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10 We investigate seismic discontinuities in the mantle transition zone (MTZ) by analyzing SS

11 precursors recorded at global seismic stations. Our observations confirm the global existence of
12 the 520-km discontinuity. Although substantial regional depth variations in the 520-km

13 discontinuity are generally correlated with temperature in the mid-MTZ, they cannot be fully

14 explained by the Clapeyron slope of the wadsleyite-ringwoodite phase transition, suggesting both
15  thermal and compositional heterogeneities in the MTZ. A second discontinuity at ~560-km depth,
16  previously interpreted as splitting of the 520-km discontinuity, is most commonly detected in

17  cold subduction zones and hot mantle regions. The depth separation between the 520- and 560-
18  km discontinuities varies from ~80 km in cold regions to ~40 km in hot areas. The exsolution of
19  calcium-perovskite (Ca-pv) from majorite garnet has been proposed to explain the velocity and
20  density changes across the 560-km discontinuity. However, the gradual exsolution of perovskite
21  and partitioning of Ca and Al between perovskite and garnet appear inconsistent with the

22 relatively “sharp” discontinuity in seismic observations and thus need to be revisited in the future.
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Nevertheless, because the only known transition in major minerals at this depth in the MTZ is
the formation of Ca-pv, the existence of the 560-km discontinuity may imply localized high

calcium concentrations in the mid-MTZ possibly related to the recycling of oceanic crust.
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1 Introduction

Seismic discontinuities in the mantle provide critical insight into thermal and compositional
states of Earth’s mantle and its dynamics. Two major seismic discontinuities at depths of
approximately 410 km and 660 km mark the top and bottom of the mantle transition zone (MTZ).
These discontinuities are observed globally by different seismic techniques (e.g., Deuss et al.,
2013) and are prominent in 1D reference Earth models (e.g., Kennett et al., 1995). The
discontinuities are generally linked to phase transformations in the olivine system. Their depths,
topography, and sharpness are sensitive to thermal and compositional heterogeneities in the MTZ.
Olivine transforms to wadsleyite at ~410 km depth, with a positive Clapeyron slope, whereas
ringwoodite transforms to bridgmanite and ferropericlase at ~660 km depth, with a negative
Clapeyron slope (Akaogi et al., 1989; Ito & Takahashi, 1989; Katsura & Ito, 1989). These
opposite Clapeyron slopes result in an elevated 410-km discontinuity and a depressed 660-km
discontinuity in cold regions, and vice versa, making the MTZ thickness a robust thermometer of

the upper mantle (e.g., Helffrich, 2000).
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In addition to the phase changes near 410- and 660-km depth, the transformation of wadsleyite to
ringwoodite is expected to take place in the MTZ, resulting in a discontinuity at ~520 km depth
(Rigden et al., 1991). The Clapeyron slope of this phase transition is positive and larger than that
of the olivine-wadsleyite transition (Helffrich, 2000). Therefore, we expect both the 410- and
520-km discontinuities to be elevated and a smaller separation between them in cold regions.
Mineralogical experiments show that the wadsleyite-ringwoodite phase transition has a smaller
impedance contrast and occurs over a wider depth/pressure interval compared to the 410- and
660-km discontinuities (Rigden et al., 1991). Consequently, the 520-km discontinuity is

relatively weaker and more challenging to detect.

The weak and ambiguous observations of the 520-km discontinuity using a variety of
seismological methods have fueled ongoing debates about its global distribution and variations.
The discontinuity was first observed as an abrupt change in velocity gradient from P wave
reflection data (e.g., Hoffman et al., 1961), although its existence was questioned by later studies
using the same type of data (e.g., Cummins et al., 1992). Unambiguous observations of the 520-
km discontinuity were obtained with large volumes of digital seismic data in the 1990s,
suggesting a global discontinuity with an impedance contrast of ~3%, roughly half of the
impedance contrasts for the 410- and 660-km discontinuities, and a transition interval no thicker
than 50 km (Shearer, 1990, 1991, 1996). The seismic signals of the 520-km discontinuity are
observed in different seismic data types, e.g., SS and PP precursors, ScS reverberations, receiver
functions, P’P’ precursors, and P wave triplications (see Fig. 1a for a summary map of previous

observations). Debates continue regarding the global existence of the 520-km discontinuity.
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Shearer (1990, 1991) provided the first evidence for its global characteristics by stacking long-
period seismic data. In contrast, with a similar technique and global dataset, Gu et al. (1998)
observed the 520-km discontinuity only beneath oceans but not under continental shields,
whereas Deuss and Woodhouse (2001) found the 520-km discontinuity in most regions (both
continental and oceanic) with a few exceptions. Global and regional receiver function studies
usually found it a regionally intermittent discontinuity (e.g., Chevrot et al., 1999; Lawrence &
Shearer, 2006), while short-period P’P’ precursor studies generally could not detect signals

related to the discontinuity (e.g., Benz & Vidale, 1993).

More intriguingly, another weaker discontinuity beneath the 520-km discontinuity is sporadically
observed in the MTZ, initially termed splitting of the 520-km discontinuity. Using long-period
SS precursor data, Deuss and Woodhouse (2001) observed double discontinuities at about 500-
and 560-km depths beneath the Indonesian subduction zone and North America shield. The
second and weaker discontinuity at ~560 km depth (hereafter as the 560-km discontinuity) is
only intermittently observed in SS and PP precursors, ScS reverberations, and receiver functions

(see Fig. 1b for a summary map of previous observations).

The only phase transition observed to take place at equilibrium conditions corresponding to ~560
km depth in any major phase in bulk compositions ranging from harzburgite to mid-ocean ridge
basalt (MORB) is the garnet to Ca-perovskite (Ca-pv) transition. As a result, explanations for the
560-km discontinuity focus on the garnet-Ca-pv transition. Deuss and Woodhouse (2001)
proposed that at an average mantle temperature of 1500 K, the wadsleyite-ringwoodite and

garnet-Ca-perovskite transitions occur at the same depth, resulting in a single discontinuity at
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~520 km. When temperature changes, the two phase transitions separate, leading to the observed
double discontinuities at about 500 km and 560 km. However, this explanation was challenged
by later laboratory experiments (Saikia et al., 2008), which reported a positive Clapeyron slope
for the garnet-Ca-pv transition. Saikia et al. (2008) further proposed that regional variations of
the 560-km discontinuity are controlled by compositional heterogeneities (i.e., Ca concentration
in the mid-MTZ) rather than thermal heterogeneities. In Ca-poor regions, the garnet-Ca-pv
transition is negligible, and only the 520-km discontinuity can be observed. In contrast, in Ca-

rich regions both the 520- and 560-km discontinuities are observable.

Detailed observations of the 520- and 560-km discontinuities can help us better constrain the
temperature and composition of the mid-MTZ. However, due to limited data, the global
distribution and variations of the two discontinuities have not been well mapped. With the
deployment of numerous broadband seismic stations during the last two decades, more high-
quality data are publicly available. In this study, we investigate global variations of both the 520-
and 560-km discontinuities with the largest compilation of SS precursor data published to date
and discuss the implications for the thermal state, composition, and dynamics of Earth’s upper

mantle.

2 Data and Methods

2.1 Data processing
We analyze long-period SS precursors to study the detailed structure of the upper mantle
discontinuities. SS is a shear wave reflected at the surface, while SS precursors (termed SdS) are

underside reflections off the d-km discontinuity (Fig. 2a). SS precursors sample the upper mantle
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at the midpoints between sources and receivers, providing good data coverage on both continents

and oceans.

We use broadband seismic waveform data recorded by all global permanent stations during
19702018 available at the Incorporated Research Institutions for Seismology (IRIS) Data
Management Center, USArray Transportable Array (TA) stations during 20042018, and F-net
stations in Japan during 1995-2018 (Fig. 2b). We select earthquakes shallower than 75 km to
reduce interference from depth phases, and limit earthquake magnitudes to 5.5 <M < 7.0 to
ensure good signal-to-noise ratios (see Fig. 2b for the geographic distribution and Fig. S1 for the
depth and magnitude histograms of earthquakes). This search yields more than 3.2 million
records in a source-receiver distance range of 90°—180°. The seismograms are then converted to
velocity records, rotated to transverse components, bandpass filtered at the periods of 15-75 s

with a first-order, zero-phase Butterworth filter, and resampled to 1 Hz sampling rate.

For each record, the SS phase is automatically picked by searching for the maximum amplitude
of the transverse component in a 60-s long time window centered at the predicted SS arrival time
from the AK135 model (Kennett et al., 1995). The noise level is then estimated by measuring the
maximum amplitude in a time window from 50 s before the predicted S660S arrival to 50 s after
the predicted S470S arrival. Records with signal-to-noise ratios (SNR) of SS smaller than 3.0 are
discarded. Each trace is then normalized by its SS phase maximum amplitude and aligned to the
automatically determined SS peak. The polarity of each trace is flipped if necessary to make sure
the SS peak amplitude is always larger than its negative sidelobes. To further remove some

distorted SS waveforms, a global reference SS waveform is built by stacking all SS waveforms
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along their peaks with equal weighting, as SNR weighting has negligible effects on the global SS
waveform. Records are discarded if cross-correlation coefficients (CCs) with the global reference
SS waveform are smaller than 0.6, or if the absolute value of the negative coefficient is larger
than the positive one. The CC threshold is determined empirically by manually checking the SS
waveforms. We repeat these procedures iteratively to discard bad traces. Such data quality

control criteria lead to ~265,000 records with good global coverage.

2.2 Waveform stacking

SS precursor signals are usually too weak to observe clearly on individual seismograms and
stacking is required to enhance their visibility. To study lateral variations of the 520- and 560-km
discontinuities, we divide the globe into 1654 overlapping circular caps with 5° spacing and 10°
radius, and stack traces reflected in each cap. SS waveforms in a 160-s long time window are
aligned and stacked along the automatically determined SS peaks. Because the slownesses of
S4108S, S5208S, and S660S are slightly different, we stack waveforms of each phase in a 200-s
long time window along the predicted traveltime curve for that phase from the AK135 model
(Kennett et al., 1995). The three segments of S470S, S5208S, and S660S are then truncated and
non-overlappingly concatenated to produce the final SdS waveforms. The uncertainties of the
stacked waveforms are estimated using a bootstrap resampling method (Efron & Tibshirani,

1991) by stacking waveforms of 300 random subsets of the dataset.

We exclude traces outside the source-receiver distance range of 110°-145° from stacking to
minimize the contamination of interfering phases. Fig. 3 shows the stacks of the entire global

dataset in 1°-wide bins of source-receiver distance. The main SS phase (red streak aligned at zero
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time) and its major precursors S4/0S and S660S are consistent with the predicted traveltime
curves from the AK135 model (Kennett et al., 1995). Also clearly seen are Ss660s (topside
reflection from the 660-km discontinuity) and ScS660ScS (underside reflection of core-reflected
S wave from the 660-km discontinuity), which interfere with our target SdS phase, S520S and
S5608S, at the source-receiver distances of 105° and 153°, respectively. Since these strong
interfering phases could bias the stacked SdS waveforms, we exclude traces outside the source-
receiver distance range of 110°-145°, leading to ~140,000 records for the following analyses.
The new limited dataset still provides good global coverage (Fig. 2c) with robust and unbiased

results.

2.3 SdS phase detection

Major SdS phases, S410S and S660S, are usually prominent in the stacked SdS waveforms.
Since SdS and SS share similar ray paths, their waveforms should be nearly identical despite
their different amplitudes. We thus use the stacked SS phase as a reference and apply cross-
correlation to detect these two phases automatically. Signals with stacking uncertainties higher

than half of their peak amplitudes are considered unreliable and discarded.

On the other hand, minor SdS phases, e.g., potential S520S and S5608S, usually have low
amplitudes and are likely to be contaminated by sidelobes of S4/0S and S660S signals.
Following Shearer (1996), we detect S520S and S560S by comparing them with synthetic
waveforms. Synthetic seismograms are constructed by scaling, shifting, and stretching the SS
reference waveform to fit the observed S4/0S and S660S pulses, assuming no discontinuities

other than the 410- and 660-km discontinuities. SdS residual waveforms are calculated by



183  subtracting synthetic waveforms from observations. Thus, the SdS residual waveforms carry

184  information about minor discontinuities only and should minimize contamination from the

185  sidelobes of S470S and S660S signals. Peaks with a lower bound of their 95% confidence level
186  greater than 0 in the SdS residual waveforms are identified as potential SdS phases. Single SdS
187  signals are identified in most caps, while double SdS signals also are found in several caps (Fig.
188  4). The single SdS signal is designated either S520S or S560S, depending on the traveltime

189  differences relative to the predictions. These double SdS signals are named S520S and S560S,
190  respectively, although their depths may vary.

191

192 As expected, more traces produce more robust stacked waveforms with smaller uncertainties,
193 especially for weak signals. Normalized amplitudes of S4/0S and S660S phases exhibit

194  Gaussian distributions (Fig. S2a-b) with a mean value of about 0.03, consistent with previous
195  observations of global mean SdS/SS amplitude ratios (Shearer & Flanagan, 1999). The

196  fluctuations of the S4/0S and S660S amplitudes may result from lateral variations of the

197  impedance contrast and sharpness of the 410- and 660-km discontinuities. However, amplitudes
198  and stacking uncertainties of both S520S and S560S observations exhibit a strong dependence on
199  the number of stacked traces (Fig. S2c-f), implying that stacking results are biased to larger

200  amplitudes and uncertainties when data are insufficient. The amplitudes and stacking

201  uncertainties of S520S and S560S phases tend to be stable when the number of stacked traces
202  exceeds about 1000. The mean normalized amplitudes are 0.007 for S520S and 0.004 for S560S,
203  much smaller than that of S4/0S and S660S. In this study, stacked waveforms with less than 200
204  traces or stacking uncertainties greater than 0.004 are discarded to balance the data quality and

205  global data coverage.



206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

2.4 Mapping SdS traveltimes to discontinuity depths

Observed SdS traveltimes can be further converted to depths of discontinuities. Owing to the
similar ray paths shared by SS and all SdS phases, their differential traveltimes are only sensitive
to topography of the two discontinuities/surface and shear-wave velocity in between. To estimate
the absolute depth of a d-km discontinuity, the effects of surface topography and shear-wave
velocity structure above the d-km discontinuity must be carefully determined and corrected. The
depth corrections can be as large as a few tens of kilometers and are highly dependent on the
choice of the 3D upper-mantle velocity model, making it difficult to estimate the absolute
discontinuity depth (Schmerr & Garnero, 2006). In contrast, the differential depth between two
mantle discontinuities can be determined robustly from the differential traveltime of two SdS
phases. For example, the differential traveltime S4/0S-S660S is only sensitive to the shear-wave
velocity structure between the 410- and 660-km discontinuities, which is more consistent among
different tomography models compared to the shear-wave velocity structure above 410-km depth.
After correcting for 3D shear-wave velocity structure in the MTZ, the differential traveltime
S410S-S660S can be converted to MTZ thickness (i.e., differential depth between the 410- and
660-km discontinuities). Such corrections are only a few kilometers, and different tomography
models give similar corrections with small differences (1-2 km) in MTZ thickness (Schmerr &
Garnero, 2006). To reduce the potential biases of corrections from different tomography models,
we obtain the apparent discontinuity depths and differential depths between discontinuities by
only correcting for the 3D shear-wave velocity structure in the MTZ based on the S40RTS model
(Ritsema et al., 2011). The discontinuity depth uncertainties are estimated using a bootstrap

method (Efron & Tibshirani, 1991) to resample 300 random subsets of the dataset.

10
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3 Results

3.1 Detection of the 520- and 560-km discontinuities

Fig. 3 shows that the 520-km discontinuity is a coherent global feature. Between S4/0S and
S660S, a weaker but prominent phase is visible in the source-receiver distance range of 105°—
180° (Fig. 3), except near 153°, where the ScS660ScS phase interferes with SS precursors. This
phase matches well with the predicted arrival time and slowness of S520S and is interpreted as

the underside reflection off the 520-km discontinuity (Shearer, 1991, 1996).

Our global survey of S520S stacked in overlapping bouncepoint caps further confirms the global
existence of the 520-km discontinuity. Our data provide good global coverage, particularly in the
northern hemisphere (Fig. 2c). In regions with sufficient data sampling, S520S is always strong
enough to be robustly detected, as indicated by the S520S/S410S amplitude ratios (Fig. 5a). The
average S520S/S410S amplitude ratio is about 0.32 (Fig. 5b), suggesting that the 520-km
discontinuity is much weaker than the 410-km discontinuity, with a smaller impedance contrast
and/or a wider transition interval. The S520S/S410S amplitude ratios also show regional
variations, which can be greater than 0.5 in some regions (e.g., the Indonesian subduction zone).
There is no apparent correlation between the lateral changes in S520S/S410S amplitude ratios,
differential depths, MTZ S-wave velocity, and tectonic types (Fig. S3). The varying amplitudes
may be attributed to impedance contrasts and sharpness changes of the discontinuities, focusing
or defocusing effects due to the discontinuity topography, and uneven sampling in different
regions. Fig. S4 shows synthetic S520S waveforms with a variety of discontinuity topographies

computed by Kirchhoff migration (Shearer et al., 1999). Depth perturbations appear to be the

11



252  dominant factor controlling the S520S amplitude. The tests also suggest that the vertical

253  resolution of SS precursors is about 30-50 km.

254

255  Regional stacked waveforms also show sporadic existence of the 560-km discontinuity (Fig. 5c¢).
256  Two minor SdS phases are detected between S4/0S and S660S in some regions, especially

257  beneath the subduction zones along the Circum-Pacific belt (example waveforms are shown in
258  Fig. S5). Fig. 5c shows the observed S560S/S410S amplitude ratios, and zero indicates null

259  detection of the 560-km discontinuity although the data sampling is sufficient. The mean

260  S560S/S410S amplitude ratio is 0.22 (Fig. 5d), smaller than that of S520S/S410S, making it

261  more difficult to detect the 560-km discontinuity. The amplitude ratios also show regional

262  variations, with stronger amplitudes beneath the Middle East, Eastern Africa, and Southeast Asia,
263  whereas weaker amplitudes beneath north and east of Hawaii (Fig. 5c).

264

265 3.2 Depth variations of the 520- and 560-km discontinuities

266  The 520- and 560-km discontinuities show significant topographic changes. Bootstrap analysis
267  for the discontinuity depths shows that the mean depth uncertainties for the 520- and 560-km
268  discontinuities are ~9 km, much larger than the ~2.5-km mean uncertainties for the stronger 410-
269  and 660-km discontinuities (Fig. S6). As expected, the depth uncertainty depends on the number
270  of stacked traces, with larger uncertainties for smaller numbers of stacked traces (Fig. S7). After
271  excluding data with depth uncertainties greater than 10 km, the apparent peak-to-peak depth

272  variations are 46, 67, 77, and 56 km for the 410-, 520-, 560-, and 660-km discontinuities,

273 respectively (Fig. 6). Given that the depth uncertainties for the 520- and 560-km discontinuities

274  are larger than that of the 410-km discontinuity by a few kilometers, it is reasonable to conclude

12
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that the topographic changes of the 520- and 560-km discontinuities are greater than that of the

410-km discontinuity by at least 10-20 km.

The significant depth variation of the 520-km discontinuity is further revealed by the differential
depths between the 520- and 410-km discontinuities (d520-d410) and between the 660- and 520-
km discontinuities (d660-d520). Both differential depths vary by about 60 km, much larger than
the MTZ thickness variation of 40 km (Figs. 7a, 7c, 7e). The differential depth d520-d410 is
usually smaller in subduction zones, North America, and northern South America, and larger
beneath most oceanic regions and Central Asia (Fig. 7a). Note that the differential depth d660-
d520 shows an opposite trend with similar patterns (Fig. 7c). On the other hand, the differential
depth d520-d410 shows no correlation (CC = 0.19) with the average shear-wave velocity
perturbations in the depth range of 410-520 km (Fig. 7g), whereas the differential depth d660-
d520 shows a slightly positive correlation (CC = 0.37) with the average shear-wave velocity
perturbations in the depth range of 520-660 km (Fig. 7h). Therefore, it is reasonable to conclude
that the 520-km discontinuity has larger depth variations than the 410- and 660-km

discontinuities.

Similarly, the 560-km discontinuity also has large depth variations, as revealed by the
differential depths d560-d410 and d660-d560 (Figs. 7b and 7d). The differential depth d560-
d520 varies from ~80 km in Circum-Pacific subduction zone regions to ~40 km in sporadic
regions beneath the Pacific Ocean (Fig. 7f), and shows a weak positive correlation (CC = 0.37)
with the average shear-wave velocity perturbations in the depth range of 520-560 km (Fig. 71).

The 560-km discontinuity has the largest peak-to-peak depth variations compared to other
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discontinuities (Fig. 6). Since the sporadic 560-km discontinuity exists at varying depths, the

global stacks in Fig. 3 do not show a consistent S560S signal.

3.3 Effects of data processing parameters on our observations

We perform a series of tests to check the effects of filtering parameters on our observations (Fig.
8). In general, a higher cut-off period of the filter does not significantly change the stacked
waveforms, whereas the lower cut-off period controls short-wavelength waveforms. Compared
to the filter of 15-75 s used in this study, a shorter-period filter of 15-60 s results in slightly
stronger S520S and S560S signals, but also produces stronger sidelobes in the reference SS
waveform (Fig. 8a). As expected, a longer-period filter of 25-75 s produces smoother signals
with phases merging, and the narrower frequency band leads to strong sidelobes in the reference
SS waveform (Fig. 8d). Using a filter of 10-75 s produces noisier waveforms, leading to a ~35%
reduction in the number of high-quality records. Therefore, we conclude that the filter of 15-75 s

used in this study can best preserve strong signal amplitudes and suppress sidelobes.

The geometry of bouncepoint caps may also affect the stacking results. Most global and regional
SS precursor studies divide the globe or study regions into circular caps of 10° radius and 10°
spacing (e.g., Flanagan & Shearer, 1998) to match the ~1000-km-wide Fresnel zone of SS
precursors (e.g., Neele et al., 1997). Some studies use a smaller cap of 5° radius with dense data
sampling (e.g., Houser et al., 2008). Schmerr and Garnero (2006) experimented with different
radii of 5°, 10°, and 20°, and found that their observations of the MTZ thickness were almost
identical for different cap sizes. Here we also try caps of 5° radius and 2° spacing, and caps of

10° radius and 10° spacing. The results for these cap geometries are shown in Figs. S§8-S10.
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Smaller caps have higher spatial resolution but contain less data, thus the SdS signals are more
likely contaminated by randomly scattered signals and are biased to larger amplitudes and higher
uncertainties (Figs. S8—S9). Although the cap size and number of records in each cap vary, the
observed patterns of the 520- and 560-km discontinuities and differential depths are very similar
to that in Figs. 5 and 7. We thus focus on our preferred results with caps of 10° radius and 5°

spacing for further discussions.

We also test and rule out the possibility that the observed S560S signals are caused by depth
phases. Based on the AK 135 model (Kennett et al., 1995), a 60-km deep earthquake can generate
a depth phase sS660S with a similar traveltime to S560S, which may bias detections of the 560-
km discontinuity. Several reasons convince us that the observed S560S signals indeed indicate a
560-km discontinuity: (1) Differential traveltimes between sS660S and S660S are different for
earthquakes at different depths. Since the stacked waveforms include traces from earthquakes
with a variety of depths, it is unlikely to coherently stack these depth phases arriving at different
times. (2) Although we limit our dataset to earthquakes shallower than 75 km, most of the
earthquakes are shallower than 40 km (Fig. S1). It is unlikely that earthquakes at about 60-km
depth dominate the stacking results. (3) We further limit our dataset to earthquakes shallower
than 40 km and perform the same analysis. As shown in Fig. S11, the S560S detection results are
identical to those using earthquakes shallower than 75 km. Thus, we conclude that our S560S

observations are not biased by depth phases.
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4 Discussion

4.1 Comparison with previous observations

Our observations of the 520- and 560-km discontinuities are generally in agreement with
previous studies, but also show some differences. As shown in Fig. 1, previous studies using
different seismic techniques also observed the 520- and 560-km discontinuities either globally or
regionally. Flanagan and Shearer (1998) and Deuss and Woodhouse (2001) reported the 520-km
discontinuity in most regions using SS precursors, in agreement with our observations. Deuss et
al. (2006) and Thomas and Billen (2009) used PP precursors to detect the 520-km discontinuity
beneath Alaska, the Indian Ocean, the mid-West, and the southwest Pacific. Our results show
additional detections of the 520-km discontinuity beneath New Mexico, the Bering Sea,
Northeastern Australia, Western Europe, and South China. In addition to the 560-km
discontinuity detected beneath the Indonesian subduction zone, North America, and North China
using SS or PP precursors (Deuss et al., 2006; Deuss & Woodhouse, 2001; Thomas & Billen,
2009), we also find much broader regions of this discontinuity beneath Western Europe, Eastern
Africa, and Eastern North Pacific. The new detections probably result from the much larger
dataset used in our study. Alternatively, since Deuss and Woodhouse (2001) limited their data to
the source-receiver range of 100°-160°, interfering phases at source-receiver distances of 105°
and 150° might bias their stacking results. In our study, we have more data sampling globally
and further limit the source-receiver distance range to 110°-145° to minimize the effects of
interfering phases. Thus we expect more robust and uncontaminated results with smaller

uncertainties for global surveys of the 520- and 560-km discontinuities.
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In contrast to SS precursor studies that observe the 520-km discontinuity globally, receiver
function studies usually report sporadic existence of this discontinuity. Chevrot et al. (1999) only
detected the 520-km discontinuity beneath 5 of 82 global stations, and Lawrence and Shearer
(2006) found only 40% of global stations with this discontinuity. Regional receiver function
studies with dense seismic arrays also imaged the discontinuity beneath parts of the US (e.g.,
Maguire et al., 2018; Schmandt, 2012), while other studies at shorter periods (e.g., 1.0-50 s) did
not find it in the same regions (Cao & Levander, 2010). In addition, Deuss et al. (2013) observed
the 520- and 560-km discontinuities beneath Western Asia using both SS precursors and receiver
functions. In most regions where the 520-km discontinuity was detected using receiver functions,
we also observe the 520-km discontinuity (Figs. 1a and 5a). Africa is an exception due to the

insufficient data coverage of SS precursors (Fig. 2c¢).

A few studies using ScS reverberations or receiver functions also reported detections of the 560-
km discontinuity beneath the Kuriles and Ryukyu subduction zones, Northeastern China, and the
Mediterranean region (Fig. 1b). Our SS precursor data confirm the existence of the 560-km
discontinuity in these regions (Fig. 5c), except the Mediterranean region, where SS precursors
have poor data coverage (Fig. 2¢). A few recent receiver function studies suggest a negative
seismic discontinuity at the base of the MTZ beneath the Northwestern Pacific and the western

US (e.g., Tauzin et al., 2017), where we find positive 520- and 560-km discontinuities.

The discrepancies between these different studies can be explained by the following reasons. (1)

Short-period data are not sensitive to discontinuities with a transition interval thicker than 10 km

(Benz & Vidale, 1993). By contrast, laboratory experiments and thermodynamic calculations
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show that the wadsleyite-ringwoodite phase transition occurs over a depth interval of 20-50 km
(Akaogi et al., 1989; Katsura & Ito, 1989). Thus, short-period P’P’ precursors (~1 Hz) and
receiver functions (e.g., 1-50 s) are not sensitive to such a gradual discontinuity, while longer-
period receiver functions (e.g., 5-50 s), ScS reverberations (e.g., 15-100 s), SS and PP
precursors (e.g., 10-75 s) can detect it. (2) Different seismic data types depend on different
material properties. SS precursors are sensitive to both density and shear-wave velocity contrasts
across the discontinuity while receiver functions are sensitive only to its velocity contrast (Deuss
et al., 2013). Laboratory experiments show that the shear-wave impedance contrast between
wadsleyite and ringwoodite is 3—4.5%, whereas the compressional- and shear-wave velocity
contrasts are only 1% (Rigden et al., 1991). A discontinuity with a small velocity contrast but a
large density contrast can be observed in SS precursors but appear invisible in receiver functions
and P wave triplications. (3) Small-scale lateral variations of discontinuity depth may lead to
destructive interference for short-period energy, while long-period data tend to average out the

lateral variations.

4.2 Seismic waveform modeling experiments

To further constrain the seismic properties of the 520- and 560-km discontinuities, we compute
synthetic seismograms for a series of 1-D seismic models and compare them with observations.
The 1-D models are designed by adding two discontinuities with varying sharpness and
impedance contrasts at 520- and 560-km depths to the AK135 model (Kennett et al., 1995). As
SS precursors are sensitive to the impedance contrast, we assume the same contrast for both
velocity and density in the models. Following Wei and Shearer (2017), we calculate synthetic

seismograms n by convolving the reference SS waveform with discontinuity operators, which
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include reflection and transmission coefficients and geometric spreading. As the observed SdS
waveforms vary among caps, we choose the waveform of cap #0765 (see Fig. 4a for its
geographic location) as a representative reference for comparisons. The reference SdS waveform
has both S520S and S560S signals, and their amplitudes are close to the observed mean values.
The synthetic seismogram for the AK135 model (Kennett et al., 1995) can fit the observed
S410S and S660S signals but cannot produce the observed peaks in between (the gray trace in
Fig. 9b). The model with a single 520-km discontinuity can explain the observed single peak in
most regions but cannot produce the two separate peaks (red trace in Fig. 9b). Only the models
with two discontinuities in the mid-MTZ can produce the observed double peaks (black traces in

Fig. 9b).

Due to the limited resolution of long-period SS precursors, it is difficult to distinguish a sharp
discontinuity from a gradual discontinuity with a higher impedance contrast. We model synthetic
waveforms with a series of impedance contrasts and sharpnesses of the 520- and 560-km
discontinuities. Our waveform modeling results show a strong trade-off between impedance
contrast and sharpness of the discontinuities. Higher impedance contrasts enhance the SdS
signals, whereas more gradual discontinuities weaken them. To fit the reference SdS waveform,
the impedance contrasts are 2.4% and 2.0%, respectively, if both discontinuities are 0-km thick.
Meanwhile, the impedance contrasts can be as high as 4.4% and 3.8% if both discontinuities

occur over 30-km depth intervals (black traces in Fig. 9b).
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4.3 Mineralogical implications of the 520-km discontinuity

The observed depth variations of the 520-km discontinuity can be explained predominately by
effects of temperature on equilibrium phase transition pressure from wadsleyite to ringwoodite,
plus modifications to phase transition depth by compositional heterogeneities. The Clapeyron
slope of the wadsleyite-ringwoodite transition is positive and larger than that of the olivine-
wadsleyite transition (Akaogi et al., 1989; Katsura & Ito, 1989). In contrast, the Clapeyron slope
of the phase transition from ringwoodite to bridgmanite and ferropericlase is negative (Ito &
Takahashi, 1989). Thus, we expect an elevated 520-km discontinuity and a larger separation
between the 660- and 520-km discontinuities in cold mantle regions, and the opposite in hot
regions. This is consistent with the first-order observations of the differential depth d660-d520
shown in Fig. 7c. The MTZ thickness correlates with shear-wave velocity perturbations in the
MTZ (Fig. 71), suggesting that they both are controlled by temperature. Assuming that the
Clapeyron slopes of the olivine phase transitions at the 410-, 520-, 660-km discontinuities are 3.1
MPa/K, 5.3 MPa/K, and —2.0 MPa/K (Helffrich, 2000), respectively, a 40-km peak-to-peak
variation of the MTZ thickness implies a change of 275 K in temperature. Such a temperature
variation can cause a 60-km peak-to-peak difference in the differential depth d660-d520, in a
good agreement with our observations (Fig. 7c). However, this thermal change of 275 K can only
cause a 17-km peak-to-peak variation in the differential depth d520-d410, much smaller than the
observed variation of 60 km (Fig. 7a). Also note that the differential depths d520-d410 and d660-
d520 exhibit significant regional variations beneath the mid-Pacific, where we observe small
MTZ thickness variations (Figs. 7a, 7c, and 7¢). The apparent topographic changes of the 520-
km discontinuity are too large to be solely explained by the Clapeyron slope of the wadsleyite-

ringwoodite transition, implying compositional heterogeneities in modifying the transition depth.
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454

455  Heterogeneities in components such as water and iron may contribute to depth variations of the
456  520-km discontinuity. Wadsleyite and ringwoodite have high water solubility to store up to 3 wt%
457  water (Kohlstedt et al., 1996), and inclusions in diamond have demonstrated that ~1 wt% water
458  is present in at least some locations in Earth’s mantle (Pearson et al., 2014). Electrical

459  conductivity in the MTZ (e.g., Huang et al., 2005) and seismic observations of a low-velocity
460 layer above the 410-km discontinuity (e.g., Wei & Shearer, 2017) also provide evidence for a
461  hydrous MTZ. Under hydrous conditions, the wadsleyite-ringwoodite transition appears as a

462  sharper discontinuity at a greater depth (Inoue et al., 2010; Tsujino et al., 2019), whereas the

463  410-km discontinuity is elevated (Wood, 1995). These changes may result in a greater

464  differential depth d520-d410 in hydrous regions compared to a dry mantle. However, the

465  differential depth d520-d410 appears to be smaller than usual beneath northern and western

466  Pacific subduction zones where high water content is expected in the mantle (Fig. 7a). In contrast,
467  we observe large d520-d410 values beneath Central Asia and mid-ocean ridges where the mantle
468  1s thought to be dry. Therefore, we conclude that water in the MTZ has limited effects on 520-
469  km discontinuity topography. In addition, the phase diagram of (Mg,Fe),S10, indicates the iron-
470  rich wadsleyite-ringwoodite transition occurs in a larger depth range at a shallower depth than
471  the iron-free system (Frost, 2003). Since Fe/(Fe+Mg) mol% in MORB is three times higher than
472  that in pyrolite (a hypothetical rock with the chemical composition of the upper mantle that

473  reaches equilibrium) (Xu et al., 2008), localized enrichment of MORB may increase Fe/(Fe+Mg)
474  mol% in the bulk composition and produce a shallower 520-km discontinuity.

475
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4.4 Mineralogical implications of the 560-km discontinuity

Exsolution of Ca-pv from garnet can explain the existence of the 560-km discontinuity, i.e.,
splitting of the 520-km discontinuity. The observed differential depth d560-d520 is ~80 km in
cold subduction zones, and ~40 km in hot oceanic regions (Fig. 7f). This temperature-controlled
trend is consistent with the dominant control on differential thickness being the steep Clapeyron
slope of the wadsleyite-ringwoodite phase transition. In contrast, the garnet-Ca-pv transition
potentially responsible for the 560-km discontinuity is less sensitive to temperature than
composition, based on laboratory experiments by Saikia et al. (2008). Saikia et al. (2008) further
proposed that this phase transition was only seismically visible in Ca-rich regions. Thus, the
intermittent detection of the 560-km discontinuity may suggest variable Ca concentrations in the

MTZ.

However, one critical problem remains, in that the gradual phase transition reported in laboratory
experiments (Saikia et al., 2008) and equilibrium thermodynamic simulations (Stixrude &
Lithgow-Bertelloni, 2011) cannot generate a “sharp” discontinuity to be detectable by SS
precursors. We assume that the mantle composition is an equilibrium mixture of two end-
members of mantle differentiation, basalt and harzburgite. Then we calculate shear-wave
velocity and density profiles of an equilibrium assemblage along the basalt-harzburgite join (Xu
et al., 2008) under adiabats with a variety of potential temperatures (Fig. 9a and Fig. S12) using
HeFESTo (Stixrude & Lithgow-Bertelloni, 2011), and also create a seismic model with a 60-km-
thick gradual 560-km discontinuity (red curve in Fig. 9a) as reported by Saikia et al. (2008).
Neither model can produce an S560S signal (orange and red traces in Fig. 9b, and Fig. S12). This

discrepancy implies that the garnet-Ca-pv transition may occur over a narrower pressure range
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than previously reported, and the partitioning of Ca and implied Ca concentration required in

regions where the 560-km discontinuity is observed may have been previously overestimated.

To further investigate the effects of Ca concentration on the 560-km discontinuity, we perform
non-equilibrium thermodynamic modeling for comparison with seismic observations. The elastic
properties of each mineral at pressure and temperature conditions at 410—660 km depths are
modeled using the formalism of Stixrude and Lithgow-Bertelloni (2005). We calculate the
velocity and density of the rock assemblage as the Voigt-Reuss-Hill average of individual
minerals along adiabats with a variety of potential temperatures (Stixrude & Lithgow-Bertelloni,
2011). The thermoelastic parameters of each mineral employed in these calculations are
summarized in Table S3. We assume the MTZ composition to be pyrolite, which consists of
wadsleyite/ringwoodite (57 mol%) and majorite garnet/Ca-pv (43 mol%) (Irifune et al., 2010).
Mg-Fe solid solutions with a mol% ratio of 92:8 are considered in the systems of Mg;SiO4-
Fe;S104 and Mg3;AlS1301,-Fes Al Si301,, respectively. Ca-pv is thought to constitute 7-10 mol%
(Irifune et al., 2010) in pyrolite and up to 23—30 mol% in MORB (Ricolleau et al., 2010), and the
gradual exsolution of Ca-pv from majorite garnet starts at a depth of about 550-570 km (Saikia
et al., 2008). In order to test the role of Ca-pv on the velocity and density contrasts of the 560-km
discontinuity, we vary the Ca-pv proportion 7-20 mol% in the non-equilibrium assemblage of

ringwoodite, majorite garnet, and Ca-pv at depths > 550 km.

The thermodynamic models predict a 2.1% impedance contrast across the 520-km discontinuity

due to the wadsleyite-ringwoodite phase transition (Fig. 10). This impedance contrast is strong

enough to produce a seismically observable signal for most regions. At ~560 km, the impedance
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contrast positively correlates with the proportion of Ca-pv in the non-equilibrium assemblage,
increasing from 1.1% to 3.7% for Ca-pv concentrations from 7 mol% to 20 mol% (Fig. 10).
Temperature has little effect on the impedance contrasts of the transitions (Fig. S13). As the
reference seismic observation requires at least 2.0% impedance contrast for the 560-km
discontinuity (Fig. 9b), the 1.1% impedance contrast for a pyrolitic mantle with 7 mol% Ca-pv is
too small to generate visible seismic signals, which would explain why the 560-km discontinuity
cannot be observed globally. The Ca-pv concentration needs to be at least ~13 mol% to produce
seismically observable signals (Figs. 9b and 10). A much higher Ca-pv concentration is

necessary if the exsolution of Ca-pv from garnet occurs gradually over a larger depth interval.

The exact Ca-pv concentration is challenging to determine due to limited constraints on
partitioning between garnet and perovskite at MTZ conditions. Assuming an upper limit of 20
mol% Ca-pv in localized regions which produces a 3.7% impedance contrast (Fig. 10), the depth
interval of the phase transition needs to be no more than 30 km to explain the seismic
observations (Fig. 9b). In contrast, laboratory experiments report gradual exsolution of Ca-pv
over a pressure range that corresponds to a depth interval of ~60 km (Saikia et al., 2008), which
fails to explain the seismic observations (red trace in Fig. 9b). Similar discrepancies between a
gradual phase transition interval and a sharp seismic discontinuity also have been noted for the
410-km discontinuity. Several studies in the 1990s proposed possible mechanisms to resolve the
discrepancy for the 410-km discontinuity. First, the olivine-wadsleyite transition can be highly
non-linear with most of the transition occurring over a narrow depth interval, resulting in an
effectively “sharp” discontinuity (Helffrich & Wood, 1996; Stixrude, 1997). Second, the

transition interval is also significantly affected by chemical exchange with other non-
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transforming minerals, e.g. pyroxene and garnet (Stixrude, 1997). We suspect that similar
mechanisms can be applied for the 560-km discontinuity. Effects of other Ca- and Al-bearing
minor phases in the MTZ need to be investigated to reconcile the seismically “sharp” 560-km

discontinuity and the gradual exsolution of Ca-pv.

4.5 Geodynamic implications for the sporadic 560-km discontinuity

The detections of the 560-km discontinuity suggest a higher Ca concentration than the normal
mantle. Oceanic crust (i.e., MORB) contains up to 23—-30 mol% Ca-pv, compared to 7-10 mol%
Ca-pv in pyrolite (Irifune et al., 2010). Thus, the sporadic detections of the 560-km discontinuity
may imply localized enrichment of oceanic crust due to the recycling of subducted oceanic crust

through Earth’s mantle.

In subduction zones, oceanic lithosphere is transported into the Earth’s interior with subducting
slabs. The overlying subducted oceanic crust may become buoyant near the depth of 660 km and
accumulate at the base of the MTZ to form a garnetite layer (Irifune & Ringwood, 1993). The
enrichment of oceanic crust in the mid-MTZ can explain the broad detection of the 560-km
discontinuity beneath active or ancient subduction zones, e.g., around the Circum-Pacific regions,

North America, the Indonesia subduction zone region, and the Middle East.

The basaltic oceanic crust may further sink in the base of the lower mantle and partially melt
(Hirose et al., 1999). As evidenced by diamond inclusions (Walter et al., 2011) and
geodynamical modeling (Li et al., 2014), oceanic crust can return from the lower mantle to the

mid or upper mantle entrained by upwelling plumes (Hofmann & White, 1982). This upwelling
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process, potentially enriching Ca in the mid-MTZ beneath the eastern Pacific Ocean, might
explain the 560-km discontinuity near the Hawaiian and Galapagos plumes. The 560-km
discontinuity, on the other hand, is also observed beneath southern Africa and northeast of South
America, where no active subducting slabs or plumes are reported. Hypothetical active or fossil
plumes (Turunen et al., 2019; VanDecar et al., 1995) may be responsible for localized Ca-

enrichment beneath these regions.

5 Conclusions

We conduct a global survey of the 520- and 560-km discontinuities by stacking a large dataset of
SS precursors. Our results confirm that the 520-km discontinuity is a weak global discontinuity,
whereas the 560-km discontinuity is only sporadically observed at varying depths in specific

regions.

The differential depths d520-d410 and d660-d520 both show ~60-km peak-to-peak variations
and the 520-km discontinuity shows larger depth variations compared to the 410- and 660-km
discontinuities. The observed depth variations are generally correlated with shear-wave velocity
and temperature in the MTZ. However, the Clapeyron slope of the wadsleyite-ringwoodite phase
transition cannot fully explain the observed depth variations of the 520-km discontinuity,
suggesting that compositional heterogeneities in the mid-MTZ also contribute to the depth

variations.

The 560-km discontinuity is sporadically observed in both cold subduction zones and hot mantle

upwelling regions. The depth separation between the 520- and 560-km discontinuities varies

26



591  from ~80 km in cold regions to ~40 km in hot areas, suggesting that the garnet-Ca-pv transition
592 s less sensitive to temperature than the wadsleyite-ringwoodite transition. Our seismic waveform
593  modeling and thermodynamic modeling require >13 mol% Ca-pv in the mid-MTZ and a

594  transition interval <30 km to match the seismic observations. The latter is in contrast to the broad
595  depth interval (~60 km) of the Ca-pv exsolution in the laboratory experiments, invoking a more
596  complicated phase transition due to non-linearity and other minor minerals. Furthermore, we

597  propose that the sporadic 560-km discontinuity is linked to localized enrichment of oceanic crust
598  due to the recycling of oceanic crust through Earth’s mantle.

599
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Figures

Fig. 1 Previous observations of (a) the 520-km discontinuity and (b) the 560-km discontinuity.
The reference IDs are listed in Table S1. The blue polygons in (a) outline the large regions of the
520-km discontinuity observed by Flanagan and Shearer (1998) and Deuss and Woodhouse
(2001). Studies that reported a 520-km discontinuity from a global or continent-scale average
without geographic locations are not shown here but are listed in Table S2. Red curves are plate

boundaries (Bird, 2003).
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Fig. 2 (a) Ray paths of SS (reflected at the surface) and its precursors SdS (underside reflections
off the d-km discontinuity). The 410- and 660-km discontinuities are shown in gray, whereas the
520-km discontinuity is in red. (b) Geographic distribution of earthquakes (blue circles) and
broadband seismic stations (black triangles) used in this study. (c) Data coverage of SS bounce
points of 139,807 records in the source-receiver distance range of 110°-145° used in this study.
Circles are color-coded by the number of stacked seismic records. Note that each cap is larger

than the circle shown on the map. Red curves are plate boundaries (Bird, 2003).
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Fig. 3 Transverse-component seismograms of the entire dataset (264,625 SS records) stacked in
bins of source-receiver distance. Records are aligned and stacked along the SS peak amplitude.
Positive amplitudes are in red and negative in blue. Black curves are predicted traveltimes for SS,
SdS, and other possible interfering phases, with the source at 35-km depth. The dashed box
marks the source-receiver distance range (110°-145°) used in this study. The curve at the top

shows the number of records in each source-receiver distance bin.
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Fig. 4 Examples of stacked SdS waveforms in overlapping bouncepoint caps with 10° radius. (a)
Geographic locations of caps #0149, #0554, #0765, and #1172 (dots), and profile AA’ (black
curve). Dashed contours mark areas of the 10° caps. Red curves are plate boundaries (Bird,
2003). (b) Stacked SdS waveforms for cap #0149, which has a single S520S peak. The three
traces from bottom to top are observed, synthetic and residual SdS waveforms, respectively. The
gray dashed curves are the 95% confidence levels of the stacked waveforms. The amplitudes of
the residual SdS waveform are scaled up by 2 for better visualization. The two black vertical
lines mark the time window for detecting potential SdS signals. (¢) Same as (b), except for cap
#0554, which has both S520S and S560S signals. (d) Stacked SdS waveforms along profile AA’
across the North Pacific Ocean. Observed, synthetic, and residual SdS waveforms are shown

from left to right, respectively.
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Fig. 5 (a) Detection of the 520-km discontinuity in overlapping bouncepoint caps with 10° radius.
A high S520S/S410S amplitude ratio suggests a confident detection. Caps with less than 200
traces or stacking uncertainties larger than 0.004 are skipped. Note that each cap is larger than

the circle shown on the map. Red curves are plate boundaries (Bird, 2003). (b) Histogram for
S520S/S410S amplitude ratios, with the mean and standard deviation shown at the top right
corner. (¢) Detection of the 560-km discontinuity. White circles indicate no 560-km discontinuity
is detected even though the data sampling is sufficient. (d) Histogram for S560S/S410S

amplitude ratios, with the mean and standard deviation shown at the top right corner.
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Fig. 6 Histograms showing apparent depths of the 410-, 520-, 560- and 660-km discontinuities,
with their peak-to-peak depth ranges indicated above. The mean depth uncertainties are ~2.5 km
for the 410- and 660-km discontinuities and ~9 km for the 520- and 560-km discontinuities (Fig.
S6). For the 520- and 560-km discontinuities, only data with depth uncertainties smaller than 10
km are shown. Note that the apparent depths are not corrected for 3-D shear-wave velocity above
410-km depth or for surface topography. Therefore, the actual depth variations should be smaller
than the values in the figure, and there should be a distinct depth separation between the 520- and

560-km discontinuities.
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Fig. 7 (a-f) Geographic distribution of different depths (a) d520-d410, (b) d560-d410, (c) d660-

d520, (d) d660-d560, (e) d660-d410, and (f) d560-d520. Note that the color scale in (a) is

reversed compared to others. (g-1) Correlation between differential depths and average shear-

wave velocity perturbations between the two depths based on the S40RTS model (Ritsema et al.,

2011). The correlation coefficients (CCs) are also shown.
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Fig. 8 Stacked SS and SdS waveforms processed by different filters in a bouncepoint cap
beneath the Coral Sea northeast of Australia (cap #1172 in Fig. 4a). We use a bandpass filter of
(a) 15-60 s, (b) 15—75 s (used for the final results), (¢) 15-100 s, and (d) 25-75 s. For SdS
waveforms, observed, synthetic, and residual waveforms are shown from bottom to top. The

amplitudes of residual SdS waveforms are scaled up by 2 for better visualization.
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Fig. 9 Seismic waveform modeling of SdS waveforms. (a) Shear-wave velocity and density
profiles of the AK135 model (Kennett et al., 1995) (gray lines), pyrolite (Xu et al., 2008) along
an adiabat with the potential temperature 7» = 1600 K from equilibrium thermodynamic
simulations (orange lines), a successful attempted model with 520- and 560-km discontinuities
(black lines) and a failed attempted model with a 60-km-thick 560-km discontinuity (red lines).
(b) Comparisons of the reference SdS waveform (blue) and synthetic seismograms for models
shown in (a). The parameters of attempted models are shown on top of each waveform, with
dImp and dH denoting the impedance contrast and thickness of the discontinuities. Note that the
depths and contrasts of the 410- and 660-km discontinuities in the attempted models are fixed to
the values of the AK135 model, thus the arrival times and amplitudes of S470S and S660S

signals do not exactly match the observations.
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Fig. 10 (a) Shear-wave velocity and (b) density contrasts (black lines, arrows and numbers)
caused by the phase transition of wadsleyite (Wd) to ringwoodite (Rw) near 520-km depth and
the exsolution of Ca-perovskite (Ca-pv) from majorite garnet (Mj) near 560-km depth along an
adiabat with the potential temperature 7p = 1600 K. Seismic profiles for 7 mol%, 13 mol%, and
20 mol% Ca-perovskite are shown as solid, dashed and dotted lines, respectively. Seismic
profiles of pyrolite (Xu et al., 2008) along an adiabat with 7p = 1600 K from equilibrium
thermodynamic simulations are shown in orange. The AK135 model (Kennett et al., 1995) is

shown in gray.
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