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MaGNEsIUM-rich silicate perovskite is thought to be the primary
constituent of the Earth’s lower mantle: experiments have shown'
MgSiO; perovskite to be stable at lower-mantle pressures, and the
elastic properties of perovskite-dominated assemblages agree well
with seismological observations”™. It has also been suggested™®
that the observed orthorhombic structure will undergo displacive
phase transitions to higher-symmetry structures at lower-mantle
conditions. The presence of such transitions would have important
consequences for mantle convection’, and could provide an expla-
nation for some of the weak seismic discontinuities observed'®"?
in the lower mantle. However, the determination of the phase
behaviour of MgSiO; perovskite at lower-mantle conditions has
so far eluded both experimental and theoretical efforts. Here we
report the results of electronic-structure calculations of the ener-
getics of displacive phase transitions in MgSiO; perovskite, and
demonstrate that the lower-symmetry orthorhombic phase should
be highly favoured throughout the lower mantle. Our results are
consistent with recent experiments'> on MgSiO; perovskite encom-
passing the temperatures and pressures of the uppermost regions
of the lower mantle.

We examined the orthorhombic, tetragonal and cubic phases
of MgSiO; perovskite with the Linearized Augmented Plane
Wave (LAPW) method'®, which yields essentially fully-con-
verged solutions of the Schrédinger-like Kohn-Sham equations
for all electrons (core and valence) within the Local Density
Approximation'® (LDA). The method makes no approximations
to the shape of the charge density or the potential, nor to the
nature of the bonding. The LDA, the only significant approxi-
mation in the calculations, typically yields agreement with
observed volumes of a few per cent'*'®"”. Thus, our results are
expected to be the most accurate calculations of MgSiO; perov-
skite to date and to provide a firm theoretical basis for a discus-
sion of the energetics of this mineral. The calculations are static,
(0 K), so that structural energy differences represent energy bar-
riers which must be overcome by high temperatures if phase
transitions are to proceed.
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The orthorhombic Pbum structure is derived from the cubic
polymorph (Pm3m) by coupled rotations of the SiO,4 octahedra
(a"a"c’ in Glazer’s notation'®) (Fig. 1). Two types of rotations
are involved: (1), an in-phase rotation about the [001] pseudo-
cubic axis (00c™), is located at the M-point in the Brillouin zone
(that is the rotation is modulated by a factor cos (—q - r) where
gm=1(0.5,0.5,0) in units of 27 /a, where a is the cubic lattice
constant) and (2), an in-phase rotation about the [110] pseudo-
cubic axis (a"a 0) consists of R-point rotations (qr=
(0.5, 0.5, 0.5)). We have determined the energetics of the M-
point (tetragonal P4/mbm symmetry) and the R-point (tetra-
gonal Imma) rotations individually throughout the pressure
regime of the Earth’s lower mantle (24-136 GPa). We have also
calculated the total energy of the orthorhomic (Pbnm) structure
over the same pressure range by homogeneously compressing
the structure observed at ambient conditions'®. Relative energics
were converged to better than 2 x 107* Rydbergs (0.2 mRy) with
respect to computational variables including the number of
special k-points (6-20) and the number of basis functions (75-
10S per atom).

Octahedral rotations at the M and R point lower the total
energy with respect to the cubic polymorph (Fig. 2). The combi-
nation of these rotations in the orthorhombic structure produces
the lowest-energy structure. This shows that the calculations cor-
rectly predict that the orthorhombic structure is the stable phase
at low temperatures. The energy difference between low- and
high-symmetry structures increases with compression, in accord-
ance with the typically positive Clapeyron slope of orthorhombic
to tetragonal and tetragonal to cubic displacive phase transitions
in other perovskite compounds’. These general features are con-
sistent with the results of ab initio ionic models®**?', aithough
in the LAPW calculations, the total energy depends much more
strongly on the octahedral rotations due to covalent forces not
included 1n the ionic calculations.

Our results are in excellent agreement with the experimentally
determined equation of state'** (Fig. 3). The computed curve
implies that the material is slightly denser and stiffer (larger bulk
modulus) than experiment, consistent with the lack of
300 K thermal pressure in the calculations. Similar levels of
agreement were found in LAPW calculations of MgO periclase
and SiO, stishovite'™'’. The good agreement indicates that
inhomogeneous compression mechanisms, such as pressure-
induced lattice distortion (small amounts of which are detected
experimentally®®), and octahedral rotation and deformation, are
not important in this mineral. The equations of state of all four
polymorphs are nearly parallel (similar bulk moduli at a given
volume) indicating similar compression mechanisms in all four

FIG. 1 Structure of MgSiO; perovskite viewed along the M-point rotation
axis (left) and showing the R-point rotation axis (right). The orthorhombic
Pbnm structure (yellow octahedra) is superimposed on the cubic Pm3m
structure (purple octahedra) to show the octahedral rotations. The green
lines define the orthorhombic unit cell and the small spheres are the
Mg atoms.
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structures. This also points toward a minor role for inhomogene-
ous compression mechanisms because these are unavailable to
the cubic structure. As expected, volumes of the tetragonal
phases are slightly larger (3%) than orthorhombic volumes at
the same pressure, and the cubic volumes are 5% larger.

We address the possibility of displacive phase transitions in
MgSiO; perovskite by comparing structural energy differences
with plausible temperatures in the lower mantle (~2,000-
3,000 K). The total energies of the tetragonal and cubic poly-
morphs relative to the orthorhombic structure are shown as a
function of pressure in Fig. 4. Comparison with a range of esti-
mated geotherms and the melting curve of Mg, Fe,,SiO; per-
ovskite shows that the energy differences are 2-6 times larger
than the thermal energy available in the lower mantle, making
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FIG. 2 Energetics of octahedral rotations. Calculated (LAPW) total
energies (ten atoms) relative to the cubic structure are plotted (points)
as a function of the R-point (a) and M-point (b) rotation angle, represen-
ted by the fractional change in the oxygen coordinate (85 and &y
respectively), for five different volumes. Orthorhombic results (8=
0.0766, §,=0.0912) are shown in Fig. 3. We represented the M-point,
R-point and orthorhombic results by a low-order Landau expansion of
the energy relative to the cubic structure: E:a6§+b6ﬁ”+
Coa+dSR+edudz where the values of the coefficients can be
expressed in Rydbergs as a= —46.25(Vo/V)" %, b=4943(V,/V)*°, c=
—39.89(Vo/V)*Y, d=5177(Vo/V)'2, e=—2500, where V is the unit
cell volume (ten atoms) and V, =560 bohr>. The inset shows the energy
surface at V=480 bohr®, The orthorhombic structure lies in the abso-
lute minima, the tetragonal structures on the local minima (saddle
points) and the cubic structure at the local maximum in the centre.
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displacive phase transitions unlikely. Even the possibility of
anion sub-lattice melting in the high symmetry phases* can
lower their free energies relative to the orthorhombic structure
by no more than the available thermal energy. Coupling of
octahedral rotations with lattice strain, which has been neglected
in our calculations, will affect the relative energies of these struc-
tures somewhat. Relaxation of the structure, however, would
make the lowest-symmetry polymorph (orthorhombic) even
more favourable energetically. In any case, the effect of strain-
rotation coupling appears to be small relative to the calculated
energy differences between structures: calculations show that the
energy of the orthorhombic structure differs from that of the
corresponding unstrained lattice (¢=b=c¢/\/2) by only 200 K
per octahedron. Recent pseudo-potential calculations in which
the energy of the Pbnm structure was minimized with respect to
all its structural parameters find energies (relative to the cubic
structure) that are within 20% of our results®.

The LAPW results show that the orthorhombic Pbrm struc-
ture is highly favourable energetically. Although other structures
exist which may be produced by octahedral rotations®, the very
strong dependence of the lattice energy on the individual M-
and R-point rotations make any displacive phase transition in
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FIG. 3 Predicted equations of state of orthorhombic (Pbnm), tetragonal
(Imma and P4/mbm) and cubic (Pm3m) phases compared with room
temperature experimental data on the orthorhombic phase (circles';
squares”?). Predicted P4/mbm and Imma equations of state are essen-
tially coincident on this scale. The inset shows the calculated energies
(ten atoms) of the four structures (E, in Rydbergs), as a function of V (in
bohr®). Results for the cubic phase are essentially identical to those of
ref. 32. Tetragonal points are those of the minimum energy octahedral
rotation. Equations of state were derived by fitting the E against V curves
to a Birch-Murnaghan form®2. The predicted equation of state param-
eters of the orthorhombic structure are: zero pressure volume, Vo=
242 cm®mol *; zero pressure bulk modulus, Ko,=266 GPa; and
pressure derivative of the bulk modulus at zero pressure, K,=4.2. These
compare favourably with experimental values®® Vo =24.46 cm® mol 2,
Ko=261 GPa, K;=4. Differences in Vo and K, between theory and
experiment are consistent with the lack of 300 K and zero-point thermal
pressure in the calculations. Experimental volumes have been corrected
for iron content®.
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perovskite unlikely in the Earth. Also unlikely to affect the
stability of orthorhombic perovskite are the unknown effects of
Fe substitution (which replaces up to 10% of Mg) or oxygen
defects (which are commonly observed in other perovskites but
not yet detected in (Mg,Fe)SiO;). Our results do not support
predlctlons of a high-temperature phase transition below
melting® nor the mtcrpretatlon of thermal expansmn datd
observed twinning patterns in quenched spec1mens nor
pressure- -induced changes in Raman intensities”. The thermal
expansion data of ref. 6 may be biased by texturlng effects™
and the observed volume discontinuity (interpreted as a phase
transition) has not been reproducible. The twinning observations
are difficult to interpret uniquely and patterns similar to those
observed are seen in other minerals which have not undergone
phase transitions during quench™. Interpretation of Raman
intensities in terms of a room-temperature phase transition is not
supported by X-ray determinations of the high pressure crystal
structure'. Recent X-ray diffraction results'® find that the orthor-
hombic structure persists to at least 2,000 K at 36 GPa, corre-
sponding to the uppermost lower mantle (950 km depth), in
excellent agreement with our results. These data require the
orthorhombic phase to be stable throughout most of the lower
mantle.

The wide stability field of orthorhombic Mg-rich silicate per-
ovskite predicted here supports the view that this mineral is the
primary constituent of the Earth’s lower mantle and that its
structure remains Pbnm® *. Speculation that the uppermost
lower mantle is weakened and viscously decoupled from the
upper mantle because of grain-size effects associated with a dis-
placive transition in perovskite’ are not supported. In view of
our results a mechanism other than a phase transition in Mg-
rich silicate perovskite must be sought to explain seismic discon-
tinuities within the lower mantle at 710, 900, 1,200 and 2,640 km
depth'® "% Possible mechanisms for producing these features
include the garnet to perovskite transition'®, phase transitions in
other lower-mantle minerals, possibly stishovite™’, rapid changes
in deformation mechanism®®, and a rapid change in bulk chemi-
cal composition with depth. The irregular and intermittent upper
boundary of the D” layer near 2,640 km depth'’ may be a com-
positional boundary caused by widespread chemical reactions
between mantle and core®. If the 710, 900 and 1,200 km discon-
tinuities are shown to be equally patchy, they may also have a
compositional origin, perhaps related to subducting slabs that
have either penetrated into the lower mantle'®, or deflected the
compositional boundary®* between upper and lower mantles by
50-500 km.

Theory will play an important role in deciding between models
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FIG. 4 The calculated (LAPW) total energy of tetragonal (Imma, P4/
mbm) and cubic (Pm3m) structures relative to the orthorhombic struc-
ture, expressed in terms of temperature per octahedron (five atoms)
and shown as a function of pressure. Also shown are two lower mantle
geotherms which encompass most previous estimates®>>® (lines) and
the melting curve of (Mgyo,Feq1)Si0Oz perovskite (broad shaded line).
The melting curve represents an upper bound to lower mantie tempera-
tures because this region is known to be almost completely solid®” (the
consequences of the intersection of the uppermost geotherm and the
melting curve near the bottom of the lower mantle have been discussed
in ref. 38). The melting curve is that calculated in ref. 39 and is consist-
ent with available data®®**.

of lower-mantle seismic discontinuities and in further tests of the
perovskite-rich lower mantle hypothesis. The LAPW calcula-
tions provide a data base which can be used to determine high
temperature physical properties of the phases that make up the
deep Earth. The total energies and band structure can be used
to constrain potential®® and/or tight-binding’' models that allow
calculation of thermodynamic, elastic, transport and anelastic
properties at the pressures and temperatures of the deep interior.
Predictions of the shear wave velocity, for example, as yet
unknown for lower-mantle minerals at high pressures, will test
our picture of lower-mantle composition, constructed essentially
independently of this important seismic observable. |
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IN short-term experiments under productive laboratory conditions,
native herbaceous plants differ widely in their potential to achieve
higher yields at elevated concentrations of atmospheric carbon
dioxide'™. The most responsive species appear to be large fast-
growing perennials of recently disturbed fertile soils”®. These types
of plants are currently increasing in abundance’ but it is not known
whether this is an effect of rising carbon dioxide or is due to other
factors. Doubts concerning the potential of natural vegetation for
sustained response to rising carbon dioxide have arisen from
experiments on infertile soils, where the stimulus to growth was
curtailed by mineral nutrient limitations®>'". Here we present evi-
dence that mineral nutrient constraints on the fertilizer effect of
elevated carbon dioxide can also occur on fertile soil and in the
earliest stages of secondary succession. Qur data indicate that
there may be a feedback mechanism in which elevated carbon
dioxide causes an increase in substrate release into the rhizosphere
by non-mycorrhizal plants, leading to mineral nutrient sequestra-
tion by the expanded microflora and a consequent nutritional limit-
ation on plant growth.

Effects of doubling atmospheric carbon dioxide on plant com-
munity development were examined by allowing seedling
regeneration to occur from the natural seed banks present in
samples of topsoil removed to laboratory microcosms from a
productive tall herb community and an acidic grassland. Both
communities were grown for about three months at 350 volumes
per million (v.p.m.) and 700 v.p.m. CO, without nutrient addi-
tion. Further experimental details are provided in the legend to
Fig. 1.

The doubling of CO, concentration did not produce a signifi-
cant change in the total above-ground biomass in either of the
two communities (Fig. 1). On the productive soil, the effect of
elevated CO, on the two most common species, Rumex obtusi-
Sfolius and Cardamine flexuosa, was to induce marked discoloura-
tion of the leaves and premature senescence of the foliage, which
in the latter species coincided with a significant decline in yield.
In both species these symptoms were associated with accumula-
tion of non-structural carbohydrate, reductions in leaf nitrogen
content and very large increases in soil microbial carbon and
nitrogen (Fig. 1a).

No leaf symptoms were associated with the elevated CO, treat-
ment applied to the acidic grassland community, although a
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large (but statistically non-significant) shift occurred in the rela-
tive abundance of the two most important species, with Calluna
vulgaris expanding and Agrostis capillaris declining. In both of
these plants, shifts in leaf carbohydrate and nitrégen concentra-
tions were detected ; these occurred in the same direction as those
observed in the tall herb community but they were reduced in
magnitude (Fig. 1b). Large increases in soil microbial carbon
and nitrogen levels were again observed.

The induction of marked symptoms of nutrient deficiency in
Rumex obtusifolius and Cardamine flexuosa by elevated CO, was
surprising in view of the high productivity of the system from
which the soil originated. The most likely explanation for this
phenomenon is that increased carbon assimilation at enhanced
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FIG. 1 Responses of commonest constituents and soil microflora grown
in microcosms to a doubling of atmospheric CO, (700 v.p.m.) as com-
pared with controis at 350 v.p.m. Topsoil samples with natural seed
banks were collected from a tall herb community (a, Harpur Hill, Derby-
shire, UK) and an acidic grassland (b, Ladybower, Derbyshire, UK) and
placed in 2,400 ml microcosms (six replicates per combination of com-
munity type and CO, level). The microcosms were kept in 12 88,800-
ml containers with individual control of CO, concentration and placed
in growth cabinets. Vegetation was allowed to develop for 84 days (a)
and 112 days (b) by natural recruitment from the seed banks, with
periodic addition of deionized water. Growing conditions simulated
those from early spring to late summer (12/12 h to 18/6 h light:dark,
16/10 °C to 25/16 °C light/dark; photosynthetic photon flux density
was 240 £ 10 umol cm™? s ). Shoot biomass was measured as mg dry
weight, cover as the number of touches in a point-quadrat analysis,
carbohydrate®* (starch + glucose +sucrose + fructan, when suitable) as
mgg ' fresh weight, and nitrogen®® as mgg* dry weight of fully
expanded young leaves, soil microbial biomass C?**27 and N?7?® as
mg g~* dry soil (fumigation techniques); NS, not significant; * P<0.05;
**P<0.01; *** P<0.001 (ANOVA).
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