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The Density of Hydrous
Magmatic Liquids

Frederick A. Ochs Ill and Rebecca A. Lange

Density measurements on several hydrous (=19 mole percent of H,0) silicate
melts demonstrate that dissolved water has a partial molar volume (V,, o) that
is independent of the silicate melt composition, the total water concentration,
and the speciation of water. The derived value for V, , is 22.9 * 0.6 cubic
centimeters per mole at 1000°C and 1 bar of pressure, whereas the partial molar
thermal expansivity (3V,, o/0T) and compressibility (3V,, o/0P) are 9.5 0.8 X
1073 cubic centimeters per mole per kelvin and —3.2 = 0.6 X 10™* cubic
centimeters per mole per bar, respectively. The effect of 1 weight percent
dissolved H,O on the density of a basaltic melt is equivalent to increasing the
temperature of the melt by ~400°C or decreasing the pressure of the melt by
~500 megapascals. These measurements are used to illustrate the viability of
plagioclase sinking in iron-rich basaltic liquids and the dominance of compo-
sitional convection in hydrous magma chambers.

The density of a silicate melt affects a wide
range of magmatic processes, including melt
segregation and transport, melt recharge and
mixing in chambers, the viability of convection
and crystal settling, and the mechanics of erup-
tion. Water is an important component to in-
clude in models of melt density, as it can range
up to 8 weight % in magmatic liquids (1),
which translates to ~25 mol % because of the
low molecular weight of H,O as compared to
the average molecular weight of magmatic lig-
uids. Before this study, the only direct density
measurements available for hydrous silicate
melts were performed on molten albite
(NaAlSi,Oq) (2, 3). The large partial molar
volume of the H,O component (total water
dissolved as molecular H,O and as hydroxyl
ions), I7H20, in albitic melt (3) results in a low
density for the H,0 component (0.78 g/cm?) as

Department of Geological Sciences, University of
Michigan, Ann Arbor, MI 48109-1063, USA.

compared to the density range of magmatic
liquids (2.3 to 2.8 g/cm?). This leads to a dra-
matic effect of dissolved water on melt density.
For example, if the value for VHZO(T, P) (T,
temperature; P, pressure) derived from albitic
liquid is applied to the Bishop Tuff rhyolite,
then the effect on melt density of adding 1
weight % H,O (at 750°C and 300 MPa) is
equivalent to increasing the temperature by
620°C or decreasing the pressure by 260 MPa
(the results are different for a basalt, which is
less compressible and more thermally expan-
sive than a rhyolite).

The outstanding question is whether the val-
ues for VHZO(T, P) derived for molten albite (3)
can be applied to all igneous liquids or
whether there is a compositional dependence
to ¥y o(T, P). An indirect method for deter-
mining ¥, o, which has been applied to a
variety of silicate melts, is based on fitting a
thermodynamic model to the solubility of
water. The pressure dependence of the solu-
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bility of water is a function of %, ; unfortu-
nately, it is also a function of other parame-
ters that must be estimated, the least certain
of which is the activity-composition relation
for the H,O component. Derived values of
Vu,o can vary by a factor of 2, depending on
the form of the activity-composition relation
that is assumed. Further, the value of VH L0
estimated in this manner is an average over
the pressure range of the solubility experi-
ments. Because the H,O component is so
compressible in silicate melts (2, 3), averag-
ing Vo over several hundred megapascals
leads to an imprecise value.

The uncertainty with the activity-composi-
tion relation for H,O can be resolved, in part, if
the solubility of molecular water (instead of
total water) is used because there is evidence
that it follows Henry’s Law (4). However, the
solubility of molecular water is not well known
because of the difficulty in quenching the ratio
of molecular water to hydroxyl groups in
high-temperature melts into the glass at room
temperature. Despite these problems, the sol-
ubility method has led to a wide range of
published values for Vi, and Vﬂzomomlm (the
partial molar volume of dissolved molecular
water) that vary with melt composition. For
example, derived values of Vo, are 22
and 0 cm?/mol in albite and rhyohte melt,
respectively (4). These results have led to the
question of whether there is a compositional
dependence to I7H70(T, P), which our study
directly tests by measuring the density of
hydrous rhyolitic melts and comparing the
results to those for albite (2, 3). Because
rhyolite and albite are fully polymerized lig-
uids [the ratio of nonbridging oxygen to tet-
rahedrally coordinated cation, NBO/T, is ~0
(9)], a second, depolymerized melt (a melt
with NBO/T = 1.9; hereafter referred to as
KCS) was also used in this study. These two
melt compositions (Table 1) (6, 7) were cho-
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Fig. 1. Schematic diagram of the molar volume
of a sample (solid line) as a function of tem-
perature during cooling from a liquid to a glass.
The limiting fictive temperature (T..) is defined
as the intersection of the extrapolated equilib-
rium liquid and the glass volume curves
(dashed lines). The deviation from the dashed
lines near T, is caused by kinetic effects. For a
more detailed discussion, see (9, 73).
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sen to test whether the degree of polymeriza-
tion or the presence of Na,O and Al,O, [two
components shown to significantly affect wa-
ter solubility in natural silicate liquids (8)]
has any effect on derived values of ¥y (7,
P). We also determined whether VH O(T pP)
depends on the speciation of water between
molecular water and hydroxyl groups.

Because hydrous silicate melts devolatilize
at room pressure, our study exploits the ther-
modynamic and kinetic properties of the liquid-
glass transition to measure the density of a
hydrous silicate liquid at 1 bar (3). When a
liquid is rapidly cooled through the glass tran-
sition interval, temperature-induced structural
rearrangements become kinetically impeded,
and eventually the structure of the liquid is
“frozen” into the glass. The structure preserved
in the glass is the equilibrium structure of the
liquid at 7', which is defined as the tempera-
ture at which an extrapolated first-order prop-
erty of the glass and the liquid are the same (9).
Therefore, the molar volume of the glass is
equal to that of the liquid at 7,/ (Fig. 1). The
volume of a liquid at T} (7} llq) can thus be
obtained by quenching a melt to a glass and
measuring (i) the 1-bar, 298 K density of the
glass (10), (ii) the coefficient of thermal expan-
sion for the glass (a#'®%), and (iii) the value of
T¢. The relation is shown in the following
equation

Tt
VITqu — Vglass — Vgégsi( expf 0LglassdT
298 K

6]

Hydrous glass samples were synthesized in

a piston-cylinder apparatus (Table 2) and
quenched isobarically. Only samples that were
free of bubbles, crystallites, and cracks were
used. Water content was measured in the rhy-
olitic glasses by Fourier transform infrared
(FTIR) spectroscopy, whereas manometry
(vacuum fusion and H,O extraction) and FTIR
spectroscopy were used to measure the water
concentration in the KCS glasses (/7). In all
cases, water was evenly distributed in the
sample glasses. The room temperature densi-
ty (psiass. ) of each sample was measured by
weighing its mass in air and in toluene with a
microbalance. Because the hydrous glasses
were synthesized at high pressure, a correc-
tion was made to adjust their density to 1-bar

Table 1. Starting glass compositions from (6, 7)
and normalized to mole percent.

Oxide KCS Rhyolite*
Sio, 59.51 83.58
ALO, - 7.98
MgOo - 0.13
CaO 30.51 0.70
Na,O - 4.26
K,0 9.97 335

*FeOT was lost to Pt capsule during synthesis.

values (12). The & and T, of each sample
were measured with a Perkin-Elmer TMA-7
dilatometer using a scan rate of 10 K/min
(3, 13). FTIR spectra taken before and after
the thermal expansion measurements dem-
onstrate that no H,O was lost during the
dilatometry runs at temperatures <50°C
above T,'. The measured values for pEiss,,
agss and T, for each hydrous glass are
listed in Table 2, as well as the calculated
liquid volumes at T’ (V“q) from Eq. 1.

To derive a value of VH O(T P) that can be
applied to magmatic silicate melts, we fitted
the hydrous density data for KCS, rhyolite
(Table 2), and albite (2, 3) to the following
model equation

V(T,P.X) = X[V, 1, + OVJOT(T — Typ)
+ 0V /3P(P — Pl )

where 7, a7/9T, and aV/0P are the partial
molar volume thermal expansivity, and com-
pressibility of each oxide component, respec-
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mole fraction of H,O

Fig. 2. A plot of residuals (measured minus cal-
culated volumes) for the hydrous experimental
liquids as a function of dissolved water con-
tent. (A) KCS liquids. (B) Rhyolite liquids
(solid circles) and rhyolite liquids assuming
Vo = 0 cm?/mol (open circles). (C) NaAlSi;O,
liqliids. Open squares are data from (2) and solid
squares are data from (3). The data from (2)
extend up to 1201 K and 0.84 GPa. The quality of
the fit for all three liquids demonstrates that the
measurements reported in this study are consis-
tent with (2), despite the fact that different tech-
niques were employed.

1315



1316

tively; X is the mole fraction of each oxide
component; and 7, . and P, are the reference
temperature and pressure (1000°C and 1 bar).
Because values for I;l'., 617,,/6T, and 6I7i/3P for the
anhydrous components are well constrained
from previously published 1-bar density (6, 13,
14) and sound speed (/5) measurements (with
substantially smaller errors than those associat-
ed with the hydrous liquids), their contributions
were calculated with the model of (/6) and
were subtracted from the measured volumes of
the hydrous liquids. The resultant volume data
were fitted to a simplified form of Eq. 2, in
which only the volumetric properties of the
H,O component were derived. This approach to
the regression effectively places all of the ex-
perimental error on the values for the H,O
comgonent At 1000°C and 1 bar (*10), they
are Vo = 22.89 (£0.55) em*/mol, ¥, o/
oT = 9.46 (£0.83) X 1073 cm’/mol-K, and
aVHZO/aP = —3.15 (£0.61) X 10~* cm*/mol-
bar. These regressed values can be used with
the model of (/6) to calculate the density of any
natural silicate melt.

The residuals (measured minus calculated
volumes) for all three hydrous liquids (KCS,
rhyolite, and albite) are plotted versus dissolved
water content in Fig. 2. In 70 out of 75 cases,
the residuals are within the +1.1% uncertainty
of the measurements (/7), and the average re-
sidual is 0.6%, which demonstrates that the
volumes of all three hydrous liquid composi-
tions are fitted equally well with the same value
of ¥ o(Z, P). The residuals are plotted in Fig.
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2B for the case in which 7, = 0; our
measurements show that V7, ., cannot be zero
in rhyolitic melts. Moreover, because there is
no increase in the residuals with increasing
H,O concentration, our results indicate that
VoI, P) is independent of total water
concentration and water speciation; as the
total water concentration increases, so does
the concentration of molecular water relative
to hydroxyl ions in our experimental liquids
at 7,/ (Table 2), and yet the value for VoL,
P) remains constant. In summary, our mea-
surements demonstrate no variation in
I7HZO(T, P) related to melt composition, total
water content, or water speciation.

Our fitted values for 9V /07 and 178 ,o/OP
in silicate liquids are more than three times
larger than their corresponding values in silicate
glasses (3, 18). This difference reflects the
abrupt jump observed for second-order thermo-
dynamic properties at the glass-liquid transi-
tion. Similarly, our range of values for VHZO(T,
P) in silicate melts under magmatic crustal con-
ditions (between 750° and 1250°C and 0 to 1
GPa) is substantially larger (17 to 25 cm®/mol)
than the value for I7HZO of ~12 cm*/mol derived
from compressed hydrous glasses at room tem-
perature (18), again reflecting the difference
between glass and liquid properties. However,
the value for Vqu based on a linear regression
of our relaxed, hydrous glass densities at 298 K,
13.62 + 0.24 cm?/mol, is in excellent agree-
ment with the value of 13.21 = 0.62 cm?/mol
derived from the relaxed hydrous glasses at 298

K of Richet and Polian (18).

With an equation for the density of multi-
component silicate melts that includes H,O,
several geological problems can be addressed.
There is a longstanding debate about the phys-
ical mechanisms by which tholeiitic basalts, the
most prevalent magma type on Earth, differen-
tiate as they solidify in the crust. Fractional
crystallization has long been considered a pri-
mary mechanism for producing diverse igneous
liquids. The details of this process, however,
have been the focus of considerable controver-
sy, and two opposing views have emerged. One
theory holds that crystals grown near the roof
and walls of a magmatic intrusion (where tem-
peratures are lowest) are transported by gravi-
tational forces to the floor of the chamber, much
in the manner of clastic sediments in water (19).
An alternative view argues that crystallization
occurs primarily under in situ conditions along
the base of the chamber (20).

One of the foremost objections to the con-
cept of gravitational transport of crystals is
based on the inference that plagioclase crystals
found along the floor of many mafic layered
intrusions are lighter than the postulated iron-
rich liquids from which they crystallized (21).
Tholeiitic liquids follow a trend of iron enrich-
ment during differentiation, which typically
peaks at FeOT (total iron as FeO) values of ~15
weight % and more rarely at ~18 weight %
(22). On the basis of melt density calculations
and experimental measurements at 1 bar (2/), it
was shown that such iron-rich liquids are al-

Table 2. Experimental data. Density of the compressed glass at 298 K, pgsg°,; relaxed liquid volume at 7, and 1 bar calculated from Eq. 1, V{7°*%; and liquid volume

at T, and 1 bar calculated from Eq. 2, Vm°°’el OH is given as weight % H,O; gfw, gram formula Welght

P T(K) Time Total H,O H,Ometecutar OH paass Te aBlass Ve V';‘°de‘ Residual
(GPa) (hours) (weight %) (weight %) (weight %) (g/em?3) (K) (1075, K1) (cm3/gfw) (em3/gfw) (%)
KCS samples
0.0 1400 12 0.00* 0.00 0.00 2.641 970 2.87 24.04 23.97 0.3
1.0 1400 43 0.20* 0.00 0.20 2.667 904 2.87 23.89 23.79 0.4
- - - 0.20*%} - - 2.645 890 2.86 23.82 23.76 0.3
1.0 1500 49 0.21* 0.00 0.21 2672 870 2.78 23.81 23.71 0.4
1.0 1500 20 0.65] 0.00 0.65 2.668 758 2.63 23.50 23.36 0.6
0.9 1350 46 0.75 0.08 0.67 2.669 702 2.84 23.42 23.20 0.9
1.0 1400 48 2.38 0.77 1.61 2.627 640 2.79 22.85 22.71 0.6
1.0 1400 42 3.41% 1.71 1.70 2.607 607 3.16 22.49 22.41 0.4
1.0 1400 22 4.75% 2.93 1.83 2.572 555 3.45 22.11 21.99 0.5
1.0 1400 26 4.85% 3.15 1.70 2.578 550 3.27 21.99 21.95 0.2
1.0 1400 25 5.64 3.55 2.09 2.548 530 3.36 21.86 21.73 0.6
1.0 1400 24 5.89 4.07 1.82 2.545 508 3.80 21.78 21.60 0.8
0.9 1245 47 6.14 3.96 2.18 2.521 519 3.55 21.86 21.59 1.2
Rhyolitic samples
0.0 1400 8 0.05* 0.00 0.05 2.324 1090 1.33 28.10 27.85 0.9
1.0 1400 31 0.19* 0.00 0.19 2.385 842 1.59 27.89 27.64 0.9
- - 0.19*% - - 2.325 955 1.42 27.90 27.74 0.6
1.0 1500 44 1.29 0.32 0.97 2.362 695 1.67 27.33 27.13 0.7
1.0 1500 25 1.91 1.05 0.85 2.327 590 1.94 27.29 26.79 1.8
1.0 1500 66 2.06 0.81 1.25 2.369 628 1.88 26.72 26.79 -0.3
1.0 1500 24 2.57 1.17 1.40 2.335 615 1.81 26.76 26.59 0.6
1.0 1500 46 4.71 3.02 1.69 2.297 531 2.38 25.86 25.72 0.5
1.0 1500 41 5.30 3.64 1.66 2.278 495 241 25.70 25.45 1.0
1.0 1500 22 592 4.36 1.56 2.269 448 2.78 25.43 25.14 1.1
*Samples not used in the regression ‘tSample is the previous sample after being heated and cooled through T;, three times and completely relaxed. {H,O measured by
manometry.
26 FEBRUARY 1999 VOL 283 SCIENCE www.sciencemag.org



ways denser than the plagioclase on their liqui-
dus, thus precluding crystal settling as the cause
for the layering observed in mafic intrusions;
and other mechanisms have been invoked [for
example, oscillatory nucleation and subsolidus
recrystallization (23)]. Before this work, the
uncertainty in # o precluded a quantitative
evaluation of the effect of dissolved water on
the density of the iron-rich liquids, which can
now be calculated.

Estimates of pre-eruptive water contents in
tholeiitic basalts [up to 1 weight % H,O (24)]
are derived primarily from analyses on glasses
from mid-ocean ridges and hot spots. Because
H,O is incompatible in the anhydrous pheno-
cryst assemblage of tholeiitic basalts, crystalli-
zation causes both FeO™ and H, O to increase in
residual liquids. At a FeOT concentration of
15.8 weight % [the peak value observed in an
experimental tholeiitic liquid at the point of
Fe-Ti oxide saturation (25)], only ~0.8 weight
% dissolved water is required to render the
liquid less dense than the coexisting plagioclase
phenocrysts of Ang, composition [2.699 g/em?
(25)]. Such a modest water content could arise
after 40% crystallization of a tholeiitic basalt
with an initial water content of 0.5 weight %
H,O0.

The effect of water on the density of
magmatic liquids also relates to models of
convection within chambers, driven by ther-
mal and compositional density gradients (26).
The role of water in offsetting the effect of
temperature to promote buoyant ascent of
evolved melt along sidewall boundary layers
was discussed by Shaw (27) and further ex-
plored by several others (28). The results of
our study indicate that a gradient of only 0.16
and 0.25 weight % H,O, respectively, is all
that is required to offset the effect on melt
density of a 100°C temperature gradient in a
rhyolitic and basaltic melt at crustal depths.
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Convergence of Transforming
Growth Factor—3 and Vitamin D
Signaling Pathways on SMAD
Transcriptional Coactivators
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Cell proliferation and differentiation are regulated by growth regulatory factors
such as transforming growth factor-B (TGF-B) and the liphophilic hormone
vitamin D. TGF-f3 causes activation of SMAD proteins acting as coactivators or
transcription factors in the nucleus. Vitamin D controls transcription of target
genes through the vitamin D receptor (VDR). Smad3, one of the SMAD proteins
downstream in the TGF-@ signaling pathway, was found in mammalian cells to
act as a coactivator specific for ligand-induced transactivation of VDR by
forming a complex with a member of the steroid receptor coactivator-1 protein -
family in the nucleus. Thus, Smad3 may mediate cross-talk between vitamin D

and TGF-f signaling pathways.

Vitamin D receptor (VDR) is a member of the
nuclear receptor superfamily, and acts as a li-
gand-inducible transcriptional factor with coac-
tivators (/, 2) such as the members of the
steroid receptor coactivator—1/transcriptional
intermediary factor 2 (SRC-1/TTF2) proteinfa-
mily (3) and CREB-binding protein (CBP)/
p300 (4). Cooperative actions of the growth

regulatory factor TGF-$ and vitamin D (5), and
the phenotype of VDR knock-out mice (6),
indicate that there may be cross-talk between
the two signaling pathways. We therefore ex-
amined ligand-induced transactivation function
of VDR and other nuclear receptors in cells
stimulated by TGF-B or bone morphogenetic
protein (BMP). VDR expression vectors and
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