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On the Presence of Liquid in 

Earth's Inner Core 


S. C. Singh,'n2* M. A. J. Taylor,' J. P. ~ontagner' 

Seismological studies indicate that the inner core of Earth is anisotropic for 
compressional waves (P waves), and has low shear wave (5 wave) velocity, and 
high seismic attenuation. Using an effective medium theory for composite 
materials, we show that the presence of a volume fraction of 3 t o  10% liquid 
in  the form of oblate spheroidal inclusions aligned in  the equatorial plane 
between iron crystals is sufficient t o  explain the aforementioned seismic phe- 
nomena. Variation of S-wave velocity between the polar axis and equatorial 
plane is more sensitive t o  the addition of liquid than that of P waves. The liquid 
could arise from the presence of dendrites or a mixture of elements other than 
iron that exist in  liquid form under inner-core conditions. 

On the basis of the lack of any observed S 
waves from the deeper part of Earth, in 1929 
Sir Harold Jeffreys (1) proposed that the core 
of Earth consisted of fluid. In 1935, Lehmann 
(2) introduced the concept of the inner core 
and suggested that it could be solid. Since 
then, the solidity of the inner core has been 
reaffirmed by the observations of reflected 
phases from the inner core boundary (ICB) 
(3), normal modes (4), and more recently by 
the presence of transmitted S-wave phases (5, 
6). However, these results do not rule out the 
possibility of the presence of a small amount 
of fluid in the inner core. Although this no- 
tion has been qualitatively put forward before 
for individual seismic observations (7-9), we 
quantitatively demonstrate here that the seis- 
mic data can be explained by the presence of 
a small amount of fluid in the inner core. 

We limit our consideration to a few basic 
seismic parameters that can be compared 
with observations from the inner core, name- 
ly, P- and S-wave velocities and attenuation 
in the vicinity of the ICB, and average P- 
wave anisotropy. Accordingly, we employ 
relatively simple models that are isotropic or 
transversely isotropic. The P-wave velocity 
in the core is well constrained, jumping from 
10.29 km s 1  to 11.04 km s 1  at the ICB, and 
then increasing linearly to 11.26 km s-' at 
the center of Earth (10). The S-wave velocity 
is not so well constrained but is <3.65 km 
s p '  at the ICB (4-6). Seismic attenuation 
studies suggest that at least the outer part of 
the inner core has high attenuation with a 
quality factor (11) of 200 to 400 for P waves 
(7, 12) and I00 to 200 for Swaves (7, 12, 13). 
Several studies of P waves suggest that the 
inner core of Earth is elastically anisotropic 
(14-la), with the P-wave velocity along the 
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pole axis being 3 to 4% higher than that in the 
equatorial plane, although there are studies 
indicating the absence of anisotropy (19). It 
has also been suggested that the P-wave an- 
isotropy is in the opposite sense to the P- 
wave attenuation anisotropy (20, 21). 

To shed light upon the composition, and 
hence the evolution, of the inner core, it is 
necessary to relate these seismic properties to 
plausible materials at inner-core temperatures 
(4000 to 8000 K) and pressures (330 to 360 
GPa). The hexagonal close-packed (hcp) form 
of solid Fe is considered to be the dominant 
material in the inner core (22-26). The den- 
sity and elastic parameters of hcp Fe have 
been calculated both experimentally (25-28) 
and theoretically (29) at high pressure and 
room temperature. These results can explain 
the P-wave anisotropy in the inner core, but 
they overestimate the P- (25, 26) and S-wave 
(29) velocities. The anisotropy in the inner 
core could also originate from a low-order 
convection (30, 31) or solidification texturing 
(32). If the inner core consists of pure solid 
Fe crystals (29), then seismic attenuation 
would be small, with a quality factor of the 
order of tens of thousands. We postulate that 
fluid inclusions might be responsible for 
these discrepancies. Using an effective medi- 
um theory for a composite material, we quan- 
tify the amount, geometry, and form of the 
fluid inclusions that would be required to 
simultaneously explain the presence of seis- 
mic anisotropy, high attenuation, and low 
S-wave velocity, and then suggest that the 
inner core might be partially molten. 

We used a differential effective medium 
theory (33-36), where liquid inclusions are 
introduced incrementally into a solid back- 
ground matrix to produce a two-phase com- 
oosite. The inclusions are introduced in the 
form of spheroids with semi-axes a and c (for 
Cartesian coordinates x, y, and z ,  x2/a2 + 
y2/a2f~z2/c2= 1; x,y 5 a, z 5 c), and which 
have a circular cross section in the xy plane. 
The existence of an analytic solution for the 
changes in elastic properties that are intro- 

i ~ , 

duced (37) and the fact that the shape of the 
spheroid can be defined by a single parame- 
ter, the ratio of its semi-axes ale, make this 
choice of geometry advantageous. We con- 
sider spheroids with aspect ratios varying from 
1 (spheres) to 100 (a > c, flat disks) to 0.01 
(a < c, thin fibers). The solid background 
material can be isotropic or anisotropic, and 
the liquid inclusions can either be oriented 
randomly in the medium (isotropic) or be 
aligned along one direction (anisotropic). 

To model the solid background material, we 
used the theoretically calculated elastic param- 
eters of the hcp Fe crystal at 330 GPa (29). 
These values are for room temperature, and 
although they might vary with increasing tem- 
perature (25), the trends we present remain 
valid at higher temperatures. When considering 
the effect of the liquid inclusions, we took the 
properties of the outer core at the ICB (10, 25), 
which is thought to consist of liquid Fe. Any 
other liquid with similar seismic properties 
could be considered. We assumed that the in- 
clusions are not connected to one other, whlch 
is valid for the low concentrations considered 
here. If the inclusions are aligned along a par- 
ticular direction, in order to maintain the trans- 
versely isotropic properties exhibited by the hcp 
Fe, the inclusions must be aligned with their c 
axes parallel to the symmetry axis of the back- 
ground medium. The symmetry axis of the hcp 
Fe and the c axes of the inclusions are therefore 
assumed to be aligned with the polar axis of 
Earth. 

Adding spherical (ale = 1) inclusions to 
an isotropic background-matrix material does 
not introduce any P-wave anisotropy, and so 
the composite material remains isotropic for 
all melt fractions (Fig. IA). However, the 
P-wave velocity decreases smoothly with the 
increase of melt fraction [Web fig. 1 (38)l. 
Adding inclusions with a/c # 1 produces a 
transversely isotropic composite material, 
with the anisotropy increasing or decreasing 
with the increase of melt fraction for a/c < 1 
and a/c > 1, respectively (Fig. IA). In order 
to produce a P-wave anisotropy of 3% as 
suggested by the seismic data, one would 
require >14% of liquid in a fiber form (a/c < 
1) aligned along the polar axis. 

Addition of isotropic spheres of melt to an 
anisotropic background-matrix of hcp Fe (29), 
where the P-wave velocity along the polar 
(symmetry) axis is faster than that in the trans- 
verse direction, does not alter the aniso-
tropy very much with increasing melt fraction 
(Fig. IB). Addition of aligned liquid inclusions 
with a/c # 1 has the same effect as in the 
isotrovic case, but now the initial aniso-
tropy is non-zero, leading to positive values for 
P-wave anisotropy up to about 11.75% melt 
(Fig. IB). If we assume that the inner-core 
anisotropy is somewhere between 0 and 3% 
then we would require 0 to 14% of aligned 
liquid inclusions with alc < 1 (fibers) for an 
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isotropic matrix or 0.5 to 11.75% of aligned 
inclusions with alc > 1 (disks) for an 
anisotropic matrix. If the inclusions were 
randomly oriented, they would have little 
or no effect on the P-wave anisotropy. 
These results are therefore consistent both 
with cases of the proposed presence (14- 
18) and absence (19) of anisotropy. 

From the existing seismic data, we only 
have estimates for the vertically polarized 
S-wave (SV) velocity and have no constraints 
on the horizontally polarized S-wave (SH) 
velocity. The effect on the SV velocity of 
adding liquid inclusions to an anisotropic 
background matrix, aligned with their c axes 
along the polar direction and d c  = 0.1 or 
0.01, differs little from adding spherical liq- 
uid inclusions, because these shapes are rel- 
atively rigid in response to shear in the ver- 
tical plane (Fig. 2A). However, aligned liquid 
inclusions with a/c = 10 or 100 have a 
devastating effect on the S-wave velocity, 
because the inclusions are weak when sub- 
jected to shear in the vertical plane, thus 
strongly decreasing the SV velocity with the 
addition of only a few percent of melt (Fig. 
2A). For instance, only -3% melt fraction of 
inclusions of a/c = 100 is suff~cient to reduce 
the S-wave velocity from 6 km s-I of the pure 
solid hcp Fe to the seismically observed value 

'of 3.65 km sC1. For inclusions of d c  = 10, 
-17.5% melt is required. The reduction in 
SH velocity in the equatorial plane that arises 
from adding liquid inclusions of any aspect 
ratio is much less (Fig. 2B) because the in- 
clusions are relatively rigid in their plane of 
symmetry. These results are similar for an 
isotropic starting material (Web fig. 2). 
Therefore, to reduce the SV velocity signifi- 
cantly, the inclusions must have aspect ratios 
>1, equivalent to aligned disks lying in the 
equatorial plane. 

The variation of velocity with propagation 
angle between the polar axis (0") and the equa- 
torial plane (90") for a melt fraction of 5% and 
alc = 10 (Fig. 3) highlights the effect of a 
relatively low liquid &tion within the range of 
our final estimate of values that are consistent 
with the seismic observations. We compared 
our results with those of Stixrude and Cohen 
(29) for pure hcp Fe. The P-wave velocity and 
anisotropy variation with angle differs very lit- 
tle from that of pure Fe with the addition of 5% 
liquid, and the greatest difference in normalized 
P-wave velocity is only - 1.5%. The effect on 
the S-wave velocity of adding only a small 
amount of liquid is striking. The SV velocity of 
the composite is -8% greater than that for pure 
Fe at 45O, and the SH velocity of the composite 
is -12% greater than that for pure Fe at 90'. 
These results suggest that a more complete 
knowledge of the S-wave velocity and S-wave 
anisotropy are key factors in constraining the 
model of the inner core. 

In the absence of any knowledge of the 
S-wave anisotropy, we turn our attention to 

seismic attenuation. We apply an extension of a 
theory developed by Hudson et al. (39) to cal- 
culate the P- and S-wave attenuation, Q;' and 
Q,;', respectively (40). To minimize the num- 
b& of parameters considered, we present results 
for the isotropic case where the background 
material and liquid are isotropic and the liquid 
inclusions are added with random orientations. 
Although there is uncertainty in all the param- 
eters in the expressions for the attenuation (40), 
by far the least well constrained is the viscosity 
of the liquid q, which, based on estimates for 
the viscosity of the liquid in the outer core, 
could be anywhere between 10-I and 10' kg 
,-1 s - I  (41). Thus, we treat this as a variable 

in our computations and present results of at- 
tenuation for the whole range of viscosities of 
interest. We assumed that the dominant fre- 
quency range of the seismic waves was 0.2 to 
1.5 Hz and the average length of the inclusions 
was lop3 to lop6 times the seismic wave- 
length. The attenuation shows a maximum peak 
at a viscosity of about 250 kg m-' s-I (Fig. 4) 
and diminishes completely for lower and higher 
viscosities. This is intuitive, because one would 
not expect any attenuation if the liquid in the 
inclusions is like water (q, = lop2 kg m-I s-I 1 
since it would diffuse &d reequilibrate the 
pressure differential almost instantaneously 
compared to the time for the wave to pass 
through the medium. Similarly, if the viscos- 
ity is high (for example, q, = 10' kg m-I s-' 1, 
the composite responds as a purely elastic ma- 
terial on the time scale of the seismic wave and 

0 5 10 15 20 
Melt traction (%) 

Fig. 1. Variation of P-wave anisotropy [(C,,,, 
-Clll!)/pV~J against melt fraction for liquid 
inclusions wlth a/c = 1 (spheres), 10 and 100 
(flat disks), and 0.1 and 0.01 (elongated fibers). 
Sense of alignment and shape are indicated bv 
schematic & right. Cg,, are ;omponents of t h i  
stiffness tensor where 3 is coincident with the 
polar axis and 1 and 2 lie in the equatorial 
plane, p is the density of the composite, and 4o 
is the P-wave velocity of the 100% solid ma- 
trix in the 3 direction. Starting materials are (A) 
an isotropic solid and (B) an anisotropic solid 
with hcp symmetry (29). Arrows indicate range 
of melt fraction consistent with 0 t o  3% 
anisotropy. 

4.5 
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Fig. 2. Variation of S-wave velocity against 
melt fraction for liquid inclusions of the same 
range of aspect ratios as in Fig. 1. Starting matrix- 
material is anisotropic hcp Fe (29). (A) SV velocity 
(4, = w). Arrows indicate melt fractions 
consistent wlth V, = 3.65 km s-'. (B) SH velocity 
in equatorial plane (V, = G). 

there is no attenuation. For a fixed viscosity, the 
P- and S-wave attenuation increase linearly 
with increasing liquid content up to 10% melt 
fraction. 

At fixed viscosity, for a given melt frac- 
tion the attenuation decreases with increasing 
aspect ratio and is most pronounced for 
spherical inclusions (Fig. 5, A and B). The 
attenuation is a maximum for q, = 100 kg 

Angle (degrees) 

Fig. 3. Variation of P-wave (solid lines), SV 
(long dashed lines), and SH (short dashed lines) 
velocity with the direction of propagation from 
the polar axis (0") to the equatorial plane (90"). 
Compared are results from figure 1(B) of 
Stixrude and Cohen (29) (red lines, "S&C") and 
effective medium theory for 5% melt fraction 
and alc = 10 (blue lines, "EMT"). Velocities are 
normalized by value along polar direction (for 
S&C: Vp = 12.13 km s-', V, = 5.84 km s-'; for 
EMT: Vp = 11.83 km s-', V, = 5.07 km s-'). 
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m-l s-l and decreases for progressively 

higher and lower viscosities. To explain the 
seismically observed values of Q;' = 0.05 
and Q; = 0.01, one would require -6 to 
8% of liquid inclusions with q, = 100 kg 
,-1 -1 s and alc = 10, or 12 to 16% of liquid 
inclusions with q, = 1000 kg m-' s-I and 
alc = 10. Both of these cases are consistent 
with the P-wave anisotropy and S-wave ve- 
locity results. In estimating the attenuation, 
we assumed that the background material is 
isotropic. If the background material is com- 
posed of aligned hcp Fe crystals, as suggested 
by Figs. 1 and 2, then the effect of aligned 
fluid inclusions in the equatorial direction 
would be the same as that of stratified small- 
scale scatters (24, which would explain the 
attenuation anisotropy (20, 21). This is con- 
firmed by the decrease of P-wave anisotropy 
with the increase of liquid inclusions (Fig. 1). 
Normal mode studies (13) suggest low atten- 
uation (Q - 3000) compared to body wave 

Fig. 4. P-wave attenuation (Q;') 
variation with melt fraction and 
melt viscosity (q,) [S-wave attenua- 
tion (Q;') variation with melt frac- 
tion and q, shown in Web fig. 31. 
Both plots reveal a peak at q, - 250 
kg m-' s-'. This figure equivalently 
illustrates the variation in Q;' with 
melt fraction and variable frequency 
(o) at fixed q, (40). 

results (20). Our calculations suggest that this 
discrepancy could be explained by the fre- 
quency-dependence of attenuation from liq- 
uid inclusions (Fig. 4) (40). 

Although there are several independent 
parameters controlling the attenuation, P-wave 
anisotropy, and S-wave velocity, we conclude 
that a 3 to 10% melt fraction of spheroidal 
liquid inclusions with an aspect ratio of 10 to 
20 (flat disks), aligned with their c axes along 
the polar axis and with a viscosity of the 
order of 100 kg m-' s-', would explain the 
existing seismic observations. Our model 
suggests that the S-wave anisotropy in the 
inner core should be large, of the order of 
20%, and the determination of this is impor- 
tant in distinguishing our model from others. 
Our estimate of the liquid content in the 

inner core is based on existing seismic results. 
As the constraints on values of the S-wave 
velocity and attenuation are mainly from the 
outer part of the inner core, we suggest that the 

liquid is present at least in the upper few hun- 
dred kilometers. It has been proposed that 
Earth's inner core has formed by gradual solid- 
ification of the liquid core as Earth cooled (42), 
and compositional effects associated with this 
solidification process can release energy at a 
rate sufficient to power the geodynamo (43). If 
the core is not composed of pure Fe, but instead 
is an uncertain mixture of other elements (30), 
then it is possible that some elements might be 
in a liquid state at the inner-core temperature 
and pressure conditions. It has been suggested 
(23, 24) that up to 10% sulfur might be present 
in the inner core. The melting temperature of 
sulfur is much lower than that of Fe; therefore, 
it is possible that FeS in liquid form might get 
trapped in the inner core. Earth's rotation could 
be the cause of alignment of the liquid in the 
equatorial plane. The presence of liquid would 
also increase the inviscidity of the inner core, 
which might lead to convection (14). A partial- 
ly molten inner core would have profound im- 
plications for the evolution and dynamics of the 
core. 
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A major modification to the sterile insect technique is described, in which 
transgenic insects homozygous for a dominant, repressible, female-specific 
lethal gene system are used. We demonstrate two methods that give the 
required genetic characteristics in an otherwise wild-type genetic background. 
The first system uses a sex-specific promoter or enhancer to drive the expres- 
sion of a repressible transcription factor, which in turn controls the expression 
of a toxic gene product. The second system uses non-sex-specific expression 
of the repressible transcription factor to regulate a selectively lethal gene 
product. Both methods work efficiently in Drosophila melanogaster, and we 
expect these principles to be widely applicable to more economically important 
organisms. 

The sterile insect technique (SIT) is a spe- Mass-rearing facilities initially produce 
cies-specific and environmentally nonpollut- equal numbers of the two sexes, but females 
ing method of insect control that relies on the are generally separated and discarded before 
mass rearing, sterilization, and release of release. Sterilized females are not thought to 
large numbers of insects (1, 2). Released help control efforts and may indeed be detri- 
sterile males mate with wild females, reduc- mental to them (5). Mechanical sex-separa- 
ing their reproductive potential and, ultimate- tion methods using pupal mass, time of eclo- 
ly, if enough males are released for a suffi- sion. and so forth rarely yield a true single- 
cient time, totally eradicating the pest popu- sex population. Various female-killing and 
lation. Successful, area-wide SIT programs sex-sorting genetic systems have been devel- 
have been conducted against the screwworm oped, known generically as genetic sexing -
fly Cochliomyia hominivorax (2), the Medi- mechanisms (GSMs). So far, all GSMs in 
terranean fruit fly (Medfly) Ceratitis capitata factory production have used radiation-in-
(3), and the tsetse fly (Glossina spp.) (4). duced translocations to the Y chromosome as 

dominant selectable markers, complementing 
- - an X-linked or autosomal recessive trait such 
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A better approach would be to use a trans- 
gene system to induce repressible female-
specific lethality. This could be used simply 
as a GSM. In addition, these transgenics 
could be used in a control program without 
requiring sterilization by irradiation. We call 
this variant of SIT "release of insects carrying 
a dominant lethal" (RIDL), because the in- 
sects are not, strictly speaking, sterile. RIDL 
requires that a strain of the target organism 
carries a conditional, dominant, sex-specific 
lethal, where the permissive condition can be 
created in the laboratory or factory but will 
never be encountered by the wild population. 
An ideal example would be a chemical addi- 
tive to the diet. 

To demonstrate the feasibility of RIDL, 
we attempted to construct the system in Dro-
sophila nzelanogaster. We used Drosophila 
transcriptional control elements to drive ex- 
pression of the tetracycline-repressible trans-
activator fusion protein (tTa) (8).In the ab- 
sence of tetracycline, tTa will drive expres- 
sion of any gene controlled by the tetracy- 
cline-responsive element (tRe). We first 
expressed tTa under the control of the Yp3 
fat-body enhancer (9). This drives expression 
in female larvae and adults, but not in males 
(10, 11). Because yolk proteins or vitel-
logenins are expressed in a similar pattern in 
most insects, we expect these promoters to be 
useful for RIDL in insects of economic im- 
portance. To test for female-specific tTa ex- 
pression, we used a tRe-lacZ reporter (12). 

Flies homozygous for stable insertions of 
Yp3-tTa or tRe-lacZ were crossed to each 
other. The resulting progeny were raised ei- 
ther on normal media or on media supple- 
mented with tetracycline. Adult abdomens 
were dissected and stained for lacZ activity. 
Females raised on normal media showed 
strong staining of the fat body, whereas fe- 
males raised on tetracycline, and all males, 
were negative (13). 
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