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Abstract 

Numerical modeling of mantle convection by Liu (1994, Science, 264: 1904-1907) favors a two-layer convection, if the 
results are reinterpreted for the correct phase relations in (Mg,Fe)zSiO 4. The resulting chemical isolation of the upper and 
lower mantle suggests a highly differentiated and layered upper mantle to account for the discrepancy between the observed 
compositions of mantle xenoliths and the cosmic abundances of elements. It is shown that a layered upper mantle with a 
hidden reservoir can have a structure consistent with the observed seismic velocity profiles and an average bulk composition 
corresponding to the cosmic abundances. The evolution of the upper mantle and the origin of komatiites are discussed in the 
context of the proposed model. © 1997 Elsevier Science B.V. 

I. Introduction 

Major progress in our understanding of the Earth's 
interior has been made in the last decade, primarily 
owing to advances in seismology, experimental 
petrology, geochemistry and mineral physics. The 
evidence shows that the currently preferred models 
of a largely homogeneous Earth's mantle, such as 
pyrolite (Ringwood, 1962) or piclogite (Bass and 
Anderson, 1984), do not provide a satisfactory expla- 
nation of the new observations. 

The present model for a layered upper mantle has 
been developed over the last 8 years in response to 
the new information obtained in phase equilibrium 
studies with a split-sphere anvil apparatus (USSA- 
2000) at the Stony Brook High Pressure Laboratory. 
The key information was the discovery of an alterna- 
tive explanation for the 400 km discontinuity, corre- 
sponding to the transformation from pyroxene to 
garnet in compositions close to the enstatite-jadeite 

join (Gasparik, 1989). Until then, the transformation 
from (Mg,Fe)2SiO 4 olivine to beta phase was the 
only explanation based on a phase transition. How- 
ever, the concept of a refractory shell residing in the 
upper mantle (Gasparik, 1990a) was crucial in find- 
ing the way to incorporate the new information into 
a consistent model for the Earth's interior. Other 
important discoveries taking place at the same time 
have been essential for further developments and 
improvements of the model. This paper is an attempt 
to summarize the new evidence and propose a model 
for the mineralogy, chemistry, structure, and evolu- 
tion of the upper mantle consistent with these obser- 
vations. 

2. Evidence for a layered mantle 

Liu (1994) carried out numerical modeling of the 
effect of the transition from (Mg,Fe) 2 SiO 4 spinel to 
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Fig. 1. Phase relations for Mg2SiO 4 (continuous lines) and for 
lherzolite (dashed lines). Phases: O1, olivine; Bt, beta phase; Sp, 
spinel; Pv, perovskite; Mw, magnesiowiistite; L, liquid. After Liu 
(1994). 

(Mg,Fe)SiO 3 perovskite and magnesiowiistite on 
mantle convection by considering two different cases. 
In the first case, the Clapeyron slope of the transition 
was negative at all relevant temperatures. Both 
downwelling and upwelling flows in the mantle were 
impeded by the negative slope, which resulted in a 
two-layer convection. In the second case, the slope 
of the transition changed from negative at lower 
temperatures to positive at higher temperatures. Con- 
sequently, whereas the downwelling flow was still 
impeded, hot plumes ascended across the positive 
boundary with ease. The resulting layering was much 
weaker and disappeared in a short time. 

Liu (1994) favored the second case on the basis of 
his analysis of the phase relations reproduced in Fig. 
1, where the phase boundaries for lherzolite were 
superimposed on the phase diagram for pure 
MgESiO 4. However, even in chemically complex 
compositions, such as lherzolite, the three relevant 
polymorphs, olivine, beta phase and spinel, are still 
relatively simple binary solid solutions of Mg2SiO 4 
and Fe2SiO 4. Phase relations in this binary system 
were experimentally determined several times, and 
are well established (Fig. 2). There is no doubt that 
the addition of iron to the system Mg2SiO 4 expands 
the stability of spinel at the expense of beta phase to 
lower pressures. The phase relations used by Liu 
(1994) show the opposite, and thus are clearly incor- 
rect. 
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Fig. 2. Pressure-composition phase diagram for Mg2SiO 4 - 
F%SiO 4 join at 1600°C. After Katsura and Ito (1989). 

The correct phase relations are shown in Fig. 3. 
The phase transition corresponding to the breakdown 
of spinel to perovskite and magnesiowiistite has a 
negative Clapeyron slope at all temperatures below 
the solidus, as considered by Liu (1994) in the first 
case. Thus, the flow of material across the 670 km 
discontinuity would be impeded in both directions, 
resulting in a two-layer convection (Knopoff, 1964; 
Anderson, 1979; Weinstein, 1992). 

A major argument in favor of a layered mantle is 
the discrepancy between the olivine-rich composition 
of the primitive mantle derived from the composi- 
tions of mantle xenoliths (Ringwood, 1962; Jagoutz 
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Fig. 3. Temperature-pressure phase relations for Mg2SiO 4 (con- 
tinuous lines) and (Mgo.9Fe0.J)2SiO4 (dashed lines). Based on 
Katsura and Ito (1989), Ohtani et al. (1989), Gasparik (1990b) and 
Presnall and Walter (1993). 
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et al., 1979; Palme and Nickel, 1985) and the com- 
positions of meteorites and the Sun, which have the 
Mg/Si  ratio close to unity (e.g. Anders and Grevesse, 
1989). Meteorites are considered to be representative 
of the material from which the Earth formed. Some 
meteorites did not undergo differentiation, others 
correspond to the material from differentiated, and 
subsequently disrupted, planetary bodies; these rep- 
resent material from various layers in these bodies, 
and by analogy in the Earth. MacDonald and Knopoff 
(1958) were first to point out that a mantle corre- 
sponding in composition to chondritic meteorites 
would have to be composed mostly of pyroxene and 
garnet. 

Mantle xenoliths typically originate at the depths 
less than 150-200km. Because this observable part 
of the mantle is rich in olivine, a chondritic mantle 
has to be layered; a large-scale differentiation pro- 
ducing an olivine-rich upper layer requires the pres- 
ence of a complementary silica-rich layer at greater 
depths. Liu (1979) suggested the possibility that the 
excess silica is concentrated in the lower mantle and 
the 670km discontinuity is a chemical boundary 
between an olivine-rich upper mantle and a more 
silica-rich lower mantle. This could result from frac- 
tionation of (Mg,Fe)SiO 3 perovskite in a completely 
molten Earth (Kumazawa, 1981; Ohtani, 1985; Agee 
and Walker, 1988). However, Kato et al. (1988a,b)), 
Drake et al. (1993) and Gasparik and Drake (1995) 
showed conclusively that the perovskite fractionation 
is not consistent with the near-chondritic Ca/AI and 
Sc /Sm ratios observed in mantle xenoliths; a signifi- 
cant fractionation of MgSiO 3 perovskite from sili- 
cate melt during a magma ocean phase early in the 
Earth's history would cause these ratios to be dis- 
tinctly nonchondritic. 

Most recently, arguments based on the partition- 
ing of siderophile elements between silicate melt and 
sulfur-bearing molten iron suggest that the extraction 
of iron from the observable mantle during core for- 
mation occurred at 28-30GPa, thus at depths not 
exceeding greatly 670km (Agee and Li, 1996; 
Righter et al., 1996). The experimentally determined 
melting curve of (Mg,Fe)SiO 3 perovskite shows a 
major increase in the melting temperatures with pres- 
sure at the low-pressure stability limit of perovskite 
(Zerr and Boehler, 1993; Sweeney and Heinz, 1995). 
The resulting deep cusp in the mantle solidus re- 

quires much higher magma ocean temperatures than 
necessary for the melting of the upper mantle to melt 
more than a minor portion of the lower mantle. If the 
melting curve of Sweeney and Heinz (1995) is cor- 
rect, even a mantle-deep magma ocean would de- 
velop a perovskite septum at depths around 1000 km, 
effectively dividing the mantle into two regions, 
which could then crystallize and evolve separately. 
These considerations suggest that an early magma 
ocean responsible for the differentiation of the ob- 
servable mantle was limited to depths not greatly 
exceeding 670 kin. 

A two-layered mantle is the minimum require- 
ment when considering the geochemical evidence. 
For example, Hart (1988) used various isotopic data 
to make a case for at least four different reservoirs in 
the mantle. Arguments based on the noble gas sys- 
tematics also require multiple reservoirs established 
very early in the Earth's history (Allbgre, 1995; 
O'Nions and Tolstikhin, 1996). The evidence for a 
high degree of chemical isolation between the upper 
and lower mantle throughout most of the Earth's 
history thus appears robust. 

3. Evidence for a hidden reservoir 

The 400km discontinuity has traditionally been 
explained by the phase transformation from 
(Mg,Fe) 2 SiO 4 olivine to beta phase. Gasparik (1989) 
reported that the transformation from pyroxene to 
garnet occurring in compositions close to the en- 
statite-jadeite join at 130-135 kbar is univariant and 
thus could also produce a sharp discontinuity at the 
400km depth (Fig. 4). Continued advances in seis- 
mic techniques have since shown that the 400km 
discontinuity is less than 2 km wide (Benz and Vi- 
dale, 1993). In contrast, the transformation from 
olivine to beta phase is divariant (Fig. 2) and would 
occur over a depth interval of 10-20kin (e.g. Kat- 
sura and Ito, 1989). Thus, the 400km discontinuity 
cannot be caused by the transformation from olivine 
to beta phase, and the univariant transformation from 
pyroxene to garnet is now the most likely explana- 
tion. 

If the mantle at 400 km depth has a composition 
close to the enstatite-jadeite join, it must be chemi- 
cally stratified, because such a composition is very 
different from the compositions of mantle xenoliths. 
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Fig. 5. Temperature-pressure phase relations for the proposed model of the Earth's upper mantle. CEn, Clinocnstatite; I1, ilmenite; Pv, 
perovskite; St, stishovite; other symbols as in Fig. 1 and Fig. 4. Based on data from Gasparik (1992, 1996a) and Herzberg and Gasparik 
(1991). Mantle geotherm is the model continental geotherm of Pollack and Chapman (1977) for the surface heat flow of 40 mW m-2, with 
the adiabatic segment extrapolating to 1280°C at 1 bar (McKenzie and Bickle, 1988). 

The relatively high sodium content suggests that the 
mantle at 400 krn depth formed by crystallization of  
residual melts, presumably during the solidification 
of  a magma ocean. The corresponding layer has to 
be refractory to remain preserved in the upper mantle 
throughout the Earth's history in spite of  convection. 
Gasparik (1990a, 1992, 1993) proposed that this 
refractory shell is located between depths of  220 and 
520 km, was completely dehydrated during its forma- 
tion, and has remained unaffected by mantle pro- 
cesses owing to its extremely high melting tempera- 
tures exceeding 2000°C (Fig. 5). Another contribut- 
ing, possibly even decisive, factor responsible for the 
refractory nature of  the shell could be the high 
mechanical strength of majorite garnet predicted by 
Karato et al. (1995). 

Additional evidence for a hidden reservoir is the 
observed depletion of  the Archean mantle in incom- 
patible elements, as is evident from the high S m / N d  
ratios of  even the oldest Archean rocks (McCulloch 
and Compston, 1981, Basu et al., 1981; Hamilton et 

al., 1983; Shirey and Hanson, 1986; Galer and Gold- 
stein, 1991). A complementary enriched reservoir 
formed by differentiation of  the mantle prior to 
3.8 Ga is required to balance this depletion. Because 
even the komatiite source regions were depleted, the 
enriched reservoir had to be located at depths greater 
than 200-300km,  which is the depth of  origin of  the 
oldest Barberton komatiites (Herzberg, 1992). It is 
proposed here that the enriched reservoir responsible 
for the depletion of  the Archean mantle is in the 
shell. 

4.  M a n t l e  c o n v e c t i o n  

The presence of layering in the upper mantle is 
inconsistent with the whole mantle convection which 
would produce a homogeneous mantle. Such a man- 
tle must be rich in olivine because that is the compo- 
sition of the upper 200 km of the mantle accessible 
to observation through xenoliths. The idea of  a h o -  

Fig. 4. Phase relations in the enstatite-diopside-jadeite system at the mantle temperatures (T(°C)= 1280 + P(GPa)/0.055), shown by 
continuous lines, and at the solidus temperatures (T(°C) = 1880 + P(GPa)/0.055), shown by dashed lines. Shaded area is the stability field 
of garnet, with the isobars indicating the expansion of the garnet stability with pressure. Bold lines indicate the compositions of garnet 
coexisting with two pyroxenes; arrows point to a pressure minimum. Phases: Opx, orthopyroxene; Cpx, clinopyroxene; Ga,CM, garnet; 
CaPv, CaSiO 3 perovskite. Calculated from the data of Gasparik (1989, 1992, 1996a,b). 
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mogeneous mantle received widespread support with 
the discovery of plate tectonics, which revealed a 
highly dynamic nature of the Earth's surface consis- 
tent with a vigorously convecting interior. 

A two-layered mantle is expected to have inde- 
pendent convection regimes in the upper and lower 
mantle, separated by the mostly impermeable 670 km 
discontinuity. A major argument against this view is 
the evidence from tomography suggesting that some 
slabs penetrate into the lower mantle. As will be 
discussed later, this could either be a very recent 
development in the evolution of mantle dynamics, or 
may not occur in some cases. The evidence is subject 
to interpretation of the tomographic images, in which 
the lower velocities are traditionally associated with 
higher temperatures (e.g. Anderson et al., 1992). 
However, the presence of an interstitial volatile- 
bearing melt would have the same effect. In extreme 
cases, the observed contrast in seismic velocities is 
so great that the corresponding temperature contrast 
would be unrealistic, and the presence of melt is the 
only plausible explanation (Zielhuis and Nolet, 1994). 
Some of the seismically slowest regions on the global 
scale are situated above the subducting slabs, and 
most likely reflect partial melting caused by the 
volatiles released from the slabs (Revenaugh and 
Sipkin, 1994; Nolet et al., 1994). As a slab warms up 
to sufficiently high temperatures during subduction, 
partial melting of the slab is likely to occur in the 
transition zone (400-670 km), owing to the presence 
of volatiles (Gasparik, 1993). As the degree of par- 
tial melting of a slab increases with increasing tem- 
perature, the effect of the melt on the seismic veloci- 
ties could more than compensate for the low temper- 
ature of the slab. At the same time, the underlying 
mantle is cooled by the slab, and could potentially 
attain even higher velocities than the adjacent slab. 
Such velocity inversion would obscure the continua- 
tion of the slab in the transition zone and can result 
in a false image of the slab descending into the lower 
mantle. 

Another argument against a two-layered mantle is 
the large size of the oceanic plates, which is more 
consistent with whole mantle convection; convection 
cells limited to the upper mantle would have to be 
extremely flat. But even the two-layered convection 
model does not allow for layering within the upper 
mantle. Hence, the potential presence of such layer- 

ing requires a major revision of our views on mantle 
convection. 

Gasparik (1993) proposed that a significant trans- 
port by convection may only occur in the presence of 
an interstitial melt. This study concluded that the 
expected mantle temperatures are higher than the 
temperatures of the volatile solidus; hence, in the 
presence of volatiles, the mantle should be partially 
molten. Van den Berg et al. (1993) pointed out that 
the experimentally determined high melting tempera- 
tures of (Mg,Fe)SiO 3 perovskite (Zerr and Boehler, 
1993) would prohibit convection in the lower mantle 
unless the melting temperatures are decreased by 
volatiles. Any estimate of the rheological properties 
of the Earth, for example from a postglacial uplift, 
would reflect the properties of a partially molten 
Earth, and cannot be used in support of the solid-state 
convection. This view allows a convection regime in 
which any volatile-free, completely solid region po- 
tentially present in the mantle is mostly excluded 
from convection. In this case, the theological proper- 
ties of the deep mantle would be analogous to the 
properties of the Earth's crust, where the sharp con- 
trast between the rheology of the solid and the 
partially molten rocks is evident. 

The purpose of this line of reasoning is to suggest 
an explanation for the inferred relative immobility of 
the transition zone (e.g. Ringwood, 1994) and for the 
preservation of deep roots under some continents 
(MacDonald, 1963; Jordan, 1975). It is proposed that 
the region between depths of 220 and 520 km, corre- 
sponding to the refractory shell, is excluded from 
convection because it was completely dehydrated 
during its formation from the magma ocean. Thus, 
whereas convection can take place in the whole 
lower mantle owing to the ubiquitous presence of 
volatiles, convection in the upper mantle is limited to 
the volatile-bearing regions, which include the 
oceanic lithosphere, asthenosphere, transition zone 
between 520 and 670km depth, and the narrow 
conduits associated with the spreading centers, sub- 
duction zones and hotspots. 

The presence of volatiles is essential for the recy- 
cling of the subducted oceanic lithosphere. Tomo- 
graphic images of subduction zones indicate that 
slabs maintain their rigidity and integrity in the 
upper mantle, encounter resistance at the 670kin 
discontinuity, and could stall there and be overrun by 
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the upper mantle. Ultimately, the slabs seem to 
soften; they deform, thicken and bend, and are in- 
serted in the transition zone between 520 and 670 km 
depth (Van der Hilst et al., 1991; Fukao et al., 1992). 
This behavior is consistent with an incipient melting 
expected in the presence of volatiles during the 
process of thermal equilibration of the slab with the 
surrounding mantle, and is similar to the behavior 
implied by Ringwood and Irifune (1988). 

A slab anchored at the 670 km discontinuity could 
lose support owing to the incipient melting caused 
by volatiles. This could result in a sudden movement 
of the slab with respect to the surrounding mantle, 
potentially triggering deep-focus earthquakes 
(Gasparik, 1993). Such a mechanism is consistent 
with the Bolivian earthquake of 1994, which was 
apparently caused by a sudden movement along a 
preexisting hydrated fault and was triggered by the 
lubricating effect of the released volatiles (Silver et 
al., 1995). 

In the presence of volatiles, the whole slabs resid- 
ing in the transition zone could ultimately turn into 
crystal mush on further heating. This is supported by 
several recent viscosity models, which predict a 
low-viscosity layer in the transition zone (Ricard et 
al., 1989; Forte et al., 1991; King and Masters, 
1992). The slabs are then completely recycled by 
upwelling under the spreading centers. At the speeds 
of upwelling in meters per year, the conduits feeding 
the spreading centers need to be only a kilometer 
wide to allow for the complete recycling of the 
oceanic lithosphere. Such narrow conduits could not 
be detected by seismic methods. 

The distribution of the conduits in the shell con- 
trois the position of plate boundaries and hotspots on 
the surface of the Earth. A minor mismatch between 
the plate boundaries and the system of conduits in 
the shell can be compensated by flow in the astheno- 
sphere, along which the two systems of plates are 
decoupled. A major mismatch results in the seces- 
sion of spreading, displacement of hotspots, and 
breakup of continents. 

5. Chemical composition and phase relations 

The current mantle models based on the composi- 
tions of mantle xenoliths, such as pyrolite (Ringwood, 

1962), are not likely to give the correct estimate for 
the composition of a layered mantle, especially in the 
presence of a hidden reservoir. A more reliable 
estimate should be based on the cosmic abundances 
of elements. 

If  the transition zone is a graveyard for the sub- 
ducted oceanic lithosphere, it can be assumed that 
the upper mantle to the depth of 150km and the 
transition zone between 520 and 670 km depth, which 
together comprise 45% of the upper mantle, have the 
pyrolite composition. The remaining 55% is consid- 
ered to correspond to the remains of the refractory 
shell. The composition of the shell was calculated by 
subtracting the pyrolite portion of the upper mantle 
from the cosmic abundances of Anders and Grevesse 
(1989). 

The result is given in Table 1. An average shell 
should be composed of 37% of modal olivine and 
63% of pyroxene. Because the sodium and aluminum 
contents of the shell are the same, the pyroxene 
composition can be fully expressed in terms of three 
components, enstatite, diopside and jadeite, if the 
relatively small amount of iron is included with 
magnesium. Phase relations in this ternary system 
were determined (Gasparik, 1989, 1992, 1996a,b), 

Table 1 
Estimates of the chemical composition of the Earth's upper mantle 
(atoms per 1000 Si), corresponding modal contents of olivine and 
pyroxene, and the pyroxene components (mole per cent) 

Element Anders and Pyrolite Shell 
Grevesse (1989) 

Si (Si+Ti) 1000 1000 1000 
AI (AI + Cr) 98 107 91 
Mg (Mg +Mn) 1082 1255 940 
Fe 126 146 110 
Ca 61 73 51 

Na (Na + K) 60 21 91 
Olivine 48 60 37 
Pyroxene 52 40 63 

Enstatite (Mg2Si206) 49.5 31.7 60.4 
Diopside (CaMgSi206) 19.4 27.7 14.2 
Jadeite (NaA1Si206) 19.0 8.0 25.4 
Pyrope (Mgl 5AISi1506) 12.1 32.6 0 

The Fe/(Fe + Mg) ratio in the cosmic abundances of Anders and 
Grevesse (1989) is the same as in pyrolite from Table 8-1 of 
Anderson (1989); Fe is included with Mg in the pyroxene compo- 
nents. 
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and an updated phase diagram is shown in Fig. 4. 
The diagram shows the phase relations at the temper- 
atures corresponding to the adiabatic portion of the 
mantle geotherm, and thus relevant to the present 
mantle, and at the solidus temperatures relevant to 
the formation of the shell by solidification of a 
magma ocean. 

The calculated composition of the shell is identi- 
cal to the composition of the first garnet forming in 
the ternary system from two pyroxenes at the solidus 
temperatures and the pressure corresponding to 
400 km depth. This would be an unlikely coincidence 
unless the average composition of the shell is con- 
trolled by the crystallization of garnet. 

At the present mantle temperatures and pressures 
less than 13 GPa, the shell composition produces an 
assemblage of two pyroxenes and olivine. At the 
pressure corresponding to 400km depth, the jadeitic 
pyroxene transforms to garnet. This transformation is 
univariant, and thus can produce a sharp discontinu- 
ity consistent with the seismic observations of the 
400 km discontinuity. An important requirement for 
a sharp discontinuity in this case is the absence of 
the pyrope-grossular-almandine component in gar- 
net, which would smear the transformation to lower 
pressures (Gasparik, 1989). The calculated shell 
composition satisfies this requirement. At higher 
pressures, the enstatite-rich pyroxene dissolves in the 
garnet. This process is completed at 490km depth, 
where the pyroxene portion of the shell transforms 
fully to garnet. 

A simplified temperature-pressure phase diagram 
for the proposed upper mantle is shown in Fig. 5. 
This diagram accounts for the effect of all major 
elements on the phase relations, and is based on an 
updated diagram for the system CaO-MgO-AI203-  
SiO 2 (Gasparik, 1990b, 1996a; Herzberg and Gas- 
parik, 1991), which was corrected for the effects of 
sodium (Gasparik, 1992) and iron (Ohtani et al., 
1991). With increasing pressure along the mantle 
geotherm, the phase boundaries shown correspond to 
the transformation of orthopyroxene to the high-pres- 
sure polymorph of enstatite-rich clinopyroxene, the 
transformation of jadeitic clinopyroxene to garnet 
responsible for the 400 km discontinuity, the trans- 
formation of olivine to beta phase occurring at around 
420km depth, the high-pressure stability limit of 
enstatite-rich clinopyroxene at 490km, the transfor- 

mation of beta phase to spinel in a limited depth 
range around 560kin, the breakdown of spinel to 
perovskite and magnesiowtistite responsible for the 
670 km discontinuity, and the high-pressure stability 
limit of garnet at 750km. A chemical boundary at 
520kin depth between the shell and the subducted 
slabs is reflected primarily in the garnet composition 
by an increase in the pyrope content of garnet from 
zero in the shell to about 30 mol % in pyrolite. This 
causes a major expansion in the stability of the 
two-phase assemblage of garnet and spinel to lower 
temperatures. 

6. Mineral composition of the upper mantle 

The corresponding mineral composition of the 
upper mantle can be calculated using the bulk com- 
positions given in Table 1 and the phase relations 
from Fig. 4 and Fig. 5. The result is shown in Fig. 6 
and Fig. 7. Fig. 6 summarizes the upper-mantle 
mineralogy under the assumption that the two chemi- 
cally distinct units, the oceanic lithosphere and the 
shell, are homogeneous. A transition region is in- 
cluded between the depths of 100 and 200km to 
account for the likely mixing of the two units in the 
asthenosphere. In this region, the olivine content 
decreases from 60 to 37%, the pyropic garnet is 
eliminated, and the clinopyroxene increases, chang- 
ing in composition from diopsidic to jadeitic. The 
subducted oceanic lithosphere consists of only two 
phases, garnet and an (Mg,Fe) 2 S i O  4 polymorph (beta 
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Fig. 7. Mineral composition of a layered upper mantle. Shaded 
layers correspond to oceanic lithosphere. 

phase or spinel). At 400 km depth, jadeitic clinopy- 
roxene transforms to garnet, and at 415-435km, 
olivine transforms to beta phase. 

A major problem with this 'homogeneous' model 
is that, in addition to a sharp discontinuity at 400 km 
depth, there would be another, more gradual discon- 
tinuity at slightly greater depths, caused by the trans- 
formation from olivine to beta phase. Moreover, this 
model cannot explain the presence of the high-veloc- 
ity gradients in the slab portion of the transition zone 
(e.g. Bass and Anderson, 1984; Rigden et al., 1994). 
These discrepancies can be eliminated by adopting a 
layered model. 

In the layered model (Fig. 7), the layering reflects 
the crystallization of liquidus phases in a magma 
ocean. The accumulation of olivine at shallow depths 
by olivine flotation is expected to produce an olivine 
septum at 150-300km depth (Stolper et al., 1981; 
Agee and Walker, 1988, 1993; Ohtani et al., 1993, 
1995). The crystallization of garnet at greater depths 
forms a garnet layer in the transition zone (Ander- 
son, 1982). The shell composition crystallizes pri- 
marily as pyroxene between 300 and 400 km depth. 
The 400kin discontinuity is the boundary between 
the pyroxene and the garnet layer, and a chemical 
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Fig. 8. Variations in the modal contents of olivine, pyroxene, and pyroxene components resulting from two different modifications of the 
proposed model (see text). 
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boundary between the shell and the subducted slabs 
is at 520km depth. Inherent compositional variations 
in the slabs residing between 520 and 670km depth 
are expected to cause a gradual change in the min- 
eral composition with depth from garnet to spinel, 
responsible for the observed high-velocity gradients 
in this region (Gasparik, 1993). The 670 km disconti- 
nuity is both a phase and a compositional boundary, 
and the composition of the lower mantle is cosmic. 

Finally, two possible modifications of this model 
are considered (Fig. 8). The first modification, indi- 
cated in Fig. 8 by continuous lines, assumes that the 
Earth does not have the high sodium content implied 
by the cosmic abundances of Anders and Grevesse 
(1989), perhaps because sodium, being a volatile 
element, was lost during the giant impact which 
produced the Moon and was probably responsible for 
the formation of the magma ocean on Earth (Hart- 
mann and Davis, 1975; Wetherill, 1976; Cameron 
and Ward, 1976; Cameron and Benz, 1991). The 
observed low sodium content of the Moon supports 
this assumption. The chosen boundary case for the 
composition of the upper mantle has the sodium 
content of pyrolite. This would result in a major 
decrease in the jadeite content, thus eliminating the 
possibility that the 400 km discontinuity is caused by 
the transformation from pyroxene to garnet. How- 
ever, this would also result in a major decrease in the 
olivine content from 37 to 20%, which is insufficient 
to explain the 400km discontinuity by the transfor- 
mation from olivine to beta phase. In this case, the 
discontinuity would be much smaller, more gradual, 
and present at greater depths than observed. 

The second modification, shown in Fig. 8 by 
dashed lines, assumes that the fractionation in a 
magma ocean led to a higher average iron content in 
the shell than in pyrolite, because the residual melt 
was likely to be enriched in iron. This would in- 
crease the olivine content of the shell. The chosen 
boundary case for the composition of the upper 
mantle has the olivine content of pyrolite. The result- 
ing pyroxene content is lower, thus its jadeite content 
is higher, which will be reflected in a higher propor- 
tion of the jadeitic clinopyroxene with respect to the 
enstatite-rich clinopyroxene. Because it is the trans- 
formation of the jadeitic clinopyroxene which causes 
the 400km discontinuity, this modification of the 
model is consistent with the observations. 

7. Evolution of the upper mantle 

The simplest explanation for the inferred layering 
of the upper mantle is the well-documented change 
in the liquidus phase with depth from olivine to 
garnet and its effect, taking place during the solidifi- 
cation of a magma ocean, on the mineralogy, chem- 
istry and structure of the upper mantle. However, 
simple fractionation of these liquidus phases is in- 
consistent with some observations. 

It is now accepted that olivine becomes buoyant 
in ultramafic melts at a depth around 300km (Rigden 
et al., 1984; Agee and Walker, 1988; Miller et al., 
1991). It is not clear that this will happen in the more 
silica- and sodium-rich residual melts formed by 
partial crystallization of a chondritic mantle. The 
effect of garnet fractionation on the near-chondritic 
Ca/A1 ratio of the observable upper mantle allows 
10-30% of garnet fractionation (Herzberg and Gas- 
parik, 1991). However, this amount of garnet frac- 
tionation would deplete the observable mantle in 
heavy rare earth elements, in contrary to what is 
observed. In addition, arguments were made that 
vigorous convection in a magma ocean could prevent 
fractionation (Tonks and Melosh, 1990; Solomatov 
and Stevenson, 1993). 

The only kind of fractionation that does not seem 
to cause problems is the fractionation of olivine. 
Accumulation of olivine at shallow depths is neces- 
sary to account for the elevated Mg/S i  ratio of the 
observable mantle. Such fractionation could leave 
the residual melt sufficiently rich in sodium and 
silicon to produce a garnet-rich layer in the transition 
zone even without garnet fractionation. 

The proposed evolution of the upper mantle is 
shown in Fig. 9, starting with the crystallization of a 
magma ocean resulting from the giant Moon-forming 
impact. Owing to the oblique nature of the impact, 
only about 30% of the mantle melts. The magma 
engulfs the remaining unmelted portion of the Earth, 
producing a magma ocean of a uniform depth, ap- 
proximately corresponding to the upper mantle 
(Stevenson, 1987; Tonks and Melosh, 1993). Crys- 
tallization starts when the temperature drops below 
the liquidus, thus precipitating liquidus phases (Fig. 
9(a)). Vigorous convection may prevent the fraction- 
ation of olivine or garnet. Thin crust composed 
mainly of olivine forms at the surface, sinks and 
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Fig. 9. Evolution of the Earth's upper mantle (see text). 

dissolves before reaching the bottom of the magma 
ocean. With further cooling and corresponding in- 
crease in viscosity of the magma ocean, the crust 
becomes thicker and sinks and dissolves more slowly. 
If the rate of formation of the crust is faster than 
dissolution, the olivine-rich crust will accumulate in 
the upper 200 km of the magma ocean before sinking 
to deeper levels and dissolving. Partial segregation of 
the residual melt may occur as the crust accumulates 

preferentially at the centers of convecting cells (see 
also Ohtani, 1985; Agee and Walker, 1988; Tonks 
and Melosh, 1990; Abe, 1993; Morse, 1993). 

The residual olivine-depleted melt crystallizes in 
the transition zone, producing a garnet-rich layer 
(Fig. 9(b)). Because the d P/dT slope of the solidus 
at the corresponding pressures is close to adiabatic 
(Fig. 5), the whole garnet layer may solidify at the 
same time, thus minimizing the possibility of garnet 
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fractionation. The crust starts accumulating at the top 
of the highly viscous and mostly solid garnet layer. 
This cools the top of the garnet layer and produces a 
barrier which prevents further mixing between the 
two regions. The garnet layer completely solidifies, 
forming a refractory shell. Continental crust segre- 
gates subsequently from the depleted olivine-rich 
asthenosphere. 

Fig. 9(c) shows the upper mantle in the Archean. 
The garnet shell breaks into segments, perhaps ow- 
ing to the contraction on further cooling and to the 
slowdown in the Earth's rotation (Dicke, 1969). 
Subduction is predominantly shallow (McCulloch, 
1993; Rapp and Shimizu, 1996). The oceanic crust is 
recycled by partial melting in hot slabs. However, 
colder slabs dehydrate before melting, because the 
interval between the dehydration and the melting 
temperatures at the corresponding pressures is sev- 
eral hundred degrees Celsius, and the H20 fluid 
escapes. As the presence of H20  in the slabs is 
deemed essential for recycling, such dehydrated slabs 
cannot be recycled and accumulate in the astheno- 
sphere. Thus, colder regions of the asthenosphere, 
particularly under continents, are filled with nonrecy- 
clable dehydrated slabs, forming the deep roots of 
some continents. On rare occasions, the oldest and 
thickest slabs penetrate through the shell and are 
inserted between the shell and the lower mantle. This 
raises the overlying segment of the shell, and the 
garnet from the top portion of the segment trans- 
forms to pyroxene. 

The post-Archean upper mantle is shown in Fig. 
9(d). Most of the oceanic plates are sufficiently thick 
to be able to subduct to the top of the lower mantle, 
and this type of subduction has become dominant. 
The slabs are now cold enough to carry hydrous 
phases to the transition zone. Because the interval 
between the dehydration and the melting tempera- 
tures in the transition zone is narrow or absent, the 
slabs are again fully recycled by partial melting 
(Gasparik, 1993). The garnet shell has been dis- 
placed to shallower levels world-wide, as is evident 
from the global occurrence of the 400 km discontinu- 
ity. The evidence from tomography suggests that, at 
present, some of the oldest slabs seem to be able to 
penetrate into the lower mantle. It is proposed that 
this style of subduction has developed only recently 
and its contribution to the mixing between the upper 

and lower mantle has been minimal, in agreement 
with the limited mixing suggested by the noble gas 
systematics (O'Nions and Tolstikhin, 1996). 

8. The origin of  komatiites 

Komatiites have received increased attention in 
recent years, since it was understood that komatiitic 
melts originated at much higher pressures and tem- 
peratures than the more common basaltic melts (Bi- 
ckle et al., 1977). Numerous experimental studies 
have shown that the komatiitic melts have the com- 
positions of the partial melts forming on the anhy- 
drous solidus of common mantle compositions (e.g. 
Herzberg et al., 1990; Wei et al., 1990). Thus, the 
compositions of komatiites are controlled by phase 
relations rather than the bulk composition of the 
source region (Arndt, 1986). This makes it possible 
to estimate the depth of origin of the komatiitic melts 
and the temperature of the source region from exper- 
imental studies of melting relations. 

Herzberg (1992) discussed the experimental evi- 
dence indicating that all komatiitic melts formed at 
pressures lower than 10GPa, and that the age and 
depth are correlated; older komatiites originated at 
greater depths (see also Takahashi (1990)). For ex- 
ample, the 3.5 Ga Barberton komatiites originated at 
240-300km depth, whereas the Mesozoic Gorgona 
komatiites originated at 120km depth. Herzberg 
(1992) estimated that the Barberton komatiites re- 
quired a source region which was 500°C hotter than 
the present mantle. It is proposed here that the 
komatiitic volcanism occurred as the direct conse- 
quence of the thermal structure of the upper mantle 
formed by the solidification of the magma ocean. 

The refractory shell produced during the solidifi- 
cation of the magma ocean could cool only by 
conduction, and thus cooled much slower than the 
convecting asthenosphere located closer to the Earth's 
surface. Knopoff (1964) calculated that in a noncon- 
vective Earth, the surface would receive heat only 
from the uppermost 400-600kin in the lifetime of 
the Earth. Hence, the cooling of the 300kin thick 
shell could have occurred throughout a major span of 
the Earth's history, comparable with the age span of 
komatiites. At the time of solidification, the shell 
was sufficiently hot to generate the most magne- 
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sium-rich komatiitic melts required, for example, for 
the Barberton-type komatiites, and its slow cooling 
throughout the Earth's history could have produced 
the whole range of temperatures necessary for the 
origin of the younger komatiites. The absence of 
komatiitic volcanism after the Mesozoic indicates 
that the shell has reached thermal equilibrium with 
the surrounding mantle. This is supported by the 
observed correlation between the age of komatiites 
and the depth of origin or the temperature of the 
source region (Herzberg, 1992). 

The oldest komatiitic volcanism was presumably 
started by the first slabs subducting below the shell 
and displacing it to shallower depths. The volatile- 
beating plumes formed by partial melting of these 
slabs underwent substantial heating by passing 

through the overlying segments of the shell. Exten- 
sive melting, generating komatiitic melts, occurred at 
the intersection of the adiabat corresponding to the 
P - T  trajectories of these rising overheated plumes 
and the anhydrous mantle solidus. 

Fig. 10 shows schematically the thermal structure 
of the upper mantle containing a shell segment dis- 
placed to shallower depths by the underlying slab. 
Modified KLB-1 solidus (Gasparik, 1992) is an ap- 
proximation of the mantle solidus. Takahashi (1990) 
estimated the maximum potential mantle temperature 
(adiabat at zero pressure) of the corresponding 
Archean mantle at 1750°C from the origin of the 
oldest komatiites. The resulting origin at 300km 
depth and at a temperature in excess of 1900°C is 
similar to the conditions reported by Herzberg (1992). 
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Fig. I0. Temperature-pressure phase diagram for a volatile-bearing mantle. Dash-dot isotherms indicate shell temperatures in excess of the 
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This can be compared with the potential temperature 
of the basalt-generating mantle at 1280°C (McKenzie 
and Bickle, 1988), which has remained fairly con- 
stant during the Earth's history. 

9. Conclusion 

The model for the Earth's upper mantle shown in 
Fig. 7 is similar to that proposed by Gasparik (1993). 
The main contribution of the present study is the 
verification that such a layered upper mantle can 
have an average composition corresponding to the 
cosmic abundances of elements. At the same time, 
its structure is consistent with the experimentally 
determined phase relations, and appears to have suf- 
ficient flexibility to match the observed seismic ve- 
locity profiles. The proposed structure can be pro- 
duced by accumulation of olivine-rich crust in the 
upper 200km of the magma ocean, and does not 
require garnet fractionation, which seems inconsis- 
tent with the geochemical evidence. 

The implications of a hidden reservoir in the 
upper mantle for our understanding of mantle chem- 
istry are far reaching. The potential existence of such 
a reservoir could provide an explanation for the 
discrepancy between the chemistry of the observable 
portion of the upper mantle and the cosmic abun- 
dances of elements, including depletions in many 
trace elements. If the sodium content of the upper 
mantle corresponds to its cosmic abundance, it is 
likely that neither potassium is depleted, and its high 
concentration in the shell could be a major source of 
radiogenic heating. The radiogenic heating could 
also play a more important role in the lower mantle 
than is generally assumed. 
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