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The high-pressure solubility in silicate liquids of moderately
siderophile ‘iron-loving’ elements (such as nickel and cobalt)
has been used to suggest that, in the early Earth, an equilibrium
between core-forming metals and the silicate mantle was estab-
lished at the bottom of a magma ocean1,2. But observed concen-
trations of the highly siderophile elements—such as the
platinum-group elements platinum, palladium, rhenium, iri-
dium, ruthenium and osmium—in the Earth’s upper mantle
can be explained by such a model only if their metal–silicate
partition coefficients at high pressure are orders of magnitude
lower than those determined experimentally at one atmosphere
(refs 3–8). Here we present an experimental determination of the
solubility of palladium and platinum in silicate melts as a function
of pressure to 16 GPa (corresponding to about 500 km depth in the
Earth). We find that both the palladium and platinum metal–
silicate partition coefficients, derived from solubility, do not
decrease with pressure—that is, palladium and platinum retain
a strong preference for the metal phase even at high pressures.
Consequently the observed abundances of palladium and plati-
num in the upper mantle seem to be best explained by a ‘late
veneer’ addition of chondritic material to the upper mantle
following the cessation of core formation.

The fundamental differentiation of the Earth was into an FeNi-
rich metallic core and a surrounding silicate mantle. During this
process, which is thought from isotopic evidence to have occurred
soon after accretion (see, for example, ref. 9), the siderophile
elements were preferentially partitioned into the core-forming
metal, leaving the mantle depleted in these elements relative to
their original solar or chondritic abundances. It has long been a goal
of geochemistry that the study of the mantle abundances of these
siderophile elements, together with knowledge of their metal–
silicate partition coefficients as a function of physico-chemical
variables such as temperature, pressure and oxygen fugacity, may
shed light on how core formation occurred, and thus, possibly, also
on how the Earth accreted. For example, can the mantle abundances
of the siderophile elements be explained by metal/silicate partition-
ing starting with material of one composition, at a unique condition
of temperature and pressure (implying that the Earth accreted
homogeneously), or are more complex models needed? Recent
studies of siderophile element partitioning between coexisting
metal and silicate phases have led to two contrary hypotheses:
(1) the present mantle signature of siderophile elements reflects
equilibrium distribution between metal and peridotitic silicate
liquid at the base of a deep (800–1,000 km, ,28 GPa) magma
ocean during core formation1,2,10,11. (2) On the basis of 1-atm

partition behaviour of siderophile elements, it has been suggested
that the pattern of siderophile elements in the mantle implies
heterogeneous accretion of the Earth, including a substantial
component of oxidized material originating from greater helio-
centric distances than the indigenous material at 1 astronomical
unit9,12–14 (1 astronomical unit is the average Earth–Sun distance).
As pointed out in ref. 15, there are not enough experimentally
determined high-pressure partitioning data for all siderophile
elements to test both models rigorously.

Of special interest in this context are the highly siderophile
elements (HSEs, defined as having metal/silicate distribution coef-
ficients Dmet/sil . 104 [Dmet/sil = concentration (by wt) of element of
interest in the metal phase/concentration (by wt) of element of
interest in the silicate phase], and consisting of the six platinum
group elements (Ru, Rh, Pd, Os, Ir and Pt) plus Re and Au. Because
of the high values of Dmet/sil (1-atm data, refs 3–8), core formation
should have stripped the silicate mantle of these elements to
vanishingly small levels (, 10−4 of their chondritic abundances).
Yet these elements are only depleted in the upper mantle by a factor
of 150 relative to C1 chondrites16,17. The degree of depletion of all
eight HSEs appears to be similar17,18, despite their 1-atm Dmet/sil

varying by several orders of magnitude3–8. Both the overabundance
of the HSEs and their near-chondritic relative abundances in the
Earth’s mantle would appear to be best explained by the addition of
about 0.7% of the Earth’s total mass of chondritic material to the
Earth’s mantle, after the core had formed. This is known as the ‘‘late
veneer’’ hypothesis, first proposed by Kimura et al. (ref. 19).

There is at present, however, almost no information on how the
values of Dmet/sil for the HSEs vary with pressure. To address this
question we have experimentally determined Dmet/sil for Pd and Pt as
a function of pressure. Palladium was chosen for this work because
in 1-atm experiments this element, unlike other HSEs, did not form
tiny micronuggets in the silicate3–6; such micronuggets greatly
complicate the interpretation of metal/silicate partitioning relation-
ships. Metal/silicate equilibrium distribution of Pd during core
formation would require a high-pressure/high-temperature Dmet/sil

of about 1,000, which is about 1,000 times lower than the experi-
mentally derived 1-atm Dmet/sil value of 106 (ref. 3) at oxygen
fugacities relevant for core formation (IW−2.3, that is, 2.3 log
units below the iron–wüstite buffer) and 1,500 8C. This required
decrease in the metal/silicate partition coefficients of Pd should be
quite apparent in experiments. Despite problems with nugget
formation at 1 atm and reducing conditions4,5 we have also
attempted to determine Dmet/sil for Pt as a function of pressure.
The value of Dmet/sil for platinum (Dmet/sil

Pt ) at one atmosphere is at
least three orders of magnitude greater than Dmet/sil

Pd at comparable
temperature and pressure. Thus, if the mantle abundance of Pt is to
be explained by equilibrium partitioning processes, the effect of
pressure on Dmet/sil

Pt would have to be even more pronounced.
The experiments were performed at pressures between 0.5 and

16 GPa (corresponding to a depth of about 500 km in the Earth) and
temperatures of 1,100 to 1,600 8C in piston-cylinder and multi-anvil
devices at the Bayerisches Geoinstitut, and in piston-cylinder
devices at the Australian National University. To determine the
temperature dependence of Pd solubility at high pressure, piston-
cylinder experiments were performed at a constant pressure of
1.5 GPa and temperatures between 1,100 and 1,400 8C. Experimen-
tal parameters and results are given in Table 1. The effective oxygen
fugacity that had prevailed during the experiment was calculated
relative to the IW (Fe–FeO) buffer from the activities of Fe and FeO
in metal and silicate phases, assuming negligible excess molar
volumes of Fe in the Fe–Pd and Fe–Pt alloys and FeO in the silicate
liquid:

log f exp
O2

¼ IW 2 2log
aFeO

aFe

¼ IW 2 2log
XFeOgFeO

XFegFe

Here gFeO < 1:7 (ref. 20), and gFe ¼ 0:010–0:015 (ref. 21).
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The calculated oxygen fugacities in the high-pressure experi-
ments range from 1.2 to 4.4 log units above the IW buffer. Values of
Dmet/sil for Pd and Pt were calculated using the concentrations of Pd
and Pt in the metal and silicate phase (Table 1).

In order to compare partitioning data from different tempera-
tures, oxygen fugacities and metal compositions, the data were
recalculated to a single temperature of 1,500 8C, an oxygen fugacity
of 2.3 log units below the IW buffer (the appropriate oxygen
fugacity for equilibrium between the Fe-rich metal in the core
with 80 wt% Fe, and a silicate mantle with 8 wt% FeO, ref. 9),
assuming Pd+ and Pt2+ as the dominant species in the silicate
melt3–5, and to infinite dilution of Pd and Pt in solid Fe metal.
The correction for temperature was made using the experimentally
determined temperature dependence of Dmet/sil

Pd from this study and
ref. 3, and of Dmet/sil

Pt from ref. 4. The correction to pure Fe metal was
made using the activity–composition relations of Fe–Pd alloys and
of Fe–Pt alloys of ref. 21. The recalculated ratios are given in Table 1
and plotted in Fig. 1a as function of pressure. The symbols represent
average Dmet/sil values based on up to four individual spot analyses of
the silicate phase. The error bars reflect the scatter of the individual
analyses of the silicates, that is, the lowest and highest HSE
contents. The range of measured HSE contents in the silicate are,
in many cases, significantly larger than the statistical error of
individual analyses (, 15%), and are probably due to the formation
of nuggets of Pd and Pt. The calculated partition coefficients may
therefore represent minimum values of Dmet/sil. Larger real values of
Dmet/sil

Pd and Dmet/sil
Pt would of course only strengthen our case, that

Dmet/sil
Pd and Dmet/sil

Pt do not decrease with pressure.
There are some differences between the 1-atm experiments

performed here (Dmet/sil
Pd , filled squares; Dmet/sil

Pt , grey squares; Fig.
1a) and those of refs 3–5 (filled and grey-shaded vertical boxes),
recalculated to 1,500 8C and IW−2.3. This may be ascribed to
differences of the Pd2O and PtO activity coefficients in Fe-free
systems versus Fe-containing systems (anorthite-diopside eutectic
silicate in refs 3–5 versus high MgO-basalt here, that is, FeO-free
silicate versus FeO-containing silicate). Similar values of Dmet/sil

Pd and
Dmet/sil

Pt derived from HSE solubilities in extremely low-melting FeO-
containing K-Na-rich silicates and FeO-containing MgO-rich sili-
cates indicate only slight dependences of the Pd2O and PtO activity
coefficients on melt composition in Fe-containing systems. Also, Pt
solubilities in FeO-free silicate melts show only minor dependence
on the composition of the melt within a large compositional range
(ref. 4). The high-pressure data cover a relatively broad band that
overlaps with the 1-atm data of our study. The important conclusion
is that there is no evidence that Dmet/sil values for Pd and Pt decrease
with increasing pressure: at pressures of 0.5–16 GPa, Dmet/sil values
are of the order of 105 to 106 (Pd) and . 107 to 109 (Pt).

The present experiments were between metallic Pd (with minor
Fe) and silicate, but they can readily be applied to FeNi alloys which
are thought to be the major constituent of the Earth’s core. The
activity coefficient of Pd in FePd alloys at nominally 0% Pd is 0.15
for solid Fe, and for liquid Fe is 2.95 at 1,809 K and 1.46 at 3,500 K
(ref. 3). In extrapolations to high-pressure/high-temperature con-
ditions liquid iron would have to be considered. This would reduce
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Figure 1 Pd and Pt metal/silicate concentration ratios. a, Pd and Pt metal/silicate
concentration ratios plotted as function of total pressure recalculated to 1,500 8C, 2.3 log
units below the Fe–FeO equilibrium (IW−2.3), and infinite dilution in solid Fe metal.
Experiments with low-melting K2O–Na2O–FeO–silicates and Pd90Fe10 alloys are
symbolized by filled circles (BGI) and diamonds (ANU). Experiments with low-melting
K2O–Na2O–FeO–silicates and Pt90Fe10 alloys are symbolized by grey triangles (BGI).
Experiments at one atmosphere with MgO-rich basalt as silicate starting material are
symbolized by filled squares (Pd) and grey squares (Pt90Fe10). Experiments at one
atmosphere with anorthite-diopside eutectic silicate as silicate starting material (refs 3–5;
recalculated to 1,500 8C, IW−2.3) are symbolized by filled (Pd) and grey vertical boxes

(Pt). All symbols are average Dmet/sil values, the error bars cover the range in HSE content
based on up to four individual analyses. The horizontal solid line represents the present
Earth’s core–mantle concentration ratio of HSE, the vertical line the upper mantle–lower
mantle boundary. Recalculated Dmet/sil values differ from today’s core–mantle ratio by 2 to
3 orders of magnitude (Pd) and by more than 4 orders of magnitude (Pt), respectively.
Similar Dmet/sil values for HSEs and core–mantle ratio would be required to explain the HSE
content of the Earth’s mantle by a simple metal/silicate (core–mantle) equilibrium
distribution. b, Dependence on temperature of metal/silicate concentration ratios of Pd at
a constant pressure of 1.5 GPa and recalculated to IW−2.3.
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the Dmet/sil by, at most, a factor of 1.5, as the metal/silicate partition
coefficient for Pd decreases with increasing temperature. A similar
effect would be expected for Dmet/sil

Pt values.
If core–mantle equilibrium established the HSE contents of the

Earth’s mantle, we would expect an effective Dmet/sil for HSEs of
about 1,000 (indicated as horizontal bar in Fig. 1a) at the pressure
and temperature where metal–silicate equilibration occurred. The
present experiments have shown that there is no tendency for the
metal/silicate partition coefficients of Pd or Pt to decrease with
pressure. A slight increase in the solubility of Pd in silicate liquid
with increasing temperature was found in ref. 3 and in this study at
1.5 GPa (Fig. 1b). Extrapolation of this trend to high temperatures
reduces the Dmet/sil

Pd from ,4 × 106 at 1,350 8C to ,8 × 103 at 3,000 8C
at one bar (ref. 3) and to ,2 × 104 at 1.5 GPa. This is still
significantly above the value of about 1,000 required to explain
the present upper-mantle Pd content by metal–silicate equilibra-
tion. At 2,100–2,400 8C, the core–mantle equilibration temperature
assumed in ref. 1, the difference between calculated and expected
partitioning would be about two orders of magnitude. The Pt
solubility also increases slightly with increasing temperature;
furthermore, the temperature dependence seems to correlate with
the absolute oxygen fugacity value4. The reason for that behaviour is
unclear. However, the increase of Pt solubility, that is, the decrease of
the Dmet/sil

Pt at higher temperatures, is too small to explain the
observed Pt abundances in the Earth’s upper mantle. In addition,
equilibrium partitioning would imply exactly the same temperature
dependence of the Dmet/sil

Pd and Dmet/sil
Pt to satisfy the chondritic mantle

ratio of the two metals.
Neither temperature nor, as we show here, pressure, seem able to

decrease the values of Dmet/sil
Pd or Dmet/sil

Pt sufficiently to explain their
unexpected high abundances in the Earth’s mantle. According to
ref. 1, sulphur dissolved in the metal phase does not have a
significant influence on the metal/silicate partition coefficients of
Ni or Co at high pressure. Although the influence of light

elements—for example, sulphur, carbon or hydrogen—on the
solubility of HSEs in the coexisting silicate phase at elevated
pressure is not known, it seems unlikely that such light elements
as might be present in core-forming metal could account for the
difference between calculated and expected partitioning. In addi-
tion, there is other evidence for the late veneer model. Ratios among
HSEs in the Earth’s mantle are essentially chondritic17,18, and, to
explain this, equilibrium models require nearly identical values of
Dmet/sil for all HSEs. In contrast, at one atmosphere, constant
temperature (1,500 8C) and oxygen fugacities relevant to core
formation, Dmet/sil values for HSEs differ by several orders of
magnitude (for example, Dmet/sil

Pd = 1.1 × 106 (ref. 3), Dmet/sil
Pt =

9.8 × 109 (ref. 4), Dmet/sil
Ir < 1012 (ref. 6)). The combined effects of

pressure and temperature would have to eliminate these differences
and produce identical partition coefficients. Another argument for
the lack of equilibration between mantle and core is the near
chondritic Re/Os ratio (to within 7%) in the primitive upper
mantle of the Earth, as inferred from Os isotopes22. Core formation,
that is, metal–silicate separation, would have fractionated Re from
Os severely, so addition of a late chondritic veneer to the Earth, after
core formation was completed, appears necessary.

The data presented here argue against equilibrium distribution of
HSEs between core and mantle. They cannot, however, be used for
or against homogeneous accretion models involving major fractions
of the Earth. About 0.7% of the total mass of the Earth as a
chondritic component is enough to provide the mantle inventory
of HSEs. The late veneer is only ‘visible’ through the abundances of
HSEs, as its contribution to other elements (even Ni and Co) is
negligible. M

Methods
Experimental and analytical procedures
In the experiments at the Bayerisches Geoinstitut (BGI), commercially available Pd90Fe10

and Pt90Fe10 alloys (Goodfellow) were fabricated into capsules and equilibrated with an
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Table 1 Distribution of Pd and Pt between Pd90Fe10 and Pt90Fe10 alloy and silicates

Metal phase Silicate phase

No. T
(8C)

P
(GPa)

Time
(h)

DIW Fe
(wt %)

Pd
(wt %)

Pt
(wt %)

FeO
(wt %)

Pd
(p.p.m.)

Pt
(p.p.m.)

Dmet/sil

(1)
Dmet/sil

(2)
...................................................................................................................................................................................................................................................................................................................................................................

High-pressure experiments (silicate: KNSF silicate; metal–Pd90Fe10 alloy, Pt90Fe10 alloy)

Piston-cylinder experiments

C-997 1,300 0.5 24 2.3 9.52(8) 90.7(5) 2.27(5) 4.42 2.1 ×105 6.7 ×105

C-1000 1,100 1.5 36 3.8 8.16(35) 91.4(12) 8.23(7) 2.93 3.1 ×105 5.9 ×105

C-973 1,200 1.5 24 4.0 7.94(9) 92.7(13) 8.78(9) 3.08 3.0 ×105 1.4 ×106

C-977 1,300 1.5 8 4.0 7.70(18) 92.5(4) 7.77(3) 13.8 6.7 ×104 6.2 ×105

C-972 1,400 1.5 2 3.4 10.9(6) 89.0(3) 11.3(3) 14.0 6.4 ×104 6.5 ×105

PC-18 1,250 2 20 3.0 8.82(12) 91.5(7) 3.92(11) 7.08 1.3 ×105 4.8 ×105

C-999 1,300 3 24 4.4 6.66(21) 93.5(4) 7.96(17) 57.3 1.6 ×104 2.1 ×105

B-39 1,300 4.9 43 3.2 10.4(1) 91.0(6) 8.05(12) 5.76 1.6 ×105 9.5 ×105

PC-17 1,400 1 20 1.9 10.6(1) 88.5(12) 2.89(7) 16.2 5.5 ×104 4.1 ×106

PC-16 1,400 3 21 1.2 10.5(2) 88.7(14) 1.33(5) 11.1 8.0 ×104 2.7 ×106

...................................................................................................................................................................................................................................................................................................................................................................

Multi-anvil experiments

V-29 1,300 4 20 2.2 12.8(2) 87.7(9) 6.39(28) 68.4 1.3 ×104 3.3 ×104

H-937 1,300 6 19 3.3 9.24(7) 91.2(10) 5.40(18) 87.0 1.0 ×104 6.1 ×104

V-30 1480 10 24 2.8 11.5(11) 89.5(10) 6.35(47) 27.2 3.3 ×104 3.6 ×105

H -950 1,500 14 12 3.4 8.51(80) 91.7(14) 6.62(47) 189 4.9 ×103 9.9 ×104

H-1184 1,550 15.5 25 3.9 5.77(20) 94.9(10) 2.29(27) 153 6.2 ×103 2.5 ×105

H-934 1,550 6 20 2.2 10.3(2) 89.4(7) 4.68(13) 0.34 2.6 ×106 2.9 ×108

H-943 1,550 10 14 2.1 10.4(2) 89.1(13) 4.14(15) 0.14 6.4 ×106 6.1 ×108

H-1181 1,600 13 7 2.8 11.0(3) 88.8(8) 9.37(16) 7.64 1.2 ×105 2.7 ×107

1973 1,550 16 24 2.2 10.1(1) 89.2(28) 4.66(11) 38.8 2.3 ×104 2.8 ×106

...................................................................................................................................................................................................................................................................................................................................................................

1-atm experiments (silicate: BK silicate; metal–pure Pd, Pt90Fe10 alloy)

PdBK-1 1,454 10−4 53 2.9 6.87(76) 92.9(7) 1.87(12) 9.32 1.0 ×105 1.3 ×106

PdBK-2 1,454 10−4 5 3.3 5.68(14) 93.4(7) 4.44(7) 8.60 1.1 ×105 5.2 ×105

PtFe-1 1,300 10−4 24 −0.6 9.87(7) 91.2(1) 0.182(46) 0.22 4.1 ×106 1.9 ×107

...................................................................................................................................................................................................................................................................................................................................................................
Metals and major-element concentrations of silicates are analysed by electron microprobe; listed Pd and Pt contents in silicates are average values of up to four individual laser ablation ICP-MS analyses.
Numbers in parentheses are 2j standard deviations. The entry 9.52(8) should be read 9.52 wt% 6 0.08 wt%; standard deviations of individual Pd and Pt analyses are in most cases less than 15% (relative).
All high-pressure experiments were performed at BGI, except experiments labelled B and C that were done at ANU. For comparison with 1-atm distribution behaviour experiments under controlled
temperature and oxygen fugacity with FeO-containing ‘BK’ silicate but pure Pd and Pt90Fe alloy as metal phase are performed using 1-atm furnaces at the University of Cologne (PdBK-1,-2; PtFe-1),
HSE-concentrations of these silicates are analysed by instrumental neutron activation analysis. Dmet/sil (1) indicates metal/silicate distribution coefficients at run conditions; Dmet/sil (2) indicates metal/silicate
distribution coefficients recalculated to 1,500 8C, IW −2.3, and infinite dilution in solid Fe metal (plotted in Fig. 1a).
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FeO-containing K-Na-rich silicate (‘KNSF’: SiO2 64.3 wt%, K2O 18.6 wt%, Na2O 12.4
wt%, FeO 4.6 wt%) with a low melting temperature. The experiments at the Australian
National University (ANU) used Pd90Fe10 alloys made by melting mixes of Pd and Fe
powders. These alloys were also fabricated into capsules and equilibrated with the FeO-
containing K-Na-rich silicate. The silicate material was prepared from a mixture of reagent
grade oxides and carbonates (K, Na), melted under air, and quenched to glass. Small
cylinders were drilled out of the KNSF silicate glass and were inserted into capsules
fabricated from the Pd90Fe10 and Pt90Fe10 alloys (BGI experiments). In the case of ANU
experiments, silicate glass powders were loaded into the capsules. The metal phases of
interest were used as capsule material to avoid contamination of the sample with capsule
material in the metal–silicate partition experiments; for example, contamination by MgO
or Al2O3 of silicate phases by using MgO- or Al2O3-capsules as shown in, for example,
ref. 23. Graphite was used as the heater in piston-cylinder furnace assemblies and LaCrO3

as the heater in multi-anvil furnaces. The entire assemblies were placed in a vacuum oven
at 250 8C overnight before the experiment. Details of the experimental design and method
can be found in refs 24 (piston cylinder) and 25 (multi-anvil). After reaching the desired
pressure, samples were heated to the desired temperatures (1,100–1,600 8C). Experimental
conditions were chosen so that solid metal and liquid silicate coexisted during the
experiments. The low-melting KNSF-silicate remained above its liquidus within the
investigated P–T-range. Run durations were up to 36 h, and the experiments were
terminated by turning off the power to the heater. The temperature drop was sufficiently
rapid to quench the silicate liquids into glasses. Metal compositions and major-element
silicate compositions were determined by electron microprobe (Cameca Camebax,
University of Cologne; 10 nA, 20 kV, counting time: 40 s). Palladium and Pt concentra-
tions in silicates were analysed by an ultraviolet (quadrupled Nd-YAG) laser ablation-
PlasmaQuad PQ-2+ inductively coupled plasma-mass spectrometer (ICP-MS) system at
Memorial University, Newfoundland, Canada, using procedures described in ref. 26. The
beam spot was 100 mm diameter, laser repetition rate 10 Hz, laser energy density 40 J cm−2,
and counting time 60 s. The Pd and Pt standards were homogeneous synthetic silicate
glasses whose Pd and Pt concentrations had been measured previously by instrumental
neutron activation analysis. The Si content of each individual silicate sample was used as
an internal standard for the laser ablation ICP-MS analyses. To enhance the comparison
between the high-pressure results and 1-atm data, additional 1-atm experiments with pure
Pd and Pt90Fe10-metal and an FeO-containing melt (‘BK’: SiO2 49.1 wt%, CaO 19.2 wt%,
MgO 10.6 wt%, Al2O3 14.1 wt%, FeO 7.0 wt%) as silicate starting material were performed
under controlled temperature and oxygen fugacity in gas mixing furnaces at the University
of Cologne using the loop technique as described in ref. 27. The Pd and Pt contents in these
silicate samples were analysed by instrumental neutron activation analysis at the
University of Cologne.
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How do deleterious mutations interact to affect fitness? The
answer to this question has substantial implications for a variety
of important problems in population biology, including the
evolution of sex1–3, the rate of adaptation4,5 and the conservation
of small populations3,6–8. Here we analyse a mathematical model of
competition for food in which deleterious mutations affect com-
petitive ability. We show that, if individuals usually compete in
small groups, then competition can easily lead to a type of genetic
interaction known as synergistic epistasis. This means that a
deleterious mutation is most damaging in a genome that already
has many other deleterious mutations. We also show that compe-
tition in small groups can produce a large advantage for sexual
populations, both in mean fitness and in ability to resist invasion
by asexual lineages. One implication of our findings is that
experimental efforts to demonstrate synergistic epistasis may
not succeed unless the experiments are redesigned to make
them much more naturalistic.

Consider a population of organisms for which generations are
discrete, so that parents die at around the time that their offspring
are produced. Let us define an adult as an individual that survives to
reproductive age. We define the fitness associated with a particular
genotype as the mean number of surviving offspring produced by
adults with that genotype. In other words, when calculating fitness,
we only count offspring that survive to adulthood.

Let us suppose that the fitness associated with a genotype depends
only on the number of deleterious mutations. It is useful to
normalize fitness, so we define a quantity, wk, which is the fitness
associated with having k deleterious mutations divided by the
fitness associated with having zero deleterious mutations (thus,
w0 ¼ 1). That is, wk is the relative fitness of adults with k mutations.

If mutations act entirely independently of each other, then a plot
of the logarithm of wk as a function of k (the number of mutations)
produces a straight line with a negative slope. This is the case where
epistasis is absent, and mutations combine to affect fitness in a
multiplicative fashion. If each mutation added to the genome has a
greater deleterious effect than preceding mutations, then we have
synergistic epistasis, leading to a curve where the rate of decrease in
the logarithm of wk increases with k (Fig. 1a). If each mutation
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