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Experimental determination of the partitioning behavior of rare earth and high field
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Abstract—The primary goal of this investigation was to derive a set of expressions that can be used to
calculate the amphibole-melt partitioning behavior of the rare earth elements (REE) and the high field strength
elements (HFSE) in natural systems. To supplement the existing data set on basaltic systems, we conducted
experiments on systems where amphibole was in equilibrium with dacitic, tonalitic and low Si rhyolitic melts.
These experiments, doped with La, Sm, Gd, Lu, Ta, Nb, Y, Zr, and Hf, were run at pressures of 2 and 5 kbar,
temperatures between 900°C and 945°C, and oxidation conditions ranging from QFM-1 toNiNiO

The partitioning data obtained in this study were combined with published data to calculate two sets of
expressions describing trace element partitioning. The first set models the partitioning of trace elements into
amphibole using temperature, pressure and several compositional parameters, including the compositionally-
compensated partition coefficients of Ti, Al, Caand Si@nd the exchange of Fe and Mg between the crystal
and the melt (,,/Deo). The second set of expressions are slightly less precise, but require no specific
knowledge of P, T, ord, and, for application to natural systems, can be constructed solely on the basis of
information available from standard electron microprobe analyses. These expressions predict amphibole-melt
partition coefficients for REE and HFSE within an internal precision of 14—40% (relative) for alkali basalt to
low Si rhyolite, from 850°C to 1100°C, 2—-20 kbar and oxygen fugacity from QFM-1 to NiNIO

Partition coefficients calculated from the expressions derived in this study were used to model the partial
melting and fractional crystallization of a hypothetical amphibolite and hydrous melt, respectively. Fraction-
ation and/or melting in amphibole-bearing systems produces a magma with a convex upward REE pattern, a
characteristic common to many hornblende-bearing dacites. However, the removal or addition of an amphi-
bole component cannot produce the strong HFSE depletion relative to the REE observed in many arc
magmas. Copyright © 2000 Elsevier Science Ltd

1. INTRODUCTION of mineral/melt compositions with an equally wide range of

The group systematics of rare earth element (REE) and high physical parameters. However, a coherent database of partition-

field strength element (HFSE) partitioning behavior make them ing data mL!St pe available for SPCh exprgssions to be calculated.
an important tool in petrogenetic modeling. Both groups exhibit To qugqtﬂaﬂvely mOd_el the d|fferent|§t|on of a system \_/vhere
internally coherent behavior on a gross level, with differences the conditions are continuously changing, we must define the
in partitioning behavior between individual elements within €ffects of pressure, temperature, and composition on the parti-
each group dominated by differences in ionic radius. tioning behavior of all elements. The partitioning of REE and

Two approaches have been adopted in the modeling of trace HFSE into olivine, plagioclase, and pyroxene over a wide range
element partitioning. One method of determining appropriate Of pressure, temperature, and compositions has been the subject
partition coefficients is to collect them from mineral/liquid Of several recent investigations (McKay et al., 1986; Beattie et
pairs in systems of specific chemical and physical conditions. al., 1991; Kinzler et al., 1990; Blundy and Wood, 1991; Gal-
This approach has the advantage that it yields relatively high laghan and Nielsen, 1992; Forsythe et al., 1994; Hack et al.,
levels of precision, but limits the application of the derived 1994; Wood and Blundy, 1997), with the result that there are
partition coefficients to those specific systems that have beennow well-constrained expressions that describe the partitioning
studied in detail (see Green, 1994 review). of many of the important trace elements.

Another approach is to link the partitioning of trace elements  The goal of this investigation was to collect a data set of
with the behavior of major elements, such as Ca or Ti (Gal- experimentally-determined partition coefficients for the REE
laghan and Nielsen, 1992; Nielsen et al., 1992; Nielsen et al., and HFSE between amphibole and andesitic to rhyolitic melts.
1994; Blundy and Wood, 1994; Forsythe et al., 1994; Sisson, This data set was used in conjunction with existing data on
1994; Klein et al., 1997; Wood and Blundy, 1997). This ap- other systems (Nicholls and Harris, 1980; Green and Pearson,
proach can produce models for the partitioning of trace ele- 19g5h: Adam and Green, 1994: Sisson, 1994: Brenan et al.,
ments that are appropriate for conditions covering a wide range 1995; LaTourrette et al., 1995; Klein et al., 1997; Fujinawa and
Green, 1997) to calibrate expressions describing the partition-
*Author to whom correspondence should be addressed (mielsen@ INg Of these elements between amphibole and natural compo-
oce.orst.edu). sition magmas ranging from alkali basalt to low-Si rhyolite.
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2. THE OCCURRENCE AND STABILITY OF AMPHIBOLE

Amphibole is one of the more common phases in the crust
and upper mantle. Its widespread occurrence and relatively
high partition coefficients for many important trace elements
makes understanding the role of amphibole critical to the
development of igneous differentiation models for many sys-
tems. Amphibole occurs irr10-40% of andesites and dacites
(Ewart, 1979; Sajon et al., 1996) where in some cases, it may
make up to 20 volume percent of the rock (Wones and Gilbert,
1982). Amphibole-bearing cumulate rocks have been reported

as xenoliths in many arc basalts, andesites and granitoids (Caw-

thorn and O’Hara, 1976; Conrad and Kay, 1984; Beard, 1986;
Dautria et al., 1987; Castro and Edryd, 1992; Ferreira et al.,
1995; Kempton et al., 1995).

Amphibolitized peridotites and metabasites are abundant in
oceanic, arc, and continental crusts, and the partial melting of
these rocks can generate a wide variety of melts. Amphibole
plays a critical role during melting in these systems. In fact, it
is the progressive, incongruent breakdown of amphibole that
typically triggers melting (Mysen and Boettcher, 1975; Spulber
and Rutherford, 1983; Beard and Lofgren, 1991; Wolf and
Wyllie, 1994; PatifieDouce and Beard, 1995; Rapp, 1995;
Hartel and Pattison, 1996; Skjerlie and Johnston, 1996;
Winther, 1996).

In water-saturated, andesitic to dacitic liquids, amphibole is
stable to 875-975°C at, B, of 1-5 kbar (Rutherford et al.,
1985; Rutherford and Devine, 1988; Beard and Lofgren, 1991).
For water-saturated basaltic liquids at 2 kbar, the upper limit of
amphibole stability is 985°C (Sisson and Grove, 1993), and for
water-saturated basalts at pressures of 5 kbar and above, th
upper stability is at least 1045°C (Helz, 1976; Allen and Boet-
tcher, 1983; Huang and Wyllie, 1986).

During dehydration melting, the stable coexistence of am-
phibole and melt is a function of temperature, pressure, and
bulk composition. At pressures of 2—-3 kbar, amphibole plus
melt may coexist from the solidus (850-900°C) to tempera-
tures 25-50°C above the solidus. At higher pressureS (
kbar), the amphibole plus melt field expands, and amphibole
may be stable at temperatures as much as 75°C above th
solidus (Rushmer, 1991; Beard and Lofgren, 1991; Patino
Douce and Beard, 1995; Wolf and Wyllie, 1994; Rapp and
Watson, 1995). Thus, even in the absence of a vapor phase
restitic amphibole can influence melt compositions in systems
that have undergone as much as 25% melting.

3. CRYSTAL CHEMISTRY

The general formula for Ca-rich amphiboles is
Ay_1B,C:Tg0,(OH, F, Cl, O). In Ca-rich amphiboles, the
A-site is largest (12-fold coordination) and, when occupied, is
occupied by Na and K. The B-site (M4) is 8-fold coordinated
and located adjacent to the A-site. In most naturally occurring
amphiboles, the B-site occupied primarily by Ca and Na. The 6
fold coordinated C-sites (M1, M2, and M3) are occupied by
Mg, Mn, F&", F€®, Al, Cr, and Ti. The tetrahedral T-sites are
occupied by Si and Al, and make up the silicate double chain
framework of amphibole (Hawthorne, 1981; Leake, 1997).

The similarity of the ionic radii of the REE (0.977 A for Lu
to 1.16A for La) and Ca (1.12A) leads to the prediction that the
REE’s may substitute for Ca in the M4 site, however, the site

€

€

M. Hilyard et al.

occupancy of the HFSE is not clear. If the other HFSE behave
like Ti, the M2 (C) site will be favored (Robinson et al., 1982;
Leake, 1997). Recent work on the site occupancy of Ti, the
REE and the HFSE (Foley et al. 1999; Oberti et al. 1999a;
Oberti et al. 1999b; Tiepolo et al., 1999; Yang et al., 1999)
indicates that they occupy different sites depending on the
amphibole composition. For example, Foley et al. (1999) re-
ported that Ti, Nb and Ta prefer the M1 site, and Hf and Zr
occupy M2 in pargasites and M1 in richterites if dehydrogena-
tion is present. However, expressions that describe the link
between occupancy and composition have yet to be published.

4. EXISTING PARTITIONING DATA

The majority of existing partitioning data for amphibole has
been the result of phenocryst/matrix determinations (e.g., Sis-
son, 1994), or experimental studies restricted to a narrow range
of starting compositions (e.g., LaTourrette et al., 1995; Brenan
et al., 1995). In an experimental investigation of the effects of
pressure and temperature on partitioning for a single basanite
composition, Adam and Green (1994) found that REE parti-
tioning in amphibole was negatively correlated with pressure,
and that there was less of an effect for temperature (1000°C vs.
1100°C) than pressure. In addition, Green and Pearson (1985)
investigated the effect of pressure on partitioning of trace
elements in an andesitic liquid at 900°C. They observed that the
partitioning of REE is negatively correlated with pressure and
attributed this decrease indRg to be a consequence of the
flexibility of the amphibole structure, which becomes more
discriminating than clinopyroxene or titanite at greater pres-
sures. Fujinawa and Green (1997) confirmed that Zr and Hf
were negatively correlated with pressure, and positively corre-
lated with Ti in a set of follow-up experiments on andesite and
basanite starting materials. They surmised that although Hf was
slightly more compatible than Zr, their behavior was suffi-
ciently similar that amphibole was not an effective mechanism
for Hf/Zr fractionation.

LaTourrette et al. (1995) examined the partitioning of trace
elements between amphibole and a basanite melt at 15 kbar and
1100°C, while Brenan et al. (1995) investigated trace element
partitioning between amphibole and a simplified synthetic an-
desite melt at 15 kbar and 1000°C. In an effort to quantify the
‘effects of pressure and temperature on partitioning, both studies
modeled the partitioning into amphibole with an elastic strain
model. This model was originally developed for plagioclase by
Blundy and Wood (1991) and was later applied to trace element
partitioning for clinopyroxene (Wood and Blundy, 1997) in
anhydrous systems.

Klein et al. (1997) investigated the partitioning of REE and
HFSE between amphibole and tonalitic melt at 1 GPa and low
temperature (800°C, 850°C, and 900°C). Partition coefficients,
when modeled in terms of both melt structure and elastic strain,
fell along the predicted Onuma curves. In addition, Klein et al.
(1997) found that the partitioning of the REE correlated with
D4, and was collinear with partition coefficients obtained in
previous studies (Adam and Green, 1994; Brenan et al., 1995;
LaTourrette et al., 1995). They also found that the slope of the
DREE-D-,, correlation was different from the results of other
studies.

Sisson (1994) used in situ ion-microprobe analyses of crys-
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Table 1. Starting compositions used in this study behavior (Drake and Holloway, 1981; Watson, 1985; Gallaghan and
Nielsen, 1992; Beattie, 1994).
T-85 AT4 557 478 ABA A great deal of thought and experiment has been devoted to the issue
of the Henry’s Law limit over the past 30 years. However, recent
Sio, 45.50 48.62 57.02 52.47 49.04  analytical and experimental work (Nielsen et al., 1992; Beattie, 1994;
TiO, 4.11 0.91 0.60 1.74 1.27 Forsythe et al., 1994) has demonstrated that Henrian behavior is the
Al,Oq4 15.04 17.38 15.39 15.29 16.37  norm rather than the exception in most important natural mineral-melt
Fe, 05 13.84 6.21 — — 1.92 systems. Therefore, the discussion below assumes that the activity
FeO — 4.19 8.01 11.79 7.45 coefficients exhibit behavior consistent with Henry’s Law and are not
MnO 0.18 0.13 0.17 0.22 0.18 a function of concentration.
MgO 5.12 7.66 5.52 5.29 7.45
CaO 10.95 11.64 9.20 9.21 10.81 : ;
Na,O 35 2.44 2.54 255 342 >3 Experimental Technique
K50 1.85 0.63 0.44 0.16 0.44 The experiments were conducted at Virginia Polytechnic Institute
P05 0.14 0.19 0.18 0.49 0.16  and State University (VPI) and Oak Ridge National Laboratories in

internally-heated pressure vessels (IHPV). All experiments conducted
T85—fractionated alkaline basalt from Tahiti T85 (Duncan et al., at VPI were run in 100% argon pressure medium, with pressti@.{

1994). kbar) monitored by a manganin cell and temperature7¢C) moni-
AT4—high-alumina basalt from the Aleutian Islands (Beard and tored by three chromel-alumel thermocouples. Oxygen fugacity was
Lofgren, 1992). not buffered or monitored, but in such systems it is typically about 1 log
557—low-K calc-alkaline andesite (Beard and Lofgren, 1991). unit above the Nickel-Nickel Oxide (NiNiO) buffer (e.g., PatiBouce
478 —greenstone of calc-alkaline andesite composition (Beard and and Beard, 1995). The experiments conducted at Oak Ridge were run
Lofgren, 1991). in a reducing environment of 96% argon and 4% hydrogen, equivalent
ABA—AIlKkali basaltic amphibolite (Rushmer, 1991). to an oxygen fugacity one log unit below the quartz—fayalite—magnetite

buffer (QFM-1). Pressure was monitored by calibrated Heise gauge and
temperature by type-S thermocouples. Run times were 70-100 h.
For each IHPV experiment, approximately 10-30 mg of powdered
tals and glass to investigate the effects of composition on the starting material was loaded into gold capsules with enough water to
partitioning of trace elements between amphibole and melts of saturate {10 wt. H,0). All charges were weighed before and after the

basaltic andesite to high-silica rhyolite composition. Partition €xPeriment and all yielded fluid upon opening. Experiments were
fficients were calculated from values obtained from pheno- brought to run temperature with minimal overshoot, and quenched by
coe . p_ turning the power off. Quench time was approximately 20—40 sec.
cryst separates and remelted quench-crystallized matrix. He

found that the partitioning of trace elements into hornblende g , Analytical Technique

was strongly correlated to D,

While the aforementioned studies have investigated the par- _ Major, minor and trace element analyses were conducted with the
9 P CAMECA SX-50 four-spectrometer electron microprobe at Oregon

titioning be“"’e_‘?“ amphik?ole a_nd tra_ce _elements over a_wide State University. Analysis of the amphibole crystals was performed
range of conditions, no single investigation has systematically with a 15kV accelerating voltage and a 30 nA beam current. Glass
examined the magnitude of each of the parameters that affectanalyses were conducted with a partially defocused bea&-{0pu)

partitioning over the full range of conditions where amphibole and a 10 nA beam current during acquisition of the Na signal to
mitigate Na migration during analysis. The rest of the elements in the

is stable. glass were analyzed at 30 nA. Peak counting times were 10 sec. on
major elements. Ti was counted for 60 sec. and 300 sec. counting times
5. EXPERIMENTAL PROCEDURE were used for the trace elements. Original Na concentration levels in
the glasses were estimated by extrapolating the rate of sodium loss back
5.1. Starting Compositions to time zero as described in Nielsen and Sigurdsson (1981).

. » . Major elements were calibrated with Smithsonian standard reference

A set of na_ltural starting compositions was chosen for this study‘ 0 materials (Jarosewich et al., 1980). The trace elements, Y, Nb, La, Lu
produce a wide range of melt compositions (Table 1). Each starting \ere calibrated on a synthetic standard (Hfrest—Pafinace et al.,
composition was powdered and doped with approximately 0.5 Wt.% 1994) Hf and Zr were calibrated on the USNHM Zircon standard
each of the dopant components (e.g., 0.5 wt% La, Lu and Hf). The (1717288 3) while Sm and Gd were calibrated using the REE standard
doped powders were subsequently fused at 1 atm., 1200°C, quenched ¢ prake and Weill (1972).
ground, reheated and re-ground. Three different dopant mixtures (1)  \yater content of the glass in each charge was assumed to be the
LLH-La, Lu, Hf; (2) NST-Nb, Sm, Ta; and (3) YZG-Y, Zr, Gd were ifference between totals obtained via the electron microprobe and 100
used in order to avoid interferences during microprobe analysis, and to (Anderson, 1974; Garcia et al., 1979; Beard and Lofgren, 1991) and
keep concentrations sufficiently low to inhibit the crystallization of  \yere calculated after the Na values were calculated. Point acquisition

REE and HFSE bearing accessory phases. was documented on backscattered electron images (BSE). Glass anal-
yses are averages of a number of point analyses in each of several glass
5.2. Use of Dopants patches in each charge (Table 2).

One of the concerns during analysis of these experiments was that
Experimental determination (versus phenocrysts/matrix) of partition the beam sampling volume might be larger than the volume of a single
coefficients offers the advantages that pressure and temperature aresmall amphibole crystal or glass patch. Any wandering of the beam off
controlled. However, the size of crystals generated with experimental of the crystal during analysis results in the fluorescence of more than
techniques was often smaHl-8—10 micron), making them difficult to one phase, creating a “hybrid” analysis of glass and amphibole. To
analyze by available analytical equipment (e.g., ion probe) capable of identify such erroneous results, the data were plotted against Ca, Al,
detecting trace elements in natural abundances. The problem of smalland Ti. This combination of elements was found to be sufficient to
crystal size can be mitigated by doping an experiment to levels that discriminate between analyses of a single phase and analyses of more
permit the use of an electron microprobe. The benefit of in situ analysis than one phase based on several criteria. This was effective even in the
is that inclusions of trace phases can be detected and avoided with backworst cases, as in the low experimental results, characterized by
scatter imaging (Michael, 1988). The amount of dopant added to our small crystal size, abundant inclusions of HFSE-rich ilmenite, and a
charges (0.5 wt.%) is enough to be measured by the electron micro- high crystal content. Ca and Al were found to be reliable indicators for
probe, yet sufficiently dilute to fall within the bounds of Henry’'s Law  plagioclase and glass overprint on the data due to the large difference
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Table 2. Electron microprobe analyses of experimentally produced amphibole and glass. LLH-La, Lu, Hf; NST-Nb, Sm, Ta; YZG-Y, Zr, Gd.
n—-number of analyses on which the average is b&SRdn at QFM-1 at Oak Ridge National Laboratoryr &andard deviations are presented in
parentheses (e.g. 40.13 (84) equals 46:0334). Error is calculated as the standard deviation of n analyses. Amphif@l&sidalculated on the basis
of stoiciometry as per Deer et al. (1992). Difference between total and 100% for glasses is assumedQo Plealsle proportions are given in the
order—amphibole, plagioclase, magnetite and glass unless otherwise noted.

T85LLH  ABALLH  478LLH  AT4LLH  557LLH  T85LLH  T85LLH  ABALLH  478LLH  557LLH
P (kbar) 5 5 5 5 5 2 2 2 2 2
T(°C) 940 940 940 940 940 925 940 940 940 940
amph n 15 30 11 14 5 15 14 16 11 6
SO, 40.13(84) 41.99 (60) 42.77(86) 41.89(53) 45.32(41) 40.17 (66) 39.25(58) 42.92(31) 45.27 (59) 44.25 (47)
Tio, 353(27) 2.02(9)  255(10) 1.50(12) 121(8)  4.40(22) 3.99(16)  2.31(7) 2.42(12) 1.12(8)
AlLO, 1423 (40) 14.52(23) 13.30(68) 14.21(31) 12.88(21) 13.33(43) 12.80(28) 12.60(38) 10.08(27) 11.01(76)
FeO 11.44(85) 10.70 (60) 11.74(39) 12.32(62) 12.19(64) 12.54(81) 10.38(61) 9.15(31) 10.66(53) 11.99 (66)
MnO 0.19 (2) 018(2) 021(3) 022(2) 021(2) 017(3) 0.25 (3) 0.20 (2) 027(4)  027(4)
MgO 12.45(97) 13.96 (43) 13.60 (48) 12.81(63) 13.03(61) 11.18(46) 13.22(43) 15.81(40) 15.53(39) 15.49 (67)
ca0o 11.99 (18) 11.86(20) 10.91(24) 11.44(30) 11.04(16) 11.76(28) 12.10(38) 11.36(12) 10.34(22) 9.73(14)
K,0 1.35(8) 030(2) 041(1) 051(3)  021(1) 1.07(4) 1.22 (10) ~ 0.27 (2) 0.08(1)  0.11(5)
Na,0 218(12) 251(7) 232(7) 228(6)  1.93(3)  2.30(7) 2.29 (8) 2.57 (6) 2.34(87) 1.38(9)
La,04 0.12 (2) 011(3) 0.09(2) 0.06(1) 0.06(2)  0.19(4) 0.13 (2) 0.21 (3) 0.09(1) 0.25(4)
Lu,0, 0.23 (3) 024(2) 040(4) 027(3) 0.38(3  032(4) 0.52(10) 0.67(4) 157(8)  1.22(8)
HfO, 0.32 (4) 029(4) 026(4) 028(5) 0.18(3)  057(6) 0.32 (6) 0.35 (8) 0.24(3)  0.56(5)
totals 99.91 100.27 99.93 99.6 99.89 99.79 98.33 99.98 100.10 99.12
H,0 1.75 1.59 1.67 1.81 1.25 1.79 1.86 1.56 1.21 1.74
min. prop. 50540 500248 400555 3520540 2010268 500545 40201030 5020525 3530530 3010565
glass n 27 29 8 12 15 12 19 21 13 30
SO, 60.23(96) 59.32(65) 60.03(84) 61.17 (94) 63.71(86) 61.18(56) 56.00(55) 59.12(71) 61.14(94) 59.88 (90)
Tio, 0.34 (5) 0.33(6) 058(4) 023(4) 027(7) 0.61(9) 1.01(21)  0.58(8) 0.87(5)  0.41(7)
AlLO, 1856 (27) 19.53(32) 18.2230) 18.18(28) 17.15(18) 19.55(22) 19.01(11) 17.57(37) 17.87(31) 18.35(24)
FeO 1.17(30)  1.44(32) 2.06(17) 1.14(20) 1.73(19) 156(19) 1.83(21) 2.19(24)  2.09(11) 2.55(16)
MnO 0.11 (2) 011(3) 0.43(3) 012(3) 008(3)  0.10(2) 0.13 (2) 0.12 (3) 011(4)  0.08(3)
MgO 0.03 (2) 0.15(13) 0.23(11) 0.07(11) 0.29(25) 0.05(3) 0.15 (1) 0.45(18)  0.58(26)  0.49 (16)
ca0o 551(20) 6.48(16) 6.15(16) 5.42(16) 5.19(14) 3.50(23) 4.43(17) 4.34(40) 5.44(30) 5.44(15)
K,0 0.83(12) 0.22(4) 020(6) 055(5) 0.27(9)  1.42(36) 2.78(28) 0.83(20) 0.29(3)  0.52(6)
Na,0 5.02(50)  4.44(67) 4.10(46) 3.77(37) 3.41(21) 4.73(61) 357(33) 5.14(38) 4.12(28) 3.51(23)
P,0s 0.33(7) 031(5) 0.33(7) 033(5) 0.13(3)  0.23(7) 0.44 (7) 0.32 (4) 0.29(5)  0.10(3)
La,04 0.46 (5) 073(8) 061(9 024(8) 018(2) 032(6) 0.72 (6) 1.26(11)  0.93(4)  0.77(4)
Lu,0, 0.15 (3) 021(2) 0.34(3) 018(3)  0.21(5) 0.16(4) 0.59 (4) 0.50 (7) 0.88(13) 0.51(11)
HfO, 0.28 (4) 035(5) 0.37(4) 029(4) 019(3  033(6) 0.35 (2) 0.49 (4) 0.54(4)  0.41(4)
totals 93.02 93.62 93.35 91.69 92.81 93.74 91.01 92.91 95.15 93.02

in the Ca contents of amphibole and glass (12 oxide wt.% and 4 oxide
wt.% respectively), and the difference in the Al content between
amphibole and plagioclase-(3% oxide and~22% oxide respective-

ly). Ti was used as an indicator of overprint from oxide inclusions.

Note that although the full range of values for a specific experiment

may vary by as much as 30%, the standard deviation of multiple

determinations is significantly less.

scribed by the equilibrium constant for the reaction by which the
mineral component is formed. For example the formation of a Zr-
bearing amphibole from a silicate melt could be described by the
following reaction:

[NaOy s + 2 CaO+ 4 MgO + ZrO, + 5 Si0, + 3 AlO; 5 + H,0]™"

= [(NaCa)(Mg,Zr)(SisAl 5)O05,(OH),]*" (1)
6. THEORY The equilibrium constant for this reaction can be written as:
6.1. General Constraints Bamn
MP(NaCa)(MgaZr)(SisAl )
Keq = (2)

The partitioning of an element between silicate melt and crystal is a
function of both the major element composition of the phases and the
activity of the trace element components. Under normal circumstances, Under conditions of constant pressure and temperature, the activity (a)
where the activities of the components and the substitution mechanismsof each element in each phase is related to concentration (X) by an
are not well known, distribution coefficientd "Dy, =X . /™" 1), activity coefficient §), where (a=Xv). The activity of water in this
are used as measures of the trace element partitioning between phasegase is assumed to be one. However, as noted above, the activity
where*X,. is the mole fraction of element M in the crystal (xl) or the  coefficients for trace elements in amphibole are not known. In addition,
melt phase (note: this designation is as opposedtdD,,, the ratio the stoichiometry of the formation of Zr amphibole (# of Al, Si, Ca
of weight %, Beattie et al, 1993). However, partitioning is known to be atoms atoms/cell) is unknown.
dependent on composition as well as pressure and temperature. It has While the compositional dependency of activity coefficients for
long been shown that components do not behave ideally in natural some elements in a silicate melt can be reduced (Nielsen and Dungan,
systems, as demonstrated by the wide range of D exhibited at a given 1983; Ghiorso and Sack, 1995), the behavior of Al, Ti, and most trace
temperature for compositionally diverse systems (see review by Green, elements in amphibole is poorly understood, both in terms of their
1994). component activities, and in terms of how they interact (e.g., nature of

Ideally, the partitioning of an element between phases is best de- paired substitutions). In spite of the complexity exhibited by trace

(a0 (aligo) (a0, (8810:) (@, ) (@i
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Table 2. (Continued)

478LLH 557LLH T85NST  ABANST 478NST ATANST 557NST T85NST T85NST
P (kbar) 2 2 5 5 5 5 5 2 2
T(°C) 900 900 940 940 940 940 940 945 940
amph n 22 22 8 26 18 26 29 12 12
Sio, 44.47 (91) 4556 (73) SO  40.73(59) 41.13(96) 43.89 (91) 42.13(66) 42.68(60) 40.10(58) 41.48(51)
TiO, 2.70 (19) 157 (10) TiQ 2.77 (11) 1.95 (7) 2.02 (26) 1.36 (10) 1.10(7) 4.23 (18) 3.59 (12)
AlL,Oq 11.48 (48) 10.72(31) AD; 14.25(23) 14.15(25) 13.20(37) 14.31(24) 12.21(40) 13.52(45) 12.45(38)
FeO 11.39 (88) 10.47 (57) FeO 11.38 (49) 10.15(57) 13.47 (42) 10.76 (21) 10.79(36) 12.96 (74)  10.49 (45)
MnO 0.27 (3) 0.22 (3) MnO 0.24 (4) 0.15 (2) 0.27 (2) 0.19 (3) 0.17 (2) 0.19 (3) 0.29 (3)
MgO 14.29 (64) 16.15 (46) MgO 12.03 (43) 14.58 (44) 11.84(81) 13.62(26) 15.16(37) 11.30(44) 13.66 (53)
CaO 10.64 (27) 10.74 (30) CaO 11.96 (16) 11.93(14) 11.15(34) 11.62(22) 11.61(17) 11.42(24) 11.32(13)
K,0 0.08 (1) 0.15 (2) KO 1.29 (2) 0.29 (2) 0.09 (1) 0.49 (2) 0.23 (1) 1.04 (9) 1.11(13)
Na,0 2.23 (10) 1.92(24) N©D 2.16 (3) 2.45 (4) 2.23(9) 2.23 (6) 2.01 (6) 2.33(5) 2.34 (7)
La,04 0.16 (3) 0.17 (3) NpOg 0.09 (1) 0.20 (2) 0.22 (5) 0.22 (2) 0.19 (4) 0.31(3) 0.22 (3)
Lu,O4 0.73 (4) 0.62 (3) SpD;  0.16 (2) 0.34 (2) 0.34 (4) 0.33 (4) 0.44 (2) 0.43 (6) 0.18 (1)
HfO, 0.43 (6) 0.28 (3) TsOg 0.07 (1) 0.16 (3) 0.16 (5) 0.16 (4) 0.16 (4) 0.32 (4) 0.21 (4)
Total 100.58 100.29 Total 98.86 99.08 100.58 99.07 98.58 99.95 99.20
H,O 1.71 1.72 HO 1.73 1.60 1.70 1.65 1.83 1.80 1.86
min prop 3540520 3535525 0D545 500248 400555 3030535 2510362 500545 40201030
glass n 18 25 n 18 19 21 21 29 15 6
Sio, 65.39 (75) 65.44 (86) SO  58.62(91) 57.68(81) 62.55(90) 55.76(86) 61.46(89) 61.26(70) 59.96 (31)
TiO, 0.61 (6) 0.35 (4) TiQ 0.21 (6) 0.36 (5) 0.36 (10) 0.26 (6) 0.25 (5) 0.70 (13) 0.87 (28)
AlL,Oq 16.00 (32) 15.15(23) AD; 19.34(27) 19.21 (42) 17.78 (28) 19.14(33) 17.87(20) 19.45(16) 18.23(24)
FeO 1.73(36) 1.98 (44) FeO 0.92 (13) 1.49 (22) 1.80 (63) 1.56 (35) 1.61 (39) 1.58 (24) 1.78 (51)
MnO 0.12 (3) 0.09 (2) MnO 0.10 (3) 0.13(3) 0.11 (3) 0.15 (3) 0.09 (3) 0.13 (4) 0.14 (3)
MgO 0.52 (40) 0.37 (14) MgO 0.01 (1) 0.06 (4) 0.19 (21) 0.07 (3) 0.15(8) 0.06 (5) 0.22 (23)
CaO 3.87 (25) 3.24(16) CaO 4.93 (13) 6.96 (20) 5.86 (16) 7.09 (23) 5.62 (15) 3.73(23) 2.79 (30)
K,0 0.19 (2) 0.28 (6) KO 0.73 (10) 0.20 (2) 0.11 (2) 0.33 (6) 0.20 (4) 1.42 (13) 3.54 (12)
Na,0 3.84 (21) 5.04 (18) N©O 5.09 (26) 5.43 (49) 3.85 (36) 3.89 (24) 3.55 (28) 4.60 (56) 1.95(4)
P,Oq 0.37 (5) 0.14 (3) FO;5 0.23 (5) 0.33(5) 0.23 (5) 0.40 (7) 0.12 (3) 0.26 (5) 0.25 (51)
La,04 0.48 (3) 0.74 (6) NBO; 0.13(2) 0.98 (4) 0.42 (3) 0.90 (7) 0.67 (7) 0.31(3) 0.30 (3)
Lu,O4 0.39 (5) 0.30 (5) Sp0;  0.05(1) 0.28 (4) 0.15 (2) 0.25 (4) 0.27 (3) 0.12 (2) 0.09 (1)
HfO, 0.35(3) 0.39 (4) TsOq 0.07 (3) 0.69 (5) 0.28 (3) 0.59 (5) 0.53(7) 0.20 (3) 0.39 (8)
Total 93.86 93.42 Total 90.43 93.8 93.69 90.39 92.39 93.82 90.51

element partitioning in amphibole noted by previous studies, the evi- predominant contribution to the free energy of this reactiohGs,, 5,
dence that such complexity is systematic suggests that the partitioning then from Brice (1975) and Eqn. (3):
of trace elements into amphibole can be quantitatively modeled (e.g.,

Nicholls and Harris, 1980; Green and Pearson, 1985; McKay et al.,
1986; Blundy and Wood, 1991; Gallaghan and Nielsen, 1992; Adam

and Green, 1994; Forsythe et al., 1994; Hack et al., 1994, Brenan et al.,

1995; LaTourrette et al., 1995; Wood and Blundy, 1997; Foley et al.,
1999; Oberti et al., 1999a; Oberti et al., 1999b).

6.2. Crystal-Chemical Effects

Partitioning of an element into a specific crystallographic site is
dependent on both the ionic radius and charge (Goldschmidt, 1937;
Onuma et al., 1968; Brice, 1975; Blundy and Wood, 1994; Wood and

log D = log D, — 47NAE/2.303RT[/2(r; — o) + 1/3(r — 1o)°]
(

where N, is Avogadro’s number, E is Young's Modulusjs the ionic

radius of a trace element in a given site, apdsrthe optimum ionic

radius for the site. This expression provides a physical basis for the
correlation between the partition coefficient and ionic radii and can be
used to calculate the partition coefficient as a function of r and E.
Partition coefficients plotted versus radius define a parabola with a

maximum describing the optimal partition coefficient and optimal site
radius. E is a function of the half-width of the parabola. The wider the
parabola, the more flexible the site. A rigid site is defined by a parabola

Blundy, 1997) and is reflective of the amount of strain induced upon with steep limbs, indicating that small changes in radius will result in
substitution of that ion. Stated simply, those cations that are closest to greater variations of D. This relationship is illustrated in a comparison
the optimal radius for the site will produce the least amount of strain in  of the relatively flexible M4 site to the more rigid M1-3 sites (Comodi
the crystal lattice, resulting in a high partition coefficient for that et al., 1991).
element. As the difference in radius between substituting cations and  Partition coefficients can be predicted with this model, assuming that
crystallographic sites increases, so does the crystal strain, resulting ininformation about the partitioning behavior of major elements is
low partition coefficients for that element. known. For example the partitioning of other divalent cations (Sr, Ba)

Assuming that the activity-composition relationships are the same into the M4 site can be predicted with knowledge ofas in the
for both major and trace-elements, a crystal-melt partition coefficient following expression (Brenan et al., 1995):
can be expressed as:

log D, = log D¢, — 47 NAE/2.303 RT [£/2(rca — 1) + 1/3(1ca — 11)7]

D = D, exp(—AG,,/RT) 3) 5)
where Q) is a constant that represents the optimum partition coefficient where yis the radius of the ion of interest. In addition, the partitioning
for an unstrained site at a given pressure, temperature and composition,of the trivalent REE cations into any appropriate site may be modeled
R is the gas constant and T is absolute temperature. Assuming that thewith the knowledge of R, and the ratio of optimal partition coeffi
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Table 2. (Continued)

478NST  AT4NST  557NST  478NST  557NST ABAYZG  478YZG  ATAYZG  557YZG

P (kbar) 2 2 2 2 2 5 5 5 5

T(°C) 940 940 940 900 900 940 940 940 940

amph n 9 14 21 15 15 21 23 24 15

SO, 4505(32) 4352(41)  46.95(92) 44.19(77) 46.71(83) ,SiO 40.68(61) 42.25(79) 41.54(56)  43.92 (68)
Tio, 2.36(18)  1.53(13) 1.33(11) 2.39(15)  1.37(12) 7iO 1.92(12) 2.28(10)  1.52(9) 1.29 (10)
AlLO, 10.43 (42)  11.65 (36) 9.96(22) 10.99 (29) 10.05 (18) ,Q4 14.09 (37) 13.24(36) 14.54(35)  13.16(97)
FeO 10.64 (40) 10.11(52)  10.75(73) 10.36(63) 10.89(82) FeO  10.88(86) 12.39(43)  11.9(53)  11.37(86)
MnO 0.28(3)  0.23(3) 024(3)  0.29(3) 024(3) MnO  018(3)  0.23(3) 0.21 (3) 0.19 (3)
MgO 1552 (40) 15.07 (40)  15.93(76) 15.46(57) 15.79(58) MgO  13.29 (56) 12.76(44) 13.35(28)  14.29 (28)
ca0 10.48(32) 11.16 (16)  10.93(29) 10.93(25) 10.88(33) CaO  11.74(18) 11.51(14) 11.58(18)  10.85 (54)
K,0 0.07(1)  0.49 (5) 0.14 (1) ~ 0.08(1) 014 (1) L® 0.29 (2) 0.1 (1) 0.47 (2) 0.20 (2)

Na,0 2.12(10) 2.21(5) 1.73(7)  2.24(8) 176 (5) Ja  259(32) 2.31(7) 2.31(4) 1.99 (11)
Nb,Oq 0.22(2)  0.47(3) 027(5)  0.26(4) 025(3) ,¥  028(2) 0.38(2) 0.21 (1) 0.43 (4)
Sm,0, 0.45(5)  037(2) 0.44(3)  053(3) 0.46(5) 2O 013(3)  0.08(1) 0.13 (4) 0.12 (3)
Ta,0, 0.19(6)  0.39 (6) 020(2)  0.18(5) 019(2) @ 029(2) 0.41(2) 0.21(2) 0.46 (4)

Total 99.89 99.03 100.72 99.75 100.43 Total  98.22 99.81 99.87 100.01

H,0 2.08 1.83 1.85 1.85 1.70 ¥ 1.86 1.87 1.90 1.74

min prop 3530530 3530530 3010565 3540520 3535525 00848 400555 3525535 2215360
glass n 13 6 21 11 15 n 14 19 30 11

SO, 59.6 (93) 59.82(188) 66.74(86) 65.6(87) 67.01(86) .SiO 60.49(85) 62.31(105) 60.19 (170)  62.37 (65)
Tio, 0.84 (13) 0.27(5) 026(2)  0.61(8) 026(2) TO 029(10) 0.38(15)  0.24(6) 0.25 (4)
AlLO, 17.74 (28) 17.71(28)  14.84(30) 15.87(29) 14.96(30) ,0M 19.68(21) 18.04(22) 18.81(54)  18.29 (18)
FeO 2.27(39) 1.51(17) 1.82(25) 237(67)  1.79(25) FeO 116 (28) 1.30(22)  1.32(23) 1.38 (12)
MnO 012(3)  0.17(5) 0.09(2)  0.14(3) 009(2) MnO  010(3)  0.12(2) 0.14 (4) 0.08 (3)
MgO 0.59 (23) 0.20(7) 0.39(6) 058(32) 0.36(6) MgO  003(2)  0.12(9) 0.08 (9) 0.08 (2)
ca0 5.46 (29)  4.74(39) 3.26(4)  4.01(18) 3.23(4) CaO 6.82(23) 6.11(21)  6.29(25) 5.77 (19)
K,0 0.37(3)  0.52(6) 038(3)  0.16(5) 0.37(3) L® 0.19 (11)  0.08 (4) 0.38 (27) 0.13 (8)

Na,0 3.52(18)  3.34(29) 3.28(22) 4.16(22) 420(22) ,Ma 4.18(54) 3.78(34)  3.65(46) 3.72 (24)
P,0s 0.27(4)  051(3) 0.18(4)  0.32(5) 0.18(4) ,®  036(4)  0.28(5) 0.38 (8) 0.13 (3)
Nb,O, 0.80(9)  0.96(18) 039(3)  0.40(3) 040(3) L0, 017(2)  0.21(4) 0.13 (3) 0.17 (2)
Sm,0, 0.36(4)  0.28(5) 0.15(1)  0.30(3) 015(1) 2O 019(3) 0.12(2) 0.16 (2) 0.16 (3)
Ta,0, 1.13(8)  0.80(6) 025(3)  0.25(3) 025(3) @, 014(2) 0.17(3) 0.10 (2) 0.14 (2)

Total 93.07 90.83 92.03 94.77 93.25 Total  93.8 93.02 91.87 92.67

cients for the 2 and 3+ cations (3*/ D3*). However, R, r, and E

6.3. Melt Component Activities

are functions of pressure, temperature and composition of the crystal.

Therefore, knowledge of all must be available to successfully model

Modeling the partitioning of trace elements as a function of melt

partitioning. Brenan et al. (1995) used this method to predict trace Structure may approximate the melt compositional effect on REE and
element partitioning into amphiboles (Nicholls and Harris, 1980; Green HFSE partitioning within amphibole (Drake and Weill, 1975; Nielsen,
and Pearson, 1985; Dalpe et al., 1992; Dalpe et al., 1995; Adam et al., 1988; Nielsen, 1990). As the structure (polymerization) of a melt

1993; Adam and Green, 1994; Dalpe and Baker, 1994) and found that increases, the solubility of many trace elements decreases. Regular
' y y ' solution models such as those applied to major element phase equilibria

it can predict D within 40—45%.

Error is easily introduced into this model by miscalculation of
appropriate pressure and temperature constants. For example, the flex
ibility (E) of a site is partially dependent on physical parameters of the
system, as well as chemical variations (Wood and Blundy, 1997).

(Ghiorso and Sack, 1995) can accurately model the effects of more
complex component interactions. However, they are difficult to apply
o trace elements due to the absence of information on the mixing
properties of most trace element components.

Two commonly applied empirical methods for calculation of the

Changes in the flexibility of the site may result in changes in the effect of melt component activity on trace element partitioning are:

optimal radius (§) and partition coefficients ([). Perhaps more sig

nificant, expression (5) requires that the partitioning of the trace ele- 1. To correlate partitioning to the ratio of non-bridging oxygens to

ments are correlated to Ca partitioning alone. Therefore, in application

tetrahedrally coordinated cations (NBO/T) (Mysen, 1983);

to amphibole, this approach has the weakness that it does not readily2. To distribute the behavior of cations using a two-lattice melt model

deal with variations in partitioning behavior caused by multiple sub-
stitution mechanisms possible in complex amphibole solid solutions

characteristic of natural systems.

The problem of multiple substitution mechanisms and multiple site
occupancy has recently been detailed by Foley et al. (1999); Tiepolo et
al. (1999); Oberti et al. (1999a) and Oberti et al. (1999b). Optimally, we

(Drake and Weill, 1975; Nielsen, 1985; Nielsen, 1990).

Both models assume that those cations which tend to be tetrahedrally
coordinated in a melt (Si, Al) are considered to be network formers (T),
while those cations which disrupt the network of a melt (Ca, Mg, Fe,
Na, K), producing non-bridging oxygens (NBO) are network modifiers.
In the Nielsen (1985); Nielsen, (1990) version of the two-lattice model,

would require that partitioning behavior be described as a composite o peraluminous and metaluminous melts, the amount of Al which acts

expression incorporating all the possible conditions. However, at as a network former (tetrahedral coordination) is that which can be

present there is insufficient information on the relationships between charge balanced by Na and K. Any excess Al is then assigned as a
composition, temperature, pressure, substitution mechanisms and sitenetwork modifier. In addition, it is assumed that melt components mix

occupancies to treat this problem within a strictly thermodynamic ideally, but only with those other melt components that have generally

framework. similar mixing properties. Specifically, the activity of network forming
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Table 2. (Continued)
T85YZG T85YZG T85YZG 478YZG ATAYZG 478YZG 557Y2G
P (kbar) 5 2 2 2 2 2 2
T(°C) 940 948 940 940 940 900 900
amph n 12 20 5 16 15 39 6
Sio, 40.18 (79) 40.13 (3) 40.24 (54) 44.02 (33) 45.18 (59) 44.49 (65) 44.58 (62)
TiO, 3.66 (10) 4.76 (7) 4.07 15) 2.49 (10) 1.55 (11) 2.48 (14) 1.57 (18)
AlL,Oq 15.07 (36) 14.05 (98) 13.23(39) 10.37 (22) 11.09 (69) 10.81 (53) 10.95 (90)
FeO 13.19 (43) 11.97 (2) 10.37 (52) 10.17 (50) 10.80 (74) 10.32 (70) 11.09 (91)
MnO 0.22 (3) 0.15 (0) 0.19 (3) 0.26 (3) 0.26 (5) 0.27 (4) 0.18 (3)
MgO 10.77 (44) 11.48 (28) 13.15 (56) 15.50 (36) 14.90 (74) 15.47 (51) 15.57 (80)
CaO 11.89 (14) 11.53 (8) 11.43 (27) 10.32 (18) 10.98 (23) 10.54 (26) 10.55 (18)
K,0 1.28 (1) 1.20 (8) 1.21 (4) 0.08 (1) 0.59 (5) 0.08 (1) 0.14 (1)
Na,0 2.20 (7) 2.24 (22) 2.25(5) 2.10 (5) 2.00 (12) 2.12 (11) 1.94 (13)
Y,05 0.17 (2) 0.30 (0) 0.30 (3) 0.62 (3) 0.39 (3) 0.62 (3) 0.63 (4)
Zro, 0.17 (1) 0.30 (3) 0.13 (3) 0.09 (2) 0.09 (1) 0.10 (2) 0.10 (3)
Gd,0, 0.16 (2) 0.33 (5) 0.18 (3) 0.45 (3) 0.27 (2) 0.53 (3) 0.60 (3)
Total 100.79 99.74 98.72 98.60 99.87 99.72 99.65
H,0 1.84 1.30 1.97 2.13 1.77 1.89 1.75
min prop. 0545 500545 40201030 3530530 3530530 3540520 3535525
glass n 12 27 5 6 6 12 18
Sio, 61.02 (77) 60.81 (65) 56.91 (40) 60.51 (74) 60.52 (88) 65.83 (64) 59.25 (31)
TiO, 0.32 (13) 0.84 (31) 0.86 (3) 0.74 (12) 0.44 (8) 0.63(9) 0.57 (2)
AlL,O, 19.75 (39) 19.29 (40) 19.31 (35) 17.64 (34) 17.63 (44) 15.43 (42) 17.03 (2)
FeO 1.03 (26) 2.28 (75) 1.45 (40) 1.78 (29) 3.22(84) 2.02 (20) 4.51 (38)
MnO 0.07 (2) 0.11(3) 0.12 (12) 0.11 (2) 0.17 (4) 0.13(3) 0.11 (3)
MgO 0.11 (20) 0.07 (4) 0.07 (24) 0.43 (23) 0.97 (67) 0.66 (24) 1.70 (2)
CaO 5.14 (35) 4.84 (37) 3.75(23) 5.25 (27) 4.79 (42) 3.91 (43) 5.88 (2)
K,0 0.66 (54) 0.79 (41) 3.32(27) 0.32 (3) 1.52 (25) 0.12 (5) 0.63(2)
Na,O 3.88 (43) 4.50 (46) 3.67 (3) 3.17 (14) 3.45 (59) 3.78(31) 4.10 (5)
P,0s 0.18 (5) 0.37(7) 0.46 (17) 0.31 (4) 0.46 (3) 0.22 (5) 0.11 (12)
Y,04 0.06 (3) 0.23 (6) 0.19 (3) 0.30 (3) 0.20 (3) 0.20 (3) 0.39 (3)
Zro, 0.16 (3) 0.32(7) 0.22 (5) 0.36 (0) 0.33 (4) 0.13(2) 0.34(7)
Gd,0O4 0.04 (1) 0.15 (4) 0.09 (2) 0.22 (3) 0.13(2) 0.19 (4) 0.30 (1)
Total 92.41 94.60 90.42 91.14 93.83 93.25 94.92

components NaAl, KAl and Si and network modifying components Ca, alkali-rich starting compositions. The oxides form euhedral
Mg, Fe, Ti, and excess Al are equal to their mole fraction in either the crystals and are dispersed throughout the charge. In the vast
network forming or modifying quasilattice. I, h S S .
These activities can then be applied either to the calculation of an majority of the experlments, the ?q“"'b“‘ﬂm oxide is ma.gnetlte.
approximate equilibrium constant (Hack et al., 1994) or to a compo- Separate analysis of these oxides (Nielsen et al., in press)
sitionally-compensated partition coefficient where: indicates that they have low partition coefficients for the REE
©) and the HFSE. Therefore, any quench crystallization related to

d* = XM /ENM) . . .
them will have relatively minor effects on the HFSE content of

where d* is the compositionally-compensated partition coefficiéxt,

the melt.
is the mole fraction of component i in the mineral, aRdX; is the . . o
mole fraction of the component in the melt aBNM is the sum of the The amount of melt in the experiments ranges from 20% in

mole fractions of the network modifying components (Nielsen, 1985; some of the 2 kbar, 900°C experiments,#60% in some 5
Nielsen, 1990). kbar, 940°C runs. In most, interstitial melt percentages average
between 20—-40% (Table 2). Glass is clear, and quench crys-
tallization is minor. The melt compositions range from dacite to

All runs yielded abundant (20-55% modal), smati5-25 tonolite to rhyolite,_with generally low MgQ (Table 2)
microns) crystals of amphibole. Crystals were generally inclu- ~ The IHPV experiments run under reducing conditions con-
sion free, with the exception of Fe-Ti oxide inclusions in tain the same phases as the more oxidized experiments, except
amphibole in the low &, experiments, and REE oxide inelu  thatthe oxide phase is ilmenite rather than magnetite. However,
sions detected via backscattered electron imaging. Only inclu- for a given temperature and starting composition, glass is
sion-free amphibole crystals were analyzed. Sector zoning of considerably less abundant in the reduced experiments. A series
the amphiboles is evident only in the experiments on starting Of piston cylinder experiments were run on undoped powders
material T85. of the same starting compositions as part of a different study

When present, the plagioclase crystals are small (5-10 mi- (fo, 1-2 log units below QFM; Patinbouce and Beard,
crons) and often fill spaces between amphibole crystals. Fe—Ti 1995). Those experiments did not yield significant amounts of
oxides are present in most charges, but are most abundant in theglass under the same conditions as used for this study. That

7. RESULTS
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Fig. 1. Trace element vs. temperature fag,Jor data from this investigation and from the literature (Nicholls and Harris,
1980; Green and Pearson, 1985; Adam and Green, 1994; Brenan et al., 1995; Dalpe et al., 1995; Klein et al., 1997). Data
encompasses compositional ranges from basalt to low-Si rhyolite, temperatures of 900°C-1000°C, and pressures of 2—20kb.

effect may be due to the dopant, however given the high within 2o of the mean, which designates acceptable analytical
partition coefficients for these elements, it is unlikely that their homogeneity (LaTourrette et al., 1995). With the exception of
addition will substantially lower the solidus. As an alternative La, Nb, and Ti for some charges, all the, Ralues for our
explanation, we speculate that oxidizing conditions enhance the experiments are less than 2. Those samples with the greatest R
stability of magnetite. This may result in a more siliceous melt values for Ti are the T85 starting materials, consistent with
and consequently more melt at a given temperature due to theminor sector zoning in the amphibole. Sector zoning is char-
lower bulk partition coefficent for Si for the more oxidized acteristic of the pyroxene phenocrysts in the source rock (Dun-
experiments caused by an increase in the fraction of magnetitecan et al., 1995), and from the experiments on pyroxene par-
in the crystallizing mineral proportions. titioning for this same starting composition (Forsythe et al.,
Amphiboles range in composition from edenite through par- 1994; Hack et al., 1994).
gasitic hornblende to ferroan pargasite. Because the amphiboles The count rates for the doped elements are on the order of
in these experiments did not equilibrate under the same condi- 300-500 cts/sec/wt% (net peak), with a peak to background
tions as did the rocks that made up the starting composition, ratio of ~7 at 1 wt%. For counting times of 60—-300 seconds,
direct comparison is not possible. However, comparison with over 50000 counts (net peak) were collected for each analysis.
the results on undoped experiments indicates that the amphi-Nevertheless, the relatively high La and Npdan be attributed
bole and melt compositions are not significantly different (see to the low concentrations, and therefore net counts for La and
Beard and Lofgren, 1991), with the majority in both cases Nb in the amphiboles, significantly below the levels for which
being “normal” pargasitic amphibole. Rh is a valid measure. Theratandard deviation of each of the
The homogeneity of the amphibole and glass was quantita- trace elements ranges between 0.01 and 0.23 wt.%, generally
tively evaluated by dividing the standard deviation of each representing less than 10—15% relative variation. The degree of
analysis by the counting statistics calculated on an individual inter-crystalline and melt homogeneity indicates that the am-
measurement (R—-LaTourrette et al., 1995). This ratio gives a  phibole crystals grew in a well-mixed melt, and that no signif-
measure of the average deviation from the mean, in unitgrof 1 icant chemical boundary layers existed around the growing
counting errors. A value of R< 2 means that the data lie crystals.
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Fig. 2. Trace element vs. temperature fqr;Bor data from this investigation and from the literature (Brenan et al., 1995;
Dalpe et al., 1995; LaTourrette et al., 1995; Fujinawa and Green, 1997; Klein et al., 1997). Data encompasses compositional
ranges from basalt to low-Si rhyolite, temperatures of 900°C-1000°C, and pressures of 2—20kb.

To identify the important parameters that control partitioning however, there is significant variability ind),- at any Q-
of trace elements into amphibole, we compared the partition and Dy.. For D ese+ there is essentially no correlation with
coefficients to single parameters, keeping in mind that a num- D._., but there is a coherent relationship (but not necessarily
ber of parameters may be involved. This methodology proved linear) with D;. This supports the contention that Ti and the
successful in the analysis of partitioning in pyroxenes and HFSE occupy the C (M2) sites, and the REE occupy the B (M4)
oxides (Gallahan and Nielsen, 1992; Hack et al., 1994; For- sites with Ca. This decoupling of the behavior of the REE and
sythe et al., 1994), where correlations betweep-D and HFSE is significantly different from what has been observed
Dyese-With Alin melt, and Ca in the pyroxene were detected, and for clinopyroxene (Forsythe et al., 1994; Hack et al., 1994).
used to parameterize expressions that quantified partitioning. The patterns of trace element behavior obtained from this

When the data set for amphibole was examined, a variety of study are similar in form to those found in previous investiga-
parameters exhibited correlation withyP=. and D, e+ (Fig. tions described above (Nicholls and Harris, 1980; Green and
1, 2). However, those correlations were not tight, exhibiting a Pearson, 1985b; Adam et al., 1993; Adam and Green, 1994).
wide range of values at any specific value of the correlated The typical amphibole patterns show a slight depletion in the
parameter. If we examine two examples, Sm from the REE LREE'’s, a maximum at Ho and a slight decrease ig-5:--
group and Hf from the HFSE group, we can see that both (Table 3). The range of [:ge is relatively narrow, with
decrease with increasing pressure and temperature. HoweverD, . > D, > D1, > Dy, The full range of values is less
this can be somewhat misleading in that the compositions of the than 25% of that exhibited for clinopyroxene (Forsythe et al.,
experimental systems are also correlated with pressure and1994; Hack et al., 1994).
temperature. For example, for rational geologic reasons, no one
has done experiments on rhyolite at 20 kbar. All experiments
above 10 kbar and 950°C are on basaltic compositions. Th(_e 8.1. Application of Constraints
range of values at low temperature and pressure are necessarily
wider due to the greater diversity of magma compositions in the
crust. Dy« correlates relatively well with B,. and Dy,

8. DISCUSSION

As noted above, the partitioning of the REE and Sc, Ti, V,
Cr, Sr, Y, and Zr between amphibole and melt has been found
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Table 3. Partition coefficients determined in this study. D-values were calculated from cation normalized mole fractions. LLH-La, Lu, Hf; NST—Nb,
Sm, Ta; YZG-Y, Gd, Zr. The error measure presented is the standard deviation of multiple determinations of the composition of local mineral-melt
pairs.

P
Exper. (kbar) T(°C) Dri 20 D.. 20 D, 20 Dy 20
T85LLH 5 940 10.84 2.46 0.27 0.07 1.55 0.31 1.19 0.11
ABALLH 5 940 6.68 1.39 0.16 0.06 1.24 0.20 0.90 0.23
478LLH 5 940 4.73 1.23 0.16 0.05 1.25 0.22 0.76 0.18
AT4LLH 5 940 7.14 1.66 0.28 0.07 1.72 0.22 1.07 0.11
557LLH 5 940 4.85 1.46 0.40 0.05 1.97 0.17 1.02 0.21
T85LLH 2 945 7.77 1.61 0.64 0.24 2.17 0.25 1.87 0.20
T85LLH 2 940 4.38 0.98 0.20 0.04 0.98 0.23 1.00 0.22
ABALLH 2 940 4.25 0.67 0.18 0.04 1.44 0.27 0.77 0.22
478LLH 2 940 2.90 0.37 0.10 0.01 1.86 0.15 0.45 0.09
557LLH 2 940 2.89 0.66 0.35 0.07 2.52 0.17 1.45 0.16
478LLH 2 900 4.73 0.75 0.36 0.08 2.03 0.14 131 0.18
557LLH 2 900 4.80 0.80 0.25 0.06 2.22 0.24 0.98 0.15
P
(kbar) T(°C) Dri 20 (DN 20 Dgm 20 D+a 20
T85NST 5 940 13.19 2.29 0.69 0.18 3.20 1.04 1.00 0.07
ABANST 5 940 5.42 0.95 0.20 0.03 121 0.24 0.23 0.06
478NST 5 940 5.61 1.28 0.52 0.16 2.27 0.57 0.57 0.14
ATANST 5 940 5.23 1.59 0.24 0.04 1.32 0.37 0.27 0.09
557NST 5 940 4.40 0.46 0.28 0.09 1.63 0.26 0.30 0.12
T85NST 2 945 6.04 1.38 1.00 0.19 3.58 0.90 1.60 0.24
T85NST 2 940 4.13 1.47 0.73 0.17 2.00 0.33 0.54 0.11
478NST 2 940 2.81 0.65 0.28 0.06 1.25 0.28 0.17 0.07
ATANST 2 940 5.67 1.53 0.49 0.12 1.32 0.31 0.49 0.11
557NST 2 940 5.12 0.82 0.69 0.18 2.93 0.40 0.80 0.18
478NST 2 900 3.92 0.76 0.65 0.15 1.77 0.28 0.72 0.09
557NST 2 900 5.27 0.87 0.63 0.12 3.07 0.54 0.76 0.17
P
(kbar) T(°C) Dy 20 Dy 20 Dy, 20 Dgg 20
ABAYZG 5 940 6.62 2.70 1.65 0.31 0.68 0.07 2.07 0.24
478YZG 5 940 6.00 2.63 1.81 0.24 0.67 0.19 241 0.34
ATAYZG 5 940 6.33 1.96 1.62 0.25 0.81 0.15 2.10 0.12
557YZG 5 940 5.16 1.23 2.53 0.33 0.75 0.13 3.29 0.26
T85YZG 5 940 11.44 1.96 2.83 0.25 1.06 0.16 4.00 0.70
T85YZG 2 945 5.67 1.75 1.30 0.14 0.94 0.20 2.20 0.52
T85YZG 2 940 4.73 0.34 1.58 0.11 0.59 0.27 2.00 0.08
478YZG 2 940 3.36 0.68 2.07 0.11 0.25 0.06 2.05 0.22
ATAYZG 2 940 3.52 0.89 1.95 0.24 0.27 0.06 2.08 0.07
478YZG 2 900 3.94 0.78 3.10 0.32 0.77 0.17 2.79 0.15
557YZG 2 900 2.75 0.41 1.62 0.23 0.29 0.05 2.00 0.17

to be variably correlated to D, (Sisson, 1994), similar to the  tioning against ionic radii (Fig. 4). Values of Dx,, and E were
relationship noted for clinopyroxene discovered by McKay et obtained from a least squares best fit through the data. These
al. (1986). The data obtained in this, as well as, previous studies constants were used to calculate curves describing the partition
were used to predict REE partitioning using both the parame- coefficient as a function of ionic radius. However, the applica-
ters obtained by Sisson (1994), and parameters obtained bytion of these expressions is handicapped by the same lack of
regressing our data to . Results using the Sisson (1994) strong correlation with Ca partitioning that was found for the
parameters overestimate the partitioning of trace elements for Sisson (1994) approach.
basaltic systems (Fig. 3). We attribute the anomalous values for  Therefore, it is evident that more parameters need to be
basaltic systems to the fact that the Sisson (1994) constantsincluded in the model if we are to quantify REE and HFSE for
were regressed against silicic systems only. Regression of oura wide range of liquid compositions. The effects of changing
data set against D, alone resulted in low Rvalues (0.2-0.3), melt component activities may be modeled by utilizing a cor-
consistent with the lack of correlation with Ca, particularly for relation with the behavior of a known element (e.g- por by
the HFSE, indicating that additional parameters are needed tothe application of a melt component activity model. The pres-
accurately describe the partitioning of trace elements over a sure and temperature effects on crystal structure can be mod-
wide range of compositions and conditions. eled as a function of crystal strain. Yet, these models do not
The effects of physio-chemical properties of the amphibole fully incorporate the effects of changing melt component ac-
crystal were modeled after the method of Blundy and Wood tivities, substitution mechanisms, and changing physical pa-
(1994) and Wood and Blundy (1997). The data define several rameters of the crystal structure. It is evident that the partition-
parabolas (Onuma curves) when plotted as a function of parti- ing of REE and HFSE in amphibole can be correlated both to
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Fig. 3. Application of regressions derived in Sisson (1994) to basaltic to dacitic composition systems. Note that the data
significantly departs from the regression for basaltic compositions.

mineral and to melt components. The observed correlations The constants A—E combine the stoichiometry of the reaction
with the behavior of Ti, Al, Si, Ca, temperature and pressure and the error related to the assumptions of the mixing proper-
are not surprising in that these are the critical components in ties of the components. These constants can be calculated by
expressions of amphibole-melt equilibria. However, if we are multiple linear regression and used to predict trace element
to produce numerical means for predicting partitioning behav- partitioning in systems where all the terms (mole fractions, T
ior in natural systems, we must decide from a pragmatic stand- and P) are known.
point how to calculate expressions that include the important  \We tested different combinations of parameters, measuring
controls, yet are usable, even when we do not know the activity their success in terms of?Rf the regression, and the precision
coefficients, the identity, nor the relative importance, of the ijth which they reproduced the input data set. That data set was
trace element substitution mechanisms. made up of all the existing published data, plus the results of
Our approach applies the use of multiple regressions on this study. Over 100 different combinations of parameters were

linked, compensated partition coefficients, the selection of gppjied, resulting in a set of expressions (Table 4) that repro-
which is based on the observed correlations, and the robustnessyce the input data set partition coefficients within 15-33 %.

of the results. Specifically, we consider the equilibrium con-
stant for a potential Zr amphibole formation reaction (Eqn. 2
above) in terms of compositionally compensated partition co-
efficients, assuming the validity of the two-lattice melt model
as a first approximation:

The partition coefficients in the data set range over an order of

magnitude (e.g., 0.2—2.0) or more. Therefore, the errors repre-

sent~5-15% of the total range. This error is up to twice the

normally cited analytical and experimental error of the data

(~5-10% relative). A sample calculation demonstrates the

In(d, df, did 2 02 d2%) = —AH/RT + PAV/RT + AS/R intermediate .s.teps in the calculation of D from a mineral and
7 melt composition (Table 5).

The highest Robtained was for expressions including terms
where In is natural log, H is enthaphy, T is temperature in for the compensated partition coefficients for Ca, Al, Si, Ti, the
Kelvin, P is pressure, V is volume and S is entropy. Converting Fe—Mg exchange reaction, temperature and pressure. An addi-
AH/R, AV, AS, and the variable stoichiometry for each com-  tional empirical alkalinity term (Na- K/Al) improved the fit
ponent to constants, and rearranging to solve for Jpgfelds: for the REE in the alkaline experiments (e.g., T85). The use of
compensated partition coefficients for Na and K components
did not result in improved fits. We attribute this to the difficulty
+GP+H (8) in obtaining accurate alkali compositions for hydrous, silicic

Ind%, = Alndy, + Blndy,, + CIndg, + Dindy, + Elnds; + F/T
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of crystal strain.

glasses. Expressions excluding pressure and temperature reselves dependent on temperature. These latter expressions re-

sulted in only a minor decrease irf RTable 4). We attribute

this to the fact that the compositional components are them- croprobe analysis.

quire only information obtainable from standard electron mi-

Table 4. Constants for multiple linear regressions describing the relationship between the natural log of d* for the trace elements of interest, and
temperature, pressure and phase composition. These expressions are available in the form of a spreadsheet or program from either the author or frc
the trace element section of the GERM web site (http://www.ep.es.linl.gov/germ). Mg ex is the Fe-Mg exchange reactiop/(g.g). D
Alkalinity—molar (Na+K)/Al. d* compensated partition coefficient. IP—internal precision calculated asdtstahdard deviation of 100* (. —

Dowd/Dops Note that the full range of values for each data set covers 1000—2000% (factor of 10-20).

Constant 10000/T (K) P (kbar) I Indg, In Mg ex In dg; In di, Alkalinity R2 IP
In ds, —5.510 0.321 —0.005 0.401 —0.248 —0.142 —0.350 0.237 —-0.211 0.62 35
—2.714 0.592 —0.479 —0.065 0.005 —-0.011 0.60 37
In dy, —0.813 0.037 —0.014 1.290 1.496 0.517 —1.598 —-0.131 0.828 0.96 15
0.052 1.342 1.252 0.388 0.301 0.052 0.93 18
In df, —1.958 0.320 —0.016 0.229 3.534 —0.187 2.281 1.221 —2.337 0.80 32
—0.728 0.537 1.456 0.031 1.418 -0.135 0.65 34
In d§,,, —0.841 0.250 —0.006 0.544 0.598 0.075 2.233 —-0.163 —0.109 0.88 24
0.860 0.779 0.607 0.138 2.025 -0.375 0.88 28
In dgg —-1.250 0.170 0.017 0.430 0.571 0.141 2.265 0.080 —1.277 0.98 15
1.300 0.653 0.747 0.097 2.086 —0.503 0.93 19
In o —2.331 0.424 0.002 0.574 0.777 0.049 1.793 0.176 —0.484 0.81 27
0.784 0.690 0.467 0.133 1.601 -0.405 0.78 33
In df, —2.033 0.422 —0.005 0.424 0.628 0.198 3.944 0.274 -—-1.288 0.95 17
0.490 0.606 0.400 0.070 2.076 —0.472 0.88 22
In diy —0.049 0.003 —0.057 0.928 2.326 —0.198 -0.719 1.237 —-1.824 0.77 28
—2.152 1.218 0.492 —0.290 —-1.279 —0.068 0.68 32
In di, 1.197 —0.151 —0.001 1.701 1.340 0.633 —1.465 0.068 0.659 0.93 24
0.207 1.570 1.248 0.458 -—-0.277 0.330 0.92 27
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Table 5. Sample calculation for La partitioning using the results from T85LLH experiment run at 5 kbar, 940°C.

Cation  Cation Cation Cation  Two lattice | Regression Regression Value calc.

Amphibole  Mol. wt. propor. mol. frac | Glass propor. mol. frac activity parameters constants from exper.
Sio, 40.13 60.08 0.668 0.3798| 60.23 1.0025 0.4856 0.8481 %Ind 0.229 0.620
TiO, 3.53 79.90 0.044 0.0251 0.34 0.0043 0.0021 0.0135 Und 3.534 —0.943
Al,O4 14.23 51.00 0.279 0.1586| 18.56 0.3639 0.1763 0.5853 10000/T(K) 0.320 8.244
FeO 11.44 71.84 0.159 0.0904 1.17 0.0163 0.0079 0.0517 In Mg* —0.187 3.748
MnO 0.19 70.94 0.003 0.0015 0.11 0.0016 0.0008 0.0049 ¢nd 2.281 —0.803
MgO 12.45 43.00 0.290 0.1646 0.03  0.0007 0.0003 0.0022 %Ind 1.221 —1.305
CaO 11.99 56.08 0.214 0.1214 5,51 0.0983 0.0476 0.3120 In alkalinity-2.337 —1.559
K,0 1.35 47.10 0.029 0.0163 0.83 0.0176 0.0085 0.0149 Pressure —0.016 5
Na,0 2.18 30.99 0.070 0.0400 5.02 0.1620 0.0785 0.1370 —1.958
P,0q 0.00 70.97 0.000 0.0000 0.33 0.0046 0.0023 0.0148 sum NM 0.1525
La,04 0.12 162.91 0.001 0.0004 0.46 0.0028 0.0014 0.0090 SUM NF 0.5726
Lu,O4 0.23 198.97 0.001 0.0007 0.15 0.0008 0.0004 0.0024 Lo dalc 0.30
HfO, 0.32 210.49 0.002 0.0009 0.28 0.0013 0.0006 0.0042 Lo dDs 0.27
H,O Y 1.759 1.0000 6.98 0.3878 0.1878

2.064406 1

Cation proportions are the oxide wt.% divided by the molecular wt. The cation mole fractions equal the cation proportions normalized to one. The
two lattice activity equals the cation normalized mole fraction divided by the sum of the mole fractions of the cations in the network formers or
network modifiers. For example, the activity of Al equals the mole fraction of Al minus Na and K divided by the sum of Ti, Al, Fe, Mn, Mg, Ca,

P, La, Lu, Hf minus K and Na. Mg* is the Mg—Fe exchange reaction, equa g} The regression constants are from Table 4 lpisl calculated

by summing the product of the regression constants and the values calculated from the experigeant. i2 determined by taking the exponent

of Ind*La and dividing by the sum of the network modifiers. The expressions derived here, and sample calculations are available from the first author
in spreadsheet form. In addition, they are available to download from the GERM website (www-ep.linl.gov/germ).

We found that we obtained higher’Rising compensated  8.2. Prediction of Ti Content in Amphibole
partition coefficients (d* terms) rather than simple partition
coefficients or compositional parameters (e.g., Ca content of
the amphibole). This correlation witl{.g, as opposed to the Ca
content of the amphibole illustrates the advantage of a model
that includes the effects of melt composition as an explicit
parameter.

The minimum requirement for these expressions is that they
accurately reproduce the calibration data set (Fig. 5) and should
exhibit little systematic variability as a function of composition.
These expressions satisfy both criteria, with only minor depar-

tures exhibited by the more alkaline compositions. A potential "~ g5 .tor analysis of the Ti data indicates that the partitioning

problem with these constraints is caused by the fact that the ot T can pe described by the same parameters as other HFSE
number of experimental runs, and experimental composi- (Ca, Si, Al, Mg—Fe exchange). Regression constants and pa-

tions is different for each element. This difference may be 3meters that describe the partitioning of Ti into amphibole are:
exhibited in the regression parameters, generating unrealis-

tic REE patterns when applied to magmas outside the cali- Ind}; = 4970/T(K) — 0.047P(kb)+ 0.13Ind:, + 0.433Ind;
bration da_ta s_et. To test_ f_or this, we calculated REE patterns — 3.47Ind;, — 0.178In Mg—Fe.,

from the liquid compositions from the Hf partitioning ex-
periments None of these experiments were doped with the — 0.2252In(Nat+ K/Al) —6.97 (9)
full range of REE, but they represent a wide range of magma
types and compositions (alkali basalt to rhyolite). The gen-
erated patterns are generally smooth, and reproduce the
shape of the normal amphibole distribution, with the high at
~Dy-Ho (Fig. 6).

Since no data from high Si rhyolitic compositions were
included in the calibrating data set, extrapolation of these
regressions into high silica systems is not recommended.
Within that constraint, however, these models have impor-  The partition coefficients determined in this study were used
tant, practical implications for calculation and use of am- to model the hydrous partial melting of a hypothetical amphi-
phibole-melt partition coefficients in natural systems. The bolite. Starting mineral modes (45% plagioclase, 40% amphi-
parameters required for the model(dd?., dy,, ds;, Mg/Fe bole, and 12% quartz) were modified from the subsolidus
exchange) are readily obtained from standard microprobe composition 478 from Beard and Lofgren (1991). In order to
analyses. illustrate what the relative effect of melting an amphibole has

The correlation of Rgg. and Dyege- With Dy and its
relative importance in the regressions, indicates that the parti-
tioning of REE and HFSE into amphibole may be approxi-
mated by the behavior of Ti over a wide range of conditions.
This same correlation has been observed in pyroxenes and
magnetite (Gallaghan and Nielsen, 1992; Forsythe et al., 1994;
Nielsen et al., 1994; Nielsen et al., in press). However, since the
Ti content is not always known, it is useful to be able to predict
the partitioning behavior of Ti over as wide a range of com-
positions as possible.

Tiis inversely correlated to Mg—Fe exchange, indicating that Ti
is controlled via a coupled substitution with Mg. This expres-
sion has an Rof 0.73, and reproduced the calibration data set
with a 1o internal precision of 27% (Fig. 5d).

8.3. Implications of REE and HFSE Partitioning in
Amphibole
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Fig. 5. Test of internal precision of multiple linear regressions for Ti, Nb, Hf and Sm that include temperature, pressure,
and compensated partition coefficients for Si, Al, Ca, Ti and the Mg-Fe exchange reaction.

on the trace element chemistry, an initial concentration of 1 was
chosen for all trace elements. We used a modal melting model
in order to maximize the potential effects of amphibole. Even

9. CONCLUSIONS

Partition coefficients for La, Sm, Gd, Lu, Ti, Zr, Hf, Ta, Nb

so, while fractional melting appears to deplete the melt in between pargasitic amphibole and dacitic melts have been
HFSE faster then does equilibrium melting, the relative shape experimentally determined for pressures of 2 and 5 kb and
of the trace element pattern is the same for both processes (Figtemperatures of 900°C to 945°C. The shape of the D-value
7a,b). The REE’s in the melt show a typical convex down patterns are similar to those determined for basaltic systems,

pattern, with a minimum at the middle REE’s. In addition,

yet are systematically higher. The REE patterns for amphibole

partial melts have La/Lu ratios (2.0-7.0) similar to those ob- are convex, with a maximum at Ho. With the exception of Ti,

served in naturally occurring dacites (Romick et al., 1996).
Both fractional and equilibrium crystallization curves were

Dyese- for amphibole are relatively similar.
The data from this study were combined with data obtained

calculated to assess the effect of amphibole fractionation on the from previous studies to calibrate expressions that predict the
trace element chemistry of a crystallizing magma (Figure 7c,d). partition coefficients for REE and HFSE into amphibole in
The fractionating mode used (60% plagioclase, 31%tabole,
9% magnetite) is similar to that used to model the Aleutian 15-35%. The fact that these expressions were derived from
hornblende dacites (Romick et al., 1992). Melts generated by partitioning data obtained from basaltic to low Si rhyolite

fractional crystallization of amphibole have relatively flat trace
element patterns, with the exception of Ti. In addition, these
melts are characterized by lower La/Lu ratios than those pro-
duced by partial melting. With the exception of Ti, there is no
significant depletion of HFSE’s within the partial melting or
fractional crystallization melts, indicating that amphibole frac-
tionation (or melting) alone cannot explain the HFSE depletion

characteristic of calc-alkaline magmatism.

basaltic to low-Si rhyolite systems with internal precision of

compositions, temperatures of 850°C to 1100°C, and pressures
of 2-20 kbar, makes these regressions applicable to a wide
range of geologic systems, including mid-ocean ridge, volcanic
arc, and continental regimes. The expressions derived from this
study should not be extrapolated to high silica systems, as no
rhyolitic composition partitioning data was included in this
study. However, the expressions derived here provide a useful
means to predict amphibole-melt partition coefficients for REE
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and HFSE for which standard (e.g., microprobe) compositional
data is available.

Fractional crystallization and partial melting calculations
involving amphibole indicate that crystallization or melting of
amphibole alone does not explain the HFSE depletion that is
characteristic of arc magmas. However, the fact that REE
patterns of amphibole bearing dacites are very similar in shape
to that of amphibole underscores the importance of this mineral
to the genesis of hydrous melts of intermediate composition.
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