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Three-Dimensional Instabilities of Mantle
Convection with Multiple Phase Transitions

S. Honda, D. A. Yuen, S. Balachandar, D. Reuteler

The effects of multiple phase transitions on mantle convection are investigated by numerical
simulations that are based on three-dimensional models. These simulations show that cold
sheets of mantle material collide at junctions, merge, and form a strong downflow that is stopped
temporarily by the transition zone. The accumulated cold material gives rise to a strong
gravitational instability that causes the cold mass to sink rapidly into the lower mantle. This
process promotes a massive exchange between the lower and upper mantles and triggers a
global instability in the adjacent plume system. This mechanism may be cyclic in nature and

may be linked to the generation of superplumes.

Phase transitions in the mantle may affect
the amount of flow between the upper and
lower mantles (I, 2). Recently, the effects
of phase transitions on mantle convection
have been studied with the use of numerical
models (3-7), but most have been restrict-
ed to two dimensions. Some interesting
phenomena, such as the intermittently lay-
ered convection that is enforced by the
spinel-to-perovskite phase transition (3-5),
have been shown in these studies. The
generation of diapirs in the upper mantle
has also been demonstrated (4). Three-
dimensional (3-D) studies are needed to
confirm these interesting 2-D findings. Seis-
mic tomographic studies (8, 9) have indi-
cated that slabs may be lying horizontally
along the phase transition zone. Investiga-
tions in two dimensions (4, 6, 7) have also
shown the importance of including the
second phase transition, olivine to spinel,
at a depth of 400 km. In this report, we
present results from 3-D numerical simula-
tions of mantle convection with both major
phase transitions and discuss an instability
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transitions. This instability may help ex-
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plain the correlation between subduction
rate changes and the superplume events
(10) that occurred 120 million years ago
and led to the unusually rapid production
of the oceanic crust and the stabilization
of the polarity of the Earth’s magnetic
field. The instability bears no resemblance
to local boundary-layer instabilities that
are seen in models of convection without
phase changes. This global instability,
which is produced by phase transitions,
was first observed in 2-D models (6, 7),
but these 3-D simulations have confirmed
their existence.

The model that we used is based on a
Cartesian geometry with an aspect ratio of
5 by 5 by 1, with unity being the depth
of the layer. A mantle depth of 2000

km is assumed in which the two major

Fig. 1. Sequence of snapshots of temperature T. Sequence of events begins with the top left
panel, goes down the column and continues with the right column, going down at equal time
intervals. The first and last frames represent t = 0.010 (1.270 billion years) and t = 0.0125 (1.588
billion years). Cold and hot anomalies have been volume-rendered in blue and yellow hues,
respectively, as indicated by the color bar. The void represents values close to the average value
of 0.5. The aspect ratio of this 3-D box is 5 by 5 by 1.
SCIENCE °
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Fig. 2. Closer view of the development of plume
dynamics. Only the hot thermal anomalies are
shown with the same temperature cutoff of 0.5.

Times range from t = 1.334 billion to 1.461 ’

billion years at equal intervals.

phase transitions are located at depths of
400 and 670 km. The Cartesian geome-
try allows sufficient resolution for the cap-
ture of the complicated dynamics at the
transition zones. Comparison of 2-D Car-
tesian and axisymmetrical spherical mod-
els (4-7) indicates that the effects of
sphericity on the local dynamics of the
upper-mantle phase changes are not large.
Plumes can also be simulated to greater
precision at the phase-transitional depths

(3) with Cartesian geometry because the
radii of curvature of the Earth and those
associated with phase changes differ by
only 10%.

We used the extended Boussinesq ap-
proximation (6, 7, 11, 12) to model 3-D
mantle convection with a thermal expan-
sivity a(z) (13), an exponentially increas-
ing viscosity m(z), and a thermal conduc-
tivity %(z), all of which depend on depth
(14). This approximation has been shown
in 2-D simulations to yield results (15)
similar to those of the compressible anelas-
tic equations. To handle the sharp chang-
es in the buoyancy forces and latent heat
release at the transition zone, we used a
formalism based on an effective thermal
expansivity (6, 7, 11, 12). In this treat-
ment, the thermal expansivity a consists
of two parts: the first prescribes the back-
ground variations that result from the
overburden pressure (13), and the second
is localized in nature and describes the
sharp variations of a across the phase
change zone (6, 7, 11, 12). The use of an
effective depth-dependent thermal expan-
sivity instead of a complete treatment that
accounts for phase boundary distortion
considerably reduces the computation
time (11, 12, 16).

The dimensionless equations for the bal-
ance of mass momentum and energy, in
terms of velocity u, temperature T, and
dynamical pressure p, under the extended
Boussinesq assumption (17) are used in this
simulation. These equations assume an in-
finite Prandtl number, as is appropriate for
mantle convection, and have been nondi-
mensionalized, which is appropriate for a
slow viscous flow (17). The dimensionless
parameters Dip (dissipation number) and
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Ra; (Rayleigh number) are based on surface
values (18).

The total thermal expansivity a(z) is
given by

a(z) = ap(z) + a1(2) + ax(2) (1)

where o (z) is attributable to the overbur-
den pressure and takes on the functional
dependence extrapolated from experimen-
tal data (19) and the localized functions
a,(z) and a,(z) represent, respectively,
the olivine-to-spinel and the spinel-to-
perovskite phase changes (20). Using the
experimental data for these two transitions
(21, 22), we made the assumption that the
absolute values of the Clapeyron slopes are
equal (23) for both transitions but that the
olivine-to-spinel transition is exothermic
and the spinel-to-perovskite transition is
endothermic. Viscosity is assumed to vary
by a factor of 10 (24), and the thermal
conductivity increases with depth by a
factor of ~4 (19, 25). The equations of
motion (17) include the effects of density
changes across the phase boundaries in the
momentum equation and latent heat ef-
fects in the energy equation. They are
integrated in time with a fully spectral
method (26).

The simulation was started from an initial
condition with no phase change and Ra; =
2 X 10°. This was run for 25,600 time steps,
which corresponds to 3.25 billion years.
Visualization of 3-D temperature fields (27)
plays an important role in this endeavor. In
time-dependent convection, there is a
strong interaction between the descending
flows and ascending plumes. In Fig. 1, we
show six snapshots of the volume-rendered T
fields in an interval of time between t =

0.010 and 0.0125, which corresponds to

Fig. 3. A close side view of the temperature fields of the cold material. The time span of the left three panels ranges from t = 1.270 billion to 1.429 billion
years in equal increments. The right three panels cover the last stages from t = 2.025 billion to 3.253 billion years in equal increments.
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Fig. 4. Normalized vertical mass flux F(z,t) for
five depths. The depths associated with the
spinel-to-perkovite and the olivine-to-spinel
transitions correspond to, respectively, z =
0.65 and z = 0.8. The time interval spans 3.253
billion years. The normalized vertical mass flux
is defined in (6) and is the root-mean-square
vertical velocity at a given depth divided by the
global kinetic energy. The arrows D, and D,
represent the onset of the two flushing events.

times of 1.270 billion and 1.588 billion years
from the initial state.

Large cylindrical plumes (yellow),
which are found in convection without
phase transitions (11, 12), are produced by
the depth-dependent thermal expansivity
and viscosity from a focusing effect (11,
12). These upwellings penetrate the phase
boundaries, but their stems thin as they do
$0. Mushroom-like heads appear near the
surface. A network of interconnected cold
sheets (blue), which do not all penetrate
the transition zone, is observed. These
downwellings differ in appearance from the
sharp descending sheets that are seen in the
case without phase change (11, 12).

In our simulation, cold material accu-
mulates at a junction. Over time, this
process results in a large gravitational insta-
bility. Eventually there is a rapid discharge
of upper-mantle cold material into the low-
er mantle [starting at the second frame (t =
1.334 billion years) and ending a frame
later (t = 1.398 billion years)]. This rapid
dump of cold material causes a strong lateral
flow at the bottom of the mantle, which then
causes the plume system to go into a convul-
sive mode and produce widespread heating
(Fig. 1, right-hand column). In the mean-
time, the original instability associated with
the flushing of cold material ceases, and the
sinking currents are once again hindered by
the phase changes. Cold material begins to
accumulate in the transition zone again,
which will give rise to another unstable epi-
sode.

In Fig. 2, we show the lateral tempera-
ture fields, 8T (x,y,z,t) (28) to better dem-
onstrate the lateral thermal anomalies. This
quantity is useful for visualizing complex
plume structures. The rapid rise of the
plumes during the instability period is quite
striking. Some of the weaker ones are de-
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flected by the phase transitions (Fig. 2, left
background). A close-up of the cold de-
scending flows during the entire period
shows that the cold material is rebuilding in
the transition zone (Fig. 3, left panels) and
flushes again (Fig. 3, right panels).

Time series of the vertical mass flux
F(zt) (29) for five different depths are
shown in Fig. 4. The maximum in the
curve that corresponds to the depth of the
olivine-to-spinel transition (z = 0.8) marks
the layered period. This is followed by a
sharp drop (D;), which is the peak of the
avalanche event in which all of the ‘cold
material is focused into the junction and
horizontal motion dominates. Below this
transition in the upper mantle, the magni-
tudes of the vertical velocity are consider-
ably larger, especially at the level of the
spinel-to-perovskite transition (y = 0.65).
This suggests that the olivine-to-spinel
transition can help trigger the instability.
On the other hand, in the deep mantle (z
= 0.1), the vertical flow is subdued because
of the depth-dependent properties (11, 12).

During the instability, the cold down-
welling current pulls massive amounts of
material with it because of the large reservoir
of material that builds up 'in the transition

-zone. Thus, cold material can reach the

bottom much easier than in the case without
any phase change (11, 12). A similar finding
has been reported for a spherical model with
the endothermic phase change (30). This
result may shed some light on the lower-
mantle tomographic results (31) in that it
suggests that fast anomalies in the lower

" mantle may reflect the presence of subduc-

tion sites in” the past.

Many other factors in the mantle can
influence the generation of this instability.
One is the temperature dependence of vis-
cosity: cold material lingers in the transi-
tion zone longer because of its intrinsically
higher viscosity. Thus, the instability
would be more dramatic because a larger
reservoir would form before it would be
dumped. Internal heating from radioactive
decay helps promote layering in mantle
convection (32); this greater tendency to
layer means a greater ability to store a cold
pool in the transition zone, which would
generate an instability. Likewise, the soft
rheological zone beneath the spinel-to-per-
ovskite transition (33) would also enhance
the mechanical decoupling of the lower and
upper mantles, which would encourage the
accumulation of cold material above the
spinel-to-perovskite transition.

Superplume events (10) in the past
might be a consequence of this type of
mega-instability that is produced by the
periodic formation of cold pools in the
transition zone. Such phenomena may still
occur if the convective vigor of the mantle
is still potent enough for cold material to
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accumulate in the transition zone (31).
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Toward a Model for the Interaction Between
Elongation Factor Tu and the Ribosome

Albert Weijland and Andrea Parmeggiani

Inthe elongation cycle of bacterial protein synthesis the interaction between elongation factor—
Tu (EF-Tu)-guanosine triphosphate (GTP), aminoacyl-transfer RNA (aa-tRNA), and messen-
ger RNA-programmed ribosomes is associated with the hydrolysis of GTP. This interaction
determines the selection of the proper aa-tRNA for incorporation into the polypeptide. In the
canonical scheme, one molecule of GTP is hydrolyzed in the EF-Tu-dependent binding of
aa-tRNA to the ribosome, and a second molecule is hydrolyzed in the elongation factor-G
(EF-G)-mediated translocation of the polypeptide from the ribosomal A site to the P site.
Substitution of Asp'3® with Asn in EF-Tu changed the substrate specificity from GTP to
xanthosine triphosphate and demonstrated that the EF-Tu-mediated reactions involved the
hydrolysis of two nucleotide triphosphates for each Phe incorporated. This stoichiometry of two
is associated with the binding of the correct aa-tRNA to the ribosome.

Elongation factor—Tu (EF-Tu) of Escherich-
ia coli is a guanine nucleotide—binding pro-
tein that functions as the carrier of ami-
noacyl-tRNA (aa-tRNA) to the ribosome
in protein synthesis (I). In the past 25 years
the stoichiometry of guanosine triphos-

SDI n° 61840 du Centre National de la Recherche
Scientifique, Laboratoire de Biochimie, Ecole Poly-
technique, F-91128 Palaiseau Cedex, France.

phate (GTP) hydrolysis and peptide bond
formation has been investigated repeatedly,
but despite these efforts no conclusive re-
sults have been obtained (2-4). A stoichi-
ometry of two GTP molecules hydrolyzed
was derived from the evidence that EF-Tu
and elongation factor-G (EF-G) each bind
one molecule of GTP and that EF-Tu,
‘GTP, and aa-tRNA form a trimeric com-
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plex. One of the GTP molecules hydrolyzed
was associated with the EF-Tu-dependent
binding of aa-tRNA to the ribosome prior
to peptide bond formation, the other with
the EF-G-mediated translocation of the
polypeptide chain from the ribosomal A site
to the P site, which occurs after the incor-
poration of a new amino acid residue. High-
er stoichiometries obtained from a com-
plete translation system were attributed to
guanosine triphosphatase (GTPase) activi-
ties uncoupled from protein biosynthesis
(4). Recently, Ehrenberg et al. (5) re-
opened this problem by proposing on the
basis of kinetic studies that two molecules
of GTP are hydrolyzed by EF-Tu for each
phenylalanine incorporated. Accordingly,
the carrier of aa-tRNA to the ribosomes
would not be a trimeric complex but a
pentameric complex containing two EF-Tu
molecules. Intermolecular interactions of
EF-Tu had already been suggested on the
basis of genetic (6) and biochemical evi-
dence (7), but only for a combination of
two EF-Tu mutants. The proposed pen-
tameric model remains controversial. Bio-
chemical and physical-chemical experi-
ments have recently supported the exis-
tence of a trimeric complex (8).

In order to assess in the complete elon-
gation cycle the precise stoichiometry of
the EF-Tu-aa-tRNA-ribosome interaction,
we selected a method that avoids some of
the inherent difficulties—that both elonga-
tion factors are GTPases, that the EF-G
GTPase activity is stimulated by ribosomes
in the absence of protein synthesis, and
that even highly purified ribosomal prepa-
rations include nonspecific nucleotidases.
Protein synthesis is complex even in a
simplified in vitro system, and determina-
tion of stoichiometry requires correction
factors that are difficult to measure accu-
rately. Therefore, we distinguished EF-Tu—
dependent GTP hydrolysis from EF-G and
other ribosomal GTPases with a mutant
EF-Tu in which substitution of Asp'*® with
Asn (EF-Tu D138N) changed the substrate
specificity from GTP to xanthosine triphos-
phate (XTP). This change was predicted
from the three-dimensional model of EF-Tu
(or the related model of H-ras p21) in
which Asp'® (or Asp''® in p21) interacts
with the exocyclic 2-amino group of the
purine ring of GTP (9). Hwang and Miller,
using a maxi-cell system have reported that
EF-Tu D138N forms a stable complex with
XTP, aa-tRNA, and ribosomes (10). Be-
cause maxicells yield only small amounts of
EF-Tu D138N and these are contaminated
by the wild-type elongation factor, we con-
structed and expressed the plasmid-borne
EF-Tu D138N in E. coli and purified the
protein product to homogeneity, complete-
ly free from EF-Tu wild type (11).

In the presence of XTP purified EF-Tu
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