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Seismic full-waveform tomography of active 
cratonic thinning beneath North America 
consistent with slab-induced dripping
 

Junlin Hua    1,2,3,4  , Stephen P. Grand3, Thorsten W. Becker    3,4,5, 
Helen A. Janiszewski6, Chujie Liu3, Daniel T. Trugman7 & Hejun Zhu8

Continental cratons are characterized by thick lithospheric roots that 
remain intact for billions of years. However, some cratonic roots appear 
to have been thinned or completely removed in the geological past. The 
mechanisms for thinning have been difficult to distinguish for these past 
events. Here we present a full-waveform seismic tomographic model for 
North America that allows the resolution of fine-scale structures and reveals 
an extensive craton-thinning event that is ongoing. The seismic images 
show extensive drip-like features that suggest the transport of lithospheric 
materials from the base of the craton beneath the central United States 
to the mantle transition zone, and thus active lithospheric thinning. 
Geodynamic modelling suggests that the dripping may be mobilized by 
large-scale mantle flow induced by the sinking of the Farallon slab that 
is currently in the lower mantle. Dripping lithosphere could be further 
facilitated by prior lithospheric weakening, for example by volatiles released 
from the slab. Our seismological observations of active extensive thinning 
of cratonic lithosphere support lithospheric removal could be a result of 
external mantle processes, which we hypothesize may include the deep 
mantle effects of subduction.

Cratons are old (no younger than Proterozoic) regions that make up 
~60% of continental lithosphere1 and are often underlain by thick litho-
sphere that can extend to a depth of over 200 km (refs. 1,2). Cratons 
are believed to have been stable overall over billions of years due to 
their near neutral effective buoyancy and high viscosity3,4. However, 
the North China Craton lost its root during the Mesozoic5, indicating 
that the stability of cratons is not universal. Different mechanisms have 
been proposed for the loss of cratonic lithosphere, including convective 

removal6, flat-slab rollback7 and erosion with melting8,9. Other studies 
suggest that the cratonic lithosphere is not stable through history but 
subject to reworking10. Given that these examples are from processes 
in the geological past, it is not straightforward to distinguish between 
different mechanisms, and observations of an ongoing craton-thinning 
event would offer a unique perspective to the puzzle.

North America is an ideal place to study the present-day behav-
iour of cratons. Core continental North America consists of multiple 
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Data Fig. 1). We incorporate a mini-batch algorithm18,19 by using a subset 
of earthquakes in each iteration, which, compared with the common 
full-waveform tomography practice of using only a few tens of itera-
tions on supercomputers16, enables a total of 216 iterations with four 
graphics processing units (GPUs).

With these, the improvement on the correlation coefficient and the 
arrival time difference between synthetic and observed waveforms is 
substantial (Extended Data Fig. 2). Body waves show higher accuracy in 
timing than surface waves, whereas surface waves have the correlation 
better recovered. Nonetheless, the vast majority of both wave types 
show correlation coefficients over 0.9, suggesting an excellent fitting 
of the waveform shape.

Detailed mantle structures are imaged in SATONA. S-wave velocity 
(VS; Extended Data Fig. 3) at a depth of 100 km correlates well with tec-
tonic regions20, and at greater depths, the model captures features such 
as the Cascadia slab in fine detail. P-wave velocity (VP; Extended Data 
Fig. 4), which is independently inverted for, shows similar patterns.  
A resolution test with only 16 iterations (versus 206 for the full model) 
shows that VS has good resolution down to 1,000 km, especially within 
the upper mantle (Extended Data Fig. 5). VP also has good resolution 
down to the MTZ, but deeper resolution is reduced (Extended Data 
Fig. 5). We only discuss regions with reliable resolution. The velocity 
perturbation model also shows some horizontally aligned anomalies 
near reference model discontinuities (for example, near a depth of 
660 km in Fig. 2a,b). However, as discontinuity depths are taken from 
previous models upon initialization of the inversion, these anomalies 
might be introduced to reconcile inaccuracies about discontinuity 
depth in those starting models to make the absolute velocity accurate, 
and are therefore not interpreted much in this study.

The cratonic lithosphere is well-imaged in the model. At a depth 
of 200 km, a broad region beneath the central and eastern United 
States shows high VS (Fig. 1), marking the geographic extent of the deep 
cratonic root. Cratonic LABs are clearly characterized as a velocity 
decrease with depth around 200 km in both VS and VP (Fig. 2a,b and 
Extended Data Fig. 6).

Beneath the cratonic LAB, extensive high-VS anomalies are 
observed down to the MTZ (Fig. 2 and Extended Data Fig. 3). A specific  
model resolution test (Extended Data Fig. 7) suggests that these 
anomalies can be well-imaged with our dataset and inversion strategy. 
Similar high-velocity anomalies are also found in previous models21–25 
(Extended Data Fig. 8). However, without the help of multiple seismic 
phases, their cratonic lithosphere is not well constrained (Extended 
Data Fig. 8), and the deep structures sometimes extend into the litho-
sphere depth range, making them harder to interpret.

To distinguish whether these high-VS anomalies originate from the 
cratonic lithosphere, we convert VS and VP perturbations of the dripping 
bodies to temperature and compositional perturbations. Compared 
with VS, VP shows much weaker anomalies at 300–500-km depths 
(Extended Data Fig. 6), distinct from the strong VP anomaly in the  
Cascadia slab, suggesting a potentially different composition. To con-
strain the compositional perturbation, two endmembers are consid-
ered. One composition is assumed to be pyrolite26 and the other to  
be cratonic lithosphere. We estimate a representative major element 
composition for the craton from kimberlite xenoliths (Extended  
Data Fig. 9). The VS and VP for these two endmember compositions 
at different temperatures and pressures are then calculated using 
Perple_X27,28, accounting for anelastic effects29. Derivatives of VS  
and VP with respect to temperature and composition are obtained, and 
velocity anomalies are then converted to temperature and composi-
tional perturbations. We performed the conversion for all geographic 
locations based on a smoothed version of SATONA (Extended Data 
Fig. 9) to eliminate bias due to the misalignment of VS and VP anomalies.

Taking the compositional perturbation between the endmem-
bers as unity, at all depths, the high-VS anomalies show 20–50% more 
cratonic composition than the ambient mantle (Extended Data Fig. 9), 

Archaean cratons and volcanic arcs accreted during the Proterozoic. 
Although most cratonic regions in the United States were stabilized 
during the Proterozoic from 1.8 to 1.35 billion years ago (Ga)11, they still 
share key features with their Archaean counterparts, including very 
thick lithosphere2 and surrounding kimberlite volcanism12. Meanwhile, 
thanks to dense seismometer deployments, the central and eastern 
United States cratons can be studied in detail seismically.

In this Article we present a full-waveform tomography model  
for North America (Fig. 1), named Seismic Adjoint Tomography  
of North America (SATONA). Compared with existing tomographic 
models of North America, SATONA focuses more on fitting the detailed 
shape of waveforms at relatively high frequencies to better reveal 
fine-scale structures. SATONA reveals clear lithosphere–asthenosphere 
boundaries (LABs) for the craton, and high-seismic-velocity materials 
beneath the craton from the LABs to the mantle transition zone (MTZ). 
These high-velocity, drip-shape features indicate thermo–chemical 
differences relative to the surrounding mantle that probably originate 
from the cratonic lithosphere. To find the cause for such dripping, we 
test the influence of the lower mantle Farallon slab on upper-mantle  
convective flow through geodynamic modelling, and find that the  
dripping may be a consequence of slab sinking, aided by other  
processes. These findings lead us to propose a potential mechanism 
for craton thinning—large-scale downwelling induced by a deep-seated 
slab that mobilizes the craton, possibly mediated by fluid release, lead-
ing to partial removal of the cratonic lithosphere.

Dripping cratonic lithosphere
The SATONA model is obtained through full-waveform adjoint tomo
graphy. During inversion, we maximize the correlation coefficient 
between synthetic and observed waveforms13. Hence, besides the arrival 
times of the seismic phases, the detailed shapes of the phases, includ-
ing secondary arrivals, are required to match the data. In this study, 
both synthetic seismograms and adjoint kernels were calculated with 
SpecFem3D Globe14,15, and all available stations in the study region 
were utilized (Extended Data Fig. 1). We used multiple body and sur-
face wave phases to constrain S- and P-wave velocities16. To optimize 
computational efficiency and avoid local minima, the inversion con-
sists of two stages17: a coarse-grid stage using 206 earthquakes and a 
fine-grid stage using 110 earthquakes with higher quality (Extended 
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which indicates the entrainment of lithospheric material. Especially 
below 300 km, due to the phase transition of orthopyroxene at ~320 km 
(ref. 28), the dependence of the VS–VP discrepancy on composition 
becomes stronger, making the compositional perturbation better 
constrained. At a depth of 350 km, the median of the dripping high-VS 
bodies has 45% more cratonic composition than normal (Fig. 2d), 
which is close to the 75% percentile of compositional perturbations for 
regions excluding the dripping area (Extended Data Fig. 9m), indicat-
ing that the high-VS anomalies are substantially more cratonic than  
normal. Despite having higher VS, when converted to temperature  
perturbation, we found that these anomalies are only ~60 °C colder 
than normal (Fig. 2e). Even for less constrained depths, the thermal 
anomaly is less than 200 °C (Extended Data Fig. 9j). This test demon-
strates that these compositionally distinct anomalies with slightly 
lower temperatures could be drips from the deep part of the litho-
sphere, and they are hereafter referred to as dripping anomalies.

Deep-seated slab-induced dripping
Similarly imaged dripping anomalies in the region have previously 
been interpreted as remnant slabs22 or dripping due to Rayleigh– 
Taylor instability30, but both mechanisms have some limitations. For 
slab relics, the relative values of VS and VP anomalies do not match  
those of the Cascadia slab, whose VP anomalies are much stronger 
(Fig. 2c and Extended Data Fig. 6). There is also no evidence of arc  
volcanism in the study region since at least the Mesozoic31, which is a 
long time for stalling thermal anomalies to homogenize with the sur-
roundings. In particular, large-scale downward flow probably occurred 
in this region for 70 Myr (ref. 32), so it is not likely for slab relics to 
persist. If the anomalies are purely from a Rayleigh–Taylor instability 
due to a dense craton root30, it is hard to explain the relatively weak VP 
anomaly for the drips (Extended Data Fig. 6), because, with the inclusion 

of a large percentage of dense minerals such as garnet, VP would also 
be increased33. Meanwhile, if a uniform dense root is common among 
cratons, similar dripping would probably be observed beneath every 
craton, and probably have occurred for over a billion years and hence 
might have consumed all dense material.

We propose a potential mechanism whereby the deep Farallon 
slab is the main driver of dripping, although it is in the lower mantle 
and not connected to the surface at present. To evaluate the dynamic 
influence of the Farallon slab, we calculated mantle flow34 for two dif-
ferent density structures (Fig. 3): mantle with or without the Farallon 
slab. These structures are modified from a global mantle tomography 
model35. The results show that large-scale mantle flow is strongly con-
trolled by the Farallon slab, which pulls shallow mantle from the east, 
west and north to the dripping area, where these mantle materials 
flow downward (Fig. 3a), in line with previous work36. Such flow is only 
predicted when the Farallon slab is present (Fig. 3a,b), and is absent 
without it (Fig. 3c,d). The Farallon slab may induce horizontal man-
tle flow over a domain wider than ~3,000 km from the sinker (Fig. 3a  
versus 3c), and associated shear flow may serve to thin and entrain the 
base of the craton (Fig. 3b). In other words, even though the imaged 
dripping area has a relatively limited extent as in Fig. 2c, the material 
involved in the sinker may come from a wider region. Such basal ero-
sion by slab-induced flow leading to dripping removal of continental 
lithosphere may be assisted by prior weakening of the lithosphere, for 
example, due to volatile influx from the slab. Associated slab-induced 
dripping could have started at ~70 Ma, as the Farallon slab has stayed 
at a similar relative location with respect to North America since then32 
(Fig. 1), and the rate of thinning might have been greater when the slab 
was shallower in the past.

Based on the tomographic model, by assuming the VS anomaly is 
proportional to the amount of cratonic material, given assumptions 

0

150

300

450

600

750

900
0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000

D
ep

th
 (k

m
)

A’

B’

A

LAB

Dripping lithosphere

Potential melting

Farallon slab

a

0

150

300

450

600

750

900
0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000

D
ep

th
 (k

m
)

Surface distance (km)

B

LABPotential melting

Potential melting

Farallon slab

Mid-lithospheric discontinuity

Dripping lithosphere

b

–0.05 –0.04 –0.03 –0.02 –0.01 0 0.01 0.02 0.03 0.04 0.05

∆VS/VS

120° W 110° W 100° W 90° W 80° W

25° N

30° N

35° N

40° N

45° N

50° N

A’A

B’B

300–500 km
–0.03

–0.02

–0.01

0

0.01

0.02

0.03

∆V
S /V

S

c

0

2

4

6

8

10

–1.5 –1.0 –0.5 0 0.5 1.0 1.5

More
pyrolytic

More
cratonic

Pr
op

or
tio

n 
(%

)
Compositional perturbation

d

0

2

4

6

8

10

–200 –150 –100 –50 0

Lower T Higher T

Proportion (%
)

Temperature perturbation (°C)

e

Fig. 2 | The dripping cratonic lithosphere. a,b, VS perturbation profiles across 
high-velocity dripping anomalies at different latitudes (AA’ for a and BB’ for b). 
Locations of these profiles are shown in c. Green dots at the top are geographic 
markers. Important features in the cross-sections are labelled. c, Map of the 
average VS perturbation between depths of 300 and 500 km. The grey dashed 
line outlines the craton root as in Fig. 1, and the black dashed line outlines where 
the dripping high-VS body is evident at this depth range. White lines show the 
locations for the profiles in a and b, and green geographic markers correspond 

to those at the top of the cross-sections. d, Histogram of the converted 
compositional perturbation distribution of dripping bodies (within the black 
dashed line in c) at a depth of 350 km. Each sample represents one geographic 
location. Zero in this plot represents the average composition for all regions 
with good resolution, and positive or negative values mean more cratonic or 
more pyrolytic, respectively. The red solid line shows the median value, and the 
dashed lines show 25% and 75% percentiles. e, As in d, but for the temperature 
perturbation.

http://www.nature.com/naturegeoscience


Nature Geoscience | Volume 18 | April 2025 | 358–364 361

Article https://doi.org/10.1038/s41561-025-01671-x

on how far the horizontal flow could attract mobilized materials from 
surrounding regions, the total thinning associated with the currently 
imaged anomaly may be of the order of 20–60 km.

Because the dripping material appears more cratonic than ambi-
ent mantle in composition, its effective negative buoyancy may be 
reduced3. To evaluate whether the flow caused by the Farallon slab 
is strong enough to pull down these materials, we merged our VS 
anomalies from SATONA with global tomography35 to estimate the 
effect of different density anomalies (Extended Data Fig. 10). To 
account for the range of potential densities of the dripping body, we 
tested different scaling factors between VS and density (Extended 
Data Fig. 10), and in one case we make density negatively correlated 
with velocity for the dripping material, so that they are positively 
buoyant. Although the sinking speeds are expectedly reduced for 
this case, the mantle still flows downward at the dripping locations 
(Extended Data Fig. 10d). This is partly because strong horizontal 
inflow driven by the Farallon slab always converges at the dripping 
location. This test shows that the downward dragging force by the 
slab could overcome any neutral and even small positive buoyancy 
of lithospheric material once mobilized.

Compound process of craton thinning
Besides the slab dragging force, to enable dripping of cratonic  
materials, the base of the craton cannot be very rigid, so downward 
tractions applied by the deep slab and shear at the LAB could indeed 

mobilize the lithosphere and entrain material. Such a relatively weak 
lower part of the craton has previously been inferred. For instance, cra-
tonic kimberlite xenoliths from larger depths often show more evidence 
for deformation than shallower ones37,38. Seismically, cratons often 
consist of two layers, separated by the mid-lithospheric discontinuity39, 
as is also evident in some locations in SATONA (Fig. 2a,b), and the lower 
half can have strong seismic anisotropy (beneath ~110 km in Extended 
Data Fig. 6) consistent with a higher degree of deformation. If such 
deformation is recent, this may suggest a lower strength for the deep 
craton, and/or discontinuities may be mechanically weak. It has also 
been argued that the lower half of the craton is not always the origi-
nal lithosphere, and could have experienced reworking40. Hence, it is 
likely that the base of the lithosphere could be weakened41 (Fig. 4a), 
dynamically only marginally stable, and subject to deformation when 
external forces exist. Moreover, with the inclusion of a small amount of 
high-density minerals such as garnet in the deep part of the craton10, 
the dripping could develop more easily.

Besides driving the flow to mobilize the lithosphere mechani-
cally, past subduction could also facilitate sublithospheric convec-
tion and lithospheric weakening42 (Fig. 4a). When subducting slabs 
enter the MTZ, volatiles can be released due to dehydration and 
decarbonization43–46. Some of these volatiles will then ascend due to 
mechanisms such as subduction-induced poloidal flow47 and the break-
down and re-oxidation of hydrous phases9, reduce the asthenospheric 
bulk viscosity, and possibly form hydrous-carbonated melts ponded 
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beneath the LAB45,46, which could lower the strength of the bottom of 
the lithosphere.

There is evidence that such subduction-induced weakening has 
occurred. Relative to North America, the Farallon slab was located 
further west before ~100 Ma (ref. 32). Around that time, kimberlite, 
lamproite and carbonatite magmatism occurred at the western edge of 
the craton (Fig. 1), and such magmatism types favour a carbon-enriched 
mantle source45,48. After 70 Ma, the deep slab moved eastward32, 
and kimberlite magmatism appeared near the eastern edge of the  
craton in Kentucky (Fig. 1). Such findings are consistent with ponded 
hydrous-carbonated melts (Fig. 4), causing low-VS anomalies observed 
at the eastern and western edges of the craton and along the east coast 
(Figs. 1 and 2a,b).

Past plume activity could also contribute to the weakening. Pre-
vious studies suggest hotspot tracks across the continental United 
States49,50, which could weaken the lithosphere along their trajectories. 

When a plume rises up from the lower mantle, the 660-km phase change 
with a negative Clapeyron slope could temporally stall plume ascent, 
causing hot materials to pond beneath the MTZ and lead to a transient 
boundary layer51 (Fig. 4a), and plume instabilities might then ascend 
when encountering the Farallon slab, leading to further weakening and 
thinning of the craton.

We propose that a deep, compositionally distinct craton is being 
pulled down by slab-induced flow. The small ~60 °C thermal difference 
of the drips (Fig. 2e) suggests they are probably from the bottom of  
the craton, which could have been weakened by the processes dis-
cussed above. These bottom materials are continuously entrained and 
mobilized by the slab-induced horizontal flow, which concentrates 
them in the dripping area (Fig. 3a), where they then follow the down-
ward flow to greater depths. Therefore, compared to delamination, 
where a large volume of lithosphere is lost locally, the thinning in this 
study is achieved by constantly mobilizing and removing the bottom of 
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the lithosphere from areas affected by the horizontal flow, which could 
be larger than the surface projection of the dripping area (Fig. 4b).

Combining all evidence, the lower part of a craton may be weaker 
and prone to deformation (Fig. 4a). Normally, these weakened portions 
remain part of the lithosphere due to the lower density, or convective 
compression effects due to steep LAB gradients52. However, if strong 
tractions from below are present, such as when the slab transitions  
into the lower mantle, the bottom of the weakened craton may  
potentially be mobilized and drip into the deeper mantle (Fig. 4b). 
Although a lower mantle slab anomaly beneath a thick craton is pres-
ently only found in North America35,53, it could have contributed  
to previous craton-thinning events. This suggests that slabs may  
not only erode cratons from the sides4, but craton mobilization and 
thinning may arise from the deep mantle effects of subduction.
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Methods
Seismic full-waveform adjoint tomography
Seismograms were obtained for 206 earthquakes occurring between 
2004 and 2021, at 6,099 individual stations (Extended Data Fig. 1). 
Their magnitudes were mainly between 5.5 and 6.8 (thus avoiding 
low-quality data and satisfying the point source assumption, which 
is often not valid for larger earthquakes16). All 206 earthquakes  
were used during the coarse-grid stage, which took 126 iterations. Of 
those earthquakes, 110 were selected for the following 90-iteration 
fine-grid stage (Extended Data Fig. 1). Due to strong noise on the 
horizontal components, only vertical components were used  
for ocean-bottom seismometers, and both tilt and compliance noise 
were removed54.

We used multiple body wave phases, including P, S, PP, SS, PPP 
and SSS, and their depth phases, as well as surface waves. For each 
body wave phase, we cut a waveform segment starting 30 s before 
and ending 50 s after the arrival time for waveform fitting. During the 
coarse-grid stage, body waves were filtered between 17 and 100 s, and 
for the fine-grid stage, the filter was 14–100 s. Rayleigh and Love waves 
were filtered in multiple period bands, including 20–40 s, 40–60 s, 
60–80 s and 80–150 s. Waveform segments were also cut for surface 
waves to contain their full envelopes. In total, we used 1.5 × 106 wave-
form segments.

The inversion scheme is similar to the one in ref. 16. During  
inversion, we tried to maximize the correlation coefficient between 
the synthetic and observed waveforms, which guides the velocity 
structure to fit phase shapes, while not being strongly affected by less 
constrained factors such as attenuation. Furthermore, compared to 
methods based purely on travel times, this method can exploit more 
information in the detailed shape of waveforms. A preconditioned con-
jugate gradient method is used to update the model16, and a diagonal 
Hessian is approximated by calculating the sensitivity kernel difference 
after perturbing the model55. Weights for different segments are based 
on four metrics: correlation coefficients, maximum cross-correlation 
values, time differences between synthetic and observed arrivals, 
and the signal-to-noise ratio of the observations16. In this study, a seg-
ment is weighted as unity when these four criteria are met: correla-
tion coefficient > 0.8, maximum cross-correlation value > 0.95, time 
shift < 4 s and signal-to-noise ratio > 12; in contrast, it is weighted as zero 
if one of these criteria is met: correlation coefficient < 0.55, maximum 
cross-correlation value < 0.7, time shift > 8 s or signal-to-noise ratio < 8. 
For metrics lying between these thresholds, the weight is determined 
by the cosine-shape function in ref. 16.

To overcome the cost of wavefield simulations, which often limits 
adjoint tomography to a few tens of iterations16,55, and to reduce the 
possibility of being trapped in local minima, we included a mini-batch 
algorithm by using only a portion of earthquakes for each iteration. 
This algorithm is commonly used for stochastic gradient descent in 
machine learning18. This algorithm is similar to the one in ref. 19, where 
mini-batches greatly enhance the convergence rate by reducing the 
redundancy among sensitivity kernels from different earthquakes. 
However, unlike ref. 19, the Hessian is not estimated via the L-BFGS 
algorithm56, so we do not need to worry about the positive definiteness 
of the Hessian during mini-batch selection. Hence, there only remain 
two key procedures for mini-batch selection: (1) choosing earthquakes 
to be excluded for the next iteration; (2) adding earthquakes not used 
in the current iteration.

We used a similar algorithm to that in ref. 19 to select earthquakes 
to be excluded. The angular distance between the summed kernel using 
all earthquakes in the current iteration and the summed kernel for all 
preserved earthquakes with one earthquake removed is calculated, 
and the earthquake with the smallest angular distance is removed. 
Such earthquake exclusion is performed iteratively19 until the angular 
distance reaches 30° or the total number of excluded stations exceeds 
55% of the earthquakes used for the current iteration.

The way to add new earthquakes for the next iteration is more 
stochastic to avoid some earthquakes being constantly chosen. Spe-
cifically, we give each candidate earthquake a probability based on  
(1) the average distance from a candidate earthquake to its three  
nearest earthquakes that have secured a spot for the next iteration  
and (2) the number of iterations that this earthquake was used in. 
Hence, earthquakes either far from other earthquakes or not frequently 
used have a better chance of being selected.

We used model US2257 as our starting structure. To account for 
attenuation, we used the 3D attenuation model QRFSI1258; although 
SpecFem3D Globe handles attenuation with a constant Q across 
frequencies59, the velocities shown in this study are for 1 s. We used 
CRUST1.060 for Moho topography, and S362ANI61 for the topography 
of the 410 and 660 discontinuities.

Accurate earthquake sources are crucial for tomography. In this 
study, we inverted all source parameters16 within the gCMT solution62 
before inverting for structure, or once the structure inversion had 
produced substantial updates from the model used for the last source 
inversion. Sources were updated eight times; each time, the number 
of iterations for different earthquakes depends on their convergence 
rates. Meanwhile, to overcome the uneven distribution of stations, in 
addition to the original weight based on the four metrics, the weight 
for a certain station was further normalized by the sum of weights for 
all stations around it with an azimuth difference of <7.5° and epicentral 
distance difference of <6°. A water level of 2‰ the summed weight 
of all stations was applied during normalization to not overweight 
isolated stations.

The forward and adjoint simulations for both structural and source 
inversions were performed using SpecFem3D Globe v8.0.014 on a server 
with four Nvidia A100 GPUs. For each earthquake, the duration of 
simulated wavefields is determined by the end time of the 20–40-s 
Rayleigh wave segment at the farthest station. The simulation domain 
has a dimension of 57° × 79° (Extended Data Fig. 1), and during the more 
influential fine-grid stage, the horizontal element size is ~44 km on the 
free surface, setting the spacing between Gauss–Lobatto–Legendre 
interpolation points as ~11 km, with a minimum resolved period of 11 s.

In this Article we mainly focus on isotropic velocity anomalies. 
During simulations, we made the structure isotropic below the 410 
discontinuity, and transversely isotropic above it. Hence, both isotropic 
velocity and radial anisotropy were solved for during inversion, and 
we used the Voigt average63 to approximate the isotropic velocity. 
To compare velocity anomalies at different depths, seismic veloci-
ties are shown as velocity perturbations with respect to a reference 
model. A one-dimensional (1D) mantle reference model for VS and VP 
is obtained by averaging the final velocity model for all regions with 
good resolution (Extended Data Fig. 6), and in the crust, 3D velocities 
from CRUST1.060 are assumed as the reference.

Resolution tests of the model
Two resolution tests were performed separately for VS and VP (Extended 
Data Fig. 5). In each test, the same point-shape velocity perturbations 
were added to the final ΔVS/VS and ΔVP/VP models. These perturbations 
are horizontally 4° and vertically 200-km apart from each other, and 
there is reversed polarization between neighbours (Extended Data 
Fig. 5). The maximum amplitude of the perturbations is 0.01, and their 
shapes are characterized by a Gaussian with a standard deviation of 
40 km. Such a spatial extent is comparable with the wavelength of 
body waves used in this study, making the test challenging and, as set 
up, preferable to checkerboard tests64.

During the test, we generated waveforms for the perturbed model 
as ‘observations’, then started from the unperturbed model to invert 
for the perturbations. Meanwhile, to resemble the resolution of real 
data, we used the same set of weighting for waveform segments as in 
the last tomography iteration. Due to computation resources, we did 
not replicate the 206 iterations for tomography, but 16 iterations were 
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still performed for each test with the mini-batch strategy (Extended 
Data Fig. 5). Compared to commonly used one-iteration tests for 
full-waveform tomography16,55, this multi-iteration test refines struc-
tures at places with lower data coverage to better indicate the actual 
resolution.

A specific test was also designed for the resolution on the high-VS 
dripping bodies (Extended Data Fig. 7). Here, due to computation  
limits, we used the point-spread function method16,65 with one itera-
tion. We first made a model with all high-VS anomalies around the drip-
ping region removed, then calculated the VS sensitivity kernel for this  
modified model. After that, we obtained the difference in precon-
ditioned VS sensitivity kernel between the original model and the  
modified one, which represents the VS change that the data would 
favour to compensate for the removed dripping body.

Based on results from these tests, the dripping bodies are not likely 
to be artefacts based on their geometries. Although the general shape 
of these bodies is subvertical, they also contain secondary features 
that are horizontally aligned (Fig. 2a,b), which cannot be produced by 
smearing along ray paths, and the resolution test shows no distortion 
of structures around the region (Extended Data Fig. 5). Also, given the 
earthquake-station distribution (Extended Data Fig. 1), there are no 
ray paths following the eastward dripping direction of high-VS bodies 
on the east side (Fig. 2b).

Composition and temperature estimation
Because there are two observables (VS and VP), and temperature is one 
variable to be constrained, only one compositional variable can be 
solved for, so we modelled compositions between two endmembers. 
Endmember compositions are expressed as oxide weight percentages 
for the SiO2–Al2O3–MgO–FeO–CaO–Na2O system. We took one end-
member to be pyrolite following ref. 26, with SiO2 = 45%, Al2O3 = 4.45%, 
MgO = 37.8%, FeO = 8.05%, CaO = 3.55% and Na2O = 0.36%. For the end-
member composition of a depleted cratonic mantle lithosphere, we 
compiled whole rock major element compositions for peridotite xeno-
lith samples from four cratons (Extended Data Fig. 9): Greenland66–68, 
Slave69, Kaapvaal70–72 and Siberia73–75. Based on these samples, clear  
negative correlations are seen between the Mg number (Mg# = 100 ×  
Mg/(Mg + Fe)) and the FeO content, MgO and SiO2 content, MgO  
and Al2O3 content and MgO and CaO content, and all these relation-
ships could be generalized through linear regression (Extended Data  
Fig. 9). Therefore, by setting the Mg# to 93.7 for the craton endmem-
ber, we can get a corresponding FeO from the first relationship, and a  
MgO content is obtained based on that Mg# and FeO. With the MgO, 
based on other relationships, other major element contents can be 
determined. The amount of Na2O is very small and can be ignored. 
Together, the craton endmember has SiO2 = 46.55%, Al2O3 = 1.1%, 
MgO = 45.99%, FeO = 5.7% and CaO = 0.62%.

With these endmember compositions, we estimated the depend-
ence of ΔVS/VS and ΔVP/VP on composition and temperature at  
different depths. We performed the conversion between 200- and 
380-km depths, because dripping bodies are clearly observed there 
(Extended Data Fig. 3), the depth is not so deep as to be affected by 
potential inaccuracy from the assumed 410-discontinuity topography, 
and ΔVP/VP is best resolved at a depth of ~300 km (Extended Data Fig. 5).

To estimate the temperature dependence, we calculated seismic 
velocities under different temperature and pressure conditions. We 
assumed an ambient mantle potential temperature of 1,350 °C (ref. 76) 
and an adiabatic temperature gradient of 0.4 °C km−1 (ref. 77). At each 
depth, we estimated the elastic VS and VP 50 °C above and below the 
adiabat using Perple_X27 with thermodynamic data and solutions in ref. 
28, and pressures from PREM78. We then estimated the anelasticity 
effect for these two temperatures at a period of 20 s based on the rela-
tionship in ref. 29 through the very-broadband rheology calculator79 
with the solidus from ref. 80 assumed for the calculation in ref. 29. We 
assumed the attenuation effect on the bulk modulus to be negligible, 

and how complex anelastic compliance in ref. 29 would affect VP was 
derived in the same way as in ref. 81 for VS. The period of 20 s was chosen 
as it is close to the frequency of body waves used in this study. Next, 
gradients of VS and VP with respect to temperature were obtained by 
calculating the differences in anelastic VS and VP between these two 
temperatures and dividing them by the temperature difference of 
100 °C. These gradients were further divided by the anelastic VS and  
VP at adiabatic temperatures (labelled gTβ  and gTα ) for further 
conversion.

The compositional dependence was estimated similarly. By assum-
ing mechanical mixing82, at different depths along the assumed 1,350 °C 
adiabat we calculated the difference in anelastic VS and VP between the 
two endmember compositions, and these differences were divided by 
unity to represent the compositional gradients. These gradients of VS 
and VP were then divided by the 1D reference VS and VP of SATONA 
(Extended Data Fig. 6) at these depths (labelled as gfβ  and gfα) for 
conversion.

VS and VP perturbations were then converted to temperature and 
compositional perturbations. Here, we convert velocity perturbations 
rather than absolute velocities, because absolute velocities could be 
strongly influenced by the assumed reference anelasticity model and 
the exact composition of the mantle rocks, whereas perturbations are 
less dependent on these reference conditions. Before conversion, to 
avoid misalignment of independently constrained VS and VP features, 
ΔVS/VS and ΔVP/VP were smoothed by convolving with a 3D Gaussian, 
whose horizontal and vertical standard deviations were 120 km and 
20 km. Velocities were also converted to 20 s based on the attenuation 
model58 for consistency. Velocity perturbations were expressed by 
temperature perturbation (ΔT) and compositional perturbation (Δf) 
as ΔVS/VS = gTβΔT + gfβΔf  and ΔVP/VP = gTαΔT + gfαΔf , and ΔT and Δf were 
obtained by solving these two equations (Fig. 2d,e and Extended  
Data Fig. 9). When converting for the dripping anomalies (for example, 
Fig. 2d,e), only geographic locations within the dripping area with 
positive ΔVS/VS and ΔVP/VP were considered.

The range of converted compositional perturbation appears to be 
large for the whole model (Extended Data Fig. 9i,m). However, these 
endmember compositions might not be suitable for other areas, and 
the anelasticity model could be more complicated for hot environ-
ments29 such as in the western United States and Mexico (Extended 
Data Fig. 3). As our goal is mainly to show whether the overall VS and 
VP patterns for dripping bodies could correspond to an increased 
amount of cratonic material, we focused more on the relative composi-
tional difference between the dripping area and regions excluding the  
dripping area, rather than the exact values.

Estimation of thinning
An approximate estimate of the amount of lithospheric thinning fol-
lows from assuming that the amount of cratonic material is propor-
tional to ΔVS/VS, and all previously dripped lithosphere is still present in 
the tomographic model as fast anomalies. We first set ΔVS/VS at 180 km 
as a reference for craton material, as this is within the craton, but not too 
shallow to be strongly influenced by cold temperature. We then calcu-
lated the sum of positive ΔVS/VS in the dripping area (Fig. 2c) between 
depths of 250 and 550 km and obtained the ratio between them and 
the reference summed ΔVS/VS at 180 km, which represents the volume 
proportion of cratonic materials at those depths and is on average 
~20%. Hence, the thinning would be (550 km − 250 km) × 20% = 60 km 
if dripping locally. If horizontal flow induced by the slab (Fig. 3a versus 
3c) were able to focus material from the whole cratonic region covered 
by this model (Fig. 1) with an area of ~4 × 106 km2, given the dripping 
area has an area of ~1.5 × 106 km2 (~38% of the cratonic area), the average 
amount of thinning would be calculated to be 60 km × 38% ≈ 23 km. 
Hence, the actual thinning amount is probably 20–60 km. However, 
some regions may experience more thinning than others; for instance, 
flanks at the western edge of the craton in Fig. 2a,b could partly be 
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caused by the thinning. Meanwhile, although we have estimated com-
positional perturbation, and it is a powerful way to show the substantial 
distinction in composition, we did not use it for the thinning estimation, 
as what are obtained are perturbations with large uncertainties that are 
also subject to many assumptions.

Geodynamic modelling of mantle convection
Mantle flow fields driven by different density structures were mod-
elled. The calculation was based on refs. 34,83 up to spherical har-
monic degree 63. The 1D viscosity distribution from ref. 84 and the 
surface MORVEL85 plate motion were assumed, and we only considered  
vertical variations in viscosity, for simplicity, which led us to trust  
patterns more than amplitudes of flow (for example, ref. 86).

We first estimated the flow fields from two density models based 
on the global tomographic model TX2019slab35. Starting from its VS 
model, we removed all velocity perturbations around the dripping 
area at depths of 280–600 km (Fig. 3b,d) to eliminate local buoyancy 
flows. For one model, at each depth slice below 600 km, we then out-
lined the geometry of the high-velocity Farallon slab and removed 
all perturbations within it (Fig. 3d). After that, two VS models with 
or without the Farallon slab were converted to density based on a 
VS–density relationship84, and their corresponding flow fields were 
calculated (Fig. 3).

To evaluate whether the downward flow induced by the Farallon  
slab was strong enough to drag down the dripping materials, we calcu-
lated flow fields after merging SATONA with TX2019slab. For SATONA, 
we only used reliable regions based on resolution tests (Extended 
Data Fig. 5). For locations >200 km within the resolution boundary 
(Extended Data Fig. 5), ΔVS/VS from SATONA was used, and for loca-
tions >200 km outside the boundary, TX2019slab35 was used. For 
locations within 200 km of the boundary, we weighted the averaged 
ΔVS/VS between these two models to make the merged model continu-
ous at ±200 km from the boundary. A similar merging strategy was 
designed for the bottom of SATONA for depths <700 km, while using 
TX2019slab35 velocity for depths >900 km. In between, weighted aver-
aged values were used. After smoothing, the ΔVS/VS of the dripping 
area was ~1% (Extended Data Fig. 9e), in agreement with some previous 
longer-wavelength models (Extended Data Fig. 7). To understand how 
dripping-body densities could affect flows, we tested four scenarios 
by setting the VS–density scaling factor at depths of 260–600 km for 
positive VS anomalies within the dripping area to be 1, 0.5, 0 and −0.5 
times the factor for the rest of the region84 (Extended Data Fig. 10); in 
the last scenario, this made the dripping bodies positively buoyant 
(Extended Data Fig. 10d).

We also used past slab locations to help our interpretation (Fig. 1). 
Mantle structures in history were predicted in ref. 32 by advecting  
velocity structures in TX2019slab35 back in time. Because the 
present-day Farallon slab does not always appear above the 660 dis-
continuity, we chose to use the contour of the 0.12% density anomaly 
at 800-km depth to outline the slab for those palaeo-density models. 
Then, to show the relative location of the Farallon slab to the North 
American plate, these outlines were translated to their present location 
based on the assumed plate motion87 in ref. 32. These past slab locations 
were analysed with dated magmatism (Fig. 1) in Kansas88, Arkansas89, 
Monroe uplift90, Kentucky91 and Virginia92.

Data availability
Seismograms from networks other than the Mexican National Network 
were downloaded from the IRIS Data Management Center (http://
ds.iris.edu/ds/nodes/dmc/). Seismograms from the Mexican National 
Network (https://doi.org/10.21766/SSNMX/SN/MX) were downloaded 
via the SSNstp client, which is free (http://www2.ssn.unam.mx:8080/
getData/SSNdata_UseAndPolicy.pdf) upon request without require-
ments for authorization. The SATONA model is deposited in the IRIS 
archive (https://ds.iris.edu/ds/products/emc-earthmodels/), which 

also hosts US-SL-201422, CAP2293, BBNAP1921 and NA1394, which were 
compared. For other compared models, US2257 is available on H. Zhu’s 
website (https://labs.utdallas.edu/seismic-imaging-lab/download/), 
and models in refs. 23,25 are available as a supplement in their publica-
tions. All figures and maps are generated using Generic Mapping Tools95.

Code availability
Computer codes used for data processing, inversion, composition 
analysis and plotting are available upon request. SpecFem3D Globe 
and the geodynamic tool to calculate the flow field are openly available 
on GitHub (https://github.com/SPECFEM/specfem3d_globe, https://
github.com/geodynamics/hc).
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Extended Data Fig. 1 | The distribution of earthquakes and stations. a. Map of earthquakes symbolized by their focal mechanisms after source inversions. Red 
earthquakes are included during both coarse and fine stages, while blue earthquakes are only used during the coarse stage. The white solid line outlines the simulation 
domain. b. Map of stations (black triangles) used in the inversion.
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Extended Data Fig. 2 | Improvement on data-fitting through inversion. Figures 
in the left column (a, c, and e) show the distribution of correlation coefficient 
between synthetic and observed seismograms before (red line) and after (blue 
bars) the 206 iterations. Figures in the right column (b, d, and f) are illustrated 
in the same way, but are for the time shift between synthetic and observed data. 
The first row is for all P motion related body wave segments (for example, P, PP, 
etc.); the second row is for S motion related segments (for example, S, SS, etc.); 

and the third row is for surface wave segments (Rayleigh and Love waves). To 
be consistent, only the 110 earthquakes that are included in the fine-grid stage 
are used here, and only segments with signal-to-noise ratio16 > 8 are counted. 
Waveforms used for distributions before inversion for the coarse-grid stage (red 
lines) were filtered at lower frequencies, which are supposed to be easier for data-
fitting than ones after inversion (blue bars).
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Extended Data Fig. 3 | Isotropic VS distribution at different depths. a-i. VS 
perturbations at 100, 150, 300, 400, 500, 600, 700, 800, and 900 km depths. 
Only reliable regions (Extended Data Fig. 5) are shown colored (note variable 

color bars). Tectonic regions20 are outlined in a. The craton boundary in Fig. 1 is 
plotted as gray dashed lines on b. The boundary for dripping bodies in Fig. 2c is 
plotted as gray dashed lines on c-f.
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Extended Data Fig. 4 | Isotropic VP distribution at different depths. a-f. Similar to Extended Data Fig. 3, but are for VP perturbations at 100, 200, 300, 400, 500, and 
600 km depths.
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Extended Data Fig. 5 | Resolution tests for SATONA. This multi-panel figure 
contains 3 columns and 7 rows. The first column shows the input velocity 
structures, and the second and third columns are outputs for VS and VP after 16 
iterations of inversions. Though in this figure VS and VP are plotted together, 
and the same input VS or VP structure was used, VS and VP resolutions are tested 
separately. The first five rows are velocity maps at 100, 300, 500, 700, and 

900 km depths. Regions that are reliable to interpret are outlined by gray dashed 
lines in the second and third columns for these five rows. The last two rows show 
two cross-sections that pass through the region with the dripping body (Fig. 
2c). Locations of these profiles are shown as white lines on the panel at the first 
column and first row. Green markers on the cross-sections and the map have the 
same meaning as in Fig. 2.
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Extended Data Fig. 6 | Velocity perturbation diagrams related to the dripping 
body, lithospheric anisotropy and the 1D reference velocity model. a. Similar 
to Fig. 2c, but for VP. b-c. Similar to Fig. 2a,b, but for VP. d-f. Three additional 
VS cross-sections that pass through the dripping body at different latitudes. 
Locations of the profiles are shown as white lines in a, and green geographic 
markers in a correspond to ones on top of the cross-sections. g-i. Similar to d-f, 
but for VP. All VS cross-sections extend to 900 km depths, while VP ones only 
extend to 600 km due to the resolution (Extended Data Fig. 5). All cross-sections 

share a color bar beneath g-i. j-k. Like Fig. 2a,b, but for the radial anisotropy factor 
ξ (square of the ratio between SH and SV velocities) in the top 400 km depths. 
The color bar is beneath the two panels. Horizontally aligned features near 
Moho might be real or influenced by the assumed Moho depth in CRUST1.060. 
l-m. Mantle 1D reference VS and VP structures obtained by averaging the SATONA 
model (red lines). These models are used to convert absolute velocities to 
velocity perturbations. AK13596 (blue lines) and PREM78 (yellow lines) models are 
also shown for comparison.
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Extended Data Fig. 7 | Resolution test for the dripping body. a–f, Panels in the 
left column show the dripping structures that are removed for the test. Panels in 
the right column show the difference in preconditioned ΔVS /VS kernel between 
original and modified VS models, and such difference represents the data-favored 
velocity change to compensate for the removed dripping structures. The three 

rows correspond to Fig. 2c, a, and b for the average between 300–500 km depths, 
cross-sections A-A’ and B-B’. Locations of the cross-sections are shown in a. It is 
shown that with only one iteration, dripping bodies can be illuminated by the 
data at the right location.
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Extended Data Fig. 8 | Comparisons of the dripping structure with previous 
models. a. VS from this study. b. VS from US-SL-201422. c. VP from US-SL-201422. 
d. VP from CAP2293. e. VP from BBNAP1921. f. VP from ref. 23. g. VS from NA1394. 

h. VS from US2257. i. VS from ref. 25. Each panel contains three sub-panels 
corresponding to Fig. 2c, a and b, for the average between 300 and 500 km 
depths, cross-sections A-A’ and B-B’.
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Extended Data Fig. 9 | Thermal and compositional states for the dripping 
body. a-d. Major element compositions for cratonic lithosphere. The four 
panels are for Mg#-FeO (a), MgO-SiO2 (b), MgO-Al2O3 (c), and MgO-CaO (d) 
relationships. Samples from different cratons are shown with different symbols, 
the generalized linear relationships through regression are shown as lines, and 
the craton endmember used in this study is shown as stars. e-f. The smoothed 
VS and VP perturbations at 350 km depth that contribute to Fig. 2d,e. The gray 
dashed line shows the boundary for dripping bodies, and within it, at each 
geographic location, the temperature and composition will be estimated later 

as one sample. g. The heatmap of VS perturbations at different depths for the 
dripping area (e), and warmer colors suggest larger amounts of sample.  
h-j. Similar to g, but are for perturbations in VP (h), composition (i), and 
temperature (j). A unit in composition represents the compositional difference 
between the two endmembers as also for Fig. 3d, and higher values are more 
cratonic. The uncertainty in i is big between 250 and 320 km depths, as the 
difference between VS and VP around those depths is not very sensitive to 
variations in composition. k-n. Similar to g-j, but for the rest of the regions (regions 
excluding the dripping area) with good resolution (Extended Data Fig. 5).
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Extended Data Fig. 10 | Upper mantle radial flow for dripping bodies with 
different densities. Each panel consists of two sub-panels, and the upper sub-
panel shows the average density anomaly at 300–500 km depths that drives 
the mantle flow (spherical harmonic degree < 64), while the lower sub-panel 
shows the corresponding average radial flow at the same depth range (negative 
value means flowing downward). Arrows in the lower sub-panels show the 
average horizontal flow at 300–500 km depths. The four panels are for different 
VS-density scaling factors. a. Positive VS perturbations within the dripping area 

scaled to density the same as the rest of the areas; b. VS perturbations scaled to 
half of the density perturbations for the rest of the areas; c. VS perturbations 
scaled to zero; d. VS perturbations scaled to −0.5 of the density perturbations 
for the rest of the areas so that these dripping bodies are positively buoyant. No 
matter the assumed density, the dripping area constantly shows downward flows, 
though weaker when the dripping bodies are more buoyant. Meanwhile, the local 
density structure has a very limited effect on the horizontal flow, which carries 
materials from other places to near the dripping area and sink.

http://www.nature.com/naturegeoscience

	Seismic full-waveform tomography of active cratonic thinning beneath North America consistent with slab-induced dripping

	Dripping cratonic lithosphere

	Deep-seated slab-induced dripping

	Compound process of craton thinning

	Online content

	Fig. 1 Isotropic VS distribution at a depth of 200 km, revealing the craton root.
	Fig. 2 The dripping cratonic lithosphere.
	Fig. 3 Mantle flow induced by the subducting Farallon slab.
	Fig. 4 Schematics for craton mobilization and thinning.
	Extended Data Fig. 1 The distribution of earthquakes and stations.
	Extended Data Fig. 2 Improvement on data-fitting through inversion.
	Extended Data Fig. 3 Isotropic VS distribution at different depths.
	Extended Data Fig. 4 Isotropic VP distribution at different depths.
	Extended Data Fig. 5 Resolution tests for SATONA.
	Extended Data Fig. 6 Velocity perturbation diagrams related to the dripping body, lithospheric anisotropy and the 1D reference velocity model.
	Extended Data Fig. 7 Resolution test for the dripping body.
	Extended Data Fig. 8 Comparisons of the dripping structure with previous models.
	Extended Data Fig. 9 Thermal and compositional states for the dripping body.
	Extended Data Fig. 10 Upper mantle radial flow for dripping bodies with different densities.




