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Deep-Focus Earthquakes and Recycling of
Water into the Earth’s Mantle

CHARLES MEADE* AND RAYMOND JEANLOZ

For more than 50 years, observations of earthquakes to
depths of 100 to 650 kilometers inside Earth have been
enigmatic: at these depths, rocks are expected to deform
by ductile flow rather than brittle fracturing or frictional
sliding on fault surfaces. Laboratory experiments and
detailed calculations of the pressures and temperatures in
seismically active subduction zones indicate that this
deep-focus seismicity could originate from dehydration
and high-pressure structural instabilities occurring in the
hydrated part of the lithosphere that sinks into the upper
mantle. Thus, seismologists may be mapping the recircu-
lation of water from the oceans back into the deep interior
of our planet.

Earth’s surface, to depths of 650 km in the mantle (Fig. 1).

This deep-focus seismicity originates in the subducted oce-
anic lithosphere, representing the cold, sinking thermal boundary
layer of mantle convection. Observations of these earthquakes have
played a fundamental role in the discovery and understanding of
plate tectonics (1); however, the mechanical origin of these events is
still unknown because they occur at depths where high pressures and
temperatures should prohibit brittle fracture or frictional sliding on
fault surfaces (2). The seismic mechanisms that operate under these
conditions are of great interest because these earthquakes could
provide in situ information about the nature of thermal convection
deep in Earth.

Research on this problem has emphasized the possibility that
phase transitions may be a source of deep seismicity in the mantle.
Melting (3), dehydration (4), and solid-solid transformations (5)
have all been invoked. One or more of these processes occur to
depths of at least 250 km in subduction zones; however, the
evidence that they may produce seismicity has been derived from
measurements below 2 GPa, corresponding to depths less than
70 km (for example, 6, 7). Thus, earlier experiments have not
simulated the conditions pertaining to deep-focus earthquakes and,
most important, they have not been performed at pressures and
temperatures well above the brittle-ductile transition.

To address this problem, we developed techniques for investigat-
ing acoustic emissions at high pressures and temperatures in the
diamond cell (8). Using this approach, which can easily investigate
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sources of seismicity over the entire range of pressures and temper-
atures in Earth’s mantle, we recently obtained evidence that phase
transitions in nongeologic materials at deep mantle pressures can
generate shear instabilities and large amounts of acoustic energy
(11). In this article, we document similar phenomena in hydrous
silicates at high pressures and moderate températures and suggest
that this mechanism could produce deep-focus earthquakes.

Mantle Silicates

We initially studied olivine and its high-pressure phases because
they probably make up more then 50% of the subducting slab and
the upper mantle (12) and because several workers have suggested
that deep seismicity may be controlled by the kinetics of the
high-pressure phase transformations in these minerals (6, 13).
Recent observations of sudden shear failure across the Mg,GeO,
olivine — +y-spinel transition at 2 GPa have supported this idea (6).
In general, our results with this material are null findings (14, 15) in
that we have not observed acoustic emissions upon compression of
olivine, with, or without, heating above ~7 GPa (16). Specifically,
we find that acoustic emissions are not associated with the olivine —
spinel, spinel — perovskite + magnesiowiistite or olivine — perov-
skite + magnesiowiistite transformations in the laser-heated dia-
mond cell. Thus, we find no evidence for the. low-pressure failure
mechanisms suggested by Green and Burnley (6) occurring under
the conditions of the silicate olivine — spinel transition in the
mantle (17). These results are consistent with those of dozens of
earlier experiments that have failed to identify any seismic behavior
across high-pressure phase transitions in olivine [for example, (13)].
Recent high-pressure experiments have documented faults in sam-
ples of olivine that have been partially transformed to B-Mg,SiO,,
however, there is no evidence of seismic behavior associated with
these features (18).

Similarly, we have not observed acoustic emissions associated
with solid-state transformations in pyroxene (for example, to pe-
rovskite) (19). Thus, we have found no evidence for the release of
seismic energy during high-pressure phase transitions of the major,
anhydrous mantle phases, even at metastable conditions. Although
our experiments cannot rule out the possibility that these transitions
could act as seismic sources in Earth, several lines of evidence
suggest that this is unlikely. First, it is not evident how these
transitions, which occur at discrete depths in mantle, would produce
the observed distribution of earthquakes that spans continuously
from the surface to approximately 650 km depth (Fig. 1). Moreover,
the large volume change associated with the transitions should
produce an isotropic component in the seismic focal mechanism, in
disagreement with the observations of most deep-focus earthquakes
(20).
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Fig. 1. Distribution of
earthquakes with depth in
the mantle [after (20)].
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Recognizing that the suboceanic mantle is hydrothermally altered
by the circulation of marine water, as is well documented by studies
of ophiolites (21), we have examined the mechanical properties
of hydrous minerals that are expected to be present in the
subducted lithosphere. In particular, we studied serpentine
[(Mg3Si,05(OH),)], an alteration (hydration) product of olivine
and pyroxene that is thought to be an important component of the
descending slab (12, 21). Earlier experiments have documented
brittle failure upon dehydration of serpentine at 0.5 GPa and
approximately 950 K, pressures and temperatures that are above the
brittle-ductile transition for this mineral (4). These observations
suggest that dehydration of serpentine could be a source for at least
shallow subduction zone earthquakes (<20 km), but the pressure
range of this failure mechanism has not been investigated.

Our experiments were performed on a natural serpentine of
lizardite structure over a range of pressures (P) and temperatures
(T) that brackets the ambient conditions of all subduction zones in
the upper mantle (0 < P < 40 GPa; 300 < T < 3000 K). We
recorded acoustic emissions associated with two separate structural
transformations at high pressures and moderate temperatures (Fig.
2). Similar to the earlier low-pressure experiments, we registered
acoustic emissions as serpentine dehydrated between 2 and 9 GPa
(Fig. 2). At higher pressures, dehydration does not produce emis-
sions: acoustic emissions were recorded but they were not produced
by dehydration, as described below.

In all of our experiments, the dehydration of serpentine could be
visually confirmed by a sudden change of color and release of water
as the heating laser traversed the sample. Effectively, we are corre-
lating sight and sound in that the acoustic emissions were coincident

Fig. 2. Acoustic emissions
from serpentine samples in
the diamond cell detected
B | by a small piezoelectric
transducer. (A) P = 3
GPa, T = 1080 = 80 K.
The acoustic emission oc-
curred as the sample dehy-
drated. (B) P = 20 GPa, T
c| =300 K. (c) P = 21
GPa, T < 900 = 100 K
(22). There is no evidence
of dehydration in the
events (B) and (C).
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with the observed progress of the dehydration. We estimate that the
dehydration temperatures for our samples, and hence the tempera-
tures for acoustic emissions, were 900 + 100 K (22, 23).

At lower temperatures and higher pressures than those at which
we mainly observed dehydration, acoustic emissions occurred over a
broad and continuous range of pressure. At room temperature,
emissions occurred between 6 and 25 GPa, and they could be
audible; in some cases the events could be visually correlated with
macroscopic deformation of the sample [compare with (11, 24)].
Acoustic emissions were also recorded during laser heating to
temperatures less than 900 K at pressures of 6 to 25 GPa (25). We
confirmed visually that none of the events over this range of pressure
and temperature (6 < P < 25 GPa; 300 < T' < 900 K) were
associated with dehydration of the samples, establishing that they
are distinct from the emissions between 2 to 9 GPa, at 900 = 100
K. Moreover, we conclude that these emissions were not caused by
conventional fracturing or frictional sliding on cracks because the
shear stresses were a small fraction of the confining pressures [0 =
0.1 to 1 GPa (26)] and because the pressures were at least an order
of magnitude above the brittle-ductile transition for serpentine [0.2
to 0.5 GPa at room temperature (2)]. i

X-ray diffraction studies of our samples revealed that the crystal
structure of the serpentine was lost over the same pressure interval
that we obtained the high-pressure, low-temperature acoustic emis-
sions: that is, for the emissions that were not due to dehydration
(Fig. 3). Such crystal — glass transitions are well known for a wide
variety of materials, including hydroxides that are compressed
metastably at kinetically low temperatures (23, 27). Because the
temperatures achieved in subduction zones may remain below the
dehydration temperature of serpentine until great depth (see be-
low), it is quite likely that serpentine is metastably compressed inside
Earth and that it may undergo pressure-induced amorphization
within the subducting slab.

The observation that serpentine amorphizes in this manner could
have broad implications for the stability of hydrous phases in the
subducting lithosphere because a wide range of hydroxy-silicates
have similar structures and hence they may exhibit similar behavior
under compression (28). Indeed, a few initial experiments on talc
[(Mg4SigO,0(OH),)] and pyrophyllite [(Al,SigO,(OH),)] show
evidence for acoustic emissions and amorphization at high pres-
sures; these data provide further support for this idea.

Implications for Deep Earthquakes and
Recycling of Water into the Mantle

Observations of a wide range of phase transitions have docu-
mented acoustic emissions above the brittle-ductile transition that
may be similar to the phenomena that we observe in serpentine at
both high and low pressures. For example, the emissions associated
with dehydration in the diamond cell are probably generated by the
same mechanisms as the brittle failure of serpentine with dehydra-
tion at ~970 K and 0.5 GPa (4). Raleigh and Paterson argued that
this temperature-induced brittle deformation (at pressures and
temperatures above the conventional brittle-ductile transition) is
driven by large increases in pore pressures and hydrolytic weakening
associated with dehydration (29). Our results suggest that such
embrittlement, induced by dehydration, extends up to 9 GPa.

In an earlier study, we documented large acoustic emissions and
shear instabilities that were generated by the atomic motions across
displacive phase transitions in Si and Ge at pressures well above the
brittle-ductile transition (11). Similar phenomena are common
across martensitic transformations at low pressures (30). These
events are driven by the shear displacements of atoms during the
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transitions and not by isotropic volume changes. Because the most
important prerequisite for this behavior is a diffusionless transfor-
mation mechanism, it is likely that the acoustic emissions during the
amorphization of serpentine have a similar origin. That is, they are
produced by the atomic motions on the scale of the unit cell
(~1071° m) as lizardite transforms to a glass. Notably, acoustic
emissions are also observed upon recrystallization of glasses (that is,
the reverse of our experiments); however, the origin of these events
is not well understood (31).

Even though our observations were necessarily made on labora-
tory length-scales, there is evidence that dehydration and amor-
phization could produce seismicity over geologic dimensions. For
example, shallow earthquakes near large reservoirs have been attrib-
uted to increased pore pressures along fault surfaces (32), analogous
to the processes that produce brittle deformation in dehydrated
serpentine. Compared to crustal conditions, at which fault zones can
be highly permeable, these processes might be enhanced at mantle
pressures if pore fluids generated by dehydration are prevented from
draining away because of the low permeability of the rock.

Some of the emissions during amorphization result in rapid
displacements in parts of the samples over distances of 1075 to 10™*
m. This observation indicates that the crystal — glass transition can
produce shear instabilities that propagate over length-scales at least
five orders of magnitude greater than the original source dimension
(Fig. 4). Similar shear instabilities have been documented over 102
m during martensitic transformations at low pressures (30); this
length is about eight orders of magnitude larger than the unit-cell
dimensions at which the transformations are initiated (33). In a
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Fig. 3. Powder x-ray diffraction patterns from a sample of lizardite at high
pressures and room temperature show that the crystal structure of serpen-
tine is gradually eliminated by compression above 6.6 GPa (44). The
pressure for each pattern is noted (in gigapaseals). The arrows mark the
positions of diffraction peaks from serpentine. The peak at 17° to 18° is the
intensity calibration from the gold in the sample. By 22.6 GPa, the
diffraction lines of serpentine are barely visible above the background. Such
a large decrease in the scattered intensity indicates that crystalline order has
been lost; that is, crystalline lizardite has been transformed to a glass at
room temperature over a broad range of pressure (6.6 to 22.6 GPa) that
coincides with the range of pressure for acoustic emissions (6 < P < 25
GPa). Up to 22.6 GPa, this crystal — glass transition is reversible because
x-ray diffraction on decompressed samples (at P = 0) show that lizardite
recrystallizes on decreasing pressure. That the amorphization is reversible
demonstrates that the transition is driven by changes in pressures and not
by shearing of the samples in our experiments. Because the rate of
compression was extremely slow in these experiments (over ~2 months),
we infer that amorphization (and recrystallization) of serpentine will occur
for a wide range of pressure-time paths on reasonable laboratory time
scales.
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similar way, brittle rupture processes are observed over a wide range
of scales (34). By analogy with the scaling from experimental
observations of fracturing to the geologic dimensions of great
earthquakes (35), we infer that amorphization is also a possible
source of seismicity in Earth.

Geologic observations provide qualitative evidence that the mech- -
anisms that produce acoustic emissions in serpentine may also be
sources for deep earthquakes in the mantle. In particular, the nearly
bimodal distribution of seismicity with depth roughly corresponds
to the two pressure intervals of acoustic emissioris in the experiments
(Fig. 1). Moreover, shallow to intermediate focus earthquakes (30
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Fig. 5. Minimum temperatures in the upper 12 km of the subducting
lithosphere at the maximum depth of observed seismicity for subduction
zones throughout the world compared with the range of pressures and
temperatures of acoustic emissions in the laboratory (1, Alaska; 2, South
Chile; 3, Middle America; 4, Ryuku; 5, Aleutians; 6, Kamchatka; 7, Izu
Bonin; 8, Northeast Japan; 9, North Chile; 10, Kuriles; 11, Java; 12,
Tonga) (40). The arrows show schematic pressure-temperature paths for
the coldest material in the upper 12 km of the slabs. The hatched and
shaded regions show the pressure-temperature fields for acoustic emissions
associated with dehydration (2 < P < 9 GPa; T = 900 + 100 K) and
amorphization (6 < P < 25 GPa; 300 < T < 900 K), respectively.
Qualitatively similar relations between the minimum temperature and the
maximum depth of seismicity have been described in earlier model studies
(39, 41). We find that the slabs in which seismicity terminates above 300
km are heated to the dehydration temperature of serpentine at the
maximum depth of seismicity. In comparison, slabs with the deepest
earthquakes are significantly cooler when they pass 300 km; this relation
indicates that these slabs may subduct serpentine and other hydroxy-
silicates to depths below 400 km without dehydration. We emphasize the
temperatures in the upper 12 km of the slab, because we assume that this
is the deepest level of the hydrothermal alteration beneath the oceanic
crust. Deeper into the lithospheric mantle, the slab is cooler (by ~50 to
100 K) but the presence of hydrous silicates is uncertain (21). The
calculations and the laboratory observations suggest that serpentine could
not produce seismicity at depths below ~650 km, the maximum depth of
earthquakes in the mantle (20).
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to 300 km depth) that would be ascribed to dehydration seem to
occur on top of the subducting slab: that is, within the part of the
slab where hydrated minerals and sediments are most abundant and
are heated first as the lithosphere is thrust down into the mantle
(36).

Thermal models of subduction zones allow a more quantitative
comparison with our experiments because they provide an estimate
of the temperature at the observed depths, or pressures of seismicity
(37, 38). Earlier studies have demonstrated that differences in the
seismicity between subduction zones are related to differences in the
thermal evolution of the slabs (39).

As a specific test, our explanation for subduction zone seismicity
suggests that the downgoing lithosphere should have a particular
thermal state. First, the slabs with the deepest earthquakes must be
cold enough to allow deep subduction of serpentine without
dehydration. And second, the termination of seismicity at shallow-
intermediate depths should be associated with complete dehydration
of the slab.

Detailed thermal calculations of subduction zones are consistent
with both of these requirements (Fig. 5) (40). For example, in the
subduction zones that are seismically active below 300 km, the
calculations show that temperatures and pressures within the top 12
km of the slab are comparable to the range of temperatures and
pressures where we observe acoustic emissions associated with
amorphization of serpentine (41). Amorphization may occur in
these slabs at these depths because the temperatures in the seismi-
cally active parts are below our estimate of the dehydration temper-
atures for Mg;Si,O5(OH), compositions at high pressures (22).
The calculations also show that slabs with only shallow seismicity are
hotter and should be completely dehydrated at their maximum
depth of earthquakes (Fig. 5).

Because many slabs retain significant negative buoyancy below
their deepest earthquakes, the seismically active parts of the subduc-
tion zones provide an incomplete picture of the cold thermal
boundary layer for mantle convection. That is, the absence of
seismicity below a particular depth does not necessarily mark the end
of the slab. From these calculations and our observations, we
suggest that the maximum depth of seismicity is controlled by the
relation between the pressure-temperature-time history of the de-
scending lithcsphere and the (possibly metastable) phase relations of
serpentine at high pressures. Thus, the observed distribution of
deep-focus earthquakes may illustrate the recycling of water from
the surface into the upper mantle.

Further experiments on the focal mechanisms of the acoustic
emissions and the stability of hydroxy-silicates at high pressures and
temperatures could provide important information on the particular
role of serpentine in generating deep-focus earthquakes. Such work
would also provide important information on the maximum depth
of subduction for hydrous minerals, thereby providing important
constraints for quantifying the flux of volatiles between the oceans
and mantle. For the present, however, our experiments show that
structural transformations in geologic materials can produce seismic
energy at pressures and temperatures well above the brittle-ductile
transition. In general, this work suggests that large volumes of
hydrous minerals may have been subducted into the mantle over
geologic time (42) and hence that there is an intimate connection
between the hydrosphere and the deep mantle of our planet (43).
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