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Abstract

The influence of water on the dynamics of the oceanic upper mantle is re-evaluated based on recent experimental
constraints on the solubility of water in mantle minerals and earlier experimental studies of olivine rheology. Experimental
results indicate that the viscosity of olivine aggregates is reduced by a factor of ~ 140 in the presence of water at a
confining pressure of 300 MPa and that the influence of water on viscosity depends on the concentration of water in olivine.
The water content of olivine in the MORB source is estimated to be 810 + 490 H /10° Si, a value greater than the solubility
of water in olivine at a confining pressure of 300 MPa (~ 250 H/10° Si). We therefore conclude that the viscosity of the
mantle in the MORB source region is 500 + 300 times less than that of dry olivine aggregates. The dependence of the
solubility of water in olivine on pressure and water fugacity is used in conjunction with other petrological constraints to
estimate the depth at which melting initiates beneath mid-ocean ridges. These calculations indicate that melting begins at a
depth of ~ 115 km, consistent with other geochemical observations. Owing to the relatively small amount of water present
in the MORB source, only ~ 1-2% melt is produced in the depth interval between the water-influenced solidus and the dry
solidus. A discontinuity in mantle viscosity can develop at a depth of ~ 60-70 km as a result of the extraction of water from
olivine during the MORB melting process. In the mid-ocean ridge environment, the mantle viscosity at depths above this
discontinuity may be large enough to produce lateral pressure gradients capable of focusing melt migration to the ridge axis.
These observations indicate that the base of an oceanic plate is defined by a compositional rather than thermal boundary
layer, or at least that the location of the thermal boundary layer is strongly influenced by a compositional boundary, and that
the evolution of the oceanic upper mantle is strongly influenced by a viscosity structure that is controlled by the extraction of
water from olivine at mid-ocean ridges.
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1. Introduction ity of the mantle if the retained melt fraction remains
small. Results from recent deformation experiments
on partially molten olivine aggregates deformed with
or without added water support this hypothesis {2].
At the same time, analysis of the water content of
both natural and experimentally annealed crystals

" Corresponding author. E-mail: ghirth@whoi.edu has demonstrated that significant amounts of water

The solubility of water in basalt is considerably
higher than that in olivine, leading Karato [1] to
propose that partial melting may increase the viscos-
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can be stored in ‘nominally anhydrous’ minerals
such as olivine and pyroxenes in the upper mantle
(e.g., [3-3D.

In this paper we use constraints provided by
experimental studies on the rheological properties of
olivine aggregates and the solubility of water in
mantle minerals to: (1) re-evaluate the influence of
water on the viscosity of olivine aggregates: (2)
calculate the amount of water dissolved in olivine in
the mid-ocean ridge basalt (MORB) source region:
(3) estimate the depth at which melting initiates
beneath mid-ocean ridges; (4) evaluate how the de-
pletion of water resulting from melt extraction influ-
ences the viscosity structure of the oceanic upper
mantle; and (5) calculate viscosity profiles for the
oceanic upper mantle as a function of age using
standard assumptions for the evolution of the thermal
structure of the lithosphere. The results of these
analyses are used to discuss the role of water on the
formation of oceanic plates, melt extraction at mid-
ocean ridges and the depth distribution of seismic
anisotropy in the oceanic mantle.

Throughout the manuscript we assume that the
viscosity of the mantle can be determined from the
rheological behavior of olivine aggregates (dunites).
The rheological properties of olivine aggregates de-
termined from deformation experiments are de-
scribed using a flow law of the form:

—(Q+PV))
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where € is strain rate, A is a material parameter, o
is differential stress, @ is an activation energy, P is
pressure, V is an activation volume, R is the ideal
gas constant, and T is absolute temperature. Follow-
ing Karato and Wu [6] we report effective viscosities

at a constant stress using the relationship:
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We do not account for the role of pyroxenes and
garnet /spinel. Theoretical and experimental studies
demonstrate that this assumption is reasonable. For
example, while the predominant secondary mineral
in peridotites (orthopyroxene) may be up to 25%
stronger than olivine [7], numerical models indicate
that an aggregate comprised of 60% olivine and 40%

orthopyroxene would only be ~ 7.5% stronger than
pure dunite for deformation in the dislocation creep
regime [8]. Similarly, deformation experiments on
fine-grained lherzolites in both the diffusion and
dislocation creep regimes show that the presence of
pyroxene and spinel does not significantly increase
the strength of peridotite relative to that of dunite [9].
Therefore, neglecting the effect of the other mantle
minerals should result in no more than a factor of
~ 1.3 (i.e., 1.075" where n the stress exponent is
~ 3.5) underestimation of viscosity.

2. Water weakening of olivine aggregates

It has been known since at least the early 1970s
that the presence of water reduces the strength of
olivine aggregates [10—12]. Unfortunately, a number
of experimental complications have made quantifica-
tion of the water weakening effect difficult, includ-
ing the relatively poor resolution of mechanical data
obtained using a solid-media deformation apparatus,
difficulty in controiling the chemical environment
within sample assemblies, and complexities that arise
due to partial melting of specimens during an experi-
ment. However, several recent studies on the rheo-
logical and chemical properties of olivine aggregates
provide a basis to re-evaluate the influence of water
on the viscosity of olivine aggregates in the mantle.

Deformation experiments on intact cores of natu-
ral dunite demonstrate that the viscosity of olivine
aggregates deformed in the dislocation creep regime
is reduced by up to a factor of 180 in the presence of
water at a confining pressure of 300 MPa. Mechani-
cal data from the studies of Chopra and Paterson
[11,13], abbreviated as C and P, are shown in Fig.
la; following C and P, data for ‘wet’ samples are
separated into two groups according to whether the
starting material was Anita Bay or Aheim dunite. In
both cases, the water present during deformation
came from dehydration of alteration phases in the
starting materials. To ensure that all of these data
represent steady state deformation by dislocation
creep and not a combination of brittle and plastic
processes, only data for experiments with strengths
less than 300 MPa were used. Because all of C and
P’s experiments were conducted at a confining pres-
sure of 300 MPa, it is likely that semi-brittle pro-



G. Hirth, D.L. Kohistedt / Earth and Planetary Science Letters 144 (1996) 93—108 95

cesses partly influenced the rheology of the samples
at differential stresses greater than ~ 300 MPa (e.g.,
[14]). Before plotting the data on an Arrhenius plot,
we examined the edited C and P data set to re-
evaluate the stress exponent (n) determined under
wet conditions. Whereas C and P conducted a global
inversion of the data set to determine n, we deter-
mined n using least-squares linear fits of data from
samples deformed at the same temperature. This
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tainties arising from partial melting of the samples
(e.g., differences in the amount of melt present and
the partitioning of water between solid and melt
phases). A least-squares fit to the data from 10 ‘wet’
Anita Bay samples deformed at 1200°C yields an n
of 3.4 4+ 0.2; within error, this value is the same as
that determined for dry samples of both Aheim and
Anita Bay dunite (n = 3.6 4+ 0.2).

The Arrhenius plot in Fig. 1a was constructed by

alizing the adited C and P data cat tn q diffe
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tial stress of 200 MPa using n=3.5. A value of
n = 3.5 (instead of 3.4 or 3.6) was used based on the
observation that n=35+0.1 for olivine single
crystals deformed in different orientations and chem-
ical environments [15]. Least-squares linear fits of
the ‘wet’ Anita Bay data yield an activation energy
of 515 £ 25 kJ /mol; this value is also indistinguish-
able from that determined for dry samples of both
Anita Bay and Aheim dunite. A comparison of the
data from dry samples to that from the Anita Bay
dunite demonstrates that the presence of water re-
sults in a factor of 180 increase in creep rate (i.c., a
factor of 180 decrease in viscosity) at a constant
stress. As described below, we suggest that the data
for Aheim dunite fall below the ‘wet’ fit because the
aggregate becomes undersaturated with water due to
the presence of melt.

The influence of water on the viscosity of olivine
single crystals determined by Mackwell et al. [16] is

Fig. 1. Experimental data illustrating the influence of water on the
viscosity of olivine aggregates. (a) Plot of log strain rate versus
inverse temperature demonstrating that the presence of water
results in up to a factor of 180 decrease in viscosity at a confining
pressure of 300 MPa; data from Chopra and Paterson [11,13] are
plotted based on a re-evaluation of the stress exponent. @ = data
for dry samples of both Anita Bay and Aheim dunite; O = data
for wet Anita Bay dunite; triangles = data for wet Aheim dunite;
dashed line = least-squares fit to the data for wet Anita Bay
samples; solid line =the dry olivine flow law of Chopra and
Paterson {11]. (b) Plot of log strain rate versus inverse temperature
for the dry (@) and wet (O) samples of Karato et al. [12]. The
bold lines labelled K and W are flow laws from Karato and Wu
[6]. The data were corrected to a stress of 200 MPa using n = 3.5.
The lines labelled Dry and Wet are the same as those shown in
(a). () Plot of log strain rate versus inverse temperature compar-
ing the revised Chopra and Paterson flow laws {labelled Wet and
Dry) with data from Borch and Green [18] obtained at a confining
pressure of 1.0 GPa; the data were corrected to a stress of 200
MPa using n= 3.5.
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somewhat smaller than that indicated by Fig. la.
However, the single crystal data may only provide a
minimum estimate of the influence of water on
viscosity. Comparison of mechanical data from ex-
periments on olivine aggregates and single crystals
indicates that the rheology of coarse-grained olivine
aggregates (i.e., at conditions far from the diffusion
creep regime) is controlled by slip on (010)[001], the
hardest of the dominant slip systems (e.g., [11-
13,17]). Single crystals oriented to favor slip on
(010)[001] are a factor of 3-3.5 weaker in the pres-
ence of water [16]. With a stress exponent of 3.5,
these data correspond to a factor of 50-80 decrease
in viscosity. However, continuous hardening, ob-
served during the wet experiments conducted at the
slowest strain rates, suggests that the samples were
drying out during deformation. Indeed, the water
contents of these deformed single crystals [16] are
approximately a factor of two less than those of
samples hydrostatically annealed at the same pres-
sure [16,4]. Apparently, the single crystals were not
saturated with water during deformation and thus
provide only a minimum estimate for the magnitude
of weakening.

The influence of water on viscosity obtained from
experiments on hot-pressed olivine aggregates pro-
duced from powders with a grain size of ~ 10 um
[12] and by the dislocation creep flow laws of Karato
and Wu [6] is also smaller than that shown in Fig.
la. As demonstrated in Fig. 1b, the viscosity of
Karato et al. [12] dry samples is somewhat lower
than predicted by the C and P dry flow law, while
that of Karato et al. wet samples is slightly greater
than predicted by the revised C and P wet flow law.
Karato et al. only conducted experiments at 1300°C.
There are at least two reasons for the lower viscosity
exhibited by Karato et al. dry samples: (1) some of
their ‘dry’ samples contained small amounts of water
[12], and (2) their experiments were conducted at
conditions near the transition from dislocation to
diffusion creep. Subsequent experiments on fine-
grained olivine aggregates indicate that a transition
from (010)[001] to (010)100] controlled creep oc-
curs near the transition from diffusion to dislocation
creep [17]; the change in controlling slip system can
result in as much as an order of magnitude decrease
in viscosity. Karato et al. wet samples display a
slightly higher viscosity than our revised C and P

flow law. The mean strain rate of Karato et al. wet
data shown in Fig. 1b is approximately a factor of 2
lower than that of the modified C and P flow law at
1300°C. Thus, at a minimum, the presence of water
reduces the viscosity of olivine aggregates by a
factor of ~ 100. The dislocation creep flow laws of
Karato and Wu [6] underestimate the influence of
water on viscosity, as shown in Fig. 1b.

Several observations suggest that the influence of
water on viscosity depends on the concentration of
water in olivine. A comparison of the revised C and
P flow law to data collected at 1.0 GPa using a
liquid-medium apparatus [18] is shown in Fig. Ic.
The higher pressure data yield a viscosity approxi-
mately 3 times lower than the revised C and P flow
law. Similarly, as shown in Fig. 2a, the solubility of
water in olivine increases by a factor of ~ 3 with an
increase in pressure from 0.3 to 1.0 GPa [19]. Al-
though Borch and Green [18] reported that their
samples were dry, subsequent analysis of the same
starting material by FTIR [20] demonstrates that
there was enough water to saturate the olivine at 1.0
GPa. Additional evidence for concentration-depen-
dent water weakening comes from the single crystal
experiments described above [16]. The ‘wet’ single
crystals deformed at 1300°C and a strain rate of
107% s~' all continuously hardened at finite strains
well above that required to achieve steady-state de-
formation under dry conditions at a strain rate of
107° s~! or under wet conditions at strain rates
>107% s~'. The continuous hardening therefore
implies that the samples were drying out, so that the
strength was increasing due to the loss of water.

Under hydrous conditions, the presence of melt
can either reduce or increase the viscosity of olivine
aggregates depending on the deformation mecha-
nism, melt fraction, partitioning of water between
solid and melt phases, and water content of the
assemblage. Melt-induced reductions in viscosity oc-
cur due to a decrease in the area of grain to grain
contact with increasing melt fraction. At the same
time, melt-induced increases in viscosity can occur
due to preferential partitioning of water into the melt
(e.g., [1]). The solubility of water in basaltic melt is
~ 2500 times greater than that in olivine at a confin-
ing pressure of 300 MPa [4,21,22]. Thus, even small
amounts of melt can significantly decrease the con-
centration of water in the solid assemblage. Because
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Fig. 2. (a) Plot of log solubility of water in olivine as a function of
log pressure. KK&R = results from [5]; BB&K = unpublished
results of Bai, Bai and Kohlstedt (see [5]); B&K = results from
[4]. (b) Percent saturation of olivine with water in the MORB
source versus log pressure (i.e., depth). The curves were calcu-
lated for three different estimates of the water content of olivine
prior to the onset of melting.

the viscosity of olivine aggregates apparently de-
pends on the concentration of water in olivine, the
initiation of melting can result in an increase in
viscosity. The effect of melt-induced changes in the
distribution of water on the viscosity of partialty
molten olivine aggregates is illustrated by deforma-
tion experiments conducted in the diffusion creep
regime [2,23). Specifically, the strength of dunites
with 8% melt is approximately the same with or
without added water (0.2 wt%).

The difference in rheological behavior illustrated
for Anita Bay and Aheim dunites in Fig. la can also
be explained by melt-induced changes in the water
content of olivine. Melt is present in both of these
dunites deformed at these temperatures [13]. In fact,
subsequent microstructural observations reveal be-
tween a few and 10 vol% melt in the Aheim dunite
deformed at 1200°C [24]. Several observations indi-
cate that the amount of melt produced in Aheim
dunite, and therefore the likelihood of producing
undersaturated olivine, is greater than that in Anita
Bay. TEM microscopy shows that the melt in both
materials is associated with dehydration (during the
experiment) of hydrous silicates present along grain
boundaries [11,24]. The total water content measured
for both dunites is approximately the same after
‘wet’ experiments. However, because the Aheim
initially contains ~ 2.5 times more (2 versus 5
vol%) hydrous silicates along grain boundaries [11]
it is expected to contain more melt. This interpreta-
tion of the combined effects of melt and water on the
rheology of olivine aggregates deformed at hyper-
solidus conditions provides further support for the
hypothesis that the viscosity of olivine aggregates
depends on the concentration of water in olivine.

Measurement of the spacing between subgrain
boundaries in samples of ‘wet’ Aheim and ‘wet’
Anita Bay dunite provides additional support for our
interpretation that the difference in viscosity of these
rocks arises from differences in concentration of
water in olivine. TEM analysis of dislocation struc-
tures in deformed single crystals indicates that the
presence of water enhances the formation of sub-
grain boundaries [16]. Some question remains as to
what degree this enhancement is related to differ-
ences in the magnitude of differential stress during
experiments. Nonetheless, subsequent analysis of the
dunites deformed by C and P demonstrates that the
subgrain spacing in samples deformed at the same
differential stress is smaller in the presence of water
[25). In addition, the subgrain spacing in *wet’ Aheim
dunite is intermediate between that in wet Anita Bay
and dry Anita Bay or Aheim dunite. This observation
is consistent with the hypothesis that olivine grains
in the "wet’ Aheim dunite contain less water than
those in the ‘wet’ Anita Bay dunite.

In summary, we conclude that the viscosity of
water-saturated olivine aggregates is 100-180 times
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lower than that of dry aggregates at a confining
pressure of 300 MPa, and that the influence of water
on viscosity depends on the concentration of water in
olivine. In the subsequent analysis of mantle rheol-
ogy we assume that the viscosity of olivine aggre-
gates is inversely proportional to water content such
that viscosity is reduced by a factor of 140 at a water
content of 250 H/10° Si (i.e., the solubility of water
at 300 MPa).

3. Water in olivine in the oceanic mantle

The influence of water on the viscosity of the
oceanic mantle depends on the amount of water
present in the MORB source region and the amount
of this water dissolved in olivine. Estimates for the
amount of water present in the MORB source have
been reported based on the water content of MORB
and a comparison of the variation of its concentra-
tion with the abundances of other incompatible ele-
ments (e.g., [26-28]). Such geochemical analyses
demonstrate that ‘primary’ MORB contains ~ 0.1 +
0.05 wt% H,O and suggest a bulk partition coeffi-
cient during melting of ~ 0.01. Because MORB is
produced by ~ 10-20% melting of peridotite, the
water content of MORB indicates that there is ~
125+ 75 wt ppm H,0 in the MORB source. This
estimate agrees well with independent calculations of
the water content in the MORB source based on the
amount of water measured in mantle minerals from
xenoliths [3], as well as from measurements of elec-
trical conductivity in the Pacific upper mantle [29].

The amount of the water in the MORB source that
is dissolved in olivine depends on the partitioning of
water among the mantle minerals. In the following
analysis, we assume that all of the water resides in a
melt-free peridotite consisting of olivine, low-Ca
pyroxene (opx), high-Ca pyroxene {cpx) and garnet.
The partition coefficients for water between these
minerals, summarized in Table 1, were estimated
using the following constraints:

1. the concentration of water in hydrothermally an-
nealed olivine [4,5] and cpx [30] increases approx-
imately as fH,0";

2. the concentration of water in hydrothermally an-
nealed cpx is a factor of 5—10 times greater than
in olivine at pressures from 50 to 300 MPa [30];

Table 1
Partition coefficients for water in mantle minerals

Mineral pair Dy (olivine — mineral)
olivine—opx 0.2

olivine—cpx 0.1

olivine—garnet 1

3. the concentration of water in natural cpx is ap-
proximately a factor of two greater than in coex-
isting opx [3];

4. the concentration of water in natural opx and
coexisting hydrous basaltic glass corresponds to a
partition coefficient of 0.003-0.004 [31];

5. a comparison of the solubility of water in experi-
mentally annealed olivine [4] and basaltic melt
(e.g, [21,22]) at a pressure of ~ 300 MPa indi-
cates a partition coefficient of ~ 0.0004;

6. the concentration of water in natural garnets is
similar to that in coexisting olivine [3].

By employing the partition coefficients summa-
rized in Table 1 for a mantle with 56% olivine, 19%
opx, 10% cpx and 15% garnet (i.e., garnet pyrolite),
the geochemically constrained value for the water
content of the MORB source indicates that the olivine
in this assemblage contains 810 +490 H/10° Si
(~ 50+ 30 wt ppm) water. The lower estimate of
~320 H/10° Si is greater than the solubility of
water in olivine at a pressure of 300 MPa. Thus,
these mass balance calculations indicate that the
water content in the MORB source is more than
sufficient to induce the full viscosity reduction ob-
served for olivine aggregates deformed under hy-
drous conditions at a pressure of 300 MPa in the
laboratory (i.e., a reduction in viscosity by a factor
of ~ 140). Assuming that the viscosity of olivine
aggregates is inversely proportional to water content,
the estimate of 810 + 490 H/10° Si yields a viscos-
ity of the mantle in the MORB source that is 500 +
300 times lower than that of dry olivine aggregates
at the same temperature and pressure.

4. Depth of melting beneath mid-ocean ridges
Because the solubility of water in melt is two to

three orders of magnitude greater than that in mantle
minerals, the MORB melting process can effectively
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‘dry out’ the mantle. The implications of this drying
out process on the viscosity of the oceanic mantle
depend on the depth at which melting initiates. This
depth can be calculated from the estimates of the
water content of olivine in the MORB source com-
bined with the experimentally determined solubility
of water in olivine; the solubility of water in olivine
as a function of pressure is shown in Fig. 2a. A plot
of the percent saturation of water in olivine (and thus
in the mantle assemblage) versus pressure is shown
in Fig. 2b. This plot was produced by dividing the
estimate for the amount of water dissolved in olivine
in the MORB source (810 H/10° Si) as well as the
upper (1300 H/10° Si) and lower (320 H/10° Si)
estimates by the solubility of water shown in Fig. 2a
at the appropriate pressure. Fig. 2b illustrates that a
mantle assemblage containing olivine with 810
H/10° Si would be ~ 50% saturated with water at a
depth of ~ 50 km (i.e., a pressure of 1.7 GPa).

The information in Fig. 2b can be used to predict
the depth at which melting initiates by considering
how much the peridotite solidus is lowered under
hydrous, but undersaturated, conditions. Experimen-
tally constrained estimates for the dry [32] and wet
[33] peridotite solidi as a function of pressure are
presented in Fig. 3. In addition, peridotite solidi for
water-undersaturated conditions are shown as dotted
lines with ‘contour intervals’ corresponding to 0.1
increments in the activity of water (a_ ). Experi-
mental data on the influence of water on the solidus
temperature of peridotite for water-undersaturated
conditions are lacking. Therefore, the ay; , contours
are somewhat schematically located in Fig. 3, moti-
vated by the relationship between solidus tempera-
ture and a, o determined for the albite~water sys-
tem [21]. The percent saturation curves shown in Fig.
2b are also plotted as ‘solidi’ in Fig. 3. These curves
were mapped onto the phase diagram by assuming
that the activity coefficient for water in olivine is
unity. For comparison with Fig. 2b, notice that the
solidus curve for a mantle assemblage containing
olivine with 810 H/10° Si water crosses the ay o =
0.5 contour at a pressure of ~ 1.7 GPa. The depth of
the onset of melting can be estimated from this plot
by noting the pressure at which the mantle adiabat
crosses the appropriate solidus. The adiabat crosses
the solidus for a mantle assemblage containing olivine
with 810 H/10° Si at a pressure of ~ 3.7 GPa,
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Fig. 3. Temperature—pressure phase diagram illustrating the depth
at which melting initiates beneath a mid-ocean ridge. The bold
solid and dashed lines are solidi for mantle assemblages contain-
ing olivine with 810, 810+490 and 810-490 H/10° Si. The
location of the solidi for different values of ay o are indicated by
dotted lines. The intersection of the mantle adiabat with the
solidus for an assemblage containing olivine with 810 H/10° Si
indicates that melting initiates at a depth of ~ 115 km beneath
mid-ocean ridges.

indicating that melting initiates at a depth of ~ 115
km beneath the mid-ocean ridges. As shown in Fig.
3, the depth of this ‘water-influenced’ solidus ranges
from ~ 80 to 150 km for a MORB source with 320
and 1300 H/10® Si in olivine, respectively, and a
+50°C variation in the temperature of the mantle
adiabat.

In producing Fig. 3, we have assumed that the
influence of the CO, on the solidus in the mid-ocean
ridge environment is negligible. The shortcoming of
this assumption is that phase equilibrium experi-
ments demonstrate that, above ~ 2 GPa, carbonate
phases become stable in CO,-saturated mantle as-
semblages. Thus, because the temperature in the
oceanic mantle is presumably above the decarbona-
tion temperature for a high-pressure carbonate phase,
a small amount of carbonitic melt may be present in
the MORB source (e.g., [34]). The implications of
such a melt phase are discussed further below.

The estimate of depth for the onset of melting
determined from Fig. 3 provides another solution for
the apparent paradox indicated by geochemical anal-
yses that require MORB melting in the garnet lherzo-
lite facies (see also [35]). While analyses of the
major element composition of MORB indicate that



=
[«
o
o
=
ol
S
rN

melting initiates at depths of ~ 60-70 km [36,37],
measurement of trace element ratios in MORB, such
as Hf /Lu or U/Th, indicate that melting initiates at
a depth where garnet is a stable phase (e.g., [38,39]
and references therein). Melting could initiate in the
garnet facies if the manile temperature were high
enough to induce ‘dry melting’ at ~ 100 km. How-
ever, in that case, extreme degrees of melting wonld
occur [32,36]. Although our analysis suggests that
the water content of the MORB source can influence
the depth at which melting initiates, there is not
enough water to increase dramatically the total
amount of melt produced at mid-ocean ridges. Thus,
the initiation of melting at a ‘volatile-influenced’
solidus pi‘Owucs a mechanism for prOuucmg a garnet
signature in MORB without extreme degrees of melt-
ing. For further discussion on the role of volatile-in-
duced melting in the generation of MORB see Plank
and Langmuir [40] and references therein.

5. The wet-to-dry transition

The ar Tguiieiits pr
amounts of melt can be produced at depths between
~ 115 and 60 km beneath mid-ocean ridges. The
influence of this melt on the viscosity of the mantle
depends on how the melting process affects the
concentration of water in olivine. Consequently, the
effect of the onset of melting on the viscosity of the
upper mantle depends on the melt fraction at which
the melt phase becomes interconnected (and there-

fara maohile) and

fore mobile) and whether the meltine nrocess nro-

whether the melting process pro
ceeds in a batch or fractional manner.

Theoretical considerations indicate that vanish-
ingly small melt fractions are interconnected if the
dihedral angle between the melt and solid residue is
< 60° (e.g., [41]). Experimental observations in the
olivine—basalt system show mean dihedral angles
(~ 40° [41] and transport properties [42] that indi-
cate that melt is interconnected at melt fractions less
than 0.005. However, because melting presumably
occurs along multi-phase grain boundaries, it is im-
portant to consider the wetting characteristics of
basaltic melt and the other mantle minerals. The
issue of whether basaltic melt ‘wets’ three-grain
edges of pyroxenes remains unresolved [43]. There
are indications that the presence of water reduces the
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Fig. 4. Water content of olivine versus depth beneath a mid-ocean
ridge. The change in water content is shown for both fractional
and batch MORB melting scenarios.

dihedral angle between pyroxenes and basalt (see
[43]). Thus, because the initial melt will contain a
considerable amount of water, it will likely be inter-
connected at a very low melt fraction. This hypethe-
sis is consistent with geochemical observations that
indicate that low-degree partial melts must be ex-
tracted from the garnet lherzolite facies and trans-
ported to shallow depths without significant equili-
bration with the low-pressure assemblage (e.g., [39],
and references therein).

Several geochemicai observations indicate that the
MORB melting process involves at least some com-

nonant of fractional meltino (e o 144D In addition
pPOnCit 06 aCudolla: IMCHNE (\C.g., 175y, 11l qUGIUOIL

if melt flow becomes localized, due to a reactive—in-
filtration instability [45,46] or perhaps the develop-
ment of a ‘fractal root system’ [39], then the small
degrees of melt produced at ~ 100 km may be
separated from the mantle residue very early in the
melting process

Estimates for the decrease in water content o
olivine with decreasing depth are shown for both
batch and fractional melting scenarios in Fig. 4;
these relationships were calculated assuming that the
initial water content of olivine was 810 H/10° Si.
The change in the water content of olivine during
batch melting was determined using relationships
shown in Fig. 2 and Fig. 3. Over the depth interval
between where the mantle adiabat crosses the 810
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H/10° Si solidus and where it crosses the dry
solidus (Fig. 3), the ay , is estimated by noting the
ay. o contour that the adiabat intersects at each
depth. The corresponding water content of olivine is
calculated using the solubility data in Fig. 2a, assum-
ing that the percent saturation of the mantle assem-
blage can be directly related to ay . For example, at
a depth of 92 km (a pressure of 3.1 GPa) the mantle
adiabat crosses the a,;_o = 0.1 contour. At a pressure
of 3.1 GPa the solubility of water in olivine is
~ 3600 H/10° Si, indicating that olivine that is
10% saturated with water at a depth of 92 km
beneath a mid-ocean ridge would contain ~ 360
H/10° Si.

The decrease in the water content of olivine asso-
ciated with fractional melting was calculated using
the relationships outlined in Appendix A. The values
of Dy (i—-melt), the distribution coefficient for wa-
ter between the ith solid phase and melt, can be
calculated from the distribution coefficients listed in
Table 1 if D,y (ol-melr) is known. As noted above,
experimental data for the solubility of water in olivine
and MORB indicate that D,y (ol-melt) = 0.0004 at
a pressure of 300 MPa. However, because the solu-
bility of water in olivine increases as (£, o)' while
that of water in MORB increases as (fy; o), Dyy
(ol-melt) increases with increasing pressure. The
difference in the effect of f};  is particularly signif-
icant for determining the water content of olivine in
the MORB source because the fugacity coefficient
for water increases rapidly at pressures greater than
~ 1.0 GPa [47].

An estimate for D,, (ol-melt) at the depths
where MORB melting initiates can be calculated
using constraints provided by the experimental data
for the solubility of water in olivine. The analysis
outlined in the appendix yields D,y (ol-melt) =
0.003. The curve labelled fractional in Fig. 4 was
calculated using Eq. (A1) employing Dy, (ol-melt)
=0.003 and the distribution coefficients listed in
Table 1 to calculate D, (solid—melt) from Eq.
(A2); in this case D, (solid-melt) = 0.01.

The melt production rate in the water-influenced
melting interval between the 810 H/10° Si solidus
and the dry solidus was determined by assuming that
all of the melt is produced as a result of the presence
of water. As described above, the phase diagram in
Fig. 3 indicates that the water content of the olivine

decreases from ~ 810 to 360 H/10° Si over the
depth interval from 115 to 92 km. Based on mass
balance calculations with D, (ol-melt) = 0.003,
such a change in water content corresponds to a melt
production rate of ~ 1% /20 km. The similarity of
the two water content curves in Fig. 4 reflects the
‘buffering’ effect of water during both fractional and
batch melting.

The value of D, (solid—melt) = 0.01 determined
from the solubility data is consistent with estimates
for D,, (solid~melt) based on other geochemical
characteristics of MORB. A comparison of the con-
centration of water in MORB to the concentration of
other incompatible elements indicates that D,
(solid—melt) during the MORB melting process is
similar to that of Ce [27]. Experimental data on the
partitioning of Ce between cpx and melt indicate
D¢, (solid—melt) = 0.01 [48]. The positive corre-
spondence between the values of D, (solid-melt)
determined using the olivine solubility data and the
geochemistry of MORB provides independent sup-
port for the estimates of the depth at which melting
initiates (i.e., Fig. 3) and of the depth at which water
is removed from the solid residue (i.e., Fig. 4).

An increase in Dy, (solid-melt) at high pres-
sures also indicates that, even if small amounts of
melt are present at depths significantly greater than
~ 100 km beneath mid-ocean ridges (due to the
presence of CO,), such a melt phase would not
strongly affect the water content of olivine. For
example, at a pressure of 5.0 GPa, f;; , =7 X 10°
MPa when water is present; substitution ‘of this value
into Eq. (A5) indicates that Dy, (ol-melt) increases
to ~ 0.02 at a depth of ~ 150 km. Therefore, in the
presence of ~ 1% melt, olivine would only lose
~ 10% of its original water content.

6. Viscosity of the oceanic mantle

The calculations described above indicate that
there is enough water in the MORB source to strongly
influence its rheological properties. In addition, the
low bulk distribution coefficient for water during the
MORB melting process indicates that the mantle
minerals will be effectively dried out subsequent to
melting. To illustrate the implications of these two
observations, we show viscosity profiles for the up-
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per mantle incorporating a dry rheology, a wet rheol-
ogy and a rheology that varies with depth due to
changes in the water content of the solid assemblage.
Based on the seismic anisotropy observed in the
shallow oceanic upper mantle (e.g., [49]), dislocation
creep is assumed to be the dominant deformation
mechanism; further discussion of this choice is made
elsewhere (Kohlstedt and Hirth, in prep.).

Because we are extrapolating the viscosities pre-
dicted by experimentally determined flow laws to
depths of up to 400 km, the influence of pressure on
theology must be taken into account. In the follow-
ing calculations, we used an activation volume for
creep (V) defined by the relationship (e.g., [50]):

Q d7,
T T, dP )

where 7, is the melting temperature of olivine.
Values for 7,, and d7,,/dP were taken from the
experimental data of Ohtani and Kumazawa [51].
The value of V determined from Eq. (3) varies from
~15%107% m?/mol at low pressure (e, <1
GPa) to ~7.5x107% m’/mol at 8 GPa; these
values are in good agreement with values for V
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Fig. 5. Viscosity profiles for the mantle beneath a mid-ocean
ridge. (a) An isothermal ‘mantle’ with 7 = 1380°C. (b} An adia-
batic mantle with a potential temperature (7,) of 1350°C. The
dotted lines are viscosity relationships calculated for a differential
stress of 0.3 MPa using Eq. (2) and Eq. (3) with the wet and dry
flow law parameters listed in Table 2. The dashed lines indicate
the change in viscosity associated with the change in water
content of olivine predicted by the fractional melting relationship
in Fig. 4. The increase in viscosity at depths above ~ 65 km in
(b) occurs owing to the temperature decrease associated with
melting.

Table 2
Flow law parameters for the oceanic upper mantle
Conditions A n Q

(s~ MPa™") (kJ /mol)
Dry ? 4.85x10% 3.5 535
Wet ® 4.89x 10° 35 515

* Parameters based on the flow law of Chopra and Paterson [11].

The value of n is changed from 3.6 to 3.5 (see text for discussion).
The value of A was adjusted from 2.88 X 10* to 4.85X 10* to
account for the difference in 7. ® The value of A was calculated
for a mantle assemblage containing olivine with 810 H/10® Si
and based on the assumption that the viscosity of olivine aggre-
gates is inversely proportional to water content.

determined by the analysis of dislocation recovery
kinetics in olivine [52,53].

The viscosity structure at a mid-ocean ridge is
illustrated in Fig. 5 for a scenario in which the
change in the water content of olivine with depth is
affected by fractional melting. The viscosity profiles
were calculated for a differential stress of 0.3 MPa
using Eq. (2) and Eq. (3) and the flow law parame-
ters summarized in Table 2. To illustrate the effect of
pressure on viscosity, there is no increase in tempera-
ture with depth in Fig. S5a. The viscosity profiles in
Fig. 5b show the effect of an adiabatic temperature
gradient as well as the decrease in temperature asso-
ciated with the latent heat of fusion. The temperature
decrease in the melting regime was taken from
McKenzie and Bickle [32]. As suggested by Fig. 5b,
the effects of pressure and temperature offset each
other, resulting in an essentially isoviscous upper
mantle between ~ 150 km and 400 km.

The viscosity in the depth interval over which the
water content of olivine changes was calculated by
assuming that viscosity is inversely proportional to
water content; the water contents were taken from
the fractional melting curve in Fig. 4. The profiles
shown in Fig. 5 illustrate that the viscosity of the
mantle prior to the MORB melting event (i.e., at
depths greater than ~ 115 km) is on the order of
10" Pa s for a stress of 0.3 MPa (10" Pa s for a
stress of 0.1 MPa). Thus the viscosity of the mantle
in the MORB source predicted by the application of
experimentally determined flow laws is consistent
with estimates constrained independently using other
geophysical methods (e.g., [54]). In addition, the
profiles in Fig. 5b show that, owing to the depletion
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of water during the MORB melting event, the viscos-
ity of the mantle increases to ~ 10?' Pa s. Between
~ 115 km and 65 km the increase in viscosity is
initially gradual because the melt production is
‘buffered’ by the presence of water. Once the dry
solidus is reached and the melt production increases
to ~ 1% /kbar (e.g., [32,36]) the remaining water is
quickly removed, resulting in an abrupt transition to
a dry rheology.

Melt-induced reductions in viscosity were not in-
cluded in the profiles illustrated in Fig. 5. Experi-
ments on partially molten dunites and lherzolites
indicate that the presence of melt does not strongly
influence the viscosity of olivine aggregates unless
the melt fraction exceeds ~ 0.04 [2,9,17]. Therefore,
because geophysical constraints (e.g., [55]) and the
geochemical characteristics of MORB and abyssal
peridotites suggest that high (i.e. > 0.04) melt frac-
tions are not sustained in the sub-ridge mantle, the
omission of melt-induced reductions in the viscosity
is reasonable. One exception to this assertion arises
due to the influence of melt on grain size. Experi-
mental observations indicate that the presence of
melt can result in a decrease in recrystallized grain
size [17]. Therefore, it is possible that the onset of
melting can result in a decrease in grain size and
concomitant change in deformation mechanism. In
this case, the viscosity of the mantle may decrease as
much as an order of magnitude, even at low melt
fractions [17].

The evolution of the ‘off-axis’ mantle viscosity
structure is shown as a function of age in Fig. 6.
Viscosity ‘contours’ are shown in Fig. 6a for a
scenario in which the water content of olivine is set
‘on-axis’ by the MORB melting event. In addition,
the viscosity structures of a dry mantle and a ‘wet’
mantle are shown in Fig. 6b,c to emphasize the
effect of the depletion of water from olivine during
the MORB melting process. In the calculations used
to produce Fig. 6a, the change in the water content
of olivine with depth was constrained to be identical
to that illustrated in Fig. 4. Therefore the evolution
of viscosity with age is only associated with changes
in temperature arising from conductive cooling.

An analysis of diffusion data for hydrogen in
olivine indicates that the distribution of water with
depth remains largely unchanged with age. The char-
acteristics of seismic anisotropy in the ocean basins
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Fig. 6. Viscosity profiles for a conductively cooling mantle half-
space as a function of depth and age. Contours of constant log
viscosity (in Pa s) are calculated based on the initial viscosity
profiles illustrated in Fig. 5. (a) Profiles for a mantle in which the
water content of olivine is depleted due to melting at a mid-ocean
ridge. (b) A dry mantle. (c) A mantle with a constant water
content of 810 H/10° Si (i.e., the water content predicted for
olivine in the MORB source before the initiation of melting).

indicate that the (010) planes of olivine are oriented
approximately parallel to the ocean floor [49]. Diffu-
sion of hydrogen parallel to [010], which is the
slowest direction [56], re-hydrates water-depleted
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mantle over distances of <400 m in 150 Ma. Even
diffusion parallel to [100], the fastest direction, only
results in re-hydration over distances of <4 km.
Thus, even though diffusion of hydrogen in olivine is
extremely rapid, measured diffusivities indicate that
diffusion alone is insufficient to promote re-hydra-
tion of water-depleted mantle present at depths of
less than ~ 65 km.

A striking feature of the viscosity structure shown
in Fig. 6a is the presence of a high viscosity ‘lid’
(n> 10%° Pa s) that extends down to ~ 65 km at
young ages. For comparison, as shown in Fig. 6c,
without a change in water content viscosities less
than 10'® Pa s persist to depths of ~ 10 km. The
viscosity structure illustrated in Fig. 6a is a conse-
quence of two factors. The dominant effect is the
abrupt nature of the transition from wet to dry
mantle conditions illustrated in Fig. 4. In addition,
because this transition occurs at the relatively large
depth of ~ 70 km, conductive cooling does not
significantly affect the 10'°~10% viscosity contours
until ages of ~ 20 Ma.

7. Implications
7.1. Formation of oceanic plates

A comparison of the viscosity structure in Fig. 6a
to the ‘wet’ and dry viscosity structures illustrated in
Fig. 6b,c indicates that the thickness of the oceanic
plates is controlled by a compositional boundary
rather than a thermal boundary or, at least, that the
location of the thermal boundary layer is influenced
by a compositional boundary. These viscosity struc-
tures do not include the effects of temperature
changes associated with small-scale convection. The-
oretical models suggest that small-scale convection
can maintain a temperature on the order of {380°C at
the base of a conductively cooling plate [57], pro-
vided that the mantle viscosity is < 10" Pa s (e.g.,
[57.58]). Thus, based on our analysis of mantle
viscosity, small-scale convection is expected to occur
only in material that has not lost water during the
MORB melting process. The deepening of the 10—
102 Pa s viscosity contours in Fig. 6a occurs due to
conductive cooling. Conductive cooling at these
depths could be retarded by small-scale convection,

which should ‘flatten’ the age versus depth and age
versus heat flow relationships (e.g., [59,60]). Thus,
the viscosity discontinuity at a depth of ~ 65 km, as
illustrated in Fig. 6a, in conjunction with small scale
convection, may promote the development of a
‘plate-like’ geotherm (i.e., a conductive geotherm to
a prescribed depth and an adiabatic geotherm below
with a thin boundary layer in between).

The presence of a compositional boundary in the
oceanic plates has also been proposed based on the
results of recent studies on the systematics of off-axis
hotspot upwelling and melting [61] and on the seis-
mic velocity structure of the oceanic mantle [62].
Phipps Morgan [61] concludes that a strong and
buoyant compositional lithosphere is produced by
melting at mid-ocean ridges, that this compositional
lithosphere is the principal mechanical barrier to
off-axis plume ascent, and that the presence of such
a barrier provides an explanation for the observation
that the rates of hotspot volcanism appear to be
insensitive to the age of the overriding plate.

The seismic velocity model of Gaherty et al. [62]
includes a large negative velocity discontinuity (~
6% decrease) at a depth of ~ 68 km. The relatively
shallow depth of the discontinuity indicates that it is
not likely to represent the ‘solidus’ of the mantle
assemblage at these conditions [62]. Based on the
analysis presented here of the depletion of water
from the solid residue during the MORB melting
process, Gaherty et al. conclude that this discontinu-
ity represents the fossilized lower boundary of the
melt extraction zone. In this case, the most likely
explanation for the decrease in velocity is through
the effect of water on anelastic relaxation suggested
by Karato [63]. In Karato’s model, if Q) is in the
range of 0.02-0.01 (where Q™' describes the rate of
energy dissipation of seismic waves), a 6% velocity
reduction arises if the dislocation mobility is en-
hanced by a factor of 300—1000 due to the presence
of water. This enhancement of dislocation mobility is
the same as the water-induced enhancement of creep
rate (relative to dry aggregates) that we predict for a
mantle with a water content of 810 + 490 H/10° Si.
Thus, the magnitude of the velocity decrease de-
scribed by Gaherty et al. corresponds well with the
change in water content of olivine illustrated in Fig.
4 and the effect that this change in water content has
on the physical properties of the mantle.



7.2. Evolution of seismic anisotropy

The extraction of water from the mantle assem-
blage at mid-ocean ridges can also affect the evolu-
tion of seismic anisotropy with age. Nishamura and
Forsyth {49] illustrate that seismic anisotropy extends
to depths of ~ 200 km near the East Pacific Rise,
but shoals to ~ 100 km below regions where the
seafloor is older than 80 m.y. There is considerable

uncer{aln{'y }n the exact \IQ]I!AC r\F fhncn rlpnﬂﬁs and

complications that arise from interference between
‘fossilized’ anisotropy and dynamic anisotropy
should be noted. Nonetheless, this observation sug-
gests that the depth limit of fossilized seismic anisot-
ropy in the ocean basins is controlled by the depth to
which small-scale convection can occur. Small-scale
convection can disrupt the accumulated finite strain
of the mantle assemblage and therefore the olivine
LPO [AQ EA] Thus, if small-scale convection onlvy
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occurs in the wet regions of the mantle, it follows
that the depth limit of fossilized seismic anisotropy
could be a manifestation of a mantle viscosity struc-
ture that is controlled by the extraction of water at
mid-ocean ridges, rather than a change in deforma-
tion mechanism from dislocation to diffusion creep.

7.3. Melt extraction at mid-ocean ridges

The strong influence of water on the viscosity of
olivine aggregates provides an explanation of how
melt migration becomes focused to mid-ocean ridges.
As illustrated in F 15 5, the viSCOSu_y of the mantle
directly beneath a ridge axis may be on the order of
102! Pa s, owing to the removal of water from
olivine during the melt extraction process. This ob-
servation indicates that melt migration can be fo-
cused to the ridge axes (i.e., the neovolcanic zone) as
aresultof a pressure gradient produced by corner-like

flow [65.66]. Such a hypothesis has previously been
questloned because the viscosity required to produce

pressure oradient larce enanch ta affect mealt
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mlgratlon in the absence of an anisotropic permeabil-
ity structure (i.e., ~ 10?! Pass) is significantly greater
than that (i.e., ~ 10" Pa s) needed to satisfy other
geophysical constraints (e.g., [66]). However, it is
apparent that the high viscosity region beneath the
ridge axis can be underlain by an upper mantle with
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a viscosity low enough to satisfy the other geophysi-
cal constraints (see also [61]).

8. Conclusions

of olivine aggregates is
reduced by a factor of ~ 140 in the presence of
water at a confining pressure of 300 MPa and that
the influence of water on viscosity depends on the
concentration of water in olivine.

(2) An analysis of solubility data for water in
mamle minerals indicates that there is 810 £ 490
H/10% Si in olivine in the MORB source region.
This amount of water is greater than the solubility of
water in olivine at 300 MPa, indicating that the

water in olivin indicating that the
viscosity of the mantle in the MORB source region
is a factor of ~ 500+ 300 less than that of dry
olivine aggregates.

(3) The relationships for the solubility of water in
mantle minerals are used in conjunction with other
petrological constraints to calculate the depth at
which melting initiates beneath mid-ocean ridges.
These calculations suggest that melting begins at a

denth of ~ 115 km, providine a pncmhlp exnlanation
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for the ‘garnet signature’ in MORB. However, the
amount of water in the MORB source is not suffi-
cient to significantly affect the total amount of melt
produced. The solubility data also suggest that the
bulk partition coefficient for water increases with
increasing pressure (i.e., depth). A positive corre-
spondence between the predicted bulk distribution
coefficient and the trace element composition of
MORB supports our conclusions reached on the
basis of the solubility data.

(4) The extraction of water from olivine during
the MORB melting process can result in a mantle
viscosity on the order of 10°' Pa s in the region
directly beneath a mid-ocean ridge. This observation
indicates that the viscosity beneath ridges may be
high enough to produce latcral pressure gradients
capable of focusing melt migration to the ridge axis.
At depths greater than ~ 70 km, the viscosity is
predicted to be between ~ 10'® and 10" Pas due to
the presence of water in olivine.

(5) A sharp discontinuity in mantle viscosity can

arise due to the extraction of water from olivine in
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the mid-ocean ridge environment. This observation
indicates that the thickness of oceanic plates is de-
fined by a compositional rather than a thermal
boundary layer, or at least that the location of a
thermal boundary layer is strongly influenced by a
compositional boundary. A viscosity structure that is
controlled by the extraction of water from olivine at
mid-ocean ridges can strongly influence the evolu-
tion of seismic anisotropy and the mantle geotherm
with increasing age.
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Appendix A

The water content of olivine during fractional
melting is calculated using the relationship [67]:

(-

Cou(ol) MF
Cou(ol) Dy ( solid—melt)

where C,,(0l) is the initial water content of olivine
and F is the degree of melting. The bulk distribution
coefficient Dy, (solid—melt) is defined by the rela-
tionship:

(A1)

D,y ( solid—melt) = Y D, (i-melt) X, (A2)

where D, (i-melt) is the distribution coefficient
for water between the ith solid phase and melt, and

X, is the corresponding initial weight fraction of the
solid phase. The term M in Eq. (A1) is defined by:

M= Z Dy (i-melt) m, (A3)

where m; is the proportion of the ith phase entering
the liquid (i.e., the melt mode).

The value of D, (ol-melt) at the depths where
MORB melting initiates is calculated using con-
straints provided by experimental data for the solu-
bility of water in olivine. At 1100°C, the solubility of
water in olivine is follows the relationship:

~PAV,, )

C y=A_,f4
on(ol) a[fHZOexp( RT

(A4)
where A,,;=1.1 H/10° Si/MPa, n =1 and AV,, =
10.6 X 107% m?/mol [5]. Assuming that the solubil-
ity of water in MORB follows a similar relationship
with n = 1/2 and that AV, = AV,,, D,y (ol-melt)
at high pressure can be determined by:

Con(ol)
Dyy (ol — melt) =f(P) = ———CO ( MORB)
H
A
= —— i/ (AS)

AMORB

At a pressure of 300 MPa, f,,, =300 MPa;
therefore substitution of D,y (ol-melt) = 0.0004 into
Eq. (A5) gives Ayppp = 48 X 104 H/10°
Si/MPa'/?. Finally, substitution of this value for
Ayorp back into Eq. (A5) for a pressure of 2.5 GPa,
where fy,,, = 2.4 X 10* MPa [47], gives D, (ol-
melt) = 0.003. The melt mode used in Eq. (A3) was
taken from [48].
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