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Partial melting and melt extraction in the Earth's upper mantle can significantly modify the composition, and
therefore the thermophysical properties, of the solid residues (restites). Seismic velocities have been by far
the most used observable to infer such melt depletion anomalies in the lithospheric mantle. However,
three fundamental issues thatmake such interpretations dubious are: i) previous studies addressingmelt deple-
tion effects have been based on isobaric batch (equilibrium) melting experiments at near-solidus temperatures
instead of more realistic polybaric near-fractional models at different equilibration pressures, ii) the use of indi-
cators such as VP/VS is strongly influenced by anelastic attenuation and phase stability, and iii) composi-
tional effects tend to be of the order of uncertainties in seismic models.
This paper presents the results of a systematic exploration of all these effects on seismic velocities in peri-
dotites. Our results show that polybaric vs isobaric models of partial melting result in similar VP and VS

trends with degree of melting (F) when they re-equilibrate at sub-solidus temperatures, but they differ
from previous parameterizations based on isobaric experiments at near-solidus temperatures. For deep
melting paths (i.e. high potential temperature), solid residues show maximum VP and VS increases of ∼1% and
1.7%with respect to their fertile counterparts. Shallow melting paths produce significantly smaller effects, even
at F∼0.25. Moreover, in the case of VP, these effects are not linear and ∂VP/∂F can be either positive or negative
depending on the melting path. We find that while the ∂(VPVS−1)/∂F of residues is strongly dependent on the
melting history, ∂(ρVS−1)/∂F remains nearly constant regardless of the melting path or extent of melting. This
confirms that ρ/VS is not only a reliable indicator of compositional variations in natural samples, but also
of degree of melting. This indicator could therefore be used to inform joint inversions of gravity and seismic
velocities to test plausible depletion effects in the lithospheric mantle.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Over the past 15 years it has become widely accepted that the
compositional structure of the lithospheric mantle is heterogeneous
(c.f. Griffin et al., 2009; Walter, 2003). Since these heterogeneities
are the result of the superposition of different thermochemical pro-
cesses (e.g. partial melting, metasomatism) through time, they carry
information on the origin and evolution of the lithosperic mantle
and its interaction with the underlying upper mantle (Griffin et al.,
1999, 2009; Walter, 2003). Moreover, it has been shown that the
locations of major ore deposits, thermal anomalies, and seismically
active regions tend to correlate with the boundaries of distinct litho-
spheric compositional domains (Begg et al., 2009; Carlson et al., 2005;
McCuaig et al., 2010). For these reasons, the identification and charac-
terization of such lithospheric domains recently has attracted much
).

rights reserved.
attention from the geophysical and geochemical community (e.g.
Afonso et al., 2008, 2010; Fullea et al., 2010; Lee, 2003; Matsukage et
al., 2005; O'Reilly and Griffin, 2006; Schutt and Lesher, 2006; van
Gerven et al., 2004). Mantle xenoliths and xenocrysts brought up in
volcanic eruptions provide the only direct observation of distinct com-
positional domains in the lithospheric mantle. However, besides being
strictly representative of the mantle only at the time of extrusion, the
spatial distribution of such volcanism is often too sparse to provide
a robust continuous picture of the lithospheric compositional struc-
ture. Additionally, xenolith suites may sample “anomalous” portions
of the lithospheric mantle, and therefore they may be representative
of small volumes of metasomatised mantle (see e.g. Carlson et al.,
2005; Griffin et al., 2009).

Geophysical observables, on the other hand, have the potential to
provide a more continuous picture of the lithospheric mantle. Seismic
waves, gravity, and electrical conductivity have all been used to draw
conclusions on possible thermal and chemical structures of the litho-
sphere (e.g. Fullea et al., 2010; Godey et al., 2004; James et al., 2004;
Jones et al., 2009; Khan et al., 2011a,b; Musacchio et al., 2004; Perry et

http://dx.doi.org/10.1016/j.lithos.2012.01.009
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al., 2003; Wagner et al., 2008). However, aside from being limited to
present-day conditions, the conversion frommeasured value to physical
state of either of these observables is populated with unsolved issues
(e.g. Afonso et al., 2008, 2010; Jones et al., 2010). In this context, seismic
velocities have been by far the most used observable to obtain infer-
ences on the compositional structure of the mantle. This is mainly due
to the availability of i) high-quality seismic data in many regions of
the world, ii) a vast amount of information on the T–P dependence of
physical properties ofminerals, iii) experimental data onpartialmelting
of mantle rocks, and iv) robust methods relatingmodal compositions
to major-element compositions. Also, a number of studies estimated
the effects of melt depletion and temperature changes on seismic ve-
locities in peridotites (e.g. Jordan, 1988; Lee, 2003; Matsukage et al.,
2005; Schutt and Lesher, 2006), thus providing useful information
for interpreting seismic tomography. Since the most obvious reason
for medium- to large scale compositional heterogeneities in perido-
tites is thought to be melt depletion, it has become customary in
the literature to include a “melt depletion” or “iron depletion” com-
ponent when interpreting seismic anomalies (particularly at shallow
levels). However, as pointed out in previous works (e.g. Afonso et al.,
2010; Goes et al., 2000; Schutt and Lesher, 2010), the maximum
range of velocity variation due to melt depletion is typically either
less or comparable to the uncertainty in most seismic models. This,
combined with the uncertainty in the temperature component, makes
any interpretation in terms of compositional heterogeneities challeng-
ing when based on seismic velocities only. Although the ratio VP/VS
has been proposed as a more robust indicator, Afonso et al. (2010)
highlighted some limitations and misinterpretations that reduce its
efficacy as a compositional indicator in the upper mantle. These same
authors also showed that the ratio ρ/VS is in principle more robust,
but it requires a robust and consistent estimation of density and high-
quality seismic information.

Despite the aforementioned (technical) difficulties, a correct esti-
mation of the effects of melt depletion on the thermophysical proper-
ties of mantle rocks still is a prerequisite for any geophysical method
aiming to identify depletion effects in the upper mantle. Unfortu-
nately, although it is commonly accepted that progressive partial
melting in the mantle is close to a polybaric near-fractional process
(cf. Kinzler and Grove, 1992; Walter, 1998), all previous studies
addressing melt depletion effects on the thermophysical properties
of peridotites have been based on isobaric batch (equilibrium) melt-
ing experiments (e.g. Akimoto, 1972; Jordan, 1978; Schutt and Lesher,
2006) or xenoliths having unknown P–T melting paths (e.g. Lee, 2003;
Matsukage et al., 2005; Schutt and Lesher, 2010). However, the final
residue of polybaric near-fractional melting is known to be strongly
sensitive to the pressure at which melt begins (e.g. Herzberg, 2004).
Moreover, the final residue of polybaric near-fractional melting will
have a different bulk Mg# and physical properties than its isobaric
batch melting counterpart, even when the starting composition
and degree of melting are identical. It is therefore appropriate and
timely to ask whether different models of melting will significantly
affect our current understanding of the relationships between melt
depletion and physical properties (i.e. seismic velocities, density).

In this paper, we address this question by combining polybaric
fractional parameterizations of partialmelting of peridotiteswith twodif-
ferent methods to compute the physical properties of the re-equilibrated
solid residues (restites): a thermodynamically self-consistent approach
and a hybrid method. Predictions from these two different methods are
compared and used to estimate uncertainties in computed physical prop-
erties. We also compare our results for polybaric fractional melting with
predictions from commonly used isobaric batch (equilibrium) melting
Fig. 1. Major-element composition of mantle restites as a function of melt extraction. Left
Herzberg, 2004). Black squares=2 GPa, green triangles=3 GPa, blue circles=5 GPa, red
Canil (2004) for pressures of 3 and 7 GPa. Gray bands indicate the composition of “pristine
models and determine the conditions at which differences between
the two models cannot be ignored. Last, we discuss the implications
of our results for interpreting melt depletion signatures in the conti-
nental lithosphere.

2. Melting of pyrolitic rocks

A significant number of experimental studies on isobaric partial
melting of rocks with pyrolitic compositions are available in the liter-
ature (e.g. Baker and Stolper, 1994; Falloon et al., 1999; Kinzler and
Grove, 1992; Kushiro, 1996; Lesher and Baker, 1997; Walter, 1998).
Of these, the melting experiments summarized in Herzberg and O'Hara
(2002) and Herzberg (2004) are of particular interest for us for two
main reasons: i) they cover a wide range of pressures (1–10 GPa), and
ii) the compositions of melts and residues have been successfully
modeled using both batch and fractional formalisms (Herzberg, 2004).
Details on the method and assumptions used to compute the composi-
tions of both liquids and residues as function of pressure can be found
in Herzberg (2004). In this section we discuss only briefly the main
discrepancies between isobaric batch and polybaric fractional for-
mulations and their effect on important physical parameters of rocks.

Fig. 1 shows the major-element composition of mantle restites as
a function of melt extraction (F) for both batch (equilibrium) and de-
compression (polybaric) perfect fractional melting. The actual P–T
paths associated with the trends in Fig. 1 for fractional melting are
shown in Fig. 2. The main differences between these two melting
models can be summarized as follows: a) for identical degrees of melt-
ing, residues of isobaric batch melting are richer in SiO2, except at high
pressures and low F; b) Al2O3 content in the residue decreases more
rapidly in the fractional case (especially at high pressures), as expected
from its incompatible character; c) MgO increases more rapidly in the
fractional case, particularly at F>25%; d) the behavior of FeO is
comparable in both models at high pressures for all values of F, but
significantly different at low pressures and high F (Herzberg, 2004;
Kinzler and Grove, 1992). For the case of polybaric melting, increas-
ing pressure at equal F results in residues with lower FeO and MgO
and higher Al2O3 and SiO2 (Fig. 1). Notably, the FeO content of the
residues tends to increase with F at low pressures, while it decreases
when the initial pressure of melting is >3 GPa (Fig. 1). In isobaric
batch models, on the other hand, the FeO content of the residue
always decreases with respect to the source, particularly at high pres-
sures. Also, at pressures b3 GPa and Fb20%, increasing F does not signif-
icantly change the FeO content of the residue. These differences in FeO
behavior has been long known and used to support a deep melting
origin of Archean lithospheric mantle (Archean xenoliths are commonly
low in FeO, e.g. Aulbach et al., 2007; Walter, 1998). However, low FeO
contents could also be the result of a dilution effect by the addition of
metasomatic Opx after the main event of partial melting (Pearson
and Wittig, 2008). Although this seems to be the case in samples from
particular kimberlites in the Eastern Terrane of the Kaapvaal craton
(Simon et al., 2007), the distinctive low FeO contents of peridotite
xenoliths from Archean cratons are also observed in suites from North
America, Siberia and even other terranes of the Kaapvaal craton (e.g.
N. Lesotho) where enrichment in orthopyroxene is not common
(Griffin et al. 1999, 2009).

Al2O3, FeO, and SiO2 are three of the most important oxides con-
trolling the density and elastic parameters of mantle restites. The
amount of Al2O3 dictates the amount of high-density–velocity phases
such as garnet and spinel, which in turn exerts a first-order control on
the physical properties of the aggregate. Likewise, FeO controls the
bulk density of the aggregate as well as the elastic properties of all
column = isobaric batch case; right column = polybaric perfect fractional case (from
crosses=7 GPa. Dotted lines in Al2O3 correspond to the fractional melting model of
” Archean lithospheric mantle as estimated by Griffin et al. (2009).



Fig. 2. Adiabatic decompression paths for the different P0 (i.e. potential temperatures)
shown in Fig. 1. Thin lines indicate different degrees of melting (values in boxes).
Dashed lines denote the cpx-out and opx-out limits for each melting path. Modified
from Herzberg and O'Hara (2002).
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dominant phases, particularly those of olivine and orthopyroxene,which
relative proportions are in turn controlled by the SiO2 content through a
reaction of the type 2MgSiO3 (Enstatite)⇆Mg2SiO4 (Forsterite)+SiO2.

As seen in Fig. 1, the content of Al2O3, FeO, and SiO2 in the residue
is strongly dependent on the total amount of melt extraction and the
pressure at which the extraction occurs. For instance, the same
change from 4.25% (source value) to 3.25% in bulk Al2O3 in the poly-
baric melting model can result from either ∼7% melt extraction along
a melting path with P0=2 GPa or after ∼30% melt extraction along a
melting path with initial melting pressure, P0=7 GPa (intermediate
pressures will require intermediate F values). If we equilibrate these
two residues at the same P–T conditions, for example 800 °C and
2.5 GPa (∼75 km depth), then their densities and Vs would differ in
∼0.85% and 1.7%, respectively. These differences represent an equiva-
lent temperature change >230 °C, and in the case of VS, it is ∼3 times
higher than themaximum variation predicted by isobaric batchmodels
(Schutt and Lesher, 2006). Similar results are obtained if other oxides
are used as proxy. This simple example shows that a better understand-
ing of the combined effects of melt depletion through polybaric near-
fractional melting (primary effect) and re-equilibration of the residues
at new T–P conditions (secondary effect) on the physical properties of
rocks is an important step towards understanding the overall effect of
melt depletion in mantle restites.

3. Methods

Following Afonso et al. (2010), we compute all physical properties
(assuming thermodynamic equilibrium) using theGibbs energyminimi-
zation software Perple_X (Connolly, 2009) within the system CFMAS
(CaO–FeO–MgO–Al2O3–SiO2). The thermodynamic formalism and data-
base are those of Stixrude and Lithgow-Bertelloni (2005). Although the
CFMAS system represents more than 98 wt.% of the Earth's mantle com-
position, the absence of Cr and Na is sometimes considered a significant
drawback due to the influence of these elements on the stability field of
spinel (Klemme, 2004) and the equilibriummodal proportions of ortho-
and clinopyroxene. However, Afonso et al. (2010) performed parallel
computations within the systems NCFMAS andCr-NCFMAS and showed
that the effects of adding these two elements are insignificant when
dealing with aggregate's bulk properties such as density and seismic
velocities.

The residues' compositions are taken from Herzberg (2004) for
both isobaric batch and polybaric perfect fractional melting models.
Although this author did not provide an explicit estimation for CaO,
this can be readily estimated by adding an appropriate “primitive”
amount of CaO and recasting the new compositions to 100%. Indeed,
adding 3.45 wt.% CaO (a good estimate for a primitive upper mantle
rock) to the original FMAS system in Herzberg (2004) brings the
sum of the five original oxides to ∼99%, so the recasting to 100% rep-
resents a minor correction only. The equilibrium phase assemblages
and physical properties of each residual composition were calculated
for a T–P window of 250bTb1670 °C and 1bPb8 GPa.

Since our aim is to provide realistic estimates of the absolute
values of the restites' physical properties, it is important to estimate
how our predicted phase assemblages compare to those derived from
melting experiments. Note that our phase assemblages depend not
only on the thermodynamic formalism/database but also on the
parameterization of the melting models used to obtain the compo-
sition of the residues as a function of melt extraction. In Fig. 3 we
make this comparison using the isobaric batch experimental results
of Baker and Stolper (1994), Lesher and Baker (1997), and Walter
(1998). For comparison purposes, we have used the average temper-
ature of all experimental points when calculating our phase assem-
blages (strictly, each experimental point has a slightly different
temperature). Although some discrepancies exist, our predictions
satisfactorily capture the first-order behavior of the system, espe-
cially when uncertainties in the modal estimations from experiments
are considered (see error bars in Fig. 3). This is somewhat surprising
given the simplicity of the solid solution models used in the minimiza-
tion scheme (Stixrude and Lithgow-Bertelloni, 2005). In particular, the
solid solution model for pyroxenes is deliberately simplistic, and this
is likely the reason why our predictions exhibit larger discrepancies
for this phase. Nevertheless, besides reproducing experimental results
to a good detail, the simplicity of the solution models makes the
minimization process much more efficient (faster and more robust)
than when using more complicated models. Moreover, using the
actual bulk compositions measured in each particular experiment
instead of the general parameterized batch model (Herzberg, 2004)
would bring observations and predictions to a closer agreement. We
therefore conclude than both the thermodynamic formalism/database
and parameterized melting models predict satisfactorily residual phase
assemblages.

4. Results

A meaningful comparison between isobaric batch vs polybaric
perfect fractional melting models is not straightforward due the dif-
ferent P–T conditions that these two models use to obtain the same
degree of melting. In the following section we discuss the results of
two limiting cases shown in Fig. 4. In the first case, the equilibration
pressure (Pe) used to compute the properties of the residues from
both melting models is the initial pressure of melting (P0) in the
polybaric melting model. For instance, the properties of a polybaric
melting residue with P0=2 GPa are calculated at Pe=2 GPa and
compared with those of a residue obtained in an isobaric experi-
ment at 2 GPa and equilibrated at Pe=2 GPa (the comparison is made
at an equilibration temperature Te=800 °C). This case is useful in
elucidating isobaric trends in the physical properties of the residues
as function of melt extraction as well as differences/similitudes
between the two different melting models.

In the second case, the properties of polybaric residues are calculat-
ed at equilibration pressures corresponding to the pressure at which

http://dx.doi.org/10.1029/2009GC002540
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melting stops (Pf), and comparedwith their isobaric counterpartsmelted
and equilibrated at the same pressure(bottom panels in Fig. 4). This case
is arguably a more useful comparison to evaluate the actual absolute
differences between the two melting models. Finally, in Section 4.3
we discuss intermediate scenarios and their implications for our
conclusions.

We warn the reader in advance that, unless indicated otherwise,
the equilibration temperature used in all our calculations is 800 °C
(subsolidus temperature) to approximate lithospheric conditions.
Therefore, Opx is a stable phase in the residue at pressures >3 GPa,
in contrast to what is observed in experiments at solidus conditions,
where a single-pyroxene assemblage (subcalcic Cpx) occurs (e.g.
Herzberg and O'Hara, 2002; Walter, 1998).
4.1. Results for Pe=P0

Fig. 5 shows the variation patterns of VP, VS, and VP/VS as function
of melt depletion F for the two melting models. In both cases, the
first-order effect of different equilibration pressures is removed by
normalizing the results to the same initial value (so the effect of
melt extraction is isolated). Note that due to this normalization a
second-order pressure effect associated with the actual stable assem-
blages remains in these calculations (e.g. an identical residue has
more garnet at higher pressures). However, for the present range of
pressures, this effect results in maximum differences of b0.1%.

Although someminor differences are observed, the results in Fig. 5
indicate that the general pattern in VP and VS are similar in the two
melting models. Interestingly, both models predict opposite trends
for VP at low and high pressures: low pressure residues exhibit a con-
cave upward trend with melt extraction, while high pressure residues
have a convex upward trend with a final increase at high values of F.
These complex patterns can be understood in terms of the equilibrium
phase assemblages (Fig. 6). In the case of low pressure residues (e.g. at
2 GPa), the initial decrease in VP is due to the rapid decrease of Cpx and
Gt (large bulkmoduli) and the increase of Opx (smaller bulkmodulus)
in the assemblage. Once Cpx is exhausted (strictly b2 vol.%) and Opx
content starts to decline, VP increases rapidly as olivine becomes the
dominant phase. This Opx/Ol tradeoff in VP has been observed in pre-
vious studies using natural samples (Afonso et al., 2010; Lee, 2003;
Matsukage et al., 2005), and is the main cause for the rapid increase
of VP with F in harzburgitic residues (i.e. Ol+Opx). An additional fac-
tor that emphasizes the role of Opx/Ol here is the low absolute content
of Gt in low pressure assemblages.



8.1

8.12

8.14

8.16

8.18

8.2

8.22

8.24

8.26

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65

4.62

4.64

4.66

4.68

4.7

4.72

4.74

1.735

1.74

1.745

1.75

1.755

1.76

V
p 

[m
k 

s
]

-1
V

s 
[m

k 
s

]
-1

V
p/

V
s

F F

8.1

8.12

8.14

8.16

8.18

8.2

8.22

8.24

8.26

1.16%
1.04%

1.72%2.15%

polybaric perfect fractional

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

4.62

4.64

4.66

4.68

4.7

4.72

4.74

1.735

1.74

1.745

1.75

1.755

1.76

isobaric batch

Fig. 5. VP, VS, and VP/VS change in peridotites as function of melt extraction (F) for the case where Pe=P0 (see text). Left column = isobaric batch melting model; right column =
polybaric perfect fractional melting model. Solid circles=2 GPa, solid squares=3 GPa, solid triangles=4 GPa, crosses=5 GPa, open circles=6 GPa, open triangles=7 GPa. Double
arrows indicate the maximum positive variation in the plot with respect to the source value.

294 J.C. Afonso, D.L. Schutt / Lithos 134–135 (2012) 289–303
The VP pattern in high pressure residues is more intricate, with three
main segments: an initial section where VP increases, a subsequent
short segment where VP decreases nonlinearly, and a final quasi-linear
Fig. 6. Modal composition of restites as a function of melt extraction for both isobaric batch
sponding upper panels. Open symbols = fractional model, solid symbols = batch model. T
800 °C in all cases.
section with a steep monotonic increase. We will discuss the causes for
this behavior using the isobaric trend corresponding to 5 GPa as an exam-
ple. Other trends can be interpreted on the basis of similar arguments. At
and polybaric fractional melting models. The lower four panels are zooms of the corre-
he equilibration pressures are indicated in the panels; the equilibration temperature is
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pressures >4 GPa, Gt content (and to some extent Cpx) declineswith F at
amuch smaller rate than in the low pressure residues (see Figs. 1. and 6).
The aggregate now has more Gt at equivalent values of F than in the low
pressure cases, and being a high-velocity-density phase, it exerts an im-
portant control of the aggregate's VP. Additionally, but as a second-order
effect only, high pressureOpx tends to bemoreMg-rich than its lowpres-
sure counterpart, which gives it a higher VP. All of these, togetherwith the
continuous increase in Ol content, results in the initial VP increase at F b
30%. The subsequent slight decrease begins with the disappearance of
Cpx from the solid assemblage. Petrologically, this pointmarks the transi-
tion from a lherzolite to a harzburgite, and it significantly modifies the
variation pattern of Opx, Gt, and Ol during subsequent melting (note
the change in the slopes for Opx and Ol in Fig. 6). At this point, Gt and
Opx begin to decline at a faster rate (Fig. 6), in the slight decrease ob-
served in Fig. 5 (a rapid decrease of Gt reduces VP). This effect can be
seen more clearly in the isobaric case at 7 GPa.

The final increase in VP is clearly correlated with an abrupt change
in the rate at which Gt decreases with F (Fig. 6). Strictly, this is purely
a consequence of the Al2O3 behavior with F, as can be seen in Fig. 1
(isobaric batch case). This break in the curve marks the transition to
a Ol+Opx residue in equilibrium with its melt in the original param-
eterization of Herzberg (2004). It should be emphasized that this
abrupt change in Al2O3 content is strictly valid for harzburgitic (no
Gt or Cpx) residues in equilibrium with large amounts of melt. How-
ever, this extreme scenario would be highly (dynamically) unstable
in the Earth's mantle, and therefore such a break in the Al2O3 curve
is likely not representative (compare with the polybaric fractional
case). Whatever the case, it is clear that at these values of F, the
Opx/Ol tradeoff described above becomes dominant and controls
the increase in VP with F. Also, note that our solid assemblages are
equilibrated at sub-solidus melt-free conditions, and therefore Gt be-
comes a stable, but minor, residual phase.

The pattern of VS variations with melting is relatively more simple
than for VP (Fig. 5). It always increases with F, except at very high
pressures, where a slight change in the slope VS/F occurs as a conse-
quence of Cpx exhaustion and associated breaks in the slopes of Gt
and Opx. The main cause for a constant increase of VS with F is that
i) the shear velocities are relatively insensitive to Opx content (e.g.
Afonso et al., 2010), ii) modal increase of (Mg-rich) Ol (high VS)
with respect to those of Gt and Cpx (low VS), and iii) the forsterite
end-member of Ol dominates the bulk VS of the aggregate (Schutt
and Lesher, 2006, 2010). The general behavior of VS at high pressures
and F values can be understood based on the same arguments
explained above for VP.

Fig. 5 also shows the VP/VS ratio for the two melting models.
Afonso et al. (2010) showed that this ratio strongly depends on the
stability field of Sp as well as on temperature when above the limit
of purely elastic behavior (~900 °C), which hinders its use as compo-
sitional indicator in mantle peridotites. In the present case, the com-
plex variation pattern of VP/VS as a function of F also points out
towards its limited use as an indicator of melt depletion, even when
spinel is absent from the assemblage. For instance, a VP/VS of 1.75 at
3 GPa could represent either a melt depletion of 12% or 30% in the
polybaric case, or 50% in the isobaric case. It could also represent
25% melt depletion at 5 GPa in the isobaric case, or 17% in the polyba-
ric case. All this implies that regardless of the assumedmelting model,
the degree of melt extraction experienced by the rock cannot be re-
solved with confidence using the ratio VP/VS only.

The ratio ρ/VS has been suggested to be a more robust indicator of
compositional heterogeneities in a peridotitic mantle (e.g. Afonso et
al., 2010; Deschamps et al., 2002; Forte and Perry, 2000; Karato and
Karki, 2001; Simmons et al., 2009). In particular, Afonso et al. (2010)
showed that this ratio has the main advantages of being effectively
independent of the presence of spinel in the assemblage and having
a larger compositional derivative than other indicators. The correla-
tions presented in Afonso et al. (2010) were between ρ/VS and bulk
Mg# for natural samples, with no strict reference to melt extraction
(F). Since bulk Mg# is known to correlate well with F (e.g. Kushiro
2001), it is of interest here to test whether the ratio ρ/VS is also a
good indicator of melt extracted regardless of themelting path expe-
rienced by the residue. Fig. 7 shows the correlation between this
ratio and F for the same conditions as in Fig. 5. Three main observa-
tions can be drawn from this figure. Firstly, the correlation shows
no double branches as in the case of VP/VS, therefore guaranteeing a
unique F for every very value of ρ/VS. Secondly, the derivative ial
ρVS

−1
� �

/∂F is almost linear and independent of pressure. This is
why the results are not normalized in this figure, otherwise the
lines would overlap each other. Thirdly, and perhaps more impor-
tant, the average derivative∂ ρVS

−1
� �

/∂F for both melting models is
similar, suggesting that this ratio is almost independent of the melt-
ing path experienced by the residue. In practice, however, the use of
ρ/VS still is limited due to the requirement of robust and consistent
estimations of absolute density values (Afonso et al., 2010), although
progress towards this end is being made (Afonso et al., 2011).

The residues' bulk density as a function of F is shown in Fig. 7.
Within a single melting model (i.e. polybaric fractional or batch), de-
creasing melting pressure decreases the density of the residue mainly
due to the stronger depletion of Al2O3 and CaO. These two elements
control the amount of high-density phases such as Gt and Cpx. Note
that although low pressure residues are enriched in FeO in compari-
son with their high pressure counterparts, the effect of Al2titO3 deple-
tion (and to a lesser extent CaO) dominates the bulk density through
both modal (more Gt) and chemical (heavier Al2O3) effects. A com-
parison of the two melting models reveals that the general pattern
of density variation is similar at low pressures for all values of F. At
higher pressures, however, density values start to diverge to some ex-
tent at F>15% (shaded area in Fig. 7). For instance, at F=35% and
P=7 GPa, the polybaric fractional model results in a bulk density
∼20 kg m−3 less dense than in the isobaric batch case (i.e. ∼0.62%
point difference between the two melting models).

We emphasize here that these results are strictly valid for the pre-
sent choice of equilibration pressures and more complicated patterns
are expected when allowing for different equilibration P–T condi-
tions. This is discussed further below.

4.2. Results for Pe=Pf

In this section, the physical properties of the residues of polybaric
melting are calculated at equilibration pressures coincident with their
Pf (i.e. melting stops) and compared with residues of isobaric batch
melting at the same equilibration pressure, temperature, and F (bot-
tom panels in Fig. 4).

The left column of Fig. 8 compares VP, VS, and bulk density of the iso-
baric batch and polybaric fractional models at an equilibration T=800
and Pe=2 GPa. Note that the absolute variations of VP, VS, and bulk den-
sity with xtitF within each model are entirely consistent with the results
in Figs. 5 and 7. The points in Fig. 8a–c represent three different adiabatic
pathswith P0=3, 5 and7 GPa (see Fig. 2),whichmelt to∼16, 35, and45%
at Pf=2 GPa, respectively. As expected from the trends in Fig. 1, greater P0
result in larger differences between the two melting models at equal
values of F. For VP, however, the difference is remarkably small, even in
the extreme case with P0=7 GPa (ΔVP∼0.2%). This indicates that an iso-
baric batchmodel is a good approximation of the polybaric fractional case
as long as the equilibration pressure for both models is the final pressure
Pf. Therefore, if thefinal pressure ofmelting can be estimated by any other
means (e.g. xenolith thermobarometry), a simple batch melting model
can be used to estimate the VP of the residue.

For the VS case, the maximum difference between the two melting
models is ∼0.42%. This value is approximately one-third of the total VS
variation expected from compositional heterogeneities in the litho-
spheric mantle as estimated from xenoliths (Afonso et al., 2010; Schutt
and Lesher, 2010). In practice, since uncertainties associated with high-
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resolution seismic tomography studies are typically∼ 0.5–1.0% (e.g. Yang
et al., 2008), the differences between the two melting models are
somewhat immaterial. These conclusions for both VP and VS remain
valid at higher equilibration pressures (right column in Fig. 8).

As mentioned above, the incompatible character of Al and Ca
results in a more pronounced depletion of these elements during
polybaric fractional melting. Consequently, the batch model predicts
residues with higher bulk densities (maximum difference of ∼0.5%)
than in the fractional case. However, this difference is negligible by geo-
physical standards, and we do not expect it to produce any significant
discrepancy in thermomechanical simulations of mantle processes that
incorporate batch melting depletion effects.

In summary, the seismic properties of a residue after melt extraction
by polybaric fractional melting can be approximated to a good degree
by a simpler isobaric batch model as long as the assumed pressure in
the latter is representative of thefinal pressure ofmelting in the polybaric
case (i.e. P0=Pf).

4.3. An intermediate case

It is also illustrative to compare two polybaric melting paths equil-
ibrated at the same temperature and pressure. Fig. 9 shows the results
of such comparison between a shallow (mid-ocean ridge-like) and a
deep (plume-like) polybaric decompression melting paths. The former
situation is predicted by the “subduction stacking” genetic model
of cratonic lithospheric mantle (e.g. Pearson and Wittig, 2008), while
the latter is more consistent with a “deep plume-like” model (e.g.
Aulbach et al., 2007), although we note that these comparisons are
deliberately simplistic. The general variation trends with melt ex-
traction in Fig. 9 are similar to those already described in the previ-
ous section (Fig. 5); an increase in the initial pressure of melting
results in residues with higher bulk densities and VS than their low
pressure counterparts. In the case of VP, the pattern is more compli-
cated (see previous section), and residues of shallowmelt extraction
can have either lower or higher VP than deeper residues depending
on the absolute value of F. An important difference in the final prop-
erties of residues between shallow and deep melting paths is that in
the former, the absolute amount of melt extraction is less than in the
latter. In other words, the transition to a dunitic residue (highly re-
fractory and difficult to melt) is reached at lower values of F in shal-
low melting environments. In the case shown in Fig. 9, the shallow
residue becomes a pure dunite after ∼30% melt extraction (at ∼0 GPa
pressure), while in the deeper case, this transition occurs at F>45%
(see also Fig. 6). Therefore, an identical peridotite in a deep melting
path can in principle melt more than in a shallow environment, which
implies that at least in certain situations, the residue of a deep melting
path can become less dense and have higher VS than its shallow coun-
terpart at the same PT conditions. Notably, the difference in VP is
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negligible. The results in Fig. 9 show that, at identical PT conditions,
dunitic residues from shallow melt extraction will have significantly
lower VS (∼1% lower) and higher densities (∼1.1% higher) than
dunitic residues that followed deeper melting paths. Although it
is beyond the scope of this paper to discuss “subduction stacking”
versus “deep plume-like” models, it is clear that cratonic mantle
generated largely by deep decompression melting (e.g. plume-like
model) will be more resistant to convective removal and/or delamina-
tion and have higher VS than cratonic mantle generated by shallow
melting paths (e.g. a mid-ocean ridge-like model).

5. Discussion

5.1. Comparison of methods

Available studies on the effects of upper mantle compositional
variations on seismic velocity and density have used a number of
different techniques. Lee (2003), and James et al. (2004), examined
xenolith velocities by compiling their own databases of mineral physics
parameters. Wagner et al. (2008) used the spreadsheet of Hacker and
Abers (2004) to infer the effect of orthopyroxene on VP/VS. Schutt and
Lesher (2006) built on the database of James et al. (2004), eventually
determining mineral physics parameters and uncertainties for 41
mantle mineral end-members using second-order polynomial fits
to estimate pressure and temperature effects for isobaric melting
compositions from experimental studies. These rather ad hoc ap-
proaches have not been contrasted with thermodynamically consis-
tent techniques such as the one used in this and other studies (e.g.
Afonso et al., 2008, 2010; Khan et al., 2011a,b; Xu et al., 2008). This
is important, however, because it provides insights into the uncer-
tainties associated with the computation of physical properties by
different authors/studies. We do this by taking the compositions
derived from the P0=2 and 7 GPa decompression melting runs
(Fig. 6) and compare the velocities and densities calculated with the
present method with those computed with the method of Schutt and
Lesher (2006); henceforth called SL. The thermodynamically consistent
approach used here follows the formalism and database of Stixrude
and Lithgow-Bertelloni (2005); henceforth called SLB. For both
methods, moduli and densities were calculated at T=800 °C and
pressures Pe=P0=2 GPa and 7 GPa.

Densities for the P0=2 and 7 GPa runs are nearly identical be-
tween the two methods (Figs. 10–13). Elastic moduli exhibit some
discrepancies at high F values (Figs. 10–13), but the differences are
always well within typical experimental uncertainties (e.g. Flesch
et al., 1998). For the P0=2 GPa run, values for the adiabatic bulk
modulus KS and the shear modulus G are initially within 0.5% for
the two methods, but SL predicts a KS 3% higher and a G about 3%
lower than SLB for the most depleted compositions (Fig. 11). This
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results in maximum discrepancies for VP and VS of the order of 0.2%
and 1%, respectively (Fig. 11). Again, these are within the range of
experimental uncertainties. At P0=7 GPa, similar discrepancies are
apparent. In this case, SL predicts a KS as much 2% higher than SLB,
while G varies from being 0.8% lower to 0.8% higher, as composition
changes. This results in VP and VS discrepancies of at most 1% between
the two methods.

The differences between the two methods are likely caused by at
least two factors. The first is that the mineral physics parameters
used by SLB are slightly different from those in SL. In particular,
since the most depleted composition in the P0=2 GPa run is essen-
tially a dunite, differences in olivine properties are likely the cause.
Notably, SL use a higher olivine KS and dG/dT than SLB. This would
lead to the deviations observed in Fig. 10, in which SL predicts higher
KS and lower G. The second factor is that these two methods differ in
their approach to calculating the effects of pressure on moduli. In SL,
second derivatives of elastic moduli are allowed, while in SLB they are
not (isothermal compression is handled with a third-order Birch–
Murnaghan equation of state). This difference would have the largest
effect at high pressures and for minerals with significant d2K/dP2. This
is the case for enstatite, which has been reported to have a significant
negative d2K/dP2 (Flesch et al., 1998) that has been explicitly included
in the SL method. Indeed, this seems to be the reason for the discrep-
ancies in the P0=7 GPa run (Figs. 12–13), and also explains why the
relative difference between KS for the two runs diminishes dramati-
cally as Opx is exhausted (Fig. 13).

In summary, calculations of upper mantle density are likely to be
comparable between different methods provided they use similar
thermal parameters. Computations of harmonic seismic velocities,
on the other hand, could differ by as much as 1%. Such value is within
the range of experimental uncertainties, and therefore we conclude
that differences between SL and SLB are effectively negligible.

5.2. Comparison with previous relations based on isobaric batch
experiments

This study can be compared to previous work on the velocity
effects of isobaric melting. For example, Schutt and Lesher (2006)
examined velocity variations at near-solidus temperatures for iso-
baric melting paths. At these temperatures, VP tended to increase
linearly with melt removal. The pressure of melting also played a
role; VP effects were largest at 1 GPa and between 4 and 7 GPa.
However, it isworthnoting that formelting atmost pressures, 0 velocity
change fellwithin the error bounds.VS tended to vary littlewithmelting
for 1–3.5 GPa, but trended higher for 4–7 GPa melting. At these higher
pressures, VS changes were less than 0.5% at 20% melting. At tempera-
tures more consistent with cratonic mantle, SL found that the effect of
melt depletion causes more marked VP and VS increases; less than 1%
however, at 20%melt removal. This compares favorablywith the results
of the current study (Fig. 5).

SL found density reductions of 0.5% to 1.9% for 35% melting. The
largest density reductions were for melting between 3.5 and 4.5 GPa,
implying that the pressure of melting may play an important role
in the density of the resulting residue. Similarly, the largest density
reductions in both the isobaric and polybaric meltingmodeling stud-
ied here also are at the middle range of pressures studied, in this case
for P0=2–4 GPa, and are consistent in amplitude with SL. In gener-
al, we conclude that our compositional models compare favorably
to experiments.

5.3. Wet melting vs dry melting

The results in Section 4 are based on parameterizations derived
from dry melting experiments. However, it is generally accepted
that “wet”melting in the mantle is the rule rather than the exception,
and that the presence of water in the source can modify the chemical
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compositions ofmelts to a significant extent (e.g. AsimowandLangmuir,
2003; Parman and Grove, 2004). In this section we briefly discuss the
effects of wet melting on the residues of partial melting and show
that, except for some extreme cases, results based on drymelting pa-
rameterizations remain valid in wet melting scenarios.

The role of water (fluids in general) in melting regimes in the
mantle has been addressed in many previous studies (e.g. Asimow and
Langmuir, 2003; Asimow et al., 2004; Grove et al., 2006; Parman and
Grove, 2004, and references therein). In essence, the main effect of
adding water to the source is the lowering of the peridotite solidus
and the generation of a low-degree hydrous melting region (the
so-called “low-F tail”) below the level at which dry melting begins.
For the case of decompression near-fractional melting, Asimow and
Langmuir (2003) and Asimow et al. (2004) showed that melt pro-
ductivity (∂F/∂P) remains very lowwithin this low-F regime, and con-
sequently the total amount of melt produced before the beginning of
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Fig. 11. Relative differences in density, KS, G, VP, and VS between methods SL and SLB for
2 GPa fractional decompression melting (Fig. 10).
dry melting is typically b3%. Given the strong incompatible character
of water, the solid residue becomes effectively dry after the extraction
of this small amount of melt (Asimow et al. 2004). Melts produced
during this first stage of low-degree hydrous melting attain a con-
spicuous chemical composition that, when pooled together with melts
produced in the dry regime, affect the interpretation of melting paths,
source composition, and potential temperatures. However, since the
total melt extracted from the residue during the hydrous melting stage
is small (see above), we do not expect major differences in the compo-
sitions of residues from dry vs wet decompression fractional melting.
We have used the software phMELTS (Asimow, et al., 2004; Smith and
Asimow, 2005) to model adiabatic decompression fractional melting of
a source identical to that used in the dry parameterization but with a
water content of 700 ppm. This value is considered representative of
the mid-ocean ridge basalt (MORB) source (Asimow, et al., 2004). As
expected, we found the largest discrepancies in the composition of
dry vs wet melting residues for Al2O3 ( ΔAl2O3≲0.4%) and CaO
(ΔCaO≲0.5%) contents. However, these compositional differences
still are too small to cause any major change in the properties of
the aggregate. Indeed, these differences translate into bulk VS, VP,
and ρ discrepancies of ≲0.05, 0.1, and 0.01%. We therefore conclude
that the correlations in Section 4 are not affected to any significant
extent by allowing for wet decompression melting.

Melting scenarios departing from the adiabatic decompression
model discussed above have been proposed in some subduction envi-
ronments (e.g. Kelley et al., 2006). Both non-adiabatic paths (Kelley et
al., 2006) and a greater amount of water in the mantle wedge (Kelley
et al., 2010) can contribute to increase the compositional differences,
and thus the physical properties, between residues of dry vs wet
melting. However, a meaningful interpretation/description of these
discrepancies requires a detailed knowledge of the P–T path followed
by the residue in the mantle wedge as well as the amount and flow
pattern of the water released during the dehydration of the slab.
These, in turn, depend on other physical parameters that are poorly
constrained or difficult to estimate. We therefore do not attempt a di-
rect comparison here, but rather highlight the following: even if the
mantle source is water-saturated (H2O∼0.3 wt.%), the residue will
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become effectively dry (assuming no continuous water replenish-
ment) at Fb6–8% (Aubaud et al., 2004; Hauri et al., 2006). Based on
our calculations, these values are likely to produce maximum VS, VP,
and ρ residual discrepancies of ∼0.1, 0.2, and 0.12%, respectively.
Note that although these figures will propagate to the entire F range
in Figs. 5, 7, and 9, they are equivalent to a change in (sub-solidus)
temperature of b35–40 °C, which is less than typical uncertainties
associated with any geophysical method. Therefore, the effect of
wet melting on the physical properties of residues at high water con-
tents can be considered an uncertainty in the trends of Figs. 5, 7, and
9 rather than a separate effect.
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5.4. Actual mantle composition

It is worth noting that the starting mantle composition used in this
study is an approximation to real mantle, which has probably been
melted at least once and subsequently refertilized (e.g. Le Roux et
al., 2007). The primary goal of this project has been to examine the
effects of melting paths on the bulk seismic velocities and densities
of peridotitic residues. However, recycling of oceanic crust likely may
have partially mixed eclogite into the upper mantle (e.g. Hofmann
andWhite, 1982), andmelting of this eclogite may produce a heteroge-
neous distribution of pyroxenite veins as eclogitic melt reacts with
peridotite (e.g. Sobolev et al., 2007). If this pyroxenite-enrichedmantle
(which is not well-mixed on the grain scale) subsequently melts, the
evolution of residues with melting may differ from those described in
this study. This is a topic worth considering, but beyond the scope of
this paper.

5.5. Implications for interpretation of seismic tomography and mantle
structure

It is fairly common to interpret seismic tomography, especially in
cold lithospheric regions, in terms of temperature and iron depletion.
As an example, Godey et al. (2004) estimated that a 2% VS change can
potentially be caused by a 7.5% depletion in Fe. Based on this study,
we conclude that the maximum reasonable effect of melt depletion,
and thus Fe variations, on upper mantle velocities is ≲2%. Thus, high
cratonic seismic velocities are not primarily due to the major element
effects of melt depletion, and rather are indicative of low tempera-
tures, perhaps in conjunction with variations in radiogenic isotopes
(Hieronymus and Goes, 2010), water (e.g. Karato, 2003; Ohuchi et
al., 2011), or larger grain sizes (e.g. Jackson and Faul, 2010).

Large velocity variations, as much as 13% in VS, clearly exist in the
lithospheric mantle (e.g. Bedle and van der Lee, 2009; Moschetti et al.,
2010). This study, along with other recent work (Afonso et al., 2010;
Lee, 2003; Matsukage et al., 2005; Schutt and Lesher, 2006, 2010),
shows that the chemical effects of melting cannot play a major role
in producing these velocity anomalies. Indeed, it seems likely that
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no form of compositional trend in peridotite plays a major role in ob-
served velocity variations (Schutt and Lesher, 2010). That said, if ther-
mal variations can be constrained, or if VS/ρ can be accurately
ascertained, relative variations in mantle fertility could be deduced.
Although beyond the scope of this paper, it is worth noting that man-
tle orthopyroxene enrichment is another potentially mappable com-
positional trend, which would produce a distinct VP/VS anomaly
(Schutt and Lesher, 2010; Wagner et al., 2008).

Maximum velocity effects of decompression melting occur for the
deepest, and thus hottest melting paths (see Figs. 5 and 9). In the case
of P0=7 GPa, the initial melting temperature corresponds to a poten-
tial temperature of ∼1680 °C, which may only be likely in areas af-
fected by deep-seated plumes or Archean melting. For shallower
and cooler melting paths (e.g. P0=2–3 GPa), the effects on VS and
VP are as much as 1% and 0.6%, respectively, for F≲0.3. With the re-
cent advancements in ambient noise tomography (e.g. Moschetti et
al., 2010), it is likely that shallow lithospheric VS anomalies as small
as 0.5% will be regularly resolvable, implying that melt depletion ef-
fects need to be considered as a (likely secondary) contribution to
the observed velocity structure. The role of melt removal in affecting
velocity may be enhanced if melt removal affects properties associat-
ed with anelasticity. For instance, the anelastic effects of volatile re-
moval (e.g. Karato, 2003), changing grain size (Jackson and Faul,
2010), or varying modal mineralogy (Sundberg and Cooper, 2008),
could all be correlated with increasing melt depletion. Further work
is needed to assess the potential contribution of, and correlations be-
tween, these factors.
6. Conclusions

We have modeled the effects of isobaric batch and polybaric frac-
tional partial melting on the bulk density and seismic velocities of
solid mantle restites. Our main findings can be summarized as
follows:

1) The variation patterns and absolute values of seismic velocities
and bulk density versus degree of melting are strongly dependent
on the pressure at which melting begins (P0). This is simply conse-
quence of the significantly different depletion trends followed by
major-element oxides as melt is extracted at different pressures
(Fig. 1).

2) The variation patterns of VP and VS with degree of melting exhibit
complex convex and concave shapes depending on P0. This is
mainly due to the variation of the relative amounts of garnet
and pyroxenes in the solid assemblage as melt is extracted. As a
consequence, shallow decompression melting paths result in VP

and VP/VS trends that are not monotonic with respect to melt re-
moval, as suggested in previous works. While ∂VP/∂F can be either
positive or negative depending on melting path, ∂VS/∂F is always
positive, but significantly larger in deep melting paths.

3) The independence of ∂(ρVs− 1)/∂F to pressure and its linear
behavior for large ranges of F is confirmed. Additionally, this
derivative is almost independent of whether melting occurs as an
isobaric batch or polybaric fractional process.

4) Maximum velocity effects for low temperature (1320 °C–1440 °C)
melting of initially fertile mantle are ∼ 0.7%, 1.0%, and −0.7% for
VP,VS, and VP/VS, respectively. For deeper onset of melting, corre-
sponding to higher potential temperatures, maximum effects are
stronger: ∼1.0%, 1.7%, and −1.0% for VP,VS, and VP/VS, respectively.

5) When the equilibration pressure Pe of the residue is the final
pressure of melting Pf, both isobaric batch and fractional melting
models predict similar thermophysical properties. This indicates
that under such conditions (Fig. 4), the properties of residues
after melt extraction by polybaric fractional melting can be ap-
proximated by a simpler isobaric batch model.
6) Deeper melting paths result in residues with higher degrees of
melt extraction, which in turn results in residues with significantly
higher VS (∼1%) and lower bulk density (∼1.1%) than residues
along shallow melting paths. This implies that cratonic mantle
generated by deep “plume-like” processes in the Archean would
be more resistant to convection removal and/or delamination
and have higher VS than cratonic mantle generated by “subduction
stacking” mechanisms.

The inferred velocity effects are subtle, but definitely within the
realm of tomographically observable velocity perturbations. How-
ever, since velocity effects vary with the pressure–temperature de-
pendence of the melting path, isolating the contribution of melt
depletion in velocity variations from other factors needs further
constraints on the melting path, such as the initial depth at which
the melting started (e.g. Leeman et al., 2009). Alternatively, since
ρ/VS versus melt removed is nearly invariant with melting path,
this compositional indicator can be used to obtain consistent density
and VS values associated with melt depletion. These in turn can be
used in joint inversions of gravity and VS to test potential composi-
tional effects in tomography images.
Acknowledgments

We thank P. Antoshechkin for her assistance with phMELTS. The
Schutt and Lesher calculations are based on research funded by the
NSF Geophysics and Petrology and Geochemistry programs, grant
EAR-0409538. This manuscript has benefited from constructive re-
views by C. Herzberg and J. Hernlund. This is contribution 17 from
the ARC Centre of Excellence for Core to Crust Fluid Systems (http://
www.ccfs.mq.edu.au) and 789 in the GEMOC Key Centre (http://
www.gemoc.mq.edu.au).
References

Afonso, J.C., Fernàndez, M., Ranalli, G., Griffin, W.L., Connolly, J., 2008. Combined geo-
physical–petrological modelling of the lithospheric–sublithospheric upper mantle:
methodology and applications. Geochemistry Geophysics Geosystems 9, Q05008.
doi:10.1029/2007GC001834.

Afonso, J.C., Ranalli, G., Fernandez, M., Griffin, W.L., O'Reilly, S.Y., Faul, U., 2010. On the
Vp/Vs–Mg# correlation in mantle peridotites: implications for the identification of
thermal and compositional anomalies in the upper mantle. Earth and Planetary
Science Letters 289, 606–618.

Afonso, J.C., Yang, Y., Fullea, J., Lebedev, S., Zlotnik, S., 2011. A 3D multi-observable
probabilistic inversion method for the compositional and thermal structure of
the lithosphere and sublithospheric upper mantle. Abstract EGU2011-5209, EGU
General Assembly.

Akimoto, S.-I., 1972. The system MgO–FeO–SiO2 at high pressures and temperatures—
phase equilibria and elastic properties. Tectonophysics 13, 161–187.

Asimow, P.D., Langmuir, C.H., 2003. The importance of water to oceanic mantle melting
regimes. Nature 421, 815–820. doi:10.1038/nature01429.

Asimow, P.D., Dixon, J.E., Langmuir, C.H., 2004. A hydrousmelting adn fractionationmodel
for mid-ocean ridge basalts: application to the Mid-Atlantic Ridge near the Azores.
Geochemistry Geophysics Geosystems 5, Q01E16. doi:10.1029/2003GC000.568.

Aubaud, C., Hauri, E.K., Hirschmann, M.M., 2004. Hydrogen partition coefficients be-
tween nominally anhydrous minerals and basaltic melts. Geophysical Research
Letters 31, L20611. doi:10.1029/2004GL021341.

Aulbach, S., Griffin, W.L., Pearson, N.J., O'Reilly, S.Y., Doyle, B.J., 2007. Lithosphere
formation in the central Slave Craton (Canada): plume subcretion or lithosphere
accretion? Contributions to Mineralogy and Petrology 154, 409–427.

Baker,M.B., Stolper, E.M., 1994. Determining the composition of high-pressuremantlemelts
using diamond aggregates. Geochimica et Cosmochimica Acta 58 (13), 2811–2827.

Bedle, H., van der Lee, S., 2009. S-velocity variations beneath North America. Journal of
Geophysical Research 114, B07308. doi:10.1029/2008JB005949.

Begg, G.C., Griffin, W.L., Natapov, L.M., O'Reilly, S.Y., Grand, S.P., O'Neill, C.J., Hronsky,
J.M.A., Poudjom Djomani, Y., Swain, C.J., Deen, T., Bowden, P., 2009. The lithospheric
architecture of Africa: seismic tomography, mantle petrology and tectonic evolution.
Geosphere 5, 23–50.

Canil, D., 2004. Mildly incompatible elements in peridotites and the origins of mantle
lithosphere. Lithos 77, 375–393.

Carlson, R.W., Pearson, D.G., James, D.E., 2005. Physical, chemical, and chronological
characteristics of continental mantle. Reviews of Geophysics 43 (RG1001), 1–24.

Connolly, J.A.D., 2009. The geodynamic equation of state: what and how. Geochemistry
Geophysics Geosystems 10, Q10014. doi:10.1029/2009GC002540.

http://www.ccfs.mq.edu.au
http://www.ccfs.mq.edu.au
http://www.gemoc.mq.edu.au
http://www.gemoc.mq.edu.au
http://dx.doi.org/10.1029/2007GC001834
http://dx.doi.org/10.1038/nature01429
http://dx.doi.org/10.1029/2003GC000.568
http://dx.doi.org/10.1029/2004GL021341
http://dx.doi.org/10.1029/2008JB005949


303J.C. Afonso, D.L. Schutt / Lithos 134–135 (2012) 289–303
Deschamps, F., Trampert, J., Snieder, R., 2002. Anomalies of temperature and iron in the
uppermost mantle inferred from gravity data and tomographic models. Earth and
Planetary Science Letters 129, 245–264.

Falloon, T.J., Green, D.H., Danyushevsky, L.V., Faul, U.H., 1999. Peridotite melting at 1.0 and
1.5 GPa: an experimental evaluation of techniques using diamond aggregates and min-
eral mixes for determination of near-solidus melts. Journal of Petrology 40, 1343–1375.

Flesch, L.M., Li, B., Liebermann, R.C., 1998. Sound velocities of polycrystalline MgSiO3 ortho-
pyroxene to 10 GPA at room temperature. American Mineralogist 83 (444–450), 1998.

Forte, A.M., Perry, H.K.C., 2000. Geodynamic evidence for a chemically depleted conti-
nental tectosphere. Science 290, 1940–1944.

Fullea, J., Fernàndez, M., Afonso, J.C., Vergés, J., Zeyen, H., 2010. The structure and
evolution of the lithosphere–asthenosphere boundary beneath the Atlantic–
Mediterranean Transition Region. Lithos 120, 74–95.

Godey, S., Deschamps, F., Trampert, J., Sneider, R., 2004. Thermal and compositional
anomalies beneath the North American continent. Journal of Geophysical Research
109, B01308. doi:10.1029/2002JB002263.

Goes, S., Govers, R., Vacher, P., 2000. Shallow mantle temperatures under Europe from
P and S wave tomography. Journal of Geophysical Research 105, 11,153–11,169.

Griffin, W.L., O'Reilly, S.Y., Ryan, C.G., 1999. The composition and origin of sub-continental
lithospheric mantle. In: Fei, Y., Berkta, C.M., Mysen, B.O. (Eds.), Mantle Petrology: Field
observations and High-Pressure Experimentation: A Tribute to Francis R. (Joe) Boyd:
The Geochemical Society, Special Publication No 6, pp. 13–45.

Griffin, W.L., O'Reilly, S., Afonso, J.C., Begg, G., 2009. The composition and evolution of
lithospheric mantle: a re-evaluation and its tectonic implications. Journal of Petrol-
ogy 50 (7), 1185–1204.

Grove, T.L., Chatterjee, N., Parman, S.W., Médard, E., 2006. The influence of H2O on
mantle wedge melting. Earth and Planetary Science Letters 249, 74–89.

Hacker, B.R., Abers, G.A., 2004. Subduction factory 3: an Excel worksheet and macro for
calculating the densities, seismic wave speeds, and H2O contents of minerals and
rocks at pressure and temperature. Geochemistry Geophysics Geosystems 5.
doi:10.1029/2003GC000614.

Hauri, E.H., Gaetani, G.A., Green, T.H., 2006. Partitioning of water during melting of
the Earth's upper mantle at H2O-undersaturated conditions. Earth and Planetary
Science Letters 248, 715–734.

Herzberg, C., 2004. Geodynamic information in peridotite petrology. Journal of Petrol-
ogy 45, 2507–2530.

Herzberg, C., O'Hara, M.J., 2002. Plume-associated ultramafic magmas of Phanerozoic
age. Journal of Petrology 43, 1857–1883.

Hieronymus, C.F., Goes, S., 2010. Complex cratonic seismic structure from thermal models
of the lithosphere: effects of variations in deep radiogenic heating. Geophysical Jour-
nal International 180, 999–1012. doi:10.1111/j.1365-246X.2009.04478.x.

Hofmann, A.W., White, W.M., 1982. Mantle plumes from ancient oceanic crust. Earth
and Planetary Science Letters 57, 421–436. doi:10.1016/0012-821X(82)90161-3.

Jackson, I., Faul, U.H., 2010. Grainsize-sensitive viscoelastic relaxation in olivine: towards a
robust laboratory-basedmodel for seismological application. Physics of the Earth and
Planetary Interiors 183 (1–2), 151–163. doi:10.1016/j.pepi.2010.09.005.

James, D.E., Boyd, F.R., Schutt, D., Bell, D.R., Carlson, R.W., 2004. Xenolith constraints on
seismic velocities in the upper mantle beneath southern Africa. Geochemistry Geo-
physics Geosystems 5, Q01002. doi:10.1029/2003GC000551.

Jones, A.G., Evans, R.L., Eaton, D.W., 2009. Velocity–conductivity relationships for
mantle mineral assemblages in Archean cratonic lithosphere based on a review
of laboratory data and Hashin–Shtrikman extremal bounds. Lithos 109, 131–143.

Jones, A.G., Plomerova, J., Korja, T., Sodoudi, F., Spakman, W., 2010. Europe from the bot-
tom up: A statistical examination of the central and northern European lithosphere–
asthenosphere boundary from comparing seismological and electromagnetic obser-
vations. Lithos 120, 14–29.

Jordan, T.H., 1978. Composition and development of the continental tectosphere. Na-
ture 274, 544–548.

Jordan, T.H., 1988. Structure and formation of the continental tectosphere. Journal of
Petrology 1, 11–37.

Karato, S., 2003. Mapping water content in the upper mantle. In: Eiler, J. (Ed.), Inside
the subduction factory, Geophysical Monograph 138, AGU, pp. 135–152.

Karato, S., Karki, B.B., 2001. Origin of lateral variation of seismic wave velocities and
density in the deep mantle. Journal of Geophysical Research 106, 21,771–21,783.
doi:10.1029/2001JB000214.

Kelley, K.A., Plank, T., Grove, T.L., Stolper, E.M., Newman, S., Hauri, E., 2006. Mantle
melting as a function of water content beneath back-arc basins. Journal of Geo-
physical Research 111, B09208. doi:10.1029/2005JB003732.

Kelley, K.A., Plank, T., Newman, S., Stolper, E.M., Grove, T.L., Parman, S., Hauri, E., 2010.
Mantle melting as a function of water content beneath the Mariana Arc. Journal of
Petrology 51, 1711–1738.

Khan, A., Boschi, L., Connolly, J.A.D., 2011a. Mapping the Earth's thermochemical and
anisotropic structure using global surface wave data. Journal of Geophysical Re-
search 116, B01301. doi:10.1029/2010JB007828.

Khan, A., Zunino, A., Deschamps, F., 2011b. The thermo-chemical and physical structure be-
neath the North American continent from Bayesian inversion of surface-wave phase ve-
locities. Journal of Geophysical Research 116 (B09304), 23. doi:10.1029/2011JB008380.

Kinzler, R.J., Grove, T.L., 1992. Primary magmas of mid-ocean ridge basalts 1. Experi-
ments and methods. Journal of Geophysical Research 97 (B5), 6885–6906.
doi:10.1029/91JB02840.

Klemme, S., 2004. The influence of Cr on the garnet-spinel transition in the Earth's
mantle: experiments in the system MgO–Cr2O3–SiO2 and thermodynamic model-
ling. Lithos 77, 639–646.

Kushiro, I., 1996. Partial melting of a fertile mantle peridotite at high pressures: an
experimental study using aggregates of diamond. In: Basu, A., Hart, S. (Eds.),
Geophysical Monograph, 95, pp. 109–122.
Kushiro, I., 2001. Partial melting experiments on peridotite and origin of mid-ocean
ridge basalt. Annual Reviews of Earth and Planetary Sciences 29, 71–107.

Le Roux, V., Bodinier, J.-L., Tommasi, A., Alard, O., Dautria, J.-M., Vauchez, A., Riches,
A.J.V., 2007. The Lherz spinel lherzolite: refertilized rather than pristine mantle.
Earth and Planetary Science Letters 259, 599–612. doi:10.1016/j.epsl.2007.05.026.

Lee, C.-T.A., 2003. Compositional variation of density and seismic velocities in natural
peridotites at stp conditions: implications for seismic imaging of compositional
heterogeneites in the upper mantle. Journal of Geophysical Research 108.
doi:10.1029/2003JB002,413.

Leeman, W.P., Schutt, D.L., Hughes, S.S., 2009. Thermal structure beneath the Snake
River Plain: implications for the Yellowstone hotspot. Journal of Volcanology and
Geothermal Research 188, 57–67.

Lesher, C., Baker, M.B., 1997. Near-solidus phase relations of a mantle peridotite at
3.6–5 GPa, EOS. Transactions American Geophysical Union 78 (46), 812.

Matsukage, K.M., Nishihara, Y., Karato, S.I., 2005. Seismological signature of chemical
differentiation of Earth's upper mantle. Journal of Geophysical Research 110,
B12305. doi:10.1029/2004JB003.

McCuaig, T.C., Beresford, S., Hronsky, J., 2010. Translating the mineral systems approach
into an effective exploration targeting system. Ore Geology Reviews 38, 128–138.

Moschetti, M.P., Ritzwoller, M.H., Lin, F.C., Yang, Y., 2010. Crustal shear wave velocity struc-
ture of the western United States inferred from ambient seismic noise and earthquake
data. Journal of Geophysical Research 115, B10306. doi:10.1029/2010JB007448.

Musacchio, G., White, D.J., Asudeh, I., Thomson, C.J., 2004. Lithospheric structure and
composition of the Archean western Superior Province from seismic refraction/
wide-angle reflection and gravity modeling. Journal of Geophysical Research 109,
B03304. doi:10.1029/2003JB002427.

O'Reilly, S.Y., Griffin, W.L., 2006. Imaging global chemical and thermal heterogeneity in
the subcontinental lithospheric mantle with garnets and xenoliths: geophysical
implications. Tectonophysics 416, 289–309.

Ohuchi, T., Karato, S.-I., Fujino, K., 2011. Strength of single-crystal orthopyroxene under
lithospheric conditions. Contributions toMineralogy and Petrology 161 (6), 961–975.

Parman, S.W., Grove, T.L., 2004. Harzburgite melting with and without H2O: experi-
mental data and predictive modeling. Journal of Geophysical Research 109,
B02201. doi:10.1029/2003JB002566.

Pearson, D.G., Wittig, N., 2008. Formation of Archaean continental lithosphere and its
diamonds: the root of the problem. Journal of the Geological Society of London
165, 895–914.

Perry, H.K.C., Forte, A.M., Eaton, D.W.S., 2003. Upper-mantle thermochemical structure
below North America from seismic–geodynamic flow models. Geophysical Journal
International 154, 279–299.

Schutt, D.L., Lesher, C.E., 2006. Effects of melt depletion on the density and seismic ve-
locity of garnet and spinel lherzolite. Journal of Geophysical Research 111, B05401.
doi:10.1029/2003JB002.

Schutt, D.L., Lesher, C.E., 2010. Compositional trends among Kaapvaal Craton garnet pe-
ridotite xenoliths and their effects on seismic velocity and density. Earth and Plan-
etary Science Letters 300, 367–373.

Simmons, N.A., Forte, A.M., Grand, S.P., 2009. Joint seismic, geodynamic and mineral
physical constraints on three-dimensional mantle heterogeneity: implications for
the relative importance of thermal versus compositional heterogeneity. Geophysi-
cal Journal International 177, 1284–1304.

Simon, N.S.C., Carlson, R.W., Pearson, D.G., Davies, G.R., 2007. The origin and evolution
of the Kaapvaal cratonic lithospheric mantle. Journal of Petrology. 48, 589–625.

Smith, P.M., Asimow, P.D., 2005. Adiabat_1ph: a new public front-end to the MELTS,
pMELTS, and pHMELTS models. Geochemistry Geophysics Geosystems 6 (2),
Q02004. doi:10.1029/2004GC000816.

Sobolev, A.V., Hofman, A.W., Kuzmin, A.W., Yaxley, G.M., Arndt, N.T., Chung, S.-L.,
Danyushevsky, L.V., Elliott, T., Frey, F., Garcia, M.O., Gurenko, A.A., Kamenetsky,
V.S., Kerr, A.C., Krivolutskaya, N.A., Matvienkov, V.V., Nikogosian, I.K., Rocholl, A.,
Sigurdsson, I.A., Sushchevskay, N.M., Teklay, M., 2007. The amount of recycled
crust in sources of mantle-derived melts. Science 316, 412–417. doi:10.1126/science.
1138113.

Stixrude, L., Lithgow-Bertelloni, C., 2005. Mineralogy and elasticity of the oceanic upper
mantle: origin of the low-velocity zone. Journal of Geophysical Research 110
(B03), 204. doi:10.1029/2004JB002.

Sundberg, M., Cooper, R.F., 2008. Crystallographic preferred orientation produced by
diffusional creep of harzburgite: effects of chemical interactions among phases
during plastic flow. Journal of Geophysical Research 113, B12208. doi:10.1029/
2008JB005618.

van Gerven, Luuk, Deschamps, F., van der Hilst, R.D., 2004. Geophysical evidence for
chemical variations in the Australian Continental Mantle. Geophysical Research
Letters 31. doi:10.1029/2004GL020307.

Wagner, J.S., Anderson, M.L., Jackson, J.M., Beck, S.L., Zandt, G., 2008. Seismic evidence for
orthopyroxene enrichment in the continental lithosphere. Geology 36, 935–938.

Walter, M.J., 1998. Melting of garnet peridotite and the origin of komatiite and depleted
lithosphere. Journal of Petrology 39, 29–60.

Walter, M.J., 2003. Melt extraction and compositional variability in the mantle litho-
sphere. In: Carlson, R.W., Holland, H.D., Turekian, K.K. (Eds.), Treatise on Geochem-
istry, Vol 2, The Mantle and Core. Elsevier, pp. 363–394.

Xu, W., Lithgow-Bertelloni, C., Stixrude, L., Ritsema, J., 2008. The effect of bulk compo-
sition and temperature on mantle seismic structure. Earth and Planetary Science
Letters 275, 70–79.

Yang, Y., Ritzwoller, M.H., Lin, F.-C., Moschetti, M.P., Shapiro, N.M., 2008. Structure of
the crust and uppermost mantle beneath the western United States revealed by
ambient noise and earthquake tomography. Journal of Geophysical Research 113.
doi:10.1029/2008JB005833.

http://dx.doi.org/10.1029/2002JB002263
http://dx.doi.org/10.1029/2003GC000614
http://dx.doi.org/10.1111/j.1365-246X.2009.04478.x
http://dx.doi.org/10.1016/0012-821X(82)90161-3
http://dx.doi.org/10.1016/j.pepi.2010.09.005
http://dx.doi.org/10.1029/2003GC000551
http://dx.doi.org/10.1029/2001JB000214
http://dx.doi.org/10.1029/2005JB003732
http://dx.doi.org/10.1029/2010JB007828
http://dx.doi.org/10.1029/2011JB008380
http://dx.doi.org/10.1029/91JB02840
http://dx.doi.org/10.1016/j.epsl.2007.05.026
http://dx.doi.org/10.1029/2003JB002,413
http://dx.doi.org/10.1029/2004JB003
http://dx.doi.org/10.1029/2010JB007448
http://dx.doi.org/10.1029/2003JB002427
http://dx.doi.org/10.1029/2003JB002566
http://dx.doi.org/10.1029/2003JB002
http://dx.doi.org/10.1029/2004GC000816
http://dx.doi.org/10.1126/science. 1138113
http://dx.doi.org/10.1126/science. 1138113
http://dx.doi.org/10.1029/2004JB002
http://dx.doi.org/10.1029/2008JB005618
http://dx.doi.org/10.1029/2008JB005618
http://dx.doi.org/10.1029/2004GL020307
http://dx.doi.org/10.1029/2008JB005833

	The effects of polybaric partial melting on density and seismic velocities of mantle restites
	1. Introduction
	2. Melting of pyrolitic rocks
	3. Methods
	4. Results
	4.1. Results for Pe=P0
	4.2. Results for Pe=Pf
	4.3. An intermediate case

	5. Discussion
	5.1. Comparison of methods
	5.2. Comparison with previous relations based on isobaric batch experiments
	5.3. Wet melting vs dry melting
	5.4. Actual mantle composition
	5.5. Implications for interpretation of seismic tomography and mantle structure

	6. Conclusions
	Acknowledgments
	References


