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Abstract: We present the evidence of high-velocity regions within the Pacific Large Low
Seismic Velocity Province (LLSVP), uncovered using the Virtual Receiver Approach (VRA),
a novel seismic imaging method that allows us to determine local absolute velocity values
of a non-reflecting body wave that are independent of any assumed Earth model. Our
results reveal a complex dynamics of high- and low-velocity regions within the Pacific
LLSVP. While low-shear-wave velocities dominate, consistent with the traditionally under-
stood nature of LLSVPs, we identify distinct high-velocity anomalies—an observation not
previously reported in this region. We interpret these anomalies as lateral compositional
variations within the LLSVP. Petrological modeling suggests that high-velocity regions
are associated with low FeO content, potentially linked to the inclusion of post-perovskite
material driven by mantle convection. Alternatively, remnants of subducted oceanic crust
(e.g., Mid-Ocean Ridge Basalts) could also explain the observed features. Conversely,
low-velocity anomalies correspond to FeO-rich compositions. Our findings highlight the
thermochemical heterogeneity of the LLSVP, revealing a more complex internal structure
than previously thought. The application of the VRA is able to resolve fine-scale structures
that have remained as some of the biggest challenges in global tomographic models.

Keywords: seismic arrays; seismic imaging; composition of the Earth

1. Introduction
Mantle convection is a fundamental process in Earth’s geodynamics. It is strong

enough to drive the vigorous plate tectonics shaping the planet’s surface while being slow
enough to retain heat trapped in the core [1–3]. Understanding its dynamics is still a
challenge and a large number of questions remain unanswered. Decades of research have
provided a broad understanding of Earth’s lower mantle [4–10]. This region, spanning from
the transition zone (410 km to 670 km) to the core–mantle boundary (CMB) at 2891 km depth,
exhibits relatively smooth seismic velocity and density gradients compared to the highly
heterogeneous crust [4,8,11], largely due to the stability of magnesium–silicate perovskite
under extreme temperature and pressure [6,12,13]. Near the CMB, the propagation of
elastic waves becomes more complex, leading to the observed variations in seismic wave
velocities, with abrupt increases attributed to a phase transition to the post-perovskite
phase and pronounced thermal and chemical heterogeneity in the boundary layer above
the CMB, known as the D′′ region [14–16]. However, much remains to be learned about
this deep region of Earth.

Large low-seismic-velocity provinces (LLSVPs) are distinctive structures of the lower-
most mantle [8,17–23] that span thousands of kilometers laterally and possibly extend up to
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1000 km vertically from the CMB [24]. They are characterized by reduction in S-wave and
P-wave velocities and sharp edges [20,25–28], corresponding to the base of deep mantle
plumes [21,29–31]

Furthermore, LLSVPs may contain ultra-low-velocity zones (ULVZs), characterized by
extreme reductions in seismic velocities (up to −30% for S-waves and −10% for P-waves)
and likely increases in density [32–37]. These ULVZs lie near the CMB with variable shapes,
widths, and distributions [22,38–42]. They are challenging to detect and characterize
through global tomographic studies [18,43–45].

Currently, the structure, origin, and convective nature of the LLSVPs and ULVZs are
still a matter of debate. Different possible origins have been proposed: (i) compositional in
nature [18,46]; (ii) thermochemical [47,48]; and (iii) lithospheric subducted material [49,50].
LLSVPs seem to be compositionally subdivided into two domains: a primordial bottom
domain near the core–mantle boundary (serving as an isolated reservoir with distinctive
isotopic compositions [29], and a basaltic shallow (perhaps thermally buoyant; [51,52])
domain that extends from 1100 to 2300 km depth [53]. ULVZs may be part of internal
convection mechanisms within the larger velocity anomalies [22,54]. In any case, it is clear
that, to properly understand the convection system of the lower mantle, it is important to
comprehend the origin, composition, physical properties, and role that LLSVPs and ULVZs
play. To achieve this, it is of primary importance to illuminate and image the structures in
Earth’s lower mantle.

One of the most powerful tools for imaging Earth’s interior is seismic tomography.
Emerging in the 1970s, this method revolutionized our understanding of the 3D distribution
of physical properties affecting seismic wave propagation, such as elasticity, anelasticity,
anisotropy, and density. Seminal studies by [4,55,56] laid the foundation for this field.
While Aki and colleagues focused on regional-scale structures, Dziewonski and his team
produced the first images of the lower mantle, revealing early on the existence of the two
LLSVPs (originally referred to as “superplumes”). Since then, tomographic models have
often played a critical role in the analysis of the subsurface, aiding in the estimation of
lithology, temperature, and fluid content while providing a snapshot of present-day mantle
dynamics. Seismic tomography usually presents results in terms of velocity anomalies
that are conditioned on the initial model used, parametrization of the studied space,
inverse method used, and seismological theory employed (ray theory, finite frequency,
or full waveform). The interpretation of seismic velocity anomalies can be misleading.
For example, high-shear-velocity regions, like shields, can appear as cold and sinking but
are actually chemically buoyant. Stronger S-wave velocity reductions in the deep mantle
may suggest chemical differences, melt, or high temperatures. This is why it becomes
important to try to estimate the lower mantle’s absolute velocity values.

In this study, we present a new method, the Virtual Receiver Approach (VRA), that
allows us to sample the velocity field at depth from teleseismic travel time data recorded at
neighboring stations. We will show that our VRA is replicable, efficient, accurate, robust,
and easy to implement. We begin by laying the fundamentals of our approach and validat-
ing it. We proceed to test it to probe the lower mantle beneath the Pacific Ocean, aiming
to estimate the absolute shear wave velocity of the Pacific LLSVPs. Finally, we attempt to
interpret these results in terms of compositional anomalies and temperature conditions.

2. Methodology: The Virtual Receiver Approach (VRA)
We introduce an imaging methodology that we call Virtual Receiver Approach based

on the concept of the slowness vector u defined as follows [57]
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u =
1

vapp
=

sin(i)
v0

, (1)

where vapp is the apparent velocity, i is the angle of incidence of the ray, and v0 is the
velocity of the medium (see Figure 1a).

The slowness u (Equation (1)) is constant along the ray path and it is equal to the
inverse of the medium velocity v0 when sin(i) = 1, i.e., when the wave does not reflect
at an interface and travels horizontally (id = 90◦), at the deepest point of the ray (see
Figure 1a). Therefore, the velocity of the medium at the deepest point of the ray vd is equal
to the inverse of the slowness vd = 1/u [57,58].

If we consider a 1D isotropic layered medium, the slowness u in Equation (1) can be
approximated as follows [59,60]

u(x0) ≈
t2 − t1

d2 − d1
=

∆t
∆d

, (2)

where t1, t2 are the arrival times of the wave of interest at two stations 1 and 2 located at
positions x1, x2, respectively, and with epicentral distances d1, d2.

Equation (2) can be understood in three (fundamental) different ways depending on
the interpretation of the location x0: If one assumes that x0 = x1 and/or x0 = x2, then
Equation (2) becomes a first-order, forward and backward, finite-difference approximation
of the slowness u, respectively, as follows

u(x0 = x1) =
t2 − t1

d2 − d1
+ O(∆d)︸ ︷︷ ︸

forward approximation

, u(x0 = x2) =
t1 − t2

d2 − d1
+ O(∆d)︸ ︷︷ ︸

backward approximation

. (3)

Note that we have assumed that d2 > d1. In contrast, if one assumes that x0 is the
middle point between x1 and x2, then Equation (2) becomes a second-order centered finite
difference approximation of the slowness u, as follows

u(x0 = (x1 + x2)/2) =
t2 − t1

∆d
+ O

(
∆d2

)
︸ ︷︷ ︸

centered approximation

, (4)

which means that the slowness evaluated at the center point x0 between x1, x2 can be
approximated (up to second-order accuracy) by dividing the arrival travel time of the wave
of interest and the difference between epicentral distance of the stations (see Figure 1b,c).

Equation (4) brings a different physical interpretation since in fact, we are not measur-
ing travel times at the center of the two stations. We, however, are computing a second-order
approximation to a slowness value located at the virtual receiver located at the mid point
between the two stations.

If we consider the calculation of the slowness in a spherical Earth, we can write the
velocity of the medium at the deepest point of the ray vd as follows [57]

vd =
1
u

rd
rearth

(5)

where rearth is the radius of the Earth, and rd is the radius r of the turning (deepest) point
of the (non-bouncing) ray.
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Figure 1. (a) Ray theory in a layered medium. (b) Second-order finite-difference slowness approxima-
tion. (c) The Virtual Receiver Approach methodology proposed in this study.

3. Validation
3.1. Theory

We validate the accuracy of Equation (4), for which we will assume, like in the rest of
the paper, that x0 is the middle location between x1 and x2. We assume that the observed
slowness (uobserved) can be written as the predicted slowness using certain Earth model
(umodel) plus a slowness perturbation/deviation (δu) as follows

uobserved(x0) = umodel(x0) + δu,

≈ umodel(x0) +
∆t2 − ∆t1

∆d
,

≈ ∆tobserved

∆d
,

(6)

where we have used the notation (∆t1, ∆t2) = ∆t1,2 and with ∆t1,2 = tobserved
1,2 − tmodel

1,2 .
Note that the slowness variation δu is simply given by the difference time anomalies

∆t1, ∆t2 measured at the two stations and divided by ∆d, that is,

δu =
∆t2 − ∆t1

∆d
. (7)

Equation (7) means that any error in the slowness calculations will arise from travel
time measurements only. If we assume a linear dependence between the model and
observations we can write observed travel times (tobserved

1,2 ) as follows

tobserved
1,2 = (1 + α1,2)tmodel

1,2 , with α1,2 ∈ R, (8)

where α1,2 are non-dimensional real parameters. Equation (8) implies that both rays should
see the same (anomalous) structure (see Figure 1c; otherwise, we will not be able to correctly
image a structure). This means that the non-dimensional parameters (α1,2) should be the
same at both receivers, i.e., α1 = α2 = α. We thus can write Equation (6) as follows

uobserved(x0) ≈
∆tobserved

∆d
=

tmodel
2 − tmodel

1
∆d

(1 + α). (9)
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In practice, however, α1 ̸= α2 and therefore we must allow some error (ϵ), i.e.,

|α1 − α2| < ϵ, with ϵ ∈ R+. (10)

3.2. Numerical Results

For travel time and slowness calculations we use the TauP toolkit [61] implemented in
Obspy [62].

What does a velocity perturbation of X% mean? The slowness approximation given
by Equation (4) suggests that we are able to directly measure the slowness of a body
wave that does not reflect at any interface, and that value corresponds to the medium
velocity at the lowest/turning point of the ray. This velocity value is independent of any
tomographic model; however, we do need to assume a certain Earth model in order to locate
the lowest/turning point of the ray. We can next compare the velocity prediction using the
VRA against any other Earth model. At this point, the interpretation can become confusing.
Let us take the following example: assuming PREM as the Earth model and using the VRA,
we find that the shear velocity perturbation is about ∼−7% at 2660 km depth. This does
not mean that the model that reproduces our observations is a PREM model with an ultra-
low-velocity zone. What this means is that the model that best reproduces our observations
is a PREM model with a ∼−7% of velocity perturbation in its total. In simpler words, any
relative velocity perturbation that we find using the VRA refers to a perturbation of the
assumed model in its total (see Figure 2a) for an illustration).

zoom

zoom

(a) (b)

Figure 2. (a) Illustration of a 1D model v0 and its corresponding predicted models for relative
slowness calculations of ±2% predicted using Equation (4). (b) Predicted bouncing depth (i.e.,
deepest point or turning point of the ray) vs epicentral distance for S-wave phase as per different
reference models (PREM [63], AK135 [64], SP6 [65] and IASP91 [66]). There are large differences in
the prediction close to the base of the lower mantle, which affects the depth predictions retrieved
from the application of the VRA.

Depth predictions: Absolute velocity predictions obtained using Equation (4) are
independent of the Earth model assumed. However, to locate/assign the deepest point of
the ray (bounding location), we need to assume an Earth model. Different 1D tomographic
models can be used for this purpose. To develop intuition on the different depths obtained,
we assume a 200 km deep event and four different Earth reference models: PREM [63],
AK135 [64], SP6 [65] and IASP91 [66]. In general terms, PREM gives a broad view of Earth’s
structure, while AK135 and IASP91 provide accurate travel time predictions for global
phases (critical for understanding mantle-scale processes) and SP6 has a more refined shear
wave velocity structure essential for studying LLSVP dynamics. Different bouncing points
for S waves are presented in Figure 2b, where we can observe that at short distances (∼40◦)
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the maximum differences between the depth predictions is ∼4 km, and at larger distances
(∼90◦) the maximum differences between the depth predictions is ∼30 km.

For the rest of the calculations, we assume the Earth model PREM [63]. Assuming any
other Earth model will lead to the same analysis presented next.

The sensitivity to station-to-station distance: To evaluate the influence of station-
to-station distance in slowness calculations using Equation (4), we first assume an event
at 500 km depth and a first station located at 70◦ epicentral distance. We next vary the
epicentral distance of the second station in the range [0.001◦, 15◦]. Results are presented in
Figure 3a, where we can observe that the relative error (in terms of slowness) is smaller
than 0.04% for station-to-station distance smaller than twelve degrees. These are unex-
pected results since at distances larger than two degrees one can, intuitively, expect the
approximation to break down. When considering other models, typical errors occur in
the range of ∼(0.3–1)% depending on the parameter being modeled (e.g., travel times,
shear wave velocities). Therefore, the VRA method maintains high accuracy even for large
inter-station distances, where one might expect the approximation to break down. This
precision ensures that the described method is robust enough to resolve the fine-scale of
the lower mantle structure.

(a) (b)

(c) (d)

Figure 3. Validation of the method. (a) Variation of the slowness relative error vs the interstation
distance. (b) Variation of the slowness relative error vs the event depth. (c) Comparison between the
theoretical vs predicted velocity perturbations. (d) Comparison between the theoretical vs predicted
velocity perturbations for different ϵ parameters.

The sensitivity to the event depth: Having validated the sensitivity to station-to-
station distance, we now evaluate the sensitivity to the event depth. We select two stations
at 77◦ and 80◦, i.e., separated by three degrees. We select three degrees as the largest
distance that one can intuitively apply, Equation (4). Results are presented in Figure 3b,
where we can observe that the relative errors are always smaller than 0.0001. It thus seems
that the approximation made in Equation (4) is also insensitive to the event depth.

The sensitivity to velocity perturbations: We can evaluate a velocity perturbation as
seen by the slowness by simply adding travel time perturbations to Equation (9) using a
single α parameter. This means that we are assuming that both recorded travel times (t1, t2)

see exactly the same anomaly perturbation. Results are presented in Figure 3c, where
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we can observe that predictions are accurate up to ∼±3%. This result is consistent and
expected due to limitations of the approximations made by ray theory. We thus cannot
expect to realistically obtain/interpret velocity perturbations larger than ∼±3%.

The sensitivity to ϵ (Equation (10)): In realistic scenarios, when evaluating Equation (10),
we should expect that α1 ̸= α2. These parameters give information about the heterogeneities
that both rays are crossing: If α1 = α2 = α, then it is guaranteed that both rays see
the same structure. In realistic scenarios, in contrast, we must allow some error ϵ (see
Equation (10)). In simpler words, this means that if we, for example, observe a 2% velocity
perturbation with respect to PREM in station A, then we should observe the same 2%
velocity perturbation in station B (see Equation (8)). However, what happens if we observe
2% in station A and 1.9% in station B?, i.e., what happens if the magnitude of the difference
in percentages ϵ (Equation (10)) is ϵ = 0.1%?

To answer these questions, we next evaluate the magnitude of the error ϵ in
Equation (10) for different velocity perturbations. Results are presented in Figure 3d,
where we can observe that predictions are highly sensitive to small perturbations of ϵ.
These results suggest that in order to have consistent predictions δv∼±3%, we should set
ϵ ≤ 0.001%.

4. Application to Seismological Observations
4.1. Data Set

We use the travel time database provided by [67], which provides travel times of
transversely polarized SH waves on a global scale obtained from an adaptive empirical
wavelet-construction technique. We, however, focus on events for which the deepest point
of the S wave is located in the circum-Pacific region. Figure 4a shows the ray paths that
sample the area of interest.

(a) (b)

Figure 4. (a) Ray paths; stations in blue triangles, events in green stars, and the turning point of the
ray in yellow circles. (b) Depth of the turning point of the rays.

From the selected sub-dataset we apply the virtual receiver methodology previ-
ously presented.

Errors: We allow a maximum distance between stations of ∼1.5 degree (∼160 km),
and an error ϵ < 0.00005 (see Equation (10)) which guarantees that the velocity anomalies
that both stations see have the same magnitude (which we interpret as the same structure).
Travel time measurement errors from [67] do not significantly affect our results, since travel
time errors are around ∼1 s. To gain some intuition on how an error of ±1 s affects our
results, consider an event of 500 km depth and recorded at a distance of 78◦. The predicted
S travel time obtained using the Obspy TauP toolkit [61,62] and assuming PREM as the
background Earth model is 1217.8 s. Thus, an error of ±1 s represents approximately
±0.08% of the final slowness/velocity prediction (see Equation (9)).

Chahana Nagesh
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4.2. Results

We obtained a total of 14,686 local velocity measurements, spanning depths from
792.6 km to 2888.8 km, sampling the entire lower mantle from top to bottom (see Figure 4b).
We emphasize that the spatial distribution of the results depends on the locations of the
events and stations. The results obtained are not intended to produce an image but rather
to sample the data points directly, which we chose not to interpolate. While transforming
these points into an image might seem useful, doing so would compromise the integrity of
the discrete data. Hence, we refer to the map view at different locations.

Statistics: The shear wave velocity values were in an estimated range of from
6.178 km/s to 7.382 km/s with a mean value of 6.951 km/s and a median of 7.052 km/s (see
Figure 5).The distribution is slightly skewed to the left (skewness = −1.018) and exhibits a
kurtosis of −0.121, indicating a relatively flat distribution. Overall, these align well with
the velocity gradients predicted by PREM [63], as shown in Figure 5.
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m
]
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(a) PREM Velocities
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(b) PREM Anomalies

dVs [%]

−2 −1 0 1 2

Figure 5. (a) Shear wave velocity values estimated using the VRA and compared to PREM. (b) Nor-
malized shear wave velocity values (with respect to PREM) estimated using the VRA.

We next normalize all velocity values obtained with respect to PREM. As a result, most
of our sampled points exhibit velocity anomalies between −1.70% and +1.62% with a mean
anomaly of −0.16%, a median of −0.19%, and a standard deviation of 0.42% (see Figure 5).
The distribution is slightly skewed to the right (skewness = 0.449) and has a kurtosis of
1.016, indicating a relatively normal but slightly peaked distribution.
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Larger anomalies (>|1%|) are predominantly found below 2250 km depth. Out of
our dataset, 7693 sample points lie between this depth and the CMB, with anomalies
ranging from −1.702% to 1.621%. The mean and median values for this range are −0.187%
and −0.197%, respectively, again highlighting the prevalence of negative anomalies in
the dataset and, consequently, in the lower mantle beneath the Pacific Ocean, which is
largely related to the Pacific LLSVP [8,68,69]. At this depth range, 2233 sampling points
show positive anomalies, while 5460 exhibit negative ones. Positive anomalies, which
are a statistical minority in the dataset (2233 out of 7693 points), stand out within the
predominantly well-known negative anomaly environment of the LLSVP. The negative
anomalies exhibit a mean value of −0.388% and a median value of −0.339%, indicating that
the data are clustered around the central tendency, a behavior characteristic of a normal or
near-Gaussian distribution. This statistical stability reflects the dominance of low-velocity
anomalies within the LLSVP. In contrast, the positive anomalies deviate from this pattern,
with a mean of 0.306% and a median of 0.213%, showing a noticeable gap between them.
This suggests a more skewed distribution or irregular behavior.

Comparisons against tomographic models: We next compare velocity predic-
tions against two different tomographic models built with different techniques and
datasets: (i) SEMUCB-WM1 [45], built with full-waveform inversion techniques, and
(ii) SEISGLOB2 [70], built using ray theory and normal modes.

We analyze three different depths: 2600 km, 2700 km and 2800 km. For each depth,
we gather our predictions within a depth range of 100 km. This means, for example, that
we compare the tomographic image at 2600 km against our observations that lay between
2550–2650 km depth range. This depth range seems good enough to cover the depth
uncertainty of our predictions close to the CMB (see Figure 2b). Results are presented in
Figure 6, where we can observe three main features: (i) the Galapagos plume, (ii) the LLSVP
boundary and (iii) high-velocity anomalies inside the LLSVP.

We further project the data close to the Hawaiian and Galapagos archipelagos into
two profiles: profile H-H′ and profile G-G′, respectively (see Figure 7). The VRA samples
in a 10◦ corridor are projected into each profile and we plot them on top of an average
tomography model (see Figure 7a,b). Six S wave tomography models, downloaded from
the SubMachine database [71], are averaged [45,72–76]. These are selected as the present
good resolving power around the target profile. In the profiles, the signature low-velocity
anomalies of the Pacific LLSVP/Hawaiian plume (see Figure 7a) and the Galapagos plume
(see Figure 7b) are clearly imaged by tomographic techniques. The location of the low-
velocity VRA samples clearly correlates with both structures. High-velocity points in the
H-H′ profile are fairly abundant and clustered, while they tend to be sparser and less in
number in the G-G′ profile.
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Figure 6. Results obtained using the virtual receiver methodology compared against tomographic
models at different depths. For clarity, the size of the velocity anomalies computed (circles) are scaled
to their magnitudes.
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Figure 7. (a) Location of the depth of the turning point of the rays and their corresponding velocity
perturbations obtained using the VRA. (b) Vertical profile crossing the Pacific LLSVP and (c) vertical
profile crossing the Galapagos plume. For clarity, the sizes of the velocity anomalies computed
(circles) are scaled to their magnitudes.

5. Discussion
Do we (really) have travel time sensitivity at the deepest point of the ray? We have

proposed the VRA as a simple method for imaging the internal structure of the Earth.
The method relies on the ray theoretical predictions that state that the slowness computed
at the surface is equivalent to the inverse of the velocity of the medium at the turning point
of the ray (for rays that do not bounce at any discontinuity). There can exist, however,
a misunderstanding related to the zero sensitivity along the ray that banana doughnut
sensitivity kernels show, also known as the banana doughnut paradox [77–82].

If one closely follows the fact that cross-correlation travel time sensitivity (Fréchet)
kernels show a zero sensitivity along the ray path [77], one remains with serious confusion
on how to properly infer the structure of the Earth with certainty at a location where the
(travel time) measurement has no sensitivity whatsoever. In principle, if this is correct, then
the proposed VRA is rather useless.
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Fortunately, this is not the case. While it is true that cross-correlation travel time
sensitivity kernels show zero sensitivity along the ray path, this is only because the travel
time was measured with cross-correlation. It has been shown by [83] that when we use a
different methodology to measure travel times, the sensitivity to the measurement changes.
In particular, when we choose to measure travel times using envelopes, we obtain the
maximum sensitivity along the ray path as one naturally will expect (see Figure 8a). It is
only when data and synthetics are close enough that we obtain a zero sensitivity along
the ray path (see Figure 8b). We can understand this from an inversion perspective: when
the assumed earth model significantly differs from the real earth, the maximum sensitivity
to travel time should be concentrated along the ray path, as one would naturally expect.
In contrast, when the assumed Earth model closely matches the real Earth, the ray path
exhibits zero sensitivity, since the structural information is already well-resolved.

min max

Data are synthetics are far away (equivalent to a 

waveform Fréchet kernel)

Data and synthetics are close (equivalent to a travel 

time cross-correlation Fréchet kernel)

Sensitivity 

concentrated 

along the 

raypath

Zero sensitivity 

along the 

raypath

(a) (b)

Figure 8. Normalized travel time envelope density ρ kernels for the S wave when considering the
presence of data at different time locations away from the observations (after [83]). (a) The case when
the data travel time is far from the observations, which means that our Earth model is far from the
real Earth. (b) The case when we have an accurate Earth model that closely (enough) represents the
real Earth.

We do understand that this is an interpretation. However, it has been theoretically
proven by [83] that travel time measurements (using envelopes) have sensitivity along the
ray path. The important implications of this are related to how we should (physically)
interpret the sensitivity of travel time measurements. Independently of the technique used
by [67] to measure travel times, the physical implications are that travel times do have
sensitivity along the ray path (as we should expect) and, specially, at the turning point of
the ray. As a consequence, we validate the sensitivity of the proposed VRA to image the
structure of the Earth.

We can further understand the situation in simpler words. Let us assume that the
research group A measures a cross-correlation travel time difference of X seconds for a
body wave of a certain event and a certain station location. Another research group B
measures an envelope travel time difference of (X-0.1) seconds for the same event at the
same location and for the same wave. Does this mean that research group A cannot see the
sensitivity along the ray path and research group B can? This statement is absurd, and if it
were true, Earth models built with ray theory should be completely wrong, which is not the
case. Travel time measurements do have information (coming) along the ray path (see [83]
for further details).

The deep roots of the Galapagos plume: The Galapagos plume is located above the
eastern margin of the Pacific LLSVP and its seismic signature has been reported in the
literature [84–87]. Our observations show that the slowest velocity areas are located beneath
the Galapagos, which is in agreement with the presence of the plume in the lower-most
mantle. However, we are not able to detect the previously reported mega-ULVZ [84,88].
This may be explained by two reasons: (i) due to the location of the bounce points and/or
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(ii) due to the limitations in out methodology presented in Figure 3c, we are able to properly
image up to ±3% of velocity perturbations. Different than those values, the ray theory
approximations break down, leading to an underestimation of the velocity values. As a
consequence, extreme velocity reductions produced by ULVZs may be misinterpreted as
simple low-velocity zones as represented in the profile G-G′ in Figure 7.

In general, high-velocity VRA samples near and around the Galapagos plume show
shear wave anomalies close to zero (0.0% < dVs < 0.25%). These values do not necessarily
indicate, as we will show later, large variations in the chemical or thermal structure of the
plume. We propose they are related to the complexity of the convection system around the
plume in which the mantle can be trapped/dragged/mixed in the spreading and upwelling
of the plume’s material.

High-velocity anomalies inside LLSVP? Compositional interpretation: Silicate per-
ovskite ((Mg,Fe)SiO3) is one of the most abundant materials in the planet, and it is primarily
found in the lower mantle, between approximately 660 km and the CMB [9,13]. It under-
goes a phase transition (structural rearrangement) to post-perovskite at pressures greater
than ∼125 GPa, which corresponds to depths between 2700 km and the CMB and it is
usually correlated with the D′′ layer [13,14,16,89–94].

The perovskite-to-post-perovskite transition is critical for understanding the seismic
discontinuity observed in the D′′ layer. Theoretical and observational studies report that
the phase transition to post-perovskite produces a positive jump in shear wave velocity
(+dVs) [8,13,14,89,94–99].

Our observations reveal high-velocity anomalies inside the Pacific LLSVP (see
Figure 6). High-velocity regions in the lower mantle have been previously reported [4,100],
with most of these associated with long-lived subduction slabs [101]. It has been pro-
posed [102] that D′′ in the LLSVP beneath the Pacific is chemically distinct from D′′ in other
regions due to the dense debris of subducted oceanic slabs, possibly dating back to the
formation of the Rodinia supercontinent [49]. Additionally, remnants of Mid-Ocean Ridge
Basalt (MORB) crust are expected to have accumulated in D′′ beneath the Pacific [103].

It is possible to interpret the shear wave velocity values recovered from the VRA below
2250 km depth in petrochemical terms to a certain extent. One effective approach involves
estimating Vs for a range of petrological compositions (C) while accounting for in situ
temperature (T) and pressure (P) conditions at large depths. Similar methodologies have
been employed to investigate compositional and thermal variations within the crust and
mantle [104–106].

We here use the SEITCOMP V1.0 code (Arnaiz-Rodriguez and Fullea, in preparation).
In general terms, T is derived by solving the heat equation in 1D from the CMB to the surface,
considering depth-dependent variations in density (automatically derived from a reference
composition C0), heat capacity, thermal conductivity, and radiogenic heat production. The in
situ pressure (P) values are calculated based on the density model and align closely with
those reported in PREM. The mantle composition (C) is parameterized using stable mantle
mineral assemblages, modeled through Gibbs free energy minimization schemes assuming
thermodynamic equilibrium (T > 500 ◦C) [107]. A standard characterization of mantle
composition is based on the main major oxides in the CFMAS system (CaO–FeO–MgO-
Al2O3–SiO2) [108–110]. To simplify the composition C, SEITCOMP adopts the discretization
of [106] where the wt% amounts Al2O3 and FeO oxides in the mantle layers are free
variables, and CaO–MgO amounts are statistically correlated with Al2O3 [111].

Therefore, at each VRA sample, we use the estimated values of temperature (T) and
pressure (P) and define the composition (C) as a combination of Al2O3 and FeO values.
In general terms, Al2O3 concentration is expected to range from 1.0 wt% to 6.0 wt%, while
FeO typically ranges between 7.0 wt% and 10 wt%. As reference values, the original or
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primitive mantle composition is assumed to contain approximately 3.6 wt% Al2O3 and
8.0 wt% FeO [112], while the theoretical rock pyrolite has a composition of 3.98 wt% Al2O3

and 8.18 wt% FeO [113].
It is worth noting that in LLSVPs, larger compositional ranges may be necessary to

explain the observed rock properties [99]. For this study, we set Al2O3 to vary from 1 wt% to
11 wt%, while FeO varies from 1 wt% to 20 wt%. Then, for each sample, we calculate the Vs
value across all possible combinations of Al2O3 and FeO at 0.1 wt% intervals, considering
pressure and temperature at the corresponding depth. This method produces an iso-Vs
line or contour (see Figure 9).

Figure 9. Compositional results obtained using the SEITCOMP code. The data is divided into three
ranges and positive and negative anomalies are plotted in different columns.

In Figure 9, all iso-Vs lines are plotted together to interpret the reported shear-wave
velocities. We divide the data into six ranges:
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• 0.0% < |dVs| < 0.5%
• 0.5% < |dVs| < 1.0%
• 1.0% < |dVs| < 2.0%

At a first glance, the wt% of FeO clearly dominates the shear-wave velocity variations
in the lower mantle. Higher FeO concentrations correlate with negative share-wave velocity
anomalies, while lower concentrations correlate with positive ones. This trend is consistent
for samples at the top of the section (lower Vs, represented by purple lines) and for values
closer to the CMB (higher Vs, represented by green and yellow lines).

Small velocity anomalies (0.0% < |dVs| < 0.5%) at the top of the section (z < 2500 km)
can be relatively well linked to moderate variations in FeO content. We observe that these
anomalies are well explained by FeO concentrations ranging between 8.0 and 10.7 wt%,
which fall within the expected ranges for typical primordial or fertile mantles with a
perovskite-dominated composition (∼8–10 wt%) [114,115]. At this depth range, intermedi-
ate anomalies (0.5% < |dVs| < 1.0%) require larger variations in FeO. Negative anomalies
are consistent with FeO concentrations of approximately 12 wt%, possibly indicating the
existence of some basaltic material, that is, a fine-scale mélange predominantly composed of
mafic mantle rocks, such as high-pressure polymorphs of Mid-Ocean Ridge Basalt (MORB),
with some contribution from FeO rich ultramafic rocks, like lherzolite or harzburgite [53].
Positive anomalies align with lower FeO concentrations around 7.5 wt%, which could be
associated with depleted mantle—potentially residues of melting processes [113].

Larger velocity anomalies (1.0% < |dVs| < 2.0%) require significantly anomalous FeO
content to be explained. Negative anomalies suggest FeO concentrations around 13 wt%,
while positive anomalies correspond to FeO levels of about 5.1 wt%. These extreme positive
anomalies might indicate the presence of post-perovskite-type material in the lower mantle,
as FeO content in post-perovskite is expected to be lower (5–8 wt%) compared to perovskite
(6–10 wt%) [116–118].

Finally, at the bottom of our study region, i.e., depths larger then 2500 km up
to the CMB, there is no clear FeO value to account for small velocity anomalies
(0.0% < |dVs| < 0.5%). While the trend connecting shear wave velocity (Vs) with FeO
wt% observed earlier persists, no large variations are observed around a mean value of
12.5 wt%. Larger variations are found in mid-range (0.5% < |dVs| < 1.0%) and large
1.0% < |dVs| < 2.0%) anomalies, with an average FeO content of 15 wt% for positive
anomalies and 5 wt% for negative anomalies.

It is evident, assuming that temperature variations due to internal convection within
the LLSVP system do not contribute significantly to Vs variations, that we are likely dealing
with two distinct mantle phases: one characterized by negative Vs anomalies and high FeO
content, and the other by positive Vs anomalies and lower FeO content. For the first phase,
previous studies [99] have suggested that LLSVPs might have a high density (consistent
with large FeO content), which could stabilize them against the more vigorous mantle
convection, thereby giving them their characteristic low Vs. Our observed values align
with this interpretation. Additionally, negative anomalies are statistically dominant in our
sampled points, which reflects the general composition of the Pacific LLSVP.

As for the second phase, the high-velocity, low-FeO content post-perovskite material
abundant in the lowermost mantle is a likely candidate to explain the positive anomalies
within the LLSVP. The exact geographical location and nature (thermal or thermochemical)
of the Pacific LLSVP edges are not well constrained or understood (see [69] for a recent
review). If the Pacific LLSVP represents hotter regions of the mantle, perovskite is expected
to dominate the mineralogical composition, depending on pressure and the amount of
iron and alumina, due to the positive Clapeyron slope of the perovskite-post-perovskite
system [9,14,99,119–121].
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Because the positive and negative anomaly samples are at a close distance (sometimes
smaller than one degree; see Figure 6), there must be a lateral transition from perovskite
to postperovskite inside the LLSVP. This phenomenon may occur somewhere close to the
border of the LLSVP, across a zone a few hundred km (<200 km) wide (see Figure 10).
These high-velocity observations inside the LLSVP seem to be compatible with previous
studies [98,99], supporting the idea that the Pacific LLSVP may have a different mantle
composition that perturbs the phase boundary depth. Therefore, during the formation
and ongoing convective evolution of the LLSVPs, some post-perovskite material may have
been incorporated into the LLSVPs. This could potentially mix with the surrounding
material, creating small regions with moderate to high positive anomalies within a larger
negative-anomaly region. This interpretation is consistent with convective models of LLSVP
evolution, in which LLSVP material mixes with lower mantle material [53]. These small
and sparse regions would be hard to detect when averaging the travel time information
(like in tomography studies) but easily detected when sampling the lower mantle with
more delicacy. Hence, we propose that they can be better assessed by accounting for the
shear wave variations here reported.

LLSVP

D"
post-perovskite

perovskite

CMB

??

Figure 10. Schematic representation of the presence of post-perovskite inside the Pacific LLSVP.

High-velocity anomalies inside LLSVP? The Presence of Anisotropy. Our observa-
tions of high-velocity anomalies inside LLSVP may be explained by anisotropy created by
lattice preferred orientation (LPO) of a mixture of (Mg,Fe)O and MgSiO3-post-perovskite,
through horizontal layering in the direction of the northeastern Pacific Ocean [122–131].
Ref. [132] argue that shape preferred orientation (SPO) of melt inclusions oriented vertically
may also be an explanation.

We, however, cannot differentiate between a mixture of (Mg,Fe)O and MgSiO3-post-
perovskite and basaltic mantle that may accumulate in the lower mantle from ancient
subductions [103,133] (see Figure 11) that may create the complex positive anomalies inside
the LLSVP. Generally speaking, one would not expect this kind of structure in the middle
of the Pacific Ocean, away from subduction zones, but recently a stagnant slab has been
discovered on the Southern Pacific beneath the East Pacific Rise [134] opening a different
explanation to our results. However, a proper investigation of seismic anisotropy using the
VRA is left for future studies.

CMB

LLSVP

(a)

CMB

LLSVP

(b)

CMB

LLSVP

(c)

Figure 11. Schematic representation of the presence of anisotropy inside the Pacific LLSVP. (a) Stage
1: subducting slab. (b) Stage 2: Broken (stagnant?) slab. (c) Stage 3: Slab within the LLSVP (current
state). Arrows show the direction of deformation.
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The Virtual Receiver Methodology: Further Developments: We have developed a
new imaging technique based on the calculation of slowness using a pair of stations. Based
in this result, and the fact that the phase velocity is equal to the medium velocity at the
turning point of waves that do not reflect at any boundary, we are able to image any (slowly
varying in velocity) structure.

For slowness calculations, we assumed an isotropic medium, allowing us to place any
pair of receivers in any direction. Anisotropic imaging, like, for instance, transverse isotropy,
can in principle be achieved by simply analyzing SH and SV travel times independently,
and taking the directional dependence of the station into account as well.

Slowness calculations can, additionally, be performed in several ways: (i) using
seismic arrays [57,135] and, more recently, (ii) using a pair of translational and rotational
stations [136–144].

6. Conclusions
In this study we present novel results that provide new insights into the internal com-

position/dynamics of the Pacific LLSVP. We developed and employed the Virtual Receiver
Approach (VRA) to directly estimate shear-wave velocities in the lower mantle. Our find-
ings reveal a more complex internal structure than previously reported, characterized by
zones of high-velocity anomalies within the Pacific LLSVP. These challenge the traditional
conscript of LLSVPs as homogeneous low-velocity regions and suggest significant lateral
thermo-chemical heterogeneity.

The observed high-velocity anomalies are consistent with low FeO compositions,
indicating the potential presence of post-perovskite (or other dense Fe-depleted phases)
possibly resulting from the interaction of the LLSVP and the mantle convection. Another
possible explanation is the incorporation of subducted basaltic material into the Pacific
LLSVP by a hypothetical ancient subducting slab. Conversely, low-velocity anomalies align
with FeO-rich compositions, supporting the hypothesis of LLSVPs as thermo-chemical
dynamic structures composed of dense primordial mantle components.

These observations advance our understanding of LLSVPs as dynamic, thermo-
chemically diverse structures, with implications for mantle convection, plume generation,
and core–mantle heat transfer. Future work integrating high-resolution imaging techniques
and petrological modeling is essential to refine our understanding of the role of LLSVPs in
Earth’s geodynamic processes.
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