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Actinide-bearing minerals as tracers 
for heat generation in the deep Earth

LETTERS

Diamonds sampled by plumes from the core–mantle
boundary
Trond H. Torsvik1,2,3, Kevin Burke3,4, Bernhard Steinberger1,2,5, Susan J. Webb3 & Lewis D. Ashwal3

Diamonds are formed under high pressure more than 150 kilometres
deep in the Earth’s mantle and are brought to the surface mainly by
volcanic rocks called kimberlites. Several thousand kimberlites have
been mapped on various scales1–4, but it is the distribution of
kimberlites in the very old cratons (stable areas of the continental
lithosphere that are more than 2.5 billion years old and 300 kilometres
thick or more5) that have generated the most interest, because kim-
berlites from those areas are the major carriers of economically viable
diamond resources. Kimberlites, which are themselves derived from
depths of more than 150 kilometres, provide invaluable information
on the composition of the deep subcontinental mantle lithosphere,
and on melting and metasomatic processes at or near the interface
with the underlying flowing mantle. Here we use plate reconstruc-
tions and tomographic images to show that the edges of the largest
heterogeneities in the deepest mantle, stable for at least 200 million
years and possibly for 540 million years, seem to have controlled the
eruption of most Phanerozoic kimberlites. We infer that future
exploration for kimberlites and their included diamonds should
therefore be concentrated in continents with old cratons that once
overlay these plume-generation zones at the core–mantle boundary.

Kimberlites are volatile-rich, potassic, ultramafic igneous rocks that
vary enormously in chemical and isotopic composition, mineralogy
and texture, and show evidence that they are derived from depleted,
enriched and/or fertile mantle sources. The minimum depth of
kimberlite generation, as inferred from diamond stability and experi-
mental petrology, is about 150 km (refs 6 and 7), but some have sug-
gested far deeper generation depths of 400–600 km (ref. 8) or even
more than 660–1,700 km (refs 9 and 10). Here we put these results into
wider perspective by demonstrating that most kimberlites generated
during the past 540 million years (Myr) are probably related to plumes
that had risen from the two plume generation zones11 (PGZs) at the
core–mantle boundary (CMB).

Large igneous provinces consist mainly of basaltic rock erupted
relatively rapidly (in the course of 1–5 Myr) over great areas
(1–10 3 106 km2; ref. 12). Earlier work has shown that most large
igneous provinces of the past 300 Myr (when rotated back to their
eruption sites) and active deep-plume-sourced hotspots at the
Earth’s surface (Fig. 1) project radially down to lie on narrow, stable
PGZs at the CMB at the edge of the hot and dense large low-shear-
wave-velocity provinces (LLSVPs13) of the deep mantle11,14–19, thus
demonstrating the long-term stability of LLSVPs. The 1% low-
velocity contour in the lowermost layer of the SMEAN tomography
model20 is a reasonable proxy for the PGZs, because most recon-
structed large igneous province eruption sites and steep horizontal
gradients in shear-wave anomalies in the SMEAN model fall close to
that contour14. In Fig. 1 we show 12 hotspots that have been found, by
seismic tomography18, to be sourced by deep plumes. There is evid-
ence from other selection criteria that some further hotspots (for

example, Tristan da Cunha, Réunion, Afar and Hawaii) are also
sourced from deep plumes; these are not shown on our map, but
they are also almost vertically above the PGZs14,16.

To find out whether kimberlites show an association with PGZs
similar to that shown by large igneous provinces and hotspots, we
used plate reconstructions21,22 to rotate kimberlites that are younger
than the initial assembly of Pangaea (,320 Myr) to their original
eruption sites. We find that 80% of kimberlites (1,112 out of 1,395)
of the past 320 Myr were erupted when their eruption sites lay above a
half-width of 15u on either side of the 1% slow contour of the SMEAN
model in the lowermost mantle beneath Africa (Fig. 1). On average,
this dominant part of the kimberlite population plots at a distance of
7 6 5u from that contour (Supplementary Table 1). The most anom-
alous kimberlites younger than 320 Myr (17%) are in the Slave
Province of Canada (Late Cretaceous/Early Tertiary period kimber-
lites2), which was close to a tectonically active continental margin at
the time of their eruption.

A remarkable pattern is observed when we plot kimberlites on our
series of plate reconstructions. At practically all times, eruption sites
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Figure 1 | Reconstructed large igneous provinces and kimberlites for the
past 320 Myr with respect to shear-wave anomalies at the base of the
mantle. The deep mantle (2,800 km on the SMEAN tomography model20) is
dominated by two LLSVPs beneath Africa and the Pacific. The 1% slow
contour (approximating to the PGZs) is shown as a thick red line. 80% of all
reconstructed kimberlite locations (black dots) of the past 320 Myr erupted
near or over the sub-African PGZ. The most ‘anomalous’ kimberlites (17%)
are from Canada (white dots). Present-day continents are shown as a
background, to illustrate the distribution of hotspots classified as being of
deep-plume origin18 and present-day shear-wave velocity anomalies
(percentage dvS), and bear no geographical relationship to reconstructed
kimberlites or large igneous provinces.
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Fundamental studies of actinide-bearing 
materials at extreme conditions for nuclear 
fuel generation and spent fuel storage

Actinide materials at extreme conditions
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Room-temperature compression behavior
“illuminated lines”23 over a period of 1.2 ps. This empha-
sizes the different mobility of fluoride ions in different re-
gions and at different stages of the transforming box. F− ions
that are still in the fluorite configuration ͑left͒ display a short
trace, while F− ions in the interfacial region ͑right͒ exhibit an
enhanced mobility reflected by a longer trace. Furthermore,
they form chains that propagate diagonally in the box ͓Fig.
5͑a͔͒. The “jumps” are frequent in the regions where octahe-
dra are reconstructing ͑red polyhedra͒ and reach out to
neighboring regions, where the reconstruction is about to
start. While the overall F− ions displacement follows crystal-
lographic directions, the local jumps are uncorrelated, such
that this region is liquid-like. The setup of an interfacial re-
gion hence corresponds to a local melting of the F sublattice.
Upon propagation of the phase front ͓Fig. 5͑b͒, green poly-
hedra͔, the liquid-like interface is shifted such that enhanced
mobility characterizes this region only. This picture is intrin-
sically different from a conventional solid-solid transforma-
tion. In the latter, the displacement paths of rearranging at-
oms are well defined in both direction and length.

In terms of symmetry, the initial path over the Immm
intermediate is quickly abandoned ͑Fig. 1, red path͒, and a
different path is found in the course of our molecular dynam-
ics simulation ͑Fig. 1, blue path͒. The important step high-
lighted in the analysis described above ͑Fig. 3͒ lies in the
reorientation of half of the octahedral voids of the fluorite
structure. Upon occupation of different octahedral voids by
fluoride ions the latter become different in symmetry, be-
cause the ͑centering͒ vector connecting the octahedra is ex-
tinguished. At the same time, the fluoride ions are trapped in
their final position, effectively condensating from the liquid-
like interface into the final cotunnite structure. The path over
the Cmca intermediate ͑Fig. 1, blue pathway͒ allows a split-
ting of the fluoride positions ͑crystallographic and dynamic
at the same time͒ and corresponds to the preferred mecha-
nism identified from our simulations. Considering the details
of the mechanism, the translationsgleich ͑t͒ branch of the

path ͑Fm3̄m-Fm3̄-Fmmm͒ corresponds to the superionic re-
gion characterizing the interface, the klassengleich ͑k͒ seg-
ment ͑Fmmm-Cmca-Pnma͒ hosts the reconstructive steps,
and corresponds to a phase front propagation step ͑Fig. 5, red
polyhedra͒ involving freezing of the anionic sublattice and
formation of structural motifs of the new phase.

In summary, the transition is initiated by fluoride ions
switching to octahedral voids in the close-packed Ca sublat-
tice. The locally liquid anionic sublattice causes Frenkel de-
fects that enable the modification of an otherwise dense and
rigid close-packed atomic arrangement. This occurs by anti-
parallel Ca layer shearing along ͓011͔ and reorganization of
half of the pristine octahedral voids. The momentarily occu-
pation of octahedral voids causes short F-F contacts in terms
of adjacent face-sharing tetrahedra. This unfavorable con-
figuration is resolved by a local geometric change that reori-
ents the octahedron. This induces a propagation of the phase
interface causing the “freezing” of the formerly mobile fluo-
ride ions. Further propagation of the phase front is carried by
liquid-like fluoride ions that reach out to adjacent layers.

The nucleation and growth scenario accessible through
our simulation resolves different symmetry lowering steps

FIG. 5. ͑Color͒ Snapshots from a typical trajectory illustrating
the different mobility of fluoride ions at different times and different
places of the reconstructing structure. The displacements of fluoride
ions are traced in a time window of 1.2 ps. The Ca2+ ions are shown
in red. a͒ In the reconstructing region octahedral voids are rear-
ranged and occupied by fluoride ions ͑transparent red polyhedra͒.
Only in this region anion mobility is observed. b͒ Shift of the phase
propagation front. Anion mobility is enhanced only in the interface
region ͑green polyhedra͒ between cubic ͑left͒ and orthorhombic
atomic pattern.
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Raman measurements at room temperature
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Equations of state of ThO2 polymorphs
P = 3K0f(1+2f)5/2(1+3/2(K0¢-4)f)+αKT(T-300)
f = 1/2((V/V0)-2/3-1)

Chidester et al., Revised and Resubmitted, American Mineralogist

Thorianite
V" (cm3/mole) K" (GPa) K"$ αK& (GPa/K)

26.379(7) 204(2) 4 0.0035(3)
Cotunnite-type ThO2

24.75(6) 190(3) 4 0.0037(4)



UO2 P-T phase diagram



VASP
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DFT + U Calculations

Perry et al., 2016; Geng et al., 2007; Dudarev et al., 1997

EDFT+U	=	EDFT	+	EHub	–	Edc

Edc	=	
U
2 N N	–	1 	–	 J2∑ Nσ(Nσ	–	1)�σ



Compressibility of UO2 polymorphs

Uraninite
V" (cm3/mole) K" (GPa) K"$ αK& (GPa/K)

24.605(5) 175(7) 4.8(5) 0.0044(2)
Tetragonal UO2

23.9(2) 220(20) 4 0.0043(7)
Cotunnite-type ThO2

23.02(6) 187(4) 4 0.0052(3)

P = 3K0f(1+2f)5/2(1+3/2(K0¢-4)f)+αKT(T-300)
f = 1/2((V/V0)-2/3-1)



Conclusions for actinide mineralogy
• This study provides thermal parameters for the fluorite phases of these actinide oxides and 

measurement of the equations of state (i.e. V0, K0) for the high pressure-temperature polymorphs of 
these materials

• Both ThO2 and UO2 undergo the fluorite-type to cotunnite-type phase transition at room temperature and 
moderate pressures

• Both materials exhibit anomalous compression behavior at room temperature in the fluorite phase

• ThO2 exists in the cotunnite-type structure up to 60 GPa and 2500 K. 

• UO2 takes on a previously unidentified tetragonal structure at high pressures and low temperatures and 
either undergoes a second transition or decomposes above 80 GPa at high temperatures

• UO2 and ThO2 (along with ZrO2) likely exist as a solid solution in the cotunnite-type phase in the upper-
most lower mantle, but the actinides are likely hosted in a different mineral at deeper conditions.



UO2 room temperature compressibility
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that are still in the fluorite configuration ͑left͒ display a short
trace, while F− ions in the interfacial region ͑right͒ exhibit an
enhanced mobility reflected by a longer trace. Furthermore,
they form chains that propagate diagonally in the box ͓Fig.
5͑a͔͒. The “jumps” are frequent in the regions where octahe-
dra are reconstructing ͑red polyhedra͒ and reach out to
neighboring regions, where the reconstruction is about to
start. While the overall F− ions displacement follows crystal-
lographic directions, the local jumps are uncorrelated, such
that this region is liquid-like. The setup of an interfacial re-
gion hence corresponds to a local melting of the F sublattice.
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mobility characterizes this region only. This picture is intrin-
sically different from a conventional solid-solid transforma-
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intermediate is quickly abandoned ͑Fig. 1, red path͒, and a
different path is found in the course of our molecular dynam-
ics simulation ͑Fig. 1, blue path͒. The important step high-
lighted in the analysis described above ͑Fig. 3͒ lies in the
reorientation of half of the octahedral voids of the fluorite
structure. Upon occupation of different octahedral voids by
fluoride ions the latter become different in symmetry, be-
cause the ͑centering͒ vector connecting the octahedra is ex-
tinguished. At the same time, the fluoride ions are trapped in
their final position, effectively condensating from the liquid-
like interface into the final cotunnite structure. The path over
the Cmca intermediate ͑Fig. 1, blue pathway͒ allows a split-
ting of the fluoride positions ͑crystallographic and dynamic
at the same time͒ and corresponds to the preferred mecha-
nism identified from our simulations. Considering the details
of the mechanism, the translationsgleich ͑t͒ branch of the

path ͑Fm3̄m-Fm3̄-Fmmm͒ corresponds to the superionic re-
gion characterizing the interface, the klassengleich ͑k͒ seg-
ment ͑Fmmm-Cmca-Pnma͒ hosts the reconstructive steps,
and corresponds to a phase front propagation step ͑Fig. 5, red
polyhedra͒ involving freezing of the anionic sublattice and
formation of structural motifs of the new phase.

In summary, the transition is initiated by fluoride ions
switching to octahedral voids in the close-packed Ca sublat-
tice. The locally liquid anionic sublattice causes Frenkel de-
fects that enable the modification of an otherwise dense and
rigid close-packed atomic arrangement. This occurs by anti-
parallel Ca layer shearing along ͓011͔ and reorganization of
half of the pristine octahedral voids. The momentarily occu-
pation of octahedral voids causes short F-F contacts in terms
of adjacent face-sharing tetrahedra. This unfavorable con-
figuration is resolved by a local geometric change that reori-
ents the octahedron. This induces a propagation of the phase
interface causing the “freezing” of the formerly mobile fluo-
ride ions. Further propagation of the phase front is carried by
liquid-like fluoride ions that reach out to adjacent layers.

The nucleation and growth scenario accessible through
our simulation resolves different symmetry lowering steps

FIG. 5. ͑Color͒ Snapshots from a typical trajectory illustrating
the different mobility of fluoride ions at different times and different
places of the reconstructing structure. The displacements of fluoride
ions are traced in a time window of 1.2 ps. The Ca2+ ions are shown
in red. a͒ In the reconstructing region octahedral voids are rear-
ranged and occupied by fluoride ions ͑transparent red polyhedra͒.
Only in this region anion mobility is observed. b͒ Shift of the phase
propagation front. Anion mobility is enhanced only in the interface
region ͑green polyhedra͒ between cubic ͑left͒ and orthorhombic
atomic pattern.
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