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k Abstract.__f;:; . _V -

o ws presenr shockuwave (uugoniot)“dats on atngle-crystsl snd porous sE

___ranorthite (CnAIZSi 08) to pressurus oE ;zo GP&._ Thcse data can be 1nverted

:H-to yield high prassure vsiuss of the Grﬂn‘ _en parnm}” : (V), sdis scic bulk TR

'sp_mndulus (K ) aud coafficienﬁ of thermal s:psnsion (u) nver s hrsad rsnge of :

“ipressures and :emperstures which 1n turn ars used to reducs ths rsw Hugonior o
',idsta snd construct sn expsrimentslly-bssed high—pr#ssure thermal equatiou fiJnT&:rﬁ&h;v
:-L¢¥of stats ﬁor anorthite._ Ws find surprisingly high values of Y HhiCh decrease 7:f7_g; :

1.0 Wg;ms. Our data '-ti.

o L-,from about 2 2 to 1 2 aver ths density'rsnge 3 4 to

;clearly iudicste that whpreas e. zeronh arder anharmonic (qussi hsrmoniu):_ ¢3;i___;5_

;:rproperties such as y and u dscrease upon compression for a sinﬂlr pnsse,_,,,

e roperties apparently increase dramstically (200°ﬁ“

"1—iﬁa low to a high pressure,phase., The results for snorthite also support the L

: QTLhypothesis that higher-order anharmonic contributions to the thermal properties R

],rfdecrease more raDidly upon compression thsn the lnwest order anhsrmonicities.

--.4;g¥we find-an: initisl density pomm3 4 Mglm for tha "high~pressurp phase" portion

St Oy the Hugoniot, with an- initial value nf K essentiallv identical to thst of

'anorthite— t~zero'pressute.(90:GPa) This is surprising in,light of recently documented

-fcandidste high-pressure assemblages for saorrhits with significantly higher

';densities, and ic tsises the’ questicn of the nonequilibrium nsture of

-fHugoniot data; By Lorrecting Lhe properties of anorthite €0’ 1ower mantle

’conditions we find that although the density of snorthite.ls comparsble L thst

?ﬁkof ‘the lowetmost msntle, its bulk modu]us is’ considersbly lsss, hence msking

& fenrichment in the mantle,imPla“Sible except perhaps near its base.




rs;wo;eucces ively more_v latile-rich materiel 8

ﬁ:Incroduetion mi,f_:t________ . |
S Anorthite ie a mineral of particular geochemical intcreet becnuse of

- :its refractory nature. Both theoreticel aud oboervetionel evidence euggear

-ﬁnzthet it ie among the firat, high tempereture eoudensates that £orm from the.frm”."."

';4eoler nebula end as sunh may be an

"”imljrhietory of rhe planets [e g.. Marvin. et al.. 1970, Grosemen and uarimor. o

't 1974] _ Indeed. according to inhomogeneoue eccrerionel modele the present
iﬁ,internal zonetion of the planete is thoughr ro reflect. at leaet in 8 broad ‘

,f eense. the accumuletion of firsr the more refracrory condenaatee followed by

'"Turek_ n and_c erk._1969,

crark. et al., 1972] HenLe anorthite and crher calciu ,af' inum minerale,

portant phese in the earliesr accrerional L

;may weil be enriched deep within the eartn and, if stable ageinet ouoyancyrfibﬁrrr,p-;

_ﬁ;forces, may remain there £rom the earlieet timee of rhe earth's Eormationy

rlevidenee has, in fact, suggested that a- significant portion of the earth'

f;;}¢mantle eould be quite enriched in 4. calcium componcnt. the mineral CaO et

::Q;of murh of rhe lewer mantle [Jeanloz, et al., 1979] Except Eor the few

. hundred Kilometers vieat its base, however, the lover mancle appears ta be

. plausible location of a chemically distinct:zone might be near the bottom of -

;;high preesures hae properties wh*ch are virtually indistinguishable from thosef;'5'

. freietivelyjhomogeneoos accordingjro'seismoiogicalgobservetiooe} ﬁnd,lhe'mpet{f§'= s

. the mantle (Anderson, 1975*¥'aean1oz——and'Richeer, 19797,

,; 1he purpose of this paper ds: ‘co- present new high preesure data on’

:'anorthite whioh provide ong the most. complete high-preesure, high-temperature:ﬂfP*fif

?Q}charaeterizarions of any silieates to date;;'We.have carried~out-shock-wave:'V”E'f




""are much hotter thnn those produced in the nonporous (eingle-crystal)

.”?7’eemples under shock, the temperoture-dtptndence of the highnpressure equation o

. of etnte can be direetly evaluated. Thua, we derive a thermnl equation of
J??srate for anorthite to. pressures in excess of 120 GPa bssed on our deta A

'nnd with virtuolly no theoretienl constrnints on the form of such an equation | - | :__

"of stnte._ 8 a reoult, we have measurements over a wide rsnge of preseures

' h'ond temperetures of such thermnl properties as the GrUneisen paremeter end

':frrcoefficient of thermel expension, as well ns the pressure- end temperature- o

dependent bulk modulus._ This in turn nllows us to make a direct comperison

between anorthite aL high pressures and the esrth's interior. and leode us to

;i_bthe conclusion that"elthough the density of anorthite is consistent with that _:;ﬂ:, ::-

“of the lower mantle the bulk modulus probably precludes significant amounte

_fhhof enorthite being present excent, possibly, in the 1owermost portion of the N

ur-msntle (D" region) A modest enrichment of anorthite is allowed by our:
n;;}dats which would be stable at. the base of the mantle, however none is required

The porous anorthite used in our. experiments is a 1uner highlands rock

,_(semple 60025) Its,reaponse,to dynamic compression1ie-of;inttinsic—interEstJV.; eg,,,,

'r,':rof its xtremely primitive chstaeter, the properties of 60025 are of particuler
-Q;;;interest for modelling the late-stage accretion and early evolutien of: the -
'[;moon., These considerations have been discussed more fully by Jeanloz -and.

GieﬁeAhrens [1978}, in which some of the ‘data. which are: described below were

firet presented

.:,;_ﬁfor better understending the cratering properties of the lunat surface. Beoeusef;npfm--

TR ey e



-_-_‘_E.i‘.EE.E’..iﬂ‘E"_.F.‘.‘.l

- Izw Ielnnde. annn [cf. Guy, 19543 Muller. et al.. 1972, Mcbnren, 1973} were
wz;ﬁpuaed au nonpornus aﬂmplee"their compoeition correepnrds to A“gs 4 Ab4 5 0 1

' (reprteenrative enelyels 1n Table l). Samples were oriented morphologically

Euhedrnl. eingle-etysrnls of 8. "treneitionel“ nnorthite from Mlyake-zima._jj:gﬁj*

Ljfor ahock-wave ptopegation along the [010] direction and were: prepnted ‘4o 88 ko i

__p;,avoid ‘the. amell anuunts of olivine (r°aar317) lnclueione preaent 1n the

E"1}1';60025 36, 174 ag: pteviouely desctihed [Jeanloz and’ Ahrene. 1978},
- The experimental techniquee ueed in this study have: bePn presented elaewhere

'“Wfﬁ%and are: only briefly discussed here [see.Ahrene.'

by an:Archimedean'andra‘bulkxteéhnique3fet7nonpnroue and7perens’55mp1ea}'

_;espectlvely. Properly chatacterizing the initial densltiee of - Lhe porous

g samples 1e particularly important for obtaining deta of high quality [Jeanloz

 ibetween 2, 3 and 6 6 hmls. In each experinent, the impact velocity of the

$§*¥projectile 13 meaSured ae is the velocity of the shoc : e-which 15 generated

T the sample upon impact by the prnjectile. The shock—wave velocity ie )

"JT{determined by measuring ‘the travel time of the shoﬂk~wave through the eample

;(of known thickness)f_y”wey of | a rotating—mirror or.

o camera, details of the data reduction proeedure are }m.ven in Jeanloz and ' R

: eno:thite rryetals. The pOrasus anorthite samp’ea ware. eut from lunar anorthoslte S

: ':_2.];-;1977 :_:'.J&.BI'IIOA_"-:- and

" Bhrens; 1977, 1978. 1979a]. " The inledal dens:ti_ea'.‘t_&fi:lééiﬁ'p-iias’-éré*dé}_—;éfm*iﬁéa?i{

ﬂuf?fend~Ahrene,-1978] : Shock experiments-were carried outuueing-a-two-etage,-lighti?;ﬂ S

'L“ﬂﬁkgaa gun or @40 mm-bore, propellant gun ‘to actelerate projectiles to velocitieelffzjrlz

'"f*f”:Ahrens 1197931 ' The Hugoniot state is then determined by applying impedance— l;iiua o

'is also determined by a-

impact:velocity and shock-wave velocity.' A partially— or fullyureleaeed state fl_:;t;i




j‘:rcducad by way of thc Ricmann-intcgral tormaliam [c.g., Rice. ot al.. 1953'_}d~
:Lyzcngn and Ahrena. 1978].7 Thc standard equations o£ srate of HcQucen. ct al..'z o
.,f[1970] for H, Ta and 2024 Al alloy, nnd of Wackerle [1962] end Jackson and e

,?,i“Ahrcnl [1979] for fuacd qunrtz vere used in reducing thcae data..i_g_q:,;f.ﬁ_35;};313:

_'.Reaults e |

.;\. The resulns of the prccent experiments on single-ctyetal and porous .
cnorthitc are given in Tables 2 and 3, respectively. and are shcwn in '

“TFigurLa 1 nnd 2. £or convaniencc,_the data from Jeanloz and Ahrens [1978]

hfor anorthosi*e 60025 are included with sligh: correcticna. Dcspite variations

Tlfin compositicn andnporosity. the preeent data can easentially be considered

-‘:repreaentative of endmembcr ancrthite (CaAJZSi 08) wich 0/ and 194 initial

-i._iporosity. Although the data of McQueen, £t al., [196?] for Tahawus nnorthosite-,34;¢ #

_am;correspond to a more sodic plagioclase (An49). Lhese arc indistinguiehable
,'frcm the present (nonporous) daca because the Tahawus anorthosite contains

_,h,{enough pyroxene to increase its initial density to that of - anorthite (Figures 1'jﬁﬁii“5

'ffz,;;and 9) Hence thersingle-crystal anorthite'and TahaWus anorthositc data are -

;reduced together for determining the propentiea of anorthite at: high pressuces

;gn[see Jeanloz: and Ahrens, 1978_ 

All of the present data arEVin the "high—pressure phasc" tegime [e.g.,

,Q:in,Figurea,l‘and%Z 504;the,zero-p:essure~stpucture'ofsanorthite.f;This~i5;“

o comstructed: .[MéQ'déen--,'-"'z-ét alvy ..11:963'.1 'Déﬁ1e‘"s"--iarid-‘.ida’ffﬁéyi,‘i-'-i9'73‘:] from & thirds

. order Eulerian finite-sttain adiabat, constrained by recent ultrasonic data

3f‘fcr anorthite [Liebermann and Ringwood, 1976] The' Tahawus'anorthosite data

lewtrapolate to this theotctical_Hugonict at about 10 3 (+0 5) GPa pressure.u

"findicating that'the'"mixedwphase"iregion extends from approximately 10, 3 to 33,0




6Pa for fhs*héﬁJPntouéﬁshmples;ffTﬁE-pOrsus-shdﬁnonborous7data*1nfths91’“5*ﬂ~'r-,- 8

EJﬁi“highrpressure phase" regime ean be chatacterized by the Isast s4usxes~'
i fit. quad:atic shockrwsve velocity (U ) versus parcicle velocit? (u )
mt:relations given 1n Tablc 4 along with the avsrage 1n1tin¢ densitius (po).@

| 'Although chu porous data require a quanratic U -uP relntisu. this is not™

'"ﬁ'the csss (stacisticallv) for the nonporous data. It 16 1ncsresc1ng to. note,:-ifﬁas

'"”'1howevet. that che porous and nonporous data define essentia?ly parallel

) tre“da in Figure 2. , S

| The release paths shown in Figure 1 ate sehematie An tha: they ave

"is_constrained -y;only a single measuremenL in ennh case, ss shown. In using

o ”th Riemann 1ntegral to derive these data. the release ptocess ig assumed to

~i _ebe 1sentropic, and hence Lhe release paths are expented to have similsr (hut '

' l_gslightly smaller) slopes in :he pressure—density plane ss che Huguniot.

 ___yA1though strictly isentropic release wight seem implausible, Jeanloz snd

:fAhrens [1979b] have recently shown that the effects of enbropy productjon e

_;ﬁ??(excluding resctions or phase transformstions) are not likely to be large.f

',snenough to 1nf1uence the release paths.::The results for single-crystal o

-_,anorthite snd, at the igher pressures.

'*L,anorthite are sceeper then the Hugoniot. Finite—strength effects appear not

“1¥these results_are enigmatic [c£ Jesnloz snd Ahrens, 1978]

porous snorthite are consistent with o




'~7The 9ropertiee

By combining ehockrwnve date from samples of different initial densities.
i'thermal properties at high preesureu can be derived with virtuelly no theoretical
"%?;cunetrainte Anvolved: (e.g., Kormer. ‘et el.. 1962° McQueen. et al., 1970,
1-Jeanloz. 1979a}. In: the following. thetmel propertiee will be derived
G f%;Fbaéeﬂ}onieuccéssively,morerenQEnsive assumptiensvotvapproximationa;:howovefgﬁaﬁﬁeftfﬁv
~..none of . l':'he.-_reéu'li_ta. ;ei:e:a.-:etronglv'_: dependent ‘on_an asewned form of-Q-.the----hig’hv‘-- o
Z'temperatotd{ high-pressure equation of state bgcausereach'uugania:;boin;

energy (E) state. The'moetzimportent'eeeumptionrie‘that?lhe noroueinnd'la"”‘:”"”"

”'ﬁhnonporous dota tepreeent identical (or at’ leaet very eimilar) thermodynamic

- 't.ates, except for the temperaturea involved' because of the large energiee

1979a}.

'ﬁdﬂinvolved. thie apPeat?Fto be'a good aPPtoximetion [eee 393“1°zit

" For example, despite the fact that the poroue Hugoniot probably represents_"'

v 5molten anorthite to a large extent. ‘the’ effect of meltiog oni deneity at & e

riven (high) preseure is _ : _ . small. at zero preesure, a volume change .

;:"on melting of only 4% is found [Skinner, 1%66], and at high preesures thie';i;:*?ﬁﬁbf*

ﬁ:&undoubtedly decreases to withinfthe few percent accuracy of the Hugoniot data.-'*“‘“ .

“Henee the effect of melting on the energies or compreeaibllities involved are

Hwﬁ%not likely to be reeolveble and no”enomaliee"which could be aecribed to melting e

V{fare eeen among:the_data conaidered here.j Each datum probably‘re‘reeent un

averege,over a hete:ogeneous thermal etate achieved on the Hugoniot} particularly_'”

"':for the porous anorthite in:which extremely high_temperaturee‘can be achieved_w;d

-8l ong grain boun ariea e g.,_Belyakov :ég___ 1974, 1977,”3 eo. Grady, 1977]

”'However, fot the hydrostatic eondition which ia (at least_approximately) achieved L

3 {along the Hugoniot, temperature perturbations reeult in denaity (rather than o




- pressure) varistions. Thus, temperature variations betwzen 10% and 20>k, T

oand. oonoentrated wlthin aboue 10% of tho oumplo, could roadily ho ooncealod
':;within the'1-2% accuracy to ‘which’ Hugoniot denaities were determined {n thio
?p~;:study- At these high nemperaturea othor procosbea, auch as radiacivo thotmnl" a=T?
:conductivity. are- likoly to becuma important enough to proolude more extremo o

-ﬁgftemporature vatiutions. Tho roproducibility of tho present data olao auggosc

“ that an: adequace ‘thermal’ average has beon meaaured.
The poroua and’ nonporoua data are directly invetted to yield valueo of thoif ; '

'[;rctuneisen.paramocor (Y._, ) ) based on “the Hugoniots given 1n Tablo 4. ffﬂ;m ff'

olaca given volumc (VR) tho Grﬂneiaen parameter io given by

. where 0 and H subscripts represent ‘zero-pressure and Hugoniot states, while -
P and N indices refer to porous:and nonporous: samples respectively (further ~
. details are given-in Jeanloz [1979a])" Equation 1 yields values ot ywhich =

_+ -are averaged over large temperature intervals and it is assumed here, as is =

- comonly done [e:g., McQueen, ot al., 1970; Wallace, 1972], that y'is

_,;fEssenﬁially3Indebendencﬁb£”témbétéfufé;-iinﬂopéﬁaootfahalygoo'ohoﬁrthi§3to'f’ ;

:gfcommonly be the case’ [e.g.. Anderaoﬁ et al 1968° Jeanloz, 1979a], and

“t:*the porous data for anorthite, although available wichin only a small

i ?QfVariatiO“-Of initial porosities are also consistent with a temperature-3**"

'Vfﬁﬁindependent Gruneisen parameter.

The' resulting values of - are shoWn i 'h e'fhkdatum point “::$?_

Figure 3 in wh

*;frepresents the offset of a porous Hugoniot point from the nonporous Hugoniot T;f_: ff

 The error bars largely reflect uncertainties i“ the ﬂﬂnporous Hugoniot which ”ff_ffff.

”"1ﬁgmust be extrapolated downward conaiderably 1n pres ure 7den 1ty) for thib [fﬁoogjf"




-analysis, Because thc porous Hugonilot s quite wellrconotreined’bV?our
3 ;d;dore. a: smoo:h ¥ip) eurve: cen be derived from the: perame:ers 1isted in
- Table 4 (Figure J) which ccmperes ‘favorable with a power~law £it to :he data -
y = 2,20 (3. 40\:)" 6"(*" "2’ 12)

: i>w1ch“V*inamslMB’(baaedednjnohé“S;ko-Mglmalrsec.below).,fItfisfin:ercsting.toi: e
“'niote that the exponent in Equation 248 - larger than 1,ds tn
" 'the case of iron*[Jeanioz;*1979s}{'slthouéh;sﬂvelne of unity is often nssased-

' '"’iifor che volume dependence of rhe Grﬂneisen parameter (e.s.. McQueen, et al.. fjﬂbh;fw?**

' 1967. 1970, rennen snd Snecey. 1979]. s |

| The most striking feature in Figure 3 18 the drametic incrense n y

:'from 1ts zero-pressuxe value, for the high density states achieved nlong the'?rir
:é“:anorthite Hugoniot.- ‘The Gruneisen parameter Fry ekpected to “déérense upon JN
7ficompression (ss shown by the present data), hencs the 1ncrease shown in
JlﬁiFigure 3 at’ p < 3 7 Mglm directly reflects :he lsrge increase in zeroth

‘Eordet snhermonic (qussi—harmonic) contributione to :he thermel Pfﬂp@fti@s of'_"fé,

.u;Tﬁfanorthite as s is compressed through the mixed-phese region.“ It mny seem?h*iﬂfr3?”i

N surprising that anhsrmonic properties increase across such a dcnsity jump. _d; o

::_;however this effect 1s secn in other ceses; such as che phase transitions inff"”'huL":L

i:re._Bi_and“halides [Jesnloz, 1979a, Rsmnkrishnen. et al., 1979]._ This "11f o

-'”is consistent withfrhe standard 1nterprecation"of the "mixed-phasc" region of o
rij_'the Hugoniot [e g., McQueen, ec el.. 1967] as representing a polymorphic

Ttrsnsformstion to e high~density, highﬂpressure phase. perhaps with incressed.

N ,scstion~coord1nation numbet . In 8909?&1’ an:i”crease 1“ coordinstion number 15”

,'accompsnied by en increasc in average bond length and hence an increese 1n V_g:}hwrhu;_;




rito explain the observed 1noroaoo iny with denoity. eﬁch aa slight: ohongeoifv*ﬁ-*

- 4in the nature of the interatomic bonding [e-s.. Mogaw,qlﬂasl. In ony caso,

*“an increase in anhatmonic contributions to the thernodynanic properties of

'lanorthi:e whon ehoek-eompreoood into its high—denoity o:ete 1s eleorly =

'Tindicated by the present dato.

Given a knowledge oE the GrUneieen parnmocer. an iaentropie bulk modulus -

E at any given denoity (or preooure) hy means of the following equation

| opeed (c) can he decermined from the. alope of the Hus_r.oni.ot:'*:"':";’'":''-':'-':':""":*-'E

:EyuThie equation 18 derived by noouming a Mie-GrUneisen form for the equacion ofsu'w".'” :

'otate, however the chermol.correotion to the Hugoniot slope is emell and io "

ntiexperimentally constrained (chrough Y). therefore minimizing the effect of dniu

:qthis aosumption.: The resulting values of K along the Hugoniot of anornhlto __;: ::"'

' “f??yiare shown in rigure 4. Again, che individual points are deCermlned by che .
‘iiioffsot of the soroua anorthite dota while the curves for K along the porous“af_ﬁp____
"fi?and nonporoua Hugoniote are decermined from the parameters given in Table 4 :” -
;;?[cf._Jeanloz. 19795]._ The error bara on the deta muinly reflect unoertainties !_51;;T"j

in the fit to the. nonporous Hugoniot, par:icularly of ite olope. Significantly, L

.,_33¥both the porouo and nonporous Hugoniots are well enough constrained to directly

3lgyie1d independent measurements of the bulk modulus of enorthite at high pressuree .

'nfliand at wldely varying temperarures (corresponding to different initial porosity)-r;);}

V;However, in order to quantitatively eeparate the thermal and compressional

;fgeffects on the bulk modulus, a.more: complete model musr be. derived for. anorthice-gf;;

;funder shock conditions, as: is done below. Vsneh'a modeliyielde,esrima;ee:oi-the,rl




10

;ﬁ.eemneretﬁgée nleng-thennorene nﬁd nnnpornus.nuggnlots.tnusa;gey;ngmehe?:“ |
'1aotherma ehown in Figure. 6 to be determined.,

= - Sound- velocitiea huve baen indepandently meaauted in (alkali) Eeldapara
under shock by means'oﬁ_unlqaﬂ;ns W“VQB,[GfadY-,Esgﬂlvaq1975l° ‘These
e_velneieiee ware considered to be,nnomnloneig-qu;rendfhencenwere;;gqe:p;e;ed

.-, a5 being bulk (rsther than longitudinal) velocities, susgesting the possibility

. of partial melting during shock loading, The present.results, howaver, yleld = -

-._;;qwer'buik,sonnﬁ{epeedegnlons;the Hugoniot than were expected by Grady .and

coworkers; thus obviating:che;neenggQ'invoke,theirﬁﬂehegtehand” melting.

. In faet, a direet: compnnison of thﬁir velocities with the present data allows

the -shear modulus alnngrthafHUgonio;Vof feldspar tosbe“éaICulated; Thia,i.*i”fﬁfs

”ﬂgyielde (TR 117 3.and: 118,3 GPA (Poiseon s ratio of 0 21-0.26) at pressures of

34.5 and 46,0 GPa respectively, assuming that Grady, et al. ‘nassured longitudinal “ =

_ velocities.-aTheae-valuea for-:he”shear,quulus are not unreasonable,’ but they

i are only approximate since there are sighificant uncertainties in the'data

7" comparisons of unloading wave veloeitias with independently determined bulk

sets which are being com#éfed”enﬂ ﬁombositionel differences between the séﬁﬁiéé'l““'""

.+ .are ignored, -In‘any case, this analysis suggests that nonporous feldspar melts

‘along the Hugoniot at'preéén}éeTeignifteantl?’higherﬁtﬁ&nﬁ45€GPa.- similefﬂﬁ;f ”€4'#ﬂ

a'compreaeibility have been- used to determine the shear properbies of metals

"Ef*to pressurea well in excess S of 100 GPa fes g.. Al'tshuler. et al-.ﬁl97l- Simonov -

©gnd Chekin. 1975].

| Anorthite behaves as rhough 1: uudergoes a major phase trensformation

h?“'under ehock aa exemp;ified by the large density increase and anomalously o - '

 high (apparent) compreeeibility thtough the "mixed-phase“ region

"::epecifying the details of euch a tranaformation, the 1mportant consequence ie ;: -;m.f?

| ':that the propercies Of 3“°rthite 310“3 the "high-Preasure phase" branch of the,'fifnr'




i Hugoniot must be rcferenced to a znro-preaaure donsi:y uhlch 15 aignificaucly B
T hisher than the initial density of nnorthite and that tha denaificatinn th:uugh

7 - the "mixed=phase” region is ruflected not as a charmal enargy but a8 a potential |

*_enﬂrgy which ig imparted to the (sta:ic) lattice. thnt ia. an. anergy oﬁ

| ::tranaformneion (AE ). By comparing the theora:ical (untrannformcd) Hugoniot

with the nonporous Hugoniot of: nnorthice at nbou: 30 (110) GPa presaure,_q

”T'Lvolume decrease of about 20% 1s ‘found associated with the “mixed-phase" region.
'?uence._tha.high-pressurc;anogthite data correspond to a state with a zero-
" pressure deﬁsau;’pdzfasa-ao.(zo li*Mg/m?;“a Gruneisen;parnmqte;-given;by o
‘Equation 2 and with AE, M98 £:60 kI/mol. Here, A5 . v O was assumed and the

“. 'trana1t1on'presaure:o£710;3 GPa_dézivedfabove;wpa used.

With these parameters constrained, a principal adiabat can immediately

' befdeéivedf’#rrgﬂé5porous;énd nohpotouafhnorthite data correspondingjto the .

| "high-preasure phnse" branch of the Hugoniot. The approach used- here was to .
h'k'find”ﬁ'leaét-BQuares'fitﬂto-the data with':heradiabatfsiven-bymei:het;third,?

 :or fourth—order, ‘Eulerian finite-atxain theory. :Tﬁe appropriate equatione for - -

o the forward problem [e.g.. McQueen. et al.. 1963- Davies. 1973] aré veadily .

converted to normal equations of the form.-

1 [:1__ %(-“— syvaig % 2otmdtenn

"01

Wugoto-Act 0 wm




: 02K02“’**3'K0““‘K0 ="7) + o e

*:fas~*;i;tpzpdé)113r;y ~{.ffcjf,1 ‘*"_:'“.'. ~[5¢1”:."-

.'Tbe least-squares solution to Equanion 4 yields bu-t estima:es of the pnrameters _;
_hiféa = KOZ ‘and Bl =" 0251; where 51 4 (4 02) and all propertias refer to thg j """

- adinbat centered at po2 (primes indlcate pressure derivativea) ' Although
a;ﬁquuation b can eaqily ‘be extended co :he multivariate case 1n which 52 and

'irbﬁi; could be independently estimated. theee variablea are 50 poorly constrained"

fit to:the datav(at least in the presenc case) that'no further 1nformation ij_'ﬂ

N?Tis gained. A third-order fit (corresponding to a Birch—Murnaghan adiabat) is fT: fTJl

"'derived by aetting Ez B 0 1n Equation (Sa), resulting 1“m;;‘

:."".KOBKOB '_"__"'3 45 (:tO 35)

,7,5,for the,adiabht-cdrféspohdingrco”the "high—ﬁreésuferphﬁse“'Hﬁgdhiot1ofnahorth1‘ggi:Ia; 

the value in Equation 6c comes from hquation Sb. Alternatively, fourth—orderﬁ¢

.-~L solutions can be found for Equation by however these do not improve thp it

Lo F!!%-:--:d_?.tza:f-?1-5?!1#:#9-?*}99_'}5; '3?‘__“_5"-;2‘_:_’9?-:-"-!9'?E_-7_‘?*.!-_‘%‘_-‘5?_-:.'_?-"F-l_!}e"ffi-}'_?s_“?-_':i!“ﬂgvf§¢i§'§§"€;;f!“?_?!?f%ﬂ.?iﬁj;
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J_lor example. letting RO M;- 0 (52 - l 49) yields Ko = 95 4 GPe, Kog ™ 2,93 ..
_,_and an adiabst which is within Aabout 0.7/ in density from that dntermined py .
Equstion 6. It s interestiug that 0 is esaentislly equal to 4 (Equstion ﬁb), -
_:,}the value for the Biroh second order equation of. state. yhereas neither the

"Slater. DugdslevMaoDonsld hor Free Volume estimates of y based on this value ;;;s e

-ﬂgﬁgyagree with the present dsta [e 8. ankov and Kslinin. 19711.

_ The hulk modulus given in Equntion Gs is surprisingly low given the lerge
;;sincreese 4n- density from 901 = 2 74 Mglm to poé = 3.4 Mglm (compare with -
"ﬁﬁkds - 92 GPe for: anorthite et zero pressure. Liebermann and: Ringwood [1976]).
r:”however this: eonclusion is 1n eomplete agreement with the results originally S

'Vﬁfﬁfderived by MeQueen et al.. [1967] Because the Grﬁneisen perameter wae not

'*Iindependently known in that enrlier study. they derived solutions for the

'g,prineipal adiabut of the "high—pressure phase" Hugoniot of anorthosite using Chen

e .--_-.-ijoth 1low: (vo = 1-13) and. high (v - 1 73) valies’ of ¥ (they assuned vlv = constant)..'-_..-:i;-ﬁ-:--J

e ’I'he values of - v measured in- thn present ntudy elearly favor the latter solution,
'";*&.which resulted in 902T= 3.46: Mg/m ; Ko- = 88 GPa and K = 3 93, in exeellent
"agreement with the values’ found here despite the different formalism sed~ :

'd‘*to=reduce the~Hugoniot”dats.' Ironically, subsequent work in whieh the seismie

“fequation of ‘gtate of Anderson [1967 1969] was assumed to hold [Anderson and "Tﬁﬁﬁ?faﬁt

~ Kanamori, 1968 Ahrens et al., 1969a; Davies and Auderson. 1971} had tended to f’

: 1£ﬁfavor the ow—y so_ution'ofﬁ:McQueen‘an__‘._eoworkerslf(p02 = 3 53 Mg/m 5

KOs =='. 112 GPa) ,;

"!:?resultiﬂg in values of p02 between 3 57 end 3,71 Mg/m { In the present study. :

"“and 4zwhich fit the deta and whieh"“

| was*consistent with either-form'ofcthe seismie-equation'of'state"[Anderson, 1967. o

"i1969], it is worth noting that the seismie pnrameter and density of anorthite are-
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| f&ﬁé bteeent teeeite;(eeiné_ﬁquetieﬁe:6):ate ahewn_in ?;gete Saralong’; :
q.with the:nonporoue.and poreus-uugoniote direet1y~detetm1nediby the data. oo
i A meteatable Hugoniot for anorthite (centered on po? - 3,& Hglma) ‘can be .
,derived by rearranging Equation 4 with Po1 ® 902 and AE = 0, It 1s ehnvu :
-a:,ﬂzin Figure 5 elnng with a Hugoniot calculated for 10%- 1n1tielly poroue en*»*hi.~-:?ﬁﬂﬁjf
“which is derived from Equatione 1 and 2, as can be done for Hugoniots

'.u,,Q:cOtrespoading toierbitraryéporosities.gaThefbulk*moduliéalougvtﬁeTEdiabat;”fwifﬁ*rﬁﬁ@;4

'r"u;;mmetaeteble Hugoniot and celculeted. porous Hugoniot(s) . then follow ditectly:a«;a:ﬁ}ﬂﬂ’

- from the theory of finite strains’ [Birch 1938. 1947 Daviee, 1973] or, for"

: f:fgttha Hugoniota. £rom: Equation 3- the resulte ‘are’ diaplayed in: Figure 4 (the R R
S caleulnted, ‘porous Hugoniot results are- left off for elarity).

“In-order to detive the temperatutee along the- compreeeian clirves: ahownffﬂﬁ

5'~jiin Figure 5, a modLJ for the specifie heat at constant volume (C ) must be 5?ra7?'";”

: ?constructee. extept for- the case of the adiabat along which the temperatute?;777":°' "

-“?ﬂhis completely detetmined by the Gruneisen parameter%

YO-Y

p o <17
tzferwhere YY) is given by Equetion 2 YO = 2 20. n= 1 66 and T0 o 300K. The

'mwf”dtemperature along any compresaion c rve‘(e g., a Hugoniot) ‘can be elculat




_-f7ﬁused to evaluato the eplesfie hent. a8 hue commonly been done in provious RO

‘atudiee [e.g.. Ahrens. et 8.y 1969b, MeQueen. et al., 1970].7 A (high-

7ﬁutemperuture) velue or the Debye tempernnure elmlooux was found Erom the zero- Jrﬂ.

*-Lﬁﬁbe renormalized to- the high—pressure state oentered et 002 = 3 A Mglm 'fﬂ;;ﬂrwﬁfffﬁﬂgi

—:Aecording ta Debye theory. the hareeteristie cempereCure 1s hroporttonal to -

'~f;ﬁborh & mesn eound veloeity anu density. however because.the mean velocity of

“the high-pressure state is unknown (and velocity systemattos

”"-*ﬁi?epparently do not seeisfy the data) ‘the’ Eollowing re!etion was used . [see

"1*Anderson, er al., 1968, for example]

"miT*In Equahion 9, rhe mean velocity 1s assumed vonstant in goiug to rhe high-*'

pressure etste and only the eensity'jump is aceounted fo..'fThis ie a rough

:Gf:approximation, but rhe approximacions used here mainly affeet ‘the computed

4-resu1ts at temperalm ‘bou“fllﬂo to 2200K for pressures up ‘to

”120-GPa. Note that the Debye temperature depends on volume acoording to a

'Lerelation analogous to Equation 7.’ Beceuee the temperature along the adiabat

: Ef:is given independently, only rhe temperature slong the metestable Hugoniot :

below about 80 GPa is likely to be seriouely affected either*by;theruee of

rrthe Debye-Gruneisen modelforrby;;fA"ii;L%“’ £

,zeroth order- anharmonic contributions to the_speeﬁ

‘:fterm-[e;g;, Wallaee,

1972], are ignored slthough they may alter the speeifie '{fﬁriT

heat somew ar at

W'very significantr however, partieularly because the higher order anharmonieicy 7




- ¢+13 expecced £0 dacreaae fﬂPidly upon compreaaion IZharkov and Ka!.inin,i e
'l{ﬁ?19711. IR ' | : S
Thé I1'?411!“!1'&l:ut.'ee ealcu]a:ed in this fashion are - ahown in Figure 6. The!:u"
i-_-._:-;_E._J.cn.-geef: uncertaintiee ariee from uncertaintiea in aEt , folloied by Uﬂcertainties Tl

ip_eheaprineipal adiabat of Figure 5, This’ might be expected eince a change

100

',Q{in AE from 200 to 300 lemol involves a temperature change GTM /c N e . 32 ._:5

' BODK at a giVen deneiry. and aE ie noc very well cons:rainea. ;,:;i:;

o The calculated temperatures alao allow isotherma to be found far the highu;_ief

'"ﬁtemperature, high-presaure bulk modulue data in Figure 4.7 Given the uncertaintiee;f

"ffﬂ‘and extrapolatione involved theae ieo:herms mf e be onsidered somewhat shcema:ic.; }

*Ebut it ia intereeting to nnte the ehange in preaeure derivative of the bulk

mperacure and also the relative insenaitivity of the bulk modulus

o to temperat:re at high press_ es and modera:ely low temperatures. ﬁor example
_ I (BK ' l

| apparently increaeea from about 6 x l¢+? GPa K
1

L::atjac 100 cPa,_

7"1400 Kf:o bt 30 X 10° 3 ' cpa K2 at 7000k, a value typical of ‘the. regton of -

':;”broadly apa‘ed ieotherme between the porous and nonporoue Hugoniot curvee in e

liiFigure_4. Thie range o£ values ie aleo compacible,with the law preaeure

. data 'emmari:edrby Anderson et al,, [1968]

s or

»;;ﬁi“ which the specific heat.: et conetant presaure (C ) s distinguished from

:funccion of preseure and temperature from :

ﬁgrhfcv Equation 8 can be solved ae,a
-fgfthe present resulte on: anorthite, ae ehown in- Figure 7 A’ which both isobars

.iﬂ,_and ieoehoree are displayed. For comparieon, the zero-pressure data for anorthitefﬁh

'T,'fﬂﬂ¢;tﬁ%ihigkzpf?9§ﬁfgiﬁﬁbxﬁiF?@P?Fetute;arezalao:Shown.~rAtvtemperaturES'below 9,?**7




"Tthe vrlues of a in Figurc 7 sre subjeet to errors due to the possible iosdequscies"'

o o£ tho»speeific hest modei used. However the thermal sxPﬂnBiOﬂ must vanish as.

' 'the tempersture goes to zero ond the genorsl festures of Figure 7 are not

”?jetronsly model—dependent. E

Although the zero-pressure thermsl expansion oE anorthite is subject to

'ﬂsome uncertainty, it is significsntly lower thsn thc low-prcssure thermsl
"pfexpsnsions derived from the "high pressure phsse" Hugoniot dets (Figure 7).. -
‘J:ﬁ'.iAs with the GrUneisen parameter, the thermsl expsnsion of enorthite incresses "ﬂ”f]**

' considersbly upon compression to the high-pressure stste (po f 3 40 Mglm ),_f' :

rwhence it deereases with incressing pressure.

:L_gsin. this'csn“be"vi wed“in:k“

'terms of anhsrmonic effects inereeeing shsrply:st a pressure-induced Phsse o

ntrsnsformstion, whereos preesure decresses both v end u Eor a given phase.

“:sThis decreese of thermsl expsnsion with compression csn be aPPfOXimetely related ii.,
| o g ) ST e

.;to the bulk modulus isotherms in Figure 4 since ( e"'

'faga(K is the isothermsl bulk modulus)

At high temperatures (T>CD o incresses with temperature, psrticularly st

oW pressures. This is: due to both zeroth snd first-order enhormonic effects

rﬁwhich are spproximstely of- equsl importsnce in incressing a.ithe former through

f;gﬁf ﬁ(L+aYT)C o while ‘the. lstter derive from.the decreese in the bulk: modulus

. “with temperature. It is important to note thst these snhsrmonic contributions

’?decresse more rspidly with pressure than does the ze oth order effect embodied

'lﬁfjin *he.thermal expsnsion itself Henoe at pressures sbove,BO-IOO GPa, a etteins

"ssturated“ high—tempereture'vslue above_the Debye temperature,; In this

r"satursted“ regime, ‘the calculsted uslues of the thermsl expansion are virtuslly

“Tmodel—independent ince tha Duloni-Petit velue of C provides e good approximstion

‘”57for pp end 311 other veriables in Fqustion 8 sre experimentelly constrained

faFurthermorerathe;relstiue:decreasegin,importance;of




bk higher-order anharmonie contributione relative to the lower-order (e.g. strictly -
"’quasihnrmnnic) effecte providee additional juetification for the eimple.

”“iDebye-Gruneieen model which wae ueed for cv. From the preacnt dnta. the

rzseeond Grﬂneieen parameter [e-s{“ Aﬂdefﬁﬂ“- 9‘ 31" 19681 5 | c a K (gge)
'”figppenra to be relative y independent oE temperature at high ereeauree _,,?, |
3'jand cemperaturas. aa expected. Unfortunately. 6 ia not very well constrained
"'55(6 N2, 2 + 1 2), however it can be evalueted over many tene of GPa end thoueandeﬁ

':“fgf degrees, and ite approxinete conatancy 1ende further euppﬂrﬁ t° ‘the nseumed

S ftempereture independence of Y[Andereons et al.. 1963]'7;=TF

_; hQ£§£E§E$2E=Mm"

Much of the preceding analyeie depends on the inference that anorthite

.e;:;undergoee, in eome eenee, a phaee tranetormation under shock—loading to preeeureeugé

'_.A¥dabove about 10 3 GPa.? Although previoue analysee haue aeeumed ‘this ko be the

-;g,cace [eng., McQueen, et al.. 1967- Anderson and Kanamori, 1968- Ahrens, et al.,

_g,traneformation occure under shock in a fashion directly analogoue to: the

‘,;H;;phaee-traneformations-achievedwundervetaticﬂcqmﬁitions;z'Becauseeof kineticnne g

-hoo; limirationeg it ie quite 1ikely ‘that highly’nonequilibrium etatee are meaeured

;#in,these ehock experimente.

One indication of euch idfficulties arises from a comparison of the

Vlﬂ;present reduction of the Hugoniot data on anorthite in the "high-pressure phase" s

erqﬁgregime.with the densitiee of predicted high-preeeure phasee or aeeemblagee given E

?,;in Teble 5. Ae shown in Figure 5, ithe zero—ptessure deneities of theee candidatehifﬁ

irgdhigh-pressure phases ‘are considerably higher than ie found from the reduced 'ﬁfﬁfv

-“thugoniob-data,f Although neither the hollandite phaee normthe mixed'oxide“':

*?fassemblege havc bcen; oeumcntcd ior anort-ltc,;
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':_ieodium rirnnare-beoring eeeemblngee ‘have been syntheeized in calcium-aluminum=
"*:aeilicete eyateme [Reid and Ringwood. 1969. Liu, 1978b] and Liu [197831 hne'ia'“}fﬁﬁqﬁhi

found Ne-plagiocleee in rhe hollnndite ecructure. Previoue reductione of the'

'aﬂugoniot data hod ellowed higher zero—preesure de: ities'thﬁ"yare found heras © ©
However. rhe new deta on rhe Gruneieen pnrameter preclude euch eolutione end, o
'Ti?ae diecueeed ahove. the uee oE the eeiemic equarion oE erate in thoee studiee

‘ :;eppeare to be unwarranned. Regardless of other aaeumprione, no eolurione could o

'”ﬁibe found to Equarione 2, 4 and 5 uhich fir the dara with larger than about

p02 PR
In fect. the bLet fite to :he preeent data resulted from _' o

©3.80 (+0 10) Mglm .

_Vrnllow ngﬁo02.< .0 Mg/m. end AE :- 0 however yielding eeeminglye nphyeieal R

7 valuee °f K (typically 1355 thﬂ" 50 GP&).' These re:ulre suggeere that anorthitef;"

, Lelong the Hugunior is nor rraneformed ro an equilibrium high—preeeure polymorph, f?i

_.iparticularl_ ei ce leee than 30 GPa_pr esure hes been required to find the_ii

' ) Veeeemblagee listed in Table 5.: A recent etudy of Jeanloz [1979b] finda litrlerr i

n,_fevidence for the traneformation of (nonporous) eilieatee in Hugoniot xperimente ipvi‘;

,,1either from obeervatiens on ehoeked olivine eamplee or. From theoret"cal consider- '

__;ﬁiarione, and anerrh:te way rovide the firer clear case ofee:eilicare achieving.

;,iieignif*eant]y more effieient packing under eratic as compered to dynamic 1oading. T

-.ikexperimenre can be eo direetly compared with rhe qhock-wave deta eince rhe

'**;jtemperatures achie»ed_in the,former ' 1000-1500K)__;‘ 01 the~moet-pare

-—fﬁ;coneiderebly lese than the remperacuree aehieved eloug the Hugoniot. More

;imporrant, though. 18 the_facii;;fr:etrict equilibrium on a: micr '"ructure_

: imstare need not be required for the kind of analyeis preeenred here.¢ Ae illuorrated

;above for'the case of melting, large fnergy differenees are involv

’J?analyeie euch chat rather suberantiel deviarions £rom equilibrium valuee ‘are not

flikely to‘be nored in the Hugoniot daLa Furtherm'“e, the evidence*for*eidensity*




;gpqggug_anpgthige?vg;e aliiindicative‘oﬁftha'bahaViorgof;a;high-preeeure phase. .

As disouaaed by Jeanloz (1979b], deepite the Hugoniot posaibly not mbrébéh:iﬁé =
-~,equilibrium etatee, the propertiee measured under ‘shock appear to be- very cloee S
,;i;to their equilibrium values: . ' o '

There are two problems which mugt be epeeifically addressed in this’ context.?f.

1:¢FA1thou3h valuee of total energy are reaeonahly well constrained in thie analysienvj e

el the partitioning ‘of energy ‘may not be. In particular, ‘the amount of thermal S

'*‘F:energy preeent, and: henee the calculated temperaturee, depend an- the eetimate

~*fva1ue~o£~AE if anorthite undergoes no manner of phaee traneformation under s

giehoek AE O Jeanloz [1979b] ueed this fact and meaeured Hugoniot temperaturee

to argue that eome form of (nonequilibrium) transformation apparertly occure in eili-

’iiieatea under ehock. Similarly, if melting occure in the anorthite eamplee thie would nc

l”f’affeet the bu1k thermal or eomprees onal propertiea eeverlyw but it could change':w”

”:';Trthe ealeulated temperaturee dramatically, lowering them (at a given preeeure) by R

:ﬁg;lpoesibly 103 . bince the zero-preeeure melting remperature of anorthite ie ;;;;-“"

. ":1830K a eimple ecaling argument suggeets that me in may oceur at abour tr_",i'd

3&70-90 GPa on the nonporoue Hugoniot or ahout 40-60 GPa along the poroue'H” oniotg;__:gw

‘{i%Thie ambiguity.ean, however? be diteetly reeolved by way of ehockrtemperature :ii

:“ﬁlmeasuremen 8 or by eterm_na ions of the ehear modulus along the Hugoniot.__,n |

7lf’Higher order effeete aeeociated'with melting. eueh arudiacuaeed by Grover [1971],Jg

.L'are‘not likely to ehange”the valuee of propertiee calculated here by;more than

:uree ehown in Figure 6- given the important

o rldeereaee inrhigher-order anharmonicities wit PrEBB re . thie 13 1ikE1Y to_beren

”:overly onservative estimate ,_,Vt__g;ﬂ
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*The second question is whether the phase(s) along .the "high-pressure phase".
7 Hugoniot evolve continuously with increasing pressure, as might particularly be =
" “expected if these are inhighly noncquilibrium states. This is equivalent to

| comstdoring it of 'reh-a"aaea:-p;-'.saanaea hose as betng in o "alxsd-pose” regtas

| et al.. 1967. for exomple]. Somc queetion hoo. 1n Eoot. ‘been raieed fot other

:oiliootee {iw'nioz and Ahreno, 1977- Jackson and Ahreno. 1979] about stobillty
;if'in the “high»preasure phooe" regime: ‘some evidence auggeeto continued reaotion £
o  .or evolution along the Hugoniot to preoaures of 100 GPa or higher. Although

”:;ffthe measured Hugoniot dengitiea might stlll be uoed 1n euch n case, the reduction

tal;i:of the Hugoniot dato and eapecially the values of bulk moduli derived abovo e

:hfwould be meaningleoe.' At present there 15 no compelling evidenoe for such'a

"aooon'l 1on and counterexamples can be found._however the 1nobility to independently

| ;;;verify_this 19 problematioal Hence, juot oe the potous:and nonporouo Hugoniotoffi'ﬁ"”

":,”are aseumed to be direotly comparable, the “high—pressure phaee" bronoh of.the Nt

'ﬁ:% Hugoniot 1s aeeumed to represent a eingle (poseibly nonequilibrium) phaae or h'fefrf'f'

._P.laesemblageojl_;.iﬁ_;; e:fieh:;:Jér:,,‘xe;-_,;lf.“

,,jgkaower Mantle

Sinoe theo:iee involving 1nhomogeneoue ooosetion of the planete auggeet_l o

ﬁqlthat relatively reftactory compounds, euoh as anorthite, may exist deep within

::;lithe earth it 1s of lnterest t “oompare the preeent 'ta with seiemologica11y~_w,_

ce;basedsmodelS“Of nhe low ’ mancle.“ In.Figuree 4 and.Sithe deneity and bulk

;Eexcess of about 80 to 100 GPa. As 'e;evident from Figure 4_“however m'




':9¢¢¢J°r component~throughout tha'bulkrof the lower mantle [cf. McQuec- eu‘ai;;*— e

a-;196?]. I£ the: aaeumptiona made in calculating the bulk moduli aro in arror, L

Hhereaa a recent otudy on €al [Jcanloz ct al.. 1979] indicatee that the

"‘fﬁlower mantlc could be ccnaiderably enriched in calcium. tha present dutc do

5 not: aupport anorthite a8 bcing a particularly important ca-bcaring mincral

":-L;in the: mantle except poaeibly in its- lowermoat portiona (D" rcgion).

Lq;;Becauac therD"~region'ia aeiemologic~ ly anomalous it ia not poeeible to

Indccd. ‘the evidence for a S

';;jgdecrcaae in velocity gradient through the D" rcgion (aee the revicw of Clcary if”}{

"5;1[1974], for example) ie compatible with ita containing 0-204 anorthitai("r ii”?”":ﬂ

'”f”jgeimilar refractory compound) according to- the present data. while for plausible ﬁt??_

'ff'mantle temperaturea [e.g.. SLchy, 1977, Jeanloz and Ri hter, 1979] anorchite e

S has s deneity within about” 1/ of the obaerved mantle deneitiee at thie lcvel.   f1”;ﬂ

’”*TuAlthough not required. an enrichment of anorthite in tha D'f regicn ia thcrcfora Jlm?

"'?facceptable and would” appear to be houyantly atable. Thia ie conaiotent with a eimple

'”*ﬁ??'tharmal model for the lower mantle presented by Jeanloz and Richter [1979], in e

Y increase in refractory componenta toward the baae of the ma'

';*ﬁwhich the D" region ie chemically distinct £rom thc overlying"mantle._:enhQ;N;ﬁgliggr

' e_ie aleo in. 1i;‘;;ﬁ,.

T}'W;Hﬁqualitative agreement with inhcmogeneouataccretion modela. however a eimp_etwr; ;

'“:;:'zone-refining pro“'ca co“ d producc the aamr effect in an originally homogeneous _#,

i';imantle heated from below.'”




| Naw shock-wava data havo baen praaen:ed Eor anornhlca from whtch a ful1:“
| "higa-:emperacura. high-prnasure equation oE scatc haa baen dativad. threas;,g
L{Eanornhite haa relatively low valuea of thermal axpansion and Grnnaiaen |

' _paramatar ac zero pressure. thaae attaln telatively high valuea 1n thn high

mv:fdecreaaa upnn compreasion ae expacted. Higher order anharmoniclcontributioua
 iappaar to deerease more rapidly with preasure and the thermnl expansion
'”ﬁ:;therefote ennuratas to a high temperacure value a: prcssures above about -

Reduction of the Hugoniot data allows Bhock temperatutes to be ool

Vaﬁthe Hugoniot._ Th is adinbat has an. 1n1t1a1 bulk mndulus (nbﬂut 87 GPa) which 19
irﬁi%weasentially 1&enu1ca1 ;o that of anotthita, whereas che initial density 18 e

'_;about 3.40 Mglm . Bacauae sandidate. hish-PKGBB“'e ‘assemblages. with o
Vfﬁi;siguificantly higﬁer densities -are known for nnorthite {4.05 to 4430 Mslma)
-$ ._.und because Hugoniot states are not ljkely to- be ‘at ﬁquilibri“m' an ambiguity |

 ;Har1sea ir the interpretatlon of nhe present datn which are assumed to- raflect

 $¢¢equ$11br1um propertjes.;_Negggthelesa,;thiazaasumptionrgppears :o-be,valid and

LEV[ggﬁinggnsigpenc;gp-apg;ev;dgnt;ﬁfsigﬁiiicﬁntlygﬁﬁo3561ﬁt1655'bﬁhid'Eﬁ3fddﬁdf1ﬁzﬁi'*?HL

o~ reducing the =da!:a with —zero-ﬁtésaute' ﬂém‘siﬁés for the -"p’ﬂn’é:’tbﬁi : a&iab?a"c' ahove o

Arreduction of theae data to lower mantle couditioas demonstrate that anorchite

: Q;ﬁmay be preaent in amounts of 10-20/ in.the D" region but 1t 15 not likely to be a

.', 2

;:aiguificant phase elsewheze 1n the lower mantle because of ita apparantly emall TE
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* TABLE 4

" aoRmIT: HicNIoT quaTioNs oF smTE

: no ‘.2.74 (to.oz)uglma 'P >aocpa .
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e 2087, (20,55) + 1,82 (20.36) uy = 0,045 (40.058) u,"

- Porows - -

0. . 2.?3(10'03) Mg/mJ. p} 22(;pa f : S SIS

LU m 163 (30.35) 4 1,90 (30,20) w, - 0,064 (0.028) w P




CTABLE'S | |
1 cAYDIDATE :.-.HIGHJPRE'SSURB“:PHKSES'*'.;, R

 FOR ANORTHITE (CaAlzsiz 8)

VIII

: 7:7:":f:'::llolland1te phasa. VI(Al 812)08, -3.92Hg/m3 (basedonLiu.197aa) |

o 4! Alzo Al sm

.- OR - £ A :
VI o
A1203 + 2 8102. - 4 05 Mglm

-395

ST Miked ;-631&55e-aas‘emmg'e's' 2. o

_ VIHGaO +

(030 dat.a from Jeanloz, et al., 1979),

I8:1.02, P, = 4,10 Mglm

1969)

"Iuc AJ 04 + 2

o (Reid and Ringwood.

- ;LCa,lci,!im',,Emi‘te{#ssamhiese°'

Sodium Titanat:e assemblage.:_ z __VIIICa VI _ 810 __+ Alzo . 3

=4, 29 Mglm (L‘lu. 1978b Anderson ‘and: Wadaley, 1961)




Fig.ure”c .E_E:l::l.ons
- ,Figu:e31:f;Anor:h1te and anorthosi:e shockrwave data £rom the present
| “study and thnt of . McQueen. et al., [1967] compared with,a R
'*”ftheoretical Hugoniot for anorchite {1ts. uncercainty correspﬁnda “...7 _
*.,,,to variations in the assumed pressure derivativa of the bulk m°d“1“°'iii;
" between 4 and 6),  The P°F9F°;533499“99??#“;““599#P=.QEEYQS,—;;,;r:-aiLi

"f~areﬂfromvtﬁe fttylts:qn+;¢'wab1e b o

 fij]p1gq£él2=  The data and Hugoniot curvea Erom Fiaura 1 shown in the shock- e

' ;wave velocity vs. particle veloci:y plane.' The daahad line

VLcorrespondu to the theoretical Hugonioc of (uncranaformed)

- ﬂJ;anothite. while °0 ahowa the bulk sound apeed of anorthite e

'"**”?553*§i§hré55£;fcrﬁhéisan5ﬁdrametéfﬁbffaﬁofthiceﬁéﬁrh fumction of donstty.

'2}The present ‘data ‘at densitics above 3 5 Mslm ‘are shown as:

'f*ﬁ*individual points which can. be fit bY a power law 1“ density

'iwith an exPonent of 1 66 (Equation 2). AltetnatiVGlyy'the~best‘~-' s

n'fyfifvuugoniota of Table 4 imply values of the Gruneiaen parameter

iéﬁwhich are given by the short—daahed curve, The zero-Preasute value fi%fﬁh

”ﬁf’;ifor anorthite 1s shown at a denaity of 2 7& Mglm along with an
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. ?1guro A Adlabotic bulk modoluo of onorchino lo a funooion of proanuro

_'fond tomperoturo bosod on tha ptoaont shockvwavo dota. comporod

.”T_;oﬂith soiomological voluoo for tho lowet mantlo [thowonokt. .

etal., 1975. Anderaon and Hart. 19761. ‘Bulk soduls based

B :_directly on daco aro shown Eor cho (nonporous) ﬂugoniot and

:f.Proouo Husoniot. alonB With V51“°° 31°“3 ohe adinoot and

:1’ﬂcompared with :he derivod compreoalon curves baood on the i,oiﬁﬁ},;fiﬁ::f,

;_;_metoo:able Hugoniot dortved from the roduoed uugonio: doto.'j <

:prreoont reduotion ‘of tho ohock—wovo daco (thio linoo). ‘he“

) and Anderoon and narc {1976 1s presented (daehed linee). 88 o

"Qyidonoity in the lower mantle aocording to Dziewonski et al al, [1975]; i

"ﬁ{tho zero-ptessure ‘densities of candidato high-pteosure ;f S

ui asoemblages cortopondina to aoorhtite (oee Table 5).«

. ;_:z'pj;m!fe-ﬁ'._ﬁg,

”'*ﬁ@ﬁnugoniot of anorthite; as: well,ao Ahe.derived adiabat and .~::ﬂoi iaey~oof

1Caloulated cemporaturea nlong the porouo (19?) and nonporoua

'*:umotaotable-nugoniot., Eatimated errora are ohown for the

‘*ﬁl]Huguniot temperatures.;;L;;#[;_j;;;;irjayi




o Elgure 7t
L weE Cpressure and temperétura.: Isobnra (heavy curves). and density. .
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