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[1] We examine the effects of melt depletion on density and anharmonic VP and VS on the
basis of the melting relations of fertile peridotite between 1 and 7 GPa. We incorporate the
effects of variable mineral mode and composition into a parameterization of mantle
residuum density and velocity, using a new compilation of mantle mineral physics results.
The effect of melt depletion on mantle density changes with pressure, and at 20% melt
removal, residue density changes are �0.42%, �0.46%, �0.90%, �1.14%, �0.95%,
�0.66%, and �0.57%, for pressures of 1, 3, 3.5, 4, 6, and 7 GPa, respectively. We note
that at adiabatic temperatures, realistic composition upper mantle has a higher thermal
expansivity than olivine, ranging from a = 4.91 to 3.47 � 10�5 K�1 between 1 and 7 GPa.
This implies that 1% melt depletion is equivalent in density effect as a 3–15� increase in
temperature, depending on pressure. Under Archean cratons, where cold melt-depleted
mantle generally has been considered to have the same density as fertile adiabatic mantle
(i.e., is isopycnic), we find subcratonic mantle formed above �110 km is negatively
buoyant with respect to adiabatic mantle. This suggests that vertical transport of residues
initially formed above 110 km may play a role in the stabilization of subcratonic mantle.
Regarding VP and VS, melt depletion has almost no effect, except for a small �0.5%
change in VP at 20% melting of spinel peridotite. The major element effects of melt
depletion are thus insufficient to produce the high mantle velocities imaged beneath
cratons or to cause significant velocity variations.

Citation: Schutt, D. L., and C. E. Lesher (2006), Effects of melt depletion on the density and seismic velocity of garnet and spinel

lherzolite, J. Geophys. Res., 111, B05401, doi:10.1029/2003JB002950.

1. Introduction

[2] To understand convection in the mantle, the density
variations that drive flow must be quantified. Factors that
create density variations are changes in temperature, pres-
sure, composition, mineralogy, and volume of partial melt.
A primary source of upper mantle compositional variation
arises from the extraction of partial melt, which leaves
behind a residuum depleted in incompatible elements and
modified in modal mineralogy. This phenomenon, known as
melt depletion, is geodynamically important because a melt-
depleted residuum is expected to be more buoyant than its
fertile parent material [Morgan, 1968]. This process can
lead to the formation of buoyant upper mantle ‘‘tecto-
sphere’’ beneath cratons [Morgan, 1968; Elsasser, 1969;
Jordan, 1975; Brooks et al., 1976; Boyd and Nixon, 1978;
Jordan, 1978, 1979, 1981, 1988; Hawkesworth et al.,
1983]; can modulate plume-plate interaction [Morgan et
al., 1995; Ribe and Christensen, 1999]; may increase melt
focusing at mid-ocean ridges [Scott and Stevenson, 1989;

Sotin and Parmentier, 1989; Su and Buck, 1993]; and may
affect small-scale upper mantle convection [Tackley and
Stevenson, 1993; Humphreys et al., 2000]. Furthermore,
melt depletion is predicted to increase seismic velocities
[Jordan, 1979] and therefore has been postulated to be the
cause of high-velocity regions in the subcontinental mantle
as revealed by tomography studies [Saltzer and Humphreys,
1997; Allen et al., 2002].
[3] Many of the recent seismic and geodynamic studies

that consider the effects of melt depletion have used
standard temperature and pressure (STP) density and veloc-
ity values from Jordan [1979]. Since this seminal work
more than 20 years ago, significant advances have been
made in both mineral physics and experimental petrology.
The physical properties of most upper mantle mineral
compositional end-members have now been measured at
elevated temperatures and pressures. In addition, the com-
positional effects of melt depletion, which vary with pres-
sure, are now better documented [Baker and Stolper, 1994;
Lesher and Baker, 1997; Walter, 1998]. These data allow
for improved estimates of the densities and seismic velocity
of mantle peridotites at ambient upper mantle conditions. In
this study, we combine experimental data for partial melting
of spinel and garnet lherzolites and mineral physics data to
parameterize changes in residuum density and (anharmonic)
velocity resulting from melt extraction, and consider impli-
cations of the derived density and velocity trends for the
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interpretation of anomalous seismic velocities in upper
mantle and the isopycnic tectosphere hypothesis.

2. Peridotite Phase Relations

[4] Experimental melting studies of model peridotite
compositions provide important constraints on the varia-

tions in peridotite phase relations with bulk composition.
However, few studies provide sufficient data on the isobaric
mineral proportions and composition over a sufficient range
of melt fractions (and temperature) to develop parameter-
izations for residue density and velocities. For this reason,
we consider the melting systematics for the model fertile
lherzolite compositions MM3 and KR4003 studied origi-

Figure 1. Residual mineral modes for model lherzolite compositions MM3 (1 and 3.5 GPa) and
KR4003 (3, 4, 4.5, 6, and 7 GPa) as a function of the extent of batch melting based on experimental data
of Baker and Stolper [1994], Lesher and Baker [1997], and Walter [1998]. Olivine (circles),
orthopyroxene (squares), clinopyroxene (triangles), spinel (inverted triangles), and garnet (diamonds).
Error bars give 1-sigma measurement errors for each data point. Parameterized mineral mode trends are
given by solid line, and 1-sigma prediction error based on Monte Carlo modeling is given by lighter area
around each line.
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nally by Baker and Stolper [1994] and Walter [1998],
respectively. These model lherzolite compositions are sim-
ilar to the primitive mantle composition estimated by Hart
and Zindler [1986] (hereinafter referred to as HZ) and
pyrolite model mantle of McDonough and Sun [1995]
(hereinafter referred to as MF), although MM3, which is
constructed from mineral separates of a Kilbourne Hole
nodule, is notably lower in total FeO (7.18 wt % compared
to 7.54 wt % for HZ and 8.05 wt % for MF) and higher in
Cr2O3 (0.68 wt % compared to 0.47 wt % for HZ and
0.38 wt % for MF). By comparison KR4003, representing
a xenolith from West Kettle River, British Columbia has
total FeOtot of 8.02 wt % and Cr2O3 of 0.41 wt %. Baker
and Stolper [1994] originally investigated the melting
relations of model lherzolite MM3 in the spinel stability
field at 1.0 GPa. Complementary work by Lesher and Baker
[1997] provides analogous information for garnet peridotite
melting at 3.5 GPa. These pressures bracket much of the

Table 1. Abbreviations and Symbols

Abbreviation, Symbol,
or Parameter Meaning Units

ol olivine
opx orthopyroxene
cpx clinopyroxene
spl spinel
gt garnet
r density Mg m�3

KS adiabatic bulk modulus GPa
KT isothermal bulk modulus GPa
G shear modulus GPa
a thermal expansivity 1/K
g Grüneisen parameter dimensionless
P Pressure GPa
T Temperature K
R Fe # dimensionless

Figure 2. Some of the compositional trends modeled in this study for MM3 melting runs. (a)–(d) Mg #
of olivine and orthopyroxene, with 1s prediction error given by gray region around solid lines.
(e)–(f) Proportion of major end-member minerals within clinopyroxene: diopside (circles), enstatite
(squares), Ca-Tschermak pyroxene (diamonds), jadeite (triangles), hedenbergite (five-pointed stars),
and ferrosillite (six-pointed stars).
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range of mantle melting depths, and allow us to examine
how changing melting relations with pressure modify
residuum density and seismic velocity. Similar information,
albeit less exhaustive at a given pressure, is available for
lherzolite composition KR4003 at 3, 4, 4.5, 6, and 7 GPa
from Walter [1998].
[5] Figure 1 summarizes the variation in residual mineral

modes as a function of melt depletion for MM3 and
KR4003. In general, batch melting yields, progressively,
residues of lherzolite, harzburgite, and dunite with increased

melt depletion. For melting of spinel peridotite at 1 GPa,
Baker and Stolper [1994] constrained the incongruent
melting reaction opx + cpx (+ spl) ! melt + ol (see
Table 1 for explanation of abbreviations and symbols) until
cpx is exhausted at �25% partial melting. The melting
reaction for garnet peridotite at 3.5 GPa from Lesher and
Baker [1997] is ol + cpx + gt ! melt + opx until cpx is
exhausted at �29% partial melting. Beyond clinopyroxene
exhaustion, melting is governed by the reaction opx (± gt)!
melt + ol up to �50% partial melting. For KR4003, Walter
[1998] found that opx was not stable along the solidus
above 3 GPa; however, it did crystallize within the
melting interval via the reaction ol + cpx (± gt) ! melt +
opx. In a comparative study of experimental encapsulating
material and firing procedures, Lesher et al. [2003] found
that opx can be stable along the solidus of KR4003 up to at
least 5 GPa. The relative stability of opx along the KR4003
solidus was attributed to differences in redox state of the
starting material and conditions imposed by the capsules.
These effects do have important implications for mantle
petrology, but in the present analysis the consequence of
having a single subcalcic cpx along the solidus rather than
opx and a slightly more calcic cpx has little effect on
computed residuum density and seismic velocity.
[6] Figure 2 illustrates the changes in mineral composition

for batch melting of MM3 with the spinel and garnet
lhzerlolite facies. Mineral compositions are expressed in
terms of the end-member components listed in Table 2.
The functional relationships between residual mineral mode
and melt removed and end-members and melt removed are
estimated by empirical fits to the trends in Figure 2. One
sigma uncertainties in these fits are estimated by Monte
Carlo modeling and are shown as the shaded envelopes in
Figures 1 and 2.

3. Calculation of Density and Velocity

3.1. Method

[7] Densities and velocities are calculated for each com-
position at the pressures and temperatures of interest. To
accomplish this, the density, bulk modulus, and shear
modulus are determined for each end-member mineral at
the P and T of interest using the procedures described
below. The bulk rock moduli are computed from the
individual mineral moduli using the mean of the Hashin-
Shtrikman bounds [Hashin and Shtrikman, 1963; Watt et
al., 1976]. (In practice, the difference between taking the
mean of the Hashin-Shtrikman bounds and the mean of the
Voight -Reuss bounds is insignificant given uncertainties in
individual mineral moduli.) Bulk rock densities are calcu-
lated from the densities and weighted average of the volume
fractions of the constituent minerals. Velocities are calcu-
lated using

VP ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KS þ 4=3G

r

s
ð1aÞ

VS ¼
ffiffiffiffi
G

r

s
; ð1bÞ

where variables are defined in Table 1.

Table 2. Mineral End-Member Componentsa

End-Member Formula First Choice Second Choice

Olivine
Forsterite Mg2SiO4

Fayalite Fe2SiO4

Orthopyroxene
Acmite NaFeSi2O6 jadeite diopside
Jadeite NaAlSi2O6 jadeite diopside
Fassaite CaAl2SiO6 jadeite diopside
(Mg,Fe) Fassaite (Mg,Fe)Fe2SiO6 jadeite diopside
Ca-Tschermak CaAl2SiO6 Ca-Tschermak enstatite
CaTi-Tschermak CaTiAl2O6 Ca-Tschermak enstatite
CrCa-Tschermak CaCr2SiO6 Ca-Tschermak enstatite
(Mg,Fe)-
Tschermak

(Mg,Fe)Al2SiO6 Mg-Tschermak enstatite

(Mg,Fe)
Ti-Tschermak

(Mg,Fe)TiAl2O6 Mg-Tschermak enstatite

Cr(Mg,Fe)-
Tschermak

(Mg,Fe)Cr2SiO6 Mg-Tschermak enstatite

Diopside CaMgSi2O6

Hedenbergite CaFeSi2O6

Enstatite Mg2Si2O6

Ferrosilite Fe2Si2O6

Clinopyroxene
Acmite NaFeSi2O6 jadeite diopside
Jadeite NaAlSi2O6 jadeite diopside
Fassaite CaFe2SiO6 jadeite diopside
(Mg,Fe) Fassaite (Mg,Fe)Fe2SiO6 jadeite diopside
Ca-Tschermak CaAl2SiO6 Ca-Tschermak enstatite
CaTi-Tschermak CaTiAl2O6 Ca-Tschermak enstatite
CrCa-Tschermak CaCr2SiO6 Ca-Tschermak enstatite
(Mg,Fe)-
Tschermak

(Mg,Fe)Al2SiO6 Mg-Tschermak enstatite

(Mg,Fe)
Ti-Tschermak

(Mg,Fe)TiAl2O6 Mg-Tschermak enstatite

Cr(Mg,Fe)-
Tschermak

(Mg,Fe)Cr2SiO6 Mg-Tschermak enstatite

Diopside CaMgSi2O6

Hedenbergite CaFeSi2O6

Clinoenstatite Mg2Si2O6 enstatite
Clinoferrosilite Fe2Si2O6 ferrosillite

Garnet
Pyrope Mg3Al2Si3O12 pyrope any pyralspite
Almandine Fe3Al2Si3O12 pyrope any pyralspite
Spessartite Mn3Al2Si3O12 pyrope any pyralspite
Andradite Ca3Fe2Si3O12 any ugrandite
Grossular Ca3Al2Si3O12 any ugrandite
Uvarovite Ca3Cr2Si3O12 grossular any ugrandite

Spinel
Spinel MgAl2O4

Chromite FeCr2O4 spinel
Hercynite FeAl2O4 hercynite

aIf end-member mineral physics data are unavailable for a particular end-
member, the end-member is first approximated using the value for the end-
member listed is first choice column, and if not possible, then using the
end-member listed in second choice column.
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[8] To estimate KS and G for each mineral, we use
laboratory-measured values for KS and G, and their
temperature and pressure derivatives to extrapolate to
the temperatures and pressures of interest. In practice,
if M represents the bulk or shear modulus, data are
sufficient to constrain @M/@T, @M/@P, and sometimes

@2M/@P2, for most upper mantle minerals; however, their
cross derivatives, @2M/@P@T are poorly constrained, albeit
small [Isaak, 1992]. In this treatment we assume that all
cross derivatives are zero; however, we do explicitly
incorporate uncertainties into the other parameters (see
Appendix A).

Table 3. Values of Mantle Mineral Physics Parameters Estimated From the Literature Sources Given in Tables 5–8a

End-Member
KS,
GPa

dK/dP,
GPa GPa�1

d2K/dP2,
GPa�1

dK/dT,
GPa K�1

G,
GPa

dG/dP,
GPa GPa�1

d2G/dP2,
GPa�1

dG/dT,
GPa K�1

Density,
Mg m�3 g

a0,
b

� 10�4
a1,

� 10�8 a2

a3,
� 10�18

Olivine
Forsterite 128.8 4.2 0 �0.017 81.2 1.43 0 �0.0143 3.2305 1.15 0.285 1.008 �0.384 0
Fayalite 138c 4.7 0 �0.0204 50.9 2.1 0 �0.0098 4.3915 1.12 0.2386 1.153 �0.0518 0

Orthopyroxene
Acmite 106 4.8 0 �0.0205 58 1.7 0 �0.01 3.563 1 0.232 1.88 0 0
Jadeite 124.5 5 0 �0.0165 85 1.7 0 �0.01 3.363 1 0.256 0.26 0 0
Fassaite 124.5 5 0 �0.0165 85 1.7 0 �0.01 3.363 1 0.256 0.26 0 0
(Mg,Fe)-fassaite 124.5 5 0 �0.0165 85 1.7 0 �0.01 3.363 1 0.256 0.26 0 0
Ca-Tschermak 207 10.2 �1.6 �0.037 103 2 0 �0.0119 3.435 1.1 0.271 1.2 �0.66 3.1
CaTi-Tschermak 207 10.2 �1.6 �0.037 103 2 0 �0.0119 3.435 1.1 0.271 1.2 �0.66 3.1
CrCa-Tschermak 207 10.2 �1.6 �0.037 103 2 0 �0.0119 3.435 1.1 0.271 1.2 �0.66 3.1
Mg-Tschermak 207 10.2 �1.6 �0.037 103 2 0 �0.0119 3.435d 1.1 0.271 1.2 �0.66 3.1
(Mg,Fe)
Ti-Tschermak

207 10.2 �1.6 �0.037 103 2 0 �0.0119 3.435 1.1 0.271 1.2 �0.66 3.1

Fe-Tschermak 207 10.2 �1.6 �0.037 103 2 0 �0.0119 3.435 1.1 0.271 1.2 �0.66 3.1
Cr(Mg,Fe)-
Tschermak

207 10.2 �1.6 �0.037 103 2 0 �0.0119 3.435 1.1 0.271 1.2 �0.66 3.1

Diopside 110.5 4.8 0 �0.0205 65.1 1.7 0 �0.01 3.277 1 0.232 1.88 0 0
Hedenbergite 119 4 0 �0.0205 65.1 1.7 0 �0.01 3.656 1.5 0.232 1.88 0 0
Enstatite 105.6 10.2 �1.6 �0.037 74.46 2 0 �0.0119 3.187 1.1 0.271 1.2 �0.66 3.1
Ferrosilite 98.8 9 �1.6 �0.037 75.72 2 0 �0.0119 4.004 1.1 0.308 0.978 �0.404 1.52

Clinopyroxene
Acmite 106 4.8 0 �0.0205 58 1.7 0 �0.01 3.563 1 0.232 1.88 0 0
Jadeite 124.5 5 0 �0.0165 85 1.7 0 �0.01 3.363 1 0.256 0.26 0 0
Fassaite 124.5 5 0 �0.0165 85 1.7 0 �0.01 3.363 1 0.256 0.26 0 0
(Mg,Fe)-
Fassaite

124.5 5 0 �0.0165 85 1.7 0 �0.01 3.363 1 0.256 0.26 0 0

Ca-Tschermak 207 10.2 �1.6 �0.037 103 2 0 �0.0119 3.435 1.1 0.271 1.2 �0.66 3.1
CaTi-Tschermak 207 10.2 �1.6 �0.037 103 2 0 �0.0119 3.435 1.1 0.271 1.2 �0.66 3.1
CrCa-Tschermak 207 10.2 �1.6 �0.037 103 2 0 �0.0119 3.435 1.1 0.271 1.2 �0.66 3.1
Mg-Tschermak 207 10.2 �1.6 �0.037 103 2 0 �0.0119 3.435c 1.1 0.271 1.2 �0.66 3.1
(Mg,Fe)
Ti-Tschermak

207 10.2 �1.6 �0.037 103 2 0 �0.0119 3.435 1.1 0.271 1.2 �0.66 3.1

Fe-Tschermak 207 10.2 �1.6 �0.037 103 2 0 �0.0119 3.435 1.1 0.271 1.2 �0.66 3.1
Cr(Mg,Fe)-
Tschermak

207 10.2 �1.6 �0.037 103 2 0 �0.0119 3.435 1.1 0.271 1.2 �0.66 3.1

Diopside 110.5 4.8 0 �0.0205 65.1 1.7 0 �0.01 3.277 1 0.232 1.88 0 0
Hedenbergite 119 4 0 �0.0205 65.1 1.7 0 �0.01 3.656 1.5 0.232 1.88 0 0
Clinoenstatite 105.6 10.2 0 �0.037 74.46 2 0 �0.0119 3.187 1.1 0.271 1.2 �0.66 3.1
Clinoferrosilite 98.8 9 0 �0.037 75.72 2 0 �0.0119 4.004 1.1 0.308 0.978 �0.404 1.52

Garnet
Pyrope 172.1 1.5 0 �0.0191 92.8 1.4 0 �0.0092 3.5668 1.29 0.2311 0.5956 �0.4538 0
Almandine 174.1 5.85 0 �0.0204 97.7 1.4 0 �0.0116 4.3163 1.29 0.1776 1.214 �0.5071 0
Spessartite 178.8 5.46 0 �0.0191 96.3 1.4 0 �0.0092 4.1942 1.29 0.2927 0.2726 �1.156 0
Andradite 159.4 3.22 0 �0.0153 89.9 4.3 0 �0.0115 3.8513 1.38 0.2103 0.6839 �0.2245 0
Grossular 170 7.4 0 �0.0148 108.8 1.1 0 �0.0133 3.6003 1.38 0.1951 0.8089 �0.6617 0
Uvarovite 162 4.7 0 �0.0148 91.9 1.1 0 �0.0133 3.8473 1.38 0.2232 0.5761 �0.2329 0

Spinel
Spinel 198 5.05 �0.65 �0.015 108.1 0.07 0 �0.0119 3.8209 1.1 0.187 0.975 �0.365 0
Chromite 203 5.05 �0.65 �0.015 105 0.07 0 �0.0119 5.09 1.1 0.0977 1.9392 0 0
Hercynite 210.3 5.05 �0.65 �0.015 84.4 0.07 0 �0.0119 4.28 1.1 0.0513 1.5936 0 0

aThermal expansivity, a, is parameterized as a = a0 + a1T + a2/T
2 + a3T

4, where T is temperature.
bBold indicates value derived from multiple measurements of parameter. Normal font indicates value derived from one measurement. Italics indicate

value assumed from other end-member, based on preference scheme given in Table 2.
cThis value for fayalite fits bulk modulus measurements for realistic composition olivine, and probably overpredicts the value for pure fayalite. See text

for details.
dMg-Tschermak density taken from that for Ca-Tschermak.
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[9] To calculate individual mineral densities, we use the
relation

dr
r
¼ �adT þ dP

KT

; ð2Þ

where r, a, and KT are all functions of P and T. KT and KS

are related by

KT ¼ KS 1þ agTð Þ: ð3Þ

[10] Integrating equation (2) yields

r ¼ r0 exp �
ZTF
T0

a P ¼ P0; Tð ÞdT þ
ZPF

P0

dP

KT P;T ¼ TFð Þ

2
64

3
75; ð4Þ

where T0 and P0 are the temperature and pressure at which
r0 is measured (commonly room temperature and pressure)
and TF and PF are the temperature and pressure at which we
wish to know the density. In practice, equation (4) is
evaluated numerically with r and KT computed at each value
of T and P, respectively. Thus, to recover VP and VS at the
pressures and temperatures of interest density, bulk
modulus, and shear modulus are estimated from g, r0,
KT(P, T), G(P, T), and a(P = P0, T) for each mineral phase
of variable composition comprising upper mantle peridotite.
These constraints come from a compilation of published
sources on the properties for upper mantle minerals with

results shown in Table 3 and references summarized in
Tables 4–8. Although exhaustive, this database is not
complete as there are many compositional end-members
that are not adequately characterized. In these cases we use
estimated values based on prudent comparisons among
measured values. In addition, measurement and random
errors contribute significantly to the uncertainties in our
calculated r, VP and VS. Appendix A presents our error
propagation analysis based on these considerations. In
sections 3.2–3.5 we describe how the mineral physics
properties are computed for each mineral phase.

3.2. Olivine

[11] Olivine composition is expressed in terms of the end-
member components forsterite (Mg2SiO4) and fayalite
(Fe2SiO4), while other minor components are ignored
(Table 2). The effects of varying olivine composition are
parameterized as a linear combination of the end-member
properties of these two minerals (see Figures 3–5). Refer-
ences for olivine are listed in the figure captions. In the case
of the bulk modulus, a simple linear fit to all measurements
slightly underpredicts K for natural olivines, and overpre-
dicts K for fayalite. This may be because there have been no
studies in which the bulk modulus for a range of olivine Mg
# have been measured in the same laboratory or because
bulk modulus varies nonlinearly with Mg #. In any case,
because we are most interested in the modulus for realistic
Mg #, we fit K data for forsterite and natural composition
olivine, and only one fayalite measurement. This ad hoc
method weights the fit to natural composition olivine, at the
expense of fayalite (Figure 3). In contrast, linear regressions

Table 5. References and Notes for Diopside, Hedenbergite, Jadeite, and Acmite Mineral Physics Properties

Parameter Diopside (Di) Hedenbergite (Hd) Jadeite (Jd) Acmite (Ac)

KT Zhao et al. [1998] Zhang and Hafner [1992] Kandelin and Weidner [1988] Aleksandrow et al. [1964]
dK/dP Zhao et al. [1998] value assumed by Zhang

and Hafner [1992]
no data, used value for Di assumed value for Di

d2K/dP2 assumed 0 assumed 0 assumed 0 assumed value for Di
dK/dT Zhao et al. [1998] used value for

‘‘clinopyroxene’’ from
Agee [1998]

Zhao et al. [1997] assumed value for Di

G Levien et al. [1979] Veblen and Burnham [1970] Zhao et al. [1997] Aleksandrow et al. [1964]
dG/dP used value for

‘‘clinopyroxene’’
from Agee [1998]

used value for
‘‘clinopyroxene’’
from Agee [1998]

used value for
‘‘clinopyroxene’’
from Agee [1998]

used value for
‘‘clinopyroxene’’
from Agee [1998]

dG/dT used estimated value
from Duffy and
Anderson [1989]

used estimated value from
Duffy and Anderson
[1989]

used estimated value from
Duffy and Anderson
[1989]

used estimated value from
Duffy and Anderson
[1989]

g assumed 1 Zhang and Hafner [1992] assumed 1 assumed value for Di
a Zhao et al. [1998] assumed value for Jd Zhao et al. [1997] assumed value for Di

Table 4. References for End-Member Pyroxene Densities

End-Member References

Diopside Aleksandrow et al. [1964], Cameron et al. [1973], and Levien et al. [1979]
Hedenbergite Cameron et al. [1973]
Enstatite/Ferrosillite Akimoto [1972], Frisillo and Barsch [1972], Weidner et al. [1978], Bass and Weidner [1984], Duffy and Vaughan [1988],

Hugh-Jones and Angel [1994], Yang and Ghose [1994], Zhao et al. [1995], Flesch et al. [1998], and Jackson et al. [2003]
Clinoenstatite Morimoto et al. [1960]
Clinoferrosillite Burnham [1967]
Acmite Aleksandrow et al. [1964] and Cameron et al. [1973]
Jadeite Aleksandrow et al. [1964], Cameron et al. [1973], and Zhao et al. [1997]
Ca-Tschermak Hays [1966] and Okamura et al. [1974]
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for other olivine parameters, such as shear modulus, fit the
data similarly regardless of Mg #.

3.3. Orthopyroxene and Clinopyroxene

[12] Orthopyroxene and clinopyroxene are modeled in
terms of the end-members listed in Table 2. Density is
calculated from measurements for diopside, hedenbergite,
clinoenstatite, clinoferrosillite, acmite, jadeite, and Ca-
Tschermak from sources given in Table 4. Since several
density determinations exist for orthopyroxenes along the
enstatite-ferrosillite join, a separate regression was per-
formed for the density of mixed enstatite-ferrosillite
orthopyroxenes (Table 4). Moduli are parameterized in
terms of enstatite, ferrosillite, fassaite, Mg-Tschermak,
diopside, hedenbergite, jadeite, and acmite. To calculate
these effects, individual moduli measurements for diop-
side, hedenbergite, jadeite, and acmite are used (see
Table 5), and then a multivariate regression is performed
to estimate the end-member moduli of enstatite, ferrosillite,
fassaite, and Mg-Tschermak, using mixed-composition
(natural) pyroxenes [Bass and Weidner, 1984; Duffy and
Vaughan, 1988; Webb and Jackson, 1993; Zhao et al.,
1995; Chai et al., 1997; Hugh-Jones and Angel, 1997;
Flesch et al., 1998; Angel and Jackson, 2002]. It is
noteworthy that orthopyroxene containing significant
Mg-Tschermak component is reported to have an anom-
alously high bulk modulus [Chai et al., 1997; Hugh-
Jones et al., 1997], which yields a bulk modulus of
207 GPa for pure Mg-Tschermak on extrapolation. Since
we cannot presently confirm this estimate and feel it may
be in error, we take a conservative approach and assign a
large error (±50 GPa) to the bulk modulus for Mg-
Tschermak, as well as, the remaining Tschermak compo-
nents also assumed to have a bulk modulus of 207 GPa
(see Table A1). In contrast, the shear modulus appears to
be unaffected by variations in Mg-Tschermak component.

Finally, Flesch et al. [1998] found that d2K/dP2 for
enstatite is significant, and we assume that ferrosillite
and all Tschermak’s components have the same value, as
well (Table 3).

3.4. Garnet

[13] Garnet exists in two main solution series, ugrandite
and pyralspite (Table 2). The calcic ugrandite series con-
tains the end-members uvarovite (Uv, Ca3Cr2Si2O12), gros-
sular (Gr, Ca3Al2Si2O) and andradite (An, Ca3Fe

3+Si2O12).
The noncalcic pyralspite series contains the end-members
pyrope (Py, Mg3Al2Si2O12), almandine (Alm, Fe3+3Al2-
Si2O12) and spessartite (Sp, Mn3Al2Si2O12). We compute
the bulk properties of a given garnet by taking a weighted
average of the end-member properties, regardless of solid
solution series.
[14] Density, K, G, and their derivative quantities have

been determined experimentally for all end-member and
many mixed-composition garnets (see Tables 6–8 for data
sources), and a summary of these data are given in Table 3.
Where data are limited we use the most recent end-member
values available, as noted in Tables 2, 7, and 8. We assume
that spessartite has the same temperature derivatives as
pyrope, and uvarovite has the same temperature derivatives
as grossular. We use multiple linear regression, including
data for end-member and mixed-composition garnets, to
estimate density, K, G, and their derivatives for garnets from
the experimental run products.

3.5. Spinel

[15] Spinel is characterized in terms of end-members
spinel (MgAl2O4), hercynite (FeAl2O4), and chromite
(Fe2Cr2O4) (Table 2). We use the references cited by Lee
[2003] to calculate the various properties of these end-
members. Because MgAl2O4 undergoes an order-disorder
transition at around 950K [Suzuki et al., 2000], there is a
discontinuity in the temperature dependence of thermal

Table 6. References for Garnet Data Used in Regression

Parameter References

Density Soga [1967], Novak and Gibbs [1971], Wang and Simmons [1974], Akaogi and Akimoto
[1978], Babuska et al. [1978], Leitner et al. [1980], Suzuki and Anderson [1983], Bass
[1986], Hazen and Finger [1986], Bass [1989], O’Neill et al. [1989], Webb [1989], Leger
et al. [1990], Olijnyk et al. [1991], Armbruster et al. [1992], Isaak [1992], Ottonello et al.
[1996], Chai et al. [1997], Conrad et al. [1999], and Sinogeikin et al. [2003]

K and G Suzuki and Anderson [1983], Bass [1986], Bass [1989], O’Neill et al. [1989], Webb
[1989], Isaak [1992], Chai et al. [1997], Chen et al. [1997], and Sinogeikin et al. [2003]

dK/dT and dG/dT Bonczar et al. [1977], Babuska et al. [1978], Suzuki and Anderson [1983], Armbruster et
al. [1992], and Isaak [1992]

Table 7. References and Notes for Pyralspite Group Garnet Mineral Physics Data

Parameter Pyrope (Py) Almandine (Al) Spessartite (Sp)

KT solved for, see Table 6 solved for, see Table 6 solved for, see Table 6
dK/dP Conrad et al. [1999] Akaogi and Akimoto [1978] no data, used value for Py
d2K/dP2 assumed 0 assumed 0 assumed 0
dK/dT solved for, see Table 6 solved for, see Table 6 solved for, see Table 6
G solved for, see Table 6 solved for, see Table 6 solved for, see Table 6
dG/dP Conrad et al. [1999] no data, used value for Py Conrad et al. [1999]
dG/dT solved for, see Table 6 solved for, see Table 6 solved for, see Table 6
r solved for, see Table 6 solved for, see Table 6 solved for, see Table 6
g Isaak [1992] no data, used value for Py no data, used value for Py
a Skinner [1966] Skinner [1966] Skinner [1966]
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expansivity and the Grüneisen parameter. As such, the
thermal expansivity and the Grüneisen parameter are based
on Suzuki et al.’s [2000] measurements for temperatures
greater than 950K.

4. Results

[16] To estimate the effects of melt depletion on density
and seismic velocity, we combine residue compositional
trends from batch melting of MM3 and KR4003 at
pressures between 1 and 7 GPa (Figures 1 and 2) with
the mineral physics relations derived in section 3. Figure 6
shows the effects of 20% melting on density, bulk and
shear moduli, and VP and VS between 1 and 7 GPa.
Figures 7–9 show the effects of increasing amounts of
melt depletion on density and velocity for this same
pressure interval. Table 9 summarizes the major causes
of density, moduli, and velocity variations. In general, melt
depletion leads to a decrease in density at all pressures,
with the smallest change at 1 and 7 GPa, and the largest

change at �4 GPa (Figures 6 and 7). Spinel peridotite
shows a significant change in VP with melt depletion,
while VP for garnet peridotite residues does not vary
(Figure 8). Conversely, VS does not vary significantly with
melt depletion for spinel peroditite, but decreases slightly
for garnet peridotite at 3–3.5 GPa and may increase with
melt depletion at higher pressures (Figures 6 and 9). The
details and causes of these variations in density and
velocity are explored below.

4.1. Density

[17] To understand the cause of observed density rela-
tions, it is helpful to think of the total density change as

Table 8. References and Notes for Ugrandite Group Garnet Mineral Physics Data

Parameter Uvarovite (Uv) Grossular (Gr) Andradite (An)

KT solved for, see Table 6 solved for, see Table 6 solved for, see Table 6
dK/dP Leger et al. [1990] Conrad et al. [1999] Conrad et al. [1999]
d2K/dP2 assumed 0 assumed 0 assumed 0
dK/dT no data, used value for Gr solved for, see Table 6 solved for, see Table 6
G solved for, see Table 6 Solved for, see Table 6 solved for, see Table 6
dG/dP no data, used value for Gr Conrad et al. [1999] Conrad et al. [1999]
dG/dT no data, used value for Gr solved for, see text solved for, see Table 6
r solved for, see Table 6 solved for, see Table 6 solved for, see Table 6
g no data, used value for Gr Suzuki and Anderson [1983] no data, used value for Gr
a Ottonello et al. [1996] Skinner [1966] Skinner [1966]

Figure 3. Olivine density as a function of Mg #, based on
regression of data from several studies. Dashed lines show
the 1s prediction error. Individual data errors are too small
to show (they range from 0.002 to 0.009 Mg m�3) and are
not considered in the regression [Hearmon, 1979; Sumino
and Anderson, 1984; Isaak et al., 1989; Isaak, 1992]. Total
variation in olivine Mg # in 3.5 GPa melting study [Lesher
and Baker, 1997] is indicated by the gray region.

Figure 4. Olivine moduli as a function of Mg # [Yoneda
and Morioka, 1992; Zaug et al., 1993; Duffy et al., 1995;
Zha et al., 1996; Abramson et al., 1997; Fujisawa, 1998].
Black circles show data used in line fit, with emphasis on
fitting olivine with Earth-like Mg #. For reference, gray
band shows range of Mg # measured in 3.5 GPa melting
experiment. Triangles show data not used in line fit. Other
symbols are as in Figure 3.
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a combination of the density change due changes in
mineral mode (for example, the proportion of cpx
decreases from 18% to 4% between 0 and 20% batch
melting of spinel lherzolite MM3), and the density
change caused by the variation in the density of the
individual minerals due to compositional changes accom-
panying melting (i.e., in the above example the density of
clinopyroxene changes from 3.197 to 3.181 Mg m�3,
respectively) (see Table 9 and Figure 6). Figure 6
provides a comparison of the density changes due solely
to either mode and mineral composition, and the net
effect. At 20% melting mode and compositional effects
have the same sense at all pressures and produce a
combined density change ranging from –0.3% at 1 GPa
to �1.0% at 4 GPa. The most significant factors control-
ling bulk rock density are depletion of Fe in olivine and
orthopyroxene and changes in the modal proportion of
spinel and/or garnet. Nevertheless, the changes in density
with melt depletion are relatively small for several rea-
sons. For melting of spinel peridotite, the loss of ortho-
pyroxene and clinopyroxene, both having comparatively
low densities (Tables 9–10), is balanced by the loss of
spinel, having a markedly higher density. The bulk
density of garnet peridotite residues show little variation
with melt depletion because of the relatively small differ-
ences in the density of opx and cpx, and the persistence
of garnet as a residual phase to increasing higher extents
of melt depletion at higher pressures. Table 10 provides a

summary of dependence of residue peridotite density on
mineral mode, composition, and temperature. It is note-
worthy that on the basis of our estimates of thermal
expansivity provided in Table 3 the change in density of
the residue resulting from removal of 1% melt within the
lherzolite melting interval is equivalent to increasing
temperature by 3–15�. These estimates are lower that
the value of 24� per 1% melting given by Jordan [1979].

4.2. Moduli and Velocity

[18] Because of the large relative errors in our moduli
estimates based on available data, variations in bulk and
shear moduli are more difficult to constrain than are changes
in density (see Appendix A for more details). Figure 6
shows that only the bulk modulus of spinel lherzolite shows
a significant increase with melt depletion, while changes in
K for garnet lherzolite melting are not resolvable within the
uncertainties. In contrast, the shear modulus is essentially
constant with melt depletion in spinel lherzolite but appears
to decline with melt depletion in garnet lherzolite residues at
intermediate pressures. These relationships, when combined
with those for density, predict that VP for spinel peridotite
will increase with melt depletion, while VS will be relatively
constant. Conversely, for garnet peridotite residues, changes
in VP are not resolvable at any pressure, while VS shows a
small decrease with melt depletion between 3 and 3.5 GPa
(Figures 6 and 9). The change in VP, but not VS, with melt
depletion at low pressures is due to the change in residue
mode (Figure 5 and Tables 9 and 11), primarily the increase
in modal olivine (Table 9). At high pressures, the residue VP

is relative constant with melt depletion because the prefer-
ential loss of gt and cpx is balanced by the increase ol and
opx in the residue. Likewise, VS shows relatively little
variation because of the similarities in VS for the constituent
minerals (Table 11).

5. Discussion

5.1. Density Relationships

[19] On the basis of the relationships shown in section 4,
melt depletion is found to have little effect on the density of
spinel peridotite residues, but does decrease the density of
garnet peridotite residues primarily through loss of garnet
and iron. Jordan [1979] considered the effect of melt
removal on a ‘‘normative’’ basis, where density and velocity
effects are calculated at surface temperature and pressure
(STP), and parameterized these properties in terms of bulk
rock iron content (R = Fe#/100) and mole fraction of garnet
(Table 12). The results of the present study are in close
agreement with those of Jordan [1979]; however, the
sensitivity of density to bulk iron content due to melt
depletion in our model is significantly smaller that the effect
of changing mineral mode (Table 12). This result will be
important for models relating seismic velocities to major
element differences, particularly iron content [Forte and
Perry, 2000; Perry et al., 2003].
[20] Density variations due to melt removal are com-

monly expressed as ar/r0 = B*D, where B is a constant
and D is the percentage of melt that has been removed.
The analysis presented here permits a refinement of the
parameterization of lherzolite melting between 0 and 35%
melting: r/r0 = a0 + a1P + a2P

2 + a3P
3 + a4P

4 + a5D + a6PD

Figure 5. Olivine moduli temperature derivatives as a
function of Mg # [Sumino and Anderson, 1984; Isaak et al.,
1989; Isaak, 1992]. Individual data points are calculated
from fitting moduli as a function of temperature; error bars
are 1-sigma prediction error of this fit. Other symbols are as
in Figure 3.
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where P is pressure in GPa, and a0 = 0.972, a1 = 4.79 �
10�2, a2 = �2.21 � 10�2, a3 = 3.81 � 10�3, a4 = �2.21 �
10�4, a5 = �2.80 � 10�4, a6 = �2.53 � 10�5. (The high-
order form of the polynomial above, although cumber-
some, is necessary to fit the pressure effects on depletion.)
Furthermore, we find that changes in density resulting
from melt depletion are significant compared to those
expected from changes in temperatures. This can be
appreciated by noting that the density change from 20%
melting of spinel lherzolite is 1–2%, while the change in
density due to the temperature increase required to achieve
20% melting under isobaric conditions (�100K) is 0.45%.
Nevertheless, the relative magnitude of depletion verses
temperature on density is markedly smaller than estimated
by Jordan [1979], where 1% melt removal was predicted
to produce a change in density equivalent to a �24�C
temperature increase. We predict a 3–15�C temperature
change for each �1% change in melt depletion (Table 12).
The differences are partly related to differences in the
value of thermal expansivity used by Jordan and deter-

mined in this study. Jordan [1979] assumed a value of
thermal expansivity 3 � 10�5 K�1 at STP appropriate to
olivine, while we use values of 4.91–3.47 � 10�5 K�1

appropriate for lherzolite along the mantle adiabat. Finally,
as noted below, many previous studies have used a thermal
expansivity lower than we propose for mantle peridotite.
This has the tendency to overestimate the effects of melt
depletion on density relative to temperature changes.
[21] Several studies have attempted to evaluate the effects

of melt depletion on garnet peridotite buoyancy in the
mantle [O’Hara, 1975; Oxburgh and Parmentier, 1977;
Jordan, 1979; Scott and Stevenson, 1989]. Oxburgh and
Parmentier [1977] predict that 25% partial melting beneath
a mid-ocean ridge spreading center will result in a density
change of �1.9% for the mantle source. Similarly, Scott and
Stevenson [1989], using densities from Klein and Langmuir
[1987], estimated a �1.4% change in density of the mantle
source evolving from a fertile lherzolite to depleted harz-
burgite. For comparison, the density differences between
fertile lherzolite and harzburgite (on exhaustion of cpx) for

Figure 6. Density, moduli, and velocity effects of 20% melt removal on peridotite. Circles are total
effect, with error. Squares and triangles show effect of just mode variations (with mineral composition
held constant) and mineral variations (with mode held constant at 0% melt removal levels), respectively.
Values calculated at the experimentally determined solidus temperatures of these materials: 1513, 1773,
1728, 1813, 1893, 1943, and 2013 K for pressures of 1, 3, 3.5, 4, 6, and 7 GPa, respectively.
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the MM3 and KR4003 source compositions vary between
�0.6% and �2.1%. As noted above, the largest change
occurs at pressures of 4–5 GPa, while for the typical
pressure range (1–2 GPa) for mid-ocean ridge melt gener-
ation the density change is likely to be <�1%. We are stuck
by the magnitude of these differences, as well as, the
potential variability over the melting interval. The fact that
melt depletion effects are pressure-dependent is not in itself
surprising given well documents changes in phase relations
and melt productivity with pressure; however, rarely have
these factors been incorporated into models of mantle flow
[Scott and Stevenson, 1989; Sotin and Parmentier, 1989; Su

and Buck, 1993; Ribe and Christensen, 1999] or considered
when inverting for compositional heterogeneity from seis-
mic data [Forte and Perry, 2000; Forte and Mitrovica,
2001; Perry et al., 2003].

5.2. Tectosphere and Isopycnic Mantle

[22] Relative to convecting oceanic upper mantle, the
mantle beneath cratons is cold, strong, and unconvecting.
This material, referred to as tectosphere, is thought to be
compositionally buoyant and viscous, and is seismically
imaged to about 250–300 km depth [James et al., 2001].
On the basis of geoid and xenolith evidence, the tectosphere

Figure 7. Density change in peridotite as a function of melt removed. Solid, dotted, and dash-dotted
lines show total, mode effect, and mineral effect (as described for Figure 6) on density, respectively.
Light gray region gives error in absolute density values (right y axis), and dark gray region is error in
relative density values (left y axis). Clinopyroxene and garnet exhaustion points are marked by circles
and squares, respectively. Diamonds show spinel exhaustion point for 1GPa run and point where
orthopyroxene is first observed for higher-pressure runs.
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appears to be nearly neutrally buoyant with respect to
oceanic mantle, at all depths [Rudnick et al., 1998; Lee
and Rudnick, 1999; Shapiro et al., 1999; Forte and Perry,
2000]. This condition, termed isopycnic, implies that the
density differences that arise from temperature differences
between ocean mantle residing along an adiabat and tecto-
sphere falling along a cratonic geotherm are compensated
by differences in the extent of melt depletion [Jordan,
1988]. Stated somewhat differently, for tectosphere to be
isopycnic, while at the same time cooler than ocean mantle,
it must be more depleted. These relationships are illustrated
in Figure 10.
[23] Figure 10a shows the temperature variation with

pressure for an oceanic mantle adiabat with a potential
temperature of 1593K and continental geotherms for surface
heat flow values of 52.6, 50 and 40 mW m�2. Figure 10b
shows the variation in the density of fertile lherzolite along

this same oceanic mantle adiabat (thick black curve) com-
puted using the experimental modes and mineral composi-
tions for MM3 and KR4003 at 0% melt depletion (Figure 1)
and mineral physics parameters given in Table 3. Also
shown in Figure 10b are adiabatic density-pressure relations
for lherzolite depleted by 10, 20 and 30% melt extraction
(gray curves) and for the PREM model [Dziewonski and
Anderson, 1981] (thin black curve). The value of 30%
depletion represents a practical lower limit on mantle density
associated with the exhaustion of both cpx and garnet.
Finally, the dashed curves in Figure 10b depict the density
variations with pressure for isopynic tectosphere for the three
continental geotherms given in Figure 10a corrected to
temperature along the oceanic mantle adiabat. Portraying
isopynic relationships in this way permits one to easily
assess whether a cratonic geothermal gradient can ever lead
to isopynic conditions at reasonable extents of melt depletion

Figure 8. VP change in peridotite as a function of melt removed. Details are as in Figure 7.
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Figure 9. VS change in peridotite as a function of melt removed. Details are as in Figure 7.
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Table 9. Comparison of the Effects of Mineral Composition (Mineral Effect) and Mode (Mode Effect) on Bulk Peridotite Density,

Moduli, and Velocitiesa

Mineral Effect Mode Effect

P, GPa ol opx cpx gt sp P, GPa ol opx cpx gt sp

Density
1.0 �0.099 �0.109 �0.090 0.000 �0.068 1.0 0.044 0.037 0.076 0.000 �0.364
3.0 �0.178 �0.043 �0.081 0.000 0.000 3.0 0.045 �0.131 0.133 �0.208 0.000
3.5 �0.180 �0.030 �0.077 �0.040 0.000 3.5 �0.100 �0.106 0.220 �0.636 0.000
4.0 �0.227 0.000 �0.131 �0.045 0.000 4.0 �0.106 �0.192 0.258 �0.729 0.000
4.5 �0.426 0.000 �0.092 �0.073 0.000 4.5 �0.070 �0.244 0.259 �0.310 0.000
6.0 �0.270 0.000 �0.107 �0.088 0.000 6.0 �0.073 �0.031 0.086 �0.176 0.000
7.0 �0.297 0.000 �0.067 �0.080 0.000 7.0 �0.090 0.000 0.087 �0.088 0.000

K
1.0 �0.019 �0.680 �0.959 0.000 �0.064 1.0 2.567 0.534 0.433 0.000 �1.369
3.0 �0.034 �0.689 �0.892 0.000 0.000 3.0 1.230 �1.707 2.124 �0.806 0.000
3.5 �0.035 �0.081 �1.322 0.002 0.000 3.5 1.400 �1.341 2.161 �2.587 0.000
4.0 �0.044 0.000 0.136 �0.035 0.000 4.0 1.097 �2.355 2.782 �2.939 0.000
4.5 �0.083 0.000 �0.291 �0.056 0.000 4.5 0.757 �2.585 3.020 �1.285 0.000
6.0 �0.055 0.000 �1.064 �0.124 0.000 6.0 0.568 �0.226 1.170 �0.687 0.000
7.0 �0.061 0.000 �1.245 �0.131 0.000 7.0 0.588 0.000 1.365 �0.346 0.000

G
1.0 0.108 �0.671 �0.081 0.000 0.170 1.0 �0.135 �0.054 0.419 0.000 �0.257
3.0 0.170 �0.298 �0.393 0.000 0.000 3.0 �0.445 0.540 �0.613 �0.529 0.000
3.5 0.169 �0.056 �0.120 �0.006 0.000 3.5 �0.637 0.080 0.317 �1.833 0.000
4.0 0.207 0.000 0.879 �0.036 0.000 4.0 �0.546 0.124 0.220 �2.139 0.000
4.5 0.379 0.000 0.289 �0.022 0.000 4.5 �0.360 0.041 0.253 �0.966 0.000
6.0 0.220 0.000 0.276 �0.004 0.000 6.0 �0.297 0.013 0.090 �0.538 0.000
7.0 0.226 0.000 0.330 0.010 0.000 7.0 �0.321 0.000 0.131 �0.280 0.000

VP

1.0 0.072 �0.309 �0.231 0.000 0.048 1.0 0.601 0.111 0.177 0.000 �0.174
3.0 0.121 �0.243 �0.299 0.000 0.000 3.0 0.195 �0.264 0.355 �0.199 0.000
3.5 0.122 �0.023 �0.366 0.020 0.000 3.5 0.274 �0.299 0.557 �0.688 0.000
4.0 0.153 0.000 0.321 0.008 0.000 4.0 0.219 �0.532 0.695 �0.794 0.000
4.5 0.286 0.000 0.033 0.021 0.000 4.5 0.153 �0.596 0.773 �0.358 0.000
6.0 0.176 0.000 �0.191 0.016 0.000 6.0 0.120 �0.046 0.307 �0.193 0.000
7.0 0.190 0.000 �0.254 0.013 0.000 7.0 0.129 0.000 0.373 �0.100 0.000

VS

1.0 0.103 �0.281 0.003 0.000 0.095 1.0 �0.090 �0.046 0.173 0.000 0.043
3.0 0.174 �0.125 �0.154 0.000 0.000 3.0 �0.247 0.334 �0.372 �0.139 0.000
3.5 0.176 �0.013 �0.022 0.018 0.000 3.5 �0.272 0.094 0.049 �0.522 0.000
4.0 0.219 0.000 0.512 0.007 0.000 4.0 �0.224 0.160 �0.019 �0.616 0.000
4.5 0.407 0.000 0.194 0.027 0.000 4.5 �0.147 0.145 �0.003 �0.287 0.000
6.0 0.248 0.000 0.195 0.042 0.000 6.0 �0.115 0.022 0.002 �0.159 0.000
7.0 0.266 0.000 0.202 0.044 0.000 7.0 �0.118 0.000 0.022 �0.085 0.000

aValues (v) in the mineral effects columns are calculated using v = X*dY, where X is the mode of the individual mineral and DY is the variation in density,
moduli, or velocity from 0–20% melting. Mode effects values are v = 100*DX(YM/YT � 1). DX is the variation in mineral weight fraction; YM is the
individual mineral’s density, modulus, or velocity; and YT is density, modulus, or velocity of the total peridotite.
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and, specifically, what extent of depletion is required to
stabilize tectosphere. For the present model referenced to a
1593K mantle adiabat, isopynic tectosphere with a surface
heat flow of 52.6 mW m�2 can exist below �110 km if the
mantle is depleted by 30% or below �125 km if depleted by
10% partial melting. At shallower depths our model predicts
that the tectosphere mantle will be too cold and dense to
be isopynic, but certainly may persist at those depths
because of its high viscosity. Our model also shows that
nowhere is tectosphere isopynic for a conductive geotherm
constrained by a surface heat flow of 40 mW m�2.
[24] It is instructive to compare the conditions required for

isopycnic tectosphere with the constraints provided by
studies of mantle xenoliths. Figure 10a shows the pressures
and temperatures of equilibration from xenoliths sampling
mantle beneath the Tanzanian Craton [Lee and Rudnick,
1999]. The distribution of this suite of xenoliths suggests a
best fitting cratonic geotherm corresponding to a surface heat
flow of 52.6 mW m�2. Figure 10b shows xenolith densities
are equivalent to �20–30% melt depleted mantle, and are
less dense that isopycnic mantle based on a 52.6 mW m�2

geotherm. On the other hand, current Tanzanian Craton heat
flow ranges from 23 to 47 mW m�2 [Herzberg and O’Hara,
1998]. In this case, if the xenolith compositions accurately
represent the mantle there, then the mantle below the
Tanzanian Craton is too dense to be isopycnic.
[25] A conundrum presented by the comparison in

Figure 10b is the high degree of depletion required for
the xenoliths. That is, xenolith densities require at least
20–30% melt depletion, and the FeO/MgO trends suggest
30–50% melt removal [Lee and Rudnick, 1999]. To
achieve such high levels of depletion at depths of 125–
150 km by decompression melting would require potential
temperatures far in excess of 1873–1933K commonly
invoked for the generation of komatiites [Herzberg and
O’Hara, 1998]. This suggests that if the subcratonic
mantle is highly depleted and isopycnic at depths below
�110 km then it appears likely that the mantle residing at
these depths was depleted by decompression melting to
shallow depths and subsequently returned to greater
depths. It is unclear how this is accomplished; however,
it may be significant that denser, nonisopycnic mantle is
predicted to develop above 110 km and thus would be
intrinsically unstable. Moreover, over time eclogitization
of the lower crust may promote delamination, carrying
with it cooler, negatively buoyant mantle to greater
depths, whereupon thermal equilibration could result in

isopycnic conditions. Although this explanation is specu-
lative, our analysis does emphasize that isopycnic tecto-
sphere many not develop solely through a single stage
melting process but may require subsequent vertical
transport of depleted mantle and thermal reequilibration
to achieve isopycnic conditions.
[26] Finally, if subcratonic mantle below �110 km is

indeed isopycnic [Rudnick et al., 1998; Lee and Rudnick,
1999; Shapiro et al., 1999; Forte and Perry, 2000], the
amount of basalt extraction necessary to produce this
condition can be estimated. A rough estimate can be made
if we assume no vertical motion of residue has occurred,
and the maximum level of depletion is 30%. Figure 11a
shows the amount of melt depletion as a function of heat
flow. The white dashed line indicates the depth above which
isopycnic conditions can no longer be sustained. Mantle
between 40 km and the dashed line is assumed to be
uniformly 30% depleted. Figure 11b shows the total volume
of basalt extracted, normalized by the volume of cratonic
crust [Jordan, 1988], assuming the bottom of the tecto-
sphere is located where the geotherm (defined by the
surface heat flow) intersects a 1593K potential temperature
adiabat. If tectosphere extends down to 250–300 km depth
[Fouch et al., 2004], the isopycnic condition requires basalt
extraction equivalent to 120–150% of the total volume of
cratonic crust existing today. This compares to the value
from Jordan [1988] of 130%, assuming tectosphere extends
down to 400 km. In both cases, basalt extraction exceeds
the total volume of crust above the tectosphere; implying a
loss in crustal volume since the formation of the cratons.
A plausible explanation is recycling of the mafic compo-
nent of the crust, as supported by geochemical evidence
[Rudnick, 1995].

Table 11. Density and Velocity of Individual Mantle Minerals at

Near-Solidus Conditionsa

P T(K) ol opx cpx gt sp wr

Density
1 1513 3.22 3.17 3.20 n/a 4.09 3.21
3 1773 3.25 3.20 3.22 3.61 n/a 3.24
3.5 1728 3.27 3.22 3.24 3.62 n/a 3.28
4 1813 3.28 3.23 3.25 3.63 n/a 3.31
4.5 1893 3.29 3.22 3.25 3.63 n/a 3.32
6 1943 3.32 3.21 3.30 3.66 n/a 3.36
7 2013 3.33 3.31 3.32 3.67 n/a 3.38

VP

1 1513 7.65 7.07 7.31 n/a 8.36 7.40
3 1773 7.63 7.32 7.37 8.33 n/a 7.50
3.5 1728 7.71 7.19 7.33 8.42 n/a 7.59
4 1813 7.68 7.09 7.18 8.36 n/a 7.55
4.5 1893 7.66 6.99 7.08 8.34 n/a 7.52
6 1943 7.76 7.12 7.13 8.38 n/a 7.61
7 2013 7.80 6.87 7.07 8.38 n/a 7.63

VS

1 1513 4.42 4.52 4.39 n/a 4.3 4.44
3 1773 4.37 4.60 4.54 4.81 n/a 4.46
3.5 1728 4.42 4.56 4.47 4.86 n/a 4.49
4 1813 4.38 4.54 4.47 4.83 n/a 4.46
4.5 1893 4.36 4.52 4.44 4.83 n/a 4.44
6 1943 4.40 4.63 4.48 4.86 n/a 4.49
7 2013 4.41 4.55 4.48 4.87 n/a 4.50

aThe n/a indicates not applicable.

Table 10. Effect of Melt Depletion on Density, Parameterized in

Terms of Mg #, Compared to the Effect of Temperature on

Densitya

P r0 r Error dr/Mg # dr/dMg # Error (dr/dD)/(dr/dT)

1 3.214 0.02 �0.65 0.74 �4.5
3 3.24 0.013 �0.66 0.48 �4.7
3.5 3.284 0.013 �1.23 0.30 �10.2
4 3.307 0.016 �1.21 0.55 �13.0
4.5 3.316 0.016 �0.62 1.04 �10.9
6 3.355 0.018 �0.55 0.33 �7.9
7 3.38 0.019 �0.45 0.31 �7.1

aP is pressure in GPa, r0 is the density of fertile peridotite, Mg # is the
magnesium number of the residue, D is the % melt depletion, and T is
temperature in K.
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5.3. Velocity Relationships

[27] A primary conclusion of our new parameterization
for seismic velocities is that melt depletion has a slight but
resolvable effect on VP for spinel peridotite, increasing
0.25% with each 10% of melt removed, but the effect is
negligible for garnet peridotite. Importantly, the commonly
held view that 10% melt depletion causes a 1% increase in
VP [Saltzer and Humphreys, 1997; Allen et al., 2002] is
inconsistent with both the present work and Jordan [1979].
In contrast, melt depletion can either increase or decrease VS

depending on pressure, but overall the variation in VP/VS is
small. These results are at odds with the xenolith study of
Lee [2003], who found that the variation in VS estimated
from xenolith compositions can be significant. Lee [2003]
proposed that the ratio VP/VS can be used as a proxy for melt
depletion within the upper mantle (see Table 13), assuming
that the relationship among the xenoliths reflects variable
amounts of melt depletion. This assumption needs further
testing, but by comparison with the present work that
addresses only for the effects of melting depletion it is
unlikely that subcontinental lithospheric mantle xenolith
compositions are related entirely to variable amounts of
melt depletion. Other processes, including subsequent melt
infiltration and metasomatism [Kelemen et al., 1998], are
likely also responsible for creating the compositional trends
among the xenoliths.
[28] Despite this caveat, seismic velocities of subconti-

nental lithospheric mantle (SCLM) are distinctly faster than
the global average. Many authors have attributed this
difference to a combination of thermal and depletion effects
[Cammarano et al., 2003; Poupinet et al., 2003; James et

al., 2004]. Recently, Faul, Jackson, and coworkers [Jackson
et al., 2002; Faul and Jackson, 2005] have shown from
seismic attenuation that the high velocities in SLCM could
be due solely to low temperatures. This latter view is
supported by the present study showing that temperature
has a far greater effect than melt depletion on density and
hence VP and VS in garnet peridotites. Alternatively, the
differences in seismic structure of oceanic and SCL mantle
may be related to differences in water content or grain size
governing seismic attenuation [Karato and Jung, 1998],
although a full consideration of these factors is beyond the
scope of this study.
[29] On a final note, laboratory melting experiments are

conducted under isobaric and isothermal (batch melting)
conditions, in contrast to mantle melting which is widely
believed to occur by near-fractional fusion during adiabatic
decompression. Fractional melting is expected to result in a
more rapid depletion of incompatible elements, most nota-
bly Fe, Na, Al, and Ti, from the source than under batch
melting conditions. In terms of the mineral end-members
we model, fractionally melted residues will be depleted in
jadeite, hedenbergite, ferrosillite, and fayalite components
more rapidly than those undergoing batch melting. Thus, at
high degrees of melt depletion (when the residues of batch
melting differs most greatly from residues of fractional
melting), the velocities we compute will be slightly higher
and densities slightly lower than expected for residues of
near-fractional fusion. Nevertheless, the differences are
well within the uncertainties we estimated from the prop-
agation of errors in mineral physics data, and therefore, at
the present time we cannot distinguish between melting

Table 12. Comparison of Compositional Effects on Density and Velocity Reported by Jordan [1979] and Determined in This Studya

Parameter Jordan 1 GPa 3 GPa 3.5 GPa 4 GPa 4.5 GPa 6 GPa 7 GPa

Temperature, K 293 1607 1633 1639 1646 1652 1671 1683
dlnr/dR 1.91 0.62 0.36 0.81 0.76 0.31 0.28 0.23
@lnr/@R 0.32 0.06 0.23 0.26 0.26 0.31 0.31 0.26
@lnVP/@R �0.27 �0.29 0.03 0.09 �0.50 �0.37 �0.11 �0.13
@lnVs/@R �0.34 0.89 0.14 0.16 �0.65 �0.4 �0.32 �0.32
dlnr/dol 0.003 0.003 �0.006 �0.009 �0.009 �0.012 �0.015
dlnr/dopx �0.016 �0.011 �0.018 0 0 0 0
dlnr/dcpx �0.006 �0.005 �0.013 �0.017 �0.018 �0.016 �0.016
dlnr/dgt 0.1 0 0.113 0.100 0.096 0.092 0.089 0.084
dlnr/dspl 0.274 0 0 0 0 0 0
dlnVP/dol 0.036 0.013 0.015 0.014 0.015 0.015 0.016
dlnVP/dopx �0.048 �0.020 �0.049 0 0 0 0
dlnVP/dcpx �0.012 �0.014 �0.033 �0.044 �0.049 �0.053 �0.062
dlnVP/dgt 0.08 0 0.102 0.105 0.099 0.098 0.088 0.084
dlnVP/dspl 0.136 0 0 0 0 0 0
dlnVs/dol �0.006 �0.019 �0.015 �0.015 �0.015 �0.015 �0.015
dlnVs/dopx 0.020 0.029 0.016 0 0 0 0
dlnVs/dcpx �0.011 0.015 �0.004 �0.001 �0.003 �0.003 �0.008
dlnVs/dgt 0.05 0 0.072 0.080 0.078 0.080 0.074 0.073
dlnVs/dspl �0.031 0 0 0 0 0 0
dlnr/dD �.00071 �0.00017 �0.00020 �0.00047 �0.00062 �0.00048 �0.00025 �0.00022
dlnVP/dD 0 2.19E-05b �7.00E-05 �40.72E-05 0.62E-05 54.67E-05 12.26E-05 16.20E-05
dlnVs/dD 8.30E-04 �2.13E-04 �1.00E-04 �3.12E-04 2.27E-04 6.04E-04 3.07E-04 3.34E-04
(dlnr/dD)/(dlnr/dT) 24 3.37 4.01 11.31 15.39 12.27 6.90 6.27
a 3.00E-05 4.91E-05 5.00E-05 4.18E-05 4.03E-05 3.90E-05 3.66E-05 3.47E-05
dFe #/dD �0.11 �0.03 �0.05 �0.06 �0.08 �0.15 �0.09 �0.1

aJordan’s [1979] values are estimated for STP conditions (25�C and 1 bar). Most of these values are taken from Jordan’s Table 6 are for pyrolite
composition and derivatives are calculated from 0% and 5% depletion values. Values obtained in this study based on experimental data between 1 and
7 GPa, and computed at the temperatures indicated. R is Fe #/100, or Fe/(Mg + Fe), as used by Jordan [1979]. Partial derivatives with respect to R are
estimated by holding garnet and spinel amounts constant and estimating change due to other mode factors and end-member variations. This is done for
consistency with Jordan [1979], who used this approximation to estimate the effects of Fe.

bRead 2.19E-05 as 2.19 � 10�5.
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Figure 10. (a) Temperature and pressure recorded by eight Tanzanian xenoliths (circles) [Lee and
Rudnick, 1999]. Thick black line shows adiabatic geotherm based on potential temperature of 1593 K.
Thin black line shows geotherms for indicated surface heat flows (52.6 mW m�3 is best fitting geotherm),
assuming that the crust is 41 km thick and has a uniform heat production of 0.6 mW m�3 and the mantle
has a uniform heat production of 0.02 mW m�3. (b) Density of Tanzanian xenoliths, compared to
adiabatic mantle density estimates. Circles show density of Tanzanian xenoliths if they were at mantle
adiabat temperatures. Thick black line shows density of fertile adiabatic mantle with potential
temperature of 1593 K based on interpolation of starting mantle compositions for 3–6 GPa runs. Dotted
lines are isopycnic density (neutrally buoyant) lines for different geotherms. Thin black line shows
PREM density for reference [Dziewonski and Anderson, 1981]. Gray lines show density reduction from
fertile lherzolite caused by various amounts of melt depletion.
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Figure 11. Total volume of basalt necessary to produce isopycnic tectosphere. (a) Percent melting
necessary to produce isopycnic tectosphere. Tectospheric bottom is assumed to be where the conductive
geotherm intersects a 1593K potential temperature adiabat. Maximum amount of melting is assumed to
be 30%, as further melting has little effect on density. White dashed line is isocontour of 30% melting;
above this point the isopycnic condition is not met, and mantle within this region is assumed to be
uniformly 30% depleted. The horizontal axis indicates surface heat flow for the range of geotherms
tested. Each of these is generated with the assumptions that a 41 km thick crust has a uniform heat
production of 0.5 mW m�3 and the mantle has a heat production of 0.03 mW m�3. Other assumptions are
given in the text. (b) Basalt volume produced for variable thicknesses of tectosphere, given as a fraction
of current day cratonic crustal volume, from [Jordan, 1988]. A reasonable range of tectospheric depths is
250–300 km [Fouch et al., 2004], indicated by gray band.
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scenarios involving batch and fractional melting. As such,
the preceding discussions apply equally for both end-
member melting conditions, and thus our conclusions are
robust. Finally, we have not explicitly considered in this
treatment the consequences of metasomatism and/or melt
infiltration that may modify mantle composition on mantle
densities and velocities subsequent to partial melting.
However, it is our hope that the present work focused on
the role of melt depletion will provide a better framework
for assessing the roles of other mantle processes that may
influence the physical and seismic properties of the upper
mantle.

6. Summary

[30] In this study, we have developed formulae for
calculating the velocity and density of a garnet or spinel
peridotite of realistic mantle composition. The composi-
tional and modal variations of peridotites from 1 to 7 GPa
have been parameterized as a function of melting, and the
velocity and density effects of melt depletion have been
calculated. We have found that the relative density and
velocity effects of melt depletion vary with pressure.
[31] The density of peridotite residue decreases with the

amount of melt removal, and the magnitude of this effect is
largest at 4 GPa. The decrease in residue density derives
from both changes in mineral density and changes in the
relative proportion of minerals, in a manner more complex
than previously reported [Jordan, 1979]. In general, the
effect of Fe loss from the garnet peridotite residuum has
been overpredicted, and the effect of mineral modal varia-
tions has been underpredicted. Furthermore, the thermal
expansivity of realistic composition mantle is higher than
values usually used in mantle modeling, implying the
density effects of depletion relative to temperature have
been overestimated previously.
[32] With regards to tectosphere, above �110 km, the

density effects of melt depletion are too small to produce
isopycnic mantle. This implies residues formed above this
depth are negatively buoyant with respect to the isopycnic
criteria, and vertical translation of this material may play a
role in tectosphere formation. Furthermore, the total amount
of basaltic melt production necessary to produce isopycnic
subcratonic mantle is greater than the existing volume of
cratonic crust. This suggests that cratonic crustal volume
has decreased since the Archean formation of the cratons,
consistent with the geochemical argument that the mafic
component of the Archean crust has since circulated back
into the mantle [Rudnick, 1995].
[33] The velocity effects of melt depletion are small. In

general, the effects of mineral mode variation and mineral
compositional change counteract each other. With respect to

the errors, the only resolvable velocity changes are a VP

increase for 1 GPa spinel peridotite, and a small VS decrease
in 3.5 GPa garnet peridotite. The common view that
depleted subcratonic mantle is seismically fast due to Fe
loss is not consistent with this study, and it is likely that the
major element effects of melt depletion cannot cause more
than about a 0.5% change in mantle velocity. Except
perhaps for spinel peridotite VP, the major element effects
of melt depletion should not be considered as causing
seismic velocity variations. It is also likely that the loss of
volatiles [Karato and Jung, 1998] or changes in grain size
[Faul and Jackson, 2005] due to melt depletion will affect
velocity, although we have not explicitly considered these
effects in the present study.

Appendix A

[34] There are three sources of error in our study: mea-
surement error, error in mineral physics parameters, and
error due to unmodeled compositional variations or mineral
physics parameters. Measurement error and parameter value
error can be estimated, and these two types of error are
probably the most significant sources of uncertainty in this
study.
[35] Total estimable error is calculated using perturbations

s yð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i

@y

@xi

� �
s xð Þ2

s
ðA1Þ

where s is one standard deviation, y = y(x1 	 	 	 x) is the
parameter for which error is being estimated (y = K, G, VP,
VS, r, 	 	 	), xi are the various mineral physics parameters for
mantle minerals (see Table A1), and s(xi) is the estimated
one standard deviation uncertainty in parameter x.
[36] Two types of error are considered in this study:

absolute error, the uncertainty in the estimation of a given
y parameter (for instance, the error in our estimate of K),
and relative error, which is the uncertainty in the change in a
parameter as melting progresses (for instance, the error in
the change in K as depletion changes from 0 to 10%).

A1. Measurement Error

[37] As discussed in section 2, measurement error in
mode or mineral composition, for a given amount of
depletion, is estimated by fitting a line through the mode
or compositional data of interest, and calculating the 1s
prediction error based on the data error and the scatter in the
data (shown graphically in Figure 1). The effect of mea-
surement error on the various parameters of interest (r, K,
G, VP, VS) is calculated for depletion levels of 0–35%, at
1% intervals. The contribution of measurement error to

Table 13. Comparison of the Effects of Mg # on Density and VS

Pressure,a GPa

Jordanb Leeb1 3 3.5 4 4.5 6 7

dr/dMg # �0.02 �0.012 �0.027 �0.025 �0.011 �0.01 �0.008 �0.024 �0.0144
(dr/dMg #)/(dr/dT) 126 79 194 189 80 77 65 218 108
dVS/dMg # �0.0351 �0.0091 �0.0242 0.0126 0.0179 0.0157 0.0160 0.0007 0.0143

aFrom this study, for a 1593K potential temperature adiabat.
bGarnet peridotites, at STP [Lee, 2003; Jordan, 1979].
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Table A1. Errors in Mantle Mineral Physics Parameters Estimated From the Literature Sources Given in Tables 5–8a

End-Member
Ks,
GPa

dK/dP,
GPa GPa�1

d2K/dP2,
GPa�1

dK/dT,
GPa K�1

G,
GPa

dG/dP,
GPa GPa�1

d2G/dP2,
GPa�1

dG/dT,
GPa K�1

Density,
Mg m�3 g

a0,
� 10�4

a1,
� 10�8 a2

a3,
� 10�18

Olivine
Forsterite 1.5 0.3 0.01 0.0009 0.7 0.35 0.05 0.0004 0.012 0.05 0.01 0.2 0.2 0
Fayalite 1.5 0.3 0.01 0.001 0.7 0.4 0.05 0.0005 0.012 0.1 0.01 0.2 0.3 0

Orthopyroxene
Acmite 5 1 0.3 0.01 5 1 0.1 0.005 0.014 0.5 0.1 0.2 0.3 0
Jadeite 3 1 0.3 0.01 3 1 0.1 0.005 0.019 0.5 0.1 0.2 0.3 0
Fassaite 8 1 0.3 0.01 5 1 0.1 0.005 0.02 0.5 0.1 0.2 0.3 0
(Mg,Fe)-Fassaite 8 1 0.3 0.01 5 1 0.1 0.005 0.02 0.5 0.1 0.2 0.3 0
Ca-Tschermak 50 1 0.3 0.01 25 1 0.1 0.005 0.004 0.5 0.1 0.2 0.3 0
CaTi-Tschermak 50 1 0.3 0.01 25 1 0.1 0.005 0.02 0.5 0.1 0.2 0.3 0
CrCa-Tschermak 50 1 0.3 0.01 25 1 0.1 0.005 0.02 0.5 0.1 0.2 0.3 0
Mg-Tschermak 50 1 0.3 0.01 25 1 0.1 0.005 0.02 0.5 0.1 0.2 0.3 0
(Mg,Fe)Ti-Tschermak 50 1 0.3 0.01 25 1 0.1 0.005 0.02 0.5 0.1 0.2 0.3 0
Fe-Tschermak 50 1 0.3 0.01 25 1 0.1 0.005 0.02 0.5 0.1 0.2 0.3 0
Cr(Mg,Fe)-Tschermak 50 1 0.3 0.01 25 1 0.1 0.005 0.02 0.5 0.1 0.2 0.3 0
Diopside 2.1 1 0.3 0.01 3 0.5 0.1 0.005 0.002 0.5 0.005 0.07 0.01 0
Hedenbergite 3 1 0.3 0.01 5 1 0.1 0.005 0.01 0.3 0.1 0.2 0.3 0
Enstatite 2 1 0.3 0.01 1.8 1 0.1 0.005 0.01 0.3 0.034 0.049 0.0148 0.342
Ferrosilite 2.5 1 0.3 0.01 9 1 0.1 0.005 0.01 0.3 0.034 0.049 0.0148 0.342

Clinopyroxene
Acmite 5 1 0.3 0.01 5 1 0.1 0.005 0.014 0.5 0.1 0.2 0.3 0
Jadeite 3 1 0.3 0.01 3 1 0.1 0.005 0.019 0.5 0.1 0.2 0.3 0
Fassaite 8 1 0.3 0.01 5 1 0.1 0.005 0.02 0.5 0.1 0.2 0.3 0
(Mg,Fe)-Fassaite 8 1 0.3 0.01 5 1 0.1 0.005 0.02 0.5 0.1 0.2 0.3 0
Ca-Tschermak 50 1 0.3 0.01 25 1 0.1 0.005 0.004 0.5 0.1 0.2 0.3 0
CaTi-Tschermak 50 1 0.3 0.01 25 1 0.1 0.005 0.02 0.5 0.1 0.2 0.3 0
CrCa-Tschermak 50 1 0.3 0.01 25 1 0.1 0.005 0.02 0.5 0.1 0.2 0.3 0
Mg-Tschermak 50 1 0.3 0.01 25 1 0.1 0.005 0.02 0.5 0.1 0.2 0.3 0
(Mg,Fe)Ti-Tschermak 50 1 0.3 0.01 25 1 0.1 0.005 0.02 0.5 0.1 0.2 0.3 0
Fe-Tschermak 50 1 0.3 0.01 25 1 0.1 0.005 0.02 0.5 0.1 0.2 0.3 0
Cr(Mg,Fe)-Tschermak 50 1 0.3 0.01 25 1 0.1 0.005 0.02 0.5 0.1 0.2 0.3 0
Diopside 2.1 1 0.3 0.01 3 0.5 0.1 0.005 0.002 0.5 0.005 0.07 0.01 0
Hedenbergite 3 1 0.3 0.01 5 1 0.1 0.005 0.01 0.3 0.1 0.2 0.3 0
Clinoenstatite 3 1 0.3 0.01 1.8 1 0.1 0.005 0.01 0.5 0.1 0.2 0.3 0
Clinoferrosilite 3 1 0.3 0.01 9 1 0.1 0.005 0.01 0.5 0.1 0.2 0.3 0

Garnet
Pyrope 1.4 2 0.3 0.0008 1.4 2 0.1 0.0015 0.004 0.3 0.005 0.005 0.005 0
Almandine 2.7 2 0.3 0.01 2.7 3 0.1 0.0016 0.006 0.5 0.005 0.005 0.005 0
Spessartite 3 2 0.3 0.01 1.4 2 0.1 0.0015 0.007 0.3 0.005 0.005 0.005 0
Andradite 3 2 0.3 0.0016 3 2 0.1 0.007 0.005 0.5 0.005 0.005 0.005 0
Grossular 3 2 0.3 0.007 2 2 0.1 0.008 0.004 0.3 0.005 0.005 0.005 0
Uvarovite 3 2 0.3 0.01 3 3 0.1 0.01 0.005 0.5 0.005 0.005 0.005 0

Spinel
Spinel 6 2 0.3 0.001 0.5 0.2 0.1 0.01 0.004 0.5 0.01 0.01 0.01 0
Chromite ?2 2 0.3 0.01 5 0.3 0.2 0.02 0.01 0.5 0.2 0.2 0.2 0
Hercynite ?2 2 0.3 0.01 5 0.3 0.2 0.02 0.01 0.5 0.2 0.2 0.2 0

aSee Table 1 for further details.
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density, moduli, and velocity errors is shown Table A2 for a
level of 10% depletion.

A2. Mineral Physics Parameter Error

[38] Generally, the largest source of uncertainty in this
study is due to error in peridotite mineral physics parame-
ters. Estimating the error in these parameters is difficult,
because formal errors are not given, and when they are, they
are often too small. When several measurements are made,
either for one composition, or across a solid solution, it is
possible to estimate error from data scatter. Examples can be
found in Figures 2–4. In many cases, however, only one
measurement is available, and in some cases, no data are

Table A2. Total Errors, in 10% Depleted Material

Type of Error
sr,

Mg m�3
sK,
GPa

sG,
GPa

sVP,
km s�1

sVS,
km s�1

1 GPa Spinel Lherzolite
Absolute errors

Mode 0.017 1.974 0.312 0.047 0.016
End-member 0.001 0.207 0.064 0.005 0.002
Parameter 0.009 3.785 1.731 0.094 0.061
Total 0.019 4.274 1.760 0.105 0.063

Relative errors
Mode 0.001 0.239 0.027 0.005 0.001
End-member 0.004 0.812 0.268 0.019 0.010
Total 0.004 0.847 0.269 0.020 0.010

3 GPa Garnet Lherzolite
Absolute errors

Mode 0.005 1.210 0.318 0.027 0.012
End-member 0.001 0.273 0.079 0.006 0.003
Parameter 0.011 3.796 1.939 0.096 0.068
Total 0.013 3.994 1.966 0.100 0.069

Relative errors
Mode 0.001 0.419 0.079 0.009 0.003
End-member 0.005 1.244 0.291 0.028 0.011
Total 0.005 1.313 0.301 0.029 0.011

3.5 GPa Garnet Lherzolite
Absolute errors

Mode 0.006 1.352 0.368 0.030 0.013
End-member 0.001 0.194 0.066 0.004 0.002
Parameter 0.011 3.177 1.690 0.080 0.058
Total 0.013 3.458 1.731 0.085 0.060

Relative errors
Mode 0.001 0.481 0.082 0.010 0.003
End-member 0.003 0.528 0.111 0.012 0.004
Total 0.003 0.714 0.138 0.015 0.005

4 GPa Garnet Lherzolite
Absolute errors

Mode 0.006 1.439 0.276 0.031 0.010
End-member 0.001 0.208 0.080 0.005 0.003
Parameter 0.016 4.342 2.237 0.108 0.077
Total 0.017 4.579 2.255 0.112 0.077

Relative errors
Mode 0.007 1.015 0.412 0.025 0.015
End-member 0.003 0.632 0.238 0.015 0.008
Total 0.008 1.196 0.476 0.029 0.017

4.5 GPa Garnet Lherzolite
Absolute errors

Mode 0.003 0.629 0.190 0.014 0.007
End-member 0.001 0.027 0.018 0.001 0.001
Parameter 0.016 4.248 2.267 0.106 0.077
Total 0.017 4.295 2.275 0.107 0.078

Relative errors
Mode 0.024 8.548 1.676 0.179 0.059
End-member 0.003 0.038 0.053 0.004 0.003
Total 0.025 8.548 1.677 0.179 0.059

6 GPa Garnet Lherzolite
Absolute errors

Mode 0.004 0.600 0.249 0.014 0.009
End-member 0.001 0.134 0.043 0.003 0.002
Parameter 0.018 4.571 2.624 0.115 0.088
Total 0.019 4.612 2.636 0.116 0.088

Relative errors
Mode 0.002 0.462 0.176 0.011 0.006
End-member 0.004 0.824 0.128 0.017 0.005
Total 0.005 0.945 0.218 0.020 0.008

7 GPa Garnet Lherzolite
Absolute errors

Mode 0.003 0.643 0.159 0.013 0.006
End-member 0.001 0.111 0.026 0.002 0.001
Parameter 0.020 4.664 2.857 0.119 0.095
Total 0.020 4.709 2.862 0.120 0.095

Table A2. (continued)

Type of Error
sr,

Mg m�3
sK,
GPa

sG,
GPa

sVP,
km s�1

sVS,
km s�1

Relative errors
Mode 0.004 0.921 0.286 0.020 0.010
End-member 0.004 0.807 0.083 0.016 0.004
Total 0.005 1.225 0.298 0.026 0.010

Table A3. Largest Sources of Absolute Error for 10% Depleted

Garnet Lherzolite at 3.5 GPaa

Parameter Percent of Total Error

Whole Rock Density
Forsterite r 16.5
Forsterite a1 13.3
Enstatite dK/dT 10.2
Forsterite a0 6.6
Enstatite a0 5.6
Ca-Tschermak KS 4.8
Enstatite r 3.5
Diopside dK/dT 3.1
Ca-Tschermak a0 2.4
Forsterite a2 2.3

Whole Rock Bulk Modulus
Enstatite dK/dT 18.5
Ca-Tschermak KS 9.2
Diopside dK/dT 6.3
Forsterite Ks 5.9
Forsterite dK/dT 5.1
Enstatite dK/dP 4.5
Forsterite dK/dP 4.1
Enstatite g 3.8
Spessartite KS 3.6
Forsterite a1 2.8
Ca-Tschermak dK/dT 2.6
Enstatite KS 2.6
Enstatite d2K/dP2 2.4
Diopside g 2.1

Whole Rock Shear Modulus
Enstatite dG/dT 17.3
Forsterite dG/dP 12.4
Ca-Tschermak G 8.9
Enstatite dG/dP 8.4
Forsterite G 7.1
Diopside dG/dT 6.4
Forsterite dG/dT 5.8
Enstatite G 4.3
Spessartite G 3.6
Diopside G 2.7
Ca-Tschermak dG/dT 2.5
Ferrosilite G 2

aParameters contributing 2% or more to total error are tabulated.
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available for a particular parameter (for instance, few data
are available on Ca-Tschermak pyroxene). In these cases,
error is estimated subjectively.
[39] Table A1 shows estimated error for the various

mineral physics parameters we use. Errors estimated from
data scatter are in bold font. Table A3 shows the mineral
physics parameters that contribute most significantly to
error in K, G, r, VP, and VS, for 10% melt depleted garnet
lherzolite. Although olivine is the dominant mineral, ensta-
tite and diopside parameters make up the bulk of Table A3
and A4 because olivine parameters have smaller errors and
because (in the case of Table A4) the amount of enstatite
and diopside changes much more with melting than olivine.
These tables should be helpful in determining future mineral
physics studies of upper mantle minerals.

A3. Other Errors

[40] Several assumptions are made in this study, includ-
ing that mineral physics parameters vary linearly with end-
member composition, that @2M/@T@P = 0, that mode does
not change significantly with pressure, and that moduli vary
linearly with temperature near the solidus. We have esti-
mated the effect of pressure and temperature on mineral
volume fraction and the corresponding effect on density,
and this causes relative density variations, as a function of
melt depletion, of about 1/50 of the observed relative
density variations, so we conclude this effect is unimpor-
tant. Also, in the total error calculation, we do not add in
Hashin-Shtrikman bounds, which are quite small with
respect to the other errors.

A4. Discussion

[41] Total error is presented in Tables A2 and A4, and
graphically depicted in Figures 6, 9, and 10. In a normalized
sense, error in density is quite small, but velocity errors are
slightly larger than are resolvable through seismic tomog-
raphy. Although the error proportions in Tables A3 and A4
will change with upper mantle composition, and most of the
values in Table A1 are subjectively estimated, Tables A3
and A4 suggest directions for future mineral physics re-
search. Most importantly, enstatite, diopside, and olivine
moduli and their pressure and temperature derivatives need
to be constrained further to improve estimates of upper
mantle velocities. The effect of Fe on olivine and orthopyr-
oxene moduli, and the effects of Al on orthopyroxene
moduli do not seem as significant; however, surprisingly,
no systematic study has been done on these effects. Finally,
error in upper mantle density is primarily due to uncertainty

in olivine density. In the literature, scatter in olivine density
is larger than the error of density.
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