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Abstract—Numerous examples of long-lasting coexistence of basaltic and rhyolitic magmas in magma cham-
bersindicate that it results in thermal, isotopic, and chemical exchange between the melts. This paper presents
our model experiments, which demonstrate the effect of rapid potassium and sodium diffusion from the basaltic
to rhyolitic melt on their density and resultant convection in each of the melts. This diffusion-induced convec-
tion leads to the rapid preferential redistribution of alkalis between the melts. lon microprobe profiles demon-
strate that rapidly diffusing trace elements are transported more quickly than bi-, tri-, and tetravalent major com-
ponents, and, at the very beginning of the experiments, they were redistributed between the melt in correspon-
dence with respective partition coefficients typical of these components when the acid and mafic melts are
immiscible. Convection maintains significant chemical gradients and creates a self-sufficient mechanismfor the
convection, diffusion, and redistribution of trace elements and alkalis between the magmas.

INTRODUCTION

The coefficients of chemical diffusion of network-
modifying elements (CaO, MgO, and FeO) areroughly
commensurable with one another and with the coeffi-
cients of network-forming elements (SO, and Al,O5)
(Liang et al., 1996; Kress and Ghiorso, 1993). Thisis
caused by the strong coupling between diffusing com-
ponents, i.e., a dependence of the diffusion coefficient
of each component not only on its own concentration
gradient but also on the concentrations and concentra-
tion gradients of al other components. Contrary to
them, the diffusion of isotopes (self-diffusion) is inde-
pendent of the gradients of other components, and,
thus, the redistribution of isotopes between magmas
can proceed one-two orders of magnitude faster than
chemical mixing (Lesher, 1994; Perez and Dunn,
1996). Many trace elements are characterized by high
values of diffusion coefficients (Lesher, 1994; Baker,
1992; Hofmann, 1980), because, contained in low con-
centrations, these elements are less dependent on the
gradients of major components. Alkalis (K,O and
Na,0) are also able to diffuse severa times faster than
network modifiers and formers (Watson and Baker,
1991; Baker, 1992). This process often proceedsin the
direction opposite to the gradient of alkali concentra-
tions and is coupled with uphill diffusion (Watson and
Baker, 1991; Bindeman and Perchuk, 1993).

Since the transport of trace elements and akalis
between magmas can proceed faster than the mixing of
major components, this can serve as an efficient mech-
anism of their rapid redistribution between the melts.
However, diffusion is a slow process, which cannot
ensure a large-scale redistribution. Thermally or com-
positionally driven convection in each of the coupled
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magmas (Litvinovsky and Podladchikov, 1993) can
facilitate this transfer through sustaining strong diffu-
sion gradients at the interface between the magmas.

Theaim of our study isto demonstrate the results of
ion microprobe examination of the products of experi-
mentally modeled mixing between basalt and rhyalite.
These resultsindicate that the rapid diffusion of alkalis
in magmas is sufficient to stimulate and maintain com-
positional convection in them. This is caused by the
high partial volumes of K,O and Na,O (Lange and Car-
michael, 1990) and the resultant permanent instability
of the system. Convection of thistypeleadsto the rapid
redistribution of many trace elements between magmas
and provides a model mechanism for mixing in mag-
matic chambers.

EXPERIMENTAL GOALS

We conducted a series of experiments on magma
mixing using a cylinder—piston apparatus with large
graphite capsules and assemblies of soft ceramics with
heaters tapered in the margins to minimize the temper-
ature gradient within the assembly. The large tallness
and diameter of the assemblies (10 by 4 mm) and,
hence, their large volumes and the high experimental
temperatures allowed us to create conditions for mod-
eling compositional convection in the course of the
mixing of rhyolite and basalt melts. The conventional
experimental procedures (with lower temperatures and,
consequently, a higher viscosity of the melt, and with
assemblies of smaller volume) do not allow convection
to be observed (Watson and Baker, 1991; L esher, 1994;
€tc.).
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Chemical composition and physical properties of starting
materials

Oxide Rhyolite Basalt
SO, 75.09 |Ap0.23 4896 |[Ap0.21
TiO, 0.36 IIm0.71 0.80 Ilm 1.47
Al,O4 12.48 Or 6.43 15.50 Or 10.00
FeO 3.28 |Ab40.36 952 |Ab12.93
MnO 0.10 |An10.68 020 |An17.67
MgO 0.44 Di 1.20 9.33 Di 23.88
CaO 2.50 Opx 2.67 9.65 Opx 0.00
Na,O 4.60 Qtz37.72 4.20 Qtz11.61
K50 1.05 175
P05 0.10 0.10
Total 100 100
Diffusion coefficients (Watson and Baker, 1991; Hofmann, 1980)
Dk, cm?/s 10765 1076
Dya CM2/s ‘ 10755 1073
Melt density (Lange and Carmichael, 1990)

p, g/em’ | 2.63 2.90

Kinematic viscosity (Bottinga and Weill, 1972)
v, cm?/s, melts 35x10° 10
v, cm?/s, bound- 2x10° 20
ary layers o

In a separate series of experiments, we paid particu-
lar attention to the redistribution of alkalis between the
acid and mafic magmas of various akalinity and to the
effect of this phenomenon on the overall density of con-
tacting melts. Some experiments were conducted in an
attempt to model compositional convection that would
reproduce ageologically realistic situation of abasaltic
magma layer underplating alayer of acid melt.

A potassium and sodium flux from the basalt to rhy-
olite melt can be realized through the uphill diffusion
mechanism: although rhyolite is usually higher in alka-
lis than basalt, the activity coefficients of alkalis are
1.5-2 times higher in basaltic than in rhyolitic melt
(Bindeman and Perchuk, 1993). This meansthat, at ini-
tially equal contents of both akalis, uphill diffusion
(opposed to the concentration gradients) of these ele-
ments will occur in the contacting melts, and elements
will start to redistribute from the mafic to the more acid
melt.

Component redistribution between silicate melts
can result in density variations caused by the different
mole volumes of diffusing components (Liang et al.,
1996). Alkalis have the largest mole volumes among
major components (Lange and Carmichael, 1990), and
their redistribution within or between magmas should
supposedly result in the largest density changes, which
are favorable for compositional convection.

However, in most experiments described in the liter-
ature, rapid potassium diffusion is often counterbal-
anced by sodium diffusion in the opposite direction
(Watson and Baker, 1991), and this process either off-
sets or strongly reduces the effect of density changes.
Our experiments were deliberately conducted in aman-
ner to ensure the uphill diffusion of both sodium and
potassium from the basaltic to rhyolitic melt. We added
1.5 wt % potassium and sodium to the initial tholeiitic
melt to create approximately equal concentrations of
alkalisin the coupled melts (Fig. 1) at the higher activ-
ities of these elementsin the basaltic liquid. The result-
ant basalt became nepheline-normative, resembling
typical akali basalt.

EXPERIMENTAL AND ANALYTICAL
PROCEDURES

Our experiments were carried out at a cylinder—pis-
ton apparatus at the Institute of Experimental Mineral-
ogy, Russian Academy of Sciences, (Bindeman and
Perchuk, 1993) and the Laboratory of High Pressures,
University of Chicago, at 1450°C and 12 kbar. We used
large graphite capsules 1 cm high, with an inner diam-
eter of 4 mm. The capsules were placed into large
assemblies of soft ceramics 2 in. high and 3/4 in. in
diameter, which were manufactured of the materials
and from drawings provided by courtesy of I. Kushiro
(1976). The graphite heaters in the assemblies were
ground off in the margins at an angle of ~3° to enlarge
both the usable volume of the assembly and the zone
with the minimum temperature gradient (10-20°C)
within an assembly up to 1 cm (Kushiro, 1976). Graph-
ite capsules were used to prevent iron loss and sustain
most of it in the form of FeO (Thompson and Kushiro,
1972; Holloway et al., 1992). The starting materials
were natural vitreous basalt and rhyolite from Kunashir
Island, Kuril Islands. The rhyolite glass and basaltic
glass with added 1.5 wt % K,0O and Na,O (in the form
of K,CO3; and Na,CO5) were preliminarily remelted for
1.5 h under the conditions of the experiments. The com-
position of the glasses was analyzed on an electron
microprobe (table). Before the experiment, the natural
basalt was fused and, on quenching, powdered under
acetone. The basaltic glass thus prepared was placed at
the bottom part of the capsule, pressurized, and covered
with alayer of rhyoalitic glass. The material was heated
and brought to the desired pressure for lessthan 10 min.
The quenching was practically instantaneous and
achieved by means of switching off the current at con-
tinuing water cooling.

The experimental products were used to prepare
polished thin sections, which were examined by a vari-
ety of methods. The contents of major elements were
determined and X-ray compositional maps were
obtained on a Cameca SX-50 microprobe at the Univer-
sity of Chicago. Trace elements were analyzed on a
modified AEI IMS-20 ion microprobe at the same uni-
versity. Details of the technique of glass analysis on an
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1 mm

Fig. 1. Convection during the mixing of basaltic and rhyalitic melts.

(8) (1) Optical microphotograph of athin section of Run BR-7 products showing “quenched” convectivetexturesin coupled basaltic
(bottom) and rhyalitic (top) melts. Tiny graphite particles accentuate the convective texture. (2) Back-scattered el ectron image show-
ing thedistribution of K. (3) Enlarged fragment of the previousfigure (two horizontal marks at the figure sidesindi cate the boundary

between the melts).

(b) Topochemical maps showing the distribution of major elements that accentuate convective textures and convection-controlled

redistribution (see text for discussion).

ion microprobe are given in (MacPherson and Davis,
1993; Bindeman et al., 1998). The contents of CO, and
H,O were analyzed on aNicolet NMR IR spectrometer
in a doubly polished platelet that was prepared of the
products of experiment BR-7.

RESULTS

Three thin sections made of the products of 3-h-long
experiments contain quench textures, which can be

PETROLOGY Vol. 7 No.1 1999

interpreted as convection flows “quenched” in the
basaltic and rhyolitic glasses.

X-ray mapping of the whole thin-section area
(accomplished on a microprobe) provides evidence of
the apparent uphill diffusion of both alkalis from the
basalt toward rhyolite, as can be inferred from the
enrichment of these elementsin thelower portion of the
rhyolitic glass layer and their depletion in the upper
basaltic glass layer (Figs. 1la—1b). The uphill diffusion
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(b)

Fig. 1. (Contd.).

profiles of both of the alkalis are also seen in the com-
positional profile across the ampoule (Fig. 2a). The
results of adetailed study of the most representative run
BR-7 will be presented below.

Optical photomicrographs demonstrate two convec-
tive cells, which are marked with tiny graphite particles

in the quenched basaltic glass in the lower portion of
the ampoule (Fig. 1a). U-shaped quench “diapiric” tex-
tures can be seen in the rhyalitic glass, in which con-
vection seems to have been more intense, although this
can beinferred only from the higher content of graphite
particlesin the glass. Two dynamic boundary zones are

PETROLOGY  Vol. 7

No. 1 1999



CONVECTION AND REDISTRIBUTION 95

seen on both sides of the boundary between the melts.
The total thickness of these layers is equal to the dis-
tance between the peaks of alkali uphill diffusionin the
compositional profile (Fig. 2a). The convective transfer
of matter seems to have been more active at the center
of the ampoule, where the thickness of both boundary
zones increases threefold (Fig. 1).

Figure 1b demonstrates the redistribution of K,0O,
Na,O, FeO, Ca0, and MgO not only along the direction
of diffusion but also perpendicular to it in correspon-
dence with the lines of quenched convection flows in
the optical microphotograph (Fig. 1a-1). The two
descending plumes at the center of the basaltic layer
and one plume ascending along the ampoule walls in
the rhyolitic layer resulted in an U-shaped bend in the
original boundary plane between the melts (Figs. 1a-2
and 1a-3). Note that the U-shaped transfer of excess
K,0 and Na,O along the ampoule walls in the rhyolite
is counterbalanced by CaO, FeO, and MgO flows (the
latter is pronounced more poorly) at its center (Fig. 1b).
This different behavior of the elements is probably
explained by the diffusion of pyroxene and feldspar
clusters.

A microprobe profile across the ampoule demon-
strates that the contents of all major elements changed
even at the ampoule walls. Diffusion cannot ensure
matter transfer for a distance of 5 mm over an experi-
ment time as short as 3 h at the known diffusion coeffi-
cients of major components under the conditions of the
experiments (Liang et al., 1996; Kress and Ghiorso,
1993; Watson and Baker, 1991). This transport can be
maintained only by convection.

Clearly pronounced potassium and sodium concen-
tration peaks (Fig. 2a) occur in the lower part of the
rhyolitic melt, presumably within its dynamic bound-
ary zone. A trough in the potassium content was
detected on the other side of the boundary, in the upper
portion of the basaltic melt layer. As aresult, the rhy-
olitic boundary zone gained 1.8 wt % K,O and 1 wt %
Na,O, and this resulted in deficiencies of other princi-
pa network-madifying components. Al,O,, FeO, Ca0,
and TiO, are depleted in the rhyolitic boundary zone by
1.0, 0.6, 0.4, and 0.1 wt %, respectively. SIO,, a net-
work forming component, does not comply with this
regularity and forms a simple thin mixing zone. H,O
and CO,, which were analyzed by infrared spectros-
copy at their contents of 0.01-0.05 wt %, exhibit the
largest mixing zone. Their concentrations correspond
to the condition of strong undersaturation with respect
to H,0 and CO, in the graphite stability field (Thomp-
son and Kushiro, 1972; Holloway et al., 1994).

CAUSES OF CONVECTION

Alkalis have the largest molar volumes among all
major components (Lange and Carmichael, 1990).
Their enrichment in the diffusion boundary zone of the
rhyolitic melt caused by the rapid uphill diffusion of
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Na,0 and K, 0 supposedly |eads to the gradual increase
in the density-controlled instability (the Rayleigh-Tay-
lor instability). The diffusion of akalis from the upper
part of the basaltic melt also results in an unstable dif-
fusion boundary zone. In order to demonstrate this pro-
cess, we used a compositional profile across the
ampoule (Fig. 2a) and calculated the density at any
point at the actual experimental conditions (T =
1450°C, P = 12 kbar; Fig. 2b) with the technique pro-
posed by Lange and Carmichael (1990).

Our calculations indicate that the rhyolite retains a
guenched density buoyancy gradient of 0.03-
0.04 g/cm? throughout the rhyalitic glass layer (com-
pare the densities at the boundary between the melts
and that at the ampoule top), and thisis directly corre-
lated with the amount of alkalis added. The relative
density gradient, Ap/p, isequal to 1-2%. It isinterest-
ing that the most buoyant portion of the rhyolitic melt
occurs in the region with the maximum contents of
alkalis. In the basaltic layer, in which convection was
more vigorous because of its lower viscosity, the
“quenched” density gradient iswithin the error of anal-
ysis and density calculation (~0.005-0.01 g/cm?).

No convection textures developed in analogous
experiments (Bindeman and Perchuk, 1993) with the
same rhyolitic and basaltic glasses to which no akalis
were added.

It seems that no convection can be caused by the
temperature gradient in the capsules. Even if the gradi-
ent within each of the halves of the 1-cm ampoule was
supposedly 20-50°C (the temperature was higher at the
center and lower near the walls of the ampoule), the
thermal Rayleigh number (Ra), which was calculated
following the procedure of Bottinga and Weill (1972)
for arhyolitic melt layer with a density as shown in the
table, was no greater than one. This is three orders of
magnitude lower than its critical values (10°) needed
for convection to begin. Moreover, the thermal gradient
of the piston—cylinder assemblies should stabilize the
thermal density structure of the basaltic melt layer,
because the temperature decreases (and, correspond-
ingly, the density increases) toward the lower end of the
ampoule, and, thus, thermal convection cannot occur in
the basalt. This provides further support to the concept
that this convection is of purely compositional nature
and results from the rapid diffusion of akalis.

The possibility of composition-controlled convec-
tion in coupled rhyolitic and basaltic meltsis probably
determined by the critical thickness of the diffusion
boundary layer (3), which iseither enriched or depleted
in akalis (in the rhyolitic and basaltic melts, respec-
tively). As a result, the rhyolitic boundary layer
becomes lighter than the overlying rhyalitic melt, and,
conversely, the basaltic layer becomes heavier than the
underlying basaltic melt. For example, convection
begins in the rhyolitic melt layer in response to the
growth of the buoyant boundary layer (enriched in
alkalisin itslower part) with time. This buoyant diffu-
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Fig. 2. Behavior of major (wt) and trace (ppm) elements during the mixing of basaltic and rhyolitic melts.

(a) Electron and ion microprobe profilesthrough the glasses of Run BR-7. The thicknesses of the major-element and Zr mixing zones
are similar. Note the uphill-diffusion profile for K,0, NayO, Cs, Rb, Li, Sr, Ce, TiO,. The dashed line marks the zone of the equal
diffusion-controlled transfer of SiO,. The Z-shaped configuration of the profile for Ceisvalid; similar configurations are typical of
the profiles for other REEsand Y.

(b) “Quenched” density profile through the capsule, cal culated at run conditions (Lange and Carmichael, 1990). Notethat atransient
negative density gradient is preserved in the rhyolitic glass.

(c) Binary Y-SiO, and U-SiO, plots showing that the diffusion of Y is faster than that of Si, and the diffusion mobility of U and
SiO, issimilar.
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sion boundary zone (Ap/p = 0.01-0.02) will increase
proportionally to x = (Dt)! at the physical parameters
listed inthetable. Inasmuch as convection startsat Ra=
103, the diffusion layer thickness, 8, at the instant of
convection onset, t, can be expressed (Cristensen,

1984) as
DLV
o = 10 B|——, 1
| Bo/0) T W

where g = 980 cm/s?, and D is the diffusion coefficient
of the density-controlled instability, which can be
approximated through the diffusion coefficients for K
and Na (table). In the rhyolitic melt, d will be equal to
1mmint=103-10*s(0.5-2.5 h) after the beginning of
the 3-h experiment, i.e., closer to its end. Analogous
estimates can be made for the critical thickness of the
density-unstable boundary zone in the basaltic melt
(~0.1 mm) and the timing of convection onset (t = 10>
10° s). These values indicate that convection began
nearly immediately after the loss of alkalis from the
upper basaltic melt layer due to their diffusion to the
rhyolitic melt. The calculated compositional Rayleigh
number is 100 times larger in the basaltic melt layer
than in the rhyolitic one, and thisfact isreflected in the
occurrence of two convective cells in the basalt and
only one in the rhyolite (Fig. 1a). Conceivably, this
early convection in the basalt enhanced the diffusion
gradients at the interface between the two melts, and
thisled to the more active and rapid diffusion of alkalis
and their more rapid enrichment in the rhyalitic layer
than it would be caused by a purely diffusion-con-
trolled process.

GRADIENTS OF TRACE ELEMENTS

The contents of 39 trace elements in profiles along
the ampoul e were determined by ion microprobe in the
products of two experiments. The concentration pro-
files of both of them are similar. Figure 2 presents the
results of run BR-7.

Ascan beseenin Fig. 2, the thicknesses of the mix-
ing zones of distinct elements are notably different.
Small low-chargeions, such as Li*, form broad mixing
zones, whereas large high-charge ions, as, for example,
Zr*, retain strong gradients, which are commensurable
with that of SiO.,.

Although convection changed the original thickness
of the diffusion mixing zones, the use of binary ele-
ment—el ement plots enables one to reconstruct the rela-
tive mobility of elements (Bindeman and Perchuk,
1993). Figure 2c presents an Y-SIO, plot with a S
shaped concentration profile, which we interpreted as
resultant from the morerapid diffusion of Y than that of
SiO,. At the same time, the linear trend in the U-SiO,
plot suggests that the diffusion mobility of these com-
ponents is similar, even if diffusion was disturbed by
convection. Analogous diagrams constructed for the
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rest of the elements revealed the following sequence of
their relative mobility:

(H,O0>Cl >F)>(Li >Na>K OSr>CsBa> Rb)
volatiles alkalis and alkali earths

>(REEOY) O(Ti OPb OSc OMn OV)
rare earths

>(zr OU OTh ONb OCr 0Co OHf OP)
HFSE

O(Al,0; OMgO OCaO OFeO) > SO,
major elements silica

This sequence is similar for the basalt and rhyolite.
In spite of the nonrigorous character of this procedure,
the sequence established above is in good agreement
with tracer-diffusion experiments, which demonstrate a
decreasein the mobility of elementswith theincreasing
size and charge of the respective ions (Hofmann, 1980;
LaTourette et al., 1996; Jambon, 1982). Water and alka-
lis are characterized by the largest diffusion coeffi-
cients, which are one-two orders of magnitude higher
than those of the akali earths. The diffusion coeffi-
cients of trivalent REEs and some other trivalent ele-
ments are somewhat lower. SIO,, a network-forming
component, has the lowest diffusion coefficient among
major elements, and the lowest coefficients among
trace elements are typical of U, Th, Nb, Ta, and Zr.

It ispertinent to note that even large and high-charge
elements such as REEs diffuse approximately twice
faster than SiO, (Richter, 1993; Lesher, 1994). The
mobility sequence listed above indicates that volatiles,
akalis, and akali- and rare-earth elements can be
exchanged between magmas more quickly than major
components, whereas the exchange rates of most
HFSEs and transitional elements are similar to those of
major elements.

As can be seen in concentration—distance plots,
most fast-diffusing trace elements compose uphill and
downhill concentration peaks, which resemble those of
alkalis (Fig. 2). These peaks are best preserved in the
viscous rhyolite, in which convection was not as vigor-
ous and lasted not so long (see above). At the same
time, the trace-element concentration gradients
between the two peaks are largely situated within the
mechanical boundary layers that were not affected by
convection. Convection in the interiors of each of the
melts facilitated the overall transport of trace elements
to the layers.

The fast redistribution of trace elements, K,O, and
Na,O and the uphill-downhill patterns of their profiles
at the boundary between the melts led us to regard the
coupled basaltic and rhyolitic melts at the starting
moment of their interaction as two magmas actually
immiscible with respect to slowly diffusing major ele-
ments by exchanging by trace elements and akalis.
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Fig. 3. Instantaneous kinetic partition coefficients (IKPC)
for fast-diffusing trace elements (see text).

Note that larger ions within each valence group have larger
partition coefficients.

INSTANTANEOUS KINETIC PARTITION
COEFFICIENTS

Concentration maxima and minima in the concen-
tration—distance plots can be employed to define the
instantaneous kinetic partition coefficients (IKPC) for
trace elements and akalis: these values are the ratios of
the peak concentrations in the rhyolitic to those in
basatic glasses (Fig. 3; Bindeman and Davis, 1997).
The ratios were calculated for al of the analyzed trace
elements for which uphill-downhill profiles were
observed in the concentration—distance plot (Fig. 2).
The ratios of the peak contents in the rhyolite to analo-
gous contents in the basalt were plotted in adiagram of
the type commonly used to illustrate the partition of
components between truly immiscible phases (Fig. 3).

Note that the IKPC thus defined for fast-diffusing
elements of various valences are in full agreement with
equilibrium partition coefficients determined previ-
ously for truly immiscible melts (Vicenzi et al., 1994;
Watson, 1976; Ryerson and Hess, 1978). The IKPC for
univalent alkalis cluster along a straight line in an
IKPC—onic radius plot. The small Li ion (IKPC = 0.5)
exhibits uphill diffusion from the rhyalitic to basaltic
melt, whereastherest of alkaliswith larger ions, partic-
ularly Rb and Cs, diffuse uphill into the rhyolitic melt
and also show clear-cut maxima and minima with
IKPC > 1 for all elements.

Other trace elements exhibit uphill-downhill diffu-
sion patterns and have IKPC < 1. All of them partition
from the acid into basaltic melt, with smaller and
higher charged ions partitioning more efficiently. This
effect was detected in experiments on trace-element
partition between truly immiscible melts (Vicenzi et al.,
1994; Minarik et al., 1996; Watson, 1976).

The IKPC for CO, is equal to 0.25, which is caused
by the higher CO, solubility in basaltic than in rhyolitic
melt. Carbon dioxide dissolves as the COSZ,_ carbonate
complex in the former, whereasin the latter, it is domi-

nated by the molecular form (Holloway and Blank,
1994). The IKPC of H,O isequal to one, afact suggest-
ing the absence of chemical differences between the
H,0 solubility in basaltic and rhyolitic melts, because
al H,O ispresent as OH~ at its contents of 0.01-0.1 wt %
(Holloway and Blank, 1994).

DISCUSSION

IKPC can be employed to predict the ratios of trace-
element activity coefficients in coupled rhyalitic (R)
and basaltic (B) melts. When using IKPC, we assume
that the chemical potentials of fast-diffusing trace ele-
ments are equal in the coupled melts

Mo = Hro: )

Provided elements occur in the same form in the
coupled basalt and rhyolite in our high-temperature
superliquidus experiments, then their standard states,
uO, arethe samein both melts. Thermodynamic equilib-
rium at a constant temperature and pressure requires
equal activities of elements, for example, Rb, in the
coupled melts

aFF:b = asb- 3)

Inasmuch as ag, = Yr,Crs, thisleadsto asimplerelation
between the activity coefficients (y) of a component

IKPC = Cgb/csb = Vsb/ygb! 4

which makes it possible to determine the activity coef-
ficient of this component in each of the melts, provided
its activity coefficient in the other melt is known (Bin-
deman and Perchuk, 1993).

Numerical simulation of trace-element diffusion by
thefinite difference method led usto determine (1) how
well the IKPC values derived from the profiles of Figs. 2
and 4 fit the actual ratios of activity coefficients and (2)
how much faster the diffusion of atrace element should
be to result in its redistribution in accordance with
eguation (4). IKPC can be defined by two parameters:
the ratio of the diffusion coefficient of a fast-diffusing
trace element to that of a slowly-diffusing major com-
ponent (for example, SIO,), D;/Dgp,, and the ratio of

the activity coefficients of this fast-diffusing trace ele-
ment, i, in each of the melts [see equation (4)] (Zhang,
1993). The simulation also demonstrated that, in the
absence of convection, when D;/Dgo, = 2, IKPC
amounts to 70% of its actual value for an infinitely
large D;/ Dy, ratio. Thisimpliesthat even the redistri-

bution of slowly-diffusing trace elements (D;/Dgo, ~

2), such as REEs (Richter, 1994), approaches relation
(4). At the same time, IKPC deviate from the true par-
tition coefficients for true immiscible liquids.

The activity coefficients (y;) in melt are afunction of
the melt composition. This function can be expressed
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through the slowly-diffusing major component SiO,,
because the activities of fast-diffusing trace elements
are nearly equa within the narrow mixing zone
between the uphill and downhill concentration peaksin
the diffusion profile (Figs. 2a, 4a, and 4b). If the con-
centration of SiO, isused as ameasure of the melt com-
position, then the S-shaped trajectory between the con-
centration minimum and maximum of a trace element
in binary element-SiO, plots (Fig. 4c) can be trans-
formed into y;/SiO, relation as amirror image in order
to comply with the condition of the constant activity of
the trace element between the two peaks [in accordance
with eguation (3)].

The fast diffusion of trace elements through the
interface between the coupled melts implies that con-
vection in the interiors of each of the melts sustains
large gradients in the boundary layers and creates
favorable conditions for the efficient trace-element
redistribution, in accordance with their IKPC, between
the magmas.

The linear correlations between the IKPC of alka-
line elements and their ionic radii can be explained by
the models of acid-base interaction between compo-
nentsin silicate melts (Korzhinskii, 1966). The NBO/T
ratio used in the oxygen model (Mysen, 1991) can be
employed as ameasure of the “acidity—basicity.” Stron-
ger bases of al valence groups are redistributed more
easily into more acid melt, in which their activity coef-
ficientsand NBO/T ratios are lower.1 At the same time,
highly charged smaller ions are prone to form oxide

anions, as, for example, Y oi‘ and UOS_ . Thisprocess
requires larger amounts of nonbridging oxygen (a
higher NBO/T ratio), which can be attained in the more
basic basaltic melt, and, hence, the activity coefficients
of these trace elements in basaltic melt are lower.

Conversely, the redistribution of strong bases, such
asNa, K, Rb, and Cs, in the rhyolitic melt is accounted
for by their lower activity inthe acid melt. Among these
elements, the small Li ion is characterized by a high
z/r? ratio, which explainsits preferential partition into
more basic melt with ahigh NBO/T ratio.

Hence, we explain the uphill and downhill diffusion
of alkalis and many trace elements by their “nonideal -
ity” in silicate melts. This nonideality determines the
direction and gradient of their redistribution between
coupled silicate melts, and their fast diffusion
(enhanced by convection) ensures the efficiency of this
mechanism.

IMPLICATIONS

Now it is generally agreed that magmas of various
compositions experience temperature- and composi-
tion-driven convection. The uphill diffusion of akalis
from the basaltic to rhyalitic melts serves as an efficient

1The NBO/T ratio is the fraction of nonbridging oxygen in the
melt.
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Fig. 4. Graphic representation illustrating the hypothesis of
the constant activity of fast-diffusing K,O between the
peaks of its concentration (Cx o) a a coupled change in
SiO, concentration (Cs;,).

(a) Variationsin Cx _o and Cs;o, along the diffusion profile
across the coupled rhelts.

(b) Variationsin Cx_q asafunction of Cg;q, (in compliance
with the condition df constant activities betzween the peaks,
the activity coefficient should be a function of the form
(c) A(2:tivity coefficients (determined in asimilar manner) of
other alkaline trace elements between their concentration
peaks (see Fig. 2) as functions of SiO,. Note the more vig-
orous dependences of akalis with larger ionic radii.
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mechanism that is able to stimulate and maintain com-
position-driven convection in each of the coupled
melts. This convection sustains vigorous diffusion gra-
dients at the interface between the two magmas and
ensures the redistribution of fast-diffusing trace ele-
ments in accordance with their IKPC. Hence, convec-
tion sustains for a long time gradients of the activity
coefficients of fast-diffusing trace elements. These gra-
dients serve as a driving force of the redistribution of
these elements between the magmeas. It follows that the
uphill diffusion of alkalisis, in our case, both the nec-
essary condition of convection and the driving force of
trace-element redistribution. At the same time, our
experiments also demonstrate the important role of
alkalis in composition-driven convection in more gen-
eral cases. Since akalis have the largest molar volumes
and diffuse faster than most other major components,
their uphill or downhill diffusion in long-living mag-
matic chambersisableto createlocal density variations
and initiate composition-driven convection.

Thedirection of diffusion of alkalis dependson their
initial concentrationsin the coupled magmas. Downhill
diffusion and convection in accordance with the mech-
anism described above require an akali basatic
magma and a rhyolitic magma of normal alkalinity. In
this sense, akaline basaltic magma underplating the
low- or normal-density continental crust (as, for exam-
ple, Archean gray gneisses) and melting it can serve as
a source of akalis, which will redistribute into the
newly formed acid melt in accordance with the uphill
diffusion mechanism.

Fast-diffusing trace elements, except alkalis, redis-
tribute from the rhyolitic to basaltic melt. Thisimplies
that, in the course of the long-lasting coexisting
between a fresh basaltic melt portion, which replen-
ished the magma chamber, and the rhyolite melt, the
excess of fast-diffusing trace elements will be “buff-
ered.” This is particularly important for incompatible
trace elements (such as Ba, La, and Ce), which enrich
residua rhyolitic melts during their fractionation. As
our experiments demonstrate, these elements will
redistribute back into the basaltic melt. The redistribu-
tion of alkalis and many trace elements between melts
proceedsin accordance with their IKPC (Fig. 3), which
are different for distinct elements. This mechanism is
able to modify petrologically important element ratios.
Convection of any type (either temperature- or compo-
sition-driven) sustains strong chemical gradients,
which serve as the driving force of trace-element diffu-
sion and redistribution between magmas.
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