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yllanretnifonoitanimretedehtrofderiuqermsilamrofcimanydomrehtehtfosliatedehtweivereW.tcartsbA

consistent phase diagrams and for the calculation of stable phase assemblages and their associated elastic proper-

sledomeltnamreppufoetiusarofselfiorpyticolevcimsiesfonoitatupmocehtotdohtemehtylppaeW.seit

ranging in bulk composition from eclogitic through peridotitic to pure olivine, incorporating recent data on the

lacimehcklubehtnisegnahcyrartibraekovniotdeenonsierehttahtedulcnoceW.metsystenrag-enexoryp

composition of the upper mantle; a uniform peridotitic upper mantle containing 70-75% olivine by volume is in

yrassecenserudecorplaciremunsuoiravfosliatedehT.snoitavresbocimsieseltnamreppuhtiwtnemeergadoog

to the performance of such thermodynamic analyses are presented in Appendices.

noitcudortnI

Radial variations in the velocities of seismic wave propagation in the upper mantle of the Earth are diagnos-

ebyamsnoitairavesehT.roiretnis’tenalpehtgnisirpmocslairetamehtfoseitreporpcitsaleehtnisegnahcfocit

ascribed to changes in the bulk chemical composition of the interior [e.g., Bullen, 1937], or they may be due to

,lanreB,.g.e[noitisopmoclacimehcklubmrofinufolairetamnisnoitamrofsnartlarutcurtsfoecnerruccoeht

1936]. The principle of Occam’s Razor [cf. Hamilton, 1837; Albutt, 1901] dictates that we should not invoke

-inua,.e.i(sisehtopyhrelpmisehtsselnu)noitisopmocklubnisegnahcyrartibra,.e.i(sretemarapeerflanoitidda

form composition) is insufficient to explain the observations. Thus, here we examine the two primary families

rednuyrotarobalehtniruccootdevresboerahcihw)lenips-enivilodnaetitenrag-etigolce(snoitisnartesahpfo

upper mantle conditions [cf. Ringwood, 1975] in order to determine whether their respective characteristics are

.snoitavresbocimsieseltnamreppunialpxeottneicffius
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-messaesahpelbatstciderpotdesuebnacslarenimfoseitreporpcimanydomrehtehtnoatadlatnemirepxE

blages and mineral compositions as general functions of pressure, temperature, and bulk chemical composition.

nacseiticolevcimsiesroytisnedsahcusseitreporplacisyhplanoitidda,atadcitsaleomrehtelbatiusneviG

also be predicted for the various stable phase assemblages. These predicted properties can then be compared

noedamseiticolevcimsiesro,ytisned,noitisopmoclarenim,noitubirtsidesahpfosnoitavresbolautcahtiw

natural systems in order to determine whether the model pressure, temperature, or bulk chemical composition is

gninibmocsuhtyB.]7891,6891,4891,dooWdnaaniB.fc[noitagitsevnirednumetsysehtotetairporppa

independent data from calorimetric studies, phase equilibrium experiments, low temperature elastic constant

ew,noihsaftnetsisnocyllanretninanirehtegotatadesehtgniylppadnasnoitavresbocimsiesdna,stnemerusaem

can place tighter constraints upon mantle compositions than if we were to apply them in isolation.

snoitcnufticilpxesasesahplarenimfoslaitnetoplacimehcgnitaluclacfoseuqinhcetehtweivertsrfiewereH

of pressure, temperature, and composition. We then discuss the use of these chemical potential formulations in

,segalbmessaesahpelbatsgninimretednidnasmetsyselpmisrofsmargaidesahptnetsisnocyllanretnignitupmoc

mineral compositions, and aggregate elastic properties for complex multi-component systems. Finally, we

rofserutcurtsyticolevcimsiesdetaicossadnaseigolarenimmuirbiliuqefonoitatupmocehtelpmaxenasatneserp

a suite of upper mantle model bulk compositions, ranging from eclogite to pure olivine, and their comparison

tnairavidfonoitaluclacehtssucsidewAxidneppAnI.selfiorpyticolevcimsiesenoznoitisnartdevresbohtiw

and univariant phase relations; in Appendix B we discuss the computation of stable phase assemblages by the

ehtrofdohtems’notweNfoesuehtweiveryfleirbewCxidneppAnidna,noitaziminimygreneeerffodohtem

solution of non-linear equations.

Computing Chemical Potentials

ew,seitreporpmuirbiliuqeesahpenimretedottnetnihtiwsnoitaluclaccimanydomrehtmrofrepotredronI

must have some quantitative measure of the relative stabilities of mineral phases. For this purpose we make use

,hgibneD[denfiedsilaitnetoplacimehcsihT.φesahpehtniitnenopmocafo,
��

G,’’laitnetoplacimehc‘‘ehtfo i
φ

,ygreneeerfsbbiGralomlaitrapehtsa]97.p,1891
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φwhere G is the Gibbs free energy of phase φ; n is the number of moles of component i in phase φ, and P and

-89.pp,1891,hgibneD.fc[laitnetoplacimehcehT.ylevitcepser,tseretnifoerutarepmetdnaerusserpehteraT

104] may be expressed as a function of pressure, temperature, and composition:

(1).)X(anlTR+P̂d)P̂(
��
V+

�
ST−

��
H=
��
Gi

φ iφ
T
o iφ

T
o

1

P

iφ
T
o iφ

P,T i
φ∫

iφ
T
o iφ

T
oHere, H

��
and S
�

are the partial molar enthalpy and entropy, respectively, of pure (‘‘standard state’’) com-
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φperature T and pressure P̂; a (X ) is the activity of component i in phase φ at temperature T, pressure P, and

.tnatsnocsaglasrevinuehtsiRdna,φesahpniitnenopmocfonoitcarfelomehtsiX;Xnoitisopmoc i
φ

i
φ

smreTyportnEdnayplahtnE

Data on the enthalpy and entropy of a component are available at 1 bar and some reference temperature, T .0
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Pwhere C
��

(T̂) is the partial molar isobaric heat capacity of pure component i in phase φ and is itself generally a

-apactaehehttahtsinoitacfiilpmisdoogylemertxena,snoitaleresahpdilos-dilosroF(.erutarepmetfonoitcnuf

city difference between high and low pressure phases is independent of temperature [Wood and Holloway,

).T,erutarepmetecnereferehtrofseulavriehttaseiticapactaehehtfollagnixfiottnelaviuqesisihT.]4891 0

mreTemuloV

The molar volume of a component is generally available at 1 bar and some reference temperature, T . We0

:T,tseretnifoerutarepmetehtroftcerroctsrfi
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iφwhere α(T̂) is the volume coefficient of thermal expansion of pure component i in phase φ and is itself gen-

gniniatta,ThtiwylraenilesaercniotdetcepxesiαserutarepmetetaredomtA(.erutarepmetfonoitcnufayllare iφ

ehtroftcerroctxeneW).]594-094.pp,6791,nimreMdnatforchsA.fc[serutarepmethgihtaeulavgnitimila

pressure of interest, P, making use of the third-order Birch-Murnaghan equation based upon the finite strain for-
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Here K is the isothermal bulk modulus (‘‘incompressibility’’) of pure component i in phase φ at 1 bar and)T,1(
T
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temperature T. This value, and its pressure derivative, are obtained from the generally available adiabatic bulk
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Given, then, this formulation for the pressure dependence of the molar volume, we must now integrate equation

 − KTT·d[iφα(T)iφγ]/dP·[1+Tiφα(T)iφγ]−1 
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(2) in pressure in order to obtain the VdP term in equation (1). Since equation (2) is an implicit function for∫
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Activity Term

Finally, we require a relationship between the activity a of component i in phase φ and the compositionT,P
φi

φ
i

φ
iX of phase φ, where X is the mole fraction of component i in phase φ. These activity-composition relation-

:mrofehtfoeraspihs

a = �	X ,P,T
�,fiφ
P,T φ i

φ

φwhere f is a function whose form depends upon the details of crystal structure and inter-site interactions.

,]4891,2891[yawolloHdnadooWybdetneserperastnenopmocenexoryprofsnoitcnufnoitisopmoc-ytivitcA

and those for garnets are discussed by Haselton and Newton [1980], Wood and Holloway [1982, 1984], and

]9691[siradeMdnarehsiFybdetneserperastnenopmocenivilorofspihsnoitalerhcuS.]4891[dooWdnaaniB

and Wood and Kleppa [1981] while functions for the β and γ polymorphs are given by Bina and Wood [1987].

smetsySelpmiSniairbiliuqEesahPgnitupmoC

Given formulations for the chemical potentials of components as functions of pressure, temperature, and

-noC.smetsyselpmisniairbiliuqeesahpfonoitaluclacehtotdeecorpwonyamew,))2(noitauqe(noitisopmoc
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-idnocehtenimretedothsiwew;γdnaα,sesahplarenimowtdna,2dna1,stnenopmocowtfometsysaredis

tions of pressure, temperature, and mineral composition under which the two phase α and γ can coexist at equili-

-neD.fc[sesahpllaniemasehtebtsumtnenopmocnevigafolaitnetoplacimehceht,muirbiliuqetA.muirb

bigh, 1981, p.86], thus:
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may solve them by a two-dimensional Newton’s method (see Appendix A) for the compositions X and X atγ
1
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1

o ,C0001ta,detupmocevahew,elpmaxerof,3-2erugiFnI.muirbiliuqenitsixeocnacγdnaαsesahpehthcihw

the compositions at which α-olivine and γ-spinel may coexist over a broad range of pressures, thus defining the

.erugfitahtninwohspooltnairavid’’γ+α‘‘

This procedure may be extended to the computation of the conditions under which three phases, α, β, and γ,
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ewdna,snwonknuruofnisnoitauqeruofotecuder)5(snoitauqe,nehterutarepmetnevigynatA.Xdna,X1
β

1
γ

1
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1
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1
γmay solve for the compositions X , X , and X and the pressure P at which the three phases can coexist in

-giFnillewsadetartsullisisihT.)AxidneppAees(dohtems’notweNlanoisnemid-ruofagnisuybmuirbiliuqe

ure 2-3, where we have computed the compositions and pressure at which α-olivine, β-modified-spinel, and γ-

tahtninwohseniltnairavinuγ+β+αehtgninfiedsuht,C0001tamuirbiliuqeelbatsnitsixeocllanaclenips o

.erugfi

Hence, by this procedure we may compute a phase diagram, such as Figure 2-3, for a simple system from a

muirbiliuqeesahp‘‘morfatadelbaliavaebyamereht,atadesehtfotnednepednI.atadcimanydomrehtfotes

experiments’’. Such data, shown by the polygonal symbols in Figure 2-3, directly indicate which phases can
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coexist in equilibrium at specific conditions of pressure, temperature, and composition. Thus, if such experimen-

tnednepednisaevresyeht,)]0691,efyF[’’ytilibisrever‘‘yb,.g.e(muirbiliuqedetartsnomedylurtevahatadlat

delimiters of the stability fields in the phase diagram. For a phase diagram to be internally consistent, these two

latnemirepxeyna,elpmaxeroF.eergatsummargaidesahpehtfoygolopotehtnopustniartsnoctnednepedni

points at which only γ phase is stable must lie in the computed γ phase stability field, above the α+γ divariant

-lacehtgnolallaftsummuirbiliuqenitsixeocsesahpγdnaαhcihwtastnioplatnemirepxeyna,revoerom;pool

culated stability curves bounding the α+γ divariant loop.

This criterion of internal thermodynamic consistency can be of great utility when certain parameters in the

ehtwollaotylpmissierudecorpetairporppaehT.deniartsnocylroopronwonknueraledomcimanydomreht

uncertain thermodynamic parameter to vary within the bounds of its uncertainty until the computed phase

-nocrednumetsysehtfoytixelpmocehtnopugnidnepeD.atadmuirbiliuqeesahpehtsehctamtsebmargaid

sideration and the number of variable parameters, this variation of parameters fitting procedure may be carried

nI.]141-331.pp,1891,.latelliG.fc[noisrevniserauqstsaellamrofaybrororrednalairtcitametsysybtuo

either case, it is important to perform a sensitivity analysis to determine how well this inversion procedure actu-

esehtnisegnahcllamsotsimargaidesahpdetaluclacehtevitisneswohdnasretemarapehtsniartsnocylla

parameters. (In general, the greater the number of parameters which must be determined in this manner, the

-liavadesu]4891[dooWdnaaniB,elpmaxenasA).sretemaraplaudividniehteblliwdeniartsnocylrooperom

able phase equilibrium data to constrain the pressure dependence of the volume change of the eclogite to gar-

-emarapdeniartsnocylrooperewsesahpetitenragehtfoemosfoiludomklubehtecnis,noitisnartesahpetiten

ters. Conversely, the bulk moduli and hence the pressure dependence of the volume change of phase

desu]7891[dooWdnaaniB.deniartsnocllewerasesahplenips-defiidom-βdnaenivilo-αehtfonoitisnart

these parameters to tightly constrain the width (in pressure-composition space) of the α+β divariant stability

.atadmuirbiliuqeesahpelbaliavaybdeniartsnocylroopsawmargaidesahpehtfonoigersihtecnis,pool

Computing Stable Assemblages in Complex Systems

fotesadna))1(noitauqe(tnenopmocafolaitnetoplacimehcehtrofnoitalumrofahtobevahewtahtwoN

thermodynamic data parameterizing internally consistent phase diagrams for numerous simple systems, we are

detaicossadna,snoitisopmoclarenim,segalbmessaesahpelbatsetaluclacotatadesehtfollaenibmocotydaer
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.smetsystnenopmocitlumxelpmocniseitreporplacisyhp

Phase Assemblages and Compositions

Given a system of arbitrary bulk chemical composition, we wish to determine which mineral phases can

-mocmuirbiliuqeehtwonkothsiwewdna,tseretnifoerutarepmetdnaerusserpemostamuirbiliuqetatsixeoc

positions of these stable phases. The equilibrium state of a system of fixed bulk composition is characterized by

:yleman,]38.p,1891,hgibneD.fc[metsysehtfoygreneeerfsbbiGehtfoeulavmuminimeht

G = G
��

(P,T,X)n = minimum ,φ
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Gerehw

phase φ. For computational purposes, we may temporarily cease to distinguish between components and phases,

OiSgM−βdnaOiSgM−α,.g.E(.tnenopmocetarapesasatnenopmocnevigafoesahphcaegnitnuocdaetsni 2 4 2 4

:muirbiliuqetaevahew,metsystnenopmoc-Nnarof,suhT).stnenopmoctcnitsidsaderedisnocebwonlliw
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��
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��
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and is a function of pressure, temperature, and some subset of the n (i.e., the n for those components j whichjj

-serpdexfita)6(noitauqegnivlosnopU.)itnenopmocsaesahpemasehtniebotderedisnocylsuoiverperew

sure, temperature, and bulk composition, we obtain the n , namely the distribution and compositions of the stablei

.BxidneppAnidessucsiderasnoitidnocesehtrednu)6(noitauqegnivlosrofsdohteM.sesahpmuirbiliuqe

Other Physical Properties

Given the composition of the stable phase assemblage at some pressure and temperature, in terms of either ni

φ
ior n , it is a simple matter to compute the density of the assemblage:
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volumes from equation (2). Given the adiabatic bulk moduli K from equation (3), we may correct them for)T,1(
S

φi
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pressure using a differentiated form of the Birch-Murnaghan equation (2):

,�
�
�
�

f9+2�
�

fξ2−f7+1�
�
�
�

f2+1�
�

K=Kiφ
S
(P,T) iφ

S
(1,T) 2

5__

:]6791,ttaW[suludomklubetagerggadegareva)HRV(lliH-ssueR-tgioVehtetupmocdna

K =

�
�
�

K

ω_______

�
�
�ΣVoigt

sys
S
(P,T)

all i,φ
iφ

S
(P,T)

iφ
sys −1

)T,P(
S

φisys
φi

φ,illa

)T,P(
S

sys
ssueR K = ω . K ,Σ

:tahtos

K =
2
1__
�
�K + K

�
�,)T,P(

S
sys

ssueR
)T,P(

S
sys

tgioV
)T,P(

S
sys
HRV

iφ
syswhere ω represents the volume fraction of phase φ of component i in the system:

._______________

		
V

�
�
�		

Vn
�
�
�=ωiφ

sys

all i,φ
i
φ iφ

P,T

iφ
P,T

Σ
√
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This may be directly compared to observed seismic profiles, given complimentary P- and S-wave velocity data
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If, on the other hand, we wish to predict independent P- and S-wave velocities for our model system, we

:ecnis,stnenopmocsuoiravehtfoµiludomraehsehtgnidragerataderiuqer iφ

P
2

sys

sys
S

sys

____________
µ__4

3
−K

ρ
=)V(

(V ) =
ρ
µ____ ,

sys

sys
2

S

S
sys :evahew,Ksuludomklubehtrofsa,erehw

(7).�
�
�

µ.ω+�
�
�

______ω
µ�

�
�

�
�
�

__1
2

=µ Σ Σ )T,P(φisys
φi

φ,illa

1−sys
φi

)T,P(φi
φ,illa

T,Psys
HRV

Thus, in order to compute the aggregate shear modulus from equation (7), we require knowledge of the shear

riehtsallewsa,Terutarepmetecnereferemosdnarab1tasesahpehtfollanistnenopmocehtfollafoiludom 0
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pressure and temperature derivatives [cf. Bina and Wood, 1987], namely:

.P̂d�
�
�

____ µ∂
P̂∂�
�
�

+T̂d�
�
�

____ µ∂
T̂∂�
�
�

+µ=µ 0

0

∫ ∫
T

φi
P

1P

φi
T

T

T,PφiT,Pφi

Thus, to compute independent P- and S-wave velocities for, say, an N-component/phase system requires 3N

lanoitiddaesehtsA.esahp/tnenopmochcaerofsevitaviredowtdnasuludomraehsasretemaraplanoitidda

parameters play no role in the thermodynamic formalism applied earlier to obtain an internally consistent data

,suhT.snoitavresbomuirbiliuqeesahptnednepedniybdeniartsnocrehtrufebtonnacseulavnwonkylroop,tes

unless unusually good data on the pressure and temperature dependence of the shear moduli are available, such

-mocehtnahtytniatrecnuretaergylbaredisnocottcejbussiseiticolevevaw-Sdna-Plaudividnifonoitatupmoc

putation of the bulk sound velocity Φ.
��

√

Application to the Upper Mantle

rofsmargaidesahperusserphgihtnetsisnocyllanretnidetupmoc]4891[dooWdnaaniB,evobadenoitnemsA

the simple systems Mg Si O -Mg Al Si O , Fe Si O -Fe Al Si O , and Ca Mg Si O -Ca Mg Al Si O .21325.15.121422213232144213232144

Using a free energy minimization approach, they showed that the eclogite to garnetite transition the dissolu-

daorbarevoyllaudargsrucconoitulosdilosetirojam-tenragamrofotesahptenragehtotnienexorypfonoit

depth interval and would produce no sharp increase in seismic velocity such as that observed in the earth at

ehtrofmargaidesahperusserphgihtnetsisnocyllanretninadenimreted]7891[dooWdnaaniB.htpedmk004

Mg SiO -Fe SiO join and demonstrated that the α-olivine to β-modified-spinel transition would occur over a4242

sufficiently small depth interval to produce a sharp seismic discontinuity such as that at 400 km. They con-

tnetsisnocerahtraeehtfoeltnamreppuehtniseiticolevcimsiesdevresbotaht,]5891[rendieWdidsa,dedulc

with an upper mantle of a uniform olivine-rich, or peridotitic, bulk composition. In this section we expand upon

-omrehttnetsisnocyllanretniehtotnistluserlatnemirepxetnecereromgnitaroprocniybkrowsuoiverpsiht

dynamic data set. We then use this data set to compute seismic velocity profiles for a suite of upper mantle

.noitisopmocklubnieniviloerupotetigolcemorfgnignarsledom

Thermodynamic Data
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-olloHdnadooWfosesahperusserpwolroftesatadcimanydomrehtehtfoesuedamew,sisylanasihtroF

way [1984]. To this we added the recent data of Kandelin and Weidner [1984] for jadeite and that of Duffy and

dooWdnaaniBfotesatadehtdetpodaew,enivilofosesahpγdna,β,αehtroF.etitatsnerof]6891[nahguaV

[1987]. For the quartz, coesite, and stishovite phases of SiO , we used the data of Holm et al. [1967] and Jean-2

esuedamew,esahptenragehtfostnenopmocetirojamerusserphgihehtrof,yllaniF.]3891[nospmohTdnazol

of the thermodynamic analysis of Bina and Wood [1984], modified in the manner described below.

:noitisnartehtroftesatadcimanydomrehttnetsisnocyllanretninadevired]4891[dooWdnaaniB

pyroxene
M Si O =

garnet
M Si O

, M ε {Mg, Fe, Ca Mg } ,5.05.0
21442144

using the phase equilibrium data of Akaogi and Akimoto [1977] and Akaogi [1978]. However, recent work by

ottcejbusniseidutsmuirbiliuqeesahpesehtnidesunoitarbilacerusserpehttahtnwohssah]7891[.lateigoakA

considerable error. Akaogi et al. [1987], using numerous recent pressure calibration data, have produced a

-serpriehtdeilppaevaheW.metsysOiSlAgM-OiSgMehtnistnemirepxeehtrofelacserusserpdesiver 4 4 12 3 2 3 12

21325.15.121422213232144sure correction to the Fe Si O -Fe Al Si O and Ca Mg Si O -Ca Mg Al Si O data as well. These recali-

atadsisehtnyseraesehttahtetoN(.2dna1serugiFnislobmyslanogylopehtybnwohserastniopataddetarb

and have not rigorously demonstrated equilibrium by the criterion of ‘‘reversibility’’ [cf. Fyfe, 1960].)

fosuludomklubehtenimretedoteuqinhcetnortorhcnysutisninadesu]7891[.lateigoakA,noitiddanI

Mg Si O majorite. Bina and Wood [1984] made use of the majorite bulk modulus data of Jeanloz [1981].2144

However, these data may be subject to considerable error since they give majorite bulk moduli which are larger

,rendieW.D[stnemugralacimehcollatsyrcelpmiselihw,stenragsuonimulagnidnopserrocehtfoiludomehtnaht

pers. comm.; Akaogi et al., 1987] suggest that they should be smaller. The new data of Akaogi et al. [1987] do,

.strapretnuocsuonimulariehtrofesohtnahtrellamserahcihwstnenopmocetirojamehtrofseulavdleiy,tcafni

Akaogi et al. [1987] performed bulk modulus measurements on samples of two garnets one of composition

aotylraenilstluserriehtdetalopartxednaetirojam-gM%85htiweporyp%24forehtoehtdnaeporyp%001

pure Mg-majorite endmember. Since their values for pure pyrope differ from the established value [Jeanloz and

citametsysrofeulavetirojam-gMriehtdetcerrocevahew,rabM60.0yb]9791,.lateneiveL;3891,nospmohT

error by the same amount. Finally, Akaogi et al. [1987] measured bulk moduli for Mg-majorite only. We have

:pihsnoitalerehtgnimussaybstenrag-gMaCdna-eFehtrofseulavdetamitse
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,_________________ K

K
=_____________ K

K
=_____________ K

KS
Mg Al Si O (gt)

S
Mg Si O (gt)

S
Fe Al Si O (gt)

S
Fe Si O (gt)

S
Ca Mg Al Si O (gt)

S
Ca Mg Si O (gt)21422

21325.15.1

2144

21323

2144

21323

giving the bulk modulus values shown in Table 1. Using this revised data, we have calculated the internally

.2dna1serugiFninwohsnoitisnartetitenrag-etigolceehtrofsmargaidesahptnetsisnoc

Results

Using the internally consistent thermodynamic data set described above, we have applied the technique of

seiticolevcimsiesgnidnopserrocriehtdnasegalbmessaesahpelbatsdetaluclacdnanoitaziminimygreneeerf

under upper mantle conditions for five model mantle bulk compositions: an eclogite (a natural alkali olivine

etilorypa,)]6891[ssaBdnanosrednAmorfledoma(’’etigolcip‘‘a,)]7691[doowgniRdnaneerGmorftlasab

(model Pyrolite III from Ringwood [1975]), a peridotite (a natural Lizard peridotite from Ringwood [1975]), and

enotaetigolceeerf-enivilomorfnoitisopmocklubfoegnaratneserpersledomesehT.)aFoF(eniviloerup 90 10

extreme to 100% olivine at the other; the low pressure mineralogies of these model compositions are given in

dnaK0071gnola3erugiFninevigerasnoitisopmocevfiesehtrofseiticolevdnuosklubdetaluclaC.2elbaT

2000 K isotherms for pressures corresponding to those in the transition zone, and the reference seismic model

.nosirapmocrofnwohssi]4891,regrebmleHdnadnarG;4891,kclaW;7891,dooWdnaaniB.fc[ANT+ACG

Clearly the olivine-poor compositions are unsatisfactory: the eclogite exhibits no 400 km seismic discontinuity,

yllautcatahtnahtrellamsrafsiledometigolcipehtrofdetupmocytiunitnocsidmk004ehtfoedutingamehtdna

observed in the earth. Seismic velocities for the pyrolite are in much better agreement with the observed veloci-

mk004ehtfoezisehT.llamsootllitssinoitisopmocsihtrofytiunitnocsidmk004detaluclacehttub,seit

discontinuity computed for the pure olivine composition is somewhat larger than observed seismically. The

nahtenivilonidehcirnetnecreperomwefaebotsraeppaeltnamreppuehtrofnoitisopmocklubledomtfi-tseb

the peridotite (at 74% olivine).

Conclusions

stnemirepxemuirbiliuqeesahpmorfatadhtiwdenibmocebyamatadcimanydomrehtelbaliava,yrammusnI

to produce internally consistent phase diagrams for simple systems, with the well-constrained features of one

-nocyllanretniehT.tesatadrehtoehtfoserutaefdenimreted-ylrooperomehtnopustniartsnocgnicalptesatad
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otdesuebnehtyamsmargaidesahpesehtseziretemaraphcihwtesatadcitsaleomrehtdnacimanydomrehttnetsis

calculate stable phase assemblages and associated elastic properties (such as seismic velocities) as functions of

-aziminimygreneeerffoeuqinhcetehtgnisusnoitisopmoclacimehcklubledomroferutarepmetdnaerusserp

tion. Here we have computed seismic velocities for a variety of model upper mantle bulk compositions ranging

edulcnocew,seiticolevcimsiesenoznoitisnartdevresbohtiwnosirapmocnopU.eniviloerupotetigolcemorf

that a peridotitic bulk composition (~75% olivine) is consistent with upper mantle seismic velocities and is

rofecnediveondnfieW.edutingamdnassenprahsetairporppafoytiunitnocsidmk004aetarenegotderiuqer

chemical stratification in the mantle at depths shallower than 650 km [e.g., Anderson and Bass, 1986].

;]7891[.lateigoakAfotnirperpahtiwsugnidivorprofykstorvaNardnaxelAknahteW.stnemgdelwonkcA
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SNOITALERESAHPTNAIRAVIDFONOITALUCLAC:AXIDNEPPA

The system of equilibrium conditions in the divariant region α+β consists of equations (cf. equation (2-3)) of

:mrofeht

�
�
�
�
�G
��

= G
��

.

G
��

= G
��

β
OiSgM

α
OiSgM

β
OiSeF

α
OiSeF 2 4 2 4

2 4 2 4

:tahthcus,F,snoitcnufecnereffidenfiedyameW

F ≡ G
��
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��
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i
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i

βα
i

:mrofehtfosnoitauqeotsnoituloskeesnehtyamewdna,itnenopmochcaerof

F
�
�X , X , P, T
�
�= 0 .β

1
α
1

βα
i

:ylpmissisnoitauqefometsysetisiuqereht,noigertnairavidehtnI

�
�
�
�
�F
�
�X , X , P, T
�
�= 0 .

F
�
�X , X , P, T
�
�= 0β

1
α
1

βα
1

β
1

α
1

βα
2

φ
1

φ
2Where X = 1 − X for any given phase φ.

To solve for the case of equilibrium involving all three phases α, β, and γ, we need only include two more

.metsyssihtnisnoitcnufecnereffidγ-βehtroγ-αehtrehtiegnivlovniesohtsnoitauqe

In order to solve the system, we may employ Newton’s method [cf. Gerald and Wheatley, 1984, pp. 133-

raenilfosmetsysfosnoitulosfosnoitaretiotsnoitauqeraenil-nonfometsysehtfonoitulosehtecuderot]931

equations. We accomplish this by developing the first-order (i.e., linear) Taylor series approximation [cf. Hur-

:tahtos,Fnoitcnufhcaeot]417-017.pp,0891,yel i

(A-1)
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φ
dlo,1iwhere each function F and its derivatives are evaluated at the appropriate approximate root X .

fonoitaluclacehtrof]832-332.pp,4891,yeltaehWdnadlareG.fc[secnereffidetinfidrawrofesuyameW

derivatives, so that:
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.retemarapnoitabrutrepetinfillamsemossiδerehw

The linear systems (A-1) may be solved by a matrix method, such as Gaussian elimination employing partial

ehteviglliw)1-A(sahcusmetsysafonoituloshcaE.]59-88.pp,4891,yeltaehWdnadlareG.fc[gnitovip

correction factors (X − X ) by which the previous approximate solution X must be modified, and henceφ
dlo,1

φ
dlo,1

φ
wen,1

1,new
φvalues for X may be obtained for all pertinent phases φ. These corrections may be applied iteratively until

,tahtetoN.eulavecnarelotyrartibraemoswolebllafsnoitulosevitucesnocneewtebsecnereffidetulosbaeht

when solving the univariant problem for three coexisting phases numerically, it may be necessary to scale the

ni)01redro,.e.i(selbairav)noitcarfelom(noitisopmocehtsaedutingamforedroemasehtotelbairaverusserp −1

.noitaziraenilgnirudxirtamralugnisylraenagnimrofdiovaotredro

Initial estimates of the solution variables for Newton’s method may be obtained as follows. The partial

:ybnevigsiesahpαehtniOiSgMfoygreneeerfralom 2 4

(A-2).anlTR+′PdV+)T(G=
��
G
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2 4 dnaTerutarepmettaesahpαehtniOiSgMerupfoygreneeerfehtotsreferG,)2-A(noitauqenI

1 bar. Equilibrium between α and β phases gives the conditions:
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424242

2 4 ebyamevobaeht,stnenopmocOiSeFehtrofdnaesahpβehtrof)2-A(otralimissnoitauqegnitcurtsnocnopU

expanded to give:
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α
OiSgM

β
OiSeF

α
OiSeF

β→α
OiSeF 2 4

2 4

2 4

2 4

2 4

2 4
2 4

2 4

42

φ
OiSgM :niatboew,)s’Xeht(snwonknuowtnisnoitauqeowtesehtgnivlosnopU

(A-4)
______________

1−κ

κ−κ
=X

.κ.X=X�
�
�
�
�
�
�

Mg SiO
β

Mg SiO
α

Mg SiO
αβ

Mg SiO
α

Fe SiO
αβ

Mg SiO
αβ

Fe SiO
αβ

42

4242
42

424242

We may now solve the two equations (A-3) simultaneously for the two unknown equilibrium constants (the

.etamitselanoitisopmoclaitiniruoniatboot)4-A(snoitauqeotniseulavesehttresnidna)s’κi
α→β

This estimation process is easily extended to four equations in four unknowns, for approximation to the solu-

snoisserpxeelbatiusfonoisulcniehtyb,sesahpeerhtllagnivlovnimuirbiliuqetnairavinufoesacehtfonoit

involving κ .γ→α
i
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YGRENEEERFFONOITAZIMINIM:BXIDNEPPA

The problem of free energy minimization is to determine the relative amounts of a set of components which

adnatseretnifoerutarepmetdnaerusserpatametsysehtfoygreneeerfsbbiGehtfoeulavmuminimehtenfied

fixed bulk chemical composition. Here we examine a steepest descent method [cf. Storey and Van Zeggeren,

,]521-611.pp,1891,.latelliG.fc[dohtemnotweN-isauqadna,sevitaviredredrotsrfiylnosezilituhcihw,]4691

which utilizes second order derivatives, for computing the minimum of the Gibbs free energy function subject to

owtesehtfoytilitulacitcarpevitalerehtssucsidew,yllaniF.noitisopmocklubtnatsnocfotniartsnoceht

methods.

Steepest Descent Method

lacimehcehtfosmretninoitaredisnocrednumetsysehtfoGygreneeerfehteziminimotsimelborpehT

potentials G
��

and amounts n of the N components i comprising the system, namely:ii

(B-1).muminim=n
��

G≡G
i=1

N

i iΣ
The constraint of constant bulk chemical composition may be formulated in terms of the mass balance condi-

:snoit

(B-2).M,...,1=j,Y=naΣ
i=1

N

ji i j

ji forebmunehtsia;metsysehtnisedixolatnemadnufehtfosmretninoitisopmocklubehtdexfievahewereH

moles of oxide j in one mole of component i, and Y is the total number of moles of oxide j in the system.j

:emoceb)2-B(dna)1-B(snoitauqefosmroflaitnereffideht,λretemaraphcraesagnicudortninopU

(B-3),___ nd

λd

��

G=____ Gd
λd i=1

N

i
iΣ

:ottcejbus

(B-4),M,...,1=j,0=___ nd

λd
aΣ

i=1

N

ji
i

where we have used the Gibbs-Duhem equation [cf. Denbigh, 1981, p. 93] at constant pressure and temperature:

,nd
��

G=Gd
i=1

N

i iΣ



Bina & Wood (1987) 20

,seulavevitagenlacisyhpnongnimussamorfnehttneverpotredronI.)1-B(noitauqefonoitaitnereffidehtni i

:selbairavfoegnahcehttpodaew

n ≡ exp(η ) .ii

:emoceb)4-B(dna)3-B(snoitauqeeht,ecneH

�
�
�
�
�
�
�

a n
dλ
dη____ = 0 , j=1, . . . ,M .

dλ
dG____ = G
��

n
dλ
dη____i

ii

N

1=i

i
iij

N

1=i
Σ

Σ

i 1
N

i -nimretedybtnecsedtsepeetsfonoitceridehtdnfiew,)′ηseulavehtybnevig(}′n{noitisopmocnevigynatA

ing the N values of the
dλ
dη____ for which

dλ
dG____ is an extremum. Upon introducing an additional normalization con-

i

:semocebmelborpruo,noitid

(B-5)

mumertxe=____ ηd

λd
′n′
��
G=____ Gd

λd

M,...,1=j,0=____ ηd

λd
′na

,1=�
�
�

____ ηd

λd
�
�
�

�
�
�
�
�
�
�
�
�
�
�

i=1

N
i

2
i=1

N

ji i
i

i=1

N

i i
iΣ

Σ

Σ

i i 1
N ehtgniylppA.}′n{noitisopmocehttastnenopmocNehtfoslaitnetoplacimehcehttneserper′

��
Gehterehw

method of Lagrange multipliers [cf. Hurley, 1980, pp. 223-228], we obtain:

,0=�
�
�

____ ηd

λd
′naξ�

�
�

−____ ηd

λd
�
�
�

____ ηd

λd
�
�
�

ν2−____ ηd

λd
′n′
��
GΣ Σ Σ Σ i

2

2iij

N

1=i
j

M

1=j

i
2

2

i
N

1=i

i
2

2ii

N

1=i

j
i

i 1
N;}′n{noitisopmocehtta____ ηd

λd
foseulavNehtrofgnivloseraeW.ξdnaνsreilpitlumegnargaL1+Mehtrof

the
dλ
d η____ may take on any arbitrary values; hence we have:

i
2

2

(B-6).N,...,1=i,0=′naξ−____ ηd

λd
ν2−′n′

��
G i i

i

j=1

M

j ji iΣ
ki iUpon multiplying by a n′ , summing over all N components i, and applying the mass balance condition (B-4),

:taevirraew
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.M,...,1=k,�
�

′n�
�

a′
��
G=ξ�

�
�

�
�

′n�
�

aa�
�
	

Σ Σ Σ
j=1

M

i=1

N

ki ji i

2

j
i=1

N

i ki i

2

j -hcetdradnatshcusgnisuξehtfoseulavnwonknuMehtrofsnoitauqeraenilMfometsyssihtevlosyameW

niques as Gaussian elimination with partial pivoting [cf. Gerald and Wheatley, 1984, pp. 88-95], and from equa-

:evahew)6-B(noit

dλ
dη____ =

2ν
n′___

�
�
�G
��

′ − ξ a

�
�
�, i=1, . . . ,N ,ijj

M

1=j
i

ii Σ
where ν is chosen to satisfy the normalization condition comprising the third of equations (B-5). We now repeat

:ybnevigη̂foseulavehtmorf}n̂{noitisopmocwenruogniniatbo,erudecorpevobaeht i 1
N

i

i
iiη̂ = η′ +

�
�
�

dλ
dη____

�
�
�∆λ , i=1, . . . ,N ,

.pp,1891,.latelliG.fc[euqinhcethcraeseniletaruccanaybnesohceraλ∆foedutingamdnangisehterehw

100-102] so as to produce a sufficient decrease in the free energy G.

ebnacGygreneeerfehtniesaercedtneicffiusrehtrufonlitnuylevitaretidetaeperebyamerudecorpsihT

achieved with suitable variations in composition. In practice, it is often useful to impose the mass-balance con-

.λ∆foseulavetinfifoesuehtsdnettahcihwtfirdlanoitisopmocehttneverpotnoitaretiyreveta)2-B(stniarts

Quasi-Newton Method

:muminimasniattametsysehtfoGygreneeerfehthcihwtansnoitisopmocehtdnfiotsimelborpehT i

(B-7),muminim=n
����
G≡)n(G T

:stniartsnocecnalabssamehtfosmretnidetalumrofnoitisopmocklubtnatsnocottcejbus

(B-8).0=y−nA≡)n(c

Here G
����

and n are N-element vectors whose ith elements are the chemical potential and number of moles,

edixofoselomforebmunlatotehtsitnemelehtjesohwrotcevtnemele-Mnasiy;itnenopmocfo,ylevitcepser

j in the system, and A is an M×N matrix whose ijth element is the number of moles of oxide j in one mole of

tpodaew,seulavevitagenlacisyhpnonnoekattonodnsnoitisopmocehttahterusneotredronI.itnenopmoc i

:selbairavfoegnahceht

n ≡ exp(ηη ) .ii

We now introduce a quadratic penalty function formulation [cf. Gill et al., 1981, p. 208], transforming equations
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(B-7) and (B-8) into:

(B-9),muminim=)ηη(c)ηη(cθ−)ηη(G≡)ηη(f T

wenruodnapxeew,′ηηnoitisopmocehtfoetamitselaitininaneviG.retemarapytlanepralacsemossiθerehw

objective function f(ηη ) in a second order Taylor series [cf. Hurley, 1980, pp. 710-714] about ηη′ :

.�
�

′ηη−ηη�
�

H�
�

′ηη−ηη�
�

__1
2

+�
�

′ηη−ηη�
�

g+)′ηη(f~~)ηη(f T T

:′ηη=ηηtadetaulaverotcevtneidargehtsigereH

g ≡ ∇∇ f
�
�,′ηη

:tahthcusxirtamnaisseHN×NcirtemmysehtsiHdna

H ≡
∂ηη ∂ηη

∂ f______

�
�
�.

′ηη

2

ji
ji

:ybnevigsi)ηη(ffomuminimehtneht,]52.p,1891,.latelliG.fc[etinfiedevitisopsiHfiwoN

(B-10),0=H�
�

′ηη−ηη�
�

+g~~f∇∇

:morfˆ̂ηηetamitselanoitisopmoctxenruoniatboyamewtahtos

(B-11),gHε−′ηη=ˆ̂ηη −1

.)ηη(fniesaercedtneicffiusaecudorpotsaos]201-001,1891,.latelliG.fc[hcraesenilybnesohcsiεerehw

While we may compute the gradient vector g at each iteration by a finite difference method [cf. Gerald and

-sopminasinoitaretihcaetaHxirtamnaisseHesrevniehtfonoitanimretedeht,]832-332.pp,4891,yeltaehW −1

1− Ixirtamytitnedieht,HrofQetamitselaitininahtiwgninnigebybdeecorpeW.melborplanoitatupmocgni

for example, and updating the second order information in Q at each iteration. Our new compositional estimate

:semocebwon)11-B(noitauqemorfˆ̂ηη

ηη̂̂ = ηη′ − εQ g .

:tahtevahew,)01-B(noitauqemorf,ecniS

(B-12),′ηη−ˆ̂ηη~~�
�

g−�
�

f∇∇�
�

H−1
ηη̂̂

:yleman,D’’xirtametadpu‘‘naybnoitaretitxenehtrofQtcerrocew

Q̂ = Q + D ,

:)21-B(noitidnocsefisitasoslaQ̂tahthcus
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.′ηη−ˆ̂ηη=�
�

g−�
�

f∇∇�
�

Q̂ ηη̂̂

From the numerous possible choices [cf. Gill et al., 1981, pp. 117-120] for the form of D , we have chosen the

:alumrofetadpu]3691,llewoPdnarehctelF;9591,nodivaD[)PFD(llewoP-rehctelF-nodivaD

D =
r z
rr____ −

z Q z
Q zz Q_______ ,

T

T

T

T

:erehw

r ≡ ηη̂̂ − ηη′

z ≡ ∇∇ f
�
�− ∇∇ f
�
�= ĝ̂ − g .′ηηˆ̂ηη

This DFP update has the property that if the initial approximation to the inverse Hessian Q is positive definite,

.etinfiedevitisoposlaeraQ̂setamitsedetadputneuqesbusllaneht

This procedure may be repeated iteratively until no further sufficient decrease in the objective function f(ηη )

.noitisopmocnisnoitairavelbatiushtiwdeveihcaebnac

Relative Utility of Methods

evitcejboehtfosnoitaulaveweftahtnitneicffieylevitalersievobadessucsiddohtemtnecsedtsepeetsehT

function are required for each determination of new compositional estimates. However, inasmuch as this

ehtraenylroopyrevevahebotsdnetti,noitcnufevitcejboehttuobanoitamrofniredro-tsrfiylnosezilitudohtem

solution so that a large number of iterations produce only negligible progress toward the minimum [Gill et al.,

noitamrofniredro-dnocesfoegatnavdasekat,dnahrehtoehtno,dohtemnotweN-isauqehT.]401-301.pp,1891

about the objective function. Thus it converges relatively rapidly towards a solution, even in the region near the

fosnoitaulavesuoremunhtiw,noitatupmocfosmretnievisnepxeylevitalersi,revewoh,dohtemsihT.muminim

the objective function being required for each determination of new compositional estimates. A good strategy

dohtemtnecsedtsepeetstneicffieehtyolpmeotebdluow,neht,sdohtemowtesehtfonoitatnemelpmiehtrof

initially and to switch to the rapidly converging quasi-Newton method in the region near the minimum.
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APPENDIX C: SOLUTION OF NONLINEAR EQUATIONS

]931-331.pp,4891,yeltaehWdnadlareG.fc[dohtems’notweNfonoitacilppaehtssucsidewnoitcessihtnI

to the solution of nonlinear equations. Given a nonlinear function f(x), we wish to find a value of x such that:

(C-1).0=)x(f

If we have some estimate x′ of the solution, we may expand the function f about x′ in a first-order Taylor series

:]417-017.pp,0891,yelruH.fc[

(C-2),�
�

′x−x�
�

g+)′x(f~~)x(f

:′x=xtadetaulaveffoevitaviredtsrfiehtsigerehw

g ≡
dx
df___

�
�
�.

′x=x

:tahtevahew,)2-C(dna)1-C(snoitauqemorf,suhT

f(x′) + g
�
�x − x′
�
�~~ 0 ,

:morfnoitulosehtfox̂etamitsetxenruoniatboyamewtahtos

x̂ = x′ −
g

f(x′)_____ .

.noisicerpyrartibraemosnihtiwotetamitselanoitisopmocruoenfierdnaylevitaretissecorpsihttaeperyameW
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snoitpaCerugiF

Fig. 1. Isothermal pressure-composition diagram showing computed data boundaries of pyroxene-garnet misci-

fostimilytilibatserusserphgihehtetoned]7791[otomikAdnaigoakAfostniopataddetarbilaceR.pagytilib

the low pressure assemblages (upward-pointing triangles) and the low pressure stability limits of the high pres-

.)selgnairtgnitniop-drawnwod(segalbmessaerus

Fig. 2. Isothermal pressure-composition diagram showing computed data boundaries of pyroxene-garnet misci-

erusserphgihehtetoned]8791[igoakAdna]7791[otomikAdnaigoakAfostniopataddetarbilaceR.spagytilib

stability limits of the low pressure assemblages (upward-pointing triangles) and the low pressure stability limits

.)selgnairtgnitniop-drawnwod(segalbmessaerusserphgihehtfo

Fig. 3. Calculated bulk sound velocity ( Φ) as a function of depth for a suite of mantle bulk compositions
��

√

along 1700 K (dashed) and 2000 K (solid) isotherms. Composite seismic profile GCA+TNA (dotted) is shown

.]secnereferroftxetees[nosirapmocrof
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airbiliuqEesahPdetarbilaceRhtiwtnetsisnoCteSataD.1ELBAT

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
OiSgMaCOiSeFOiSgMOiSgMaCOiSeFOiSgM 2 2 6 2 2 6 2 6 4 4 12 4 4 12 3 4 12 ���������������������������������������������������������������������������������������� ����������������������������������������������������������������������������������������

phase opx opx cpx gt gt gt
����������������������������������������������������������������������������������������

S (cal⁄K) 93.51 109.94 96.0 189.13 224.26 190.43o
K0001
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

067.7858.7255.21310.123.92130.22)K(01×α0
6 −1

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

030.0920.0620.0010.0310.0010.0)K(01×�
�
�

___ αd
Td�
�
�

P

6 −2

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
42.62160.71102.41101.6649.5666.26)mc(V0,298

3
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

.461.861.3615.0212.4013.301)aPG(K0S� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
nwonknu5.5-5.35.5-5.35.9-5.45.9-5.45.9-5.4�

�
�

dP

dK_____

�
�
�

�
�
�adj.

raw

5.0 5.0 5.0 4.5 4.5 4.5T

S0

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
1.11.11.11.11.11.1γ

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
0.64.51.60.60.60.6δS

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

.83084-.14072.618.02353-.0396-.04861-)lac(H1000K
o
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lamreht,α;K0001tayportnesiS.)tg(etirojamdna,)xpc(enexoryponilc,)xpo(enexorypohtroerasesahP 1000K
o

0

S0892,0expansion extrapolated to 0 K; V , zero-pressure volume at 298 K; K , zero-pressure adiabatic bulk modulus

tasedixomorfnoitamroffoyplahtne,H;retemarapnesienu
..
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tives. [See text for references.]



Bina & Wood (1987) 27

snoitisopmoCledoMfo)%loV(ygolareniMerusserPwoL.2ELBAT

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
etigolcE’’etigolciP‘‘IIIetiloryPetitodirePenivilOesahP� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

034547001vlO� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
315241xpO� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

755393xpC� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
3422219tG� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

�
�
�
�
�
�� ��

�
�
�
�
�

��
�
�
�
�
�

��
�
�
�
�
�

��
�
�
�
�
�

��
�
�
�
�
�

��
�
�
�
�
�

��
�
�
�
�
�

].secnereferroftxeteeS[.)tg(tenragdna,)xpc(enexoryponilc,)xpo(enexorypohtro,)vlo(eniviloerasesahP










