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Seismic discontinuities at 410 and 660 km depth are usually attributed to solid phase changes within the
olivine component of the mantle. The Clapeyron slopes y410 and Yo, i.e. the thermal dependence of the
depths of reactions, have been shown experimentally to be of opposite signs. Yet, their values are not well
constrained by laboratory measurements. Seismological observations have not been more precise due to
the difficulty to separate the competing effects of background wave-velocities and of temperature on the
topography of discontinuities. In this study we use conversion imaging of interfaces under western US.
We propose a new approach to derive a seismological estimate of the Clapeyron slopes with respect to
ya10 for the major and minor phase changes of the transition zone. We obtain 60 &~ —3 MPa K1 for
va10 ~ 43 MPaK~!. We construct “seismic phase diagrams” of the transition zone that can be directly
compared with experimental phase diagrams. We also apply a “Z-I"" transform to better constrain the
Clapeyron slopes y of the minor phase changes. Although tenuous, signals in seismic phase diagrams
suggest that minor phase transitions, both in the olivine and the non-olivine component of the mantle,
have visible seismic expressions. They can tentatively be described as follows. The ‘410’ is overlaid at low
temperature by an interface corresponding to a decrease of velocity with depth and y ~ +3 MPaK™'.
The ‘660’ widens at high temperature and is preceded at low temperature by an interface, the ‘620’, with
y ~ +7 MPaK™!. A ‘520’ is suggested with y ~2-3 MPaK~!. These last two interfaces correspond to
velocity increases with depth. At last, near 590 km depth, an interface may be associated with a velocity
reduction showing a weak dependence on temperature (y ~ 0 MPaK™1).
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range (Akaogi et al, 1989; Katsura et al., 2004; see Supple-
ment Table S.1). Reports of ys for the endothermic rw — pv + fp
reaction at 660 km depth are even more scattered with val-
ues ranging from —4 MPaK~! to —0.2 MPaK~! (Ito et al., 1990;
Litasov et al., 2005b). The reaction at 410 km depth should occur
at higher pressure (i.e., greater depth) in a hotter mantle while the
‘660" should occur at lower pressure (i.e., lower depth) under the

1. Introduction

In the mantle, two sharp seismic discontinuities bounding the
transition zone (TZ) are usually attributed to pressure-induced
solid phase changes of the olivine (Mg, Fe);SiO4 mineral. These re-
actions involve the transitions from olivine to wadsleyite (ol — wd)
at 410 km depth (the ‘410’), and ringwoodite to perovskite +

ferropericlase (rw — pv + fp) at 660 km depth (the ‘660’). Seismo-
logical observations of the depths of discontinuities can be used to
probe the mantle pressure-temperature (P, T) conditions. This re-
quires the knowledge of their Clapeyron slopes y =dP/dT, i.e. the
thermal dependence of the pressure at which the phase changes
occur.

Laboratory experiments agree on the opposite signs of the two
Clapeyron slopes. The slope y4 of the ol — wd transformation
at 410 km depth has been measured in a +1.5 to + 4 MPaK~!
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same condition, leading to anti-correlated topographies.

A long standing debate exists among seismologists on the de-
gree of anti-correlation of the topographies of the ‘410’ and ‘660’
discontinuities. The main source of information comes from con-
verted/reflected body-wave imaging (see Shearer, 2000, for a re-
view). The topography of the ‘410’ has been observed smaller
than that of the ‘660" (Shearer, 1991; Helffrich, 2000). The unique
seismological study to provide direct constraints on olivine Clapey-
ron slopes (Lebedev et al, 2002) found y4 = +2 MPaK~! and
¥s = —3.3 MPaK™! below east Asia and Australia. In some
cases, seismological observations are even in disagreement with
the experimental expectation of anti-correlated topographies for
the ‘410’ and the ‘660’ discontinuities. Gu et al. (1998) and
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Fig. 1. Behavior of discontinuities with thermal anomalies in the transition zone
and strong velocity heterogeneities in the lithosphere. Topographies of opposite
signs expected from mineral physics are shown with plain lines whereas seismo-
logical observations, influenced by the uppermost velocity structure, are shown with
dashed lines. In the absence of shallow corrections, an apparent correlation between
the interface topographies may be observed. (a) Case of a slower lithosphere on top
of a hotter mantle (left) and reciprocally (right). (b) Case of a faster lithosphere (e.g.
due to a thin crust) on top of a hotter mantle (left) and reciprocally (right).

Houser et al. (2008) found a slight positive global correlation be-
tween them. This observation is further evidenced below hotspots
(Deuss, 2007; Tauzin et al., 2008) or in the Pacific (Houser and
Quentin, 2010) where the apparent y4/ys > 0 has been attributed
to a transition in the non-olivine component of the mantle, from
majorite-garnet to perovskite in MgSiOs, occurring below the ‘660’
with a positive Clapeyron slope (Hirose, 2002).

However uncertainty remains on the reliability of the correc-
tions for uppermost velocity structure. Interface mapping relies on
the analysis of travel-times of body waves converted or reflected at
discontinuities. These travel-times not only depend on the depth
of conversion/reflection but also on the velocity heterogeneities
encountered along the ray paths above the discontinuities. This
results in a trade-off between the apparent depths of discontinu-
ities and the velocity heterogeneities above the TZ. As depicted in
Fig. 1a, shallow velocity anomalies negatively correlated with the
temperature in the transition zone apparently enhance the ‘410’
topography and reduce the ‘660’ topography (e.g. the case of a
hot lithosphere on top of a hot mantle, Fig. 1a, left, or recipro-
cally, right). Shallow velocity anomalies positively correlated with
the temperature in the transition zone could lead to an overesti-
mate of the ‘660’ topography compared to that of the ‘410’ (e.g.
a thin crust on top of a hotter mantle, Fig. 1b, left, or recipro-
cally, right). In general, the absence or the inaccuracy of velocity
corrections obscure the anti-correlation between the discontinu-
ity depths (e.g. Stammler and Kind, 1992). In extreme cases where
the contribution from shallow velocity heterogeneities exceeds the
contribution from the temperature (ie., all 4 cases in Fig. 1), the
topographies appear correlated and the apparent Clapeyron slope
ratio y4/ys becomes positive, contrary to experimental expecta-
tions. This could be especially the case for up-going P waves con-
verted into shear waves under seismological stations (P-to-S con-
versions) whose travel-times are strongly velocity-dependent (Li et
al., 2003).

In this study, we propose a method to separate the competing
effects of uppermost velocity structure and temperature on the to-
pography of TZ discontinuities. This method makes possible the
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Fig. 2. (a) Surface topography with state borders. (b) Apparent topography §Z4 of
the ‘410" seismic discontinuity. (c¢) Apparent topography §Zs of the ‘660’ disconti-
nuity (both panels from Tauzin et al., 2013).

determination of the ratio y4/ye with little information on the
background velocity structure. From this estimate, we can correct
the structure of the TZ from the effect of velocities, estimate the
temperature, and build diagrams that may be used as a proxy for
thermodynamics phase diagram of solid-solid transitions. Then we
develop and apply a new method, the “Z-I" stacking”, to test the
presence of unknown phase transitions in the mantle and measure
their relative Clapeyron slopes.

2. Seismic observations under western US

We make use of a dataset of P-to-S conversions obtained from
the Transportable Array component of USArray. This dataset is de-
scribed in detail in Tauzin et al. (2013). Using receiver functions,
the mantle structure of the western half of the US (Fig. 2a) has
been characterized in the 5-75 s period range. Seismic images of
mantle discontinuities have been produced by a migration method,
stacking the receiver functions by common conversion point (CCP)
(Dueker and Sheehan, 1997; Wittlinger et al., 2004). The imaged
volume is thus called a “CCP volume”. By picking in this volume
the seismic signal of conversions at the ‘410’ and ‘660", high res-
olution maps of their apparent topographies (6Z4 and §Zg) have
been obtained on a 0.5° grid in latitude and longitude (Fig. 2b, c).
The observed average depths of the ‘410’ and ‘660’ over the area
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Fig. 3. (a) Observed ‘660’ depth Zg versus the ‘410’ depth Z4. The oblique dashed
line represents perfectly correlated topographies. (b) Average tomographic velocity
anomalies 8v, above the ‘410’ versus the ‘410’ topography §Z4. (c) Average tomo-
graphic velocity anomalies §v, above the ‘660’ versus the ‘660’ topography 6Zs.
The tomographic model is from Burdick et al. (2010). Correlation coefficients are
indicated at the top. The two topographies appear positively correlated contrary
to mineralogical expectations. Their negative correlations with the shallow velocity
suggest a large effect of the shallow structure on the apparent depths of disconti-
nuities.

are (Z4) =424 km and (Zg) = 676 km. The corresponding peak-to-
peak depth variations are 55 km for the ‘410’ and 49 km for the
‘660" (with RMS 9.8 km and 8.8 km, respectively). The migration
being performed using a spherical model, IASP91 (Kennett and En-
gdahl, 1991), the topography maps do not take into account lateral
variations of velocities within the mantle. We thus expect shallow
velocity heterogeneities to significantly affect the apparent topog-
raphy of TZ discontinuities.

Fig. 3 shows that this is indeed the case. Contrary to mineral
physics expectations, the ‘410" and the ‘660’ topographies have a
positive correlation of +0.60 (in all the paper we note (x) the av-
erage of the variable x, §x = x — (x) the deviation from average,
and we use the Pearson’s correlation coefficient between x and y
defined as (8x-8y)/+/{6x-6x){8y - 8y)). This correlation (Fig. 3a) is
partly the result of shallow velocity heterogeneities in the mantle
overlying the TZ. The depth-velocity trade-off is obvious by look-

ing at average §v, anomalies above the TZ taken from the tomo-
graphic model of Burdick et al. (2010), versus the ‘410’ topography
in Fig. 3b. The correlation is negative, —0.68, as a slower litho-
sphere tends to increase the apparent depths of the discontinuities
(see Fig. 1a, left, and Fig. 1b, right). This trade-off reduces slightly
to —0.45 when examining the ‘660’ topography (Fig. 3c). Similar
observations from SS-precursors have already been discussed by
Houser et al. (2008).

3. Clapeyron slopes of the ‘410’ and the ‘660’
3.1. Seismic imaging of discontinuities

We assume that at first order, the “depth variation” §Z of a
phase transition depends on its Clapeyron slope, ¥ and on the
temperature variations 8T (i.e. the temperature minus the adia-
batic reference geotherm). The potential effects of compositional
heterogeneities (e.g., water content or variability in Mg/Fe ratios,
Litasov et al., 2005a; Irifune et al., 1998) are considered as second
order effects. Depth and temperature are therefore related by

82 =7—(2) =L 6T =IsT (1)
og

where g is Earth’s gravity, p the density above the discontinuity
and I' the Clapeyron slope in mK~! (while y is in PaK™!, see
Helffrich and Bina, 1994). The absolute depth of discontinuity Z
and its average (Z), can be directly estimated from seismic imag-
ing using for instance P-to-S conversions (Tauzin et al., 2013) or
SS-precursors (Houser et al., 2008). In the case of our P-to-S ob-
servations, the travel times of converted waves Pds relative to the
direct P depend on the conversion depth Z, the ray parameter p
(assumed to be identical for the two waves), the S and P veloci-
ties vs, vp:

V4

tpds<p,2)=f[\/v;2—p2 SN ~p2]dz (2)

0

Supposing v, and v perfectly known, this equation enables the
projection of the amplitude measured at time tpys on a seismogram
at the “true” depth Z (this is called time-to-depth conversion).
A more sophisticated but similar approach for interface imaging
is to backpropagate the seismic wavefield recorded at the surface,
with the expectation that the transposed wavefield will focus at
and therefore will highlight the sources of seismic scattering in
the subsurface (this is called migration; e.g., Rondenay, 2009).
However in these methods, the imperfect knowledge of the
shallow velocity structure leads to an imperfect recovery of the
interface positions. Instead, one recovers an apparent topography:

8Z=27—(Z)=TIS8T +6sh 3)

The correction term &h integrates the effects on travel-times of
3D heterogeneities 8vs , (v =V — V) encountered along the ray
paths and not taken into account by the reference model. Instead
of (2) what is really used is:

Z+68h
tpas(P, Z) = / v == vi, — p?]dz (4)
0

where v, - and vp . are velocities in the Earth's reference model
used for imaging. The deviations of velocities v, from the refer-
ence model are thus mapped into 8h. Using (2), the latter identity
can be used to express dh, assuming a vertical incidence (p = 0):

_foz[évs/vfmf — 8vp/vf,ref]dz
[1/Vs,(Z) = 1/Vp, (2)]

sh= (5)
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(practically, the P and S ray paths are not vertical so (5) is
an approximation). In general §vs; and év, are correlated, and
|3V5/V?,ef| > |8vp/vf,ref|, so that éh is anti-correlated with the seis-
mic velocities above the TZ, i.e. deeper interfaces §h > 0 are in-
ferred for a slower lithosphere §v;s , <0 (see Fig. 1 and Fig. 3b, c).

The effect of §h can in principle be estimated from tomographic
imaging. However, the travel-time tomography is often resolved
with longer wavelengths than what would be needed to accurately
correct the local information associated with converted/reflected
body waves, especially at global scale.

To alleviate the problem of mapping velocity variations into in-
terface topographies, various authors have discussed their results
in term of TZ thickness (e.g., Chevrot et al., 1999; Lawrence and
Shearer, 2006; Tauzin et al., 2008). Computing a difference of to-
pographies cancels the major corrections due to the shallow struc-
ture but leaves those due to the velocity perturbations in between
the two interfaces. For example, because of local temperature vari-
ations, any possible interface within the TZ, appears shifted with
respect to the ‘410’, by the distance, see (5),

J711/vsy — 1/(Rvp,ef)]dz”
[1/V5ref (Z) - 1/vpref(Z)]

where the proportionality factor computed at the ‘660’ is a({Zg)) =
ag = 0.03 kmK~! (using K = dlogvs/dT = —7 x 107> K~!
(Stixrude and Lithgow-Bertelloni, 2005) and R = dlogvs/dlogv,
= 2 (e.g, Schmandt and Humphreys, 2010; Becker, 2011)). The
contributions of the lateral temperature variations to the apparent
thickness of the TZ are therefore non-negligible (3 km for 100 K)
and a hotter TZ appears thicker without corrections.

Sh1(Z) =a(Z)sT = —K (6)

3.2. Fundamental hypotheses

For the ‘410’ and the ‘660’ discontinuities, we suppose that the
apparent topographies are given by:

8724 =T48T + 6h
8Z6 = I's8T + 8h + Shr((Ze)) = (I's + ae)8T + 8h = I'(8T + 8h
(7)

In the last equality we group together the two §T-dependent terms
and define an apparent Clapeyron slope I'} = I's +as. Eqgs. (7) as-
sume that the temperature 8T in the TZ does not vary with depth
but uniquely laterally. We will discuss this approximation in Sec-
tion 3.5.

The expectation from high pressure mineral physics is that
I's/ Iy < 0. This effect alone imposes a negative correlation be-
tween §Z4 and 8Zg (see (7)). On the contrary, the contribution
of 8h is opposite (see (7)). As ag and Iy have the same sign,
the temperature variations within the TZ also tend to increase the
correlation between the interfaces. The slight positive correlation
observed between the ‘410’ and ‘660’ topographies at a global scale
(Gu et al., 1998; Houser et al., 2008) could thus be partly explained
by an under-estimation of the velocity corrections.

3.3. The Clapeyron slope ratio and temperature in the TZ

Writing I'46Zs — I'}8Z4 (see (7)), we get the contribution from
the shallow heterogeneities as a function of an apparent Clapeyron
slope ratio (I}/I4)

1 1
= — %%~ =
1—15/1y Iy/Tg—1
Our method considers the contribution §h as a noise to the real

signal, that must be minimized, i.e., we choose the Clapeyron ra-
tio I'; /I’y that explains the ensemble of observations in terms of

sh 824 (8)

temperature variations and shallow corrections, but requires the
smallest shallow corrections. We therefore look for the ratio I'; /Iy
that minimizes the quantity:

x? =(sn?) 9)
We can show that an analytical solution to 3 /d(I;/I'y) =0 is:

I§ (826 (826 — 5Z4)) (10)
Iy (8Z4-(8Zg—8Zy))

The expression (10) can also be understood from a different
standpoint. The shallow corrections and the temperature in the
transition zone are likely uncorrelated on average. The shallow cor-
rections are mostly due to crustal anomalies and fossil structure of
the lithosphere. Their correlation with the thermal TZ structure is
very low in global tomography models (see e.g., Becker and Boschi,
2002). We may therefore assume that the correlation between &h
and 8T is zero, i.e (8T - 8h) = 0. We discuss further the validity
of this assumption in Section 3.5. In this case, one has simply
from (7)

(824 -8Z4) = TZ(ST - 8T) + (8h - 8h)
(8Z6 - 8Zg) = 42 (8T - 8T) + (8h - 8h)
(8Z6 - 8Z4) = Iy I§(8T - 8T) + (8h - 8h) (11)

Subtracting the last equation to the first two and removing the
term (8T - 8T) by division, leads again to the relation (10). In
conclusion, choosing the Clapeyron slope ratio according to (10) si-
multaneously minimizes the overall shallow corrections and their
correlations with the TZ structure.

The minimization process allows us to compute the ratio of the
apparent Clapeyron slopes, I';/I'4 but not the two mineralogical
Clapeyron slopes Y5 and y4, independently. If one of the Clapeyron
slopes is known, e.g. at the ‘410, then the Clapeyron slope of the
‘660’ is obtained from

e Iy
Y6 =——"V4— Ps8ds (12)
P4 Iy
where p4 and pg are the reference densities above the ‘410’ and
‘660"
From 8Z4 — 8Zg (see (7)), we obtain the TZ temperature as:

1 1

T ———
Iy (1—=Tg/Ty)

(6Z4—8Zs) (13)

The temperature field within the TZ is thus linearly related to
the variations in TZ thickness. The thermal contributions to the
‘410’ topography, i.e., I'z8T, are obtained by our method but we
must assume the independent knowledge of one of the Clapeyron
slopes (e.g. I'4) to obtain 8T.

3.4. Application to western US

In the following, we use our observations of apparent topogra-
phies of TZ discontinuities below western US to estimate the ratio
of the ‘410’ and ‘660’ Clapeyron slopes. We plot in Fig. 4 the root
mean square function x (I¢/I4) (9) which goes through a mini-
mum at (I';/I'y) = —0.56, given, as expected, by (10). We find no
minima for positive values of (I¢/I4). According to (12), we there-
fore predict a relation between the mineralogical Clapeyron slopes

v6 = —0.64y4 — 1.17 (14)

where we used ag = 0.030 kmK™!, ps = 3542 kgm~3, and
06 = 3991 kgem™3. For y; = +3.0 MPaK™!, we obtain ys =
—3.1 MPaK™! and y4/vs = —1.03.
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Fig. 5. Map of temperature anomalies 8T within the TZ obtained from (13) and
¥4 =+3.0 MPaK~!.

We show in Fig. 5 the result of applying (13) with F6’/1"4 =
—0.56 and taking y4 = +3.0 MPaK™!, close to the average of ex-
perimental values in Table S.1. As expected from Eq. (13), the
pattern of thermal anomalies is proportional to the TZ thickness
(Tauzin et al., 2013). The choice of y4 determines the range of
thermal variations 8T, from —259 K below northeast Oregon to
+216 K below Yellowstone, with a 65 K RMS (Fig. 5). This tem-
perature is weakly but positively correlated with what can be
estimated from tomography in the TZ (correlation of +0.23 with

(w)ye

o
(wy)) yidep

125 W 120"W 115 w 110 W 105 W

Burdick et al., 2010’s model at mid TZ). The average horizontal
temperature gradient is of order 0.7 Kkm™', comparable to the
adiabatic gradient in the transition zone (Katsura et al., 2010).

In Fig. 6a, we plot a map of the depth corrections h computed
from (8) and I'[/I'y = —0.56. These corrections should represent
the contribution of shallow velocity heterogeneities to the inter-
face topographies. A clear NE-SW dichotomy is observed with §h
values ranging from —25 km below northern Idaho to +17 km in
the southwest of Utah, with an RMS of 8.5 km. This dichotomy
dominates the initial maps of topographies (Fig. 2b, c).

The corrections §h can be compared with those, 8hme com-
puted with the P-wave model of Burdick et al. (2010) (Fig. 6b).
To estimate Shimo, @ Shear-wave model Svs is required (5). We
scale 8vs from v, using §logvs/dlogv, =2 (e.g, Romanowicz
and Cara, 1980; Schmandt and Humphreys, 2010). This value of
8logvs/§log vy has no impact on the high correlation between §h
and Shomo, +0.65. The amplitudes of Shyme are generally lower
than predicted with our method (Fig. 6a) but the NE-SW di-
chotomy is well recovered. This confirms the dominant effect of
shallow velocities on the apparent topographies of TZ discontinu-
ities.

The corrections éh and 8h + agéT must be removed from the
observed topographies §Z4 and 8Zg to obtain the “true” topogra-
phies (7), perfectly anti-correlated by construction and due to tem-
perature variations alone (Fig. 6¢c and d). The estimated Clapeyron
slope ratio y6/va being ~—1.0, the relative amplitudes of thermal
topographies are similar. In term of RMS amplitudes the initial to-
pographies for the ‘410’ and ‘660’ are of 9.8 and 8.8 km, from
which we removed a shallow correction related to §h of 8.5 km,
a temperature correction at ‘660’ related to agéT of 1.9 km, leav-
ing thermal topographies of 5.3 and 4.9 km respectively.

3.5. Critical assessment

Our method makes use of two hypotheses: a low correlation
between the shallow corrections and the temperature in the TZ
and a TZ temperature varying only laterally. These hypotheses al-
low us to correct the direct observations of interface topographies
without using a tomographic model.

3 Niomo
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Fig. 6. (a) Map of the depth corrections §h obtained with the apparent Clapeyron slope ratio (1"6’/1"4) = —0.56. (b) Map of the corrections 8himo (5) computed with the
8vp model of Burdick et al. (2010) and R=9Inv,/dInvs = 2. (c) Map of the ‘410" thermal topography I'46T. (d) Map of the ‘660’ thermal topography I's6T. The thermal
topographies have been computed with y4 = +3.0 MPaK™!.
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Our assumption of a weak correlation between the shallow
correction and the temperature in the TZ is in relative agree-
ment with Burdick et al. (2010)’s model where the shallowest
400 km (a proxy for shallow corrections) are weakly correlated
(—0.17) with the tomographic anomalies at 500 km (a proxy for
the TZ structure). In Supplement S.1, we discuss how this correla-
tion C(8h,8T) may affect our results. When C(8h, 8T) varies from
—0.2 to +0.2, we show that the ratio 1“6//1"4 derived from the data
changes from —0.19 to —1.23. The assumption of an uncorrelation
between shallow corrections and the TZ temperature is therefore
crucial. Using the correlation value suggested by Burdick’s mantle
model would change our estimate for I'; /Iy from —0.56 to —0.23,
or using (14), our estimate of ¥ from —3.1 to —2.0 MPaK~!. Note
that crustal heterogeneities, which are not explicitly given in the
mantle model of Burdick et al. (2010) should rather decrease than
increase |C(8h,8T)|. With C(8h,8T) = —0.17 the RMS thermal to-
pography at ‘410’ slightly increases from 5.3 to 6.2 km, that at ‘660’
decreases from 4.9 to 4.3 km, and the RMS of the corrections §h
does not change much with C(8h, 8T).

In Supplement S.2, we also discuss the assumption of a uni-
form temperature in the TZ. We show that as soon as the RMS of
the difference of temperature between the two interfaces is lower
than that of the lateral variations, the retrieved I'//Iy is not signif-
icantly affected. The fact that the vertical difference of temperature
in the 250 km thick TZ (corrected from the adiabatic gradient) is
not larger than the horizontal temperature differences below west-
ern US seems reasonable.

Therefore, the accuracy of our method is mostly affected by the
assumption of an uncorrelation between surface corrections and
the TZ temperature and not much by the sampling of our dataset
(we checked by bootstrap resampling that similar results are ob-
tained by using only subsets of our data) or by the assumption of
a vertically uniform TZ. Of course, if tomographic models were ex-
tremely precise they could be used to correct the observations or
to check our hypotheses. Unfortunately, we consider that this ap-
pears difficult even with high quality models like that of Burdick
et al. (2010).

First, tomographic inversions involve smoothing and regulariza-
tion that limit their accuracy at the short length-scale at which in-
terface topographies are mapped by receiver functions. Even under
the well-mapped upper mantle below western US, the resolution is
at least 200 km (Becker, 2011). Second, velocity variations close to
an interface, can be interpreted as due to temperature variations in
a medium with flat interfaces or as due to interface undulations in
a medium without other velocity anomalies. In the first case we
would assume that §vp/vp = (3logv,/dT)sT ~ —3.5 x 107°8T.
In the second case, an interface topography §Z = I'ST seen with
a vertical resolution A would appear as an anomaly 8v,/v, =
—(Avp/vp)(I"'/X)ST where Avp/v, is the velocity jump across
the interface (Avy,/vp ~ 4% and 6% at the ‘410’ and ‘660’). We
would obtain v, /v, &~ —107>8T near the ‘410" and §v,/vp ~
+4 x 107°8T near the ‘660’ for a resolution length of A = 100 km.
Of course a combination of the two effects is likely. The above
numerical applications imply that we may not even know the
sign of the temperature anomaly near the ‘660’ and that accu-
rate temperature estimate at ‘410’ is unlikely. It seems to us that
unless tomographic models are obtained by simultaneous inver-
sion of both velocities and interfaces (like e.g. in Gu et al., 2003;
Houser et al., 2008; Lawrence and Shearer, 2008, but with a better
regional resolution), the estimate of TZ temperatures from tomo-
graphic models with flat interfaces will introduce more, or at least
as much uncertainties as our simpler approach.

4. Phase changes in the transition zone
4.1. Seismically deduced phase diagrams

Now that we have estimated the velocity corrections and the
TZ temperature we can directly use the waveforms to construct
a representation of the thermodynamic phase diagram seen from
seismology and to search for other potential phase changes.

In Fig. 7a, we stack all the seismic signals s;(Z) within intervals
of apparent depths §Z,4 of the ‘410’. The ‘410’ and the ‘660’ appear
as well-resolved streaks. The slopes of §Z4 and §Zg, both posi-
tive in this diagram, are controlled by shallow heterogeneities sh
(see (7)). Their slight difference is due to the weak expression of
temperature.

A more meaningful observation of the interfaces is obtained by
correcting the traces from the shallow heterogeneities, hence by
considering s;(Z — 8h;) where $h; is given by (8) and (10). This
is done in Fig. 7b, here as a function of the thermal topography of
the ‘410°, I'48T. The effect of the corrections is drastic on the ‘660’
straightening it up to an opposite direction to that of the ‘410'.

All the interfaces in the TZ are also displaced by a(Z)3T
(see (6)). The best representation of the effects of the temperature
on phase changes is obtained by plotting the function F(Z,dT)
(see Fig. 7c) obtained by stacking s;(Z —h; —a(Z)8T;) as a function
of 8T;

F(Z,8T)=(si(Z — h; —a(2)8T;,8T;)) for 8T; ~ T. (15)

The function F(Z,8T) represents our best estimate of the posi-
tion of the interfaces as a function of temperature, what we call
a “seismic phase diagram”. Note that the construction of this dia-
gram requires the choice of the ‘410" Clapeyron slope to properly
scale §T. Here we choose y4 = +3.0 MPaK~!. In this “seismic
phase diagram” the phase changes at ‘410’ and ‘660’ are straight
lines with slopes I'y and I. Any other phase transformation ap-
pears as a line of slope I'. The ol - wd and rw — fp + pv are
clearly visible but the wd — rw transition is very faint (encircled
by a dashed ellipse in Fig. 7d). Other signals in the diagram can
either be associated with phase transitions if they align on linear
trends, or with “noise” if they do not, due for instance to compo-
sitional effects.

This approach can also be used to correct seismic sections for
the mantle (see Fig. S.2). As an example, the initial section for a
profile at 41°N is corrected from the shallow heterogeneity and the
temperature induced velocity changes and leads to a profile where
the signal should be only due to the true interface undulations.

Tauzin et al. (2013) reported the presence of seismic disconti-
nuities around 350, 590 and 620 km depths in the mantle below
western US. These features are more local than the ‘410’ and ‘660’
but appear anyway in the diagram of Fig. 7c. For cold regions of
the mantle (<—150 K of thermal anomaly), a negative signal is ob-
served atop the ‘410’ around 380 km depth (the ‘350’). This same
temperature domain is characterized by multiple positive peaks
above the ‘660’ and by what we can associate with a positive
‘620" discontinuity. The negative signal of the ‘590’ is diffuse: it
can be found across the whole temperature range with higher am-
plitudes in the hottest environments (dotted contour in Fig. 7d).
We checked by making seismic phase diagrams restricted to the
eastern or western regions relative to the Nevada/Utah borders,
that the characteristics of our observations in Tauzin et al. (2013)
are preserved. We observe the ‘350’ in both eastern and western
regions with stronger amplitudes in the west, the negative ‘590’
mostly in the east, and the positive ‘620’ in both areas. This con-
firms that these minor interfaces are robust in their seismological
observation.

The minor interfaces seem also consistent with our model of
phase changes and vertically coherent temperature in the TZ. They
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Fig. 7. (a) Diagram of the seismic signals sj(Z) stacked within 2 km intervals of the apparent depth of the ‘410", §Z4. Positive amplitudes (in red) mark velocity increases
with depth whereas negative amplitudes (in blue) are associated with velocity reductions. The black line is the relation Z = (Z4) + §Z4. (b) Diagram of s;(Z — 8h;), corrected
from shallow heterogeneities. The black line is the relation Z = (Z4) + 8Z4 — 8h = (Z4) + I'48T. (c) Seismic phase diagram F(Z,8T) (using y4 = +3 MPa K~! and stacking the
seismic signal by intervals of 20 K). (d) Our interpretation. ol: olivine; wd: wadsleyite; rw: ringwoodite; fp: ferropericlase; pv: perovskite; mj: majorite; ak: akimotoite. LVL:
Low velocity layer atop the ‘410’. The phase diagram for transformations at the bottom of the transition zone is taken from Hirose (2002) for pyrolite. The dashed ellipse
locates the weak signal from a possible wd — rw transition and the dotted ellipse the signal of the negative ‘590'. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

are not noise or random scatterers because they are seen coher-
ently in quite specific domains of temperature in the diagram.
Indeed, they do not appear as coherent as we stack the data as
a function of the apparent ‘410’ topography (see Fig. 7a). Their ori-
gin is thus likely related to the temperature in the TZ.

4.2. Z-T stacking for the Clapeyron slope of unknown phase
transitions

This seismic phase diagram suggests a simple way to interro-
gate the data for the presence of phase transitions in the mantle.
We simply stack all the observations, corrected from the veloc-
ity perturbations, along the lines of slopes I'". This method is akin
to the slant stack 7-p method (Rost and Thomas, 2002) or the
more general Radon transform (Gu and Sacchi, 2009) that sum up
signals, not at constant depth (or time) but along a specific inte-
gration path. We thus build a Z-I" diagram G(Z, I'),
G(Z,F):/F(Z—FST,(ST)dT (16)
This function (see Fig. 8) presents two maxima at Z = 424 km
and I' = 40.081 kmK~' for the ‘410’ and at Z = 677 km and
I' = —0.079 kmK™! for the ‘660'. Their Clapeyron slope ratio is
close to the estimate of Section 3.4 (here we compute the max-
imum of an average signal while in Section 3.4 we compute the
average of the positions of maxima: this explains the small differ-
ence). As reported in Tauzin et al. (2013) the amplitudes of the sig-
nals converted at the ‘410" and ‘660’ are comparable (~1% of the P
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Fig. 8. Z-I" diagram. The amplitudes are red (positive) for velocity increases and
blue (negative) for velocity reductions. The stars correspond to the couples ((Z), I")
expected for the ‘410’ and ‘660’ and inferred for minor extrema that are found
around 350, 520, 590 and 620 km depths. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

signal) while radial models (PREM or IASP91) would predict a 50%
larger signal for the conversion at the ‘660’ which suggests that
radial models overestimate the velocity jump at the ‘660". It is pos-
sible that IASP91 maps into a single sharp velocity jump what is
actually a more gradual velocity increase (Schmandt, 2012). Other
maxima in the G(Z, I') diagram potentially indicate the presence
of additional phase transitions in the mantle near the depth Z and
with a Clapeyron slope I'.
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Table 1

Summary of potential phase transitions observed in the TZ.
Discontinuity r y Depth Amplitude Possible y

(kmK~1) (MPaK™1) (km) (% 410) transition (MPaK~1)

‘410 +0.081 +2.8 424 100 ol - wd Va
‘660’ —0.079 -3.1 677 110 rw — pv + fp —0.64y4 —1.17
‘350 +0.092 +3.2 387 -30 LVL 1.0y4+0.25
‘520 +0.064 +2.5 530 +14 wd — rw 1.0y4 — 0.50
‘590 —0.010 —0.4 573 —22 ? 0.15y4 —0.83
‘620 +0.174 +6.8 656 +54 mj — ak 2.59y4 — 0.98

The additional minor seismic discontinuities reported in Tauzin
et al. (2013) and in Fig. 7c are also present as weak local extrema
in the Z-I" domain (small stars). The ‘350’ is recovered at 387 km
depth with an apparent Clapeyron slope I" = +0.092 kmK~! and
the ‘590" at 573 km with I" = —0.010 kmK~!. The two discon-
tinuities have absolute amplitudes within 20 to 30% of the ‘410
or ‘660’ amplitudes (ie. ~0.3% the P-wave amplitude). A peak
at Z =530 km and I = +0.064 kmK~! could correspond to the
wd — rw transition but the signal is weak with an amplitude of
only 0.1% the P-wave (i.e. 14% the conversion at the ‘660’). The
‘620’ appearing as a conspicuous feature in Fig. 7c is not reliably
constrained with our Z-TI" stacking approach because it is close to
the strong signal from the ‘660’.

A summary of our results is given in Table 1. In the second
and third columns I" and y assume y4 = 43 MPaK~!. The depths
reported in the fourth column correspond to the potential depth
of the interface in a reference mantle with zero thermal anoma-
lies. For instance the ‘620’ which only appears for T ~ —200 K is
mentioned at a depth of 656 km in Table 1 because of its large
Clapeyron slope, +0.174 kmK~! (‘620" ~ 656 — 0.174 x 200 km).
For simplicity we mostly discussed our results assuming ys =
+3.0 MPaK™! but as explained in Section 3 we can only derive
linear relations between Clapeyron slopes. In the last column of
Table 1 we report these relations with respect to y4 (the third col-
umn is in agreement with the last one when y4 = +3 MPaK™1).
Ascribing uncertainties to these slopes is difficult. However from
the horizontal sizes of the extrema in Fig. 8 the uncertainties are
probably as large as 0.02 kmK~! (0.7 MPaK™1).

5. Conclusion

In this study, we used the competing actions of temperature
and velocities on the apparent topography of TZ discontinuities to
quantify their respective effects neglecting the possible presence
of compositional variations. The expected anti-correlation of the
‘410’ and ‘660’ is largely hidden by the effects of shallow velocity
anomalies and the RMS thermal topographies (5.3 and 4.9 km) are
lower than that of the corrections (8.5 km).

We suggest that the Clapeyron slope ratios of the two major in-
terfaces of the TZ can be obtained by minimizing the shallow cor-
rections or by assuming the absence of correlation between these
corrections and the TZ temperature. The knowledge of the corre-
lation between the TZ temperature and the shallow corrections
derived from tomography may be used to improve this estimate
(see Supplement S.1) but the exercise is not easy. This correlation
is an important parameter that impacts our ability to measure the
exact Clapeyron slopes of the ‘410’ and ‘660’. By comparison the
other sources of uncertainty, e.g., the lateral averaging in the mi-
gration process or the assumption that the TZ temperature only
varies laterally, seem to be less crucial.

The presence of minor seismic discontinuities has been re-
ported below western US by e.g., Simmons and Gurrola (2000),
Song et al. (2004), Vinnik et al. (2010), Eager et al. (2010),
Schmandt et al. (2011), and more recently Tauzin et al. (2013).

These interfaces are very weak and more visible at low tempera-
tures. Two interfaces seem to correspond to a velocity reduction,
two interfaces to a velocity increase. We suggest a new method
to construct the phase diagram directly from the seismic observa-
tions and, through a Z-I' transform, we estimate the Clapeyron
slopes of the potential minor phase changes.

The sharp reduction of velocity at 350 km depth can hardly be
explained in term of a transition toward a higher pressure assem-
blage as it is associated with a shear-wave velocity drop (~—30%
of the conversion amplitude at the ‘410’). It has been proposed
to mark the onset of a low-velocity layer atop the ‘410’ due to
dehydration-induced partial melting (Revenaugh and Sipkin, 1994).
We preferentially find this layer in cold environments. It may be
induced by water rather released from subduction (Tanner et al.,
2012) than released from a passive upwelling from the deeper
mantle like in the transition zone water filter model of Bercovici
and Karato (2003). We find for this discontinuity a Clapeyron slope
y = +3.2 MPaK™! close to y4 = +2.8 MPaK™!, which suggests
that the two interfaces may be intimately related.

The weak interface at ‘590’ (Tauzin et al.,, 2013; Eager et al.,
2010) does not seem to vary much with temperature, with a small
Clapeyron slope of —0.4 MPaK~!. It is also associated with a ve-
locity reduction (—20% of the reflection amplitude at the ‘410). Its
origin remains mysterious although Shen et al. (2014) suggest that
this discontinuity is a global feature associated with delamination
and accumulation of oceanic crust at the top of the lower mantle.

The interfaces at 520 and 620 km depth being associated
with increases of velocity can be more easily related to pressure-
induced phase changes. The ‘520’ is likely associated with the
wadsleyite-ringwoodite transformation. Its Clapeyron slope is neg-
ative and in agreement with laboratory experiments (Suzuki et al.,
2000). This signal is however very weak, only 10% of the conver-
sion amplitude at the ‘410’, and its detection is not very reliable.
The wd — rw transition is expected to be broader and with a
smaller velocity jump than that of the ol — wd transition so is
less likely visible to converted phases (Bina, 2003).

The ‘620’ discontinuity is found above the ‘660’ in the coldest
part of the seismic phase diagram. Due to its close proximity to
the ‘660" signal we cannot reliably constrain its Clapeyron slope
though it appears positive and greater than that of the ‘410" in
Figs. 7 and 8. Tauzin et al. (2013) tentatively associated this discon-
tinuity with the onset of stability field of akimotoite MgSiO3 be-
low the triple border between Washington, Oregon and Idaho. The
presence of akimotoite owing to cold slabs was also suggested by
Schmandt (2012) on the basis of a positive v gradient above the
‘660’. The akimotoite is the product of a phase change of majorite
in the garnet component occurring for low temperatures at simi-
lar pressure ranges as the rw — pv+ mw transition (Hirose, 2002;
Akaogi et al., 2002; Ishii et al., 2011).

The phase diagrams that we construct from seismic observa-
tions assume that the effects of metastability (see e.g., Kirby et
al., 1996) or compositional variations (see e.g., Ricard et al., 2005)
are negligible. Water, for instance, would promote the uplift of the
‘410’ and the thickening of the TZ (Wood, 1995; Smyth and Jacob-
sen, 2006) and may bias our temperature estimates. Other factors
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have also been suggested to add complexity to the temperature
response of the TZ. The Clapeyron slopes y for any phase tran-
sition may vary slightly with pressure and temperature. The ‘410’
broadens at low temperature and eventually bifurcates into two
different transitions at lowest temperature when olivine trans-
forms to ringwoodite rather than wadsleyite (Bina, 2003). These
complexities do not seem to affect our seismic phase diagram
where the ‘410’ transition remains simple (albeit preceded by the
sharp ‘350’ velocity reduction at low temperature). The ‘660’ seems
to be thicker both at low and high temperature. This behavior
is in agreement with experimental phase diagrams (Hirose, 2002;
Bina, 2003) where in cold situation the akimotoite phase may form
before the ringwoodite while at high temperature the garnet phase
transforms after the ringwoodite.

In conclusion, our method for computing the seismic phase di-
agrams and estimating the Clapeyron slopes through the “Z-y
stacking” approach, is easy to implement. It can be applied at a
much larger scale, e.g., on global datasets of P-to-S conversions
(Tauzin et al, 2008), or on other global seismic data such as
precursors of S waves reflected halfway between sources and re-
ceivers. We also plan to develop the same approach in different
frequency bands which should help to further refine the gradients
of velocities in the TZ and our knowledge of the phase transitions
in the mantle.
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