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Chemical- and Clapeyron-induced buoyancy
at the 660 km discontinuity

Donald J. Weidner and Yanbin Wang!
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Abstract. The impact of phase equilibria and equation of state measurements on defining
the buoyancy associated with the 660 km discontinuity is examined. Aluminum has a
striking effect on the sequence of phase transitions expected at 660 km. With a pyrolite
chemistry the sign of the phase transition contribution to buoyancy depends on
temperature, with convection-assisting forces being victorious in hotter regions. Lower Al
and/or temperature result in the perovskite-forming transformation resisting convection
but with a much reduced magnitude compared with a pure olivine mantle. Density
considerations suggest that there is no positive evidence for chemical-induced buoyancy
across the 660 km discontinuity. The surface processing which forms a basaltic crust will
cause a density contrast that assists convection in the transition zone but resists convection
through the expanded garnet stability field of mid-ocean ridge basalt. The detailed seismic
character of the 660 km depth region and its lateral variations hold the key to defining the

location of the mantle state relative to the parameter space defined by Al and

temperature in this study.

1. Introduction

The degree to which the 660 km discontinuity introduces
either a barrier or a boost to whole-mantle convection depends
on the buoyancy attributable to chemical and phase changes
that are occurring across this depth [Christensen, 1991]. Chem-
ically induced density changes of a few percent can entirely
stop convection through the chemical boundary. Large nega-
tive Clapeyron slopes associated with density increases will
force convection to become episodic [Honda and Balachandar,
1993; Tackley et al., 1993]. Laboratory studies are now available
that address these issues. In the past 5 years, equation of state
studies using synchrotron X ray sources to measure density at
high pressure and temperature in both the diamond anvil cells
and in multi-anvil devices have matured [Fei et al., 1992; Wang
et al., 1998a]. Phase equilibria studies have quantified phase
transformations in simple chemical systems as well as compli-
cated systems at the extreme pressures and temperatures of the
660 km discontinuity using multi-anvil devices. In this paper we
explore the implications of these data on the buoyancy issues
related to the 660 km discontinuity.

2. Phase Transformation Effects on Buoyancy

Buoyancy force per unit area is the product of g X 6, where
g is the local gravitational acceleration and 8 is excess mass per
unit area. The value of 8 is given by

5= f (Ap) dz 1)

where Ap is the excess density generated by the elevation or
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depression of the phase transition and the integration is over
depth z. For a multicomponent system this becomes

8= —, u(Ap)(3z/aP)(dP/dT),AT (2)
where v; is the volume percent of the ith phase, Ap; is the
density increase associated with the transition, 9z/9P is the
factor converting depth to pressure, dP/dT is the Clapeyron
slope of the phase boundary, and AT is the excess temperature
associated with the density anomaly. A negative value of §/AT
will enhance convection, while a positive value will impede it.

The sign of the Clapeyron slope for the-transition from
spinel to perovskite and magnesiowustite is generally consid-
ered to be negative. Navrotsky [1980] provided thermodynamic
reasons for such a negative slope, while Ito and Yamada [1982]
and Ito and Takahashi [1989] confirmed this possibility exper-
imentally. Calorimetric data by Ito et al. [1990] and more re-
cently Akaogi and Ito [1993a, b], combined with phase equilib-
ria observations, serve to estimate the P-T Clapeyron slope of
the phase boundary separating these two fields as about —3
MPa/K. Since this transition involves a density increase of
~6%, it provides a buoyancy force that opposes convection.
However, even in a pyrolite mantle, spinel will constitute
<60% of the volume at this depth. The remainder of the
material includes a majoritic-enriched garnet along with a
Ca-bearing perovskite. The garnet (~30% in volume) will also
undergo a transition to perovskite in the 660 km region with a
density increase about twice as large as that for spinel, while
the Ca-perovskite will already be in its stable lower mantle
phase.

In contrast to the olivine component the pyroxene-garnet
system has positive Clapeyron slopes for the perovskite-
forming phase transition. The results of Yusa et al. [1993],
based on thermochemical and phase equilibria data, suggest a
slope for the garnet-to-perovskite transition of ~5 MPa/K for
a partially disordered tetragonal garnet. Figure 1 illustrates the
phase boundaries for the MgSiO; taken from Gasparik [1996].
Indeed, both the garnet-to-perovskite and the garnet-to-
ilmenite transformations have positive slopes, while the ilmen-
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Figure 1. Phase diagram of MgSiO,. Diagram modified after
Gasparik [1996].

ite-to-perovskite has a negative slope. This system will provide -

a buoyancy force opposite to that of the spinel breakdown to
perovskite and magnesiowustite at about the same depth.

In an Al free system the above parameters imply that /AT
will be negative for a 2:1 volume ratio of spinel and garnet
transforming to the perovskite plus magnesiowustite assem-
blage. This will occur whether the garnet goes directly to per-
ovskite or goes through the ilmenite phase, considering the
relative slopes and density changes of all of the phases. Thus
the phase transitions will enhance convection in this system as
the net effect of the garnet transformation is greater than that
of the spinel transformation. The velocity profile in such a
system will have two or three closely spaced discontinuities
caused by spinel-to-perovskite plus magnesiowustite and gar-
net-to- (possibly) ilmenite-to-perovskite transitions.

2.1. Role of Al on 660 km Phase Transitions

Adding Al to the system complicates the region, first, by
broadening the depth range of the garnet-to-perovskite tran-
sition and, second, by linking the perovskite-producing reac-
tions between the olivine and pyroxene normative portions. In
this case the sign, the magnitude, and the shape of the buoy-
ancy profile vary with Al content and ambient temperature.

In order to quantitatively calculate the buoyancy contribu-
tions of phase transformations, we need to determine the
chemistry and volume percents of all phases that are present at
pressures and temperatures in the 660 km region for model
chemical compositions. Then, with appropriate equations of
state for the different phases, the density and acoustic veloci-
ties can be defined and the effects of temperature variations
inferred. Aluminum is very significant in defining phase fields
of the system in this region. In this study, we use the CaO-
MgO-Al,05-Si0, (CMAS) system reported by Gasparik [1996]
(see Figure 2) as a template for defining the evolution of the
system through perovskite formation. The stability field of gar-
net for different pyrope contents is indicated by the thin solid
lines in Figure 2. The expansion of the garnet field in pressure
and temperature with increasing pyrope content indicates the
degree to which Al stabilizes the garnet structure. The pyrope
content indicated by these lines further represents the compo-
sition of the garnet phase that is in equilibrium with other
pyroxene normative phases, be they pyroxene, ilmenite, or

WEIDNER AND WANG: BUOYANCY AT THE 660 KM DISCONTINUITY

perovskite. In our calculations the olivine normative compo-
nent is considered to be in either the spinel (Sp) structure or
present as perovskite and magnesiowustite (Pv + Mw). The
lower pressure wadsleyite field (beta phase), which is present
in this P-T region in the iron free system of Gasparik [1996], is
not included here as it will only occur at depths shallower than
540 km or so for pyrolite-like compositions. Figure 2 yields a
Clapeyron slope of the spinel-to-perovskite plus magnesiowus-
tite transition of —2 MPa/K and of the garnet-to-perovskite
transition of +2.5 MPa/K, values slightly lower than suggested
above but well within the range of uncertainty.

Predicting the effect of aluminum on the phase equilibria
also requires knowledge of the Al content of the other phases
that are in equilibrium with garnet. Gasparik [1990] reports
that the Al content in spinel and ilmenite is negligible for these
systems; however, perovskite does contain a significant amount
of Al [e.g., Irifune, 1994]. Recently, Irifune et al. [1996] reported
important new constraints on the pyrope-perovskite phase di-
agram at 1800 K. There is a relatively wide two-phase region of
coexisting garnet and perovskite controlled by the Al content
of the system. This can give rise to a gradient in seismic veloc-
ities in the vicinity of the 660 km discontinuity, superimposed
on a discontinuity caused by the breakdown of spinel. We have
adopted the results indicating the Al content in perovskite that
is in equilibrium with garnet with some modifications since the
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Figure 2. Phase diagram of the CMAS system (CaO-MgO-
Al,0,-Si0,) modified after Gasparik [1996]: Gt, garnet; Sp,
spinel or ringwoodite phase; CaPv, CaSiO; perovskite phase;
Pv, MgSiO; perovskite phase; Mw, magnesiowustite; St, stisho-
vite; Il, MgSiO; in the ilmenite phase. Thick solid curves indi-
cate the phase boundaries of the olivine normative system. The
numbers on the thin solid curves indicate the pyrope content of
the garnet in equilibrium with the other phases. Dashed curves
indicate possible geotherms with labels that indicate the tem-
perature at 660 km depth.
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Table 1. Thermoelastic Parameters of Major Minerals for the Mantle
(Mg,Fe)O X5Y,8i;0;, CaSiO; (Mg,Fe)SiO; (Mg,Fe),SiO, (Mg,Fe)SiOs
Periclase Garnet* Perovskite Perovskite Spinel Ilmenite

Vo, cm*/mol 11.25(1) 113.985(5) 27.453(12) 24.46(14) 39.581(19, 20) 182.588(23)
olnV’/oFe 0.089(1) 0.023(6, 7) e 0.042(15) 0.066(20) 0.025(24)
olnV/9Ca 0.141(7, 8)
olnV/oAl —0.007(7)
K7y, GPa 157(2) 160(5) 232(12) 261(16, 17) 184(20, 21) 210(25)
(3K 1¢/0P) 4.02) 5.0(5, 9) 4.8(12) 4.0(17) 5.0(22) 4.0
(0K4/8T)p, GPa K™ —0.027(2) —0.021(5) —0.033(12, 13) —0.023(14) —0.028(19) —0.023}
0y =a+ bT — c T2

a, 1075 K! 3.84(2) 2.5(5) 3.0(12, 13) 1.64(14) 1.87(19) 2.27(26)

b, 1078 K2 0.94(2) 0.9(5) 0.0(12) 0.86(14) 0.42(19) 1.2(26)

¢, K 0.74(2) 0.0(5) 0.0(12) 0.0(14) 0.65(19) 0.0(26) -
o, GPa 130(3) 90(10) 175% 175(16) 119(21) 132(25)
(dpo/dP) ¢ 2(3) 2.0(9) 1.8% 1.8% 1.5(22) 1.6%
ou/aT, GPa K™ —0.017(3) —0.014+ —0.014+% —0.014+ —0.014+ —0.014}
Yo 1.5(4) 1.2(11) 1.7(13) 1.4(14) 1.5(23) 1.57
q 1.0% 1.07 1.0% 1.0% 1.0% 1.0%
0p, K 500(4) 800(9) 11007 1030(18) 900(22) 950(25)

Numbers in parentheses refer to the following sources: 1, Hazen and Jeanloz [1984); 2, Fei et al. [1992}; 3, Sumino and Anderson [1984}; 4, Suzuki
[1975]); 5, Wang et al. [1998b]; 6, Matsubara et al. [1990]; 7, Ita and Stixrude [1992]; 8, Hazen et al. [1994]; 9, Rigden et al. [1994]; 10, Pacalo and
Weidner [1997]; 11, Isaak et al. [1992]; 12, Wang et al. [1996]; 13, Wang and Weidner [1994]; 14, Wang et al. [1994]; 15, Parise et al. [1990]; 16,
Yeganeh-Haeri et al. [1989] and Yeganeh-Haeri [1994]; 17, Knittle and Jeanloz [1987]; 18, Akaogi and Ito [1993a, b}; 19, Meng et al. [1993, 1994];
20, Hazen et al. [1993]; 21, Weidner et al. [1984]; 22, Rigden et al. [1991]; 23, Ito and Matsui [1978]; 24, Duffy and Anderson [1989); 25, Weidner
and Ito [1985]; 26, Ashida et al. [1988], Ringwood [1982], Irifune and Ringwood [1993], and Ito and Katsura [1989].

*Garnet V), is referenced for end-member majorite MgSiO;, and its Fe dependence is an average of the MgSiO;-(Mg,Fe)SiO; series and
pyrope-almendine series (5 and 6 in the preceding list). Similarly, the Ca dependence is an average of the MgSiO5-(Mg,Ca)SiO; series and

pyrope-grossular series (7 and 6 in the preceding list).
TAssumed value.

absolute pressures inferred for the phase transitions differ by
~2 GPa from those of Gasparik [1996].

It is also important to model the aluminum content in garnet
that is in equilibrium with spinel and magnesiowustite. Few
data are available for this system. We assume that the pyrope
content of the garnet that is in equilibrium with spinel, per-
ovskite, and magnesiowustite on the univariant boundary indi-
cating the breakdown of spinel remains constant at lower pres-
sures. Thus, when spinel transforms to perovskite and
magnesiowustite, the garnet composition does not change. We
have explored a wide range of assumptions such as allowing
pyrope to coexist with spinel. The effect on buoyancy is minor;
however, the effect on acoustic velocity profile can be quite
large.

In contrast to aluminum, iron-magnesium partitioning does
not appreciably affect the phase boundaries in this region. Ifo
and Takahashi [1989] reported that the spinel-to-perovskite
plus magnesiowustite and the ilmenite-to-perovskite reactions
are virtually independent of the iron content. The effect of iron
on the garnet stability field, however, is not well defined. The
general topology of the phase diagram is probably correct, but
the aluminum partitioning may well change with the addition
of iron. Thus we expect our calculations to be representative of
possible Earth models, with some uncertainty of the chemical
variables that will produce such models.

To calculate density and elastic moduli at mantle pressure
and temperature, we used the equation of state parameters for
the relevant phases given in Table 1. The parameters are for
the high-temperature Birch-Murnaghan equation of state
given by '

P =K [(VyV)" = (VyV)"I[L + (K= H)((V/V) = 1)]

3

where the zero subscript indicates the parameter at high tem-
perature and room pressure. All parameters in Table 1 are
referenced to room pressure and temperature.

Ito and Takahashi [1989] reported that iron partitions pref-
erentially into the magnesiowustite phase rather than the co-
existing perovskite. More recently, Wood and Rubie [1996]
demonstrated that the magnesiowustite-perovskite iron parti-
tioning is approximately equal in the presence of aluminum.
However, iron-magnesium partitioning does not have a major
effect on density or elastic properties in this system. The effect
of iron on volume is small and similar between phases. Thus
the total system volume is insensitive to where the iron resides.
Iron affects the system density because of its higher weight,
and it does not matter which phase is the iron reservoir. Sim-
ilarly, bulk moduli are very insensitive to iron.

The effects of the iron oxidation state are not included in
these calculations. McCammon [1997] argued that the lower
mantle iron may be in mixed valance, and we have not explic-
itly accounted for any effect on volume of the oxidation state
here. Iron generally causes the shear modulus to decrease, but
the magnitude of this effect is poorly defined for these phases.
Thus, in our calculations and without loss of accuracy of pre-
dicted property we assume that the Fe/Mg ratio is the same for
all phases. We then make a correction to the zero pressure
volume to reflect the iron content. All other parameters are
taken to be independent of the Fe/Mg ratio. As a result, the
room pressure shear modulus is probably overestimated. How-
ever, the pressure and temperature derivatives of this quantity
are also estimated with comparable uncertainties.

Aluminum incorporation in most phases will occur by two Al
cations replacing one Mg and Si pair. The effect of this sub-
stitution on physical properties is generally small. Table 2 sum-
marizes physical properties for pyrope and majorite garnet and
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Table 2. Effect of Al on Properties of Phases
MgSiO, Al,O4 MgSiO; Mg;ALSi;0,,
Ilmenite Corundum Majorite Pyrope
1 (2 3) C))
Property P, P’ P, P’
V, cm® 26.349 —0.0294 113.988 —0.0287
K, GPa 210. 0.205 162.8 0.201
u, GPa 132. 0.235 90. 0.12
X 0.0 1.0 0.0 0.25

The effect of Al is expressed by P = Py (1 + x X P'"), where P is
a property of the material, P, is the property of the Al free material,
and x = 2A1/(2A] + Mg + Si), representing the subsitution of
2A1 = Mg + Si. Numbers in parentheses refer to the following sources:
1, Weidner and Ito [1985]; 2, Sumino and Anderson [1984]; 3, Pacalo
and Weidner [1997]; 4, O’Neill et al. [1991]. -

MgSiO;-ilmenite and corundum, both examples of octahedral
substitution of 2Al for Mg-Si. The parameter x represents the
ratio of 2Al/(Mg+Si + 2Al). This value is zero for the mag-
nesium-silicon rich end-member. It is 1 for corundum and 0.25
for pyrope. A physical parameter, P, can be expressed as

P =Pyl +xxP") (4

where P’ is determined for these two systems. For both volume
and bulk modulus the values of P’ are remarkably similar. The
shear modulus is less consistent; however, the data are not
particularly constraining. The garnets have a change in sym-
metry for tetragonal to cubic across this solid solution, and this
change in symmetry complicates isolating the effects of the
chemical change [Sinogeikin et al., 1997]. For this study, we
adapt the P’ as defined by the ilmenite-corundum data. We
apply the same coefficients to the garnet system as to the
perovskite system, the only phases that are allowed to dissolve
aluminum. In addition, we explicitly account for mass differ-
ences of the cations.

2.2. Buoyancy Resulting From 660 km Phase
Transformations

The phase-transition-induced buoyancy is defined by calcu-
lating the stable phases, their compositions, and their densities
as a function of depth along adiabatic gradients. lto and Kat-
sura [1989] estimated the temperature profile in the transition
zone based on phase equilibrium data on the Mg,SiO,-
Fe,SiO, system and concluded that the thermal gradient below
530 km is ~0.35 K/km. Brown and Shankland [1981], however,
gave a much higher temperature gradient (~0.68 K/km) to 771
km depth, beyond which the gradient is ~0.30 K/km in the
lower mantle. The high gradient for the transition zone in the
Brown and Shankland geotherm is most likely due to the high-
velocity gradients given by the Preliminary Reference Earth
Model (PREM) [Dziewonski and Anderson, 1981]. Here we
adopt a uniform gradient of 0.35 K/km across 670 km depth
with different foot temperatures. The phase-transition-induced
buoyancy is then given by the integrated density difference for
two temperatures (equation (1)) after correcting for the effects
of thermal expansion on the density difference. Table 3 gives
bulk compositions for a pyrolite model and a chondritic-based
chemical model as defined by McDonough and Sun [1995]. As
the Al content of Ringwood’s [1975] models tend to be slightly
lower, we investigated the effect of lowering the Al content
from that of McDonough and Sun [1995] to zero.

To illustrate the coupling of the chemical systems, we illus-
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trate the phase relations with a few examples using Figure 2.
Consider a pyrolite system that includes spinel and garnet
along 1700, 1900, and 2100 K geotherms, respectively (the
geotherm is referenced to the temperature at 660 km depth in
this discussion). A pyrolite similar to that of McDonough and
Sun [1995] of Table 3, but with 3 cation % Al, will have a 34%
pyrope as the garnet phase in the lower transition zone. Five
percent Al corresponds to a pyrope content of 53% in this
region. As pressure increases along a 1900 K geotherm, this
garnet along with spinel and Ca-perovskite remain stable until
650 km depth where the spinel breaks down to perovskite and
magnesiowustite, while the garnet composition is just in equi-
librium with perovskite. The volume percents of spinel and
garnet are illustrated for this 3% Al system (Figure 3a) s well
as the 5% Al system (Figure 3b). The spinel is aluminum free,
but the perovskite in equilibrium with the garnet contains some
aluminum. The large amount of MgSiO; contributed by the
spinel to the perovskite demands that Al be added to the
perovskite, and the only source of Al is garnet. Thus, at this
point a significant amount of garnet transforms to perovskite
until the Al/Si ratios of the perovskite and garnet reach their
equilibfium values. Thus some garnet is forced to transform
with the spinel at the spinel boundary. Along a 2100 K geo-
therm a 15% pyrope garnet can coexist with perovskite at the
spinel-to-perovskite boundary. By our assumptions outlined
above we define the maximum pyrope content in equilibrium
with spinel at this temperature thereby to be equal to 15%,
requiring some (Mg,Fe)SiO; from the spinel to dilute the Al in
the garnet. This leaves (Mg,Fe)O as an additional phase. Thus,
in this region the balance of spinel to garnet has changed to be
more garnet rich as reflected in Figure 3. It may be possible to
completely remove the spinel phase from this region as is seen
for the 5% Al system at this temperature. Finally, consider the
phase reactions along a 1700 K (Figure 2) geotherm. At 620
km the garnet begins to transform to ilmenite, enriching Al in
the garnet until 645 km where ilmenite transforms to perovs-
kite. The remaining garnet continues to transform as pressure
increases. At 660 km, spinel transforms to perovskite and mag-
nesiowustite, again forcing some garnet to accomparny this
transformation.

Model acoustic velocities and density are illustrated in Fig-
ure 4 for these compositions as a function of pressure along the
various geotherms. In the case where garnet becomes more
enriched because of the spinel breakdown (e.g., along the 2100

Table 3. Chemical Composition Models

Oxides Pyrolite* CI* MORBYt Harzburgitei
Weight Percent
SiO, 45.0 50.0 50.4 43.8
Al,O4 4.5 4.0 16.1 1.1
FeO 8.0 8.0 7.7 82
MgO 38.0 35.0 10.5 46.0
CaO 3.6 3.0 13.1 0.8
Cation Percent
Si** 38.4 42.8 47.8 36.0
AP+ 4.5 4.0 18.0 1.1
Fe?* 5.8 5.7 6.1 5.7
Mg** 48.1 44.7 14.8 56.4
Ca®* 32 2.8 133 0.7

*McDonough and Sun [1995].
‘tIrifune and Ringwood [1987b]. MORB, mid-ocean ridge basalt.
$Based on pyrolite = .8 harzburgite + 0.2 MORB.
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Figure 3. Calculated volume percent of garnet and ringwoodite as a function of depth along the three
geotherms for a pyrolite-like composition: (a) a system with 3 cation % Al and (b) the results for 5% Al
Calculations are based on the phase diagrams described in Figures 1 and 2.

K geotherm), acoustic velocities decrease with increasing
depth, because of garnet’s low elastic moduli. The density
profile is affected very little. For comparison, the properties of
PREM are also illustrated in Figure 4. One note of caution is
that the absolute values of the shear moduli are still poorly
constrained by data. Thus the absolute values of the acoustic
velocities are possibly in error. However, the shape of the
discontinuities and gradients for the different cases is more
robust. '

Phase-transition-induced buoyancy is calculated as a func-
tion of temperature T by subtracting the densities calculated at
T — 100 from that at 7 and integrating over depth after
removing the effects of thermal expansion from the difference.
The results for several compositions and ambient temperatures
are illustrated in Figure 5 as a function of temperature 7.
Included are pyrolite compositions with different Al contents
ranging from 0 to 5 cation %, pure olivine, and a Cl compo-
sition from Table 3. Also indicated in Figure 5 is the magnitude
of the thermal expansion induced buoyancy for the range 500—
800 km for a 100° temperature difference. The buoyancy effect
due to larger values of AT can be obtained by integrating the
appropriate buoyancy curve in temperature.

The pyrolite models with 4-5% Al demonstrate a large
negative buoyancy at high temperature (assisting convection).
Garnet is very stable and completely consumes the spinel
phase. The transition is controlled by the garnet-to-perovskite
reaction with its positive P-T slope. Pyrolite with 3% Al has a
positive buoyancy throughout most of this temperature range

but follows the same general pattern as the 4 and 5% systems.
In general, the buoyancy increases (progressively resisting con-
vection) as Al decreases from 5 to 2% where it is a maximum,
almost equal to an entirely olivine mantle at some tempera-
tures. This happens when the spinel breakdown forces most of
the garnet to follow, thus forcing most of the material to be
dominated by the negative Clapeyron slope of this transition.
Further reducing the Al content decouples the two transitions
and eventually leads to the mostly negative buoyancy of an Al
free pyrolite.

The pyrolite model of McDonough and Sun [1995] is
bounded by 4 and 5% AL It is quite clear that pure olivine is
not a good proxy for the expected effects of the 660 km dis-
continuity for these compositions and phase relations. The
expected buoyancy of these more appropriate compositions
remains less than half of a pure olivine mantle at any temper-
ature and is large with the opposite sign at the higher, but
realistic, 660 km depth temperatures.

The buoyancy for the chondritic model of Table 3 is also
given in Figure 5. The effect of enriching Si relative to Mg has
been to increase the amount of garnet in the system. Therefore
almost all temperature and Al models have a negative buoy-
ancy coefficient, thus assisting convection.

The location of the Earth in this chemical parameter space
is still somewhat uncertain. If we accept the model of McDon-
ough and Sun [1995], then the Earth may be close to the
transition between the spinel-controlled region and the garnet-
controlled region. Here the phase-transition-induced buoyancy
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Figure 4. Calculated density and acoustic velocities for different geotherms for a pyrolite-like composition
(a) for a model with 5% Al and (b) for 3% Al. The properties were calculated using the parameters of Table
1 and the phase diagrams described in Figures 1 and 2. The values for the preliminary reference Earth model

(PREM) are included for reference.

is strongly temperature dependent, at low temperatures resist-
ing convection, while at high temperatures assisting convec-
tion. Such a phenomenon could act as a thermostat. If the
Earth were hot, then convection would proceed rapidly be-
cause of the garnet phase transitions until the spinel control
began. Then convection would slow down.

3. Chemical-Induced Buoyancy

If the upper and lower mantle differ chemically in such a
manner that the density of the lower mantle material is higher
at lower mantle conditions, then convection is impeded. A few
percent of such chemical-induced buoyancy are sufficient to
force convection to be layered Christensen [1991]. With the
equation of state parameters of Table 1 we calculate the den-
sity of the pyrolite model of Table 3 at lower mantle conditions
and compare with PREM values [Dziewonski and Anderson,
1981]. Taking 1071 km depth as a reference depth that is far
enough away from the 660 km discontinuity to be free of
transition zone influences, yet shallow enough to be close to
the P-T region where the equation of state parameters are
valid, Figure 6 illustrates the trade-off between temperature
and iron content as required to match the PREM density. We
find that 2180 K (+150 K) is required for the model compo-
sition to match the observed density for an Fe/(Fe+Mg) value
ratio of 0.107 (%0.01). Thus temperatures that differ from 2180
K at 1071 km depth must be compensated by a different iron
content. However, this temperature falls well within the range
of expected temperatures at this depth [e.g., see Jeanloz and
Knittle, 1989]. The compatibility of composition and mantle
temperature implies that the upper and lower mantles are
neutrally buoyant.

Neutral buoyancy does not require chemical homogeneity.

Figure 7 displays the chemical compositions in the MgO-FeO-
SiO, ternary diagram that satisfy PREM density at 1071 km
depth and 2180 K (thick line) and those that differ by +0.5%
(thin lines). The Fe/(Fe+Mg) ratio is the primary chemical
variable that affects density. Figure 8 illustrates the density
dependence on the Fe/(Fe+Mg) ratio at these conditions. The
Ca-perovskite is 2% denser than the lower mantle at these
conditions. Thus a few percent of this phase can be compen-
sated by a slight decrease in Fe. Similarly, the magnesiowustite
phase and the Mg-perovskite phases differ in density by less
than 4% for the same Fe/Mg ratio at these conditions. Thus
different Mg/Si compositions will yield the same density with a
modest change in the bulk Fe/Mg ratio.

4, Processing-Induced Buoyancy

The above discussions are particularly relevant to upwelling
regions or downwelling regions where there has been no chem-
ical processing of the material and the P-T dependence of the
phase relations and mineralogy of the ambient mantle are the
same as those of the transitory material. Subduction zones
must be considered differently because a basaltic layer has
been physically separated from its residue, thereby creating
chemical layering. The degree to which this chemical layering
alters the bulk mineralogy or redefines pressures for phase
transitions needs to be included in a description of buoyancy as
advocated by Ringwood [1994]. In these models the processed
region is considered to consist of layers of basalt, harzburgite,
and pyrolite. A consistent chemistry for these regions is illus-
trated in Table 3, assuming pyrolite is equivalent to 0.2 mid-
ocean ridge basalt (MORB) + 0.8 harzburgite. Phase relations
of the basalt have been studied beginning with Irifune and
Ringwood [1987a, b], who examined phase relations in these
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Figure 5. Excess mass per unit area due to phase transitions
at 660 km depth as a function of temperature. The values
represent the integrated density difference between two mod-
els which have a temperature difference of 100 K. The results
are displayed for several pyrolite-like compositions but differ-
ing Al contents as indicated. Similar results are displayed for a
Cl chondrite type model (Table 3) and pure olivine. The effect

of integrating buoyancy resulting from just thermal expansion:

from 500 to 800 km depth is also indicated for reference. A
negative value indicates that the buoyancy assists convection.
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Figure 7. The effect of composition on density in the ternary
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compositions on the thick curve will have a density that agrees
with PREM (4.621) at 1071 km depth and 2180 K. The parallel
lines indicate compositions with a density 0.5% different than
the PREM density; also dashed lines indicate constant Fe
content. The small square indicates the composition of pyrolite.

assemblages between 24 and 28 GPa and 1500 and 1800 K and
concluded that MORB is ~100 kg/m® (0.1 g/cm®) denser than
pyrolite up to 660 km and ~200 kg/m> less dense below that
depth, while harzburgite is ~500 kg/m? less dense than pyrolite
except in a narrow depth interval near 660 km.

The first item to consider is whether the mineralogy of a
pyrolite equivalent package (PEP) containing MORB and har-
zburgite is buoyant relative to pyrolite at the same temperature
in the transition zone and in the deep mantle. PEP differs from
pyrolite principally by the oversaturation of silica in the
MORB component and undersaturation in the harzburgite
portion. Thus stishovite will be a significant phase in PEP,
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Figure 6. Trade-off between temperature and Fe content that satisfies the PREM density of 4.621 at 1071
km depth. Pyrolite composition corresponds to 2180 K at this depth.
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Figure 8. The effect of variations in Fe content on density at 1071 km depth and 2180 K.

while it is not present in pyrolite [see Irifune, 1993]. In the
transition zone, ~12.5% of the total volume of pyrolite, which
will be present in the garnet phase, will be present as a one-
to-one molar mixture of gamma plus stishovite in PEP. Since
the gamma plus stishovite is 5-7% denser in the transition
zone than majorite, this will make the PEP system 0.6-0.8%
denser than pyrolite at the same temperature throughout the
transition zone. In addition, owing to the low Al content of the
harzburgite, some of the garnet in the PEP system will trans-
form to the 1% denser ilmenite phase in the 550-650 km
depth range. Thus PEP will be between 0.6 and 1.0% denser
than pyrolite throughout the transition zone owing to the
chemical processing that occurred at the surface.

In the lower mantle, Kesson et al. [1994] has reported that
basaltic compositions eventually transform to two perovskites,
stishovite, and a Na/Al rich calcium ferrite phase. Since the
composition of the Ca-ferrite phase contains about equal
amounts of Si and (Mg+Fe), it does not alter the degree of
silica oversaturation. Thus, in the lower mantle, ~5.8 vol % of
pyrolite which is present in the Mg-perovskite phase will be
present as stishovite plus magnesiowustite in PEP. In this case,
however, the PEP assemblage is 3-5% less dense than that of
pyrolite. The net effect is a reduction of PEP density by 0.17-
0.3%. The Ca-ferrite phase is present in lower total abundance,
and its effect is difficult to estimate owing to restricted knowl-
edge of its properties. Thus we expect that PEP will be buoyant
relative to pyrolite at the same temperature in the lower man-
tle after the perovskite-forming transformations have been
completed in both systems [see Kesson et al., 1997].

The second consideration concerns the effect of this pro-
cessing on the depth of the perovskite-forming phase transi-
tions. For harzburgite and pyrolite we find that the density
difference is a complex function of mantle temperature and
alumina content. To illustrate the results, Figures 9a and 9b
show density difference between pyrolite and harzburgite at
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Figure 9. Density difference between pyrolite-like composi-
tions and harzburgite (Table 3) as a function of depth for
several geotherms. Both compositions are at the same temper-
ature: (a) pyrolite with 3% Al and (b) a system with 5% Al.
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the same temperature as a function of depth with an Al content
in the pyrolite of 3 and 5 cation %, respectively. All models
start with a density contrast <0.5% at ~500 km depth (pyrolite
being denser than harzburgite), which is consistent with the
results of Irifune and Ringwood [1993] and the above discussion
(this low density of harzburgite is more than compensated by
the MORB component of PEP). However, as the slab ap-
proaches the 660 km discontinuity, vastly different density con-
trasts can be obtained, depending on temperature and alumina
content of the ambient mantle. In the coldest models with 3%
Al, harzburgite undergoes the perovskite-forming transforma-
tion at a shallower depth than pyrolite with a positive density
contrast in the region of the transformation. In the hottest
model with 5% Al, harzburgite undergoes the transformation
at the shallowest depth with a large, subduction-assisting, neg-
ative buoyancy relative to pyrolite. Note that in previous stud-
ies the olivine and pyroxene normative components were
treated as independent in perovskite-forming reactions and the
variety of features demonstrated here were not observed. Fig-
ure 10 illustrates the net buoyancy of harzburgite relative to
various chemical models as integrated over the 500—800 km
depth region as a function of temperature and composition.
Thus even harzburgite will have an overall density greater than
pyrolite (4.5% Al) for the higher-temperature models owing to
the role of Al in the perovskite-forming transformations in the
pyrolite.

The phase transformations in MORB, however, will most
certainly resist convection. Irifune and Ringwood [1993] dem-
onstrate that garnet persists to higher pressure in MORB than
in pyrolite. Kesson et al. [1994] determined that the MORB
composition eventually transforms to a perovskite assemblage
and suggested that this would occur by ~900 km depth, leaving
a 250 km depth region where the garnet of the MORB portion
of the subducted slab is surrounded by a much denser perovs-
kite system in the ambient mantle as well as the harzburgite.
Other studies [Faust and Knittle, 1996; O’Neill and Jeanloz,
1994] suggest that the garnet phase may persist to as deep as
1200 km. The density difference between perovskite and gar-
net is sufficient to render the PEP system less dense at the
same temperature throughout the zone where garnet persists

" in the MORB portion.

5. Conclusions

The phase relations at 660 km depth are quite complex. Al
couples the olivine normative portion of the system to the
pyroxene normative system. The perovskite-forming reactions
have different Clapeyron slopes: positive for the garnet portion
and negative for the spinel portion. One or the other of these
two transitions will dominate the perovskite-forming reaction
with the associated buoyancy implications. Within the current
laboratory-defined parameter space and expected mantle tem-
peratures, pyrolite appears to be at the crossroads between
spinel dominance and garnet dominance. Thus a hotter mantle
implies that the 660 km buoyancy will assist convection, while
a colder mantle will encounter phase transitions that impede
mantle convection.

It may be possible to identify where the Earth is actually
located in this parameter space by careful analysis of 660 km
seismic signatures. If the transition is spinel controlled, then we
expect the discontinuity to be deeper in colder regions. Con-
versely, garnet control will deepen the discontinuity in hotter
regions. The pyrolite model discussed here will see a nonlinear
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pyrolite media as a function of temperature while both are at
the same temperature. Integration is along a geotherm from
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the chondrite of Table 3.

dependence of discontinuity depth on temperature. In Figure
4b, for 5% Al, the shallowest discontinuity corresponds to the
intermediate temperature. Thus, in cold subduction zones the
discontinuity would be expected to deepen, while in hot up-
welling regions it would also deepen. The structure of the
discontinuity differs at these different temperatures. In the
lowest temperatures we can expect to see precursory velocity
changes associated with the garnet transformation to ilmenite
and ilmenite-to-perovskite reactions. In hotter regions the gar-
net-to-perovskite transition will add a broad steep velocity
increase deeper than the 660 km discontinuity. If garnet dom-
inates the 660 km transition, then we expect larger velocity
increases than if spinel rules the transformation. Indeed, all of
these features have been reported in different seismic models
of the 660 km discontinuity. Coupling of the seismic informa-
tion with the mineral modeling will give new insights concern-
ing the actual buoyancy effects that are active in the Earth’s
mantle.

The density information suggests that there is no chemically
induced buoyancy at the 660 km discontinuity. While this does
not require the chemical composition to be identical above and
below the 660 km discontinuity, it does imply that there is no
convection impediment associated with any chemical change.

Processing of the mantle at the surface by separating basalt
from pyrolite does have some buoyancy implications. The pro-
cessed package will be denser than the surrounding pyrolite
throughout the transition zone and less dense in the lower
mantle. Furthermore, phase transitions in harzburgite will fol-
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low much the same conclusions as for pyrolite, since these
transitions are sensitive to the Al content and temperature of
the ambient mantle. While MORB will ultimately undergo the
densification phase transformations associated with perovskite
formation, it will be retarded and represents a strong buoyant
element, resisting convection to great depths.
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