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Abstract 10 

We investigate seismic discontinuities across the middle of Earth’s mantle beneath a large 11 

seismic array that spans the North American continent. We provide robust constraints on the 12 

depth distribution, sharpness, and spatial variation of seismic discontinuities by processing 13 

high-resolution Ps-converted seismic waves (~0.5 Hz) through a novel denoising filter called 14 

CRISP-RF (Clean Receiver function Imaging with Sparse Radon Filters). In the upper mantle, above 15 

the mantle transition zone (MTZ), we observe a sharp velocity decrease at depths that vary 16 

from ~290 km to ~390 km. In the lower mantle, below the MTZ, we observe another sharp 17 

velocity decrease at depths that vary from ~800 km to 1,200 km.  The lower-mantle 18 

discontinuities cluster at a depth of ~885 km, while deeper converters (> 1,000 km) are less 19 

likely. The spatial distribution of these seismic features appears stochastic, but we detect 20 

collocated upper-mantle and lower-mantle discontinuities only at 8% of observed locations. 21 

We interpret our results with a dehydration melting model, in which MTZ water is transported 22 

into either the upper or the lower mantle, but rarely simultaneously, during Earth’s long history 23 

of subduction and mantle upwelling.   24 

 25 

 26 
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Plain Language Summary 27 

We investigate the structure of Earth’s mantle beneath North America using seismic waves 28 

generated from earthquakes. We reveal previously undetected features in Earth’s mantle using 29 

a new technique called Clean Receiver function Imaging with Sparse Radon Filters (CRISP-30 

RF). We observe scattering from anomalous mantle rocks, above and below the mantle 31 

transition zone (MTZ), where seismic wave speeds decrease sharply with depth. Above the 32 

MTZ, earthquake waves scatter at multiple depths between 290 and 390 kilometers, at seismic 33 

features that are not laterally contiguous over large distances. Below the MTZ, scattering 34 

occurs at depths of 800 to 1,200 kilometers with a concentration at ~885 kilometers. A vertical 35 

cross-section shows that only rarely (8%) does Ps scattering at the same geographical location 36 

occur both above and below the MTZ. Our findings support a model where water, transported 37 

deep into the Earth by tectonic processes, causes localized melting when it leaves the MTZ, 38 

either upward or downward. Our work provides new insights into the role of water in shaping 39 

Earth’s deep interior.  40 

 41 

 42 
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1. Introduction 49 

In a planet that dissipates heat through whole-mantle convection, discontinuities at depths 50 

with no mineral phase transition should be rare. Yet, growing seismological evidence suggests 51 

the presence of wide-spread reflectors above and below the mantle transition zone  (MTZ: 52 

410-660 km depth) with implications for chemical heterogeneity, water and volatile cycling, 53 

and mantle dynamics (Ballmer et al., 2015; Karato et al., 2020; Waszek et al., 2018). While the 54 

bounding MTZ discontinuities are understood to be caused by solid-state mineral phase 55 

transitions (Helffrich and Wood, 2001; Stixrude and Lithgow-Bertelloni, 2012; Tian et al., 56 

2020), the details and causes of other discontinuities are still vigorously debated (Boschi and 57 

Becker, 2011; Deuss et al., 2013; Fei et al., 2023; Frazer and Park, 2024; Rudolph et al., 2015). 58 

In particular, the mid-mantle discontinuities detected between ~700-1,300 km have baffled a 59 

unified explanation (Frazer and Park, 2021; Hedlin et al., 1997; Schmandt et al., 2014; Waszek 60 

et al., 2018; Zhang et al., 2023).  Multiple explanatory models have been proposed, including: 61 

dehydration melting (Bercovici and Karato, 2003; Frazer and Park, 2021; Schmandt et al., 62 

2014), scattering from the underside of subducting slabs or the top of deflected mantle plumes 63 

(Kaneshima, 2019, 2018; Waszek et al., 2018; Yang and He, 2015), and the incorporation of 64 

hydrous basalts into the mantle (Bentham and Rost, 2014; Frazer and Park, 2024; Kaneshima, 65 

2016).  66 

Innovative seismic techniques have furnished constraints on mid-mantle discontinuities, 67 

improving the detection thresholds, spatial coverage, and depth resolution, which is crucial for 68 

differentiating between interpretations. The earliest detections utilized converted body-waves 69 



Pg  

 
4 

(Niu and Kawakatsu, 1997; Shen et al., 2003) and reverberations from Earth’s surface to the 70 

core (Courtier and Revenaugh, 2008; Revenaugh and Sipkin, 1994). Subsequent regional and 71 

global studies have since expanded on these early findings, using receiver functions (Frazer 72 

and Park, 2021; Jenkins et al., 2017; Schmandt et al., 2014), and SS precursors (Kaneshima, 73 

2023, 2019, 2016; Niu, 2014; Waszek et al., 2018; Zhang et al., 2023). The SS precursor method 74 

is used widely because it allows imaging in regions with poor station coverage. In fact, the 75 

scattering locations of SS precursors are heavily skewed towards oceanic regions near hotspots 76 

and subduction zones where station coverage is sparse (Bentham and Rost, 2014; Kaneshima, 77 

2019, 2018; Waszek et al., 2018). In contrast, detections of mid-mantle discontinuities are rare 78 

across continents and are not limited to locations associated with mantle plumes or subduction 79 

(Frazer and Park, 2021; Jenkins et al., 2017; Niu, 2014).   80 

In this work, we test different explanatory models for mid-mantle seismic interfaces by 81 

providing robust constraints using a new high-resolution technique on large datasets from 82 

recent broadband seismic deployments.  A key advance is that we improve the lateral coverage, 83 

depth resolution, and detection threshold on the depth, sharpness, and polarity of the velocity 84 

change. We do this by leveraging the dense station coverage across North America, and by 85 

applying a high-frequency body-wave technique. Some recent work have provided interesting 86 

results in the western US (Frazer and Park, 2021; Schmandt et al., 2014), however, a 87 

comprehensive study of the entire North American continent has not yet been conducted. 88 

Here we investigate mantle discontinuity structure across the transition zone using a new 89 

receiver function technique called CRISP-RF (Clean Receiver function Imaging using Sparse 90 

Radon Filters). This is a high-resolution approach that improves the detection threshold of 91 
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weak mantle reflectors buried in interfering signals from top-side transition zone reflections 92 

(Jenkins et al., 2017; Olugboji et al., 2023). We provide improved constraints on the presence, 93 

lateral distribution and polarity (velocity drop or increase) of the mantle reflectors across the 94 

entire North American continent. We then evaluate the competing models, e.g. hydrous 95 

melting or compositional layering, for their consistency with our new results. 96 

                                     97 

Figure 1. Station distribution and data coverage across North America. The seismic stations (green triangles) are 98 
overlaid on the background topography with two representative transects AA’ and BB’ used in describing the results (see 99 
Figure 3).  The data coverage in the inset is organized into an equal-area triangular tessellation. The colors represent a 100 
count of all earthquakes passing through the same triangular patch with the same pierce point at 660 km. 101 

 102 

 103 

 104 

 105 
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2. Data and Method 106 

2.1. Waveform-Data and Common Conversion Point Stacking 107 

We analyze three-component waveforms of earthquakes (Mb > 5.5) recorded on 108 

broadband stations across North America. These stations are part of the US Transportable 109 

Array network as well as other major seismic networks deployed in the US, Canada, and 110 

Alaska (Figure 1). We start with an initial dataset of ~700,000 earthquakes and select 111 

~103,000 of the highest quality waveforms for receiver function analysis. The seismograms 112 

are rotated from the geographic coordinate into the radial coordinates and filtered using a 113 

frequency cut-off of 0.5 Hz (Rondenay, 2009). We ensure uniform spatial coverage by 114 

employing a common conversion point (CCP) stacking scheme based on a triangular 115 

tessellation of the study area (Figure 1b and Figure S1). The earthquakes that pass through 116 

the same triangular patch (~1-degree equal sides) are stacked together. The pierce-points 117 

of the rays are calculated for depths of 350 km and 660 km, using a raytracing algorithm 118 

through the PREM model.  119 

 120 

Receiver functions (RF) in each triangular cell are calculated using an extended-time multi-121 

taper cross-correlation technique (Helffrich, 2006). The time-domain coherence of the 122 

receiver functions are improved by stacking using the frequency-dependent coherence 123 

estimates (Park and Levin, 2016, 2000). The stacking is done using equally spaced 3-degree 124 

epicentral bins for earthquakes located between 30 and 90 degrees. We are interested in 125 

discontinuities not predicted by 1-D reference earth models such as PREM or ak135 126 

(Dziewonski and Anderson, 1981; Kennett et al., 1995). We focus on identifying direct 127 
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mantle conversions between 280 km and 1300 km (Ps delay time between 28 s to 130 s). 128 

When interpreting Ps-RFs at these depths, interference is possible from reverberations 129 

generated within the crust or from the top of the transition zone (e.g., Pp410p and Pp660p) 130 

(Jenkins et al., 2017; Olugboji et al., 2023). These larger-amplitude reverberations often 131 

mask signals from weaker conversions in the mantle and make their detection challenging 132 

(Figures 2a, c, and S2).  133 

 134 

2.2. CRISP-RF Processing: Radon Filters and Migration 135 

We improve the detection of low-amplitude mantle conversions by rejecting 136 

reverberations of comparable amplitude with the method of Clean Receiver function 137 

Imaging using Sparse Radon Filters (CRISP-RF) (Carr and Olugboji, 2024; Olugboji et al., 138 

2023; Zhang and Olugboji, 2024). CRISP-RF is an imaging approach based on wavefield 139 

separation through selective backpropagation. Separability in the backward propagated 140 

Radon model is possible because of the unique travel-time curvature (second derivative of 141 

travel-time as a function of slowness) for converted and reverberated waves. This travel-142 

time curvature is positive for a beam of upwardly traveling converted waves and negative 143 

for reverberated waves reflecting at a sharp interface that appears to be generated from a 144 

virtual source at the free surface (see Figure S2). The Radon model selects and isolates 145 

upward-propagating converted Ps waves arriving with positive travel-time curvature. A 146 

final forward-projection, using the inverse Radon transform, recovers a receiver-function 147 

dataset that is largely free of interfering multiples and is significantly denoised (See 148 

examples in Figures S3 and S4). Full details of the CRISP-RF methodology can be found 149 
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in (Olugboji et al., 2023). A final post-processing step aligns the filtered receiver functions 150 

using an appropriate velocity model (PREM) for migration. Above the transition zone, we 151 

migrate to 410 km, and below the transition zone we chose a migration depth of 520 km. 152 

This migration process introduces an uncertainty of ~10-20 km in the interface depths, 153 

depending on the reference model used (see Figure S3).  154 

 155 

3. Results: Discontinuities across the MTZ 156 

We observe marked improvements in the receiver function stacks after filtering using CRISP-157 

RF. Incoherent arrivals that are not related to direct conversions are effectively discarded. The 158 

detection of the MTZ discontinuities is pronouncedly improved. Secondary arrivals with 159 

negative amplitudes are more easily observed above and below the transition zone. Prior to 160 

the denoising steps, these signals are buried within incoherent noise and shallow-layer 161 

reverberations that transmit through a heterogeneous crust reflecting off the Moho or 162 

transmitting through the upper mantle before reflecting off the top of the mantle transition 163 

zone (compare Figures 2 a, c to Figures 2 b, d. See also Figure S6 b and c). By contrast, the 164 

filtered and migrated receiver functions are free of these complex scattered phases. A 165 

comparison of filtered and unfiltered Ps-RFs shows that the MTZ discontinuities are now 166 

clearly observed (positive amplitudes in Figure 2b and 2d). 167 

  168 
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 169 

Figure 2. Improved detection of mantle discontinuities with CRISP-RF.  (Left) Noisy Ps-RFs without CRISP-RF 170 
processing and no migration applied. Each trace is a stack using waveforms common to a single cell in the triangular 171 
tessellation of Figure 1 inset. (Right) Denoised Ps-RFs after CRISP-RF processing with migration and sorting. Panel (b) 172 
is migrated to 410 km and (d) is migrated to 520 km, all based on the PREM velocity model. Results are shown for 173 
discontinuities above the transition zone (a and b) and below the transition zone (c and d). See Figure S3 for details. 174 
 175 

An ordered profile of the filtered Ps-RF traces reveals a new discontinuity above the transition 176 

zone. These are marked by negative amplitudes generated from a sharp velocity decrease 177 

located at a depth that varies from ~290 km to ~390 km (Fig. 2b). These arrivals are not a 178 

side-lobe precursor of the P410s arrival because we do not observe a symmetric side-lobe 179 

below the `410', only a negative pulse above it.  The time-separation of this negative Ps pulse 180 

relative to the positive Ps pulse from the 410-km discontinuity varies geographically across 181 

North America, a behavior inconsistent with a signal-processing artifact. We also observe a 182 

similar discontinuity below the 660-km interface of the MTZ which is weaker than the upper 183 

mantle discontinuity (Figure 2d). Each of these arrivals has been carefully and manually 184 

inspected to ensure that they are direct arrivals (not spurious reverberations). We further 185 

investigate the spatial patterns of these discontinuities using two major transects (Figure 3). 186 
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The goal is to identify regional patterns in the depths of the observed low-velocity 187 

discontinuities (LVDs).  188 

 189 

3.1 Low-Velocity Discontinuity Above the MTZ 190 

The strongest signals in our filtered Ps-RFs, apart from the bounding MTZ 191 

discontinuities, are from the low-velocity discontinuity above the ‘410’. When sorted, 192 

this discontinuity can be detected in a range from 5 km to 120 km above the MTZ, 193 

with a near-continuous distribution of depths (Figure 2b). Geographically, however, 194 

the depth of this scattering horizon varies somewhat randomly along transects A-A’ 195 

and B-B’. The depth distribution of the supra-MTZ velocity inversion shows no 196 

systematic variation with distance (Figure 3 c and 3d). In parts of Alaska and Canada, 197 

we observe fewer interface detections compared to the Northeastern US. The spatial 198 

variations in depths and detection frequency suggest complex underlying processes. 199 

Our results, compared to other regional and global compilations (Hier-Majumder and 200 

Tauzin, 2017; Tauzin et al., 2010; Tauzin and van Der Hilst, 2013), cover a more 201 

extensive footprint across North America. 202 
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 203 

Figure 3. Filtered and migrated Ps-RFs stacks organized along two transects spanning North America. (a and b) 204 
Topography along transects AA’ and BB’. Transect A-A’ is oriented north-west to south-east starting from Alaska (ALSK), 205 
traversing Canada (CN) and terminating in south-eastern US. Transect B-B’ is oriented east-west starting in California 206 
crossing the Southern Basin and Range (SBR), Rocky Mountains (RM), and ending at the southern tip of the Appalachian 207 
Mountains (AM).  (c and d) The negative (red) amplitudes indicate a low-velocity discontinuity above the transition zone. 208 
(e and f) Smaller negative amplitudes below the transition zone indicate a much weaker velocity drop in the mid-mantle.  209 

 210 

3.2. Low-Velocity Discontinuity Below the MTZ 211 

Below the MTZ, we observe another low-velocity discontinuity (Figure 2d). Along 212 

transect A-A’, we observe this discontinuity at a relatively consistent depth (Figure 3e). 213 

Underneath Alaska, it is located ~200 km below the transition zone, at a depth of ~800 214 

km. As we move southward, along A-A’, towards the eastern US, the pattern becomes 215 

more complex. Underneath the Canadian region, the discontinuity becomes sparse, 216 

slightly shallower, and more gradational. These results may be influenced by limitations 217 

in data coverage relative to the contiguous US and Alaska (see Figure 1 inset and S1). 218 

Along transects B-B’, moving from west to east, we note a rapid deepening of the 219 
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discontinuity from ~800 km to 1,100 km at its deepest point below the highest peaks 220 

of the Rocky Mountains at the surface. At this location, and further east, we observe a 221 

shallower discontinuity at a depth~ 900 km. Further east approaching the southern tip 222 

of the Appalachian Mountains, the interface becomes more heterogeneous showing up 223 

as multiple negative Ps-RF arrivals that span a depth range of ~300 km (Figure 3f). 224 

This lack of coherence in the depth is in sharp contrast to the results underneath Alaska 225 

and in the southern US, east of the Rocky Mountain orogen. 226 

 227 

3.3. Spatial Distribution of the LVDs   228 

We investigated the spatial and depth coherence of the newly detected low-velocity 229 

discontinuities across North America. Our study region was divided into 809 triangular 230 

cells (Figure 1 inset) and after rigorous and selective data and CRISP-RF processing, 231 

only 455 cells (~56% by surface area) produced stable and interpretable results (Figure 232 

S5). Amongst these, 228 cells yielded a clear LVD detection, excluding ambiguous 233 

detections (Figures 4a and 4b). While this is only 28% of our study area, it 234 
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   235 

Figure 4. Mapping low-velocity discontinuities above and beneath the transition zone. (a, b) Depth maps of low-236 
velocity discontinuities above the ‘410’ and ‘660’ discontinuities respectively. Insets display depth histograms for each 237 
discontinuity.   238 
 239 

reflects half of regions with good data quality and coverage. Within this set, we found 240 

that majority of the detections are isolated to either the upper mantle or mid-mantle. 241 

For example, 91 out of 228 (~40%) of the cells record a detection exclusively above 242 

the MTZ and 101 out of 228 (~44%) solely below it.  Only a small fraction of cells 243 

(8%) shows paired detection of discontinuities above and below the transition zone 244 

(blue triangles in Figure 5). The higher detection rate below the transition zone suggests 245 

that conditions are more favorable, in the mid-mantle beneath North America, for the 246 

formation of these features.  247 
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 Figure 5. Spatial correlation of low-velocity discontinuities.  The seemingly random distribution suggests no clear 249 
spatial correlation between upper mantle and mid-mantle LVDs across North America hinting at independent mechanisms 250 
governing their formation.  251 
 252 

We summarize key findings on the spatial patterns of the discontinuity depth across a 253 

variety of different tectonic settings – from stable cratons in the continental interiors 254 

to areas with recent tectonic activity in Alaska and western US. Above the transition 255 

zone, the observed discontinuity depth varies from ~25–120 km (Figure 4a). A 256 

statistical analysis of this topography shows that the distribution is asymmetric, with a 257 

slight preference for depths between 317 km and 290 km (Figure 2b and inset of Figure 258 

4a). A discontinuity located at ~ 290 km is more likely especially around the great plains 259 

in the US and in Alaska. Below the transition zone, distribution has a clear peak. This 260 

means that there is a higher probability of finding a mid-mantle discontinuity, ~225 km 261 
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below MTZ, at ~885 km. At a few stations, especially in the continental interiors of 262 

the US and Canada, the discontinuity is as deep as ~1,200 km. However, our data 263 

processing algorithm assesses the deepest LVD detections to have lower likelihood 264 

than most shallower detections. Taken together, we observe very little spatial 265 

correlation between the discontinuity topography above the transition zone relative to 266 

the bathymetry below it. This absence of a correlation suggests that the mechanisms 267 

responsible for generating these two discontinuities operate independent of each other.  268 

 269 

4 Discussion 270 

If our interpretations of CRISP-RF analyses in terms of low-velocity zones both above and 271 

below the mantle transition zone (MTZ) are correct, there are several implications for whole-272 

earth geodynamics and geochemistry.  Two leading hypotheses for large-scale mid-mantle 273 

processes are the basalt-enrichment hypothesis for incomplete mantle mixing (Frazer and 274 

Park, 2024; Tauzin et al., 2022; Yu et al., 2023), and the extension of the water-filter hypothesis 275 

(Bercovici and Karato, 2003) to a model for the long-term evolution of Earth’s ocean mass 276 

with the MTZ as a reservoir of water (Karato et al., 2020). In the first hypothesis, subducted 277 

oceanic crust remains unmixed in Earth’s mantle and likely forms local concentrations of 278 

eclogitic garnet- and iron-rich rock to generate 3-D seismic velocity variations in the mid 279 

mantle.  In the second hypothesis, excess hydration of MTZ minerals wadsleyite and 280 

ringwoodite, both derived from upper-mantle olivine, leads to water release and partial melting 281 

whenever this material convects upward into the upper mantle or downward into the lower 282 
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mantle. In this scenario, water is released during the mineral phase changes and facilitates low-283 

velocity zones from partial melting.   284 

Evidence in favor of these two hypotheses initially took the form of global-average seismic 285 

models or regional seismic variations that are laterally broad.  For example, (Anderson and 286 

Bass, 1986) invoked 1-D seismic models to argue for excess garnet in the mantle, relative to a 287 

pyrolite composition, and (Song et al., 2004) argued for an LVD above the 410-km 288 

discontinuity from perturbations to body-wave triplications where shear waves average 289 

properties along near-horizontal ray paths. However, with Ps receiver functions observed by 290 

dense arrays, (Liu et al., 2018, 2016) argued that LVDs of smaller lateral extent are induced by 291 

small-scale convective motions in areas of active subduction and lithospheric detachment, 292 

respectively, in NE Asia and the European Alps. Similarly, (Frazer and Park, 2021) found small 293 

LVDs about the MTZ linked to the upwelling Yellowstone hotspot system and the foundering 294 

Farallon slab.  These studies anticipated the detection of isolated LVD patches that we 295 

describe across North America using CRISP-RF.   296 

The small-scale features above and below the MTZ plotted in Figures 4 and 5 could reflect 297 

ongoing or fossil geodynamic processes in the middle mantle.  If the seismic features identify 298 

patches of unmixed relict oceanic crust, the geodynamics are likely to be fossil, owing to the 299 

modest amount of active subduction within and at the margins of North America. Hedlin et 300 

al (1997) argued that PKP-precursor scattering was consistent with a mantle-wide distribution 301 

of weak (1%) wavespeed perturbations, with dominant scale length (8 km) comparable to the 302 

thickness of Earth’s oceanic crust.  The LVZ features that we detect could be local 303 
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amplifications of such wavespeed anomalies.  Alternatively, if the seismic LVZ features 304 

identify regions where convecting MTZ rock has dehydrated, an ongoing process is 305 

theoretically possible, though we are unaware of other evidence that small-scale convection is 306 

pervasive across the 410-km and 660-km discontinuities in regions that lack active slabs and 307 

plumes.  Patches of dehydration and partial melting, developed over the long history of plate 308 

tectonics on Earth could, however, persist in the mid-mantle as fossil anomalies. Karato et al 309 

(2020) argues that partial melts above the 410-km mineral phase changes would typically be 310 

denser than the residual solid, unless water content is high, and that partial melts below the 311 

660-km would typically be lighter than the residual solid.  Over long times, these melts should 312 

return to the mantle transition zone. The time scale for melt return is unknown, however, and 313 

will depend on the details of composition, relative buoyancy, and pore-space connectedness. 314 

It is possible that water is captured by high-pressure hydrous minerals in the upper and lower 315 

mantle that currently are not sampled at Earth’s surface (Ishii et al., 2022; Ohtani, 2021; 316 

Tsuchiya and Thompson, 2022). By analogy with the elastic behavior of common hydrous 317 

minerals, these high-pressure hydrous phases could preserve a remnant seismic wavespeed 318 

anomaly, should be considered as explanations for localized persistent LVZ scatterers above 319 

and below the MTZ.  Therefore, the widespread and disconnected regions of velocity-320 

inversion interfaces that we infer from CRISP-RF could be imagined as a volumetric landscape 321 

of past convective motions of hydrated MTZ rock into the hydrophobic upper and lower 322 

mantles.  323 

Both above scenarios for 3-D mid-mantle heterogeneity may be active within Earth’s interior 324 

and could combine to explain our observations. Does one process fit our observations better 325 
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than the other?  Figure 2 argues for a near-continuous range of depths at which we detect 326 

these LVZ features, both above and below the MTZ.  This behavior discourages an 327 

interpretation of these signals as a side-lobe of band passed seismic data (Frazer & Park, 2024) 328 

or as a static or steady-state phase change at a particular combination of temperature and 329 

pressure.  It agrees, however, with the scenario where fluid-release-mediated partial melting is 330 

carried by convective motions away from the MTZ boundaries by varying distances. In this 331 

case the melt persists in the mid-mantle or solidifies into an assemblage of high-pressure 332 

hydrous minerals, and does not all return to the MTZ, at least not quickly.  Based on 333 

equilibrium thermodynamics, small garnet-rich volumes of subducted oceanic crust should 334 

not have sharp preferences in depth, but the geodynamic modeling of (Yan et al., 2020) and 335 

(Yu et al., 2023) predict that garnet-rich heterogeneities should be relatively scarce between 336 

the 660-km discontinuity and 1000-km depth.  We observe no such gap in the distribution of 337 

lower-mantle LVZ signals in our CRISP-RF results. 338 

Our most powerful observation, however, may be the scarcity of locations in North America 339 

where we observe LVZ features both above and below the MTZ.  When interpreted with 340 

binomial statistics over 228 independent detection locations beneath the densely instrumented 341 

regions, the probability that only 8% of these locations display paired LVZ detections is tiny 342 

(p<10-10).  In most studies, one must allow for spatial correlation of detection locations, which 343 

can increase the probability substantially, but our CRISP-RF detections display minimal 344 

correlation both laterally and vertically.   345 
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A random distribution of eclogitic remnants within Earth’s mantle has no obvious way to 346 

produce the observed scarcity of paired-LVZ detections that we observe.  A scenario where 347 

hydrated MTZ material convects either upwards or downwards into a mineral phase-change 348 

that releases water seems more likely to display a local preference for seismic anomalies above 349 

or below the MTZ, but uncommonly both.  In support of this scenario, we note that LVZ 350 

detections beneath the MTZ are frequent and more clustered in depth beneath Alaska and 351 

Western Canada than elsewhere in North America, consistent with recent downwelling 352 

associated the Pacific Northwest subduction zones.  We conclude that our CRISP-RF results 353 

for North America are more consistent with seismic anomalies generated via the Karato et al 354 

(2020) scenario than the basalt-enrichment scenario of Tauzin et al (2022), with the proviso 355 

that water that escapes the MTZ may persist long-term in the lower and upper mantles within 356 

a few 100-km of the boundaries, and not readily return to the MTZ to maintain its hydration.   357 

5 Conclusion 358 

We present a comprehensive high-resolution mapping of North America’s mid-mantle 359 

reflectivity using the CRISP-RF technique. We observe widespread low-velocity 360 

discontinuities above (~290 km to ~390 km depth) and below (~885 km, with some 361 

detections as deep as ~1,200 km) the mantle transition zone (MTZ) discontinuities. Only 8% 362 

of locations show paired LVD detections both above and below the MTZ, suggesting 363 

independent mechanisms for their formation. Our findings align more consistently with 364 

models of water transport and dehydration melting. This suggests that partial melting 365 

following mantle dehydration may persist long-term in the upper and mid-mantle within a few 366 

hundred kilometers of the transition zone discontinuities, or else forms high-pressure hydrous 367 
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minerals that maintain their seismic wavespeed anomalies. Our signal-processing approach 368 

opens new avenues for investigating mantle dynamics, the global water cycle, and the long-369 

term evolution of the Earth’s interior. In order to refine our understanding of mantle structure, 370 

future work should focus on extending high-resolution mapping globally.  371 
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