24 ka.

Unfortunately, ages for lavas specifically mapped as rejuvenated lavas are not available on Upolu. Studies
examining the ages of lavas on Upolu have specifically targeted shield lavas (McDougall, 2010; Natland &
Turner, 1985; Workman et al., 2004). The youngest weighted Oar/Ar weighted plateau age for an Upolu
lava is 0.933 Ma, and this lava is classified as shield stage based on field relationships and its radiogenic iso-
topic composition (Workman et al., 2004). The tectonic model predicts that rejuvenated volcanism would
have initiated at ~0.6 Ma on Upolu. Kear and Wood (1959) and McDougall (2010) suggest that the rejuve-
nated volcanism on Upolu is <0.2 Ma based on field observations, but this has not been confirmed with
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Figure 10. A map showing the tectonic evolution of the Samoan hotspot region over the last 4 Ma (panel a). Panels (b)~(e)
show time steps at present (at 0.39, 0.6, and 1.0 Ma). The plate reconstruction is based on the method of Ruellan et al.
(2003) and Hart et al. (2004), and the time evolution of the relative positions of the trench and the Samoan Islands is
graphically illustrated in Koppers et al. (2008). The orange shaded region shows the region where upward plate velocity is
>0.4 mm/year, which corresponds to the onset of rejuvenated volcanism at Tutuila. This vertical velocity field is taken
from the finite difference model of Govers and Wortel (2005), which was superimposed on the Samoa region by Konter
and Jackson (2012). We here assume that the vertical velocity field from Govers and Wortel (2005) can be mapped onto the
region back in time and assume that the position of the field is fixed with respect to the position of the trench (i.e., as the
position of the trench moves east, so does the velocity field).

geochronology. Clearly, it will be important to sample the transition from shield to rejuvenated volcanism at
Savai'i and Upolu to evaluate the hypothesis for the timing of the onset of Samoan rejuvenated volcanism
proposed here.
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It is worth noting that Savaii has been situated atop the flexural bulge longer than Upolu or Tutuila
(Figure 10), so it is expected to have the most rejuvenated melt, which is observed. Tutuila has only just
reached the flexural bulge, so it is expected to have the least rejuvenated melt of the three islands, which
is also observed.

There is another example of young volcanism in the Samoan region that may be related to the tectonic trig-
ger proposed here. Located ~90 km south of Savai'i, a phonolite lava from Uo Mamae seamount was dated to
0.94 Ma (Hawkins & Natland, 1975). At the time this lava was erupted, Uo Mamae was within the region
defined by >0.4-mm/year vertical velocity (Figure 10 shows that Uo Mamae was within the region of high
vertical velocity between 0.6 and 1.0 Ma). This model, if accurate, suggests that volcanism may be wide-
spread among submarine volcanoes, both Samoan and non-Samoan, in the zone of high vertical velocity out-
board of the Tonga Trench.

Volcanism associated with flexure of oceanic lithosphere outboard of trenches is not limited to the Samoan
hotspot. Recent work has revealed small, young seamounts called petit spots located outboard of several
trenches globally, including the Japan Trench (Hirano et al., 2006; Machida et al., 2015), the Tonga
Trench (Hirano et al., 2008), and the Chile Trench (Hirano et al., 2013). Petit spot volcanoes are proposed
to be the result of volcanism associated with flexure of the oceanic lithosphere prior to subduction
(Hirano et al., 2006). In this vein, young volcanism (here referred to as rejuvenated volcanism, owing to
the protracted period of quiescence between its appearance and the earlier shield stage volcanism) is also
reported on Christmas Island, located outboard of the Sunda Trench. Hoernle et al. (2011) and Taneja
et al. (2015) inferred that the rejuvenated volcanism at Christmas Island is a result of tectonic stresses asso-
ciated with the volcano's approach to the Sunda Trench, and Hoernle et al. (2011) even suggest that a
mechanism similar to that generating volcanism at petit spots has also operated to generate rejuvenated vol-
canism on Christmas Island. The similarity between Samoan rejuvenated lavas to volcanic products related
to plate flexure at other localities—including petit spot volcanoes and rejuvenated lavas at Christmas Island
—is not limited to a common tectonic setting. We show below that lavas that have been characterized at petit
spots also have geochemical similarities to Samoan rejuvenated lavas.

5.3. Geochemical Connection to Petit Spots

Rejuvenated lavas from other hotspots located far from trenches—like Hawai'i (Cousens & Clague, 2015;
Dixon et al., 2008; Garcia et al., 2010; Weis et al., 2011), the Societies (White & Duncan, 1996), Madeira
(Geldmacher & Hoernle, 2000), Mauritius (Paul et al., 2005), and the Canary Islands (Hoernle et al., 1991;
Geldmacher et al.,, 2005)—commonly exhibit radiogenic isotopic compositions that are geochemically
depleted relative to the shield stage. However, other hotspots have rejuvenated lavas that are more enriched
than their shield stage. One case is Kerguelen, where there is significant evidence for continental material
(Paul et al., 2005; Weis & Frey, 2002), so we cannot exclude the possibility of continental assimilation in
the rejuvenated lavas. Another case is the Marquesas, where lithospheric processes (Woodhead, 1992), or
different mantle sources (Legendre et al., 2005; Legendre et al., 2005), have been hypothesized to control
the enrichment of the rejuvenated lavas relative to the shield lavas; at the Marquesas, the rejuvenated lavas
are shifted toward the same EM2 mantle component as the Marquesas shield stage lavas. A unique case is
that of the Tristan-Gough hotspot track, where the EM1 shield stage is veneered with HIMU composition
rejuvenated lavas which have been hypothesized to be the result of either small HIMU blobs, or a second
mantle plume rising from the core mantle boundary or HIMU material linked to Africa due to the presence
of late-stage HIMU volcanism only on the portion of the hotspot track closest to the continental margin
(Homrighausen et al., 2018).

In Samoa, rejuvenated lavas are more geochemically enriched than much (but not all) of the shield stage
(Jackson et al., 2014; Konter & Jackson, 2012; Wright & White, 1987), but the rejuvenated lavas are shifted
toward an EM1 component like that sampled at nearby Uo Mamae seamount (Figures 1 and 9). An EM1
component is not sampled by Samoan shield stage lavas. We note that the EM1 component is highly hetero-
geneous but exhibits broad geochemical similarities—low ***Nd/***Nd at a given *’Sr/**Sr and high 2**Pb/
2Mppata given MPb!me—globa]]y. With this in mind, rejuvenated lavas at Christmas Island, and petit
spot lavas outboard of the Japan Trench, host clear but geochemically heterogeneous EM1 components.
Ba enrichment, a feature noted to be common to EM1 lavas (Hart et al., 2004), is shared by rejuvenated lavas
at Christmas Island, petit spot lavas outboard of the Japan Trench, Uo Mamae, and the Samoan rejuvenated
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lavas (Figure S3). Unlike the other hotspots that exhibit rejuvenated volcanism, the Samoan volcanoes are
situated near a subduction zone where, like Christmas Island and petit spots near the Japan Trench, a tec-
tonic mechanism may trigger release of rejuvenated lavas with EM1 compositions. Below we discuss a pos-
sible association between EM1 signatures and oceanic volcanism that is triggered by tectonic stresses in the
outer rise of subduction zone settings.

Recent Sr-Nd-Hf-Pb isotopic analyses of petit spot volcanoes outboard of the Japan Trench reveal that they
also host EM1 isotopic compositions (Machida et al., 2009, 2015). The discovery of extreme EM1 lavas in
petit spots was unexpected, given their location far from known mantle plumes (Machida et al., 2009).
The lack of known hotspot tracks in the region of the Japanese petit spots rules out an EM1 contribution
from a mantle plume. Similarly, the young volcanism observed on Christmas Island, hypothesized to be
the result of “petit spot-like” lithospheric flexure as the island approaches the Sunda Trench (Hoernle
et al., 2011; Taneja et al., 2015), also has clear EM1 isotopic signatures. Therefore, we suggest a common
EMI1 signature in petit spot volcanoes at these localities. This model would suggest a shallow mantle source
for the EM1 signature, given the lack of observed deep-seated mantle plumes at these petit spot volcanoes.
However, a shallow mantle source for the EM1 endmember at petit spots and petit spot volcanoes is not
wholly unexpected: previously published work also suggested a shallow origin for EM1 signatures identified
at several other intraplate volcanic settings (Class & le Roex, 2011; Geldmacher et al., 2008; Gibson et al.,
2005; Konter & Becker, 2012; Regelous et al., 2009). The examples of petit spot volcanoes outboard of the
Japanese Trench and volcanism at Christmas Island require a nonplume-related source for EM1 isotopic sig-
natures, and this would fit the example of rejuvenated volcanism at Samoa, suggesting that tectonic pro-
cesses operating in the lithosphere can tap reservoirs with EM1 signatures that exist in the shallowest
upper mantle. Konter and Jackson (2012) attribute the EM1 signatures in rejuvenated Samoan lavas to these
lavas sampling Samoan lithosphere previously metasomatized by the Rarotonga plume. Metasomatism of
the oceanic lithosphere by a mantle plume sampling an EM1 reservoir may explain the EM1 rejuvenated
lavas in Samoa but cannot explain the EM1 isotopic signatures of the Japanese petit spot lavas or late stage
Christmas Island lavas as no hotspot tracks are observed near the Japanese petit spots or Christmas Island.
Nonetheless, the EM1 signature in Samoan rejuvenated lavas is not tapped during the shield-building stage,
suggesting that this component is not hosted in the Samoan plume, but melts generated by tectonic stresses
associated with approach to the trench tap the EM1 signature, consistent with an upper mantle residence.

Jackson et al. (2018) observed that EM isotopic signatures are less correlated with putative mantle plumes
than other mantle endmembers like HIMU, presenting the possibility that EM signatures could be the result
of melting deep and shallow mantle reservoirs. New observations of EM1 volcanism unrelated to mantle
plumes at rejuvenated Christmas Island (Hoernle et al., 2011), rejuvenated Samoan lavas, and nonplume-
related Japanese petit spot lavas support the hypothesis that EM1 isotopic signatures are not solely related
to a deep mantle enriched reservoir but can instead be sourced from the shallow upper mantle. However,
it is not clear how a widespread enriched mantle reservoir can exist in the shallow oceanic asthenosphere
which has previously been depleted by high degrees of melting at mid-ocean ridges: The oceanic lithosphere
beneath Japanese petit spots, Samoa, and Christmas Island is Cretaceous in age. An important question,
therefore, is how the EM1 signature came to reside in the shallow mantle at these localities following deple-
tion of the shallow mantle by melt extraction at Cretaceous mid-ocean ridges. It is possible that this depleted
material may be wholly or partially replaced over geologic time as the lithosphere moves away from the
ridge. As oceanic lithosphere ages and cools, small-scale sublithospheric convection may develop that is dri-
ven by thermal boundary layer instabilities (Ballmer et al., 2007, 2010; Huang et al., 2003). Importantly,
Ballmer et al.'s (2007, 2011) models indicate that during small-scale sublithospheric convection, DM down-
wells and is replaced with fertile peridotite that rises from greater depths. If small-scale sublithospheric con-
vection is occurring under wide swaths of ancient oceanic lithosphere, like the Cretaceous lithosphere upon
which the petit spot volcanoes (including rejuvenated lavas at Samoan and Christmas Islands) are con-
structed, then such shallow convection could transport enriched mantle material—possibly as fertile
plums—from deeper within the mantle into the otherwise depleted shallow mantle. This newly supplied
fertile peridotite could be the shallow EM1 reservoir that is tapped by petit spots, including rejuvenated
volcanism at Christmas Island and Samoan rejuvenated volcanism (including Uo Mamae). One hypothesis
for the origin of EM1 signatures in the shallow mantle is the presence of stranded subcontinental litho-
spheric mantle or the lower crust that remained in the upper mantle (e.g., Hoernle et al., 2011; Konter &

REINHARD ET AL.

1503



Assig

IV . .

100 Geochemistry, Geophysics, Geosystems 10.1029/2018GC007985
Becker, 2012). However, Samoa's location in the southwest Pacific is not clearly related to the locus of known
continental rifting, so linking Samoan EM1 volcanism with continental materials stranded in the upper
mantle is challenging. Therefore, the origin of the EM1 signature sampled by petit spot lavas, and how it
came fo be in the shallow mantle, remains an important outstanding problem.
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