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Many layered igBMUs rocks consist of t?ro main parts: the cumulus 

(plus adoiBBulus and hetar&dounulus) material and the pore raatorlal 

(or 'me sostasis'; produced by tfeo crystallisation of the trapped liquid 

which necessarily had the composition of the contemporary magaa* Part 

One of this thesis is primarily concerned «ith the geoche&istry of the 

Bfisostoeis of some layered igneous cuwuiatss.

In the psst no workable ae.sti.ol, has been developed for deducing 

the aiaount or composition of the rcesostasis, for igneous ousrulatea in 

general. -.r-er 11563; established a method for the ^kaorgaard intrusion, 

-.asi ^rewi:j.aji.G» by ass'iisdui^ that all the phottphorus ir* a rook of the 

Los?©r nnd J'i^r'ln .onns ft. ra. before? the incorcinf* of cUFimluis apatite) of 

the Layered :>«riett existed in the steso&tasis, so ths.t the phosphorus 

con.tent of any rock gar© a relative measure of the amount of mesostasis, 

^rtherisore, the phosphorus oontonts of the successive fractions of tha 

Skaergaard ®a^ma w@r« ir-im-m f*rr>^ nnothor approach and so -5* r-n?-. -nr.ssible 

to deduce the absolute amount of inasostasls. For most other layered 

intrusions the successive compositions of the fractionated &a?-^m are not 

knoTm ana ^iie ^©tnoa oamiot be appxioa LO then. ;-jio«?10t^*.e about the 

geochemistry of the mssostasis (and hence the contemporary saa^^a; TFauld 

be mo&t useful in straight comparative gcocheaioal studio&| in deducing 

fraetio&ation trends; and in the determination of solid/liquid trace 

e1 ':. partition coefficients, which in turn could be useful is considering 

the petrogenesis of certain other fractionated i^iecua roe.,;u. xuus, an 

rtterot h.-5.« baon parle tn r-ro^ucc A ?»ef>cherioal method for deducin
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amount of masostasis in igneous cumulates. For this isathod, elements of 

contrasting gGoehe&io&l behaviour are required: those that sr±o¥f a strong 

preference to regain in th« residual liquid of a fractionating basic 

aagsa (the so called. 'low-3c elements') and thoso vihinV. tend to preferentially 

enter one of the cumulus phases (the *hifh~k ©lejseuts 1 >«

Two jasthods aro considered: the first uses the existence of rhythsdc 

layering and is applicable, without adaptation, only to adcumulatas, The 

woiiceatjrctioxi OA' a ;-i&,u~ii elsncnt lit a rock can be related to the amount 

-.r 4 composition of the T*esost<-.sis in that rock by the equation: 

pM * (1 - p}C » T, ishere p is the proportion of the cesoetasis; M, C, s«d 

t arc- the concentrations of the high«k element in the mesostasis, the 

overall cumulus aaseablaggt, and the whole rook respeotiTely* If this rock 

Is taken from a hanc? of rhythmic layering then another roek ean be taken 

cloa© to the first one but with very different proportions of the minerals

the cumulus assemblage. An equation of the s&ea form can be ure^m up

cci;, i"& is 3i'^ov«u vha'w iv is pos^ibjiu «Q iiiiii - suis. *: uy direct 

nt for each rook« The equations can then be eolvv^ .-^ ^..iltaneouf^.y 

for p aod Js by using the low-k eleoent concentrations in the two rocks 

to establish the relative amounts of the M@soatasis. A secon(! method la 

also aiscussed whereby the amount ioad composition of the raesostasis might 

t,. Jeterciined by analysing rocks fros along the strike of the layering 

provided there were a variation in the aaount of aoaostasis in the rocks, 

iirror ai-ialyses of both methods are presented,

The Bain section of rart Cane is an investigation into the suitability

wiarwdn eleiaonts as lojilca&oi-a of the rej^ui' .-auii** of iucso^tasis in 

..  neous cxazailates* In a general discussion it is shoim that ,\s t _,& f
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halogens, Hf , P, U, and :ir, are probably suitable low-k

distribution of phosphorus in the minerals and rocks of the Ska

Bushveld *rT -!htt& Igneous intrusions has been invest i/?ate£ uainn activation

arialy&is, It is shorn that in the Lower .aone of the i Intrusion 

most of the pi orus resides in the laoeoetatis* The phosphorus content

o* tiie i&inerals frojs atiouraulates is takr.i to b« thai. VA WKJ ounuius phases 

&n<l it is »hoim that the order of ©ntry of phosphorus ic: ollv^ss fab out 

SO ppau); felspars (about 50 pps. )| and clinopyroxenes (about 30 ppa. )  

llio&pborus coacentrHtions of cuisulus s&^netite and iloenite are low (about 

9 and 20 ppra. respectively >. However, the amounts of phosphorus in the 

minerals of uesocumulatee or orthoouasul^tes «.r« generally more «- : -1.able 

and svuch hirrher (e,g« ijs plagiocls-.£«s up to 1,M)0 TOSS, h«s beer; reoordadj 

than those of a«2 cumulates* These relatively high amounts ere interpreted 

as arising from crystallisation of the trapped liquid to pive zoning to 

the ^ip^-iXjr'i"iii'.,'a t-ojisrals wiiiu;i is uriracusu in :jnoi; r ;«uc'Ui5 because of* the 

ever increasing phosphorus concentrations of the re;sainin£ liquiO ns the 

trapped liquid fractionates. Compared to the Lower lione rocks the amount 

of phosphorus in the cxxaruluc minerals is aTvall. ;--,,   er f s method is 

critically roviowchi in tiic light of tiies® results.

i?he distribution of phosphorus in the Dushveld igneous intiijsion 

(before the iL-icoBdng of cunulus apatite) cho«rs ti-.at cany of the rod- tynos 

are adououletes as a large anount of the phoephorue in r. rook can be 

account ou for by the aoount in th» airi*ral». The asount of phosphorus 

in the rocks does not show a steady iiterease with height as 

i^ave bean exp©cto<i» ';,'.he vQlu^s fluetunte* bntvjw*--  - ^jv>i ^OQ 

until the horizon wher«( cumulus apatite caters and the value 

to 14,COo ppr/.. The Aineralfi te?m to havs sli^i.tl^ leas
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phosphorus than the ofcRerraard cumulus minerals thou/jh the orcer oi uin.ry 

is the saiae: olirine (about 40 ppa.;; felspar (about 35 pp»«/> pyroxenes 

(about 20 ppau). the fihua rooks generally have vary IOTT phosr>borua 

concentrations and of the unite studied, those of 7» 8 &**& 9 • -° 

consist of adoufflul&tea. The allivalit* of unit 3 has considerably more- 

phosphorus than the other units mad this implies that it has more 

tMSoetasis. This confirms th© ??ork of Brown, (l^). The or^A- ** 

entry of phosphorus into thft ^"ihui& minerals is the saae a* those of the 

Steergaar:;i and Busliveld euaajlus phases* This order is not the same as 

that found by ?loritnig (1965) ^ho analysed similar jainerala faer phosphorus 

from a variety of environments and found that most was in the olivines 

ancl least in the felspars. ;>ome olirines froze olivine nodules have 

phosphorus concentrations wry sijsdlar to tho»e IVom th© l&yored intrusion.

Ueteminations of orcasin© in so«t Mshveld. rooks show no coherenoe 

with the phosphorus values, ?& investigation into uranium, also aci.^5.,,ers 

to b© a low-*: elss®nt, has been carried out. It is shown that in tfcq

aard liower ^one rocks there is a strong coherence between phosphorus 

urmi%iu® irrsspeotive of rook type* This Implies that Jsost of the 

uranlust resides in th«? .-..^Eost&sis ana is confirmed by the fact that 

almost & negligible quantity of unrniuis is found in the ouRnilus Minerals 

though a small amour* is found in the clinopyroxanes* Like phosphorus, 

uranium shows a relative enrioh^iit In those Minerals which have partly 

crystallised from the tra$p@<l 5.1owi4.   . siadlar coiierci-icc has ueen i'ou 

betre^n tirnniua ami phosphorus in t>.e ' :;hum rooks and sisdlar aisounts ^r 

found in th& ?lhuE erusnalus sdnerals as jj\ the okaer^a^rd ones. Xaxtvwr 

little coherence was noted between these elements in the Bushveld rooks



and this is considered to be because of the complexities of the history 

of fractiormticin of the Bushveld r . founts of uranium In the 

Bushveld minerals ar© nuch the srune as for the cumulus aoaerciis of the 

wtiiergaard and Ilhum intrusions*

Data on strontium (considered to be a hi$i-k element) is presented 

for some of the Skaorgaard and ;&«m rocks and minerals. '-?he content of 

the .^kaergaard Lower .£one felspars indicate that the contemporary mgma 

contained less than 480 ppn, Jr. The Shum felspars are interesting in 

that those froH the allivalites hav® significantly lower strontium contents 

than those frosa the peridot ites In the two units studied.

The .horu8 9 urfmiua and strontius data are us^d in applying tiie 

theoretical ucthod to tlx® ;.itefisrgai'urc. i.-ov*er ,.caie cjnc. .:-^*u^ rooks* Detertsina- 

tions of specific gravities and, aodas of these rooks nr@ presented. It 

is sfaomi that application of th« nethod to mesocumilates and orthocuisulates 

is possible if &dn«ralogical ericlence is used as im aid in detc-rminl 

the proportions of the different idtaftrals that m^ke up the ou&oilus assenbln^e, 

It is concluded ttet there is sneh ta. iatien in the amount of the 

mesostasis of the rocks of the Skaergiaard Lover ^one; that the aaount of 

strontium in the contesfporary magisa WB.S of the order of 340 i>p®« .and of 

phosphorus, i,GGQ ppn. ?fc@ results for the Khuo rocks show that sose of 

thes are adciesulvites whilst others may be regarded as Btesoounulates, r?k& 

application aad fallings of the second method, are briefly discussed,

Tbe Edneralogy of the rocks can be helpful in determining the relative 

proportions of th© aincrale in the cumulus assemblage, boning is pnrtioularlv 

uselVl in tr*is inspect ana in giTing a lo^or limit to the amount of 

isesostasis in any rook. Some evidence of sintering of ouisuluc- olivine
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crystals in the ..x^aard and ,>ihua st-olanocratic rocks is eh own.

r ' of the nesostasis in the -d Lower --one rocks is uriefiy

.,4-0 Owo the detorrjinatiYe methods tL'.v ,.^vi> ^.. 

.re , :l^r:.crllr, .. . ;••*•• osuhomr; b-:, s "been ?!«jter»ined by

- • :ioe of final p is : ;

• phot •. decided upon. .'. previously publishe<" 

uj.3 precipitate .-. ce«ii -rlcd but is shown to, uv .ui«'.ie«ijuate for thi* 

Several adapto,feions to this method i-^v® been isade uml a full 

flation into the suitability of th« final precipitate is 'described 

in detail: this includes tests on self -absorption aad stoiel;*ftirK5try. 

-he a^tncc. ustis ^ coxorj.^ci.r;.s ^ec^iii^u© A 'or aeT;«j.-iilaii;£j Uiu /i@15 of 

t-v,,- final precipitate.

.'. siothod for the detc^EdUiation of brccdn® " ; activation . sis 

i» described and criticised. The ' delayed neutron 1 teclmi'-ue for • '..ua

dflterjaijiation is auKS>a.r:Ju&od 4md r-.ow work an this • . is 

, «apeoiitlly an investi^tio^ *•**-* '•'-•> ^ffect . .' i^-. r^j 

fluxes on the neutron count rate, it is concluded thr<t the ivethod it 

for urariiun determination provided that the Activated r 

'i activity below a certain lovel. .trontiun. has been 

-ctitf fluorescence '.'Sing a direct «2^th,od for the u.etenainiiv.io:i QI -u 

absorption coefficient.

«.;.*
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L.R* Wa&«rr (1^3) used the v .orus content of the jfcatrgaard 

and id.. I-; ..on© rooks to give an inclcatior; of the mount of port* 

material that they contain*!, by making the assumption thnt the cujsulus 

KLfcemls were essentially free of phosphorus. .'^ original intention in 

currying out tl.-e rese&roi* «if :d in this thesis was to Investirnte in 

more detail the distribution of phosphorus in ignaous ou&ulates; to sen

*turf -iiiviii £.,;u£phorus is in the cuu<ulu& ainerals and hence to apply Pager's 

®©tiiod »ith aore precision. Tt ~"~E alfts intended to investigate the vari"tion 

in . . alus (jrowth with : - ..;; in the Bushveld i£n«oua c ">c, in eucli 

the s-axe waj su -ager had done for the ..'.• ^d intrusion. 

inta»;siOiiS hav© bo«n carried out and tr*e resuj.^E> rors, in& ii:ui>u i;-.jurtsnt 

section (di&pter three; «,. .art C«© of this thesis, ? ;OT?emr, ti.-.o 

conclusions about the uaount of pore material (or *ise8ostasis'} that could 

obtained froia such a study can only be qualitative, or at the best,

iu,;,lve, for most igneous eu8nilntfi&. Thus, attends3 i»avo be•-•.'•• 

raade to produoe a nethed by tvhioh the actual anount and composition of the

•esostaftis in an igneous eu&ul&te can be found.* The atteapbc aru presented 

in chapter two but as is shown bj their application in chapter four they 

are not entirely satisfactory, ^owever, they ar® the first s.ttempts to 

establish a quantitative geocheaioal method for deducing the astount of 

m»8ost&sis in igneous cumulates and their application has hot bn«- fruitless. 

T o results of chapter three are also viiwed in the light of these 

possible methods.

* arc *iio oi uj.i.5 uiesii ^oacribts wio analytical aethotis tiiat have been 

©nd used in this geoehemioal study.
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Introduction and 1 navious research.

Iir

In the classic iaescoir QI\ the Skaergaartl Intrusion of /:ast Greenland, 

'"'ciger and :Doer, the hypothesis was put forward, flr'3% pare 12?,;: 

rtthat the material foradnr the rooks of the layered series can be divide*! 

into two parts" :~

1. The primary precipitate consisting of discrete crystal.4; or &<;all 

£*LoBeroporphyritio groups *hlch eeparated from tb^ overlying 

isagma and foru^d about 80 p©r cent, of the final rock.

2. The interprecipitate material, w&ountinf: to a^oout 2G per cent, of 

the total roefcf ^ich orystallisod f roa the m-n -i^a surroic;uinv: 

tiie primary precipitate",

In "ager, Brown and adsworth (1960^ tho n«m@r*olature of those 

different genetic parts of the rock «as altered mid. strictly defined* 

The'primary precipitate crystals 1 were renaiaed the 'oumulus crystals', 

and the f int®rpr©cipitate material' changed to 'interciraulus material 1 . 

Cither terrcs which described the particular nature of layered roc'-c -.?ero 

also introduce^,; tem& such as orthocujaulat©, adoiuaulate f etc, (for 

these details reference to the paper, op, oit., should he mad©). Further- 

isiors these authors revised the percentage figures for the cumulus 

and interoufiulus parts ns the previous ratio of 80:20 (assumed by 

fager and Deer) ^ms considered to be too high for tsoct orthocumulates.
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formation of gonondneralie layers, "he forn&tion of hetorjidcuwilus 

sdnerala which are axrrarent rroia the ousulus ones is sitsply caused 

by suitable temperature (and/or pressure) conditions to allow r«r© 

n-clsation within the crystal wwsh followed then by the mechanism 

described above.

The extent to which n.deurailws growth can occur will 6e determined 

D^ U*a effectiveness 0,1 the diffusion .process and this* in turn, ~:ill 

be closely related to the rate of aecuKulfttion of crystals on the floor 

of the intrusion. ltd® rate undoubtedly fluctuated irj many intrusions, 

(Mess 1'^Oji,

The second uaport.-.uriL sspecii of tr.e auuve reaeonin^ is that v»ften 

crystal aocuttiXatlon is f^*t the interouisulue liquid is trapped and this 

liquid "will necessarily have had the over-all composition of the 

contemporary s^isme and thus the composition of the pore material »^ust 

aa^a be that of the coiiveaporary r;,^^:..:. . (.-.ager et al I960, p&r;e 77^- 

Many attempts have been made in the past to assess the proportion of the 

Mfto&tasls and ita coispodition y for such data sdght be invaluable in 

giving Information about compositions, at various stages, of a 

fractionat&ci isagssa (as opposed to the fractionation products;, and 

rates of crystal settling

It is the purpose of this thesis to attempt to produce theoretical 

analyses which ssay be used to deduce the amount and composition of 

the aesogtasis of layered igneous rooks. ^ further purpose is to isaka 

a, preliminary investigation into the application of the theoretical 

analyses.
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B, jiesov^l of the Intercuaulus liquid.*

In the foraation of certain layered rocks the initial sta/re was the 

cocu&ur.'.tion of crystals to forrr. a erystfxlAiquid mush on the cheuEbor 

floor* It has been ftho«n that aceusulns growth can push out *11 or -»r 

of the intercusnilus liquid. The adouRailwp ™* h^eradowaulus crystal-: 

w.firnlly will not b<a zoned whereas the per© arterial moat probably 

will be,

-r et al (1*^60) stated that the exact way in *hioh ad.o«Eiulufi 

growth occurs is not certain* ftoss proposed th«* 31ffuptior. n^eh&tid8s 

Tsfintior.ed tibo^et whilst Voll (I"-60; proposed a mechanism of crystal 

sintering to produce Rono&dner&lia layers. Voll states that i0 the 

iritarfaoiftl tension between the crystals of the mineral is lower than 

th€ crystal/liquid interfaciel tension then crystals -rill tmv1 to 

coalesce and rarow torether. The i&anifsstations of this 'sintering*

process are triple intersections of 120° of the minerals mid curved

crystal boundaries. (Sec? Chapter Five for further discussion 

ptiot^rraphs,-. This &CKSh&nim of sintering pushed out the 

liquid.

•..Mchover is the dominant factor in the formation of ad cumulates

little difference to the ak*£UB«Rt8 presented Ister in this thesis,

L t**a.t the possibility of t&ere "being some trapped liquid is 

still present.

The trapped liquid is considercu to hs.ve laid the composition of the



contemporary aagon and so the pore arterial is also considered to have 

that same cojsposition. If th«t trapped liquid reacts witL the cumulus 

phases th© composition of th© resultant mesofitnsit v,-ill no longer be 

vjuv CX.JKV as that of th« contemporary aaagea. -(This point is discussed 

further in Chapter rvro 7?here it is shown that such reaction has little 

effect on the rp plication of the method proposer? for determining the 

composition of the contemporary nagsr.aj* However, it is: thought that 

sue: reaction was not ooi^an iii the &huff t Bushveld, and Skaerraarc! 

intrusions ( .ager et al I960), Although Jackson (l%l) discuscas the 

anjiifefltationfi of it in the Ultrainafic /.one of the ;>tillwat©r Uoeplex* 

Mcvuaulus growth has been explained by a dil"iNasion sieohanieR; ivhioh

considered to be effectively atoppeu if a sufficiently thick, accumula­ 

tion of crystals above the layer in question is ^ermsit^f!. There is 

the _ .. .:y of mi intenaedlate stage ifh©re certain, snail ions may 

be able to diffuse whilst others eannot, because of the poor fl if fusing 

conditions to and fros the overlying m&rz*~* The final trapped liquid 

will no longer have the composition of the contemporary s&ipsa. "hilst 

such © process e&nnot &t the present be excluded it is not discussed 

further in this thesis.

mother process th,:*t can loc&Hj affect the nature of the tr 

linui'-i. Is iiiter-por© diffusion, -This is likely if the pores are 

connected but would not have ouch effect over a considerable distance 

(say one foot) as there is little reason for lar^ compositional

to be set up. To reduce any effect of this process it is 

necessary to analyse a large apecisien. The use of a lr.rre specimen is



also advocated because of the livelihood that the pore iaateri.il isri

not be overly distributed throughout the rook, especially in orthocuciulates.

D* " ' s.l' a; ' •,.:- thr. r - - - "ition or .Ojs^ftt of the^EaBSQ^taEis.

V:ager and i>e®r (1939) noted that it w*r, difficult to determine by 

rierorecTJie examination whether jsaterial was cumulus or intercunulus. 

They <v . .ever, that phosphorus did not enter appreciably into 

the composition of nay of the cumulus ffiinorals of the lower layered, rocks 

of th/ .s^iitjr^aard Intrusion upto the level at r-Mch ,it>atite because a 

cvnr-nlus tthase* Tlisj believed that most of the phosphorus existed in the 

20,• of intercuzsulus liquid (op.oit. p.22?}. They cucgested, therefore, 

th::.t the phosphorus contents of the rocks could throw light upon their 

r@la.tlYC amount of initial intereueiulus liquid, (^otfit at this ti£ie 

the existence of adouiaulus growth was not recognised and so no distinction 

was nade betweon intercuisulus and pore caterial).

G-*M* Brown (JL'^fa;, ttor.-ving on a, Hhum allivalite from Unit 3> found 

tl*at the felspars were far more zoned than those frora higher units, 

despite tVu* cor*»s boinr essentially constant in composition throu^iout the 

layered series. He therefore attributed the zoning to crystallisation 

of the trapped liquid. Brown at- &d to find the composition of this

:H! liouid by subwactiiifc ft fiuitnbl© proportion of the coinpositioii 

of the eumilus crystals (based on tho-R analysed free t-nit 10} fror, the 

whole-rock amtlysia. 'voa this calculation he found that an as, 

5 ;~. of 1 -d liquid, gfcvo a reasonable composition for the 

basaltic rsagsm*
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A* A. . or (1?£0} used a similar subtraction oethoci for deducing the 

composition of t>e trapped liquid of a Iribrartorite cumulate of L^a 

o.f I - _*d intrusion. If - the rock was assumed to be of 

cwsulus : " • osition derived by subtraction 

of this coEposiUiOii IroL. t- e total analysis, agreed closely with the 

li<iuid composition of the isa^a ^ detdrained from the si»a and successive 

rook co&po3itiacj& of the intrusion (see ..ager and ue©r 193, i '• ^«r 19^0), 

This, therefore, produces a figure of 32. for the pore jar.terlal of this 

rock*

The subtraction vethod used by Broun and later by ager r- • id res 

certain asstmpticus to be a^de about the paehin^ of the cumulus ^in&rals 

COP about the composition of the contemporary m&t.^* ^y perforce, sue;. 

& method oaimot be versr accurate. -'&£er 119^0^ writes: **Hi« method of 

obtaiiiiii^ Ube composition of the trapped liquid by subtracting tie 

prosu&ed cujmlus material is lively to be more valuable as a iseans of 

d©c^ or* tiw -up of a particular cumulate, assuaing the ocnpcsitlcn 

of the Goriteirporary ma^at obtained by the successive- rock composition 

i&ethod, thiu:i as a sea.;-a wi' obtaining the composition of a trapped 

11 «:?.!•?. by assuiKptious nbowt the r; n.ttire of the cu~aiintfs t4 .

In 1963, ^.in str#g£©^ the difficult or impossible nature of 

c ; the amount of trapped liquid by a &icro«tQtric analysis r 

s3 he tur&ed again to using chemical evidence -:u» .ager and Deer (1939) 

f^ore. Tr.king the initial aesuiaption ttet, before apatite beeches a 

cuculus phase, all the phosphorus in a.rook of the Skaer^aard Layered 

:les resides in the pore material, he was able to deduce how much
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pore material there was in any roc*; oy determining its total rhoa^h 

cu::i,w.,w -~iu uojsparinr it to the phosphocus content of th© nagraa at 

tb&t fttfini, *f\ieh wna know:] froic. the successive rook composition nethod* 

This i orus method is discussed further in Chapter Three, and iio^e 

of its fallings and truieeuraeles outlineu. r'or most layered intrusions 

wau ^ujcw&i;ivc compositions of the fractionated mn^a ars not Icnown aiid 

tVr ^ove r-nth.-vi is unwor'^ablR. A nethod is proposed iii Chapter Two 

which overcomes these di

..of

layered rocks the laesastasis contributes a significant part

l laake-up, .liven in sun adousaulat@ Kith only 5. 

mesustasls th© ^liole rock composition could be significant !;• different 

from the coapositicn of the cuMilus (plus adcu&ailuu , t.-arts. 'Hie velue 

• vr -.ihole rocV >-:•'•• lyses of layered intnisions will be much greater if the 

percentage of the 'mesostasis and its composition are known. Trace 

e it analyses :nay be nore v&luable in coisparativ© studies ^1011 full 

reco^iiition is given to the geoeheftical import tyr»cc of the ^^aoaw^tiis.

Certain inherent properties of the sesostaels (as pore isnterial; can 

be stated:

1. ;*he higher the percentage of MMOstasis in any roc>, all other 

things bein^ ecua.1, then the closer the whole rock analysis 

approaches fimt of the contemporary jgagaaj i.e. the hirher the 

ptjrcentage, the lawr is the aej^ree cf frnctionation.
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2. .,- r/.t>£o stasis consists, or TsotentiaHy consists, of a lower

temperature .. -si a; t of its host. 

If the s&eost&siK (&s par© material} Is coteposittoimlly she sua*t 

the co:- 4 ..'-.;.:pgrary i. , .iui it will be possible, ^ ...otensini... 

poritlnn of the fr.efiostasis fro-: v^-ln-.r* erv-tr Hi cation lovelc, to 

«U fraetio&atioti £«cuoAce of a m^i*»uw Atrtheriaore it will be 

p. lei to c.educe the partition coefficients for trace elements betv/een 

too ii , «ne v^riciis cumulus sdaaral^. In turn, thas& uu^ u>^> 

b^ eorrel&tdd sith rooeJwideal data fros basalts with phenocrystc.

.... ovidsncG BA^ help to elucidate fr&etion&tion trem'is of some basalt 

t-eries,

eof&poadticm of the soorlac©ous material in ejected bloeka of pluto?sio

aspect in voloanio regions, without se^ •,ini; th© raspactive pl^asea,

by application of tha theory outlined later, (for oxaisples of such

cioo^i. s«3© iiowis 19o4i Bakar 196C}, It is also showii in later

that knowl&u^- *-<.bout u^>s c-v^w^t^aid can Indicate &ueh about the different

st"; ;es of crystallisation of the mi. ,.j that rfttco nn ^r-ip.

*• .'Utes. It is also pocaible that if th© theory outlined

later can bo applied to the tfhole of the Layered Geriss of the ,'• 3.ard

Intrusion then it 1.00.1 i/v; puti»iblo to ^.e&est, jLora accuratelj tr^ extent,

or co^nositiori, of the fHrJd.cn .one.



It has been E. in Chapter One that until now th~re hac bee:; nc 

workable method for -/icduoing the composition end amount of tho i Is 

in layered igneous rocks, This chapter outline* theoretical an-lyi 

of i-iossibl® new methods of which on© is applied later in this thesis. This 

c, _ .:-r is entirely confined to the presentation of the analyses ai^ : -oes not 

discuss the feasibility of their application*

•; theory outlined demands the presence of eleiaeats of contra stirif 

gijochecdca.1 "behaviour. These types of behaviour r..,^ b^- u<it,ts^,orit-«-*••_ j.^'iu 

tiso. gro^r.s n.u follows:

1, ;U- -,-.ts fliiioh on fractional crystallisation of jic ma/.:rsa

show & atrong preference to remain in the resiiual liquid phase 

a:':.' ••-•:,icn oo nc'L. o i;ur apprecis-yjiy Jsuiy cuir.ulut p;,ciwe; i.e. t^e 

partition coefficients of these eleisents between" all cunailus 

solid phases and the liquid phase should be very low, la this 

thesis these elements will be referred to as low-- elements, 

*.• elements, of trac© quantities, ?ii'iicii on rraCwioual crystallis 

of a basic vagina shew «t strong preference for entering ore n <" 

the em&ulus phases such that th«? solld-lioui-.i partition .. . i.cients 

for these elements are gyreater tJiar. 1 for that ci.ur.alus pjv-.se but 

very low for the other ousulus phases. The curxulus • • '• ch 

the alenent (or elements; preferentially eauwrss should L-o o^u «r.ic?i



shoirs larp© - in its no ,3 • --tions front

hcriavu to thu assitwi A. e. ' '" 3houl-~ • ' ^* 

or absence in any ono 1-ver 3r

in t -'is rocks. 

•"" " " .:- -•? -rred tc as bigh-k elero^.tn.

E« Analysis of first method,

••-•* reliar- tip-on the yjrenenc« of r! _ Ic Ir. 

and D0er, 1937 P« 3&-37) ^nd upon the foil tiro

: ""* ".ho i^ r ' ' -ore " " "

of the c

ooncentr.*?.tion of c" ts in the cc ^«s.

not oban^e by a aigi^ific^tt 'it ovwr annJ.! ds^rftns of fractiosvvtion 

the total amount of any suoh element concentrated in any o;-,

sr.all ooirr>«srB'i to th« tot?».l araoiint in the r*

••.:;' ' ; at there was still tmsoh to 

be fractional .

arj" hiii-;; v" • -i.-it the folio-' > siju

ur>:

'1 - p) C a ? (1),

v •-" is the vo"1 ric t 'tiers of the • r*e 

the absolute concentrations, li graos par unit volu . •" t"-

rock
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p and k are *, .vn and 1 •;•/ can b* found it is naoesaary

to knoir L,. ifi<jr uetenainatioti of - rwvuires data both on the concentrations 

of tho hi^h-k element and the relative iaodal ratios to ©aoh other of *b« 

dif., . ... torals that stake up the ouuulus (plus sC. , . , - ."he 

c ions eon readily b© found by soparfctint; and analysing the 

s^ijiercuia. The iacxuu. ration are not always easily obtainable* 'in 

easo of adououlatea with little mesostasis there is *^ v.lfficultj ^y 

the i~oJ.Q of the 'actual roc> will clearly reflect tiio relative proportions 

of the diff eroat ounulus (plus adeuemlus^ minarala. La orthocuisul^-tes, 

7?ver, the moae in unlikely to be »o indlieative tiiougi^ an assess;-.. en t 

of the ouajulua (plus a^cusaulus) mineral ratios can b€ mac® by excluding

. ._al that i& obviotjsly of the mtisontasis. Hi8 value of u so 

det* tiu would only b© an approximation to tii« true value but 

&&y provo IQ b© a&tiai'actory eapticiaily ii' the trapped li^uiu 

cry * n-.'-.jLj.j.sfVH*. to give, lu part, Biin«;ral© in rou^ily ti^e aaioa relative 

-roncrticns as the sissila r cumulus (plus adctaaulusj minerals.

r|ius, thti ensuing aethou for deterruiiiing; w is reiQl 1̂' only applicable 

to th** case of «idoumulattt»« Crthocusaulatee, however, need not be 

re4^c&cu O^TS ci< ^tufiu. us JLI is sho«Bi later that in p.^iatica it is 

possible »« v.erive the* value of C by jointly consider .Ing tiie mineralogy 

aad cheBtifitr^- of the rock ami by so&ic trial a&d error application of the 

t ;. This practical nspoot is discussed latcrr, (Chapter ?ourj«,

emu. auCUi^ufete tiro wU-^wu uu

'heteradotir^late 1 whcr© appropriate*



.-s is "bnst 1 

\

".i a layer*}-..

-> J r,^,. r,,,T ,, .$,- 4.V,., .-,*,•» ,, * .7 - . .JEJUTi' : . .-,.,i,V',.; '«* *

; ' is y to a c- tion •• ' _>a., arid t-

case ' ' the elsru-.-it not the other t ' ' • '.1,

is:-

x * y * a 4

i f is a factor converting the concentration into 

volume*

If ! A* is a rock froa a rhythmically layered scrips thrsr it is 

possible to seloct snother roc': *B f from a layer above or below 9 but 

close to, 'A 1 which h&s very different relative ratios of the ou 

ffinerals* Let these relative ratios (of the oa&e cuisulus sdaorals /a; 

in •.".•; be »:n:o; nhere (as + o) i» jauoh smaller than TT * z) nr,:i -. 1> 

mich t - . ."-Ti y. ; -..13, tJUa c. ... , of the same high-k e^ 

in the total cumulus a~ la®e of *B* ?4Jll b©:-

a * o

-..:. : . ..a 1 and 2 and e ',on (l) above it 1» ; 

to draw up the simul* ' ' for roc1 ,. and B us follc.

(2).

^ (3).
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A A
(4).

the subscripts refer to the rock A or B.

n if M is eliminated frota these equations (4)

s\-*/

i'he r;vtiQ ^ / ^~ oari clocirly be o, .od uireotl^r from tae ratioA. J3

(../ c -u roc:^ concentratiaas of a low-k el^aent, and so p
w^i uu I'cuXi&CS'S by p,*A

,'Uus,

-

ami tl\e.refor©:-

i*he solution to this equation givas the proportion of the noaostaftia 

in the rook l -^ 1 . 3ubstituti<m baok into the equations will give solutions

for p~ and M* In the case where =r 1, the equation (7) simplifies to;

1. (8).

It has here been assumed that low~k «lea«itft do not cater 

ouwdus phase. This is sluo^t certainly not found in practice but 

provided the solid/liquid partition coefficient of the element is low



far all jainerals involved then a simple correct loai oan b& aacle to the

iyeis by subtract!,. .. suitable concentration based on 

t" r? c . i.or* of the low-u ©leiaent in the ounulus phase. This 

point IseusBed further in {chapter& 'j «*u&. 4*

.?rom the theory presented it should b« possible to detensine the 

, -'•'•< of tv»c :. -^-c,.!-:-.:.is in two lUetEaul&tes by {uafelysinr. both of 

v .s for rt. low~k an4 high-k element; and aq&ly^ing, and ascert 

the relative proportions of, the minerals of the ouasulue phase for & 

h-k eler^nt, -:f, only do«& this theory giv^ a iseans of obtaining 

• proportion of the EUSSOstasis but also its composition.

t is probably cl@&r frcwi the above that &an.y eletaents »&y bo

Th© more -clever.t£ ti &t are used to 

sclvo the equations for two rooks then the IE or© accurate will the 

. ..alts for the &esost&sis be.

-.no. of the assumptions th;it has been used is that the mesostasis 

re^rose.c,?,6 the pore a<iiiorial« li' f However, the trapped, ilquia reacted 

wit, i,..s> ciiiailus phases then tho i«©sosta.sis no longer represents the 

pars m&teri&l* this eireustStAnce should not greatly affo-et the validity 

of the above theory as such reaction ^o«s not affect the eonoentratic .. 

or ele&ents i/i tiw: •-.: o-le rook or in the cusailxis plus adeumulus phases, but 

only changes sli^jitly the jaodal proportions of the different minerals, 

Insofar as the reaction is generally of the kind olivine going to 

;. / or of one t .. ;ne fjoing to . - -ar pyroxcn© then selection 

of a high-k elenftat that does not enter these iuinorals t but enters ^say; 

^i.-.^iuci uujgr, vvill nullify any possible effect on the detersdned
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e<me©ntrations C. or GT .
A £

the initial ^or,-t of tr 

1... - .eat in this li

In any c. -r et al ("

i still <> 

(p) and the concentration of t

of

j the ones studiss for this tii®siB«

y ctrlse irw-

^tersdn&tion of the relative ratios of tha different cusulus

2* JL0w-4c .it oonacentratioji values.

i. .:.-K eleiaent

T>

deternlnationft aad corrections. 

_/) tfeo following holdst-

o

.14

2 2 

C, TB

where:-

B

p 2 2
T"- '• 6* „ (9).

(10).
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C.) - -.-(T - C J7
_ _'i --— . „--_„—- ̂*:!1. ___ „ .- *•?..-.-

r»

°B ~ ' ° -£- (11 j.<•>

A "L

B

B
B « V (13).

*^j

Thus, tens 1 an ,UB. S. of equation (9) is « / __ ]''

equation (11) ^p .^G is of the order of -I/O,,, thus torn 2
•i*-'CT* '" 

of equation (9) i

From aquation (15), as C, is much Isss than CT,, c)p /*e> T« is .ni?proxir,;.atelj
i-*

* so that the third, tera is of the or QT of

*v.K«5» of equation (13; is or the order of -/C^.

R.IU-% of equation (14) is less tiuiii one aria cenoraily is expectoa 

to be a Bfis&ll mimber such that it is not greater than I/ . In suitable 

ea&es its value will be about 0,1.
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» in

2 • ,, C, 2Tj .. / «
, ... p ; -r V"* — """" ' wiiiOii j>i- -A.'-; (15 }•

si-»ce 1'jj is sore directly, and th ,-re re-ore accurately, di. .

t' .,• thus, the v&rlanco of G^ nesds **.o ba known BO &* to 

cc ^riDution to eqwr.tion (15).

Fi%O32 equation (3;:

W,. - V '-/^-L = ''JL-. •
G/ VGB

.«•-£__ • fe,* n -.•>. °.> , 1 • (&'•
4 n * o n.f«£ "" >i

n
|: r _ •^.« -.v,:... * ....':..-.,-"!-..- . '.:. L
(m •«• n -t- o";*-" n. f. " *.i(m + rk V o)

1 . £, » n. , . -t- n + 0 ss 1
'g «-» ( ' TJ^ T n •*• o/ n»f.>-

The K. ti. L>. of equation (ld> ©an be -witten l/n(l * n } and this is
r» * o

of the orc;.er of l/2r., so ti^,.t the coefficient of the second T,crn, or «; 

"J", . of equation (16) is subfitr^ttlally less than (&J n)*",

. s the variance of f is probably si^all, the IBP In contributor to 

tho relative variance in C™5 is the relative variance in X,
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If w© ear. .••; ...•; o i-no relative stancaru. deviation of ..-. to be about 

5, , then the standard deviation for ;; Af fros: equation (15), is about

0*03 if • has a value around J-» Thus, if p, la about 0,2, this ,<dlvesj '»

a relative standard deviation in p of about 15 , ,.s climbs in value

so doss the standard deviation of p 4 so that, froas the point of
.f "'*

of errors, it is "better if there is more Resostasis in the rock in 

i»hieh th© hif^-k el^aent is richest.

of s:&cond

Although this nethod is th© second to bo disowssCKl it -vras 

tfee first to "be devised as the intention at the outset was to develop 

a method which did not necessitate any &iovledire about the ssodal • 

proportio?'is of the various minarols In the cumulus (plus adeurulua; 

se. However, this method reruires the us-e of further promises sone 

which may not always be realisable in practice. This naethod. uses 

premise® 1 and 2 of the first Kethod an« also the followin^:- 

i» ~LJLl th&t in anj one horison of a layered 9 fractitmated rock 

•e-^uonoe the chsraioal compositions, and the relative social proportions, 

of the minerals of the cumulus plus adGu&ulus phase oan be considered 

to be constant over not too great a horizontal dist;mee,

*1R* t^se composition of the remaining *&&&, does not differ 

and so neither does the composition of tins pore matorial. 

1 that the percentafre of pore arterial may vary fror« rooli to

rook alonr any on© horiaontr.3. pl-*~rts. ''^is variation could be brought a 

by differences in poking of the cumulus minerals and different degrees o 

s growth.



es
&

H
*

:_
J
 

i

H
- 

O 3"
 

cs 7

£»

i
K

-»

H
*

O 8»

P>
c 

H P 0 c*
- 

O o" 0 H rf
-

O O
^

R ©

^
 \
*
*

f 1 '3

O Q f-
 

JS' O H rt
- ; 1 *3
 

<."* O

M
 

O

O

tr
 

O

a

& & s * I

C
.

S li 
!!

JS
*

O 3
 

OS

1
I
 I

C v_
 

*



2-12

thus the concentration of an el@s©nt in the ounulus plus adoumilus 

parts can be found by *h*> ?\bove oetho*:! without the neec! of anelyfttnf 

mineral separates and determination of modal proportions as' wits necessary 

in Method 1.

After C has been found there are two ways in ismc*. p , p A , ana ,.-.
fct * V

can "be determined* A third rock frore the saise layer as \ and & but with 

a different amount of meeostaeia froa either of therrif allots n sii'silar 

treatment as above to "b® applied except that three siinultnneous equations 

of typ@ (20)cari be drawn up. If '.: (equation (21)), M, and G are regarded 

as the three unknoms, then fche three simultaneous equations ^yre soluble. 

Tl:»us, the pi-esence of rhythmic layering is not a pre-requlsite of this 

method* If, however, rhythmic layering is present then a similar 

treatment can b© aade on two roeks from an adjacent leyer as wse dono 

for , arid a above, and having found C t and ^ , equation (7} of the- first
£>

method ea^n bs applied to the t?rc- "ir.irs of roc/;s, each pair consistinp: 

of a rock froc eaoh layer,

As in th© first aothod, this nethod also requires the ecnoantrations 

of tne iiijpi-k and IQESS>*": element a to be expressed in volumetric units, 

One ssjall adventa^e of this wothod is that reaction of the trr.prtcd 

liiT«id with the cumulus phases produces no change in the value of !' 

and p as modes are not considered*



o ft t* o* © & I cf
 

H
-

OS c+ O I O

i 0>
 

£»
 

C9 O ct
-

69 rt- 31 3 -> A

es ts *T s "ro o o ^", S
-

O «ri vJ ft- fe' ;J o (5

M H
* 

ca CB

c» a.

cf

o o H

r*
 

JT
* ,1 •at '3 L
>

O ;r

,?• o o e
* fv C
f Sf

M
 

1

K
i

ct
-

O H
* Si*

o •d O
 

€9
^ ct

-

a*

O /•* 5 '.*
 

^

i d © o p* i a 0 a 3 H
-

O 5 1

O ' C
,

O
 

iS ca
 >

a •3 c*
 

H
* 

O CO (3

C
r

H «D
, o

 u

J-
 

.

5 
>

H
O

.-
i 

f-

£3

> 
•

c)
|c)

H
-

C5
 

P
*

fu
fo

PO



2-14

ff. L _£he. use of .part it ion o gef f iclfijrvt s«

One of the consecuenoos of the successful application of th 

theory is the possibility of deducing tho partition coefficients of 

trace eloaentfi b< : • th© liquid and solid phases. Felntire (lc>'63; 

reviewed partition coefficient theory and its applications to 

problems. faost of his paper is concerned with the distribution lav, 

of Hinder son soul iCraoek (Ia27) which is:

where /Tr. refers to the ratio of aicroppcoisponent or 'tracer 1 , 
v Cr ; S

Trt to the oaerocoffiponent or 'carrier*, Cr, in the solid phr.se,

1'r LS tne ratio in the liquia phaso. This distribution lavr

^ft of th» exact oarri©r for each tracer; for milticoraponent 

systoiss, sacli as a jaagsaa, the required knowledge may not bo available* 

Indeed, in mai\y cases there is serious doubt as tc irhich elements 

oacioux'la^Q other trace elements in silicate lattices; (a:- aspect of 

this is discussed in the section or. phosphorus freoohendstry}* It seen:s 

safer, therefore, to use the Berthelot-^erst distribution, law which 

does not reoxiire knowledge of tracer-carrier relationships. This 

distribution law states (^cintyrQ op. cit. , that at equilibrium tho ratio 

of the concentration of tho trace component in the solid (U c ; to its
•O

conceiitratioii irs the liquid (C. ) is a constant:
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fr « k. (30).

The constant k is called the partition coefficient of the trace

element* Throughout this thesis this distribution lav: is ^-.z ones th-i. 

is used.

In the determination of the amount of mesostasis by the first method 

it is tttfoossary to analyse the cumulus phases for a high-k element. 

It may be difficult to obtain accurate results for the concentrations if 

some of the trapped liquid has crystallised to five lower temperature 

fractioziation products that are similar to the cumulus minerals which 

they envelope. i'ho pore material often exists as soned extensions to 

or" " il cinKulus and adouaulus parts and it is, therefore, essential to 

analyse unzoned spocisians or just the cores of jsoned specimens. In ^ -•••> 

ease of adeunulatea with little i. esostasis there is no problem as 

soaing will be very slight. In orthocuimilates, rook crushinr and mint:-ral 

separating processes are unlikely to completely remove the outer acnes. 

These outer «one® will be enriched or deflated in low-k and high—k 

elesssntn respectively, compared w5..th the cores, and could seriously 

interfere in the analyses* If, however, on© can consider the entry of 

trace elements into silicate lattices as a solid solution process than 

the concentration of a ::race elerj%?.rit iJ~i a cumulus ph^se sliould be const^xnt 

over a sia&U de^roe of fractionation. Thus by taking a pure separate 

of an unsonod Edneral from an adousculate adjacent to the orthocutaul/ite, 

the high-*: elesaent concentration could be found, and substituted into 

th© equations for the -orthocunulate. It is in this respect that use is



2-16

© of th« constancy of the partition coefficient ov*r scsall fract ; <nr>-Hor

increments* Similarly, it should only be necessary to analyse mineral 

separates fro® on® of the tsro rooks used in the first methoc if both 

roeics contain the saae cumulus and adeuaului* minerals.

The partition coefficient is temperature and pressure Dependent 

but is not a function of the concentration of at trace eleswnt whilst 

this behaves as & dilute solution, fhus two similar Bagsas with differences 

only in their respective trace element concentrations, vhioh have 

fractionated. uncTer identical conditions would be ory-ected, at similar 

fraction&tion stages, to hfl.v« the same KdneralAi®«d& partition cnoff^n-?e-ts.

Thus, the ascertaiomeat of tra.ce ele;i»©nt partition coefficients 

between a specific mineral and the co-existent liquid phass from a 

variety of fractionated basic aia^as shoujLr.- prove to be zsore use Ail 

1r cn!r!t>rr^.t3,ve studies tbAr just trace elejsent conoiar.trri-t-ianf;. .-'ns^-'i 

with partition coefficient data frota layare-d intrusions it Bay be possible 

to elucidate fractionatlon trends of sonio basalt
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Suitability of elencnt»»

In Chapter Two it was stated that the application of the theory there 

developed dooandcd the presence in layered rocks of elements which show 

contrasting gcocheiaicol behaviour: the so-called ?iigt*»k and low*4c cleoents. 

Other requirements are that the concentrations of these elements can be 

readily and accurately determined and that higMt elements should only be in 

trace quantities so that they obey tho distribution law, though this latter 

rwpurownt is not always needed.

Hie oajor cleaents, silicon, oluciinim, oacysen, aagneaiiia, iron, sodium, 

potassiuet, and calcium are not suitable as they generally enter oore than one 

cunulus mineral • However, once the proportion of the oesostasis of any 

rock has been determined hy using other elentents, it is clearly a sinplc 

raattcr to detcrmiac the concentration of these elements in the saesostasia*

this section discusses briefly the suitability of ninor and trace 

eleocats for use in the application of the theoretical analyses of Chapter 

two for the case of basic layered rocks only, especially the lower, or 

earlier, fractionation products* The reason for this bias is that it was 

decided for the purposes of this thesis to test the theory on rocks of 

COflparitively sinple oiacraio^y that were wcll-docunented* Thus, the 

tower Zone of the acacrgaard intrusion. East Greenland (Wager and Deer 

end the layered ultrabaaic rocks of Rhum (Browii 1956) were chosen. Saae 

work has also been carried out on the Dushveld igneous complex.



Itony minor and trace elements are unsuitable for the purposes of the 

theory generally for one of four reasonss

t* The elsnents enter both mafic and feaic (with accessory) cumulus 

minerals. In this group are Au| Cd; In; Li? S&; Ti»

2. They show a preference for entering the teiseible sulphide phase 

(Wager ct al t9&». Included in this group are Ag(f); Cu| Mo(?)f 

Sj Se; Zn(?)*

3. The elements are in very low concentrations anchor are difficult

to analyse for* Be; 8; C; Pb; Hb; Th; fall into this group* 

4* There is at present insufficient information about the element f s 

geochemistry to state whether they are really suitable or not: 

this group includes Ag; %f Lanthanides; fib; !t»; Platinum 

nietals; Re; Sej Sn| 1m; Tc; Te| Tl; W} Y; Zn#

The remaining suitable eleswmts fall into two categories. firstly 

those element a which show a strong preference to regain in the oagraa during 

fractional crystallisation, i.e. low-k elements* ttie»e elements ore As} 

Cs; -&$ Halogeng; P; 2r; Hf; and U. The halogens and phosphorus are un­ 

suitable when cumulus apatite is present as they enter this mineral* 

Zirconium is found in early stage pyroxenes and cumulus apatite though it 

is generally concentrated in residual liquids and Brooks (1965) has 

suggested that this element could be used as a low~k element until the 

crystallisation of zircon*

The second category includes those elements which show a strong 

preference to enter only one of the aain cumulus minerals S pyroxene;



or felspar* sttch that the partition coefficient C^C^ is high* 

i*e. high-k elenents, sea Chapter $»o. lotytlmic layering in certain 

intrusions consists of oiiviae-pyroxcne-rich bands alternating with felspar* 

rich ba^.ds, whilst in others the alternation is froia pyroxene-rich to 

felspar-rich bands* Insofar as pyroxene in almost ubiquitous* this 

second category can be divided into three sub-groups consisting of those 

elements that:

l« preferentially enter oil vine: !»i*

2* preferentially enter pyroxene (or pyroxene and olivine): Mnj 

Gs| Sc; Cr«

5, preferentially enter felspars Baj (la; Sr.

The elements listed do not behave ideally but their preferences are 

distinct enough to be included in the above group*. In those cases where 

the rhythmic layering is from olivine to felspar-rich layers elements in 

sub-groups f and 3 will be the only suitable ones* whilst in pyroxe:,c-rich 

and felspar-rich alternations those in 2 and 3 will be suitable. Many of 

these elements exist in basic nasiaas only in lew concentrations or are 

depleted strongly during fractionation and in these eases activation 

analysis can be used*

For the purpose of this thesis it was decided to investigate the 

appropriate ^cochenical behaviour of pliospJiorus and urnuiun and aake a

•Although nickel is strongly concentrated in early fractionated divines 
it also enters slightly into nagnetitc and ilmenite so that it may 
not in all cases be suitable*
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preliminary investigation into the behaviour of bronine as lowfc elements* 

Strontiun was selected for study as a high-k clement.

The octeistr of

Although there is a lot of data available on the geociieiBistry of 

phosphorus in rocks* little is known about the distribution of t!*a element 

in silicates as in these minerals it is present in only very 10* 

concentrations. the use of activation analysis has enabled the accurate 

determination of low concent ration 3 of phosphorus. The analytical method 

that has been developed is described in Chapter 6.

i* the Skaerijoord intrusion*

Xn their oenoir on the Skacrgaord intrusion of Cast Greenland* Wager 

ard De«r (J959> p. 227) stated "..*. nor does P^O* enter appreciably into the 

composition of any of the pria&i'y minerals. The P,05 of the early layered 

rocks is believed to have existed ozdy in thQ 20 per cent* of inter- 

precipitate raasiaa and to have crystallised from it as rare, small, apatite 

crystals*11 This aspect of phosphorus geochoaistry wae used by laser (1963) 

to show that the mount of trapped liquid in the rocks of the layered series 

decreased with height in the intrusion, and from this he <$rew t!*e 

conclusion that the amount of adcisaulue growth had increased with hei^t 

until, at least t the stage where eussulus apatite entered* Furthermore. 

in earlier **>rk (Wagert 1960) the amount of p^i^horus in the successive 

retiduci liquids of the fractionating Skoe regard laa^aa raid been deduced; 

and hence from this infornation it was shewn (i&faacr t9^3 op. cit*) that 

the amount of pore liquid ia a^y o*i« reek could be calculated if tlie whole
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rock phosphorus content was

the variatioti of phosphorus with hei^it in the iisstrusion lx>th for 

the wiiole rocks and for the successive liquids is reproduced in fipare f » 

which is taken fro® Wager , t$63» which in turn uses the results of 

(t959>* In Figure 2, is shotm the tonal classification of the 

intrusion which is based upon the iococuug or outgoing of certain cuenilus 

phases.

In this work described above, two assiript 10.10 were nade:

a* that a negligible oocilnt of phoephonis caters the a*aulus aid 

adciirmiiaa*1 minerals prior to the formation of cuntilus apatite 

(i.e. below UZb).

b» atidf fallowing fron ay that the ssaount of phosphorus in a rock 

(below UZb) is a relative ocfisurc of the oisoui~tt of pore material 

in that rode*

Bit ftccxira^y of these assuj^>tlons l>eci»aes questioraibie ishen a ro^ such as 

EG* 5109 (Figure !•) is exaiairied, as t!>e valias of its phosphorus content 

indicates that there is about 8f£* pore material in that specimen* This 

value is not compatible with the estimated oaxiistt^ pore tmterial of 

50 per istat* for any rock of the layered series (Wager at al* I960) 

does the i^tole rocfe analysis of E0,5t09 abroach tlmt of the contemporary 

BBjpH as would tie expected if 85 per cent of the rock consisted of pore 

material (ffcger 11)60, pp* ^7*J5D« *Rw*f either th§ above

*!Iereafter f tlie tents 'aclctismilus* am! 'adcusulate1 are toltcn to include
and MieterwdcwERilate* ^diere appropriate.



FIGURE 1.

Phosphorus content vs. height
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are not entirely true or the deduced composition* of the Skaersaard 

at successive fractionation stages (see Wager I960) are inaccurate. It 

was thus decided to test the validity of the assumptions, and this is the

of this section* 

For tlie purposes of tho easuiiig discussion it is cxpcoteat to

t^e knowledge, prior to this work* of the distribution of phosphorus

in the Skaergaard rocks* The chilled oil vine galabro contains 0*1 per cent 

P20_ and this figure is assumed to be the PJ>- concentration of the initial 

flft&sl* ThrottgiKHit the layered scries, average rocks contain about 0*05 per 

ccat*i?20- until apatitd is present as a cuouius mineral (at UZt>) when the 

percentage rises to 2 or % Below U2b there is generally i^rc phosphorus 

in the leucocratic cutaulat&s tiian ia the aelaiiocratic or average rocks 

(Wager 1960 and 1963). Published analyses of minerals froci the layered 

series do not include a^y P^^^ j^sults and there do not appear to be any 

published figures on plwspJiorus in minerals, excluding apatite, of the

rocks*

Tuc composition of the corttempoitiry oagpa at various fractionation 

has been esti&atod (Wager I960) to itavc been about 0*2S per cent*

P^OC at the tine of formation of the Lower Zone (L2); 0*50 per cent* at the 
* ->

SUtldle Zone (MZ)j t,25 per cent* at Upper 2one a (UZa); 1*35 pet* cent, at 

U2b| and 0*40 per cent, at l^c* Itie bourxiory UZa-b oarks the incoming 

of CUCRUUS apatite and tlic e si looted concentration of P^O,- in the contemporary 

at this sta^e is 1*75 per cent* 

To test the first assumption that a negligible onount of phosphorus
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enters the cusmlus and adcurmlus minerals (except cumulus apatite), olivine 

pyroxene, felspar, and iron ore fractions were separated from selected rocks 

and analysed for phosphorus by activation analysis* For this work the 

purity of the separated mineral fractions needs to be high. However, if a 

cumulus phase contains inclusions then from the point of view of testing the 

above assumptions the cunulus raineral plus inclusions should be analysed. 

Thus, the results would not necessarily indicate the asiount of phosphorus 

occupying lattice sites. The presence of inclusions was riot noticed but 

their existence cannot be ruled out. Analysed olivines were free of

enclosed iron ore as far as cotfld be ascertained.

A taore important aspect of analysing cumulus minerals for a low-k

element is that there should be no pore material included in the saaple, 

In the case of zoned minerals it is often impossible to remove completely the 

outer zones which originated, at least in part, froia the trapped liquid. 

Thus, it is clearly advisable that the separated minerals should be 

adcunulates where the risk of contamination frons the pore material is low. 

The minerals that are discussed below were taken from orthocuraulates, 

mesocuctulates, and adcuraulates, and the effect of contamination from pore 

material is clearly shown.

The new analyses are presented in Table 1. If one can take Wager's 

assumptions as a working hypothesis then the phosphorus results can be 

discussed in the light of the phosphorus concentration of both the individual 

whole rocks and that of the conteuiporary Ejagraa. These figures are, therefore, 

included in Table 1 and from them are calculated pore raaterial percentages
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(which are necessarily only tentative).

H** JHte^ oc^nsC8 Qre » generally, highly enriched in phosphorus compared 

with the pyroxenes and olivines. However, most of the plagioclsses studied 

arc from orthocuimjlales or nesocumulates except for F,G«5181 which can be 

considered to be an adcuzmilate :% All the felspars, except those of EC.5112 

and EG.5181» show extensive zoning in thin section. Thus these high 

phosphorus concentration* can be interpreted as being due to the crystallisa­ 

tion of trapped liquid to form, in part, extensions to the cumulus plagioclasc. 

With the progressive crystallisation of the trapped liquid the concentration 

of low»»k elements in the remaining liquid fraction increased considerably 

so that, in turn, the crystallising material beccsae even sore enriched in 

these elements. Huis, the results for all the felspars, except for those of 

EG.5112 arid EG.5181, have little significance except that they show that 

the mineral separates were not devoid of zoned material. This strong, 

somewhat randota, zoning of the plagioclases could also account for the poor 

reproducibility shown by soffie of the replicates. For activation analysis 

only a snail nnount (100 lagm.) of mineral is required and in such an amount 

inhoEiogeneities could manifest themselves. The reproducibility of 

replicate analyses of naterial frost adcunulates is far superior.

*The boundary between adcucmlates and mesocuriulates was put at 5 per cent. 
(Wager et al«, 1960) and so it might appear from Table 1, column 5 that 
CG.5181 is strictly a mesocurmlGte, However, as it is clear that some 
phosphorus is entering: the cuaulus phases the figure of 6 per cent, is 
probably too high. Furthermore, on microscopic examination the rock EG.51S1 
contrasts strongly with other rocks that are definitely raesocujsuiates in its 
absence of zoned minerals etc*, so it seems justifiable to call it an
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The case of EG.5093 is particularly interesting. When the rock was 

being crushed and ground to reduce it to fragments suitable for mineral 

separating, sifting for the appropriate grain size (-SO + 160 mesh) was made 

at various stages of the grinding process. It was thought that the first 

material to be reduced to -80 nacsh (0.2 Em. diameter) would be relatively 

richer in the outer zones of plagiocl&se coopered to later fractions, as 

the average smallest dimension of the crystals is about 1 onu Thus, when 

about half of the specimen had been reduced to -80 msh, t!»e -60 + 160 oegh 

fraction was taken and put aside. The regaining coarse fraction was 

further reduced to give a second -80 + 160 mesh fraction. Mineral separation 

of the felspar was isade on each of the two -80 + 160 siesh fractions, and the 

plagioclaso from each was analysed for phosphorus. The results show that 

the first pure mineral separate is highly enriched in phosphorus compared 

with the second fraction, as was expected.

the concentration in plagioclase (An40) froa EG.5181 (45«6 ppci.) is more 

significant as zoning of the plagioclase cannot be detected in thin section 

except against the rare n»e so stasis (Wager, 1963)* This phosphorus 

concentration is, therefore, that in curiulus plagioclase of this fractionation 

stage. The concent ration of phosphorus in the contemporary issajpaa was about 

1.5 per cent. PJ)f ^c^ gives a Cplag./Cliq. partition coefficient of about 

0.007* It is unlikely that this partition coefficient remained constant 

during fractionation as there were changes in the plagioclase corspcsition, 

tcnperature, QU! pressure, as well as the fact that the phosphorus 

concentration in the liquid U2a was 00 rich that the distribution law may not
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have been obeyed* It is, therefore, difficult to predict the concentration 

of phosphorus in cwulus plagioclase of the Lower Zone* Phosphorus 

concentrations in rocks of the Lower Zone, analysed by Curren (1959) and 

other workers, imply that all those analysed are mesocumulates or ortho- 

cumulates, and it may not be possible to find a suitable adcumulate in the 

Lower Zone for the accurate determination of the concentration of phosphorus 

in cumulus plagioclase. However, a microscopic examination of so&e LZ 

rocks showed that EG.5112 (LZb) contained zoned plagioclase but that the 

zoning was not so extensive os EG.5109 etc* The piagioclase from CG.5112 

(An57) contains about 50 pfra* phosphorus which puts an upper limit to the 

concentration in Lower Zone cumulus plagiociases*

show only a little zoning in the L2a rocks studied, and

from this evidence, and some other given later, the pyroxenes are considered 

to be essentially a heteradcumilus phase at this fracti onation stage*

The jyroxene from EG.5109 (LZa) has a similar concentration (?6.2 P?et«) 

to that fron £0*5086 (LZb)* However, the phosphorus content is such lower 

in the pyroxene from the adcumulatc EG.5161 and it raight be possible that the 

LZ pyroxenes crystallised, in part, frosi the trapped liquid* Tlic 5181 

pyroxene is of the same order as tfiat of Bushveld and Rhusa clinopyroxenes, 

and gives a C pyrox./G liq* k value of about 0.004*

raain details of the pyroxenes can be found in Brown O957) and 
Brown and Vincent (1963). They are predominantly Ca~rich (augite) though 
there are small amounts of co-existing Ca-poor pyroxci^es which are unlikely 
to have been separated from the analysed Ca-rich laaterial.



ITie rock EG,43J2 is from a horizon just above that where apatite is 

found as a cumulus phase and presumably the pyroxene (and possibly the 

other nincrels) is contaminated with apatite inclusions*

^e 01ivine from EG.5086 saov/s no zoning and appears as a pure cwtulus 

phase* Its phosphorus content is, therefore* taken as being that of 

Cttttuius olivine of the LZ* The olivine fron ;:G«4512, like the pyroxene, nny 

well be contaminated with cumulue apatite* the 5886 olivine gives a C oliv*/ 

C liq. k value at the LZb of about 0*07*

The results for Unienite mw! nta^nctite free EG.5IS1 show timt there 10 

little phosphorus ia these minerals, and ti«at there is a preferential entry 

into iljaenite. TSie Magnetite froci EG.43I2 appears to be contaminated 

with eunmluj- apetite (?)*

It has been shown, therefore, that the first assumption used by V^ager 

that the amount of plioephorus ia the cui:iulus minerals is negligible, is not 

strictly correct, though the entry of paosphorus into ctffiulus minerals is 

of a low order* Nonetheless, thes? low concentrations raokc a significant 

contribution to whole rock phosphorus contents and way coayaris& most of the 

phosphorus in certain adcaMulatus. However, it would seem that the 

difference between the phosphorus concentration in the whole rock and that 

in the overall cuaulus plus adcuiaulus phases could be a relative measure 

of the volime of pore material in that rock. With this proviso, the second 

assumption slight appear to be valid* However, in the use of the 

aasyjoption fagcr (I960), Figure t, B»de no allowance for the fact that the 

phosphorus content wa* measured in weij^t per unit weight rather than in



weight per unit volusae. Leucocratic rocks have very different specific 

gravities fr«j» welanocratic rocks (e»g. 2.76} 3»89 respectively, Wager 

and Deer, I939» P»®5)» whereas it is likely that the contained pore 

Material has the sasie specific gravity in the two rock types if they are 

close to each other in the fractionalion sequence* Thus, if the whole 

rock phosphorus content is going to be taken as a measure of the voluoe 

of pore material, it is essential that all concentrations are expressed 

in weight per unit volux&e* If this is taken into consideration, and also 

the fact that there is phosphorus in the cumulus minerals, the pore material 

in EG,5109 is found to be about 50 per cent, by volume, (assuming that the 

PJ>- content of the tua&Hft as given by Figure 1 is correct),

Further conclusions about the geochemistry of phosphorus in the S&aergaard 

intrusion are discussed in Chapter 4*

ii* The Busnveid igneous eorapiex.

The state of present knowledge about the petrology, structure, ag«, 

etc* of the Bushveld igneous conplcx of the Central Transvaal, South Africa, 

is swraariscd by mil (1932), Lombard (1935). Willout (19&0, Atkins (1%5)» 

and for fuller details these works should be consulted.

Ifce igneous intrusion consists of a nuober ©f so-called 'Zoiies1 of 

which the 9Mrginal Zone 1 of the medium to fine grained gabbros is one* 

The estimated maximnn thickness of this zone is 400 feet* The remaining 

zones are each superincumbent upon another zone, starting at the base with 

the 'Basal Zone* of 4,5009 , Moxinua thickness, which consists predominantly 

of adcunulates and heteradcumilates made up essentially of combinations of



bronzite, olivine, pyroxene, plagioclase, and chrociite. Above the Basal 

Zone, starting with the *l!ain Chroialtite* seam coraes the 'Critical Zone 1 , 

about 2,800* thick and with rauch rhythraic layering. The rocks of this 

zone are cumulates with plf?gioclase, bronzite, and chromite present as 

cumulus phases, and nlso diopsidic augite towards the top.

The next *!1ain Zone 1 makes up a large part of the intrusion as it is 

about 17,000* thick, delimited by the famous Merensky reef (a pyroxene 

emulate layer containing exploitable platinun) at its base arid by the 

incoming of ciiaulus magnetite at the top. The zone aay be divided into two 

parts * the lowest few hundred feet which show good layering and consist of 

adcumulates, some with orthopyroxene clusters, followed by the rest of the 

zone of uniform cumulates of plagioclase, augite, and calcium poor pyroxene.

At the top of the intrusion is the *Upper Zone*, the lowest rocks of 

which are ferrogabbros. About 1,100 aod 2,600 feet above the base of this 

zone, olivine and apatite respectively enter as cumulus phases* At about 

2,500 feat above the base the rocks are essentially ferrodiorites, which 

grade upwards into granodiorites forming the highest rocks and to give an 

overall thickness to the zone of about 6,300 feet.

One of the original reasons for stuctying the distribution of phosphorus 

in layered intrusions was to see if the degree of adcuwulus growth in the 

Bushveld intrusion changed with fractiouation in a sxualar vmy to the 

Skaergaard intrusion. Very little was kiwwn about the variation of 

phosphorus content with height la the intrusion, or about the concentration 

in the separate minerals« Liebenberg (1960) published soae data on
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phosphorus in Bashveld rocks but smelt of it is presented only in 

fona, of phosphorus content against an adjusted La r sen function, from which 

it is difficult to extract the required information, especially as the 

relative heights of the rocks in the intrusion are aot given.

Unlike the Skaergaard there are #0 data concerning the concentrations 

of phosphorus in the various stages of the fractionating n&£?itn, as there lias, 

in the past* been no way of ascertaining such information. However* 

by analogy with the Skaergaard data it can be confidently said that the 

amount of phosphorus in the remaining raagoa would have increased with 

fractionation until apatite started to crystallise as a cumulus phase* 

The phosphorus results for the Bushveld can thus be viewed in this light. 

Furthermore, Atkins (1965) presented n:v analysis of a rock which he had 

collected from the intrusion awl which he considered to be *the best 

available representative of the Bushveld chilled gabbro*. The phosphorus 

concentration in this rock (SA.1Q87)* along with results for other 

Bushveld rocks, is presented in T&ble 2. The concentration in S A. I 087 (0.11

per cent. PJSt-) is very similar to thci of the Skaergaard chilled gabbro 

(0.10 per cent.) and in relation to it oil the other Bushveld rocks are 

significantly poorer in phosphorus until apatite is present as a cumulus 

mineral .

The results in tteble 2 show that the amount of phosphorus, and hence 

the amount of ae so stasis, varies quite markedly frosj one horizon to the next

(e.g. SA.722 and 730). It might be questioned whether this variation in
/ is 

phosphorus content7 brought about by sudden cmnges in the whole rock
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©ineralogy from one horizon to the next. However, raany rocks which show 

differing phosphorus contents have similar mineralogy, (see Appendix B for 

brief rock descriptions)* and furtlvenire the phosphorus concentrations in 

all the currulus minerals are spread over a fairly narrow range 9 see Stable 3* 

In Table $A nodes for three of the rocks are given and the contribution of 

phospiiorus in each aineral to the whole rock phosphorus content is calculated* 

The results show that these three rocks contain little pore mtcrinl and are, 

therefore, adcuroiiates. 8y contrast the rock 730 (Tal/lc 2) contains a far 

greater amount of phosphorus and, therefore, more &e*osta@is* This strong 

variation in the content of the raeeostaeie means that the 5tt*feveld ro£ks stay 

well be suitable material on which to apply the theory presented in Owpter 

Two. As 660 and 733 are cdciciulntes, the results for phospliorus in the 

minerals represents that in the cxmulus minerals*

^n ^^e felspars the i^iosphorus concentrations are very similar la the 

two rocks 733 and 660. the rock 940 and its separated felspar are very 

poor in phosphorus (about 9 and 5 PP* respectively) but because the rock is 

from a position far above the height where apatite becomes a cumulus phase 

it is difficult to assess the conparativc richness in phosphorus of the 

nagrai at this stage« In comparison with those frost the Skaergaard intrusion, 

the felspars of the Bushveld are poorer in phosphorus.

The concentrations in the Oft-rich gyrpftenea? ore all of the saae order* 

The slij*tly higher figure for 1133 could be attributed to contamination 

fro* apatite as this rock comes fro® the upper zor»a above the entry of 

cumulus apatite. It is difficult to see wt^y the 733 Ca-poor pyroxene



(bronzite) should Ivave n*ore phosphorus than the similar 660 bronzite. In 

contrast to the Bushveld clinopyroxenes (£*£$£*?* e^' the Skaergaard LZ 

clinopyroxenes (Ca^ig^^io) are about four times richer in phosphorus 

yet they are similar pyroxenes.

The above discussion shows that the amount of phosphorus in the Bush veld 

cumulus minerals, like the Skaergaard minerals, is of a low order. From 

these mineral results it has also been shown that the phosphorus contents of 

many Bushveld rocks cannot be accounted for solely or« the phosphorus in the 

total cumulus phase and, therefore, some of these rocks contain a significant 

proportion of laesQstasis.

It is worthy of note that the order of entry of phosphorus into 

minerals is: olivine, plagioclase, pyroxene, which is the sacie order as in 

the Skaergaard ctsaulus minerals.

iii.. i 7|ic layered ultrabasifi rockg of.

Tl^e total area of ultrabasic rocks in the island of Rhusa, Inner 

Hebrides, is about 12 square miles. The petrology and structure of a quarter 

of this area were described by Brown (1956), and it %ms frora this described 

region that further collecting was imde and rocks and minerals analysed for 

phosphorus and some other elements, (see later).

Hie iJallival-Askival area described by Brown (op.cit.) is a rhythmically 

layered sequence of ultrabasic material, Hie rhythmic layering consists 

of an olivine rich rock ( f peridotite*) grading upwards into a felspar rich 

rock ( fallivalite f ). Above the felspar rich rock the rhythia is abruptly
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delimited by another peridctite. Fifteen such rhythaic patterns, or units, 

have been recognised by Brown (op.cit.) and they give a structural height 

to the intrusion of about 2,600 feet* It is thought (Brown, op.cii.) that 

the layering ims footed by gravity accumulation of cumulus minerals with the 

subsequent development of adcuaulus and heteradcumulus phases. The euoulus 

minerals are only oil vine f plagioclase felspar, clinopyroxene, and fchrone*» 

spinel*. Cryptic variation has not been found throughout the sequence. 

live fifteen units are referred to by numbers starting at 1 for the lowest 

observable unit. Each unit car* often be traced over considerable lateral 

distances, and although very similar to others, each unit exhibits its own 

character! sties, (for fuller details, me Brown op.cit.).

The concentration of phosphorus in the rocks and minerals appears to be 

very low from previous published work. Brown (op.cit,) found 0.02 per cent. 

P20- in an allivalite fiv& unit 3 (5875) ^u^ on*y traces of phosphorus in 

higher units. In the fine-grained olivine gabbro (5781) and the raargirial 

gabbro ••intrusions associated with the layered sequence » he found 0.01 and 

0»05 per cent. P20r respectively and in an analysis of an olivine, 0.01 per

cent. P^O- was recorded. The deductions made fross unit 3 about the 2 5
composition of the contemporary ma^aa (see C3\apter 1) gave a P00- content of 

about 0.04 per cent, to the raa&aa, Wadsworth (1961) found 0,03 per cent.

P20_ in an oliviae adcumilate from another region of the ultrabasic area.

In thin section the rocks from most units appear to contain only a 

•Mill amount of pore material except in the case of unit 3 where the felspars 

show fairly strong zoning. The whole rock phosphorus results of units 3,



7t 8. and 9 in Table 4 confirm this observation, Results are also 

presented for the fine grained gabbro and these are in close agreement with 

the previous analysis by colorimetry (Brown op.cit.). The result for 

5875 (unit 3 allivalite) is however, higher than previously recorded.

Zoning does occur in the felspars of both the peridot!tes and the 

allivalites of units 7 and 8» The zoning (Brown op.cit.) is normal and 

in the peridotites is from AnQ, to about An_fl vdth a lower range in the 

allivalite of unit 7.

Minerals from units 7 and 8 have been separated and analysed for 

phosphorus by activation analysis and the results are presented in Table 5* 

The minerals were quite readily separated froa the rocks of unit 8 and in 

all these cases (except the chrowc spinel4*) the purity of the analysed 

material is estimated to have been greater than 99 per cent. Hand picking 

was carried out after separation by the rioraal techniques* It was difficult 

to assess trie purity of the chromites and it is thought to have been only 

about 9O,\'. Minerals were far more difficult to separate in a pure state 

from the unit 7 rocks* The felspar fractions were greater than 99 per cent, 

pure; the 17120 pyroxene greater than 98 per cent, with chrorcite as the 

Bain contaminant; 17120 and 17122 olivines greater than 98 per cent, pure 

with a little iron ore held in pyroxene aa contaminant. It was not 

possible to obtain a pure enough sample of pyroxene and olivine from 17123 

end this way partly be due to the alteration of •one of the mafic minerals.

* referred to as chroraite.



3-22

in nhum rocks

•* ; "• - O r

17129

171254

17127

17126
17125

\ 7 1 ,.: 4
171. '3

is i-~
17121

17120
,^75

5761

. ,

•-. Ulival -
U. All lvalue

8. Al 1 ivalUe
• v..^f0titc

•->. ,feriu0t.ite

7. Aiiivalxte
7. M "* 1 v^lite

7. ariUotit*

7* »-eridotite
7, . eridotite
3* Aliivnlite
Oiivirte Gabbro

ni>JS

43.6; 50.8

56.0 J 59* S
GiS.l{ 4^.2
*1. ;

fe^.5j 56.7
m>.d} tOo.Oj 7».«

*4;>.U; 74. 5 j U>.5
US. 1; 129,7
<••*<•» **. ^ - •• » o
1 Irfi* f | «*4~. ii

93*0} 10S.O; S0*0
lS9.li 185.2

(42.8)| 50*3

47

5ti

M

0^

70
;

n4
j-,;

-» A *"2°5

O.Oil

0.013
0.013

0.014

O.O14

0.020

O.O16
O.028

O.024

0.022

0*043

0.012

indicates that there

after irrndintioa antl before proev



3-23

*™;i«*

17137 i'lagiocla**:
t-nit • ynjjtenc;
Alliv. <L-iiviju>;

17126 i '!*«.;
Unit 8 Pyrox. i
Perid. ullv. :

1712* 4*l*g*:
t nit b Pyrox. :
i eria* i>liv, :

«Chromite«

1712S Flag. s
'.nit 7

17122 Pla*. :

.•erid«

17120' flag* :
taii 7 Pyrox. :
, @ricl» uliv. :

U&sULT£» i* pplB

31. S; 34.3

25. U} ou*a

40.9; 4O.4

4 ̂  S t 37 ti

15.3} 16*0

26.9; 5C).5

27.0$ 27.2
19*9; 23*0
36.9; 36.3
186.2

42.3; 43. d

121.3: 118.3
72* ij «a.l

'

Vd*9
25.3} 21,7
66, 1

P*^

33.0
28. O
4O* §

41.6
15. 6
211.7

27.1
21*9
36.6
isx>
43.2

1*0

711
24

S6

-2V

o.ooa
0.006
O.OO9

0.0 1O
O.O04

0.007

O.OO6
O.OOS
0*OO8
0.043

O.01O

O.O27 
0.016

O.O13
0*005

O.020



The rocks from unit 8 contain less pore material than those of unit 7* 

For this reason and because of the discussion in the paragraph above, the 

results for the minerals from unit 8 are considered to be nore reliable as 

true indicators of the amount of phosphorus in the cumulus phases*

The 17126 felspar shows more zoning than that of 17125 and this is 

reflected in the phosphorus results* Excluding the 17126 felspar the 

order of entry of phosphorus into these minerals is: olivine, felspar, 

pyroxene, as it was in the Skaergaard and Bushveld cumulus phases*

The plagioclase felspars of unit 7 show sone zoning which accounts for 

the high phosphorus values of the 17120 and 17122 felspars* However, 

the felspar separated from the allivalite (17123) is raost likely to have 

contained a lower proportion of zoned material and thus the results for 

this mineral approach that of the concentration in tf^e pure cumulus phase*

It is clear that the chromite contains a greater araount of phosphorus 

than the raagnetite of EG.5181 (Table 1). The chrotaite is considered to 

have been a cumulus phase and during mineral separation we11-farmed 

octahedra of the taineral were noted. It cannot be ruled out, however, 

that sorae of the chromite may be from crystallisation of some trapped liquid 

and further investigation into this point is needed. However, the 

rocks 17125 and 17127 contain less than 1 per cent.by volume of the caroraite 

(see Chapter 4) and so for the purposes of the present discussion the 

contribution froffl 'cumulus' chromite to the whole rock phosphorus confcnnt 

can be ignored*



iv. Discussion on aspects of phosphorus geochemistry.

For basic igneous rocks and indeed for many rocks, there are iiuusaj&erable 

whole rock analyses which include data on phosphorus. On the other hand 

information about the presence of the element in nmny of the minerals that 

laake up basic rocks is wanting. Phosphorus is coaKaoaiy present in all 

igneous rocks, Turekian and Wedepohl (1961) in a synthesis of data showed 

the average distribution of the element in igneous rocks to be: 220 ppa 

(0.05^ P205 ) in ultrabasic rocks; 1100 (0.25) in basaltic rocks; 920 

(0,21) in higii«-calcium granitic rocks; 600 (0.1/j.) in low-calcium granitic 

rocks; and 800 ppm (0,18^ P-^r) i rt syenites. In nearly all basic rocks 

the concentration is between 0,01 and 2 per cent, ?2°s m^ is Senera^^y 

between 0,01 and 1 per cent.

It has been shown in this work that the presence of phosphorus in 

certain basic igneous rocks is not necessarily dependent upon the presence 

of apatite and that scuae phosphorus is in the silicate minerals. The 

partition coefficient of phosphorus between the raagna and the silicate 

minerals is extremely small and it has been shown that siost of the element 

(in the absence of cumulus apatite) is concentrated in the residual liquid 

during raagjaatic fractionation.

There is a school of thought that expounds an origin for siany basalts 

which involves a magma, at depth, undergoing fractional crystallisation 

in Eaich the sane waj* as that of the Skaergaard nagoa. If this is so, 

then these basalts can be viewed as being raade up of cumulus phases (as 

xenocrysts) and residual 'magma1 , and provided cumulus apatite is absent,



those basalts containing proportionally more 'wa^ia* should be richer in 

phosphorus. ISuir et al. (1964) suggest that well-developed gabbroic 

iutrusions should occur at quite moderate depths below the basalts fora ing 

the crust of the rift of the Hid-Atlantic ridge and it is interesting to 

note that dolerites from part of the rift zone contain rionaal plagioclase 

crystals (xeaocrysts) of Ar*-- but tliat in an interstitial residuun there 

are finer laths of the saoe Mineral with ranch more sodic composition (down 

to Aik^o)* An analysis of these differing piagioclases may show the more 

eodic ones to be far richer in suitable low-k elements*

Lewis (1564) in a study of plutonic Liocks from the Soufriere Volcano, 

St* Vincent, was able to separate and ai&iyse some interstitial ^coriaceous 

material* it is interesting to note that this is quite rich iu phosphorus, 

0*16 and 0*18 per cent* ^2°r ' tewis considers tiiat these blocks 

represent cumulates fractionated fron a basic nmgaa, probably at depth* 

The blocks show evidence of adcurmlus growth; the presence of heteradctsmilus 

minerals; and a texture akin to harrisitic growth* The coraposition of the 

interstitial material is that of a silica saturated bas&lt.

It is interesting to note, in connection with the above tfiscusaion, 

that the phosphorus content of olivirtes froa an ankaramite and froia an 

olivine nodule frois Jan Hay en, are similar to those of some olivines froia 

layered intrusion?, Two new analyses are given in Table 6, together 

with comparisons* Koritnig (t%5) found frora 50 to over 500 ppa 

phosphorus in four f oliviac f samples (types or localities not stated)*
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TABLE 6
Phnontim1*!!• in srim* ntivi

Source 
21 Ankara&ifcs

Nordbukta oil.vine 
ncdule

Rhiaa 17125
N 17126
" 17127

Skaergaard EG*5086 
Bttsavcld SA.631

F

26.9
36.6
23.7
40.6
80,6
38.2

Analyst: P. tieitderson.

Vincent (1950) presented analyses of an divine tholeiite c?yke rock 

from East Greenland and of its separated residual glassy phase. The

P-O- contents are respectively 0.54 and 0.98 per cent. Vincent (op.cit.) 2 5
states that this enrichment in the glass is mainly due to tiny inclusions 

of apatite, but presumably these apatites originated in situ from the 'rangna 

••re recently, Wilkinson (1966) shoved that the glass froa an aikali-olivine 

basalt was enriched in PJ>5 compared to the whole rock, (0.89 and 0.80 per 

cent, respectively). The mode of this rock wis given as olivine 14; 

clinopsyroxeae 22; plagioclase 30; ope-ques 9; glass 22; others 3 volume 

per ceat. Thus, if one substracts the proportion of phosphorus in the 

glass froai the wholt rock result, one finds the concentration of phosphorus 

in the host to be about 0.77 per cent. This host includes needles of 

apatite which may well have crystallised from the tffla$nat in situ, so that 

its presence complicates the above discussion. In those rocks containing
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apatite it would not be surprising if the late stage glassy residuum was 

poorer in phosphorus than the host and such is the case of a nepheline- 

baaanite analysed by V/ilkinson (op. cit.). Studies of this kind would be 

nore significant in the case of low^-k elements tliat do not tend to form 

their own important mineral phase as readily ©s does phosphorus (vis. 

apatite). LSI the tholeiite and basalt described above it is possible tiiat 

besides the glassy phase there are two generations of i*iineralsJ the 

xenocrysts (not formed in situ) and the crystalline grouix&iass (formed in 

situ). This groundmass plus the glassy residuum would be equivalent in 

genetic nature to the aeso stasis of rocks from layered intrusions (see 

Appendix A). Alternatively all the crystalline products may have 

foraed in situ.

The shortage of data on phosphorus in silicate minerals had been 

alluded to, and this situation ie reflected in a statement by Landergren

(1954):

"The radius of Si** is 0.39 A and that of P5* is 0*35 A. Consequently 

a diadochic replacement of Si by P can be expected. £1ason and 

Bcrggren (1941) have found more than 4 per cent. P^O^ In a spessartite

garnet where part of the SiO. groups are replaced by PG, groups.4. 1*

In a few cases a content c?f phosphorus has been reported in rock 

silicates and it seems reasonable that the replacement phosphorus- 

silica in silicate minerals may be a rather coesaon phenomenon,

«s suggested by Bason and Berggren".

Koritrag (1965) attested to rectify this deficiency and his paper



appears to be the only recent one to deal specifically with the entry of 

phosphorus into silicates. To be sure that the minerals analysed for 

phosphorus were free of apatite inclusions, the powdered material (mesh 

size ?) was shaken with cold 5K nitric acid for five hours. Coloriraetrie 

analyses was carried out and 140 determinations both on leached and unlcached 

minerals are presented. The non~leachable phosphorus is considered by 

Koritnig to be that occupying lattice sites, (though he does not present any 

convincing evidence that this is so) and froia the results he calculates the 

average amount of phosphorus in lattice sites of various minerals (e.g. 

determinations of phosphorus in three different plagioclase felspars yielded 

the results 5*5; 30; and 4-6 PP^u giving an average of 27 ppm). From 

these averages he ^oes on to show that generally only a snail amount of the 

phosphorus in a variety of igneous and metaaorphic rocks can be accounted 

for by the amount in the silicates. Furthersiore, from these avermres,

Koritnig concludes that the aore condensed an 3iCL»tetrahedral association
4

is, then the less phosphorus is able to enter the lattice sites.

The £8eaergaard, Bushveld and Rhura results presented in this section 

agree with Koritnigf s general conclusion that only a soall amount of 

phosphorus in an igneous rock is within the silicates. It is, of course, 

questionable whether the mineral results presented earlier are of phosphorus 

occupying lattice sites, but they do present a aaxlaua for the possible 

amount in lattice positions of these minerals from their respective 

envirouEients. It ha* been found in this work t!*at the ease of entry of 

phosphorus is in the order: divine, felspar, pyroxene, which does not



with Koritnigrf s conclusion, though it has not been found possible 

to suggest a reason for this.

In the case of the Skaergaard intrusion it has been established that 

phosphorus, prior to the incoming of cumulus apatite, strongly favoured 

the residual sia&aa, *md it is clear that for the other intrusion*, 

Bushvclc: and nhun, a siesil&r behaviour lias been observed. It can be 

concluded, therefore, that the suitability of phosphorus as a low-k element 

has been established for these rock types without cumulus apatite.

data.. ..Q

It has been suggested in section A that bro&tine and the other halogena 

siay be suitable as iow-k elements in basic igneous rocks prior to the 

formation of apatite. It was hoped, therefore, that a study of this 

element in sone suitable Bushveld rocks would show a strong correlation 

with phosphorus. An activation analytical method described by Filby 

(1%4) ws used Imt was found not to be very suitable for reasons discussed 

in Chapter 7« Th« concentrations of bromide in the Bushvel<l rocks were 

found to be of a low order cu«l results of two bromine activation runs had to 

be rejected simply because the count rate from the bromine was too low. 

tfce situation HAS rectified in two later runs but it meant ^irorking with 

very active Material (see Chapter 7) and the results still left something 

to be desired. The reproducibility WBS found to be considerably worse 

than Filby (op.cit.) obtained. (lie obtained a standard deviatio fron four 

W.I determinations of 0.051, the bromine value being 0.4% pp®u). 

Furthermore, the broaine results showed no correlation with phosphorus, and
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it v»s decided, for these reasons ar«d for these presented in Chapter 7 

not to pursue the invest isatiort further. This decision vms also prosipted 

by the establishment, at Aldenaaston, of a rapid method for uranitaa 

determination, (see Chapter 8) and as uitution is known, with a little 

laore certainty than in the case of bromine, to be a iowk elenent, the 

investigation was redirected toward this eie&tnt.

However, Borne bromine results were obtained and these are presented 

in Table 7 along with the appropriate phosphorus results. Although the 

bromine results ar« aot considered to be very reliable they serve to show 

the absence of any significant correlation with phosphorus, (see also 

C&apter 7)»

of

It has been suggested by csany workers tltct urai^iisa behaves as a low-k 

element during the fractiorie,t.ion of a basic aagjsa (A dams et al. 1959, 

Larsen and Phalr» 1954-, Hamilton, 1959)* Tlw purpose of the work for tills 

thesis was to attempt to confirm this behaviour and in so doing to observe 

if the element ifs suitable for the present stu^y. General discussions about 

the geochetaical behaviour «f uraiUm can be found in the references cited 

and will not be repeated here. Hamilton (1959 and 19&0) discussed the 

distribution of uranium in the Skaergaard intrusion and found 0.2 j%m 

in the ciiilled olivins gabbro and a range froia l©ss than O.t to 0.45 ppeu 

in the Layered Series* In felspars and pyroxenes i«ss tljart 0.1 pisa. was 

recorded. No systematic work has been laade on the distribution of uranium
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in the Bushveld and Rhum intrusions though in the case of the former 

occasional analyses are scattered throughout the literature, 

i. The Lower Zone of the Skaergaard intrusion.

The LZ is considered to be made up essentially of mesocumulates and 

orthocumulates. As it has been shown that raost of the phosphorus in these 

rocks resides in the mesostasis then a close coherence should be observed 

between phosphorus and uranium if the latter is a low-k clement* New 

analyses on some LZ rocks have been made by the delayed neutron activation 

method of analysis (see Chapter 8) and these are presented in Table 8. 

It is immediately apparent that there is a wide variety of concentration 

values though they are within a limited range (0«05 to 0.66 ppm*). 

A plot of phosphorus ajainst uranium content of these rocks, Figure 3» 

shows the expected coherence between these elements. The phosphorus 

dataa^e taken from Curren (1959) and from the late Professor V/ager l s records.

Selected minerals were also analysed to observe (i) if uranium entered 

pure cumulus minerals to a significant extent and (ii) in the case of those 

minerals which are considered to have formed partly from the trapped liquid 

(on the basis of the phosphorus data), if the uranium concentrations indicate 

a similar genesis. The mineral results are presented in Table 9 and show 

that the pyroxenes from adcumulates (5181 and 5052) contain very low 

concentrations whilst the felspars contain a negligible amount compared to 

the whole rocks of the LZ. On the other hand, those minerals which have 

come from mesocumulates show higher uranium values which in turn show a 

strong correlation with the phosphorus contents. The case of the felspar



u
Ppm
0-7 -I

0-6 -

0-5 -

0-4 _

0-3 -

0-2 -

FIGURE

Uranium variation with phosporus irL 

>kaeraaard L Z. ri

o-i - •(5088)

500 1,000

pprn

—i

1,500



3-34

Uranium in Lover « rocks

HOCK No:

5093
9092
5oyo
9039
5O8&
30. ̂6
50*55
4532
5t05
5107

5109*

5tO«*

SAMPLE

1
a
3
4
5
li

1

2
3
4
5

0.104} 0.115; O.I 15
0.054; O.Obbj O.049
0.469$ 0*471; 0*451
0.31-3} 0.326; 0*340
O«116| O. 103 j O. US
0*107 5 0. 1O§; O. 119
0.656
0.154
o. :»'jo
0.184} O*207; O. 198

0.254; 0.274? O.234} 0.277
0.2l;dj 0.317
0.292$ O.28O; 0*267
0.243f 0.323
0.282$ 0.278; 0.264
O.2445 O*26#

overall iM«an:

0*15O| O*154j O. 167| 0.159
0.145
1). 125
0.131
<;. i;*B
0*135

uv«r«ll Mani

^^r
0. ii
^ /' •V-/ . 4 K }

O* 4i>
0.33
0.11
0*11
0*66
0.15
0*3i»
O*2O

O* 262
0. 307
0.2SO
0. 263
0.275
0. 252

0.276
i O.017

0.150
0. 125
0.131
0*158
0. 135

0.141
* O.014

P* Hemierson

oi* and were &tanJnra

deviation of t ^K werall mean inciud^s sampling variation» t

(sec chapter



in isota* ••K

5131
8053

4339

fraction

5109 

$1O7

I 0.G24

0.<m
O.O37} Q. 059

0.072
0.015

0.048$ O.055; 0.06^> 

0.148; O.123; O.OHO; O.141

O.OCi

0.07

0,O2

0.' 

0.13

Stilt 0.05^; 0.074; D.O69

o.tao

O.OL

O. 17

5109

•*tt>0 mesh •:' ion 

0.388 0.4

Analyst; P.



fractions froia 5093 is interesting ass the ratio of the uranium concentrations 

in the two fractious is the smse as that of phosphorus*

The relatively high concentration of uranium in the 5086 porroxens 

confims the deduction (see earlier) that some of this mineral fonaeil 

frora the trailed licjuid. This fact is particularly important wher* it 

cosies to applying the theory of adapter 2 to these LZ orthodisulates and 

SMBS® cumulates*

The -1fjO jaesh fraction fro^: the crushing of the rock 5109 for mineral 

separating was also analysed* It is considered likely, (Dsson et al* 

t9^5) that ths finest fraction fron the crushing of a rock for the p^irposes 

of mineral separation contains a relatively high proportion of the laesostasis 

Baterial* The result for the rock 5109 sl^ows that this fraction is enriched 

in uranium compared to the whole rock.

ii. The Sushveld intrusion*

Only a few analyse® on Bu^iveid rocks azid ainerals have been made, 

'fable 10. The ninerals frosi the racks 660 ajrjd 733 have very lew 

concentrations and agree with the conclusion that these two rocks &r© 

adcuRulates (see earlier). However, ths i^ioie rock values are far more 

difficult to interpret us there is little correlation between the phosphorus 

and «ranio» figures even «Uen correction is isade for the cvaount of pliosphtirus 

in the cumulus pteses* Furthermore, BQBWJ of the rocks contain a such 

higher concentration than the 'chilled gnUbro* (0.07 i^*a) whicii is surprising 

as these rocks are considered to ibe aticuraulates and tl^y are rwt very high
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in the fractionation sequence* It is felt that this is because of 

the complexities inherent in the Bushveld intrusion rather than the 

complexities of the geochemistry of these elements, There is much evidence 

from published work which indicates that there was more than one influx 

of aa&az during the formation of the Bushveld fractionation sequence.
4.

Trace element studies efr help to elucidate in more detail the history of 

crystallisation of this intrusion. This assisted complexity m^y also account 

for some of the lack of correlation between the bromine and phosphorus 

results of the Bushveld rocks.

It is interesting to note that the uranium concentrations in the 

pyroxenes are lower titan the Skaergaard ones, 

iii. The layered ultrabasic rocks of lUium*

The results for the rocks and minerals of the ^.huss intrusion, (see 

Tfcble 11), confirm that these rocks are adcisiulates with little pore material, 

except in the case of unit 3 where the rock 5S75 contains a significantly 

higher aeount of phosphorus. These results are entirely compatible with 

the phosphorus data (q.v.) and the work of Brown (1956).

iv. Conclusions.

It lias been shown for th« Lower Zone Skaergaard cr-i Rhras intrusions 

that uraniuia behaves as a low-k element ami that its distribution can be 

interpreted in much the same way as phosphorus. TUG very low concentrations 

of uraniuia in the overall cumulus phase* tsatke this clement perhaps even iaor«

^excluding Skaergaard rocks very rich in pyroxene as the amount found in the 
adciEsulus pyroxenes (0.06 ppra) would then be significant.
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in

tO

eld rocks and

1131* hale rock
733 Whole rock
732 »hole rock
730 *hf»le rock
tioC <aoi«? rod'*

1O&7 *h«le rock

733 Felspar

M Ca-poor pyroxene
6SO Felspar

w C a- rich pyroxene
H Ca-poor pyroxene

0.136
0.023} O.O33
0.217|
O* 29 1 ;

u.uoc>; u. lu/j u. iwc-
O.O70; 0.07Sj

O.O22; 0.022; O.O26;
O.018
O.O19} 0.017
0*030 { 0.023$ O.D42;
0.021
0.034; 0.017j O.O45
O.044); 0.054} O.040{
O.Q28? 0.036

• " :- ' •

O. 14

-U.U3

O.22

0*29

O. 10
O.O7

^ 0.02

~ 0.02

•o O.O3

^ 0.03

-w Q.04

• f,i»

I ,
**%

94
1,,.

49
471

Analyst: P. ii*a4*r*»«*

¥fe**e »AWpl«* vfiio*** result K «r» narked with «n

iiad v*ry lev ^i.e* legs tfrart tur«.! < j ->,^ •: ueuiron

counts deterwin^tion.
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Uraniuta in

TA rn.it 11
Klma rocks and mineral-

& No<

17127 Whole rock

17126 Whole rock
17125 .iioie rock

17123
1712-2 
17120

Hhole rock

rock 
rock

O*O20; 0.025} 0.025{ 
O.017; 0.029; O.022 
0*010; 0«01t| 
0»014j O»<X>9; 0«02O; 
O.O24$ 0*023; 0*025 
0.0191 O,019? 0.0if) 
0.0o4; 0,032 
0.06O{ 0.042 
0.051j

O.O2 

O.O1

0*0

17127

17125 Oiivlne

17123

0*011} O.014 

0.039; 0*062j O.H46 

< O.O05

O»027; O«023; O.O3 ; 

O*O 17

. Henderson.

of th«me result A are only «pnroxi«mte a« the samples contain

such a amount of wrani«i» th?it they closely approached the

•«n*itivity of tfee ileterr^inative
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suitable for application in the theory of chapter 2 to the case of 

orthoctamilates and nesocuniulatcs, but its generally low concentration 

in basic mgcjas wakes it a difficult clement to analyse for in odcuzaulates 

even by activation analysis, and so in these rock types it is probably 

not so suitable; as phosphorus. The results for the Bushveld intrusion 

indicate unknovm complexities.

EJ. Aspects of strontiifi geochemistry^ _

The betaviour of strontium during the fractionation of a basic laagfiffl 

has been suEaaariaed by Turekian and Kxilp (1956). It is fairly well- 

established that generally during fractionalion the strontium concentration 

of the real dual saagtaa increases. It is also well-known that of the raiuerals 

generally crystallising frosi a basic im^sa, felspar and apatite are the ones 

that stronttua enters to a significant degree: only smll amounts being 

found in the pyroxenes and olivines* Carmichael and lleDonald (1%1) in a 

stu^y of the geochemistry of some porphyritic pitchstones frocj the North 

Atlantic Tertiary province presented deterainations of strontiyrai in the 

felspar phenocrysts (xeaocrysts?) and in the glasses and showed that for 

this element the fel spar/glass partition coefficients ranged from 3.2 to 6.7.

Wi&ger and Mitchell (1951) showed that the strontima content of the 

initial Skaergaard nagm (based on the chilled olivine gabbro) was 350 ppa, 

and that the concentration steadily rose ehiricig fractionatioji so that the 

second liquid contained about 500 ppcu Frea then ommrds the concentration 

decreased in the residual aa^aaHo 470 in the third liquid; 430 in the



fourth; 400 in the fifth; and 350 ppeu in the sixth liquid. A 

concentration of 1,000 pfffit. was found in a LZ plagioclase whilst plagioclase, 

olivine, and pyroxene frosi the UZa contained 3.000; 100 (?); and 80 ppa. 

strontium respectively* Fro® the data they had obtained, Wager and 

Kitcheil (op. cit) deduced that the strontium piagioclase/liquid partition 

coefficients ranged from 2 to 6.

Loveridge et al. (I960) determined strontiusa in a nuaber of UZ rocks 

and in the chilled olivine gabbro of the Skaergaard intrusion, by activation 

analysis. Hamilton (1%3) published a few strontium analyses on sorae 

Skaergaard rocks (analysis b>y X-ray fluorescence and isotope dilution). 

Brooks (19^5) presented a nurol>er of analyses (by ?\8I) of strontiun in a 

variety of rocks and minerals including some of the Skaer&ft&rd intrusion.

TJiere are no published strontium determinations on the rocks of the 

region of the Rhum intrusion under study.

Strontium has been determined in a number of rocks and minerals 

nairxly in the hope that the data so obtained could be applied to the theory 

discussed in Chapter 2. Certain gcocliemical aspects, however, hnveeraerged 

from the results that necessitate SOCK* brief discussion* Hie results 

for the Skacrgaard rocks and minerals are presented in Tahiti 12, and those 

for £hu& in Table 13*

%e felspars from the Skaergaard i-ocks 5107 and 5t09 contain 482 and 

449 ppE* respectively, Tliese results would indicate that the plagioclasc/ 

liquid partition coefficient (k) for strontiua HUB less than 1, if the
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the estimate by Wager and Mitchell (op.eit.) of the strontium content of trie 

second liquid (500 ppa) is correct. However, Loveridge et al, (op.cit.) 

recorded a lower figure (267 ppta. by activation analysis) for the chill^ed 

olivine gabbro than Wager and Ilitcltcll (by emission spectroscope) had done 

(350 ppis), so It is possible that the figure of 500 ppfiu is too high, 

As it is fairly well-established that the k value is greater than I under 

these ctmd f *lons and it is also likely that strontiwa increased in the 

liquid throughout the form lieu of the Hidden Zone, the struntiisr; content 

of the second liquid was probably soiaewhcrc between 270 and 430 ppa, 

The lower result for 5J09 compared with 5107 felspar can be accounted for 

by the sore extensive zoning ia the former. the results for the Lower 

Zone rocks are used and discussed further in Osapter 4*

The Rhua fel«*m results are especially interesting. Felspars from 

the two allivalites both have a concentration of about JOG ppn., yet the 

poikilitic felspars froia the jieridotites contain over 400 ppsa. This 

difference cannot be attributed to zoning in the allivalite felspars as 

this is not so extensive as to cause such a significant difference, 

especially as the plagiociase/iiquid partition coefficient is probably not 

a large ntaafoer. Clearly a sore detailed investigation, with regard to 

trace aieMent content, into the Rli«® felspars is needed* The poikilitic 

felspars have strontiuia contents very sinilar to those of the Sfcaerjgaard 

L2 plagioclases.

The suitability of clenents for tiie application of the theory presented
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in chapter 2 has been discussed and it is concluded that only a few are 

sui table as high-k or low-fc elements. An investigation into the 

distribution of phosphorus in three layered intrusions has shown the 

suitability of it as a low-k element* prior to the fonaation of cumilus 

apatite* The araount of phosphorus in the cumilus phases is of a low order 

eonpured to the Skaergaard LZ rocLs. The fact that Eiost cf the phosphorus 

in mny of the Khus and Bushveld rocks can be accounted for by the amount 

in the constituent cusaulus plus adetmulns phases shows that these rocks are 

mainly adcussuiatest though unit 5 of Rhupi is shown to have comparatively 

more cie so stasis in the allivalite. The order of entry of phospiiorus into 

the curr.ulus Liinerals in all three intrusions is: olivine, felspar* pyroxene. 

!••&• Vlagerf s work on the distribution of phosphorus in the S&aergaard rocks is 

generally substantiated though so@ie of the details have been altered*

In the Skaergaard Lower Zw& rocks there is a strong coherence between 

uranium and phosphorus. The amount of uraniuia in the ctenulus phases olivine* 

pyroxene* and felspar* is of a low order though a iricasuralue amount is found 

in the pyroxenes* The situation is siniiar iu the &»m intrusion. In 

the Buchveld intrusion the ej^jected cohereiice between ^iosphor-s and bromine 

was not observed* nor was any coherence between phosphorus and uraaiin noted* 

More work into the geocheiaistry of tliis intrusion is clearly

Soae strontium determinations in a few Rlnsa and Skaergaard rocks show

that if the Sr , /Sr, . partition coefficient is greater than one, then theplag liq
strontium content of the Skaergaard LZ contemporary Etagpa was less tlian
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500 pl«Uf mid that of Rhuia probably less than 500 ppm. The strontiua 

contents of the felspars froia the peridotites of Rhura are significantly 

higher t!»an those froia the allivalitss lr» units 7 and 8.
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*t AT " -' i^he Theoretic*! ';'-'•"

It has been ahO'«n in chapter 3 that phosphorus and uranium are 

suitable low-k si J,s and some data for the high-k element, strontium, 

have been presented. It is the purpose of this chapter to sa&ke & 

preliminary investigation into the application of the theory outlined 

in ch&ptsr 2 and for this the data presented earlier will be used. 

Certain p&rts of th© theory also demand knowledge of the codes and 

t»yuoii'ic fcT&vities of the rocks. Hew determinations of these quantities 

for r.srsj rocks are presented in this chapter.

une of the requirement© of the theory is that all concentrations 

should be in units of wight per unit volume. It tia& thus been necessary

; tiie --uita presented into the appropriate unit&« To do this a 

«? specific gravity of 3 has been decided upon so that all converted 

eonceatratiCNns are in weight per one-third o. c. The reason for ti)ijs 

choice is that the specific f-Tavity of the chilled olivine gabbro is 

close to 3 (2.93 &&& 2.95 recorded in ->-.ger and !>eor 1939)» ^o that th© 

results obtainetij by the application of *>"? theory, of th© amount of any 

eler*eiit iii the asag^a. can be directly correlated with the element's ppai. 

figure in th© gabbro* Similctrly, th© iaaL:ma probably had a d«mity not 

far from 3 *o that the results obtained are vsry close to tlieir wei 

per ui.i« v;u,ight values.
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One of the assumptions of the theory was that the low~k element 

did not enter any of th© oumilus (or adcairsulus) minerals, It Is ci 

fruw ui*ap-G4U' j that suci* aft i<i«#ti Gi-ura.ian is unlikely vo ue iiriCouiii.-.-.-'re 

though uranium and phosphorus are not far from tho ideal. Ii; cases 

wkere tue iow-k clesent does Qatar the cujaulus plma@s slif&tly, a 

correction to thQ whole rock Icrar-k el®M€3it mist be made. i\ is will be 

difficult -co do exactly, as •&& proportion of ttte mosostasis is, as ytt, 

unddteriained. However, provided, the entry of the lo^~k element into the 

cuiaulus phases is very low compared to th*3 %1'iole rook, rio^lifible error 

will "be introduced by afimuaing that ^ill the material^ which is obviously 

not of th© jaeaoatasis, is cusulus. the actual iow-k elejacnt corrccwion 

can also be found by successive detorminations of th© proportion of the

each tins making isor® accurate corrections for the cusaulus 

k eloisont content . However, it is unlikely that such & method will 

be necessary except perhaps" in sosia orthoouasulates,

of.

(7) oi* oliajrter 2 is used:

4

where p^ is the proportion of the im&o&taaia in rock At T? A and ?„ are

the whole rock concentrations of the hig!h»Vr element (in this cms© 

strontium) t W is the ratio of the jassostaais in the two rocks A to E
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the corrected phosphorus nnfi titvmiuis wholo rock co^ r ̂  t rations. 

G A and C~ are the concentrations of the bigh-k elocient in the overall 

eui-ailus phases as derived from knowledge of the concentration of the 

hlcb*k ele&tent in e«-iCh of tr.e cuMilus minerals and the relative 

proportions of the minerals that make up th© total cuimlus assemblage.

i. :"'ho Lov/er ;,lon«, r ;ou..rd Intnisioji*

first nethod requires the presence of rhythsdo layering, 'i'he 

ocourrenoo oi* rhyt^mio layering in the Lower £omi nafces these 

rocks suitable fron that point of view. However* sost of the L- r?«i]-s 

are ffiesocuisiilates or orthocaimilatas and it has already been stated that 

the nr>pli cation of tlia theory to such rocke is not strai/jhtforward. 

In these os see it is generally neoestary to use oineralo.^oal evidence 

a® an ala in thf? detarr.infi.ticm of the relj*tiv© proportion R of ths 

/fiinersls that malm up the total eumilus assesbl^ce* 'i.-ose propot'tio 1 :.-., 

beeause of the nature of the evidence, cannot be very accxsrate but, 

provxuiau the rocks are Ri&rkedlj l©uooor@,tlc or niolanocratic, they should 

"hr; siiit-ibTn for- thr» npplioatican of thfi theory, Thus, mineralogical 

evidence and. application of the theory must be used together to jr ;:s 

A self -consistent result.

i'wo sets of roc.cs riavo been studied, those fro^L 110 metres in L ••••. 

fi* tho&e at 280 eetres in L/'A>. r)ata on the appropriate minerals arc to 

be fo\«id in "''able 14 ^hich rives the specific gravities, the low-k n S

oonoentrat ions both in ppm* end iri the volumetric units,
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397
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ee Ji&ovyy. "" ble 15 presents the require-.* d^vo. i'or i^:r •.x>cVs. 

•p. 1^. ( '• fl.na. B) is a compilation of data for eaeb roc1 - *he first

..• •; in tenss of the .-als: pi* , olivine, 

Vron ore and ra ' r>r. fhc v

' " :a» quartz, ate* which are obviously of the : • " -da, £he - 

gi^es the assui&j:<tion (^onerally based on iain«relogio&l

on i?h5,ch mintsmls, or ^»*t nrnr-ortiQ^" of the Rln^r^li?. , ^.r^ of the

&©£> Is* The third rarsr gi.ves the norus contribution to the vrhol

rook that tba aasuBKjd. csiitailuis proportion makes, ": " j fourth row at' 

;.u^v:-^ of" strotL^iu^i ;x;ac sach nin«r-'l contrib'j&es i.u me tt.u.;.il r-''.

-f cor cm. to the •: rock v it bn.setx upon the 

f •-. in the miBulus minerals is not givssn as it is considered that this 

corroction is probao.Ly nagjLi^ibi«, except in i^ 50--r>-> ^"i ;J- 5093 » 

f,r»^4:^QriB JMR. f>; r- <yumjlus jain^^-^T ^ n,r© not Vnovn -H th njf* 

chapter 3* Corr«otion is w*,d» in the cases of 503B and 5093 a» these 

;. "ic rich rocks.

Ori thfc baflia o^* *-'h'tt ninaralof^ and texture, v.'n^nr 0.^0) 

the rock 5109 to b® an orthacwisulate, «ith plagioolase as the only cm-ulue 

i -I. so th^t the pyroxene, ore, olivinc.. tit®, and quartz Eiust have 

come from ths tr •!. liquid* The pl^gioolase is scries irora about 

.••ji6£ to An55, *«A this i» considered to be du® to its crystallisation, 

in -n«r-h, fr<»p *hn trapped li-TTiid. The rock 5103 contains a significant

•> of aeaostaaiA, as .• Ite and soae late sta^o minerals are :•-!;.



is poikilitic and soncd and most of it is

likely to be of the aeBostnsis. In i>106 the olivi: c shows no zonir 

appears as & pure cumulus phase but in 5109 the ^_xi /usount of oii-\ ~;« 

Is as skeletal poi!:ilitie crr^t*!?. nnri T p rort? -iror. Hefc th"n tho C10" 

olivine, (:.&ftsr f op. cit,} In both of the rocks the iron ore exi•.. . 

poikilitic patches and is unlikely to b© © heten^euraulus phase c specially 

&£ U.uic i-wcks arc about ouu i^etrrc below the horison 7;here cu^iuius 

•ftgnetite enters,

Chctsical evidence for the genesis of the different minerals is as 

follows: the 5109 felspar contains a relatively hi£h amount of phoaphorua 

wi'iiCii is interpreted as being uue to crystallisation of SOIDG 01 the; 

i.^.w,*-..,* froc the trapped liquid, (see chapter 3/« -& phosphorus and 

uroaiuE c extents of the two rocks intiioate that 5109 contains about on© 

and a half tiaos as i^ueh se so stasis as 510-S so it would be oxpectod that 

J>1UJ KTOula h.*iTO less pyroxene; than 5109 if in both rocks it crystoljuifcoa 

froB the trapped liquid. The fact that 5108 has more implies that r>orae 

of this nineral is a hcter&dcuiBuluA phase. ...n attempt WPIS ae.de to serr 

out the pyroxene from 5108 but it was closely associated with iron ore. 

yin -Analysis of the oo:it«nina.ted pyroxene pive a phosphorus figure of 

about 500 pys* «hioh indicates that an© or both of the minerals cryatrllised 

fit least in part fron the tr^rsrc^ li^nid. i'rovi<?ed that all the fels^r 

in 5103 is of the meso^tafiis it Bakes little difference to the total 

cunulus strontiuffi figure how ouch pyroxene is heteradouzaulus as the amount 

of strontiuiu in the cumulua pyroxsjie and olivine is very .-»:cll coii-.^:.red 

Ihe whole rock, "one workers (e*c» -sson ct nl, 19^5) have presented
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chemical evidence that the ore in the early L: rocks is from the t 1 

liquid.

^Tfm th© above discussion it would seers that in 510y, pla^ioclose 

ia the only cumilus or adcuaailus phase and that in $103 all the divine 

and about 9 p©r cent, from the pyroxene are cumulus and heteradcu;r&lu3 

phases respectivoly. Using these mineral proportions the high-k eleiaont 

values for ^c-nyj ^^ ̂ e-iQX oem ^e found. These values can then bo used 

in the above equation* The other required data for the equation can be 

found in Tables 14, 15 and 16.%, Both th© phosphorus contents as recorded 

by coloriisetry and by radio activation analysis are listed for these two 

rocks, though th© average of th© two phosphorus ratios and the ratio from 

the uranium values is taken for the value of , The results obtained are 

Pr-inq SB 34- , and PJTIQR * 21/» However, on this basis the strontium 

content of the oagjaa obtained by substitution of these values does not 

agree in the two rocks* There is agreement in the strontiun content 

if it is asstiEied (see also chapter 5) thr-t some of the pyroxene is a 

heteradcuLiulus phase in 5109- ?he assumed proportions of tho cuoulus 

minerals rj^e f^lven in Table I&A ar^d. the results P^>QCi ~ ^° anfi PriAR ~ 

with K (>&) a 3^0 are gbtained* (The figure for the content of strontium 

in the QftgiM, eaonot be considered to b© very accurate thou.-h It is 

probably of the right order}*

The fact that th© results obtained are in agreement with the assump­ 

tions and that the values are reasonable in the light of other potroiofdLcal 

and geoohe&ical work on the Skaer|*aard rocks in general, v;ou!C iit:ply th^t 

the initial ass\iaptionfi are well founded.
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values. 'Zhe results obtained are PCQAS * l£. > Pcn<>n s ^ K 

about 370. 

5083 ,^na £OB9.

As in 5090, the small nwount of nyrcxe-ic in 5CB9 is asstiaad to be of 

the aesostasis, The corrected uranium values are used in the deter tion 

of i as the pGtid phosphorus result is probably anomalous (see Figure 3;« 

results are prAP;; » IS;, p,.^^ « 49 , and H (sr) about 340.

The other throe rooks :».re not very suitable for the application nf 

the theory as they contain three minerals that saake up the total cus^lus 

assemblage and thus, it is difficult to assess their relative proportions. 

Howerer, as the discussion below shows, the application of tho «*cthoa is 

not fruitless* The results obtained and some of the assumptions that 

are aade are necessurily tentative, Cnce the concentration of a loir-k 

element in the aagaa is knowi aocur^telor from ssoro suitable rock types 

at the »«U3Q horiacn (as above) it is, of course, a siaplo mattur w? uctiuco 

the amtamt of pore material in the unsuitable rocks, 

8c and

Most of the pyrosen© in 5093 appears to be cuzmlus from microscopic 

•acaaination. The felspar is sorted and SOJT:G must have oricitip.tec /- •-. the 

trapped liquid. FVirthermore, it has been shown earlier (chapter 3} that a 

substantial amount of the plagioclase is enriched in phosphorus and uranium 

coran.ired to the whole rock. In view of the above one can assume that the 

pyroxene modal value of 43 per cent is not far fron the actual anouiit of 

cumulus pyroxene present in tho rock so that the li&its for the ^'oportion 

of cumulus felspar to pyroxene can be put '-t 0:^3 &nd 52:43. ratio of 

28;43 or less produces a nef^tivo figure for the proportion of mesostasis



(using 503ti as the rock B in the equation) whilst a ratio of 45:43 or

greater £ives ,• very higfc and unlikely p figure to 506*3. .. ratio of

36*43 or less gives a result for p,-^, that is so small thst it is not5093
consistent with the initial assumptions i,e. with this ratio there must 

be at least 20, sjeeostasis yet the determined value using this ratio is 

Only 17, * It appears, therefore, that the felspar : pyroxene ratio lies 

somewhere between 3&:43 and 45*43 but it is not possible to bo acre precise 

than this. Honraver, & ratio of 37^43 gives a reasonable result of Pr/>0 ^ = 

lw. PeQgQ * 20, and M (i>r) m about 280.

It was attempted to derive the pj- oo , value usinj* 5090 or as 

•B* rooks but there wae no ratio of felspar to pyroxene tnat gave -• 

reasonable result that was consistent with the initial assumption *>.nnt 

the ratio. 2his failure is presumably due to inaccurate data or insufficient 

information eoneemlnr- the assemblage of the cumilus plus adcuBJulus phuce. 

The case of 5093 shows the difficulty of applying the theory to certain 

mesocimil'itea and orthooumulfites though it also showd that somo evaluation 

of cumulus cdneral proportions can be xaade. Data on other high-4: elements 

in the rocks could help to solve more precisely the equations and remove 

the discrepancies discussed above. 

5085? and 5092*

Under the isicroscopc the divine and most of the pyroxene of 5092 

appear as pure ououlus phases whilst the felspar is soned and extends 

into the intcrcumulus parts. The rock contains little pore material 

(about 10 psr cant.; on the buais of its phosphoruu .-/Jia ui\ 

so that if one &Bsujae:s there to be about 10 pore isaterial



consisting of felspar and the rest as iron ore etc* , one obt-dns the

results P^Qgg » 41; J PcQ02 a 9, > w^ch is not bad agreement. If 5C

is used as rock '3* on© obtains pRnnr, « 53, OJKJ pc/v^ * 8:;. These- figures
_>V7V JjU*?*:.

would sent to be of the right order but it is not possible to be sore

3036.

Certain aspects oi" th© geac. ; .• otry of 5086 appear to bo anomalous in 

comparison with other rocks of the Lov,cr ,,one by the rock having extra­ 

ordinarily high concentrations of sosae ©leKonts, aee Vincent ojnd Crocket 

17^0; -isson et al 19^5* It was hoped to b$ able to apply the equations 

to this rock iii order to obtain th© amount of sa©sostasis and to see if 

this could help in elucidating the reasons for such anomalies. However, 

the rocz is on a^erag® on® and it has not been found possible to deduce 

th@ proportions of the jsinerals in the cuzaxilus phase vith any piT-cislon. 

The phosphonss ana ursniura results ijaply that the rock has about 20 to 30 

cent, &e*o stasis.

Conclusions:

the above results on th© SkaergAard J^ower "one rocks, certain

^ome necessarily tentative) can be dratm: 

t. That there is a wide variation in the amount of the mesostasis in 

th® rocks of the Lcw&r ..one.

2. That the inclusion-like masses at 230 metres appear to be local places 

i*her© jsueh contemporary mft^ia was trapped,

3. That th© strontiua content of the contemporary magma ma probably of 

the order of 340 pptu (c.f. ^ und Mitchell'c (l'»51; estiiaate of 500 ppr.:.



4-14

and the earlier disouaaiort; so that C pLv^/J liquid partition coeffici- • 

i". of 'the order of 1.4 s.t this fractioivition sta^e.

4* The phosphorus content of the Gontempoz'ary isajpaa wag of the order of 

2,000 ppo. (c.f. ; er «aad illtohell's estimate of 1,260 ?pm. ) and J 

uranium oontent waa of the ora©r of 1 ppiu,

ii. .:-, Ehuis rocks.

"".0 -\huffl rocks are suitable insofar as there is nruch rhythmic 

layering present in the area studied. It is questionable -whether the 

trace elecsdnt content of tlio ma@sa stayed the aaaao duririf; the deposition 

of each unit thou^. for the present purposes this is assumed to be so. 

.he i-'..'C.;;s are also suitable in that they are adcunailates. ':l:.& or.ly 

disadvantage for the present study is the fact that tho Dlironfr.iun. onntio. A a 

e£ tfe« felspars from the peridotite and allivalite of the stax unit do 

not have the same strontiius contents (see chapter 3j» liowever, it "seeced 

worthwhile to stter^pt te apply the method to the so rocke and so the 

strontium content of the respective relapar was token *c be that in the 

caisailus felspar of that rock.

The data for the rocks and minerals are presented in Tables 17 -uJ 

18. CliC application of the method to the unit 8 rocks 17127 -nd 17125

gives the results P17127 * '?:bout 8- > P17125 a *bout ^- » sn& K t 3') a &bout 190,

•"rhe unit 7 pair are leaa suitable as they are riot fresh specimens arid 

th© ratio V. is difficult to rtot ermine e^s the unit 7 adneral results for 

phosphorus are not very consistent, Tho unit 3 divine phosphorus 

concentration has been used (s«© fable 17), with the selected unit 7



17

4-15

l>ata on iihvtm rocks and

i> A<- ' ; .

i71.,7 Vk (tmit 6j 
Uliiv ;

17UC> *»M (8 iericU

17 123 fctt <7 Aiiiv)
aLaj&r^i:vv:.j.ar;:^iasr^::s;r;vi;?.iTr\'^:i: la!

' • it /*

FbL^i-'AR 
Unit 7

or .All Ivei iteg

tnit 7

ui.ivir.^

S»G* 1

2.1/4

3*2fi

2* m

2.73

2.73

-

>• 35

>• 3v5

3* 44

' P.i-*
«̂W«'.

57

62

70
iii;,'il ..'..: ll ,ir?,pBBom 

33

43

.

Itt

J&
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i>r pf«»

l'U2

71

^02

4-:

42O*

3Oo

at>
'wJ«n«

< ,3

P. voi 3
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So

30

39

-

15

1

4iJ

Sr vol..

;

»' ''

Itfi

3S*y

382*

276

22

3t>

< 5

* for peridotite only.

>ource«; J ;>p*eific gravity: rocks; det«r&in«»d by ^* Herid«r»«B
(see .\

fro«« chapter 3*

;<Y£'-v<*irted from m>s* values to weight p«r l/v> cc* (see text)
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felspar value in aetensijiir^; vne correction to the whole rock phosphorus 

value. The '• value so obtained is of about the aoae oHor - - tlvit indie -ted 

by the t&alo rook uranium results (see 6hn.pt or 3). The results are 

3?1712G « 14, , 1*17x23 = ;~' J ;:^'' ^*°7 inc&C&t® that thei;c- roc '-.i: ;:.:xy be 

regarded &s aeaocuiaul&te&, though theae results cnn-iot be considered to 

be very accurate. In the case of adeusailates & hi^h-k elwent vdth a 

higher partition cooffieient than atrontiust rcml£ be more suitable as it 

would be sacsre sensitiTe to changes in the proportion of the niesostasis.

It is possible that the fine-scale layering found in souse of the units 

be more suitable material on which to apply the theory.

iii . v*r layered intrusions*

the application of the iaethod to other layered intrusions ahoula fee 

feasible, especially the Buahreld and Stillwr.ter intrusions (ness 19&0) 

iHaere rhyti:.3sic layering is often ??ell dereloperl. Tlie phosphorus results for 

the Buahveld have shown that there is i variation in the astount of the
^v

«esostasis and Sumy of the rocks appear to be adcuisul&tes and would t 

therefore, be suitable for the method. It is ir.terestinf; to note th-vt 

Jack con (iS^l) ^ a r,tu<!y of the ultrrr?r,fic sone of the ^till

conoludad th?\t the 'trapped nafisa in the average chroait ite apxvi 

contained slightly larger amounts of iron and ^a^esiim, and less almsiniun, 

than the trapped ®ag^ in the average poikilitic *i:.irauui-gite\ vp-i>^ ci'^/* 

If this conclusion is correct then the application of the method -o the 

3tillwater would not be possible insofar as the premise, that the trapped 

liquid represented the contemporary isagssa and would therefore not be 

erpected to c - sif^iii'icantly over aetiall fractior»a-cion increeients,



DC JumtlidatucU iiowever, Jackson, bases these conclusions; on

asaot&its of the sosostasis that ar@ derived by a microscopic isetr.o via 

it is not claimed ths.t this method, is accurate* Furthermore in this wor'- 

iaterstitial material is equated with 'trapped liquid 1 and this nay not 

fee accurate insofar as it Ignores the reaction replacement i:v**,erial,

j.* uay s^ possible, by suitable selection of material, to zo^ly this 

method to certain ejected plutonio blocks such as those describe^ Vr 

Lewis (19&4-}* l:O,.ever, this has not he&n inyesti^

C. . ^plication of the " " vd.

fhe 'seeond* eethod is tmlikel/ to find ouch application bvr '•'- has 

bemi discussed because fros it the 'first 1 asethod evolved. It is not 

likely that in layered intrusions the proportions of the various siner/ils 

that sake up the cumulus plus adouvuluo asse^'Dl^^c ;/dll be exactly the 

&&m olofi^ tha strike of any one layer, istiiok is required for this juethod. 

If they ar© then the possibility of there beiiag sigriific&ntly different 

aiaounts of sesostasis alon$ th© striko seeras reiacte. .I.sro is also the 

difficulty of collecting material ^'roi*; cdong the stx-iiie or e:-u^ctly toe 

**ya$ fcorisoii. This vas attempted in the .Ihug intrusion but it »vas fou.:-- 

to b© very difficult. Brown (1954, pago 127) &&&e two traverses « rrdlc 

apfirt of unit *vi find recorded the jsodes of rocks at similar heights fros-a 

the base of the unit, and showed that the agreanent between the two 

traverses «va& good though the pyrojiei*^ percentage ai.ovf-id isaiiy fluc~*ua.tion.s 

from or.e rock to the next, i^rom the .thus* intrusion soms rooks -^r^ collected 

tho 0trii:0 to observe if there ^as any significant chanf^ in the 

of phosphorus ooncentration* 1712$ is a peridot ite of unit 3 and



was collected at a distance of about 20 feet lp.ter.-aiy fror 17126, but 

they both have closely siadUUr phosphorus contents. ^ridotite 17120 

from unit 7 collected 260 feet laterally from 17122 does show a slirhtly 

lower amount of phosphorus (?4 end 122 ppn; respectively;. '.'Y:O rocl^s 

(17Ii>:V) collected 700 fV. „ wpart from the unit ? allivftlite ^-— ^ 

significant difference though it cannot be certain that they are both 

frois the s-aae horison idthln the allivalite.

It is irn.£ resting to note that uuaeron (1S^3/ re core oc, :« vari.ai.iori, 

in th© litholcgy of some pyroxenites alon^j the strike of the Critic"!

of the BushveM intrusion.

'The second method Jimy find application in those basalts with only one 

rax present as pncmocrysts tdiich show variations in their distribution 

within the basalt. By selecting three rocks with different ratios of 

phenocrysts to groundz&ass; and analysing each for a high-k nnd Io't7-k 

elessent it would be possible to deduce tha concentration of the high-k 

eleiwjvt in the groundoass and in th© phenocrysts without se^i-^-cion c-i 

material f (see chapter 3}« In a similar way it may be possible to r-^ni-r 

this method to the ejected plutonie blocks of the kind described by L 

(19^4) by careful seleotlon of %

The application of the first method! lias been demonstrated both for 

es nn£ aftaiEsjlateSf though the success has been limited. It

has bsen shown that in the oases of orthooui&ulates and ia>socun?xilates, the 

.^method is workable provided that mineralofical evidence is use". Ithougli 

the jaetiioci has severe li£dt?.5.tioris ^ucii can b© deduced from its upplic^-uion 

to tiiese rock types. In adcumulates the p^thod *rv tsell hn sat^r.fnr.tnry
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a aore suitable high-k elasent than strontium <?ould be desirable 

i; £trontiuj& pla^oajL^se/liouid partition coefficient, aoes not appear

to bo rs. large number. A,r« elemr^t -sitb •- high nrrt-t-M.nn cnnfflcicnt would 

b© &.ore suitable as its concentration in a rook would be more sensitive 

to c ss In the proportion of the mesostasia*

.lias application oi' tiic sscorki ^.'•CiiOo. is &.a?/ii to be unfeasible in 

the case of layered iiitru.sions though it may hav*s some application in 

certain volc^mic rocks*
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between the patches i&ay represent the maxisuu distance over -which the 

diffusion occurred, or the patches may be the result of nucleation of

at random places. In come leucocratio rocks skeletal,

olivino patches &re close to interstitial sdcropcr^aatite, 

(e.g. V::'G* 5109/• As the trapped liquid crystallised it is to be expected 

thnt the inter—pore diffusion bectKe sore restricted.

Yoll (I960; discussed the role that 'sintering* played in th© removal 

of interou&ulus liquid «nd in the formation of aonomineralic layers. 

has been mentioned in Chapter 1, 'sintering* of crystals occurs when the 

interf&cial tension between thest is less than the interfacial tension 

between the crystal ami the liquid. Under these circumstances the crystals- 

tend to coalesce together and expel the Intereuaulus liquid. The cryKfe.ila 

can acquire an equilibrium shape, the manifestations of which are 120 

grain boundaries at three grain junctions and curved crystal bov,n.'.ari«s, 

by the diffusion of mtter, (see "retz 19^6 for scse theoretical discussion/. 

In nary- of the .:!htna rind Skaer^aard LZ m@lanocratic rocks the cucsulus 

oiivine crystals are often seen in clusters with the angles between grain 

boundaries at three-grain junctions close to 120°, and with curved crystal 

boundaries, see i- jlat« >•

Habit is only of limited us© in th$ determination ftf tv-n amount of 

the cteso&tasla by a eicroscopio exaainntion, A saxisiua for the proportion 

of the ssesostasis can fca obtained by subtracting th^ proportion of the 

rock which ia of unsoned, euliOdral cuimilxis or...atels t (see .--.loo i'~.



The extent (by volume) to which the felspars are «one<3 in the 

£&.:i r rd i*raf©r ,v<one cumulates has been observed to be elc-i-ely corrc" 

with the concentration. in the rook of low-,, e.U2!6iit£ such as phosphorus. 

The separated, toned felspars elfio hare a relatively high concentration 

of low-k. element a* Thi® geoohe&ieal evidence supports the establishe 

idea that moat of the normal zoning originated, fross the crystallisation 

of the tr&ppad liquid, ^though the voliias or soiling i« a function 

of tho amount of trapped liquid, the rang© in zoning appears not to be, 

Unpublished and published (i960) work by L«!U ^a&er shows thnt in siany 

of the leucoeratic rooks of the Lower 2one the range in coning is almost 

constant and involves a differoaice in the enorthite convene. 01' aoout 

12 per cent. , irrespeotiY* of the proportion of the laesostasis (provided 

it is present).

The iiagxartaned of coning especially in genet ical considerations, has 

bettrt stressed by Brov?n (195^)» I** the t^ujer faa.ro. i»-- roclis and in sor:- 

of the &aam aUlv&lites, the zoning -of the felspars, irtien present, is

alvsys diaccmtinuou* with the core, see Plate 5« In oany of the

io layers, ho*,?ever, the zoning is pfttchy and continuous and most 

of the felspar mist &vro crystallised fro® tho trapped liquia v (for 

5088), The pyroxenes often show pritohy xonin^: irj the 

LX rocks but In &swi soni?ir of the pyroxonss is not cosson in 

the rocks studied (units 7 &n& &} a»^ »o the mineral in these cases is

t«k*a to be aftinly a heteradcumulus or aa adcuinulu^ (see i'late 4).
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The extant of sonlng, therefore, is useful as an indication of the 

uct of aeaostasis in a rock, nirdisuis figure for the amount of 

i&esostr.sis can bo obtained by measuring (microscopically/ t!:-- 1 ^luna 

of the sqpeti ports of the sinerels Trtiere they aro clearly differentia:.. 

from -the cuiculuA (plus adcuiaulufi) parts. ' : <is, with the upper licit for 

the mesostaftia derived frcss the habit (see above/, it will bo possible 

to obtain the limits to fche saouat of mesostasis in certain rock . 

those cases where the volume of th© aoning of the various minerals can 

be roughly determined, an assessment of the relative proportions of 

isinerftls in the cuisulus plus adciJtE«ilus p,arts can be made. A ;,a wiiooi 

outlined in Chapter 2, eould then be applied without difficulty to 

isesocujsulates s^sd orthoouswlates. It is clear that further work in 

this field should rive some fuitful results.

Q, ...ffi?K.ralo.£ff .of tho fiosQs

By analogy rdth the ovorlying fraction<-.tion sequ^ice of the 

and U£ of the Skaergaard. intrusion, and provided the physical conditions 

of crystallisation wore th© ssj£«, the trapped liquid of the i*~ would 

b© .esq^eoted to h&vo crystallised to about 60;- felspar (less calcic than 

th© eufiiulus plagioold.se}j 25. pyroxene ^KCSTO iron, rich); with the rest 

consisting of: iron-rich olivine; apatite; Iron-ore} zircon; and 

sslcro; ':ite» ."-It 1 thss physical cornlitions of crystallisation, 

especially with regard to pressure, of the trapped liquid are unli;-ely 

to have been the same as those of the fiddle ami Upp^r one cuisulus minerals, 

none-the-less the observed mineralogy is closely sicil&r to this expectation*
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In many lancoer^tlc rooks, containing a high proportion of asesost&sis there 

is no olivine in the mssost&sis presuisably because it has b^en made 

over to pyroxene by reaction with excess silica*

JLI it can be ^ouino<: naui; the mineral aaaeiojjUi^e of the ssesostasis
t

is the siuse in rocks that are clo^e to 0110 another in the fractiauction 

se^uenco then it is possible to use this to elucidate the genesis of 

sea* of the oinerals. particular example is the pair of leucocratie 

rocks &£• 51Q9 (HO aetr&s) and 5105 (l^ aetrcs; tmich both have a 

fairly- kif^i and eimilar *,^ content of 0.21 (-^rren 1959). 5105
<£ J

crsissists of 92 felspar, about 4 pyroxene snu I ore, mt!i the rest being 

cade up of quart a, apatite, and ohlorite. 5109 is similar except that 

there is about 15, pyroxene and a lower felspar consent \^, ;» Insofar 

as both rocks are considered to hare a similar aiBot^^ nf r-^so-tr.sis on 

the basis of their r&o&phoruft concentrations then it would seera that 

at least $, <^* the pyroxene in 5109 is a h®teradcy.nailus phase. This 

conclusion does not agr&© with -.,a$er \lyou^ 'aiio corisi-aui-ud that all the 

pyroy.«:io of 5109 was of ths mesostasis, (see Chapter 4). This deductive 

process nay be bn.seA on oversiniplifio&tion& about the history of 

crystallisation of the trapped liquid. It is possible, for instance, 

that inter-pore diffusion of the trapped licruici in the «a.r.iy stapes or 

t- " could have beeu over considerable distances.

i-Vv..-. «he evidence of (Chapter 4 and tliat above it appears that in 

the i^ower ;-^me the trapped liquid gave very approximately: 60 • 65 

felspar; 20; pyroxene; 5. quarti and ssieropegwatite; 5 - 1^ iron ore; and 

asall amounts of olivine, apatite, and sircon.



Photomicrograph of Skaergaard rook 5108 (from a nelanocratio band, at 
110 metres L'.ia), shoving ouatulus oil vine crystals surrounded by 
polkilitio iron-ore, and soall asounts of poikilitic pyroxene and
plagioclase fels|.mr, fktoe biotite is also present. The fc&spor 
and iron-ore are considered to have crystallised from the trapped 
liquid* «.~'lan« polaris^xl li^t; x 13»

rock 5109 (fro® a leucocratic band ^t 110 metres, t . ,u/ 
shoring; the typical intercunailu* habit of the pyroxene and iron-ore, 
which p.oikilitioally surround the at stilus felspar c. Icne polarised 

x



I



Hhura 17126| p^ridotite from unit 8, showing the habit of same of the 

ouffiulus olivines, particularly the 120 triple intersections at 
three grain junctions and the curved crystal boundaries, roikilitic 

felspar, very slightly *onedt surrounds th« olivine ervstrlE. Some 

chromits is present. The black areas at u,u tu^ ui' 

are of olivine at extinction. Crossed nicolsj x 33*

Rbuss 17128, allivalite fro© unit 8, showing poikilitic ^is^r of 

olinopyroxaue around oliYlne (at extinction) and felspar* 
of the felspar is soiled, The pyroxono is considered to bo 

essentially a heteradeuaulus phase. Grossed nicolsj x 33.
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Rhuia 17123, alllvalite from unit 7» showing discontinuous normal 
zoning of the plagioelase felspars, produced from the crystallisation 
of th© trapped liquid* The olivlne crystals at the top of the 
photomicrograph show alteration; top loft: olivino at extinction, 
Crossed nicols; x 33*
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PART TWO

ANALYTICAL CHEMISTRY.



CHAPTER SIX 6-1 

Activation Analysta For Phosphorus

A. Intrcduction
The phosphorus content of layered igneous rocks varies

enormously both iroa one rock t^pe to another and fro»a rucks in 

one horizon to similar ones in another horizon, fur reasons given 
earlier. In soise roe^s (e*g, pyroxenites) where much aticuiaulus 

growth has occurred the phosphorus content may be only a matter of 
a fe*v ppxu. Similarly the phosphorus contents <./i a*any juinerals are 

often low.

Colorimetric methods of determining phosphorus are generally 
far more sensitive than gravic*utric or volvaaetric iaetnoua. However 
colorimetry is ix.t*sensitive enough for some mineral analyses unless 
large quantities of the mineral are used, and this is not always 

possible, Furttubriuore, with lo* phosphorus concentrations the 

precision is generally not gooa ana there is always the risk of 

interference froiu other elements pr«sent.

For the present work the following w»r© required of the method 

for phosphorus determination:

1. High sensitivity

2. Good reproducibility

3. A straightforward and quick method of analysing large 

numbers of rocks and minerals for phosphorus only.

A recent paper by Djurkin e_t al^ (1^66) claims a high sensitivity 
for coloriB*etric analysis of phosphorus.
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The use of radioactivation analysis (Bowen and Gibbons 1963) satisfies 

these requirements and it was thus decided to use this technique.

In the past there have been xaany methods developed for the 

determination of phosphorus in a variety of nmterials (e.g. Curren 1959; 

Mullins fc Leddicutfe 1962) and it was initially hoped that existing 

methods of phosphorus determination could be satisfactorily applied 

to rock and mineral analysis. It was, therefore, decided to use th« 

most common final precipitate in published methods, that of magnesium 

anttonium phosphate, MglW.PO .6H?O, and the method proposed by 

Wayman (1^64) was taken as a basis. Initial difficulties with 

this method were encountered and overcome as discussed below but 

it was not until ten irradiations of rock aaatpl&s had been done that 

it was noticed that the reprociucibility was not good enough. The 

method was thus fully investigated, tested and altered.

B. Nuclear reactions involved

31 On irradiation with thermal neutrons P undergoes the following

reaction: P(n, 8Y"P. The thermal neutron cross section of UXP is
32 ?O.19 barns. P decays by.emission to S and has a half life of/\

14.3 days. The maxiauo energy of the ^-particles is 1.7O7 MeV. 

^P does not aocay by flWay emission.

Interfering reactions frora other elements present in rocks are only:
assn/ .32_S(n, p) P

and * Cl(n,«»O P 

Both of theso are fast neutron reactions.
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l.D. Curren (195D) investigated interference from the sulphur 

reaction and found that provided the ratio of thermal to fast neutrons 

is high and that the 8 content is lu* (i.e. scout 0.4 per cent) the 

interference ia negligible. Under the irradiation conditions used 

ti»» interi'er&nce fruxu the chlorine reaction is also negligible.

C. Choice of final precipitate

i. Ammonium Phosphofflolybdate (NH .), PO ,.12MoO., . This compound has^ o T« *>

occasionally been used as a final weighing fora (Mull ins ft Leddicotte 1962; 

Curren 1959). The advantages of using this compound are that it is 

readily reprecipitated after dissolving in aaaaonia and easily plated 

out, though not so well as jaa&uesiuBi aiaaaoniuBi phosphate. The dis­ 

advantages are that unless precipitation, washing and drying are 

car r .tea out urtuor the strictest conditions, the stoichiazoetry is 

open to doubt. (Even under rigid precipitation conditions it has been 

claimed that the stoichioiaetry is still not certain (Hieman ai*d 

Beukenkaiap 1931)). Furthermore this compound is hygroscopic.

ii. Magnesium Ammonium Phusphate MgJNH PO^^ELO. Like the asu&oniisi 

phosphoifiolybdate this compound has been used extensively (e.g. Wayman 

1964; Ricci 1^64; Bowwn and Gibbons 1963). It is easily prepared, 

reprecipitated and plated out. The disadvantage is that the 

precipitate does not have definite water of hydration. Drying at 

room temperature does not always remove superfluous water and drying 

at higher temperatures can rwaove sosae water of hydration. Curren 

(op. cit.) lounc seii absorption but this was not found in the present



« - 4

investigation (see later).

iii. Phusphotiolybdic Anhydride. IfcO^.P^O . This is prepared by
O 2 w

heating ammonium phosphomolybdate to 45O°C. Other than the 

inconvenience of heating large numbers of precipitates in an oven, 

this final weighing form also has the severe disadvantage that some 

phosphorus may be lost in the heating: process, (Currcn, op. cit).

iv. Magnesium Pyrophosphate Mg^^O-. This compound is more reliable 

as a final weighing fona than magnesium aaaaoniuiB phosphate. However 

the stoichiometry is not absolutely reliable (Rieman & Beukenkaiiip 1961) 

and it is an exceedingly difficult cosjpeuad to plate out. Furthermore 

high temperature Ignition (HOG C) is required in its preparation. 

Also, Curren (op. cit.) ioumi severe self absorption.

V* Other Precipitates. (Rieiwan & Beukenkaiap ibid). Uranyl 

pyrophosphate, bismuth phosphate, and oxin© phosphoraolybdate have been 

used for nor»al gravimetric phosphorus determination. They have not 

teen generally used in activation analysis and were not considered 

for the present work.

Silver thalliun ph=->s;-hate (A£,.T1PO.) h»s been used by Khalil
«£* *i

(private coiRKwnication) as a final weighing form. This compound, in 

tha octhod that he has developed, is produced from an initial ammoniias 

phosphomolylxiate precipitate. Thia method was tried (using inactive 

phosphorus) but the chemistry v,ms found to be tedious and lengthy. 

It was, therefore, cteciaed not to use this method, especially as it 

had not then yet been satisfactorily tested by Khalil himself.
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Conclusions: Magnesium ttMoniua phosphate was decided upon for

the final precipitate. The disadvantage of the 

uncertain amount of water of hydration wa» overcoat 

as described later.

D. Phosphorus standard

Following after many previous workers, Anaiar diaraaoniuia hydrogen 

orthophosphate was used as a standard. Siaall quantities of a fine 

powder of the salt (kept in a desaJCcator) were irradiated in silica 

ampoules in each batch of rock or mineral irradiations. Three 

standards were generally used though in earlier runs up to five 

were used to check precision,

Self shielding; An experiment was carried out to confirm Curren's 

result, (op, cit.)« Four ampoules containing different quantities 

of the standard were irradiated for two and a half days at pile 

factor 0.1. (i.e. 10 neutrons per cin'. per sec.)*.

The weights of standard v/ere ...7; 11.1; 26.7; 61.7; respectively 

and the specific counts observed wore 93,217; 08,451; 102,740; 

88,184; counts per minute respectively. This shows that slight self 

shielding occurs in the standard where about 60 mgms was packed into 

one ampoule. This result agrees with Curren's work except that the 

maximum amount of standard irradiated in this work was far greater 

than that used by Curren, who found no self shielding. It was, 

therefore, decided to use solid standards of less than 3O iflgms weight 

per aiapoule.

11 -2 -1* Unit pilo factor is equal to 10 neutrons, cia . sec
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Curren (op. cit.) proved that there was not significant self 

shielding in the rock powders, by irraoxating different ^eights 

(range 5O - 2QO mgms.) of each sample.

E. Standard preparation and opening

The standards of (NH KHPO were weighed and sealed into silica
42 4

ampoules. A K2SO4 standard » also in a silica ampoule, was generally 

included in with samples to monitor interference from the sulphur 

reaction. At pile factor O.I it was negligible.

The following method of opening the silica ampoules was devised: 

a mark was made at the constriction with a file. The solid material 

was tapped into the main body of the ampoule which was then inserted 

into a hole in a brass holder so that only the constriction and head 

of the aagxmle projected from the holder. The holder was held on 

its side over a small beaker and the head of the ampoule knocked 

off with a slight tap from a pair of tongs. The head and main body 

of the ampoule fell directly into the beaker with no loss of standard,

Distilled water and a few drops of cone, nitric acid were added 

until the aispoule was well covered. The beaker was then heated 

until boiling occurred, cooled, reheated, and so on. By alternately 

boiling and cooling, water is driven out and drawn into the ampoule, 

and thereby dissolves and removes the standard into solution. This 

cycle was carried out about four times and the resultant solution, 

after cooling, was poured into a 250 ml. volumetric flask. The 

beaker was washed and the washings added to the flask. More water 

was added to the beaker and the above process repeated. The whole
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was repeated about seven tines «hen it was then considered 

that all the standard had been transferred to the flesk. The flask 

was then Bade up to the mark. T u :vd. aliquot a fc-ere taken, ri?:ed 

with carrier, taken through part of the chemistry and finally 

counted and the yields determined.

For preparation of rock powders and inineral separation method* 

used, sec Appendix C.

Airtpoule preparation: Generally SO to 100 mgiis of samples were 

placed in small polythene aiapoulos by i;,oaas of a polythene funnel. 

The flnpoulcs were aealod by heat at both end*. Polythene was used 

when wit; .ieufecu ux zrraujLatiun wae tiiree days or i^ss, otherwise 

silica ampoules were used. The polythene anpoules, suitably marked 

for identification, were wrapped in aluminium fail anci sent for 

irradiation in the noraial aluminiiK^ cans.

Rod; transference test: A small investigation was made to see how 

much rock powder was retained in a polythene aaipoule after opening 

and tapping out the sample. The powder used was a rock sample at 

less than 400 mesh. Tlie quantity remaining varied froa O.I to a 

maximum of o.£ ra:s, irrespective of initial weight (all ampoules 

were the saiae £»x^&). All the material remaining could be rcisovod 

by cutting off both ends of the a/.ipoule and directing a Jet of water 

through the ampoule. This was not always convenient as sodiuiB 

peroxlde/sodiuifl hydroxide fusions were soiae times used. Provided the 

initial rock powder weight *»s grcatti. tuau ^0 ngos. the retention 

of these small aooimts of pcwder v.ould not cause significant error.
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Appoule opening; Tuis was simply carried out by cutting the ampoule 

v/ith a V'air of scissors vhilst holding the «jf*oulG *ith tweezers. 

The povder could then be readily tapped into the fusion container. 

In the case oi silica ampoules, the procedure as described for the 

standards was used, except that the holder was kept upright, the 

fnain body of the arapoule taken out from the holder after the head 

had been removed and then the powder tapped out.

G. Irradiation conditions aaed

Prepared samples and standards vere sent to Harwell for irradiation 

In KSPO reactor.

In tae choice of irradiation conditions for phosphorus analyais 

the lolloping factors must L© taken into account:-

a. The ratio of thejrjtial to ©pi-thermal plus fast neutrons 

mi»t be high so as to suppress the interfering sulphur 

reaction.

b. The duration of irradiation laust be lorn; enough to 

produce sufficient activity for accurate* counting 

but not too longr «o that the counting is wadr inaccurate 

by large dead time corrections due to high activity. 

Furthermore, three days irradiation is about the most 

th»t polythene can take before it starts to break down; 

polythene ampoules are generally more convenient to 

work with than are silica ampoules.

c. The activity of the irradiated samples should not ton so 

high that it is a health hazard tu th* worker if special



protection measures arc not available.

For rock samples a pile factor of O.I or 0.2, for three days, 

was used as i» this region of the reactor the ratio ci thermal to 

•pi-thermal plus fast neutrons is extremely high ana, thus, tUcse 

c^nait^wiis comply with a. ana c. above. However, v,her* the phosphorus 

content of the sample a was very lotv (less than 40 Pt-ffl.) the final count 

rate **s not high (using the Tracerlab beta counter). Therefore, for 

mineral samples and rocks *lth ejepected, low phosphorus contents a 

pile factor of 1, for about three days, was found tc be suitable. 

In the early stages of this work a pile factor of 12 v>aa useci for 

teineral analyses but the material in such cases was rather active 

to handle.

After irradiation the samples *«re allowed to cool down for two 

days, or more, before chemical separations verc started.

H. Wayaisji 'a method and adaptions of it

Wayatan (1964) propofl»d a asetnod for th© simultaneous determination 

of sulphur and phosphorus in water by neutron activation analysis. 

This raethod was initially used in this work but it v/aa found that 

many adaptions v/ere needed. Thus, although tfayrar. *s method was used 

a startin ; p;>int the finally developed method is a new one.

In suiitmary ftis Jt»ethod consists of an irradiation of the liquid 

samples, followed by an initial zirconium phospnate precipitation. 

fbe zirconium phosphate is dissolved in HF and then phosphomolybdate 

precipitated by the addition of a molyodate reagent. This precipitate
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is dissolved in ammonia and finally a precipitate of nagnasium 

•Monium phosphate (MrNH ,PO ,.t>H,O) is formed by the addition of
"i 'i **

a aagnesie reagent. The final precipitate ia washed anci air dried 

on a filter paper disk, using a filter chimney, weighed and counted.

The various precipitates used by Wayraan seem to ^11 chosen. 

Th© Initial zirconium phosphate nrecipitate is fairly selective and, 

therefore, brings the activity of the material to he w>rked with 

down to a low level . Both the ^hosphomolybdate and magnesium 

ajosxttiiura phosphate precipitates are considered to be vory selective 

and are ree-ularlv ua^d for -?rax'ime)4tric determinations of tihr,3t>horus 

(see Vogel 1962; Rieman & Beitkenkarap li-;Ql). Whilst there is the 

possibility that some other raetal phosphates may be precipitated 

with these precipitatea, metals auch as silver, arsenate etc. r-iost 

of those are present in very small amountj in the rocks studied and 

aa&y have short half lives or lov* cix»ss sections, dayman added 

citric acxoi before precipitating aagnesium aanaonlum phosphate: 

this coiuplexea Fo, Al, Ca, Ti, Mn, r/n, and Mo, so that these metal a 

r©taain in solution, (Riewan and Boukenkamp, op. cit.)

following invusti^atiuns and adaptions w^re made: 

ft. Sample decomposition: At tno outset HF decomposition of the 

SSJOple in the presence of an accurately known aiaount of carrier 

solution, and c.HNDC (to bring ail phosphorus to the sarcc oxidation 

state) was used. However, the process is lengthy and any HF remaining 

prevents the precipitation of zirconiuirt phosphate. Tims a sodium 

per*xi<ie/ sodium hydroxide? fusion was used ia later &uai>s*s and ia 

discussed below.
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b. Precipitation of Phc: .lybdate: WayKai. s rathod is 

comprised of only throe precipitations. Tho risk of active? element a 

other than pnusphtrus in the final precipitate night thus be possible 

und in sow cnsos this » R- found to be so. (Soe Section I). Hence 

the following extra steps were included to ensure rauiocuoinical 

purity of the final precipitate.

i. The zirconium phosphate precipitate was washed 

with distilleo water and then centrifu^ed. Th© 

washings were discarded. The zirconium phos 

precipitate is gel like and Lrings down other 

aaterial and supernatant liquid which washing 

helps to rennove.

ii. Before precipitating the phoshomolybdate, 2 j^ 

of a solution of holdback carriers vas adoed. 

This solution contained Ba, Co, Cu, Pe, Mft, La, 

Rb, Sr, Sc, '/r, ions. The phosphoBiOlybdate v/as re- 

precipltated twice wore in the presence of holdback 

carriers and once without taeo.

The selection of these particular ele&ents is based 

oii ihe fact that the saiae cieti«nis ii present in 

the irradiated sa&pies form isotopes that decay 

by beta-ray emission. S^r..e of the/a, sucu as 

strontiu£:, have long naif lives and it is necessary 

that they are absent froa the final precipitate. 

Many isot\,i*es, of elements iv-t in this list, have 

an<.rt hair lives (2 days or loss) and provided
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that at least a week has passed after irradiation 

and before counting the activiicv of the final 

precipitate, they are unlikely to have significant 

activity, aiiould they be present ia the final 

precipitate. Many eleitjonts (e.g. niobivmt) havt? 

isotopes with such long half lives that under 

the short duration of irradiation used in this 

work there is unlikely to be more than negligible 

activity from them if they contaminate the final 

precipitate. 

It was also found that it was best not to heat the solution on a

v.mter bath to flocculate the phosphomolybdate precipitate as a

o tiire of above GO C is conducive to the formation of iTiolyhdlc acid.

Instead the precipitates were given a few minutes to form at room 

teaperature or at the temperature of the solution.

c. Precipitation of Magnesium Ainraouium Phosphate: Vfayuan s 

precipitated the final compound by first dissolving the phosphomolybdat© 

in 1 ml. of NH ,OH and 2 jals. of a 5O per cent citric acid solution 

(to casiplex Mo) and then adding 10 mis. of a magnesia reagent 

(100 gras. MgCl2 .6H_0 plus 10 drops HC1 plus 1OO mis. distilled water)

stirring. After this he added NK OH drop wise until the 

precipitate began to form whence he left it for three minutes with 

the subsequent addition of 4 isls. MH^GH and finally allowed thirty 

minutes for complete precipitation.

This s&taoa proved to be v@ry unsatisfactory as on Addition of
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HH^OH, raa^noaiura hydr «ft4 precipitated aa vail as Ra^iosiuB 

MBnoniun phosphate. Furthermore , tho precipitate sone tines took 

a Ions time tc form and henco the dropwiao addition of NH OH \vas 

Inconvenient and ita continuation often unnecessary as tho pH was 

high, The first attest to avoid the precipitation of Mg(OH>2 was 

to add about 5O gets. NH Cl to the magnesia reagent so that the 

CKMMBon ion effect would be brought into play. This prevented the 

formation of M&(OH)0 but did not rej^ove th© inconveaieace of drop-
**)

wise addition of aonoaia solution. However, a solution to this 

problem was found in Riecian and Beulconiiaiiip (l f '81) where it is said 

of the Magnesium ajmaonium phosphate precipitation:

''Careful control of >;H is necessary. In order to 

exceed the solubility nroduct uf M^NH.PO .6H O the

pH ttmst be high ©nc-ugli to allcw sufficient un-
-»3 

protonated phosphate PO,, , and low enough to allow

sufficient pr^ionatf f nima JNH. . To permit
fr

the existence of as inich as possible of both these 

ionic species in solution a pH of approximately

10. : is needed. A lower or higher pH shifts the
-2

equilibrium in favour of the formation o£ HH).

and NH,, respectively.ij

Furthermore a lower pH i>ermits the simultaneous 

precipitation of RigliPO , and a higher pH favours 

precipitation of Mg (P0,) 0 , Mg(OH)^ and possibly
v ; 3k £•• £*

Mg c CPO,) .OH. A .ui^ture ui a;-.unonia and amjuoniurc
* '
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ions serves to buffer the solution at pH 10.5 

in addition to acting as a reservoir of cations for 

the precipitate." 

The magnesia reagent suggested by these authors was used. This

consisted essentially of 400 gias. UgCi 0 .6H90 and 300 gms. NH.C1<& is 4

dissolved in l : litres of water. For the details of preparation 

see later. 10 mis. of this reagent were used for each precipitation 

and 15N NH OH was added until the pH was about 1O.5 as indicated 

by test papers. The solution was allowed to stand for an hour to 

give titte for complete precipitation of magnesium ammonium phosphate.

For large number of precipitates the use of a filter chimney is 

inconvenient. Centrifuging with docantation was preferred and was 

used also after each washing of the precipitate. Plating out was 

done by Beans of a s&all pipette in the usual manner*

The next section describes a coaplete investigation into the 

suitability of the final precipitate as a weighing fora, and here 

further changes were made.

I. Investigations of magnesium ammonium phosphate precipitate 

a. Radicchemical Purity: In the early stages of using ayman'5 

method without extra precipitation steps, plots of the half life 

of the final precipitate gave a half life value close to 14.3 days 

only when the pile factor used had been 0.1 or 0.2. When the pile 

factor was 12 a long lived contaminant was sometimes recorded in the 

final precipitate. Plots were taken over seven half lives. After 

all the additional steps had been included as described above, the
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half life was always found to be close to the value of 14.3 days. 

Absorption testa on the beta-particles showed there to be none 

with energies greater than those of the beta-particles from the 

standards.

These two testa indicate that the final precipitates were radio- 

chemically pure and in later analyses this assumption was used, the 

tests not being made. Results for standard rocks such as Gl. and 

Wl. agree very favourably with the recommended values and this is 

a further indication that the precipitates must have been at least 

close to radioche&ical purity.

b. Self absorption; Curren (1959) found self absorption of beta- 

particles in magnesium aoiaoniuii phosphate through he did not try a 

direct test on this. A direct test was, therefore, carried out. 

Six precipitates, containing active tracer, of approximate weights 

7, 14, 40, 62, 68, and 125 ngos. were taken and counted. The relative 

amounts of phosphorus were determined after counting by colurimetry 

(see later) and the counts made specific in relation to an arbitrary 

colorimetric absorption value. All the specific activity results 

were identical (within experimental error) except for the precipitate 

of 125 ragms, which showed a count which was nearly 0 per cent lower, 

thus indicating SOB* self absorption. It is difficult to see why 

Curren (op.cit.) should have found self absorption unless his 

precipitates still had superfluous water in them on weighing in 

which case the specific counts would be too low. This presence of 

superfluous water is llkoly and is discussed in the next section.
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There ia also the point that Curron was operating near the limit 

as he used specimens of about 90 ragas. weight.

In this work the final precipitate weight was kept below 

70 lagms. (see later).

C. Stoichioraetry of the precipitate: it was found after ten 

irradiations of rock samples that the reproducibility was not very 

food. Furthermore on soae occasions the yield had been very close 

to or slightly more than 10O per cent and it was felt that an error 

lay in tne final precipitate, especially as it was certain that the 

compound was r adiochemical ly pure.

The first experiment to check the stoichiometry of the magnesium 

ammonium phosphate precipitate vaa to take five allquota of a solution 

containing an accurately known aioount of (NH )4HPO . The precipitate
4 A 4

was produced by adding the magnesia reagent (see above) and ammonia 

solution until the pH ^aa about 10.5. The precipitates were allowed 

to form for forty five minutes and were then collected in previously 

weighed Coach sintered glass crucibles, washed with 2 per cent NH OH 

solution; SO percent alcohol; and finally by acetone. The crucib^ 3 

were then placed in an oven at 25 C for a day and a half and then 

weighed. See below. Weights ranged from 0.142 to 0.144 gms. compared 

with the theoretical yield of 0.129 gms. This experiment clearly 

shows that all the superfluous water had not been removed. The 

experiment was repeated but this time using a tracer of known activity.

N.B. Different workers suggest very different drying conditions 
(see; Duval 1963:Vogel 1962. )
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The precipitates were plated out and treated to various drying 

conditions to see how the actual yield compared with the tracer yield.

fb assess the specific activity of the tracer twelve 

aliquot* were accurately pipetted into counting trays 1** by •§** deep, 

and evaporated to dryness under a heating lamp. The activities w»r* 

recorded by using the Tracerlab Omni-guard counter (see Appendix E ). 

From the known specific activity the yield of the samples could be

determined. Drying conditions ranging from rooa tea$>erature to
o 35 C in an oven for two days were used but in none was good agreement

found between actual and tracer yields. It was, therefore, decided 

to measure the amount of phosphorus in each tray by coloriraetry 

(for the method see later). However agreement was still poor between 

yields obtained from colorimetry and those from tracer. Possible 

reasons for this seemed to be:

1. Self absorption of the beta particles by the precipitate.

2. Systematic errors in the colorimetry.

3. Incomplete homogenisation of nonactive and tracer 

phosphorus.

4. Plating errors.

A repeat of the self absorption experiment was made and it confirmed 

the previous findings.

No systematic errors in the coloriraetry could be found.

The whole experiment was repeated a third tiiae with extensive 

boiling of the carrier and tracer solutions with nitric acid before 

precipitation but still poor agreement was obtained.
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fourth possibility was taen investigated ana it was i'ound 

that the error lay in the specific activity of the carrier. By 

drying the tracer in deep counting trays (5M ) there tended to be 

creep up the sides so that the activity was nearer the counter. 

The Tracer lab counter is very sensitive to such siaall changes in 

distance of the source (see graph in AppendixE ) and so the count 

of the tracer was too high thus giving a low percentage yield for 

the precipitates. The experiment was repeated using very shallow 

trays for drying the tracer solution. Agreement between colorimetric 

and tracer yields was then found to be very good, there generally 

only being a difference in the second decimal place.

Colorimetric determination of the yield of the final precipitate 

has three significant advantages over weighing:

1. The carrier solution is accurately measured for its phosphorus 

content without further analysis, if it is used as the 

calibration solution.

2. the final precipitate need not be stoichlometric, nor 

absolutely free of inactive contaminants, (provided they 

4o not interfere in the coloriraetry).

3. There is no need to weigh the precipitates and counting

trays.

The disadvantage is that the procedure of coloriraetry for so many 

•saples is tedious. However as the rosuits by such a method are 

clearly reliable it was decided to uae this method for yield determination.
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It would be equally as suitable not to plate out the final 

precipitate but to redissolve it in 3!«C1 and count the solution 

in a well-type beta-counter. After counting the solution could 

be accurately diluted and the yield determined by colorinetry as 

discussed below.
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1. List of reagents 

Sulphuric acid: 

Nitric acid: 

Hydrofluoric acid.

Aiucx>nla:

Zirconiu&i nitrate
solution:

concentrated.

; 15 normal; ai*ct 1% solutions. 

3O gra. of Zr(ND,,), dissolved in a litreO *i

cf water, and then filtered.

solution:

Citric acid solution;

Hagneaia reagent:

Alcohol:

Holdback carrier
solution:

200 gm. of (NH4)6*W>24' 4H20 <il»»olved 

in 800 nl. of distilled water and 160 ml

ga . dissolved in 100 nil. of distilled

water.

g». of MgCl 2 .6H20 and 300 gffl. of 

dissolved in 1.5 litres of warm,4
distilled water. i&N NH4OH added ur»til 

the solution is just basic to litnus. 

The mixture is allowed to stand for an 

hour and filtered if necessary. 12N HC1 

is added to the filtrate until it is 

acid to litsnus. The total volumo is

then about 2 litres.

60%.

solution containing about 2 nga. per al.
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Carrier solution:

gaits uX Ba, CX/, Cu, Fo. 1%, La,

IJ, Sr, Sc, '*>£, 

about 3 got. of (MI4 > 2HP0 4 diaaolved in

50O ial. of water. need

not bo accurately weighed. This 

dilution gives a nardUaun weight of

about 60 iflgm. to the final precipitate.

Aerosol solution:

Reducing solution: a mixture of: 125 ml. 3N H^SO,,; 38 ml.A •*
of an araaaoruun mc^lybdau solution 

(5 gBU in 2CO Eil.); GO til. O.OI II 

ascorbic acid. The resultant solution 

is diluted to 230 nl. (This solution 

should be made up inuaediately before use).

2. Procedure

All operations on the sample, before zirconium phosphate 

ia precipitated, were made behind a lead brick screen which 

reduces considerably the activity reaching the worker. The 

irradiated sa;nple v.-as transferred from the ampoule to a

crucible. 5 ml . of carrier solution had previously been accurately 

added to the crucible and evaporated to dry ness. About 2 gms. of 

A.R. sodium peroxide and 20 pellets of A.R. sodium hydroxide were 

added to the crucible which v»as then heated, with a lid on, at 

a temperature sufficient to fuse the contents. The temperature 

was then raised to red heat for ten minutes after which the 

contents were swirled round by holding the crucible with a
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pair of ton^s, and then all,...ved to <xx>l. (T.us .-.'recedure 

completely fuses all 0£ mo aaiapiwa uoalt with in this »ork). 

The crucible and lid were transferred to a 250 ml. beakor, on 

a ;/ate;r bath, and 50 ml. of distilled »,aiur added to partially 

dissolve and disintegrate the fusion cake. When this process 

was completed tha crucible and lid were raa&ovod arid washed with 

distilled water; the washing boing added to the beaker. About 

20 to 5Q ril. of oM H^SO. were added to help neutralise tho 

hydroxide and then the solution was made acid by the addition 

of cone. UNO ,. The addition of 1O sal. of the zircjniuiu nitrate
*3

solution precipitated sirconiuia phosphate. (The addition of tho 

511 H28O4 appears to aid this precipitation but if too much is 

added the zirconium sulphate is forroad which is soluble). 

Placing the beaker on a water bath for ten rainutes helped to 

flocculate tli© precipitate.

The contents were th«n transferred to a tost tube, centrifuged 

and decanted; the supernatant liquid discarded as active waste. 

fte* precipitate was then washed, centrifuged and decanted and 

the washings added to the waste. This precipitation brought 

the activity down to trace levels and it was then safe to work 

without a lead shield.

The Zr^(PO.) A precipitate was dissolved with 2 drops of HF
*J 44

solution and then diluted to about 10 ml. The contents were 

centrifuged again which brought down an insoluble fraction. 

The liquid was decanted into a clean tube and the solid residue 

discarded. Concentrated nitric acid, 2 drops of 1% aerosol
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1 ;.;!. 01 holdback carrier solution, and 5 : ,1 . of the 

aolybdato res^oiu v*oro added u> the solution in that 

order. The precipitate of aanoniua phosphonolybdate as allowed 

to forti for a f<rv reinutos before contrifu^in£ and decant int; o£f 

the supernatant liquid. The precipitate was dissolved in 1 01. 

of ansnonia, then holdback carriers, 3 ml. of niolybdate reagent, 

aerosol and nitric aoid vero addod to reprecipitate. The 

reprocipitaci on -vas rerieatQd once Eiore without holdback carriers 

and the precipitate finally v/asned in 1O ml. of distilled water.

The phoaphoroolybdate v/as then dissolved in 1 «il. of Ml OH, 

2 ml. of citric acid solution, and 10 ml. of the magnesia reagen t 

added. The solution was brought to a pH of about 10.5, as

indicated by test >apers, by the addition of 15N NH OH. The 

precipitate ia giv«n two or no re hours to form, with occasional 

stirring. Finally the precipitate was centrifuged and washed 

with 1% NH.OH, 6O% alcohol: and acetone; in that order. The 

Magnesium ajaiaoniura phosphate precipitate was then slurried with 

acetone, plated out, and allowed to dry. It was then ready for 

counting.

Tho standards (see Section E) were mixed with carrier and 

brought to the boil for about 1 minute in the presence of cone. 

HMD,.. They were taken through one phosphomolybdate and one
3

aMgnesiue araraoniusi phosphate precipitation. They were plated 

out in the same way as the samples.
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Si^los aiKl standards v/er, vaunted -u*i ,iic saiae nanner. In 

early stages of this work counting was done by neans of a 

shioldod, ©nd-wiado geiger counter connected to a sealer. The 

t iniinc v,-as done with a stop watch. In later rim3 the Tracerlab 

Oanl-guard automatic, low background beta counter was used, \vhich 

is described, along with n counting experiment, in Appendix E. 

Counting was m>ri»aily continued until at leajt 1O,OOC counts 

per saniple had been reached. The counta per sinute -^ere corrected 

f«»r dead tiine and background (if significant). Yields of the 

samples v/ere determined after they had bean counted.

1. Yield dotor;"iir.ntion

The yi«ld of each sample was determined by a c-,.i.uriii*etric 

thod. The L»a^JiesiUKi anuaonium pb/3sphate precipitate was 

dissolved in 3N HC1 «rwi the resultant solution, together with the 

t«a*hine,8, was quantitatively transferred to a 500 ifil. volumetric 

flask, which was i ade upto the mark with distilled water. Two 

5 ml. aliquots of this solution were pipetted out (using a Grade 

A pipette) and transferred to 50 sal. volumetric flasks*. 2O al. 

of the reducing solution were added to each flask vhich was then 

made upto the mark with distilled water.

Fur a calibration curve, 5 ml. vl ti*w carrier solution were 

taken and accurately diluted to 5OO »!.. 4 ml. (i.e. equivalent

*Thesfc flasks contained cone. H..SJO. when they vwre not in use. They
**» *T|

were thoroughly washed out with distilled water before use.
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aad oach added to a 50 ial. flask. This was cbnu in duplicate. 

Reducing aoluti-.in and distilled vater were addod to tho flasks 

as for the sara^lcs. (Tais calibration 4.>rocodura elluiinatus 

tho necessity of accurately making up the carrier solution).

The iiasits were allowed to stanu uvuriu^at jo taas. 

"molybdenum fcluG" colour developed luil>. (Tills coloriiaetric 

JMitnocL iias ijoon well trioci la die Dcpartueat oi C&oiogy aaU 

waa found to oo raost suitable ior Utia v.^rk. For i'ulier details 

«ee RiJey (U5S) and BuiU (!&&)). Tile opvicaA Qtn»ity o£ each 

•oiuti^n was zaoasured on an Unicai^ SP oOO spec trophotowe ter at 

a27 HIM. and with the solution held in 1 cm. cells. However, the 

optical density obtained by the above dilution procedure was too 

&reat tu measure by normal meth'jca ana so the techiiiquo of 

differential sptxjtropho tome try (Hiskey 1949) was used with tlie 

40% yield solution as the reference. The 6Oi6 aixl U)4̂  yield 

solutions "'ero also measured in relation to the 4ff*j. Thus it was 

possible to draw up a calibration curve of optical density 

Against percentage yield, with 40% yield being taken as zero 

optical density. This curve was always a straight line. The 

average of the optical density values for each sample was taken, 

and from the calibration curve the yield was determined. 

Advantages of the coloriraetric method of yield determination have 

been discussed in Section 1.
%

As many of the precipitates from early runs, whose yields had
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been determined by weighing, had been thrown a*ay, it was not 

possible to cheek the yields by coloriaetry. Thus, the results 

from these runs were discarded (except for a few Bushveld results, 

see earlier) and the samples were re-analysed using the new 

Method. In some cases the agreewent between the old and new 

methods was not too bad, e.g. SA. 722: 29 and 32 ppia. respectively, 

but was not good in others e.g. 5^75: 138 and 137 ppm respectively.

K. Speed; reproducibility^ and sensitivity.

After sufficient practice in the developed method had been obtained, 

it was possible to pack up the samples for irradiation, analyse, 

count (using the automatic counter), determine the yields and calculate 

the results, in a total of about five working days for twelve samples 

and three standards, (i.e. generally six sanples in duplicate). On 

previous occasions, especially when the method was still in the 

development stage, the total procedure took much longer. It. must 

be pointed out that the use of an automatic counter can save almost 

a whole day's work per batch of irradiated samples.

The relative standard deviation for the standards was found to be 

generally about 2 per cent. (This was using pile factor 1). The 

relative standard deviation for the 0.1. results is just under 13 

per cent, and that for the Bushveld rock (SA, 66O) sanjples is 14 

per cent., see Table 19. It should be noted that the average 

values for G.I., and W.I., agree quite closely with the recommended 

values, though the results for T.I. are a little higher. 

In appropriate parts of the thesis it is shown that, for
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Pho 8jJh.jv ua in «ona standard r^cks

G.I. W.I.

ottS.tf 524.1

350.8 430.0

318.9 541.4
• 435.6 52^.8

j 425.. j

373,4

460.6

387.5

564. G

oGO.3

386.6

- 3«7.4
469.3

• \
426.1

292.0 !

cio.o
404.6

4^a.^ ;
i j.

Average: 386 519

Stanaard 49 (m) ,2 {
dQv.iation

* P_0r O.O88 O.1IQ
« *J>

n&Q*^***&*fy JiO 9O -^ ^«» ^, i *
O 0*7 w JL *"iP«0. values<* d

T.I. SA 66O

603.7 40. 8
624.0 40.3

777.7 53.5

894.0 51.3

43.2

52.0

40.0

47.9

! 44.6
, . 37.3
i i '

1 54.6

1 \ 64.2

4S.2
* !

48.*

58,7

55.4

43.1

• 42.8

; 46.1

747 49

93 (13%) 6.9 (14%)

0.171 0.012

0.145**

Analyst! P. ftenderson

Fleischor 1965

Msurule parjphlet« 1C 61.
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the same specimens, agreement between results obtained by this 

•ethod and those from other methods is good.

The sensitivity of the method has been calculated from actual 

irradiations rather than producing a theoretical sensitivity. 

After irradiation at pile factor 1 for three days, and with an

elapse of one week before counting, the activity of the standards
-5 

mas generally such that 10O C.P.ES. was equivalent to 4 x 10 gra.

phosphorus, (this was using the Tracerlab low background counter, 

which has an efficiency of about 30% under the conditions used). 

If one assumes a minimum count of 90 c.p.m. (this is over twenty 

tizaes the background of the Tracerlab counter); a 1OO per cent, 

yield; and 100 agn. irradiated samples, then the sensitivity is 

about 1 ppsa. of phosphorus. This was quite adequate for the present 

work.

The accuracy of activation analysis has been discussed in many 

analytical texts, see Jenkins and Smalea (1956).
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CHAPTER SSVHN

Activation Analysis for 

A. The d _ t >l Filly

Filby (1)6 4) proposeu a laatauu ior the determination of bromine 

in rocks by neutron activation analysis. The method was used for 

this study but was found in certain respects to be unsatisfactory, 

•8 discussed below. Only four batches of samples were irradiated 

before it was decided to discontinue the investigation into bromine 

geochemistry and to study instead that or uranium, also a low-fe 

element, as at this tiioe a quick, reliable and straightforward 

fcfcthod of analysis for this element was available, naxrely the 

'delayed neutron 1 method, see Chapters 3 (c) and 8.

Full details of the method of bromine analysis can be found

in Filby (1564). The reaction with which this atethod is concerned
81 8S1 61 is Br(n, }O Br. "Hie theraal neutron cross section of Br is

82 2.6 barns and the half life of Br, which decays by beta and

g«jBHna-ray emission, is 35.9 hours. The other bromine isotopes
7& produced from neutron irradiation of the stable Br isotope are

&f \ff. ftf\
^^Br and Br with half lives of 4.6 hours and 18 minutes 

respectively. The activity contributed £ro& these syecies is 

effectively negligible if there is an elapse of about two days 

between the end of irradiation and counting. Interference produced 

(»• P) and (»» * ) reactions on krypton and rubidium isotopes in

the samples is discussed by Filby (op. cit.) and is shovm to be
2C5 Interference froi> fission of U is also insignificant,



7-2 

Tile experijiKsmtal procedure recc^traended by Filby involves the

irradiation of 900 rag. of i*ock sample in ari aluminium envelope in
12 «*2 "»1

a thermal neutron flux of 2,5. 10 n.cm .sec . for one week,

followed by a cooling period of one day. The sassplea are then 

transferred frosa their envelopes into nickel crucibles and, in the 

presence of a kno'.vn amount of bromide carrier, are decomposed by 

heating with sodium hydroxide. (Sodium hydroxide alone is used so 

as to avoid oxidation of broaiide to bromine which may be lost by 

volatilisation). The fusion cake is dissolved in 50 ml. of water 

containing 10 ml. of iodine hold-back carrier (1 mg. of iodine per 

ad.), and the solution is neutralised with 5&S sulphuric acid, with 

1O lal. added to excess. The solution is cooled, transferred to a 

separating funnel to which are added 50 ml. carbon tetrachloride and 

a few drops of O.5 M sodium nitrite solution, and the liberated 

iodine is extracted into the organic phase. The extract is discarded, 

and 3O *al. of carbon tetrachloride is added to the aqueous phase, 

followed by O.l&I potassium permanganate solution until the pink 

colour Just persists. The brosaine is extracted into the organic 

phase by shaking for one minute. The extract is filtered and the 

filtrate collected in a separating funnel to which water and 1 ml. 

of 1% hydrazine sulphate solution are added. The mixture is shaken 

until colourless; the aqi*»ous phase is collected and a ferric 

hydroxide scavenge is carried out after which the solution is made 

Just acid with 5M nitric acid and a slight excess of 5% silver 

nitrate added. The silver bromide precipitate is flocculated and 

collected by filtering in a sintered glass crucible. It is then
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«!ried at rt) C for tw> hours. The precipitate is allowed to cool 

and as lauch as possible is accurately weighed into a counting vial.

The standards are prepared by drying O.O5 ml. of a bromide 

solution (O.o j,»^. lir. por lal.) onto aiuiainiiuu toil and they are 

irradiated in aluminium envelopes. (No self-shielding is observed 

in the standards prepared in this way). After irradiation and 

rereoval from tl±e envelopes, they are dissolved in water. 1 ail. of 

1c hydra^ine suiphate solution and bromine carrier are added and the 

solution is made up to 1,OOO ml. with water. 2&1. aliqucts of this 

solution are counted directly.

The counting of the samples and standards was done by means of 

a scintillation counter and a single channel pulse-height analytor.

B. Applicat ion of the jaethod

The DtetUod A3 described above was used with only minor unifications. 

Firstly it was found suitable to pack up the samples in polythene vials 

for irradiation, whilst the standards were contained in silica 

aapoules. Removal of the standard frost the ampoule was carried out 

in a siiiiilar way to that deacribed for the phosphorus standards 

(see Chapter 6 E). Secondly, insofar as Filby (op.cit.) found, 

that under the irradiation conditions he used, the method gave a 

sensitivity of about O.OO1 pput of bromine psr gm. of sample anu 

as it was thought that the bromine content of the samples night be 

about 0.1 ppiu., smaller sample weights (about 100 mgsu compared with 

5OQ mgra.) were irradiated at a relatively lower flux (pile factor 

O.2) for thr«e days. This was done in the first two runs so that
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the activity o£ uUe saiaplua -as at « reasonable level to work with. 

Counting of these sables i^au to be done by ue <,tv*ui**ing tkie beta 

activity as the gnna-ray analyser was incapacitated at this titaa. 

The activities oi the stupes were so low thai no meaningful results

cc.ulci Lc ubt&ineti. In the next two runs the highest available flux
1? —2 —1 in BEPG reactor *-&s useti (i.e. l.i x 10 J u.cti *.»&c ). v.ith

wfci^kts still at about 1OO togs*. The counts iro^ tut sample a 

icn iound to be reasonable (by beta-counting) but were still 

tiot very good (i.e. about 1OO counts per minute) anti the results 

show poor reproaucibility (see CJriapter 3). The results may have 

bt:&n inuproved hac. ga&^ia-ray aiialysis of the saciples been carried out. 

However, the difficulty concerning the counting was not the nain 

disadvantage in this work.

The irradiation conditions and the weights of the samples as 

reconsiiendeti by Filby are such that one would have to process very 

active samples. The procedure outlined above does not contain a 

preliminary step which reduces the activity of the sanples dov-n to 

low levels. Indeed, tiie bromine step involves siiaking the very 

active sample in a separating funnel for one minute. With the 

present equipiaeat at the Oxford laboratory it is not convenient to 

do this except by hand. This feature is considered to be a 

Significant disadvantage of the Eiethod,

Another feature is that in each of the last two runs it took two 

days to process six samples and the standards. With a half life of 

about 36 hours; low bromine concentrations in the samples; and 

one day for cooling, it would be inpossible to Increase the number
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oi samples por irradiation batch and hence the processing tiia», 

without significantly decreasing the sensitivity of the method.

There is finally tue aspect of this work that the expected 

correlation octwten bromine ana phosphorus was not found (see 

Cnapter oC). Thia and cue au->v^ features iaade it appear taat tiiere 

was little purpose in continuing the investigation. (It was not 

realised until a lot later that the Bushveld rocks w^re probably 

not the raost suitable ones to use in this preliminary work, see 

Chapter
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CHAPTER EIGHT 

Analysis for Uranium and Thorium

A. Introduction

Delayed neutron emission from the fission products of 

fissionable nuclides is the basis of the analytical technique used 

for the determination of uranium and thorium in some rock and 

mineral samples, (Dyer & Leddicotte, 1360; Hamilton, Iu66). 

This analytical method is far quicker than normal activation analysis.

The establishment of the method for the purposes of the 

Department of Geology and Mineralogy, Oxford,* has been done by 

Dr. Gale with the help of Mr. A. Mackinnon and the present writer. 

Except for some aspects contributed from the work for this thesis, 

most of this development will be described elsewhere. The facilities 

and some of the equipment used were provided by A.W.R.E. at 

Aldermastcn. In the early stages of the work some of the A.W.R.B. 

counting equipment was used, but later Dr. Gale set up the 

Department's own counting equipment so that only the irradiation 

facilities were required of A.ft.R.E.

The technique of using delayed neutron emission for the 

determination of uranium and thorium has been described by Amiel (1962) 

and will be only briefly summarised here. When certsin nuclei of 

atomic number greater than 89 are bombarded with neutrons they 

undergo fission to give products, some of which decay with neutron 

emission - to give the so called 'delayed neutrons'. The half-lives 

of these neutron emitters range from a fraction of a second to Just 

•Dr. E.I. Hamilton, formerly of the Department, initiated the work.
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233 ^''5 under one minute . U and IT fission only when bombarded with
*> 'j a 2 "^ 2

slow neutrons, whilst fission of U arid Th can only be caused 

by fast neutrons. Thus, it is possible to discriminate between

uraniuii and thorium fission. When uranium is fissioned with a

235 mixed neutron flux, the fission of U is stili predominant.

(oy.cit.) discusses the optimal irradiation, delay, and counting 

tines. Ho also discusses the effect of neutron generating impurities 

such as lithium, oxygen and beryllium and shows that provided the 

sanple is not rich in lithium of beryllium, that irradiation is 

with thermal neutrons, and that there is a delay time of about 

20 seconds uefore counting, there is no interference from these 

eleaents. With the conditions and materials used in this work the 

interference was considered to be negligible.

B. Experimental procedure

The Herald reactor and pneumatic transfer system ('rabbit system')

at Aldennaston were used. Irradiation conditions consisted of a

32 -2 -1 neutrons, cm . sec . with a, thermal to

fast neutron flux ratio of about 20.

3 to 6 gra. of sample (as powder, rock pieces, or mineral 

grains) were weighed into a polythene vial (about 1" by j" dism.) 

which was then loaded by a suitable handling device into a rabbit and 

placed in ths pneumatic tube. The rabbit was sent into the reactor 

and imediately on arrival at its destination an automatic timer was 

started. After precisely one minute the rabbit was automatically 

returned to the laboratory. The delay tiiae of 25 seconds, from
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the captation oi irradiation to to* cciimiEncawnt of counting the 

aaatple, then followed during which the vial was transf erred from the 

rabbit into the counter. Counting, automatically started by the 

tiner, was taken over an exact period of one minute, after which 

the timer waa available for another sequence*. Polythene vials 

containing known amounts of uranium were irradiated and counted in 

the stone way as the samples. (These standards were also used to 

detect any flux changes in the reactor aunu^ the course of a run).

To discriminate between uranium and thorium in the sample t the 

irradiation was repeated using a cadmium siuold around the sample 

so that only fast neutrons caused any fission. The shield was in

the form of a cadmium lined rabbit so that transference of the

238 sample to the counter was straightforward. Insofar as sume U

as well as Th is fissioned by fast neutrons, the pure uranium 

standards were irradiated with and without cadmium shields in 

order to determine the ratio of uranium fissioned by slow (+fast) 

neutrons to that by only fast neutrons. Thus, for the cadmium 

shielded ssunplea it was possible to correct the count for the 

interference from uranium (see below) and the adjusted count was 

related to the count from an irradiated thorium standard.

The counting equipment used consisted of eight B F. counters<j

(six in the A.V .R.K, counter) set vertically in a block of paraffin 

wax (moderator) to fora a ring of radius 11.5 cm. around a vertical 

central hole wherein the activated sample was placed. An EHT of 

about 3.4 kV was supplied to the counter assembly by a power supply, 

and the counts from the tubes were taken via a preamplifier, amplifier
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and discriminator, to a fast sealer, (two sealers ««*re used in 

practise so that any fault in either of the* would be immediately 

noticed). The background count was determined and the suable and 

standard counts wero accordingly corrected.

On the basis that the duration of irradiation, delay, and 

counting times are the same for standard and saaqple, and that 

background correction is made, the count from an irradiated sample 

can be related to the uranium ana thorium contents as follows:

N = U. 4-

«= U.k. -I- 
*•

R r

where H aodJIQ are the number of counts from the sample after en 

unshielded and shielded irradiation respectively.

U is th® amount, in Mg, of uranium in the sample.

Th is the amount (*g) of thorium in the sample,

k^ is the number of counts per u.g of uranium (obtained from the

standard). 

k^ is the number of counts per ug of thorium.

E and r are the ratios of the counts after an unshielded to 

counts after a shielded irradiation of the uranium and thorium 

standards respectively.

These simultaneous equations can be re-arranged as follows:- 

N/r - [Hi
U kx (1/r ~- 1/R) 

El __-
" k^ (1/r - 1/R) 

Typical exaaples of values of k^ for the old and new counters 

are about 430 and 400 counts respectively. For k, the values are
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about 1.2 and 1.1. Values of R and r were generally about 44 

and 1 respectively. The value of r was not always 1 as would be 

expected theoretically. It can bt seen that the aetnod is far aore 

sensitive; for uranium than for thorium determination.

the relative standard deviation of the results for uranium in 

a sample was fuund to bo generally 5 per cent., (see also chapter 3), 

The samples studied for this thesis were analysed for thorium in 

order that an appropriate correction could be applied to the counts 

for the uranium determinations, see above. The thorium results are 

not included in this thesis as they are not very reliable because 

the counts from the irradiated, cadmium-shielded samples were 

generally very low, (often not much au"->< background). The results 

for uraniusj in standard rocks (such as G.I.) analysed by this method 

are in good agreement with the recommended values, (Gale, in 

preparation).

C. Preparation of standards

One of the difficulties to be overcome in using the delayed 

neutron sail ail n technique for the analysis ^ uranium is th» 

•stabllshiaent of reliable uranium standards. Thorium standards 

present no problem as the count rate (about 1 per /*g of thorium) 

is so snail that milligrams of apure thorium salt can readily be 

weighed out and scaled into a polythene vial. On the other hand 

the count rate from uranium is much higher and only small quantities 

of uranium can be used so that the neutron activity is not too great 

for the counters to deal with. Furthermore, most laboratory salts 

or oxides cf uranium are not of natural isotopic composition, and



it is not infrequent for reagent suppliers to make no co 

•bout this fact on the bottle labels, as was often found out

during the course of this work.

If it is absolutely certain that the uranium salt is 

stoichiometric and of natural i so topic composition then it is not 

too difficult to weigh out accurately a small quantity (few ragins.), 

to dissolve this in an appropriate weight of solvent, and then to 

transfer small aliquot a of known weight into polythene vials, after 

which the solvent is evaporated off and the vial sealed.

In this work, to be sure that the uranium was of standard
* 

iso topic composition, the oxide, 0,}O0 , w«8 carefully prepared from•3 o

pitchblende. A small weight of the oxide was dissolved in nitric 

acid and the standards prepared in the above manner.

D. Tlie ^Baaa-ray effect

When certain samples were being analysed for uranium for the 

purposes of this thesis, it wad noticed that they had extraordinarily 

high count rates. A particular case was that of the felspar separated 

froia the Skaergaard rock 5109, which gave 1,700 counts per gram, 

yet the whole rock which consists of 83% (by volume) of felspar 

gave only 230 counts per gram. Furthermore, it was noted that the 

cadmium shielded irradiations of these samples produced a count rate 

which **as so low that the count 'unshielded '/count 'shielded 1 ratio 

was far, far higher than the same ratio for the uranium standard. 

The only explanation at that tiara to account for such a phenoiaenon

by Dr. C.K. Brooks and Mr. A. Mackinnon.
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was that there was sojae s^rt of enhaucenient to the count rate 

of saiaples vtfiich had been irradiated without cadmium shields. The 

same saiaples were irradiated and counted more than once during a 

day to see if the increased gamma activity of the samples affected 

the count rate, (Table 20). The results show no general increase, 

and little systematic variation of count with total duration of 

irradiation.

In an attempt to confirm that there was no gamma-ray interference, 

eight vials of the rock saiaple EG. 51Qj were made up with their 

weights covering a wide range, see Table 2L The count rate shows 

a marked increase for irradiated samples heavier than about 2 gm. 

It thus appeared probable that in some way gamma-rays were 

interfering in the neutron count. Further experiments were made 

using a neutron source and observing the effect on the counts when 

a strong gamma source was brought into the proximity of the counters. 

A strong source greatly increased the neutron count, though when the 

la source was in the counter witti no neutron emitter present, it

made comparatively little difference to the background count. Gale 

and Mackinnon continued this work and found that of the elements 

present in rock samples, aluminium was the main contributor to the 

increased count rate through ganwa-ray interference. This interference 

has been referred to, by the present investigators, as the 'gamma-ray 

effect*.

In the case of the Oxford counter, up to 1 gra. of irradiated 

aluminium metal (which is about a 200 millicurie eource at the 

oommeDoement of the counting period) in the counter made no difference 

to the background count and also did not interfere with the count
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frost a neutron source. Irradiated higher weights produced an 

increase in the background count and affected a neutron count. 

In the A.W.R.E. counter the presence of only O.15 gn. of 

irradiated aluminium quadrupled the background and interfered 

synergically with a neutron count. One of th* main reasons a-hy 

the Oxford counter is not so readily affected by a garoaa source 

as the A.w.R.E. counter is the presence in the former of a 

cylindrical lead shield placed inside the ring of counters so that 

it is around the vertical central hole. This shielding considerably 

reduces the garaaa activity reaching the neutron counters; it is not 

present in, nor can it U* introduced into, the A.W.R.E. counter. 

the weights of the rock and uinerai samples were then taker? 

in accordance with the 1 gm. maximum of aluminium.

mollifications have since been made to this counter.
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TABLE 20 

'Neutron count* variation with number of irradiations

IRRADIATION

SAMPLE
—— . — _._.._...... ....._..

K 10

I 11

R 29

8 36

H38

TYPE

Felspar
Felspar

Felspar
Rock

Felspar
.... _ ..... . . . ... ,. ..........

FIRST

afS37

2,031

8,043

3,067

3,727

SECOND THIR

1

i

j

2

2
_j __ ..__..

,376 !

,818 i

,O13

,700

,738 i

1,583

1,124

4,779

2,530

2,955

TABLE 21

jfe*
24
25

28

27
_„

34

>unt with weight of i

WEIGHT

0.11834

O. 18520

0.59679
TjGKM583~
2.49817
"3*25020
4.490

COUNT
13
22
80.__.

525
955

3,073

cnt/gtt, 

110 
119 

134 

110 

210 
294
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CHAPTER NINE 

Determination of Strontium

The method of X-ray fluorescence was used for the determination 

of strontium in soate rocks and minerals. The principles and fuller 

details of the method can be found from Liebhafsky et al i: i6O, and 

from Norrish and Chappell, in press. The e:^pertraental procedure 

is briefly described below. A new method for determining the mass 

absorption coefficient was recently introduced to the Department of 

Geology and Mineralogy, by B.W. Chappell (Norrish and Chappell, 

op. cit.) and many workers of the Department have since established 

the method in this laboratory.

A. Experioental procedure

The rock and raineral samples were ground down so as to pass a 

400 wash screen, either by a swing-mi11 (rooks) or by a small agate 

ball-mill (minerals). One drop of the binding agent, 'Mowiol', 

(Hahn-Weinheiijer and Aekermann, 1962), was well nixed into about 

2 gnu of the rock or mineral powder. The powder was then placed 

in the cylinder of a hydraulic press, followed by boric acid powder 

to act mm a backing. The powder was pressed into a tablet by a 

12 Ib./in*'. pressure applied for thirty seconds. This procedure 

gives a tablet with one smooth surface to the sample which is 

backed with boric acid. In certain cases it was desired to have 

two surfaces for measuring as the powder was in short supply and, 

thus, it was not convenient to make up two separate tablets for 

duplicate determinations. In theae cases about three drops of 

llowiol was mixed with the powder which was then made into a tablet
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as described above but without a boric acid backing. The two 

sample surfaces so produced are both suitable for determining the 

strontium content but the tablet is less robust and must be 

handled with care.

A Philips PUf 1540 machine was used. Power for the X-ray tube 

(Mo target) was produced by a stabilized generator set at 54 kV 

and 18 nsA. A LiF (10O cut) analysing crystal was used, though <m 

ono occasion a LiF 11O cut crystal was used instead. The counting 

and recording equipsnent consisted of a Nal scintillation counter 

connected throng an amplifier and discriminator (which was set at 

the conEiencoiaent of oach day's work) to a soaler coupled with an 

automatic print out. The scintillation counter was operated at 

the low-voltage end of the plateau (about 80O volts) so that, any 

voltage fluctuations would have a minimal effect on the count rate. 

The 28 setting of the goniometer for the Sr Kl peak was found each

day and the background settings wore taken at suitable places
* 

syu^trically either side of the peak setting (the background vas

assumed to be linear).

Saniples were rotated during the counting so as to minimise the 

effect of any inhoiiiogauBititta that night have been present. Counting 

of the Sr peak for each sample was taken over 10O seconds and each 

of the two background positions over 60 seconds. A standard tablet 

(in this case a tablet of G1J was counted evary fourth saiaple in



order to observe the it»bllity of tbs electronics, peak 20 sotting 

etc. Only on day waa thnro any significant drift over the 

few hours that the machine was in use. Redotorninations were 

carriod out on these

rocks whaae strontium concentrations aad seen determined 

l>y isotope dilution, G.I, and i-.i. were usod as standards. The 

.aass absorption coefficients of ix>th the saaplea and t.ie staiidards 

wero decunuiaed (ae« l^elow). The peak couat was corrected for 

background. Tiit^ corrected count la related to the amount oi' strontiiaa 

in the sawpie as follows:

C.K * K.Sr (1) 

C is the corrected count, u is the mass absorption coefficient 

of the sanple for the appropriate strontium wavelength, k is a 

constant, k can be determined from the standards and substituted 

back into the equation to obtain the strontium concentrations of the 

saiaples. The average of the k values from the standards was taken.

B« Maas absorption coefficient

In passing through a specimen the X-rays are scattered and 

a u so rood. The attenuation in intensity of a laonochromatic bean 

of X-rays (of intensity I ) when passed through a specimen of 

thickness x is related to the initial intensity as follows:

I « I .e"T** <2) a

where I is the intensity of the energent fooan and Mis the linear 

absorption coefficient. It is found more convenient for this rx>rk
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o the density of the specimen, and K'£ is known as the

mass absorption coefficient. This coefficient varies from rock 

to rock as it is dependent u;cx^ +'••<* rhenlcal constitution. It is, 

thus, necessary to saeasrure the coefficient, and there are a 

variety of ways of doin& this (Norrish and Chappcll, ,-p.cit.). 

The one uiat has been isaeit for this work is tho direct determination 

of the absorption.

Thfc» technique is to press into a hole ( " diaw.) of a Perapex 

die (1" by If), of known weight, a small amount of the sample

powder, (1OO to 50O ja^aa.), with Uie aid of a specially laade prv as.
2The pressure (^700 Xb/in ) imposed by tlie press bonds the powder

together into Uie lona of a flat disc held in the hole of the 

Perspex holder. The holder ^ith the saniple is weighed so that the 

woight of the sample disc can be found and hence the mass per unit 

area determined.

The disc is used to determine tire mass absorption coefficient 

as follows:

a 1% SrCO, tablet (diluted with boric acid) is placed in the machine^
and acts as a source for the appropriate wavelength. The peak 26, 

and discriminator settings are found and set. The intensity of the 

unfcttenuated beam is found by counting over a 10O second period. 

The Perspex die witnthe sample disc is then placed in a special
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holder 90 that the sampto Is positioned between the analysing 

crystal and tho scintillation counter such that the X-ray beam 

passes only through the sample disc. The diameter of the sample 

disc is the sane as thnt of the X-ray beam. The relative intensity 

of the beam, now attenuated, is determined by counting over a 100 

Second period. (To ensure that the counts fross either the attenuated 

or unattenuated beam were not so high that a large correction had to 

be made for the dead time of the? scintillation counter, the X-ray 

tube was operated at a lower voltage and current (24 kV and SraA). 

Counts were corrected for dead tiise of the scintillation counter 

(3 BJicro seconds) but the corrections were not large.

Once the relative interfiles of the two beams have been 

•assured and as the icass per unit area of tn« disc is known 

(M/A * €*•) it is a siraple matter to substitute these values into 

the equation (C.) above anu hence calculate the mass absorption 

Coefficient at that wavelength of the sample. The results for 

tne mass absorption coefficient agree fairly closely with 

calculated values (e.g. Skaergaard rock 5083: 13.7 by calculation; 

14.6 by ineasureinent) and results also agree quite well with those 

obtained by G. Glasby of the Department who used this method 

(f.g. sample BLM lo: ci.2O Glasby; a.30 Hendorsoii).
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The tore * *

In gravitationally fractionated igneoxis rocks, the sdnerals may 

have three different types of genetic status, ( a,;;0r, Broim & Tads-srarth

I960):

iu i'he cumulus phases.

2. The julcumulus extensions r?.nd/or heteradeussulus rrosths* 

3« 'Phe final crystallized pore material from the trapped liquid, 

agor et al (I960, p*77) in their discussion on types of igneous 

cumulates said: "Any part of the intercuisulus liquid which is eventually 

trapped by further accumulation of crystals is here distinguished as 

liquid. ':Vhen this has crystallised it will be described

as the gore g.aterial. The trapped liquid will necessarily have had the? 

overall ccisposition of the contemporary aia^ma and thus the composition 

of the poro ^ u^idal jsust also be that of the eon temporary isagmci". 

If this is the case then genetically (in this respect) the pore material 

is equivalent to the grounds-ass of a basalt with phenoorysts* If this 

genetic relationship holds than certain geocheaical data (such as 

partition coefficients} may well h© comparable, for the two rocV types 

and it is clear that such a relationship may well be of use in elucidating 

fraotlonation trends of some basalts* These points are discussed in the 

thesis and it is because the theory outlined covers a broader field than 

just that of the pore material of layered rocks that a :uore embracing 

tens is required to cover pore materiel, grountSjaasE etc., Such a
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retirement seees to be fulfilled hy the tens 'r^nst-Ms'.

Ac can be sesn from the quotation above, pore saterial is strictly 

defined but if, after trapping of the ffiajatn., reaction (however sli 

occurs between It and th« solid phases t-.e resultant liquid will no 

longer ha.v© the strict eojsposition of the contemporary m&g&a. .'.leaction 

of this kind is not thought to be coasson ( a^er, Brown and orth, 

ibid.) c«f« Jackson 19^1; but &uch a contingency should be allowed for 

in the theoretical discussion of Chapter rwo. If reaction occurs the , 

the composition of the 'trapped liquid* (sens_u l&to) is the resultant 

composition after all reaction has finished. Thus ths ten? pore o&torial 

is net strictly applicable In this case whilst perhaps the term Tgesostasis 

is*

A further point is that secondary alteration or repl-.cer.mt 

(by percolating hydrous solutions; of the pore material may have occurred. 

The significance of the resultant composition nay not be larrre within 

the context of this thesis but for unc present this is beside the point. 

Here again the term pore m&tsrial is inapplicable but 'asacostasis 1 

seems suitable.

In view of this discussion it is proposed to use the tara aosostnsis 

instead of pore laaterisl, groundaaes, ©to. for the purposes of this 

thesis, The introdu§>i«ri of this Y?ora is ^ no w'^* -earit to repl 

terms such as pore material for specific purposes,

rrhe tens uesostasis has received different definitions in the 

literature. Hve nomenclature reference 7?or,;:g are quoted belo*:
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as basis, base, ^wi5chenklecmm$MMM (Ger. ). 

i?be interstitial material in hypoorystalllne or cryptocrystolline 

rocks %

f & Descriptive petrography of the Igneous .ocka 1

by ,A« Johannsen. Volum© 1. (2nd, edit. ; lr|3%

"A term applied to the ultimate interstitial material of c rook which 

eonftolidated in. the final sta^e of solidification as a glass (e. g. in 

int&rsertal basalts j, a 3infvlo mineral (0..n, analoite in b 

or a euteotic (e.g. mierope^mritite in pranodolorito}

1 Dictionary of r^ological ' ?'enns !

by C.!/. Rice, 1953.

*/• terE usml "by £u&bel for basis occurring in if-neous rocks in 

such a B&all aaount that only the interstices between early forced 

crystals are filled* -t present the tent- includes all the final 

product© of aolidi.fica.tion in this saanner, e.g. analoite in teshenite, 

ffiicropegEs&tite in 0abbro r< «

1 Geological "osiinielature *

•d. by A.A.S. ,,chi@ferderclcor, 1959. 

Soyal i^ologlcal & fining Society of the Netherlands. 

Hl, .''..e interstitial iaat«rial betveen the larger aineral grains 

in & isicrocry stall ine rook or a sicrocrystaHine f^rcun^jaass. 

with Mse or Basis. 2. iynonyiaouB with Matrix or 

&§ applied to i^eous rooks

•Glossary nf ^olory nna delated ^

Institute. 2nu. edit. 1

".
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ast ^

;d. tas are housed in the L»K» Wager Collection, university -**&

j&eh apeoiation number is prefixed by the letters '3$. 

4312. fcroro&e rook* hortonolite ftrrogabbro. U^b; 1360 metres. 

i^pN&tite present as cumulus phase* *-uiugatiryggen. 

Average lower olivlne fjabbro; L-.iljj 295 netreo. felspar, olivine 

end pyro>:ene as cunulus adn©raXs» . osaibiy an 

tJttentals

&abbro, sil^rtiy leuooer&tio; l>^i 240 ©otrss. , lagioolase, 

olivJUie, pyroxene rook, some zoning of the plagiocl&se*

Uttentala i"Xate&u*

5032. Av@ra^ rock. 1^; 825 metres. ^Xagioclas®, magnetite, augito,

. ISraeoer's Island.

5085. Leuc-ocrati-c rook* L!&| 275 isstres. Inclusion like s&ass in L^b 

considered to be iuila(3ln£ttod Layered ,,^ri©s. i^agiool&se zoned 

V*s» ^3-50 approx*) Mieropegjnatite present* Utt@ntals rlateau. 

average olivine fe-abbro* L*A; 230 isetrds. urthoeuffiul&to or

Ei©socujsul.'.'.t«. irttoritals i-latoau ii*

IManocratia* l»^"b| 280 metres, t" pyrox®5,e rich bsuid in g&bbro, 

Uttent&lft plateau* 

5089, Leucocr&tic* l^l 280 metres. Inclusion like ms& pro

unlsr.lr.r- ted I^.y©r©d Scries* Hioropcgjuatite present* - '.s 

Plateau*
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50VO. Loucocratic. '-./uj Z.& r^rosu A»te0tat*d trith 5089 (q.T.),

Piagioelaaa «jch sorted, (Anfil - 4S approx.); micro; '.©

present. Utteutals i'lateatu 

5092. Sttlanoeratie. Li-rbj 280 SHStrss, Olivln© rioh band; plagio"

*ori@dj augite grain clusters. Little mosostasis present.

Uttanials i-lat«aa.

U ',ic, L^bj 200 metres. Felspar rich, r;ell laiai.

just above 5692* GliYine ebsent'. Kesoctmulatf3. ottenta" teau.

Leucocratic, L.,b; 2SO K&tres. Ijicluslcr, like siass 10 1 across.

Plagioolaso con&idorablj aoneil. littont&ls :''lateau. 

5105* Lei;cocratic. L;^a| 150 aetres. ?dspa.tiilo bt«id in gabbro;

plagloclas© xoriedj aicropegB&tite present. Uttentnls . lateau. 

5107. ^.v«rage, l*>jaj 110 metres. Oil vine- astd plafrioolase as •- .us

sdrierala; aunt's iritercuisiulws, j'lagioclase zoned (An 60 - 55 approx.)

Uttentals i'lateau. 

51(B* Hel&nocratic. L.--a; 110 metres, 6" stalanocratio band in 5107*

Olivin© cuaailue; the rwiai&der int©roymulus. Uttentalc u. 

510$* Leuoooratic. L:,aj 110 sastras. 24" band in 5107 horison.

FXa^ioclase cuiaulus and »cm«d (An 66 - 55 approx,); the rorainclor

intc • -uj.ua* Uttentals Plateau. 

5112. Average. U3>| 580 metres, ^eftooucsulate; sose zoning of •

plfi^gioclr>se from An 57 but novrhcre near so extensive as

5107, (q.v.) Isolated exposures along- Sound, 

5131. verr^re. Ilortonolito rcrropabbro. tiSa; 1BOO setres.

of olivine, plagiocla&e (An 40), ilisenite, aagnetite,



are housed in the Dopartaasnt of ecology 

specimen nuefcer is jyi-efixed «lth the letters SA, 

660. G&bbrc. 1,400 feet above CZ base. .'olkilitic ortho- and 

olinopyroxene. Jagdluat throne sdne. 

i'yroxenite* 3f200 feet above ba&e of L... Close to 

H&rftburglte* 2,320 feet above base of B;•,„ Northern foot Lulu 

mountaias,

Altered olivin© rich rook. 1,300 feet above base of " , 

to Pyracsids.

Fyrcocerdte. 9SO feet above base of B2i. 200 yards from B&sel 

Fyr&sdd^ «md beslxle Oliphsnt -liver.

Basal broasitite, 100 feet above base of B2» E, bank of 

Gliphants it;

722. Banded pyroxeae*»felsp£r oi«3ul?ite of the Mei|b$ky Heef. (MaSa).

I^lu Mour;taia®« 

7^0. Spotted anorthosite. 90 feet above r'eresisky .-t@ef. !fe,-A,

Korthem foot I^ilu laountains. 

731* G^-bbro. 1,100 feet above Kerensky i^eef. Sia-wu Northern foot

lAilu mountains*

732. Omtobro. 2,300 feet above Jserenaky Keef. lfe''ia. Jbulu i; irxs. 

7;^,-. Banded spotted. gabbro« 3>000 feet c.bove Kerer-sky /.eef. '-..a*

Ltilu mountains* 

739. G-^bbro. 4,300 foet above J'erenalty Reef. la^. I^ilu mount-iris

section.
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740. teftbbro, es 739.

940. Anorthosite. 5,300 feet above base of U-c. Blood :tiver section. 
1037. Hargiiial •chill', 4i udlos :^st of tho Klip /liver on rood bet^rcon 

"oossenekal and Lydenburg on western slopes of the ~te .>s&erc

1095. Sfcbbro. 4,100 f©et above I'erensky :t®ef. I'a ,b, ijcpoeures due
west of Lydenburg.

10^6. Gkibbro close to 1095. . . 4,180 feet above ...erensky Reef. 
11C2. Gabbro. -bout $,500 feet above ;;®rensJQr r.eef. i^ib, 

1110. Gabbro. 7,200 feet above Iterznoky ,e®f. Mal,b. Below is&in

asagnctite band, iixposures due west of Ljdenburg. 

1112. G-abbro, 1,400 foet above base of Upper ono. U;,b. 
1123, Sabbi^o, Just above Main Ka^netite band, U>^b, 

1131* Biorits. 4 P 3^G feet above base of U£. U ,c, Steelport .iiver, 
1131*. as 1131 but with thin acid vein.

1133, ^Fferrodiorito. 5,000 feet froa base of U;£. Ul^s. Cteelport 
1139* Ferrodiorlts. 5,200 feet above base of U... Ii:.c. 250 yards

north of Jtoclport ^iiver, faraj Duikerkrans, 
1147, Dt^rito. --bout 15 feet b@lo?r upper con-c:;tct with felsitc*

lUllsido above iteslport liver*

114S>. Oronodiorito. U.-^c» Close to upper contact, 2 miles north of 

Tauteshoo^to, fans Duikerkrans,
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siqiv^ .Imic-r Hebrides.

Specimens are housou in tiie Jepartaumt of Geology and

are of the accession series. 

5731, lint grained olivino gabbro* lit 1'or na L'

75* JCLllvalit®, miit 3* JOarp, east of Lex* Coir® nan •Q-rund*

17120. .'erldotite, unit 7. On hillftiue •:• . or Loeh voir© nan ;;

17121. ,,s 17120. l£0 fwt along strike of layering from 17120. 

171*- — -s 17120. 100 feet along strike froui 17121. 260 feet from 

17120.

17123. -Olivalite, unit 7. Ui hillside ; of Loch Coire nan »irund.

17124. -As 17123. Approximately 275 feet along strike of layering

from 17123. 

17123. , :eridotita t unit 8* N*£* Slopes of Hallival.

17126. AS 17125. 20 fe«t along strike of layering fro® 17125.

17127. /Oliva&te, unit 9. Northern flanks of FialliTal,

t'dlivalite, unit ^. i+orth-easterri flaxiks c^1 iialli-val.
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dried, leiaoval of the iron ore was done by means of a hnnd maf 

while & rough separation of mgaetic and non-smgnetic minerals was 

»ade on a 'Carpoo 1 magnetic separator. Further separation was wade 

by usiag a Frants isodynanic aftjpietio separator and it TOS possible 

to make twite clean separations from each other of the e-Tly Eushveld 

Ca-rioh and Ca-poor pyroxenes 2 And of the ''IhwK oli vines and. pyroxenes 

The felspar fractions were generally found to bo pure enough after 

separation by the isodyoasdo separator for analysl^ -^thout further 

treatment, -The olivlrie and pyroxene fractions were purified by repeal 

treatment on the isodynamie seperntor and then followed by two (or 

three > purifieations usinir the heavy liquid "hromofonr to separate out 

any felspar containing? small iron ore inclusions. Pinnl rmrification 

by hand picking was carried out on quantities sufficient for analysis.

Some separate! Bush veld pyroxenes were kindly provided by 

Dr. P. 3. .'tkins and eome of th© ^kaergaard minerals by i-'rofessor agor
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1'he method consisted of weighing a small piece of the rock in air 

and then in water and frois the results calculating the specific gravity 

in the norisal winner. The details are as follows:

A small piece (50 to 100 $as.) of the rock was taken and £,. - 

weathered or irregular surfaces were out off. I'he piece was sue;- l 

by mesns of a piece of fine copper wire from the hook of a four place 

balance, and was then ^eif&od in sir. * small beaker containing 

distilled water was placed on a snail, specially constructed wooden 

platform over the balance pan. The rock was submerged in the 

and it was found suitable to retzove any air bubbles fron the sKOoth 

surfaces by slight Bhalclr.-- or by raeana of a pipette. The rook ^ras then 

suspended sjid Mmiglisd in. w^ter. The wir@ on its oro was weighed in r,.ir 

and in ^rater (submerge*;! by the correct sjsourit, and the rock weights

lY corrected, (though tho weif^it of the id.ro, at about C.G^t- , , 

effectively no^li^iblo).

'fho water ims not held at constant temperature, though it is unlikely 

that it changed significantly. For the purposes of this work relative 

specific gravities of the rocks are all that is required raid the laethod 

described is suitable for this. The absolute results are, however, 

probably not very accurate. It was found that vi©terniined specific 

gravities agreed closely with those obtained from calculation 

the laode, (e.g. K^.5109s2.81 and 2.84 respectively).
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Ai;r;';^';i_ ":

.'raoorlab *+»,•• .,

.'lab 'jani/ is an ' -

•'• -« cc-• • itself consists of an inner detect Ui- •-•>•> 

.-i.,.A'«.'~oiijui v<ia'.i.i?v, -;;o -.xa.7 cxmr'ter, ar-1 - surrounding d©t-°r;*—'

flow, fiono RVi-.^ed cwrnt^r stanadiive to conmic rays (sao ' ^ 5}

detector is the f f*uat*d f oc ;Joth counters ^r-B 

in such a manner that raaiation froa tho sanplft tfili OiJ^T tr* ..; ,6r 

u.c ox.;;jr c curler; wi;U.3 cosmic rays aw at i&aa tlyrou«^i and trigger the 

-'•• • --.onritfsr before re^cM^r thn Inner counter. "l.a output of thr fvo

motors is fed into an wnti-ooinoidaroe circuit «*-.ich rejects /*11 pulses 

froEJ the ismer counter that are accoff.pa.Ri«l by simultaneous pulacc ..rc;a 

uic jru;xjf--. countei-, -44ma ^lijtdmvtiiv. t. gr®at doal of the i-oS-You.";! ^i!r- to 

cossaic "r-A^if.tior., Tho two counters %r® surrounded, by extensive lond 

shielding* The imposed do«,d tiiae of the sample counter is 10C M • -:. 

Included with the ctaehine is an arstosmtic sample ci^nrr.-er which c;'.a 

ace.- /te fifty saEjplee. ' specially designed s*»i8ple ^l@v^t'r,y nr.Ah

^iuj 8&&ple cup into the shield of the counter f placiiir it i:i 

position of about 0*75 ^« ?r<s& tho window of the sarrple counter. 

automatic switohine? Eechunicn starts the counting which can be set to 

ra,.;/:;e of preset tiotes or count®. .'ha counts and. time rre recor-''--"

:m,-. at the end rf the preset time .w nmirtt n«rio5 ?».n mito»r-tic 

01 .-t- «-.vp.tftrr rftonrris this information tofether vlth the s"

Vhe snitiple '.- ar th«* brings the next • '^ into *' ' 

for counting.
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of the close pr • . of the pi to the window of 

the counter, the counter is highly sensitive to smll ci^rve;, in 

of ths sample froa the counter, (sea figure 4,-. -.Tius, although * 

is .. lit to a precise -position by the snnplo changer, th© active

Lfil in each planchet must be carefully positioned., e.g. any creep 

u-i active precipitate up th© sides of th© pit t would greatly 

enhance the count of that precipitate.

,,,.ting ©xj>erii2snts it was decided to investigate th© e. , on th©

ccaint of i-.ny empty plAnchet vfVien other pieuichetfi containing 

active a&^orial vmr© present in th© outot^xtie oajople cl .*. ""he

background of the ongpty pXaoohet mis less than 1 op®-* and thir
32notic^alxly changed ishen a beta, source ( I-, 1«7 ?'*V f normally with a count

of about 4,300 cpaw, when in th© counter) was placed in the automatic

c" -»r in on« or the positions ii^euiateiy aajacent to the

planchet being oountad, (counts we:^e taken over twenty

-,a a Go source (beta 2.9 KeVj ^ajassa emitter of count about 4,500 i

counter;, ^AS in «un adjacent position the background of the aapty 

pleiiohet r?>g© to 1^ cpm» '^hen the active so^n*ce was two planchet positions 

asay in the mitosatic chan^r, the count of the empty planchet was 2 cpnu 

and when three positions away the background was tlis aaffls as noririal. 

It is, therefore, e«sential, to have any strong douroe, such as ad 

abov©» at least one planch ©t position a,way frtmt any s&iapl© being counted, 

(I*I«B. this refers both to the left-right £^±* iavi the front-wav;^ 

the automatic ch&rigier assembly).
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FIGURE5.

Counter Assembly.
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