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Intraplate magmatic provinces found away from plate boundaries 
provide direct sampling of the composition and heterogeneity of 
the Earth’s mantle. The chemical heterogeneities that have been 
observed in the mantle are usually attributed to recycling during 
subduction1–3, which allows for the addition of volatiles and 
incompatible elements into the mantle. Although many intraplate 
volcanoes sample deep-mantle reservoirs—possibly at the core–
mantle boundary4—not all intraplate volcanoes are deep-rooted5, 
and reservoirs in other, shallower boundary layers are likely to 
participate in magma generation. Here we present evidence that 
suggests Bermuda sampled a previously unknown mantle domain, 
characterized by silica-undersaturated melts that are substantially 
enriched in incompatible elements and volatiles, and a unique, 
extreme isotopic signature. To our knowledge, Bermuda records the 
most radiogenic 206Pb/204Pb isotopes that have been documented 
in an ocean basin (with 206Pb/204Pb ratios of 19.9–21.7) using high-
precision methods. Together with low 207Pb/204Pb ratios (15.5–15.6) 
and relatively invariant Sr, Nd, and Hf isotopes, the data suggest that 
this source must be less than 650 million years old. We therefore 
interpret the Bermuda source as a previously unknown, transient 
mantle reservoir that resulted from the recycling and storage 
of incompatible elements and volatiles6–8 in the transition zone 
(between the upper and lower mantle), aided by the fractionation 
of lead in a mineral that is stable only in this boundary layer, such as 
K-hollandite9,10. We suggest that recent recycling into the transition 
zone, related to subduction events during the formation of Pangea, 
is the reason why this reservoir has only been found in the Atlantic 
Ocean. Our geodynamic models suggest that this boundary layer 
was sampled by disturbances related to mantle flow. Seismic studies 
and diamond inclusions6,7 have shown that recycled materials 
can be stored in the transition zone11. For the first time, to our 
knowledge, we show geochemical evidence that this storage is key 
to the generation of extreme isotopic domains that were previously 
thought to be related only to deep recycling.

The island of Bermuda is the surficial expression of a 1,500-km-long 
topographic swell, which trends northeast to southwest and rises 1 km 
above 110–140-Myr-old oceanic crust12 (Fig. 1a). Like many ocean  
volcanic islands, Bermuda has been historically explained as being 
derived from a mantle plume13; however, evidence that supports the 
plume model is not conclusive. A first-order problem is the lack of a 
hotspot track associated with Bermuda12. Bermuda is the only visible 
volcanic feature in the proximity of the proposed hotspot trail, and 
there is no evidence for volcanism at the proposed current location of 
the hotspot, approximately 650 km southeast of Bermuda (Extended 
Data Fig. 1). The transition zone beneath Bermuda is 27 km thinner 
than the global average, due to the combined effects of a depressed  
410 km discontinuity and a depressed 660 km discontinuity, and 
this has been used as evidence to argue both in favour of and against 

the mantle plume model for Bermuda14. More recent geodynamic  
models propose that edge-driven convection—a small-scale convec-
tion associated with the thermal contrast between thick (cold) conti-
nental lithosphere and thin (warm) oceanic lithosphere—provides an  
alternative, plume-absent mechanism for the formation of 
Bermuda14,15.

Present-day mantle structure in the North Mid-Atlantic, as inferred 
from global joint seismic–geodynamic models16, reveals an organ-
ized thermal anomaly in the upper mantle beneath Bermuda that 
extends down to mid-mantle depths. Numerical models of present-day  
global mantle flow, driven by density inferred from these joint seismic–
geodynamic inversions, indicate that this thermal anomaly is actively 
rising through the transition zone (Fig. 1b, d). To simulate the position 
of this thermal anomaly 30 Myr ago, we advected the global mantle 
flow model backwards by 30 Myr in order to coincide with active vol-
canism at Bermuda. We note that in this approach we neglect thermal 
diffusion, and thus the retrodicted warm mantle anomaly will be cooler 
than in our simulations. There are also limitations associated with the 
reconstruction of thermal anomalies that initially had a relatively small 
footprint in the mantle (less than 100 km) or that have since diffused 
into the upper-mantle thermal boundary. Nonetheless, at 30 Myr 
ago, we observe mantle flow with an upward component beneath the 
Bermuda region that samples both the transition zone and mid-mantle 
depths (Fig. 1c, e). Even though the reconstructed mantle anomalies 
are cooler than those observed today, it is reasonable to assume that 
these thermal anomalies were hotter, because they resulted in active 
volcanism 30 Myr ago.

To test whether Bermuda sampled source reservoirs in the tran-
sition zone, we produced the first, to our knowledge, comprehen-
sive geochemical study of the 767 m record of continuous igneous 
activity recovered by the Deep Drill 1972 borehole17. We found that 
Bermuda is composed of two interbedded lithologies: a silica-under-
saturated alkaline suite (SiO2 < 42.4 wt%), and a silica-saturated suite  
(SiO2: 49.7–52.9wt %) (Fig. 2a, Extended Data Fig. 2; see Methods 
for a full discussion of core stratigraphy and mineralogy). Argon–
argon (40Ar/39Ar) dating of phlogopite separates from three of the  
silica-undersaturated units reveals ages of approximately 30.9 Myr 
(Extended Data Fig. 3, Supplementary Table 1). When normalized to 
primitive mantle, these samples show characteristic patterns expected 
of ocean island basalts—especially the HIMU (high 238U/204Pb ratio) 
type with enrichments in incompatible elements—and substan-
tial negative anomalies in fluid-mobile elements such as K and Pb 
(Fig. 2b, Supplementary Table 2). Our data clearly show that Bermuda  
silica-undersaturated units are the most trace-element-enriched 
silicate magmas in the Atlantic, and are more enriched than classic 
HIMU magmas (Extended Data Fig. 4). The silica-saturated units are 
relatively depleted in trace elements (Fig. 2b), but they are still more 
geochemically enriched than the surrounding local basaltic oceanic 
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crust18 (see Methods for a discussion of the relationship between  
silica-undersaturated and silica-saturated units).

Olivines from the silica-undersaturated magmas have forster-
ite (molar Mg/(Mg + Fe) × 100%) contents ranging from 84.3% to 
88.8%; in addition, the concentration of Ni and the Fe/Mn ratio are low 
whereas Ca concentrations are high, suggesting that the olivine most 
likely crystallized from a peridotite-sourced melt19 (Fig. 3). Olivines 
from the archetype HIMU magmas of Mangaia are also characterized 
by high Ca and low Al concentrations, which are interpreted as result-
ing from interaction and enrichment with primary carbonatitic melts20. 
Our new high-precision analyses from Bermuda olivines reveal an aver-
age Ca content greater than the most Ca-rich olivine from Mangaia 
(3,455 p.p.m. compared with 3,224 p.p.m., respectively). Before this 
study, Mangaia had recorded the highest known Ca content in olivine 
from an oceanic island, which was interpreted as the result of magmas 
sampling a source that has been metasomatized by carbon-rich flu-
ids20 (Fig. 3). We estimated minimum olivine crystallization tempera-
tures via olivine–spinel thermometry, which is based on the exchange 
of Al2O3 between forsterite-rich olivine (forsterite content ≥ 88%) 
and Cr-rich spinels21 of 1,253 ± 10 °C for Bermuda (Supplementary 
Table 2). These results are more consistent with temperatures for upper 
ambient mantle-derived melts (1,270 °C) than with plume-derived 
magmas with crystallization temperatures (1,353–1,485 °C)21 from 
materials sourced at the core–mantle boundary.

Silica-undersaturated, alkaline magmas with SiO2 contents less 
than 43 wt% cannot be produced by simple peridotite mantle melting, 
and several hybrid sources for these magmas have been proposed on 
the basis of various experiments: carbonated peridotite22,23, eclogite 
and garnet pyroxenite24, and carbonated eclogite25. Given the simi-
larities in major elements from the experimental datasets—especially 
high CaO coupled with low SiO2

23 (Fig. 2c, Extended Data Fig. 5; 
see Methods for details)—our new Bermuda data can be explained 
by the melting of a carbonated peridotite. The residual garnet  
lowers the concentration of Al2O3 and heavy rare-earth elements in the 
melt25; both of these geochemical signatures are preserved in Bermuda  
silica-undersaturated lavas (for example, low Al2O3 in olivines 
and lavas, and a steep slope in heavy rare-earth elements, Fig. 2b). 
Additionally, the presence of phases such as apatite, phlogopite, 
Ti-augite and perovskite are also consistent with the melting of a 
metasomatized, volatile-rich source26. Finally, magmatic water con-
centrations in equilibrium with measured Bermuda clinopyroxene 
phenocrysts27,28 range from 1.9 wt% to 5.7 wt%, which is higher than 
that expected in intraplate volcanics (typical range 0.03–1.0 wt% 
water)27,29. The measured magmatic water content from clinopy-
roxene is in agreement with water contents estimated by using the  
H2O/Ce ratio of Atlantic intraplate magmas30 (250) and the Ce con-
centrations collected in the Bermuda silica-undersaturated lavas, 
yielding an average of 5.2 wt% H2O. This supports a more volatile-rich 
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of the Atlantic Ocean indicating the location of Bermuda, the Deep Drill 
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modelling, modified from http://www.geomapapp.org35. b, d, Present-day 
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mantle flow and thermal heterogeneity at 30 Myr ago using backward 

advection16 (note the different flow-velocity scale compared to the present 
day). f, Schematic model to explain the volcanism of Bermuda as a product 
of small convection in the upper mantle. White lines and arrows represent 
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source for Bermuda than has been recorded in any other oceanic 
intraplate volcanoes29 (see Methods for details).

As is the case with the major elements and trace elements, the data 
for radiogenic Pb, Sr, Nd and Hf isotopes require at least two differ-
ent mantle sources for Bermuda. The silica-saturated magmas trend 
towards depleted mantle (Fig. 4). The silica-undersaturated units show 
clear similarities with HIMU-type mantle, as seen in the highly radio-
genic 206Pb/204Pb and 208Pb/204Pb, and the less radiogenic 143Nd/144Nd. 
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The 87Sr/86Sr of the silica-undersaturated lavas is slightly more radio-
genic than that of the HIMU end-member, falling within the range of 
other Atlantic hotspots, whereas the 176Hf/177Hf is closer to that of the 
mantle array than the HIMU end member (Fig. 4). The new data shows 
that 206Pb/204Pb from Bermuda is more radiogenic than those from  
St Helena and Mangaia—the Atlantic and Pacific HIMU end mem-
bers, respectively (Fig. 4a). However, in terms of the 207Pb/204Pb, 
Bermuda is unique compared to all other ocean island basalts, as the 
values are considerably lower than typical HIMU values for a given 
206Pb/204Pb. Upon first observation, the shallow slope of all the samples  
age-corrected to 30 Myr ago in 206Pb/204Pb–207Pb/204Pb space  
appears to be an isochron corresponding to an extremely young source 
(Extended Data Fig. 6, Methods). However, there is one key factor that 
makes this isochron unrealistic: an extremely high µ value (where μ is 
the 238U/204Pb ratio) of up to 600 is required to explain the most radio-
genic sample if the initial isotope value was similar to the least radiogenic 
sample; this is substantially higher than the highest measured value  
(µ = 53) in these lavas (Extended Data Fig. 7). The resulting extreme 
range of source µ required to explain the variance of the undersaturated  
lavas (more than a factor of ten) is not seen in the lavas themselves, 

where µ varies by only a factor of two. Therefore, we suggest that the 
extreme Pb isotope signatures are likely to be the result of mixing 
between a moderately depleted source, similar to the one that melted 
to produce the Bermuda silica-saturated units, and a highly radiogenic 
end member (206Pb/204Pb > 21.5).

The mixing end member of the silica-undersaturated units is likely 
to be more radiogenic than the most radiogenic sample analysed 
(B703); however, we can use this sample to calculate a minimum  
µ for any possible mixing end member. Using a Monte Carlo simula-
tion (see Methods for details) we constrained the possible combinations  
of source age and µ values that can reproduce the Bermuda radio-
genic 206Pb/204Pb, with their characteristically low 207Pb/204Pb.  
Our modelling suggests that the source age must be younger than 650 Myr  
with a minimum of µ > 35 and Ω > 100 (Ω = 232Th/204Pb). These 
models—combined with the lack of correlation in εNd and εHf (where 
εNd and εHf are the per ten thousand deviations from chondritic  
values of 0.512638 for 143Nd/144Nd and 0.282772 for 176Hf/177Hf)  
and the invariable Lu/Hf (0.03–0.05) and Sm/Nd ratios (0.15–0.18)—sug-
gest that the Bermuda silica-undersaturated magmas tap a young mantle 
domain, with extreme µ and Ω values, that has not been recorded before.
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Lead isotopes in the classic HIMU mantle source are too radio-
genic to originate from an undifferentiated mantle or from depleted 
upper-mantle peridotite31. Recycling of incompatible elements via 
subduction has been a crucial model for the production of the clas-
sic HIMU reservoir32. Recent hypotheses suggest that the HIMU  
signature results from mixing small-degree melts (carbonatitic and 
silicic) that are stored in the transition zone from subducted oceanic 
lithosphere31, or by melts from subduction-related carbon-rich meta-
somatized subcontinental lithospheric mantle20. In both scenarios the 
melt, which is enriched in incompatible elements, interacts with perid-
otite mantle to produce a metasomatized source that can derive silica- 
undersaturated, alkaline melts with phases such as Ti-augite, phlogo-
pite, spinel, perovskite and apatite26—minerals that are clearly observed 
in our Bermuda samples (Extended Data Fig. 2). Globally, ocean 
island basalts trending towards the classic HIMU mantle are the most  
silica-undersaturated, and the highest 206Pb/204Pb from Mangaia melt 
inclusions are associated with carbonate ‘globules’, which suggests a 
link between carbon in the mantle and the HIMU-like source com-
positions26. Bermuda is also characterized by highly fractionated 
incompatible elements (Extended Data Fig. 4), with higher than typical 
HIMU U/Pb, Th/Pb and Ce/Pb and lower than HIMU K/U and K/Nb.  
This suggests that trace-element-enriched signatures are not due to 
sulfide fractionation, and instead supports a recycling origin.

On the basis of the unique geochemical constraints, we suggest 
that the source of Bermuda is the product of recycling volatile-rich 
materials in the last 650 Myr, either during subduction that occurred 
with the amalgamation of Pangea or during delamination of metasom-
atized subcontinental lithospheric mantle that triggered the break-up of 
Pangea33. In either scenario, the recycled materials provided carbon and 
water-rich fluids that interacted with the ambient Atlantic upper man-
tle, possibly in the presence of a mineral phase such as K-hollandite. 
K-hollandite has been experimentally shown to markedly fractionate 
U/Pb and K/U ratios at transition zone depths during carbonate melt 
extraction9, and thus the residual K-hollandite retains the elements nec-
essary to generate an enriched mantle signature10. The HIMU and the 
enriched mantle reservoir have been suggested to be physically related 
to subduction processes32, with the enriched mantle reservoir being 
the second stage of melting stagnant subducted slabs in the transition 
zone10. In this model, the carbonated melt that is rich in Th, U, and 
depleted in Pb is ‘lost’ in the transition zone10, and thus could be the 
missing link in the production of the HIMU signature that is observed 
in Bermuda. Furthermore, recent discoveries in diamond inclusions— 
coupled with seismic and experimental data—provide evidence  
for a volatile-rich transition zone6–8 associated with subducted slabs34. 
Our geodynamic models confirm a small-scale convective cell that 
sampled the transition zone below Bermuda, resulting in a unique geo-
chemical composition that is characterized by an extreme HIMU-like 
signature. This suggests that the transition zone is more important than 
has been previously considered in the development of mantle heteroge-
neities, and that deep and ancient recycling is not the only mechanism 
for the generation of extreme isotopic mantle compositions.
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Methods
Selection of samples. Bermuda makes up only about 7% of the extinct shield vol-
cano referred to as the Bermuda Pedestal, where the bulk of the volcanism occurred 
(Extended Data Fig. 1a). The pedestal and island are covered with Quaternary 
carbonates (Extended Data Fig. 1b), which range from calcareous dune depos-
its—formed when the platform was exposed during the Pleistocene glaciations—to 
coral limestones36. The platform is estimated to sit on top of oceanic crust that is 
123—124 Myr old. We collected and analysed 40 samples from the Deep Drill 1972 
Bermuda Core, which recovered 767 m of continuous igneous basement rock and 
is stored at Dalhousie University37. Samples were collected on average at 60-foot 
intervals (approximately 18.3 m), and are named by the depth in the core in feet 
to keep consistent with the original core log, that is, sample B703 corresponds to 
a depth of 703 feet. Below the carbonate cover, the borehole records alternating 
silica-undersaturated and silica-saturated volcanic units.
Bulk rock sample preparation. Samples were prepared for whole-rock analysis 
following the protocols in ref. 38. Alteration-free rock chips of sample matrices 
were selected under a stereoscope microscope, powdered in an alumina mill, 
and fluxed into homogeneous glass disks with ultrapure 34.83% Li2B4O7–64.67% 
LiBO2–0.5% LiBr flux from Spex (certified ≪1 p.p.m. blank for all trace elements) 
in the Petrology Laboratory at Virginia Tech for X-ray fluorescence (XRF) and 
laser ablation inductively coupled plasma–mass spectrometry (LA-ICP-MS) 
analyses. Major element geochemistry was collected on a Panalytical EDS-
XRF (EDS, energy-dispersive X-ray spectroscopy) with a silicon detector at the 
Department of Geosciences at Virginia Tech. The accuracy for USGS standard 
BHVO-2 (run as an unknown) was better than 2.5% for most major elements 
except Na2O (6.8%) and P2O5 (3.3%), within reported values. The average relative 
standard deviation for 5 replicates of BHVO-2 were <1% for all major elements 
except Na2O and P2O5 (both <3%). Trace elements from fluxed glasses were  
collected with an Agilent 7500ce ICPMS coupled with a Geolas laser ablation system  
following the procedures detailed in refs 39,40, with a helium flow rate of approximately  
1 l m−1 at 5 Hz and an energy density per on sample of 7–10 J cm−2. LA-ICP-MS 
data was calibrated with fluxed glasses of USGS standards BHVO-2, BCR-2, BIR-
1, and STM-1 using Ti from XRF as an internal standard. High-precision trace 
element standard values are from refs 39,41,42. The average relative accuracy for 
5 replicates of BHVO-2 (run as an unknown) was better than 5% for most trace 
elements except Ge, Tm, Yb, Lu, and Pb (better than 15%). The average precision 
for BHVO-2 was better than 5% for all elements except V, Zn, Ge, Rb, Y, La and 
Th (<15%) (a complete statistical analysis is reported in Supplementary Table 2).
Extended geochemistry discussion. The silica-saturated units range from basalt 
to basaltic trachyandesite (Fig. 2), and show higher degrees of alteration than the 
silica-undersaturated units, typically as calcite and haematite veins (Extended Data 
Fig. 2a). Near the base of the core there are interpreted pillow structures. The 
silica-undersaturated units range from foidite to basanite (Fig. 2) and are either 
porphyritic (Extended Data Fig. 2b) or aphanitic (Extended Data Fig. 2d), with 
minor alteration typically as calcite veins. In the porphyritic units, clinopyroxene 
is the most abundant phenocryst type, ranging from 1 mm to greater than 1 cm 
in size (Extended Data Fig. 2c, e). Zeolite species are also present in some of the 
silica-undersaturated units, and most of the olivine has been replaced by calcite 
(both zeolites and calcite were avoided during sample preparation). Two different 
mineralogical compositions were observed in the porphyritic silica-undersaturated 
units: the most common was clinopyroxene + nepheline + Ti-spinel ± phlogopite  
± apatite ± perovskite (Extended Data Fig. 2e, f), and the second grouping  
contained olivine + clinopyroxene + plagioclase + spinel. Where olivine is pre-
served it is fresh, with no alteration (Extended Data Fig. 2g) with fosterite content 
ranging from 84.7 to 88.8 wt%. Phlogopite has a Mg# (Mg# = Mg/(Mg + Fe) × 
100%) of 61.5, and up to 5.91 wt% TiO2.

Trace-element analyses confirm the visual interpretation that the silica- 
undersaturated units are minimally altered, with a general lack of enrichment 
(positive anomalies in the multi-element diagram, Fig. 2b) in Ba and Sr43. The 
silica-saturated units show positive Sr enrichments, which is probably a plagio
clase signature, which agrees with the mineralogy that these silica-saturated units 
are plagioclase-normative, as opposed to the silica-undersaturated units being 
nepheline-normative. The silica-undersaturated and silica-saturated units differ 
considerably in their trace element compositions, with the silica-undersaturated 
units being generally more enriched than other Atlantic hotspots (including  
the Canaries, Cape Verde, St Helena, the Azores, Fernado de Noronha, and 
Madeira) and other ocean island basalts globally (Extended Data Fig. 4). The  
silica-undersaturated units are also characterized by a steep slope in the heavy 
rare earth elements (HREE) (Fig. 2b), and Gb/Yb ratios of between 3.3 and 6.0, 
indicating garnet fractionation in the source material44. The silica-saturated units 
are characterized by a flat HREE pattern and low (1.2–1.7) Gd/Yb ratios, indicating 
a shallower source region.
Olivine geochemistry protocols. High-precision olivine phenocryst analyses  
for Bermuda were conducted on the most primitive samples, following the  

methods in ref. 45. Data were collected at Institute Science de la Terrre (ISTerre) of 
the University Grenoble Alpes, Grenoble, France on a JEOL JXA-8230 Superprobe 
using a focused beam (approximately 1 μm in diameter) of 25 kV and 900 nA. We 
analysed the San Carlos olivine standard at regular intervals during each analysis 
to correct for instrumental drift. Primary standards, statistics for the secondary 
standards, and statistics for the olivine analyses are given in Supplementary Table 2.  
Average approximate relative 2σ errors for major and trace elements on the  
San Carlos olivine standard (n = 33) were: Si, 0.16; Mg, 0.20; Fe, 0.029; Ni, 0.003; 
Mn, 0.001; Ca, 0.002; Na, 0.002; Al, 0.002; Co, 0.001; P, 0.001 and Ti, 0.001. An 
internal house standard (xen-7) was measured at regular intervals to correct for 
instrumental drift in Zn. The 2σ error for Zn on xen-7 was ~0.001. The relative 
accuracy for San Carlos olivine standard was better than 1% for all oxides.
Silica-undersaturated melts: insights from experiments. The trace-element 
and isotopic characteristics of silica-undersaturated, alkaline magmas cannot be 
explained by simple peridotite melting. For example, CaO and TiO2 contents of 
alkaline basalts are higher than in tholeiitic basalts and cannot be the product of 
melting primitive mantle alone46. As a result, experimental studies over the past two 
decades have attempted to constrain the relationship between silica-undersaturated  
magmas and their possible source rocks. These experiments have investigated the 
melting of various enriched rock types to produce silica-undersaturated, alkaline 
magmas: carbonated peridotite22,23,47, carbonated eclogite48,49, eclogite/garnet 
pyroxenite24, and hornblendite/clinopyroxene bearing hornblendite50.

These experiments have increased our understanding of the recycling of vol-
atile and trace element enriched rock types. Low-degree melts from carbonated 
peridotite between 2–5 GPa and 1,350–1,600 °C produce silica-undersaturated 
melts that are high in CaO22 (Extended Data Fig. 5) with the solidus starting 150 °C 
lower than CO2-free peridotite. The experimental melts are within the range of 
those found in Bermuda but fail to account for K2O and Al2O3 contents (Extended 
Data Fig. 5). The solidus for carbonated eclogite is steeper than for carbonated 
peridotite, and can also account for the high CaO contents of alkaline intraplate 
magmatism48. However, the carbonated eclogite experiments cannot account for 
the range of TiO2 exhibited by Bermuda (Extended Data Fig. 5).

Experiments using hornblendite and clinopyroxene-bearing hornblendite 
represent the melting of hydrous metasomatic veins50. These results (run at 1.5 
GPa) suggest that the metasomatized lithosphere is recycled by subduction or 
delamination and melts to produce silica-undersaturated alkaline magmas. Silica-
undersaturated lavas from Bermuda overlap with the experimental melts of a clino-
pyroxene-bearing hornblendite, with good agreement in TiO2, CaO, Al2O3 and 
K2O with SiO2 abundances (Extended Data Fig. 5). Although the experimental 
melting of hornblendite can explain the low SiO2 in correlation with several major 
elements, melting of hornblende/clinopyroxene rich samples cannot account for 
the low Ni content measured in the Bermuda olivine.

When comparing the Bermuda silica-undersaturated lavas with experimen-
tal studies, we can conclude that simple melting of carbonated peridotite cannot 
account all for the major element compositions of the lavas. Similar results were 
found for the silica-undersaturated, alkaline lavas from St Helena51 (the Atlantic 
HIMU end member), as carbonated peridotite alone cannot account for the com-
position of St Helena and thus they invoke an additional component of subducted 
oceanic crust.

Lamporites from the Leucite Hills (WY) are thought to be representative of 
melting carbonated metasomatic veins that are composed of phlogopite ± richterite  
± clinopyroxene ± apatite ± titanite52. Bermuda silica-undersaturated mineral-
ogy shares this characteristic metasomatic mineralogy, further supporting melting 
of metasomatized domains within the mantle. Additionally, Bermuda silica- 
undersaturated lavas have increased Nb/U ratios (up to 66) compared with canon-
ical mantle values (approximately 52), which is an additional indicator for (car-
bonatite) metasomatism53. Combined with bulk rock trace element compositions, 
olivine compositions (discussed in main text), and magmatic water calculations 
(discussed below), we suggest that Bermuda is the product of melts of volatile (H2O 
and CO2) enriched garnet peridotite.
Magmatic water from clinopyroxenes. Polarized infrared spectra of the hydroxy 
(OH) group in clinopyroxene were collected at 4-cm−1 resolution using a 180 × 
180 µm spot size via a Nic-Plan microscope attachment on the Thermo-Nicolet 
Magna 750 Fourier transform infrared (FTIR) spectrometer at James Madison 
University, with a KBr beamsplitter and a wire grid polarizer, and averaging over 
256 scans. Each pyroxene crystal was made into a four-sided rectangular prism, 
with sides polished to a smooth finish using 1 µm grit alumina or diamond paper. 
This enabled three mutually perpendicular infrared spectra to be obtained on the 
same crystal for quantification54. The clinopyroxenes are black to dark brown, 
precluding the use of interference figures to determine crystallographic orienta-
tion. OH concentrations of the clinopyroxene phenocrysts were calculated using 
the total integrated OH band areas between 3,700 and 3,000 cm−1, and using the 
modified Beer–Lambert law and the integral specific absorption coefficient (Iʹ) 
for clinopyroxene from ref. 55. Major elements of the same clinopyroxenes used 
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for FTIR analysis were conducted at the University of Münster in the Institute for 
Mineralogy on a JEOL JXA 8900 electron microprobe using a focused beam of  
15 kV, 100 nA, and a beam diameter of 10 μm. Other mineral phases in the  
silica-undersaturated unit were analysed at Virginia Tech with a Cameca SX 50 
electron microprobe using a focused beam of 15 kV, 25nA, and a beam diameter 
of 1 μm.

The clinopyroxenes from Bermuda silica-undersaturated lavas have H2O con-
centrations that range from 314 to 694 p.p.m. H2O (wt%). The two samples from 
the upper part of the core (B322, B830) have on average the lowest H2O concen-
trations, 393 ± 54 and 395 ± 52 p.p.m., respectively (Supplementary Table 2). The 
middle to lower sections of the core have higher H2O concentrations, averaging 
from 574 ± 94 (B1445), 637 ± 91 (B1644) and 629 ± 14 p.p.m. (B2299). Magmatic 
water concentrations for clinopyroxene-bearing lavas are calculated on the basis 
of experimental partition coefficient ( /DH O

Cpx Melt
2

) data, which positively corresponds 
to increasing Al contents in the clinopyroxenes. We used the /DH O

Cpx Melt
2

 calculations 
of refs 27,28. Equation 10 of ref. 28 is as follows:
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Whereas the relevant equation in ref. 27 is expressed as:
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The /DH O
Cpx Melt

2
 calculation of ref. 28 uses the relationship of tetrahedrally coor-

dinated Al3+ (IVAl3+) and Ca in the clinopyroxenes, whereas ref. 27 uses the Al2O3 
content. Al2O3 content ranges between 3.72 and 8.58 wt%, with B322 having the 
lowest Al2O3 and IVAl3+ concentrations (average 4.16 ±  0.44 wt% and 
0.081 ± 0.010, respectively), while the other samples have higher concentrations 
(>5.37 wt% Al2O3 and >0.103 IVAl3+). The /DH O

Cpx Melt
2

 calculated from ref. 28 yields 
higher H2O(l) concentrations with larger errors (ranging from 2.57 ± 0.78 to 
5.75 ± 1.71 wt%), but on average they are still within error of the H2O(l) concen-
trations calculated in ref. 27 (ranging between 1.87 ± 0.18 to 4.07 ± 0.39 wt%).

Intraplate volcanoes typically have a low magmatic H2O content of between 
0.03 and 1 wt% H2O, whereas arc volcanoes average 4 wt% H2O56. Our calculations 
show that the silica-undersaturated lavas from Bermuda have H2O contents that 
are greater than those of other typical intraplate volcanoes, approaching the high 
H2O contents of arc volcanics. Therefore, Bermuda must have sampled a mantle 
domain that was rich in volatiles, an observation that agrees with major element 
compositions (discussed above).
Radiogenic isotope protocols. Radiogenic isotope ratios were determined at the 
Center for Elemental Mass Spectrometry (CEMS), University of South Carolina 
(USC) following the established procedure for this laboratory57,58. Sample pow-
ders from the same aliquots used for major and trace elements were digested in a 
sub-boiling Teflon-distilled 3:1 HF:HNO3 mixture, and the isotopes were analysed 
from aliquots of a single digestion. Pb was separated on an anion resin with HBr 
and HNO3. Replicate Pb analyses were conducted on four of the most radiogenic 
206Pb/204Pb samples (sample numbers B703, B1644, B1873, and B1908) by leach-
ing the powders for 2 h in 6 M HCl to account for any clinopyroxene signal bias. 
Sr and rare-earth elements were separated from the bulk-rock washes of the Pb 
chemistry on a cation resin in HCl. Sr was further purified on a Sr-spec resin and 
Nd on an Ln-resin. Hf cuts from the Pb washouts were processed with Ln-spec 
resin (Eichrom) following the procedures in ref. 59. Isotopic ratios for Pb, Nd, Hf, 
and Sr were obtained on a Neptune multicollector ICP-MS at USC. Samples were 
introduced with an APEX enhanced sensitivity spray chamber and high-sensitivity 
cones (JET and X-skimmer configuration).

Pb isotope ratios were determined by the Tl-addition technique60 using the 
fractionation correction and data-reduction method outlined in ref. 61. The method 
calculates an empirical exponential mass fractionation factor based on the relative 
Pb and Tl isotope fractionation of NBS-981 Pb standard that was run multiple 
times with the samples and forcing the standard to a reference value, for which we 
used the values proposed in ref. 62: 206Pb/204Pb = 16.9405, 207Pb/204Pb = 15.4963, 
and 208Pb/204Pb 36.7219. The Pb/Tl ratio (208Pb/205Tl ≈ 7) of the samples was 
kept almost identical to the NBS 981 standard by first performing dip checks in 
the samples and spiking Tl to the appropriate level. The reproducibility of the 
method was judged by the repeated analyses of NBS-981 within the analytical 
session 206Pb/204Pb = 0.0012, 207Pb/204Pb = 0.0012, and 208Pb/204Pb = 0.004 (2σ, 
n = 19). The USGS AGV-2 standard was measured in the same analytical sequence 
as most of the samples reported here and is within error of recommended values63 
(Extended Data Fig. 8).

The Nd standard JNdi was measured at 143Nd/144Nd = 0.512097 ± 0.000016 
(2σ, n = 11) at USC, and the values are reported relative to the accepted value 
of JNdi of 143Nd/144Nd = 0.512115. Isotopic ratios for Nd were normalized to 
146Nd/144Nd = 0.7219. 176Hf/177Hf ratios were corrected for mass fractionation 
using 179Hf/177Hf = 0.7325, and the accuracy of analyses was monitored by 

repeated measurements of the JMC-475 standard64, which gave an average value 
of 176Hf/177Hf = 0.282144 ± 0.000005 (2σ, n = 10). The isotope ratios are reported 
relative to the generally accepted value 176Hf/177Hf = 0.282160. εNd and εHf are 
the deviations (in parts per ten thousand) from chondritic values of 0.512638 
for 143Nd/144Nd and 0.282772 for 176Hf/177Hf. Isotopic ratios for Sr were normal-
ized to 86Sr/88Sr = 0.1194, and replicate analyses of standard NBS-987 yielded 
87Sr/86Sr = 0.710316 ± 0.000013 (2σ, n = 7). All Sr measurements are reported 
relative to NBS-987 87Sr/86Sr = 0.710250. USGS standards BCR-2 and BHVO-1 
were run as unknowns and are presented in Supplementary Table 2. Full procedural 
blanks were run at Pb < 38 pg, Sr < 80 pg, Nd < 10 pg and Hf < 60 pg.
Lead isotopes modelling: evaluating the possibility that the Bermuda lavas form 
an isochron. The slope of the silica-undersaturated lavas samples (Extended Data 
Fig. 6a) corrected for 30 Myr ago in 206Pb/204Pb–207Pb/204Pb space corresponds to 
an age t1 given the following equation:
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e e
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where t2 = 30 Myr and λ235 and λ238 are the decay constants for 235U and 238U, 
respectively, with λ235 = 9.849 × 10−10 yr−1 and λ238 = 1.551 × 10−10 yr−1.

The calculated slope (linear regression through age-corrected data) has a value 
of 0.0459 with a 2σ error of ±0.0009. This corresponds to a t1 value of −36.4 
± 97.7 Myr, which means that most of the corresponding age range is in the future. 
The maximum age possible (95% confidence) is 55.9 Myr, 25.9 Myr before lava 
eruption at 30 Myr ago.

The silica-undersaturated samples are therefore unlikely to form an isochron, 
but if this is the case, this isochron has a near-zero age (<25.9 Myr before eruption 
of lavas); in addition, an unrealistically high μ value (238U/204Pb > 400) would be 
required to explain the most radiogenic sample from an initial isotope value similar 
to that of the least radiogenic one.

If we consider all of the Bermuda lavas as coming from the same Pb source, 
we can apply the same logic presented above to attempt to calculate a second iso
chron. The calculated slope of all the Bermuda samples corrected for 30 Myr ago 
in 206Pb/204Pb–207Pb/204Pb is 0.0468 with a 2σ error of ±0.0009. This corresponds 
to a t1 value of 40 Myr and still requires unrealistically high μ values.
Lead isotope modelling: evaluating the possibility that the silica-undersaturated  
Bermuda lavas form a mixing line. Another way to explain the trend formed by 
the silica-undersaturated lavas is mixing between a moderately depleted source 
similar to the Bermuda silica-saturated units and a highly radiogenic end member 
(206Pb/204Pb >21.5; Extended Data Fig. 6a).

We can therefore model how to produce a mixing end member with the isotopic 
composition of the most radiogenic sample (B703). The mixing end member of 
the silica-undersaturated lavas group is probably more radiogenic (further away 
from the data on the mixing line); however, sample B703 can be used to calculate 
the minimum μ = 238U/204Pb value for any possible mixing end member, because 
µ ∝ −R R2 1 in a scenario in which a source with a 206Pb/204Pb ratio R1 evolves over 
time to a ratio R2 with a given value of μ. Also, the slope of an isochron tying a 
given R1 value in 206Pb/204Pb–207Pb/204Pb space with a point R2 will become shal-
lower the higher the 206Pb/204Pb value of R2, yielding a younger age, and therefore 
requiring a higher μ.

We calculate the μ required to generate a component with the isotopic compo-
sition of B703 using the following equation:

µ =
−

−λ λ× ×
R R

e e
(1)t t

2 1
238 1 238 2

where R2 is the 206Pb/204Pb ratio of sample B703 corrected for an eruption age 
t2 = 30 Myr, and R1 is the 206Pb/204Pb ratio of a mantle source at t1 (fractionation 
age).

Because the least radiogenic 206Pb/204Pb Bermuda samples (the silica-saturated 
lavas) have a similar Pb isotopic signature as the composition of the Mid-Atlantic 
Ridge (MAR) near the Azores, we assume that the least radiogenic Bermuda sam-
ples plot along the Atlantic Array. This assumption ties Bermuda silica-saturated 
samples with the Azores MAR, Average NMAR, and Iceland MAR (Extended 
Data Fig. 6a, b), with a minimum 206Pb/204Pb ratio of 18 (see Atlantic MORB data 
in ref. 65).

All modelled isochrons intersect at point R2 in the 206Pb/204Pb–207Pb/204Pb 
space and plot below the trend of the silica-undersaturated lavas, as it equates a 
near-zero isochron. The shallowest modelled isochron therefore corresponds to 
the unlikely scenario in which the silica-undersaturated lavas form an isochron 
instead of a mixing line.

With the constraint of a point R1 on the Atlantic array, every value of R1 
(206Pb/204Pb, 207Pb/204Pb) will correspond to a single t1 value (unique slope) and 
μ. The Atlantic array corresponds to R1 values at t3 (today). We therefore calculate 
R1 at t1 before using equation (1), assuming a μ value of 8 for the mantle.



LetterRESEARCH

Given the transcendental nature of equation (1), we use a Monte Carlo approach 
to constrain what combinations of t1 and μ correspond to R1 values on the Atlantic 
array ( = . × + . ± ./ /R R0 1328 13 0325 0 002t t1 ( )

Pb Pb
1 ( )

Pb Pb
3

207 204

3

206 204
).

We further calculate the Ω = 232Th/204Pb values required to reach the 
208Pb/204Pb value of the most radiogenic Bermuda sample (B703) from the 

/R1
Pb Pb208 204

 on the Atlantic array corresponding to each valid simulation, assuming 
an Ω value of 24 for the mantle. Finally, we calculate the κ = 232Th/238U = Ω/μ 
values corresponding to modelled μ and Ω.

Results are reported in Supplementary Table 3 and Extended Data Fig. 6c–f.  
μ and Ω increase exponentially with R1 and t1. Any R1 value more radiogenic than 
average NMAR yields ages younger than 650 Myr, μ > 35 and Ω > 100, which 
again are minimum parent/daughter values for this mixing scenario. R1 values in 
the vicinity of Bermuda silica-saturated lavas (both isochron and mixing scenarios 
possible) yield ages around 200 Myr and extreme μ values over 100, and Ω greater 
than 250. By contrast, modelled κ values range from 2.6 to 2.9, which correspond 
to Phanerozoic mantle values modelled in ref. 66.
40Ar/39Ar geochronology. In samples B1641 and B1908, large (around 1 mm) phe-
nocrysts were selected from gently ground gravels. For samples B703 and B1036, 
smaller (around 150–300 μm) phenocrysts of biotite were separated by crushing, 
grinding, magnetic separation and extensive handpicking. The biotite separates for 
40Ar/39Ar dating were loaded in high-purity copper foil and irradiated in the central 
thimble of the USGS TRIGA reactor in Denver, Colorado, during two separate irra-
diations of 20 (KD62) and 30 megawatt hours (KD64), and all isotopic analyses were 
completed at the USGS-Reston 40Ar/39Ar geochronology laboratory. Fish Canyon 
Tuff sanidine, with an astronomically tuned age of 28.201 ± 0.08 Myr (ref. 67),  
was used as the neutron fluence monitor in both irradiations. Values for inter-
fering isotopes were determined by analysis of CaF2 glass and K2SO4 salt from  
irradiation KD62. These values were used for both KD62 and KD64. Production 
factors change little over time at the USGS-TRIGA reactor68.

Following irradiation, unknown samples were heated in low-blank furnaces 
similar to that described in ref. 69. The evolved gases were then purified in two-
stage ultra-high vacuum extraction lines70, and analysed on either a Mass Analyzer 
Products 216 (sample B1908) or a VG Micromass 1200 (samples B703, B1036, 
B1641) noble gas mass spectrometer, both operating in static mode. The Ar iso-
topes were measured by peak hopping using a SEV217 electron multiplier on the 
VG1200 and a Johnston MM1 electron multiplier on the MAP216. Isotopes were 
measured in six cycles and the time-zero intercepts were determined by linear 
regressions of the data.

Data from the VG1200 were reduced using a modified version of ArAr∗  
(ref. 71) and MassSpec V. 7.9 (ref. 72) and Isoplot73 was used to reduce data from 
the MAP216. In each program, a plateau age was defined as a set of contiguous 
steps containing more than 60% of the 39ArK, where the probability of fit of the 
weighted mean age of the steps is greater than 5% (ref. 74). To maintain consistency 
with ref. 67 (Fish Canyon Tuff sanidine age of 28.201 ± 0.08 Myr), the decay con-
stants from ref. 74 and the Ar isotopic composition from ref. 75 were used in data 
reduction. Constants and complete isotopic data can be found in the data tables 
in Supplementary Table 1.

We were unable to successfully date the matrix from the silica-saturated units, 
but phlogopite separates from the silica-undersaturated units B703, B1641 and 
B1908 yield 40Ar/39Ar plateau ages of 30.89 ± 0.21, 30.917 ± 0.096 and 30.89 ± 0.26 
Myr, respectively (Extended Data Fig. 3). All ages are at 2σ and include the error 
in the irradiation parameter J. These ages are interpreted to represent the time of 
crystallization of these silica-undersaturated lavas and, within limits of error, docu-
ment contemporaneous emplacement of these units. Step-heating of sample B1908 
yielded a slightly more complex age spectrum, and ages with more than 2% of the 
39ArK vary between 34.37 and 35.04 Myr, yielding a preferred age of 34.61 ± 0.87 
(2σ error expanded by √MSWD (mean square weighted deviation)). We interpret 
this age to document a discrete pulse of magmatism approximately 4 Myr before 
that recorded in the other samples. We cannot unequivocally rule out excess Ar 
as a cause for the older age, but the biotite appears unaltered under incident light 
and we see no reason to invoke excess Ar.
A model for Bermuda. In addition to the unique isotopic signatures recorded in 
the silica-undersaturated units of Bermuda, the alternating silica-undersaturated  
and silica-saturated composition is another feature that renders Bermuda an 
important location from which to understand the geochemical evolution of the 
mantle. As discussed above, the silica-saturated units fall within the Atlantic Array 
in terms of 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb. 143Nd/144Nd and 176Hf/177Hf 
approach the depleted mantle reservoir, but 87Sr/86Sr is more radiogenic than is 
depleted mantle and is similar to values from the silica-undersaturated units. Trace-
element signatures, particularly those of the heavy rare-earth elements, from the 
silica-saturated units suggest that that these melts were derived from a shallower 
source region where garnet was not stable. Together, the radiogenic isotopes and 
geochemical composition of the silica-saturated units suggest that they were 
derived from a depleted, shallow upper mantle similar to the source of MORB.

Geochemical data support a deep-seated reservoir rich in volatiles, and when 
coupled with our geodynamic models, we can suggest that Bermuda silica- 
undersaturated melts are the product of a small convection cell that sampled the 
volatile-rich transition zone. The transition zone was enriched with young recycled 
material evident from Pb isotopes, probably stored in the transition zone either 
owing to subduction associated with the coalescence of Pangea or delamination 
of crustal material during the subsequent break-up of Pangea. That volatile-rich 
material melted in the transition zone owing to the convection cell (Fig. 1). The 
volatile-rich melt interacted with peridotites above the transition zone, generating 
the silica-undersaturated melts (Fig. 1). The convecting cell is also responsible for 
melting the already depleted upper mantle, triggering shallow silica-saturated melts 
that are interlayered with the silica-undersaturated melts. The advection of global 
mantle flow backwards in time for our geodynamic modelling was conducted 
following the procedures outlined in ref. 76. The recycled material in the transition 
zone in our schematic model (Fig. 1) follows the modelling in ref. 77.

Data availability
Geochemical data for Bermuda lavas can be found online at the EarthChem data-
base at https://doi.org/10.1594/IEDA/111282. All geochemical data—including 
olivine-spinel thermometry, magmatic water calculations and Pb-isotope model-
ling—can be found in the Supplementary Information.
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Extended Data Fig. 1 | Geologic map and core log for Bermuda.  
a, Bathymetric map of the northwestern Atlantic Ocean based on that from 
ref. 12, highlighting Bermuda and the Bermuda Rise. The predicted west–
east hotspot track78 is shown as a red line. b, Sketch of the Bermuda core 

stratigraphy, based on the core log from Dalhousie University. The original 
core log corresponds to physical markings on the core, all given in inches 
and feet. Locations at which olivine (O) and phlogopite (Phl) phenocrysts 
have been observed are marked.
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Extended Data Fig. 2 | Examples of samples and mineralogy.  
a, Photograph of silica-saturated sample B1081, showing aphanitic texture 
with haematite and calcite veins. b, Photograph of silica-undersaturated 
sample B1644 showing porphyritic texture with clinopyroxene (Cpx).  
c, Photograph of silica-undersaturated sample B815 showing porphyritic 
texture and large phenocrysts of clinopyroxene (Cpx; up to 1 cm in length).  

d, Photograph of silica-undersaturated sample B193 showing aphanitic 
texture. e, Micrograph of sample B1908 in cross-polarized light, showing 
Ti-augite, apatite and phlogopite phenocrysts. f, Micrograph of sample 
B1908 in cross-polarized light, showing perovskite and nepheline 
phenocrysts. g, Olivine separates from B2299.
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Extended Data Fig. 4 | Examples of trace-element ratios comparing 
Bermuda to HIMU, EM1, and EM2 mantle domains from ref. 79.  
a, Rb/Sr plotted against 1/Sr, showing Bermuda lavas spanning the  
range of HIMU, EM1, and EM2 domains. b, Ce/Pb plotted against  
U/Pb, showing Bermuda lavas as being more enriched than HIMU-
derived lavas. c, K/U plotted against Pb/U, showing that Bermuda lavas are 
K-depleted. d, Ba/Th plotted against Rb/Th, showing that Bermuda lavas 

have fluid mobile element ratios similar to those of the HIMU domain.  
e, K/Nb plotted against K/U, showing that Bermuda lavas are K-depleted, 
with K depletions lower than previously reported for HIMU. f, Th/Pb 
plotted against U/Pb, showing that Bermuda is not characterized by 
sulfide fractionation, because Th and U are equally enriched and are more 
enriched than HIMU. EM1, enriched mantle I; EM2, enriched mantle II. 
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Extended Data Fig. 5 | Experimental melts compared with Bermuda lavas. a–f, Proportions of TiO2 (wt%) (a), Al2O3 (wt%) (b), CaO (wt%) (c),  
K2O (wt%) (d), the K2O/Na2O ratio (e) and MgO (wt%) (f) plotted against SiO2 (wt%). Experimental data are from refs 22,49,50,80.
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Extended Data Fig. 6 | Pb-isotope models for the Bermuda mantle 
source. a, b, 206Pb/204Pb–207Pb/204Pb and 206Pb/204Pb–208Pb/204Pb plots 
of Bermuda samples with measured values and age-corrected values (see 
legend). HIMU65 and Eastern Azores lavas81 are plotted for illustration. 
Azores MAR, Average NMAR and Iceland MAR end members (GEOROC 
database) are presented along with their linear regression, the Atlantic 
array. R3 corresponds to the measured value of sample B703, at t3 = 0 

(today). ss, silica-saturated; su, silica-undersaturated. c–f, Monte 
Carlo results derived from equation (1) for R1 values falling on the 
Atlantic array. Azores MAR, Average NMAR and Iceland MAR end 
members are presented at their respective model values. μ = 238U/204Pb, 
Ω = 232Th/204Pb, κ = 232Th/238U. μ and Ω values of Bermuda silica-
undersaturated lavas are presented: dashed blue line, average; solid blue 
lines, ± 1 s.d.
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Extended Data Fig. 7 | Modelling the μ of the Bermuda mantle source. 
Modelled μ compositions that are necessary to produce Bermuda’s 
most radiogenic 206Pb/204Pb sample (B703) starting from the average 
composition of the silica-undersaturated, least radiogenic samples. 
B703 (target) and the average silica-undersaturated samples have been 
age-corrected to time of eruption (30 Myr ago). Each line corresponds 
to possible source ages and the necessary μ for that source to produce 
an erupted lava that corresponds to B703. t = 40 Myr (70 Myr ago) 
corresponds to the calculated source age for Bermuda assuming that 

Bermuda represents an isochron, with a minimum μ < 420 necessary. 
t = 80 Myr (110 Myr ago) corresponds both to the error of the Bermuda 
isochron and the age of the oceanic lithosphere around Bermuda.  
T = 170 Myr (200 Myr ago) corresponds to the rifting of Pangea and 
the opening of the Atlantic in the region of Bermuda. t = 550 Myr (580 
Myr ago) corresponds to the ideal source age that can evolve the least 
radiogenic sample to the most radiogenic sample with a μ of 50 (the actual 
μ for B703). Ma, million years ago.



Letter RESEARCH

Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Standard reproducibility for Pb isotopes. 
Recommended USGS standard values (BHVO-2, AGV-2 and  
BCR-2) compared with standards run during this study for 206Pb/204Pb, 
207Pb/204Pb, and 208Pb/204Pb. Recommended standard values are from  
refs 63,82 and the most recent GEOREM preferred values. We did not leach 
any of our standards. It is important to note that ref. 63 reports that all 
the USGS standards are variably contaminated during processing, and 
therefore we plot the residues and leachate data for these USGS standards. 
a, b, Pb isotopes for BHVO-2 showing that our 206Pb/204Pb ratios are 
within error of the other values, but our 207Pb/204Pb ratios are lower than 
those in refs 63,82, yet within error of the GEOREM recommended values 

and the residues of leaching from ref. 63. In ref. 63 it was noted that the 
BHVO-2 and BHVO-1 are contaminated and that, upon leaching, their 
residues converge. c, d, Pb isotopes for AGV-2 showing that our data are 
within error of those in ref. 63 and the GEOREM recommended values. 
On the basis of AGV-2, our Pb isotope data are both accurate and highly 
precise (the duplicates overlap on the symbol size). e, f, Pb isotopes for 
BCR-2 showing that our 207Pb/204Pb values are identical to those of  
refs 63,82. As in the BHVO-2, our data are closer to the residues of leaching 
reported in ref. 63. Ours and literature data plot on a mixing line with 
the residues of leaching for BCR-2 being highly variable, pointing to 
heterogeneity in these standards.
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