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Abstract We present tomographic images of the velocity structure of the upper mantle beneath old (∼90
Ma) oceanic lithosphere, derived from arrival time measurements of teleseismic body waves recorded by ocean‐
bottom seismometers. Differential travel time measurements on P, S, and SKS body waves across a wide range
of frequency bands show consistent geographic and backazimuthal variations that highlight substantial velocity
heterogeneity in the upper mantle beneath the array. A joint inversion of all data sets shows that the information
in the P and S times are consistent with each other. The amplitude of apparent velocity heterogeneity and the
scaling between independently constructed δVp and δVs tomographic models is consistent with either the
presence of melt and ∼50°K thermal anomalies or, if melt free, <100°K thermal anomalies. δVp and δVs
tomographic models both show statistically meaningful elongation of structure along an approximately NW‐SE
axis, subparallel to the orientation of free‐air gravity lineations and absolute plate motion. We interpret the
overall structure as evidence for convective processes associated with the delamination of old lithosphere. Our
work adds to a growing body of observational evidence that highlights strong heterogeneity in the oceanic upper
mantle, potentially suggesting widespread small‐scale convection.

Plain Language Summary At several locations in the oceans, parallel, and alternating linear features
can be observed in measurements of gravitational acceleration. Understanding the origin of such features
enables us to better understand the evolution of tectonic plates. To study the Earth's interior at one of these
locations, we acquired data from an array of seismometers placed there. Using measurements of the times at
which seismic waves from distant earthquakes were observed at these seismometers, we developed three‐
dimensional images of how fast seismic waves travel. We found significant variations in the speeds shown in
these images, which also show oriented features roughly parallel to the gravity anomalies. These images provide
evidence for rising and sinking material in the Earth's interior at this location. This evidence, along with
previous work, supports a hypothesis whereby this convective process may be common, particularly beneath
mature oceanic plates.

1. Introduction
The seafloor subsides with increasing age due to conductive loss of heat to the surface and the accompanying
thermal contraction of the lithosphere. Although a purely conductive model, that is, a half‐space cooling model (e.
g., Parker & Oldenburg, 1973), can provide a good approximation of the average subsidence and heat flow for the
first 70–80 Ma of seafloor evolution, it has long been recognized that there must be some non‐conductive source
of heat to the base of the lithosphere that slows subsidence of older seafloor. A phenomenological thermal model
that satisfies average global subsidence and heat flow for all ages is a plate cooling model with a fixed lithospheric
thickness and a fixed basal temperature (e.g., Sleep, 1969; Sclater & Francheteau, 1970). However, the simplicity
of the plate cooling model obscures the necessary complexity of some process in the asthenosphere that supplies
additional heat to maintain a constant temperature at depth. Two basic forms of convection have been suggested
as candidates for this process: upwelling of hot plume material from depth (e.g., Crough, 1978); and small‐scale
convection that removes or delaminates the lower part of the cooling lithosphere, replacing it with hotter
asthenosphere (Parsons & McKenzie, 1978; Richter & Parsons, 1975).

Undoubtedly, both forms of convection are important. For example, the estimates of thermal plate thickness
depend on which topographic data are included; Parsons and Sclater (1977) estimated a thickness of about 125 km
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for the North Pacific plate, avoiding obvious seamount provinces and hotspots, while Stein and Stein (1992)
estimated values of only about 95 km, based on including all the topographic data. Pronounced spatial differences
in subsidence rate across mid‐ocean ridges (Cochran, 1986) may also be an indication of sub‐lithospheric flow in
the mantle from hotspots (Conder et al., 2002; Toomey et al., 2002). Korenaga and Korenaga (2008) argues that
essentially all of the older Pacific lithosphere has been modified by flow from hotspots forming seamount
provinces and broad hotspot swells.

One of the most prominent arguments for the role of small‐scale convection is the existence of lineated, oscil-
latory, free‐air anomalies oriented obliquely to fossil spreading directions and approximately parallel to the
absolute motion direction of the plate (Cazenave et al., 1992; Haxby &Weissel, 1986). Shear in the asthenosphere
between the plate and the underling deeper mantle tends to organize small‐scale convection into linear rolls
(commonly called “Richter rolls”) oriented in the direction of shear (Richter & Parsons, 1975). However, free‐air
gravity or geoid anomalies provide very little information about the nature of the convection. An upwelling, low‐
density line of anomalous mantle induces convective motion that tends to deflect the surface upwards (e.g., Buck
& Parmentier, 1986; Parsons & Daly, 1983). However, inherent tradeoffs in joint investigations of bathymetric
and gravimetric data make it challenging to accurately resolve the characteristics of such anomalous mantle
(Harmon et al., 2007; Richards & Hager, 1989). Information from seismic images of the upper mantle provides a
complementary perspective on the nature of convective heterogeneity.

The purpose of the OldORCA (this study) and YoungORCA experiments (Eilon, Gaherty, et al., 2022) was to
conduct seismological studies of the upper mantle beneath two areas of Pacific seafloor that display quasi‐linear
alternating free‐air gravity anomalies. Very few prior experiments have had sufficient bathymetric and seis-
mological coverage to shed light on the origin of the gravity lineaments. The Gravity Lineations Intraplate
Melting Petrologic and Seismic Expedition project (GLIMPSE) covered very young seafloor (<10 Ma) west of
the East Pacific Rise (Forsyth et al., 2006). In that area, there are narrow volcanic ridges within free‐air anomaly
lows oriented in the spreading direction perpendicular to the spreading center, which led to models of their origin
such as lithospheric boudinage (Sandwell et al., 1995) and cracking of the plate by thermal contraction (Sandwell
& Fialko, 2004). However, it turns out that the free air anomaly (FAA) minima are due to flanking flexural lows
created by the loading of the volcanic ridges; when the full response is accounted for, the ridges actually lie on top
of a broader swell, analogous to the Hawaiian swell (Harmon et al., 2006). The swell region is underlain by low‐
velocity mantle, indicating that the origin of the gravity lineaments and volcanic ridges is most likely banded flow
in the asthenosphere toward the ridge from the Pacific superswell region, perhaps also triggering local small‐scale
convection (Harmon et al., 2011; Holmes et al., 2007), but the vertical resolution available for body (Harmon
et al., 2007) and surface wave (Weeraratne et al., 2007) tomography in GLIMPSE was insufficient to resolve
much more than the sign of the velocity anomalies in the lithosphere and shallow asthenosphere.

The YoungORCA region lies on seafloor that is about 40 Ma old (Figure 1a). Unlike the GLIMPSE area, the
gravity lineaments are oriented obliquely to neighboring fracture zones and there are no prominent volcanic
ridges. However, the bathymetric coverage is limited, so accounting for topographic effects is imperfect. Full
analysis of the data from YoungORCA is incomplete, but body wave tomography shows that there are significant
(up to ±2%) P‐wave velocity anomalies in the upper mantle, quasi‐parallel to the gravity lineaments and
extending to depths of at least 250 km (Eilon, Zhang, et al., 2022), pointing to the importance of small‐scale
convection.

The OldORCA region lies in the Cretaceous quiet zone with no identifiable magnetic anomalies, so its spreading
history is somewhat unclear, with the reconstructions from Seton et al. (2020) and Eagles et al. (2004) disagreeing
on the precise age. The reconstruction from Eagles et al. (2004) suggests an age of approx. 90 Ma beneath the
array, with isochrons that are approximately parallel to seafloor abyssal‐hill fabric; a nominal age estimate of
approximately 85–95 Ma is consistent with spreading from the Phoenix ridge at a constant rate. The existence of
short‐wavelength gravity lineaments associated with old seafloor is unusual and worthy of investigation.
Fortunately, the area was thoroughly mapped previously in a search for subtle magnetic anomalies (Gee
et al., 2008), so there is excellent bathymetric coverage. Seismic studies are needed to determine whether there is
any remaining structure in the shallow mantle associated with the volcanic ridges or evidence of deeper, sub‐
lithospheric convection as found beneath YoungORCA (Eilon, Zhang, et al., 2022).

To provide constraints on mantle structure at a resolution sufficient to infer regional mantle dynamics, we apply
body‐wave tomography. Images of seismic wavespeeds derived from differential body‐wave travel times
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generally have higher lateral resolution of the oceanic upper mantle than constraints from fundamental‐mode
surface waves, and image deeper structure, well into the asthenosphere. Previous body‐wave imaging studies
targeting the mantle beneath oceanic lithosphere have observed substantial velocity heterogeneity. Harmon
et al. (2007) observed relative delay times that are not consistent with a homogeneous asthenosphere; they
inferred active processes such as small‐scale convection. At YoungORCA, the amplitude of inferred velocity
heterogeneity was consistent with as much as ∼300° − 500°K lateral temperature variations (Eilon, Zhang,
et al., 2022). Beneath very old (160–180 Ma) oceanic lithosphere, Kang et al. (2023) applied multi‐frequency
finite‐frequency body wave tomography and tomographically imaged even more substantial P‐wave velocity
variations of±4%, consistent with substantial temperature variations that likely exceed the solidus and necessitate

Figure 1. (a) Regional map, showing bathymetry from the SRTM+ model (Tozer et al., 2019). Overlain is a merged model of seafloor age, using the study of Eagles
et al. (2004) within the OldORCA region and the study of Seton et al. (2020) elsewhere (Phillips et al., 2023). Arrays of broadband seismometers overlying gravity
lineations (the OldORCA, YoungORCA, and GLIMPSE arrays) are shown as red triangles. The red polygon in the inset world map corresponds to the bounding edges
of panel (a). Zoomed‐in panels show (b) P‐wave and (c) S‐wave relative delay times plotted as spokes at each station, with the orientation of each spoke corresponding to
measurement backazimuth and colored according to the amplitude of the delay time. For measurements that were made at multiple frequencies, the values are averaged
across all frequencies (only for ease of visualization in this figure). The width of a spoke is proportional to the number of frequencies that go into a single measurement.
Refer to the supporting information (Figures S8 and S9 in Supporting Information S1) for separate visualization of raw measurements at each frequency, which show
very similar patterns to those shown here. The background color in (b) and (c) is the free‐air gravity anomaly (Sandwell et al., 2014).
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the presence of melt. In this study, we present teleseismic P and S models of the upper mantle at the OldORCA
location, adding to this growing body of local and high‐resolution studies of the oceanic upper mantle.

2. Data and Methods
2.1. The Measurement of Differential Arrival Times

The OldORCA array of OBS stations (Eilon, Gaherty, et al., 2022) is composed of 30 broadband Trillium T‐240
three‐component seismometers (Figure S1 in Supporting Information S1), with differential pressure gauges
(DPGs), operated by the Scripps Institution of Oceanography. The array has an average station separation of ∼80
km, with a maximum aperture of ∼630 km. Stations were deployed for ∼13 months, between November 2019–
2020. Of the 30 instruments deployed, 23 returned good seismic data on all three components, enabling high‐
quality body‐wave delay time measurements (Figures S1 and S2 in Supporting Information S1).

We use a catalog of earthquakes with magnitudes between 5.5 and 7.8 at epicentral degrees between 30 and 95°
for P‐waves, 30 and 84° for S‐waves, and 86 and 132° for SKS‐waves. For these events, we download waveforms,
rotate individual stations using the orientation corrections published in Eilon, Gaherty, et al. (2022), and remove
the instrument response to velocity. After decimating the waveforms to a 10 Hz sample rate, we make mea-
surements of pairwise phase lags between different stations for different events using multichannel cross‐cor-
relation (VanDecar & Crosson, 1990) on P‐waves separately observed on the vertical component and DPG,
S‐waves on the transverse component and SKS‐waves on the radial component. This well‐established method uses
a least‐squares approach to solve for the best‐fitting map of relative travel times that is consistent with phase lags
measured at all pairs of stations across the array.

Prior to obtaining time lags from cross‐correlation, we manually inspect and window waveforms, striving to
isolate just the “first break” of the body wave waveform while also including a significant amount of pre‐signal
noise to stabilize the cross‐correlation calculation and ensure that the peak in the correlogram corresponds to the
body wave that is targeted (Figure S2 in Supporting Information S1). The width of the time segment used to
window the waveform approximately scales with the longest period in the period band under consideration. Delay
time measurements are made on waveforms that are filtered across a range of frequency bands using two‐pole
Butterworth filters, where the edges of the period bands were chosen to avoid overlap with noise associated
with the spectral peak corresponding to the secondary microseism (Janiszewski et al., 2023). We use differential
traveltimes measured at period bands of 12–50, 9–45, 8–40, 8–30, 8–25, 7–20, 2–5, 1–5, 2–4, 1.66–3.33, 1–2, and
0.5–2.5 s. We account for overlapping information in these frequency bands by using a weighting scheme that
ensures that the overlap in frequency content between measurements does not lead to the repeated use of
redundant, or non‐independent measurements, and this weighting scheme is described in more detail in the
following section. In Section 3.3 and Text S3 in Supporting Information S1, we present calculations that show that
our use of multi‐frequency measurements does not bias the interpretable structure.

2.2. The Tomographic Inversion

We follow a standard approach for teleseismic finite‐frequency body‐wave tomography, using a specific
implementation developed by Schmandt and Humphreys (2010), and subsequently built upon by Eilon
et al. (2015) and Brunsvik et al. (2021). For the inversion, we minimize a cost function, E, that penalizes data
misfit, model norm, and model roughness as follows:

E = ‖W(Gm − d)‖2 + γ‖∇2mv‖
2 + ϵ‖mv‖

2 + ϵevt‖ce‖2 + ϵsta‖cs‖2 (1)

In this formalism, G is a matrix consisting of kernels that describe the sensitivity of a given datum to the model
parameters, m is a model vector consisting of slowness perturbations (mv) to the starting 1‐D model, concate-
nated with station static terms cs, and event terms ce. Station static terms account for local bathymetric/sediment/
crustal structure that affect all arrivals at a given station. Event terms account for the (common) case where only a
subset of stations records an event, shifting the average delay for those arrivals (arbitrarily fixed to zero in the
cross‐correlation step) to be consistent with the whole array. d is the data vector of relative delay times. ϵi control
the strength of model parameter damping, and γ controls the strength of second‐derivative smoothing. We assign
the ratio of vertical to horizontal smoothing as 0.5. 10 × additional damping is implemented at shallowest and
deepest layers of model nodes to avoid edge effects.
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The finite‐frequency kernels (populating rows of G) are calculated following the approach of Schmandt and
Humphreys (2010) and Brunsvik et al. (2021), and represent a first‐fresnel zone approximation to the full “ba-
nana‐donut” kernels (Marquering et al., 1999). Since these kernels vary as the center period at which a mea-
surement is made changes, this enables us to incorporate measurements at the same source‐receiver combination,
but at different frequencies (see Section 2.1), into our inversion. The impact of considering the frequency‐
dependent sensitivity of traveltimes is clearest when considering the lateral width, or “fatness” of the kernel
for any given measurement, since this width increases with the square root of the central period of the wave (Hung
et al., 2000). Incorporating the varying frequency‐dependent sensitivity of traveltimes is therefore generally
considered to improve resolution and sharpen the amplitudes of the resultant images, relative to a purely ray‐
theoretical implementation (Affonso et al., 2021; Hung et al., 2004; Montelli et al., 2004).

Each measurement is assigned a weight in the tomographic inversion with weighting matrix W. The weighting
accounts for (a) a metric of measurement uncertainty calculated using Equation 8 in VanDecar and
Crosson (1990), which quantifies the extent to which individual measurements of lag time are fit by the single‐
station time at the relevant station (this weight dominates the composite weighting; Figure S6 in Supporting
Information S1), (b) waveform similarity (between stations, not frequencies) as quantified by correlation coef-
ficient with the stack, (c) the waveforms' SNR, and (d) our multi‐frequency scheme, which weights measurements
based on how much independent information each frequency provides relative to complementary measurements
at other frequencies that share the same source‐station path. The latter term allows us to include multi‐frequency
measurements without overly emphasizing signals from earthquakes that provide more “broadband” constraints
in terms of viable measurement frequencies (Figure S3 in Supporting Information S1). Text S1 in Supporting
Information S1 describes our weighting in more detail. Through this weighting scheme, measurements are up‐
weighted as they span both a more unique range of the frequency domain, and a wider range in the frequency
domain, thus ensuring that the value of the independent information that a measurement provides is emphasized.
Due to the long tail of the distribution of the VanDecar and Crosson (1990) uncertainty estimates, which dominate
the composite weights (Figure S4 in Supporting Information S1), the resulting weights can be large, and so
weights are capped at a value of 4× the mean weight. We find that the weights from the approach of VanDecar and
Crosson (1990) correlate well with weights based on the correlation coefficients (Figure S5 in Supporting In-
formation S1), suggesting that the individual components of the weights are accurately and consistently capturing
the inherent robustness of the measurements.

We independently solve for compressional and shear wavespeed models, defined as fractional slowness per-
turbations to a 1‐D model (s0), so mv = (s − s0)/ s0. For ease of interpretation, we convert these values to
fractional velocity perturbations, discussed henceforth. The models are parameterized on a cartesian grid oriented
northwards (tests show that the orientation of the grid has a negligible impact on the inversions), with 30 km
horizontal spacing at the center, scaling to 80 km spacing at twice the array aperture, and 35 km vertical spacing.
The model space is defined between 40 and 500 km depth.We use the iasp91 model (Kennett & Engdahl, 1991) to
trace raypaths, the same model used to predict phase move‐out for relative delay times. The inverse problem is
solved using the LSQR algorithm (Paige & Saunders, 1982), running for a maximum of 5,000 iterations with a
convergence criterion characterized by an error tolerance of 1e – 5, and data fit is quantified in terms of the
(weighted) variance reduction (e.g., Schmandt & Humphreys, 2010; Eilon et al., 2015). To explore the
compatibility of P and *S data sets, we also perform a joint inversion of all travel times for a joint δVS model,
where we impose an assumed scaling for slowness perturbations: δvp = Rδvs. We set R = 0.55, as is consistent
with heterogeneity primarily governed by thermal variations (Karato, 1993).

3. Results
In this section, we first describe features of the raw differential travel time measurements, and then present results
from our joint and independent tomographic inversions.

3.1. Delay Times

Our final data set of measurements are obtained using conservative quality control metrics (eliminating mea-
surements with an SNR below 3.5 and a correlation coefficient with the stack of aligned waveforms that falls
below 0.8). In general, we find that the highest‐quality measurements correspond to events with larger magnitudes
(≈ ≥6) and periods above the secondary microseism peak. For P‐waves, we also obtain some high‐quality
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measurements at periods below the secondary microseism peak. This joint control that both period band and
earthquake magnitude exert on measurement characteristics can be seen through a visualization of SNR as a
function of frequency and magnitude for all earthquakes recorded by our stations (Figure S6 in Supporting In-
formation S1). This highlights, for all phases, a decline in measurement SNR as the frequency corresponding to
the secondary microseism is approached, and for P‐waves, a subtle increase in measurement SNR as frequencies
increase past the secondary microseism. The measurements have good backazimuthal coverage (Figure S7 in
Supporting Information S1), though with a preponderance of events from the west, along the Sunda subduction
zone.

Our final data set contains 1987 S and SKS delay times and 1847 P delay times, making this a uniquely
comprehensive data set relative to some other recent body wave studies; Kang et al. (2023) and (Eilon, Zhang
et al., 2022) did not present S‐wave observations, and we recorded a larger number of measurements than the
study of Harmon et al. (2007), though the multifrequency nature of our data set entails some redundancy. We
observe consistent back‐azimuthal and geographic variations, as well as patterns that persist across frequency
bands and across both P and Smeasured phases. Moreover, the values of the corresponding relative delay times of
P and S show a covariance that highlights the agreement between the independently measured P‐ and S‐wave data
sets (Figure 1).

The distributions of arrival times span a large range and follow an approximately Gaussian distribution. For
P‐waves, the central 80% of the travel time distribution falls between − 0.30 and +0.32 s; the overall RMS is
0.25 s. For S‐waves, the corresponding spread is − 0.69 to +0.71 s, with an RMS of 0.56 s. The larger range (by
approximately a factor of 2.25) for S‐waves is consistent with the ratio of ∼1.9 − 2.2 estimated for the tem-
perature dependence of upper mantle materials with no melt present, based on laboratory measurements (For-
syth, 1992; Ritzwoller et al., 1988).

Since P‐ and S‐ patterns are so similar, we first describe the systematics they share, before highlighting some
modest differences. Delay times at northeast stations from northwesterly azimuths are significantly delayed
relative to the average. At the same northeast stations, arrivals from the NNE are early relative to the average. At
stations in the west, arrivals are overall fast, particularly for arrivals from the NW. The dense line of stations along
the spine of the array shows a clear transition in delay times, from generally faster in the west to more delayed in
the east. At stations in the south, arrivals from the north and northwest are delayed relative to the average.
However, measurements corresponding to azimuths from the east are somewhat sped up relative to the average.
Although some stations are overall slower and others overall faster, the unambiguous backazimuthal variations,
repeated with great similarity across several individual stations, imply strong lateral velocity gradients are present
in the mantle beneath the study area.

For both P‐ and S‐waves, the patterns described above are generally consistent across all the frequency bands
explored (Figures S8 and S9 in Supporting Information S1), with only minor differences. For example, for S
waves, some of the most advanced (faster) relative arrivals are recorded at the west‐most stations, along azimuths
consistently from the northwest. While the P waves also record fast delay times for these source‐station paths,
they are not unambiguously the fastest in the study area along these paths. We also note that the southwest‐most
station consistently shows delayed arrivals from the northwest at all frequencies for S‐waves, but not for P‐waves.
As a sanity check, we find that P‐wave measurements made on the DPG show similar patterns as for the vertical
components (Figure S9 in Supporting Information S1); however, as there are a small number of high‐quality
measurements from the DPGs, we do not incorporate these in the inversions, and all P measurements used in
the inversion are from the vertical component. From an orthogonal regression of the independent P and S delay
times with weights proportional to the calculated variances, we find a clear correlation between P/S delay time
with a slope consistent with thermally governed heterogeneity that highlights the expected scaling between these
independent observations (Figure S10 in Supporting Information S1), but the actual value of this slope is too
poorly constrained to be interpreted in terms of the underlying physical mechanism.

3.2. Tomographic Model

In this study, we present independent Vp and Vs tomographic models for our study region, as well as a jointly
inverted, scaled Vp and Vs model derived from both P and S data sets. Figure 2 shows horizontal slices of our
preferred models, and Figure 3 shows vertical cross‐sections through these models. In this section, we first present
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an exploration of the model space (for both joint and individual inversions) that arises from variable choices of
regularization. We then discuss the features of our preferred joint and independent tomographic models in detail.

3.2.1. A Suite of Models

Regularization parameters (smoothing (γ) and damping (ϵ) values) are somewhat subjective, but exert significant
control on tomographic models. A common heuristic to obtain preferred regularization is to pick a model that
corresponds to a point located at the elbow of an “L‐curve” that describes the classic trade‐off between data fit and
model simplicity (Figure 4, Figure S11 in Supporting Information S1). Since we recognize that this choice is
subjective and that no unique regularization parameters are “correct,” our philosophy for exploring and under-
standing the velocity heterogeneity implied by our analysis for this study is to present (and analyze) a suite of
models spanning the entire viable region of the L‐curve space (Figures S12–S23 in Supporting Information S1),
allowing the reader to better appreciate which features of the model are robust. We discuss this decision, as well as
alternate approaches for arriving at a preferred model, in more detail in Text S2 in Supporting Information S1, and
highlight some key factors that impede an alternative approach here.

A choice of preferred model couched in maximum likelihood theory would ideally yield a reduced‐χ2 estimate
(Text S2 in Supporting Information S1) near unity for both P and S‐wave models, suggesting levels of data fit
similar to estimates of measurement error, where such estimates are derived from the approach of VanDecar and
Crosson (1990). However, our analyses yielded reduced‐χ2 values for the majority of the model suite that were
generally much higher than unity (for S models) and less than unity (for P models) (Figure S24 in Supporting
Information S1). We found that choosing a preferred model using these reduced‐χ2 values would necessitate

Figure 2. Summary of preferred joint δVs (top row), individual δVs (middle), and δVp (bottom) models at a range of depths. The overlaid dashed lines corresponds to 0.6,
0.4, and 0.2 contours of hit quality; regions with hit quality less than 0.3 are masked out. Each column corresponds to a different depth, which is shown in the bottom‐left
corner. Purple triangles in the top‐left panel correspond to local seamounts from the compilation of Kim and Wessel (2011).
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significantly increasing the regularization in the P‐wave models and decreasing the regularization in the S‐wave
models, yielding inconsistent structure between models and unexpectedly high‐amplitude δVs/δVp structure; such
an approach thus seemed inadvisable for our inversion. The underlying differences between the reduced‐χ2 values
for P and S‐wave models are driven by the much larger RMS amplitude of the S‐wave traveltimes relative to the
P‐wave traveltimes (the former being larger by approximately a factor of 2) while in the presence of estimated
data errors with relatively similar amplitudes (Figure S7 in Supporting Information S1). We interpret this as
implying that our formal estimates of data error may be incomplete. Rigorous explorations of teleseismic P and
S‐wave delay time uncertainties have not been conducted on OBS data, and we identify this as an area for future
exploration and beyond the scope of this study. For now, we thus rely on a rigorous analysis of the model space
and a presentation of the full model suite as heuristics to assess the reliability of the inverted models.

In all our inversions, the amplitude and wavelength of heterogeneity varies predictably as we explore different
damping and smoothing parameters (Figure 4 and Figure S11 in Supporting Information S1); increased
smoothing (γ) leads to smoother and longer‐wavelength structure and increasing damping (ϵ) reduces the am-
plitudes of the models. Figures S12–S14 in Supporting Information S1 show the results of the joint inversion for a
range of choices of damping and smoothing parameters. To summarize the consistency of model features across
these different choices of regularization, we map regions of consistently fast and consistently slow structure via
depth‐dependent vote maps, which depict how consistent a particular model characteristic is across a suite of
models (Lekic et al., 2012; Ritsema & Lekić, 2020). We calculate separate vote maps for both high and low
velocities, as follows: For each model corresponding to combinations of damping/smoothing sampled evenly
between 0 and 20, we add a “vote” at any voxel with velocity perturbation exceeding a low or high‐velocity
threshold (±0.75% for S waves, and ±0.4% for P waves). Figure 5 presents these vote maps for the suite of
models generated from the joint inversion. At shallow depths, the vote maps highlight consistently slow structure
in the north and south of the model, with the zone of slow structure in the north showing elongation NW‐SE.
Similarly, at shallow depths, we see a zone of high‐velocity structure in the west of the model, but also showing a
NW‐SE elongation. At deeper depths, the center of the model is characterized by slower structure of significant
amplitude; the shallow high‐velocity lineament pattern begins to distort slightly at depths below 145 km, and

Figure 3. Vertical cross‐sections through our δVp (top), δVs (middle), and joint inversion (bottom) models, corresponding to
the transects that are shown in Figure 2. Overlain are dashed hit quality contours of 0.4 and 0.6.
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Figure 4.
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reorganizes into a more complex, less linear structure. At the deeper depths in the model, we image a NW‐SE zone
of low velocities.

By visualizing the individual results from independent inversions for a range of choices of regularization (Figures
S15–S20 in Supporting Information S1) and summarizing consistent structure in vote maps in Figure S21 and S22
in Supporting Information S1 for S and P waves respectively, we observe consistent structure across a wide suite
of models derived from the independent P and S data sets. The majority of the realizations of P and Smodels show
a NW‐SE oriented high‐velocity streak at the shallowest depths in the south of the model (Figure S21 and S22 in
Supporting Information S1). At the same shallow depths, there is a low‐velocity feature in the north of the models.
In S‐wave models this feature is sub‐parallel to the high‐velocity streak, but for the P‐wave models it is more
arcuate. In the south, all models again agree on low velocities, but the S models imply more clear separation
between this slow feature and the northern one. At intermediate depths (≈145km), S‐wave models continue to
show a pair of NW‐SE‐oriented high and low‐velocity lineations, but these are much less clear for the P‐wave
models. An apparent reorganization of structure is more evident in both models at deeper depths; the S‐wave
models tend to show a NW‐SE lineation of low velocities at deeper depths (particularly evident in the vote map,
Figure S21 in Supporting Information S1), but the P‐wave models, while also manifesting low velocities in the
center of the model, do not show clear lineation. In a later section, we rigorously explore the extent to which the
models prefer oriented structure. We also find (Figure S23 in Supporting Information S1) that as damping and
smoothing increases, simplifying the models to only the coarsest features required by the data, the (independent)
δVs and δVp models show an increasing correlation with each other. This result shows that there are consistent
underlying patterns in the structure seen by both P and S data sets.

Figure 4. Illustration of (at a depth of 145 km) howmodels from the inversion for the independent δVp and δVs models vary as a function of damping and smoothing, and
selection of the preferred model: showing examples of a relatively underdamped model (triangle), our preferred model (star), a relatively smooth model (square), a
model that is both under‐damped and very under‐smoothed (circle), and (diamond) a model that is over‐damped and over‐smoothed. Panels (e) and (k) show the L‐
curves for the S and P‐models respectively, illustrating the choice of the preferred model and the placement of the other illustrative models on the L‐curve. The
corresponding smoothing and damping parameters (γ,ϵ) corresponding to each model are shown. The colorscale on the L‐curves provides the correlation coefficient
between each individual model and the preferred joint model.

Figure 5. Vote maps documenting the consensus on high and low‐velocity structure that is implied by results from the joint inversion. The vote maps summarize results
from joint inversions conducted using a wide range of damping and smoothing parameters, between 0 and 20. The number of votes at any pixel are normalized by the
total number of models that were queried (400). The threshold velocity required for a successful ’vote’ is ±0.75%. The Supporting Information S1 contains similar
figures for the independent P and S inversions.
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3.2.2. Preferred Model Features

Our preferred joint model, which falls on the elbow of the corresponding L‐curve (Figure S11 in Supporting
Information S1), shows the features we described in the vote map of the full model suite, while not showing the
spurious structure that is visible for lower values of damping and smoothing. We select preferred regularization
for the independent models from a combination of proximity to the “elbow” of the L‐curve and a high correlation
with the model from the joint inversion, which is shown via color shading of the L‐curves for the independent
models (Figure 4). The preferred independent S‐wave model tends to show better correlation with the model from
the joint inversion than the P‐wave model, likely because the S‐wave data has larger amplitudes (Figure 1), though
this may also be consistent with the higher sensitivity of shear moduli to melt and temperature. The models
achieve a reasonable fit to the data, and show a weighted variance reduction of 73% for the S‐wave data set and
60.1% for the P‐wave data set. In a later section, we demonstrate that these variance reductions are significant.

Our preferred models are shown in map view in Figure 2 and cross‐section in Figure 3. In general, structure is
consistent across the joint, independent P, and independent Smodels. At shallow depths (≤150 km), our preferred
joint and S‐wave models have relatively low‐velocity structure in the northeast and southwest of the model.
However, the center of the model is characterized by a lineament of high velocity structure, trending NW‐SE and
most prominent at shallow depths in the model. At deeper depths (215 km), the center of the model begins to be
characterized by slower structure of significant amplitude; the shallow high‐velocity lineament pattern distorts at
depths below 110 km, and reorganizes between 145 and 215 km into a more complex, less linear structure. At
even deeper depths (z≥ 290 km) we once again see a NW‐SE lineament, slightly displaced horizontally from the
shallow lineament, but this time demarcating low velocities rather than high velocities and spanning a larger
lateral width. Our P‐wave model shows similar patterns at shallower depths and also exhibits a reorganization of
velocity patterns at middle depths, but in this P‐wave model, the low‐velocity feature at deeper depths is perhaps
oriented more E‐W as opposed to NW‐SE. All models also show some structure oriented ENE‐WSW; at
∼110 − 145 km, there is a low‐velocity lineament oriented ENE‐WSW. This structure is approximately sub‐
parallel to and co‐located with the first‐order variation in bathymetry across the array, which takes the form of
a sharp decrease over a very small distance from ∼− 5000 m to ∼− 5400 m (Figure S1), which is also co‐located
with the location at which gravity lineations are somewhat disrupted.

In cross‐section view, we see narrow and alternating high and low‐velocity regions in the upper region of the
model, with a relatively low‐velocity zone at deeper depths of large amplitude that is displaced laterally from
shallower low‐velocity regions. The alternating shallow high and low velocity zones are clearest along cross‐
sections A‐A′ and B‐B′; section C‐C′ falls along a location where we see subtle low‐velocity lineament ori-
ented ENE‐WSW for the P‐wave models. All three transects highlight the similarity between the (independent)
P‐wave and S‐wave models, though cross‐section C‐C′ lacks shallow high‐velocity structure while still having all
three models be consistent on the other locations of low‐velocity structure.

The station terms solved for in our inversion show relatively small amplitudes (∼0.04 s for P waves and ∼0.02 s
for Swaves). The patterns in station terms are somewhat similar for both P and Swaves (Figure S24 in Supporting
Information S1) and show geographic coherence, suggesting that they are accounting for real structure. The low
amplitude of the station terms is consistent with relatively homogeneous sediment properties and crustal thickness
across the study region, (the latter of which is suggested by trends in global compilations of crustal thickness
observations (Van Avendonk et al., 2017)), at least in the context of teleseismic body wave travel times.

3.3. Evaluating Model Robustness

In this section, we summarize the results of several tests that we have conducted to assess and understand the
robustness of our preferred model. More details about these tests are provided in Text S3 in Supporting
Information S1.

First, we address the significance of the moderate variance reduction that we observe (73% for the S‐wave model,
60% for the P‐wave model). To demonstrate that our models' variance reduction is significant, we test a null
hypothesis—that the data are only random noise, and that the inversion is simply fitting this noise with mean-
ingless structure. We generated and subsequently inverted synthetic data sets characterized by only random noise
(Text S3 in Supporting Information S1). For both the P (VR ≈ 16.7%) and S‐wave data sets (VR ≈ 19.9%) , the
variance reduction is significantly lower (30‐sigma for S‐waves, and 25‐sigma for P‐waves) than the variance
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reductions obtained from inverting real data (Figure S25 in Supporting Information S1). This suggests that our
inversions represent good fits to noisy data, and that our models are meaningful.

As an additional test of model robustness, we perform tomographic inversions on our real data, but this time using
a ray‐theoretical approach instead of using finite‐frequency (FF) kernels. We found that, for both joint and in-
dependent P and S models, the ray‐theoretical inversion results (Figures S26 and S27 in Supporting Informa-
tion S1) showed patterns that are broadly consistent with those in the finite‐frequency models, attesting to the
robustness of these patterns.

Synthetic tests help evaluate the spatial resolution of our inversions and identify biases in imaged structure.
“Checkerboard” tests, which test the recovery of input structure organized in a checkerboard pattern, show good
recovery overall, with recovery best at the center of the model and with some deterioration and smearing toward
the southwest in the western section of the model and toward the northeast in the eastern section of the model
(Figure 7, Text S3 and Figure S28 in Supporting Information S1). We also perform synthetic tests to evaluate the
recovery of oriented structure, since such structure is an important aspect of our model interpretation. We observe
excellent recovery of input structure organized in orientations both parallel and perpendicular to the gravity
lineations (Figures S30 and S31 in Supporting Information S1), with no distortion of the orientation of the
structure, suggesting that the observed lineations are not an artifact of ray geometry for our limited earthquake
catalog.

To explore whether the data support interpreting the apparent NW‐SE lineation, we perform a “2.5D” test where
we force the model to be uniform along a single azimuth (i.e., varying only in depth and the orthogonal direction)
(Eilon, Zhang, et al., 2022). We vary this azimuth to determine whether the data imply structural lineation, and
how large this preference is (Figure 6). For this test we use finite‐frequency kernels and the preferred model

Figure 6. Results of a test to explore the extent to which heterogeneity at a constant orientation can adequately explain our
data. (a, c): Variance reduction (Relative to global maximum) as a function of the orientation of model structure, for (a) the
P‐wave data set and (c) the S‐wave data set. Also shown (b, d) are the inverted models that correspond to the best‐fitting
strike for both the P‐ and S‐wave inversions. Shown as colored lines in panel (d) are the orientations of the free‐air gravity
anomaly lineations for our study regions and the orientation of absolute plate motion in a no‐net rotation reference frame for
the ITRF2020 model (Altamimi et al., 2023). Note the consistency between the best‐fitting orientation for both P‐ and
S‐wave data sets, as well as the consistency in the locations of the low and high‐velocity anomalies for the P‐ and S‐wave
inverted models.
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regularization parameters. We find that, consistent with the visual appearance of oriented heterogeneity in our
preferred model, the best‐fit orientation is ∼145° for the P‐wave model, and ∼160° for the S‐wave model. In this
context, the optimal “2.5D” model has a variance reduction of ∼58%, which is significantly better than the worst‐
fit 2.5D model (42%).

Next, we explore the extent to which depth‐dependent variations in heterogeneity are necessary in our preferred
model. If we allow no variation in structure as a function of depth, we observe a significant decrease in variance

Figure 7. Results of S‐wave checkerboard tests. Top three rows; horizontal slices showing the recovery of checkerboard tests
at different depths. Bottom row: E‐W sections through the output model, with corresponding transects shown in the top‐left
panel. Only sections of the model with hit quality ≥0.4 are shown. The locations and shapes of input low and high‐velocity
checkers of amplitude ±5% are shown with red and blue contours respectively.
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reduction (49% for the S‐wave model), suggesting that depth‐dependent structure is important to explain some of
the data. To explore this further, we “squeeze” model structure by confining the model to a limited range of depths
(Figures S32 and S33 in Supporting Information S1) and examine the patterns and data fit of the resulting models
(Text S3 in Supporting Information S1). We find that while the data do prefer some variation with depth, it is
much less important than the first‐order lateral variations, which are very consistent across varying squeezing
depths; however, the precise depth of the significant anomalies in our model is quite poorly constrained.

We also execute tests to confirm that our inversion is not unduly impacted by the presence of redundant or non‐
independent multifrequency data. We conduct an inversion where we only invert the subset of measurements that
are from non‐overlapping frequency bands for each earthquake (Text S3; Figures S34, S35 in Supporting In-
formation S1), and find that the features of the resulting model are consistent with our preferred model. We also
explore the impact of our choice of data weighting by conducting a suite of multiple inversions where the data
weights are randomized (Text S3 in Supporting Information S1). We then examine the resulting suite of models.
The individual entries in the ensemble of models are extremely similar visually (Figures S36 and S37 in Sup-
porting Information S1), and variatiodns in the inverted structure are weak compared to the amplitude of vari-
ations that are interpreted. The mean of the ensemble has patterns that are extremely similar to our preferred
model (Figure S38 in Supporting Information S1). This emphasizes that our choice of data weights do not control
the interpreted features in the model.

Finally, we note that we also tested (Figure S39 in Supporting Information S1) the impact of controlling model
roughness via first‐derivative minimization (flatness) or second‐derivative minimization (smoothness), the latter
of which is used in the preferred model. We found that the differences between the two resultant δVs models are
minimal.

4. Discussion
4.1. Nature of Imaged Heterogeneity

Our first‐order observation of substantial lateral velocity heterogeneity requires contrasts in state variables in the
upper mantle beneath OldORCA. Seismic velocity is chiefly governed by temperature, composition, the presence
of melt, and the activation of anelastic mechanisms (Abers et al., 2014; Dalton et al., 2009). Composition is an
unlikely culprit for observed heterogeneity, since a 5% contrast would require∼20% variation in SiO2 content via
melt depletion (Schutt & Lesher, 2006), which is implausible given normative contrasts in asthenospheric fertility
(Morgan, 1997). We therefore consider to what extent temperature can explain observed structure, since the other
factors are strong functions of this parameter. Accordingly, we compare δVs to δVp across the independent
tomographic models. The ratio of these properties quantifies relative shear to bulk modulus variation, diagnostic
of underlying physical mechanisms ( D. L. Anderson, 2000;Goes et al., 2000). Figure S40 shows these corre-
sponding values at co‐located and well‐resolved model nodes. The best‐fitting δVs/δVp slope of ∼1.38 is
consistent with heterogeneity governed by thermal effects alone (1.2–2.0), and does not necessitate the presence
of melt (O. L. Anderson et al., 1992; Eilon et al., 2015), though given the uncertainties in imaging, the presence of
melt may still be consistent with the imaged structures.

Our models are perturbational in nature, and technically insensitive to absolute velocities. Thus, a central question
is whether the slow and fast imaged anomalies correspond to mantle features that depart from ambient mantle
(e.g., hotter and colder than the adiabat, respectively) or whether they merely differ relative to each other
(Figure 9). The former scenario would require provision of heat, presumably from below, as well as cold‐
anomalies, presumably sourced from the base of the plate. The latter scenario would require cold (and abso-
lutely fast) material descending from the plate into average mantle (normal velocity, apparently slower), or cells
of hot (and absolutely slow) material ascending through average mantle (normal velocity, apparently faster).
Average wavespeeds from surface wave imaging here (Russell et al., 2022) suggests that the overall upper mantle
here is sitting roughly on an adiabatic temperature (for 1,350°C potential temperature). This suggests a purely
“bottom‐up” scenario is unlikely. We thus explore two possibilities: (a) Relatively slow features correspond to
ambient mantle, and relatively fast features are cold. (b) Relatively slow features are on the adiabat but (perhaps
due to volatiles) contain melt, relatively fast features are cold.

To address this, we quantify thermal anomalies compatible with the amplitudes of δVs heterogeneity within the
upper mantle, focusing on the depth range between 120 and 170 km. We fix the lowest velocities by using a
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temperature at 1350°C, corresponding to a potential temperature of 1,292 K assuming a 0.35 K/km adiabat. We
implemented three scenarios with no melt fraction (A), a modest melt fraction of 0.5% (B), and a minimal melt
fraction of 0.1% (Scenario C), which is similar geodynamically to (B). We then calculate a lookup table of Vs for
(melt‐free) mantle between 800 and 1350°C, to find the temperature contrast (relative to the slow endmember)
required to match a given velocity contrast. We assume a lherzolite mantle composition, and calculate the cor-
responding anharmonic elastic moduli using the toolbox of Abers and Hacker (2016). We assume a grain size of
1 mm, a period of 10 s (consistent with the average frequency of S‐wave measurements), and pressures corre-
sponding to a depth of 145 km. Anelasticity is accounted for using the VBRc (Havlin et al., 2021), wherein we
implement relaxation through the xfit‐premelt scaling law of (Yamauchi & Takei, 2016), updated to include the
direct effect of melt (Yamauchi & Takei, 2024). For the low‐velocity endmember at 1350°C we obtain Vs = 4.33
km/s for case (A) with no melt, Vs = 4.25 km/s for case (B) with 0.5%melt fraction, and Vs = 4.31 km/s for case
(C) with 0.1% melt fraction.

Since uncertainties associated with our choice of model regularization are likely larger than uncertainties in the Vs
calculation, we explore the temperature anomalies associated with our full suite of regularization choices, using
the setup described above. We convert from absolute to relative velocities by pinning the low end‐member ve-
locity to the 2.5th percentile deviatoric velocity in the tomographic model. We then use the VBRc lookup table
above to calculate the temperature that would be required to get the corresponding (high) velocity at the 97.5th
percentile δVs. The difference between these temperatures yields the peak‐to‐peak thermal anomaly implied by a
given tomographic model. We repeat this for all models in our L‐test sweep of regularization parameters, so that
the reader can decide for themselves what combination of data fit and implied thermal heterogeneity they find
believable (Figure 8).

This analysis makes several things clear. As expected, the presence of melt trades off with temperature hetero-
geneity. At our preferred model (73% variance reduction), scenario (A) implies ∼90 K thermal contrast between

Figure 8. Thermal anomaly implied by the peak‐to‐peak velocity anomalies in our suite of shear‐wave velocity models,
spanning a wide range of damping and smoothing parameters. In this context, peak‐to‐peak velocity anomalies correspond to
the difference between the 2.5th and the 97.5th percentile of the velocity anomalies. Circles correspond to a scenario with no
melt, diamonds correspond to a scenario with a minimal amount of melt, and triangles correspond to a scenario with a modest
amount of melt. Each plotted point corresponds to a different combination of smoothing and damping parameters.
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fast/slow regions, while scenario (B) requires only 45 K, along with 0.5% melt in the slow structures. A higher
data fit is possible but would require a larger temperature contrast, on the order of ≥200 K for 78% variance
reduction for scenario A. Scenario (C) is a compromise between these two scenarios, showing that a subtle (0.1%)
amount of melt can reduce the implied thermal anomaly by a small amount, on the order of 10 K, implying an
80 K thermal contrast. Unless substantial melt is present, even poorly fit, over‐damped models require non‐zero
thermal heterogeneity. Attributing structure to mostly temperature variation, potentially with a minimal amount
of melt, is consistent with the scaling between the P and S models. A note of caution is that body‐wave tomo-
graphic images generally under‐predict the amplitude of velocity heterogeneity (Burdick & Lekić, 2017);
therefore, the above inferred thermal anomalies might be lower bounds. Below, we discuss our preferred scenario.

Figure 9. Schematic of possible scenarios for small‐scale convective processes compatible with the peak‐to‐peak anomalies
in our body‐wave tomographic imaging. Each row either permits or does not allow melt, and each column represents a
different set of driving forces for convective processes. In this schematic, the bottom‐left panel is our preferred model.
Temperatures resulting in our inferred temperature contrast of either ∼90 K (no melt) or ∼45 K (melt) are shown; the
presence of melt is indicated by orange lenses. The bottom panel shows an annotated cross‐section of our preferred S‐wave
tomographic model, with arrows indicating convective dynamics; the solid line corresponds to the depth to the 1,150 isotherm
for 90 Ma seafloor.
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4.2. Implications for Dynamic Processes

Our preferred model shows mantle heterogeneity at uppermost mantle depths (z ≈ 80 km; Figure 3). This het-
erogeneity may reflect convective instabilities driven from the “top‐down” by gravitationally unstable litho-
sphere; the relatively high‐velocity anomalies being the active downwelling lithosphere (Conrad &Molnar, 1999)
and slow anomalies being upwelling asthenosphere that is displaced by the downwellings. It is reasonable for
slow regions to contain some melt as adiabatic upwellings cross the solidus during ascent. An alternate hypothesis
is that convective cells are driven from the “bottom‐up”, whereby deeper‐sourced hot mini‐plumes deform or
destabilize the base of the lithosphere. Such upwellings could be linked to abundant south Pacific hotspot activity
(Davaille & Romanowicz, 2020; Yamamoto et al., 2007) and/or the Pacific LLSVP (Lekic et al., 2012; Munch
et al., 2024). This latter scenario, with hot material ascending from depth, would predict reduced thickness of the
mantle transition zone beneath the region.

We favor the “top‐down” model for the active convective processes that we image. The large age of the study
region provides sufficient time for gravitational instabilities to form at the base of the plates. ‘Rolls’ induced by
sub‐lithospheric small‐scale convection (SSC) should align with the orientation of plate motion (van Hunen &
Zhong, 2006), as convective cells are sheared by an overriding plate (Haxby & Weissel, 1986). This is roughly
what we see ‐ our best‐fitting model lineation (325° for P, 340° for S) is subparallel to absolute plate motion
(301.44° in a NNR reference frame). The orientation of the lithospheric heterogeneity in our model is slightly
closer to the orientation of the free‐air gravity anomalies, which may suggest a link between imaged lithospheric
structure and shallower processes. The amplitude of the inferred thermal anomaly provides an additional metric to
validate different models for the convective processes implied by our tomography. Dannberg et al. (2025) show,
using fully 3D geodynamic simulations of small‐scale convection, that the temperature anomalies associated with
cold lithospheric downwellings are typically − 75 K or less, broadly consistent with our results. Moreover, since
positive thermal anomalies of substantial magnitude are unlikely to be sourced within the asthenosphere or at its
base, the corresponding bottom‐up scenario for convective heterogeneity likely necessitates thermal anomalies
introduced by a plume or mantle upwelling. Such temperature anomalies associated with mantle upwellings are
larger, often in excess of 200 K (Putirka, 2005; Sleep, 1990). Thus, the temperature anomalies associated with our
preferred tomographic model (50–100 K, depending on the presence of melt) are more consistent with a scenario
of small‐scale convection due to lithospheric downwelling.

However, geophysical observations at the surface do not obviously support a link to the tomographically imaged
mantle structure. The OldORCA region contains a number of small, semi‐parallel volcanic ridges or seamount
chains that are flanked by FAA lows, suggesting flexural compensation (Figure 1). Judging from the width of the
FAA lows, the characteristic flexural wavelength appears to be on the order of 25 km, although some spatial
variation is evident. A flexural wavelength of 25 km translates to an effective elastic thickness of only a few km,
comparable to the thickness found in much of the GLIMPSE study area (Harmon et al., 2006). Thus, much of the
bathymetric and FAA variation in old ORCA could be due to frozen‐in features formed when the seafloor was
very young, and may not necessarily be expected to reflect heterogeneity in our tomographic images. Some,
though not all, seamounts here have angular, stellate morphology corresponding to radial dyke zones. This
suggests they have experienced mass wasting following slow alteration by seawater, likely indicative of old
edifices (Mitchell, 2001; Vogt & Smoot, 1984). Moreover, the locations of the seamounts do not agree well with
the locations of low‐velocity tomographic anomalies (Figure 2), as one might expect if they were due to recent
melt production in an SSC system (Ballmer et al., 2007). Thus, either these seamounts reflect a long‐extinct
process totally independent of contemporary SSC, or some complex plumbing system allows volcanism to be
offset laterally from the shallow low‐velocity model anomalies that we presume to be upwellings.

Dynamical simulations (Ballmer et al., 2007; Dannberg et al., 2024) have highlighted the possibility of SSC at a
wide range of locations and lithospheric ages. This may be a common process throughout the oceanic upper
mantle. A growing suite of OBS body‐wave tomography studies are consistent with SSC in oceanic astheno-
sphere. Kang et al. (2023) and Eilon, Zhang, et al. (2022) image substantial velocity heterogeneity, and differ-
ential arrival times measured at the NoMelt array show substantial amplitude (Hung et al., 2017), consistent with
sharp velocity heterogeneity. In fact, to date, no body‐wave imaging studies beneath stable oceanic lithosphere
have imaged weak or absent heterogeneity (Eilon, Zhang, et al., 2022; Hung et al., 2017; Kang et al., 2023). The
imaging results shown here, validated by independent sets of measurements for P and Swaves, provide additional
support for widespread SSC.
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The dynamical implications of this process being common are profound. SSCmay explain observed shallowing in
age‐depth profiles (Crosby et al., 2006; Stein & Stein, 1992), and control the thickness of the oceanic lithosphere
(Priestley & McKenzie, 2006; Ritzwoller et al., 2004). Furthermore, the partial melt owing to SSC may pond, or
have frozen, in laterally variable amounts at the plates' base (Rychert et al., 2020), explaining widespread ob-
servations of a sharp discontinuity in the oceanic lithosphere‐asthenosphere system (Chen et al., 2024; Mark
et al., 2021; Schmerr, 2012; Tharimena et al., 2017). SSC could also contribute to sharp lithospheric disconti-
nuities through other mechanisms. For instance, to satisfy strain continuity across a shallow viscosity boundary
(Hirth & Kohlstedt, 1996), the deformation associated with SSC may result in a seismically detectable change in
grain size. In addition, if SSC introduces new volatiles from depth, this could locally depress the solidus, reducing
shear velocities through a pre‐melt effect (Yamauchi & Takei, 2020).

Given the pervasive nature of small‐scale heterogeneity suggested by observations, it may be auspicious to refine
paradigms of a homogeneous oceanic upper mantle and consider more rigorously the implications of fairly
ubiquitious convective processes, especially where gravity lineations are present.

5. Conclusion
We present tomographic images of the oceanic upper mantle beneath old oceanic lithosphere, using new P and S‐
wave traveltime measurements. Our velocity models contain strong heterogeneity that implies substantial
(≤100 K) thermal variations in the sublithospheric mantle and/or more subtle thermal variations (∼50 K)
alongside regions with partial melt. The imaged heterogeneity is moderately lineated (particularly at shallower
depths), with elongation subparallel to both free‐air gravity lineations and the orientation of absolute plate motion.
This supports an interpretation that the velocity anomalies represent small‐scale convection driven by boundary
layer instabilities at the base of the plate. The number of broadband OBS studies that document observational
evidence of sub‐lithospheric small‐scale convection continues to grow, lending support to a scenario where
convective processes are common throughout the oceanic upper mantle.
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