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Abstract
Most circum-Pacific subduction zones at 100^250 km depth contain layers in which seismic velocities are ca. 5%
slower than in the adjacent mantle. We compute seismic velocities from thermodynamic data for equilibrium
metabasalt mineralogies, determined by free energy minimization, at subduction zone conditions. Lawsonite stability
has a profound effect on seismic velocities of subducted oceanic metabasalts. Velocity reductions of 3^7% are
estimated for lawsonite^eclogites derived by metamorphism of hydrothermally altered oceanic basalt subducted along
relatively cool geotherms, whereas a 2^4% velocity increase is characteristic of anhydrous eclogites within the coesite
stability field. The restricted depth extent of low-velocity layers is explicable through the influence of the coesite^
stishovite transition, which reduces lawsonite stability at high pressure. This transition also increases the positive
velocity anomaly in anhydrous eclogites to 4^6%, an effect that may account for deep high-velocity layers. The quality
of the match between the properties of lawsonite^eclogite and low-velocity layers supports the contention that
significant quantities of volatiles are retained within the oceanic crust beyond sub-arc depths. Because the velocity
anomalies are explicable in terms of equilibrium phase relations, we find no reason to invoke metastability of
metamorphic reactions to explain the low-velocity layers.
7 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
With some exceptions [1,2], seismic waves that
travel along the tops of most circum-Paci¢c subducted slabs at depths of 100^250 km are 3^7%
slower than the surrounding mantle [3^8]. To ex-
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plain these observations geophysical models require homogeneous layers, characterized by unusually low seismic velocities, that extend over
the entire depth range of observation [2,9]. Thicknesses estimated for the layers are comparable to,
or less than, those of oceanic crust (V7 km).
These estimates, in tandem with a variety of other
constraints, have led to the inference that the lowvelocity layers correspond to a section of the subducted oceanic crust [2,6^8]. The low seismic wave
velocities are attributed to mineralogy, but the
speci¢c mineralogy of the low-velocity layers is
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controversial. Subducted oceanic crust has traditionally been thought to undergo an equilibrium
transition from seismically slow anhydrous gabbroic mineralogies to fast eclogitic mineralogies
at depths of 20^50 km. Because this transition is
kinetically hindered, the persistence of metastable
gabbros was hypothesized to explain low-velocity
layers at depths of 60 km [10]. With the discovery
of deeper low-velocity layers, this hypothesis has
been invoked to explain seismic anomalies at
depths s 100 km [4,11]. However, the petrological arguments for metastability are questionable
at such depths [6^8], and almost certainly unsustainable at 250 km. Additionally, detailed observations indicate that seismic velocities in metastable gabbroic mineralogies are too slow for these
rocks to be the origin of low-velocity layers [8].
Most recently it has therefore been argued that
metastable hydrous mineralogies are the most
plausible cause for low seismic velocities in subducted slabs at 100^250 km depth [7,8]. This thesis is problematic because if anhydrous gabbros
do not persist metastably within the oceanic crust,
then it is doubtful that dehydration reactions,
which are usually kinetically faster than anhydrous phase transformations, can be suppressed
so as to preserve metastable hydrous minerals
[12,13]. We show that the predicted stability and
seismic properties of lawsonite^eclogites, which
form by the progressive metamorphism of metabasalt, may resolve this dilemma.

2. Model formulation and methods
The subducted oceanic crust consists of a relatively thin ( 6 800 m) heterogeneous layer of marine sediments, an upper 2^3 km thick sequence of
layered hydrothermally altered basalts (metabasalts), and a less altered, but more heterogeneous,
lower section comprised largely of gabbroic rocks
with an average composition similar to the basaltic section [14]. Because seismic velocities for the
equilibrium mineralogies of anhydrous metabasic
rocks are 2^4% faster those of the ambient mantle
at the depths of interest [2], we focus on the upper
basaltic section, which should be characterized by
greater abundances of seismically slow hydrous

minerals. The strati¢cation and chemical homogeneity of the metabasalts provide additional motivation for this choice, because these features are
essential for e⁄cient channeling of seismic energy
[2,8]. We neglect the metasediments because their
thickness and heterogeneity are inconsistent with
geophysical models for low-velocity layers [2,8].
At the depths of interest, the equilibrium mineralogy of the metasediments is similar to that
of metabasalt, but metasediments contain greater
amounts of hydrous minerals [15^18]. Thus we
anticipate that the e¡ect of metasediments, if
any, is to enhance the strength of any low-velocity
anomaly predicted solely from metabasalt.
It is commonly assumed that the composition
of the subducted igneous crust is that of normal
mid-ocean ridge basalts (MORB) modi¢ed by the
addition of water through hydrothermal alteration. However, to a depth of at least 1 km the
hydrothermal e¡ects are more complex and involve the introduction of water, CO2 , and modi¢cation of the non-volatile composition [19,20].
The correlation of the basaltic section, or indeed
the entire crust, with a low-velocity layer would
imply that the seismic properties of individual lithologies must be averaged in some manner. Such
correlations contrast with the results of detailed
seismic dispersion studies that suggest low-velocity layers represent samples of the crust that may
be as thin as 2 km [5,8,21]. To constrain seismic
velocities in either scenario, we consider the endmember cases of hydrated MORB and metasomatically altered MORB, designated hereafter as
‘unaltered’ and ‘altered’ basalt (Table 1). The unaltered composition is that of synthetic high-magnesium MORB that was studied experimentally at
the conditions of interest [15,16]. This composition was chosen in preference to a natural composition to verify the accuracy of our computed
phase relations. For our altered basalt model we
use an averaged bulk composition for the upper
500 m of the igneous crust [19].
Metamorphic devolatilization may be in£uenced by £uids derived from adjacent rocks and
by the rate of £uid expulsion. Evaluation of such
e¡ects requires knowledge of the nature of metamorphic £uid £ow and lithologic structure. To
avoid the loss of generality inherent in specifying
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Table 1
List of symbols
Symbol

Meaning

G
KS
N
P
T
vS
vP
v0S , v0P

molar Gibbs free energy
adiabatic bulk modulus, Eq. 4
molar formula weight
pressure
temperature
shear wave (S-wave) velocity, Eq. 1
compressional (P-wave) wave velocity, Eq. 2
ambient mantle P- and S-wave velocities, Eqs.
6, 7
shear modulus, Eq. 5
density, Eq. 3

W
b

unknown hydrologic properties and lithologic details, we consider three simple models for metabasalt devolatilization to illustrate the extremes
likely to be realized in subduction zones. For
the unaltered metabasalt, we assume water-saturated conditions, an assumption that maximizes
the abundance of hydrous minerals as a function
of pressure (P) and temperature (T, see Table 1
for notation). Phase relations computed on this
basis are those expected if the £uid chemistry is
dominated by water-rich £uids derived from lower
crustal rocks that contain little CO2 [22]. Alternatively, such a model is appropriate in the limits of
both a closed system or an open system, in which
£uid is expelled as rapidly as it is produced (i.e.,
Rayliegh fractionation) with the proviso that the
initial water content is adequate to generate a
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£uid phase. For the altered basalt we employ
two closed-system models. The ¢rst model, in
which we use the bulk composition as stated in
Table 2, simulates a scenario in which externally
derived £uids do not a¡ect the devolatilization
process. Because hydrated minerals generally decompose at a lower temperature than carbonates
[17,18], hydrated mineral stabilities in a mixedvolatile closed system are almost identical to those
in a system that devolatilizes by Rayliegh fractionation. In contrast, devolatilization by Rayliegh fractionation preserves carbonate minerals
to signi¢cantly higher temperatures than in a
closed system. Despite this e¡ect, we prefer the
closed system model because in such a model
the devolatilization process is not path-dependent
and consequently its phase relations can be represented solely as a function of pressure and temperature. In the second model we eliminate CO2
from the bulk composition to simulate devolatilization in an open system dominated by an aqueous £uid. In this model, the initial water content
determines the onset of dehydration, but once the
system becomes water-saturated there is no di¡erence between closed and open system behavior.
Seismic velocity anomalies along the tops of
subducted slabs are inferred relative to the velocity in the adjacent mantle. To compute these relative velocities we employ a pyrolitic composition
(pyrolite in Table 2, [23]) as a model for the ambient mantle. In order to constrain the P^T con-

Table 2
Model rock compositions in weight proportions normalized relative to 45 parts SiO2

SiO2
TiO2
Al2 O3
FeO
MgO
CaO
Na2 O
K2 O
H2 O
CO2

Unaltered basalt

Altered basalt

Pyrolite

Lawsonite^eclogite

45.00

45.00
1.10
15.26
9.84
6.54
12.66
2.03
0.55
2.63
2.90 or 0.0

45.00
0.71
3.52

45.00
1.19
20.91
10.89
6.58
9.57
4.10
0.28

14.48
8.16
6.31
8.65
2.75
saturated

37.33
3.07
0.57

Unaltered basalt is a synthetic high-Mg MORB [15]; altered basalt is an average for the upper 500 m of the igneous section of
the oceanic crust [19]; and pyrolite is a model composition originally proposed to represent the mantle beneath Hawaii [23]. The
lawsonite^eclogite composition is provided for comparison and is the average of three lawsonite^clinpyroxene^garnet xenoliths
that are thought to have derived from subducted metabasic oceanic crust [41].
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ditions along the tops of subducted slabs at 100^
250 km depth, we extrapolate geotherms estimated for NE and SW Japan [24], which we adopt as
limiting low-temperature and high-temperature
geotherms, respectively, for circum-Paci¢c subduction (Fig. 1a) [17,18].
2.1. Computation of seismic velocities
The assemblages, modes and compositions of
metamorphic minerals for the model rock compositions were determined by free energy minimization [25,26] using thermodynamic data for pure
phases from reference [27] and solution models
summarized in Table 3. The compressional- (vp )
and shear-wave (vs ) velocity through an elastically
isotropic £uid or homogeneous single crystal are a
function of three thermodynamic properties of the
phase in question [28,29] :
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
K S þ 4 W =3
vP ¼
b

vS ¼

rﬃﬃﬃﬃ
W
b

ð1Þ

ð2Þ

where b is the density, KS is the adiabatic bulk
modulus, and W is the shear modulus. Conventional thermodynamic databases and solution
models are designed for the computation of phase
equilibria under isostatic conditions and therefore
do not constrain the shear modulus; however,
both density and the adiabatic bulk modulus
can be expressed as a function of the Gibbs energy for an isostatic system:


b ¼N

KS ¼ 3

DG
DP





D G D 2G
D D G 2 D 2 G 31
þ
D P D P2
D T2
DP DT

ð3Þ

ð4Þ

where G is the molar free energy and N is the
molar formula weight. Thus it is apparent that
seismic velocities are dependent on the thermody-

namic function G, which is minimized to establish
the amounts and compositions of the phases that
are stable as a function of pressure and temperature. Our strategy for the calculation of seismic
velocities di¡ers from that of reference [30] in that
we evaluate the adiabatic bulk modulus and density from Eqs. 3 and 4 with the thermodynamic
data used for computing phase relations. This
strategy has the virtue that it maximizes the consistency between the computed phase relations
and seismic velocities, and leaves the shear modulus as the only parameter not obtained by the
thermodynamic calculations. Shear moduli for
stoichiometric phases were computed by the empirical relation :

W ¼ W0 þ T

DW
DW
þP
DT
DP

ð5Þ

where the parameters W0 , DW/DT, DW/DP are taken to
be constants. The shear moduli of solution phases
were computed as the arithmetic mean of the
moduli of the solution endmembers weighted by
the molar proportions of the endmembers. This
averaging approach is appropriate for a chemical
mixture, whereas the more complex averaging
schemes sometimes employed in geophysical computations imply that solution phases are mechanical mixtures.
The programs and data used for the calculation
of phase relations and seismic velocities are available at http://www.perplex.ethz.ch. Shear moduli
for most phases were taken from reference [9], this
database was augmented by shear moduli reported for lawsonite [31], talc [32], stishovite
[29], muscovite and carbonates [33]. Where lacking, shear moduli of Fe-endmembers of crystalline
solutions were approximated by the moduli of the
corresponding Mg-endmember. The P^T dependencies of the shear moduli of muscovite and carbonates were approximated by those of chlorite
[9] and calcite [34], respectively, whereas those
of lawsonite were taken to be as in reference [9].
Because our concern is with relative seismic velocities, no correction was made for anelasticity [29]
and Voight^Reuss^Hill averaging of the velocities
of the constituent phases, weighted by volume
fraction, was used to compute whole-rock seismic
velocities [28].
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Fig. 1. Computed phase relations and seismic velocities for the unaltered basalt composition (Table 2), assuming water-saturated
conditions. See Table 3 for phase notation. The range of seismic velocities computed for six additional MORB compositions
[2,16], di¡ers from those depicted by 6 1%. a: Phase relations and geothermal gradients; in addition to the phases indicated, clinopyroxene, garnet and water are stable in all ¢elds except the unlabeled phase ¢elds in the lower left corner. The geotherms,
discussed in the text, are indicated by thick curves and de¢ne the probable range subduction zone conditions. For simplicity the
lightly shaded ¢eld in the lower right corner masks phase relations involving quartz and sanidine. b: Absolute P-wave (solid) and
S-wave (dashed) velocities (km/s). c: Relative P-wave velocity, i.e., vP /v0P (Table 1). d: Relative S-wave velocity, i.e., vS /v0S .

Assessment of the error associated with our
seismic velocity estimates is complicated by the
paucity of experimental constraints on the relevant elastic moduli, which are without doubt the

dominant source of uncertainty. Where data are
available, reported experimental precision leads to
a minimum error in computed velocities of 1^2%
[33]. However, statistical assessment of the accu-
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Table 3
Phase notation, formulae and solution model sources (1 = [45]; 2 = modi¢ed from [46]; 3 = [27]; 4 = modi¢ed from [47]; 5 = [48])
Symbol

Phase

Formula

Source

arag
Chl
coe
Cpx
Dol
F
Gl
Grt
H2 O
ky
lw
M
Phg
Ol
Opx
Sa
stv
Tlc

aragonite
chlorite
coesite
clinopyroxene
dolomite
£uid
glaucophane
garnet
£uid
kyanite
lawsonite
magnesite
phengite
olivine
orthopyroxene
sanidine
stishovite
talc

CaCO3
Mgð53yþzÞx Feð53yþzÞð13xÞ Al2ð1þy3zÞ Si33yþz O10 (OH)8
SiO2
Nay Ca13y Mgxð13y3zÞ Feð13xÞð13y3zÞ Alyþ2z Si23z
CaMgx Fe13x (CO3 )2
(H2 O)x (CO2 )13x
Ca232z Naz Mgx Feð13xÞ Al3wþ4y Si832w32y O22 (OH)2
Fe3x Ca3y Mg3ð13x3yÞ Al2 Si3 O12
H2 O
Al2 SiO5
CaAl2 Si2 O7 (OH)2 W(H2 O)
Mgx Fe13x CO3
Kx Na13x Mgyw Feð13yÞw Al332w Si3þw O10 (OH)2
Mgx Fe13x SiO4
Caz Mgxð23yÞð13zÞ Feð13xÞð23yÞð13zÞ Al2y Si23y O6
Nax Ky AlSi3 O8
SiO2
Mgð33yÞx Feð33yÞ ð13xÞ Al2y Si43y O10 (OH)2

1
2
3
3
3
3

3
4
3
3
5
3

The compositional variables w, x, y, and z may vary between zero and unity and are determined as a function of pressure and
temperature by free-energy minimization.

racy of the thermodynamic data used to estimate
KS (T.J.B. Holland, personal communication,
2002) suggests that the standard error on our
computed velocities is on the order of 3%. In
the case of olivine and orthopyroxene, octahedral
Fe^Mg exchange has no systematic e¡ect on bulk
moduli but results in a 50% reduction in the shear
moduli. Assuming similar e¡ects are present in
sheet silicates and clinopyroxene for which the
shear moduli are approximated by those of the
corresponding Mg-endmembers, the approximation would cause a 2% overestimation of vS for
the Mg-rich compositions relevant here, and the
e¡ect would be roughly half as large for vP . The
in£uence of this e¡ect on the whole-rock velocity
would be diminished in proportion to the volume
fraction of the mineral. Rock fabric is an additional source of uncertainty: if foliations are developed more strongly within the oceanic crust
than in the adjacent mantle, then our model will
tend to underestimate the relative seismic velocities within the crust. This inference discounts the
possible e¡ects of elastic anisotropy within the
constituent minerals.

3. Computational results
Over the range of conditions considered, the
computed mineralogy of the pyrolite used as a
proxy for the mantle consists of olivine+orthopyroxene+clinopyroxene+garnet+rutile.
Computed shear (S-) and compressional (P-) wave velocities for the pyrolite deviate by 6 1% from
other estimates of mantle seismic velocity [4,28].
These deviations are systematic such that our Swave and P-wave velocities are lower and higher,
respectively, than the earlier estimates. Our velocities are reproduced with a maximum absolute
relative error of 0.35% by the expressions:
v0P ¼ 8:50 þ 6:85W1032 P3ð5:21W1034 31:08W1035 PÞT
ð6Þ
v0S ¼ 4:92 þ 3:27W1032 P3ð3:33W1034 34:17W1036 PÞT
ð7Þ
where the units for velocity, pressure and temperature are km/s, GPa and K.
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Fig. 2. Phase proportions as a function of temperature at 4 and 7 GPa for unaltered metabasalt (a,b), altered carbonate-bearing
metabasalt (c,d) and altered CO2 -free metabasalt (e,f) metabasalt. In c^f phase proportions include the £uid phase.

3.1. Unaltered metabasalt
The computed phase equilibria (Fig. 1a) and
mineral modes (Fig. 2a, b) for the unaltered metabasalt are in excellent agreement with experimental results on this composition ([15,16], see also
[35]), with the exception that talc rather than
chloritoid is predicted to be stable at low temperatures. However, the experimental chloritoid occurrence is ambiguous. The relative experimental
stability of talc and chloritoid depends on bulk
chemistry and there are grounds to suspect that
chloritoid was stabilized by disequilibrium Fe^Mg
fractionation (S. Poli and M.W. Schmidt, personal communication, 2002). The phase relations for
this composition were not investigated at temper-

atures below 650‡C. Nonetheless, on the basis of
experimental studies [36] on other compositions, it
appears probable that the low-temperature, highpressure computed stability ¢elds of chlorite and
orthopyroxene are an artifact of thermodynamic
extrapolation.
To assess the sensitivity of our predictions to
composition we computed water-saturated phase
relations and seismic velocities for six additional
MORBs chosen to represent the extremes, primarily through variation of Mg number, for the average composition of the igneous section of the
crust [2,16]. Two of the compositions contain potassium, which stabilizes phengite experimentally and in our computations over the conditions
spanned by the model geotherms. In the exper-
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imental model [16] phengite reacts to produce
melts at conditions corresponding approximately
to the high-temperature geotherm (Fig. 1a). Because we lack a thermodynamic model for such
melts, we are unable to quantify this melting behavior.
For all seven compositions : the predicted thermal limit for lawsonite^eclogites is essentially
identical, and di¡ers by 6 25‡C from the experimental determinations; within the lawsonite stability ¢eld talc is stable to 700^720‡C, irrespective
of pressure; the high-temperature limit of talc
stability decays weakly with increasing pressure,
intersecting the low-temperature geotherm at
pressures of 5^5.5 GPa; and the range of seismic
velocity anomalies varies by 6 1%. We therefore
conclude that our results are robust with respect
to compositional variations.
The computed metabasalt seismic velocities
demonstrate that metamorphic devolatilization is
a ¢rst order control on the seismic structure of
subducted oceanic crust (Fig. 1b^d), whereby contours of continuous dehydration reaction progress
are essentially equivalent to contours of constant
velocity. The velocity anomalies (Fig. 1c, d) within the talc+lawsonite ¢eld are comparable to
those reported for low-velocity layers; however,
estimated subduction zone geothermal gradients
preclude a role for talc in the origin of low-velocity layers at depths s 160 km. Seismic velocities
within lawsonite^eclogites stable at temperatures
above the talc stability are similar to those of the
ambient mantle.
The coesite^stishovite transition also has a profound e¡ect on seismic velocity of metabasalts.
This e¡ect diminishes with falling temperature because the stability of hydrous silica-rich minerals
lowers the abundances of the silica polymorphs.
In anhydrous basalts the transition induces a 2%
increase in the seismic velocity. Thus within the
stishovite stability ¢eld, basaltic^eclogites have
positive velocity anomalies of 4^6%, a range consistent with the Tonga^Kermadec high-velocity
layer [2] that extends to a depth of 350 km.
Thus, although deep low-velocity layers cannot
be explained by typical metabasalt mineralogies,
such mineralogies may indeed be the origin of
deep high-velocity layers.

3.2. Altered metabasalt
The computed phase relations for the CO2 bearing altered metabasalt (Figs. 3a and 4a) di¡er
in a number of details from those of the unaltered
metabasalt. Most notably, at low temperatures
talc is not stable; the phase relations are not £uidsaturated; and although lawsonite stability is restricted to slightly lower temperatures, the abundance of lawsonite is generally greater than for
the unaltered basalt. The higher lawsonite abundance re£ects the high Ca to Si ratio of the altered
basalt (Table 2, [19]). These observations con¢rm
that although bulk composition a¡ects lawsonite
abundance in metabasalts, it has only a weak in£uence on lawsonite stability [16,35].
For the CO2 -bearing metabasalt, devolatilization occurs in two major pulses (Figs. 3a and
2c, d). The low-temperature pulse is dominated
by dehydration of lawsonite across the £uid+
phengite+magnesite+lawsonite ¢eld. The hightemperature pulse is dominated by the decarbonation of dolomite across the £uid+phengite+dolomite ¢eld. These devolatilization reactions result
in a 4^5% increase in relative P-wave velocity during dehydration and 1^1.5% during decarbonation (Fig. 3c). The larger increase in S-wave velocity during lawsonite decomposition (6^7%, Fig.
3d) is largely due to the high Poisson ratio of
lawsonite [31]. These changes are superimposed
upon the variation of seismic velocity due to temperature and pressure in the absence of signi¢cant
devolatilization. At temperatures below the onset
of devolatilization, roughly coincident with the
low-temperature geotherm, the combined e¡ect
of pressure and temperature causes the metabasalt
velocities to decrease negligibly with pressure relative to those of the ambient mantle (Fig. 3c, d).
Thus the conditions of the low-temperature geotherm de¢ne the maximum relative-velocity decrease (4^7%) for the carbonated metabasalt
(Fig. 3). Once lawsonite dehydration is complete,
the in£uence of carbonate mineralogy leads to an
interval over which seismic velocities rise more
rapidly with pressure in metabasalt than in pyrolite. This e¡ect is manifest by a slight (V1%)
positive velocity anomaly for conditions along
the intermediate geotherm at pressures beyond
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Fig. 3. Computed phase relations and seismic velocities for the carbonate-bearing altered basalt composition (Table 2). Seismic
velocities are for the solid aggregate. See Table 3 for phase notation. The closed system model used for the computation results
in stability ¢elds for hydrated minerals that di¡er insigni¢cantly from the maximum stability ¢eld possible in an open system; in
contrast, carbonate stability ¢elds are signi¢cantly smaller than the maximum ¢eld possible in an open system. a: Phase relations
and geotherms; in addition to the phases indicated, phengite, clinopyroxene, garnet and rutile ( 6 1 volume %) are present in all
¢elds. The geotherms, discussed in the text, are indicated by thick curves and de¢ne the probable range of subduction zone conditions. For simplicity the lightly shaded ¢eld in the lower right corner masks phase relations involving quartz and sanidine.
b: Absolute P-wave (solid) and S-wave (dashed) velocities (km/s). c: Relative P-wave velocity i.e., vP /v0P (Table 1). d: Relative
S-wave velocity, i.e., vS /v0S .
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Fig. 4. Computed phase relations and seismic velocities for the CO2 -free altered basalt composition (Table 2). Seismic velocities
are for the solid aggregate. See Table 3 for phase notation. For £uid-present conditions, the closed system model used here yields
identical results to an open system model. a: Phase relations and geotherms; in addition to the phases indicated, phengite, clinopyroxene, garnet and rutile ( 6 1 volume %) are present in all ¢elds. The geotherms, discussed in the text, are indicated by thick
curves and de¢ne the probable range subduction zone conditions. For simplicity the lightly shaded ¢eld in the lower right corner
masks phase relations involving quartz and sanidine. b: Absolute P-wave (solid) and S-wave (dashed) velocities (km/s). c: Relative P-wave velocity, i.e., vP /v0P (Table 1). d: Relative S-wave velocity, i.e., vS /v0S .

the lawsonite stability ¢eld ( s 6 GPa). The hightemperature geotherm is essentially coincident
with conditions for the onset of decarbonation.
Discounting the possible in£uence of £uids, at

these P^T conditions the altered metabasalt
would be seismically indistinguishable from ambient mantle. Because decarbonation results in lowered seismic velocities, a minor negative anomaly
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( 6 1%) is predicted for higher-temperature geotherms.
Phase relations for the CO2 -free altered metabasalt are similar to those of the unaltered basalt,
but talc and chlorite modes are minor for the
altered metabasalt. The e¡ect of lawsonite dehydration on seismic velocities is comparable to that
in the CO2 -bearing altered metabasalt. However,
in the CO2 -free model the onset of dehydration
occurs at lower temperatures with the result that
the low-temperature geotherm does not de¢ne the
maximum negative velocity anomaly. At conditions along the intermediate geotherm beyond
lawsonite stability, and along the entire high-temperature geotherm, there is no signi¢cant seismic
velocity anomaly. The CO2 -free metabasalt model
is water-saturated over almost the entire range of
conditions considered. Consequently, the model is
an appropriate proxy for an altered metabasalt
system that is open with respect to a water-rich
£uid.
Both altered metabasalt models predict negative
anomalies that decay between the low- and intermediate-temperature geotherms. Carbonate stability introduces some complexity at higher temperatures (Fig. 3b^d), but in the present context the
complexity is insigni¢cant. Thus, from a seismic
perspective, there is no fundamental di¡erence between the altered metabasalt models and both
provide plausible matches with the velocity reductions of 3^7% typically observed beneath the
North Paci¢c Subduction zones. The quality of
this match is diminished by the predicted di¡erence in P- and S-wave anomalies due to the properties of lawsonite, whereas no systematic discrepancies in the magnitude of observed P- and Swave anomalies are observed in seismic studies
[8].

4. Discussion
The positive P^T dependence of lawsonite dehydration within the coesite stability ¢eld, as opposed to the negative dependence for dehydration
of talc, serpentine and chlorite, is a robust feature
in all our calculations and is also observed experimentally [16,37,38]. Lawsonite is, thus, unique
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among hydrous silicates in that its abundance
does not vary strongly in response to changing
P^T conditions in the range of interest. Consequently, the seismic properties of lawsonite^eclogites may remain constant during subduction, and
lawsonite^eclogites are therefore capable of forming a layer with uniform properties at a 100^250
km depth. If the geothermal gradients of Peacock
and Wang [24] are valid constraints on subduction zone conditions, then our calculations indicate that other hydrous silicates cannot explain
low-velocity layers at depths s 150 km, leaving
lawsonite as the sole candidate for a mineralogical
origin of low-velocity layers. The apparent depth
limit for low-velocity layers in the context of a
lawsonite^eclogite model can be attributed to
the in£uence of the coesite^stishovite transition
at a depth of 220^240 km. Beyond this transition,
the thermal stability of lawsonite decays with increasing pressure, placing an upper limit on the
depth range for lawsonite^eclogites ([16], Fig. 1).
The continuous dehydration reactions predicted
to be stable here do not involve the nucleation
of new mineral phases. It is therefore improbable
that metastable hydrous phases are an important
component of low-velocity layers [13].
Despite the large P^T stability for lawsonite^
eclogites predicted here and observed in experimental studies, natural occurrences of lawsonite^
eclogites are rare ^ a fact that is commonly attributed to retrograde consumption of lawsonite during exhumation [39,40]. However, lawsonite^eclogites are preserved as xenoliths in diatreme
breccias of the Colorado Plateau [41]. These xenoliths are thought to represent samples of subducted oceanic crust and are identical to the lawsonite+clinpyroxene+garnet mineralogy predicted
here for the CO2 -free altered metabasalt (Fig. 4a).
The protolith for these xenoliths, which contain
up to 50 volume % lawsonite, is a metabasic rock
that is somewhat more intensely altered (Table 2)
than our altered basalt composition but yields
similar seismic velocities. The existence of these
xenoliths provides reassurance not only that lawsonite^eclogites exist in natural subduction zone
settings, but also that intense alteration is not
atypical of such rocks.
We have explored the in£uence of metamor-
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phism on the seismic structure of the oceanic crust
for altered and unaltered basaltic compositions.
The seismic velocities computed for unaltered
compositions cannot explain low-velocity layers
at depths s 100 km; but at depths beyond the
coesite^stishovite transition, the predicted anomalously high velocities match the properties of the
Tonga^Kermadec high-velocity layer [2]. In contrast, the seismic velocities for lawsonite^eclogites
derived from hydrothermally altered metabasalts
do provide a reasonable match for circum-Paci¢c
low-velocity layers. This result is relatively insensitive to uncertainties regarding carbonate stability, because seismic velocities in carbonate minerals are similar to those of the ambient mantle.
Our models support the contention that lowvelocity layers represent the subduction of substantial amounts of volatiles beyond sub-arc
depths [7,8], but we ¢nd no necessity for appealing to disequilibrium to explain this phenomenon.
A weak link in the association of low-velocity
layers with hydrous minerals is that the most
probable candidates, lawsonite, talc and serpentine, are all characterized by high values of Poisson’s ratio [31,8,32]. Consequently, the S-wave
velocity anomalies should be 1^2% larger than
the corresponding P-wave anomaly, but such systematic di¡erences are not observed [8]. Given
that strong foliations may develop in natural lawsonite^eclogites [39,41], the extraordinary elastic
anisotropy of lawsonite [31] may explain the absence of such discrepancies if lawsonite^eclogites
are indeed the cause of low-velocity layers. In this
regard, it is pertinent to recall that our model for
the ambient mantle yields up to 1% lower S-wave
and 1% higher P-wave velocities than the estimates used by reference [8]. Thus, the discrepancy
in the magnitudes of the P- and S-wave anomalies
may simply be illusory.
The association of hydrous minerals with deep
low-velocity layers limits subduction zone temperatures toward the lower bounds estimated for circum-Paci¢c subduction [24]. In view of the stringency of this constraint the potential in£uence of
£uids must be admitted as an alternative hypothesis for the origin of the low-velocity layers [7,42].
Metabasalt devolatilization may generate 10^20
volume % £uid (Fig. 2c^f) that is a potential cause

of intermediate-depth earthquakes [11]. The foci
and mechanisms of such earthquakes locate lowvelocity layers within the subducted slab [6,7,43],
supporting correlation of low-velocity layers with
subducted metabasalts. These observations mitigate against models in which low-velocity layers
are caused by hydration of the mantle above the
subducted oceanic slab [32,44]. Because the fate of
the £uids released by devolatilization is a subject
of conjecture, we make no attempt to evaluate its
in£uence on seismic velocities other than to remark that £uid retention within the rock matrix
would cause more negative velocity anomalies
than those predicted here for the solid residuum
[8,42]. The evaluation of these e¡ects awaits a
more detailed understanding of the processes by
which £uids are expelled from subduction zones.
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