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The D” layer, regarded as a thermal boundary layer and a chemically distinct region above the core-
mantle boundary (CMB), has been associated with the phase transition from bridgmanite (Bm) to post-
perovskite (pPv) in the lowermost mantle. However, the composition of the lowermost mantle and
thermal conditions where Bm-pPv phase-transition occurs is still debatable. The methods typically used
to study the fine-scale seismic features in the D” layer has provided important information. However,
trial-and-error seismic waveform modelling cannot uniquely quantify D”-layer properties because of
subjective model-parameterization choices and inherent non-uniqueness of solutions and the waveform
inversion method has a limited resolution of the velocity gradient and depth of the D” discontinuity.
We develop a grid-search scheme to constrain the detailed 1-D shear-wave velocity structure in the
lowermost mantle beneath Alaska and the northern Pacific, accompanied with quantitative assessment
of the uncertainty of 1D models. Our results show strong lateral variations of the D” discontinuity from
west to east beneath Alaska, along with the existence of smaller-scale heterogeneities in the east. We
find a broad velocity increase, as thick as 240 km, at the top of D” that indicates this region may
involve a composite of downwelling thermo-chemical anomalies at the CMB. There are even smaller
scale heterogeneities of approximately 120 km x 120 km in size with larger lateral variations in the
lowermost mantle beneath northern Pacific. Both the magnitude and gradient of the velocity at the top
of the D” layer vastly change in adjacent regions, with an increase from 2.8% to 4.5% in magnitude
and from 0.08% to 1.2% in gradient, but with a relatively consistent depth of the D” discontinuity at
~340 km above the CMB. The weak correlation between D” topography and velocity variations indicate
chemical heterogeneities must be present beneath the northern Pacific, which might come from north-
westward subducted Pacific oceanic lithosphere. Our characterisation of the spatial pattern of small-scale
heterogeneities in the lowermost mantle supports a hybrid thermo-chemical boundary layer (TCBL) model
beneath Alaska and northern Pacific.

Keywords:

lowermost mantle

non-linear inversion

waveform modelling

phase transition

small-scale chemical heterogeneities
slab debris

© 2021 Elsevier B.V. All rights reserved.

1. Introduction to post-perovskite (pPv) under high pressure-temperature condi-

tions (~2500 K and 125 GPa) (Murakami et al., 2004; Oganov and

The D” layer, the lowermost few hundred kilometres of the
mantle, is one of the most unexplored regions on the Earth’s in-
terior (e.g., Cobden and Thomas, 2013; Lay, 2015). It has been
regarded as a thermal boundary layer and a chemically distinct re-
gion above the core-mantle boundary (CMB), which plays a critical
role in the mantle and core convection. The top of the D” region
is characterised by a sharp change or discontinuity in seismic ve-
locities with strong lateral variations in the depth (e.g. Lay and
Helmberger, 1983; Garnero and Helmberger, 1996). This disconti-
nuity likely stems from a phase transition from bridgmanite (Bm)
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Ono, 2004; Hirose, 2006; Shim, 2008). Shear-wave tomographic
studies have provided key information for the lowermost mantle
structure as the lateral coverage and density of data increase and
inversion methodologies improve (e.g., Grand, 2002; Simmons et
al., 2010; Koelemeijer et al., 2016; Durand et al., 2017). On one
hand, the resolution of global shear-wave tomographic methods
is still limited due to the dominant low frequency content of the
waveforms utilized. Some localised S-velocity tomographic mod-
els with higher frequency content have higher resolution. However,
these models are still unable to resolve the detailed seismic struc-
ture in the lowermost mantle such as the gradient of velocity in-
crease at the top of D” due to the coarse parameterization (e.g.
Borgeaud et al., 2017). On the other hand, P-wave tomographic
studies could provide valuable constraints because of higher fre-
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Fig. 1. a) Raypaths of S, Scd and ScS. b) Model parameterisation for grid search in the D” region inferred by previous waveform modelling results.

quency content, although the volumetric sampling of the lower-
most mantle by high-frequency compressional waves (e.g. Young et
al., 2013; Tkalcic et al., 2015) is somewhat inferior to the sampling
by shear waves, unless long-period, P-waves diffracted around the
CMB are introduced (e.g. Wysession, 1996; Hosseini et al., 2020).
Therefore, waveform modelling targeting the areas where the cov-
erage is dense uniquely provides improvements in resolution on
the fine-scale seismic features in the deep interior of the Earth.

The D” discontinuity has been broadly (albeit not globally) ob-
served and its existence is well documented in a few regions of
the lowermost mantle, including Central America (e.g. Thomas et
al,, 2004; Thorne et al.,, 2007; Ko et al,, 2017), Alaska (e.g. Young
and Lay, 1990; Sun et al., 2016), Central Pacific (e.g. Avants et al.,
2006; Kawai and Geller, 2010), Atlantic (e.g. Yao et al., 2015; Li et
al.,, 2019), and Siberia (Houard and Nataf, 1992; Weber and Davis,
1990). Substantial variation in the depth, sharpness and magnitude
of the D” discontinuity have been inferred (e.g. Wysession et al.,
1998; Lay, 2008) using different datasets, data processing meth-
ods and selection criteria. It follows that in any given location, it
is non-trivial to uniquely constrain the position and detailed seis-
mic features of the D” discontinuity due to the trade-offs between
model parameters (e.g. Kito et al., 2007). That presents a challenge
in understanding of the existence of D” and its role in dynamic
processes of the mantle and core. Is D” caused by purely thermal
processes or a combination of thermal and chemical processes?
If chemical heterogeneities exist in the lowermost mantle, where
do they come from? Are they associated with ancient subducted
slabs?

To address some of these questions, we develop a non-linear
scheme using a grid-search to map the detailed shear wave veloc-
ity structure of the D” layer. First, we rigorously test it on synthetic
data. Then we subsequently apply it to the waveform data sam-
pling the lowermost mantle beneath Alaska and Northern Pacific,
the region well sampled by the deep earthquakes from the west-
ern Pacific subduction zone recorded by seismic networks in the
United States and Canada. Different characteristics in D” have been

observed beneath Alaska from west to east, transitioning from fast
to slow then back to fast with different sharpness and magnitude
of velocity increase (Sun et al., 2016). High-velocity anomalies with
a thickness range of ~200-400 km with a vertical resolution of
50 km have also been observed beneath the northern Pacific by
Suzuki et al. (2016). Our aim is to further constrain the detailed
structure at the top of D” layer in these two regions using S-wave
datasets, with a goal of investigating and obtaining a better under-
standing of the nature of D”.

2. Method and validation

The commonly used approach of trial-and-error seismic wave-
form modelling has provided important information on the fine
structure of D”, however, it cannot uniquely quantify D”-layer
properties because of subjective model-parameterization choices
and inherent non-uniqueness of solutions. Kawai et al. (2007) de-
veloped a quantitative and objective waveform-inversion approach
to provide an independent determination of the lowermost man-
tle structure from forward waveform modelling, while its limited
constraint on the velocity gradient and depth of the D” disconti-
nuity impedes deciphering the composition of the lowermost man-
tle and thermal conditions where Bm-pPv phase-transition occurs.
A method that provides quantitative and objective measurements
of misfits between observations and synthetic seismograms and
could resolve the detailed velocity structure at the top of the D”
is preferable for understanding the dynamics of the deep mantle.
This is the rationale behind developing the grid-search algorithm
presented here. We explored model parameter space for optimal
1-D shear-wave velocity models for the D” region using the tan-
gential component of S waveforms (S, Scd and ScS) between 70°
and 85°, where the direct S wave, the core-reflected phase ScS
and the triplication-related arrival Scd in between, all transverse
the D” layer within the region of our primary interest and can be
best observed (Fig. 1).
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2.1. Parameterization and misfit function

Grid-search methodology requires a large number of forward
computations. The viability of the method depends on the number
of unknowns and the efficiency of calculating synthetic seismo-
grams. To reduce computational costs, but also ensure that the
resolution of the seismic structure is high enough to constrain the
velocity gradient of D”, we set the number of model parameters to
five based on previous forward waveform modelling results (e.g.,
Li et al., 2019; Sun et al., 2016): the depths of two interfaces (D1
and D2), and the shear-wave velocity at those two interfaces (V1
and V2) and the core-mantle boundary (CMB) as V3. After rigor-
ous synthetic tests, we chose a grid spacing of 20 km in depth and
a shear velocity of 0.08 km/s for the first round of search to find
the optimal model (Fig. 1b). Then we chose a grid size of 10 km
in depth and shear velocity of 0.02 km/s varying close to the opti-
mal model for the second round of grid search to refine our results.
Velocities between the grid points were linearly interpolated. In to-
tal 119,364 three-layer half space models were generated (Fig. 1b).
Considering the large number of forward modelling computations
required, we used the efficient ray theoretic approach of Wentzel,
Kramers, Brillouin, and Jeffreys, commonly known as the WKBJ
method (Chapman and Orcutt, 1985) to calculate the Green'’s func-
tions from 70° to 85° every 0.5° and then convolved them with
a Gaussian source-time function of duration of 12 seconds to pro-
duce the synthetic waveforms. However, WKB] might have some
limitations on the accuracy of calculating seismograms near the
grazing incidence angle due to the usage of frequency independent
reflection-transmission coefficients. To test the plausibility of using
WKBJ in this study, we compared the waveforms generated using
Frequency-wavenumber method (FK) and WKB] (Fig. S1). There are
minor differences between the waveforms generated using these
two methods after 81° while they share similar features in our
focused distance range (70°-80°). This showed that WKB] was ad-
equate for the following analyses. The source-time function was
chosen to correspond with the Gaussian filter used in data pro-
cessing, which is illustrated in detail below.

The optimal model at the bottom of the corresponding Scd
phase ray path was determined by the misfit function ¢, defined
as follows:

Z,N:S1 WiX\/
(p:

M 0.5y ki g2y .2
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Ns
Zi:1 Wi

(1)

where O;j and S;; correspond to the observed velocity displace-
ment and the synthetics at the i-th epicentral distance and j-th
time point after normalisation. N is the number of stations avail-
able for each dataset and n is the number of sampling points
within the misfit time window. Our length of misfit time window
is 100 s, with a sampling rate of 0.2 s, resulting in n = 501. W;
represents the weight for i-th trace, and Wy represents the weight
for the Scd time window. m; and k; are the starting and ending
time point of the Scd phase that is manually picked by inspection
of the stacked data. It reflects the different effects of S, Scd and
ScS on grid-search modelling results.

2.2. Uncertainty analyses

The misfit function above is suitable for locating best-fit veloc-
ity profiles but is not sufficient for a quantification of uncertainty
in the estimated parameters. To do so we need to take account
of both the observational and theoretical (or epistemic) uncertain-
ties in the forward model and parametrization, and then propagate
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these into the model parameters. This requires a Likelihood func-
tion, to quantify how well any model fits the data with respect
to such uncertainties. Under the assumption that the combination
of all noise processes can be represented by a Gaussian likelihood
function L (m), we have

N
1< _
L (m) o< exp[ dorl-cpter (2)
i=1

r; is the misfit vector r; = 0; — S; with dimension of 501 x 1. Cp is
the data covariance matrix, incorporating the uncertainties in the
data including modelling (theory) and observation (data) errors. In
order to characterize all noise processes, we estimated a data co-
variance matrix directly from residual seismograms, rj,, between
the observations and the predictions from the best-fit model in
each region found using the grid search procedure

Ny
1 _ _
Co =12 (Fio—Tio) - (Fio —Fio) (3)
5 i=1

where 7, is the average residual for the ith station. This approach
is similar to that described by Gouveia and Scales (1998), although
here the correlation and amplitude of the best-fit model residuals
are taken as representative of all noise processes. As an example
of how well the estimated Cp represents the true residuals be-
tween observations and synthetic seismograms from the best-fit
model, Fig. 2 shows an example for the Alaska data set, and in par-
ticular the comparison between real residuals r, and constructed
synthetic residuals r, which is a Gaussian random variable drawn
from the multi-dimensional Gaussian in (2). The similar charac-
teristics of real residuals and synthetic residuals in terms of am-
plitude and correlation length, as seen in the right-hand panel
in Fig. 2, confirm that it is reasonable to represent the observed
waveform discrepancies by the Gaussian Likelihood in eqn. (2).
Furthermore, it shows that the calculated Covariance matrix is rep-
resentative of the observed waveform residuals. This is important
because all subsequent detailed model error analysis is based on
this data noise distribution.

With a representative likelihood available, it then becomes pos-
sible to estimate confidence intervals, or contours, about the best-
fit model, as a function of any chosen parameter or pair of param-
eters, using the Likelihood ratio test (Koch, 1999). For example, in
1D this is done by evaluating the quantity

L(my | m)

Lamy) ) (4)

LRT(mp) = —2log(
as a function of a chosen parameter, say mp, through the best-
fit model, where L (m,) is the likelihood function of the best-fit
model, and L(m, | m) is the maximum likelihood for this value of
m,, optimized over all other parameters. Since LRT can be assumed
to be distributed according to a Chi-square distribution with k=1
degrees of freedom, then in 1-D we can find where this value
reaches any desired confidence level and hence assigned a con-
fidence interval about the best-fit model. The same process can be
applied to map out confidence contours for any pair of model pa-
rameter (with k = 2). This process was used to assign confidence
intervals in all cases discussed below.

2.3. Synthetic tests
To validate the feasibility of using grid-search modelling (GSM)

for both constraining the structure of the D” layer and finding an
optimal misfit function ¢, we carried out a series of synthetic ex-
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Fig. 2. a) Synthetic waveforms of the best-fit model (Red) and data (Black) for AKRegion1 (Fig. 5a). b) Synthetic waveforms of the best-fit model (Red) and reconstructed data
Si + r, (Black). c) Real residuals r, (Black) and synthetic residuals r; from Cp (Red). (For interpretation of the colours in the figure(s), the reader is referred to the web

version of this article.)

periments with various weights, W; and Wy, varying from 1 to 4.
The input for GSM is the synthetic seismograms of a representa-
tive model of the D” region from the previous waveform modelling
study in eastern Alaska, of Sun et al. (2016) with an additional
Gaussian noise with similar amplitude and correlation length of
the data noise. We filtered the data to 3-50 seconds and cut the
time window from —20 to 80 seconds relative to the theoretical
S arrival times with a sampling rate of 0.2 s. Fig. 3 demonstrates
the good recovery of input model Model 1 with GSM (Wy =2 and
W; = 1), especially at the top of the D” layer. For this synthetic
case we performed a Likelihood ratio test as described above (see
Fig. S2). For this idealized case the uncertainties for four parame-
ters V1, V2, D1, and D2 expressed as a confidence interval about
the best-fit solution are around +0.01 km/s, £0.02 km/s, 10 km
and +10 km at a 68% confidence (Fig. S2). The GSM results are
less sensitive to the bottom of the D” layer with an uncertainty of
V3 at £0.08 km/s. This could be due to the structure of the low-
ermost mantle is predominantly constrained by the ScS phase and
the fit of ScS was influenced by the fit of Scd. Since our interest
is the top of the D” layer, we found that using GSM with Wg =2
and W; =1 is effective to constrain that parameter.

We also tested the influence of different weights for W; at each
epicentral distance range on the modelling results. The test results
(Fig. S3) show that data with distances from 70° to 80° are crucial
for constraining the velocity structure at the top of D” layer, in
particular the gradient and magnitude of velocity increase and the
thickness of D” layer, while the data between 80° and 85° have
less impact.

3. Application of the grid-search scheme to shear-wave
seismograms

After validating that it is feasible to apply GSM to constrain
the D” structure with appropriate weights Wy and W; through
the synthetic experiments, we apply it to the waveform data sam-
pling the lowermost mantle beneath Alaska and the northern Pa-
cific.

Generally, tomograms of shear-wave velocity in the lowermost
mantle display fast velocity patches beneath the circum-Pacific and
dominant high velocity features with localized slow patches be-
neath the northern Pacific (Fig. 4). A recent waveform modelling
study revealed a lateral variation of D” structure beneath Alaska
(Sun et al, 2016), suggesting a transition from normal mantle to
upwelling then to a slab debris from west to east. However, the
coverage of each waveform modelling result (west, middle and
east) is broad, as large as 480 km x 720 km in size. Smaller-scale
heterogeneities are also present at the core-mantle boundary (e.g.
Rost and Thomas, 2010; Tkalci¢ et al., 2015; Yu and Garnero, 2018).
To explore the potential existence of smaller-scale heterogeneities,
we first applied GSM to three events to compare the consistency of
our results with previous studies (Sun et al., 2016). Then we mod-
elled the smaller-scale subregions that were grouped based on the
characteristics of S wave triplications. Another area of interest is
the northern Pacific, which is less studied due to the previously
lack of data coverage. However, the densely spaced USArray Trans-
portable Array across North America (EarthScope Working Group
(2000)) and frequent deep earthquakes in the western Pacific sub-
duction zone provide new data to probe the D” structure in this
region.

3.1. Data

We used the tangential component of broadband waveform
data for 11 events that occurred along the western Pacific subduc-
tion zone with Mw magnitudes greater than 5.5 and depth larger
than 150 km between 2010 to 2018 (Table 1) and three events
from 2010 to 2013 used in Sun et al. (2016) for comparison pur-
pose. More than 2500 traces were recorded with signal-to-noise
ratios above 5. Fig. 4 shows a map of events, stations and theoret-
ical ScS bounce points at the core mantle boundary in this study.
Data was processed by removing the instrument response, filtering
to 3-50 s and deconvolving its source time function obtained from
the SCARDEC database (Vallée and Douet, 2016) using an iterative
deconvolution method (Kikuchi and Kanamori, 1982) with a 12 s
Gaussian filter. The traces sampling each region were then aligned
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et al. (2016) (grey circles). The background is S wave tomography model GyPSuM at the depth of 2900 km (Simmons et al., 2010).

Table 1

Earthquakes used in this study.
Event date Latitude Longitude Depth Mw

(°) (°) (km)

20100218 42.28 130.66 578 6.9
20111021 42.83 142.52 191 6.2
20131001 53.20 152.81 585 6.7
20140630 28.42 138.75 522 6.2
20150623 27.68 139.85 458 6.5
20160723 47.68 146.91 423 5.8
20160804 2498 14191 522 6.3
20160825 30.69 137.78 473 5.9
20170907 27.79 139.75 460 6.1
20181013 52.70 153.41 477 6.7
20181102 4748 146.86 450 5.9

the S peaks using the adaptive alignment stacking method (Rawl-
inson and Kennett, 2004) and then linearly stacked every 0.5° from
70° to 85°.

4. Results: D” structure beneath Alaska and northern Pacific
4.1. Alaska

Fig. 5b shows the D” model from grid-search modelling us-
ing the data from previous trial-and-error waveform modelling for
three separate regions (Fig. 5a) (Sun et al.,, 2016). We plotted the
top 1000 models with the smallest —2logL (m) in a logarithmic
colour scheme. The trend of lateral variation in the structure of
the D” layer is consistent in these two studies, from a sharp ve-
locity increase with moderate velocity jump in the west to a thin
D” layer with an apparent velocity increase in the middle and to a
gradual velocity increase in the east. There are minor differences in
the seismic features of the obtained models between two studies.
The depth of D” discontinuity in our study beneath western and
eastern Alaska, at 360 km above CMB, is 80 km shallower than the
result from Sun et al. (2016) (Fig. S4a). This discrepancy might be
because we used different methods in the two studies. The 2-D
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(2016). The optimal model for each region is plotted in yellow. The blue model designates the average of top 100 models.

finite difference method in Sun et al. (2016) has a better accu-
racy on the waveforms near the gazing incidence than WKB] used
here. Our study’s different results could also be associated with
the trade-off of fitting the Scd and ScS phases in the grid-search
scheme. Despite the minor differences, the general velocity feature
within the lowermost 280 km above CMB in the west and east of
Alaska from two studies are similar. Both models have a sharp ve-
locity increase from 7.2 to 7.3 km/s at a depth of 280 km above
CMB in the west and a gradual velocity increase at the top of D”
layer from 7.2 to 7.4 km/s across 180 km, followed by a gradual ve-
locity decrease from 7.4 to 6.9 km/s at CMB across 100 km in the
east. This consistency not only demonstrates that our method is
viable and effective, but also displays the increasing heterogeneity
of fast slab-related material at the core-mantle boundary.

Previous waveform modelling provides first-order information
on the D” velocity structure (e.g. Lay, 2008; Sun et al., 2016; Li
et al, 2019). However, as mentioned above, the sampling area
for each representative 1-D velocity model is broad, covering near
480 km x 720 km in size at the CMB. Smaller-scale heterogeneities
may exist within the region. To probe possible smaller-scale het-
erogeneities at CMB, we applied GSM to data sampling each sub-
region, as small as 2° x 2° in size (120 km x 120 km at the CMB)
that were grouped based on the behaviour of shear wave triplica-
tions beneath eastern Alaska.

Five subregions beneath Alaska, AKRegion1 to AKRegion5, are
marked in different colours in Fig. 6a, with 49, 116, 11, 38, and
9 sampling points respectively. Distinct characteristics of Scd and
ScS were observed in different regions, such as the differential
travel times Tscg-s and Tscs-s, and relative amplitudes: Agcq/As and
Ascs/As. For example, Scd and ScS arrive later for AKRegion4 com-
pared with AKRegion3 (Fig. 6d). The amplitude ratio, Ascq/As and
Ascs/As sampling AKRegion4 are also smaller. These features are
well reflected in the GSM results (Fig. 6¢), suggesting a smaller
velocity increase from 7.12 km/s to 7.36 km/s within a thinner

transition zone (160 km) at the top of D” layer in AKRegion4 in
comparison with the other three regions. The D” velocity models
for AKRegion1, AKRegion2, and AKRegion3 are similar at the top of
D” layer, which have shear velocity increase from 7.12 km/s to 7.44
km/s within the top 240 km of D” layer with a variance of 20 km
in depth. However, they have different magnitude and sharpness
of velocity reduction at the bottom. We did not intend to interpret
this difference here because the sensitivity of GSM to the low-
ermost low-velocity layer at CMB is still limited. For AKRegion5,
there is a lack of data coverage between 70° to 80°, hence the
structure of D” layer in this region was not well resolved (Fig. S5).

The uncertainty of each parameter is within reasonable range
from our 1D and 2D likelihood ratio test results. Fig. 7 shows the
1D likelihood ratio test for five parameters and smoothed 2D like-
lihood ratio test for each parameter pair in AKRegion1. The original
2D likelihood ratio test result without linear interpolation is shown
in Fig. S6. The uncertainty for shear wave velocity at the top of
the D” layer (V1) is about 40.02 km/s, and the uncertainty of
the depth of the D” discontinuity (D1) expressed as a confidence
interval about the best-fit solution is about 10-15 km at a 68% con-
fidence. However, because of the non-linearity of the problem, the
best-fit solution does not necessarily lie in the centre of the con-
fidence intervals. Typically, the upper bound is between 10-15 km
higher than the best-fit solution, while the lower bound is between
10-15 km lower than the best-fit solution. Similar statements can
be made for other levels of confidence. V2 and D2 have slightly
larger uncertainties than V1 and D1, at +-0.04-0.08 km/s and 20 km
at a 68% confidence. The lowermost part of the D” layer structure
is less constrained, which is shown from the larger uncertainties
of V3, at +£0.08-0.16 km/s at a 68% confidence. This could be due
to the complexities at the core-mantle boundary or potentially the
limited resolution of the dataset. The uncertainties for other re-
gions can be found in the supplementary material (Fig. S7-S9). In
general, the shear wave velocity structure at the top of D” layer
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Fig. 6. a) Theoretical ScS bounce points for data sampling the lowermost mantle beneath eastern Alaska. b) GSM optimal 1-D velocity models for each subregion. ¢) Grid-
search modelling results for each subregion (Yellow represents the optimal model and the blue represents the average of top 1000 models). d) Comparison of tangential
component of seismic records for AKRegion3 (red lines) and AKRegion4 (purple lines), showing different characteristics of Scd and ScS both in amplitude and arrival time.

is resolved very well. The 2D likelihood ratio tests provides fur-
ther support for the high-resolution of the top of D” layer seen in
the grid search solutions. The parameters of the optimal model for
each subregion locate within the area of the high likelihood ratios,
where there is larger goodness of fit between synthetics and data.

From our GSM results, we could observe small lateral variations
in the magnitude and sharpness of the velocity gradient at the top
of D” region beneath eastern Alaska, suggesting the existence of
smaller-scale heterogeneities in our sampling region.

4.2. Northern Pacific

As with the data sampling beneath Alaska, we applied GSM to
four subregions, NPRegion1, NPRegion2, NPRegion3 and NPRegion4
beneath northern Pacific (Fig. 8a), with 17, 30, 32, and 30 traces
sampling each region, respectively. These four subregions were di-
vided based on the general observation of the S-wave phases (S,
Scd and ScS) sampling the deep mantle. Different characteristics
of Scd and ScS were observed in different regions. For example,
Fig. 8c shows the comparison of tangential components of shear

waveforms for NPRegion3 and NPRegion4. The differential travel
times Tscq.s, Tscs-s for NPRegion3 are larger and relative ampli-
tudes Agscq/As is smaller comparing with NPRegion4. The velocity
structure in the lowermost mantle was well constrained for NPRe-
gion1, NPRegion2, NPRegion3 and NPRegion4.

Large variations in sharpness and magnitude of the velocity gra-
dient at both the top and bottom of the D” layer was observed
from northwest to southeast beneath the northern Pacific (Fig. 8b).
The magnitude of the velocity increase at the top of the D” layer
increases from northwest to southeast, from 7.12 km/s to 7.28 km/s
in NPRegionl and NPRegion2, from 7.04 km/s to 7.28 km/s in
NPRegion3, and from 712 km/s to 7.44 km/s in NPRegion4. The
depth of the D” discontinuity is similar among all subregions, with
20 km difference between NPRegionl, NPRegion3 (340 km) and
NPRegion2, NPRegion4 (360 km). However, a large variation in the
velocity gradient ((V2 — V1)/(D2 — D1) x 100%) at the top of D”
from NPRegion1 to NPRegion4 was observed, from 0.2%, 0.08%, 1.2%
to 0.16%.

The uncertainties of GSM obtained parameters are generally
larger in the northern Pacific than for Alaska by a factor of 6
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(Fig. S10-S13), which may be due to both observational and the-
oretical errors. The theoretical errors here could come from im-
perfections such as the ray theory approximation, the inability of
1D models to account for the existence of complex structures and
anisotropy, or any processing and model parametrization effects.
However, there is a good fit between synthetics of the represent-
ing model from grid search and seismic records for each subregion.
Fig. 8d are two examples of the comparison between the synthet-
ics of the optimal model and data for NPRegion3 and NPRegion4.

Our GSM results suggest fine-scale heterogeneities exist in the
lowermost mantle beneath northern Pacific, with a sharp velocity
contrast between adjacent areas. The shear wave velocity profile of
the D” layer beneath northern Pacific is likely to be more compli-
cated than that beneath Alaska.

5. Discussion and a way forward

In this study, we used a grid-search method to explore a more
complete model parameter space for shear-wave velocity models
of the lowermost mantle than the commonly used waveform mod-
elling methods (e.g. Lay, 2008, 2015; Sun et al., 2016). We identi-
fied small-scale heterogeneities of approximately 120 km x 120 km
in size in the lowermost mantle beneath Alaska (Fig. 6a) and
northern Pacific (Fig. 8a).

We found that the shear velocity at the top of D” layer is
slightly faster towards eastern Alaska and northwestern Canada,
which is consistent with previous shear-wave tomography mod-
els (e.g., Grand, 2002; Simmons et al., 2010; Koelemeijer et al.,
2016), while the general D” structure is similar beneath eastern
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Alaska from west to east (AKRegion1, 2, 3). This broad velocity in-
crease layer in AKRegion1, AKRegion2, and AKRegion3, as thick as
240 km, at the top of the D” layer can be explained by the phase
transition from bridgmanite (Bm) to post-perovskite (pPv) within
slab debris that reached the CMB.

The lateral variation in the velocity of the D” region is larger
beneath northern Pacific than beneath Alaska. Both the magni-
tude and gradient of the velocity increase at the top of D” layer
change vastly in adjacent regions, from 2.8% to 4.5% in magnitude
and from 0.08% to 1.2% in terms of the gradient, but with a rel-
atively consistent depth of the D” discontinuity: ~340 km above
CMB. This observed lateral variation in the velocity of the lower-
most mantle is generally consistent with the results from tomog-
raphy (e.g., Simmons et al., 2010), where NPRegion1, NPRegion2
are in low-velocity region, and NPRegion4 is in higher-velocity
area. However, this comparison should be considered with cau-
tion, since tomography models represent the average velocity of
lowermost few hundred kilometres of the mantle while our results
constrain the detailed seismic structure in the lowermost mantle
with a depth interval of 20 km. This difference was reflected from
our result for NPRegion3, where our model characterizes a larger
velocity increase at the top of D” but a lower average velocity com-
paring with NPRegion1 and NPRegion2, and the tomography model
shows a higher average velocity.

The phase transition from lower-mantle MgSiO3-bridgmanite to
post-perovskite can cause a sharp increase in shear wave veloc-
ity (Murakami et al., 2004; Oganov and Ono, 2004; Tsuchiya et
al., 2004), which is consistent with our observations in NPRegion3.
However, the broad phase transition layer for NPRegion1, NPRe-
gion2 and NPRegion4 suggests chemical heterogeneities must be
present. The observations of a relatively constant depth of the D”
discontinuity further support that chemical heterogeneities are re-
quired to explain such localized D” features. Pure thermal effects
in the lowermost mantle will produce a strong correlation between
the topography of the D” discontinuity and underlying velocity
anomaly due to the change in P-T condition of the Bm-pPv phase
transition, such as in the D” layer beneath Central America (Ko et
al., 2017). This lack of correlation between the height of the D”
discontinuity and velocity anomalies beneath the northern Pacific
suggest a different subduction history in this region, where there
could be a smaller amount of accumulated slab material at the
CMB rather than a continuous subducted slab with a long history.
This could suggest different mantle convection styles in different
regions of the Earth.

Recent theoretical and experimental studies demonstrate that
Fe and Al have significant influence on the depth and sharpness
of the Bm-pPv boundary (Akber-Knutson et al., 2005; Caracas and
Cohen, 2008; Ohta et al., 2008; Tsuchiya and Tsuchiya, 2006). The
results from Sun et al. (2018) show that the combined effect of
iron and aluminium could produce a broad transition region as
thick as 410 km at 2200 K, and only regions depleted in Fe and
Al near cold slabs would produce a sharp D” discontinuity.

Our study region sits in the north of the circum-Pacific belt,
where the north-westward-moving Pacific plate subducts beneath
the Aleutian Island arc. If part of the Pacific oceanic lithosphere
sinks into the lowermost mantle and accumulates at the CMB,
there would be an abundance of Fe and Al in the D” region from
mid-ocean ridge basaltic (MORB) (Hirose et al., 2005). Hence, Bm-
pPv phase transition in the lowermost mantle with the involve-
ment of MORB bulk composition provides a probable explanation
for our observations of a broad velocity-transition layer at the top
of D” in NPRegion1, NPRegion2 and NPRegion4, while the relative
sharp velocity increase beneath NPRegion3 likely represents nor-
mal pyrolite mantle depleted in Fe and Al.

Our set of 1D models provide a first-order physical understand-
ing of the lowermost mantle beneath Alaska and the northern
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Pacific. The observed small-scale chemical heterogeneities beneath
Alaska and the northern Pacific suggest small accumulated slabs
exist at the CMB of these two regions however, there are differing
subducting history from the Caribbean (e.g. Ko et al.,, 2017). We
recognize that the Fresnel zone of our seismic probe of the low-
ermost mantle is wider than the retrieved scale of heterogeneity,
which might have resolution limit of recovering the full image and
all details of the heterogeneity. However, there is a good lateral
data coverage, with the spacing of D” sampling points narrower
than the Fresnel zones. This enables us to observe sharp transition
that occurs between smaller-scale heterogeneities or between het-
erogeneity and the ambient mantle, although we acknowledge that
some unmodelled effects such as source-side heterogeneity may
exist. For smoother lateral variations of the D” structure beneath
Alaska, the D” structure could be well resolved with small uncer-
tainties in this region. However, three-dimensional effects caused
by the sharp transition of the velocity features at the top of D”
layer may be present beneath the northern Pacific, which could
partially account for the larger uncertainties in the likelihood ratio
test results. Thus, our 1D models can be viewed as the first step
towards more complete understanding the structure beneath the
northern Pacific.

6. Conclusions

In summary, we present a promising way of modelling the
detailed velocity structure in the lowermost mantle using a grid
search for elastic parameters accompanied with quantitative as-
sessment of the uncertainty of 1D models. Our characterisation
of the spatial pattern of small-scale heterogeneities in the lower-
most mantle beneath Alaska and northern Pacific suggests the D”
layer in these regions may be a partially mixed boundary layer in-
volving a composite of downwelling thermo-chemical anomalies, a
hybrid thermo-chemical boundary layer (TCBL) model proposed by
Lay and Garnero (2004). Candidate materials include oceanic litho-
spheric slabs or eclogitic oceanic crustal components with ancient,
dense chemical anomalies, dynamically concentrated into large ag-
glomerations beneath upwellings. The D” layer in the rest of the
lowermost mantle is likely to share similar features, however, no
conclusion can be made before further investigations of each re-
gion. Applying our approach to other regions of the lowermost
mantle will help us validate this hypothesis, probe the origin of
D” layer and provide crucial information on the composition and
the dynamics of the mantle.
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