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Abstract

The effects of depth-dependent thermal expansivity, viscosity and thermal conductivity on mantle convection with
phase transitions have been examined with two-dimensional finite-element simulations in an aspect-ratio four box.
The model includes a core—mantle thermal coupling boundary condition which takes into play the secular cooling of
the core by the overlying mantle flow. Initial surface Rayleigh numbers between 2 X 107 and 10® have been
considered. With time the surface Rayleigh number decreases to a value upon which a transition takes place from
layered to single-cell convection. This tumultuous period is marked by large-scale coherent breakthrough of cold
material, trapped in the transition zone, all the way to the base of the mantle and a violent reaction of hot plume in
the upper mantle. Both hot and cold anomalies have large magnitudes. Cold anomalies with temperatures exceeding
1000 K are found at the base of the mantle. The magnitude of the cold anomalies is largest with all three
depth-dependent properties. The timescales of this catastrophic event are between 20 and 50 Myr, with the longest
being produced by the model with depth-dependent expansivity and viscosity. Results from these simple two-dimen-
sional cartesian models represent a lower bound to the larger cold thermal anomalies, potentially capable of being
generated in spherical-shell convection models.

1. Introduction Yuen, 1992; Honda et al., 1993; Steinbach et al.,

1993; Tackley et al., 1993; Solheim and Peltier,

In the last year we have witnessed the appear-
ance of one of the most exciting and significant
problems to be recognized by geodynamicists in
many years. This is the ‘flush’ event caused by
strong gravitational instabilities developed in the
transition zone (Weinstein, 1993; Steinbach and

* Corresponding author.

1994). These studies indicate that mantle convec-
tion today might be intermittent between a two-
layer mode and a whole-mantle mode. The tran-
sition from the two-layer mode to the whole-man-
tle mode would occur via a rapid discharge of
cold material on top of the 670 km phase change
into the lower mantle. Although the works listed
above have brought out some of the effects of this
spectacular instability, there remains a great deal
to learn about this important phenomenon.
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This instability has implications concerning the
dynamics of the lower mantle, because the loca-
tions of very cold material in the lower mantle
today, as imaged by seismic tomography (Su and
Dziewonski, 1992) and converted to thermal
anomalies by mineral physics (Yuen et al., 1993;
Cadek et al, 1994) can reveal a great deal about
the style of time-dependent mantle convection in
the presence of phase transitions. The very pre-
carious and leaky character of the 670 km bound-
ary has also important implications for the usage
of normal-mode analysis in postglacial rebound
and rotational dynamics problems (e.g. Spada et
al.,, 1992; Ricard et al.,, 1993) because of the
laterally varying conditions likely to exist in the
vicinity of the 670 km discontinuity.

The dynamical importance of depth-depend-
ent properties on mantle flows and thermal struc-
ture has been brought out in recent papers by
Hansen et al. (1991, 1993) and Balachandar et al.
(1992, 1993). In this paper we will explore the
effects of depth-dependent properties on the
thermal structures as a consequence of dump-like
instabilities caused by phase transitions. The
depth dependences of thermal expansivity, viscos-
ity and thermal conductivty will be considered in
increasing order of combinations. We regard this
as a first step in quantifying the thermal anoma-
lies associated with these flushing events. Cadek
et al. (1994) have found very cold anomalies in
the deep mantle under past subducting sites by
converting the seismic anomalies using mineral
physics data. This work attempts to reconcile
these cold anomalies from a modelling perspec-
tive. We will also monitor the hot thermal anoma-
lies which are generated during this flush instabil-
ity, as there might be a relationship between the
rapid subduction rates during the Cretaceous and
superplume events (Larson, 1991).

2. Mathematical formulation and model descrip-
tion

We treated the equations of conservation of
mass, momentum and energy for an infinite
Prandtl number fluid in the extended Boussinesq
approximation (Christensen and Yuen, 1985),

where density variations owing to temperature
gradients and/or phase changes are explicitly
accounted for only in the buoyancy term that
drives the convective flow. Additionally, the non-
Boussinesq effects of viscous dissipation and adi-
abatic heating and cooling are incorporated as
well as the release (or consumption) of latent
heat owing to phase transitions.

The validity and limitations of this approach
for flows without phase transitions have been
discussed by Steinbach et al. (1989). For convec-
tion with phase changes, it means that the flow is
considered to be incompressible even in the
phase-transition region, but that the (vertical)
distortion of the phase boundaries owing to hori-
zontal temperature gradients (which is propor-
tional to the Clapeyron slope of the transition) is
accounted for. In the presence of an endothermic
phase transition (with negative Clapeyron slope),
it is this distortion which has the most profound
effect on the convective flow pattern, as it acts as
a barrier to both cool downwelling and hot up-
welling masses and thus may cause layered con-
vection. As we want to compare how the depth
dependence of several parameters affects the
mass exchange between upper and lower layer in
an initially stably stratified convective system, we
believe that application of the extended Boussi-
nesq approximation will capture the most impor-
tant facets of the physics in such systems, even
though it is not justified in a strictly mathematical
sense.

As our derivation of the nondimensional equa-
tions governing convective flows with phase tran-
sitions up to Eq. (17) closely follows the approach
of Christensen and Yuen (1985), we will present
it only briefly and refer the reader to that paper
for further details. For each phase transition, we
introduce a phase function I}, (i = 1,..., n), which
gives the fraction of the denser phase and hence
varies between zero and unity as a function of the
‘excess pressure’ alone (Christensen and Yuen,
1985):

7=p—po;~v.T [D] (1)

where p and T are pressure and temperature,
and p,; and y; are zero-degree transition pres-
sure and Clapeyron slope of the ith phase transi-
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tion, respectively. Henceforth, the equations with
a bracketed D represent dimensional quantities.
In our models we investigate rather sharp transi-
tions. The extent of the region where I deviates
appreciably from zero and unity is small com-
pared with the depth of the convective layer, and
the explicit dependence of I} on = is of little
significance (Richter, 1973). Here we will just
state that owing to the sharpness of the transi-
tions dI;/dw peaks at 7 = 0 and rapidly vanishes
outside the transition region.

To calculate the buoyancy forces owing to tem-
perature variations and phase transitions we use
a first-order equation of state:

n A .
P=P0{1_a(T"T0)+ g 7?11] [D] (2)

where p denotes density, a thermal expansivity,
and Ap; the density jump owing to the ith phase
transition. Subscripts zero denote surface values.

Introducing the streamfunction ¢ and the y
component of vorticity o as

o ap
(5507 _a) =(u,05 W)

where u and w denote respectively the horizontal
and vertical velocities, and scaling spatial quanti-
ties by the depth of the layer, A, pressure by p,gh
(where g is gravitational acceleration), tempera-
ture by the temperature difference across the
layer, AT, the Clapeyron slopes by p,gh /AT and
time by h?/k, (where K, is thermal diffusivity),
we obtain the dimensionless equations for conser-
vation of mass and momentum, appropriate for
depth-dependent viscosity and thermal expansiv-
ity:

Vi=w (3)

3y ¥y

v? Raol ¥R Ly 4
(nw) =« a—— LR, Wﬁ()

i=1

Neglecting the nonhydrostatic pressure in the
dimensionless form of (1),

m=zp—2=yT (5)

(the z-axis pointing upwards) and making use of
the relationship

ar  dI ar dr oT
% drox . Yamox (6)
we may rewrite (4) as

Y A T o)

2 — mRa_— _
Vi(nw) =aRa Py +2ax2 ) (D

Both thermal expansivity and dynamic viscosity
n are allowed to vary with depth in our model
and are scaled by their surface values. In this
study we will choose n to vary linearly with
depth, so the last term on the right-hand side of
(7) vanishes. The parameters in (4)-(7) are the
thermal Rayleigh number

agpogATH?
Ra = 200807

(8)
KoTo
the phase-boundary Rayleigh numbers
Ap. 3
jum 20 ©
KoTlo
the effective thermal expansivity
n o dl;
a a+i§1P'd17 (10)
and the ‘phase-transition parameters’
Ry,
P= ‘Yia (11)

The rate of latent heat release per unit volume
during each phase transition is given by
v,T,Ap; DI,
D 12
- 5, [P] (12)

where 7, is absolute temperature and D/D¢ =
9/0t +u - V. Incorporating this into the dimen-
sionless energy equation scaled the same way as
in (3) and (7), and using the relationship

i

DT, dl,{ DT &

5=~ "Dr ) ()
yields

_ DT ay

CPE —C_YDO(T+ To)a

V(kVT D°c1> Rag 14
= +—®+—
( ) Ra Ra (14)
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New quantities are the dissipation number
[D] (15)

aygh
C

p

Dy=

where C, is specific heat (assumed to be con-
stant), the dissipation function

ou;

b=g,— (16)

4 ax

the Rayleigh number owing to internal heat
sources

hS
20PofOh (17)

Ra, =
e Ko"?oc
where (@ is the internal heating rate and the
effective specific heat

_ nodr,
C,=1+Dy(T+T,) Z’YiPi_dﬂ_ (18)
i=1

T, denotes nondimensional surface temperature.
Thermal conductivity k is scaled by its surface
value and is allowed to vary with depth.

For the reader’s convenience, we will rewrite
the extended Boussinesq approximation of the
constitutive equations with % linearly dependent
on depth:

7]
Vi =— (19)
Ui
V2 =aR il 20
= GRa (20)
_ DT oY
C,—— —aDy(T,+ T)—
D¢
Ra,
=V(kVT) +—<I>+ (21)

Ra

where we have introduced the modified vorticity,
w=new (Turcotte et al., 1973). It is obvious that
Eqgs. (19)-(21) have the same form as the equa-
tions for convection without phase transitions with
depth- and temperature-dependent thermal ex-
pansivity and specific heat. It should be noted
that C mcreases in each phase-transition region,
whereas o may become negative in an endother-
mic phase transition (with negative Clapeyron
slope) and act as a source of negative buoyancy

and latent heat for a rising plume. For Earth-like
parameters, referring to the exothermic (positive
v) olivine — spinel and the endothermic (negative
v) spinel — perovskite transitions, |y | = 0.1 and
| P| = 0.06. The peak value of dI'/d= increases
with the sharpness of the transition, i.e. with
decreasing half-width d of the transition and can
be rather large.

As the ‘anomalous’ fp (i.e. the second term of
the right-hand side of (18)) scales with yP,
whereas the ‘anomalous’ « scales with P alone, it
is obvious that the changes of « in the transition
regions are much more (one order of magnitude)
important effects than the changes in fp. There-
fore we adopt Cp =1 in our model, thus reducing
computational effort. For computational reasons
it is also very convenient to neglect the tempera-
ture dependence of dI'/d, hence letting a be a
function of depth alone. In a physical way, this
means that we include the buoyancy effects owing
to the distortion of the phase boundary, but ne-
glect the distortion itself. Christensen and Yuen
(1985) have shown that this procedure (C (‘ =1,
a=o(z)) is a very good approximation to the full
set of equations, as far as the amount of layering
and the transition from layered to non-layered
flows is concerned. Because in this paper we will
focus just on this last point, it is justified to adopt
the above approximation for this comparative
study.

As mentioned above, the exact form of dT' /d#
is of little significance, as long as it peaks in the
middle of the transition region and rapidly flat-
tens outside this region. We made the following
ansatz for a:

2
a=a(z)+ .gAifi(z) (22)
with
zZ= min( Z_;IZJH , 1) (23)
and
f(zZ)=1-2z*+z* (29)

where z,; and d; are the depths and half-widths
of the phase transitions. Other forms of f(z),
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such as Gaussian (Honda et al., 1993), can be
used with virtually no difference. The index 1
refers to the olivine — spinel, and the index 2
refers to the spinel — perovskite transition, vield-
ing positive 4, and negative 4,. As

— dr= (25)

the amplitudes A; of the ‘anomalous’ « are in-
versely proportional to the half-widths of the
transitions:
A DA 26
£16 d, (26)
As stated above, the ‘background’ thermal ex-
pansivity a(z) in (22), thermal conductivity k¥ and
dynamic viscosity 7 generally are allowed to be
functions of depth in our model. We chose the
following functional dependences for these quan-
tities:

a(z)y=2-2)"" (27)
k(z)=(2-2)** (28)
n(z) =1+9(1-2z) (29)

which results in bottom/ top ratios of 1/8, 2.83
and 10, respectively. Eq. (27) fits rather well the
depth variations of a obtained from laboratory
experiments (Chopelas and Boehler, 1992). Eq.
(28) comes from the phonon contribution to ther-
mal conductivity (Anderson, 1987).

2.1. Model description

We consider a model based on a cartesian
geometry (see Fig. 1) with an aspect ratio of 4:1,
with unity being the depth of the layer. To carry
out a systematic study of time-dependent convec-
tion with phase changes, we had to reduce fur-
ther the computational effort in solving Egs.
(19)-(21). We achieved this by restricting mantle
depth to 2000 km (see Fig. 1) and choosing transi-
tion widths of 50 km (d = 0.025). For Earth-like
parameters (Ito and Takahashi, 1989; Ito et al,,
1990; see Table 1), this gives 4; = +2.5. To cor-
rect for the actually narrower phase-transition
depths, we chose A;= +5, corresponding to a

transition zone

spinel to perovskite

2000 km

oZ), N(Z), k(Z)

Qo Tems®

s
COOLING CORE

Fig. 1. Schematic diagram of the different depth ranges in-
cluded in the numerical model. Both the olivine — spinel and
spinel — perovskite phase transition are included at nondi-
mensional depths of 0.8 and 0.65, respectively, for a mantle
with 2000 km depth. The grid is refined in the top and bottom
thermal boundary layers and in the transition zone. Thermal
expansivity a, ccnductivity £ and dynamic viscosity n gener-
ally are functions of depth as given in Egs. (27)—-(29). At each
time-step, the heat flux from the core ¢(t) is calculated and
the new core temperature Tyg(#) is evaluated according to
Eq. (34).

half-width of 25 km, without actually reducing d.
We are fully aware of the fact that there are
strong limitations in this procedure when applied
to the real Earth, but again we wish to stress that
it is our aim to carry out a comparative study of
the transition from layered to non-layered con-
vection with different depth dependences of some
parameters. Hence the results must be inter-
preted from a qualitative point of view and can-
not be strictly applied in a quantitative manner to
planetary interiors.

Table 1
Physical properties of the phase changes included

Quantity

Olivine — spinel Spinel — perovskite

@ 52%x107°K~! 52x1073K™!
AT 2800 2800

Ap/po 0.08 0.1

v 3MPaK™! —25MPaK™!




170 V. Steinbach, D.A. Yuen / Physics of the Earth and Planetary Interiors 86 (1994) 165-183

We have solved Egs. (19)-(21) with a finite
element SUPG (Streamline Upwind Petrov
Galerkin) scheme (e.g. Hansen and Ebel, 1984).
We have used throughout 50 (vertical) X 200
(horizontal) elements for the aspect ratio four
calculations. To guarantee that the ‘interesting’
regions are resolved adequately, we have refined
our grid vertically to make sure that each thermal
boundary layer and phase-transition region is
covered by at least four elements.

As was pointed out by Christensen and Yuen
(1985) and Steinbach et al. (1993), the degree of
layering of convection with phase boundaries in-
creases with Rayleigh number. It is a tedious task
to investigate the amount and style of mass ex-
change between the two convective layers for a
broad range of Rayleigh numbers with a time-de-
pendent model. We have therefore decided to
take into account that the Rayleigh number, as
defined in (8), decreases with time as a result of
secular cooling of core and mantle. In this way, it
is possible to study the character of the break-
down of layered convection that can be expected
when the Rayleigh number approaches a certain
critical value Ra, from above. In contrast to most
of the previous models (Christensen and Yuen,
1985; Machetel and Weber, 1991; Zhao et al.,
1992; Honda et al., 1993; Tackley et al., 1993), in
which a constant-temperature boundary condi-
tion has been assumed at the core—mantle
boundary (CMB), we take into account core cool-
ing owing to mantle convection by adapting a
simple model. This change of boundary condition
brings in the possibilities for strong non-equi-
librium effects in the evolutionary dynamics of
the mantle. We assume that the core is always in
thermodynamic equilibrium (has infinite effective
thermal conductivity) and is homogeneous (mean
parameters for inner and outer core). The (di-
mensional) equation for the core’s cooling then is

dT,
pCegy
where p, denotes mean core density (approxi-
mately 12 g cm™3), C, is the core’s specific heat
(approximately 5x 10% J kg™! K1), T, is the
core’s temperature and g, is the heat flux from
the core.

= —div(q,) [D] (30)

In a spherical geometry, integration over the
core’s volume yields

c
€ de
where r,_, the core radius, is 3.485 X 10° m.

Introducing the dimensionless quantities Nus-
selt number Nu at the CMB and temperature
difference AT between the CMB and surface as

$mr2p,C = —47r2q, [D] (31)

N _ 44 32
"= k(T — Ty) (32)
TC_ZD
AT=—S =2 33
T.(t=0)—-T, (33)

with k,, and «,, being mantle thermal conductiv-
ity and diffusivity, respectively, we obtain

dAT 3p,Cnd
Fralni o.C.r Nu(#)AT(t) (34)

c'c

where p,, (approximately 5 g cm~3), C,, (ap-
proximately 1.25x10% J kg™! K™!) and d=
2.886 X 10° are mean density, specific heat and
depth of the mantle, respectively. We note that
Nu in Eq. (32) is calculated using the local prop-
erties. Time is scaled by thermal diffusion time.
Using this scheme, we neglect the release of
latent and gravitational heat owing to freezing of
the inner core. However, Buffett et al. (1992)
have shown that the ratio of heat production in
the core and heat loss to the mantle is of order
¢/b, where ¢ and b denote inner and outer core
radii, respectively. With a present ratio of 0.35 it
is clear that core cooling is the dominant process
and was even more important in the Earth’s early
stages. We intend to include the thermodynamics
of the evolution of the inner core into our numer-
ical scheme in the near future. As our models are
cartesian, it is necessary to make the assumption
that the large-scale patterns are similar to axisym-
metric solutions. For depth-dependent thermal
expansivity this has been shown by Leitch and
Yuen (1991).

After each time-step, the new temperature dif-
ference is calculated from the Nusselt number
with a simple Euler forward scheme of Eq. (34).
The error related to the neglect of the variation
of AT during one time-step ¢ then is of order
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5t2. The effects of varying Rayleigh number is
most prominent when one considers tempera-
ture-dependent viscosity, as viscosity decreases
from secular cooling could be as large as two to
three orders of magnitude (Sharpe and Peltier,
1978). We take into account this dependence of
effective viscosity on mean temperature of the
form v ~T ™, where m is an integer of order
ten (Davies, 1980). In the numerical treatment of

Egs. (19)-(21) the readjustment of AT and v
only changes the Rayleigh number according to

Ra,,, AT, (Ty+AT,.T,,, 35
Ra, AT, T, + AT,T, (35)

where subscripts » and n + 1 denote consecutive
time-steps. As temperatures are rescaled by the
new temperature difference after each time-step,

t = 0.00401

t = 0.00482

Fig. 2. Snapshots of streamlines (¥') and isotherms (7') of a flow with constant material properties and a constant core temperature
Teump at a Rayleigh number of 107. (Note that the streamlines at ¢ = 0.00401 indicate regions of whole-mantle convection as well as
some layered structures.) We note that for this model 0.001 in time corresponds to 127 Myr.
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Fig. 3. Isotherms (7T) and lateral temperature anomalies (87') at three different time-steps during the ‘flush’ event. A model with
depth-dependent thermal expansivity (cf. Eq. (27)) and constant thermal conductivity and viscosity was used. Initial condition was a
layered flow at a surface Rayleigh number of Ray=2 X 107. At each time-step core temperature and surface Rayleigh number
were adjusted according to Eqgs. (34) and (35). The transition from layered to non-layered flow takes place at Ray= 4 X 108, All
dimensional temperatures were calculated by assuming a surface temperature of 1200 K and a core—mantle temperature of
(initially) 4000 K.

dimensionless temperature values remain the 3. Results
same throughout the computation, whereas di-
mensional CMB temperature drops from 4000 to In this section we will discuss the results ob-

about 3700 K in a typical calculation. tained in the order of increasing complexities of
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Fig. 3 (continued).

t=20
1.0 1.0
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0 s 2000 3000 4000
a1 T
dz
t =0.00619
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0 5 10 2000 3000
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t = 0.006830
1. 1.0
Z .5 zZ S
0. L 0. L‘
0 5 10 15 2000 3000
aT
dz
t =0.00643
1.0 = 1.0
Z -5 y -1
0. L 0. L
0 S 10 15 20 2000 3000
a7 T
dz

Fig. 4. Profiles of horizontally averaged temperature (T) and temperature gradient (dT/dz) of the initial flow and the three
time-steps shown in Fig. 3. During the ‘flush’ event the initially strong internal thermal boundary layer is dissolved and a large

subadiabatic region builds up in the lower, mantle owing to the subduction of cold material.
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Fig. 5. Isotherms and lateral thermal anomalies at five different time-steps during the ‘flush’ event. The model includes both
depth-dependent thermal expansivity and viscosity. Initial condition was a layered flow at a surface Rayleigh number of 108, The
transition from layered to non-layered flow took place at Ragy = 1.2 X 107. Otherwise, all quantities are the same as in Fig. 3.

depth dependences. We begin with a constant-
property model.

3.1. Constant properties

For models with constant physical properties
we did not find a strongly layered solution for
Ra = 107 without any internal heating (Ra, = 0).
In this study we have taken Ra, = 0 throughout.
We show in Fig. 2 two snapshots of the stream-
function ¥ and the temperature field T for Ra =
107 with a constant-temperature boundary condi-

tion at the base of the mantle. The streamlines
show a complicated pattern and the temperature
fields exhibit some blocking features in the neigh-
bourhood of the transition zone between z = 0.6
and z=10.85 (see Fig. 1). Unlike regular base-
heated Newtonian convection one sees a strong
lateral heterogeneity in the strength of the flow
field from the localized nature of the interaction
of the descending plume with the transition zone
in the middle of the box. The descending flows
can penetrate through the transition zone much
easier than the ascending plumes can. The same
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Fig. 6. Profiles of horizontally averaged temperature and temperature gradient of the initial flow and the five time-steps shown in
Fig. 5. Behaviour in these profiles is found to be very similar to that in Fig. 4.

phenomenon has also been found by Machetel
and Weber (1991) and Zhao et al (1992) for
constant-property convection with phase transi-
tions.

3.2. Depth-dependent expansivity

Models with depth-dependent thermal expan-
sivity have been found to have a greater tendency
for layered convection (Zhao et al., 1992). We
have used a thermal expansivity which decreases
by a factor of eight across the layer (see Eq. (27)).
The initial state was taken from a layered convec-

tive state at Ra, =2 X 10”. Then we applied the
core-coupling boundary condition (eq. (34)) to
this initial condition and began to integrate for-
ward in time. The Rayleigh number of the system
decreases because of the decrease of the CMB
temperature and the overall increase of the effec-
tive viscosity (Eq. (35)) where m is taken to be 30.
When the surface Rayleigh number Ra, has de-
creased to about 4 X 108, which corresponds to a
mean Rayleigh number (Ra) of 1.5x10% a
catastrophic instability takes place (Fig. 3). The
rapid sinking of the cold instabilities also triggers
paroxysmal reaction of the hot plumes (dashed
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Fig. 7. Temperature and thermal anomaly fields at six different time-steps during the ‘flush’ event for a model with depth-depend-
ent thermal expansivity, viscosity and thermal conductivity. Initial condition was the same as in Fig. 5. The transition from layered
to non-layered flow occurred at Ra, = 2.2 X 107. Otherwise, all quantities are the same as in Figs. 3 and 5.

curve). Cold lateral anomalies (solid curves in
AT) exceeding 1000 K can reach the bottom.
These anomalies are thick, and it takes some time
for them to be eroded away. At the same time,
very hot lateral anomalies (dashed curves in AT)
are generated in the upper mantle above the 670
km discontinuity. This series of snapshots covers
a span of around 30 Ma. In Fig. 4 we show the
horizontally averaged vertical temperature gradi-
ent dT/dz and the horizontally averaged tem-
perature T for four different panels, including
the initial condition. The destruction of the lay-

ered structure by the flush event is clearly shown
in these profiles. In the last panel (¢ = 0.00643)
we observe a negative slope in T near the CMB.
This indicates strong subadiabaticity in the after-
math of a flush event and is due to the spreading
of cold material at the base of the mantle.

3.3. Depth-dependent expansivity and viscosity
The depth variations in viscosity are generally

believed to be greater than those of thermal
expansivity. Hansen et al. (1993) have studied the
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t = 0.00530

Fig. 7 (continued).

combined effects from these two depth depend-
ences and found that, taken together, they can
greatly reduce the mean interior temperature.
We have used a linearly increasing viscosity with
a contrast of ten across the layer in addition to
the above thermal expansivity used in Fig. 3. The
initial state was taken from a layered convective
state at Ra, = 10%. We then carried out the inte-
gration with the time-varying boundary condition
for the temperature at the CMB. With both ther-
mal expansivity and viscosity depth dependences
the transitional surface Rayleigh number Ra, at
which the flushing event took place was found to
be around 1.2 X 107, which was higher than the
transitional Ra,, for depth-dependent thermal ex-
pansivity (Figs. 3 and 4), whereas the mean
Rayleigh number (Ra) was found to be 8.2 X 107,
lower than that for the depth-dependent expan-
sivity alone. Owing to the higher viscosity, the
speed at which the flushing instability took place
was about two times slower than in the case with
the depth-dependent thermal expansivity (see Fig.
9 below). The duration of time shown in the
temperature panels is 65 Myr. Cold anomalies,
sometimes exceeding 1000 K, were able to plunge
down to the bottom of the mantle (Fig. 5). There
was a continuous eruption of hot anomalies in
the upper mantle. Very hot anomalies, exceeding
1000 K above the ambient, occurred. These events
would lead to extensive melting in the upper

mantle and periods of intense volcanism, charac-
teristic of the superplume event in the Creta-
ceous (Larson, 1991), when there was a large
build-up of basalt volcanism. The isotherms in
Fig. 5 indicate that the penetration of hot mate-
rial into the upper mantle is not a consequence of
a hot active plume rising from the CMB but
rather is triggered by the ‘flush’ of the cold up-
per-mantle masses. Modelling efforts by Wein-
stein (1993) and Honda et al. (1993) have already
pointed out the correlation between flushing
episodes with periods of enhanced plume activi-
ties in the upper mantle. In Fig. 6 are shown the
dT/dz and T profiles during the flushing event
for the case with two depth-dependent properties
shown in Fig. 5. The presence of the negative
temperature gradient in the last panel again re-
flects the spreading of cold material at the base
of the mantle. There is not much difference in
the profiles between the single depth-dependent
case (Fig. 4) and the double depth-dependent
case (Fig. 6).

3.4. Depth-dependent expansivity, viscosity and
thermal conductivity

The final depth-dependent property we have
considered is that of thermal conductivity. Using
elementary phonon theory in solid-state physics
(Anderson, 1987), it can be shown that there can
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be a significant increase in the thermal conductiv-
ity from the overburden pressure. We have taken
a rather modest increase of a factor of 2.8 (see
Eq. (28)) owing to the phonon contribution. Con-
ceivably, the radiative contribution to thermal
conductivity could be much greater than the
phonon contribution. This would entail incorpo-
ration of a nonlinear temperature-dependent
form for the thermal conductivity (e.g. Stacey,
1992). For now we will focus on the depth de-
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Fig. 8. Profiles of horizontally averaged temperature and
temperature gradient of the initial flow and two of the time-
steps shown in Fig. 7. Similar behaviour to that in the other
two cases (Figs. 4 and 6) is found.
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Fig. 9. Time-series of the maximum cold anomalies §7°(z) .,
at z = 0.1025 (heavy lines), z = 0.32 (dashed lines) and z = 0.5
for depth-dependent expansivity (a), depth-dependent éxpan-
sivity and viscosity (b), and depth-dependent expansivity, vis-
cosity and thermal conductivity (c). (Note that the timescales
for all three cases are roughly the same.)

pendence of thermal conductivity. To the previ-
ous model shown in Figs. 5 and 6, we have now
added the depth dependence of thermal conduc-
tivity. The ‘initial condition was taken from a
layered state at Ra, = 108. The solution was then
integrated with the time-dependent boundary
condition for the temperature owing to core cool-
ing. The transitional Rayleigh number Ra, at
which the flush event took place was found to be
around 2.2 X107 ({(Ra) =8.1 X 10°). Thus the
transitional surface Rayleigh number increases
with additional depth-dependent properties. The
mean Rayleigh number, though, decreases for
two and then remains almost the same for three
depth dependences. The pace of the flushing
event (Fig. 7) is about 1.7 times slower than in the
case with a single depth dependence (Figs. 3, 4
and 9), but quicker than in the case with two
depth dependences. The time of the flush event
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shown in the panels of Fig. 7 was around 50 Myr.
Colder anomalies were produced than for the
previous case with two depth dependences (com-
pare Figs. 5 and 9). Some of the cold anomalies
exceeded 1200 K (see second frame of Fig. 7).
The magnitude of the hot anomalies were around
100 K higher than in the other two cases with
depth-dependent properties (see Figs. 3 and 5).
The same scenario of the hot plume erupting in
response to the flush event was also found for the
case with the triple depth dependences. Both the
shorter timescale of the ‘flushing’ event and the
larger magnitude of cold anomalies in compari-
son with the case with two depth dependences
can be explained by the fact that the lower man-
tle is 100-200 K hotter owing to the increase of
thermal conductivity with depth (Fig. 8). Thus the
cold masses trapped in the transition zone drop
more rapidly and produce colder anomalies which
in turn diffuse faster, owing to the high conduc-
tivity in the deep mantle. In Fig. 8, we show the
horizontally averaged d7/dz and T from the
initial condition to the last time-frame shown.
The profiles do not change much from those for
the other two cases (Figs. 4 and 6). The develop-
ment of a negative temperature gradient at the
bottom is a common characteristic in the after-
math of a flush event. The erosion of the peak in
dT/dz in the transition zone is also a sign of the
breakdown of layered convection, shown at ¢ =0.

4. Discussion and conclusions

The phenomenon of flush instabilities has re-
ceived great impetus in the past year. The param-
eter space in this problem, like most problems in
mantle convection, is extremely wide. After the
initial identification of this phenomenon and the
basic physics, it is now essential to (1) explore
additional complications of the physics, (2) ex-
tend the range of the convective vigour and (3)
study the influence of geometry. We have focused
on point (1) in this study. The results presented
here have shown that colder anomalies in the
deep mantle generally can be produced by addi-
tional depth-dependent properties. The time-
scales of the flush process are found to be length-

ened by the introduction of depth-dependent vis-
cosity and shortened again by depth-dependent
thermal conductivity. This can partly be explained
on the basis of a decrease in the effective Rayleigh
number in the deep mantle, and partly by the
increase of lower-mantle temperature as a result
of enhanced thermal conductivity. Depth-de-
pendent properties also focus hot anomalies into
robust upwellings. Hansen et al. (1993) explained
this focusing effect by the local increase of buoy-
ancy of a rising plume. This effect is not found
for constant-viscosity models .with phase transi-
tions (Machtel and Weber, 1991; Zhao et al.,
1992; Weinstein, 1993). The focusing effect of the
upwelling can impose a profound degree of long-
range order on the large-scale circulation. In 3D
models of Honda et al. (1993) and Reuteler et al.
(1994) these large plumes act as a large attractor,
toward which other secondary plumes are drawn.
Results based on axisymmetric calculations with
temperature- and depth-dependent rheology
(Leitch et al., 1992) have shown that the robust-
ness of the major plumes remains with the addi-
tion of temperature-dependent viscosity to the
other depth dependences of the model.

In our model the surface temperature consid-
ered was relatively high. Using a surface tempera-
ture of 300-400 K certainly would increase the
magnitude of the cold anomalies at the bottom.
The effect of sphericity is to focus the cold
anomalies at the bottom, as the surface area is
around 3.5 times smaller at the CMB than the
surface area at 670 km depth. Thus lower surface
temperature will produce colder thermal anoma-
lies and spherical geometry will preserve them for
a longer time. We can regard these results as a
lower bound to the maximum possible strength of
the cold anomalies. What we have shown here
with this simple 2D model is that cold anomalies
can be brought down within 20-50 Myr to the
base of the mantle and can remain cold for a long
time because of the coherent nature of the insta-
bility. Preliminary results with a purely tempera-
ture-dependent viscosity have shown that there is
a greater tendency toward layering as a result of
mechanical decoupling in the transition zone
(Steinbach and Yuen, 1993). The fact that there
is only one flushing event seems to be character-
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istic for our model. We have also found that with
larger aspect ratios and in three dimensions there
can be more than one flushing event. In conjunc-
tion with recent work on converting seismic
anomalies to thermal anomalies with mineral
physics data (Cadek et al. 1994), these numerical
simulations seem to give support to the feasibility
of the dump mechanism operating in the Creta-
cous period, when subduction rates were very
high and large-scale volcanism was prevalent in
the western Pacific (Larson, 1991). This type of
catastrophic mechanism has important ramifica-
tions for the commonly held idea of the steady-
state nature of slab dynamics.
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