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Abstract Materials sharing the hollandite structure were widely reported as fast ionic conductors.
However, the ionic conductivity of KAlSi3O8 hollandite (K-hollandite), which can be formed during the
subduction process, has not been investigated so far. Here first-principles calculations are used to investigate
the potassium ion (K+) transport properties in K-hollandite. The calculated K+ migration barrier energy is
0.44 eV at a pressure of 10GPa, an energy quite small to block the K+ migration in K-hollandite channels. The
calculated ionic conductivity of K-hollandite is highly anisotropic and depends on its concentration of K+

vacancies. About 6% K+ vacancies in K-hollandite can lead to a higher conductivity compared to the
conductivity of hydrated wadsleyite and ringwoodite in the mantle. K+ vacancies being commonly found in
many K-hollandite samples with maximum vacancies over 30%, the formation of K-hollandite during
subduction of continental or alkali-rich oceanic crust can contribute to the high conductivity anomalies
observed in subduction zones.

1. Introduction

K-hollandite (KAlSi3O8) is believed to form during the subduction process [Ringwood et al., 1967; Schmidt, 1996;
Rapp et al., 2008;Wu et al., 2009; Ishii et al., 2012]. High temperature-pressure experiments confirm the existence
of K-hollandite in hydrated average upper continental crust, mid-ocean ridge basalt (MORB), and andesite and
pelitic rocks when pressure increases above 8GPa [Schmidt, 1996; Rapp et al., 2008; Wu et al., 2009; Ishii et al.,
2012]. The stable temperature (T) and pressure (P) domain of K-hollandite (1800K> T> 1000K and
128GPa> P> 8GPa) suggests its stability in the upper and lower mantle [Nishiyama et al., 2005].

The structure of K-hollandite is composed of four double chains of edge-shared SiO6 or AlO6 octahedra with a
large enclosed square channel along the [001] axis (Figure 1a). Large-ion lithophile elements (LILEs), such as
Rb, Ba, Sr, K, Pb, La, Ce, and Th, can be accommodated in the large channel and carried down into the deep
mantle. The LILE enrichment of K-hollandite can explain the geochemical trace element abundance in ocea-
nic island basalts [Rapp et al., 2008]. The large channel structure can also provide a path for the migration of
K+. Materials sharing the hollandite structure are known as superionic conductors. Previous studies on
hollandite-type KxTi1� yMnyO2 (K-priderites), with 20% K+ vacancies, show a very high K+ conductivity of
20 Sm�1 at room temperature [Khanna et al., 1981; Yoshikado et al., 1982].

Previous calculations on K-hollandite investigated its equation of states, elasticity, and phase transition from a
tetragonal (hollandite I) to a monoclinic phase (hollandite II) [Mookherjee and Steinle-Neumann, 2009; Caracas
and Ballaran, 2010; Mussi et al., 2010; Deng et al., 2011; Kawai and Tsuchiya, 2013]. The latter revealed that
K-hollandite exhibits strong shear wave anisotropy at high pressure, and [001] dislocations are favored under
the shear stress of the subducted slabs [Mussi et al., 2010]. This property might contribute significantly to the
mantle seismic anisotropy prevailing in subduction zones [Mookherjee and Steinle-Neumann, 2009; Caracas
and Ballaran, 2010; Mussi et al., 2010; Kawai and Tsuchiya, 2013].

Beyond the seismic property, a thorough investigation of the transport properties of channel ions in K-hollandite
should help better understand the variations in electrical conductivity of subduction zones and related recycling
of LILEs. Here we present new calculations of the electrical conductivity of K-hollandite based on the climbing
image nudged elastic band (CINEB) method and the First-Principles Molecular Dynamics (FPMD).
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2. Methods

The first-principles calculations were
based on the density functional the-
ory [Hohenberg and Kohn, 1965; Kohn
and Sham, 1965] within the local
density approximation [Ceperley and
Alder, 1980; Perdew and Zunger,
1981]. All computations were carried
out using the Vienna Ab Initio
Simulation Package (VASP) [Kresse
and Furthmuller, 1996]. The calcula-
tions include a plane wave
representation of the wave function
with a cutoff energy of 540 eV. The
K (3s23p64s1), Al (3s23p1), Si
(3s23p23d0), and O (2s22p4) orbits
were treated as valence states.

To obtain minimum energy pathways
and saddle points in K+ migration,
CINEB method was adopted
[Henkelman et al., 2000]. This method
was used to calculate the barrier
energy of H+ migration in other man-
tle minerals [Karki and Khanduja,
2007; Verma and Karki, 2009]. For
the investigation of high pressure-
temperature (P-T) ionic conduction,
the FPMD simulations were per-
formed [Mo et al., 2012; Wang et al.,

2015; Kawai and Tsuchiya, 2015]. In these calculations, a larger supercell 1 × 1 × 4 containing 104 atoms
was adopted. The supercell volume was derived from the calculated equation of state for K-hollandite, shown
in Figure S2 in the supporting information, which is consistent with experimental results [Zhang et al., 1993;
Nishiyama et al., 2005; Ferroir et al., 2006]. The details of the simulations are given in Text S1.

In view of the disordered site occupation between Al and Si, two models with and without tetragonal
symmetry were considered in our simulations. Model A (Figure 1a) applying the tetragonal symmetry was
selected from the previous work of Kawai and Tsuchiya [2013] and Model B (Figure S1a) without tetragonal
symmetry from the work of Deng et al. [2011].

3. Results and Discussion

Figure S2 illustrates the calculated Pressure-Volume-Temperature (P-V-T) relation used in calculating the K+

migration barrier energy in K-hollandite at pressures of 0 GPa, 3 GPa, 5 GPa, and 10GPa, respectively, and a
temperature of 0 K. Due to a conspicuous one-dimensional (1-D) ion migration channel in K-hollandite, the
interchannel K+ migration was ignored in our calculation. For Model A, the migration of K+ progresses along
the center of the channel from sites a to g (Figure 1b). The barrier energy is 0.29 eV at 0 GPa but increases with
applied pressure and reaches 0.44 eV at 10 GPa. The migration energy calculated for Model B is almost iden-
tical to that of Model A (Figure S1). Therefore, Model A is selected for the subsequent discussion.

To investigate the K+ migration behavior at high P-T conditions, the FPMD simulations were carried out at a
pressure of 10 GPa and various temperatures up to 1600 K. Figure 2 illustrates the mean square displace-
ments (MSDs) of K+ and the K+ migration trajectories in the channel of the K-hollandite structure with differ-
ent levels of K+ vacancies at a pressure of 10GPa and temperatures of 1000 K and 1600 K. Figure 2a clearly
demonstrates an increase in MSDs correlated with the number of K+ vacancies below a pressure of 10 GPa.

Figure 1. K+ migration path and barrier energy in the crystal structure of
Model A by CINEB simulation. (a) The crystal structure of K-hollandite. Deep
purple, light blue, dark blue, and red spheres represent K, Al, Si, and O atoms,
respectively. (b) 110

� �
slice cut from Figure 1a and the K+ hopping by vacancy

along the channel in K-hollandite, with the minimized energy migration path
in the center of the channel from sites a to g. (c) Calculated energy barriers for
K+ migration along the path from sites a to g as shown in part Figure 1b at
different pressures of 0 GPa, 3 GPa, 5 GPa, and 10 GPa, respectively.
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Figure 2b illustrates the K+ migration
trajectories confined to their equili-
brium positions when the K+ vacancy
in K-hollandite structure is zero under
10GPa and 1600 K. The migration tra-
jectories were constantly extended
along the channel of K-hollandite
when the K+ vacancies reached 25%
(Figure 2c). The migration of K+ in
K-hollandite with 25% vacancies is
also quite obvious even at 1000 K
(Figure S3). Therefore, our results
imply the migration of K+ becoming
substantially easier with an increasing
number of K+ vacancies in the K-
hollandite structure. K+ vacancies are
commonly observed in several K-
hollandite samples [Domanik and
Holloway, 1996; Wang and Takanashi,
1999; Domanik and Holloway, 2000;
Langenhorst and Poirier, 2000; Rapp
et al., 2008; Wu et al., 2009; Irifune
et al., 2009; Cid et al., 2014]. The non-
stoichiometric molecular formulas of
K-hollandite samples demonstrate a
maximum of K+ vacancy concentra-
tion up to 39%, with 2.63% coexisting
oxygen vacancies (Table S1). The
presence of K+ vacancies was further
discussed in Text S2.

A K-hollandite with 25% K+ vacancies
was employed to simulate the K+

migration behavior at various temperatures under 10GPa. The calculated K+ diffusion coefficients from its
MSDs were fitted through the Arrhenius equation at temperatures varying from 1000K to 1600K (Figure S4),
from which a migration activation enthalpy of 0.63 eV was derived. Since a band gap over 5.0 eV (Figure S5)
transforms the K-hollandite into an electronic insulator, K+ conductionmust play a dominant role in themineral
electrical conduction. Our simulation reveals the absence of Al, Si, or O diffusion up to 1600K (Figure S6).

Considering the relative small number of Al, Si, and O vacancies and their indistinctive diffusion, we ignored their
contribution to the total conductivity of K-hollandite. We can obtain the electrical conductivity of K-hollandite by
applying the Nernst-Einstein equation (Text S1). The calculated electrical conductivity was plotted in Figure 3
revealing the conductivity of K-hollandite with 25% K+ vacancies being >20 Sm�1 at 1600K and 10GPa.
K-hollandite can become a superionic conductor of K+ with the K-hollandite channels not only storing K+ but also
creating a highway for the migration of K+ at appropriate temperature and pressure conditions.

The high conductivity of K-hollandite predicted above could explain the observed high conductivity anoma-
lies in subduction zones along the circum-Pacific margin [Fukao et al., 2004; Kelbert et al., 2009; Shimizu et al.,
2010]. The transition zone occurring beneath the northeastern China and the Philippine Sea especially dis-
plays a high P wave velocity and high conductivity reaching 0.5 to 2 Sm�1 [Ichiki et al., 2001; Fukao et al.,
2004; Kelbert et al., 2009; Shimizu et al., 2010] that cannot be explained by proton conduction in the minerals
wadsleyite or ringwoodite [Fukao et al., 2004; Huang et al., 2005; Yoshino et al., 2008; Dai and Karato, 2009; Guo
and Yoshino, 2013]. In Figure 3, we plotted the highest range of electrical conductivities (0.5–2 Sm�1) from the
subduction slabs transition zone lying beneath the Philippine Sea and northeastern China. Also reported are the
electrical conductivities of wadsleyite and ringwoodite containing different water contents [Huang et al., 2005;

Figure 2. Comparison of K+ migration behavior in the K-hollandite channel
structure with and without a K+ vacancy. (a) Calculated mean square
displacements (MSDs) of K+ without K+ vacancy and with 12.5% and 25% K+

vacancies at 1000 K and 1600 K under 10 GPa. (b, c) Trajectories (small pink
bullets) of K+ migration without K+ vacancy and with 25% K+ vacancies at
1600 K and 10 GPa for 20 ps viewed from the 110

� �
plane.
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Dai and Karato, 2009] and the electri-
cal conductivities of K-hollandite
along the [001] direction having
different levels of K+ vacancies as a
function of reciprocal temperature.
Previous seismic investigations estab-
lished on the basis of the geotempera-
ture distribution within this transition
zone (see the pink area in Figure 3)
have shown a water content of only
0.2wt % in wadsleyite or/and ring-
woodite [Green et al., 2010; Suetsugu
et al., 2010; Mao et al., 2012]. Figure 3
also reveals that 1wt % water content
in ringwoodite is required to achieve a
conductivity of 0.5–2 Sm�1, much
higher than the 0.2wt % water con-
tent expected in the transition zone.
The water content requirement is
> 1wt % for wadsleyite. Moreover,
increasing the water content of the
transition zone to 1wt % generates a
low temperature anomaly by 800 K
(see the yellow area in Figure 3), that
is, a “cold” transition zone is needed
to fit the observed seismic velocity
data [Suetsugu et al., 2010; Mao et al.,
2012]. Unfortunately, within the tem-
perature range of the cold transition

zone, both the conductivities of wadsleyite and ringwoodite containing 1wt % water will have decreased far
below the electrical conductivity anomaly range (see Figure 3). Dense hydrous magnesium silicates also fail
to explain the high conductivity of the transition zone [Guo and Yoshino, 2013]. The high seismic velocity sug-
gests that partial melting and grain boundary fluid cannot be widely distributed and contribute to the high con-
ductivity in this area. The high conductivity may be attributed to minerals formed in the mantel during
subduction. Assuming K-hollandite with a [001] preferred orientation is widely present in the transition zone
beneath the northeastern China and the Philippine Sea and considering the K+ conductivity of K-hollandite
creating the highest electrical conductivity anomaly, the above contradiction would be removed. About
6.25% of K+ vacancies is enough for K-hollandite having the [001] preferred orientation to explain the electrical
conductivity anomaly (Figure 3). The application of fast K+ depends on whether K-hollandite with a favorable
level of K+ vacancies and with a [001] preferred orientation can occur in abundance in the transition zone of
subducted slabs. Some evidence supporting this assertion can be summarized in the following: (1) Elevated
K2O concentrations in subducted slabs have been confirmed by chemical analyses of drill cores of oceanic crust
from a series of drilling projects located at the front of the Ryukyu, Mariana, and Izu-Bonin trenches (Sites 292,
293, and 294; Ryukyu, Deep Sea Drilling Project, DSDP); from Site 801 (Mariana, Ocean Drilling Program, ODP);
and from Site 1149 (Izu-Bonin, Ocean Drilling Program, ODP) [Chen, 1991]. The K2O concentrations even
reached 8.1wt % in alkali basalts collected from Site 801 [Kelley and Plank, 2003]. Subducted slabs having such
high K2O contents could supply ample potassium to generate large amounts of K-hollandite during the subduc-
tion process. (2) High-P-T calculations and experiments have confirmed the existence of K-hollandite in the
experimental products of hydrated average upper continental crust, MORB, andesite, and pelite undergoing
pressure above 8GPa [Schmidt, 1996; Rapp et al., 2008;Wu et al., 2009; Ishii et al., 2012] and even into the lower
mantle [Nishiyama et al., 2005]. K-hollandite can form under pressure and temperature conditions prevailing in
the transition zone during the subduction of oceanic slabs. (3) The Pacific plate becomes stagnant in the transi-
tion zone beneath northeastern China and the Philippine Sea [Fukao et al., 2001]. This stagnation could provide

Figure 3. Comparison of the electrical conductivities of hydrous wadsleyite,
hydrous ringwoodite, and K-hollandite with the electrical conductivity
anomaly range of the transition zone in subducted slabs beneath the
Philippine Sea and northeastern China. The electrical conductivities of
wadsleyite and ringwoodite with different water contents [Huang et al.,
2005] are shown by the green and purple lines. Water contents of 0.01 wt %,
0.1 wt %, and 1 wt % are marked with dotted, solid, and dashed lines,
respectively. The calculated K+ conductivities of K-hollandite having 6.25%,
12.5%, and 25% of K+ vacancies are shown with red dots and dashed and
solid lines, respectively. The light blue area indicates the electrical conduc-
tivity anomaly range in the transition zone in subducted slabs beneath the
Philippine Sea and northeastern China. The pink and yellow areas indicate
the ranges in temperature prevailing in the slabs having water contents of
0.2 wt % and 1wt % in the transition zone. The temperature ranges are cited
from previous work [Suetsugu et al., 2010; Mao et al., 2012].
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from the time and space point of view favorable conditions to the formation and accumulation of K-hollandite
in the transition zone. It is also reported that the oceanic crustal layer can be folded and stored in the transition
zone during subduction [Yoshida and Tajima, 2013]. This effect may also increase the content of K-hollandite in
the transition zone so that both the electrical conductivity and seismic velocity anomalies can be resolved by
seismic measurements and telluric electromagnetic sounding. The K+ vacancy levels in K-hollandite under P-
T conditions prevailing in the transition zone (see Text S2 and Table S1) may reach a level of 6.25%, which is
enough to explain the electrical conductivity anomalies in the transition zone beneath northeastern China
and the Philippine Sea. The [001] preferred orientation of K-hollandite in the Pacific transition zones is believed
to exist based on the following assessments. First, a strong shear stress is acting on and is parallel to the
downgoing subducted plate driven by mantle convection. This shear stress could generate the [001] fabric for
the tetragonal cell parameters of K-hollandite that are strongly anisometric with [001] being much smaller than
[100] or [010] [Mussi et al., 2010]. Second, the stagnant Pacific subducted plate in the transition zone beneath the
northeastern China and the Philippine Sea [Fukao et al., 2001] could provide enough strain time for a complete
transformation to the [001] fabric. Finally, the first-principles simulations [Mookherjee and Steinle-Neumann, 2009;
Caracas and Ballaran, 2010; Kawai and Tsuchiya, 2013] have shown a strong shear wave anisotropy in the
K-hollandite lattices with the preferred [001] direction being the fastest to propagate the seismic shear wave.
Data processing of the higher mode Rayleigh and Love wave overtone revealed the existence of a seismic
anisotropy in subduction slabs comprised in the transition zone (400–610km) around the Pacific margin
[Trampert and Heijst, 2002; Visser et al., 2008]. The vertically polarized shear wave velocity in these areas is faster
than the horizontally polarized shear wave velocity [Visser et al., 2008]. The calculated anisotropy of shear wave
propagation in K-hollandite being consistent with the field seismic wave velocity measurement, the K-hollandite
[001] fabric might exist in subducted slabs comprised within the transition zones. In summary, the above
evidence testifies to the existence of accumulated K-hollandite with preferred orientation [001] fabric, in
subducted slabs comprised in the transition zone beneath the Philippine Sea and northeastern China.
K-hollandite has a sufficient number of K+ vacancies concentration to be using the [001] corridor for fast K+

conduction mechanism and explain the high conductivity anomalies occurring in subduction zones along the
circum-Pacific margin.

4. Conclusions

Through the first-principles calculations, we conclude that the K-hollandite mineral having a certain number
of K+ vacancies can transformed into a superionic conductor along its [001] lattice direction under pressure
and temperature conditions prevailing in the deepmantle. This discovery can provide a good explanation for
the high conductivity anomalies which occur in subduction zones along the circum-Pacific margin, especially
in the transition zone beneath northeastern China and the Philippine Sea. It is, however, difficult to justify the
anomaly by the proton conduction mechanism of hydrated wadsleyite and ringwoodite because it is
incompatible with the seismic wave velocity measurements. Performing future integrated inversions of deep
electrical conductivity and on seismic wave velocity profiles would render possible the analysis of the specific
distribution of K-hollandite in deep subducted slabs. This will further help understand the recycling of
incompatible elements in the deep mantle and the origin of the incompatible elements-enriched basalts.
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