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Testing plausible upper-mantle compositions using fine-scale

models of the 410-km discontinuity

James B. Gahertyl, Yanbin Wang2, Thomas H. Jordan3, and Donald J. Weidner4

Abstract. We constructed models of the 410-km disconti-
nuity, in which the shape and width of the velocity and den-
sity increase were constrained by mineral physics data on the
o—p transition in (Mg,Fe);Si04. The transition was repre-
sented as cubic functions of depth, and its width was esti-
mated to range between 8-24 km. Reflection coefficients
were calculated for these models for competing estimates of
the percentage of olivine in the mantle, using synthetic seis-
mograms that include the finite-frequency effects of the dis-
tributed transition. Comparing the synthetic reflectivities
with the average reflectivity observed in previous analyses of
ScS reverberations, we conclude that the mantle composition
is close to that of pyrolite (55 vol. % olivine). Furthermore,
much of the range of reflectivity can be explained by tem-
perature variation in a pyrolite mantle. An olivine-poor com-
position (35 vol. % olivine) marginally satisfies the seismic
data only if the transition thickness averages less than 10 km.

Introduction

The major seismic discontinuity at 410-km depth is widely
accepted to be due to a solid-solid phase transition in the
Earth's mantle. Experimental observations indicate that
olivine transforms to wadsleyite (its p form) at the appropriate
pressures and temperatures [e.g. Katsura and Ito, 1989]. To
first order, the seismic properties of 410 match the experi-
mental predictions for this transformation [e.g. [ta and
Stixrude, 1992; Vidale and Benz, 1992]. In contrast,
transitions in the other major mineral assemblages (e.g.
eclogite to garnet) occur over broad pressure intervals, and
thus cannot explain seismic reflections from 410-km depth
[Akaogi et al., 1987].

Because the 410 transition is restricted to the olivine sys-
tem, the olivine content of the mantle can be estimated di-
rectly from the seismically determined magnitude of the 410-
km discontinuity [e.g. Bass and Anderson, 1984; Duffy and
Anderson, 1989; Bina, 1993; Duffy et al., 1995]. In practice,
this approach has proven inconclusive, however, primarily
because the “data” in such analyses are not direct
observations, but rather are models of seismic velocity and
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density, with associated uncertainties and assumptions. In
particular, the 410 is usually represented as a discrete jump in
velocity, or a linear velocity increase distributed over a few-
kilometer depth interval. These assumptions are generally
made to satisfy most simply a particular seismic data set, with
little consideration given to mineralogical expectations, and
they vary from study to study. It is therefore not surprising
that this experiment has lead to few undisputed conclusions
about upper-mantle composition and state.

We revisit this experiment using an analysis that more di-
rectly incorporates the constraints imposed by both seismic
and mineral physics data. Our seismic data are shear-
impedance contrasts for 410 previously determined for a
broad region of the western Pacific and Asia. For representa-
tive mantle mineralogies, we constructed shear velocity and
density profiles that included mineralogically realistic param-
eterizations of 410. We calculated synthetic reflectivities
from these models using a technique analogous to that applied
to the data. By comparing observed and predicted reflectivi-
ties, we determine the composition most consistent with
seismological and mineralogical data.

Seismic Estimates of 410 Reflectivity

For our primary seismic datum on the observed magnitude
of the 410-km discontinuity, we calculated the average re-
flection coefficient Ry(410) and its standard deviation from
the 31 regional values determined from ScS reverberations by
Revenaugh and Jordan [1991] and Revenaugh and Sipkin
[1994] (hereafter RJ91 and RS94, respectively). ScS rever-
berations include the ScS,, and sScS, phases (zeroth-order re-
verberations), as well as their primary reflections from upper-
mantle discontinuities (first-order reverberations). RJ91 and
RS94 determined travel times and amplitudes of the first-
order reverberations for 31 source-to-receiver corridors via a
stacking and migration procedure, providing a direct measure
of shear reflectivity of the mantle in a variety of tectonic
regions. The 31 regional values of Ro(410) range from 0.7%
to 6.7% (£1%), and yielded a mean value of 4.22% with a
standard deviation of 1.24%. A large majority (25/31) of the
values are clustered within + one standard deviation of the
mean; of the six outliers, two are low (0.7% and 2.8%), while
four are bright (6.0-6.7%). In general, the observations are
consistent with long-period shear-wave models [RJ91].

SeS reverberations are well suited to providing the mean
and variance of 410 reflectivity because of the averaging in-
herent in the analysis. The 31 values reported by RJ91 and
RS94 represent path averages of thousands of individual
topside and bottom-side reflections from 410 in a wide range
of tectonic regimes. Because the center frequencies of these
waves were low (~25 mHz), the resulting estimates are less
sensitive to small-scale lateral heterogeneity and boundary
topography and more sensitive to finite-thickness (broad)
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transitions than those drawn from higher frequency waves
such as P'P' and P coda. Perhaps most important for our
purposes, the range of observed Ry(410) were drawn directly
from the data, rather than via seismic models of velocity and
density.  This simplified our evaluation of competing
mineralogical models.

Mineralogical Models of 410

We started our mineralogical analysis with the a-olivine to
wadsleyite phase-relation data of Katsura and Ito [1989], de-
termined for (Mgo goFep 11)2Si04 at 1473 K and 1873 K. Due

to the unequal partitioning of iron between the o- and B--

phases, the transformation occurs over a finite pressure
interval, corresponding to a transition thickness of order 5-25
km. This width of this two-phase region depends on both
temperature and bulk composition, with higher temperature
and lower iron content corresponding to narrower widths.
Furthermore, in this transition region, the growth of the B
phase is generally non-linear in depth [e.g. Stixrude, 1997].
For mantle peridotites, the transformation starts slowly, with
most of the B forming at the high-pressure end of the
transition. Using the phase diagram for the transition and
experimental thermoelasticity data assuming a typical mantle
geotherm, we calculated the expected values of vp, vs, and
density across the transition. We found that within the two-
phase interval a physical property X = vp, vg, p is well
represented as a cubic function of depth z:

3
%AXZ((Z—ZO)J (l)

~

(z~ Zo)

X@)= Xy + (- AX,)

for zo <z <zy. In this expression, AX] = X(z1) — X(zo) is the
total increase in X{(z) over the transition interval zop <z <z} =
zo + Az, and AX> = Xy + AX] — X(zo + Az /2) is the deviation
of X(z) from linearity measured at the midpoint of the transi-
tion interval, zg + Az / 2. The ratio AX, / AX) is well con-
strained by the experimental data to be about 0.13+.03 for all
three properties, giving a shape similar to that analyzed by
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Figure 1. Density (left) and shear velocity (right) as a function of
depth through the a-olivine to 3-olivine phase transition. Solid lines
represent pyrolite, while dashed lines correspond to DA89; Az = 10
km and 24 km are shown for each. Total parameter contrasts used
in calculating models (%): olivine, Avg/vg=14.3+1.5, Ap/p=5.3£0.2;
pyrolite, Avg/vg= 7.9+0.9, Ap/p=2.9+0; DAS89, Avglvg =5.0+0.5,
Ap/p =1.9£0.1. The temperature derivative of the shear modulus for
wadsleyite is taken to be —014(4) GPa/K. Other properties from
various sources, as summarized by Weidner and Wang [1999].
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Figure 2. R,(410) computed from phase-transition models such as
those in Fig. 1, plotted as a function of transition thickness Az
(curved lines with shaded bands). Curves for both pyrolite and
DAB89 are shown, and shading represents range of reflectivity due to
uncertainties in the shear moduli, as listed in Table 1. Compositions
are evaluated by comparing reflectivity curves with the target range
of Ry(410) and Az (hatched box). Range of seismic observations
(horizontal lines) is from RJ91 and RS94; the solid line represents
the mean, while dashed lines represent + one standard deviation.
The best laboratory estimate of Az is that it varies from 12-20 km
(vertical solid lines), but uncertainties in various parameters result in
a plausible thickness range of 8-24 km (vertical dashed lines).

Helffrich and Wood [1996] and Stixrude [1997]. The exact
value of AX; / AX; is actually not critical for our analysis, as
low-frequency seismic waves are relatively insensitive to it.
We fixed this parameter at the empirical value, and the form
of 410 is specified by its thickness (Az) and the total offset in
properties (AXy). ‘

Using equation 1 and the latest mineral physics estimates
of elasticity and density (including variances) for the
dominant mantle minerals, we calculated a suite of models for
the 410-km discontinuity (Figure 1), where AX] and Az are
free parameters. The total offset AXj is controlled primarily
by the amount of olivine in the mantle, relative to non-
transforming phases such as pyroxene and garnet, and it is
this parameter that we hope to constrain in our analysis. We
chose as representative values the pyrolite niodel of
McDonough and Sun [1994], which contains approximately
55% olivine by volume, and the more garnet-rich model of
Duffy and Anderson [1989], with approximately 35 vol.%
olivine (hereafter DA89). ‘

The transition width Az can be calculated from the phase
diagram. Katsura and Ito [1989] estimated Az as a function
of temperature, with Az = 19 km at 1673K, and Az =11 km at
2023K, +6 km due to uncertainties in the pressure determina-
tion. Allowing for plausible variation in iron content (Mg# =
88-92) simply adds +3 km uncertainty to these estimates.

We adjusted this estimated range of Az to account for the
effects of non-transforming phases such as garnet, and ortho-
and clinopyroxene [Stixrude, 1997; Irifune and Isshiki, 1998].
Because Az is dependent on the amount of iron in o and B, the
presence of phases with greater or less affinity for iron can
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impact the expected widths. Measured partition coefficients
for iron [dkaogi and Akimoto, 1979; Irifune and Isshiki,
1998] imply that garnet has a strong narrowing effect on the
transition, while pyroxene has a weaker effect. The
abundance of garnet relative to pyroxene at 410-km depth is
uncertain [e.g. lta and Stixrude, 1992; Irifune and Isshiki,
1998], but assuming garnet is the dominant non-transforming
phase, we calculated Az of 8-15 km in the appropriate
temperature range. A substantial amount of pyroxene at 410
will increase these widths by up to 4 km. These estimates
correspond to pyrolite; for DA89, Az decreases by 1-2 km due
to reduced iron content in the a and § components.

This narrowing is partially offset by the increased geo-
thermal gradient across the transition due to the positive Cla-
peyron slope [e.g. lta and Stixrude, 1992]. We estimated that
the ambient temperature increases by 60 K across the
transition, which increases Az by approximately 3 km. Our

final estimates of 410 thickness for the probable range of"

temperatures in the mantle are displayed as the vertical band
on Figure 2. The width ranges from 8 km at high temperature
(1900 K), to 24 km at low temperature (1473 K). This range
accounts for significant uncertainties in measured pressure,
partition coefficients, and bulk composition; the “best-
estimate” range is actually 12-20 km. Our width estimates are
slightly wider than those estimated by Stixrude [1997] and
Irifune and Isshiki [1998], primarily because they did not
consider the thermal effect of the Clapeyron slope.

Testing Plausible Mantle Compositions

To model the average Ry(410) estimate, we calculated
synthetic vertical-incidence shear-wave reflections for a range
of 410 parameterizations such as those shown in Figure 1.
The calculation used a propagator-matrix technique (which
included all finite-frequency effects) with a center frequency
of 25 mHz and a passband of 15-45 mHz, similar to the data.
Apparent reflection coefficients were estimated by cross-
correlating the 410 model synthetic seismograms with syn-
thetics calculated from a unit-amplitude step (first-order) dis-
continuity, analogous to the procedure of RJ91 and RS94.
The resulting range of model Ry(410) can be directly com-
pared to the observations (Figure 2). Even for long-period
waves such as these, the apparent reflection coefficient is de-
pendent on the transition thickness Az. Synthetic Ry(410) ap-
proaches the actual total impedance contrast in both pyrolite
and DA89 (5.23% and 3.38%, respectively) only for abrupt
transitions. At a thickness of 20 km, the apparent reflectivity
is down by over 20% in both cases.

Figure 2 indicates that either pyrolite or DA89 (marginally)
provide an acceptable match to the observed Ro(410), given
the uncertainties in the seismic and mineralogical data. When
the mineralogical expectation of transition thickness is con-
sidered, however, the data are most consistent with a mantle
composition closer to pyrolite. DA89 approaches the ob-
served mean reflectivity only for very narrow (0-10 km) tran-
sitions, and it seems unlikely that such widths are to be
expected on average. In addition, it is impossible to explain
brighter-than-average observations of 410 [e.g. RJ91; RS94;
Bostock, 1996] with DA89, even using an abrupt transition
and the most extreme mineralogical estimates for elasticity
and density. Pyrolite matches the mean reflectivity with a
transition width of 19 km. It can also explain much of the
variance of Ry(410) with transition widths ranging from 8 to
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24 km, in good agreement with the thermally driven varia-
tions predicted by the mineralogical data.

Compositions other than pyrolite (55% olivine) also can
satisfy our data within the uncertainties. Olivine contents as
low as 45%, and as high as 65%, produce model Ry(410) val-
ues within one standard deviation of the observed mean
across the expected thickness range. The lower bound might
be appropriate if the individual Ry(410) of RJ91 and RS94 are
consistently biased high, or if our thickness estimates are too
large. The higher bound is preferred if the seismic obser-
vations are biased low, which might be expected due to topo-
graphy on the transition [RJ91]. Taken at face value, how-
ever, the observations imply a composition close to pyrolite.

Discussion

Figure 2. implies that much of the variation of Ry(410)
observed by RJ91 and RS94 can be explained by temperature
fluctuations in a pyrolite mantle, with little or no composi-
tional heterogeneity required [Bina and Helffrich, 1994].
This arises because the reflective strength of 410 is dependent
on transition thickness, which depends on temperature. The
depth to 410 is also temperature dependent, and we hypothe-
size that the brightness of 410 should be positively correlated
with its depth. Using the values cataloged by RJ91 and RS94
(eliminating one outlier), we find that depth and brightness
are weakly correlated, with a linear coefficient of 0.28.

A pyrolite model with a thermally controlled transition
thickness can potentially explain the range of reflectivities ob-
served from higher-frequency reflected and/or converted arri-
vals [e.g. Vidale and Benz, 1993; Bostock, 1996; Xu et al.,
1998]. Observations of a "transparent" 410 are consistent with
a broad (low-T) transition, while those requiring an appar-
ently "sharp" 410 imply a relatively narrow (high-T) transi-
tion. Our ability to explain the latter is enhanced by the non-
linear models presented here, which are approximately a fac-
tor of two more reflective at frequencies above 0.2 Hz than a
linear transition with the same total thickness (Figure 3). This
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Figure 3. Frequency dependence of Ry(410) for non-linear (cubic)
transitions with 10-km and 20-km total thickness, and for compara-
ble linear transitions with 10-km and 20-km thickness. Values of
Ry(410) are determined from synthetic seismograms in realistic
finite-bandwidth windows.
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conclusion is similar to that drawn by Helffrich and Bina
[1994] and Stixrude [1997], while Helffrich and Wood [1996]
argue that the variability in Az (and thus reflectivity) is due to
fluctuations in water content rather than temperature.

This thermal model probably cannot explain the anomalous
observations of Ry(410) that lie substantially outside the 1-c
band. These observations may reflect compositional varia-
tion, including heterogeneous olivine content, water content,
and Mg #, among others. Wave propagation effects (e.g.
focusing) are also a source of such anomalies.

It is important to reiterate that the fine-scale structure
(shape and thickness) built into our models of 410 were not
determined from seismic data. Rather, we employed infor-
mation from mineral physics to construct a plausible range of
models with which to work, and used the seismic data only to
test compositional models. Theoretically, seismic data can
provide independent, localized estimates of 410 thickness by
considering the frequency dependence of the response (Figure

3); the amplitude should fall off with frequency, and the
apparent depth of the reflector (as inferred from the travel
time) should increase [Helffrich and Bina, 1994]. Observa-
tions of 410 reflectivity as a function of frequency are gener-
ally consistent with a distributed transition [e.g. Bostock,
1996; Xu et al., 1998]. In a particularly interesting study,
Melbourne and Helmberger [1998] analyzed the frequency-
dependence of 410 triplications beneath the western US.
They proposed a P-velocity model of 410 that is nearly
identical to those shown in Figure 1; the discontinuity is
represented by a transition that starts slowly, ends abmptly,
and has a thickness of ~25 km.
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