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Earth’s water cycle enables the incorporation of water (hydration)
in mantle minerals that can influence the physical properties of the
mantle. Lattice thermal conductivity of mantle minerals is critical
for controlling the temperature profile and dynamics of the mantle
and subducting slabs. However, the effect of hydration on lattice
thermal conductivity remains poorly understood and has often
been assumed to be negligible. Here we have precisely measured
the lattice thermal conductivity of hydrous San Carlos olivine
(Mg0.9Fe0.1)2SiO4 (Fo90) up to 15 gigapascals using an ultrafast
optical pump−probe technique. The thermal conductivity of hy-
drous Fo90 with ∼7,000 wt ppm water is significantly suppressed
at pressures above ∼5 gigapascals, and is approximately 2 times
smaller than the nominally anhydrous Fo90 at mantle transition
zone pressures, demonstrating the critical influence of hydration
on the lattice thermal conductivity of olivine in this region. Mod-
eling the thermal structure of a subducting slab with our results
shows that the hydration-reduced thermal conductivity in hy-
drated oceanic crust further decreases the temperature at the cold,
dry center of the subducting slab. Therefore, the olivine−wadsleyite
transformation rate in the slab with hydrated oceanic crust is much
slower than that with dry oceanic crust after the slab sinks into
the transition zone, extending the metastable olivine to a greater
depth. The hydration-reduced thermal conductivity could enable
hydrous minerals to survive in deeper mantle and enhance water
transportation to the transition zone.
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H2O plays a critical role in driving and affecting many geo-
physical phenomena and dynamic processes in Earth’s in-

terior (1–3). It has been suggested that olivine, a primary mineral in
the upper mantle, and its high-pressure polymorphs (wadsleyite and
ringwoodite) could store a large amount of water (hydrogen ions) in
their crystalline defects and act as a major water reservoir within
Earth (2–4). Incorporation of water in these mantle minerals has
been shown to influence their physical properties (5–12) and the
dynamics of the mantle and subducting slabs (13). In particular,
water enrichment could influence the minerals’ thermal transport
properties, which, in turn, alters the temperature gradient in the
mantle and subducting slabs. At the center of subducting slabs, the
cold temperature inhibits the olivine−wadsleyite/ringwoodite phase
transformation (14). A thin wedge of olivine could therefore persist
in a metastable state far below the 410-km depth. Previous exper-
iments on transformation kinetics have shown that the presence
of water inside the slabs greatly enhances the olivine−wadsleyite/
ringwoodite transformation rate under the same pressure and
temperature conditions (15–18). However, the hydration effect on
the lattice thermal conductivity of mantle minerals and its con-
sequential influence on the temperature inside the slabs that also
controls the transformation rate remain largely unknown. Precise
determination of the thermal conductivity of hydrous upper
mantle minerals at relevant conditions would provide critical in-
sight into the temperature evolution and dynamics of subducting
slabs, and therefore the fate of metastable olivine in the mantle

transition zone, with potential implications for the origin of deep
earthquakes (19).
In the past few decades, the lattice and radiative thermal con-

ductivities of upper mantle minerals have been extensively stud-
ied, as these two mechanisms transfer heat through Earth’s upper
mantle in different ways. Previous optical absorption measure-
ments have indicated that, under relevant pressure−temperature
(P-T) conditions in the upper mantle, small amounts of incor-
porated water may strongly influence the radiative thermal con-
ductivities of olivine (20), wadsleyite (21), and ringwoodite (21).
By contrast, precise measurements of the lattice thermal con-
ductivity of upper mantle minerals under extreme P-T conditions
are very challenging. Therefore, little experimental data are
available and the measurement accuracy is insufficient due to the
limitations of previous experimental methods. Although the lat-
tice thermal conductivity and diffusivity of nominally anhydrous
olivine have been investigated for decades (22–25), the reported
results at ambient and high pressures remain inconclusive among
different studies. Moreover, in contrast to radiative thermal
conductivity, which is sensitive to the hydration content, the role
that hydration plays in the lattice thermal conductivity of olivine
has often been assumed to be negligible (20, 25) due to its limited
water storage capacity, typically of the order of ∼0.1 wt% to 1 wt%.
The validity of this hypothesis, however, has not been experi-
mentally tested, and whether the influence of hydration changes as
pressure increases remains unknown. Our study of the hydration
effect on the olivine lattice thermal conductivity under relevant
mantle conditions, in combination with our joint thermomechanical
modeling of a subducting slab, provides insight into the extent of
metastable olivine in the mantle transition zone.

Significance

Thermal conductivity of mantle minerals is critical for controlling
the temperature profile and dynamics of the mantle and sub-
ducting slabs. However, the effect of hydration on lattice ther-
mal conductivity remains poorly understood. We studied lattice
thermal conductivity of olivine (Mg0.9Fe0.1)2SiO4 (Fo90) to 15 GPa
using ultrafast optics. The thermal conductivity of hydrous
Fo90 with ∼7,000 wt ppm water is 2 times smaller than its an-
hydrous counterpart at transition zone pressures. Modeling
thermal structure of a subducting slab shows that the hydration-
reduced thermal conductivity in the oceanic crust further de-
creases the temperature within the subducting slab, which sub-
stantially lowers the olivine−wadsleyite transformation rate and
extends the metastable olivine to greater depths. Such an effect
could enhance water transportation to the transition zone.
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Results and Discussion
We combined ultrafast time-domain thermoreflectance (TDTR)
with high-pressure diamond anvil cell (DAC) techniques to pre-
cisely measure the lattice thermal conductivity (Λ) of anhydrous
(polycrystalline) and hydrous (single crystal) San Carlos olivine
(Mg0.9Fe0.1)2SiO4 (Fo90) at room temperature and high pressures
up to ∼15 GPa. The results are shown in Fig. 1. Given the aniso-
tropic thermal conductivity along different crystal orientations (23),
the pressure-dependent thermal conductivity of our anhydrous
polycrystalline Fo90 (Λanhy; black symbols in Fig. 1) shows a slight
variation comparable to the measurement uncertainty of about
10 to 15% (see Supporting Information for the details). At ambient
pressure, Λanhy ≈ 3.6 W·m−1·K−1, in reasonable agreement with
previous measurements of polycrystalline Fo90 (22) and slightly
lower than single-crystal Fo92 (25) and Fo93 (23), suggesting that,
due to the iron mass disorder effect (cf. ref. 26), the more iron ions
in the olivine, the stronger the phonon-defect scattering, leading to
a lower lattice thermal conductivity. Upon compression, Λanhy in-
creases rapidly with increasing pressure to ∼11.6 (±2.3) W·m−1·K−1

at 13.1 GPa, a pressure near the 410-km discontinuity.
Compared with the anhydrous Fo90, the lattice thermal con-

ductivity of the hydrous single crystal Fo90 (Λhy) shows a weaker
pressure dependence (see the red symbols in Fig. 1). Note that a
different set of red symbols represents the measurement along a
different orientation of the single-crystal sample. As expected, the
incorporation of ∼7,000 wt ppm (0.7 wt%) water in Fo90 does not
significantly change the lattice thermal conductivity at ambient
pressure or even below P ≈ 5 GPa (the characterization of water
content is described in Calibration of Water Content and Figs. S2
and S3). However, the Λhy remains low upon further compression
and reaches only ∼5.7 (±0.6) W·m−1·K−1 at 13.6 GPa, a factor of

2 smaller than the Λanhy at a similar pressure. The concentrated
distribution of thermal conductivity as a function of pressure
based on four sets of measurements along different orientations
suggests that the anisotropy of the hydrous Fo90 thermal con-
ductivity may have been suppressed by the hydration effect under
high pressure. The orange cross symbols in Fig. 1 represent the
Λhy of Fo90 incorporated with a water content lower than 200 wt
ppm (see Calibration of Water Content and Fig. S2), which is es-
sentially the same as the Λanhy in the low-pressure regime but
becomes slightly smaller by ∼20 to 25% at P > 10 GPa. Note that,
because the variation in the thermal conductivity during 8 GPa to
11 GPa is within our measurement uncertainty of about 15%,
there isn’t a thermal conductivity anomaly within such a pressure
range. Compared with the effect of proton weakening on the
sound velocities and thermodynamic properties (e.g., heat ca-
pacity) of olivine and its high-pressure polymorphs [typically of
the order of only a few percent (5, 11, 12)], the proton-induced
lattice thermal conductivity reduction at high pressures, by a
factor as large as 2, is dramatic and much more significant than
previously expected. Such a large pressure-induced suppression of
hydrous Fo90 lattice thermal conductivity is likely due to higher-
density ionic defects when compressed to higher pressures. Such
weaker pressure dependence of thermal conductivity was also
reported in MgO doped with ionic defects of iron at high pressures
(26). At low-pressure regime, the replacement of cations (Si4+, Mg2+,
and Fe2+) in Fo90 with a small amount of H+ does not substantially
affect the heat capacity, phonon group velocities, and phonon scat-
tering rates. As pressure increases, these ionic defects may aggregate
and form a higher-density network that serves as an additional
phonon-defect scattering mechanism to substantially reduce the
phonon mean free path for thermal energy transport.
In Fig. 2, we plot the ratio of our lattice thermal conductivity of

hydrous Fo90 against its anhydrous counterpart (Λhy=Λanhy) as a
function of pressure to characterize the influences of hydration and
pressure on thermal conductivity. The decrease of this ratio with
pressure indicates an enhancement of the hydration effect with in-
creasing pressure, which could be general for other hydrous mantle
minerals.
In addition to the lattice thermal conductivity, which increases with

pressure but decreases with temperature, the radiative thermal con-
ductivity (Λrad) of olivine is important as well for heat transfer in
Earth’s upper mantle, particularly at high-temperature conditions.
Hofmeister (20) showed that the Λrad of Fo90 is sensitive to the hy-
dration content and grain size of a crystal. At 1,500 K, the Λrad of
subcentimeter-sized Fo90 incorporated with 10 wt ppm to 100 wt ppm
water is smaller than its anhydrous counterpart and the lattice
thermal conductivity by a factor of ∼4 and ∼8, respectively, if the
hydration effect on the lattice thermal conductivity was assumed to
be negligible (cf. figures 5 and 6 in ref. 20). If we assume that the
temperature dependence of hydrous Fo90 lattice thermal con-
ductivity (Λhy), which is incorporated with proton defects follows
a typically assumed T−1/2 dependence (see our high-temperature
measurements at ambient pressure in High-Temperature Thermal
Conductivity Measurements, Fig. S6, and Table S1 as well as refs. 22
and 26), the Λhy of Fo90 with ∼7,000 wt ppm water would then be
reduced to ∼2.5 W·m−1·K−1 at 13.6 GPa and 1,500 K. This estimation
suggests that the lattice thermal conductivity of hydrous olivine at
relevant P-T conditions near the mantle transition zone remains sig-
nificantly larger than the radiative component, indicating that thermal
conduction is a major contributor to heat transfer in the hydrous
mantle, compared with the thermal radiation mechanism. Therefore,
it is reasonable to use the lattice thermal conductivity to evaluate
the effect of hydration on the thermal profile of subducting metasta-
ble olivine slabs in Earth’s transition zone.
We further investigated the resultant temperature anomaly of

subducting slabs using 2D thermomechanical models (27) (see
Supporting Information for the modeling details). The degree of
hydration below the oceanic Moho before subduction remains

Fig. 1. Lattice thermal conductivity of anhydrous (black symbols) and hydrous
(red symbols) San Carlos olivine Fo90 as a function of pressure at room tem-
perature. Each set of symbols represents an individual measurement run, with
solid symbols for compression and open symbols for decompression cycles. The
effects of hydration and pressure on the thermal conductivity of Fo90 in-
corporated with 7,000 wt ppm water are insignificant until ∼5 GPa, after
which its increase with pressure is suppressed and becomes much smaller than
its anhydrous counterpart by a factor of 2 at the pressures near the mantle
transition zone, which is marked by the blue dashed line. The orange cross
symbols represent the conductivity of Fo90 with a water content lower than
200 wt ppm, which is similar to the anhydrous Fo90 until ∼10 GPa. The mea-
surement uncertainties are ∼10% in the low-pressure regime and ∼15% at
15 GPa. Literature results for polycrystalline anhydrous Fo90 (green symbols) at
298 K from ref. 22 are plotted for comparison.

2 of 4 | www.pnas.org/cgi/doi/10.1073/pnas.1616216114 Chang et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616216114/-/DCSupplemental/pnas.201616216SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616216114/-/DCSupplemental/pnas.201616216SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616216114/-/DCSupplemental/pnas.201616216SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616216114/-/DCSupplemental/pnas.201616216SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616216114/-/DCSupplemental/pnas.201616216SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616216114/-/DCSupplemental/pnas.201616216SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616216114/-/DCSupplemental/pnas.201616216SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616216114/-/DCSupplemental/pnas.201616216SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616216114/-/DCSupplemental/pnas.201616216SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616216114/-/DCSupplemental/pnas.201616216SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616216114/-/DCSupplemental/pnas.201616216SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1616216114


poorly constrained, but the bending of oceanic plates during sub-
duction could create extensional stress and favorable conditions for
pumping water into the mantle (28). Extensional earthquakes in
the Western Aleutians and Southern Bonin subduction zones can
occur at 20 km below the crust, suggesting partial serpentinization
at this depth (29). Seismic exploration has found a 12-km-thick
serpentinized mantle beneath the Cocos plate offshore Costa
Rica (30), although it is still unclear whether this amount of hy-
dration layer is universal or not. We, therefore, tested three cases
with different degrees of hydration. Case A is the reference case
with anhydrous oceanic crust and mantle, which have constant
thermal conductivity. Case B contains a hydrous oceanic crust and
an anhydrous mantle. Case C contains the hydrous oceanic crust as
in case B, and an additional 20-km-thick hydrous mantle right below
oceanic Moho. The hydrous crust in case B as well as the hydrous
crust and mantle in case C are assumed to contain 7,000 wt ppm of
water and have reduced thermal conductivity as we experimentally
found at high pressure and room temperature.
The slabs in our models have an age of 80 My and a plate

velocity of 5 cm·y−1 at the trench. After the slabs, defined as the
region 150 °C colder than normal mantle, reach the transition
zone, their thicknesses are ∼150 km. The temperature in the
center of the slab is colder than the surrounding mantle by 560 °C
to 590 °C at a 600-km depth (Fig. 3A). This temperature anomaly
is ∼200 °C smaller than that used in other studies (16, 18). In those
studies, the slab temperature was assumed to be 873 K at 660 km
and had a constant thermal gradient of 0.6 K·km−1. Using faster
velocity and an older age increases the temperature anomaly in
our models. However, the temperature gradient in our models
evolves dynamically and changes with depth, making a direct com-
parison with those studies difficult. The hydrous oceanic crust acts as
a thermal insulator in case B and lowers the slab temperature by
10 °C in all depth ranges, compared with case A. Compared with case
B, an additional 20-km layer of thermally insulating mantle in case C
has a less profound effect at shallow depths but still lowers the slab
temperature by another 10 °C at a 600-km depth. The distance from
Moho to the coldest part of the slab at this 600-km depth is about

22 km for case A, 19 km for case B, and 17 km for case C, indicating
an increased effect of thermal insulation from hydrous rocks.
The persistence of the metastable olivine wedge is sensitive to

temperature and hydration and was used to constrain the water
content in the slab. We further computed the olivine−wadsleyite
phase growth rate and transformed volume fraction (16, 19) in-
side the cold slab (Fig. 3B). The growth rate in case B is ∼2/3 of
the rate in case A throughout the transition zone, and the depth
of 50% transformed fraction in case B is 17 km deeper than in
case A. The coldest region in case C is inside the hydrous zone.
Because the growth rate is greatly enhanced by the high hydra-
tion content locally and is mildly inhibited by the lower tem-
perature, the growth rate in case C is several orders of magnitude
higher, so that the phase transformation completes at the equi-
librium depth. Although the exact amount of transformed frac-
tion might be affected by other unaccounted factors, importantly,
we found that even though case B contains hydrous oceanic crust
because the cold center of the slab is anhydrous, a significant
fraction of metastable olivine still exists below a 500-km depth.
The hydration-reduced thermal conductivity deepens the stabil-
ity field of metastable olivine in case B compared with the case of
anhydrous oceanic crust in case A. We also performed thermo-
mechanical modeling with the T−1/2 dependence for the thermal
conductivity of mantle minerals at relevant P-T conditions and
obtained consistent results of lower temperature inside the slab
due to hydration (Fig. S7 and Supporting Information).
In contrast to water’s effect that increases the olivine−wadsleyite

transformation rate via a transformation kinetics mechanism (15–
18), our findings here suggest that a hydrous oceanic crust, which is
located near the edge of the slab and has lower thermal conduc-
tivity, will lower the temperature inside the slab. The colder tem-
perature slows down the transformation rate, allowing metastable
olivine at the center of the slab to exist at greater depths than
previously thought. The metastable olivine is compatible with, and
even benefits from, a hydrous oceanic crust, and its existence is not

Fig. 3. Temperature anomaly and the olivine−wadsleyite transformed frac-
tion of the slabs. (A) The mantle and 7-km-thick oceanic crust in case A are
anhydrous. The mantle in case B is anhydrous, but the oceanic crust is hydrated
with reduced thermal conductivity as shown in Fig. 2. Case C is similar to case B
but with an additional 20-km hydrated layer of mantle beneath the oceanic
crust. The simulation ran for 60 My to reach a thermally steady state statisti-
cally. The temperature anomaly in the coldest part of the slab is averaged for
the last 10 My, and the shaded region is the min/max variation in the tem-
perature anomaly over the time span. (B) The olivine−wadsleyite transformed
fraction in the coldest part of the slab. The coldest part of the slab in cases A
and B is anhydrous and can sustain metastable olivine. In case C, the coldest
part of the slab is within the hydrated mantle layer. With enhanced growth
rate, olivine completely transforms to wadsleyite at equilibrium depth.

Fig. 2. The ratio of the lattice thermal conductivity of hydrous Fo90 to its
anhydrous counterpart as a function of pressure. The red dashed line repre-
sents the 7,000 wt ppm water case, and the black dashed line represents the
low water content case. Here, Λanhy(Λhy) was obtained by averaging the data
in three (four) different measurement runs shown as the black (red) symbols in
Fig 1. The uncertainties of the ratio are typically ∼15% in the low-pressure
regime and ∼15 to 20% at P ≈ 13.6 GPa. This behavior features the effect of
hydration, which enhances with increasing pressure.
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necessarily linked to a completely dry condition in all parts of the
slab. In addition, the hydrated slab will slow down the heat dissi-
pation during frictional sliding of earthquakes, and therefore
promotes transformational deep earthquakes.
Although the water content in the entire slab had been suggested

to vary widely, depending on the slab’s age and spreading rate
(cf. ref. 31), our data for the thermal conductivity of hydrous
Fo90 with <200 wt ppm H2O (orange cross symbols in Fig. 1)
already showed an about 25% lower value than the anhydrous
Fo90 at about 14 GPa. We therefore can expect that, even if the
hydrous olivine in the oceanic crust contains water content of
only a few hundred to 1,000 wt ppm, it will still play an effective
role in the thermal insulating effect. In other words, the possible
low water content in olivine in the oceanic crust still lowers the
temperature at the center of the subducting slab and slows down
the olivine−wadsleyite/ringwoodite transformation rate around
the 410-km depth.

Conclusions
The hydration-induced significant reduction of lattice thermal
conductivity at higher pressures could be a general feature in other
mantle minerals, such as garnet, wadsleyite, and ringwoodite, which
can contain comparable or even larger amounts of hydration than

olivine (5). Therefore, the effective lattice thermal conductivities of
the hydrous subducted slab, upper mantle, and transition zone ag-
gregates are likely much smaller than previously expected. The
stability of hydrous minerals is strongly affected by temperature, and
lower thermal conductivity can help hydrous minerals in subducted
slabs survive to greater depths, enhancing water transportation to
the transition zone, which will lower the thermal conductivity fur-
ther. There is potentially positive feedback between the water
concentration and reduced thermal conductivity in the transition
zone. Future experimental studies of the hydration effect on the
lattice thermal conductivity of other mantle minerals at relevant P-T
conditions is essential to further constrain the heat transfer and to
model the dynamics in Earth’s upper mantle and transition zone.
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