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Abstract Partition coefficients (D) for Nb and Ta be-
tween rutile and haplogranite melts in the K,O-Al,Os-
SiO, system have been measured as functions of the
K,0O/Al,O; ratio, the concentrations of Nb,Os; and
Ta,0s, the temperature, in air and at 1 atmosphere
pressure. The Ds increase in value as the K* [K,O/
(K,O + Al,O3)] molar ratio continuously decreases
from highly peralkaline [K* ~ 0.9] to highly peralumi-
nous [K* ~ 0.35] melts. The D values increase more
dramatically with a unit decrease in K* in peraluminous
melts than in peralkaline melts. This compositional de-
pendence of Ds can be explained by the high activity of
NbAIO, species in peraluminous melts and the high
activity of KONb species (or low activity of NbAIO,4
species) in peralkaline melts. A coupled substitution,
Al"? + Nb*° (or Ta™>) = 2Ti"*, accounts for the Ds
of Nb (Ta) being much greater in peraluminous melts
than in peralkaline melts because this substitution allows
Nb (Ta) to enter into the rutile structure more easily.
The Ds of Ta between rutile and melt are greater than
those of Nb at comparable concentrations because the
molecular electronic polarizability of Ta is weaker than
that of Nb. The Nb*°> with a large polarizing power
forms a stronger covalent bond with oxygen than Ta™*>
with a small polarizing power. The formation of the
strong bond, Nb-O, distorts the rutile structure more
severely than the weak bond, Ta-O; therefore, it is easier
for Ta to partition into rutile than for Nb. These results
imply that the utilization of the Nb/Ta ratio in liquid as
a petrogenetic indicator in granitic melts must be done
with caution if rutile (or other TiO,-rich phases) is a
liquidus phase. The crystallization of rutile will increase
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the Nb/Ta ratio of the residual liquid because the Ds of
Ta between rutile and melts are greater than those of
Nb.

Introduction

Nb-Ta-Ti-oxide minerals are important accessory
phases in peraluminous and peralkaline granites and are
common phases in rare element pegmatites (Cerny et al.
1999; Cerny 1992). These minerals are highly suited to
study the detailed evolution of granitic systems, partic-
ularly the rare element pegmatites. These pegmatites
typically are coarse grained, are heterogeneous on a
variety of scales and commonly exhibit a well defined
zonation in mineralogy and phase chemistry (Cerny
1992). Such pegmatites evolve under conditions of local
rather than global equilibrium making it very difficult to
trace the evolutionary path of the fractionated liquids
(London 1992). The Ti-Nb-Ta oxide minerals with their
variable compositions, varied paragenesis and ubiquity
are useful index minerals and if their mineral-melt
equilibria are fully calibrated can be used to monitor the
complex liquid line of descent that characterizes indi-
vidual pegmatite bodies. Nb-rutile, for example, shows
strong compositional zoning and variation in Ta-Nb
and variable resorption features which apparently reflect
a complicated crystallization history (Abella et al.
1995). Rutile and columbite-tantalite are the most
common and abundant Ti-Nb-Ta phases in pegmatites
and a complete understanding of their paragenesis will
provide important constraints on the petrogenesis of
these bodies.

This paper is the second in a series of four which
examines the solution properties of high field strength
cations in anhydrous haplo-granite melts (papers I, 1)
and in wet analogues to peraluminous rhyolites (papers
III, 1V). The first paper investigates the interactions
between M 7> cations, Ti™* and alkali-aluminosilicate
species by systematically measuring the liquidus of rutile



(Horng et al. 1999). In this paper, we measure the par-
tition coefficients for Nb,Os and Ta,Os between rutile
and peralkaline and peraluminous dry granite melts. In
the last two papers, the solubility and phase chemistry of
columbite-tantalite, Nb-Ta rutile, and cassiterite are
determined by experiment, and the petrogenesis of these
minerals in pegmatite melts is discussed (W.-S. Horng
and P.C. Hess, in preparation). Our goals are to char-
acterize the major cation interactions that control the
phase equilibria and solution properties of such phases
in highly evolved granitic melts.

Experimental method

Bulk compositions were made by mixing together appropriate
amounts of reagent oxides and carbonate to yield glasses along the
80 mol% SiO, isopleth in the SiO, + ALO3; + K,O system
(Fig. 1). Glasses are either peralkaline [K* = K,0/
(K,0 + AlL,O3) molar ratio > 0.5] with K™ in molar excess of
Al | subaluminous (K* = 0.5) with equal amounts of K™ and
Al"3, or peraluminous (K* < 0.5) with Al in excess of K. An
appropriate amount of TiO, is added to the base system in order to
ensure rutile saturation. The concentration of added TiO, is ap-
proximately 1-2 mol% more than that obtained from Nb-free ru-
tile saturation experiments with the same K* (Dickinson and Hess
1985). The Nb,Os contents were varied from 0.28 to 7.89 mol%,
whereas melts with 0.28 to 4.38 mol% Ta,Os were studied. To
understand the interaction between Nb and Ta in anhydrous
haplogranite melts, three sets of experiments were conducted: Nb
alone, Nb and Ta together, and Ta alone.

For each experiment, approximately 200-300 mg of the oxides
and carbonate were packed into a porcelain combustion boat and
decarbonated for four hours at approximately 950 °C and 1 at-
mosphere. The sample was then packed into a Pt capsule with one
end welded and the other covered by a Pt lid. The charges were
attached to a heavy gauge Pt wire and lowered into a vertical Del-
Tech furnace at the desired temperature. The set of experiments
using Nb alone were run at 1027, 1250, 1325 and 1400 °C, whereas
the experiments (Nb and Ta together; Ta alone) were run at
1400 °C. The total run times were 32 hours, and the charges were
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Fig. 1 Ternary base mixtures lie along the 80 mol% SiO, isopleth.
The melts are peraluminous, subaluminous, and peralkaline
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quenched by dropping them into cold water (20 °C). In order to
homogenize the sample and to overcome the kinetic barriers to
nucleation, samples were reground once after eight hours of run
time. Polished thin sections of random chips of the rutile-saturated
charges were made, and the composition of the glass and the co-
existing rutile were analyzed at Brown University with a Cameca
Camebax (TM) electron microprobe, using a 15-kV accelerating
potential, a 10-nA beam current, and a 25-pym beam diameter for
glass and a focussed beam for rutile. Elements Si, Al, K, Ti, Nb,
and Ta were counted for 10 s each on each point. Metal standards
were used for Nb, Ta, Zr and Hf, whereas obsidian and basaltic
glass were used for the major elements.

The same experiments were run for different durations (up to
48 hours) to test for equilibrium; it was observed that the length of
the run time does not affect the saturation values and the partition
coefficients of Nb and Ta. In addition, electron microprobe ana-
lyses of all charges reveal no compositional gradients for any
component in the charge. Two reversal experiments have been
conducted to check for equilibrium. In the first experiment (sample
#: K*007a in Table 2), a glass saturated with rutile at 1325 °C was
held at 1400 °C for 32 hours, including regrinding once after 8
hours of run time. In the second experiment (sample #: K*103a in
Table 2), a glass saturated with rutile at 1400 °C was rerun at
1325 °C using the same experimental procedure. The Ds of Nb and
Ta between rutile and melt and the concentration of other com-
ponents in the two charges were nearly identical. These reversal
experiments confirm that Nb-Ta exchange equilibrium was
achieved in these experiments.

Results
Melts doped with Nb,Os

Figure 2 gives the partition coefficients (Ds) of Nb be-
tween rutile and melt in experiments doped with 0.28,
1.36, 4.38, and 7.89 mol% Nb,Os at 1400 °C as a
function of K*. Table 1 gives the compositions of the
glasses and the coexisting rutile. The Ds of Nb decrease
with increasing K*, and they decrease more dramatically
in peraluminous compositions than in peralkaline com-
positions. Table 2 gives the compositions of the glasses
and the coexisting rutile in experiments doped with
1.36 mol% Nb,Os at 1027, 1250, 1325, and 1400 °C,
and Fig. 3 illustrates the dependence of the Ds of Nb on
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Fig. 2 Dependence of Ds of Nb between rutile and melt on K* for
different amounts of Nb,Os at 7" = 1400 °C and P = 1 atmosphere
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Table 1 Experimental conditions and chemical composition of rutile and coexisting haplogranite melts doped with Nb,Os at 1400 °C

(mol%)
Sample Doped Phase SiO, K,O Al,O3 TiO, Nb,Os K* |DINT
Nb,Os
(mol%)

K*001 0.28 Melt 76.12 £ 0.57% 597 £ 0.12  11.05 £ 0.21 6.66 £ 0.17 021 £ 0.03 035 15.57
Rutile 0.24 + 0.04 0.17 £ 0.03 3.19 +£ 0.11 9313 £ 0.72 327 £ 0.12

K*001° 0.28 Melt 76.07 + 0.67 586 = 0.14  11.07 = 0.25 6.78 £ 0.19 022 £ 0.05 0.35 15.05
Rutile 0.25 + 0.05 0.11 + 0.03 3.15 £ 0.15  93.18 £ 0.69 331 £ 0.14

K*002 0.28 Melt 75.10 = 0.71 6.57 £ 0.09 10.17 = 0.19 791 + 0.15 0.25 £ 0.04 0.39 11.01
Rutile 0.24 + 0.06 0.26 + 0.04 2.88 £ 0.12 93.86 £ 0.73 275 £ 0.18

K*003 0.28 Melt 72.23 + 0.58 9.64 £ 0.13 11.48 £+ 0.21 8.36 + 0.23 0.28 £ 0.06 046 8.48
Rutile 0.52 £ 0.10 0.31 £ 0.08 2.78 £ 0.15  94.00 £ 0.64 0.67 £ 0.09

K*004 0.28 Melt 66.57 £ 0.71 9.67 £ 0.21 597 £ 0.10 17.42 + 0.15 0.36 £ 0.05 0.62 1.89
Rutile 0.06 £ 0.02 0.11 + 0.03 041 £ 0.08 98.74 + 0.87 0.67 £ 0.08

K*005 0.28 Melt 59.89 £ 0.72  10.39 + 0.27 3.03 £ 0.31 2648 + 041 0.21 £ 0.05 0.77 1.49
Rutile 0.06 = 0.03 0.22 + 0.05 0.15 = 0.04 99.26 + 0.79 0.31 + 0.05

K*006 0.28 Melt 55.93 + 0.63 10.71 £ 0.18 1.37 £ 0.13  31.78 £+ 0.37 022 £ 0.04 0.89 1.31
Rutile 0.07 £ 0.04 0.10 £ 0.03 0.05 £ 0.02  99.55 £+ 0.68 0.28 £+ 0.03

K*007 1.36 Melt 77.37 + 0.67 5.68 £ 0.19 1030 = 0.25 5.75 + 0.19 091 £ 0.11  0.35 9.31
Rutile 0.29 + 0.05 0.10 £ 0.03 8.19 + 0.34 8295 + 0.79 8.48 + 0.23

K*008 1.36 Melt 74.81 + 0.75 7.38 +£ 0.21 9.30 + 0.17 7.45 £ 0.17 1.06 = 0.17 0.44 4.63
Rutile 0.41 = 0.07 0.26 + 0.05 483 £ 0.23  89.61 £ 0.68 4.89 £ 0.18

K*009 1.36 Melt 75.79 + 0.81 7.60 £ 0.27 7.88 £ 0.19 7.60 £ 0.13 1.13 £ 0.15 049 3.58
Rutile 0.37 = 0.04 0.20 £+ 0.05 434 + 0.17 91.07 £ 0.72 4.02 + 0.24

K*010 1.36 Melt 66.68 + 0.59 9.10 £ 0.15 542 £ 0.14  17.62 £ 0.21 1.18 £ 0.19  0.63 1.45
Rutile 0.12 £ 0.03 0.23 £ 0.05 0.79 £ 0.08 97.15 £+ 0.64 1.71 £ 0.19

K*011 1.36 Melt 58.10 = 0.71 10.16 £ 0.21 2.54 £ 0.17 27.86 £ 0.15 1.34 £ 0.14  0.80 0.60
Rutile 0.12 £ 0.04 0.11 £ 0.03 0.20 £ 0.05 98.76 £ 0.62 0.81 £ 0.08

K*012 1.36 Melt 55.89 + 0.67 10.86 + 0.31 1.64 £ 0.09  30.56 £ 0.25 1.32 £ 0.21  0.87 0.45
Rutile 0.05 £ 0.03 0.12 £ 0.04 0.10 £ 0.05  99.17 £+ 0.83 0.59 £+ 0.06

K*013 4.38 Melt 75.87 £ 0.73 534 £ 0.13 1035 £ 0.21 5.07 £ 0.21 337 £ 0.13 034 4.39
Rutile 0.22 + 0.04 0.08 £ 0.02 1543 £ 029 69.49 £ 0.68 14.78 + 0.31

K*014 4.38 Melt 73.00 + 0.69 7.42 £ 0.17 7.82 £ 0.19 8.59 £ 0.15 387 £ 0.17 0.49 1.90
Rutile 0.12 £ 0.03 0.13 + 0.04 6.25 £ 0.16  86.16 £ 0.79 7.35 £ 0.28

K*015 4.38 Melt 66.75 + 0.57 8.57 £ 0.15 539 £ 0.13 1473 £ 0.31 4.55 £ 0.19  0.61 0.77
Rutile 0.37 £ 0.04 0.10 £ 0.03 2.55 £ 0.15 9349 £ 0.63 3.49 + 0.21

K*016 4.38 Melt 5587 £ 0.59  10.12 £ 0.29 1.71 £ 0.11  27.34 + 0.34 496 £ 0.16 0.86 0.26
Rutile 0.07 £ 0.02 0.09 + 0.03 0.54 £ 0.10 98.08 £+ 0.78 1.29 £+ 0.11

K*017 7.80 Melt 72.37 + 0.68 5.15 + 0.19 9.36 + 0.31 6.04 £ 0.17 7.08 £ 0.23  0.36 2.33
Rutile 0.06 £ 0.02 0.04 £ 0.02 16.34 £ 0.34 67.11 £ 0.77 16.51 + 0.31

K*018 7.80 Melt 68.32 + 0.58 6.96 £ 0.21 6.58 £ 0.19 1044 £ 0.19 7.70 £ 0.18  0.51 1.11
Rutile 0.09 £+ 0.02 0.10 £ 0.03 7.38 £ 0.25  83.88 &+ 0.68 8.56 + 0.32

K*019 7.80 Melt 62.16 £+ 0.63 8.30 + 0.19 4.59 £ 0.21 16.99 + 0.27 795 £ 0.17 0.64 0.56
Rutile 0.04 £ 0.02 0.07 £ 0.03 3.18 £ 0.21 9227 £ 0.69 443 £ 0.29

K*020 7.80 Melt 58.25 + 0.71 8.31 + 0.31 1.41 £ 0.12 22.88 £ 0.25 9.15 £ 0.21  0.86 0.29
Rutile 0.03 £ 0.02 0.04 £ 0.02 090 £ 0.08 96.42 + 0.83 2.61 £ 0.17

4The values before the &+ symbol refer to analytic results (mol%), and the values after the = symbol denote one standard deviation

(Wto/o)
bLong duration: 48 hours, all others were run for 32 hours

temperature. For a given K*, the Ds of Nb decrease
systematically with decreasing run temperature.

Melts doped with Ta,Os

Figure 4 displays the Ds of Ta between rutile and melt
as a function of K* for experiments doped with 0.28 and
4.38 mol% Ta,O5 at 1400 °C. Table 3 lists the compo-
sitions of the glasses and the coexisting rutile. The Ds of
Ta decrease as the amount of Ta,Os in the starting
composition increases. The Ds of Ta show a composi-
tional dependence similar to the equivalent experiments
doped with only Nb,Os at 1400 °C. For a given K*, Ds

of Ta are approximately twice as large as those of Nb in
equivalent Nb experiments (Fig. 4).

Melts doped with Nb,O5 and Ta,Os5 together

Figure 5 displays the Ds of Nb and Ta between rutile and
melts as a function of K* for experiments doped with
0.28 mol% Nb,Os and 0.28 mol% Ta,Os at 1400 °C,
and Table 4 lists the compositions of the glasses and the
coexisting rutile. The D versus K* trends in Fig. 4 reveal
that the Ds of Ta and Nb exhibit similar patterns of
compositional dependence. The Ds of Ta are approxi-
mately twice as large as those of Nb for a given K*.



Table 2 Experimental conditions and chemical composition
(mol%)
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of rutile and coexisting haplogranite melts doped with 1.36 mol% Nb,Os

Sample T (OC) Phase SIOZ Kzo A1203 TIOZ Nb205 K* DNb

K*007 1400 Melt 7737 £ 0.67* 5.68 + 0.19 10.30 £ 0.25 5.75 + 0.19 091 £ 0.11 035 931
Rutile 0.29 + 0.05 0.10 = 0.03 8.19 + 0.34 8295 £+ 0.79 8.48 £ 0.23

K*007a 1400 Melt 77.73 £ 0.73 5.39 £ 0.23  10.36 + 0.31 5.64 £ 0.24 0.88 = 0.08 0.34 9.36
Rutile 0.51 £ 0.06 0.15 £+ 0.03 8.30 = 0.36 82.79 £ 0.71 8.24 + 0.27

K*008 1400 Melt 74.81 + 0.75 7.38 + 0.21 9.30 £ 0.17 7.45 £ 0.17 1.06 £ 0.17 044  4.63
Rutile 0.41 £ 0.07 0.26 + 0.05 483 + 0.23 89.61 + 0.68 4.89 £ 0.18

K*009 1400 Melt 75.79 + 0.81 7.60 £ 0.27 7.88 + 0.19 7.60 = 0.13 1.13 £ 0.15 049  3.58
Rutile 0.37 £ 0.04 0.20 £+ 0.05 434 £ 0.17 91.07 = 0.72 4.02 + 0.24

K*010 1400 Melt 66.68 + 0.59 9.10 £ 0.15 542 £ 0.14 17.62 £ 0.21 1.18 £ 0.19 0.63 1.45
Rutile 0.12 £ 0.03 0.23 + 0.05 0.79 £ 0.08 97.15 + 0.64 1.71 £ 0.19

K*011 1400 Melt 58.10 = 0.71 10.16 £ 0.21 2.54 £ 0.17 27.86 = 0.15 1.34 £ 0.14 0.80  0.60
Rutile 0.12 £ 0.04 0.11 £ 0.03 0.20 £ 0.05 98.76 + 0.62 0.81 £ 0.08

K*012 1400 Melt 55.89 £ 0.67 10.86 + 0.31 1.64 £ 0.09 30.56 = 0.25 1.32 £ 021 0.87 045
Rutile 0.05 £ 0.03 0.12 + 0.04 0.10 £ 0.05 99.17 £+ 0.83 0.59 + 0.06

K*101 1325 Melt 79.02 + 0.81 5.03 £ 0.17 8.66 £ 0.21 5.99 + 0.19 1.30 £ 0.15 0.37  3.30
Rutile 0.26 = 0.04 0.49 + 0.05 423 £ 0.19  90.69 + 0.87 434 + 0.21

K*102 1325 Melt 76.70 £ 0.75 7.45 £ 0.21 7.15 £ 0.19 7.40 £ 0.23 1.30 £ 0.19 0.51 2.1
Rutile 0.44 £+ 0.06 0.73 £ 0.07 264 £ 0.16 93.42 + 0.79 2.76 £ 0.15

K*103 1325 Melt 62.96 £ 0.68 10.73 £ 0.25 3.08 £ 0.17 21.83 £ 0.37 1.40 £ 0.11 0.78  0.55
Rutile 0.08 + 0.02 0.24 £+ 0.04 0.23 £ 0.05 98.68 + 0.74 0.76 £+ 0.08

K*103a® 1325 Melt 63.76 = 0.73 10.18 £ 0.19 3.17 £ 0.23  21.54 £ 0.17 1.35 £ 0.17 0.76  0.50
Rutile 0.20 £+ 0.04 0.26 £+ 0.05 0.34 £ 0.06 98.53 £ 0.91 0.67 £+ 0.07

K*104 1325 Melt 57.20 £ 0.65 11.39 + 0.18 1.35 £ 0.14 28.56 + 0.38 1.50 £ 0.12 0.89 04
Rutile 0.08 £+ 0.03 0.15 + 0.04 0.17 £ 0.03  99.00 = 0.83 0.60 £+ 0.09

K*105 1250 Melt 76.21 + 0.74 5.13 £ 0.16 8.74 £ 0.28 8.6 £ 0.18 1.32 £ 0.16 037 -
Cristobalite 99.99 £ 0.78 - - - -

K*106 1250 Melt 77.40 £ 0.68 7.83 £ 0.22 7.46 + 0.21 6.32 £ 0.21 1.31 £ 0.17 0.51 1.52
Rutile 0.14 + 0.03 0.35 £ 0.07 1.55 £ 0.10 9598 + 0.78 1.99 £ 0.21

K*107 1250 Melt 71.19 + 0.64 9.06 + 0.18 549 + 0.18 1247 £ 0.26 1.80 £ 0.15 0.62  0.65
Rutile 0.04 £ 0.02 0.15 £+ 0.03 0.78 £ 0.08 97.86 = 0.83 1.17 £ 0.09

K*108 1250 Melt 58.41 + 0.61 1191 + 0.24 1.52 £ 0.12  26.66 £ 0.24 1.50 £ 0.12 0.89  0.23
Rutile 0.07 £+ 0.03 0.27 £ 0.05 0.16 = 0.03 99.16 + 0.78 0.35 £+ 0.08

K*109 1027 Melt 75.96 + 0.66 542 £ 0.19 8.57 £ 0.23 8.70 + 0.15 1.35 £ 021 039 -
Cristobalite 99.99 £ 0.88 - - - -

K*110 1027 Melt 76.04 £ 0.68 8.93 £ 0.23 4.15 £ 0.17 9.42 £ 0.21 1.48 £ 0.18 0.68 0.5
Rutile 0.77 £ 0.05 034 + 04 0.17 £ 0.03 9798 + 0.84 0.74 £ 0.07

K*111 1027 Melt 69.86 £ 0.72 11.64 = 0.17 3.86 = 0.18 13.14 £ 0.19 1.50 £ 0.13 0.75 0.28
Rutile 0.34 £+ 0.03 0.42 £+ 0.08 0.17 £ 0.04 98.65 = 0.79 0.42 £ 0.05

K*112 1027 Melt 65.53 £ 0.67 12.17 £ 0.15 1.84 +£ 0.13 18.68 £ 0.25 1.77 £ 0.15 0.87  0.19
Rutile 0.33 £ 0.05 0.66 = 0.10 0.17 £ 0.02 98.51 + 0.83 0.33 + 0.04

NbAO1¢ 1350 Melt 76.57 £ 0.71 471 £ 0.21 12.19 + 0.23 0 6.52 £ 0.25 0.28 7.72
NbAIO, 0.53 £ 0.07 0.07 = 0.03 49.05 + 0.31 0 50.34 + 0.45

4 The values before the + symbol refer to analytic results (mol%), ©Reversal experiment (sample #: K*103a) for rerunning charge

and the values after the = symbol denote one standard deviation
(Wto/o)

Y Reversal experiment (sample # K*007a) for rerunning charge
quenched at 1325 °C at 1400 °C, see text

Discussion
Melts doped with Nb,Os
The coupled substitution (Al"3 + Nb™3 = 2Ti"%)

In the Nb,Os-doped experiments, the composition of
rutile coexisting with peralkaline melts is almost pure
TiO,, whereas the composition of rutile (Nb-rutile) co-
existing with peraluminous melts shows substantial solid
solution of Nb,Os and Al,O3 (Table 1). The molar ratio
of Al,03/Nb,Os in the Nb-rutile approximates one, and
the contents of Al,O3; and Nb,Os increase as K* de-
creases (Fig. 6). This suggests that the coupled substi-

quenched at 1400 °C at 1325 °C, see text

dSaturation experiment for the crystalline phase niobium alumi-
nate (NbAIO,) in peraluminous melts at P = 1 atmosphere, see
text

tution, A1"° + Nb*> = 2Ti**, controls the solubility
of Nb in rutile in peraluminous melts. This mechanism
for coupled substitution was also argued for by
McCallum and Charette (1978) based on the experi-
ments of Nb partitioning between rutile and basaltic
liquid.

The Nb-Al-rutile in peraluminous melts is a good
analog to naturally occurring Nb-rutile (or ilmenorutile)
in granite pegmatites except that Fe ™ typically replaces
Al as the charge balancing species for Nb™>. The il-
menorutile [(Ti, Nb, Fe " ?);0q4] has the same structure as
rutile, an expected consequence of the similarity of ionic
radii of Al (0.53A) and Fe " (0.55A) for sixfold co-
ordination with oxygen (Foord 1982).
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Fig. 3 Dependence of Ds of Nb between rutile and melt on
temperature in experiments doped with 1.36 mol% Nb,Os at
P = 1 atmosphere

Partition coefficients (Ds) of Nb

In the experiments doped with Nb,Os at 1400 °C, the Ds
of Nb between rutile and melts decrease with increasing
K* (Fig. 2). The relatively high Nb,O5 contents of rutile
in peraluminous melts no doubt reflect the high activities
of NbAIO, melt species. The Nb"> needs Al™3 to be
charge balanced in the form of a coupled substitution,
Nb*> + AlI"? = 2Ti** when Nb*° partitions into the
rutile structure. In peraluminous melts, Al in excess of K
exists as triclusters (AIOAIl) without SiOy4 tetrahedra [or
possibly triclusters (AlOSi) with SiO,4 tetrahedra], and
all K is incorporated in KO™AI complexes (KO™ALI
where [4] refers to the number of bridging oxygens in
AlQy tetrahedra) as a charge balancing cation (Lacey
1968; Mysen et al. 1980, 1981; McMillan and Piriou
1982; Sato et al. 1991; Gan and Hess 1992). The AIOALl
bonds (or AlOSi) are less stable than KOAI bonds be-
cause only the latter species are locally charge balanced.
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Fig. 4 Dependence of Ds of Ta and Nb between rutile and melt on K*

In contrast, the oxygens shared by the Al-tricluster are
either overbonded or underbonded depending on the
coordination of Al (Sharma et al. 1978; Virgo et al.
1979; Mysen et al. 1980, 1981, 1982; McMillan et al.
1982; Sato et al. 1991; Gan and Hess 1992). The rela-
tively less stable AIOAI species in peraluminous melts
react with Nb,Os to form a locally charge balanced
species according to the homogeneous equilibria

AIOAI 1) + NDOND ety = 2NBOAl ey - (1)

The validity of Eq. (1) as a solution mechanism is sup-
ported by a number of observations. First, the fact that
NbAIO, enters into solid solution with the rutile struc-
ture is evidence that such species are intrinsically stable.
Experience has indicated that the stability of melt species
is typically indicated by the stability of the correspond-
ing crystalline species (e.g., Hess 1995). Indeed, if this
concept is taken to the extreme, we might expect that the
NbOAImerry species would preferentially be located
within locally TiO, rich regions of the peraluminous
melts. Secondly, we found by experiment that the crys-
talline phase, niobium aluminate NbAIQOy, is a liquidus
phase in the TiO,-free peraluminous melts at 1350 °C
(Table 2). The saturated melt contains 6.5 mol% Nb,Os5
and the ratio of NbyOs to excess Al,Oj3 is only slightly
less than unity [NbyOs/Al)Oszeexcessy = 0.87], giving a
strong indication that the most important Nb species in
the melt is, indeed, NbAIO,.

Finally, Gan and Hess (1992) used NMR and Raman
spectroscopy to show that AIPO, species were stable in
peraluminous melts and the solution mechanisms were:

2Al0Si 4+ POP = 2AIOP + SiOSi

or
2AI0AI 4 POP = 2AI0P ()

in direct correspondence to the homogeneous equilibria
indicated for AINbO,. Horng et al. (1999) found by
experiment that the variation of rutile solubility in melts
of peraluminous composition doped with varying
amounts of P,Os or Nb,Os behaved similarly. The
solubility mechanism of these M "3 cations, therefore,
appears to be similar if not identical.

The rutile-melt Nb partition coefficients in peralka-
line melts are much smaller than those in peraluminous
melts. Whereas the composition of rutile in peralumi-
nous melts has a Nb/Al ~ 1 (in moles), rutile in the most
peralkaline melts has Nb/Al > 1. Rutile in peralkaline
melts with K* > 0.80, for example, has Nb/Al = 2-4
(Table 1). These observations emphasize two points re-
garding the solution mechanism in peralkaline melts.
First, the activity of NbAIQ, in peralkaline melts is low.
Secondly, because the preferred solution mechanism of
Nb in rutile requires a coupled substitution with Al, the
AINbO, species does not account for Nb/Al = 24 in
rutile. This suggests that an additional solution mecha-
nism of Nb is possible in rutile. A likely solution
mechanism in rutile is

4Nb*S 4 Vac = 5Tit* (3)
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Table 3 Experimental conditions and chemical composition of saturated rutile and coexisting haplogranite melts doped with different

amounts of Ta,Os at 1400 °C (mol%)

Sample  Doped Phase SiO, K,O Al,O3 TiO, Ta,Os5 K* D,
Tazos
(mol%)

K*301 0.28 Melt 76.73 £ 0.71*  6.43 £ 0.17 10.36 £ 0.22 6.43 £ 0.15 0.17 £ 0.05 0.38 18.00
Rutile 0.52 + 0.05 0.19 £+ 0.03 225 £ 0.17 94.06 + 0.86 298 + 0.21

K*302 0.28 Melt 76.71 + 0.68 7.46 £ 0.15 8.13 £ 0.18 7.54 £ 0.14 0.17 £ 0.04 0.48 13.60
Rutile 0.19 + 0.04 0.47 £ 0.05 2.38 £ 0.25 94.58 + 0.79 237 £ 0.32

K*303 0.28 Melt 66.98 + 0.59 9.19 £ 0.23 572 £ 0.15  17.90 + 0.24 021 £ 0.03 0.62 3.39
Rutile 0.20 + 0.03 0.34 £ 0.05 0.51 +£ 0.04 98.25 + 0.81 0.69 £+ 0.07

K*304 0.28 Melt 62.95 + 0.69 9.51 = 0.18 320 £ 0.14  24.11 £ 0.22 0.23 £ 0.05 0.75 2.49
Rutile 0.08 £ 0.02 0.19 + 0.03 0.26 = 0.05 9891 + 0.88 0.57 £ 0.06

K*305 0.28 Melt 60.27 = 0.56  10.25 + 0.28 1.96 +£ 0.19 27.28 + 0.24 024 £ 004 0.84 2.12
Rutile 0.04 £ 0.02 0.09 = 0.02 0.15 £ 0.03 99.22 + 0.83 0.51 £ 0.06

K*311 4.38 Melt 81.72 + 0.74 452 £ 0.15 8.13 £ 0.21 248 £ 0.12 315 £ 0.13  0.36 8.44
Rutile 0.63 = 0.07 024 = 0.04 2685 £ 0.32 4471 = 0.74 26.57 £ 0.31

K*312 4.38 Melt 72.80 + 0.68 6.86 £ 0.19 7.09 £ 0.12 8.72 £ 0.21 454 £ 021 049 2.30
Rutile 0.75 £ 0.10 0.16 £ 0.03 935 £ 0.19 7929 £ 093 1044 £ 0.16

K*313 4.38 Melt 72.09 £+ 0.62 7.02 £ 0.22 450 £ 0.19 11.96 = 0.25 424 £ 0.17 0.60 1.02
Rutile 0.68 £ 0.07 0.07 £ 0.02 441 £ 0.15 90.50 + 0.86 434 £+ 0.26

K*314 4.38 Melt 54.82 + 0.65 15.30 £ 0.15 373 £ 0.14 21.08 £ 0.29 507 £ 0.16 0.80 0.91
Rutile 0.88 + 0.07 0.18 £ 0.03 456 £ 0.16 89.76 + 0.72 4.62 £ 0.19

#The values before the + symbol refer to analytic results (mol%), and the values after the +

where Vac represents the vacancy created by the sub-
stitution.

The low activities of AINbO, in these peralkaline
melts imply low activities of excess Al species. Indeed,
according to the homogeneous equilibria

AlOAIl + NbONb = 2NbOALI
or

2A10Si + NbONb = 2NbOAI + SiOSi |, (4)

low activities of AIOAI or AIOSI require low activities of
the corresponding NbOAL species. In the simplest model
of peralkaline melts, the Al species are all incorporated
in the relatively stable KAIO, species (Dickinson and
Hess 1985; Hess 1991), leaving little Al in excess. In this
case, the solution mechanism for Nb,Os is
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Fig. 5 Dependence of Ds of Nb and Ta between rutile and melt on
K* for experiments doped with 0.28 mol% Nb,Os and 0.28 mol%
Ta,Os at 1 atmosphere

symbol denote one standard deviation (wt%)

2KOSi + NbONb = 2KONb + SiOSi (5)

where niobate species are stabilized by excess alkalis
(Hess 1995). This model is not totally accurate, however.
Note that the AINbO, content of rutile is not negligible
and increases to about one mole percent even in the
most peralkaline melts at high Nb,Os contents (Ta-
ble 1). From what was argued earlier, a finite NbAlO,
concentration in rutile requires a finite activity of
NbAIOy4 in the peralkaline melts. A small fraction of
Nb,Os is probably involved in the homogeneous equi-
librium

KOAI + NbONb = AIONb + KONb (6)

wherein the Nb reacts with tetrahedral aluminum charge
balanced by potassium. Such a solution mechanism
apparently exists in P,Os-bearing subaluminous melts
and perhaps also in peralkaline melts (Gan et al. 1994;
Gan and Hess 1992; Horng et al. 1999).

The content of NbAlQ, species in peralkaline melts
must be very small, however. A reasonable estimate of
the NbAIO, concentration is obtained by applying the
bulk partition coefficient obtained for Nb in peralumi-
nous melts to the species distribution of NbAlO, in ru-
tile and peralkaline melts. It follows that the NbAlO,4
content in peralkaline melts is roughly an order of
magnitude smaller than the NbAIO, content of coexis-
ting rutile.

The substitution of Nb*% and Al*? for 2Ti** prob-
ably distorts the rutile structure, since the charges and
the ionic radii of Nb"> and Al+3 (Nb™° = 0.64 A;
Al = 0.53 A for six-fold coordination with oxygen)
differ slightly from those of Ti** (r = 0.605 A for the
same coordination number) (Shannon and Prewitt
1969). Therefore, the accommodation of Nb,Os in rutile
increases more slowly than the amount of Nb,Os added
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Table 4 Experimental conditions and chemical composition of rutile and coexisting haplogranite melts doped with 0.28 mol% Nb,Os and

0.28 mol% Ta,Os together at 1 atmosphere

Sample T (OC) Phase SIOZ KQO A1203 T102 Nb205 Ta205 K* DNb DTa

K*201 1400 Melt 79.78 £ 0.79* 586 + 0.19 991 + 0.24 6.19 = 0.17 0.30 £ 0.05 0.24 + 0.03 0.36 11.82 20.67
Rutile 0.07 £ 0.02 0.17 + 0.04 8.85 £ 0.21 8248 £ 0.86 3.54 + 0.22 4.88 + 0.17

K*202 1400 Melt 74.60 + 0.81 834 + 0.23 8.43 + 0.31 8.17 £ 0.21 0.25 £ 0.03 0.22 £ 0.04 0.50 6.16 12.75
Rutile 045 + 0.05 0.12 +£ 0.02 6.09 £ 0.19 89.59 £ 0.74 1.56 + 0.12 2.77 + 0.15

K*203 1400 Melt 73.08 = 0.68 7.80 + 0.29 5.88 + 0.23 12.71 £ 0.32 0.30 = 0.04 0.23 + 0.03 0.57 1.14 2385
Rutile 0.53 £ 0.04 024 £ 0.04 0.62 + 0.06 97.62 + 0.82 0.35 = 0.05 0.64 + 0.05

K*204 1400 Melt 6095 + 0.71 11.09 + 0.16 347 + 0.18 2396 + 042 031 + 0.03 0.23 + 0.04 0.76 0.66 2.07
Rutile 0.08 + 0.02 0.09 + 0.03 0.28 £ 0.05 98.87 £ 0.79 0.20 + 0.04 0.48 + 0.03

4 The values before + symbol refer to analytic results (mol%), and the values after the + symbol denote one standard deviation (wt%)

to the starting composition, and perhaps approaches a
maximum limit. The melt structure is more flexible and
thus more able to accommodate increasing amounts of
Nb,Os. In the peraluminous melts, the Ds of Nb,
therefore, decrease systematically and the slope of the D
versus K* curves becomes shallower as the amount of
Nb,O5 added to the starting composition increases. In
contrast, because little Nb,Os5 partitions into rutile in
peralkaline melts, the Ds of Nb decrease more slowly as
the amount of Nb,Os in the starting composition in-
creases.

Melts doped with Ta,Os

The D versus K* curves for Ta in Fig. 4 are similar to
those found in equivalent experiments doped with the
same amount of Nb,Os. This suggests that the parti-
tioning of Nb and Ta are controlled by the same solu-
tion mechanism. A strong 1:1 correlation between Al,O5
and Ta,0s in rutile (Fig. 7), for example, verifies that the
coupled substitution, Al*? + Ta™> = 2Ti"*, is active
in experiments doped with Ta,Os. This observation is

20
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Fig. 6 A coupled substitution, Al™> + Nb*> = 2Ti™* in rutile
coexisting with peraluminous melts doped with different amounts of
Nb,Os at 1400 °C and 1 atmosphere

consistent with the coupled substitution,
Al"? + Nb*® = 2Ti"%, found in experiments doped
with only Nb,Os (Fig. 6). The solution mechanism for
TaAlO, is described by homogeneous equilibria

AlOAl(me]t) + TaOTa(meu) = 2T30Al(me]t) (7)

In peraluminous melts in which excess Al exists as tri-
cluster (AIOAl) without SiO,4 tetrahedra (or possibly
AIOSi with SiOy4 tetrahedra). The KOTa species in per-
alkaline melts are similar to those in Nb-bearing peral-
kaline melts discussed above.

The crystalline phase Ta-Al-rutile in Ta-bearing
peraluminous melts is similar to the Nb-Al-rutile in Nb-
bearing peraluminous melts. The Ta-Al-rutile is a good
analog to naturally occurring Ta-rutile (or struverite) in
granite pegmatites except that Fe™ typically replaces
Al"? as the charge balancing species for Nb ">, Like
ilmenorutile, the struverite [(Ti, Ta, Fe'?);04] has the
same structure as rutile, an expected consequence of the
similarity of ionic radii of Al"? (0.53 A) and Fe™’
(0.55 A) in six-fold coordination with oxygen (Foord
1982).
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Fig. 7 Coupled  substitutions, ~ AlT> + Ta™> = 2Ti"*  for

0.28 mol% Ta,Os experiments and Al7% + (Nb¥°, Ta™%) = 2Ti"*
for 0.28 mol% Nb,Os and Ta,Os together experiments, in rutile
coexisting with peraluminous melts at 1400 °C and 1 atmosphere



Melts doped with Nb,Os5 and Ta,Os5 together

Partition experiments run with Ta alone or melts doped
with Ta + Nb together show that the solution mecha-
nisms for Ta in rutile and melt are similar to those
proposed for Nb. A strong 1:1 correlation between
Al,O3; and Nb,Os; + Ta,Os in rutile also verifies the
coupled substitution [A1"? + (Ta®>, Nb"?) = 2Ti" 4]
in experiments doped with Nb,Os and Ta,Os together
(Fig. 8). The D versus K* curves for Ta-doped melts,
moreover, parallel those obtained for Nb-doped melts.
It follows that the dominant melt species for Ta is
AlTaOy in peraluminous melts and KOTa in peralkaline
melts, similar in kind to those in Nb-bearing melts.

Nb,Os and Ta,Os in rutile

The main difference between the Ta- and Nb-bearing
systems is that the rutile-melt Ds for Ta are approxi-
mately twice as large as those of Nb (Fig. 4). This result
is surprising because Nb and Ta possess the same charge
(+ 5) in air at 1 atmosphere, and both possess the same
ionic radii (Ta™> = 0.64 A, Nb™° = 0.64 A) for six-
fold coordination with oxygen (Shannon and Prewitt
1969). The difference between Nb and Ta partitioning
into rutile, therefore, is not explained by possible vari-
ation in the ionic potential Z/r (where Z = cation
charge and r = cation radius) which is one of the most
important parameters in estimating cation-oxygen bond
strength. One possible explanation for the difference
between the partitioning behavior of Nb and Ta is that
Nb and Ta exist in different oxidation states under the
experimental conditions. Niobium (1.6) is slightly more
electronegative than Ta (1.5) according to Pauling’s
scale (Pauling 1960); therefore, Nb exists in a trivalent
state more easily than Ta under the same condition
(Green and Pearson 1987) The Nb*? would be less
compatlble in rutile, since the ionic radius of Nb*?
(0.70 A) is larger than Nb™> (0.64 A) (Wolff 1984).
Under conditions where a substantial amount of Nb
exists in its trivalent state, Nb would be excluded more
readily from rutile structure than Ta.

It is very unlikely, however, that Nb exists in the two
valence states (Nb " and Nb ™) under the experimental
conditions of 1400 °C and melts equilibrated with air.
One half of Nb in the melt would have to be in a tri-
valent state to explain the Ds for Ta and Nb. In addi-
tion, if one half of Nb exists in trivalent state in liquid,
then some Nb"* would also be stable. The Nb,O,
possesses the same structure as rutile (Cotton and Wil-
kinson 1988), and Nb " * would substitute for Ti " more
readily than either Nb"? or Nb™> As a result, more
than one half of Nb existing in trivalent state is required
to compensate for the easy entry of Nb ™ into the rutile
structure. Furthermore, the oxidation state of Nb de-
pends on temperature, oxygen fugacity, and bulk melt
composition. If the different oxidation states of Nb
contribute to the difference between the rutile-melt Ds of
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Nb and Ta, the ratio of the Ds of Ta to Nb would vary
at a different K*. The Ds of Ta are approximately twice
as large as those of Nb for different bulk melt compo-
sitions. This observation suggests that Nb*? is not a
predominant factor responsible for the difference in the
partitioning behavior of Nb and Ta.

In addition to charge and ionic radius, the polariza-
bility, i.e., the distortion of the electron cloud of an ion
caused by an oppositely charged neighbor, is an
important factor controlling chemical substitution in
crystals.

The polarizing power of Nb and Ta can be evaluated
in terms of the specific refractivity of the respective
cation. When an atom is subjected to electromagnetic
radiation, a temporary displacement of its valence elec-
trons is induced by the electric field of electromagnetic
radiation operative at optical frequencies (Jaffe 1988).
The induced dipole moment (p) results from the dis-
tortion of the symmetrical electronic charge distribution
with respect to the nucleus of the atom. The magnitude
of such dipole moments, summed up over all the atoms
in a mineral, is determined by the calculation of the
molecular electronic polarizability (og). The molecular
electronic polarizability can be evaluated from mea-
surements of the indices of refraction, density, and
molar volume according to the Gladstone-Dale equation
(Jaffe 1988):

oG = (3/(4n x N)) x K x M (8)

in which N = Avogadro’s number, K;= the specific
refractivity of Nb and Ta in six-fold coordination with
oxygen (Jaffe 1988), and M = the molecular weight of
the oxide of interest (Nb,Os: 265.81; Ta,Os: 441.89).
The molecular electronic polarizabilities of Nb,Os and
Ta,0s5 calculated from Eq. (8) are 26.239 and 24.274,
respectively.

Niobium and Ta exist in NbOg and TaOg4 octahedra,
and they substitute for octahedrally coordinated Ti in
the presence of charge balancing trivalent cation in ru-
tile. The Nb and Ta must compete with Ti for the va-
lence electrons of oxygen, resulting in the weakening of
Ti-O bond. The polarizing power of Nb in six-fold co-
ordination is greater than that of Ta in the same coor-
dination. The formation of a strong covalent bond
between Nb and O weakens the Ti-O bond more than
the interactions between Ta and O, so that the substi-
tution of Nb for Ti distorts the rutile structure more
severely than the Ta substitution for Ti. Consequently, a
smaller quantity of Nb partitions into rutile than Ta.
This enables rutile to maintain same structure, and the
structural distortion is minimized.

According to the polarizability argument in which
two elements possess identical ionic potential, it is rea-
sonable to conclude that the polarizing power difference
between two cations might provide additional insight
regarding their partitioning between a crystalline phase
and a liquid phase. For example, the partition coefficient
of Ta between the crystalline phase and liquid phase in
the Ta,05-Nb,Os system is greater than that of Nb
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Table 5 Experimental conditions and chemical composition of saturated rutile and coexisting haplogranite melts doped with 1 mol%

ZrO; and 1 mol% HfO, together

Sample T (OC) Phase 5102 Kzo A1203 T102 Zl'02 Hf02 K* DZr DHf
ZH*001 1400 Melt 76.41 + 0.63* 5.77 £ 0.14 10.39 + 0.27 6.68 = 0.21 0.35 £ 0.08 0.40 + 0.06 0.36 43.90 72.12
Rutile  0.03 +£ 0.02 0.07 £ 0.03 0.70 + 0.03 55.50 = 0.39 15.23 + 0.23 28.49 + 0.29

4The values before the + symbol refer to analytic results (mol%), and the values after the + symbol denote one standard error (wt%)

(Holtzberg and Reisman 1961), since the polarizing
power of Ta™> is less than that of Nb™>. In another
example, the ionic potentials of Zr (Z/r = +4/0.71 A
for six-fold coordination) and Hf (Z/r = +4/0.72 A for
the same coordination) are very close. However, the D
of Hf between rutile and melt is about 1.6 times as much
as that of Zr in rutile saturation experiments with the
same system, K* = 0.35, doped with 1 mol% Zr,Os
and 1 mol% Hf,05 at 1400 °C and 1 atmosphere (Ta-
ble 5). This result is consistent with the observation that
the molecular electronic polarizabilities of ZrO, and
HfO, are 10.35 and 9.64 (A)® respectively (Table 6).

Concluding remarks

Partition coefficients of Nb and Ta between rutile and
haplogranite melts are strong functions of bulk com-
position as measured by K*, the concentration of Nb,Ojs
and Ta,0s and temperature. The partition coefficients
are rationalized by proposing that the activity of
NbAIOy species in peraluminous melts and the activity
of KOND species in peralkaline melts control the rutile-
melt equilibria. The extraordinarily large Nb (Ta) rutile-
melt partition coefficients in peraluminous melts are
a consequence of the coupled substitution of
Al™? + Nb*° = 2Ti** which allows easy entry of Nb
(Ta) into the rutile structure. The high activity of
NbAIO, in peraluminous melts and the low activity of
this species in peralkaline melts account for the large
differences in the partition coefficients between peralu-
minous and peralkaline melts.

The Ds of Ta between rutile and melts are approxi-
mately twice as large as those of Nb in experiments
doped with Nb,Os and Ta,Os5 together. This difference
cannot be explained by their ionic potentials, but rather
by the contrasting polarizabilities. The Nb"> with a
large polarizing power forms a stronger covalent bond
with oxygen than Ta "> with a smaller polarizing power.

Table 6 Ionic potential Z/r (where Z = cation charge and
r = ionic radii in A) and molecular electronic polarizability o in
(A)? of Nb, Ta, Zr, and Hf

Cation Tonic potential Molecular electronic
Zfr) polarizability og

Nb 5/0.64 26.24

Ta 5/0.64 24.27

Zr 4/0.71 10.34

HFf 4/0.72 9.64

The formation of the strong bond, Nb-O, distorts the
rutile structure more severely than the weak bond, Ta-O.
Therefore, it is more favorable for Ta to partition into
rutile than for Nb.

Niobium and Ta normally are considered as geo-
chemical twins due to their same charges and ionic radii.
The ratio of Nb to Ta is, therefore, expected to be
constant within a co-magmatic suite, thus allowing the
Nb/Ta ratio to be used as a petrogenetic indicator of
distinct source regions with different Nb/Ta ratios. The
partition coefficients of Ta between rutile and melts,
however, are approximately twice as large as those of
Nb. The utilization of the Nb/Ta ratio as a petrogenetic
indicator in granitic melts must be done with caution if
rutile (or other TiO,-rich phases) is a liquidus phase
because the Nb/Ta ratio of the residual liquid increases
with rutile crystallization. The petrogenetic conse-
quences of such equilibria are discussed more fully in a
companion paper (W.-S. Horng and P.C. Hess in
preparation).
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