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interpreted as P-to-S converted phases from the upper mantle they must be related to the 
400-km discontinuity. Model PREM and 1066B predict delays of 42 and 44 s for 
discontinuities at depths of 400 and 420 km, respectively, and delays of 43 and 46 s if a 
more acceptable continental crust is incorporated. The differential slowness is -0.0007 
s/krn according to PREM and -0.0005 s/km for lO66B, and theoretical amplitudes are 
approximately 2.5% of the P wave. The amplitudes of the P400s phases are smaller than 
those of P670s phases, mainly because of a smaller velocity contrast in the two reference 
models at the 400-km discontinuity. Observations of P400s phases are indeed smaller in 
number than those of P670s phases, but the stacked amplitudes range from 2.8 to 9.0 %, 
values that are comparable to those of P670s phases. These variations in estimated 
amplitude, travel time, and slowness, point to lateral heterogeneity at or above the 400-km 
discontinuity. No clear P400s phases have been identified on individual seismograms, 
which could imply that there are no high-amplitude P400s phases, or that there is more 
waveform distortion than for the P670s phases. More data are needed to resolve this 
question, and to allow an interpretation in terms of the width and velocity contrast of the 
discontinuity. 

5.2.5 Interpretation 

In the previous section I showed that the stacked seismograms allow an identification 
of the upper mantle P-to-S converted phases beneath the seismic station if the signal-to­
noise ratio is sufficiently increased by stacking. The amplitude estimates as obtained from 
the stacks should be interpreted as lower bounds of the 'true' mean amplitudes, since small 
travel time differences due to crustal and upper mantle heterogeneity beneath the station 
will reduce the amplitude of the stacked signal, especially for the short-period data. 
Furthermore, it should be kept in mind that the inferred differential slownesses are only 
estimates of which the resolution depends on the distribution of epicentral distances. The 
visually determined 'slowness resolution' of the 't-L\p-stacks is for all stations 
approximately 0.0005 s/krn, except for RSON (± -0.0010 s/km). 

The results of this study show clear P-to-S converted phases from the 670-km 
discontinuity for the short-period data of station RSCP ('t = 68 s, amp!.= 13.7 ± 3.6%,!1p = 
-0.0025 s/km), and for the broad-band data of station NElS ('t = 66 s, amp!.= 7.3 ± 2.4%, 
!1p = -0.0010 s/km) and NE16 (t = 72 s, amp!.= 8.7 ± 2.7%, !1p = -0.0010 s/km). 

Less clear are the P670s phases on the short-period stacks of RSON (t = 70 s, amp!.= 
4.3 ± 1.7%, tJ.p = -0.0020 s/krn), RSNT (t = 72 s, amp!.= 4.5 ± 2.1 %, tJ.p = -0.0010 s/km), 
RSSD (t = 69 s, amp!.= 5.1 ± 2.5%,!1p = -0.0005 s/km), and possibly the phase at RSCP (t 

= 71 s, amp!.= 11.0 ± 4.9%, tJ.p = -0.0035 s/krn). The other broad-band NARS stations 
present a picture of signals with an SV wave character between 66 and 76 s. These signals 
are just statistically significant within the 95% confidence limit, but it is difficult to trace 
their origin. The arrivals can be interpreted as conversions from interfaces at different 
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depths, but they can also be explained by lateral heterogeneity beneath the station, resulting 
in variations of the arrival times for phases generated by the 670-km discontinuity. The 
data of station NE06 seem to point in this direction as the wavelet between 70 and 76 s is a 
feature of data with a northeast backazimuth only. However, most clear P670s arrivals 
have been identified on seismograms of different NARS stations in northwest Europe with 
a delay of 66 ± 2 s, and this arrival is more or less consistently observed on the stacks of 
these stations (NE04, NE05, NE15, and NE06) for different azimuths. The question of 
whether the later arrivals are due to different interfaces or to lateral heterogeneity cannot be 
resolved with this data set. The intermittent nature of observations of P-to-S converted 
phases from the 670-km discontinuity is further inferred from the short-period stacks of 
station RSNY and CHTO which do not show any evidence for such a phase exceeding the 
standard deviation of 1.3% and 1.9% respectively. 

The identified P670s phases on the short-period and broad-band seismograms of 
station RSCP and on the broad-band seismograms of NARS stations show extremely high 
amplitudes that cannot be explained by (acceptable) radially symmetric upper mantle 
models. It is believed that the high amplitudes are at least partly caused by amplification 
effects in the local structure beneath the station. Supporting this view is the observation 
that clear P670s phases on individual seismograms are predominantly identified for stations 
located on sediments, which might imply that focussing effects of the sediment-basement 
interface play an important role. However, high-amplitude P670s phases can also result 
from focussing effects of other structures in the crust or upper mantle. In particular, 
focussing by warping of the 670-km discontinuity is very effective due to its large 
impedance contrast for P-to-S converted waves. The travel time and slowness variations as 
observed for the P670s phases are further suggestive for topography of the 670-km 
discontinuity, although effects of upper mantle heterogeneity may not be neglected. Since 
a large degree of upper mantle lateral heterogeneity is likely to be present beneath different 
regions (particularly for western Europe: Spakman et aI., 1988; see also chapter 4), it is not 
appropriate to interpret the observed travel times, slownesses, and amplitudes in a 
quantitative way. Nevertheless, to get an idea of the magnitudes of the parameters 
involved, it is simply calculated that for a lens-shaped topography of the 670-km 
discontinuity a radius of curvature of about 1300 km is needed to double the amplitude of 
the converted phase (in an otherwise homogeneous upper mantle). This value corresponds 
to a change in depth of the transition of 15 km over a horizontal distance of 200 km, or, 
equivalently, to a travel time variation of about 1.5 s for the P670s phase. 

More important for an interpretation of the nature of the 670-km discontinuity is the 
waveform similarity of the converted phases to the direct P wave. The waveforms of the 
converted phases resemble those of the P wave signal up to 1 Hz for the broad-band data 
(see figures 5.4(d), 5.9, and 5.10), and for the short-period data in one particular case even 
up to 2 Hz (fig. 5.5(d)). This implies that the 670-km discontinuity is, at least locally, 
extremely sharp. The transfer functions shown in fig. 5.13 display the frequency-dependent 
amplitude behaviour of converted phases for different widths of the discontinuity. They 
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Figure 5.13. Transfer flUlctions. of the frequency dependence of P670s phases for different 
widths of the discontinuity. The curves represent the (frequency dependent) amplitude ratio of 
phases converted at a transition of finite width compared to those converted at a first order 
discontinuity. Indicated for each curve is the width of the transition in lan. 

are calculated by the propagator matrix method. assuming a 'linear gradient' within the 
transition which is approximated by a sequence of layers with a thickness of 1 km each. 
Assuming that the high-frequency content has decayed by 40 to 50% relative to the low 
frequencies, it can be inferred that the width must be less than 5 to 6 km for waveform 
'similarity' up to 1 Hz (beneath station NE04, fig. 5.10(c)), or less than 2.5 to 3 km for 
waveform 'similarity' up to 2 Hz (beneath station RSCP, fig. 5.5(d)). This observation has 
important implications for petrological and geodynamical models of the mantle (see 
discussion and chapter 6). 

Observations of P-to-S converted waves from the 400-km discontinuity on the stacked 
seismograms are smaller in number, and no clear P400s phases have been identified on 
individual seismograms. This may indicate that there are no high amplitude P400s phases, 
or that there is more waveform distortion for the P400s phases than for the P670s phases. 
This last interpretation could imply that the 400-km discontinuity is less sharp than the 
670-km discontinuity, However, to produce an amplitude of 4-5 % of the P wave on a 
stack of short-period data, the 400-km discontinuity must be both sufficiently sharp (::; 10 
km) and define a reasonable velocity contrast (> 5% if no focussing effects are included). 
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5.2.6 Discussion 

The most important result of this study is the evidence for a locally sharp 670-km 
discontinuity from identifications of P670s phases on seismograms. A sharp 670-km 
discontinuity has previously been suggested from observations of precursors to P'P' phases 
and near source S-to-P converted phases, but these results were not without ambiguity (see 
section 5.1.2). In this respect, the waveform comparisons of P and P-to-S converted phases 
(Paulssen, 1985; this study) leave no doubt. The number of observations of upper mantle 
reflected and converted phases, and the estimated locations of reflection or conversion 
indicate that the discontinuity is a world wide feature present under continents and oceans, 
subduction zones and ridges. There is growing evidence that the transition is locally sharp 

These seismological observations have important geodynamical implications. Lees at 
a1. (1983) have shown that, for plausible mantle mineralogies, models that invoke phase 
transitions alone produce a reflectivity in the short-period frequency band that is an order of 
magnitude smaller than inferred from P'670P'. The reflectivity for short periods critically 
depends on the width of the phase transformation. Using the high pressure and temperature 
data compiled by Jeanloz & Thompson (1983), Lees et al. calculate that phase transitions 
occur over a 10 to 40 km depth interval, depending on the mineral assemblage. The values 
in this width range are too high to explain the seismic observations. Recent experimental 
work by Ito & Takahashi (1987) shows that the dissociation of y-spinel into perovskite plus 
magnesiowiistite, probably the most important phase transition at a depth of 650 km, is 
completed within a pressure interval of 1 GPa (:::: 25 km). Although this is sharp in a 
petrological sense (for a divariant phase transformation), it should be resolved with an 
accuracy of less than 0.2 GPa (5 km) to be able to compare the petrological results with the 
seismic observations. The dissociation of majorite, a garnet solid solution, evidently cannot 
explain the seismic 670-km discontinuity, because it occurs over a relatively wide pressure 
interval of about 4 GPa (Ito & Takahashi, 1987). A chemical transition, or a combination 
of a chemical and phase transition, can easily explain the sharpness of the 670-km 
discontinuity (see also Lees et aI., 1983). A compositional change across the discontinuity 
would most naturally imply a chemically distinct upper and lower mantle, possibly 
involving 2-layered convection (Richter & Johnson, 1974; Christensen & Yuen, 1984). An 
alternative model is proposed by Ringwood & Irifune (1988). In this model, the upper and 
lower mantle are assumed to be of similar bulk composition separated by a chemical 
boundary layer at a depth of 600 to 700 km, which is supposed to have formed by effects of 
phase changes and differentiation in subducted slabs. The phase transformation of y-spinel 
to perovskite plus magnesiowiistite together with the chemical change of (lenses of) former 
basaltic crust on top of ancient oceanic lithosphere could account for the sharp 670-km 
discontinuity and the variability of the (seismic) observations. 

At present it is not clear whether the upper and lower mantle are chemically distinct or 
not. More seismological studies are required to improve our knowledge of seismological 
aspects of the 670-km discontinuity to be able to answer some basic questions: Is the 670­



89 Upper mantle discontinuities 

km discontinuity only locally sharp, or is its sharpness a worldwide feature? Is topography 
of the 670-km discontinuity, as suggested by Richards & Wicks (1987), only locally 
significant or also on a global scale? What is the origin of the multiple SV-arrivals in the 
66-72 s interval (this study)? What is the 'exact' velocity and density contrast across the 
670-km discontinuity? 

Short-period and broad-band body wave studies of converted and reflected phases now 
provide the most detailed information about the sharpness and depth of the 670-km 
discontinuity, but they could be complemented with those of long-period (or low-passed 
broad-band) data to investigate the frequency dependence of the variations among the 
observations. On the other hand, upper mantle refracted phases are more adequate to 
determine the velocity contrast across the transition. Although we are still far from 'global 
mapping' of the upper mantle discontinuities, an increased station density combined with a 
sufficient quantity of broad-band digital data would contribute to solve many of the 
ambiguities that still exist in detailed upper mantle studies. 

Apart from seismological information, major advances in our understanding of the 
670-km discontinuity are expected from other fields, especially from experimental 
petrological studies under high pressure and temperature conditions (see chapter 6). 
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Chapter 6 

The upper mantle 

Not only seismology has contributed to present insights into the constitution of the 
Earth's upper mantle. Other geophysical data, as well as geochemical and geological 
observations, have provided valuable information about the structure of the upper mantle. 
The observations are widely varying in character, yielding information about different 
aspects of the upper mantle. In this chapter, a summary is given of some of this evidence 
and several of the models that have been proposed for the upper mantle. It is not meant to 
present a 'complete' picture of our knowledge of the upper mantle, but it intends to give 
some insight into phenomena that are well established and controversies that to this date 
still exist. 

6.1 PETROLOGY OF THE UPPER MANTLE 

Petrological models can be seen as essential concepts of the mantle because they have 
implicit bearings on thermal and geodynamical aspects of the mantle and on aspects of the 
Earth's early evolution. Thus, a uniform mantle composition would suggest no chemical 
differentiation after, or concurrent with, the Earth's accretion, and would permit a regime 
of mass transport that encompasses the entire mantle. Petrological data from laboratory 
experiments have been used to investigate the viability of compositional models of the 
mantle and several aspects of this discussion will be presented in section 6.1.3. But first, in 
sections 6.1.1 and 6.1.2, a brief overview of the presently available petrological 
information of the upper mantle is given. 

6.1.1 Important phase transformations 

It is generally accepted that the most important upper mantle constituents are olivine 
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«Mg,Fe)zSi04), pyroxene «Mg,Fe)Si03), and garnet «Mg,Fe,CahAIZSi3012)' Major 
phase transfonnations in these components occur in the 10-30 GPa pressure interval, and 
this interval corresponds well with the 300-800 km depth range over which the seismic 
discontinuities and gradients are observed. Since phase changes in these systems could 
possibly account for all density and velocity transitions in the mantle, they have extensively 
been investigated, particularly in the last 10 to 15 years. Thus, it is known that 
(Mgo.9FeO.l)zSi04-olivine converts to the ~-spinel structure at a pressure of about 13 GPa 
(400 km), which subsequently transfonns to the y-spinel phase (at about 15 GPa, 440 km), 
and to an assemblage of (Mg,Fe)Si03-perovskite and (Mg,Fe)O-magnesiowiistite (at about 
23 GPa, or 650 km). (Mgo.9Feo.l)Si03-enstatite transfonns to an assemblage of ~­
(Mg,Fe)zSi04 plus stishovite, to y-(Mg,Fe)zSi04 plus stishovite, to (Mg,Fe)SiOrilmenite, 
and to (Mg,Fe)Si03-perovskite with increasing pressure. Most of the phase 
transfonnations in the pyroxene system occur at approximately the same pressures as in the 
olivine system, except that little is known of the stability field of ilmenite (for a review see 
Jeanloz & Thompson, 1983). In the presence of garnet, pyroxene will gradually dissolve in 
the garnet structure with increasing pressure, giving rise to a garnet-majorite solid solution. 
Irifune (1987) recently reexamined this pyroxene-garnet transition, because there was no 
general agreement on the details of this transfonnation. He showed that pyroxene 
gradually dissolves in the garnet structure up to pressures of 13-14 GPa, fonning a single 
phase garnetite at 16 GPa (570 km). Ito & Takahashi (1987) showed that majorite-garnet 
further dissociates into Ca- and Mg-rich) perovskites (and possibly garnet) over a broad 
(2-4 GPa) pressure interval starting at temperature and pressure conditions corresponding 
to a depth of about 600 km. Such a broad phase loop is in contrast to the transfonnation of 
y-(Mg,Fe)zSi04 to perovskite which is completed over a pressure interval of less than 1 
GPa (Ito & Takahashi, 1987). 

6.1.2 Are the upper and lower mantle chemically distinct? 

Although compositional changes across the 670-km discontinuity had been proposed 
earlier, Liu (1979a,b) was the first to suggest this on the basis of results from high pressure 
and temperature laboratory experiments. He argued that the change in density and bulk 
sound velocity (vi-4/3vhv, across this transition must be the consequence of a change in 
composition from an olivine-rich upper mantle to a predominantly perovskitic lower 
mantle. However, uncertainties in the thermal expansion coefficient (ex) and bulk modulus 
(K) of the perovskite phase affect the reliability of his interpretation (see e.g. Jackson, 
1983). Knittle et al. (1986) and Knittle & Jeanloz (1987) recognized the importance of 
well constrained physical properties of the perovskite phase for the petrological 
interpretation of the lower mantle, and carried out diamond-anvil laboratory experiments to 
determine ex, K, and K' (the pressure derivative of K) of (MgO.~eO.l)Si03-perovskite.They 
showed that the zero-pressure density of the lower mantle is adequately explained by a pure 
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perovskitic composition, whereas a pyrolitic material in a lower mantle mineralogy yields a 
(zero-pressure) density that is 2% smaller than that of the lower mantle. These results 
would be in support of chemical stratification of the mantle, for instance by iron or silica 
enrichment in the lower mantle. Although these data provide at present the most 
compelling petrological arguments in support of a chemically distinct upper and lower 
mantle, there may be uncertainties, especially in the extrapolation of the data to zero 
pressure. 

Lees et al. (1983) have addressed the subject from a different point of view. These 
authors compared the reflection properties obtained from the P'670P'jP'P' amplitude ratio 
with those calculated for phase transition and compositional change models. Phase 
transitions in the olivine, pyroxene, and garnet systems are predicted to occur over a depth 
interval of 10 to 40 km (on the basis of the available data at that time). A transition over 
such an interval is too wide to explain the high amplitudes of the the observed P'670P' 
phases, or the observations of P-to-S converted phases presented in chapter 5. Lees et al. 
further showed that acceptable quantities of iron or silica enrichment across the 670-km 
phase transformation (or in the high-pressure phase regime) would produce a 
'discontinuous' transition of which the calculated reflection coefficient is consistent with 
the seismic data. However, it should be noted that the amplitude of a seismic phase may be 
affected significantly by focussing effects along an individual raypath, and this may 
invalidate a simple petrological interpretation of the seismological amplitude information. 

In this regard, it is important to note that unambiguous evidence for a locally sharp 
670-km discontinuity is presented in chapter 5. It is clear that the observations of P-to-S 
converted phases are readily reconciled with a change in chemical composition. The 
important question still to be answered is whether a phase transition can occur over a depth 
interval of a few kilometers only. Recent results ofIto & Takahashi (1987) showed that the 
y-spinel to perovskite plus magnesiowiistite phase transformation at high temperatures 
(1600° C) occurs over a small pressure interval, and this could alter the conclusions of Lees 
et al. (1983). They constrained the width of this phase loop to a pressure interval of less 
than 1 GPa. This is still 5 times larger than the thickness implied by the seismic data. At 
present, it seems unlikely that the transformation occurs over an interval of less than 0.2 
GPa (- 5 km) (see also Jeanloz & Thompson, 1983). The majorite-perovskite phase 
transition must be excluded as a possible explanation of the sharp seismic 670-km 
discontinuity because it occurs over a wide pressure interval of about 2 to 4 GPa (lto & 
Takahashi, 1987). 

The only way to reconcile a sharp 670-km discontinuity with a broader divariant phase 
transformation may be to invoke nonequilibrium effects caused by large vertical motion, as 
suggested by Loper (1985). Material moving fast through a phase boundary may then not 
immediately form new crystals at equilibrium conditions. 'Overstepping' will occur when 
the pressure and temperature conditions are such that the threshold energy for the phase 
reaction in the dynamic situation is reached (Schuiling, pers comm., 1988). However, the 
importance of this effect for the y-spinel to perovskite plus magnesiowiistite phase 



96 Chapter 6 

transluon at mantle conditions is not yet known. We conclude that, the most 
straightforward interpretation of the seismic 670-km discontinuity presently is a transition 
of a (at least partially) compositional nature. 

6.1.3 Compositional models of the upper mantle 

PYROUTE MODEL 

Ringwood (1975) presented a review of the experimental petrological data at that time 
available, and related these to upper mantle petrological, mineralogical, geochemical data, 
and cosmochemical and seismic evidence. Ringwood suggested that the main constituent 
of both upper and lower mantle is a theoretical mineral assemblage called 'pyrolite'. It has 
the composition of what is thought to be an undifferentiated primitive mantle, consisting of 
about 57% olivine, 17% orthopyroxene, 12% clinopyroxene, and 14% garnet. In this 
model new oceanic lithosphere is formed by the uprise of pyrolite from the low velocity 
layer. It yields a basaltic crust upon partial melting, and leaves a mineralogically 
differentiated and chemically stratified peridotitic lithosphere. The 400- and 650-km 
discontinuity are attributed to phase transformations in the Mg0-Pe0-Si02 system: the 
400-km discontinuity is explained by the divariant phase transformation of olivine to 13­
spinel, and the 670-km discontinuity (originally) by the 'spinel-postspinel' phase change, 
where the postspinel phase was later experimentally determined as an assemblage of 
perovskite and magnesiowiistite. 

The essence of this pyrolite model has not changed, but significantly more detail has 
been suggested concerning the fate of the subducting slab and its role in mantle convection. 
On the basis of the petrology of subducted lithosphere and evidence of phase 
transformations and associated density variations, Ringwood (1982) and Ringwood & 
Irifune (1988) suggest that the harzburgitic and basaltic components of young slabs may 
become trapped on top of the 670-km discontinuity, whereas relatively old slabs penetrate 
into the lower mantle. The 670-km discontinuity is, in this view, a combination of a phase 
transformation with the chemical transition of lenses of buoyantly trapped basaltic crust on 
top of a lower mantle of perovskite and magnesiowiistite. 

PICLOGITE MODEL 

Anderson (1979a, 1984) proposes a chemically stratified upper mantle in which 
eclogite is an important assemblage. He assumes that during the accretional differentiation 
of the Earth heavy eclogite accumulated at the base of the upper mantle, while low-density 
olivine concentrated in the shallow mantle in the form of peridotite. The region of 
accumulated eclogite was originally thought to start at a depth of about 220 km, the 
Lehmann discontinuity (Anderson, 1979a,b), but later (Anderson & Bass, 1984, 1986) it 
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was suggested that this region would coincide with the transition region (between the 400­
and 670-km discontinuity). Anderson presents several arguments in favour of his model. 
He argues that at an early stage of the history of the Earth melt separation must have 
occured at initially low pressures. From the melt layer gamet crystallized to a 
clinopyroxene-gamet-rich mixture with some olivine, called piclogite (a mixture of eclogite 
and olivine). This assemblage accumulated at the base of the upper mantle, where it is 
gravitationally stable, and thereby created the transition region. The high seismic velocity 
gradient in the transition region is readily explained by the gradual transformation of 
clinopyroxene to gamet-majorite. The 400- and 670-km discontinuity are in this model of 
chemical nature, the 400-km discontinuity being the transition from olivine and 
orthopyroxene to piclogite, and the 670-km discontinuity the transition from piclogite to 
(Mg,Fe)Si03-perovskite. 

ACCEPTABILITY OF COMPOSmONAL MANTLE MODELS 

Attempts have been made to 'prove' the (im)possibility to reconcile these 
compositional models with phenomena of the upper mantle seismic structure. Aspects that 
are of concern in this respect are (1) the general velocity structure in the upper 400 km, in 
the transition zone, and in the lower mantle, (2) the magnitude of the velocity (and density) 
increase at the 400- and 670-km discontinuity, and (3) the width of these discontinuities. 

Although Ringwoods pyrolite model has achieved wide acceptance, there are also 
controversies. Bass & Anderson (1984) and Anderson & Bass (1984, 1986) argued that 
neither the (small) width of the discontinuities, nor the velocity structure within the 
transition zone could be satisfied with the phase transformations in the pyrolitic 
composition. Except for the sharpness of the 670-km discontinuity (originally proposed to 
be the spinel-postspinel phase transformation), these arguments have been attacked by 
Weidner (1985, 1986) and Bina & Wood (1987). In the more recent model (Ringwood & 
Irifune, 1988), the 670-km discontinuity is envisaged as the result of complex interaction of 
subducted lithosphere with the surrounding mantle. The chemical transition of lenses of 
buoyantly trapped basaltic crust on top of the lower mantle could account for the local 
sharpness of the 670-km discontinuity and for the variability of the reflected and converted 
phases as discussed in chapter 5. 

The 'piclogite' model proposed by Bass & Anderson (1984) and Anderson & Bass 
(1986) has generally been regarded as the counterpart of the essentially uniform pyrolite 
model. The chemical transitions at depths of about 400 and 670 km easily explain the 
sharpness of the discontinuities, although it may be more difficult to explain why converted 
and reflected phases from the 400-km discontinuity are less frequently observed than from 
the 670-km discontinuity (chapter 5). The strong seismic velocity gradient in the transition 
zone is in this model accounted for by the eclogite-majorite transformation. 

Although the laboratory measurements of Knittle et al. (1986) and Knittle & Jeanloz 
(1987) suggest that Mgo.cf'eo.,Si03-perovskite is more likely as a lower mantle composition 
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(in agreement with the piclogite model) than pyrolite, it is presently not possible to exclude 
either upper mantle model on petrological grounds. A further discussion of the many 
petrological arguments in favour (or against) these compositional models will therefore not 
be given here. 

In conclusion, it should be noted that these upper mantle models should be regarded as 
possible 'simple' representations of reality: the models are essentially laterally 
homogeneous beneath the low velocity zone (except for regions of subduction or uprising), 
but seismological data, for instance of the European subcontinental mantle, indicate that 
significant small scale lateral heterogeneity is present to a depth of at least 400 km (see 
chapter 4; Spakman et aI., 1988). 

6.2 GEODYNAMICS OF THE UPPER MANTLE 

6.2.1 Whole-mantle or layered convection? 

The depth and regime of mantle convection has been a subject of controversy since it 
is accepted that there is mass transport in the mantle. The discussion on this field has 
primarily concentrated on the viability of two extreme models: 'whole-mantle' or (two-) 
'layered' convection. In the layered convection model mass transport is confined to two 
separate systems corresponding to the upper and lower mantle, whereas in the whole­
mantle convection model the system of flow affects the entire mantle. An outline of 
aspects that have contributed to the discussion of whole-mantle or layered convection is 
presented in the following. The observation of a sharp 670-km discontinuity is in this view 
of large relevance, because it indicates that a well-mixed 'whole mantle' is unlikely. 

INITIAL ARGUMENTS: VISCOSITY OR DENSITY CONTRAST BETWEEN UPPER AND 
LOWER MANTLE? 

Early arguments in favour of 'layered' (or actually upper mantle) convection were 
based on the assumption of a strong viscosity increase across the transition zone. In initial 
models (e.g. McKenzie, 1967; McConnell, 1968), all mass transport was therefore 
restricted to the upper mantle, while the lower mantle was thought to behave rigidly. 
However, from analysis of postglacial rebound data, it was recognized that there is most 
likely only a modest viscosity increase (at most one order of magnitude) between upper and 
lower mantle (e.g. Cathles, 1975; Peltier, 1976), and this observation has subsequently been 
taken as strong evidence in support of whole-mantle convection (e.g. Davies, 1977; Peltier 
& Jarvis, 1982). 

The notion that the nature of the upper mantle discontinuities may be of relevance to 
possible regimes of mass transport has led several authors to investigate the influence of 
mineralogical phase transformations and compositional density variations on mantle 
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convection. Schubert & Turcotte (1971) and Richter (1973) showed that an exothennic 
phase transition with properties characteristic of the olivine-spinel phase transition 
(associated with the 400-km discontinuity) would not affect the structure of flow, but 
would only increase the flow velocity. An endothermic phase reaction with a Clapeyron 
slope of about -2 MPa/K, as proposed for the spinel-postspinel (670-km) transition (Ito & 
Yamada, 1982), would only have a mildly stabilizing effect (Schubert et aI., 1975) and 
would most likely not inhibit whole-mantle convection. This result was later (numerically) 
confinned by Christensen & Yuen (1985) who estimated that the critical Clapeyron slope to 
force two-layered convection would be in the range of -4 to -8 MPa/K (depending mainly 
on the Rayleigh number of flow). In contrast to the findings for phase transfonnations, 
Richter & Johnson (1974) showed that if the upper and lower mantle are chemically 
distinct, layered convection would be most probable. 

Another (early) argument for layered convection was therefore based on the inference 
of compositional stratification of the mantle. It was observed that the (seismologically 
detennined) density increase across the transition zone was larger than expected from 
phase changes alone (e.g. Anderson, 1968; Press, 1968). However, the empirical 
relationship between density and mean atomic weight on which this argument was based, 
has been found unreliable for high pressure and temperature mineral phases (Ringwood, 
1975). Thus, the question of whether the 670-km discontinuity constitutes a chemical 
transition remained unanswered. 

SLAB PENETRAnON INTO THE LOWER MANTLE OR NOT? 

In this respect, evidence from deep focus earthquakes should also be mentioned. 
Studies of seismicity showed that no earthquakes occur below a depth of about 700 km, 
after an increase in seismic energy release between 500 and 700 km (e.g. Isacks & Molnar, 
1971; Vassiliou et al., 1984; Giardini & Woodhouse, 1984). In addition, it was found that 
most deep earthquakes exhibit downdip compressional focal mechanisms (Isacks & 
Molnar, 1971; Giardini & Woodhouse, 1984). These observations have been taken as 
arguments that the lower mantle would act as a barrier to the subducted lithosphere either 
by a strong viscosity increase or a density gradient, which would prevent the slab to 
penetrate into the lower mantle (e.g. Richter, 1979; Vassiliou et aI., 1984). The inability of 
slab penetration into the lower mantle would imply two separate mass transport systems in 
upper and lower mantle. 

However, Wortel (1986) showed that the increase in compressional seismic energy 
release between 500 and 700 km and the cessation of seismicity at about 700 km depth can 
also be explained by the thermal assimilation of the subducted plate. He demonstrated that 
no barrier is required to explain the seismicity observations, and this would imply that these 
data may not be invoked as evidence in support of layered convection. 

In fact, there are indications that some subducted slabs do penetrate into the lower 
mantle. Residual sphere analyses (i.e. studies of travel time anomalies that are corrected 
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for all known delays apart from those near the source) of deep earthquakes (Jordan, 1977; 
Creager & Jordan, 1984, 1986; Fischer et al., 1987) and observations of multipathing 
(Silver & Chan, 1986; Beck & Lay, 1986) seem to require aseismic, lower mantle 
extensions of the slabs along the northwestern Pacific of several hundred kilometers. 
Tomographic studies by Grand (1987) and VanderHilst (pers. comm., 1987) show a lower 
mantle S- and P-wave velocity anomaly extending from the eastern Carribean to the 
northern U.S. This anomaly may be associated with past subduction of the Farallon plate 
beneath North America. Although the interpretations of all these studies may be 
questioned, it should be noted that the data are suggestive of mass transport between upper 
and lower mantle in some regions of subduction. 

Thus, if we assume that slab penetration into the lower mantle occurs, does this then 
necessarily imply that the upper and lower mantle are uniform in composition, and is mass 
circulation then 'inevitably' that of whole-mantle convection? Christensen & Yuen (1984) 
have investigated this aspect by numerical modelling of convection. They showed that, in 
absence of a phase transition, a compositional density contrast of over 5% between upper 
and lower mantle will prevent slabs to descend into the lower mantle. However, if this 
density difference is smaller than 5%, then subducted lithosphere will be able to plunge 
into the lower mantle for several hundred km, and some limited degree of mixing between 
upper and lower mantle will be possible. For an even smaller chemical density contrast, 
less than 2%, the slab will sink to the core-mantle boundary, and the resulting convective 
regime will be essentially that of whole-mantle convection. 

DENSITY CONTRAST BETWEEN UPPER AND LOWER MANTLE 

The density contrast between upper and lower mantle as given by reference Earth 
models is 6% (1066B) to 9% (pREM). As is generally accepted, at least a part of the total 
density increase is due to phase changes. The question is, whether a part of density 
contrast must be contributed to a chemical transition or not. 

Recent experimental work on the thermal expansion coefficient of MgO.9Feo.1Si04­
perovskite by Knittle et al. (1986) allowed an estimate of the zero-pressure density of the 
perovskite phase. These authors conclude that the (extrapolated) zero-pressure density of a 
pyrolite at lower mantle conditions is 2% smaller than that estimated for the (seismological) 
lower mantle by adiabatic decompression. Although this does suggest that the upper and 
lower mantle are chemically distinct (assuming a pyrolitic upper mantle), this inference 
may also be questioned, especially concerning to the extrapolation to zero-pressure. In this 
respect, it should be noted that the sharpness of the 670-km discontinuity, implied by the 
observations of P-to-S conversions, is also suggestive of a chemical transition between 
upper and lower mantle. This observations substantiate the (weak) petrological argument 
for a chemical density difference between upper and lower mantle. 

The magnitude of a chemical contribution to the density contrast across the transition 
is not known. If we take, as an example, 2% for the chemical density difference at 670 km, 
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and if we assume that the transition to a predominantly perovskitic phase has a negative 
Clapeyron slope of -2 MPa/K (Ito & Takahashi, 1987), then the modelling results of 
Christensen & Yuen (1984) indicate that slab penetration is possible and that some degree 
of mixing between upper and lower mantle may occur. The style of convection for this 
situation may certainly not be interpreted as whole-mantle convection, but may also not be 
referred to as strict layered convection because of the mass transport between upper and 
lower mantle. Although small variations in the (unknown) compositional density contrast 
or (badly constrained) Clapeyron slope may drastically alter the results, this example 
indicates that the convective regime of the mantle may that of 'layered convection' with 
some mass transport between upper and lower mantle. Such a convective regime is 
presently a very acceptable model, because it incorporates phenomena such as a sharp 
670-km discontinuity, a chemical density contrast, and slab penetration. 

GEOCHEMICAL EVIDENCE 

Geochemical contributions to the 'geodynamical discussion' cannot be excluded in 
this overview, because geochemical data have provided strong arguments in favour of a 
chemically stratified mantle and two-layered convection. 

From analyses of isotope ratios, it was recognized that mid-ocean ridge basalts 
(MORBs) are strongly depleted in incompatible elements, whereas the continental crust 
appeared enriched in these elements. In geochemical models of the mantle this has been 
explained by the 'plate-tectonic process', which would serve as a mechanism that 
transports incompatible elements from the ridge to the trench, where they are then supplied 
to the continental crust by island-arc volcanism. In this model, the source of MORB and 
the enriched continental crust can be seen as complementary geochemical reservoirs. This 
observation of distinct geochemical reservoirs has led several investigators to estimate the 
size of the depleted reservoir by estimating the mass of the continental crust and assuming 
that the combination of the two must yield an undepleted, primitive mantle composition 
consistent with that of chondrites. Following this approach, Jacobsen & Wasserburg 
(1979), O'Nions et al. (1979), and Turcotte & Kellogg (1986) have reached similar 
conclusions, implying that the depleted reservoir more or less coincides with the upper 
mantle, and that the lower mantle is an undepleted reservoir. If the assumptions are 
correct, this geochemical evidence is a strong argument in support of a chemically stratified 
mantle and two-layered convection. 

There are several uncertainties, however, which may drastically alter the conclusions. 
They concern the way in which early and later differentiation or fractionation has occurred 
in the mantle, the average bulk Earth isotope concentrations, the isotope concentrations and 
volume of the enriched reservoir. Davies (1981) and Allegre et al. (1983) showed that the 
volume of the enriched reservoir may be anywhere between 30 and 90% of the total 
volume of the mantle depending on the assumptions made. Moreover, apart from the 
'conventional model' described above, widely varying convective models have been 
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proposed that may also explain the geochemical observations (e.g. Spohn & Schubert, 
1982; Davies, 1981, 1984; Loper, 1985). 

The observation of a sharp 670-kIn discontinuity is not consistent with a well-mixed 
uniform mantle. Models with geochemical heterogeneities in the form of distinct 'blobs' 
moving in a uniform mantle matrix (Davies, 1984) must therefore be excluded. In addition, 
Hoffmann & McKenzie (1985) showed by numerical modelling that only layered 
convection can explain the spatial distribution of geochemical heterogeneities. 

Although it is evident that there are still many controversies regarding the 
interpretation of the geochemical data, Silver et al. (1988) reached a similar conclusion as 
stated in the previous section. They showed that geochemical observations are consistent 
with a model of predominantly layered convection which also includes mass transport 
between upper and lower mantle. 

6.2.2 Geodynamical models of the upper mantle 

In the previous section, we have concentrated on large scale features of the mantle. 
However, the observations of chapter 4 imply that there is significant small scale lateral 
heterogeneity in the subcontinental mantle beneath Europe. In this section geodynamical 
models of the upper mantle will be discussed that include features of upper mantle 
heterogeneity. 

The key elements of Jordan's 'tectosphere model' (Jordan, 1975, 1978) are distinct 
continental roots. These roots consist of mineral assemblages that are less dense than those 
of the suboceanic upper mantle. They serve to stabilize the density variations that arise 
from differences between the oceanic and continental geotherms. These chemical 
variations are thought to be induced by basalt depletion, and this may have caused the so­
called 'tectosphere' to extend from less than 100 kIn (for unstable continents) to 400 kIn 
depth (beneath stable shields). Seismological data are in support of such a model, as long­
wavelength regional variations in the seismic velocity structure (extending to a depth of 
300 to 400 km) show a correlation with surface tectonics. The seismic velocity 
distributions of chapter 4 show a high velocity lid that could be interpreted as the 
'tectosphere' of Jordan's model. However, our data are also indicative of small scale 
heterogeneity in the upper mantle beneath Europe, and such elements are not incorporated 
in the tectosphere model. 

Vlaar (1983) considers the subhorizontal subduction of a young, buoyant oceanic 
lithosphere underneath an old, strong oceanic or continental plate, a mechanism that can 
also be envisaged as the obduction of an old plate over the younger one. In this 
mechanism, ocean ridges are eventually also overridden, a process that presently is 
occuring at the northwestern margin of the U.S., for instance. Vlaar suggests that this 
process of 'lithospheric doubling' has been important throughout geological history. It 
would induce a strongly layered upper mantle with large (linear) thermal anomalies, and 
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could therefore account for upper mantle thermal anomalies, and for much of the observed 
heterogeneity in magmas. Such a scenario, which is proposed as a mechanism for the 
Alpine orogeny (Vlaar & Cloetingh, 1984), could provide an explanation for the small 
scale lateral heterogeneity inferred from the data presented in chapter 4. However, it is not 
clear to what lateral extent this process may have been important for the upper mantle 
beneath Europe. Although compatible with the heterogeneity predicted with Vlaar's 
model, the results of chapter 4 lack the horizontal resolution to firmly support or disprove 
the hypothesis of lithospheric doubling. 

6.3 IN CONCLUSION 

Having reviewed the petrological evidence and current theories of mantle dynamics, 
we are able to put the conclusions of chapters 4 and 5 in a somewhat broader perspective. 

Small-scale heterogeneity in the p. and S-wave velocity of the upper mantle beneath 
Europe has been inferred from the analysis of broad-band NARS data. These results 
indicate that the upper mantle is less homogeneous than was generally assumed, and make 
it evident that the classical petrological model for the upper mantle is unsatisfactory. 
Unfortunately, the seismograms from which these results are obtained are too sparse to 
map the three-dimensional P- and S-wave anomalies. A better resolution will be obtained 
from a larger data set that will become available if a much denser network of broad-band 
stations starts operating, as is expected in the next decade. We will then be able to image 
the detailed upper mantle P- and S-wave velocity structure with tomographic techniques 
using waveform information. The research on upper mantle lateral heterogeneity described 
in this thesis can thus be seen as a first step in this direction. Moreover, with the aid of a 
dense network of broad-band stations, we may even be able to map the topography of the 
670-km discontinuity. 

However, further progress in finding more definite answers on questions regarding the 
petrology and geodynamics of the upper mantle should also come from fields outside 
seismology. This is especially pertinent for laboratory investigations of phase 
transformations at conditions such as expected at about 670 km depth. The seismological 
evidence for sharpness of the 670-km discontinuity is now firm, but the absence of hard 
petrological constraints hamper the interpretation. 

The results of this thesis have shown that a detailed analysis of high-quality 
seismological data may contribute new insights into structure of the upper mantle. Small 
scale lateral (seismic velocity) heterogeneity in the European subcontinental upper mantle 
and a (at least locally) sharp 670-km discontinuity are features that must be incorporated in 
petrological or geodynamical representations ofthe Earth's upper mantle. 
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Sarnenvatting 

Seismologisch onderzoek heeft een belangrijke bijdrage geleverd tot onze huidige 
kennis van de structuur van de aarde. De globale verdeling van de seismische snelheden 

was reeds bekend in de 30-er jaren, en op basis hiervan werd een onderverdeling gemaakt 
in verschillende regio's (korst, bovenmantel, transitie-zone, ondermantel, binnen- en 
buitenkern). De interpretatie van de seismologische gegevens naar de compositionele, 
thermische, en geodynamische opbouw van de aarde is sindsdien een belangrijk onderwerp 
in de geofysica van de vaste aarde. Momenteel staan er nog belangrijke vragen open op dit 
gebied, waarvoor seismologische gegevens met een hoge resolutie van belang kunnen zijn. 
Het onderzoek van dit proefschrift moot in deze context gezien worden, omdat het twee 
aspecten behandelt van de gedetailleerde structuur van de bovenmantel. 

De seismische opbouw van de bovenmantel onder Europa is onderzocht m.b.v. 
ruimtegolven van bevingen uit het oostelijke Middellandse zeegebied die zijn geregistreerd 
in stations van het NARS array in west Europa. Uit analyse van deze gegevens blijkt dat de 
globale seismische structuur van de bovenmantel onder Europa beschreven kan worden 
door een hoge snelheidslaag tot op een diepte van ongeveer 120 km, een lage 
snelheidslaag, en twee discontinuiteiten op dieptes van circa 420 en 650 km. De 
seismische data wijzen echter ook op belangrijke laterale variaties in de snelheidsstructuur 
tot op een diepte van ongeveer 400 km op relatief kleine schaal. Deze resultaten 
impliceren dat de Europese subcontinentaIe bovenmantel heterogener is dan vaak werd 
verondersteld. 

Een ander onderzoek is verricht naar de gedetailleerde structuur van de 
bovenmanteldiscontinuiteiten. M.b.v. golven die van P naar S zijn geconverteerd in de 
bovenmantel onder de seismische stations, kon worden afgeleid dat de zg. 670-km 
discontinuiteit lokaal bijzonder 'scherp' moet zijn. Deze observatie kan erop duiden dat de 
boven- en ondermamel chemisch van verschillende samenstelling zijn. 
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