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Above Earth’s core-mantle boundary (CMB), seismic studies revealed numer-
ous enigmatic, small-sized patches of ultralow velocity zones (ULVZs) with
anomalously lower velocities and higher density than ambient mantle. These
regions may be enriched in Fe-rich oxides, and their thermal conductivity A
would critically influence regional heat-flux and thermochemical evolution
around CMB, but remains poorly constrained. Here we experimentally show
that A of (Mgo 75,F€0.25)0, Appas, and (Mgo 2s,Feo.75)0, Agp7s, both decrease
across an iron spin-transition at 573 K, while such reduction is ~30-40% smaller
than at room temperature, suggesting their A are less-affected across the spin-
transition under deep-mantle’s high temperatures. The temperature depen-
dences of low-spin Agpzs and Agpzs (T % and T "°%, respectively) are weaker
than the conventional T ° for high-spin state. If made of Fe-rich oxides (e.g.,
Fp75), ULVZs should have an ultralow thermal conductivity (~3.4 Wm™K™).
Such strong thermal insulation enhances local temperature, vitalizing regional
mantle dynamics and thermochemical evolution, and growth of thermal
plumes. The significant A discontinuity across CMB would induce hetero-
geneous amplitude and pattern of CMB heat-flux, potentially impacting geo-
dynamo and geomagnetic stability.

M Check for updates

Seismological studies have identified several heterogeneous struc-
tures in the Earth’s deep interior, presumably associated with chemical
and/or thermal anomalies. These include two continental-scale large
low shear-wave velocity provinces (LLSVPs) beneath the Pacific and
Africa, and numerous small, typically ~20-50 km thin and a few hun-
dreds of km long patches of ultralow velocity zones (ULVZs) above the
core-mantle boundary (CMB), e.g., Refs. 1-4 and references therein.
While these enigmatic structures are expected to be closely linked to
the thermochemical evolution of our planet, their detailed nature,
origin, and evolution remain poorly understood. The ULVZs are of
particular interest for their role in the flow of material and energy at
the CMB. Compared to the ambient mantle, they feature much lower
seismic compressional (Vp,) and shear (V) velocities up to -20 and

~50%, respectively, and a higher density up to -20%"*. Moreover,
recent seismic and geodynamic studies suggested that ULVZs may not
be restricted to regions located within or at the edge of the LLSVPs;
they instead may be globally distributed above the CMB"***, including
in high-velocity areas associated with slab subduction®. ULVZs are
likely to affect regional mineralogy, geochemistry, and dynamics. In
particular, because they directly sit on the CMB, they may partly
control the local CMB heat flux (Qcmp) and chemical interactions/
reactions between the solid rocky mantle and liquid metallic core.
Though the origin of ULVZs remains an open question, miner-
alogical, seismological, and geodynamical studies mostly favor ULVZs
made of partial melts*’~° and/or iron (Fe)-rich minerals, e.g., Fe-rich
(Mg,Fe)O (magnesiowiistite)'*", Fe-rich post-perovskite (pPv)*, and/or
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pyrite-structured FeO,H,"”. The disordered atomic arrangements in
the partial melts and/or the enrichment of relatively heavy Fe atoms in
the candidate materials considerably reduce their seismic velocity and
increase their density relative to typical mantle lithologies. Further-
more, because the amplitude of velocity reduction and density
increase vary from one ULVZ to another**, the exact composition of
ULVZs may also be variable, composed of one of the individual can-
didates or a mixture of them.

Thermal conductivity of deep Earth materials crucially determines
the heat flow and temperature profile in the regions where they are
present, particularly at the CMB, where heat is extracted from the core
predominantly by conduction. Precise determination of the thermal
conductivity of ULVZ materials (Ayyz) at CMB’s high pressure-
temperature (P-T) conditions offers fundamental insights and con-
straints on the local Qcmg. The Ayryz may further influence spatio-
temporal variations in the thermal state at the lowermost mantle,
impacting the thermochemical structure and dynamics at both sides of
the CMB. However, due to the challenges and limitations of previous
experimental and computational methods, very few data for the Ay vz
at deep mantle’s high P-T conditions are available. Prior measurements
on the thermal conductivity of (Mg;—,Fe)O, Agre)o, largely focused
on x<0.2, representing average mantle. Available data for Fe-rich
(Mg, Fe)O, a candidate ULVZ material, with x>0.5 (Fe-enrichment
potentially found in ULVZs) are rare, e.g., Refs. 14-16 and references
therein. Moreover, the previous measurements were either fixed at
300 K up to ~120 GPa', or limited to relatively low P-T conditions, e.g.,
~1000K and 23 GPa®. Thermal conductivity of Fe-rich (Mg,Fe)O at
higher P-T conditions of the deep mantle remains largely unknown.
Such deficiency could lead to unreliable modelling of Aggre)o to the
lowermost mantle conditions with potentially large uncertainty. In
addition, it has been well documented that a pressure-induced spin
transition of iron occurs in (Mg,Fe)O at ~40-80 GPa, depending on the
FeO content and temperature condition, e.g., Refs. 17-19. Through the
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Fig. 1| Pressure dependence of Agpzs and Agy7s for polycrystalline oxides at
room temperature. Though Arp,s (black symbols) and Ag,7s (red symbols) both
initially increase with compression, they present different pressure evolution.
Presumably due to the spin transition of iron, the Agp,s decreases by ~30% at
P-43-54 GPa, while the Agp75 decreases by a larger extent of -45% at higher pres-
sures of P>~ 53 GPa. In the low-spin state, the Agp75 has a much smaller pressure
slope than the Ag,s. Each symbol shape represents individual measurement run.
The vertical bar at each datum point indicates the data uncertainty of ~10-15%.
Literature results for single-crystalline Fp8 (orange dashed curve)", Fp10 (blue
dashed curve)", and Fp56 (green dashed curve)™, as well as sintered polycrystalline
Fp20 (bright green dashed line from ambient to 15 GPa)" and Fp19 (magenta open
stars)” are plotted for comparison.

spin transition, several physical properties, in particular, density,
elastic constants, and thermal conductivity, can be altered"*"""*°, which
could in turn affect the deep-mantle dynamics, thermochemical state,
and seismic features' ', However, the effects of spin state on the high
P-T thermal conductivity of Fe-rich (Mg,Fe)O and on its temperature
dependence have never been investigated.

Here, we experimentally demonstrate that the thermal con-
ductivity of polycrystalline (Mgo7s,Fe025)0, Agpps, and Fe-rich
(Mgo.2s,Feo75)0, Agpzs, at an elevated temperature of 573K both
decrease across the spin transition. The temperature dependences of
Arp2s and Agpzs in low-spin state are both weaker (less sensitive to
temperature change) than in high-spin state, indicating the impacts of
spin state on the Aggrejo at mantle-relevant conditions. Our data
modelling shows that if they are made of Fe-rich oxides, e.g., Fp75,
ULVZs should have an ultralow thermal conductivity. Such a feature
would not only promote the accumulation of heat and the formation of
mantle plumes, but also enhance the dynamics and thermochemical
instability at both sides of the CMB. The spatiotemporal evolution of
the globally distributed, thermally-insulating ULVZ patches would then
alter the local CMB topography and heat flux, potentially influencing
the strength and polarity of the geomagnetic field over the Earth’s
history.

Results and discussion

Thermal conductivity of Fp25 and Fp75 at high pressure and
room temperature

We used ultrafast time-domain thermoreflectance (TDTR) coupled
with diamond-anvil cells (DACs) to precisely measure Agpzs and Agpzs to
~100 GPa at room temperature. TDTR has been widely employed to
measure the thermal conductivity of various materials with high pre-
cision at various high P-T conditions (Refs. 14,22-24 and Methods). The
unit-cell volume and spin state of Fp75 have also been com-
plementarily characterized by synchrotron X-ray diffraction (Supple-
mentary Note S1). As shown in Fig. 1, App2s (black symbols) starts from
~2.6 Wm™ K™ at ambient conditions and increases with pressure until
43.1 GPa, after which it decreases by ~30% at ~-54 GPa, presumably due
to the pressure-induced spin transition of iron". Upon further com-
pression, the low-spin Agpys resumes increasing with higher pressure,
reaching -25W m™ K™ at 99 GPa.

In contrast, App7s (red symbols) is systematically lower than Agp;s,
presumably resulting from the higher FeO content and Fe*/YFe (see
Methods), which induce stronger phonon-impurity and phonon-defect
scatterings, respectively, with larger resistance to heat transport. At
ambient conditions, Agpzs is <LOWm™ K7, ~27% lower than Agps.
Under compression, Agp7s increases much less with increasing pres-
sure than Agpys, and reaches a much lower peak value of -8.5+1Wm™
K™ at P-40-53 GPa. Afterwards, the Ag,75 decreases by a larger extent
(~45%) and then remains approximately constant, showing a “slug-
gish” variation at a higher-pressure range than Fp25 through the spin
transition. Finally, the low-spin Ag,5 only increases to ~6.5W m™ K™ at
99 GPa, ~4-fold lower than Agp,s at similar pressures.

We note that several factors could affect the Agp, including FeO
content and ferric iron ratio (Fe*/YFe) (representing impurity and
defect in the crystal), and grain size. The Fp8, Fpl0, and Fp56 samples
in Ref. 14 are single crystals with minor amounts of ferric iron, while the
Fp25 and Fp75 samples in the present study are polycrystalline pow-
ders with -6 and -~12% ferric iron, respectively (see Methods). At
ambient conditions, the Agpse is expected to be lower than Agps, €.g.,
Ref. 25. However, our data (Fig. 1) show that the present Agp,s seems to
be comparable to the literature Agpse up to -100 GPa, but with slightly
lower onset pressure for the A reduction across the spin transition.
Compared to the literature Fp56 sample, the lower FeO content yet
with ~6% ferric iron in the present Fp25 sample may have counter-
balanced the opposite effects between FeO content (the fewer FeO, the
smaller thermal resistance due to less impurity scattering) and ferric
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Fig. 2 | Pressure dependence of the Agp,s and Agp;s at elevated temperatures.
Compared to the pressure evolution at room temperature, the Agpys (black sym-
bols) and Agp7s (red symbols) at 573 K both soften in a more sluggish and gentle
manner across the spin transition, where the pressure interval shifts to slightly
higher pressures. The low-spin Agy,s at 873 K (blue symbols) has a weaker pressure
slope than at room temperature. Each symbol shape represents individual experi-
mental run. The vertical bar at each datum point shows its uncertainty of ~10-15%.

iron (the more ferric iron, the larger thermal resistance due to more
defects), leading to comparable thermal conductivity. The much lower
Arp7s along with a weaker pressure dependence in high-spin state (its
low-spin state even plateaus) is therefore presumably due to the large
amounts of FeO and ferric iron. In addition, using electron back-
scattered diffraction we found that the typical grain size of present
polycrystalline Fp25 and Fp75 samples before and after high-pressure
measurements were both -15-40 pum, comparable or larger than our
laser spot size in TDTR thermal conductivity measurements. We thus
expect that the grain boundary plays minor roles here in affecting their
thermal conductivity. Understanding the detailed, fundamental
mechanisms for thermal transport in these samples in high- and low-
spin states requires further advanced theoretical and computational
studies.

Arp2s and Agp7s across the spin transition at elevated
temperatures

To assess how elevated temperature influences Arpzs and Agp7s across
the spin transition, we first compressed the sample to ~-10 GPa and
heated it up to 573K (300°C) using an externally-heated DAC
(EHDAC). We then measured A at 573 K from ~12 to 72 GPa across the
spin transition. As shown in Fig. 2, Ag,2s at 573K (black symbols)
initially increases with pressure from 12.9 to ~35 GPa and, given the
data uncertainty of ~10-15%, remains at ~11.5+1W m™ K™ between 35
and 46 GPa. We then observed a slight decrease ( ~17%) until ~56 GPa,
after which the A5 re-increases with pressure to -1.8 Wm™ K™ at
71GPa. Overall, in contrast to the behavior at room temperature
through the spin transition (Fig. 1), the Agpys at 573 K is systematically
lower, with a plateau and fairly gentle decrease over a wider pressure
range ( ~ 35-56 GPa). In addition, to explore its pressure dependence in
the low-spin state, we have further measured the Appos at 873K (blue
symbols) in a separate experimental run, which shows a smaller pres-
sure slope than at room temperature. Finally, Apy7s (red symbols) at
573K is, again, systematically lower than the Arpys, with a plateau at
~6.5+0.5Wm™ K at higher pressures of ~38-50GPa. We also
observed a sluggish decrease (~30%) to ~4.6 Wm™ K™ until ~66 GPa.
Though our measurement pressure was only extended to 72 GPa, the

low-spin Ag,75 seems to have a weak pressure dependence as that at
room temperature.

Since the A of a material scales with the square of its sound
velocity'*?® (proportional to elastic constants), the pressure evolution
of Ap2s and Agpys in Figs. 1and 2 can be primarily accounted for by the
softening of elastic constants across the spin transition'*'s, Moreover,
compared to room temperature, the extent of decrease in A through
the spin transition at 573 K is more sluggish, and the transition extends
to higher pressures. These observations are in good agreement with
the qualitative evolution of elastic constants across the spin transition
at elevated temperatures as predicted by ab initio calculations'®".

Temperature dependence of the low-spin Agp2s and Agp7s
Understanding the temperature dependence of Agpas and Agps in the
low-spin state is critical to better constrain the deep-mantle thermal
state. To this end, we explored how the low-spin Agp,s and Agp7s change
with temperature to ~973K (Fig. 3). To quantify their temperature
dependence, for simplicity, we assumed that the transition to the low-
spin state is complete above ~62-64 GPa and that low-spin Agp,s and
Agp7s can be modelled as A(T)=A.sT ", where A.s is a normalization
constant. Such a power law dependence for A(T) is based on funda-
mental heat transport theory under Debye approximation and on an
assumption that the three phonon umklapp scattering between
acoustic phonons is the predominant mechanism for heat
transport”~*°, Since phonon relaxation time can be approximated to
be inversely proportional to T, heat transport theory predicts that for a
pure crystal, A(T) would scale with T , while for an impurity-bearing
crystal, A(T) would scale with T 3, see Refs. 27-30 for detailed deri-
vations of the theory for thermal conductivity at high temperatures.
We determined the temperature exponent n by linearly fitting a
regression line in the InA-InT plot. For low-spin Agp,s, we found
n=-0.36(+0.07) at P=62-68GPa and n=-0.41(+0.06) at
P=72-78 GPa (Fig. 3a), slightly weaker (less sensitive to temperature
change) than the typical T *° dependence for several Fe-bearing
mantle minerals*'**'>*, Note that despite the spin state, Apgrejo(T)
has been conventionally approximated to T “°° throughout the whole
mantle'*>**, although a T °* dependence for high-spin Fp5 and
Fp20 only up to 14 GPa and -1150K had once been reported*. Fur-
thermore, the Agp7s has a much weaker temperature dependence with
n ranging from -0.15(+0.04) to -0.3(+£0.07), see Fig. 3b. We
emphasize that our findings represent critical experimental results
indicating a weaker temperature dependence for the low-spin Agps
and Agp7s than conventionally thought. We use this result to update
modelled values for the deep-mantle conditions (see discus-
sion below).

Modelling the thermal conductivity of lower mantle minerals
along a mantle geotherm

Our results for Agpps and Aggzs with different P, T, and FeO content
provide better constraints on the thermal conductivity profiles of
(Mg,Fe)O and pyrolitic mantle, which in turn play a key role in the
thermochemical evolution and dynamics in the deep mantle, including
the impacts on LLSVPs and ULVZs. Here we first modelled Agpzs and
Agp7s along a representative mantle geotherm®, to which we added a
steep temperature rise from 2587 K at 2800 km depth (- 130 GPa)* to
4000K at the CMB (~136 GPa). Furthermore, we assumed that the
A(T) of high-spin Agpys and Agpys follow the typical T °%, while in the
low-spin state they follow the trend we found in Fig. 3—i.e., App>s scales
with T %% and Aps scales with T ~°%. In the mixed-spin state, A(T) is
approximated as the average of the high- and low-spin states. We find
that Agp,s (black solid line in Fig. 4a) starts from ~4 W m™ K™ at 660 km
and increases with depth, followed by a slight decrease across the spin
transition at ~1000-1400 km depth. The low-spin Agp,s then reaches
~11.5 W m™ K™ at 2800 km depth, and slightly reduces to 10 W m™ K™ at
the CMB due to the steep temperature rise. Compared to the
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has a temperature dependence T " with n =-0.36 to -0.41, which is slightly weaker
than the typical T ° for Fe-bearing mantle minerals'*>*'**. b Ag,75 shows an even
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vertical bar at each datum point represents its uncertainty of ~15%. The thermal
pressure has minor effects on the temperature dependence, see Supplementary
Note S2 for details.
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Fig. 4 | Modelled thermal conductivity profiles of lower mantle minerals along
arepresentative mantle geotherm. a The red solid line represents the Arp7s with a
conventional T °° dependence for high-spin state and a weaker T "°?* dependence
as we experimentally found for low-spin state, while, for comparison, the red
dashed line indicates the Ag,7s with the conventional T ** dependence for both
high- and low-spin states. The black solid line shows the Agp,,s with the conventional
T "% dependence for high-spin state and a weaker T °* dependence for low-spin
state; the black dashed line is the Agp,s with the conventional T 05 dependence for
both high- and low-spin states. Overall, both Agpys and Agy7s increase with depth,
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except for the range where the spin transition occurs. The low-spin Ag,7s remains
nearly a constant of ~3.6-3.8 W m™ K™ due to its weak temperature dependence.
The small artifact discontinuities at the start and end of the spin transition result
from the assumed temperature dependence in the mixed-spin state. Profiles of
Arear-sm (FEAI-Bm, green dashed line) and Agavemaoite (DVM, blue dashed line) are
plotted for comparison. b From the top to the bottom of the lower mantle, the Ay
(blue solid line) increases two fold and converges to the previously modelled one
(green dash-dotted line)'* at 8 W m™ K™ at the lowermost mantle. The sudden
decrease in A profile above the CMB is due to the steep temperature rise.

conventionally assumed T ~% for both high- and low-spin states (black
dashed line), the weaker temperature-dependence in the low-spin
state (T "°*) we found yields an ~20% higher Agps at the lowermost
mantle. Moreover, we highlight that the Ag,7s (red solid line) remains
as low as ~3.6-3.8 W m™ K™ from ~1600-2800 km depth (-~ 50% higher
than that with the conventional T “°° dependence, red dashed line).
The CMB’s high temperature further decreases the Agp;s to an excep-
tionally low value of -3.4 W m™K™.

Figure 4a also shows our modelled A profile of (Fe,Al)-bearing
bridgmanite (FeAl-Bm) with an assumed T ~°° dependence® (FeAl-Bm,
green dashed line) and CaSiOs; davemaoite with a T ' dependence®
(Dvm, blue dashed line). Combining these two profiles with our Apps
and using a Voigt-Reuss-Hill (VRH) volumetric average scheme then
provide an estimate of the thermal conductivity of pyrolitic lower-
mantle aggregate, A;y. Based on the pyrolite model, the lower mantle
is composed of FeAl-Bm (~ 75 vol%), (Mg,Fe)O (~18 vol%), and CaSiO;
davemaoite ( ~ 7 vol%), and for calculations we assume Ay = 0.75Afeal
Bm + 0.18App25 + 0.07Adavemaoite- At ~1000 km depth, our present mod-
elled Ay (blue solid line in Fig. 4b) is ~22% higher than the previously
modelled profile based on room-temperature data (green dash-dotted
line in Fig. 4b with a potential temperature of 2500 K*). Nevertheless,
these two lines gradually converge in the deep mantle. Our modelled

profile reaffirms that with the davemaoite, Ay is -8 Wm™ K™ at
~2800 km depth, but decreases to ~6.5 W m K™ at the CMB, consistent
with previous results, e.g., Refs. 37,38. For comparison, we also mod-
elled a Apy, where the Ag, instead follows the conventional T 3,
despite its spin state (orange dashed line in Fig. 4b). Because the
(Mg,Fe)O only contributes ~18 vol%, the Ay with different Agg reyo(T)
in the low-spin state only differs by <4% throughout the deep mantle.
For similar reasons, the variable FeO content in the (Mg,Fe)O with
depth also has a minor effect on the modelled Ap\'. Finally, the Ay is
insensitive to the average scheme we adopted: when using
Hashin-Shtrikman scheme', the modelled Ay, is comparable
(<~10-15% difference) to that using the VRH scheme throughout the
lower mantle.

Impacts of thermally-insulating ULVZs on the lower-mantle
thermal structure and dynamics and geodynamo evolutions
The anomalously low velocities and higher density of ULVZs relative to
ambient mantle imply that they are likely thermochemical
heterogeneities'**, e.g., Fe-rich mantle minerals, partial melts, or sub-
ducted slab materials. If made of Fe-rich oxides'*", e.g., Fp75, ULVZs
would have an exceptionally low thermal conductivity, Auivz,
~3.4Wm™ K™ (red short stripe above 2890 km depth in Fig. 4b). This
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Fig. 5 | Illustration for the modelled thermal conductivity in the lower mantle.
The profiles for the pyrolitic lower mantle and representative LLSVP, respectively,
are from present study and Ref. 39. A ULVZ made of Fp75 and basaltic melt has an
ultralow thermal conductivity of -3.4 Wm™ K™ and -1.9 W m™ K™, respectively. A
significant thermal conductivity discontinuity across the CMB is present, in parti-
cular between the ULVZ and core.

conductivity would further decrease with higher FeO content and thus,
ULVZs may locally act as a thermal insulator at the CMB, meaning first
that the amount of heat flowing from the core to the mantle may be
limited at ULVZs locations, and second that ULVZs may have remained
hot compared to their surroundings. Estimating temperature excess
within ULVZs requires numerical simulations of mantle dynamics. Such
excess potentially reaches several tens to a few hundreds of degrees, as
suggested by temperature excess within low conductivity LLSVPs*.
Such low conductivity is comparable to the previously modelled Fe-
rich mantle aggregate'. Based on the results of Ref. 40, we further
modelled thermal conductivity of basaltic melt at CMB-relevant high
P-T conditions to be 1.9 W m™ K™ (black short stripe above 2890 km
depth in Fig. 4b). This value should be considered an upper bound
relative to thermal conductivity of Fe-enriched melt*’. If formed by
heavy melt patches originated from the remnants of basal magma
ocean** or subducted slabs*’, ULVZs have not only ultralow seismic
velocities, but also ultralow thermal conductivity, typically about
3-fold lower than the ambient mantle.

The different thickness and amplitude of velocity and density
anomalies among ULVZs observed at different locations** may imply
that they result from distinct formation mechanisms or are com-
posed of different combinations of candidate materials. Recent
seismic studies suggest that the internal structure of ULVZs may be
complex with chemical heterogeneity and/or multilayer
structures**3, making it difficult to resolve the spatial changes in the
thermal conductivity within individual ULVZ. Nevertheless, since
ULVZs are small-sized and share common features of Fe-enrichment
and low-velocity, these properties coherently reduce their ability to
conduct heat. We thus expect that the ultralow Ay vz we modelled
based on that of Fp75 and basaltic melt (Fig. 4b) should be reasonably
representative of Ayyz, although, again, different ULVZs may have
different origin and nature.

Our findings have important consequences on the evolution of
the CMB region. The ultralow Ay vz with strong thermal insulating
effect would promote accumulation of heat (and temperature) at

their base, thus delaying cooling, which in turn further reduces A, as
the A decreases with higher temperature (Fig. 3). This positive feed-
back mechanism results in thermal runaway that raises the local
temperature, enhancing the buoyancy of ULVZs, their interactions
with the surrounding LLSVPs and mantle, as well as the formation of
thermal plumes rooted in ULVZs. Meanwhile, the large radial tem-
perature gradient across the thin ULVZ patches caused by the effi-
cient thermal insulation could produce a local, relatively cooler
condition above them. Such reduced temperature may facilitate the
growth of pPv above the ULVZs, and induce small-scale lateral ther-
mal instability that could alter the regional mantle dynamics. More-
over, the thermal conductivity of the outer core, depending on its
composition and investigation methods, has been suggested to a
wide range of ~25-250 W m™ K7, e.g., Refs. 24,44,45 and references
therein. Thus, within ULVZs, thermal conductivity on the mantle side
of the CMB would be much lower than that on the outermost core
side (Fig. 5) by at least one-order-of-magnitude. Combined with a
high ULVZ temperature, Ty,yvz this may significantly depress the
local Qcpmp. Furthermore, if Tyyz is higher than the CMB tempera-
ture, local patches of negative Qcwp, Where heat flows from the
mantle to the core, may be triggered. Such patches could in turn
influence core flow, at least locally. Patches of very low or negative
Qcme would further strongly increase the amplitude of lateral varia-
tions in Qcmg, increasing the Q' parameter® (defined as the ratio
between the amplitude in Qcyp lateral variations and twice the dif-
ference between the horizontally average Qcymp and the core adia-
batic heat flux). These effects would then impact the spatial and
temporal evolution of the geodynamo, including the timing between
polarity reversals of geomagnetic field*. Future direct experimental
measurements on the thermal conductivity of (Mg,Fe)O and other
candidate ULVZ materials under deep-mantle’s high P-T conditions
will enable assessment of the validity of our modelled conductivity
profiles and offer crucial insights to the heat transport at the lower-
most mantle. Coupled with advanced numerical modelling that
considers the effects of deep-mantle heterogeneities (e.g., LLSVPs,
ULVZs, and slabs), these studies should bring better constraints on
the complex evolution of lower-mantle thermochemical structures,
the formation and growth of plumes, changes in the CMB heat flux
pattern, and the stability of geodynamo.

Methods

Sample synthesis and characterization

Polycrystalline powder samples of (Mgo7s,Fepss)0—Fp25 and
(Mgo.25,Feo 75)0—Fp75 were synthesized by reacting fine MgO (99.95%,
-325 Mesh from Alfa Aesar) and Fe,03 (99.9% from Alfa Aesar) powders
inside a vertical tube furnace at 1300 °C and an oxygen fugacity of
approximately 10°atm, roughly following the methods in Ref. 47.
Powders reacted inside the furnace for two 24 h rounds, re-mixing the
powder in between each round to promote sample homogeneity.
Powder X-ray diffraction confirmed the formation of (Mg,Fe)O and the
absence of any magnesioferrite peaks.

We determined the exact chemical composition of the Fp25 and
Fp75 samples to be (Mgq.75Fep25)0 and (Mg 2sFeq 75)0, respectively,
using an electron probe microanalyzer in Academia Sinica. We further
characterized their relative ferric iron content (Fe*/}Fe) by in-house
Mossbauer spectroscopy in Bayerisches Geoinstitut. Mdossbauer
spectra were obtained at room temperature in transmission mode
using a constant acceleration Mossbauer spectrometer, with a nominal
370 MBq ¥Co point source in a 12 um Rhodium matrix. The velocity
scale was calibrated using a 25 pm thick o-Fe foil. Samples were loaded
into 1 mm diameter sample holders. The spectra were collected for 3—
5 days, then folded and fitted using the program MossA*® with multiple
pseudo-Voigt line shapes and linear baseline correction. The Fe*'/}Fe
is ~6% in Fp25 and -12% in Fp75, respectively, see Supplementary
Note S4 for more details.
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Sample preparation for high pressure experiments

To perform high-pressure thermal conductivity measurements, we
first manually polished the (Mg,Fe)O samples to ~15um thick, and
thermally evaporated an aluminum (Al) film (-90 nm thick) on the
samples. We then loaded the sample of interest, together with a ruby
sphere, into a symmetric piston-cylinder diamond anvil cell (DAC) with
a pair of 200 pum culets and a rhenium gasket. For room temperature
experiments, we used silicone oil (CAS No. 63148-62-9 from ACROS
ORGANICS) as the pressure medium. We calibrated the pressure within
the sample chamber by measuring the ruby’s R; fluorescence peak as a
function of pressure*’ (uncertainty of ~0.1-0.2 GPa). The sample geo-
metry within the DAC and experimental set-up are essentially the same
as in our recent studies, see, e.g., Refs. 34,50.

For simultaneous high P-T thermal conductivity measurements,
we switched to externally-heated DAC (EHDAC), which is composed of
a BX-90 diamond cell coupled with a home-made resistive heater
placed next to the sample chamber. Such setup offers a homogeneous
high temperature environment over the sample chamber. Here we
used MgO nanopowder (CAS No. 1309-48-4 from Merck with a typical
grain size <50 nm) as the pressure medium, with advantages of (1) a
thermal conductivity of ~3-4 Wm™ K™ from ambient to -100 GPa,
much lower than other typical solid pressure media, due to its very
small grain size, and (2) easy access when loading (compared to high-
pressure gas loading). Moreover, we added a gas membrane in the
EHDAC to in situ manipulate the experimental pressure during our
high P-T measurements. The heating-induced broadening of ruby’s R1
peak leads to a pressure uncertainty of ~0.1-0.5 GPa. The assemblage
of our EHDAC and pressure uncertainty were detailed in Refs. 51,52.
Finally, we note that after the high P-T measurements we checked the
composition of recovered samples (Fp25 and Fp75) by energy-
dispersive X-ray spectroscopy and confirmed that the FeO content in
each sample remains essentially the same with a slight variation
of <1-2 at. %.

Thermal conductivity measurements
We employed time-domain thermoreflectance (TDTR), a well-
developed ultrafast optical pump-probe technique**, to precisely
measure the thermal conductivity of Fp25 and Fp75 at high pressure
and a wide range of temperature conditions. Details of the TDTR setup
and operation principles were described in, for example, Refs. 23,53.
We have applied the same experimental method to study the thermal
conductivity of numerous geomaterials in the Earth and planetary
interiors'#***3343595455 " In brief, we split the output of an ultrafast
Ti:sapphire oscillator laser into pump and probe beams. The pump
beam heated the Al film evaporated on the (Mg,Fe)O sample, creating
variations in temperature and optical reflectivity on the Al's surface,
which were then probed by the probe beam at a series of delayed time.
The temporal changes in the reflected probe beam intensity were
recorded by a fast silicon photodiode along with a lock-in amplifier.
To determine the thermal conductivity of the (Mg,Fe)O sample at
variable P-T conditions, we fit the TDTR data—ratio of the in-phase
signal Vi, to out-of-phase Vg (~Vin/Vou) With thermal model calcula-
tions that simulate the dynamics of bi-directional heat flow from the Al
film to the sample and pressure medium**°, Supplementary Fig. S3
shows a representative TDTR spectrum for Fp75 at 97 GPa and room
temperature along with the fitting by the bi-directional thermal model
calculations. Note that in our data analysis, the thickness of Al film and
volumetric heat capacity of (Mg,Fe)O are two important parameters
that would influence the derived thermal conductivity of (Mg,Fe)O. We
adopted a recently developed method from Ref. 40 to estimate the
thickness of Al at high P-T conditions. As for the heat capacity of Fp25
and Fp75, since they are not well-known, we assumed they are similar
to the Fpl8.75 (Ref. 17) and Fp56 (Ref. 14), respectively, given the
similar FeO contents. We emphasize that the uncertainty in thermal
conductivity we report for (MgFe)O is dominated by analysis

uncertainty, rather than measurement uncertainty. Following the
approaches described in Refs. 57,58, we further estimated the data
uncertainty by evaluating the total uncertainties translated from all the
input parameters in the thermal model calculations, see Supplemen-
tary Figs. S3 and S4. The error is ~-10% at P <50 GPa and ~10-15% at
P=50-100 GPa.

Data availability
The main data generated in this study are available in https://zenodo.
org/records/17284226.
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