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reflectors; had they been absorbers of sound, they would have
left a ‘hole’ in the noise field and the difference signal would
have been zero or negative. A negative signal can form the basis
of an image, a ‘silhouette’, the important criterion being that
there should be an acoustic contrast between the object and its
background.

Although this first acoustic daylight experiment in the ocean
was successful, the observed spectrum is a far cry from a pictorial
image on a television monitor. In effect, we have generated just
one pixel of an image, corresponding to the single beam of the
parabolic reflector. More pixels require more beams. These could
be produced with a volumetric phased array, although other
possibilities involving reflectors, either parabolic or spherical,
and refractive acoustic lenses are also being considered. O
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THE Earth’s solid inner core is generally thought to have formed
by gradual solidification of the liquid core as the Earth cooled'.
To elucidate the relative importance of the various physical effects
on the thermal evolution of the core, we have developed an analyti-
cal model based on global heat conservation, which describes the
cooling of the vigorously convecting, fluid outer core and the
concomitant growth of the inner core. We obtain a simple form
for the evolution of the inner-core radius which allows the con-
sequences of changes to the model’s input parameters to be readily
assessed. For most of this evolution, inner-core growth is controlled
primarily by the heat capacity of the outer core and the history
of the heat flux into the base of the mantle. Heat sources associated
with solidification of the inner core, including the release of latent
heat and gravitational energy, have a secondary role but become
more important towards the end of solidification. Using current
seismic estimates of compositional changes at the surface of the
inner core, we conclude that the compositional and thermal
buoyancy fluxes in the outer core are comparable.

The energetics of the cooling core have been studied pre-
viously*”’ to estimate the energy available to power the geo-
dynamo through the release of latent heat on solidification® and
through the associated generation of compositional buoyancy’
by the exclusion of light elements from the iron-rich inner core.
Other studies'®'? have attempted to construct thermal histories
of the Earth’s core using parameterized models of convection.
The latter have all involved extensive numerical calculations,
in contrast to the analytical model developed here.

In our model we assume that compositional and thermal
buoyancy forces drive vigorous convection in the liquid outer
core, and that the liquid core is well mixed with an adiabatic
temperature profile. The potential temperature in the liquid core,
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which is defined as the temperature after subtracting the
adiabatic variation, is therefore spatially uniform and slowly
decreases with time (Fig. 1). We also assume that the surface
of the inner core is in thermodynamic equilibrium with the
surrounding liquid. With these two assumptions, the temperature
through the outer core is uniquely determined by the
solidification temperature, T,(p), which we treat as a function
of pressure p only and hence implicitly of depth. The
solidification temperature may also be a function of the slowly
varying composition. At present, the details of the phase diagram
for the iron alloy constituting the core are poorly constrained,
but simple theoretical models suggest that the effect of composi-
tional variations on T, is small’.

The heat extracted from the cooling outer core is transported
through the overlying mantle to the surface of the Earth by
thermal convection. Convective motions in the mantle'® are
characterized by effective viscosities of 10*'-10** Pa s (refs
14-16). The cooling timescale associated with mantle convection
is therefore much greater than that characteristic of convection
in the outer core, where the viscosity is less than 5x10° Pa s
(ref. 17). Thus the relatively sluggish and more massive mantle
controls the cooling of the core by regulating the heat flux f,(t)
across the core-mantle boundary. The magnitude and time
dependence of f,,(¢) will depend on the details of mantle convec-
tion, which include the distribution of radioactive isotopes and
any compositional or rheological layering in the mantle. As
many such details are unknown, we treat f, (t) as a prescribed
parameter and focus on the evolution of the core. Different
models of mantle convection will give rise to different values of
Jm(1), and these may be readily incorporated into our model.

The model is based on global heat conservation, which equates
the heat lost from the core liquid plus the heat produced by
growth of the inner core to the net heat flux from the outer core.
The main sources of heat associated with the growth of the inner
core are the latent heat released by solidification and the loss
of gravitational energy due to the solidification of an iron-rich
inner core. This gravitational energy is converted to heat by
buoyancy-driven motions in the core. Further gravitational
energy is released by adiabatic compression and thermal con-
traction of the Earth, but detailed numerical calculations
(B.A.B,, H.E.H., J.R.L. and A.W.W_, manuscript in preparation)
show that these additional effects are less important, and they
are not considered further here. Radioactive heat sources in the
core'® could be explicitly included in the model, but such heat
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FIG. 1 Schematic profile of the potential temperature (the temperature after
subtracting the adiabatic variation) in the slowly cooling core of the Earth,
The solid line represents the temperature in the core and lower mantle at
some instant. The dashed line represents the subsequent evolution of
temperature as heat is continuously extracted from the core. Heat fluxes
f.» and f; pertain to the core-mantle and inner-core boundaries respectively.
The solidification temperature T, (c) is defined at the inner core boundary,
and T{r, t) is the temperature within the inner core.
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sources can be absorbed into f,,. Thus, in spherical geometry,
we express the global heat balance as

T, pmer(L+B) %
—dme de
T dt

= 47> f(1) — 4mbf, (1) (1)

41
'3— (b3 - 63)Cp

where C, and L are the specific heat and latent heat per unit
volume, and ¢ and b are the inner and outer radii of the liquid
core. The release of gravitational energy per unit volume B is
due to the compositional buoyancy flux at the inner-core boun-
dary. The change in the gravitational energy that results from
the2 rearrangement of mass within the core can be approximated
by

B =Apg(b)bli5—13(c/b)’] (2)

where Ap is the compositional density jump across the inner-core
boundary and g is the local acceleration due to gravity. The
conductive heat flux f; from the inner core is obtained from

fi(1)=—-kVTic, 1) (3)

where T;(r, t) is the temperature within the solid inner core and
k is the thermal conductivity. Time ¢ is measured from the
instant at which the temperature of the core first falls below the
solidification temperature at the centre of the Earth and the
inner core begins to grow.

We circumvent the need for an explicit solution for the tem-
perature in the interior of the inner core by considering two
bounding cases for f;, and hence for T;. These two endmembers
correspond physically to the limits of: (1) a perfectly insulating
inner core, k—>0; and (2) a perfectly conducting inner core,
k - 0o, In the former case, no heat is conducted from the inner
core and f; = 0. In the latter case, heat is readily conducted from
the inner core, thus maintaining an isothermal temperature field
within the solid given by the solidification temperature T, at the
interface. Consideration of the heat content of the inner core
then shows that f,> —3¢C,(dT,/dr) as k- o,

The equation governing the radius c¢(¢) of the inner core is
obtained by making the radial dependence of T,(p) explicit in
equation (1). The relationship between p and r is determined
by the hydrostatic equation dp/dr = —pg which dominates the
radial momentum balance of the Earth, where p is the mass
density and g can be obtained from Newton’s law of gravitation.
In our calculations we neglect the known radial and temporal
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FIG. 2 Growth of the inner core measured from the time at which solidification
begins. Three possible solutions are presented using a range of estimates
for the net heat flux 4 7b> f,,(t) across the core-mantle boundary (see text).
The horizontal dotted line indicates the current radius of the inner core.
Before t=0, the core of the Earth was entirely liquid.
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TABLE 1 Physical properties of the Earth’s core

Parameter
Thermal expansion coefficient®  « 7x1078°c™t
Latent heat?* L 6.0x10%°Jm™3
Specific heat capacity®> C, 6.7 x10%)°C tm™3
Solidification profile®* aT/9p 7x107°°CPa*

Mean density”? 12x10%kgm—3

P
Density jump at inner-core Ap

600kg m 3
boundary??
Outer-core radius®? b 3,480 km
Current inner-core radius®? ¢ 1,221 km
Gravitational constant G 6.67x10 * m3kg ts?
Current radius ratio c/b 0.35

Model constant M 1.3x10*% )m~2
Latent heat parameter £ 05
Gravitational energy parameter B 0.6

variations in density because their effects are small compared
with both the leading order radial variation and the uncertainties
in T,p). Over a limited range of pressure, T(p(r)) can be
approximated using a Taylor series expansion about p(0). Hence
to first order, the radial dependence of T, is

2 T,
T(r) = T,00) =~ Gp*r? 2= (4)
3 ap

where G is the gravitational constant.

Equation (4) relates the temperature of the outer core to the
radius of the inner core. Substituting (4) into (1), we obtain
equations for the growth of the inner core which can be
integrated directly in the two limiting cases, k>0 and k- cc.
For these two cases, c¢(t) is given by

(z)z[l§g2>3]+f<:>3+%<;>3[1<;>2]

and

(5 ) 2 () 1) =il

respectively, where
2
J%zz_ﬂ'bschpzﬂ, gzlva’ :LM
9 ap 3 M 10 M
The parameter # is a measure of the heat that must be extracted
to cool the entire liquid core to its solidification temperature.
£ and B represent the importance of the latent heat and the
gravitational energy loss, respectively, relative to the heat due
to cooling.

One of the most important features of our analytical model
is the insight it offers into the processes that dominate the growth
of the solid inner core. We can deduce immediately that differ-
ences between the two extreme models of a perfectly insulating
and perfectly conducting inner core are negligible when (¢/b)’
is small. This condition is satisfied over most of the evolution
of the core, and so the rate at which heat is lost from the inner
core has an insignificant effect on the cooling of the core as a
whole. Our analysis also indicates that the effects of latent heat
release and loss of gravitational energy are a factor ¢/b smaller
than the heat extracted by cooling the core. For the parameter
values given in Table 1, we find that ¢/b=0.35, £=0.5 and
B = 0.6. This shows that the growth of the inner core is currently
controlled by a balance between the heat flux into the base of
the mantle and the decrease in the heat content of the cooling
outer core. With this approximation, we obtain the following
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simple expression for the radius of the inner core

t 1/2
C(t)=b[J fm(r)dr//ﬂ] (8)

Specific predictions of ¢(¢) from our model require an estimate
of f.(t). A plausible upper bound on f, can be inferred from
the heat flux measured at the Earth’s surface. Given chondritic
abundances of radioactive isotopes'® in the upper mantle, it is
unlikely that the total heat flux across the core-mantle boundary
exceeds 10'> W. It is also unlikely, although not impossible, that
the total heat flux is less than that conducted up the adiabat,
which is estimated’? to be 2.7x10' W. As an illustrative
example, we consider these two bounds on f, along with the
midpoint value 6.3x10'> W as a typical estimate. Using the
parameter values in Table 1, we obtain the growth histories
shown in Fig. 2. For the typical value of f,, we see that the
inner core grows to its present radius in 1.6 x 10° years, a value
similar to those obtained previously by Stevenson et al.'®. The
values calculated from the bounds on f,, are 1.0x10° and
3.6 x 10° years. These ages span a wide interval, but are roughly
consistent with palacomagnetic data®®, which are sometimes
used to constrain the age of the inner core under the assumption
that the onset of solidification is associated with a rapid increase
in the strength of the magnetic field.

The thermal buoyancy flux associated with the cooling of the
liquid core depends on the amount by which f,, exceeds the
heat flux f, conducted down the adiabatic gradient. For our
typical value of f,, the thermal buoyancy flux caused by the
downwelling of cold dense fluid at the core-mantle boundary
dominates that associated with latent heat release at the inner-
core boundary. But an additional buoyancy flux of composi-
tional origin is produced at the inner-core boundary by the
release of light, residual fluid on solidification. The relative
importance of the thermal and compositional contributions can
be assessed using our model once Ap and f,, are known. Seismic
estimates of the relative density jump Ap/p vary from 2 to 12%
(ref. 21), with typical values of 5% (ref. 22). The actual composi-
tional density jump, however, may be less than these seismic
estimates if there is any volume change on solidification. In
terms of Ap, the compositional buoyancy flux is
47Apg(c)ci(de/dt). For comparison, the thermal buoyancy flux
is given by 4wapg(b)b*(f,,—f.), where a is the coefficient of
thermal expansion. From the range of possible values of f,,, we
estimate that these two fluxes are roughly comparable if the
seismic estimates of the density jump across the inner core
boundary represent a compositional change. O
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GENETIC conflicts of interest are to be expected between
individuals in any non-clonal society' ~®. One well studied form of
conflict is that between parents and their offspring over the amount
of parental care provided to the offspring®’. A very different
manifestation of parent—offspring conflict may occur in certain
cooperatively breeding species in which parents (breeders) are
assisted in the rearing of young by their grown offspring
(helpers)®®. If helpers have a sufficiently large effect on reproduc-
tive success, breeders will enhance their own inclusive fitness more
by retaining their offspring as helpers than by allowing them to
reproduce on their own*>°, We report here that older male white-
fronted bee-eaters (typically fathers) actively disrupt the breeding
attempts of their sons, and that such harassment frequently leads
to the sons joining as helpers at the nest of the harassing father.
Calculation of fitness costs and benefits to the various participants
helps to clarify both why parents engage in such ‘recruitment’
behaviour and why sons frequently do not resist.

White-fronted bee-caters ( Merops bullockoides) are common
birds of the savannas of East and Central Africa. They breed
both gregariously (in colonies averaging 200 individuals) and
cooperatively (with half of all nesting attempts including non-
breeding adult helpers)'®. Young remain with their parental
group until they pair at one to two years of age, when females
(but not males) disperse to join the group of their mate''. The
resulting social organization is one of patrilocal extended family
groups (clans). Each clan occupies a stable feeding territory,
but commutes to roost and nest at the colony site'!"'?,

During the breeding season, several pairs in each extended
family may initiate breeding. Some individuals suffer harassment
from other members of their clan and many initial reproductive
attempts are abandoned. We examined the frequency, pattern
and consequences of these harassments to test the hypothesis
that such interference constitutes a form of parental manipula-
tion to recruit grown offspring into becoming helpers.

We collected observations ad lib during 5 and 1 breeding
seasons, respectively, from two individually marked and
genealogically known populations of white-fronted bee-eaters
at Lake Nakuru National Park, Kenya. We defined harassment
as involving one or more of the following. (1) Prolonged aggress-
ive chasing of a resident bird on the latter’s territory. (2)
Repeated interference by males in the courtship feeding of
another pair. Such behaviour took the form of either physically
preventing the transfer of food to the female, or of begging (but
not taking food) from the allofeeding male. Similar begging was
also directed towards single birds. Because begging females
accepted allofed insects, alternative nutritional explanations for
their behaviour could not be discounted. Consequently, cases
based only on begging evidence by females were excluded. (3)
Blocking a pre-breeding pair from access to its nest chamber.
In this behaviour the harassing individual would position itself
at a nest entrance and either chase or deny access to the
occupants as they attempted to enter. (4) Repeated visits, typi-
cally accompanied by begging or other vocalizations, to the nest
chamber of another pair during the period before egg laying or
hatching at the nest of the harasser. (5) In some analyses we
also included cases (N =9) in which harassment was implied
but not directly observed: one member of an incubating pair
abandoned its nest and began helping elsewhere while its mate
continued to tend the clutch alone.
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