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Asymmetric seafloor depth across the Juan de Fuca
Ridge caused by lithospheric heating
Mengyu Wu 1✉ & Michael H. Ritzwoller1

Previous studies attribute asymmetries across the East Pacific Rise to horizontal temperature

or pressure gradients in the deep asthenosphere caused by the Pacific Superswell, which,

however, cannot explain asymmetries observed across the Juan de Fuca Ridge. Here, we

provide seismic evidence that the asymmetric seafloor depth across the Juan de Fuca Ridge is

primarily caused by thermal buoyancy due to lithospheric heating and thinning. Based on a

seismic model generated from Rayleigh wave measurements, we demonstrate that the

seafloor depth on the western flank of the ridge, which is shallower ( > 150m) than the

prediction from the plate age, agrees with the relatively younger apparent thermal age

inferred from the seismic data, whereas the buoyancy of the deeper asthenosphere alone can

only account for <25% of the rise. On the eastern flank, both plate age and apparent thermal

age are consistent with observed seafloor depth.

https://doi.org/10.1038/s43247-023-01072-1 OPEN

1 Department of Physics, University of Colorado Boulder, Boulder, CO 80309, USA. ✉email: mewu4448@colorado.edu

COMMUNICATIONS EARTH & ENVIRONMENT |           (2023) 4:408 | https://doi.org/10.1038/s43247-023-01072-1 | www.nature.com/commsenv 1

12
34

56
78

9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-023-01072-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-023-01072-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-023-01072-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-023-01072-1&domain=pdf
http://orcid.org/0000-0001-5510-1042
http://orcid.org/0000-0001-5510-1042
http://orcid.org/0000-0001-5510-1042
http://orcid.org/0000-0001-5510-1042
http://orcid.org/0000-0001-5510-1042
mailto:mewu4448@colorado.edu
www.nature.com/commsenv
www.nature.com/commsenv


The subsidence of the oceanic seafloor as a function of age
has been demonstrated to vary approximately linearly with
the square root of plate age up to 70–80Ma1–4, consistent

with conductive cooling5. For ages between 0 and 70Ma, the
global average rate of seafloor subsidence, C1, has been estimated
to be about 350 mMyr −1/2 2. At older ages, this relationship
breaks down, and the flattening of bathymetry with age has been
attributed to reheating caused by processes such as small-scale
mantle convection6–8. This flattening can also be explained by a
combination of other factors, such as secular cooling, as suggested
in a recent model for the evolution of the oceanic lithosphere9, 10.

For young plates near mid-ocean ridges, with ages up to
around 10Ma, seafloor subsidence rates typically range from 340
to 390 mMyr −1/2 11. An anomalously low subsidence rate of
200–225 mMyr −1/2 has been observed on the western flank of
the East Pacific Rise (EPR), in contrast to the normal rate of
350–400 mMyr −1/2 on its eastern flank11. Seismic studies have
revealed lower seismic velocity in the asthenosphere west of the
EPR axis12, indicating higher temperature (and/or more melt),
lower density, and greater buoyancy, which are consistent with
the observed elevated seafloor depth. Asymmetries observed
across mid-ocean ridges have been investigated by various
studies11, 13–19. In particular, the asymmetric zone of the potential
melt beneath the EPR has been explained by a horizontal pressure
gradient that drives asthenospheric flow from hotspots in the
Pacific Superswell region back to the EPR14, 15, and the asym-
metric seafloor depth across the EPR has been attributed to
buoyancy resulting from a horizontal temperature gradient cov-
ering the top 150 km of the mantle11 or a horizontal pressure
gradient applied to the top 170 km15.

Similar to the East Pacific Rise, we observe that the seafloor
depths are asymmetric across the Juan de Fuca (JdF) Ridge
(Fig. 1a), with the depths on its western flank typically more than
150m shallower than predicted using a subsidence rate C1 of
350mMyr −1/2 (Fig. 1b, c). In contrast, on the eastern flank, the
seafloor depth is rarely more than 100m shallower than the pre-
diction after correcting for sediment thickness (see “Methods”),
except for regions influenced by propagator wakes. Statistically, on
the eastern flank of the JdF Ridge (Fig. 1d, e), bathymetry predicted
from plate age is generally within one standard deviation of the
observation. In contrast, on the western flank, the prediction is
more consistent with a lower subsidence rate of 225 mMyr −1/2,
similar to the western flank of the East Pacific Rise. Moreover,
seismic studies resulting from the recent Cascadia Initiative
experiment20 have also illustrated a hotter asthenosphere to the
west of the JdF Ridge axis in the depth range of 30–60 km, inferred
from a pronounced slow seismic velocity anomaly21–23.

Although similar asymmetries are observed near the EPR and
the JdF Ridge, the underlying physical mechanisms differ between
the two regions. The horizontal pressure gradient that may
explain the asymmetry in seafloor depth near the EPR is unlikely
to exist near the JdF Ridge due to the lack of a superswell to the
west of the ridge axis, as previous study has pointed out21. Other
explanations based on thermal buoyancy in the asthenosphere,
such as a constant horizontal temperature gradient covering
hundreds of kilometers laterally11 and an inflow temperature
anomaly from thousands of kilometers west of the ridge axis15,
are inconsistent with the location of the most likely source of the
temperature anomaly, the Cobb Hotspot. It has been argued that
the asymmetry of the melting region results from a modest
horizontal gradient in temperature or composition occurring at
the bottom boundary (100–120 km) of their model17, however the
impact of this gradient on seafloor depth was not addressed.

In this study, we test the hypothesis that the observed seafloor
depth asymmetry across the JdF Ridge is primarily caused by the
thermal buoyancy at relatively shallower depths ( < 30 km) in the

uppermost mantle, which contrasts with deeper asthenospheric
buoyancy (i.e., at depths in 50–150 km) considered in previous
studies11, 15. We refer to this possibility as lithospheric heating,
although it may also encompass a portion of the uppermost
asthenosphere (20–30 km).

We do this through recently obtained seismic evidence, in which
the lithospheric structure is characterized by its apparent thermal
age (hereafter thermal age), which is the time it would take con-
ductive cooling to generate the thermal structure inferred from the
seismic data. Our thermal age estimate is taken from a published
seismic model23, which is produced by adopting a thermo-seismic
hybrid parameterization in a Bayesian Markov Chain Monte Carlo
(MCMC) seismic inversion using Rayleigh wave phase speed
observations (Fig. 2, see “Methods” for details). Next, we compare
the thermal age with the plate age estimated from magnetic
anomalies24 and the seafloor depth observation. Our results show
that the apparent thermal age is notably younger than the plate age
on the western flank of the JdF Ridge and the predicted seafloor
depth from the thermal age agrees with the observed seafloor
depth, which supports our hypothesis that the seafloor depth
asymmetry across the JdF Ridge is primarily caused by thermal
buoyancy at relatively shallow depths ( < 30 km). Although the
estimates of thermal age are limited within a region of up to
70–80 km to the west of the northern part of the JdF Ridge
(Fig. 3b), the region is sufficient to test our hypothesis.

Results
Comparing ages: apparent thermal age and plate age. The
apparent thermal age estimated near the Juan de Fuca Ridge (and
across the JdF Plate) increases approximately linearly with dis-
tance from the ridge axis (Fig. 3a). Thermal age and plate age are
largely consistent across the JdF Plate (Fig. 3b), with 68% of the
area exhibiting a difference less than twice the uncertainty of the
thermal age estimate (standard deviation of the posterior dis-
tribution of this estimate). Discrepancies near the subduction
trench are discussed in a previous publication23. Here, we focus
on the region near the northern part of the JdF Ridge (Fig. 3b,
within the red rectangle).

Our results reveal a clear asymmetry in the difference between
the plate age and thermal age across the JdF Ridge. On the
western flank of the ridge, thermal age estimates are younger than
the plate age by greater than twice the thermal age uncertainty, as
shown by the red to brown dots (Fig. 3b). In contrast, on the
eastern flank, the two ages are largely consistent within the
thermal age uncertainty, as shown by the white dots. A few black
outliers exist close to the northwestern edge of our boxed region,
which we exclude from further discussion because they may be
caused by a lack of seismic station coverage.

The discrepancy between thermal age and plate age on the
western flank of the JdF Ridge and their consistency on the
eastern flank are evident from a statistical analysis of their
variations with distance, at least up to 70 km from the ridge axis
(Fig. 3c). The plate age is approximately symmetric across the
ridge compared to the thermal age, reaching around 2.6 Ma at
70 km from the ridge on both sides. To make a statistical
comparison between the plate age and thermal age, the
uncertainties of both ages (shown as error bar in Fig. 3c) within
each distance bin are estimated -- see “Methods”. For the plate
age, the uncertainty varies between 0.3 and 0.6 Myr. In contrast,
the thermal age is highly asymmetric across the ridge. On the
eastern flank, thermal age follows a similar variation as plate age,
increasing to ~2.5 Ma at 70 km from the ridge, but with larger
uncertainties because it also involves the uncertainty from the
seismic observations. On the western flank, the estimated thermal
age is younger and remains around 0.5 Ma for distances <30 km
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from the ridge. This approximately constant thermal age as
function of distance from the ridge on the western flank may be
an artifact because the period range of surface wave observations
used in this study ( >10 s) is not sensitive to thermal ages younger
than 0.5 Ma due to the thinness of the lithosphere. Nevertheless,
the thermal age is much younger than the plate age for this
region. Starting at 40 km from the ridge on its western flank, the
estimated thermal age increases with distance and reaches around
1Ma at 70 km from the ridge. The difference between the plate
age and thermal age is larger than the sum of their uncertainties
on the western flank, suggesting a disagreement between these
two ages west of the ridge.

Comparing seafloor depths: predictions and observation. We
now compare observations of seafloor depth with predictions
derived from two ages: the thermal age and the plate age. To

make the prediction, we use a half-space cooling model assuming
isostatic equilibrium has been reached by 150 km depth and
present predictions for a range of seafloor depths, accounting for
the uncertainty in both thermal and plate ages and the cooling
model variables (Fig. 4a), see “Methods”. The predictions of
seafloor depth derived from the plate age and thermal age are
displayed as blue and orange shaded areas, respectively, with the
mean and the standard deviation of the observed seafloor depth
in each distance bin shown as black bars (Fig. 4b). We exclude
predictions within 20 km of the ridge axis, as the ages are over-
estimated when averaging within bins close to the ridge axis.

On the western flank of the ridge, the average seafloor depth
increases from 2663m at 20 km to 2872 m at 70 km from the
ridge axis, with spatial standard deviations of around 65 m. The
predicted seafloor depth from the plate age is deeper than the
observation, with the upper limit of the prediction envelope
being, on average, 130 m deeper than the mean of the

Fig. 1 Seafloor depth (bathymetry) asymmetry and the comparison between observation and prediction. a Asymmetric bathymetry across the JdF
Ridge. The bathymetry is based on ETOPO234, and a sediment correction has been applied. Outliers of bathymetry west of the JdF Ridge have been
eliminated (gray regions). Orange lines indicate plate boundaries. b Plate age is from previous regional study24 where it exists and global model48

otherwise. c Difference between the observed and predicted bathymetry, where yellow to red colors indicate that the observed bathymetry is shallower
than the prediction from plate age assuming a subsidence rate C1 of 350mMyr −1/2. Blue dashed box delineates the region used for (d) and (e). White
arrow shows the plate motion of the Pacific plate relative to the JdF Ridge. White dashed line indicates the boundary between the shallower and deeper
bathymetry regions, which corresponds to one of the propagator wakes there. d Plate age with distance from the ridge. Solid blue curve with error bars
shows the average and standard deviation within each 20 km width bin. The non-zero age at the ridge axis due to spatial averaging is corrected by applying
a Gaussian-shape correction centered at the ridge axis with a sigma of 15 km, as shown by the dashed curve. e Black line with error bars shows the
averages and standard deviations of the bathymetry observation within each 20 km width bin. Dashed line shows the prediction of bathymetry using the
dashed curve in (d), assuming a subsidence rate of 350mMyr −1/2.
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observation. This discrepancy is twice the standard deviation of
the observations. In contrast, the prediction envelope from the
thermal age encompasses the means of the observations,
including the error bars. Therefore, on the western flank of the
Juan de Fuca Ridge, these predictions indicate that the thermal
age matches the seafloor depth, but the plate age does not.

On the eastern flank, predictions from the plate age and thermal
age are consistent with one another, although the range of
predictions from thermal age is larger than from the plate age, and
both match with the observed seafloor depth. The upper limit of the
prediction envelope from thermal age roughly corresponds to the
mean of the observation, which ranges from 2681m at 20 km to
2952m at 70 km. The upper limit of the prediction envelope
derived from the plate age is slightly deeper but still broadly
consistent with the observed seafloor depth within one standard
deviation ( ~ 48m). The match of observations and predictions lie
near the edges of the prediction envelopes, which may be caused by
the involvement of effects other than lithospheric thermal
structure, such as the bending of the JdF Plate due to its subduction
beneath North America. A possible sign of the rise of the seafloor
due to bending, i.e., the outer rise, is apparent after subtracting the
subsidence with age (Fig. 1a, dotted black line). Nevertheless, we
consider the seafloor depth to be consistent with both the thermal
age and plate age on the eastern flank of the JdF Ridge.

Discussion
Our results show that the estimated apparent thermal age near
the Juan de Fuca Ridge is notably younger than the plate age on
the ridge’s western flank. As the thermal age is not the real age of
the plate but a measure of its lithospheric thermal structure, the
young thermal age implies that lithospheric thermal structure is
warmer than what would be predicted based on the plate age.
This leads to greater thermal expansion, more buoyancy, and less
subsidence of the seafloor, which is qualitatively consistent with
observations of seafloor depth. On the eastern flank of the ridge,
our estimated thermal age is consistent with the plate age and the
conductive cooling model, at least at plate ages <3Ma.

Quantitative comparisons between observed and predicted sea-
floor depths show that the seafloor depth prediction derived from
the thermal age is consistent with observations on both flanks of the
ridge. This agreement indicates that the thermal structure of the
lithosphere primarily determines seafloor depth, and, on the wes-
tern flank of the JdF Ridge the hotter and thinner lithosphere is
enough to explain the observed elevated seafloor depth. Conversely,
the prediction from the plate age only agrees with the observed
seafloor depth on the eastern flank of the ridge. On the western
flank, the lithospheric temperature predicted from the plate age is
too low to explain the observed shallow seafloor depth, even when
considering a weaker cooling effect than the global average.

Fig. 2 Estimating apparent thermal age with a Bayesian MCMC inversion of Rayleigh wave phase speed data. a Rayleigh wave phase speed map at 30 s
period. Triangles represent the seismic stations used in generating the Rayleigh wave phase speed dataset35. Red and green triangles are stations of
network 7D (the main component of the Cascadia Initiative experiment) deployed asynchronously. Star indicates the location of the example point of (b)
and (c). b An example of phase speed variation with azimuth (ψ). Error bars show the estimated uncertainties and blue line is the best fit of the 2-ψ
variation that is removed before inversion. c Rayleigh wave isotropic phase speed with period. Error bars show the estimated uncertainties and blue line is
the prediction of phase speed from the mean model of the posterior distribution from the MCMC inversion. d Illustration of the model parameterization,
modified from a previous publication23. Bold black text indicates the six model variables that are estimated during inversion.
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The observed asymmetry of a hotter lithosphere to the west of
the JdF Ridge compared to a plate-age-consistent lithosphere to
the east of the ridge implies that the uppermost asthenosphere
(e.g., at depths < 30 km) on the western flank remains hot as it
ages, which results in a hotter and thinner lithosphere than
predicted from the plate age. The mechanism responsible for
creating the thermal anomaly at such a shallow depth remains
unclear. The asymmetric mantle upwelling beneath the Juan de
Fuca ridge triggered by the Cobb Hotspot, as suggested by pre-
vious study21, may offer the required warmer environment for the
lithospheric and uppermost asthenospheric heating. Better
understanding would require geodynamic modeling.

Thermal buoyancy in the asthenosphere at greater depths
( > 30 km) is another potential factor to explain the observed
seafloor depth residual. However, estimating the contribution of
this effect is more challenging due to the considerable uncer-
tainty of the temperature and thermal expansion coefficient in
the asthenosphere, particularly at young ages where partial melt
may occur. Here, we assume that the buoyancy due to small
amounts of melt is negligible and consider only the mantle
thermal expansion in the asthenosphere based on an isostatic
calculation.

To investigate the potential contribution of the asthenosphere
to the observed shallower seafloor depths, we estimate the
temperature variation in the asthenosphere using shear wave
speeds averaged between 30 and 150 km depth in our published
seismic model23, and calculate its effect on seafloor depth
assuming that isostatic equilibrium is reached by 150 km depth.
Using a near-solidus dT/dVS of 0.5 K m−1) s25, where T is the
temperature and VS is the seismic shear velocity, and a mod-
erate thermal expansion coefficient of α ¼ 3:2 ´ 10�5K�1, we
find a maximum 70 m uplift of seafloor depth at around 45 km
to the west of the JdF Ridge axis (Fig. 5b). This effect is small
compared with the observed seafloor depth deviation (Fig. 5c,
left part). Increasing the temperature variation or thermal
expansion coefficient would help explain the shallow seafloor
depth on the western flank, but it would lead to unrealistic
greater depths on the eastern flank (Fig. 5c, right part). In
addition, the distance trend of the average VS (and the predicted
effect on seafloor depth) follows a “U” shape (Fig. 5a, b), which
is inconsistent with the approximately flat trend observed in the
seafloor depth residual (Fig. 1c). Therefore, we suggest the
asthenospheric effect to be secondary to the lithospheric ther-
mal variation near the JdF Ridge, in contrast to the East Pacific

Fig. 3 Estimated apparent thermal age and comparison with the plate age. a Apparent thermal age estimated from the MCMC inversion. White lines are
the 1Ma contours. b Thermal age minus plate age, normalized by thermal age uncertainty. Warm colors mean the thermal age is younger than the plate
age and the lithosphere is hotter than expected. Cool colors mean the thermal age is older than the plate age and a colder lithosphere is expected. Red
dashed rectangle delineates the region used in (c). c Variations of the plate age and thermal age with distance across the northern part of the JdF Ridge.
Error bars are the estimated uncertainties in each bin, see “Methods” for details. The longer thermal age error bars to the east of the JdF Ridge than to the
west is due to the less sensitivity of surface wave observation to the change of thermal age as age increases.

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-023-01072-1 ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT |           (2023) 4:408 | https://doi.org/10.1038/s43247-023-01072-1 | www.nature.com/commsenv 5

www.nature.com/commsenv
www.nature.com/commsenv


Rise, where the seafloor elevation effect of asthenospheric
buoyancy was estimated to be around 10 times larger than that
of the lithospheric thermal expansion11.

Factors other than temperature, such as crustal underplating
and mantle depletion, can also generate buoyancy forces, but they
are inconsistent with the seismic observations. Previous studies26,
27 have shown that the topography high of seamounts west of the
EPR is due to crustal underplating (thickening). But the thick-
ening of the crust will only lower the seismic Rayleigh wave phase
speed at periods below 12 s and, therefore, cannot explain the
observed slow seismic Rayleigh wave speeds at 16–30 s period.
The greater degree of melting west of the JdF Ridge relative to the
east may result in greater depletion and lower density of the
uppermost mantle there. However, it has little effect on seismic
velocity at shallow depths ( ~ 30 km)28, which also disagrees with
the observed slow seismic Rayleigh wave speeds mentioned above.

We also estimate thermal age near the Gorda Ridge, where no
asymmetry is observed in seafloor depth or seismic

structure21–23, 29, 30, and across the Gorda plate. Our estimated
thermal age increases approximately linearly with distance on
both sides of the ridge axis and decreases near the trench
(Fig. 6a), similar to what is observed in the near-trench Juan de
Fuca plate. Near the Gorda Ridge, the thermal age is slightly
younger than the plate age, but there is no notable discrepancy
except some outliers near the southern edge of the plate (Fig. 6b).
A statistical comparison (Fig. 6c) confirms that the differences
between the two ages are not larger than the sum of their
uncertainties, indicating that the lithospheric thermal structure
on both sides of the Gorda Ridge is not far from the prediction of
the conductive cooling model.

After excluding regions affected by the central rift valley
along the Gorda Ridge (within about 25 km from the axis), the
seafloor depth predicted from the thermal age is consistent with
the observation (Fig. 6d), confirming the lithospheric thermal
structure is the primary factor in determining seafloor sub-
sidence here, as well. The prediction from the plate age is

Fig. 4 Comparison between seafloor depth predictions and observation. a Seafloor depth prediction with different subsidence coefficients C1. Global
average= 350mMyr −1/2, lower bound= 300mMyr −1/2, upper bound= 425mMyr −1/2. b Seafloor depth prediction and observation near the northern
part of the JdF Ridge. Blue and yellow shaded areas represent predictions from the plate and thermal age, respectively. The mean and standard deviation of
seafloor depth observation within each distance bin is shown with black error bars.

Fig. 5 Effect of asthenospheric buoyancy estimated from seismic shear wave velocity. a Average shear wave speed between 30 and 150 km depth. The
scattered dots show the averaged speeds across the grid of our model, and their mean value with distance is shown by the solid line. b Estimated influence
on the seafloor depth due to asthenospheric bouyancy, calculated from the solid curves in (a). In (a) and (b), the blue curve is for regions near the Juan de
Fuca Ridge and the orange curve is near the Gorda Ridge. c Seafloor depth predition with only asthenospheric buoyancy considered, assuming the
lithospheric structure is consistent with the plate age, error bars showing the standard deviation within each distance bin.
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deeper than that of the thermal age on average but is still within
one standard deviation of the seafloor depth observation. The
consistency of thermal age, plate age and seafloor depth sug-
gests that the conductive cooling model is a good approxima-
tion in describing the evolution of the plate originating from the
Gorda Ridge.

Methods
Sediment correction. Near the Juan de Fuca Ridge, the sediment
thickness increases rapidly with distance from the ridge axis on
the eastern flank and reaches 250 m at 50–70 km from the ridge31.
No such rapid thickening of sediment is observed on the western
flank. The relatively large accumulation of sediments and its
asymmetry across the ridge makes it necessary to correct seafloor
depth for sediment thickness. Here, we only consider the impact
of sediment on isostatic equilibrium and ignore the insulation it
provides on lithospheric cooling, as the sediment is much thinner
than the lithosphere in most of the study region. Similar to
previous studies32, 33, seafloor depth w corrected for sediment
thickness is calculated by:

w ¼ wraw þ ρm � ρs
ρm � ρw

� �
hs; ð1Þ

where wraw is the raw observed seafloor depth, ρm, ρs and ρw are
densities of the mantle, the sediment, and the seawater,
respectively, and hs is the sediment thickness. Here, we fix
ρw ¼ 1:03 ´ 103 kg m�3, ρm ¼ 3:2 ´ 103 kg m�3 and ρs ¼ 1:65 ´
103 kg m�3, which yields the correction coefficient in par-
entheses preceding hs of around 0.7. We employ the bathymetry

of ETOPO234 as the raw seafloor depth, and the sediment
thickness is from a global model31.

Rayleigh wave phase speed dataset. A Rayleigh wave phase speed
dataset35 is used to construct the thermal age estimates. This
dataset is composed of Rayleigh wave measurements from
earthquakes, the traditional two-station ambient noise method
and a recently developed three-station ambient noise inter-
ferometry method. The original seismic recordings, primarily
come from Cascadia Initiative experiment20 offshore and USAr-
ray Transportable Array onshore (Fig. 2a), span from 2005 to
2015. Eikonal tomography36 is applied to estimate the phase
speed on a 0.2-by-0.2-degree grid for periods in the range of
10–40 s. For longer periods up to 80 s, Helmholtz tomography37

is employed to account for finite frequency effects, which is more
essential at longer periods. Examples of an estimated phase speed
map as well as the azimuthal variation and dispersion of Rayleigh
wave phase speeds are shown here (Fig. 2a–c). We only interpret
the isotropic part of this dataset in this paper, which, however, is
corrected for azimuthal anisotropy. We estimate the apparent
thermal age to the west of the subduction trench, covering most
of the Juan de Fuca and Gorda plates and including part of the
Pacific plate adjacent to the Juan de Fuca Ridge, the Blanco
Transform Fault, and the Gorda Ridge.

Bayesian MCMC inversion with thermo-seismic hybrid para-
meterization. The seismic model we use here is presented in a
previous publication23. The posterior distributions of model
variables are estimated using a Bayesian Markov Chain Monte
Carlo (MCMC) inversion method38–40, which modifies the prior

Fig. 6 Comparison of the plate age, thermal age, and seafloor depth near the Gorda Ridge. a Mean of the posterior distribution of the thermal age
estimated from the MCMC inversion, focused on the Gorda Plate, similar to Fig. 3a. b Normalized difference between the thermal age and plate age, similar
to Fig. 3b. Red dashed polygon delineates the region used in (c) and (d). c The variation of the plate age and thermal age across the Gorda Ridge, similar to
Fig. 3c. d Comparison of the seafloor depth predictions of the plate age and thermal age, and the observations, similar to Fig. 4b.
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information via the Metropolis-Hastings algorithm to generate a
posterior distribution consistent with the Rayleigh wave phase
speed observations. The thermal age estimate is derived as the
mean of this posterior distribution, with the standard deviation
denoting the associated uncertainty.

The resulting seismic model is constructed on a 0.2-by-0.2-
degree grid. At each grid point, the model comprises four layers:
water, sediment, crust, and mantle and constructed by six model
variables: sediment thickness, thermal age of the lithosphere, and
four B-spline coefficients of the seismic shear wave speed (VS) in
the asthenosphere. The sedimentary VS is estimated from its
thickness using an empirical relation41. The crustal layer is fixed
at a constant thickness of 7 km, and its VS is assumed to increase
linearly with depth from 3.25 to 3.94 km s�1 42 for thermal ages
older than 4Ma. For thermal ages younger than 4Ma, a thermal
expansion correction is applied to crustal VS. During the
inversion process, VS is reconstructed directly from the model
variables, whereas other variables required by the forward code43

are derived thereafter. The speed of the seismic P wave (VP) and
the density (ρ) are derived from VS using empirical relations44, 45.
The bulk attenuation factor (Qκ) is set to be infinity and the shear
attenuation factor (Qμ) is assumed to be age-dependent, following
the model estimated from fundamental Rayleigh wave46.

This model adopts a thermo-seismic hybrid parametrization
that divides the mantle into a lithospheric and an asthenospheric
part, parameterizing these differently (Fig. 2d). In the lithosphere,
the seismic structure is derived from the thermal age by
converting the age-dependent thermal structure (consistent with
a half-space cooling model) to VS, similar to the thermal
parameterization8. In this approach, a conductive cooling
assumption is introduced as a physical constraint to reduce the
null space in the inversion. Vertical structure perturbations
inconsistent with conductive cooling will not be resulted in our
inversion, but their vertically averaged effect will be reflected in
the apparent thermal age. In the underlying asthenosphere, a
traditional seismic parameterization is employed, which describes
the seismic structure with four cubic B-splines for VS. This
reversion to the traditional parameterization below the litho-
sphere is due to the lack of a well-accepted conversion relation
from temperature to Vs for the asthenosphere beneath a young
plate, where the temperature could be high and close to the
solidus. The interface between the lithosphere and the astheno-
sphere is thermal-age-dependent, defined as the depth where the
predicted temperature reaches 92% of the solidus. Above this
temperature, the anelasticity increases dramatically with
temperature25.

Seafloor depth prediction from age (thermal or plate). We
assume that seafloor subsidence is mainly a consequence of the
buoyancy variation caused by lithospheric conductive cooling
(although the cooling time might be different from the plate age)
with isostatic equilibrium in the upper mantle. For oceanic litho-
sphere younger than 10Ma, the half-space cooling model and other
models, such as the plate model2, give similar seafloor depths. We
compute seafloor depth from the half-space cooling model:47

w tð Þ ¼ w0 þ C1

ffiffi
t

p
; ð2Þ

C1 ¼
2ρmα Tm � Ts

� �
ρm � ρw

κ

π

� �1
2
: ð3Þ

Here, w(t) is the seafloor depth as a function of age in Ma, w0 is the
seafloor depth at the ridge crest, C1 is the subsidence rate with age,
ρm is the density of mantle, ρw is the density of seawater, Tm � Ts is
the temperature difference between the mantle and the seafloor
surface, α is the coefficient of thermal expansion, κ is the thermal

diffusivity, and t is the lithospheric age (either the plate or thermal
age in this study, in Ma). The apparent thermal age is obtained
through Bayesian MCMC inversion mentioned above and the plate
age is taken from a regional model24 and supplemented by a global
plate age model48. To match the resolution of the thermal age
(around 70–80 km), a Gaussian smoothing filter with a sigma of
15 km is applied to the plate age before use.

For regions near the Juan de Fuca Ridge, w0 is estimated as the
average of the seafloor depth within 5 km of the ridge axis, which
is 2418 m averaged over the whole JdF Ridge and 2567 m for its
northern part alone. However, this approach is not feasible for
regions near the Gorda Ridge due to the presence of a deep
median valley along the axis of the Gorda spreading center. Thus,
we manually picked w0 ¼ 2; 550m for the Gorda Ridge by
extrapolating seafloor depths with distance from the spreading
center larger than 25 km back to the spreading center.

To estimate the uncertainties of age and the coefficient C1

preceding
ffiffi
t

p
in Eq. (2), we calculated the upper/lower bound of

seafloor depth from the upper/lower bounds of age and C1. The
bounds of ages are taken from the error bar of each distance bin
(Fig. 3c); i.e., one uncertainty above and below the average. For
plate age, the uncertainty here is estimated as the spatial standard
deviation within each distance bin. For thermal age, this involves
both the spatial standard deviation and the average of individual
thermal age uncertainties within each distance bin, computed as
the square root of the sum of their squares. Individual thermal age
uncertainty is the standard deviation of the posterior distribution of
thermal age obtained in the Bayesian MCMC inversion. The value
of C1 varies in different studies and study areas. Global studies
suggest it is 350mMyr −1/2, on average, for plates younger
than 70Ma2 and 340–390mMyr −1/2 near mid-ocean ridges11. To
reflect the potential variation, we choose a wide range of C1

with an upper bound of 425mMyr−1/2, corresponding to
ρm ¼ 3:2 ´ 103 kg m�3, α ¼ 3:4 ´ 10�5 K�1, Tm � Ts ¼ 1; 350K
and κ= 1.0 × 10−6 m2 −1, and a lower bound of 300mMyr −1/2,
corresponding to ρm ¼ 3:4 ´ 103 kg m�3, α ¼ 3:0 ´ 10�5 K�1,
Tm � Ts ¼ 1; 250K and κ ¼ 0:8´ 10�6 m2 s�1 (Fig. 4a).

Data availability
Broadband seismic waveforms are retrieved from IRIS-DMC (https://ds.iris.edu/ds/
nodes/dmc/). Rayleigh wave phase speed dataset, the estimated thermal age with
uncertainty, and the 3D seismic model compiled from means of the posterior distribution
of model variables used/obtained in this study are available in Zenodo under https://doi.
org/10.5281/zenodo.7806857.

Code availability
The python packages and codes in running MCMC inversion, predicting seafloor depths
and making all figures are available in Zenodo under https://doi.org/10.5281/zenodo.
7806913 or upon request from corresponding authors.
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