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Abstract The presence of water in minerals generally alters their physical properties. Ringwoodite is the
most abundant phase in the lowermost mantle transition zone and can host up to 1.5-2 wt% water. We
studied high-pressure lattice thermal conductivity of dry and hydrous ringwoodite by combining
diamond-anvil cell experiments with ultrafast optics. The incorporation of 1.73 wt% water substantially
reduces the ringwoodite thermal conductivity by more than 40% at mantle transition zone pressures. We
further parameterized the ringwoodite thermal conductivity as a function of pressure and water content to
explore the large-scale consequences of a reduced thermal conductivity on a slab's thermal evolution. Using
a simple 1-D heat diffusion model, we showed that the presence of hydrous ringwoodite in the slab
significantly delays decomposition of dense hydrous magnesium silicates, enabling them to reach the lower
mantle. Our results impact the potential route and balance of water cycle in the lower mantle.

Plain Language Summary The physical properties of minerals are determined by the interaction
of atoms in the crystal lattice. Water can be incorporated into the crystal structure and alter its behavior.
Ringwoodite is a high-pressure mineral that can host large quantities of water and is expected to be
abundant in the lower part of Earth's mantle transition zone, a region ranging from 520 to 660-km depth.
Here we studied ringwoodite thermal conductivity, describing how effectively heat is transported through
solids. Based on our measurements we determined that water in ringwoodite significantly slows down heat
propagation. We performed computer simulations to investigate the large-scale implications of our findings.
For this purpose, we modeled a cold oceanic plate, entirely made of ringwoodite, which is surrounded by
warm mantle. The delayed heat transport is sufficient to maintain low temperatures in the inner part of the
oceanic plate and potentially preserve the hydrous minerals for an extended period of time.

1. Introduction

Ringwoodite is the high-pressure polymorph of olivine that is stable in the lowermost part of the mantle
transition zone (MTZ) between approximately 520- to 660-km depth (Suzuki et al., 2000). It is thought that
ringwoodite constitutes ~60 vol% of the ambient MTZ (Frost, 2008), and =80 vol% of the harzburgitic slab
(Irifune & Ringwood, 1987). Its abundance, combined with its water solubility of up to 1.5-2 wt% (Inoue
et al.,, 2010; Kohlstedt et al., 1996; Ohtani et al., 2000), makes ringwoodite a potential water reservoir in
the MTZ. The presence of water in the Earth's interior affects physical and chemical properties of minerals
as well as the solid-state rheology of the convecting mantle (Karato & Jung, 1998; Mei & Kohlstedt, 2000).
Natural samples (Pearson et al., 2014; Tschauner et al., 2018) and geophysical observations (Khan &
Shankland, 2012; Utada et al., 2009) both suggest that water is probably heterogeneously distributed within
the MTZ.

Water can be transported into the Earth's interior through subduction of hydrated oceanic lithosphere
(Faccenda, 2014). During subduction, the increase of pressure and temperature with depth results in the
breakdown of hydrous phases (Schmidt & Poli, 1998) and the dehydration melting of the mantle wedge
(Riipke et al., 2004). Despite the major dehydration, significant amounts of water may be retained inside
the subducted slab and reach the MTZ (Ohtani et al., 2004). Once the slab reaches the MTZ, two types of
behavior can be observed (Goes et al., 2017): (i) direct slab penetration into the lower mantle (LM) and
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(ii) slab stagnation within the MTZ. Whichever the case, continuous slab heating could progressively decom-
pose water-bearing phases hosted in the subducted lithosphere, causing local hydration of the MTZ (Richard
et al., 2006). The amount of water released by the sinking slab into the MTZ depends on its residence time in
this region, and on how fast heat transfers through the lithosphere. Typically, the warmer the slab is after its
residence in the MTZ, the more water is released. In reverse, with lower slab temperatures, the amount of
water retained in its interior will be larger.

Lattice thermal conductivity, A},;, of mantle minerals is a key parameter that controls heat transfer through
the mantle, which in turn determines the thermal states and geodynamics of planets (Zhang et al., 2019). In
particular, for hydrous minerals in the MTZ and subducting slabs, knowledge of the effects of pressure P,
temperature T, and water content Cyy,0 on their lattice thermal conductivities are fundamental to constrain
the thermal interactions between the hydrated slab and the MTZ. However, due to experimental difficulties,
it remains largely unknown how Ay, of hydrous minerals varies with potential P, T and Cy,0 in the mantle.
Recently, Chang et al. (2017) reported that, compared to the anhydrous counterpart, the presence of 0.7 wt%
of water significantly reduces the lattice thermal conductivity of San Carlos olivine by a factor of 2 at the
pressures near the MTZ. Given its large water storage capacity and its abundance in the MTZ, the effects
of P and Cyy,0 on ringwoodite thermal conductivity are essential to determine the inner temperatures of sub-
ducting slabs.

In this study, we couple diamond-anvil cell (DAC) experiments with ultrafast time domain thermoreflec-
tance (TDTR) to determine the P and Cy,o dependencies of ringwoodite thermal conductivity, Ary, at
MTZ pressures and room temperature. Combining our measurements with finite-difference numerical mod-
eling, we show that the hydration-reduced Agy, prolongs the time required to reach thermal equilibrium
within a subducting slab, thus enabling temperature-sensitive hydrous minerals to be transported to greater
depth. Our results demonstrate the importance of hydration on the thermal evolution and fate of descending
slabs.

2. Materials and Experimental Methods
2.1. Sample Synthesis and Characterization

Natural San Carlos olivine (SCO) was used as a starting material to synthesize ringwoodite samples. A large
SCO crystal was crushed into fine powders after selecting grains without inclusions. Ringwoodite with
increasing Cp,o was synthesized using 1,000- and 1,200-t multianvil presses at the Bayerisches
Geoinstitut (BGI), University of Bayreuth, Germany (Table S1 in the supporting information). For dry ring-
woodite synthesis the SCO powder was packed into a Re foil capsule, whereas for hydrous experiments we
added distilled water (3-10 wt%) into a PtysRhs capsule, later sealed by welding. Each capsule was then slid
into an MgO sleeve, which was surrounded by a LaCrO; heater, and a ZrO, thermal insulator. The whole
assembly was loaded into a 5 wt% Cr,03-doped MgO octahedron with 10-mm edge length. Mo electrodes
were located at both ends of the heater. Finally, we combined the pressure vessel with second-stage tungsten
carbide anvils with 4-mm truncation (ha-7%Co, Hawedia; e.g., Ishii, Liu, & Katsura, 2019). The ceramic
parts of the pressure vessel were heated for more than 3 hr at 1273 K before assembly. Dry ringwoodite
was synthesized at 22 GPa and 1900 K for 1.25 hr, whereas the hydrous samples were obtained after
3-8 hr at 20-22 GPa and 1600-1700 K. The sample was first compressed to the desired press load and then
heated to the target temperature. After maintaining a constant temperature for several hours, the sample
was quenched by turning off the electrical power. Temperature was estimated based on empirical
power-temperature relations obtained in separate runs. The resulting hydrous batches contained single crys-
tals of ringwoodite (>100 um), whereas the dry batch contained a polycrystalline aggregate composed by
crystals with a size of a few tens of microns.

After retrieval, we selected ringwoodite crystals based on clear crystal morphology under an optical micro-
scope. Furthermore, we performed single crystal X-ray diffraction (XRD) analysis to confirm the quality of
the ringwoodite samples. XRD analyses were performed by employing a Huber four-circle diffractometer,
driven by the SINGLE software (Angel & Finger, 2011), equipped with a point detector, and a Mo-Ka source,
which was operated at 50 kV and 40 mA. Only ringwoodite crystals with a full width at half maximum of
<0.1°, upon omega-scan rotation, were selected for our thermal conductivity measurements.
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We further used unpolarized Fourier transform infrared (FTIR) spectroscopy to measure the water weight
concentration Cy,o of the synthesized batches. For each batch we selected one representative crystal, and
double-side polished it to a thickness of ~15-30 um. Cy,o Was derived using the Lambert-Beer law, by
employing a molar absorption coefficient ¢ of 106,002 L mol™" cm™2 (Thomas et al., 2015). We considered
Choo in each batch to be nearly the same, due to water oversaturated conditions during synthesis. From
our FTIR measurements, Cipo of synthesized batches are as follows: 0.11, 0.47, and 1.73 wt% (Table S2).
These values typically have 230% uncertainty (Thomas et al., 2015). We employed electron probe microana-
lysis (EPMA) to determine the composition of the selected samples. All the measurements where performed
using a JEOL Superprobe JXA-8200 at BGI. The amounts of silicon, magnesium, and iron were measured
using the olivine standard (Mg, Fe, and Si). Samples were coated with a 12-nm carbon film. We found that
the synthesized ringwoodite contains ~8.5 wt% FeO on average, with a 100 MgO/(MgO + FeO) value of 91.7.
The chemical formula calculated from EPMA data is [Mg; 79Feq17S11.0204]. The position of H+ in the
hydrous ringwoodite structure, depends on the (Mg + Fe)/Si ratio. With increasing (Mg + Fe)/Si and
increasing water content H* is almost exclusively hosted in Mg sites (Fei & Katsura, 2019), confirmed for
our samples by EMPA measurements (Table S3). As reported in McCammon et al. (2004), the Fe**/SFe ratio
in ringwoodite is relatively low and stabilizes around ~0.15, even in oxidizing conditions. Moreover, Schulze
et al. (2018) found almost no correlation between hydration and capsule material and the measured Fe>*/
>Fe ratio (0.1-0.18%). Therefore, we assumed a homogeneous Fe** content in our samples.

2.2. High-Pressure Lattice Thermal Conductivity Measurements

To perform thermal conductivity measurements, ringwoodite samples were first polished down to ~25 um
thickness and then coated with ~90-nm-thick Al film as a thermal transducer for TDTR measurements.
Each sample was loaded into a symmetric piston-cylinder DAC with 400-um-culet diamonds and a Re gas-
ket. Silicone oil (CAS No. 63148-62-9 from Acros Organics) was used as the pressure medium due to its
exceptionally low thermal conductivity at high pressures, which considerably reduces the measurement
uncertainty (Hsieh, 2015). Pressure inside the DAC was estimated by ruby fluorescence (Mao et al., 1986),
which gives an uncertainty of typically <5%.

We used TDTR to measure the lattice thermal conductivity of ringwoodite Agy, at high pressures and room
temperature. TDTR coupled with DAC is a well-developed, ultrafast optical pump-probe metrology to pre-
cisely measure the thermal conductivity of materials at extremely high-pressure conditions (Hsieh
et al., 2017, 2018). In the TDTR measurement, the output of a Ti:sapphire laser is split into pump and probe
beams (Hsieh et al., 2009). The pump beam heats up the Al coated onto the sample, causing temperature var-
iations. As the excess heat transfers into the sample and the silicone oil, the temperature evolution of the Al
film is monitored by measuring the small variations in the reflected probe beam intensity that is synchro-
nized with the 8.7 MHz modulation frequency of the pump beam. The small variations of the reflected probe
beam intensity, including the in-phase Vj, and out-of-phase V,,; components, are measured using a Si
photodiode and a lock-in amplifier. The detailed setup and principles of TDTR are described in
Cabhill (2004), Chao (2018), and Kang et al. (2008).

To determine the Ag,, Wwe compared the ratio —Vj,/Voyy, as a function of time delay between the pump and
probe beams, with the numerical calculations obtained from a bidirectional thermal model that takes into
account the heat flow into the sample and the silicone oil (Cahill & Watanabe, 2004; Schmidt et al., 2008;
Zheng et al., 2007). This model requires the input of several parameters—thermal conductivity Aj,, volu-
metric heat capacity C, and thickness h for each layer (i.e., silicone oil, Al film, and ringwoodite), while
Agw is the only significant unknown and free parameter to be determined. At ambient pressure, the thermal
conductivity of the Al film A ,; is high (200 W m™" K™1), and its increase at high pressures has a negligible
effect on the thermal model calculations. Therefore, A, is assumed to be a constant at high pressures.
Pressure dependencies of the silicone oil thermal conductivity Ag; o1, volumetric heat capacity Cs; oi1, as well
as the Al volumetric heat capacity Cx) were taken from Hsieh et al. (2009) and Hsieh (2015). The ringwoodite
volumetric heat capacity Cry, was obtained from Dorogokupets et al. (2015). Prior studies have indicated that
the effect of impurities on the volumetric heat capacity of a material is typically very small if the impurity
concentration is <10 at% (Chang et al., 2017; Fukui et al., 2012). Given the relatively small amount of water
in ringwoodite (only up to ~9.5 at% per formula unit), we assumed that hydrous Cgy, is equal to the
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20 - A'0_1 1.th%. Hzcl) T o ' anhydrous one. The thickness of the Al film h,, at ambient pressure was
17.5 || ® 4 0.47 wt% H20 ] measured by picosecond acoustics (O'Hara et al., 2001). However, the

— *e 1.73 wt% H20 . . L . .
Y Hofmeister (1999) o acoustic signal becomes too weak to be used to derive h,) during compres-
~ 15r Xu et al. (2004) a ‘ iy sion. Thus, we estimated ha; squeezing by employing the method devel-
g 125l ¢ Ghang etal. (2017) a ®% o | oped by Chen et al. (2011). Since under our experimental conditions the
> ’ "& A" thermal penetration depths of ringwoodite and silicone oil are both on
% 10 b A" ‘ ° ® : i the order of only few hundreds of nanometers (Hsieh et al., 2009), the
é A " o .:. thermal model calculation is insensitive to their thicknesses hg,, and hg;
8757 a e e® A.. o x 1 oil (*25 um). A set of example data with the calculations from the thermal
g s Lo .: om A ° * ' * | model is reported in Figure S1 and Table S4. To determine the error pro-
§ s ’l pagation in Ag,y, we performed sensitivity tests for the heat diffusion ther-
o5 i mal model by varying each input parameter (Figure S2). From our
sensitivity tests, the estimated error ranges between ~10% (P < 15 GPa)

0 L - P —— = o, and ~15% (15 GPa < P < 25 GPa).

Pressure [GPa]

3. Experimental Results and Discussion

Figure 1. Pressure (P) evolution of Agy, for different Cypo at room .
temperature (T = 298 K). Each experimental run is identified by a distinct 10 TR measurements were performed at room temperature and high pres-

symbol (Table S5), whereas Cyyo0 is marked by color: 0.11 wt% (red), sures for three different Cyp,o values: low (0.11 wt%), medium (0.47 wt%),
0.47 wt% (black), and 1.73 wt% (blue). Within the pressure range relevantto  and high (1.73 wt%) (Figure 1 and Table S5). The ringwoodite stability

the lower MTZ (vertical dashed lines), A; 73 is ~40% lower than Ag 1. Amb
stands for ambient pressure. Literature data for nominally dry Ag,, are
identified by open markers, together with their relative extrapolation

field ranges between 17-24 GPa (e.g., Ishii et al., 2011; Litasov et al., 2006),
and therefore, pressure points are closely spaced within this range.

(dashed lines). Data by Chang et al. (2017) for nominally dry Agy is also For clarity, we indicate Agy, for different Co with the symbols Ag 11,

plotted for comparison.

Aoa7, and Ap ;3. At ambient pressure, Agy4; is ~10-15% smaller than

Ag.11, Whereas A; 73 shows a 30% reduction compared to Ag ;. Note that
the 10-15% reduction observed in Ag 47 is comparable to our measurement uncertainty. The incorporation
of 1.73 wt% water, however, clearly shows a detectable difference in Agy,, indicating a strong reduction of
thermal conductivity due to the hydration effect at ambient conditions. Upon compression, the ratio of
Aoa7 to Agi; remains approximately a constant (black curve in Figure S3). However, the
hydration-induced reduction of Ay, with 1.73 wt% water enhances with pressure, reaching >40% reduction
at the MTZ pressures (Figures 1 and S3). In ringwoodite, water is incorporated into its defect sites in the form
of hydroxyl group (OH™) or proton (H™) by replacing cations (Si**, Mg?*, and Fe*") (Griininger et al., 2017;
Panero et al., 2013). As pressure increases, the interatomic distance shortens, and these ionic defects may
form an interconnected network that acts as an additional phonon-defect scattering mechanism (Chang
et al., 2017). This effect promotes scattering of thermal energy carriers and reduces the phonon mean-
free-path, hindering the thermal energy transport. Hence, the presence of ionic defects (in our case due to
water incorporation) results in the pressure-induced suppression of Aj,.. A similar effect has been reported
for water-bearing olivine (Chang et al., 2017). Compared to its effect on sound velocity, where vp and vg of
ringwoodite decrease only by ~0.25% at C0 = 0.5 Wt% (Schulze et al., 2018), the proton weakening has
a significant effect on Ag,,. Note that for the polycrystalline dry samples, the measured Agy, are obtained
by averaging several measurements at different locations on the sample probed by the laser with a spot size
of 15 um in diameter. The effect of grain boundaries on Ay, in our samples should be minor, since the grain
size is larger than 10 um (Liang, 2017).

To parameterize the effect of pressure on Agy, with different Cyy,0, we fitted our data (Tables S6-S8) with a
second-order polynomial: Agy,(P) = qu + [P + Ay, where Agy(P) is the thermal conductivity at a given pres-
sure, A, the thermal conductivity at ambient pressure, g and [ the quadratic and linear coefficient, respec-
tively. The coefficients for each fit are reported in Tables S6-S8. To quantify the combined effects of
hydration and pressure, we employed a linear interpolation between the parameterized curves for
Ao11(P), Ag47(P), and Ay 75(P) (Table S9 and Figure S4). We found that Agy, as function of Cyp0 and P
can be expressed as Aryw (Cri20, P) = a(P)Crz0 + Apry(P), where Cyyzp is the water content in ppm, a(P)
the pressure-dependent linear parameter (Table S10 and Figure S5), and Ap,,(P) the intercept for 0 ppm
(Table S10 and Figure S6). Pressure dependence of the coefficient a can be described by a second-order poly-
nomial: a(P) = bP* + cP + a,, as well as Apry(P): Apry(P) = dP* + eP + A,. A total of six different coefficients
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has to be established in order to calculate Agy, as a function of Cy,o (in ppm) and P (in GPa). From our
TDTR measurements we derived the following relation (Table S11):

Arw (Cr20, P)=(=7x1077P> +4x 107°P-9 X 10™°) Cra0 + 1.37 X 1072P* + 1.055 X 107" P + 4.8403

This equation describes Agy, well within the tested experimental range (Cyoo = 0-1.73 wt%; P = 0-25 GPa),
showing <7% discrepancy from our measurements (within experimental errors) (Figures S7-S10). Note that
we assumed a progressive Cyp,o effect on Agy, without including any sharp threshold above which the pre-
sence of water causes major reduction in Agy,-

Based on our empirical equation Agy, is 4.84 W m~ K, for Cypao = 0 wt% and P = 10~* GPa (1 atm),
whereas it is 12.4 W m ™" K™! at 20 GPa and 0 wt% H,O (Table S9). Our estimates are about 40% lower com-
pared to the result obtained by infrared reflectivity measurements of Hofmeister (1999) for dry Mg,SiO, ring-
woodite. The difference may be due to the difference in FeO content of the ringwoodite, which lowers
thermal conductivity of minerals (Hsieh et al, 2018, 2020). Xu et al. (2004) reported
Arw = 9.54 Wm™ K™! (Cipao = 0 Wt%, P = 20 GPa) measured using the in situ Angstrém method. Our
Agw estimated at the same conditions is 25% higher. Xu et al. (2004) report that the olivine thermal conduc-
tivity Aoj is 30% lower than Ag,,. This result is coherent with the Ag;/Ag ratio obtained here, when the pre-
vious Ag) from Chang et al. (2017) is used. Note that both measurements were acquired with the same TDTR
technique. The discrepancy between our results and those by Xu et al. (2004) might be explained by their
experimental techniques, the Angstrbm method, which relies on proper contacts between thermocouples
and sample. In contrast, the TDTR method is based on a noncontact optical technique, avoiding this poten-
tial problem and possibly resulting in different Ag,, values.

4. Potential Impact on the Thermal Structure of Subducting Slabs
4.1. Hydration of MTZ

In recent years, the amount and spatial distribution of water in the mantle has been under debate
(Ohtani, 2019). Understanding the deep Earth water cycle, along with physical properties of hydrous miner-
als, is essential to understand the long-term evolution of the Earth's mantle. Thermopetrological simulations
performed by van Keken et al. (2011) estimated that one third of the initial slab water content is able to reach
MTZ depths. In these models, the preserved water is mainly hosted in the cold inner regions of the slab (e.g.,
lower crust and upper lithospheric mantle). Following these considerations, it becomes clear that the ther-
mal evolution of the slab determines where and how much water is released during subduction. Variations
in thermal properties of slab minerals might be responsible for the heterogenous hydration state of different
mantle regions. Chang et al. (2017) reported that the hydration-reduced thermal conductivity of the crustal
materials can induce a low-temperature anomaly in the slab interior. Potentially, this effect might preserve
hydrous minerals to be transported to greater depth by maintaining a colder slab core. The water-bearing
phase in a slab located in the MTZ are expected to consist of nominally anhydrous minerals (e.g., wadsleyite
and ringwoodite) and dense hydrous magnesium silicates (DHMS, such as superhydrous Phase B or Phase
D) (Ohtani et al., 2004). Once ringwoodite reaches the base of the MTZ, it decomposes into LM assemblage
(e.g., Ishii et al., 2018; Ishii, Huang, et al., 2019; Ishii, Kojitani, & Akaogi, 2019; Litasov et al., 2005), which is
expected to host only ~1,000 ppm of water (Fu et al., 2019; Litasov et al., 2003). Due to the release of water
around 660-km depth, this decomposition most likely causes major slab dehydration (Schmandt et al., 2014).
A possible way to deliver water down to the LM is via subduction of DHMS. These phases are stable at high
pressure (up to 40 GPa) but are extremely sensitive to high temperatures since they decompose at ~1,500 K
(Ohtani et al., 2004); however, so far, it remains unclear whether DHMS can reach the LM.

4.2. Numerical Modeling

To assess the impact of a reduced Agy, on a slab’s thermal evolution, we employed a self-written 1-D finite
difference heat diffusion model. We modeled an 80 Myr old slab (116.8 km thick) that stagnates at
660-km depth. The warmer ambient mantle heats the slab from the upper and lower boundaries. For simpli-
city the oceanic lithosphere was assumed to be chemically homogeneous. The model domain was discretized
using 1,169 nodal points, corresponding to a grid spacing of 100 m.
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We established the initial temperature profile of the stagnating slab using a two stage calculation: (1) We
computed the temperature field of an 80 Myr old slab using the analytical solution for half-space cooling
(Turcotte & Schubert, 2014); (2) we simulated the thermal evolution of the subducting slab from the trench
down to the MTZ by assuming a sinking time £, of 10 Myr (Table S12) using the 1-D finite difference heat
diffusion model. This sinking time is comparable to those of several subduction zones, such as North and
South Kurile (Syracuse et al., 2010). Frictional heating and complex interactions between the slab and over-
riding plate were neglected for simplicity. The average thermal diffusivity x during the slab descent was cal-
culated based on literature data for thermal conductivity Ag; (Chang et al., 2017), density po; (Zhang &
Bass, 2016), and specific heat capacity Cp o (Su et al., 2018) of olivine (Table S12). As we focus on the impact
of hydrous ringwoodite on the thermal evolution, we did not take into account any hydration reduction of
Ajae at this stage. We neglected adiabatic compression, and therefore the ambient mantle temperature was
fixed at 1600 K at any depth. The temperature structure of the slab at the end of the descent to the MTZ is
shown in Figure S13 and was used as initial temperature condition for all simulations described below.

Once the initial temperature profile was defined, we studied slab heating during potential stagnation in the
lower MTZ (540-660 km). Previous works estimated stagnation times L, to range from 50 to 140 Myr
(Fukao et al., 2009; Richard et al., 2006; Zhao, 2004), and thus, we ran our simulations for 150 Myr. This
simulation time was chosen to include all estimates of stagnation age, since slab avalanche phenomena were
not considered in our models. During the stagnation stage, we assumed that the slab is entirely composed of
ringwoodite. Pressure and water dependence of Ag,, were based on the empirical equation derived in this
study. In order to properly study thermal evolution of the slab crossing the MTZ it is fundamental to use a
P-T-dependent Agy, (Xu et al., 2004), pry (Ye et al., 2012) and Cp gy, (Dorogokupets et al., 2015; Saxena,
1996) to calculate thermal diffusivity x (Text S2). As an approximation, two end-member parameters settings
were used in our simulations: one given by the lowest temperature in the slab core (1021 K), and the other
given by the ambient mantle temperature (1600 K).

To reproduce the effect of hydrous Agy, on a slab's thermal evolution, we prescribed a hydrous layer in the
uppermost part of the slab. Following our TDTR measurements, this hydrous layer acts as a heat propaga-
tion buffer. To simulate the hydrous region, we defined two parameters: hydrous layer thickness Dyyq,
and its water content Cy,o. The rest of the slab was considered to be dry. In our model settings we ignored
the additional contribution of radiative thermal conductivity A.,4 on the total heat transport (Thomas
et al., 2012), and the presence of garnetitic crust in the upper part of the slab (Giesting et al., 2004; Irifune
& Ringwood, 1993). Detailed limitations of our numerical model are discussed in the supplementary mate-
rial (Texts S1-S3).

The oceanic lithosphere reacts with seawater at the mid-ocean ridge (hydrothermal circulation) and in
trench-rise systems (water percolation) (Ranero et al., 2003). Thus, lithosphere hydration may reach
20-km depth (Green et al., 2010), and it might extend further down to 40-km depth due to the pressure gra-
dient caused by slab unbending (Faccenda et al., 2012). Therefore, we chose values for Dyyq ranging from 5
up to 40 km. Despite the high-water solubility of ringwoodite of 1.5-2 wt% (Inoue et al., 2010), it is unlikely
that such a large amount of water is hosted pervasively in the slab (Karato, 2011; Koyama et al., 2006;
Suetsugu et al., 2010; Yoshino et al., 2008). Thus, we applied an upper limit of Cy,0 = 1.5 Wt%, consistent
with a natural ringwoodite sample (Pearson et al., 2014). We performed a total of 242 simulations covering
150 Myr of slab stagnation in the MTZ. As the reference case we used a completely dry slab: Dyyq = 0 km,
Chz0 = 0 wt% (Figure S14).

Based on our models, it takes ~80-110 Myr to reach 99% of mantle temperature for a completely dry slab.
Complete thermal equilibration is not achieved within the 150 Myr time span, and the presence of a hydrous
layer significantly delays heat propagation. To study the effects of this delay, we computed the time f. it
takes to reach a critical temperature T of 1500 K at the base of the hydrous layer, assuming that this will
mark the complete decomposition of DHMS (Ohtani et al., 2004). For each simulation we calculated the
delay time f4elay, defined as the difference between f.;¢ for hydrated slabs and the time it takes to reach
T.iit at the relevant depth inside a completely dry slab (Figure 2 and Tables S14 and S15).

The most pronounced delay can be observed for 15 km < Dpyq < 20 km, reaching its maximum at
Cr20 = 1.5 Wt% (fgelay = 20-27 Myr). Fei and Katsura (2019) reported that ringwoodite water solubility
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Figure 2. Comparison of delay time for different Dyyq and Cp0 combinations assuming T, = 1500 K. Each subplot is
based on a separate set of models where thermal diffusivity x was calculated using end-member reference temperatures:
(a) Tref = 1021 K and (b) Tyer = 1600 K.

at MTZ temperatures (1950-2000 K) is ~0.8-1.2 wt%. For a hydrous layer of 15-20 km thickness con-
taining 0.8-1.2 wt% water, fqclay Tanges from 9 to 20 Myr (Figure 2). This delay might be crucial to hin-
der slab heating and DHMS breakdown, allowing them to be transported to greater depth in the LM as
even a slowly descending slab with vg,x = 1 cm yr_1 (Van Der Meer et al., 2010) will sink through the
MTZ within ~ 25 Myr. For a dry slab, the 1500 K isotherm will penetrate to 10-15 km depth within this
time frame (Tables S14 and S15). The effect of 1 wt% water within this layer results in a 12-15 Myr
delay of DHMS breakdown (Figure 2). Our modeling results indicate that the hydrated ringwoodite
can have a significant impact on the thermal evolution of descending slabs and thus needs to be taken
into account when modeling their thermal structures.

5. Conclusions

The effect of water on Agy, found in our experiments offers novel insights into the thermal evolution of sub-
ducting slabs and the fate of hydrous minerals. From TDTR analysis we determined a Ag,, reduction of up to
40% at pressures relevant for the MTZ. We parameterized water and pressure dependencies of Agy. Our
empirical equation combined with finite difference numerical modeling shows that a homogenously
hydrated layer on top of a slab results in a slower heat propagation through its interior. The delay time
caused by the reduced Agy, provides a potential water-preserving mechanism that prolongs the lifetime of
DHMS, enabling them to be transported into the LM. The hydration-reduced thermal conductivity of ring-
woodite and olivine (Chang et al., 2017) is expected to be relevant for other water-bearing minerals (e.g.,
DHMS and wadsleyite). Importantly, the temperature influences not only the stability field of minerals
but also key physical properties, such as density and viscosity. Thus, including our findings into a more
detailed thermochemical model would substantially advance our understanding of the thermal evolution
of subduction zones.

Data Availability Statement

Data are available via the figshare repository: https://figshare.com/s/f6cec9cffd5482116918 (1-D code),
https://figshare.com/s/96af714f5afc582fb5ec (figures), and https://figshare.com/s/67901c34907d49bafab2
(tables).
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