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Mantle plumes are chemically and lithologically heterogeneous, as reflected by the range of
compositions observed in ocean island basalts (OIB). Some plume-derived volcanics may
also record compositional differences between the main volcano-building (shield) stage and
post-erosional volcanism. Although these temporal variations have generally been attributed
to a shift in the nature of the source, variations in its chemical and lithological components
remain debated. Here we present new thallium (Tl) isotope measurements in OIB lavas
from Taha‘a in the Society Islands, along with major elements, radiogenic isotopes and trace
element ratios. We show that older (3.4–2.6 Ma) shield lavas exhibit correlations between
radiogenic Sr and Pb isotope values, Nb anomalies, Ce/Pb, and Tl isotopic compositions.
These correlations are consistent with recycled continentally derived sediment in most shield
stage lavas with a lesser influence from subduction-modified old altered oceanic crust (AOC).
In comparison, young (1.4–1.1 Ma) post-erosional lavas are characterized by unradiogenic
Sr and Pb isotopes, positive Nb anomalies, and very light Tl isotopes. The mantle source
of these lavas carries “young HIMU” (i.e. high U/Pb that has resided < 1 billion years in
the mantle) characteristics and can be explained by recycling of subduction modified AOC
in the mantle source with a relatively short residence time in the mantle prior to plume
eruption at the surface.

1 Introduction

Material recycling through subduction and delamination
contributes to mantle heterogeneity (e.g., Zindler and Hart,
1986; Hofmann, 1997; Stracke et al., 2003). Different
isotopic systems provide abundant evidence that sediments
and altered oceanic crust (AOC) are transported with
the subducting plate and stored or convectively dispersed
in the upper mantle, giving rise to a variety of mantle
compositional endmembers (e.g., Hart, 1988; Stracke et al.,
2005). Plumes and associated hotspot volcanism provide a
window into the variability in mantle composition. They are
often chemically and lithologically heterogeneous, containing

both depleted and enriched components (e.g., White, 2010,
and references therein).

In addition, the evolution of hotspot volcanism often
progresses in a specific sequence. In the classic case of
Hawai’i, the first volumetrically small stage is called pre-
shield volcanism, followed by the main shield stage, during
which 95–98 % of the volume of the volcano is erupted
(Clague and Dalrymple, 1987). After a 0.5–2 Myr hiatus,
the final stage is the post-erosional or rejuvenated stage,
which typically comprises less than 1 % of total volcanism
and is characterized by eruptions of highly alkalic basalts with
distinct isotopic signatures (Garcia et al., 2010). Although
not all hotspot islands show post-erosional volcanism, it
has been described in several other ocean islands such as
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Figure 1. Map of the Society Islands. Samples from this study are from Taha‘a, which is labelled in bold. An inset map
shows the location of the Society Islands in the southwest Pacific. Above the map is a plot of K-Ar eruption ages of
basalts from the Society Islands vs longitude (same as longitude axis of the map). Shield stage volcanism in the Society
Islands follows a clear age progression with the youngest samples in the southeast. Taha‘a shield stage basalts fall along
this age progression, but Taha‘a post-erosional samples fall off this age progression. Error on K-Ar ages ranges from
0.002–0.31 Ma. K-Ar data are from Duncan and McDougall (1976), Binard et al. (1993), Duncan et al. (1994), White
and Duncan (1996), and Uto et al. (2007). Figure made with GeoMapApp (www.geomapapp.org).

the Society Islands (White and Duncan, 1996), Canaries
(Hoernle and Schmincke, 1993), Samoa (Konter and Jack-
son, 2012), Madeira (Geldmacher and Hoernle, 2000) and
Mauritius (Paul et al., 2005). Previous work has explained
these temporal variations as the result of changes in mixing
proportions between plume components and ambient mantle,
heterogeneous plume compositions with time (e.g., White
and Duncan, 1996; Konter and Jackson, 2012; DeFelice
et al., 2019; Harrison et al., 2020; Cordier et al., 2021),
or exhaustion of the most fertile material within the plume
(e.g., pyroxenites) leading to low degree melting of the
residual peridotitic mantle during late lateral spreading of
the plume (White, 2010, and references therein).

In this study, we investigate the evolution of volcanism
on the island of Taha‘a, a small island that belongs to the
Society Islands volcanic chain in French Polynesia (Fig. 1).
The Society Islands consists of several islands, atolls, and
seamounts stretching across 700 km that were erupted
onto ∼ 60 Ma oceanic lithosphere (Duncan et al., 1994)

and following an age progression from 4.6 Ma volcanism
in the northwest to < 0.5 Ma volcanism in the southeast
tracking the Society plume (Fig. 1; e.g., White and Duncan,
1996; Uto et al., 2007; Cordier et al., 2021). Taha‘a is
located to the northwest leeward end of the Society Islands
(Fig. 1). Volcanic activity at Taha‘a took place in two
stages, the first main shield phase between 3.4 Ma and
2.6 Ma and the second post-erosional between 1.4 Ma and
1.1 Ma (White and Duncan, 1996, Fig. 1). The Society
Islands have classically been considered an EM2 mantle
endmember (e.g., Hart, 1988, Fig. 2), which is thought to
represent subducted sediment (e.g., White and Hofmann,
1982; Jackson et al., 2007). However, it remains uncertain
whether the EM2 endmember at Taha‘a contains mixtures
of different sedimentary types (pelagic and terrigenous),
and whether its composition evolved throughout different
stages of volcanism either due to upwelling of a new com-
ponent within the plume or exhaustion of the most fertile
components during the main shield stage. The motivation
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Figure 2. Radiogenic isotope bivariate plots. (a–b) 87Sr/86Sr versus 143Nd/144Nd and (c–d) 87Sr/86Sr versus 206Pb/204Pb.
(a, c) Compiled Society Island samples (dark grey symbols; Harðardóttir and Jackson, 2025), Taha‘a samples from this
study (colored symbols), and Taha‘a samples from White and Duncan (1996, WD96; open symbols) are compared
to a global compilation of ocean island basalts (OIB) and mid-ocean ridge basalts (MORB) from Stracke (2012) and
Harðardóttir and Jackson (2025). Mantle compositional endmembers are labelled in (a) and (c) based on Weis et al.
(2023). (b, d) Comparison of samples analyzed in this study with samples from Taha‘a which were dated and classified
by White and Duncan (1996) as representing young post-erosional and old shield stage (open diamonds and squares,
respectively). Results from this study denoted as post-erosional (orange, filled diamonds) and shield stage (blue, filled
squares). Taha‘a samples span the entire range of radiogenic isotope compositions measured in Society Islands basalts
(dark grey symbols). Measurement errors are all smaller than data point symbols.

for this work is to address these questions and determine
the origin of the previously observed temporal compositional
change from the main shield stage to the rejuvenated phase
of volcanism.

Thallium (Tl) isotope ratios (ε205Tl), have emerged as a
complementary tool to radiogenic isotopes for studying
crustal recycling processes (e.g., Nielsen et al., 2006a;
Blusztajn et al., 2018; Brett et al., 2021; Williamson et al.,
2021). The Tl isotope compositions of modern oxic Fe-Mn
pelagic sediments (up to ε205Tl = +15; Rehkämper et al.,
2002, 2004) and oceanic crust altered at low temperatures
(ε205Tl =−2 to −15; Nielsen et al., 2006b) deviate signif-
icantly from the modern mantle (ε205Tl =−2± 1; Nielsen
et al., 2006b). Furthermore, substantial Tl transport by flu-
ids from the subducting slabs (Noll et al., 1996; Nielsen et al.,
2017a) is not associated with detectable Tl isotope frac-
tionation (Shu et al., 2019, 2022a), and so dehydrated sub-

ducted material in the deep mantle will preserve Tl isotope
compositions inherited from their protoliths. Lastly, there is
a large contrast in concentrations between Tl-rich recycled
lithologies (∼ 0.5–250 ng/g in low-T AOC; ∼ 20–180 µg/g
in Fe-Mn sediments; Rehkämper et al., 2002; Nielsen et al.,
2006b) and Tl-poor depleted mantle (∼ 0.5 ng/g; Nielsen
et al., 2014), even when significant amounts of Tl are cycled
back to the surface in subduction zones (Shu et al., 2022a,b;
Nielsen et al., 2017a; Blusztajn et al., 2018). Therefore,
only a very small percentage of recycled subducted com-
ponents (sediments and AOC) is required to significantly
modify the thallium isotopic signature of mantle-derived
melts, making Tl isotopes an excellent tool to distinguish
different sources of heterogeneity in the mantle.

Here we show that the compositional change in the Taha‘a
mantle plume from the shield stage to the post-erosional
stage corresponds to a substantial negative shift in Tl iso-
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tope compositions that is accompanied by changes in trace
element ratios and radiogenic isotopes. These observations
imply that AOC became the dominant component of the
mantle plume during the post-erosional stage of volcanism.

2 Analytical methods

2.1 Sample preparation

All samples analyzed in this study were collected by Erik
Hauri in 1990. Samples were crushed into 2–5 mm frag-
ments, which were then cleaned in 18.2 MΩ-grade water.
Rock chips without visible signs of alteration were carefully
handpicked under a binocular microscope. 200–300 mg of
such material was dissolved for Tl isotope and trace element
measurements in a 3:1 mixture of concentrated HF+HNO3

on a hotplate at 100 °C for at least 24 hours. Samples were
ultrasonicated to ensure that fluorides formed at the rock
chip surfaces did not prevent reaction between silicate and
HF. Once the rock chips were fully dissolved with only a
white fluoride powder remaining, the samples were dried
down and fluxed several times with concentrated nitric acid
and hydrochloric acid until the fluorides that formed during
dissolution could no longer be seen.

In order to check if any isotopically anomalous Tl was
present in secondary alteration minerals in the separated rock
chips, separate aliquots of rock chips for five samples, which
cover the total variations observed in unleached samples
were also leached in 1 mol/L HNO3 before the standard
HF-HNO3 dissolution performed for all the samples. Acid
leaching (using HCl or HNO3) of lavas has previously been
shown to be important for submarine lavas in which either
seawater alteration or deposition of Mn oxides can substan-
tially modify the bulk Tl isotope composition (Nielsen et al.,
2016; Williamson et al., 2021). The acid leaching efficiently
removes these secondary minerals, leaving only Tl associated
with the lava behind (Nielsen et al., 2016). Although
subaerial weathering of both basaltic and felsic rock types
appears to be associated with no detectable Tl isotope
fractionation (Nielsen et al., 2005), it is unknown if such
processes could cause addition of isotopically anomalous
Tl. Thus, we only investigated a subset of the samples to
confirm the absence of such effects. Five samples were
leached in 1 mol/L HNO3 for one hour in an ultrasonic bath
followed by 3 times rinse in 18.2 MΩ-grade water. Although
previous Tl isotope work has primarily used HCl to leach
lavas (Nielsen et al., 2016; Williamson et al., 2021; Kaare-
Rasmussen et al., 2025), leaching procedures using HNO3

are common for sediments and show that Mn oxides are
also soluble in this media (Wang et al., 2022). Secondary
clay minerals are unlikely to fully dissolve in HCl or HNO3

because they are silicates. However, ultrasonication in
strong mineral acids effectively removes these secondary
minerals from sample surfaces and renders residual chips of
lava free from contamination (Nielsen et al., 2016). The
residual rock chips were then dissolved following the same
procedure as the unleached samples.

2.2 Thallium isotope measurements

Chemical separation of Tl was performed following
methods described in Nielsen et al. (2004) using
two-stage anion exchange chromatography. Thallium
isotopic compositions were measured using a Thermo
Neptune multicollector-inductively coupled plasma mass
spectrometer (MC-ICP-MS) located in the Plasma
Facility at Woods Hole Oceanographic Institution
(WHOI). Measurement protocols were based on previously
described techniques that utilize NIST SRM 981 Pb added
to all samples for external mass bias correction and
NIST SRM 997 Tl for standard-sample bracketing (Nielsen
et al., 2004). The Tl isotope compositions are reported
relative to NIST SRM 997 Tl in parts per 10 000:

ε205Tl = 10000× (
205Tl/203Tlsample − 205Tl/203TlSRM 997)

(205Tl/203TlSRM 997)

Total procedural blanks throughout this study were∼ 2 pg,
which is insignificant in comparison to the lowest analyzed
Tl content of 5 ng. Each sample solution was analyzed
twice with repeatability of ± 0.1–0.3 ε205Tl. The uncer-
tainty of the Tl isotope measurements, which is applied
throughout in this manuscript is estimated to be around 0.5
ε205Tl-units based on repeat measurements of the USGS
BHVO-1 reference material analyzed together with samples
(ε205Tl =−3.6± 0.5; 2σ, n = 5) that agrees well with the
literature value of ε205Tl =−3.5± 0.5 (e.g., Nielsen et al.,
2016; Shu et al., 2017, 2019).

2.3 Radiogenic isotope measurements

Sr, Nd, and Pb isotopic analyses were implemented using
50–100 mg of rock chips leached for 1 hour in warm
6.2 mol/L HCl and then dissolved following a similar
procedure as dissolutions for Tl isotopes. Sr and Nd
separation was performed using Sr-Spec and Ln-Spec
resin, respectively, following previously published procedures
(e.g., De Muynck et al., 2009; Scher and Delaney, 2010).
Lead was separated following the HBr-HNO3 procedure
of Abouchami et al. (1999) using a single column pass.
Isotope compositions of Sr, Nd, and Pb were performed
on the Neptune MC-ICPMS at the WHOI Plasma Facility.
For Sr and Nd, the internal precision is 10–20 ppm (2se);
external precision, after normalization to 0.710240 and
0.512104 for the SRM 987 and JNd-1 Nd standards,
respectively, is estimated to be 15–25 ppm (2se). The
precision of the reported Pb isotope ratios is between 50
and 200 ppm for 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb,
whereas external reproducibility on runs of NIST SRM 981
is better than 400 ppm (2se) for 206Pb/204Pb, 207Pb/204Pb,
and 208Pb/204Pb. Pb isotope ratios are normalized to
the SRM 981 values of Todt et al. (1996). Repeated
measurements of standards yielded the following mean
values: 87Sr/86Sr = 0.710296 ± 0.000004 (2se; n = 4) for
NBS SRM 987, 143Nd/144Nd = 0.512079 ± 0.000004 (2se;
n = 4) for JNdi-1, and 206Pb/204Pb=16.9379 ± 0.0007,
207Pb/204Pb = 15.4879 ± 0.0002, 208Pb/204Pb = 36.6907
± 0.0007 (2se; n = 5) for NBS SRM 981. The
USGS reference material BHVO-1 was measured
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Figure 3. Primitive mantle (McDonough and Sun, 1995) normalized average trace element abundances in shield stage and
post-erosional stage lavas. HIMU basalts from St. Helena (gray line) are shown for comparison (Willbold and Stracke,
2006). Population average values are shown with the bold lines and the total range is shown by the shaded areas.

as unknown. Its results for Sr, Nd, and Pb were
87Sr/86Sr = 0.703466 ± 0.000010 (2se), 143Nd/144Nd =
0.512980 ± 0.000020 (2se), 206Pb/204Pb = 18.694 ± 0.00012
(2se), 207Pb/204Pb = 15.574 ± 0.00020 (2se), and
208Pb/204Pb = 38.361 ± 0.00060 (2se), which are within
error of published values (Weis et al., 2006).

2.4 Major and trace element concentration measurements

Major element concentrations (SiO2, Al2O3, Fe2O3, MgO,
CaO, MnO, Na2O, K2O, TiO2, P2O5) were determined
using the Agilent 5900 ICP-OES system in the WHOI
Plasma Facility. 100–290 mg of sample powder was mixed
with 400 mg of lithium metaborate (LiBO2) and 40 µL of
LiBr solution in platinum crucibles and heated at 1000 °C
for 10 min in a Katanax X-300 fluxer. The resulting molten
mixture was poured into 100 mL of 10 % nitric acid and
stirred with a clean stirbar. Once completely dissolved, 3 mL
of the solution was further diluted with 9 mL of 10 % nitric
acid (12 mL total) before being analyzed. Concentrations
were quantified by constructing calibration curves with
USGS rock reference materials BHVO-1, AGV-2, and BCR-
1. The USGS reference material BIR-1 was also analyzed
and treated as an unknown together with samples. The
measured major element concentrations for this standard
agree well with recommended values (Jochum et al., 2016)
within 5 %, except K2O which is 9 wt.% off from the
accepted value. Elemental concentrations were converted
to oxide form and totals were calculated to ascertain that
the entire sample had been accounted for in the analyses. A
few samples returned totals higher than 100 % (up to 12 %
higher), which we ascribe to changes in instrument drift
that were unaccounted for because no internal standard
was added during the ICP-OES measurements. In order to

correct for this drift, we normalized all major element oxide
totals to 100 %.

Trace element concentrations were measured using a
Thermo Electron iCAP-Q ICPMS located in the Plasma
Facility at WHOI. Calibration curves were generated based
on rock reference materials AGV-1, BCR-1 and BIR-1 using
the concentrations from the compilation by Jochum et al.
(2016) as true values. Instrument drift was monitored and
corrected via normalization to indium intensities. BHVO-1
reference material was measured as an unknown to check
the measurement accuracy. These produced values within
7 % of the compiled best estimates (Jochum et al., 2016),
which is consistent with the long-term uncertainty typically
observe in data published from the Plasma Facility at WHOI
(e.g., Shu et al., 2017, 2019). Exceptions were the elements
Ho, Ta, Pb, Th, and U that exhibited deviations of 12 %,
12 %, 14 %, 17 %, and 13 % from the literature values,
respectively.

3 Results and Discussion

3.1 Geochemistry of Taha‘a shield and post-erosional lavas

White and Duncan (1996) used K-Ar dating to show that
Taha‘a lavas fall into two stages of volcanism: shield (3.4–
2.6 Ma) and post-erosional (1.4–1.1 Ma). They showed that
the radiogenic isotope and trace element signatures for these
stages are significantly different, with 87Sr/86Sr = 0.7046–
0.7069 for shield-stage samples and 87Sr/86Sr = 0.7036–
0.7037 for post-erosional samples (Fig. 2b,d). Samples from
this study span similar ranges of radiogenic isotope (see
Table 3) and trace element (see Table 2) compositions and
so can be divided in shield stage (n = 19) and post-erosional
(n = 3) samples based on these similarities to lavas from
White and Duncan (1996). It is worthwhile to emphasize
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that isotopic variations within a single island of Taha‘a are
approximately equal to variations of the whole Society Island
volcanic chain (Fig. 2d).

Both the shield stage and post-erosional samples are
alkalic and range from tephrite basanites to alkali basalts
in composition with limited variations of MgO from 7.7–
12.2 wt.% (see Table 1). The primitive mantle normalized
trace element pattern for the average composition of shield
and post erosional stages are similar to one another, al-
though with differences in the Nb, Ta, and Sr enrichment
and Rb, Pb depletions relative to neighbouring elements
(Fig. 3). All studied basalts have fractionated heavy rare
earth elements, with an average Gd/Yb ratio of 4.14 ± 0.3 in
shield stage and 4.58 ± 0.07 in post-erosional lavas (Fig. 4).
A Student’s t-test returns a probability of 4×10-5 that
the Gd/Yb ratios of post-erosional lavas are part of the
shield stage lava population, demonstrating a significant
difference. The general magnitude of the Gd/Yb ratios
suggest that melting of plume material occurred in the
garnet stability field. The difference between Gd/Yb of
the two lava populations also suggests that either the post-
erosional source contained more garnet than the shield-stage
source or that the degree of melting in post-erosional lavas
was generally lower than most shield-stage lavas (Fig. 4).

Similarly to trace element compositions, concentrations
of first-row transition elements like Mn, Fe, Co, Ni, Zn
can shed some light on the mantle source mineralogy.
Melts of pyroxenites or eclogites would be expected to
produce melts with higher Zn/Fe and lower Ni/Co and
Co/Fe compared to peridotite partial melts (Humayun
et al., 2004; Le Roux et al., 2010, 2011; Davis et al., 2013;
Lang and Lambart, 2022). This is because the partitioning
behaviours of these elements differ in pyroxenite/eclogite-

vs peridotite-derived melts due to strong partitioning in
clinopyroxene and garnet compared to orthopyroxene and
olivine. Shield and post-erosional stage lavas have average
Ni/Co of 5.7 and 3.5, respectively, (Co/Fe)×10 000 of 5.9
and 5.3, respectively, and (Zn/Fe)×10 000 of 11.7 and
11.1 (Fig. 5). These Ni/Co and (Co/Fe)×10 000 values
are lower than those for melts generated from peridotite
sources (≳ 6 and ≳ 8, respectively; Le Roux et al., 2011),
and (Zn/Fe)×10 000 slightly higher than melts generated
from peridotite sources (∼ 8–10; Le Roux et al., 2010,
2011). This suggests that the sources of both stages of
volcanism were variably enriched in clinopyroxene and garnet
relative to the depleted mantle. The particularly low Ni/Co
of post-erosional stage lavas (3.5) may indicate an even
higher proportion of clinopyroxene/garnet in their source,
consistent with a higher proportion of AOC.
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Figure 5. (Co/Fe)×10 000 (a) and (Zn/Fe)×10 000 (b) vs
Ni/Co for basalts from Taha‘a. The majority of samples
appear to have been produced by melting of a peridotite
source variably enriched in pyroxenite/eclogite (Le Roux
et al., 2011). Symbols as in Figure 2. The vertical and
horizontal lines mark the border of the field of partial melting
of a primitive mantle-like peridotite source.

3.2 Effects from weathering, degassing and crustal
assimilation on Tl isotopes

Before interpreting the Tl content and isotope compositions
(see Table 4) in the context of a primary mantle source,
it is important to first consider other processes that may
have contributed to the observed variations. The main
processes that could affect thallium isotope compositions
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Table 1. Major element concentrations of Taha‘a samples. Concentrations in wt.%.

Sample SiO2 Al2O3 TiO2 MnO Fe2O3 CaO MgO K2O Na2O P2O5

TAA-B-7 47.0 12.3 3.3 0.17 12.3 9.6 10.1 2.4 2.2 0.49
TAA-B-8 47.0 12.7 3.5 0.18 13.0 8.5 9.7 2.3 2.6 0.5
TAA-B-9 46.9 12.6 3.5 0.18 13.1 8.3 10.1 2.3 2.5 0.51
TAA-B-10 48.2 12.9 3.6 0.17 12.5 8.6 9.0 2.1 2.4 0.48
TAA-B-21 46.9 12.4 3.0 0.16 12.9 8.8 11.0 2.0 2.4 0.45
TAA-B-24 45.2 12.5 3.7 0.17 13.4 9.9 10.2 1.3 3.1 0.51
TAA-B-26 47.2 12.3 3.6 0.15 12.0 10.0 9.8 1.1 3.3 0.54
TAA-B-30 46.7 12.4 3.5 0.17 13.0 8.9 10.6 1.2 3.1 0.55
TAA-B-37 50.0 12.5 2.9 0.14 12.4 7.9 9.8 1.7 2.3 0.41
TAA-B-41 45.1 10.7 3.8 0.17 13.9 10.0 12.2 0.9 2.6 0.47
TAA-B-48 47.3 10.9 3.9 0.16 13.5 10.0 10.4 1.0 2.3 0.46
TAA-B-50 45.9 12.6 3.5 0.17 13.4 9.3 10.8 1.7 2.2 0.47
TAA-B-55 49.2 12.8 2.9 0.16 12.4 9.0 9.2 1.6 2.4 0.35
TAA-B-59 47.9 12.9 2.9 0.17 12.8 9.4 9.1 1.8 2.7 0.41
TAA-B-62 45.6 10.6 3.4 0.17 13.5 10.9 12.1 1.7 1.6 0.42
TAA-B-64 49.3 12.6 3.2 0.15 12.7 7.7 9.2 2.2 2.5 0.45
TAA-B-65 46.5 13.1 3.7 0.17 12.9 8.2 10.2 1.1 3.5 0.60
TAA-B-66 43.8 11.0 3.5 0.33 14.2 10.5 12.2 1.5 2.5 0.46
TAA-B-67 44.9 12.8 4.2 0.18 13.8 10.2 9.3 1.6 2.4 0.61
TAA-B-44† 43.0 13.5 4.1 0.2 13.4 11.4 7.7 2.0 4.2 0.64
TAA-B-45† 44.0 13.0 4.0 0.19 13.1 12.0 0.9 1.6 3.8 0.59
TAA-B-47† 41.8 11.8 3.7 0.21 14.5 12.3 10.4 0.8 3.9 0.63

BIR-1 47.1 15.3 1.0 0.18 11.8 13.2 9.5 0.03 1.9 0.03
BIR-1* 47.8 15.5 1.0 0.17 11.4 13.3 9.7 0.03 1.8 0.03

†: Post-erosional samples. All others are shield-stage samples.
BIR-1*: Recommended values from Jochum et al. (2016).

and concentrations are subaerial alteration, degassing, and
assimilation of wall rock prior to eruption (Nielsen et al.,
2016, 2021).

Although care was taken to select the freshest chips
possible for analysis, it is unavoidable that Taha‘a lavas
were exposed to some amount of weathering in a tropical
environment. To test whether secondary alteration minerals
contributed to the Tl isotope composition of the samples,
we leached five samples that cover the entire range of Tl
isotope values encountered in our sample set (Table 4).
Leached samples are all slightly enriched in the heavy Tl
isotope relative to the unleached samples, although four of
the five samples are within the long-term 2σ of ± 0.5 ε205Tl-
units. The one sample outside of analytical uncertainty has
a Tl isotope composition only higher than the unleached
samples by 1.2 ε205Tl-units, and so only slightly outside the
long-term 2σ of ± 0.5 ε205Tl-units. Although these results
suggest that minor amounts of material with low ε205Tl were
removed during leaching (possibly secondary clay minerals),
these small differences are in stark contrast to submarine
altered samples where differences between leached and un-
leached samples can be > 6 ε205Tl-units (Kaare-Rasmussen
et al., 2025). We, therefore, conclude that post-eruptive
alteration effects on Tl isotopes in samples from Taha‘a
are limited. Given the large variability of ε205Tl-values in
the sample suite (−10.3 to +1.8) relative to the difference
between leached and unleached samples (<1.2 ε205Tl-units),
potential contribution of Tl from secondary minerals are
unlikely to affect interpretations.

Subaerial weathering can cause substantial loss of alkalis
like Rb, Cs, or K (e.g., Schiano et al., 1993). Due to the
geochemical similarity between Tl and the alkali metals,

similar effects have been concluded for Tl (Nielsen et al.,
2006a). As in previous studies (e.g., Blusztajn et al., 2018),
we compare abundances of Tl and Cs to elements with
similar compatibilities that are not sensitive to subaerial
alteration like Ce and Th, respectively. Samples affected
by severe alteration should be associated with anomalously
high Ce/Tl and Th/Cs relative to other less altered samples.
Lavas from OIBs generally exhibit Ce/Tl≈ 1000–5000 and
Th/Cs≈ 5–30 (e.g., Kokfelt et al., 2006; Nielsen et al.,
2006a; Willbold and Stracke, 2006; Nielsen et al., 2007;
Brett et al., 2021). Although the Ce/Tl ratios of four
samples (TAA-B-8, -21, -37 and -59) are within the range of
other Taha‘a samples and the typical values of OIBs (Fig. 6),
their Th/Cs ratios vary between 50 and 113 (Fig. 6) and
are much higher than all other samples in this study as well
as observations in other OIBs (e.g., Kokfelt et al., 2006;
Nielsen et al., 2006a; Willbold and Stracke, 2006; Nielsen
et al., 2007; Blusztajn et al., 2018). The high Th/Cs is
potentially indicative of alkali element loss due to weathering,
although it is unclear how significantly Tl was affected
based on sample Ce/Tl ratios. Weathering loss of Tl
would likely not be associated with Tl isotope fractionation
because weathering has been shown to cause negligible
isotope fractionation (Nielsen et al., 2005). However, given
the possibility of perturbation of the Tl budget in these
four samples we conservatively exclude these from further
discussion of the Tl isotopes.

Sample TAA-B-41 is characterized by the highest Tl
content of 322 ng/g among all analyzed samples and a
very low Ce/Tl = 250 and Th/Cs = 0.8, the latter being
almost an order of magnitude lower than any other sample
in this study. Given the light Tl isotope composition of
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Table 2. Trace element concentrations of Taha‘a samples. Concentrations in µg/g.

TAA-B-7 TAA-B-8 TAA-B-9 TAA-B-10 TAA-B-21 TAA-B-24 TAA-B-26 TAA-B-30 TAA-B-37 TAA-B-41 TAA-B-48 TAA-B-50

Sc 21.8 16.4 21.0 21.5 21.4 22.2 20.6 20.9 16.1 23.8 10.3 20.4
V 222 218 221 223 187 244 223 213 177 251 255 224
Cr 478 369 486 386 458 381 339 421 577 590 592 420
Ni 361 349 399 160 278 249 257 269 307 320 332 265
Cu 40.8 27.6 27.3 26.6 31.2 33.7 34.2 32.5 26.2 44.5 41.1 49.9
Zn 105.0 118.6 100.1 94.2 104.8 106.9 112 99.9 103.9 104.3 106.9 100.3
Co 67.6 61.6 69.6 38.8 47.1 48.7 47.9 52.5 46.0 50.9 54.2 47.9
Cs 0.41 0.16 0.36 0.32 0.11 0.70 2.19 1.04 0.06 8.55 0.91 0.30
Rb 41.6 32.2 45.9 41.8 28.2 82.4 193 38.9 21.9 83.8 16.3 28.4
Ba 510 445 474 490 396 499 599 570 414 490 473 377
Th 7.86 8.21 8.75 8.87 7.26 7.11 9.82 9.75 6.91 7.25 5.96 5.38
U 1.28 1.36 1.45 1.42 1.17 1.17 1.82 1.60 0.89 1.16 1.28 0.96
Nb 45.9 47.5 47.7 48.5 35.2 44.2 55.7 52.6 35.7 45.2 45.9 36.9
Ta 3.46 3.53 3.58 3.64 2.72 3.27 3.92 3.80 2.75 3.47 3.51 2.77
La 38.2 40.7 41.5 42.4 39.1 37.3 48.8 46.1 37.2 38.7 39.9 31.9
Ce 91.8 93.2 94.9 96.7 89.6 86.0 113.6 108.8 79.1 90.6 92.4 76.7
Pb 5.25 5.96 4.82 5.15 5.25 4.70 6.59 6.37 5.16 7.30 4.63 3.96
Pr 10.39 10.38 10.56 10.74 10.58 9.87 12.94 12.33 9.6 10.44 10.91 8.95
Nd 44.7 44.5 45.3 45.9 45.9 44.2 54.8 52.1 43.0 45.9 48.0 40.2
Sr 583 499 519 528 549 668 728 683 507 604 610 544
Zr 317 308 306 309 308 287 399 376 275 286 287 255
Hf 8.18 7.97 8.02 8.16 8.19 7.67 9.78 9.49 7.35 7.78 7.71 6.67
Sm 8.75 8.87 9.14 9.24 9.17 9.37 10.13 9.75 9.28 9.46 9.75 8.67
Eu 2.58 2.62 2.68 2.73 2.68 2.83 2.87 2.78 2.77 2.80 2.92 2.67
Gd 7.42 7.71 7.97 8.06 7.97 8.17 8.14 7.86 8.35 8.04 8.35 7.62
Tb 1.11 1.17 1.20 1.22 1.19 1.21 1.18 1.14 1.24 1.18 1.21 1.14
Dy 5.28 5.58 5.74 5.83 5.67 5.57 5.49 5.35 5.95 5.48 5.63 5.39
Y 24.6 25.6 27.6 26.7 26.9 25.0 26.4 25.1 27.2 23.9 24.4 24.3
Ho 0.84 0.89 0.92 0.94 0.91 0.86 0.87 0.85 0.95 0.85 0.88 0.85
Er 2.51 2.64 2.73 2.74 2.68 2.44 2.61 2.52 2.78 2.42 2.50 2.47
Tm 0.31 0.33 0.34 0.34 0.33 0.29 0.32 0.31 0.34 0.29 0.30 0.30
Yb 1.90 1.99 2.05 2.08 1.99 1.73 1.96 1.91 2.05 1.71 1.79 1.83
Lu 0.27 0.29 0.29 0.30 0.29 0.24 0.29 0.28 0.29 0.24 0.25 0.26

TAA-B-55 TAA-B-59 TAA-B-62 TAA-B-64 TAA-B-65 TAA-B-66 TAA-B-67 TAA-B-44† TAA-B-45† TAA-B-47† BHVO-1 BHVO-1*

Sc 18.6 20.5 24.3 21.4 18.8 16.4 24.4 20.9 19.9 26.7 31.5 31.4
V 183 193 252 193 220 274 275 293 310 325 315 314
Cr 323 528 971 493 266 553 405 347 377 561 286 288
Ni 872 249 288 293 204 377 192 179 156 199 118 120
Cu 46.2 34.8 30.7 39.6 36.7 58.7 54.6 51.7 54.5 57.3 137.5 137.2
Zn 170.5 107.7 89.6 108.9 98.4 104.7 105.8 105 104.8 107.9 103.4 105.1
Co 100.5 43.5 48.1 52.7 43.6 63.1 45.8 49.5 47.7 53.8 44.0 44.9
Cs 0.23 0.19 0.74 0.41 0.71 0.47 0.43 1.25 0.96 1.98 0.1 0.1
Rb 30.2 26.8 34.4 45.7 101.7 22.7 30.1 34.2 28.9 18.7 9.4 9.5
Ba 325 391 567 546 619 424 425 685 684 748 131 134
Th 4.81 11.94 9.24 8.85 10.57 4.81 6.41 7.06 6.78 6.64 1.44 1.23
U 0.93 1.47 1.1 1.54 1.77 0.87 1.17 1.27 1.23 1.22 0.36 0.42
Nb 26.5 56.1 45.3 44.6 57.3 42.2 48.3 66.8 66.4 65.1 18.8 18.5
Ta 2.04 3.88 3.57 3.23 4.1 3.15 3.69 4.97 4.97 4.44 1.31 1.17
La 26.1 55.6 41.5 42 49.6 31.1 42.2 43.3 43.2 42.6 15.1 15.4
Ce 63.1 108.9 94.6 96.6 116.4 73.3 101.2 94.1 94.8 93.1 40.4 38.1
Pb 4.10 6.07 4.84 5.66 6.73 3.46 4.78 3.70 3.66 3.14 2.33 2.04
Pr 7.45 10.96 10.77 10.89 13.03 8.49 11.86 10.2 10.34 10.28 5.04 5.42
Nd 33.6 44.7 46.0 46.0 54.9 38.3 53.1 44.2 45.2 44.7 24.8 24.8
Sr 393 590 587 572 704 595 673 839 883 929 402 399
Zr 240 279 268 325 399 226 353 277 279 256 176 175
Hf 6.59 7.41 7.48 8.22 9.92 6.1 9.08 6.79 6.94 6.11 4.61 4.44
Sm 7.41 9.05 9.06 8.75 10.11 8.33 11.27 9.34 9.69 9.46 6.23 6.17
Eu 2.21 2.66 2.69 2.55 2.87 2.61 3.46 2.98 3.08 2.99 2.13 2.05
Gd 6.89 7.93 7.91 7.25 8.12 7.47 9.98 8.27 8.64 8.33 6.28 6.29
Tb 1.07 1.19 1.17 1.06 1.18 1.13 1.49 1.23 1.28 1.23 1.02 0.95
Dy 5.28 5.69 5.49 4.98 5.50 5.29 7.00 5.76 5.99 5.71 5.20 5.27
Y 24.9 26.3 24.7 23.8 25.9 23.0 31.6 25.6 25.9 26.5 26.1 26.2
Ho 0.86 0.91 0.87 0.80 0.88 0.82 1.11 0.90 0.92 0.88 0.87 0.98
Er 2.57 2.67 2.55 2.35 2.63 2.34 3.20 2.55 2.60 2.52 2.61 2.50
Tm 0.33 0.33 0.31 0.29 0.32 0.28 0.39 0.31 0.31 0.30 0.33 0.33
Yb 1.99 2.02 1.87 1.79 1.98 1.66 2.32 1.83 1.86 1.81 2.04 1.99
Lu 0.29 0.29 0.27 0.26 0.29 0.24 0.33 0.26 0.26 0.26 0.29 0.28

†: Post-erosional samples. All others are shield-stage samples.
BHVO-1*: Recommended values from Jochum et al. (2016).
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Table 3. Sr, Nd and Pb isotopic compositions of Taha‘a bulk basalts.

Sample 87Sr/86Sr 143Nd/144Nd 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb

TAA-B-7 0.705 94 0.512 65 19.155 15.625 38.918
TAA-B-8 0.705 76 0.512 67 19.219 15.631 38.966
TAA-B-9 0.705 77 0.512 68 19.220 15.632 38.968
TAA-B-10 0.705 74 0.512 67 19.218 15.632 38.968
TAA-B-21 0.706 37 0.512 64 19.240 15.639 39.039
TAA-B-24 0.705 55 0.512 74 19.093 15.612 38.844
TAA-B-26 0.706 25 0.512 62 19.228 15.635 38.943
TAA-B-30 0.706 15 0.512 62 19.230 15.635 38.945
TAA-B-37 0.706 46 0.512 62 19.151 15.630 38.956
TAA-B-41 0.705 50 0.512 80 19.198 15.629 38.951
TAA-B-48 0.705 59 0.512 72 19.204 15.629 38.956
TAA-B-50 0.705 32 0.512 73 19.115 15.608 38.882
TAA-B-55 0.706 44 0.512 60 19.219 15.641 39.014
TAA-B-59 0.706 21 0.512 62 19.597 15.655 39.571
TAA-B-62 0.705 87 0.512 68 19.244 15.638 38.964
TAA-B-64 0.706 45 0.512 62 19.204 15.640 38.978
TAA-B-65 0.706 14 0.512 62 19.232 15.636 38.947
TAA-B-66 0.704 49 0.512 87 19.026 15.586 38.730
TAA-B-67 0.704 36 0.512 84 19.151 15.601 38.841
TAA-B-44† 0.703 69 0.512 99 18.734 15.527 38.429
TAA-B-45† 0.703 70 0.513 01 18.797 15.532 38.508
TAA-B-47† 0.703 78 0.512 97 18.797 15.532 38.508

†: Post-erosional samples. All other samples are from the shield stage.
The internal precision for Sr and Nd isotopic measurements is 8–20 ppm (2se) and 8–30 ppm (2se) respectively.
The 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb have internal precision (2se) of 100–300 ppm (2se).

Table 4. Thallium concentrations and isotope ratios of Taha‘a samples.

Sample Tl (ng/g) ε
205Tl mean* ε

205Tl ε
205Tl dup. ε

205Tl leach

TAA-B-7 91 −3.3 −3.3
TAA-B-8 54 −2.2 a −2.2
TAA-B-9 37 0.5 b 0.5
TAA-B-10 44 0.2 b 0.2
TAA-B-21 49 −1.2 a −1.2
TAA-B-24 66 −0.7 b −0.7
TAA-B-26 121 −3.3 −3.3
TAA-B-30 126 −3.2 −3.2
TAA-B-37 39 −2.9 a −2.9
TAA-B-41 320 −10.2 a −10.2
TAA-B-48 96 −5.1 −5.5 −5.8 −3.9
TAA-B-50 29 −2.9 −2.9
TAA-B-55 58 −1.7 −1.7
TAA-B-59 62 1.8 a 1.4 2.2
TAA-B-62 52 −2.3 −2.3
TAA-B-64 52 1.2 b 1.0 1.3
TAA-B-65 119 −2.4 −2.4
TAA-B-66 66 −3.9 −3.9
TAA-B-67 31 0.3 b 0.3

TAA-B-44† 190 −10.3 −10.3 −11.0 −9.5
TAA-B-45† 130 −8.7 −9.5 −8.9 −7.8
TAA-B-47† 26 −4.6 −4.4 −4.9

†: Post-erosional samples. All others are shield-stage samples.
*: Average thallium isotope ratios of samples including duplicates and leached samples.
a: ε

205Tl-values filtered for potential alteration.
b: ε

205Tl-values filtered for potential degassing.
Internal precision of ε

205Tl is between 0.1 and 0.3.

this sample (ε205Tl =−10.2), we suspect contamination
from secondary clay minerals rich in Tl and Cs. Although
similar clay mineral contamination has only previously been
observed for submarine samples (Nielsen et al., 2016), we
believe it is safer to eliminate this sample from further
discussion of Taha‘a mantle source Tl isotope composition.

Thallium is a volatile metal and can experience kinetic
isotope fractionation during magmatic degassing where the
light isotope is enriched in the gas phase (e.g., Nielsen
et al., 2021). Such processes produce degassed lavas
with decreasing Tl content and heavy thallium isotope
compositions developing with increasing degree of degassing
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Figure 6. Ce/Tl plotted against Th/Cs. Four samples
(TAA-B- 8, TAA-B-21, TAA-B-37 and TAA B-59) with
very high Th/Cs > 50 and sample TAA-B-41 with extremely
low Ce/Tl and Th/Cs were probably affected by subaerial
alteration processes. They are shown as open squares.
Symbols otherwise as in Figure 2.

(Nielsen et al., 2021). The net fractionation factor for
natural basaltic lavas during degassing was shown to be
α= 0.99955–0.99969 (Nielsen et al., 2021), which can
be applied to groups of lavas from the same eruptive
centre to determine if any lavas have experienced significant
degassing. Examples from arc lavas and basalts from Azores
(Nielsen et al., 2021; Shu et al., 2022b) clearly show that
the processes responsible for Tl isotope fractionation in
the laboratory experiments (Nielsen et al., 2021) must
be very similar to those observed in natural lavas. Using
the upper mantle Ce/Tl = 1150 (Nielsen et al., 2014) and
ε205Tl =−2.0± 1.0 (Nielsen et al., 2006a) as a hypothetical
undegassed starting point, all samples with ε205Tl >−1 fall
within the area consistent with degassing (Fig. 7) based on
the kinetic degassing model of Nielsen et al. (2021). Given
that it cannot be known what the starting composition
of undegassed lavas are, we can only infer that degassing
may have contributed to the Tl abundance and isotope
composition of these samples. We, therefore, do not
further consider these samples in terms of mantle plume
composition.

It is also notable that sample TAA-B-47 exhibits the high-
est Ce/Tl ratio of the entire data set, yet is characterized
by ε205Tl =−4.6 that is among the lowest values in our
data set (Fig. 7). However, this sample belongs to the
post-erosional group, which generally has the lowest Ce/Tl
and ε205Tl-values. While we cannot determine if TAA-B-47
was affected by degassing, we note that a degassing model
using the other two post-erosional lavas as a starting point
(Fig. 7) would go through the composition of TAA-B-47.
We include TAA-B-47 for the remainder of the discussion
but underscore the observation that post-erosional lavas
exhibit substantially lower ε205Tl-values than the shield
stage lavas.

Finally, we also consider whether the observed light thal-
lium isotope variations could be caused by crustal assim-
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Figure 7. Thallium isotope compositions plotted against
Ce/Tl ratios for lavas from Taha‘a. Samples affected by
post-eruption alteration not included in plot. Symbols
as in Figure 2. Shown are also the two Tl loss models
(Nielsen et al., 2021) with αnet = 0.99969 (dotted line)
and αnet = 0.99955 (dashed line). Hypothetical undegassed
starting point is characterized by Ce/Tl = 900–1150 and
ε205Tl = -2 ± 1. Five samples, which may have experienced
degassing, are shown as open symbols.

ilation of AOC during magma transport. Although high-
temperature-altered ocean crust has Tl isotope compo-
sitions similar to the upper mantle (ε205Tl =−2.0± 1.0;
Nielsen et al., 2006b), AOC has Tl isotope compositions
that extend to much lower values (ε205Tl =−2 to −15;
Nielsen et al., 2006b).

In addition to having Tl isotope compositions
extending to much lower values than the upper mantle
(ε205Tl =−2.0± 1.0; Nielsen et al., 2006b), AOC also
carries distinct trace element contents and isotopic
compositions. One of the most characteristic differences
between AOC and basalts from Taha‘a is their La/Nb
ratio. In three sections of AOC, sites 504B (equatorial
East-Pacific), 417/418 (West-Central Atlantic), and
801C (West Pacific), La/Nb varies from 1.18 to 1.97
(Staudigel et al., 1996; Bach et al., 2003; Kelley et al.,
2003). These ratios are all higher than in Taha‘a lavas
(La/Nb = 0.65–0.98). If the variation in Taha‘a lavas was
caused by assimilation of 60 Ma old crust overlying Society
Islands altered at low temperatures, increasing La/Nb
would be associated with decreasing Tl isotopes ratios
(Fig. 8). However, that is not the case (Fig. 8), meaning
it is not possible to derive basalts from Taha‘a through
assimilation of AOC by mantle melts. Thus, Tl isotopic
compositions of our samples do not record assimilated
AOC.

Overall, 10 of the 22 samples analyzed in this study were
filtered for potential secondary processes. The Tl isotope
ratios of the remaining 12 lavas are hereafter interpreted to
be representative of the mantle source from which they were
derived. After removal of samples that may be affected by
degassing and weathering, the overall Tl isotope variation
observed in the Taha‘a mantle source is ε205Tl =−10.3
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to −1.7. Results from Taha‘a are in the range of ocean
island basalts analyzed so far (Blusztajn et al., 2018; Brett
et al., 2021; Williamson et al., 2021) with exception of two
post erosional lavas which are characterized by a very light
ε205Tl −9.5, −7.8. In conjunction with radiogenic isotopes,
two groups of lavas, shield and post-erosional, are clearly
separated (Fig. 9).
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1.4

-12 -10 -8 -6 -4 -2 0

La
/N
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AOC

ε205Tl

Tahaa
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Figure 8. Thallium isotope composition of Taha‘a lavas
plotted versus La/Nb. Curve shows the relationship that is
obtained for mixing between plume derived lavas with no
Tl isotope anomaly (ε205Tl =−2 and La/Nb = 0.85) and a
hypothetical upper altered oceanic crust (AOC) based on
data from ODP site 801C with La/Nb = 1.18 (Kelley et al.,
2003). The Tl concentration and isotope composition of
AOC is assumed to be 40 ng/g and ε205Tl =−10. Samples
potentially affected by weathering processes and degassing
are not plotted. Symbols as in Figure 2.

3.3 Origin of shield lavas

Most shield lavas in Taha‘a record values within error of
the upper mantle (ε205Tl =−2± 1; Nielsen et al., 2006b),
whereas post-erosional lavas all have values significantly
lower than the average upper mantle (−4.6 to −10.3).
Radiogenic isotopes also show an evolution of volcanism
through time in Taha‘a, in that shield stage and post-
erosional stage volcanism are associated with different Tl,
Sr, and Pb isotope compositions (Fig. 9). Additionally,
trace element ratios sensitive to changes in the dominant
mantle source component, such as Ce/Pb and Nb/Nb*
(Nb/Nb* = NbN/(ThN×LaN)1/2, where the subscript N in-
dicates concentrations normalized to the primitive-mantle
values of McDonough and Sun, 1995), are lower in shield
stage lavas than in post erosional stage lavas (Figs 10 and
11).

The Tl isotope compositions of shield stage lavas, al-
though mostly similar to the upper mantle, extend to
values as low as ε205Tl≈−5. This range in ε205Tl-values,
which co-varies with Ce/Pb and Nb/Nb* indicates that the
plume source contained two components. The first is an
isotopically enriched component dominated by mantle-like
Tl isotopes, radiogenic Pb and Sr isotopes, and low Nb/Nb*
and Ce/Pb ratios. These geochemical characteristics are
consistent with a detrital sediment origin. The second
component is characterized by low ε205Tl, unradiogenic Sr
and Pb isotopes, and higher Nb/Nb* and Ce/Pb ratios
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Figure 9. Tl isotopes plotted against (a) 87Sr/86Sr isotopes,
(b) 206Pb/204Pb isotopes. Symbols as in Figure 2. Only
samples unaffected by weathering and Tl degassing are
plotted (see Section 3.2).

(Figs 9–11). Although the radiogenic isotope values of
this second component are similar to the common mantle
component FOZO (e.g., Weis et al., 2023), the remaining
geochemical characteristics (in particular Tl isotopes) imply
that AOC played a dominant role in its formation.

Previous literature has invoked the Society plume samples
at Taha‘a as an EM2 mantle plume (Fig. 2), most likely
dominated by recycled sediments (e.g., White, 2010; Weis
et al., 2023, and references therein). The enriched shield
stage component bears all the characteristics of sedimentary
material with radiogenic Pb and Sr isotopes, low Nb/U and
Ce/Pb ratios (Hofmann et al., 1986; Hart, 1988; Plank,
2014). The mantle-like Tl isotope value of ε205Tl≈−2
for this component is also identical to continental crust
and terrigenous sediments (Nielsen et al., 2005, 2016) but
distinct from modern deep-sea Mn-oxide-bearing pelagic
sediments characterized by ε205Tl > +2 (Rehkämper et al.,
2004; Nielsen et al., 2016), suggesting that the EM2
component in Taha‘a did not contain significant Mn oxides.
Ancient sediments absent in Mn oxides could have been
deposited in a largely anoxic deep ocean (Kaare-Rasmussen
et al., 2025) or be similar to terrigenous sediments found
on the modern continental shelves that also often are
characterized by ε205Tl≈−2 (Nielsen et al., 2016; Wang
et al., 2022; Olesen et al., 2025). Therefore, ε205Tl≈−2 in
the EM2 endmember could be explained by either subducted
terrigenous sediment or subducted ancient pelagic sediment
deposited in an anoxic deep ocean.
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Figure 10. Niobium anomalies (Nb/Nb*) plotted against (a)
Tl isotopes, (b) Sr isotopes, and (c) Pb isotopes. Symbols
as in Figure 2. See text for definition of Nb/Nb*. In (a),
(b), and (c), only samples unaffected by weathering and Tl
degassing are plotted (see Section 3.2).

The isotopically depleted component in the shield stage
lavas reveals Tl isotope compositions (ε205Tl≈−5) within
the range of AOC (ε205Tl =−2 to −15; Nielsen et al.,
2006b). Such low Tl isotope values are almost exclusively
associated with AOC and only organic carbon rich shales
have been shown to exhibit similar values (e.g., Ostrander
et al., 2017). However, shales also contain large amounts
of U (Andersen et al., 2017), which would result in high
U/Th ratios for a recycled shale component. We observe no
significant variation in U/Th among lavas from Taha‘a (not
plotted), effectively ruling shales out as a possible recycled
component. The Sr and Pb isotope values and Ce/Pb and
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Figure 11. Ce/Pb plotted against (a) Tl isotopes, (b) Sr
isotopes, and (c) Pb isotopes. Symbols as in Figure 2. In
(a), (b), and (c), only samples unaffected by weathering
and Tl degassing are plotted (see Section 3.2).

Nb/U ratios for this component do not correspond directly
to those expected for ancient recycled AOC (Stracke et al.,
2005; Bach et al., 2003; Chauvel et al., 1992), but the cor-
relations between radiogenic isotopes, trace element ratios,
and Tl isotopes strongly imply that subduction modified
AOC best explains the second shield stage component.

3.4 Origin of post-erosional lavas

The results from several ODP and IODP cores show that
the uppermost few hundred meters of AOC is the most
Tl-enriched and exhibits the lowest Tl isotope values down
to ε205Tl≈−15 (Nielsen et al., 2017a). It is the only part
of the subducted slab that has such low ε205Tl-values. The
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light Tl isotope values (ε205Tl =−4.6 to −10.3) in Taha‘a
post-erosional lavas thus implies that post-erosional volcan-
ism predominantly sampled a recycled AOC component. If
the variation in Taha‘a lavas was caused by assimilation of
an old oceanic crust altered at low temperatures, increasing
La/Nb would be associated with decreasing Tl isotopes
ratios, which is not observed (Fig. 8). A similar range
of Tl isotope compositions was observed in St. Helena
(Blusztajn et al., 2018), which is considered the typical
HIMU (high µ = 238U/204Pb) mantle endmember component
thought to sample subducted AOC (see White, 2010, and
references therein). Although Ce/Pb (∼ 27), Nb/U (∼ 53),
Nb/Nb* (∼ 1.33) observed here for post-erosional Taha‘a
cannot directly be used to segregate mantle components
(Weis et al., 2023; Harðardóttir and Jackson, 2025) their
elevated ratios in the post-erosional lavas point towards
values observed for HIMU-type OIBs (Chauvel et al., 1992;
Cordier et al., 2021). While these ratios do not directly
match AOC itself, it has been argued that subduction
processing of AOC releases more Pb than U than Nb,
resulting in these characteristic trace element signatures
as well as the high time integrated µ-value (Bach et al.,
2003; Chauvel et al., 1992; Stracke et al., 2005). These
observations are consistent with an AOC origin of the post-
erosional lavas in Taha‘a.

The resemblance between the trace element and Tl
isotopic characteristics of typical HIMU OIBs and the Taha‘a
post erosional component suggest that they share a simi-
lar origin. However, 206Pb/204Pb isotope ratios of post-
erosional lavas are very unradiogenic in comparison to
classical HIMU OIBs with 206Pb/204Pb > 21 (e.g., Stracke
et al., 2005). The age of the recycled AOC will dictate the
206Pb/204Pb ratios of OIBs with relatively young recycled
material obtaining substantially lower 206Pb/204Pb (Chauvel
et al., 2024; Gurenko et al., 2006; Thirlwall, 1997) compared
to the ∼ 2–2.4 Ga source age suggested for “typical” HIMU
OIB such as St. Helena (e.g., Hanyu et al., 2014). Taken
together, trace elements, radiogenic and Tl isotopes strongly
imply that the post-erosional stage lavas were derived from
a mantle source dominated by relatively young subduction
modified AOC. Our data show that the isotopic difference
between the “young HIMU” Taha‘a source, and the typical
HIMU source is most likely due to the difference in age of
the recycled material.

It is important to highlight that Tl concentrations and
isotope compositions in unsubducted AOC are very heteroge-
neous (Nielsen et al., 2006b, 2017b). Although subduction
modification may lead to some amount of homogenization of
the different slab components (Marschall and Schumacher,
2012; Nielsen and Marschall, 2017), it is likely that some Tl
isotope heterogeneity persists in mantle sources sampling
subducted AOC (e.g., Blusztajn et al., 2018). Thus, we
anticipate that even the post-erosional stage at Taha‘a
would record substantial Tl isotope variation between AOC
and MORB (Mid-ocean ridge basalts) if a larger sample set
was investigated.

A mixture of recycled sediment and young AOC in the
Society plume was previously proposed by Cordier et al.

(2016, 2021) to explain observed variations in radiogenic
isotopes and trace element characteristics of shield stage
lavas from several Society Islands. However, the presence
of a young AOC component in the Society plume has been
debated (e.g., Saal et al., 2005). Other models include
mixing sediments with ambient upper mantle (Duncan et al.,
1994), or a common lower mantle component (White and
Duncan, 1996; Saal et al., 1998, 2005). However, the low
Tl isotope ratios in both Taha‘a post-erosional and shield
lavas provide strong evidence for young AOC in the Society
mantle source. Previous authors have suggested that young
(< 1.5 Ga) subducted AOC is common in many mantle
plumes (Thirlwall, 1997; Stracke et al., 2005). Further
analyses of Tl isotopes in other OIBs suggested to contain
young AOC (e.g., Pitcairn, Canaries, Cape Verde, Comoros;
Delavault et al., 2015; Cordier et al., 2021; Chauvel et al.,
2024) can shed light on how common this component is in
global OIBs.

3.5 Temporal evolution of Taha‘a plume

The temporal changes in volcanism at Taha‘a appear to
be influenced by the nature of the dominant recycled com-
ponents as the system evolved. Shield stage volcanism
sampled AOC and detrital sediment material, which coexist
in the mantle source and appear to contribute simultaneously
in variable proportions, consistent with the conclusions
of Cordier et al. (2016, 2021) for Society shield stage
volcanism. In contrast, the post-erosional stage basalts
(albeit based on only a few samples) show rather uniform
radiogenic and trace element signatures. Although the Tl
isotope compositions of the post-erosional lavas do exhibit
substantial variation, it is possible that most of this variation
is due to degassing (see discussion in Section 3.2).

The origin of the isotopically depleted component in
several OIBs sampled by post-erosional lavas is a matter
of debate. Depending on the geochemical characteristics
of individual plumes, studies have argued for the source
to be intrinsic to the plume (e.g., Fitton et al., 2003;
Bizimis et al., 2013; DeFelice et al., 2019), entrained by the
plume (e.g., Lassiter et al., 2000; Hofmann and Farnetani,
2013), or originating from melting of the lithosphere (Pilet
et al., 2008; Béguelin et al., 2019). Because assimilation
of oceanic lithosphere cannot explain our isotope data
(Fig. 8) and entrainment of the ambient upper mantle
(ε205Tl =−2± 1; Nielsen et al., 2006a) is inconsistent with
the light Tl isotope compositions, we suggest that the AOC
component sampled by post-erosional is inherent to the
Taha‘a plume. Therefore, the plume responsible for Taha‘a
volcanism intrinsically contains mixed sediments and AOC
components that may have melted separately during the
shield stage. The pyroxenitic/eclogitic components of both
shield and post-erosional samples (Fig. 5) are consistent with
a plume geometry model where fertile, enriched components
are distributed within the peridotite host, and contributed
disproportionally to partial melting compared to the more
refractory plume matrix (e.g., Koppers et al., 2021; Weis
et al., 2023).
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There are several potential reasons for the shift from
mixed AOC-sediment components in shield stage volcan-
ism to dominantly AOC component in the post-erosional
component. The first is that the sediment component
was exhausted during shield stage volcanism leaving only
the AOC component to contribute to later post-erosional
volcanism. However, White and Duncan (1996) showed
an increase in the sediment component in late shield lavas.
If the sediment component were exhausted during shield
volcanism, the chemical signature of the late shield lavas
would be expected to show an increase in the AOC com-
ponent, not the sediment component. This suggests that
exhaustion of the sediment component is unlikely to be

responsible for the chemical shift between shield and post
erosional stages.

An additional possibility is heterogenous distribution of
components in the Society plume. Studies of the spatial
relationships of multiple components within mantle plumes
have shown that stretching of components within a plume
during ascent will preserve their spatial relationships instead
of mixing them chaotically (e.g., Abouchami et al., 2005;
Farnetani et al., 2012, 2018; Jackson et al., 2014), some-
times resulting in double-track volcanic chains (Koppers
et al., 2021, and references therein). Payne et al. (2013)
suggested that the Society plume has bilateral chemical
zonation, although such a conclusion has been disputed
(Cordier et al., 2016). The possible chemical zonation in
the Society plume means that change in plume components
sampled by volcanism could result from local variations in the
proportion of those components in the region of the plume
contributing to volcanism on Taha‘a during shield volcanism
(3.4–2.6 Ma) and post-erosional volcanism (1.4–1.1 Ma).
Assuming a stationary plume and a Pacific plate velocity
of ∼ 11 cm/year (Gripp and Gordon, 1990), Taha‘a would
have moved ∼ 132 km relative to the plume axis during
the ∼ 1.2 Ma between the end of shield volcanism and the
beginning of post-erosional volcanism. This distance is
significantly larger than the diameter of the Society plume
(several 10s of km; Uto et al., 2007). Although plumes
are not perfectly stationary (e.g., Koppers et al., 2021,
and references therein), the potential for Taha‘a to have
travelled such a large distance relative to the plume means
a change in the relative proportion of components in the
plume source sampled by different stages of volcanism is
plausible.

Another possible explanation for the temporal shift on
Taha‘a is gravitational separation of components within the
plume. It is notable that Tl, Sr, and Pb isotope ratios
broadly correlate with Gd/Yb ratios (Fig. 12), which is
indicative of the modal abundance of garnet in the source
region (Fig. 4). In this case the correlations between Gd/Yb
and isotope ratios (Fig. 12) suggest that the recycled AOC
source is more enriched in garnet than the terrigenous
sediment source apparent in many of the shield stage
lavas. This observation is consistent with AOC being
composed of more mafic material than terrigenous sediment,
which produces larger modal abundances of garnet at high
pressure than sediments (Poli and Schmidt, 2002). Given
the high density of garnet, we speculate that the higher
modal proportion of garnet in the AOC-dominated source
could have caused a gravitational separation of the two
components, slowing the upwelling of the denser AOC
component and leading to the post-erosional stage sampling
almost exclusively the AOC-dominated portion of the plume
with entrainment of ambient upper mantle material.

4 Conclusions

There is strong evidence for systematic variation of the Tl
isotope composition of Taha‘a lavas through time. The
shield stage lavas have more radiogenic Sr isotope values,
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negative Nb anomalies, low Ce/Pb, and variable Tl isotopic
compositions with ε205Tl =−5.1 to −1.7. In comparison
young, post-erosional lavas are characterized by unradio-
genic Sr isotopes, positive Nb anomalies, low 206Pb/204Pb,
and Tl isotope values as low as ε205Tl =−10.3. The
systematic differences in Tl isotopic composition between
shield and post-erosional stage volcanism in Taha‘a in
conjunction with radiogenic isotopes and trace element
ratios indicative of source composition like Ce/Pb and
Nb/Nb* reflects changes in compositional sources and
their mixing proportions. The main shield building stage
consists of both terrigenous sediment and AOC components,
whereas AOC is predominantly present in the late post-
erosional stage. The unradiogenic 206Pb/204Pb ratios of
the post-erosional lavas implicate this portion of the plume
as a “young HIMU” reservoir that contained subducted AOC
that has not aged to the same extent as subducted AOC
sampled at true HIMU localities like St. Helena. The Tl
isotope data together with other geochemical tracers show
that the EM2 mantle component manifested in the shield
stage volcanism in Taha‘a consists of continentally-derived
sediment material plus variable amounts of AOC in the
Society plume. Finally, correlations of Tl, Sr, Pb isotopes
with Gd/Yb ratios suggest that the garnet abundance in
the AOC-dominated part of the Taha‘a plume was higher
than the source containing terrigenous sediment. This
conclusion is consistent with relative modal abundances of
metamorphosed basaltic and sedimentary slab compositions
(Poli and Schmidt, 2002). The higher garnet abundance in
the younger post-erosional lavas could, therefore, be related
to gravitational separation of the two plume components.
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