IN SITU DENSITIES OF MORB MELTS AND RESIDUAL MANTLE: IMPLICATIONS
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ABSTRACT

Recent theoretical studies of mid-ocean ridge (MOR) accretion have shown that the density differences
between silicate melt and solid phases and between fertile and residual mantle may be important controls
on the upward flow of upper mantle and separation of melt from the upwelling matrix. Both compositional
and thermal buovancy may play an important role. To assess quantitatively the magnitude of these effects.
we have compiled the available data for calculating densities of silicate melts and solid phases as a function
of composition, temperature (1000-1500°C), and pressure (1 atm to any pressure where the solid phases
of interest remain stable). We include measured and calculated values of thermal expansion and compress-
ibility for both solids and liquids. Our calculations for mantle material undergoing decompression-induced
melting show that density differences between instantaneous melt and residual solids increase toward the
surface, implying an increasing melt migration rate with continuing upwelling and melting. However, the
density difference is significantly less than the value of ~0.5 g-cm ™ commonly assumed in theoretical
models. In agreement with previous studies, we also find that residual mantle is less dense than unmelted
mantle; however, using realistic pressures for MORB generation, the difference is small.

INTRODUCTION Another possible mechanism of mantle up-
welling beneath active mid-ocean ridges is
diapiric upflow. Gravity data at the slow-
spreading mid-Atlantic ridge (Lin and Phipps
Morgan 1991) suggest that such a mechanism
may be important at slow-spreading ridges.
Geologic evidence for diapiric flow has been
found in ophiolites (Rabinowicz et al. 1987),
and several theoretical models indicate that

Because of the geologic role of ocean crust
in plate tectonic cycles, the processes that
contribute to the formation of this crust are
of great importance. An important aspect of
the genesis of the mid-ocean ridge basalt
(MORB) from which ocean crust is made is
what causes hot solid mantle material to up-
well beneath active spreading ridges. Upwell- b T :
ing may occur as a passive response to the diaplr-.llke mstal:pht;es may be important be-
separation of plates (Oxburgh and Turcotte low mid-ocean ridges (Whitehead et al. 1984;
1968; Hanks 1971; Bottinga and Allegre 1978; ~ Crane 1985: Schouten et al. 1985). These
Houseman 1983: Phipps Morgan 1987), and buoyant instabilities may be driven by ther-
recent analysis of topography and gravity mal buoyancy.‘compomuonal buoyancy. or
data (Lin and Phipps Morgan 1991) indicates buoyancy Pr(f“’dCd by basalt melt (Oxburgh
that this may be the dominant mechanism be- ~ and Parmentier 1977; Jordan 1979). Buoy-
neath fast-spreading ridges. However, pas-  ancy forces may thus play an important role
sive, two-dimensional upwelling of the upper in the generation of ocean crust. Many mod-

mantle cannot explain all the observations, €IS of mid-ocean dynamics (e.g., Lachen-
even at fast-spreading ridges. Along-axis top- bruch 1976; Ribe 1988: Nicolas 1986; Scott

ographic variation (Macdonald et al. 1984 and Stevenson 1989: Buck and Su 1989; Sotin

Macdonald 1989), petrologic evidence (Lang- and Parmentier 1989) discuss the importance
muir et al. 1986), and model temperature pro-  Of buoyancy forces. )

files beneath mid-ocean ridges (Niu and Ba- Density differences, along with ~other
tiza 19916) indicate that mantle upwelling is  forces, are also important for melt migration

characterized by some three-dimensionality, ~ 2nd melt segregation below ridge crests (e.g.,
Ahearn and Turcotte 1979; McKenzie 1984,

1985; Spiegelman and McKenzie 1987; Rich-

! Manuscript received June 22, 1990; accepted ter and McKenzie 1984; Sleep 1974, 1988;
April 22, 1591 e Ribe 1985). Because of the great importance
H;\i?il_vﬁglf_ %;g“wau at Maniga,. Howoluly; of melt and solifi densities in the dyn.amic
[oURNAL OF GEoLOGY. 1991, vol. 99, p. 767-775] processes associated with t_he genesis of
© 1991 by The University of Chicago, All rights  ©¢can crust, we have compiled up-to-date
reserved. data on mineral densities and data needed to
0022-1376/91/9905-002$1.00 compute in situ densities at variable tempera-
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4.00(1)*
4.00(1)*

200(1)*

+ No data for clinoenstatite and clinoferrosilite are available, but those of enstatite and ferrosilite are used instead (see text for discussion).

* No data or no consistent data available, the values are assumed (see text for discussion)

- L200(1)*

699.3(4)
943.4(4)

.8190(31,39)
- 1.3693(16,31)

TABLE 1
(CONTINUED)

- 3.2612
- 1.6459

2.611(29)
2.762(29)

Albite

Anorthite

12) Finger and Ohashi (1976); 13) Finger et al (1986); 14) Frisillo and Barsch (1972); 15) Graham et al (1988); 16) Grundy

and Brown (1974); 17) Haselton et al (1984); 18) Hazen and Finger (1978); 19) Hazen and Prewitt (1977); 20) Isaak and Graham (1976); 21)

Kandelin and Weidner (1988); 22) Krupka et al (1979); 23) Krupka et al (1985); 24) Kuwazawa and Anderson (1969)

References: 1) Anderson (1989); 2) Anderson and Anderson (1970); 3) Anderson and Suzuki (1983); 4) Angel et al (1988); 5) Babusaka et al
(1978); 6) Bass (1986); 7) Bass and Weidner (1984); 8) Berman (1988); 9) Bonczar et al (1977); 10) Cameron et al (1973); 11) Duffy and

Plagioclase
Anderson (1989)

NaAlSi3Og
CaAl;SipOg
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tures and pressures in the melting range of
peridotite for MORB. We also discuss briefly
how these latter data are used to calculate
densities and to present some results of such
calculations. Our new compilation and meth-
odology allow rapid calculations of in situ
density for melts and solids as a function of
temperature, pressure, and composition.

25) Leitner et al (1980);

METHODS

Melt densities are calculated as a function
of temperature, pressure, and composition by
the method of Lange and Carmichael (1987)
in combination with thermal expansion data
for MnO of Bottinga et al. (1982).

For solid minerals, we evaluate the temper-
ature dependence of density for individual
end-member components as follows:

35) Vaughan and Bass (1983); 36) Wang and

Simmons (1974); 37) Wang and Simmons (1972); 38) Weaver et al (1976); 39) Winter et al (1979);

p(T, 1 bar) = pSc + a(T—25) + b(T-25)
(1

Ideal mixing of end-member components
(table 1) is assumed in dealing with the tem-
perature effect on densities of solid so-
lutions. We neglect the pressure effect on
thermal expansion, following Lange and
Carmichael (1987) and Herzberg (19874,
1987h). This is reasonable since this effect on
calculated densities is of the order of 10~° for
the pressure range of interest. The pressure
effect is given by the well-known third-order
Birch-Murnaghan equation of state:

P | e

P=: KT[R”'-‘ = R-"-‘]
3 N
| P g XN (R~ 1)

where K; is the isothermal bulk modulus at
the temperature of interest and atmospheric
pressure, which is calculated by K; =
K$ + dK$/dT(T — Tg): K' is the pressure de-
rivative of K¢, dK$/dP; and R = WV(T.,1)/
VIT,P) = p(T,P)/p(T.1). We compute p(T,P)
by successive approximation of the pressure
calculated with equation 2 to the pressure of
interest. A computer program that uses the
data of table 1 to calculate in situ densities of
solid mantle compositions and melts is given
in Niu and Batizu (1991a) and is available
from the authors.

26) Levien and Prewitt (1981); 27) Levien et al (1979); 28) Matsui and Manghnani (1985); 29) Robie et al (1967); 30) Sato et al (1978); 31)

Skinner (1966); 32) Suzuki et al (1981); 33) Suzuki et al (1983a); 34) Suzuki et al (1983b)
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Fic. 1.—Calculated densities of a fertile mantle
(MPY-90 of Falloon and Green 1987) to show the
effect of temperature and pressure alone without
considering compositional effects due to melting
for the pressure range of interest in MORB genesis.
Numerals to the right are pressures in kilobars. The
temperature effect on densities of the fertile mantle
is only about 0.013 to 0.014 g-cm %/100°C. The
pressure (depth) effect is also small, on the order
of 0.032 g-cm /10 kb for both spinel- and plagio-
clase-peridotite fields. Including phase changes,
however, the overall pressure effect on mantle den-
sities in the melting range of peridotite beneath
mid-ocean ridges may be as much as 0.05 g-cm ™%/
10 kb.

APPLICATION TO BUOYANCY BELOW ACTIVE
MID-OCEAN RIDGES

Using the data of table 1 and equations 1
and 2, densities of mantle material may be
calculated. Elsewhere (Niu and Batiza 1991b)
we show that decompression-induced melting
to produce most natural MORB compositions
begins at pressures of about 10 to 22 kbars.
In this study, we confine ourselves to this
pressure range, which is well within the spi-
nel and plagioclase stability fields, consistent
with studies of abyssal oceanic peridotite
(Dick et al. 1984). Figure 1 shows the density
variation of a solid fertile mantle (MPY-90
of Falloon and Green 1987) as a function of
temperature and pressure. It is clear from this
figure that thermal buoyancy in solid mantle
is only 0.013-0.014 g-cm ~*/100°C. The pres-
sure (depth) effect is on the order of 0.032
g-cm /10 kb for both the spinel- and plagio-
clase-peridotite fields; however a dramatic
density change accompanies the spinel/pla-
gioclase phase transition, which we arbi-
trarily set at 9 kb. If the phase change is in-
cluded, the overall pressure effect on
melt-free solid mantle densities relevant to
MORB genesis may be up to 0.05 g-cm~%10
kb.

TG
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FiG. 2.—Adiabatic melting paths of upwelling
mantle in P-T space. Thick solid line and thin
dashed lines are mantle (MPY-90) solidus and iso-
pleths of extent of partial melting (Niu and Batiza
1991b). Thin solid lines are adiabatic upwelling
paths adopted from McKenzie (1984). Pressure val-
ues (20 kb, 16 kb, 12 kb, and 8 kb) indicate the
initial melting pressures along melting paths that
cross the solidus. Values in italics are the densities
of unmelted mantle at the indicated P-T points
(open squares).

Compositional buoyancy due to melt ex-
traction may also be important (Oxburgh and
Parmentier 1977; Jordan 1979; Buck and Su
1989; Sotin and Parmentier 1989). We use the
adiabatic upwelling melting model of Niu and
Batiza (1991b) to evaluate this effect. This
model calculates major element compositions
of MORB melts using solid-liquid partition
coefficients (D,) empirically derived from pe-
ridotite melting experiments (Jaques and
Green 1980; Falloon et al. 1988; Falloon and
Green 1987, 1988). We empirically determine
D; = f(P,T) and use this to calculate melt
compositions. For column melting initiated
by decompression, we assume rapid removal
of melt from the solid matrix (McKenzie
1984, 1985h). We start by producing a 4%
batch melt of a given peridotite. After that,
with continued upwelling, melt is produced
in incremental 1% batches and removed. The
residue of each increment is calculated by
mass balance and becomes the source for the
next melt increment. We calculate both in-
stantaneous and pooled melt compositions,
and calculate the mineralogy and mode of the
residue using a modified CIPW norm calcula-
tion combined with a least-squares procedure
that gives results in good agreement with ex-
perimental data and modal data for abyssal
peridotite (Dick et al. 1984). For more details
of the melting model, see Niu and Batiza
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FiG. 3.—Calculated densities of residual solids
(stippled lines) as melting proceeds. Numerals to
the left are the pressures (in kilobars) of initial
melting along the four adiabatic paths (fig. 2 shows
how the extent of melt extracted is related to pres-
sure release along the melting paths). For compari-
son. the densities of solid fertile mantle (no melt-
ing) are plotted as solid lines. Solid mantle density
values are computed for P-T conditions shown in
figure 2. Numerals to the lower right are corres-
ponding initial melting pressures along these paths.
This comparison explicitly displays the density re-
duction of solid mantle due to melt extraction. The
largest density reduction is only about 0.040
g-cm?, and for most conditions, the effect is only
0.015-0.025 g-cm . There are several uncertain-
ties in calculating the densities of solid mantle ma-
terials (fertile or residual peridotite). The most im-
portant source of error is uncertainty in calculating
the mineralogy and mode of the solid assemblages.
We estimate these errors on the order of
+0.01-0.03 g-cm~*. Uncertainties in the relative
differences in density. however. such as those

shown in this figure. are probably much smaller.

(1991h). Figure 2 shows the adiabatic melting
paths of Niu and Batiza (19916), which we
use in this study.

Figure 3 shows the effect of melt extraction
on the density of solid (melt-free) residual
mantle. For the scenarios we consider, the
density differences between fertile mantle
(solid lines) and residual mantle (stippled
lines) are smaller than estimated in the litera-
ture (e.g., Buck and Su [1989] estimate a den-
sity difference of 0.10 g-cm~* with 30% melt
extraction and Sotin and Parmentier [1989]
estimate a density difference of ~0.06 g-cm ~*
for 20% melt extraction). Figure 3 shows a
maximum density difference of 0.035-0.040
g-cm~? with values of 0.015-0.025 g-cm ~* for
most reasonable conditions. Considering the
uncertainties of our model, which primarily
arise from uncertainties in the mineralogy
and mode of fertile and residual solids (dis-
cussed later), a value of 0.06 g-cm~? (Sotin

298 —
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FiG. 4.—Calculated densities (thick solid lines)
of instantaneous MORB melt produced as melting
proceeds along the four adiabatic melting paths
(initial melting pressures in kilobar labeled to the
left; see fig. 2 for changing P and T conditions).
The compositions of the instantaneous melt as a
function of P, T. and extent of melt extraction are
calculated using the method of Niu and Batiza
(1991h). For an upwelling mantle parcel, melting
occurs first as a 4% batch melt. Thereafter, melting
occurs as 1% increments by batch melting: how-
ever the melt is removed from the residue. Thus
the residue left after each increment of melting be-
comes the source for the next increment. Melt
compositions are computed using bulk solid-melt
distribution coefficients for the major elements.
The coefficients were determined from laboratory
experiments and are corrected for temperature and
pressure effects (see Niu and Batiza 19915). The
stippled lines are isobars (in kilobars, labeled to the
right) to show the compositional and temperature
effect on instantaneous melt densities.

and Parmentier 1989) probably represents an
extreme. Thus compositional buoyancy due
to melt extraction, while larger than the effect
of thermal expansion or compressibility alone
(fig. 1), is rather small in the spinel or plagio-
clase peridotite field. Despite the small ab-
solute value of this effect, if compositional
and thermal buoyancy are dynamically bal-
anced (see, e.g.. Sotin and Parmentier 1989;
Scott and Stevenson 1989), time-dependent
episodic behavior of mantle upwelling can
result.

Figure 4 shows the density of instanta-
neous column melts produced as a function
of the total melt extracted along the melting
paths (fig. 2). These calculated in situ melt
densities include the effects of composition
(Niu and Batiza 1991b), thermal expansion,
and compressibility. Figure 5 compares the
density of the instantaneous melt in a given
increment of melting with the density of the
coexisting solid residue. Because of the
greater compressibility of melt (Stolper et al.
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Fic. 5.—Density differences (solid thick lines)
between instantaneous MORB melt (see fig. 4) and
solid residues (see stippled lines in fig. 3) as melting
proceeds along the four adiabatic paths (see fig. 2).
The stippled lines are isobars as in figure 4. This
clearly shows that the density differences between
the melt and residue vary from 0.28 g-cm " to 0.45
g-cm, and increase with decreasing pressure. See
caption to figure 3 for uncertainties in the densities
of solid residues and text for discussion.

1981: Lange and Carmichael 1987; Agee and
Walker 1988) Ap (prsivue — Pmer) decreases
with increasing in situ pressure. As upwelling
and melting proceed, the Ap values increase.
This effect is rather large (see fig. 5) and
could modify the results of Scott and Steven-
son (1989). who assumed a greater, and
pressure-independent, Ap of 0.5 g-cm ™%, pos-
sibly too high by a factor of two.

Melt retention in the mantle is another
potential source of buoyancy beneath mid-
ccean ridges (Scott and Stevenson 1989). The
density of porous mantle residue containing
melt can be computed easily: however the
amount of melt retention in upwelling mantle
below ridges is presently controversial. The
effect of 1-3% melt is of the order ~1 to
~5 x 107 ? g-cm " in reducing the density of
the bulk mantle.

DISCUSSION AND CONCLUSIONS

Our method provides for rapid and accu-
rate calculations of thermal and composi-
tional buoyancy of melts and solid phases.
Errors in calculated densities of melts and
solid minerals using equations 1 and 2 and
our data compilation are expected to be

small, on the order of 5 x 107%to ~5 x 10~?
g-cm~*, because measurement errors in the
original studies are on this order. However,
additional errors stem from uncertainties in
estimating the modes of solid phases and
their compositions. These uncertainties are
difficult to evaluate with our present knowl-
edge. Given possible uncertainties of up to
10% in the relative modal proportion of major
mantle minerals (olivine, orthopyroxene, and
clinopyroxene, for example), the calculated
densities for solid mantle may be subject to
errors of up to = 0.01 to 0.03 g-cm . These
uncertainties will not affect our main conclu-
sions, since they are based on relative density
differences between fertile mantle and resid-
ual mantle (fig. 3). For calculated density dif-
ferences between residual solids and in situ
melt (fig. 5), the uncertainties may be greater
(up to 0.04 g-cm™%) but cannot now be esti-
mated with confidence.

One conclusion of this study is that the ef-
fect of the presence of melt on the density
of mantle residue plus melt increases greatly
with decreasing pressure, as expected. Our
main conclusion is that the density difference
between melt and solid residue is generally
smaller than assumed in theoretical studies
of buoyancy-driven mantle flow, which has
important implications for buoyancy below
ridges.
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