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ABSTRACT
Subduction zone or arc magmas are known to display a characteristic depletion of High Field Strength
Elements (HFSE) relative to other similarly incompatible elements, which can be attributed to the presence
of the accessory mineral rutile (TiO,) in the residual slab. Here we show that the partitioning behavior

of vanadium between rutile and silicate melt varies from incompatible (~0.1) to compatible (~18) as a
function of oxygen fugacity. We also confirm that the HFSE are compatible in rutile, with D(Ta) > D(Nb)
>> (D(Hf) >/~ D(Zr), but that the level of compatibility is strongly dependent on melt composition, with
partition coefficients increasing about one order of magnitude with increasing melt polymerization (or
decreasing basicity). Our partitioning results also indicate that residual rutile may fractionate U from Th

due to the contrasting (over 2 orders of magnitude) partitioning between these two elements. We confirm
that, in addition to the HFSE, Cr, Cu, Zn and W are compatible in rutile at all oxygen fugacity conditions.

Key words. arc magma, HFSE, partition coefficient, redox, rutile.

INTRODUCTION

Despite their similar compatibility during mantle
melting, the High Field Strength Elements (HFSE:
Nb, Ta, Zr and Hf) display a characteristic depletion
relative to the Rare Earth (REE) and Large Ion
Lithophile (LILE) elements in subduction-related
or arc magmas (see Tatsumi and Eggins 1995). In
fact, this geochemical signature has long been used
as a distinctive feature of arc magmas, yet its reason
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remains controversial. Some authors argue that
HEFSEs are less mobile than LILEs and REEs and that,
because of this, fluids produced by slab dehydration
are depleted in these elements (e.g. McCulloch and
Gamble 1991, Keppler 1996). However, recent
experimental evidence indicates that the mobility of
HFSEs during slab dehydration may approach that
of light REEs and LILEs at increasing pressures
and salute contents of fluids, which would then
require the presence of a residual phase in the
sources of arc magmas that could selectively retain
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the HFSEs to explain their depletion (e.g. Brenan
et al. 1995, Stalder et al. 1998, Ionov and Hofmann
1995, Tiepolo et al. 2000).

Rutile (TiO,) is considered the prime candidate
to retain HFSEs in residual subducted slabs since it
has been shown to be a ubiquitous accessory phase in
eclogites (e.g. Rudnick et al. 2000, Zack et al. 2002)
and to incorporate large amounts of HFSEs (Green
and Pearson 1987, Zack et al. 2002). Experimental
studies have demonstrated that HFSEs are indeed
compatible in rutile, but their partitioning behavior
appears to be strongly dependent on melt composition
(Horgn and Hess 2000, Klemme et al. 2005). In
principle, the partitioning of HFSEs between rutile
and silicate melt may also be influenced by the
presence of other trace-element cations, which can
either compete for crystallographic sites and/or allow
for coupled substitution mechanisms such as M>" +
M =Ti*" + M¥, or M*" +2 M*" =3 Ti*', or4 M*" +
[ 1=5 Ti*"; where M** is a metal cation of specified
valence and [ ] is a vacancy (Horng and Hess 2000).

Vanadium is a multivalent element which
can occur as V', V3 V# and V', depending
on oxygen fugacity (fO,), in geological settings
(e.g. Mallmann and O’Neill 2009, 2013). In its
quadrivalent and pentavalent states, vanadium
shows the same geochemical characteristic that
defines the HFSEs, which is high ionic charge/
ionic radius ratio. Hence, at appropriate redox
conditions, vanadium should behave similarly to
the HFSEs. Interestingly, the transition between
the various vanadium valence states occurs over
the range of oxygen fugacities inferred for the
genesis of terrestrial magmas. Assuming that arc
magmas are indeed formed under more oxidizing
conditions than mid-ocean ridge and island arc
magmas (e.g. Kelly and Cottrell 2009, Cottrell
and Kelley 2011, Evans 2012), one would expect
the partitioning behavior of V between rutile
and silicate melt to vary considerably during
the genesis of these different types of terrestrial
magmas. To what extent the partitioning of
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vanadium between rutile and silicate melt changes
as a function of oxygen fugacity and, particularly,
what is the indirect effect of changing oxygen
fugacity (and vanadium partition coefficients)
on the partitioning behavior of the homovalent
HFSEs remains to be tested.

In this paper we report the results of an
experimental study aimed at determining the effect
of oxygen fugacity on the partitioning of trace
elements between rutile and silicate melt. High
temperature and pressure partitioning experiments
were carried out over a range of oxygen fugacities
(from 1072 to 10**3 bars at 1300°C) sufficiently
large to cover the transition from V** to V#" to
V3" and, most importantly, the redox conditions
inferred for terrestrial magmas.

MATERIALS AND METHODS

STARTING MATERIALS

We studied three compositions (SKHDANI,
SKHDRHI1 and SM20), selected from the work of
Klemme et al. 2005, which are known to equilibrate
rutile and silicate melt at atmospheric pressure (1 bar)
between 1250 and 1300°C (Table I). All compositions
were prepared by combining appropriate amounts of
reagent-grade oxides (Si0,, TiO,, Al,O;, MgO, Fe,03)
and carbonates (CaCO;, Na,CO5 and K,COj3) to make
5 g of material. Composition SKHDAN1 was doped
with 3 different cocktails of trace elements (to make
3 different starting materials labeled SKHDAN1-a,
SKHDAN1-b, and SKHDANI-c): the first containing
250-500 pug g! of the HFSEs Zr, Hf, Ta and Nb (i.e.
only homovalent trace elements of valence 4+ and 5+);
the second also containing, in addition to the HFSEs
listed above, about 250-500 pg g™ of V (a multivalent
element); and the third containing 250-500 pg g of
several trace-element cations of various valence states,
namely Zr, Hf, Ta, Nb, V, Th, Sc, U, Ga, Y, Fe, P,
Cr, Li, Ni, Cu, Zn, Ba, Sr, Pb, In, Sb, Sn, Co, Ta, W.
This last cocktail of trace elements was also added to
compositions SKHDRH1 and SM20.



RUTILE/SILICATE-MELT PARTITIONING

TABLE I
Starting compositions in cg/g.

SKHDRH1 SKHDAN1 SM20
Sio, 55.98 45.80 40.37
TiO, 20.01 23.70 32.38
ALO, 12.00 15.30 7.60
Na,0 6.41 6.10 9.80
K,0 5.60 3.10 1.55
CaO - 6.00 231
MgO 1.90
FeO - - 4.09

ONE-ATMOSPHERE HIGH TEMPERATURE GAS-MIXING

EXPERIMENTS

Charges for one-atmosphere (i.e. 1-bar) experiments
were prepared by mixing about 100 mg of powder of
each composition with a gel made from polyethylene
oxide and water, and mounting the resulting sludge
on either Pt or Re wire loops; the choice of wire
depends on the target oxygen fugacity of a particular
experiment (see Mallmann and O’Neill 2009). Five
compositions were suspended together from a Pt
“chandelier”. The samples were introduced in the
furnace at a temperature between 600 and 900°C
(pre-conditioned with the desired gas mix). The
temperature was then increased at a rate of 6°C min'
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to 1425-1450°C. This temperature was maintained
for 1 hour, and then slowly cooled at a rate of 6 to
12°C h™! until the target equilibrium temperature of
1300°C had beenreached. The slow cooling from the
superliquidus temperature is necessary to minimize
nucleation points and therefore grow fewer but
larger crystals. Experiments were then held under
these conditions for approximately 2 days and then
dropped-quenched in water. All experiments were
carried out in a GERO HRTV 70-250/18 vertical
tube (high-purity 99.9% alumina) furnace at the
Instituto de Geociéncias, Universidade de Sao
Paulo, Brazil (Fig. 1). Gas flows were controlled
by Aalborg mass flow controllers of 10, 100
and 200 SCCM calibrated for CO, CO, and O,.
Oxygen fugacity imposed by gas mixing was
calculated using thermodynamic data compiled in
Kress et al. (2004), and checked before starting
the experimental campaign with a SIRO, C700+
solid zirconia electrolyte oxygen sensor. Results
are shown in Fig. 2, and indicate accuracy better
than 0.1 log fO, units. Temperature at the hot zone
was checked with the help of a type B (Pt;oRh;3o-
Ptg4Rh¢) thermocouple internal to the tube prior to
the experiments. The furnace hotspot, identified
via a temperature vertical profile, spans over Scm

b)

Figure 1 - Schematic drawing (a) and photograph (b) of the one-atmosphere vertical tube furnace with drop-quench mechanism
and attached gas mixing system used in this study. MFC - mass flow controller.
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Figure 2 - Comparison between oxygen fugacity determined
by CO-CO, gas mixing and measured by a SIRO, C700+ solid
zirconia electrolyte oxygen sensor in the vertical tube furnace.
All measurements were obtained at 1300°C (at the sensor) with
air as reference. The root mean square deviation (RMSD) of
the linear regression is 0.09 log units, which we take to roughly
indicate the precision of the oxygen fugacity set by gas mixing.

vertically with temperature variability within £2°C
(Fig. 3). During the experiments, temperature was
controlled by a type B thermocouple external to
the muffle tube, feeding into a Eurotherm PID
controller. A summary of experimental conditions
is given in Table II.

HIGH PRESSURE AND TEMPERATURE PISTON-CYLINDER

EXPERIMENTS

In order to achieve conditions more oxidizing
than those accessible via pure O, gas at 1 bar,
each of the 5 starting compositions were loaded
into 2.3 mm Pt capsules along with PtO, and
equilibrated at 1 GPa and 1300°C (Table IT). Under
the pressure and temperature conditions of these
experiments, PtO, breaks down to Pt and sufficient
O, to produce a partial pressure equal to the
confining pressure, buffering the oxygen fugacity,
which was calculated to be ~ 10**3 bars from the
equation of state of pure O, given by Belonoshko
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and Saxena (1991). The 5 capsules containing
the samples and PtO, were placed inside a rod of
crushable MgO, with interstitial spaces between the
capsules filled with alumina cement. The MgO rod
containing the 5 capsules was then placed inside
a %” NaCl-Pyrex-graphite pressure assembly and
equilibrated at pressure and temperature using a
Bristol-type end-loaded piston cylinder apparatus
housed at the Institute of Geosciences, University
of Sdo Paulo, Brazil (Fig. 4). Temperature was
monitored using a type B thermocouple protected
by high-purity alumina tubing. As for the 1-bar
experiments, temperature was first raised above or
near the liquidus and slowly cooled to the target
temperature of 1300°C to promote the growth of
fewer but larger crystals. After about 2 days at
the equilibrium temperature, the experiment was
quenched by switching off the power supply.

ANALYTICAL PROCEDURES

Recovered experimental charges were mounted in
epoxy resin, grinded to expose the phases, polished,
and then etched/cleaned for a few minutes in an
ultrasonic bath with a dilute (1:10) solution of
Citranox and distilled water in order to better reveal
the crystals at the surface in reflected light. The major
and trace element composition of experimental
run products were analyzed by a JEOL JXA 8900
electron microprobe, and by a 193 nm Resonetics
M50-E excimer laser ablation (LA) system coupled
to a single collector quadrupole Thermo X-Series
2 mass spectrometer (ICP-MS), respectively. Both
instruments are housed at the Steinmann Institut,
Universitidt Bonn, Germany.

The crystalline phase present in all experimental
samples was determined to be rutile after qualitative
(EDS) electron microprobe spectral analyses, and
further assumed to have a stoichiometric TiO,
composition. Silicate melt quenched to glasses were
analyzed by electron microprobe in WDS mode
at 15 kV acceleration voltage, 10nA beam current
and 10 micron beam diameter. Calibrations for Ca,
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TABLE 11
Experimental conditions.
. i i i Gas mix
R Tpeed Wieloont 700 PR 100 PR o Tco, ol
atsup.  (°C/h) at eq. (% full scale x MFC range)
SP280613 GMEF / 1bar Re 1450 1 6 1300 42 48.0x200  6.9x10 - -14.0
SP040713 GMEF / 1bar Re 1450 1 6 1300 40 22.0x200 10.0x10 - -13.0
SP070713 GMEF / 1bar Re 1450 1 6 1300 40 22.0x200 31.6x10 - -12.0
SP220713 GMF / 1bar Re 1450 1 6 1300 45 22.0x200 100.0x10 - -11.0
SP300713 GMF / 1bar Re 1450 1 6 1300 45 22.0x200 15.9x200 - -10.0
SP070813 GMF / 1bar Pt 1450 1 6 1300 40 9.6x200  22.0x200 --- -9.0
SP100813 GMF / 1bar Pt 1450 1 6 1300 46 61.0x10  22.0x200 --- -8.0
SP050313 GMF / Ibar Pt 1450 1 9 1300 36 19.2x10  22.0x200 --- -7.0
SP020313 GMF / Ibar Pt 1450 1 9 1300 53 13.3x10  48.0x200 --- -6.0
SP270213 GMF / Ibar Pt 1425 1 6 1300 45 4.2x10  48.0x200 --- -5.0
SP180213 GMF / Ibar Pt 1425 1 12 1300 51 --- 30.0x200 --- -34
SP130813 GMF / Ibar Pt 1450 1 6 1300 43 --- 30.0x200 --- -34
SP210213 GMEF / 1bar Pt 1425 1 12 1300 58 - 32.0x200 4.3x15%  -2.0
SP250713 GMEF / 1bar Pt 1450 1 6 1300 45 --- - air’ -0.7
SP240213 GMF / 1bar Pt 1425 1 12 1300 46 -—- - 25.0x300 0.0
PC100813 PC/1 GPa Pt 1425 1 12 1300 48 - - --- 4.3

GMF = gas mixing furnace, PC = piston cylinder. § MFC oscillating in the first 12 hours, then stable to 0.5%.

*Furnace open to air. ! Starting mixes loaded in Pt capsules with PtO,.
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Figure 3 - Vertical temperature profile determined for the
vertical tube furnace with a type B thermocouple placed
inside the tube. All measurements were obtained at 1200°C
(set by a type B thermocouple external to the tube) in air.
All temperature values presented in the paper have been
corrected for the 3°C offset between the internal and external
thermocouples. Uncertainty in temperature is expected to be
less than £2°C at the hot zone.

Mg, Al, Si and Fe were obtained on BCR silicate
glass standard, for Na on an in-house Jd-Di eutectic
silicate glass, and for Ti on rutile. Accuracy and
reproducibility were checked using the VG2 basaltic
glass standard. The close to 100% totals obtained in
all silicate glasses suggest that under the operation
conditions Na loss was not an issue during analysis.

The trace element compositions of silicate
glasses and rutile were determined by laser-
ablation ICP-MS using the following isotopes: Li,
2Na, %Mg, Y7Al, 2°Si, 3'P, ¥K, 43Ca, 45Sc, 4'Ti,
51\]’ 52CI’, 55Mn, 57Fe, 59C0, GONi, 65Cu, 66Zn, 71Ga,
85Rb, $3Sr, Y, %Zr, %3Nb, '5In, 118Sn, 119Sn, 12!Sb,
123g], 138B, 178K, 181, 184y, 208pp, 232Th and
238U, Data for Li, P, Rb, In, Sn, Sb and Pb are not
presented because these elements were either too
incompatible or too volatile under the experimental
conditions. The laser was operated with a frequency
of 10 to 15 Hz using a spot size that varied from
20 to 100 microns in diameter, depending on the
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Figure 4 - Schematic drawing (a) and photograph of the Bristol-design end-loaded piston cylinder apparatus used in this study.
Schematic drawing courtesy of Charles Clapham (University of Bristol).

size of the phase and whether melt inclusions were
present. Count rates were normalized to either
28i (for silicate melts) or *'Ti (for rutile) with
concentrations defined by electron microprobe and
stoichiometry, respectively. Normalized counts
were then transformed into concentrations using the
NIST-SRM 610 silicate glass as external reference
standard assuming the concentrations given in
Jochum et al. (2011). The standard NIST-SRM 612
silicate glass was used to monitor the variability
and accuracy of measurements. For each phase,
we collected between 5 and 15 individual spot
analyses, with each spectrum consisting of 20
seconds of background measurements and 40
seconds of sample integration (Fig. 5). However,
in many cases, due to the severity of cross-
contamination between the rutile and silicate
glass signal, either because of the small size of
rutile crystals, presence of melt inclusions in
rutile, or presence of micro-crystals of rutile in
the silicate melt, several individual spot analyses
had to be discarded (Fig. 5). To assess the level
of contamination we monitored the signals of
29Si, Na, '*®Ba and *'Ti, and only considered

spectrum that showed no or very little signal cross-
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contamination. For many samples we could not
obtain “clean” uncontaminated analyses of either
rutile and silicate melt, hence the gaps in the data
presented in the paper.

RESULTS AND DISCUSSION

In total, our study resulted in 80 individual expe-
rimental samples, which produced upon quenching
euhedral to subhedral rutile crystals of sizes ranging
from about 1 to 500 microns and homogeneous silicate
glass. No other phase was observed. Examples of
typical run products are illustrated in Fig. 6. The
major element composition of silicate glasses
(only selected samples for which trace element
contents in both rutile and silicate melt could be
determined) is presented in Table III. The trace
element composition of silicate glasses and rutile
of selected samples is presented in Table IV, and
rutile/silicate-melt partition coefficients, calculated
by dividing the concentrations of trace elements, is
given in Table V. Composition SM20 yielded the
largest rutile crystals, hence we were able to analyze
all experiments in the oxygen fugacity series.
Composition SKHDRH1 yielded extremely small
rutile crystals, which we were not able to analyze for
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Figure 5 - Examples of laser time-resolved laser-ablation ICP-MS spectra recorded in this study. a) “Clean” rutile spectrum. b)
“Clean” silicate glass spectrum. c) Mixed rutile (15-22 sec) and silicate glass (36-45 sec) spectrum. In this case, the laser drilled
trough the rutile crystal and reached the silicate glass, resulting in a mixed signal from around seconds 22 to 36. d) Completely
mixed signal between rutile and silicate melt where it is difficult to extract a “clean” rutile and/or silicate glass signal. This
spectrum was not integrated.

trace elements and therefore have no data to present. of equilibrium. We note, however, that there is
Composition SKHDANT1 also yielded very small a systematic change in partitioning coefficients
rutile crystals, but we were able to collect at least  calculated for experiments with composition SM20
one “clean” rutile analysis in a few samples with as a function of oxygen fugacity (Fig. 7). While this
this composition, which cover the various doping  behavior is normally assumed to be due to changes
cocktails we used at oxygen fugacities ranging from in valence states, we observe that such changes
reduced to intermediate to oxidized. occur even for trace-element cations which are

Calculated rutile/silicate-melt  partitioning known from previous studies to display a constant
coefficients (Table V) are in good agreement with ~ valence state (i.e. homovalent elements) over
literature data. Specifically, our experiments with the range of oxygen fugacity conditions covered
composition SM20 at 1300°C and log fO, of -3.4 in our experiments (Fig. 7a). This change must
(SP130813-3 and SP180213-5) resulted in partition  therefore result from the effect of another variable,
coefficients that are consistent with those reported which we identified to be melt composition. There
by Klemme et al. (2005) for their equivalent is a systematic change in melt major-element
experiment RT10-20, attesting for attainment  composition with oxygen fugacity, with noticeable
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Figure 6 - Backscattered clectron (BSE) images of representative experiments. a) Typical experimental

product obtained for composition SM20 in 1-bar high-temperature experiments containing rutile crystals

(light gray) and silicate melt quenched to glass (dark grey). White areas are Pt wire remnants. Dark

surroundings are epoxy. b) Example of 1-bar high-temperature experimental product obtained with

composition SKHDRHI. Rutile crystals produced with this composition were too small to be analyzed

by laser-ablation ICP-MS. c¢) Detail showing rutile crystals containing melt inclusions. d) Example of

experiment at high-pressure with PtO,.

decrease in Ti and Na and increase in Si, Al, Ca and
Mg with decreasing fO,, which results in a gradual
increase in melt polymerization from oxidized to
reducing conditions as evidenced by melt descriptors
such as optical basicity (A) and NBO/T (Table III,
Fig. 8). The most likely explanation for this change
is the progressive loss of Na by volatility with
decreasing fO,. Despite our efforts, we also noted
that a significant proportion of Fe was lost to Pt wire
in experiments at log fO, -7, -8 and -9 (Table III),
hence these specific experiments with composition
SM20 should be interpreted with caution.
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PARTITIONING AND SPECIATION OF HETEROVALENT ELEMENTS

Klemme et al. (2005) reported rutile/silicate-melt
partition coefficients for vanadium, noting that the
lowest values were obtained for the most oxidizing
experiments. However, they found no consistent trend
with oxygen fugacity. Our results for composition
SM20 show a systematic increase in V partition
coefficients from ~ 0.04 to ~ 19 towards reducing
conditions (Fig 7b). However, as noted previously,
there is a systematic change in melt composition
concomitant with the change in oxygen fugacity that
most certainly affected the partitioning of all elements
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Figure 7 - Rutile/silicate-melt partition coefficient obtained for HFSEs (a) and several heterovalent elements
(b) plotted against oxygen fugacity. Note that the systematic change in Zr, Hf, Nb and Ta partition coefficients
with oxygen fugacity is in fact due to a concomitant change in melt composition (see Fig. 8) and not changes
in valence states.

--m--Zr —e— Hf
---3--- Nb --0-- Ta

100 | —§ §§ ; 5 -

A u S - I %égﬁ

% : ------- a- O dl;

e | %m0 i
‘% ﬁ--.‘ﬂ ﬁ
S 10Le \
= O

-

T T TOTT0
Ler Tl

.

0.54 0.55 0.56 0.57 0.58 0.59
Basicity

Figure 8 - Rutile/silicate-melt partition coefficient obtained for HFSEs
plotted against the optical basicity of the silicate melt. See text for details
on linear regressions.

An Acad Bras Cienc (2014) 86 (4)



GUILHERME MALLMANN, RAUL O.C. FONSECA and ADOLFO B. SILVA

1620

“JIWI] UOT}OR)OP MO[q = [Pq "SIUSWINSLIW ¢ JO ULW Ay} JO (BWSIS-]) UOHEBIASD pIepuess aie sisayjuaed ur sanfep 0-[ANVHIS = Al ‘G- TANVHIS = 111 ‘e-TANVHIS = II ‘0Z-IAS = [ :suonisodwo))

69 0rs (re)Lss (gD el (€D gor D Lst Oy sLel 0¢) Tes  (65T8) 6thce (114 6vT09  (2961) €6g661  (T) 9ST  (€Th) 16v6  v'E- Al b-€180€1dS
(€oerr D gL (88 oce (L0) L (09 60€ (Ov)6TrT (8¢) T88  (¢s87) $8¢16  (€v€) 8L009  (6€T0) ¥SOL6T  (€1) v6T  (968) 86E€6L  9- Al £-€1€020dS
(o) s o) Tt (€9) 66 (€0)STr (S¢) LT€ (8D SSIT (81 168  (I0L1) 8876  (€99) 79€8S  (2L9€)9s€80C  (¥) L8T  (019) L6699  L- Al T-€1€0S0dS
Sy s8r (=) pa  (ss» oL (prer (€0 19 (Ovest (900) L91  (e51€) 806L8  (LLD) L2009  (19L2) €90v0T  (8) 79T  (2O1) €296 '€~ Il 1-€180€1dS
(D g5 =) wpa (09D sst (1¢) 68 (60) ¥'L  (Ov) 9Tzl (87 11T (80v0) T6€l6  (S¥S) TL6LS  (81S)ST0861  (T1) #ST  (61%) 8L98L 9~ TII T-€1€020dS
o Lrs =wa 00 v @D s6 0 0L (O8I 1D 61T (9L v6066  (Tre) $L009  (801€) SL09IT (L) SLT  (#€0) €8€IL L~ TII $-€1€0S0dS
@9 oer (=) a9 ool DL (€D 19 (60 1Lz (90 1ST (661€) 086 (629) 1T€ey  (6890) 19700C () 98T  (9¥CI) L6S9L  #'€- T T-€IS0EIdS
(=)pa =) g () P9 D 98 (O €5 (S0 6 (@D 091 (bSSD) 0v868  (L¥S) 9,509 (908) 990861  (11) €L  (808) S¥EE8 9= I I-€1€0TOdS
(ry)zee (=) pa (00 80¢  (80) 06 (90) 62 (90) €L (@D LTc (21T 0L886  (T9L) 79909  (Legg) s8cice  (S) 64T (S9L) 6€01L  L- I 1-€1€0SOdS
o rer (=) wpa  (sv0) 9ze L eer €0 s¢ (10 601 (69 L6T  (919€) 606501  (8901) 95095  (££97) €5€L91  (¥1) 9¢T  (S601) 8L0S8 11~ II 1-€1L0TTAS
096191 (9DSIIT (TP 60r9T (S01)68L9 (') 9PLE (8°S) 98by (9°€) 9'LeT  (0901) 8LPIS  (bLT) €9LLE  (€18T) L9T8TT (T8E) 69L1E (LPOT) STIT6L  €F T €18001Dd
€DTHT (TD9OIT  (£92)€89s€  (OV) S8FL  (9°0)T8FT (€6) TIvy (S0 govl  (110€) L8167  (6€9) 190ty (S6€) 188p€l (1ST)¥8TTe  (2LS) 068891 0 I S-€1T0vTdS
oz (Dyeor (seDirzele (€908¢9 (1'0) €1 (€D vLLe (L0) 6cct  (s01) 8¢6er  (9pk) Tolvbe  (0TTl) 088F11 (907) 86¥LT (LLYT) LLSOOT L'O- 1 #-€1LOSTS
©O1D 618 (80 96 (6LD8L6FE (1€)9L8L (KO ¥'e6 (ST 8LOF (0D 6661  (#9%) 789y (p¥D) $8.9¢  (I401) 8660€T (SET) L8LOE  (S6L) SL6LST T~ 1 S-€1T01TdS
OpL191 (FO8801  (289)901LE (01808 (19 0SLT (€D 8YIF (60) €91 (66€1) SE9Ly  (06€) 0LELE  (SSET) LOLIET (#0D) T1ETE (8€EE) 1TOI9T  +'€- 1 S-€12081dS
09 L9 (1D Tes (LLv)oovee (UK T19LL (97 991 (#9)s9Le (1'€) 0LET  (96€7) €€s8F  (€v9) 00Tey  (1961) v¥16T1 (9T1)9LLOE  (€6S) 8TOESYT  #€- T €-€I80€1dS
o ess (90 Tyy  (8L9)T8zor  (L06SL (O TIv (L9 L1ve (9 8811 (2¢L8) 9Lthy  (Tre) €€9s€  (1601) TTL81T (60€) 68S6T (1€91) 0LSETT S 1 S-€1T0LTdS
SO reL oeeL roDssyor (scDvvel (100 Lvs (69 L11e (1°9) €vel  (6L21) Teely  (6v€) s8eve  (L1€D) vSL0TT (1L9)0TT6T (#TrD) S6EIT 9~ 1 S-€1€020dS
#D 86 (50 66 (TID) 1289 (9L L189 (60) 08  (Fp) €SIT (LD €601 (s9) 0LTly  (61€) S€9ze  (S961) 180601 (6T7) LTS8T  (66S) L89€8 L= T €-€1€0S0dS
(€0) ¥o (o) vo (@D sic  (S9sece QD oz (1) 9v9 D) Leol  (167) €66s€  (16¥) 10L0€  (PIS) €9€26  (8L)9LLzT  (ILE) 1€L8T 8- 1 S-€I8001dS
(0 Lo (ro) o (8 8ys (pOe6Ts (o) Tie (09 8¢8 (1'9) €86  (PIvD) 99s6€  (6SS) #5097  (286€) LLTEOT (£€0)L8EST  (S06) S99¢v 6= 1 T-€180LOdS
(L0)9oe (60) Lve (8SDOv9ST (€8)Tsks (S0) 9Ly (6'1) 119 (1'¢) Teol  (SL6) 060FE  (9L1) S¥89T  (66S1) 91968 (6v€) Th9IT  (L61) LO9TT  OI- I ZE-E1LO0OEAS
88 0L9 (ODe61e (610¥eLsT (0110209 (87 SL6 (T SIL (§9) 8L6 (4D 0TH8E (r6) 1€90¢  (b10) L06L6 (COW)ThSyT  (6) SL9LT  11- 1 $-€1L0TTdS
(80 68¢ (00 v'1  (89D8I6LT  (SL)Teey (10601 (01 'Sy (€€) 8L (1zh) 88¢9¢  (LoTD) 929t (Ov11) 15026 (61€)661TC  (HTE) ¥6L01  TI- T $-€1L0L0dS
Jjout 21021715
IN e} o uN o) A e ) P! v SN eN oy 301 uny

*STA-d D1 U0 B[qe-19SE[ AQ PIUIULId)IP d[IINI pue
(sse[3) 3w 3edI[Is Jo (3/81 ur) uonisoduwrod JUIWIA IdeA],

AT ATAVL

An Acad Bras Cienc (2014) 86 (4)



1621

RUTILE/SILICATE-MELT PARTITIONING

“JWI] UOTIDIIAP MO[Oq = [PQ "SIUIUWINSLAUI U JO UL A1) JO (WTIS-[) UONEIAIP pIepue)s dIe sisayjuored ut sanfep o-TANVHIS = AT ‘G-TANVHS = 1T ‘e-TANVHS = II ‘0Z-INS = I :suonisoduwo)
(=) ¥¥ () €1 () L9¢ () 1Pq () 9¢L -)9L9 (=) gee (=) 1Pq (=) 1Pq (—)6zec (=) 9 () IPA ¢ Al +-€I80€1dS
(=) pq (=) 1Pq (=) Ts1 (=) 1Pq (=) st () 95T (=) 00F (=) 6621 (=) o¥ (--)oger (=) §9 (=) ¥8 9= AI €-€1€020dS
(=) T1 () 1Pq () 1Pq (=) 1Pq (=) prer (=) LLE () S'9¢ () 8¢er () €011 (--)20s9 (=) oL (--)9LZl L~ Al T-€1€0S0dS
(=) Pa () S0 (=) 99 () 1Pq (=) 29¢ (=) Lz9 (=) Lyl (=) 1Pq () st (--)zoe (=) 9 (=) ST ¢ I 1-€180€1dS
(=) mwPa () Lo () 1Pq (=) 1Pq () stv () 99¢ () tee (=) 1Pq () 8¢ (—)eree (=) 86 () SL 9 I T-€1€0T0dS
(=) pa (=) L0 (=) 1Pq (=) 1Pq (=) 1Lg () 99¢ () 60 (=) s681 (=) vLS (=) 68ps (=) 65 () L89 L- T +-€1€0S0dS
() Tt () 1Pq () 69L () 1Pq () Lig () ¥'81 (=) ¥L1 (—) ssov (=) Lot ()8LLe (=) 6 () TwT e I T-€I80EIdS
(=) pa (=) 1Pq () LgT () 1Pq () 1€€ (=) s8r (=)l (=) sovc () 90¢ (--)88Le (=) T9 () 7T9¢ 9 I 1-€1€0T0dS
(=) 1pq () 1Pq () sv1 () 1Pq () cig )61z () $90 () ocly (=) ¥9 ()8L1e (=) ¢, (=) 1€€ L I I-€1€0S0dS
(=) st (=) 1Pq () Pq () ¢t () LL1 () ¥6r () 85T (—) 86T () s9t (—)zgse (=) 09 (=) 8LI II- I TI-€1L0TTdS
oot @ oy  (19v) 0L (8D pESH © ¢t D19 (€0 66T (=) 1P (=) 1Pq (SL9s9r (S Ter () 8  €F 1 €180010d
@nDoor o o1 (LD €65y W 16z (1D 298 (D oLl D v¥ec (L) 9pll (--) 1Pq (1D #s8 (9 Lst (0D ST 0 I S-€IT0vTdS
€9 vie (D vz (889) 1L9S On¢cc  (@o LT o) g6t D THE (=) 1991 (€D st weDoror LD 81 (b)) 8€ L0~ T H-€1L0STIS
09 +8 0 +'1  (S17) 6€6T an s 69)98s1 (€D LLs  (1'9) 9LT () si8 0 L (1D 128 Wi 89 w T 1 S-€Icoleds
0o 1t (o) 11 (€D 12IT @ ve (6110891 (L9 g9s  FD9cc (LoD L91 () 1Pq (zy) €09 (0D 96 (L) 6 ¥e& 1 S€17081dS
() 838 () 1Pq () 10L€ () 6v (=) 09¢ () s (=) Tec (=) 0901 (=) ¥1 =) epL  (=)zst () 1T ¥e 1 €€I80€IdS
o Ly o o (¥€) 0SLI #) ¢ (s2) 1101 © vL1 00 st (zos) LSOl (o1 9t () 598  (sp) Liz  (#K) 68 S 1 S-€170LTdS
@y v (D T1r (€D sssi @ o1 (S1) 1201 () coc  (TD 997 (8591 €911 D 11 (zr) $98 (8 €91 (00 61 9- I S-€1£020dS
Lo st (g0 pa (101 6vE ¥ 1t (aLspor S0 88y (D vog (=) 1Pq (C)IN4 (1) SL6 (©) 861 (b0 TS L~ 1 €€1€0S0dS
=) mra (=) Lo () 1Pq () 9¢ () Lg6 () 959 (=) $g9 (=) 1Pq () 16T (—)evee (=) 8IS () Svv 8 1 S-€I8001dS
€0 so (o) ¥0 81D 1% (1 €1 (61) €8L € oL ©OD ey (@D 601 #1D o1 ©9) 1Lt D Lec (@ 1T 6 1 T-€180L0dS
80 ¢L (€D L1 (€L) 859 () 61 2) 0¢8 (€0) te8 (8% €09 (9291 01¥1 (Lo e (08)8L6T  (81) L0OT (L) 81 0I- T €-€1L00EdS
(09) 8sT (50 T (ze) L€9 (©) 91 (L) €8 (1) sv8 (99 Tov (8¢) T @ L (s9)Le6z  (00) 9¢c  (TD) 8T I1I- 1 +-€1L0TTS
vy ger (@o Lo (1) wy (8 L1 (0£) 999 (1¢) 0s8 (19) v'1L () 1Pq W ¢ (1) goss  Lp sz (0D L TI- T $€1L0L0dS

apuny

IN o) EE| up o) A oS o) P v SN BN {0y Sop uny

(uonenunuod) AT ATAVL

An Acad Bras Cienc (2014) 86 (4)



GUILHERME MALLMANN, RAUL O.C. FONSECA and ADOLFO B. SILVA

1622

JIWI] UOT}OJOP MO[Oq = [Pq "SIUUDINSBIW ¢ JO UBIW YY) JO (BWSIS-]) UONBIADD pIepue)s ae sisayjuared ur sonfep 9-[ANVHIS = Al ‘- TANVHIS = 111 ‘B-TANVHIS = II ‘0Z-INS = [ :suonisoduwo))

S Operr (oL @rosyer L) #8111 (P00 ¥ @9zt (CDeor LDy ®DoL8 () Lie @y 86 (@D 09 (6€) TE e Al #€I80€1dS
S Woo9rs (oeLr 68D €89 (16D sTel (eoyere (9 L1 D68t 98I0 (o) €98 W 1e (64 969 (L0 sT (90 #0I 9 Al €-€1€0T0dS
s (oD v9s (€oe6rr (Lso srs (gD 6 (600 sor (Dot @DrLl Lo ge8 (DTse (©ore @D ree (80 8L (FD 6T Lo Al T-€1€050dS
v (099501 (600) 65T (#80)65TI  (6v°€)OLETT 9 118y (eD6se  ®9ts ([@HP9ss F0)T9r W) ¥st (69 9er (T 98 (8€) 91T '€~ I 1-€180€1dS
v (€0) so1 (110 +vzT (890) LL'e  (ST¥H) 81'€9 Wser (rnose (9 gz ®@YI0s (09t ) e6vc (S ssT (1D 1S L) 'L 9 I T-€1€0T0dS
S (D 95 (900 19T (£L80) €£9 (T6') 9T'€9 ) cor Fogse (©osc (ToOvssy (€0 ost () sor (€D 9Ll (60 LL (D LvL L T #€1€050dS
v D60l (900) 8T  (6v0)Ly'ST (9TS) 697TT 9 st Focse o1l (e gese (o) sst @Wyst  (QDsLel (L0) Sv (89 8TT ¥¢€- I T-€I80€1dS
v 0 ¥8 (ro)1etr (Ornccy (881D €TLy 9 ose @oLve () eor @L6ver B0 SST ) ve (69 8L1 (90 95 WD 6Tl 9 I 1-€1€0T0dS
S (80 €9 (00 9sT GOD vr9 (LD 9Ts (9D Lo (G0 ¥se  (®) 91 (19 groe (o) Tst (@ esc (L0 vz (0) T8 (L0)8ST Lo II 1-€1€0S0dS
¢ Lo 6ol eo)Ll'T (oD e (660) SOvs (D) see (T 80oe  ® 681 (ID0voT (1D 9el  ® ¥z (€9 081 (OD 6L (Lp) I'8T 11- 1T 1-€1L0TTdS
s D866 (@Derr (Lo el QYD oy (sto)ecs (W 8Le @ASLL (19¢9IT (SpLosT (b1 L99  (@DIT0l (WD) 6T (9) s6T €F 1 €180010d
€ wors aosw (To) 9oy ©Oro v86r (o vt (9 sz D¥re9 FoeLic 08wl @9 0980l (69 €Ll (61) 62 0 1 S-€1T0vTdS
¢ ODors ©osre o) 99e Oy +vi'e Oroery (Docc ©Lsc @Dyl (@DOSIT (8 0sS  (€9vTIl @D Eel (89) I'88 L0~ 1 +-€1L0STdS
¢ (onzsg (ooLe (10 66T (o) L6t GIo)vk9 (D 9szt (DT D66l FDecel (S)96s  (@Ivvol (@D ovl (L0)LT19 T 1 S-€I201TdS
€ woe9r (60 ree (890) L£9 (LD Trer (L10)L99 (9 8T (09679 (€ 690T (6O19el (1D 019  FHT901 (€D ISt (19 ¥'S6 +'e- 1 S-€1T081dS
v ODTyr 9o gor (=) Pa  FE0) o€l (0T +1'9 (@ 19t (eDv8y (198561 (TATecl (9)sz9 9oLzl LI (L) 'ty ve- 1 €-€180¢1dS
¢ (6D s8L (Lo voe (010 LeT (6L0) LzTr (Lzo)ogs (9 1wz (@D 19e (091691 (FDLset (B 195 (T 086 (60)L01 (81 60 S 1 S-€1T0LTdS
€ ODgs9s (DLse (610 68T (OcD ¢6L (Tr0)80s () st (€Deoe Wy 1991 ('pseer (61 065 (01) L96 (S S0l (SH) L€ 9- 1 S-€1€070dS
s ogos (co)8re (0S0) SIy (90 86¢ (cco)¥8e (9 1z (60 +91 O Drel ($D9601  (6) 60S D 89 (L0) ¥6 (S0) 691 L~ T €-€I€0S0dS
¢ worwr ©®o09ce (oneger «Lro) s80 (oo oce (1 oiz 90 95 (D oL GDISOL oy (L0 sL (€0) s€ (80) LS 8 1 S$-€I8001dS
¢ (D68 @®Doee (€€0) 9¢ (zs0) ssT Oro 8 (9 60z (01D 88 (10 ¥86 (L6l (SDois (60 62 (0 ov ('D ¥8 6 1 T-€180L0dS
¢ @nsLs wooLz oo LsT (Qro) 1T (Srooce (©#1 (€0 1s D9 ©ODves @6y  Fo Ty Fo €T @D 9y 0I- T €€1L00€dS
€ @orrL o sie (o) ¥8T (ko) o (o st (©oic (€0 TL &9 8L (Opeoor @Dy o) 81 (@D 1's (97 98 11- T #€1L07TdS
€ LooLL ©OpDeger @ro L60 650 29T (600 €91 (D g6l (90 9v (09 v6s (69 €L6 O Iy  (T0) 90 F0) g€ (L7 T8 TI- 1 #€ILOLODS
Jjout NNQU.QN.%
u n IN 0D EX | uN 0 A o8 o) bl v SN EN  ‘oySop  uny

(uonenunuod) AT ATAVL

An Acad Bras Cienc (2014) 86 (4)



1623

RUTILE/SILICATE-MELT PARTITIONING

“JIWI] UOT}09)OP MO[oq = [Pq "SIUSWIAINSBIW ¢ JO UBAW YY) JO (RWSIS-]) UONBIADD pIepue)s aIe sisaypuaed ur sonjep "o-IANVHIS = Al ‘Q-TANVHIS = 111 ‘e-TANVHIS = II ‘0Z-IAS = [ :suonisodwo))

I ()89 =) g () ges () st6  ()8pr (=) pqa (=) 009 () 6z () P10 ()ego ()88 () 19 () ¥6 ¥ Al -€180€1dS
I ()Lee =)orro (=) +'L9  (=)eor () Tst () aro () 99 (=) 15 () Ig0 (Wo ()9 () §§ () LL 9 Al €-€1€0T0dS
I (=)o9ce )1po () oL =) w8 (=) g9 (=) esT () 60S () vs€ () p9T ()T ()8 () €6 () €8 L~ Al T-€1€0S0dS
I () 8Lt (=)o (=) ot ()89  (—)osic (=) pa () pLpL () siLr (=)sto () pa () 9F () L9 () €01 e I I-€180€1dS
I () 8¢ (--)8900 (=) ¢¥1 (=) ey (=) isic (=) 810 () 688 () L1l (=) A ()sr0 (=) LT0 (=) 8y () ¥0I 9 I T-E1€0T0dS
I () ¥ (-)z600 (=) 9st ()9 (—)eoic () 160 () 9809 () pLLT (=) oy0  ()pse () 900 () 95 () 66 L~ I $-€1£0S0dS
I (eerr (99100 ) el () gsor bl () pro () vave () Lzl ()0 (600 () ert () 99 () 88 t'e- I T-EI80€1dS
I () st (--)9L00 (=) LTt (=) iLLe (owor (=)o )8y () 6s6 () () vz () pa () $9 () 08 9 1T 1-€1€020dS
I ()¢l (-)sero (=) 1oz () ooy (—)ceor () 600 () oty () ol () 800  ()1zo () A () 9 () 6L L~ T I-€1€0S0dS
I (=) ¢o (-=-)0010 (=) st (=) 090z  ()6691 (=) 9€0 (=) pe9¢ () vSiT () 1p0 ()orT (=) A () 06 () IST I1- 1T 1-€1L0TTdS
¢ OD¥er (€000)€000 (S 0vST (9 €59 (60) 66 () 1pq 9) 9L (1) zez (oo 8ro (zro)eor (@80 ST (9 61 () L €% I €I8001Dd
9 (60) t'ec (8000) 1100 (€1 01€  (S0D) 6¥IT  (€0) 1Tl (€00) 200 (€1 SL9  (S) Tz (5000 110 (S10)910 (8L0)STT () v¢ () §S 0 I S-€ITobTdS
v (1) T8y (2€00)6£00 (S€) €€9 (961) 788  (1'DLer (1To) 610  (I¥) 8L (€9) L1e (01'0)9T0 (B0 IS0 (s+'0) 29T (€1) Ts (@) 9L L0 1 #-€1L0STdS
€ (Lo ost (61000Tk00 (€2 66 (1D 096 (L0 911 (000 900  (02) T99  (€1) 9sT  (200) 80 (11'0)¥T0 (sTO)8ST (9 6 (1) ¥L T 1 S-€1T0ITdS
9 O 9vy (8200)L£00 (91) €1 (TDsper (0D L91 (L0'0) 900  (Th) 008  (O1) sy (91'0) 0T0 (L00)STO (PO'T) 8ET (89) 91 (6) LL +'€- T S-€I1T0O81dS
I )ovy G1o00Lco0 (=) 991 (=) ser (=) gt () 100 () 969 () st (g0 (o (=)ego (=) 05 () T8 e 1 €€I80€1dS
s oot (€1006z00 D st (LD 12L (€o)sTr (600) v1'0 (LD €5 (9 s8¢ (110)zco BUo)vv0 (eb0) 6v'T  (€) §9 () SOT S T S-€I1T0LTdS
v (90 T6T (S€00)5200 (91 10T () 6¥€  (€0) LTT (S00) 200 (9 ¥8% (11 $9T  (20'0) 110 (S€0)€c0 (880 LT (€) Ly (6) LL 9 T S-€I€0T0dS
€ (0 01z (80009100 (1'9) s6¢ (v 289 (0D TTl (b00) 010 (1D Los  (61) Tz 10 110 (S00)ceo (cbD)esT () v€ (L) 65 L 1 €-€1€0S0dS
I (o (610€8c0 () oeel () oIl )6vl (et (e ) 1o ()t Ly ) g () 8y () €8 8- T $-€18001dS
s (Loest (6000000 (19 106 (czd) Ty (F0) ¥el (#0°0) 00  (#9) 91y (S vie  (Lo0) 610 (czo)ero (=) a4 (@ LS () 06 6 1 T-€180L0dS
€ (60 sl (€00018100 (1e)ceil  (p) osc  (TD S8 (s10) sT0  (02) 99¢  (TD) 66 (FP10) 610 (€€0)8€0 (=) 1PA () 9¢ (S 69 0I- I €-€IL00€dS
¢ (o) €6 (eh00I8H00 (LD Lcol (LD ST (D ¥sT Qro)cro W 10F 9 9s¢ (5000 810 (190) 190 (=) P (S) 69  (®) 811 [I- I +-€1L0TTdS
¢ (@oser (6v001LL00 (#8) 0LS  (#8) s9z  (L0) €L (zro) o0  (8Y) Tiv  (s©) ¢sy (€10)ss0 (Lzo)ogo (=) mpa (8 12 (DSOT TI- I +-€1L0L0dS
o[y
u n IN o) oq uN 0 A &N 5] bl v SN BN ‘0§50 uny|

(uonenunuod) AY H14VL

An Acad Bras Cienc (2014) 86 (4)



GUILHERME MALLMANN, RAUL O.C. FONSECA and ADOLFO B. SILVA

1624

“sisotjuared ur USAIS oIk (UOLIBIASD pIepue)s BWSIS- ) SIOLY O-[ANVHIS = Al ‘9-TANVHS = III ‘e-TANVHS = II ‘0Z-A'S = I :suonisodwo)

(€0'0)80°0 (800°0)€20°0 (0¥0°0)68T0 (=) - 6P oLy (S1000THe0 (86000 840 (=) —— (=) -—  (S000°0) LIT00 (SLI00)TLITO (=) - #'€ Al T-€1€0S0dS
() — (=) —  (I€10)09%'0 (=) - F966r  (€600)508T (LEO0) #SH'0 () T-oI> () 8-98> (9000°0) 61070 (€020°0) 91TT0 () €-°1> 9- AI €-€1€0T0dS
80000 (=) - (=) - (=) - (Ly)zor (es10)LsTE  (8€000) TCSO () Top> (—)T-9z> ($100°0) TIE00  (8610°0) 9vbT0 () T-9T> L- Al $-€I80E1dS
(=) - (=) —  (#610)798°0 (G ®9L6s (L100)€6€0 (L000) 8800 () -—  (—)#2p> (L000°0) LLIOO (6020°0) 09%T0 (-) #-97> +'€- T #-€1€0S0dS
(=) - (=) - (=) - (=) - ODeLs 1o eore (1500 6610 () -—=  (=)¢-o1> (L0000) L9100 (T120'0) 692C0 () €-01> 9- Tl T-€1L0TTS
() - (=) - (=) - (=) - ‘9¢ces (6S10)79s€  (S000) 00  (-—-)T-2T> () g-26> (11000) 200  (I810°0) ¥¥IT0 () €-96> L~ Tl T-€1€0TOdS
#00600 (=) —  (2T60°0)LIL0O (=) - @g1s (98000 6L90 (2200 SIT0 (=) T-oF> () +-9z> (8000°0) 68100 (6€10°0) SILIO () €-9¢> #'¢- I T-€I180€1dS
() - () — (=) - (=) - BD€T9 WTro)8rer  (8000) 9L00 (—-)T-0> () g-26>  (8000°0) 16100 (0020°0) #STTO () €°F> 9= I [-€1€0T0dS
(=) - (=) = (9500)TLY 0 (=) - o eee  (S8T0)066T (2000) 8200 (=) T-o> () €-01> (9000°0) ##100 (0120°0) S9STO () €-0p> L= I 1-€1€0S0dS
oot () — (=) —  9TT0)ToL10 (8D TIS (bESO)TOLT (€10°0) L80O () T0g> () g-ap> (0200°0) €570°0 (9520°0) 995T0 () €-07> T1- M I-€1LOTTAS
(000)L00 (200'0)7€0°0 (810°0)9L2'0 (1€40°0) 82990 (20'0)€€0  (€00°0)9€00  (900°0) LITO () -— (=) -—  (9000°0) 62100 (€000°0) SSTO0 () $-9¢> €% 1 €I8001Dd
(1000600 (900006000 (S000)621°0  (9000°0) 68600  (L0) 6'S  (£000)6€00  (010°0) 9910 (--)T-0¢> (=) - (1000°0) €9000 (20000) 67000 () +-°I1> 0 1 S-€1T0¥TdS
(€00 €10 (1100)€200 (220'0)8LI'0  (9200°0) 05€00  (€0) I'T  (S000)901°0  (110°0) 9LT0 () T0¢> () #25>  (T100°0) 16000 (0100°0) L9000 () #-F> L0~ 1 H#-€IL0STIS
(9000010 (#000)510°0 (9000)#800 (#100°0) 69000 (VD OLL  (9000)2¥1'0 (2200 L6100 (--)T-o1> (=) #-9T> (10000) €9000 (C000°0) TSO00 () +-0¢> T- 1 S-€1201TdS
(000)L00 (2000)010°0 (#00°0)L500  (S000°0) TH000  (8'1) 96 (6000)9€1°0  (010°0) 9910 () €0¢> () - (€000°0) 97000 (€000°0) [€000 () 21> '€~ 1 S-€IT081dS
Soovro (=) = (@IO0PrIT0 (80000)€9000 (9D)LST (L000)9910 (910°0) €1T0 (--)T-9z> (=) #9¢> (20000) 85000 (F0000) 67000 () 6-0I> +'¢- 1 €-€180€1dS
(5000600 (1000)500°0 (2007009800 (S000°0) TH000 (T 9¥T  (9100)80s0  (810°0) ¥I1TO () T0C> (=) #-2L> (#000°0) €£000 (ST00°0) €£000 () ¥-oL> G- 1 S-€IT0LTIS
010 110 (#100)9100 (500006500 (£000°0) 92000 (9961  (L100) 160  (020°0) ¥1T0 () T-9z> (=) #9¢>  ($000°0) TLOOO (£000°0) 95000 (=) +-0T> 9- 1 S-€1€070dS
(Lzoysto (=) — (100001500 (90000) 1€000 (0D SLT  (#80°0)S9TT  ($10°0) 8LC0 () -—  (=)#2L> (T000°0) 68000 (T000°0) 69000 () 29> L- T €-€1€0SOdS
(=) = (o6L0)c06T (=) — (61000100 P T9  LF0)STOT  (#b00) TI90 (=) - () €06> (S100°0) €9€00 (8100°0) LTCO0 () T-21> 8- I S-€I8001dS
(9£0)9L0 (061°0)965°0 (SE0'0)+L00  (20000) #2000  (F¥) 1'sT  (99°0) 068  (1T0°0) tHF0 () €0¢> (=) F-ap>  (6000°0) L9100  (9000°0) €6000 () +-°6> 6= 1 T-€I180L0dS
600)¥T0 (LE00)6¥00 (£0010)920°0 (0100°0) $€000 (SO FLL  (950)SH'el  (0S0°0) $850 () T-op> (=) ¢-01> (1100°0) TECO0  (8000°0) 96000 () +-08> 0I- I €-€1L00EdS
(800) %20 (S100)8€0°0 (1007005200  (£000°0) 92000  (+'0) ¥'8  (PLO)SSTIT  (0KO'0) OIF0 () 4299> (=) #-2z> (6000°0) 90€00  (8000°0) 96000 () €-°I> II- 1 H-€1L0TTdS
(Iro¥eo (rro)8ero (#00009200 (81000) 6000  (€0) 19 (180)TL8T  (16€0) L060 (=) - ()t-0¢>  (#T00'0) 86500 (8000°0) €110°0 (=) #-9L> TI- 1 +-€1L0L0dS
(Na (oD)a (eDa (wn)a (@)a (Na (s)a (ed)a Gna (av)a @wa (eN)a  “opSop  uny

*S)UAIYJI0d uonn.ed Ju edIISPIMNY
AAT4dVL

An Acad Bras Cienc (2014) 86 (4)



1625

RUTILE/SILICATE-MELT PARTITIONING

“sisatjuared ur USAIS oIk (UOLIBIASD pIepue)s BWSIS- ) SIOL 0-[ANVHIS = Al ‘9-TANVHS = III ‘- TANVHS = II ‘0Z-A'S = I :suonisodwo)

(0S00) 0690 () = (€0 0¢ (ToD €LL ©s06Ty () -—  D8TT OI0s6T (L0000)91000 () -oL> (9€00)6800 (€2)TOI (L'0) 0F +'€ Al T-€1€0S0dS
(1500) #€9°0  (1200°0) T#000 (6T 66 (007) 608  (950)L8F () $-98> (LD 00E (61°0)SH'E (#1000)9€000 (=) €-01> (8€0°0) €600 (L9)0TT (61 SL 9= Al €-€1€0T0dS
(9€0°0) LLS0 (56000) 06100 (I'D +'6  (1'€0) ¥'€6  (BE0)€T9 () T-27> (9T 86T (€20)96°€ (£80010)81200 () ToI1> (50009800 (0'1) 89 (L0) 6S L Al +€I80€IdS
(61000 €970 (82200 TSHO0 (10) 80 (F'TD 19 (cTolevy (=) —  (Lo)Tyl (S100T6T (19000 15100 (=) =  (eh00)9010 (T 8L (60) 8 +'€- I H-€1€0S0dS
(8100)£90 (2S10°0)€0€00 (8°0) 8 (8S1) 64 (9TO)S6F () g-26> (I'1)80T (BI'0)TH'E (=) = (=)t209> (0001100 O ¥'6 ®6)LYI 9 I T-€1L0TTdS
(150°0) s¥T0 (9820°0) 0L500 (+0) €T (6106101 (Lz0)TTs (-)T-or> (I'D8IT (81°0099°¢ (£0100)95200 (=) 21> (1000)€000 (I'D) TL (80) L9 L~ T T-€I€0T0dS
(£900)960°T (6¥00°0) 86000 (T0) LT (LLD) S06 (€0 ILS () gop> (09197 (€T0)L6€ (0L000) #L1I00 () -op> (900009100 (8T9¥I (T 8€ ¢~ I T-€IS0EIAS
(T200) 1620 (T6T0°0) LLSOO (8°0) 0°€  (€91) 8'6L (ST0)69FY () €-0¢> (T1SIT (810)STE (=) = (Ipee> () - DY 80 T9 9 I 1-€1£070dS
(€€0°0)82C0 (5950°0) LZIT'0 (9°0) 1€ (LTh) 9€8  (8€'0)8TS () g-oz> (LD8HT (61°0)95°€ (1200°0) TS000 () 08> () — (60 6L F0)0S L~ I I-€1£0S0dS
(2000)9200 (96¥0°0)95800 (I'D) 0% (L'L) I8¢ (€€0)80°S () T21> (€DS61 (8T0)LEY (6210°0) COE00 () T21> () = (v (€D 8 11- I 1-€1L0TTdS
(1too)vezo (10000) 10000 (1'0) I'T - (L0) T91 @I'0)9ET (=) —  (T0) ¥L (£00)L0'T (20000) TI000 () €-9z> (800°0)ST00 (00)TI'0 (00)EI0 €F I  €180010d
(210009820 (2000°0) €0000 (9°0) 9L (9°€) §8€  (S0°0)0LT (=) #21> (S0)901 (€00)ITT (+0000)80000 () #-°7> (L000)CI00 (S0) 6T (1'0)TO 0 1 S-€I20¥TdS
(5€00)S¥6'0 (6000°0) 11000 (SDELT (LD §96 (9T0)60€ () #98> (8T)sTT (CTO¥I'T (80000 T2000 () +-96> (#000) €200 (I'D) 6'€ (I'0) 60 L0- I +-€1L0STS
(6000 €620 (S0000) 11000 (D00 (TD 81F ([@I'008T () F2e> F0)0TT (L00)8TT (10000) 12000 () +-2F> (2000)S100 (s0) s€¢ (TO) TT1 ¢ I S-€I20IedS
(#r0°0) 00 (L0000) 60000 (60) 18 (§'8) 89S  (L1'0)0ST (=) +-0r> (DLTI (800)L9T (11000)S1000 (=) +-9T> (0100 €100 (S+) 68 (1'0) 80 +'¢- 1 S-€ITO8IdS
010009910 (€000°0) L0000 (=) —— (€02 6'001 (I'0)+0T () F°l> (0L (800)6TT (#000°0) 60000 () +-2T> (1000)€000 (H0) 8T (T0) 61 € I €€I80EIdS
(9€0°0) LLE0  (£000°0) 80000 (€ DOTT (SHD) 885 (€10)9¢T (=) $-99> (L0)6'ST (#0°0)89T (80000 81000 (-—) 498> (#00°0)S100 (90) 19 (€0) '€ - 1 S-€IT0LTdS
(0£00)8¢€'0 (600010090000 (L'0) 0L  (1'6) Tty (OTO)IET () F=1> (L0)09T (800)09°T (2000°0) 80000 () 429> (6000)S100 (L0) S¥ (L0)TE 9 I S-€1€020dS
(9000) 2970 (£000°0) S0000 (L'1) 6 (I'SPHILT (€€0)LI'E (=) p-op> (8 DOTE (9O10)61T (£1000)01000 (=) 429> (2200 #7000 (S0) L€ (#0) S€ L~ T €€I€0S0dS
(810009820 (6500°0) L1100 (9 DO+T (099) 06Tl (BE0)8L9 () g-21> ($9)9LS (LT0)80°S (09000) 05100 () T-21> (=) —  @Dger @DLYl 8 1 S-€I8001dS
(1€00) 181°0  (€000°0) 90000 (TE)6+T (L'€6) €Ll (ZTOILLY () po1> (IDSLy (L1°0)0T€ (L0000) 91000 () 96> () —  (09¢yl FDLOI 6~ T TEIB0L0dS
(L100)8170 (1000°0) L0000 (L'E)L€r (L'EP)L90T (8L°0) 1¥'8 () #-98> (T9ISTIL (#E0)ELS (9100002000 () +06> () -—  (§O8SI (6O8pI 0I- I €€IL00EdS
(€000)9210 (#100°0) ST000 (89)99¢ (66D €Tl LTDITL () 429> (OP)L'SS (#S0)LSy  (S0000) L1000 () €-21> (=) —  Foser (€PLEr 1I- T $€1L0TTdS
(9000) L1°0 (L1000)92000 (11)S8S (96L)THIT (SLO)LOT (=) #-95>  (91)9'68 (L50)09L (#1000) L5000 (=) p-oL> (=) -—= (€9 710T (€ 6Tl TI- 1 #-€1L0L0dS
(ma mNa (0d)a (eDa (wp)a @)a (Na (os)a (ed)a Gna av)a @ma  (eNa - “orso uny

(uonenunuod) A A194VL

An Acad Bras Cienc (2014) 86 (4)



1626 GUILHERME MALLMANN, RAUL O.C. FONSECA and ADOLFO B. SILVA

with composition SM20. In order to separate these
two effects, we fitted the partitioning data obtained for
quadrivalent homovalent cations (Zr*", Hf**, Ti*" and
Th*") for each individual experiment with composition
SM20 to the lattice strain model of Blundy and Wood
(1994), and then extracted a theoretical estimate for
the partitioning of V4" by taking its ionic radius in VI-
fold coordination and substituting it into the Blundy
and Wood’s equation. The results are illustrated in Fig.
9, and show that at low oxygen fugacity, the measured
partition coefficients of 'V agree well with the modeled
parabola for the other quadrivalent element, but as fO,
conditions increase, the partition coefficients become
progressively smaller. Taking the difference between
the theoretically calculated partition coefficient for V+*
(determined by the lattice strain fits) and the measured
V partition coefficient and plotting these values as a
function of oxygen fugacity, we could then evaluate
the sole effect of oxygen fugacity on the vanadium
rutile/silicate partitioning (Fig. 10). The results show
a relatively constant value from log fO, of 0 up to
-7, and then a pronounced increase towards more
reducing conditions. The transition is better fitted with
a slope of 0.25 rather than 0.5, indicating a 1-electron
redox processes and therefore a change from V** to
V3" (see Mallmann and O’Neill 2009 for a theoretical
background). Surprisingly, even at the most reducing
conditions, there is no indication for the presence of
V3" in our rutile/silicate partitioning experiments.

Other well-known heterovalent elements included in
our study for which we were able to collect data are
Cr, Fe, W and U. Results obtained for composition
SM20 are plotted as a function of oxygen fugacity in
Fig. 7b. Tungsten gives relatively constant partition
coefficients (~ 9) from log fO, of 0 to -7, which are
interpreted as reflecting W®* based on recent results
obtained by Fonseca et al. (2014) for other phases,
and then shows a constant increase from about
log fO, of -7 towards reducing conditions, likely
due to the presence of small amounts of W**. The
partition coefficient obtained for W at log fO, of
+4.3 is almost an order of magnitude lower, which

An Acad Bras Cienc (2014) 86 (4)
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Figure 9 - Partition coefficients of quadrivalent cations and
vanadium between rutile and silicate melt plotted as a function
of ionic radius in VI-fold coordination. The lines are best fits
for quadrivalent cations to the lattice strain model (Equation 2
of Blundy and Wood, 1994). lonic radius taken from Shannon
(1976), with assumed uncertainty of 0.002 A. Error bars are
not shown for clarity.

could indicate a significant pressure effect on W
partitioning since this experiment was carried out
at a pressure of 1 GPa. Iron behaved as would be
expected for an element with transition from 2+ to
3+ valence states, with partitioning data plotting
along a sigmoidal-shaped function of slope of 0.25
with a plateau at the oxidizing end defining the
partitioning of Fe’* as ~ 0.1, and a plateau at the
reducing end defining the partitioning of Fe*" as ~
0.026. Chromium, with expected transition from
2+ to 3+ (Berry and O’Neill 2004), and uranium,
with expected transition from 4+ to 5+ to 6+ (Berry
et al. 2008), do not show a clear trend with oxygen
fugacity. This may be due to the superimposed
effects of oxygen fugacity and melt composition.

PARTITIONING OF HOMOVALENT ELEMENTS

Partitioning data for a number of homovalent
trace element cations were determined. Among
the trivalent cations, Sc is the least incompatible
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Figure 10 - Absolute difference between partitioning coefficients
calculated for V** using the lattice strain model fits to other
quadrivalent cations (see Figure 6) and the measured partition
coefficients for V between rutile and silicate melt plotted against
oxygen fugacity. The lines are best fits of the data to an equation
of the same functional form as Equation 15 in Mallmann and
O’Neill (2007), assuming a redox transition between 1 electron
(fO, raised to the coefficient of 0.25; solid line) and 2 electrons
(fO, raised to the coefficient of 0.5; dashed line). QFM refers to
the quartz-fayalite-magnetite buffer at 1300°C and 1 bar.

(average Ds~0.36), followed by Al and Ga (average
Ds~0.02)and thenY (average Ds ~0.003), although
there is a systematic change with composition,
with Ds increasing by a factor of 4 with increasing
melt polymerization. Among the divalent cations,
Cu and Zn are compatible and strongly affected
by melt composition, with Ds ranging from about
unity to 10-20 as melt polymerization increases.
All the other divalent cations (Mg, Ca, Mn, Co, Ni
and Sr) give Ds < 0.1. All monovalent cations (Na,
Ba, K) are highly incompatible in rutile, and their
partition coefficients should be seen as maximum
due to the potential contamination of rutile LA-ICP-
MS analyses with melt inclusions. The HFSEs are
all compatible in rutile, with partition coefficients
for Zr (1.1-7.6), Hf (1.4-10.7), Nb (7.4-90) and
Ta (16-206) showing a range that is in agreement

with previous experimental studies (see Figure 1 in
Klemme et al. 2005). The absolute values, however,
vary quite significantly with melt composition. In
particular, there is an increase in Ds for all HFSEs
from less to more polymerized melts (Fig. 8). We
did not observe, however, any systematic difference
in HFSEs partition coefficients determined for
experiments with compositions SKHDAN1a, b and
c. In other words, the type of trace element doping
appears to have no effect on HFSE incorporation
into rutile. Finally, as previously reported by
Klemme et al. (2005), (D = 10— 107%) is at least
2 orders of magnitude more incompatible in rutile
than (D =0.12 — 1.1).

SOME PETROLOGICAL IMPLICATIONS

As previously noted in other experimental studies,
melt composition has a strong effect on the parti-
tioning of HFSE between rutile and silicate melt.
Rutile/melt partition coefficients increase with
increasing melt polymerization. Linear regressions
of our experimental data at 1-bar for compositions
SM20 and SKHDANI give (Fig. 8):

DEVmel — _109A + 65 (1> = 0.76)
DREmelt = _ 1 187A +703 (12 = 0.92)
D%meh: —155A+93 (12=0.75)
DEI/melt = _ 3091 A + 1856 (12 = 0.70)

where A is the optical basicity of the melt as defined
by Duffy (1993). Hence, the amount of HFSE that
can be incorporated (or retained) in rutile will be
strongly dependent on the composition of the
partial melts.

An interesting result of this study is the fact
that Ta and Nb, both with valence 5+, are more
compatible in rutile than Zr and Hf, which have
valence 4+ and therefore do not require charge
balance to substitute for Ti*" in rutile. This indicates
that the most important factor in the incorporation
of trace elements in mineral phases is the size of the
cation rather than its charge, since Ta>* and Nb>*
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both have ionic radii in octahedral coordination
closer to Ti*' than Zr*'and Hf*'. In this connection,
our results do not indicate any change in HFSE
partition coefficients due to the presence of other
trace elements, as evidenced by results obtained
with composition SKHDAN1 doped with different
cocktails of trace elements.

Finally, Th is about 2 orders of magnitude more
incompatible than U in rutile, a result that may have
implications for interpreting U-series disequilibria,
particularly because U is a heterovalent element
and Th is not.
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RESUMO

Magmas produzidos em zonas de subducgdo possuem
um caracteristico empobrecimento em elementos de
elevado potencial de ionizacdo (HFSE) em comparagdo
com outros elementos de incompatibilidade similar. Essa
assinatura geoquimica pode ser atribuida a presenca
do mineral acessoério rutilo (TiO,) como fase residual.
Dados experimentais obtidos nesse estudo mostram
que o coeficiente de parti¢do de vanadio entre rutilo e
liquidos silicaticos varia entre ~0,1 (incompativel) e ~18
(compativel) em fungdo da fugacidade de oxigénio. Os
resultados experimentais confirmam ainda que HFSE sdo
compativeis em rutilo, com coeficientes de particao (D)
para Ta>Nb>>Hf >/~ Zr, porém fortemente dependentes
da composi¢do do liquido silicatico. Coeficientes de
particdo para HFSE aumentam aproximadamente
uma ordem de magnitude com aumento do grau de
polimerizagdo do liquido silicatico (ou decréscimo

da basicidade). Os resultados experimentais também

An Acad Bras Cienc (2014) 86 (4)

indicam que a presenga de rutilo como fase acessoria
residual pode resultar no fracionamento de U relativo
a Th devido a diferenga (~ duas ordens de magnitude)
entre os coeficientes de particdo desses dois elementos.
Também confirma-se com os resultados desse estudo
que além dos HFSE, Cr, Cu, Zn e W sdo compativeis em

rutilo em qualquer fugacidade de oxigénio.

Palavras-chave: magmas de arco, elementos de elevado

potencial de ionizacao, coeficientes de parti¢do, redox, rutilo.
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