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Published online: 18 June 2024 Double seismic zones (DSZs) are a feature of some subducting slabs, where
intermediate-depth earthquakes (-70-300 km) align along two separate
planes. The upper seismic plane is generally attributed to dehydration
embrittlement, whereas mechanisms forming the lower seismic plane are still
debated. Thermal conductivity of slab minerals is expected to control the
temperature evolution of subducting slabs, and therefore their seismicity.
However, effects of the potential anisotropic thermal conductivity of layered
serpentine minerals with crystal preferred orientation on slab’s thermal evo-
lution remain poorly understood. Here we measure the lattice thermal con-
ductivity of antigorite, a hydrous serpentine mineral, along its crystallographic
b- and c-axis at relevant high pressure-temperature conditions of subduction.
We find that antigorite’s thermal conductivity along the c-axis is ~3-4 folds
smaller than the b-axis. Our numerical models further reveal that when the low-
thermal-conductivity c-axis is aligned normal to the slab dip, antigorite’s
strongly anisotropic thermal conductivity enables heating at the top portion of
the slab, facilitating dehydration embrittlement that causes the seismicity in
the upper plane of DSZs. Potentially, the antigorite’s thermal insulating effect
also hinders the dissipation of frictional heat inside shear zones, promoting
thermal runaway along serpentinized faults that could trigger intermediate-
depth earthquakes.

M Check for updates

Slab subduction is the main driving force of plate tectonics, which  chemical evolution of the slab, and the geodynamics of the subduction
introduces complex chemical heterogeneities in Earth’s interior'.  zone and surrounding mantle. In particular, the temperature profile of
During subduction, the rocks within the slab are subjected to thesubduction zone is key to influence the stability of the minerals and
increasing pressure (P) and temperature (T) conditions, which alter  rocks within it, as well as its geological processes, e.g., arc volcanism
their physical and chemical properties with impacts on the thermo- and magmatism® and earthquakes®. Therefore, quantifying the tem-
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Fig. 1| High pressure thermal conductivity of single-crystal antigorite along
[010] (b-axis, black circles) and [001] (c-axis, red squares) to 13 GPa at room
temperature. Vertical bar at each datum point represents the data uncertainty. The
thermal conductivity anisotropy (A®%/A%") is -2.5-4.3 between ambient and 7 GPa.
Note that the difference between A°® and A% reaches a maximum of 7.3 Wm™K™
around 7 GPa, where a displacive phase transition occurs. Literature results for
polycrystalline antigorite at ambient pressure® (open blue circle) and to 8.5 GPa*
(open green stars) are plotted for comparison.

perature evolution of a slab along subduction is fundamental to
understand a large variety of geophysical, geodynamical, and geo-
chemical phenomena around a subduction zone.

Interestingly, in some subduction zones, earthquakes occur at
intermediate-depth (-70-300 km) along two distinct planes separated
by ~20-40 km, known as double seismic zones (DSZs), see refs. 4-6 for
example features of DSZs, where the separation of two seismic planes
correlates with the age of a slab, i.e., with its temperature and thickness
at the trench. Since its first observation in northeast Japan’, several
mechanisms have been proposed to explain the origin of DSZs,
including dehydration embrittlement®*™>, fluid-related
embrittlement", transformation faulting”, plastic shear instability’®",
grain size reduction®, and thermal runaway* 2. Of particular
importance are the dehydration embrittlement and thermal runaway,
as they are considered the two major mechanisms for intermediate-
depth seismicity”’. Dehydration embrittlement is triggered by the
presence of free water H,O in the interstitial pores of the rock, which
reduces the differential stress required for brittle fracture. Most of the
water released at depth originates from the breakdown of
antigorite™?”*, a high-pressure polymorph of serpentine minerals that
contains large amounts of water (-<12wt%) and serves as the major
hydrous mineral in subduction zones. Antigorite, however, does not
survive at the high T condition in Earth’s interior, and breaks down at
~700-1000 K****, This temperature is typically reached inside the slab
at about 70-300 km depth, depending on the P-T path of the slab***.
As a result, the intermediate-depth seismicity at the upper plane of a
DSZ has often been attributed to the temperature-induced breakdown
and dehydration of antigorite, see, e.g., refs. 3,6,26. The mechanism
that causes seismicity at the lower plane, however, remains debated.

Thermal conductivity of minerals within a subduction zone plays
key roles in controlling the heat flow and the temperature profile in the
region. Thus, precise determination of such critical property at rele-
vant P-T conditions would offer crucial insights into the thermal
structure and dynamics of the subduction zone, as well as the fate of
antigorite, with potential implications for the formation and distribu-
tion of intermediate-depth earthquakes. Lattice thermal conductivity
or diffusivity of mantle minerals under extreme P-T conditions have
been studied for decades. Precise measurements, however, are chal-
lenging due to the difficulty and limitation of previous conventional
experimental techniques. As a result, very few experimental data under
relevant mantle conditions were available and the measurement

accuracy was insufficient. Recent successful combinations of time-
resolved optical techniques with diamond anvil cells (DACs) have
enabled precise measurements of minerals’ thermal conductivity
under high P-T conditions, offering novel insights to the complex
thermal evolution and dynamics in Earth’s deep interior® .

Prior studies on the thermal conductivity of antigorite have been
limited to polycrystalline samples at relatively low pressure regime®-*%
Given its layered crystal structure, antigorite is characterized by a
strong anisotropy in its elastic constants along different crystal
orientations® ¢, Since the lattice heat transport scales with the elastic
constants”, antigorite’s thermal conductivity is expected to be aniso-
tropic as well. Such hypothesis, however, has not been experimentally
tested. On the other hand, serpentinites are featured by a weak
rheology and, upon shear deformation during slab subduction, ser-
pentine crystals tend to develop a crystal preferred orientation (CPO),
in which the crystal layers are parallel to the shear plane, i.e., anti-
gorite’s [001] direction orients perpendicularly to slab’s dip
direction®®**, As discussed above, the breakdown depth of antigorite
during subduction depends on slab’s temperature evolution, which
could be critically controlled by antigorite’s thermal conductivity.
Moreover, previous thermomechanical modelings, e.g., refs. 6,9, have
revealed the important roles that the slab age and convergence velo-
city play on antigorite’s dehydration profile within a subducting slab,
while the antigorite’s thermal conductivity has often been assumed as
a constant (e.g., -3-4 Wm™ K™), regardless of its crystal orientation
and P-T conditions. The potential thermal conductivity anisotropy and
CPO of antigorite during subduction would result in distinct thermal
conductivity along a direction perpendicular and parallel to the slab’s
dip direction. Understanding the effects of P, T, and CPO on anti-
gorite’s thermal conductivity along subduction is thus critically nee-
ded, as it would significantly advance numerical modeling of the
temperature profile in subduction zones.

In this work, we experimentally show a strong thermal con-
ductivity anisotropy in antigorite under relevant P-T conditions along
subduction. Our numerical simulations on the two-dimensional (2D)
heat diffusion and temperature profile within a subducting slab indi-
cate that antigorite’s anisotropic thermal conductivity with CPO pro-
motes dehydration embrittlement and potentially thermal runway,
which could play key roles in triggering intermediate-depth
earthquakes.

Results

Lattice thermal conductivity of antigorite at high pressure and
room temperature

We used ultrafast time-domain thermoreflectance (TDTR) coupled
with DAC to precisely measure the lattice thermal conductivity of
single-crystalline natural antigorite to ~13 GPa at room temperature.
The TDTR is an ultrafast pump-probe spectroscopy for high-precision
thermal conductivity measurements at high pressures and wide range
of temperatures, see, e.g., refs. 27,30,40 and Methods for details.
Figure 1 shows the effect of pressure on the thermal conductivity of
single-crystal antigorite along the [010] (in-plane b-axis, A®°, black
circles) and [001] (cross-plane c-axis, A°”, red squares) orientation at
room temperature. At ambient conditions, the A is ~4.6 W m™K?, -4
times larger than the A° (~-L.1W m™K™). Upon compression, A°° and
A% both increase with pressure and reach 10.0 (+1.9) and 2.7
(+0.4) Wm™K?, respectively, around 7 GPa, where the difference
between them achieves a maximum value of 7Z3Wm™K™. In other
words, the thermal conductivity anisotropy (A°/A°") at ambient
conditions is -4.3 and becomes less anisotropic as the anisotropy
progressively decreases to -2.5 at P~4-5GPa; afterwards the aniso-
tropy slightly increases to ~3.7 at 7 GPa. Since thermal conductivity is
an ensemble contribution of heat transport that involves heat capacity,
elastic constant, and phonon mean-free-path of all the available pho-
non modes®¥, such trend with pressure can be primarily accounted for
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Fig. 2 | P-T conditions for each experimental run (labeled by a number) on the
measurement of antigorite’s thermal conductivity. P-T profiles for a typical
subducting slab surface (red curve) and slab Moho (blue curve) as well as for the
phase boundary (gray curve) of antigorite (Atg) decomposition into phase A (A),
enstatite (En), and water are taken from ref. 3 and plotted for reference.

by the pressure evolution of the elastic constant along the in-plane and
cross-plane direction, see, e.g., ref. 36. Note that the A°° at 7 GPa is
larger than the thermal conductivity of olivine (-5.1-8.3 W m™ K™)**?,
the major mineral phase in the upper mantle. Interestingly, at P > 7 GPa
the difference between A°® and A° reduces progressively: the A%
decreases considerably with pressure, while the A%’ reaches a plateau
of -3.0-3.5Wm™K™ between 8 and 13 GPa, making them approach
with each other. The occurrence of the dramatic change in the trend of
A% with pressure around 7 GPa coincides with a displacive phase
transition observed in antigorite’*****, where pressure induces the
distortion of Si-O tetrahedral and octahedral sheets*.

In Fig. 1 we also plotted literature results for polycrystalline anti-
gorite at ambient pressure® (open blue circle) and to 8.5 GPa** (open
green stars), respectively, which are bracketed by our b- and c-axis data
at P<4 GPa. Nevertheless, the data by ref. 32. (open green stars)
appear to be nearly a constant, rather than a typically increasing trend
upon compression, and become comparable to our c-axis data at
P - 4-9 GPa. We are not aware of the detailed experimental conditions
in Osako’s study, and thus could only propose that their polycrystalline
sample may have been progressively oriented preferentially to near
the c-axis under their compression conditions. By contrast, to check
the potential variation of crystal orientation during our compression
conditions, we have re-characterized the orientation from the quen-
ched samples out of the DAC using electron backscattered diffraction
or X-ray diffraction (in situ measurements of crystal orientation and
thermal conductivity at high pressures are currently not available). We
found that the orientation remained essentially the same, suggesting
that the minor variation, if there is, of crystal orientation is expected to
have minor effects on the uncertainty of our antigorite’s thermal
conductivity.

Note that we have also measured the thermal conductivity
along the a-axis, A1, at ambient conditions, which is ~4.5Wm™ K™
and close to that of the b-axis. Since thermal conductivity scales
with the square of sound velocity”, such behavior can be under-
stood by the similar elastic constant and sound velocity along the b-
and a-axis, even at high pressures**¢. Therefore, even though we
did not measure the pressure dependence of A'°°, we expect it to be
similar to A°° and much larger than the A°. As we show later in the
sections of numerical modeling and discussions, what critically
impacts slab’s thermal evolution is the thermal insulating effect by
the low value of A°”, and the strong thermal conductivity aniso-
tropy. Lack of data for A'®(P, T) does not influence our conclusions
of this study.

Table 1| High pressure-temperature conditions and the ther-
mal conductivity data for antigorite

Measurement Run P (GPa) T(C) Crystal axis A(Wm'K")
1 3.3 400 b 3.3

2 6 500 b 4.3

3 4.9 300 b 4.2

4 4.5 400 ® 1.6

5 3.8 500 c 14

6 1.1 600 ® 1

7 5 600 ® 14

8 7.6 400 c 2

Thermal conductivity at simultaneous high pressure and tem-
perature conditions

To quantify the combined effects of pressure and temperature on the
thermal conductivity of antigorite, we further performed simultaneous
high P-T measurements. Figure 2 and Table 1 summarize the P-T con-
ditions for each measurement run and its thermal conductivity along a
specific crystal orientation, which allow us to track how the antigorite’s
thermal conductivity changes along slab subduction. Typical P-T pro-
files at slab surface and Moho are plotted as red and blue curve,
respectively, in Fig. 2 from ref. 3. To quantify the temperature
dependence of thermal conductivity, we compared our data at a given
pressure and room temperature (Fig. 1) with those at a similar pressure
and high temperatures (Fig. 2). For instance, we considered A°” at
5 GPa and room temperature (Fig. 1), as well as measurement run 4 and
7 (Fig. 2). For simplicity, if we assume the A of antigorite can be phe-
nomenologically modeled as A(T) =AoT", where Aq is a normalization
constant at room temperature, then the temperature exponent n is
determined by fitting a linear regression slope in the InA-InT plot. We
found that n ~ -0.55 (+0.01) along the c-axis and n - -0.58(+0.06) along
the b-axis. Considering our data uncertainty of ~15%, such depen-
dences are reasonably in line with the typical temperature dependence
of T% for minerals?”***’*8, The combined P-T dependences indicate
that during slab subduction, antigorite’s thermal conductivity aniso-
tropy (A®°/A°) remains at ~3-4 until ~230 km depth. Such critical
finding is employed to model the thermal evolution of a sinking slab
containing antigorite with CPO, see the numerical modeling sec-
tion below.

Numerically modeling the thermal evolution of a sinking slab

Our experiments reveal that antigorite’s thermal conductivity is
strongly anisotropic even at high P-T conditions (A% ~3A%00),
Potentially, such thermal conductivity anisotropy could induce tem-
perature anomalies within a sinking slab, thus influencing the dehy-
dration depth of antigorite, as well as promoting the onset of thermal
runway. Therefore, investigating the large-scale effects of antigorite’s
thermal conductivity anisotropy would provide critical insights to the
mechanisms responsible for the intermediate-depth earthquakes. For
this purpose, we further performed 2D numerical modeling to com-
pute the temperature evolution of a sinking slab containing antigorite
(see Methods section). The full description of the model is reported in
Supplementary Information: physical and numerical model (Note
S1-S2, Fig. S4-S8, Table S1), thermodynamic parameters (Note S3-S5,
Fig. S9, Tables S2-S3), model limitations (Note S6), and code bench-
mark (Note S7, Figs. S10-S11, Table S7). In total, we run 10 different
models divided in three sets (Table S4). In the first set, used as a
reference, we assumed that the hydrous layer was made entirely of dry
olivine (model 1) or wet olivine (model 2). In the other two sets, we
considered the [001] direction of antigorite (i.e., the c-axis) as the
“insulating  direction”. We tested two ideal end-member
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Fig. 3 | Example 2D horizontal thermal conductivity fields /. (a) shows model 6
(@4¢g =1.0, vertical insulator) and (b) shows model 10 (¢, =1.0, horizontal insu-
lator). For illustration purpose, we only show the top 40 km of the slab, where slab
surface starts at 0 km. In each plot we used the Scientific Color Maps': low A with
shades of green, while high A with shades of yellow. Note the 3-km-thick dis-

continuity of thermal conductivity corresponds to the serpentinized hydrous layer
(7-10 km inside the slab). The two boxes on the sides represent the two orientation

configurations of antigorite used in the model: the teal color indicates slow heat
propagation, whereas the purple color indicates fast heat propagation. The heat
flows are represented as red arrows. In (a), antigorite serves as a vertical insulator
with the [001] in vertical direction. In (b), antigorite serves as a horizontal insulator
with the [001] in horizontal direction. In the models, slabs subducted vertically with
a constant sinking velocity of v =5 cm yr™ and a dip angle 6,;, = 90 , see Methods
section.

configurations: vertical insulator with antigorite’s [001] direction par-
allel to the slab dip (models 3-6, Fig. 3a), and horizontal insulator with
antigorite’s [001] direction perpendicular to the slab dip (models 7-10,
Fig. 3b), see Methods section for details. The assumption of perfect
alignment of single-crystalline antigorite along the slab dip angle and
the potential effects of grain boundary are fully discussed in the Sup-
plementary Information Note S8, Fig. S13, and Table S8, and Note S9,
respectively. In set 2 and 3, antigorite fraction @, was increased to
simulate different degrees of serpentinization in the slab: 0.1 (models
3,7); 0.3 (models 4,8); 0.5 (models 5, 9); 1.0 (models 6,10). Figure 4
illustrates two examples of 2D temperature fields from model 1
(Fig. 4a) and model 10 (Fig. 4b) and their temperature differ-
ence (Fig. 4c).

We monitored the temperature T (Fig. 4) and the heat flux Q (Fig.
S12) in three specific planes from the slab surface (0 km): 7 km (external
side of the hydrous layer), 9 km (inside the hydrous layer) and 11 km
(internal side of the hydrous layer). In the horizontal insulator config-
uration (Fig. 3b), the thermal energy coming from the hot ambient
mantle is not efficiently transported toward the cold core of the slab,
accumulating at the interface between the oceanic crust and the insu-
lating layer (e.g., Fig. 4c). Consequently, the temperature at the base of
the crust (7 km) in the horizontal insulator configuration (TS, Fig. 5c
teal dashed lines) is higher than the temperature in the vertical insulator
configuration (T9%9 , Fig. 5c purple dotted lines). Moreover, in the hor-
izontal insulator configuration (Fig. 3b), the heat flow toward the cold
core of the slab is hampered for the whole thickness of the hydrous

layer, and thus its internal temperature is higher than the vertical insu-
lator configuration: Tow, < Toox (Fig. 5b). The insulation effect caused by
the hydrous layer with antigorite in the horizontal insulator configura-
tion is shown in Fig. 5a, where the temperature at 11 km from the slab
surface is lower than the vertical insulator configuration: To., > T .
The temperature differences between the two conﬁgurations (models
7-10 vs. models 3-6) range between +20 K <(T5,% — T3, 6)< +230 K
(Fig 5¢), +10 K<(T{ 0 _ 13,.8) < +100K (Fig. 5b), and 3K<(T{1k}f1’
T8 )< — 60 K (Fig. 5a).

We compared these results also with the two reference models: 1
(dry olivine, AP®®") and 2 (wet olivine, AY¢'). The thermal con-
ductivity of wet olivine containing ~7000 wt. ppm water is 30-40%
lower than its dry counterpart*, and thus the hydrous layer in model 2
acts as a thermal insulator compared to model 1 (solid green lines in

Fig. 5): (THet® — 120 <80 K (Fig. 5¢) and (T} — TO)> — 30 K
(Fig. 5a). The vertical insulator configuration (models 3-6) does not
produce a significant temperature difference compared to the dry

reference even in the extreme case of complete serpentinization

(Fig. 5): —6 K< T35 -To"'< —60 K; and +15 K< Ti& —
TOYO! < +11 K. In the horizontal insulator configuration, however, the

temperature difference increases with the degree of serpentinization,
and reaches its maximum in the extreme case of complete
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serpentinization: +15 K< (T5% — TO"%)< +170 K at the external
side (Fig. 5¢) and —3 K <(Tjl9 — TO¥) < — 65 K at the internal side
a
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iso*
computed the difference between the models as AD;;, =D}, — Dggyo'. The dashed
blue lines on the upper left side indicate deeper isotherms due to colder conditions
(AD;s,>0). The dashed red lines on the lower right side indicate shallower iso-
therms due to hotter conditions (AD;,,<0). Note that in the model 10 (horizontal
insulator - teal) the maximum depths of the 700 K and 1000 K isotherms are
shallower than the reference model 1 on the external side of the hydrous layer

(7 km), whereas they are deeper on the internal side (11km).

(Fig. 5a). Figure 5 indicates that a serpentinization degree of 50%
(model 9) causes a temperature difference similar to the wet olivine
case (model 2), where the oceanic crust is ~80 K hotter than the dry
reference (model 1). Given the limited water storage capacity of olivine
in the upper mantle (only about few hundreds wt. ppm*’) with rela-
tively high thermal conductivity, antigorite with [001] direction would
be a key mineral phase to act as a thermal blanket in the shallow upper
mantle.

We further evaluated the effect of the thermal insulating layer on
antigorite’s breakdown depth (Fig. 6), which depends on the slab’s
internal temperature®. Along subduction the breakdown temperature
of antigorite lays between 700<T <1000 K*%*, and therefore we
computed the maximum depth of the 700 K and 1000 K isotherms
(D7° and D) inside the slab (Table S5). When the antigorite acts as
a horizontal insulator (teal colors in Fig. 6), the temperature of the
external side of the hydrous layer (T, - teal squares and diamonds in
Fig. 6) is higher, and hence the two isotherms shift to shallower depths
compared to the dry reference (model 1): —1< AD}% <10 km and
—1< ADY% < _23 km. Inside the hydrous layer the trend is the same
(Toym - down- and up-pointing triangles in Fig. 6): —1< ADg%, < — 10
kmand 0 < ADYX9 < —3 km. On the other hand, the temperature on the
internal side of the hydrous layer (T;;,,,,, five-pointed and six-pointed
stars in Fig. 6) is lower, and the two isotherms survive at greater
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Fig. 7 | Schematic drawing summarizing the effects of antigorite’s thermal
conductivity anisotropy combined with its CPO. In the slab, antigorite is present
in a layer of serpentinized rocks produced by hydrothermal circulation (teal and
purple layers) and along the normal faults formed at the trench-rise system (light
blue and pink sharp triangles). Antigorite’s strong CPO aligns with the [001]
direction normal to the shear stress. Once the slab temperature reaches
~700-1000K (two red isotherm curves), dehydration embrittlement due to the
breakdown of antigorite triggers earthquakes (yellow stars) that can form the
upper seismic plane of a DSZ. Potentially, antigorite can trigger thermal runaway
within the pre-existing serpentinized faults by promoting the accumulation of
frictional heat within shear fault zones due to its thermal blanketing effect. These
two mechanisms are likely the most plausible mechanisms responsible for
intermediate-depth seismicity inside a slab.

depths: +1<ADZ% < +13 kmand 0 < AD!% < +2 km. Consequently,
the breakdown depth of antigorite at the external side of the insulating
layer is ~ 15 km shallower, while that at the internal side of the insulating
layer is only mildly affected.

Discussion

The hydrothermal circulation active at the slow-spreading ridges can
reach the bottom of the oceanic crust, and thus produce a few-km thick
layer of serpentinized rocks within the lithospheric mantle*>*'. More-
over, additional serpentinization occurs at the trench-rise system, where
the bending of the oceanic lithosphere creates a network of normal
faults along which seawater percolates down to ~20 km from the slab
surface’, Potentially, the unbending of the slab in the mantle could
generate a pressure gradient sufficient to pump seawater toward the
inner portion of the slab, and to push the serpentinization front down to
~40 km from the slab surface*. The occurrence of this serpentinization
process, however, is still under debate. In certain regions (e.g., Lesser
Antilles), the seawater alteration of the oceanic lithosphere can produce
a 3-km-thick layer of hydrous rocks containing ~50-70vol% of
serpentine”*®. Antigorite has a highly anisotropic phyllosilicate
structure®, which is very compressible in the cross-plane direction (the
[001] direction), and relatively stiff in the in-plane direction®*. There-
fore, antigorite is characterized by a weak rheology and, during shear
deformation, it likely forms a CPO, in which the [001] direction tends to
align perpendicularly to the shear plane/foliation®***. In other words,
the serpentinized rocks of the slab accommodate most of the shear
deformation developed during subduction® by orienting antigorite’s
[001] direction perpendicularly to slab’s dip®™*. This configuration
might create a layer of rocks, where the seismic wave that propagates
normal to the plane of slab subduction is slower than in other
directions®’.

The combination of antigorite’s CPO and strong thermal con-
ductivity anisotropy as revealed by our present results can play a key
role in triggering intermediate-depth earthquakes. In particular, the
insulating effect of oriented antigorite can promote dehydration
embrittlement in the upper plane of a DSZ and potentially thermal
runaway within the serpentinized faults (Fig. 7). Dehydration embrit-
tlement is typically expected to be responsible for the upper seismic
plane of a DSZ, because the hydrous minerals, e.g., antigorite, con-
tained in the outer ~10 km of the slab are largely exposed to the rising
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temperature”, As shown in our thermal evolution models, the pre-
sence of a 3-km-thick thermally-insulating layer of serpentinites
(@A > 50%, models 9 and 10, which is achieved in old oceanic litho-
sphere with slow-spreading ridges, e.g., Lesser Antilles*’*®) efficiently
traps the heat at the base of the oceanic crust (-7 km from the slab
surface), thus causing a temperature increase of ~-50-150 K and an
~7-15km upward shift of the dehydration front (Table S5). In other
words, the antigorite’s thermal insulating effect facilitates dehydration
embrittlement in the outer 10 km of the slab, while hindering the same
mechanism in the inner regions of the slab by preserving it in colder
conditions. Such effect is expected to enhance the separation of the
two seismic planes of DSZs, and should be taken into account to better
understand the features of global DSZs*.

Moreover, the temperature differences caused by antigorite’s
thermal insulating effect may contribute to local seismic anomalies.
Using the scaling parameter reported by ref. 62, temperature differ-
ences of +170 K and -65 K between model 10 and model 1 would lead
to a seismically detectable perturbation of compressional velocity V,
of about -8.2 x102km s™ and +3.1x102km s, respectively (i.e., about
-1% and +0.4% of the Vj, in the upper mantle®). In the case of 50%
serpentinization (relevant to, e.g., Lesser Antilles’’*%), temperature
differences of +80K and -25K would lead to a V|, perturbation of
about -3.8x102kms™ and +1.2x102km s (about -0.5% and +0.15%,
respectively, of the V, in the upper mantle), which may be difficult to
clearly observe by seismology. In addition, the uncertainties in infer-
ring the thermal structure from seismic interpretation are estimated to
be about +100K in the upper mantle®’, which is comparable to the
thermal anomaly produced in our models. Seismic perturbations,
however, can also be attributed to several factors other than tem-
perature, including (1) the intrinsic density of a given mineral phase
(antigorite is less dense than olivine), (2) the composite elastic prop-
erties of the mineral assemblage, and (3) the presence of fluid/melts,
etc. Thus, it would be challenging to attribute univocally a seismic or
temperature anomaly to a single factor.

On the other hand, the seismicity in the lower plane of a DSZ is
more enigmatic and under debate. Depending on the variable tem-
perature profile and water content, etc., in a subduction zone, the
lower seismic plane could be caused by either also the dehydration of
hydrous minerals®", or other rupture mechanisms. Another plausible
trigger for intermediate-depth earthquakes is the thermal
runaway'>""?, a ductile deformation mechanism in shear zones, where
the intense frictional heating induces weakening of rocks and causes
the formation of a self-localizing slip planes. To produce such slip
planes, the rate of heat production inside the shear zone has to be
larger than the rate of heat dissipation from the shear zone'’. When this
condition occurs, the net heat confined inside the shear zone leads to a
temperature increase, which promotes ductile deformation and gen-
erates weak slip planes. The severe frictional heat sometimes can lead
to the formation of lenses of molten rock (e.g., pseudotachylites?***).

Although we have not tested this mechanism in our models, we
propose that antigorite’s anisotropic thermal insulating effect can
promote the onset of thermal runaway. The ideal setting to trigger
thermal runaway are the pre-existing shear zones?, in particular the
highly serpentinized normal faults produced in trench-rise system. It
has been suggested that mineral transformations, such as dehydration
of antigorite, in the fault zones would assist the fault slip that generates
heat, leading to self-localizing thermal runaway (see ref. 12 and refer-
ences therein). During shear deformation, the antigorite crystals hos-
ted within the fault zones should orient themselves with the [001]
direction perpendicular to the slip plane. In this configuration, the heat
produced by friction can flow easily along the slip plane (due to the
high A%%), but rarely escapes from the shear zone®® due to the thermal
blanketing effect by the surrounding antigorite’s low A%, Thermal
runaway is also aided by the weak mechanical resistance of antigorite
crystals along the basal planes”. Moreover, to achieve runaway

deformation regime, the background temperature of the shear zone
has to be lower than a critical temperature T, below which the thermal
relaxation generates unstable ductile deformation'. Typically, the
critical temperature of a mantle rock is <700 K. Our models show that
the thermal insulating effect of oriented antigorite keeps the slab
interior in colder temperatures, which may be a necessary condition
for the onset of thermal runaway. Potentially, the antigorite-assisted
thermal runaway could be responsible for the lower seismic plane of a
DSZ". To better our understanding of the thermal runaway mechan-
ism, future numerical modelings on the effect of anisotropic heat
diffusion inside shear zones are required to test such scenario.

Finally, the anisotropic thermal conductivity of antigorite can also
be relevant in the serpentinized forearc regions®®. The surface heat
flow on top of the forearc is typically very low (-30-40 mW m™) and, in
old subduction zones, is uniform from the trench to the volcanic arc.
Such anomalous constant value may be associated with the presence
of insulating antigorite at depth. Future corner flow models®” should
include antigorite’s anisotropic thermal conductivity to compute the
rheology of a serpentinized mantle wedge.

In conclusion, we have experimentally demonstrated a strong
thermal conductivity anisotropy of antigorite under high P-T condi-
tions along subduction, where the conductivity along the [001] is ~3-4
times lower than that along the [010]. Our 2D numerical simulations
show that such anisotropy combined with its CPO during subduction
can significantly influence the thermal evolution of a sinking slab with
high degrees of serpentinization ( > 50%). In particular, when antigorite
is oriented with the [001] direction perpendicular to the slab dip, it acts
as an effective thermal insulator that hinders heat flowing toward the
slab interior. This effect increases the temperature at the interface
between the lower crust and the lithospheric mantle, thus promoting
dehydration embrittlement in the outer ~10 km of the slab. Potentially,
the anisotropic insulation by oriented antigorite can promote thermal
runaway within the serpentinized faults inside the slab, triggering
intermediate-depth earthquakes. Future experimental studies on the
thermal conductivity of relevant phyllosilicates in the sediments and
crust (e.g., muscovite, biotite, chlorite, phengite, and talc, etc.) along
specific crystal orientation and P-T conditions of slab subduction will
offer more comprehensive datasets for the thermal properties of slab’s
minerals. Combined with detailed thermal evolution modeling, these
would substantially advance our understanding of important geolo-
gical, geophysical, and geodynamical features in a subduction zone,
including the thermal state, flow dynamics, water transportation,
magmatism, and seismic structure of the region.

Methods

Sample characterization and preparation

We collected natural antigorite samples from Baibao River (Hualien,
Taiwan) and used energy-dispersive X-ray spectroscopy to determine
their average chemical composition—(Mg,soF€o.05)Siz.0805(0H)3 77
with a density of 2.58 + 0.03 gcm™. We also performed X-ray diffrac-
tion and Raman spectroscopy measurements (Supplementary Fig. S1)
to confirm antigorite’s crystal structure and vibrational spectrum,
respectively, which are both in good agreement with RRUFF standard
database for antigorite®®. We oriented the antigorite crystals to two
principal directions along the in-plane b-axis [010] and cross-plane c-
axis [001] by either electron backscattered diffraction or single-crystal
X-ray diffraction.

For high pressure thermal conductivity measurements at room
temperature, we first manually polished the crystals down to a thick-
ness of ~30 pum, and then deposited an ~90-nm-thick aluminum (Al)
film on the crystals. We loaded the crystal sample along with a few ruby
balls into a symmetric piston-cylinder diamond anvil cell (DAC)
equipped with a pair of 500 um culets and a stainless-steel gasket pre-
indented to -80 pum thick. We compressed the crystal by loading sili-
cone oil as the pressure medium, see Supplementary Fig. S2 for the
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schematic illustration of our sample geometry and experimental set-
up. We calibrated the pressure within the sample chamber by the shift
of the ruby R, fluorescence peak®® with an uncertainty of ~0.1-0.2 GPa.

To perform simultaneous high P-T thermal conductivity mea-
surements, we used an externally-heated BX-90 DAC (EHDAC), in
which a toroidal resistive heater was placed next to the sample
chamber, providing a spatially-homogeneous high T environment
within the small sample chamber. We compressed the sample by high-
pressure gas loading of Ar as the pressure medium. During our high P-T
measurements, we also inserted a gas membrane in the EHDAC,
allowing us to in situ control the pressure during heating. The pressure
uncertainty is ~0.1-0.5 GPa due to the broadening of ruby peak upon
heating. Details of the EHDAC assemblage and pressure uncertainty
during high P-T measurements were described in refs. 27,70.

Thermal conductivity measurements

We measured the lattice thermal conductivity of single-crystal anti-
gorite at high pressure and a wide range of temperature conditions by
time-domain thermoreflectance (TDTR). TDTR is a well-developed
ultrafast optical pump-probe method that enables precise measure-
ment of the thermal conductivity of a material®”". In our TDTR setup,
we split the output of a mode-locked Ti: sapphire laser into a pump
beam, which heated the Al film coated on the antigorite sample, and a
probe beam, which monitored the changes in optical reflectivity of the
Al film caused by temperature variations. The small intensity changes
of the reflected probe beam, synchronous with the 8.7 MHz modula-
tion frequency, were measured by a silicon photodiode detector
coupled with a lock-in amplifier. Details of the TDTR were described
elsewhere, e.g., ref. 71.

We determined the thermal conductivity of the sample by com-
paring the ratio of thermoreflectance in-phase signal V;, to out-of-
phase Vou: (-Vin/Vour) With calculations based on a bidirectional heat-
flow thermal model, see, e.g., refs. 70,72 and references therein. The
thermal model requires inputs of several parameters, including laser
spot size (7.6 pm), and thickness, thermal conductivity, and volumetric
heat capacity of each layer (i.e., silicone oil or Ar, Al film, and anti-
gorite). All input parameters are pre-determined or in situ measured
during the measurements (see, e.g., refs. 72-75 for details), while
antigorite’s thermal conductivity is the only significant unknown and
free parameter to be determined. The volumetric heat capacity of
antigorite is a key parameter when determining its thermal con-
ductivity. We calculated the P-T dependent volumetric heat capacity of
antigorite based on the results by ref. 32 combined with its equation of
state*’. Note that the uncertainty of our thermal conductivity data
majorly arises from analysis uncertainty, instead of measurement
uncertainty. We estimated the data uncertainty by evaluating the total
uncertainties propagated by all the input parameters used in the
thermal model, see Supplementary Figs. S3, S4 as well as relevant
references therein. We found the error is ~-10% at P <5 GPa and <20%
at 13 GPa.

Numerical modeling

We designed a 2D model of slab subduction to investigate the effects
of the strong anisotropy of antigorite’s thermal conductivity on the
heat propagation within the slab. The full description of the physical
and numerical model of the slab, its governing equations, the limita-
tions, and the code benchmark are reported in the Supplementary
Information (Note S1-S7, Figs. S4-S10, Tables S1-S4, S7). We wrote a
MATLAB code to compute the heat diffusion equation pCp(0T/0t)= —
V - (=AVT) with the finite difference method”® (Note S2). The symbols
represent: AW m~1K™) thermal conductivity (Note S3), p(kgm=3)
density (Note S4), Cp(Jkg’lK‘l) heat capacity (Note S5), T(K) tem-
perature, t(s) time, and 8T /dt(Ks~!) temperature evolution over time.
In 2D, the parameter VT(Km™!) indicates the temperature
gradient along the vertical (9T/dy), and the horizontal direction

(0T/0x) (Note S2). We simplified the slab as a 600 x 120 km rectangle,
and we discretized the domain into a mesh of square cells
AX=Ay=500m (i.e., 242 x1202 nodes), see Figs. S5-S7. In the finite
difference method’® (Note S2), 0T was approximated as the tempera-
ture difference between two consecutive nodes (AT=T; — T;,;), and
the temperature gradient VT was computed considering the vertical
(0y ~ Ay) and horizontal (0x ~ AX) grid spacing, i.e., VT, =AT/Ay and
VT, =AT/Ax. For the calculation we set the time step to dt~ At=
2000 yrs. At the four edges of the slab we added an extra stencil of
nodes (Fig. S6), in which we set isothermal boundary conditions (Note
S2). The slab thickness (120 km) was computed using the analytical
solution 2.32/xt”, assuming a thermal diffusivity of
k=1x10"%(m2s~!) and a slab age of 80 Myrs’® (Note S1). The slab was
composed of three layers (Fig. S6): (1) a 7-km-thick crust’’, (2) a
3-km-thick layer of hydrous lithosphere®, and (3) a 110-km-thick dry
lithosphere. For simplicity, we assumed the lithospheric slab and the
oceanic crust to be composed entirely of olivine, while the hydrous
layer was made of an assemblage of antigorite and olivine with variable
fractions of @, and @ =1 — @, (Note S3). The initial temperature
profile of the slab at the trench was computed with the half-space
cooling equation’’ (Note S1, Equation 2, Fig. S5). In the simulation, the
slabs subducted vertically (i.e., dip angle 64, =904, with a constant
velocity (Vg =5cm yr~!) (Note SI, Fig. S7). Subduction occurred from
120 km depth to avoid the interactions between the slab and the
overriding plate® down to 230 km, i.e., the typical breakdown depth of
antigorite®. During subduction, the increasing P-T conditions were
taken from the adiabatic profile of the mantle®? (Note S1, Fig. S8), while
the P-T-phase evolution of each parameter was computed with the
equations extrapolated from literature (Note S3-S5, Fig. S9): (A) oli-
vine AP0l AWetOKL7 0083 and Cp¥3; (B) antigorite A*® (this study),
phe24 CpM&2, The aggregate thermal conductivity of the hydrous
layer was computed with the geometric average of olivine and anti-
gorite contributions® (Note S3): AMdtaver = (A\O)eOk(AA)9Ae We chose
to use geometric averaging because it provides the best correlation
between the computed and the measured thermal conductivity of a
random grainy medium®. To investigate the anisotropy of antigorite’s
thermal conductivity we distinguished the horizontal A,; and vertical
Ay components along the corresponding axis (Note S2). The limita-
tions of the model (Note S6) include: (1) the 2D geometry, which
produces a colder slab compared to the 3D geometry; (2) the simpli-
fied petrology, composed only by olivine and antigorite; (3) the P-T
independent mineral assemblage; (4) the absence of self-consistent
gravity-driven subduction; (5) the lack of additional heating source
(e.g., radioactive contribution); (6) the limited domain size (the sur-
rounding mantle is only 500 m thick); (7) the lack of interactions
between the slab and the overriding plate; (8) the absence of interac-
tions between the slab and the mantle wedge (corner flow).

Data availability
The main data generated in this study are available in https://zenodo.
org/records/11104058.

Code availability
The MATLAB script used to perform numerical modeling is available in
https://zenodo.org/records/11104058.
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