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Heavy potassium isotopes in carbonatites reveal
oceanic crust subduction as the driver of deep

carbon cycling

Zheng-Yu Long"?*, Frédéric Moynier'*, Baptiste Debret', Kun-Feng Qiu**, Wei Dai',
Hao-Xuan Sun’, Jun Deng? Hervé Bertrand?, Kevin Burton*, Edward Inglis®, Sebastian Tappe®’

Carbon cycling between surface and mantle reservoirs is pivotal in fostering habitability of Earth. A critical yet
poorly constrained parameter is whether crustal carbon can “survive” devolatilization processes that accompany
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slab subduction and therefore influence deep carbon budgets. Carbonatites provide a key record to address this
important topic. Here, we present high-precision potassium isotope data for a large set of carbonatite samples
from both continental and oceanic settings, spanning from 2 billion years ago to the present. Modeling suggests
that the heavy potassium isotopic compositions of carbonatites are inherited from their mantle sources, rather
than resulting from magmatic and postmagmatic processes. Our results demonstrate a strong link between the
subduction of oceanic crust and the recycling of carbonates into the mantle sources of carbonatites. These find-
ings support the hypothesis that subduction of carbonate-bearing altered oceanic crust has been a critical mech-

anism for transferring carbon into the deep Earth through time.

INTRODUCTION
The geological cycles and interactions of volatile elements, particu-
larly those involving carbon, influence the long-term evolution of
climate, ocean, and life (1-4). The carbon cycle is characterized by
the ongoing release of carbon from the mantle via volcanism and
reintroduction into the mantle via plate subduction (5, 6). Subduct-
ed materials such as limestone- and chalk-bearing calcareous sedi-
mentary successions (7), ophicarbonates (8, 9), and altered basaltic
oceanic crust (10, 11) are primary carbon carriers into subduction
zones. However, metamorphic dehydration and melting during sub-
duction may return subducted carbon back to the surface via arc
magmatism or sedimentary accretion to active continental margins
(12-14), thereby limiting the extent of deep carbon cycle. This has
sparked a vigorous debate about whether carbon contained in down-
going slabs can be effectively recycled into the deep Earth.
Magmatism is essential to Earth’s carbon cycle, bridging the man-
tle and surface through a complex interaction of crustal recycling,
mantle storage, and volcanism (2, 3). Important advances in under-
standing the relationship between surface carbon and mantle reser-
voirs are based on the investigation of samples from oceanic hotspots,
e.g., ocean island basalts (OIBs). Previous studies revealed that
certain OIBs carry geochemical imprints of marine carbonates, sug-
gesting the preservation of crustal carbon in the deep mantle
(15-18). However, the limited preservation of oceanic hotspots
to approximately the last 200 million years (Ma) challenges our
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understanding of the deep carbon cycle through geological time.
Moreover, the geochemical signature of recycled carbonates might
be diluted in OIBs due to the high-degree partial melting of the
peridotite-dominated mantle.

Carbonatites are derived from low-degree melts of volatile-rich
mantle sources (19-21). These rare magmatic rocks are predomi-
nantly found in cratonic areas and continental rifts, and some occur
within or in the vicinity of orogenic belts and oceanic plateaus (19).
The '°Nd/'**Nd and ""°Hf/"”"Hf ratios of global carbonatites align
with the respective isotope evolutionary path of the chondritic or
primitive mantle (fig. S1), suggesting an ultimate origin from the
convecting upper mantle. Plume-lithosphere interaction has also
been advocated for the generation of some carbonatites (20-22).
Evidence from boron isotopes reveals the recycling of crustal mate-
rials into the mantle sources of global carbonatite magmatism (23).
Although the crustal signatures are either sampled from the ambient
convecting mantle or from metasomatized lithospheric mantle after
plume impact (22, 24-26), they ultimately originated from subducted
slabs introduced into the deeper mantle. Despite diverse components
in the mantle sources of carbonatites (26-29), these rocks crystallize
from oxidized magmas (30), which require the addition of oxidized
metasomatic agents such as subducted carbonates to the mantle
sources (31).

The critical role of recycled marine carbonates in the petrogene-
sis of some carbonatites has been evidenced by their calcium (28, 32)
and magnesium (33, 34) isotopic signatures. However, the effective-
ness of these tracers remains incompletely understood. For instance,
a global study of carbonatites proposed that recycled carbonates do
not substantially influence the calcium isotopic signatures of car-
bonatites (35). Instead, magnesium and calcium, as major elements
of mantle minerals, can undergo isotopic fractionation during peri-
dotite partial melting, particularly when phases such as spinel and
garnet are present (36, 37). Moreover, the formation of carbonatites
typically involves liquid immiscibility following the differentiation
of parental CO,-bearing silicate melts, wherein the lighter isotopes
of calcium and magnesium are preferentially incorporated into the
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carbonatite melt fraction (38, 39). These isotope fractionation effects
are similar to those produced by the addition of carbonates to the
Earth’s mantle.

Carbonate-rich sediments entering subduction zones are com-
monly interbedded with clay-rich layers or rest atop altered igneous
oceanic crust. Although potassium is not structurally incorporated
into carbonate minerals, it concentrates primarily in such clay-rich
sediments and altered igneous oceanic crust, which also act as pri-
mary carriers for subducting carbon (6, 40). Marine carbonate sedi-
ments generally include substantial clay and other silicate fractions
containing substantial K,O (typically 1 to 5 wt %), while altered oce-
anic crust (AOC) acquires K-bearing minerals (e.g., smectite and
K-feldspar) through seafloor hydrothermal alteration (31, 41, 42).
Thus, wherever carbon enters subduction zones, potassium accom-
panies it, either in interbedded clay-rich sediments or within al-
tered basaltic crust underlying the carbonates (10, 11). Because of
its strong incompatibility and sensitivity to fluid-related processes,
potassium effectively traces dehydration, fluid transfer, and melt re-
cycling from slabs into the mantle—a process frequently associated
with the mobilization or buffering of subducted carbon (as CO,).
When such carbonate-bearing oceanic slabs are subducted beyond
volcanic arc depths, their geochemical signatures may reappear in
deeply derived mantle melts such as carbonatites or OIBs. Thus, po-
tassium isotopes can reflect the mass flux and nature of subducted
materials (43-46).

In this context, potassium isotopes represent a promising proxy
for identifying carbonate-rich recycled components in carbonatite
magmas. Although a pure carbonate layer may be essentially invisi-
ble to potassium isotopes because of its negligible potassium con-
tent, associated clay-rich sedimentary or altered basaltic components

may impart measurable potassium isotopic signals. Furthermore,
potassium isotopes provide unique advantages as geochemical trac-
ers: (i) Potassium is highly incompatible during partial melting of
the mantle; thus, mantle melting does not cause any substantial po-
tassium isotopic fractionation (47). (ii) Potassium isotopic fraction-
ation is limited during the formation of these magmas because
potassium is incompatible in near-liquidus fractionating minerals
such as olivine, pyroxene, magnetite, calcite, and apatite (47-49)
(further details in Discussion). (iii) Potassium isotopes have proven
sensitive to source variability in mantle-derived magmas (41, 43-
45, 50). (iv) The well-defined equilibrium fractionation factor between
minerals and melts/fluids provides a robust basis for quantitative
assessments of potential potassium isotopic variation during mag-
matic processes (51, 52).

In this study, we analyzed the potassium isotopic compositions
of 38 carbonatites from 14 occurrences worldwide, encompassing
continental and oceanic settings, spanning from 2 billion years ago
(Ga) to the present (Fig. 1; detailed sample information in tables S1
and S2). We first investigate potassium isotopic fractionation during
hydrothermal alteration by comparing samples previously identified
as hydrothermally altered with “primary” carbonatites (i.e., those
free of hydrothermal alteration and supergene weathering). Then, on
the basis of our leaching experiments and previous first-principles
calculations, we use quantitative modeling to examine potassium
isotopic behavior during magmatic differentiation. We also use po-
tassium isotope data in combination with Monte Carlo simulations
to test the hypothesis that the mantle source of carbonatites contains
a carbonate component derived from subducting slabs. Last, we
explore the implications of our data for carbonatite genesis and their
role in the deep carbon cycle.
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Fig. 1. Locations of the investigated carbonatites from this study. Although carbonatites are mostly found in continental settings, rare samples from two oceanic oc-
currences (Canary Islands and Cape Verde) were included in this potassium isotope study. More information on samples is detailed in tables S1 and S2.

Longetal., Sci. Adv. 11, eadt1023 (2025) 13 June 2025

20f15

GZ0Z ‘T0 AINC Uo B10°30UB 105" MMM//:ST1Y WOJ | Pape0 jUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

RESULTS

The results of potassium concentrations and isotopic compositions
are listed in table S3. The 8*'K values of most carbonate separates
are consistent with the 8*'K values of the corresponding whole-rock
analyses within analytical uncertainties (Fig. 2). For more than 80%
of the samples, >40% of the total potassium budget is hosted in the
carbonate separates (Fig. 2), which indicates that the bulk potassium
budget of investigated carbonatites is mainly controlled by carbon-
ate minerals. This reflects that potassium is highly incompatible in
most silicate, phosphate, and oxide minerals in carbonatites, such
as olivine, apatite, and magnetite, with relatively common K-rich
phlogopite being a notable exception. The samples with the lowest
proportion of potassium hosted in carbonates (40 and 60% in sam-
ples P23 and P24 from Fen and 91/66-C2 from Jacupiranga) suggest
the presence of minor phlogopite (tables S1 and S2). Nevertheless,
the measured 8*'K difference between bulk and carbonate analyses
is very small (Fig. 2).
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Fig. 2. Comparison of potassium contents and isotopic compositions between
carbonate mineral and whole rock for the investigated carbonatites. (A) Dis-
plays 8*'K values for 19 selected carbonatite samples, comparing carbonate and
whole-rock measurements. (B) Relationship between the proportion of potassium
in carbonate and the potassium isotopic variation (AY K carbonate-bulk). OUr results
predominantly show AMKcarbonate-bulk = ~0 and no systematic variation with the
proportion of potassium, suggesting that silicate and carbonate minerals are isoto-
pically equilibrated in terms of potassium. The data for carbonate minerals are ob-
tained from the carbonate-dissolved solution, while the whole-rock data represent
measurements from bulk rock analysis. For information on the creation of the two
groups, refer to Materials and Methods.
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The Paleo- and Mesoproterozoic samples from Phalaborwa [—0.12 +
0.04 to —0.07 % 0.03 per mil (%o0)] and Goudini (—0.05 % 0.07%o)
display &K values higher than the primitive mantle (Fig. 3), which
has a homogeneous potassium isotopic composition with an average
&K value of —0.42 + 0.08%o (48). However, the Mesoproterozoic
Gronnedal-Tka carbonatite shows anomalously low 5*'K at —1.84 +
0.07%o. The Paleozoic and Neoproterozoic carbonatites from Sokli
(—0.47 + 0.06%0 to —0.40 + 0.06%0) and Fen (—0.44 + 0.05%o to
—0.30 + 0.06%o) show mantle-like §*'K values. The Paleozoic Kovdor
samples show variable 8*'K values ranging from —0.63 =+ 0.06%o
to 0.13 + 0.08%o. The Mesozoic carbonatite from Oka (standard
COQ-1) shows an average 5K of —0.46 + 0.07%o (fig. S2). The
samples from Jacupiranga (—0.50 + 0.03%o to —0.05 + 0.05%o) and
Panda Hill (—0.27 + 0.04%o) show higher &K values. The Ceno-
zoic continental samples exhibit §*'K values of —1.20 + 0.05%o to
—0.46 = 0.06%o (Kaiserstuhl), —0.50 = 0.03%o to —0.40 + 0.03%o
(Tororo), and —0.63 + 0.04%o (Kerimasi). The Cenozoic oceanic
carbonatite from Fuerteventura has mantle-like 5*'K of —0.40 +
0.05%o, the sample from Fogo Island shows a higher 5*'K value of
—0.10 + 0.04%o, and the two samples from Brava Island show a
8*'K range of —0.78 + 0.06%o to —0.04 + 0.06%o. The natrocarbon-
atite samples from the active Oldoinyo Lengai volcano have similar
8*'K values irrespective of whether they are fresh (—0.39 + 0.06%o
to —0.38 + 0.03%o) or altered (—0.39 + 0.05%o to —0.33 + 0.06%o for
pirssonite-altered samples; —0.44 + 0.05%o to —0.36 + 0.08%o for
calcite-altered samples).

In summary, the investigated carbonatites exhibit a highly vari-
able range of potassium concentrations (46 to 70,092 pg/g) and §*'K
values (—1.84 to 0.17%o). Regardless of location and emplacement
age, the carbonatite samples studied show higher and lower §*'K
values relative to primitive mantle composition (Fig. 3).

DISCUSSION

Origins of potassium isotopic signatures in carbonatites
Potassium isotopic fractionation is negligible during mantle partial
melting (47, 53). Hence, three main mechanisms may result in po-
tassium isotopic fractionation in magmatic systems subsequent to
source extraction, including (i) surface alteration and weathering,
(ii) assimilation by continental crustal material, and (iii) magmatic
differentiation. We will show that light potassium isotopic composi-
tions of carbonatites can be related to hydrothermal activity, where-
as none of the above three processes can account for the extremely
high §*'K values, implying that the heavy potassium isotopic com-
positions record a source signature.

Weathering and hydrothermal alteration

To assess the impact of weathering and hydrothermal alteration on
potassium isotopic fractionation in carbonatites, we collected sam-
ples from several well-studied localities: Oldoinyo Lengai (Tanzania),
Brava and Fogo islands (Cape Verde), Fen (Norway), Grennedal-Ika
(Greenland), and Kaiserstuhl (Germany). These samples were cho-
sen on the basis of previous detailed fieldwork, petrological studies,
and geochemical analyses (27, 54-57).

Oldoinyo Lengai is notable as the only active carbonatite volcano
and the sole producer of natrocarbonatites. All extrusive carbon-
atites from this volcano were initially Na rich and later underwent
secondary Na-to-Ca substitution processes (55, 58, 59). To evaluate
the potential impact of these substitutions on potassium isotopes,
we analyzed a series of natrocarbonatite samples from Oldoinyo
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Fig. 3. Potassium isotope systematics of global carbonatites. (A) A plot of 541K versus potassium content. (B) A plot of 5K versus age of the investigated carbonatites.
Also shown is the summary diagram denoting global geodynamics and slab-top geotherms (770). The onset of global plate tectonics at around 3.0 Ga was suggested on
the basis of the increasing thickness of juvenile continental crust at this time (88, 171). The subduction styles are illustrated using color gradients that represent an evolu-
tion from hot subduction (Mesoarchean to Palaeoproterozoic), warm subduction (Palaeoproterozoic to Neoproterozoic) to cold subduction (Neoproterozoic to Phanero-
20ic). The gray bar shows the §*'K range of the primitive mantle (48). Whole-rock data are used for plotting. In cases where whole-rock data are lacking, carbonate
mineral separates (leachates representing the carbonates) were used to proxy for whole-rock compositions, which is a reasonable approach given the similar *'K values

for whole-rock and carbonate mineral analyses (Fig. 2).

Lengai, ranging from fresh to various degrees of alteration involving
pirssonite and calcite. These samples are reported to exhibit large
oxygen and carbon isotopic fractionation (typically sensitive to al-
teration) resulting from hydrothermal processes (fig. S3). Despite
noticeable reductions in potassium content due to hydrothermal
processes, the altered samples exhibit §*'K values similar to those of
fresh natrocarbonatite (Fig. 3A). The potassium isotopic composi-
tions show no correlation with oxygen or carbon isotopic composi-
tions (fig. S3). This includes two pirssonite carbonatite samples with
substantially elevated 5'%0 (16.5 and 18.0%o0) (27) but consistent
8*'K values, indicating limited potassium isotopic fractionation
during the Na-Ca substitution processes.

Both an intrusive fresh sample (BRAV-1) and an extrusive al-
tered sample (BRAV-2) of Brava Island in Cape Verde were exam-
ined. These samples reveal notable geochemical signals of alteration,
as evidenced by their oxygen and carbon isotopic compositions
(5130 = 9.06%o versus 24.6%o; 8'°C = —7.49%o versus —2.65%o) and
fluid-mobile element concentrations {e.g., [Ba] = 26 parts per mil-
lion (ppm) versus 16050 ppm; [K] = 168 ppm versus 774 ppm}
(27). The 8*'K values also vary notably between the two samples
(—0.04 + 0.06%0 versus —0.78 + 0.06%o), with the altered BRAV-2

Longetal., Sci. Adv. 11, eadt1023 (2025) 13 June 2025

showing a lighter potassium isotopic composition. Moreover, a
fresh carbonatite sample P50 from Fogo Island in Cape Verde dis-
plazs primary i§neous signatures in oxygen and carbon isotopes
(8'°0=8.1%0;5°C = —8.6%0) (54) and a 3" K value (—0.10 + 0.04%b)
close to that of BRAV-1.

The ferrocarbonatite sample 19781 from Grennedal-Ika exhibits
the lowest 5*'K value observed, likely associated with fluid metaso-
matism processes, given that the formation of ferrocarbonatite
typically involves fluid metasomatism (60). The lighter potassium
isotopic composition appears to be a general trend for carbonatites
influenced by fluid processes, as evidenced by the correlation be-
tween 8*'K values and potassium, barium, and rubidium contents
observed in Kaiserstuhl samples (fig. S4). In contrast, carbonatite
samples from Fen, which have experienced varying de§rees of meta-
somatism by alkali-rich fluids (27), show limited & K variation.
This observation is particularly noteworthy in the dolomite carbon-
atite sample P20 (identified as rauhaugite), which occurs in a
20-cm-thick weathering horizon of soil atop the outcrop (54). This
sample shows the 8*'K comparable to other Fen samples, indicating
a lack of substantial potassium isotopic fractionation during altera-
tion processes.
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The effects of weathering and hydrothermal alteration on car-
bonatites are consistent with findings from studies on continental
weathering. The enrichment of isotopically light potassium has been
observed in weathered basalts (61, 62) and granites (63), as well as in
riverine dissolved loads and sediments (64). This fractionation re-
flects the preferential incorporation of isotopically heavy and light
potassium between fluid and solid/mineral phases (52, 61, 63, 65).
Conversely, saprolites from an investigated diabase profile display
no observable potassium isotopic fractionation, attributed to the
conservative behavior of potassium isotopes during diabase weath-
ering (63). The observations of carbonatites from Oldoinyo Lengai
and Fen are likely analogous to those from the diabase profile.

To sum up, it is reasonable to conclude that fluid metasomatism
either has no effect on 8*'K or causes lighter potassium isotopic
compositions of carbonatites, essentially depending on the nature of
the fluid and the involved mineral phases (63, 66). In any case, the
heavy potassium isotopic compositions observed in several carbon-
atite samples cannot be ascribed to fluid metasomatism.
Assimilation of continental crustal material
The average potassium isotopic composition of the upper continen-
tal crust (—0.44 + 0.05%0 8*'K) (67) is indistinguishable from that
of the mantle. Thus, the 5*'K values of mantle-derived magmas
that assimilated felsic materials from the upper continental crust
would have remained unchanged. Continental rocks have, how-
ever, heterogeneous 8*'K values, being generally more enriched in
light potassium isotopes. For example, typical continental sedimen-
tary rocks and granitoids have 8*'K values ranging from —0.74 to
—0.22%o and —0.68 to —0.34%o, respectively (with statistical outliers
excluded from Fig. 4). Even if a high—841K continental reservoir is
considered, it is evident from Fig. 4 that assimilation of continental
rocks cannot explain the high §*'K values of carbonatites (up to
0.17%o). Furthermore, the parental melts of carbonatites are likely to
have elevated potassium contents due to the incompatibility of
potassium during low degrees of mantle melting. The low potassium
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Fig. 4. Compilation of potassium isotopic compositions (6*'K) for carbonatites
and other geological materials and reservoirs. The vertical line in the middle of
each box represents the median value for each dataset. The width of each box rep-
resents the distribution characteristics of 50% of the data, and the vertical lines
outside the box represent the minimum and maximum values of each dataset. Ex-
cept for the carbonatite data, outliers are not shown in the plot for other rock types.
Primitive mantle (—0.42 + 0.07%o) (48) and seawater (+0.12 + 0.07%o) (78) are
shown for reference. Data sources are listed in table S4.
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contents of calciocarbonatites are unlikely to be a primary feature of
the parental melts but are probably related to the fact that most car-
bonatites are cumulate rocks that have undergone hydrothermal
overprinting. If the carbonatite-forming magmas were originally
more K rich, then the potential effects of crustal assimilation during
ascent would have been buffered. Therefore, potassium isotopic
variability in carbonatites caused by assimilation during magma as-
cent through the continental crust appears to be limited. This is
supported by oceanic samples (BRAV-1 and P50) that lack any con-
tamination from continental crust and exhibit high §*'K values.
Globally, carbonatites show limited contamination by continental
crust-derived materials, which is supported by their **Nd/***Nd
and 7°Hf/"”"Hf ratios deviating from those of the continental crust
(fig. S1). The main reasons for the limited contamination of carbon-
atites are their low magma viscosities and densities, which enable
fast ascent to the surface without much interaction with the conti-
nental crust (68, 69). This is also in agreement with previous ele-
mental and isotope studies on carbonatites from several oceanic
hotspots, which showed only little or no evidence of interactions
with the oceanic lithosphere (70).

Magmatic differentiation

Differentiation processes in carbonatite magmatic systems typically
occur in three stages: (i) initial fractional crystallization in carbon-
ated silicate magmas until reaching the field of carbonatite-silicate
melt immiscibility, (ii) the segregation of carbonatite from silicate
melt during immiscibility in the mid-to-lower crust, and (iii) the
subsequent crystallization and accumulation of carbonate and non-
carbonate minerals to form carbonatite rocks in the upper crust (as
illustrated in Fig. 5). To examine the influence of these processes on
the 8*'K of carbonatites, we used a simplified petrogenetic model
(71). We consider the formation of two types of parental melts via
low-degree partial melting of the mantle—a CO,- and CaO-rich
melilitite melt (scenario A) and a CaO-poor but MgO-rich melilitite/
nephelinite melt (scenario B). In Fig. 5, each scenario traces the
evolution of the parental melts, depicting the upward movement
indicating decreasing pressure and temperature, which are crucial
for silicate-carbonatite immiscibility. The diagrams also outline
the relative volumes of different mineral phases that crystallize
from these melts. The details for the three differentiation stages are
as follows:

(i) Initial fractional crystallization before immiscibility: During
this stage, for both parental melt scenarios, the primary crystallized
minerals such as olivine, clinopyroxene, perovskite, and magnetite
largely exclude highly incompatible potassium and thus do not in-
fluence the potassium isotopic compositions of the system. Only
minor phases such as nepheline and phlogopite may fractionate po-
tassium and its isotopes. Phlogopite can crystallize in scenarios A
and B, whereas nepheline only crystallizes in scenario B.

(ii) Carbonatite-silicate liquid immiscibility: Experimental data
and melt inclusion studies [(71) and reference therein] suggest that,
as temperature and pressure decrease during magma ascent, the
CO;- and CaO-rich melilitite melt may reach the miscibility gap at
~1050° to 1250°C, whereas the CaO-poorer but MgO-richer melilitite/
nephelinite melt may undergo silicate-carbonatite melt immiscibility
at ~800° to 900°C.

(iii) Crystallization and accumulation of carbonate and noncarbon-
ate mineral phases: After immiscibility, magmatic differentiation of
the separated carbonatite melt leads to the crystallization of mainly
calcite and apatite, with minor crystallization of olivine, clinopyroxene,
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Fig. 5. A schematic diagram showing the paths of parental melts to generate carbonatites. Each scenario portrays the simplified evolution of parental melts, adapted
from (71) (https://creativecommons.org/licenses/by/4.0/), with the upward direction indicating decreasing pressure (p) and temperature (7), highlighting the relative
conditions under which carbonatite melt separates from the parental melt, resulting in silicate-carbonatite immiscibility. The relative volumes of different crystallized
minerals are indicated. The diverse parental melts are generated through the partial melting of distinct source rocks. The CO,- and CaO-rich melilitite melt demonstrates
the capability to reach immiscibility at higher pressures and temperatures, contrasting with a CaO-poorer but MgO-richer melilitite/nephelinite melt, which exhibits

silicate-carbonatite immiscibility at lower pressures and temperatures.

perovskite, melilite, and phlogopite. Among these liquidus phases,
phlogopite is the only one containing stoichiometric potassium
(scenario A).

In this study, we quantitatively modeled the potassium isotopic frac-
tionation occurring during fractional crystallization and immiscibility
processes in carbonatite systems. A crucial parameter in this modeling
is the fractionation factor between K-bearing minerals and melts,
which must be confidently constrained. Considering that the K—O
bond length in silicate glass (3.00 to 3.06 A) is close to that in microcline
(2.94 A) (72), the fractionation factor A*' K arbonate-microcline is used as
an approximation of AMK arbonatite melt-silicate melr. Carbonatite melts are
ionic liquids consisting of CO5>~ molecular anions and metal cations
(73). We used the theoretical fractionation factor for different po-
tassium carbonates (potassium carbonate, K,COs3; potassium bi-
carbonate, KHCOj3; hydrated potassium carbonate, K,CO3-1.5H,0)
and microcline (51). Thus, on the basis of first-principles calculations

Longetal., Sci. Adv. 11, eadt1023 (2025) 13 June 2025

(51), equilibrium potassium isotopic fractionation between car-
bonate and silicate minerals is expected to be small at magmatic
temperatures, with slight preferential incorporation of the heavy
isotopes of potassium into carbonates.

To validate these theoretical calculations, we conducted chemical
leaching experiments on carbonatite samples (details in Materi-
als and Methods). Selective dissolution experiments revealed that
most potassium is hosted within carbonates, with AR arbonate-bulk
(8" Karbonate — 8 Kyhole-rock) values being close to zero within un-
certainties (Fig. 2). Exceptions were observed for four samples—
P23, 19781, U73, and BRAV-2—where the A" Kcarbonate-buik values
are slightly above zero (Fig. 2). Our experiments confirm that equi-
librium potassium isotopic fractionation primarily occurs between
carbonate and silicate minerals and that the observed isotopic fraction-
ation is limited. The positive AMK arbonate-bulk Offsets may, to some extent,
reflect the preferential incorporation of heavy potassium isotopes into
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carbonate minerals. These findings are consistent with the first-
principles calculations in (51), supporting the use of theoretical
fractionation factors in our quantitative modeling.

Nepheline preferentially incorporates heavy potassium isotopes
relative to silicate melt (51). Its early crystallization results in only
minor negative shifts in 8*'K (fig. $5), which cannot account for the
elevated 5*'K values observed in carbonatites. In contrast, because
of the preferential incorporation of light potassium isotopes (51),
the crystallization of phlogopite could result in residual melts with
heavier potassium isotopic compositions (74). We simulated the
potassium isotopic evolution during fractional crystallization of
phlogopite (stages i and iii) using the following equations

41 _ g4l 41
& Kmelt =3 Kinitial melt +A Kcrystal—melt X In (fK)

AY'K =1000 X In(a

mineral—melt mineral—melt )

3 F
f_F+DxU—D

where 8*'Kinitial meit is the potassium isotopic composition of initial
magmas, and 8*'K,,¢; represents the potassium isotopic composi-
tion of magmas which is produced when initial magmas experience
crystal fractionation. f is the fraction of potassium in the residual
melt. F is the degree of fractional crystallization. A* K ai_mel: 1S
the isotopic fractionation factor for mineral-melt pairs. The potas-
sium isotopic fractionation factors can be calculated following theo-
retical considerations (51). D is the partition coefficient; a value of
~3.67 is applied for phlogopite (75). Considering the generation of
cumulates of mafic silicate and oxide minerals + phlogopite during
stage i, we set 8 Kinitial mett = 0 Kinelt (previous step). This approach

- A -
034+ Phl crystallization —

| from silicate melts ]
~036 1000Ino. = -0.0016 to -0.0012
-0.38

FRemoval in 5% batches
-0.40

—(0 42 A prereeee
Removal in 10%
— 1000°C
—0.44 — A 1200°C 1
1.0 05 0

. f (fraction of K remaining)

models the scenario where phlogopite (as a cumulate) is removed
from the system in an incremental batch removal mode (assumed 5
and 10%, respectively) during fractional crystallization. For stage iii,
where only a limited amount of phlogopite crystallizes, our model-
ing adopts the continuous removal of phlogopite.

Our modeling demonstrates negligible isotopic shifts in §*'K
during phlogopite crystallization from the silicate melt at 1000° to
1200°C (stage i) for both parental magma scenarios, even under
conditions of high degrees of crystallization (Fig. 6A). In contrast,
the modeling suggests that phlogopite crystallization from carbon-
atite melts at 900° to 1100°C (stage iii) could lead to more pro-
nounced 8*'K shifts (Fig. 6B). However, magnesium in the system
preferentially forms minerals like olivine and pyroxene, reducing
the amount of phlogopite that crystallizes. Consequently, with a re-
alistic proportion of phlogopite (e.g., <30%), the §*'K shift remains
limited to less than 0.05%o, which is minor. These results align with
our chemical leaching experiments, which showed that even when
silicate minerals (primarily phlogopite) account for more than 50%
of potassium in the system, A41Kcarb0nate_bulk remains near Zzero
(Fig. 2). Therefore, crystallization processes cannot explain the ex-
tremely heavy potassium isotopic compositions observed in some
carbonatites.

We also modeled carbonatite-silicate melt immiscibility (stage ii)
at temperatures of 1050° to 1250°C for scenario A and 800° to 900°C
for scenario B. The results suggest that potassium isotopic fraction-
ation during immiscibility at equilibrium fractionation is negligible
(Fig. 7). If given Rayleigh fractionation, liquid immiscibility could
result in evolved silicate melts and conjugate carbonatite liquids that
may have extremely light potassium isotopic compositions com-
pared to the parental magmas. Liquid immiscibility potentially re-
sults in 8*'K shifts of up to ~0.06%o in pooled carbonatite melts
for scenario A and up to 0.09%o for scenario B (Fig. 7). These 1K
shifts are minor. The natrocarbonatite samples from Oldoinyo Lengai

- T T T T I T T T T -
B
o Phl crystallization -1
from carbonatite melts
1000Ina = -0.0716 to —0.0523
-0.1+
/'Q\ L
N
M 02— -
» L Continuous removal of 07
phlogopite from melt 06 ©
03 054 0 —
‘_0
04 — 900°C {
= 1100°C
1.0 05 0

. f (fraction of K remaining)

Fig. 6. Diagrams documenting potassium isotopic variation of melts during the crystallization of phlogopite. The fractionation factor « refers to the ratio of *'K/*°K

between phlogopite and microcline (57). (A) Phlogopite fractionation from parental melts at 1000° to 1200°C (scenarios A and B), in which phlogopite (as the form of

cumulates olivine + clinopyroxene + perovskite + magnetite + phlogopite; Fig. 5) is removed from the system in discrete batches. (B) Phlogopite crystallization from
carbonatite melts at 900° to 1100°C (scenario A), in which phlogopite is modeled to be continuously removed from the system. For more details on modeling, see the

main text.
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Fig. 7. Diagrams modeling potassium isotopic fractionation during liquid immiscibility. (A) First-principles calculation of potassium isotopic fractionation as a func-
tion of temperature between different potassium carbonates (potassium carbonate, K,CO3; potassium bicarbonate, KHCO3; hydrated potassium carbonate, K,COs-1.5H,0)
and silicates (represented by microcline) (57), where the fractionation factor « refers to the ratio of 41K/3°K between carbonate and microcline. The blue area shows the
calculated equilibrium potassium isotopic fractionation for carbonate-silicate melt immiscibility from 800° to 1250°C. The gray area shows the results for a relatively high
potassium loss ratio, ranging from 50 to 80%. (B and €) Models of potassium isotopic variation during equilibrium fractionation and Rayleigh fractionation for carbonatite-

silicate melt immiscibility at various temperatures.

support this observation. These natrocarbonatites, argued to be
formed by immiscibility from a nephelinite parent magma at upper
crustal pressures (76), still exhibit mantle-like §*'K values (Fig. 3),
demonstrating the limited impact of immiscibility on their potassi-
um isotopic compositions.

To summarize, the combined modeled effects of magmatic dif-
ferentiation in carbonatite systems can explain the slight positive
offset observed for several carbonatite samples. However, magmatic
differentiation cannot account for the higher 8*'K observed for sam-
ples from Phalaborwa, Goudini, Kovdor, Jacupiranga, and Cape Verde.
These heavy potassium isotopic compositions are most likely inher-
ited from mantle sources.

Carbonate-rich oceanic crust in the mantle sources
of carbonatites
The potassium isotopic compositions in the mantle sources of some
carbonatites are heavier than the primitive mantle estimate and the
mid-ocean ridge basalts (MORBs) and OIBs analyses but fall in the
range of oceanic materials such as AOC and marine carbonates (Fig. 4).
Potassium is enriched in fluids/melts derived from the devolatiliza-
tion or remelting of AOC and sediments. Therefore, metamorphic pro-
cesses accompanying slab burial are expected to affect the potassium
isotopic composition of both the metasomatized mantle and the re-
sidual slab (44, 45, 50). Mantle-derived xenoliths from cratonic re-
gions affected by ancient subduction-related metasomatism may
exhibit elevated §*'K values in phlogopite (e.g., +0.2 to +0.6%o) (53),
reflecting the isotopic signature of past slab-derived components.
Recent analyses of potassium isotopes in arc volcanic rocks dem-
onstrate a variation in 8*'K values, encompassing both lower and
higher 8*'K values than those typical of the mantle (Fig. 4). Given
the preferential incorporation of heavy potassium isotopes into fluids
during slab dehydration (65), the heavy potassium isotopic composition

Longetal., Sci. Adv. 11, eadt1023 (2025) 13 June 2025

in arc lavas was attributed to the addition of heavy potassium from
slab-derived fluids (§*'K up to 1.4%o) in their sources (45, 50). This effect
is predominant at a forearc depth but diminishes at the rear-arc
mantle (50). Moreover, it remains uncertain whether dehydration-
related fractionation of carbonated oceanic crusts can substantially
alter the potassium budget of the residual slab and its §*'K signature.
For instance, a study of eclogites from Sumdo, Tibet revealed large
variations in 8*'K, ranging from —1.64 to —0.24%o (65); whereas
MORB-like 8*'K values were observed in subducted metabasites
(reaching up to lawsonite-blueschist facies) exhumed from serpenti-
nite mud volcanoes in the Mariana forearc (Fig. 4) (77). Further-
more, if slab-derived fluids were responsible for the heavy potassium
isotopic signatures in carbonatites, then these signatures would then
be expected to be prevalent in Phanerozoic carbonatites associated
with cold subduction zones, where fluid release is common. In con-
trast, ancient carbonatites that formed in settings of warm or hot
subduction are more likely to reflect slab melting rather than fluid
release. The high 5K values observed in the Phalaborwa (~2060 Ma)
and Goudini (~1190 Ma) carbonatites do not support the hypothesis
of a fluid-dominant contribution.

Subducted sediments represent important potassium reservoirs of
the subducting slab; however, typical sediments do not show &K
values as high as what is observed in carbonatites (Fig. 4). In general,
silicate sediments exhibit low 8*'K values (down to —1.3%o) (41), re-
flecting continental input, as low-8*'K detrital components control
the potassium budget. Loss of heavy *'K during continental weather-
ing generates low-8*'K signatures in continent-derived materials
(63).In contrast, as seawater has high 5K values (e.g.,+0.12+0.07%o)
(78), marine authigenic minerals precipitated from seawater such as
marine evaporites and carbonates would inherit high §*'K from sea-
water (Fig. 4). Alternatively, these minerals precipitated from a fluid
enriched in *'K (e.g., a MOR hydrothermal fluid that had equilibrated
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with evaporated seawater or crystallized sylvite). Nevertheless, sub-
duction of pure carbonate sedimentary is likely to have limited influ-
ence on the 8*'K of the mantle for two reasons. First, carbonate
minerals typically contain very low potassium content. Second, sub-
ducted sediments are generally low in carbonate minerals as they are
deposited below the carbonate compensation depth (6). Moreover,
although ophicarbonates have been proposed to be a source of car-
bon (8, 9), they are unlikely to be an important source of potassium
transferred to the deep Earth, given their low potassium contents. In
comparison, AOCs, especially in the upper 600 m of oceanic crust,
have high proportions of authigenic silicate and carbonate minerals
(10, 11). They provide important sources of CO,, calcium, potassium,
and strontium for mantle metasomatism (3, 70). If these authigenic
minerals resist decarbonization and dehydration in subducting slabs,
then they could be transferred to the mantle sources of carbonatites,
leading to high 8*'K in metasomatized mantle domains. A recent
study suggests that such heavy potassium isotopic signatures also
characterized the Archean AOC (79).

We tested the slab recycling hypotheses using Monte Carlo simu-
lation, assuming that potassium element exchange and isotopic
variation are solely based on mass balance. The simulation follows

[Kly = [K]4 Xf + [K]p X (l—f)

8 Ky =8 Ky Xf X ([Kl,/[Kly) +8" KX (1—f) X ([Klg/[Kly)

where A and B are two mixing endmembers and M represents the
mixture; [K] represents the potassium concentration; 5*'K refers
to potassium isotopic composition; f refers to the mixing ratio
(0 <f<1). Four combinations are used in the simulation, involving
the mixing of MORBs with carbonate sedimentary (to model the
compositions of carbonated AOC) and the mixing between mantle
and sediment, eclogite, and carbonated AOC. Each combination
was simulated with 10,000 trials. Random numbers were attributed
to f. Only simulations with f < 0.3 were considered realistic. Our
simulations use randomly assigned endmember compositions, fol-
lowing a normal distribution (mean + 1 SD) based on reported §*'K
data for each endmember. Modeling parameters are provided in ta-
ble 5. Our modeling for carbonated AOC yielded an average §*'K
of —0.29 + 0.13%o (Fig. 8A).

Simulation results indicate that subducted sediments or recycled
eclogite components can generate mantle heterogeneities primarily
characterized by either unchanged or lighter potassium isotopic compo-
sitions (Fig. 8C). In the case of sediments, this is because the potassium
abundance and isotopic composition of subducting sediments are
primarily controlled by continent-derived detrital materials rather than
marine authigenic components (41). Weathering and erosion of the con-
tinental crust produce low 8*'K signatures (61, 63, 64). Consequently,
the lighter potassium isotopic signatures in these sediments, contrasting
with the heavy potassium isotopic composition observed in our samples,
imply a limited influence of recycled continent-derived materials on the
potassium isotopic budget of the mantle sources to carbonatites.
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Fig. 8. Diagrams of Monte-Carlo simulations. (A) The normal distribution of modeled potassium isotopic compositions of carbonate-rich oceanic crusts based on
Monte Carlo simulation. (B) The modeled compositions of mantle sources metasomatized by recycled carbonated AOC at variable mixing ratios of 0 to 30%. (C) Violin plots
of potassium isotopic data of carbonatite samples and the Monte-Carlo simulation results of mantle mixing with eclogite, subducting sediments, and carbonated AOC,
respectively (details on modeling are in the main text). Extremely light potassium isotopic composition in carbonatites is generated by fluid metasomatism.
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Conversely, our modeled mantle, which was metasomatized by
carbonated AOC at variable mixing ratios (0 to 30%), exhibits high-
ly variable §*'K values, ranging between those of the mantle and
seawater (Fig. 8B). This variability largely stems from the complex
formation processes of AOC, which likely contribute to their diverse
potassium isotopic compositions (41, 46, 80). Observations from
natural carbonatite samples align with this modeled range of 8*'K,
indicating the influence of carbonated AOC. Notably, even at high
mixing ratios (e.g., >20%), the recycling of carbonated AOC can
yield 8*'K values matching typical mantle signatures (Fig. 8B).
Therefore, mantle-derived magmas with mantle-like *'K values do
not necessarily exclude the influence of carbonated AOC in their
source. Consequently, the potassium isotopic compositions of the
mantle sources of carbonatites are likely highly heterogeneous; not
all carbonatites will exhibit elevated 5*'K values despite potentially
substantial contributions from carbonated AOC. Integrating addi-
tional isotopic systems into the information retrieved from potassi-
um isotopes is essential for resolving this ambiguity. However, those
carbonatites with high §*'K must have been derived from mantle
sources that contained recycled oceanic crust.

Two possible mechanisms may explain the heterogeneous potas-
sium isotopic compositions in carbonatite sources. Subducted oce-
anic crusts, varying in lithologies (i.e., mineral assemblages and
chemical compositions) and 8*'K values may contribute to the
metasomatism of the mantle that is heterogeneous on the temporal
and regional scale. As a result, the metasomatized mantle domains
exhibit highly variable but relatively heavy potassium isotopic com-
positions (Fig. 8B). Alternatively, heterogeneous potassium isotopic
signatures in carbonatites may reflect the superposition of multiple
additions from subducted slabs. Different events could substantially
increase the amounts of subducted material in the mantle sources.
In particular, given that subducted slabs can penetrate deep into the
lowermost mantle and reach the core-mantle boundary (81), plumes
formed at this boundary may effectively transport subducted crustal
carbon to the surface or interact with a previously metasomatized
lithospheric mantle (3, 82). Thus, external-derived carbon in the
sources of carbonatites likely originates from multiple slabs and may
even involve ancient oceanic crusts.

Oceanic crust subduction-driven deep carbon cycle

Since carbonatites are products of carbon-rich melts derived from
the Earth’s upper mantle, their geochemical signatures (including
potassium isotopes) offer valuable insights into deep carbon cycling;
i.e., whether carbon and associated volatiles in their mantle sources
are primordial or recycled. If the mantle sources of carbonatites con-
tain recycled crustal carbon, then recycled potassium is most prob-
ably also present. Carbonates were likely present on the ocean floor
as early as the Eoarchean (>3.65 Ga) (83). Components of oceanic
crusts have been available for mantle metasomatism and enrich-
ment since the Archean (84, 85). Recent studies using calcium
isotopes suggest that carbonates were incorporated into the
sources of tonalite-trondhjemite-granodiorite suites, supporting the
subduction-driven carbon recycling during the Archean (86). How-
ever, before ~1.6 Ga, high-degree melting in globally hot subduction
zones resulted in low retention of carbonates in subducting slabs,
thereby limiting the deep carbon cycle (87). As the Earth’s mantle
cooled, Meso- to Neoproterozoic warm subduction zones and Pha-
nerozoic cold subduction zones facilitated the transfer of carbonates
beyond the depth of arc-magma generation into the deeper mantle

Longetal., Sci. Adv. 11, eadt1023 (2025) 13 June 2025

(88-91). Although no variation of 8K in carbonatites over time was
observed in our samples, evidence from Mesoproterozoic to
Cenozoic high-8*'K carbonatites (Fig. 3B) supports that both cold
and warm subduction processes enabled the introduction of marine
carbonates into the mantle. Besides, both oceanic and continental
carbonatite samples exhibit heavy potassium isotopic signals related
to recycled carbonates. Thus, we propose that carbonate materials in
carbonatite sources may originate from a deep-rooted mantle plume
carrying the high 5K signature from the lower mantle (e.g., OIB-
like carbonatites) or from the interaction between the mantle plume
and a carbonated lithospheric mantle, where carbonatite magmas
were produced through low-degree melting. In either case, marine
carbonates were transferred into the mantle via the recycling of
carbonate-rich AOC, supporting the notion that oceanic crust sub-
duction has been an effective mechanism for the deep carbon cycle.

Notably, the Kaapvaal craton in South Africa provides valuable
insights. The Archean carbonate-rich eclogites have been found in
the kimberlites from Kaapvaal, which reflected the recycling of an-
cient oceanic crust in the mantle beneath Kaapvaal (92). The Phal-
aborwa carbonatites (~2.06 Ga) from the Kaapvaal craton exhibit
high *'K values (Fig. 3), supporting the addition of carbonate ma-
terial. This conclusion aligns with previous calcium isotope studies
of these carbonatites (28). In addition, the Phalaborwa carbonatites
display unique mass-independent sulfur isotopic signatures (A**S
values = 0.2 to 0.7%o; Fig. 9) (93). This reflects the influence of Ar-
chean sedimentary rocks known for mass-independent sulfur isoto-
pic fractionation (A*’S # 0) due to atmospheric photodissociation
before the Great Oxidation Event (GOE; ~2.4 Ga) (94). Anoma-
lous A*S signals have also been observed in some OIBs (95, 96),
with these anomalies linked to hydrothermal processes in the
Archean basaltic crust, during which sedimentary mass independent
fractionation-sulfur (MIF-S) was recycled into the upper hydrated
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Fig. 9. A plot of 5*'K versus A%3S of the carbonatite (~2.06 Ga) from Phalaborwa,
South Africa. The A®S value of the carbonatite from Phalaborwa is from (93). The
small plot inside shows the A33S variation of the global sediments through time.
Most of the mass-independent fractionation of sulfur isotopes (A33S # 0) was ob-
served in sediments before the GOE at ~2.45 Ga (94). The full data of global sedi-
ments are from the available database published in (7172).
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oceanic crust (95). The subsequent subduction of MIF-S bearing
AOC likely facilitated the recycling of these sulfur isotopic signa-
tures into deep mantle sources, ultimately manifesting in some
OIBs. Drawing from this, a similar process could explain the ob-
served MIF-S and heavy potassium isotopic signatures observed for
the Phalaborwa carbonatite. Therefore, distinctive potassium, cal-
cium, and sulfur isotopic signals in the Phalaborwa carbonatites
collectively confirm the contribution of the Archean carbonated
oceanic lithosphere to the mantle sources of carbonatites (93). This
finding implies that despite the potential melting of carbonate rocks
in Archean hot subducted slabs, residual carbonate may have been
sequestered in downwelling slabs, at least locally, and eventually
transferred to the deep Earth. Thus, the initiation of effective crustal
carbon transfer into the deep Earth could be dated back to the Ar-
chean. Our results highlight the mantle’s capacity to serve as an im-
portant reservoir of crustal carbon since the Archean, initiated by
the onset of oceanic lithosphere subduction. Thus, oceanic crust
subduction could have played a crucial role in moderating atmo-
spheric pCO; levels throughout Earth’s history.

The genesis of carbonatites associated with

plate subduction

As previously mentioned, the Goudini (~1190 Ma) and Phalaborwa
(~2060 Ma) carbonatites may reflect tectonic activity linked to
warm or hot subduction zones (Fig. 10A), where carbon bypasses
shallow degassing and enters into the deep Earth. This process could
have become more prevalent during the Phanerozoic, character-
ized by cold subduction zones. The rise in biogenic carbon since
the Cambrian Explosion (~550 Ma) likely influenced this process
(6, 97). Phanerozoic carbonatites (<540 Ma) exhibit variations in
boron and strontium isotope compositions (20, 23). These isotopic
shifts might be related to substantial changes in the mantle composi-
tion that produced these carbonatites, associated with the onset of
modern-style subduction. Evidence comes from the steady increase
in 8''B values in marine carbonates since the Silurian (Fig. 10B)
(98), suggesting a boron cycle that was influenced by plate tectonics
and biosphere evolution. This trend is also reflected in strontium
isotopes; increasing %7S1/%Sr ratios in marine carbonates over time
indicate more radiogenic strontium recycling into the mantle (99),
as supported by strontium isotope trends in global carbonatites that
are equivalent to those of seawater (Fig. 10C). Potassium isotopes
offer an additional avenue for tracing subducted components. Ma-
rine biogenic carbonates exhibit high §*'K values similar to seawater
(Fig. 4), indicating the potential of potassium isotopes to trace such
recycling. Although our dataset is limited, heavy potassium isotopic
compositions have been observed in Phanerozoic carbonatites (e.g.,
Kovdor, Jacupiranga, and Cape Verde), which are likely inherited
from seawater, analogous to the message from strontium data. These
results reflect that the mantle sources of carbonatites have been in-
creasingly affected by subduction. It is also important to note that
boron strongly partitions into aqueous fluids at relatively low tem-
peratures and pressures (e.g., during pore water expulsion and clay
breakdown in subducting sediment), causing most boron to be
stripped from the oceanic slab before contributing significantly to
arc magmatism (100). By contrast, potassium is retained in high-
pressure minerals such as phengite or omphacite (101), which can
remain stable to >100-km depths in residual slabs, experiencing
only minor losses in localized high—fluid flux zones. Thus, a subducted

Longetal., Sci. Adv. 11, eadt1023 (2025) 13 June 2025

slab can preserve a strong potassium isotopic fingerprint of recycled
surface materials.

Subduction events may have also influenced the deep mantle,
facilitating the recycling of subducted materials through plume ac-
tivity. For example, studies of young oceanic carbonatites from
Fuerteventura and Cape Verde have reported a range of elemen-
tal and isotopic compositions (carbon, oxygen, strontium, neo-
dymium, lead, helium, neon, and argon) [summarized in (102)].
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Fig. 10. Evolution diagrams for potassium, boron, and strontium isotopic com-
positions of global carbonatites. The main data sources: for (A), this study (samples
of which potassium isotopic compositions are substantially modified by alteration
are excluded); for (B), (23); and for (C), (20, 99). The subduction styles are illustrated
using color gradients that represent an evolution from hot subduction, warm sub-
duction, to cold subduction.

110f 15

GZ0Z ‘T0 AINC Uo B10°30UB 105" MMM//:ST1Y WOJ | Pape0 jUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

The most notable difference between these carbonatites is their He
isotopic compositions: Fuerteventura displays a shallow litho-
spheric mantle signature, whereas Cape Verde shows a deep lower
mantle signature (102). Potassium isotopes provide further con-
straints. The carbonatite from Fuerteventura shows a §*'K value
of —0.40 + 0.05%o, whereas those from Cape exhibit higher §*'K
values of —0.10 =+ 0.04%o and —0.04 + 0.06%o, indicative of carbon-
ated AOC signatures. Recent research on the Madeira OIBs suggests
that potassium and its isotopic signature of the upper oceanic crust
can undergo subduction into the deep mantle and subsequently be
recycled back to the surface via mantle plumes (103). Thus, potas-
sium isotopic data, in combination with helium isotopes, support
a scenario in which carbonated oceanic crust is subducted into the
deep mantle, and the subducted material later contributes to the
mantle source of Cape Verde carbonatites via plumes (70).

In contrast, the modern natrocarbonatites from Oldoinyo Len-
gai display potassium isotopic compositions within the mantle
range. While Sr-Nd-Pb isotope data point to a range of involved
mantle reservoirs, including an enriched mantle component (EM1),
the homogeneous isotopic signatures of carbon, oxygen, lithium,
and barium indicate a dominant mantle contribution with limited
evidence for recycled crustal components (59, 104, 105). This sug-
gests a homogeneous mantle source (in terms of stable isotopes)
where any potential crustal influence is effectively diluted. Conse-
quently, as shown in previous studies and by our data, the formation
of Na-rich carbonatites at Oldoinyo Lengai may not require an
exceptionally carbon-rich mantle; instead, these carbonatites are
likely generated in the shallow crust via immiscibility from silicate
magmas (76).

MATERIALS AND METHODS
The investigated carbonatites (n = 38) were sampled from 14 loca-
tions (Fig. 1), including 1 to 2060 Ma continental carbonatites from
Africa (Phalaborwa, Goudini, Panda Hill, Tororo, and Kerimasi),
Germany (Kaiserstuhl), Norway (Fen), Finland (Sokli), Russia
(Kovdor), Greenland (Grennedal-Tka), Brazil (Jacupiranga), and
Canada (Oka) and 0.3 to 24 Ma carbonatites from the oceanic
hotspots of Canary Islands (Fuerteventura) and Cape Verde (Fogo
and Brava), as well as recent natrocarbonatites from Oldoinyo Lengai.
Detailed information on samples is documented in tables S1 and S2.
Chemical and isotopic measurements were conducted at the In-
stitut de Physique du Globe de Paris (IPGP). For each sample, ~15 mg
of a homogenized bulk powder was dissolved using 0.5 M HNO;
(2 ml) in polytetrafluoroethylene beakers at room temperature for
~24 hours. The solutions were then centrifuged to separate carbon-
ate solutions from any remaining silicate and oxide particles. Solu-
tions of carbonate were subsequently evaporated to dryness and
redissolved in 0.5 M HNOj for column chemistry (carbonate sepa-
rate group), and the remaining residues were discarded. To further
investigate the effect of the silicate and oxide, we also dissolved the
bulk powders, in instances where a high proportion of solid residues
were observed after dissolution. To minimize the formation of fluo-
rides, we first separated the carbonate minerals using 0.5 M HNO;
and centrifugation. The remaining solids were then further dis-
solved using a mixture of concentrated HNO3 (500 pl) and hydro-
fluoric acid (HF; 1.5 ml), followed by heating at 120°C for ~48 hours.
After evaporating the HNO3:HF mixture, the residues were treated
with a mixture of concentrated HCI (1.5 ml) and HNOj3 (500 pl) and
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heated to dissolve any remaining fluoride complexes. Last, the
mixed solutions containing carbonate and silicate + oxide (bulk
group) were evaporated to dryness and redissolved in 0.5 M HNO;
for subsequent experiments.

Sample solutions were loaded onto Bio-Rad Poly-Prep columns
filled with 2ml of Bio-Rad AG 50 W-X8 cation exchange resin
(200 to 400 mesh). Four passes of column chemistry were per-
formed for both standards and carbonatite samples. More details
on chemical purification and analytical procedures were described
earlier in (106, 107). The potassium concentration and isotopic
compositions were determined using a Nu Sapphire collision-
cell multicollector inductively coupled plasma mass spectrometer.
Isotopic ratios were measured using the standard-sample-standard
bracketing method, and potassium isotopic compositions are expressed
using delta notation relative to the standard [National Institute of
Standards and Technology (NIST) Standard Reference Material (SRM)
3141a] as follows: 8*'K (%o) = [(*' K/ Kuample/ " K/ K)standard — 11 X 1000.
Isotopic analytical uncertainties are reported as 2 SD. Terrestrial
standards BHVO-2 and AGV-2 yield §*'K values of —0.42 + 0.04%o
(2SD; n=7) and —0.50 + 0.03%o (2 SD; n = 7), respectively, which
agree with published results (106-109). Our study also presents
the first 5*'K measurement for the carbonatite standard COQ-1,
which was determined to be —0.46 + 0.07%o (2 SD; n = 48; fig. S2)
and may serve as a reference value for future studies.

Supplementary Materials
This PDF file includes:

Figs.S1to S5

Tables S1 to S5
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