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We determine the mantle attenuation (1/Q,) structure beneath 70 Myr seafloors in the central
Pacific. We use long-period (33-100 sec) Rayleigh waves recorded by the NoMelt array of broadband
ocean-bottom seismometers. After the removal of tilt and compliance noise, we are able to measure
Rayleigh wave phase and amplitude for 125 earthquakes. The compliance correction for ocean wave
pressure on the seafloor is particularly important for improving signal-to-noise at periods longer than
55 sec. Attenuation and azimuthally anisotropic phase velocity in the study area are determined by
approximating the wavefield as the interference of two plane waves. We find that the amplitude decay
of Rayleigh waves across the NoMelt array can be adequately explained using a two-layer model:
Qu = 1400 in the shallow layer, Q, = 110 in the deeper layer, and a transition depth at 70 km,
although the sharpness of the transition is not well resolved by the Rayleigh wave data. Notably, Q,
observed in the NoMelt lithosphere is significantly higher than values in this area from global attenuation
models. When compared with lithospheric Q, measured at higher frequency (~3 Hz), the frequency
dependence of attenuation is very slight, revising previous interpretations. The effect of anelasticity
on shear velocity (Vs) is estimated from the ratio of observed velocity to the predicted anharmonic
value. We use laboratory-based parameters to predict attenuation and velocity-dispersion spectra that
result from the superposition of a weakly frequency dependent high-temperature background and an
absorption peak. We test a large range of frequencies for the position of the absorption peak (f.) and
determine, at each depth, which values of f. predict Q, and Vs that can fit the NoMelt Q, and Vs
values simultaneously. We show that between depths of 60 and 80 km the seismic models require an
increase in fe by at least 3-4 orders of magnitude. Under the assumption that the absorption peak is
caused by elastically accommodated grain-boundary sliding, this increase in f. reflects a decrease in
grain-boundary viscosity of 3-4 orders of magnitude. A likely explanation is an increase in the water
content of the mantle, with the base of the dehydrated lid located at ~70-km depth.
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1. Introduction perature and the presence of water and partial melt, because the
nature of the transient response is controlled by these and other
factors (Abers et al., 2014; Dalton et al.,, 2017; Ruan et al., 2018;

Wei and Wiens, 2018). Second, it can be used to illuminate the

Seismic attenuation in the mantle occurs as a consequence
of transient grain-scale dissipative processes driven by the stress

changes imparted by the passage of the seismic waves. Constrain-
ing the transient behavior in different regions of the Earth’s inte-
rior is important for at least two reasons. First, it can be used to
place bounds on the physical state of Earth materials, such as tem-
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grain-scale deformation mechanisms that are responsible for the
transient behavior, which may in turn illuminate the mechanisms
responsible for steady-state viscous creep (e.g., Freed et al., 2012).

Laboratory experiments provide critical information about the
mechanisms causing transient creep and attenuation and the ef-
fects of factors including temperature, composition, water, melt,
and grain size. They also show how anelasticity causes a frequency-
dependent reduction of the shear modulus in addition to the dissi-
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pation of energy. Experiments done on olivine, olivine-orthopyro-
xene, and borneol samples have revealed that the spectrum of at-
tenuation in the frequency domain is comprised of two main com-
ponents: a pervasive high-temperature background (HTB), wherein
attenuation exhibits a weak power-law dependence on frequency
and an Arrhenius dependence on temperature, and a plateau or
broad peak that becomes prominent at higher frequencies (e.g.,
Jackson and Faul, 2010; Sundberg and Cooper, 2010; Yamauchi and
Takei, 2016; Sasaki et al., 2019).

As a natural laboratory, normal oceanic upper mantle is well
suited for studying relationships between attenuation and the
mechanisms of anelasticity, in large part because the setting is
uncomplicated and the chemical and thermal properties are rea-
sonably well known. Adiabatic decompression of upwelling mantle
beneath a mid-ocean ridge leads to partial melting and thereby the
creation of oceanic crust and a shallow residual lid that is depleted
and dehydrated relative to the unmelted material beneath it (e.g.,
Hirth and Kohlstedt, 1996; Lee et al., 2005). Samples of abyssal
peridotites and mid-ocean ridge basalts interpreted together with
petrological experiments define a narrow range of possible peri-
dotite compositions for the lithosphere and asthenosphere (Work-
man and Hart, 2005; Warren, 2016). Conductive cooling creates a
seafloor age-dependent thermal boundary layer, and observations
such as bathymetry, heat flow, seismic velocity, and basalt chem-
istry constrain the thickness of the boundary layer as well as the
potential temperature of the mantle adiabat with which it merges
(e.g., Parsons and Sclater, 1977; Stein and Stein, 1992; Dalton et al.,
2014; Ma and Dalton, 2019).

In this study, we present new high-resolution observations
of upper-mantle shear attenuation and velocity beneath 70-Ma
seafloor and examine the constraints they provide on the tran-
sient rheology as a function of depth. We utilize measurements of
Rayleigh wave amplitude and travel time recorded on the NoMelt
array of ocean bottom seismometers (OBS) in the central Pacific.
The result is a tightly constrained profile of shear attenuation in
the depth range 30-200 km that, by representing a 600-km by
400-km area, allows a high level of lateral resolution that is typ-
ically not possible in attenuation studies. Furthermore, given our
knowledge of the thermal and chemical structure in this setting,
it is possible to separate the effects of anelasticity on shear veloc-
ity from the effects of elasticity, thereby creating a second datum
with sensitivity to the dissipative processes causing attenuation.

A crucial piece of our analysis is removing tilt and compliance
noise from the OBS data in order to improve the signal-to-noise ra-
tio and therefore expand the data set at long periods. This process
is described in Section 2 and Supplementary Materials Section 1,
and the two-plane-wave approach (Forsyth and Li, 2005) used to
determine phase velocity and attenuation is described in Section 3.
The 1-D attenuation and velocity models are presented in Section 4
interpreted together with laboratory data in Section 5.

2. Data and noise removal

The NoMelt experiment consisted of a broadband OBS deploy-
ment (Lin et al., 2016; Russell et al., 2019), a long-period mag-
netotelluric survey (Sarafian et al., 2015), and an active-source
seismic refraction/reflection survey using a short-period OBS array
(Mark et al,, 2019). In this study we utilize waveforms recorded
by the broadband OBS stations, which were deployed from late
December 2011 to late December 2012. For all earthquakes in
the GCMT catalog (Ekstrom et al., 2012) with My > 5.5 that oc-
curred in 2012, we obtain three-component seismic waveform and
pressure gauge data from the Data Management Center at the In-
corporated Research Institutions for Seismology.

We then follow closely the procedure described in Bell et al.
(2014) to remove compliance and tilt noise on the vertical com-

ponent of the OBS data. Details of this procedure can be found in
Supplementary Materials Section 1. Examples of waveforms show-
ing the effect of tilt and compliance noise removal are shown in
Fig. 1. This is for an Mw = 5.6 event in South Sumatra, recorded
by station BO1 at an epicentral distance of 120°. While all earth-
quakes with Mw > 5.0 in the GCMT catalog are discernible in
the original vertical record, removing tilt and compliance noise
makes them more visible and significantly increases their signal-
to-noise ratio. This allows us to make Rayleigh wave amplitude
and phase measurements on a larger number of events and also
yields higher-quality measurements that are less biased by these
sources of noise.

3. Two-plane-wave modeling

A total of 22 OBS stations are available to us. We will focus on
15 of them in this study (Fig. 2b), as the other seven stations ap-
pear to produce poor recordings, most likely due to a failure of
the seismometer to correctly deploy and level on the seafloor. The
compliance- and tilt-noise corrected vertical-component data are
narrow-band passed and plotted on the screen for visual inspec-
tion. Each earthquake is examined independently.

Examples of recordings from two events that have been band-
passed and shifted according to group velocities of 3.8 km/s and
3.9 kmy/s, respectively, are shown in Fig. 2. While Event 1 produces
almost identical traces across the array with fairly constant ampli-
tudes along a wavefront, the waveforms from Event 2 are clearly
affected by off-great-circle wave interference, as evident by the
large variation of amplitudes along a wavefront.

To model the observed phases and amplitudes simultaneously,
we follow the procedure described in Forsyth and Li (2005) and
Harmon and Rychert (2016) and approximate the Rayleigh wave
wavefield for a single event as an interference of two plane waves
with 2-D finite frequency effects included (Yang and Forsyth, 2006;
see Supplementary Materials Section 3). At each frequency, we use
the inversion scheme described in Forsyth and Li (2005) to in-
corporate all events simultaneously to solve for the amplitudes,
initial phases, and arrival angles of the two plane waves for each
event, and the 2-D phase velocity variation, 1-D average azimuthal
anisotropy, and 1-D average amplitude decay coefficient of the re-
gion. The error of each parameter is estimated by this inversion
scheme. We also solve for an amplitude correction for each sta-
tion to account for site effects. Since the azimuthal distribution of
earthquakes is quite uniform (Figure S2) we do not perform any
azimuthal normalization in our two-plane-wave modeling.

The total number of events used in the inversion scheme de-
scribed above varies with frequency from 125 at 100 sec to 118
at 33 sec. Our preferred values of the Rayleigh wave amplitude
decay coefficient and regionally averaged isotropic phase velocity
are shown with the error bars in Fig. 3. Although damping and
smoothing are needed when inverting for 2-D phase velocity maps,
the effects of damping and smoothing on the regionally averaged
phase velocity and decay rate are minor, compared to the esti-
mated error from the inversion scheme. Similarly, the choice of
the initial value of y, the size of the area considered in the inver-
sion, and whether extra terms are included to correct for site and
station effects minimally affect the regionally averaged isotropic
phase velocity and decay rate (Fig. 3).

4. 1-D shear-wave velocity and shear attenuation models

We use the Rayleigh wave amplitude decay coefficients and re-
gionally averaged phase velocities to solve for 1-D models of shear-
wave velocity and shear attenuation. The inversions are based on
linearized perturbation theory
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Fig. 1. Example of the effect of removing tilt and compliance noise for an event with origin time 2012-08-21 17:39:38, recorded by station BO1. The units for seismic
channels are meters and the unit for the pressure channel is kPa. All waveforms have been bandpass-filtered between 10 and 50 mHz. The upside-down triangles mark the
six earthquakes with My > 5 in the GCMT catalog. The magnitudes and epicentral distances of these earthquakes are labeled in the bottom panel. (a) Vertical displacement
from the original BHZ data after down-sampling and bandpass-filtering. (b) Same as (a), but for BH1. (c) Same as (a), but for BH2. (d) BH2 after rotation to have maximum
coherence with the vertical in the absence of earthquake (see text for details). (e) Predicted tilt noise. (f) Tilt-corrected vertical record. (g) Record from the pressure gauge.

(h) Predicted compliance noise. (i) Compliance- and tilt-corrected vertical record.
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where 8¢ (w) = ¢ (w) — cP™(w) is the residual between observed
and predicted isotropic phase velocity, and Rayleigh wave atten-
uation Q ~! (w) is obtained from the amplitude decay coefficient
using ¥ (@) = 35%5; ﬁ where U(w) is the group velocity at an-
gular frequency w. In these expressions, integration is from the
center to the radius of the Earth a, Vsy and Vsy indicate the
speeds of vertically and horizontally polarized, horizontally trav-
eling shear waves, respectively, Vpy and Vpy indicate the speeds

of vertically and horizontally traveling compressional waves, and
1 is an anisotropic parameter that describes oblique propagation
angles. Qljl and Q. 1 are shear and bulk attenuation. The sensi-
tivity of the residual phase velocity or Rayleigh wave attenuation
to each of these parameters is denoted by K with the appro-
priate subscript. The sensitivity kernels are calculated from the
eigenfunctions of a reference 1-D Earth model. The model pertur-
bations, such as 8Vsy (r), are expressed relative to the reference
1-D model, and the phase-velocity residual is expressed relative to
the phase-velocity predictions of the reference 1-D model.

Fig. 4a compares our fundamental-mode Rayleigh wave phase
velocity measurements with the 10-150 sec data of Lin et al
(2016); they are identical within uncertainty for the period band
in which they overlap. Lin et al. (2016) used interstation cross-
correlation to measure phase delays for 19 events and the Eikonal
equation to determine phase-velocity maps; they use the phase-
velocity value at the center of the array as the regionally averaged
phase velocity. In contrast, we apply the two-plane-wave approach
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Fig. 2. Examples of waveforms and Rayleigh wave amplitudes. (a) Locations for Event 1 (2012-01-09 04:07:14) and Event 2 (2012-01-10 18:36:59). (b) Map of NoMelt stations
used in this study. (c) Waveforms for Event 1, which have been corrected for compliance and tilt noise, bandpass-filtered around 100 sec, and windowed around the main
wave train. A 1-D group velocity of 3.8 km/s is used to time-shift these waveforms. The station names and epicentral distances are labeled. For plotting purposes, waveforms
have been normalized by their median amplitude. (d) Measured and predicted 100-sec amplitudes. Predicted amplitudes include the effects of two-plane wave interference,
1-D attenuation, and focusing-defocusing due to propagation through the elastic structure. The values plotted are the ratios of the amplitude at each station to the median
value of the amplitudes measured at all stations. (e-f) same as (c-d), but for Event 2. A 1-D group velocity of 3.9 km/s is used for the time-shifting in (e). The large range
(0.75-1.35) in panel (f) is mainly due to the effect of interference, which can shift the amplitude from its peak value to zero when the two plane waves are offset by half of
a wavelength.

to more than 100 events to determine phase-velocity maps and suggests that they can be used with confidence. Fig. 4b shows two
use the average value in the study area as the regionally averaged additional data sets measured by Russell et al. (2019) using am-
phase velocity. The consistency between these two sets of values bient noise cross-correlation: the phase velocities of fundamental-
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in increments of 10 km. Symbols show 193 acceptable models (90% confidence level, with misfit x> < 4.6): blue circles for the shallow layer and red squares for the deeper
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(c) Blue error bars show Rayleigh wave attenuation measured in the NoMelt area. Green curve is the prediction of the final model and the magenta curve is the prediction
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are compared to previous low-frequency shear attenuation values from global 1-D models PREM and QL6 (Durek and Ekstrom, 1996) and 3-D model QRFSI12 (Dalton et al.,
2008) in the NoMelt region and the high-frequency result in the northwestern Pacific from Takeuchi et al. (2017). In contrast to the earlier studies, low attenuation in the
NoMelt lithosphere suggests weak or no frequency dependence of attenuation in both layers.

mode Love waves and first-overtone Rayleigh waves in the period
range 5-7.5 sec.

Because of the similarities described above, in our velocity in-
version, which solves for §Vsy (r) and §Vsy (), we use the three
data sets of Lin et al. (2016) and Russell et al. (2019) as these
data sets cover a larger frequency range compared to the data set
obtained with two-plane-wave modeling. Details of the velocity in-
version can be found in Russell et al. (2019). The Love wave data
provide constraints on Vsy in the shallow mantle, as discussed
further in Section 5.2, and the overtone Rayleigh wave data im-
prove constraints on Vgsy at depths up to 15-20 km deeper than
the Moho. The Love wave data were obtained from ambient noise
in a short-period band where fundamental-mode group and phase
velocity are well separated from those predicted for higher modes
(Russell et al., 2019), suggesting that bias from overtone interfer-
ence (e.g., Foster et al., 2014) is not a significant source of error.

We repeat the velocity inversion using two different reference
models, one that contains smoothly varying velocity in the mantle
and one that contains a 5% velocity reduction from 60 km to 65
km in depth. A velocity reduction of this magnitude in this depth
range is supported by the S-to-p receiver function study at NoMelt
stations by Mark et al. (2019) and is consistent with earlier studies
of scattered waves in the Pacific (Kawakatsu et al., 2009; Rychert
and Shearer, 2011; Schmerr, 2012). Since the broad depth sensitiv-
ity kernels of surface waves prevent us from being able to resolve
such a strong contrast with depth even if it exists, we must impose
it via the reference model. The two final velocity models (Fig. 4c)
make nearly identical predictions of phase velocity and fit all data
sets equally well (Figs. 4a,b).

Unlike Russell et al. (2019) and most other seismic models, we
do not correct for the effects of anelastic physical dispersion. In-
herent in these corrections are assumptions about the frequency
dependence of attenuation and the relationship between attenua-
tion and velocity (e.g., Liu et al., 1976) that may not be appropriate
for the upper mantle and that complicate efforts to compare seis-
mic models to laboratory experiments of the effects of anelasticity.
Thus, our new NoMelt velocity models (Fig. 4c) are not defined at
a particular reference frequency, and instead we consider the rele-
vant frequency at each depth to be the frequency of the Rayleigh
wave that is most sensitive to that depth. We note that not correct-
ing the phase velocities for anelastic physical dispersion could be
problematic if observations from very different periods were being
used to constrain velocity structure at the same depth. However,
the depth range of sensitivity for the fundamental-mode and first-
overtone Rayleigh waves used in this study only overlaps at depths
<25 km; at greater depths the velocity structure should not be af-
fected by neglecting the difference in frequency content.

The attenuation inversion considers only shear attenuation Q;;',
since both bulk attenuation Q. T and the sensitivity of Rayleigh
wave attenuation to bulk attenuation, Ko« (w, 1), are small (e.g.,
Durek and Ekstrém, 1996). The smoothly varying final velocity
model (Fig. 4c) is used to calculate sensitivity to shear attenuation
Kqu (w,r) and the group velocity U(w). The inversion for shear
attenuation occurs in two steps. We first perform a grid search to
identify a good starting model. We found that a model with two
layers, where the free parameters are shear attenuation in the up-
per and lower layers and the transition depth between them, is
sufficient to explain our data (Fig. 5a,c). The two-layer model with
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Fig. 6. Isolating the anelastic contribution to Vs. (a) Temperature profiles calculated for half-space cooling models (dotted) and plate cooling models with plate thickness =
105 km (solid) that join mantle adiabats with potential temperatures of 1350°C (green) and 1450 °C (black). Yellow and gray curves show extension of the adiabats to the
surface. (b) Predicted isotropic (Voigt averaged) anharmonic shear velocity for the temperature profiles in (a) using Perple_X with the thermodynamic data, solution models,
and shear moduli of Stixrude and Lithgow-Bertelloni (2011). Calculations using pyrolite (py) and harzburgite (hz) compositions are shown. Red and blue curves show Voigt-
averaged Vs from the smooth (NoMeltS) and discontinuous (NoMeltD) final velocity models (Fig. 4c). Solid and dotted NoMelt curves are based on different assumptions
about Vsy; see text for details. (c) Ratio of the NoMelt Voigt-averaged Vs models to the Perple_X-predicted anharmonic Vs profiles. Colored fields enclose the minimum and

maximum values at each depth.

the smallest misfit has Q, = 1400 in the upper layer, Q, = 110
in the lower layer, and a transition depth of 70 km. We have
also performed a parameter search for suitable three-layer mod-
els (Supplementary Materials Section 3). But given that we only
have five attenuation measurements, the details of these three-
layer models are hard to constrain, and we do not interpret them
in this paper.

We then perform a full depth inversion using the best-fitting
two-layer model as the starting model with respect to which we
solve for perturbations. A small amount of smoothing and damp-
ing is applied to ensure stability. The resulting attenuation model
(Fig. 5b) contains a shallow layer of very low attenuation that
is underlain by moderate attenuation, with a fairly abrupt tran-
sition that occurs between 60 km and 80 km. At depths 80-130
km, attenuation is slightly higher (Q, =92 — 110) than in the
two-layer model, and at depths 130-200 km it is slightly lower
(Qu = 110 — 135). Fig. 5c shows that both the two-layer and
depth-dependent models fit the data within uncertainty.

5. Discussion
5.1. Comparison to other studies

The first observation in our study is that attenuation (1/Q)
in the shallow part of the mantle (<70 km, Q, ~ 1400) is lower
than the value in PREM (Q, ~ 600; Dziewonski and Anderson,
1981) and much lower than the value in the NoMelt region de-
termined from the global attenuation model QRFSI12 (Q, ~ 140;
Dalton et al., 2008). In contrast, attenuation at greater depths (>70
km, Q, ~ 110) is only slightly lower than the value in PREM
(Qu ~80) and considerably lower than in QRFSI12 (Q, ~ 60). For
another comparison, using the same two-plane-wave approach as
our study, Yang et al. (2007) reported values of Q, of ~79 and
~98 for young oceanic mantle in the depth range 55 to 125 km
in the MELT and GLIMPSE experiments near the East Pacific Rise,
and Ruan et al. (2018) found Q, ~ 76 in the depth range 90 to
170 km and ~128 in the depth range 150 to 300 km beneath the
Juan de Fuca plate area. Unlike the NoMelt area, the western side

of the spreading centers in both of these areas of young seafloor
have abundant seamounts that have been attributed to hotspot
influence (Desonie and Duncan, 1990) that could be responsible
for the slightly higher attenuation. We emphasize that all of these
models are constrained by seismic signals in roughly the same pe-
riod range (~25-100 sec). Thus, differences between the global and
regional studies reflect the fact that while large-scale attenuation
structure can be robustly obtained in global studies (Dalton et al.,
2008; 2017), both the coarseness of the model parameterization
and the use of long paths obscure details of structure that are bet-
ter imaged by regional seismic arrays.

At higher frequency (~3 Hz), Takeuchi et al. (2017) found that
beneath old seafloor in the western Pacific the intrinsic Q, is
~3200 in the lithosphere and ~60 in the asthenosphere. They
suggested that differences exist in the frequency dependence of
attenuation in these two layers on the basis of comparison to the
low-frequency Q, values from QRFSI12, with stronger frequency
dependence in the lithosphere and frequency independence in the
asthenosphere. In contrast, the results of our study - notably the
very low attenuation at shallow depths - indicate weak frequency
dependence in both layers (Fig. 5d).

5.2. Effect of anelasticity on shear velocity

Fig. 6 shows how we estimate the effect of anelasticity on
shear velocity. We consider a range of temperature profiles appro-
priate for 70-Myr seafloor (Fig. 6a), including half-space cooling
and the plate cooling model (e.g., Stein and Stein, 1992). We use
the Perple_X software (Connolly, 2009) to compute isotropic shear
velocity for compositions corresponding to pyrolite and harzbur-
gite (Table 1). These calculations utilize the thermodynamic data
and solution models of Stixrude and Lithgow-Bertelloni (2011).
The resulting elastic-velocity profiles (Fig. 6b) show that veloc-
ity decreases with depth within the thermal boundary layer and
increases slightly with depth along the mantle adiabat; the low-
velocity zone reaches its minimum at the depth where the con-
ductive layer merges with the adiabat. As expected, velocities cal-
culated for the temperature profiles that merge with the hotter
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Table 1
Major-element compositions for pyrolite and harzburgite.

(wt. %) pyrolite harzburgite
Si0; 45.36 4518
Al;03 4.49 4.42

FeO 8.11 7.63

MgOo 38.10 38.96

Ca0 3.58 341

Na,0 0.36 0.40

adiabat (potential temperature Tp = 1450°C) are offset to lower
values relative to those calculated for the colder adiabat. The effect
of composition is relatively minor; the more depleted harzburgite
composition yields slightly higher velocities at a given temperature
and pressure, but temperature variations have a bigger effect.

Since the Perple_X velocities are purely elastic (anharmonic),
the effects of anelasticity in the upper mantle can be deduced by
comparing the NoMelt velocity model to them (Figs. 6b,c). NoMelt
Vsy is well constrained to a depth of ~300 km, but Vsy is con-
strained only in the crust and the upper 25 km of the mantle. We
therefore consider two different approaches in order to estimate
Vsy at greater depth. One, in developing the two final NoMelt
velocity models (NoMeltS and NoMeltD), we assume that the mag-
nitude of radial anisotropy in the lithosphere (~3%) remains con-
stant through the low-velocity zone and tapers out in the depth
range 200-250 km, which is generally consistent with previous re-
gional estimates (e.g., Nishimura and Forsyth, 1989; Gaherty et al.,
1996). Two, we fix the magnitude of radial anisotropy Vsy-Vsy
at its value in the global velocity model SEMum?2 (French et al.,
2013) as sampled at the NoMelt location and estimate Vsy by
adding this value to the well constrained NoMelt Vsy profile. The
second approach, labeled NoMeltS-2 and NoMeltD-2, yields higher
Vsy (Fig. 4c) and therefore higher isotropic Vs at depths >~75
km (Fig. 6b). The use of radial anisotropy from SEMum?2 is meant
to explore the extent to which our results depend on assumptions
about Vsy.

Fig. 6¢c shows that the effects of anelastic relaxation on shear
velocity are largest at depths >70 km, where they can be >5%
depending on which NoMelt and anharmonic velocity profiles are
used. Since the scattered-wave analysis provides evidence of a
sharp velocity gradient in the shallow mantle (Mark et al., 2019),
we focus on the NoMeltD models in subsequent interpretation.

Fig. 6b shows that anelasticity may cause the low-velocity zone
to occur at a larger depth than that at which the conductive layer
and the adiabat merge, which could complicate efforts to infer,
for example, thermal structure from shear velocity models if the
anelastic effect is not properly accounted for. This apparent deep-
ening of the low-velocity zone could provide an important ob-
servational constraint on the activation volume for the dissipative
processes that are responsible for attenuation, including transient
creep. However, we note that the vertical averaging or smearing
inherent in surface-wave inversions can also deepen the apparent
velocity minimum, especially given the steep velocity gradient pre-
dicted within the thermal boundary layer.

5.3. Implications for anelasticity in the lithosphere and asthenosphere

Anelastic behavior in fine-grained polycrystalline materials is
typically attributed to sliding along grain boundaries (e.g., Gribb
and Cooper, 1998; Cooper, 2002). The application of an external
shear stress causes an instantaneous elastic strain followed by slid-
ing along the boundaries between individual grains. Initially the
sliding is accommodated by elastic distortions of the grains, re-
sulting in stress concentrations at the grain corners, which act
as a restoring force that allows for gradual recovery of the strain
once the external stress is removed (Gribb and Cooper, 1998). This

process is called elastically accommodated grain-boundary sliding
(EAGBS), and its characteristic time scale is Te = ngpd/ Ly, where
ngp and § are the viscosity and thickness of the grain boundary,
respectively, d is the grain size, and wy is the unrelaxed shear
modulus.

With continued application of the external stress, diffusion of
matter along the grain boundaries facilitates evolution of the stress
states towards the configuration required for steady-state creep.
This process is referred to as diffusionally accommodated grain-
boundary sliding (DAGBS), which, for the steady-state process is
termed Coble creep or, more generally, diffusion creep. When the
external stress is removed, the steady-state stress configuration is
relieved via diffusion, allowing for gradual recovery. DAGBS has a
duration 74 that is similar to the Maxwell relaxation time 7y =
Nss/ U, Where 7)ss >> 1)gp is the viscosity associated with steady-
state creep. Using uy = 75 GPa, nss = 100 Pa-s, and d = 1072
m, and assuming 7g, = 10% Pa-s and § = 10~° m (e.g., Sundberg
and Cooper, 2010), 74 is roughly seven orders of magnitude larger
than te.

In terms of an attenuation spectrum, EAGBS manifests as an
attenuation peak centered at frequency 1/t. (= fe), and DAGBS
persists throughout a broad frequency range and manifests as a
mild frequency dependence of attenuation, Q ~! ~ f—(025-035)
(Gribb and Cooper, 1998). This latter phenomenon, often referred
to as the high-temperature background (HTB) or the absorption
band, is consistently detected and characterized in experimental
studies of attenuation in olivine, olivine-orthopyroxene, and bor-
neol (e.g., Jackson and Faul, 2010; Sundberg and Cooper, 2010;
Yamauchi and Takei, 2016). However, experimental evidence of a
peak associated with EAGBS is more variable. For example, Sund-
berg and Cooper (2010) showed that fitting both their modulus
and attenuation measurements on peridotite samples (melt con-
tent = 1.5%) required an EAGBS peak. Jackson et al. (2004) and
Faul et al. (2004) showed that the attenuation spectra of their ex-
periments on melt-bearing olivine samples can be described as a
dissipation peak superimposed on the HTB. Although those authors
attributed the peak to EAGBS, subsequent high-resolution imag-
ing of wetted grain boundaries has shown that melt squirt rather
than EAGBS may be responsible for the peak observed in melt-
bearing samples (Garapic et al., 2013; Faul and Jackson, 2015). In
their experiments on borneol, Yamauchi and Takei (2016) showed
that a high-frequency peak exists in melt-free samples and grows
wider and moves to lower frequency as the temperature of the
experiments approaches the solidus; those authors argued for a
diffusional mechanism to explain the peaks in their data instead
of EAGBS.

Attenuation measurements on melt-free olivine samples sug-
gest but do not definitively show evidence of a peak associated
with EAGBS (Jackson and Faul, 2010; Jackson et al., 2014). The
measurements hint that the peak appears at relatively short pe-
riods, low temperatures, and large grain sizes (i.e., approaching the
elastic regime), and models that allow for both the HTB and the
EAGBS peak are better able to fit the data than those that contain
only the HTB. However, as described by Jackson et al. (2014), the
experimental challenge is that the steel material used as a jacket
around the olivine sample undergoes a phase transition and associ-
ated change in mechanical behavior in the same temperature range
(700-900°C) in which the measurements suggest a peak, making
it difficult to isolate the viscoelastic effects of olivine from those
of the jacket. When Jackson et al. (2014) repeated one experiment
with olivine in a copper jacket instead of steel the results were also
suggestive of a broad dissipation peak, but Jackson et al. (2014)
caution that the evidence thus far is circumstantial and additional
tests are needed.

Laboratory measurements of attenuation in olivine with ele-
vated water content (i.e., with hydrogen-related defects) are es-
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Fig. 7. (a) Depth profiles of shear attenuation. The field of values determined for NoMelt (Fig. 5b) is compared to predictions of the Jackson and Faul (2010) parameterization
for grain size = 10 mm. Curves labeled “cold” and “hot” refer to the calculations performed using the half-space cooling geotherm with potential temperature = 1350°C and
the plate-cooling geotherm with potential temperature = 1450 °C, respectively (Fig. 6a). For curves labeled “HTB”, the terms in the JF10 parameterization that correspond to
the EAGBS peak have been excluded from the calculation. (b) As in (a) but for the predicted and NoMelt shear-velocity reduction. See Fig. 6¢ for reference to colors. (c,d)
Predicted spectra of attenuation and shear-velocity reduction for depths of 50 and 140 km. The green and blue boxes enclose the range of NoMelt values; the NoMeltD-2 Vg

model is used in (d).

pecially challenging, and consequently only two such studies have
been published (Aizawa et al., 2008; Cline et al., 2018). While Cline
et al. (2018) found that the influence of water on attenuation is
small, Karato and Park (2019) argued that it is difficult to recon-
cile this result with experimental studies showing that water en-
hances steady-state diffusion creep (e.g., Mei and Kohlstedt, 2000).
Furthermore, in a series of papers Karato and colleagues have pro-
posed that water should increase the frequency of the EAGBS peak
by several orders of magnitude relative to the water-free scenario
(Karato, 2012; Olugboji et al., 2013; Karato and Park, 2019).

An important distinction between the HTB and EAGBS anelas-
tic mechanisms is their effect on shear modulus. While the HTB
causes a mild frequency dependence of shear modulus, EAGBS can
introduce a strong frequency dependence in the vicinity of the
peak. Notably, the modulus is lower (“relaxed”) at frequencies less
than that of the EAGBS peak whereas the modulus is high and
close to its purely elastic value (“unrelaxed”) at frequencies higher
than the peak. The magnitude of the modulus reduction due to
EAGBS depends only on Poisson’s ratio (e.g., Sundberg and Cooper,
2010), and the sharpness of the modulus change with frequency
depends on the width of the EAGBS peak in frequency (e.g., Olug-
boji et al,, 2013). In the model of Karato (2012), if the EAGBS
peak shifts from a relatively low frequency in dehydrated mantle
to high frequency in hydrated mantle, seismic waves could sample
the unrelaxed modulus in the dehydrated mantle and the relaxed
modulus in the hydrated mantle. As a result, a sharp hydration
boundary with depth could manifest as a discontinuity in shear
velocity.

Here, we use the NoMelt shear attenuation and velocity mod-
els to investigate the contributions of the HTB and EAGBS in the
Pacific upper mantle. Fig. 7a,b compares the NoMelt Q, and Vs
ranges to predictions of the anelastic parameterization of Jackson
and Faul (2010), hereinafter JF10, which is based on their exper-
iments on melt-free olivine samples. The predictions are shown
for grain size = 10 mm and the coldest and hottest geotherms
in Fig. 6a. The JF10 Q, predictions bracket the NoMelt range at
depths >~90 km, but at 40-80 km the JF10 parameterization pre-
dicts much higher attenuation than observed. The JF10 Vs predic-
tions match the NoMelt range reasonably well for depths 80-120
km. At depths <60 km the JF10 predictions are generally slower

than the NoMeltD models, and at depths >120 km the predic-
tions overlap with but tend to be somewhat faster than the NoMelt
models. In Supplementary Materials Section 4 we show a com-
parison to the anelastic parameterization of Yamauchi and Takei
(2016). We focus our subsequent analysis on the JF10 parameteri-
zation.

In the JF10 parameterization, the frequency of the EAGBS peak
depends on temperature, pressure, and grain size. Given a grain
size of 10 mm and reasonable temperature estimates for 70-Myr
lithosphere, the frequency of the peak in the JF10 parameteriza-
tion is ~0.01 Hz at 50-km depth and ~100 Hz at 140-km depth
(Fig. 7c). As a result, the attenuation of the 36-sec (0.028 Hz)
Rayleigh waves that are most sensitive to 50-km depth is due
mostly to the EAGBS peak, whereas the attenuation of the 100-
sec (0.01 Hz) waves that are most sensitive to 140-km depth is
due mostly to the HTB (Fig. 7c) in the JF10 parameterization. We
assume period (s) = depth (m)/1400 for Rayleigh wave depth sen-
sitivity (Forsyth, 1992). In Fig. 7c,d, we illustrate the relative con-
tributions of the HTB and the EAGBS peak to shear attenuation
and velocity. At 50 km, HTB yields little attenuation and nearly
elastic velocity as a result of the cold temperatures; HTB produces
higher attenuation and a moderate velocity reduction under the
warm conditions expected at 140 km. The effect of the EAGBS peak
can be understood by comparing the solid and dashed curves in
Fig. 7d. As described above, shear velocity is significantly reduced
at frequencies less than that of the EAGBS peak.

The comparison of observations and the JF10 predictions in
Fig. 7 suggests that shear attenuation and velocity at depths <70
km are better fit by the HTB only whereas the EAGBS peak is
needed in addition to the HTB to explain the low shear velocities
at depths >70 km (Fig. 7a,b). Since Jackson and Faul (2010) and
Jackson et al. (2014) caution that there is uncertainty in the de-
tails of the EAGBS peak resolved by their experiments, in Fig. 8 we
search for the peak frequency that best matches the NoMelt shear
attenuation and velocity values simultaneously. In other words, we
abandon the dependence of the JF10 peak frequency on tempera-
ture, pressure, and grain size and instead test many different peak
frequencies. We retain the amplitude and width of the peak as
prescribed by the JF10 parameterization but allow its frequency
to vary. Future work will explore how variations in all aspects
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Fig. 8. (a,b) Predicted spectra of attenuation and shear-velocity reduction. All spectra have the HTB corresponding to depth = 50 km and temperature = 818°C, but the
eight examples have different values for the center frequency (fe) of the peak commonly attributed to elastically accommodated grain boundary sliding, as labeled in (a).
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(e) At each depth the blue bar spans the range of EAGBS peak center frequencies that fits the NoMelt attenuation and NoMeltD-2 Vs values simultaneously. Red line shows
the frequency of the Rayleigh wave most sensitive to each depth. When the EAGBS peak frequency is higher (lower) than the Rayleigh wave frequency, the Rayleigh waves

sample the relaxed (unrelaxed) shear modulus.

of the peak (shape, amplitude, frequency) affect attenuation and
velocity; here we focus on the effects of the peak frequency. On
the other hand, since the HTB and its dependence on tempera-
ture, frequency, and grain size are well characterized by laboratory
experiments, we use the expressions and parameters for the HTB
and viscous contributions to the real and imaginary parts of the
dynamic compliance function exactly as given by Jackson and Faul
(2010). Our approach of superimposing two creep functions (and
their frequency spectra) is modeled after the work of Sundberg
and Cooper (2010).

Fig. 8a,b provides examples of our approach for depth = 50 km.
Eight examples of the frequency dependence of attenuation and
shear velocity are shown; the HTB and viscous parameters are the
same in all eight and predicted from the Jackson and Faul (2010)
expressions assuming temperature = 818 °C and grain size = 10
mm. At these conditions the predicted attenuation and velocity re-
duction from HTB alone are tiny. The position of the EAGBS peak
in frequency varies between the eight examples, from 105> Hz
(31,623 sec) to 10°>° Hz. Since the HTB contribution to attenua-
tion is so small, the EAGBS peak is the dominant feature in the
attenuation spectra. It is also the dominant factor in the shape
of the velocity spectra (Fig. 8b). When the EAGBS peak is posi-
tioned at low frequency, the unrelaxed modulus (and thus high
velocity) is present throughout most of the frequency range con-
sidered. When the EAGBS peak is at high frequency (orange, red),
the relaxed modulus (low velocity) persists throughout most of the
frequency range. Because the HTB has little effect on shear veloc-
ity, all examples approach the same minimum velocity, which is
dictated by the Poisson’s ratio of olivine.

Fig. 8c,d shows the attenuation and velocity spectra at depth =
140 km. The HTB and viscous parameters are the same for all eight
examples; we assume temperature = 1373 °C and grain size = 10
mm. Under these conditions the HTB contribution is significant;
its effect on attenuation is most visible at low frequencies for the
examples in which the EAGBS peak is positioned at high frequency
(orange, red) and does not overlap with the HTB. The presence of
the EAGBS peak elevates attenuation above its HTB value in the
relevant frequency range. As expected, the EAGBS peak modifies
the frequency dependence of shear velocity and allows the relaxed

velocity to exist throughout a broader frequency range when the
EAGBS peak is located at high frequency.

By requiring the NoMelt attenuation and velocity values to be
fit simultaneously, we can determine the frequency range for the
EAGBS peak that is allowed by the seismic models. For example,
in Figs. 8a,b, the very low attenuation and high velocity at 50-km
depth require that the modulus is nearly unrelaxed and that the
attenuation peak is displaced from the seismic frequency, which
we assume is 0.028 Hz (36 sec). These conditions can be met if
the peak frequency is very low, between 10-7-67 and 1075-3> Hz,
or if there is no EAGBS peak at 50 km. In contrast, at 140-km
depth, the moderate attenuation and very low velocity require that
the modulus is relaxed and that the attenuation peak is displaced
from the seismic frequency (0.01 Hz), which is possible if the peak
frequency is > 101! Hz.

In practice we search 125 attenuation and velocity spectra at
each depth and identify all that can fit both velocity and attenua-
tion. Fig. 8e summarizes the results as applied to the discontinu-
ous final velocity model with radial anisotropy assumed to be the
same strength as at the NoMelt location in SEMum2 (French et al.,
2013), which is labeled as NoMeltD-2 in Fig. 6¢; for shear attenu-
ation, the range of values from the two-layer and final models is
used. Furthermore, for the results in Fig. 8e the HTB is calculated
using grain size = 10 mm and temperature estimated from half-
space cooling with potential temperature = 1350°C (Fig. 6a). We
repeated our approach with warmer temperatures (e.g., the plate-
cooling model with potential temperature = 1450°C) but found
little success, mostly because the HTB under these conditions pre-
dicts higher attenuation than measured at NoMelt.

We find that the NoMelt seismic models require a large increase
in the frequency of the EAGBS peak between 60 km and 80 km
(Fig. 8e). At depths <= 60 km, the low attenuation and high veloc-
ity require that the EAGBS peak has almost no effect, which means
that it exists at very low frequencies or not at all. At depths >=80
km, the low velocities require that the shear modulus is relaxed in
the seismic band, and the moderate attenuation exerts strong con-
trol over the possible frequency range for the EAGBS peak. Both
the velocity and attenuation models undergo large changes around
depth =70 km that cannot be more precisely located in depth;
thus we restrict our interpretation to depths <= 60 km and >= 80
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km. We have also determined the allowable peak frequencies for
the smooth velocity models and for the two different treatments
of radial anisotropy (i.e., all four Vs models in Fig. 6¢); in all cases
a large change in peak frequency is required at 60-80 km.

What factors could cause the frequency of the peak ( fe) to shift
by several orders of magnitude over < 20 km in depth? We as-
sume that the attenuation peak is due to EAGBS and recall that
fe =1/Te = ud/ngpd. There is no reason to expect such large
changes in grain size or unrelaxed shear modulus over this depth
interval. Instead, the properties of the grain boundary must change.
If ng, decreases by a factor of 103 then fe increases by a factor of
103, A likely explanation is an increase in the water content of the
upper mantle in addition to the increase in temperature, which has
been proposed to reduce grain-boundary viscosity (Karato, 2012).
A change in water content is also consistent with electrical conduc-
tivity measurements from the study region, which suggest ~150
ppm H;0 at 150-km depth and negligible H,O at depths <90 km
(Sarafian et al., 2015).

An additional consideration is partial melt. Jackson et al. (2004)
and Faul et al. (2004) showed that small degrees of melt would
enhance the level of HTB and introduce a high-frequency peak,
thus changing the shape of the frequency dependence. Given that
NoMelt asthenospheric attenuation is moderate and weaker than
the asthenospheric attenuation measured at the East Pacific Rise
(Yang et al, 2007) and Juan de Fuca ridge (Ruan et al., 2018),
we conclude that our results are not consistent with an impor-
tant role for melt. Similarly, Sarafian et al. (2015) concluded that
their NoMelt electrical structure does not support the presence of
melt at asthenospheric depths; furthermore, the expected temper-
ature profile does not cross the anhydrous solidus. However, we
cannot rule out a small amount of melt that is distributed such
that it minimally affects attenuation in the seismic band and elec-
trical conductivity.

6. Conclusions

A two-plane wave method is used to constrain the average
Rayleigh wave amplitude decay across the NoMelt array in the
period range 33-100 sec. Removal of tilt and compliance noise
allows a large number of events (~125) to be measured. The mea-
surements are well fit by a two —layer model: a shallow layer
with Q, = 1400, a deeper layer with Q, =110, and a transition
depth at 70 km. An inversion for fully depth-dependent attenu-
ation, conducted using this two-layer model as a starting model,
shows only minor deviations from this simple structure. Although
Rayleigh waves cannot resolve sharp depth gradients, the transition
from low attenuation at shallow depths to moderate attenuation
at greater depths occurs over a fairly narrow depth range, ~60-
80 km. When these newly obtained values of Q, are compared
with the intrinsic attenuation values measured at higher frequency
(~3 Hz, Takeuchi et al., 2017), the difference in the frequency de-
pendences of Q,, between lithosphere and asthenosphere is much
smaller than what was suggested by Takeuchi et al. (2017). This
revises their interpretation that the frequency dependence of at-
tenuation differs between the lithosphere and asthenosphere.

We also develop a new shear-velocity model for the NoMelt
area using the Rayleigh and Love wave phase velocities from Lin et
al. (2016) and Russell et al. (2019). A 5% velocity reduction over
the depth range 60-65 km is imposed in order to satisfy con-
straints from an Sp receiver function study (Mark et al., 2019).
We estimate the effect of anelasticity on shear velocity through
comparison to predictions of anharmonic velocity obtained using
realistic thermal and compositional structures. This comparison
reveals that the depth of the velocity minimum observed with
NoMelt data is greater than the depth at which the conductive
thermal boundary layer joins with the mantle adiabat, suggesting

that anelastic effects may shift this feature in depth and possibly
complicate efforts to infer thermal structure from the shape of the
low-velocity zone.

We use laboratory-based parameters to predict attenuation and
velocity-dispersion spectra that result from the superposition of a
weakly frequency dependent high-temperature background and an
absorption peak. We adopt the form described in Jackson and Faul
(2010) but test a large range of frequencies for the position of the
absorption peak (f.). We then determine, at each depth, which
values of fe predict Q, and Vs that can fit the NoMelt Q, and Vs
values simultaneously. We show that between depths of 60 and 80
km the seismic models require an increase in fe by at least 3-4 or-
ders of magnitude. Under the assumption that the absorption peak
is caused by elastically accommodated grain-boundary sliding, this
increase in f. reflects a decrease in grain-boundary viscosity of 3-
4 orders of magnitude. A likely explanation is an increase in the
water content of the mantle, with the base of the dehydrated lid
located at ~70-km depth.
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