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Text S1. Computing the Regassing Flux from the Tectonic Plate Reconstruction 

We follow the approach of Karlsen et al. [2019] to compute regassing rates from the tectonic 
reconstruction of Matthews et al. [2016], which has been corrected as described by Torsvik et al. [2019]. 
For each plate boundary segment that is identified as a subduction zone, we compute the mass of slab 
material subducted per unit time: 

𝑑𝑀!

𝑑𝑡 = 	𝜌𝜈"𝑑𝐿"	 																													 (S1)	 

where ρ, νs, d, and Ls are the density, convergence velocity, thickness, and length of the subduction zone 
segment, respectively. We use a plate density of ρ=3200 kg/m3. To find the regassing rate of the 
segment, we multiply equation S1 by the nondimensional regassing factor α (described below), which 
describes the mass of subducting water as a fraction of the mass of the slab. Because most of this water 
is degassed through a volcanic arc, we also multiply by a fraction ε (described below), which Karlsen et 
al. [2019] defined as the fraction of the subducted water that descends into the deep mantle. The 
regassing water flux (R) is thus: 

𝑅	 = 𝛼𝜀𝜌𝜈"𝑑𝐿"	 																													 (S2)	 
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The thickness d of the subducting slab depends on the age τ of the oceanic lithosphere: 

𝑑(𝜏) = 2.32√𝜅𝜏	 																													 (S3)	 

where 80 Myr > τ > 10 Myr and κ = 7.6 ·10-7 m2/s is the thermal diffusivity. For τ > 80 Myr and τ < 10 Myr, 
upper and lower bounds on plate thickness are set to 100 km and 36 km, respectively [Sclater et al., 
1980]. We applied a minimum velocity limit of 0.2 cm/yr to exclude inactive plate boundaries. This 
filtering mainly affects the total length of subduction zones, and does not significantly affect the total 
area of subducted seafloor [Karlsen et al., 2019] because only inactive or very slowly converging 
trenches are removed. While both continental and oceanic subduction zones are included, any 
convergent boundaries that are not explicitly identified as a subduction zone in the tectonic 
reconstruction model (e.g., continental convergence) are ignored.  

The nondimensional regassing factor α relates to the slab’s initial bulk water content, and is a poorly 
constrained parameter [Karlsen et al., 2019]. We chose a constant value of α = 2.28´10-3 [Karlsen et al., 
2019] , which yields a present-day global H2O subduction flux of 3.44 ·1011 kg/yr to depths > 230 km. This 
flux is within the range estimated by van Keken et al. [2011] and describes the “regassing-dominated” 
case of Karlsen et al. [2019]. Other studies have estimated both smaller [Bodnar et al., 2013; Faccenda 
et al., 2012; Parai and Mukhopadhyay, 2012; Rüpke et al., 2004] or larger [Hacker, 2008; Magni et al., 
2014] regassing fluxes for the present Earth. We note that the choice of regassing factor mostly affects 
the magnitude of water content within the transition zone, and not lateral variations in the 
heterogeneous distribution of water in the mantle. 

The water retention factor ε expresses the fraction of the initial water content of the slab that reaches 
the deep mantle (below 410 km depth). Because colder and faster slabs remain colder at depth, and 
therefore can retain more water [Magni et al., 2014; Rüpke et al., 2004; van Keken et al., 2011], this 
factor depends on the thermal parameter Φ= νsτ of each specific subduction zone segment. Karlsen et 
al. [2019] expressed the water retention factor as 𝜀(𝛷) = 𝑚𝑎𝑥:0, 𝑎 + 𝑏(1 − 𝑒#$%)A, and determined 
the constants a, b and c by fitting the function ε(Φ) to an independent study of slab water retention 
[Rüpke et al., 2004]. Here we use 𝑎 = −0.1, 𝑏 = 0.5, and 𝑐 = 0.0023, as given by Karlsen et al. [2019] 
to compute 𝜀(𝛷). Our regassing estimates thus account for an increase in slab water content with 
seafloor age, via the thermal parameter, but we ignore other lateral or temporal dependencies (e.g., 
those based on variations in plate bending, sediment accumulation or other heterogeneities). We note 
that water contained within the shallow parts of the plate, such as within the crust or accumulated 
sediments, probably contributes little to regassing because these regions become significantly 
dehydrated by heating as the slab descends [Rüpke et al., 2004; van Keken et al., 2011]. 

We computed ε for all individual subduction zone segments, for all times t ϵ [0,400], and found that 
global mean values of ε vary between about 0.1 and 0.25, with a mean value of about 0.14 for the 
present day (Figure S1c). These values result in large variations in regassing rates, which range from 
about 0.35 ·1012 kg/yr for the present day to more than 1.5 ·1012 kg/yr at 125 Ma (Figure S1e). Regional 
variations in the rate of water input into the mantle are significant, with older and faster slabs bringing 
water downward more rapidly (main text Figure 2, left column).  

 

Text S2. Distributing Regassed Water onto MTZ Grid Points 

Regassed water from subduction is distributed within the MTZ onto a global mesh of grid points (Figure 
S2, left). Each mesh point represents approximately 50000 km2 on the Earth’s surface (~225 km spacing), 
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or ~40000 km2 at the base of the MTZ. We distributed water from each segment among the N nearest 
neighbor points around its segment midpoint (Figure S2, right). The amount of water added to each kth 
nearest neighbor mesh point is weighted by the distance from the segment midpoint. If dk is the 
distance to the kth nearest neighbor mesh point, then that point receives a fraction of water given by &

'!
	 

where 𝐷 = 1 E∑ (
'"

)
*+( GH . Then the total water assigned to this point is: 

𝑀, =
𝑅
𝐴
𝛥𝑡

D
𝑑,
																													(S4) 

where 𝑀,, R, A, and Δt are the water mass per area assigned to mesh point k, the regassing flux of the 
subduction segment (equation S2), the mesh point surface area, and the time step (i.e., 1 Myr). We 
found in tests that increasing N from 10 to 30, which increases the lateral spread of water from 390 km 
to 690 km, increases the fraction of “wet” grid points (defined using a threshold of 0.5·109 kg/km2, see 
section 2.3) by less than 20% (Figure 7 of Wang [2022]). Thus, the effect of the choice of N is modest, 
and we use N=10 in this study. We note that the lateral spread of the water in the MTZ is more closely 
related to slab stagnation (Figure 5a of the main text). We thus account for slab stagnation by applying 
an MTZ residence time tMTZ, and using a constant value of N=10 to distribute water within ~390 km of 
each subduction zone midpoint (Figure S2). 

 

Text S3. Developing the Continental Intraplate Volcanism (IPV) Database 

Using the criteria described in the main text, we extracted 2096 locations of continental IPV (Figure S3a) 
from the GEOROC (https://georoc.eu/) database [Lehnert et al., 2000], after removing all duplicate 
points. Each location has a specified age range during which IPV was active. For example, 468 locations 
indicate currently active IPV samples with an age of 0 Ma (Figure S3b). For earlier times, we 
reconstructed the eruption locations of active IPV by applying the GPlates [Müller et al., 2018] continent 
polygon files from the tectonic reconstruction of Matthews et al. [2016], corrected as described by 
Torsvik et al. [2019]. By assigning each previously-active IPV point to a continental polygon, itself 
associated with a representative plate (i.e., its PlateID), the IPV points are rotated, along with their 
continental polygons, back to their locations at the time of eruption. Typically, samples are defined using 
an age range, instead of a specific eruption time. We reconstruct these IPV points backward onto maps 
for each 1 Myr age increment within the point’s given age range. For a few points, this age range was 
limited by the age range of the continental polygon associated with the IPV point.  

We note that many IPV observations are positioned in the near vicinity of each other (with a spacing 
closer than our grid spacing of ~225 km), and are likely associated with the same volcanic eruption. 
Thus, where several IPV points are associated with the same mesh point on a given age map, we merged 
the cluster into one single point with the coordinates of the mesh point (Figure S3b). The above 
exclusions narrow the number of present-day active intraplate volcanic samples to 132 (Figures 2l and 3f 
of the main text). This filtering has been applied to each timestep in the considered time range (main 
text Figure 2, right column), resulting in a changing number of IPV points for each timestep (Figure S3c). 
Because many samples are defined using an age range, we find extended periods with a relatively 
constant number of IPV samples, broken by jumps in the number of samples. The number of IPV data 
points is smaller in the past because the geologic record of IPV becomes increasingly erased backward in 
time. 
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Text S4. Constructing Random Rotations of the MTZ Hydration Maps  

We generated random rotations following the approach of Miles [1965], who showed that a uniform 
distribution of rotation poles on the Earth’s surface, coupled with rotation angles drawn from the 
distribution (𝜃 − 𝑠𝑖𝑛𝜃) 𝜋⁄  (where 0 ≤ 𝜃 ≤ 𝜋), produces a uniform distribution of random re-
orientations. Thus, an object on Earth’s surface (e.g., an MTZ hydration map) can be randomly-
reoriented to a new position on Earth’s surface using this procedure. 

Although we compare MTZ hydration to IPV locations only on continents, we randomly rotate the entire 
MTZ grid, including both oceanic and continental regions. If we had excluded the oceanic regions (where 
we have no IPV locations), we would reduce the wet MTZ area by more than half (Figure S6). In that 
case, any random rotation that positions formerly oceanic MTZ beneath continental areas would show a 
poor comparison to IPV simply for geometrical reasons.  By rotating the entire MTZ grid, we consider the 
placement of all continental IPV locations relative to the entire distribution of hydrated MTZ.  

We show a few examples of randomly re-oriented MTZ hydration maps, and their correlations with 
(unrotated) IPV, in Figure S7. 
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Figure S1. Parameters used to compute rates of regassing into the deep mantle, showing (a) the global 
average plate thickness, (b) the global average subduction rate, (c) the global average water retention 
fraction ε, and (d) the total length of global subduction zones. These parameters are combined using 
equation S2, as described in Supporting Information Text S1 to compute the regassing rate R 
[kg/m/year] along each subduction zone segment (main text Figure 2, left column). The summed 
regassing along all segments gives the (e) global total regassing flux, which varies significantly as a 
function of time since 400 Ma.   
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Figure S2. Assignment of water from a subduction zone segment onto mesh grid points. The left figure 
shows the global mesh point locations (purple, 10094 global mesh points positioned based on the 
CitcomS spherical finite element code [Zhong et al., 2000]) using a Mollweide projection. In this grid, 12 
diamond-shaped “caps” facilitate a relatively uniform distance between the mesh points on a spherical 
surface. On the right, an illustration of the nearest neighbor method shows a segment and its midpoint 
(marked with an X) and the N nearest neighbor mesh points (here, N=10). These points each receive a 
weighted relative fraction of the total water content (blue color, see equation S4) that is “regassed” to 
Earth’s mantle at this segment midpoint. Grid points closer to the segment midpoint receive more water 
(darker blue), while more distant points receive less (lighter blue). Mesh points that are not among the 
N = 10 closest points to the segment midpoint do not receive any water (white).  
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Figure S3. Continental intraplate volcanism (IPV) samples extracted from the GEOROC 
(https://georoc.eu/) database [Lehnert et al., 2000]. Shown in (a) are the 2095 continental IPV locations 
with eruption ages between 0 and 250 Ma (blue dots). Shown in (b) are the 467 continental IPV 
locations with 0 Ma age (blue dots), which define 132 IPV locations after de-clustering (red dots, see 
Supporting Information Text S3). Shown in (c) are the number of different IPV locations as a function of 
age between 250 and 0 Ma, both for all IPV locations (blue line) and for the de-clustered locations (red 
line). 
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Figure S4. Effect of varying MTZ water residence time, shown at 100 Ma (left column, a-d) and 200 Ma 
(right column, e-h). Predictions of the water distribution in the mantle transition zone (MTZ) are shown 
using colors (as for Figure 3 of the main text), with locations of active continental intraplate volcanism 
(IPV) shown by red dots. The slab sinking rate is vsink  = 3 cm/yr, and there is a tIPV = 20 Myr IPV delay. The 
MTZ water residence time is (a, e) tMTZ = 0 Myr, (b, f) tMTZ = 30 Myr, (c, g) tMTZ = 100 Myr, and (d, h) tMTZ = 
¥, meaning that water that reaches the MTZ stays there. 
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Figure S5. The fraction of continental IPV locations and continental areas sitting above hydrated MTZ 
for different scenarios. Similar to Figure 5 of the main text, except that dotted lines show the fraction of 
continental areas (instead of global areas for the dashed lines in main text Figure 5) that sit above 
hydrated MTZ. Black lines reproduce the lines in Figure 3g of the main text, i.e., the reference scenario. 
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Figure S6. The area of continental and oceanic regions sitting above hydrated MTZ for different 
scenarios. Shown are the total areas of the continents (light green area) and oceans (light blue area) as a 
function of time through the reconstruction, and the portions of these areas that sit above hydrated 
MTZ (shown by the darker colored areas, which represent the different models from the corresponding 
panels of main text Figure 5, and described by the legends on the right). In each panel, continental and 
oceanic areas are shown above and below the x-axis, respectively. The black lines surrounding grey 
areas are for the reference scenario, and are the same in each panel. 
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Figure S7. Examples showing the re-orientation of the MTZ water grid. The illustration displays the 
mantle transition zone (MTZ) water grid at 125 Ma with an MTZ water residence time of tMTZ = 100 Myr, 
a slab sinking rate of vsink = 3 cm/yr, and IPV delay period of tIPV = 20 Myr, i.e., the reference scenario of 
this study. Shown are the original grid (a) and three re-orientations of this grid (b-d) as defined by 
random choices of longitude/latitude/rotation (above each figure, in degrees). Stationary locations of 
continental intraplate volcanism (IPV) (red dots), reconstructed continental blocks (green lines), and 
plate boundaries (black lines) are also displayed (these are not rotated with the MTZ water grid). The 
percentage of continental IPV samples above wet MTZ values (i.e., ≥ 0.5 ·109 kg/km2, pink contour) are 
given for each water grid rotation. 
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