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Abstract

The seismic quality factor (@) of the Earth’s mantle is of great importance for the under-
standing of the physical and chemical properties that control mantle anelasticity. The radial
structure of the Earth’s () is less well resolved compared to its wavespeed structure, and
large discrepancies exist among global 1-D ) models. In this study, we build a global dataset
of amplitude measurements of S, SS, SSS and SSSS waves using earthquakes that occurred
between 2009 and 2017 with moment magnitudes ranging from 6.5 to 8.0. Synthetic seis-
mograms for those events are computed in a 1-D reference model PREM, and amplitude
ratios between observed and synthetic seismograms are calculated in the frequency domain
by spectra division, with measurement windows determined based on visual inspection of
seismograms. We simulate wave propagation in a global velocity model S40RTS based on
SPECFEMS3D and show that the average amplitude ratio as a function of epicentral distance
is not sensitive to 3-D focusing and defocusing for the source-receiver configuration of the
dataset. This dataset includes about 5500 S and SS measurements that are not affected
by mantle transition zone triplications (multiple ray paths), and those measurements are

applied in linear inversions to obtain a preliminary 1-D ) model QMSI. This model reveals
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a high @ region in the uppermost lower mantle. While model QMSI improves the overall
datafit of the entire dataset, it does not fully explain SS amplitudes at short epicentral dis-
tances or the amplitudes of the SSS and SSSS waves. Using forward modeling, we modify
the 1-D model QMSI iteratively to reduce the overall amplitude misfit of the entire dataset.
The final Q model QMSF requires a stronger and thicker high () region at depths between
600 and 900 km. This anelastic structure indicates possible viscosity layering in the mid

mantle.
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1 INTRODUCTION

It is known that the Earth’s crust and mantle is not purely elastic and energy dissipation
occurs as seismic waves travel through the Earth’s interior. The anelasticity of the solid
Earth can be quantified by the seismic quality factor @), and its inverse 1/() measures
energy loss per wave cycle. While mantle anelasticity is very important for the under-
standing of the thermal and compositional structure of the Earth, the development of
global () models has progresses much slower than seismic wavespeed models, and large
discrepancies exit among global QQ models (e.g., Bhattacharyya et al. 1996; Billien et al.
2000; Romanowicz & Durek 2000; Selby & Woodhouse 2002; Warren & Shearer 2002;
Gung & Romanowicz 2004; Lawrence & Wysession 2006b; Dalton et al. 2008; Savage
et al. 2010; Hwang et al. 2011; Ruan & Zhou 2012; Durand et al. 2013; Ma et al. 2016;

Karaoglu & Romanowicz 2018).

The depth profile of the earth’s anelasticity (Q) structure has been studied since the 1970s
based on normal modes as well as surface-wave and body-wave amplitude measurements
(e.g., Anderson & Hart 1978; Dziewonski & Anderson 1981; Widmer et al. 1991; Durek
& Ekstrom 1996; Lawrence & Wysession 2006a; Oki & Shearer 2008; Hwang et al. 2011;
Durand et al. 2013). There is some general agreement in the preliminary structure of the
1-D Q models. In most models, a low Q) region exists in the upper mantle at depths corre-

sponding to the weak asthenosphere and () values are overall higher in the lower mantle
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than in the upper mantle. However, the seismic Q) structure is far less well resolved com-
pared to the wavespeed structure and large discrepancies exist among published global
Q models. For example, QQ values in the mantle transition zone are significantly higher
in model QM1 (Widmer et al. 1991) than in PREM (Dziewonski & Anderson 1981), and
a wide range of ) values have been reported for the lower mantle in different studies
(e.g., Anderson & Hart 1978; Dziewonski & Anderson 1981; Widmer et al. 1991; Durek
& Ekstrom 1996; Lawrence & Wysession 2006a; Oki & Shearer 2008; Hwang et al. 2011).

In this study, we build a global dataset of amplitude measurements of S, SS, SSS and SSSS
waves at epicentral distances between 50° and 125° to investigate the 1-D Q structure
of the earth’s mantle. This dataset is most sensitive to the Q structure in the mantle
transition zone and the shallow lower mantle. The amplitudes of S waves as well as the
majority of SS waves are not affected by mantle triplications, they are used in linear
inversions to find a preliminary 1-D Q model (QMSI). We use this model as a starting
point in forward modeling to obtain a final model that improves the overall datafit
to the entire datasets, including multiple-reflected S waves that are affected by mantle
triplications. We modify the 1-D Q model iteratively to reduce the overall amplitude
misfit, starting with waves turning at shallowest depths. The final Q model (QMSF)
confirms the existence of a strong lid (high Q region) in the uppermost lower mantle,
indicating possible viscosity layering in the mid mantle as inferred from recent geoid
observations (e.g., Rudolph et al. 2015). Finally, we compare model QMSF with several
published Q models and discuss limitations in resolving 1-D Q structure using amplitude

data.

2 DATA AND AMPLITUDES MEASUREMENTS

We process three-component broadband seismograms recorded at 150 stations from the
Global Seismology Network (GSN) for earthquakes occurred between January 2009 and
November 2017 with moment magnitudes greater than 6.0. Waveforms with epicentral
distance between 50° and 125° are downloaded from the Incorporated Research Institu-

tions for Seismology (IRIS) Data Management Center. The initial processing includes



removing instrument responses, rotation to the great-circle reference frame, and band-
pass filtering with corner frequencies at 0.01 and 0.08 Hz. Only transverse-component

seismograms are used in this study to investigate shear wave attenuation.

We calculate synthetic seismograms in a 1-D reference model PREM (Dziewonski and
Anderson 1981) using travelling-wave mode summation (Liu & Zhou 2016). We use fo-
cal mechanism solutions and source time functions from the Global Centroid Moment
Tensor Project (Ekstrom et al. 2012). The synthetic seismograms are then filtered to
the same frequency range using the same band-pass filter as applied to the observed
seismograms. We discard traces with low signal-to-noise ratios as well as traces with no
multiple reflected S waves determined by visual inspection. The minimum signal-to-noise
ratio of the dataset is 3.2, defined as the ratio of the maximum amplitude of the S wave
divided by the absolute value of the maximum background noise measured in a window
80 seconds prior to the start of the S wave measurement window. The observed seis-
mogram with the smallest signal-to-noise ratio is plotted in Figure S1. The final data
set includes about 3900 seismograms from 252 earthquake events. This dataset provides
a good global coverage in the mantle transition zone and the uppermost lower mantle.
Figure 1 shows the distribution of events and seismic stations used in this study as well

as ray segments at depths between 400 and 1100 km.

In determining measurement time windows for S, SS, SSS and SSSS waves, we use the
theoretical travel times of the seismic phases in model PREM as well as the corresponding
synthetic seismograms as references. Cross-correlation time shifts are applied to better
align the observed and synthetic seismograms for amplitude measurements when uncer-
tainties in earthquake origin times or locations introduce an overall time shift between
the observed and the synthetic seismograms. We adjust the time windows such that in-
terferences from other phases are minimum and the dominant energy of the measurement
phase is at the center of the measurement window. Example time windows used for mak-
ing amplitude measurements are plotted in Figure 2. We measure the relative amplitudes

between the observed and the synthetic seismograms in the frequency domain based on



spectral division.

In the frequency domain, the complex spectra of the observed and synthetic seismograms,

o(w) and s(w) can be written as
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where o(t) and s(t) are the time domain observed and synthetic seismograms, and
Aobs (W), Gobs(w), Agyn(w) and ¢eyn(w) are the amplitude and phase spectra of the ob-
served and synthetic seismograms, respectively. Both A(w) and ¢(w) are real functions
of frequency w. If we write the observed spectrum as a deviation from the synthetic spec-
trum, Agps(w) = Agyn(w) + dA(w), the logarithm of the amplitude spectra ratio provides

a rough estimate of the fractional perturbation in amplitude (for small perturbations),
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In this paper, amplitude spectrum ratios between the observed and the synthetic seis-

mograms are calculated for each phase by spectra division at a period of 20 seconds
and the measurements log (Agbs/Asyn) of S, SS, SSS and SSSS waves are plotted as a
function of epicentral distance in Figure 3. The logarithm is zero when the synthetic and
the observed phases have the same amplitude. Measurements that are outside the two
standard deviations are plotted in open circles. The measurements of S waves do not
include waves diffracted at the core-mantle boundary (Sgir) and they are only made at
epicentral distances smaller than 100°. The multiple-reflected SSSS waves are not well
separable from surface waves at distances smaller than 65°. Most of the S wave amplitude
perturbations are between -0.4 and 0.44, with a mean value close to zero. For SS waves,
most of the amplitude perturbations fall between -0.38 and 0.52, with a mean value larger
than zero, indicating that the overall observed amplitudes are larger (or less attenuation)
than PREM predictions. This feature is more significant for multiple-reflected SSS and

SSSS waves, with the majority of the amplitude measurements above zero.



To investigate the average amplitude measurements as a function of epicentral distance,
we plot the mean amplitudes of the measurements in every 10 degree distance range in
Figure 4. The mean amplitudes calculated using data within one or two standard devi-
ations show consistent characteristics, except for SSS waves at 60°-70° degree distance
range in which the estimated data uncertainty is quite large. The overall ) structure
in model PREM can explain the observed average S wave amplitudes at all epicentral
distances. However, it does not explain the amplitudes of shallow turning seismic waves,
including SS waves at short epicentral distances between 50 and 80 degree, SSS waves
at distances between 80 and 120 degree as well as SSSS waves at distances larger than
100 degree. The amplitude observations are self-consistent in that they all suggest waves
turning in the mantle transition zone and uppermost lower mantle experience less atten-

uation than in PREM.

3 LINEAR INVERSION

The S waves in the dataset as well as SS waves at large epicentral distances are not
affected by mantle transition zone triplications (multiple ray paths). This subset of the
data includes about 5500 S and SS measurements that can be applied in linear inversions
to find a preliminary Q structure. In ray theory, the amplitude perturbation of a seismic

wave due to a change in the seismic quality factor () can be written as
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where ¢ is the seismic wave speed, w is the angular frequency of the wave, and )y and

@ are the quality factors in the reference earth model and the perturbed earth model,
respectively. The integration is over the ray path.

The above equation can be re-arranged as
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In this study, we use S, SS, SSS and SSSS waves that turn either in the mantle transition

zone or the lower mantle. Therefore, we will not invert for the Q structure in the upper
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mantle but use Q values in the upper mantle from the reference model PREM because
the PREM (@ structure in the upper mantle is better constrained with a large global
dataset including surface waves. In the linear inversion, the reference model is PREM,
we use amplitude measurements made with respect to PREM synthetics and solve for
perturbations in Q. We parameterize the Q structure in the mantle transition zone and
the lower mantle as five layers with a constant Q value in each layer in the following
depth range: 400-650 km, 650-800km, 800-950 km, 950-1100 km and 1100-2891 km. The
Q values in the layers are independent of each other. The linear problem in Equation (4)

can be discretized to find the @ values in each layer
Ax =b, (5)

where A is the sensitivity matrix constructed from ray path integration, with each row
being the sensitivity of the data to 1/@Q values in each layer, x is the vector of unknown
1/@Q values in each layer, and b is the data vector of amplitude measurements with re-
spect to the attenuation in the reference model. The distance intervals used in the ray

path integration range between 5 and 10 km.

We solve the linear inverse problem using least square optimization with norm damping.
|Ax — b||* 4 o?||x||* = minimum, (6)

or equivalently as

(ATA + o’ T)x = A'b, (7)
where « is the norm damping parameter. The number of data is (~5500) is much larger
than the number of unknown parameters (five) to be solved. The inverse problem is well
determined and we found the solution not sensitive to the damping applied.
We obtain the solution to the linear inverse problem based on single value decomposition
(SVD). The tradeoff curve is plotted in Figure S2 and the Q model (QMSI) from the
linear inversion is shown in Figure 5. The ray density of the dataset used in the inversion
is plotted in every 100 km depth interval, and it shows that Q structure in the mantle
transition zone and the uppermost lower mantle at depths between 400 and 1500 km is

well sampled by the dataset. The most striking feature in model QMSI is a high ) region



in the uppermost lower mantle at depths between 650 and 800 km, and a low QQ region
below at depths between 800-1100 km. In the mantle transition zone between 400 and
650 km, the Q value is larger in QMSI than in the reference model PREM, while in the
lower mantle at depths greater than 1100 km, Q value in QMSI is smaller than that in
PREM.

To quantify the improvement of model QMSI made on the overall amplitude datafit,
we calculate synthetic seismograms in model PREM with its attenuation structure re-
placed by model QMSI. We make amplitude measurements using the same procedure
but now with respect to the synthetics generated for model QMSI (Figure 6). There is
no significant difference between PREM and QMSI measurements in their mean S wave
amplitude datafits, indicating that the accumulated attenuation along the S-wave ray
paths in the two models (PREM and QMSI) are about the same. The higher Q values at
depths between 650 km and 800 km in model QMSI improve datafit of the SS waves at
epicentral distances between 55 and 85 degree, which roughly correspond to rays turning
between 700 km and 1000 km depths. In addition, it significantly improves the datafit
of SSS and SSSS waves that were not used in the linear inversion. The majority of the
triplicated SSS and SSSS waves turn at depths roughly between 400 and 900 km and
they do not satisfy the linear relation in Equation (3). This improved datafit is not sur-
prising because the SSS and SSSS waves sample the same mantle transition zone and

the uppermost lower mantle multiple times.

4 FORWARD MODELING

In model QMSI, the majority of the SSS and SSSS wave measurements are affected by
triplications associated with the 410-km and 660-km discontinuities and therefore they
can not be included in the linear inversion. Triplicated waves provide extensive sampling
of the structure in the mantle transition zone and the uppermost lower mantle, and
they can be studied using forward modeling (e.g., Tajima & Grand 1995; Lai et al. 2019;
Zhang et al. 2019). To better constrain the 1-D Q structure in the mantle using the entire

amplitude dataset, we use model QMSI as a starting model and apply forward model-
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ing to obtain a 1-D Q model that can provide better datafit to S, SS, SSSS and SSSS
measurements. We start with adjusting ) values in the shallow mantle transition zone
to improve the data fit of the shallow turning waves, followed by Q) value perturbations
at greater depths. We use turning depths of the ray paths as a reference but understand
seismic waves are sensitive to structures off the ray paths and their Fresnel zones often
extend a couple of hundred kilometers above and below the turning depths. We calculate
synthetic seismograms for every perturbed 1-D Q model, make amplitude measurements
and examine the mean amplitude perturbations as a function of epicentral distance. The
forward modeling approach is applied iteratively until the final model fits the amplitude
dataset reasonably well. The final model (QMSF) is plotted in Figure 7. It confirms that
a Q value higher than that in PREM is required in the mantle transition zone between
450 and 600 km depth. In addition, it reveals a thicker and stronger high-Q lid (Q=800)
in the uppermost lower mantle at depths between 600 to 900 km. The final model also
suggests a weak layer below the high-Q lid with a Q value of 210 at depths between 900
and 1200 km. In the deep lower mantle, Q value is 280 in model QMSF, smaller than
the value in PREM but close to the Q value in model QMSI.

The final model QMSF fits the entire dataset better than model QMSI. In particular, it
improves the datafit of SS waves at small epicentral distances as well as SSS and SSSS
waves that all turn in the mantle transition zone and the uppermost lower mantle. It
does not fit well SSS amplitude measurements at the distance range between 60 and 70
degree. This is not unexpected as the uncertainty estimated from data using one and two

standard deviations was large for SSS waves at this epicentral distance range (Figure 4).

5 DISCUSSION

In this study, we have focused on the global average of the QQ structure by investigating
the mean values of the amplitude perturbations of the S, SS, SSS and SSSS waves. It is
important to realize that differences in amplitudes between an observed seismogram and
a synthetic seismogram calculated in a 1-D wavespeed model (PREM) may come from

uncertainties in seismic source parameters as well as 3-D elastic focusing and defocusing.
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Uncertainties in source parameters such as earthquake size estimates are expected to be
averaged out when the mean amplitudes are calculated from a statistically significant
number of data points. For example, any single earthquake in the GCMT catalogue may
have an over-estimated or under-estimated scalar moment, and the observed amplitudes
from that earthquake will be smaller (or larger) than the GCMT synthetics. In this
study, we use mean amplitude measurements averaged over a large number of earth-
quakes (some earthquakes are over-estimated while others are under-estimated). This
averaging minimizes the impact of the uncertainties in the GCMT scalar moment. In
addition, systematic over-estimates (or under-estimate) in earthquake magnitudes can
be identified as they will introduce the same bias on S, SS, SSS and SSSS waves, which

was not observed in this dataset.

Lateral variations in seismic wave speed affect amplitudes through focusing and defo-
cusing. To investigate possible effects of focusing and defocusing on the mean amplitude
ratios, we compute synthetic seismograms in a global 3-D wavespeed model S40RTS
(Ritsema et al. 2011) using SPECFEM3D (Komatitsch & Tromp 2002) for the same
source-receiver configuration of the dataset. The global crustal model is not incorpo-
rated in the simulations. This is because incorporating a 3-D crustal structure with the
global CMT solutions can be problematic for source excitations as the CMT solutions
are obtained assuming PREM crustal structure (Ekstrom et al. 2012) (Figure S4). It is
known that lateral variations in crustal thickness may have a significant impact on the
traveltimes of the multiple reflected waves but the impact on their amplitudes is limited
because amplitudes are sensitive to the second derivatives of structure perturbations not
the perturbations themselves (Zhou et al. 2004) (Figure S4 & S5). We make amplitude
measurements between seismograms computed for models S40RTS and PREM using the
same time windows as in Figure 3. The measurements are plotted in Figure 9 and they
show similar characteristics as seen in the real data — waves reflected in the mantle mul-
tiple times experience larger variations in amplitudes. The variations are overall smaller
than those observed in real data, as the synthetic experiment only accounts for the fo-

cusing and defocusing effects in a 3-D wavespeed model, it does not include variations
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associated data noise or uncertainties in source parameters. In addition, the 3-D earth
model S40RTS may be a smoothed (damped) version of the wavespeed structure in the
Earth. We calculate the mean amplitude perturbations in the same 10-degree distance
range as applied in the real data and plot them as a function of epicentral distance for S,
SS, SSS and SSSS waves in Figure 10. The calculations show that the mean amplitudes
due to mantle focusing and defocusing are in general smaller than the uncertainties as-
sociated with the average amplitude perturbations estimated from the real data. The
SPECFEM3D simulations confirm that the observed large amplitude perturbations of
the SS, SSS and SSSS waves can not be explained by mantle wavespeed anomalies but
require less attenuation (high Q) in the mantle transition zone and the uppermost lower

mantle.

Higher Q values (less attenuation) than PREM in the mantle have been suggested in sev-
eral published 1-D global Q models. In Figure 11, we compare model QMSF from this
study with QM1 (Widmer et al. 1991) and OS08 (Oki & Shearer 2008). PREM Q values
are also plotted as a reference. Model QM1 shares some similarity with model QMSF in
that it has high Q) values in the mantle transition zone as well as in the uppermost lower
mantle. The high-Q region in the lower-mantle in model QM1 is much thicker, extend-
ing down to ~1900 km, while the high-Q region in model QMSF is much stronger but
has a limited depth extent (600-900 km). Model OS08 has a two-layer structure, with a

much smaller QQ value in the upper mantle and a much higher Q value in the lower mantle.

We calculate synthetic seismograms in the two 1-D Q models, QM1 and OS08, and
measure amplitude ratios between the observed and synthetic seismograms following
the same process as applied in the PREM and QMSF synthetics, the mean amplitude
ratios are then calculated for S, SS, SSS and SSSS waves. In Figure 12, we compare
the mean amplitude ratios in every 10-degree distance range calculated using the same
observed seismograms but different synthetics computed using the four reference QQ mod-
els: PREM, QMSF, OS08 and QM1. The mean amplitude of the observed S waves are

smaller than that in model QM1, indicating that the accumulated attenuation of the
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S waves in model QM1 is not sufficient to explain the amplitude data, or the overall
Q values in model QM1 are too high for S waves. The same applies to deep-turning S
waves in model OS08. Model QM1 explains the SS wave amplitude reasonably well, but
it does not explain the amplitudes of SSS and SSSS waves, which require less attenua-
tion (higher @ values) in the mantle transition zone and uppermost lower mantle. The
Q value is too low in the mantle transition zone in model OS08, and the observed SS,
SSS and SSSS amplitudes are much larger than model predictions. It is important to
point out that model QM1 was obtained using long-period normal mode data and model
0OS08 was derived from inversions of body-wave amplitudes at periods between about 3
and 10 s. In this paper, we have used S, SS, SSS and SSSS amplitude measurements at
a period of 20 seconds. It is possible that frequency-dependent Q may explain some of
the discrepancies and further investigations would require frequency-dependent ampli-
tude measurements. However, frequency-dependent seismic attenuation may not explain
the entire discrepancies because the observed S-wave amplitudes are smaller than model
predictions while the observed amplitudes of SSS and SSSS waves are larger than model
predictions in QM1 and OS08 (Figure 12). This indicates that significant amplitude

discrepancies come from differences in the depth-dependent Q structure.

6 CONCLUSIONS

In this paper, we build a global dataset of S, SS; SSS and SSSS amplitude measurements
at a period of 20 seconds. S and SS amplitude measurements that are not affected by
mantle triplications are applied in linear inversions to obtain a preliminary 1-D global
Q structure in the mantle (QMSI). Using model QMSI as a starting model, we take
advantage of the multiple-reflected S waves that sample the mantle transition zone and
the uppermost lower mantle multiple times and apply the entire amplitude dataset in
forward modeling to construct a final Q model (QMSF). Our final Q model QMSF con-
firms the most prominent feature in model QMSI — a high-Q lid in the uppermost lower
mantle. This high Q region is stronger and thicker in model QMSF than in model QMSI,
with a Q value of 800 extending from 600 to 900 km depth. The mantle below the high-
Q lid is much weaker with a Q value of 210 at depths between 900 and 1200 km. This
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observation supports the existence of possible viscosity layering in the mid mantle at a
global scale (e.g., Rudolph et al. 2015), probably associated with a change in grain size
Jackson et al. (2002) or water content (e.g., Karato 2011; Zhu et al. 2013).

Most of the multiple-reflected S waves used in this study have turning depths either in
the mantle transition zone or in the lower mantle. The resolution in the upper mantle
is limited and we have adopted the QQ structure in the upper mantle from model PREM
in both the inversion and the forward modeling. We use a stripping-layer approach in
forward modeling to update the Q model iteratively: (1) we start with waves turning at
the shallowest depths such that there is no tradeoff from any deeper structure, and we
adjust the QQ value in the shallowest layer in the mantle transition zone to fit the data
until any further perturbations in Q will only reduce the datafit; (2) we then adjust the
Q value in the next layer based on trail and error and repeat the same process for waves
turning deeper. The final Q model QMSF explains the S, SS, SSS and SSSS amplitude
data at 20-second period better than PREM and several other Q models that are also
associated with high Q values in the lower mantle. This is not surprising as the main
observation in this study is that waves turning in the mantle transition zone and the
uppermost lower mantle have large amplitudes (less attenuation), while those turning

shallower or deeper have amplitudes close to normal.

The main difference between model QMSF and PREM is the Q structure in the mantle
transition zone and the uppermost lower mantle, which does not produce measurable dif-
ferences on surface-wave or P-wave amplitudes (Figure S6). The amplitudes of multiple-
reflected S waves in general provide best constraints on the Q structure at those depths.
It is worth noting that model QMSF represents one possible model that can explain the
multiple-reflected S waves observed in this study, and approaches similar to Resovsky
et al. (2005) may be explored in the future to investigate possible range of models. The
depth resolution of our Q model QMSF is limited and can be improved with a larger
dataset, for example, if averaging in every 5° becomes statistically sufficient, then the

depth resolution can be doubled. In the future, the study can also be extended to include
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core phases (ScS, Sdiff) to improve the Q structure in the lowermost mantle. In addition,
the anelasticity (Q) of the mantle introduces physical dispersion, while using traveltime
measurements to constrain @ structure can be challenging as seismic traveltimes also
depend on the velocity structure but the dual dependence may be accounted in joint

inversions of seismic traveltimes and amplitudes (e.g., Zhou 2009; Ruan & Zhou 2010).
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(a) 400-650 km (b) 650-800 km

Figure 1. ray-path coverage at different depth ranges for the dataset used in this study: (a) 400-
650 km, (b) 650-800 km, (c) 800-950 km and (d) 950-1100 km. The triangles denote the 150 GSN

stations and the stars represent the 252 earthquake events used in this study.
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Figure 2. Example time windows and amplitude measurements. Top: example observed and syn-
thetic seismograms recorded at station NNA for a Tonga Islands earthquake occurred on December
4, 2017. The moment magnitude of the earthquake is Mw=6.7. The time windows used for making
amplitude measurements of S, SS, SSS and SSSS waves are shaded, and the zoom-in views of the
observed (solid line) and synthetic (dashed line) phases are plotted in the middle panels. The bot-
tom panels illustrate the frequency dependence of amplitude measurements of the seismic phases,
they are plotted for reference only. We emphasize that frequency-dependent () is not investigated
in the study. The Q models obtained in this study are for seismic waves at a period of 20 seconds,

obtained using amplitude measurements at 20-second period only.
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Figure 3. Amplitude measurements log(Agps/Asyn) of S, SS, SSS and SSSS waves plotted as a
function of epicentral distance at a period of 20 seconds. The logarithm is zero when the synthetic
and the observed phases have the same amplitude. The synthetic seismograms are calculated in a

reference model PREM. The dashed lines indicate one and two standard deviations of the datasets.
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Figure 4. Mean values of the amplitude measurements in every 10° epicentral distance range
for (a) S, (b) SS, (¢) SSS and (d) SSSS waves. Solid circles are the mean values calculated using
measurements within two standard deviations, and open circles are calculated using measurements

within one standard deviation. The vertical bars on the solid circles indicate differences between

the two estimates.
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Figure 5. (a) Model QMSI obtained from linear inversion using amplitude measurements of S and
SS waves that are not affected by mantle triplications. Model PREM is plotted in dashed line for
reference. (b) the percentage of ray paths sampling every 100 km depth range. In QMSTI inversion,
Q values in the top 400 km of the model are the same as in model PREM, and we invert for Q
values in the following layers: 400-650 km, 650-800 km, 800-950 km, 950-1100 km and 1100-2891
km. The linear inversion reveals a high-Q region at depths between 650 and 800 km, and a low Q
region between 800 and 1100 km. Q values at depths greater than 1100 km is lower than that in
PREM.
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Figure 6. The same as in Figure 4 but for measurements using model QMSI as the reference

model (solid circles). The original measurements using PREM as the reference model are plotted

in open circles. The mean values are calculated using data within the one standard deviation and

the vertical bars indicate the differences between estimates made using data within one standard

deviation and two standard deviations. Model QMSI improves the amplitude datafit of SS waves

at short epicentral distances as well as the datafit of SSS and SSSS waves that were not used in

the linear inversion. Those waves turn at depths roughly between 400 km and 900 km.
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Figure 7. (a) Q Model QMSF obtained from forward modeling using the entire dataset of S, SS,
SSS and SSSS amplitude measurements. Models QMSI and PREM are also plotted for reference.
(b) The same as (a) but for 1/Q. In forward modeling, we use QMSI as a starting model and
adjust Q values to better fit the entire amplitude dataset. The final model (QMSF) requires higher
Q values in the mantle transition zone (Q=210 at 450-600 km depth) as well as in the uppermost
lower mantle (Q=800 at 600-900 km depth), and lower Q values in the rest of the lower mantle,
with Q=210 at 900-1200 km depth and Q=280 at depths greater than 1200 km.
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Figure 8. The same as in Figure 4 but for measurements using model QMSF as the reference

model. Measurements using models QMSI and PREM are plotted for reference. The high-Q lid

in the uppermost lower mantle (600-900 km) improves the amplitude datafit of SS waves at short
epicentral distances as well as the datafit of SSS and SSSS waves. The low Q values in the deeper

lower mantle were required to fit the S waves and SS waves at larger epicentral distances. The same

Figure with running mean average is also plotted in Figure S3 for reference.
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Figure 9. The same as Figure 3 but for synthetic amplitude ratios caused by focusing and defocus-

ing due to mantle wavespeed heterogeneities in a global 3-D mantle model S40RTS. The reference

model used in making the measurements is PREM. Synthetic seismograms in model S40RTS and

PREM are calculated using SPECFEMS3D for the same source-receiver configuration in Figure 3.
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Figure 10. (Top) mean amplitude ratios log(Asso/Asyn) calculated for the synthetic amplitude
ratios in Figure 9 following the same approach as used for real data in Figure 4. (Bottom) mean
amplitude ratios as in Figure 8 but now include measurements with respect to references models
PREM, S40RTS and QMSF. This Figure shows that variations caused by 3-D mantle wavespeed
perturbations through focusing and defocusing does not have a significant impact on the mean

amplitudes.
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Figure 11. (a) Q model from this study: QMSF (black solid line), plotted with Q models from
previous studies that also have high Q values in the uppermost lower mantle: QM1 (Widmer et al.
1991) in blue dashed line and OS08 (Oki & Shearer 2008) in blue dotted line. PREM is plotted in
gray dashed line for reference. (b) the same as (a) but for 1/Q.
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Figure 12. Mean amplitude ratios calculated for different reference models shown in Figure 11.
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Figure S1: The most noisy seismogram (with the smallest SNR value) used in this study. The signal-to-
noise ratio of this observed seismogram is 3.2, defined as the ratio of the maximum amplitude of the S wave
divided by the absolute value of the maximum background noise measured in a window 80 seconds prior
to the start of the S wave measurement window. The synthetic seismogram is also plotted for reference.
The shaded windows indicate measurement windows (S, SS and SSSS) used for this observed seismogram.
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Figure S2: Tradeoff curve of the inverse problem ||Ax — b||? + o||x||?> = minimum with a varying norm
damping parameter a. The horizontal axis is the model norm ||x|| and the vertical axis is the misfit
||[Ax — b||?. Model QMSI is indicated by the blue circle where increasing model norm no longer reduces
data misfit. Only S and SS wave amplitude measurements are used in this inversion, and the purpose of
this inversion is to obtain a model (QMSI) to be used as a starting model in forward modeling.
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Figure S3: The same as in Figure 8 but with running mean plotted as dashed lines.
independent mean amplitude measurements in every 10° epicentral distance range.
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Figure S4: Synthetic seismograms calculated for a moment magnitude Mw=6.9 earthquake off the coast
of central Chile recorded at station PAB. The depth of the earthquake is 26 km. The epicentral distance
is 95.68° and the S, SS, SSS and SSSS waves arrive at 1478, 1869, 2092 and 2290 seconds, respectively.
(a) synthetic seismograms calculated in model PREM with a crust thickness of 24.4 km (black) and in
a modified PREM model with a new crust thickness of 21 km (red). The earthquake is located in the
mantle in both models. The change in crustal thickness introduces significant traveltime differences on the
multiple reflected S waves but there is no significant impact on their amplitudes. (b) The same as (a) but
with the black seismogram shifted by 5 seconds for better illustration of the amplitudes of the multiple
reflected S waves. (¢) The same as (a) but with the red seismogram calculated in a modified PREM model
with a new crust thickness of 31 km. The earthquake is located in the mantle in PREM (24.4 km crust)
and in the crust in the modified model (31 km crust). This Figure shows that (1) variations in crustal
thickness have limited impact on the amplitudes of multiple reflected S waves; and (2) incorporating a 3-D
crustal structure with the global CMT solutions can be problematic for source excitations as the CMT
solutions are obtained assuming PREM crustal structure, but the local crustal thickness at the source may
be different from PREM crustal thickness. All seismograms are calculated in 1-D (not 3-D) crustal models
such that the main differences in amplitudes come from source excitation (there is no focusing/defocusing).
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Figure S5: Synthetic seismograms calculated for a Mw=7.2 South Sandwich Islands earthquake in May
2016 recorded at station MTDJ. The depth of the earthquake is 68.7 km. The epicentral distance is 85.65°
and the S, SS, SSS and SSSS waves arrive at 1378, 1716, 1928 and 2103 seconds, respectively. The black
synthetic seismogram is computed using SPECFEMS3D for a 3-D mantle model S40RTS with a 1-D crustal
structure (PREM) and the red synthetic seismogram is computed for the same mantle model with a 3-D
crust (CRUST1.0). The differences in crustal structure introduce significant phase (traveltime) differences
on the (multiple reflected) S waves but there is no significant impact on their amplitudes. The focusing
and defocusing effects are generally expected to be small for S waves in global crustal models. This is
because unlike the phases (traveltimes) of the seismic waves, their amplitudes are sensitive to the second
derivatives of structure perturbations, similar to the focusing effects of a magnifying glass.
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Figure S6: Example synthetic seismograms at station COLA calculated in model PREM (black) and
QMSF (red) for a magnitude 6.6 earthquake occurred in 2017 in Loyalty Islands. The differences between
model PREM and QMSF are Q values in the mantle transition zone and the lower mantle, which do not
have a significant impact on surface-wave or P wave amplitudes.



