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Melting of iron at the physical
conditions of the Earth’s core

Jeffrey H. Nguyen & Neil C. Holmes

Physics and Advanced Technologies, H-Division, Lawrence Livermore National
Laboratory, Livermore, California 94551, USA

Seismological data can yield physical properties of the Earth’s
core, such as its size and seismic anisotropy'~. A well-constrained
iron phase diagram, however, is essential to determine the
temperatures at core boundaries and the crystal structure of
the solid inner core. To date, the iron phase diagram at high
pressure has been investigated experimentally through both
laser-heated diamond-anvil cell and shock-compression tech-
niques, as well as through theoretical calculations*"’. Despite
these contributions, a consensus on the melt line or the high-
pressure, high-temperature phase of iron is lacking. Here we
report new and re-analysed sound velocity measurements of
shock-compressed iron at Earth-core conditions'>. We show that
melting starts at 225 * 3 GPa (5,100 = 500 K) and is complete at
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260 *= 3 GPa (6,100 = 500 K), both on the Hugoniot curve—the
locus of shock-compressed states. This new melting pressure is
lower than previously reported', and we find no evidence for a
previously reported solid—solid phase transition on the Hugoniot
curve near 200 GPa (ref. 16).

The radii of the solid inner core and the molten outer core
are roughly 1,220km (pressure P = 329 GPa)' and 3,490 km
(P = 136 GPa), respectively. About 20 years ago, Brown and
McQueen reported iron melting at 243 GPa (ref. 16). This has
since been the high pressure ‘anchor’ of the iron melt line (Fig. 1).
Their proposed solid—solid transition has also driven the search for
a solid—solid phase boundary near 200 GPa (refs 4-8). At different
times, the y—e (ref. 4) and B— (ref. 5) phase boundaries were
proposed to explain this solid—solid transition (Fig. 1). However,
recent data placed the liquid—y—e triple point between 50 and
60 GPa (refs 6-8). The f—¢ phase boundary has been shown to be
nearly horizontal, that is, no intersection with the melt curve at
200 GPa (refs 7, 8) (Fig. 1). The existence of the $-phase is also
questionable®®. Thus there is at present no other experimental
evidence consistent with the putative solid—solid phase transition
reported by Brown and McQueen'®.

To corroborate their sound velocity data'®, we focused our experi-
ments between 200 and 260 GPa, employing similar but improved
sound velocity measurement techniques". Longitudinal sound vel-
ocity (Cp), commonly used to determine melting of metals at high
pressures'>', decreases sharply on melting. In a solid, C1 depends on
bulk and shear moduli and density, whereas it is only a function of the
bulk modulus and density in a liquid. Upon melting, the shear
modulus of the solid-liquid mixture tends to zero causing sound
velocity to decrease. In metals such as Ta, Al and Mo, C decreases by
5-15% when the Hugoniot crosses the melt curve'®>".

We carried out these experiments using a two-stage gas gun
capable of generating pressures as high as 400 GPa in the iron
sample. This pressure exceeds that at the centre of the Earth,
361 GPa, making single shock experiments suitable for exploring

7,000 pr——r—
6,000 T2
5,000 F Ref. mﬁ_f—’ % o 3

E Ref. 4 PRgPtie e E

g 3 1 ]

o 4,000 - Ryt 3

E E : Ref. 11 E

g 3 < Ref5 E

£ 3,000 - E

5/ (.B)? E
2,000 5 Ref. 6 3
«~—Ref. 8 ;
1,000 | e 3
E Ref. 7 E
EM L, o b b b 0

0 100 200 300

Pressure (GPa)

Figure 1 Iron phase diagram. Solid lines, phase boundaries and melt lines from DAC
experiments*~®, For clarity, uncertainties of the melt curve, often hundreds of degrees, are
not included here. Dashed curve, calculated melt curve by Laio et al."". Upper (lower)
dash-dotted curve, calculation with (without) free energy correction by Alfé et al.'. Data
points are taken from shock-compression experiments. Triangle data point is from
pyrometric temperature measurement by Yoo et al.°. Circle (Brown and McQueen'®),
reverse triangle (Ahrens et al."”) and diamond (this study) data points are from sound
velocity experiments. Temperatures of these sound velocity data points are calculated
using thermodynamic relations (equation (4)).
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Figure 2 Sound velocity and overtake ratio. a, Sound velocity from this study (solid
symbols) exhibits a single solid—liquid transition along the Hugoniot at 225 = 3 GPa. The
solid circles (squares, diamonds) represent sample number 1 (2, 3) (see Table 1). Brown
and McQueen’s'® data are shown by open symbols. The open circles (triangles) represent
gas gun (explosive driven) shock data. The heavy-dashed lines are calculated sound
velocities'®. The solid line is a fit to data from this study using equation (2), and the area
within the dashed lines is its associated 1o prediction band. b, Overtake ratio of sample
plate thickness to impactor plate thickness. This ratio, which is a direct experimental
measurement, clearly shows a simple transition. Data are fitted to an equation for R,
which is analogous to equation (2). C', C. and Gjiqiq are replaced by A, R and Riquig. The
latter terms are inverted from the former using equation (1).

core conditions. Just as important, the principal Hugoniot of iron
crosses the melt line at a pressure between those of the core-mantle
boundary and the inner—outer core boundary. In these single shock
experiments, the impact generates two planar shock fronts travel-
ling at shock velocity U, in opposite directions: one forward into the
iron sample, the other backward into the iron impactor. The latter
reflects forward, at the back end of the impactor, as a rarefaction
wave moving at longitudinal sound velocity C;. As Cy, + U, > Us
(for a rarefaction wave propagating in shocked material moving at
particle velocity U,,)*, the rarefaction wave eventually overtakes the
forward-moving shock wave U..

As iron is opaque, we measured these overtake events indirectly
after the shock and rarefaction fronts have left the iron sample. We
designed sample plates with up to seven steps on the non-impact
side, and filled the volume behind the stepped surface with bromo-
form. Above 20 GPa shock pressure, bromoform becomes opaque
and emits light whose intensity varies roughly as U}. This intensity
decreases as the rarefaction wave overtakes the shock front (U,
decreases). These two events (shock break-out and rarefaction
overtake) define the overtake time. By extrapolating the overtake
times to zero, we determined the minimum iron thickness (overtake
distance) necessary for an overtake event to take place in iron.
Overtake times are a linear function of step thicknesses*. From the
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Table 1 Trace-element concentrations and initial densities

Sample 1 Sample 2 Sample 3 Ref. 16
C 0.04 0.03 0.02
Al 0.0092 0.0450
Si <0.005 0.0060 0.1
P 0.0080 0.0180
S 0.007
\% <0.0005 0.0756
Cr 0.0083 0.0182
Mn 0.0004 0.3440 0.7
Co 0.0025 0.0039
Ni 0.0019 0.0148
Cu 0.0066 0.0040
po(gem™3) 7.870(3) 7.817(4) 7.859(4) 7.850

Trace element analysis was done by Elemental Research Inc., using laser ablation mass spec-
troscopy. Carbon analysis was done by LECO, Inc. Nitrogen, oxygen and sulphur trace concen-
trations were not measured. Sulphur concentration was supplied by the manufacturer. No analysis
was done for sample no. 3. Sample densities were measured by the volume displacement method
(immersion density). The value in the parentheses represents the uncertainty of the last significant
digit.

ratio (R) of overtake distance to impactor thickness (Fig. 2b), we
calculated the longitudinal sound velocity as'®:

Po (R+1)
CLo=|—)Us
- (p) (R-1)

where p, and p are the ambient and shocked iron densities,
respectively. The shocked sample density and velocity, p and U,
are calculated from p,, (Table 1) and Uy, using the Hugoniot and
conservation relations'®*. In symmetric experiments (iron impac-
tors), particle velocity U, is exactly one-half that of the impactor
velocity®”. To make a simple and direct comparison with Brown and
McQueen’s'® sound velocity data, we used the same linear
fit to the Hugoniot data that they used, U; = ¢ + sU, where
c=3.955 * 0.028kms ! and s = 1.580 = 0.011 (ref. 16). Calcu-
lations with their recently revised iron Hugoniot data** do not affect
the measurement of the onset of melting.

Our sound velocity data are in good agreement with that of
Brown and McQueen'’, except between 200 GPa and 243 GPa
(Fig. 2a). Within this pressure range, we observed a monotonic
decrease in Cy and a similar increase in R starting at 225 * 3 GPa
(Fig. 2). In order to discern the number of phase transitions
(decreasing steps in sound velocity), we employed two different
models: a single solid-liquid phase transition model (equation (2),
and a two-phase transitions model (equation (3),

CL=[f(P,Pc,w)Cs] 4+ [(1 = f(P, Pc, ))Ciiquid] (2

Co = [f(P,Pa,w)Ce] + [(1 = f(P, Per, w))f (P, P2, w2) Cgl

&)

+ (A = f(P, P2, 02))Cliquid] 3)

where f(PP.,w) = {1 + exp[—(P — P)/w]} . C,, Cg and Cjquia
are calculated sound velocities for the two proposed solid phases
and a liquid phase, respectively'. f{lBP,w) is a smoothly varying
connecting function of pressure, B, with centre at P and width w; P
and w are used as fitting parameters. C,, Cg and Ciiqyig are treated as
‘constants’ without affecting reduced x°.

The two-phase transition equation (equation (3)) fits well to
Brown and McQueen’s data'® (Table 2). Reduced x? results suggest
that both models can describe our data (Table 2). However, on
closer examination, contribution from the Cg line (second term,
equation (3)) seems unconstrained, resulting in an abnormally large
1o prediction band. On the other hand, the prediction band from
equation (2) encompassed approximately 68.3% of our data, as
expected (Fig. 2a). From these observations, we conclude that
equation (2)—the one phase transition model—sufficiently
describes our data. The existence of another solid phase is thus
not discernible from our data. This interpretation is consistent with
those of Al and Ta"".
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Table 2 Fitting parameters and reduced x2

Equation (2) Equation (3) Ref. 16 (equation (3))
Reduced x? 2.68 2.44 4.15
Peci 2435+ 21 2244 =11 201.7 £0.8
w4 72+18 1.4 +£20 26 +0.6
Peca 252.7 £ 4.3 2524 15
wp 72+24 54+12

Fitting parameters and reduced x2 from equations (2) and (3). Reduced x?2 is defined as
x2/(N — m) where N and m are the numbers of data points and parameters, respectively. For
comparison purposes, we fit equation (3) to Brown and McQueen’s'® data in the same pressure
range (190 and 275 GPa). Fitting to the entire set of data yields a slightly larger reduced x2, but
no significant changes in the fitting parameters.

In Fig. 2a, we segregated our sound velocity data by sample initial
densities and concentrations of trace elements (Table 1). Whether
taken separately or together, data from all three samples indicate the
existence of one single phase transition. Slight differences in sample
purity did not affect sound velocity in our study. Whether differ-
ences in sound velocity between our samples and those of Brown
and McQueen'® can be attributed to sample purity is not obvious.

Consistent with previous sound velocity studies, we define the
onset of melting at the intersection of C, and the linear extrapola-
tion of the fitted sound velocity at P (refs 16, 19-21). We infer
from our data a single solid-liquid phase transition starting
at 225 * 3GPa and completing at 260 * 3 GPa. The sound
velocity decreases by 6% and the pressure range of the solid—melt
region extends for 35 = 4 GPa from 225 * 3 to 260 * 3 GPa. This
is twice the previous 3% decrease in sound velocity and the
17 = 3 GPa pressure range for the solid-liquid regime of Brown
and McQueen'®. However, this sound velocity decrease falls within
range of those of 2024 Al, Mo and Ta (6-14%)'*>°. Our Hugoniot
pressure range of the mixed region is between those of 2024 Al,
Mo and Ta (15-30 GPa)'®* and that of iron (65 GPa)"’. Thus our
interpretation of a single phase transition is consistent with other
similar studies'®°.

Temperatures were not measured in these experiments. Instead,
they are calculated by integrating the thermodynamic relation,

dT = —(Ty/V)dV +[(V, — V)dP+ (P — P,)dV]/(2Cy) (4)

along the Hugoniot'®. Accurate temperature calculation requires
accurate values of the Griineisen parameter vy and heat capacity Cy.
Only estimates are available; for comparison purposes, we used the
same values used by Brown and McQueen'®. Interpolation of their
calculations yields a melting temperature of 5,100 = 500K at
225 GPa, the melting pressure. Wasserman et al’s* calculations of
temperature on the iron Hugoniot, with temperature as a fitting
parameter, are also in good agreement with those of Brown and
McQueen'® within cited uncertainty. Interpolation of their calcu-
lation yields a temperature of ~5,300 K at 225 GPa.

Even though our new melting pressure at 225 £ 3 GPa is signifi-
cantly lower than the previously reported 243 *+ 2 GPa (ref. 16), the
two calculated temperatures are on approximately the same melt
curve (Fig. 1). This was due to the correction for entropy of solid—
solid transition at 200 GPa which lowers their melting temperature
by roughly 350K (ref. 16); there was no such correction in our
calculation. Our new calculated melting temperature is about
1,000 = 700K lower than the measured temperature of shock-
melted iron", and is higher than the highest measured diamond-
anvil cell (DAC) result® by about 1,000 £ 540K. In general, our
result falls in between simple extrapolations of DAC melting
curves*®, but assessing uncertainties associated with extrapolation
over such a large pressure range is beyond the scope of this work.
Calculations by Alfe et al.'’, within uncertainties of experiments,
match well with sound velocity measurements: this study, Brown
and McQueen’s'® and Ahrens et al.'’. Laio et al’s'' calculations are
more in line with Boehler’s DAC results’.

Superheating in shock compression experiments has been
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observed in non-metals®. However, superheating alone cannot
explain the temperature discrepancies between shock and static
measurements of melting of transition metals at P > 100 GPa
(ref. 27). Experimentally, there is no superheating in aluminium?,
and evidence is statistically insignificant in iron'’. This can in part
be explained by the fast relaxation times (<10~ '*s) for electron—
electron, electron—phonon and phonon—phonon thermalization in
metals®. This fast relaxation time allows equilibrium to be quickly
established in shocked metals.

Our observation of no solid—solid phase transition is consistent
with both the proposed nearly-horizontal $—€ phase boundary”®
and the finding of no B-Fe (ref. 6; Fig. 1). Unfortunately, our
experimental pressure range does not cross this new — phase
boundary and we cannot discern the crystal structure of iron with
sound velocity. Nevertheless, existence of a solid—solid phase tran-
sition near 200 GPa as previously reported'® is not consistent with
these recent studies®*—but our finding is consistent.

Using the pure iron melt line to study the temperature of the Earth’s
core is neither simple nor direct. The Earth’s solid inner core is
predominantly iron, but available data suggest the possible presence
of oxygen and sulphur among others in the liquid outer core.
However, with an understanding of eutectic melting depression in
the Fe—FeO-FeS system™ at core pressures, we can obtain sufficient
estimates for temperature at the core boundaries. O
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Chicken welfare is influenced
more by housing conditions
than hy stocking density

Marian Stamp Dawkins, Christl A. Donnelly* & Tracey A. Jones
Department of Zoology, University of Oxford, South Parks Road, Oxford OX1 3PS,
UK

* Present address: Department of Infectious Disease Epidemiology, Faculty of Medicine, Imperial College
London, St. Mary’s Campus, Norfolk Place, London W2 1PB, UK

Intensive broiler (meat) chicken production now exceeds 800
million birds each year in the United Kingdom and 2 X 10"
birds worldwide', but it attracts accusations of poor welfare*>.
The European Union is currently adopting standards for broilers
aimed at a chief welfare concern—namely, overcrowding—by
limiting maximum ‘stocking density’ (bird weight per unit area).
It is not clear, however, whether this will genuinely improve bird
welfare because evidence is contradictory*°. Here we report on
broiler welfare in relation to the European Union proposals
through a large-scale study (2.7 million birds) with the unprece-
dented cooperation of ten major broiler producers in an experi-
mental manipulation of stocking density under a range of
commercial conditions. Producer companies stocked birds to
five different final densities, but otherwise followed company
practice, which we recorded in addition to temperature, humidity,
litter and air quality. We assessed welfare through mortality,
physiology, behaviour and health, with an emphasis on leg health
and walking ability. Our results show that differences among
producers in the environment that they provide for chickens
have more impact on welfare than has stocking density itself.
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Figure 1 Total mortality in relation to target stocking density. The percentage of total
mortality is shown separately for each company (A-J) taking part in the trial.

Across companies, there was a wide range of house sizes (455—
1,901 m?), house ages (5-40yr) and numbers of birds per house
(7,500-53,000); 75% of flocks were Ross 308 (see Supplementary
Information). Each company contributed two houses to each target
stocking density for a trial. With two companies, we repeated trials
with the same ten houses in summer and winter to examine the
effects of season. Within a company, houses were randomly assigned
to stocking density (Supplementary Information), which was
manipulated by altering the numbers of day-old chicks placed to
achieve a projected ‘target’ maximum stocking density just before
the birds were killed (39-42d at 2-3 kg). The five target stocking
densities were 30, 34, 38, 42 and 46kg m~ 2 (refs 1, 11, 12). Actual
stocking density was measured as mean weight X number of birds
per area of house. The same person (T.A.J.) made or checked all
measurements with the help of trained assistants.

Welfare'>™'® was assessed through mortality, physiology, beha-
viour and health, emphasizing leg health and walking ability'*
(Table 1). We found that the effect of experimentally manipulating
stocking density was overshadowed by much larger differences
among companies (Table 2 and Fig. 1). Chickens grew more slowly
at the highest stocking densities and jostled each other more, and
fewer of them showed the best gaits (Table 3); however, for the most
obvious measures of bird welfare—that is, the numbers of birds
dying, being culled as unfit and showing leg defects—there was no
effect of stocking density. There were, however, substantial differ-
ences among companies in almost all measures examined (Table 2).
At no point was breed a significant explanatory factor in any
outcome variables, suggesting that the differences were due to
environmental influences.

Of the commercially relevant factors that seemed to allow some
companies to ‘cope’ better than others with high stocking densities,
the most likely candidates were those that affected litter moisture

Table 1 Scoring of gait, hockburn, pad dermatitis and leg deviations

Leg health measure Score 0

Score 1 Score 2

Gait Bird walks with ease, has regular and
even strides and is well balanced

Hockburn* No discolouration or lesions

Pad dermatitist No lesions

Angle: in Legs straight

Angle: out Legs straight

Rotation Legs straight, pads facing away from

handler

Bird walks with irregular and uneven
strides and appears unbalanced

<10% hock with lesion
<5mm lesion on pad

Inward bow at intertarsal joint so
that the two legs meet >22°

Outward twist at intertarsal joint with
=30° between the legs

Rotation of the tibia shaft so
that pads face each other >15°

Bird is reluctant to move and is unable to
walk many strides before sitting down

>10% hock with lesion

>5mm lesion on pad

*Pink hocks were also recorded.
1 Pervasively dirty pads also scored.
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