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Abstract

Great volumes of water are carried downward into the mantle transition zone (MTZ, 410-670 km depth) by subducting slabs. If

this water is later drawn upward, the resulting mantle melting may generate intraplate volcanism (IPV). Despite its importance,

the amount and spatial distribution of water within the MTZ, and its impact on IPV, are poorly constrained. Here we use

a series of plate tectonic reconstructions to estimate rates and positions of water injection into the MTZ by subducted slabs

during the past 400 Myr. This allows us to construct maps of heterogeneous MTZ hydration, which we then compare to IPV

locations since 200 Ma. We find a statistically significant correlation between wet regions of the MTZ and locations of IPV

at the surface, but only if water remains stored in the MTZ for periods of 30-100 Myr after being carried there by slabs. We

find that 42-68% of IPV is underlain by wet MTZ, with higher correlations associated with longer MTZ residence time, slower

slab sinking rates, and longer time periods between MTZ hydration and IPV eruption. The correlation is highest during the

Jurassic, when more extensive slab interaction with the MTZ caused a wider area of the MTZ to become hydrated. Parts of

the MTZ near the western Pacific, southern Africa, and western Europe, have remained dry by avoiding wet slabs. Hydrous

upwellings rising from the MTZ, some driven by interactions with subducting slabs, may be responsible for IPV rising from wet

MTZ regions.
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Key Points: 14 

• We use tectonic reconstructions of subduction history to map the hydration state of the 15 
mantle transition zone (MTZ) for the past 400 Myr. 16 

• We identify a statistically significant correlation between hydrated MTZ and intraplate 17 
volcanism (IPV) at the Earth’s surface. 18 

• Hydrated MTZ can explain IPV if subducted water stalls in the MTZ for ~100 Myr and 19 
hydrous upwelling induces sub-lithospheric melting. 20 

 21 
Abstract 22 
Great volumes of water are carried downward into the mantle transition zone (MTZ, 410-670 km 23 
depth) by subducting slabs. If this water is later drawn upward, the resulting mantle melting may 24 
generate intraplate volcanism (IPV). Despite its importance, the amount and spatial distribution 25 
of water within the MTZ, and its impact on IPV, are poorly constrained. Here we use a series of 26 
plate tectonic reconstructions to estimate rates and positions of water injection into the MTZ by 27 
subducted slabs during the past 400 Myr. This allows us to construct maps of heterogeneous 28 
MTZ hydration, which we then compare to IPV locations since 200 Ma. We find a statistically 29 
significant correlation between wet regions of the MTZ and locations of IPV at the surface, but 30 
only if water remains stored in the MTZ for periods of 30-100 Myr after being carried there by 31 
slabs. We find that 42-68% of IPV is underlain by wet MTZ, with higher correlations associated 32 
with longer MTZ residence time, slower slab sinking rates, and longer time periods between 33 
MTZ hydration and IPV eruption. The correlation is highest during the Jurassic, when more 34 
extensive slab interaction with the MTZ caused a wider area of the MTZ to become hydrated. 35 
Parts of the MTZ near the western Pacific, southern Africa, and western Europe, have remained 36 
dry by avoiding wet slabs. Hydrous upwellings rising from the MTZ, some driven by interactions 37 
with subducting slabs, may be responsible for IPV rising from wet MTZ regions. 38 
 39 
Plain Language Summary 40 
Minerals within Earth’s interior may hold several oceans of water. Most of this water is stored 41 
within the mantle transition zone (MTZ), a layer that lies between 410 and 670 km depth. It is 42 
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carried there by subducted “slabs”, which are tectonic plates that have descended into the mantle. 43 
We used plate tectonic reconstructions to determine the locations and rates of water transport 44 
into the MTZ by slabs during the past 400 million years. This exercise allows us to construct 45 
maps of water storage within Earth’s MTZ. These maps suggest that more than a third of the 46 
MTZ is likely hydrated today, and even greater areas were likely hydrated in the past. We also 47 
found that “intraplate” volcanism erupting away from tectonic plate boundaries tends to 48 
preferentially occur above these “wet” areas of the MTZ, especially if water is assumed to 49 
remain in the MTZ for long periods of time. Based on this correlation, we hypothesize that 50 
intraplate volcanism is promoted above wet regions of the MTZ, where hydrous upwellings 51 
increase the tendency of rocks in the upper mantle to melt and form magma that can erupt. 52 

 53 

1. Introduction 54 

Water exchange between the Earth’s surface and interior is facilitated by active plate 55 
tectonic processes, primarily subduction and mid-ocean ridge volcanism (Figure 1) [e.g., Bodnar 56 
et al., 2013; Thompson, 1992]. The process of transporting water from the surface into the 57 
mantle through subduction is known as regassing (Figure 1) Error! Reference source not 58 
found.[Rüpke et al., 2004; Syracuse et al., 2010], and regassing rates depend on many 59 
parameters that control the thermal structure of subducting slabs. Old and fast slabs have a 60 
greater capacity to transport water to great depths (ca. >200 km) than young and warm, slowly 61 
subducting slabs [Thompson, 1992; van Keken et al., 2011]. This is mainly because old and thick 62 
lithosphere that subducts rapidly can maintain a cold interior for longer, which allows hydrous 63 
phases within the slab to remain stable to greater depths. Water that reaches the mantle transition 64 
zone (MTZ, between 410 and 670 km depth) can be stored there for long periods within the 65 
minerals ringwoodite and wadsleyite [Hirschmann, 2006], especially if the slab’s passage 66 
through the MTZ is slowed by slab stagnation, deformation, or horizontal deflection 67 
[Komabayashi and Omori, 2006; Kuritani et al., 2011; Ohtani et al., 2018; Suetsugu et al., 68 
2006]. The presence of water within the MTZ has been confirmed by examination of mineral 69 
inclusions within sublithospheric diamonds [Pearson et al., 2014; Shirey et al., 2021; Wirth et 70 
al., 2007], and isotopic evidence suggests that MTZ water may have been recycled from the 71 
surface environment [Xing et al., 2024]. Because slabs on Earth exhibit a diversity of thicknesses 72 
and descent rates, the subduction-mediated processes that deliver water to the deep mantle (> 73 
200 km, beyond extraction by volcanic arcs, see Figure 1) are highly variable in space and time 74 
[e.g., Karlsen et al., 2019; van Keken et al., 2011]. Thus, even though the MTZ may hold even 75 
more water than Earth’s surface environment [e.g., Nestola and Smyth, 2016], the distribution of 76 
this water within the MTZ may be highly heterogeneous [Peslier et al., 2017]. 77 

Characterizing the water content of the transition zone is important because it can help us 78 
to understand Earth’s deep mantle water cycle, which regulates mantle convection [e.g., Karato, 79 
2011], upper mantle rheology [e.g., Ramirez et al., 2022], volcanic processes [e.g., Yang and 80 
Faccenda, 2020], Phanerozoic sea level [e.g., Karlsen et al., 2019], and Earth’s thermal 81 
evolution [e.g., Crowley et al., 2011]. However, detecting variations in MTZ hydration has 82 
proven difficult because such variations do not significantly influence seismic wave speeds 83 
[Schulze et al., 2018]. Instead, variations in water content have been inferred from observations 84 
of transition zone thickness [Houser, 2016; Meier et al., 2009; Suetsugu et al., 2006], seismic 85 
anisotropy [Chang and Ferreira, 2019], and electrical conductivity [Huang et al., 2005; Karato, 86 
2011; Kelbert et al., 2009]. The interpretation of such variations in terms of hydration 87 
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heterogeneity may be complicated by the presence of other heterogeneities (e.g., temperature or 88 
composition [e.g., Ramirez et al., 2022]), as suggested by conflicting inferences of mostly wet 89 
[Kelbert et al., 2009] or mostly dry [Chang and Ferreira, 2019] conditions near subducting 90 
slabs. Overall, the magnitude and distribution of water in the Earth’s interior, both today and in 91 
the geologic past, remain poorly quantified and mapped [Hirschmann, 2006]. 92 

One indicator of a hydrated MTZ may be intraplate volcanism (IPV), defined as 93 
volcanism occurring within the interiors of tectonic plates, i.e., away from plate boundaries. 94 
Although it is often associated with mantle plumes, IPV may also result from a variety of local 95 
processes including shear-driven upwelling [e.g., Ballmer et al., 2015; Conrad et al., 2011], 96 
lithospheric deformation [e.g., Valentine and Hirano, 2010], and sublithospheric convective 97 
instability [e.g., Ballmer et al., 2010; King and Ritsema, 2000]. All of these IPV mechanisms 98 
rely on decompression melting beneath the lithosphere [e.g., Aivazpourporgou et al., 2015; 99 
Hernlund et al., 2008], which can be enhanced if the solidus temperature is depressed by the 100 
presence of water [Katz et al., 2003]. Indeed, some IPV has been associated with melting above a 101 
locally hydrated mantle transition zone [Kuritani et al., 2019; Long et al., 2019; Motoki and 102 
Ballmer, 2015; Wang et al., 2015; Yang and Faccenda, 2020]. Such a connection could be 103 
explained by upwelling of, or slab interaction with, an MTZ water reservoir [Kuritani et al., 104 
2011]. Because minerals found above the MTZ can bear less water, an upward flux of hydrated 105 
mantle above the 410 km discontinuity would result in hydrous melting [Wang et al., 2015] and 106 
possibly the transport of melt to erupt at the surface [Komabayashi and Omori, 2006; Kuritani et 107 
al., 2019] (Figure 1). This link between IPV and a hydrated MTZ may explain Cenozoic IPV in 108 
Northeast China [Kuritani et al., 2011; Yang and Faccenda, 2020], where the Pacific slab has 109 
stagnated in the MTZ for more than 30 Myr [Long et al., 2019]. 110 

 111 
Figure 1. Schematic of the deep Earth water cycle. Water exchange between Earth’s surface and Earth’s 112 
deep interior is controlled by plate tectonics. Degassing releases water to the surface at spreading ridges, 113 
arc volcanoes, and through intraplate volcanism (IPV). Regassing transports water back into the deep 114 
mantle via subduction, with velocity vsink. Most of a slab’s initial water is released in the mantle wedge, 115 
where it triggers partial melting and is degassed to the surface through arc volcanism. The remaining 116 
water is transported beyond the arc and can be released within the mantle transition zone (MTZ), where 117 
slabs often stagnate. More water reaches the MTZ for subduction zones with a larger convergence 118 
velocity (vs) and a greater slab age (which determines the slab thickness, d). Water is plausibly stable 119 
within the MTZ for a significant time (tMTZ), possibly even after the slab has continued sinking into the 120 
lower mantle. The hydrous MTZ may induce hydrous upwelling, melting, and subsequent IPV that is not 121 
plume-related [e.g., Yang and Faccenda, 2020]. Eruptions at intraplate locations above water-rich parts 122 
of the MTZ could occur after an unknown delay period (tIPV) following MTZ hydration. 123 
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In this study we look for a possible connection between continental intraplate volcanism 124 
and hydrated regions of the mantle transition zone. So far, this link has only been investigated 125 
through the lens of specific case studies conducted at a regional scale [e.g., Kuritani et al., 2011; 126 
Yang and Faccenda, 2020]. Here we use global plate tectonic reconstructions to predict patterns 127 
of heterogeneous water storage in the MTZ during the past 400 Myr (section 2.1). We then test 128 
to see if IPV locations, inferred from a geochemical database (2.2), preferentially erupt above the 129 
more hydrated regions of the MTZ (2.3). Because our estimates of both subduction history and 130 
IPV patterns are imperfect, especially for earlier times, we examine geographical correlations 131 
between MTZ hydration state and IPV eruption locations from a statistical perspective (section 132 
3). This allows us to use statistical correlation methods to quantify any inferred link between IPV 133 
locations and the hydrated MTZ (section 4). 134 

 135 

2. Methods 136 

Because the mechanisms for both hydration of the MTZ and eruption of IPV at the surface are 137 
poorly understood, we develop several alternative models of MTZ hydration based on values of 138 
key parameters whose true values are unknown. We then compare patterns of predicted MTZ 139 
hydration with IPV locations, compiled as described below, in order to discover any links 140 
between them. 141 

 142 

2.1 Mapping hydrated regions in the mantle 143 

To construct maps of the hydrated portions of the MTZ, we used the global plate tectonic 144 
model of Matthews et al. [2016], with corrections for the Pacific described by Torsvik et al. 145 
[2019]. The plate model is constructed upon a mantle-based absolute reference frame, extends 146 
from 410 Ma to present-day, and is accompanied by seafloor ages computed by Karlsen et al. 147 
[2021] (Figure 2, left column). For each 1 Myr time step, we extract the coordinates of the 148 
subduction zone segments, as well as their convergence velocity (νs), length (Ls), and slab age 149 
(τ), all of which vary spatially and with time during the past 400 Myr (Figure S1).We use these 150 
parameters to estimate the flux of water into the deep mantle for each subduction zone segment 151 
at each time step, following the parametrization of Karlsen et al. [2019] (see Supplementary Text 152 
S1). The resulting regassing rates vary along and among Earth’s different subduction zones 153 
(Figure 2, left column), and global rates of net regassing into the deep mantle exhibit significant 154 
temporal variations (Figure S1e). These regassing rates can be used to reconstruct hydration 155 
patterns in the MTZ as a function of time. The simplest way to do this is to integrate the 156 
historical water flux (HWF) for surface subduction zones for a chosen period of time. HWF is 157 
computed for each reconstruction time as the mass of along-trench regassed water that could 158 
have accumulated within the MTZ. By assuming an accumulation period (for example, 100 Myr) 159 
we can predict patterns of MTZ hydration that can be compared to the observed history of IPV 160 
(Figure 2, right column). 161 

We convert integrations of HWF (units of Tg/m, right column of Figure 2) into maps of 162 
MTZ hydration density (kg of water per square km of MTZ), which are more useful for 163 
comparing to IPV eruptions. For this, we express regassing fluxes at subduction zones on a mesh 164 
of 10094 nodes distributed with relatively uniform spacing (~225 km at the surface) over a 165 
sphere (Figure S2). This results in a mapping of the water flux from the surface into the mantle at 166 
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a particular time. We assume that water subducts vertically downward into the mantle beneath 167 
trench segment midpoints with a constant sinking velocity vsink, which allows us to translate the 168 
water flux map to a specific mantle depth. Average upper mantle sinking velocities of 1-4 cm/yr 169 
[van der Meer et al., 2018], 1.5-6.0 cm/yr [Domeier et al., 2016], 5-7 cm/yr [Goes et al., 2011], 170 
and 10 cm/yr [Bercovici and Karato, 2003] have been suggested. Here we employ vsink as an 171 
unknown parameter and 172 
examine values in the range of 173 
1-9 cm/yr above 660 km depth. 174 

 175 

Figure 2. Regassing rates for 176 
subduction zone segments (left 177 
column) colored according to the 178 
amount of water per unit length of 179 
subduction zone segment (per Myr) 180 
at (a) 400 Ma, (b) 320 Ma, (c) 240 181 
Ma, (d) 160 Ma, (e) 80 Ma, and (f) 182 
0 Ma (present day). Subduction 183 
zone segments that do not 184 
contribute to the deep mantle water 185 
flux (because they are too warm or 186 
subduct too slowly) are displayed 187 
as white segments. Also shown for 188 
context are reconstructed seafloor 189 
ages (colors in oceanic regions, 190 
from Karlsen et al. [2019]), plate 191 
boundaries (black lines), and 192 
continental blocks (green regions). 193 
Historical water flux (HWF) and 194 
intraplate volcanism (IPV) 195 
eruption locations (right column), 196 
shown at (g) 250 Ma, (h) 200 Ma, 197 
(i) 150 Ma, (j) 100 Ma, (k) 50 Ma, 198 
and (l) 0 Ma (present-day). Here 199 
HWF (colors) represents the mass 200 
of water (per unit trench length) 201 
that has been injected into the deep 202 
mantle by subduction during the 203 
previous 100 Myrs (plotted using 1 204 
Myr intervals). Our analysis 205 
compares representations of HWF 206 
to observed IPV locations, which 207 
are shown by red circles (see text 208 
for how IPV locations are 209 
determined).  210 

 211 

As they encounter the 212 
lower mantle, slabs are thought 213 
to slow down (e.g., Butterworth 214 

a) 400 Ma

b) 320 Ma

c) 240 Ma

d) 160 Ma

e) 80 Ma

f) 0 Ma

g) HWF: 350-250 Ma, IPV: 250 Ma

h) HWF: 300-200 Ma, IPV: 200 Ma

i) HWF: 250-150 Ma, IPV: 150 Ma

j) HWF: 200-100 Ma, IPV: 100 Ma

k) HWF: 150-50 Ma, IPV: 50 Ma

l) HWF: 100-0 Ma, IPV: 0 Ma
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et al. [2014] estimated sinking rates of 1.3 cm/yr in the lower mantle), a process that may already 215 
begin in the MTZ. Some slabs appear to penetrate through the MTZ, whereas other slabs 216 
stagnate there for a period of time (Figure 1; [Goes et al., 2017]). For scenarios of slab 217 
stagnation, we apply a sinking rate of 0 cm/yr at the 660 km discontinuity for a time tMTZ, which 218 
we refer to as the MTZ residence time. We note that the effective MTZ residence time may be 219 
longer than the time that slabs actually stagnate in the MTZ. This is because any water that is 220 
released from a stagnating slab can be stored within wadsleyite and ringwoodite in the MTZ, 221 
even after the slab itself has moved deeper into the mantle. Because the duration of slab 222 
stagnation is unknown, we employ tMTZ as another unknown parameter and examine plausible 223 
scenarios that include tMTZ of 0, 30, and 100 Myr, after which we remove this water from the 224 
MTZ. We also consider an “infinite” end member case, named tMTZ=∞, in which all regassed 225 
water that reaches the MTZ stays there until the end of the simulation.  226 

Within the upper mantle, water in the slab may migrate or diffuse into surrounding minerals 227 
[Demouchy and Bolfan-Casanova, 2016], which increases the lateral reach of the subducted 228 
water. In addition to diffusion, the location of the water may deviate from the surface location of 229 
the trench because slabs dip and deform as they descend, and may drift horizontally if they 230 
stagnate [Goes et al., 2017]. To account for the lateral movement of water after subduction as 231 
well as uncertainties related to reconstructed subduction zone locations, we distribute water from 232 
each subduction zone segment into the N closest neighbor mesh points that surround the segment 233 
midpoint, with closer points getting more water (Supplementary Text S2). We use N=10, which 234 
distributes the water within a radius of about 390 km of the segment midpoint (Figure S2) and is 235 
consistent with slow diffusion processes [Demouchy and Bolfan-Casanova, 2016]. Sensitivity 236 
experiments show that increasing N has only a modest effect on the water distribution within the 237 
MTZ (Supplementary Text S2). Instead, the lateral coverage of water in the MTZ is more closely 238 
related to slab stagnation (section 3.2 below). This is because slab stagnation retains water within 239 
the MTZ while subduction locations, and thus MTZ injection points, dictate its distribution. The 240 
largest control on the lateral extent of MTZ hydration is thus exerted by changing the MTZ 241 
residence time tMTZ. 242 

 243 

2.2 Location of continental intraplate volcanism 244 

To identify locations of continental intraplate volcanism (IPV), we selected all onshore 245 
basalts classified as "Intraplate Volcanism" from the GEOROC (Geochemistry of Rocks of the 246 
Oceans and Continents, https://georoc.eu/) database [Lehnert et al., 2000] with assigned eruption 247 
ages within the most recent 250 Myr. The choice of 250 Myr allows time for the tectonic 248 
reconstruction to populate the MTZ with water following the start of the tectonic reconstruction 249 
at 410 Ma. We did not include sites classified as ocean islands, as a majority of those sites are 250 
likely related to mantle plumes, and thus a deep mantle source below the MTZ. Furthermore, 251 
oceanic intraplate volcanism is continually erased by subduction, which makes the oceanic IPV 252 
record uneven and incomplete. Although some of the continental IPV points in the dataset are 253 
likely also related to plumes, we did not attempt to remove such points because it is difficult to 254 
distinguish plume-associated IPV from other IPV. Thus, we used the database “as-is” 255 
(downloaded on November 16, 2021) to avoid selection bias. Importantly, the database shows 256 
only the present-day location of IPV, but due to plate motions most of these sites were in a 257 
different location at the time of their emplacement. Therefore, we computed the original position 258 
of each IPV point according to the same plate reconstruction model used to estimate the water 259 
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flux to the mantle [Matthews et al., 2016; Torsvik et al., 2019], yielding maps of IPV locations 260 
for past times (Figure 2, right column). For comparison to MTZ hydration, we also filtered the 261 
data to exclude duplicate points and merged clustered points to mitigate oversampling 262 
(Supplementary Text S3; Figure S3). 263 

 264 

2.3 Occurrence of IPV above wet or dry mantle 265 

Having developed models for MTZ hydration and IPV eruption as a function of time and 266 
space (Figure 2); we now seek to determine if there exists any meaningful correlation between 267 
them. We might anticipate a delay period (tIPV) between the charging of the MTZ with water and 268 
the eruption of IPV at the surface, associated with the ascent rate of hydrous upwellings from the 269 
MTZ and the time for melt to penetrate the lithosphere. Previous studies suggest IPV delay 270 
periods of ~12 Myr [Yang and Faccenda, 2020], tens of Myr [Motoki and Ballmer, 2015], and 271 
10-30 Myr [Long et al., 2019]. Therefore, we compare IPV maps (e.g., Fig. 2, right column) with 272 
MTZ hydration maps that are older by tIPV delay periods of 0, 10, 20, 30, and 50 Myr. 273 

We interpolate our MTZ hydration models (section 2.1) to determine the concentration of 274 
water in the MTZ beneath each IPV point. To identify regions of the MTZ where subducted 275 
water may have accumulated, we choose a threshold of 0.5·109 kg/km2 to define the ‘wet mantle 276 
transition zone’, while values below this cutoff are designated as ‘dry’. This threshold, which 277 
equates to a layer of water 0.5 m thick distributed within the 250 km thickness of the MTZ, lies 278 
just above the minimum non-zero MTZ water content in our maps (e.g., Figure 3). It is ~20 times 279 
smaller than 0.001 wt % water, which is the cutoff used by Zhang et al. [2022] to define the 280 
“dry” MTZ. We use a more generous definition of the “wet” MTZ because we want to include 281 
all regions of the MTZ that may have retained any water from slabs. We note that even small 282 
amounts of water can cause reduced viscosity and melting of mantle rocks [Drewitt et al., 2022; 283 
Hirschmann, 2006; Luth, 2003; Wright, 2006]. We use a wet/dry distinction, rather than using 284 
water concentrations directly, because we only consider the presence of IPV; we do not consider 285 
eruption volumes in our analysis. Furthermore, we do not know how much water is needed to 286 
promote IPV, and other factors that may affect the formation of IPV are poorly constrained. 287 
Therefore, we do not attach extra importance to IPV occurrences above higher MTZ water 288 
concentrations.  289 

For a quantitative measure of the degree of correlation between IPV and wet MTZ, we 290 
determined the percentage of volcanic eruptions located vertically above “wet” MTZ. We 291 
compared IPV and wet MTZ in this way for each 1 Myr time increment in the past, and averaged 292 
over the period 250-0 Ma. 293 

 294 

3 Distribution of water in the mantle transition zone and comparison to IPV  295 

We compare predictive maps of MTZ water content with the changing locations of IPV 296 
through the past 250 Myr. We start by examining a reference scenario based on specific choices 297 
for tMTZ, vsink, and tIPV. By adjusting these parameters, we develop alternative models for the 298 
timing of MTZ hydration, which we test against observed IPV patterns for tMTZ, vsink, and tIPV. 299 

  300 
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 301 

Figure 3. Comparison of IPV 302 
locations to the MTZ water 303 
distribution, for the reference 304 
scenario. (a-f) Predictions of 305 
the water distribution in the 306 
mantle transition zone 307 
(colors) and locations of 308 
active intraplate volcanism 309 
(IPV, red points), for times 310 
between the present-day (a) 311 
and 250 Ma (f), with 312 
reconstructed coastlines 313 
(green lines) and plate 314 
boundaries (black lines). The 315 
reference scenario shown here 316 
assumes that water has a 317 
residence time of tMTZ = 100 318 
Myr in the MTZ, a slab 319 
sinking velocity of vsink  = 3 320 
cm/yr, and a tIPV = 20 Myr 321 
delay before IPV eruption. (g) 322 
Percentage of IPV locations 323 
that lie above wet MTZ 324 
(defined as ≥ 0.5 ·109 kg/km2, 325 
pink contour in a-f) for this 326 
reference scenario (solid 327 
line). Shown for comparison is 328 
the fraction of the reference 329 
grid area that is covered by 330 
hydrated (rather than dry) 331 
MTZ regions (dashed line). 332 

 333 

3.1 The reference scenario 334 

For our reference 335 
scenario, we apply a sinking rate of vsink = 3 cm/yr, an MTZ water residence time of tMTZ = 100 336 
Myr, and an IPV delay period of tIPV = 20 Myr. This model predicts that at 20 Ma (Figure 3f) the 337 
hydrated portion of the MTZ extended across regions of the mantle transition zone beneath 338 
present-day South and North America, the western Pacific and eastern Asia, and beneath India 339 
and some of the Middle East. This hydrated MTZ reflects patterns of Cenozoic subduction, 340 
which is expected given that slabs sinking at 3 cm/yr will reach the MTZ after only 15-20 Myr. 341 
Because subduction migrates slowly, this same geographical pattern has persisted since the 342 
Cretaceous (Figures 3d to 3f), with about one third of the MTZ being hydrated since 120 Ma 343 
(Figure 3g). Before the Cretaceous, the hydrated part of the MTZ covered a larger area, 344 
exceeding 60% of the MTZ area during 200-250 Ma (Figure 3g). However, much of the wet 345 
MTZ was only weakly hydrated during the Jurassic and earlier (Figures 3a and 3b), reflecting 346 
slower regassing rates prior to a peak at ~130 Ma [Karlsen et al., 2019]. The area of the wet 347 

a) IPV: 250 Ma, MTZ Water: 270 Ma

b) IPV: 200 Ma, MTZ Water: 220 Ma

c) IPV: 150 Ma, MTZ Water: 170 Ma

d) IPV: 100 Ma, MTZ Water: 120 Ma

e) IPV: 50 Ma, MTZ Water: 70 Ma

f) IPV: 0 Ma, MTZ Water: 20 Ma
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MTZ was greater during these earlier periods because of faster trench migration rates in the 348 
tectonic reconstruction prior to ~250 Ma, perhaps resulting from ocean basin closure during 349 
supercontinent assembly [Young et al., 2019]. 350 

 351 

Figure 4. Effect of varying 352 
MTZ water residence time 353 
and slab sinking rates. 354 
Predictions of the water 355 
distribution in the mantle 356 
transition zone (MTZ) at 20 357 
Ma for (a-d) varying MTZ 358 
residence time tMTZ (assuming 359 
vsink = 3 cm/yr and tIPV = 20 360 
Myr) and (e-h) varying slab 361 
sinking rate vsink (assuming 362 
tMTZ = 100 Myr and tIPV = 20 363 
Myr). Shown for all plots are 364 
continental outlines (green 365 
lines), plate boundaries (black 366 
lines) and active intraplate 367 
volcanism (IPV) locations (red 368 
dots) at 0 Ma. The pink 369 
contour outlines the wet MTZ 370 
(defined as ≥ 0.5 ·109 kg/km2). 371 
 372 

We compare the 132 373 
IPV samples for the present 374 
day (0 Ma) to the MTZ at 375 
20 Ma, accounting for the 376 
tIPV = 20 Myr delay time 377 
before eruption (Figure 3f). 378 
We find that 47% of the 132 379 
IPV samples overlie a wet 380 
MTZ (Figure 3g). Many of 381 
these “wet” IPV locations lie in eastern Asia and western North America (Figure 3f). Several 382 
points are located above MTZ that is only slightly hydrated, and some “dry” IPV locations are 383 
positioned near the edge of hydrated MTZ. Allowing for faster lateral spreading of hydration, or 384 
permitting greater MTZ water residence time, would likely result in more IPV overlaying wet 385 
MTZ. This correlation of IPV with the edges of the wet MTZ persists for IPV at 50 Ma 386 
(compared to the MTZ at 70 Ma, Figure 3e) and earlier in the Cretaceous, during which ~40-387 
50% of IPV is underlain by wet MTZ (Figure 3g). The correspondence between IPV and wet 388 
MTZ is higher at 250 and 200 Ma (Figures 3a and 3b), with more than ~80% of IPV underlain 389 
by MTZ that was wet 20 Myr prior (Figure 3g). This higher percentage likely results from a 390 
more geographically expansive wet MTZ before the Cretaceous. Across 0 to 250 Ma, an average 391 
of 66.6% of the IPV locations reconstruct above MTZ that was wet 20 Myr before eruption. 392 

 393 

a) MTZ residence time = 0 Myr

b) MTZ residence time = 30 Myr

c) MTZ residence time = 100 Myr

d) MTZ residence time =

e) sinking rate = 1 cm/yr

f) sinking rate = 3 cm/yr

g) sinking rate = 6 cm/yr

h) sinking rate = 9 cm/yr
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3.2 MTZ water residence time 394 

By varying the MTZ residence time tMTZ, we show that the volume of water in the MTZ 395 
increases with increased residence time, as expected (Figure 4a-d). At 20 Ma (the time that is 396 
compared to present-day IPV for tIPV = 20 Myr), wet conditions extend across only ~13% of the 397 
MTZ area for tMTZ = 0 Myr (water sinks through the MTZ in less than 9 Myr at 3 cm/yr), but 398 
across ~74% if the MTZ if the residence time is unlimited (tMTZ=∞) (Figure 5a). This trend is 399 
also evident for past times (e.g., at 100 and 200 Ma, Figure S4), where wet conditions tend to 400 
quickly “fill up” the MTZ for longer MTZ residence times. Because of this greater area-coverage 401 
of wet conditions, we find that more IPV locations lie above hydrated MTZ for longer residence 402 
times (Figure 5a). As for the reference scenario (Figure 3a), the fraction of IPV underlain by wet 403 
MTZ is nearly always larger than the area fraction of the wet MTZ (Figure 5a). This means that 404 
IPV locations preferentially occur above the wet MTZ. 405 

 406 

Figure 5. Comparisons of 407 
intraplate volcanism 408 
(IPV) locations with the 409 
hydrated mantle 410 
transition zone (MTZ) for 411 
different scenarios. 412 
Shown is the fraction of 413 
IPV locations positioned 414 
above wet MTZ (solid 415 
lines) and the 416 
representative fraction of 417 
grid area covered by wet 418 
(rather than dry) MTZ 419 
regions (dashed lines). (a) 420 
Varying MTZ residence 421 
times (tMTZ) for scenarios 422 
with vsink = 3 cm/yr and 423 
tIPV = 20 Myr. (b) Varying 424 
slab sinking rates (vsink) 425 
for scenarios with tMTZ 426 
=100 Myr and tIPV = 20 427 
Myr. (c) Varying IPV 428 
delay periods (tIPV) for 429 
scenarios with tMTZ =100 430 
Myr and vsink = 3 cm/yr. 431 
The black lines reproduce 432 
the lines in Figure 3g, i.e., 433 
the reference scenario. 434 

 435 

3.3 Slab sinking rate 436 

The slab sinking rate vsink determines the time it takes for subducted water to reach the 437 
MTZ, and a slower sinking rate extends the time that water spends within MTZ. However, 438 
varying the slab sinking rate between 1 and 9 cm/yr does not significantly change the predicted 439 
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water distribution within the MTZ (Figure 4e-h), although more water is present within the MTZ 440 
for slower sinking rates (at 20 Ma, 36.3% of the MTZ is wet for vsink = 1 cm/yr compared to 441 
34.4% for vsink = 9 cm/yr). Across the past 250 Myr (Figure 5b), a slow 1 cm/yr slab sinking rate 442 
results in a slightly better average match between IPV and wet MTZ than for faster sinking rates. 443 

 444 

3.4 IPV delay period 445 

Because the wet MTZ changes only gradually with time (e.g., Figure 3), the IPV delay 446 
period tIPV, even one as long as 30 or 50 Myr, does not significantly affect the correlation 447 
between hydrated regions of the MTZ and IPV eruptions (Figure 5c). This parameter (tIPV) also 448 
does not affect the area of wet MTZ (dashed lines, Figure 5c), but effectively shifts it to younger 449 
ages (rightward in Figure 5c) because IPV eruption locations are compared to the MTZ at the 450 
(older) time before the delay. 451 

 452 

4 Statistical significance of correlations 453 

We use a statistical approach to determine whether the observed correlations between 454 
IPV locations and the hydrated regions in the MTZ can be considered significant. Specifically, 455 
we seek to test the null-hypothesis that the observed correlation can be explained as a chance 456 
occurrence. To achieve this, we compute the observed fit against a set of randomly perturbed 457 
trials and conduct a one-tailed test. This allows us to determine the p-value, which is a measure 458 
of the likelihood of obtaining a correlation as large or larger than the observed value by random 459 
chance, i.e., the null-hypothesis. A small p-value (typically p ≤ 0.05) suggests that the null-460 
hypothesis is unlikely, and can be rejected.  461 

To develop a set of random comparisons from which to derive an empirical distribution, 462 
we randomly re-oriented (see Supplementary Text S4) the simulated MTZ water grid (as 463 
constructed for a given set of model parameters). To obtain a statistically significant sample, we 464 
re-oriented each MTZ water grid 104 times, applying the same re-orientation for each time-step 465 
(within 0-250 Ma) of a given model. We then determine the fraction of IPV locations (which 466 
remain unperturbed) occurring above wet MTZ for each randomly re-oriented MTZ grid (see 467 
examples in Figure S5), and find the average over 250 million years, as before. Applying this 468 
procedure to the 104 different random rotations, we construct a distribution of wet IPV fractions 469 
for these “randomized wet MTZ scenarios” (Figure 6). The p-value is given as the fraction of 470 
this empirical distribution with a correlation between IPV and wet MTZ that is in excess of the 471 
observed value. If less than 5% of the random re-orientations yield a higher wet IPV fraction 472 
(𝑝 < 0.05 in Figure 6), then we can conclude that the observed correlation between IPV 473 
locations and the wet MTZ is not random. Note that the p-value that we obtain using this method 474 
is independent of the number of volcanism samples and is valid even if IPV sampling is 475 
incomplete [Conrad et al., 2011]. This approach was applied to all scenarios of this study to 476 
determine which correlations may be statistically significant.  477 

For the reference scenario, 66.6% of IPV locations since 250 Ma are underlain by wet 478 
MTZ (Figure 5a and Section 3.1). Of the 104 re-oriented MTZ water grids, only 3.9% produced 479 
correlations greater than 66.6% (Figure 6, top). This corresponds to a p-value of 0.039, which 480 
satisfies 𝑝 < 0.05 and means that we can reject the null hypothesis (that the observed correlation 481 
between IPV and wet MTZ is a chance occurrence) at the 95% confidence level. Applying the 482 
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same procedure to the other models for the wet MTZ, in which we vary tMTZ, vsink, and tIPV, 483 
(Figure 6), we find that several other models exhibit correlations that are statistically significant 484 
at the 95% confidence level (p ≤ 0.05). In particular, we find that changes to the reference 485 
scenario with tMTZ of 30 to 100 Myr, vsink of 3 cm/yr or more, and tIPV between 10 and 30 Myr, 486 
can all produce correlations that are statistically significant at the 95% confidence level (Figure 487 
6). These statistical tests suggest that there could be a meaningful link between the occurrence of 488 
IPV and hydrated regions of the MTZ, at least for the reference scenario and a range of models 489 
that are similar to it. 490 

 491 
Figure 6. Distribution of correlations between IPV locations and randomly-oriented wet MTZ for the 492 
various models of this study. The scenarios examined include the reference scenario (top left, marked 493 
with �), and variations to it involving the MTZ residence time (tMTZ, left column), the slab sinking rate 494 
(vsink, middle) and the IPV delay period (tIPV, right). Here the observed correlation between IPV locations 495 
and wet MTZ is drawn with a black dashed line (observed value given in black). The percentage of the 496 
distribution with a correlation larger than observed is given by the p value, with p < 0.05 (shown by 497 
green labels) indicating that the observed correlation between IPV and wet MTZ is unlikely to result from 498 
random chance. In the remaining cases (p > 0.05, red labels) the null hypothesis cannot be rejected at the 499 
95% confidence level. 500 
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5 Discussion 501 

We have estimated the rates and volumes of water transport into the deep mantle from 502 
modeled subduction fluxes based on plate tectonic reconstructions spanning 400 Myr. From 503 
these, we quantified the spatial heterogeneity of water in the MTZ. We find a statistically 504 
significant correlation between predicted hydrous regions of the MTZ and the locations of 505 
intraplate volcanism. Models with a statistical significance above the 95% confidence level 506 
display a match with continental intraplate volcanism between 42-68% (Figure 6), suggesting 507 
that over the past 250 Myr a large fraction of IPV has occurred above wet regions of the mantle.  508 

We considered multiple models as defined by choices for several different variables that 509 
control the distribution of subducted water in the MTZ. We find that the alignment of IPV 510 
locations with the wet MTZ in our models depends significantly on the MTZ water residence 511 
time (tMTZ), while the slab sinking rate and IPV delay time are less important. We find a p-value 512 
≤ 0.05 for models with tMTZ between 30 and 100 Myr (Figure 6). Outside of this range, shorter 513 
MTZ residence times (e.g., 0 Myr) do not generate enough MTZ hydration to explain IPV at a 514 
level that is statistically significant, while longer MTZ residence times (e.g., ∞ case) add water to 515 
so much of the MTZ that even randomly-placed IPV locations are likely to sit above wet MTZ. 516 
This suggests that the temporary stagnation of slabs at the 660 km discontinuity, for periods of 517 
~30 Myr or more, is crucial for MTZ hydration, and this hydration provides opportunities for 518 
generating IPV. 519 

The fact that different choices of slab sinking rate and IPV delay time do not significantly 520 
affect correlations between IPV and wet MTZ, except for their most extreme values, suggests 521 
that these parameters are not significantly important to their linkage. We did observe a poor 522 
correlation (and less statistical significance) for the slowest sinking rate of 1 cm/yr (Figure 6); 523 
this indicates that a slow upper mantle sinking rate is not by itself sufficient to produce patterns 524 
of wet MTZ that are sufficiently correlated to IPV. Instead, it seems that stalling in the MTZ for 525 
~30-100 Myr is necessary. Concerning the IPV delay period, the most statistically-significant 526 
result is for a delay period of 30 Myr (Figure 6), which supports the expectation of a nonzero 527 
IPV delay period because hydrous melt must be created, ascend to the asthenosphere, and travel 528 
through the lithosphere, to cause volcanic eruptions. However, the timing of these processes is 529 
still poorly understood and more research is needed to constrain the process of IPV generation by 530 
hydrous melt.  531 

 532 

5.1 Implications of a correlation between IPV and wet MTZ 533 

Establishing that IPV patterns correlate with hydrous MTZ regions supports the widely 534 
recognized hypothesis that water is transported to the MTZ by subducting slabs [Bodnar et al., 535 
2013; Kelbert et al., 2009; Magni et al., 2014; Thompson, 1992; van Keken et al., 2011], and 536 
consequently generates spatial and temporal mantle heterogeneity [Peslier et al., 2017]. This also 537 
suggests that tectonic reconstruction models are a valuable tool for exploring and estimating this 538 
heterogeneity. Generally, the MTZ water distribution over the period investigated (0-250 Ma) 539 
reflects continuous hydration of particular regions with a long history of subduction. Many of 540 
these regions are overlain by IPV (e.g., Figure 3). Such a link between a locally hydrated mantle 541 
transition zone and volcanism far from plate boundaries has been suggested by previous studies 542 
that mainly focused on a regional scale, for example the Cenozoic IPV in Northeast China 543 
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[Kuritani et al., 2011; Yang and Faccenda, 2020]. Our study confirms this link, but globally and 544 
in a statistical sense, for IPV that erupted during the past 250 Myr. 545 

Upwelling from hydrated parts of the MTZ, and the subsequent generation of melting and 546 
IPV eruption, may be a complicated process involving multiple geodynamic processes. For 547 
example, hydrous upwelling itself may require multiple subduction events to first saturate the 548 
MTZ and then to trigger upwelling flow of hydrated mantle [Kuritani et al., 2011; Yang and 549 
Faccenda, 2020]. Therefore, although the presence of water in the MTZ is likely to promote 550 
IPV, it must do so in conjunction with mantle processes that operate on MTZ heterogeneity over 551 
time, including several that draw the mantle above stagnant slabs upward [Kameyama and 552 
Nishioka, 2012; Kelbert et al., 2009; Long et al., 2019]. Once hydrated rocks are in the 553 
asthenosphere, other processes such as shear-driven upwelling [e.g., Ballmer et al., 2015; 554 
Conrad et al., 2011], lithospheric deformation [e.g., Valentine and Hirano, 2010], and small-555 
scale convection [e.g., Ballmer et al., 2010; King and Ritsema, 2000] may be important to 556 
produce localized melting and eruption to the surface. Although we do not directly include such 557 
secondary processes within our models, we indirectly account for them when using large values 558 
of tMTZ and tIPV, for which we obtain the largest correlations between IPV and wet MTZ. 559 

 Among the parameters we consider, the strongest control appears to be exerted by the 560 
MTZ water residence time (tMTZ), which implies that slab stagnation is important to MTZ 561 
hydration. The extra time that stagnating slabs spend in the MTZ may provide opportunities for 562 
incorporation of subducted water into the hydrous reservoirs of the MTZ [e.g., Kuritani et al., 563 
2011], which we have now associated with IPV at the surface. Storage of this water in the MTZ, 564 
even if temporary, removes water from the Earth’s surface reservoirs, decreasing sea level [e.g., 565 
Karlsen et al., 2019]. The presence of this water within the MTZ minerals of ringwoodite and 566 
wadsleyite may also be important for reducing MTZ viscosity toward observed values [Fei et al., 567 
2017], affecting global mantle flow patterns [e.g., Karato, 2011] and Earth’s long-term thermal 568 
evolution [e.g., Crowley et al., 2011]. Water loss from the MTZ may occur as mantle flow brings 569 
hydrated minerals across the upper [Andrault and Bolfan-Casanova, 2022] or lower [Schmandt 570 
et al., 2014] boundaries of the MTZ. The addition of water to the assemblage of nominally 571 
anhydrous minerals in these regions results in melting, and the melt likely percolates upward 572 
[Ohtani et al., 2018]. Melt that forms above the MTZ eventually reaches the asthenosphere, and 573 
can be erupted by IPV [Andrault and Bolfan-Casanova, 2022], as discussed above. Melt forming 574 
below the MTZ may also percolate upward, re-hydrating the MTZ [Schmandt et al., 2014], but 575 
some water likely remains stored within lower mantle bridgmanite, and continues downward 576 
[Walter, 2021]. Our results suggest that these processes overall lead to an average longevity of 577 
water in the MTZ of order 30-100 Myr, with much uncertainty. 578 

It is notable that we observe better agreement between IPV locations and the hydrated 579 
MTZ for earlier times (~125-250 Ma). This is the opposite of what we might expect given that 580 
the uncertainties on both the plate reconstruction and the IPV database generally increase with 581 
time. However, large regassing rates early in the tectonic reconstruction (before 320 Ma, Figure 582 
S1e) and rapid trench migration [Young et al., 2019] may have hydrated significant parts of the 583 
MTZ during the period ~400-200 Ma. The storage of this water in the MTZ for periods of up to 584 
100 Myr (large MTZ residence times) may have induced IPV across a wide region during the 585 
first part of our analysis (~250-150 Ma). Alternatively, the decreasing number of IPV samples 586 
for older times (Figure S3c) may indicate sampling bias. If this bias involves preferential 587 
sampling of eruptions that are larger in magnitude (greater eruptive volume), then it is possible 588 
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that such larger-scale IPV events are more likely to be related to melting of hydrous upper 589 
mantle, which should produce greater melt volumes. By contrast, the database of recent IPV may 590 
over-represent small-scale events that are less likely to be related to wet MTZ. 591 

 592 

 593 
Figure 7. Map of the time of the most recent MTZ hydration (colors), as compared to current IPV 594 
volcanism (red dots), continental locations (green lines), and LLSVP locations at the base of the mantle 595 
(pink lines). Here we assume a slab sinking rate of 3 cm/yr, and plot colors based on the ages of 596 
interaction of these slabs with the MTZ model for the four different choices of tMTZ that we examined. We 597 
note that three major areas of the MTZ (regions with yellow colors, near western Europe, southern Africa 598 
and the western Pacific) have not interacted with hydrated slabs in the past 400 Myr. 599 

 600 

5.2 Dry regions of the mantle transition zone 601 

The water mapped in this study is transported to the MTZ through subduction. Therefore, 602 
areas that have remained far from subduction zones throughout the considered period should be 603 
relatively dry (Figure 7), unless ancient water has remained stable for longer periods (> 400 Myr) 604 
or water has been transported into these regions by other means. This suggests that the MTZ 605 
beneath the Indian Ocean, Southeast Africa, the South Atlantic Ocean, large parts of the North 606 
Pacific Ocean, and a modest area below western Europe have remained dry for the past 400 Myr, 607 
and should be dry today. We note that there is relatively little IPV above the “dry” areas, 608 
although many of these regions are covered by oceanic lithosphere, where we have not 609 
considered IPV. These “dry” areas away from subduction zones roughly correspond to areas of 610 
persistent and stable broad-scale upwelling in the mantle [Conrad et al., 2013], which represents 611 
a return-flow from subduction downwelling occurring around these areas [Shephard et al., 612 
2017]. Intraplate volcanism has been identified within these regions away from subduction, but it 613 
has been mostly associated with deep mantle plumes (e.g., Hawaii). Plume-induced intraplate 614 
volcanism has been associated with the edges of the Large Low Shear Velocity Provinces 615 
(LLSVPs) at the base of the mantle, which form away from subduction zones [Torsvik et al., 616 
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2016]. Some of the IPV identified within the “dry” areas of the MTZ (Figure 7) may thus be 617 
associated with plumes rising from the deep mantle. 618 

Because the presence of water tends to reduce viscosity of the MTZ [Fei et al., 2017], 619 
these dry regions should have a larger viscosity than the wetter areas that surround them. This 620 
increased viscosity may be partially offset by decreased viscosity associated with mantle 621 
upwelling and increased temperatures associated with these regions away from subduction zones 622 
[Conrad et al., 2013]. However, if these dry regions of the MTZ are indeed stiffer than their 623 
surroundings, then mantle deformation should preferentially occur in the wetter areas, affecting 624 
upper mantle flow patterns [Ramirez et al., 2023]. Indeed, subduction-related deformation has 625 
tended to occur away from these potentially dry areas above the LLSVPs [Shephard et al., 2017], 626 
preventing hydration of these areas of the MTZ (Figure 7) and perhaps stabilizing large-scale 627 
mantle flow patterns [Conrad et al., 2013]. A dry MTZ may also exert an important influence on 628 
rates of glacial isostatic adjustment (GIA), which includes the solid Earth’s viscous response to 629 
episodes of deglaciation. Indeed, one of the dry regions in our models is predicted to extend 630 
beneath East Antarctica (Figure 7). Here, elevated upper mantle viscosities have been shown to 631 
slow rates of uplift in response to past (and future) deglaciation there, with important 632 
implications for sea level change [Gomez et al., 2024]. 633 

 634 

5.3 Limitations 635 

Uncertainties in the generated MTZ water grids are partly linked to and controlled by the 636 
underlying plate tectonic model [Karlsen et al., 2021; Karlsen et al., 2020; Matthews et al., 637 
2016; Torsvik et al., 2019], which becomes increasingly poorly constrained for older time 638 
periods. We assume vertical subduction, which has been suggested to be reasonable for mapping 639 
subducted slabs [Domeier et al., 2016], but does not account for lateral deflections or slab 640 
stagnations that may affect the MTZ water content. Thus, we have had to introduce additional 641 
parameterizations, such as the threshold for wet MTZ and the number of nearest neighbors used 642 
to spread the water laterally. These choices are poorly constrained and affect the MTZ water 643 
distribution and its link to IPV. We argue that the statistical approach used here (section 4) 644 
allows us to overcome this uncertainty by looking for overall correlations, even weak ones, based 645 
on “best guess” choices for some of these unknown parameters. Of course, this means that our 646 
predictive maps of MTZ hydration include a significant degree of uncertainty. 647 

We have shown that one of the most important parameters is the MTZ residence time, 648 
which is related to slab stagnation. However, not all slabs behave the same way; some may 649 
stagnate for different amounts of time in the MTZ while other slabs may subduct directly 650 
through it. Therefore, our assumption of using one constant value of MTZ residence time per 651 
model is a significant simplification. A more detailed mapping of wet and dry regions in the 652 
mantle transition zone (Figure 7) could be constructed by considering these different behaviors 653 
for each slab. It could be possible to infer slab topology from tomographic models for recent 654 
times, but would unfortunately be difficult, if not impossible, to do so for past times. However, if 655 
we assume that there is indeed a link between wet MTZ and the occurrence of IPV, one could 656 
use the location and ages of IPV to speculate on the temporal and spatial variations of the MTZ 657 
hydration state back in time. 658 

Our hypothesis testing using IPV locations may be limited by the geochemical dataset 659 
that we used. In particular, we are heavily dependent on the classifications of volcanism within 660 
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the GEOROC database [Lehnert et al., 2000]; we only considered intraplate volcanism with 661 
basaltic compositions. We did not attempt to remove plume-related events, except that we only 662 
considered continental locations. Thus, there are an unknown number of “IPV” samples in our 663 
dataset that have a plume source, e.g., the Afar plume below the African rift. The ability to 664 
remove these points is hindered by limited knowledge of past plume events; known hotspot 665 
volcanism was therefore not filtered out to preserve consistency. 666 

One of the greatest uncertainties of the statistical test is our choice of 0.5 ·109 kg/km2 for 667 
the threshold between wet and dry MTZ. A low threshold is reasonable as even a tiny amount of 668 
water can generate melt production if the mantle conditions are close to the solidus, although 669 
more water is needed to produce melting in colder regions [Karato et al., 2020; Katz et al., 2003] 670 
and buoyant hydrous upwelling requires significant hydration [Yang and Faccenda, 2020]. 671 
However, other mechanisms that require less water may help to link the wet MTZ to IPV. We 672 
note that the specific choice of a threshold may not be too important, because the area covered by 673 
water values between 0.05 and 5·109 kg/km2 is rather small compared to the overall “wet” area 674 
(Figures 3 and 4). However, choosing a larger value for the threshold may impact the match 675 
percentages between the wet MTZ and IPV locations, and the statistical significance of these 676 
matches. Alternatively, it could be useful to investigate correlations between the degree of MTZ 677 
hydration and the volumes of IPV. However, the IPV database that we are using does not include 678 
constraints on volumes of IPV, and such constraints are difficult to obtain anyway. Overall, an 679 
improved understanding of the mechanism behind non-hotspot IPV is needed to choose a more 680 
appropriate value for this threshold. 681 

 682 

6 Conclusions 683 

Our study suggests that the mantle transition zone (MTZ, 410-660 km) is likely to be 684 
heterogeneously hydrated, with wetter regions beneath areas with a long history of subduction, 685 
and regions away from subduction remaining dry (Figure 7). To show this, we created maps of 686 
the spatial and temporal heterogeneity of water storage in the mantle transition zone (e.g., Figure 687 
3), based on tectonic reconstructions for the last 400 Ma and the assumption that subduction 688 
transports water downward into the MTZ. Using these maps, we discovered a positive 689 
correlation between wet regions of the MTZ and locations of intraplate volcanism (IPV) at the 690 
surface (Figure 5), and we demonstrated that this correlation is statistically significant (Figure 6). 691 
In particular, we showed that water must reside in the MTZ for long periods (timescales of 30 to 692 
100 Myr) in order for the hydrous regions of the MTZ to be positively correlated with IPV in a 693 
statistically significant way (>95% confidence that the association is not random). This is 694 
because slab stagnation at the MTZ allows for slab dehydration and water accumulation in the 695 
surrounding MTZ rocks. We also found that a time delay of 10 to 30 Myr between MTZ 696 
hydration and IPV eruption tends to produce better correlations. This long MTZ residence time 697 
and long IPV delay time suggest that significant time and perhaps multiple subduction events are 698 
required to hydrate the MTZ, mobilize the hydrated mantle to generate melt, and transport this 699 
melt upwards for eruption at the surface. 700 

The MTZ water distribution, as characterized by our predictive maps (Figures 3 and 4)  is 701 
mostly dictated by tectonic patterns of subduction at the surface, including the plate convergence 702 
rate, trench migration rate, and subducting plate age for subduction zones around the world  703 
[Karlsen et al., 2019]. We find that the area fraction of wet MTZ was likely greater in the past 704 
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(>150 Ma), because of a more extensive subduction network that migrated more quickly [Young 705 
et al., 2019]. The extent of hydration also depends critically on the residence time of water in the 706 
MTZ, as controlled by slab stagnation [Komabayashi and Omori, 2006; Kuritani et al., 2011] 707 
and possible MTZ rehydration [Schmandt et al., 2014] as water is released from dehydrating 708 
lower mantle slabs [Walter, 2021]. Also important are processes that generate upwelling and 709 
upwards water transport from the hydrous regions of the MTZ [Kuritani et al., 2019; Wang et al., 710 
2015; Yang and Faccenda, 2020], leading to melting beneath the lithosphere [Long et al., 2019; 711 
Motoki and Ballmer, 2015] and eruption at the surface. 712 

Beyond the important implications for IPV that we have detailed here, a heterogeneously 713 
hydrated MTZ should also be viscously heterogeneous [Fei et al., 2017]. This is important 714 
because MTZ viscosity controls rates of upper mantle flow [Ramirez et al., 2023], planetary 715 
thermal evolution [Crowley et al., 2011], and even recent deglaciation-induced solid earth uplift 716 
[Gomez et al., 2024]. Thus, new comparisons between geophysical, geologic, and tectonic 717 
constraints on the hydration state of the MTZ, exemplified by our study, can help us to 718 
understand a variety of important geodynamic processes. 719 

 720 

Open Research. The intraplate volcanism database is taken from the GEOROC (Geochemistry 721 
of Rocks of the Oceans and Continents, https://georoc.eu/) database, with data available from 722 
Lehnert et al. [2000]. Mapping of the hydrous regions of the mantle transition zone utilizes the 723 
GPlates software [Müller et al., 2018], which can be accesses at https://www.gplates.org, and 724 
data from the global plate tectonic model of Matthews et al. [2016], corrections for the Pacific 725 
from Torsvik et al. [2019], and seafloor ages from Karlsen et al. [2021]. 726 
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Key Points: 14 

• We use tectonic reconstructions of subduction history to map the hydration state of the 15 
mantle transition zone (MTZ) for the past 400 Myr. 16 

• We identify a statistically significant correlation between hydrated MTZ and intraplate 17 
volcanism (IPV) at the Earth’s surface. 18 

• Hydrated MTZ can explain IPV if subducted water stalls in the MTZ for ~100 Myr and 19 
hydrous upwelling induces sub-lithospheric melting. 20 

 21 
Abstract 22 
Great volumes of water are carried downward into the mantle transition zone (MTZ, 410-670 km 23 
depth) by subducting slabs. If this water is later drawn upward, the resulting mantle melting may 24 
generate intraplate volcanism (IPV). Despite its importance, the amount and spatial distribution 25 
of water within the MTZ, and its impact on IPV, are poorly constrained. Here we use a series of 26 
plate tectonic reconstructions to estimate rates and positions of water injection into the MTZ by 27 
subducted slabs during the past 400 Myr. This allows us to construct maps of heterogeneous 28 
MTZ hydration, which we then compare to IPV locations since 200 Ma. We find a statistically 29 
significant correlation between wet regions of the MTZ and locations of IPV at the surface, but 30 
only if water remains stored in the MTZ for periods of 30-100 Myr after being carried there by 31 
slabs. We find that 42-68% of IPV is underlain by wet MTZ, with higher correlations associated 32 
with longer MTZ residence time, slower slab sinking rates, and longer time periods between 33 
MTZ hydration and IPV eruption. The correlation is highest during the Jurassic, when more 34 
extensive slab interaction with the MTZ caused a wider area of the MTZ to become hydrated. 35 
Parts of the MTZ near the western Pacific, southern Africa, and western Europe, have remained 36 
dry by avoiding wet slabs. Hydrous upwellings rising from the MTZ, some driven by interactions 37 
with subducting slabs, may be responsible for IPV rising from wet MTZ regions. 38 
 39 
Plain Language Summary 40 
Minerals within Earth’s interior may hold several oceans of water. Most of this water is stored 41 
within the mantle transition zone (MTZ), a layer that lies between 410 and 670 km depth. It is 42 
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carried there by subducted “slabs”, which are tectonic plates that have descended into the mantle. 43 
We used plate tectonic reconstructions to determine the locations and rates of water transport 44 
into the MTZ by slabs during the past 400 million years. This exercise allows us to construct 45 
maps of water storage within Earth’s MTZ. These maps suggest that more than a third of the 46 
MTZ is likely hydrated today, and even greater areas were likely hydrated in the past. We also 47 
found that “intraplate” volcanism erupting away from tectonic plate boundaries tends to 48 
preferentially occur above these “wet” areas of the MTZ, especially if water is assumed to 49 
remain in the MTZ for long periods of time. Based on this correlation, we hypothesize that 50 
intraplate volcanism is promoted above wet regions of the MTZ, where hydrous upwellings 51 
increase the tendency of rocks in the upper mantle to melt and form magma that can erupt. 52 

 53 

1. Introduction 54 

Water exchange between the Earth’s surface and interior is facilitated by active plate 55 
tectonic processes, primarily subduction and mid-ocean ridge volcanism (Figure 1) [e.g., Bodnar 56 
et al., 2013; Thompson, 1992]. The process of transporting water from the surface into the 57 
mantle through subduction is known as regassing (Figure 1) Error! Reference source not 58 
found.[Rüpke et al., 2004; Syracuse et al., 2010], and regassing rates depend on many 59 
parameters that control the thermal structure of subducting slabs. Old and fast slabs have a 60 
greater capacity to transport water to great depths (ca. >200 km) than young and warm, slowly 61 
subducting slabs [Thompson, 1992; van Keken et al., 2011]. This is mainly because old and thick 62 
lithosphere that subducts rapidly can maintain a cold interior for longer, which allows hydrous 63 
phases within the slab to remain stable to greater depths. Water that reaches the mantle transition 64 
zone (MTZ, between 410 and 670 km depth) can be stored there for long periods within the 65 
minerals ringwoodite and wadsleyite [Hirschmann, 2006], especially if the slab’s passage 66 
through the MTZ is slowed by slab stagnation, deformation, or horizontal deflection 67 
[Komabayashi and Omori, 2006; Kuritani et al., 2011; Ohtani et al., 2018; Suetsugu et al., 68 
2006]. The presence of water within the MTZ has been confirmed by examination of mineral 69 
inclusions within sublithospheric diamonds [Pearson et al., 2014; Shirey et al., 2021; Wirth et 70 
al., 2007], and isotopic evidence suggests that MTZ water may have been recycled from the 71 
surface environment [Xing et al., 2024]. Because slabs on Earth exhibit a diversity of thicknesses 72 
and descent rates, the subduction-mediated processes that deliver water to the deep mantle (> 73 
200 km, beyond extraction by volcanic arcs, see Figure 1) are highly variable in space and time 74 
[e.g., Karlsen et al., 2019; van Keken et al., 2011]. Thus, even though the MTZ may hold even 75 
more water than Earth’s surface environment [e.g., Nestola and Smyth, 2016], the distribution of 76 
this water within the MTZ may be highly heterogeneous [Peslier et al., 2017]. 77 

Characterizing the water content of the transition zone is important because it can help us 78 
to understand Earth’s deep mantle water cycle, which regulates mantle convection [e.g., Karato, 79 
2011], upper mantle rheology [e.g., Ramirez et al., 2022], volcanic processes [e.g., Yang and 80 
Faccenda, 2020], Phanerozoic sea level [e.g., Karlsen et al., 2019], and Earth’s thermal 81 
evolution [e.g., Crowley et al., 2011]. However, detecting variations in MTZ hydration has 82 
proven difficult because such variations do not significantly influence seismic wave speeds 83 
[Schulze et al., 2018]. Instead, variations in water content have been inferred from observations 84 
of transition zone thickness [Houser, 2016; Meier et al., 2009; Suetsugu et al., 2006], seismic 85 
anisotropy [Chang and Ferreira, 2019], and electrical conductivity [Huang et al., 2005; Karato, 86 
2011; Kelbert et al., 2009]. The interpretation of such variations in terms of hydration 87 
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heterogeneity may be complicated by the presence of other heterogeneities (e.g., temperature or 88 
composition [e.g., Ramirez et al., 2022]), as suggested by conflicting inferences of mostly wet 89 
[Kelbert et al., 2009] or mostly dry [Chang and Ferreira, 2019] conditions near subducting 90 
slabs. Overall, the magnitude and distribution of water in the Earth’s interior, both today and in 91 
the geologic past, remain poorly quantified and mapped [Hirschmann, 2006]. 92 

One indicator of a hydrated MTZ may be intraplate volcanism (IPV), defined as 93 
volcanism occurring within the interiors of tectonic plates, i.e., away from plate boundaries. 94 
Although it is often associated with mantle plumes, IPV may also result from a variety of local 95 
processes including shear-driven upwelling [e.g., Ballmer et al., 2015; Conrad et al., 2011], 96 
lithospheric deformation [e.g., Valentine and Hirano, 2010], and sublithospheric convective 97 
instability [e.g., Ballmer et al., 2010; King and Ritsema, 2000]. All of these IPV mechanisms 98 
rely on decompression melting beneath the lithosphere [e.g., Aivazpourporgou et al., 2015; 99 
Hernlund et al., 2008], which can be enhanced if the solidus temperature is depressed by the 100 
presence of water [Katz et al., 2003]. Indeed, some IPV has been associated with melting above a 101 
locally hydrated mantle transition zone [Kuritani et al., 2019; Long et al., 2019; Motoki and 102 
Ballmer, 2015; Wang et al., 2015; Yang and Faccenda, 2020]. Such a connection could be 103 
explained by upwelling of, or slab interaction with, an MTZ water reservoir [Kuritani et al., 104 
2011]. Because minerals found above the MTZ can bear less water, an upward flux of hydrated 105 
mantle above the 410 km discontinuity would result in hydrous melting [Wang et al., 2015] and 106 
possibly the transport of melt to erupt at the surface [Komabayashi and Omori, 2006; Kuritani et 107 
al., 2019] (Figure 1). This link between IPV and a hydrated MTZ may explain Cenozoic IPV in 108 
Northeast China [Kuritani et al., 2011; Yang and Faccenda, 2020], where the Pacific slab has 109 
stagnated in the MTZ for more than 30 Myr [Long et al., 2019]. 110 

 111 
Figure 1. Schematic of the deep Earth water cycle. Water exchange between Earth’s surface and Earth’s 112 
deep interior is controlled by plate tectonics. Degassing releases water to the surface at spreading ridges, 113 
arc volcanoes, and through intraplate volcanism (IPV). Regassing transports water back into the deep 114 
mantle via subduction, with velocity vsink. Most of a slab’s initial water is released in the mantle wedge, 115 
where it triggers partial melting and is degassed to the surface through arc volcanism. The remaining 116 
water is transported beyond the arc and can be released within the mantle transition zone (MTZ), where 117 
slabs often stagnate. More water reaches the MTZ for subduction zones with a larger convergence 118 
velocity (vs) and a greater slab age (which determines the slab thickness, d). Water is plausibly stable 119 
within the MTZ for a significant time (tMTZ), possibly even after the slab has continued sinking into the 120 
lower mantle. The hydrous MTZ may induce hydrous upwelling, melting, and subsequent IPV that is not 121 
plume-related [e.g., Yang and Faccenda, 2020]. Eruptions at intraplate locations above water-rich parts 122 
of the MTZ could occur after an unknown delay period (tIPV) following MTZ hydration. 123 
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In this study we look for a possible connection between continental intraplate volcanism 124 
and hydrated regions of the mantle transition zone. So far, this link has only been investigated 125 
through the lens of specific case studies conducted at a regional scale [e.g., Kuritani et al., 2011; 126 
Yang and Faccenda, 2020]. Here we use global plate tectonic reconstructions to predict patterns 127 
of heterogeneous water storage in the MTZ during the past 400 Myr (section 2.1). We then test 128 
to see if IPV locations, inferred from a geochemical database (2.2), preferentially erupt above the 129 
more hydrated regions of the MTZ (2.3). Because our estimates of both subduction history and 130 
IPV patterns are imperfect, especially for earlier times, we examine geographical correlations 131 
between MTZ hydration state and IPV eruption locations from a statistical perspective (section 132 
3). This allows us to use statistical correlation methods to quantify any inferred link between IPV 133 
locations and the hydrated MTZ (section 4). 134 

 135 

2. Methods 136 

Because the mechanisms for both hydration of the MTZ and eruption of IPV at the surface are 137 
poorly understood, we develop several alternative models of MTZ hydration based on values of 138 
key parameters whose true values are unknown. We then compare patterns of predicted MTZ 139 
hydration with IPV locations, compiled as described below, in order to discover any links 140 
between them. 141 

 142 

2.1 Mapping hydrated regions in the mantle 143 

To construct maps of the hydrated portions of the MTZ, we used the global plate tectonic 144 
model of Matthews et al. [2016], with corrections for the Pacific described by Torsvik et al. 145 
[2019]. The plate model is constructed upon a mantle-based absolute reference frame, extends 146 
from 410 Ma to present-day, and is accompanied by seafloor ages computed by Karlsen et al. 147 
[2021] (Figure 2, left column). For each 1 Myr time step, we extract the coordinates of the 148 
subduction zone segments, as well as their convergence velocity (νs), length (Ls), and slab age 149 
(τ), all of which vary spatially and with time during the past 400 Myr (Figure S1).We use these 150 
parameters to estimate the flux of water into the deep mantle for each subduction zone segment 151 
at each time step, following the parametrization of Karlsen et al. [2019] (see Supplementary Text 152 
S1). The resulting regassing rates vary along and among Earth’s different subduction zones 153 
(Figure 2, left column), and global rates of net regassing into the deep mantle exhibit significant 154 
temporal variations (Figure S1e). These regassing rates can be used to reconstruct hydration 155 
patterns in the MTZ as a function of time. The simplest way to do this is to integrate the 156 
historical water flux (HWF) for surface subduction zones for a chosen period of time. HWF is 157 
computed for each reconstruction time as the mass of along-trench regassed water that could 158 
have accumulated within the MTZ. By assuming an accumulation period (for example, 100 Myr) 159 
we can predict patterns of MTZ hydration that can be compared to the observed history of IPV 160 
(Figure 2, right column). 161 

We convert integrations of HWF (units of Tg/m, right column of Figure 2) into maps of 162 
MTZ hydration density (kg of water per square km of MTZ), which are more useful for 163 
comparing to IPV eruptions. For this, we express regassing fluxes at subduction zones on a mesh 164 
of 10094 nodes distributed with relatively uniform spacing (~225 km at the surface) over a 165 
sphere (Figure S2). This results in a mapping of the water flux from the surface into the mantle at 166 
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a particular time. We assume that water subducts vertically downward into the mantle beneath 167 
trench segment midpoints with a constant sinking velocity vsink, which allows us to translate the 168 
water flux map to a specific mantle depth. Average upper mantle sinking velocities of 1-4 cm/yr 169 
[van der Meer et al., 2018], 1.5-6.0 cm/yr [Domeier et al., 2016], 5-7 cm/yr [Goes et al., 2011], 170 
and 10 cm/yr [Bercovici and Karato, 2003] have been suggested. Here we employ vsink as an 171 
unknown parameter and 172 
examine values in the range of 173 
1-9 cm/yr above 660 km depth. 174 

 175 

Figure 2. Regassing rates for 176 
subduction zone segments (left 177 
column) colored according to the 178 
amount of water per unit length of 179 
subduction zone segment (per Myr) 180 
at (a) 400 Ma, (b) 320 Ma, (c) 240 181 
Ma, (d) 160 Ma, (e) 80 Ma, and (f) 182 
0 Ma (present day). Subduction 183 
zone segments that do not 184 
contribute to the deep mantle water 185 
flux (because they are too warm or 186 
subduct too slowly) are displayed 187 
as white segments. Also shown for 188 
context are reconstructed seafloor 189 
ages (colors in oceanic regions, 190 
from Karlsen et al. [2019]), plate 191 
boundaries (black lines), and 192 
continental blocks (green regions). 193 
Historical water flux (HWF) and 194 
intraplate volcanism (IPV) 195 
eruption locations (right column), 196 
shown at (g) 250 Ma, (h) 200 Ma, 197 
(i) 150 Ma, (j) 100 Ma, (k) 50 Ma, 198 
and (l) 0 Ma (present-day). Here 199 
HWF (colors) represents the mass 200 
of water (per unit trench length) 201 
that has been injected into the deep 202 
mantle by subduction during the 203 
previous 100 Myrs (plotted using 1 204 
Myr intervals). Our analysis 205 
compares representations of HWF 206 
to observed IPV locations, which 207 
are shown by red circles (see text 208 
for how IPV locations are 209 
determined).  210 

 211 

As they encounter the 212 
lower mantle, slabs are thought 213 
to slow down (e.g., Butterworth 214 
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et al. [2014] estimated sinking rates of 1.3 cm/yr in the lower mantle), a process that may already 215 
begin in the MTZ. Some slabs appear to penetrate through the MTZ, whereas other slabs 216 
stagnate there for a period of time (Figure 1; [Goes et al., 2017]). For scenarios of slab 217 
stagnation, we apply a sinking rate of 0 cm/yr at the 660 km discontinuity for a time tMTZ, which 218 
we refer to as the MTZ residence time. We note that the effective MTZ residence time may be 219 
longer than the time that slabs actually stagnate in the MTZ. This is because any water that is 220 
released from a stagnating slab can be stored within wadsleyite and ringwoodite in the MTZ, 221 
even after the slab itself has moved deeper into the mantle. Because the duration of slab 222 
stagnation is unknown, we employ tMTZ as another unknown parameter and examine plausible 223 
scenarios that include tMTZ of 0, 30, and 100 Myr, after which we remove this water from the 224 
MTZ. We also consider an “infinite” end member case, named tMTZ=∞, in which all regassed 225 
water that reaches the MTZ stays there until the end of the simulation.  226 

Within the upper mantle, water in the slab may migrate or diffuse into surrounding minerals 227 
[Demouchy and Bolfan-Casanova, 2016], which increases the lateral reach of the subducted 228 
water. In addition to diffusion, the location of the water may deviate from the surface location of 229 
the trench because slabs dip and deform as they descend, and may drift horizontally if they 230 
stagnate [Goes et al., 2017]. To account for the lateral movement of water after subduction as 231 
well as uncertainties related to reconstructed subduction zone locations, we distribute water from 232 
each subduction zone segment into the N closest neighbor mesh points that surround the segment 233 
midpoint, with closer points getting more water (Supplementary Text S2). We use N=10, which 234 
distributes the water within a radius of about 390 km of the segment midpoint (Figure S2) and is 235 
consistent with slow diffusion processes [Demouchy and Bolfan-Casanova, 2016]. Sensitivity 236 
experiments show that increasing N has only a modest effect on the water distribution within the 237 
MTZ (Supplementary Text S2). Instead, the lateral coverage of water in the MTZ is more closely 238 
related to slab stagnation (section 3.2 below). This is because slab stagnation retains water within 239 
the MTZ while subduction locations, and thus MTZ injection points, dictate its distribution. The 240 
largest control on the lateral extent of MTZ hydration is thus exerted by changing the MTZ 241 
residence time tMTZ. 242 

 243 

2.2 Location of continental intraplate volcanism 244 

To identify locations of continental intraplate volcanism (IPV), we selected all onshore 245 
basalts classified as "Intraplate Volcanism" from the GEOROC (Geochemistry of Rocks of the 246 
Oceans and Continents, https://georoc.eu/) database [Lehnert et al., 2000] with assigned eruption 247 
ages within the most recent 250 Myr. The choice of 250 Myr allows time for the tectonic 248 
reconstruction to populate the MTZ with water following the start of the tectonic reconstruction 249 
at 410 Ma. We did not include sites classified as ocean islands, as a majority of those sites are 250 
likely related to mantle plumes, and thus a deep mantle source below the MTZ. Furthermore, 251 
oceanic intraplate volcanism is continually erased by subduction, which makes the oceanic IPV 252 
record uneven and incomplete. Although some of the continental IPV points in the dataset are 253 
likely also related to plumes, we did not attempt to remove such points because it is difficult to 254 
distinguish plume-associated IPV from other IPV. Thus, we used the database “as-is” 255 
(downloaded on November 16, 2021) to avoid selection bias. Importantly, the database shows 256 
only the present-day location of IPV, but due to plate motions most of these sites were in a 257 
different location at the time of their emplacement. Therefore, we computed the original position 258 
of each IPV point according to the same plate reconstruction model used to estimate the water 259 
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flux to the mantle [Matthews et al., 2016; Torsvik et al., 2019], yielding maps of IPV locations 260 
for past times (Figure 2, right column). For comparison to MTZ hydration, we also filtered the 261 
data to exclude duplicate points and merged clustered points to mitigate oversampling 262 
(Supplementary Text S3; Figure S3). 263 

 264 

2.3 Occurrence of IPV above wet or dry mantle 265 

Having developed models for MTZ hydration and IPV eruption as a function of time and 266 
space (Figure 2); we now seek to determine if there exists any meaningful correlation between 267 
them. We might anticipate a delay period (tIPV) between the charging of the MTZ with water and 268 
the eruption of IPV at the surface, associated with the ascent rate of hydrous upwellings from the 269 
MTZ and the time for melt to penetrate the lithosphere. Previous studies suggest IPV delay 270 
periods of ~12 Myr [Yang and Faccenda, 2020], tens of Myr [Motoki and Ballmer, 2015], and 271 
10-30 Myr [Long et al., 2019]. Therefore, we compare IPV maps (e.g., Fig. 2, right column) with 272 
MTZ hydration maps that are older by tIPV delay periods of 0, 10, 20, 30, and 50 Myr. 273 

We interpolate our MTZ hydration models (section 2.1) to determine the concentration of 274 
water in the MTZ beneath each IPV point. To identify regions of the MTZ where subducted 275 
water may have accumulated, we choose a threshold of 0.5·109 kg/km2 to define the ‘wet mantle 276 
transition zone’, while values below this cutoff are designated as ‘dry’. This threshold, which 277 
equates to a layer of water 0.5 m thick distributed within the 250 km thickness of the MTZ, lies 278 
just above the minimum non-zero MTZ water content in our maps (e.g., Figure 3). It is ~20 times 279 
smaller than 0.001 wt % water, which is the cutoff used by Zhang et al. [2022] to define the 280 
“dry” MTZ. We use a more generous definition of the “wet” MTZ because we want to include 281 
all regions of the MTZ that may have retained any water from slabs. We note that even small 282 
amounts of water can cause reduced viscosity and melting of mantle rocks [Drewitt et al., 2022; 283 
Hirschmann, 2006; Luth, 2003; Wright, 2006]. We use a wet/dry distinction, rather than using 284 
water concentrations directly, because we only consider the presence of IPV; we do not consider 285 
eruption volumes in our analysis. Furthermore, we do not know how much water is needed to 286 
promote IPV, and other factors that may affect the formation of IPV are poorly constrained. 287 
Therefore, we do not attach extra importance to IPV occurrences above higher MTZ water 288 
concentrations.  289 

For a quantitative measure of the degree of correlation between IPV and wet MTZ, we 290 
determined the percentage of volcanic eruptions located vertically above “wet” MTZ. We 291 
compared IPV and wet MTZ in this way for each 1 Myr time increment in the past, and averaged 292 
over the period 250-0 Ma. 293 

 294 

3 Distribution of water in the mantle transition zone and comparison to IPV  295 

We compare predictive maps of MTZ water content with the changing locations of IPV 296 
through the past 250 Myr. We start by examining a reference scenario based on specific choices 297 
for tMTZ, vsink, and tIPV. By adjusting these parameters, we develop alternative models for the 298 
timing of MTZ hydration, which we test against observed IPV patterns for tMTZ, vsink, and tIPV. 299 

  300 
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 301 

Figure 3. Comparison of IPV 302 
locations to the MTZ water 303 
distribution, for the reference 304 
scenario. (a-f) Predictions of 305 
the water distribution in the 306 
mantle transition zone 307 
(colors) and locations of 308 
active intraplate volcanism 309 
(IPV, red points), for times 310 
between the present-day (a) 311 
and 250 Ma (f), with 312 
reconstructed coastlines 313 
(green lines) and plate 314 
boundaries (black lines). The 315 
reference scenario shown here 316 
assumes that water has a 317 
residence time of tMTZ = 100 318 
Myr in the MTZ, a slab 319 
sinking velocity of vsink  = 3 320 
cm/yr, and a tIPV = 20 Myr 321 
delay before IPV eruption. (g) 322 
Percentage of IPV locations 323 
that lie above wet MTZ 324 
(defined as ≥ 0.5 ·109 kg/km2, 325 
pink contour in a-f) for this 326 
reference scenario (solid 327 
line). Shown for comparison is 328 
the fraction of the reference 329 
grid area that is covered by 330 
hydrated (rather than dry) 331 
MTZ regions (dashed line). 332 

 333 

3.1 The reference scenario 334 

For our reference 335 
scenario, we apply a sinking rate of vsink = 3 cm/yr, an MTZ water residence time of tMTZ = 100 336 
Myr, and an IPV delay period of tIPV = 20 Myr. This model predicts that at 20 Ma (Figure 3f) the 337 
hydrated portion of the MTZ extended across regions of the mantle transition zone beneath 338 
present-day South and North America, the western Pacific and eastern Asia, and beneath India 339 
and some of the Middle East. This hydrated MTZ reflects patterns of Cenozoic subduction, 340 
which is expected given that slabs sinking at 3 cm/yr will reach the MTZ after only 15-20 Myr. 341 
Because subduction migrates slowly, this same geographical pattern has persisted since the 342 
Cretaceous (Figures 3d to 3f), with about one third of the MTZ being hydrated since 120 Ma 343 
(Figure 3g). Before the Cretaceous, the hydrated part of the MTZ covered a larger area, 344 
exceeding 60% of the MTZ area during 200-250 Ma (Figure 3g). However, much of the wet 345 
MTZ was only weakly hydrated during the Jurassic and earlier (Figures 3a and 3b), reflecting 346 
slower regassing rates prior to a peak at ~130 Ma [Karlsen et al., 2019]. The area of the wet 347 

a) IPV: 250 Ma, MTZ Water: 270 Ma

b) IPV: 200 Ma, MTZ Water: 220 Ma

c) IPV: 150 Ma, MTZ Water: 170 Ma

d) IPV: 100 Ma, MTZ Water: 120 Ma

e) IPV: 50 Ma, MTZ Water: 70 Ma

f) IPV: 0 Ma, MTZ Water: 20 Ma
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MTZ was greater during these earlier periods because of faster trench migration rates in the 348 
tectonic reconstruction prior to ~250 Ma, perhaps resulting from ocean basin closure during 349 
supercontinent assembly [Young et al., 2019]. 350 

 351 

Figure 4. Effect of varying 352 
MTZ water residence time 353 
and slab sinking rates. 354 
Predictions of the water 355 
distribution in the mantle 356 
transition zone (MTZ) at 20 357 
Ma for (a-d) varying MTZ 358 
residence time tMTZ (assuming 359 
vsink = 3 cm/yr and tIPV = 20 360 
Myr) and (e-h) varying slab 361 
sinking rate vsink (assuming 362 
tMTZ = 100 Myr and tIPV = 20 363 
Myr). Shown for all plots are 364 
continental outlines (green 365 
lines), plate boundaries (black 366 
lines) and active intraplate 367 
volcanism (IPV) locations (red 368 
dots) at 0 Ma. The pink 369 
contour outlines the wet MTZ 370 
(defined as ≥ 0.5 ·109 kg/km2). 371 
 372 

We compare the 132 373 
IPV samples for the present 374 
day (0 Ma) to the MTZ at 375 
20 Ma, accounting for the 376 
tIPV = 20 Myr delay time 377 
before eruption (Figure 3f). 378 
We find that 47% of the 132 379 
IPV samples overlie a wet 380 
MTZ (Figure 3g). Many of 381 
these “wet” IPV locations lie in eastern Asia and western North America (Figure 3f). Several 382 
points are located above MTZ that is only slightly hydrated, and some “dry” IPV locations are 383 
positioned near the edge of hydrated MTZ. Allowing for faster lateral spreading of hydration, or 384 
permitting greater MTZ water residence time, would likely result in more IPV overlaying wet 385 
MTZ. This correlation of IPV with the edges of the wet MTZ persists for IPV at 50 Ma 386 
(compared to the MTZ at 70 Ma, Figure 3e) and earlier in the Cretaceous, during which ~40-387 
50% of IPV is underlain by wet MTZ (Figure 3g). The correspondence between IPV and wet 388 
MTZ is higher at 250 and 200 Ma (Figures 3a and 3b), with more than ~80% of IPV underlain 389 
by MTZ that was wet 20 Myr prior (Figure 3g). This higher percentage likely results from a 390 
more geographically expansive wet MTZ before the Cretaceous. Across 0 to 250 Ma, an average 391 
of 66.6% of the IPV locations reconstruct above MTZ that was wet 20 Myr before eruption. 392 

 393 

a) MTZ residence time = 0 Myr

b) MTZ residence time = 30 Myr

c) MTZ residence time = 100 Myr

d) MTZ residence time =

e) sinking rate = 1 cm/yr

f) sinking rate = 3 cm/yr
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h) sinking rate = 9 cm/yr
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3.2 MTZ water residence time 394 

By varying the MTZ residence time tMTZ, we show that the volume of water in the MTZ 395 
increases with increased residence time, as expected (Figure 4a-d). At 20 Ma (the time that is 396 
compared to present-day IPV for tIPV = 20 Myr), wet conditions extend across only ~13% of the 397 
MTZ area for tMTZ = 0 Myr (water sinks through the MTZ in less than 9 Myr at 3 cm/yr), but 398 
across ~74% if the MTZ if the residence time is unlimited (tMTZ=∞) (Figure 5a). This trend is 399 
also evident for past times (e.g., at 100 and 200 Ma, Figure S4), where wet conditions tend to 400 
quickly “fill up” the MTZ for longer MTZ residence times. Because of this greater area-coverage 401 
of wet conditions, we find that more IPV locations lie above hydrated MTZ for longer residence 402 
times (Figure 5a). As for the reference scenario (Figure 3a), the fraction of IPV underlain by wet 403 
MTZ is nearly always larger than the area fraction of the wet MTZ (Figure 5a). This means that 404 
IPV locations preferentially occur above the wet MTZ. 405 

 406 

Figure 5. Comparisons of 407 
intraplate volcanism 408 
(IPV) locations with the 409 
hydrated mantle 410 
transition zone (MTZ) for 411 
different scenarios. 412 
Shown is the fraction of 413 
IPV locations positioned 414 
above wet MTZ (solid 415 
lines) and the 416 
representative fraction of 417 
grid area covered by wet 418 
(rather than dry) MTZ 419 
regions (dashed lines). (a) 420 
Varying MTZ residence 421 
times (tMTZ) for scenarios 422 
with vsink = 3 cm/yr and 423 
tIPV = 20 Myr. (b) Varying 424 
slab sinking rates (vsink) 425 
for scenarios with tMTZ 426 
=100 Myr and tIPV = 20 427 
Myr. (c) Varying IPV 428 
delay periods (tIPV) for 429 
scenarios with tMTZ =100 430 
Myr and vsink = 3 cm/yr. 431 
The black lines reproduce 432 
the lines in Figure 3g, i.e., 433 
the reference scenario. 434 

 435 

3.3 Slab sinking rate 436 

The slab sinking rate vsink determines the time it takes for subducted water to reach the 437 
MTZ, and a slower sinking rate extends the time that water spends within MTZ. However, 438 
varying the slab sinking rate between 1 and 9 cm/yr does not significantly change the predicted 439 
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water distribution within the MTZ (Figure 4e-h), although more water is present within the MTZ 440 
for slower sinking rates (at 20 Ma, 36.3% of the MTZ is wet for vsink = 1 cm/yr compared to 441 
34.4% for vsink = 9 cm/yr). Across the past 250 Myr (Figure 5b), a slow 1 cm/yr slab sinking rate 442 
results in a slightly better average match between IPV and wet MTZ than for faster sinking rates. 443 

 444 

3.4 IPV delay period 445 

Because the wet MTZ changes only gradually with time (e.g., Figure 3), the IPV delay 446 
period tIPV, even one as long as 30 or 50 Myr, does not significantly affect the correlation 447 
between hydrated regions of the MTZ and IPV eruptions (Figure 5c). This parameter (tIPV) also 448 
does not affect the area of wet MTZ (dashed lines, Figure 5c), but effectively shifts it to younger 449 
ages (rightward in Figure 5c) because IPV eruption locations are compared to the MTZ at the 450 
(older) time before the delay. 451 

 452 

4 Statistical significance of correlations 453 

We use a statistical approach to determine whether the observed correlations between 454 
IPV locations and the hydrated regions in the MTZ can be considered significant. Specifically, 455 
we seek to test the null-hypothesis that the observed correlation can be explained as a chance 456 
occurrence. To achieve this, we compute the observed fit against a set of randomly perturbed 457 
trials and conduct a one-tailed test. This allows us to determine the p-value, which is a measure 458 
of the likelihood of obtaining a correlation as large or larger than the observed value by random 459 
chance, i.e., the null-hypothesis. A small p-value (typically p ≤ 0.05) suggests that the null-460 
hypothesis is unlikely, and can be rejected.  461 

To develop a set of random comparisons from which to derive an empirical distribution, 462 
we randomly re-oriented (see Supplementary Text S4) the simulated MTZ water grid (as 463 
constructed for a given set of model parameters). To obtain a statistically significant sample, we 464 
re-oriented each MTZ water grid 104 times, applying the same re-orientation for each time-step 465 
(within 0-250 Ma) of a given model. We then determine the fraction of IPV locations (which 466 
remain unperturbed) occurring above wet MTZ for each randomly re-oriented MTZ grid (see 467 
examples in Figure S5), and find the average over 250 million years, as before. Applying this 468 
procedure to the 104 different random rotations, we construct a distribution of wet IPV fractions 469 
for these “randomized wet MTZ scenarios” (Figure 6). The p-value is given as the fraction of 470 
this empirical distribution with a correlation between IPV and wet MTZ that is in excess of the 471 
observed value. If less than 5% of the random re-orientations yield a higher wet IPV fraction 472 
(𝑝 < 0.05 in Figure 6), then we can conclude that the observed correlation between IPV 473 
locations and the wet MTZ is not random. Note that the p-value that we obtain using this method 474 
is independent of the number of volcanism samples and is valid even if IPV sampling is 475 
incomplete [Conrad et al., 2011]. This approach was applied to all scenarios of this study to 476 
determine which correlations may be statistically significant.  477 

For the reference scenario, 66.6% of IPV locations since 250 Ma are underlain by wet 478 
MTZ (Figure 5a and Section 3.1). Of the 104 re-oriented MTZ water grids, only 3.9% produced 479 
correlations greater than 66.6% (Figure 6, top). This corresponds to a p-value of 0.039, which 480 
satisfies 𝑝 < 0.05 and means that we can reject the null hypothesis (that the observed correlation 481 
between IPV and wet MTZ is a chance occurrence) at the 95% confidence level. Applying the 482 
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same procedure to the other models for the wet MTZ, in which we vary tMTZ, vsink, and tIPV, 483 
(Figure 6), we find that several other models exhibit correlations that are statistically significant 484 
at the 95% confidence level (p ≤ 0.05). In particular, we find that changes to the reference 485 
scenario with tMTZ of 30 to 100 Myr, vsink of 3 cm/yr or more, and tIPV between 10 and 30 Myr, 486 
can all produce correlations that are statistically significant at the 95% confidence level (Figure 487 
6). These statistical tests suggest that there could be a meaningful link between the occurrence of 488 
IPV and hydrated regions of the MTZ, at least for the reference scenario and a range of models 489 
that are similar to it. 490 

 491 
Figure 6. Distribution of correlations between IPV locations and randomly-oriented wet MTZ for the 492 
various models of this study. The scenarios examined include the reference scenario (top left, marked 493 
with �), and variations to it involving the MTZ residence time (tMTZ, left column), the slab sinking rate 494 
(vsink, middle) and the IPV delay period (tIPV, right). Here the observed correlation between IPV locations 495 
and wet MTZ is drawn with a black dashed line (observed value given in black). The percentage of the 496 
distribution with a correlation larger than observed is given by the p value, with p < 0.05 (shown by 497 
green labels) indicating that the observed correlation between IPV and wet MTZ is unlikely to result from 498 
random chance. In the remaining cases (p > 0.05, red labels) the null hypothesis cannot be rejected at the 499 
95% confidence level. 500 
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5 Discussion 501 

We have estimated the rates and volumes of water transport into the deep mantle from 502 
modeled subduction fluxes based on plate tectonic reconstructions spanning 400 Myr. From 503 
these, we quantified the spatial heterogeneity of water in the MTZ. We find a statistically 504 
significant correlation between predicted hydrous regions of the MTZ and the locations of 505 
intraplate volcanism. Models with a statistical significance above the 95% confidence level 506 
display a match with continental intraplate volcanism between 42-68% (Figure 6), suggesting 507 
that over the past 250 Myr a large fraction of IPV has occurred above wet regions of the mantle.  508 

We considered multiple models as defined by choices for several different variables that 509 
control the distribution of subducted water in the MTZ. We find that the alignment of IPV 510 
locations with the wet MTZ in our models depends significantly on the MTZ water residence 511 
time (tMTZ), while the slab sinking rate and IPV delay time are less important. We find a p-value 512 
≤ 0.05 for models with tMTZ between 30 and 100 Myr (Figure 6). Outside of this range, shorter 513 
MTZ residence times (e.g., 0 Myr) do not generate enough MTZ hydration to explain IPV at a 514 
level that is statistically significant, while longer MTZ residence times (e.g., ∞ case) add water to 515 
so much of the MTZ that even randomly-placed IPV locations are likely to sit above wet MTZ. 516 
This suggests that the temporary stagnation of slabs at the 660 km discontinuity, for periods of 517 
~30 Myr or more, is crucial for MTZ hydration, and this hydration provides opportunities for 518 
generating IPV. 519 

The fact that different choices of slab sinking rate and IPV delay time do not significantly 520 
affect correlations between IPV and wet MTZ, except for their most extreme values, suggests 521 
that these parameters are not significantly important to their linkage. We did observe a poor 522 
correlation (and less statistical significance) for the slowest sinking rate of 1 cm/yr (Figure 6); 523 
this indicates that a slow upper mantle sinking rate is not by itself sufficient to produce patterns 524 
of wet MTZ that are sufficiently correlated to IPV. Instead, it seems that stalling in the MTZ for 525 
~30-100 Myr is necessary. Concerning the IPV delay period, the most statistically-significant 526 
result is for a delay period of 30 Myr (Figure 6), which supports the expectation of a nonzero 527 
IPV delay period because hydrous melt must be created, ascend to the asthenosphere, and travel 528 
through the lithosphere, to cause volcanic eruptions. However, the timing of these processes is 529 
still poorly understood and more research is needed to constrain the process of IPV generation by 530 
hydrous melt.  531 

 532 

5.1 Implications of a correlation between IPV and wet MTZ 533 

Establishing that IPV patterns correlate with hydrous MTZ regions supports the widely 534 
recognized hypothesis that water is transported to the MTZ by subducting slabs [Bodnar et al., 535 
2013; Kelbert et al., 2009; Magni et al., 2014; Thompson, 1992; van Keken et al., 2011], and 536 
consequently generates spatial and temporal mantle heterogeneity [Peslier et al., 2017]. This also 537 
suggests that tectonic reconstruction models are a valuable tool for exploring and estimating this 538 
heterogeneity. Generally, the MTZ water distribution over the period investigated (0-250 Ma) 539 
reflects continuous hydration of particular regions with a long history of subduction. Many of 540 
these regions are overlain by IPV (e.g., Figure 3). Such a link between a locally hydrated mantle 541 
transition zone and volcanism far from plate boundaries has been suggested by previous studies 542 
that mainly focused on a regional scale, for example the Cenozoic IPV in Northeast China 543 
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[Kuritani et al., 2011; Yang and Faccenda, 2020]. Our study confirms this link, but globally and 544 
in a statistical sense, for IPV that erupted during the past 250 Myr. 545 

Upwelling from hydrated parts of the MTZ, and the subsequent generation of melting and 546 
IPV eruption, may be a complicated process involving multiple geodynamic processes. For 547 
example, hydrous upwelling itself may require multiple subduction events to first saturate the 548 
MTZ and then to trigger upwelling flow of hydrated mantle [Kuritani et al., 2011; Yang and 549 
Faccenda, 2020]. Therefore, although the presence of water in the MTZ is likely to promote 550 
IPV, it must do so in conjunction with mantle processes that operate on MTZ heterogeneity over 551 
time, including several that draw the mantle above stagnant slabs upward [Kameyama and 552 
Nishioka, 2012; Kelbert et al., 2009; Long et al., 2019]. Once hydrated rocks are in the 553 
asthenosphere, other processes such as shear-driven upwelling [e.g., Ballmer et al., 2015; 554 
Conrad et al., 2011], lithospheric deformation [e.g., Valentine and Hirano, 2010], and small-555 
scale convection [e.g., Ballmer et al., 2010; King and Ritsema, 2000] may be important to 556 
produce localized melting and eruption to the surface. Although we do not directly include such 557 
secondary processes within our models, we indirectly account for them when using large values 558 
of tMTZ and tIPV, for which we obtain the largest correlations between IPV and wet MTZ. 559 

 Among the parameters we consider, the strongest control appears to be exerted by the 560 
MTZ water residence time (tMTZ), which implies that slab stagnation is important to MTZ 561 
hydration. The extra time that stagnating slabs spend in the MTZ may provide opportunities for 562 
incorporation of subducted water into the hydrous reservoirs of the MTZ [e.g., Kuritani et al., 563 
2011], which we have now associated with IPV at the surface. Storage of this water in the MTZ, 564 
even if temporary, removes water from the Earth’s surface reservoirs, decreasing sea level [e.g., 565 
Karlsen et al., 2019]. The presence of this water within the MTZ minerals of ringwoodite and 566 
wadsleyite may also be important for reducing MTZ viscosity toward observed values [Fei et al., 567 
2017], affecting global mantle flow patterns [e.g., Karato, 2011] and Earth’s long-term thermal 568 
evolution [e.g., Crowley et al., 2011]. Water loss from the MTZ may occur as mantle flow brings 569 
hydrated minerals across the upper [Andrault and Bolfan-Casanova, 2022] or lower [Schmandt 570 
et al., 2014] boundaries of the MTZ. The addition of water to the assemblage of nominally 571 
anhydrous minerals in these regions results in melting, and the melt likely percolates upward 572 
[Ohtani et al., 2018]. Melt that forms above the MTZ eventually reaches the asthenosphere, and 573 
can be erupted by IPV [Andrault and Bolfan-Casanova, 2022], as discussed above. Melt forming 574 
below the MTZ may also percolate upward, re-hydrating the MTZ [Schmandt et al., 2014], but 575 
some water likely remains stored within lower mantle bridgmanite, and continues downward 576 
[Walter, 2021]. Our results suggest that these processes overall lead to an average longevity of 577 
water in the MTZ of order 30-100 Myr, with much uncertainty. 578 

It is notable that we observe better agreement between IPV locations and the hydrated 579 
MTZ for earlier times (~125-250 Ma). This is the opposite of what we might expect given that 580 
the uncertainties on both the plate reconstruction and the IPV database generally increase with 581 
time. However, large regassing rates early in the tectonic reconstruction (before 320 Ma, Figure 582 
S1e) and rapid trench migration [Young et al., 2019] may have hydrated significant parts of the 583 
MTZ during the period ~400-200 Ma. The storage of this water in the MTZ for periods of up to 584 
100 Myr (large MTZ residence times) may have induced IPV across a wide region during the 585 
first part of our analysis (~250-150 Ma). Alternatively, the decreasing number of IPV samples 586 
for older times (Figure S3c) may indicate sampling bias. If this bias involves preferential 587 
sampling of eruptions that are larger in magnitude (greater eruptive volume), then it is possible 588 
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that such larger-scale IPV events are more likely to be related to melting of hydrous upper 589 
mantle, which should produce greater melt volumes. By contrast, the database of recent IPV may 590 
over-represent small-scale events that are less likely to be related to wet MTZ. 591 

 592 

 593 
Figure 7. Map of the time of the most recent MTZ hydration (colors), as compared to current IPV 594 
volcanism (red dots), continental locations (green lines), and LLSVP locations at the base of the mantle 595 
(pink lines). Here we assume a slab sinking rate of 3 cm/yr, and plot colors based on the ages of 596 
interaction of these slabs with the MTZ model for the four different choices of tMTZ that we examined. We 597 
note that three major areas of the MTZ (regions with yellow colors, near western Europe, southern Africa 598 
and the western Pacific) have not interacted with hydrated slabs in the past 400 Myr. 599 

 600 

5.2 Dry regions of the mantle transition zone 601 

The water mapped in this study is transported to the MTZ through subduction. Therefore, 602 
areas that have remained far from subduction zones throughout the considered period should be 603 
relatively dry (Figure 7), unless ancient water has remained stable for longer periods (> 400 Myr) 604 
or water has been transported into these regions by other means. This suggests that the MTZ 605 
beneath the Indian Ocean, Southeast Africa, the South Atlantic Ocean, large parts of the North 606 
Pacific Ocean, and a modest area below western Europe have remained dry for the past 400 Myr, 607 
and should be dry today. We note that there is relatively little IPV above the “dry” areas, 608 
although many of these regions are covered by oceanic lithosphere, where we have not 609 
considered IPV. These “dry” areas away from subduction zones roughly correspond to areas of 610 
persistent and stable broad-scale upwelling in the mantle [Conrad et al., 2013], which represents 611 
a return-flow from subduction downwelling occurring around these areas [Shephard et al., 612 
2017]. Intraplate volcanism has been identified within these regions away from subduction, but it 613 
has been mostly associated with deep mantle plumes (e.g., Hawaii). Plume-induced intraplate 614 
volcanism has been associated with the edges of the Large Low Shear Velocity Provinces 615 
(LLSVPs) at the base of the mantle, which form away from subduction zones [Torsvik et al., 616 
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2016]. Some of the IPV identified within the “dry” areas of the MTZ (Figure 7) may thus be 617 
associated with plumes rising from the deep mantle. 618 

Because the presence of water tends to reduce viscosity of the MTZ [Fei et al., 2017], 619 
these dry regions should have a larger viscosity than the wetter areas that surround them. This 620 
increased viscosity may be partially offset by decreased viscosity associated with mantle 621 
upwelling and increased temperatures associated with these regions away from subduction zones 622 
[Conrad et al., 2013]. However, if these dry regions of the MTZ are indeed stiffer than their 623 
surroundings, then mantle deformation should preferentially occur in the wetter areas, affecting 624 
upper mantle flow patterns [Ramirez et al., 2023]. Indeed, subduction-related deformation has 625 
tended to occur away from these potentially dry areas above the LLSVPs [Shephard et al., 2017], 626 
preventing hydration of these areas of the MTZ (Figure 7) and perhaps stabilizing large-scale 627 
mantle flow patterns [Conrad et al., 2013]. A dry MTZ may also exert an important influence on 628 
rates of glacial isostatic adjustment (GIA), which includes the solid Earth’s viscous response to 629 
episodes of deglaciation. Indeed, one of the dry regions in our models is predicted to extend 630 
beneath East Antarctica (Figure 7). Here, elevated upper mantle viscosities have been shown to 631 
slow rates of uplift in response to past (and future) deglaciation there, with important 632 
implications for sea level change [Gomez et al., 2024]. 633 

 634 

5.3 Limitations 635 

Uncertainties in the generated MTZ water grids are partly linked to and controlled by the 636 
underlying plate tectonic model [Karlsen et al., 2021; Karlsen et al., 2020; Matthews et al., 637 
2016; Torsvik et al., 2019], which becomes increasingly poorly constrained for older time 638 
periods. We assume vertical subduction, which has been suggested to be reasonable for mapping 639 
subducted slabs [Domeier et al., 2016], but does not account for lateral deflections or slab 640 
stagnations that may affect the MTZ water content. Thus, we have had to introduce additional 641 
parameterizations, such as the threshold for wet MTZ and the number of nearest neighbors used 642 
to spread the water laterally. These choices are poorly constrained and affect the MTZ water 643 
distribution and its link to IPV. We argue that the statistical approach used here (section 4) 644 
allows us to overcome this uncertainty by looking for overall correlations, even weak ones, based 645 
on “best guess” choices for some of these unknown parameters. Of course, this means that our 646 
predictive maps of MTZ hydration include a significant degree of uncertainty. 647 

We have shown that one of the most important parameters is the MTZ residence time, 648 
which is related to slab stagnation. However, not all slabs behave the same way; some may 649 
stagnate for different amounts of time in the MTZ while other slabs may subduct directly 650 
through it. Therefore, our assumption of using one constant value of MTZ residence time per 651 
model is a significant simplification. A more detailed mapping of wet and dry regions in the 652 
mantle transition zone (Figure 7) could be constructed by considering these different behaviors 653 
for each slab. It could be possible to infer slab topology from tomographic models for recent 654 
times, but would unfortunately be difficult, if not impossible, to do so for past times. However, if 655 
we assume that there is indeed a link between wet MTZ and the occurrence of IPV, one could 656 
use the location and ages of IPV to speculate on the temporal and spatial variations of the MTZ 657 
hydration state back in time. 658 

Our hypothesis testing using IPV locations may be limited by the geochemical dataset 659 
that we used. In particular, we are heavily dependent on the classifications of volcanism within 660 



Wang et al. [2024]   

 

17 

the GEOROC database [Lehnert et al., 2000]; we only considered intraplate volcanism with 661 
basaltic compositions. We did not attempt to remove plume-related events, except that we only 662 
considered continental locations. Thus, there are an unknown number of “IPV” samples in our 663 
dataset that have a plume source, e.g., the Afar plume below the African rift. The ability to 664 
remove these points is hindered by limited knowledge of past plume events; known hotspot 665 
volcanism was therefore not filtered out to preserve consistency. 666 

One of the greatest uncertainties of the statistical test is our choice of 0.5 ·109 kg/km2 for 667 
the threshold between wet and dry MTZ. A low threshold is reasonable as even a tiny amount of 668 
water can generate melt production if the mantle conditions are close to the solidus, although 669 
more water is needed to produce melting in colder regions [Karato et al., 2020; Katz et al., 2003] 670 
and buoyant hydrous upwelling requires significant hydration [Yang and Faccenda, 2020]. 671 
However, other mechanisms that require less water may help to link the wet MTZ to IPV. We 672 
note that the specific choice of a threshold may not be too important, because the area covered by 673 
water values between 0.05 and 5·109 kg/km2 is rather small compared to the overall “wet” area 674 
(Figures 3 and 4). However, choosing a larger value for the threshold may impact the match 675 
percentages between the wet MTZ and IPV locations, and the statistical significance of these 676 
matches. Alternatively, it could be useful to investigate correlations between the degree of MTZ 677 
hydration and the volumes of IPV. However, the IPV database that we are using does not include 678 
constraints on volumes of IPV, and such constraints are difficult to obtain anyway. Overall, an 679 
improved understanding of the mechanism behind non-hotspot IPV is needed to choose a more 680 
appropriate value for this threshold. 681 

 682 

6 Conclusions 683 

Our study suggests that the mantle transition zone (MTZ, 410-660 km) is likely to be 684 
heterogeneously hydrated, with wetter regions beneath areas with a long history of subduction, 685 
and regions away from subduction remaining dry (Figure 7). To show this, we created maps of 686 
the spatial and temporal heterogeneity of water storage in the mantle transition zone (e.g., Figure 687 
3), based on tectonic reconstructions for the last 400 Ma and the assumption that subduction 688 
transports water downward into the MTZ. Using these maps, we discovered a positive 689 
correlation between wet regions of the MTZ and locations of intraplate volcanism (IPV) at the 690 
surface (Figure 5), and we demonstrated that this correlation is statistically significant (Figure 6). 691 
In particular, we showed that water must reside in the MTZ for long periods (timescales of 30 to 692 
100 Myr) in order for the hydrous regions of the MTZ to be positively correlated with IPV in a 693 
statistically significant way (>95% confidence that the association is not random). This is 694 
because slab stagnation at the MTZ allows for slab dehydration and water accumulation in the 695 
surrounding MTZ rocks. We also found that a time delay of 10 to 30 Myr between MTZ 696 
hydration and IPV eruption tends to produce better correlations. This long MTZ residence time 697 
and long IPV delay time suggest that significant time and perhaps multiple subduction events are 698 
required to hydrate the MTZ, mobilize the hydrated mantle to generate melt, and transport this 699 
melt upwards for eruption at the surface. 700 

The MTZ water distribution, as characterized by our predictive maps (Figures 3 and 4)  is 701 
mostly dictated by tectonic patterns of subduction at the surface, including the plate convergence 702 
rate, trench migration rate, and subducting plate age for subduction zones around the world  703 
[Karlsen et al., 2019]. We find that the area fraction of wet MTZ was likely greater in the past 704 
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(>150 Ma), because of a more extensive subduction network that migrated more quickly [Young 705 
et al., 2019]. The extent of hydration also depends critically on the residence time of water in the 706 
MTZ, as controlled by slab stagnation [Komabayashi and Omori, 2006; Kuritani et al., 2011] 707 
and possible MTZ rehydration [Schmandt et al., 2014] as water is released from dehydrating 708 
lower mantle slabs [Walter, 2021]. Also important are processes that generate upwelling and 709 
upwards water transport from the hydrous regions of the MTZ [Kuritani et al., 2019; Wang et al., 710 
2015; Yang and Faccenda, 2020], leading to melting beneath the lithosphere [Long et al., 2019; 711 
Motoki and Ballmer, 2015] and eruption at the surface. 712 

Beyond the important implications for IPV that we have detailed here, a heterogeneously 713 
hydrated MTZ should also be viscously heterogeneous [Fei et al., 2017]. This is important 714 
because MTZ viscosity controls rates of upper mantle flow [Ramirez et al., 2023], planetary 715 
thermal evolution [Crowley et al., 2011], and even recent deglaciation-induced solid earth uplift 716 
[Gomez et al., 2024]. Thus, new comparisons between geophysical, geologic, and tectonic 717 
constraints on the hydration state of the MTZ, exemplified by our study, can help us to 718 
understand a variety of important geodynamic processes. 719 

 720 

Open Research. The intraplate volcanism database is taken from the GEOROC (Geochemistry 721 
of Rocks of the Oceans and Continents, https://georoc.eu/) database, with data available from 722 
Lehnert et al. [2000]. Mapping of the hydrous regions of the mantle transition zone utilizes the 723 
GPlates software [Müller et al., 2018], which can be accesses at https://www.gplates.org, and 724 
data from the global plate tectonic model of Matthews et al. [2016], corrections for the Pacific 725 
from Torsvik et al. [2019], and seafloor ages from Karlsen et al. [2021]. 726 
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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 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 value of α that yields a present-day 
global H2O subduction flux of 3.44 ·1011 kg/yr to depths >230 km, which 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 the lateral variations of 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; 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]. 

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. The mean value is about 0.14 for the 
present day (Fig. 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 (Fig. S1e). Regional variations 
in the rate of water input into the mantle are significant, with older and faster slabs bringing water 
downward more rapidly (Fig. 2, left column).  

 

Text S2. Distributing regassed water onto MTZ grid points 

Regassed water from subduction is distributed within the MTZ onto global mesh of grid points (Figure 
S2, left). Each mesh point represents approximately 50000 km2 on the Earth’s surface (~225 km spacing), 
or ~40000 km2 at the base of the MTZ. We distributed water from the segment among the N nearest 
neighbor points around the 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 



Wang et al. [2024] Supporting Information  
 
 

3 
 

3 

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). 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 intraplate volcanism (IPV) database 

Using the criteria described in the main text, we extracted 2096 IPV locations (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 (Figure 2l). This 
filtering has been applied to each timestep in the considered time range (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. 

 
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-
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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. We show a few examples of 
randomly re-oriented MTZ hydration maps, and their correlations with (unrotated) IPV, in Figure S5. 

 

 

 

 
 
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 Supplementary Text S1 to compute the regassing rate 𝑹 [kg/m/year] along 
each subduction zone segment (Figure 2, left column). The summed regassing along all segments gives 
the (e) global total regassing flux, which varies significantly a function of time since 400 Ma.   
 
 

0

20

40

60

80

100

A
vg

. 
P

la
te

 T
h
ic

kn
e
ss

 (
km

) a)

0

2

4

6

8

10

12

14

A
vg

. 
S

u
b
d
u
ct

io
n
 R

a
te

 (
cm

/y
r)b)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

A
vg

. 
W

a
te

r 
R

e
te

n
tio

n
 F

a
ct

o
r 

(ε
)

050100150200250300350400

Age (Ma)

c)

0

20

40

60

80

100

S
u
b
d
u
ct

io
n
 L

e
n
g
th

 (
1
0

3
 k

m
)

050100150200250300350400

Age (Ma)

d)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

T
o
ta

l R
e
g
a
ss

in
g
 R

a
te

 (
1
0

1
2
 k

g
/y

r)

050100150200250300350400

Age (Ma)

e)



Wang et al. [2024] Supporting Information  
 
 

5 
 

5 

 
 
Figure S2. Assignment of water from a subduction zone segment to mesh grid points. The left-hand 
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. Intraplate volcanism (IPV) samples extracted from the GEOROC (https://georoc.eu/) 
database [Lehnert et al., 2000]. Shown in (a) are the 2095 IPV locations with eruption ages between 0 
and 250 Ma (blue dots). Shown in (b) are the 467 IPV locations with 0 Ma age (blue dots), which define 
132 IPV locations after de-clustering (red dots, see Supplementary Text S3). Shown in (c) are the number 
of different IPV locations as a function of age between 250 and 0 Ma, for both 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), with locations of active 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. 
 
 
  

a) IPV age = 100 Ma, tMTZ = 0 Myr
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g) IPV age = 200 Ma, tMTZ = 100 Myr

h) IPV age = 200 Ma, tMTZ =

0.00 0.05 0.50 5.00 50.00 500.00 5000.000 0.05 5 50 500 50000.5

∞ ∞

Water in the Mantle Transition Zone [109 kg/km2]



Wang et al. [2024] Supporting Information  
 
 

8 
 

8 

 
 
Figure S5. 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. Four re-orientations of this grid, defined by random choices of longitude/latitude/rotation 
(above each figure, in degrees) are shown. Stationary intraplate volcanism (IPV) locations (red dots), 
reconstructed coastlines (green lines), and plate boundaries (black lines) are also displayed (these are 
not rotated with the MTZ water grid). The percentage of 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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