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Q =1 for complete order, and 0 for total disorder). The equili-
brium temperature-dependence of Q is given by the condition
O(AG)/0Q = 0. Fitting the data to this condition yields
a/h =0.00523, b/h = 13.4 and T, = 645 K. The lower-tempera-
ture kinetically controlled Q—T-time(f) pathways are defined by
the Ginzburg-Landau equation':

dQ  yexp(-AG'/RT)0G @)
dr 2RT o0

where y is a frequency factor and AG* is the activation energy for
M1-M2 exchange. Substituting equation (1) into equation (2) and
integrating we obtain:

Q
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which we solve numerically to obtain the time-dependence of
ordering behaviour away from equilibrium on both heating and
cooling. The neutron data have been fitted to this solution,
adopting the known T-t path of the experiment. The fit is
shown in Fig. 1 by solid curves (non-equilibrium heating and
cooling), and gives an activation energy of Mn—Fe exchange on
M1 and M2 of 193 £ 3kJmol™'. In doing so we have assumed
log(yh) = 13.1 £ 0.5, following the arguments of Harrison and
Putnis in their analysis of cation ordering in spinel®, as no
calorimetric data exists for the enthalpy of ordering in olivine
(from which one may compute /). Changing the activation energy
changes the temperature at which the ‘peak’ of the Q(T) curve
occurs on heating.

Using these values, we can simulate ordering paths expected at
any cooling rate. On rapid cooling, Q falls below the equilibrium
path at some temperature 7’ and a low value is frozen-in down to
low temperatures. Slower cooling generates higher values of
‘quenched-in’ Q at room temperature. We refer to this as the
saturation value of Q, Q,,, which increases with slower cooling
rates. The M-site occupancies measured at room temperature
thus reflect the cooling rate of a quench from temperatures above
T'. This reiterates the conclusion that published quench experi-
ments on olivine do not describe the equilibrium high-tempera-
ture partitioning behaviour, but instead simply reflect particular
cooling of individual experiments. Furthermore, this indicates
that the room-temperature structure of an olivine may be used
as a geospeedometer for rapid cooling events, such as in volcanic
rocks. The range of cooling rates is suggested by Fig. 2, which
shows the expected Q-T paths of (Fe,sMn,5),SiO, olivine cooled
at constant rates over 13 decades of d7/dt. Adopting this method
we find that the initial value of Q of our (Fe,sMn,5),SiO, sample
corresponds to a quench rate (from its initial synthesis conditions)
of 1.5 £ 0.2Ks™!, which agrees with our estimate of the average
quench rate of the sample from the synthesis temperature.
Equation (3) could equally easily be used to determine Q-T
paths following Newton’s law of cooling, or other more elaborate
time—temperature paths such as the step cooling path of our
neutron diffraction experiment.

By calculating the Q—T—¢ paths across a range of cooling rates,
the relationship between d7/df and Oy, has been obtained (Fig. 3).
We find a nonlinear relationship between Q,,, and log(d7/dr). The
temperature corresponding to an equilibrium value of Q = Q,,, is
given on the right-hand ordinate. Our neutron experiments
provided site occupancies with an error of less than 1%. Assuming
that the same procedure can be carried out for Fe—Mg olivines
crystallizing from picritic and basaltic liquids, and that site occu-
pancies can be determined to 10%, this implies that at cooling
rates slower than around 10> Ks™' the changes in cation par-
titioning would be less than the limits of precision, and hence it
would be more difficult to resolve cooling rates slower than
around 1K per day. As well as being applied to deducing the
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eruption/cooling rates of volcanic rocks, we expect that it should
be possible to obtain information on the cooling of high-crustal
level, relatively thin, sheet-like bodies of thickness 10—15m, and
on the cooling of the outer parts of intrusions substantially larger
than this, of the order of 50—~100 m thick.

These results show that the cooling rate of an Fe—Mn olivine
may be determined from its room-temperature structure alone,
specifically from the M1-M2 site occupancies. We further illus-
trate this in Table 1, where we have used the reported room-
temperature M1-M2 site occupancies of a number of natural and
synthetic Fe—Mn olivines to determine their cooling rates. Non-
convergent ordering in olivines clearly provides a viable new
method for high-speed geospeedometry. We are pursuing this
approach and its application in planned and current studies of Fe—
Mg, Fe—Ni and Mg—Mn ordering in olivines. O
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THE D” layer lies at the bottom of the Earth’s rocky mantle, and
separates it from the liquid metal-alloy core. This region, extend-
ing from the core—mantle boundary to a few hundred kilometres
above (Fig. 1), is geodynamically analogous to the more easily
studied lithosphere, at the top of the mantle. The structure of D"
may reflect the style of lower-mantle convection, the nature of
core—mantle interaction and perhaps even the fate of subducting
lithosphere'. Observations of lithospheric seismic anisotropy
have provided valuable insight into the nature of the upper-
mantle boundary layer, but discussion of lower-mantle seismic
anisotropy has been somewhat contentious>*. Here we present
evidence, from seismic waves that have traversed the lowermost
mantle beneath the Caribbean region, for a zone of seismic
anisotropy below the D" discontinuity, which in this region lies
250 km above the core—mantle boundary. The anisotropy is most
probably due to horizontal layering or aligned inclusions of a
material with differing shear-wave velocity. If D" is a graveyard
for subducted lithosphere, a plausible explanation of the
anisotropy may be the contrast between cold lithospheric mantle
and material that formerly constituted the oceanic crust, which may
have lower shear-wave velocity owing to the presence of melt.
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FIG. 1 A sketch of the seismic S-wave phases analysed at epicentral
distances 75° and 90°. The 660-km discontinuity separates the upper and
lower mantle; UMA refers to the region of upper-mantle anisotropy. Like
those analysed in this study, the earthquake (indicated by an asterisk) is
near the bottom of the upper mantle. In our study area a seismic
discontinuity lies atop the D” region 250km above the core—mantle
boundary**,

Seismic tomography has shown that the largest lateral varia-
tions in lower-mantle velocities are at the base of the mantle®’.
Similarly, studies of core-diffracted phases have shown strong
velocity variations within D” (ref. 8). Lay and Helmberger® pre-
sented the first definitive evidence for a D" discontinuity 250-
300 km above the core-mantle boundary (CMB); later analyses of
P- and S-wave data have revealed that the discontinuity exhibits

T
270’ 300°

FIG. 2 A Cassini equal-area projection of the region of study. Filled circles
show the stations of the Canadian National Seismograph Network (CNSN),
and the stars show the epicentres of the three earthquakes studied. The
range of epicentral distances spanned by the network is 70° to 110°. The
interpreted S-wave anisotropy is plotted at the surface projection of source/
station midpoints and the size of the circle is proportional to the degree of
anisotropy (the extreme cases are marked). The extent of the sampled D"
region is indicated by a grey swath for each event—station raypath which
enters D"
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strong lateral variations and is not a global feature® . It has also
been proposed that D” may be anisotropic>™*. Observations of
anomalous high-amplitude diffracted SV phases (shear waves
polarized in the source-receiver plane and diffracted along the
CMB) have been attributed to D" anisotropy, but these observa-
tions have been somewhat inconclusive as they can be explained
with relatively simple isotropic structures’. Here we present strong
evidence for D" anisotropy in a region below Central America and
the Caribbean (Fig. 2). Unlike previous studies, our analysis uses
broad-band data and concentrates on travel times for S-wave
arrivals which are primarily pre-diffracted. Our data set is unique
in that we have sufficient coverage to analyse phases which turn
above and within the D" region thereby allowing us to constrain
the anisotropy to the D" region.

The broad-band data are from South American earthquakes
recorded on the recently refurbished Canadian National Seismo-
graph Network (CNSN; Fig. 2). Horizontally polarized, shear-
wave (SH) data that image this region show clear evidence of a
precursor to the core-reflected phase ScS. This has been inter-
preted as a reflection from a discontinuity 250 km above the CMB
with a velocity contrast of 2.75% across the interface®'*. Here we
compare the SH signals with the SV signals, looking for evidence
of shear-wave splitting that is diagnostic of seismic anisotropy".
The phases we consider are primarily pre-diffracted phases, S and
ScS, although five stations record diffracted arrivals, S .

The earthquakes considered are very deep (>575km) thus
mitigating effects due to source-side upper-mantle anisotropy.
The effects of receiver-side upper-mantle anisotropy cannot be
dismissed so easily. Waveforms from many Canadian stations
exhibit significant amounts of SKS splitting indicating receiver-
side upper-mantle anisotropy'®. It is therefore imperative that
interpretations of lower-mantle anisotropy must first account for
the upper-mantle anisotropy. To do this, we take independent
estimates of upper-mantle anisotropy from observations of SKS
splitting from events with a wide range of azimuths''"". Measure-
ments of upper-mantle anisotropy have been published for some
of the CNSN stations'® and we have made our own measurements
for those stations without published values. Because the SKS
measurements are from a variety of azimuths, the observed
splitting must be due to anisotropy where ray paths are most
similar which, for this case, is the upper mantle. Furthermore, the
significant variation in splitting magnitude and orientation
between receivers suggests that the anisotropy is confined to the
upper mantle's.

We localize the source of lower-mantle anisotropy to the D”
region through the analysis of phases that turn above and below
the D” discontinuity Figure 1 shows the phases under considera-
tion: at 75°, S turns above the D" region, SdS reflects off the D"
discontinuity. (250km above the CMB in this area) and ScS
reflects off the CMB. The splitting measured on S-arrivals that
turn in the lower mantle above the D” region can be entirely
explained by anisotropy in the upper mantle as they show good
agreement with independent SKS-splitting measurements. It is
difficult to measure ScS splitting at these distances (<80°) owing
to interference from SKS and SKKS, but the few reliable estimates
that we can make show significantly more splitting. In such cases
the magnitude and orientation of the ScS splitting is significantly
different from that measured for SKS from a range of azimuths at
the same station.

Beyond 80° the S and ScS§ arrivals are only separated by a few
seconds in travel time, and are thus hard to isolate in a seismo-
gram. Furthermore, standard splitting analysis is difficult as the
radial and transverse component waveforms are quite different
(Fig. 3). Instead we simply measure ot from the separation in
travel-time onset after making a correction for upper-mantle
anisotropy. Whereas the separation in SH and SV travel times
for rays which turn above D" can be explained by upper-mantle
anisotropy, those for rays which turn within D” show greater
values of Jt thereby constraining most of the lower-mantle aniso-
tropy to the D" region. The S-ScS and S data show large delay
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FIG. 3 Travel-time separations between arrivals on
the radial (upper) and transverse (lower) components
at stations beyond 90°. These seismograms (velocity
records) have been corrected for upper-mantle ani-
sotropy and represent ~15% of the data analysed;
they were selected to show the splitting most clearly.
The nearer stations record S and ScS arrivals which
are only a few seconds apart, while the more distant
station, DAWY, records the core diffracted phase, S
Despite differences in waveform character, it is very
clear that there are dramatic differences in the onset

of the radial and transverse arrivals with the SH
component always leading the SV component.

- sH |
0 10 20 30 a0 50 0 10 20 30 40 50
Seconds Seconds
- 108.3°

DAWY event 1

T

T

[ SH
SLIUA B BV S
0 10 20 30 40 50 0 10 20 30 40 50
Seconds Seconds

times (3-9 seconds) with the SH component always leading the
SV component (Fig. 3).

The delay time depends both on the intrinsic anisotropy and
horizontal extent of the anisotropy, which is in turn also depen-
dent on the assumed thickness of the anisotropic region. As a
conservative estimate, we assume that the anisotropic region
extends from the CMB to the discontinuity 250 km above the
CMB" and that the anisotropy is uniformly distributed along the
entire path through a D” model (SKNA1") for this region. The
results suggest 0.5-2.8% anisotropy along corridors 1,000-
2,800 km in length, with an average values of 1.8% (Fig. 2). Signals
that arrive at roughly 90° sample only the upper few tens of
kilometres of D” and yet they still exhibit significant shear-wave
splitting. This implies that the anisotropy is vertically distributed
throughout most of the D” region. The variability in the estimated
anistropy may be due to variability in the thickness of the D" layer
throughout this region."

Three important pieces of evidence strongly suggest that D"
beneath the Caribbean is transversely isotropic. First, in our study
area the SH phase is always faster than the SV phase. Second, rays
with near-vertical paths through D" (such as SKS) show no sign of
splitting from this depth range®. This is consistent with transverse
isotropy, but not with azimuthal anisotropy. The final argument
comes form waveform modelling. The observed waveforms agree
well with synthetic reflectivity waveforms for isotropic models with
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a discontinuity 250 km above the CMB, except that there is a large
travel-time separation between the radial and transverse compo-
nent seismograms that the isotropic models cannot explain. Such
simplicity in the waveforms strongly suggests transverse isotropy
because the SH and SV systems are decoupled for this case'.

Any model for D” must satisfy the observed symmetry and
magnitude of the anisotropy, and the discontinuous increase in
SH-wave velocity (vgy) at the top of D” in this region'. It appears
unlikely that the anisotropy is due to the lattice preferred orienta-
tion (LPO) of lower-mantle minerals. Recent experiments suggest
that perovskite, probably the most abundant mineral in the lower
mantle, fails to develop strain-induced LPO™. It is also difficult to
satisfy the seismic constraints with the alignment of other lower-
mantle minerals with significant single crystal anisotropy (for
example, cubic MgO and tetragonal stishovite). It is more
probable that the anisotropy within D” is due to the horizontal
alignment of inclusions (within a matrix) or near-horizontal
layering of materials with differing isotropic shear velocities™.
Both models give rise to long-wavelength transverse isotropy with
a vertical symmetry axis and exhibit vy, > vg, (Where vgy is the SV
wave velocity) for horizontally propagating waves® . These
models are thus consistent with the form of the observed
anisotropy.

We model the anisotropy using a theory for aligned spheroidal
inclusions*** (Fig. 4). The magnitude of anisotropy depends
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FIG. 4 Modelling the per cent anisotropy due to the preferential alignment
of horizontal penny-shaped inclusions using the theory of Tandon and
Weng?? and Sayers®. The matrix velocity is 7.5kms™* and the inclusions
have an aspect ratio of 0.01. The different curves are the per cent
anisotropy as a function of velocity contrast for different inclusion volume-
fractions (given on the curves). The shear-velocity contrast is defined as
(v, — v4)/v4, Where v, is the velocity of the inclusion material and v, is the
velocity of the matrix. The average observed anisotropy (1.8%) is marked for
reference (horizontal line). As the S-wave velocity of the inclusions tends to
zero, very small inclusion volume-fractions can explain the observed
anisotropy. Numerical experiments show little variation in S-wave aniso-
tropy as the inclusion aspect-ratio gets smaller (eventually the medium can
be effectively treated as being layered). Cigar-shaped inclusions (aspect
ratio >1.0) require much higher volume fractions to explain the observed
anisotropy.

primarily on the volume fraction of the inclusions, the inclusion
aspect ratio and the shear velocity contrast. The aspect ratio of the
inclusions can vary from that of cigar-shapes to that of penny-
shapes, but it is much easier, in terms of orientation and volume
fraction, to satisfy the observations with penny-shaped inclusions.
As the inclusions get very flat (aspect ratio <0.001) there is good
agreement with the results for alternating layers?..

One simple model that is not consistent with the data has the
matrix velocity equal to that of the zone just above D”, and the
inclusion velocity faster. This requires unrealistic inclusion velo-
cities (in excess of 10kms™"') and predicts too large a velocity
discontinuity. This leads to the significant conclusion that both
components have elastic properties distinct from the mantle just
above D”. One important class of models that is efficient in

producing anisotropy is characterized by inclusions of partial
melt, as its shear velocity is nearly zero. The potential existence
of melt in the lower mantle is uncertain, as is the geometry and
alignment of such melt inclusions. There is little consensus on the
geometry of melt inclusions in even lithospheric rocks*, but melt
inclusions with aspect ratios of the order of 0.05 have been
observed in peridotites®. Less than 1% melt can explain the
observed anisotropy if we assume that the melt exists in thin
ellipsoidal disks (for aspect ratios <0.05) that are aligned owing to
higher shear stresses. In such small quantities this produces less
than a 1% reduction in vgy and, consequently, the matrix must be
about 3-4% fast.

We consider two possible mechanisms for producing a layered
D" region with the appropriate seismological properties. The first
is the ‘reaction-zone’ hypothesis®*?’, where D” is thought to
contain silicate and iron-alloy products of a reaction between
the mantle and core. As iron alloys have shear velocities 30-40%
lower than silicates”, this model could account for the anisotropy,
if a 5% iron-alloy concentration (Fig. 4) segregated into horizon-
tally elongated inclusions, throughout the 250 km thickness of D”.
The introduction of Fe into D", however, will have a general
tendency to reduce shear velocities. In particular, taking the
chemical reaction proposed by Knittle and Jeanloz?, the aggre-
gate vgy of the reaction products is lowered by up to 6% (depend-
ing on the amount of Fe reacting), compared to the starting
perovskite material.

The second mechanism is motivated by the increasingly com-
pelling seismological observations that slabs descend into the
lower mantle® ™. In such a scenario, the folded slabs may lie
horizontally on the CMB***2, The differing seismic properties of
the former-harzburgite and former-basalt components of the slab
could give rise to the anisotropy, while the high vg, for D” could be
achieved through the retained thermal anomaly of the slab.
Assuming that the basalt fraction is 0.1, then the contrast has to
be at least 20% (Fig. 4). If there is a low-melting-temperature
component within former-basalt, resulting from the relatively high
concentrations of Fe, Al and Ca, a fraction of the former-basalt
could have a significantly reduced shear modulus. A simple model
is that melt within the basalt lowers its overall seismic velocity, and
that the anisotropy results from the layering of the slower basalt
and fast lithosphere. Recent melting experiments on probable
basaltic components indeed suggest significant lowering (by
~2,000K) of the melting point of perovskite due to Al and Ca®.
If true, then ‘old slabs’ would provide an explanation for the
overall properties of this region. Furthermore, lower-mantle
tomography shows evidence for a vertical, slab-like feature
extending down to the CMB (the so-called Caribbean anomaly),
which has been attributed to the subduction of the former
Farallon plate®*. The hypothesis of a slab graveyard at the
CMB is in principle straightforward to test and if true, would
suggest that slabs play a major role in the mantle’s two major
thermal boundary layers, at the surface and CMB. O
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