
INFORMAnON TO USERS

This manuscript has been reproduced from the microfilm master. UMI films the

text directly from the original or copy submitled. Thus. some thesis a.,d

dissertation copies are in typewriter face, while oIhers may be from any type of

computer printer.

The quality of th" napraductlon la dependent upon the qUillity of the copy

submitted. Broken or indistinct print coIored or poor quality illusbations and

photographs, print bleedthrough. substandard margins, and improper alignment

can adversely affect reproduction.

ln the unlikely event that the author did not send UMI a complete manuscript and

there are missing pages. these will be noted. Also. if unauthoriZed copyright

material had to be removed. a note will indicate the deIetion.

Oversize materials Ce.g., maps. drawings, charls) are reproduced by sectioning

the original, beginning al the upper Ieft-hand corner and continuing from Ieft to

right in equal sections with small overtaps.

Photographs induded in the original manusaipt have been reproduced

xerographically in this copy. Higher quality 6- x g- black and white photographie

prints are available for any photographs or illustratiOns appearing in this copy for

an additional charge. Contact UMI directly to order.

Bell & HoweIllntonnation and Leaming
300 North Zeeb Roadl Ann Arbori MI 48106-1346 USA

UMI~
800-521-0600





• Traee ete.ent .-rtitioaing between

••pbibole .ad ....Itic melt

Claude DaIpé

Barth and Planetary Sciences

McGiII University, Montreal

Decemberl997

A thesis submitted to the Faculty ofOraduate Studies and Research in partial fidfi1ment of

the requirements ofthe degree ofPh.D.

• ©C.Dalpél997



1+1 National Library
of Canada

Acquisitions and
Bibliographie Services

395 Wellington Street
Ottawa ON K1A ON4
canada

Bibliothèque nationale
du Canada

Acquisitions et
services bibliographiques

395. rue Wellington
Ottawa ON Kt A 0N4
Canada

The author has granted a 000
exclusive licence al10wing the
National Library ofCanada to
reproduce, lo~ distribute or sen
copies of this thesis in microform,
paper or electronic formats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis oor substantial extracts from it
may be printed or otherwise
reproduced without the author's
pemnSSlon.

L'auteur a accordé une licence non
exclusive permettant à la
Bibliothèque nationale du Canada de
reproduire, prêter, distnbuer ou
vendre des copies de cette thèse sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L'auteur conserve la propriété du
droit d'auteur qui protège cette thèse.
Ni la thèse ni des extraits substantiels
de celle-ci ne doivent être imprimés
ou autrement reproduits sans son
autorisation.

O..s12-44399-X

Canad~



•

•

Abstraet

The effects ofcomposition, pressure and oxygen fugacity on partition coefficients

between amphibole and hydrous basaItic melt were studied at 1.5 to 2.5 GPa aod 1000 to

1130 oC. Partition coefficients (Di = conceDtrationofeJement ; inamphibole 1concentration

ofi in melt) oflarge-ion-Iithopbile elements (IlLE:~ Sr, Ba), bigh-field-strength elements

(HFSE: Y, Zz, Nb, Ta, Ht), and rare-earth elements (REE: La to Lu) were deterlujned

betweenamphiboles and coexisting quencbed melts created bypsrtiaI crystalIization ofseven

different starting compositioos in a piston-cy1iDder bigh-pressure apparatus. Trace elements

were ana1yzed by laser-ablation microprobe iDductively coupled plasma - mass spectrometer

(LAM-ICP-MS). The effects ofpressure, temperature and oxygen fugacity on the partition

coefficients are mînor, but statistic:aIJ.y measurabIe. Amphibole composition affects

partitioning ofthese trace elements bya maxirmun factor of3.5 in the range ofpressures and

temperatures studied within an oxygen fugacity range of2 orders ofmagnitude above and

below nickel-nickel oxide bufrer. Expetiments specifically investigating the roIe of Ti

demonstrate that a positive correlationexists between 8Iq)bibole VIri~ content and Da.,D~

DTv Dzc, Dw Do:"~ and~. Increasing pressure ftom 1.5 OPa to 2.2 or 2.5 GPa

(depending upon composition) increases D..JLa but decreases DsFSE and Duz. Raising the

oxygen fugacity at 1.5 or 2.5 OPa by 3 orders ofmagnitude increasesD., Da.,~ and~

whereas Dr&' Dut, and D7z decrease; bowever, the maximum difI'erence between partition

coefficients measured at low and bigh oxygen fugacities is only a factor of 1.7. AIl ofthe

eftècts ofcomposition, pressure, and oxygen fugacity reflect the control ofcrystal cbemistry
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on the partitioning oftraœ elements betweenaqftboleand b8saItic melt. No eftècts ofmelt

composition were disœmed in this study. The measured partition coefficients were used to

investigate trace element compositions ofprimary melts formed ftom an amphibole-bearing

peridotite. This modeliDgdemonstrates that changes ineitber the oxygen fugacity or pressure

ofmelting cm exert a significant effect on Rb'HFSE ratios in the melts and thus belp explain

the wide variations ofthese ratios sometimes observed in basaItic rock suites.
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Les effets de la composition, de la pression et de la fugacité d'oxygène sur les

coefficients de partage entre l'amphibole et son liquide hydraté de compositionbesaltique ont

été étudiés à différentes pressions (1.5 à 2.5 GPa) et températures (1000 à 1130 oC). Les

coefficients de partage (Di = coocentration d'un élément i dans l'amphibole 1concentration

du même élément i dans le liquide) pour les éléments Iithopbiles à grand rayon ionique (LILE:

Rb, Sr, Ba), les éléments à champ de force élevé (HFSE: Ti, Y, Zr, Nb, Ta, Hf) et pour les

éléments des terres rares (REE: La à Lu) ont été mesurés sm des produits d'expériences

provenant de fusion partielle entre une aqDbole et son liquide basaltique à l'état solide pour

sept compositions cIifE5eutes. Les éléments traces ont été aœlysés à raide d'une microsonde

par ablation au laser intégrée à un plasma à couplage inductifavec spectromètre de masse

(LAM-ICP-MS). Les eftèts de lapression, de la température et de la fugacité d'oxygène S1U'

les coefficientsdepartagesont Il .j••j.,*Smais statistiquement distïocts. Lacompositiona.ftècte

les coefficients de partage des éléments traces pouvant atteindre une variation maximale d'un

filcteur de 3.5 pour les diftëremes pressions et températures étudiées aux diverses conditions

d'état d'oxydation variant de deux ordres de graudeur de part et d'autre du tampon nickel

oxyde de nickel Les expériences sur l'eftèt du titane démontrent une relation positive entre

VITi4+ de l'amphibole et D., DSrt Dr&' DTfl Du, Dc#:" 4r, aimi que~. L'augmentation de

la pression allant de 1.5 GPa à 2.2 ou 2.5 GPa (selon la composition) 1àit augmenter DLJLEt

mais fiüt diminuer Dm:SE ainsi que DIB?.. L'élévation de la fugacité d'oxygène par 3 ordres de

grandeur à 1.5 GPa ou à 2.5 GPa tàit augmenter Dru" Da., Du., ainsi que~ alors que Drit
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DHh et D'Zr diminuent. Par contre, l'étude démontre que la variation max in181e atteinte entre

les coefficients de partage mesurés à base et à haute fugacité d'oxygèDe est d'un facteur de

1.7 seulement. Tous ces effets de composition, de pression, et de fugacité d'oxygène sur le

partage des éléments traces entre l'amphibole et le liquide "saltique reflètent plutôt un

contrôle chimique dans la structure cristaDine de l'aqJbibole. Aucun effet de la composition

du liquide basaltique n'àété décelé dans cette étude. Les coefficients de partage mesurés ont

été utilisés pour UDC modélisation afin de déterminer la composition en éléments traces d'un

liquide primaire provenant d'une péridotite cooteD8Dt de l'amphibole. Ce modèle permet

d'expliquer les variatioœ des rapports RblHFSE observés à l'occasion dans les roches

basaltiques alcalines par des changements de pressions et de fugacité d'oxygène.
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The tbesis is subdivided in seven diff'erent cbapters.

Cbapter 1 presents a geœral introduction of the study concemiDg the goals and

objectives, methodology used, 8Dd a œviewoftbe literature onpaititioncoefficients between

amphibole and melt usiDg diftèrent buJk compositions.

In Chapter 2, 1 discuss two microbeam instruments usetùl for the aœlysis of

expetimental nID produets. This chapter was publisbed in Canadien Mineralogist by DaIpé

et al. (1995). The contribution ofboth co-autbors (Don R. Baker and Steve R. SuUon) was

different regarding correctionofthe paperor scientific contribution. Professor DonR. Baker

corrected the versions which 1 gave bim aod suggested during tbis process sometiues to

expand on a subject or sometime to eut~ paragrapbs, sentences, or words. Dr. Steve

Sutton rewrote parts oftwo sections in the paper (i.e., "Syucbrotron X-my-fluorescence

microprobe" in 2.5.1. and "Computation ofelement concentratioos and their precision and

accuracy" in 2.5.1.1.) and suggested sorne modifications to the paper conceming the

comparisonofboth instruments. Furtbermore, one ofbis main contribution to this study was

to give me the possibilityofusiDg the SXRFMby sœring hi; ownbea·nt ine onX26A at BNL

in order to perform trace eIement analyses. He also modified a version of the program

NRLXRF for the computationoftraœ eleinent concentrations. The different techDical parts

of the paper and most of the writing (including figures and tables) were dolIC by the first

author.

In Chapter 3, 1 investigate how diftètent natural mafic compositioœ ftom alkaljç to

sub-aIkaIic can modifY the partition coefficieDts between amphibole and melt. 1 show tbat
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crystal chemistry controJs partitioniDg instead of melt composition. Furtbermàre, a

thermodynamic model (Bhmdy and Wood 1994) is used to iDdirectly estabtish the variations

ofthe amphibole lattice-site parameters among the diftaent buIk compositions.

In Chapter 4, 1 evaIuate the eftècts of pressure and oxygen fugaclty on partition

coefficients. Again, the variations ofthe amphibole lattice-site parameters were used in order

to evaluate their effects on partitioniDg.

In Cbapter S, l evaluate iftitaDiumsigniti antly affects partition coefficients between

amphibole andmelt. The additionoftitaniumresults in iDaeasiog compatIbiIityofsome trace

elements.

In Cbapter 6, 1 evaluate the mie ofamphibole in the petrogenetic evolution of an

alkaline magmatic basaItic rock series formed al diffiaent pressures and oxygen fugacities.

In Chapter 7, 1 present a geoeral conclusion ofthe study.

..XVll-



•

•

___________C_ha_pte_r_l _

Geaeral iatroelaetioa

1.1 Goals ••d objectives

The goal of this tbesis is to report the results of an investigation of trace element

partitioning betweencalcic amphibole and basaltic melt. Calclc amphiboles, mainIypargasite

and kaersutite, are ftequently found in ptÏUiity aIkaIi-oliviDe bBsaltic magmas} basanit~ and

nephelinites; additionally these amphiboles are aIso foUDd in mantle xenoliths and alpine

peridotites. Tbeir occurrence suggests that they are essential hydrous phases in subcrustal

environments. Many previous studies dermœtrated that amphibole is a major hast ofminor

and trace elements. Because oftheir enrichment inalblies and incompatible trace elements,

amphiboles pravide an appropriate source for alkaliœ magmatism. Other studies, bowever,

disagree and suggest tbat sorne pbenocrystic amphiboles are petrogeneticaDy umelated to the

rocks in which they are found (e.g., accidentai xenoaysts). The importance ofaqiUbole in

alkaline magmatism cao. he assessed by modeUing the trace element evolution of alkaline

suites using partitioncoefficients betweenminerai phases and m:lts. Unfortunately, 1èwdata

are available for trace element partitioning betweenamphibole and basaItic melt al subcrustal

conditions.

The objectives of this research are to investigate expetimentally the partitioning of

trace elemems (Rb, Sr, Ba, Y, ü, Nb, Hf; U, lb, Ta, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy,

Ho, Er, Tm, Yb, Lu) betweenampbiboleandmeltunderC:OdrolledcoDditionsof(l) pressure

and temperabJre, (2) melt composition, (3) oxygen tùgacity, and (4) tïtaDiumcontent. This
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expetiIœntalstudycoversanmgeofpressureaud tempeiaturecorresponding to uppermantJe

conditions, between 1.5 to 2.5 OP. (-45 - 75 km depth) and 1000 to 1125 oC.

1.2 MethodololY

1.2.1. Starting compositions

In order 10 investigate the IOle ofbulk compositiononpartitioning~expetiments were

performed withdifferent bulle coqJOsitions initiaIly in various states (i.e., powdered crystaIs,

powdered rocks, powdered g)asses). For the powdered crystaIs, two natura1 calcic

amphiboles were utUi?ed These crystaIs were bandpicked fiom a Monteregian Iamprophyre

dike (i.e., pargasite; Quebec, Can.) and firom a Hoover Dam lamprophyre dike (i.e.,

kaersutite; Arizona, U.S.A). The three different powdered rocks consist of an olivine

normative nephelinite ftom a TertiaryintrusionalMount Llangorse (BritishColumbia, Can.),

an olivine tholeüte from the 1921 Java tlow ofKiJauea (Hawaii, U.S.A), and an aJkaIi basait

lava tlow from the north ofKeauhou (Hawaii, U.S.A). Two Ti-doped glasses originating

from the pargasite crystal and the oliviDe-normative nepbelinite buIk rock were uscd to

investigate the effects of Ti on trace element partitiolÜDg. A tbird powdered glass of

pargasitic composition was formed by melting ofthe pargasite crystaIs.
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1.2.2. Experimental equipment

The experiments were performed ina bigh-pressure piston-cylinder apparatus al the

Department ofEarth and Planetary Scienœs al McGiIl University (Que., Can.). The starting

compositions were eœased in graphite capsules with measured amounts ofdeionized water

and sealed inside noble metal aIIoy outer capsules. Sorne experiments were performed

without the graphite capsules in order to investigate the eftèct ofvariation inoxygen fugacity

on partition coefficients.

1.2.3. AnalytiCDI techniques

The ide..'i~nofthe ditrerent phases in the nID produets was performed UDder an

optical microscope. From a totalof190 expetiments, 79 oftbemwere selected for major and

minor element determinations of each phase in the nm products by electron microprobe

anaIym at the DeparbDeUt ofEarth aDd PIaDetary Sciences al McGiIl University (i.e., Si, Ti,

Al, Fe, Mn, Mg, Ca, Na, K). From the 79 nm prod~ 13 ofthem were subsequently

selectedand analyzed for different trace elements by laser-ablationmicroprobe ICP-MS al the

Département de Géologie de l'Université de Montréal (Que., Can.) (i.e., Rb, Sr, Ba, Y, Zr,

~~m~~~~~~~~~Th~~a~Th~fu~~

cross-check our analytical results ûom the laser-ablation microprobe, one experïment was

selected and analyzed by synchrotron X-ray-fluorescence microprobe al the National

Synchrotron Light Source ofBrookbaven National Laboratory (N.Y., U.S.A.) for the most

abundant trace elements (i.e., Rb, Sr, Y, Zr, Nb).

-3-
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1.2.4. Chemical classifications usedfor 11111 products

We used major and minor element concentrations detennined by the electron

microprobe to classitYtbe diflèteDt phases obtaiDed ineach run product. For the amphibole,

1used the nomenclature ofLeakeetal. (1997) according to the diagram Ti vs. Mg/(Mg+Fe21

on a basis of23 atOIm ofoxygen per formula unit. However, at the lime that 1submitted the

paper on "Synchrotron X-my-fluorescence and Iuer-ablation ICP-MS microprobes: Useful

instruments for aœlysis ofexpethnentalrun-produets" by DaJpéetai. (1995; see Cbapter 1),

1 used the DOmenclature ofLeake (1978). The proportion of fèrric- and ferrous-iron was

calculated using the empirical estimation ofSchumacber (1997). For the mica, 1 used the

nomenclature ofMitcheR (1995) according to the diagram Mg .. Al- (Fe2++F~)on a basis

of22 atoms ofoxygen per formula unit based onDeer et al. '5 (1992) recommendations. For

the pyroxene, 1usedthe DOmenclatureofMorimoto (1989) aœording to the diagramCa .. Mg

.. (Fe2++Fe3++Mn) on a basis of6 atoms ofoxygen pet' fommla unit. Olivines were classified

according to tbeir atomic proportion of100 MgI(Mg+Fe2++F~+Mn) on a basis of4 atoms

of oxygen per formula unit (Deer et al. 1992). G1asses were cJassified according to the

diagram~O+N~O vs. Si02 (in wt.%) &am Miyasbiro (1978) and Cox et al. (1979). The

classificationofaJkalic and sub-alkalic besa1ts in terms of~O vs. Si02 (in wt.%) andN~O

vs. 8i02 (in wt.%) was done according to MiddIemost (1975). The cJassification oftholeiitic

and high-aIumina or caIc-aJkaljne besalt~ in term ofaIkaIi index [i.e., (N~O+K20) 1«Si02

43)xO.17)] vs. Si02 (in wt.%) was done followiDg MiddIemost (1975). The weigbt

percentages of normative minerais werecalculated using Prot: D. Francis's program(Francis,

-4-
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pers. comm.) specificaIly designed for basaltic rock compositions.

1.3 Review of tlle Uterahre co.ceramg partitio. eoeflicieats betwee. esperiaaeatally

produced amphibole ••d li.lieate Melt

This review ofthe Iiterature is basic1ùly focused on the study ofpartition coefficients

between expeiimentally produced amphibole and silicate melt al upper mantle conditions. A

briefSllImnaryonthose results regarding the physical and cbemicalaspects that may intluence

partitioning are reported bere (i.e., buIk composition, crystal composition, melt composition,

pressure, and oxygen fugacity).

Drake and Holloway (1977) reported preliminaryvalues ofSm partitioning measured

betweenamphibole and intermediate melt in expet Î.uents performed al 0.5 and 1.2 OP, 900

and 925 oC using a natural audesite and a radioactive tracer of151Sm-spiked material. Using

the P-track autoradiography technique, they showed tbat increasing the pressure increases

Dsm for simiIar temperatures. However, tbeir D Sm values are higber by approxDœtelya filctor

of2 compared ta those measured in expelùnental amphibolelbasaltic melt pairs (see Irving

1978).

Mysen(1978a) studied the partitioncoefticientofNimeasured between Ti-Fe-K-ftee

calcic amphibole (pargasite) and a "baplobesaltic melt" in expetiments performed at 1.5 GPa

and 1000 oC usiDg a mixture of oxides (Ab4IAntIFoI6QJ and 6lNi-spiked material. He

focused bis study on the concentration Iimit of Henry's law behaviour of Dickel during

-5-
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partitioning between pargasite and baplob&saltic melt using the IJ-track autoradiography

technique. Based on four expetiments performed at the same pressure and temperature, he

observed constant partitioning ofNi op to 300 ppm in the pargasite (i.e., Heury's law was

obeyed). At concentrations above 300 ppm Ni in the pargasite D.u was found to decrease

(i.e., beyond the Hemy's Jaw range). Based on tbese resuIts, he showed that pargasite bas

a very limited range ofNi concentration wbere Henry's Jaw appears to he obeyed.

Mysen(1978b) studiedpartitioncoefficientsofCe, Sm, andTmbetweenTi-Fe-K-ttee

ca1cic amphibole (pargasite) crystaIIized from a "haplob&saltic melt" in an experiment

performed at I.S GPaand 1000 oC using asynthetic mixture ofoxides (Ab41An..lFo16QJ and

radioactive traœrs of141Ce, lS1Sm, 171Tm. He fueused bis studyon the concentration Iimit of

Henry's law bebaviour ofthe rare-earth elements between pargasite and baplobasaltic meIt

using the P-track autoradiographytechnique. Based OD four ISlSm-doped expeiïments at the

same pressure and temperature, he observed constant partitioning ofSmup to I.S ppm in the

pargasite (i.e., Hemy's Jaw was obeyed). At concentrations above I.S ppm Dsm was round

to decrease (i.e., Sm in pargasite was beyoDd the Hemy's Jaw range). However, the resuIts

ofhis expelïments in the Hemy's law range yield De;e, Ds., and Dr,. which grossly difFerent

(i.e., lower by a factor of 10 or more) than those previously reported by Irving (1978).

Furthermore, the pargasite bas a vety limited range ofSmcoocentration inwbïchHeury's Jaw

appears to he obeyed.

F.A. Frey [UDpublisbed data; reported by Irving (1978)] measured partition

coefficients ofLa, Ce, Nd, Sm, Eu, Yb, and Lu between sepuated pargasite and basaltic melt

-6-
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obtained ftom an expeiïment conducted by J.R. Holloway on H20-saturated, UDdoped 1921

Kilauea olivine tholeite performed at 0.5 GPa and 1000 oC. The measured partition

coefficients are comparable 10 those measured between three natural kaersutite

ferrokaersutite and bIsaItic oost rock pairs (see Irving 1978).

NichoUs and Harris (1980) reported partition coefficients ofLa, Sm, Ho, and Yb

measured between calcic amphibole (Ti-rich pargasite) and basaItic-to-andesitic melts usiDg

synthetic glass spiked with La-, Sm-, Ho-, and Yb-oxides at 1.0 GPa and 1020 oC. The

doping concentration ofeach individual rare-earth was 1000 ppm, permitting the use ofan

electronmicroprobe for the analyses ofthe calcic amphibole/silicate mek pairs. They showed

that partition coefficients of the rare-earth elements, 1JrœE, for andesitic systems are higher

than those for the besaJtic systems by a fàctor of3 and followed sul>parallel patterns. Based

on the amphibole run products, they observed a Iower~ for the lighter REE as

NaI{Na+Ca) ofthe amphibole increases.

Green and Pearson (1985a) reported partition coefficients ofSr, La, Sm, Ho, and Lu

measured betweencalcic amphibole (Ti-richpargasite and kaersutite) andbasaItic to aodesitic

melts for experùnents performed at 0.75 to 2.0 OPe, 900 to 1050 oC under two ditrerent

oxygen fugacities (fOJ. For tbeir experiments, they used tbree natural rock powders

(andesite, tholeiite, and K-rich tholeüte) spiked with a rare-earth oxide beariDg glass at the

-0.5 wt.% level pemùttiug the use ofan electron microprobe for nID produet analysis. They

recognize a clear buIk composition and temperature eftèct onpartitioning wbile pressure and

oxygen fugacity eftècts appear to be subordiœte.

-7-
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Adam et al. (1993) reported partition coefficients ofRb~ Sr~ Ba, y~ Ti, Zr~ Nb~ and

Ta measured between calcic amphibole (Tl-rich psrgasite) and b&saItic-to-audesitic melts for

different pressures (1.0 to 3.0 OPal and temperatures (875 to 1100 oC). Theyusedoepbeline

basanite and thoJeiitic basaItic suvlesite rock powders spiked with a~Ta-enricbed glass at

the -5 wt.% level, and they added various amounts ofvoJatile componems, betwœn 1 to 10

wt.% of H20~ F, Cl The Nb-Ta-doped glass aIIows the aœlysis of the individual nID

products by proton microprobe. WIthin a pressure range of 1.0 OPa (between 1.0 to 2.0

OPal and witbin a relatively smaIl range oftemperature (between 1000 to 1050 OC), tbey

observed that partition coefficients for the bigh-field-streDgth elements, DHF5e are reJatively

insensitïve. However~ partition coefficients for the HFSE and other incompatible elements

(exœpting Rb) iDcrease as the Si02 concentration in the melt phase ïncreases. Furtbermore~

the effectsoffonpartitioncoefficients for incompatIble elements were found to he important

in melts containing Iowconcentrations of~03' FeO, MgO, and Cao (e.g., felsic magmas).

Adam and Green (1994) reported partition coefficients ofTi, Sr, La, Sm, Ho, and Lu

between calcic amphibole (Ti-rich psrgasite) and MS8'tic melt for different pressures (0.5 to

2.0 OPal and temperatures (1000 to 1100 OC). They used nephetinite Msanjte rock powder

spiked in rare-eartm (La, Sm, Ho, Lu) and Sr at the -0.5 wt.% leveL They observed that

partition coefficients ofTi, Sr, Sm, Ho, and Lu decrease with iDcreasiDg pressure hm 0.5

to 2.0 OPa. The variations in partition coefficients with pressure can be explaioed by

modifications of the major element compositioœ of the amphibole (i.e., crystal-chemical

control). As pressure increases, the amphibole shows an enrichment in Si02 and N~O aDd

·8-
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a depletion inAr/AlVl
, Ti, Sr, and REE, thus reducing pertitioniog. Partitioncoefficients for

Ti, Sm, and Ho are reJatively insensitive to a temperature range of SO oC at the same

pressure. IncreasiDg the oxygen fugacity fiom a Iow value (i.e., between Ni-NiO and

magnetite-wOstite buftèrs) to ahigber value (i.e., hen..ite-rnagnetïte buffer) does DOt affect

partition coefticients.

Breoan et al. (1995) measured partition coefficients ofa series ofelements (Ti, Rb,

Sr, Zr, Nb, Ba, Hf: Ta, Ce, Nd, Sm, Yb, Pb, Th, U) between Fe-Cree and K-ftee calcic

amphibole (Ti-rich pargasite) and andesitic melt obtaiDed. ftom a series of expeiiments

performed at I.S OPa and 1000 oC. They used a syntbetic andesitic glass spiked with trace

elements (Rb, Ba, Sr, U, Th, Pb, Nb, Ta, lit 'à, Ce, Nd, Sm, and Yb) added as dilute nitrate

solutiom for ion microprobe analyses. Based on three concentration le\tem oftrace elements

(except for Ti, Ta, and the REE), tbey observed constant partition coefficients between

amphibole and silicate melt for a range of -1 to >100 ppm using identical pressure and

temperature conditions. Using their partition coefficients values and those ftom Adam et al.

(1993), they applied the elastic strain theory of Blundy and Wood (1994) to predict

amphibolelmelt partition coefficients at conditions of pressures, temperatures, and

compositions di&lent than those used in their study. They were able to reproduce the

measured partition coefficients ftom previous studies to within 4S %.

DaIpé et al. (1995) measured partition coet1icients ofa series ofelements (Ti, K, Rb,

Sr, Y, 'à, Nb, Ba, Hf: Ta,~ Ce, Nd, Sm, Eu) between caIcic amphibole (Ti-rich perp;ite)

and basanitic glass for an expetiment performed at I.S OPa and 1100 oC. They were able
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to use natural k.aersutite megacrysts as starting material due to the low lower limit of

detection of both the synchrotron x-ray tluoresœnœ microprobe and the laser-ablation

microprobe ioductively-œupled plasma mass spectrometer. They measured sirnilarva1ues of

DSr andDy, and identical valuesofDü between Ti-richpergasiteand basaDitic melt using both

instruments. They mentioned that the reJatively low partition coefficients for the rare-earth

elements (i.e., La, Ce, Nd, Sm, Eu) measured between tbeir Ti-rich pargasite and hesanitic

melt might reflect an amphibole composition effect (e.g., titanium content in the Ml,2,3

octahed.ral sites).

LaTourrette et a/. (1995) reported partition coefficients for a series ofelements (Si,

T4~ Fe, Mn, Mg, Ca, Na,~ Rb, Ba, Pb, Th, U, Nb, La, Ce, Pr, Sr, Nd, F, lit: Zr, Gd, Li,

Be, Ho, Y, Er, Tm, Lu) between calcic amphibole (Ti-rich pargasite) and a basaItic melt al

1.5 GPa and 1092 oC using a natural hasanite enriched with a premelted glass spiked in trace

element oxides or carbonates. The doping concentrations ranged ftom 50 to 1250 ppm.

Trace element concentrationinrunproducts were aoalyzed by ionmicroprobe. They showed

the ability to model partition coefficients using the eJastic strain theory model ofBlundy and

Wood (1994) and demonstrated an important relationsbip between trace e1ement partitioning

and the macroscopic properties ofthe amphibole.

Fujinawa and Green (1997) reported partition coefficients of'à, ut: and Ti between

calcic amphibole (Ti-rich pargasite) and basaItic-to-andesitic g'asses performed at c:liffiaent

pressures (0.5 ta 3.0 OPal and temperatures (900 to 1100 OC) using a natural hesanite and

andesite spiked with trace e1ement oxides. The doping coœ:entrations ofZr and Hfl'8D8e
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from 500 to 5000 ppm wbereas Ti is at the naturalleve~ permitting the use of the electron

microprobe for the analyses ofthe nm products. They sbowed tbat Henry's law behaviour

is obeyed for Hfconœntration levels ranging ftom 500 to 5000 ppm and their resuIts are

consistent with those results of Db aod DHf from Dalpé et al. (1995) usiDg natura1

abundances. They observed tbat IJ.u, DZr and Dr. between amphibole and silicate melt

decrease with increasiDg pressure from 0.5 to 2.5 GPa. They mentioned tbat the decrease in

partitioning is more pronounced between 0.5 and 1.5 GPa then between 1.5 to 2.5 GPa.

Similarly to the Adam and Green (1994) study, they correlated the variations ofLJm., D-rz, and

DTi as function of pressure with the crystal-chemical control by the amphibole. They

illustrated that as pressure increases, K in the Â site iDcreases whereas MY1AlVl decreases.

Klein et al. (1997) studied the partition coefficients ofNb, Ta, Zr, Hf: La, Ce, Nd,

S~ Eu, Gd, Dy, Er, Yb, and Lu between amphibole and quartz-dioritic-to-tonalitic melts

performed at a pressure of 1.0 GPa and temperatures ofSOO, S50, and 900 oC. They used

a natura1 quartz-diorite rock d0Ped with a variety of elements for electron microprobe

analyses at the 0.5 wt.% leveL Furthermore, they performed an UDdoped expetiment inorder

to check for Hemy's Jaw bebaviour. In this case, run produets were aœlyzed by an ion

microprobe. They demonstrated the applicability of the Hemy's Jaw bebaviour for trace

element cora:eutrations ranging ftom few ppm op to the 0.5 M.% ofdoping leveL Based on

their expelimental results, they showed that partition coef6cieDts between amphibole and

silicate melt are negatively correlated withthe degree ofpolymerizationofthe melt expressed

as the ratio of DODbrid8ing oxygens to the nomber of tetrabedral eatÎODS (NBOIf).

-11-
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Furthermore, partitiooiDgoftraœelementsare negativelycorrelated10nultemperatures (i.e.,

partition coefficients deaease as tempetature increases).
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SyaChrotroD X-ray-Oaornee.ce .ad laser-.blatio. ICP-MS IDÎeroprobes: Usefil.

ia.nI.eau for •••lyl. ofexpertlDental na prod.eu

(pablis.ed ia C•••dia. MÏllen.... by Oalpé d III. 1995)

2.1 Introduction

Trace elements provide a powerful tool for the investigation of the petrogenesis of

igneous rocks. Using traœ-element concentrations in a suite of rock samples, one can

construct aninversemodel that IlOtonlyconstrains the mechaoÎSJII$ responsible for the genesB

ofthe suite but aJso can provide information on the source region (e.g., Allègre et al. 1977,

Allègre and Minster 1978, Hofinann (986). Tbese models depend upon accurately

characterized partition coefficients (D) between minerais and melts. Most ofthese partition

coefficients are based upon analyses ofnaturalphenocrysts and tbeir enclosing glassy matrix.

However, because partition coefficients are sensitive to pressure, temperature, minerai, and

melt comPOsitions (iDcluding volatile content and oxygen fugacity), tbey are best measured

in minerais and queoched glasses synthesized in the Iaboratory onder controlled conditions.

Electron-microprobe analysis (EMPA) cao he used to measure partition coefficients

of major and minor elements in gla'SeS and crystals ttom experimental run-products, but

EMPA cannot he used for trace elements «100 ppm). FurtbenDore, because ofthe smaIl size

ofexperimental run products, minerais and quenched g'esses only rarelycen be separated by

magnetic or density techniques for traditioœl anaIytical techniques used on natural rocks 8Dd

minerais (Watsonel a/. 1987). To determiDe partition coefficieDts accurately in experimental
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run-products, they must be aoa1yzed in situ for traœ elements using a microbeam technique.

Two microbeam~ the synchrotron X ...ray fluorescence microprobe

(SXRFM) and the laser-ablation microprobe inductively coupled plasma mass spectrometer

(LAM-ICP-MS), receDt1y bave been used to measure partition coefficients between crystaIs

and glasses in experimental1'UD'"'products (DaIpé el al. 1992, DaIpé and Baker 19948, -b,

Jenner el al. 1994, Skulski et a/. 1994). Both instruments are rapid and have a lower limit

ofdetection (LLO) near, or below, S ppm. These instruments aIso bave been applied to other

studies requiring in situ analysS (Sutton et al. 1987, Jackson et al. 1992, Pearœ et al. 1992,

Federowich el al. 1993, Feng et al. 1993, Feng 1994). In addition, other microbeam

instruments have been used for in situ anaIysis as discussed by Hawthorne (1993) and Green

(1994).

•

These two instruments are based on different principles and have diffaent analytical

characteristics, such as sensïtivity, stability, interference, and beam size (Gordon 1982, Bos

el al. 1984, Jones etai. 1984, Suttonetal. 1986, Luela/. 1989, Jarvis etai. 1992, Jarvis and

Wj1Jjams 1993, Perkins el al. 1993). Synchrotron radiation is intense, white Iight ofX-ray

wavelengths, ~1OS limes more brilliant than that ofconventional X-ray tubes, emitted ftom

electrons circIing a synchrotron ring. As the specimen is excited by synchrotron X-ray

radiation, the SXRFM measures the energies and intensities ofX...rays emitted by the sample

using either an eoergy...œspemve or wavelength-dispersive detector. Quantification ofthe

elementalconcentrationsbesedonthe XRF spectlumis reJativelystraightforward becausethe

physics of photon interactions with matter is weR understood. The SXRFM provides
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nondestructive trace element analysis ofgeological specimens with a LLO of 1-10 ppm for

a spot size of 10 IJID depending on the element and the matrix analyzed (SUlton et al. 1986,

Bajt et al. 1992).

The recent refinement of the laser-ablation technique for ICP-MS analysis aIlows

microsampling and rapid analysis ofmaterials as ditLent as siIic:ate glass, presse<! pellets of

rocks, minerais, aIloys, and ceramics (Jarvis etal. 1992). The LAM-ICP-MS ablates a smaIl

volume ofthe sample, some ofwbich is converted ioto an aerosol and is carried out of the

sample œil by argon gas to the iDductively coupled plasma (lCP) unit. Inside the ICP, the

sample is volatilized, atomized, and ionized; the re5'dting material undergoes supersonic

expansion and is introduced ioto a quadrupole mass spedrometer (Jarvis et al. 1992). Ions

are separated ftom one another bydiftèreoce inkinetic energies related to their specifie mass,

and the abundance ofselected stable isotopesoftraœ elements is deteeted with a CbanDeltron

electron multiplier (Jarvis etal. 1992). Advantages oflaser-ablationICP-MS analysis include

low LLD, 2 ppm clown ta hUDdreds of ppb, speed of 8II81ym, and the ease of sample

preparation.

ln this paper, we compare these two microprobe techniques in terms oftheir abiIity

to accurately and precisely analyze two diftèrent in-bouse besaItic glass standards. Then we

apply the techniques developed to measure partition coefficients ofRb, Sr, Y, Zr, and Nb

between a Ti-rich calcic amphibole and a Ti-rich b8san itic quenched glass produced fi'om

natura! starting materials at 1.S OPa and 1100 oC. Tbese techniques are aIso applicable to

the anaIysis ofotber solid expetimental nm products and smaIl samples ofsilicate.
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2.2 Preparatio. of ia·ll0•• staadard ...tenals

Two natural materiaIs were used for optimi7JltÎon ofaœlytical techniques aDd as in

house standards for analysis ofnm. products. The first~ P-MT, was made from

pargasite megacrysts ftom a Iamprophyre dike ofCretaceous age Iocated in the eastern part

ofthe Island ofMontréal. Québec (Canada; donated by G. Pouliot). The second material,

HF13, is an olivine nepbelinite from a Tertiary intrusion located in the Mount Llangorse

aIkaIine volcanic field of IlOrthem British Columbia (Canada; FraDCÎS and Ludden 1995;

donated by D. Francis).

The pargasite megaaysts are eubedral with lengths op to 5 cm. They contain veins

ofwhite material aloug some cleavage surfaces; we presume tbis material consists ofcalcite

+ zeolite + anorthoclase, which bas been IlOted in similar megacrysts (CampbeR aDd Schenk

1950, Wallace 1977). Pargasite megaaysts were first coarselycrushed ina steel percussion

mortar, and cleanchips, ftee ofthe white materialwere haDdpicked. These chips were grouod

to a powder «500 J1IIl) in an agate mortar. The olivine nephelinite was received as powder

«140 J.1Dl) Prepared in a tungsten carbide bail miIL Contamination in W, Co, Sc, T, and

poSSlbly Nb ÎS weB known for this type ofmiIl (Hickson and Juras 1986).

Powders of each material were mehed four tilDes at 1400 oC in an Fe-treated Pt

crucible at 1 atmospbere under a controlled oxygen fugacity equal to tbat of the F~Si04·

F~04-Si02(FMQ) buffer. The durationofeachmelting was tbree hours. Controlled oxygen

fugacity was used to pœvent the crystaltization ofopaque phases during melting, wbich is
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essential to make a homogeoeous glass. After each melting!J we obtained a clear brown glass

free ofcrystalline Jœterial; this glass was crusbed usiDg a steel percussion mortar (to <2 mm

in size) and cleaDed witha magnet to remove any steel fiJings ftom the mortar. Ailer the final

melting, the glass was removed ftom the crucible and crusbed ioto chips up to 3 mm across

and magnetically c)eatwl

2.3 An.lysis or tlle i.-laoase "Bdard ...... for .ajor••d .mor elelDeats

•

These reference g)asses were aoa1yzed for major and minor elements with a JEOL

8900 electronmicroprobe operated at anaccelerating potentialoftS kV with a beamcurrent

of 10 nA; for each eleDlel14 counting limes were 2S s on the peak and lOs on each

background position. The beam size was chosen to he the same diameter as the beam size of

the SXRFM (i.e., 10 JOD). Albite (Na), diopside (Si, Ca, Mg), andradite (Fe), orthoclase (K,

Al), and pyropbanite (MD, Ti) were used as standards. We bave cbecked the homogeneity

ofthe~ glasses by aœlyziDg diftèrent chips ofglass (3-4 Dm in size) ftom the top,

middle, and bottom of the crucible (Table 2.1). Boyd's homogeœity index was used to

characterize the bomogeœity in IDIjor elements ofboth glasses (Boyd and Finger 1975). On

the basis of the standard deviation expected ftom counting statistics, Oct and tbe standard

deviationassociated with datameasmedon the sample, 0, Boyel and Finger (1975) suggested

that a sigma ratio %c in excess of 2-3 for a major element "is higbly suggestive of the

presence ofan inhomogeneity" in the JœteriaL AB major elements fiom the tbree subsamples
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• Table 2.1. Homogeœity test using Boyd's iDdex calculated ftom top, mjddle, and bottom
chips inside the cructble for P-Mf and HF13 s'asœs

P...MrGlass

Top Middle Bottom

n 10 Boyd's 10 Boyd's 10 Boyd's
indeX- index index

Si02 40.64 (0.19) 1.32 40.47 (0.12) 0.82 40.16 (0.14) 0.97
Ti02 3.82 (0.04) 0.91 3.82 (0.03) 0.68 3.80 (0.05) 1.19
~O3 14.81 (0.10) 1.17 14.79 (0.07) 0.80 14.71 (0.06) 0.69
F~O~ 1.53 1.57 1.58
FeOb 7.24 7.40 7.46
F~ 8.62 (0.15) 1.30 8.81 (0.10) 0.87 8.88 (0.09) 0.79
MnO 0.08 (0.03) 2.81 0.08 (0.03) 3.08 0.10 (0.02) 2.16
MgO 14.44 (0.11) 1.16 14.52 (0.05) 0.55 14.46 (0.06) 0.66
CaO 12.30 (0.06) 0.78 12.34 (0.06) 0.67 12.36 (0.05) 0.61
N~O 1.92 (0.03) 0.80 1.92 (0.03) 0.80 1.91 (0.03) 0.83
~O 2.31 (0.03) 0.93 2.28 (0.03) 1.01 2.28 (0.03) 1.03
P20S 0.04 (0.02) ad. 0.04 (0.02) ad 0.04 (0.02) n.d.

Total 98.9r 99.07 98.70
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• Table 2.1. (continued)
HFl3 Glass

Top Middle Bottom

n 10 Boyd's 10 Boyd's 10 Boyd's
index index index

Si02 41.24 (0.21) 1.43 41.43 (0.11) 0.74 41.64- (0.17) 1.12
Ti02 2.45 (0.03) 0.96 2.47 (0.03) 1.04 2.45 (0.02) 0.76
~O3 11.61 (OJl6) 0.86 Il.63 (0.05) 0.73 11.49 (0.10) 1.37
F~O~ 2.32 2.31 2.30
FeOb 10.17 10.16 10.11
FeO~ 12.26 (0.14) 0.96 12.24 (0.23) 1.57 12.18 (0.17) 1.19
MnO 0.24 (0.02) 1.34 0.22 (0.03) 1.68 0.23 (0.03) 1.66
MgO Il.36 (0.04) 0.56 11.37 (0.05) 0.65 11.34 (0.08) 0.97
Cao 11.01 (0.07) 0.90 11.02 (0.07) 0.91 11.04 (0.06) 0.82
N~O 5.12 (0.04) 0.63 5.13 (0.06) 0.98 5.11 (0.04) 0.71
~O 2.02 (0.03) 0.90 2.00 (0.03) 0.89 2.01 (0.02) 0.76
P20S 1.46 (0.03) n.d. 1.46 (0.03) n.d. 1.46 (0.03) n.d.

Total 98.7'? 98.97 98.95
Concentrations are in weight percent (wt.%).

Values in parentbeses are based on one standard deviation fiom multiple analyses (10).

Abbreviation denotes: ad.-Not detennined.

a Boyd's index is calculated using the relationsbip 0 1 0e wbere 0 is the measured standard

deviation ftom electron probe in the salq)1e and 0e is expressed by the followiDg equation: Ge

= CI R • [( R • c ) 1 ( C • t) + ( R • Cl ) 1( T· C 2
)] ~ wbere: C = coocentration ofan

element in the statvlard; c = concentration ofan element in the sample; R = counting rates on

the standard (=NIT); N = total counts on the staDdard; T=counting lime on the standard;

t = counting time on the sample (Boyd and Finger 1975). b F~O] and FeO proportions are

calcuJated using total iron ftom the electron probeal T =1400°C, P = 1 atm, and/01 =FMQ

(Kress and Carmicbaell991). C Total iron is calculated as FeO &amelectron probe. d Totals

are calculated using FeOr

•



• Chapte_r2 _

ofP-MT glass have sigma ratios Iess tban 1.5, with a maximum of 1.32 calcuJated for Si at

the top position (Table 2.1). Because maDganese is not a major element, bigh values were

calculated in ail three positions, aod Boyd's homogeoeity test could not he applied. Major

elements in HFt3 glass samples displayed sigma ratios Jess than 2 with a maximum of 1.57

for FeOt in the nriddle subsample. Here too, the test for !Il!Ift88'W? could DOt be applied.

These low values ofthe sigma ratio iodicate tbat P-MT and HF13 gIasses are holllOgeneous

in major elements..

2.4 ADalys. of ia-lIo•• ".dard ...... by sol.do. ICP-MS teela.tq.es

•

Two grams ofeach glass (mixtures ftom the top, mïddle, and bottomofthe crucible)

were ground to a powder (<245 flIIl) in agate 1IlOrt&r, split ioto l-gram aliquots, and sent to

two ditTerent Iaboratories (Memorial University of NewfoundJand and Université de

MontréaI) for anaIysis by solution ICP-MS teclmiques. Table 2.2a shows the concentrations

ofmajor and minor clements measured by e1ectron microprobe, and Table 2.2b shows the

concentrations of trace elements measured br solution ICP-MS techniques. The solution

ICP-MS analyses performed al Memorial University ofNewfollndland used the method of

standard addition to correct for matrix eftècts (Jenner etal. 1990, Longerich et al. 1990); st

the Université de Montréala matrix-matcbed extemal staDdardizationcah"brationmethod and

non-linear response drift-corrections were used (Cheatbam et al. 1993). The compositionof

the original HFt3 buIk rock before melting, ana1yzed by tbree different techniques, aIso is
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• Table 2.18. In-house glass staDdard compositions
(major and minor elements)

Ref P-MTGlass HF13 Glass
Glass
comp. Pargasitic ol-normative

nepbelinitic

n 30 30

Si02 40.43 (0.25) 41.44 (0.24)
Ti02 3.81 (0.04) 2.46 (0.03)
~O3 14.77 (0.09) 11.58 (0.10)
F~o; 1.56 2.31
Fe<Y 7.37 10.15
FeO~ 8.77 (0.16) 12.23 (0.18)
MnO 0.09 (0.03) 0.23 (0.03)
MgO 14.48 (0.09) Il.36 (0.06)
Cao 12.34 (0.06) Il.02 (0.07)
N~O 1.92 (O.O3) 5.12 (O.OS)
~O 2.29 (0.03) 2.01 (0.03)
P20S 0.04 (O.02) 1.46 (0.03)

Total 98.94c 98.91
Concentrations are in weight percent (wt.%).

a F~03 and FeO proportions are calculated usiDg total iron from the electron probe al T=

1400 oC, P= 1 atm, &Ddj02= FMQ (Kress and Carmicbael 1991). bTotal iron is calculated

as FeO from electron probe. C Totals are cakuJated usiDg FeOr
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• Table 2.2b. In-house gJees staMml CO"YJ'OsitioDS (trace elements)
Ref. P-MfGIass HF13 Glass
Glass
comp. pargasitic ol-DOrmative oepbeliDitic

soL ICP-MS· soL ICP-MS XRF+lcP»
Defore
melting

lJMC Ml? ~ MtJd
n 3 4 2 1 3

Li n..d. 2.7 (0.5) ad. 12.40 ad.
Rb 16.2 (0.31) 16.9 (0.5) 29.0 28.4 29.72 (0.45)
Sr 461.7 (13.4) 474.6 (5.20) 1532 1485 1498 (37.6)
Y 12.00 (0.32) 9.73 (0.25) 30.46 23.89 27.40 (2.28)
à 53.08 (1.95) 52.35 (1.46) 301.9 292.7 299.9 (13.9)
Nb 13.25 (0.89) 16.62 (0.38) 103.6 114.6 90.78 (7.28)
Ba 360.4 (12.7) 365.9 (8.90) 320.9 337.1 391.4 (62.4)
Hf 2.14 (0.12) 2.35 (0.12) 6.05 6.54 5.99 (0.25)
Ta 0.96 (0.07) 1.02 (0.06) 5.79 5.87 4.68 (0.05)
Pb 3.83 (0.17) 4.50 (1.06) 0.61 0.45 ad.
Th 0.17 (0.01) 0.21 (0.04) 9.13 9.21 9.61 (1.34)
U 0.05 (0.002) 0.06 (0.01) 2.84 2.81 2.47 (0.25)
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• Table 2.2b. (continued)
Ret: P-MTGIass HFt3 Glass
Glass
comp. pargasitic ol-normative nepbelinitic

soL ICP-MS· soLICP-MS XRF+lcP»
Before
melting

~ MlJd tJM= MIJd
n 3 4 2 1 3

La 5.77 (0.21) 5.78 (0.06) 82.82 83.73 77.87 (1.19)
Ce 17.01 (0.75) 18.07 (0.21) 159.18 167.76 139 (11)
Pr 3.11 (0.11) 2.89 (0.04) 20.03 18.67 n.d.
Nd 14.53 (0.53) 15.31 (0.40) 73.35 76.91 67.17 (3.16)
Sm 3.74 (0.15) 3.91 (0.23) 14.06 14.42 13.85 (0.25)
Eu 1.29 (0.05) 1.36 (0.06) 4.48 4.49 4.0S (0.13)
Gd 3.41 (0.16) 4.40 (0.31) 11.31 11.76 IO.8Sc

Th 0.4S (0.03) 0.52 (0.04) 1.53 1.47 1.40 (O.OS)
Dy 2.53 (0.14) 2.62 (0.12) 6.97 7.04 6.71c

Ho 0.43 (0.02) 0.45 (0.01) 1.06 1.11 LIS (0.13)
Er 1.08 (0.03) 1.05 (0.06) 2.72 2.45 n.d.
Tm 0.13 (0.01) 0.12 (0.01) 0.30 0.27 0.2~

Yb 0.73 (0.05) 0.68 (0.01) 1.61 1.38 1.47 (0.02)
Lu 0.10 (0.004) 0.09 (0.01) 0.20 0.18 0.20 (0.01)
Concentrations are in parts per million (ppm).

Abbreviation denotes: n.d.-not deter'1lined.

a Analyzed by solution inductively coupled plasma mass spectrometry al respectively

Iaboratories show in table. b Analyzed by X-ray fluorescence, solution ICP-MS, and

irradiation neutron activation (INA) at McGill University and the Université de Montréal

before melting the bulle powder to make staDdard (D. Francis, PerS. comm. 1994).

Concentrations oftraœ elements are recalculated on anhydrous basîs. C Analyses doœ al the

Laboratoire Ultratrace du Département de Géologie de l'Université de Montréal by G.

Gauthier and A. Khoury. d Analyses done at the Department ofEarth Sciences, Memorial

University ofNewfoundJand by S.E. Jackson. C Single aœlysis.

Values in parentbescs are based on one standard deviation ftom multiple analyses (la).

Sample chips from both glesses are available upon request to the first author.
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1istedinTable 2.2b. This compositionwas recalculatedonananhydrous basis for comparison

with the actual glass composition after melting. At the two-sigma level for most elements,

no systematic diflèteuce appears betweentbeoriginal compositionand the resuhsofsolution

mode ICP-MS analyses ofthe HFI3 glass after melting (Table 2.2b). The only exceptioDS

are Ta, La, and Eu whose cora:eutrations are higher than tbose reported in the original buIk

rock analysïs. Comparison of the results of diffeient ICP-MS analyses of in-house glass

standards from both Iaboratories demonstrate that they are in very good agreement for the

majority ofelements, with the exception ofY, Nb, Ba, Pr, Nd, and Yb (Table 2.2b). The

concentrations ofNb, Ba, Nd are systematically bigher, 8Dd those ofY, Pr, Yb, lower, for

gIasses analyzed at Memorial University of NewfoundJand compared to those analyzed at

Université de Montréal 80th Jaboratorles use diftèrent methods to establish the

concentrationofthose elements. Calibrationcurves for Y at Université deMontréal are based

•

upon the average values ofY in the standards BIR-l, BHVo-I, ffi-l, and BR (Govindaraju

1989), whereas at Memorial University of NewfoundJand, a pure Y-metal is use for

cahbration. The Y concentrations obtained by Memorial University ofNewfoundlaod on

different international reference materialsare reported to he 200!o Iowertbanvalues previously

suggested (G. Jenner, pers. COIIDIL, 1995). So without any evideuce to the contrary, and

knowing that both Jaboratories can reproduce compositions ofhesaJtiç reference standards

with excellent accuracy using diffdent calibration procedures (typically better tban %5%;

Jenner el al. 1990, Cbeatbam el al. 1993), we decided to use the average traœ-element

concentrations for Rb, Sr, Y, Zr, Nb, Ba, La, Ce, Nd, Sm, Eu, lit: and Ta deteunined &om
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the two solution-mode ICP-MS analyses as the working values for the in-house standard

glasses HFI3 and P-MT (Table 2.3). Inany case, d&:repaDcies between the di1reteut values

for Y, Nb, Ba, Pr, Nd, and Yb coDCenlratioDS will not affect the conclusions ofthis study.

2.5 Mi~robeaJn tnce-elemeat •••lysis

2.5. 1. Synchrotron X-ray-fluorescence miCToprobe

•

SXRFM analyses were performed on beam line X26A at the National Synchrotron

Light Source at Brookhaven National Laboratory (UptOD, New York, U.S.A). The

synchrotron storage ring was operated at 2584 MeV with an electron current in the range of

110 ta 202 mA. Figure 2.1 shows a sdlematic view ofthe X26A beam liDe and includes the

major devices used during analyses. The X radiation ftom the synchrotron is reduced to a 10

J.1Ill beam by a series ofcollimators (slits) and a final pinhole. The beamintemity is measured

in a He-filled ion chamber upstream of the piohole, and the X-ray tluoresœoce from the

sample is detected by a Si(Li) energy-dispersion spectrometer (EDS) (ISO eV resolution at

MnKœ) positioned at 90° to the incident beam(Bos et al. 1984, Lu et al. 1989, Sutton et al.

1986). Between the detector and the sample, an aluminum filter either 85 or 170~ thick

(depending upon the sample's composition) is plsitiooed to suppress the intense K

fluorescence lines ofmajor elements, principaIIy Ca and Fe inom samples. COllnting dead

time for the EDS detector was maintaùwl in the range of20 to 300A.. Concentrations oftraee

elements were measured on the samc areas previously aœlyzed by electron microprobe
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• Table 2.3. LeveJs ofdiffeteut trace clements as detern'ined
br SXRF and Jaser...ablation ICP-MS microprobes

P-MTOJass

Worldng
values- SXRFM

Top Middle LIU
n 5 5 10
Rb 16.6 16.0 (0.89) 13.6 (0.49) 2.05
Sr 469 449 (10.9) 359 (3.41) 2.30
Y 10.7 10.6 (0.49) 9.40 (0.80) 2.22
Zr 52.7 42.4 (1.50) 29.2 (0.98) 3.67
Nb 15.2 12.4 (1.02) 10.2 (1.17) 3.59

LAM-ICP-MSc

Top Middle LLO
n 5 5 10
Rb 16.6 16.7 (0.21) 20.08 (0.53) 0.71
Sr 469 451 (1.94) 456 (2.42) 0.81
Y 10.7 9.24 (0.32) 9.75 (0.26) 0.86
Zr 52.7 52.4 (0.72) 53.3 (1.19) 1.09
Nb 15.2 13.9 (0.18) 14.3 (0.29) 0.72
Ba 363 407 (1.11) 417 (3.71) 0.12
La 5.78 5.78 (0.14) 5.93 (0.12) 0.18
Ce 17.7 18.9 (0.32) 19.3 (0.15) 0.11
Nd 14.9 15.8 (0.37) 16.2 (0.20) 0.10
Sm 3.82 4.44 (0.28) 4.27 (0.35) 0.37
Eu 1.33 1.29 (0.09) 1.35 (0.08) 0.09
Hf 2.26 2.49 (0.21) 2.32 (0.07) 0.09
Ta 1.0 1.06 (0.01) 1.14 (O.OS) 0.10

• -26-



• Table 2.3. (continued)
HF-13 Glass

Working
values- SXRFM

Top Middle LLI)b
n 5 5 10
Rb 28.8 33.0 (0.89) 28.6 (l.02) 1.74
Sr 1516 1718 (9.80) 1432 (65.2) 1.95
Y 28.3 27.4 (0.80) 23.8 (1.72) 2.37
Zr 299 290 (S.31) 229 (14.4) 2.92
Nb 107 92.6 (2.06) 74.6 (3.88) 3.52

LAM-ICP-MSc

Top Middle LLD
n 5 S 10
Rb 28.8 33.6 (0.51) 31.0 (0.61) 0.65
Sr 1516 1506 (5.28) 1506 (2.4S) 0.65
Y 28.3 25.4 (0.41) 25.3 (0.47) 0.77
Zr 299 316 (2.91) 320 (3.11) 0.90
Nb 107 101 (0.64) 101 (1.06) 0.66
Ba 326 344 (3.83) 347 (2.28) 0.12
La 83.1 87.3 (0.44) 88.3 (0.84) 0.19
Ce 162 171 (0.65) 170 (1.17) 0.11
Nd 74.2 SO.6 (0.S5) 79.S (1.43) 0.10
Sm 14.2 14.2 (O.SS) 16.0 (0.4S) 0.36
Eu 4.5 4.41 (0.08) 4.60 (0.08) 0.09
Hf 6.2 6.86 (O.IS) 7.06 (0.22) 0.09
Ta 5.8 6.02 (0.10) 6.38 (O.OS) 0.09
• Working values are based on average of solution Icp...MS aoa1yses. b Lower Limit of

Detection are based on 10 diffetent aoa1yses ftom spots (SXRFM) or grids (LAM-ICP-MS).

c Aœlytical ma.., used are listed in Table 2.4.

Values in parentheses are based on one starvlard deviation fioom multiple analyses (la).
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Figure 2.1. Schematic view of the X26A beam line al the National Synchrotron Light

Source, Brookbaven National Laboratory. The X radiation is emitted ftom the divergent

electrons along their trajectory iDside the ring, passes through a series ofcoUimators (slits)

and pinhole befoIe excitiog the specimen 9 m downstream. The sample is mounted vertically

and at 4S 0 to the incident X...ray beam. The fluorescence and scattered X-rays ftom the

specimen are detected with a Si(Li) EDS deteetor mounted at 90 0 to the incident beam.
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(position located at ±10 J.UD to the previously analyzed area on the basis ofbeck-scattered

electron images). Live time was selected to he 300 s for analyses, yielding a real acquisition

time of390 s. The energy wiDdow ofthe measured spectra was between 2 and 20 keV.

2.5.1.1. Computation ofelement concentrations and their precision and aCCUTacy

Typical SXRFM spectra ofP-MT and HF13 are shown in Figure 2.2. The net areas

under the peak in each spectrum were obtained by fitting and subtracting a polynomial

background, then fitting GaussiaDs fimctions to the residual. Trace-element concentrations

are based on an intemal standard analysis technique usiDg a modified version ofthe program

NRLXRF (Sutton et al. 1987, Bajt et al. 1992). This program calcuJates concentrations of

trace elements with corrections for filters (incident beam and detector filters), major-element

composition, self absorption, secondary fluorescence, and the specimen's density and

thickness. The tbickness of each specimen at the point of analysis was measured with a

NIKON binocular microscope at lOOX and corrected with the material's mean index of

refraction to yield the true thic:kœss. The index ofrefiaction ofthe glasse; was measured

using i:rmnersion oils. Glass densities were calculated using the model of BottiDga et al.

(1982). Indices ofrefiaction and densities ofcrystalliDe phases were esfjrnated using values

from Deer et al. (1985) for minerais ofsimiIar composition. A trace elementts concentration

is detetmined bra coqmison ofthe area oftraœ element's Kapeak with the area ofthe Ka.

peak ofan element whose oouceotlation in the sample is Imown. The intemal standard used

was iron, previouslydetermined by EMPA at the same point 8IItl1y2d by SXRFM. The aras
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Figure 2.2. Synchrotron X-ray-fluorescence microprobe (SXRFM) spectra showing counts

vs. X-rayenergy. The labeled peaks refer to the principal K-eœrgy tluorescence Iines. (a)

Top subsample ofP-MT glass. (h) Top subsample ofUF!3 glass.
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ofthe FeKapeak and trace element-Kapeak were combined with the concentration ofiron

in the specimen to detennine the concentration ofa trace element using the relation:

1·c- =8.. x-' xC6:"., 'Ire
Fe

in which, Ci is the concentration ofa trace clement i, Si is detection sensitivity (ppmlCOunt)

for an element i relative to that for Fe calculated by the NRLXRF program, l; represents the

integrated counts from element i (Ka peak), IF~ stands for the integrated counts from the

FeKapeak, and CF~ is the Fe content ofthe specimen (expressed as the weight fraction ofthe

element; Sutton et al. 1987, Lu et al. 1989).

We calcuJated the e1Iects of errors in thickness, deDsity, and iron content of the

specimen on the measured concentratioos ofthe traœ elements. An error of±1OOAt relative

on either the thickness or the density of a specimen produœs a maximum error of ±7%

relative in the trace-element concentrations; an error of:lOOAt relative in the iron

concentration results in a maximum error of ±lOOAt relative in the traœ-element

concentrations. Otber potential, systematic errors associated with the SXRFM include

uncertainties in the thickness and composition ofthe fiIters used between the specimen and

the detector (Lu el aI. 1989). As we show below, by careful auaIysis, we can analyze trace

elements using SXRFM to accuracies within :J:2()OAt relative of the accepted values, al

concentrations in the ppm range.
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2.5.2. Laser-ablation microprobe - inductively coupledplQSIfIQ - mass speclTometry

LAM-ICP-MS analyses were performed with a Fisons PQ2+ ICP-MS mass

spectrometer equipped witha laser microprobe al Université de Montréal The laser is ofthe

Nd:YAG type, operatiog at a waveleogth of1064 Dm ThB laser cm be used in two modes:

Q-switched and "ftee-nmning". In the Q-switcbed mode, laser radiation does not exit the

Iaser cavityuntil the radiation reaches a critical Ievel ofpower, wbich produces a bi8b-POwer,

short-duration pulse (Jarvis etal. 1992, Wjl1iarœ and Jarvis 1993).. In the ftee-n1nnîng mode,

alliaser radiation exits the Jaser cavity; tbis radiation is ofIower power than radiation in the

Q-switched mode, but is emitted as a relatively long sequence ofpulses (Jarvis et al. 1992).

The Q-switched mode is used routinely al our facility because il is practicaIIy impossible to

abJate clear glass samples (e.g., NIST-612 standard) using the ftee-mnning mode owing to

lower overall efficiencies in ablation (Federowich et al. 1993).

However, for the aœlysis ofsmall samples, the fiee-nmning mode bas the advantage

of minirnjzjng damage to the sample.. We bave measured the ablation rates for bath Q

switched and fi'ee-nmning modes on HF13, P-MT and NIST-612 glasses with a laser bJank

voltage of945 Vanda tepetition rate of4 Hz.. In the present study, the ablation rate ofthe

free-nmning mode is -80 J.UDt'min, wbereas in Q-switcbed 1D>de, the ablation rate is 25%

greater, -100 J.UD/min. Furtbermore, diameters ofthe ablationcraters are smaller for the fiee

nJDnmg than the Q-switched mode, 34 llIIl and 62 J.UD, respectively. The same response in

crater diameter between bothmodes was observed by Williarm and Jarvis (1993). Thus the

free-nmning mode is better suited for the anaIysis ofsmall samples than the Q-switcbed mode•
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However, the ftee-nmning mode must he used with a colored Sllq)1e and resuIts in minimum

limits ofdetection that are a fad:or of 10 to 100 limes greater than in the Q-switcbed mode

(discussed helow).

The specimen was ablated inside a silica-giass sample cen uoder a microscope, with

the laser in the ftee-nmning mode at a 94S V bJank: voltage and repetition frequency of4 Hz.

The parameters used for the free-nmning mode analysis are lSed in Table 2.4. To miniftlize

damage, the specimen was rastered during ablation and analysis. Each analysis results ftom

a 2 x 10 matrix. ofablation hales, wbich corresponds to a volume of50 x ISO x 80 (L x W x

D)~ (Fig. 2.3). This mode resuIts in relatively littIe damage to the anhydrous and hydrous

samples, but cannot he used wbere elements have abnndanœs below -0.1 ppm (Table 2.3).

The ablated material ftom the sample œil was transferred to the ICP-MS torch via a

polyurethane tube of3 mm (id.) on a distance ofapproximately 1.5 m by a continuously

flowing stream ofAr gas al atmospheric pressure.

2.5.2.1. Protocol usedduri"g the LAM-lep-MS tmIllyses

The protocol followed during the analyses begins with a gas blank: to establish the

instrument's background levels, three aœIyses of our HF13 in-bouse glass standard for

extemal calibration, anotber gas blank, and then live UDknoWDS. For our purpose, we

repeated that protocol twice to aœlyze a total of 10 unlmowns in 1.5 h. Prior to data

collection for every analysis ofthe in-bouse standard and unkDowos, the sample was ablated

with the Jaser for 1.25 s at each ofthe 20 points ofthe grid (Fig. 2.3a); this procedure
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free-nmning
94SV
4 Hzl4 shots
matrix of 2 x 10 ablation holes
(incrememof20 J.UIlalongx-axisaDd 15
JU11 aIong y-axis)
80
17 elements incIudiDg ....Ca as internai
standard
50x IS0x80(LxWxD)~
one full grid (25 sigrid)
on sample surface

size ofsampling grid
uptake
focus condition

Table 2.4. LasermicroprobeaodICP-MS (operatingconditions)

Laser Microprobe
laser mode
voltage
repetition rate
grid parameters

total shots per grid
element menu

•

ICP-MS
extraction Jens
collector lens
nebulizer tlow rate
cooling gas
auxiliary gas
mass resolution
acquisition mode
measuring point/peak
dwell-time per point
acquisition lime
numbers ofrepeats
completed sweep
total timelmass
analytical masses

-188 to -202 V
1.36 to 3.4 V
1.144 to 1.192 Um
13.50 to 13.75 Um
0.800 to 0.825 Um
0.8 al 10 % peak heigbt
peak jumping
3 points separated by 1/200 AMlJ&
10.24 ms/pt
45 s
3 (total lime = 135 s)
6S
1.997 slmass
....ea, ISRb, USr, &9y, 9OZr, 93Nb,13'88,
I~ I40Ce, 141Pr, '~d, 147Sm, 151Eu,

1'7lJIt: IIITa, 232Th, 23'0

a Atomic mass unit.
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Figure 2.3. Physical characteristics ofthe laser-ablation rastered grid. (a) Scbematic view

ofthe ablation-grid pattern. (b) Back-scattered electron images ofaDhydrous glass (HF!3)

showing top view ofrastered grid produced in fi'ee-nmning mode al operating conditions

shown in Table 2.4 (scale bar: 100 JUIl)•
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removed the sample's sudàce (to a depth of - 34 J.UIl) and any contarninants adbering to it.

Between each~ a pause of1 min served to flush the gas liDe between the sample cen

and the ICP-MS unit, and aIso to aIlow the mass spectrometer to stabilize al background

levels.

The acquisition lime for one complete anaIysis was fixed at three repetitioos of45 s

each on the same grid for a total time of 135 s (Table 2.4). In this way, each aoaIysis

represents - 22 laser shots ineachoftœ 20 holes made in the 2 x 10 grid. For a typical menu

of 17 isotopes, the total lime spent on each mass during one complete anaIysis is

approximately 2 s. The interœl standard used was 44ea because it sucœssfully reproduces

traœ-element COD:eDtratioos ofP-MT aDd HFl3 g'asses within a relative differeuœ of±l5%

compared to the solution-mode results obtained on the HF13 in-bouse glass standard.

2.5.2.2. Computation ofelemel'll concentrations and their precision and accuracy

Trace-elementconcentrationswere calculatedfiomtbemeasured count-ratesforeach

isotope by comparing the average backgrouod-corrected ablation values ofthe specimen to

an in-bouse b8saItic glass standard (HFt3). As mentioned previously, besaltic glass was used

instead of NIST g'asses because the Nd:YAG laser does DOt ÏDductively couple with

transparent g'asses in the ûee-nmning mode at the conditions used (Table 2.4).

Concentrations were calcuJated with the relation:
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[cps_]
Ca...... = [c~:.r- x g;g: x C._

CPSQl -..Il

where C...... stands for the ca1culated concentrationofa particuJar element in the unknown

sample (in oxide wt.%, ppm, ppb, etc.), CpsistJlDpc is the background-corrected counts per

second ofa particular isotope, Cpsc. represents the beckground-conected counts per second

ofthe intemal standard reference isotope, 44Ca, unk is the unknown sample, stand is the in-

bouse standard sampIe, CaO". is the Cao content in the unImownsample analyzed byEMPA

or other ana1ytical techniques (in oxide M.%), CaO.... is the CaO content in the in-house

standard sample aœlyzed by EMPA or otber analytkal techniques (in oxide wt.%), and

c~ is the concentration ofthe element in the in-house standard analyzed previously by

EMPA or otber analytkal techniques (in oxide wt.%, ppln, ppb, etc.).

An error of± 1()O/'o relative in the Ca concentration measured by the EMPA on both

materials (i.e., Cao detennined in unknown and in-house standard) results in a maximum

errar of± 200/'0 relative for a1l the elements aœlyzed with the LAM-ICP-MS usiDg the above

formula. This error is simiJar to that for the SXRFM. Otber variables associated with the

instrument and the specimen will affect bath precision and accuracy: focusing below the

surfàce ofthe specimen, diffi:reoces in totalabuodance ofrare-earthelements (REE) between

the standard and specimen, thermalftactionationbetweentbe intemalisotope and the isotopes

monitored during ablation, irreguJar rate ofsampliDg during the ablation owing to physical

weakness (e.g., intemal ftadure in glass due to quenc~ tluid inclusions and cleavage in
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crystaIs), and ditrerential characteristics in the absorption of iDftared 6ght between the

standard and specimen (e.g., Moenke-Blankenburg 1989, Jackson et al. 1992, Jarvis et a/.

1992, Fedorowichetal. 1993, Feogeta/. 1993, Jani;and Williams 1993, WillüumandJarvis

1993, Feng 1994, Jennereta/. 1994). AJso, instrumentaldrift ofthe ICP-MS instrument can

affect precision and élCCUl'aCyofanalysis. nœdrift is corrected by using an extemal standard

for calibration (in our case HFt3 glass as mentiooed in the above protocol).

2.6 Proofofhom.e.eity ofiB-1I0••stalldanlsat t.e traee-elelneat levet.sml EMPA,

SXRF, aBd LAM-lep-MS

Trace-element homogeneity of both in-house standards bas been investïgated by

EMPA, SXRFM, and LAM-ICP-MS. The EMPA was operated at an accelerating potential

of25 kV with a beam current ofSO nA and a beam diameter of10 IJID. The first test was to

analyze subsamples ofHF13 for Sr (concentration in HFt3: 1516 ppm). The amount ofSr

in p ...Mf standard (469 ppm; see Table 2.3) is too low to give reliable counting-statistics by

EMPA The SrLœ line was counted fOr 100 s, and backgrounds on bath sides for SO s. Based

on four line-profiles of 10 points each, Iocated nmdomly on HFt3 subsamples, the relative

standard deviation (RSD: standard deviation/average) b8sed on 40 analyses is 3.9010. The

similarity of the theoretical RSD besed upon counting statistics (i.e., FNfIà~fIà~=

4.43%) with the measured RSD suggests the sample is homogeneous in Sr.

Other tests were performed for Rb, Sr, Y, Zr, and Nb usiDg SXRFM and LAM-ICP-
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MS and Ba, La, Ce, Nd, Sm, Eu, II( and Ta using LAM-ICP-MS. The RSD determiDed on

the P-Mf in-house standard using both microbeam instruments is close to or Jess tban l00A.

with the exception ofà and Nb, as obtajœd by SXRfM, wbich display an RSD maximum

of19OA. (Fig. 2.4a). For the HF13 in-bouse standard, the RSD values ofan e1emeDts are close

to, or below, 12% for bath instruments (Fig. 2.4b). However, the RSD calcuJated on bath

in-bouse standards for Rb, Sm, Eu, Hf; and Ta by LAM-ICP-MS are higber than tbat for Sr,

Y, Zr, Nb, Ba, La, Ce, and Nd. One hypothesis is that these elements do not behave in a

similar manner to the internai staDdard (in our case, +ICa) duriDg the ablation and ionization

(WilJiamliO and Jarvis 1993). The RSD values for both in-house standards have a simiIar

pattern and similar relative values for each instrument. The Iow values ofRSD calcuJated for

both in-bouse standards show tbat they are homogeneous in Rb, Sr, Y, Zr, Nb, Ba, La, Ce,

Nd, Sm, Eu, Hf: and Ta using the ditrerent microprobe techniques and suggest tbat tbey are

probably homogeneous in other trace elements.

The upper portions ofFigure 2.4 show the measured coocentraOOnso~ Sr, Y, Zr,

Nb, Ba, La, Ce, Nd, Sm, Eu, Mt: and Ta in P-Mf and HF!3 using SXRFM and LAM-ICP

MS resuhs compared to solution-mode ICP-MS analyses of the glasses (Table 2.3). For

LAM-ICP-MS analyses, HFt3 was used for calibration. These plots are based on average

values ftom ten-point, SXRfM, and ten-grid, LAM-ICP-MS analyses ftom top and middle

subsamples ofeach glass. WIth the exception ofà, traœ-e1emeDt concentrations in P-MT

can he reproduced to within ±200A. by SXRFM and within ±lS% by LAM-ICP-MS (Fig.

2.4a). The concentration ofZr detennined by SXRFM bas a large ditTeaence relative to the
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Figure 2.4. SXRFM and LAM-ICP-MS results on bath in-bouse standards. The

concentration ofeach element is DDnna1ized to solution-mode ICP-MS values in Table 2.3.

(a) P-MT standard. (h) HF!3 standard. Abbreviations dcnote: average value based on top

and middle subsamptes performed by laser-ablation microprobe ICP-MS (LAM-ICP-MS);

average value based on top 8Dd middle subsaftlples performed by synchrotron X-ray

fluorescence microprobe (SXRFM). The error bers ref1ect±l standard deviation often-point

(SXRFM)orten-grid(LAM-ICP-MS)analyses. Standarddeviationssmallerthansymbolsize

are not shown in this and subsequent figures. The relative standard deviation (RSD in %) is

calcuJated from the net counts and based on ten analyses, including top and middle

subsamples•
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working value (>300"). This correlates with the Jùgh RSD calculated previously (RSD ofb:

190AJ}, and may he explained by împeifect peak-fitting. We kDow that in the high-eoergy

range of the spectra (e.g., 14.5 keV to 17 keV), tbere exists a zone where many peaks

overlap. A better peak-fitting routine will improve the resuIts for these elements, but the

present resuIts are still acceptable. The trace-element concentrations of HF13 cao he

reproduced weB by the SXRFM teclmique with a relative error of±2oel'o based on average

values (Fig. 2.4b), with the exception ofNb detennined brS~wbich shows a Jarger

discrepancy, -20010. Again, better peak-fitting should improve the resufts. Ov~ the

SXRFM resuIts are very good and compare &vourably with systematic errors previously

reported for this instrument, %200" relative (Lu et a/. 1989). The aœuracies associated with

concentrations ofRb, Sr, Y, Zr, Nb, Ba, La, Ce, Nd, Sm, Eu, m: and Ta by LAM-ICP-MS

on the HF13 glass are ginûlar to tbose on P-MT glass (±10 to 15%). In general, the LAM

ICP-MS gives better reproducibilitytban SXRFM for Sr, Y, Zr, andNb. The LAM-ICP-MS

bas poor precision for Rb, S~ Eu, m: and Ta, resulting in large standard deviations on

multiple aœ1ysis (Fig. 2.4). Lack ofmatrix matching in major, minor and trace eleme~

variation in ablation coupliDg-absorption, physical features, etc., caonot expJain tbese

differences for those elements because of the simiIarity of the in-bouse starvfard and the

unknown (Jackson et al. 1992, Williams and Jarvis 1993). FurtbeulIOre, the Rb, Sm, Eu, Hf:

and Ta isotopes determined by LAM-ICP-MS and solution ICP-MS are the same (i.e., ISRb,

1<47Sm, ISIEu, 1"H( IalTa), and tbere is DO evideoce ofany interfereuces.
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2.7 SeDsitivity ••d detedioa limits 018XRFM ••d LAM-fCP-MS tec••iq.es

The sensitivities of SXRFM and LAM-ICP...MS were tested using both in-house

standard glasei. The purpose ofthis test was ta veritY the Iinear response ofthe SXRFM

and LAM-Icp...MS to changes inthe concentrations ofdiftèrent trace elements inour in-house

g)asses. Also, this test was done for the LAM-ICP-MS to determine the possibility of

cah"bratingwithasingle in--house staDdard(inourcase, HF13) for quantitative analysisofour

experimental run produets for a suite of trace elements. We define the sensitivity by the

relation:

where Si is the sensitivity ofa particular element i, Counts,.,. f are the backgroUDd...corrected

counts for element i (Kaor isotope peaks for SXRFM and LAM-ICP-MS, respectively), TlM

is the live time spent during acquisition for the element i (values of390 sand 1.997 s were

used for the SXRFMand the LAM...ICP...MS analysis, respectively), andAbundf ~ the relative

abundance ofthe isotope i anaIyzed with the LAM-Icp..MS [for SXRFM, this variable equaIs

one for all the elements; abnrwlance values taken Û'Om De Bièvre and Bames (1985)].

The sensitivity behaves 6Dearly for bath instruments to 30 ppm for Rb, 1600 ppm for

Sr, 30 ppm for Y, 300 ppm for Zr, and 120 ppm for Nb (the maximum concentrations of

these elements in our in-house standards). However, a larger scatter al Iow count-rates bas
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been found for aIl elements in P-MT glass analyzed by SXRFM compared to LAM-ICP-MS

results. This reflects the Iower sensitivity of the SXRFM with a smaIl beam-spot at low

concentrations, or the bigber beckground-Ievels ofthe SXRFM corqmed to the LAM-lCP

MS. The overall seositivity ofthe LAM-ICP-MS is about 1.S to 2 orders ofmagnitude (;.e.~

101.5 to lQ2, respectively) greater tban the SXRFM for Rb, Sr~ y~ Zr~ and Nb.

The lower Jimit ofdetection for both iDstruments can be calcuJated following Bos et

al. (1984) with the relation:

( )

U2
N ÜWi

LLD =329 x f x Conet x Abundt x N -
,., paK-t

where LLD is the lower Iimit ofdetection, 3.29 is a constant [defined previously by Currie

1968; Eq. (5b)]~fis the correction fàctor for Iow background-counts (1 Saf Sa F2; a value of

.[2 was used for both instruments considering the propagation of the errors between the

background and peak; Currie 1968)~Conc; is the concentrationofthe element;(ppm)~Abund;

is the relative abundance ofthe isotope i qllantified with the LAM-ICP-MS [for SXRFM, this

variable equa1s one for all elements; abuDdance values taken ftom De Bièvre and BarDes

(1985)]~NMw-i is the total number ofbackground counts ofelement i (Kaor isotope peaks for

SXRFM and LAM-ICP-MS~ respeetively)~ and N.,.,.-.; is the total beckground-corrected

counts of the peak ofelement i (Ka or the isotope peaks for SXRFM and LAM-lep-MS,

respectively).

This formula was used to calculate LLO values for SXRFM ana1ysis and could he
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used for any aœlyticaI instrument (Currie 1968). However, it seems in genera1 to

overestimate the LLD calcuJated for LAM-ICP-MS by an average factor of1.7 for Rb, Sr,

Y, Zr, Nb, Ba, La, Ce, Nd, Sm, Eu, Kt: and Ta ifcompared to the relation (H. Longeric:h,

pers. comm., 1995):

Std__
i

LLD = 3 x Conc, x Abund, x C
,. ".a-i

where StdfJiB-i is the standard deviation ofthe total background counts (or cps) ofthe element

i (Ka or isotope peaks for SXRFM and LAM-ICP-MS, respectively), C...~ stands for the

background-corm:ted counts (or cps) ofthe element i (Kaor isotope peaks for SXRFM and

LAM-ICP-MS, respectively).

Typicallower Iimits ofdetection for Rb, Sr, Y, Zr, and Nb bave been calcuJated for

both gJasses and are listed in Table 2.3 using the relation ofBos et al. (1984). The overall

lower limits ofdetection for elements determiDed by SXRFM and LAM-lep-MS are on the

order of 5.5 ppm and 2 ppm or less, respectively, and are assumed to he the most

conservative LLO values tbat could he determiDed for LAM-ICP-MS (Table 2.3). Those

results are ofthe same order ofmagnitude as those reported inprevious studies (Sutton el al.

1986, Bajt et al. 1992, Jackson et al. 1992, William;; and Jarvis 1993).
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2.8 P.rtitio. meflic••" rrom na prod.ets .sia. SXR.FM a.d LAM-lep-MS data

Kaersutite megacrysts fromHoover Dam, Arizona(U.S.A.), were ground (<500 JUIl)

and used as startiDg materials. Mixtures ofthis kaersutite powder+ 10M.% deM>Di2m water

were enclosed in graphite capsules and tben seaIed imide Ag~~ capsules. Expeliments

were performed in a piston-cylinder apparatus with a NaCI-pyrex assembly 1.91 cm in

diameter (Baker 1993, Fig. 8.10). Temperature was measured with type-D thermocouples,

and no corrections were applied for the eftèct of pressure on EMF. Expetiments were

performed by bringing the pressure and temperature ofthe assembly to 1.5 OP&, 1200°C for

1 h ta totally meh the amphibole. The samples then were êIob8rically cooled at a rate of

lO°C/min ta 1100°C, and that temperature was maintained for 100 h before quenching. Our

previous experiments bave sbown tbat coœtant partition-coefticients seem ta he reached

within 10 Il, but Iong-duration experïments result in larger crystaIs that are casier to ana1yze

(DaIpé et al. 1992). Run products were inspected optically UDder ail, and chips ofquencbed

glass + crystaIs were moUDted in epoxy for anaIysis by EMPA, SXRFM and LAM-ICP-MS.

Run products consist ofprisms ofcalcic amphibole (up ta 1 mm along tbeir Iongest

axis; modal proportion: 85%) and hydrated Ti-ri<:hquenched glass (Jmdalproportion: 15%).

The calcic amphibole is Ti-rich pargaite based on the classifi&.3ion ofLeake (1978), and bas

a higher M& number [i.e., Mg#t = MgI(Mg+Fe...> = 85] compared to that in other

experimental studies [e.g., Nicbollsand IIarm(1980): aw:rage Mg#t= 72; Greenand Pearson

(1985a): average Mg#t = 70; Adam et al. (1993): average Mg#t = 77; Adam and Green
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(1994): average Mg#t= 77; J. Adam(pers. comm., 1994): Mg#t= 72]. The crystal chemistry

ofour pargasite shows the same Slmunt ofcalciuminthe M(4) site [VWCaA.Jt4l' norma1i7l'.d on

a basis of23 atoms ofoxygen per fonnula unit (apfit», but a higber proportion oftitanium

in the M(I,2,3) octabedral sites (VT~l,2.J)0.47 ap1ù) compared to that found in otber studies

[Philpotts and Schnetzler (1970): VITi 0.41; Nicholls and Harris (1980): VITi 0.27; Greenand

Pearson(l985a): V1TiO.40;Adameta/. (1993): VITi0.23; Adamand Green(1994): vt-riO.23;

J. Adam (pers. comm., 1994):"Ti 0.25]. The composition ofthe quenched glass is listed in

Table 2.5. It bas anMg#t of65, and contains 7 wt.% normative Ne. It is a Ti-rich hasanitic

glass based on the classification ofYoder and Tilley (1962).

Line traverses were perfonned by EMPA 8a'QSS the pargasite and quencbed glass 10

evaluate their homogeneity in major and trace elements (Fig. 2.5). The EMPA was operated

at the accelerating potential of15 kV with a beam current of50 nA and a beam diameter of

10 ~m. The Mg profile sbows two t1at patterns, one from core to rim in the pargasite crystal

and a second Iocated about 100~ away ftom the rim (retèned to the quenched glass) (Fig.

2.5a). RSD tàctorsofl.3 and 12.6% werecalclliated forthetwo phases, respectively. Some

peaks and troughs along the crystal profile are related to fractures made during the polishing

and to cleavage in the tbin crystal. As we cross from the rim ofthe crystal to the quenched

glass, a rapid drop is observed inMg, wbichthen gradually increases to a plateau(beyond 100

J1m). That pattern is attributed to modification ofthe melt during quenching (refmed as

quench-modi:fied glass). The Sr profile shows two f1at patterns aIso separated by a queoch

modified region (Fig. 2.Sb). Sr inthe quench-modifiedglass smws a profile reverse ftom tbat
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• Table 2.5. CompositionofpaagasÏleandquencbed Ti-richbesanitic melt ftom
nm products at I.S OP!: ll00°C
Major eIements (in wt.%) detellilj.cd by EMPA-:

n

Pargasite

18

Ti-richbydroushpsaoiticqueoched
melt

17

•

Si02 41.13 (0.42) 38.82 (1.14)
Ti02 4.33 (0.21) 5.67 (0.26)
~O3 14.03 (0.43) 13.90 (0.87)
FeO 5.08 (0.2S) 7.11 (0.58)
MnO 0.07 (0.02) 0.18 (0.03)
MgO 16.70 (0.19) 6.82 (1.72)
Cao 11.37 (0.37) 11.26 (0.85)
N~O 2.19 (0.12) 1.70 (0.28)
~O 1.36 (0.38) 1.07 (0.43)
Total 96.26 86.51

Trace elements (in ppm) detennined tJyb:

SXRFM LAM-ICP-MSc SXRFM LAM-ICP-MSc

Pargasite Pargasite QueDcbed melt QueDcbed melt
n 5 5 9 5

Rb B-LL]YJ 2.02 (0.34) 9.78 (1.69) 9.19 (0.91)
Sr 311 (41.4) 334 (4.76) 958 (82.8) 889 (2.71)
Y 8.80 (1.17) 9.61 (0.76) 35.9 (4.43) 28.8 (0.74)
Zr 13.0 (7.26) 15.7 (1.18) 109 (9.96) 127 (1.43)
Nb B-LLD 3.19 (0.37) 54.7 (5.89) 63.7 (1.40)
Ba 115 (2.95) 415 (7.46)
La 0.62 (0.08) 16.0 (0.25)
Ce 4.01 (0.13) 60.1 (0.82)
Nd 5.91 (0.27) 41.5 (0.79)
Sm 2.06 (0.80) Il (0.98)
Eu 1.20 (0.07) 3.42 (0.08)
Hf 1.38 (0.20) 4.16 (0.16)
Ta 0.27 (0.06) 3.67 (0.09)
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Table 2.5. (continned)
Partition coefficients detemüned by:

EMPA SXRFM LAM-ICP-MS
Ti 0.76 (0.05)
K 1.27 (0.62)
Rb D..= 0.21e 0.22 (O.04t
Sr 0.32 (O.04t 0.38 (0.01)
Y 0.25 (0.04) 0.33 (0.03)
Zr 0.12 (0.07) 0.12 (0.01)
Nb D..= O.O-,e 0.05 (0.01)
Ba 0.28 (0.01)
La 0.04 (0.00)
Ce 0.07 (0.00)
Nd 0.14 (0.01)
Sm 0.19 (0.08)
Eu 0.35 (0.02)
Hf 0.33 (0.01)
Ta 0.07 (0.02)
• Operating conditioœ used: see section 2.3. b 0peratiDg cooditioos used: sec section 2.S.

c: Analytical masses used are Iisted in Table 2.4. d B-LLD =concentration Below the Lower

Limit of Detection. e D.a is obtained ftom: bighest LLD of the ele~ 1 cone. of the

element; in quencbed melt (see Table 2.3 for LLO values). fValues in parentbeses are based

on one standard deviation ftom the reJatioDSbip: S.D. = [(C~ x S.D.~1~,,) + (S.D.~ 1CV,,)]o.s

where: C is the concentration; m is the minerai; gl is the glass (Adam et al. 1993).

VaIues in parentheses are based on one standard deviation ftom multiple analyses (1 a).
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Figure 2.S. Line traverse showing resuIts ofbackgroUDd-corrected qualitative analyses by

EPMA on K-HD-OS run produets. (a) Mg. (h) Sr. Abbreviations denote: pargasite crystal

(PC); quench-modified glass close to rim (QMG); quenched glass 10cated al > 100 JUIl ftom

rim position (QG).
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ofMg because Sr is iDcompatible and Mg oo"1"'1';bIe (Fig. 2.5). The calcuJated RSD values

for Srare 31 and 13.5% for pargasite crystal andquenchedglass, respectively. The highRSD

calculated for Sr in the pargasite È DOt due to iDhomogeneity, but ret1ects Iow net counts and

physical features such as the fractures in the crystal. The RSD calculated in the quench glass

for Sr and Mg are similar «15%) and indicate homogeœity in bath cases.

Concentrations of major, minor and trace elements were measured usiDg the

procedures previouslydescnbed in the pargasite andquenchedglass with the EMPA, SXRFM

and LAM-ICP-MS (Table 2.5). WIthin one standard deviation, tbere is agreement for Sr, Y,

and ü in pargasite, as documented by both SXRFM and LAM-ICP-MS (Table 2.5).

However, the cooceutlations ofRb and Nb are below the Iower 6mit ofdetection for the

SXRFM (<3 and S.S ppm, respectively; Table 2.3).

For the queœhed glass, we report data col1ected 100 pmbeyond the zone ofqueoch

modified g1ass (Fig. 2.5). This is possible owing to large area ofquenched glass found in this

run produets (glass area of400 x 700 pm). The level ofconcentration ofRb, Sr, Y, Zr, and

Nb determined by SXRFM in the quenched glass lies witbin, or close to, one staDdard

deviation ofLAM-ICP-MS values (Table 2.5) and invariably within two standard deviatioos.

Partition coefficients (i.e., D = C;QY$IIII / Ci"" of selected trace elements were

calculated based on SXRFM (Sr, Y, Zr) and LAM-ICP-MS (Rb, Sr, Y, Zr, Nb,~ La, Ce,

Nd, Sm, Eu, In: Ta) dataon pargasite and quencbed Ti-rich basenjtjc glass (Table 2.5). The

partition coefficients Ds" Dz" and Dy measured by SXRFM between the crystal and the

quenched glass are witbin two standard deviations ofvalues derived ftom the LAM-ICP-MS
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data (Table 2.5).

The partition coefficients Dg., 0..- Dr., Dm" Du, DSI' Dz" and Dy measured by bath

techniques agree weB with previous expetiuental results, with the exception ofDs., wbich

is lower than the value measun:d by NielloUs and Harris (1980), Green and Pearson (1985a),

Adam etaI. (1993), Adam and Green (1994), J. Adam (pers. comm., 1994) (Fig. 2.6a). Our

new values for Dr;e, Dr.. Dm-, and Dr:a deter.uined ftom LAM-ICP-MS data agree weB with

the interpolated fields that are formed by previous experimental studies (Fig. 2.6&). In

generaJ, our partition coefficients are lower tban partition coefficients measured between

natural pargasite and coexistiDg matrix (Higuchi aDd Nagasawa 1969, Philpotts and

Schnetzler 1970, Nagasawa 1973, Sun and Hanson 1976, Irving and Priee 1981, Liotard et

al. 1983, LemarchaDd et al. 1987) (Fig. 2.6b). Such discrepancies between natural and

experimental studies are weB documented and may suggest disequihOrium in the case of

natura! pairs (Green and Pearson 1985a, Beattie 1994).

Partition coefficients for the REE detenniœd in this studyare low cowpared to those

documented in MOst otber studies (Fig. 2.6a). The glass compositions of these eartier

experimental studies range ftom "gaoitie to tholeiitic and do DOt demonstrate any obvious

effects of composition on the partition coeflicients. However, it is possible that slight

differences in amphibole composition (perbaps differences in VIy~I.2.l) in the pargasite nul

products as mentioDed previously) have a significant e1fect on the partition coefficients of

trivalent elements. Adam and Green (1994) ooted that for amphibole and clinopyroxene,
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Figure 2.6. Partition coefficients detefl1ijned by SXRFM and LAM-ICP-MS between

pargasite and Ti-rich besanitic queocbed meh. (a) Expetimeutal nm-produets. Symbols

denote: SXRFM (circle); LAM-ICP-MS (djamond); other expetimental results [sources:

Nicholls and Harris (1980), Greenand Pearson (1985a), Adametal. (1993), Adamand Green

(1994), J. Adam (pers. conun., 1994)]. The error bars sbown retlect one standard deviation

from the relationsbip: S.D. = [CC;' x SD.~ 1 C:i> + (S.D.;'I CZ..>t.5, wbere C represents

concentration, 1ft staDds for minerai, and gl stands for glass (Adam et al. 1993). (h) Natural

pairs showing minÜDllm and maximumpartition-coefficients betwecnpargasiteandoost rocks

[sources: Higucbi and Nagasawa (1969), Phipotts and Schnetzler (1970), Nagasawa (1973),

Sun and Hanson (1976), Irving and Priee (1981), Liotard et al. (1983), and Lemarchand et

al. (1987)l.
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there is a liDear relationship between partition coefficients for Ti and the REE; as Dr.

increases, D values for the REE iDcrease at constant pressure and tempetature. The Iow

partition coefficients for Ti and REE meauœd in this study are qualitatively consistent with

the results ofAdam and Green (1994). However, the iDflueDce ofthe structure ofpargasite

and the quantitative relationships between REE partition coefficients and Ti cannot be

established more firmIy without more expetiments.

2.9 COlDparisoa of SXRFM ••d LAM-lep-MS, ••d coael••a.

The two aœIytical techniques are reliable and convenient techniques for quantitative

detennination of the level of concentration of trace elements. The SXRFM otJèrs the

possibility ofanalyzing silicates for ail elements between chlorine and mo1ybdenum using Ka

1ines (2.822 to 20 keV) at a very small spatial resolution (on the orderoftells ofJUIl) without

specimen damage. The LAM-ICP-MS offers the possibility ofanalyzing a larger suite of

elements (e.g., ftom mass ~i to 23au) al Iower Iimits of detection than the SXRfM, but

damages the sample during anaIysis.

The overaD lower Iimit ofdetection for Rb, Sr, Y, Zr, and Nb is on the order of5.5

ppm and 2 ppm, respectively, for SXRFM and LAM-ICP-MS techniques, the techniques can

reproduce the conc:entrations of these elements witbin ± 200!é and ± 15% of the acœpted

values, respectively. However, the LAM-ICP-MS data reveal irreguIar precision in the Rb,

Sm, Eu, lit: and TacoDCeDtrations, wbich we attribute to the diftèrent bebaviours ofRb, Sm,
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Eu, ID: and Tarelative to the intemal~ '"Ca, during ablation. Furthermore, the larger

area sampled by the LAM-ICP-MS Iimits dUs instrument to use on specimens that are

homogenous at the scaIe ofhuodreds of J.UIL Future developnent ofLAM-ICP-MS should

allow a significant decrease in this sœ.

80th instruments were used to measure the partitioncoefticients (i.e., D =~ 1

c-;~ between pargasite aud a Ti-rich heS80itic quenched mell on the same nm produets.

Simïlar values ofDsr and Dy, and identica1 value ofD-zz, were measured by bath instruments.

AIso, these D~ togetberwithDa., Dru" Dr.,Dm, Dr.. measured byLAM-ICP-MS, agree

weB with publisbed results ofexpeiimental studies. New values ofDOl~ DHf, and DEa

from expeiimental results in a basaItic system are reported here for the first tïme.
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EsperiBleatal iavestiptioa oa P.rtitioaial 01LILE, HFSE, aad REE

betwee. ealeie ••p.ibole .ad basaltic .elt:

1- Y'e etreet of melt eompositio. aad t.e role ofcrystal c.emïstry

3.1 Introdaetioa

The presence ofamphibole in upper mantle samples (Best 1974, Dawson and Smith

1982) and its great capacity to oost incompattble elements sœh as K (Oxburgh 1964, Griffin

and Murthy 1969), Ba, Rb, Sr (Basu and Murthy 1977), Nb, and Ta (O'Reilly el al. 1991,

Ionov and Hofiœnn 1995) relative to other Iherzotite minerais suggests ils importance in

controlling the trace element distribution in the upper mantle aDd in basaItic melts. Sïnœ the

study ofOxburgh (1964) demonsbatiog that amphibole couJd account for a large proportion

of upper mantIe source regions for hasaIts, various petrologic studies recogniud that

amphibole is respoDSlble forcontrolling thechemicalevolutionofprimarymeltsofthe alkaJine

rock series (e.g., Francis and Ludden 1995). Amphibole aIso represents a "iingerprint" of

modal mantle metasomatism (Francis 1976a, -b, Wass and Roger 1980, Wilkinson and Le

Maitre 1987, Vannuccielal. 1995), urespec:tive ofwbether that metasomatism is by hydrous

tluids or by hydrous magmas (Basu and Murthy 1977). However, to investigate the detaiIs

ofmodeJs, or even coDstrain mentie and melt compositions during partial melting, accurate

measurements ofthe partition coefficients (D) between amphibole and melt are necasary.

Because partition coefficients are sensitive to pressure, temperature, and compositions of

minerais and melts (McKay 1989) tbey are best measured inminerais and quencbed g'asses
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synthesized in the Iaboratory uoder controlled conditions (e.g., Green and Pearson 1985a).

Even if amphibole is a good repository phase for incompattble elements, their

concentrations insyntbetic amphiboles ftomexperiments usingoaturalt.saltic rocks arequite

low (ppb's to ppm's). Wlth such Iow concentrations in amphibole, the detennination of

partition coefficients between amphibole and glass by some microbeam techniques is only

poSSIble by spiking uaturaI basaItic rock powders with diftèrent trace elements of interest

using enriched glass, carbonate, or reagent grade oxide material (Green and Pearson 1985a,

Adam et al. 1993, Adam and Green 1994, LaTourrette et al. 1995, Fujioawa and Green

1997), or by using a band made synthetic glass spiked with 'Specpure' oxides for different

trace elements (Nicbolls and Harris 1980). The "spiking" experimental method aIIows

analysis ofrun products by electronor proton-induced X-ray emission (PIXE) miaoprobes.

However one important aspect to verny wben using a doping technique is the adherence to

Henry's law. Henry's Jaw implies that the partition coefficient ofan element ; (DJ sbould he

constant for a range of concentration because the aetivity coefficient of the doping trace

element in each phase remams constant (Navrotsky 1978). In order to test the applicability

ofHemy's law, sorne studies performed experiments at identical nm conditions withdüferent

doping concentrations of a selected element [e.g., hundreds to tbousands of ppm] and

compared the coDStaDcyofthe calclllated partitioncoefficient (e.g., Nicbolls andHarris 1980,

Fujinawa and Green 1997). Otber studies compare({ tbeir partition coefficients with studies

on natura! mineraIIgroundmass pairs or with otber expetimental studies using naturaI buIk

compositions without doping (Green andPearson 19858, Adametal. 1993, Adamand Green
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1994, LaTounette etal. 1995). Watson (1985) discussed the appJicability ofHemy's law in

synthetic experiments in detail aod suggested that doped experiments significantly above

natura! concentrations shouJd DOt he discredited. Furtbenwre, bis arguments attempt to

demonstrate tbat non-Hemy's law bebaviour might occur at very low concentrations wbich

are not generally observed innature (Watson 1985).

However, large discrepancies bave been observed between element ratios aoalyzed

in amphibole or glass in doped expeiïments compared to element ratios in natural systems

(e.g., NblTa, ZrINb, R.bIK, LaIK). Tbese ratios are very useful for modeDing natural~ems

(e.g., Francis and Ludden 1995, Green 1995). Furtbermore, previous expelÏillents ooly

studied the partitioning ofthe spiked elements wbich in most cases encompassed difTetent

groups of incompatible elements. Thus there is a need for expetimental measurements of

partitioning for a large suite ofelements such as the Jarge-ion-Iitbophile elements (Duœ), the

high-field-strength elements (~, and the rare-earth elements (~ 10 resolve the

appropriate ratios at values close to upper mantle levels. Because mantle amphiboles are

mainly associated with alkaIic magma series (Best 1974, Dawson and Smith 1982), most

recent expet Ïi'ental studies on amphibole partitioning used baspnitic compositions (Adam et

al. 1993, Adam and Green 1994, LaTourrette et al. (995), or aIkali basait compositions

(NichoUs and Harris 1980). However, tholeiitic compositions were used by Green and

Pearson (1985a) in tbeir expetiments. UnfortuDately, no complete data set of partition

coefficients exists between amphibole and a variety of melt COmpositioDS applicable to

petrogenesis in the upper mande.
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In this study~1report on a series ofexpetimeuts al high pressures (1.5-2.5 GPa) and

high temperatures (1000-1130 oC) using a relatively large range of natural mafic

compositions ftom alblic to SlJI>.aJkaJic 10 establish ifbulk composition <:aD infIueDce trace

element partitioDiog betweenamphiboleaDdmelt (olivine-oormativeœpbelinite, aIkaIibasait,

olivine-normative tholeiite, and two natural amphiboles, pargasite and kaersutite). Two

oxygen bu1fers (-2 and +1.7 log UDÎtS fiom the nickel-nickeloxide buffer) were used to

evaluate if the F~IFe2+ ratio affects partitioDiDg using the aIkali besaIt and the pargasitic

compositions (Chapter 4). Two oftbese matie compositions were doped with titanium to

evaluate iftitanium significantly affects partitioDiDg (Cbapter S). ADalysis ofrun products

without spiking was possible due to the recent improvement ofthe laser ablation microprobe

inductivelycoupledpJasmamass spectrometer(LAM-ICP-MS)(Jenneretal. 1993,DaIpéand

Baker 19948, -b, Dalpé et al. 1995). For eac:h expeliment, a congstent data-set of 29

elementsiDcluding23traœelenentsweredeterminedbyeJectronmicroprobeandLAM-ICP

MS analysis. These data were used 10 calculateamphibole-melt partitioning. The LAM-ICP

MS provided accurate measurements ofa large suite oftraœ elements (e.g., LILE, HFSE,

REE); it is rapid and bas a Iower Iimit ofdetedion (LLD) on the order of 1 ppm, or below.

Such large data-sets ofpartition coefficients were used to estabIish indirectly the physical

characteristics ofthe cation sites in the amphibole structure using Biundyand Wood's (1994)

model to investigate the eftèct ofpressure and oxygen fugacity (Cbapter 4), and the buIk

titanium (Chapter S) content on trace element partitioJÛDg•
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3.2 Esperime.tal tecb.iques

3.2.1. Startingmateria!

Different starting materials ofbasaltic composition were used to investigate the raie

ofcomposition on trace element partition coefficients between caIclc amphibole and melt.

The materials used in this study were: two calcic amphiboles (kaersutite and pargasite

megacrysts), oliviDe nephelinite, aIkaIi besaIt and oüvine tboleiite (Table 3.1). The kaersutite,

K-lID, was from a Iamprophyre dite ofPleistocene age Iocated near Hoover Dam, Arizona

(U.S.A.;Damoneta/. t967,CaqJbeDaudScheDk 1950). Thepargasite,P-MT, wassampled

from a Iamprophyre dike of Cretaceous age 10cated in the eastem part of the Island of

Montréal, Québec (Canada; donated byG. Pouliot). The olivine nepbelinite, IIFt3, was ftom

a Tertiary intrusion Iocated in the Mount LlaDgorse alkatine volcanic field ofnorthem British

Columbia (Canada; Francis and Ludden 1995; donated by D. Fnmcis). The olivine tholeüte,

Kl921, was fiom 1.4 miles southofvolcano Observatoryal KiJauea, Hawaii (U.S.A; Yoder

and Tilley 1962). The aIkaIi bacab:, FMI0, was ftom north ofKeauhou, Hawaü (U.S.A;

Yoder and Tilley 1962). 80th ofthese Hawaiian basaIts were graciously donated by H. S.

Yoder.

The kaersutite megacrysts K-HD were euhedral andmeasured op to 10 cmalong their

longest axes (CampbeD and Schenk 1950). The pargasite megacrysts P-Mf were aIso

euhedral with Iengths as long as 5 cm. 80th megacrysts contained veiDs ofwhite material

a10ng sorne cleavage surfaces; this material probebly concristed ofcalcite + zeolite +
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Table 3.1. Starting materiaJs (D!!jor and minor elements in wtOA.)• Bulk samples
Ret: K-HD
comp. kaersutite

P-Mf
pargasite

HF13- KI921b FMI"
ol-normative ol-uormative AIk.-basalt
nepbelinite tboleüte

n 39 25 1 29 30

•

Si02 39.37 (0.24) 39.19 (0.3S) 40.07 49.89 (0.21) 47.37 (0.19)
Ti02 5.72 (0.10) 3.61 (0.08) 2.37 2.62 (O.OS) 2.25 (0.05)
Alz0 3 14.02 (0.19) 14.46 (0.24) 11.43 12.62 (0.08) 14.58 (0.12)
F~03 nd nd 4.88 1.53e

1.6~

FeO nd nd 8.91 8.2~ 9.2OC
FeOf 9.34 (0.30) 9.11 (0.19) nd 9.67 (0.24) 10.72 (0.19)
MnO 0.11 (0.03) 0.08 (0.02) 0.23 0.17 (0.02) 0.18 (0.02)
MgO 13.26 (0.20) 14.33 (0.09) 10.91 10.48 (0.09) 9.93 (0.11)
CaO 10.99 (0.19) 11.89 (0.09) 10.69 10.80 (0.07) 10.33 (0.09)
Na:zO 2.35 (0.05) 1.90 (0.04) 4.95 2.16 (0.04) 2.80 (0.05)
~O 1.89 (0.09) 2.22 (0.06) 1.86 0.52 (0.02) 0.90 (0.03)
P20S hlId blld 1.42 0.25 (0.03) 0.26 (0.03)
LOI nd nd 0.75 Bd nd

Total 97.08 96.79 98.47 99.1811 99.321l

-60-



• Table 3.1. (couljmv:tf)

Glass samples Ti-doped glesses

Ret: P-MT~ HF13~ P-MfgTi
cl HF13gn

d

camp. pargasitic o1-DOnœtive
nephelinitic

n 30 30 30 29

Si02 40.43 (0.25) 41.44 (0.24) 42.55 (0.13) 45.74 (0.14)
Ti02 3.81 (0.04) 2.46 (0.03) 5.87 (0.07) 4.06 (0.06)
~O3 14.77 (0.09) 11.58 (0.10) 15.85 (0.07) 12.77 (0.04)
F~03 1.5& 2.31 f 0.7,c 1.48f

FeO 7.3-r 10.ISC 3.W 7.33f

F~ 8.77 (0.16) 12.23 (0.18) 4.48 (0.20) 8.66 (0.10)
MnO 0.09 (0.03) 0.23 (0.03) 0.09 (0.02) 0.24 (0.02)
MgO 14.48 (0.09) 11.36 (0.06) 15.05 (0.11) 12.31 (0.10)
Cao 12.34 (OJJ6) 11.02 (0.07) 12.75 (0.09) Il.93 (0.08)
NazO 1.92 (0.03) 5.12 (0.05) 1.32 (O.OS) 2.38 (0.04)
~O 2.29 (0.03) 2.01 (0.03) 1.40 (O.OS) 0.96 (0.02)
P20S 0.04 (0.02) 1.46 (0.03) blld 0.32 (0.03)
LOI nd Dd nd nd

Total 98.9411 98.91Il 99.4Qb 99.3'"
Abbreviations: n-numberofanalyses, nd-DOt deter1uined., blld-coocentration below the lower

limit ofdetection. • Aœlysis taken fioom Francis and Ludden (1995). b Sample aœlyses were

done on glass formed by melting the bulle powder at T = 1300 oC under controlled oxygen

fugacity (FMQ) ina 1 atm furnace for 4 h. ç Analyses taken ûom DaIpé et al. (1995). cl See

text for details. C F~03 and FeO proportions are calculated using total iron ûom the electron

microprobe at T = 1300 oC, P = 1 atm, and)Oz = FMQ (Kress aud Carmichaell991). (

F~03 and FeO proportions are ca1cniated usiDg total iron ftomthe electron microprobe at T

= 1400 oC, P = 1 atm, andj02 =FMQ (Kress and CarmicbaeI1991). 1 Total iron as FeO.

b Totals are calculated usiDg FeOr

Values in parentbeses are based on one standard deviation ftom multiple aœlyses (10).
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anorthocJase, wbich was DOted byCan\JbeBand Scheok(1950). The kaersutite and pargasite

megacrysts were first coarsely crushed in a steel percussion mortar tben clean chips ftee of

the white material were handpicked. These chips were grouod into a powder (<500 J.UIl) in

an agate mortar. The olivine nepbelinite was reœived as powder «140 f.UD) prepared in a

tungsten carbide bail miJL The aIkali basait and the olivioe tboleüte were reœived as rock

samples (Yoder, pers. CODDIL, 1994). 80th were ground in a tungsten carbide baU miIl to a

fine powder «140 J1Dl). This grinding Clpl&atus aImost certainly contaminated the samples

with W, Co, Sc, Ta, and possibly, Nb (Hickson and Juras 1986).

Two compositions were used as starting materials in bath crystalliDe and gIassy

phases. The P-Mf and HFI3 buJk powders were melted four limes at 1400 oC, 1 atm in an

Fe-treatedPtcrucibleattheF~Si04-F~04-Si02(FMQ)oxygenfugacitybuffer.Tominimjze

iron loss to the Pt crucibIe 1 dedicated one Pt crucible to melting ooly basaltic material wbich

was cleaned with BD~ AnaIar grade hydrofluoric acid 48 % (HF) between each glass

synthesis. Samples were melted for four bours each time. Between fusions samples were

crushed in a steel percussion mortar, cleaned ofsteel fragments with a magnet, and coarsely

ground in an agate mortar and pestle. The final glasses were homogeneous and fi'ee ofoxide

minerais (DaJpé etal. 1995). Inorder to investigate the poSSIble effect ofTi on the partition

coefficients, aIiquots ofthese two gIasses were doped with Ti02 (anatase; Baker analyzed

reagent, lot no. 25592) and mixed for 45 min in an agate mortar under etbanol The Ti...

enriched P-Mf glass, P-MTgT19 and the Ti-emicbed HF13 glass, HFI3gT~ each contained

approximat1y SO % more Ti02 tban their initialcompositions. The mixed powders were dried
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and melted for 4 hours at 1400 oC in an Fe-pœtreated large Pt capsule (i.ei. = 4.7 mm) at 1

atm and al FMQ buffer. To rninjmj?e iron Ioss the oew Pt capsules were pretreated by

melting the initial rock or glass powders for four hours al the same conditions as used for the

preparationofthe Ti-doped glasses The capsule used to syntbesize HF13gTi was treated with

HF13, and the capsule for P-MTgTi was treated withP-MTg. BetweenFe trea,,,ent and glass

synthesis, the Pt capsules were c1eaDed with BnU- AnaJar 8l'8de hydrofluoric acid 48 %

(HF). Tbese elear brown glasses, ftee ofcrystaDiDe materiaJ, were crusbed inan agate mortar

under etbanol « 200 lŒl in size) and dried (Table 3.1). They were stored at room

temperature in beuoetic vials..

3.2.2. Details ofthe experimental procedure

3.2.2.1. Piston-cylinder assemblies and techniques

Experimentswere performed inapiston-cy1iDderapparatus (Boyd and England 1960)

with NaCI-Pyrex· fumace assemblies. Experiments al 1.S GPa were performed with a 1.91

cm assembly (see Hudon et al. 1994, fig. 1) and tbose al and above 2.0 OPa were performed

using a 1.27 cm assembly (Dunn 1993). A pressure correction of- 12.5 % W8S applied for

the 1.91 cm diameter fùmaœ assembly based on pressure caHbration with the NaCl meltiDg

curve (Bohlen 1984). No pressure correction was used for the 1.27 cm fumace assembly

based upon the same calibration..

Tempetature was measured with W,Jte,IW~4(type-C) thermocouples, and DO

corrections were applied for the eftèct of pressure on the eJectromotive force (EMF).
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Expetiments were performed in diftèteut ways for the 1.91 and 1.27 cm assemblies. For the

1.91 cm assembly, 1used a modified "hot piston-out" technique. For 1.5 GPa expeaîments,

pressure and temperature were simuJtaneously iDcreased to 1.7 OPa and 1200 oC (or 1225

oC depending upon bulkmaterial), respectiwly. After reacbiDg 1.70Pa, 1200 oC (or 1225

OC), pressure was decreased slowly to 1.S OPa. The samples were beld al these conditions

for 1 h to fonn a melt then isobarically cooled at 1 to 10°C/min to the desired nm

temperature. For the 1.27 cm assembly, 1 used another modification ofthe "bot piston-out"

technique. Pressure wu initiaDy iocreased to 0.2 OPa over the nm pressure (e.g., 2.4 and 2.7

for the 2.2 and 2.S GPa run pressures, respectively). The samples then were isobarically

heated to 1200 oC for 1 h to totally melt the starting materials. Pre1iminaryexperiments al

1200 oC (or 1225 OC) for the ditrerent starting lDIteriais (i.e., crystaIs and bulle rocks) were

found to he long enough to ensure the total melting ofthe hydrated lD8leriak ailer 1 h (DaIpé

et al. 1992). During experiments, 1used the same initial procedure (i.e., 1hat 1200 or 1225

OC) for the glass vs. crystal or buIk rock starting materials in order to majntain the same

pressure and temperature paths. After reaching the melting point ofthe starting materials, the

pressure was maintained al the +0.2 OPa nm pressure. The samples tben were cooled al 10

OC/min and pressure was aIIowed to tàIl to the desired run conditions. At the final nm

temperature, a Iittle adjustment (± S %) of the final pressure was needed for some nms.

During all expeliments pressure was maintained within 0.05 GPa of the desired value.

Quenching ofail expetùœuts was done by cutting otrtbe power resuItiDg in cooling rates of

-200 °C/s for the first four seconds.
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3.2.2.2. Oxygenfugacities in experimenls

Two diffèrent capsule assemblies were used to create Iow and high oxygen fugacity

conditions. The Iow oxygen fugacity expetiments were approximately 2 log units below the

Nickel-Nickel Oxide buffer (NNQ-2). The high oxygen fugacity expetiments were

approximately 1.7 log units above NNO (NNO+1.7). For Iowoxygen fugacity experiments,

mixtures ofthe starting materials (- 12 mg ofpowder) + 8-12 wt.% deionized water were

enclosed in graphite capsules (O.D. =2.60~ I.D. = 2.10, and Iength = 2.90 nun) and covered

with a graphite lid. These graphite capsules were inserted into a noble metal capsule of

AgsoPdso (orA~sP~;both with ODe =3.00, ID. =2.70, and leDgth = 9.00 IDD) wbich was

carefully packed with graphite powder al the bottom and top ofthe graphite capsule. The

outer capsule was crinlped and welded in a water bath to e1jmjnate water Ioss. The oxygen

fugacity was detennined inan experimeut at 1.S OP, 1100 oc for 20 h usingAg~~as the

outer container with a starting material ofiron oxide (FeO; V. T. Baker analyzed reagent, Lot

#785176) + 10 wt.% deionized water. X-ray powder difIlaction of the run products

demonstrated that the oxygen fugacity was in the wOstite field (FeO), which corresponds to

at least 2 log units below the nickel-nickeloxide butrer (i.e., NNO-2). For ail experiments

performed using this assembly, tbeestiUMded Ff?+"lFtJ+ ratio wu assumed to be O. The second

assembly used a single container to produce the high oxygen fugacity. Mixtures ofstartiDg

materials (- 20 mg) + - 10 wt.% deionized water were enclosed inA~sP~ (OD. = 3.00,

LD. = 2.70, and length = 9.00 mm) and welded closed witbout water loss. The oxygen

fugacity inside this assembly was determined to be + 1.7 log units above the nickel-nickel
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oxide buffer (i.e., NNO+1.7) al 1.5 OPa, 1220°C using P-MTg as the starting material (i.e.,

P-MTg powder + 10 wt.% deionized water). The value was caIculated using analyses ofthe

nm products, wbich consisœd ofolivine + quenched glass, and assnJDÎDg a Fe2+-Mg excbange

coefficient between olivine and melt of0.30 (i.e., KD
Fû+114 = (Fe2+lMglo.-l (Fe2+lMg>u...

= 0.30; Roeder and EmsIie 1970). In such a case, the estÎlDlted F~IFe'-+ratio in the melt

calculated for this assembIy was 0.6. CombiniDg this measurement with the Kress and

Carmichael (1991) relationship betweenJ02 and the F~IFe2+ yields anoxygen fugacity of

NNO+I.7. Using a similar NaCl-pyrex assembly, Kawamoto and Hirose (1994) estimated

an oxygen fugacity ofabout 1.3 log units above nickel-nickel oxide (i.e., NNO+1.3) for an

experiment at 0.5 OPa, 1100 oC using A~sP~.

3.2.2.3. Discussion on iron-Ioss to the differe", alloy containers

The estimated iron-Ioss for the double capsules withAg~~ alloy outer capsules

(i.e., AgsoP~+ graphite iDner capsule + graphite powder in both ends) was calculated by

mass-balance ta he less than 14 relative % for run conditions at 1020-1130 oC, at 1.5 OPa,

for all experimental durations (i.e., 24 to 100 hl. However, the estimated iron-loss to

Au,sP~ alloy (i.e., Au,sP~ + graphite inner capsule + graphite powder in both ends)

calculated by the same technique was very high - 5S relative %, resuItiog in a zoned

amphibole in the expeiiment for run conditions at 1050 oC and al 1.5 GPa after 72 h.

However, only ODe expetiment was performed with this double Au,sP~assembly. For the

single capsule the est ;nUdcd iron-loss to theA~~ container calculated by mass-htlance
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was less than 10 relative % for run conditions at 1000-1075 oC and at 1.5-2.5 OPa for

various duratioDS (i.e., 24 to 100 hl. Kawamoto and Hirose (1994) calculated an iron-Ioss

to A~sPdz Iess than 4 relative % after24 h at 1225-1400 oC and 0.5-1.5 OPa. The iron-loss

from the charge to the Au,sP~ container depends on the iron aetivity in the Au-Pd-Fe aIloy

which depends on the oxygen fugacity and tempetature of the run. The present resuIts

indicate that at more reducing conditions (i.e., NNo-2), Au.,sPdz with a graphite inner

capsule produced a higher degree ofiron-loss, approximately four tilDes that ofexpetiaœnts

in which AgJeI,o was used as the outer capsule.

3.2.3. Preparation of1'101 products

After each experÏlDent, diftèrent parts of the nm products were mounted in oil for

optical microscopy to determine the presence ofamphibole and glass. After tbis verification

a fraction of the run products were moUDted in ePOXY resin then polished usiDg a final 0.30

J.Ull pure alumina powder for electron JDicroprobe and Jaser-ablation microprobe analyses.

There was no attempt to preserve &DY spatial relationsbip ofthe nmproduetsduring mountiDg

and poJishing for the analysis. As discussed below, multiple analyses ofmajor, minor, and

trace elements of amphibole crystals demonstrated that tbey are homogenous in each

experiments•
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3.3 ADalyses ofesperiJDeD"

3.3.1. Major and m;nor element QllQ/yses

Major and miDor elements were analyzed with a JEOL 8900 electron-microprobe al

theDepartmentofEarthandPIaDetarySciaus.,Mc:GiIlUniversity. Theelectron-microprobe

operated at an accelerating potential of 15 kV with a beam current of 10 nA; for each

element, counting tilDes were 25 s on the peak and 10 son each background position. For

both phases (i.e. crystal and glass) 1 used a defocussed beam with a diameter of 10 I!JD. The

beam was defocussed because the texture found in most ofom hydrous basaItic glass nm

produets showed 1-5 J.LD1 anhedtal to eubedral crystals formed during quencbing. Albite (Na),

diopside (Si,~Mg), andradite (Fe), orthoclase~Al), and pyropbanite~ Ti) were used

as standards for both minerais and glass.

3.3.2. Trace e/ement analyses

LAM-ICP-MS analyses were perfonned with a Fisons va PQll+ ICP-MS mass

spectrometer equipped with a Fisons VG laser microprobe st Laboratoire UItratrace,

Département de Géologie, Université de Montréal. The laser is a Nd:YAG operating al a

wavelength of1064 DOL AIl analyses were performed with the laser in ftee-nmning mode al

a blank voltage of610 V and repetition ftequency of 4 Hz. The specimens were ablated

inside a silica-gJass sample cen with a high magnification leDs (4Ox) tbat produœs a laser

beam ofapproximately 34 lŒl in ctiameter in the fi'ee-nmning mode. The fiee-nmning mode
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bas the advantage ofgenerating a smaIIer beam size with Jess penetration and Jess specimen

damage tban the Q-switcbed mode (DaIpé et al. 1995). The parameters used for analysis in

the free-mnning mode are Iisted in Table 3.2. To minjmjze damage~ the specimen was

rastered under the laser beam during ablation. Each aœlysis was ftom a 2 x 10 matrix (i.e.,

large grid), or ftom a 1 x 5 matrix (i.e., smaIl grid) ofablation boles which corresponded to

a volume of50 x 150 x 80 or 35 x 90 x 20 (L x W x D ~), respectively (see DaIpé et al.

1995; Fig. 3). The smaIlgrid was used for Kl921 nmproducts because amphiboles were too

small to he ana1yzed using the large grid (amphibole crystaJs Jess tban -250 lUDalong their

longest axis). 'I1m analysis technique resulted in reJatively Iittle damage to the samples, but

could not he used wbere e1ements bad abundances below -0.03 ppm (see lower Iimit of

detection inTable 3.2). The ablated material ftom the sample cell was transferred to the ICP

MS torch via a polyurethane tube of3 mm (ID.) over a distance ofapproximately 1.5 m by

a continuously flowing stream ofAr gas at atmospberic pressure.

3.3.2.1. Protocol used during the LAM-lep-MS analyses

The protocol foDowed duriDg the analyses began with a gas blank measurement to

establish the instrument's background levels, three analyses ofan in-house glass cahbration

standard (DaIpé et al. 1995), another gas blank, and tben five unknoWDS. 1 repeated this

protocol twice to aua1yze a total of10 UDknowns in 1.5 h. Prior to data collection for every

analysis the sample was ablated for 1.25 s at each ofthe 20 points ofthe large grid or each

ofthe 5 points ofthe smaD grid; this procedure removed the sample sudàce to a depthof - 34
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• Table 3.2. Laser microprobe and ICP-MS: oeatius conditions•
Laser microprobe

laser mode
voltage
repetition rate
grid parameters&

total shots per grid
size ofsampling grid
(LxWxD)~

uptake
focus condition

lep-MS

ftee-nmning
610V
4HzJ4 sbots
Largegrid
matrix of2 x 10 ablation boles
(increments of20 J.UIlalong
x-axis and 1S J.UIl along y-axis)
80
50 x 150 x 80

one full grid (25 sigrid)
sample surlàœ

SmaIlgrid
tœtrix of 1 x 5 ablation holes
(increments of0 JUIl aIong
x-axis and 10 JUIl aIong y-axis)
20
35 x 90 x 50

one full grid (:::7 sigrid)
idem

C
45s
3
157
4.823 slmass

~ (0.14), lfBTm (0.06),
172Yb (.01), 175Lu (.04)
ZJ2Th (.01), mu (.04)

•

extraction lens -188 to -202 V
collector Jens 1.36 to 3.4 V
nebulizer flow rate 1.144 to 1.192 IIm
cooling gas 13.50 to 13.75 IIm
auxiliary gas 0.800 to 0.825 IIm
mass resolution 0.8 at 10 % peak beight
acquisition mode peak jumping
measuring point/peak 3 pts/peak separated by 11200 atamie mass unit
dwell-timelpoint 10.24 ms/pt
acquisition menu A B
acquisition timeb 45 S 4S s
numbers ofrepeats 3 3
completed SWeepb 65 157
total timelmassb 1.997 slmass 4.823 slmass
analyticalma~ (lower Iimit ofdetection - unit in ppm)C

~ ~
ISRb (O.S), -Sr (0.6), l5IEu (.04), 1"Tb (.07),
&y (O.S), 90zr (1.3) leood (.04), I6.1Dy (.06)
9lNb (0.6), ma. (0.1) 165J1o (.07), 166Er (.14)
1:WU (.09), lcaee (.06),
141Pr (.07), 146Nd (.08),
141Sm (.03), 151Eu (.04),
"'Hf(.IS), IalTa (.03),
ZDJb (.01), mu (0.04)
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Table 3.2. (continued)
a Two diftètent grids used in this study for large and sman amphibole nm produets (see text).
b The numbers mentioned under the acquisition time, completed sweep, total timelmass, and
(lower Iimit ofdetection) are based on the large grid parameters (i.e., 2 x 10 matrix). The
calcuIated parameters for the smaIl grid (i.e., 1 x S matrix) are: acquisition tilDe (20 s);
completed sweep (2S for menu A and 69 for menus B and C); total timelmass (0.86 slmass
for menu A and 2.12 slmass for menus B and C); Iower limit ofdetection [Rb (0.13), Sr
(0.53), y (0.5S), Zz (1.0), Nb (0.43), Ba (O.OS), La (0.09), Ce (0.09), Pr (0.07), Nd (0.07),
Sm (0.06), Eu (0.05), Hf(0.15), Ta (0.07), Th (0.13), U (O.OS) ppm]. C The Iower Iimit of
detection (i.e., 1Id) are calcuIated USÎD8 Longerich's equation based on pargasitic glass
composition as opposed to Bos et a/.'s(1984) equation used in Chapter 2 (i.e., P-MTg; see
DaIpé et al. 1995). The operatiDg conditions ftom this Table are diffèrent than those
mentioned inTable 2.4 due the replacement orthe SpectronSL-400 Nd:YAG 500 mJ pulsed
laser (1064 nmatapuJseoflS 08) bya Spectron SL-282 Nd:YAG 350 mJpuJsed laser (1064
nm at a pulse width ors ns) in 1994.
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J.1IIl and any contaminants adbering to iL Betweeneach analysis a pause ofone minute served

to flush the gas Jine between the sample cenand the ICP-MS unitof&DY residual materialaDd

to aIlow the mass spectrometer to stabiIize al background leveb.

Beeallse the concentrations of heavy-rare-earth elements (BREE), lb, and U in

amphibole run produets were very low, three element menus were used to optimize countiDg

statistiCS. The ULE (Rb, Sr, Ba) + HFSE (Y, Zr, Nb, Ta, ID: U, Th) + Iigbt-rare-earth

elements (LREE: La, Ce, Pr, Nd, Sm, Eu) were grouped together to form the first element

menu, the middle-rare-earth element (MREE: E~ Tb, Gd, Dy, Ho, Er) formed the second

group, and BREE (Er, Tm, Yb, Lu) + Th and U formed the third group. In the three menus,

44ea was used as the internaI standard and replicate isotopes were used to monitor

reproducibility between di1ferent acquisition element menus (e.g., Eu, Er, lb, U). For the

large grid (i.e., 2 x 10 matrix), the acquisition lime for one complete analysis was fixed at

three repetitions of4S s for a total tilDe of 135 s (Table 3.2). The total time spent on each

mass during one complete anaIysis was between approximately 2 to 5 s for the 17 or 7

isotopes in the different element menus, lespectively. However for the smaIl grid. (i.e., 1 x

5 matrix), the acquisition time for one complete ana1ysis was fixed at three repetitions of20

s for a total time of6O s (Table 3.2). The total time spent on each mass during one complete

anaIysis was betweenapproximately 0.9 to 2 s for the 17 or 7 isotopes in the düferent e~nlent

menus, respectively.
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3.4 RUD prodacts

3.4.1. General obse",ations

The expetimeutal conditions and run products are Iisted in Table 3.3. For ail the

starting materials used in this study, large amphiboles (-400-1000 llD1 a10ng their Iongest

axis) were reJatively easy to crystaIIize by simply adding water to the diffetent bu1k

compositions. However, technical problems occurred in run KI921-15 (thoIeiite

composition) and innmP-MT-34 (pargasite composition). For Kl921-15 nID, amphiboles

were too smaIl to be ana1yzed by the large grid matrix DOrma1Iy used on the laser (crystals

formed -250 J,1l1l along tbeir longest axis). In such cases, the smaIl grid was used on the laser

ablation microprobe to complete the analyses ofan the difI'erent traœ elements (Table 3.2).

A zoned amphibole was observed in P-MT-34 run due to the significant iron-Ioss to the

container as mentioned previously. This particular nID will he disc:ussed below.

Based upon back-scattered electron images, it seems that amphiboles finished

crystaIIizing after olivine or clinopyroxene. In general, 1observed that amphiboles enclosed

anhedral to euhedral olivine and clinopyroxene crystaIs (e.g., Fig. 3.1). Similar relationsbips

were observed in another experimental study (Brenan et a/. 1995) and in xenolitœ fouod in

aIkaIine rocks (Francis 1976b). Two exceptions in this sequence were observed using the

kaersutite composition (i.e., K-HO-OS run) and using the aIkaIi basait composition (i.e.,

FMI0-02 run). Intbese experiments, amphibole \\lBS the Iiquidus phase (K.-HD-OS) or sbared

the liquidus with mica (FMIO-02). Merrill and WyUie (1975; see Fig. 1) observed the same
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Table 3.3. Experimental conditions and run products.
sm run# T P fOt H20

b Time Modesc

re) (OPa) (wt.%) (h) am mi 01 cpx l cp,r iIm Si
'-MT 27 1100 1.5 low 10.0 100 62 9 tr 11 - .. 18
P-MT 34d 1050 2.5 low 9.65 72 20 8 .. 16 - .. 56

P-MTg 12 1100 1.5 Iow 8.0 24 48 5 tr 1 .. - 40
P-MTg 43 1050 1.5 high 10.0 24 24 3 8 2 - - 63
P-MTg 41 1075 2.S high 10.1 24 8 10 3 14 - .. 6S

P-MTgTI 31 1130 1.5 low 10.3 200 15 - 10 4 - .. 71

K-HD 08 1100 I.S low 9.5 100 6S - - .. - - 35
•
t HF13 38 1020 1.5 low 9.96 72 52 .. - 1 - .. 47

HFI3gYi 03 1040 I.S low 9.7 100 42 - - 4 - .. 54

KI921 15 1020 1.5 Iow 12.0 24 17 - - 2S 8 1 49

FMIO 02 1040 1.5 low 10.4 24 21 6 - .. - - 73
FMIO 23 1()()() 1.5 high 10.1 100 27 .. - 14 - - 59
FMIO 25 1000 2.2 high 10.0 100 48 - - 13 '" 1 38
Abbreviations: sm-startingmaterial, run#-runnumber, am-amphibole, mi-mica,ol..olivine, cpx1..Ca..richclioopyroxene, cpx2-Ca..poor
clinopyroxene, ihn-ihnenite, gl-glass. •Low oxygen fugacity buffer using the graphite inner capsule with Ag,J»d50 or Au"Pd2, and
high oxygen fugacity buffer using a single capsule ofAu"P~, alloy; the log/02 determined inside these containers were round to
he NNO+I.7 and NNO-2.0, respectively (see text). b Total weight percent ofdeionized water added to the starting materials (sec
text). C Modes are calculated by Jeast-square mass-baJance using Si02, Ti02, AI20], FeO, MgO, CaO, N~O, and~O tom electron
microprohe analyses. d Zoned amphibole was observed for tbis run (see text). None ofthese run products appeared water saturatcd.
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Figure 3.1. Back-scattered electron images sbowing typical nm products. (a) HF13-38; (b)

P-MTgTî31. Figures (c) and (d) show the ablation grid produced by the LAM-ICP-MS

analyses for bath HF13-38 and P-MTgTî31 run products, respectively (grid dimensions: 50

x 150 ~, Table 3.2). Letters denote: Am-amphibole, Cpx-clinopyroxene, Ol-olivine. In

both run products amphibole surrounds clinopyroxene (ligbter zone) and olivine (darker

zone); better observation on (b) and (d). Note al the bottom of(a) and (c) the PeDebatioD

ofliquid into cracks in the graphite capsule. Salle bar: 100 JlIIL
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run produets (i.e., amphibole + melt) as in our K-HD-08 experïment using a kaersutite

megacryst plus excess water at 1100 oC, 1.5 OPa, aad at an oxygen fugacity below the

nickel-nickel oxide bu1Ièr (i.e.,J02 < NNO).

3.4.1.1. Amphibole

The major aod trace element analyses ofampbiboles are listed in Table 3.4. AIl the

amphiboles ftom tœ study are c1assjfied as calcic amphibole usiDg Leake et al.'s (1997)

cJassification. The estiaœtedF~IF~ratio ofeach amphibole nm produet was determined

using the empirical model ofSchumacber (1997). Based on the six different stoichiometric

constraints ofSchumacber (1997; see œ Fig. A-l), amphiboles ftom experïments P-MT-27,

P-Mr-34,P-MTg-12,P-MfgTî31,K-HD-OI,HF13-38,HF13gTî03,Kl921-15,aodFM10

02 performed al the low oxygen fugacity (i.e., NNo-2) and amphiboles ftom expelïments

FMIO-23 and FM10-25 performed at the high oxygen fugacity (i.e., NNO+1.7) satisfied

individually the six stoicbiometric 6mits usiDg total iron as ferrous iron in tbeir structural

formula (i.e., Si s l, 1:AI ~ 8, 1:Mn ~ 13, Eea s 15, LNa ~ 15, aDd LK ~ 16 atoms per

formula unit, lereuedbereafteras apfu; S<:hUDIICber 1997). Fortheseamphiboles, acceptable

fonnulae are shown in Table 3.5. However, amphiboles which crystallized ftom experiments

P-MTg-41 and P-MTg-43 violated al Ieast one ofthe stoicbiometric Iimits wben1 considered

total iron as ferrous iron in tbeir structural formula (e.g., Si s 8, LCa s 15, and LK s 16;

Schumacher 1997). In such cases, F~ may he present in tbeir structural formula. The
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• Table 3.4. Amphibole compositions in exeiments
sm P-MT P-Ml' P-MT- P-MTg P-MTg
run# 27 34& 34b 12 41
0 30 25 12 30 34
(wt.%)
Si02 40.65 (0.64) 41.28 (0.52) 42.59 (0.38) 40.23 (0.60) 40.90 (0.53)
Ti02 3.56 (0.16) 2.13 (0.11) 2.12 (0.05) 3.78 (0.22) 1.79 (0.15)
A120 3 15.46 (0.56) 16.05 (0.67) 15.43 (0.41) 16.18 (0.40) 15.93 (0.29)
FeO 4.98 (0.20) 5.03 (0.46) 2.50 (0.08) 5.15 (0.30) 4.67 (0.15)
MnO blld blld blld blld blld
MgO 16.29 (0.37) 16.99 (0.26) 18.50 (0.16) 16.27 (0.24) 17.27 (0.31)
CaO 11.86 (0.18) 11.21 (0.30) 11.69 (0.08) 12.08 (0.2S) 12.23 (0.19)
Na20 2.13 (0.18) 2.14 (0.17) 1.91 (0.04) 1.86 (0.09) 1.80 (0.10)
K20 1.83 (0.25) 2.22 (0.24) 2.S4 (0.05) 2.21 (0.12) 2.77 (0.08)
Total 96.76 97.05 97.27 97.76 97.36

(ppm)
ot: 6-12 2-6 1 3-13 1-4
Rb 5.16 (1.25) 4.19 (0.35) nd 5.16 (1.23) 6.73 (0.003)
Sr 336.8 (16.4) 214.8 (20.0) nd 343.0 (14.9) 277.7 (3.6)
Y 6.81 (0.47) 4.89 (0.26) nd 6.77 (0.50) 4.97 (0.16)
Zr 15.1 (l.S) 5.13 (0.44) nd 16.4 (1.2) 5.67 (0.04)
Nb 2.78 (0.33) blld nd 3.08 (0.51) blld
Ba 180.2 (26.2) 108.S (7.1) nd 175.6 (27.8) 182.0 (3.7)
Hf 1.05 (0.17) 0.39 (0.03) nd 1.06 (0.16) O.lgd
Ta 0.17 (0.06) 0.05 (0.01) nd 0.28 (0.03) 0.0441

Th blld bUd nd bUd bUd
U blld bUd nd blld bUd
La 1.58 (0.31) 0.39 (0.02) nd 0.92 (0.16) 0.59 (0.09)
Ce 6.74 (1.09) 1.97 (0.18) nd 4.27 (0.52) 2.88 (0.01)
Pr 1.39 (0.14) 0.S5 (0.06) nd 0.99 (0.12) 0.68 (0.02)
Nd 7.48 (0.65) 3.39 (0.28) nd 6.16 (0.27) 4.57 (0.14)
Sm 2.18 (0.24) 1.30 (0.16) nd 1.91 (0.21) 1.41 (0.03)
Eu 0.88 (0.19) 0.74 (0.13) 1.10 0.19 (0.08) 0.56 (0.09)
Gd 2.00 (0.50) 1.60 (0.28) 1.78 2.47 (0.16) 1.73 (0.07)
Tb 0.30 (0.08) 0.24 (0.01) 0.26 0.33 (0.04) 0.26 (0.01)
Dy 1.43 (0.37) 1.23 (0.12) 1.18 1.73 (0.12) 1.18 (0.03)
Ho 0.22 (0.06) 0.25 (0.004) 0.21 0.29 (0.04) 0.19 (0.01)
Er 0.59 (0.16) 0.51 (0.07) 0.67 0.78 (0.07) 0.47 (0.04)
Tm bUd bUd nd 0.10 (0.01) blld
Yb 0.40 (0.13) 0.34 (0.10) nd 0.47 (O.OS) 0.24 (0.06)
Lu blld blld nd 0.09 (0.01> 0.05 (0.011
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• Table 3.4. (continued)
sm P-MTg P-MTIn K-HI)b HF13 HFI3gTi

run# 43 31 08 38 03
0 30 45 18 40 32
(wt.%)
Si02 40.23 (0.59) 40.29 (0.46) 41.13 (0.42) 43.51 (0.41) 43.65 (0.56)
Ti02 3.19 (0.23) 4.97 (0.16) 4.33 (0.21) 2.66 (0.13) 3.94 (0.33)
Al2O] 15.41 (0.50) 15.63 (0.35) 14.03 (0.43) Il.59 (0.49) Il.88 (0.48)
FeO 5.79 (0.57) 2.28 (0.06) 5.08 (0.25) 8.35 (0.42) 6.91 (0.47)
MnO bUd blld blld 0.13 (0.02) 0.12 (0.02)
MgO 16.40 (0.55) 17.28 (0.32) 16.70 (0.19) 15.43 (0.28) 16.58 (0.33)
CaO 12.50 (0.11) 12.24 (0.12) 11.37 (0.37) 10.63 (0.43) 10.50 (0.32)
Na20 1.86 (0.08) 1.97 (0.06) 2.19 (0.12) 3.06 (0.12) 3.07 (0.O9)
K 20 2.38 (0.12) 2.02 (0.06) 1.36 (0.38) 1.35 (0.12) 1.48 {o.12)
Total 97.76 96.68 96.19 96.71 98.13

(ppm)
OC 3-7 2-5 2-7 2-4 2-5
Rb 6.22 (1.33) 5.58 (0.31) 1.98 (0.33) 5.29 (0.27) 5.21 (0.06)
Sr 379.6 (21.9) 366.2 (14.4) 329.8 (4.6) 363.9 (9.0) 447.7 (9.6)
Y 6.90 (0.41) 7.15 (0.35) 11.0 (0.8) 9.77 (0.23) 12.1 (0.2)
Zr 20.8 (0.70) 22.1 (3.2) 15.1 (1.1) 82.1 (0.2) 104.1 (3.7)
Nb 2.91 (1.02) 5.90 (0.66) 3.35 (0.39) 21.1 (0.5) 18.4 (0.8)
Ba 250.2 (28.3) 194.9 (10.1) 107.8 (2.8) 51.8 (2.1) 86.7 (4.2)
Hf 1.22 (0.07) 1.15 (0.39) 1.26 (0.19) 3.12 (0.12) 3.22 (0.29)
Ta 0.26 (0.06) 0.50 {o.10) 0.26 (0.05) 1.45 (0.05) 1.40 (0.09)
Th bUd blld bUd blld bUd
U bUd blld blld blld bUd
La 1.44 (0.33) 5.01 (0.64) 0.60 (0.07) 5.57 (0.20) 8.73 (0.18)
Ce 6.51 (0.94) 16.0 (2.3) 3.75 (0.12) 20.6 (0.8) 26.5 (0.1)
Pr 1.39 (0.19) 2.20 (0.27) 0.90 (0.06) 3.32 (0.05) 4.37 (0.01)
Nd 8.04- (0.69) 10.6 (0.4) 5.51 (0.25) 17.3 (0.7) 21.77 (0.03)
Sm 2.S3 (0.16) 1.97 (0.48) 1.95 (0.76) 4.81 (0.15) 4.37 (0.24)
Eu 0.97 (0.05) 0.93 (0.09) 1.13 (0.08) 1.77 (O.OS) 1.90 (0.09)
Gd 2.56 (0.06) 2.26 {O.11) 3.35 (0.14) 4.47 (0.18) 4.80 (0.27)
Tb 0.34 (0.02) 0.29 (0.03) 0.51 (0.03) 0.60 (0.01) 0.65 (0.01)
Dy 1.66 (0.03) 1.40 (0.16) 2.80 (0.08) 2.87 (0.004) 3.15 (0.03)
Ho 0.29 (0.01) 0.23 (0.004) 0.44 (O.OS) 0.42 (0.02) 0.49 (0.02)
Er 0.72 (0.08) 0.70 (0.02) 1.26 (0.03) 1.00 (0.04) 1.07 (0.08)
Tm 0.08 (0.01) 0.14 (0.01) 0.12 (0.01) 0.12 (0.01) 0.09 (0.01)
Yb 0.51 (0.01) 0.81 (0.03) 0.13 (0.11) 0.56 (0.01) 0.46 (O.OS)
Lu 0.06 (o.on bUd 0.08 (0.01> 0.06 (0.02> 0.07 (0.02>
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• Table 3.4. (continued)
sm Kl921 FMI0 FMIO FMIO
run# 15 02 23 25
n 18 27 22 19
(wt.%)
Si02 41.S7 (0.87) 43.42 (0.49) 42.25 (0.27) 41.60 (0.45)
Ti02 2.96 (0.23) 2.S9 (0.17) 2.17 (0.09) 1.66 (0.03)
Ah0 3 14.S7 (0.39) Il.89 (0.S3) 13.72 (0.33) 14.54 (0.20)
FeO 11.14 (0.29) 8.06 (0.37) 8.80 (0.32) 11.94 (0.33)
MnO 0.14 (0.02) 0.12 (0.02) 0.11 (0.03) 0.15 (0.02)
MgO 13.87 (0.25) 16.73 (0.35) 15.95 (0.31) 13.59 (0.31)
CaO 10.11 (0.1]) 10.67 (0.3S) 10.75 (0.19) 10.11 (0.11)
Na20 2.57 (0.08) 3.05 (0.10) 2.74 (0.06) 2.77 (0.05)
K20 0.5S (0.04) 1.15 (0.12) 1.06 (0.06) 1.08 (0.04)
Total 97.48 97.68 97.55 97.44

(ppm)
nC 3-4 6-12 6-12 2-8
Rb 3.21 (0.26) 5.48 (1.28) 6.23 (0.62) 8.69 (0.66)
Sr 214.4 (12.9) 430.9 (24.5) 216.4 (13.0) 201.9 (7.1)
Y 21.3 (1.7) 11.5 (1.6) 12.5 (0.6) 14.6 (0.4)
Zr 44.8 (2.2) 8S.0 (13.2) 22.3 (].4) 19.1 (1.7)
Nb S.47 (0.20) 18.8 (1.4) ].20 (0.46) 3.15 (0.94)
Ba S1.0 (3.2) 57.6 (3.4) 114.8 (11.7) 107.0 (7.2)
Hf 1.72 (0.22) 2.82 (0.56) 0.86 (0.14) 0.76 (0.09)
Ta 1.07 (0.09) 1.29 (0.08) 0.67 (0.08) 0.57 (0.16)
Th blld bUd bUd bUd
U bUd bDd bUd blld
La 2.51 (0.40) 6.97 (0.80) 2.02 (0.48) 1.90 (0.31)
Ce 10.6 (0.3) 24.4 (2.0) 7.76 (1.11) 8.03 (0.74)
Pr 2.03 (0.17) 4.13 (0.33) 1.45 (0.10) 1.58 (0.14)
Nd 11.3 (1.0) 20.3 (1.7) 8.39 (0.97) 8.33 (0.48)
Sm 4.88 (1.13) 5.55 (0.92) 2.34 (0.29) 2.71 (0.23)
Eu 1.38 (0.28) 1.86 (0.23) 1.01 (0.11) 1.04 (0.16)
Gd 3.91 (0.29) 4.75 (0.24) 2.93 (0.25) 3.36 (0.29)
Tb Bd 0.65 (O.OS) 0.47 (0.03) 0.51 (0.02)
Dy 3.47 (1.01) 2.86 (0.17) 2.65 (0.14) 2.87 (0.24)
Ho 0.66 (0.14) 0.43 (0.02) 0.50 (0.02) 0.53 (0.03)
Er 2.36 (0.28) 1.10 (0.32) 1.28 (0.13) 1.63 (0.18)
Tm 0.27 (0.02) 0.14 (0.03) 0.12 (0.01) 0.23 (0.03)
Yb 1.62 (0.24) 0.72 (0.26) 0.77 (0.03) 1.34 (0.10)
Lu 0.20 (O.OS> 0.06 (o.on 0.12 (0.02> 0.17 (0.0»
Abbreviatiœs: sm-starting materiaI (see Table 3.1), nmII-run num. (see Table 3.3), n-DlDIlber ofanalyses,
blld-concentration below the Iowa' Iimit ofdetection, nd-nu d*rm.ined. • Zooed 8IIIpbi'bole obscned in nm
products (see text). It Major clements were tllkm &am Dalpéetal (1995) andtr-.e cIcmcnIs were remaIyzed
by LAM-lep-MS. C Number ofanalyses wry as fimcticm ofthe diftinDt acquisitiœ mmus and repliœe
~. d Singlemalysis. Values in perentbescsare b8sedcm OlleSlaDdarddeYiation fiom multiple 8DaIyses
(la).
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• Table 3.5. Formulae ofamphibole
sm P-MT P-MT* P-MT& P-MTg P-MTg P-MTg P-MTgn K-HD
run# 27 34. 34b 12 41 43 31 08
T 1100 1050 1050 1100 1075 1050 1130 li00
p 1.5 2.5 2.5 1.5 2.5 1.5 1.5 1.5

./fb low Iow low Iow high high Iow low
(apfu)
T(1,2)
Si 5.903 5.%5 6.073 5.803 5.885 5.803 5.804 5.991
Al 2.097 2.035 1.927 2.197 2.115 2.197 2.196 2.009

I: 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
M(I,2,3)
Al 0.550 0.698 0.666 0.553 0.587 0.450 0.457 0.400
Ti 0.389 0.231 0.227 0.410 0.194 0.355 0.538 0.474
F~b 0.000 0.000 0.000 0.000 0.266 0.138 0.000 0.000
Mg 3.526 3.660 3.932 3.498 3.704 3.520 3.711 3.627
Fe2+ 0.535 0.411 0.175 0.539 0.249 0.537 0.275 0.499
Mn bUd blld blld bUd blld blld blld blld
r 5.000 5.000 5.000 5.000 5.000 5.000 4.981 5.000
M(4)
Fe2+ 0.070 0.197 0.124 0.082 0.047 0.028 0.000 0.120
Mn bUd blld blld blld blld bUd blld bUd
Ca 1.845 1.735 1.785 1.867 1.885 1.940 1.889 1.774
Na 0.085 0.068 0.091 0.051 0.068 0.032 0.111 0.106

L 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
A
Na 0.515 0.532 0.435 0.470 0.434 0.484 0.439 0.513
K 0.339 0.409 0.463 0.406 0.508 0.447 0.371 0.253

L 0.854 0.941 0.898 0.876 0.943 0.931 0.810 0.766
Total 15.854 15.941 15.898 15.876 15.943 15.931 15.791 15.766

Mg# 85.4 85.8 92.9 84.9 92.6 86.2 93.1 85.4
Mg#r 85.4 85.8 92.9 84.9 86.8 83.3 93.1 85.4
Fe3""I2+ 0.00 0.00 0.00 0.00 0.899 0.244 0.00 0.00
C/CN 0.755 0.743 0.772 0.782 0.790 0.790 0.774 0.741
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• Table 3.5. (continued)
sm HFI3 HFI3gn KI921 FMIO FMIO fMlO
run# 38 03 15 02 23 25
T 1020 1040 1020 1040 1000 1000
P L5 1.5 L5 1.5 1.5 2.2
fJl2 low low low Iow big!l hip
(apfu)
T(1,2)
Si 6.381 6.275 6.085 6.294 6.146 6.134
Al 1.619 1.72S 1.915 1.706 1.854 1.866
L 8.000 8.000 8.000 8.000 8.000 8.000
M{I,2,3)
Al 0.385 0.288 0.598 0.326 0.499 0.661
Ti 0.293 0.426 0.326 0.282 0.237 0.184
Fel+ b 0.000 0.000 0.000 0.000 0.000 0.000
Mg 3.374 3.553 3.026 3.616 3.459 2.987
Fe?-+ 0.948 0.733 1.050 0.776 0.805 1.168
Mn 0.000 0.000 0.000 0.000 0.000 0.000
E 5.000 5.000 5.000 5.000 5.000 5.000
M(4)
Fe2+ 0.076 0.097 0.315 0.201 0.266 0.3OS
Mn 0.016 0.015 0.017 0.015 0.013 0.019
Ca 1.670 1.617 1.585 1.657 1.676 1.597
Na 0.238 0.271 0.083 0.127 0.045 0.079
E 2.000 2.000 2.000 2.000 2.000 2.000
A
Na 0.632 0.585 0.646 0.730 0.728 0.713
K 0.253 0.271 0.103 0.213 0.197 0.203
E 0.885 0.856 0.749 0.943 0.925 0.916
Total 15.885 15.856 15.749 15.943 15.925 1S.916

Mg# 76.7 81.1 68.9 78.7 76.4 67.0
Mg#f 76.7 81.1 68.9 78.7 76.4 67.0
Fe3+12+ 0.00 0.00 0.00 0.00 0.00 0.00
C/CN 0.657 0.654 0.685 0.659 0.684 0.668
Abbreviatioœ: sm-starting material (see Table 3.1), nmII-run numba' (see Table 3.3), T-run
temperature in oC, P-run pressure in GPa,f02-oxygen filpcity maintained during experiment (sec
text), apfu-atoms pet formula unit(based0023 atoms ofoxygea; Ledeetal. 1997), MgII-Mg number
= [IOOMW(Mg + Fe2}], Mg#lt -Mg numba't = [IOOMiV(Mg + Fel+ + Fe1+)], Fe3+I2+-ealculated
Fe3+!Feil+ ratio, C/CN-calculated CaI(Ca+Na) ratio.
• Zoned amphibole (see Table 3.4). b Fe3+ wu calculated br the empirical estimation ofSchumacber
(1997) using elcctron microprobe analyses (see text).
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FeJ+/Fe2+ ratio reported for P-MTg-41 and P-MTg-43 in Table 3.5 resulted ftom the average

ofthe normalization-fàctors that were obtaiDed for the minimum and the maximum amount

offerric iron in the structural formnlae applied to each amphibole (Schumacher 1997). For

this empirical procedure offenic ironestimation, 1assumed that eacb amphibole must contain

exactly two anions (OH, F, Cl) in their structural formula (i.e., calcuJations have been doue

on the basis of23 atoms ofoxygen per formula unit). However, even iftraœ amounts ofF

and Cl were present in our amphiboles, tbeir concentrations do DOt aftèct the ferric iron

estimation (SchUIIIBCher 1997). 1cbecked the homogeneity ofthe synthesized amphibole in

ail experïments by performing line traverses across tbemand calculating the relative standard

deviation from the multiple analyses [i.e., Relative StandardDeviation=RSD =100(standard

deviation/average)]. The average RSD calcuIated from ditferent analyses in amphibole run

products gave: SiOz(1.23 %), TiOz(5.4 %), AlzO] (3.0 %), FeO (4.5 %), MgO (1.9 %), CaO

(2.0 %), N~O (3.8 %), and~O (S.O %), respectively. These average RSD values were an

less than 10 % suggesting bomogeoeity in major elements.

3.4.1.1.1. Equilibrium aspect ofamphibole 11I1J products

Ourexpaïmeutsdemonstrate thatconstant partitioning betweenarqilibole and Iiquid

seems to he reacbed within 20 II. Figure 3.2 shows the variationofpartitioncoefficient (i.e.,

Di = concentration.-..,..; in amphibole / concentration-...,..; in liqllid) for Sr and Y as a

function ofthe duration ofthe expeiïments (DaIpé et al. 1992; see Appendix 1). As sbown

-82-



•

•

Figure 3.2. Variation ofpartition coefficient (D) as a fimction ofthe nID duration. (a) Sr;

(b) Y. The analyses ofP-Mf-OS (1 hl, P-Mf-09 (10 hl, P-MT-I0 (10 hl, and P-MT-20 (20

h) runs were performed by synchrotron X-ray-fluoresceoce microprobe (SXRFM) on

œ.arnlineX26AattheNatiooalSyuchrotronLigbt Sourceat BrookbavenNatiooalLaboratory

(Upton, New York) (DaIpé et al. 1992, DaIpé et al. 1995) whiIe P-Mf-27 was performed by

LAM-ICP-MS. Bach nUl on this figure was performed in a piston-cylioder using the double

capsules (i.e., Pt or AgsoP~+ graphite inDer capsule) at I.S GPa, 1100 oC. Note tbat both

P-MT-09 and P-Mf-l0 bad the same nm duration, 10 h, but were plotted apart for better

clarity. Standard deviations srna11er than the symbol size are not shown in this and subsequent

figures.
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in this figure, constant partition coefficients are reached within 20 h based on one staDdard

deviation or witbin 10 h based on two staDdard deviations.

The expetiments P-MT-OS, P-Mf-09, P-MT-10, and P-MT-20 are not listed inTable

3.3 and subsequent Tables due to their non-equilibrium nature (P-Mf-05) or the incapacity

to analyse the amphibole run produets br LAM-ICP-MS due to their small size (P-MT-09,

P-MT-10, P-MT-20). Knowing tbat the 10-20 h nID duration was the minimum lime to reach

equilibrium between amphibole and melt, the expetiments in this study were ail greater or

equal than 24 h duration. Homogeneous compositions of the amphibole run produets

suggests equilibriœnwu attained in aU expeïimeuts (Table 3.4). However, an additional tool

to estimate ifequilibriumwas attainM duringexpetiments is the FcZ+-MgexchaDge coefficient

betweenamphibole and meh [i.e., Ko = (FcZ+1Mg)_1 (FcZ+/Mg)..J. Unfortunately, the Fel+

Mg exchaDge coefficient for amphibole and other hydrous phases is not weB calibrated,

leaving a doubt as to the acceptable range ofequilibrium values (LaTourrette et al. 1995).

Furthermore, because the Fe3+/Ffil+ ratio in amphiboles is not wen constrained and the

estimated ratio resuIting ftom the empirical model represents an average value between

minjmum and maximum amounts of the ferric iron content in the structural formulae

(Schumacber 1997),1 preferred the Ue-Mg excbange coefficient instead [i.e., Kof.FdMt =

(IFelMg)_1 ŒFeIMg)...., wbere rFe = Fe2+ +F~ in cation units]. The Kof.FdMa is not

sensitive to the empirical method usedto estirnate the Fe3+IFe2+ ratio in amphibole, or inmelt,

unlike the Ffil+-Mg excbaoge coefficient.
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The KD'f.FdMa values ofthe nmproduets showed a variation between0.33 to 0.40 with

the exception of P-MT-27 run wbich bad a Iow KD'UdMa value (0.28) and the P-MT-34

experiment wbich had a mned amphibole (P-MT-34a and P-MT-34b; Table 3.4), yieIding

high KDLft:lM& values for both mnes (1.0 and 0.47, respectively). These exceptions will he

discussed below. TheKDU~ values obtained for most ofour expetiments were similar to

the range reported by Sisson and Grove (1993) and LaTourrette et al. (1995) (i.e., 0.30 to

0.38). However, LaTourrette et al. (1995) mentioned that the low KD'UdMa reported by

Jakobsson and HoUoway (1986) (i.e., KDf.FdMfI -0.23 to -0.29) could he due to the more

reducing conditions oftheir experiments (i.e., iron-WOstite). This argument does IlOt explain

the range ofKDf.FdMa values (i.e., 0.26-0.42) tbat 1 calculated hm Adam et al. (1993) and

Adam and Green's (1994) expetiments bufIèred at more oxidized conditions (i.e., wüstite

magnetite and magnetite-bematite).

The Iow KDf.FdMa obtained for the P-MT-27 run could he explained by a dominant

number of analyses performed in the glass close to the crystal rims. Figure 3.1b shows a

darker zone in the glass surrounding the crystal rims. This darker zone is common for an our

run products and ils width varies between lOto 100 JUIl ftom crystal rims dependiDg on the

meh composition, glass proportion, and the amount ofwater (e.g., see Fig. 3.1a where this

zone is very thin). It was observed on the back-scattered electron images and attributed to

a modification ofthe mek during queoching, ret1ecting a Iower magnesium and iron content

(referred as quench-modified glass, DaIpé et al. 1995). For ail experiments, 1 observed
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beyond this quench-modified glass (i.e., > 50 to 100 JUIl away from the crystal riIm), a clear

glass or a glass with tiny crystaUized minerais sbowing a spinifex texture (i.e., 1-5 J.LD1

anhedral to euhedral queDCbed CI)'StaIs; bath referred to as quencbed glass). However in the

P-MT-27 run, the modal proportion ofthe meh was reJatively Iow (i.e., 18 %; Table 3.3) and

in such cases the quench-modified glass occupied a large proportion ofthe sample. Results

ofKDf-FdMa values calcuJated from ditfeteut spots in the quench-modified glass (i.e., < 100 J.LD1

to the crystal rim) and in the quencbed glass (i.e., beyond 100 JJID ofthe crystal rim for this

run product) had a range between 0.21 and 0.32, respectively (usiog a constant value of

EFeIMg ..... =0.172; Table 3.5). The upper Iimit value ofKDrYeIMa ftom the P-MT-27 run

was very close to the Iowest value obtained ftom the other runs as mentioned earlier (i.e.,

0.33). 1 beJieve that the trace element analyses of the quencbed glass and ofthe quench

modified glass ftom the P-MT-27 runproductsare consistent with the other nm produets and

reliable because during LAM-ICP-MS analyses: (1) calciumconcentratklœ ("Ca) used as the

intemalstandardandpreviouslyanalyzedinbothglassphases(i.e.,quench-modifiedglassand

quenched glass) were practicaIly identical besed on electron microprobe precision (i.e.,

average from both glass phases is 12.89 %0.72 wt.% Cao; Table 3.6); (2) trace element

concentrations were calculated using grid ana1yses done in both glass phases, giving an

average value for the diffiaeot traœ elements; and (3) the RSD values attacbed to the trace

elements had the same range as tbose measured on other queDCbed glasses wbere analyses

were PeI'formed more than 100~ away fiom the crystal rim (Table 3.6).
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• Table 3.6. Quençbed g'.ss compositiolg in experimpds
sm P-MT P-MT P-MTg P-MTg P-MTg
run# 27 34 12 41 43
n 18 10 26 18 16
(wt.%)
Si02 37.11 (1.43) 34.14 (2.98) 36.59 (1.70) 34.18 (1.83) 37.98 (1.70)
Ti02 4.07 (0.15) 4.15 (0.40) 3.86 (0.19) 4.46 (0.46) 4.81 (0.19)
Al2O] 14.34 (0.66) 14.10 (1.33) 16.75 (2.31) 14.75 (1.20) 15.36 (0.67)
FeO 8.51 (0.43) 3.28 (0.34) 8.55 (0.79) 8.35 (0.66) 8.54 (0.28)
MnO 0.15 (0.03) 0.08 (0.02) 0.13 (0.03) 0.10 (0.02) 0.14 (0.02)
MgO 7.67 (0.90) 11.33 (2.81) 9.35 (1.73) 10.24 (1.23) 8.67 (0.34)
CaO 12.89 (0.72) 10.04 (2.24) 12.44 (1.37) 11.34 (1.24) 12.63 (0.62)
Na20 1.SS (0.28) 1.22 (0.39) 1.62 (0.26) I.S6 (0.13) I.4S (0.21)
K20 1.21 (0.24) 1.23 (0.44) 1.39 (0.44) 1.26 (0.26) 1.40 (0.18)
P20S 0.14 (O.OS) blld 0.07 (0.02) 0.04 (0.01) O.OS (0.02)
Total 87.64 79.59 9O.7S 86.27 91.03
Fe3+12+ 0 0 0 0.6 0.6
Mg#t 61.6 86.0 66.1 68.7 64.4

~pm)
3-12 2-6 2-9 6-12 2-10n

Rb 16.1 (0.8) 6.65 (O.S7) IS.5 (2.0) 6.46 (1.07) 11.6 (1.2)
Sr 74S.1 (16.9) 486.5 (14.8) 661.2 (13.3) 555.S (18.5) 660.4 (3.3)
Y 16.6 (0.3) 11.2 (0.2) 14.8 (O.S) 13.2 (0.3) 17.1 (0.6)
Zr 96.8 (2.3) S7.3 (2.6) 88.3 (3.1) 70.7 (S.8) 99.1 (3.8)
Nb 34.3 (0.4) IS.l (1.S) 29.8 (1.1) 20.S (0.7) 3S.0 (1.1)
Ba 428.1 (11.1) 255.8 (4.0) 371.6 (3.5) 2S3.3 (14.4) 346.6 (4.3)
Hf 3.31 (0.29) 2.16 (0.15) 3.02 (0.2S) 2.77 (0.13) 3.53 (0.12)
Ta 2.10 (0.04) 1.11 (0.07) 1.89 (0.08) 1.39 (0.12) 2.26 (0.09)
Th O.SO (O.OS) 0.16 (0.03) 0.37 (O.OS) 0.26 (0.03) 0.43 (0.02)
U O.IS (0.04) 0.09 (0.01) 0.11 (0.01) 0.07 (0.01) 0.11 (0.01)
La 27.1 (1.6) 11.8 (0.4) Il.8 (0.7) 7.79 (0.17) 12.9 (0.3)
Ce 66.7 (3.3) 2S.6 (1.4) 3S.6 (0.9) 23.9 (0.7) 37.3 (0.8)
Pr 9.13 (0.28) 4.26 (0.17) 5.63 (0.24) 4.06 {o.14) 6.06 (0.13)
Nd 36.3 (O.S) 18.9 (0.5) 2S.S (0.7) 19.6 (0.7) 27.3 (0.6)
Sm 6.41 (0.23) 4.42 (0.20) 6.12 (0.49) 4.61 (0.26) 6.09 (0.09)
Eu 2.06 (0.38) 2.68 (0.04) 2.04 (0.07) 1.6S (0.06) 2.13 (0.05)
Gd 4.38 (0.86) 3.73 (0.13) S.20 (0.29) 4.42 (0.08) S.6S (0.10)
Tb 0.60 (0.12) 0.51 (0.01) 0.72 (0.03) 0.61 (O.OS) 0.77 (0.01)
Dy 2.88 (0.65) 2.73 (O.OS) 3.SS (0.14) 3.14 (0.18) 3.96 (0.12)
Ho 0.49 (0.12) 0.46 (0.01) 0.61 (0.01) 0.55 (0.04) 0.69 (0.03)
Er 1.41 (0.32) 1.14 (0.05) 1.61 (0.11) 1.41 (O.OS) 1.81 (0.06)
Tm 0.20 (0.03) 0.14 (0.0l) 0.19 (0.02) 0.18 (0.01) 0.24 (0.01)
Yb 1.26 (0.09) 0.86 (0.01) 1.09 (0.01) 1.02 (0.07) 1.48 (0.02)
Lu 0.15 CO.03) 0.10 (0.0Il O.IS (0.02) 0.11 (O.Oll 0.16 (0.011
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• Table 3.6. (continuedl
sm P-MTgn K-HI>- HFI3 HFI3gn KI921
run# 31 08 38 03 15
n 18 17 16 30 34
(wt.%)
Si02 37.82 (0.13) 38.82 (1.14) 36.67 (0.32) 35.56 (0.94) 47.53 (0.61)
Ti02 6.87 (0.10) S.67 (0.26) 2.22 (0.03) 3.37 (0.10) 2.08 (0.08)
Al20 3 15.83 (0.07) 13.90 (0.87) 11.51 (0.15) 12.34 (0.16) 16.21 (0.22)
FeO 3.40 (0.04) 7.11 (0.58) 9.30 (0.15) 6.50 (0.17) 8.34 (0.31)
MnO 0.11 (0.02) 0.18 (0.03) 0.28 (0.02) 0.26 (0.02) O.IS (0.02)
MgO 8.39 (0.06) 6.82 (1.72) S.98 (0.10) 6.22 (0.25) 3.86 (0.26)
CaO 12.18 (0.09) 11.26 (0.8S) 10.60 (0.33) 9.48 (O.SO) 7.67 (0.15)
Na20 2.03 (0.13) 1.70 (0.28) 4.00 (0.51) 6.26 (0.55) 1.29 (0.48)
K20 1.38 (O.OS) 1.07 (0.43) 2.22 (0.17) 2.22 (0.20) 0.75 (0.04)
P20S 0.17 (0.02) net 2.80 (0.10) 2.65 (0.15) 0.48 (0.04)
Total 88.17 &6.51 85.60 84.86 88.37
FeJ+fl+ 0 0 0 0 0
Mg#t 81.5 63.1 53.4 63.0 45.2

~pm)
3-9 5-10 3-5 2-4 2-15n

Rb 12.5 (0.3) 9.18 (0.91) 32.7 (1.0) 36.1 (0.9) 15.2 (1.8)
Sr 643.7 (4.1) 896.8 (2.7) 2332 (6) 2277 (lI) 520.6 (40.1)
Y 15.1 (0.3) 33.4 (0.7) 38.9 (0.5) 36.3 (0.4) 27.0 (2.0)
Zr 90.8 (1.5) 124.4 (1.4) 422.9 (1.2) 426.1 (8.7) 218.9 (22.9)
Nb 29.8 (0.4) 68.3 (1.5) 167.6 (1.6) 156.5 (1.9) 30.S (4.4)
Ba 331.2 (4.2) 396.9 (7.1) 458.2 (3.2) 477.2 (1.5) 185.6 (17.8)
Hf 3.25 (0.49) 3.91 (O.IS) 7.65 (0.07) 7.00 (0.42) 5.46 (0.85)
Ta 1.89 (0.22) 3.60 (0.08) 9.18 (0.03) 7.77 (0.02) 6.49 (1.17)
Th 0.33 (0.10) 0.21 (0.02) 14.4 (0.8) 14.7 (1.0) 1.83 (0.21)
U bUd 0.53 (0.02) 4.66 (0.28) 4.41 (0.18) 0.75 (0.10)
La 24.5 (0.4) IS.7 (0.2) 137.5 (0.3) 131.0 (1.3) 22.1 (2.4)
Ce 70.6 (0.8) S7.3 (0.8) 260.7 (1.3) 242.8 (4.0) 54.8 (S.S)
Pr 8.IS (O.lS) 8.81 (0.11) 30.3 (0.1) 28.7 (0.3) 7.41 (0.70)
Nd 33.0 (1.1) 39.6 (0.7) 110.7 (0.2) 105.8 (l.3) 32.0 (3.3)
Sm 5.49 (0.34) 10.6 (0.9) 19.6 (0.1) 18.S (0.3) 7.64 (1.03)
Eu 2.07 (0.19) 3.43 (0.09) 6.84 (0.19) 6.59 (0.13) 2.62 (0.34)
Gd 5.44 (0.44) 9.31 (0.22) 15.4 (0.4) 14.7 (0.6) 6.53 (0.21)
Tb 0.79 (0.09) 1.36 (0.01) 1.97 (0.10) 1.93 (0.09) nd
Dy 3.66 (0.32) 7.04 (0.07) 9.21 (0.37) 9.02 (0.35) 5.24 (0.003)
Ho 0.59 (0.07) 1.27 (0.02) 1.40 (O.OS) 1.49 (0.11) 1.03 (0.5)
Er 1.71 (0.16) 3.56 (0.03) 3.51 (0.13) 3.57 (0.24) 2.71 {o.16)
Tm 0.27 (0.03) 0.45 (0.02) 0.40 (0.02) 0.43 (0.05) 0.34 (0.06)
Yb 1.52 (0.07) 2.44 (0.03) 2.31 (0.10) 2.25 (0.07) 2.50 (0.21)
Lu 0.10 (0.()03) 0.32 (0.01) 0.26 (0.02) 0.32 (0.03) 0.37 <0.1 Il
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• Table 3.6. (continupl>
sm FMIO FMIO FMI0
run# 02 23 25
n 20 14 17
(wt.%)
Si02 35.92 (1.77) 45.30 (1.7&) 47.07 (2.25)
Ti02 2.15 (0.17) 2.25 (0.12) 1.65 (0.13)
Al2O] Il.64 (0.90) 16.49 (1.04) 16.37 (1.05)
FeO 10.45 (0.39) 9.47 (0.19) 8.46 (1.97)
MnO 0.25 (0.03) 0.18 (0.03) 0.11 (0.04)
MgO 7.14 (0.41) 6.08 (1.17) 3.29 (1.17)
CaO 11.06 (1.19) 7.52 (0.81) 7.14 (0.97)
Na20 3.56 (0.77) 1.70 (0.43) 1.35 (0.60)
K20 1.63 (0.20) 0.17 (0.27) 0.77 (0.25)
P20S 2.25 (0.33) 0.26 (0.09) 0.51 (0.12)
Total 86.06 90.11 86.79
Ffi3+12+ 0 0.6 0.6
Mg#t 54.9 53.4 40.&

(~pm)
4-11 2-8 3-8n

Rb 25.7 (1.2) 26.6 (2.5) 32.7 (2.1)
Sr 1924 (129) 493.6 (18.7) 682.2 (33.3)
Y 33.2 (1.9) 19.9 (0.5) 24.4 (0.9)
Zr 352.9 (17.3) 142.6 (4.1) 216.6 (9.2)
Nb 136.2 (9.6) 31.6 (0.3) 47.9 (1.7)
Ba 353.4 (21.0) 339.5 (8.2) 463.2 (17.7)
Hf 6.79 (0.27) 3.27 (0.37) 5.11 (0.30)
Ta 7.13 (0.43) 5.56 (0.38) 8.61 (0.30)
Th 12.4 (0.8) 1.93 (0.15) 3.19 (0.30)
U 4.06 (0.34) 0.63 (0.07) 1.04 (0.03)
La 112.9 (8.0) 20.4 (0.3) 32.7 (2.1)
Ce 216.7 (IS.8) 47.3 (1.0) 70.9 (4.0)
Pr 25.3 (1.9) 5.73 (0.13) 1.72 (0.69)
Nd 93.7 (6.0) 23.5 (0.1) 34.3 (1.4)
Sm 17.5 (1.1) 4.57 (0.70) 6.54 (0.34)
Eu 5.19 (0.38) 1.72 (0.09) 2.34 (0.23)
Gd 14.4 (0.9) 4.18 (0.31) 5.67 (0.23)
Tb 1.97 (0.0&) 0.72 (0.06) 0.19 (0.01)
Dy 8.80 (0.22) 3.90 (0.07) 4.53 (0.46)
Ho 1.34 (0.11) 0.74 (0.03) 0.84 (0.02)
Er 3.28 (0.21) 2.12 (0.13) 2.62 (0.16)
Tm 0.37 (0.02) 0.23 (0.004) 0.41 (0.02)
Yb 2.08 (0.32) 1.71 (0.07) 2.45 (0.30)
Lu 0.19 (0.02) 0.28 (0.004) 0.32 (0.02)
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Table 3.6. (sontinued)
Abbreviatioœ: sm-startiDg matcrial (see Table 3.1), nmil-run lIIIJDher (see Table 3.3), n-DUIIIbet of

analyses, nd-not dctermined, b1kkoncenlratiOD below the iowa' limit ofddection, FCJ+/2+-·F~1Ff1+"

ratio in cation uni1s were calculated &0111 the respective oxygen fùgacitites JMintained duriDg

experiments (sec text), MgIIt-MgIlUlllber't= [1OOMgf(Mg+ Fe2++ Fe3+)l using the respective F,}+IFé'-+

ratio mentioned in Table. 'Major elements were taken ftom Dalpé el al. (1995) and trace elaueuts

were reanalyzed by LAM-lep-MS. ft Number ofanalyscs vary as fimctionofthe different acquisition

menus and replicate isotopes. Values in parentbcscs arebascdononestandard deviation &cmmultiple

analyses (1a).
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3.4.1.1.2. Zoned amphibole

As mentioned previously, a zoned amphibole wu observed in the P..MT-34 nID.

Basedonback..scatteredelectronilœgesandelectronmicroprobeanalyses, ail the amphiboles

from this nm product sbowed an Fe-rich core surrounded by a lOto 50 JUIl thick zone along

the rim ofan Fe--poor composition (i.e., P-Mf-34aand P-MT-34b, respectively; Table 3.4).

The longest axis of the amphibole crystaIs observed in the nm product were -1000 JUIl

including both zones [i.e, the Fe-rich (core) and Fe-poor (rim) zones]. However, it is

important to note the homogeneity inmajorelements for both zones and in trace elements for

the Fe-richzone basedontbeir RSD's (Table 3.4). Dueto theSlDl1l size ofthe Fe-poorzone,

1 was limited to performiDg a single aoalysis in this zone by LAM-ICP-MS (i.e., the MREE:

Eu, G~ Tb, Dy, Ho, Er; see Table 3.4). The Ievel ofMREE concentrations between the Fe

rich and the Fe-poor mnes agree to within one standard deviation for Gd and Dy(P-Mf-34a

and P-MT-34b). However 1am convioced tbat the Evel ofconcentration ofEu Tb, Ho, and

Er determined in both zones would lie within, or close to, two standard deviations ifit bad

been possible to perform more than one analysis in the Fe--poor zone (i.e., P..Mf-34b).

In the quenched glass, the large standard deviations attaebed to 8i02' MgO, aDd Cao

suggest inhomogeneity al the scaIe ofthe electron microprobe (the electron beam used WU

10 f.UD; Table 3.6). Results ofKDU~values caJcuJated fiom diffetent spots in the queoched

glass were between 0.76-1.5 and 0.35-0.69 using a fixed valueofrF~al 0.166 or

0.076 for P..MT..34a and P..MT..34b, respectively (Table 3.S). As discussed below, the Fe-
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rich and Fe-poor amphiboles bad high contents of VIAl in the M(I,2,3) octabedral sites

compared to an other amphibole nm products (Table 3.5). In calcic amphiboles, VIAl and

VIMg are strongly ordered in the M(2) site, but Ylfe2+ prefers the M(l) andM(3) sites Ove!' the

M(2) site (Hawthorne 1983). Increasiog pressure increases the aluminum in the amphibole

structure (Hammarstrom and Zen 1986) resuIting in a displaœment ofVlMg ftom the M(2)

site by VIAl substitution causing a Iùgher Fe2+1Mg ratio in the equilibrium amphibole

(Robinson etal. 1982). However, the high KD'Udfq obtained for bath compositions (Fe-rich

and Fe-poor) can aIso he attnbuted to iron-Ioss to the outer container (i.e., Au,sP~) as

mentioned previously (- 55 relative %). Such high iron-loss ftom the charge to the outer

container results in a decrease ofthe~F~wbich will aftèct the l:FelMg.. ,. il lie due to

equilibrium between amphibole and Iiquid. This new equilibrium will eventuaIly force the

amphibole to lose ironto the Iiquid resuIting ina Fe-poor :mne surrounding the Fe-rich crystal

core. The iron-Ioss ftom the charge to the container may have occurred at the end ofthe

experiment, leaviDg a :mned amphibole wbich did not bave enough lime to reequilibrate its

Fe-Mg values with the evolved liquid. Despite the filet tbat KD'Ur:JMa ratios associated with

bath zones suggest a non-equilibrium state for this particularnmprod~1 believe that useful

constraints on the etfect ofpressure, oxygen fugacity and crystal chemical oontrols on trace

element partitioning cao still he extraeted ftom this experiment due to: (1) the trace element

concentrations (MREE) between bath zones were within, or close to, two standard

deviations; (2) bathzones were homogeneous inmajorelements; (3) the RSD values attaebed
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to the trace elements in the Fe-rich zone had the same range as those measured on other

amplu"bole run products; (4) the D values associated with the MREE ftom bath zones are

within one standard deviation ofeach other (discussed below).

3.4.1.1.3. The crystal chemistry ofamphibole

Figure 3.3 sbows a diagram ofTiagaiDst lOOMg/(Mg+Fe2} wbich demoostrates tbat

most experimentally produced amphiboles occupy the pargasite field composition, typical of

ampluboles found in xenoliths hosted by alkatine basaItic rocks (Dawson and Smith 1982).

In this study, the only composition that produced kaersutite in the final amphibole nm

products was the P-MTgTi starting material (i.e., P-MTgTl31 nID; Table 3.1). Note that ail

amphiboles in previous expelimental studies using modified basaltic compositions (NichoUs

and Harris 1980, Adametal. 1993,AdamandGIeen 1994, LaTourretteetaI. 1995, Fujinawa

and Green 1997) or oatural kaersutite CtyStaIs (DaIpé et al. 1995) are aIso classified as

pargasite with the exceptionofa kaersutiteobtained byGreenand PeaISOn(1985a; run# 998)

which was produced by using a modified tholeüte.

For comparison with our P-MT starting material, 1 plot on Figme 3.3 the pargasite

phenocryst compositions sampled ftom an o~fteenepheline besaIt (Oum 1972) and

another sample ftom a Iamprophyre dike (Philpotts andSclmetzler 1970). ThesepbenocIysts

came ftom the samc alkaljne intrusivecolq)lexes ofMontreal (Quebec, Canada) as P-MT but

from different outcrops. The composition ofour pargasite megacryst agIeeS in titanium
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Figure 3.3. Sub-classffication ofcalcic amphiboles (expeI il 1entai and natura1) oœurring in

basa1tic and ultramafic compositions. AH amphiboles are calcuIated on a basis of23 atoms

of oxygen per formula unit [i.e., 23(0) apfu; Leake el al. 1997]. Abbreviations denote:

NichoDs and Harm (1980) [NIl (80)]; Green and Pearson (1985a) [GP (85a)]; Adam el al.

(1993) and Adam and Green (1994) [AGS (93) and AG (94)]; DaIpé et al. (1995) [DBS

(95)J; LaTourrette et al. (1995) [LHH (95)]; Fujioawa aod Green (1997) [FG (97)]. Letters

and numbers deoote: kaersutite phenocryst ftomHoover Dam Iamprophyre dike (K=K-HD;

Table 3.1); pargasite megacryst ftomMonteregian lamprophyre dike œ= P-MT; Table 3.1);

pargasitephenocrystftomMonteregianolivine-fieenepbeliDitebasalt[l,source:Gunn(l972,

sample MTOO(8»); pargasite phenocryst ftom Monteregian Iampropbyre dike [2, source:

Philpotts and Schnetzler (1970, sample GSFC 29)]; kaersutite pbenoayst ftom Hoover Dam

Jampropbyre dike [3, source: Campbell and Schenk: (1950)]; pargasite ftom "Alpine"

peridotites (A), interstitial pargasite in spmel peridotite xenoliths (1), megaayst kaersutite

(M), poikilitic kaersutite in Ti-augite pyroxenites (P), vein kaersutite (V), source: Wilkinson

and Le Maître (1987). The dadJed Iines show the effect of Ti-doping on amphibole

compositions (see text). The solid Iines show the eifect of pressure on the amphibole

compositions (see text).
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content but does IlOt &greC in Mg# compared to pbenocrysts reported by Philpotts and

Schnetzler (1970) and Gum (1972) (Fig. 3.3). Such a ditrerence in Mg# could be explaiDed

by the impurity component associated with the pargasite Sllq)le (e.g., Gum 1972, see Table

2, sample MTOOOS bas 95 % purity) or by the measured or estimated proportion ofF~ in

the amphibole (discussed belowfor our samples). Forcomparisonwithourkaersutite starting

rnaterial (i.e., K-HD; Fig. 3.3), 1 added a kaersutite phenocryst composition ana1yzed by

Campbell and ScheDk (1950) where bath materials came ftom the same alJcaline intrusive

complexes at Hoover Dam (Arizona, U.S.A.), but from different outcrops. Based on the

electronmicroprobe precision, tbere is practicallyno significant ditference in titaniumcontent

between both sampJes. However, this is DOt the case for the Mg#. Our partition coefficients

will he compared to those ofoatural crystallmatrix pairs below. Also shawn forco~n

are average compositions ofsome natural calcic amphiboles associated with upper mande

rocks such as interstitial pargasite in spinel peridotite xenoliths, poikilitic kaersutite (i.e., Ti

rich pargasite) in Ti-augite pyroxenites, vein kaersutite in peridotites, megacryst kaersutite,

and pargasite ftom 'alpine' peridotites (Wilkinson and Le Maitre 1987).

The crystal chemistry ofour calcic amphiboles sbowed two distinct groups based on

the distribution of IVSi and IVAl ioto the T(1,2) tetrahedral sites, VITi into the M(I,2,3)

octahedral sites, vmea ioto the M4 site, K/(K+Na) ratio, Ca/(Ca+Na) ratio, and ontbeir Mg#

values (Table 3.5). Table 3.7 shows the ptiDcipal characteristics ofboth groups based ontheir

crystal chemistry. The first group [gr. (1)] ofamphiboles included those wbich crystaUized
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Table 3.7. Principal cbaracteristics of amphibole nID

products based on their crystal chem!try (this study)
sm naturaI naturaI

rocks crystaIs
(1) (2)

structural
site

1{1,2) Si
AI

> 6.000
<2.000

<6.000
> 2.000

M(I,2,3)

M(4)

Ti

Ca

<0.350

< 1.740

> 0.350

> 1.740

RatioS-: K/(Na + K) < 0.290 > 0.290
CaI(Ca + Na) <0.735 >0.735
Ms#" < 82 > 82

Abbreviations: sm.startiDg material, apfu-atoms per formula unit. • Ratios were obtained

using the total Dumber ofatoms per formula unit (see Table 3.5). bMg# = MgI(Mg+Fe2+)

from the structural formula.
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nom natural buJk rock materials and had a high IVSi content (i.e., > 6.000 apfu), Iow IV~

VITi, and vmea contents (i.e., < 2.000, < 0.350, < 1.740 aptù, respectively), Iow K/(K+Na)

and Ca/(Ca+Na) ratios (i.e., < 0.290 and 0.735, respectively), and Iow Mg# (i.e., < 82),

independent ofpressure and temperature coDditions (e.g., HFI3-38, KI921-15, FMIO-02,

FMIO-23, FMIO-25; Fig. 3.3 and Table 3.5). The distinction of Ca/(Ca+Na) against

K/(K+Na) for bath groups can he observed in Figure 3.4. One exception to tbis group was

the HF'l3gTî03 run wbich bad a bigber VITi content tban the 0.350 apfu Iimit (i.e., 0.426

apfu), resuIting ftom its Ti-doping (Table 3.5). In general, the crystalchemistry ofaqm.bole

from previous experimental studies using modified basaItic rock compositions (i.e., NichoUs

andIIarm 1980, Adameta/. 1993, Adamaod Green 1994, LaTourretteeta/. 1995, FujiDawa

and Green 1997) agrees weB based on their IVSi, IV~ Yl-fi, and CaI(Ca+Na) ratio wbiIe the

Mg# Iimits and the K/(K + Na) ratio showed sorne discrepaŒies about our Iimits (sec Figs.

3.3 and 3.4). The second group [gr. (2)] of calcic amphiboles included those wbich

crystallized ftomnatural buIkamphibole materials (i.e., pargasite orkaersutite) aDd bad a Iow

IVSi content (i.e., < 6.000 apfu), bigh IVAl, VIyi, aud vmea contents (i.e., > 2.000, > 0.350, >

1.740 ap~ respectively), high KI(K + Na) and Ca/(Ca+Na) ratios (i.e., > 0.290 and 0.735,

respectively), 8Dd a higb Mg# (i.e., > 82; P-MT-27, P-MTg-12, P-MTg-43, P-MTgTï31, K

HO-08; Figs. 3.3, 3.4 and Table 3.5). However in this second group, the amphiboles that

crystallized ftombigberpressure runs (i.e., P-MT-34a, P-MT-34b, and P-MTg-41, ail at 2.5

OPal showed a sirmlar content in VIyi as in the first group (i.e., < 0.350 apfu) but majntajned
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Figure 3.4. Variation of Ca/(Ca+Na) against K/(K.+Na) in expetimentally produced

amphibole from this and previous studies usiDg basaItic compositions. Symbols and fields as

in Fig. 3.3. The dashed line shows the empiriœllimit between expeiimentally produced

amphiboles using basaItic rocks « 0.735 CaI(Ca+Na» or natural amphiboles (> 0.735

Ca/(Ca+Na» as starting materials (see text).
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their high Mg# (i.e., 86, 93, 8Dd 93, respectively; Fig. 3.3 and Table 3.5). Furtbeimore, the

zonedamphibolestbat crystaUized inP-MT-34 sbowedanambivalent behaviourbetweenboth

groups for their IVSï, IVAl contents in the 1{1,2) sites and vmea content in the M(4) sites

(Table 3.5). Also noted was a distinct characteristic ofbigh VIAlco~ greater tban 0.600

apfu, wbich was the maximum observed in amphiboles ftom both groups (Table 3.5).

The concentration Ievels of LILE, HFSE, and REE in both groups of calcic

amphiboles lay within one standard deviation ofeach otber (Table 3.4). However, a general

trend observed in both groups was that the average concentrations ofail these trace elements

were higher for expeiimentalJy produced amphiboles using natural buIk rock materials. This

tendency was due to the traœ element contents ofthe düferent starting materials. Alkaline

and nephelinitic basaltic rocks contajned higher trace element contents tban natural pargasite

or kaersutÏte.

3.4.1.2. Mica

ReJatively large euhedral ( -175-800 J.UIl along tbeir longest axis) and homogeneous

micas were crystallized in P-MT-27, P-MT-34, P-MTg-12, P-MTg-41, P-MTg-43, and

FMI0-o2 nms al different pressures (1.5-2.5 OPal aod temperatures (1040-1H)()OC; Table

3.3). They were classified as phlogopite according to the Mg-Al-Fe; diagram (Fe; = total Fe;

Mitchell 1995) using a structural formula based on 22 atOfœ ofoxygen (Deer et al. 1992)

(Table 3.8). Because the F~lFfil+ratio inmicas is DOt weB coDStraiDed 1 preferred to use the
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• Table 3.8. Phlosopite cumpositioœ in exeimeDlS and their formula unit
sm P-MT P-MT P-MTg P-MTg P-MTg
run# 27 34 12 41 43
n 6 8 3 12 4
(wt.%)
SiOz 37.32 (0.13) 37.70 (0.38) 37.21 (0.09) 37.81 (0.22) 37.36 (0.09)
TiOz 3.68 (0.04) 2.13 (0.14) 4.61 (0.25) 1.42 (0.06) 2.60 (0.20)
A1z0) 18.14 (0.13) 17.10 (0.11) 19.09 (0.27) 17.41 (0.23) 17.54 (0.36)
FeO 4.43 (0.14) 4.00 (0.46) 5.56 (0.18) 4.59 (0.20) 5.20 (0.33)
MnO bUd hlld bUd bUd 0.03 (0.01)
MgO 21.20 (0.16) 22.41 (0.31) 20.78 (0.21) 22.67 (0.19) 21.90 (0.13)
CaO 0.16 (0.02) 0.08 (0.06) 0.13 (0.02) 0.09 (0.04) 0.11 (0.03)
NazO 0.84 (0.05) 0.47 (0.03) 0.43 (0.06) 0.63 (0.21) 0.60 (0.05)
KzO 9.32 (0.06) 9.83 (0.22) 9.26 (0.17) 9.91 (0.16) 9.68 (0.11)

Total 95.09 93.72 97.07 94.53 95.02

(apfu)
TetrahedraJ site (Z)
Si 5.315 5.442 5.207 5.430 5.354
Al 2.685 2.558 2.793 2.570 2.646

t 8.000 8.000 8.000 8.000 8.000
Octahedral site m
AI 0.360 0.352 0.356 0.376 0.317
Ti 0.394 0.231 0.485 0.153 0.281
Mn bUd bUd bUd bUd 0.004
Fe2+ 0.528 0.483 0.651 0.551 0.623
Mg 4.500 4.823 4.336 4.853 4.679
t 5.782 5.888 5.828 5.934 5.899
lnterstitial site (X)
Ca 0.024 0.012 0.020 0.014 0.017
Na 0.231 0.132 0.117 0.175 0.166
K 1.694 1.810 1.654 1.816 1.769
L 1.949 1.954 1.790 2.005 1.953
Total 15.731 15.842 15.618 15.939 15.852
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Table 3.8. (continued)
sm FMIO
run# 02
n 5
(wt.%)
Si02 37.93 (O.OS)
Ti02 2.90 (0_11)
Al20) 16.03 (0.09)
Fe<> 8.49 (0.11)
MnO 0.05 (0.01)
MgO 20.20 (0.12)
CaO 0.11 (0.01)
Na20 1.27 (0.06)
K 20 8.54 (0.13)

Total 95.52

(apfu)
TetrahedraJ site (2)
Si 5.468
Al 2.532
L 8.000
Octahedral site (Y)
Al 0.191
Ti 0.314
Mn 0.006
Fe2+ 1.024
Mg 4.341
L 5.876
Interstitial site (X)
Ca 0.011
Na 0.355
K 1.571
L 1.942
Total 15.818
Abbreviations: sm-startingmaterial (see Table 3.1), runM-run number (see Table3.3), apfù-atoms per

formula unit (based on 22 atoms ofoxygen; Deer et al. 1992).
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EFe-Mg exchange coefficient (i.e., KDU~ insteadorthe Fe2+-Mg exchaoge coet1icient to

evaluate ifequilibrium existed between mica and queDChed meh during expeliments. The

calculated EFe-Mg exchange coefficients (i.e., KDU~ between micas and liquids were

similar (i.e., 0.19, 0.29, 0.40, 0.39, 0.29 for P-MT..27, P-Mfg-12, P-MTg-41, P-MTg-43,

and FMI0-02, respectively) or higber (0.62 for P-MT-34) to the range reported or calcuJated

from other expetimeDtally produced micas (i.e., -0.24 to -0.30: Jakobsson and Holloway

1986, Fig. 8; 0.03-0.25: Guo and Green 1990, runs#: 1076, 1163, 1165, 1234, 1235, 1244;

0.24: Adam et al. 1993, run#: 1394; 0.34: LaTounette et al. 1995, run#: 3047f-l).

However, the KDlYeIMc for mica is not weI calibrated, leaving a doubt, simiIar to the case for

amplu"bole, as to the acceptable range ofequilibrium values. 1 inferred tbat the reJatively Iow

and high KDfJeJMa values observed for P-MT-27 and P-MT-34 expeliments between

phlogopite and quenched melt, respectively, could be explained by a donünant number of

analyses performed in the glass close to the crystal ritœ (e.g., P-MT..27) or by iron-loss ftom

the charge to the container (e.g., P-MT-34). However, no phlogopite zoning was observed

in the P-Mf-34 experiment unlike tbat obserYed in the coexisting amphibole suggestiog that

phlogopite completed the crystallization prior to iron-Ioss. This observation demonstrates

that the iron-Ioss was a Jate process for P-MT-34 experîment.

The AI...a content in the tetrabedral and octahedral sites (i.e., lVAl + VIAl = 2.723

3.149 apfu), Fe2+ in the octabedral site (i.e., ~e2+=0.483-1.024 apfu), and Mg content in

the octahedral site (i.e., VMg = 4.336-4.853 apfu) were very simiIar to micas reported by
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Adam et al. (1993; nm#: 1394) and LaTourrette et al. 's (1995; run#: 3047T-l) expeliments

using besanitic materials. However phlogopites wbieh crystaIIized ftom pargasitic materials

(i.e., P-MT-27,P-MT-34, P-MTg-12, P-MTg-41, P-Mfg-43) hadahigberAJ...andalower

FeUMal content than the phlogopite wbich erystaDized from the aIkali basah material (i.e.,

FMIO-02; Table 3.8) and those from basanitic materials of Adam et al. (1993) and

LaTourrette et al. '5 (1995) experiments. No significant differenœ exists between the V1Mg

content ofour phlogopites (i.e., pargasitic and aJkaIi basait materials) and the one reported

by Adam et al. (1993) (i.e., > 4.000 apfu) wbiJe 1 observed a lower VMg (i.e., < 4.000 apfu)

content compared to the one reported by LaTourrette et al.'s (1995).

Because crystal thickness is a major problem for LAM-ICP-MS analysis, no traœ

element analyses were done on these micas due to our inabiIity to estilœte tbeir thicknesses.

However, in a previous study on partitioning between phlogopite and nepheJinitic-basanitic

liquid Dalpé and Baker (1993) reported sorne partition coefficients values for Na (0.56

±O.14), Ti (0.71 ±O.10), Ga (0.42 ±O.13), Rb (0.25 ±O.20), Sr (0.55 ±O.24), Y (0.49 ±O.20),

Nb (0.44 ±O.16), and Zr ( 0.40 %0.28) usiDg the synchrotron X-ray-fluorescence microprobe

(SXRFM) (see aIso Green 1994).

3.4.1.3. Pyroxene

Two distiDct crystal shapes ofpyroxenes, anhedral and eubedral, were found in the

run products. ADbedral pyroxenes were relatively smaIl crystaIs (-50-200 JUIl along their
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longest axis) surroUDded by amphibole and/or mica (Fig. 3.1b). 1 found anhMral pyroxenes

in all run products ftom ditraent pressures (l.S-2.S OPal and temperatures (1000-1100 OC)

with the exception of the K-HD-OI run where pyroxenes were absent and KI921-1S run

where only euhedral pyroxeœs were present. Pyroxeœ composition varied ftom Ca-rich

diopside (W0nEn...Fs,) to augite(W04~S.2>according to the c1assificationofMorimoto

(1989) on the basis of6 atorœ ofoxygens pet formula unit (Table 3.9). Euhedral crystals

were reJatively large (-300-350 J.UD aIong their longest axis) aDd were in contact with

amphibole and/or mica and glass (Figs. 3.le and 3. Id). Euhedral pyroxeœs were produced

inP-MTgTî31, HFI3-38, HF13gn-03, Kl921-15, aDdFMI0-25 nms and werecJassified as

augite (W043En..sFs.2 to Wo4.En..,FS12; Morimoto 1989). However in the K1921..15 run, an

intergrownofpyroxeneswasobservedinwhichcompositiooswereaugite{W°41EnnFslJand

a Ca-poor pyroxene (wosEn,.Fs.7), correspondiog to a pigeonitic composition.

Based UPOn suspicious Fe2+-Mg excbaDge coefficients (i.e., KD) between anhedral

pyroxenes and Iiquids {ie., KD values were higher or Iower than previously reported values

of0.23 to 0.36; Durm 1987, Sissonand Grove 1993),1 believe that those anhedral pyroxenes

represent a non-equilibrium state al the final nm coDditioos. Tbese anhMral pyroxenes may

have formed duriDg the cooling process wben the temperature ofthe assembly decreased to

the final run temperature. SîmiIar anbedral pyroxeœs surrounded by amphibole were

observed inBrenanetal.'s (1995; see Fig. 2) expeiiments. Pyroxenes crystallized from p..Mf

and P-Mrg materials bad a bigher woDastonite and a Iower ferrosi1ite content (i.e., Wo > 49

and Fs < 7 %, respectively) tban anlwo.dral pyroxenes crystaIIized ftom HFt3, HFI3gTÏ' md
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• Table 3.9. Pyroxene compositions in exeimenlS and tbeir formula unit
sm P-MT P-MT P...MTg P-MTg P...MTg
run# 27 34 12 41 43
n 5 2 3 Il 3
cs a a a a a
(wt.%)
Si02 45.60 (0.09) 48.99 (0.26) 44.34 (1.15) 48.40 (0.74) 47.27 (2.02)
Ti02 2.80 (0.10) 1.67 (0.07) 3.32 (0.68) 1.43 (0.20) 1.98 (0.14)
AhO] 11.00 (0.34) 8.10 (0.18) 12.96 (LOI) 8.23 (0.86) 6.76 (0.39)
FeO 3.14 (0.07) 2.54 (0.10) 3.83 (0.08) 3.47 (0.23) 3.&6 (0.16)
MnO 0.05 (0.01) 0.06 (0.01) 0.06 (0.02) 0.03 (0.01) 0.05 (0.03)
MgO 13.37 (0.22) 15.41 (0.07) 12.74 (0.60) 14.50 (0.42) 14.73 (0.33)
CaO 22.37 (0.09) 22.09 (0.20) 22.16 (0.20) 23.27 (0.30) 23.79 (0.13)
Na20 0.52 (0.09) 0.70 (0.01) 0.53 (0.01) 0.62 (0.05) 0.37 (0.01)
K20 bUd bUd bUd bUd blld

Total 98.85 99.56 99.94 99.95 98.81

(apfu)
Tetrahedral site
Si 1.690 1.789 1.631 1.775 1.767
AI 0.310 0.211 0.369 0.225 0.233
E 2.000 2.000 2.000 2.000 2.000
Octahedral sites M(1,2)
AI 0.170 0.137 0.193 0.131 0.064
Ti 0.078 0.046 0.092 0.039 0.056
Fe2+ 0.097 0.077 0.118 0.106 0.121
Mn 0.002 0.002 0.002 0.001 0.002
Mg 0.739 0.839 0.699 0.793 0.821
Ca 0.888 0.864 0.874 0.914 0.953
Na 0.037 0.049 0.038 0.044 0.027
K bUd bUd bUd bUd bUd
E 2.011 2.015 2.015 2.030 2.042

Total 4.011 4.015 4.015 4.030 4.042
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sm P-MTgn HFl3 HF13 HF13gn HF13gn
run# 31 38 38 03 03
n 3 2 2 1 1
cs a(+er e a a e
(wt.%)
Si02 47.07 0.44) 50.45 (1.04) 52.21 (0.11) 49.89 53.35
Ti02 3.13 (0.63) 1.42 (0.25) 0.69 (.002) 2.66 0.79
Al2O] 8.91 (1.42) 5.10 (0.90) 3.11 (0.01) 6.44 2.46
FeO 1.65 (O.O7) 6.61 (0.16) 6.36 (0.10) 5.74 5.00
MnO 0.08 (0.01) 0.15 (0.01) 0.19 (.001) 0.18 0.17
MgO 15.19 (0.55) 14.59 (0.04) 14.64 (0.04) 14.03 16.41
CaO 22.69 (0.19) 19.71 (1.22) 21.23 (0.07) 20.08 21.1.1
Na20 0.50 (0.04) 1.39 (0.29) 0.96 (0.01) 1.30 0.93
K20 blld blld blld blld bUd

Total 99.22 99.42 99.41 100.38 100..25

(apfu)
Tetrahedral sile
Si 1.727 1.869 1.934 1.828 1.946
Al 0.273 0.131 0.066 0.172 0.054

L 2.000 2.000 2.000 2.000 2.000
Octahedral sites M(1,2)
Al 0.113 0.092 0.070 0.106 0.051
Ti 0.086 0.040 0.019 0.073 0.022
Fe2+ 0.051 0.20S 0.197 0.176 0.152
Mn 0.002 0.005 0.006 0.006 0.005
Mg 0.831 0.806 0.809 0.766 0.892
Ca 0.892 0.782 0.843 0.788 0.&25
Na 0.036 0.100 0.069 0.092 0.066
K bUd bUd blld blld blld
L 2.011 2.030 2.013 2.006 2.013

Total 4.011 4.030 4.013 4.006 4.013
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• Table 3.9. (continuai)
sm K1921 KI921 FMIO FMI0
run# 15 15 23 25
n 4 8 7 7
cs ~ ~ a e
(wt.%)
Si02 50.67 (1.23) S4.27 (0.43) SO.49 (0.92) 49.60 (0.77)
Ti02 1.16 (0.36) 0.37 (0.04) 0.88 (0.22) 0.71 (0.11)
Ah03 4.97 (1.11 ) 2.94 (0.40) 5.27 (1.03) 6.09 (0.33)
FeO 7.31 (0.81) 11.55 (0.41) 7.14 (0.40) 9.29 (0.46)
MnO 0.16 (0.02) 0.21 (0.02) 0.19 (0.02) 0.22 (0.01)
MgO 15.79 (1.00) 28.67 (0.2S) IS.32 (0.76) 12.95 (0.33)
CaO 19.07 (0.46) 2.35 (0.40) 19.78 (0.76) 19.33 (0.29)
Na20 0.52 (0.03) 0.07 (0.01) 0.65 (0.06) 1.03 (O.OS)
K20 bUd blld blld blld

Total 99.65 100.43 99.72 99.22

(apfu)
Tetrahedral site
Si 1.870 1.922 1.86S 1.860
AI 0.130 0.078 0.135 0.140

L 2.000 2.000 2.000 2.000
Octahedral sites M(l.2)
AI 0.086 0.044 0.095 0.129
Ti 0.032 0.010 0.024 0.020
Fe2+ 0.226 0.342 0.221 0.291
Mn 0.005 0.006 0.006 0.007
Mg 0.869 1.513 0.144 0.724
Ca 0.754 0.089 0.783 0.777
Na 0.037 O.OOS 0.047 0.075
K bUd bUd bUd blld

E 2.009 2.010 2.019 2.023

Total 4.009 4.010 4.019 4.023

•

Abbreviations: sm-starting mataial, nm#-run number, n-number of analyses, cs-crystal shape, a

anhedraI, e-eubedraI, apfu-atoms per formula unit (based on 6 .toms ofoxygen; Deer et al. 1992),

bUd-conœntration below the ioWa' Iimit ofdetection.

• Run produets contained boIb crystal sbapes. If Intergrown crystals ofCa·ricb and Ca·poor pyroxene

(see text).
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FMIO materials (i.e., Wo < 45 andFs> 8 %, respectively) al sjrm1ar pressure and temperature

conditions. Moreover, the P-MT and P-MTg anIwIral pyroxenes bad a composition simiIar

to those reported by Cbazot et al. (1996) sampled ftom œtural spinel lberzolites and to

experimentally produced pyroxenes from LaTourrette and Bumett (1992; nms#: D and H)

using a modified aIkaIi basait. The anbedralpyroxeœs found inalkaline materials (i.e., HF13,

HF13gTP and FMIO) bad compositions simiIar to tbose found in other expeiimental studies

using different basaltic compositions (NichoUs and Harris 1980, Adam and Green 1994,

SkuJski et a/. 1994).

The KD values ofeuhedral pyroxenes were within the range of0.23 to 0.36. They

were 0.27, 0.29, and 0.29 for P-MTgTî31, HFI3-38, and HFI3gn-03 nms, respectively.

However, Iower KD values wete observed for the imbricated pyroxenes found in the KI92I

15 run (i.e., 0.21 and 0.19) and a Iügber KD value for pyroxenes found in the FMI0-25 nm

(i.e., 0.45). These euhedral pyroxenes were sirnjlar in composition to the pyroXeDeS found

by Nicholls and Harris (1980), Adam and Green (1994), and Sk:ulski et QI. (1994).

We did not perform trace element aœlyses on the difIèrent pyroxeoes (i.e., anbedral.

and euhedral) due to the suspicious aspect oftbeir equilibrium, mDÎDg, ctySta1 size (too smaIl

for the ablation grids used by the LAM-ICP-MS aœlyses), and fiœIly the iocapacity ofeacll

starting material to produœ large and homogeneous euhedtal pyroxeoes for analysis and

comparison between tbcm.
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3.4./.4. Olivine

sman anhedral olivines «100 JUIl aIong tbeir longest axis) surrounded by pyroxene

and/or amphibole and/or mica were foUDd in nms using pargasitic materials (i.e., P-MT-27,

P-MTg-12, P-MTg-41, P-MTg-43, and P-MTgTi31; Table 3.3), and were classified as Mg

richolivine (FO...93; Deer et al. 1992). The Fe2+-Mg exchange coefficients calculated between

the olivine and mek (i.e., KD) were aD slightly offset (i.e., 0.21 to 0.41) ftom the accepted

value of0.30 ± 0.03 ftom Roeder and EJœlie (1970). In the expetiments wbere the starting

materials were simiJar (i.e., P-Mf, P-MTg, P-MTgr .; Table 3.1), lower Ko values were

measured for olMnes wbich crystaIIized ftom experiments at 1.S aPa and at low oxygen

fugacity (i.e., P-MT-27 and P-MTg-12 runs with KD = 0.22 and 0.21, respectively, both at

NNo-2), higher Ko ratios were measured for expetiments at 1.5-2.5 aPa and al high oxygen

fugacity (i.e., P-MTg-43 and P-MTg-41 nIDS with KD =0.41 and 0.44, respectively, both at

NNO+1.7), wbereas the Ko ratio measured in the P-MTgTi31 run was relatively close ta the

accepted value (0.35). The Ko value between olivine and mek was demonstrated to he

reJatively insensitive to temperature and oxygen fugacity (Roeder and Emslie 1970) but

increases with pressure (UImer 1989, Jones 1995), and decreases in Ti-rich basaItic magmas

due to titaniumcomplexation with fenous iron in the liquid (e.g., forming a FeT~Os species),

leaving a fraction ofthe total FeO available for partitioning ioto olivine (Jones 1988).

Forour anhedral olivines, the variation observed in the Ko values coukt he related to

the effect ofpressure and the buIk titaDium content but it seems that the olivines underwent
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simiJar crystaIIization problems as the anbedral pyroxenes. The olivines were probably in

equihbrium with tbeir hast liquid wben tbey crystaIlized fioom bigher temperatures. During

the cooling process to the run conditions, cliDopyroxene~ampbibole~or mica nucleated and

grew around the olivines~ making a barrier between olivine crystaJs and the evolved liquids.

Due to the smaIl crystals and DOn-equihDrium state at the run conditions, no trace element

analyses were performed on olivioes.

3.4.1.5. Glass

Major and trace element aœlysesofthe ditrerent glass runproduets are listed in Table

3.6. In some expelime~ the queuchïng process of the hydrous basaltic liquids resuIts in

micro-spinifèx texture glass (s 5 J.lDl grain size). In such~ muhiple point analyses were

necessary with the electron microprobe to obtain a representative liquid composition.

However~some Iiquid compositions quencbed as a homogeneous glass (Figs. laand 1b). The

differenee in bomogeneity between bath types of queoched glasses cao he observed by

comparison ofthe standard deviations attached to eachmajor element in Table 3.6 (e.g., P

MT-34 versus P-MTgTî31). For the trace elements, because LAM-ICP-MS analyses used

a larger volume of the sample compared to electron microprobe analyses, no significant

differences were observed in the RSD values attached to the traœ elements analyzed in the

micro-spinifex glass versus tbose doue in the hamogeneous glass (bath referred to as

quenched glass). AIl measurements ofmajor and trace elements in the queoched glass were
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coUected beyond the quench-modified glass 2D1Ie with the exception ofthe P-MT-27 run as

discussed previously. 1checked the homogeneity ofthe synthesized glass in ail expetiments

by performing liDe traverses across it and calcl1Jating the relative standard deviation ftom the

multiple analyses. The average RSD's calculated ftom diffi:tent analyses inglass nm products

gave: SiOz (3.75 %), TiOz(5.2 %), ~03 (5.5 %), FeO (6.9 %), MgO (13 %), CaO (8.3 %),

NazO (20 %), and~O (20 %). The high RSD calculated for MgO, N~O, and ~O in the

glass (specially furN~O in FMIO expeiÏments for which the RSD value is up to 44 %,Table

3.6) were attributed to quench crystal formation as mentioned above. The Na-loss during

microprobe analyses in these hydrous glasses al relatively Iow concentrations is normal1y

found to he Jess than the RSD value attached to FMIO experiments (i.e., maximumcalculated

10ss of - 20 % relative; Baker, pers. cooun., 1998). Tbe FezO] and FeO proportion (i.e.,

Fe3+/Fe2+ ratio) was calcuJated using total iron ftomthe eIectronmicroprobe at nID conditions

(i.e., pressure, temperature), and the oxygen fugacity mûntained during the expetiment (i.e.,

NNO-2 and NNO+1.7; Kress and Carmichaell99I).

The compositions of the diffeteUt quenched glasses showed a relatively wide range

ofcomposition based on their major elements (Table 3.6). The quenched glass compositions

ofP-MT-27,P-Mr-34,P-MTg-12,P-MTg-4I,P-MTg-43,P-MTgTî31,K-HD-08,HF13-38,

HFI3gTî03, aDd FMIO-02 experiments were ail classified as albline basaItic compositions

based on their NazO, ~O, and SiOz contents according to Miyasbiro (1978) and Cox et al.

(1979) IlOmenclatures (IlOtnormalind to 100%). Theweight percent ofnormative nepbeline
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associated with these glasses varied fiom 0-5 wt.% (p...MT-34, P-MTgTl'31, K-HD-OS), 5-15

wt.%(p-MT-27,P-MTg-12,P-MTg41,P-MTg43),and>15wt.%(HF13...38,HFI3gn-03,

FMI0-02). Tbese alkaline basaItic quenched glasses were simiJar in major element

concentrations to those produced by Adam et a/. (1993), Adam and Green (1994), and

LaTourrette et a/. (1995). However, the queocbed glass compositions ofKl921-15, FMI0

23, and FMIO-25 expetiments were classified as sub-alkaline basait to basaltic andesite

compositions (Miyashiro 1978, Cox et a/. 1979). For these three quenched glasses, the

weight percents orthe normative hyperstheDe were ail> 21 wt.% and they were different in

composition ftom ail previous experitœntal studies. The aIkaIi index (MiddIemost 1975) of

KI921-15, FMI0-23, and FMI0-25 quenched g)agseg were 2.65, 6.57, and 3.06, respectively

(using values in Table 3.6 witbout normalisation to 1(0). The high aIkaIi indices observed for

the FMI0-23 glass composition suggests a high-alumina basa1tic affinity (or calc-alkaline

basaltic affinity based on Midd1emost's 1975 classification). However, the alkaIi index orthe

K1921-15 and FMIO-25 quenched glasses were simiJar to those observed by Green and

Pearson's [1985a; nms#: 998 and955 (HM)], and byN"lChoDs and Harris (1980; runs#: 4749,

4754,4755, and 4756) expetiments, but bad a lower~OJ content « 16.5 wt.%; Table 3.6).

Experiments performed with the pargasitic materiaJs (P-MT and P-MTg) sbowed a

reduction in Si02 content ofthe quenched glass as pressure increased &am 1.5 to 2.5 GPa

(i.e., P-MT-27 and P-MT-34, P-MTg-43 and P-MTg-41, respectively), independent of

oxygen fugacities wbile this trend was reversed (i.e., Si01 content hlcreased) for the aIkaIic
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basaIt material (FMIo-23 and FMIo-2S) al the high oxygen fùgacity condition (Table 3.6).

These trends ret1ect the modal proportions ofamphibole aud <:Iinopyroxene observed in the

experiments wbere amphibole decreased and <:Iinopyroxene increased as pressure iDcreased

for P-MT compositions (e.g., P-MT-27, P-MT-34, P-MTg-43, and P-MTg-41), whereas

modal proportions ofampbibole increasedandc6nopyroxeœ decreasedas pressure increased

for FMIO buIk composition (e.g., FMI0-23 and FMIo-2S; Table 3.3).

The range ofcakulated Mg#t ofthe diffetent quenched glasses varied ftom 62 to 86

(e.g., P-MT-27, P...MT-34, P-MTg-12, P-MTg-41, P-MTg43, P-MTgTÎ31, K-HD-08), 53 to

63 (e.g., HF13-38, HF13gTi03), 45 (e.g., KI921-1S), 41 to SS (e.g., FMIO-02, FMI0-23,

FMI0-25) as a fùŒtion of pressure, oxygm fugacity, temperature, and starting material

composition (Table 3.6).

In Sllmmary it appears tbat the ditferent quencbed g'asses (œfèaed bereafter as melt)

and the amphibole nm products were bomogeoeous in major, minor, and traœ elements.

Furthermore due to the long run durations used in tbis study (i.e., ~ 24 hl, partitioniDg of

major, minor, and trace elements between amphibole and melt demonstrate equilibrium

behaviour at nm conditioos.

3.5 Resalts ••d co.parlloa wit.. prerio•• It1Idies

Partition coefticieDts were calculated using multiple spot or grid analyses performed
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by electron microprobe and LAM-ICP-MS (Table 3.10). The concentrations of trace

elements (i.e., Nb, Th, U, Tm, and Lu) in the amphibole for sorne experiments were below

the lower limit of detection of the LAM-ICP-MS (Table 3.4). In such cases, the derived

partition coefficient (on a qualitative basis) was calculated usiDg the lower limit ofdetection

of the element (i) attached to the LAM-ICP-MS divided by the concentration of each

respective element (i) in the queocbed glass (i.e., Di = Ildt 1concentration ofthee~ in

the quenched glass; Tables 3.2 and 3.6). Tbese partition coefficients were assumed to he

maximum values (i.e., D".J. In one expetiment, the uranium concentration in the quenched

glass was below the Iower limit of deteetion (P-MT8Tî31; Table 3.6). In this case the

maximumpartition coefficient could not he estÏiœted. As mentiooed above for the P-MT-34

experime~ the concentrations ofEu,~ Tb, Dy, Ho, 8Dd Er were similar based on two

standard deviations between both mnes ofthe amphibole run products [i.e., Fe-rich (core)

and Fe-poor (rim); Table 3.4] In this case, 1used the calculated partitioncoefficients between

the Fe-rich zone aod meIt.

3.5.1. Efficts ofmell compositions on panitioning

BecauseciifIèrent buJkstarting DIIteriaIswere used in this studyaldifldent pressures,

temperatures, and oxygen fugacities, the variation in partitioDing due to the eftècts ofbulk:

starting material cm he a complex parameter to isoJate ftom the physical conditions (e.g., P,

T,jOJ. 1 observed tbat differing oxygen fugacities cao significantly affect the melt
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sm P-MT p.Mf& P-MTg
nm# 27 34 12
T 1100 1050 1100
P 1.5 2.5 1.5
JfJ2 low low low

P-MTg
43
10S0
I.S
hiall

• Table 3.10. Measured partition coefficients

Ti 0.87 (0.05) 0.51 (0.06) 0.98
AI 1.08 (0.06) 1.14 (0.12) 0.97
Ca 0.92 (0.05) 1.12 (0.25) 0.97
Na 1.38 (0.28) 1.75 (0.57) LIS
K 1.52 (0.36) 1.81 (0.68) 1.59
Rb 0.32 (0.08) 0.63 (0.08) 0.33
Sr 0.45 (0.02) 0.44 (0.05) 0.52
Y 0.41 (0.03) 0.44 (0.02) 0.46
Zr 0.16 (0.02) 0.09 (0.01) 0.19
Nb 0.08 (0.01) O.04c 0.10
Ba 0.42 (0.06) 0.42 (0.03) 0.47
Hf 0.32 (0.06) 0.18 (0.02) 0.35
Ta 0.08 (0.03) 0.05 (0.01) 0.15
The 0.16 0.50 0.22
lF 0.27 0.44 0.36
La 0.06 (0.01) 0.03 (.002) 0.08
Ce 0.10 (0.02) 0.08 (0.01) 0.12
Pr 0.15 (0.02) 0.13 (0.01) 0.18
Nd 0.21 (0.02) 0.18 (0.02) 0.24
Sm 0.34 (0.04) 0.30 (0.04) 0.31
Eu 0.43 (0.12) 0.28 (0.05) 0.44
Gd 0.46 (0.15) 0.43 (0.08) 0.48
Tb 0.49 (0.16) 0.48 (0.03) 0.45
Dy 0.50 (0.17) 0.45 (0.04) 0.49
Ho 0.45 (0.16) 0.53 (0.02) 0.47
Er 0.42 (0.1S) 0.45 (0.07) 0.49
Tm 0.3OC 0.43e 0.51
Yb 0.32 (0.10) 0.40 (0.12) 0.43
Lu 0.2?C 0.4(1 0.51

P-MTg
41
1075
2.5
hiE

(0.05) 0.68
(0.09) 1.01
(0.12) 0.99
(0.12) 1.27
(0.47) 1.72
(0.18) 0.54
(0.02) 0.58
(0.01) 0.40
(0.01) 0.21

0.08
(0.04) 0.72
(0.06) 0.35

0.11
0.19
0.36

(0.01) 0.11
(.004) 0.17
(0.01) 0.23
(0.01) 0.29
(0.02) 0.42
(0.06) 0.46
(0.02) 0.45
(0.04) 0.44
(0.02) 0.42
(0.03) 0.42
(0.04) 0.40

0.35
(0.06) 0.34
(0.11) 0.36

(0.07) 0.40
(0.14) 1.08
(0.11) 1.08
(0.19) 1.16
(0.51) 2.20
(0.10) 1.04
(0.03) 0.50
(0.04) 0.38
(0.02) 0.08
(0.02) 0.03c

(0.08) 0.72
(0.06) 0.12
(0.02) 0.03C

0.31
0.57

(0.01) 0.08
(0.02) 0.12
(0.02) 0.17
(0.01) 0.23
(O.OS) 0.31
(0.04) 0.34
(0.04) 0.39
(0.06) 0.42
(0.04) 0.38
(0.06) 0.35
(0.06) 0.34
(0.06) 0.33c

(0.04) 0.23
(0.07) 0.41

(0.08)
(0.06)
(O.OS)
(0.20)
(0.26)
(0.13)
(0.04)
(0.03)
(0.01)
(0.03)
(0.08)
(0.02)
(0.03)

(0.03)
(0.03)
(0.03)
(0.03)
(0.03)
(0.03)
(0.01)
(0.03)
(0.02)
(0.02)
(O.OS)
(O.03)
(0.01)
(0.07)
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• Table 3.10. (continued)
sm P-MTgn K-fIDb HFt3 HFI3gn Kl921
run# 31 08 38 03 15
T 1130 1100 1020 1040 1020
P 1.5 1.5 1.5 1.5 1.5
JSl2 10w Iow low low low
Ti 0.72 (0.03) 0.76b (O.OS) 1.20 (0.06) 1.17 (0.10) 1.46 (0.10)
Al 0.99 (0.02) 1.01 (0.07) l.01 (0.04) 0.96 (0.04) 0.90 (0.01)
Ca 1.00 (0.01) 1.01 (0.08) 1.00 (O.OS) Lit (0.07) 1.31 (0.03)
Na 0.97 (0.07) 1.29 (0.23) 0.77 (0.10) 0.49 (0.05) 1.43 (0.06)
K 1.46 (0.07) 1.2'" (0.63) l.OS (0.2S) 0.67 (0.08) 0.73 (0.06)
Rb 0.45 (0.03) O.22b (0.04) 0.16 (0.01) 0.14 (.004) 0.21 (0.03)
Sr 0.57 (0.02) 0.37 (0.01) 0.16 (.004) 0.20 (.004) 0.41 (0.04)
Y 0.48 (0.03) 0.33b (0.03) 0.25 (0.01) 0.33 (0.01) 0.79 (0.09)
Zr 0.24 (0.04) 0.12b (0.01) 0.19 (.001) 0.24 (0.01) 0.21 (0.02)
Nb 0.20 (0.02) 0.05b (0.01) 0.13 (.003) 0.12 (0.01) 0.18 (0.03)
Ba 0.59 (0.03) 0.27 (0.01) 0.11 (.OOS) 0.18 (0.01) 0.28 (0.03)
Hf 0.35 (0.13) 0.32 (0.05) 0.41 (0.02) 0.46 (0.05) 0.31 (0.06)
Ta 0.27 (0.06) O.O~ (0.02) 0.16 (0.01) 0.18 (0.01) 0.16 (0.03)
The: 0.24 0.38 0.01 0.01 0.04
UC bUd 0.08 0.01 0.01 0.05
La 0.21 (0.03) O.04b (0.01) 0.04 (.001) 0.07 (.002) 0.11 (0.02)
Ce 0.23 (0.03) 0.07'» (.002) 0.08 (.003) 0.11 (.002) 0.19 (0.02)
Pr 0.27 (0.03) 0.10 (0.01) 0.11 (.002) 0.15 (.002) 0.27 (0.03)
Nd 0.32 (0.02) 0.14b (0.01) 0.16 (0.01) 0.21 (.003) 0.36 (O.OS)
Sm 0.36 (0.09) 0.18 (0.07) 0.25 (0.01) 0.24 (0.01) 0.64 (0.17)
Eu 0.45 (0.06) 0.33 (0.02) 0.26 (0.01) 0.29 (0.02) 0.53 (0.13)
Gd 0.42 (0.05) 0.36 (0.02) 0.29 (0.01) 0.33 (0.02) 0.60 (0.05)
Tb 0.37 (0.06) 0.38 (0.02) 0.31 (0.02) 0.33 (0.02) nd
Dy 0.38 (O.OS) 0.40 (0.01) 0.31 (0.01) 0.3S (0.01) 0.66 (0.19)
Ho 0.39 (0.05) 0.34 (0.04) 0.30 (0.02) 0.33 (0.03) 0.64 (0.14)
Er 0.41 (0.04) 0.35 (0.01) 0.28 (0.02) 0.30 (0.03) 0.87 (0.12)
Tm 0.53 (0.08) 0.28 (0.03) 0.30 (0.04) 0.21 (0.03) 0.79 (0.15)
Yb 0.53 (0.03) 0.34 (0.04) 0.24 (0.01) 0.21 (0.02) 0.65 (0.11)
Lu 0.4OC 0.24 (0.03) 0.25 (0.08) 0.23 (0.06) 0.56 (0.21)
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Table 3.10. (continued)
sm FMI0 FMI0 FMIO
run# 02 23 25
T 1040 1000 1000
P 1.5 1.5 2.2
fSl2 low bip big!l
Ti 1.20 (0.12) 0.96 (0.07) LOI (0.08)
Al 1.02 (0.09) 0.83 (0.06) 0.89 (0.06)
Ca 0.96 (0.11) 1.43 (0.16) 1.40 (0.19)
Na 0.85 (0.19) 1.61 (0.41) 2.05 (0.90)
K 0.71 (0.11) 1.21 (0.38) 1.40 (0.46)
Rb 0.23 (O.OS) 0.23 (0.03) 0.27 (0.03)
Sr 0.23 (0.02) 0.44 (0.03) 0.30 (0.02)
Y 0.36 (0.06) 0.63 (0.03) 0.61 (0.03)
Zr 0.25 (0.04) 0.16 (0.02) 0.09 (0.01)
Nb 0.14 (0.02) 0.10 (0.01) 0.07 (0.02)
Ba 0.16 (0.02) 0.34 (0.04) 0.24 (0.02)
Hf 0.44 (0.09) 0.26 (0.05) 0.15 (0.02)
Ta 0.18 (0.02) 0.12 (0.02) 0.07 (0.02)
The: 0.01 0.04 0.03
VI: 0.01 0.06 0.04
La 0.07 (0.02) 0.10 (0.02) 0.06 (0.01)
Ce 0.12 (0.02) 0.16 (0.02) 0.12 (0.01)
Pr 0.17 (0.02) 0.25 (0.02) 0.19 (0.02)
Nd 0.23 (0.03) 0.36 (0.04) 0.25 (0.02)
Sm 0.33 (0.06) 0.51 (0.10) 0.42 (0.04)
Eu 0.33 (0.05) 0.59 (0.07) 0.46 (0.08)
Gd 0.33 (0.03) 0.60 (0.06) 0.61 (0.06)
Tb 0.33 (0.03) 0.66 (0.06) 0.59 (0.03)
Dy 0.33 (0.02) 0.68 (0.04) 0.65 (0.09)
Ho 0.32 (0.03) 0.67 (0.04) 0.65 (0.04)
Er 0.34 (0.10) 0.60 (0.07) 0.64 (0.08)
Tm 0.39 (0.08) 0.50 (0.06) 0.58 (0.07)
Yb 0.35 (0.14) 0.45 (0.02) 0.56 (0.08)
Lu 0.35 (0.09) 0.44 (0.06) 0.55 (0.04)
Abbreviations: sm-starting material (Table 3.1), nm#-run number (see Table 3.3), T-run

temperature in oC, P-run pressure inGPa,j02-oxygen fugacitymaintaioed during expeiÎiüeŒ

(see section 3.2.2.2.), bUd-concentration below the lower Iimit ofdetection in both phases

(i.e., amphibole and melt), nd-DOt deteuIIÎned. • Partition coefficients were calculated usiDg

the Fe-rich zone only (Le., P-MT-34a; see Table 3.4). b Reported values taken ftom DaIpé

et al. (1995) and perfonœd by LAM-ICP-MS [partition coefficients different than DaIpé and
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Table 3.10. (continued)

Baker (1994) and DaJpé et al. (1995) resulted fi'om reaoalyzed amphibole 8Dd melt].

C Maximumpartitioncoefficients were obtained ftom the relationsbip: Iower Iimitofdeteetion

ofLAM-ICP-MS (Table 3.2) divided by the concentration ofthe element in the respective

melt ftom nm products (see Table 3.6). Values in parentheses are based on one standard

deviation ftom the relationsbip: UD =[( c2am X o:S1c~ ) + ( 02...1c~)]0.5 wbere: a-standard

deviation, D-partition coefficient, c-concentration, am-ampbibole, melt-melt in equiJibrium

with amphibole (Watson and Ryerson 1986). Note that IJ,.Î' D/tb De."~ and~ seem to

he in the Henry's law region as discussed in text.
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compositions for sorne expetimeuts pertOrmed at the same temperature and pressure, FMI0

02 vs. FM10-23 expeximents. For these two expeiïments large variations in partition

coefficients were observed between amphibole and melt (e.g., DSr = 0.23 and 0.44,

respectively) whileotbers were simiIar(e.g., Du, =0.23). Inotherexpetiiients, ditferent bulle

starting materials produced sirmlar mell compositions but distinct amphibole compositions at

diftètent run conditions. An example ofthis are Kl921-15 and FMI0-25 expetinents wbete

simiJar partition coefficients for some elements were observed between amphibole and melt

(e.g., Do, = 0.66 and 0.65, D.Jo = 0.64 and 0.65, respectively) wIJere2; others were different

(e.g., D'Zr = 0.21 and 0.09, Dr. = 0.16 and 0.07, respectively). Furtbetmore, because tbese

expe1ïments do DOt correspond to the saDIe starting matcrials or run conditions (i.e., P, T,

JO;) as previous expetimental studies 1will first evaluate the variation inpartitioncoefficients

based on meh compositiollS, whose importance bas been demonstrated in some previous

studies (Watson 1977, Green and Pearson 1985b, Adam et QI. 1993, Kohn and Schofield

1994, KleinetQI. 1997). Thento complete the coqmisonofpartitioning betweenamphibole

and meh, 1 will discuss trends between partitioniDg and the amphibole crystal chemistty.

Crystal cbemistry seerm to play a major mie for partitioning in this study and was

demonstrated to be important in otber miDeral/liquid partitiooing studies (Drake and Weill

1975, Philpotts 1978, Colsoneta/. 1988, McKay 1989, Bhmdyand Wood 1991a, -b, Wood

and Blundy 1997). Furthermore, the eftècts of pressure, oxygen fugacity, and titanium

content will be discussed separately in Chapters 4 and 5 to better distinguish their etreds on
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partitioning.

The diftèrent buIk starting materials were subdivided br their "cbemical affinity" ioto

four different groups (i.e., see "ca" in Table 3.11). These are:

Chemical affinity

the amphibole group (referred to as "amph."; wbere P-MT, P-MTg, P-MTgTÎ'

K-HO were used as startiog materials),

the oliviDe-normative nepbelinite group or HF (referred to as "ol-norm.

neph."; wbere HF13, HFI3gTi were used as starting materials),

the tholeiite group or KI921 (refened to as "thoL"; wbere KI921 was used

as starting material), and finaIly

the alkatine besaIt group orFMI0 (leœlled to as "aIL-bas."; wbere FMI0 was

used as starting material) (Table 3.11).

Furthermore, to compare our resuIts withprevious expetiwentalstudïes, 1subdivided

these "cbemical affinity" into diffeteut subgroups b&sed on tbeir melt composition using

Miyashiro (1978), Cox et al. (1979), and Middlemost's (1975) classifications. This was

neœssary due to the large variation in melt compositioœ obtaiDed ftom FMI0 experiwents.

In such cases, the melt compositions obtained fiom experiments using the diffelent group

compositions defined above were c1assified as:

Melt composition

1- basanitic to nepbeliDitic melt compositions wben 1 used the "amph.ft group as
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• Table 3.11. Average ofp8rtitiœ c:oef6c:ients betwem calcic IDIpbibole lad
guenched baaltic melt ampœitiœs fiom experïmCllts

This :!t!MIy
ca "amph." "oI-Dorm. -mol." I9aIk.-ms.•

DepIl.I9

me basane DepIl. thal. Depil. subalk.-bBs.
ta Deph. 10 tbal.

Ti 0.70 (0.01) 1.19 (0.10) 1.46 (0.10) 1.20 (0.12) 0.99 (0.08)
K 1.65 (0.61) 0.86 (0.24) 0.73 (0.06) 0.71 (0.11) 1.31 (0.46)
Rb 0.50 (0.17) 0.15 (0.01) 0.21 (0.03) 0.23 (O.OS) 0.25 (0.03)
Sr 0.49 (O.OS) 0.18 (0.004) 0.41 (0.04) 0.23 (0.02) 0.37 (0.03)
Y 0.41 (0.04) 0.29 (0.01) 0.79 (0.08) 0.36 (0.06) 0.62 (0.03)
Zr 0.16 (0.04) 0.22 (0.01) 0.21 (0.02) 0.25 (0.04) 0.13 (0.02)
Nb 0.08 (0.03) 0.12 (0.01) 0.11 (0.03) 0.14 (0.02) 0.09 (0.02)
Ba 0.52 (0.01) O.IS (0.01) 0.21 (0.03) 0.16 (0.01) 0.29 (0.03)
Hf 0.28 (0.13) 0.43 (O.OS) 0.31 (0.06) 0.44 (0.08) 0.21 (O.OS)
Ta 0.11 (0.06) 0.17 (0.01) 0.16 (0.03) 0.11 (0.02) 0.10 (0.02)
Tb 0.29- 0.011 G.04- 0.011 0.041
U 0.301 0.011 O.osa 0.01- O.osa
(REE)
La 0.09 (0.03) O.OS (0.002) 0.11 (0.02) 0.07 (0.02) 0.01 (0.02)
Ce 0.13 (0.03) 0.09 (0.003) 0.19 (0.02) 0.12 (0.02) 0.14 (0.02)
Pr 0.17 (0.03) 0.13 (0.002) 0.27 (0.03) 0.17 (0.03) 0.22 (0.02)
Nd 0.23 (0.03) 0.18 (0.01) 0.36 (O.OS) 0.23 (0.03) 0.31 (0.04)
Sm 0.32 (0.09) 0.24 (0.01) 0.64 (0.17) 0.33 (0.06) 0.47 (0.10)
Eu 0.39 (0.12) 0.27 (0.02) 0.53 (0.13) 0.33 (O.OS) 0.53 (0.01)
Gd 0.43 (0.14) 0.31 (0.02) 0.60 (O.OS) 0.33 (0.02) 0.61 (0.06)
Th 0.43 (0.16) 0.32 (0.02) nd 0.33 (0.03) 0.63 (0.06)
Dy 0.43 (0.17) 0.33 (0.01) 0.66 (0.19) 0.33 (0.02) 0.67 (0.09)
Ho 0.42 (0.16) 0.31 (0.03) 0.64 (0.14) 0.32 (0.03) 0.66 (0.04)
Er 0.41 (0.1S) 0.29 (0.03) 0.17 (0.12) 0.34 (0.09) 0.62 (0.01)
Tm 0.39 (0.01) 0.25 (0.04) 0.79 (0.1S) 0.39 (0.08) 0.54 (0.07)
Yb 0.37 (0.13) 022 (0.03) 0.65 (0.11) 0.35 (0.14) 0.51 (0.01)
Lu 0.37 (0.11) 0.24 (0.08) 0.56 (0.21) 0.35 (0.09) 0.50 (0.06)
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• Table 3.11. (continued)

ca aIL-bas.· tholciftcb ~ basan.ite4 buanitff
nepb."

me subeJk.- aIk.- to

basait su"lk -bas.
aJk.-b8s.
tobaul.

nepb. buan. aJk.-bas.

1.09 (0.40)

0.27 (0.19)

0.21 (0.11)

(0.03)
(0.03)
(0.012)
(0.006)
(0.04)
(0.009)
(0.005)
(0.012)
(0.18)

(0.006)
(0.014)
(0.013)
(0.03)

(0.03)

0.004 (0.001)
0.004 (0.001)

1.29
0.58
0.20
0.30
0.52
0.13
0.16
0.16
0.33

0.32

0.92 (0.14)
0.85 (0.17)
0.37 (0.08)
0.26 (0.02)
0.63 (0.30)
0.24 (O.OS)
0.08 (0.01)
0.41 (0.12)

1.26 (0.11)
0.80 (0.25)
0.20 (0.02)
0.31 (0.07)
0.55 (0.10)
0.33 (0.07)
0.09 (0.01)
0.65 (0.21)

0.12 (O.OS) 0.09 (0.07) 0.06
0.10
0.17
0.25

0.14 (0.02) 0.08 (0.01)

0.41 (0.10)

1.75 (0.07) 2.33 (0.20)
0.79 (0.11) 0.54 (0.04)

Ti
K
Rb
Sr
y
'à
Nb
Ba
Hf
Ta
Th
U
(REE)
La 0.2 (0.1)
Ce
Pr
Nd
Sm 0.8 (0.1) 0.53 (0.07) 0.54 (0.14) 0.37 (0.02)
Eu
Gd
Th
Dy
Ho 1.1 (0.1) 0.95 (0.14) 0.58 (0.12) 0.44 (0.06) 0.62 (0.06)
Er 0.57 (0.07)
Tm 0.51 (O.OS)
Yb 0.8 (0.1)
Lu 0.76 (0.11) 0.41 (O.On 0.34 (0.06) 0.43 (0.10)

•

Abbreviations~ ca~emic:al afIinity (see texlh mc-melt c:œnpositiœ fi'om nm products b8sed on the

classificatiœ ofCox et al. (l979) and Miyasbiro (1978) (not normalized to 100 %), b8san.-basanitic, nepb.

nepheliniti~thol.-tholeiiti~subalk.·bIs.-su"lkaljn~buaIti~aIk....-alkaline-besalti~nd-notdetamined.

• Nicholls and Harris (1980; nmsN: 4749, 4754,. 4755, 4756). b Green and Pearson [1985a; nmsI#: 998,

95S{HM)). C Adam et al. (l993; nm#: 1409) md Adam and Green (1994; ruos#~ 1446, 1447, 1452, 1518,

1549). d Adam et al (1993; nmsN: 1388, 1389, 1393, 1395) and Adam md Green (l994; nmN~ 1442).• •

LaTourretteetal. (1995;nmN: 3048T-l). fFujinawaandGreen(I997;runs#: 1702, 1680, 1661, 1642,1705,

1666, 1686, 1632b, 16328, 1664, 1633, 1707, 1659). • Maximum calculated putitiœ c:oefIicients (sce Table

3.10). Valuc in p8RIltbcses are bued on the maximum stmelard deviatiœ caJcul.ted witbin eech melt

composition (me)•
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starting material,

2- nephelinitic melt composition wben 1 used the "ol-norDI. neph. ft group as starting

mat~

3- tholeütic melt composition wben 1used the "thoLft group as startingmat~ and

finally as

4- oepbelinitic (for: FMIO-02; 1.5 OPa, lowjOJ, and subelka1ine-basaltic to tholeiitic

(for: FMI0-23 and FMI0-2S; 1.5-2.5 GPa, respectively, bath at high jOJ melt

compositions wben 1 used the "aIk.-bes. ft as starting material (Table 3.11).

Meh compositions ftom previous expeiÏmental studies were classified using the same

classifications as mentioned above. Melts were classified as subsdkaliœ-basaltic for Nicholls

and Harris experiments (1980; nms#: 4749,4754,4755, and 4756), abline- to suhelbline

basaltic compositions for GreenandPearson'sexpetiments(198Sa; nms#: 998 and 955(HM)),

alkaline-basaltic to basaoitic for Adam et al.'s (1993; run#: 1409) and Adam and Green's

(1994; runs#: 1446, 1447, 1452, 1518, 1549) experïmeuts, as oepbetinitic for Adam et al.'s

(1993; runs#: 1388, 1389, 1393, 1395) and Adam and Green's (1994; nm#: 1442)

experiments, as basanitic for LaTourrette et al.'s experîmeDt (1995; run#: 3048T-l), and

finally as aJkaIiœ-besaltic for FujiDawa and Qreen's experiments (1997; nms#: 1702, 1680,

1661, 1642, 1705, 1666, 1686, 1632b, 1632a, 1664, 1633, 1707, 1659) (Table 3.11). AlI

these previous expetimeuts tepicscntdiffeœnt; pœssures, temperatures, andoxygenfugacities

conditions.
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The calcuJated average partition coefficients (i.e., orr:> ftom diftèrent melt

compositions are shown in Table 3.11. These ur' were calcuJated indepeDdently of the

pressure, tempelature, andoxygenfugacityetTects. Figure 3.5 sbowstbevariationinpartition

coefficients calcuJated betweenamphibole andthe diftèrent melt compositions fiom this study

and those from previous expei imental studïes. Elements are listed inthe standard order trom

more incompatIble on the teft to Jess incompatible on the right. The diffisrent fields (Figs.

3.5a, -b, -c, -d, -e; resuIts ftom this study) or symbol nmges (Fig. 3.Se results fiom previous

experimental studies) plotted on Figure 3.5 were constructed by using the minimum and

maximum values ofone relative standard deviation (1 0) attacbed to each partition coefficient

within each quenched glass composition defined in Table 3.11 and as mentiooed above (i.e.,

DrJiD = Dt'" - 10j8YI and Dr.c = Di'" + 1or~). So in otber words, the variations plotted on

these diagrams include ±1 standard deviation ftom muhiple analyses.

The general trends observed in partition coefficients (Figs. 3.5a, ...b, -c, -d, -el are

simiIar based on tbeir shape. This might suggest, as proposed br some criteria ofWatson's

(1985) study, tbat partition coefficients show an adberence to Henry's law al concentration

levels ranging ftom sub-ppm to ppm (e.g., LILE, HFSE, REE) to as high as wt.% (e.g., K,

Ti). Sorne peaks along the profile (i.e., n:.., ~., and DT~ disturb the general trend and

suggest tbat the order of iDcompatlbility generally used for petrologic and experimental

studies might DOt he the best order for amphibole partitioning. However, 1 keep this order

to simplify the comparison ofpartition coefficients with otber studies (e.g., Green 1994).
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Figure 3.5. Average partition coefficients between calcic amphibole and besaItic melt &am

this and previous studies. Variation in partition coefficients measured in this study within

each melt composition based on one relative staDdard deviation fiom muhiple analyses (sec

text). The area boUDded by the dasbed line (empty area) represents the minimum and

maximum partition coefficients from this study (including one relative standard deviation).

(a) Basaniticto nephelineitic melt(p-MT-27, P-MT-34a, P-MTg-12, P-MTg43, P-MTg-4t,

P-MfgTî31, and K-lID-08 expeihnents). (b) Nephelinitic melt (HF13-38 and HF13gn-03

expetiments). (c) Tholeiitic melt (KI921-15 experiment). (d) Nepbelinitic melt (FMI0-02

expetiment). (e) Subalk.-b&s. to tholeütic melt (FMIo-23 and FM10-25 experiments).

Elements followed by an asterisk iodicate tbat for sorne experiments the calcuIated partition

coefficient corresponds to a maximum value b&sed on the LLD ofLAM-ICP-MS (see text

and Table 3.10). (f) Comparison ofpartition coefficients ftom this study (area boUDded by

the dashed line) with other expeiÏmeutal detetmiuatiom of partition coefficients between

amphibole and basaltic melts (including one relative staDdard deviation; see Table 3.11).

AbbreviatioDS denote: 4749, 4754, 4755, and 4756 expetiments ftom NichoUs and Harris

(l980) [subaIk.-basaltic melt (NH 80)]; 998 and 955(HM) expelîments from Green and

Pearson (1985a) [aIk.- to subalk.-besaItic melt (GP 85a)]; 1409, 1446, 1447, 1452, 1518, and

1549 experiments ttomAdameta/. (1993) and Adamand Green(1994) [aIk.-b&s. to bacanitie

melt (AGS 93 & AG 94)]; 1388, 1389! 1393, 1395, and 1442 expelhnents from Adam et al.

(1993) and Adam and Green (1994) [nepbetinitic melt (AGS 93 & AG 94)]; 3048T-l

experiment from LaTourrette et al. (1995) [basanitic melt (LNH 95)]; 1702, 1680, 1661,

1642, 1705, 1666, 1686, 1632b, 16318, 1664, 1633, 1707, and 1659 experhnents ftom

Fujinawaand Green (1997) [aIk.-besaItïc melt (FG 97)]. As mentioned in the text, variations

in partitioncoefficients include one relative standard deviation for eKhmelt composition (sec

Table 3.11). It sbould he empbnized that a lot of experiments at different P, T, andj02

conditions have been averaged 50 that al least SOlDe orthe differeoce (and variation) ref1ects

these c:iifrerent conditions•
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3.5.2. Partition coefficients ofULE (Rb, Ba, K Sr)

WJthin the four "chemical affinities" described in Table 3.11 (i.e., "ampb.", "ol-norm.

neph.", "thoL", "aIk.-bes."), 1 observed in Figure 3.Sa that using the "amph." as startiDg

material D:., D;j,', D:;', and~were in generalhigber by a factor of1.3 to 2.3 for K (DK.YJ

= 1.65), 2.0 to 3.3 for Rb(~=0.50), 1.2 to 2.8 for Sr (n:' = 0.49), and 1.8 to 3.5 for Ba

(~"1 = 0.52) relative ta the "OI-DOnD. oeph." (JrI's = 0.86, 0.15, 0.18, and 0.15,

respectively), "thoL" (JrI's = 0.73, 0.21, 0.41, and 0.28, respectively), and "aIk.-b&s." (JrI's

= 1.31, 0.25, 0.37, 0.29, respectively, for the subalkaliDe-basa1tic to tholeiitic melt

composition) based on average partition coefficient values (Table 3.11). The Iowest 0:;,',

~;a, and D:.YJ were measured in the "ol-norm. œph." materials (avgs. Ds = 0.15,0.18, and

0.15, respectively) and the lowest D:.YJ was measured in the "aIk.-b&s.ft material(D~·=0.71,

FMIO-02 expetiment), simiJar to the Iow DK'VJ of the "thoLft material (Table 3.11). An

important transition was observed in~ and~ wbich changed from incompatible element

behaviour (i.e., D < 1) to a compatible element bebM>ur (i.e., D> 1). An increase inoxygen

fugacity from NNo-2 ta NNO+-l.7 changed n.c ftom incompatible to compabble al the same

pressure (i.e.,~ = 0.71 and 1.21 for FMIO-02 and FMIO-23, respectively; sec Table 3.10)

while this transition seems to occur for Da., wben 1 increased pressure ftom 1.S to 2.5 OPa

at a fixed oxygen tùgacity buftèr (i.e., Da., = 0.54 to 1.04 for P-MTg-43 and P-MTg-41,

respectivcly; Table 3.10). Transition ftom incompatible to compatible bebaviour for~ and

Dm, as a fi.mction ofpressure and oxygen fugacity will be discussed in Chapter 4.
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PbiIpotts and Schnetzler (1970) obtaiDed partition coefficients ror Rb, Ba, K, and Sr

between a natural pargasite aod ils matrix ftom a Monteregjan Iamprophyre dike (i.e., Dm"

Dou DK, D sr = 0.427, 0.417, 1.40, and 0.548, respectively; sample GSFC 29) comparable to

thoseexperimentallyobtained usingthe "amph.ft materials (Tables 3.10 and 3.1 1). Inanother

study on the sam: unit, Ounn (1972) aIso obtained comparable partition coefficients for Rb,

Ba, and Sr (i.e., 0.3, 0.6, 0.5, respectively) but lower values for K (i.e., 1.0). However, as

mentioned previously, Gunn's (1972) samples were not 100 % pure phases which might

explain some discrepaocies with our Us (Gunn 1972). Furthermore the amphibole

compositions ofPhiJpotts and Schnetzler (1970) and Gunn (1972) are IlOt identical, only

simiIar (Fig. 3.3).

Comparison ofDi.ifE with previous experimental studies demonstrates a conviociDg

similarity for ail LILE, but the average values of D:.YI, l)8RbVJ, and Dg:' using the "amph. ft

starting materiaJs are bigher by at Ieast 1.9, 1.4, 1.2, respectively (Fig. 3.5b, Table 3.11). In

simple systems, Watson (l977) and Kobnaod Schofield (1994) demoostrated that the degree

ofmelt polymerizationwas very important incontroUing partitionooefficients betweenolivine

and silicate melts wben siOi* is above - 60 wt.%. In contrast, Bhmdy and Wood (19918,

-b) suggest~basedon thehydrotbelml1experiments ofLagacheand Dujon (1987) and fi'om

a large dataset ofexperimentaland natural volcanic partition coefficients betweenplagioclase

and silicate me~ tbat crystal chemistry exerts a plwerful infIueDœ on trace element

partitioning, larger tban the effects oftemperature, pressure, and fluid or melt composition.
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However, this ideadoes DOt coincide with those ofotber studies wbichinvoke the importance

ofliquid composition in plagioclase partitioniDg for natural systems (Morse 1982, 1991).

The observed high average in ~, Dru" and D sr \Vere an measured in group 2

amphiboles (Table 3.7) when using the "amph." as the starting material wbereas the melt

compositions are comparable to those obtained by Adam et al. (1993), Adam and Green

(1994), and LaTourrette elal.'s (199S) expetiments (i.e., Si02 <47 wt.% in the melt). 1'Iœ

suggests at sorne point tbat crystal-cbemistry may control partitioning instead of melt

compositions. Mysen (1988) discussed the eftèct ofwater wbich aets as a depolymerizing

agent in general on meh structure. In such a case, the effec:t of meh polymerization on

partitioning as demoostrated by Watson (1977), Kahn and Schofield (1994), and Klein et al.

e1997) for silica-rich liquids should IlOt he significant for these experiments using silica-poor

melts with a reJativeIy high amount ofdissolved water [e.g., - 10 wt.%, Table 3.6; mainIy as

molecular water (H20) aœording to lakobsson and Holloway (1986)]. This might suggest

that the controlofmelt compositiononpartitioncoefficients between amphibole aod basaltic

melt (which are depolymerized) is practicaIIy insignificant in this studyand in previous ones.

Adam and Green (1994) have shown that DSr decreased as the pressure increased

using a basanitic starting materiaL In this study the same reJationsbip between Dsr and

pressure was observed for some nm conditioœ (i.e., using the "ampb." material: P-MTg-43

and P-MTg-41, and usiDg the "aIk.-b&s." material: FMIO-23 8Dd FMIO-25; Table 3.10).

However in three experiments usiDg the "ampb." materiaIs (i.e., P-MTg-12, P-Mf-27, and
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K-HD-08), DSr decreased at tixed nm conditions (i.e., pressure, temperature, andj02; Table

3.10). This behaviour ofD Sr suggests instead crystal-ehemical controls by the aqJInoole. In

these expelÏiDeDts, adecrease inDSrcorrespoods to adecrease in the Ca/(Ca+Na) ratio ofthe

ampln"bole [i.e., DSr = 0.52,0.45,0.44,0.37 and CaI(Ca+Na) = 0.782,0.755, 0.741, for P

MTg-12, P-MT-27, and K-HD-08, respectively; see Tables 3.5 and 3.10]. The same

behaviour was observed betweenDSr aDd the CaI(Ca+Na) ratio for the FMI().23 and FMIO

25 pair (i.e., Dsr =0.44,0.30 and Ca/(Ca+Na) =0.684,0.668, for FMI0-23 and FMI0-25,

respectively, Tables 3.5 and 3.10) and in sorne runs nom Adam and Green's (1994; runs#:

1452, 1447, 1446) expethuents, for wbich Dsr aJso decreases with increasing pressure.

However, the variation of Dsr as a function of Ca/(Ca+Na) ratio is IlOt a straightforward

reJationship because it can IlOt explain the entire range ofvariation observed in Adam and

Green's (1994; ruu#: 1452, 1447, 1446, 1442) experiments and requires pressure eftècts. In

these cases, it seems difficuh to isolate the eftècts ofpressure and crystal-chemistry on the

variations observed inDst" FurtheuDore oxygenfugacity may influence DSr ata fuœd pressure

which will he discussed in Chapter 4.

For Ba, high partition coefficients were measured in group 2 amphiboles (i.e., using

"amph." materials;~ = 0.52) and in group 1 ampluooles ftom the alkaline basaltic to

basanitic melt composition ofAdam et al.'s (1993; nmJ#: 1409) expetiment (i.e., Da. = 0.65;

Tables 3.7 and 3.11). However, the crystal-chemistry of the amphibole nm products Û'Om

Adam et al. (1993; nmsI#: 1388, 1389, 1393, 1395) and Adam and Green (1994; nm#: 1442)
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respect, in general, an the criteria of group 1 amphiboles described in Table 3.7 with the

exception oftheir bigh K/(K.+Na) ratios which were ail above O.290~ simiIar to group 2

amphiboles. Figure 3.6 shows the variation ofDt.. as a fimction of the K/(K+Na) ratio

observed for the diftèIent amphibole nm products. The verticalline shows the empiricallimit

of K/(K+Na) ratio (0.290) separating group 1 nom group 2 amphiboles (Table 3.7).

ConsideriDg both groups ofamphibole run products, a general increase in Da. as the

K/(K+Na) ratio iDcreases cmbe observed, suggesting a possible crystal-cbemical control of

amphibole onDa. for similar basaItic meh compositions. Furthermore, the observed positive

Iinear reJationsbip between DSr and Da. in our expetüœuts and the one reported by

LaTourrette et al. (1995) supports ~ interpretation. As discussed below~ Sr should

partition into the M(4) site wbereas sorne ambivaIency seem; to exist for Ba between the

M(4) and the A sites (Brenan et al. 1995). Because Ds. displays a good correlation with the

K/(K+Na) ratio ofthe amphiboles, wbereas D Sr correlates better with the CaI(Ca+Na) ratio

of the amphiboles, this suggests that a complex coupled substitution may exist between Ca,

Na, K, B~ and Sr ioto the M(4) aDdA sites for tbese calcic amphiboles; or IDIY even involve

other major elements ftom coupled substitutions on other sites as discussed below.

3.5.3. Partition coefficients ofHFSE (Nb, Ta, Zr, H.t Ti, Y; Th, U)

No systematic variations seem to occur within one particular cbemical affinity for

~ (i.e., "amph."~ "ol-norm. neph.", "thoL", "alk.-bas."; see Table 3.11). However the
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Figure 3.6. Variation ofDa. as fimction ofthe K/(K+Na) ratio inampbibole. Symbols: same

as in Figs. 3.5 and 3.3. The dashed line represents the limit between the two amphibole

groups (see Table 3.1).
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average values ofDm" Dr., and Dy for the "tboL" were ail bigher (J:INI's = 0.18, 1.46, aDd

0.79, respectively) than using otber starting materials (Table 3.11). Dra behaved as an

incompatible element wben usiDg the "ampb." materiaJs (D.;-'t' = 0.70), as a neutral element

when usiDg the "aIL-bas." at high oxygen fugacity (~r- -1 for FMI0-23, -25 experiments),

or as a compatible element wben using the "ol-norm. neph.ft, the "thol", and the "aJk.-bas."

materials (~r'= 1.19, 1.46, 1.20, respectively). l'be Iowest~., ~~, ~., D:fI, and D;~

were observed in the "ampa" (IJ"'I's =0.08,0.11,0.16,0.28, and 0.70, respectively) and in

the "aIk.-b&s." materiaJs (FMI0-23, -25 expetinents, J.)8VI's = OJ)9, 0.10, 0.13, 0.21, and0.99,

respectively). However, the bigbest Dwwas measured in nepbelinitic quenched melts using

different startiog materials (i.e., D:.rYJIs = 0.43 and 0.44 for "ol-nonn. nepb." and "aIk.-bas."

materiaJs, respectively; Table 3.11). Fortbe "ampa" materials, there is a reverse relationsbip

between 1Ju.E (bighest average values) with respect to JJ.wSE (Iowest average values) wben

compaœd with otber cbemical af6nities ftom this study (i.e., "ol-norm. neph.", "thoL", "&Ik.

bas.").

ComparisonofexperimentaDydetermiDedpartitioning with uatural amphibolelmatrix

pairs demonstrates some similarities. Gunn (1972) obtaiDed comparable values for Dra and

Dy of 0.95 and 0.43, respectively, between pargasite 811d matrix ftom a Monteregian

lamprophyre dite. Comparison with other experi••e ntaJ studies demonstrates that partition

coefficients ofNb, Ta, u, Hf: and Ti ail agree based on the calcuJated average values (Fig.

3.5b). However, SOlDe variations seem to he important. The highest pertition coefficient for
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Zr was observed in the alkaline besaltic melt ofFujiDawa and Green's (1997; run#: 1702)

expelineat (DZr = 0.46). A high Db was aIso observed in the albline bBsaItic to "saoitie

melt ofAdam et al.·s (1993; nm#: 1409) expetimeut (Db = 0.33), and in a nepbelinitic melt

ofAdam and Green's (1994; run#: 1393) experiment (DZr = 0.33). In the present study, 1

observed the higbest D'Zr in the nepbelinitic melt using the "a]k.-b&s." material (i.e., FMI0-02

expetiment; see Table 3.10). Dr.measured by Adam etai. (1993; runs#: 1393, 1389, 1393,

1395) and Adam and Green (1994; nm#: 1442) between amphibole and a nepbelinitic melt

composition (D;:- =0.08) was very lowcompared to the highD;-~(0.17 and 0.(8) measured

for two nephelinitic melt compositions in this study (i.e., using the "ol-norDI. nepa" and the

"aIk.-bas." materials, respectively), suggesting that bulk starting material may affect

partitioning (Table 3.11). RegardiDg Dr., Green and Pearson (1985a) measured a bigh Dra

using a tholeütic starting material (i.e., Dr. = 2.33 between amphibole and aIk.- to subalk.

basaltic g~), di1ferent than Dri measured in the "thoL" material (i.e., Dra = 1.46; Table

3.11). Adam et al. (1993; runs#: 1388, 1389, 1393, 1395) and Adam and Green's (1994;

runs#: 1442) experiments bave measured a Dri < 1between amphibole and nepheJinitiçme~

similar to our IowDnobserved in the "ampb." material (i.e., between amphibole and "saoitie

to nephelinitic melts; Table 3.11). However, the lowDn (0.78) obserwd by Adam and Green

(1994; nm#: 1549) between amphibole and b&sanitic melt was performed al a bigber oxygen

fugacity (hematite-magnetite buftèr) tban in tIUs study. AB tbese discrepancies between

partition coefficients measured in previous studies and tbis study suggest tbat !Delt
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composition, in the broad1y besaltic range, bas 6ttle efTect on partitioniog.

ln an opposing view, Adam et al. (1993) suggested tbat low partition coefficients

between their amphibole and melt for Ti, Zr, Nb, and Ta compared to natural pairs were

related to diflèrences in 8i02 content ofthe mek or glass. Regarding this idea ofAdametal.

(1993), when looking at the reJationsbip between DTit Db' Dr. and 8iO;- of Green and

Pearson (198Sa), Adam et al. (1993), Adam and Green (1994), LaTourrette et al. (1995),

Fujinawa and Green (1997), and expetiments of this study, a weak increase in Dr. was

observed as the melt composition changed ftom - 34 to - 53 wt.% Si02 (not normaliud to

100 %) and no conelation was observed between D'Zz or Dr. with the Si02 content ofthe

mek. Furthermore, a negative reJatioosbip (i.e., DTi decreases as SiO;- increases) was

observed byGreenand Pearson [1985a; runs#: 998 and 9SS(HM)), Adamand Green's (1994;

runs#:1452 and 1447) andalso in the "amph." materiaJs (i.e., P-Mfg-12, P-Mf-27, andK

HD-08; Tables 3.6 and 3.10), wbere tbese latter experiments were performed at similar run

conditions (i.e., P, T, andjOJ. Adamand Green (1994) showed that the partitioncoefticient

for Ti decreased with pressure similar to the effects ofpressure on Dsr mentioned above.

Based on the saDIe study, a transition fiomcompatible (i.e., D> 1) to incompatible (i.e., D

< 1) behaviour for Ti occurred wben pressure increased Û'Om 1.5 to 2.0 OPa using a basanitic

starting material at an oxygen tùgacity buffeœd betweenNNO and magnetite-wOstite (Adam

and Green 1994). In the present study, the same relation between Ti and pressure W8S IlOt

observed at eitber oxygen fugacity studied (i.e., NNo-2 and NNO+I..7), but it appears tbat
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DTi may he affected by pressure and buIk composition as weI as the oxygen fugacity (see

Chapter 4). In such cases, it is difficuIt to isoJate the eftècts ofmelt composition ftom otber

physical conditions (i.e., P, T,jOJ or even the crystal-cbemical controls ofamphibole on

partitioning as mentioned previously for Duu..

Because element concentrations ofTh and U were helow the Iower Iimit ofdetection

ofthe LAM-ICP-MS in the diffiaent amphibole nm products, the calclliated D_ reported in

Table 3.10 andshowninFigure 3.5 suggests thatDT;.1 andlJüYlcalculated ftomthe "ol-norm.

neph.", "thoLn, and "aJk.-bas." starting materials are 1 orderofmagnitude lower tban wben

using the "amph." startiDg material (i.e., D~ = LLD ofTh or LLD ofU 1concentration of

Th or U in the quenched meh). Ahbough this tendency can mt be confitmed witbout further

experiments, it seems to be supported by LaTourrette et al. 's (1995) expet j'Ients on Dna and

Du using basanitic material (Fig. 3.5b).

3.5.4. Partition coefficients ofREE (La, Ce, Pr, Nd, Sm Eu. Gd, Tb, Dy, Ho, Er. Tm, Yb.

Lu)

The partition coefficients for La, Ce, Pr, Nd, Sm, Er, Tm, Yb, and Lu between

amphibole and tholeiitic melt (i.e., KI921-15 expetimeot) were observed ta he higber by a

factor of1.3 to 2.1 for La (Du = 0.11), 1.4 to 2.1 for Ce (Dee = 0.19), 1.2 to 2.1 for Pr(~

= 0.27), 1.2 to 2.0 for Nd(~= 0.36), 1.4 to 2.7 for Sm (Dsm = 0.64), 1.4 to 3.0 for Er(~

=0.87), 1.5 to 3.1 for Tm(Dr... =0.79), 1.3 to 2.9 for Yb(Dn =0.65), and byafactorofl.1
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to 2.4 for Lu (D[.u = 0.56) relative to the "amph." , the "ol-norm. neph.", and the "aIk.-bas."

chemicalaflinities (Table 3.11). Figure 3.Sc showsclearlytbe bighpartitioncoefficients (i.e.,

DLRFE and 1JmŒE) generaJly obtained for the Kl921 expetiment compared to otber melt

compositions. However, simiIar partition coefficients were obtained fOrE~ Gd, Dy, and Ho

between the tholeütic melt (i.e., KI921-15 expetiment) and the subalbline-basaltic to

tholeütic mek compositions ofFMI0-23 and FMI0-25 expaimeuts (Table 3.11). The Iowest

partition coefficients for La, Ce, Pr, Nd, Sm, Eu, Er, Tm, Yb, and Lu were observed in the

nepheIinitic melt composib>n using the "ol-norm. neph." materials (JY1's = O.OS, 0.09, 0.13,

0.18, 0.24, 0.27, 0.29, 0.25, 0.22, and 0.24, respectively) wbereas tbeir DQ47 Dn" /Joy, and

DHo were similar to the oepbelinitic melt using the "alk.-b&s." material (FMI0-02 experiment;

Table 3.11).

When comparing partition coefficients of the rare-earth elements to previous

experimental studies, it is observed that 0:..., [)&eeVl, D:rYl, D::f, and D~"l for the nepheliDitic

quenched glass composition using the "aIk.-bas." material are identical, or sïmilar, to those

measured by LaTourrette et al. (1995) ror besanitic melt but diiferent for~~ Drm, ~u

(i. e.,~ Table 3.11). Nicholh and Harris (1980) measured partitioncoefficients between

amphibole and sgbaikaline-basaltic melt for La, Sm, Ho, and Yb (0.20,0.80, 1.10, and 0.8,

respectively) wbich are Iügber by a factor of1.6 to 2.5 than our average partition coefficients

measured in sirnilar COmpositioDS (i.e., SlIlwJbIjne basaItic to tholeiitic meks ftomFMIo-23

and FMI0-25 experinents; Table 3.11). In suchcases, the disaepaDcies observed between
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our DHRFE values and those measured by LaTourrette et al. (1995) for basanitic meh

compositions and aIso the large variation observed between our~'s and tbose measured

by Nicholls and Harris (1980) for simiJar meh compositious suggest that melt composition

does not play a major role duriDg partitioning. Furthermore, regarding D..o and n..a, Adam

and Green (1994) showed a Iinear relationsbip between partition coefficient and pressure

based on different expetimeuts performed at simiJar temperatures and oxygen fugacities.

They showed tbat DSm:I Dao and n..u decreased as pressure increased ftom 0.5 to 2.0 OPa and

followed two diffetent slopes wbere the variationofDSm and Dao were more prollOunced than

~ (see Adam and Green 1994; Fig. 1). In this studytbree expetiments usingthe "amph."

materials (i.e.., P-MTg-12, P-MT-27., and K-HI).()8) showed a simiJar range ofvariation in

DHo and Dw al fixed conditions (i.e.., pressure, temperature., andjOJ. Furthermore, in these

three expelïments a decrease in D.Io and Dt... was aœompanied by a decrease of the

Ca/(Ca+Na) ratio in the amphibole [i.e..,~o = 0.47,0.45., 0.34., Dr.a = 0.51., 0.27., 0.24., and

Ca/(Ca+Na) =0.782, 0.755., 0.741, forP-MTg-12,P-MT-27, andK-HD-08, respectively; see

Tables 3.5 and 3.10]. However, the bebaviour ofD..o and Dr.. C8DD0t he correlated with the

Ca/(Ca+Na) ratio obtained in Adam and Green's (1994) expelimeots and in other

expelimental studies. A simiJar problem was mentioned earlier between the DSr ofthB study

with thoseobservedbyAdamandGreen(1994) wbenc:omparedagainst the CaI(Ca+Na) ratio

ofthe amphibole composition. However, an alternative explaœtion for variations between

the Duz oftbis study and those lJ1f'rMUred previously is the possibility ofmore complex inter-
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element, coupled-substitution involviDg cations in di1Ièrent crystaI10graphic sites. DaIpé et

al. (1995) inferred that s6ght diftètences in amphibole composition (e.g. t VIy~l,2.J» could

bave a signfficant effect on the partition coefficients ofREE besed upon tbeir reJatively Iow

DREE values compared to previous experimental studïes. To better understand the behaviour

between~ and possible crystaI-ehemimy eflècts by the amphibolet a series ofdiagrams

where DREE were plottedagainst ratios involvingoostcations indi1ferentcrystaIlographic sites

[i.e., in M(I,2,3), M(4), and A sites] were constructed. Figure 3.7 shows one of the best

results obtaÏDed. Partition coefficieDts of La, Sm, Ho, and Lu were plotted against

{[Ca/(Ca+Na)]M(4) / [(Mg+Ti) 1(Al+Fe.,..)~I.2.3)} ratio (abbreviated as CN/MfAF hereafter)

measured in different amphibole nm products.

Even though a general increase in~ as the CNIMTAF ratio of the amphibole

increases iso~ the entire variation observed in partition coefficients for S~ Ho, and

Lu in Adam and Qreen's (1994) expetimeuts C8DD0t he explaioed without in1èrring a pressure

effect on partitioniog. As an example, two experiments ofAdam and Green (1994) with

similar CN/MTAF ratios, but performed al 1.0 and 2.0 GPa showdit1ètent Ds. and~o (i.e.,

CNIMTAF = 0.332 for nms# 1447 and 1442 wbere DSm = 0.64 %0.14 and 0.37 ±O.02, and

D.to = 0.63 ±O.OS aod 0.44 ±O.06, respective1y; see Adam and Green 1994; Table 4). Simîlar

trends were observed for De;e,~~~ DQb Dn" Do"~Dr., DYb vs. CNIMTAF (not

shawn). However, even if poor correlation coefficients (r) were calculated for these

relationships (Fig. 3.7), this subtle increasein~withincreasing CNIMTAF ratio ofthe
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Figure 3.7. Variation of partition coefficients for La, Sm, Ho, Lu against the

(CaI(Ca+Na)]M(4)1[(Mg+Ti) 1(Al+Fe..J]M(l,2.3) ratio ofthe different amphibole nm products.

Abbreviationsdenote:P-Mf-27,P-Mf-34a,P-Mfg-I2,P-MTg-43,P-Mfg-41,P-MfgTâ31,

and K-HO-08 expeiiu:euts (Ibis study: P-MT, P-MTg, P-MTgrl' K-HD); HFI3-38, HF13gTâ

03, Kl921-15, FMlo..02, FMl0..23, and FMI0..25 expetiu:euts (This study: HFt3, HF13gTI'

K1921, FMI0); 4749, 4754,4755, and 4756 expetiaœnts ofN'lCboUs and Harris (1980) [NB

(80)]; 998 and 955(HM) experimentsofGreenaDdPearson(1985a) [GP (85a)]; 1442, 1446,

1447, 1452, 1518, and 1549 expetiments ofAdam and Green (1994) [AG (94)]; 3048T-l

expetiment ofLaTourrette et al. (1995) [LHH (95)]. Note tbat each equation represents the

best Iinear fit using tJœ study's and previous experimental partition coefficients.
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amphibole can he viewed as a complex inter-element coupled substitution wbere pressure,

temperature, starting composition, and oxygen fugacity (e.g., Fe3+IFf?'+ ratio) of the

experimeut may play an important role on the crystal-e:bemistry ofamphibole wbich govems

partitioning.

3.5.5. Summary

Our experimental results on partitioning cm he summarized as follows:

3.5.5.1. The effect ofbulk compositions

General observations cm he extracted from tJœ study even ifthe comparison ofbulk

chemistryofthe equilibrium melt is a difficult parameter to isoJate for expaïments performed

at different run conditioos.

3.5.5.2. ULE

The highestDat" Da.,~, andDSr between pargasite and besaltic meh were measured

in the expeIiments using the natural amphibole andpargasitic glass compositions (i.e., p...Mf,

P-MTg, P...MTgrl' 8Dd K...HD) wbereas the lowest 1Jn, D5r' and Dr. were me&SJJl'ed in the 01..

normative nepbelinite buIk: rock and the lowest~ was obtained in experiments performed

with the aJkaliœ b&salt buIk rock.
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3.5.5.3. HFSE

The highest Dm" Dr., and Dy were measured in experiments using the thoIeiite buJk

composition wbereas the higbest Dwwas obsem:d in the ol-normative nepbelinite and in the

aikaline-basait (FMIO-02 experiment). Inco~ the Iowest Dm" Dr., D'ZfllJm, and DTi

were measured in expetiueuts using the uaturaI amphibole 8Dd pargasitic glass compositions

as weIl as in the alkaline-besalt (FMIG-23 and FMIG-25 eXPe{iments). In our experiments,

U and Th concentrations in the amphibole run produets were bath below the LLD of the

LAM-lep-MS; thus it was impossible to detenniDe Os quantitatively.

3.5.5.4. REE

The highest Dw Dr;e, Dh'~ Ds.,~ Dr., Dyt" and Du. were measured in the

tholeiitic buJkcompositionwhereas the lowest partition coefficients ofthese elements and~

were measured in the ol-normative nepbelinite buIk compositions.

3.5.5.5. The effect ofcrystal chemistry

It was shown that the variation in partition coefficients between amphibole and

basaltic melt could he controlled by some ratios ofmajor elements substituting ioto a specifie

site (or sites) of the amphibole. One example ofsuch chemical control, demonstrated in

previous pag~wu the variation inDa. which is a fimction ofthe relative variationofKand

Na concentrations in the amphibole nm products. [t was aIso DOted that a more complex
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coupled substitution might he involved whena REE substitutes in the crystal structure ofthe

amphibole. However, these chemical parameters seem to he complexly reJated to run

conditions (i.e., pressures, temperatures, and oxygen fugacities). The effect ofpressure and

oxygen fugacity will he discussed in detail below (Chapter 4).

3.6 The assoeiatioD betweeD major, lai.or, .ad tnee elemeats iD ealeie .Dlplaibole

The crystal structure ofamphibole is one ofgreat compliance; the wide variations in

chemistry mayaccommodate cations ofdiffaent charges (i.e., +1 to +5), ionic radii (i.e.,

0.026 to 0.161 mn), and in various coordinations (i.e., four-, six-, eight- and twelve-fold

coordinations). Cation site occupancies of major and minor elements in pargasite and

kaersutite (e.g., Si, Ti, AI, Cr, Fe2+, Fe3+, Mn, Mg, Ca, Na, K) are weil established using

different aoalytical techniques suchas X-raydifIi'action Rietveld structure tefiœment (XRD),

Fowier-transform inftared (FfIR) spectroscopy, magic-aogle-spinning nuclear magnetic

resonanœ (MAS NMR), synchrotron-radiation X-ray absorption (XAS) spectroscopy, and

Raman spectroscopy (Hawthorne 1983, Della Ventura et al. 1991, Paris et al. 1993,

Hawthorne et al. 1995, Hawthorne et al. 1996b, Jenkins et al. 1997, Leake et al. 1997).

However, site occupancies ofLILE, HFSE, and REE are not wenestablished and few studies

have reported direct observations. Della Ventura and Robert (1990) and Robert etal. (1993)
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proposed that Sr substitutes into the~4) site in richterite (a sodic-calcic amphibole). Sorne

studies assumed that the trace elements occupy only reguJar crystaIIographic sites, tbus

excluding interstitial and defect sites (Onuma et al. 1968, Philpotts 1978, Watson 1985,

Beattie 1994, Bhmdyand Wood 1994, Wood and Blundy 1997). Otberexpeihüental studies

at very low concentrations oftrace element incorporation into crystaIs invoked substitutions

into defect sites, aIthough al higber concentrations the defect sites become saturated and the

trace elements enter normal crystaIlographic sites (Navrotsky 1978, Harrison and Wood

1980). However, trace element site occupancies for amphibole (and other silicate minerais)

are largely strueturally controlled by relationships between partition coefficients and ionic

radii, ionic volumes, and ionic charges which iDdicate that trace elements partition ioto reguJar

crystallographic sites (Jensen 1973, MODer 1988, Liu et al. 1992, Robert et al. 1993, Brenan

et al. 1995, LaTourrette et al. 1995, Klein et al. 1997).

For the LILE there is a consensus that Rb should substitute into the Â site, while Ba

and Sr maysubstitute into eitber the A site, as proposed by Jensen (1973; for Ba), Brenanet

al. (1995; for Ba), and LaTourrette et al. (1995; for Baand Sr), orthe M:4) site, as proposed

by Jensen (l973; for Sr), M611er(l988), audBrenanetal. (1995; for Sr). LaTourrette etai.

(1995; Fig. Th) asslImed tbat both Ba and Sr occupy the A site but under two different

coordinations (i.e., a twelve and ten-fold coordination, respectively). IfBaand Sroœupythe

same site, bath sbould he in the same coordination (i.e., twelve-fold coordination with an

ionic radius for XDSr and xnaa of 0.131 and 0.161 DIO, respectively; Shannon 1976).
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However, in this study Sr is presumed to occupy the M(4) site in eigbt-fold coordination

while Ba occupies the A site in twelve-fold coordination based on the partitioning resuIts

shown below using Onuma's diagram. For the REE (i.e., La to Lu) and the HFSE (Nb, Ta,

à, II( Ti) there is a consensus tbat they substitute into the M(4) and M(2) sites, respectively

(Jensen 1973, Liu et al. 1992, Brenan et al. 1995, LaTourrette et al. 1995, Leake et al.

1997). However based on the charge and ionic radius ofY.J+ (HFSE), it is assumed that it

substitutes ioto the M(4) site. In SlImmary, the cation site-assignments in calcic amphibole

(pargasite and kaersutite) are:

Major and minor elements Trace elements

XllA

VIllM(4)

VIM(I)

VIM(2)

IVT

K+, Na+

Na+, Cal+, MQ2+, Fe2+, Mg2+

Mn2+, Fe2+, Mg2+

Ti4+, Af+, Fe.J+, c~

Si4+, Al3+

Rb+, &2+

REE3+ (i.e., La3+ to Lu3+), y3+, Sr+

•

Note that no distinction is made in this study between the diflètent cavities in the A

site [i.e., A(2), A(m),A(21m)], between theM(I) aodM(3)~ and between the T(I) and

1t2) sites [referred bere and thereafter as A, M(I), and T sites, respectively). Furthermore

for pargasite and kaersutite compositio~ the A site is always partiaIIy fiIled (or totally in

some cases) byNaandlorK.
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3.6.1. Thermodynomic model

Diftèrent tbermodynamic and empirical models bave been developed to explain or to

prediet partition coefficient behaviour between structuraIIy simple minerai phases (e.g.,

sodium nitrate, sylvite, olivine, plagioclase, cIinopyroxene, orthopyroxene) and melt

(Nagasawa 1966, Onuma et al. 1968, PbiIpotts 1978, Colson et a/. 1988, MoDer 1988,

Beattie et al. 1991, Beattie 1994, Blundy and Wood 1991, -b, BlundyaDd Wood 1994,

Blundy et al. 1996, Purton et al. 1996, Purton et al. 1997, Wood and Blundy 1997). The

partitioncoefficients canelucidate some physical and structural cbaracteristicsofthe minerai

(e.g., the site in a minerai wbich a given element is occupying, the lattice site Young's

mod~ the optimum ionic radius ofa given Iattice site) without other detailed analytical

techniques. However, ifa trace element substitutes into two d.i1rerent crystallattice sites, as

suggested by Breœn et al. (1995) for Ba, this would complicate the ahove traœ element site

occupancy assignments. Multiple Iattice site occupancies of trace elements can only he

resolved by detailed analytical studïes. In this section, il is assumed that trace elements

partition into a single crystallattice site as suggested for Sr by Della Ventura and Robert

(l99O).

Onuma etal. (1968) showed that partitioncoefficients between pyroxene and melt of

a series ofisovaJent elements (e.g., REEl) followan inverse parabola wben plotted agaiost

their ionic radius. Furtbeuwre, they were able to establish the major, minor, and trace

element's Iattice site occupancy besed on the relative positioDS of the diffiaeut parabolae
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(Onuma et al. 1968). Blundy and Wood (1994) developed a quantitative model based on

thermodynamic principles and the relationsbip descnDed by Onuma et al. (1968) and applied

it to different $I"Jicate minerais. The general ideabehiDd the thermodynamic modelofBlundy

and Wood (1994) is based on the substitution behaviour ofmajor, minor, and trace elements

(cations) into Jattiœ sites ofa silicate minerai. It can be used to extract important physical

properties of the mineral at ditrerent pressures, temperatures, and compositions (Brenan et

al. 1995, LaTourrette et al. 1995, Schmidt et al. 1996, Wood and Blundy 1991).

Furthermore, knowing certain physical properties ofthe minerai, Blundy and Wood's (1994)

model cao he used to predict partition coefficients (Bhmdy and Wood 1994, Brenan et al.

1995, Wood and Blundy 1991). Due to its simplicity and ils sucœss in previous studies, this

model will he used to better understand the behaviour of partition coefficients between

amphibole and basaItic melt and to explaiD, ifpossible, the relationsbip between the results

ofour experiments and those ofprevious studies.

Bhmdy and Wood's (1994) model is based upon an approximation which relates the

partitioncoefficient with the Gibbs ftee energies offusionandofelementalexcbange between

the crystal and the !œlt:

•

D. = ~-f AG~ionJ _--f ~G:X~~ngeJ
' c:;A.1. RT x ~1 RT

-146-

(1)



• ____________C_ba_p_te_r_3 _

where Di is the partition coefficient ofa cation 0) between minerai aod melt, ~G~MIiClfI is the

standard-state ftee energy of fusion of the oost minerai (in Ioule·motl ). It govems the

partitioning between the minerai and meJt ofthe oost cation (y) into the crystallattice-site of

interest as a function ofpressure and temperatwe, R is the gas constant (in JoultK.-I·motl),

and T is the temperature (in degrees K), ~G~ is the free energy required to remove a

oost cation (y) from the crystal and iDsert ÏDto the same lattice-site a cation (i), ditfering in

size and/or charge ftom (y) (in Joule-mor l
). The exchange ûee energy term for two cations

[i.e., second parameter in eqn. (1)] can he approximated using Brice's (1975) equation

relating the difference in the Iattice strain fi'ee energy (âG....J as a fimction ofthe Young's

modulus for the lattice site and the size ofthe mismatch between two cations, one ftom the

oost crystallattice site (y) and one ftom the liquid phase (i):

(2)

•

where ~GstnIiJI stands for the mechaniad strain ftee eoergy around an isovaIent cation wbich

does not fit ioto the Iattiœ..site (in barnn(·motl), Bis the Young's modulus ofthe Iattice site

(in bar) which varies in an approximately Iinear fimction with the cation charge, NA is

Avogadro's nomber (in mot l
), '0 is the optimum ionic radius ofthe Iattice..site (in nm), and

ri is the ionic radius ofthe exclvmged cation ftom the melt (inDm). The mecbaDical strain ttee

energy of substitution may he controlled by the relative elasticity of the hast lattice-site
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instead of the ability of the host mioeral to control the local charge balance [e.g., ~3+

substitutes into the M(4) site where vmea2
+ resided wlŒh results in the need for charge

balance; Blundyand Wood 1991a]. However, the overall neutrality of the structural unit

must he maintaiDed without exception. The first parameter in equatÎon (1) cao he descnbed

as the "strain-compensated putitiJn coefficient" [i.e., Do = exp(~G~1GJÏOII / R1) or RT ln Do =

~0KfÎoJ ofa cation (or element) ioto the crystallattice site wbere the ideal cation bas an ioni<:

radius identical to ro (i.e., 'i = '0). However, in most mirIerak Do does IlOt correspond to the

partition coefficient ofa major element in the lattice-site as shawn below for amphibole.

Then, followiDg Bhmdy and Wood (1994) the general equation can be rewritten as:

(3)

•

where Di (P, T,X) is the measured partitioncoefficientofa cationat the pressure, tempetature,

and composition ofinterest, Do (P, T.x> represents the maximum partition coefficient ofthe

lattiœ-site for a series ofisovalent cations at the same pressure, temperature, and composition

as D;. For such behaviour the buJk crystal is assumed to behave as a petfc:et elastic material

and the substitutionofa cation iota a lattice-site is reversible ftom Iiquid to crystalaDd does

not create pem...enr deformation (i.e., the individual YOUDg'S modulus ofthe crystallattice
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site remains constant and is in the elastic d01flQin). Comodi et al. (1991) observed an aImost

constant variation in ceB volume as pressure increased ftom 0.0001 to 3.7 GPa at room

temperature for tremolite and glalloopbane (i.e.~ a calcic and sodic amphiboles, respectively)

which suggests constant buIk moduli (K) in the range ofpressure studied. However~ Comodi

et al. (1991) observed a weak change in K for tremolite al arouod 2.0 OPa. The variation

observed for tremolite was interpreted either as a progressive variation ofK ftom 0.0001 to

4.1 GPa or as an abrupt change occurring near 2.0 GPa wbere K changed ftom 72.0 to 99.0

GPa (Comodi et al. 1991). The Young's modulus ofthe Iattice site (s, is very sensitive ta

the compositional variations ofeach Iattice site in a crystal whereas the bulk modulus (K)

remains practicaIly identical (same order of magnitude) within each mineral group (i.e.~

amphibole, pyroxene, epidote: Comodi etal. 1991, Comodi et al. 1995, Comodi and Zanazzi

1997~ Zhang et al. 1997).

Equation (3) can he used to fit the partition coefficients of an isovalent series of

cations whichoccupythe same Jattice site [e.g., REE3+ + y 3
+ ioto the M(4) site]. Figure 3.8

shows a typical diagram wbere partition coefficients are plotted agaiDst the ionic radius for

the P-MT-27 experiment. This fitting procedure yields apparent values for rD' 8, and Do.

These parabolae descn"be the capacity ofa lattiœ site to accommodate cations ofdifferent

ionic radius and/or charges.

The narrower the parabola, the bigber the rigidity ofthe site aod the more difficult it

is ta accommodate cations ofdifferent ionic radius than tbe ideal ioDic radius ofthe Iattice site
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Figure 3.8. Calculated least-squares regression lines obtained for the diflèrent partition

coefficient groups of catioDS against the ionic radius for P-MT-27 experiment. Letters

denote: tetrahedral sites !V[nl) and T(2)]; octahedral sites VI[M(I) andM(2)]; distorted cubic

site vm[M(4)]; distorted cuboctahedron site XD(A). Lines denote: unconstrained non-Iinear

least-squares regressions (fi1Ied and large dashed, see Table 3.12); constrained non-Iinear

least-squares regressions (sma1l dashed).
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(i.e., rD)· ForcaIcic~Jes (i.e., tremolite and pargasite), the measured YOUDg'S modulus

of the different Jattice-sites are in general .s~) > ~l) > BM(4) > ~) > e.. (Comodi et al.

1991), whereas the calculated Young's moduIus ftom partition coefficient values of the

different lattice-sites are in general ~t.3) > .s~2) > EA4{4) > ~ (for pargasite: Brenan et a/.

1995, LaTourrette et al. 1995). Furthennore as mentiooed above, the Young's modulus of

a specifie Iattice-site (i.e., rigidity) increases as the va1eDcy of the cation series increases as

shawn in Figure 3.8 by the opening ofthe di1ferent parabolae between the (Fe, Ca, Sr, Ba)f,(4)

and (REE, Y)it(4) series (i.e., the calculated Young's modulus 8A4{4) increases ftom 74.9 to

445.4 GPa for the divalent and trivalent cation series, respectively; Table 3.12) (BIUDdy and

Wood 1994). By fitting a non-Iinear Ieast-squares regression ta each isovalent cation series,

r0' 1!, and Do values cao he extracted for each Jattice site al the temperature, pressure, and

composition ofthe experiment. However, the non-Iïnear Ieast-squares regressioncannot he

used directly when an isovalent series bas Jess tban three Di values [e.g., VJ(Mg, Fe)"(J) and

VI(Nb, Ta)M{2J. In such cases, it was necessary to constrain a value (e.g., rJ in equation (3)

due to the occurrence ofaDOn-converging solution (i.e., three equations with two unknowns;

Fig. 3.8). As showninFigure 3.8, itwas possibleto calculateD", 11, andro values for (Ti, H(

Zr)M{2)' (Fe, Ca, Sr)"(4)' (REE, Y)"(4)t and (Na, K, Rb).. without constraiDed values. These

results are Iisted in Table 3.12. For the P-MT-27 expei~ the calculated and estimated

Young's ImduIi are ~1,2)> ~2)> ~1.J)> 44)> e.. for simiIar ioDic charges [i.e., 4+ in the

Tvs. M(2) sites, 3+ in the M(2) vs. M(4)], wbich are elosely related to the range ofvalues
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• Table 3.12. CaIculated and estimated lattice-site parameters for P-MT-27
expe!iment.

A rD
(OPa) (nm)

12
12
8

1+
2+
2+

Lattice-site Charge Coord. Cation

M(4)

A

M(l)'
M(2)

Na, K, Rb 3.44 110.425 0.152
Ba [1.00-] [3150552'1 [0.152'
Fecl, Ca, Sr 1.096 74.964 O.I04c

[O.922~ [80.6W] [0.111~
3+ 8 REE, Y 0.476 445.436 0.104
2+ 6 M&. Feft 2.12i 1645.362 0.072J
3+ 6 At [3.03' [937.844"] [0.0651
4+ 6 Ti, Hf: Zr 2.097 2213.58 0.065
5+ 6 Nb, Ta [O.~ [7887.84"] [OJl651

T(l) 3+ 4 Ar [0.814' [2484.26"] [0.039']
T(2) 4+,3+ 4 Si, AP 1.21 2484.26 0.028
Abbreviation: Coord.-coordination. Values in brackets represent qualitative resuhs.

a Estimated value. b Calculated using estinurted Do and assU!njng rD constant for a given site.

C rD was regressed oomthe 1+ cations ofthe A site. cl~e was calcuJated aIIowing 11.6 % of

the total ferrous-iron allocated to the M(4) site (see Tables 3.4 and 3.5). e rD was regressed

from the 3+ cations ofthe M(4) site. f Values obtained witbout constraiDed values. 1 M(1)

denotes the M(l) and M(3) sites combined. h ~c was calculated aIIowing 88.6 % ofthe total

ferrous-iron aIIocated to the M(I) site (Tables 3.4 aDd 3.5). i DD was assumed to he DMa• j

rD was assumed to he the ionic radius ofViMg. k DAI was caIcuiated aIlowing 20.8 % ofthe

total aluminium aIlocated to the M(2) site (see Tables 3.4 and 3.5). 1 rD was regressed ftom

the 4+ cations ofthe M(2) site...DAI was calculated aIIowing 95.4 % ofthe total tetrahedral

aluminium (1OO-20.8A1Ï1l At(2) = 79.2 %) aJlocated to the ni) site (see Tables 3.4 and 3.5). ft

Do was assumed to he DAI calculated for the 1{1) site. 0 rD was 8SS'1IDfId to he the ionic radius

oiIVAI. P DAI was caIc"lated aIlowing 4.6 % ofthe total tetrahedral aluminium (U)O-20.8A1e

M{2) = 79.2 %) aIIocated to the T(2) site (see Tables 3.4 and 3.5).
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reported by Brenan et al. (1995) and LaTourrette et al. (1995). The calculated optimum

ionic radius ofthe M(4) site corresponds to the ionic radius ofTb (i.e., ionic radius ofvmn

= ro = 0.104 Dm; Figure 3.8). Ho~, tIüs optimum ionic radius does DOt conespond to the

ionic radius ofamajor divalent element suchas Cawhichoccupies the same lanice site (ionic

radius ofvmea = 0.112 nm). SïmiIar observations were reported by Brenanet al. (1995) and

LaTourrette el al. (1995) for pargasites ofsjmjJar compositions. For Ba, two diftètent ionic

radü correspondiDg to the two different coordinations (i.e., the eight- and twelve-fold

coordinations) are shown. When Bè+ was assumed to occupy the same Iattice site as Fe2+,

Ca2+, and Sr+ [i.e., M(4)], a poor fit was obtained due ta simiIar partition coefficients

between Ba and Sr but reJatively large diftèrences in their iouie radü (i.e., ionic radii = 0.142

and 0.131 Dm for V1II& and vorSr, respectively, Shannon 1976). In such a case wbere the

regression line does IlOt showa good fit, it seems reasonable ta assume that Bamay substitute

into the large A. site as shawn in Figure 3.8 for the twelve-fold coordination. The possibility

ofBa occupying the large A. site bas Devet been reported before due to the Jack ofnatural or

synthetic Ba-rich caIcic amphibole, rendering it impossible for structural retioement. Obertî

et al. (1995), Hawthome et al. (1996&), and Obertietal. (1997) reported significant amounts

ofCa2+ in the A. site for syntbetic fIuor-pargasite 8Dd natural fluor-eamilloite, respectively

(both are calcic amphiboles). Such a clivaient cation in the A site might suggest that the

substitution ofBa ioto the Â site is reasooable to assume be.sed on ils partition coefficient,

ionic radius, and ionic charge. SimîIatobservations for Ba indie twelve-fold coordinated site
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were proposed for biotite andphlogopite (Guo and Green 1990, Edgar 1992, LaTourrette

et al. 1995, Henderson and Foland 1996, Shaw and Penczak 1996). However due to the

limited site occupancies ofBa in clinopyroxene, it was reported to oœupy the eight-fold

coordinated site simiJar to Ca (i.e., in the M(2) site; Papike 1987, Blundy and Wood 1994,

Fig. 1). Therefore the DBa between clinopyroxene and basaItic melt is at least two orders of

magnitude lower than DSr (Hart and Dunn 1993, Green 1994), wbich is not the case for

amphibole and biotite (i.e., Ds. and Dsr are in the same order ofmagnitude).

Defore comparing the diffetent elastic properties determined in this study with

previous ones it is important to distiDguish ifa 15 relative % variation (a typical relative

standard deviation observed ftom partitioning) applied to the UDCODStrained Do and Svalues

calculated previously significantly affects the unconstrained Ieast-squares regression line

observed relating partitioning and ionic radius ofthe trivalent cations in the M(4) site using

equation (3) (P-MT-27 experimeot; Table 3.12). Furthermore, a variation of±SO oC was

applied on the run temperature (7) to investigate any significant modifications wbich would

also disturb the original UDCOostrained regression line and to investigate the effect of

temperature on the model (correspondiDg in this case to - 5 relative % variation of the

measured temperature). Figure 3.9 shows the modified regression Iines obtaiDed from

equation (3) for the P-MT-27 experiment wben Do and Swere used as fixed values ftom

which 1 applied a variation of 15 relative % to their initial unconstrained values and aIso by

modifyiDgthe runtemperature by±SO oC (e.g., Fig. 3.9a,Do + O.15Doand Do -O.15Do wbere
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Figure 3.9. Variations inthe calculated modeJs for P-Mf-27 expeIiment using the 4+ cations

ofthe M(4) site. (a) ConstraiDed modelusiDg a fixed Do by applying a variationof15 relative

% to the original value (Table 3.12; Band,o were unconstrained). (h) ConstraiDed model

using a fixed 8by applying a variation of 15 relative % to the original 8vaJue (Table 3.12;

Do and,o were unconstrained). (c) UnconstraiDedmodel using a variationof±50 oC to the

run temperature (DO'.s, and '0 were unconstraiDed). LiDes denote: non-linear least-squares

regression using unconstrained parameters (bold, see Table 3.12); non-linear least-squares

regression using diffetent variations (small dasbed).
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É and T were fixed).

ditTelent errorsoneachiDdividualparameter, the pre-expooentialvariable mequation(3) (i.e.,

Da) seemed to he the most sensitive whiIe the temperature bad üttIe effect on the final

calculated modeL However, the variations observed when n:aodifYing Da were close to

(LREE) or within (MREE + BREE + Y) one standard deviation ofthe partition coefficient

values (Fig. 3.9a). For ail the diffeIe11t posstbilities ofD~ 8, or Tinvestigated, the calculated

optimum ionic radius (i.e."a = 0.104 mn) ofthe Jattice site wben using equation(3) œmained

constant, suggestÎDg that '0 is iDsensitive to the mode! used wben plotting D vs. ionic radius

and is intrinsic to the dataset.

Because partition coefficients of the REE have been investigated in the majority of

previous experitœntal studies (Table 3.11), these trivalent cations will he focussed upon to

determine if there is a relationship between the elastic properties of the amphibole run

products and their chemistry using equation (3). Previously, il was sbown that~ could he

govemed by the chemistry ofthe amphibole (Fig. 3.7). By fitting a !east-squares regression

line for DREE. obtained ftom these expetiments 8Dd those ftom previous expetimental studies

(Nicholls and Harris 1980, Green and Pearson 1985a, Adam and Green 1994, LaTourrette

et al. 1995), Da' 8, and ro for eachdataset were independently calculated. Figure 3.10 shows

a positive linear relationsbip between Dw Ds., DuO' and Du. and the calcuJated maximum

partition coefficient (Do) based on one standard deviation attaehed to each partition

coefficient fur La, Sm, Ho, and Lu. Aremarkable relationship betweenDrea:. and Do indicates
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Figure 3.10. Variations ofpartition coefficient for La, Sm, Ho, Lu against the calculated

maximum partition coefficient (Do) for the trivalent cations in the M(4) site. SymboJs: saane

as in Fig. 3.7.
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that as the overall partition coefficients for an isovalent group of cations iocreases the

ca1culated maximum partition coefficient ofthe Iattiœ site aJso iŒreases.

Figure 3.11 shows the variations ofthe caIcuIated maximumpartitioncoefficient (Do)

as a function ofthe amphibole cbemistry. The maximum variationobserved inDo coaesponds

to - 291 relative % [i.e., 0.302 to L18 for HF13-38 and NichoDs and Harris (1980)

expetinJents, respectively]. However, even iftbere is only a weak correlation coefficient

between Do and the CNIMTAF ratio (0.59), it seems to suggest that a complex process of

cation exchange OCClU'S in the amphibole structure to charge beWOCA: the trivalent cations as

their partitioning into amphibole ïncreases.

The reJatively large variation of8(i.e., 61.5 to 579.4 GPa) wbich corresponds to

- 850 relative % shows a similar correlation with the major element composition of the

amphibole nm products. However, the relatively small variation ofro (i.e., 0.097 to 0.105

nm) which corresponds to - 8 relative % is Jess obviously correlated with mineral

composition (Fig. 3.12). In &ct, minimum values of Gand rD were calcuJated for the P

MTgTî31 expeiiment (Fig. 3.12). This particular experimeDt bas kaersutite in the run

products and shows the minimum CNIMTAF ratio of 0.163 (Fig. 3.11). However, the

maximum values ofEand ro calculated for the trivalent cations in the M(4) site does DOt

correspond to the maximum CNIMTAF ratio. For these parameters (i.e., e and rD), the

maximum value calclllated for the Young's modulus corresponds to nm #9SS(HM) ofGreen

and Pearson (1985a; 8= 579.4 OPal wbich bas a CNIMTAF ratio of0.446 (Figs. 3.11 and
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Figure 3.11. Variation ofthe maximum partitioncoefficient (Do) calculated for the trivalent

cations in the M(4) site agaiDst the major clement ratio of the amphibole run produets.

Symbols: same as in Fig. 3.7. Run numbers are identified for expetiments which showed

minimum and maximum 8 and/or r 0 values calculated ftom the least-squares regression (see

text).
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Figure 3.12. Maximum and minimum values of the calculatcd Young's modulus 2 and

optimum ionic radiusTo for trivalent cations in di1fetent amphibole run produc:ts. (a) e. (h)

ro• Lines denote: P...MTgTi31 cxperiment (dashed); 9SS(HM) expeiiment nom Green and

Pearson (1985a) (filled). (h) ro. Lines denote: P-MTgTÎ31 expeiÏment (dashed); 1447

experiment from Adam and Green (1994) (fiIled).
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3.12a). As mentioned previously, a modification in the amphibole composition can increase

the Young's JmduIus ofa Iattice site [e.g. the 8"(-4> site] and will tberefore result in a narrower

parabola (Fig. 3.12a). For the optimum ionic radius, the maximum value obtained is for nm

#1447 ofAdam and Green (1994; rD = 0.105 Dm.) which bas a CNIMTAF ratio of 0.332

(Figs. 3.11 and 3.12b).

An increase in the optimum ionic radius ofa specifie lattiœ site in the amphibole

structure can he due to a modification of the relative proportion of the differeot cations

occupying the Jattiœ site wbich can influence the whole structure ofthe amphibole. As an

example, Comodietal. (1991) calculated the buJkmodulus oftheM(4) polyhedrafor divalent

cations (referred here as the Young's modulus ofthe lattice site) based on compressibility

measurements for tremolite and pargasite equal to 74.0 and 53.0 GPa, respectively. For

these amphiboles, the cation site populations for the M(4) site were very close to each other

[i.e., 100 % Ca and 99 % Ca - 1 % Fe in the M(4) site for tremolite and pargasite,

respectively]. Furthermore, the calculated mean bond-lengthdistance (i.e., <M(4)-O» was

higher in tremolite than in pargasite (e.g., 0.2506 and 0.2492 mn for tremolite and pargasite,

respectively, at 0.0001 GPa experiments; Comodi et QI. 1991). At these conditions,

substituting a sma11er cation into the M(4) lattice site (i.e., ionic radius ofV1Fe"(-4> =0.078 lm

for "mcaM(4) = 0.112 mn) will decrease its Young's modulus and aJso the mean bond-Iength

distance. Evidently decreasing the mean bond-Iength distance ofa Iattice site will directly

decrease the optimum ionic radius (ro) ofthe Iattice site. InSUi IIi M'Y, the variations observed
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for the calcuJated DO' 2, and ,.Q ftom partitioniDg data correspond in geoeral to the effect of

the amphibole coJqJOsition. However diftèrentprocessescanaIso intluence these parameters

snch as pressure and oxygen fugacity (Cbapter 4), and the buIk titaDium (Chapter S) content

ofthe amphibole.
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ExperilDeatal i.vestia.tio. o. partïtïo.iag ofLILE, HF8E, .ad HE hetweea

ealeie ••pllibole ••d baaltie .elt:

D- Tlle effeds of p.....ft .ad oSfgea fapcity OB partitioaiag

4.1 Introciactioa

The eftècts ofpressure and oxygen fugacity on partition coefficients between silicate

minerais and melts may he important because many studies reported tbat the geœratioD of

basaltic melts in the upper mantIe coukl encompa55 a range ofpressure greater tban 1.0 GPa

and a range in oxygen fugacity greater than ± 2 log units away ûom the FMQ buifer

(Haggerty and Tompkins 1983, Christie et al. 1986, Wood and Virgo 1989). However,

results ofprevious expeti'ievtaJ studies have not Iead to a general consensus conceming the

effect ofpressure onpartitioniDg between various silicate minerais and melts. Mysen (1976;

for olivine), Green and Pearson (198Sa; for amphibole), Guo 8Dd Green (1990; for

phlogopite), Sweeney et al. (1992; for amphibole), Adam and Green (1994; for amphibole),

and Fujinawa and Green (1997; for amphibole) observed a decrease in D with increasiog

pressure whereas Drake and Holloway (1977; for amphibole), Green and Pearson (1983; for

sphene and clinopyroxeue), and Green aD! Pearson (1985b; for clinopyroxene) observed the

opposite relatiooship. As for amphibole 1melt partitiolÜDg there is a gencral consensus that

D decreases with iDcreasing pressure (Greenand Pearson 19858, Sweeoey etal. 1992, Adam

and Green 1994, Fujinawa aod Green 1997). However, DaIpé aod Baker (1997) observed

an ambivalent behaviour ofDru. aud 1JanE with iDcreasiDg pressure between amphibole and
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basaltic melt.

The etfect of oxygen fugacity on partition coef6cients is more subtle. Green and

Pearson (19858, -h) found that partitioning between clinopyroxeœ and melt (U""""*) and

partitioning betweenampbibole andmelt (D [2'--*) incrcaseswithiDcreasing oxygenfugacity;

LaTourrette and Bumett (1992) found that Dùr-Jwd decreases whiJe~ increases with

increasing oxygen tùgacity whereas Adam and Green (1994) did DOt find any significant

eftècts for~ but observed an increase inDi~and D3E.... with increasing oxygen

fugacity.

4.1.1. Procedure used 10 irrvestigate the effecls ofpressure and OX)gelf fugacity

Three starting materials were used to evaluate if pressure and oxygen fugacity

significantly affect partition coefficients. These materials were grouped ioto two buIk

compositions:~ and alkaJine basaItic tœteriaJs withdiftèlent major, minor, and traœ

elements. The first group iDcluded a pargasite crystal and a pargasitic glass (i.e., P-MT and

P-MTg, respectively; Table 3.1). The second group consisted of an alkaline basait (i.e.,

FMIO; Table 3.1). Temperatures ofexperintents al the lowand high pressures were simïJar,

1100 and 1050 oC for P-MT and P-MTg materials performed at the Iow oxygen fugacity

(-NNO-2), 1050 and 1075 oC for P-MTg material performed at the bigh oxygen fugacity

(-NNO+I.7), or an identical temperature (i.e., 1000 OC) for the FMI0 material performed

at the highoxygen fugacity (-NNO+I.7). For experiments used to evaluate the effect of

oxygen fugacity onpartitiooiDg al a constant nmpressure, the temperatures ofthe P-MT and
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FMIO expetiments were simiIar (i.e., within 25 to 50 oC). Expetimental conditions and nm

products are listed in Table 3.3 (P-MT-27, P-MT-34, P-MIg-12, P-Mfg-43, P-MTg-41,

FMIO-02, FMI0-23, and FMI0-25). As it can be seen in Table 3.3, run produets were

identical (P-MTg-43 vs. P-MTg-4I) or very sirniJar (P-MT-27 vs. P-MT-34, P-MTg-12 vs.

P-Mf-34, and FMI0-23 vs. FMI0-25) for pairsofexpelïments performed al the Iowand higb

pressures using a fixed oxygen fugaclty. However, for pairs ofexperiments performed al a

fixed nm pressure but al diffèrent oxygen fugacities, run products were either simiIar (P-Mf

27 vs. P-MTg-43 and P-MTg-12 vs. P-MTg-43) or diftèrent (P-MT-34 vs. P-MTg-41, and

FMIO-02 vs. FMI0-23). As mentioned previously the colq'Ositions ofthese phases are IlOt

identi~only similar. No gamet was observed in any higb pressure expetiuent (i.e., 2.2 and

2.5 GPa). In the FMI0-25 expelïment, ilmenite was observed in the run products. WJth the

aIkaIine basait starting composition (i.e., FMIO), the maximum pressure stabiIity field of

amphibole was located between 2.2 and 2.5 GPa for the high oxygen tùgacity buffer (i.e.,

- NNO+1.7). For tbis starting material, the higbest run pressure used was 2.2 OPa instead

of2.5 OPa for P-Mf materials.

4.1.2. The variations in amphibole compositions with ;ncreasingpressure alafixedoxygen

fugacity

For the major element concentrations in the amphibole run produets, an increase in

AlA(l.2.3l' KA' and a decrease in T~I.2.3>'CaM(4) was observed as pressure iocreased (Table 3.S).

Similar variations were observedbyAdamand Green(1994) aDd FujinawaaDd Green (1997).
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The Fe10Cal in the M(I~,3)sites decreased for the amphiboles wbich crystalIized ftom the p

MT and P-Mrg experimmts while it increased in the amphiboles wbich crystal6zed nom the

FMIO expetiments as pressure increased. The M8Attl,2.3) behaved inversely to Fe... in the

amphiboles. Figure 3.3 shows variations in Ti, Fe2+, and Mg in the diffi5ent amphibole run

produets as pressure increased using diftbeut startiDg materials (P-Mf-27 vs. P-MT-34a, P

MTg-12 vs. P-MT-34a, P-MTg-43 vs. P-MTg-4l, and FMI0-23 vs. FMI0-25).

For experiments performed al the Iow oxygen fugacity (i.e., P-MT-27 vs. P-Mf-34a

and P-MTg-12 vs. P-MT-34a), the concentrations in Lll..E (Sr), HFSE (Nb, Ta, Zr, Hf: Y),

and REE~ Ce, Pr, Nd, Sm, Dy) decrease in the amphibole with increasing pressure based

on two standard deviations (Table 3.4). For eX(lelÙüei1ts performed al a Iügher oxygen

fugacity using the same material (i.e., P-MTg-43 vs. P-MTg-4I), the concentrations in LILE

(Ba, Sr), HFSE (Nb, T~ Zr, Hf: Y), and REE (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,

Yb) also decrease in the amphibole with increasing pressure. There is Iittle variation in traœ

element concentrations for the amphiboles formed in alkaline basait experiments performed

at the highoxygenfugacity(i.e., FMI0-23 vs. FMI0-2S). In these experiments, Ladecreases

while Y, Tm, and Yb increase in the amphibole with increasing pressure. Adam and Green

(1994) and Fujinawa and Green (1997) observed similar trends for trace element

concentrations oftheir amphibole nm products.

-166-



•

•

___________C_ba_p_te_r_4 _

4.1.3. The variation in amphibole compositions with increasing oxygenfugacity at a jixed

pressure

The variation in major element concentrations in the amphibole run produets fiom the

fourpairsofexperiments(i.e., P-MT-27 vs. P-MTg-43, P-MTg-12 vs. P-MTg-43, P-MT-34a

vs. P-MTg-41, and FMIO-02 vs. FMI0-23) shows an increase in Al1U,2) and CaA(4) while

TiM(I.2.3) decreases with increasing oxygen fugacity (Table 5). Moreover, but not surprisingly,

the estimated proportions oftheF~1Fe2+ ratio in the amphibole produced from the pargasite

material increase as the oxygen fugacity iŒreases. Adam and Green (1994) observed the

same trend for the T~I.2.3) and F~IFe2+ ratio in amphibole nm products with increasing

oxygen fugacity. However, the Fel+fFe2+ ratio trend was not observed in the amphiboles

crystallized from the alkaline basait material due to the absence ofany estimated Fel+ (see

section 3.4.1.1. Amphibole). Other variations observed for the pargasite materiaJs obtained

at bothpressures(i.e., P-MT-27 vs. P-MTg-43 aodP-MTg-34a vs. P-Mfg-41, respectively)

were an increase in KJf and a decrease in ~1.2.3).'Fei;4) with increasing oxygen fugacity. In

the amphiboles wbich crystaIIized trom the aJkaline basait (i.e., FMIO-02 vs. FMI0-23

experiments), ~1.2.3) and Fe;;4) increased wbiIe KJf decreased with increasing oxygen

fugacity. An opposite behaviour for the Mg# in the amphiboles was observed usiDg the

pargasite materials (i.e., Mg# shows an increase for P-MT-27 vs. P-MI'g-43, P-MTg-12 vs.

P-MTg43, P-Mf-34a vs. P-MTg-41 pairs) and the albliœ basait material (i.e., Mg# shows

a decrease for FMlo-o2 vs. FMI0-23 pair) as the oxygen fugacity increased (Fig. 3.3).

Nosystematicvariationintlaceelementconcentrationswithintwostandarddeviations
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ofthe analytical UDœrtainties was observed between the four diffèrent pairs ofexpetiments

(Table 3.4). However fortlle P-MT-34a vs. P-MTg-41 expetiments performed at 2.5 GPa

the concentrations ofLILE (Rb~ Ba, Sr) and REE (Ce) increase whiIe Ta and Ho decrease

with increasing oxygen fugacity. SimiJaritîes were observedbetweentbese latterexpetiments

and the FMIO-02 vs. FMIo-23 pair ofexpetiments for Ba and Ta as the oxygen fugacity

increased (Table 3.4). Furthermore, the LILE (Sr)~ HFSE (Nb, Zr, Hf), and REE (La, Ce,

PT, Nd, Sm, Eu, Gd, Tb) concentrations decreased for this FMIO pair.

4.1.4. The effect ofpressure onpartition coefficients al a jàed oxygenfugacity

Figure 4.1 shows the effect ofpressure on partition coefficients for the four pairs of

experiments (i.e., P-MT-27 vs. P-MT-34a, P-Mfg-12 vs. P-MT-348, P-MTg-43 vs. P-MTg

41, and FMI0-23 vs. FM10-25). Based onone standard deviationDLILE (DmJ increases wbile

DmSE (D~ D-zz, DfWJ DTJ and DREE (~ decrease with increasing pressure for the

experiments maintained at the low oxygen fugacity (i.e., P-MT-27 vs. P-MT-34a and P

MTg12 vs. P-MT-34a; Figs. 4.18, -b and Table 3.10). For experiments at a higher oxygen

fugacity (i.e., P-MTg-43 vs. P-MTg-41 and FMI0-23 vs. FMI0-25; Figs. 4.lc, -d)~ Duu:.

(DSr)' DHFSE (Dr., D'b't Dud, and~ (DCct~ IJNJ decrease with increasing pressure.

Comparison ofthe high oxygen fugacity expetiments, FMl()..23 vs. FMI0-25, demonstrates

that Drm:. (~ DuJ increases and Duu:. (DsJ and~(~ decrease with increasing

pressure (Fig. 4.ld). As meDtioned before, the range ofpressures between both P-MTg

experiments and bothFMl0 expeiïments at the high oxygenfugacity buffer were not identicaI
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Figure 4.1. The effect ofpressure on partition coefficients for diffaent oxygen fugacities.

(a) and (b) Low oxygen fugacity expetiments. (c) and (d) High oxygen tùgacity experiments.

Variations include one standard deviation hm multiple analyses (Table 3.10). Elements

foUowed by an asterisk indicate that the calcuIated partition coefficient corresponds to a

maximum value for a single or both expetiments (i.e., the trace element concentration in the

amphibole was below the LLD; see Tables 3.4 and 3.8).
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(i.e., a range ofl.O and 0.7 OPa, respectively; Table 3.3).

The negative reJamnships observed betweenDsr' Dm:SE (Dz" Dg" Dr;), andDnE(~J

and pressure are simiJar to previous resu1ts ofAdam and Green (1994) forD~Dl" Dilo and

ofFujinawa and Green (1997) for Dü and JJ..,. However, Dm, shows an inverse reJatioœhip

(i.e., Dm, increases withpressure, Figs. 4.111, -b, -cl as opposed to othertrace elements with

increasing pressure for the P-MT and P-MTg expetiments performed at both oxygen

fugacitites. Adam et al. (1993) mentioned a simiIar belJaviour of increasing~ (- 2-fold)

with increasing pressure (i.e., 1.0 to 2.0 OPal for experiments performed al similar

temperatures using an F-doped besanitic material (nms#: 1409 and 1388). The increase in

DRb can also he observed wben using the albline basalt material, but remains within one

standard deviation (Fig. 4. Id). This could he the resuh ofthe smalIer range ofpressures used

for the FMIO experiments (0.7 GPa) compared to the P-MT and P-MTg experiments (1.0

GPa).

A variation in the partition coefficient with increasiDg pressure cm resuIt ftom a

change in the stabiIity field ofditferent phases (e.g., olivine in the P-MT-27 and P-MTg-12

runs and ilmenite in the FMIo-25 run; Table 3.3). Adam and Green (1994) mentioned that

the cootinUÎDg growth ofREE-rich minerais (e.g., gamet, apatite, alIanite) after amphibole

ceases ta crystallize would impoverish the Iiquid in its REE content, thus producing

apparently higher partition coefficients between amphibole and mek. They mentioned that

such differences between tbeir resuIts and those ftom Green and Pearson (198Sb) might he

due to continuous growth of REE-beariDg minerais in Green and Pearson's (198Sb)
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expetiments at a Iower pressure, producing a positive reJationship between the lYs and

pressure. For the expetiments of this study the appearance of olivine in the P-MT-27

expeliment cao DOt account for a significant effect on amphibole-melt partitioning due to ils

small modal proportion (trace amoUDt; Table 3.3) and to the Iow partition coefficients

observed for many different trace eIements (DuLe, ~SEt~ < - 10-2
; Green 1994). For the

FMI0-25 expeïiments, ampbiboleandclinopyroxenefinishedcrystaIIizingafter iJmenitebased

on back-scattered electron images (alloxides are surrounded byasilicate mineral). However

in an extreme case, il cao he 8SS'nned that some ilmeDite crystaIs may have completed their

growth after amphibole ceased to crystalljre, in which case, it could aftèct the Nb and Ta in

the melt because~ and Dr. are close to 1 for the ibnenite-basalt pair whereas D"ü and Dur

are c;üm1ar to those obtained between the amphibole and basaltic melt pair (Green 1994). By

simple mass balanœ calculations usiDg the mineral and melt modes of the FMI0-25

expetiment in Table 3.3 and assuming a~~of .... 0.8 (McCaIIum and Charette 1978)

andaDNb~ofO.OI(Adametal. 1993;run#: 1389), a 1 modal%ofJategrowthof

ilmenite (extreme value in tbis case) in the FM10-25 experiment will represent - 1.9 % orthe

total Nb ofthe starting material whicb is relatively insignifieant compared to - 90 and .... 8

% of the total Nb stored in the melt aod ampbibole, respectively. Tberefore the pressure

effect appears to he the major fàc:tor modifYing the partitioning between the amphibole and

basahic melt.

The variation in partition coefficients could he contro11ed by complex coupled

substitution ioto specifie sites, such as the CNIMTAF ratio (sec Fig. 3.7). Variations orthe
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CNIMTAF ratio for amphibole in the P-MT expetiments (i.e., P-MT-27 vs. P-MT-348, P

Mfg-12vs.P-MT-348,audP-MTg-43vs.P-MTg-41)andthoseforAdamandGreen(I994;

nms#: 1452, 1447,1446, 1442)andAdamandGreen(1993;nms#: 1395 and 14(9)aresmall

(Fig. 4.2) as opposed to the relatively large variation observed for amphibole in the FMI0

experiments (i.e., 0.344to 0.550 for FMI0-23 vs. FMIo-25, respectively). Suchadiffiaence

in the CNIMTAF ratio between the P-MT, P-MTg, and FMIO experiments seems to resuIt

in part ftom the proportion ortheF~ and Mg cations in the M(I,2,3) sites as discussed

above. The CNIMTAF ratio in amphibole for the FMIO expeiimeuts indicates a positive

reJationsbip with pressure wbiIe remaining practica1ly constant for our P-MT and P-MTg

experimental amphiboles and for those hm Adam and Green (1994) and Adam et al.'s

(1993) expetiments. Funheimore, the CNIMTAF ratio seems to be unaftècted bythe oxygen

fugacity orthe expetÏiœnt (compare P-MT and P-MTg expetiments al the lowand highjOJ.

Figure 4.3 shows a clear relationship between the partition coefficient of Zr as a

function of the TilAl ratio observed in di&rent amphibole nID products with increasing

pressure. Increasing pressure directlyaffects &q)Iu"bo1e composition, modi1)ing ils partition

coefficient. However, based on the relationship between Db and the TilAl ratio obtained in

these experiments, oxygen fugacity may possibly influeDce partitioning (compared to the P

MT and P-MTg experiments at the Iow.102 vs. the P-MTg experimeuts at the highjOJ, but

the variations are within one standard deviation.
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Figure 4.2. Variationofthe CNIMTAF ratio ofthe amphibole ND products as a function of

the run pressure. Legeod: P-MT-27, P-MTg-12, and P-MT-34a experiments (P-MT + P

Mfg expetiments al IowjOJ; P-Mfg-43 and P-MTg-41 experiments (P-MTg expetiments

al highjO.J; FMI0-23 and FMI0-25 expelîments (FMIO expetiments al higbfOJ; runs#

1442, 1446, 1447, and 1452 ftomAdamand Green (1994) [AG(94)];nms# 1395 and 1409

from Adam et al. (1993) [AGS (93)].
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Figure 4.3. Variation ofD7z with the TilAl ratio in M(1,2,3) octabedral sites ofamphibole

nm products as a fimction of pressure. Legeud: P-MT-27, P-MTg-12, and P-Mf-34a

experiments at low oxygen fugacity [P-Mf, P-MTg (lowjO~]; P-MTg-43 and P-MTg-41

experimentsathighoxygenfugacity [P-MTg(highjO~);FMIo-23audFMI0-25 expetiments

at high oxygen fugacity [FM10 (highjOJ); ruœ# 1395 and 1409 ftom Adam et al. (1993)

[AGS (93)];runs# 1702,1705,1666, 1664, and 1707ftomFujinawaandGreen(l997) [FG

(97)]. Numbers denote: run pressure in GPa (ita/ie numbers referred to other expetimental

studies). Field denotes: experiments from tbis studyat 1.S and 2.2-2.5 GPa
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4.1.5. The effëet ofoxygenfugacity on partition coefficients al a fixed pressure

Figure 4.4 shows the effect of oxygen fugacity on partition coefficients for four

differentpairsofexpetilleuts (i.e.,P-MT-27vs.P-MTg-43,P-MTg-12vs.P-MTg-43,P-MT

34a vs. P-MTg-41, and FMIG-02 vs. FMIo-23). For expetiments performed at Iower

pressures using the pargasite materials (i.e., P-MT-27 vs. P...MTg-43 and P-Mfg-12 vs. P

MTg-43), DULE. (D&) and~ (DCc! ~fb DSrJ increase whiIe DTi decreases with increasing

oxygen fugacity (Figs. 4.4a, -b and Table 3.10). AIso, increases inDuu. (DRb, Dsr), D twSE

(Db)' and~ (Du, Dr.r, Dy., DLJ for the P-MT-27 vs. P-MTg-43 experiments were

observed as oxygen fugacity increased (Fig. 4.4a). SimïJar variations were observed for

experiments perfonœdat 1.5 GPa using the albline basait material (i.e., FMI0-02 vs. FMI0

23; Fig. 4.4c) wbere Duu. (Da., Dsr), Dy, and~(~ Ds.,~ DQdt Dn" /Joy, DuO' DFr)

increase whereas~ (Dm, Dr., Dlfl~DrJ decreases with increasing oxygen fugacity.

Forexpetiments performedatahigher pressure (i.e., P-MT-34avs. P-MTg-41),Duu.

(DRb, DsJ and DrœE. (D[.at DCc! Dp" DNJ increase wbile DmSE (Dr., lJy-p Dy) and~ (DTb,

D01' DHo, DEr) decrease with increasing oxygen fugacity. For the diftèrent pargasite

experimentsperformedat both lowand highpœssures (Figs. 4.48, -b, -cl, identicalhebaviours

were observed with increasiog oxygen fugacity wbereas DD' Da., and DLIŒE (DCc!~

increase while Dra decreases. For experiments usiDg the alkaline basait (i.e., FMIO-02 vs.

FMI0-23), Duu. (Da., D~), Dy,~ (D,."~ DSIa' Dr:.a, DQdt~ lJor, D.t0' ~), and ~,

~., Dea increase with increasing oxygen fugacity wbile lJuFsE (~Dy., D7fllJm., DrJ and

DA) decreases (Fig. 4.4c).
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Figure 4.4. The effect ofoxygen fugacity onpartition coefficients st diftèrent nUl pressures.

(a), (b), and (c) I.S OPa. (d) 2.5 OPa. Same legend as in Figure 4.1.

-176-



•
10.00 _~~~~~....-I"""""~""~""""""""""'''''''''''''''''''''''''''''''''''''''''''''''''''

1.00

0.10
~ FMIQ..23 {bip}OJ

-.-- FMlo-o2 (Iow /OJ

0.01 ..-. Ioo.o..l -...-.. ..

10.00 _~~ ~~....-I ~ .

~ P-MT.....1 (bip/OJ

-*- P-MT-34aOowjOz)

1.00

0.10

•

0.01 i0o.0oi ...-.10-..-i0o.0oi ......, .-

n.~~Ku~h~~ü~~&ü~n~&y&~n~~~~

Element



•
10.00 r-o,....,.......,r""""""t ..- ~~~~ .

1.00

0.10
§§! P.MTI-43 (hiabjOJ

* P·MT-27 (low}OJ

0.01 11000-1 ~ .-.. ...

10.00 ~.....,....,r""""""t ..- ~~~.....,~ ..

1.00

0.10
&~sl P-MTI-43 (biBb}OJ

* P-MTI-12 (Iow}OJ

•

0.01 '--"I looo.I ......

D~m~K~~~k~bWk&~~n~~y&~~~~~~

Element



•

•

____________C_ha_pte_r_4 _

Comparing the four diftèrent pairs ofexperiments demonstrates identical bebaviours

for Ds. and~ wbich both increase wbereas Dra decreases with iDcreasiog oxygen fugacity.

Such observations were DOt noted in previous experimental studies on partitioning between

amphibole and silicate melt. Greenand Pearson(19858) observed8 decrease inDREJ:. between

amphibole and andesitic melt as the oxygen fugacity increased from the magnetite-wilstite to

the hematite-magnetite buffers for experiments performed at 0.75 OPa. However, these

variations were within one standard deviation ofthe partition coefficients.

Figure 4.5 shows variations in partition coefficients for sorne LILE (Rb, Ba), HFSE

(T~ Zr, Hf), and REE~Nd) observed in our experïments as a fimction ofoxygen fugacity

at constant pressure. The increase inDm, for the P-Mf and P-MTg expetiments as a fuoction

of oxygen fugacity is similar al bath Iow and bigh pressures (i.e., 0.32 to 0.54 and 0.63 to

1.04 for P-MT-27 vs. P-MTg-43 and P-Mf-348 vs. P-Mfg-41, respectively; Fig. 4.4a and

Table 3.10). However, it appears that a 1.0 GPa pressure increase bas a greater positive

eirect on Dn (- 97 %) tban an - 3 log unit increase in oxygen fugacity (- 65 to 69 %

increase) for the P-MT and P-MTg experiments (Table 3.10). Furthermore, at 2.5 GPa, Rb

changes trom an incompatible element at Iow)02 (Dm, <1) to a compatible element (Du > 1)

at high .102' Variations in Dm, were within one staDdard deviation as pressure or oxygen

fugacity was increased for the FMIO experimeuts (Fig. 4.5a). Pressure does not bave a

significant effect on the partition coefficient of Ba in eitber starting composition. The

observed variations are witbin one standard deviation for the P-MT aud P-MTg expetiments

at different pressures wbile Da. changes coœiderably between the NN0-2 to the NNO+1.7
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Figure 4.5. Variations ofpartition coefIicieDs plotted against oxygen fugacity for the P-MT,

P-MTg, and FMIO experiments performed al the Iow (1.5 OPal and high (2.2 and 2.5 OPal

pressures. (a) Rb. (h) Ba. (c) Ti. (d) Hf (e) 'h. (t) La. (g) Nd.
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buflèrs (i.e., 0.42 to 0.72 and 0.16 to 0.34 for P-MT-27 vs. P-MTg-43 and FMIO-02 vs.

FMIO-23, respectively; Fig. 4.Sb and Table 3.10).

A positive reJationship between SOlDe Duœ's and oxygen fugacity (Fags. 4.5a, -b)

seems to he opposite10 the relationsbip for some~'s(Figs. 4.Sc, -d, -e) but simiIar to that

for some DREE's (Figs. 4.St: -g). A decrease in Du was observed as oxygen fugacity and

pressure increased for P-Mf and P-MTg expeliments (Fig.4.Sc). However, increasing

pressure bas a greater negative effect on Dra (- 41 %) than increasiDg oxygen fugacity ( - 22

%) for the P-MT and P-MTg experiments (Table 3.tO). For the FMIO expeliments the

oxygen fugacity modifies Du wbereas pressure bas no observable effect (i.e., variation is

within the standarddeviations). Furtbermore, the partitioncoefficient oITishows a transition

from compatIble ta incompatIble behaviour al t.S GPa as oxygen fugacity increases from

NNo-2 to NNO+l.7 (Fig. 4.Sc).

The observed eftèct ofpressure onDaris greater ( - 44 to 66 % ofdecrease) tban tbat

ofthe increase in oxygen tùgacity (the variation is within the standard deviations) for P-MT

and P-Mfg experiments wbiIe pressure and oxygen fugacity have sirniJar negative eftècts

(- 41 %) for Dm-using the FMIO material (Fig. 4.Sd and Table 3.10). Similar variations were

observed for D'Zz (Fig. 4.Se). ForDt. measured betweenamphibole and besaItic melt in P-Mf

and P-MTg expetiments, 1observed a greater relative variation for the increase in the oxygen

fugacity (- 83 to 166 % increase) compared to the increase in pressure (- 27 to SO %

decrease) (Fig. 4.Sfand Table 3.10). However, sbmlar variations were observed for Du in

FMIO expetiments wbcn pressure increased (- 40 % deaease in DtJ as wben oxygen

-179-



•

•

___________C_ba_p_te_r_4 --

fugacity increased ( .... 43 % increase in DtJ. FinaIly, ~d shows a simiIar but inverse

bebaviour as pressure and oxygen fugacity increase. The increasing ofthe oxygen tùgacity

bas a relatively greater eftèct (- 28 to 38 % increase in~ tban the pressure eftèct (.... 14

to 21 % decrease in DNJ usiog the P-MT and P-MTg materials (Fig. 4.5g). The variation of

DNd for the FMIO experinents show a similar behaviour as oxygen fugacity ( .... S6 % increase)

or pressure (- 31 % decrease) ïncrease.

In summary, increasing pressure may affed: positively the partition coefficient ofa

monovalent cation such as Rb (LILE) or negatively a divaIent cation such as Ba (Lll.,E) and

other trace elements such as Ti4+, Hf'+, and Zr4+ (HFSE) and La.l+ and Nd.l+ (REE). For the

f02, increasing the oxygen fugacity ftom NN0-2 to NNO+1.7 positively affects the partition

coefficient ofRb and Ba (LILE), La and Nd (REE) whiIe it affects negatively Ti, Hf: and Zr

(HFSE). However, aIloftheseeffects are sma1l for the amphiboles andmelts produced inthis

study.

4.2 V.ri.tioas of tlle aDiplaibole lattice-site parameten as a faachoa of the pressure

aad oxygea fuaacity

In order to investigate further the mie ofpressure and oxygen fugacity on amphibole

partitioning, DO' S, and rD were caIcuJated for three lattice-sites [A, M(4), M(2)] using

partition coefficients measured in expetiments performed al a fixed oxygen fugacity and at

a fixed pressure, respectively.
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4.2./. Role ofpressure

Figure 4.6 shows the variations in partition coefficients as a function ofpressure for

whicha non-Iinear Ieast-squaresregression fit wasobtained for eachexperiment usingEq. (3).

Table 4.1 shows the resuhs calculated for the different lattice-sites.

An increase in pressure affects al Ieast three lattice-sites ofthe amphibole structure

as can he seen by the ditrerent unconstrained regressions (Fig. 4.6 and Table 4.1). The

relatively large variations observed inDo and Gcannot result ftomrun temperature variations

as shown previously (see Fig. 3.9c) but resu1t ftom pressure variations. Ing~ the

calculated Young's modulus decreases for the three Iattice-sites with increasing pressure fiom

1.5 to 2.2 or 2.5 OPa (Fig. 4.6 and Table 4.1). However, tbose G values are within

variations calcuJated from standard deviation attached to partitioning (Table 4.1). This

behaviour indicates that the mechaniçal strain energy arouod a substitute, homowlent cation

in the amphibole decreases as pressure increases [see Eq. (2)], which might suggest that

partitioning becomes more tàvourable. In this case, the paraboJae become wider (e.g., the A

site; Figs. 4.6a, -el. However, this is not true for ail the lattice-sites mentioned where the

maximum partition coefficient (i.e., Do) aJso plays a major role in the determination of

partitioning behaviour. The Do is directly related to the overaII behaviour ofan isovalent

cation group which substitutes ioto a given lattice-site [e.g., a decrease in DaEr. and Dy will

automatica1ly decrease D:: of the M(4) site]. Furthermore, as can he seen in Table 4.1, Do

also decreases as pressure increases (with the exceptionofthe Â site for FMIO expeiiments).

This implies that partitioniDg decreases unlike wbat is predicted by the bebaviaur ofe. The
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Figare 4.6. Variations of partition coefficients as a function of ionic radius at diftètent

pressures. (a) aDd (h) Low oxygen fugacity experùoents USÎDg P-MT and P-MTg materials

( - NNO-2). (c) and (d) High oxygen fugacity expetimeuts using P-MTg and FMIO materials

( - NNO+1.7). Symbols denote regression basedon partitioncoefficients obtained for the Iow

pressure expeliments (filled line); regression based on partition coefficients obtained for the

high pressure experiments (small dashed line); 'o's regressed ftom P-MT-27 experimeDt

(vertical thick dashed line; see Table 3.10).
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• Table 4.1. Calculated lattice-site parameters (unconstraiDed) for experiments performed at
difTerent pressures and oxypn fùpcitics
run# P JOz Sitcf Do B ro

(OPa) buffer (OPa) (nm)
At afàed ozygenfugacity

P-MT-27 1.5 low .If. 3.44 (0.78) 110.43 (0.73) 0.152a

M(4) 0.48 (0.14) 445.44 (134.1) 0.104
M(2) 2.10 (0.97) 2213.58 (562.4) 0.065

vs.
P-MT-34a 2.5 low A 3.18 (1.64) 71.32 (22.4) 0.152 (0.001)

M(4) 0.47 (0.05) 325.15 (16.2) 0.102
M(2) 0.93 (0.41) 1711.53 (406.5) 0.065

P-MTg-12 1.5 low A. 3.40 (1.06) 117.01 (10.6) 0.153 (0.001)
M(4) 0.50 (0.06) 207.56 (9.44) 0.101
M(2) 1.68 (1.11) 1649.20 (684.8) 0.065 (0.001)

vs.
P-MT-34. 2.5 low A. 3.18 (1.64) 71.32 (22.4) 0.152 (0.001)

M(4) 0.47 (0.05) 325.15 (16.2) 0.102
M(2) 0.93 (0.41) 1711.53 (406.5) 0.065

P-MTg-43 1.5 high .If. 2.96 (0.34) 84.60 (9.3) 0.153
M(4) 0.45 (0.02) 252.71 (53.07) 0.104
M(2) 1.37 (0.20) 1601.47 (78.57) 0.065

vs.
P-MTg-41 2.5 high A. 2.84 (0.79) 66.47 (12.77) 0.156 (0.001)

M(4) 0.38 (0.03) 243.09 (49.43) 0.103 (0.001)
M(2) 0.49 (0.41) 1027.06 (805.37) 0.063 (0.002)

FM10-23 1.5 high A. 3.28 (1.26) 100.23 (15.20) 0.151 (0.001)
M(4) 0.66 (0.06) 322.83 (13.47) 0.104
M(2) 1.13 (0.26) 1012.56 (204.54) 0.063 (0.001)

vs.
FMI0-25 2.2 high .If. 3.90 (0.99) 97.11 (15.31) 0.150 (0.001)

M(4) 0.64 (0.07) 284.2 (9.40) 0.102
M(2) 1.10 (0.17) 1092.09 (144.21) 0.062 (0.001)
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• Table 4.1. (continued)
run# P P2 Site' Do S '0

(GPa) butTer (OPa) (nm)

At a fixed p,essure

P-MT-27 1.5 low A 3.44 (0.7S) 110.43 (0.73) 0.152
M(4) 0.4S (0.14) 445.44 (134.1) 0.104
M(2) 2.10 (0.97) 2213.5S (562.4) 0.065

vs.
P-MTg-43 1.5 higb A 2.96 (0.34) 84.60 (9.3) 0.153

M(4) 0.45 (0.02) 252.71 (53.07) 0.104
M(2) 1.37 (0.20) 1601.47 (78.57) 0.065

P-MTg-12 1.5 low A 3.40 (1.06) 117.01 (10.6) 0.153 (0.001)
M(4) 0.50 (0.06) 207.56 (9.44) 0.101
M(2) 1.68 (1.11) 1649.20 (684.8) 0.065 (0.001)

vs.
P-MTg-43 1.5 higb A 2.96 (0.34) 84.60 (9.3) 0.153

M(4) 0.45 (0.02) 252.71 (53.07) 0.104
M(2) 1.37 (0.20) 1601.47 (78.57) 0.065

FMI0-02 1.5 low A 1.39 (0.21) 70.51 (8.59) 0.151 (0.001)
M(4) 0.36 (O.OS) 155.53 (91.47) 0.101 (0.003)
M(2) 2.20 (0.53) 165S.64 (218.74) 0.065 (0.001)

vs.
FM10-23 1.5 higb A 3.28 (1.26) 100.23 (15.20) 0.151 (0.001)

M(4) 0.66 (0.06) 322.83 (13.47) 0.104
M(2) 1.13 (0.26) 1012.56 (204.54) 0.063 (0.001)

P-MT-34. 2.5 low A 3.18 (1.64) 71.32 (22.4) 0.152 (0.001)
M(4) 0.47 (0.05) 325.15 (16.2) 0.102
M(2) 0.93 (0.41) 1711.53 (406.5) 0.065

vs.
P-MTg-41 2.5 higb A 2.84 (0.79) 66.47 (12.77) 0.156 (0.001)

M(4) 0.38 (0.03) 243.09 (49.43) 0.103 (0.001)
M(2) 0.49 (0.41) 1027.06 (805.37) 0.063 (0.002)

Abbreviations: Do·maximum partition coeffic_ s.Youngs moduIus~ 'o-optimum ionic radius. •

Calculated latticc>site parameters using~~ and Du for the A site, DuE (Du up to Du) and Dy

for the M(4) site, and Dr., Du" and D Zt for the M(2) site. The parameters were calculated using Eq.

(3) (see lext). Values in parentbeses represent the maximum vuiation calculated for eacb

unconstrained Ia~siteparameters using one standard deviatiOll(i.e., D + la and D - la) attacbed

to each partition coefficient in Table 3.10. • Optimum ionic radius wbich does DOt uve parenlbeses

imply the absence ofsignificant c:alculated variations.
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decrease of B for the majority of the different Iattiœ sites with increasing pressure aIso

suggests that eatioos with radü tàr ftomTo ofa specifie isovalent parabola are relatively more

affected by pressure tban those closerto the optimum ionic radü. 1bis relationship was found

to he more complicated tban tbat regarding the relative variations in D's and more

experiments, wbich encompass a larger pressure range, are œeded to prove this hypothesis.

However D~ wbich bas ionic radius tàr fiom the,o value for the A site, increases more

rapidly than~.and D.:. with increasing pressure, thus producing a Iower calculated Young's

modulus (paraboJa beœmes wider) with increasiDg pressure (Fig. 4.6). This observation of

the hehaviour ofDru, is particularly inlerestiug since it bas oever been reported that increasing

pressure increases partitioning ofone set ofelements which substitute into the large cavity

of the A site (e.g.,~~, and DRtJ wbereas for other lattice-sites partitioning decreases

[e.g., DLR.FJ!. in the M(4) and ~SE in the M(2) lattice-sites] with increasing pressure for the

same amphibole 1basaItic melt pair.

Based on compreSSlbility experiments ofa natural pargasite crystal, Comodi et al.

(1991) observed a weak decrease in the di1rerent mean bond-Ieogths (e.g., (A-O), (M(4)-O),

and (M(2)-O», wbich are indirectly related to the optimum. ionic radius, with increasing

pressure (0.0001 to 3.5 OPal. In these experiments it is difficult to geœralize the etfect of

pressure on the size orthe sites. However the To of the Â and M(2) lattice-sites are, in

general, higber in amphiboles produced ftom P-MT and P-MTg compared to amphiboles

synthesized from FMI0, whereas the '0 ofthe M(4) site is practicaIly identical in both sets of

amphiboles. These relative diftèleoces can be observed bytbe location ofthe fixed optimum
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ionic radü used ftom the P-MT-27 expetiment (compare Figs. 4.6&, -b, -c, -dl. Suchrelative

dispJacements of the optimum ionic radü in the FMIO experiments were caused by the

relatively higher Dp.. (smaUer cation) compared to Dx. and Du, (larger cations) in the A site

and a higher Dr. (smaller cation) compared to Dm-and D'Zr (larger catious) in the M(2) site as

opposed to the P-Mf and P-MTg experiments. The relationsbip between the optimum ionic

radius and the mean bond-Iength suggests that amphiboles wbich crystaIIized ftom the FMI0

material have Iower (A-O) and (M(2)-0) mean bond-Iengths tban those crystaIIized from P

MTg material at an ideuti:al pressure (1.5 OPal al highj02 (Figs. 4.6c, -dl. This is consistent

with the higher proportion oflarge cations observed in the M(2) aud A sites, TiA4{l.2.]) and KA'

for amphiboles crysta1Iized in P-MTg-43 and P-MTg-41 compared to those crystaUized in

FMI0-23 and FMIo-25 experiments performed al identical or simiIar nm conditions (Table

5). However those variations in r0 are within mors calculated from partitioning and, in such

a case, only detailed compresstbility measurements may answer these trends.

4.2.2. Role ofoxygenfugacity

Figure 4.7 shows the variations in partition coefficients as a function of the oxygen

fugacity and Table 4.1 shows the resu1ts calcuJated for the ditrerent lattice sites at a fixed

pressure. A cbaDge in oxygen fugacity affects at Ieast three Iattice-sites in the amphibole

structure, simiIar to the pressure effects. Agam, the relatively large variatioos observed in

partitioDÎDg at a fixed nm pressure can DOt be due to the variations in the nm temperature but

are mainly aftècted by the oxygenfugacity in the expeiiment. Increasing the oxygen fugacity
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Figure 4.7. Variations of partition coefficients as a fimction of ionic radius at diflèrent

oxygenfugacities. (a), (h) and (c) Low pressure expeiiments (1.5 OPal. (d) Highpressure

experiments (2.5 OPal. Symbols denote regression bIsed on partition coefficients obtaiDed

for the lowoxygenfugacityexperiments (filled Iioe); regression basedonpartitioncoefficients

obtained for the high oxygen fugacity expetiuents (small dasbed line); To (see Fig. 4.6).
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bas a simiIar effect on the Iattiœ site parameters of the amphibole structure as increasing

pressure which bath decrease DM J1, and,o (Table 4.1). The cause for the decrease in the

calculated Young's modulus (2) for the A site with ÎDCreaSÎDgf02 can be explained by a

greater relative change in lJ,c and Dru, as opposed to~ for P-MT and P-Mrgexper~

similar to the pressure eftèct variations. Suchpartitioning behaviour aIso affeds the optimum

ionic radius ofthe Â site where in general it ïncreases. Relative shifts in r o cao he observed

in the different p..Mf and P-MTg experiments, especiaDy for the P-Mfg-34 vs. P-Mfg-41

pair of experiments performed at high pressures (Fig. 4.7d). The variation in Do as f02

increases is greater for the M(2) site ingeneral (- 18 to S6 % decrease) wbere variations in

partition coefficients are more important tban the two other 1attice-sites [i.e., - Il to 14 %

and - 6 to 19 % decrease for A and M(4) sit~ respectively; Fig. 4.7). For the P-MT and P

MTg experiments, increasing the oxygen fùgacity preferentially increases sorne DlJŒE's (e.g.,

Dw Dcv /Jp" DNJ to the detriment ofsome Dmu:z.'s (e.g., DTm, Dytp D..J wbichremain within

one standard deviation. Such bebaviour bas the etfect of decreasing the trivalent cation

Young's modulus in the M(4) site (i.e., 8 decreases; Figs. 4.78, -b, -dl. For the FMIO

e~1observed a peculiar behaviour for the trivalent cations in the M(4) site. Some

DLRFF.'s (i.e., Du, DcJ and Dmu:z.'s (i.e., Drm, Dn" DLJ remained withinone standard deviation

while the other trivalent cations reached a maximum iDcrease bra fàctor of- 2 as the oxygen

fugacity increased (Fig. 4.7e and Table 3.10). In such a case, the Young's modulus shows an

increase with increasingj02' SïmiJar variations aJso affect the monovalent cations in the A

site where~. and~ iDcrease more rapidly nom NND-2 to NNO+1.7 as opposed to Dru"
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producing a higher~ with increasiDgj02 (Fig. 4.7c).

Increasiog the oxygen fugacity in the charge sbould directly affect the F~IFe2+ratio

in the different run products. However, as mentioned above, the empirical model used to

estimate the proportion ofF~ in one ofour FMIO experiments (i.e., FMIo-23) cao not

confirm such a process because the proportion ofF~ in amphiboles produced al the high

oxygen fugacity was found to be zero (Table 3.S). Iftbe different cation proportioDS in the

amplu"bole fonnuJae remain identical as the oxygen fugacity iDaeases, the oxidation process

ofiron will result in a reduction of the mean boDd-1ength (e.g., (M(I,2,3)-O» wbere the

relatively large Fe2+ (ioDÎC radius = 0.078 nm) is oxidized to give a smaIler cation (i.e., Fel +;

ionic radius = 0.0645 nm). However, as mentiooed in the previous sections, 1 observed a

complex substitution in our amphibole run products wbcre variations ofthe CNIMTAF ratio

affected different Iattice sites.

AIthough'/o2 and P affect partition coefficients, the eftècts cao he explained by

changes in major element chemistry [e.g., Ain!>' (Ti, Al),\4{!.2.J>' (Ca, Fe2}A(4)' K.J of the

amphibole. 1 noted a general trend for partitioning between amphibole and basaJtiç melt as

pressure increases wbere DA-s*0fmonovalent cation increases wbereas DA(4)-* oftrivalent

cation and DM(2)-* ofquadrivalent cation decreases. Increasing the oxygen fugacity affects

partitioning similarlyto pressure wbere DA" ofmonovalent and divalent cations and DM(4}sà

oftrivalent cations increase wbereas DAÇ.}àc ofquadrivalent cations decrease.
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ExperiDle.tal investigation OB partition.1 orLILE, HFSE, .ad REE

betweea ealeie amphibole aad b_ltie Dlelt:

m- The efl'ect or tita.iuDI

S.l Introduction

The effect oftitaniumonpartitioning betweencalcic amphibole and basaltic melt must

he understood because many studies reported the association ofa Ti-rich calcic amphibole

(i. e., Ti-rich pargasite or kaersutite) together with a Ti-poor calcic amphibole (i.e., pargasite)

in amphibole peridotite xenoliths (WiIshire et al. 1971, Francis 1976b, Bergman 1981,

Wilkinson and LeMaitre 1987, Z8Detti et al. 1994). Furthermore, these caIcic amphiboles

observed in xeooliths are chemical1y distirK:t in their major element (e.g., TiO~ Cr20 3) and

trace element compositions (e.g., MREE; Ionov and Hofinann 1995). Therefore, our goal

was to investigate the effects ofTi on the buIk: chemistry ofthe amphibole and on amphibole

/ melt partition coefficients.

5.1. J. Procedure used to investigate the titan;um e.fJècts

Five startiog materiaIs were used to evaluate iftitanium significantly affects partition

coefficients. These materials were grouped ioto compositions ofpargasitic and ofoüvine

nephelinitic materials with diflèrent major and trace element concentrations. The first group

included a pargasite crystal, a pargasitic glass, and a Ti-doped pargasitic glass (i.e., P-MT,

P-Mfg, and P-MTgr., respectively, Table 3.1). The second group included an olivine
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nephelinite buIk rock, and a Ti-doped otivine nephelinitic glass (i.e., HF13, and HFl3gr .,

respectively, Table 3.1). To fucus on the etfect ofonlyTi, expetiments were performed at

an identical pressure (i.e., 1.50Pa) and oxygen fugacity (i.e., Iow oxygen fugacity -NNO-2

using the graphite inner capsule) as weil as simiJar temperatures and volatile concentrations.

Temperatures ofexpelïments onTi-doped and undoped starting materials were simUar, 1130

and 1100 oC for P-MT materials and 1040 and 1020 oC for HF13 materials, respectively.

Experimental conditions and nmproducts are listed in Table 3.3 (P-MT-27, P-MTg-12, P

MfgTî31, HFI3-38, and HFI3g~3). It is important to note that the diftèrent phases (i.e.,

minerals and glass) obtained ftom doped and undoped materials in the run products are

identica1 for the HFl3 expeJiments and similar for the P-MT expetiments. However, as

mentioned previously, the ctcII'isby ofthese phases are IlOt identicaI, only simïlar. In the p

MTgTî31 expetiuent, olivine crystallized at the expense ofphlogopite. No Ti-oxide was

observed in the five nm produets demonstratiDg tbat titanium solubility is high in these

hydrous basaItic liquids at such a Iow oxygen fugacity. However, it was not my intention to

saturate the basaItic melts in titanium but to increase the bulle amount of titanium in the

amphibole structure. The Ti-doped run products crystalliud Ti-rich pargasitic amphibole

(Table 3.5), and in one run produet (i.e., P-MTgTî3l), kaersutite (Fig. 3.3). As the buIk

titanium content increased for each group of compositions, the amphibole stabiIity field

increased to higher temperatures by 20 to 30 oC at the same pressure, water content, and

oxygen fugacity. This characteristic bas been observed previously in other expetimental

studies (Merrill and WyDie 1975, Wallace and Green 1991) and aIso in natural calcic
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amphiboles that have been proœssed in upper mantle and upper crustal environments

(Hammarstrom and Zen 1986, ZaIetti et aL 1994).

5.1.2. The oxidotion state ofTi atlow oxygenfugacity (NN0-2)

One critical parameter to investigate al this low oxygen fugacity is the valence state

of titanium. IfT?+ is present, it may partition in a different site than Ti4+ due to their

differences in ionic size and charge (i.e., vro.067 and "'0.0605 Dm, respectively; Shannon

1976), thus poSSlbly affecting Ti partitioning between amphibole and melt. At high pressures

where the graphite bu1fer is located above the iron-wOstite buftèr, the valence state of

titanium is expected to be 4+. However, to qualitatively distinguish ifany T?+ is present at

these conditio~an experiment using albitic glass + 5 M.% TiO:z (aœtase fonn) with 5 M.%

deionized water in the double capsule assembly was performed at 1.5 OPa, 1200°C for 15 h.

When trace amounts ofT~ are present inalbitic glass (e.g., > 1000 ppm), it should acquire

a violet tint due to the absorptionofT~at the W;ibIe wavelength of5S0 Dm (Schreiber el al.

1982). The expeiiment produœd a clear glass without any visible violet tint, confirming that

titanium was dominantly-to-completely inthe 4+ valence state at the experùœntal conditions

ofthis study. Inthe nmproducts, the cbemistryofampbibole sbowed tbat as titanium content

in the crystal structure iDcreased (i.e., VlT~l.2.3>' Table 3.5), the Mg number increased aJso

[i.e., Mg# = l00Mg/(Mg+Fe21l (Fig. 3.3). This increase in Mg number must have been at

least partiaIly responsible for the increase in amphibole stabiIity to higber tempelatures.
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5.1.3. Variations in element concentrations between the undopedand Ti..dopedexperiments

For these expetiments, it is important to detetmine bow both amphibole and meh

compositions have been modified bu the addition of titanium. Iftitanium merely acts as a

diluent, its etrect onpartitioncoefticients will he inconsequentiaL FrombothP-MT and HFl3

data set~ 1 observed in general that the addition oftitanium shifts the Mg number of the

amphibole to higher values and increases the LREE's (i.e., La, Ce~ Pr, and Nd)~ and in some

cases the HFSE's (i.e., Nb, Ta, Zr, and Y), and the LILE's (Ba aud Sr) concentrations in the

amphibole run products. These increases cao he explaiDed by small variations in amphibole

composition (e.g., buIk titanium content and Mg#; Fig. 3.3). On the basis ofmajor element

concentratio~Ti02 in the P-MT mehs sbowed an increase of -74 relative % with respect

to the undoped melts (i.e., P-MT-27 and P-MTg-12) while FeO showed a decrease by-60

relative % wbich increased the Mg#t to higher values as titaDium increased (i.e., ftom 61.6

and 66.1 to 81.5 for P-MT-27, P-MTg-12, and P-MTgTi31, respectively; Table 3.6). This

is not surprising because no Ti-oxide (or phlogopite which is another moderately Ti-rich

phase) was stable at the conditions studied for the P-MTgTî31 expetiment. The decrease in

FeO is due to a modification in the different phases present and tbeir proportions as titaDium

increase~ not due to iron-loss to the container. For major elements in HF13 me~ Ti02t

Al20 J , andN~O increased wbereas FeO decreased (Table 3.6). Again, the Mg#t increased

as titanium content increased (i.e., from 53.4 to 63.0 for HF13-38 and HFI3gTâ03,

resPeCtively; Table 3.6), and FeO is aftècted by the same processes as in the P-MT runs.

Table S.l shows the variations observed in diffetent traœ elements between the
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• Table 5.1. Relative variations observed in trace elemeDt concentrations between
undoped and Ti-doped run produds
phase amphibole glass

(doped vs. IIOOoped) (doped vs. 1l000ped)

sm P-MT HFI3 P-MT HF13

run# 31 vs. 27 31 vs. li 03 vs. 38 31 vs. Il 31 vs. U 03 vs. 38

Rb - - - 1(22) - -
Ba - - T(67) L(23) L(1I) T(4)
Nb T(112) T(92) 1(13) L(13) - 1(7)
Ta T(I94) - - - - 1(15)
La T(217) T(445) T(57) - T(108) 1(89)
Ce T(137) T(275) T(29) - T(98) 1(7)
Pr - T(122) T(32) 1(11) T(45) 1(5)
Sr - - 1(23) 1(14) - L(2)
Nd 1(42) T(72) 1(26) 1(9) 1(29) 1(4)
Zr - - 1(27) - - -
Hf - - - - - -
Sm - - - - - 1(6)
Eu - - - - - -
Gd - - - - - -
Tb - - 1(8) == - -
Dy - - T(10) - - -
Ho - - - - - -
y - - T(24) 1(9) - 1(7)
Er - - - - - -
Tm - - - - - -
Yb 1(103) 1(72) - - 1(39) -
Lu - - - - 1(44) -

avg (134) (180) (29) (14) (54) (15)
Abbreviations and symbols denote: sm-starting materiaJ (P-MT iDcluded: P-MT, P-MTg, aDd
P-MTgTi; HF13 included: HFI3 and HFI2gr.), nm#-nm nomber, 31 vs. 27-P-MfgTi31 vs.
P-Mf-27, 31 vs. 12-P-MTgTî31 vs. P-MTg-12, 03 vs. 38-HF13gTî03 vs. HFI3-38, =-
variations in concentration are within 20, 1-concentration increases, 1-concentration
decreases, avg-average of the different variations observed for this pair of run produets.
Values in parentbeses represent the relative variation calculated ftom the element
concenttatioDS of Tables 3.4 and 3.6 (in %; e.g., fOr P-MTgTî31 vs. P-MT-27 the Nb
concentration in amphibole bas increased by 112 %).
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undoped and Ti-doped expeiimental pairs for the diftèrent amphiboles and their respe<:tive

melts. An these changes observed inTable 5.1 are greater than two standard deviatioos away

from the analytical uncertaiDty of the element concentratioos. The trace element

concentrations ofthe kaersutite in P- MTgTï31 relative to Ti-rich pargasite in P-MT-27 nm

products showed an increase in Nb, Ta, La, Ce, Nd, and Yb (Table 5.1). The same trends

were aIso observed between the kaersutite in P-MTgTî31 relative to Ti-rich pargasite in P

MTg-12 run products in wbich Nb, La, Ce, Pr, Nd, and Yb increased (Table 5.1). The

relative variations observed in trace element concentrations for P-MfgTï31 amphibole were

between 42 to 445 % with an average of 134 and 180 % compared to their respective

undoped P-MT-27 and P...Mfg-12 amphiboles, respectively. The meh compositioos inp ...Mf

experiments dispJayed much lower variations in their trace element concentratioos. Between

P-MfgTî31 and P-MT-27 melts, 1 observed decreases in Rb, Ba, Nb, Pr, Sr, Nd, and Y

between 9 to 23 relative % with an average of14 relative % as titanium increased (Table 5.1).

Comparing P-MfgT[31 and P...MTg-12 experiments, the P...MTgTî31 meh showeda decrease

in Ba and Lu but an increase in La, Ce, Pr, Nd, and Yb between Il to 108 relative % with an

average of54 relative %. However, the variation in concentrations for Nb, Ta, La, Ce, Pr,

N~ and Yb inthe P-MT melts was gmaller tban those observed for the amphiboles as titanium

increased (Table 5.1). However, the diffèrent bebaviours observed for P...MT materials reflect

different degrees ofcrystallization as shown in Table 3.3. The trace element concentrations

for the pargasite and the Ti-rich pargasite from HF13gTî03 and HF13-38 run products

showed an increase inBa, La, Ce, Pr, Sr, Nd, Zr, Tb, Dy, Y and a decrease inNb (Table 5.1).
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The increase obserwd in trace element concentrations for HF13gu-Q3 relative to the undoped

amphibole, HFI3-38, were between 8 to 67 % with an average of29 %. Again, the melt

compositions of HF13 expetiments demonstrated Iower variations in their traœ element

COncentratiODS. Comparing HFI3-gu-Q3 and HF13-38 meIts, 1 observed a decrease in Nb,

T~ 4 Ce, Pr, Sr, Nd, Sm, Y and an increase in Ba between 2 to 89 relative % with an

average of15 relative percent (Table 5.1). In SlIII1IIJ8I'Y, the variation inconcentrations for Ba,

Nb, Ce, Pr, Sr, Nd, Zr, and Y in the different melt compositions were relatively smaIler than

those observed for the ampluboles. Lantbanum, however, sbo~ a larger relative variation

in the melt than in the amplubole run products (Table S.I). Based upon these observations

1can anticipate that the effect oftitanium on partition coefficients will he directly related to

the behaviour oftitanium in our calcic amplubole.

5.1.4. The mechanism ofTi substitution into the amphibole structure

The goal ofthese experiments is to understand the mecbanism ofVlTi4+ substitution

in calcic amplubole and its behaviour with respect to major elements (Al, Mg, Fe2+, Mn)

occupying the same octabedral sit~ as wen as its interaction with other HFSE (VI(Nb, Ta,

Zr, Y, Hf]M(1.2.3~. It is also important to understand its poSSIble effect on trace elements

occupying different crystaIIographic sites in calcic amphibole (e.g., VDI[LILE and REE],\(4~.

Adam and Green (1994) IlOted a positive relatioDShip between Ti and REE concentrations in

one oftheir zoned pargasite nm products. Furtbermore, DaJpé et al. (1995) suggested tbat

their lower~measured betweena Ti-richpargasiteand quencbed besanitic mek compared
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to other expetinental studies (e.g., Nicbolls and Harris 1980, Green and Pearson 1985~

Adam et al. 1993, Adam and Green 1994) could he due to slight düferences in the VlJ'i

content.

The incorporation ofTi ioto amphibole cao occur by different substitutions ofTi for

other major elements (Della Venturaet al. 1991). The Tschermak substitution was proposed

by Helz (1973) for silica-poor caIcic amphibole:

[VIAl + lVSill ~ [vtri + IVAl].

The deprotonation substitution was suggested by Ohe el al. (1982) for oxy-kaersutite:

[VIAl + O(3)OH-1l
1
~ [ VITi4+ + 0(3)()2-].

The octahedral vacancy substitution was proposed by Forbes and FIower (1974) for Ti-rich

phlogopite wbich seems theoretically possible for ampbiboles:

[2~11 ~ [VITi + VIC].

The tetrahedral isovalent substitution was suggested by Wagner and Velde (1986) for Ti-rich

richterite in lamproites:

[lVSil l ~ [lVTi],

and the kaersutite substitution Proposed by Obertï et al. (1992) for richterite in lamproites:

[~g,Fe)2++ 2(OH,Frll ~ [VlTi4+ + 2Q2-].

Another mechanism ofsubstitution in kaersutite was suggested by Popp and Bryndzia (1992)

combining a ferric oxy-amphibole and titanium substitutions wbere charge is DOt Iwlanœd:

Ti4+8pfi& = 0.23 (±OJ)9)...+ 0.47 F~ (::1:0.11)....

However, none oftbese substitutions can he directJy applied to our calcic~Iebecause
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the titanium and magnesium increase whiIe ferrous iron and aluminium decrease in the

octahedral sites [i.e., M(1 ,2,3); Table 3.5]. Figure 5.1 shows the relationsbip between Ylf'e2+,

VIAl, VITi, and VMg observed in the octahedral sites for the undoped and Ti-doped

experiments. 1observed tbat VlFe2+ and VIAlbave the saDIe bebaviour wbile the vtriand YMg,

which fonn another pair in the octahedral sites, bebave in the opposite Dl8rmet' to 'llfe2+ and

VIAl. FUI'thertoore inour amphibole run products, the tetrahedral sites were completely fiIled

by IVSi and IVAlleaving an extra aluminium wbich partitiooed ioto the octahedral M(1,2,3)

sites (i.e., VIAl~; see Table 3.5), e1iminating any possible titanium substitution in the

tetrahedral sites. Another point to mention is that the ferric-iron (i.e., Fe3
) did not seem to

he stable in amphibole at the oxygen fugacities ofthe expelîmeuts (see above).

We plotted the amphibole nm produets on the diagram V1[Ti4+ + Mg21 against VI[F~

+ A13+] (Fig. 5.18). The UDdoped and doped expe1ÎiDents followed a trend involving a

mechanism ofcoupled substitutionbetweenferropargasite [Na~(F~+AP}S~022(OH)J

and kaersutite [Na~~~i4}S~02J(OH)]end-members (Leake etal. 1997). For such

a substitution., 1 need to incorporate the participation ofthe 0(3) site for charge baJancing

which gives a completed coupled substitution such as:

[(F~++ AflM{l,2.3) + (OH-)O(JJ.l - [~+ + Ti41M{1.2.3) + (e>2-)~J.

This coupled substitution occurs in the octahedral sites similar to the one proposed by Oba

etal. (1982) as mentioDed previously for oxy-kaersutite. However, this is a tentative coupled

substitution wbicb can only he verified by ana1ysing the water content in the different

amphiboles. Additionally, il does DOt include minor [i.e., (Mn, Cr)M{I,2..3J or trace elements

(i.e., HFSEA(I.2.3>l whicb occupy the same octabedral sites as FcZ+,~ Ti, and Mg.
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Figure S.l. Variations ofsome major element concentrations observed in the octahedral

M(l,2,3) sites between uodoped and Ti-doped expetiments. (a) Fe2~ against AL (h) Ti

against Mg (see Table 5). Symbols denote P-Mf-27 and P-MTg-l2 experiments (Undoped

P-MT and P-MTg); P-MTgTî31 experiment (Ti-doped P-MTg); HFl3-38 experiment

(Undoped HFl3); HF13gu03 experiment (Ti-doped HFl3g).
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Figure 5.2. Variation ofcomposition in the M(I,2,3) octabedraI sites ofcalcic amphiboles.

(a) (Mg + Ti4+1~1.2.3) vs. (Fe2+ + A1)o\e11.2.J) between uodoped and Ti-doped. expeiïments from

this study. Symbols saDIe as in Fig. 5.1. The solid liDe iepresents the coupled substitution

between two end-members, kaersutite and ferropargasite (see text). (Mg + Ti4+)M{I.2.3) vs.

(Fe.o.. + A1)M{I.2,3) for caIcic amphiboles from: (h) This study using P-Mf, P-Mfg, and K-fID

as starting materials (P-Mf-34a, P~MTg-4l,P-Mfg-43, K-HD-OS), and K.1921 and FMI0

as starting materials (K1921-1 5, FMl0-02, FMI0-23, and FMI0-25); (c) OtherexpelÏiDental

studies (sources: Mysen aDd 80ettcher 1975, Nicholls and Harris 1980, Green and Pearson

1985a, Adam et al. 1993, Adam and Green 1994, Brenan et al. 1995, LaTourrette et al.

1995, and Fujinawa and Green 1997); (d) Natural samples (sources: Campbell and Schenk

1950, Dickey 1968, Best 1970, Philpotts and Sc:bnetzIer 1970, V&me 1970, WiIshire et al.

1971, WiLcmire and Trask 1971, Gunn 1972, Kesson and Priee 1972, White et al. 1972, Best

1974, Ellis 1976, Embey-Isztin 1976, Francis 19768, Francis 1976b, Boettcher and O'Neil

1980, Bergman etai. 1981, BoDattietal. 1981, DawsonandSmïth 1982, Liotard etai. 1983,

Wilkinson and LeMaitre 1987, Neal1988, O'Reilly et al. 1991, Dyar et al. 1992, Dyar et al.

1993, Richter aod Carmicbael 1993, Ionovand Hofinann 1995, Oberti et al. 1995, and

Chazot et al. 1996). The solid liDe in (h), (c), and (d) represents the coupled substitution

between the kaersutiteand ferropargasite-hastingsite end-members. The iDsert diagramin(d)

shows (Mg + Ti4+) vs. (Fe... + Al + Cr) for natural amphiboles•
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For some œtural and synthetic amphibole compositions the ferric-iron (Fel) content

was indirectly estimated or even measured suggesting that the above coupled substitution

could not be directly applied for these amphiboles. To compensate for the rigidity of the

above substitution. 1 included ferric-iron (Fe3) ofthe Ieft..1Jand side. In such a case~ another

possible coupled substitution can he written as:

[{Fef + (AP\ Fel)}M{l.2.J} + (OH)oPJ-l - [(M~ + TI'JA4{I.2.3) + (Q2-)0(3J.

Figures S.2b~ -c~ and -d show the variation in compositions of the natural and other

experimentallyproduced calcic amphiboles dO wbichI iDcluded bathferrous- and ferric-iron

from the estimated or measured concentrations. In this case, the Mg..Ti end-member was

occupied by kaersutite [i.e., Na~(M~~i4+)S~023(OH)] wbile the Fe2+-Fe3+..Al "end..

member" was occupied by ferropargasite 1 hastingsite amphiboles [i.e.,

Na~(Fe;+AlljS~022(OH)Z, Na~(FefFe3jS~022(OHb respectively; Leake et al.

1997]. 1 observed for the experimentally produced amphiboles a very close reJationship

between the kaersutite - ferropargasite/hastingsite tie-Iine wbile some scatter can he seen for

natural compositions ofwbich the majority plot below the line (Figs. S.2b, -c, -dl. However

1 observed for the natural calcic amphiboles an inverse relationship between Ti and Cr

concentrations in the octabedral sites (i.e.~ when T~I.2.3)~ Cr&(I.2.3) decreases). For

the experimentallyproduced calcic amphibole this bebaviourbetweenTiand Cr~not obvious

due to the scarcity ofer analyses (Adam el al. 1993, Adam and Green 1994). Wben 1

included crl+ in the modified coupled substitution shown above the majority of natural

amphibole compositions plot closer to the line (insert ofFig.. 5.2d). Bya modification ofthe

previous coupled substitution applied to caIcic amphiboles formed at high pressure and high
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temperature, we obtain:

[{F~+ + (Afl+, Fe3+, Crs)}M(l,2.3) + (OH-)O(li)-l .. [~++ Ti4j.w(I.2.J) + (Q2-)0(3i)·

However, again 1observed tbat some natural amphiboles plot under the tie-1iDe. The plotted

position of sorne amphiboles cao he explained by the bigh ferric-ïron content in their

chemistry, where sorne have 100 % iron as Fe3+. The oxidation of an amphibole on this

diagram will shift its composition aIoog the tie-Jine to the left with a gentle decrease in the

(Mg + Ti)M{I.2.l) content. For oxidized amphiboles [i.e., (Fe3-+-IFe2}A4{I,.2.J) > 0.250], the

[{F~+ + (AI3+, Fe3-+-, Crs}}A4(I.2.3) + (OH-)OQi)-t .. [~++ Ti4j.w(I.2.J) + (œ-)O(lJ

coupled substitution could DOt he applied, due to their high proportion of Fe3
+, witbout

affecting the charge balance ofthe coupled substitution.

5.1.5. Variations ofpanitioning with titanium

The observed variations in partition coefficients due to the effect of titanium are

shown in Figure 5.3 for both P-MT and HF13 ruDS. The plotted range of partition

coefficients includes one staDdanl deviationbased upon muhiple analyses. InFigure S.3a, the

undoped experiments (i.e., P-MT-27 and P-MTg-12) were averaged together for better

clarity. For these experiments (i.e., P-MT-27 and P-MTg-12), the variations observed for

undoped eXPe(ïments represent the minimum and the maximum values of -1 standard

deviation and + 1 standard deviation attached to each element, respectively (see Table 3.10).

If 1 select elements which have sinular behaviours within the two groups of

compositions, tbis study shows tbat as the V[Ti4 + content in calcic amphibole increases, the

partition coefficientsofDa., Dr..,~ Dc;e, lJp" Dr",~ and Db increase (i.e., become more
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Figure 5.3. Eftèct oftitanium on partition coefficients between amphibole and melt. (a) P

Mf materials. Symbol aod field denotc: P-MTg-12 and P-MT-27 experÙDeüts (Undoped P

Mf and P-Mfg); P-MrgTi31 expetiment (Ti-doped P-Mfg). (h) HF13 materials. Symbol

and field denote: HF13-38 expeiïment (Undoped HFt3); HFt3gTî03 experiment (Ti-doped

HF13g). The minimum and maximum partition coefficients within each undoped and Ti

doped groups included ±1 standard deviation attached to each element (see Table 3.8).
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compatible) at the saDIe pressure, watercont~oxygen fugacity, simiJart~ and

similar meh compositions. Only Dn decreases in P-MT runs wbereas Dr., ~, Drm, and~

decrease inHF13 nIDS as the buIk titaniumincreases (Figs. S.3a, -hl. Furtbetmore, there are

no real significant differences between undoped and Ti-doped expetiments for n.œ, Dsm, DQdt

DTh, D.Io, Dr:z, DAit and Dea wbereas as mentioned previously in Chapter 3 these partition

coefficients are in geœrallower for the HFt3 materials than tbose measured in the P-MT

materials due to the buIk composition differences. The relative variation of~D srt and Dy.

with increasing titanium may aIso he influenced by the buIk composition ditferences

(compared Figs. S.3a vs. S.3b). Figure 5.4 shows the variations in partition coefficients

against the trace element ionic radius. As mentioned previously, the HFSE (e.g., Ta5+-, Zr4+)

will partition in the octahedral M(1,2,3) sites but along two hyperbolic curves due to their

differenœ in charge (see Fig. 3.8). The REE (e.g., La, Ce, Pt, Nd) and LILE (e.g., Sr) will

partition in the M(4) site (into vm-fold coordination), again along two different hyperbolic

curves due to difference in their charge (i.e., 3+ and 2+, respectively). Ba (LILE), should

partition into the Â site as based on the ionic radius 8Dd. partition coefficient arguments

discussed previously.

Based upon site oc:cupancies, Figure 5.4 shows that the addition oftitanium to the

M(2) site affects partition coefficients in al least two other crystaIlograpbic sites, M(4) and

A. 1observed ftom the undoped P-MT expetimeuts tbat Duœ (Sr and Ba) and DutŒ. (La, Ca,

Pr, Nd) were higher by a factor of -3.5 and -1.5, respectively, than the undoped HFt3

expetiments as previouslycW;cussed. Tbese observationswere sjnular betweenbothTi-doped

P-MfgTÎ31 and HF13g~3experiments wbere Duu. and DutŒ. were higher by a factor of
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Figure 5.4. Variation in partition coefficient observed for different crystal Jattice-sites of

amphibole nm products due to the effect oftitanium. (a) P-MT lDlterials. Symbols denote:

P-MT-27andP-MTg-12expetiments{UndopedP-MTandP-MTg);P·MTgTî31 expeliment

(Ti-doped P-MTg). (b) HFl3 materials. Symbols denote: HF13-38 expeiiment (Undoped

HF13); HF13gn-03 expeiiment (Ti-doped HFI3g).
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- 3.0 and -1.4, respectively. Basedon theseexperiments it isdifficuh to determine iftitanium

(VlT~2Jwill affect partitioniDg in other sites such as 7{1), and 7{2) sites.

The diftèrent Iattice-site parameters for the M(4) and M(2) were calculated for each

undoped and Ti-doped expetiments usiDg Eq.(3) based on partition coefficients (Table S.2).

In general, the Do and Sdecrease as the Tit;2) increases for the M(4) and M(2) sites. Such

a decrease in the Young's modulus (Le., 8) iodicates that the mechanical strain euergy [see

Eq. (2)] arounda substitute, homovalent cation in the amphibole decreases as Tit(2) iocreases,

which implies tbat partitioning becomes more favourable. Those variations, however, are

within error ftom partitioniDg. 1observe also tbat ro ofthe M(2) site remains constant wbile

some variations occur for the M(4) site as the Tit;2) increases (Table 5.2). This suggests that

any increases in the mean boDd-length of the (M(2)-O> during the substitution of a larger

cation (e.g., Ti vs. AI) ioto the M(2) site might IlOt he observable based upon partition

coefficient data.

An opposite bebaviour was observed for Do andecalculated for the J.(4) site ofthe

HF13 experiments wben the Titi2) increases (Table S.2). In such a case, Do and Bincreased

while ra decreased for simiJar nm COnditioDS as mentioned above. A difference in the buIk

composition ofthe amphibole nm product might explain the diftèrent bebaviours ofthe Ti

doped P-MT and HFl3 expetÙüeüts (i.e., kaersutite vs. Ti-rich pargasite; see Fig. 3.3).

However, theTi-richpargasitewbichcrystalJj~ftomthe HF13gn-03 experiment bas simiJar

Ëand ra values to thoseofthe UDdoped P-MT-27 and P-MTg-12 expelïments (Table 5.2) and

ail amphiboles in these expeiÏrœots bave simiJar compositions for some major elements (see

Fig. 3.3 and Table 3.5).
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• Table 5.2. Calcnlated Iattice-site parameters (UDCOnstraiDed) for UDdoped and
Ti-doped eX()Qünents
run# site- Do E r o

(OPa) (nm)
P-Mf-27 M(4) 0.48 (0.14) 445.44 (134.1) 0.104·
P-Mfg-12 0.50 (0.06) 207.56 (9.44) 0.101
P-MfgTâ31 0.46 (O.OS) 61.49 (33.30) 0.097 (0.013)

P-Mf-27 M(2) 2.10 (0.97) 2213.58 (562.4) 0.065
P-Mfg-12 1.68 (1.11) 1649.20 (684.8) 0.065 (0.001)
P-MfgTî31 1.05 (0.79) 1161.83 (786.65) 0.065 (0.006)

HF13-38 M(4) 0.30 (0.02) 259.97 (53.31) 0.103 (0.001)
HF13gTî03 0.33 (0.02) 302.44 (28.90) 0.104 (0.001)

HF13-38 M(2) 3.27 (0.48) 2329.75 (154.75) 0.065
HF13SX;03 2.69 (0.70) 1991.22 (269.72) 0.065
Abbreviatioos: Dooomaximum partition coefficient, 8w-Youngl s modulus, ro-optimum ionic

radius. • Calculated lattice-site parameters using~ (Du op to D..J and Dy for the M(4)

site and DTÏ' Dm, and Dz.r for the M(2) site. The parameters were caIcuIated using Eq. (3) (see

text). • Optimum ionic radius wbich does not bave parentheses imply the absence of

significant variations obtained ftom calculatioos.
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The trace elements mentioned above do not partition into the same crystallographic

sites (e.g., LREE's and Sr inM(4) site, HFSE's in the M(1,2,3)~ Rb and Ba in the A site).

Increasing trace e1ement concentrations, whichpartitionatdifIèreDt sitesotber tbanM(1,2,3),

incalcic amphiboles couldhe poSSIble ifmodificationsoccur inthe crystalunit-œlldimensions

(i.e., a, b, c, and Pl. Dena Ventura and Robert (1990) inferred that the iDcreases in., b, and

Pœil parameters ofSr-beariDg richterite are due to the substitution ofVIDSr (ionic radius =

0.126 nm) for vmea (ionic radius =0.112 mn) in the M(4) site wbiIe e remains practicaIly the

same. In another study, Della Ventura et al. (1993) showed that the œil volume increases

regularly in response to increasing the size ofcations partitioning into the M(1,2,3) sites for

synthetic nickel-magnesium-cobalt-potassium richterite. They showed that as nickel (ioDic

radius = 0.069 nm), magnesium (ionic radius =0.072 DIl), and cobalt (ionic radius =0.0745

nm) substitute and fill the M(l,2,3) sites oftheir potassium richterites, the cell parameters a

and b increases, wbiIe e remains stable and Pdecreases. In this reg~ isovalent substitution

of a oost cation for a larger or smaIler cation in a given site will tend to moditY the cen

parameters ofthe mineraL Inour mechanism ofsubstitution, 1confidentJ;y believe tbat the œll

parameters ofcalcic amphibole uodergo modifications to accommodate a bigher proportion

of trace elements in the crystal structure due to: (1) the mechanism ofcoupled substitution

occurring between cations ofa different ionic radü where~+, Ti4) have ionic radü of

0.072 and 0.0605 Dm, respectively, and VI(Fe2+, Af+) have an ioDic radü of0.078 aDd 0.0535

Dm, respectively; (2) this beterovalent coupled substitution will force modifkations ofother

cations in other sites (e.g., [OHQpJ-l - [00(3J) to ensure overall electrical oeutrality of the
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unit cell (i.e., charge mlance between cations and anions). However, 1 can not explain why

VIMg2'" and YI-fi4+ concentrations increase in the crystal structure ofamphibole and why the

Iarger cations such as the vmuŒE, YlJIFSE, and xnuLE coocentrations increase

simultaneously. Hawthorne (1983; Fig. 5S) sbowed tbat as the mean bond-length of the

octahedral sites (i.e., (M(I,2,3)-O» increases in diffdent amphibole groups (e.g., aIkali,

sodic-calcic, and caIcic amphibole), the mean bond-1eDgth between the M(4) cation and its

neighbouring oxygenanions iDcreases too (i.e., {M(4)-O} increases). Furtbermore, this effect

ofoctahedral cationsizes on the mean bond-Iength(M(4~> seems to he more dominant tban

the size ofthe M(2) cation (Hawthorne 1983). This study shows that by keeping the same

pressure and practicallythe same temperatuœs (i.e., within20 to 30 OC) betweenthe undoped

and Ti-doped experîments, the variations inLREE aDd other trace elements inamphibole run

products are the resuIt of the buJk Ti content (i.e., V1T~I.2,J». Following this relationship

between the ionic radius ofthe cation in M(2) site with respect to the (M(4)-0), a tentative

explanation for ourexpetÛDeütS is tbat as the coupled substitution mentioœd above occurred

(i.e., [{F~+ + (Ar, Fe3+, Crl+)}M{I,2.3) + (OH-)0(3J-l - [(Mg;+ + Ti4jA(l.2.3> + (Q2-)0(3J), the

Iarger cation ViTi (O.06OS mn) replaced the smaIler cation VIAl (0.0535 mn) into the~2) site

(i.e., both cations should partition into the M(2) site; Obertï et al. 1995), thus increasing the

(M(1,2,3)-O) 8Dd the (M(4)-O> mean bond-1engths to accommodate larger cations (e.g.,

vm[Sr, LREE]&(4) and VI(Ta, Zrkl.u).
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5.1.6. Commenta on the behaviour ofDT;

The titanium in P-Mf experïments beoomes more incompatible as the bulle titaDium

concentration increases (i.e., 0.98 to 0.72 for P-MTg-12 and P-MTgTï31, respectively; Table

8). In these experiments, the addition oftitaDium elilOinated pblogopite ftom the stable phase

assemblage and oJivine + clinopyroxene (wbere sorne were equilibrium phases as discussed

before) crystalJized priorortogetherwith amphibole instead ofphlogopite due to the increase

in the Mg#t ofthe liquid, white liquid Si02 contents remained virtuaIly invariable (i.e., 37 and

38 wt.% 8i02 for P-Mfg-12 and P-MTgTî31, respectîvely). For the HF13 nIDS, the Dra and

Si02 content ofthe liquids were constant (i.e., Dn-l.2 and SiOJiquids-36 M.%) wbiIe the Mg#t

increased (Tables 3.6 and 3.10). The positive relatioDShip observed by Adam et al. (1993)

betweenDri and Si02 content ofthe liquid or matrix phase is IlOt supported by the P-Mf and

HFl3 experiments. The variation observed for Dra ranges ftom sIightly încompauble (i.e. ~

0.72; for P-MfgTi31) to corqwm"ble (i.e., 1.20; for HFI3-38). Such variation inDu should

correspond to at Ieast a 5 wt.% Si02 variation in the liquid using Adamet al. 's (1993; see Fig.

1) diagram wbichis DOt wbat 1observed (i.e., 38 to 37wt.% Si02 furP-MTgTî31 andHF13

38, respectively; Table 3.6). However, the absenceofferric-iron in tbese Iow oxygen fugacity

experiments malte comparison with other experimental work performed al higberj02'S (e.g.,

Nicholls and Harris 1980, Green and Pearson 1985a, Adam et al. 1993~ Adam and Green

1994) difficuIthecanse diffi:tent meclvmisuw ofsubstitutioncouldoccurbetweentitaniumand

Fe3+ at higherj01'S (Dyar et al. 1993, Popp and Bryndzia 1992, Popp et al. 1995).
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5.1.7. The general trends observed by modifying the bull titanium

In general, the etfect of increasing the bulk: titanium concentrations in these

expel iments cao he summarized in the following manner. At a given temperature increasing

TiO! increases the Mg# ofcalcic amphibole and its respective equilibrium liquid. Addition

of titanium decreases the stability field of phlogopite and increases olivine's due to the

increase in the Mg#t of the Iiquid. The incorporation of Ti ÏDto the amphibole structure

involves a coupled substitution between [Fe2+, Al~A4{I.u) and [Ti4+, ~1.2.3)which occurs

at the octahedral sites. AdditionafTi to amphibole resuhs in Ba, Ta, La, Ce, Pr, Sr, Nd, and

Zr becoming more compatIble (i.e., partitioniDg increases).
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Petrogeaetic impUeatioDs: The role of pressure a.d oSYlea fulacity

at upper ma.tle eoaditio••

In this study, 1 have shown that partition coefficients between amphibole and besaltic

melt were modified by increasing pressure (1.5 to 2.5 OPal and/or by increasing oxygen

fugacity (lOg./02 between NNO-2 to NNO+1.7). One important conclusion from these

effects is the opposite variationin~E (e.g., Nb, Zr) vs. Duu. (e.g., Rb) between amphibole

and basaltic melt with respect to pressure and./02wbereas~ and DHREE varied by Jess

than approximately one standard deviation. The observed variations in partition coefficients

between amphibole and basaltic melt can he used to discriminate and evaluate the role of

amphibole in the petrogenetic evolution ofan alka'ine magmatic basaltic rock series formed

at different pressures andj01'S.

Figure 6.1 shows the variationofHFSElRb ratios vs. HF8E (i.e., Nb and Zr) for sorne

basaltic lava flows of the Northem Canadian Cordillera. The most enriched rocks in

incompatible elements (i.e., ol-nephelinite and basaoite referred as Ol-NEPH and BASAN,

respectively) demonstrate a larger scatter in their NhIR.b ratio (i.e., 1.610 8 and 2.1 to 4.5 for

Ol-NEPH and BASAN, respectively) and in their ZrIRb ratio (i.e., 6.1 to 33 and 8 to 19 for

Ol-NEPH and BASAN, respectively) compared to those rocks with Jess incompatIble

elements (i.e., alkatine olivine basaIts refened as AOB) wbere NbIR.b and ZrlRb ratios range

between 1.3 to 1.9 and 7 to 9, respectively.

Francis and Ludden (1995) suggested tbat oepbelinite lava flows ftom the Nortbem

Canadian Cordil1era could resuIt directly fi-om the melting ofamphibole in peridotite
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Figure 6.1. Variation in incompatible elements witbin three alkaline lava suites located in the

Northem CaMdian CordilIera. (a) NblRb ratio agaiDst Nb. (h) ZrlRb agaiost à. Symbols

denote: olivine nepbelinites (Ol-NEPH); basanites (BASAN); alkaline olivine basaIts (AOB).

Data sources: Eiché et a/. (1987), Francis and Ludden (1990), Francis and Ludden (1995),

and Francis D. (pers. comm., 1997).

..213-



•

140

500

+

+
+

++
+ +

120

400

+
+

x x.. +

XX ~~ .......+.. ...++

x X ~ T'" +
,- +

(b)

O:--~__ I

o :-~~~---L..-.100 200 300

Zr(ppm)

oo:::~~~20 40 60 80
Nb(ppm) 100

(a)

+ Ol-NEPH

X HASAN

0

+

J:)

AOB

+

0::
'-.

+

J:)

+

Z

+

x x

+ .... ++

+ ~..
+

x~ ;r~ ++

x
~ ~~ +~. '\.

~,

x ...·.. +
x +

~

•



•

•

____________C_ha_p_te_r_' _

(i.e., amphibole-bearing Iberzolite source). Furthermore, theyproposed that the amphibole

in the source reJœins as a residual phase duriDg the production of ol-oephelinites and

basanites up to 6 wt.% ofmelting, at which point amphibole disappeared fi'om the source

(amph-out), and continuous melting ofthe residue involved anhydrous peridotitic minerais

(i.e., clinopyroxene, orthopyroxene, olivine, gamet; Francis and Ludden 1995). Based onour

experiments performed with P-MT and P-MTg materiaIs (i.e., P-MT-27, P-MT-34, P-MTg

43, and P-MTg-41), 1will demonstrate that the relatively large scatter observed in the NblRb

and ZrIRb ratios for the ol-nepheliDites and basanites cm possibly he explained by partial

melting of simiIar-composition amphibole-bearing Iher7.olite sources at different mande

pressures and oxygen fugacities.

In our mode!, [ used mineraI proportions identical to Francis and Ludden's (1995)

model with the exception ofthe amphibole (i.e., 14 % instead of10 % in modal proportion)

and gamet (i.e., 1 % instead of 5 % in modal proportion). These modifications were

necessary because 1chose a buIk peridotite compositiondiftètent than the Francis and Ludden

(1995) source since Rb, Nb, and Zr concentrations were not considered in their model.led

source. The initial amphihole-bearing Iherzolite used in modelling was a natural saqJle taken

trom O'Reilly and Griffin (1988; sample: WGBM 16) for Rb (1.07 ppm), Nb (2 ppm), Zr (12

ppm), and Ce (3.5 ppm). This composition was chosen because no amphibole-bearing

Iherzolites have yet been round in the Canadjan Cordillera (Fnmeis aud Ludden 1990, Francis

and Ludden 1995, Lang et QI. 1997). This amphibole-bealing Iberzolite composition was

nonna1i?ed to obtain 6 ppm ofCe which was the value used by Francis and Ludden (1995)
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for their modelled source. Such a nonnalisation process is necessary to reproduœ the most

evolved rocks suc:h as the besanites (BASAN) and the alkaljne olivine besalts (AOB) using

our buJk startiog composition. The normalimtion does IlOt affect the conclusions of the

modelling. Table 6.1 shows the parameters used for the modelling orthe non-modal melting

ofan amphibole-bearing Iherzolite by continuing and collecting meh [i.e., separating mehs

aggregate togetber in a wen-mixed reservoir, see Shaw 1910; Eq. (14)]. The modelled

melting ofthe ampbibole-bearing Iherzolite occurred by two main processes as proposed by

Francis and Ludden (1995). As mentioned above, the first melting process involves the

melting ofamphibole to form clinopyroxene, gamet, and meh:

1.0 amph - 0.1 cpx + 0.3 gt + 0.6 melt (in wt.%; Francis and Ludden 1995)

After ail the amphibole is coDSUllled, wbich corresponds to -6 % ofthe total melting (i.e., f

= 0.06), the second melting process involves the reaction wbere clinopyroxene,

orthopyroxene, and gamet meh to fonn olivine and meh:

0.5 cpx + 0.5 gt + 0.3 opx - 0.3 01 + 1.0 meh (in wt.%; Francis and Ludden 1995)

During the different melting proœsses, 1 fixed the Us for clinopyroxene, orthopyroxene,

olivine, and gamet wbile the Os for amphibole (i.e.,~~ and D'ü) were modified

according to the different pressure andj02 conditions (Table 6.1). Even if pressure and

oxygen fugacity bave an effect on partition coefficients between clinopyroxene,

orthopyroxene, olivine, gamet and basaItic meh, !beyare insignifinmt during the first meltiDg

process. They could however be important during the second melting process. In any case,

there are no expetimental studies showiog the eftèct ofpressure and oxygen fugacity onDRb7
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• Table 6.1. Parameters used for the oon-modal melting of an amphibole-bearing
Iherzolite.

ampbibolelmelt partition coefficient

Element amph-llL l amph-Dr P-Mf-27 P-MT-34a P-MTg-43 P-MTg-41
(ppm) (ppm) (1.5, lowt (2.5, Iow) (1.5, high) (2.5, high)

Ce 3.5 6.0
Rb 1.07 1.83 0.32 0.63 0.54 1.04
Nb 2 3.43 0.08 0.04 0.08 0.03
Zr 12 20.6 0.16 0.09 0.21 0.08

nrinerallmelt partition coefficient

epx· opr ors gf
Rb 0.02 0.0002 0.0002 0.007
Nb 0.01 0.0014 S.OE-S 0.004
Zr 0.22 0.0033 6.8E-4 0.5

Bulk partition coefficient (first processl )

P-Mf-27 P-MT-34a P-MTg-43 P-MTg-41

Rb
Nb
Zr

0.047
0.013
0.050

0.090
0.007
0.041

0.078
0.013
0.057

0.148
0.005
0.039

•

Bulle partition coefficient (secondpro~ )
Rb 0.003
Nb 0.002
Zr 0.057
1 Amphibole.bearing Iherzolite &om O'Reilly and Griffin (1988; sample: WGBM 16) wbere

the modal proportionofbydrous phase is <1 % (8q)bibo1e and mica). 2 Nonnaljzed to 6 ppm
ofee (see text). 3Number indicates run pressure (in GPa) &Ddj02 (Iow -NNO-2 and high

-NNO+1.7). <1 Values ftom Adam et al. (1993; nm: 1389). S Values from Kennedy et al.
(1993; run: RPll 45) with the exception of DJb (best estimated value); 6 Values from
Kennedy et al. (1993; run: PO 49) with the exceptionofn. (best estimated value). 7 Values

trom Adam et al. (unpubL) [sec Green (1995) and pers. comm.]. • Where amphibole,
clinopyroxene, orthopyroxene, olivine, and gamet are involved. 9 Wbere clinopyroxene,

orthopyroxene, olivine, and gamet are involved (amph-out). Note that gamet would he a

metastable phase during the melting process at 1.5 GPa.
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/Jm" and D'Zr for clinopyroxene, orthopyroxeoe, oüvine, and gamet 50 such poSSIble effects

bad to he ignored.

The diftèrent models reproduce the scatter observed in the NbIRb and ZrlRb ratios

of the nephelinites and basanites ftom the Northem Canadian CordiJlera (Fig. 6.2). As cao

he observ~ both NhlRb and ZrIRb ratios become horizontal or have a negative slope,

respectively, when amphibole bas been totally melted (i.e., f= 0.(6). This behaviour results

in a change of the buIk partition coefficient (i.e., b) due to the Ioss of amphibole in the

peridotite (see Table 6.1). A positive sIope for the NblRb and ZrIRb ratios results in a higher

~ compared to 4tt and Da due to the presence ofamphibole (i.e., first process; Table 6.1).

This relationsbip between Rb, Nb, and Zr is reversed when the amphibole in the sou:ce

disapPealS and wbere clinopyroxene, orthopyroxene, olivine, and gamet are involved in the

melting (i.e., second process; Table 6.1). Such a reverse relationsbip is further empbasized

for the Zr/Rb ratio wbere 4z is a &ctor of 19 larger than 4.t; which produces the negativc

slope.

The proposed models suggest that the scatter ofsome HFSE/Rb ratios observed in

the most undersaturated alJcaline basaItic lava fIows ofthe Nortbem Canadian Cordillera may

he due to themelting of hydrous amphibole-bearing Iherzolite at difIèrent pressures and

oxygen fugacities. This scenario cmhe envisaged iftbe upper mentie was zoned with resPeCt

to oxygen fugacity during or before the formation of Late-Tertiary-to-Recent olivine

nephelinite magmas beneath the Northem Canadien Cordillera by metasomatic f1uids (e.g.,

Mattioli et QI. 1989). Based on coexisting ilmenite-spiDel pairs ftom kirnherlitic xenolitœ,
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Figare6.1. Non-modalmeltingofanampbibole-bearioglherzolitefordifferentpressuresand

oxygen fugacities. (a) NbIRb ratio against Nb. (b) ZrIRb ratio against Zr. Abbreviations

denote: model usiDg P-MT-27 expetiment (1.5 GPa, low j02); model using P-MT-34a

experiment (2.5 (}pa, lowJO;); model using P-MTg43 experiment (1.5 Gpa, highJOJ;

model using P-Mfg41 expeiïment (2.5 Op&, highjO;); pargasite compositions (Table 3.4)

from P-Mf-27, P-MT-34a, P-MTg-43, P-MTg41 expetimeDts (pargasite). Note that the

amphibole-out Iimit corresponds to approximately 6 wt.% ofmelting (i.e., f= OJ)6, see text).

Numbers indicate total fraction ofmelting (wt.%). Symbols same as in Fig. 6.1.
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Haggerty and Tompkins (1983) have estÎIIWed diftèrent redox states ofthe Iithospbere and

asthenosphere depending upon the tectooic settiDg. They proposed that a fertile

asthenosphere is reJatively oxidized wbereas depleted litblsphere is relatively reduced wbieh

can encompass a range of oxygen fugacities between the Iron-WOstite (IW) to the QFM

buffers, respectively (Haggerty and TompldDs 1983). Shi et al. (in press) suggest tbat their

bimodal xenolith suite (lhermliteand harzburgite) sampled ftom diffçrent locaIities along the

Northem Canadian CordiDera represents Iitbospheric mantIe that may have been int1uenced

by an underlying hot asthenospberic mantIe transporting volatiles. Such a process could,

according to the estimation ofHaggerty and Tompkios (1983), intluence the regional redox

state of the Iithosphere beneath the Northem Canadjan Cordillera. Thus, wben melted al

differingj02 conditions and pressures the amphibole-beariDg lhermlite could produce melts

ofsignificantly ditferent traœ element concentrations.

Studies ofxenoliths support the presence ofarange ofredoxcooditions in the upper

mantle below the Canadian Cordillera. Mattioli et al. (1989) estimated the redox state of

various spinel...beariDg Iherzolite and harzburgite xenoliths sampled from various locaIities in

the Nortbem Canadian CordiDera between -0.5 log unit below QFM to -2.0 log unit above

the QFM for conditions between 900 to 1100 oC, I.S OPa. However, due to the absence of

amphibole in xenoliths brought to the surfàœ in the Nortbem Qmadjan Cordillera (Francis

and Ludden 1990, Francis and Ludden 1995, Shi et al. inpress) and the absence ofquencbed

alkali...rich melts, it is di:fficult to prove tIœ hypothesis. However, our model does IlOt conf1ict

with the proposed modelofF~and Ludden (1995) regardiog the presence or absence of
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amphibole in a metasomatized peridotite source, but il brings a new criticallook al some of

the scatter observed in the most UDdersaturated bulle rock analyses.
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CoaelusioB

A large suite of major, minor, and trace element (LILE, HfSE, REE) partition

coefficients between calcic amphibole and basaItic melt were reported over a pressure range

ofl.S to 2.S GPa, an oxygen fugacity range ofNND-2 to NNO+1.7, and a temperature range

of 1000 to 1130 oC using natural basaItic compositions including a pargasite, kaersutite,

ol-normative nephelinite, tholeüte, aIkaIi basait, and two Ti-doped basaItic materials. Two

microbeaminstruments (SXRFMand LAM-ICP-MS) wereusedto determine the equilibrium

partition coefficient ofthe trace elements betweenexperimentallyproduced calcic amphibole

and basaltic melt. SimiJar to identical D's were obtained by SXRFM compared to those

measured by LAM-ICP-MS on the same run products ofa single expetiment. However, the

LAM-ICP-MS bas a better overalliower Iimit ofdetection (LLO) (1.3 ppm or Jess), better

precision (±10 to IS %), and can anaIyze a larger suite oftrace elements.

Amphiboles which crystallized fiom bu1k amphibole materia1s (i.e., pargasite and

kaersutite) were distinct in their high Ca/(Ca+Na) and K/(K+Na) contents compared to those

crystallizedfromthebuJkrockmaterials (i.e., ol-normativenephelinite, tholeiite, aIkaIibesalt).

Such differences affect partitioDing where theDuu.measuredbetweenamphibole and basa1tic

melt using the bulk amphibole materials was found in geœral to he bigber by a factor of 1.2

to 3.S relative 10 tbose measured in expetiments using the ol-normative nepbelinite, tholeiite,

and the alkaline basait compositions. A positive relationsbip was observed between the

K/(K+Na) ratio ofthe crystaIIized aqDbole and D8& and between the CaI(Ca+Na) and Ds"

suggesting a crystal cbemical control on partitioDing. Regarding other trace element
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partitioning, 1 sbowed that Drta:. between amphibole and hasaltic rnek could be controlled

by a complex coupled substitution involving Ca, Na, Mg, Ti, AI, andF~ in the M(4) and

M(I,2,3) sites ofthe amphibole. Iocreasiog pressure showed an ambivalent bebaviour on

partitioning for Duu., ~SEt and DaIz· Dm, increases wbereas D'iz' Dm, Drit and Du. decrease

when presswe increases by 0.7 or 1.0 OPa depending upon the buJk composition. The

decrease ofDü with increasing pressure cm be explaioed by a graduai decrease ofthe Ti/Al

ratio in the M(2) site ofthe amphibole. Increasing the oxygen fugacity at I.S OPa or 2.5 OPa

by approximately 3 orders ofmagnitude (NNo-2 to NNO+1.1) iocreases Da" Da., Du, and

~tb whereas Dr&' Dar, and DZs decrease. Expeiïments investigating the role oftitanium on

partitioning demonstrate that the iDcotpOrationofvt-ri4+ ioto the amphibole structure involves

a coupled substitution between (Fe2+, AI3}A4(I.2.3l and (Tr, Mg1}M{I.2.3l wbich occurs al the

octahedra1 sites and results in Ba, Sr, Ta, Zr, La, Ce, Pr, and Nd becoming more compatible,

thus increasing partitioning. Based on tbese variations in partition coefficients, 1calculated

significant ditl'èreDces in the RblHFSE ratios fonned during perûal melting ofan amphibole

bearing Iberzolite occurring at difIèrent pressures and oxygen fugacities. Such P andJ02

effects can help to explain sorne scatter observed in the most UDdersaturated rocks of an

aIkaline basaltic suite.
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DaIpé C. and Baker D.R. (1997a) ExpelÎweDtal investigation of the eftèct oftitaDium on
partitioning ofLll..E, HFSE, and REE between calcic amphibole and b8saItic melt. In:
EDS (l'rans. Am. Geophys. Union) 78, (abstr).

Esperimeatallllvatigatioa oft.e Etrect ofTitaaia.. oa Partitio.ial of LILE, HFSE,
aad REE Betweea Calcie AJap.ibole ••d B_1tic Meil

C Dalpé and D R Baker (Dept. ofEarth and PIaoetary ScieDces, McGiIl University, 3450
University St., Montréal, Que. H3A 2A7, Canada; 514·398-7485;
clauded@geoscilan mcgilLca)

Calcic amphiboles observed in xenoHtm (titanian pargasite and kaersutite) are distinctive by
both their major element (in particuIar, Ti) and the trace element (ie., REE) cbemistry.

In arder to investigate the role oftitaDium on partitioning between amphibole and basaltic
melt, a series ofexperiments were performed using two sets ofstarting materiaIs: pargasite
+ Ti-doped pargasitic glass and ol·norm. nepbeliDite + Ti--doped o1-norm. nepbelinitic glass.
These materials were run in a piston-cy1iDder apparatus using double capsules (Ag,J'dso +
graphite innercapsule; logjO:z-NN()..2) with -10 wt.% deionized water. The materials were
totally melted al 1200°C and 1.5 GPa for 1 h, tben isobaricaIly cooled to nm temperatures
and held at those coDditions for times between 24 to 200 h. Tempeaatures ofexpetiments on
natural and Ti-doped starting materiaJs were sjmiIar (ie., witbin 20 to 30°C). Run products
consist of basanitic to nepbelinitic queucbed melt (18-71 mod.%), titanian pargasite to
kaersutite (15-62mod.%), phlogopite (0.9mod.%), olivine (0.10mod.%), and CliDopYl'OxeDe

(1-11 mod.%). Analyses ofamphibole andquencbed melt for major and minor elements were
performed by EMPA aod trace elements by LAM·ICP-MS.

Given the measured partition coefficients from the two sets ofexpaiments and besed upon
one standard deviation ftom multiple aoa.lyses, we observed that as the Tit;2) content ioto the
amphibole structure increased by a factor of 1.4 (pargasite materials) or 1.5 (01-1lOnD.

nephelinite materials), Da. [A. site],~D{;D~D8r'~ [M(4) site], andDr., Db [M(2) site]
increased by a factor of 1.2 to 3.0 for pargasite materials aud 1.1 to 1.7 for the 01-1lOnD.

nephelinite materiaIs. Thecalculated Young's modulusoftheM(2) aDdM(4) lattice-sites (ie.,
~~2) and Bk;4~ based on partition coefficients from the natural aDd Ti.ooped expeiiments
decreases as the Titt(2) content in the amphibole iŒreases. This bebaviour indicates that the
mechanical strain eoergy aroUDd a substitute, homovalent cation in the amphibole decreases
as Titt(2) increases, wbich implies that partitioning becomes more fàvourable•
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Dalpé C. and Baker D.R. (1997b) Evidence ofpressure effects on LILE, HFSE and REE
partitioningbetweencalcicamphiboleandb8saltic Iiquid. In:Abstractvolume. GAC/MAC
Annual Meeti,,~ Ottawa'9722 (Ont., Can.), A-34 (abstr).

EVIDENCE OF PRESSURE EFFEcrsONLILE, HFSE AND REE PARTITIONING
BETWEEN CALCIC AMPHIBOLE AND BASALTIC LIQUID

Dalpé, C., and Baker, DR. (Barth aDd PIaDetarySc~McGill University, Montréal, Qc
IDA 2A7, Canada; email: clauded@geoscilan.mcgilLca)

CaIcic amphiboles such as pargasite BDd kaersutite are commonly foUDd in various alkaline
basaItic suites. It is important to determine wbetber a pressure variation of<= 1 GPa would
significantly affi:ct partition coefficients (D's), in wbich case the variations should he taken
into account during modeUiDg. Amphiboles accommodate LILE, HF8E and REE in three
crystallograpbic sites. To investigate pressure etrects on trace element partitioning a series
ofexpet i••ents weœ perfol'lDed usiDg two sirniIar starting materials (pargasite and pargasitic
glass) at two oxygen fugacities and pressures. These materiaIs weœ nDl in a piston-cylinder
apparatus using double capsules (Ag~d,o or Au,J'~+ graphite inner capsule: NNo-2) al
single capsules (Au,,P~: NNO+l.7) with =:10 MO" deionized water. The materials were
totally melted at 1200°C, 1.5 or 2.5 OPa for 1 h, then cooled to temperatures and pressures
of interest and beld at those conditions for limes between 24 aud 100 b. Run produets are
quenched glass (18-65% mode), Ti-rich pargasite (8-62%), clinopyroxeoe (2-16%),
phlogopite (3-100At), and olivine (0-8%). Analyses ofTi-rich pargasite aDd queDCbed g1ass
for major elements were performed by EPMA and trace elements by LAM-ICP-MS. Given
the measured partition coefficients and besed upon Onuma's diagram, we inter that LILE's
occupy the X-XIIA-site, REE's occupy the Yl·V1l1M4-site, and HFSE's oœupy the YlMl.2.3-sites.
Based on one standard deviation ftom multiple ana1yses, we observed tbat as pressure
increased by 1.0 GPa al constant tempetature and oxygen tùgacity (1.5 to 2.5 GPa), Dm, (A
site) increased by a filetor of=:2 wbile Dr" Dm, Db' Dm, and Dr. (Ml.2.3-sites) deaeased by
a mctor of ~ 112. Suc:h behaviour can be explained by the lattice-site Youog's modulus (8)
where for the A-site, 8.c decreases (partitioning becomes more favorable) while for the
MI.2.3-sites, 8U1•1.J iDcreascs (partitioDÎDg becomes Jess tàvorable) as pressure iŒreases.
However, decreases in~ (M4-site) with pressure are greater for LREE's (La to Pr) tban
HREE's (Er to Lu), aDd tbis tendeDcy seeIœ to he enJvured in the high oxygen fugacity
experiments. Based upon tbese observations, we calculate signifinlnt difTereoces for
RblHFSE partition coefficients formed by the saDIe degree of meltiDg but al diftètent
pressures.
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Partitioa eoeflicieats for rare-eart. ele_eats betweea calcie a.p.ibole .ad Ti-ricll
basaaide .... at 1.5 Gpa, l100°C.

C.Oa.pé
D.R. Baker

Deptll"lment ofEtuth andPltmetary Sciences. McGill University
3450 University Street. Montreal. Quebec. H3A 2Â 7. Canada.
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Iatroduetioa
Partition coefficients, Us, betweenaystaIs and melts are fimdamenta l data necessary for the
petrogeneticmodellingOIJgDeOUSrocksuites. Expetimentalstudieshavebeenlimitedbeawse
ofthe dif6culty ofaoalyzing trace elements in the smaIl crystaIs (100's ofJUD's at the largest)
produced during expetiuents. ReceDtly, the laser ablation ICP-MS (LA-ICP-MS) bas been
demonstrated to be an eftèctive tool for the analysis of a large suite of trace elements st
spacial resolutions on the order of100 IJID or Jess (Jenner et al, 1994). Usîng the LA-ICP
MS we have measured partition coefficients between pargasite and basanitic glasses
synthesized fiom UDdoped rock powders al 1100°C and 1.5 OPa.

Teehaiq8es
Natural kaersutite megacrysts were groUDd and used as startiDg materiaIs. Mixtures ofthis
kaersutite powder + 10 wt'" deionized water were enclosed in graphite capsules and then
seaIed inside~cl,o capsules. ExpetÏiüeDts were performed inapiston-cylinder apparatus
with a 1.91 cm diameter NaCl-pyrex assembly. Temperatures was measured with type D
thermocouples and no corrections were applied for the eftèct of pressure on EMf.
Experiments were performed bybringing the pressure and temperature ofthe assemblyto 1.5
GPa, 1200°C for 1 h to totally melt the amphibole. Theo samples were isobarically cooled
at a rate of 10°C/min to 1100 oC and tbat tempetature maintained for 100 h before
quencbiDg. Expeiimeuts wete inspected optically UDder oiland chips ofquenched glass +
crystaIs were mounted inepoxyfor electronmicroprobe ana1ysis ofmajorand minorelements
and for trace element analysis by LA-ICP-MS.

Resalts ud dise••••
Partitioning ofselected trace elements between pargasite and quench IMS8nitic glass were
measured. Theamphiboles are Ti-rich8Dd lave bigber Mg#'s coiiip&iCd to otber studies. The
crystal chemistry of our pargasites shows the seme amount of calcium in the M4-site
(vmeaM4), but a higber proportion oftitanium in the octabedral site (YI-fiwUJ=O.459 pfu)
compared to other studïes. The queDCbed glass contains 39 % SiO:z, 5.9 % TiO:z, 14.2 %
~03' 7.6 % FeO, 7.0 % MgO, Il % CaO, 1.8 % N8z0, 1.3 % ~O, bas an Mg# of6S, 8Dd
contains 7 wtOAt normative Ne. Electron microprobe analysis 8Dd mapping of crystaIs
demonstrated DO zoning ofcrystaIs in Jœjor 8Dd
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minor elements. Trace elements
were measuredwith a Jaser ablation
ICP-MS using a rastered gtÜ
HFSE elementsand Iigbt-to-middle
REE's (La-Eu) in bath crystaJs and
quencbed glass were aœ1yzed with
the laser in the "Free-Running"
mode. This mode analysed a SO x
ISO x 80 (L x W x D) cubic micron
volume of the sample and results
Jess sample damage usiDg a fixed
point in the "Q-Switcbed" mode,
but cannot be used to aœlyze
elements with abnndances below

:::: 1 ppm. Eu, BREE's, and Y in crystals and glass were aœlysed using the "Q-Switched"
raster mode which anaIyzes a sample volume of70 x 170 x 180 cubic microos. The greater
intensity ofthe laser beam during "Q-Switched" aœ1ysis creates more sample damage than
the "Free-Running" mode, but alIows aoalysis of low-abnndanee traœ elements.
Concentrations ofelements analyzed by both techniques (Eu and Y) are within error ofeach
other. UsiDg the rastered "Q-Switched" mode, concentrations down to approximately 0.2
ppm cm he measured in our samples. The measured partition coefficients (DTHidaPlrpliWl'i-riI:b

M~ are presented in Table 1 and displayed in Figure 1.

•

TABLE 1. Partition coeflicients measured by ElectronMicroprobe and LA-ICP-MS for trace
elements
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The interesting feature ofour results is tbat our D values for REE's are lower than ptevious

Eiem. D value SD. Replicates

•

Elem.. D value SD. Replicates
Ti 0.717 0.028 IS glass, 21 minerai
K 1.360 0.780"
Rb 0.220 0.043 5 glass, S minerai
Sr 0.376 0.005 ft

Y 0.333 0.028 ft

Zr 0.124 0.009 ft

Nb 0.050 0.006 ft

Ba 0.278 0.009 ft

Hf 0.331 O.OSO"
Ta 0.074 0.015 ft

La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

0.039
0.067
0.105
0.142
0.188
0.351
0.368
0.385
0.406
0.350
0.362
0.281
0.349
0.246

0.005 S glass, 5 minerai
0.002 ft

0.007 "
0.007 "
0.075 "
0.022 "
0.017 S glass, 2 minerai
0.024 ft

0.013 ft

0.036 "
0.008 "
0.030 ft

0.045 "
0.032 ft
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D values measured between natural pargasites and their oost rocks (Irving aDd Priee, 1981;
Sun and Hanson, 1976; Nagasawa, 1973, Higuchi and Nagasawa, 1969), and Iower tban D
values measured in earlier expetiuental studies (Adam J. pers. <:omm.; ~lChoDs and Harris,
1980). The rock (or melt) compositions nom tbese earlier studies range nom besiDites to
tholeiites and do DOt demonstrate any obvious effect ofcrystal or melt composition on the
partition coefficients. Thus, despite the UDique !Dell compositions formed duriDg our
experiments it is difficult to ascribe the IowOs ofOUI' study to ditfereuces in mell or crystal
compositions. However, it Jœy be possible tbat sligbt ditrerences in composition (pelhaps
differences in V1TÏr.tl.2.3 or F~ in the amphiboles?) may have a significant eftèct on the
partition coefficients and explain the diftèlences between the variety of measured REE
partition coefficients.
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Pargasite-B....itieMeilPartitio. Coeflieie.tsDete.....Üled byLa8er-Ablatioa ICP-MS

C Palpé and D R Baker (DqabDent ofEarth Scleoces, McGiII University, 3450 University,
Montreal, QC IDA 2A7, Canada; 514-398-7485, CLAUDED@GEOSCLLAN. MCGILL.CA)

Partition coefficients of HFSE (bigh field strength elements) and REE elements between
partgasite and queoch glass bave beendeteh"ied al naturalcoŒeDtration levels (0.07-100'5
ofppm in the amphibole) by LAM-ICP-MS. Natural pargasite was totally meh in grapbite
lined AgsoPdso capsules in a piston-çylinder al 1.5 OPa, 1200 oC for 1 hour and then
isobarically cooled to 1100 oC and beld at those conditions for 100 b. Electron microprobe
analysis and mapping of crystals demoostrated no zoning of crystaIs in major and minor
elements. Our amphibole nul products are Ti-rich and bave higber Mg#'s compared to other
studies. The quenched glass contains 39 wt% SiO:z, 6 wt% TiO:z, 3.4 wtOlO N~O+-~O, Mg#
65, and 7 wtOlO normative Ne. Diftèlences in partition coefficients between this study and
previous ones are attl'ibuated to difl'èlent compositions ofcrystaIs and melt studïed.

10-r-------~
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DaIpé C., BakerD.R. and SuttonSR. (1993a): lnvestigationofsecoDdaryX-ray tIuorescence
during measurement on crystal-melt contact with synchrotron X-ray microprobe. In:
National Synchrotron Light Source Activity Report BNL5UIS, 8-223.

INVESTIGATION OF SECONDARY X-RAY FLUORESCENCE DURING
MEASUREMENT ON CRYSTAL-MELT CONTACT WITR SYNCHROTRON X
RAY MICROPROBE

C. Dalpé, D.R. Baker {Det&bœüt ofEarth and Planetary Sciences, McGiIl University, 3450
University, Montréal, Que., Can., IDA 2A7; clauded@geosci.Jan.mcgilLca)
S.R. Sutton (Department of Geophysical Sciences and Center for Advanced Radiation
Sources, The University ofChicago, Chicago, ILL. 60637, U.S.A)

The partitioning of trace elements between caIcic amphibole and quenched melt (COJ1C.

amph./conc. quench melt) bas been detennined with synchrotron x-ray fluoresc:ence
microprobe usingestablisbed techniques (1). Recentmeasurements bave investigated the role
of masking one phase with Iead tape (i.e., calcic amphibole or quencbed glass) duriDg
acquisition to avoid any secondary processes that will may aftèct measured partition
coefficients (e.g., secondary fluorescence; 2).

Measurements were performed on beamtine X26A using Si(Lt) energy-dispersiw detector
at 90° to the incident x-ray beam. Synchrotron ring charaderistics wae 2.584 Oev and the
electron current between 202 and lOI mA. SpecimeDs were excited with white Iigbt and the
beam size was approximately 10 IJID. A 170 flIIl aluminum fil+.er W'O...s used on the œtector ta
suppress the intense K eDergy tluorescenœ ftom the major elemeDts in each phase.

We found that analyzing the same samples with or without Iead DWSking complicated the
detennination ofpartition coefficients for Ga, Rb, and Sr. Wben the mask is Wied, this can
he expJained by similar eoergy Ievels between the L liDe oflead and the Kline ofthe elemeDts
cited above (e.g., PbLI = 9.18 keV, GaK. = 9.24 keV). In fact, lead 'IlISsking did IlOt aIlow
to discriminatre the effects of secondary x-ray fluorescence duriDg analysis. Wc will
investigate possible fluorescence with Mo-shield wbich Jacks any K or L liDes that overlap
with those ofelements tbat we wW1 to aœIyze.

References:
(1) DaIpé C., BakerD.R., and Sutton S.R. "Partitioncoefficient ofCr, Rb, Ga, Sr, Y, Nb~ and
Zr hetween pargasite and nephe6nitic melt al 1.5 GPa", EOS Trans. Supplementr AGU, 73,
no. 43, (1992).
(2) McKay GA "PartitiolÛDg ofrare earth clements between major silicate minerais and
basaltic melts". In: Geocbemistry and miDeraIogy of rare earth elements; Lipin BoR. and
McKay G.A. (ed.), Rev. Mineral. 11,45-74, (1989).

(This research bas been supported by the following grants: OOE DE#-FG02-92ER14244~

NASA NAG9-106, NSF EAR89-15699, and NSERC OOP89662)
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Dalpé C. and Baker DA. (l993b): The importanœ ofampbibole and mica in the generation
ofaIkaIi basa1tic suites. In: Program andabstracts: GAC-MtfC 1993 Joint A.1I7IUQ/ Meeting
in Edmonton (AIb.., Can.), A-22 (abstr).

THE IMPORTANCE OF AMPHIBOLE AND MICA IN THE GENERATION OF
ALKALI BASALTIC SUITES

Dalpé, C., 8Dd Baker, D.R.9 (Department of Barth and PIaœtary Sciences, McGill
University, 3450 University, Montreal, Quebec H3A 2A7; clauded@geosci.Jan.mcgill.ca)

Hydrous phases such as caIclc amphibole and mica are commonly found in xenolitbs bosted
by aIkali basalts. Previous expetineutal research shows tbat these hydrous phases are stable
for a wide raoge ofpressures and temperatures corresponding to upper mantle conditions.
Their role in petrogenesis is DOt weB understood, aItbough clearly important in selected
alkaJine suites. To asœrtain their importaDce we expeiineotally detetmiDed trace element
partition coefficients between amphibole and phIogopite and hydtous nepheliDitic melt al I.S
GPa, 1100 oC. Mixtures ofnatural pargasite (or kaetsutite) + water in grapbite capsules
sealed inside A&soPdso outer capsules were totally melted at 1200 oC, I.S OPa for 1 Il, tben
isobarically cooled to temperatures of 1100 oC for 1, 10, 20, and 100 h. Run products
consisted ofpargasite (TiOt : 3..39 wt.%, N~O+~O:3.9 M.o/o, aodMg#: 0.71), phlogopite
(Ti02: 3.17 wt.%, N~O+~O:7.85 M.%, and Mg#: 0.77), olivme, and quenched glass of
nepheIinitic composition.

Based upon expeliments of diftèrent lime duration, constaDt partition coefficients
(presumably equiHbrium) are reacbed within 10 ha The measured partition coefficients at
1100 oC(~with1 standard deviation) are:

~ K TI ~ ~ ~ y ~ b
Pargasite 1.04 2.08 0.78 0.75 0.43 0.40 0.52 0.44 0.29

:::.11 ±-66 ±-03 ±-24 ±-16 :::.05 ±-09 ±.24 ±.11
Phlogopite 0.56 12..83 0.71 0..42 0.25 0.55 0..49 0.44 0.40

±.14 ±1.51 ±-10 ±..13 ±-20 ±.24 ±.20 ±.16 ±.28
Based on tbese partition coefficients, we calculated signifiamt difCeteoces between liquid

compositionsfotmedbysmalldegteesofpartialmeltingofampbibole-beariDgormica-bearing
sources.
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Dalpé C., Baker D.R. and Sulton SR. (1992): Partition coefficient ofCr, Rb, Ga, Sr, Y, Nb,
and Z:c between pargasite and nepbelinic melt at 1.5 OPa. EOS (T,ans. Âm. Geophys. Union)
73, 607 (abstr).

PartitioD Cocflieieat of Ti, Cr, Ga, Rb, Sr, Y, Nb, aad Zr Betweea Pa"luite a.d
NepheliDitie Melt at 1.5 GPa.
C Dalpé and Don R Baker (DepIrtment ofEarth and Planetary Sciences, McGill University,
3450 University, Montréal, QC H3A2A7, Canada; 514-398-7485)
S R Sutton (DepatbüeDt ofApplied ScieDces, BrookhavenNational Laboratory, UptoD, NY
11973, USA; 516-282-2187)

PartitioniDg of trace eJements between a oepbelinitic melt with 10 wt.% water and high
titaniumparp;ite at 1.5 OPa and tempetatures between 1075 and 1125 oC were determined.
Mixtures ofnatural pargasite+water ingrapbite capsules seaIed insidePt orAgJ»~capsules
were totally melted at 1200 oC, 1.5 OPa for 1 Il, then isoœrically cooled to temperatures of
interest and held at tbose conditioœ 10r times between 1 and 100 IL Run products consisted
ofpargasite (Ti02: 3.4-5.0 wt.%, N~O+~O: 3.9-4.2 wt.%, and ~Ol: 14.8-16.1 wt.%),
phlogopite, olivine (F016091) and quencbed glassofnepbeliDitic composition(>1OOA. normative
ne, Mg#: 0.48-0.66, N&zO+~O:2.6-3.9 wt.%, and Cr> 2000 ppm).

Analysis ofpargasite and queucbed glass for major elements was performed by electron
microprobe and for trace elements by x-rayfluorescence microprobe at BrookhavenNational
Laboratory. Beam~ used in both instruments were approximately 10 JlID; an aluJlUmnn
filter was placed between the sample and the detector ofthe XRF and thec:ounting tilDes were
3OOs.

Based upon expetiments of 1, 10 and 100 h duration at 1100 oC, constant partition
coefficients (presumably equilibrium) appear to be reached within 10 h. Replicated
experiments with Pt and AgPd outer capsules demonstrate no significant differences in
measured partition coefficients. Tbe JDeaSPJred partitioncoefficicDets at 1100 oC(~
with 1 standard deviation) are: Ti: 0.73±O.2S, Cr: 0.S9±O.17, Ga: O.S8±O.11, Rb: 0.28±O.16,
Sr: O.43±O.17, Y: O.54±O.14, Nb: 0.36%0.15, 8Dd Zr: O.34±O.IS•
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