
UC San Diego
UC San Diego Previously Published Works

Title
Marine Carbonates in the Mantle Source of Oceanic Basalts: Pb Isotopic Constraints.

Permalink
https://escholarship.org/uc/item/01q200rn

Journal
Scientific reports, 8(1)

ISSN
2045-2322

Authors
Castillo, PR
MacIsaac, C
Perry, S
et al.

Publication Date
2018-10-01

DOI
10.1038/s41598-018-33178-4
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/01q200rn
https://escholarship.org/uc/item/01q200rn#author
https://escholarship.org
http://www.cdlib.org/


1Scientific REPORtS |  (2018) 8:14932  | DOI:10.1038/s41598-018-33178-4

www.nature.com/scientificreports

Marine Carbonates in the Mantle 
Source of Oceanic Basalts: Pb 
Isotopic Constraints
P. R. Castillo  1, C. MacIsaac1, S. Perry1 & J. Veizer2

For almost fifty years, geochemists have been interpreting the clues from Pb isotopic ratios concerning 
mantle composition and evolution separately. The Pb isotopes of ocean island basalts (OIB) indicate 
that their mantle source is heterogeneous, most likely due to the presence of end-components 
derived from recycled crust and sediment. Some OIB have unusually high 206Pb/204Pb coming from 
one of the end-components with a long time-integrated high 238U/204Pb or μ (HIMU). Most OIB and 
many mid-ocean ridge basalts (MORB) also have high 206Pb/204Pb, indicating a HIMU-like source. 
Moreover, measured 232Th/238U (κ) for most MORB are lower than those deduced from their 208Pb/204Pb 
and 206Pb/204Pb. Such high μ and low κ features of oceanic basalts are inconsistent with the known 
geochemical behavior of U, Pb and Th and temporal evolution of the mantle; these have been 
respectively termed the 1st and 2nd Pb paradox. Here we show that subducted marine carbonates can 
be a source for HIMU and a solution to the Pb paradoxes. The results are consistent with the predictions 
of the marine carbonate recycling hypothesis that posits the Pb isotopes of oceanic basalts indicate a 
common origin and/or magma generation process.

Together with Sr isotopes, the Pb isotopes of OIB showed, for the first time, that the mantle is heteroge-
neous1, most likely due to the presence of enriched mantle 1 (EM1), enriched mantle 2 (EM2) and HIMU 
end-components from recycled crust and sediment2,3. High μ OIB from Saint Helena, Mangaia and Tubuai islands 
have unusually high 206Pb/204Pb (>20.0) and low 87Sr/86Sr (≤0.7028), and the bulk of OIB and many MORB also 
have high 206Pb/204Pb although higher 87Sr/86Sr (>0.7028). That is, almost all oceanic basalts have high 206Pb/204Pb 
that plot to the right of Geochron, a line in the 206Pb/204Pb versus 207Pb/204Pb diagram containing the current Pb 
isotopes of terrestrial materials, assuming the Earth remained a closed system (Fig. 1A). Both 206Pb and 207Pb 
increase due to the respective decay of radioactive 238U and 235U and, hence, the mantle source of oceanic basalts 
must have a long time-integrated (~b.y.) U/Pb > BSE refs2–4. Such a high U/Pb is unexpected because U is more 
incompatible than Pb and, thus, the ratio should be low at least in the depleted MORB mantle (DMM) source that 
has experienced repeated melt extraction. This has been termed the main or 1st Pb paradox, and its proposed solu-
tions include transfer of Pb into the core4,5, preferential retention of Pb relative to U in the continent6,7 or residual 
mantle sulfide8, hydrothermal transfer of Pb from mantle to continent9,10, U recycling into the mantle since Early 
Proterozoic2,11, and crustal contamination of an early-formed (ca. 4.5 Ga) mantle reservoir12. Notably, a majority 
of these solutions call for a decrease in Pb to increase U/Pb refs2,3. Moreover, the distinction between the sources 
of HIMU end-component, which has characteristically low 87Sr/86Sr, and HIMU-like characteristics of many oce-
anic basalts, which have variable and higher 87Sr/86Sr, has become blurred. A majority of the proposed solutions 
do not consider that the HIMU end-component is distinct because it must also have a long time-integrated, low 
Rb/Sr, as the decay of radioactive 87Rb increases 87Sr.

Measured κ (2.5 average) for most MORB are lower than those deduced from their 208Pb/204Pb and 206Pb/204Pb, 
which are fairly homogeneous and only slightly lower than bulk silicate Earth (BSE; κ ca. 4.0) refs13,14. The 
increase in 208Pb results from the decay of radioactive 232Th. The measured low κ of MORB indicates that the 
Th/U decrease from the original BSE κ in DMM may have occurred as recently as ca. 600 Ma ref.13. However, the 
Th-enriched continental crust derived from DMM is much older than this and, thus, the Th/U evolution of the 
mantle is a dilemma2,13,14. This has been termed the 2nd Pb paradox, and its proposed solutions include a mantle 
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BSE κ that decreased concurrently with continental extraction15,16, an upper mantle BSE κ that abruptly changed 
to 2.5 at 600 Ma13 and mantle recycling of U due to the Earth’s oxidizing condition since Early Proterozoic2,11,14,17.

Quite recently, we hypothesized that some Archaean marine carbonates provide the radiogenic 206Pb/204Pb, 
unradiogenic 87Sr/86Sr, low K2O, and high CaO of HIMU, as well as the overall positive correlation between CaO 
and 206Pb/204Pb in OIB ref.18. Our hypothesis is consistent with the Archaean-formed Δ33S anomaly in HIMU 
OIB ref.19 and the similar trace element contents of carbonatitic melt inclusions in diamonds and HIMU lavas20. 
We also proposed that the unusually radiogenic Pb isotopes of OIB (Fig. 1A) and 1st and 2nd Pb paradoxes are 
parts of a system of equations, and the higher concentration of U relative to Pb and Th in marine carbonates offers 
a self-consistent solution to these equations21. Such a holistic interpretation of Pb isotopes, however, assumes 
some Archaean marine carbonates formed in equilibrium with seawater containing U, but little to no Pb and Th, 
as well as high Sr but little to no Rb ref.18. This assumption is inconsistent with the anoxic Archaean ocean that 
should have prevented U mobilization in seawater and its eventual subduction into the mantle2,11,14,17.

To verify if some Archaean marine carbonates have high U/Pb and U/Th, we analyzed the Pb and Sr isotopes 
of the carbonate fractions of the few stromatolitic limestones that have the low 87Sr/86Sr of coeval seawater22,23. 
Notably, these carbonates preserve the composition of Archaean oceans, have long time-integrated low Rb/Sr 
and are generally unaltered, as alteration would have raised their 87Sr/86Sr refs22,23. Accordingly, the Pb isotopes of 
these unaltered samples should also be able to constrain their long time-integrated U, Th and Pb concentrations 
and ratios. We adopted this approach because the current U, Th, Pb, Rb, and Sr concentrations of many Archaean 
limestone outcrops have been modified by contamination and alteration22–26. We also analyzed their bulk Pb and 
Sr isotopes for comparison. Four samples (184, 185, 1977/7, and 1977/43) are from the 2.8 Ga Mosher Carbonate 
Formation in the Canadian Shield27 and one sample (187) is from the 3.0 to 2.6 Ga Bulawayan Supergroup in the 
Zimbabwe Craton28. The location and full description of the samples can be found in ref.23.

Results
The bulk limestone Pb isotopes are highly variable, but their carbonate fractions have systematically higher 
206Pb/204Pb and 207Pb/204Pb (Table 1; Figs 1 and 2). On the other hand, the carbonate fractions of samples 184, 
185 and 1977/7 have systematically lower 87Sr/86Sr than their respective bulk values whereas those of samples 187 
and 1977/43 are similar. The 87Sr/86Sr of the carbonate fractions of samples 187, 1977/7 and 1977/43 and their 
previously reported values23 are the same within error despite the difference in the leaching procedure used, and 
are also similar to the recent estimate of Archaean seawater 87Sr/86Sr ref.29.

The 206Pb/204Pb and 207Pb/204Pb of bulk and carbonate fractions of our samples plot with or at the exten-
sion of the wide 206Pb/204P-207Pb/204Pb array of the carbonate fractions of Manjeri limestones24 that also occur 
in the Zimbabwe Craton and of Nsuze limestones26 and Transvaal dolomites30 in the Kaapvaal Craton (Fig. 1A). 
Notably, oceanic basalts plot within this array. The array, in turn, plots below the arrays of the carbonate frac-
tions of Cheshire limestones25 as well as of surface (plotted) and very radiogenic drill core (not shown) samples 

Figure 1. 206Pb/204Pb versus A. 207Pb/204Pb and B. 208Pb/204Pb for Archaean limestones. Bulk stromatolitic 
limestones (solid symbols) are connected by tie lines to their respective carbonate fractions (open symbols). 
Analytical errors are smaller than the symbols used. Shown for reference are the carbonate fractions of other 
Archaean limestones (see text for sources of data), oceanic basalts (gray field), FOZO (dash area inside gray 
field), and HIMU end-component (dark gray field). The 2.82 Ga isochron in A. is the regression line for the 
extremely radiogenic (206Pb/204Pb = 30.2 to 104.4; 207Pb/204Pb = 19.4 to 34.1; 208Pb/204Pb = 42.514 to 74.402) 
Mushandike stromatolites24 (not shown).
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from Mushandike stromatolites24, all in the Zimbabwe Craton. In detail, the 206Pb/204Pb and 207Pb/204Pb of three 
Mosher limestones (184, 185, 1977/43), together with some of the Transvaal dolomites, are more radiogenic 
than OIB. Finally, the 208Pb/204Pb for given 206Pb/204Pb of bulk limestones, their carbonate fractions and those 
of many Archaean limestones are highly variable, but for many samples they are lower than those of oceanic 
basalts (Fig. 1B). Significantly, some Cretaceous serpentinites and 1.9 Ga altered oceanic crust have unusually low 
208Pb/204Pb, clearly indicating the extremely low Th content and, hence, Th/U of oxygenated seawater18,31.

The systematically high 206Pb/204Pb plus 207Pb/204Pb and low 208Pb/204Pb of the carbonate fractions we analyzed 
clearly indicate that some Archaean limestones have long time-integrated high μ and low κ refs18,21. A possibility 
is that such limestones precipitated locally in Archaean ‘oxygen oases’ in shallow-platforms27,32. Indeed, the very 
radiogenic Pb isotopes of the aforementioned Archaean Mushandike limestones were most probably generated 
in a shallow restricted basin with variable, but limited communication with the open ocean24. Alternatively, they 
may have been formed during localized concentrations or ‘whiffs’ of oxygen in the Archaean33, as proposed for 
the Nsuze metasediments34. Whichever the case, marine carbonates that precipitated in equilibrium with oxy-
genated seawater theoretically can have extremely high μ and low κ ref.35. Accordingly, the radiogenic Pb isotopes 
of some Archaean carbonates and interlayered metasediments are most probably due to in-growth of uranogenic 
206Pb and 207Pb in their carbonate fraction, rather than from contamination by a high μ Archaean crust24–26,36.

Discussion
Although there is consensus that the HIMU, EM1 and EM2 end-components are recycled surface material, there 
is little agreement on the origin of individual end-components. A currently popular idea is that HIMU is from 
altered MORB whereas EM1 and EM2 are from pelagic and terrigenous sediments, respectively2,3. Irrespective of 
sources, however, the end-components almost always mix with a ‘common’ or focus zone (FOZO) component2,3,37. 
The marine carbonate recycling hypothesis not only offers an alternative origin for the HIMU signature, but 
also explanations for some common threads in the geochemistry of oceanic basalts, particularly their unusually 

Figure 2. 206Pb/204Pb versus 87Sr/86Sr for Archaean limestones. Symbols as in Fig. 1. Shown for reference are 
the carbonate fractions of the few Mushandike limestones that have 87Sr/86Sr data (gray arrows point to the 
approximate location of other samples), the field for oceanic basalts and locations of proposed mantle end-
components.

Sample 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 87Sr/86Sr 87Sr/86Sr*
184bulk 24.864 16.107 39.335 0.710224

184carb f 27.208 16.206 39.551 0.702060 0.70217

185bulk 23.670 16.061 40.012 0.710354

185carb f 24.404 16.094 40.354 0.701980 0.70209

187bulk 16.437 15.253 34.113 0.701541

187carb f 18.202 15.441 33.762 0.701510 0.70162

1977/7bulk 18.689 15.592 36.173 0.702607

1977/7carb f 19.157 15.714 35.978 0.702220 0.70233

1977/43bulk 24.034 16.704 39.664 0.701920

1977/43carb f 26.002 17.098 39.804 0.701760 0.70187

Table 1. Lead and Sr isotopic ratios of Archaean limestones with the low 87Sr/86Sr of coeval seawater. 
*Carbonate fraction data from refs22,23, normalized to NBS987 87Sr/86Sr = 0.710254. Analytical errors are 
±0.000018 for 87Sr/86Sr, ±0.002 for 206Pb/204Pb, ±0.003 for 207Pb/204Pb and ±0.010 for 208Pb/204Pb; 2σ precisions 
for individual Sr and Pb measurements are better than these.
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high 206Pb/204Pb and 207Pb/204Pb (Fig. 1A) and the almost ubiquitous link between OIB end-components and 
the HIMU-like FOZO2,3,18,37. Our new analyses for a few select Archaean limestones lend some credence to the 
hypothesis.

Sample 1977/43 and its carbonate fraction as well as those of samples 184 and 185 plot at the extension of 
HIMU OIB in the 206Pb/204Pb and 87Sr/86Sr diagram (Fig. 2). Although such limestones appear scarce, it is note-
worthy that the measured Pb and Sr isotopes of many Archaean limestone outcrops may be secondary, as these 
are mainly effects of later metamorphism and/or alteration22–26. That our Archaean carbonate fractions still show 
their original μ, κ and Rb/Sr features is most likely due to a combination of favorable preservation and the slug-
gishness of element diffusion in solid rocks38,39. Significantly, if a subducted Archaean oceanic slab containing 
carbonates and/or carbonated metasediments would partially melt in the deep mantle, carbonate-rich melt would 
most likely form first since calcareous metasediment has the lowest melting temperature of all lithologies in the 
subducting lithosphere40,41. Moreover, high modes of melting would occur once melting initiates, as limestone 
is mainly comprised of a single calcite phase42. The carbonate-rich melt could then infiltrate and/or metasom-
atize the lithospheric mantle portion of the slab, as carbonate has higher diffusion rate than basaltic melt43,44. 
Subsequent melting of carbonate-metasomatized ancient upper mantle could produce OIB melts18,21,41.

To illustrate the origin of the 206Pb/204Pb and 207Pb/204Pb of HIMU OIB, we first calculated the evolution of 
the carbonate fraction of sample 185 (Fig. 3A). Sample 185 formed 2.8 Ga in the prevailing environment with a 
μ of 7.99 refs7 but its carbonate fraction evolved with a μ of 20.63 (dash line). We assumed the sample was part 
of a subducted slab that was isolated for quite some time (ca. ~b.y.) deep in the mantle to allow uranogenic 206Pb 
and 207Pb to grow. Then the carbonate partially melted to form a carbonatite melt that metasomatized the man-
tle portion of the subducted slab, which partially melted quite recently to produce plume magmas. Using these 
results and assumptions, we then constructed a model using a hypothetical limestone that evolved like sample 
185 and relevant experimental data41. Metasomatism (solid line) of a subducted, evolving upper mantle7 (99%) 
by the partial melt from the limestone (1%) produced HIMU OIB containing a mere ≤20% of such melt. Notably, 
the metasomatic melt was highly enriched in 206Pb and 207Pb as it came from a limestone that only had U but no 
Pb. Moreover, the subducted slab was very low in Pb to begin with as its Pb was sequestered during subduction2,18 
and/or later by mantle sulfides8, making the slab susceptible to contamination or spiking by the uranogenic Pb 
refs18,21. On the other hand, the low 87Sr/86Sr of HIMU OIB is simply that of the Archaean limestone, which had 
the 87Sr/86Sr of coeval seawater that, in turn, was being buffered by the upper mantle22,23 (Fig. 2).

Our model illustrates a similar, idealized origin for the 208Pb/204Pb of HIMU OIB (Fig. 3B), but this is an 
over-simplification. Sample 185 formed in the prevailing environment with a κ value of 3.99 ref.7 but evolved 
with a lower value of 2.49 (dash line), similar to many Archaean limestones (Fig. 1B) and/or serpentinite and 
altered crust31 that have extremely low κ values. However, if our hypothetical Archaean limestone indeed 
fully-equilibrated with oxygenated seawater, then the carbonatitic melt contribution to the 208Pb/204Pb of HIMU 
OIB is negligible because it had none to very little thorogenic 208Pb and, compared to Pb, Th was sequestered 
much less from the slab during subduction. Thus, the 206Pb/204Pb-208Pb/204Pb evolution of HIMU OIB (solid line) 

Figure 3. 206Pb/204Pb versus A. 207Pb/204Pb and B. 208Pb/204Pb diagrams showing the evolution of the carbonate 
fraction of sample 185 from the 2.8 Ga Bulk silicate Earth7 to present (dash lines), and our model for the 
origin of HIMU OIB (solid lines). The model was constructed by metasomatizing (mixing) 99% of a slightly 
younger, 2.4 Ga evolving upper mantle (206Pb/204Pb = 13.728, 207Pb/204Pb = 14.614, 208Pb/204Pb = 33.210, 
0.051 ppm Pb) ref.7 with 1% of a hypothetical Archaean limestone (206Pb/204Pb = 24.404, 207Pb/204Pb = 16.200, 
208Pb/204Pb = 43.00; open square – M) containing the Pb of the most enriched, 8% partial melt from carbonated 
pelite (67.2 ppm; see ref.41 for details of experimental data, and modeling). The latter Pb concentration was used 
because of the dearth of experimental data for partial melting of limestone at high pressures. Each upper mantle 
and total silicate Earth symbol represents 0.4 Ga interval whereas each tick mark along the model mixing line 
represents 0.2 increment of melt contribution. See text for additional discussion.
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is primarily an extension of the upper mantle7. This notion is consistent with geochemical data indicating a uni-
form Th/U ratio for the ancient upper mantle7 and modern DMM refs21,45,46.

Our model also implies that mixing between an even smaller amount of Archaean (or perhaps younger) lime-
stone and ancient upper mantle can produce the variable and radiogenic Pb and Sr isotopic ratios of the FOZO 
component18,21. On the other hand, the HIMU-like 206Pb/204Pb and radiogenic 87Sr/86Sr of the bulk of OIB can be 
produced through mixing between ancient mantle and carbonated crust plus sediment (e.g., containing anker-
ite23). In this case, mixing between ancient mantle (FOZO) and carbonated, variably altered MORB plus mafic 
(EM1) ref.47 to silicic (EM2) ref.48 metasediment are most likely involved (see also ref.41). Finally, mixing between 
carbonatitic melts from the present-day down-going slab that intersects the solidus for carbonated MORB at ca. 
300 to 700 km ref.49 and DMM can produce the radiogenic Pb and Sr isotopes of modern enriched-MORB. Thus, 
recycling of marine carbonates can also solve the 1st Pb paradox21.

We additionally propose that the Th deficiency in many ancient carbonates produced the limited variation of 
the κ values of OIB that hover around the BSE κ, as these are primarily extensions of the evolving upper mantle 
(Fig. 3B). The homogeneous DMM κ value deduced from MORB 206Pb/204Pb and 208Pb/204Pb is also an upper 
mantle signature2,3,14,16. However, the fairly recently decoupled low Th/U of MORB (i.e., 2nd paradox)13 comes 
from the aforementioned carbonatitic melts from the down-going slab18,49 that are mainly from Proterozoic to 
Phanerozoic limestone, as melts from carbonated sediment has high Th/U ref.41. The occurrence of carbonatitic 
melts containing U in DMM is consistent with the isotopically distinct, high 238U/235U of MORB ref.17. The ‘exotic’ 
238U/235U is formed in the oceanic crust at the bottom of the modern oxic ocean and subducted into the mantle, 
but must have been recycled back relatively quickly to the surface17.

In summary, our results indicate the existence of Archaean carbonates with the appropriate Pb and Sr isotopes 
to generate the HIMU source, per the marine carbonate recycling hypothesis. Through qualitative modeling, we 
illustrate via mixing between recycled upper mantle and partial melts from 1) select ancient marine carbonates 
the compositional signature of HIMU OIB, and 2) ancient carbonated crust and sediment the solutions to both 1st 
and 2nd Pb paradoxes. Notably, a recent study also concludes that the high U/Pb and U/Th content of ancient sea-
water as the source of the Pb isotopic signature of the HIMU end-component31. Instead of Archaean carbonatitic 
melt, however, the study proposes metasomatism of the source with U-enriched, supercritical liquid derived from 
Proterozoic (1.9 Ga) seawater. Incidentally, Proterozoic seawater would also impart a higher 87Sr/86Sr (>0.704)22,23 
to the HIMU source. The study also locates the HIMU source domains roughly in the mid-mantle, where they 
can be fortuitously entrained by upwelling mantle plumes31. We acknowledge that the hypothesis is inconsist-
ent with some existing data and prevailing interpretations. Foremost among these are that carbonates should 
break and dissolve completely during subduction50,51, there are very few Archaean carbonate outcrops that posses 
the putative HIMU composition, and carbonate melts41 and carbonatites52,53 are generally depleted in Zr, Hf 
and Ti but these are not possessed by HIMU OIB ref.2. However, there are also data indicating the occurrence 
of carbonate-sourced diamonds deep in the mantle54,55 and that carbonates can be preserved to great mantle 
depths56. Moreover, HIMU OIB is only a small fraction of OIB ref.3. Caution must also be taken when equating 
the current outcrops as true representations of the actual amount of subducted Archaean carbonates. Finally, our 
model indicates that the HIMU plume source contains only a minute amount of carbonatitic melt, and higher 
degrees of partial melting of a silicate-dominated source should increase the Zr, Hf and Ti contents of the result-
ant silicate melt41,57. Thus, more data are needed to test our hypothesis.

Methods
The limestone samples were broken into cm-sized fragments, washed with distilled water, dried, and pulver-
ized in an agate mortar and pestle. About 50 mg of the limestone powders were completely dissolved using a 
mixed, ultra-pure HF:HNO3 solution in Teflon beakers and then analyzed for bulk limestone Pb and Sr isotopic 
composition following the established sample purification and thermal ionization mass spectrometry proce-
dure at the Scripps Institution of Oceanography58. To analyze the Pb and Sr isotopic composition of carbonate 
fractions, ca. 100 mg of powders were leached with 3 ml 1 M ultra-pure acetic acid in Teflon beakers, ultrasoni-
cated for 15 minutes and left to react at room temperature for ca. 24 h. Then the mixtures were centrifuged and 
supernates were carefully separated and dried down. Afterwards, ca. 0.5 ml ultra-pure, concentrated HNO3 
was added to the supernates to oxidize any organics. The samples were dried down again prior to Pb and Sr 
purification and isotopic analysis following the same above procedure. Note that the separation procedure for 
carbonate fraction used in this study differs from that employed in refs22,23 in the use of mild acetic acid rather 
than hydrochloric acid.

Strontium and Pb isotopic ratios were analyzed using a 9-collector, Micromass Sector 54 thermal ionization 
mass spectrometer. Total procedural blanks are 35 pg for Sr and 60 pg for Pb. Strontium isotopic ratios were 
fractionation-corrected to 86Sr/88Sr = 0.1194 and are reported relative to 87Sr/86Sr = 0.710254 + 0.000018 (n = 22) 
for NBS 987. Lead isotopic ratios were analyzed using the double-spike method to correct for mass fractiona-
tion during analysis; separate measurements of spiked and unspiked samples were made on different aliquots 
from the same dissolution. The SBL-74 207Pb–204Pb double-spike from the University of Southampton was used, 
producing the following results for NBS981: 206Pb/204Pb = 19.9282 ± 0.0023, 207Pb/204Pb = 15.4870 ± 0.0031 
and 208Pb/204Pb = 36.6952 ± 0.0097 (n = 7). These values and those of the samples were adjusted to 
206Pb/204Pb = 19.9356, 207Pb/204Pb = 15.4891 ± 0.0031 and 208Pb/204Pb = 37.7006 ref.59. 2σ precisions for individ-
ual Sr and Pb measurements are better than the analytical errors for NBS987 and NBS981.

Data Availability
All data generated or analyzed during this study are included in this published article.



www.nature.com/scientificreports/

6Scientific REPORtS |  (2018) 8:14932  | DOI:10.1038/s41598-018-33178-4

References
 1. Gast, P. W., Tilton, G. R. & Hedge, C. Isotopic composition of lead and strontium from Ascension and Gough Islands. Science 145, 

1181–1185 (1964).
 2. Hofmann, A. W. Sampling Mantle Heterogeneity through Oceanic Basalts: Isotopes and Trace Elements In: Turekian, K., Holland, 

H. (Eds) Treatise in Geochemistry, Elsevier, Amsterdam, 67–101 (2013).
 3. Stracke, A. Earth’s heterogeneous mantle: A product of convection-driven interaction between crust and mantle. Chemical Geology 

330, 274–299 (2012).
 4. Allegre, C. J., Brevart, O., Dupre´, B. & Minster, J.-F. Isotopic and chemical effects produced in a continuously differentiating 

convecting Earth mantle. Philos. Trans. R. Soc. London, Ser. A 297, 447–477 (1980).
 5. Oversby, V. M. & Ringwood, A. E. Time of formation of earth’s core. Nature 237, 463–465 (1971).
 6. Doe, B. R. & Zartman, R. E. Plumbotectonics I, the Phanerozoic, in Geochemistry of Hydrothermal Ore Deposits (Ed. Barnes, H. L.), 

22–70 (Wiley Interscience, 1979).
 7. Kramers, J. D. & Tolstikhin, I. N. Two terrestrial lead isotope paradoxes, forward transport modelling, core formation and the 

history of the continental crust. Chem. Geol. 139, 75–110 (1997).
 8. Hart, S. R. & Gaetani, G. A. Mantle Pb paradoxes: the sulfide solution. Contrib. Mineral. Petrol. 152, 295–308 (2006).
 9. Peucker-Ehrenbrink, B., Hofmann, A. W. & Hart, S. R. Hydrothermal lead transfer from mantle to continental crust: the role of 

metalliferous sediments. Earth Planet. Sci. Lett. 125, 129–142 (1994).
 10. Chauvel, C., Goldstein, S. L. & Hofmann, A. W. Hydration and dehydration of oceanic crust controls Pb evolution in the mantle. 

Chem. Geol. 126, 65–75 (1995).
 11. Staudigel, H., Davies, G. R., Hart, S. R., Marchant, K. M. & Smith, B. M. Large scale isotopic Sr, Nd and O isotopic anatomy of altered 

oceanic crust: DSDP/ODP sites 417/418. Earth Planet. Sci. Lett. 130, 169–185 (1995).
 12. Jackson, M. G. et al. Evidence for the survival of the oldest terrestrial mantle reservoir. Nature 466, 853–856 (2010).
 13. Galer, S. J. G. & O’Nions, R. K. Residence time of thorium, uranium and lead in the mantle with implications for mantle convection. 

Nature 316, 778–782 (1985).
 14. Elliott, T., Zindler, A. & Bourdon, B. Exploring the Kappa Conundrum: The role of recycling in the lead isotope evolution of the 

mantle. Earth Planet. Sci. Lett. 169, 129–145 (1999).
 15. Allegre, C. J., Dupre, B. & Lewin, E. Thorium-uranium ratio of the earth. Chem. Geol. 56, 219–227 (1986).
 16. Tatsumoto, M. Isotopic composition of lead in oceanic basalt and its implication to mantle evolution. Earth Planet. Sci. Lett. 38, 

63–87 (1978).
 17. Andersen, M. B. et al. The terrestrial uranium isotope cycle. Nature 517, 356–359 (2015).
 18. Castillo, P. R. The recycling of marine carbonate and sources of HIMU and FOZO ocean island basalts. Lithos 216–217, 254–263 

(2015).
 19. Cabral, R. A., Jackson, M. G., Rose-Koga, E. F., Koga, K. T. & Whitehouse, M. J. Anomalous sulphur isotopes in plume lavas reveal 

deep mantle storage of Archaean crust. Nature 496, 490–493 (2013).
 20.  Weiss, Y., Class, C., Goldstein, S. L. & Hanyu, T. Key new pieces of the HIMU puzzle from olivines and diamond inclusions. Nature, 

https://doi.org/10.1038/nature19113 (2016).
 21. Castillo, P. R. A proposed new approach and unified solution to old Pb paradoxes. Lithos 252–253, 32–40 (2016).
 22. Veizer, J. Strontium isotopes in seawater through time, 1989. Ann. Rev. Earth Planet. Sci. 17, 141–167 (1989).
 23. Veizer, J. et al. Geochemistry of Precambrian carbonates: II. Archean greenstone belts and Archean sea water. Geochim. Cosmochim. 

Acta 53, 859–871 (1989).
 24. Kamber, B., Bolhar, R. & Webb, G. Geochemistry of late Archaean stromatolites from Zimbabwe: Evidence for microbial life in 

restricted epicontinental seas. Precambr. Res. 132, 379–399 (2004).
 25. Bolhar, R., Hofmann, A., Woodhead, J. D., Hergt, J. M. & Dirks, P. Pb- and Nd isotope systematics of stromatolitic limestones from 

the 2.7 Ga Ngezi Group of the Belingwe Greenstone Belt: constraints on timing of deposition and provenance. Precambr. Res. 114, 
277–294 (2002).

 26. Bolhar, R., Hofmann, A., Siahi, M., Feng, Y.-X. & Delvigne, C. A trace element and Pb isotopic investigation into the provenance and 
deposition of stromatolitic carbonates, ironstones and associated shales of the ~3.0 Ga Pongola Supergroup, Kaapvaal Craton. 
Geochim. Cosmochim. Acta 158, 57–78 (2015).

 27. Fralic, P. & Riding, R. Steep Rock Lake: Sedimentology and geochemistry of an Archean carbonate platform. Earth Sci. Rev. 151, 
132–175 (2015).

 28. Prendergast, M. D. The Bulawayan Supergroup: a late Archaean passive margin-related large igneous province in the Zimbabwe 
craton. J. Geol. Soc., London 161, 431–445 (2004).

 29. Satkoski, A. M., Fralick, P., Beard, B. L. & Johnson, C. M. Initiation of modern-style plate tectonics recorded in Mesoarchean marine 
chemical sediments. Geochim. Cosmochim. Acta 209, 216–232 (2017).

 30. Jahn, B. –M., Bertrand-Sarfati, J., Morin, N. & Mace, J. Direct dating of stromatolitic carbonates from the Schmidtsdrif Formation 
(Transvaal Dolomite), South Africa, with implications on the age of the Ventersdorp Supergroup. Geology 18, 1211–1214 (1990).

 31. Pettke, T., Kodolányi, J. & Kamber, B. S. From ocean to mantle: new evidence for U-cycling with implications for the HIMU source 
and the secular Pb isotope evolution of Earth’s mantle. Lithos 316–317, 66–76 (2018).

 32. Riding, R., Fralick, P. & Liang, L. Identification of an Archean marine oxygen oasis. Precambr. Res. 251, 232–237 (2014).
 33. Anbar, A. D. et al. A whiff of oxygen before the Great Oxidation Event? Science 317, 1903–1906 (2007).
 34. Eickmann, B. et al. Isotopic evidence for oxygenated Mesoarchaean shallow oceans. Nat. Geo., https://doi.org/10.1038/s41561-017-

0036-x (2017).
 35. Edwards, R. L., Chen, J. H. & Wasserbugh, G. J. 238U-234U - 230Th-232Th systematics and the precise measurement of time over the past 

500,000 years. Earth Planet. Sci. Lett. 81, 175–192 (1986).
 36. Kamber, B. S., Collerson, K. D., Moorbath, S. & Whitehouse, M. J. Inheritance of early Archaean Pb-isotope variability from long-

lived Hadean protocrust. Contrib. Mineral. Petrol. 145, 25–46 (2003).
 37. Hart, S. R., Hauri, E. H., Oschmann, L. A. & Whitehead, J. A. Mantle plumes and entrainment: isotopic evidence. Science 256, 

517–520 (1992).
 38. Hofmann, A. W. & Hart, S. R. An assessment of local and regional isotopic equilibrium in the mantle. Earth Planet. Sci. Lett. 39, 

44–62 (1978).
 39. van Orman., J. A., Grove, T. L. & Shimizu, N. Rare earth element diffusion in diopside: Influence of temperature, pressure and ionic 

radius, and an elastic model for diffusion in silicates. Contrib. Mineral. Petrol. 141, 687–703 (2001).
 40.  Grassi, D. & Schmidt, M. W. Melting of carbonated pelites at 8–13 GPa: generating K-rich carbonatites for mantle metasomatism. 

Contrib. Mineral. Petrol., https://doi.org/10.1007/s00410-010-0589-9 (2011).
 41. Grassi, D., Schmid, M. W. & Günther, D. Element partitioning during carbonated pelite melting at 8, 13 and 22 GPa and the 

sediment signature in the EM mantle components. Earth Planet. Sci. Lett. 327–328, 84–96 (2012).
 42. Chen, C. F. et al. Paleo-Asian oceanic slab under the North China craton revealed by carbonatites derived from subducted 

limestones. Geology 44, 1039–1042 (2016).
 43. Minarik, W. G. & Watson, E. B. Interconnectivity of carbonate melt at low melt fraction. Earth Planet. Sci. Lett. 133, 423–437 (1995).
 44. Hammouda, T. & Laporte, D. Ultrafast mantle impregnation by carbonatite melts. Geology 28, 283–285 (2000).
 45. Arevalo, R. & McDonough, W. F. Chemical variations and regional diversity observed in MORB. Chem. Geol. 271, 70–85 (2010).

http://dx.doi.org/10.1038/nature19113
http://dx.doi.org/10.1038/s41561-017-0036-x
http://dx.doi.org/10.1038/s41561-017-0036-x
http://dx.doi.org/10.1007/s00410-010-0589-9


www.nature.com/scientificreports/

7Scientific REPORtS |  (2018) 8:14932  | DOI:10.1038/s41598-018-33178-4

 46. Jenner, F. E. & O’Neill, H. S. C. Analysis of 60 elements in 616 ocean floor basaltic glasses. Geochem. Geophys. Geosys. 13, 1–11 
(2012).

 47. Castillo, P. R. An alternative explanation for the Hf–Nd mantle array. Sci. Bull. 62, 974–975 (2017).
 48. Jackson, M. G., Hart, S. R., Koppers, A. A. P., Staudigel, H. & Konter, J. The return of subducted continental crust in Samoan lavas. 

Nature 448, 684–687 (2007).
 49. Thomson, A. R., Walter, M. J., Kohn, S. C. & Brooker, A. R. Slab melting as a barrier to deep carbon subduction. Nature 529, 76–79 

(2017).
 50. Dasgupta, R. & Hirschmann, M. M. The deep carbon cycle and melting in Earth’s interior. Earth Planet. Sci. Lett. 298, 1–13 (2010).
 51. Kelemen, P. B. & Manning, C. E. Reevaluating carbon fluxes in subduction zones, what goes down, mostly comes up. Proc. Nat. Acad. 

Sci. USA 112, E3997–E4006 (2015).
 52. Woolley, A. R. & Kempe, D. R. C. Carbonatites: nomenclature, average chemical composition in Carbonatites: genesis and evolution 

(ed. Bell, K.) 1–14 (Unwin Hyman, 1989).
 53. Bizimis, M., Salters, V. J. M. & Dawson, J. B. The brevity of carbonatite sources in the mantle: evidence from Hf isotopes. Contrib. 

Mineral. Petrol. 145, 281–300 (2003).
 54. Walter, M. J. et al. Deep mantle cycling of oceanic crust: Evidence from diamonds and their mineral inclusions. Science 334, 54–57 

(2011).
 55. Tappert, R. et al. Deep mantle diamonds from South Australia: A record of Pacific subduction at the Gondwana margin. Geology 37, 

43–46 (2009).
 56. Dorfman, S. M. et al. Carbonate stability in the reduced lower mantle. Earth Planet. Sci. Lett. https://doi.org/10.1016/j.epsl.2018. 

02.035 (2018).
 57. Veksler, I. V., Petibon, C., Jenner, G. A., Dorfman, A. M. & Dingwell, D. B. Trace element partitioning in immiscible silicate-

carbonate liquid systems: an initial experimental study using a centrifuge autoclave. J. Petrol. 39, 2095–2104 (1998).
 58. Truong, T. B., Castillo, P. R., Hilton, D. R. & Day, J. M. D. The trace element and Sr-Nd-Pb isotope geochemistry of Juan Fernandez 

lavas reveal variable contributions from a high-3He/4He mantle plume. Chem. Geol. 476, 280–291 (2018).
 59. Todt, W., Cliff, R. A., Hanser, A. & Hofmann, A. W. Evaluation of a 202Pb-205Pb double spike for high-precision lead isotope analysis. 

In Earth Processes: Reading the Isotopic Code (eds Basu, A. & Hart, S.) 429–437 (Amer. Geophys. U., 1996).

Acknowledgements
This work is funded by grants from the U.S.N.S.F (EAR-1747600) and UCSD Academic Senate (RQ254R). We 
thank Larry Finnin for assistance in mass spectrometry and J. Bedard, G. Lugmair and M. Kastner for their 
comments and suggestion on an earlier version of this manuscript.

Author Contributions
P.R.C. devised the research project, analyzed the samples, ran the numerical models, and led the manuscript 
writing. C.M. and S.P. assisted in the processing and analysis of the samples and J.V. provided the samples; S.P., 
C.M. and J.V. assisted in writing the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1016/j.epsl.2018.02.035
http://dx.doi.org/10.1016/j.epsl.2018.02.035
http://creativecommons.org/licenses/by/4.0/

	Marine Carbonates in the Mantle Source of Oceanic Basalts: Pb Isotopic Constraints
	Results
	Discussion
	Methods
	Acknowledgements
	Figure 1 206Pb/204Pb versus A.
	Figure 2 206Pb/204Pb versus 87Sr/86Sr for Archaean limestones.
	Figure 3 206Pb/204Pb versus A.
	Table 1 Lead and Sr isotopic ratios of Archaean limestones with the low 87Sr/86Sr of coeval seawater.




