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Abstract

The common belief that the seismic low velocity and high attenuation zone (the asthenosphere) is caused by the
presence of a small amount of melt is not supported by recent mineral physics and seismological observations. A review
of recent mineral physics observations suggests that water significantly reduces seismic wave velocities through anelastic
relaxation and hence, at a small melt fraction expected in most of the Earth’s upper mantle, partial melting will increase
seismic wave velocities through the removal of water from minerals such as olivine. Therefore the asthenosphere, in this
model. is a layer where no significant partial melting occurs and hence a high water content is retained. We apply this
mode] to calculate seismic wave velocities and attenuation in the upper mantle with a range of water contents. The seismic
structures calculated from this model depend on geotherm, the mode of partial melting (batch or fractional melting) and
the geometry of upwelling flow (passive flow or dynamic upwelling). The sharp velocity change around 60-80 km (the
Gutenberg discontinuity) can be attributed to a sharp change in water content due to partial melting, if the temperature
there is relatively high as implied by the plate model and if melting occurs as fractional melting but not by batch melting.
However, the significant increase in seismic wave velocity with age in young oceanic upper mantle suggests rapid cooling
as predicted by a cooling half-space model. Thus, the present model suggests fast cooling in the early stage but slow
cooling in the later stage of evolution of the oceanic upper mantle, the latter being caused presumably by some additional
heat in the old oceanic upper mantle. The seismic structures of typical oceanic upper mantle with a fast spreading rate (e.g.,
the Pacific) is consistent with passive spreading, whereas the greater depth of the G-discontinuity and the weaker seismic
anisotropy in back-arc regions (e.g.. the Philippine Sea) suggest dynamic upwelling caused presumably by a higher degree
of melting due to a larger amount of water. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

It has long been believed that most of the geo-
physical anomalies of the asthenosphere, namely
low velocities and high attenuation of seismic waves,
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maroon.tc.umn.edu

high electrical conductivity and low viscosity [1,2],
are due to the presence of a small amount of melt
[3.4]. However, many experimental studies on the
effects of partial melting of peridotites have failed
to demonstrate significant effects of partial melting
on these physical properties for a range of melt frac-
tions expected over most upper mantle conditions
(say 1-3% or less). For example, it has been shown

0012-821X/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.

PII S0012-821X(98)00034-X



194 S.-i. Karato, H. Jung / Earth and Planetary Science Letters 157 (1998) 193-207

that when a small amount of basaltic melt is added
to dry (water-free) olivine-rich aggregates, only a
minor enhancement of deformation is observed (for
a review, see [5]). This is mainly a result of the fact
that basaltic melt does not wet grain-boundaries of
peridotites. For the same reason, the direct effects of
partial melting on seismic wave velocities at a small
melt fraction are also small [6,7].

However, the effects of water on various physical
properties, particularly those that are related to de-
fect motion, are dramatic [8,9]. Based on these two
observations and also on the well known fact that
water can be dissolved in melts much more than in
solid minerals [10,11], Karato [12] proposed that the
main effect of partial melting might be the removal
of water from solid minerals and hence to increase
the creep strength and to affect other related prop-
erties. Hirth and Kohlstedt [13] further developed
this model to investigate the rheological structure of
oceanic upper mantle and suggested that rheolog-
ical stratification of the oceanic upper mantle into
lithosphere and asthenosphere might be largely due
to the stratification in intragranular water content.
Although these studies provided a new perspective
for the rheological stratification of the Earth’s upper
mantle, observational tests of the model are difficult
because the resolution of estimation of rheological
stratification is limited.

In contrast, much more detailed information can
be obtained on the seismic structure of the upper
mantle and therefore it is desirable to extend such a
model to explore its seismological consequences. By
comparing model predictions with observations, bet-
ter constraints on the structure and properties of the
Earth’s upper mantle will be obtained. The purpose
of this paper is thus to explore some implications
of this ‘drying out’ model for the seismic structure
of the upper mantle of the Earth. The key observa-
tions that we would like to explain are: (1) a sharp
decrease in seismic wave (particularly shear wave)
velocities at the Gutenberg (G)-discontinuity (at 60—
80 km depth), and (2) a peculiar regional variation
of the depth of the G-discontinuity: the depth of the
G-discontinuity in back-arc regions is deeper than
that in the western Pacific in contrast to expectations
from the ages of oceanic lithosphere in these regions
[14,15). We will first show that these observations
are difficult to explain with conventional models. We

will then propose a new model in which the anelastic
relaxation enhanced by water [16] plays a key role in
determining the seismic velocity versus depth profile
in the upper mantle. It will be shown that both of the
two features can be attributed to the depth and re-
gional variation of water content in the upper mantle.
Our model also provides a natural explanation for
the regional variation of seismic anisotropy. We will
finally summarize some predictions of the present
model that can be tested either experimentally or
seismologically.

2. Difficulties with previous models of the low
velocity zone

Previous models of the low velocity and high
attenuation zone assume either that (1) these anoma-
lies are due to the presence of a small amount of
melt [3,4], or that (2) they are due to enhanced
anelasticity due to high temperatures [17,18]. The
first model is based on the experimental observa-
tion on the NaCl-H,O system [19] in which the
onset of partial melting results in a sharp decrease
in elastic wave velocity. This model can explain
the observed sharp change in seismic wave velocity
at the lithosphere—asthenosphere boundary [14,15],
but is inconsistent with the experimental observa-
tion that a small amount of melt in peridotites does
not significantly reduce seismic wave velocities {7].
The difference in the effects of partial melting on
seismic wave velocities between upper mantle rocks
and NaCl-H,O is due to the difference in wetting
behavior: in upper mantle rocks melt does not wet
grain-boundaries [5], but in NaCl-H,O it does [19].
Therefore although the presence of partial melt may
explain low velocities in regions near mid-ocean
ridges, this model fails to explain the presence of
a low velocity zone in old oceanic upper mantle.
Furthermore, this model cannot explain the observed
greater depth of the G-discontinuity in the upper
mantle of back-arc regions compared to the old Pa-
cific upper mantle [14,15]: the model predicts that
G-discontinuity should be shallower in the back-arc
regions (Fig. 1).

An alternative model assumes that the low veloc-
ity is due to significant anelasticity due to high tem-
peratures [17,18]. This model provides a mechanism
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Fig. 1. The relation between the depth (d) of the lithosphere—
asthenosphere boundary and the age (7) of oceanic upper mantle.
The solid line is based on the Rayleigh wave dispersion [21],
showing ¢ ~+/t in which inversion was made assuming isotropic
structure. The solid circles are the resuits of Forsyth [22] in
which SH/SV polarization anisotropy was included in the inver-
sion. The solid squares are the results of the ScS reverberation
analysis by Revenaugh and Jordan [15] and Gaherty et al. [14].
The latter technique detects a sharp discontinuity, whereas the
surface wave techniques are insensitive to a (small) discontinuity.
Previous models for the low velocity zone predict that the depth
of the lithosphere—asthenosphere boundary increases with age
approximately following a d ~/t relation. Note that the rever-
beration technique shows that the depth of the G-discontinuity
does not change with age, but its depth in back-arc regions is
somewhat deeper than those in the typical oceanic upper mantle
(NMORB source regions).

for low velocities and high attenuation in regions
where no significant partial melting is expected.
However, this model fails to explain the observed
regional variation in the depth of the G-discontinu-
ity; this model also predicts that the G-discontinuity
should be shallower in the back-arc regions than in
the normal mid-ocean ridge basalt (NMORB) source
regions. Furthermore, since the change in anelastic-
ity with temperature is gradual in this model, it is
difficuit to explain the sharp discontinuity inferred
from S-wave reverberation studies [14,15].

3. Water-enhanced anelasticity and its effect on
seismic wave velocities

The above analysis suggests that an alternative
model is necessary to explain the origin of the seis-
mic low velocity and high attenuation zone. We
propose that the sharp reduction in seismic wave

velocity at the G-discontinuity is due to a sharp in-
crease in intragranular water content due to partial
melting. This model is based on two notions pro-
posed before: (1) water enhances anelastic relaxation
[16], and (2) the main role of partial melting in af-
fecting physical properties is through the removal of
water from solid minerals such as olivine [12]. In
what follows, these two notions will be quantified
with a use of realistic models of the oceanic upper
mantle.

For a given bulk chemistry of the upper mantle,
major factors that control the seismic wave velocities
are temperature and pressure. The seismic wave ve-
locities are also likely to be sensitive to water content
(or water fugacity) through its effect on anelasticity
[16]. When the effects of both anharmonicity and
anelasticity are considered, the effects of tempera-
ture (7), pressure (P) and chemical environment (C)
on seismic wave velocity (V) can be written as [18]:

Vi, T, P,C) =

Vo(T, Py [1 =} cot (-’-’;) 0@, T.P.O] (1)

where Vo(T, P) is the seismic wave velocity as a
function of temperature and pressure when only an-
harmonic effects are important. This part of the T-P
dependence is nearly independent of frequency and
of chemical environment and can be measured by
high frequency laboratory experiments such as ul-
trasonic measurements [23] or Brillouin scattering
[24]. The second term in Eq. 1 represents the ef-
fects of anelastic relaxation where Q' (w, T, P, C)
is seismic wave attenuation which is a function of
frequency (w) and 7, P and parameters (C) that
specifies the chemical environment (such as water
fugacity). Both laboratory measurements and seis-
mological observations suggest [25]:

o'~ 2)
with @ = 0.1-0.3. Using microscopic models of
anelasticity, this relation implies [25]:

Q7' ~ (M/w)* 3)

where M is the mobility of defects such as disloca-
tions. M can be written as:

M = M, exp (—ﬂ Tm;P))

4
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where T, is the melting temperature of the mineral
that depends on pressure (P) and S is a non-dimen-
sional parameter related to the activation enthalpy
(H*)as H* = BRT,,.

In many silicates, the mobility of defects includ-
ing point defects, dislocations and grain-boundaries
depends also on water content (Cop) [26]. As a first
approximation, we assume that the mobility of de-
fects is linearly proportional to the water content
[13,27]. Thus,

o' = [-——-(A e } exp (—aﬂ -TT—) s)

w

where A (B) is a parameter related to anelasticity
at dry (wet) conditions. There have been no sys-
tematic experimental studies of the effects of water
on Q. However, analysis of the existing data on Q
[7,28] as well as theoretical considerations strongly
suggest that water should enhance anelasticity. In
fact, Jackson et al. [28] found that dunite specimens
that were pre-dried at 1473 K showed significantly
smaller attenuation (they observed that Q is a factor
of 2-3 larger than in as-is specimens which con-
tain a significant amount of water). The results are
consistent with the above model, because creep rate
(dislocation mobility) is enhanced by the presence
of water by ~100 under these conditions, which im-
plies a factor of ~ (100)“ increase in Q upon drying,
if a dislocation mechanism of attenuation is assumed
[25,28]. With « ~ 0.2 [28], this yields a factor of
~2.5 increase in Q, which is consistent with the
experimental observation.

In evaluating the effects of anelasticity in the up-
per mantle, we used the activation energy and the
frequency dependence of Q and melting tempera-
tures determined by laboratory experiments {28.29],
but we used parameters A and B constrained by seis-
mological observations [30]. The reason is because
laboratory results on natural specimens may not be
directly applicable to the Earth’s interior because
of the difference in dislocation density. The sample
used in Jackson et al. [28] is a natural dunite from
Aheim, Norway, which has a dislocation density of
~10'"" m~2. Dislocation densities in the Earth’s up-
per mantle may be much less, which will cause a
difference in pre-exponential factors (A and B) but
not the activation energy nor the frequency depen-
dence (). To determine the parameters A and B, we

Table |
Parameters for seismic wave attenuation: § = 25

Frequency dependence A (= B) (Hz)
Plute model

a=0.1 24 %1077
a=02 6.7 x 10°
a=03 9.0 x 10°
Cooling half-space model

a=0.1 7.3 x107%
=02 9.7 x 10°
=03 8.8 x 10°

The functional form of Q~'[{A + BCon)/(@}|* expl—aB(T)/
(7)] is assumed (Egs. 1 and 5).

shall further make two assumptions: (1) the average
Q in the asthenosphere (depth from 60 to 220 km) is
O = 80 ([30]) and (2) Q at water-free conditions and
at water-rich conditions become comparable when
Coun = | ppm H/Si. The latter assumption is equiva-
lent to the assumption that the addition of ~100 ppm
H/Si of water enhances dislocation mobility by a
factor of ~100 [13]. The A and B thus estimated are
shown in Table 1 together with the parameters 8 and
«. These parameters predict slightly higher Q values
under asthenospheric conditions than the values esti-
mated from the laboratory data on Aheim dunite [28]
(Q = 20-40 is predicted when the results of Jack-
son et al. [28] are directly extrapolated to the likely
conditions of the asthenosphere). This discrepancy
may be due to the difference in dislocation density
between their specimens and the Earth’s mantle.

4. Geotherm, partial melting and water in the
upper mantle

4.1. Composition of the upper mantle

The chemical composition of major elements of
MORBs (Mid-Ocean Ridge Basalts) is remarkably
homogeneous [4], although significant differences are
observed in the chemistry of highly incompatible el-
ements including water [31-34]. Therefore, in con-
sidering the seismic structure of the upper mantle,
we assume that major element chemistry is homoge-
neous and does not vary laterally among the source
regions of MORB. A typical source material for the
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MORSB is pyrolite which contains ~50-60% olivine,
~20-30% orthopyroxene, ~10-20% clinopyroxene
and ~5-10% garnet or spinel [4]. Because physi-
cal properties such as the temperature and pressure
derivatives of seismic wave velocities and seismic
wave attenuation are well constrained only for olivine,
we use a crude approximation that properties of other
minerals are similar to those of olivine. Under this
assumption, a mineralogical transition such as from
spinel lherzolite to garnet lherzolite has no signifi-
cant effects on seismic wave velocities {35]. However,
large lateral and radial variations in water content are
expected in the upper mantle, and these will affect
the seismic wave velocity significantly [16]. There-
fore, we consider the variation of seismic wave ve-
locities caused by a change in temperature (7), and
pressure (P) and water content. We assume that the
water content in the source region of MORB varies
from one place to another, and we will consider two
cases: NMORB source region such as the Pacific and
a back-arc MORB source region such as the Philip-
pine Sea. The water content in the former is assumed
to be 0.01 wt% and in the latter 0.04 wt% [34]. For
a given water content in the source region of MORB,
the vertical variation in water content is calculated
following the procedure described in Section 3.

4.2. Geotherm

Two models of oceanic geotherms will be con-
sidered (Fig. 2). One is a cooling half-space model
[36] and the other is a plate model [37]. In both
models, the geotherm is a function of the age of the
oceanic lithosphere. We calculate velocity and atten-
uation profiles for several ages. Parameters in both
models are chosen to fit various geophysical obser-
vations including the surface heat flow and ocean
floor bathymetry. In the plate model, the thickness
of the mechanical plate is assumed to be 60 km,
which is consistent with the rheological model of
Hirth and Kohlstedt [13]. We used McKenzie and
Bickle’s [38] model to calculate the temperature dis-
tribution in the thermal boundary layer beneath the
mechanical boundary layer. We use the viscosity of
~10" Pas based on Hirth and Kohistedt [13]. With
this viscosity, the thickness of the thermal boundary
layer is ~75 km. The two models yield similar tem-
perature profiles near the surface in relatively young
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Fig. 2. Geotherms of the upper mantle for various ages. (A)
Cooling half-space model {36]. (B) Plate model. For the plate
model [37], we assumed the thickness of the plate (the mechani-
cal boundary layer) is 60 km and the temperature at the boundary
is 1373 K. The temperature beneath the plate is calculated using
the model by McKenzie and Bickle |{38].

age (<10 Ma) but the temperature profile in the
deep lithosphere and asthenosphere for older ages
is markedly different. The plate model gives signifi-
cantly higher temperatures in the deep portions and
the temperature profiles do not change significantly
with age for ages larger than ~30 Ma.

4.3. Partial melting and depletion of water from
olivine

When materials in the source region ascend and
partial melting occurs, water will be depleted from
minerals because basaltic melt has much higher sol-
ubility of water than minerals [12]. Upwelling peri-
dotites will melt at a certain depth when the solidus
is exceeded. The melting of peridotites with a small
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amount of volatiles will occur with two distinct
stages [32]: partial melting starts when the solidus
of ‘wet’ peridotite is exceeded, but the amount of
melt produced is controlled by the amount of water.
The initial depth of melting and the melting behavior
under water-present conditions depend on the water
content. The depth at which partial melting initiates
is estimated from the solidus using a method similar
to that of Hirth and Kohlstedt [13], but we use the
activity of water in melt rather than that in olivine
to estimate the melting relation. We find that melting
starts at ~160 km in the NMORB source regions,
whereas it starts at ~250 km in the source region of
back-arc type MORB. The melt fraction in this wa-
ter-assisted melting regime is assumed to be a linear
function of depth and is up to ~0.25% for a NMORB
source region and up to ~1% for a back-arc MORB
source region [33,40,41]. When the ‘dry’ solidus is
exceeded (at ~65 km), then much more significant
partial melting occurs. The rate of melting at this
stage is ~0.3% /km [41].

Since upper mantle peridotite is usually under-
saturated with water, partial melting will cause de-
pletion of water from minerals [12]. The manner
in which water is removed from solid minerals de-
pends on the process of melting. It is effective if
melt is removed from the system immediately af-
ter melting (fractional melting) but is less effective
if melt remains in chemical equilibrium throughout
the melting process (batch melting). Based on geo-
chemical observations [33,39] and melt permeability
measurements [5], we assume fractional melting in
this paper. We use the relation of Shaw [42] to es-
timate the water content as a function of depth (see
also [13]). The results are shown in Fig. 3. Note that
water content in olivine gradually decreases as depth
decreases and when the dry solidus is reached there
is a sharp decrease in water content because of a
much higher degree of melting.

4.4. Mode of upwelling flow beneath mid-ocean
ridges

The actual water content versus depth relationin a
peridotite column away from the ridge is determined
by the water content of the peridotite at the time
water content is frozen and the geometry of flow
after this time. Since solid state diffusion is slow
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Fig. 3. Water content (Con) in olivine (solid curves) and degree
of melting (broken curves) as a function of depth beneath a
mid-ocean ridge corresponding to two different water contents in
the source region (a source region for NMORB and source region
for back-arc MORB). The water content in olivine decreases
when partial melting occurs due to selective partitioning of water
into melt {12,13]. Melting starts at a depth at which the geotherm
intersects the solidus for a given water content. The depletion
of water is moderate in the deep regions where water-assisted
melting occurs. Much more significant water depletion occurs
when the dry solidus is exceeded (at around 65 km).

even at a geological time scale, we assume that once
partial melting terminates, no significant transfer of
water occurs. Assuming fractional melting, the water
content of a rock can be considered to be effectively
fixed when the maximum degree of melting (along
a certain path) is reached. After the water content
is fixed, a piece of peridotite will flow before it is
incorporated into a rigid plate. The flow line that
a piece of peridotite will follow depends on the
mechanism of flow [41]. For example, for passive
flow, the water content in a peridotite column at a
given depth will be similar to the water content at
the same depth beneath a mid-ocean ridge. On the
other hand, if dynamic flow occurs, the water content
of a peridotite column will reflect the water content
at much shallower depth [41]. In dynamic flow, the
exact profile of water content versus depth depends
on the flow pattern which is sensitive to the mag-
nitude and spatial distribution of buoyancy forces
as well as rheological profiles [43] and cannot be
precisely specified. However, the general tendency
is that flow lines are more compressed in the deep
lithosphere and hence that the velocity change at the
G-discontinuity becomes sharper and the depth of
the G-discontinuity tends to be greater (Fig. 4).



S.-i. Karato, H. Jung / Earth and Planetary Science Letters 157 (1998) 193-207 199

(A) Passive flow

ridge axis

* degree of melting water content

LPO

— O
dry solidus

pos fun e = »

wet SOlAUS [we b g mf oo o e

O

(B) Dynamic upwelling
degree of melting ~ water content
o
LPO
dry solidus = d= O

wet solidus b = | ' O

Fig. 4. Schematic diagrams illustrating partial melting and the flow pattern beneath a mid-ocean ridge corresponding to (A) passive flow
and (B) dynamic (buoyancy-driven) flow. The degree of melt depletion and associated water content in a residual mantle column are
shown schematically. The degree of melting increases rapidly once the dry solidus is exceeded and therefore the water content changes
significantly at that depth. The water content versus depth profiles depend also on the geometry of flow. Water content changes with
depth more sharply for dynamic flow than passive flow. The LPO (lattice preferred orientation) of olivine in a residual peridotite column
(schematic) is based on a model of the flow pattern by Blackman et al. {44] and experimental results on LPO by Zhang and Karato [45],
and the bar shows the orientation of ¢-axes of olivine. Less azimuthal anisotropy is expected in the lithosphere in the dynamic upwelling
regime than in the passive flow regime, although the nature of anisotropy will be similar in the asthenosphere where flow is nearly
horizontal in both cases. Dynamic upwelling is likely to be caused by a larger degree of partial melting at deeper portions and hence the
thickness of the lithosphere will be larger where dynamic upwelling occurs.

According to Scott and Stevenson [43], the dy- where x is the width of the upwelling current (~30
namic upwelling due to buoyancy forces becomes km), g the acceleration due to gravity, Ap the density
important if the following relation is satisfied, difference between melt and solid (~500 kg/m?), ¢

the melt fraction, n the viscosity and v, the spread-
01-x>-g-Ap-¢ _— ©) ing rate. Fig. 5 shows the viscosity—melt fraction

n diagram to show dominant mode of upwelling flow
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Fig. 5. Mechanisms of upwelling as a function of viscosity and
melt fraction (Eq. 6 in the text based on Scott and Stevenson
[43] is used and the width of upwelling is assumed to be 30 km).
Dynamic flow dominates at low viscosity, large melt fraction
and slow spreading rate. Viscosity of upwelling materials is
dependent upon degree of melting through the effects of water
depletion {12.13] and also on meit fraction |55]. Because of
high permeability of basaltic melt in olivine-rich rocks [S]. melt
fraction over the most of upper mantle conditions is expected
to be small (<1-2%). At the initial stage of melting, both the
degree of melting and melt fraction are small and the peridotite
will assume ‘wet’ rheology without much effects of partial
melting. Upon increasing the degree of melting. rheology will
change from ‘wet’ to "dry' due to a ‘drying out’ effect as
indicated by arrows [12,13]. 1t is seen that dynamic upwelling
is unlikely to occur in NMORB source regions with a fast
spreading rate (e.g., the Pacitic upper mantle) whereas it may
occur in most back-arc regions and NMORB source regions with
a slow spreading rate.

near mid-ocean ridges together with the relations
between viscosity and melt fraction estimated from
the model by Karato [12] and Hirth and Kohlstedt
[13]. In order to satisfy the condition for dynamic
upwelling, one needs to have a significant amount
of melt where the viscosity of partially molten ma-
terials is low. This is a difficult condition to be met
in NMORB source regions, but may be met in some
portions of back-arc regions (Fig. 5). We conclude
therefore that, in back-arc upper mantle where a
significant amount of water is present, dynamic up-
welling may occur over a wide range of conditions,
whereas in the source region of NMORB dynamic
upwelling is limited to very slow spreading centers
(e.g., Atlantic).

5. Seismic structure of the lithosphere—
asthenosphere

We have calculated seismic wave (shear wave) ve-
locities and attenuation based on the model. The fre-
quency is assumed to be | Hz. We used two geotherms
(cooling haif-space model and plate model) and cal-
culated velocities and attenuation for several ages. For
water content—depth profiles, we consider a NMORB
source region (water content is 0.01 wt%) and a
back-arc region (water content is 0.04 wt%). We also
consider the water content—depth profiles correspond-
ing to passive flow and dynamic upwelling.

The results are shown in Fig. 6 and can be sum-
marized as follows:

(1) A sharp discontinuity in velocity can occur at
~65 km because of a sharp change in water content,
if temperature there exceeds ~1000°C (Fig. 6A-
D). The sharpness depends somewhat on the flow
pattern: dynamic flow predicts a sharper velocity
change (Fig. 6F).

(2) The depth of the G-discontinuity does not
change with the age of the lithosphere (Fig. 6D).

(3) The water content in the source region does not
have direct effects on the depth of the G-discontinuity
(Fig. 6E), although the difference in water content
may cause some indirect effects, through changes in
the depth of water-assisted melting and through the
difference in the amount of melts that may affect the
dynamics of upwelling (see Section 6).

(4) The velocities of seismic waves increase sig-
nificantly with the age of oceanic lithosphere if the
cooling half-space model is assumed (Fig. 6D). In
contrast, the age dependence is much less in the plate
model (Fig. 6D).

(5) The frequency dependence of anelasticity has
some effects. When frequency dependence is strong,
the effective activation energy becomes larger and
hence attenuation in the shallower portions becomes
less important (Fig. 6C).

6. Discussion

6.1. Temperatures in the upper mantle

The present model can explain some of the
seismological observations on the upper mantle,
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Fig. 6 (continued). (D) Effects of geotherm and age. Seismic wave velocity (D-1) and attenuation (D-2) versus depth relations for two

different geotherms. The effects of water are included.

particularly the nature of the G-discontinuity (the
lithosphere—asthenosphere boundary). Our results
suggest that the temperatures in the deep lithosphere
in old oceanic mantle must be significantly higher
than the simple cooling half-space model predicts.
A geotherm corresponding to the cooling half-space
model predicts 7 ~ 800°C at this depth (Fig. 2)
and the effects of anelastic relaxation are negligible
(Fig. 6D). Therefore this model can be rejected for
old oceanic upper mantle if the G-discontinuity is to

be attributed to enhanced anelasticity due to water.

However, the plate model predicts a very small
age dependence of seismic wave velocities (Fig. 6D).
This is not consistent with the results of surface wave
studies (e.g., [2,22]) which indicate a significant in-
crease in velocities with age, particularly at relatively
young ages. We conclude therefore that a tempera-
ture profile corresponding to the cooling half-space
model may apply to relatively young oceanic upper
mantle, whereas a temperature profile corresponding
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(see Fig. 4).

to the plate model better represents the geothermal
gradients in old oceanic upper mantle. This means
that the oceanic upper mantle cools rather rapidly
when it is young, but much more slowly when it
gets old. The presence of some excess heat source
is therefore suggested from this analysis which is
consistent with an earlier suggestion based primarily

on the analysis of ocean floor bathymetry and heat
flow observations [46] and geoid anomalies [47].

6.2. Partial melting in the upper mantle

It is now well appreciated that significant partial
melting in the upper mantle occurs only in the near
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vicinity of mid-ocean ridges (e.g., [38]). Our model
suggests that the partial melting that occurs near
mid-ocean ridges controls the water content versus
depth relation that in turn determines seismic wave
velocities in the oceanic upper mantle away from
ridges.

Our model indicates that partial melting has a
significant effect on seismic wave velocities, but
the effects are opposite to those what have been
believed: we predict that partial melting will increase
seismic wave velocities in most cases. Therefore
the previous attempts at inferring partial melting in
the upper mantle from seismic observations (e.g.,
[2]) must be re-evaluated. Partial melting will affect
seismic wave velocities in two different ways. First,
it will increase the average velocity as discussed
above. The observed high velocity anomalies near
the ridge crest, which were interpreted to be due
to lattice preferred orientation [48], may be partly
due to the effect of water depletion. Second, because
partial melting in the Earth occurs where materials
are dynamically deforming under stress, preferred
orientation of melt shape will occur [49] that will
cause seismic anisotropy [50]. These effects must be
taken into account in the geodynamical interpretation
of seismic wave velocity anomalies in the upper
mantle.

It should also be noted that the change in seismic
velocities associated with the depletion of water in
a residual peridotite column will occur only when
the mode of partial melting is fractional melting as
opposed to batch melting. No depletion of water
from minerals will occur in a peridotite column if
melting occurs through strictly batch melting (unless
separation of melt from solid occurs through dykes
at shallower depths, which is effectively ‘fractional
melting’).

6.3. Regional variation in the upper mantle seismic
structures

Gaherty et al. [14] and Revenaugh and Jordan
[15] showed some differences in the seismic struc-
ture between back-arc regions and the old Pacific
oceanic upper mantle (Fig. 1). The G-discontinuity
in the upper mantle of back-arc regions is deeper
than that in the old Pacific and the velocity jump in
the back-arc regions is smaller than that in the Pa-

cific. Likewise, Yu and Park [51] showed a marked
difference in the nature of seismic anisotropy in the
upper mantle of typical Pacific oceanic mantle and
in the Philippine Sea upper mantle: anisotropy is
significant in the Pacific, but not in the Philippine
Sea upper mantle. Similarly, seismic anisotropy in
the Atlantic upper mantle appears to be significantly
less than that in the Pacific upper mantle [52,53].

These two observations may have a common
cause: dynamic upwelling in the back-arc upper
mantle and in NMORB sources with a slow spread-
ing rate, and passive spreading in NMORB source
regions with a fast spreading rate (see Figs. 4 and
5). A lower viscosity caused by a higher water
content and/or a slower spreading rate will favor dy-
namic upwelling (Fig. 5). Dynamic upwelling tends
to deepen the G-discontinuity and weaken the seis-
mic anisotropy through its effect on the flow lines
(see Fig. 4).

6.4. Comparison with laboratory studies

Sato et al. [7] made laboratory measurements of
seismic wave velocities and attenuation of a peri-
dotite in a temperature range spanning the solidus.
Their results do not show any appreciable change
in attenuation nor velocities upon partial melting.
The experimental study by Berckhemer et al. [54)
also included the temperature range of melting and
did not show a sudden change in attenuation upon
melting. How can these results be compared with the
present model?

First, the results by Berckhemer et al. [54] are at
room pressure and therefore water do not play any
significant role because of low water fugacity. Sec-
ond, Sato et al.’s [7] study was under high pressure,
up to 0.7 GPa, and the role of water might be impor-
tant. However, three issues make the interpretation of
their results difficult. First, although the water con-
tent in their samples is likely to be significant (see
[25]), no measurements were reported on the water
content in their samples. Second, the ‘*drying out’
effect proposed by Karato [12] applies only to the
case where the system is undersaturated with water.
It is not clear whether Sato et al.’s specimens were
undersaturated with water or not. Third, the effects
of water are likely to be through anelastic relaxation
and hence are frequency-dependent. Sato et al.’s [7]
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measurements were made at ~500 kHz and the at-
tenuation at these frequencies is likely to be much
less than that at low seismic frequencies. We con-
sider therefore that Sato et al.’s [7] study measured
the effects of anelasticity with higher characteristic
times and hence the effects on seismic wave veloc-
ities which they obtained must be considered as a
lower bound; any additional (low frequency) mecha-
nisms would further reduce the velocities.

Are there no experimental observations to sup-
port the present model? Jackson et al.’s [28] results
indicate a significant effect of water for enhancing
anelasticity. In addition, a comparison of Sato et al.’s
[7] results with others also suggests that water in
Sato et al.’s specimens may have enhanced anelastic-
ity [25]. Another point in our model is the extraction
of water from minerals upon partial melting [12].
Such behavior has been demonstrated by Hirth and
Kohlstedt [55] and similar effects have been inferred
from the measurements of highly incompatible ele-
ments {20,31-33,41]. Therefore, experimental obser-
vations available support the model in general.

7. Concluding remarks

The present analysis has shown that water plays
an important role in determining the distribution of
seismic wave velocities as well as other physical
properties such as viscosity [8,12,13] and electrical
conductivity [9]. It appears that the most important
effect of partial melting is not its direct effect on
these properties as has been considered in most
of the previous studies [1,2], but its indirect effect
through the change in water content in solid minerals
[12]. In this regard. one of the most important issues
in mineral physics is to demonstrate the role of water
on seismic wave attenuation by high pressure, high
temperature and low frequency measurements [28].

It is also important to carry out seismological tests
of the present model. A straightforward prediction of
the model is that the depth of G-discontinuity is
independent of age (r). This is different from the
prediction of most previous models which predict
d ~/t where d is the thickness of the oceanic litho-
sphere (the depth of the G-discontinuity). Therefore
measurement of the depth of the G-discontinuity as
a function of the age of oceanic lithosphere will pro-

vide the best test for the model (Fig. 1). It should be
noted, however, that the present model is consistent
with surface wave studies which show the growth
of oceanic lithosphere following the d ~+/t relation
[21], because in surface wave studies one measures
velocities of average upper mantle and does not see
subtle velocity discontinuities. The average veloci-
ties of the oceanic upper mantle do change with age
in this model (see Fig. 6).

Finally, we note that the depth of the G-discon-
tinuity, in our model, corresponds to the depth at
which seismic wave attenuation changes due to a
change in water content. Therefore, the G-disconti-
nuity corresponds directly to the depth at which a
change in rheological properties occurs [13]. This is
in marked contrast with previous models in which
the relation between the seismic and the rheological
lithosphere is indirect and hence the thicknesses es-
timated from the two definitions are very different
(e.g., [18]).
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