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Abstract

The Earth’s mantle transition zone (MTZ), located between approximately 410-660 km
depth, can store an amount of water equivalent to 2-10 oceans of water, which is
transported into the deep mantle by subducting oceanic lithosphere. The presence of
water is likely to reduce the viscosity of mantle rocks and has the potential to generate
melting in the upper mantle that could promote the occurrence of intraplate volcanism
(IPV). Therefore, water within the Earth’s interior impacts mantle convection dynamics,
plate tectonics and could alter the chemical and thermal evolution of the planet. Despite
its importance, the amount and spatial distribution of water within the mantle, and its

effect on the origin of volcanism far from plate boundaries, are poorly constrained.

Previous modeling studies have estimated rates and volumes of water subducted into the
deep mantle based on plate tectonic reconstructions that track the history of subduction
through time. In this work, | extend this approach to model the spatial and temporal
heterogeneity of water in the MTZ during the past 400 million years (Myr) and compare
the predicted regions of wet and dry MTZ with the locations of past and present IPV. |
conduct a parametric study where | vary the residence time of water in the MTZ, the
slab sinking rate, and the delay period between water in the MTZ and IPV occurrence.
Despite the uncertainties associated with the plate tectonic reconstructions and IPV
dataset, my models show a remarkable agreement between the hydrated regions of the
MTZ and locations of IPV. | find a statistically significant correlation at the 95%
confidence level for models where 60-89% of IPV locations occur above wet regions of
the MTZ during the past 250 Myr. This confirms the hypothesis that water is
transported to the MTZ by subducting slabs and, consequently, causes spatial and
temporal mantle heterogeneities. Furthermore, my results show that the MTZ water
residence time significantly impacts the distribution of water, with the best fits obtained
for residence times of 100 Myr or longer. This implies that MTZ water reservoirs
caused by the dehydration of stagnating slabs can remain stable for time periods much
longer than the sinking time of a slab. In contrast, the effect of varying the vertical
descent rate of slabs and the IPV delay period is modest. However, a delay of 10-50
Myr between water in the MTZ and intraplate eruptions better predicts IPV locations
than accounting for no delay. Overall, these findings suggest a link between the
formation of volcanism far from plate boundaries and water within the MTZ.

Vi
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Chapter 1 — Introduction

1. Introduction

The water located at Earth’s surface represents only a fraction of the total water content
within the entire Earth System (Hirschmann & Kohlstedt, 2012). A large amount of the
water is located within the geosphere, deep inside the Earth’s interior. Recent studies
estimate that the water content in Earth’s interior ranges from approximately one
present-day ocean mass (OM = 1.4 -10%! kg, Bodnar et al., 2013; Hirschmann &
Kohlstedt, 2012) to seven times the present-day ocean mass (Nestola & Smyth, 2016).
This extensive range primarily arises from the fact that the water content of Earth’s
interior cannot be directly measured but has to be estimated (Bell & Rossman, 1992);
samples for water analyses are only available from the crust, upper mantle (UM), and
very rarely from the mantle transition zone (MTZ, i.e., 410-660 km, Bodnar et al.,
2013; Murakami et al., 2002; Smyth & Jacobsen, 2006).

Volcanic arc IPV Volcanic arc

Lithosphere

660 km Ly bm
LM ¢I.A’s:r.-ic
¥
'v Regassing ' Degassing IPV — Ir?traplate MOR — Mid Ocean Ridge ~MTZ - Mantle Transition Zone
Volcanism UM — Upper Mantle LM — Lower Mantle

Figure 1. Schematic of the deep Earth water cycle. Water exchange between Earth’s surface and
Earth’s deep interior is strongly controlled by plate tectonics. Water flux from the Earth’s mantle to its
surface is governed by degassing (the release of water to the surface) at spreading ridges, arc volcanoes,
and through intraplate volcanism (IPV), such as via mantle plumes. Water transport to the deep mantle
(regassing) is controlled by subduction — the sinking of the oceanic lithosphere into the Earth’s interior
with velocity vsink. However, the water brought to the deep interior through subducting slabs is highly
controlled by the convergence velocity (vs) and slab age (which is coupled with the thickness of the plate,
d); some of the water in the slab is released in the mantle wedge triggering partial melting and is
degassed at the surface through arc volcanism. The remaining water might be released via dehydration at
great depths, e.g., above the 660 km mantle transition zone (MTZ) discontinuity, where slabs often
stagnate. Water is plausibly stable at great depths for a significant time (twrz), possibly even after the slab
has continued sinking into the lower mantle. The regionally hydrous MTZ might induce melting, hydrous
upwellings, and subsequent IPV that is not plume-related. Eruptions at intraplate locations above water-
rich locations in the MTZ could occur an unknown number of million years after the water reaches the
MTZ; here, | define this as the IPV delay period (tipv).
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Water exchange between the Earth’s surface and interior is controlled by active plate
tectonic processes, such as volcanism, seafloor spreading, and subduction (Figure

1; Bodnar et al., 2013; Kelbert et al., 2009; Thompson, 1992; van Keken et al., 2011).
Subduction of the oceanic lithosphere may deliver considerable amounts of water to
great depths (Hirschmann, 2006). This is due to the fact that subducting slabs contain
water in pore spaces within the sediment layer and chemically-bound water within
mineral structures of the sediments, oceanic crust, and lithospheric mantle (Faccenda,
2014; Rupke et al., 2004; van Keken et al., 2011). Subducted water could potentially be
stored in significant quantities where mantle conditions allow for large water solubility
in minerals, such as the MTZ (Huang et al., 2005; Suetsugu et al., 2006). The water
distribution within the Earth’s interior is consequently thought to be highly

heterogeneous (Peslier et al., 2017).

The MTZ is a zone located between the lower and upper mantle at a depth of 410-660
km (Figure 1). Seismic discontinuities define this zone through phase transformations
from olivine to wadsleyite, wadsleyite to ringwoodite, and ringwoodite to silicate
perovskite and magnesiowdstite at about 410 km, 520 km, and 660 km depth,
respectively. The high-pressure phases, wadsleyite and ringwoodite, allow high
concentrations of hydrogen atoms in their crystal structures (up to 2-3 wt.%; Schulze et
al., 2018), as opposed to the olivine in the upper mantle and silicate perovskite and
magnesiowastite in the lower mantle (Hirschmann, 2006). Consequently, the MTZ is
believed to be a large water reservoir capable of holding more water than the Earth’s
oceans (Pearson et al., 2014; Smyth & Jacobsen, 2006; Suetsugu et al., 2006).
Therefore, the MTZ is the most essential region to investigate when examining the

distribution of water within the Earth’s interior.
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1.1 Aim of the study

Constraining the amount and distribution of water in the Earth System is fundamental
for understanding the deep water cycle and its effects on the mantle’s rheological
properties (Hacker, 2008). Without water in the deep Earth, the process of plate
tectonics might not be possible (Nestola & Smyth, 2016) because water lowers the
mantle’s viscosity and initiates melting. Even small quantities of water could
significantly affect the viscosity (Hirschmann & Kohlstedt, 2012; Luth, 2003; Wright,
2006) and production of melt (Drewitt et al., 2022; Hirschmann, 2006) of mantle rocks
(van Keken et al., 2011). This directly affects mantle convection dynamics, plate
tectonics, and chemical differentiation (Faccenda, 2014; Hirschmann, 2006; Kelbert et
al., 2009; van Keken et al., 2011). As a result, the Earth cools, and more water enters at
trenches, promoting further convection as the viscosity is decreased and melting is
initiated. In turn, this further cools the interior of the Earth and prolongs the efficient
cooling period. Thereby, water influx to the interior of the Earth will, in the long run,
eventually alter the chemical and thermal evolution of the planet (Crowley et al., 2011,
Karato, 2011; Korenaga, 2011; Peslier et al., 2017; Sandu et al., 2011; van Keken et al.,
2011). Consequently, water cycling between Earth’s surface and deep interior impacts

the development of oceans, the atmosphere, and life.

In 2014, a rare ringwoodite inclusion in a diamond provided direct proof of the
existence of water in the MTZ (Pearson et al., 2014). The ringwoodite was strongly
hydrous, containing about 1.5 wt.% H-O. If this water content represents the actual
concentration of water in the MTZ and was not just a localized enrichment, the MTZ
could store an amount of water proportionate to, or greater than, the mass of the Earth’s
hydrosphere (Nestola & Smyth, 2016; Peslier et al., 2017). The presence of water in the
mantle has previously been investigated through many different approaches. This
includes attempts to measure the water content in specific regions of the mantle through
seismic wave speeds (Houser, 2016; Meier et al., 2009; Suetsugu et al., 2006), electrical
conductivity (Huang et al., 2005; Karato, 2011; Kelbert et al., 2009), and diamond
inclusions (Pearson et al., 2014; Shirey et al., 2021; Wirth et al., 2007). At the same
time, others have tried to estimate the water content potential through indirect
measurements (mineral physics and laboratory experiments, Huang et al., 2014;
Schulze et al., 2018), kinematic plate models (Karlsen et al., 2019), and
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thermopetrological models (Hacker, 2008; Ripke et al., 2004; Syracuse et al., 2010; van
Keken et al., 2011). Nevertheless, the magnitude and distribution of water in the Earth’s
interior, both today and in the geologic past, are still poorly quantified and mapped
(Hirschmann, 2006).

In principle, it should be possible to estimate rates and volumes of water transport into
the deep mantle from models of subduction flux based on plate tectonic reconstructions
(e.g., Karlsen et al., 2019). However, the spatial heterogeneity of mantle water content
has not been predicted from such models. Significant uncertainties included in the
reconstructions themselves, the quantity of water retained by slabs during subduction,
and the mechanisms behind the release of these fluids (van Keken et al., 2011; Wang et
al., 2015), limit such an approach. The resulting uncertainty in the deep water transport
throughout Earth’s history is mainly due to the poor constraints on essential factors such
as subduction velocity (vs), slab age (z), slab sinking rates (vsink), slab dip, slab lithology,
and initial water content (Suetsugu et al., 2006). To better address these variables, |
investigate a range of plausible parameters and estimate the spatial distribution of water

in the mantle from plate tectonic reconstructions.

In this project, | aim to estimate patterns of heterogeneous water storage in the Earth’s
mantle over timescales extending 400 million years (Myr) back in time from global
plate tectonic reconstructions (Karlsen et al., 2021; Karlsen et al., 2020; Matthews et al.,
2016; Torsvik et al., 2019) and identify the link, if there is any, between wet regions in
the MTZ and intraplate volcanism (abbreviated as IPV here). Modern, digital plate
tectonic models (Gurnis et al., 2012) provide kinematic descriptions of how plates and
plate boundaries have moved through geologic time. From these global plate models,
one can extract the location of past subduction zones, relative to a given reference frame
—such as a mantle reference frame, and the velocity at which convergence across the
boundary occurs. By combining the plate kinematic model (I here use the global model
of Matthews et al., 2016) with paleo-seafloor age grids (Karlsen et al., 2020 , 2021) the
age of the subducting plates can be inferred. Subduction zone locations, plate age, and
convergence velocity through geologic time from the kinematic plate tectonic model
have here been extracted. | then use them to make predictions of the spatial and

temporal distribution of water in the MTZ.
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Due to poor constraints on essential factors controlling the locations of subducted water,
| investigated several different plausible parameters. This approach resulted in
numerous parameterized Earth models that map the heterogeneous storage of subducted
water during the past 400 million years. My models enable us to better understand the
interplay between the deep water cycle, intraplate volcanism, and water distribution in
the Earth’s interior, and provide the basis for investigating the effects of these properties
in connection with seismic wave velocities and electrical conductivity profiles. In the
subsequent sections, we shall see how subduction brings water into the deep mantle,

why the MTZ is likely to be the main water reservoir, and how it may be related to IPV.

1.2 The deep water cycle

The process of transporting water from the surface into the mantle through subduction is
referred to as regassing (Figure 1; Karlsen et al., 2019; Rupke et al., 2004; van Keken et
al., 2011). At the same time, the return of water to the exosphere through volcanism is
known as degassing (Figure 1; Bodnar et al., 2013; Karlsen et al., 2019). Over time, the
imbalance between regassing and degassing affects the volume of water stored within
the mantle and within Earth’s surface environment (Andrault & Bolfan-Casanova,
2021). For example, the mantle’s water content could increase (or decrease) with time if
regassing at trenches is larger than (or smaller than) degassing at divergent boundaries
and through volcanism (Houser, 2016). The regassing flux has been estimated to be
larger than the degassing flux, both in the present day (Peslier et al., 2017) and in the
past (Korenaga et al., 2017). The amount of water transported into the mantle by
regassing depends particularly on the kinematics and characteristics of a subduction

zone, and in particular, the thermal structure of the slab.
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Figure 2. Subduction-related data applied in this study. Temporal changes in a) the total subduction
zone length (Ls), b) average convergence velocity (vs), ¢) global mean age of subducting plates(z), and d)
thermal parameter (@) of subduction zones between 400 Ma and the present day. The data is extracted
from plate tectonic reconstructions of Matthews et al. (2016), modified with the seafloor age model of
(Karlsen et al., 2020 , 2021), and regionally updated according to Torsvik et al. (2019). A threshold of
0.2 cm per year has been applied to the velocity data to ensure the inclusion of only active subduction

zone segments.
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Hydrous minerals within subducting slabs of oceanic lithosphere, such as mica, apatite,
amphibole, serpentine, and chlorite, incorporate water as hydroxyl OH, and are stable
only at upper mantle pressure and temperature (PT; Luth, 2003; Peslier et al., 2017).
With increasing PT conditions, these hydrous minerals become unstable and undergo
phase changes. Either the water is released (dehydration), or their structure is re-
arranged in a way that allows the water to remain chemically bound (retention). The
latter allows for the creation of high-pressure hydrous minerals, e.g., phase-A
(Komabayashi & Omori, 2006), which could stay stable at high pressures, but still
requires lower temperatures than those of the ambient mantle. These conditions can be
reached inside slabs since subducting oceanic lithosphere has a cold geotherm relative
to the surrounding mantle (Long et al., 2019; Syracuse et al., 2010). Therefore, these
high-pressure hydrous minerals play an essential role in transporting water to the
Earth’s interior within slabs (Drewitt et al., 2022). However, dehydration processes
often occur during subduction; therefore, only a fraction of the slab’s initial water
content can be transported into the deeper mantle (Conrad, 2013; Drewitt et al., 2022;
Hacker, 2008; Karlsen et al., 2019; Ripke et al., 2004).

The aforementioned dehydration and retention processes within a slab depend on
several factors, of which the descending oceanic plate’s subduction velocity (vs, Figure
2b) and age (z, Figure 2c) are the most significant (Figure 1; Faccenda, 2014; Hacker,
2008; Karlsen et al., 2019; Magni et al., 2014; Ripke et al., 2004; van Keken et al.,
2011). Hot mantle rocks continually erupt at mid-ocean ridges via decompression
melting. With time, the newly created oceanic lithosphere moves away from the ridge,
cools, and thickens (Schmeling et al., 2017). Old, and therefore cold, fast subducting
slabs will have a larger capability to transport water to great depths (ca. >200 km) than
young and warm, slowly subducting slabs (Thompson, 1992; van Keken et al., 2011).
This is mainly because these fast and old oceanic plates can sustain a colder interior for
longer, and thereby hydrous phases within the slab could stay stable to greater depths.
van Keken et al. (2011) found indications that mineralogically bound water could
efficiently pass into the mantle via old and rapid subduction zones, while almost
complete dehydration of the subducting plate was predicted for hot and slowly

subducting slabs.
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In addition to the convergence rates and age of oceanic lithosphere, subduction zone
lengths (Ls) are required to estimate the global water retention to great depths. Figure 2
displays data extracted from the plate tectonic reconstruction model from 400 Ma to the
present day in single million year timesteps (more details on the used model in Chapter
2; Karlsen et al., 2021; Karlsen et al., 2020; Matthews et al., 2016; Torsvik et al., 2019).
The total length of subduction zones has varied greatly with time i.e., between a range
of 48-87 -10%km (Figure 2a). The length-weighted average convergence velocity also
varies; an upper and lower rate of 12.3 cm/yr and 4.6 cm/yr is found at 128 Ma and 229
Ma, respectively (Figure 2b). Additionally, at 200 Ma, the mean age of subducting
oceanic lithosphere was twice the present-day value of 54 Myr (Figure 2c). The product
of these two factors gives the thermal parameter (vs - 7 = @, Figure 2d), which provides
an overall measure of the thermal structure of a subducting slab. Consequently, a large
thermal parameter is consistent with high water retention capabilities to great depths.
Recently published estimates find that 26% of the global water influx is recycled into
the mantle (Magni et al., 2014). In comparison, van Keken et al. (2011) suggest that
about one-third of H>O bound in slabs subducts to a depth of 240 km on average
globally. In fact, it has also been suggested that subducted slabs, if sufficiently old and
cold, could retain up to 40% of their initial water content to the same depths (Rupke et
al., 2004). More frequent subduction of colder oceanic lithosphere occurred at past
times (Figure 2), indicating that the water retention capability of slabs has been likely
more significant in the past than it is now. Overall, eight independent studies of
regassing fluxes estimated an amount of water subducted into the deep mantle at
present-day day to be in the range of 0.0-8.4 -10! kg/yr with an average of 4.5+1.5
.10 kg/yr (Bodnar et al., 2013; Faccenda et al., 2012; Hacker, 2008; Magni et al.,
2014; Parai & Mukhopadhyay, 2012; Ripke et al., 2004; van Keken et al., 2011,
Wallmann, 2001). Other essential factors controlling the amount of water subducted
into the Earth’s deep interior are the initial water content, dip angle, pressure, slab
lithology, and mantle temperature (Karlsen et al., 2019; Magni et al., 2014; van Keken
etal., 2011).
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1.3 Water distribution in the mantle

The mantle only contains a small fraction of hydrous minerals (Peslier et al., 2017);
contrarily, most of the mantle consists of nominally anhydrous minerals

(NAMs; Hirschmann & Kohlstedt, 2012; Huang et al., 2014). Water in the mantle and
crust is primarily present as trace elements (<0.1 wt.%) in NAMs. In these phases, water
Is incorporated into the crystal lattice as hydrogen (H) defects (Andrault & Bolfan-
Casanova, 2021; Wright, 2006), bounded to structural oxygen (Bell & Rossman, 1992;
Huang et al., 2014; Smyth & Jacobsen, 2006). Therefore, | emphasize that the term
‘water’ in this project accounts for a broader definition than simply H.O molecules. In
this sense, ‘water’ includes H incorporated as various species in fluids, melts, and
minerals (Bodnar et al., 2013; Peslier et al., 2017). Since NAMs mainly make up the
mantle, even trace amounts of each mineral could in total represent an enormous

amount of water.

The heterogeneous distribution of water in the Earth’s interior results from, among
many factors, the early planetary differentiation into the core, mantle, and crust and the
later infusion of water by subduction of hydrated oceanic lithosphere (Peslier et al.,
2017). In silicates, the diffusion of water (i.e., hydrogen) is fast compared to the
diffusion of other elements. However, considering the extent of the mantle and the
amount of water subducted to the Earth’s deep interior, diffusion is not sufficient to
cause a uniform distribution of H throughout the mantle. On the contrary, water
distribution in the mantle is highly heterogeneous. In fact, it takes ~10 Ga for hydrogen
to diffuse ~10 km in typical asthenospheric conditions (Karato, 2007; Kohlstedt &
Mackwell, 1998; Peslier & Bizimis, 2015). In addition to the recycling of water-bearing
materials via subduction, heterogeneity in the Earth’s interior is also sustained by partial
melting and subsequent ascent or sinking of melt, and by the inefficiency of convection

to homogenize water in the mantle (Peslier et al., 2017).
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The distribution of hydrated areas in the mantle depends on multiple factors, many of
which are poorly constrained. Most of the water in the Earth’s interior is thought to be
found in the MTZ. This zone is dominated by the NAMs wadsleyite and ringwoodite,
which have significant water storage capabilities in their crystal structure at the PT
conditions of the MTZ (Kelbert et al., 2009). The storage capacity is up to 3 wt.% H.O
for wadsleyite and up to 2.8 wt.% H-O for ringwoodite (Schulze et al., 2018). In
comparison, the water storage capacities of NAMs in the upper and lower mantle are
estimated to be about 0.005-0.02 wt.% (Hirschmann & Kobhlstedt, 2012; Karato, 2011)
and 0.002-0.4 wt.% (Murakami et al., 2002), respectively (Hirschmann, 2006). A water
storage capability of ~3 wt.% makes the MTZ a potentially important major water
reservoir (Pearson et al., 2014; Smyth & Jacobsen, 2006; Suetsugu et al., 2006),
possibly capable of holding up to 10 oceans of water (Houser, 2016). A mantle
transition zone water reservoir could be stable for millions (Schulze et al., 2018) or
>billion (Kuritani et al., 2011) years. However, it is essential to note that the water
solubility of wadsleyite and ringwoodite decreases with increasing PT (Bolfan-
Casanova et al., 2006; Demouchy et al., 2005; Hirschmann, 2006; Huang et al., 2005).
Hence, the water storage capacity of these minerals might become lower at relatively
high PT.

Even more significant uncertainty is associated with the lateral extent of water in the
mantle since it depends on subduction and mantle convection. The descent velocity of a
slab (vsink; assumed to be near vertical sinking) is vital because it controls the thermal
state of the slab. Moreover, seismic tomography studies have disclosed various slab
deformation behaviors at mantle transition zone depths (Karato et al., 2001; and
references therein), involving both vertical and lateral deflections. Several slabs, such as
under Japan, stagnate at the 660 km discontinuity (Karato et al., 2001; Wang et al.,
2015), while some slabs, such as the Cocos Plate, penetrate straight through the MTZ
(e.g., Goes et al., 2017). The stagnation, deformation and/or horizontal deflection of
slabs are hypothesized to be an essential mechanism of deep mantle hydration
(Komabayashi & Omori, 2006; Suetsugu et al., 2006). This is because hydrous phases
within the slab may dehydrate by heating from the surrounding mantle during
stagnation, hydrating the MTZ (Figure 1). As the MTZ is composed of NAMs with
significant water storage capacities, the water released by stagnating slabs could result

in a local water enrichment, which could be stable even after the slab continues into the

10
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lower mantle. In addition, the geographic position of wetter regions depends on the
diffusion and mixing of water within the mantle, and the regional history of mantle
convection (e.g., subduction dynamics, presence of plumes, broad-scale mantle flow,

and dehydrating processes such a mid-ocean ridge or plume volcanism).

Several studies have used global seismic wave speeds (Houser, 2016; Schulze et al.,
2018) and electrical conductivity (Kelbert et al., 2009) to investigate the present-day
lateral distribution of water in the MTZ. Contrasting seismic wave speed studies
predicted that the MTZ is variously dry (Houser, 2016), strongly hydrated (Suetsugu et
al., 2006), or partly hydrated away from subduction zones (Meier et al., 2009). This
diversity could be caused by the different methodologies and by heterogeneities within
the MTZ today, as different studies might measure various factors, such as hydrated
areas, dry areas, temperature, or major element chemistry (Karato, 2011). However,
these discrepancies might also be a consequence of water not being readily detectable
by variations in seismic wave speeds in the MTZ (Schulze et al., 2018). Since
subduction is the primary carrier of water into the mantle, the position of wetter regions
within the MTZ should depend on the location of slabs at depth, and the regassing
efficiency of the specific slab. Kelbert et al. (2009) found the highest electrical
conductivities in MTZ areas with significant recent subduction input, supporting the
widely recognized theory of cold subducting slabs carrying water into the MTZ.
Electrical conductivity is the most convenient property to affirm water content due to its

high water sensitivity and modest sensitivity to other factors (Karato, 2011).
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1.4 Intraplate volcanism and hydrous upwellings

Intraplate volcanism (IPV) is defined as volcanism occurring within the interiors of
tectonic plates, i.e., away from plate boundaries. IPV can occur within both oceanic and
continental plates and is often produced by decompression melting of hot mantle rocks
caused by mantle plumes (Wang et al., 2015; Yang & Faccenda, 2020). However, not
all IPV is associated with mantle plumes (Long et al., 2019). Indeed, it has been found
that the chemical composition of many continental flood basalts (CFBs) differs from
that of ocean island basalts (OIBs) caused by mantle plumes (Wang et al., 2015).
Moreover, some CFBs exhibit geochemical components equivalent to subduction-like
signatures (Merle et al., 2014), although these observations are, by definition, far from
plate boundaries. It has been suggested that some IPV may be associated with a locally
hydrated mantle transition zone below it (Faccenna et al., 2010; Kuritani et al., 2019;
Long et al., 2019; Motoki & Ballmer, 2015; Wang et al., 2015; Yang & Faccenda,
2020). For example, suppose the MTZ becomes locally saturated or hydrated and that
MTZ material rises to the upper mantle by mantle convection. Under these conditions,
water migrates to the upper mantle, where the NAMs do not have sufficient water
storage capacities (Hirschmann, 2006; Yang & Faccenda, 2020). The uplift of hydrous
MTZ material has also been hypothesized to be caused by slabs interacting with ancient
stable MTZ water reservoirs (Kuritani et al., 2011; Wang et al., 2017). This influx of
water lowers the solidus of the mantle above the 410 km discontinuity, resulting in
hydrous melting (Wang et al., 2015). At this point, melts generated in the upper mantle
would rise and could erupt at the surface, away from plate boundaries (Komabayashi &
Omori, 2006; Kuritani et al., 2019), illustrated in Figure 1. This has been suggested to
explain Cenozoic IPV in Northeast China (Kuritani et al., 2011; Yang & Faccenda,
2020), where the Pacific slab has stagnated in the MTZ for more than 30 Myr (Long et
al., 2019).
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Some IPV has also been hypothesized to be caused by a convective instability of
stagnant slabs at MTZ depths (Long et al., 2019; Motoki & Ballmer, 2015). Slabs are
generally cold and dense compared to the surrounding mantle; however, it has been
demonstrated that the base of a stagnant slab could become thermo-chemically unstable.
The relatively warm harzburgite underbelly of a slab is less dense than the
compositionally (eclogitic) and thermally (cool) denser upper part. Thereby, instabilities
could lead to plume-like upwellings. However, the positive buoyancy of these hydrous
upwellings is insufficient to sustain ascent to the base of the lithosphere. Therefore, in
this case, sublithospheric small-scale convection (SSC) cells are required to bring melt
further upwards. If this melt reaches the lithosphere, it may cause volcanism located far
from plate margins and above stagnant slabs. In fact, some IPV has globally been
observed to regionally cluster above stagnated slabs, in many cases explicitly linked to
the slab tip (Motoki & Ballmer, 2015; and references therein; Long et al., 2019). A wet
MTZ could, thus, provide an explanation for IPV in the absence of pre-magmatic
lithospheric extension or hotspot tracks usually associated with mantle plumes. It could
also help to explain findings of subduction-like signatures detected for some intraplate
magmatism (Wang et al., 2015; Yang & Faccenda, 2020).

It is important to note that there are many other mechanisms invoked for non-hotspot
volcanism; not all IPV events that are not related to plumes are expected to be linked to
MTZ water. Some of these other mechanisms include shear-driven upwelling (Ballmer
et al., 2013; Bianco et al., 2011; Conrad et al., 2010; Till et al., 2010), lithospheric
cracking (Gerbault et al., 1999; Hieronymus & Bercovici, 1999, 2000; Sandwell et al.,
1995), sublithospheric convective instability (Ballmer et al., 2007; Bonatti & Harrison,
1976; Dumoulin et al., 2008; Parmentier & Buck, 1986; Parsons & McKenzie, 1978;
Richter & Parsons, 1975), and buoyant decompression melting (Aivazpourporgou et al.,
2015; Hernlund et al., 2008; Raddick et al., 2002). Notably, these mechanisms are both
more likely to occur and to be enhanced if the MTZ is hydrated because water promotes
more melting. Establishing affirmative evidence of a correlation between IPV locations
and the presence of MTZ water would represent an essential step toward an improved
understanding of the deep water cycle. It would also help confirm water content and
distribution predictions within the MTZ and serve to identify other possible areas of

current and previously regionally hydrated MTZ.
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1.5 Main hypothesis and goals of the project

The main goal of this project is to predict the spatial and temporal heterogeneous
distribution of water in the mantle transition zone and its possible correlation with
intraplate volcanism. Existing research on deep Earth water content attempted to
measure hydrous regions in the mantle or estimate the potential for water content in the
mantle. Instead, | here attempt to predict the most plausible distribution of hydrous
regions during the past 400 Myr using tectonic reconstructions of subduction (Karlsen
etal., 2021; Karlsen et al., 2020; Matthews et al., 2016; Torsvik et al., 2019).

There is still much unknown about MTZ hydration; I, therefore, allow a few key
parameters to vary when undertaking this study. These parameters include the residence
time of water in the MTZ (tm1z), the slab sinking rate (vsink), and the delay period (tipv)
between water in the MTZ and the occurrence of IPV (Figure 1). I hypothesize that
there will be more intraplate volcanism, in terms of occurrence, over hydrated regions
as compared to regions of no/low hydration. To achieve this, | have therefore compared
present and past active continental IPV locations (GROROC, 2021), with various model
parameterizations of the wet portions of the MTZ. In simpler terms, | aim to test models
of MTZ hydration patterns against continental IPV locations. Any major discrepancies
in the presence of IPV above the estimated maps of MTZ hydration, will weaken the
hypothesis that a wet MTZ induces intraplate magmatism. By contrast, a notably good
correlation between IPV locations and a particular model, governed by specific
parameters, would indicate more credibility in this particular model. In addition, | have
tested whether the observed correspondence could be a result of random chance by
conducting 10.000 re-orientations of the MTZ hydration patterns below stationary 1PV
locations. In doing so, | hope to establish a testable and solid link between these two

important Earth processes.
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The applied data and plate kinematic model will be described in more detail in the
following section (Section 2.1), along with the various parameters and models used to
map the subducted water (Section 2.2). The analysis of the correlation between the
processed IPV data (Section 2.3) and predictions of a wet MTZ is further described in
Section 2.4. Thereafter follows a presentation of the results (Chapter 3), where findings
related to the observed predictions of MTZ water distributions and active IPV regions
(Section 3.2) are compared to randomly re-oriented MTZ water contents to investigate
the statistical significance of the observed results (Section 3.4). In Chapter 4, | discuss
the implications of the presented results and present them in the light of previous
studies. Finally, the conclusions of the study are presented in Chapter 5.
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2. Methods

Because water enters the mantle primarily through the process of subduction, plate
tectonic reconstructions can be used to predict the heterogeneous water distribution in
the Earth’s deep interior. To predict the distribution of mantle water, and to link it to
surface volcanism, | developed a Python workflow (Figure 3). Subduction zone
locations through time is obtained from state-of-the-art plate tectonic reconstructions
and related frameworks (Karlsen et al., 2021; Karlsen et al., 2020; Matthews et al.,
2016; Torsvik et al., 2019) to acquire information on where and when subducted water
entered the mantle. In order to estimate how much water should be allocated for deep
mantle hydration along the specific subduction zone segment, the convergence velocity
(vs) and slab age (z) is extracted from the reconstruction model (following Karlsen et al.,
2019). Following on the above, models with various values of slab sinking rates (Vsink)
are computed to track the water transport to the MTZ, along with models of varying
MTZ water residence times (tmtz), to estimate the temporal extent of the water in the
MTZ. Finally, a comparison of these findings with the locations of active IPV is

conducted to test the credibility of these models.

Workflow
Compute deep mantle Process IPV dataset
hydration fluxes ¥» Adjust the age and coordinates of
» Filter velocity data from the tectonic all samples
reconstruction model > Reconstruct the location at the
» Calculate T, £(db) and R(t) time of the eruption

> Adjust IPV age range to
continental polygon age

P range
Model water distribution % Filter 1 —remove duplicate samples
1. Allocate deep mantle water fluxes to % Filter 2 — cluster associated samples
mesh point(s)
2. Account for surface area

3. Dis'tr'lbute‘water to Fhe N nearest Test MTZ water grid with IPV
neighbors” mesh point(s)

For all 10 models:
>  Weight distribution with - e
) . » Observed result
distance from subduction )
s > Attain water values
segment midpoint

4. Model 10 different scenarios with bEI.DW IP\.{ locations
" » Random re-orientation
gy . » Compute 10.000
1. Slab sinking rates (1 - 9 cm/year) randgm S,
II. MTZ residence times (0 - == Myr) of the MTZ water grid
111 IPV delay periods (0 - 50 Myr) S Attain water values
Sum depth levels into a depth range

6. Create MTZ water grid bEIO\‘.V stationary [PV
locations

> Delaunay ‘[rlan.gu\atlon fo » Compute p-value from probability
set up a spherical . ;
) - . density function
interpolation in tension

[ Determine which models show a statistically }

w

significant correlation between MTZ water and IPV

Figure 3. Flowchart of the work conducted during this thesis. The numerical modeling steps described
in the flowchart were conducted to predict the mantle transition zone (MTZ) water distribution for 10
different scenarios and test correlations with intraplate volcanism (IPV) locations.
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2.1 Computing deep mantle hydration fluxes

The data applied in this project for computing subduction water fluxes back in time are
based on the global plate tectonic reconstructions of Matthews et al. (2016), modified
with the seafloor age model of (Karlsen et al., 2020 , 2021), and with corrections to the
reconstruction of the Pacific after Torsvik et al. (2019). This model is constructed upon
a mantle-based absolute reference frame and extends from 400 Ma to present-day. This
global plate model was constructed from a large number of data from various sources
representing different scales (local to global). As such, this published model is subject
to numerous uncertainties in global and regional reconstructions, which are not the
focus of this study. The tectonic model can be viewed and analyzed via the open-source
GPlates software (https://www.gplates.org/; Muller et al., 2018). Henceforth, this model
will be referred to as the tectonic reconstruction model. We analyzed this model at 1
Myr increments across its entire 400 Myr duration (400-0 Ma). For every time step,
each subduction trench (as identified by metadata in the model) was divided into short
(on average 248 km) segments, for which the segment coordinates and their respective
convergence velocity (vs), length (Ls), and slab age (z) were extracted (Figure 2a-c).
Using this data, the water flux into the deep mantle and its spatial distribution can be
calculated and tracked for individual subduction zone segments. The magnitude of
water retained at different mantle depths depends on several other factors; however, a
range of studies find the slab age and convergence velocity to have first-order control
on the regassing of a slab (Faccenda, 2014; Hacker, 2008; Magpni et al., 2014; Rupke et
al., 2004; van Keken et al., 2011). Hence, the subduction water flux can be sufficiently
parametrized in terms of these two quantities (Karlsen et al., 2019).
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Table 1. Overview of various parameters applied in this study. Including data obtained from the tectonic
reconstruction model (Karlsen et al., 2021; Karlsen et al., 2020; Matthews et al., 2016; Torsvik et al.,
2019), parameters used to compute deep mantle hydration fluxes, and various parameters applied to
create the different models of this study. Description of the various elements used, and their respective
symbol and value are listed in the table.

Description Symbol Value

Data obtained from tectonic reconstructions

Length of the subduction segment L Varies with segment and time
Convergence velocity of segment v Varies with segment and time
Age of subducting plate segment 1 Varies with segment and time

Deep mantle hydration flux parameters

Upper mantle density p 3200 kg/m’
Thermal diffusivity K 7.6-10" m'/s
Constant in water retention function fit a -0.1
Constant in water retention function fit b 0.5
Constant in water retention function fit C 0.0023
Plate thickness d Varies with t
Thermal parameter & Varies with segment and time
Mondimensional regassing factor a 2.28-10°
Present day water retention fraction g(d(0)) 0.14
Present day regassing flux R(O) 3.44 - 10" kg/year

MTZ water distribution model parameters

Water mass per area M Varies with segment and A
Mesh point surface area A Varies with depth
Time step At 1 Myr
Slab sinking rate Viink 1-%cm/year
MTZ water residence time tyre 0 - == Myr
IPV delay period tiow 0- 50 Myr
Number of nearest neighbours N 10
Wet MTZ threshold 2 - 10° kg/km’
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An expression for the regassing rate of individual segments is used following the
parametrization of Karlsen et al. (2019). The rate of mass transport of oceanic
lithosphere into the mantle is described by

dM,;
— = pvedLg

e
dt

year)’

(1)
where p, vs, d and Ls are the density, convergence velocity, thickness of the plate and
length of the subduction zone segment, respectively (Table 1). To find the regassing rate
of the segment, Equation (1) is multiplied with the nondimensional regassing factor o
(Table 1; and described further below) since only a fraction of the initial mass of the
lithosphere consists of water. However, most of this water will be degassed through a
volcanic arc. To eliminate the water that does not reach the deep mantle, a small
fraction ¢ (Table 1; and described further below) is multiplied into Equation (1) as
well, leaving us with the deep mantle water flux (R),

R = agpvdLy [£ .
year
(2)
The thickness of the subducting slab is highly dependent on the age 7 of the oceanic
lithosphere, and is calculated using the half-space cooling model (Parsons & Sclater,
1977). The plate thickness d is thereby,
d(7) = 2.32vVkt
(3)
where 80 Myr > 7> 10 Myr and « = 7.6 -107 m?/s (Table 1). For >80 Myr and <10
Myr, an upper and lower plate thickness limit of 100 km and 36 km, respectively, have
been set (Sclater et al., 1980). In addition, a velocity limit was set to prevent the inactive
plate boundaries from being included; these are segments classified as subduction zones
that are not converging (and can be considered an artefact of the global plate model’s
construction). Thus, a threshold of 0.2 cm/yr was applied to the velocity data vs to
ensure the inclusion of only active subduction boundaries. This filtering mainly affects
the total length of subduction zones, but does not significantly affect the total area of
seafloor subducted (Karlsen et al., 2019) because only inactive or very slowly
converging trenches are removed. In addition, while both continental and oceanic

subduction zones are included, any ‘convergent’ boundaries that are not explicitly

19



Chapter 2 — Methods

identified as a subduction zone by the metadata of the model are ignored, which could

cause the dismissal of some actual subduction zones.

The nondimensional regassing factor a relates to the slab’s initial bulk water content. |
chose a value of « that yields the present-day global H2O subduction flux of 3.4 -10%
kg/yr (Table 1; Karlsen et al., 2019) to depths >230 km estimated by van Keken et al.
(2011). This results in a relatively high regassing flux (Karlsen et al., 2019) compared to
the findings of most studies (Bodnar et al., 2013; Faccenda et al., 2012; Parai &
Mukhopadhyay, 2012; Ripke et al., 2004; van Keken et al., 2011; Wallmann, 2001);
however, the subduction water flux has been predicted to be larger than the degassing
flux today (Peslier et al., 2017) and in the past (Korenaga et al., 2017). Additionally,
significantly higher regassing fluxes have been estimated for the present Earth (Hacker,
2008; Magni et al., 2014). Furthermore, applying a scenario with a high regassing factor
does not significantly affect the mapping of the heterogeneous distribution of water in
the mantle. It is thereby suitable for the purpose of this study. The retention factor ¢
governs how much of the oceanic lithosphere’s initial water content will reach the deep
mantle as it descends. The slab’s relative water retention factor applied in this study is
dependent on the thermal parameter @ of each specific subduction zone segment and is
calculated by the water retention parameterization, e(®) = max(O, a+b(1l- e‘Cd’)),
of Karlsen et al. (2019). The constants a, b and ¢ were determined by fitting the function
e(®) to an independent study of slab water retention (Table 1; Rupke et al., 2004). The
calculated global mean water retention fraction per million years is displayed in Figure
4a.
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Figure 4. Global hydration of the deep mantle over the past 400 Myr.
The graph displays the global mean water retention fraction (a) and
summed regassing flux [kg/year] (b) per Myr. The global maps display
the locations of mesh points representing a specific area of the Earth’s
surface and the location of a subduction zone segment. Each mesh point

has received a specific amount of water at 0 Ma (c), 200 Ma (d), and 400 Ma (e). The amount of water
[kg/km?] allocated to the mesh points is determined by the regassing of subduction zone segments at the
displayed time. In addition, the locations of subduction zone segments that do not contribute to the deep
mantle water flux are displayed as hollow white points, along with the (reconstructed) coastlines at the
time of subduction.

I simulate the regassing rates for subduction zones back in time for the period of interest
(last 400 Myr). The plate tectonic reconstructions (Karlsen et al., 2021; Karlsen et al.,
2020; Matthews et al., 2016; Torsvik et al., 2019) give information on plate boundary
evolution and plate motions since 400 Ma. At each point in time, subduction zone
segment coordinates, convergence velocity (vs), length (Ls), and slab age (z) are
obtained. From these quantities a parameterized estimate of the regassing flux at a
specific subduction zone segment can be obtained from Equation ( 2),

R(t) = ae(@)pvsd(T)Ls ,

(2)
for individual subduction zone segments for a given time, t € [0,400]. The summation
over all segments per million years is displayed in Figure 4b, alongside global maps of
the amount and segment location of subducted water at a specific point in time (Figure
4c-e).
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2.2 Mapping hydrated regions in the mantle

Producing maps of possible hydrated regions in the mantle require tracking the
subducting slabs with time and depth as they descend into the Earth’s deep interior.
Equation ( 2 ) finds the water flux per segment per timestep [kg/year]. A CitcomS-type
mesh (Zhong et al., 2000) was utilized to store the associated water flux values; the
mesh is displayed in Figure 5. Despite CitcomS being a code designed for studies of
mantle convection (which is not undertaken here), I use the ‘CitcomS-type’” mesh
because it is designed such that the distance between the points is nearly equal on a
spherical surface (and thus the points appear to be non-uniform on a rectangular
projection). Though the Earth is ellipsoidal, the deviation is slight, and a spherical
model is more suitable for global modeling studies.

The Nearest Neighbor Method

O - Mesh Point
»

Segment
Midpoint

0.0 0.2 0.4 0.6 0.8 1.0
Fraction of water content

Figure 5. Global mesh and nearest neighbor method. The left-hand figure shows the global mesh point
locations (purple, i.e., 10094 global mesh points based on CitcomS workflow) with the Mollweide
projection. The global mesh comprises 12 diamond-shaped “caps” that cause a nearly equal distance
between the mesh points on a spherical surface. On the surface of the Earth, one mesh point represent
approximately 50.000 km?. In addition, an illustrative figure of the nearest neighbor method, with an
arbitrary distribution of points, is displayed on the right-hand side. The illustration shows a segment and
its midpoint (marked with an X) where the 10 nearest neighbor mesh points have received a weighted
amount of the total water content (blue) associated with this segment midpoint. The associated water, i.e.,
the regassing flux of the particular segment, is distributed to the 10 closest mesh points based on the
distance from the segment midpoint. The closer to the segment midpoint, the more water (darker blue) is
added to the mesh point. Likewise, the further away from the segment midpoint, the less water (lighter
blue) is added to the mesh point. The mesh points that are not one of the 10 closest points to the segment
midpoint will not receive any water (white) from the particular segment displayed in this illustration.
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Figure 6. From depth levels to a depth range.
The figure illustrates the process of adding
water values stored in a mesh representative of
different depth levels (750, 780, 810 and 840
km) to obtain a new mesh with the summed
water values stored in the representative depth
range (750-840 km). Hence, the depth range
should subsequently be divided by the thickness
of the layer, i.e., 90 km. The depth levels
containing water are determined by the time the
water initially subducted (here 125-128 Ma), the
MTZ residence time (100 Myr) and the applied
slab sinking rate. Here vsine = 3 cm/yr, causing
water to descend 30 km per million years.

The mesh point(s) closest to each segment midpoint
were found using the nearest neighbor method (Figure
5; Fix & Hodges, 1951; Hackeling, 2017). After that,
the water associated with the specific segment
midpoint was added to the nearest mesh point(s) for
each million year within the time of interest. This
resulted in the mapping of the water flux into the
mantle at a particular time, illustrated in Figure 4c-e
for 0 Ma, 200 Ma, and 400 Ma, respectively. In turn,
as the water was simulated to subduct to a deeper part
of the mantle, the water flux map could be converted
to represent the specific depth level. | here assume a
vertical sinking, the implications of this will be further
discussed. Summing the mesh over several depth
levels yields a map of the water stored in the particular
depth range (Figure 6). By using this method and
dividing these values by the thickness of the layer (i.e.,
250 km) I have determined the water distribution in
the MTZ (410-660 km) for the various models of this
study.

The lateral area into which water is assigned depends
on the mesh density and at which depth the water is
located within the Earth. This is because each mesh
point represents a particular area of the globe,
estimated to be approximately 50.000 km? at Earth’s
surface (Figure 5). The total number of points in the
mesh (i.e., 10094) has been kept constant for all
depths within the Earth. By calculating the surface
area at a specific point of depth, based on the radius of
the Earth minus the distance subducted, the area of a
mesh point (A) could be established by dividing the
surface area by the total number of mesh points. By

dividing each mesh point water value by the
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approximate area of a mesh point, the reduction in surface area with depth was
accounted for. In addition, the individual mesh point water value was multiplied by the
timestep. For a particular mesh point and subduction zone segment at a specific time

and depth in the Earth, this can be expressed by
M=at,
A
(4)
where M, R, A, and At are the water mass per area [kg/km?] assigned to a mesh point,

the regassing flux of a segment [kg/year], the mesh point surface area [km?] and the
time step (i.e., 1 Myr, Table 1).

In deep mantle conditions, the water in the slab will likely migrate or diffuse to
surrounding minerals, affecting the lateral reach of the subducting water. Even though
water diffuses very slowly in mantle conditions, a saturated slab contains vast amounts
of water that will travel great distances in the enclosed dry mantle given an infinite
amount of time. However, there are significant uncertainties regarding how far the
water will diffuse from slabs with a certain water content (Demouchy, 2010). In
addition to diffusion, the location of the water will often deviate from the vertical point
of subduction because of the slab dip, slab deformation, and partly by horizontal
movement of stagnated slabs (Goes et al., 2017). To account for the lateral movement of
hydrogen after subduction and uncertainties related to segment midpoint locations
relative to the mesh points, the water is distributed to the N closest neighbor mesh
points (Figure 5). Consequently, the water will spread over a greater distance instead of
only to the closest point. The amount of water added to each k™ nearest neighbor mesh
point has been weighted with the distance from the segment midpoint. If dx is the
distance to the k™ nearest neighbor mesh point and N is the total number of nearest

neighbors, D can be expressed by D = Z,’ledik . Modifying Equation ( 4),

wo=tal,
A dyg
(5)
we find an expression for the water mass per area assigned to a nearest neighbor mesh
point. Thereby, the mesh point closest to the segment midpoint will receive most of the
water. In contrast, the most distant neighbor will receive only a tiny fraction of the

water associated with the segment midpoint in question (Figure 5).
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Changing the total number of nearest neighbors N affects the overall lateral reach of the
water and the amount of water added to each mesh point at a particular timestep. The
mesh point closest to a specific segment midpoint, namely the 1% nearest neighbor, is on
average approximately 85 km away from the segment midpoints at the surface with the
mesh. Moreover, applying 10 and 30 nearest neighbors represents, on average,
spreading the water to a reach of ~390 km and ~690 km from the segment midpoint,
respectively. When applying different numbers of nearest neighbors, the mesh point
water values in the MTZ over the past 250 Myr will therefore vary (Figure 7). The
fewer nearest neighbors, the fewer the points with little water content and more points
with substantial water content. When increasing the number of nearest neighbors, the
water is more evenly distributed over the mesh, resulting in fewer points with abundant
water content. However, the discrepancy between the three scenarios in Figure 7 is
modest. In addition, the spreading of the water is closely related to the stagnation of
slabs which has a much more significant impact on the water distribution in the MTZ
and is consequently accounted for by other means as described in the subsequent
paragraphs. Thus, to limit the number of variables in this study, 10 closest neighbors are
hereafter applied to all models (Table 1). More essential variables are the slab sinking
rate (Vsink) and the water residence time in the MTZ (tmtz).

80%
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B N
B N
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Amount of mesh points
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Figure 7. Mesh point water values in the mantle transition zone over 250 Myr. The percentage of mesh
points with a specific water value defined by a range. This includes the water values for 10094 mesh
points per timestep, each representative of the MTZ for each Myr the past 250 Myr. The different colors
represent scenarios of varying number of nearest neighbors N, here 1, 10 and 30 nearest neighbors. The
model applied has a MTZ residence time of 100 Myr and an averaged slab sinking rate of 3 cm/yr.
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The rate of descent for water-carrying slabs within the mantle is unknown and can vary
among subducting plates and depths within the mantle. For modeling purposes, all
subduction zone segments maintain a constant slab sinking rate (vsink) in the
subsequent models. However, the uncertainty regarding the sinking speed of the slabs
has been accounted for by looking at several possibilities. Consequently, several models
with differing vsink have been introduced during the mapping of the different scenarios
of heterogeneous distributions of water to varying depths in the mantle. Subducting
plate motions are primarily controlled by upper mantle (UM) slab pull, thereby, the Vsink
is mainly determined by slab buoyancy and shape, and mantle viscosities (Goes et al.,
2011). Goes et al. (2011) finds that if a plate is pushed down faster than the Stokes’
sinking rate, the slab will buckle and thicken, and if it’s held back, the slab will thin or
detach. An average sinking velocity of 1-4 cm/yr (van der Meer et al., 2018), 5-7 cm/yr
(Goes et al., 2011), 10 cm/yr (Bercovici & Karato, 2003) and 1.5-6.0 cm/yr (Domeier et
al., 2016) in the UM have been suggested to be reasonable rates. Hence, a slab sinking
rate (applicable for the UM and MTZ) in the range of 1-9 cm/yr is adopted in this study
(Table 1) and is used as an unknown parameter. When the slabs reach the 660 km
discontinuity, there is often a change in the rate of descent (indeed global, whole mantle
averaged sinking rates are in the order of 1.3 cm/yr (Butterworth et al., 2014). Thereby,

it must also be considered that slabs often stagnate or slow down in the MTZ.

Some slabs appear to penetrate through the MTZ with the same angle and speed above
and below the MTZ, whereas some slabs stagnate and slow down significantly (Figure
1; Goes et al., 2017). For scenarios of slab stagnation, a sinking rate of 0 cm/yr has been
applied at the 660 km discontinuity for a selected number of million years (tmtz). It is
unknown how long the slabs stagnate in the MTZ; therefore, several plausible scenarios
are investigated; this includes a 0, 30, and 100 Myr MTZ water residence time (tmtz),
and an end member case where all the water accumulates in the MTZ from the
beginning of the simulation (tmtz=c; Table 1). The residence time in the MTZ is not
necessarily the time that the slabs stay in the MTZ before continuing to sink into the
lower mantle. As the MTZ consists of wadsleyite and ringwoodite, which have
significant water storage capacities (more detailed explanation in Section 1.3), some of
or all the slab’s water is possibly released during the stagnation. This would result in
water staying in the MTZ even after the slab moves further into the mantle. Therefore,

the case of accumulating water over an infinite amount of time in the MTZ is included.
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2.3 Processing of the IPV dataset

In this thesis, | test for a correlation between continental intraplate volcanism (IPV) and
water in the MTZ. The GEOROC (Geochemistry of Rocks of the Oceans and
Continents) database (GROROC, 2021) contains information regarding IPV
occurrences dating back to the Paleozoic. The obtained data includes onshore basalts
classified as ‘Intraplate Volcanism’. The present-day locations of these 5404 samples
are displayed in Figure 8. The presented IPV in this map are dated to have erupted
within the most recent 250 Myr. The obtained dataset does not include sites classified as
ocean islands, as a majority of those sites might be related to mantle plumes.
Nonetheless, some of the present-day active IPV points in the obtained dataset are
related to plumes. However, these known points are not filtered out because other IPV
points are likely caused by former plume-related eruptions where the plume-sourcing is
not known. Thus, I used the database “as-is” (downloaded on November 16, 2021) to
preserve consistency. In addition, oceanic intraplate volcanism has not been included as
the geologic record is continually erased, hence the database is incomplete. The applied
continental IPV dataset consists of the present-day maximum and minimum coordinates
(either the extent or uncertainty in the location of the IPV sample), geologic era (time of

eruption), and the minimum and maximum age of the erupted rock.

Present-day IPV location \*\\\\\:Q\ I //
: A —_—

Figure 8. 5404 intraplate volcanism locations at present-day. The intraplate volcanism (IPV) samples
displayed are defined as basalts from the GEOROC database (GROROC, 2021) and erupted within the
past 250 Myr. The figure presents the present-day location of these samples, erupted locations can be
applied based on a reconstruction of the continental polygons (e.g., Matthews et al., 2016). No filters are
applied to the raw data displayed.
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As with many large geoscience databases, there are significant variations in the
accuracy of the extracted IPV data. Some volcanic rocks have been dated with only a
few million years or less uncertainty. Others are specified within a specific geological
era, giving them an age range that spans over tens of million years. A more significant
inaccuracy is generally presented back in time, i.e., more recent eruptions are more
precisely dated. In the case of observations determined with both an era and an epoch
and no specific age range, the shortest time interval has been set as the minimum and
maximum age of eruption. In addition, if no minimum age is given or the minimum age
Is set to be older than the maximum age, the maximum age has been assigned.
Likewise, only the minimum age has been kept if no maximum age is given. Though a
temporal range has been considered, only one spatial location was desired for each IPV
point in the dataset. Therefore, the minimum and maximum latitude and longitude

average have been included in the following reconstructions.

The following functionalities were incorporated using the Python library pyGPlates
(Williams et al., 2017), enabling access to the GPlates software (Boyden et al., 2011)
via the Python programming language. GPlates is a plate tectonics program designed to
generate reconstructions of geological and paleogeographic features through geological
time (Mdller et al., 2018). The outline encompassing the continental lithosphere remains
roughly unaltered within the considered timeframe. However, their position on the
Earth’s surface changes over time due to seafloor spreading and subduction of the
oceanic lithosphere. Hence, the coordinates of IPV today may not be the same as when
they erupted. Therefore, when comparing IPV and the subducted water in the MTZ for
the last 400 million years, the IPV location must reflect the location on Earth at the time
of the eruption. To meet this criterion, the location of IPV must be relocated according
to the tectonic reconstructions in accordance with the time of the eruption.
Reconstruction models includes a rotation file, a plate boundary file, and a continent
polygon file. Importantly, for consistency, these files were attained from the same plate
tectonic reconstruction model (Matthews et al., 2016; Torsvik et al., 2019) applied to

estimate the water flux to the mantle.

28



Chapter 2 — Methods

The continent polygon file contains static polygons representative of blocks of
continental lithosphere which can be rotated back through time according to the rotation
file. By assigning each IPV point to a continental polygon based on the present-day
location, the reconstructed location of the eruptions could be established. Since all
selected basaltic rock observations are intraplate, i.e., located within continents, they are
confined within static polygons. However, the GEOROC dataset of IPV does include
some points outside continental polygons (e.g., in the Pacific Ocean in Figure 8); these
points have been filtered out. After assigning points to their representative plate (i.e., the
PlatelD), the IPV points are rotated, along with the continental polygons, back to their
locations at the time of eruption. In addition, the age range of the IPV samples has been

adjusted to fit within the polygon age range if their ranges are partially overlapping.

a) No filter
applied

b) Filter 1: remove
duplicate sample

o
Z

c) Filter 2: cluster

IPV samples: 132

Figure 9. Effect of filtering the active intraplate volcanism (IPV) samples at present-day (0 Ma). All
samples active at 0 Ma are displayed. Firstly, from the raw dataset (1639 samples, a), then the IPV data
after filtering out duplicate points (465 samples, b), and thereafter samples of only individual
observations (132 samples, ¢). Individual observations are referring to points that are not associated with
the same volcanic event. The IPV data is obtained from the GEOROC database (GROROC, 2021).
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After reconstructing each IPV point to the location at the time of the eruption, 1639
active IPV samples (Figure 9a) as accessed from the GEOROC database (GROROC,
2021) are found at 0 Ma. However, the dataset has been further processed by applying
two filters. Firstly, the obtained record of IPV includes ‘duplicate’ points; these are
observations listed with the same longitude, latitude, and dating (often reflecting studies
which generate multiple samples from similar site locations). Such overlapping points
have been filtered out to prevent oversampling (Filter 1), leaving 465 active IPV points
at 0 Ma (Figure 9b). Furthermore, IPV observations positioned in the near vicinity of
each other (0-225 km radius) are likely associated with the same volcanic eruption.
Where several IPV points were associated with the same mesh point, | merged the
cluster into one single point, retaining the coordinates of the particular mesh point to
reduce further oversampling (Filter 2). The above exclusions narrow the number of
present-day active intraplate volcanic samples to 132 (Figure 9c). This filtering has been
applied to each timestep in the considered time range, resulting in the number of IPV
points at each timestep displayed in Figure 10. There tends to be a long period with the
same number of IPV samples and then a leap in the number of samples. This is because
several samples are defined with an age range, instead of the specific time of the
eruption, especially with the increasing uncertainty back in time. In addition, more IPV
data are available in more recent times as the geologic record is increasingly erased with

time.
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Figure 10. Number of IPV samples. The amount of intraplate volcanism (IPV) samples per million years
after filtering (i.e., after removing duplicates and clustering associated points).
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2.4 Locations of active IPV and water in the MTZ

Several quantitative analyses have been performed throughout this study to investigate
the possible connection between IPV and hydrated regions in the MTZ. The goal is to
determine if there is, or has been, a considerable amount of water in the MTZ vertically
below each IPV point at the moment (or the time interval) of eruption. Subsequently, if
there has been water at some point, I can examine how long in the past and if there is an
overall pattern for this time delay (tipv) between water in the MTZ and the associated
intraplate eruptions. This highly depends on the time that the water is simulated to stay
in the MTZ, i.e., the MTZ water residence time (tmtz). Consequently, it can be

determined whether IPV can be used as a proxy to detect wet regions in the mantle.

Water-induced IPV is not necessarily coeval with the presence of water in the MTZ at
the time of the eruption. There may be a delay period (tirv) between the arrival of
water in the MTZ and the eruption of the volcanic rocks. This can possibly be
controlled by the time it takes before melting initiates, which can be affected by the
properties of the slab and the portion of the plate at which melting originates (Long et
al., 2019). In addition to the mechanism behind the formation of hydrous melt (e.g.,
convective instability or slab interaction with a hydrous MTZ), the ascent period of the
hydrous upwellings and the time it takes to penetrate the lithosphere could affect the
timing of the eruption. Previous studies indicate IPV delay periods of ~12 Myr (Yang &
Faccenda, 2020), 10-10% Myr (Motoki & Ballmer, 2015), and 10-30 Myr (Long et al.,
2019). Thereby, tipv of 10, 35, and 50 Myr are tested to assess this hypothesis (Table 1).

The reconstruction used in this study to investigate the water flux into the mantle
extends 400 million years back in time. However, IPV from only the past 250 million
years has been considered for the following reasons. Considering a shorter time range
will reduce the overall uncertainty in the following results as greater uncertainties are
generally presented further back in time. Additionally, in some of the scenarios
explored, water has a twrz of one hundred million years. Thus, the MTZ will not have
fully accumulated water for a hundred million years in the 300-400 Ma period since
tectonic models with reconstructions from 400-500 Ma is not used, which is sensible as
models from deeper time are even more poorly constrained. Likewise, additional time

needs to be included for a potential tipy.
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2.4.1 A wet or dry MTZ below active IPV?

The following modeling and calculations were conducted by applying a Pythonic
interface for the Generic Mapping Tools (GMT, Wessel et al., 2019), namely PyGMT
(Uieda et al., 2021). The PyGMT library was developed to process geophysical and
geospatial data and create high-quality figures and maps. With the coordinates of the
mesh and associated MTZ water values, a Delaunay triangulation was performed to set
up a spherical interpolation in tension. These calculations were performed using the
PyGMT class Sphinterpolate (Renka, 1997a, 1997b). By applying a Delaunay
Triangulation, a discrete set of vertices is created such that no vertex lies inside the
circumcircle of any triangle made from the mesh. This gives a triangular mesh, followed
by an interpolation of the water values, resulting in a 1x1 degree global grid. The grid
value below an IPV point represents the amount of water estimated to be located at that
coordinate vertically within the MTZ.

Whether or not there is water at a particular point in the MTZ requires us to choose a
threshold when comparing with the locations of volcanic eruptions at the surface, as
tiny amounts of water might not create sufficient volumes of melt. This threshold has
been set to 2 -10° kg/km? (Table 1). Grid values above this limit are here considered as
‘wet mantle transition zone’, and values below 2 -108 kg/km? are designated as “dry’. It
has been found that even small amounts of water can cause reduced viscosity and
melting of mantle rocks (Drewitt et al., 2022; Hirschmann & Kohlstedt, 2012;
Hirschmann, 2006; Luth, 2003; Wright, 2006). Hence, a low threshold is reasonable.
This is especially true when considering that the amount of volcanism is not
investigated; only the presence of continental basaltic eruptions is considered. In
addition, due to this, along with the poor understanding of how much water is needed to
create IPV and other factors controlling the formation of IPV, greater importance is not
attributed to IPV occurrences above higher water values. To obtain manageable data
regarding the incidence of intraplate volcanism eruptions over the wet MTZ, the grid
value below each IPV point has been examined to see if the ‘wet’ threshold value has
been met. The percentage of volcanic eruptions localized vertically above the wet MTZ
was obtained for every million years in the considered time range (250-0 Ma). The
percentage of such occurrences was then averaged over the past 250 million years. This
was repeated for each of the various scenarios of this study (Table 1).
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2.4.2 Random re-orientations of the hydrated MTZ grid

A statistical approach has been applied to investigate further the correlation between
IPV and the heterogeneous distribution of hydrated regions in the MTZ. To quantify the
significance of a measured difference between the observed result and a randomly
obtained outcome, I preform a one-tailed hypothesis test with a 95% confidence level. |
compute the p-value to investigate if the null-hypothesis is true, i.e., investigate if the
observed result could be a chance occurrence. The p-value is a measure of the likeliness
that a given observed value could have occurred by random chance. A small p-value,
<0.05, rejects the null-hypothesis and thereby yields a very low likeliness that the
observed result is random. Hence, the smaller the p-value, the more statistically
significant the results. The p-value is calculated from the probability density distribution
for all values from the observed match percentage to the most significant one. The
probability density is the fraction of instances that produce the same match percentage

over all possible matches.

To develop a random set of comparisons from which to develop a distribution, the
simulated MTZ water grid, as constructed for a given set of modeled parameters, has
been randomly re-oriented on the Earth’s surface 10.000 times (Figure 11). To clarify,
the same re-orientation is applied to all time steps in the investigated period (i.e., 250
Myr), resulting in 251 MTZ water grids with the equivalent re-orientation; this is
conducted 10.000 times. Consequently, for these random re-orientations, the
configuration of the water in the MTZ is unrelated to the IPV locations, which are left in
place. For each re-orientation, the MTZ grid values were compared to the IPV locations
per million years, and averaged over 250 million years (that is, using the
abovementioned method to determine the presence of water vertically below a point).
As a result, the average percentage of points above water in the MTZ over 250 Myr was
found for 10.000 random re-orientations and compared to the previously observed
result. Note that the p-value is independent of the number of volcanism samples and is
valid regardless of whether the sampling is complete or not (Conrad et al., 2011). This
approach was applied to all scenarios of this study to determine if the observed

correspondence is statistically significant.
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There are multiple factors to consider when selecting the new orientations. Firstly, an
entirely random orientation on the globe must be chosen based on a rotation pole
consisting of longitude, latitude, and a rotation angle 6 (Figure 11). To choose these
values, a floating-point number between 0 and 1 was first selected using the Python
module random. Secondly, since lines of longitude grow closer together moving toward
the poles, fewer points had to be set at high latitudes than at low latitudes. A latitude

value was selected from the distribution 90 — 2 (%) sin(vx), where 0 < x < 1and X

are random floating-point numbers. Thirdly, an arbitrary rotation angle 6 was required;
the rotation had to be picked from a specific distribution to maintain randomness. A
specific distribution serves to compensate for the fact that not all rotations are equally
likely on a sphere. To ensure a random distribution of rotations, the approach of Miles
(1965) has been applied. This provides a random pick of rotations from a uniform

distribution of points on the surface of the Earth and rotation angles 6 from the
6—sind

1
Y

distribution

where 0 < 6 < r (Conrad et al., 2010).
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Figure 11. Example of re-orientation of the MTZ water grid. The illustration displays the mantle
transition zone (MTZ) water grid at 125 Ma with a MTZ water residence time of 100 Myr, slab sinking
rate of 3 cm/yr, and IPV delay period of 0 Myr, i.e., the reference scenario of this study. Various
orientations of this grid defined by longitude/latitude/rotation (in degrees) is shown. Stationary intraplate
volcanism (IPV) locations (red dots) and reconstructed coastlines (gray lines) are also displayed. The
percentage of IPV samples above wet MTZ values (i.e., >2 -10° kg/km?®) are listed in the inset.
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3. Results

The results of this thesis are presented through predictive maps of the mantle water
content in the transition zone (410-660 km depth) at a particular time within the past
400 Myr. The predictive maps display multiple scenarios represented by various choices
of model parameters and intraplate volcanism locations. Firstly, the reference scenario
of this thesis is presented (Section 3.2.1), followed by the effect of varying the mantle
transition zone water residence time (Section 3.2.2), the slab sinking rate (Section
3.2.3), and the effect of adding an IPV delay period between water at a specific point
and an eruption vertically above this location when testing the agreement with locations
of active IPV (Section 3.2.4). In addition, the results include graphs and tables that
compare the predicted water content in the MTZ with IPV locations to determine
whether IPV preferentially occurs above regions of hydrous MTZ. Finally, to test
whether the incidence of IPV above regions of hydrated MTZ in the models is a chance
occurrence, 10.000 random re-orientations of the predicted wet MTZ grid under
unaltered IPV locations were conducted (Figure 11; elaborated in Section 2.4.2). This
test has been applied to ten different scenarios for which the MTZ residence time turz,
slab sinking rate vsink, and 1PV delay period tipv have been changed (Table 1). Note that
the figures display greater uncertainties the further they are traced back in time; this
depends on the IPV data, the plate tectonic reconstruction model, and thereby the water

grid data.
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3.1 A heterogeneous mantle generated by subduction water influx

To investigate temporal changes in the water content retained by slabs at great depths
(Figure 4a) and the global deep water flux (Figure 4b) during the past 400 Myr, | use a
parameterization of the regassing fluxes per segment at a specific reconstruction age
(Equation ( 2)). The computed total regassing flux R(t) shows small fluctuations
throughout the 400 Myr period, while several more distinct peaks occur over the
observed interval. There is not a clear negative or positive trend, though the last 60 Myr
yields the lowest global deep water flux over this time range (with an average value of
4.36 -10'* kg/yr). Indeed, it is here shown that the amount of water transported to the
deep mantle through subduction has been notably more significant in the past than it is
today. As expected, the amount of water reaching the deep mantle correlates well with
the global mean water retention fraction (Figure 4a) and the global mean thermal
parameter (Figure 2d). In addition, the regassing curve strongly reflects the subduction

flux (i.e., Ls - vs, Hounslow et al., 2018).

The slabs retain about 11-28% of their initial water content on a global average
throughout the simulated period (Figure 4a). Model parameters (Table 1) were chosen
to achieve the reasonable present-day regassing rate of 3.44 -10! kg/yr (van Keken et
al., 2011) and a global water retention fraction value of 0.14 (Karlsen et al., 2019).
Based on these present-day values, an average global regassing rate over the past 400
Myr is computed to 7.0 -10'! kg/yr with a standard deviation of 2.4 -10% kg/yr.
Moreover, minimum and maximum regassing rates of 2.93 -10'! kg/yr at 58 Ma and
15.4 -10 kg/yr at 128 Ma, respectively, are estimated. By attributing the subduction
segment water fluxes to a particular area at each time increment (1 Myr), 1 find the
distribution of water that subducts within the slab into the mantle (Figure 4c-e). The
total water distribution (summed over various mantle depths, see Section 2.2 for details

on the methodology) is presented in the subsequent section.
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3.2 Water distribution and intraplate volcanism

To account for the poor constraints on essential factors that control the mantle’s water
distribution and mechanisms behind IPV production, | investigate the effect of different
variables on the water distribution in the MTZ. These factors, described in Chapter 2,
include the residence time of water in the MTZ (tmrz, Section 2.2), the slab sinking
velocity (vsink, Section 2.2), and a delay period (tiev, Section 2.4) between the time of
arrival of the water in the MTZ and the eruption of IPV. Several different variables
create the need for a reference scenario, here set to a 3 cm/yr slab sinking rate, a 100
Myr MTZ water residence time, and a 0 Myr IPV delay period. Firstly, the reference
scenario of this study is presented. Thereafter, | investigate additional MTZ water
residence times of 0, 30, and co Myr with a 3 cm/yr slab sinking velocity. Following, |
investigate the effect of altering the slab sinking rates to 1, 6, and 9 cm/yr with a MTZ
residence time of 100 Myr. Finally, various IPV delay periods are added, this includes
time delays of 10, 35, and 50 Myr for which eruptions occur after the presence of water
in the MTZ, with the reference scenario MTZ water residence time (100 Myr) and slab
sinking rate (3 cm/yr). I will investigate the amount of active IPV points above wet
MTZ for the different scenarios listed above in the following subsections. Wet MTZ
values are here set to >2 -10° kg/km?; values below this limit are designated as ‘dry’.
Henceforth, the instance of an IPV point located above wet MTZ is considered a

‘match’.
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Figure 12. Subduction zone locations for the past 400 million years. The subduction zones are displayed
with 50 Myr time increments (Matthews et al., 2016; Torsvik et al., 2019). A velocity filter has been
applied to this data. In addition, present-day coastlines (light gray polygons) and geopolitical boundaries
(dark gray lines) are displayed.

3.2.1 The reference scenario

The mesh is used to store subduction water flux values through time and to calculate the
location and extent of this water with depth. The location of water at depth largely
depends on the location of subduction zones at earlier times depending on the depth and
at which speed the water descends (Figure 12). The mapped water distribution of the
upper mantle (UM, Figure 13a), mantle transition zone (MTZ, Figure 13b), and lower
mantle (LM, Figure 13c) in the present Earth have been computed with this study’s
reference scenario parameters, which includes tmtz=100 Myr, vsink=3 cm/yr and tipv=0
Myr. This is only one of many scenarios simulated in this study.
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Upper mantle (U), 0410k Expectedly, water contents in
Sy f SNy the UM are found close to
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(Figure 12; Figure 13a). The
most hydrated region of the UM
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Figure 13. Water distribution in the present-day mantle. The .
water values for a model of the present Earth are depicted for the amounts of water into the lower
UM, MTZ, and LM in a), b) and c), respectively. The figure
displays the water content of each depth range with the mesh mantle below the eastern coast

(derivgd from CitcomS) appli_ed in this study_with p_rese_nt-day of South and North America
coastlines and plate boundaries. The scenario applied is the

reference case of this study. White hollow points represent (Figure 13c). In addition,
segments that did not transport water to the deep mantle, i.e.,

slabs that fully dehydrate during surface subduction. I chose not  hydrated areas extend from
to plot grid points where no subduction occurred. The water .

values presented here are not divided by the layer thickness h; central Australia towards

4., 250 km for the MTZ2). i '
(g m for the MTZ) Northeast Asia and India

towards the Middle East. A small, hydrated region can also be found below the Red Sea
and the Afar Triple Junction, likely from the subduction of the Southern Neo-Tethys
during Cretaceous time. It could also be observed that only a few areas linked to
specific subduction zone segments do not contribute to the hydration of the deeper
mantle (white circles in Figure 13). This includes subduction zone segments in North
America and parts of Southeast Asia. | hereafter focus on the heterogeneous distribution
of water in the mantle transition zone and its concurrence with continental intraplate

volcanism.
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The predicted water distribution in the MTZ at different times between 0-250 Ma, along
with the locations of active IPV, is displayed in Figure 14. The water distribution
extends over a much larger area of the globe at older times (200 Ma and 250 Ma)
compared to younger times (0-100 Ma). However, at 50 Ma and 100 Ma, greater areas
display significant water values (>4 -10° kg/km®) compared to past times; this includes
areas in the MTZ beneath East Asia, America, and East Australia. Thereby, a greater
regional extent does not necessarily signify a much greater total volume of subducted
water in the MTZ. Many active IPV points are located above slightly hydrated regions
in the present day (0 Ma; Figure 14a). Notably, relatively many of them appear within a
confined area in Northeast Africa. Furthermore, a line of IPV locations is positioned
along the edge of the hydrated region in Northwest America. IPV that is not above the
hydrated parts at present-day is mainly located close to the edge of the MTZ water
outline. Spreading the water further or having a greater MTZ water residence time
would likely result in many of these points overlaying wet regions. Moreover, there are
more locations of active IPV recorded in the database during more recent times (Figure
10); this could result in fewer matches, particularly since we know some are associated
with mantle plumes. At 50 Ma (Figure 14b), many IPV points are parallel with the
below field of highly hydrated MTZ beneath Australia. The 200 Ma and 250 Ma
predictive maps (Figure 14e-f) yield a particularly good match between the mapped
hydrous regions in the MTZ and IPV locations. This is especially true at 200 Ma, where
most IPV points are above intensely hydrated regions in Eastern Asia. In fact, Eastern
Asia is overlain by IPV at all times.
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Water value [kg/km?d]

Figure 14. Distribution of water for the reference scenario through time. Predictions of the water
distribution in the mantle transition zone (MTZ) and locations of active intraplate volcanism (IPV, blue
points). The water is computed to have a 100 Myr residence time in the MTZ, a slab sinking velocity of 3
cm/yr, and no IPV delay period, i.e., the reference scenario of this study. The above global maps show the
MTZ water distribution from the present-day to 250 Ma in 50 Myr time increments. In addition, the
corresponding reconstructed coastlines (gray lines) and plate boundaries (red lines) are plotted.
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The amount of water in the mantle transition zone below locations of active intraplate
volcanism varies significantly over time. The percentage of IPV locations that erupted
in the past 250 Myr, located above a particular range of water values, is displayed in
Figure 15 for the reference scenario. About half (46.53%) of all active IPV samples
occur above dry regions throughout the 250 Myr considered. Most IPV occurs above
hydrated regions with water values ranging between 0.002-2 -10° kg per km3. Only a
few intraplate volcanoes are located above areas with a large water content (i.e., greater
than 4 -10° kg/km?3; Figure 15).
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Figure 15. Amount of water in the mantle transition zone (MTZ) below all active intraplate volcanism
(IPV). The bar plot displays the percentage of IPV points throughout the past 250 Myr that lie above a
particular range of water values in the MTZ.
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The percentage of IPV over wet MTZ has been computed and averaged per million

years over the past 250 Myr for the reference scenario (Figure 16). At present day, 46%

of the 132 IPV samples overlie a wet MTZ. The percentage of IPV points above
hydrated regions of the MTZ fluctuated between 40-60% over the past 125 Myr, while

the area fraction of wet MTZ is about the same. However, the percentage of

IPV

samples above wet MTZ nearly doubles for older times, along with an increase in the

area fraction of wet MTZ. There is a substantial increase in the wet MTZ and IPV

location match percentage between ~125 Ma and ~150 Ma, while the extent of the

hydrated regions in the MTZ increases steadily. In the reference scenario, throughout 0-

250 Ma, an average of 64% of the IPV locations are above wet MTZ.
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Figure 16. Percentage of IPV over wet MTZ for the reference scenario. The reference
scenario includes a MTZ water residence time (turz) of 100 Myr, a slab sinking rate
(vsin) of 3 cm/yr and no IPV delay period (tiev). The percentage of active IPV above wet
MTZ water values, > 2 -10° kg/km?®, per million year is plotted with a solid red line (left
axis). In addition, the fraction of water grid area covered by hydrated (rather than dry)
MTZ regions (dashed line, right axis).
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3.2.2 MTZ water residence time

I now investigate the effect of varying the MTZ water residence time, i.e., the time the
water stays in the MTZ (Section 2.2). This could vary depending on the time the slab
remains in the MTZ; a stagnating slab is expected to release more water in the MTZ
than a slab that penetrates straight through. A longer twrz will result in a greater extent
of hydrous regions and consequently a greater or unaltered correspondence with IPV,
The water distribution in the MTZ for the reference scenario was presented in Figure
14; that is, a tmtz of 100 Myr. A comparison of the effect of varying the MTZ residence
time is shown at 0 Ma and 200 Ma in Figure 17 and Figure 18, respectively. Maps of
the hydrated MTZ with a 0 Myr and 30 Myr residence time are displayed (Figure 17a-b;
Figure 18a-b). In addition, one scenario for when all the water is accumulated in the
MTZ from 400 Ma to the stated time (i.e., 0 Ma and 200 Ma, Figure 17d and Figure
18d, respectively). The amount of water in the MTZ increases with increased residence
time; therefore, there are fewer IPV locations above hydrated regions with a shorter
residence time. As mentioned in the previous subsection, many of the IPV points at
present-day are adjacent to the hydrated regions in the MTZ (Figure 14a; Figure 17c).
Thus, there is obviously a significant increase in the number of matches at present-day,

associated with an increase in the MTZ water residence time (Figure 17).

Furthermore, we see a more considerable percentage of IPV locations above wet MTZ
at 200 Ma for a 0, 30, and 100 Myr MTZ residence time (Figure 18a-c) compared to the
present day with the equivalent scenarios (Figure 17a-c). However, | find a better
agreement between IPV locations and the hydrated MTZ in Figure 17d (0 Ma)
compared to Figure 18d (200 Ma) since, with an infinite MTZ water residence time,
there is more water at 0 Ma than at 200 Ma. For this scenario of accumulating all
subducted water in the MTZ from 400 Ma (Figure 17d; Figure 18d), the dry MTZ areas
are, thus, regions that have not had any water contribution by subduction of oceanic
plates between 400 Ma and the depicted time. At the same time, a relatively high water
value signifies that there has been a significant water influx from overlaying subduction

Zones.
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® Active intraplate volcanism I

Water value [kg/km?®]

Figure 17. Effect of varying MTZ water residence time, shown at 0 Ma. Present-day predictions of the
water distribution in the mantle transition zone (MTZ) with different MTZ water residence times and
active intraplate volcanism (IPV) locations. The figure follows the same principles as Figure 14; in
addition, c) reproduces Figure 14a. The slab sinking rate is 3 cm/yr, and no IPV delay period is added.
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Figure 18. Effect of varying MTZ water residence time, shown at 200 Ma. Predictions of the water
distribution in the mantle transition zone (MTZ) at 200 Ma with different MTZ water residence times and
active intraplate volcanism (IPV) locations. The figure follows the same principles as Figure 14; in
addition, c) reproduces Figure 14e. The slab sinking rate is 3 cm/yr, and no IPV delay period is added.
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Figure 19. Percentage of IPV over wet MTZ with varying MTZ water residence times. wet
. . . - MTZ average
Percentage of intraplate volcanism (IPV) over wet mantle transition zone (MTZ; solid 89 %
lines, left axis) for different water residence times at the 660 km discontinuity. Also 64%
shown is the representative fraction of water grid area covered by hydrated (rather 38 %
than dry) MTZ regions (dashed lines, right axis). The red lines reproduce the lines in 19%

Figure 16, i.e., the reference scenario. The blue, orange and red lines represent a 0, 30,
and 100 Myr MTZ water residence time. With the green line, the water has
accumulated in the MTZ since 400 Ma, i.e., a MTZ residence time of o Myr. The slab
sinking rate is 3 cm/yr and no IPV delay period is added.

The average percentage of active IPV points above wet MTZ as a function of time
throughout the past 250 Myr, for varying water residence times, largely follows the
representative area fraction of the wet MTZ (Figure 19). The four different scenarios of
0, 30, 100, and co Myr MTZ residence time deviate considerably, except for the 100
Myr and co Myr scenarios from 250 Ma to ~150 Ma. As expected, for all four scenarios
at all timesteps, a greater tmrz results in a higher or equal percentage of IPV locations
above hydrous MTZ. The graph shows a better agreement between IPV locations and
wet MTZ further back in time for a 30 Myr and 100 Myr residence time. When there is
no stagnation, i.e., the water sinks straight through the MTZ with the slab sinking rate (3
cm/yr), there are significant fluctuations in the percentage of matches between 250-170
Ma. For the same scenario, the past 170 Myr yield a steady match percentage just below
or around 20%. When accumulating water in the MTZ from the start of the simulation
(400 Ma), there is a positive trend in the occurrence of IPV above wet MTZ from 250
Ma to the present day. For every million years, more water subducts into the MTZ, but
no water exits; hence, there is an increase in water content and extent. More substantial
water distribution in the MTZ would naturally result in more IPV above hydrated

regions.
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3.2.3 Slab sinking rate
The rate at which slabs sink within the
mantle is poorly constrained and varies

between individual plates and regions of the

mantle (Section 2.2). Here, the slab sinking
rate controls the time it takes for the water
subducted at the trench to reach the MTZ

and, consequently, the time it takes for the

water to sink through the MTZ. Hence, with

a slow Vsink, the MTZ will contain water that

&
Water value [kg/km?)]

was subducted at more timesteps than with a

n

fast slab vsink. Additionally, with a slower
slab sinking rate, the water present in the

L1 0.002

MTZ will have subducted at older times
compared to when applying a fast slab

sinking rate. This will, in turn, affect the
extent and amount of water in the MTZ.

However, variation of the slab sinking rate | 9 cm/yr sinking rate

does not result in strong changes to the Figure 20. Varying slab sinking rates at 0 Ma.
Predictions of the water distribution in the mantle
transition zone (MTZ) at 0 Ma with slab sinking rates of

; . e ol 1, 3, 6 and 9 cm/yr, and active intraplate volcanism
(Figure 20); although, there is slightly more locations. The figure follows the same principles as

water in the MTZ with a slower Vsink at 0 Figure 14; in addition, b) reproduces Figure 14a. The
o ) MTZ residence time is 100 Myr and no IPV delay
Ma. When considering the full time range period is added.

predicted water distribution in the MTZ

(Figure 21), a 1 cm/yr slab sinking rate results in a generally greater match between 1PV
and wet MTZ than in the other three scenarios, especially from 150 Ma to the present.
While the area fraction of wet MTZ does not deviate much from the other scenarios
from ~70-0 Ma. In addition, the match percentage is also not higher from 250 Ma to
~150 Ma even though the extent of wet regions is much greater. However, the area
fraction of wet MTZ, and the percentage of IPV above wet MTZ, is both increased
between ~150-70 Ma with a vsink Of 1 cm/yr. Indeed, the average percentage of IPV
occurrence above wet MTZ (71%) is the highest with a 1 cm/yr slab sinking rate. The
other models show average values of 64%, 61%, and 60% for sinking rates of 3 cm/yr
(reference model), 6 cm/yr, and 9 cm/yr, respectively.
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IPV locations above wet MTZ
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Figure 21. Percentage of IPV over wet MTZ with varying slab sinking rates. wet

. . L. MTZ average
Percentage of intraplate volcanism (IPV) over wet mantle transition zone (MTZ; 71 %
solid lines, left axis) with a 1, 3, 6 and 9 cm/yr sinking rate. The red lines ;

. - . ; . 64 %
reproduce the lines in Figure 16, i.e., the reference scenario. Also shown is the 61 %
representative fraction of water grid area covered by hydrated (rather than dry) po ;

MTZ regions (dashed lines, right axis). The MTZ water residence time is 100 Myr ’

and no IPV delay period is added.
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3.2.4 IPV delay period

There might be a delay period between the presence of water in the MTZ and the
eruption of IPV (Section 2.4). A delay period would be reasonable since processes such
as MTZ hydration, melt production, the ascent of hydrous melt, and its percolation
through the lithosphere do not occur instantaneously. The IPV delay period does not
significantly affect the correspondence between MTZ water and IPV eruptions (Figure
22). Adding a delay results in a similar increase in the area extent of hydrous regions to
that of the 1 cm/yr slab sinking rate model (Figure 21, Section 3.2.3). Different
scenarios have the highest percentage of IPV and wet MTZ matches at different times
(i.e., the lines cross in Figure 22), but the averages are overall similar; 64% for 0 Myr
delay time (reference model), 66% for 10 Myr, 69% for 35 Myr, and 68% for 50 Myr. A
longer tipv results in more IPV points above wet MTZ from 150 Ma to the present,
compared to when a delay is not considered (red line). A 50 Myr delay period yields a
great number of matches for the same period. However, | find a poorer match
percentage further back in time and a strong negative trend from 200-250 Ma. On the
other hand, a tipv of 10 Myr shows similar trends to the reference scenario. Moreover,
from 250-150 Ma, a 10 Myr delay period barely impacts the results compared to the
reference case. The highest overall average percentage arises from a 35 Myr IPV delay
period, with 69%.
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Figure 22. Percentage of IPV over wet MTZ with varying IPV delay periods. Percentage wet
of intraplate volcanism (IPV) over wet mantle transition zone (MTZ; solid lines, left axis) | MTZ Sl
with a 0, 10, 35 and 50 Myr IPV delay period. The delay period is the time between the 64 %

occurrence of water in the MTZ and the eruption of IPV. The red lines reproduce the lines
in Figure 16, i.e., the reference scenario. Also shown is the representative fraction of
water grid area covered by hydrated (rather than dry) MTZ regions (dashed lines, right
axis). The MTZ water residence time is 100 Myr and the slab sinking rate is 3 cm/yr.
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3.3 Mantle transition zone water content

The amount of water in the MTZ is vigorously debated in the science community
(Bolfan-Casanova et al., 2006; Inoue et al., 2010; Wang et al., 2019); some find the
MTZ to be dry (Yoshino et al., 2008), while others estimate the MTZ reservoir to be
nearly water-saturated (i.e., ~2-3 times the ocean mass, OM = 1.4 -10% kg, Fei et al.,
2017; Ohtani, 2005). The various scenarios of this study yield varying amounts of water
attributed to the MTZ by subducting slabs at different times (Table 2). I find values
ranging from 0.3% to 20% of the present-day OM. For all scenarios, except with
tmTz=00 Myr or Vsink=1 cm/yr, the amount of water in the MTZ was more significant at
100 Ma and 250 Ma than at 0 Ma. In addition, there was generally more water in the
MTZ at 100 Ma than at 250 Ma. | find that the MTZ water content was much greater
between ~100-25 Ma compared to ~250-150 Ma with the reference scenario. With
tmtz=c0 Myr, the MTZ water content increases with time from 400 Ma to the present, as
expected (no water is transported out of the MTZ). However, it is essential to note that
the amount of water allocated to the MTZ at a particular time depends on the regassing
rate applied in this study, i.e., 3.4 -10* kg/yr (van Keken et al., 2011). In addition, this
is a measure of the water subducted to the deep mantle within the past 400 Myr; the
MTZ could possibly contain far more water (as the MTZ likely contained water prior to
400 Ma). Notably, with the regassing rate of this study and an infinite tmtz, | here find
that 1/5 of the surface ocean mass could be attributed to the MTZ within 400 Myr.

Table 2. Amount of water in the Earth’s mantle transition zone (MTZ) at 0 Ma, 100 Ma, and 250 Ma
with the various scenarios of this study. The amount is specified in the percentage of the present-day
ocean masses, i.e., OM=1.4 -10?* kg. The values originating from the reference scenario are in bold.

MTZ Slab sinking MTZ water MTZ water content MTZ water content
residence rate content at 0 Ma at 100 Ma at 250 Ma

time [Myr] [cm/year] [OM] [OM] [OM]
0 3 0.3% 0.6% 0.4%
30 3 1.3% 3.1% 1.7%
100 3 4.7% 6.3% 5.7%
400 3 20.0% 15.6% 7.4%
100 1 6.9% 6.1% 6.2%
100 6 4.1% 6.3% 5.3%
100 9 3.9% 6.2% 5.1%
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3.4 Statistical significance of the observed results

The correspondence between hydrous MTZ and IPV locations varies significantly for
the different scenarios presented in this study. A longer water residence time results in a
higher percentage of IPV above wet MTZ, slower slab sinking rates display a better
agreement, and an increased IPV delay period yields a slightly higher match percentage.
The different scenarios offer an average match over the 0-250 Ma period of 19-89%
(Table 3), where the reference scenario yields a 64% match. When varying the MTZ
water residence time to 0 Myr, 30 Myr, and co Myr, the greatest spread is found in the
percentage of matches, with 19%, 38%, and 89%, respectively. Although there is not a
markedly visible difference between the water distributions in the MTZ at 0 Ma (Figure
20), it is nevertheless found an 11% greater correspondence with a 1 cm/yr slab sinking
rate than with a 9 cm/yr rate over the 250 Myr period (Figure 21). The deviations are
slight for the different scenarios of varying delay periods, where | find a 66%, 69%, and
68% match between the hydrated regions of the MTZ and locations of active IPV with a
10, 35, and 50 Myr IPV delay period, respectively.

However, a more significant correspondence between IPV locations and the predictions
of wet MTZ, i.e., a greater percentage, does not necessarily signify that the specific
values of the models with the highest match are more plausible than those of other
models. The above-observed results could possibly be arbitrary. It must be determined
if the positive correspondence has a statistically significant meaning. This depends on
the overall coverage of the MTZ water grid and the distribution of the IPV locations.
Hence, MTZ water grid re-orientations below stationary IPV locations have been
conducted to test if the observed results are statistically significant. Finding the
percentage of IPV locations above wet MTZ with 10.000 randomly rotated water grids
can determine the p-value from the probability density distribution (more detailed
explanation in Section 2.4.2). A small p-value, <0.05, suggests that the observed result
presented in Section 3.2 has a statistically significant meaning. Accordingly, it can be
determined if the above-observed percentages are likely to reflect a meaningful

relationship between hydrous MTZ regions and IPV occurrence.
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Reference scenario

@ Observed result: 64%
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Figure 23. The probability density for the reference scenario. The probability density distribution for the
concurrence between stationary IPV locations and 10.000 re-orientations of the MTZ water grid (blue
and green bars) and fitted probability density curve (blue line) is displayed. The area of the bars (green)
with an improved fit compared to the observed result without re-orientation (red, 64%) represent 3.32%,
yielding a p-value of 0.0332. The reference scenario includes a MTZ water residence time (twrz) of 100
Myr, a slab sinking rate (vsink) of 3 cm/yr, and no IPV delay period (tipy).
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Varying MTZ residence times Varying slab sinking rates Varying IPV delay periods
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Figure 24. Probability density for the various models of this study. The scenarios include varying the mantle transition zone (MTZ) water residence
time (left), varying the slab sinking rate (middle) and varying the intraplate volcanism (IPV) delay period (right). The figure follows the same
principles as Figure 23.

53



Chapter 3 — Results

The p-value found from rotating the MTZ water grid beneath stationary IPV locations
indicates whether a specific scenario of predicted MTZ water distribution yields a
statistically significant correlation with IPV locations (Figure 23; Figure 24) or, more
specifically, if the observed match between the hydrous areas and the eruption of IPV
could have occurred by random chance. Small p-values, <0.05, yield a very low
likeliness that the observed result is a chance occurrence (Figure 23; Figure 24c-i),
while for larger p-values, it cannot be determined a statistical significance with a 95%
confidence limit (Figure 24a-b). There is a 64% correspondence between IPV locations
and the wet MTZ grid for the reference scenario; with respect to the statistical test, only
3.32% of the 10.000 randomly re-oriented alternative comparisons yielded a result as
extreme as the observed match between IPV and wet MTZ (64%; Figure 23). Thus, we
can reject the null-hypothesis that the observed correspondence between IPV and wet
MTZ is a chance occurrence at the 95% confidence level. The same applies to the
infinite million years MTZ residence time scenario, where | find an agreement of 89%
between hydrous MTZ regions and locations of IPV. While with a 38% match and 19%
match, resulting from a MTZ water residence time of 30 Myr and 0 Myr, respectively, |
find a worse p-value (6.90% and 17.02%, respectively, Table 3), and thus we cannot
reject the null-hypothesis at the 95% confidence level. Compared to the reference
scenario (p=3.32%), a nearly identical statistical significance (p=3.27%) is found for the
scenario with a 1 cm/yr slab sinking rate (with a 71% match). While with a 35 Myr IPV
delay period (69% match) we can reject the null-hypothesis at the 97% confidence level
(p=2.43%). Results from this test show a statistically significance in all scenarios with a
100 Myr and oo Myr MTZ residence time (Table 3). These statistical tests indicate that
the prevalence of IPV above a hydrated MTZ is unlikely to be a chance occurrence.
Thus, there exists a meaningful link between the occurrence of IPV and hydrated
regions of the MTZ.
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Table 3. Statistical significance of various scenarios. Different variables that define the 10 models of
this study, the match between intraplate volcanism (IPV) locations and mantle transition zone (MTZ)
water extent, and the subsequent p-value computed using 10.000 random re-orientations (with
statistically significant cases for which p<0.05 shown in green). The values originating from the reference

scenario are in bold.

IPV delay MTZ water Slab sinking rate IPV locations
period residence time [cm/year] positioned above p-value
[Myr] [Myr] wet MTZ averaged
over 250 Myr [%]
0 0 3 19 %
0 30 3 38%
0 100 3 64 % 0.0332
0 oo 3 89 % 0.0374
0 100 1 71% 0.0327
0 100 6 61 % 0.0471
0 100 9 60 % 0.0481
10 100 3 66 % 0.0311
35 100 3 69 % 0.0243
50 100 3 68 % 0.0337
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4. Discussion

I have used estimates of rates and volumes of water transport into the deep mantle from
modeled subduction fluxes to quantify the spatial heterogeneity of water in the mantle
through state-of-the-art plate tectonic reconstructions. Despite uncertainties affiliated
with the reconstructions and the mechanisms controlling the heterogeneous distribution
of subducted water, | find a statistically significant correlation between the mapped
hydrous regions of the MTZ and locations of intraplate volcanism. Models with a
statistical significance above the 95% confidence level display a match with IPV
between 60-89%. These statistical tests indicate that the prevalence of IPV above
hydrated MTZ is unlikely to be a chance occurrence, which implies a link between the
occurrence of IPV and hydrated regions of the MTZ, confirming the hypothesis of this
thesis.

Multiple models governed by different variables controlling the distribution of
subducted water in the MTZ have been presented (Chapter 3). The models’ performance
in simulating the water distribution in the MTZ differs greatly depending on MTZ water
residence times (tmtz; described in Section 2.2). In comparison, the effect of altering the
slab sinking rate (vsink; described in Section 2.2) is slight. Remarkably, a p-value <0.05
(indicating that the prevalence of IPV above regions of hydrated MTZ is unlikely to be
a chance occurrence) is determined for all models with a 100 Myr MTZ water residence
time, along with IPV match percentages between 60-71% (Table 3). In addition, I find a
statistically significant correlation for the model with an co Myr MTZ water residence
time, which yields a striking 89% agreement with IPV locations. This suggests that the
temporal stagnation of slabs at the 660 km discontinuity is a crucial part of the process
that leads to IPV. Nonetheless, not all slabs behave in such a manner (i.e., it is shown
through seismic tomography that some slabs penetrate through the MTZ), though the
stagnation or stall in the MTZ has great significance for this process. This delay could
result from dehydration and re-hydration reactions in the slab and the MTZ,
respectively, both being slow processes. Alternatively, a long MTZ residence time
might be needed for a slab to first hydrate the MTZ, after which a new slab or mantle
convection must further hydrate or mobilize, respectively, the originally hydrated

mantle material.

56



Chapter 4 — Discussion

With a shorter MTZ water residence time of 0 Myr or 30 Myr, | cannot determine a
statistical significance by rejecting the null-hypothesis at the 95% confidence level from
the observed percentage of IPV above wet MTZ (19% and 38%, respectively). In these
scenarios, the coverage of the hydrous regions in the MTZ is likely not great enough to
explain the IPV. Furthermore, when applying a 35 Myr IPV delay period (explained in
Section 2.4), | find a greater match (69%) and a statistically significant correlation
(p=0.0243), supporting the likelihood of a significant delay between the arrival of water
in the MTZ and subsequent eruption of IPV. The predicted distributions of water in the
MTZ, and their concurrence with IPV locations, will be further discussed in this
chapter. In addition, 1 will discuss observations and geodynamic mechanisms on the
Earth, at present and in the past, which place the findings of this study into greater

context within the Earth system.

4.1 Implications for correlation between IPV and wet MTZ

Determining that IPV patterns correlate with MTZ hydrous regions based on subduction
influx and tectonic reconstructions supports the widely recognized hypothesis that water
is transported to the MTZ by subducting slabs (Bodnar et al., 2013; Kelbert et al., 2009;
Magni et al., 2014; Thompson, 1992; van Keken et al., 2011), and consequently
generates spatial and temporal mantle heterogeneity (Peslier et al., 2017). This also
suggests that tectonic reconstruction models are a valuable tool for exploring and
estimating this heterogeneity. Generally, the MTZ water distribution over the period
investigated (0-250 Ma) displays continuous hydration of particular regions. Many of

these regions are overlain by IPV.
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Many IPV samples occur above parts of great water content (here >2 -10° kg/km?),
including across Australia at 50 and 100 Ma and Eastern Asia at 0 and 200 Ma (Figure
14). Additionally, a considerable number of IPV locations at the present day are above
regions of substantial amounts of water that subducted during the past four hundred
million years (Figure 17d). More water generally promotes more melt at mantle PT
conditions; accordingly, significant quantities of water (higher than this study’s
threshold of 2 -10° kg/km®) are perhaps needed to generate IPV by hydrous upwellings.
In any case, the extent of melting also depends on the temperature within the mantle;
with higher temperatures, less water is required to produce the same amount of melt as
with lower temperatures and more water (Karato et al., 2020).

Moreover, of the 53.5% IPV locations above wet MTZ (with the reference scenario)
over the entire period investigated (past 250 Myr; Figure 15), 38.5% samples are above
low water values (< 2 -10° kg/km?®), and only 15.0% samples are above locations of
greater water content (>2 -10° kg/km®). However, the role of water in the MTZ in the
process that leads to IPV is not explored here; it could be that the presence of water only
assists the development of IPV. Though I find a meaningful relationship between
regions in the MTZ that might be wet due to subduction history and places where
intraplate volcanism occurs, increasing the threshold (0.002 -10° kg/km?®) for whether a
point in the MTZ is considered wet or not will strongly affect the results. A lower
threshold could result in more IPV samples overlaying wet MTZ, while a higher
threshold would likely cause a lower match percentage. However, we do not know if
this will cause a reduced statistical significance. Therefore, we need better constraints
on how much water is required to create IPV. This will be further discussed in Section
4.3.2.
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More IPV eruptions possibly originated from hydrous MTZ material in the past, as |
find a better agreement between IPV locations and the hydrated MTZ for past times
(~125-250 Ma; Figure 19; Figure 21; Figure 22). Generally, the IPV dataset and plate
tectonic reconstructions yield greater uncertainties further back in time; hence, one
could conceivably expect the opposite trend. However, alternative explanations for the
observed increase in matches for past times can be found by examining the IPV dataset
and the tectonic reconstructions. Although one can observe a relatively low thermal
parameter (which largely indicates less water influx into the MTZ from overlying
subduction zones) before 250 Ma (Figure 2d), the total amount of water subducted to
the deeper mantle may have still been significant (Figure 4b). This is because the total
length of the subduction zone segments was eminently longer before 250 Ma (Figure
2a). Hence, the lateral extent of the subducted water was greater at past times, which is
confirmed by the calculated area fraction of wet MTZ (Figure 19; Figure 21; Figure 22).
Shortly after this increase in total subduction zone length and subsequent increase in the
extent of hydrated areas in the MTZ for the scenarios with a tmtz of 200 Myr and 30
Myr, far more IPV samples overlay hydrous parts of the MTZ. However, the above
reasoning does not apply when tmrz equal 0 Myr since water subducted at 250 Ma or
earlier will sink to the lower mantle over the course of 22 million years and will
therefore not be present in the MTZ (in contrast to when tmtz=100 Myr) at younger
times (<225 Ma). Therefore, the area fraction of wet MTZ stays approximately the same
throughout the entire period with a 0 Myr MTZ residence time (dashed blue line in
Figure 19). Still, a markedly greater percentage of IPV overlay MTZ water around 200
Ma (solid blue line in Figure 19). Moreover, though I find a steady increase in the area
fraction of wet MTZ for past times with the reference scenario, | also find a substantial
increase in the number of IPV locations above wet MTZ between 125-150 Ma,
indicating additional explanations for the observed increase in the number of matches at
past times (Figure 16).
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In addition, the global regassing flux has been much greater before 250 Ma compared to
the past 100 Myr (Figure 4b). However, significant amounts of water subducted
between 150-120 Ma, likely due to a rift pulse compensated by an increase in the
convergence velocity (Figure 2b; Karlsen et al., 2019). This water would be stored
within the MTZ at more recent times (<125 Ma) for all scenarios of varying MTZ
residence time. This suggests that the match between hydrous MTZ regions and IPV
location is more affected by the total length of the subduction zones (due to its effect on
the distribution of MTZ water) than the global regassing flux. This further implies that
the applied present-day regassing flux might only constitute a smaller uncertainty
compared to other variables when using a low threshold (2 -10° kg/km?®) and possibly
does not significantly impact the lateral extent of water in the MTZ and percentage of
IPV locations above wet MTZ. This is further supported by the findings of more water
in the MTZ (Table 2) and a much lower match percentage between wet regions of the
MTZ and IPV locations (Figure 19), at 100 Ma than 250 Ma with a tmtz of 0 Myr, 30

Myr and the reference scenario.

Another explanation for the unanticipated increasing match observed backward in time
could be related to the IPV record; there is a decrease in the number of IPV samples at
older times (Figure 10). A reasonable explanation for the increased percentage of IPV
overlaying wet MTZ at past times could be that the sampled eruptions of the past are
primarily of significant magnitude. In contrast, the more recent record, which has been
sampled more extensively, includes additional small-scale volcanism. If voluminous
eruptions generally characterize MTZ water-induced IPV, this could cause a more
significant percentage of IPV over wet MTZ in the past. Hence, the small-scale
(‘relatively insignificant’) IPV records are naturally filtered away for older times.
Indeed, the fewest number of IPV samples is between 250-150 Ma (Figure 10), which is
in good agreement with the observed concurrence between volcanism and water in the

mantle (Figure 19; Figure 21; Figure 22).
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4.1.1 Slab sinking rate and IPV delay period

For models with a 100 Myr MTZ residence time, that is, models displaying a statistical
significance, | detected a range of average percentages (60-71%) of IPV over wet MTZ
and low p-values (0.0243- 0.0481, Table 3). This range is a consequence of varying
modeled slab sinking rates (1-9 cm/yr) and IPV delay periods (0-50 Myr). A more
significant match percentage (71%) is displayed for slower rather than faster sinking
velocities (Table 3). The increased number of IPV locations above wet MTZ with a
slower slab sinking rate is likely due to more water (Table 2) and the greater extent of
water in the MTZ (Figure 21). This is likely because it takes more time for the water to
subduct through the MTZ. Still, it could possibly be due to a better fit between the
extent of the water subducted at specific time periods present in the MTZ and IPV

locations (more about this in Section 3.2.3).

The sinking rate of slabs in the upper mantle has been suggested to be greater than 1
cm/yr in most studies discussed in Section 2.2 (Bercovici & Karato, 2003; Domeier et
al., 2016; Goes et al., 2011; van der Meer et al., 2018). Therefore, a 3 cm/yr rate is more
in agreement with these findings. Furthermore, when increasing the delay time between
the arrival of water in the MTZ and the eruption of IPV with 35 Myr, | find a more
significant correspondence (69%) compared to the reference scenario (Table 3). A
slower slab sinking rate results in a greater time gap between subduction of water and
arrival of this water in the MTZ (since it spends more time sinking through the upper
mantle); with a faster slab sinking rate, this time gap can be compensated for by adding
an IPV delay period. The MTZ water distribution and IPV correspondence at a
particular time with a slow sinking rate can be very much alike with a faster sinking rate
by adding a delay period. Hence, the reference scenario (Vsink=3 cm/yr) with an
increased IPV delay period (e.g., 35 Myr) could partly result in the same water
distribution in the MTZ as with a 1 cm/yr vsink and no tipy. This could possibly explain
the greater match percentage with slower slab sinking rates, as | expect volcanism to

occur after some delay time.
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Notably, simulating a 0-50 Myr IPV delay period with 5-Myr time intervals, | find the
highest correspondence of IPV points above wet MTZ with a delay period of 35 Myr
(69%). This further supports the expectation of an IPV delay period, which is
reasonable as the hydrous melt must be created, ascend, and travel through the
lithosphere to cause volcanic eruptions. However, it should be noted that these
processes are possibly quite rapid, and more research is needed to constrain the process
of IPV generation by hydrous melt. In addition, hydrous upwellings may already start
forming before the oceanic lithosphere reaches the MTZ and begins to stagnate (Long et
al., 2019). However, an ascent time of ~7-310 Myr for melt to ascend from the 410 km
discontinuity to the base of the lithosphere has also been suggested (van der Lee et al.,
2008). Suggestions of IPV delay times have previously been implied (elaborated in
Section 2.4; Kuritani et al., 2011; Long et al., 2019; Motoki & Ballmer, 2015; Yang &
Faccenda, 2020); however, due to poor constraints on mechanisms governing the
development of IPV, such as MTZ melting and ascent of hydrous upwellings, the time it
takes for IPV to occur after the water reaches the MTZ is not established. Additionally,
this will undoubtedly vary depending on the slab characteristics, mantle conditions and
flow, lithospheric thickness, etc. Intraplate volcanism has also been suggested to be
caused by slabs interacting with ancient MTZ water reservoirs (Kuritani et al., 2011)
that could be stable for millions (Schulze et al., 2018) or billions (Wang et al., 2017) of
years. Thus, the IPV delay period of this water could potentially be much greater than

considered here.
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4.1.2 Implications of Earth’s dynamic processes

Significant hydration of the MTZ depends on various processes presented throughout
this project, e.g., slab water retention capabilities to great depths and slab dehydration at
the 660 km discontinuity. Although this is the most plausible process behind MTZ
hydration, other processes may possibly be involved. For instance, water brought even
deeper into the mantle in cold and fast slabs could eventually rise with mantle flow, but
these processes are unfortunately poorly understood. Moreover, although high water
values promote IPV, they must do so in conjunction with other factors. The movement
of materials in the mantle is complex and highly dependent on several processes that
cause heterogeneity over time. This results in significant uncertainties regarding the
long-term flow patterns of the mantle and the mechanism of material transport between
the MTZ and the upper and lower mantles. Therefore, it is reasonable to believe that
water could be stable over great timescales in one place but not in another. Thus, there
could be mechanisms for transporting mantle material either down into the lower mantle
(Andrault & Bolfan-Casanova, 2021; Schmandt et al., 2014), up into the upper mantle,
and in some cases to the surface (Kameyama & Nishioka, 2012; Kelbert et al., 2009;
Long et al., 2019), or mechanisms keeping the water within the MTZ (Karato et al.,
2020). In addition, perhaps sufficient mantle upwelling is needed to drive the generated
melts to reach the base of the lithosphere and erupt, independent of the local MTZ water

content.

Various previously proposed and confirmed Earth processes demonstrate geodynamic
mechanisms conceivably controlling MTZ water heterogeneity and affecting IPV
development. Such Earth observations and mechanisms could possibly explain the
presence or lack of hydrous regions in the MTZ or the occurrence or absence of IPV.
Such processes could occur in regions other than those suggested in the subsequent
section, on the Earth today or in the past. Moreover, it cannot be excluded that the
presence or absence of water in the MTZ, or related IPV occurrences, could result from
an interplay between several mechanisms controlling MTZ water heterogeneity or the
development of IPV. This also applies to other regions of the globe or to geodynamic
mechanisms not suggested here, at any time in Earth’s history. In addition, even though
significant amounts of water underlie the IPV locations, one cannot be sure that the
water is a direct cause for this IPV. Importantly, though a link between IPV locations
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and hydrous regions in the MTZ has been established in this study, what causes this link
Is not addressed. Perchance, the occurrence of IPV is not a direct consequence of, for
example, hydrous upwellings. It could be that the water in the MTZ benefits another
IPV mechanism (see Section 1.4), e.g., ascending flows in the ‘Big Mantle Wedge’
(Kameyama & Nishioka, 2012).

4.2 Regional discrepancies or concurrences

In all tested scenarios, some specific regions of the MTZ are always dry or wet
throughout the investigated 250 Myr period, despite the range of variables explored and,
consequently, the numerous predictive maps of MTZ water distribution. Above these
various wet and dry MTZ regions, IPV both has, and has not, occurred. The reference
scenario (Figure 14) and the 35 Myr MTZ water residence time scenario (Figure 25) of
this study will be used to discuss these regions further since models with a 100 Myr
MTZ water residence time yield a statistically significant correlation. In addition, the
scenario of accumulating all subducted water in the MTZ for an infinite amount of time,
which also showed statistically significant correlations, will be emphasized in the
following subsections. It is worth noting that, in this study, | use a statistical
methodology to determine the incidence of IPV over hydrous MTZ regions and find the
statistical significance of these observations on a global scale. Therefore, although
specific regions of the Earth are discussed, | do not aim to discriminate between IPV
due to wet MTZ and other IPV processes in particular regions; far more extensive
regional research is needed to do so. In the following subsections, the mapped hydrous
regions of the MTZ, and various possible reasons for the observed discrepancies or

concurrences with IPV locations, will be discussed.
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4.2.1 A wet mantle transition zone and intraplate volcanism

The MTZ region below the present-day and past location of Eastern Asia displays the
most distinct hydration for all scenarios and the greatest amount of IPV samples over
time (Figure 25). This is due to the long history of subduction in this region. Here, the
location of active IPV corresponds well to the region of deep mantle hydration,
especially in the past with a twrz of 100 Myr (>50 Ma, Figure 25) and at all times with
an o« Myr residence time. Indeed, these findings are in good agreement with suggestions
of a hydrous MTZ causing IPV in Eastern Asia, as inferred from seismic tomography
(Chen et al., 2017), geochemistry (Kuritani et al., 2011; Kuritani et al., 2019; Wang et
al., 2015; Wang et al., 2017) and modeling (Long et al., 2019; Motoki & Ballmer, 2015;
Sheng et al., 2016; Yang & Faccenda, 2020). Significant water transport into the deep
mantle is expected below Eastern Asia because the cold Pacific plate initially subducted
~125 Myr ago (Sun et al., 2007) and is now subducting along the Japan trench (Kelbert
et al., 2009). Hydrous phases could remain stable to great depths within an old and cold
subducting lithosphere and slowly break down through time (elaborated in Section 1.2).
Additionally, the Ryukyu, Honshu, 1zu, and Japan-Southern Kurile slabs of the
Philippine and western Pacific plates are significantly deflected above the 660 km
discontinuity below Eastern Asia (Goes et al., 2017; Karato et al., 2001), which likely

causes consequential hydration of the MTZ (elaborated in Section 1.3).

A poorer agreement between IPV locations and hydrated regions in the MTZ in Eastern
Asia at more recent times (with tmtz =100 Myr, Figure 25) could be due to the
considerable length of the flat section of these slabs (estimated to be ~1000 — 1600

km, Goes et al., 2017). Especially when considering that IPV, believed to be associated
with a hydrous MTZ below, has been found to regionally cluster above slab tips (also in
Eastern Asia, Motoki & Ballmer, 2015; and references therein; Long et al., 2019). The
displayed IPV (which overlay wet MTZ when tmtz equals oo Myr) could be linked to
water subducted at older times. Hence, a 100 Myr MTZ water residence time is perhaps
not long enough to cause IPV in Eastern Asia at present day. Alternatively, IPV in
Eastern Asia could be associated with a MTZ containing far more water than displayed
here, due to ancient subduction and a long MTZ residence time (Kuritani et al., 2011;
Wang et al., 2017). Indeed, IPV basalts with an EM1 (Enriched Mantle-1; commonly
attributed to recycled crust and lithospheric mantle, Zindler & Hart, 1986) ancient (>1.5
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Ga) sediment component have been found in Northeast China, this sediment component
can only be related to ancient hydration of the MTZ (Kuritani et al., 2011; Wang et al.,
2017). However, it’s important to note that the occurrence of IPV could plausibly be

attributed to a combination of ancient and recent hydration of the MTZ.
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Figure 25. Intensely hydrated MTZ regions. The figure displays various regions of the Earth at the
present day and additional frames from 50 Ma (Australia) and 100 Ma (Eastern Asia). The model
parameters applied are a 100 Myr MTZ water residence time, 3 cm/yr slab sinking rate, and 35 Myr IPV
delay period. The figure follows this studies threshold for hydrated MTZ, i.e., >0.002 -10° kg/km?.
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Notably, Eastern Asia is also associated with strongly elevated electrical conductivity
values (Figure 26a, Kelbert et al., 2009), which could be caused by a substantial amount
of water. Hence, this supports the likelihood of this area being more hydrated by
significant subduction input than other parts of the MTZ. However, Houser (2016)
suggested no evidence of considerable water content in this region by interpreting the
topography of the transition zone observed in seismic tomography models (Figure 26b).
This could be due to the method’s limitations and uncertainties. Unfortunately, other
seismological methods to detect water in the mantle using variations in seismic wave
speeds in the MTZ have, so far, proven unsuccessful (Karato, 2011; Schulze et al.,
2018). Electrical conductivity and seismic tomography measurements could also be
affected by heat contrasts. However, Kuritani et al. (2019) investigated the composition
of basalts from the Changbaishan volcano in Eastern Asia. They estimated the potential
temperatures of the source mantle from the determined water contents to be in the range
of normal upper mantle temperatures, suggesting that the upwelling causes magmatism

not due to excess heat but possibly because of buoyancy caused by water in the MTZ.
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Figure 26. Electrical conductivity and seismic tomography. The figure displays (a) the MTZ electrical
conductivity from K09 - Kelbert et al. (2009 ); a high conductivity could indicate water. The white points
in () represent data stations. The figure in (b) shows points (dark purple) with a velocity/topography
relationship that is expected for water in the transition zone from H16 - Houser (2016). In addition, (c)
shows modeled water with the reference scenario of this study. The figures in (a) and (b) are modified
from Kelbert et al. (2009) and Houser (2016), respectively.

67



Chapter 4 — Discussion

Another region showing a significantly hydrous MTZ is North America, which displays
an eminent deep water influx through all times depicted, especially at 100 Ma (Figure
14; Figure 25). Though most regions of North America do not show any IPV, likely due
to downwelling flow in the mantle below Central and Eastern North America
(elaborated in Section 4.2.2), relatively many occurrences of IPV are in a confined area
of Western North America during the past 50 Myr (Figure 25). These active IPV
samples are currently located above hydrous regions even when applying a short (30
Myr) water residence time in the MTZ (Figure 17b). The mantle flow field beneath
Western North America is dominated by shear flow rather than downwelling (Smith et
al., 2008), which possibly could allow for the ascent of melt. However, the volcanism in
Northwest America is poorly understood, and several different mechanisms have been
suggested (Ballmer et al., 2015; Conrad et al., 2011; Dudas, 1991; Lipman & Glazner,
1991; Vollmer et al., 1984). However, it has also been proposed that these events could
be due to hydrous upwellings related to slab stagnation (Faccenna et al., 2010; Long et
al., 2019; Motoki & Ballmer, 2015; Yang & Faccenda, 2020), supporting the hypothesis
of this thesis. As noted above, the presence of water in the MTZ and related IPV
occurrences could be explained by an interplay between several different mechanisms
controlling the development of IPV.

Perhaps the most striking correspondence between IPV and hydrated MTZ is displayed
in Australia for the reference scenario at 50 Ma (Figure 25). Mather et al. (2020)
suggest that subduction of the Pacific plate triggered IPV in Eastern Australia from 60
Ma to the present day and observe an increase in the eruption frequency with an
increase in the slab flux. These findings are in good agreement with the results of this
study, although alternative mechanisms, such as edge-driven convection or shear-driven
upwelling, have been proposed to explain the occurrence of volcanism far from plate
boundaries in this region (e.g., Conrad et al., 2011; Davies & Rawlinson, 2014). In
addition, one can observe increased conductivity from the Tonga trench into Eastern
Australia and towards Antarctica (Figure 26a), further agreeing with the observations in

this study of a hydrous MTZ in this region.
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Major upwelling of the mantle below East Africa and the big mantle plume below the
Afar triple junction is likely the cause of the IPV samples in Eastern Africa (Figure

25; Behn et al., 2004; Schilling, 1973). However, | find a slightly hydrous MTZ beneath
a confined area close to the Red Sea (with tmtz=100 Myr; Figure 25) overlain by
numerous IPV samples at the present day and at 50 Ma (Figure 14a-b). In addition, this
region has received a substantial amount of water throughout the past 400 Myr (Figure
17d) and is highly hydrous even after 200 Myr of recorded subduction (Figure 18d).
High mantle temperatures and the presence of water could, together, create vast
amounts of melt (elaborated in Section 4.1); hence, it is possible that the Afar plume

and the possibly hydrous MTZ, in fact, interact with one another.

Close to the African Rift lays the Turkish-Iranian Plateau, beneath which, in this study,
the MTZ is hydrous at present-day and at 50 Ma (Figure 25). This region also displays a
notable amount of IPV; however, contrarily to East Africa, it is observed from seismic
tomography images that the hot material does not penetrate the MTZ below the Turkish-
Iranian Plateau (Alinaghi et al., 2007; Koulakov et al., 2012; Soltanmohammadi et al.,
2018). This region is characterized by the long-lasting subduction of the Neo-Tethys
Ocean, initiating in Triassic/Jurassic time (ca. 200 Ma, Hassanzadeh & Wernicke,
2016) from which it is here found substantial subduction water input to the deep mantle.
Low velocity seismic anomalies, which are believed to be hydrous upwellings
originating from the MTZ, have been observed from the base of the lithosphere to the
top of the MTZ under the Turkish-Iranian Plateau (Soltanmohammadi et al., 2018). This
suggests that the IPV observed over wet MTZ in this region is not plume inferred, but

originates from MTZ hydrous upwellings, supporting the hypothesis of this thesis.
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4.2.2 A wet mantle transition zone and no intraplate volcanism

The MTZ below the Americas is highly hydrous at all times depicted but not overlain
by much volcanism (except in far western North America) compared to Eastern Asia
(Figure 25). The Farallon slab subducted below North America during the Cretaceous
and stagnated at MTZ depths. Subduction of this old oceanic lithosphere likely caused
some of the observed significant water influx to the deep mantle beneath North
America. However, parts of the stagnated Farallon slab are thought to have subducted
vertically (Liu et al., 2008) and are currently sinking in the lower mantle below Eastern
North America (Bunge & Grand, 2000; Conrad et al., 2004). The mantle below Central
and Eastern North America is now dominated by downwelling associated with the
descent of this slab (Bokelmann, 2002; Conrad et al., 2004; Smith et al., 2008; Wang et
al., 2019). Perhaps this downgoing flow of MTZ material drained the MTZ water into
the lower mantle (Schmandt et al., 2014), leaving the MTZ below Central and Eastern
North America relatively dry (Liu et al., 2008). Alternatively, downwelling flow would
undermine positively buoyant hydrous melt and suppress volcanism. However, a
relatively dry MTZ below Central and Eastern North America is also in accordance with
electrical conductivity measurements (Figure 26a, Kelbert et al., 2009). Another
plausible reason for potentially lower water content below these regions, which could
decrease IPV production by hydrous upwellings, is past major volcanic events, such as
the Mid-Tertiary ignimbrite flare-up (Best et al., 2016), that could have degassed the
MTZ. In addition, both processes may be attributable to altering the MTZ water content
beneath North America, manifesting the system’s complexity. Such mechanisms may
also be at play in other regions where there is downwelling or where there has been
major volcanism, such as in large igneous provinces. For example, mantle downwelling
is also present right now in the Western North Atlantic and a broad region that includes
the Mediterranean and to the east of it (Conrad et al., 2004).
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Even less IPV is present in South and Central America than in North America in the
past 50 Myr, even though a significant water distribution is found in the MTZ (Figure
25). Besides substantial subduction influx, slab stagnation above the 600 km
discontinuity is thought to be a central mechanism for MTZ hydration. The Cocos, Peru,
and Antilles slabs beneath South and Central America appear to penetrate directly and
deeply into the lower mantle without much deflection in the MTZ (Goes et al., 2017;
Karato et al., 2001). Provided that there is a shortage in MTZ hydration resulting from
the lack of stagnation, there could be less hydrous melt and consequently relatively
minor IPV in South and Central America. Penetration into the lower mantle is also
thought to be the case for the Kamchatka (Russian Far East), Marianas, Sumatra,
Hellenic (Crete and the surrounding area), and Alaska slabs, in addition to the Java and
Kermadec (New Zealand) slabs which are possibly flat laying in the upper lower mantle
(Goes et al., 2017). There is no IPV in these regions at the present day, except for in
Alaska and one IPV sample in New Zealand.

4.2.3 A dry mantle transition zone and intraplate volcanism

The water mapped using the models of this study is transported to the MTZ through
subduction; thereby, areas far from subduction zones throughout the considered period
will undoubtedly be relatively dry unless ancient water (here >400 Ma) is stable or
transported by other means to these regions (elaborated in Section 4.1.2). With all water
accumulated in the MTZ throughout the period of interest, the present Earth gives a
good representation of these explicitly dry areas (Figure 27). The slab sinking rate
applied (3 cm/yr) in this model of 0 Myr MTZ water residence time only represents one
scenario. However, my results show that varying the slab sinking rate does not cause
substantial changes in the water distribution (Figure 20). Thus, the dry regions at 0 Ma
with the scenario of accumulating all subducted water in the MTZ throughout the past
four hundred million years provides a reasonable outline of areas with no water

contribution from overlaying subduction zones (Figure 27).
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The present-day predicted map of accumulating all water in the MTZ suggests that the
MTZ beneath the Indian Ocean, Southeast Africa, the South Atlantic Ocean, large parts
of the North Pacific Ocean, and a modest area below Western Europe is dry throughout
the entire period (Figure 27). Only three locations of IPV samples are observed within
the continuously dry regions of this study; they include Western Europe, Madagascar
(Figure 27), and India (Figure 18d) at present and past times. Alternative non-hydrous
IPV mechanisms have been suggested in Madagascar (Pratt et al., 2017,
Rasoazanamparany et al., 2021). Therefore, it should be emphasized that not all non-
hotspot IPV is expected to arise from a hydrous MTZ. Likewise, many IPV locations
within the hydrated areas might not be affiliated with a possibly wet MTZ underneath.

North Pacific
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Figure 27. Regions of no subduction input during the past 400 Myr. The model parameters applied are
an oo Myr MTZ water residence time, 3 cm/yr slab sinking rate, and 0 Myr IPV delay period, i.e.,
equivalent to Figure 17d. The outlined shaded gray areas represent large regions where no water has
been mapped in none of the models of this study through the entire period investigated (past 400 Myr)
and are therefore labeled as dry, i.e., water values <2 -106 kg/km?®. In addition, a frame of Eastern Europe
from an alternative view is shown.
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The dry area in Western Europe might be due to the lack of subduction in the used plate
reconstructions model as a result of initial model inputs, such as velocity constraints and
the selection of specific plate boundaries (Figure 12; elaborated in Section 2.1).
However, it is well known that subduction of the Neo-Tethys, and later the
Mediterranean, accommodating the convergence between Africa and Eurasia, has been
ongoing since at least 100 Ma (e.g., Menant et al., 2018). Moreover, similar to the
Pacific slab, slab stagnation has been imaged below this region (Faccenna et al., 2003;
Goes et al., 2017; Utada et al., 2009). Nonetheless, the presence of subduction does not
exclude the possibility of zero subduction water flux contribution to this region, as slabs
may fully dehydrate before reaching the deeper mantle. Indeed, it has been suggested
that the MTZ below Western Europe is relatively dry, resulting from slow subduction of
young oceanic lithosphere (Utada et al., 2009). However, others have suggested that
IPV in Europe is associated with slab stagnation in the MTZ (Faccenna et al., 2010;
Long et al., 2019; Motoki & Ballmer, 2015; Yang & Faccenda, 2020). The Long et al.
(2019) model predicts that any slab-associated hydrous minerals in the MTZ are
expected to cause positively buoyant upwellings and sustain volcanism. Images of
focused vertical upwellings below Europe, likely originating from the MTZ, have been
attained from seismic tomography studies and are suggested to account for much of the
IPV there (Keyser et al., 2002; Long et al., 2019; Ritter et al., 2001). In addition,
subduction-related signatures in xenoliths from the Central European Volcanic Province
have been found (Rizzo et al., 2021). However, there are many other proposed possible
mechanisms for IPV in Europe (Bell et al., 2004; Buikin et al., 2005; Conrad et al.,
2011; Goes et al., 1999).
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Similarly to Europe, almost or complete dehydration of the oceanic lithosphere has also
been proposed to occur at shallow mantle depths for the subduction zones of Cascadia
and British Columbia, Mexico, Antilles, and parts of Marianas and Central and South
America (Syracuse et al., 2010; van Keken et al., 2011). However, | do find a water
contribution to the deep mantle at present-day at some of these locations (Figure 4c).
The water flux to the deep mantle from subduction zone segments in this study is highly
dependent on the H2O subduction flux parametrization applied (Karlsen et al., 2019),
and subsequently, the used present-day regassing flux of 3.4 -10'* kg/yr (van Keken et
al., 2011). Notably, this is a relatively high estimate and could result in predictive
mappings of MTZ water in regions below subduction zones that have not, in reality,

contributed to deep mantle hydration.

4.2.4 A dry mantle transition zone and no intraplate volcanism

Some of the above-mentioned regions with no water subducted during the past four
hundred million years are not overlain by IPV (Figure 27), which fits well with the
hypothesis of this study. There is no IPV above the dry North Pacific MTZ throughout
all times investigated. However, there might not be IPV there since no continents have
been present in this area, and oceanic intraplate volcanism has not been included in this
study (elaborated in Section 2.3). Consequently, one cannot be confident that the lack of
IPV results from these MTZ areas being continually dry since this study includes only
continental IPV. Regardless, the absence of MTZ water beneath the Pacific Ocean is a
reasonable assumption as degassing is sustained through mantle upwelling (Conrad &
Behn, 2010), hotspot volcanism (Clouard & Bonneville, 2001), and past volcanism at
mid-ocean ridges (Karlsen et al., 2020). The central Pacific basin exhibits all of these
features, and therefore it is reasonable to believe that no ancient (here >400 Ma) stable
MTZ water reservoir is present below the central Pacific Ocean. Moreover, lowered
conductivity beneath the Pacific Ocean, South Atlantic Ocean, and South Africa is also

observed (Figure 26a), which agrees with the explicitly dry areas found in this study.
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Contradictorily, there is a high electrical conductivity region in the Indian ocean,
suggesting an intensely hydrated MTZ (Figure 26a). This highly contrasts with the
results of this study which shows an explicitly dry MTZ with no subduction input for
the past 400 Myr in the same region (Figure 27). These discrepancies could partly be
attributed to poor electrical conductivity data coverage. Areas of poor spatial data
coverage include Middle and South America, the Southern Pacific, most of Africa, and
the Indian Ocean (Few white points in Figure 26a; Kelbert et al., 2009). Alternatively,
long-lived thermal upwelling of lower mantle material beneath Africa, associated with
the Réunion or Kenya plume, is possibly extending into the Indian Ocean (Behn et al.,
2004; Steinberger et al., 2021), which could cause the observed geophysical

measurements by high temperatures and plume-related volcanism.

However, the results of this study do not rule out that water can be stable in the MTZ
for more than 400 Myr. On the contrary, the statistically significant correlation
determined with an infinite MTZ residence time indicates water stability over great time
periods. Hence, some MTZ reservoirs could possibly be stable for millions of years
while others undergo water drainage out of the MTZ; these processes likely differ
depending on regional deep mantle material transport mechanisms. Therefore, the MTZ
beneath the Indian ocean could contain stable water that perhaps subducted more than
400 Myr ago (Kuritani et al., 2011; Schulze et al., 2018). However, mantle upwelling
and seafloor spreading have been active for the past ~150 Myr in the Indian Ocean
(Karlsen et al., 2021; Karlsen et al., 2020; Matthews et al., 2016; Torsvik et al., 2019),
suggesting that the MTZ should be highly degassed considering that there isn’t
displayed any contribution of subducted water to this region the past 400 Myr.

4.2.5 Spatial and temporal challenges

Mechanisms controlling MTZ water heterogeneity and affecting the development of
IPV proposed in this section for different regions of the present Earth could have been
representative of other regions of the Earth at past times. Unfortunately, insufficient
knowledge of former mantle conditions poses an increasing challenge in interpreting
and justifying concurrences and discrepancies observed further back in time. Other
plausible explanations than those currently observable in the present Earth may also

have been active.
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4.3 Limitations

The uncertainties in the generated MTZ water grids are directly linked to and controlled
by the underlying plate tectonic model (Karlsen et al., 2021; Karlsen et al., 2020;
Matthews et al., 2016; Torsvik et al., 2019). Thus, the developed models are dependent
on global plate motions and the locations of subduction zones. Since much of the
geologic record is erased with time, the locations of plate boundaries and the plate
kinematics are less constrained for the past. The predicted water maps will be
characterized by more significant uncertainties for the older simulated times. In
addition, various parameterizations and model inputs have been selected throughout this
project, such as the threshold for wet MTZ and the number of nearest neighbors when
spreading the water and processing the IPV dataset. Despite these various uncertainties,
we identify a statistically significant correlation between IPV locations and the mapped

hydrous regions of the MTZ.

4.3.1 IPV data

The locations of the active IPV samples are governed by uncertainties in their plate
tectonic reconstructions and their GEOROC classification (GROROC, 2021).
Remarkably, as discussed in Section 4.1, all scenarios display a generally better
correspondence between IPV and MTZ water content further back in time (Figure 19;
Figure 21; Figure 22). This is despite the fact that uncertainty surrounding IPV locations
and eruption time is also increasing. Volcanism classified as intracontinental (far from
plate boundaries) today might have erupted close to plate boundaries in the past. The
locations of the intraplate eruptions have been reconstructed from plate tectonic
reconstructions; since continents assemble and break up, the IPV samples could have
been part of a volcanic arc in the past. Arc volcanism is created close to and due to the
subduction of oceanic lithosphere and would therefore be significantly connected to
mappings of hydrous MTZ regions from models of subduction flux. However, most IPV
samples, when rotated back to their eruption locations, are not displayed close to the
reconstructed plate boundaries (red lines) at 200 Ma and 250 Ma (Figure 14e-f).

Alternative reasons for this trend are further discussed in Section 4.1.
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Limitations in the model-test with IPV samples could be associated with the raw data
selection. The used dataset includes only intraplate volcanism with basaltic composition
erupted in continental lithosphere. Hence, oceanic intraplate volcanism has not been
included in this study. The oceanic lithosphere is continually recycled into the deep
mantle; thus, the record is inadequate back in time. In addition, the likelihood of ocean
island basalts being plume-related is great and would presumably cause a lower
statistical significance. Despite attempts to limit plume-related samples, an unknown
number of IPV samples in the used dataset have a plume source, e.g., the Afar plume
below the African rift. The ability to remove these points was constrained by limited
knowledge of past plume events; known hotspot volcanism was therefore not filtered
out to preserve consistency. Additional limitations could also arise from varying
classifications of volcanism in the GEOROC database (GROROC, 2021).

Furthermore, IPV samples associated with the same nearest neighbor mesh point were
clustered into one point (see Section 2.3); the distance set for which a sample was
associated or not could be too long or too short depending on the particular event. This
adds uncertainty; however, assumptions about the affiliation of IPV events were made
to prevent oversampling. However, despite the above constraints, seeing that a
significant percentage of IPV lies above wet MTZ and the sufficiently low p-values, the
limitations concerning the IPV dataset do not significantly affect this study’s general

conclusions.
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4.3.2 Model parameters

The distribution of water in the models is highly dependent on how the water is spread
out, that is, the number of nearest neighbors to which the water is distributed. Ten
neighbors have been chosen for all scenarios. A larger number of nearest neighbors
results in more mesh points that contain water and fewer mesh points with very high
water values (Figure 7). This spreading was done to account for the diffusion of water,
slab dip, and possible horizontal movements of stagnated slabs. The horizontal transport
of water in the mantle is poorly constrained and likely differs greatly depending on the
subduction zone segment. However, vertical subduction has been suggested to be a
reasonable assumption to map subducted slabs (Domeier et al., 2016); therefore,
perhaps the spreading of the water in this study is not too modest. However, although
diffusion of water is very slow in mantle conditions (Peslier et al., 2017), IPV often
occurs above the tip of stagnated slabs (Motoki & Ballmer, 2015; and references
therein; Long et al., 2019). Therefore, it is reasonable to consider some amount of
horizontal spread of water that considers the complex shapes slabs could have in the
MTZ. Additionally, the consequence of spreading the water is minimal compared to the
MTZ residence time, both for the distribution of the water and the match with IPV.

One of the greatest uncertainties of the statistical significance test is the threshold for
wet or dry MTZ, here set to 2 -10° kg/km? (Section 2.4.1). A low threshold was
reasonable as even a tiny amount of water could produce significantly lowered
viscosities and melt production in mantle conditions. In addition, the mechanism behind
the creation of IPV is not investigated here. Even though greater amounts of water are
imperative to create positively buoyant hydrous upwelling to the lithosphere base, we
do not know if this is the link between IPV and MTZ water. It might well be that small
amounts of water in the MTZ accommodate other mechanisms that could produce IPV
without MTZ water by increasing the amount of melt, therefore only increasing the
possibility of the formation of IPV. In addition, if the occurrence of IPV is strongly
connected to slab interaction with ancient hydration of the MTZ, a high threshold would
be unreasonable when only considering ‘recent’ hydration. In conclusion, this threshold
may greatly impact the match percentage and statistical significance between the IPV
locations and the hydrated MTZ regions. An improved understanding of the mechanism
behind non-hotspot IPV is needed to constrain this threshold further.
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4.4 Future work

There is still much we do not know about the amount of water in the mantle, its
distribution, and its effect on the creation of IPV. Future work is needed to limit the
uncertainties associated with water transport and release to the deep mantle. Although I
believe that the models of this study capture the fundamental mechanisms controlling
the MTZ water distribution from recent subduction, these findings should be verified by
further improving the models. This could be done by testing more variables starting
from the model of greatest statistical significance (i.e., tmtz=100 Myr, Vsink=3 cm/yr,
and tipyv=35 Myr) as a starting point. Future research should also consider that individual
subduction zones are controlled by different mechanisms that control the distribution of
heterogeneous water storage in the mantle. For example, the MTZ water residence time,
which depends on the slab stagnation time, could be approximated from slab age and
trench retreat (Goes et al., 2017; Kameyama & Nishioka, 2012). While the slab sinking
rate could be affected by the convergence velocity and vary among different slabs. In
addition, slab dip should be considered to better constrain the spreading of the water.

Furthermore, this study is influenced by uncertainties in the tectonic reconstructions and
the IPV dataset; thus, we need improved models and sampling to further determine the
effect of water in the MTZ on IPV. The present-day water flux of this study is highly
based on the estimate of van van Keken et al. (2011); however, other studies have
suggested various different estimates. Although I have shown that this estimate does not
profoundly affect the water distribution in the MTZ, it is essential if one were to
consider the water concentration needed to create IPV. Hence, other factors that we
should aim to better understand in the future are the processes behind the creation of
IPV related to the hydrated MTZ; this would further improve our understanding of the
IPV delay period and wet MTZ threshold. It should also for example be tested if
increasing the wet MTZ threshold results in a reduced statistical significance.
Additionally, better constraints on geophysical methods are of great importance to
verify the MTZ water distribution and link to IPV discussed in this study. These
advancements could perhaps give an enhanced understanding of the past and future

evolution of the deep water cycle and volcanism on Earth and other planets.
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5. Conclusions

In this study, | have demonstrated that the spatial and temporal heterogeneous
distribution of water storage in the mantle transition zone (MTZ, 410-660 km) can be
mapped based on tectonic reconstructions of subduction zones throughout time (here
400 Myr) despite various uncertainties related to the plate tectonic model. The statistical
approach conducted here suggests a correlation between hydrous regions in the MTZ
and the patterns of intraplate volcanism (IPV), supporting the hypothesis of this thesis.
In this parametric study, | have varied the residence time of water in the MTZ, the slab
sinking rate, and the delay period between water in the MTZ and IPV occurrence. All
maps of MTZ water distribution with a 100 Myr and co Myr water residence time within
the MTZ yield a statistically significant correlation to locations of active IPV and show
a large fraction of IPV locations above hydrated MTZ regions. This highlights the
importance of slab deformation and associated stalling above the upper-lower mantle
discontinuity for retaining water in the MTZ, and that water reservoirs within the MTZ

are likely stable for ~100 million years or more.

The observed percentage of IPV locations above wet MTZ regions for MTZ water
residence times of 30 Myr and shorter was not significantly different from the null-
hypothesis at the 95% confidence level, suggesting that the MTZ residence time exert
significant control on the water distribution. At the same time, changes in the
distribution due to variations in slab sinking rate and IPV delay period are modest,
suggesting these factors impart only a secondary effect. However, with a 35 Myr delay
period between water in the MTZ and occurrence of IPV the match percentage increases
by 5% compared to when not accounting for a delay (Table 3), supporting the likelihood
of some IPV delay. In addition, with an infinite MTZ water residence time, | find a
statistically significant correlation and an outstanding correspondence of 89% between
hydrous MTZ regions and IPV. These findings are in good agreement with suggestions
from previous studies that intraplate volcanism can arise from a hydrous MTZ and with
observations of IPV above parts of the MTZ with substantial subduction input, such as
Eastern Asia, Eastern North America, Eastern Europe, Australia, and the Turkish-

Iranian Plateau.
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The parametrized maps of MTZ water distribution are not strongly affected by the
amount of water subducted at trenches or the total amount of water in the MTZ, but
rather the extent of the subduction zones. | find that the area fraction of wet MTZ
observed with the reference scenario to be much greater in the past (>150 Ma; Figure
16), while the MTZ water content was more significant at younger times (~100-25 Ma;
Table 2). Several potential geodynamic processes can explain the concurrences and
discrepancies between wet or dry MTZ regions and IPV. However, it is beyond the
scope of this thesis to conclude which reasons have caused the concurrences and
discrepancies observed; comprehensive future research is essential to understand the
mechanisms behind the IPV and wet MTZ link found in this study and the effects of
these findings on a regional scale. Nevertheless, the statistically significant link between
IPV and the distribution of water in the MTZ discovered in this study suggests that
water is both transported into the MTZ by subduction and that this water facilitates IPV
at the surface.
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