
than 10 mol% has no further influence on the shape-memory
properties. After two cycles of UV irradiation, the clear film turned
pale yellow, possibly owing to photo-Fries rearrangement20, but no
changes of shape memory properties were observed (Fig. 3).
Although the extent of photoreversibility of the photoresponsive
chromophores is around 40%, it is likely that partial cleavage of the
photoreversible crosslinks on the microscopic level can lead to the
changes of macroscopic mechanical properties and to the shape
recovery.

Polymers from the IPN polymer system show an R f of 20–33%
and an R r of more than 88%. Data obtained at 35 8C (Table 1) are
not much different from those obtained at 25 8C. During the
irradiation process, the temperature of the polymers does not
change, indicating that heating is not the trigger of shape-memory
behaviour. When the cyclic photomechanical experiment is per-
formed at lower 1max (such as 20%), higher values for R f are
obtained. Large deformation will broadly distribute the photo-
responsive groups within the specimen under test and make
aggregation of these functional groups difficult, thereby influencing
the photo-fixing reactions. The relaxation behaviour of IPN poly-
mer networks was investigated in control tests, in which an IPN
polymer film was examined in the cyclic mechanical test under the
same conditions but without applying UV light. The extent of
relaxation determined from these experiments is about 2% in a test
with 1max ¼ 20%, and 5% for 1max ¼ 50%.

Relative to thermoresponsive shape-memory polymers, the
strain-recovery rate of photoresponsive shape-memory polymers
is comparable, but the strain-fixity rate is much lower, because the
mechanism is different. In photoresponsive polymers, the amor-
phous permanent network itself has long and coiled segments
between two netpoints. During the programming process, the
coiled segments of the chains are stretched and elongated
(Fig. 1C). The strain-fixation via light irradiation is due to for-
mation of new chemical netpoints, rather than freezing the
stretched chains as in the case of thermoresponsive shape-memory
polymers. The elastic contraction of the stretched chain segments
accounts for the lower strain-fixity rate of light-induced shape-
memory polymers. However, the unique characteristics of the
photoresponsive shape-memory polymers enable shape-recovery
at ambient temperatures by using remote activation, and could
eliminate the temperature constraints of thermoresponsive shape-
memory polymers for medical and other applications arising from
external sample heating. A

Methods
Synthesis
As an example of the grafted polymer, the synthesis of BHCA(10,2,1) (see Table 1 for
nomenclature) is described: a solution of 12.80 g (100 mmol) BA, 2.60 g (20 mmol)
HEMA, 2.46 g (10 mmol) HEA-CA, 0.22 g (0.4 mmol) PPG2M560 and 0.05 g azo-
isobutyronitril (AIBN) was polymerized between two glass sheets with a Teflon spacer of
,0.5 mm at 80 8C for 12 h. The resulting films were swollen in chloroform to remove the
residual monomers. SCAA was synthesized by reacting 4-arm star-poly(ethylene glycol)
(Mn ¼ 2,000, Shearwater Polymers) with an excess of cinnamylidene acetyl chloride in dry
THF solution with triethylene amine as the acid receptor.

Cyclic photomechanical and mechanical tests
These were carried out at 25 or 35 8C (selected to be T . T g and T . Tm,SCAA, the melting
point of SCAA) on a Zwick-Z005, a tensile tester equipped with a 10 N load cell and a
thermochamber (model 091250, Climatic Systems Ltd) controlled by a Eurotherm
902-904 unit (Eurotherm Controls Ltd). Films are cut into standard samples
(ISO 527-2/1BB, length 32 mm, width 2 ^ 0.2 mm). The elongation rate is 10 mm min21.
For photomechanical tests, an optical system consisting of two UV lamps (30 W,
Cathodeon) and an optical filter having the ability to split a light beam reaching the filter at
an angle of 458 were added to this set-up. While light having wavelength l . 260 nm is
passing through the filter, light with wavelength l , 260 nm is being reflected.

The influence of UV irradiation on the temperature of the polymer film in the Zwick
thermochamber was investigated by inserting a digital thermocouple (RS Components)
into the polymer film. During a 1.5 h irradiation period with UV light (l . 260 nm or
l , 260 nm) at 25 or 35 8C, the average fluctuation of the polymer temperature is
^0.1 8C.
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The thermal structure of the Earth’s lowermost mantle—the D
00

layer spanning depths of ,2,600–2,900 kilometres1—is key to
understanding the dynamical state and history of our planet.
Earth’s temperature profile (the geotherm) is mostly constrained
by phase transitions, such as freezing at the inner-core boundary
or changes in crystal structure within the solid mantle, that are
detected as discontinuities in seismic wave speed and for which
the pressure and temperature conditions can be constrained by
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experiment and theory. A recently discovered phase transition at
pressures of the D 00 layer2–4 is ideally situated to reveal the
thermal structure of the lowermost mantle, where no phase
transitions were previously known to exist. Here we show that
a pair of seismic discontinuities observed in some regions of D

00

can be explained by the same phase transition as the result of a
double-crossing of the phase boundary by the geotherm at two
different depths. This simple model can also explain why a
seismic discontinuity is not observed in some other regions,
and provides new constraints for the magnitude of temperature
variations within D

00
.

A seismic discontinuity observed in some regions on top of D 00

(ref. 5) has previously been ascribed to large thermal gradients
caused by subducted oceanic lithosphere, a compositionally distinct
layer, or a solid–solid phase transition6. Although previous studies
lacked knowledge of any phase transition occurring in the mantle at
pressures of the D 00 region, combined mantle convection and
synthetic seismic wave modelling of these potential scenarios
suggested that the discontinuity could best be explained by a
phase transition having a Clapeyron slope of ,6 MPa K21 (ref. 7).
The recent discovery of a phase transition in MgSiO3 perovskite
(Pv) to a post-perovskite (pPv) phase at pressures of the D

00
layer

exhibiting a Clapeyron slope of ,7–10 MPa K21 (refs 3, 4) is
remarkably consistent with these earlier findings.

A thermal boundary layer (TBL) is expected to arise in D 00

because heat is transferred across the core–mantle boundary
(CMB) via thermal conduction, a relatively inefficient heat-transfer
mechanism in silicates. The TBL is characterized by an increased
geothermal gradient above the CMB that accounts for potential
temperature differences between the ambient mid-mantle and the
relatively isothermal outermost core. Unlike other known phase
transitions in the Earth’s interior, the large Clapeyron slope esti-
mated for the pPv phase boundary combined with the large thermal

gradients expected in a TBL can allow the phase boundary to be
crossed by the geotherm at two depths. The pPv phase boundary
temperature at CMB pressure (136 GPa) has been estimated to be
,4,000 K (refs 3, 4), while CMB temperatures estimated from the
melting point of iron at the inner-core boundary span a range
between ,3,700 K (ref. 8) and ,4,400 K (ref. 9). The higher core
temperature estimates therefore place the lowermost D

00
layer

within the Pv stability field, whereas the lower estimates predict
that pPv is the dominant phase throughout D

00
(Fig. 1a).

Although estimates of the CMB temperature and pPv phase
boundary are likely to remain controversial, only the relative
differences between these values at the CMB are important in
distinguishing the observational consequences of these two sce-
narios. We call these the single- and double-crossing models,
according to the number of times the geotherm intersects the pPv
phase boundary. If the pPv phase is to account for the shear-wave
velocity (vS) increase of 2.5–3% that is required to explain the
discontinuity on top of D 00 (refs 5, 6), then the vS profiles for a
single- or double-crossing will be very different (Fig. 1b). In
particular, the double-crossing model predicts the occurrence of
two seismic discontinuities of opposite polarity in D 00, and an
increased overall gradient in seismic velocities in the lowermost
TBL. The single-crossing model, on the other hand, predicts a single
ubiquitous global discontinuity at the top of D

00
.

Recently, seismic migration techniques applied to the D 00 layer
have revealed a pair of oppositely polarized discontinuities beneath
Eurasia10 and the Caribbean region11, in good agreement with the
predictions of the double-crossing model. The upper discontinuity
coincides with a previously detected discontinuity on top of D 00 in
both regions5,10–11. Accordingly, we propose a new paradigm for the
gross discontinuity structure of D 00 in terms of the double-crossing
model (Fig. 2a). v S profiles corresponding to three scenarios
illustrate how variations in discontinuity depth relate to variations
in mantle temperature (Fig. 2b). Cold mantle temperatures give rise
to a thick pPv stability field, whereas a warm mantle causes it to
become smaller in extent, and a pPv layer may be entirely absent if
mantle temperatures are higher than the pPv transformation
temperature at all depths (Fig. 2c). This mechanism suggests a
simple explanation for the absence of a seismic discontinuity in
some regions6.

To test the feasibility of explaining the observed double disconti-
nuity structure with the double-crossing model, we have computed
synthetic reflectivity seismograms12 for the three cases of cold, warm
and hot mantle shown in Fig. 2b. In conducting the synthetic tests,
we have assumed that the variation of v S with pressure and
temperature are the same in both phases; however, differences are
to be expected. Unequal variations should lead to a dependence of
discontinuity strength on the depth at which it occurs, but no such
correlation is apparent from previous seismic studies spanning a
large range of depths (.300 km) for the upper discontinuity6, and
therefore this assumption should not significantly affect the results.
For comparison, we use data for an event (8 April 1999, at 43.618N,
130.358 E, depth of 565 km) recorded by the German Regional
Seismic Network (GRSN) with corresponding CMB bounce points
beneath Eurasia (658N, 808 E). The data were filtered with a
bandpass of 3–50 s to facilitate comparison with the synthetics,
which have a dominant period of 5 s.

The synthetic traces for the cold and warm mantle profiles show
clear precursors to the core-reflected ScS phase owing to the upper
discontinuity (Fig. 3). In the cold mantle case, a weaker intermedi-
ate arrival is present only when the lower discontinuity is included
in the model, and this phase is also visible in the real data. This
intermediate arrival becomes weaker as mantle temperatures are
increased, and the pPv layer becomes thinner. To recover the lower
discontinuity in both the cold and warm mantle cases, we have
migrated both the synthetic and real data using the same methods as
in previous studies10,11 (Fig. 4). The results of the synthetic tests

Figure 1 The relationship between the geotherm and pPv phase boundary for different

core temperatures (a), and corresponding seismic shear-wave profiles (b). The geotherms

(solid lines in a) are plotted following an average mantle adiabat above D
00

(ref. 13) with

CMB temperatures of 3,700 K (ref. 8; cool core) and 4,400 K (ref. 9; hot core) with the

estimated pPv phase boundary (dashed line) superimposed3. The v S profiles in b are

calculated assuming a constant ›v S/›T of 0.3 m s21 K21 (ref. 18) for both phases, a v S

increase of 0.2 km s21 in the pPv phase at all depths6, and an adiabatic variation of v S

referenced to the Preliminary Reference Earth Model19 and a model geotherm13 at a height

of 320 km above the CMB.
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show that the observed double discontinuity structure is consistent
with the double-crossing model. They also indicate that the lower
discontinuity will be more difficult to detect in regions where the
pPv layer is thin, whereas the upper discontinuity will produce a
stronger reflected arrival in all cases. This can explain the lack of a
visible lower discontinuity in a portion of the Caribbean region
where an upper discontinuity is detected11.

The double-crossing model provides a framework for constrain-
ing the magnitude of temperature variations in regions where
a D

00
discontinuity exists. For example, a Clapeyron slope of

7–10 MPa K21 translates to a phase boundary gradient of
6–8 K km21 in D 00, which must be a lower bound on the radial
temperature gradient in order for a double-crossing to occur
(Fig. 2a). A thermal conductivity of 10 Wm21 K21 (ref. 13) thus
yields a minimum conductive heat flux in the range 60–
80 mWm22, similar to values at the Earth’s surface in tectonically
active regions. If the thermal gradient is not significantly smaller
than this phase boundary gradient even in regions where a double-
crossing does not occur, the phase relations predict a global CMB
heat flow of the order of 9–13 TW. This rate of cooling is probably
more than sufficient to power the dynamo in the outer core that is
responsible for producing Earth’s magnetic field14,15.

Beneath Eurasia a topographic variation of 55–85 km and
206–316 km above the CMB is observed for the respective lower
and upper discontinuities, whereas in the Caribbean region the
topographic variations are considerably larger: 66–286 km and
126–416 km above the CMB. The topographic variations imply

large lateral temperature gradients along the upper discontinuity
of 700–900 K beneath Eurasia and 1,300–1,700 K beneath the
Caribbean. These lateral temperature variations are comparable to
the expected average temperature change over the TBL, and might
be difficult to explain without considering the presence of sub-
ducted oceanic lithosphere in both regions. Subducted oceanic
lithosphere is expected to exist in both locations if sinking slabs
penetrated to the base of Earth’s mantle16. However, other mecha-
nisms for producing the same change in discontinuity depth need to

Figure 3 Comparison of data (a) with synthetic shear-wave seismograms calculated for

the cold (b), warm (c), and hot (d) v S profiles shown in Fig. 2b. The model is interpolated to

match Earth model ak13520 at depths shallower than 1,000 km, and assumes a density

jump of 1% in pPv (refs 2–4). The times are relative, with the traces aligned on the peak of

the S phase. The arrival of the core-reflected ScS phase is indicated, the reflection from

the upper discontinuity (solid arrows) is shown for the data, cold-mantle and warm-mantle

scenarios, and the intermediate arrival attributed to the lower discontinuity (dashed

arrows) is shown for the data and cold-mantle scenario.

Figure 2 The relationship between three schematic geotherms and the pPv phase

boundary (a), corresponding v S profiles (b), and a sketch of possible lower-mantle

structures (c). The v S profiles are calculated as in Fig. 1b. In c, the pPv layer is shown in

light grey, schematic flow directions are indicated by arrows, and several examples of

warm, cold and hot mantle profiles are shown (dotted lines).
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be considered before taking this as conclusive evidence for whole-
mantle circulation of subducted lithosphere.

The dynamical consequences of a pPv transition at the top of D
00

have already been explored in mantle convection models, where an
increased convective instability of the lower TBL has been
observed17. In a double-crossing scenario, the greater vertical extent
of the pPv layer in cold regions will increase the relative column
density of the mantle in D 00 and should provide additional negative
buoyancy for cold downwellings such as subducting slabs of oceanic
lithosphere. A ,1% density increase associated with the pPv
transition2–4 might be comparable in magnitude to thermal density
changes, and should significantly increase the strength of plate-scale
circulation in D

00
.

The effects of a two-phase region, due to the presence of iron and
aluminium in Pv plus latent heat associated with a dynamical
transition, would transform the discontinuity into a gradient, and
might change the effective depth/pressure of the phase transition
relative to pure MgSiO3. Iron is expected to induce a two-phase

region in the phase diagram, in particular because Fe2O3 assumes
a structure similar to MgSiO3-pPv at lower pressures3, but the
effects of other chemical components and phases are still largely
unknown. A gradient thickness as large as 75 km for the dis-
continuity on top of D 00 is compatible with most seismic studies6,
so we expect the observable effects of a two-phase region to be
contained within a corresponding pressure interval of ,4 GPa or
less. A
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New fossils from the Upper Permian Moradi Formation
of northern Niger1–6 provide an insight into the faunas that
inhabited low-latitude, xeric environments near the end of the
Palaeozoic era (,251 million years ago). We describe here two
new temnospondyl amphibians, the cochleosaurid Nigerpeton
ricqlesi gen. et sp. nov. and the stem edopoid Saharastega
moradiensis gen. et sp. nov., as relicts of Carboniferous lineages
that diverged 40–90 million years earlier7–9. Coupled with a
scarcity of therapsids, the new finds suggest that faunas from
the poorly sampled xeric belt that straddled the Equator during
the Permian period10–12 differed markedly from well-sampled

faunas that dominated tropical-to-temperate zones to the north
and south13–15. Our results show that long-standing theories of
Late Permian faunal homogeneity are probably oversimplified as
the result of uneven latitudinal sampling.

For over 150 yr, palaeontologists have understood end-Palaeozoic
terrestrial ecosystems largely on the basis of Middle and Late
Permian tetrapod faunas from southern Africa. The fauna of these
rich beds, particularly South Africa’s Karoo Basin, has provided
fundamental insights into the origin of modern terrestrial trophic
structure16 and the successive adaptations that set the stage for the
subsequent mammalian radiation13. A Karoo-like tetrapod fauna
has been found across coeval Gondwanan rocks in Brazil, India,
Mozambique, Tanzania, Zambia and Zimbabwe. A remarkably
similar amniote fauna is known from China, Germany, Laos, Russia
and Scotland, although these Laurasian strata host different amphi-
bian groups9. The cosmopolitan fauna recorded across Pangaea
provides compelling evidence for the unrestricted dispersal of
tetrapods during the Middle and Late Permian period. We report
here on the discovery of new fossils from West Africa that reveal a
highly unusual fauna that has important implications for this
interval of vertebrate evolution.

Temnospondyli Zittel, 1888
Edopoidea Romer, 1945

Nigerpeton ricqlesi gen. et sp. nov.
Etymology. Niger, for the country, and herpeton (Greek), meaning
crawler; ricqlesi, named for Armand de Ricqlès.
Holotype. MNN MOR69 (Musée National du Niger, Niamey),
partial skull and associated atlas vertebra.
Referred material. MNN MOR70, a larger skull preserving most of
the left side of the palate, skull roof and lower jaw; MNN MOR83,
three isolated sacral neural arches with associated ribs; MNN
MOR82, partial femur.
Horizon and locality. Collected from a thin conglomerate in the
Upper Permian Moradi Formation, approximately 20 km west of
Arlit, north-central Niger.
Diagnosis. Edopoid temnospondyl distinguished from all other
edopoids by the unique presence of a highly reduced supratemporal
bone, lateral swelling of the maxilla that accommodates two or three
fangs medial to the marginal tooth row, maxillary and dentary
tooth rows with sporadic appearance of ‘doubled’ tooth positions,
medially positioned premaxillary fangs, and anterior premaxillary
vacuities for accommodation of mandibular fangs. Further distin-
guished from the cochleosaurids Chenoprosopus and Cochleosaurus
by its larger size, extreme preorbital length (,70% of total skull
length), anteroposteriorly short skull table, broad sphenethmoid,
and the presence of an anterior palatal vacuity.

Saharastega moradiensis gen. et sp. nov.
Etymology. Sahara, for the Sahara Desert, and stege (Greek),
meaning roof; moradi, the formation from which the fossil was
recovered, and ensis (Latin), meaning place or locality.
Holotype. MNN MOR73, nearly complete skull lacking lower jaws.
Horizon and locality. Collected from dark reddish-brown flood-
plain deposits of the Moradi Formation, approximately 20 km west
of Arlit, north-central Niger.
Diagnosis. Distinguished from all other temnospondyls by the
unique presence of an extensive tongue-and-groove articulation
between the premaxilla and maxilla, and tabulars with exceptionally
large, blunt-ended ‘horns’ that are directed both laterally and
ventrally. Further distinguished from all other edopoids by the
following unique combination of characters: orbits broadly separ-
ated and close to skull margin, pineal foramen absent, basicranial
articulation sutural, fossa subrostralis media present, transvomer-
ine tooth row present, palatal tusks highly reduced or absent,
supraoccipital ossified.

The Upper Permian Moradi Formation of northern Niger is a
100-m-thick succession of fluvial sediments that were deposited as
the result of reactivated strike-slip faults bounding the Izégouan-
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