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A porphJr1tio voloonio rock from Cape Vogel, PIlPWlt 

ocmtains abundant phenocryots of" au} tip13,ttw1nned clinoCllotatl to 

with less oommon phenooryots of orthopyroxene, eet 1n a. GrOundmaso 

of pp-oxene microli teo, GlaoD, and zeoli tea. '!'he rook cm.te.1ns 

54% Si02, 13-16~){gO, and 6-7~ FoO, but onl.Y 7-8% Al20
3

, 4.~5.5~ 

caO, and 0.6 - 0.8% Na20. ~11oroprobe analJ'aes show tha.t the 

olinoElDatati te phenooryGts range. fr.om I!DB92 to Bl-aT' and have 

vc,y low A1
2
0

3 
and extremely lou caO oontents. Their oompool ticm 

d1ttera cms10tentlJ tram that of the arthoPFOXeDe phonoorpyots 

t1h1.oh range trcm Eb-a7 to at least as Fe-ncb us !ha7S• The 

ol1noenctat1te phenocrysts are a metastable invers10n product trom 

primar,J protoGnstatite. Tho or.ystal11zat1an ot protocnotntite 

as the liquidUS phase 1nthie maema 1s attributed direotly to tho 

unique magaa OOIIlposit1OD. Tho occurrenoe of this rock in a rO(!1on 

of structural comp1e:d ty bo't1:1oan otable ooeanio and continontal 

crustal element • . ma;r have implications in terms of deep-crustal or 

upper-maJltl. petrogenetio processes. 

INTRODOOTION . 

In the oourse of reocrmaioeanoe geological mapp1ncr CIl 

Capo Vogel in nortb-eaatem Papua in 1954, J.E. 'lbcmpSCll colleoted 

two spec1aEiDS ot a dark grey, parplqr1tio, elass,y rock ui th t7h1t. 

seoll tio 811\Ygdalea. Those l'101'O oxom1ned by W. B. Dall td tz nho 

f01.l1d that th83 contained o.bundant prismatio crystals of olinoenstat1 ". 

up to 8 B. lcmg, other ocmstl tuente were ppoomne microli tea, 
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al terec1 glass, UDal tered Claos, zooli tea, branmi te phenocrysts, 

and tra.oes of ohrOile spinel. 

Bo rook ot this kind had bem reoorded in the litora.tur~, 

and analysis of the speoiJllono confirmed the high aagneoia oontent 

9ZP8cted f".rom the abundanoo of olinoenstati tee '!'he annJ.yCOB 

have been published in a oompilation at Australian rook analyses 

(Joplin, 196), pp. 182 ~d 189). 
~b-('u'l1'Y~ 

In n .. ~ 1964, the tuo aforementioned authors broueht 

to the notioe ot Prof.ooar C. E. '.i'ill~ hand opecillena, thin 

seotiona, and ohGm1oal analyses ot the olinooJlStat1te-boar1ng rooks. 

Be supported the earlier identifioa.tion of ol1noEilatati to, cmd at 

the Balle t1ae noted vestigial Otruotur~8 indioati'V'8 of the former 

presence of protoenata ti tee Tho assi stanoe ot D.B. Green U88 

sought to oa:rrz out eleotrcm mioroprQbe an~8 em the pyroxcneo. 

The Cape Vogel area lme first uaained goolog:l.oall¥ in 

1914 by F.nn R. Stanley, than. GOVaDUllellt Geologist tfJr tho 'I'm-ritCJr7 

ot Papua. In an tmpubliohed roport (Stanley, 1916) he reofJrded 

"p-q-ooloureci volO8Jd.o roolm .... , ccmta.1n il18 mvgdules and ophorules 

ot _eo1it10 minerals and largo idiClllorph1o crystals or hornb1E:1ldc" 

frca the locality where the cl1no(J'lGtatite-bear1ng rooks UGrO 

SlIbsequ_t17 ooUeote4. He did not exa-ine theae rookG in th1n 

seotiOft, and the Jdneral ho referred to 8shornblende uaa probo.bly 

cl1noonstat1t •• 

Exper1aental ctudies Q1 MgSI0) cGllp0s1t1(11 by Foster (1951), 

Atlas (1952), and BCVd and Sohairer (1964) have extm4ed the tyark f4 



earlier investigators, and clarlfle11 the relat1aosh1ps or the 

MeSiOl polymorpha. Orthoanatatlte, the oo.(acD nat_al polymorph, 

invert. to protoenstatite at hish tanparaturee (ab0Y8 965°0 at 

atmospherio pressure), 011noanatat1 te, JIlQDool1n1o and usually 

polyS3Dthotical17 tv1Dned, mD3 tom as a metastable 1nverolcn 

prOduot when protoenetatlte 10 oooled through the protoanotatlte­

orthoenetatite inverslon, Clinoonstat1te oocurs naturally in 

s'km3' meteorites, but 10 oxtreme13 rare in t81Teotrial rooks. 

MEIIlbers of tho ollnoenstatite-olinoferroo1Ute eo11d colutlC1l oerlos 

have reomtl¥ bem ldentif'ied as O~OlutiCID lamellae in on ignecnm 

and a metamorphlopyroxene (B1.mw, Lang, and Reed, 1963). 

Cape Vogel io an oaatarly~aligAed peninsula on tho nortb.. 

east em cOiBst of Papua (Fie.1). ' It is about 20 miles lmg ond 

10 to 15 miles wide, and io · intrioately diseected to Go maximum ral1et 

of about 1,000 teet above soa level b1' a finely dendri tl0 stream 

The two speoimens of ol::tnoenstatl 'tiwiah rook tIero 

oollected from exposures about balf a mile apart near tho former 

village site of !obcn1 em Dabi Croek, allout three miles COUth-1100t 

at the mouth of this stream on tho narthem coastline botuom Tapl0 

Bq SJ'l4 Ragabara (Fig. 2) • . The local! t.Y is about two and a lmlf 

miles west-south-nest of Cactlo Hill, a lillestcme prca1nence about 

1,000 feet aboye sea level. Eo.sloo'ti access 'tio the area 10 by foot 

-~----------- . . -- _. - - -
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fran Tap10 Ja.v, where th01"o io a. shallow anoharaeef a Village, 
, 

and a Govemamt rest houso. Thoro 1s a GIllan uharf sui table 

far coastal. latl'lohes at naeabara, o.b011'\ tbroo miles west of the 

mouth of Dab! Creekt and an airstrip suitable far light nirOl"aft 

Tho area ,of outorop froo uhich the tuo speoimCllo ~:aro 

takm 10 roughl,y oval. end 18 about 5,000 feet lCIIB. north-:reot 

to soutb-oact, and 3,000 foot t1ido(Fig. 2). Dabi Creok flOtl0 

around the southern and. oostorn oarS1n of this £mall areG,: ubioh 

has low relief, 10 only olightly disseoted and almost treeloss, 

and supports a rela.tivol3 thin COVGl' of kangaroo grass (Thomoda 

a.us'U'o.l.1s). The Erur1"ound1ng; h1ghar, more intricately d1oooetoc1 

hills of bedded Miooena and Pliocene ol(l.stl0'ood1mmts end Ij' basic 
~~ 

dl,roolw support JnlI.DZ more 'f:1>eoo, oopooiall.11n gullies and no~ strOtllllSj 

IIr/Jf the non-wooded and lightly ';looded parts al'e oharactorizcd by a 

thiok oover of kuna1 grasl:J (Imperate. oyl1ndrica var. l!lt.\jor). ~ 

REGIONAL aJ.iX>LOGICAL mVIRONMENT (J.E.T.) 

Betwem lODr31tudoo 1410 ootE and 149<) 30t E, l?upuo h.tlD a 

mountainous OGre consisting of folded and faulted (?)Palaoozol0 
,Ii 

sChists, ph3lli tea, and lencos o~ tmrble. All ito nartb-~J()otor.n 

end, tlde metamorphio provinCE) he.o en arcuato trend - tho !.1at'obe 

Aro (Olaeamar, 1950) - end is intruded b¥ granodiorite bodioo at 

batholithio dimonsions. 
o . 

llE)ar 149 00' E lcng1 tude. tho motamarphio 



rGOka appear to haYe beCl ottaet seae 30 1I11e. te tla. Dorth-Dort .. 

east 1t~ lett-lateral, otr1b-al1p d1-,lae __ t &1-. a topographioallT 

cCRlapicuoWl. reotl1t17 .. t1 Vet, ujor ~a1ll" (Pic. 1 ) • !he al18rl1llftt of 

vet. in a Plelotoo.. to React andes1 tie YOlom1o ctllplex at 

Oape B.l.. .ugest. a norther13 enca1cm or thi. taul t bMeath 

Reo.t al11llY1_. 

Th. ao_a1as eaDt or 1490 3O'E lfmCit1ad. &1'8 not composed. 

ot tke cr.eeseh1.t taol .. a.tuec11llets which t ... tla. II&iD range, b., 
oemslat .a1al1' ot basle 19neoua rocks, oOllprla1Jag do1er1 te and baal0 

sulaar1a. layu. vta1ell are 1 eca1l.1' 1RtNded 'hI' 1I1I'a1'II8 of phan.o11 tio 

Wad t.r •• Cap. h..... 1.1 tt1e 1. JalOlfD of tJt.e sVUlllture at thi. 

aOlataiDeu reel-, lut dislocat1C1l .t t.l ...... ill Pliocene 

aH.1act •••• t ot Cape "Ogel susgeets poet...Plleee. 1.tt-lateral, 

.trit.-el1p d18p1ac __ t alang a tau!"t 18 tJaea4u-l11ng bas_ent 

COll.lst." with 4iaplao8llClt at the .etaao~o porince in the 

d1reotls at tM », 1btz'.oastM11% Is1uds. Th. 8eo1ecr ot these 

. ls1a1ld.. and the ls1anda ot the Louie1.e Archipelago as tar east 

aa Swl •• t (bOJC114 tile ... tem 11111 t of ftc. 1) 111 d.oJIinated b7 

•• tu~ rooka &4 graDod1or1t. wldoJa M8 repr68E1lt a 

lateral17 418placM part of. the met_orphio pronnce ~ 111e ma:ln1aa1. 

'III eaat..a Papa. bOIl .... ldmoe of tr •• ounent tul t d1splaOElllIDt. 

1n tiM D'JIlatreeaetenx Islands,Davi .. aad Iv •• (1965) have also 

poatulat .. 1&1' ...... &1 • . VUltICUrrent di .. 1ac __ ' et tlle met_orphia 

0 ... troa tll. u.1aluA ~ Pap_ to til. Jr-." pe.1UGD of the 
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D' Ehtrcoasteaux IslBDda. 

Over most of its exposed lengthot about 230 miles, 

the north-eastern front of' tho ootamorph1c core em the Pa.puan 

ma1nl.and is in abrupt ta.ul t contact with abel t of ul tramoflc and 

basic plutcm1c rooks overlain bY' basic submarine lavas (ThOmpOCll, 

1957, and unpubliohe4 mnpe). Thia belt has beEll variously 

oalled the Papuan Ultrabaslc Belt (ThODlpSClD, 1957; Dow and Davies, 

1964), Papuan Ul tramaf'io Belt (Crem, 1961), the Papuan Boo1~ 

and Ul trnbasic Belt (SlId. th ,and Grom, 1961), and the Paputm Basio 

Belt (Dow and Davies, 1961). On the [louth-west and south-oast, 

the met_orphic prorinooio flanked by gabbro, dol 01"1 te, basiC 

submr1ne lavas, chert,nrg1l1i to, and tine-grained l1mootono -

a tn>ioa1 ophiolitic ouite. Tho omtaaot between metamorphio 

rocks and ophioll tesan the ooutlJ,.;.westand eoutho.eaat hno not boan 

sem. 

The Owen StanlO¥' Fault (Fig. 1), whioh separa.tes the 

metamorphic oore frOID tho Papwm Basio Belt, ie a profotmd oruota.l 

break With a broadq einuouo trace reoognised far over roOm1.les. 

The fault forming the narth-eo.atarn margin at the Garupu tlounta1ns 

is posDib13' a die10cated oxtension at the ~48D Stanley FaUlt. 

Ample topographiC evidence indioates that the youngest vertioal 

displao_ent em the Owen Stanley Fault and its suggested eas:terly 

extension hu bem upwards on the south-west. Stream deflect1cms 

at the north-western end of thofaul t indicate reoent left-lateral 
-f" 

ere-SliP displaoanent of about three mUes (Dow und Dnvies, 1,964) ~ 
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The surface tl"aoo at th() raul t plone suggests a modera.to to oteep 

dip to the north-east. 

The Papuan BaDic Del t was probably emplaced by l.'ovorce 
~o~e~ , 

taultlnB 1n post-Cretaoeouo to ~laOOEl'1& time. Recant upuard 

displacement of the metamorphio coro is att:r1butecl to icostut10 

re-.adjuotmEllt consequent em. tho elDIIlaoemEllt of the heavy rooko at 

tho PapU3J1 Basic Bolt 011 top of liabter rocks of the metamo:%.'})h10 

The northern t\1o-thirds of, the Po.puan Basie Bolt ocmuiot 

of an inner nc:n-feldspatbio; ul trD.Ill3fio zone Dge.inDt tho Oi:ron 

Stanley Paul tt- am. an· outor foldcpnthic 3Cl1l0 overlain by boole . 

oubmo.r1ne lava and dolor1to (Tha!l])sm, 1957, 'Dcm and Dc-vioD, 1964). 

At the £louth-eastern end of ,tho bolt this simple Z<al1.n.3 10 not 

apparent (Smith and Grem, 1961,<h-oou, 1961) .It beo boen 

suegea,ted by ThompSClll, <m DOH ~"ld Davies, 1964) that tho Papum 

Booio Del t is actually a. thick; nortb-oootOr13 dipping ololl of 

coronic O1'llst (of. de Roever, 1957; Heco, 1960, 1964). 

North of tho faulted front of the OQl>UpU Mounto.1no, 

Upper Illocene to Recant clactic sodiments and Pleistoceno to Recant' 

voloan1o products ~ canocc.1 ultroma.f1o and basio rooko oo-oxtcnlJive 

l1i th those of the Papua.n Da.n1e Bolt. SOTpent1rd te bouldo:ro 't:are 

ejected dm-ing the 1943-44 orupt1m of the Garupu (WQitT.1a) voloano 

(lm.ker, 1946) t and pebblos of 'bacic ieneouc rooks are Coman 
. 

oansU tuents 01' lato ~eM;1c.ry conslomerates an Capo VoS01. 
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Lower M100EllQ limootcnes unocmtOl'llable CD probablo 

sea-floor depos1~11 at basic wlctm10 rooks have bean recorded freD 

~he tollo.ing ~hree isolatod localities in nortb-eanern Papuu 

( 1) near tho interoooticn of S0008 l&~i tude and 

t4S000E ICllBitude (Fig.1) (Crespin, Kicinsld.. 

Paterscm, and Belford, 1956) , 

(2) at Castle Hill, Capo Vogel (Crespin and Dolfard, 

1955), and 

o...A-~~"ff~~~1 
(3) _ Qe ~tk_ sa ~Vfdlne Bq (Belfard. 

1959). 

An upper Miocene suooesolan of clastio sediments nt 

least 14,000 teet thiok (.6..P.O.C., 1930) is exposed an Cape Vogel, 

and an unmeasured, but consider'lblo, thiokness (probably in exoeeo 

of 5,000 teet) at poorly consolidated, moderatel1' dipping 

ccmglOllerates forma deeply dissected toothills alang the ooaat 
at 

between Go~enough !a.,y and Cape Frere. The sec1i..,ts on Cape 

Vogel haYe beEil broadl.y folded and inYaCled by late Pliocene or 

Pleistooene basic intrusives and vclcanics :in a linear belt parallel 

to the Dorth coast (Fig.2). Tho clinomstati te-bear1ng roolm 

desoribed in this paper coeur near. the eastem end of tho intrusivo/ 

extrusive oa.plex on Capo Voeel. Available tield, palaeontologioal, 

and geoo.brCDolog1cal evidence indicates that they are prs-LOUE1r 

Miocene (t 1-2 step) su'lxlarine voloanios. 

Recant wlowam in north-eastern Papua has beon 



charuote:r1st1oallY andos1 t1c end oxplosive. 'l'he most recent 

aot1v1 ty began in 1951 uhm Uount Lam1ncton erupted violcntl¥ 

(Ts-vlor, 1958). There oro m:my older, eroded, volcam.o vanta in 

tho Hydrographer Range, eouth-oa.st of Mount Lami.nBtcm, ceno of 

these produced ba.aal tic lavas. Tho mountain block whioh fOI'rno 
, , 

Cape NolDen 1s an entiroly cndooit1c volctm1o oomplex; nctive 

,leacndo BU&3oot that vento in thio 81"00 oore leet active about 

1880,. Just south of Capo IJoloon, near the faulted front of tho 

Gorupu Mountains, cx.Plosivo e.ndooitio erupt1<m.o began 1a lata 

1943, end continued throuZh 1944 (Boker, 1946), in an urou uhare 

no volcanio act1vi ty, ho.d pravioualy been recorded. 

Cape Vogel pen1nr.:ula 10 COmpODed ma.1nl3 of Upper Miocene 

and Pliooene caloareouo o1ltotane, lithic enndctone, P?1yniot 

conglomerate, and tuff, kwincr on ~ega.te tbickneso in oxcoeo of 

14,000 feet (A.P.O.C., 1930). This suooession 10 brG~ folded 

into an asymmetrioal antioline havirlB a roughly (loot-woet a.xio 
~" ' 

parallel to, ond about ... m:l.loo inland from, the northGm oonotline 

(Fi.g.2). This fold has a. Gentlo couthem flank, t11 th clipo rl.l.l'l8inB 

o 0 from about 15 near tho ooro to about 5 an the outer flcnk, and 0. 

steeper, poorly exposed, Mtl otruoturo.lly disturbed northorn flank. 

No oonv1noiDg 11thologice.l or pBlo.oantolog1.oaJ. corrole.tiono have bom 

made acrose the axis, and it io poc~lble that tho fold CL1f be 

crestally faulted. 'Tbro~hout tho e:roa.tor part of ito 10ll{,>th, tho 



axial zone of the fold 10 oooup1ed by a ba1 t of baBal tic rooks 

fl-om one halt to ane and a half r:d.les wiele. Sediaento ill 

oontaot l71 th ~heEle bala1 ts are usually 8111011"1ed and ' indurated . 

over distanoes ranging trom Co fell feet to sweral hlmdred feet. 

Most of the arailable field evidenoe suggests that basaltio ~1ma 

tntrudod and arohed the thick co.-::ualoeof sediments in late 

PliooElle t1me. It is aleo 'poSGiblo that the Unearbel t of basalt 

ma:s mere17 be a YOtD18 lava pile oocupy1Dg an eros1cma1 valley 

alClllg the crOllt, of the anticline. However,. the basaltio ClIld. 

doler! tic rooks at the eastern and of tho belt are uncCllformably 

overlain, at Castle HU1, by a limestone ocmta1n1ng di06lootio 

LOt-Tor ~!1ooElle (f1-2 stage) larger foram1.n1fe.ra (Crospin end Delrard, 

rA 1955, spec1m.en LB109). 
{"";\ q. '1--:::;;> 

(I pC Tbeollnoenstat1 t&-boar1ne' cpeo1meDs w~e oollooted during 

a oingle reoormaissanoe tra.verso~oross the emall outcrop of 

igneous rooko west and no%'th of nab! Creek (Fig.2). Thio outcrop 

ls ovarla1D on tho north-nest by lieht brown Upper f.::10CEl'lO ccJ.onroous 

.Gl1 tstcme. and CIl the £louth by lithic eandatone, elaeuhcro the 

oonta.ot is oQrlQeale4. lJpecimm LB 105 nas oolleo'ted tTi tb1n a. few 

fect of tho s11 wtorle contaot, end LB 107 oame f'rom noor th~ oontre 

of the outcrop area. The rcl~tionah1p of the 01 1noenato.ti te-

bearing rook to the voloanioo both to the east and tho Hoat could 

not be f1rml.y estab11shed. 
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A specimen of a].aooy, U1'menthered ollnoaneto.ti to­

b«l1i.nc rook, oollected "\Than tho GrOG uas re-v.lEli te41n 1964, 

has bom dated by Dr. I. I1oDo-"'CCll, of tho Department of Gcopb30 1oD 

end Geoohemistry, AlletroJ..lan IJ~tianal Un1varoi ty, by K/ IJ:r nooourCJlmt 

on Q. llhole-rook oemple. no obta.1nod a reliable m1n1muIa oeo ~ 

28! 1 milllon YC3rC, tJhioh, a.OCOI'~ to tho t1m()oosco,lo of Kulp 

(1961) CQ1'1'E)opaldo to tho top of tho Ol15occme. Tho CJCI!lVlo datod 

10 freo from zeoli teo, but conto.:1no Gomo anall, brorm, dovi tr1fiod 

patohes uh10h amount to a. rml porecant of the rook. 

In hand epoOiOal,LB 107 io med!um-grey to dark ~oy, 

and containe abundant euhedre. of oloudy to lustrous, trtlnaluoont, 

haney-ooloured wroxeno, rnrol3 up to 8 mm. lCl'lg, in a GToundIaass 

consioting of Glase crowed tIi th acioUlar miorol1too,. and conts.1ning 

soatterod ~es of 0 t1hi to zeoli to up to 2rnm. acrOOG. 

Specimen LB 105 10 acno:roJ.l.y oirdlar to liB 1071 1 t diffaro in being 
\ 

olightly dorke:r, and in contai.n1rJa mollor end marl,tedly imrCJr 

phonooryoto, maJl3' more., and CC'GOt7hat larger, ~dnleo of flooli to, and 

numerous patcheo of BZ'ooniDh black, altored glooo Up to 0.5 rom. 
50Tl'\e 

naroDc, thin enorusto.tiano of Dr~anlte ~ occur aloncrAfrOQllJ.y 

brokon faoos. 

Tho ohem100.1 cncl..voOfJ and C.I.P. U .. Domo of theoo room 

) 
oro g1VOIl 111 Table 1-

~ 
IJotocorthy fonturco of tho rocko oro tho tDlucuo.lly hiGh 



ChEaiw ual,-sea aDd C.I.P.~~. norms of ol1noenstat1t ... bearing rooka. 

C.I.P.::. Norms 
Ll3f21 Lll07 

Water:free 
LBt05 . UlOl P1P~ 

SiO 2 53~97 57.58 54.09 Q& 11·94 1;.00 

'1'10 2 0~23 0.25 0.30 01' 2.22 2.22 

Al.203 7.08 7-55 8.39 Alt 5·24 6.27 

"&2°) 3.46 3.69 3.65 All 15·37 10.35 

l'fIJ 6'.95 1·42 6.54 Wo 6.42 6.85 

lInO 0.21 0.22 0.15 l\J 46.81 3r..05 

~ 16.03 11.10 13.03 11 0.45 0.61 

oae 4.79 5.11 5.46 Xt 5.10 5·33 

B&20 0.60 0.64 0.75 Bf! 6.07 7.36 

X,p 0.35 0.37 0.41 (P20S) 0.06 0.07 

P205 0.06 0.01 0.01 

L08s 110°0 1-73 2.70 

Loss 10000e 4.34 4.66 

99.Bo ,00.00 100.20 .. 
(1101)80.5 18 

Xc + F.++ 

Normative Wo1•4:&1"79.6 Wo7•4:&ls.,a.o 
P~70%_. 

(mol. ~) Fe'4•7 FS'4.6 

Analys't A. McClure, 1960, formerly ot Bureau of Itlneral 

.&sources, Geolqgy, and Geoph1S1os, Canberra. 
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water content, the lov1 alumina and alkali oontento, tho lliGh 

m08llGaia ond iron oxide content0l! rolative to the (;111030 poroontoco, 

and the laok of correspondenco betuoen tho normative a.rul. 00001 

composi tiona. The analycod rooka are unueathered - tho untOI' io 

preoent in zeoli tee, 0.1 tared c:lo..rac, and posei bly una1 tared Gla.oe 

also. Their unumllll compoci tioD bocomes eV'EIl more apvarcnt uhm 

the analyoes are re-calOUlc.tocl Oil a uate:r-freo basis, LB10'1 - Si02 

SO~, [.~ 17";; LB105 - 8i02 :;5,;, !!cO 14~~ 

In thin flectlon,opeOinen LB107 is soen to cono1ct of 

clinoensteti to and bronz1 to phonOcrY£lts, abundant pyroxeno microli tOG, 

lime-beo.rine, relativ~ly iron-rioh pyroxeneooccurr1tl€ co borclero to 

the pyroxene phenocrystc e.n(' meroli teo, and elso as individuol 

mioroli teo, altered and unal terod glass, zeoli tie minerals, and trncoo 

of obrome opinel. Virtuully e.ll the ferric oxide DlUDt bo in the 

glaso, as the percentace of OP:lquo mineral is very lou. Tho cenoral 

appearance of tb10 rook is illuotro.ted in Plate 1, fie. A. 

The olinoensta.tito phenoorysts are COlllllonly ouhctlra.l, 

and are oharacterized by ruthCit' reu'""Ulo.rly opaoed mul tiplc tuin­

lamellae (Plate " fi60. D and C) averagi.nB about 0.015 ~ in 

width, and by a deoidedly murky cppoorance, as compored ui th bronzl ta, 

in transmitted light. Tho murldn0:30 i& not due to a1 tero.tian, 

but to clooely Epaced crooko, clcaveaes, and partingo, and is 

accentua.ted, · in the cores of coruaCI'ystals, by abundant, r:dnuto, 

fluid and opaque incluo1ano. no ~Olut1on lamellae aro prcocnt. 

The lengths of tho phenoorycto ooon in three thin oectiono raneo 



· ------- ---- - --- ---- . ---

fran 0.3 m. to 3.6 nm., end their average size 18 about 1 crl •• 

Signa of a cleavage or ))artinc porpond1cular to the c-axia ero 

viaible, but individual cracko oro rarelJ' longer than about 0.02 m •• 

1m evon more unusual. feature io a voir of strCllg clea~co or 

partinGs (Plate 1, fig. D) olmoot invariably visible in ccctiono 

out parallel to tho tuin plc;llo (100), and maJdllB «?) cppc.rcnt) 

aneles of 640 with (010); ouch olrovaaos or partings are, 110 far 

as is knO~ID, quite distinot fi'on ::m::I previousl,. reoorded :in 

pyroxenes. The terminal facoo of' <lui te . a few crystals arc ol1(!htly 

concave (Plate 1, fie_ D); en artraoe ex.amplo of curvature ie 

illustrated in Plate 1, fie- C. 

l'!oat of the olinoenstatite orystals are bordered by a 

rim of greon, oaloio, iron-rioh olinopyroxene about 0.01 ID. uido 

(Pla.te 1, fie. D); this riD and a. straw-coloured or grocnioh yollow 

zone of similar width immedintoly inoide of it have a birof'ringonoe 

greater than that of tho olinoOl'lGto.tite (Plate 2, fig •. A). \JedBe­

oheped and aoicular outgrorJths of 6l'een pyroxene are devol oped on 
I 

the terminal faoes of soma orystals (Plate 1, fig. D). 

Tho bronzi to phcnoeryoto in tho oootiona ex..:minod ra.nae 

from 0.3 rom. to 2 mm. in le:nerth, end tho1r avC1"flBo oizo 10 about 

0.6 m.. They are oolourloos, end aro usually euhedral (Plate 1, 

fia. AI Plate 2, flge B) or Gubhodrul (Plate 2, figa. C ana D). 

Two zones oan oommonly be OOCl'l uatl10en orossed niools, 'but in. one 

oryotal (l)late 2, f16. TI) four o~oillatory Zaleo are olc:.:rly 

visiblo (see also Tablo 5, 1;0.1). Some g,r-dino are partly mc.ntled 
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by olinoensttlt1 te (Plate 2, fi~;o. C and D), and a few (Pluto 2, 

figa. D and E) also oontain inoluoions of this mineral. Several 

aegr~ate8 of anhedral cruine of bronz1 te were nt/ted. one of those 

uggregates enoloses a grain of olinoenstat1te, and in another Dome 

prob<lble ~olut1on lamellno of olinopyroxene vere obsarvcd. 

Bronz1 te grains are oommonly r1mned by green pyroxene Dim11ar to that 

surrounding olinoEilstat1tc (Plato 2, fia. E), ~~~of 
oolourless and green pyroxene arc usually deye10ped on terminal 

f&oeoe Some bronz1 to 81"o.ino ohou oross-fractures at riaht anclea 

to the CHl..X1s (Plate 1, fig. AJ Plate 2, fia. EJ Plate 3, fiee n. 
Fig 3). 

The m1crol1 too are aoicular, and thoir avera,crc ciza io 

about 0.3 DID. % 0.035 mm. (Plato 3, fig. A). Little io kncnJn of 

their oomposi ti<m. Moot oonoiot of oolourless pyroxene tIi th 10'H' 

double refraotim bordered by eo thin zme of more highly bir~""ringent 

colourless or yellowish Breen to areen pyroxene \Thioh aloo occurs 

as feathery teminotiono on many aryotals (Plate 3, figEl. A and B), 

uul aD separate mioroli tee. Tho eeneral appearance of tho oolourloss, 

rather weakly birofrinaont OQl'OO of m&r\Y of the microli too is 

strongly oUBgOstivo of the olinoonotatlta of the phenocrysto. 

r7inute curved structures rooinisocnt of thooe found in clinocnotatite 

"hich has inverted from protoenotnt1 te (C. E. Tilley, poro. OOLE.) 

are risible in some of thom, but l!D.ll. t1ple twi.nn1ng is rare, and io 

aenerally be3t seen in oroco-occtions. Tho twin lamellae arc muoh 

thimer than those of tho phonooryoto, and 1'al\.~e from about 0.5 rnicrm 
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to 5 miorons in mdth. !J. . fOt] of' the oolourless oores' oro contT-7hat 

olearer than the majority, on(laro probably of bronzit10 CO~IDocltimJ 

h01'ievor, 1t 1s mostly inl?o~)c:il)lo -to d1at1ngu1fdh betwson morcli tea 

of orthopyroxene and aeotimo of probable ol1noenstat1to out r.1 
t-h (, c.o'T'es '"'J 

a.pproximatoly parallel to (100). It 1s posSible that~(;oao rnorol!tee 

are untuinned cl1noEllstat1 to, ru; tmtw1nnad borders olouo to 

olinoOl'lstat1ts oompoo! tion nero !Joo.ourod during eleotron f:d.croJ)1'obo 

l.ll'lD.ly$io of same brcmzi to phonocryoto (Tablo 8, Nos. 2, 3). As 

the oores of mD.I\V of tho microli too have otraieht extinotion, and 

yet are not D.fJ olear as \i110 b:t'OIl3i"w, 1t is aloo pooo1blo toot Gono 

of thOlll are protomstatito t7h5.oh oould havo ourvivod as 0. octa.ctc'Ule 

phaoo. 

The miorol1tes l1o.vo 0 very well developed p&rtinc; or 

olea.vaae (Plate 3, fige. A und B) at right anelos to thoir longth. 

'Ibis feature was aleo meni,ionod in tho dea.oription of' tho clinocnoto.t1 te 

L:lld br<mei te phenocrysts, but it io leoe prominent in theDa (oopOO1al~ 

tho olinoetlsto.t1te) than in tho o1.oro11tes. Cross fractureo uith 

cuoh an orientation sooo not -to havo been previously deccri'bcd in 

pyroxenes. 

In addi tian to tho oiorolitcoalroady doooriucc1 thoro are. 

much emnllor groenish 0000 'iii th curved, feathery shapeD ubioh mko 

up about 1 percent of tho rook. 

Intormed1nto ill oi13o 'bott/eon tho acicular mi or oli too o.nd 

tho cmo.llest phonocrysto (e.o c.l';}i tr\l1'ily dosiena.ted hore) • ..ro CI!lDl.l 



cryotalo ot olinoenstatite end of bronzite and oomposito cr,yotalo at 

olinocnstatite and bronz1te, oono of trhich are illuatro.tod in Pb to 2, 

fiG. A, Plato 3, £16. C, o.nd Pia. 3. The dimensions Of ouch c;t'a1nB 

ratl{!e from 0.01 rrm. to 0.2 m. inoroso oeotion, and up to 0.6 om. 
. "",. . 

in lonaitudinal section. r.ilho ttlifIJ-lamollao in tho clinocnotv.ti to 

are thizmer than thoseof' tho phenoorysts, and thicker tho.n thoco 

of tho microli tea. Cryota.lo of bronzl to ul th oll8htly OonCQ.vo 

tarm1nal faces ooJlli.nc to t1. ohar;? l.loint aro rather charaotOL'iotio. 

Th,~ ratio of oJ. tared 61000 to unoJ. tared crlaoo OhOUB 

a C"Ood deal of variation from ono field of viot¥' to another. 1;hore 

frosH, the alasc io very pale greonioh grtq (almost colourlooo) a.nd 

iootropic, and ito refro.otivo index is greater than that of Canado 

balsam. lihere altered, the aluoo is lieht bro'un nUh a alicht 

aroonioh tifIGe, and generally chous ager~ate polarization on en 

extrOClely fine ooale. In DODO placos it forms very finely fib1'Ouo-

rodiatincr rima, about 0.002 rnD. tride, aromd oolourloss zooli toar 

Tho rc:i'rD.cti va . 

" 

indE)J[ of tho darker varioties of cl. tared ~ltlSlS is u.pprooicbly 1000 

than that of balsam, uhorcao that of the 1000 cor:mon liGhter varieties -

pr03umnbly in a leco advanoed Dtcco of hydration - io oliDhtly £jl"ooter 

thnn that of bnlsam. 

Fivo variotioo of 30011 to nero distinguished in thin 

(laotion, but nonE) h::l.G, ao yot, boen identified. The oizeo of tho 

zooli to I!ln(lOOS ralIBO dcmn to cbout 0.1 mm. It appooro that only 



" 

:"'-.f' , ~ 

". ~w ~~ ¢ 

ehapesa.recomm.otUy qtt1 te frr~ar; mcet ,of. ~ seem :to have 

.. formed in.'the glass 1n the •.. ~ .\fa,. as dos~~ites..in .,a.cid , ~ ~n'0~7 ~~~~~ 
VO'J..Oa.nl.cro. 'oks,md areil!;!s Oil! 4:;~l1nhand :!i3pee1men. 7 

, .' 
Except for af·€M lar~ ~ine, "Cbrome sp1nel1)cc~s, 

. ' . 
almost enth'ely with1nphooocrystsor 'ci1noenstatlte and.: brpnilto; , " 

. . .', -

up ·to 0.4 nm. '(Plate ;l,' fig. A,),. ,Thesmal.ler grains are dark ~ed.;;,.. 

. .. .. -: 

Speo11nen LB105ie bx'oadly ,~tdlar to LBl01, but shmts 

differences tn. the' peroentage~of ,some Of the minerals, especially, 

elinoenstat! te ph-enocrysts and zeoli tee, and a,ltere4 anduna.l tM'ed . ' ..." , 

glass.. Its generalappsaral10eia illustrated in. Plata 3, fig:.· D • 

. In addit1l>lL.to the five zoo11t10 minerals noted 'in LBl01,:tt 

~tainsa,smaJ.i qUantity ofa ai1oth~ -( ?)zeol1tewhiCh 'isb~cterilaect 
:' - ~ . . 

by cloaely .. spaoed oleavage., , A ,fflW ve~ets' of aragonite,., about 

i microri thiok, ~vkse the :~de,"andC~s s~,'ofthe ,larger' 

maf3s~ of ~(M)11 'tetduoh' appear t~be; .norml ':vesiel~ fillings, .a,nd. ' 
, - • > - • ~. • 

.tmm the, atl\Y~al.es . soon ,~,b..'11'ld. speoimen., " L .~ 

~licromGtr10 ~alYS~~ of DPe~lmen~ LBl07 d j 10; ar~ _ 

ei,ven in Table ,2 •. 'Points were counted ,at, 0:_3 lll1IU centres~>'The 

tUstlnction betw~anphenoerysts tmd . mj.'~roll tes'w~ morediftical t 

" ~, 'to 'make 1il tB10S than inLB107 il and is, there.fore" more arbi ti-t:¢y. 

-roA."2-'.~ V",;." 



TATIlil 2 
\ 

tB101 LBl0S 

(1l,145 points) (3,1t1G rcin'tc) 

P~'l'Oxmo 

CUnoanstatito pheno<..'I'yots 19 5 

Dronzi ·~o vhenooryoto 2 1 

ColourloOD m1crol1toG (011110-

onotat1 to, ortooPY1'OXcnC, 

(?) protocnstutlte, end 

calcio olinopyroxmo, ooctly 

oompoolto cr,yctals) 22 30 

Groen and yellcmlGh grom to 

groenioh yollow clinovyroxenol 

DordoriD3 phonOoryotD of clino-

or~tntito and braunite 3 ) 1 ) 

J:;orderine colourleoc :t.i..crol1 toa, ) ) 

and as separate oicrolitoo 10 ) 14 10 ) 12 

Poathery ndcroliteo 1 ) 1 ) 

Zeoli-eoo 8 12 

lhaltered glass 15 ) 6 ) 
35 40 

Al t61'OO glaso 20) 34) 

Chrano op1nel <0.) -< 0.3 . 

100 100 



.~ge~ ow .'ftIE" msm .. (li.B.D.) 

ltetraotive 1»4_ measureJlQ1da GIl 'a. el1aeenstatlk .... 

c~ne4 to '\h l.&1t&- lJh~1'Bta. ~& oho8en f_ ~t 

Wde those -"parallel to the tv.ta p1ae (100) (Plate 1, f18- »), 
ancJ. in these "the 1Dd._ cJ.. was det~. . J'!«. 4 111utratee ta. 
prinolpa.l optical and l101'phologlcal f eatu:res or Gl.il'loensta.t1 teu 

4_01'1 'hed 1a the Itten.tvQ, and oonfi.r11184 la the GOlIrs&of this 

i_.nisat!... ft. ~ used for the 4etem1nation oteompos-~ti_ 

was tht pUblish.e4 bJ' IfesfJ (194', p.&43), it is awe .. less t11e 

sa.meas tU.t of Jew_ ·and Sohalrer ("'3. p.1,8). wh1ohdifi'·es 1ft 

~esslllC ~ti;_ ·in we1ght p.,o_t. :B __ u4 ~"s 

e ..... in t' .. \ «1y. ~ of FeSi03 a'boltt2 mol~ PE4"C_t lwa • 

.. :reR1u fI tile ~ __ ts are set out t:a TaOle 31 all ftbl_ 

are 6Ubj.~ 'ie. aa .~ at ZO.OOf., 

Tatbg trrte ~~ • possible ~ fit 0.001 at ett11. 

,.-, .. of the ul_«1W!!n; the possible ra»ge t:4 _poeii1_ in 

speeifaen' 91'07 wowl4 be9 "he 12 molec~ pereer;lt FeS103, and h1 

18105. 8.5 to 10 perceat. lIost grraias ___ . & sl1«ht, 't'Sria'tia of 

1"ef'%aotlve 1rt4ex aleg ~1~~ he.:. pa:ra1161 to .e... 

ltlt..r. ___ cOl.- ... fb-st erdsrleU .... 

hsys .... U.c refra.etive ln1a _.tiur:-e..ts Wel"e made 

... estte, tit. GIlly V8lueOb~ wae a mean Madleg fer use ia 

oorreeti.ng op't1o mal angl&&. T.bie wa$ ahOlU the 8all$ in both 

l"OCke - 1.'10, or a little ~ 



TABLE 3 
llefrnotive index mouourommto en olinocnsta.t1to phcnooryots. 

Comeoa1t!on 
0{, (mol. ~ FeSi0

3
) -

LB107 ,.662
' 

9.5 

1.663 10.5 

1.664
' 

11 

LD105 1.661(5) 2 9 

1. Two identiea! Llcaourommts 

2. Tbro~ identl00.J. ocaourQ:lonto 
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Moasuroments of 2V in olinoenstatlte were oarried out an 

sections cut more ~ loss ntr:lcht ansles to c ·(P~. 4)', rnd '\;llorover 

pOf3sible the anele Wile Doaourcd. in both seto ot lamella.o; ~;horo thio 

could be done, a value for '/ " c" . lias obtained by tho oothod at 

Tumer (1942) -y~e. '1.'),'[,". U~t vas otten .uff1cult or 

entirely unouOJOElCiful, 01):: t!lC1'O UCl'O three l'00l30nO for thio - tho 

Vf1rY cmll d1f'feTel1cQ betHocn 0( CIldf3 (eopOOially in oryO'tclo u1th 

2V '" YJo ! ), tho narrOimOBCJ of tho twin lamellne, and iltltcrforoneo 

~~ from lnmollae one! ther cido . of tIle . one under omm1rU1tion~/ 

Tho cl1noenotatito 10 DptlcallYpoait1ve. ~/O ooto of 

values for 2V UQrO obtained - ono of 25°' - 360 ( ':t 20" ~or [lco.ouro:nonto 

on individual grains), end the other of 460 
- 56° ( ! < 0.5° for 

maaoureconto on 1nd1v1(wc.l cro.ino). Ckte Q.uite ootlofa.otory 

dotarmir.o.t1on, cnrr1edout all tho crystal illuotrated in Plct 1, 

'" fia- D, eave an 1ntcrmecl1wto ro:.:dililG of 41
0

• Tho volUOIJ ror 2V 

are dU'ferent frog thooe (3)0 - 25°) Biven by Bowen and. Sohniror 

(1935, p.198) far tho o11nocnotat1to-ollnofer.roaollte carioo. 

ROllover, one set (460 _ 56°), Gtrcddlco the valuo of 53.5° Given by 

Allen and libi to (1909) .:nd Atlas (1952) for pure ol1nocuatc;iiito, 

and alco virtual1.7 covero 'i;ho valueD 440 ! 2 0 and r:J)0 ! SO Given 

by 'l'u:m.er, Hea'cd, and Gricco (1960) for olinoGllotatlte :2omod by 

ntresc-lnducod invars10n £rom anotatlto in enetatl te Dyroxoni to. 

Tho louer vo..luee uere obtc,iuod fron oane of the larger phcnocryoto, 

wb.crOOD r.loot of the bi2hor vcluoo woro obtained an tho encl.l cryotale 



20. 

\ 6 t 
described on page 1l, ond11lustrated in Plae 2, tig. A., ,(,la.to 3, 

" fi6~ c ~ and F:lg~ 3. Rosulto of IJOIOO ot the measurements of 2V ond 

e.x~nctian auBles. are oot out in Table 4. In g(J1eral tho absence 
;. 

of readings f~ y "c." s1&'l1ifieo that measu:remerlts lJerO not mde. on 

the oeoClld eet of tw1n lWllellao. 
, 

. .J S.vmetrlcal cxtinotiM of 't!).5° was maastn'ecl 011 tho Cl,¥otal 

5==> 

shown on the lett side of Fie. C, Plate 1. Aooord1ne to the curvo 

sham by Heso (1952, p. 643) thio value oorresponds to a. c01il[l0oi tiQ'l 

of 10.5 molecular peroent or FaSi0
3

, t'1hioh ia the same no -tho moan 

oompooition obtained b~ R.I. mrocurementaon phenoor3sts fran tho 

e~ epeoimen (Table 3) .. 
-t-

As mentioned proviously, ~nzl to phenocrysts oreoo1l1L1Onl.,y 

zoned, and so tho aimplcElt mothod of gettina some idea of tIloil' 

oomposition was by maaotn'emant of 2V. The results of tho dotorminatlan8 

are chem in Table. 5, tho curvos used are those 8ival 1:W !Icoo (1952). 

From Table 5 it oon bo aeon thatt 

(al If the oompos!. tiona of tm~onod phenocrysts and 11/1 mell crystals 

obtained by direct moo.ourementn of 2V in cpooitlan LD107 

ere a.varagod, thayare found to be the samo (11 nolooulor 

perorot FaSi0
3
) co thoso of tho Dinele pheno'c:r"Jot (lDd tho 

sinalo cmall oryoto,l reliably measured 1n Lll105.· 

(b) In moot simpl¥ z.oncd phenocrysts (e-6., Noo 5, 6, C) tho core 

is more i~J.~ioh "1'JllUl -tho outer- zone (of. olootron 

microprobe reculto forbranz1te - Table 8). 



TAl3LE 4 

Optic axial angles andaxt1nctian angleD in cl1no8D8tat1te. 

2V'j 

LBl01 31· 

YJo 

34° 

32° 

36° 

41° 

53° 

56° 

. ° 49 

47° 

46° 

5,0 
--- -
Ia105 25° 

3,° 

27° 

55° 

-
-

-
- -

-
-

24°1 

23° + 1 

26° 

26° 

.. 

29° 

Not aeasUl.'able 



TADLE 5 

'\ Optio axial angles and oocpoDi tion of orthopyro~. 

(a) l!~en()c!2.stll CSl!j0S1t1Q:1 
B6 (K.1. feS103J 

MelUlll.!'et Plotted ~oa !!&8Ur!j From l!lot te! 

:;"Vc{ :l VeL 
~. 2Vcf 

• - - ~--- - . _ _ A _ _ .... ... _ _ " _ _ ._ -.-.-... - ~- - ... . ... , ... . -.. . ' - . 

Ll!lO:Z (1) Core 83° 16 ? 

Zone 1 - 13° ,.. 22 ? 
Zee 2 - 87° 14 ? 

Zeme 3 - 71° - 20? 

(2) 95° ? 99° 10- 8.5 ? 
(3) 92° 99° 12 8.5 ) 

c:5° 
(. ~J )12 

15 ) 
(4) 0 91 + 93° '12- 11 ? 

!i!!10~ (5) Care 79° - 18 -
O1II.te.r z ca. 9,° - 10 -

(6) Core 92° - lZ 
Outc zcme 97- - 9 -

(7) 93° - 11 -
(8) Core 81- - 14' -

Ot.t "er zce 94° 10., -=> 

(~) Satall Crmala (Plate 2, fig.AI Pla.te ), fig.C, 
, :rig. 3) . 

I 

LlS10I (9) 91· - 12 -
( 10) 

I 
95- 90° 13 ) 10 

c> 1010 ( :'> ) 10.5 
--8 ) 

( 11) 0 8.5 99 - .. 
( 12) 89° 97° 13 9 ) 

~;r,0 (~ )13 
" 17 ) 

Lltl05 (13) Car. 99° - 8.5 ? , 
Outer &(11. - 85° I - 15 ? 

(14) 94·+ 91° I 11- 12 ? 

~--""""""""_~" ",",...d "'''''. ~',<--~.C" .. - _- - - - _. -- t· 
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Tho o.ol3 mooOUJ.'oo excny>le (IJoe13) of a omall 2ml0t1 Cr'lJotal 

~ 
10 in LD105; thio Gl'ain differ_ from tho 3o.."1.cd 

phcnooryoto in th~t itEl outer zono 1E1 moro il.ion-rioh 

than tho core. 

X-RAY ))IJllllACfj.lJ:ffiJ Dl~TA. (n.n.G • .) 

In Table 6, the d-spccincro for tho major roflectiono o~ n 

olinocnstat1t0 phonooryot ero liotod and compared uith c~ui~~lant 

roflcotiono iroQ o311thotio olinoGnotat1 te ~Kuno ond lIeoo, 1953) {?Z!d 

oynthotic olinoferrooili to (Lin<1clCW, Davie, ~d [lc,cGrC,JOF, 1964). 

Tho oOn'copondcnoo bowcon tho p~;ttorne 10 olror, and tho clif:!.'orOJioGO 

bet170Cln tho l'1atln'ul Qlinocneta."tito rnd tho o~thetio olinoClllDtli2.tito 

oppror consistent ~:ith tho cff~t of tho VoS103 oubntitut1on in tho 

fOl'lllOr. 

T:.L~TROlJ PROBE tlICRO-1Ul1'JltsIS. (D. H. G. ) 

f.!ethodl- An eleotron probo X-I'I:\Y lldo:ro-o.na.lyo~ (Applied Reoc..~ 

L:lboro.tor1oa model Den.x.) true used to Qurmtitat1voly nunlycc for 

Doleoted olemonte in a numbsr of tho cl1nocnztnt1te and o~thOp~OlicnO 

(bronaito) phcnocr.yoto. Polichcd thin 0cct1ansof rooko 1D105 ~d 

LD107 uero proparoo,and coated uith a thin corban file. Th~; olootron 

beo.ru treo focuoood to a opot about 1 moron in diametcn', aivima 0. 

voluno of c;no.4roio (tho volU[;lo iron uhiell olmrS1Otcriot:1.o X-rrwD 



\ TLillLE 6 

x..-ros data. for eo Capo Veeel clinoancto.ti to phonocryot. Nl- fil tcrcd Cu Ko( 

radiation, S1 internal otandm-d, Phillips d1ffi'aotometer. 

Smthetl0 Clinoenstst1te Natm-oJ. Cl1nooostatito S~thetio Clincfarroo111te 

(Kuno and HOOD, 1953) (TIdo ~ork) (L1.ndoloy, Dnvio, 
I<lo.cGrQgor, 1964) 

"e 
l!!Fi 'd' - epsoms 1 'dt - opaaiM I • d t - OPC101na I - -
021 3.287 5 3.293 1 3.345 8 

220 3.174 6 · 3.178 8 3.233 8 

221 2.980 9 2.986 . 6 3.033 10 

310 2.878 10 2.880 10 2.910 6 

131 2.542 3 2.547 3 2.604 3 

202 2.524 3 2.526 1 2.595 2 

002 2.459 6 2.459 4 2.4fl1 2 

- 2.453 1 

221 2.436 2 2.439 3 2.476 2 

2.379 2 2 • .380 1 

2.230 i 
311 2.2t3j 2.210 5 

040 2.208 

2.161 2 

2.0)8 2 
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ware em1 tted.) of 2-3 m1arons diamoter. 'l'ho aoceleratina vol toco on 

tho ,21ectron beam was 12 kV, tmd the specimen ourrentO.04 m1oro-nmpo. 

Spot enalJrses lTare made at intarvolc of 1mioron to 10 rniormo u1 th 

an integration time of 70 oeOandfJ. Analyses for Fe, Co., and either 
I 

Al ar Mg were madellJlul taneouslJ" using ICc(. 1'8.d1atlon. CorreetlC1lo 

were made far beam ourrent l'luot1laticms and for baolre:round, but 

intar-elsent and matrix absorption and fluoreacenoeefi'octo uore 

minimised by uB1Dg calibration curvos fro. glasses of moun p~11."oxcne 

composl tim. These standard alaoeas, prepared from oaroful.ly l1013hed 

o;Q.de mixes, Q'e enotatlto (I!hs90> Yith 2.0% caO andva.ria.blo AJ.203 
content from 0 - ~%, and o.luminouo ~e..'""8thene (&1815, Al203 - S.O%) 

with variable caO oootent fron 0 - ~b. The deteI'mino.tion~ of Fe, 

Ca,and.A1 (reported in Tablos 7. 8 t and 9.f as the ad.dea in 
: ' 

accordanoe wi ~ noraal petr~""I'Q.Dhiopraot1oe) are concidorod. aocurato 

to! 0.1%, this estimate beine derived from tho reproducibill~ at 

results on both standarda and oamplo"ond the ,linearity of the 

oa1ibratian curve. Detem1nnticns of M6 showed greater of~eoto o~ 

small maohine fluotuations. and tho eot1mated e1"1'or is ! 0.3%. 

\lhere Fe, Ca, Mg, and Al t~ero [J~ em. the same Qrysw..l it io 

possiblo to caloulate the roma1ndor of the compost tlm. ao~ that 

these three elEllflnts oocur in t!le pyroxene as hSl0
3

, Co.$10
3

, traGi03" 

and. Al. AlO). Totals cul<mlated in this ws-yre.,nee from 99.3 to 

100.0, in exoellent agreement with tho ideal oomposi tiMS. 

MnSi03, NiSiO). and Cr203 QJ'O likoly to total to less than 0.50 in 

pyroxenes o~ thiD ocmpoai tim. 
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Reaul tSI- . Ssr1es of 4 to 10 apot ana13ses at 5 or 10m1c:ron 

intervals were made near tho centros of several clinoonoto.t1 to 

and orthopyroxene phenocryato in aachof the two rocks. Theca 

demonstra.te that there io a rarll .. ,'O in compositiCl1 ~ olinocnstatite 

and orthopyroxme in both roolro, but that 1;ho orthop,yroxona is 

oonoiotontly moro iron-rich end onlcium-rioh than the ~lill00notntite 

(Tables 7, 8, and 9, Fig. 5). 

A further sarios of vary detailed traverses f'rotlmnrain 

to oentro or 0ppoDi to mare:tn of oeleoted phenocrysts of both typos 

demonstrates extremely otronc compoc! tiona]. za'line at tho outornoot 

~08 of the phenocrysto, but only vary alight or modorc.to zOllirlB 

wi thin the phenocrysts. Orthopyroxene of tho type Uluotrutod in 
/Sho"'ls 

Plate 2, fig. B"moderate z~l· (Table 8, Nos. 10 and 12), or 

olight zoning (Table 8, Hoo. 1 c.l1d 5). Some olino(lloto.t1 to ha.:J 

very little zon1ng (Tabla 7, 110.16), but in both pyroXODCO the 

outer zones of the oryot:.:.l arc noro ma.;1losian than the control core. 

This same trend is shoun by "~llo cOIlqloslte oryotals (Plato 2, fico. 

C and ») cOIloloting of a bJporc'thme oore and an oatgrol1th _ or 

.purtinl maDtle of olinoanotat1te. Analyoes of the oryotolo 

1llustrnted in Plate 2, fiGc. Coria. D are gi".@! in Table 9, 1100, 1 

and 4,and Table 8, bronzitoo lIoe. 3 end 5. Some ot thoco cryotcl.o 

have eo emall included grain a£ clinoenatatite at their oaltrcs(o.cr., 

Plute 2, fiBS.» and E, Fie- 6, Table 9, Nos. 3 end 4). 
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... 
} 

2f...!l1D 1 
r1ieroproto exl(llycs~ rI.? oli~oan()tf1t1 to 

uo1gbt pcr ()CO't 

00.0 

1 Cltnocnotatltc 1.1 

2 

3 

4 

5 

(5 

7 

8 

9 

oore 

tl 

1fJ31°1 
10 Gltnocnotatlto 

0.15 D.~ 0.3 

0.15 u$d. 0.4 

0.15 n.d. 0.6 

0.3 n.d. 0.5 

ooro 1.7 

12 ~, 

13 

14 

15 

1G LD.?eo 011:10.. 
cnotatito cv­
Ol'ocod aver 
~~1ntat'VlJl°f 

.0 

e 

~.d. , n.d •• 

0.2 0.,2 

101 0.15 n.d. 0., 

1.7 0.15 n.d. 006 

7.9 0.15 n.d. o.G 

0.1 0.2 ~.d. 0.1 

S.2 0.2 n.d. 0.5 

11-0 

13.6 

111,.5 

10.] 

0.6 

~5. ~ C.4 , 
14.9 0.4 

14.9 0.4 

14.2 

14.2 

14.5 

14·9 

15.1 

14.7 

0.) 

0.4 

0.4 

0.5 

0.) 

04.1 

se.s 
84.5 

86.0 

85.1 

83.9 

84.2 

84.1 

8..)1-3 

84.3 

84.0 

04.0 

e4.) 

Pc 

9.7 0.3 

0.1 0.3 

10.7 0.4 

~1.5 0.4 

12.6 0.4 

11.9 0.2 

11.8 0.( 

H.5 0.] 

11.8 0.4 

11.9 C.4 

11.6 0.4 

99.5 

~n.O 

S1·~ 

07.7 

8,.9 

61.8 

oo.~ 



'l'A:BLE 8 
<AI 

Microprobe ~es of orthopyroxeIM 

Weight per cent 

--------------------~--,-.. --------------------------------
am 

1. Brcmz1 t.( sGIled) 

a e.ter~ 10.2 0., 31.5 0.' 

10.4 0.9 31.3 0.9 
10.6 0.95 31.1 0.9 

18.7 . 1.9 
'It 19.1 1.9 
o c..6~ 19.5 2.0 

2. J1'CIIII1 t. 8., 0.7 ~.4. 0.' 
8.9 0.65 D.4. 0.6 

10.0 0.8 n.tle 0., 
16.3 1.5 

3 .. 16.3 1.4 
.. . 19.5 . 1.9 
5 Bras1 t. (s_eel) 

a XU'Cia 9.7 hO n .. d. 0.1 11.8 
'It 9.0 0.9a.i. 0.8 16.5 
e 8.9 0.9 ~d. 0.8 16.3 
4 8.9 0.9 n.t. 0.1 16.3 
• 8.8 0.9 n.d. 0.15 16.2 

t 8.9 0.85 ..... 0.1 16.3 
g 8.8 0.9 n.d. 1.0 16.2 

Il 9.2 1.0 n.... 1-.0 16.9 

1 Opp08it. aarlia 9.4 1.0 11.4. 1.3 17.2 

LI107 
6 ~site 
1 .. 
8 

9 
" .. 

10 Jroui te (atrcmg17 
s_eel) 

9.4 0.1 n.d. 0.1 
9.8 0.1 Lel. 0..5 
9.1 . 0.6 n.L. 0.5 

9.' 0.85 D.d. 1.1 

a ..... I"l~ 9.4 0.7 
10.5 0.8 

D.... 0.7 
1&.'. 0.1 
n.d. 1.1 

32.8 n.d. 

o Centre 

11 .raaa1w 
12 :Breasi te (s .. _) 

aM~ 
It 

o 

13 

14 
15 
16 

Ii OppHi te e.aMr 
set 'Yr-U\!n, 

~1te .. 
.. 
.. 

11.4 1.1 

9.1 0.' 

9.7 0·1 
11.2 0.9 

14.5 f.4 

32.5 n.d. 

31.1 n.d. 
28.6 n .... 

9.5 0.7 3~.5 

8.8 0.65 .... 
9.2 0., D .... 

9.3 0.9 D.i. 

9.5 0.9 a.ct. 

n.4. 

ne4.· 

D.a.* 
D.d.­

n.4.* 

17.2 
18.0 

16.7 
18.2 

17·5 
16.2 

16.9 

11.1 
17.4 

2.1 

1-9 
1-9 
1.9 

1·9 
1.8 

1.9 
2.1 

2.1 

lfcSiO' 'Fe Ca 
3 

18.3 , 15·1 · 1-1 

77.' 1~4 1.1 
71.3 15.8 1.8 

19.4 
80.8 . 

8,.0. 

8,.1 

8'.3 
8,.2 
80., 
80.0 

79 .. 4 

80.6 
78.3 
15.1 
81.7 

80·9 
82.0 

80.7 
80.5 
80.2 

13.1 1.3 85.6 
13.1 1.3 85-' 
15.8. 1-7 82.5 

14.3 1.9 83.8 
13.2 ' 1.7 85.1 
13.1 1.7 85.2 
13.1 1.7 85.2 
13.0 1.7 85.3 

13.1 1.6 85.3 
13.0 1.7 85.3 

1l.6 1 .. 9 84.5 
14.0 1.9 84.1 

13.8 '~3 64.9 
14.4 1.3 84.3 
13.3 1.2 85.5 
14.7 1.6 83.7 

13.8 
15.5 
11.1 

14.2 

14.2 
16.6 
21.8 

13.9 
12·9 
13.5 
13.6 

13.9 

84.5 
80.7 
75·5 

84.8 
85.9 
84.8 
S..7 
84.4 



TABLE 9 
Microprobe anal1ee8 or composite P7roxene «r,ratala. 

We1&ht IE cmt • Mo,. 2'I;C!!!t. 
soclai" 

r.o CaO ~ Jl203 P8SiO) CaSiO) IfgSi03 P. Ca JIg gram. 

Lal05 
1. Olin .. atat 

-it. ria 6., 0.3 n.4. 0.8 12.7 0.6 85.' 10.0 0.5 89.5 »ransit •••• 
3,Ta~1. 8 

2. iClla ... 
• atatiM 6.7 0.2 ..... 0.5 12.3 0.4 86.8 9·7 0.4 89.9lEraas1te 

Oppoait ..... Jro.2, 
of lnasit. 7.3 0.55 a.t. 0.' 13.4 1.1 84.' 10.6 1.0 88.4. 'fabl. 8 

3. (1)Clin ... 
enatat1te r1. 7.5 0.4 33.8 0.5 13.8 0.8 84.2 11.2 0.7 88.1) 
Inol __ I~MU. 

olino.atatU. 8.1 .0.1 33.7 0.6 14·9 0.2 83.9 11.8 o 2 on 0 No.1, 
• L. Table 8 

(?)Clino __ 
atatit. ria 8.25 0.1 n.d. 0.6 15·1 0.2 84.1 12.1 0.2 87.7 

4. C11no-
eneta t1 t. ria 6.8 0.2 n.d. 0.4 12·5 0.4 86.1 9.' 0.4 B9.7j 
Inollldei 

CUnoen.tat- Brau~ite 
1t. 8.1 0.3 n.d. 1.0 14·9 0.6 83.5 11.9 0.5 87.6 Bo.5., 

Table 8 OpfO.1 t. ria 
1naer) 7.1 0.3 n.d. 0.4 13.0 0.6 86.0 10.3 0.5 89.2 

(_te) 6.4 0.2 n.d. 0.4 11.7 0.4 87.5 9·2 0.4 90.4 

Ql01 
5. 1C1iH-
.. taut. 

a - C .. tre 8.15 0.2 ned. 0., 15·0 0.4, 83.7 11·9 0.4 87.7 
) -~ear 

]Jr .. it. 8.85 0.2 n.d. 0.65 16.25 0.4 82.7 12·9 0.4 86.7 
i:Br.slM 9.4 0.7 Il.a. 0.7 17.2 1.5 80.6 13.8 1.3 84.9 

6. Part Cli ..... , 
eetaUt. 8.1 0.35 n.d. 0.8 16.0 0.7 82.5 12., 0.6 86., 

8.7 0.) n.d. 0.6 16.0 0.' 82.1 12.8 (}.5 86.7 
Pari 
)rcasit. 9.4 0.7 n.i. 0.7 17·3 1.4 80.' 13.8 1.3 84.9 

'.3 0.7 R.i. 0.' 17·'· 1.4 80., 13.6 1.3 85.1 

7. tab1Dael 
.. val puot 
ot ..,..-q .1 __ 
pte -.11 
0178'\&1 1.' 0.55 D.4. 0.' '-4.0 1.1 85.3 11.0 1.0 88.0 

8. Uorolit. 18.0 4.45- 22.8 ..... 33.0 9·2 56.8 28.0 8.8 63.2 
9. Miorolit. 18.0 5.8 22.0 .. d. 33.0 12.0 - 54.8 21.' 11.4 60.1 



\ 
The zantng at ~lC out~rmost edgeo! the cryotalo 10 

toward£! morc iron-rioh pyroxano u1 thal1ght131nCl'easod 1100 oontont. 

and then there is an abrupt o~"'O to a rim ·or aug1t10 cOJl'l)oo1ticm 

(Figs'. 6, 7, 8). In como caeoo this out~Gt o~ol~ olinopyroxene 

zone haa a sharp boundary ui th th0 irmer Ca.-poor pyraxane, end tho 

analTti0al points, in L'1eG~ G, 1, c.rul 8, wb.1Oh occur within the 

normal p)'rOXEIIle misoib11i V cup, rc:l.'loct tho t1n1 te size of the 

analyzed opot or08G1Dg a ohcrp 2-pbD.oo botmdary, and do not 

r:: ~ 
represent true oompos1 timo of a. oingle-phaoepyroxme. " ~l () , ,1\;~4 't) 

d. " ., I ?><--'~/ A number of tro.VOl"G01':l uere made across small oOI:lDosi to 
)\ .'J,}l, h'ij(! • ,t\ f I'{ , \ ' 

phmocr;,ysts of orthopyroxeno C'.'nd ol1noenetat1te. Such cryctolo 

Core oLolm in tho upper hQ)l:i? or PInto 2, fig. 0, in Plato 3, rig. a., 
and d1agrl'.lo1Dl1latically in PiC. 4. Heoulte of analyaoo aro c1VOlil in 

table 9, Iros. 2, 5, end 6. ~ail1 tharo is sconoiotout tlif;o:rcnoo 

betuoon tho ttiO pyroxene tYDOO, ,but 1 t 10 cloor from tabloD 1, 8, 

and 9 that thane oompoo! to eF3inG cenoiet of p,yrOXEnOO nonr tho 

limitinG Fo-md of tho clillocnotc.titef'iold W1d tho 11r:dt~ I~-ona 

of tho orthopyroxeno fiold. Thuo, altho~ the typeD o;ro dlotinot 

ctruoturally they oonvereo tOi1ardo 0. common 11mi t to thoir rocpcoti va 

compooitioD fioldv. 

Attempts mlro mc.de to nco-cure oeverru. of tho oiorol! too, 

but ylth little DUocono - tuo OXQ.ODloe (Table 9, 1100. 8 0.ll!1 9) cravo 

ooleoulo..r ratios ll~ • 1i"0 • 00.01' G3.2 I 28.0 • S.8 end Go. 7 • 27.9 I 

11.4, and thUD 1'0.11 in tho piGeoni to field. 

AlmODt all tho orthopyroxene phonooryots shoood n <1iot1nct 



'\ 
In tho oryo~t:clo 

111uotrated in Pl~~ 2, f1ca. C cnu D, this zone 10 of tho OCIJQ 

ohCI:liotry ao the ol1no<?JlElroti to phc:nool',ysto, and ohol-JS polyo;ynthotlc 

In Gome o~Jctals thoro 10 a very thin BonO \i'itll Ira 
una Po ccntOlit~ V1J1oal of olinocmoto. t1 to, but u1 th hiChc.:r Cc. content 

(CoO. 0.4% to 0.55%, Tablo9. TIoo, 2 and). Doe aloo ric- 6), 

ThooezonoG do not ebOtT polyoynthot:Lc Winning, A cnal.l, vary 

thin~ olollw~to cryEltal (oit1ilcr to thnt ohOtm in Plato ), fie, B) 

uith an outsr zane ot ~f.Uruood clinoanctatlto ~ta1no a cloer, 

untt11nned core t-lith CaQ m 0.55% (Table 9, IJo. 7) ,. but r~ ana 170 

contento ~ioal of tho clino~otGtites_ Theso three oxngploo 

(oeo 0.100 li'1g. 5) are oxoopt1orw -to a. genorn11zat1on toot !)honool.Yota 

with 
1.Jg 

~-~-"P-· . nolGOular !'<1tioo greater thail 87 shan polyoynthot10 l,Ig + Fe 

t.1inn1na. clinoenGtat1 to otructuro, and v.ery lou lioo oontmt (O.1~ 

to O.)~ CuO). 

A Ca-l4g-li'e plot (moloo121or proportiona) of tho c.ru~lyzod 

pyroxCSloa is give..'"l in Fie. 5. 'i'ho clinoenotat1te phenocrysts rOllGQ 

:from at looat92% to 87% Lila, and contain o.~ to O.5~ 110. Thew 

are very lou in Al20) (a.varocine e.bout 0.5 t101ght par cont) in oplto 

ot thoir hiGh temperature of formation. th1£1 presumably ro?lccto the 

lou Al203 ocmtent of tho uholo rock and a lcm oonfinina presouro at 

cryoto.l1izaticm. 'l'ho lou 1!J.20) content SU,Bgoots that tho :x>l!.~noorYGtEl 

arc not inherited from areat dopth ·(i~o.~ bolou a>-30 1m). ' .. 

Phonooryeto Doro iron-rioh than III 87 ho.vo normal 
Ml! + Fe 



. . .. ::', .. ", 

I .. , .. 

C~pyr~$truetureJi .anct~a from ~1 tG.l:!b$~,. with 
; " . .".. . .. ' .' /'4- . . 

'ioac~tent, .~r&~ from 1.~ to 2.:1r;, (O~,6~~~At~Qa.o)in ,th~ 

more U'~r1Ch.e~leS',.~, A1'l(;j3contEn~ is ~ low {avel'~' 

a'bout ():.:9~, but ,is higher ',thantll£l.t ottoo: ,c~taoen.G~tlte$ ... 
~ . ~, 

~tei£P!~~t!,CmI... In th$ ,simple 'S1S~ BsSl0.l:~ Fe~10:l .B~ 
I ". 

end. So~&r (19J5lbvaSb~. that there is .acomple't~:oo11d 

:s~lutl0IlSeri.GS at'ld. te...ll'Ip~ture between. -oll..no~ta.tite~artlt 

ol1no~~thmeo~ "e~~~'ti~' ncar .Qu:f10,F~., . , .. qn t~e.other 

hand, lat1Jt'~~ental.lto~k .(Atlas, ~~95Z) bs ·~hOl'1ntha.t 
t . . • • 

tempe1"~ture tm'ffirGmlent;? ,and formt: by lnv(tt'.aion ~om'th~~ ... 
-, , ".' J ! • 

,. , 

fi:>~m 'prtitoens·tattt$to.Qrthoen:atatliJe,·· andexper1meatal. studies' 
" , 

shOw that t}dg, ~~' 'm ;pure fifgSi0
3 

at 'B5~ ,!, 'MiC (Atlas., 1952; 

Boyd and' EChrdr~, .. ·'3964:l· .. "· ,(n1.no·mstat1te has ~c s!ta,'bil1ty £iel« ' 
-. . ,- , • ~ , - <' . 

'.tv.e1:y l~\'1'tem:peratUres ·and Mgh P1"es~es. '(s,Clar;Oa:rr:1.,sQY!Y' ana: 
. " • r .; 

Schwartz, 1964) ,t, . A1 thOugh 98;°0 .• ttO!~C$.$ ,th~ ,;:t~.t>eI'ature· .fen: 
...... 

~the· inver.s1_;;F4t~stat1to ~',o;rthoenGta;it.t&'ln. pUr;' mgfJ~G3 

.OOf1q)oaittOu~ the effect of: Fo:so-lid .i301ntlon ,tn.· the ppo%eru!fl~ 
... 

. phase. di~ama . t<m. l>jg$i~l .... \FeSiOj cQ'Omp®i t:i.onmt in w~Ch . th~. 

temperature of inv:a.$ion·:e~the1' 1no'.t"ea~, ordeereasfi$ with mer'easing 
. . ~ " ,. 

FeSi¢l·~Ollt.t.. . . . , >-

It .~ ·lie·· point.oo 'OUt that a ,phase ,d1~ :ihi1hiohtne 

temp~ture' <the prot()etlstatit~~thomls:tat1~e fnv~l.ondeO'~eG 

( .. 

'. 



, 27. 

u1 th 1nareaDinB FeS10
3 

oontent (tho first a.l te:r."'llntlve, PiC. 118, of 

Boyd and Scha1rer, 1964) io not oupparted by the data horo proccntod. 

tie ~ asoumo that the li<:l,u1duo toopcrature of tho rook doarooooo 

with inoreasing Fo contcnt, .md "lioot of the 'Cwo phenoaryot tsPco 

orthopyroxene cr;y-otall1zod at tho lOl'1er teinperature. If tho 

inveraian tEmperaturo deoreucod tIi th inoreasirlg FeS10
3 

Gu'bcti tut1on, 

then the temperature at \J'hich orthopyroxene orytJtalli3cd tJould bo 

a.ppreciably leDs tban 98,OC. Tho data of Tilley, Yoder, und 

Sohairer (1964), dioouocod bolou, dcmonDtrato that uhorooa p:l.'oto­

otlflrot1te is in equi11briuo ~1ith liquid at 1250°0 in tho uholo rook, 

orthocnoto.t1to io in equilibrlUI:l u1th 11¢d a.t 1150°0, co that tho 

invorolan temperaturo for Do pyroxeno probably around. rhD05-90 lioD 

between 1150 °c a.nd 1250°0. 

Tilley, Yodor, and Soho.irar (1964) have reported DomO 

prcllm1nar.1 roculta of QXDor1Dantcl molt1nc on tho rock LB107. 

They found that, in the dry rook, protoenotat1to wao tho liquidus 

phase at 1385°0, and that protoc:l'lotc.tlte t7as otUl tho only pbc.oo 

oryotal11z1na in a 14 dOJ7 run at 1250oC. The differenco in 

oompo01 t10n between tho protoCllotati toa a.t the tuo tcmporutuoc ~ ~ 

unknom. Shorter rune at 1250°0 producod orlhoonoto.tlte uith 

olinoonotati to, tho t01'llOl.' o.PDG'.rontly bei.J18 a metastablo invoroion 

from clinoensta. t1 te (Till qy, Yodor, and Scho.1rer, 1964). Uhcn bold 

for 7 dQYEl at 11500C thoro tTer'e abundant euhedralorthoonotatito 
~ 

pbcnocryota aocompanied by ninor ~l cia olinopyroxeno oot in clnoc. 

Tho exporimcntol uarlt oupports tho oonolucion tlm.t tho 



" 
~ 

" . " 

" 

magnesitmt:metasUlcate phaseor~l¥. 'Cl7stal11aa. &.om the: 

liqUid as prot~tat1te.t ~t -inverted, to clino_ta:~1te.stt a " 

lower' tJJ!llperatlire' (p-erhaps 'about' :860~8a-rver and.~1',. 196i).. : 
, , " • ! .' .' " • " . ""~ '. • 

and l1q1l1dusten1pera~~.lila¥~ve been lowe'!' th:an. those fo~ bE 
- j. •. ' . 

Tiney~ loda-,., and Schairer~. 

'The composition of. th$ Cape Vogel -cl:tnoenstat·itom~ _. 
" " 

If thifJ1sso ·tnmthe ·p:~otoenstatitei:sdlstlnotiva !nits. - " . , ':: '., '_.' .... ~ ~ , . - , , 

- ,.. 
e~G1ne1y lOll <!a.Oeontent., . This is in. bs;t'm~ \\dtb. .. ·th~ findings-, 

\.' ., "'. 
. ! .. ' . .< , • 

of Boyd mad Soha1r$i".( 1964.~pp~·:290-296) that protoeneta-tits . 
, ,_.' 1'- -,' • . , 

dUring inversion.' sUOh a,n·"interprstat1con wOlild suggest it continul1iy' 
. '~: .' . '. ". . ,. ~ ,. 

of' compositions of phenool'ysts .m theOa ;-'. Kg ... F·e .rU~am (JPa;~.';)~ 
. . \ ' .. " . , ~ 

. l .' 

and one .mic.roU.tecQrs·(lQJ!lpositiM :t-1b1ch plot with tibee11noonatatltes 
. . Jilg. . . . ..... . .'" 

1il ,09nt~t, bu.~ are h1gll~. in \ via /:o~t~t1and 110 ,o,lose 
Mg: -+Fe' > 

to the GXtrapolation from theorthoP'Y1'oxene trend,. ,1towever, .. :theriJ ."6 
no evidence .in the .m1croprobeda:ta tor exsolutiQJt from thn 

ollnoenstat.1teJ deta;iled traverses:, even atf - 2 micron int~a. 



\ 
29. 

did not reveal lamellae of Cat-X'ioh clinopJ'l'O:un •• 

The presen,C3e of two phenocryst ".)'Pea (olinoerlstati te 

invert_ froa protoenetat1 to and the orthopyrexme), with oono1oteht 

oOllpoa1t1cmal differenoes between theil, leade to the oonolua1cm that, 

during growth et the phenoorysts, the .'gIIa teaperature moved throug'la 
~ 

the pro"toenstat1 t.~orthoenstati te invers10n curve. The l1qu1.df 

our'Ye of the III!8JI& 1nterseoted the p,roxene Invere10n curve at the 

point where the pyroxene orystallizing had a molecular rat10 
Ira 

JIg + Fe. • 87. fig. 9 shows a. liquidus our'Ye cClD8iatent with the 

observed featuree ot the rook, and a relat10naldp 'betweon pyroxene 

polplOrpha 1n t11. natural MgSi0
3 

- FeSiO) 87atom. s1111lar to that 

suggested by B07d and Schairer (19G4, p. )08, Fig. 11A). 

Froll the analJ'tioal c;1n. ta on the pyroxenes, 1 t is olear 

that the aagaa orystallized in twodiet1not stages. The firot 

stage gave rise to tree growth ot phenocrysts, and the reveree 

zoning of these 115 possibly due to a teaperature rise during 

O%7stall1zat1on, perhapo in the uppermost parte of the maema. oondui t. 

Thi_ 8t88e oe tollowed by one of vfSry rapid or;ystalllzat1on 1-11 th 

tormation ot II8l1y wroxene nuoleii and m1crol1te., and by sharp 

normal zoning on the margins of phenoorysts. During this 8tage the 
~ 

C .... poor pyroxene probably moved :into the pigeonita field, $ftAwae 

joined by a C .. r1ch augite, oomonly nucleating OIl tILe phenocryst 

marcine, and containing 35 - 40 mol. tJ, wollastcm1 tee Finally the 

remaining liquid ohilled to a class + avolat1le-r1ch phase. 



~. -" '" • . '! .... ~ , " ." -. .' : . , •.. ~ '. ' . ' . : • • :. 

Inse~ reastine whf elinOetlstatlte "has not preViOlWl-y 

been-found 1n volCaniO l.'GokfJ', ,cons:lderationmust -begi"on totne mm-e ,,' 

:tmtiBualo~oaitl'~l- :f'ea~e6~f' :che,speCimenfl" here deseri'be~ 

Of' '~ importance in this- cmmest1on~e' the Bighmagnesi:~" . 

PGNentage~ relative.tcthat '0£ Gillea:~ th$MgliiJJ,t«gfFt~._' .'. 
" , 

. , . 
1perc-ent, assumblg tfutt 5. ti:& valla to in'Clud~ mo~tof'the ,wat~ 

lost at HOOC '*)'. ~eQbimd.a:nt t~a;t&rcoulclbe '&Xpeoted·to loner 
- '. . :. . ,,-rot, - -, ,''1':::. 

the llqtddUS tempet"a_t'lWe, thu$a11owillg ~Qensta;ti teto~Btall1ze 
, '.' 

atii-emp.era.fures 'appreciably loworthanthost) 'l:'_ded far dry t:n~lts: 

'The ~ r~Fe+tatiQ ~ai!ui'p~toensta;tite to c17stalll.ze 

~tlpl'efermce 'tiopigetm.ttG; ('Soe .Flg~ ~ 9); ,and' 'thehi~~/C~~ raiil.o. 

: I 

-- T . ~ , .. ' 
:'~G.,lr. (LB105) - . 

- j-- -

, (1" 
~~' 

ii56 

.Z·:'" 

, ., 

,·1· . 
:~ -sr- 1, 

", 

Wo' in:ti&rpretations of itMs £eaturoae~ PQsalbl'e: ~~. ei t'hO'i!' the zeolitos 
,-

and alter¢. €l.B:BS loot. ~ofthe1r combined or cOn tawed vm.terat 
C ' " _ . ; ,l05 

110 0, Q1' they absorbed linta' lInen :p"cmdered. La_contains a 
, 1, ..' I. < , ~ \ , , '\. , } ~.... • 

higher prapOn1on of, str~lyait~edglass : than: does'tBii"." 

'. 
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" .• ', •. ' • ". . _ ~. ,;' _ ~~';' ,.~ ~;:'~ I _ • h _ 

»revented'Cr;stalU,zat:tonof C~rich ·Cl1.nc)~~e, ~spb(;i'loor~a. 

The 'unusually 1~1 Al/Oaratio, .relsits,ve' to silica. ~antag~J 
~. • ' J. _ " _' • . ~".~. ",. • .~.. ~ ... I ..• 

effectivelY 'i'rlhibi tell the ery~ta;rliic.tion ot plag1OCla.f:lG_ " S'Ome 
,. ....~ 

'. 'eli the lime en-t'ereii l~t'e ,olinop~Toxenes,,' and. becaus~;Qf' 1;no'~ . , 
.. • 'i. J 

wa:torcontent ·of the re$idual _.,muCll or' ther:e~n$ng,l1ilw.t:Bll« 
" 

! ' 

alt.Uilina, together with'soda; :crystill.liRdas:zoo11tus it!: ·the. tina1 

, . 
, ;The Fesence Of ~s Uniqu:s 'rock 'in atectoniMl1,y'mQb11G. 

'Ztine 'bettteen rel~t1vel:ratable '()el1t$nenial and oeeainc orustal" 

elements· 'invites -speCtilationas'to xihethe1,. '1 t was 'gell.-atea. direatly 

tn the upper mantle.(~ ,formsd'by ~sslm11:il;tlonofma,gnesium-:r'1ch 
, ' 

Ultl:'ama.ficroek by ,neld~e .<11: by assi!tdlatiOl'l ,ot.aeid igneous 

'TOQk by 'SubstantiallY liquid, ;ma,gnesfum...1-1ch ultrama.£tc magma 
~ t ' •• 

'(whOso eXis~e'b ,nClw'>gOOer~ C()~~id&red t~be un~ceapto.bi~ 
. ." . . '.. , 

'(Tu,rner, and Verlm(jg~~~960, PP.::31J.-J16)·,,,or 'by'~~of magnesiurfl-. 

, . rioh til tr~i~' magma, 'an~ ac'1d m~.· 'Theetmsldera;1:ilG.oompo1id.:tlonal 

varia.bilitY noted 1ri 1;hedlino~..nStatit&-bea.i"hlg 1,"OCk (see Addend:t$, 
05' ;' , ' ", " . .' 

p-3lI1) app~l"s tp1;"avoui 'fWsimllati01'i!fir1D'ixJiilg rather ,than. ga'let':atiofl 
. .. . . ~' ... ~ " ..... , ' ... ~, . '. ~r ' . 

:fn' the npp .... t;nantleld thoutm;t'l:isto;n'tial conta.mtnat1on, especiall,y 

·00 the .i-OCkcompoaltl.!MJies well Qvm'3 from the normatl1nes Of. 

ma.gma;tic tiffe:r~tiati~ . 
. . 

'Zt is obvi®st'he;it 'th\S} f'1~1(~d) magma. must .milO been 

·conq,le'te13 liquid, eXCept for z'el'lOllths,and: thatltdiJu$t liave ree.chai 

atanperature above 11 !1J°C (T111ey,Yoiler" ~ .soba.il/'er-, 1964) ;ti:m 

.jl.rotoenstatite to baVe·¢rysta.l1izeli'w,'. flhether t~a ~a f·ormed by 

.... 
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&8a1Jl11atiClll fiJt solid rocker by m1,xjng at d1fferct magmas, j.t 

l!eeIBS nece8sa.rr t. assuae (at lea.at) one of two special. oond1 tiClW3 -

condi tions contradictory to currently held CQIloep\s or petr~anef.lis 
~~ 

based On fie14,~ petrographio~studiea~ These conditians are , 

(1) St~ _per-beating ilithin acid or interaOOiate 

JII&6II& to allow assimilation of ul troaatio NOt: 

on· an appreciable ooale. 

(2) '.Phe ez1stenc9 of a. oubstantlal13 l1q1licl ul traraafl0 

ID8gIIa to permit a.soim11atiOl1 of acid or intormed1a.lIe 

The optillUl situation tor eaneraticmof the hJ'br1d.saemajllould 

result f'roa coe:z1stence of both these conditions, and it is pofJoible 

that ex:oeptiGllal geological Situations could haTe deTelopedin . 
Nh/ 

north-eastern Papua. ~iIli1I1A _ ea.rt.y TertiU7 tiMe. liMn tcctODiO. 

actin ty aesooiat-a vi th the oopla.cel.lSltof the Papwm m trabasio 

Belt (Th01lpSCl1, 1951; Dot1 and Daviea, 1964) was 1Rtenae. 

Trial calculations 6U€'£eet that the types of rocks or 

magaaa whioh co~CI. give rise to an ruG-product of' the dBeired 

compesltiGl aust be fairly restrioted, vis., 

( 1) More or less equal qutlllti ties of' quarudiori te end 

bronzitite or l\Ypersthenite (preferably wlholly ~ 

pa;r:t17 serpentinized -see below). The Cluaru 
, 

diori. te would have to be a11Jle-rloh E.md rather 
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l7ero Zc.irly rioh in iron, end oontained 

come d~oidO. 

( 2) nora <XI.' 1000 oQ.ual quantS:ties of granod1ari to 

:md dioplJlt1o'"'- rnd il3Perothene-bearinG peridotite 

(or oerpontini to dari ved. therotrom. !\oGiDilntion 

of o orpontini to could account tor tho hiGh uator 

content of at loast com of tho olinoonotc.tl to-

beo,rina roell:, mlu digestion of oe1"Dentinized 

rook tJould take plaeo at cppreo1o.bly 10~Jor 

tempornturoo than thoDo required for c..flllyUrouo 

pat'idotlto or bronzitite). 

Speciman LB101 containo Qeveral omall ~ec:ntoo of 
It--

branz1te gt"a.1ns (P.1~) uhioh could bo rannants of modifioc.1 u1 tro.mo..fio 

inolusions. Tho oppoaranoo of individual Bl"tJino in tho ~OGc,teB 

10 quito d1t£ermt from that of' tho bronzitc phenoaryota, end Dano 
..e...-

of them oontain probabl, OR-Lolution lamellae of olinopyroxene, 

a fenturo not found in tho plionooryoto or tho microlitco. TlUo 

suggosts that tho GgB'rO-,Gutoo ~ not have C17otalU.zed direotly from 

the melt 'r;hioh naG tho 1r.:oetliL:.te couroo Of' tho phcnoeryoto. In 

this oonnection 1 t 10 intorooti~ to find that Belter (1946, r..2;) 

ouaeeoted that the notnblyhieh (8,:') mo.cnoola oontent Q2 andoc1te 

from {1a1owa volcano may 00 due to oontc.minnt1<m of flo. modol'atoly 

aoid mnona" by Itxenooryoto of nccllcoia-rich minerals derived from •• • f~ 

ul trabaoio baoemont rook •• • l. ' ... ft . " 

SugeoGtians horo plt :;;'o~m.rd for tho ~oeio 02 tho 
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olinoCllotat1t&-bearinB rooko at Capo VQ3el orie;1nated in trial 

oolculat1ans bo.oecl on pooclblo or aotual ohemical oompoDitic:mo 

of ic;noous rock;..tn>es t1m.t arc knmlll or could reusannbly be 

oxpeoted to mot - 01 thor at tho surfa.co or at depth - in tho 

aroa botl7eGn Mount ~on andltllne B8a1. 'tJe are m·mro that 

important theo:reticol end practiool difficulties aris1ne from 

ourrent 1Q.eas on petrocono:Jio ouat bo mot, and that our cucrcootiClls 

08n cmly be r~arded as cpoculo.tivo G.t this etaBo. Ho'Govor, tho 

Q~e:Jtim of gmeais nill bo kopt ill mind ae investigation ar tho 

olinoonota.ti te-boo.r:f.nl:: roclw caltir.uoa, and 'ae hope that Co otuOy of 

inolus1c:'.1lD tJithin them OJltl othor iGn~ous rooko in the vioinity,a.o 

nell as infol'IIlation from ood1tiOllCl ohamiccl analytJeo, uill provido 

uootul GUidea to a oatiofuotory oolution. 

He are cratoful to Profoocor C.E. Tilloy for a.1"1oouroc1n8 

uo to preparo thio papor, end :i.'ar orltioal13 redline tho IlltlllWJaript., 

Tho two authors frO!) the :Bureau of Minoral ROOOUh"COO u:'-ah 

to thank its Dirootor, lIr. J .H. Raynor, for pcrmiGsicm to publioh 

thoir oontributicmo. They aro indebted to ~. AeJ .R. \:bi to, 

of the Australian Na.tional Un1vat'oity, and U.R. Morgan, of ·tho JJureau 

of "lineral REl£louroeo, 1'Ol" chook:i.r:l.{! como of the optical nco.cu:romanto, 

to S.C. Goadb,y for X-Ra3 pondor idontifioaticm of the arcconi to, 

and to G. U11l1st, E.J. Zmrurtlro, F.J. Robarts, and P.R. Bru.:.'n for 
. , 

help in tho propc.ration of illuotrntiarw. 

.,' 
I 

j J 
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ThODlpson and Dalh11 tz cleo vlleb to exprese their Bratl tude 

to members of the Anglioan r.1ionion at Tarakururu for help and 

hospitality dur1.n8 a vioit to OllIlO Vogel in 1964. 

ADDENDU!. (1 :. 11.D.) 

In Juno and July, 1904, Thompson ~ Dall"d tz reviu! tod 

the olinoenoto. t1 te lool\l1 ty to colloctmore opeo1mmD, nnd to corry 

out a.dditianal mappinr; in tho inccdinte vicin1\y. Dur~ this 

viel t crystals of olinoonotuti ti,l up to 2.5 om. long and about 4 r.lI!l. 

'uide were noted. Prollminar.r exTl.mSnation of thin beotlono chCnTO 

that tho composi tim of tho rocl.v-~o 1s variable. Sono of the 

varlatl<ms are listed bolotTI 
tM 

Orthopyroxene phenooryoto a.bout throe times 1$ plentiful 0.0 thooo 

of olinoonetat1to. 

Clinoorwtat1 to phenoaryoto 60;~ to 65% of rock, vary 11 ttle 

orthowroxene. 

Cl1noonstat1to phmoCl'7sta c.ncl DiCl:'Oll tea toeethor make up at 

lenst 75% of rook; no. orthopyroxene and no zoo11 teG. 

Clinoenetat1te 70,0 of rock; no orthopyroxene or zeo11 too; 

talc pseudomorphs aftor probablo 011 vine. , , I 

Coros of olinoenstatl to phcnooryots altered to talc. 

Zeolites absent in uncltorod vclrieties with emall phonooryotoJ 

, some opal procoot. 

Zeoli toe locally Dl9Z'O abundnnt tbnn, .1.n LB105 and LB101, o.nd 

oommonly aooompo.n1ed by cllo.loodon.;y en.d/or quartz (up to 



.. ' ", 

10~ of rook) ~V"esicle fil'1!ngS) .~cksc~t~~,: 
:.... . 

, .4 , 

,conta.inii'lgzeOl1t~O}lly,: ,anaveiris of qtta.rtz and.' . \: 
,~ ,. ' " . 

• . ,j 

.outcro,p... CllnllenS~a~ite, ~ be completelj al tm-ed, 

" . 

Alient. l:l' .. ,j~ m1ltetW~.P~';loir.tgllt" F .. ,lf .. ar,lcI liaraen. 'E.~j;, '1909: ... 

iIiOps14~ tmd ;i~srei~tim' to ,ealCi~~~esi~' 
metaGillcato..Atfier.,j".So1. 4th :Ser •. !i.b 1-41-., 

", . ~. 
Atlaslt ·L.;,·19S·~,.' ~e,po~~hism'of ~iO) and ~solidata.tG :equiUbri;a 

. ' 

,,:~, ~~~~gSiOJ- ,C~120~~ . -.3. 'Gel)l.: &,'125-41. 
, . ~ ~ , 

i 

Anglo-~er.Bian 011' C~~~'.~9)O.1fhe oil ;$xpl.-ation't'1brk in Pa~ 
• ' •. -. ' . "., . ~. t' 01 

.. arid New 'G~liinea. 1920~1'29. R~t. ·to't11eeO~ml,\ref.i).th 
; ~ ~ .~ . .J 

.' G~ail't -0]; Au?tl·aai~, ',V~l .1I. (~~biioo~l" . 
• 4 ~ I . \ ".., .,,: . 

:Balter. G." '1'946. Pre:Uminarynote 'onvolcanlc~ptl0n1l in"tt:EI' 

a~'1[o:Urrt~si GOl;ltlle~tern PaPua," dw.-.1n.sthe 

#.,Goo];;:' 

l'Selforl •. ».1 •. ; ''1959 •. Lot-rer lIIiooeftefOrambdfera f~thO ,l~i'l;ne.Bq 
" ' 

area,' Papua. 13Ur.fti.n .. Resour •. Aust. ReC'."f959/99 . 

, (:tmpublished) • 
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Fig. 2 • . 

Fig. 3. 

Fig. 8. 

Tho PapUOZl Baa1~ . Be1t end. ascoOintM vol~_c . rooke, narth~ . 

Eastern Papua. 

. . 
Sketchoo Of cc:mrPost te oryotols of bronzi ta and cl1noon:ota. t1 to 

( ohaded).. Soma of thefoothorytarminations in lanai tudinal 

oeot1ann are arson. 
Opt1oalOrientat1on of clinoenotatito. OAP. optiC ~al 

plane·YJ " 'A' acute bisectrioos in altarnat1nc oote of tum 

lamellae. 

CatMgIFe diaeramshouirlQ; the compos1 t1an f101do of tIU.l. t~ply ~ 

twinned cl1noenctlltito and clear, untw1nned ortbopyrOxooo. 

(branzi te). 

Compoci tlCrlal zciU.fl6 in the branz1 te phenoory~t (TClblo 8, no. 1 ) 

and BOsoo1ated (?)ol1noGnSt~t1te rim and inCludod cli,noanstat1te 

ara.1n (Table 9. No.3). 

Marginal zoning in a clinoanctatite pbenocr.yst, 

Cat}.lg.Fe diagram, ohouingoornpooi tiona! variation at tho nareina 

of phmoo17sts. 



IJ.ypotbotiool. phucc di~£'L1 (ef. Bo3d ana Solm1rcr,1964. 
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v.308) f:or"Cu-poor pyroxonoc from ~ volcanic roolro. 

A liquiduo CUl"VO X'ar tho CeDo Voeol rock 10 drnuo in a 

pODition compatiblo uith tho oiJoorved cequonco of pyroxcno 
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Fig. A. 

EXPLAlrATION OF PLA~'ES 

PLATE 1 

Specillen LB101, allowing phenoar78ta et elinocatat1 te (gre-v) , 

bromzlt. (tQp left), and chroae IIpinel in a _trix of 

unal terc glue (off -.hi te), al tared. «lass (r.aed1ua to dal.'k 

grey), P1'Nx .. e micro11 tes, and seo11 tea (.hi 'te) • " 4- '2. 

Specimen LB107. Croas seotion of cl1no.stat1te BhoN~ 

wltiple twilmiR8 parallel to ('00). Bot. partirlg parallel 

to (010), eepacially in long, whi to laaella. Crossed nicol •• 
x 4-7 

Spooi.en LB101. L0ngi tudinal sections ~ contiguous euhedra 

ot QlinGenetatl'te with slightly different erientationa. 

Bot. cleavage Or parting at right angle. to lang axes, 

and etror;ag cunature o~ terminal faoes. Crossed. nieole. X ~O . 

Speol.en L!'01., Section of olinoeRatatite out para.llel. to 

the twin plane (100). aota prOll1nant cleaftgee or parttnga, 

dark (i. e •. , a:r-een) 'bGXrder, small, wedge-shaped outgrowths 

of dark (green)" iron-rich PYToxa1e, and ouryatare of 

termnal fac... X qh 

PLATE g 

Speoi.en Ll'101. Cross cecticm of clinoenata t1 te show1ne a 

rim of _re iron.-rieh pyroxene with relative17 hiBb 

birefringence. ::rho rim is about haU the usual width 1D 

this Q17et&1, whose size lias between that of the lJDIalleat 



) 

Pig. B. 

Fig. C. 

Pig. D. 

phonooryst o.nd tho;t of tho morolites. Tho minuto 

oxorescenOes alOllG tho (110) and (010) faocs of the 

crystal are in opticcl oontinui ty with the outor zone. 

Croosed n:teols. ~ I q :2. 

Specimen LD101. LUhcc1ral cxyoto.l of bronzi te chouin;: 

four zanca. Crosood ~"ioolo. X 35 

Specimen LB107. ::u':)l':.ctll·o.l crain of bronzi to Hi th ou~~O"'Jths 

of olinoenetat1te. Gioilar relationship aleo fiaured at 

top right of picture,. but elinoenstati te developed en one 

cido only. Crossed meals. x q0 

Specimen LB107. Subhcw.';J.l c-rti.n of bronzi ta" uith outcroutho 

of o11noSllota.ti te, Ql.101o~il'll5' a emall grain of cl ino Gl10to.ti tee 

Crossed niaoin. X ~7 

Spocimen LB107. Pert of larec suohedral or.yotal of bronzito 

ui th inoluoions 0.); clirnoom.:rtntl te (centre and lo:,cr 10ft 

cf pioture). Thio c1"yotal contains oeveral more inoluoiono 

siol1c.l' to tho moro iruiiotill1ot one ohcn.1Jl at 10Hor loft. 

Hote also. nan-ou, moro hiBhly birof'd.ngcnt rio of ~~ 

elinopy.roxene noor top of pioture and a.bove 00.0.10 on.rk. 

Crooc.ed niools. y..,:<, 5 



Fig. A. 

Fig. B. 

Fig. C. 

Fig. D. 

PLN1'E 3 

Specimen LB107. Pyroxene rniorolites shoving crose-fraotures 

and dark (green) borders and feather,y terminations. A 

cross-section (very dark) of a green microli te appears in 

the lett oentre of the photograph. Groundmass is unci tared 

elase (vhi te), al tared Blass (g:rf)3), and a 11 ttlo zeolite 

(white with dark (altered Class) border), at bottom of 

picture. Note crose-fractures at r18ht anglos to c-axea 

of mioroli tea. "f. q b 

~peoimen LB105. Longitudinal section ot miorolito of colourlesa 

pyroxene (grey) bordered by more highly b1refril'l6ent 

olinopyroxEne. lloto croos-fraotures at right nncrloa to 

o-axis. Croased nioola. )l. 12.- C> 

Specimen LB107. Ootaeonal crosG-section ot oomposito or,yatal 

ot bronzi te and olinoonota. t1 tee Crossed mools. )(. I q 2-

Speoimen LB105. General viml showing main differonceo from 

LB107 (Pla.te 1, fia_ A). 13ronzite, top right, 't1h1tO with 

(rare) olouded core, clinoenstatite phenoorysts uneven 

gre.Yf elongated mioroli tea of p.JrOxene, al tared cla.ae 

dark grey, z80litcD nhito and off-white with altored glase 

(light grE\Y) as zones and cores, unaltered glacs (nh1te), 

top rightJ typioal grrun of obNme spinel in brcmz1 tee )( 7 0 
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