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LT aBSTRacT L

Ultrabasic mclusions in ba.sanitic rocks ‘are of restricted
- occurrence 1n Bntain, be:.ng fmmd only m rocks of Ca.r'bomferous
. or Permian age As such they are amongst the oldest known ,. .

occurrences 1n the world and yet have never been s'hldled in detaa.l.

The present work h.a.s concentrated on e series of late Ca.r’ooni- : ;f‘: o

ferous or. early Perm.an tuff-pipes and minor mtrusums on the Fifef AR

- Pa

' 3- coast near ‘F'lie.‘ These contain a wide va.riety of fragmental ma.ter- )

1als a.nd mega.crysts. Further detailed. work was carned out on a A .. :
vent a.t Dunc:-msby Ness, Caithness, which is host to spinel-lherzolite,d:_
spinel-wehrlite and spinel-pyroxenite nodules. Samples of . L
1nclusions were also studied from Fidra., K;.dlaw and Weak Lay’ East
| Lotluan° Hawk's Nib Bute and Ca.lton Hill, Derbyshire. - Geochemical

data collected from tlus material are descrlbed, and these, along :i"f?’j
i w:Lth results of high—pressure experiments are used. to postulate a.. | ‘ j A‘ -
petrogenetic model for the Fife volcanics. - - AN
Of the’ six diatremes studied a.long an 8km str:etch of u;e fife_

coast the Elie Ness vent conta.:.ns the widest variety °f fragnents 4.

and megacrysts of basic and ultra.basxc matena.l. : Five ty-pes of RN

coa.rse-@a.:.ned, alka.line, maﬁc a.nd ultz:a.ma.ﬁ.c fragmsnts (Elie-type

' nodules) were dis t:l.ngu.ished.- g

‘I‘ype 1. Ka.arsutite-ohvzne-pyroxenite.l - C
T’YPG 2 As ‘I‘ype 1 plus oligoclase.

Type 3. Biotlte-pyroxemte.~



'I‘ype 4., Sodic amplu'bole—blotlte—alblte. L

Type 5. BlOulte—albite. 5g:?;;f35123f=

Megacrysts of sod:.o anorthoclase of h]_gh-temperahzre st::ucture,
. }y.pp:ope, sub—calc:Lc a.ug:n.te a.nd kaersuuite a.re a.lao common 1n the tuff, ;
and scattered. representatlves of s:.milar Elle-type nodules a.nd R
'V"f'-:,.'megacrysts occur m other vents. : The basalt:.c rocks assoclated
. wl‘-:.h this materj_a.l are alkall-basalts tremhng via basam'bes toward
s monch:.qm.tes, ‘with noma.t:.ve nepheline from 1-17%» The most

. f‘:,‘:_xmdersaturated rocks found at Elie Harbour a.nd Ch.apel Ness, contaxn

no Elie—type nodules or megacrysts 'l'he Ruddons Point basalt v

:A(RPB), one of the- most basic rocks,m';contains spmel—lherzolite S

o inclusmns, and 1n common w1th the other lherzolite-bearmg sheet at

.Coalyard Hlll 18 free of Elle—f'y'pe nodules.

The compos1t10n of the a.ugite and pyrope megacrysts 1ndicates
,;cryetallisation from a bas:Lc alka.lme lxquid. Expermental stnd:.es
’show that these nhases could have coprecipltated from a.n a.lkaline
;basalt magma at P > 25kb, T - 1500-1450 c._; It 1s proposed that the
'ij__primary‘magma for the Fife volcanics was formed. by 10-15% pa.rtia.l
. melting of a vapour-free, mca—bear:mg gamet—lherzol:.te at 2. depth
”"anof ca. 100kms, and that the 'eclogitic! pyrope and angita mixture
crystallised from this l:.quid at depths > 70 kms. _ Geoch.emlcal

"‘-Afj_.\studies of pyromes from the Elie-type nodules mdlcate that they ;

) :-. ;crystallised within the lower crust. It 1s proposed that the Ty‘pes
i end 2 nodules are cmulates from the alkaline lz.qm.d, w:.'l:h inter- ->
) 'ctmulus kaersutlte representmg the composltlon of hquids intemedlate

- on the Fife basalt trend. Adva.nced fractiona.tion of pyroxene could :




o . -—:Prodme the most undersat\xrated, nodule-free eruptlves. ;_,"‘The» ‘I‘ype

L :'15 nodules may represent basaltlc hqm.ds, at the baslc end Of the

: 'Fl e trend, crystallised at pressures from 10—15k'b., Types 4 and ;
5 nodules may represent crystallisatlon products of a trapped body
. of nydrous hqmd, posszb]y remnant ﬂrom the forma.tion of 'I'y'pe 3

Eh:perimental work on the stability of anorthoolase in. BPB shows

J.t to 'be present 1n the lquid- f;eld a.t P< 9kb (dry), and lt 1s
7 thought. 1 that crystalhsatwn ot am“h“’l“e may. be e fm'l phase
:of TYFGS 4 and 5 nodule formatxon. 7 T.he bu::.ld up 1n V‘Olatlle Pmssm

led to a.n eruption 80 va.olent as to str:.p the cumulates from the

“‘.;“-i;filower crust sample fragments of basement rock, and. carry "‘m'e“rbed'..
ga-rnet and augite ﬁ:om depths of over 701@90 ' This nay mdica.te B

'-i'_f-.'that N magma column up to 501@3 1ong ex:.sted pr:.or to eruptlon. -
L : The spinel-lherzoh.te 1nclus:.ons from other localz.ties may S

-represent crystal—cmnulatee ﬁ.‘om a late-stage basic llqui.d, :Ln,)ected

mto r:.ng-fractu.res and as sheets w1th1.n vents

Experimenta.l stud:.es on black, pleonaste—clmopyroxenites f.‘rom

B Duncansby Hess, Caithness, show tha.t up to 5 Vt % Of the spinel
. _‘;j’ﬂ'could have been exsolved from the augite at pressures close to lakb
o and temperatures of a.bout 1500 c under dry conditions. | The larse--.

: 'size of these pyroxenites, together vith then: lack of subsequent

"‘"1ow-pressure or hydrous recrystallisatlon indica.tes tha.t a. deep- ‘..:,‘(

:'"sea.ted, violent, eruptive episode s:.mla.r to that postulated for -
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"-.T.' Introductlon L

: "'Trylng to reconstruot the depth of orlgln a.nd process of

formatlon of xenollths 1n any one’ mdlv:Ldual tuff or flow 1s ISR

,V }; alcm to trymg to map the geology of an 1nacce881ble }:u_ghland

' area. by look.mg a.t the boulders in the bed of an emergent stream.

s . ] ‘,:
;'e assumed in both cases, a.nd generalisatlons ought to be nade '

- wn.th extreme ca.re.

This quotation from Jackson (1969) a.dequately sums up the

g -"_’ problems encountered 1n tryn.ng to dra.w meanlngful conclus:.ons about f_ o
the composit:.on of the ea.rth's ma.ntle from a study of ultra.bas:.c L
1nolus:.ons 1n basalts The 1mportant theory that such 1nclusn.ons

‘ gz be mantle fragments ha.s only become fashlonable in the 1a.st

L :fifteen years and S ce_ then, w:.th the increaslng need of petrolog:l.sts

'seekJ.nc, the answers _o;ﬂbasa.lt genesm to ha.ve a workable model for

fmantle compos:.tlon, therer-;has been a. strong mot:l.vatlon to stimy

mclus:.ons and nodules 1n deta:.l. 'l‘he bulk of recent work has been.--

conta.ming ha.gh—pressm:e > eemblages ,‘euch as "

ga.rnet—_and pmel-lherzoh.tew ) as these would mostﬂclosely approxi-

ma.te to what may be upper-mantle fragments. Since the early renew
o paper by Rose, Foster and Myers (1954) the argument as to whether
perldotite 1nclus10ns a.re in fact mantle xenol:.ths or cogna.te

accumula.tes from basalts has expa.nded to take 1n modern 1sotope




_'-.:‘itechm.ques' and phase—equlllbrla studles, but is as yet st111 o
o '.":r-:unresolved. DA fuller dlscussn.on of thls controversy 1s presented
- “in C‘hapter 7. "'he 1ncrea.91ng 1nterest in perldotltic 1nc1usz.ons B )
.': led to 1n‘hernat10nal conferences such as the Penrose (Flagstaff)
Conference (1070) and a number of far-reach:.ng rev1ew papers ha.ve . :
' _'__summarlsed a great deal of the worldw:.de g‘eochemlcal data on such
:';.l :i';'rocks. .. The, most notable contrlbutlons have been made by Harr:.s,:: F

L ?_’:i.Hutchlson and. Paul (1972), Forbes ‘and Kuno (1964), Kuno and Aokl -

' (1970), Kuno (1967), Q'Hara (1907), and Yamaguchl (1964) ‘vyll:.e’ .

has contributed much by assemblmg data from many a.uthorn.tles m

"f."i'Ultramaflc and Related Rocks' and 'The Dynamc Earth' (1967, 1971)

. In. 1961 ‘-h.lsh:l.re and Blnns publz.shed data on the other lesser
'__":studled groups of 1nclus:.ons and megacrysts wh:.ch are of more prob—

: -;'able cognate orlgjn, such as amphlbole— and mca—bearmo pyroxemtes,fﬁi'.‘ o

”-;‘;:gabbros and wehrlltes, and feldspar a.nd pyroxene megacrysts. Smce
';'then more work has been concentrated on these types’ Of 1nc1usn.on L
and s:.milar rev1ew papers to those on perldotz.tz.c :.nclusions ha.ve -

(AN been uubl:.shed (ZBJ.nns, Dugga.n and wllkinson 1970, th and Kusluro

"'1-:‘:-‘{;‘_;1968)

: _.r’.

That ma.ny of the above 'a.lkal:.' 1ncluslons are often found 1n -

the same rocks as I.herzolite and dunite fragments, and a.re almost

totally confmed to under—saturated rocks has prompted more resea.rch

into the whole spectrum of mclusion t‘ypes \'Ilth a v:Lew to rea.chlng
T ?’vconclusn.ons on the petrogenesus of a.lkal:.-baaa.lts. . It Was “lth

‘iithese L omts in mmd that the present work was undertaken. P S



La)

?];Scope of‘present research.

The most 1nterest1ng poxnts regardlng the Scottlsh 1ncluszon—ui'”

:"bearlng locallties and whlch make them a, worthuhlle research prOJecti :

J?arei-i

They possess many of the features dlsplayed by the class1cal
localitxes studled in the '50s and - '60s and have yet not been oo

studled in any detall.Ar"‘

4hllst almost all other known localities for lherzollte inclus-_ }:~; B
wions ln basalts are 1ate Mesoz01c to Recent 1n age the late _ -
'I5320501c Scottish localltles are the oldest known 1n the world.{"

VIf the lherzolltlc inclu51ons are 1n fact mantle fragmenta then‘vit

the Scottlsh localitles offer an unr1valled chance to compare
modern samples W1th those up “to, 300my older. 3: -

The unusual presence of pyrope garnet 1n the tuff at Elie Ness f.-&--

.in’ Flfe makes thls locallty one of the few known in the world
“where very hlgh-pressure megacrysts are. found assoc1ated wlth ;f-ﬁui

mlower-pressure phases such as. amphlbole and anorthoclase... ;:ﬁ.ffife

PN

_The use of modern hlgh-pressure and temperature equlpment
“Jdeacllitates the study of phase—relatlonshlps and stablllty
llmits of some of the 11ttle—stud1ed phases found as megacrysts,(p

f:the results of whicn could be dlrectly appllcable to similar

"“.,;3reasonably well-exposed British locallty is the well—documented

nature of the associated basalts due to prev1ous mapping by the

Geolcglcal Survey. W1th these polnts ln mlnd 1t was de01ded to




,carry out detalled cnemlcal worx on the nodule and megacryst phases
1n the hope of belng able to fit them 1nto a v1able petrogenetlc fjﬂ
{J?scheme.:f Ow1ng to the hlghly altered nature of the lnerzolltlc j?n

'zflnclL81ons the maaorlty of the work has been centred on the 'alkall'.

ianclu51ons and megacrysts, though comparatlve geochemlcal work was jv'
'erformed on, the lherzolltes.‘i In aeneral then the aim of the-‘ |
present uork is ooth to prOV1de an accurate account of some of the
ost important Scottlsh 1nclu31on localltles,tas yet unstudled, and

to4prov1de geochemlcal and experlmental data that may be of use in-

,contrlbutlng to the understandlng of srmllar occurrences abroad.;-fﬁ

(Lé&éut‘6%“the:thesi87fﬁf;73,’;”-'

In order to facllltate the reader s study of the the81s 1t 1s B

ntended to glve a general outllne of the layout ' The chapters are K
arranged 1n such an order as to become progre551vely more detalled u;‘
'studles of 1nd1v1dual toplcs dlscussed 1n prev1ous chapters. The
,final two chapters (6 and 7) are respectlvely devoted to experlmental

o

tudles and the maln conclu51ons whlch can be draun from the work as

-a whole.; The current chapter goes on to dlscuss the overall geology

£ the Scottlsh 1nc1u31on areas, W1th a more detalled study of the h

ocal geology of_lnd1v1dual locallties and a survey of prev1ous—work

:rock geochemlstry of thls materlal In Chapter 4 the chemlstry of




‘5;ﬁﬂfﬁ;_j;5” A

f;_nresents a more detailed examlnatlon of cllnopyroxenes only. ;llutff%t;
?nf‘lanalyses of rocks and mlnerals are presented in Appendlx 1
-ﬁ;Experimental and comuuter techniques and estlmates of accuracy are r?’

f:f?outllned in Appendlces 2—4

fiBritish Inclusion Localities:

? Ultraba31c 1nclu31ons in basalth rocks are of restrlcted

occurrence 1n the Brltlsh Isles.‘. All the known localltles are ~';f¢

Carbonlferous -or early Permian 1n age, and the great magorlty of B

these are found 1n the Nldland Valley of scotland where Carbonlerous ;?:V:

volcanlc actiV1ty wn;most 1ntense. ‘ Inclu31ons are also found

‘,‘.‘.: -

"'ggl“assoclated w1th other centres of act1v1ty, notably 1n Derbyshlre, ]~;Lfgi'ff15

'¢Co. Cork, Calthness and in east-west dykes scattered across the

western nghlands. All the 1nc1u31on sultes are found 1n, or _f--

assoc1ated wlth, strongly undersaturated basanltlc or monchlqultlc h;

R rocks. ; There are. over twenty known occurrences of ultrabasic.

1nclusxons and a33001ated megacryst assemblages 1n the Midland

' 'P;vaalley, and when one con51ders that the majorzty of these localltles"
are only known because of good coastal exposure it seems falr to

aasume that thelr occurrence is w1despread.

The Mldland Valley,Awhllst belng a well—deflned structural'unlt

well back 1n to the early Palaeozoxc, d1d not develop 1nto a true

r1ft-valley unt11 the Devonian.~ Sedlmentation was continuous and

rapid throughout the Carbonlferous, keeplng pace W1th the gradual

'ffg.SLnklng of the graben.__ The w1despread volcanic act1v1ty during

5fthls perlod is well documented, and 1t Wlll not be rev1ewed Ln




fﬁlcdetall in tﬂlS work._ The general trend of the alkallne volcanlc o
hfsequence throughout the lower and mlddle Carbonlferous is from baslc R
dthrough to aCLdlC eruptives wlth a marked decllne in act1V1ty in the i

ﬂfj,fWestphallan. _ The later volcanlsm is represented by more alkallne .?‘-'5~5f

P Tlavas and 1ntruslves.. The 1ncreaslngly undersaturated nature of theiif';"i'

"magma_was assoc1ated w1th explosrve act1v1ty and 1t is 1n the fﬁi:”’

.resultlng tuffs and thelr contemporaneous flows and 1ntru31ons of’.
basanltes and monchlqultes that 1nclus10ns and fragments of ultra- -
hasrc materlal are found.:i The youngest members of thls sequence
are found 1n the Mauchlrne B331n in Ayrshlre, and&:ere consldered to: B

‘e Permlan, but are now thought to be Stephanian (hykura, 1967), ',35?:ﬁf~5fﬁ

Prev1ous descrlptlons of the 1nclusrons and thelr klndred ;
_'“mega.crysts have tended to be A'en passant' references in descrlptlons S

'3*ﬁof local geology, and are malnly found 1n the Survey Nemomrs for

T'Jffbast Flfe, East Lotalan, Central Ayrshlre and Calthness, some of

4."1;_wh1ch date ba.cx to the- turn of the century The only two recent T

'studles in any depth are. those of Hamad (1965) on’ the lherzolltes

from Calton Hlll, Derbyshlre, and Colv1ne (1968) on garnet mega—_.gfﬂ;”
'7crysts from nlle Ness 1n Flfe. - Heddle performed the earllest

experlmental work on solnel-pyroxenltes from Calthness in 1878 and

descrrbed many of the mlnerals found as megacrysts from Flfe ln hlS :jﬁif:}t

‘Mineralogy of Scotland' (1901) In 'Chapters on the Mlneralogy

of Scotland' (1879) Heddle descrlbes attempts to melt the-black 5_ﬂ.f§jt.

fauglte nodules from Duncansby Ness (Calthness), ‘in whlch he heated

";Asome chlps and powder of the pyroxenlte in a platlnum cruc1ble'tnzﬁf.?:ffﬂ
. ;tf}"only when the cruclble ‘was at the nornt of- brlght 1gn1tlon.... d1d -

'-':the powder‘coalesce<and ;rquefYﬁ. . Thls, he states, "accords w1th a‘~_iz¢:f



'33'-}-"'out in Ta.ble 1_1

'1'r,A1'ea.s stud.led in present work. (See FJ.g. -1)

Most of the work J.n the present study has cenr.red. on loca.htles .

in the eastern Mldla.nd. Va.lley, 1n East LOtku.a.n, and on the Flfe s

coast Detalled work has also been ca.tried out on the Dtmcansby

- Ness vent*near John o' Groats 1n Caa.thness. , Representatlve collec-f*':'

. t:..ons ha.ve been taken from Ca.lton Hill m Derbysh:.re a.nd Ha.wk's N:.b

J.n Bu’ce fo:r compa.ra.tlve geochemcal work., The following sectlon

1s‘-.:.ntended. to glve an outline of the 1oca.1 geoloar of the areas

,.,.studlea and descr:.be the general fleld rela’clons of speclflc loca.l—f—

Cities.

'_f:r:om the coast to sut or elght mles 1n1and. He also noted tha.t

a.rea. ) The coastal-;' ection beween St. Mona.nce and Ruddons _omt




Summary of previous

published data on inclusions in basaltic

Table

1-1

rocks of Britain.

LOCALITY ESTIMATED AGE HOST INTRUSION ROCK TYPE 1ECLUSION TYPBS MBGACRYSTS REFRRRNECES
a) FIFE
Elie Ness Upper Carb. Vent Agglomerate Hb. pyroxenites 11, Gt, Aug, Hd, Balsillie 1927
Bi, Or:. Eedile 1902
Geikie 1902
Colvine 1968
Kellie Lav Upper Card. Dykes Basanite Hb, Or, B1. Gelkie 1902
Carnbee Lav, " v Dykes Lizburgite Hb, Or, B, "
Coalyard Hill " " Dyke Unspecified Hb, Or, B1, "
Chapel Ness L " Sheet Basalt or. - "
Rud4ons Point ve " Sheet Unspecified Gt, I1. Heddle 1901
Largo : " e Vent Agglomerate or. Gelkis 1902 .
Kinkell Ness " " Vent Agglogerate Aug. Heddle 1901
b) BAST LOTHIAN
xxd-hv Upper Visean 5111 Anal, basanite | Spinel lherzolite —————— Bailey 1910
oo - Plug in vent " [ . " Siapson 1932
Gullane " A - 8111 Teschonite Oltivine nodules Bailey 1910
The Lamb - e T o -§111 Anal, basanite | Spinel wehrlite - - "
Fidra " ' 8111 " *' _ {Olivine-pyroxenite .
Chestors e Si11 I s “ " "
Weak Law ? L. Carbd. Vent Agglozerate Spinel dunite Duncen 1972
©) AYRSHIRE
Carnochan, Permian Vents and Agglomerates 5Spinel peridotites An, Hb, Bi. MacGregor 199
Patna and dykes .
Kirklafin, .
Carskeoch Rill " S111s Monchiquite | = eeean Hb, Bi, Alk.Psp, e
Patna Tover A Dyke Monchignitic Spinel-olivine- w———— "
anal. basanite | pyroxenites.
Meikleholm L 5111 Monchiquite Olivine prroxenite, Hb, Bi, Ap, Alk.?lg. L
hdb. pyrdxenite. .
AR LA Dykes Monchiquite Qlivine rodules ——— AL
Dunaskin 'y 5111 v T mmese Hb, Bi, Alk.Psp. e
Heads of Ayr Upper Card, Vent Agglomerate - Spinel lherzolite com—— . Tyrell 1918
Whyte 1963
Qreenan Castle v Went Agglomerate Spinel lherzolite Alk.Psp. MacGregor 1949
Black Roek e Vent re Mica pyroxenite Aug. Bmellie 1915
(Fairlie)
d4) BUTE .
Hawks Kib Lower Cardb, Dyke Olivine basalt Anorr.hollta\, dunfte, cemme Szellie 1915
pyroxenite, gabbro,
serpentinite, olivine-
pyroxenite,
) CAITHNBSS
Duncansby Ness ————e Vent and sheet Agglomerate, 8pinel wehrlite, spinel Bi. Flett 1914
basanite. pyroxenite. Heddle 1878
£) IBVERNESS
Glenfinnan ? Permian Dyke Monchiquite Spinel lherzolite, pxte. . Walker and Ross 195y
¢) DERBYSHIRE .
Calton H1l1 Lower Cardb. ? Sheet Anal, Basalt Spinel lherzolite m————— Hanad 1963
b) Co. COAK
Blsek Ball ‘Head . re Vent Agglomerate b, pyrozenites By, Hd, Il. Coe 1966 )
1) DUMPRIES
Gateside Pit, Peramisn Dyke Monchiquite Peridotites Sinpson and Richey 1936

Sanquhar




see fig 1-2

A - Duncansby Ness,Caithness.
B - Calton Mill, Derbyshire.
C - Black Ball Head, Co.Cork.

SCALE (miles)

Glenfinnan ,
Hawk's Nib, Bute ,
Cumbroe

Block Rock, Fairlie,
Heods of Ayr,
Patna area :—
Carskeoch ,
Dunaskin,
Meikleholm
Carnochan ,
Kirklafin',

7 Kellie Law, Fife

8. Fidro and The Lomb .
9. Weak Law

10. Kidiow Quarry,

. Chesters Quarry.
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VOLCANIC NECKS STUDIED ON THE FIFE

COAST, NEAR ELIE.
KEY :

VOLCANIC VENTS AND ASSOCIATED N
TUFFS. !

-8
3

MAJOR BASALIIC FLOWS AND INTRUSIONS.

MAJOR DYKES AND SHEETS.

BASALTIC SHEET BEARING
LHERZOLITE INCLUSIONS . COALYARD HILL.

BASALTIC SHEET BEARING
LHERZOLITE INCLUSIONS , RUDDON'S POINT,

COALYARD HILL

=i¢” [ aroross

‘

RUDDON'S POINT

CRAIG FORTH
ELIE HARBOUR

CHAPEL NESS ELIE NESS ~

FIRTH OF FORTH



:thCh lle adJacent along a 4 km stretch of coast between Coalyard

:Hlll and Elle, where the Ardross fault is the domlnant structural
f{:feature. ; r1he 1nterna1 structure of the whole serles of vents, 5&£*

iitogether w1th the structure and contact reLatlonshlps of the 5 =

”jiﬁipenetraued country—rock has recently been szudled in detall by

"""ﬁancls (1960 1909, 1970) and Francls a.nd Hopgood (1970) The L ,-i fr

ivents are fllled wlth basaltlc tuff and agglomerate, and fragments

"of country—rock 1nclud1ng the surroundlng lower Carbonlferous sand—»<; S

stones, shales and llmestones.; ”he Wlle Harbour vent contalns a ;;ﬁ
ularge raft of foundered sedlments 1nclud1ng al garnetlferous sandstone;
3Manyvof the vents exhlblt downturnlng of the surroundlng sedlmentary'
?rocka at thelr marglns.:_ Thls,'along w1th the 1nternal bedding ;7’
fstructures in the tuff—plpes, led Franc1s (1970) to propose that
1cauldron sub31dence of up to SOOm had taken place after the cessatlon o
"of erp1031ve act1v1ty. Emplacement of mlnor 1ntru81ons had accom-fli
"panled the subsldence, partlcularly along the rlng-fractures around

- the plpe marglns ThlS phenomenon 1s exhlblted at Coalyard Hlll,»ﬂ

N

where an: lncllned sheet contalnlng lherzollte 1nclu51ons haﬂ been-fii

;intruded along the western margln of the vent

;ﬂplsewhere the 75}
:assoclated 1ntru31ons take many Iorms, from 1mper81stent dykes and

_sheets, often merging lnto the tuff to 1arge plugs and bosses~such_“

as’that of Klncralg Hlll.- Thls mass of columnar basalt whlch occuple‘

the central area of the vent is thought to have an inwerted cone- -
shaued structure floored by tuff rather than belng a true plug ]
o 'zj?(Francls, 1970) A general feature of the 1ntru51ons 1s thelr 1a§£-;:

rf;}fof sharp marglns and thelr prevlously noted tendency to meroe lnto

"e_;ngthe surroundlng tuff all of whlch suggeSus the tuff to have been ln




““'ia;relativel&_unconsolidated state at'the;timeVof intrusion;;

8.

The vents range in size “from 0 7 to 1. Bkms across (Francls, 1970),

the largest belng at Klncralg Hlll, where the tuff forms hlgh cllffs ”}1'

and a broad wave—cut platform dlssected by dykes. None of the vents

is completely exposed even. at low-tlde, as they tend to be drlft or ?‘

bonlsed plant remains and fbss1l wood in the tuff Gelkle suggested

blocks and the general lack of graded beddlng Two vents do show

- EIRERE

~thin layers of tuffltes (mudstones, clays etc. contalnrng volcanlc

édetrltus) 1ndlcat1ng ev1dence of at least mlnor underwater

mentatlon 1n temporary crater—lakes.._fj

At Kellle Law, 5kms 1nland from St. Monance, a consplcuous hlll

”.;ff is composed of agglomeratic tuff dlssected by numerous dykes

:3n(Ge1kie, 1902) . The exposure is poor, though a large mass of

+

b‘ylelded rare anorthoclase megacrysts.

b Apart from the isolated occurrence of probable lherzolite‘fjpf*f

of the 1nclu51on—bearing rocks are s1lls and plugs, most probably of

upper Vlsean age ”hese sxlls are of flne-gradned analcrme—basanlte

or monchlqurtlc rock and Clough (1910) grouped them together as'rf“7?‘dﬁ -

"‘ sand covered on the landward 31des.:‘ OW1ng to the presence of car—.:g}.jf o

_that the vents were fbrmed subaerlally This is. further substan— ff‘;ﬁ.;}ul

‘tlated by the lmpact marks fbund in the tuff under some. of the larger e

i'yﬁsedlmentatlon, though Francls (1970) takes this to represent sedl— . d;{;;u“

ba.saltlc materla.l on’ the western flank of the hill by the roads:.de R

inclu51ons 1n a (°) lower Carbonlferous vent at Weak Law the remainderfg;iy*}

RS



"3 Chesters quarry 1s no longer acc9351ble, though Clough renorted the:?.

?;,occurrence of 'ollv1ne—nodules' from a monchlqulte 5111 at thls

>bloca11ty : The analclme-basanlte -of lelaw Quarry was orlglnalxy

;E,descrlbed by the Survey as a 3111, but later work (Slmpson, 1952)
‘”revealed the presence of tuff to the south 51de of the quarry whlch

had a- steep Junctlon w1th the basanlte lndlcatlng a plug-llke struc—

ture. Whether thlS 1s a true plua or merely a large floored boss S

aswat Xlncralg Hlll An: Flfe is- uncertain The quarry 1tself 13 *ﬁ;ﬂ;;f;-;‘

ansected by an east—west fault and lles only about 300m north of

the”S. Uplands fault 1tse1f Upton and Macdonald (ln press) have

reported the presence of granltic fragments 1n the tuff, poss1bly

of_Caledonlan orlgln, and Bennett (1939) also noted granltlc

fragments and Palaeoz01c sedlment xenollths in. the fault—brecc1a;t;:
Cav1t1es 1n the compact basanlte represent the weathered-out remnants> g
ofvlherzollte 1nc1us1ons.';. | g o o i
The 1s1ands of Fldra and the Lamb 11e 2kms apart and to the
west of North Berw1ck, about O 7kms offshore.'” The two 1slands may
~we11 represent outcrops of tne same analclme-hasanlte srll. Splnel—;A

bearlng wehrlltes were collected by the Survey (1910 Mem01r) from f:“

the Lamb.f Fldra only was v131ted 1n the course of the present

work.. The sill exhlblts columnar 301nt1ng, and on the northern

51de of the 1sland 1s 20m thlck.' Bare splnel-lherzolite and sprnel

wehrllte 1nclu31ons, together wrth anorthoclase megacrysts are found

",‘ sandstone also belng common. -




The vent at Qeak Law on the coast opposdtevFidra 1s assOC1ated
W1th flows ofzalka11-011v1ne hasalt mugearlte and’ trachyte (Duncan,;i*:}
Tp;1972;. 3 The vent 1tse1f is poorly exposed and the agglomerate ‘rich ; f?»ﬁ'
wfln fraéments of countrysrock, partlcularly sandstones and feldspar- ifiﬂ
ot hyrlc hasalt Fragments of probable splnel—lherzollte are found f:‘}ly

‘T'Zln the agglomerate on a small wave—cut platform.‘;f”

fcadthness;;fi;rh'bﬁi
3 Tno volcanlc vents occur on’ the north coast of Calthness;’at . _
iDuncansoy Ness and Dunnet Head. E The former penetrates Mlddle Old ?f}égih:tAj
Red Sandstone (OBS), the latter, Upper OBS. Flve thln monchlqultlc‘hfz"”
_dykes cut the M.ORS on the coast north of Castletown and slmllar -
vdykes are, found on the eastern 51de of Dunnet Bay, pos31b1y belng
f__'contlnuatlons of the same dykes..3 Apart from rare monchlqultie -
'}dykes further south these rocks furnlsh the only ev1dence of volcanlct,n .
fact1v1ty in Calthness (Flett 1914) The Dunnet Head vent 1sbbf5':. R
poorly exposed 1n a dry stream bed on the eastern slde of the ]
promontory, and consists of a flne—gradned agglomerate composed

;1argely of sand—gralns from the surroundlng ORS 1n a basaltlc glass.-h:d

'No ultrabasxc blocks have been found 1n this vent '._f '~24{ff}r;¥;;};uff

Partly concealed by 1ow sand—dunes, the Duncansby Ness vent 1sj

exposed in reefs between water-marks, where 1ts maximnm width is

QZme, A further small;exposure of tuff occurs on the western side?;“fiiirfl

",“ of the Ness, but as thls also dlsappears under the sand, 1t is not
;szos3101e to say if thls 1s part of the same vent . The tuff in the
;lifnmaln exposure 1s transected hy nephellne-basalt dykes (Flett 1914)



and larger J.ntrus:Lve bocues to the west Both the turf and the ; o
_1ntru810ns contaln ultraba31c fragments and 1nclus10ns. Flett

5(19133 left the age of these rocks open to congecture, rullng out

'?:‘nelther the pOSSlblllty that they were assoclated wlth the Devonlan 1

:Tgﬁvolcanlcs of Orkney nor the p0851b111ty that they may be Tertiary

ota331um—Argon datlne of basaltlc material from the 1ntrus10ns ln
1Tthe Duncansby Ness vent (present work) shows thls locallty to be‘7:ifi'
arly Permlan in age (255my) and there is a strong p0531bllity that gfid1f3'l
thelmonchlqultlc dykes may be contemporaneous.;i Thls correlates o

th the radlometrlc ages of the Flfe dlatremes..A“

-'The 1sland of Bute is transected by the Hl hland Boundary Fa.ult AR

'.1n the north plac1n° the southern 12kms w1th1n the structural con- ;:"f

.flnes of the Mldlano Valley.¢ﬁ r“he southern tlp of ‘the’ 1sland 1s:i;'ﬁ
ilargely composed of flows and mlnor 1ntru31ons of lower Carbonlferous
'voloanlcs whlch 1n places,.overlle Calolferous Sandstone Series

sedlments.}- The volcanlcs comprlse basaltlc and trachytlc~davas,'fi
:rare ag#lomerate—fllled vents tuff beds and mlnor intru81ons ?'.
’(Smellle, 1915) “A small outcrop, 20m by 30m, lylng between water—;
marks at Hawks's N1b south of Kllchattan on - the east coast comprlsesjsi
asanltlc 1ntruslon conta;nlng a wlde var1ety of ba81c and ultra- i
23310 1ncluslons. The 1ntruS1on has a steep southerly dip and |
'z:penetrates Calc1ferous sandstone Serles cornstones, sandstones and
?'lays (Smellle, 1915), lylng alon° the northern margln of the maln

f_”volcanlc sequence. f The volcanlc flows and dykes of L1t+1e Cumbrae,{;,

Ty




a.n 1sland to the east of Bute, probably represent a. contlnuation of

tha.s sequence, and ultrabasn.c 1nclu51ons have recently been reported

_-from thls locallty (C Chaplm, pers. comm.) el

: .'Derbxs‘hire’f”-’-'- 'Calton.ﬁill-l,‘ﬁ- SRR

The ma.ss:Lve lmestone depos:.ts of the lower Carbom.ferous sequence

Derbysh:.re are 1ntercalated w1th la.vas a.nd thfs and rarer agglom—

rate-fllled.vents. The lavas, loca.lly lmown as .'toadstones' ’ are,

ma:.nly of porplvrltlc ol:.vme-basa.lt gradmg to 011v1ne dolerlte. e .,_" K

1llow-lavas are found :.n the Hope dlstrJ.ct.:Jﬁ_An analcme—basam.te

_':Joch,r forms a. low hJ.ll fomerly qu.a.rrled for roa.d.stone at Calton

1ll 71~:ms ea.st of Bu.xton, a.nd conta.:.ns spmel—lherzola.te mcluslons

Hamad, '1903) _4‘ No other ultra.bas:Lc materla.l ha.s been reported from

e, W0

“the loca.l tuffs or 1avas. .’.-" -

Sampllng techm.ques a.nd problems of a.lteratlon.-

0w1ng to the age of the rocks studled and thelr predom:.haht )
oasta.l exposure severe problems have been encountered m g‘a.lnlng e
resh matenal, particularly for whole-rock a.nalys:Ls h
'1ty of the rocks sampled, both from :anlusions a.nd basa.ltlc blocks

a.nd' 1ntrus:.ons, _ol:.v:_ne has very ra.rely been fresh a.nd 18 genera.lly

_pseudomorphed. Calc:.tisa.t:.on of basa.ltic material is often extreme_

»and ‘the resultmg 'wh:.te—trap notrl_,,_:,_"” “the S y-is ‘l‘he
.ultra.basm 1nc1u310ns from Coalyard H111 are severe]y ca.lc:.tised ‘
”‘l‘he amphlbole— a.nd. mca—bearing pyroxemtes a.nd. rela.ted ma.teria.l

such as tha.t from h.l:.e Ness J.s, however* generally qu:x.te fresh w:.th




therenceptlon of olxvrne.;f The depth to whlch weatherlng has

'-5“1n tuff are reasonably fresh 1n the centre.~,f;§l:'f#

lo combat thls problem of deep-weathering a small petrol-_-g:fjff“:

englned rock drlll w1th a one—lnch dlamond blt was utlllsed at '
several localltles._ The machlne 1s a converted charn—saw, hand—held,liffs'
W1th a max1mum depth of penetratlon of about 25cms.u, At many

localltles thls was stlll 1nsuff1c1ent to galn really fresh materlal ‘ffl¥

alcltlsatlcn seems to be almost complete.A At Kldlaw, however, i

At Elle kess a serles of flve-metre squares were lald out on a }"{'1”

traverse across the 1eve1 tuff platform, from the centre to the

“eastern margln of the vent Detalled sampllng was then carried out
t the quadraﬁs, though the only measurable result of thls type of' t
anpllng over a random method was merely to relnforce the—; .
observation that sedlmentary materlal 1ncreased 1n proportlon E
towards the vent margln Wllshlre et al. (undated) complled a report |
on,ultraba31c nodule sampllng technlques for the Natlonal Aeronautlcs

anthpace Admlnlstratlon as a gulde to any future search for such

B

,terlal on the moon.. Thelr conclu51ons were based on observations

of~several localltles in North Amerlca., The tendency for 1nc1u51ons 'hihiiif

W1th1n flows and 1ntrus1ons to congregate at the base of the mass 18

’?f'“znoted, but when deallng wlth tuff—p pes they found that hllst ;¢9T?




'ultra.ba.sn.c blocks are commonest w1tha.n agglomerates, they a.re equally
) ":abundant a.nywhere w;.thin the agglomerate at up to tw1ce the crater

f“';',..'dx.a.meter away from the Vent ". It was a.lso Domted out tha.t there 1s

. _{no morphological difference between cones or basa.lt bod:.es wha.cb. are _.,f'ﬁ\"

I ';'nodule-bea.ring or nodule-free. L They concluded tha.t many occurrences 2

-"of nodules in tu.ffs a.nd agglomera.tes showed little va.ria.tion 1n

':‘nodule types i‘rom po:Lnt to po:.nt ‘, I.n theory all sampling could. be R

y done at one point although exceptions do rule out this method as

\mprecxse. - It would seem that a random sa.mpling tecom.que W1th.1n <

any'locality 1s the best compromse. ) Observa.tions of nodule

2o "S“‘PP""'r"“"i-:ffiié” 'stpzibsifcicsii.”f;f*"t-

'Badiometric ages of Fife and Caithness volcanism. . R

meg to the \mcertaanty of the exact ages of the Fife tuff-,.fl |
"fpipes a.nd the lack of anw stratigraph.ic evidence to da.te the Duncansby
y;Ness vent as . anyth:lng other than post—])evoman, 1’0 was. decided to ‘
?'ca.rry out a sma.ll-eca.le su:rvey .using potassmm—argon dating tech-
mo_ues. This is being carried out in co-ordination with Dr. R. M. 4
.Hacintyre of the Scottish Reactor Research Centre Ea.st Kilbride,
,:and at the time of writing the prog:ranme is still in p::ogrese. As

-it is intended to publieh the cmpaxete Jresul‘bs, only a general outline

fj_ the- work so far will be discussed here

g ;'Table 1-2 lists the uncorrected reeults obtained so far from .
_f Fife and Ca.ithness materials and as such serves only a.s a rcmgh gu.ide

o _ffto the radiometric ages.. A.mph.iboles a.nd mica.s ﬁ:om tuo Elie Neee




el

- ;flﬁiﬁqfébsiumLaigoh data from Fife

and'Caithhéésu(ﬁnébfrected); '  o

| Locarity

.'SAMPLE“

SAMPLE DESCRIPTION

ANALYSED -
- MINERAL.

K%

Cart0
xlO*prm

ATMOS
[-]

P

AGE

my

Elie Nessni~

@-13

.Kae?sutitééolivine
pyroxenité nodule.

' Kaersutite

1ﬂ6291
‘1.05Y"
1.152

'_;2.376
. 2.348
2,501

8.8

309

291

288

| El1ie Ness .

- Qu-13 |

‘Elie-type*u;nodule

Mica 5.0 |

5,70

1348
13.35

306

288 |
- 297

Elle NesSff_

P=21b -

'Basanite blqck.

3.8
Whole-rock| )

260

| Elie Harbour

P25

- Basanite block .

Whole~rock| .

25,

Duncansby
‘Ness vent, '

' DH=2L .

DH-25

'Monchiqdita.ﬁkzg.

- Whole-rock|
_.Wh01eérock '

)
Y Y

256
259

) All analyses were pei{ormed by Dr.iR. M. Macintyre aths;R.R.C. - .

T,
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nodules yielded acceptable results, .as d1d whole-rock deteminations

‘ on basalts from the Elie Ness, Elie Ha.rbour and Dmcansby Ness vents

- the two vents are younger than the Namnrian age estmated by Fra.nc:.s s

. from some of the Fife vents and arrived a.t simila.r ages (~ 280nw)

Fu.rther work 1s in proa'ess -on anorthoclase megacrysts from Fife. '

As.can be seen from- the results the nodules from the El:.e Ness. :
'lvent eive ‘an age rouehly 40 mar older than the basalts. B whether thJ.s L
"".is ;Ln fact an effect of excess’ argon in the nodules is not knovn at
."-",::this stage : ‘]!he 297my age would place the Fife volcanism :Ln ths ' .
Stephanian (Fitch, Miller and Willlams, 1970) vheress the basalt ages '

: -‘_:'of 250-260w are lower Pemian. In either case :Lt would. appea.r that.

and Hopgood (1970) from sta.tig:aphic data. N Recent work carried out

by 1GS. for the new Ea.st Fife Memo:.r (:.n press) has da.ted materia.l

J"Qfor the coasta.l group (Mr. I. Forsyth, pers. comm.) It 1s posslble _‘ e

' tha.t the slow cooling of a basalt flow may result in’ a.rgon ‘escape . and N

hence a young date, whereas the rap:.d chill experz.enced by the Elie 3

- .z:f:f-«»n°du195 and megacrysts may give a more rel:.a.ble answer. . It rema.ms S

"fto be seen if the anorthocla.se dates support those from the nodules.

The Dunca.nsby Ness vent is a.pparently contemporaneous with the -

' i'vFife volcanism, also fa].h.ng in the- lower Pemian, though being in a

o '~'~.-tectonically sta.ble region during th.i.s period compared to the ective s

sl'a-ben of the F:Lfe aree.._ R




. CHAPTER THO - - .

Petrography and Mimeralogy. . . .

_~Notes on nomencla.ture,; B
T‘me class:.flca.tlon of undersaturated basa.ltlc rocks, and in

B -':7"’ pa.rt:.cular the d1v1d1ng l:Lne between basam.tes and alkall-basalts

f'has long been a pomt of controversy A w1de va.rlety of both
zﬁﬂlterm::.nolog and methods of. class:Lflca.tlon ha.ve been used by varlous

""a.uthors. Many rock names are now llttle used or. obsolete. - In- a.n 3

ffort to. cla.rlfy thls problem Coombs a.nd &Jllk:.nson (1969) proposed'v"
'v-normatlve cla531flcatlon scheme to loca.te the transltlon between
. . '_asa.m.tes and a.lkal:.—basalts.- They pomt out that although a. rock
may have. up to 5% ne in :.ts CI‘PW ‘norm 1’0 .’LS often mposs:Lble to
' .):_;optlcally determlne nephel:.ne in the mode. Ahove 5% ne 1t 1s

4 usua.lly poss:.ble to 1dent1fy nephel:.ne elther opt:.ca.lly or by XRD

o ,'{,L:__-:_methods. | They also note that rocks w1th less tha.n 5/o ne are .

W usua.lly part of‘ a trend resultlng in trachytlc d:.fferentla.tes,

"'_whereas those w1th more. than 5,c ne usually lea.d to phonolltlc dlffer-:.

‘ In the present study the rocks encountered ha.ve ne raag:mg
.from 1—17% (Flg. —1) although moda.l nephelme 1s not generally

:found, the sodic phase be:.ng ana.lcime. i '"‘ven :_n the most bas:.c

t-'-‘;',}samples 5-8% moda.l a.nalc:.me is present. Coombs a.nd Wilk:n.nson note S

that it often requ::.res 10% modal. analcme to be present before ne

'-,':Ls Se 5,0, or in other words the presence of 10% modal analcme would_.'i-" B



.{gonly Just quallfy the rock for tbelr basanlte 11e1d._ sinée ib:is L
o only the more ba31c rocxs lrom Flfe wnlch fall below the SN ne fref‘
.% d1v1de, and 31noe these rocks are part of a2 sequence 1eadlng\well

. Flnto the basanrte fleld, it 1s proposed to term those Wlth less than

in.bﬁ% ne 'analclmlc-basalts' “and those w1th more than 9% ne. '22§§£&§2§f'ﬁ}¥
"for “tie ‘sake" of olarlty. 'AL-:"T- S ;AxA% l"‘»*fi
”he use- of the term 'monchlqulte' to descrlbe some of the more’ ~‘.f'.ﬁ

#giunder—saturated rocks glves rise to further problems of cla831f1-‘aj?“

;}Lcatlon.“ The 1ampropnyres are probably one of the most 1ll=def1ned

e

ﬁrook—groups and llttle has been done to clarlfy the 1ssue srnoe
Rosenbusch first lald out a classrflcation ln 1910.4n To quote from
tMetads and Chayes (1963) 'The resultlng chaos has ‘been admlrably
‘descrlbed by Knopf (1936) who p01nts out that a partlcularly well—:
-’lfilknown sample he hlmself describes as vogesrte had been described ‘

: 1f'preV1ously by Pirrson as mlnette, by RG;enbusch as oamptonlte, and;;;,mf“'

fby Beger as monchlqulte' Metads and Chayes summarlsed the awall- -
iable data -on rocks whlch had been termed lamprophyres, whloh
qlncluded 633 analyses falllng 1nto some 33 dlfferent groups.;, Only

'the 51x magor groups had any number of analyses.r Mlnettes, 5;;$i1"

jvogeSLtes, kersanltes and spessartltes vere found to be lndlstlngnlsh-fjﬂ o

,”jable on a chemlcal basrs, though monchlqultes and camptOn]tes vere’ }ia;,,.,' .
'1marked1y 1ess 3111ceous and rlcher 1n 1ron. j.',égf.‘;};';__f;:%qg_u;;

In~generally accepted termlnology lamprophyres contadnang

oliv1ne ‘and auglte phenocrysts, amphlbole mlcronhenocrysts and i

analclme 1nstead of, feldspar are termed monchlqultes. In thls

respect only one of the Flfe rocks, ‘a block from the Elle Ness tuff




could ;De”descri'bedae'a.fmonchic‘;uite~. in tnat 1t fii‘.s' the . aboire

: "descnptlon and conta:.ns very llttle feldspar. It should.,

ﬁ"however, be noted tha.t whllst in the ‘sense of Posenbusch the camp-
A-"f—".tomte—monchlqulte group is ollnne-tlta.nauglte r:Lch, the type monch— »~ L

":_r‘qu.lte from Rlo de Ja.nelro is in fact ollvme—free. (Kn0pf, 1936)

' B ::The camptom.tes are genera.lly more amnh:.bole-rlch tha.n the

v"".'?:f_'moncha.qm.tes, ha.vmg amphq.bole phenocrysts. a o L o “ L

The term monchlqua.te has been used frequently by most authors :

i'ch.scu.ss:.ng' the volca.m.cs of the Ma.dla.nd Valley, but 1t 1s propcsed ‘::5

tha.t in the present work the tem 1s not to be used 1n the form of a
tr:.ct class:.flcatlon.; ‘l‘he 'brend in the Flfe rocks to J.ncreasz.ng]y

:basa.m.tlc compos:.tlons wlth ne stea.dlly 1ncreas.1ng 1s reflected by a

‘-predomnance of modal a.nalclme over felds*oa.r. Tha.t some of the R

:rocks are la.mpronhyrlc in cha.ra.cter is not dlsputed, but bea.rlng 1n

dmnd ’che restrlctlons in nomencla.t‘ure brought out 1n the pren ous

;hscuss:.on it is nroposed tha.t only those w1th prmary mod.a.l

amph:.bole 'be termed 'monchlqultlc' 'I‘he chemlstry of these rocks

"correlates closely WJ_th the camptom.te—monchlqmte group of Meta:.s

andl, Che_yes.._ S

Usé of the‘tem 'inclusi."o'n",..:

In the present work 'inclusloh' w:.ll be used only to denote

those fragments of cogna.te or a.cc1<1ental materlal J.ncluded mthin
V:a magma boi*,’ (e.g. dylfes, s:Llls flows) whllst s:.mlar matenal '
occurs in tui‘fs and agglomerates the fragments are’ clastlc and not .

:"',clusn)ns sensu—etrlcto. Here they w111 be termea blocks, fr_a_gg ts
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-+ “or nodules.

'-:‘-Xenoc;zsts:and megacx‘y'sts;_ v.

Strlctly spea.k:.ng the term 'mega,cgzst' mea.ns no more than 'blg ,
-".":." i?crystal’ a.nd can equally apply to both cognate and accldenta.l ma,ter—j R
. 1a.l. .' In th:.s work it 1s proposed to use the term in. tha.t sen.se, ’

,f."'l;'.:!for dlscrete crysta.ls found in both tuffs and basa.lt:l.c _bodles.

;"Jhere a crysta.l can be clea:rly shown to ha\re orlr-‘:Lna.ted from the , A
—mecham.ca.l breakdown of an: ultrabas:.c mclus:.on or nodule J.t wlll bef

i temed (coglate) gz

Moda.l da.ta...' RN L TR

Table 2-1 presents data on the magor modal constituents of some L

7 of the more 1mportant rock—types dlscussed below, mcludlng the flve”"_; R

RETE,

,'.'_'.;::,‘F'lle nodule—types. Iloda.l data’ on lherzolltlc 1nclus10ns from Flfe

‘ and Calton H:.ll are" dlscussed in Cha.pman (1974, in press)

“2,1 The Fife locdities.. . R e RN

’introducvtion.‘ N

1

Before descnbmg 1n deta.ll the mater:La.l sampled from the

volcam.c vents m F:Lfe 1t is proposed. to outllne some of the features

hJ.ch the vents have in comon.u. The clastm ma.tena.l 1n a.ll the

,ents 1s oomposed la.rgely of a.ngular to sub-angula.r blocks of basa.ltic

rock and fragments of sedlmenta.ry ma.ter:.al in a. mffa.ceous matrix..,
'}The sed:.ment fragments a.re predomna.ntly sandstones and 11mestones -
w1th subordlna.te sha.les and coals, thought to be ma:.nly Ca.rbom.ferous .

1n age (Fra.ncls, 1970) The Elle Ness vent contaa.ns the w1dest




Major modal constituents

Sample Locality and type 01 Cpx Anal ﬁlag Alk.,Fsp Amph Mica Glass Ore
EHB Elie Harbour basanite block 17 26 35 12 " - - - 10
Q2-32 Elie Ness basalt block 16 29 11 n - - - - .21 9
X3-8 — Kincraig plug basalt 17 27 6 23 - - - 17 10
}PB Ruddons Point basalt 11 27 8 18 - - - 25 11
XR-Lk Kellie Law basalt 12 30 10 10 - - - 26 12
DH-2L Duncansby monchiquitic boss 18 15 - - -5 - - - 6
(indefinable groundmass- 56)
R-23 Elie Ness Type 1 nodule 22 L8 - - - 30 - - -
Q-5 Elie)Ness Type 1 nodule 40 - - - 55 - - -
- Q3-16 Elie Ness Type 2 nodule 28 - 9 - 57 - - -
Q2-6 Elie Ness Type 3 dodule - 55 - - - - L5 - -
Qy-13 ‘Elie Ness Type 4 nodule - - - 21 - 60 19 - -
R2-27 Elie Ness Type 5 nodule - - - 40 - - 60 - -




15’;:‘var1ety of fragmental materlal other than that descrlbed above, o S
?f;fand for thls reason w1ll be descrlbed in detall flrst to serve as a o

:?“reference to the other Flfe 1°Ca11t1es, rr“

'1iia) Blie Ness vent.'

The clastlc materlal w1th1n the tuff falls 1nto flve magor groups*x~i’
B fbasaltlc and sedlmentary blocks fragments of deeper crustal orlgln,
and fragments of ultrabasic materlal together w1th a53001ated

:megacrysts. The flrst two groups oredomlnaue. Angular to sub—

aAl'lgular blocrs of basaltlc materlal ranée in 31ze from a few centl— }:'?Ey‘f
:etres to over a metre across, though rarely attan.m.no thls 51ze.':”: SR
There 1s a marked decllne 1n the1r frequency towards the exposed

geastern margln of the vent where sedlmentary mauerlal predomlnates.:ixf

, Xsnollths of sandstone, shale and 11mestone of supposed Carbonlferous

Eage make up the bulk of the remalnlng clastlc debrls. Occa51onal'
l:ﬁ}fragments of carbonlsed wood and foss1l plant remalns 1n the tuff . -

‘ Jtﬁlndlcate subaerlal eruptlon, as prev1ously noted. f’n

The basaltlc blocks are analolmlc-basalts and basanltes, hawlng
fne'ranging from 2, 5 to 8%. They are porphyrltic w1th euhedral to

nbhedralipseudomorphed olivine4phenoorystsnandVthsidaaryiaugite '

phenocrysts in a groundmass of tltanauglte, tltanomagnetlte, and

;arylng amounts of chlor1te, brown—glass, plagloclase and analclme.

The overall flne-gradned nature of the groundmass and the predomin-:;”f

,'}ance of glassy materlal present in the majorlty of the basalts is l-; FFT“”d‘;

’»'thought to 1nd1cate a rapldly chllled orlgln. . A general trend

f‘?towards the more. basanltlc types is 1nd1cated by the 1ncrease of
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ﬁgana101me at the expense of plagloclase, a trend common throughout
Tthe Flfe localltles. . The auglte phenocrysts are strongly ZOHEdy__,‘;"#H
u?i snow1ng pale-purple tltanaug1te rlms, and occaSLOnally small

glomeroporphyrltlc aggregates of auglte occur.14 A less common

- /
'i} Ve81cular basanlte 1s present the ve51cles beln° fllled w1th calclte, n, o

analclme and other zeolltes. Rare monchlqultlc blocks w1th ne '

1jm have pseudomorphed elongate ollv1ne phenocrysts and amphlbole
-mlcrophenocrysts 1n a matrlx of tltananglte, ultanomagnetlte and-
'analclme..? Iiagloclase (andesrne) is present in mlnor amounts 1n }-“
~the" groundmass (Plate l) : Occa31onal megacrysts of ollgoclase up
to 5 mos across and exhlbltlng corroded rlms, together Wlth A
aggregates of amphlbole and cllnopyroxene remlnlscent of the 5ype l
:nodules descrlbed below'are found 1n these mOﬂCthUltlc blocks. fif E
tJi' A hlghly altered fragment of feldsparphyrlc basalt p0531bly

of Devonlan age, and a’ small block of mlca-schlst also very altered,:_?,f.:f"

were collected from the tuff These two fragments represent

materlals whlch must have been brought up from con31derable depths

iThe nearest occurrence of mlca—schlst 19 1n jhe Dalradlan north of

the nghland Boundary rault in- Perthshlre, but the presence of schls- e x:ff
'tose materlal w1th1n the tuff at nlle may 1nd1cate that s1milar
materlal fbrms basement rocks below thls a;ea of the Midland Valley

graben. Uhllst it 1s not rntended to enter rnto any d;scussion

of the Palaeoz01c plate—tectonic theories of orxgin of the Midland

Valley, thls partlcular dlscovery suggests the presence of continental- .-ffif

rustal materlal beneath thls part of the Mldland Valley durlng the

Carbonlferous, rather than the remnant oceanlc crust of ‘a closed



- 'prot'o',—Atlantict‘ odééh'. (cf. Dewey, 190,, F:Ltton & Hughes, 1970)

The fourth group of clastlc materlal comprlses nodules of -
*;;ccarse-gralned ultrab331c rock (Plate 10) which dlsplay a wide ';_.{ff“::f;.
J',f_i:fvar:.ety of tex*ural and mmeralo:ucal types. - 'I‘hese ha.ve 'been spht ' -

"t?fﬂlnto flve Types, descrlbed below 1n order of decrea81n° abundance.s’-iyf

,Tjﬁe'l. AThoSe containing essentiallolivine, augite’and'kaersutitegtﬂ]l e
. These can be further7subdi§/idedfdnto.threesubgroupsl'.cn~

a) The flrst subgroup con51sts of euhedral to subhedral 011v1nes

‘ and augltes, the latter showrng some ev1dence of rlm—corr031on, RN

1-

o whlch are p01k111t1cally enclosed by large, lnterlocking
"kaersutlte gralns. The amount ol ollvine present 1s varlable,

from rare crystals to large aggregates. - lteratlon of the

. 011v1ne is almost 1nvar1ab1y total. (Plate 2) };?jf"

The second type has euhedral 011v1nes (up to Smms), usually
xcompletely pseudomorphed, surrounded by an equlgranular mosalc ﬁff:
jrof small auglte and kaersutlte crystals, oommonly exhlbltlng

three-pOLnt Junctions._ (Plate 3)

c The thlrd subgroup contalns kaersutite as a’ secondary altera— ;if

'A-tlon from auglte.. The texture 1s one of fresh 1nterlock1ng
“:?aug1te and rarer pseudomorphed ollvine crystals, w1th kaersu—
tlte occurrlng malnly alon° graln boundalles and cleavage traces

in the pyroxene, thOUgh SOmetlmes forming well-developed,rvl'--ﬁf L

crystals. (Plate 4)




.hE;T¥§éV2;‘LNodﬁi§s75f'Typé 1 ebnéaining;félugp;r;:(Plaiéfs)-sTif“*j'
: Whilst thls grouo has ‘the same esaentlal mlneralogy as “the ;?fF;ij“
PreV1ous group the texture varies and potassrc ollgoclase occure.}fﬁ:-ff,f7ﬁ
.fﬂ 1nterst1tlally.._ Large, deep-brown kaersutlte crystals compose up ‘
.vhk to 60% of “the rock, whllst the auglte and rare pseudomorphed °11V1nesf,5v"‘
5 exhlblt poorly developed crystal-forms and show 31gns of lnclplent

,ff alteratlon.»_ In many of the kaersutlte-bearlng fragments, though

: fpartlcularly 1n thls group, the amphlbole dlsplays exsolutlon of

1men1te and assoclated opaque mlnerals. »

Type 3. Nodules contalnrng aug;te and titanblotite only (Plate 6)

Thls type 1s much less common than the prev1ous groups and

. 3con31sts of a. well—developed pyroxenlte contalnlng large patches 5.; fix~9‘7
"-.',» of Da.le—brown, pleocho:Lc tltanblotlte, much of wh:.ch appea.rs pr:.ma.ry, N

though a certaln amount appears to be formed at the expense of the

~i,;5aug1te. f‘c zﬁ-.;.uca-”~

}Type 4. Those contalnlng,essentlal green—amphlbole, blotlte and

'aiblte. (Plate 7)
A deep—green, sodlc edenlte-hornblende w1th lnterstrtlal alblte

hforms the bulk of thls rock. The biotlte occurs 1n evenly—spaced, _

’ell—formed, rad;atrng clumps throughout the rock.- The alblte lles

' :ﬁzf;Typéfsl* ﬁodulee'coﬁ%elnihgpbiotite’au&ielbite ohly{ i(élafeié)h:git

ThlS uncommon group comprlses deep—brown tltanblotlte 1n
‘iiiapprox1mately equal proportlon to- 1nterst1tlal potassic alblte. -;jﬁ, B



e
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';7jaChlor1te occurs as ‘an accessory m1neral.: Hany 01 the ”OCkS descrwbed
oo above contaan minoxr amountsof iron pyrltes (FeSz) and tltanomagnetlte..g:-"

Apatlue occurs as an_accessory ln ‘some- 1nc1u510ns. f:'”"i
The flrst two Types could be broadly classed as 'alkall- r;l‘.
pyroxenltes', and are comparable w1uh many 81m11ar occurrences 1n .

alkall—basaltlc rocks . descrlbed by various authors (c f.. Dawson,=;

1973) Due to thelr frlable nature the nodules are subrounded 1n

"

outllne w1th a max1mum size of about 6cms. i Some of the megacrysts

w1th1n the tuff may in fact be xenocrysts from the breakdown of the

nodules though thls cannot be verlfled by fleld observatlon.ug;ibh

'”he megacrysts are’ of three types (Plates 9 and 10)
flrst is a deeo green anglte occurrlng in conch01dally fractured, :,f"‘

glassy fragments, often rounded and up to l 5cms 1n 51ze. Thls :<_l§ L

pyroxene exhlolts no crystal structure, and cleavage 1s not seen ln""ﬂ'
.'thln sectlon. ’ It is substantlally 1ess calC1c and more magnes1an R

f:lithan Dyroxenes from the nodules._ darker green auglte of 31m11ar'4

“chemlstry, though generally more calcxc than the glassy megacrysts; ?

1s found.» Thls varle‘y dlsplays normal pyroxene structure and

_leavage._ The second mecacryst type is garnet of two varleoles.:;-'*f?:"

ne 1s a deep-red clear, glassy pyrope-rich garnet the other is a.

pale—plnk varlety. . The former can be found up: to 1 Scms in Slze f';_*.z,;n,
andfhas never been found ln any nodule.o‘ ‘The latter garnet 1s thought-fh'-l :

to be a detrltal mlneral from the breakdown of garnetlferous sand-A

stones of Carbonlferous age such as tnose found’ 1n the sedlment

. rafu in the “11e darbour vent ?fuf: o Aff:.f;~ jlﬁ{f}w}t5f?:

- Cloudy; reddishabrown5anorthoclase negacrysts up.to lcmfin'slze ﬁ;_i'



,r?:are found both 1n the tuff and 1n a dyke east of the llahthouse.ﬁl;ff;pj,,gl y
i;prhls basanltlc dyke cuts the tuff, wédglng out to the ‘seaward side ltﬂz.fit s
1,if0f the vent. It 1s marg1nally composed of tuffaceous materlal,.‘i_p' -
€and is hlghly weathered, The PSeudomorphed remalns of oliv1ne Em‘ k
,'Tphenocrysts together w1th fresh augltes 11e 1n a cloudy, lSotroplc

‘;pbase, posslbly of analclm contalnlng scattered tltanomagnetlte.f

As noted the d,yke contalns rare anorthoclase megacry’sts and sma.ll .

fihamphlbole-bearlng 1nclu31ons.vfi"'

Amph;bole also occurs as - discrete, often euhedral crystals 1n ) dffﬁ

;the tuff It 1s of s1m11ar chem1stry to the kaersutlte from the

Anodules and may be xenocrystal 1n orlgln

.',; ;b) Klncralg Hlll vent
‘f?ﬁf'- C1astlc dep051ts in the Klncralg Hlll vent closaly resemble';i.f: .
h”fthose at “lle NeSS, belng largely composed of basaltlc and

.Tffsedlmentary blocks, w1th occa31onal fragments of coal and plant

.”ﬁfremadns.- As prev1ously noted the central part of - thls well f‘“{k;fﬁ*

ry%idlssected vent contalns a- larve columnar boss of basaltlc materlal

4hw:thought to represent a shallow 1nverted cone.’”

As at Elle Ness the maJorlty of the basaltlc blocks are-
“analCLmlc—basalts or basanltes (ne =}3-ln%) and are of 31m11ar ;.7%:f3

;mdneralogy.: The central plug basalt has fresh ollvine phenocrysts

'tﬁ_}zonlng outwards Irom F°85 76’ : Glomeroporphyrltic aggregates of

i ?ifauglte are present ln thls analclmlc-basalt
Pyroxenlte nodules are" comparatxvely rare 1n the tuff at Klncralg,
:‘_}the spe01mens sampled all belng of T*"ln.e Types l or 2. 9fa":_f§?€_fj"“f:5f:“



‘*:5' c) Coalyard Hlll vent. .
Tuff of a predomlnantly sedlmentary nature 1s found to the west

of the maln basaltlc tuff whlch lnfllls the vent proper.' A 1 S5m..
,; thlck 1nc11ned basaltlc sheet containlng a sulte of splnel- t_f('lr:'

lherzollte, wehrllte and pyroxenlte 1nclu51ons is lntruded 1nto the

l rlng-fracture around tho western margln of the vent j A smaller h~_ff-»

horlzontal sheet merging 1nto the tuff and conta.J.nlno alkall—;
"\pyroxenlte mclus1ons and la.rge,( well—formed a.northoclase megacrysts,

outcrops to the south-east of thls below ngh-Water Mark. '3 ;5;-R“f'l

Samples of basanltlc and monchlqultlc blocks from the tuff show -

. ;»_-, :

i a more undersaturated mlneralogy than the materlal £rom Elle Ness

3 f{_or Klncralg (ne =' _11A) Plag1oclase is less common and analclme

"{' dlscovered in the tuff

"?'bredomlnates in the groundmass..‘ No pyroxenlte nodules have been '

The materlal composxng the horlzontal sheet is of 81milar

mlneralogy to the sampled blocks belng analclme-rlch and very poor'k-“~J“A

'ff;1n plagloclase.'» Abundant rounded kaersutlte megacrysts are present o

ié rn the sheet and”are 1nvar1ab1y rlmmed by broad reaction bands of
magnetlte Anorthoclase megacrysts are also present the larger e
. ones belng rounded and shattered ‘with- titanblotite developed along lg,
the fractures._' The largest spe01men found is a perfect euhedral

......

‘: 1ong (Plate 10) An alka11 pyroxenlte 1nclu51on of mype B

'.-:1c‘was found, 1n whlch the contacts between the kaersutlte and the

host-rock show magnetlte reactlon rlms.'
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The 1nc11ned marg1nal sheet is. the maln feature of 1nterest at }:ﬁi;;,”}f

Coalyard Hlll.;{ lltanauglue is the maln phenocryst phase, and.
together with plagloclase and tltanomagnetlte 1t forms the bulk .
of the groundmass. , AnalC1m° is a sub51d1ary phase and is present?ivté‘f‘
: 1n small enough amounts to olace thls rock in the analcrmlc-basalt”’;i

group. = hstlmatlon of the proportlon of phenocrystal 011v1ne is

,?;confused by the 1arge amounts of xenocrystal mater1a1 derlved fromlzf“

' the 1ncluded lherzolltes. Xenocrysts of enstatlte from the ”y

1herzolltes are r1mmed by narrow reactlon bands thought to be
uj;ollv1ne, whlch 1n turn dlsplay overgrowths of tltanauglte. (Plate.»:
D10psrde xenocrysts from the same source also act as nuclell
for t1tanaug1te overgrowths..' Splnel xenocrysts generally show ;fe;jfl=
”vmarg1nal alteratlon to magnetlte. Fractures in some of the ”:;i}

1nc1u31ons have been 1nvaded by the host—llquld and contaln e

“m“: tltanaugmte and a sllghtly more sodlc 1abrador1te than that
found 1n the bulk rock. Small euhedral chrome-splnel crystals alSO'Tj"“
occur 1n these velns, showlng marg1nal alteratlon to magnetlte

Q:The maJorlty of the 1nclu51ons are accumulated 1n the lower

part Of the sheet where they comprise up tO 70% of the rock volume, :i.-

and are surrounded by radlatlng contractlon fractures, generally
calclulsed, 1n the host basalt ' Chrcme-splnel lherzolltes are theh
preaomlnant varlety of 1nc1us;on and are hlghly altered, many hawing
.'f‘lrttle or no fresh 011v1ne present Thelr textures are granoblastic,‘
? show1ng 81gns‘of partial recrystalllsation amongst the ollv1nes Whlch b

'7g are generally equlgranular w1th trlple-pOLnt Junctions. (Plate 13)

.-Aij S
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zt‘;The orthopyroxenes are the largest crystals present show1ng no s1gn3'3;;¥f_f:’

xifof recrystalllsatlon._ The lepSldes show ‘rare. solnel exsolutlon .5
"(Dlate 14) thtle ev1dence of shearlng 1s seen other than one
h'fsample which comprlses a 4cm alops1de, tw1sted along 1ts length and

‘uf;surrounded by a mosalc of altered 011V1n : The splnel 1s pale-."'“

.;;‘brown and globular in appearance.‘ The 1nclu31ons are subrounded

*to“subangular and reach up to BOcms in size. 34

Rarer 1nclu31ons are black cllnopyroxenltes, composed of

_e latter exhlblt cumulate textures w1th euhedral to subhedral

011V1ne, partlally pseudomorphed, enclosed by large crystals of

‘sheet.

"-v.‘d)' Rudaons Foint vent.

”5' A small vent partlally covered by sand—dunes contalns an 3“
‘ana101mlc-basalt sheet wlth sparse 1nclus1ons and anorthoclase mega—'
'crysts., The sheeu (ne = 3?) ‘has phenocrysts of 011v1ne and auglte

f‘the usual glassy, analc1m1c grounamass. - Xenoc*ysts from the

‘Ness glomeroporphyrltlc 'pyroxenltes' are present.

" The 1nclu31ons found in thls sheet are malnly chrome-Splnel

lherzolltes of two textural varletles, the flrst belng s1m11ar to

'are enclosed in. a matrlx of partlally recrystalllsed 011v1ne.-,In,*

*salltlc auglte wlth unccmmon lnterstltlal labrador1te, and wehrlltes.,>f*ff

lntercumulus auglte.: No alka11 pyroxenltes have been found 1n thls-; fﬂi»_;.

splnel lherzollte 1nclu31ons are common.lA As at Klncralg and nlle s

'the Coalyard Hlll 1nclu31ons._ Large ortho— and clinopyroxenes:::la;;-;iif-ff

_‘the second varlety all the phases are 1ntensely sheared and elongated ,J' Y.



it; w41'1:1’1.140Ar.1g tralls ot‘pale;brown splnel runnlng throaoh the rock. _

& OnlJ rare onthopyroxenes remaln unsheared (Plate 15) though they are‘
| generally rounded w1th shattered marg1ns.‘l A certaln amount of ifl:ff.r[’l
recrystalllsatlon seems “to have taken place, espe01ally amongst the S

"-011v1nes. The 1nclus1ons are rarely more than lOcms in 31ze and

é are sub-angular to rounded

l Gabbr01c 1nclu510ns also occur in this sheet though less o

commonly than the lherzolltes. 3 They are generally qulte fresh and -
coarse to medlum graaned shOW1ng a cumulus texture. Large:g“i .
;;plagloclase laths form the maln phase together w1th euhedral ollv1nes _ifj
:fand elongate cllnopyroxene. The 1ntercumulus phases are, magnetlte

| rﬁ.;%and (?) analclme (Plate 16) together wlth a. llttle chlorlte. . Rare’,.li}

;;blacx pyroxenlte 1nc1u51ons are present in thls sheet

Pale-brown, cloudy anorthoclase megacrySts up to 3cms ‘in 81ze 1 o o
'flf;are common.'a They are rounded though often shattered NQ‘OthBI__?f'.ilﬁ?

%imegacryst phases were noted

A large raft of tuff-penetrated sedlment lncludlng the

garnetlferous sandstone from whlch the pale-plnk garnets of ulle

- N

;5 Ness are thought to be derlved occuples the'western marg1n of thls o

small vent Basanltic blocks up to half a metre in 31ze form the

bulk of the clastlc materxal wlth the remalnder oelng sedlmentary
“ﬂ“rocks, malnly of Carbonlferous age.~ No nodules or megacrysts have';'
:;; been found in e1ther the tuff or the basanltlc blocks at mlle Harbour.~ S

The blocks are almost constant in mlneralogy and chemlstry throughout

R Tt



the vent and they represent the most undersaturated rocks in the

':: area studled (ne = 11= 18%) ' WHllst they dlsplay the same essentlal:_:,;

mlneralogy as other vent blocks descrlbed above, analclme forms up

ir.to 35% of_the mode. (Plate 17).
At Chapel Ness, 1 Skms to the west of ulle Harbour, a flow of
basanlte (ne = 16 8%) occurs: Just above hlgh—water mark. ‘ ThlS is’

“f; chemlcally and mlneraloglcally almost 1dentlcal to the blocks from _”

'_lthe Blle Harbour vent and 31m11ar1y is barren. of 1nc1usrons or

~megacrysts.- i"

'ff),Ardross vent;'

The tuff is cut by a metre-W1de basanltlc dyke contadnlng

fti:".ls 011v1ne-nhyr1c wrth euhedral pseudomorﬁhed ollv1ne phenocrysts.

?mlcaceous 1nclu51ons and anorthoclase megacrysts.i The dyke materlal :f?fiFQ

Auglte occurs as phenocryst "and groundmass components.1; The glassy T

analclmlc groundmass is severly altered. The micaceous 1nclu51ons ff:fﬁef'JJ

Q;‘hlﬂhly altered matrlx exhlbltlng possrble 011v1ne and perXeneyii“

, are unllre any of those prev1ously mentloned and are also h1 hly :ptnﬂftgx_...

f”altered. Dark—brown mlca crystals up to 6mms in 1ength lie’ ‘in’ a I‘i:if}ffg:

pseudomorphs and a glassy or. ana101me r1ch 1ndeterm;nate grouni 5o fiZQJJY .

?hcst rock. iw;x'

Apatlue needles up to 2mms 1n length occur throughout the 1nclu81an.{;f:f]"*‘

r,Plagloclase laths are allgned parallel to the 1nclusron rrm rn the - %iw~uv,ﬂ

The anorthcclase megacrysts are rounded, pale-brown to colour- . -u,,,.r:.

less, and clear. They range in size up to about 4cms across and are:ff?f

generally smooth and rounded. The tuff ccntaans basaltlc and



-:'sedimentary biocks,'though no-nodnles=have been'found’in it.1"

n;f«g)-KeliieiLar;

vThe érass;covered rounded hlil.of Kellle Law has several snail"'

'feloutcrops of basaltlc materlal around 1ts ‘westemn marg1n and summltA{;
| In ‘a small outcrop near the road81de to thevvest of the hlll a dark—::t

.i grey, compact analclmlc-basalt (ne 3. 6%) contalns rare, colourlesst=
’ to greenlsh sanldlne megacrysts up to 2cns ln 31ze. The host rock r"w

u.,

dlsplays s1m11ar mlneralogy to the coastal basalts, with patchy

'i‘analCLme occurrlng throughout the matrix.. It is not known how thls[,"u

exposure; L Do

© -:72,2 Other aréas studied.. /
‘ a)_East Lothiém’——Ki dlaw Q.uany T MR .

basalt 1s assoclated w1th the Kellle LaM vent due to the poor 1nland~k"ﬁ

| A CompaCt 301nted body of analclme-basanlte is assoCLated wlth'Lt: ‘s

';'poorly exposed tuffs in the small road31de quarry near Kidlaw.» The f,

-

i'h{'basanlte contalns sparse 1ncluslons of splnel—lherzollte, generally

‘iﬁhighly altered and often notlceable only by eroded cav1t1es on the 321.3
Texturally they closely resemble the unsheared granobkzstlc types

host rock snows a characterlstlc platy fracture due to the large

i 11y pornhyrltlc rock w1th only occa51onal 011v1ne and auglte

phenocrysts. ) Magnetlte 1s present in great quantlty in the,;af-

rock surface._‘ The 1nclu51ons are subangular and up to 8cms in- 51ze.fvxﬂﬁ

from Flfe and contaln a dark—green to pale-brown chrome-splnel._Thetﬂk,,;?;E;

(up to Bmms) crystals of analclme in the o'roundma.ss.' It 1s a scant-; ;g!f‘ :



T N T

groundmass W1»h auglte, nlagloclase, an3101me, blotlte and a. llttle:'x
-orthoclase. N Tnls rock type has unusual features, such as: the large.f
POlkllltlc analcrmes 1n the grounamass, the presence of blotlte 1n

’I some quantlty and patches free of auglte and magnetlte, usually

:; contalnlno radla“lng feldsPar C*YStals.>f These features led Balley 33'
(1910/ to 013351fy 1t in” a group apart from the other bast Lothlan ;2;;;f"
'e%lntru31ons.” U -

5) East i,othian—Fidra- and ;weak‘ Lav, ..

The 1sland of Flara is composed of a compact basanlte 8111h,f
(ne = 14 6 ) show1ng columnar JOlntlng, partlcularly cn the southern

margln.;« The Slll contalns scarce 1nclusmons ofisplnel-lherzollte ?~1v
R ! ‘;A.,'v‘

and splnel—wehrllte, together w1th rare megacrysts of anorthcclase.

el The basanlte 1s sunerf101ally s1m11ar to that of Kldlaw in both
- 1; hand—scec1men and:sectlon.~« It exhlblts the same platy fracture,
w1th ana101me comnos1ng much of the groundmass.'” lucrophenocrysus

Z;of 011V1ne and Larger, zcned tltanauglte phenocrysts 11e 1n a flne-_g

.Sgralnea groundmass of auglte, plagloclase and tltano—magnetlte, w1th
1arge p01k111tlc analclmes makln° up the matrlx.fi No mlca 1s present

“in thJ.s rock. o

r"he lnclu51ons are subangular and up to 5cms in slze, belng

ze nerally qulte fresh ) The wehrllte 1nclu51ons are s1m11ar to those T

»Rnoted from Coalyard Hlll, wlth euhedral pseudomorphed ollv1nes lylng {
f{;p01k111t1cally enclosed by cllnooyroxene._ﬂ The Fldra wehrlltes
}ﬁcontaln scattered gralns of cnrome—splnel in the auglte (Plate 18)

‘L{}The magorlty of the lnclu31ons are. chrome—splnel lherzolltes, scme ?“' 1'“5




B

‘=qf vergrng on more harzourrltlc compo31tlons.', Sheared and partlally

\'ecrystalllsed textures are common, the 011V1ne often show1ng straln- A

bandlng. : Unllxe lherzollte 1nc1u51ons from prev1ously mentloned
localltles the Fldra spe01mens are more or 1ess equlgrannlar w1th ;}"

:. no 81ze preference for the orthopyroxenes.v Narrow magnetlte reac- L

o ‘3tlon rims are sometlmes found around the 1nclu31ons 1n the host B

basanlte.;;;

Inclu31ons of splnel-wehrllte have been reported from the Lamb

the aast Lothlan Mem01r. ] At eak Law, on the maln}and west of

Fldra, a poorly exposed tuff—fllled vent a33001ated wlth trachytlc ey e

”and'ollv1ne-basalt flows contalns scattered snlnel-bearlng blocks

,earlng tuff andzare 1n an extreme state of calcltﬁi?tlon, pale-.~‘

'7ju'brown sp1ne1 be1n° the only'fresh prlmary mlneral. The texture of
the calc1tlsed matrlx suggeﬂhbollv1ne to have been the magor component,pf'.f;g

hthe presence of - pyroxene belng 1ndef1n1te.:‘ These fragments are fff'

‘rounded, pale—green and frlable, belng up to 150ms 1n s1ze..7f:?

3 cairthnésé;;ntnéans'by Ness'.'.

:?Thls 1solated vent is. well exposed at low tlde and exhlbrts a'lfj
clear—cut marg1n w1th the Old Red Sandstone country—rock to the f o
western edge..; The tuff penetrates deep fractures ln the sandstone,ﬂii.h
:blocks “of country—rock are common in both the tuff and the 3ffffa;:‘”¥;:'A
.E-;assOC1ated monchlqultlc body._j_a w1de varlety of 1gneous and t; .

:.5 sedlmentary fragments are 1ncluded in uhe vent. (Plate 19)

o ”wo phases of +uff are dlstlngulshable, the flrst belng a dark

,flrst noted by Duncan (1973) These occur 1n predominantly sedlment-l-i )



s

’ ér'e;y’A'ba.saltlc.varlet:'y coatlng the ultrabesw fragxnents a.nd somef of : '
- ,{":thc la.rtrer sa.nds uone blocks the second be1n5 a pale-brown, sa.ndy |
"”-type formlnv tne mass of the tuff body and contalnlng much sed:.ment-
ary matemal, :mcludmg sha.les mudstones, sandstones and qua.rtz |
e gran.ns. To uhe west of the vent a monchlqu.ltlc (ne 8‘;‘0) ba.salt O
:”'.rlch m sandstone fragments, merges domwards 1nto the tu.tf The
rock 1s porphyrltlc w1th euhedra.l pseudomorphed ollv1nes a.nd zoned
" tltana.uglte phenocrysts 1n a. very fme-gralned 1ndej:emmate ground—d_
mass contalm.ng small a.ugite 1a.ths and sca.nty magnetlte mcropheno- - -

s

}'crysts, plag].oclase belng a.bsent Patchy areas of anorthoclase and -

' v{«,:_'f'_'f_j-zeollte a.re found 1n the ma.tr:.x wrth occas:.ona.l sma.ll brown blotltes.

_v-'i;‘.Bounded quartz and Wlnned feldspa.r gra.lns, presumed “to be xenocrysts 7

from ‘the a.rkosm ORS xenollths occur in the g—:oundmass. _, 'l‘he qual‘tz S
is 1nva.m_ab1y severely corroded a.nd surrounded by a flne-graa.ned

g _:'react:.on corona..: 'I‘he feldspa.rs (ollgoclase and a.northocla.se/sa.m.dme)

".'.‘..'.,'dlsolay no such react:.on ma.rg:.ns and appea.r to ha.ve -been sta.ble in R

;"vthe 11qu1d. (Plate 20)

nghly altered fragments of chrome-splnel bearlng rock, up to -

- 10cms 1n 51ze and genera.lly well-rounded, occur in bo‘Eh,the mff a.nd
RS .--.;.-the monch:.qmt:.c body. Ma.ny of these fragments are wehrhtlc,

though spmel—lherzolltes are a.lso present The:.r tex‘hxres show no - :_ :

’

e _‘around the margins of the mclu310ns m the monch::.qm.te often d:.splay

; 'j_‘overgrowths of tltanaug:.te mto the host rock. Cne oi‘ the inclus-

1ons was found to conta.ln phlosoplte.:

_ev:.dence of shearing a.nd a.re genera.lly equlgranula.r with well—developed"'.'.’ SR

trlple-pmnt Junctlons indlcatlng recrystalhsation. . Clmopyroxenes el



A unlform groun of compact ,black coarse—gralned\splnel—a

;1c11nooyroxen1tes (Plate 19) form the bulk of the ultraba31c materlal ff;'¥ff*”

S 1n the tulf They vary in size. from a few mllllmetres to 150ms'

'375across and are subrounded One uhedral CIYStal of thls Salltlc

i;auglte was found measurlng'7cms by 4cms in basal sectlon, and

5conta1n1ng deep green chrome-free sp1nel \Plate 21) These frag—:.
”i-fﬁments are. characterlstlcally very coarse~gra1ned, many of the largest "f?f

'vlspec1mens belng composed of only flve or s1x large auglte crystals

wlth small granular crystals along graln-boundarles. . The splnel
,Nforms anhedral, often angular blebs and tends to clump tosether or
tra.ll out on, or close uO, graln boundarles 5 clea.vage traces or other

llnes of weakness in the pyroxene Some of these splnels are up to

320ms across; Chlorltlc areas’ 1n some nodules may 1ndlcate that

"011V1ne has been present The terture of these pyroxenltes 1nd1cates ni

'7§=ithat splnel may have been exsolved from tne pyrocene and have been o

'if~mob11e enough to- accumulate along llnes of weakness. . Some spec1mens

contaln a pale—brown amphlbole as an alteratlon of the auglte. ;,f'if"”
Small accumulatlons of a green amphlbole, and some of kaersutlte,
also occur rarely in the tuff, and fragments of tonallte or dlorlte

'%:are also noted The latter contaln a varlety of plagloclase:‘r")'ll
comp081tlons from ollgoclase to baslc labradorlte with some inter—

stitlal feldspath01dal material and prlmary quartz and blotite.iﬂj;,v

~a) Bute—-K:.lchattan (Hawks Nib)

Smellle (1915) flrst descrlbed thls mlnor lntruslon as an alkali-‘xld‘“f”
"5Q1011v1ne basalt contalnlng a host of 1ncluslon types from anorthosltes };‘;ff

u',“throughéabbros to dunites and ollv1ne—pyroxen1tes.:; The sheet has a.

f.
S
=T
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‘ ?iﬂ' steep southerly dlp, the bulk of the 1nclu31ons havlng sunk to the- B

"i‘ base.'f“f=ru

t -

The host-rock is an analclmlc-basalt conta;nlng a suhstantlal L

: amount of analcime in the groundmass.n_ Small cav1t1es in. the rock‘ -

‘:hﬂ are zeollte-fllled - “uhedral oliv1ne and zoned auglte phenocrysts-'lj

1n a groundmass of t1tanaug1te, tlanomagnetlte and plag1oclase g1ve_:"5;‘ T

the rock a 81m11ar appearance to many of the Flfe basalts. d--v

LE ztne phenocrysts, and xenocrysts of pyroxene are abundant. : Some

"'fg orthopyroxenes show t1tanang1te overgrowths Occa310nal glcmero—

porphyrltic cllnopyroxene aggregates are found

The 1nclu81ons sampled were malnly wehrlltes, w1th euhedral to '
subhedral 011v1ne p01k111t1cally enclosed by a pale-brown aug1te.—
Texturally these are 31milar to those from Fldra and Coalyard Hill.;

The maqorlty of the 1ncluslons are subangular and range in size-f'

; from 2 to 10cms. _,:-__{ k

Harzburgites show1ng a marked degree of recrystalllsation are
also common. T These are splnel—free w1th scattered magnetite and

‘-.

sulphlde developed.- A massrve black clinopyroxene 1nc1us10n,

'of whlch shawed orthopyroxene exsolution lamellae (Plate 22)
~”amp1ed. 5 Some highly altered 1nclusions proved to contain only

mlnor amounts of a £resh pale-brown spinel, though the calcitised '

Xenoorystal olxvine, usually much fresher and more transparent than.t -

;conslstlng of one Scm crystal with a margin of smaller augites, one'q;.‘?'57

¥ matrix texturally resembled lherzollte. ' There is llttle evidence _K‘ZH

of material of sedlmentary or1g1n in thrs sheet, though one small

pebble of whlte quartzlte was. found._



i 5,8_'. ,

-"e) Derbyshlre—-Calton Hlll

The analc:.mlc-basalt of Calton I-h.ll a.nd the sp:.nel—lherzol:.te
o . J.nclusn.ons f‘ound in 11: ‘have been descrlbed in deta.ll by Hama.d (1963)
- A small collectlon of. matern.al has been made for comparatlve geo- Cor

DR chemca.l purposes. -

The host—rock is a typma.l flne—gramed a.nalcum.c-basalt (ne ="

' 1 9%) dlsplaymg a s:.mllar texture and mlnera.logy to the examples
from Flfe. . The only 1'1c1us:|.ons sampled from this 1ocal:.’cy me

: -'}"'"tepmel-lherzohtes Wthh a.re genera.lly qute fresh ami unsheared. L

f:".Hamad cons:.dered these 1nclusz.ons to be genetica.lly unrela.ted to _':": L

| their host basa.lt and to be fragments of a deep-seated peridotite-':-‘-f"’{."::'
body RN '
]




‘TE;;MOQChlqulte block, Elie Ness vent showing L
_ajfnpnenocrysts of augite and miCTOPhenocrysts ofi}“-:”
._g..lf,;{w.j-ikaersutite, titanaugite and titanomagnetite. SR
P.P, light; %20 (Q3-20) ranomegneRIYe.

RET

’-ii Plate 2,

i‘lsElle Type 1(a) nodule (Q2-5) showing three large R IR
;{@;poikilitic kaersutite crystals enclosing subhedralfjffef"'
m?g&{olivine and pyroxene.‘f?. Unpolarised light N







.'-_~_.ol-livine crystals enclosed by an almost equigranular
,mosaic of kaersutlte and auglte. ; '_
:Unnolarised 1ight ) Approx. X 5’







L Elie Type 2 nodule (Qs- 16y
,:”encloses areas of. altered and poorly developed f~¢.q';{ﬁ;é
. angite containing plagioclase ‘and. rare olivine.-.!.wffi o
'7ﬂi;Unpolarised¢11ght

'Vpiaté,n.

'Q_Elle Type l(c) nodule (N?) comnosed mainly of
-7 augite. with rare ‘61ivine. Kaersutite is seen as’
‘”%Tfalteration of the auglte and- as- large primary

‘;jﬁ-crystals, sparsely p01kilitic (centre)._x~
‘.';?"Unpolarised llght '

Apnrox X 2. 5

omees

s

Dark kaersutite

. Approx. X 2.5

T e R - e e







'plete'ég--jf"“"’

Elte TYpe 3. nodule (Q2 6). Bi’etite-pyrcxenite'_.
with auglte show1ng signs of ‘marginal corrosion.;“'
Unpolarised 11ght.l *2,%’Approxe' X 2 5 )

islie Type 5 nodule (Q2-27) Well developed titan-t',‘g
biotite crystals w1th interstltial albite.;; ~A[;ﬁ’; ; =
Unpolarised llght ,4;aci Aoprox X 2 5 f”*,}%?f;;~;fﬁ







famphlbole and albite (tranSparent)

jz.lle Type u nodule (Qh 13) Clumps and aggregates

‘“:Unpolarlsed light B Approx x 5 ;; ;

L







Plate 9.4‘

Hign-pressare megacrysts from the Elle Vess tuff

“Left- pyrope garnet. q1°ht- glaSSY sub-ca101c'iﬁ.‘ll.

ualtes. X2, 5

-C L
.
-

"¢Piate‘ll;*ﬁ:

,}ﬂOrthopyroxene xanocryst from lherzollte inclusion
;iCoalyard Hill sheet The enstatlte dlsplays a:
7Qﬁ§granular reaction corona. w1th the host basalt, AR .
-E¥most prooably of 011v1ne,‘wh1ch 1s 1n turn rlmmed ; 53 “
by -an. overgrowth of titanauvlte. o s
fX polars. XBQ_ _”_¥<.=ﬁ BER

’ .







L jRiateiglo

Elle-type nodules (top) and euhedral tmnned
' anorthoclase megacrysn from uoalyaxd H.L '
".<mor1cniqu1tic sheet (bottom)

i
-
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e 5 . e
b 1. >
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Plate l2

Euhedral spinel crystal in quench vein within 1herzollte'j%;
inclusion from Coalyard dlll Note marginal R ";
alteratlon to magnetlte..The ‘black spots in the ":t7l '.‘~;
‘“;E,centre of the- CPYStal are burn-marks from ff:;lbg;ffwfﬁ;iﬁ%
mlcroprobe analy31s. (qu A). S RN SR ;_.:
P P light x200 _"

ey

CRlae s
Calcitised and serpentinised lherzolite inclusions !N ’
(CH 7) from Coalyard- Hill. Spinel is’ dark, the - .=
larger crystals belng enstatite. Note. granoblastic o
texture in the recrystallised olivines. o
Approx x 2 5, unpolarised llght.







"félate'14;_15* ’

R

,i;fSplnel exsolution lamellae in lepSlde from lf7"*3
. “Coalyard. Hill 1herzolite 1nclu51on (P1L-A).

'*:?Diagonal bands across the plcture are strain‘w

,'ffflbands in the pyroxene.. - 7 ©
- X'polars, x'80.. .o -

- ﬁl‘até,' 16.

Gabbro 1nclu51on, Ruddons Point.
Approx X 2, 5, unpolarised llght







L mae s,

g'ii;Sheared and partially recrystallised 1herz011te

ngfzainclusion (E-1) from Ruddons. Point. Note extended o
.ﬁjtralls of. spinel (black) and rare, 1arge ortho- : :,,“.._

fb?7pyroxene crystals."  ' .
73¢]Unpolarised light approx x 5







.7 Plate:17. .

'?féésanitéiﬁloék; Elie Harbéﬁr ﬁeﬁf,'showingf;

ligpseudomorphed oliv1ne phenocrysts (top and_f;""

crysts (right) in analcime-rich base.

Plate 18

x'A’bottom left) and “zoned titanauglte pheno-ﬁ;fliﬁ'







'J-t ':.'.'.Piat'e:._‘19; R

‘*;VNodules from the Duncansby Ness vent Top left B i
“”fff-- hlghly carbonated °lherzollte inclus1on, S

"vfshowing only fresh’ spinel Top right ; Spinell,jk? N
'7'f;fc11nopyroxen1te nodule (dark spinel) and 31milar.;;"
;,if?nodule (bottom) showing contact with tuff, and  ::H:

'Q_darker, more basic, tuff rim (upper centre of g
7g%isect10n).A T :




5cm



o .',Pl‘ate.,zo;

-";ii;Alkall feldspar xenocryst in Duncansby Nessziii
.iéfmonchlquite, thought :to. be’ derived from the>'“

01d Red Sandstone. (Dd-zu)
vX nolars, X 2oo N

. Plate 22. ...

A*?bfthobyfoXéne:exsoiﬁtion‘iéméllae'in'aﬁgiﬁéif f?3i"

. from Bute cllnopyroxenite lnclusion (P-29)
X polars, x. 80 “Q e ' '







%’pléte 21,

Complete basal section of auglte crystal

;?:occuring as discrete snlnel-cllnopyroxenite i’
nodule in Duncansby Ness tuff, show1ng R
,'pleonaste spinel, thoucht to be eXSolved from,"ﬂfﬁﬂ'

Cthé augites T o ey
eQUnpolarlsed 1ight Actual size 8xu'c§e,j,f~f
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‘wl‘lolel-rock geochemistry.

‘Prelimina».:gy. note on enalyses N
) r’he problem of deeply weathered ma.ter1a1 has been dlscussed
prewuously. . When choos:.ng ma.terlal for ana.lysz.s the’ problem 18 more R

acute tha.n in s*tz'alghtforward petrograp@uc exam.naulon, as extreme

ox:.dation of a sample ra.dlcally a.ffects J.ts norma.tlve comnonents '

o and leaching of some elements can lead to analyses which by no means . 3

reflect the onglnal chemstry of the unaltered rock. The

S ’"'freshest obta.a.na.ble materlal has been used wherever poss:.ble, but 1n '_:f -

ma.ny cases qulte severely a.ltered spec:.mens a.re the only materlal
a.va:\.lable, especlally when deallng w1th rook—types whlch are

compa.ra.tlvely ra.re and only occur as 1solated small blocks w1th.1.n R

tui'f. These are usua.lly wea.thered through and smllarly sma.ll o

ra.bas:.c fra@nente are often calc1t:.sed as well as ha.v]_ng ‘mder..‘... R

| gone var:.ous degrees of alteration. o

A further problem exlsts when analys:.ng sa.mples r1ch m

.flnclus:.ons a.nd dlssemnated xenocrysts. Attempts to remove this L

":'-;materla.l prz.or “to analysis can only meet w:.th ‘a certa.:m amount of

;_leads to erroneous results. It was dec:.ded, houever, that in. many
PR cases an analysis was essentla.l, but the above qua.l:.f:.ca.tions on

thelr accuracy should be bome 1n mnd




':t‘,i{ffgox1datlon ratlos of the analysed rocks from Flfe shows two clear

40, UL ey

;:;iihethodsior anal&sis;;zz-
Detalls of analytlcal technlque, together w1th error estlmates,
it: are glven in Appendlx 2 . Whole—rook analjsls ‘for magor and trace—'.“
'ielements was nerformed by X—ray fluorescence on comnressed rock— 3‘”
f~powder dlSCS. Ferrous iron was deuermlned wet—chemlcally, as were d'
iiseveral sodlum analyses as a check on the XRF method. t Slnce 1t f
:C'was not 1ntended to perform complete analys1s, water and carbon—;”t':';”

:-;jledee were rot determlned, and thelr absence is. reflected ln 75,

z.w.the analysrs totals 1n Appendlx 1. , All the analyses, together w1th

:thelr CIPW norms . are 1lsted in thls appendlx

‘if"Note on-the calculation of CIP norms;l.

Coombs (1963) p01nts out the effect of secondary alteratlon
'fj;;fon the calculated norms of basaltlc roc<s, partlcularly the effect
“"fﬁﬁ;*of change 1n the Fe2 3/FeO ratlo. Increased ox1datlon tends to

'ijflncrease normatlve hx_at the expense of ol as well as 1ncreas1ng

- gg; Serpentrnisatlon of ollvine also 1ncreases 51 at the expense

P{Qof ol and chlorltlsatlon of glass decreases dl w1th respect to gx

‘:and ol. ' In order to attarn some degree of . 1nternal con31stency
{Coombs suggests reduclng Fe 2% to some arbrtrary value throughout

Pt the glven-serles. . Slnce the value of normatlve nephellne 1s used

-~

“tc CIa851£y the basalts 1n the present work 1t was considered adv1s—'f:‘”

"t; ble to perform such a normalrsrng procedure.i An examlnatlon of the

-:-A;'grouplngs The more altered materlal such as that occurrzng as
SR blocks w1th1n vents has an Fe O /FeO+Fe2 3 average of O 53 w1th a-

vﬂsx.dlstrlbutlon of —O 06 (excludlng the most extreme members) The.»f



;Zkflfreshest naterlal occurrlngrln scne of the 1ntru31ons and flows,
'usually w1th some. fresh 011V1ne, has a mean ex1dat10n ratlo of O. 33
) wlth a maxrmum dlstrlbutlon of -O OB.J: ”hese grouplngs are consrdered‘
merely to represent degrees of secondary alteratlon, and ‘no genetlc
81gn1flcance is attached to them. A For thls reason the value of ‘-‘iL;
o 0. 53 has been used -as’ an overall normallsed oxldatlon ratlo ln N

= calculatrng the CIPW norms for the. Flfe rocks._ For the other '

L localltles where no deflnlte rock series ex1sts, the norms have been

calculated on an unstandardlsed ba31s..: Fig 5 1 111ustrates the‘

values for the Flfe serles. The dlagram 1s a prOJectlon from (Qlfl“gﬁ

?plagloclase on to the plane ne-di—ol ln the normatlve basalt s
'.,'tetra.hedron dl—ol—ne-q_z of Yoder and. Tilley (1962) ‘l‘he B
'l*jf: substantlally ne- normatlve nature of the. rocks can be seen, and'the:i;f'?

postulaued evolutlonary trend has been 1nserted.

"'a ‘.".v, .
o

The Fife series, .

v”’ff*iNote on variation'digggansevj;~’):}f“

nhe Flfe volcanlcs are the only rocks studled 1n thls work whlch :Hﬁi

'7b form ‘a dlstinct group and hence lend themselves to any form of :ﬂ ?ﬁe

iVarlatlon analysrs." How far thls grouping can be ex@lalned ln ,;T.V'=;

terms of chemrcal trends can best be seen in, the form of oxuhaoxlde ;gj

ivarlation dlagrams and ternary ox1de Plots.:; Crltlclsm has been i

_t levelled ,f conventional Earker dlagrams (e.g. Pearce, 1968) in that e

they tend to dlstort chemical trends but they st111 prov1de the
"inl-31mplest method of bulk data presentatlon._z Other methods such as.

Pr1n01ple Latent Vector analy31s whlch take all poss1b1e oxide'ox1de ; fiquT:



Normative composition of Fif‘e basalts projected onto the plane
. '_ Ne-Di-Ol from plagioclase in the system Di-Ol-Ne Qtz, showing |
the postulated evolutionary trend
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l Ardross
T Kellie Law
O Elie & Ardross dykes
@ Elie nodules
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S {to theu: constructlon must be ra.lsed'

’ f__"4"2. .'

'-"1_'-:varlat10ns a.nd exd:raht three abstfa.ct w‘rectors of varlstion '

(usually a.ccount:.ng for upwards of 97% of the tota.l va.rle.tion) also

‘ l, "Ej' give a smple condensed g:raphlcal presentatlon (Le ha.ltre, 1968)

}'— .‘These methods however, a.re complex and due to the a.bstra.ct nature s
“.'of results not as eas:.ly a.pphcable as s:.mpler methods.
Two granhlca.l methods are presented here° oxide*ond.de ::wra;z'iatioh

dlagrams a.nd tnelr equ:.va.lents for tra.ce-elements and’ ternary plots

”’such as the cx;w norm. descrlbed above and tota.l a.lkalxs-magnesiaaﬂmon

(flg 3-5) Pro,]ectlons w1th.1.n the quaternary system C—M—A—S are-

:llustra.ted in Chapter 7

P

T a) In order to galn a_ny usefu.l data on ‘the evolutlon of a group

' ,'of basalts ohey must be shown to be a serles of genetlca.lly
:related rocks, as 1n the case of a. smple lavar-plle. N The F:Lfe
: -'rocks e.;*:e not as s:mely d.ea.lt wn.th as the samples come from a
w:.de var:.ety OJ. envn.ronments and severa.l 1oca.11t1es. Blocks
wlthln tuff a.nd samples from dykes, flows, sheets a.nd plugs
":.ha.ve all been analysed ‘I’hat they fom a gr_g is mdisputa’ole,:‘?f*;
> but whether they form a’ deflm.te serles rela.ted by the same o
fractlonatlon t:r:ends can only be dlscemed from a. study of thelr ;

chem:.s try

| ’w’hen plottlng Harker dlag:r:ams the ox1de wh:.ch dlsplays the
Ag:reatest variance is normally chosen as the a.bsclssa.: ThJ.s

B .1;3 usually silica or magn,ema.‘ » Table 3-1 llsts the va.rlance o

g

'. Before proceedlng to dlscuss these dlag:r:ams two po:.nts relevant SRR




oTable-l o

.-_-,.._,._-_'j,-,;MaJor-oxide mean, sta.ndard deviatlon, and variance of

?'27 analysed basalts from Flfe._ U

.

;i Oxide, - Mean = 62 Varlance% o

CUS10,0 T M35z 23 hs93. 2l -
a0 sy 1as2 L. 3é7-,§'"-*6;67_f;-ff,_, B
198 1918 3697 177 s
04 20325 5406 281
'1%1;802f'[;“3 2&7 fﬂf;T15 51.15¢ff;;jf'1 -
0 0,735:‘§f3o 5u0~_.f_f12-58fitfﬁ'fL x
92 0.582 < 0.338 - L.l o

0 .0.333 . o. oL oy -
7~ 0.308 0 o95-}f"’%'b;§5"’” u

b




) ‘of the magor;ox1aes for 27 anaiysed-basalts from waé.otiﬁsF
7"can be seen, no one. ox1de accounts for a substantlal amount
- of the. varlatlon, although mgo has the hlghest 31ng1e varlance.';f€15;
"jThe fact that s1llca also accounts for a comparatlvely hlgh =
-if‘percentage reflects the trend to 1ncrea51ngly nepheline‘normaalf
"t['tlve comp051tlons. | ThlS general.lack of conc1u31veness 1s

K also 1ndlcatea by the scatterlng of data~p01nts seen ln ‘some ‘

of the vaslatlon dlagrams and is relevant to the previous
o dlscu331on on how far the rocks ‘can be. relaied to the same',;ff

'.ifractionatlon trends.:;i‘

e égor-OXide'variation diagrams.

oy

Magor—ox1de varlatlon dlagrams are presented in: Flgs 3-2a . and

'17:3~2b Desplte the. scatter of p01nts some features show through t';-

’{, Clearly.v. wlth decreasxng magneS1a.

blllca shows a sllght 1ncrease and alumlna and soda 1ncrease
1fsubstant1ally.‘ . _
.Both Fe 0 (total 1ron) .and CaO decrease sympathet1calky. L:fl-ﬁ

i »Potash shows an 1n1t1al decrease to 1q% MgO then rises.

iv) TlOé remalns almost constant.

.:»sSome of the mlnerals closely related to the Flfe rocks as~:f

also a lherzolxte 1nclu51on from Ruddons Poxnt The followlng f:;.
‘-?ffeatures can be noued. N o ":: R : :
.,.;a a) 011v1ne and t1tanang1te form the phenocryst phaSeB in all the "f

S0 -f analysed rockS, but there 1s no COﬂSlStent geometrlcal lndlcatronaiffi{}i



- .‘“-'-“.t: .;('-.f.'- i . E (overleaf)

. Major-oxide variation (w’l: %) of Fife basalts
plo‘tted with MgO as the abscissa. ‘
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Dashed' lines represent estimated paths, or limits of

“ 7 | possible paths, of differentiation.
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of a trend in all the ox1des controlled solely by extract1on i

\
of these phases. The trends exhibited 1n the estlmated lines of
‘ \
evolutlon for 31llca, alumina and\llme may indicate some control

ETRA DY S . i N t i

by 011v1ne-aug1te fractlonatlon. The latter are major components
\ 1

|
cf Types 1 and 2 nodules, and. are- also the phenocryst phases in

the Fife basaltis. There is no conslstent geometrlcal 1ndlcat10n

caian L

of the relative propprtlons of»these minerals whlch might

¢ -

-~

?;;'{bossibly account for'the'rariations shown,

“p)- The composrtlon of kaersutlte from the Elle Ness nodules lles :,l:f?

'i,con81stently amongst the more baslc members of tne group. ,f:f

c) Fractronatlcn of none of the megacryst phases alone could

1 3account for all the varlatlon noted.

ld) The decrease 1n total-lrcn may reflect extractlcn of tltano- Ld;if;r

tk-iﬁmagnetlte whlch would swrng the 'control-llne' away from the_zfﬂﬁf:wv

. pyroxene—011V1ne »1e-11ne.f:’~f”

:[?e)'Na O K O and P 0z 1ncreases are unrelated to ollvine fractlon—‘f;kg

2°5
lfatlon’ but may be controlled by pyroxene crystalllsatlon,}‘”“.w‘-r

e

',!leadlng to hlgher concentratlons 1n the later fbrmed rocks..-c;;f

- Thevun :ual trend exhlblted by K 0 w1ll be dlscussed 1n

rocks comprise a comagmatlc serles of llmlted varlatlcn, much of
whlch can be accounted for by 31mple crystalllsatlon models 1nYOIV1ngf;§
NN . *

'51; extractlon of ollv1ne and pyroxene together, or pyroxene alone.-,,i:“"_ﬂ

The scatuer of data may represent degrees of alteratlon of analysed :‘?i,ii



122 45;; ‘,‘:_thi‘i;_lt:f't: 1,;_i ,fi;;';f;iih" o

meter1a.l or fract:.ona.tlon of. phases other than those present in the
mode. ‘ It 1s clea.r, however, that the chemstry -of these rocks shows N
no sxgns of hav:.ng been s:.gmflcantly controlled by the crystalllsa.-
tion of the megacryst phases, and hence that these phases and some *
| of the nodule pha.ses cons:.dered to be cogna.te ma,y ha.ve crystall;.sed

from llqulds of wh:.cn there are no. surface mamfestatlons.. A:"‘]Ihe ‘ :

-'f"?close correlatlon of ka.ersutlte compos:.t:.ons w1th those of the more

'v".‘basm”Fife rocks md:.cates tha.t thls may ha.ve been a late-stage
_,zmmera.l, wh:.ch is supported by 1ts ponq.lltic texttxre 1n some )
nodules, a.nd wha.ch reflects the compos:.tlon of the hquld ﬁ:om wlnch

g 1t c::'ys*l'.alllsede - These conclusxons wlll be fm:ther chscussed 1n

e

Chapterv7. i

i .'»';‘Ti‘ece;element va.r'ia.ti‘on diag:r:‘ams.’ PR PRSI L |
Ana.]ysed trace—elements fall 1nto the two g:r:oups descrlbed by

SR B::.ngwood (1966) f '1ncompa.t1b1es' (Ba, Sr, Zr, Rb1 Ce, La) and the

.;"'.-"--':'compa.tible' elements (Nl, cr, V ) The former g:roup derlves 1ts B

name from the J.nabllity of oerta.ln elements to enter the sta.ble

3 ‘_crystal la.ttlces of ma.ny 1gneous mnerals, a.nd hence remaa.n J.n the

5'11qmd, being gra.dually enrlched in- the 1a.ter fractions. ‘ahether

an element is 1ncompa.t1b1e or not depends on what crystallme phasee f;;.-_ ,
precipltate. Ba:r:.um, for example, 1s noma.lly cons:.dered f'_'~ .

,"fincompatlble, but as it can proxy for pota.ssum 11; ca.n become

3 "f,i{:compatible 1f mca. or alkal:.-feldspar a.re present Sim:.la.rly, R :

. js‘rontlum can proxy for calc:.um in feld.spa:r:s and apat:.tes. Generally

- ';"_-- ‘speakmg then, one would expect a tculy mcompat:.ble element to e

’ P
- V-



-

‘y;dlsnlay a regular,_llnear 1ncrease 1n concentratlon w1th the
'Eievolutlon of magmas durlng fractlonal crystalllsatlon, whereas the A

f;compatlble elements would re;lect the comp031t10n of . the phases

ﬁjextracted, R L ft . '4.7;;54, R ;‘f“'»}f-] :;- ‘ :J}.'”""
- The trace-element varlatlon dlagrams (agaln with Mgo as the‘~‘A e
S absclssa) are nresented in Flgs 3—3a and 3—3b. Several polnts are
N;-"FOI‘thy of notes- - - B o o 'A I R

{a) A scatter of data-pornts 31m11ar to that of the magor—ox1des

is prevalent in most of the dlagrams..f”.t ,_1 Jg_ L

. LT
) -‘.’“l'« .

. fThe lncompatlble elements Ba, Sr, Zr, Ce, and La all 1ncrease
'é_w1th decrea81ng MgO._ However, both Ba and Sr have a very wlde;.
”11;f1e1d and are not conflned to a llnear trend - as. would be o

‘ -expected if they were truly lncompatlble. ThlS may be merely‘itu

f1_a functlon of secondary alteratlon, thoush anorthoclase 1s
: 5ff"a33001ated with or present in some of the rocks.,~ If anortho-_;ft;:ﬁ‘_ﬁ

g clase was: crystalllslng in suffLCLent amounts 1n the llquld

S fboth Ba and Sr may become compatlble before crystalllsatlon ofvﬁ~

.:\~
LS

1fplagloclase.'g

'The trend exhlblted by Rb in decre331ng untll MgO—lZ% and then'”xi

}‘gradually 1ncreaslng closely parallels that shows by K O. ‘A._:ﬂ’*'

Both Cr and Ni. decrease wlth decreaS1ng HgO but V remalns

~A‘;_relat:.vely constant a trend also dlsplayed by T102 V is

*fmost probably present 1n the tltanomagnetites found in the

ﬁ_@mWMstofibebamlm."j_’"j  ‘,~ ;rnﬂnwifff’:




“Figl3-3 (a andib):
_(qverleaf);}.:

Trace element variation of Fife basalts (ébﬁ)ei?7°ffitﬁi7.

plotted w1th MgO as the abscissa. B

,33“Ejf Elie-type nodules"
ﬂ;@}i ‘Type 3 Elie nodule (Q2-6)
Ruddons Point lherzolite 1nclus10n._

R - (B- 1)
1 Dashed lines as in Fig. 3—2. (estimated paths of evolution)
"‘::, e - o



500- -7 Ni
I
%9
() [
R AL
Q
200,
¢
/
/
; .
100 / Rb
/
/
\\ " ./
bz 7
/N [
1000
500- Ce
o _®
s
o Beoe % e%e
9 o L h .
400+
.. m
[ ]
L PR
‘." :.:'.‘ —~ge Q.D_
e o ® 0 T TT-—___
L= T
o r'Y -— a2
400
.D. .
L ]
i t\ 14 D.. v
200 Frwle e
° \\\\
¢ T-—__
TT-w.
L U
10 20 30 40



Sr

Zr

1000+

[s]

1000

]
10

2000{
1000+



AT

o f"-'PotasSium a.nd Rnbidiﬁm.

A strong posltlve correlatlon (r=0 79) emsts between K and Rb. :
‘ m. the Flfe basa.lts._ Flg 3—4 1llustrates the rela.tlonshlp between'i::_»‘,»f'
the two- elements and shows the hasalts to have a K/Rb ra.tlo from .
250-600, whlch is Wlthln the general fleld for alkall—basalts - .

(Gast 1968)

"-1;}f;3pgﬁ;a.! digggam.lfl f
s Fig 3-5 shows the Flfe basa.lts plotted in the system Tota.l- S
Alka.hs (Na O+K O)-J.ota.l 1ron-MgO.v.-- Here aga.m an. mconclusxve '4

‘ ‘;-scatter of data-pomts 1s seen. The trends of Ha.wa.l.lan a.lka.lz.
basa.lts (Ma.cDona.ld and Katsura., 1964) and the analcme—rlch 1g:neous»_
rock trend of w:.lkmson (1962) are also shown for reference. The ~ .
1atter shows the trends from a.nalcme—basalts on the rlght to B
bla.:.rmomte and a.na.lclme-tlngua.lte on the extreme alka.lme slde.

‘ A postulated trend for the Flfe ba.sa.lts whlch 1gnores the more |
aberra.nt po:.nts is a.lso 1ndlcated, and shows lJ.ttle 1n the way of

ey J_ron-enrlchment ‘ 'I‘he tra.ns:.tlonal nature of the rocks from

analclmc-basalts to. basa.m.tes can. be clearl;y seen,. '_ :

... ofher localities.f;ffiir'f;;'YK“ o f».fj:{ - ?}f'i_f'~u5?il1,;h’,y?'¢;3

Ma,]or a.nd trace-element data for rocks from the other areas

v151ted are also presented ln AI’PEEndu: 1. : In order to av01d confus- Lo

1on these 1solated ana]yses ha.ve not been plotted on the prev:Lorus

:”chagrams. : Whore relevant they will be dlscussed J.n Chapter 7



Fig 39 S

,'Potassium / rubidium correlation of Fife basalts plotted on a
- -logarithmic scale. Parallel lines refer to K/Rb ratios.
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1 Hawsiion olkoli-basaft trend (Macdonald 8 Kotsura, 1964)
2 Anckime-rich igneous rock trend ( Wilkinson, 1962)

3 - Estimoted Fife trend

MgO



‘ 3;fsections.'

", dlagrams.;

. CHAPTER FOUR .. "

-.Ninera1'Chemistrzg-J‘_ -

f‘Introduction;,"

'” This dlscuss1on of mlneral chemlstry 1s d1v1ded 1nto two ;i“'.

lg-dealt w1th flrst . In order to prevent repetltlon the basalts from '1

T"ffall the areas studled will be con31dered together and wherever ,1_',a»"“"3

Apractlcal data from all these sources w111 be presented on the same .

The second sectlon deals w1th noaules, 1nclu51ons and

The modal constltuents of the basaltlc materlal w111 be a;='r-‘

el megacrysts, and for cLarlty w1ll be subd1v1ded lnto areas.lu As w1th‘-il_ff;;f

- the flrst sectlon it is often poss1ble to present data from dlffer-'iin,p"'"

RIS

'*;fent areas on- the same - dlagrams w1thout cau31ng undue compllcatlon.-

‘ﬂfUnless otherw1se stated all analyses were performed by electron- S

o mlcroprobe, and are presented in Anpendlx 1

v::}WA;t Mihéfaisdffom the basalts.
;l'iaz 011v1nes i .' | ;‘ i |
| .T~: whllst ollv1ne forms the maan phenocryst phase alono Wlth augltelei'
i.ﬁilt has already been noted in Chapter 2 that it is generally pseudo- P

.1ﬁﬁmorphed in all but the- freshest rocks. ' Fresh 011V1ne phenocrysts =

1;{from ‘the" central plug analclmlc-basalt of" Klncralg Hlll haVe an f?fﬁ'

ifaverage compositlon of Fo79, zonlng outwards from F°86 to Fo75, a fi"gf";::

t"relatlvely hlgh Fo content for the cores whlch 1ndlcates an lnltlalky

-l.gultevmagn931an liquid. . '; . "_ ‘.:,”"‘ﬂ:Jf;‘
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'Hti”zb) Cllnonyroxenes. Q"‘
Auglte occurs both as phenocrysts and in the groundmass of the

"'maJorlty of the rocks studled. ) Analyses of 56 groundmass and pheno-a,ietfif

cryst core and rlm pyroxenes are presented on the pyroxene quadri-

‘-.f1atera1 in Flg. 4— R
The maaorlty of the pbenocrys»s and all the rim and groundmass;-}?' e
1L7“pyroxenee fall 1nto the salltxc—auglte fleld ‘A general trend

- towards more calclc compos1t10ns wlth llttle change in the FeO/Mgo »fr'

’tT”:iatlo lS~1nd1cated Thls 1ack °f any substantlal 1ron enrlchment ef:
.;#iiln the 1ater crystalllsed pyroxenes is also reflected in the Wholer_‘j:3-75{
?%frock chemlstry prev1ously dlscussed, a fumber. of the grounémaSS-rlﬁiljoiéﬁﬁo'
tl€:!analyses plot out31de the upper llmlt of the quadrllateral, belng R
t'.{-;very calcic. . - It has already been noted that the phenocrysts zone. ;E{-h'.ﬁ
,r&{foutwards 1nto 1ncreasing1y tltanlum-rlch Comp031t1ons, TlO substl-.ff ;
;iﬁitutlng for Sl02 Tltanlum lS Present in the clanpyroxenes ln-theiff
,1,3;{T1-Tschermak molecule (CaTlAl 06) (see Chapter 5) and hence any.;ﬂ?.A“'\
.fifi;enrichment ln Tl would be reflected by a parallel enrlchment ln;ld‘fﬁfff

'.fboth Ca and Al, expla1n1n8 the hlghly calcxc nature of the 1atef:_;'f

pyroxenee. It w111 be noted £rom the analyses that these pyroxenes

ﬁ"Lu}are very alumlnous (up to B% A1203) and Wlthin this partlcular group

'lgffiof phenocryst-groundmass pyrczenes such 2 trend towards lncreasing

?alumlna W1th degree of crystalllsatlon can be noticed. _1Tne:f'

Te e ¥

k“f;ﬁ'petrogenetlc 51gn1f1cance of Ca—Tl-Al-Na uaz1ations w111 be dealt

4 PR - o L e s st

HL?~w1th in Chapter 5. -

Two further p01nts w111 be mentloned at this stage Flrstly

.’,
'

}7the pyTroxenes from small glomeroporphrytlc aggregates present in _f' SR



CEEL gLl

Greundmass and phenocryst clinopyroxenes plotted in the mole / - -
C-M-F system Pyroxene fields after Deer, Howie and Zussman. o
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e

}.isome of tho Flfe rocks are notlceably less ca101c than corresponalng

: phonocryst cores from the same -rocks, and secondly the core analyses fvv,.ﬁ

from the Bute host—rocx are 1ess 031010 and poorer 1n T102 than '

,those from other localltles. ;

h;;{c)fPlagioclase;A

‘?lﬁ{ Plagloclase is an 1mportant groundmass phase 1n the maJorlty

:.of the basalts, though in the most undersaturated rocks it is.

subordrnate to ana101me.'t Flg. 4—2 1llustrates the normatlve

?:maaorlty of these are labradorltes, belng mlldly zoned towards more. E.vﬂf.,
::sodlc rlms. Those of the monchlqultlc block from the 11e Ness:§';%;;€fh;ﬂA
_'tuff are substantlally more SOdlC, falllng in the ande31ne fleld
h‘;whlch may 1nd1cate a lower P of crystalllsatlon than that of the

fbasanltlc rocks (cf Yoder, 1969) o Two analyses of core and rim ;fﬁ "

- -

from the Bute host—rock are presented in Flg. 4—3, shDW1ng normal

'“?f zon.m° towards a more sodlc labradorlte rim, and falllng wlthln the

. same reneral fleld as those from Flfe.j Akj_,g_};ﬁtlef;L.“ffﬁn*a 5:::w

%the beam and Na evaporates rapldly. Appendix 1 llsts analyses of

o analclme from blocks 1n the Elie Ness vent, - thtle replacement of

Na by K had taken place the only notlceable var1at1on belng the

: partlal substltutlon of Na and Al for Sl. Deer et al (1906) ascribe ;l“'

thls substltutlon to the lowerlng of temperature durlng 1gneous

comp051t10n of groundmass plagloclases from the Flfe rocks. .Thev 5‘:‘ffF"'
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?’ﬁ;;crystalllsatlon, although the degree of substltutlon W1th1n the

ffﬁanalysed spe01mens is not suff1c1ently s1gn1flcant to allow any

lconclu51ons to be drawn on the temperatures of formation of rocks A

- whlch are chemlcally very S;mllar-;b;vﬁ

' e) Opaque phases. e

Small, often euhedﬁ&l, tltanomagnetlte mlcrophenocrysts form ":Pj;ji__;

‘“;“}up to 12 modal percent of the basaltlc materlal, rarely falling below ;fo,i_

;':iZZG% Analyses of 5 tltanomaSDEtltes from the basalts are presented
?tWhllst they cover: a. range of comp031tlons they show no s1gn Of A: s
;Lexsolution. Vlncent et al (1957) descrlbe a great degree of magnetlte-;%ﬁ'i
"ffllmenlte-ﬁlvosplnel solid-solutlon at temperatures above 600 c, - ».;'v:iﬁﬁ:;f}
k-zgiwlth exsolutlon taklng place on slow coollng below that temperature.T,?tiﬁfa'
'lﬁ;The lack of un-mlxed textures 1n the tltano-magnetltes studled o
v:iﬁsuggests a. falrly rapld Quench whlch is SUPported by the generally » :}idfil
) \'glassy and chllled nature of the groundmass in the bulk °f the i b ‘
ocks._fihiéf 'é . o . \ | R

": A llttle pyrlte 1s found 1n the groundmass of some- of the

h»; basaltlc blocks and most probably represents 1ate-stage formatlon..L o

}if) Amnhlbole.lf fll
Amphlbole occurs 1n the monchlqultic block from alle Ness as SRR
;émlcro—phenocrysts of kaersutlte.;f Cla831ficatlon of the amphibolea ;

:*;ﬁihas been based on Leake's (1968) system and all. the analysed emphi— :

Afboles are: plotted on thls grld in Fig. 4—4. The kaersutlte from
';jthe monchlqultlc block 1s very srmllar in composrtlon to those from N

1ntne dlle Ness nodules, and to amphlbole formed as an alteratlon of
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e Amphiboles from Fife classified according to the system of Leake (1968)

mg.;.'Niggli number' ( Mg/ Fe(3)+ Fe(2)+Mn+Mg) -
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'52. N
3i.clinopyrorene.:~f'

”{_4;2-Nodules, jnclusions and megacrysts. *

Elie Tyne nodules and megacrysts.

e a) Clanpyroxenes.

Cllnopyroxene forms a magor part of the T ”ypes 1, 2 and 3 nodulesi[;f"

e from the nlle Ness tuff Fig. 4—5 shows the pyroxenes from these f-7—>
nodules in the C-M—F system, where they fall w1th1n a restrlcted

area 1n the fleld of salltic-auglte." Comparlson w1th Flg. 4—l

7?; shows them to plot 1n the same compos1tlonal zone as the phenocryst

} cores from the assoclated basalts. There 1s, however, no dlscern--;a:’

1ble varlatlon w1th1n the C—M-F system between the nodule groups,:

thouah those from the blotlte-pyroxenltes (Type 3) are much poorer A

in T102 than those from the other two types. _ They are. correspond—‘
lnglj rlcher in 3111ca and also less alumlnous. " On more detalled
'h'examlnatlon the augltes from Types 1 and 2 nodules are also found to ;Q:

—be sllghtly dlfferent in chemlstry, the former being poorer in

51llca and soda and rlcher in, alumlna and tltanla than the latter._ly':"f'.

A;f; In overall comp051t10n the aug1tes from Type l nodules are very

' 31m11ar to the phenocryst cores dlscussed above._

L Cllnopyroxene megacrysta of two forms are found ln the mlle

~tuff, the 'glassy' structureless varrety and the darker, well—

'ff_cleayed type. ' Both var1eties are relatively sub-calc1c augites and‘ff'u .

notably 1ess calc1c and more magnes1an than the nodule pyroxenes,- '

'ﬂwpartlcularly the.glassy_megaorysts._A ThlS 1nd1cates a substantial ‘



[

ClinOpyroxenes from Elie-type nodules and megacrysts in the mole?é ,

C-M F system. (see Fig h 1)~
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e

zf:famount of the enstatlte comnonent (up to 45 mole V) to be 1n solld--ifffw
f solutlon, and as no orthopyroxene is’ exsolved 1t can be assumed that
these megacrysts must have moved rapldly to’ the surface. The
mesacrysts also differ. from the nodule pyroxenes in thelr hlgher
sodlum and alumlnlum contents.'. T102 is 1ower than 1n the group 2
i angltes. ﬂ The overall chemlcal varlatlons 1n the cllnopyroxenes from-*a‘
}l; nodules,‘negacrysts and phenocrysts (cores and rlms) are summarlsed

1n Flg. 4—6 ThlS dlagram assumes that all the phases represented f_;"' .

-5§_are cognate in or1g1n, w1th fractlonatlon taklng place from rlght to

left Several p01nts are worthy of note- SR

{ 1) The aug1tes from Types 1 2 and 3 nodules have perfect llnear :J‘

'correlatlon for every oxide except Mgo and CaO, though these Th.frA;fﬁﬁ

o ; 1300 are almost llnear.,
,l;:ii)'Phenocryst cores and Type 1 nodule augltes are, as already
.-rn°ted’ Very 31m11ar..<_hj.A¥3f,lt;3--~ e :

’~x13;iii) The antlpathetlc vaylatlons between MgO and CaO and s111ca and .Edrﬁ

ﬂ:alumlna are clearly dlsplayed

;fﬁ}iv)tAlumlna decreases sharply from the hlgh values of the megacrysts;gfiuﬁv
Tffproceedlng then to rlse steadlly, a trend whlch is reversed in.

e both 810 and. FeO. :

2

"”i",Whilst 1t 1s not lntended to dlscuss petrogenesis at this stage,‘{i' -

several deductlons mlght be made from thls dlagram whlch Wlll be {:

useful in further dlscus31on. ’ These are . based on . the assumptlon
: g'thatjall the phases-are cognate.: :::f';'

R a) The,iinear?correlation within-the,threefnodule.grdubsCSuggests .
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"lthem to be closely related in. orlgrn and to have crystalllsed

-l_fln the order shown. 'f a..;

The Type 1 augltes formed under very SLmllar condltlons to those “

; under whlch the phenocryst cores began to crystalllse.,.f-i'

. ¢) The initial decrease in alumlna and 1ts subsequent gradual

1ncrease could be explalned 1n terms of pyroxene end—members

%';ﬁi;; -(Chapter 5) The alumina 'low' may mark the polnt at whlch -
'P-T condltlons are no longer suff101ent for extensxve formatlcnv:fﬁi”"'
Xl‘ ,01 Jadelte or- Ca-Tscnermak molecules, but are also too. extreme
to allow the Tl—Tschermak component to form in substantlal

. 'amountSs,: The progress1ve decrease in NazO and TJ.O2 support ;:E

b);Amnhlboles. ;7:“ pi:}";,.:‘cdbff? %‘{f;Vf:i}fifl{-éftf;ff_fi% “:_féf;f:
Amphlbole 1s an 1mportant phase.ln both nodules and megacrystsij!?fﬁ_d‘”
;from Flfe, and to a lesser exuent 1n nodules from Duncansby Ness. '
lsAnoted in 4. f all analysed amphlboles are presented ln Flg. 4—4
'on the bas1s of Leake 'S class1flcatlon. j There 1s llttle overall

- "ﬁ’varlatlon in chemlstry and all amphlboles from nodules and mega—-=

ucrysts apart from Type 4. nodules fall into the flelds of kaersutlte
r ferroan-parga31te. The d1v1d1ng line between these flelds is :;‘ﬁi

'dependent solely ‘on the amount of T1 1n the half unlt—cellﬂ{;ybl'

(Tl > 0. 5, kaersutlte : T1-< 0 5, ferroan-pargaslte) o In fact"'

:f{factual varlatlon around the flgure of 0. 5 is relatlvely small, and the ,
':;‘maqorlty of the amphlboles are markedly tltanlferous The green 3l-l'.

'“ﬁamphlbole Occurrlng ln Type 4 nodules straddles the comp081t10nal o



: 2'55;;,:

,f;fleids of. ferroan—pargaslte, ferroan-narQQSItlc hérnblende,'aﬁd ) e

,-:edenltlc hornblende and is substantlally more sodlc and poorer 1n ‘ 4“

v{;thlo ‘than_ the brown amphiboles. Amphlbole occurrlng in nodules as ”;f‘;!;;;
;an alteratlon of auolte 1s also- very Slmllar in chemlstry to the et

,'f;nodule and- megacryst amphlboles. d Owlng to the S1m11ar1ty 1n )

.L;}comPOSltlon of megacrysts and nodule amphlboles it is not ;.;

."i»lgPOSSlble to say whether the megacrysts in fact formed dlscretely or-;{fé};g'i

"f;whether they are merely xenocryst from the nodules.

o Feldspar occurs in the Types 2 4 and 5 nodales, as megacrystsg;

lln tuffs and basalts from Flfe and nast Lothlan, and as presumed E
‘xenocrysts from the ORS 1n monchlqulte from Duncansby Ness., Those‘;hfﬁffﬁﬁnl

' léoccurrlng as, megacrysts and - 1n nodules from Flfe ‘are presented in ‘Pf

:ZFlg. 4—2 Type 2 nodules contaln potass1c ollgoclase (one analy51s’ Ef;fj
if@ifalls w1th1n the llme—anorthoclase fleld) s1mllar in compos1tlon to ;;?;ff:
S‘;é;; megacryst from the nlle Ness monchlqultlc block.l_ The ﬁype 4

'ai%¥nodules contalnlng green—amphlbole have 1ow-potash plagloclase in if7'“

‘Jsfﬂthe reg1on of calc1c alblte to SOdlc ollgoclase. g The bxmznerallic

'iimype 5 blotite-plag1oclase nodules contaln pota381c alblte. fdﬁ

Megacrysts of alkali-feldspar are w1despread 1n Flfe and samples

have been analysed from the E11e Ness Tuff the Elle Ness dyke,.g L

iArdross dyke, Coalyard H111 monchiqu1t1c sheet Ruddons Point lherzo-i;

et llte-bea.rn.ng sheet and the Kell:.e Law basalt Apart from the Kellle ""‘i‘f,’f.g.'f"

”}:?Lau sample whlch 1s a pot3831c sanldlne, all the remainder are -of.

—

) {‘very 11m1teé compositlon, 1y1ng in the anorthoclase fleld Structural



?}?state anal&ses have been-nerformed‘on all these samples 1nclud1ng a‘:t o
:}megacryst from Fldra after the method of erght (1968) The. -
firesults are shown on flg. 4—7..f An osclllatlng scan X-ray dlffrac—.rﬁﬁ
?;-tlon technlque us;mo Cu—KaC radlatlon was found to glve a hlgh ] |
J:?.degree of reproduclblllty when measurlng the p051tlons of 060, 204, |
'ﬁfiand 201 peaks, with an estlmated Hrec181on of Yo 02 29 Apart v;“::‘;fx'.
{;ffrom the Fldra spec1men all results are: Sllshtly offset from the Elgh';:i:ﬁ'?‘

Alblte-ngh Sanldlne series 1ndlcat1ng a very hlgh temperature of

ormatlon.v The Fldra sanldlne also plots close to the above serles:
and wlthln the bounds of the quadrllateral, agaln lndlcatlng a’ hlgh

temperature orlgln.A Results of Hoffer and Hoffer (1973) who studled -

fa srmllar occurrence of alka11 feldspar megacrysts from New Mexlco
fare also shown, and are agadn seen to be offset from the hlgh
{alblte—hlgh sanldlne serles and w1th1n the same reg1on as the rlfe fl

g fmegacrysts..7':

.?l Flg. 4—3 shows analyses of ollgoclase and orthoclase feldspar

from the Duncansby Vess monchlqulte.g As these are closely assoc1atedf;ﬂ

&Wlth partially resorbed quartz crystals and xenollths of arkos1c
§ORS 1t 1s thought that they represent xenocrysts from the sandstone
fragments.'{ Also presented on thls dlagram are SlX analyses of
lagloclase from- the large tonallte nodule found in the tuff at

?Duncansby Ness.< Small nodules of thls type are - sparsely scattered

.'Tthroughout the tuff. . The plagloclase ranges 1n comp081tlon from f¥3

:.fbaslc labradorlte to ollgoclase.



Strhétufalﬂéféfé of anorthoclase megacrysts and sanidine from Fife

‘Vand East’ Lothian based on the method of Wright (1968) . Puye, high

j;albite and sanidine, 1ow albite and maximum microcline are. standardsfg'
';gused by Wright L '

¥ S . L oot e .
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a) Mica. .. .o i

Ihca. occu.rs 1n the ’I‘ypes 3, ’4 and 5 nodules, 1n the Dmca.nsby

; '”Ness tona.llte nodule and ‘as a secondary mlnera.l in fra.ctures :m »
_fanorthocla.se megacrysts from Flfe. ‘I‘hese da.rk, 1ron-rlch mlcas 11e

- "A‘1n the genera.l blotlte—phlogoplte composltlonal fleld Follow1ng

.:".‘vii‘"the conventlon of Deer et al.,' whereby only thcse members of thls e

;:"group w1th Mg/ Fe > 2 a.re termed phlogopltes, all the analysed micas

¢~1n thls group ‘are blotltes, wlth I'1g / Fe = 0, 4—1 2. They are also

2 substantlally t:.ta.m.ferous and - w:.ll be referred to as tltanblotltes. _:"'.l_ iy

Those from ’I‘ypes 3 and 4 nodules are chemj.cally qulte s.un::.lar,

”':.wlth Mg / Fe ra.tlos close to 1 1. The Type 5 tltanb:.otites, however, .‘4""::‘;
are much rn.cher in FeO (Ng / Fe _.“O “39 ) a.nd tltanlum and poorer in =
a.lumz.na.. The mlca from the tonallte-dlorlte nodule 13 a.lumnous

' and iron r:Lch (Mg / Fe = O 5) wrbh lower titanium than the other ':i
E_ana.lysed mlcas. Nockolds (1941) dlscussed the change 1n composr-d_"4.;‘,:1.%'.."1.-:.1

}""tlon of blotltes relatlve to a fractlona.tlng llqu:x.d 1n hlS work on y

'“‘the Ga.raba.l HJ.ll—Glen Fyne complex. He noted an_ mcrea.se in Al

j_:-and Fe and a. decrea.se 1n S:L, Tl and Mg wlth dlfferentiatlon. In a. B

: '-'-'"i}_’v.later paper (1947) Nockolds came to the conclus1on that b;.otlte
vcomposxt:.ons are not related to the s:.l:.ca. content oi‘ the 11qu.1d,

;.but tha.t the ratlo of A120 to FeO + MgO is determ.ned by their L R

3
paragenes:.s.fl The FeO NgO ra.t:.o depends merely on degree oi‘

.,}fract:.ona.tion. . 'l‘hese concluslons are smnma.rised in F:Lg. 4—8. The

N :,"':‘three fx;elds denoted are related solely to a.lumlna. content. : It
s 'ﬁ.can be seen that the blotites from the Elie nodules and the tona.lrte ‘

i {nodule fall within Nockolds fJ.eld 3, which is blotlte assoc:.ated

. e B T e e R c - . - e e A



Fig h 8

Biotites 1n the wt‘% MgO-FeO-A1203 system of Nockolds (l9h7)

" Field l....Biotites associated with muscovite

,.f‘_f Fleld 2....Biotites associated with other mafic mineralsf‘netzozn
L ;jr'Field 3....Biotites associated with hornblende, pyroxene S

._\': or olivine.
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- j w1th hornblende, pyroxene or 011v1ne.j The FeO MgO varlatlon shows"
that blotltes from groups 3 and 4 nodules formed before those from (;gr‘
g group 5 nodJles, assumln° a cognate orlgln.v ThlS is supported by

the more tltanlferous nature of the group 5 blotltes.

: Garnet is only found as megacrystsrn the tuff at “lle Ness., :

Of the two varletles prev1ously descrlbed, the supposed xenocrystal

Qprnk almandlne has not been studled 1n detarl.' The deep—red, glassy L
f garnets are. chemlcally cons1stent and no great varlatlons have been f};}¥;3A€‘

from one speclmen to another, or w1th1n any partlcular crystal.“;lf_”1:;

average composrtlon is pyrope—rrch, Alm202y666r14 The low

‘content lS varra,bl° from O Ol to 0. 19% belng most con51stent
,'at 0. 083 }. Slmllarly the TJ.O2 content 1s relatlvely hlgh at O 4%
Colv1ne (1908) compared the chemrstry of the Elle pyropes to those h”.

;;f: ';v garnets of 31m11ar bulk composrtlons found in crgstal and nodular

; garnet—perldotltes and eclogltes ard as- xenocrysts ln klmberlltes

‘,i 'j and dlatremes. ) Chrome and tltanlum content of the mlle pyropes set V~31”

I

them apart from the maaorrty of the other occurrences, chrome f' |
.f- léenerally belng ‘much lower and tltanlum much hlgher in the Vlle ff‘”f}:v ; |
“spe01mens. 1 r‘he only closely correspondlng garnet was Pyrope from vg';i’

an_alnbltlc breccra prpe. Colv1ne concluded that Owing to theAQ, :r_q.n‘.

Elle pyrope s d1331m11ar1ty w1th the garnets from other env1ronments i

}'~a{it was unllkely to be a,xenocryst from the breakdown of an ultrabasrc Ti'lt:"

body, and that 1t may have crystalllsed from basrc alkalrne magma

-.-.:.a,t_depth. ' ~ The hlgh MgO and low T"e205 (o 4,0) content of the pyrope } -



suoﬂested elther.a hlvnly magne81an magma or a, 5hly ox1d1sed magma;
the latter case allow1ng llttle FeO to enter the Darnet structure.
The reLatlve contents of TlO and Cr203 ln the pyrope tend to 'ij

: support Colv1ne's theory that they crystalllsed from an alkallc
melt the generally tltanlferous and chrome—poor nature of other hfi-

phases crystalllsed from the F1fe rocks hav1ng already been noted. '.;1325

E Q'f),Oanue phases. -

Tltanomagnetlte and 1lmen1te are the main opaque mlnerals occurr-A"
1ng ln the nodules together with scattered pyrlte. Types p and 5

nodules are apparently free of opaque phases, and wlthln the llmlts =

:~of avallable data there seems to be llttle 31gn1flcance 1n the 13

e varlatlon 1n chemlstry of those occurrlng ln the other nodule e
groups.,? One spe01men (P32) of a Type 2 nodule shows mlnor ilmenlte-,';j~

tltanomagnetlte exsolution which 1ndlcates a slow rate of coollng

compared to the tltanomagnetltes of the basalts. : where sulphlde-"c:; ¥
'*5ff occurs in nodules it is generally surrounded bY 031°ite Wh1°h tends

ﬂhi to 1ndlcate a late-stage or1gln. f?

- Lherzolltlc, wehrlltlc and cllnongoxenite nodules and.inclusionsql_ )

Thls sectlon deals W1th the nodules and xncluslons of lherzollte, ‘,.~'”7

' wehrllte, and cllnopyroxenlte from all the localities studled.<A X

a) Clinopx;oXenes,;;f“;fh,ﬂ SRR

Data from all samples and 1ocalxt1es is presented 1n the
?fC—l-F system 1n Flg. 4—9 together w1th the assoc1ated orthopyroxenes o

'ff and oliv1nes, where present



TN

Clinopyroxenes, orthopyroxenes and olivines from lherzolites, wehrlites
--and pyroxenites in the mole % C -M-F system. .._._»- Lo § o
B¢ denotes the area within which all the analysed orthOpyroxenes and
olivines from spinel lherzolite inclusions fall.
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Dea.llng flrSt Wlth ‘the °1ln0PYI‘oxenes from lherzol:.tes and. tne LA

: 41:A,,_:-:'~_Dul.cansby Ness splnel-wehrlltes, all the a.na.lyses plotted to the
- :'ﬂ'-fi'_'left of tne lO% FeO llne in flg._4—9 fa.ll into- thls g:roup. : All -
-".:;-:;the clmopyroxenes from lherzolltes plot 1n the dlopsz.de fleld a.nd
| ‘5~'-':;;:1;contam from O. 5 to 0. 7‘}0 CI' 273" which’ 1s w1th1n the range of chrome— N
' '-.'_-l. - fi_jdlopsz.dee from perldotlte nodules 1n basa.lts a.nd kimberlltes, thoug:h
.:"‘j;jgenerally lower than average - Alumma Varles from 4 5 to -7 5%

"'-:,wz.th T102 generally less than O. 6/6 ' Alumna in the Duncansby Ness

ch.ops:.des is lower (4 5 - 5%) than in the Fife. a.nd t Loth:.an

e

o :iidz.opmdes (6 57, 5/0) Va.na.tlon in. the FeO/MgO ra.tlo is m:.mmal

As wlth alumn.na Na, 0 is lower (0. 8‘;‘/) 1n the Dunca.nsby lepSldes than -

m those from other 1ocal J.tles ( l 8%) e :'

-Cllnopyro‘*{enes from a spmel-wehrllte nedule .Lrom Duncansby
__ S ‘."—',':Ness are less calc1c than the d10ps1des from the lherzolltes, fa.llv-.
- 1ng in the end10p31de fleld. . Alum1na 1s T.he 1owest (4 3 tO 4 6/)
of ‘any of the cllnopyra enes ana.lysed from perldotz.te nodules and s

j_"_-.--"i_nclus:Lons, though soda (1 74%) a.nd TlO (0 57"0) a.re comparable w1th

"'7-".""_1:he Flfe and r..ast Lothlan mate:ual. : Cr20 is substantlally ha.gher :

:a.t 1. 71%, uhan 1n the lherzollte d10ps:.des. .‘_' S s *

The cl:mopyroxenes from pyroxemtes a.nd the Fldra. a.nd. Coalyard : S

'??1?3111 wehrlltes all plot to the rlght of the FeO 10% llne in Flg. o

"}‘4-9. - The cl:.nopyroxem.tes from Bute and Coa.lya.rd. Hlll a.re mono—: SR

) mneralllc, wh:.lst those froxn the Dmcansby Ness tnff conta:.n

- ":;';appronmately 5% spmel thought to 'be exsolved from the py'roxene.

) All plot in the hlgh—magneSJ.um a.ug:.te or sa.11 J.c—auglte ﬁeld. .

Alum:.na content varies between loca.lltles, the Bute a.ugltes hav:.ng




':7 1 tO 7 8%, Coa.lyard H:Lll 8.0 to 8 3‘}0 and Duncansby Ness 9 o to

9 2%. Na20 content in the Duncansby Ness a.nd Coa.]yard H:.ll augltesf. ]

- 1s hlgher (1 1 to 1 4%) tha.n in %hose from the Bute clmopyroxem.te

(O 9‘}9) , The Dunca.nsby I\Jess augltes are more ma@es:.an than those S

.:from the other two locé, 1t1es. . b

Augltes from the two wehrllte mc"us:.ons plot w:.thln the same -
a.rea. on Flg. 4—9 a.s those from cllnopyroxenites. The Coa,lya.rd H:Lll
snecx_men 1s less calc:.c than the spmel—bear:.ng auslte from Fldra.

4 tr 1s a.lso 1ess a.lummous a.nd tltamferous, but rlcher 1n 311103., el

'soda. and magnes:.a.. -1 The Fld.ra a ’ce 1s sllohtly rlcher Ain chrome.

,b) Orthopzroxene. Y

N Orthopyroxene is present as a prlmary phase only 1n the

f.-";'lherzohte and harzburglte 1nclus:.ons, and a.lso a.s ra.re exsolum.on '

lamella.e m the Bute clmopy’roxem.te. _ All the orthopy’roxenes from o
lherzolltes plot in a. restrlcted field close to the ensta.tlte- sl

:f'bronz:.te boundary ln Fls'- 4—9- f'l, Those from the Bute harzburg:.tic L

mclus:.on and those exsolved frcm the Bute clmopyroxem.te a:r:e more o T

_ca.lclc (up to 2 3 Ca.O) and rlcher 1n iron,falling in the bronmte



< “'_1 ..‘_—:,been poss:.ble to a.na.lyse samples from two of the lherzohtes, from

Fldra. a.nd Ruddons Pomt a.nd the ha.rzbu.rgite from Bute. _ ‘As was . ‘
'noted w:.th the orthoPyroxenes the Bute 011v1ne 1s also more .1ronA- Y

"""::5, ,i;rlch tha.n 1ts counterparts from’ the other two loca.lltles. The

| e -}é;latter are very s1mila.r 1n couro051tlon (“‘090) a.nd Dlot wrtha.n ;the
.'l:ensta.tlte fJ.eld of lherzol:.tes on F:Lg. 4—9, on the forsterlte—chrys-

and hence falls mto the

' -_olite bou.ndary The Bute ol:Lv:Lne has F°85 A .;:,”. )

. ‘:ff’:_chrysoh.te group.

Only one analys:l.s was obta.lned from the wehrllte mclus:.ons, o Coe

o

and is a.lso a chrysollte (Fo 1) from the Coa.]yard Hlll spec:.men. K

Th:n.s compa.res in compcs 1t10n with the more magnes:.an phenocrysts L

‘di'scﬁssed in 4.la.v..

'Chrome-spinel is adcommod phase 1n t}de l.herzohte 11;ciu31oos L
and 1s a,lso found in the Fld.ra wehrhte. -.vmcroscoplc 'exsolutlon. G
lamella,e °f Chrcme-splnel have been found in d10ps:.de from a Coa.l--: Lo
ye.rd H.'Lll lherzolz.te 1nc1us:.on (Pla.te 14) .- Both Cr 0, content and

, 273
- FeO/MgO ratio are often sllghtly va.r1able W1th.1n spmels from any

23

one‘ mclusmn, T.hough Cr is always between 8 a.nd 12°6 m those from,::.

Iherzol:.te mcluslons. '. The spmel found as exsolutlon in. dlopsn.de

13 very sm::.lar in compos:.tlon to the other spmels from the sa.me

inclus:.on a.lthough 1t is slightly less chromia.n. o ’

o The Fe0/14g0 ratlo of the solnels from lherzolltes in FJ.fe a.nd

East Lothlan are a.ll closely clustered around 0. 5 whereas the

Dunsa.nsby Ness lherzollte has a more chroma.n spmel wrhh FeO/MgO
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“A"‘O 33.- Slmllarly, the sp1ne1 from the Fldra. wehrllte is- very 1ron— e

i rlch (FeO/MgO._.l 5) and much less chromlan (9 to 5%) tha.n those of

K the 1.herzol:.te 1nc1us10ns.

i '. Chrome—free ( < O OS,o Cr ) splnel—hercymtes are found 1n the .

2732,
ma331ve clmopy’.roxenltes from Dtmca.nsby Ness and as ha.s been prenously '
3 noted a.re thought to ha.ve exsolved 1rom ‘the a.ug:.te. ‘I'hese a;r:e

hlghly alum:x.nous splnele wrl:h FeO/‘MgO ratlos of O 9, lylng between

:.the spmel and hercym.te sol:.d—solutlon end-members. Cl

M.lca, consldered to be a pr:.ma.ry phase, has only been noted in

one nodule, a- wehrllte from Dunoa.nsby Ness. It 1s hlghly magnes:.an -

a.nu using Deer et a.l's conventlon noted in 4—2d 11: fa.lls well :Lnto -,

the phlogoprhe f1e1d w:.th MgO/FeO 5 8 a.nd 1s a.lso mldly tlta.m.fer-_-_,;.:

' ous (TlO = 3 8"6) ;. ‘I'he a.nalysm 1s plotted on Flg. 4—8. B Both

Na 0 and Cr20 -are enrlched compa.red w1th most phlogop:.tes (cf .

cLL ey 5
, Da.wson and Sm‘bh 1973)

. ;
[ -
-
. -
- ¢ “
e



'? CHAPTER FIVE

-1;" Clmo yxene solid—solutions and alumina variations as indicatorg

K - of P-T-X conditions of origi_g

Analyses of cli_nopyroxenes show tha.t they conta:.n several

f_?'pyroxene components 1n varying proportions. ) "‘he relative amounts

.Vof these components seem to be closely related to the physico— ';ﬁ' ’ o
chemica.l conditions mder which the- pyroxene crystallised or R i
equilibrated. Ku.shiro (1962) proposed tha.t the Ca,-'l'schemak

(Ca.Al 8106) component m particular is: a. strong indica.tor of - s

PT-X cond.itions and White (1964) proposed tha.t the ratlo of Ca— R
;Tschemaks molecule to Jadeite (NaAlSJ. 6) could be used to disting-

uish eclogitic py'roxenes from granulitio pyroxenes. " Aok.i (1970) »
notes that recent work inchcates that the Jadeite and Ca;-‘l‘s oomponents EER
. 3 are 1a;r:ge1y P dependent whereas the Ti-Tschema.k (CaTiAl 6)’ |
‘V‘:_Ferri-Tschemak (Ca.Fe(B)A]SiOs) a.nd Ferrldiopside (Ca.Fe(s)zsiosj
’componente are largely dependent on compOSition (X) of. the llquid

from which the pyroxene crystallised. | The ;)adeite and Ca.-Ts l

as a physico—chemce.l indica.tor. _‘_ Cﬂlompson (1947) suggested that

i fold co—ord:.nation whilst with increa.sing P 11: enters six-fold

—"-}fco—ordlnation. . L - L ; ___f i ’_'.'.'id'f"_. -




‘I'he effects of some of these P-‘B-X dependent factors has been o

‘.briefly mentloned m Chapter 4 in respect to some of the chemical

trends displayed by ‘the pyroxenes, and 1t 1s now mtended to examine

o these more closely. M.ne end—member molecules have been recal- -

o culated from the mcropro’oe a.nalyeee using a computer programe
described in Append:.x 4. " Kushiro 8 (1962) method has been observed
when recalcnlatlng the a.nalyses, but th.i.s necessitates a knowledge

: ..;._.' of the ferric and ferrous proportions. . 'I!he amount of ferric i.n ’

the pyroxenes ‘has been gst:unated, assuming sto:.chiometry, b.V a

':.fcharge-—balancmg xnethod (Appendix 4) The end—members and Al(4)

"-Al(6) ratios were then calculated using the ferric-corrected analyses. '

vl4 and A16 ra.tios., -

B Diagrammatic pu:esentation of data “for clinopyroxenes from all

localxties is subd:.vided in the same manner as Chapter 4 and Al4-

: A16 ratios for Zl*‘;f,‘fi'“f o ﬁ::{ - jpijﬂ;:u-,,fl.f‘_;.:f"zié;ﬁg?*f

a) Phenocrysts (cores and rims) and groundmase pyroxenes

b) El:.e-type nodules and meg'scrysts

c) Lherzolite, wehrhte, and clinopyroxenite inclusions ‘and

nodules sre presented in Figs 5—1, 5-2, and 5-3 respeotively. s T

The three fields of eclogites, granulites and :anlus:.ons in basalts, - St

and igneous rocks are after Aoki and Kush:l.ro (1968)

_ Fig 5-1 ahovs a sharp drvision to exist between phenccryst
'\Ecores and corresponding phenocryst rims and groundmass pyroxenes, :3-1-
.‘w'lilocaied alons the 1eneous/srann11te divide. Th;s suggests’ that.

K the phenocrysts -sta.rte,d_.to crystalhse.-yithin the -lower.grannhte A
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facies, a 'r-ather ill—defined PT zone, but probably 1n excess of :
4kb ('l‘urner, 1968) Comparzson with Flg 5-2 shows a. considerable
overla.p of the phenocryst core pyroxenes with those from T,ype l
nodules (as ‘already noted 1n Fig 4-6) It is suggested tha.t the

pyroxenes from Type 1 nodules ‘and the phenocryst cores crystallised Lo

e ._-'-':. \mder very simla.r P-T—X cond:.tions, and hence that the Type 1 nodules K

.:i_ a::e cogna.ta. Pyroxenes from 'mpe 2 nodules have cons:.derably less

Therela.tive values of A1(4) and A1(6) inch.cate tha.t pyroxenes

from 'I‘ype 2 nodules fo:med at lower temperature a:nd somewhat ha.gher

The textures ‘and mineralogy of the Types l and 2 nodules :Lndica.te N

--’u.

crystallisatlon from a s:.milar ennronment, wherea.s the more a.lkal-*

ine chemistry of the 'I‘ypes 3,4 and 5 nodules ind:.cates that these

j_n the same ‘one. Pyroxenes from 'rype 3, mca—pyroxem.te nodules

v:j,_' lie on both sides -of  the. granulite/eclog:.te d1v1de and ‘are depleted- Y

fin Al(4), suggesting a low E3 -and relatively mgh P origm

Ness tuﬁ' show the la:rgest A1(6) content m this @:oup a.nd are =
compara.hle in this respect with diopsidea from the l.herzolite .
'-i.nclusions (Fig 5-3) though also being r:l.ch in Al(4), indicating

:.'i;wlthin the upper granuhte fleld, or the lower eclogite field.

ones x

A1(4) than those of Type 1, though all ha.ve simlar Al(6) values. .

pressure than those from 'I‘yjpe 1, but within the gra.nulite fleld.

,-:_Ama.y ha.ve fomed 1n a dlfferent chemlcal system, possfb]y a.ll three B

'l’he ca.lcium-poor 'gla.esy' and ‘da.rk' megacrysts from the Elie-_ e O R

lthat they nmst have crystalliaed a.t high temperatures and pressnres -

The 'da.rk' megacrysts show a generally higher Al(4) than the 'glassy' -
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and pyroxenites. v
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’ ) Dlopsides from lherzol:.te 1nc1usions presented in Flg 5—3
| _..-,fv'display the h:.ghest A1(6) valnes of pyTroxenes si:nd.).ed and a.re
,: comparable in. pressure regime w:Lth the Elie megacryete though of
o lower T oriﬁ.n ' L:.ttle va.ria.tzon exlste -in the diopsides from 3
Fife and Hast Loth:.an lherzolites ‘and all lie along. the eclog:.te R o
'boundary or in the upper granulite f:.eld. Those from the R
: Dtmcansby Nees lherzolite a.nd weh.rlj.te inclusums are, however, . N
‘A".i'f-:--‘.:' poorer in Al(6), and possib]y of a lower P origin The d.ifferé:ce o

. in m:.neral chemstv:y of theee pyroxenes from tha.t of the ].herzohtes LTl

has e.lready been discussed in Cha.pter 4. :_ o

'I‘urning to the wehrlitee, the aug:.tes from the Fidra specmen

;'Z.l'(spinel-beari.ng) apparently formed a.t both high P and T, and in
L fact plot close to the spinel—cllnopyroxenites from Duncansby Nees. V

m:glte from the Coa.lya.rd mn wehrlite is poorer m both A1(4)

' a.nd Al(6) ‘hhough fa.ll:mg wlthn.n the upper granul:.te f:.eld. .j_ EER

‘I‘he monomi_nerallic clinopyroxenites of Coalyard Hlll a.nd Bute

e ?» a.re probably of lower P orig:.n than the other pyrcxenes :Ln th.w

e "Egroup, and in fa.ct overlap ‘the Ty'pe 1 nodule augites m terms Of

- then: A1(4) a.nd Al(6) valuee. though be:.ng compOaJ.ticnallv different-._: SCRE

Figs 5-4 to 5—6 shov the same pyrou:ene g:roupings used previously
__-plotted on’ wnat Aoki (1970) suggests to be a la.rgel;r p-x depemient

: Tf.'j-'-"f‘.dzagram. Ja.dezte and Ca-Ts being the P dependent pha.see are
-'""_‘"'?:plotted agamst the X dependent Ti-Ts, Ferridiopside and Fe-Ts g

'n;oleculee. '. Th.is is an overempliﬁed view of the actual P—T—X |



".,"._.'::varla.tlon:a of the pyroxene end-members which w111 be d.lscussed in
:}'more deta.ll later, but serves as an a.dequate corollary to the L

i _'.Al(4)-Al(6) dlagrams

Recent work suggests that a.t hlgh pressuxes Al enters the

" A_.jcllnopyrozene structure in the form of Ca—Ts, and a.s Jadeite, thus ‘

"increasing the Na content above that present a.s acmlte. ; At lower .

j;able."' Yagi and Omuma (1968) report T1-Ts- to 'be unstable abov'e

’Okb. The highly a.luminous and titaniferoua nature of the la.te--;v.

)omed pyroxenes show thls la.te enrichment ln Ti well. The gra.dua.l

'epletion in Na in the pyroxenes when the llqu:Ld is becoming |
prog'reSSlvely more sodlc emphasises the lnstabilit'y of Jadeite wlth
. ecreasmg pressure. - when dlscuss:mg Flgs 5—4 to 5-6 several points

regard.mg the calculatlon of the components should be noted~

| 'l'a) Acmite (NaFe(3)81 06) is calculated flrst so. that 1f
.'_ze(j) is greater tha.n Na no ,]a.deite will be fomed, but Fe-'l‘s

._Vlll. e

b) Slmllarly, lf Na is gneater than Fe(}) Jadelte wlll be -
'fomed 'but no Fe—Ts. _ i BV :4_;; L
- ".c) Acmite is present 1n almost all pyrox:enes, but the fem.. 4

'dj_opside component 13 only rarely present. o

‘This effectively means tha.t pyroxenes vlth a Jadeite component

t‘-' Ca-Ts 'I'i-’l‘s + Fe—'I‘s plots on]s " The 1 1 llne denotes Aoki' ks

(1970) hish' | 'low' presaure flelds. B




s,
A

Fig 5—-4 shows the phenocryst cores a.nd rims and goxmdmass

- ‘_.\._:Zv',.pyroxene relat:.onships and lea.d,s to a simila.r conclusion to tha.t

L drawn’ from Fig 5_1. i.e. that the phenocryst cores fomed at ha.gh

: 'f.';;f”pressxmes, thorugh no qna.ntita.tive value ca.n be detemined m th:l.s :

along w:n.th their groundmass equiva.lents. . P

;‘nodule augites come from a smllar env:n.romnent to the phenocryst

;from the lherzolz.tes. _—

:-study of Fig 5-3. ‘ The d.J.opsides and emhopsidee of Duncansby
) a.x:ls than-'those frcnn Fife and East Lothian 1ocaliti.es, and the Fid.ra

.sof Duncansby Ness, showing a higher pressnra o:d.gin than the eqnivaa-

"‘lent wehrlite specmen from COalya.rd Hill, which 13 spmel-free. :

""bl"_{:manner. Huckenholz (1975) notes a similar trend throu@ in.creas-—
o '-ing Fe-Ts and a.cmite with fractiona.tmn in clmopyroxenite fra@nents
from basanites in the Hoche:.fel and Dreiser Wej.her. The Iki

' -‘:Island. phenocrysts studied by Aok, all plotted below the 1: 1 l:.ne

'i

Compar:.son with Fig 5—5 relnfomes the hy‘pothes:.s tha.t Type 1

;'_cores, due to the degree of overlap._ Those from '.Wpes 2 and. 3 _

:_-,nodules again plot well into ‘the. ha.gh presaure f1e1d and the ememe_ _
.'b'ly 1°w T"’T" (Fe'Ts ) content of the 'I‘ype 3 augites is appa.rent. - |
‘.I.‘ha.s d;l.agram also empha.s:.ses the hlgh pressure natm:e of the Elie -

‘megacryst pyromnes, which are aga.in compara.ble vuth the chopsides

: Ny

F:Lg 5-6 supports some of the correlat1ons brought ont by a.

.Ness l.herzolites a.nd wehrlites appear umch lower down on the 'P' SEUNN

'{spinel-—bean.ng wehrlite agaa.n lies close ta the apinel-clmopyrerxenite Z




if End-member variations of phenocryst and groundmass clinopyroxenes.f
| | (mole % ) B | |
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Fig. 5~ 5

‘ ﬂEnd-member varlatlon of cllnopyroxenes from Elle-type
Vanodules and megacrysts. (see Fig 5-&) ‘
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'4'F'ig. 5-6 |
L End-member variation of clinopy‘roxenes from lherzolltes,
o wehrlltes and pyroxenltes. (see Fig 5'-).;.):"3 e '
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;."_"i-;'plotting low on the 'P' axis ,' also have h.igher proportions of Ti—Ts
| _,’.~"’;‘molecules and overla.p the fleld of Type l nodule augites. : This

would suggest cryetalliea.tlon under ccnditlons where the Ti-'l‘e '

component had attained a la.rge degree of solu‘bihty in the pyroxene

strnoture, and following ‘the data Of Yagz and Onuma indicatea f‘-"ma"' o

o 'j"_if tion at pressures 1eas ‘than 10k'b. i

:-‘éa,-Tscher:na.k : ja.deite rela.tionship. -

:'and' ,]ade:.te are largely P dependent components though thia 1sl

ather simpl:.fled exola.nation. T

o . fbecome progresmvely more sodJ.c w1th 1ncreas:.ng pa:essure. - Wlthin

the granulite facles assemblage the An component d:.ssolves in the

.'.A {

: Cohen, Ito and Kennedy (1967) perfomed experimenta.l melting work

.on a. tholeiltic basalt (NI{S) and found tha.t feldspars on the solidus

In the foregoing discuss:.on 11: has been assumed tha.t both Ca-‘l‘s _A R

: cllnopyroxene as Ca—’l’s, w1th the Ab component remaining as increas-:: _'3 £

:a.lso chseolves :Ln the chnopyroxene as’ ja.deite, w:.th the fma.l

feldspar compos:.tion bemg An 'Ihey concluded that the~ uppe:r:

5. 40 |
;pressure l;unit of feldspar is dominantly the upper hmit of al’nite

enter it and the higher pressure rea.ction of Ab jadeite + qua.rtz

nnnnn

S pyroxene breaks down to form ga.rnet j Wheu Ca—Ts a.nd Mg——'l‘s move out

’-._‘ijof the pyroxene to form ga.rnet a. maore sodic pyroxene will remain

f~'eufﬁcient clinopyroxene 15 present all the Ab component \n.ll |

v:l.ll 'be insigniﬁ.ca.nt. Within the eclogite aasemblage the alumi.nous

';ingly sodic pla.gioclase. Wxth:.n the eclog:l.te facles the Ab component

‘.Tf'»zif-"The data on an tenda to support the. theory that Ca-Ts is more. sta.ble R

-



ST

w1thin the. granulite facies and’ Jadelte more stable in the eclogiteilizitllf}:
7, reglon.l ‘ A . |
Exx:erimental studies on Na.-bea.ring synthetic 1herzolj,te composi_' ‘ o
tions (Herzberg, 1974) show that ;Jadelte does not appear: in solidus SR e
clmopyroxenes until pressures greater than 17kb, and that in the
. sub-solidus reg:.on the- amount of jadeite present in the st‘.r:uoture i
‘ is affected riore by pressure than by temperature. B Herzberg's data
on sodium-iree 1herzolite compos:.t:.one aleo show that in the -

gra:mlite region the amount oi‘ Ca—Ts present in. Sub—aohdng cljno T e

'_pyroxenes is more dependent on temperawre than on- pressnre. Ha,ys‘i
;(1967) prov:.ded direct evidem:e of the temperature dependa.nce of

’Ca—Ts sta'bility in ms work on the system CaO-A1203-SiO ‘ Pure "
s Ca—‘l‘s is not stable below 1160 C and the pressure field of. stability

L 1s relatively narrw, ‘even at hi@h temperatures.; | On mreasing

' pressure Ca—Ts breaks down to form. grossular a.nd corundum.‘ The-f

, p:esence of the Ca—TB component in: a pyroxene 1s an indicator of high

temperature combined w:Lth moderate pressure. L

: F:Lg 5-—7 shous the clinopyroxenee from nodnles, inclus:.ons and o
megacrysts plotted to show the relationship between Ca-Ts and ja.deite R
" on a ﬁ.gure eimlar to those of White (1964) and Ito and Kennew V

The actual amount of jadeite estimated to be present in a

; ].inopwroxene: structure depends on method of calcnlation. Kushiro'
: thod, nsed 1n this uork, calculatee acmite first and then asligns

any rema:.ning Na to jadeite 'I!he smount of aemite present depenﬂs S
. on the Fe(5) value and Ito and Kennedy's method of calculation first

a.dds all Cr to the Fe(5) hence 1ncreasmg acmite at the expense of




 /Ca1cium Tschermaks ~vJadeite relatlonshlps in
“fﬁ;clinopyroxenes from all 1nclus1on,_nodu1e,.and
"A_megacryst types.‘ff'_ ' f-- : e
‘The 2. m3 1ine separates the flelds of granulites'

'f;and 'eclogltes’ accordlng to Ito and Kennedy (l968)~
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Jadeite, whereas Kushiro and Whlte both aesign Cr to Al, thereby
m.creaslng the Ca—Te and Jadeite valuea. - The behaviour of Cr in B

the pyroxene structure may follow that of either Al or Fe(}), the - ‘
latter case allow:.ng for the least possi’ble amount of ,]adeite, assum.ng |
e:.ther Cr is present in a.cmte a.nd Fe-Ts or- that a sod.a-chrome |

molecule (NaCrSJ.z 6) is fonned before Jadeite. Recalculation to :: '
form a soda—chrome component reduces a.cmite, though Jadelte natnral]y

- i::.s the same as in Ito and Kennedy's method. S:.nce some weight is-

pnt on the amount of jadeite present in the following discussxon,
the effect of ca.lculating the soda-chrome component has been’ tested.
As' might be expected, Vonly those pyroxenes with a algniflcant amount
of Cr 0, are a.ffected (i.e. those from lherzolttes and- wehrlites)

273 L
and these plot 1over on the Ja.delte ax:.s, s“h:addling the 2 3 line. .?

';:'.‘?The other points are only slightly a.f.‘fected.. ‘J!he :]a.deite Ca—Ts~~ CRR
2/3 1_me separates the 'eclogite’ and 'g:ranullte' flelds accordmg e

to Ito a.nd Kennedy. Divn.sion 1nto these fields is i.n fact only

ra

valid for low temperature pa.rageneSes as O'Hara (1959) noted when o
diacu”mg the :ja.de:.te / Ca-TB ratio of sub—calclc cli.nopyroxenes
f°m°d in eq“ilibrim thh ea-met at 30kbs. : Whilst plotting well

\n.th:m the 'eclogite'_ reglon at. 1100 C, 1sobar1c increase in

tempera.ture moved the clmopyroxenes well J.nto the '@?amihte'

ield at 1400 C. This correlates close]& \uth Herzberg s find.ings

' that the proportion of Ca—Ts sohd-eolution is .more: dependent on T ;
than on P. O'Bara s data ehowe a substantial rise m the Ca—'l‘s
component at the expense of Jadelte, which in cne. instance (A3/10996)

: moved from 5% Jade::.te to ‘zZero- Jadelte with a rise of almost 15% in* R



theCa.-Ts content over’ a 3'4000’ temperature =increase.‘ , = - . -

:ﬁ Examnation of the Ja.deite content of the ana.]ysed pyroxenes shows -
that none of the. phenocryst rims or groundmass pyroxenes contains .
’ .v'h’f&:,jadeite and that the phenocryst cores are almost all ,]aad.ej.te--f:r:eee L
F18 5-7 also shows the a.ugites from Type 1 nodules and the R
""’}‘;‘:"chnopyroxenites from Bute and Coa.lya.rd Hill ‘to be Ja.deite-free,

‘iapart from four analees which all have less than cne percent jade- S

itea_ ~ As noted prev:.ously from Fig 5-—6 the sn.mlanty between the ,'

two clinopyroxenites and the "‘ype 1 nodules luggssts them to have

crystallised J.n a 31milar X envmronment with the clinopyroxenites

crystallised at possﬂ:ly slightly higher pressure, thou@ less than

10kb. , Th.is conclusion was drawn from their overall higher Ca—Ts ,ﬂ_.._

content, though on Fig 5-7 this can be seen to 'be less apparent,

' as‘ discussed above, may well be more a ftmction of higher tempera—

ture of crystallisation. . B

Augites from Type 2 nodules conta:.n from 2-4% Jadeite They a.lso
o—ex:l.st with albite. | Compa.rison with Cohen et a.l's data on the
increase in albite content of plagioclase wit;; pressure suggests the
Type 2 nodules to have formed at considerab],v higher pressure .or ff '
lower temperature than the Type 1 nodule pyrcxenes, at some pressure
where Na wculd*enter the pyroxene, possible in the upper gra.nulite
field. The Ty'pe 3 mica-pyroxenite nodules displey a wide v'ariety

cf jadeite contents with a very lov Cef-Ts percentage, vhich may

‘ - indicate a 1ow temperature origin at high pressure

' A range from 0; 5 “to 7% ;ja.deite is displayed by the F‘lie Ness

. » megacrysts, a.nd a range from 12 5 to 15 5% Ca-‘l‘s._ Both ty-pes of

5



Table §-1 - . ]

:.3f=;Comparison of Elie‘Nesa'sub calcic augite. megacryst :’

-_comn051t10n with pyroxenes from garnet lherzolites L
o ‘and eclooltes. ’ o

. Oxide ElieCpx A . B B

810, © .51.00 54,76 55,91 50.20 51.19 . o
':]”Al 0, . 8.16 - 8.33 ' 2.5y - 8.37. 8.85 . .. o~

R . 0.62 0030 051 0.29

S Fey03 7 4 07 0 1.30 = - 1158 ©.0.51 . -

T Fe0 - . 5.8y 2,70*‘-j5.66_’ 5.72 L. 82 .
i Mgo ;_gf'5“16 730 11.59 - 21.37 19.00 . 19.12 .
S 47Ca0 c Ut 115486 0 16.35 13,65  13.28 ¢ 13.8y .-
_{,;¥ﬁNa20‘fag,-,gl 17 %.63 . 1.50  70.87 1 0.85 . i
B0 . 7040007 00408 =0 040200 0,00 e T
L hCry04 Y 0 0418 =0 70.32 0 - 0.2 . 0,20
- FE MO - }aﬁ~"o lu‘*H 0.0%  0.15 “© 0.16 " 0.17

*“.3-,ﬁg;¢ot31 1oo 17 1oo 19 - 1@1 405 199,95,“ﬁ99.847'];f¥

| j;aiA. Eclogite nodule E4, Kao klmberllte pipe, Lesotho.vﬂ o
ngFrom p 108 of. ’Lesotho kimberlltes' ed. P.H Nixon, 1973

_:?fﬁ Garnet-pyroxenite nodule, 1600 C7B, Thaba Putsoa.-,
'f{“From ps 68 of 'Lesotho kimberlites'- (ex. Boyd &nd Nixon).

'fifC.'. Garnet-pyroxenite xenollth 68SAL-6" Salt Lake Crater,fﬂaa
*;;gOahu. From Yoder and Tilley, 1962, J. Petrol 3, Table ul..,-'”‘

ep;gﬂs Subcalcic clinopyroxenite 1nclusion in. alkaline
5 étrachybasalt, 2R MIN-Y, .'Mindora', New South Wales. ~
. From J.F.G. Wilkinson, 1973, Contr.Miner. Petrol, &ga

"'Table 6 p 26




: meganrysta have similar Ca—Ts / Jadelte rat:Los to the su'b—calcic
pyroxenes co—exlsting with ga.rnet formed in the hlgh temperature
(greater than 1300 c) runs descr1bed by O'Hara (1969) : The fact

that these megacrysts are closely assoclated wlth pyrope in the tuff
suggests that they ma.y have crystalhsed together within the eclog~- L
ite faoies at high temperatures. ' In common w:.th the ga.meta they :

have significant]y higher '1‘10 and’ lower Cr 05 than similar pyToxanes o L

'from eclog:.tes and garnet peridotltes (see table 5—1), supporting

the theory that they crystallised from an alka.l:.ne magna o , . 3

The spinel-clmopyroxenites from Duncansby Ness, and the_“ ;,f

pinel-bea.ring wehrlite from Fidra both have pyroxenes conta:.ning a

hJ.gh proportion of Ca—'l‘s, suggest:.ng a high temperatnre or:.gin at

: elevated pressures. o The dlfference between the: Dmca.nsby Ness

- i lherzol:.tes and wehrl:.tes and the lherzolites from oth.er local:.ties EE S
is again apparent the: Dmcansby Ness specmens plotti.ng w:Lth much

lwer Jadeite contents Bea:nng in mm.d the 1J.m.ta.tz.ons of this

type of d.:.agram discussed prenously in th:.s chapter 1t 1s cons:.dered SR

‘unwise to’ place t00. much emphasis on the amount .of P—T var:.ance

uh:.ch may appear to exist between any two plotted pyroxenes m B “V." |
B . \ ’ - U
'uantitative terms The dlagram doee, hwever, serve to J.ndloate

me overall high—pressure nature of the pyroxenes d:.scussed, and ';.~~~.

'_ba.gh teuperatnre origi.ns of some of them. B

R . IR S

the




CHAPTER SIX - 3fj,:,f ‘
o Evidence..of minsra.l ar .neses- from high— essure and tem erature
R zperiments e I

» In the course of the prenous discussions three hypotheses -
Ea have emerged which ca.n be tested by experimental duplica.tion of

"-,fipossible condi tions of mineral origin ;‘. ‘;, ,-‘x

& a) L 'I‘he chroune-free spinel in the Dzmcansby Ness clinopyroxenites

may have exsolved ﬁ:om the augite. .

»Large a.northoclase mega.crysts, a.pparently not m reaction with 5 e
: their host—rocks crystallised from the- msgma ‘at high tempera— f

B tures and possib]\v at depth v:.thin the crust

c) .The sub—cslcic clinopyroxene megacrysts from the Elie Ness

'tuff co-precipitated with the associated pyrope ga.rnets under ]

' conditions of ha.gh pressure witlun the " ma.ntle._ U

In order to’ test these theories a series of experiments has :

been perfomed at elevated pressures and tempera.tnres usmg solid-
media appa.ra.tus and J.nternally heated ga.s-vessels. ' The techniques

of operation are described in Appendix 3. All results, unless other-

wise noted are fromdrynatura.l materislanda.re listed mTa.bles . o
'7=*6 1 to 6-5. ,.;: [”.,_1:_v ,Hj4i”a§”?{ L |

al Sp_inel-clinomoxenite. & S ' :

R The amount of spinel present 1n ths Dunca.nsby Ness clinopyr-' _'-»;:E'
oxenites is difficult to de,temine due to the large crystal size

relative to the size of the nodnles.. 'l'hree methods have been a.ttempted



| to gain an estima.te of the poss:.ble overall proportions. ‘ Smple

: 'vpoint-counti.ng on ten th:.n—sections g:.ves the w:.dest scatter of data o
| with 3 to 11% modal epinel depending on’ the specmen. Smple extract S

’.':fcalcula.tions using whole-rock XRF analysis of a. nodnle and microprobe _'" o

- ,f";_fanalyses of the constitnent epmel and pyroxene give ‘answers of 5T -

(by weight) spinel. . Digestion of the clinopyroxene in hydrofluoric -.' .
f ac:.d leaves the spinel mattaoked a.nd two experiments in wmch the |
: Tspmel residue is compared with ‘the 1nitial sample weight ga.ve |

'."‘%;fslightly more tha.n 4 wt % spinel. .. All the methods snffer f:r:om sample

1nhomogeneity, so- in the runs it was decided to use four compositions {

i-’.to bracket the estlmated values, and to produce a. spinel-clinopyroxene

.‘phase dia.gra.m.- The compositl.ons used were. sz 5 97 5, Sp6Px

ES , 94' e
,.,;:;"}'Spa 2Px91 8’ Spll 89 (in we:.ght percent) | '::;r; ;-j"_; :;: Q

‘I'he a.im of the Tuns was to determine whether and. to vhat

L A.'z_:’jf’;_fextent spinal could be dissolved in the pyroxene under sub—-solidus .
: - '.-conditions, and hence show whether it was possible for all the spinel
to have exsolv'ed from the pyroxene.- All the runs were perfomed at _‘
| lBkb, in the region where spinel wonld be expected to exsolve from a. o :

.‘_._._'_;.}pyroxene rather than ga:met Tbe results a.re shown in f:.gure 6—1.

'An XRD peak—height ratio method (Sp-Px) was used to estime.te the

s :ﬁcontent.* Anai.yses of the etarting materia.l a.nd the pyroa:enite

"."""_.,..’nodules a.re presented in Table 6—4

In Fig 6-1 it can be seen that an estima.ted 6 ont of the 11%



"'3§we1ght percent of spinel remalnlng in the charge

"fi;fafter the run.‘ﬁv‘i‘v

-"f-"."‘Reéu‘lt'S' ._O'f | 'drY,A'1,8k?’-_jTrizns on’ 'spil',lél"-,eliljobYrO#eriite'_'i':--5'v-"" e
'i,comp051t10ns._; e T
'eprx...cllnopyroxene | sn...splnel ' gl...gl&ss

:fj'Numbers adgacent to run p01nts 1ndlcate estlmated 8

-»__CX____X ie estimated compos1t10n of the nodules._?"
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sPine]. in the Spll Bé compos:.t:.on da.ssolved in the aug1te below the
| :f sol:.dus. Similarly it 18 seen that the bulk of the epmel in the

| SpSPx9 4 composltion entered the augite etructure below the solidua.
w:.th:.n the 1_units of the da.ta. ava:.la.ble from the exper:unents 1t appears
tha.t the maxmum amount of spinel a.ble to enter the- natural augj.te

'before liqmd appea.rs, 1s about 6% | ' The decrease m the amount of

free spinel rema.:.m.ng 1n the Spll 89 chargee above- the solidns may

'be due solely to splnel entering the liqm.d phaae, and 1t is thus

" ;.;possn.ble that ‘no more spinel dlssolves m the a.ug:.te above the

lsolidus. If 6% spinel can d.issolve in the augite under sub—eolidus -

oS comht:.ons, 1t follows tha.t an eqmva.lent amount could exsolve from -

the epi.nel—eatura.ted augite (which would contain over 12% Al 03)

-f-'_}.i:/'me best ava.ilable data. showe the ectual spinel content of the- nodulee “ .

to be about 5%. 3 It is thus posslble for all the ep:mel :.n the :‘A o -
,‘nodulee to. have exsolved from the- aug:.te.‘- In th:n.s case . the homo-;,:
,"“geni_sed augite would have contai.ned over 11. 5°6 AL 2 3° prior to spinel

'-A.._;exsolution, and. would be correspondlng]y depleted in- ca.lcnm ': :
(18 4% CaO) } Fig 6-1 showe that 1soba.r1c crystallieation of a |

comp031tion equivalent to tha.t of the bulk—nodule would commence at

about 1500 C. with clinopyrcxene as the uquidus phase. - The solidns
would be enconntered at about 1350 C e.nd at a temperature of about

1300 C the ccoling augite vould intersect the Sp—Cpx solvns and ap:l.nel

' _‘;:would be exsolved. Eence a.t this pressure and under dry cond.tti.ons, 1 .
the spinel :ln the’ pyroxenite nodulee could ha.ve been entirely exsolved
from the a:ugite provided the ongina.l pyroxene crystalhzed from sme

| '-;;:ma.gna of its own or other su:.table composition a.t a temperature greater

e 1.300‘ ¢ but lees;- than' 1350° c‘,> chem.cal data (see Chapter 5)

. :a«:~.‘,=-~

*\ Sl
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" ;'a.lso indicates- the ‘augite to have "had a hi@n temperature‘ and mode_r- ‘_ =
: jl ately high pressure orig:m : B -
5 It would appear that the conditions chosen for the runs closely .

parallel the a.ctnal conditions of foma.tion. : At higher pressures

(P > 20kb) garnet may have exsolved 1nstead of Spinel. ' The fact I

tha.t the apparent saturatlon limit of 6% sp:.nel is close to the o
- observed natural composition of the nodules is consistent with the |

proposition that the pressure conditions were close to the natural e

"Econdition of :f.'ormation.”' Similarly, had vater activity ‘been : |
i-significant at the time_ of formation smphabole would be expected to .
-'"be present in qua.ntity, and the depression of the solidus- emd liquidus
”temperatures would have restricted the extent of the a.luminons pyr-'

‘oxene field: :to less than Sp5 95 . S '_ -

A similar black spinel-pyroxemte described ‘ny Kutolin and
. i"j""Frolova (1970) from Siberia has a whole-rock alxmina. content of 16 5%

“.'and on Fig 6-1 would fall cloee to the Sp—Cpx-Liq ente""ic at 145° C’ .

""-:-:J.ndicating that. this nodule may ha.ve formed as a spinel-pyroxene e |

£ t"co—precipitate.‘_v , '

s !,""b) Anorthocla.se sta.m.li}z 5, 10 and likb

The mtention of this project was- to determina the upper P-T

o »materia.l as the host-rock is relatively fresh. A

Anorﬁaoclase waa cleaned and crushed dam to relatively 1xrge

gragments (up to 140 microns, average of 40 microns) a.nd mixed with

vstabiht'y 1im.ts of ancrthoclase megecrysts in thsir host-rock. .For-? |
ﬂ:is purpose ths Ruddons Pcint locality vae chcsen to provide starting
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the crushed basalt (RPB) wh:.ch had a gra.m s:Lze of 5-20 xm.crons, to
,'_—”_l:"atta:.n a composi tion with 10 07% anorthoclase. : Thie allowed for.':.." S

"{Aeasy optxcal identiflcation of anorthocla.se. }CRD identlfication e
"'.7-“__'18 complicated by the overla.p of anorthoclase 130 and plag:.oolase

E "-'130 peaks, though the excess peak helghts due to addltlon of 10% T

anorthoclase a.llows for detem:.naticn of the approximate amount

. /

presentinar\m. o R

Runs were carried out at 5, 10 and 15kb a.nd the results are - -

'shcﬂn in Fig 6-2. 'l‘he estlma.ted solidns and la.quidus poe:.tions for
‘RFB are shown, the hqmdus comcldes closely with that detérnined |
"for the tholeute NM5 - by Cohen et a.l though the solidus is some 40-

~50 lower., Si@n.ficant iron-loss to the PE ca.peules was noted m

the 10 and 15kb runs (sohd—medla) so only short run-tunes (15-30

mnutes) were used. In the gas—medla. runs where the run length vas e

L ten da.ys welded iron eapsules were used to prevent :.ron—loss,

o although some ga.:.n in 1ron or reduction of the charge may t&e pla.ce. f,'.-‘

: Anorthoclase is a near llquidus phase -at’ Skb. ) At lOkb 1t is

- "'"-."",eta.ble below the solidug, 3how1ng no sig,ns of corrosion, but

-vdisappea.rs above the solidus. - At lSkb the a;northoclase is metastable,,';
shov:.ng si@s of ma.rg:.nal corrosion in ehort sub-solxdus runs, e.nd 11‘
the Tun time 18 mcrea“d dlsappears altogether, though in s a two hour

:‘;". the irom—loae 1s substantial. : The loss of magnetite above the

,solidus may e.lso be cansed by severe depleti.on of 1ron m the charge. ‘ e .

If anorthoclase crysta.lllsed from a melt of s:.mila.r ccmposi- _-‘ o

o ;.tlon to RPB then the upper pressure llmit beyond wh:.ch 1t 13 no longer -

: preaent in the melt:.ng interval is 8-9kb, w:.th an upper temperature




'fResults of dry runs on 10‘% anorthoclase 90 A RPB composition”

"fDashed line 1is estimated stability limit of anorthoclase in t;
presence of liquid T

v
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:‘11nu.t of 1150-1200 C, anad. th:.s 11m:|.t 1s tentat:wely portrayed on N
- Fig 6-2 as a dashed l:Lne. It is,. however, more probable that the R
anorthoclase megacrysts crystallised from a highly alkal:.ne body of =
g trapped residual ln.quid, probably in a wet system which would tend “
ﬁ to lower its P—T stabrlity range, posmb]y to a ma.:d.nmm of 5—6kb.
N_These experiments hovever, serve to put a 1:Lmt on the 3 SN
| cond:.tlons under which anorthocla.se could be expected to crystall:.se |

" ‘from this basic liquid.

“¢) Elie N’é;s— gget—clinopm‘ r'ene.."”_"'
The a.i.m of this seri.es of experiments ‘was. to determne the
conditions under wha.ch the Ehe Ness glassy sub—calcic a:ug:.te mega,-
crysts are Just sta’ble with garnet, a.nd to compare the composztlons N

%«

: of garnet exsolved from the augite with that of ‘the pyrope megacrysts.

Experiments were carried out on finely crushed powder at
4pressures from 20 to 30k'b, w:.th an average run length of seven hours.
Iron—loss was fomd to be apprec:l.a.ble only a.t temperatures apnroaching
the pyroxene solidus. " Mlcroprobe da.ta suggests 1ron-loss 250 ‘ .
s :' ‘i"fbelow the solidus to be minimal. The results of the runs are presentedr

in Fig 6-3". : Garnet which exsolved ‘from the aug:.te at 30kb (1250 c).

_:_;'was a.na.]ysed, the results being compared with the Elie pyrope in

respects. : TiO and (2r203 are comparable with ths valne- ﬁ-on tha

pyrope which rein.forces the suppos:lt:.on that the garnets from Elie ', o
may have crystallised fron a basaltxc mslt. i Fig' 6—% sho?e the phase

. relat:.ons detemined for the augite on which are snperimposed data

Table 6—5. As can be seen the exsolved garnet is richer m grossular

than the Elie pyropes though displaving similar ehemistry 1n 311 other



;iFig. 6-3 ﬁ
Results of dry runs on. Elie Ness, glassy, sub-calcic augite.‘nfe

Upper dashed 1ine represents pyroxene solidus, lower dashed
1'_line represents upper limit of garnet exsolution.; a;f;‘w‘

N epx.,.elinopyroxene - gt...garnet

'A;;,runffrem_yhiehﬂfrneiicnargeieqnpgnentshwere;enaiysed;f,?fyiﬁ“e“
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ta.ken from Cohen, Ito and Kennecb' (1967), O'Hara. et al (1971), | "
the nresent work. - '
‘coheﬁ-s thdlsiitic 1iquiaus‘ c‘oincide's‘w’ith 'thatfaétémhed'_.':
fo:r: RPB, and. the lower temperature B.PB Bolidns is also shown, - The-
' 'ga.rnet-m' of the tholeiltlc meltmg 1nterva.1 is. ta.ken from Coben
et al, and the spz.nel to garnet lherzolite fac:.es boundary from
O'Ha.ra et al.. | R

The Elie angite read:.]y exsolves la::ge quantitles of gamet atv_"-’-f",,. ,."

"'neratures uwp to 256 C below the solidus, but at higher tempera- -

»,tm:es outa:.de the garnet exsolution ﬁeld shovs no. signs elther '

i

optically or on X—ray t.race, of enstatite exsolut:.on. - Examinatmn

:';‘of Fig 6—% shows a lengthy univanant condition on which this ,
clinopyroxene could co-exist with garnet in a basa.lt:.c l:.quid, . It ;
’-":f‘--wa.ll be noted that th:Ls um.variant lies ubelow the thole:.ite solidns .
but a.bove the extrapolated RFB solidus, thus a.llowing an a.lkali basalt ':

melt to crysta.lhse cl:unopyroxene and ga.rnet mthin the garnet-

lherzolite facies.

; - The most proba.ble host-liquid would be a partial melt of garnet-— L
peridotite a.t pressures not less than 30kb, with crystallisation of :
@met and a:o.gite tak:l.ng pla.ce possi’bly dovn to 25kb and 1550 C. N

From Fig 6-% it can be seen that any g:adua.l drop in tempera.tue

vould cause ang:.te to exsolve garnet whilst still in t.he basalt liquid

: field a.t pressurea in excess of 25k'b, a feature which j.s not observed

in the Elie augites. . Simxlarly the progressz.ve drop in P experienced
by a magna nsz.ng along the ba.sa.lt l:.q_mdus would result in g'a.rnet
becomj.ng unsta.ble at P < 20kb and reacting back into the llquid,

e



g

\'-;,extrapolated RPB liquidus (this work).~

SR Fig. | -’+

VResults from Fig. 6-3 on which are superimposed basalt melting data.

A is tholeiite (NMS) liquidus (Cohen et al. 1967) and also thefﬁf  :¢‘;-:

"B 1s the tholeiite solidus»(NM5)

HEjRPB is the extrapolated RPB solidus..; 7f: :“'~l""

fSpinel to garnet 1herzolite facies boundary after O Hara et al (1971).1_‘

. (

':'garnet in® line after Cohen et al. -_in""'
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L feature wh.u:h is obviously not observed mth the ElJ.e pyroyes.,,,,; -

Hence a.ny model for the fomation of the Ehe Ness pyropes and :

;—A-augxtes nm.st a.llow for--

..:a)- e .An initial pa.rtia.l melt at P m ‘excess of 30kb. -

: b)‘;f'¢Co:@rec1p1tatian ot garnet and augite at 1350-1400 cs 25-30kb.ﬂ--ﬂ"

L c) e " An ensuing rapid r:lse to the surface from -@epths. in the order '

‘ of 75-100kms ’before ga:r:net becomes unsta.ble in the llqu.xd. '

,A.ll the expenmenta described m th:l.s chapter have been ~‘ )

" _:under d.ry cond:.tions. . The presence of water would tmdoubtecuy

.A.when considering the ﬁgures d:.scussed a.bove.-,; A

Fdepress ths aps liquidns a 11tt1e, and this should be borne in mind _;1[“&';”fq
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tﬁvplotted run feéults'on'anorth6c1ase-RPB samﬁies.>
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ig Plotted run;results.on‘spiﬁel-clinopyfdxenite nodule. =
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 Plotted fﬁn results on Elie Sub-calcic augite megacr&sts.
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Petr'oggi nesis'.j—'?-'_’ji'. S

S inél—].herzolite 1nciusions as u -er-ma'ntle xenoiiths. .

‘Ihere has been much controversy as to whether sp:.nel-i .

: lherzolite inclusions in basalt represent pnmary or: dep}eted mantle

materials, or whether they are cognate accmlatee from basaltio '

ls.qu:.ds a.t dep'th. ' The 'bulk of evidence :n.e interpa:eted a.s
snpporting the fomer possibilities, aml a. mantle-fragnent origin has ‘

been e.ccepted by most a.uthors. ) O'Eara. and Mercy (1963) and O'Hara

could a.ccount for the production of ne. norma.tive 11qmds :Erom "
original]y 131 nomative liqu.ids, and he po:Lnted out the ra.rity of
spinel-lherzolites :Ln k_unberl" tes. A This a.bsence is expla.med if
they are not normally ma.ntle components. N The. spinel-].herzolite ,
mclusions in basalt have higher a.lum.na, 'iron, soda. and lime an.d

lower ma@esia. than ga:met-lherzolite nodulee in ld.mberlite. . Thie :

is the regerse of wha.t would be expected if they were residna of

: 'partial melting of ga:rnet—lherzolite..-.» These chemioal fea.tures will

'them to be cmmlatee which developed e fabric within the olivine by

:;convective ﬂov during settlins

o 1sotope da.ta which usua.lly show isotope ratios to differ significantly

(1965, 1968) devised. a mechanism whereby 1herzolite fra.cticna.tion el T

be referred to agad.n later in this disoussion. Brothera (1960), o R

inan early paper on lherzolite inclusions from New Zea.land, suggeeted-_' : ‘

Huch of the rei‘uta.tion of a cognate origin is based on various ,j"f‘.'




between inclusions and their host basalts. ‘_ Kleema.n et a.l (1969)
and Kleeman and Cooper (1970) ma.inta.in that U, Th, K ‘and’ Pb 1sotopic k
| '3 ratios indicate a primary upper mantle origin for lherzolites from | .
’ Eictoria and show that they are not residua of partial—melting o
N . Leggo and Hutcha.son (1968) and Laughlln et al (1971) produced sxmilar :
results. from Sr87/sr 6 ratios. : A theory has often been put forward )

that spinel-lherzolites ca.nnot he accumula.tions from*their h.ost S

basalts owing to the high cr content of the inclus:.ons relative to
:_the basa.'Lts. ' This has been criticised by O'Hara (1967) -~The pain. .

point of O'Hara's argument 1s that if the lherzolites cannot be ‘

chemically related to the basalts, then how can the basalts 1n m
be derived from the lherzolites. (If one assumes Epinel merzolite

to represent prma.ry ma.ntle material)

The argument has been adva.nced that spinel-lherzolite inclusions
are samples of a refractory layer in the mantle from which basaltic L
= liqmds have been extracted, which may account for their absence o

m kimberlite pipes. 1 This theory does not, however, account for

‘:-'.the higner Mg, Na, Fe, AJ. etc. of the basalt lherzolites mentioned

;earlier 1n this chapter..l Reid and Frey (1971) concluded from rare-

;earth studiee that Ha.waa.ian 1herzolites were the barren (Ca., A.l, Na.,

-'K, T]. poor) res:.due of partial-melting of a- gamet pyroxen.ite, and L

.

'thus suggested that spinel lherzolite may on]y "be common-. :m mantle o

regions vhere basalt genesis has occurred | Indirectly they also -
concluded tha.t pyroxenite is a. common mantle component. _ Nishimura
;.__;(1972) also suggested that U 1sotope stud.ies indicate lherzolite to

be ‘a.barren_'- mantle‘residumln.‘ wOrk by Gramlich and Naughton (1972)




| on He/Ariratios, a.lso on Hawai:.a.n inclusions,A aga.:.n shpported a bar:r:en
- ma.ntle residmm ongm Nagasawa et al. (1969), in an extensive : . Z'.‘
' study of -RERE a.bundances in nodules and basalts, concluded that
| "'—.,;‘nodules were the REE depleted res:l.dua of pa.rtlal-meltmg which produced '_ -

'\ fj}REE enr:.ched ba.saltic liquids. -

. If this refra.ctory model is correct then it is clear that
Bl ‘-pr:unary mantle material must be ncher in the more fuszble elements, A -
partlcularly Ya azui K, in order %o produce basaltlc melte. | Griffin '_- o

" and bhxrthy (1969) proposed the presence of nhlogop:.te, hornblende

L':::'or plagioclaee to account for the estimated mantle concentrations '::'_".

: of K, Bb, Sr, and Ba, .and many occurrences of homblen@or m:.ca-
bearing lherzolz.tes (c f. Duncansby Nese sample, ‘Fhiﬂ work) have e

j-':been noted (Dawson et a.l. 1970, Daweon and Smth 1973, Varne 1970)

L Hwever. experimenta.l vork by Kushu:o, Syono a.nd Ak:lmoto
| ._-1::-(1968) has shown that spinel-lherzol:.te can be partially melted to -.;.‘.. L
- ,produce liquids of ol:.vine—tholeiite compos:.tion under d.ry BeE .

' "*};conditions, which bringe the general:.sed 'residmm' ~ﬂk:heo:r:;r into

| "'j:'v.gquestion. The fa.ct that spinel-lherzolite mclusmns in basalt
" have a chemistry contra.ry to that expected were they reeidna from .

':5‘_-.:‘;..Agamet—lherzolite, and. tha.t they have a nmch 1over pressure of = T

"‘" GQuili'bu:ation (< 25kb) than ‘the m"eru“ n°‘mes' bas b“n

Aiy-

ihronghtontinanevrevievpaperbyo' Eara,SmdereendMerey(m

X .press) In amr gro'np of spinel-]herzolite mclusions there is "
'-. positive correlation between high-e.lmnina pyru: ene, high mutual
. '-'_--"_"vsolubillty of the pyroxenes, and low Hg/Mg+ Fe ratios m the mnerals,

"{-' a correlation that is lmear with decreasi.ng pressure and temperature fy

et o



This lmear correlation also reP«"»‘esents the Paﬂ:l ta.&en by a nsmg |
o '%’-Z‘Oba.saltic hqmd such as those in wb.l.ch the 1nclus:.ons axre: tr:a.ns- :
i ported to the surface, and ‘cannot be expla.ined simply’ W any other
known phenomenon (such as diaplnc uprise of P9r1d°t1te)“ g 0'Hara N
e et al.: conclude that chemical data are only reasonabl.v coniplied vlth -
'}i if spinel—l.herzohtes are. crystal cumulates formed on pipe-wa.lls. . -
‘“..v:?.Other theories are inadeQuate in explaa.ning the chemistrYo Frey and, |

"Green (1974) proposed an J.mtial residua.l origin for the Victorian P -

?“-lherzolites followed by chemica.l modifica.tion due to contamination. SRS
by a later pha.se of ba.sanlte liquid to produce the observed RI-E
,distributions. ' 'I‘his mght a.lso explam the higher soda., a.lm.na,
f'and iron concentrations of spinel-lherzohte mclusions, but as a 3 4
,_i'.generalised theory would not a.llow for the texture of many
jt:,-,lherzolitee whlch are highly sheared. . Chemcal modiflcation of a -
res:.dual lherzolite would dema.nd su’bstantia.l recrysta.llisa.tion a.nd e
re-equilib:ration pr:l.or to transport to the surface to produce the e
.f‘f.."observed textural a.nd chemical features, and even then uould not
allow for the sheared inclusions often found.. It is not disputed .

that residual spinel-lherzolite uould tend to. rise m the mantle due o

to :Lts loss 1n density, and henoe acoumula.te a.t a high level where
low-presme equihbra.tion could ta.ke place, and a.'l.so possible
comtamination by basa.ltic hquids. . However, ths speed of eruption

1»..»_— -

oftuff-pipee ~precludes thelengths oi‘ ti.me required for such

contamina.tive recrYBtallisation to take plane. | A more like],y theory
Y account for b°th the °hem9t1'Y and texture is that put forward

'by O'Hara. et al. i‘or pipe-wa.ll precipitaticm. : A.ny accunmlation at




‘ magna column. '

' ',",'j-Amemlate nodnlea ? ? . S

depth would be sub,]ect to a. great deal of plastlc defomat:.on, such

- aa tha.t observed, due solely to the stresses applied m a rj.s:.ng

i

" From the above d:.scuss:.on 1t seems clear that spmel-lherzollte

- 1nclusions are intmately associated with basalt genesxs and may
.'-:-only be present 1n ‘areas. of the upper mantle where pa.rt:.a.l meltmg
- -has ta.ken place. - At the present state of k:novledge “the mantle

re81dmm theory is. the most wldely held., though it should be stressed :

tha.t each occurrence has its own \ma.que features and chemistry and

" ,“‘often over-generahsed. whllst both sides of the aranment ha.ve

. -r.:.\_'f‘i}compellmg fea.tures, no one theory can adequately explain all the
| . data from experimental, geochemical, geophysical and 1sotope sources. .
}lihen the crysta.l cmnulate tbeory of O'Hara. and others 1s applled to

- -“.'::‘:.f-?._.-the Fife specmens it could expla.in the observed field data, R

B }-V‘Z',""particularly the absence of spinel-lherzolite nodules 1n the tuff- :

rpipes. S These might be expected to occur 1n a primitivs, rap:.dly

'erupted gas and liquid stream, were they residua.l mantle material. ,

It also accounts for the absence of crusta.l fra@nsnts :I.n the spinel .

~1herzolite-bea.ring sheeta, as amr eruption V1°1°nt enoueh to hrins

Noch:les m.nera.logically smila.r to the Elie-type are- of wzd.e-

1

"";,:V sprea.d occun'ence 1n \mdersaturated basalts. K ‘I‘he best docunented

m many discuss:.ons of spmel-lherzolite origln the conclus:.ons are . ""';: L



88,

examples are from Hew ‘South Wales, Japa.n, New Zealand, Dreiser WQiher, :
-and the southern USA a.nd Mexico. They a.re often: a.ssocia.ted with
feldspar and pyroxene megacrysts, and have generally been assigxed
' 'a cumula.te ong:.n from alkaline mae'mas within the lower crust. ‘I‘he A- -
':New South Wales examples. (Binns 1969, Birins, Duggan and Wilkinson ~f
”;*-;'1970, Wilshire and Binns 1961) include amphibole-pyroxenite nodules o
and mega.cryets of sub—ca.lcic a.ugite, pleona.ste, kaersntite, a.northo-r '. N
.15f:c1ase and ilmenite, .| Binns et al. (1970) concluded that substantialf
-""..'}.""_:'4;-{jfra.ctionation of the megacryst ‘phases wou.ld only slighth alter the
na.tu:re of the host hquid and wou.ld be 1nsuff1c1ent to act as an e
‘important agent in the evolution of widely va::ying basalt Wpes. ‘

' ;,-;“Dickey (1968) did, however,use “this’ medium to explaa’.n the production_.

of a host mela.nephelimte from a.lkali-olivine basalt by fractionatlon

";of megacrysta.l a.northoclase, pyrope a.nd 1_11 nomative pyraxene. L
o Binns (1969) proposed that both the NSW nodules a.nd megacrysts were '

_' 'cognate phases crystallised near the crust-mantle mterfa.ce. o

Discus-ing the kaersutite-bea.nng nodules from Iki Island

""::,_5::-(Japan) Aoki (19703) concluded tha.t they were cog.'xate accumulations

"-'--;.._.‘from within the stability field of kaersutite, which he placed at a

‘ _maximmn of ljkbs (401ms) In a further pa.per (1970b) he. pla.ces the

e co-precipitation of andesine and a.lum.nous clinopyroxene megacrysta

- .j;""-‘__‘va.t depths of 50 to 60kns in dry conditions. Le Ha.i.t:ce (1969) con- A;.'.if

cluded that e:.nce fhe breakdown of ka.ersutite (Tristan da Cunha)
'..‘,'Atook place at pressures less than 1.4kb. ( ) then the assemblage

ﬂ.-kaereutite-chnopyroxene-plagioclase would be stable ﬁ:om 1 4 to 6k'b - o

.in hydroua basalt melts. . Borley _et al- (1971) lmj't.ed.:‘me"ccnditions-"'-:j;‘f:"-;



oi‘ formation of kaersutite—pyroxemtes from Teneriffe to 9—10kb at RO
960-1015 C. At T > 1015 kaersutite would da.sappea:r: and R
a clinopyroxenites would be formed. " These data a@ee wrth the crust-

mantle lnterface origin condltions prOposed by Binns. EE ‘

Tb.e Dreiser Weiher localtty has been studied in deta.il by
Frechen (1948, 1963) and Aold. and Kushiro (1968) a.nd is very simila.r

J_n most respects to the Fife tuff-pipes. M’J.ca.- ‘and hornblende- -

‘i“:;f" wehrlites are considered by Aoki and Kush:.ro to be cogna.te, formed

e since wet crystallisation of tholeiite can 131-'0‘1‘1"e amplnbole With up
" ?':j.f» to 4% ﬁe

.in the 1over crust from an- alka.li ms@na ‘ A s:.mla.r conclusion »
is draxn by ‘l‘rask (1969) for the black pyroxenite nodules ﬁ:om Nevada

'Mason (1968) cons:.dered ka.ersutite megacrysts from San Carlos, .j. -

(1974) consider kaersutite to be a possible source of a]kah-olivine e

basalts rather than crystallising from them .' They consider tha.t

5 then fra.ctionat:.on of this could produce an amphibole—rich
" cumulate which could later melt to form alka.l:.ne hquids. .‘ This seems"'
'sufﬁciently unlikely @ textural and chemica.l grownds tobe ..
unconnected with the origin of kaersutite—rich pyrcxenites and
‘vehrlites. _' Best (1970) describes e.mphibole-pyroxenites from the
Grand Canyon vhich show the same chemical features as those studied

from prenously noted aree.s, and wh:.ch display poikj.litic a.mphiboles

_enclosing olivine a.nd pyroxene euhedra. These are very similar to

some Type 1 Elie nodules and Best considers them to be cunmlates at j

pressures of about lOkb.»

Thermodynamxc calculstions carried out by Bacon and Camﬁ.chael



- "1‘:"';.::(1975) purport to give estimates of P-T conditions of equilibra.tion

.Av"-"f:‘_-j-'of lavas, nodules and megacrysts from Ba.;;a California, Mexico. "The .

'. results for spmel-lherzolite—lava equ.ilibra.tlon are 1330-1410 (¢ at

| .{'_'__27 5 to 31 .6kb, Calculat:l.on for sub—calcic (17 1% CeO) augite and .
»."'.'.f':t.plaglocla.se megacrysts are based on the eqmlibrilm buffer reaction o

i-;.:"",; R ‘ Ja.deite + qua.rtz _= a.lbite

and givee a va.lue of 10 Skb, though this ie sole]y an eqmlibration‘ |
;:»pressure and does not represent i‘omation conditions in a hqnid
,_:which may ha:ve been of different compos:.tion to that m which the :

megacrysts were fomd..__, o

- Megacrysts of pyrope garnet and glassy suo—calcio pyroxene of
very simla.r compos:.tion to those phases from Elie Ness are i‘ound
in a.lkaline rocks from northern Nigeria. , Frisch a.nd Wri@t (1971)
ten uatively proposed that these pha.ses might have crystallised together o
fat depths exceed:.ng 60kms They a.re found associated mth titanium-
pargasite, plagioclase, 11mem.te and spinel megacrysta. . Dickey ’- ~

(1968) found py'rope and sub-calcic augites as’ coarse-gra.ined aggre— ’r‘f‘;; i

ga.tes in tuff from Kakanui (New Zeala.nd), again associated with

:a.northocla.se and hornblende megacryste. As noted previously Dickey "

a.lso cons:.dered these phases to be cognate, altering the magna.

,_composition as. they precipita.ted. ' . L f o . "'. e

Hom the above discussion it is clea.r that most worloers have .

Tcom:lmied. tha.t ka.ersutite a.nd mica-bearing vehrlites and pyroxenitee
.iare cunrulates from alkalme magnas, and there 1s a genera.l agreement

B ‘on-a crust-mantle boxmdaa:y region for their place of orig:m.

-'%-..:. -

L In the discussion 80 far a cognate ongin has been assumed for



- the Elle-type nodules and megacrysts Onachemca.l ba‘.sis'- alone-
this is a logica.l concluslon for the types 1 and 2 nodules. o The'v
;,"" 'mineralogical s:Lmila.rlty between the pyroxenes of groups 1 and 2
g -"»:'nodules and the pyroxenes of alkali basalts has been dlscnssed in -
| 'Chapters 4*a’n’d‘ Sy and the relevance of the ty'pe 1 and 3 amph:.bole' .
| "t:v'chemistry to the c.omposn.tlons of the Fife basalts 1s reiterated below. ': R
From these da.ta. it seems mobable that the types 1 and 2 nodules are L
cumulates i‘x:om an alkah melt l‘n Chapter 4 the lmnearity of the

};chemical trend. 11nking ths types l, 2 and 3 pyroxenes ‘was taken to

| :’-'ft.:[‘:'}-lndicate a closely rela.ted orig:.n ThB tYPe 5 b.xotite-pyroxemte - o
:f"inodules ha.ve compositions which consistently place th.em a.t the basic -
t:?'end of the F:Lfe basa.lt trend on smple Harker dlagcams, suggestmg -
';,.tha.t they may represent totally crystallised liqmds ea:r:ly on: the ‘_‘-'_.,.""_-_"_f
',‘J'.,’-i-evolutionary cycle. ' ‘I'he pyroxene composltzons show them to be ths }
o earl:n.est formed of bhe types 1, 2 and 3 aug).tes, \dith the hlghest |
_‘pressure chemistry On the basis of Ti-To content it vas suggested |
- tha.t types 1 and 2 py:r:oxenes must have fomed at pressnres less than

‘ "4'-7;-;.:1-.10kb. ; It is suggested tha.t the type 3 pyroxenes fomed at Pressuresu'A'- :.' |

‘;..shghtly g:reater than 10kb, due to thsir low 'I‘i-Ts and relatively

h:.gher ja.deite content

R N°d‘ﬂes °f me 4 are unusual m contaa.ning green, sodic
';amphibols. . Superﬁcially :I.t seems unlikely tha.t this type of nodule a

could ’be cogxate ﬁ'om a liquid smilar to a.ny of the Fife basalts, -

: but the composltion of ths mica 1t contaa.ns is very simtlar to tha.t
_of the type 5 nodules, assumed to be cognate, and, m common vith the
'__-;_;_’j-jother phases crystallised from the magma, _the biotite is titaniferous.



It 18 thought tha.t th:.s type of nodule may be a late stage cumulate L
of a particularly s1hca~defic1ent and. alkaline liquid, as is mdicated;;j-‘»r o
by the sodic nature of the ampha.bole and the alb:Lte a.nd the potass:l.c - )
biotlte. = A s:_mla.r origin is proposed for the type 5 mica-albite |

' nodules. | The titam.um- and. 1ron-rich nature of the biotite in-

: these nodules suggeste it to have cryetalhsed from a more evolved. L

liquid than those of types 3 and 4. .

‘l‘hus 1t is considered that all the z.l:.e nodnle types .’

represented m the Flfe rocks are. cognate fragmente from a.lkal:me

Turm..ng to the megacryst assemblage present in the Flfe *ocks, —‘:

prev:.ous discuss:.on in Chapters 5 and 6 has shown tha.t both the R

garnet a.nd sub-calcic a.uglte mega.crysts from Elie Kess could represent o

gh-pressure phenocrystsof an a.lka.line magma ) It has not been o |

poss:.ble to show conclus:.vely that the anorthoclase megacrysts are - |
cog'nate but when one con31ders the w:.despread occurrence of this. type

e of megacryst in alka.li basalts (Best, Hoffer and Hoffer 1973,

La.ughl:m et al. 1974, Gra.nt et al. 1972, Aoki 1970b etc ) and the
fact that it is a. sta.ble phase vithin its host-rock, 1.t seems
unlikely that a.ny exotic or:.gin could account for this regularity

of occurrence. Experimental work has shoun that anorthoclase is a

,rela.tively h:.gh pmelsures. ‘l‘he presence of a. variety of eodi.c

.plagiocla.ses and a.lkali feldspars as nodnle components and. megacrysts,

cons1dered to be cognate, presupposes a h:.ghly a.lkal:.ne hquid to o

'a—>.

'f: : ha.ve been present a.t depth dur:.ng the evolntion of the F:Lfe basalts. i



E :_z?-';'Such a liqu.id could. be - formed by closed.-system fractlonation cf

- .i_;_;zpyron.ne from a bas:.c alkaline magma . In Chaptel‘ 5 11’0 was seen

e El"v:'tha.t the concentrations of a.lka.lis 1n the Fife basa.lts could only
lﬁ'.";‘.{have been sxgn.ifica.ntly 1ncrea.sed by the fractlonation of pyroxene. _ " ‘

' "-;'7It"is now prgposed to study this _proposition more'olosely. o 3

“ Pife sei'ie's.

It was seen in Chapter th:ree tha.t the Fife basalts forzn a

" i-geries of 1im.ted chemica.l variation which is- controlled largely by o

' ';'vthe fractiona.tion of ohvine and pyroxene though more significantly

lfby pyroxsne. o Smple fractionation of the nodule or megacryst phases
_has no s:.gm.ficant control over the pa.th ta.ken by the evolv:.ng basalts.f

;;.'Ihe most important points of note regarding these basalts a:r:e°-

a) Lherzolite inclus:.ons occur only in the most ba.s:.c, least C
4 evolved mem‘oers of the series. At Coa.]ya.rd Ha.ll they occur
in a. sheet occupying a ring-fracture which is :.nda.cative-"' '

of a la.te stage of intrus:.on.

b) Alkali—pyroxenite nodules a.re not found associa.ted with :.‘_
' lherzohte inclusions. 'f The host-rocks to these nodulea
and the basalts associated with them in *bnff—pipes are

S genera.lly of. mtemediate composition on the Fife tr:end

) o) Amptubole compositions from nodules and megacrysts olosely

mirror those of the basa.lts of intemediate composition, _

: and it is. suggested tha.t these amphibole compos1tions

: L z'eflect the chemistl'y of the magna from "hi"'h they il l‘

) '.' crystallised. : co f.‘_ o o o S
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d) The most undersaturated rocks 1n the Fife series are not )
" host to any type of- 1nclusz.on or megacryst. (r.g. Elie

Harbour)

:~’Pro,1ections within the system C-M-A—S. P R ’
Progec'hions within the pseudo-quaternary system C-M-A-S ha.ve E AT

: ;‘_'Ebeen found ‘useful as a means of presentmg a.nalytical data from

,‘Aba.sic a.nd ultrabasic rocks (O'Hara., 1968) The method. of pro,]eo- .

4':'37-‘ '_Aetion and use ha.s been described by Jamieson (1969) -The C-M-A—S.'

/‘“system is the na.tural analogue of the syntnetio quatema.ry system

‘ mg 7-1 shows the Fife basalts proaected onto “the plane cs.--ms-A~
: ,from ol:.vine (M S) Superimposed on these are the 30k‘b, 15kb and
:{'ulbar 1nvar1ant pomts described by O'Hara. (1968) as: representing the
E jcompos:.tions of the 1m.t1al partia.l-melt products of a.n average

garnet—peridotite (AVG on Flgs 7-1 and 7-2) © As can be seen the

v‘ba.salts lie on the undersaturated side of the hypersthene—ga.bbro

d.xvide vhich links diopsz.de (CMS ) with the Fo-An piercing-point
;_(MZS-CAS )  The elongated trend displayed by the- rocks is largely
"a distortion inherent. in this particular pro;jection, but supports
the chem.cal trends discussed earlier in the study, with R.P.B being 5
?,:themost basic ba.salt, an.d the Chapel Ness f1ow. bemg the most .

.h___

B undsrsa.turated It was a.lso considered earlier that the bulk of

Ax'érd"-"_‘these rocks were ra.pidly cha.lled, high level differentiates. : This :
‘supposition is reinforced by an exam:.nation of the trend. in Fig 7-1

vhich is ‘seen to lie close to the 1 bar An-Di—Fo cotectic. f As these

Tre tagies 4te e



Fig 7 l

- Fife basalts projected onto the plane CS-MS-A from olivine (M S)
. in the pseudoquaternary system C-M-A-S of ot Hara (1968)
'3f;Further description in text.;,g;*gﬁ : '

RPN....Ruddons Point lherzolite nodule (E l)

AVG....Average garnet lherzolite in kimberlite (O'Hara, 1968)-35uf?"

“-:‘ G....Hypothetical 50-50" garnet-augite mix (Elie Ness).
Fo-An....Forsterite-anorthite piercing point.. _‘»
ll....Ruddons Point, basalt (RPB) ' h

"}...Chapel Ness basalt.A~

p*iDotted line represents 1ocus of invariant points linking theﬁ25 and

',°30kb 1nvariants of O'Hara (1968) i}f{”'**

L A N
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three phases are 'hhe ma.Jor phenocryst and microphenocryst constituents

o of the basalts it seems rea.sonable to a.ssume tha.t such a. 1ow pressure e
- N __crystallisation trend was followed. o f.: S

Also shiown on  ‘this, diagram is. a mrpothetica.l mxture oi‘ 50 50 o
Elie Ness pyrope and glassy augite megacrysts. In Cha.pter 6 it vas

e :-‘shown that these phases probably crystallised from a primtive magma-_ o

- pressures of 30-25kb. : The locus of inva.riant po:.nts linking the -..;;";,_-' ook
“30Kkb and 25kb initial partial melts of O'Hara (1908) represents the L A

ost MgO and aiO rich hquids from which these would have

2 .
rysta.llised. These liquids lie on the silicar-satura.ted side oi‘

:;the Di-Fo/A.n plane. ‘» However, as is discussed later in this Chapter;
11: is. considered tha.'l: 'vapcu.r-a.bsent' melting of a mica.-bearing e
s.peridotite wou.ld produce liquids which WOuld plot on ‘hhe under-{--:- »:~".
;’:sa.tnrated s:.de of the divide. ‘ Fra.ctionation of the garnet-—augite
mix sould produce liqm.ds lying close to the BOkb Gt—Cpx cotectic
a.nd close to the basic _end of the Fife t:rend. Fra.ctionation
:f ihe 'eclogite' mixture would be unllkely to prodnce a liquid as ??

undersackurated ‘a8 RPZB, as it would require up to 50% fracticna.tion. _‘ ‘_‘

A~ '. Fig 7-2 shows the same data. progected onto the plane C A—M—S

. 3
frcm d.iops:.de (CMS ) The area occupisd by the Fife basalts s shaded
and lies below the plane of critica.l undersa.turation in silica. SR

Aga.in :Lt is seen that fractionation of -3 small amount of ,ths 'eclogite'

;:mix at’ 30kb from thexproposed alkaline, primitive 1iqu.1d would produce

ox- ¥ magma more ba.sic tha.n RPB The low pressure nature of the more

_ ,\mdersahzra.ted members is aga.in emphasised. S ~'_-: 5 r_, .H
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";fFife basalts projected onto the plane CsA-M-S from diopside (CMS )

'in the pseudoquaternary system C-M-A-S (see Fig 7-1)
Further description in text Symbols are the same as those used in

"'_ Di-An....DiOpside-anorthite piercing point







= K Alka.h-’basalt g:enesis.A

. The evolution sequence o.f.' the Fife basalts is on]g represented

- 'if-'on tne surface by the later differentiates and more ba.sic la:vas |

- contaimng 1herzoLte 1nc1usions. : From chemical data on- the garnet
o " and augite megacrysts it is clear that a primitive alkaline liquid -
L existed at depths greater tha.n 80kns and this liq'aid must have been

.f.».:"at least as ba.sic as RPZB ThJ.S pri.mit:.ve compositlon may well he".

o L.’:-’:f:":represented by the tu.ff, which is 1mposs.1ble to anaJyse accurately

"bf-[owing to 1ts content of foreign a.nd cogna.te ma.teria.l and its A
B ,"carbonated natxn-:e. ' Thus any theory of petrogenesis for the~Fife

" 'basalta 1 must allow for the liquid already being alkaline at depthsf'EZKJV' «

."'_grea.ter than BOkms and prior to a.ny known cognate phases

RARE crystallismg

o -: It 1s not within the scope of the present work to provide a' .’.' k
’ fu.ll survey of the modern theories of basalt genesis and the

followmg discussion will be restricted to those areas of the

f-'."._controversy which directly a.ffect the deep-eeated genesis of Fhe

":;'alkalins llquids. ' ;‘}‘ _* = f;'fr.ff DR ﬂff'§$¥{lf?'7”

In 1965 O'Hara. proposed tha.t the va.rious types of la.va are R
not pr:unary magmas but residual magmas a.fter crystal fractions.tion. - ?;}”L o

1_'Ehe ty'pe of_magma. which finally reaches the surface will be " ~§‘-

;dependant on four main criteria

' o a.) The mineralogy of the souroe rook fron which primary 1iqu.1ds

~' . are generated by pa.rtial melting

SR jd"f;:gb)Amhe;depth‘at vhich this_takeSAplace,‘ﬁhichfdirectlyvaffects S
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c) The degree of pa.rt1al melting wha.ch takes place, wha.ch Wlll
be dependant on the amount OJ. water present in either 8
hyd.rons phases or as free pore-water, and on the meltmg 2
J.nterval of (a) | ‘ L
T d) The speed a.t whlch the l:.qm.d ascend.s a.nd. the type of
- . fractlona.l crystall:.sation 1t expenences 'en noute'

The ccmtroversy surrotmdlng these pomte has am.sen largely

\ ;through attempts a.t experimenta.l duplica.tion of the va.r:.ous factors,

) "T‘t:'.a.nd the nature of the 1nitia.l source material. . Many dlsagreements

have arisen solely out of the es ..mates of the valld.ity of varymg

:.flexper:.menta.l techniques. -, A good example of thls J.S the effect on':‘:s‘_‘.f .

: -imlneralogr of ‘using' 1ron or platinum capsules in hlgh pressure and o

R "_'-Atemperature runs. . As noted previously the absorpt:.on of Fe by Pt :

| ‘at near sol:.dus temperatures 1s substantial. Both Green and. R.mgwood'
, :'_,'_?.‘ (1967) and Ito and Kennedy (1968) performed s:u:nlar runs on ol:.v:.ne -

" .-’:;‘tholen.ite compositions and obtamed differ:mg results. L Green and |

f}B:mgwood suggested that the loss of iron was x.nsufﬁclent to modify

';; ;'the pha.ee meemblagee or element composxtions vhereas Ito and

o Kennedy estima.ted that u’on-lose rednced ‘ol by 25%" dnring the course .

»‘."‘»;’_"f_-:_of most runs, euff:.c:.ent to ra.dically a.lter the maaor liquidus phases

. at intennediate preseuree

The tvo most comprehensive theoriea on basalt genesis wh:!.ch "

U'*vﬁhave an experimental basls are those«of O'Hara. (1953) and Green 311‘1

L B.i.ngwood (1967) They differ considerably in many respecta.
B -O'Ha.ra pa:opoees a ma.ntle compos:.t:.on on the. kimberlite—nodule bas:!.s,

LI



’ B Y-8 garnet per:.dotite, whereas Green and Ringwood propose a 'pyro- :

»Thte' model, which is a hypothet:.cal mix of peridotite and basalt
m the proportlons of 3 1. The amount of partial melt:mg
requ:.red under dry condit:.ons at 30kbs to produce a first liqu:Ld,
L wmch both agree would be a 1_:1 plcrlte, varies from 10-15%

(O'Hara) to 20-40% (Green and R.mgwood)

' O'Hara explalns the orig:.n of undersaturated magnas ﬁ:om

' ,};'.,In adtempt:.ng to apply thls scheme to the sze rocks it is seen

) that wha.lst a.lmmnous aug:Lte and’ ga.rnet, an eclogitic assemblage,

:’.-f'this prima.ry gx plcrite as bemg due to fractional crystallisation . o
of eclogite in’the: h:.gh-pressure (25-30kb) regime, or by the frac--
tional c:r:ystallisatlon of fmzr-phaae spinel-lherzolite at pressurea._:f ST

‘~1ess tha.n 20kb which would prodnce a ne nomative residual liquid. "".,'

e o—prec:.pitated from the llqm.d, the magma was - alreaiy a.lkal:.ne and. .‘,‘_.'«_-’jﬂ'

X poss:.ble ne normat:.ve ‘before thxs stage (25-50kb) Thxs mtmatee '.

. that pa.rtla.l meltmg must: have taken place at: pressures g:reater

tha.n 30kb 1.e. posubly over lOOkms down, a.nd that either the

":eclogite fractionat:.on took. place prior to the pyrope-.gngite

cryeta.ll:.sation. ' S:.nce there is no evidence of eclogitie ma.terj.al

! jmimazy melt was alkah.ne rather than a 1_11 plcrite, or 1arge scale ST




The schemes d:.scussed so far have consldered dry melting

‘7"";’_;only, but as was noted prev:.ously most authors agree that a hydrous .
»‘ alka.line phase mast be present in. the mantle to a.llow for mgher B
degrees of pa.rtial melting .and more alka.lme uu.tial hquids |
(K, ANa, Ti enriched) (Griffm & Murthw, 1969) Green (1969)

suggeeted tha.t 5-10% wet part:.al melting would produce an J.m.tially

‘ne nomatlve 11qu.1d (m the presence ‘of 0. l% H O) . Increa.smg __". _
| ':' pa.rt:.a.l meltlng produces more picritlc llqm.ds.. Green s da.ta. O
however, are not fi.rmly based on experimental endence, and he shows ‘
a very large degree (17-25“6) of part:.al melting at low temperatnres
A _‘below the dry peridotite solldus, in which a.ll ga.rnet and most : o
clmmem dlssolves.. ’ The scheme has been crit:.clsed by Wyllie ":
(1971), and 'by Kushiro (1969) whose work agrees w1th tha.t of - : g
eO'Hara (1965) 1n that the 1nitia.l low tempera.ture llquids are sil:.ca— L
f'.seturated a.nd thole:.itio or andes:.t;.c in. composition. . Kushiro s

‘ results in the system Fo-Q,z.-Jd-Ca'Is (which mcludes An, En, Ne)

help to resolve the argument by allowzng for the presence of both
:_..free wa.ter and a hydrous mineral phase (e.g. amohibole ox: phlogop:.te) |
In a. system where no hydrous nrl.nerals ‘are- sta.ble at the solidus

'..but va.pcnr is present, ‘or’ where hydrons minera.ls are present w1th

vapom:,- then the first liquid. produced*wonld be water sahmated

andpamlesitic. In a system whe:r:e a lwdrous phase is present but

satur:ated and nephellnitic. Recent vork by Mysen (1973) on: the
iwet—meltj,ng Of garnet peridotite 1eads to s:.milar concluslons as o

those draxn from Kushiro's work.. Partia.l melting of a ga.rnet e = :
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peridotlte w1th hlgh water fugac:.ty (mole fractlon of H 0 in vaporur : 1

>0 6) produces andes:.t:.c hquids, whlle at low water fugac:.ty
{l;v‘_(xﬁzo 0.5) sllica-undersaturated liqmds are found. These are
Astrongly a.lka.l:.ne and were 1ikened to mellllte nephehnites by
Mysen. : They a.re, however, X def1c1ent though th::.s could be

a.llev1a.ted 1f phlogoplte were present in the peridotite. Tha.s ' -

'_-;compares favoura.bly w:.th the work of Kushiro whlch md:.cated pa.rtlal , .
.melting of a dry phlogopx.te bear:mg pendot:.te to produce under- '
‘satuz:ated 1iquids. , Melt:.ng of suoh a compos:.tl.on would produce

'the low water fuga.olty requ:.red by I-?ysen., . :

'I‘hese results are extenslons of O'Ha.ra.'s d:y—meltz;né runs on -

nga.rnet—peridotlte mto a hydrous ennromnent and 1t is tlms .- | _ :
suggested that the Fife prima.ry llquid was formed by partia.l meltingf .
:'~'o£ a vapour—free ga:met-perldotlte contamlng a hydrous mneral, . B

possibly phlogop:.te, at depths of ca.v 100kms The deriva.tion of

7subsequently more nephehnitic hqmds is due largely to clino-

1.

pyroxene fract:.ona.tz.on.'

: P:e"ta':ogeneii';ioj model...'Fife. T o o ;

Followmg the pcrevious discussion on alkali-basalt genesm

T:.’A.'l: has. been proposed that the prmit:.ve hquid .f.‘rom which the Fife S

voloanics originated wa.s fomed by partlal melt:lng of a vapour-free,i

*mica—bearing gsrnet-peridotite at ca. 1001ms depth. N The eclogitic
vassemblage of py'rOpe-augite crystalhsed from th:l.s liquid as pheno- 1" L

; -f'crysts at no ‘less than 70kms o The follom.ng petrogenet:.c model

o

_considers a- rising body of th:.s alka.hne llquld entenng’ a.nd s



becomjng trapped in the 1ower crust and undergolng fractionation B

of ols,vine and uyroxene. § Such fractionation wou.ld. drive the liqu.id -'ﬁ A

towards more ne nomative compos:.tions,- and 1f carried far enough
could produce strongly undersa.turated magmas such as those from
.‘Elie Har'bour and Chapel Ness. Such a change in hquid comp031tion

would require extens ive ﬁ:actiona.tion of olivme a.nd pyroxene,

- pa.rticularly pyroxene, a.nd would result in a large accumula.tion of
v"'~~,-‘_:oliv1ne-pyroxenites. "This cou.ld account for the Types 1 and 2
‘vnodules. i_ 'I’he evidence shows that very ].i.ttle fractionation can _
"ha.ve taken place at depths over ca. 35kms., the only phases of

;higher pressure chemistry being the augite and gamet mega.crysts

: from Elie Ness.'f The cumula.te textures of the ‘I‘ypes 1 a.nd 2 nod- .

;_icrystallised as intercumula.te ka.ersut:.te, which occurs as a.

ules suggests tha.t .any - remnant hydrous, interstitia.l 1iquid msy have ‘_

= -."poikilitic phase in many of these types ‘of nodules. This kaer-v" R

-' sutite is close in composition to the rocks mtermediate on the

,Fife trend. Type 1 nodules presmna.bly accumula.ted a.t very shallow

obably within the 1ower crust

W%____'_

'eclogite' fracticnation aud b) shallower level clinopyrcxene- =
-'=ol:|.vine fraotiona’cion, proba.bly ccmmenced gas separation and gsve ;
nse to violent ’cuff-pipe eruptions. These first eruptions of ‘

'-'strongly mdersatmated magmas from sbove t.he ctmmla.te layer are

- ores of phenocrysts in the a.ssociated ba.sanitss._ Neyerthele_ss’ RIER Feti N

‘I‘he strongly undersatmted uquid following a) deep-level . o




e

o '.probably represented by the Ehe Harbour and Chapel Ness r°°k8

.‘.-which are free of nodules or megacrysts of ultra.baslc matenal.

: Thus the imtlal eruptions may have left a conslderable body of - ‘
3 f'alkali—pyroxenlte' at depth within the crust, posslbly preventing LR

‘,,-.4'_fu...ther liqmds from a.scend:.ng to the surface. T

.vThe orlaln -of the Types 4 and’ 5 nodules requlres crystall- ele,js:¥~
s isatlon from a s:.hca—deficient alkal:l_ne 11qu1d. 'l‘ha.s may - '
‘represent h.qmd from the f:.rst eruptions tra.pped. :|.n the lower
j.crust or a later surge of liquj.d tz:apped below uhe aceumulatlons .

:._of pyroxemte. . Expermental data on anorthocla.se euggeste it to:’-:f"

:have crystalllsed at pcressures of less than 9kb, and its 8.980613-:,'.

:j.t;,on with mica 1nd1ca.tes formatlon p0831b1y Within the s tability i
if:'l.eld of b:.ot:.te. _ It was also seen from the variation diagrams E ,' .
in Cha.pter 3 tha.t anorthoclase 1ies at. the extremely e.lkaline end:‘.‘: -
°f any proaected trend for the Flfe basalts and hence might
_ .V.'"ff'represent ai loglcal flnal product of CWStallleation of a 8101;. T

coohng body of tra.pped alkalme magna,,'-':...-

. % .

The composxtlon of the ty-pe 3 micappyroxenite nodules euggeets

: these ma,y be whole or ~part1a1 crysta.llisatlon producte of a magma. :
close to the baslc end of the Flfe series at. pressures greater than
rlOkb near to the base of the crust. Any l:Lquid remainlng a.fter

__-»their fomation would be r:.ch in alkalz.e a.nd vola.tiles, 1deal for

'ithe cry‘Stallisatj.on of tYPeS 4. and 5 nodules and anorthoclase. v RN

.' Smllar nodules of blotite-pyroxemte ‘were reported from tuff a.t

-'Bufmnbira, Uganda by Holmes and Ha.rwood (1937) The tendency of

Vi _these nodulee to he at the more basie end of the magma trend in '



- ...-"_variation .diagrams uvas a.lso notedv by these a.uthors,‘who estima.ted
4 that the biotite-pyroxenite compomt:.on might approx:una.te to that |
of a pa.rental llquid for the local lavas. - -

' w:n.th this crysta.llisa.tlon ta.king place the build. up of “
volatile pressure may have been sufflcient to blast through the
L ;,.,?A,_.overlymg pyroxenitic body and cause explosive eruptions. .If_"'

- these wvere: sufficiently violent and rapid the ensu.ing rush of

: llquio a.nd gas could carry deep—sea.ted garnet and. sub-calcic augite

_megacrysts to the surface before they ‘could be resorbed. B f'- these

megacrysts were fractiona.ting at depths in excess of 75kns, as is’ ;“t:;j_ o

1ndica.ted by the expenmental data, then it is temnting to propose

f._that a ma.gma. colunm up to SOkms long existed i‘rom this source

,_ region to the base of the crust where its upper tra.pped pcrt:Lon
o wa.s crystallising a.lkaline nodules. | If this were: the case,

’ however, 1t would be expected to find some evidence of fraction—

_'aticn products from the whole 1ength of the column on the surface,. B

T wh:.ch is not the case, only the hlgh-pressure a.nd low-pressure -
ma.terial being fotmd This then may mdicate that the flrst

’»alternative mentioned, 1.e. that the parental liquid to the high]y

'alkaline phases was a trapped residuum from the. initial h:.ghly

_:undersa.‘hxra.ted eruptions, not a la.ter surge, 1s sounder. In

ither case the main eruptive phase vou.ld of necessity be rapid and

violent, ,.in order to preserve the high-pressure Phaﬂeﬂ mt“t- )

'.Ehe violent upsurge of 1iquid and ga.s would also break up

T the pyroxemte cmulates and strip them from the. pipe-walls higher ;.'{ e o

PR

‘IP' a.long “'1th fragments of ba.sement rock such as the mca—schist R




.f.'rom Elie Ness, and ca.rry a Jumble of fragments and crystals to the

surfa.ce, sampling all the types a.nd layers of a.ccumula.ted material "

After this explosive event the more basic magnas could follov | ‘. i .‘
through to form flows, sheets and plugs The la.te-stage sheet '
filling the Coalyard Hill ring-fra.cture is lherzolite-bearing and N
thus the later erupted liqua.ds ma.y ha.ve undergone lherzolite »

fractiona.tion. The early explonve eruptions could not have L

precipitated any quantity oi‘ this mtemediate pressure pha.se

owing to their rapid rise to the surface, hence the absence of
lherzolite in the tuff—pipes. Tha.t pyroxem.tic mclusions are .

uncommon in these 1ntrm1ons suggests that most of this material

was" brought to the surfa.ce during the explos:.ve actinty. It seems

unlikely that the lherzolite J.nclusiouns mght represent mantle

"residua associa.ted w:.th the origin of the Fife elka.line ma@nas,
all the evidence pomts to initia.l partie.l melting a.t depths

| approaching 100kms, well outside the stability field of spinel— o

: lherzolite, - Also if they were :Lntlmately associated with the =

L initial genesis of the l]..quld then they would be expected to be )

ot

_ common occurrences in the n.lie Ness tu.ff.

This model is obviously an oversimplified v'iew of events
: which w have—led— to the foma.tion of the Fife tuff—pipes. The
w:.de va.riety of nodules and inclusiorns occurring 1n the various f»

igneous bodiee suggests that each individual locality ha.s its own

uniqu.e 01'18111. The above scheme of petrogenesis does, however, .

. serve to expla.in the maa'or ~occurrence of nodules and megacrysts in
: '-'.- the n.lie Ness vent and - their absence in the Elie Ha.rbom: vent and

also the main petrological fea.tures which a.ll the vents have in ';-'



_ - The lherzolite-bearing sheet a.t Coalya.rd Hlll also cmm
e rare wekirlites and pyroxem.te mclusions. The la.tter show '

| :‘relatively low pressure chemistry which can be eqna.ted w:.th the
Aty-pe 2 Elie noduleS. This suggesta tha.t pyroxem.te fractlonation o

’ ma.y ha.ve been a continuous process in the evolution of the Fife

L
[

- Erocks. The weh.rlites a.re of deeper origin, possz.bly being fomed ’
‘~~-_f_"-"’:well down in the upper mantle. The presence of somel in. the

‘ "i'Fidra. specz.mens imposes an upper 11mit of about 40 to 50 hns depth coe

i -"_:-for this type of mclusion, yithin the region from which a. rismg L

ba.sa.lt liqu:.d mioht a.lso be expected to fractionate spmel-lherzolite.- - g

ca;a-.hnes;;*;}{j R
The texture of the spinel-clinopyroxenites does not J.ndica.te
av c\nsulate ongin but ra.ther sugges ts slow, progress:.ve crysta.ll- i
1sation a.t temperatures of 1350-1450 C Wlth spinel exsolution tak.ing
‘_'place on decreasing tempera.ture. - The pyroxene shows strong a.ffin— E
1ties witb alka.line magmas 1n ‘its high T162 and. low C::203 content R
a.nd displays a distinctly high pressure a.nd tempera.ture chem_stry.
It' is concluded that these nodules fonned a.t depths close to SOIons
and ‘may represent pa.rtisl crysta.llisa.tion producte of an alkaline . .7' .

magna ' Nodnles of similar composition contaim.ng pleonaste spinel

ﬁ‘sve»bee n reported by Aoki and Kushiro (1968) from Dreiser Heiher,

-:and Kutolin and Frolova. (1970) from Mnmsa (Sibena). The latter

a:re much richer in alumina. (16 5%) and may represent co—precipitation

';?of pyroxene and spmel at near eutectic conditions (c.f Fig 6—1) .




Kuuolln and Frolova consldered them to be cunm]ates from an _;_.'f: -
alkaline magna. ;;'f,_ I

' Uhilst the Dlmca.nsby Ness ‘vent is s:LmJ.lar to the Fife vents
it 1s notable for 1ts 1a.ok of amphi‘bole-pyromenite nodules (Apa.rt i

from Tare green—amph:.bole aggrega.tes) and also in conta.:.m.ng

: "flherzoh.tes and wel'rrla.tes in the tu.ff. : Compar:.son w1th the "'.-- e SN =

petrogenetlc model for the Fife vents suggests that pyrx enite

l fractlonatlon may have been respons:.ble for the undersature.ted

natnre of the basalts, though alkali-pyroxenites have not been

-:;'carried to ~the surface. } The spmel-clinopyroxemte—nodules may D

thns represent such a fractionated pha.se. L ‘51 Gy

Other 1oca11t1es. N -
The Fife localltles provzde the fullest geochemical data of ‘

'."-'the erreas stud:.ed, and as such constltute the only area for which

4- a deta:n.led interpretatlon can be attempted. In thls section it
) ‘is :mtended to look at the geochemical data. from the nodules a.nd

5 'lnclusions in other localltles and compare them to what is’ knoun

L about s:.mlar material from’ Fife. :

The common feature of the East Lothian locala.t:.es and Calton

"Ezll 15 the occurrence of spmel—lherzohtes in basam.tes. Apart ;

JOf the magmas having gone through a 'pyroxem.te' stage in: theu.-

: ' ';"‘evolution, yet companson w:.th the F:.fe lherzohte locallties
susgests that such fra.ctionation must have taken place. The mast '-' Lo

-*Lothian spinel-lherzohte inclusxons are very s:.mla.r to those from o




F:Lfe and Derbyshire, and: closely resemble the common occur'rences

‘ """._"of such mclus:.ons in basalts throughout the world.

e 'I‘he chemstry of the Bute harzburgite inclusmns shows an
) :" orvera.ll more iron-rich nature in the ana.lysed minera.ls wh.:.ch may
SR ",mdicate a dlfferent origin to the l.herzolite mclue:.ons of Fife. : B
v':;v_.'-,:‘_iLherzolltes ha.ve not defmitely been 1dent1fied from this loca.ht'y
' and 1t is suggested tha.t many of the Bute 1nclusxons ma,y be cognate

e "acc\mulatee.*f The host-rock is more basic (MgO = 15%) than ite ‘.

_counterpa.rts from Fife a.nd slz.ghtly poorer :.n T102 L O'Hara (1968) '
'has euggested tha.t ha.rzburgit:l.c residna ma,y be left after partia.l

meltmg of peridotltes w1th low CaO / Al re.tios, though the iron- IR

' 3,."":”rich nature of the Bute eamples may exolude such an. orig:m ; s

eoure

v lConverse]y fractionation ina deep magzna—chamber may produce -.'-"'-"5 )

A':%'-;';'j'_'f‘layered cmnula.tes wh:.ch could 1nc1ude harzburgites, wehrl:.tes and

:'-.py'rcxenitee suoh as those found in the Bute J.ntrusion. :f
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" Li'st of analyssd rock specimens. -

. .XR-1 ° ' Spinel-pyroxenite nodule, Duncansby Ness. =
' XR-2 .- Basanite block from tuff, Elie Ness.

f;?xa-g""~:‘E11e-type 1 nodule, Elie Ness. .
QQXth’f? Basanite block from tuff, Elie Ness. (Q3 l)

ﬁfﬁ XR-5 ‘~~'Analcime basanite, Kidlaw Quarry. ..-
"~ XR-6 _ Ruddons Point basalt, - |

13 XR-?_fli,Gﬁllane_Sill basalt,-f"

 ..XR-8 - ‘Central plug basalt, Kincraig Hill.
+'I.XR-9 -’ Basanite block, Elie. Harbour}'(EHB)'
. XR=10° . - Basanite block, Elie Ness. (Q2-32)

7 ¥R-11 - Elle=type-1 nodule, Elie Ness'.. (Nod. 7)

'fﬁ;xﬁ_lé:ikaasanite block, Klncraig Hill,

Q,XR-12‘55 Analcime basanite, Kidlaw Quarry.- 'f;

, A';:—"}CR..)_S .-_-‘ﬂn o ‘il"- ve o _"n . .,
‘.Y 'XR-19 f}:Centra1 plug basalt Klncraig Hlll

-7 '¥R-20 . Basanite block, Elie Harbour. ‘:,:n”,,~,
- i XR-21 -_.-;_ "’Chapel Ness basanite. S _

”“R*ﬁ,XR—23‘a}:,A,n:v_l,‘;"_ S

"fi’,iﬁ-33"?Z'Monchiquitic dyke near Castletown.

XR-22f${!Basan1te block, Coalyard Hlll

oLt Liow Elie harbour.';;u}”‘f"”i‘ 51>
L n I L B IR Y B

. IR I R 2 N D | IEEE B P ) ol
. XR-27 .’ Analcimic basalt, Ca1t6n>H111;"';ﬁf«‘f”'"'“"
EXR928-1* Basanite. block Ardross vent. c : ST
. XR??9;_ﬁiLherzolite-bearing sheet, Coalyard Hill (CH-7),Z,7
XR-30 =" Anorthoclase rich sheet, Coalyard 5111 (CHA) g
‘ o Bésalt plug, Duncansby Ness., :

~-':.1""’~~' SR O R & A AN

e Elie Ness: dyke..s_<‘-' T :_i,;7"



‘bBasanlte block, Ardross vent. ﬂfl’ o L
'Lherzolite 1nclu51on, Coalyard Hill, (CH 7). 1fff“
Ardross dyke. (AN-L) - 5 : f; :

- Lherzolite 1nclu31on, Ruddons P01nt (E;ljf':"':

. Bute host-rock. (B-11) ‘ : L

 Anorthoclase rich sheet, Coalyard Hill.,-g‘”'”

. Monchiquitic. block in tuff, Elie Ness..(Qg.go)

- Kellie Law basalt body (summit). "
:?Eﬂ?" ~>»"->"",.‘ (roadside).
 “Analcime ‘basanite,’ Fldra. :
- 'Elie-type 5 nodule, Elie Ness. (Q9-27)
AfﬁLElie-type 3 nodule, Elie Ness. (Q2-6)
. 'Elie-type 4 nodule, Elie Ness. (Q3-6)
-'“'Lherzolite inclu51on, Fidra. (F 1)




List of mioroprobe;speoimens;':?f

Elie-type 1 nodule, Elie Ness. (Q3-2)

) Elie~type L noaule, Elie Ness. (Qh-l3)
Elie-type 1 nodule, Kincraig Hill. (H—l) e
Anorthoclase rich sheet, Coalyard Hill. (CHA2) ,  ?7
Pyroxenite (type’ 1) nodule from same sheet '
.as P-13a. (CHA2) .
Lherzoliue inc1u31on and host Coalyard Hill.

SRR A'n f__; Lty L L
Lherzolite nodule (from. borehole), Kidlaw - (KI)'&]{;Q;g
Lherzol1te nodule, Duncansby Ness. (DH-lu) '

'. ll! A'-."ll' 1.1 A I A ) A
Tonalite nodule, Duncansby Ness. (DH 7)
Basanite block, Elie Ness. (Q3-28)
11 ‘-v.ll !t ) (Q2_32)
o 1y -'-‘tg o n (Q2 1_2)
‘ Vesicular basanlte block Elle Ness. (Q3-11)
:‘f{ Monchiquite block, Elie Ness..(Q3-20). ... .
"Vl Lherzollte 1nclusion, Ruddons Point (E-l)
Ruddons Point basalt (3-2) :
. Basanite block, Elie Harbour. (EHB)
Basanite ‘plug, Duncansby Ness. (DH-21)
Harzburgite inclusion, Bute. (B 1)
" Bute host rock. (B- 10) . o L s
Pyroxenite inclusion (borehole), Coalyard Hill..-;ﬂn
~ “Pyroxenite inclusion, ute.“(B-u)
“.Elie-type 5 nodule, ‘Elie Ness. (Q2-27)'7ff
'Elie-type 2 nodule, E11e Ness.. (Q3315)ﬁ,;A

Elie-type~3fnodule,'Elle Ness. (Q2;6)uf,._
Elie-typexijnodule,'Elie Ness. (Nod 7
Elie-type 2 nodule, 1"lJ.e Ness. (Q3 16)1&*. '
Elie—tyoe L nodule, Elie Ness. (Q3-6)

Lherzolite inclusion, Fidra. (F-l) C S _
Central plug.basalt, Klncralg Hill. (XR 8)”--3¥5*1
Wehrllte inclusion, F1dra. (F=5) ‘
, ‘ Basanite plug, Duncansby Ness. (DH-Qu) ,
- Wehrllte 1nclusion, Coalyard Hill. (CH 12)




" Correlation chart of microprobe and XRF samples. -

>15 Locality

. Probe No.

XRF No.

Sample

" Elie Ness

... Bute
7o Elie Ness |
IR AN | . l' :
.IJ;}zliq  .
o 1'}.‘. :|?[i; -

T¥fFidra'V:;'.

:VQ_Klncrélg Hill

4 Fidra

;'1ﬁ5Kid1aW'Quérry'VQz.,...
‘ ~1Ruddons Point:ff"-

Elie.Harbourv:ffi_t_“
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“f%iDuncanst NeSS” T
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Ultrabasic inclusions in basanitic rocks are of restricted occurrence
in Britain, being found only in rocks of Carboniferous or Fermian age.
As such they are amongst the oldest known occurrences in the world and
yet have never been, studied 4in detail.

The present vork has concentrateﬂ on a series of late Carbonig.‘@rous
or early Permien tuff-pipes and minor intrusions on the Fife coasi ‘fisar
Elie," These contain a widé variety of frogmental materials and:
megacryets. Further detailed work wes carried out on a vent.at™)
Duncansby Ness, Caithness, which is host to spinel—lherzolite. spinel-
vehrlite and spinel-pyroxenite nodules., Samples of inclusions: weré also
studied from Fidra, Kidlew aend Weak Law, East Lothian; Hauk's Nib, ‘Bute
and Calton HEill, Dorbyshire. . Geochemical data collectedfrom this
material are described, and these, along with results of: high-pressure
experiments, are used. to poutula.te a pet:cogenetic model for the Fife
volcanics. o

~Gf-%he-siir-diztromeg-otudied ‘alcng-—an»ﬁlm-“—l tretc}wof~the»‘?ifc
coast, the 2lie ‘Ness vent contains K the widest variety of fragments and
mogacrysts of basic end ultrabasic material., Five types of coarse-.
grained, alkaline, mafic and ultramaﬁc fragments (blie-tmae nodulea)
were distinguisheds- . .

Type _1. 'Kaersutita_olivine-pyroxenite. :
.Typé 2..4s Type 1 plus oligoclase.

Type 3. Biotite-pyroxenite, '

‘Type 4. Sodic amphibole—biotite-albite.
Type 5- Biotite-‘albite-

Megacrysts of sodic: anorthoclase of mgx-temperatm:e etructure,
pyrope, Sub-ocalcic augite end kaorsutite are also common in the tuff,
and scattered. representatives of similar Elie~type nodules and megacrysts
occur in other vents,” The basaltic rocks associated with this
material ave alkali-basalts trending via basanites towvard monchiquites,
vith normative nepheline from 1-17%. The most undersaturated rocks,
found at Flie Harbour and Chapel Ness, contain no Elie-type nodules or
megacrysts. The Ruddons Foint basalt (RFB), one of the most basic rocks,
contains spinel-lherzollte inclusions, end in common with the other
lherzolite-bearing sheet at Coalyard Kill is free of Llie-type nodules.

~ The composition of the auwgite and pyrope megaostts indicates
crystallisation from a basic alkaline liquid. Experimental studics show
that these phases could hage coprecipitated -from an alkaline basalt magma
at P> 25kb, T = 1300-1450 C. It is proposed that the primary magna s
for the Fife volcanics was formed by 10-15% partial melting of a vapour-
free, mica~boaring gamet-lherzolite at a depth of ca., 100kms, and that
the 'eclogitic! pyrope and augite mixture crystallised from this liguid
at depths: > 70kms., Geochemical studies of pyroxenes from the Elie-
type nodules indicate that they crystallised within the lower crust. It
is proposed that the Types 1 and 2 nodules are cumulates from the
alkaline/

Use other side if necessary.
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alkaline liquid, with intercumulus kaersutite representing the
'composition of liguids intermediate on the Fife basalt trend.

' Advanced fractionation” ‘of pyroxene could produce the most’ ;

* wndersaturated, nodule-free eruptives. The Type 3 nodules may

" represent basaltic liquids, at the basic end of the Fife trend,
crystallised at pressures from 10-15kb,  Types 4 end 5 nodules nay
represent crystallisation products.of a trapped body of l'wdrous liquid,
possib],v renmant from the formation of ‘Pype 3 nodules. ' '

‘ Experimental vork on the stabinw of morthoclase m RPB shows i.t

to be present in the ligquid field at P < 9kb (dry), and it is thought

that crystallisation of anorthoclase may be the final phase of Types 4 and
‘5 nodule formation, The build up in volatile pressure led to an eruption
. 80 violent as to etrip the cumlates from the lower crust, sample
. fragments of basement rock, and carry unresorbed garnet and augite from

. depths of over 70kms.  This may indicate that a magma column up to.
50kms long existed prior 4o eruption, The spinel-lherzolite inclusions
. from other localities may represent crystal-cumulates from a la,te-stage
basic ‘liquid, injected into rlngc-ﬁ:actures and as sheets within vents.

Experimental studies on black, pleonaate-elinopyroxenites from
Duncansby Ness, Caithness, show that up t0:5 wt % of the spinel could have
been exgolved from the augite at preasuxes close to 18kb. and temperatures
of about 1300 C .under:dry conditions. : The large size of these pyroxen-
ites, together vith their lack of subsequent low-pressure or hydrous
recrystallisation indicates that a deep-seated, violent, eruptive episode
similar to that postulated for Elie NHess may have taken place,



Basalts

1

810,
11203
Pe,0

273
Pel
Mg0
Cal
Na20
P2°5
¥n0
T10

Total

Minor elements

Ba
Zr
Sr’
Rb
N{
Cr
Ce
v
La

CIP4 norm

Or
Ab
An
Ne
-
[+38
228
Woll
Mag
Leuc
Ca Ort

O<Re

2 y H 6 7 8 9 10 12 16 17 L 16 - 19 20 21 22 23
45.83 L1.66 L5.10 ul.75 46.13 ‘ L 360 L5A1 b5.36 0 L5.09 - L5.2l 43,76 45.20 Ll .69 L5 .82 L3.91 39.47  L2.53
13.91. 12.73 .83 13.69 15.69 WS 15.19 .53 .99 1,78 13.68 15.10 STARN] 15.17 e .k2 A 16.39 17.61

2.07 9.79 5.69 3.95  12.77 4,18 5.24 5.8y 5.63 55k 6.3 5.63 L.01 5.87 3.57 7.26 7.34
L.86 5.1 6.29 8.2, - 7.59 5.06 5.18 6.23 6.01 6,26 5.53 7.42 L,76 7.23 6.37 5.21
e.oa 10.95 8-00 10.09 6.18 9.63 7.00 8.51 8.19 7.76 11,49 g1 10.14 6.96 9.29 7.51 5.51
8.65 10.56 8.15 10.28 9.97 10.14 9.23 10.18 8.23 9.76 8.8 §.17 9.89 .92 9.62 11.58 9.21
3.70 1.79 L.26 2.79 3.51 3.17 5.5€ 3.7 3.94 2.78 - 2.1 L,61 3.07 L6 LBy 1.05 1.5
2.00 0.80 1.83 0.67 1.75 0.68 1.28 1.1 2.01 2.10 1.54% 143 0.5 1,61 1.09 3.66 2.28
0'18 0.79 0.96 0.16 0.04 0.07 oLk 0.15 0.8 0.87 0.72 1.02 0.92 1.90 1.1¢ 2.09 1.43
0.97 ‘0.79 0.22 0.20 0.4 0.20 . 0.97 0.19 0.20 0,68 1.00 1.02 0.20 0.95 0.20 0.06 [
2.78 3,12 2.87 2.61 2.5 2.89  2.%5 3.15 2.90 2.98 2.79 2.93 2.86 2.86 2.7 3.53 §.09
3501  98af 98.30 97.53 98.63 -97.69 983 97.9% 9823 987 986 9878 9B.05 996 9819 99.07  99.€
ppm  ( T denotes less than 5ppm) .

3960 1980 2083 105% L96 1115 977 1792 1732 3062 710 973 1333 728 249 1054 (UL

278 357 515 311 157 Lé0 393 351 u27 38 220 327 L2 382 326 316 33

%N 932 1040 1227 382 15w 1031 852 1217 6 497 610 1259 955 . 85€ 477 76

31 15 20 12 58 19 25 20 27 63 28 20 16 37 20 53 37

317 311 60 239 T 118 117 280 103 166 320 2u2 191 162 207 240 BN

195 209 125 207 79 2L, 231 226 102 246 32 288 237 254 227 282 196

205 357 589 230 128 272 330 338 579 271 g1 1 231 296 1€2 122 108

23y 229 161 221 219 2w 209 207 172 248 230 1 225 183 200 217 2w 278

106 129 164 ny ' 78 122 151 122 189 13y 66 88 91 105 w2 103 90
( with standardised oxidation ratlo)
2.2y 5.45 11.15 L.,07 10,64 4,13 g.u2 6.7 12,23 12.83 9.3 8.75 2.7 9.87 6.65 13.87
18.03 1141 16.73 - 18.83 12.89 18.80 15.06 17.69 16.02 14,98 16.11 19.25 21.52 16.70 11.19 9.0
16,08 24,96 15.97  23.52 22.52 24,06  1z.82  20.11 17.80  22.38  23.21  16.86  2u.95 16,40 .86  30.22 26.92

7.80 2.23 11.55 2.96 9.57 k.73 18,16 8,02 9.93 5.06 2.2, 11.L0 2.86  1l.94 16.83 4.98 11-52

.47 6.1, 5.62 5.10 L.79 5.63 5.59 6.1y 5.67 5.85 5.49 5.7 5.60 5.63 5.3 6.9u 8.00
11.85 18,80 2.8 16.05 16,03 .82 6.97 10.67 13,09 11.10 21,04 12,33 16.19 8.65 12,38 12.10 8.17
22,72 23.52 20,60 - 23.57 23.56 22.00 27.93 25.27 19.41 22.13 16.23  20.04  20.43  23.59  27.41  20.25 16.1s

5.81 7.38 5.89 5.89 5.83 5.05 5.26 5.83  5.68 6.25 5.50 5.7 5.22 5.34. 6.72 €.07

17.55
1.25
0.59 0.64 0.u8 0.32 - 0.36 0.51 0.53 0.48 e 0.51 0.51 €.35 0.55 0.33 0.5 0.59




Basalts 2

2L 25 26 27 28 29 30 31 32 33 3t 35 37 39 41 L3 Ly L5
510, 16,73 L5.30  L5.23  WL.73 k2,56 38.87  L1.86  L5.87  L5.06  40.33  40.28  L0.3W  L3.04  L4.1B 45.25  L1.BO L1.5B nu.59
a1,0, 15.38 15,10 15.18 1,12 13.79 11.58  1L.& 10.7%  11.04 10.17  12.78 15.29 13.83 12.13 .73 .23 15.46° 15,61
Fey0, 5.36 6.4 5.11  12.99 6.18 7.59 7.3 5.66 5.57  W.72 8.78 7.9 6.95 Y .62 4.7 5.87 5.82  2.66
Fe0 5.32 L.25 L.79 - 6.20 6.63 9.00 4.99 4.90 - 6.16 7.10 6.79 7.89 6.18 6.91 6.29  7.8%9
g0 . 7.35 7.07 7.13 11.00 11.25  13.35 7.29 10.80  11.82 14,25 7.35 W47 13,78 15.00 6.99 10.6Y 8.70  9.59
a0 9.09 2,93 9.13 9.15 10.83  13.34 9.6 11,9,  10.76  10.09 13.72 4.95 5.86 8.68 10.08  1C.yl 9.93  9.50
Na, 0 L.53 4,67 5.07 2.52 2.46 1.56 2.31 2.95 3.67 2.8 L.k 1.34 1.76 1.7 % .04 3.21 2.97 u.67
%0 1.67 1.67 1.65 1.15 0.7 1.61 2.05 1.53 1.31 1.35 1.22 2.79 2.23 0.97 2.32 1.51 0.63  0.87
Pios 1.92 1.7 1.36 0.69 0.66 0.9 1.32 1.38 1.54 1.53 0.53 0.43 0.9y 0.27 0.65 0.37 0.68 0.59
¥no 0.91 0.9L 0.% 0.20 0.23 0.16 0.23 0.19 0.19 0.05 0.50 0.13 0.10 0.18 0.17 0.19 0.17 0.1
T10, 2.77 2.8 2.85 2.22 3.06 2.77 2.88 2.25 2.29 446 2.53 3.35 2.87 2.12 2.95 3.08 3.20 2.7
Total 101.03 98.99 93_.8-5 98.77  98.06  98.L0 98.38  98.30  98.15 99.L3 97.99 98.29 98.25 97.78 98.08 98,22 98,03  98.84
Miror elements ppz: (T denotes less than Sppm)
Ba 9L,C 95 912 438 1581 988 2055 1668 1509 1577 2u6 ¢ - 888 1073 455 1313 ° w28 1369 895
zr 3y 332 15y 178 232 2uy 3y - 288 278 375 304 ‘267 2 152 330 261 297 26y
Sr 1079 9Ly 1131 453 709 701 1137 1107 958 1290 758 47 732 757 938 1067 1138 857
ab 25 23 25 26 T 39 51 18 20 27 25 36 57 27 59 31 22 18
N1 216 23y 5 217 31 306 280 w2 273 330 L0L 163 39 175 ¥13 13u 17 159 193
cr 263 269 290 340 310 236 129 39 455 463 194 393 246 461 168 192 152 -31H
Ce 130 121 132 7 95 104 2 wo 165 163 16 112 130 67 1y .15 133 100
v 206 189 213 201 217 189 196 166 182 321 226 261 267 26y 266 280 281 258
La 87 89 93 Ly 69 85 179 i 128 117 113 96 91 Ly 60 55 52 37
CIP4 norm ( With standardised oxidation ratio)
or 10.07  1C.23 10,15 7.01 L.51 12.54 9.37 8.02 0.05 16.95 14.20 5.89 .11 9.19 3.8 5.2y
Ab 18,79  15.4 .91 1843 11.38 8.93  9.95 9.82 8.0 15,09  15.1% 9.57 3.36  19.23  13.25
An 17.04 14,17 .36 24.56 25.19 21.91 24.3y 11.96 10.13 13,10 13.14 25.24 23.67 23,05 15.65 20.59 27,83 19.43
Na 11.01 15.69 16.12 1.93 547 5.97 6.12 8.62 12.10 11.79  19.65 1.76 0.1y 13.87  13.33 3.62 146y
11 5.37 5.59 5 .64 .35 6.00 RN 5.66 b3 4.50 8.79 4.98 6.54 5.62 [N TN 5.77 6.02 6.26 5.27
o1 941 B.26 7.75  19.94 17.28  22.68  1h.64 11.15 W.25  28.42 7.29  32.69  29.53  25.48 7.00 15.48 .62 15.32
D1 23.15  25.39 261, 17,77 24,08 2441 19,70 39.30  35.87  31.40  38.92 5.02  16.86  28.65 25,98 18,36 22.92
Mag 5.18 5.22 4.9 6.02 6.08 6.96 8.07 5.23 5.30 7.28 7.33 6.73 6.19 5.37 6.09 6.25  3.93
Leue 7.71 6.5 5.85
Ca Ort 492 2.89
Cor 1.10
Hy 3.25
0.R. 0.50 0.60 0.53 - 0.50 0.53 0.45 0.53 0.53 - 0.59  0.53 0.51 0.37 03 0.6 o.né  0.25




Nodules & Inclusions

Lherzolites . Elie Ness nodules

36 38 u9 -3 11. 47 « L8 . L6

A A B [4 D
s10, 48.13 42.76 43.96 . 42.92 .39.75 41.29 38.86 41.58
1\1203 2,25 2,38 2.46 7.32 - 6.10 8.1y 15.49 13,96
Fe,04 5.05, 1.78 1.38 L.58 LS0 Va7 5.20 . 5.68
FeO 6.59 - 7.00 7.0y 7.20 5.16 9.62 8.93 13.72
Mgo 26.70 3945  37.93 16,00  13.19 15.67 . 8.56 9.76
ca0 9.47 2,60 3.59 13.37  2u.45 10.53 11.63 1.57
Nay0 0.22 0.22 0.57, 1.66 1.26 1.17 342 2.15
K0 0.03 0.01 0.13 2.37 0.36 [N 2.16 N 5.90
P05 ~ 0.09 0.62 0,02 0.0y 0.06 0.0y 0,22 0.01
MnO 0.15 0.06 0.12 0.04 0.16 0.23 0,18 0.22
T10, 0.31 0.19 0.20 1.93 2.35 2.52 L 4.32
Totsl 98.99  97.07 97.50 9743 9734 - 98.02 99.35 98.87

Minor elements ppm (T denotes less than 5ppm)

Ba . 67 T T 1,06 117 2007 1819 2315
Zr 11 T 7 135 109 119 - 86 13
Sr 297 T 11 2ul 306 248 1006 : 223
Rb T8 10 9 9 T 158 . 38 220
N1 1700 2055 1892 26y 30L EEN 83’ 95
Cr 2608 2782 1995 760 667 u73 33 18
Ce 21 29 25 T T 32 68 21
v 27 61 0 221 272 162 426 302
La 87 23 T 121 67 7 36 6
CIPW norm

or 0.18 0.06 0.79 35.34
Ab 1.89 1,76 .95 2.5
An 5.13 5.78 3.87 5.67 8.87 . 424 20.75 7.90
Ne 7.8 5,16 45 .59 15.83 8.61
11 0.60 0.37 0.39 3.77 3.99 - §.90 9.02 8.32
01 ' 18.85 - 66,10 65.82 19.33 45,60 26.67 10.27 277
D1 33.42 5.99  11.36 - 42.70  =2.85 26.62 24,02

Mag 741 2.68 2,05 6.82 5.83 6.63 7.62 .. B33
Hy 32.53 17.26  10.76

Leuc 11.28 1.49 20,57 10,11

Ca Ort 2.62 31.92 1,89 2.26

Cor ! 1.20
0.R. 0.43 0.20 0.16 0.39 0.46 0.32 0.37 0.29

A, Elie-type 1l or 2 nodule B. Elie-type 3 nodule €. Elie-type 4 nodule D. Elie-type 5 nodule




Clinopyroxenes 1
Phenocryst _cores
CHL CEA l EH Lm Iﬂm IBD'I'!
WA-15  138-2  13B-3  13B-11  21A-)  21-9  21B-%  21B-§  21C-7  21-9 22-3 22-% 23-3 25 feup-10  278-1 27-13
510, K641 LRLSW  L7.19  46.60  WB.BL  K8.26  50.10 KB  W7.57-  L5.75  S1.88  50.28  47.67  49.33 | L9AL  L9.69  47.77
T10, 2.29 1.89 1.81 1.8 1.78 1.97 1.21 1.35 2.08 3.05 1.33 1.13 1.97 1.40 1.31 1.18 1.80
AL,0, 7.90 5.85 7.09 7.22 6.99 5.99 A5 5.77 7.83 9.68 3.86 u.12 7.05 5.72 6.3 6.50 7.69
Cl‘zo3 - - - - - - - - - .= - - - - 0.10 0.52 -
o 0, 1.19 2.05 3.03 3.09 3.37 2.36 1.7 3.21 2.90 2.80 0.32 1.8 1.27 1.87 |.13.28 2.81 2,76
Fe0 5.09 4.86 5.08" 5.15 4.7 .82 6.12 L. 4.77 5.21 6.97 L.63 6.6, 3.76 L.18 5.73 645
Kgo 1243 129 11,98 11,96 13.26 1349  15.13 .28 12.82 1152 1352 W28 12,81 w26 | W56 1379 12.95
ca0 2045 21.88 20.76 21.02 19.28 21.38 1942  20.20 2l.W 2147 22.08 2172 2017  21.90 } 20.67 1947 19.10
Ha0 0.88 0.81 1.07 0.91 147 0.7 0.6 0.7 0.8 0.% 0.83 0.69 0.7 0.65 0. 1.06 0.99
K,0- 0.01 0.01 0.02 0.0% 0.02 0.00 0.02 0.00 0.02 0.01 0.01 0.01 0.01 0.00 .03 0.05 0.05
Mo - - - - - - - - - - - - - - 0.13 0.16 -
Total 96.67 98.83 98.03 97.63 93. 7 98.99 98.79 98.88 99.99 100.39 100.80 98.7% 98.33 H m m 99_56.
Acnite 3.2 5.78 7.95 6.92 9.318 5.07 .72 5.21 6.27 6.52 0.88 5.04 3.60 L.68 5.39 7.M 7.29
Sadette 3.1 0.15 0.00 0.00 1.26 0.00 0.00 6.00 0.00 0.00 '5.07 0.00 1.85 0.00 0.00 0.02 0.00
T1-Ts 6.58 $.33 5.16 §.27 L.95 5.5k 3.19 3.9 5.79 8.50 3.67 3.17 5.58 31.91 3.60 3.25 5.04
Pe-Ts 0.00 0.00 0.68 196 0.0 1.57 0.05 3.0 1.81 1.30 0.00 0.13 0.00 0.55 3.6 0.00 0.35
Ca-Ts 9.63 7.52  10.33 9.97 9.66 6.88 6.36 7.00 - oo 12.01 2.15 5.83 9.15 8.3 8.39  11.53  11.67
FeD1 0.00 0.00 ©.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Woll 33,73 37.49 .03 3u.31  30.89  35.83  33.89  33.10  32.95 31.7%  L0.53  38.88  33.36  37.19 | 32.69 30.81  29.58
Enst 35.37  36.12  33.80  33.38  36.53  37.58  L2.04  39.73  35.39  3L.8 36,99  39.73  35.98  39.48 | 39.69 37.63 35.%u
Perros 8.13 ?.61 8.0y 8.20 7.3 7.5% 9.5% 7.35 7.39 8.08 10.70 7.23 1047 5.8 6.60 9.02  10.0%
[SEN 0.228 0.182 0.213 0.225 0.196 0,195 0.132 0.18  0.238  0.303  0.095 0.123 0.203 0.167 fo0.193 o0.180 0.221
Al-6 0.128 0077 0.103 0.100 0.109 0.060 0.06 0.0%  0.104  0.120 0.072_ 0.058 0.110 0.083 ] 0.081 0.00 0.117
Rims and groundmass
CHL [= CEA |
INAR-1  14AR-7 38-3 138-1 138 . 138-6  13B-1 2.2 21B=2  21B-6  21B-7 21C-1  2IC.5 | 21C-6 21¢-B 21¢-10
1 2 3 &
810, u6.43 48.95  46.89 4620 M6.N2 18.92 46.56 %5.10  45.06  GB.10  LB.79  u3.95  30.58 |
110, 1.96 1.7 0.28 2.90 2.58 1.63 2.3 3,78 3.65 2.7%5 2.16 2.7 1.58
41,0, 8.12 8.06 7.23 6.7 6,07 3.34 5. 8.10 731 L2 §.53 8.09 3.55
cry03y 0.42 1.06 0.08 - - - - - T - - - - - - - -
Pe,0) %.39 02 6.92 2.83 3.5% 3.59 3.97 3.0  2.02 1.86 2.8% 6.08 1.66 2.2 2.22 3.66
Feo 2.97 2.75 1.23 5.00 L.19 T 3.65 3.80 6.07  5.63 6.01 5.27 2.72 4.86 5.82 5.91 b.28
Mgo 12.68 15,39 2. 11,52 12.26 . 13.66 12.02 11.39  11.59 12,63  13.28  13.03  In.an | 11.87  11.65  13.08
Ca0 21.80 20.99 21.99 21.97 22,7 22.95 2.3 21.68 22.07 22.37 22.67 22.69 22.89 23.11 22.% 23.33
Ha,0 0.7 0.60 0.7 0.90 0.65 0.5 0.7 0.66  0.56 0.60 o.a9 0.52 042 087 09 0.48
K0 0.0y 0.0% 0.01 0.00 0.00 0.02 0.00 0.04 0.0 0.01 0.01 0.00 01 0.02 0.01 0.02
M0 0.1y 0.09 0.2 - - - - - - - - - - - - -
Total .71 99.65 9.7 98.03 98.21 98.30  97.90 99.92 97.8%  99.05 100.05 101.80  99.99 [ 100.60  99.90 100.55
Acatte 5.67 0.06 s 6.64 [N .05 547 5.00 k.15 %3 3.59 3.2 3.06 349 3.62 3.55
Jadeste 0.00 4.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 00 0,00 0.00
T1-Ts 549 - L.67 0.7 8.30 7.37 463 6.71 10.68  10.49 7.80  6.05 7.61 440 9.73 oS 6.50
6.62 0.00 W12 1.7 5.39 6.16 5.92°  3.77  1.66 0.8 w40 12,97 1.56 3.30 2.66 6,67
9.63 12.01 8.27 6.02 31.53 0.00 3.23 5.38 2.27 1.0 3.39 2.56 3.65 3.61 1.0
0.00 0.00 0.00 0.00 0.00 0,00 0.00 - 0.00 0.00 0.00 0.00 0.00 0.00 0.00. 0.00
32.59 R0 32.6 36.92  37.58  Ll.20  38.8 3.7 36,5 39.72  39.18 32,58 L0 ] 37.80  37.7%  39.08
35.16  L1.85  36.15 32.68 3.0 3846 3.l 31,90 33.01 3587  36.87  35.5%9  39.80 | 32,96 32.60 36.16
RN PRSI 2.60 7.96 6.65 5.77 6.06 9.5 9.0 9.47 8.21 %.17? 7.52 9.07 9.28 6.6
FREN 6.272 021 0.240 0231 0.237  0.152  0.226 0.305 0.278 0.187 0,182  0.316 0.129 } 0.264 0.272 0.211
A1-6 0.08%  0.133 0.080 0.060 0.035 0.000 0.032 0.05% 0,082 0.023 0.017 0.034 026 036 0.036  0.0Ly
1. Rim of 138-3 2. Ao of 138-13 3. Rim of 21A-1 k. Rinm of 21B-4 and § S. Rim of 21£-7 6. Rinfpr 2109




510,
T10.
Al?‘)l
ry0,
2%
Fed
LT &
(]
Ra,0

¥nd
Total

Acaite
Jaleite
T1-Ts
FeTs
Ca-Ts
Fedy
woll
Enst
Ferros

Al
Al-6

SIO2

Jhenite
Jadeite
T1-Ts
Fe-Ts
Ca-Ts
FeDt
Woll
Enst
Perros

Al
Al-6

Clinopyroxenes

2

B lﬁ!HB DN AI,RPE l BUTE
224 22-6 22-7 22-10 23-7 23-11 23-12 25-6 25-7 25-9 26-11 26-12 26-15 248-9  243-11 24B-12 278-2
1 2 ) 3 [ 5 6 2
L6.78 47,40 50.50 50.05% 19.97 Ll 2% %1.98 L6.75 L5.8, u5.16 L8.07 L3.8 43.81 L6.59 PYEXN 17.59 L8.96
2.5 2.1 1.37 1.12 1.62 3.52 %.87 2.83 2.5 L.15 2.3% 3.L0 2.78 2.6 2.13 2.53 1.92
5.7 5.66 3.79 .65 L.57 8.82 13,03 6.75 7.‘& .5 5.61 B.86 8.32 5.99 7.63 6.02 &l
. - - - - - - - - - - .19 - - 0.00 0.67 0.00 0.08
) L.79 3.7 1.32 1.1 2.6 3.56 L3N 2.16 2.2 2.15 1.82 3.95 6.72 3.07 L.26 2.51 .09
3.75 L2 6.33 %.38 L .9 3.27 5.01 3.79 L.31 3.1 4.06 1.97 0.81 5.12 2.78 5.50 5.67
12.68 12.35 13.63 1L.26 1,21 11.33 19.03 12.78 12.L6 11.20 13.18 11..9 12.16 12.93 13.13 12.61 1318
22,46 22.5L 214 2163 22,56 22,93 2242 22,30 2148 22. ) 23.53 0 26,03 232 20.92 . 2179 22,50 22.61
0.6u 0.75 0.7 0.77 0.53 0.66 0.62 0.7 0.6, 0.% 0.38 RN 0.51 0.60 0.68 07 0.30
0.02 0.92 .03 0.91 0.02 0.02 0.03 0.02 0.03 0.01 0.01 0.02 0.01 ©.06 0.0t 0.03 03

- - - - - - - - - - 2.09 - - 0.17  0.16 o.11 0.12
$9.32 99.30 99.15  99.08 1I00.L1 10051 99.33 98,08  97.56  99.23 99.08  130.03 98.5%  97.81  99.68  99.87  99.67
.76 ].7i 5.62 3.88 1.88 L.72 3.22 %.86 5.17 2.81 3.51 3.7 L.72 .95 31.55 2.3
0.00 1.79 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6.96 3.85 3.15 LG Q.89 13.9% 8. 7.26 11.78 6.59 9.58 7.92 7.05 $.96 °  7.11 - 5.0
8.7 0.00 3.96 2.9%  ©10.76 7.7 0.92 2.06 0.9 2.32 13.27 15.35 L.08 - 6,98 3.51 3.56
1.37 3.60 2.91 3.97 u.16 L7 6.53 9.27 5.00 f w7 3.35 2.98 L.36 8.27 [N 2.66
9.90 0.00 0.00 .00 0.00 0-20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
36.59 39.20 37.86  38.7%9  33.50 32.53 37.36 . 3W.k3 37.06 § 10.52 35.13 3%.38 3u.95 2.8 37.9% 397

35.53 37.95 39.67  39.01 31,71 28.L 35.95  35.28 31.51 36.73 32,08 3u.30 362 641 35.12 37.55.
3.9 9.89 6.8, 6.92 5.11 7.97 5.98 6.85 8.54 9.50 3.09 1.28 8.3 L.58 8.77 9.05
0.2L3 0.219 0.113 0.132 0.159 0.3u7 . 0.LO3 0.235 0,259 0.295 0.200 0.358 0.3u2 0.226 0.272 0.221 0.170
0.01n 0.032 0.054 0.029 .00 0.0L2 0.0L7 0.065 0.093 050 0.039 0.03L 0.030 0.0LL 0.063 0.0Lk 0.02y
1. Rim of 22-3 2. Rz of 22-5 3. 8im of 25-8 4. Rim of 2uB-8 5. Fiday out from 24B-10 6. Rim of 2uB-10

7. Rim of 27B-1

)l X Elie-type 1 nodules

BUTE l CHL RN EX I [

278-7 ILAR-2 ILAE-10 38-1 38-2 38-10 10-5 16-6 10-7 12-1 12-2 12-3 12-5 12-8  12-10  12-12

1 2 3

L9.51 [RRN. N L8.18 4¥7.26 LL .92 L6.35 L7.92 uB.L7 LB.OL L7.29 L7.08 u6.95 47.92 L7.76 16.97 46.66

1.46 3. 2.76 2.2 3.93 3.55 0.80 0.7 0.78 2.17 2.5 2.7 2.08 2.06 2.26 1.88
3.31 8.95 3!85 6.68 8.57 7..0 7.37 7.38 7.20 7.9% 754 7.78 7.02 6.71 7.53 7.29

- 0.3 o.'gl 0.55 0.02 0.03 - - - - - - - - - -
382 L.25 L.76 2.75 2.92 2.17 3.68 2.32 2.95 3.6 3.32 2.56 2.29 2.58 3.16 2.22
L.51 2.88 2.’92 3.95 5.01 5.36 L.75 6.02 5.36 L.49 L.87 5.2 5.27 5.30 .16 6.55
14,71 1.8 12'.91 12.98 11.35 11.95 12.88 13.03 12.91 13.15 12.76 2.7 13..6 136 12.52 11.20
21.95 22.27 2!'.63 22.60 22.65 22.61 19..0 19.35 19.30 20.92 21.29 21.09 21.02 20.59 21.15 20.58
0.32 0.79 1.11 0.5% 0.61 0.51 1.17 0.99 1.09 0.%0 0.78 0.71 0.63 0.71 0.78 0.9
0.06 0.05 0.36 0.01 0.01 0.01 0.01 0.00 0.00 0.02 0.00 0.00 0.02 0.00 0.01 0.08

- 0.15 0.21 0.11 0.13 0.13 - - - - - - - - -

— — e | — — —_— e e | e e e e e e e
99.25 99.47 98.73 99.85 100.12 100.17 97.98 98.30 7.63 100.2%4 100.09 99.68 99.71 §9.17 99.52 97.50

2.61 5.97 9.85 1. L8 L.Lé 8.59 6.55 7.99 5.83 -5.62 5.13 L.63 S.lu 5.71 6.39
0.0 0.90 0.00 0.00 0.00 0.00 0.00 0.5 0.00 0.00 0.00 0.00 0.00 0.00 0.90 0.97
k.11 8.8 7.83 6.77 11.06 9.96 2.27 2.09 2.22 6.03 6.8 6.92 5.81 5.7 6.36 541
7.02 6.00 3.66 3.76 3.% 1.63 1.8 -0.00 0.0 3.8 3.66 2.05 1.77 2.11 3.19°  o0.00
0.00 8o 0.00 6.81 6.00 554 13.18 13.91 13.62 9.37 7.83 9.1 8.67 7.93 8.26 10.77
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.20 0.00 0.00
38.56  33.05 3847{ 36.39  35.01 36.52 30.50 30.91  30.95 31.82 33.19  33.95 3349 33.29  33.51 C 36.08
L0.92 32.98 36.28 36.00 31.66 33.22 36.15 36.u 36.35 36.21 35.31 35.26 37.24 3746 3.9 .92
7.05 L.75 LR 6.32 8.05 8.57 7.8 945 8.u? 6.9 7.56 8.5 8.18 8.28 8.05 0.7
0.1,9 0.321 0.183 0.2b1 0.319 0.271 0.196 0.181 0.185 0.252 0.252 0.251 0.221 0.216 0.2u2 0.216
0.000 0.07 0.000 0.052 0.059 0.055 0.132 0.1u6 0.136 0.0% 0.078 0.991 0.087 0.979 0.083 0.117
1. Riz of xenocrystal orghopyroxene 27B-6 2. Rim of ILAE-1 3. Rin of 38-9




CIihopyroxenes 3

Elie-type 2 nodules : Type 3
cHA l EX . .
138-9  13B-11  13B.13 3=l -2 -3 W3 15.2 L35-3 35-5 35-8 32-2 R-5 32-7 33-1
$10, L6.10 LA L6C L6,61 L7.21 LR.22 L7.L6 L7.83 19,11 51.52 L9.52 £9.50 50.5L 49.31 51.13 53.09
10, 1.78 1.8 1.91 1.8 1.7 2.03 1.89 1.03 0.93 1.07 1.2 1.07 1.21 LAY 0.18
Ao 7.5¢ 7.22 7.6 2.9 7.23 8.1y 7.u6 029 .16 4.91 1.66 L.5€ 5.55 31.%0 1.15
crool 0.07 - 2.02 0.52 0.13 0.15 = ¢ 0.07 0.00 B - 0.23 - 0.00 -
Feo0) L.52 - 3.09 2,19 2.96 3.28 .61 2.9 RN ] 1.58 2.85 2.01 .13 1.56 1.7 2.61
Fe3 3.02 5.15 6.00 1.81 [ 3.k 3.77 L0 6.51 ©.17 6.2 5.98 6.90 7.32 5.63
¥ - 1220 11,726 1145 1299 12.79 1.3 12.29 11.60  11.95 .26 11.5% 12.57 12.05  11.02 13.32
ca0 21,01 21,02 20.77 2152 21.2R 21.87 21.% 22.00 22,62 2102 21.89 20.91 2110 19.97 21.88
ka0 0.92 0.9% 9.95 0.76 0.97 0.79 0.72 1. 1.17 1.50 1.10 ~ 0.91 1.00 1.1 1.3y
ng .07 0.0u 0.01 0.02 0.02 3.02 0.02 2.03 J.01 0.02 0.02 0.00 0.00 0.c1 9.01
¥ro 0.8 - 0.00 o.n 0. o.ac” - 0.21 0.20 - - 0.22 - 0.2u -
Tozal 9737 97.66 9717 100.13 10017 10.9%  0%.% 160.59 100.65  96.33  28.26  33.22  96.68  138.7, 9Ll
Acoite . 702 6.92 6.30 5.53 7.04 5.1 5.26 9.7, L.19 iz 5.7 3.17 L2 L.21 7.32
Jadeite 0.00 0.00 0.7 0.00 3.00 0.00 0.c0 0.00 L0 2.99 2.5 3.0 2.88 3.23 2.1
5.09 5.27 5.49 5.10 L8 5.60 5.26 2.86 2.58 1.05 3.19 3.00 3.3 1.2 0.50
5.81 1.9 0.00 2.69 2.25 k.25 2.8 TR 0.00 0.00 0.00 0.00 0.20 0.00 : 0.00-
a.91 9.97  1:0.9; 12,7 9.92.  10.50 9.60 10.30 PR 6.2 6.00 5.80 745 5.51 1.26
0.02 .00 0.0 9.00 0.00 0.00 3.00 o.00 0.c0 0.00 9.00 0.00 0.00 0.00 ©.00
“oll 31,06 .31 30,30 12,22 33,55 32040 W35 36,30 L1260 37.90  39.86 37.32  37.13  36.8] . w28
Enst 35.10 33038 32.60 35.67  35.19  35.6.  36.89 31,95 32.9 3176 32.60 37.66  33.B2 36 36.97
Ferror L.y g.20 9.59 6.0u 7.12 5.90 5.83 7.13 10.37 9.77 10.18 ° 9.66 1c.87 11,88 8.77
Al 0.2u9  0.225 0.219  0.257 0.220 0.260  0.229 0.178  0.09¢  0.125 0.12t  0.116  0.1L3  0.080 0.023
A1-6 0.087 -0.100 0.1}7 0.112 0.095 0.101 0.096 0,101 ©0.0%  0.0% C.08  0.0%2 0.103 0.088 0.037
. L} [ [} ' N
) Elie 'dark’ megacrysts glassy megacrysts glomeroporphs.
exn
) 334 33-5 33-6 A-5 A-7 A-9 B-7 B-8 . A-1 A2 . -3 A-10 | 21B4  21B-§ 2343
s10, B 52.52 53.15 53.05 18.53 L7.96+ LBLO 19.37 19,50 L9,18 19,80 ,8.79 51,00 50.10 u8.6 47.67
TI0, - 0.20 0.20 0.2u 1.32 1.y 145 0.92 0.87 0.79 0.78 0.78 o0.62 | "1.21 1.35 1.97
A0, . 2.08 2.21 2.57 8.6 8.76 8.61 2.8 B.&2 8.29 8.21 8.32 8.1€ LLS 5.77 7.05
cry0, ! 0.06 0.07 - 0.00 - 0.00 0.03 - o.10 0.07 - 0.12 - - -
Fe 0, 3.03 1.95 1.27 2.75 2.32 3.60 1.82 1.12 2.98 0.90 2.91 o7 1.7 3.21 1.27
FeO 6.u2 7.8 g.no L2 . u.26 3.66 5.18 5.83 1.88 5.7 3.92 5.8 6.12 .71 6.6
¥go © . 13.03 3.1 R2.e 11.9u 12,66 13.66 N .7 16.30 15.9u 15.89 16.73 | 15.13 .28  12.81
ca0 20.75 202 20.56 18.65  18.63  19.0u - 16.73 16.78 15.96 15.88  16.32  15.86 | 19..2  20.20  20.17
K80 1.16 1.33 1.57 1.37 1.1 1.h 1.39 1.35 1.29 121 1.29 1.17 o.6u 0.72 0.
K,0 0.0? 0.04 0.01 +0.00 0.00 0.00 0.00 0.01 -0.00 0.00 0.1 0.00 0.02 0.00 0.01
¥no 0.8 0.16 - 0.11 - 0.1 0.17 - 0.16 0.1n - 0.y - - -
Total 99.85  100.36 9.7 99.313 98.3C  .99.98  99.15  99.07 98.93  98.67  98.23 100.17 | 98.79 98.88 -9?.3-3.
-
Acoite 2.49 5.3 3.56 7.62 6..9 9.9 5.02 3.1 8.22 2.9 8.29 1.28 ! u.72 5.21 3.60
Jadettn 1.2 .30 7.83 2.16 1.10 0.30 L.86 6,56 0595 6.13 1.20 6.91 0.00 0.00 1.85
Ti-Ts 0.56 0.56 . 0.67 3.66 %.03 u.c0 2.5 2..0 2.18 2.16 2.17 1.68 3.39 3.7 5.58
Fe-Te 0.co 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.co 0.05 3.81 0.00
Ca-Te 1.28 2.22 1.06 W02 13.63  1.Lé  W.GB 131 1540 12,67 15.36  12..8 6.36 7.00 9.15
FeD1 0.co 0.00 0.00 0.00 0.co 0.00 0.00 0.00 0.00 0.00 9.00 0.co 0.00 0.00 0.00
“oll 39.41 39.10 10,16 27.95 28.29 28.18 24.53 25.11 22.55 23.86 23.37 23.60 33.89 °  33.10 33.36
Enst 16,14 36.26 33.64 38.24 37.85 37.28 L0.78 LO.L7 W45 43.66 u3.76 L5.01 L2.04 39.73 35.98
Ferros 10.59 12.1n 12.08 - 6.36 6.62 .83 8.20 8.95 6.19 9.0y 6.06 9.03 9.5 7.35 0.7 4
Al . 0.0u5  0.033  0.024 0.213  0.217 0.225  0.192  0.18 0.198 0.1  0.197 0.159 | G.132  0.1&%  0.203
Al-6 0.0u6  0.063  0.089 0.162  0.167 0.8  0.1F9  0.200 0.161  0.166 9,166 0.159 | 0.064  0.070  0.110




Lherzolites _ )
CEL ] xm lm l rIDRA
B d-9  IhA-13  lhd-l%  A-20  IB-7 14B-10 26-7  26-10 15-1 15-3  24B-3 2B 2WA-2 sy 37-2
. 1 2 N
s10, 52,06 50,02  43.72  51.3%  W7.62  52.11 42,07 Sl S1.58  uS.A Sl2 518  S1.77  SO.A7  52.73  $3.05  S51.47
T10, 0.58 LR 3.29 0.57 2.73 0.19 v.69 0.35 0.30 2.68 0.8 0.83 0.69 0.7 0.23 0.17 - 0.@
41,0, 749 6.61 8.63 7.0 08 5.61 9.85 691 5.01 6.99 7.53 7.15 741 6.9 5.26 5.31 6.83
cr;05 - 0.58 0.53 [ %] - - - 0.67 - 0.11 0.7 0.73 - 0.7 0.57 - 0.59
Fo,04 0.34 2.28 3.56 1.59 1.29 0.1 2.57 0.6y 1.40 05 1.7% 0.3u 0.69 0.65 0.69 1l -
Fe0 2.7 1.87 L3 152 6.52 3.29 5.86 2.2u 5% 2.69 1.5 2.7 1.58 1.58 1.9 0.9% 3.15
»go W2 W.B1 11,13 W50 12,20 W.95  10.33  15.29 15.11 1248 .Sk .76 153 WA8 15,11 15.53 W85
Ca0 20,38 1B,32  22.41  19.93  23.0%  19.31  22.02 22,15 2297 23.5 19.98 19.65 21.05 20.37 21.38 21.4%1  20.01
a0 1.7% 1.8 0.48 1.92 0.38 1.67 0. 0.82 0.86 0.35 1.95 1.80 .7 1.59 1.56 1.62 143
K0 0.01 0.01 0.0t 0.01 0.01 0.02 0.00 0.03 0.02 0.03 0.02 0.03 0.02 0.02 0.03 0.01 0.00
Xn0 - 0.00 ©.00 0.07 - - - 0.06 - 0.03 0.1 0.05 - 0.06 0.2 - 0.08
Total %81 %8 B9 H31 977 7.2 7.8 98.60 8.7 8.3 1031 9.9 9a7 7.6 9.7 Has 263
Acatte 0.93 6.0 3.60 u.35 2.81 0.31 3.29 1.7 3.87 2. 477 0.93 1.88 1.78 1.89 3.8, -
Jadeite 1146 6.89 0.00 9.23 0.00 11.79 0.00 n.22 2.35 0.00 8.%  11.83  10.36 9.7 9.26 7.57 -
Ti-Ts 1.58 1.38 9.45 1.56 7.69 0.53  13.58 0.97 0.83 ?.59 207 .26 1.88 1.95 0.63 oAb .
Pe-Ts 0.00 0.00 6.63 0.00 0.83 0.30 u.16 0.00 0.00 8.78 0.00 0.00 0.00 0.00 0.00 0.00 -
Ca-Ts 8.66 10.58 747 10.17 5.32 5.83 6.69 8.56 8.85 3.0 10.38 8.1 8.76 9.48 6.85 7.08 -
PeDt 0.00 0.00 0.00 0.00 0.00 0.00 ' 0.00 0.00 0.00 . 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -
Woll .36 30.65  3L.09  32.97 39.38  .35.16  33.21° 38.96 u0.37  37.90  32.30  32.88  35.52 3.6 37.95  37.7 -
Enst 38.8 K1.19  31.68  39.30  33.79  Ll.29  29.64  W1.98  %1.37  35.0%  39.0%  39.77  39.21  39.90 - L0.98-  ,1.88 -
Perros 4.19 2.92 7.08 242 0.2 5.10 9.y 3.5 2.37 u.29 2.0 L.22 2.39 2.5 245 12 .
Al 0.118  0.133 0.330 _0.133 0.216 0.069 0.380  0.105 0.105 0.277 0.1.7 0.126 0.125 0.13% 0.081  0.080 -
Al-6 0.201 0,158  0.059 0.173  0.053  0.176 0.067 0.108 0.112 0.03% 0.173 0.179 0.191 0.169 0.4  0.lx6 -
1. Rin of 1hA-13 ’ 2. Rim of L4B.5 (orthopyroxens xenecryrt) 3. Rin of 1B-12 L. Titansugite ris on inclusion
Pyroxenites Wehrlites
ox . ] CHL I BUTE [Z11TY
1982  198-3 BX-2 EX-3 BR- BX-§ 28-1 28-2 28-6 29-1 29-2 29-8 2944 39-2 392
810, 52.27  52.37 49.05 48,96  »8.63  M8.77 4B8.16  47.92  4BA9  LB.S0  47.78  %9.00  48.65 V7.99 4826
110, 0.57 0.57 1.17 1.10 1.09 1.8 1.73 1.5 1.95 1.60 1.83 1.8 1.20 1.61 145
41,0, W) [} 9.19 9406 8.99 9.15 8.1 8.27 8.00 7.10 7.7 PN 7.36 B.51 8.09
cr0 1.7 - o1 - - - - - T- - - - - 0.16 -
3 \
70, 1.61 2.50 2.51 1.91 143 2.0 LAl 62 498 2.8 2. 2.53 3.19 0.78 0AS
o0 1.63 0.7% 3.55 4,02 [N S 3.67 3.2 2.63 3.06 4.59 4.73 .67 4.29 5.5 6.18
LT I 1642 16,77 W9 W17 13.85 Ll 13.90 .26 kA9 k.08 13.38 .oy 1391 13.03  13.16
Ca0 18,68 19.05 19.16  19.3%  19.12  19.35  19.51 19.56 18186 20,29 20.20 19.81  19.98 20.03  19.20
720 1.7 1.73 1.2 1.17 1.26 1.22 1.31 1.19 143 0.90 0.92 0.97 0.96 0.92 1.03
X0 0.00 0.01 0.01 0.02 0.0% 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.00 0.00
"o 0.12 - 0.00 - - - - - - - - - - o -
Total %9.37 98.10 100,38 9.7 98.76 99.60 10042 10001 101.3 10038 95.35 95.66 9945 B 9.8
Acatte [ 38 6.89 6.86 5.26 3.98 5.78 9.39 8.56 10.15 6.50 6.72 7.02 6.93 2.19 127
Jadette 7.86 5.4h 1.9 3.3 4.52 2.97 0.00 0.00 0.00 0.00 0.00 0.01 0.00 5.6 6.23
1.56 1.57 3.20 3.03 3.03 3.25 4.76 u.25 5.32 a2 5.1 3.27 3.06 851 809
0.00 0.00 0.00 0.00 0.00 0.00 2.76 L.20 3l . 0.83 0.00 1.95 0.00 0.00
6.87 5.02 15.53 .S 14.29  15.01 1142 115k 10,06 10.33 1153 12,89 12,01 12,18 10.69
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Woll 32,17 3..09 27.91 . 28.90  29.19 28,81 28.7%  2BAS  27.23  31.93 3145  31.0%  31.08 31.63 3121
Enst LL A8 45.78 ©39.20 38.61 38.13 38.56 37.92 38.98 39.16 38.53 37.02 38,58 38.36 36,17 36.81
Perros 2.66 121 5.39 6.5 6.87 5.62 496 %.03 [N 7.05 7.3 7.20 6.6y 8.65 9.0
Al 0.100 0.082 0219 0210 0208 0215 0237 0.2L2 022 020 0226 O0.1%  0.201 0.212  0.189
Al-6 0.098  0.105 0.7 0.181 0.8 0,180 0.4  0.115  0.101 0.203 0.115  0.129  0.120 G.162  0.169




e

Cpx 5 Orthopyroxenes
rIOMU ] cHL CHL l oK : KID I BUTE
39-5 %1-1 L1-2 u1-5 A=2 jIVEN Wh-3 WA-5 WB-9 26-2 26-4 26-6 15-2 15-6 15-8 29-3
1
810, ;.9.00 50,39  50.26 . 50.78 | 510, 5%.15 Su .7 5446 53.72 Su.79 5540 5u.23 55.75 55.30 55 .24 55.20  52.11
10, 1.36 1.08 0.77 0.97 | T0, 6.10 0.1 0.05 0.15 0.y 0.09 0.12 0.08 0.17 0.19 0.20 0.35
A0 7.87 6.21 6.41 6.18 | 1,0y 4.35 %.37 4.39 4.58 Lu6 4.19 .73 3.56 bkl 4.66 4P [ XWX
cx-z,o3 0.48 0.22 - 0.23 | Cry03 - - - - - - 0.53 0.29 0.03 - - -
Pe,0 0. 0.07 1.97 0.21 Pe0 6.u8 6.46 6.52 6.07 6.39 741 7.25 7.55 6.78 6.63 6.39 0.8
Fe0 3 6.52 5.71 3.93 5.87 | Mg0 2.1 32.00 32.39 31.78  32.m  32.35 3L.71 32.78 - 32.51 32.43 32.28 27,18
¥go 13.30 w.93 15.23 .53 Ca0 [ 0.76 0.7 2.78 0.76 [N 0.80 0.3% 0.83 0.71 0.83 1.25
] 19.30 18.86 19.12 18.56 | Kaj0 0.08 .06 0.12 0.15 0.13 0.0y 0.05 0.05 0.15 0.0 0.16 0.09
Ka,0 1.02 1.00 1.12 1.28 | K0 0.01 0.02 0.02 01 0.02 0.03 0.00 0,01 0.02 0.00 0.02 0.00
H 0.00 0.00 0.01 0.00 | Mmo - - - - - 0.12 0.18 0.11 - - -
o 0.13 0.1 - 0.11 | goea1  9B.05  98.2%  9B.65  99.24  98.83  99.97  99.55 100,60  100.31 99.96  99.80  97.88
Total 9.1z 98.58 98.82  98.72 [== Towe e Trom
29-7  2uB-2  2uB-6  27A-k  27A-5  27B-6  ZuA-l  2uA-6  2uA-1l 37-3 37-9
2
Acnmite 0.39 0.20 5.6 0.58 s10, 51.92 55.05 55.12 Sk L9 54%.38 52.8 55.23 557 55 .7 5047 S W0
Jadeite 6.95 6.99 2.59 8.59 | 110, 0.37 0.13 0.08 0.15 0.11 0.29 0.10 0.05 0.03 0.13 0.1
T1-Ts 3.79 3.01 2.13 2.7%0 | ALOy 5.56 %.18 3.65 3.81 3.24 3.39 L.30 3.26 3.23 9% N 4.51
Pe-Ts 0.00 0.00 0.00 0.00 | cry0y - 0.35 - 0.52 - - - 0.28 0.25 0.30 -
Ca-Ts 10.65 . 7.38 10.50 6.81 Pe0 11.91 6.0l 6.08 8. 10.61 13.07 6.06 6.07 6.07 6.6y 6.63
- FeDy 0.00 0.00 0.00 0.00 | g0 27.13 32.86  32.92 31,30  30.06 28,00  32.80  33.55  33.60 3L.75  31.67
Woll 3l 32.22 31y 32,02 | Ca0 2.28 oy 0.8 1.19 1.07 2.28 0.53 0.5 6.51 0.76 0.7%
Bnst 36.77 41.20 41.83  u0.0L | "Naj0 0.01 0.02 0.08 o. 0.09 0. 0.08 o.10 0.09 0.10 o.12
Perros 10.32 9.01 6.06 9.25 | K0 .01 0.13 0.02 0.01 0.01 0.03 01 0.01 0.01 0.03 0.00
’ w0 = 021 . 0.22 N . - 0.15 0.16  0.15 -
Al . otz oam  omB 0.2 | g 92z 9.7 Ban 10678 9958 9.7 99.0 .66 99.69 9.7 9826
Al-6 0.162  0.137 0.131  0.147 -
1, 2. Exsolution lamellae in Bute pyroxenite inclusion.
Olivines
BUTE | RPE [ rroms | o [em
27h-2  2uA-5  2u4A-B 37-5 37-7 38-3 384 38-5 38-6 38-8 L1l
A B B B B c c ¢ c ¢ >
510, L0.6h  L0.67 4043 40.86  L0.77 . 39.50  39.40  41.0%  39.12  39.55  39.60
110, 0.03 0.00 0.00 0.01 0.02 0.06 " 0.03 0.03 0.08 0.04 0.0
AL, 0.07 0.06 o.ou 0.07 06 0.09 o.10 0.12 0.06 0.07 03 A. Harzburgite
Cry0, - 0.00 - 0.01 - - - . 0.7 - - - B Lherzolite
Fe0 w.15 9.81 9.53 1048  10.68  20.16 2121  13.55 23.15  22.86  17.69 c. Basalt phenocryst
Mg L6.53 K9.05  49.15  K7.89 1743 L1A8  40.32  16.67  39.07 L0.02  42.86 D. Wehrlite
cao 0.05 0.03 0.06 0.08 0.0y 0.22 0.27 0.25 0.37 0.12 0.1 .
¥n0 - 0.1 - 0.2 - - - 0.19 - -
a0 - - - - - - 0.15 0.25 - - -
Total Bi5? 9B 936 P51 99.00 10150 10147 102.16 101.85 102.66 100.33
Mole % Fo 85 . % 9% 89 89 » » 8 = % 7% 81




Feldspars 1

Basalts
CHL l N ] EHB I 7B I BUTE [ CHL
WA-11 WLB-15  21A-6  21B-1  21B-8  23-10  23-13  23.1,  23-15 25-2  25-10  24B-7  24B-15  278-8  27B-9 IMAB-S  LuAR.9
. 1 2

s10, Su.k7 50,50  53.82 52.5% 52,12 58,17 60.76  55.21  57.20  §1.37  52.37  52.13  SL.55  50.%  35..3  $3.28  351.52
“203 28.05 30.78 28.7 28.93 29.27 25.93 24,.88 25..9 26.%1 28.9 29.L6 28. 28.60 29.96 26,43 28,67 30.24
Fed 0.53 0.56 0.9 0.64 0.57 0.28 0.30 0.18 0.39 0.91 0.51 12 1.27 3.60 0.79 0.75 0.51
g0 o. 0.06 0.07 0.08 0.09 0.97 0.05 0.03 0.0 0.20 o 0.2 3.7 0.19 0.75 0.34 o.1
cao 10.32 13.08 - 1.0 1L.A  11.97 7.52 6.29 9.82 8.60 1145 11,87 1% 12,23 1348 9.56 11.28  13.0%
Ka 0 5.22 3.59 [N L.58 4.17 6.18 6.98 5.99 6.62 L5 L3 LS %.10 1.56 5.35 %.66 3.77
X,0 0.65 0.36 [N o.L9 0.62 0.9 0.93 1.69 0.66 0.6 0.26 LR 0.3 0.26 0.58 0.36 0.3%
T10, 0.19 0.12 0.13 0.18 0.13 0.10 0.3 3.09 0.07 0.19 0.17 0.26 0.19 0.09 0.15 0.22 0.16
Total 99.57  99.05  99.65  99.19 98,9  99.16 100.21  9B.59 100.37 98,02 99.40 995  99.10 98.7%  99.0  99.65 99.69
or 3.86 2.15 2.m 2.92 3. 5.6 548 10,12 3.88 2.77 1.55 2.67 2.56 1.56 36 T 2.m 2.02
Ab u2.72 30.62 L1.10 36.07 .77 52.7% 58.86  10.20 50.%0 35.30 369 3L.70 33,08 30.08 45.71 39.61  32.00
An 5Ll 65,51 Su.97 56,68 59,95  37.63  3l.W 38.15  M1.33 57.96  59.23  56.92 55,90  65.55 L6.8 36,21  6k.78
Ne 0.9 0.03 2.09 0,49 6.0y 2. 2. 2.13 1.07 0.02
n 0.36 0.23 0.25 0.3k . 0.25 0.19 0.06 0.17 0.13 0.37 0.32 0.50 0.36 0.17 0.29 02 0.30
a 0.7 0.% 0.52 0.13 0.79 0.13 1.28 0.n 1.36 2.13 0.38 0.98 0.3
By 0.1? 0.53 0.62 0.91 2.68 0.55 LENN
Cor 0.7 0.26 1.13 0.97 0.21 [ENY 0.11
3tz a2 2.87 017
Rut .
Dy 0.01 1.77 0.06 1.21 1.02 1.7 1.9 1.8 0.85 0.13
doll (Y813

1. Core « Ria

Zeolites from basalts

CHL xn N [ = rm | caL

BAB-11  LiAR-12 187 20-7  21A-$ 2.8  21B.3 2189 212 2IC-12 22-1 n2 22-8 25-1  1NaE-3
510, 51.52 51.67 52.97 (9% N 55.59 50 46 58.13 56.67  57.8 49.8% 66,45 6646 62.96 60,10 63.15
AL,0, 28,93  29.89 2847 18.71  27.13 26,09  21.56 22,20 22.21 2u.69 21.13 18,69 20.60 23.31 21.23
Ped 0.76 0.3 1.28 i 0.00 0.37 0.10 0.12 0.15 2.58 2.2 0.08 0.11 0.10 0.28 09
g0 0. 0.1 0.27 0.01 0.03 0.03 0.03 0.05 2.5% 0.29 0.00 0.03 0.02 0.03 0.20
Cao 202 12:61 1.7 0.03 0.10 0.20 0.12 o.10 o8B 0.29 0.03 0.03 0,00 0.18 2.%
Na,0 [N ) 4.28 3.97 . L7 1142 12.83 12.01 12.09 9.78 8.09 117 7.7 1.7R 8.17 .19

0 0.3% 0.57 0.62 11..0 0.7 0.09 0.08 0.08 0.16 0.59 0.05 0.08 0.07 0.28 3.39

110, 0.16 0.13 0.5 0.03 0.02 0.03 0.L0 0. o.u 0.0§ .02 0.01 0.03 o.h 0.26
Total 93.24 99.72 99.52 96.% 95.35 89.91 92.48 91,58 95D 85.98  99.21 93.18 M.%0 92.50 95.8
or 2.05 3.38 1.49 v 0.59 0.51 0:52 0.99 %06 0.30 0.51 o 1.7% 20,9
Ab .80 0.9 33.81 69.55 60,11 80.86 77.85 78.19 76.66 96.60 70.56 90.%2 AT 36.99
Ao 58.68  60.83 5380 6.52 1.10 0.6 0.5% 2.9 1.67 0.15 0.16 6.9?7 15.22
Re 1.96 2.9 17.23 32,89  15.% 183 450 1.61 0.65 7.63
n 0.31 0.25 0.00 0.06 0.27 0.35 0.20 o.11 0.0% 0.02 0.06 0.29 0.52
o1 0.46 0.09 0.56 . 0.17 0.06 0.10 8.33 4.0 09 0.15
Hy 2.8 0.03 0.28 0.39 1.01
cor 3.50 7.76 5.03 1.62 2.23 $.30 11,88 247 2.19 1.3 9.99 5.55
qtz 0.97 11,04 22.29 1.8 19.82
Rut 0.03 0.29 0.08
o1 1.7 1.60 0.0

Woll




Feldspars 2

Elie-type 2 nodules - Type 4 Type 5
]
354 35-10 32-9  32-10  32-104, 11-8 1.9  11-12 11-15 364 36-5 36-2  36-10 30-3 30-4
510, 62.50 62.35 .12 65.92  66.68 66.67 67.10 70.08 66,53  66.26 W.M6  65.61 66,76 68.51  68.88
n?g 23.36 2241 2156 212 2153 20.82  20.72 20.96 20.52 22.73 21.38 t 22.39  22.61 20,1 20.26
veo ° 0.12 0.08 0.10 0.12 0.2 0.20 0.13 0.03 0.03 0.09 0.0 0.09 0.06 0.17 0.16
¥g0 0.02 0.02 0.00 0.03 0.03 0.02 0.02 0.01 0.01 2.01 0.01 0.01 0.01 0.02 0.02
cao ) 3.81 2.89 3.01 2.98 1.2 1.21 1.21 1.1 2.69 1.59 2.58 2.8 0.9 0.5
Ha0 8.29 8.98 6.89 5.25 7.95 10.25 1047 1247 10.7 9.71  10.18  10.25 3.73 9.98  10.36
K0 0.96 1.85 3.71 6.11 1.27 0.3 0.32 0.32 0.38 0.33 0.0 ol 0.37 1.0% 1.0
T10, 0.05 0.10 0.12 0.03 0.03 0.2 0.00 0.02 0.03 0.02 0,02 0.01 0.02 0.0t 0.03
2 hd d M S —_ —_— —— ——— —— —— — ——— ——— . —_— ——
rotal "99.98 98.m 99.19 101.71 100.50 99.56  99.97 103.10  99.32 191.8, 104.07 131.35 102.38 100.7%  101.59
or 5.67 11,08 22.07 35.8 7.49 2.03 1.9 1.97 2.26 1.91 2.25 T 2.36 2.15 6.10 6.05
id 7.15 69.27 58.65 13.69 66.10 87.13 90.59 85.96  91.25 80.6L 82.75 83.17 80.42 83.8, 86.29
in 23.32 19.15 FININN 1 .68 .71 6.19 6.01 5.81 5.5% 13.12 7.57 12.65 13.65 L.z, L.10
: 1.29
Ne
n ’ 2.09 0.17 0.20 0.06 0.06 0.06 o.0n 0.03 0.0 0.02 0.06
o1 0.2
Hy 0.19 0.05 0.01 0.2y o.2u 0.2 0.29 0.08 0.03 0.16 0.05 3.11 0.3% 0.29
Cor 0.1 0.13 0.96 0.52 1.2 1.33 0.l 1.13 LR 1.8 1.27 0.39 1.05 1.03 0.56
tz [N 0.08 3.66 5.34 9.59 2.90 RN 5.06 0.3% 2.65 6.07 2.57 [RRNN 2.66
Rut N 0.01 0.01 .
D1
Woll
crL | om EN
28-5 20-2 20-3 20-5 20-6 20-8 20-9 26-13 26-1u 40-1 40-2 L0-3 LO-4 40-5 23-1
1 . 2
5§10, 52.96 51.87 S$5.12  55.98 6.8 56.53 56,6 63.57  61.55  66.51 6.9l  62.70  62.58 66,8 62,38
41,04 © 28.89 30.65 28.29 26.m  23.21 27,09 27.06 19.07  19.63 21.16  18.3  22.95 23.22 189 23.43
FeO 0.7 0.27 0.09 6.37 0.08 o, 0.13 0.23 0.15 0.10 2.09 0.17 0.10 0.36 0.20
Mgo o.12 0.26 _ 0.00 0.03 0.00 0.05 0.0l 0.06 0.00 0.00 0.00 - - - 0.0y
ca0 2.0 12k 10.66 8.60 u.62 9.31 9.99 0.19 0.65 2.22 0.08 N L.73 0.11 4.98
Na0 %17 .21 4.86 6.07 8.3 5.17 517 L.95 [ R ©: NXN 1.57 8.78 8.67 5.85 7.87
K0 0.37 0.17 0.07 0.13°  0.16 1.22 0.1y 8.96 8.33 0.16  1L.35 0.19 0.7 8.05 0.7
T10, 0.22 0.05 0.05 0.08 0.0 0.09 0.06 0.13 0.50 0.00 - - - - 0.0%
Total . 39E Wp H5 B LLe #9689 FH ww ™ BE B Wl WA e
or 2.19 1.01 om2 0.7 0. 7.24 0.93 suu9 5162 0.9  85.28 1.13 1.01 7.7 %.39
Ab 35.35 3540  u1.48 52,20 “70.61  u3.92  u6.60 43.09  40.29  87.82 ° 13.36  M.67 7375 L9.65 66.81
An 59.12 2.1 53.3 u3.36 22.69  L6.37  L9.20 0.97 3.38 10.34 0.40 22.76  23.59 0.42 24,78
Ne ~ 0.25 0.01
n 0k2: 0.0 0.10 0.15 0.08 0,17 0.1 C0.2L 0.32 0.08
01 T 0.8 A 0.27
Ry . 0.12 0.08 0.63 0.08 0,23 0.17 0.18 0.60 0.0
Cor 0.32 0.85 0.38 0.76 0.3 0.91 2.06 0.17 0.63
tz 0.66 3.7 249 | LS5 1.72 2.9 - 1.96 0.46 0.62 0.83 1.29 1.50 2.91
Rt 0.335
D1 2.15 : 0.32 0.3% 0.59 0.11
doll - o 0.09 0.02

1. Pron Coalyard Hill pyroxenite inclusion L2, Megacryst in Elle Ness monchiquite




Amphiboles

en cHA | =N I cHL | CcHA en I K
21.2 13A¢ 3-1 B-2 B-3 B-L B-5 B-10 B-11 2843 118-5  138-10  13B-12 10-1 10-% 124 12-9
A B B B B B B B B c B c D B D D D
S10. 38.97 39.86 39.87 10.01 38.98 38.82 39.90 18.59 38.65 LO.LT7 38.87 18.29 18,37 39.10 39.17 39.73 39.53
HOZ 6.30 4.59 L3N 2.19 5.k3 5.6 Y.17 5.9 5.36 6..8 4.97 4.29 L.83 4.8 2.97 6.12 6.11
uzg 13.83 1345 .71 14.05 13.61 13.67 .03 1%.51 .56 12.78 13.27 .56 13.56 13.88 mw.67 13.49 12.59
Cr203 - - 0.00 0.00 0.01 - - 0.01 - 0.1 - - o.04 - - -
Fed 3 11.56 11.16 8.89 13,14 12.13 11.92 12.06 10.07 9.68 6.19 12.85 11.77 12.80 11,02 10.69 10.60 10.49
veo 11.12 10.86 13.25 10.48 11,23 11.33 1.7 12.03 12.16 17.03 11.18 1.2 10.79 12.2% 13.12 120 12.58
cao 11.37  10.64 10.75 11.04 1.8  11..8  1¢.83 11.60 11.92 10.97 10.21 1z 11,28 10.47 10.02 11.45 1L.65
Ka0 2.7 2.55 2.31 3.36 2.33 2.31 2.50 2.38 L6 2.1} 2.6 2.71 2.38 2.4 2.8 2.25 2.11
K,0 1.50 2.06 2.39 1.50 1.7 1.80 2.18 1.9 1.99 1.7 1.99 1.19 1.56 2.21 1.01 1.69 1.81
¥no - - 0.12 0.1 0.09 - - 0.06 - 0.02 - - 0.13 - - - -
Total 97.34 97.17  96.63  95.91  97.06 96.79  97.38  96.68  96.79  98.09  95.30  95.55  95.73  95.36  SuL.u7  97.77 97.78
Forzuls based on 23 oxygens.
39 5.825 6.001 5.926 6.102 5.869 5.852 5.965 5.785 5.782 5.856 5.9313 5.822 §.915 5.919 5.952 5.878 5.850
Al 2.437 2.386 2.577 2.526 2.415 2.k29 2.7 2.564 2.567 2.180 2.387 2.609 2.432 2076 2.627 2.353 2.7,
Fe 1.L45 1.657  1.105 1.676  1.527  1.503 1.508  1.263 1.211 0.79 1.646 1.497  1.629 1.395 1.359 1.312 1.287
g 2478 237  2.936  2.38  2.520 2.5u6  2.6l2 2.688 2.711 3.673  2.5L3 2.588 2.7 2.762 2.972 2.M% 2.7
Ca 1.821 1.716 1.712 1.804 1.852 1.854 1.735 1.863 _1.911 1.701 1.671 1.860 1.839 1.698 1.631 1.815 1.8,7
Na 0.783  0.7AL 0.666 0.9%  0.680 0.675 0.725 0.692 0.7I 0.65%  0.728  0.799 0.702 0.716 0.831 0.6k5  0.605
3 0.286  0.396 0.3  0.292  0.3uL  0.3u6  O.,16  0.371  0.380 0.3 0.387  0.231  0.303 0.831  0.196 0.319 0.2
T 0.708  0.520 0.485 0.251 0.615 0.619 0..69 0.619  0.603 0.705  0.570  0.491  0.553  C.510  0.339 0.681 0.6%
ng 0.632 0.595 0.726 0.587 0.623 0.629 0.6 0.680 0.691 0.831 0.608 0.63% , 0.600 0,664 0.686 0.677 0.683
EN
3u-7 3u-8  3u-11 er2 35-1 35-7  35-11 32-1 32-3 32 11y 115 11-6 36-3 36-7 36-9
D 1 D ] E [4 E E E E F 4 F F 4 |4
510, 39.18 39.06  39.03  40.39 | L2.87  319.51  39.3 L. LO.06 39.98 | 4L.87  uh.37 0 43.63 L4016 L0.98  39.68
T19, 5.68 §.53 6.02 u.23 b2 5.67 5.66 .35 .32 4.7 2.39 2.4 2.51 2.78 2.89 2.89
AL,0, Ww.1?7 .21 .8 13.97 | 12.83 13.52 13.32 12.87  13.66 13.35 10.68 10.140 11.30 W7 138 15.37
Cr0, 0.06 0.03 - - 0.10 0.04 - 0.06 0.06 - - 0.20 - 0.00 0.02 -
FeO 10.43 10.16 10.31 10.38 12.87 11.93 12.01 12.06 11.15 11.50 13.18 2.9 13.43 15.50 15.65 .93
Mgd 12.60 12.68 12.42 13.11 0.7 10.76  10.75 11.68 11.92 1Ll 12.52 12.38 1.7 982 9.85 9.59
ca0 1.3 11.33 11k 11.42 11.16  11.22 11.00 10.98 11.32 11.27 9.63 9.92 9.55 9.59 9.18 9.89
Na,0 2.63 2.52 2.50. 2.%2 2.93 2.7 2.64 2.75 2.54 2.73 u.% L.63 L.51 4.7 5.09 448
K0 1.56 1.57 1.65 1.5% 1.7 1.65 1.56 1.5 1.63 1.0 0.69 2.63°  0.75 0.72 0.73 0.81
¥no o.12 0.09 - - 0.19 [US A - o.un 0.13 - - - - 0.21 0.19 -
Total 97.76 97.58 97.8u 97.85 97.56 97.08 96,36 97.12 96.76 96.54 98.76 97.91 97.39 97.56 98.05 97.65
Formula based on 23 oxygens.
81 5.3 5.8 5.7 5.95% 6.121  5.935 5.9 6.09 6.004 6.010 6.560 6.559 6.1483 6.062 6.155  5.960
Al 2476 286  2.523 2.m27 | 2.265 2.3% 2.3 2.271 24413 2,365 1.%.0 1.812 1.979  2.5M 2.38  2.721
fe 1.293 1.299 1.275 1.280 1.612 1486 .1.517  1.510 1.397 1046 | 1.612 1.600 1.669 1.957  1.966  1.876
Mg 2.78%  2.806  2.737  2.881 | 2.397 2.09 2.419  2.607  2.663 2.557 | 2.728 2.728  2.59%%  2.119 2.205 2.7
Ca 1.%01 1.802 1.812 1.804 1.791 1.906  1.78 1.762 1.818 1.815 1.509 1.571 1.520 1.551 1.877 1.592
Ra 0.756  0.725 0.717 0.806 { 0.851 0.798 0.773 0.798 0.738 0,79 1.361 1.327  1.299 1.37% 1082 1.305
X 0.295  0.297 0.311  0.290 | 0.28F  0.316 0.300 0.2%%  0.306 0.307 | 3.129 0.119  0.1L2  0.139 0.0  0.155
T 0.633  0.628 0.669 0.469 | 0.498 0.6L1  0.6u3  0.490  0.487  0.531 | 0.263 0.271  0.280  0.316  0.326  0.326
ng 0.683  0.68,  0.682 0.2 | 0.593  0.613 0.615 0.633 0.655 0.639 | 0.629 _ 0.630 0.608 0.520 0.529  0.5%
A, Phenocryst In monchiquite B. Fegacryst in tuff or bdasalt c. Alteration of clinopyrozene D. Elie-type 1 nodunle

B. Elis-typs 2 nodule

F.

Elle-type L nodiule




Titanomognetites & sulphides

Opaques etc

C- =R denotes core and rin analyses.

—

caA BUTE [ BUTE e
138-15 278-12 A-ln A-15 21c-3 22-9* 23-4° 23-5 23-6 27a-3 u-9* 35-6° 32-8°  32-11 32-12
1 2 Y B B B B
s10, 0.35 0.0 000 0.00 0.7 0.36  0.19 0.1 1.51 8.65 0.06 0.50 08 0.1 o0.04
1,0, 7.19 238  0.02 1.6 2.55 0.10 0.08 2.3 2.09 0.04 0.07 0.17 0.0 6.1 0.27
reo &.79 6172 SB.BY  26.63  57.52 6.7 628 6041 7.6 T30 59.16 .21 6045  73.90  42.88
g0 2.2 1.28 2.35 .59 0.0, 0.15 0.06 0.03 0.10 y.02 0.04 0.09  0.06 LA u.56
Ca0 0.01 0.1 0.00 0.0 0.13 0.12 0.19 0.00 0.38 0.01 0.29 0.26 0.02 0.10  0.12
- 110, 1527 24.50 0.06 0.17  26.65 0.15 0.13  2u.77 8.00 0.90 .02 0.03 02 .07 w96
cr,0. = 0.03 0.00 0.9 - - - - . = . 0.00 0.01 0.02 0.2, 0.04
o > - 0.95 0.00  0.lu - - - N - . 0.05 01 .02 ou6  0.59
Total 99.35 93.u8 61.23 53.22 B6.51 62.58 6,.93 87.76 B5.72 85.76 59.69 61.28 60.71 93.31 97.96
1. Core zone 2. Rip of 23-5 ¢ derotes pyrite (FeS,)
Chrome - spinels
EN cHL oN Xip RPB cHL
36-1 -8¢  1-7* 11 WAl A2 INA-17  WA-A 26-1 15-5 15-7  24B-5  24a-3  2LA-10 AR
c A A i 3
510, 0.02 1.03 .03 0.16 0.05 0.16 0.03 0.05  0.07  0.04 0.12 0.08 005 0.2 0.9
AL0, 0.05 0.57  0.00 0.02 S8, 591 S2.11 58.16  $3.57 57.91  $57.81  59.14 5545  §8.12  Su.1l
re0 W17 60.07 60.17  57.66 10,91  10.39  13.95 .91 15.25  12.00  11.81 9.5, 9.5 9.53 121
Heo 1.92 0.00 0.07  0.38 21,12 2l.av 1900 2113 18.39 2122 20,30 20.62  20.75  20.97 19.89
ca0 0.0y 0.03 01 0.71 0.03 0.26 0.0 0.03 0.00  0.00 0.00 0.02 0.02 0.00  0.12
10, 51.76 0.00 .01 0.08 0.0u 0.13  0.13 0.0  0.08 028  0.22 0.07 -0.02 0.07 0.8
Cr 0y 0.00 - - - 9.59 7.36 9.75 9.87 11.93 8.36 8.17 8.30 11.96 9.69 12.78
und 1.40 - - - 0.00 0.08  0.07 0.07 0.9 0.1 0.08 0.09 0.1 0.15  0.16
Total 9.35 .o ®.29 s59.01 99.88  99.03 95.07 100.26 99.49 99.91 98.51 97.85  97.92  98.53 100.I4
A. Type 1 Zlie nodules B. Type 2 Elie nodules C. Type & Elie nodules
Pleonastes
cEL PIDRA o .
az-8 37-1 37-6 39-3 194 37-8 BI-1 Bx-8 BX-9
“
810, 0.25  0.05 0.07 - - 0.08 0.2 0.08 0.09
AL0, 53.85  $9.01  §8.97  56.37  53.37  58.53 61.57  61.10  61.50
Pe0 3.2 10.60 9.90  22.25  24.00 10.33 1770 17.66  17.33 and k.  Spimels £ h
. 1
¥eo 186,  20.61  20.91 16,59 15.28  20.68 19.9%6  19.57 1948 3 1;::.:“"' quench vels in lhersolite
ca0 ‘0.12 0.00 0.01 . N 0.00 0.00 0.01 0.00 :
110, 0.7  o.13 0.2 0.56 0.8  0.10 o8 o 0.51
cry0, 11.52 8.32 8.35 3.18 5.0 8.98 0.02 N -
0.15  o.m 0.15  0.20 0.12 0.13 - - -
Total 98..2  98.85  95.59  99.03  98.97  98.8 99.65  98.86  98.91
Garnets (Elie)
Ce =--R Cew=--R
s10, AL.79 BL69  L169  M1.61 4152 L1.6h  Ala0
41,0, 230 2343 23.3 2339 2326 23A1  23.22
Feo 9.96 9.83 10.69 10.66 10,90  10.66 9.8
neo 18.6,  18.50 183  18.07 18.10  18.30  18.% B
— Ca0 5.33 5.26 §.27 5.33 5.25 5.33 545
N T10, 0.36  0.36 0.0 o2 om0 o2  0.38
cry0, 0.08 0.8  0.01 0.7 0.07 0.06 0.19
M0 0.35  0.32 0.33 0.33 0.33 0.38 0.3
Total 99.99 99.50 100.20 $9.86 99.82 100.20 99-76




¢

Anorthoclase

Woll

CHA ar3 . AN CHA END I KL ENT

519, 68.39  67.79  67.73  67.82  67.5  69.19  71.02 7135  66.73  66.78  69.62

A1203 19.25  19.36  19.55  19..9  19.59  18.76 . 19.28  19.38  18.88  19.25  19..9

Fel 0.17 0.17 0.1y 0.1 0.13 0.16 0.1, 0.19 0.15 0.1, 0.16

Mgd 0.00 0.02 0.00 0.03 '0.03 0.0y 0.01 0.0y 0.02 0.0y 0.03

Cal 0.47 0.43 0.37 0§ 0.51 9.21 0.29 0.23 0.33 0.5 0.45

Nay0 8.93 8.8y 8.88 ' 8.33 8.61  9.51 9.38 9.31 5.78 5.92 8.58

K50 2.69 3.36 3.03 2.89 2.92 3.03 2.32 2.29 7.96 7.9 3.09 LOCALITIES

T10, 0.92 0.02 0.00 0.03 0.00 0.03 0.02 0.01 0.07 5.04 0.03

Total 99.92  99.99  99.70  99.20  99.24 100.92 102..6 192.85  99.90 100.55 101.50 CHA. Coalyard Hill sheet

' ]PB. Ruddons Point sheet

or 1591  19.86 17.96 17.22  17.39  17.75  13.38  13.16 L7.11  L6.68  18.00 AN.  Ardross Neck dyke
" Ab 75.62 M.81  75.37 71.05 7341 78.92 77.48 76,60  LB.98  149.83  71.55 END, Elie Ness dyxe

:n 2.33 2.13 1.8 2.25 -2.55 1.0 1.35 1.64 2.22 2.18 KL. Kellie Law

e

Il 0.04 0.04 0.19 0.09 ENT. Elie Ness tuff

o1 | '

Hy 0.23 0.33 0.26 0.25 0.32 0.28 0.k 0.33 0.35 0.28

Cor 0.79 0.0 0.99 1.85 1.35 0.79 1.05 0.16 0.19 1.20

Atz 5.02 2.3 3.58 7.28 L.99 2.32 6.67 7.40 1.79 0.51 6.70

Rut : .

D1 0.76 ‘

0.06




Sio2
Tio2
A1203
Cr203
Fe0
Mgo
Ca0
Naao
K20
Mno0
Total

Mg0 /Fe0

Biotites

BN DN
33-2 33-3 33-7 11-2 11-3 11-14 36-2 36-6 30-1 30-2 20-1 20-10 19B-1
A A A B B B B B c c D D E
37.18 37,10 37.54 37.70  37.99  37.16  35.53  35.18 35.72  35.93 36,20  35.98 37.94
3.57 3.63  3.23 3.05 ' 2.98 2.76 3.73. 3.81 5.23 5.23 2.18 1.91 3.77
1447 14:53 . 14,34 14,27 14 41 13.73 15.79 15.53 13.40 13.26 16.26 15.15 15.76
0.06 - - 0.0y - - 0,00 - 0.00 0.00 - - 1.90
14.95 15.03 15.16 14,11 14.11 13.69 17,23 17.02 23.,8 23.15 19.72 21.56 3.70
14,71 14,78 15.33 15.80 15.98 1643 13.74 13.69 9.1y 9.00 10.85 10,73 - 21.35
0.00 0.06 0.05 0.01 0.00 0.01 0.00 0.00 0.00 0.01"° 0.00 0.0y 0.07
0.91 0.88 0.83 . 1.08 0.95 1.09 0.98 1.12 0.75 0.87 0.37 0.28 0.96
8.93 8.48 . 8.62 8.23 8.23 8.17 8.50 8.28 8.59 8.4,8 9.13 8.81 9.0y
0.13 - - - - - 0.21 - 0.32 0.36 - - 0,03
9,.91  9u.48 95,10 929 9465  93.04  95.70 94,62 96.63  96.22 9%.71 94 .45 94.51
0.98 0.98 1.12 - 1.12 1.13 1.20 0.80 0.80 0.39 0.39 0.55 o.so‘ L 5.77
A, .‘Elie-type 3 nodules B. C. Elie-type 5 nodules D. Tonelite.inclusion E. Lherzolite inclusion

Elie-type 4 nodules




" APPENDIX TWO . - -

Geochemical techniqpes'

; Samule 'pregaratiou

Rock—samples intended for bulk-ana.hrsrs vere - mitially selected o

}for mm.mmn weathering and a.ltera.tion. ) Weathered surfacee were
removed from the samples by means of a Cu'l:rock hvdraulic splitter,

i a.v:.ng a.n a.verage sample of 50-500@3 Crushj.ng down to ch:.pe

o'rusher-.. The chips and powder s0: obta.med were homogemsed by

$7

'conms and quartering and approximatelar BOgms of the sample was A

rushed down to a graa.n size.in the order of 100 meeh (BS) in: a

Vtu.ngsten ca.rblde 'ba.rrel Tema. . A portz.on of th:.s powder was reta.z.ned

: for wet—chemca.l a.nalysus. A final sample of 20-30gms o:f.‘ homo-; T

""""3genised powder was then ground under a.cetone for about 20 minutes :~ L

in an a.ga.te Mi.croniser to reduce the graln S:Lze to 1883 than 20

nu.crons. . For XRF ana.lysis 5—6gms of the fme powder was dried

x overmght at 110 Cc a.nd pressed into discs on. a boric acid baoking
. at 15 tone pressure. ' Ma.ter:.a.l mtended for use as. standards vas f .A

I_;repa.red simjlarly., = - - | .

!ﬁneral se. ara.tion . _’ PN

The sp:Lnel and augite samples used as sta.rting material in the

e ‘_spinel-pyroxenlte e.cperimental runs were sepa.ra.ted by a dense l:.quid

technique. 1 Clerici solution used w1th a centrifuge sepa.ra.torvas

founxl to give excellent results on 100 mesh powder from the pyroxerute ) -




no'dules.. _'l‘he resultlng separates were 'micronised',‘ a techm.que

used on. all the materials selected for expermenta.l work. :

. X=ray fluorescence.

All analyses for ma.]or and trace elements were performed on

e whole—rock powder d:.scs using a Phlllips a.utoma.tic Pw1212 X-ray

+ ..fluorescence spectrometer. The use of whole-rock dlscs for ma.;jor- -
Eelement analysms was. found preferable to the use of fus:.on d:.scs as .

samples are more eas:.ly prepa.red a.nd one set of discs can be used for

\‘both ma.,]or and trace-element analy313. - The length of count—t:une
.required by 1nd1v1dual samples is also reduced. Mach.ine cond.x.tlons s '_.-":z
_‘for ma,]or-element a.na.lysx.s are outl:.ned 1n Table A2-l. . monitor dlsc '”-'»;Y' v
of USGS standard w-1 was used in ea.ch ba.tch of fou.r samples and " 'A,«irl_y'-
'comts were automatlcally corrected baok to.a standa.rd monitor count

A"ﬂ*to compensa.te for machlne instablllty-_ A STOUP of 15"20 NBS’ USGS

a.nd departmental standa.rds was used and the welght percent va.lues

zwere ca.lculated us1ng an 1terat1ve prog:ramme correct:.ng for mass- j“-'?

B 'rabsorption'. ‘ The analytlcal techm.que and computer prog:r:amme were . -

‘developed by Broun, Hughes and. Esson (1973) The reliablla.ty of

'..'-_thJ.s method was checked by compar:.son w1th wet—chemica.l Na20 : -.; : e

.ana.lyses. NaZO is not normally determined by XBF, in cummon with_

ther elements of 1ow atomic number. However, the finely crushed ‘. 'j"_‘-": .




Table A2-l.. vl

?'f;nXRF machine conditlons for major-element ana1y51s.,¥“

*;f(As nreset on automatic pevboard ) ,_'j'5{“‘;g}f,w§i ffiﬁ

~.":"Channel - “Counts .° KV = mA Coll. CrYstal Time on W-1. fj“”
v : S . - T : -7 (secs) .

Caste 0% w0 A o 2-1 L8
A 3xo10t 0 fseui‘”fé”i’5’l?2‘i“ Crmee
ULuFe 100 Y noi oy R 3: 1 1# 3'

LtMe 10t oh0 32 o -?»-'-':-.il"-f-l'ﬁf, 179

e W e s aa 5.5
CUNa o 3x103 w32 ¢ 11 ms
:jifﬁéBg‘_'ffniined ¢e],§Q fggg';_féf;_tj:fi;lg;f;i;gn.sﬁ_-
B R A R e s
G smwt wom e aa aer

"PBg - Timed - 60, 24 F. . 2-1.°  26.0. - -

'?CColl...collimator (fine or- coarse) .
-}~T1med,,.background count set to count time of peak
gef 'e ﬂffTime on w l...approximate tlme to attain nreset counts on ﬁ%ﬁéief

.;{USGS staniard w-1 under good operatlng condltlons. _-'



- Sample .16 . 16(aup): 21 25 - 29 38

U XRP W% 2,78 72,78 4.84 5.06 1.26 0,20

“Wet—chem. wt %' - 2.67 é;zq | 4.31 4069 1.56° 0.22 ..

As an estimate of prec131on of the above method several samples g

‘.4were a.nalysed using the standard fusion technique (Rose et al. -
. "31963) and Table A2-2 presents a compa::ison of ana.lyses of sample S
‘.XR-26 Th.is sample was also. subjected to five repeated runs both

-in the same batch and a.t a later period in another batch, using

~_-1'the whole—rock disc method..u The precision of the results is a.lso ','.-

'presented 1n Ta.ble A2-2

B Eléctr'an-‘micrésrobé am'lsrs'is. PRI

A the microprobe ana.lyses presented were performed on a’
'cambridge Instruments M.icroscan 5 maohine in Edinburgh. The

-standards used were all polished minerals or Specpure metals and _are

‘- Wollastonite ' =

'~ Corundum- e
_'Specpure! meta.l‘ SRR
g wOllastonite SR e e T

_Periclaso ;
.j?;.;Jade:I.te el -
" . Orthoclase . " .. . S

. 'Specpure’ metal. ... ... o

"'Specpure- metal . -

»»: ;Each analysed. point was subjected to 4 ten second counte for

’ . each element and 2 ten second background counts on either side of



U mwlem

’“f;fPrecialon of XRF major-element nrocedure.i»f97iyt

{?All analyses for’ sample XR-26

S Coxtas’ Mean s %
. : 45 .294_;,_ - o ,o';.o 73 ... 0.6 " |
'._-»"’xﬂ“_11+.'_.897- Coam 1.8y

1o 55" '-"' 0. 078 0 i
0 éi;';?16.089 ;;i;ifO 962?1T

Lffcbmpérisén ﬁi£h fusioﬁ‘techniqde;~fa

.';*;fOxide  ;ﬁf%» Powder method iAnFusion method-?f ORI

;; ;;fSiO2 :'} - 5 29~.ﬁﬁjﬁAiﬁw7 &5'53 SR
-;f_-ii'fs}’A1203 | s 89 - T A
) »_:__'2_% S 2u19 e
”7éfﬁgfff7ﬁJLffff
10, 55 10
o -6? T

L9

~”fff%$t...standard dev1at10n..

*” 76 ...relatlve dﬁviauiOH (100:5/m°an)




SRR I

"'.‘:'}.”'f._the maln peak. ‘ An average-count was then obtalned. Th:.s ,a.long
w:. th dea.d-tme correction a.nd apparent concentration was ca.lculated ”
' manually using a programmed Compu.corp calculating ma.chine. 'I'he B B

' ; a.pparent concentra.tions were fed into a computer programme and '
corrected for atomic number, character:l.eti.c fluorescence a.nd mass- =
a.bsorptiocn, and converted :.nto oxide we:.ght percent The methods

"-:..,:j-,{iof a.na.lysis and correction are emilar to those of Swea.hnan a.nd

Modal data were obta:.ned by pomt—cov.mting us:.ng ‘a Sw:.ft

mecham.cal microscope etage md counter.ﬂ!; Between 500 and. 800

upo:.nts were used. for each analysle.

o ﬁ’a) Ferrous jron’

: FeO wae detemined using the method of w1lson (1955) mVOIving "

eolntion of rock—-powder 1n cold hydrofluoric acid in the preeence

of excess ammonimn va.nadate in PI'FE crucibles. l- ‘I‘hie proceee
takes from 5 to T days .. The va.nadate 1s titra.ted agai.nst ferrous o
ammomm enlphate :.n the presence of sulplmric end bor:l.c acid.e. : o
A"sodnm diﬂzerwlam:l.ne snlphonate indicator ie nsed. 'Hze eamplee
vere tree.ted 138 w0 ba.tches, XB-9 being analyeed in eech batoh. -

'I‘he resnlte obtained were- 5.06% FeO and 4.9% FeO, an estimated . o

i,_prec:.sxon of -3%




®) Naéd e

:4,‘

Soda was determlned by flame-pnotometer after solutlon in

- cold HF and dilution in dlstilled vater and sulphnnc acid. The .

L”results of the six analyses are presented earller 1n thls
" - Appendlx. XRFIG was subgected to duplicate analy81s, the values

S obta].ned being 2. 67 and 2. 70% Na, o. e

po .
- .
’
-1
el - >
~ .
-
‘e
T
z
. - -




" APPENDIX THREB .- -. -

... High-pressure experimental procedure - - ..

-1l the experiments described i.n Chapter 6 were perfomed on

: ;‘-dry, micronised, natural materials Preparation of crushed powders

' 5::18 described in Appendix 2 Runs above 5kb vere carried out on
: -:'_s:.ngle-etage,, iston—cylmder, solid—media a.pparatus, eimla.r to R
- that deecribed by Boyd and Engla.nd (1960 1963) Preeeure is’ g

T"applied by means of a hydraulically operated, ha.lf—:.nch diameter,

t\mgsten carbide piston.
About 15 to 20mgs of homogenised sample powder were loaded

-mto platmmn capsules wh:.ch ha.d been annealed overnight a’c 1200

:";‘to 1300 C. . 'I'he crimped capsule was then dried for one hour at
5800 C m a. mtrogen a.tmoephere a.nd welded—up, : ing a DC carbon-aro i
.' ""._",,microwelder, immediately on remova.l from the furnace. Fu:mace R

Y assembliee were made up severa.l days in advance and stored in a’

'dess:.cator until uses After' 'foming' the capsule was inserted
,_,fmto the fu:maoe cell a.nd loaded into the press., Temperature

.Li};control was. meo.nta.i.ned 'by use. of a. Pi:/;E’tB.’Rh13 themocouple i.n

f'fcontact with the capsule a.nd connected to an antomatic Eu:rotherm -T‘

temperature controller. ,-

. ';“"After counpreedng the assembly nnder 170tons“ preeem:e the
opera.ti.ng piston was driven i_nto the cylinder to a.pply the required
. preesure. . All the runs were carried out usmg the 'pieton—cut'

: "techniqns deecribed by Richa.rdson ot al (1968) m wh.ich the effect f;"




T, 32,
'-‘ 'l of frlction on - the measu.red 'nominal pressure' 13 taken to result

‘in P > no l An overshoot of about 5kb was used 1n

3.11 cases. . 'I'he apparatus and methods of calibration used in -
e Edinburgh are described by O'Hara et al (1971) : After bringms .

” ‘:-V‘;fx»the furnace to temperature the pressure was bled back to the

req_uired pressure, a.nd over the 1nitia.l period of any run continual

B 'Aad,]ustment was required to compensate for the thermal expansion

:'of the apparatus

Samples ‘were: quenched by cutting off power to: the funzaee. '

,Charges were accepted in which the thermoccuple goint was fom:deto

be welded to the top of the platinum capsule. ' The precision of ',

'the temperature mea.surements is high,generally being less than
’;_'—l C du:ring the .course of a Tun. :. Bravo (1973) estimated the error
:Ln temperature measurement to be in’ the order of —10 C.‘ Estimates

.of pressure accura.cy are coni‘used. ,' Unpublished data of Herzberg

'suggests that at low temperatures the error may be min.imal, poss- ,L.'.-:.'-"_.'v':? e
-ibly less thm Skb, but as temperature 1ncreases the error rises L

oy 'iana at temperatures greater than. 1400 c it may bo as nmch a8 -Zkb. A

All the Skb runs were performed in mtemally—heated gas- |
ivessels, as described by Ford (1972) Sample preparation was the
ame as- that for the higher pressure work, except where iron capsules’--_.;{_
‘were used. In those cases welding was perfomed with an ozy--i"'-:

acetylene torch. A thin film of carbon depos:.ted on the outside :

o ’of the capsules a.fter welding indicated that no oxidation hsd t” T |

“"place. Several capsules can be inserted into the i‘urnace at one

'\time._ Arg-on, passed through an intens:.fier pump, acted as the i




L 'pressure medlum a.nd Pt/Pt87Bh15 thermoconples were used ‘as tempera.—_ .

e ture -sensors. ' Pressure was measured by a ma.ngan.’m co:.l connected

through a Wheatstone Br1dge clrcmt Temperature was controlled

N ‘by a West Viscount controller. The errors in these procedures

‘“":are discussed by Ford (1972) It is thought that the enor and.

-precision in temperature are 31milar to those experienced with the . S

RS ,‘ solid—media appa_ratus. : The error in measured pressure is thought :

4 '”".-'s'_;to ‘be . 1n the order of thars per kilobar, vhich would ’be an error .

‘-'Vof -50 bars m the Skb runs."'-'

_Identz.ﬁ.catlon of phases. o B

After extractlon of the charges from the capsules the material».__‘ =

_,'wa.s coarsely ground under acetone and a portion wa,s mounted for

; -»examln.ation under a Ze:.ss Ultraphot m:.croscope. The rema.:.nder of

~ the sample wa.s reta:.ned for X-ray d:l.ffraction a.na-lySis' i It vas

R .Small amounts of‘ some- phases were observed microscopically wh:.lst

”generally found that all phases could be 1dent1f1ed optically. , .,

not bemg p:r:esent in the large enough qua.ntitiee to show on an’ ¥ HES

: m uaceo - _ -

~ .
: 7.
o ) < N
. o3 o
-~ - = k™




Een

" APPENDIX FOUR -

- ) . cQ'mputer methbds-- ’ -,: : ' ;: » _: .

Progr:amnes for the reductlon of XRF a.nd mcroprobe d.a.ta ha.ve .

c f;-_’been outl;med above. ‘ Further programmes in general use. m the f .
| '.g;iDepartznent estimate norms, projections in the C-M-A—S aystem, T
i Nextract calculat:.ons, minera.l fomulae and var:.ous T'a.1::|.os a.nd

" subpcro,]ections from . the: a.bove data..

Two programmes used a great deal in the prepa.ration of this |

work e.re those for handl:.ng c].i.nopyroxene data. 3 F"‘}CALC3 i.s a. ‘

slightly modlfied version of a charge-balancing method for the

Aestmation of ferric 1ron in. clinopyroxenes dev:.sed. by A. K.
- .;-:Fergnson (Univere:.ty of Melbourne) - ‘I‘hms programme assumee perfect R

By stoichlometry in the pyroxene structure and’ estmates femo 1ron |

by cha.rge-ba.lanc:.ng and ca.tlon 81te occupancy. e A full cat:.on 51te .

va.lue of 4 is a.ssumed and a.ny def:n.c:.ency is made up for by ferric i» s
J.ron. This method has obvious drawbacke a.nd d.oes not provide an _‘ «
accura.te ferric a.nalys:.s.-:_ Its ma:.n advantage is :Ln gi.v:.ng an IS
estimatlon of the anprox:unate ferrio-ferrone proportions, a.nd to
this extent works best on the more :u':on-rich pyroxenes. Table A4-l_. N

lista eeven clmopyroxene ana]ysee taken from Deer, Howie and

Zussman (vol. 2) vh:.ch were recalcula.ted uaj_ng FEBCALcj, As no te d -"‘.'.,i

the hxgher iron values produce a more a.ccurate ansver though the

lower va.lnee also produce an accepta‘ble result o ..‘Z'f ‘ -

Th?._. clir._lopyroxene 'end-nembers_ﬁere.calculated accordi ng to . the A



o Tab]_e A)_,__]_ i

- ocuracy of ferrous-ferric recaléulation by FE3CALC3 .

CDM.Z. i o FE3CALCY

| *fofFerrohedenbergite 7= h -29. 10'..};i'1766l?_f5fv' “28. 67 w‘ .ﬁﬂ'g.lﬁtf:t*"“f' |

1.Ferrosalite 5-31 f,t;yf-"17 33ii25i,:0 70;?${5E£;;:;17 95‘J_"_3f 0.011'

{T”;fo Chromian-augite 17 1 i _3.531::{kfh2 66fi@§i{fffit ko S31tfgfiﬁhl;55t"t."ﬁ

U hugtte 176" o ‘7;715:’f:" 0.72 f?ﬁ}5T57f{:7.21 G138
Regirine 12-1 ffr?”ffiﬂf 0. 32098 o ¢ 327 29.50

Comgite 17187 s o 09 im0 o7
R Aﬁgite*“‘l7’12 7“t35Qa:1l,75}031 f*tt'7s331ﬁ»fﬂf;:£}j b9 o 876

'}S(Numbers after titles refer to table and analysis number 1n volume 2 of




 Table A2~ -

.id Error effeets oh'resuits3of'PXEﬁDpR'*LL”“°"

EffiJOxide_ S a B . ¢ D P15-3

":52.86,1‘f50.78f .52.86 .50.78 ..51.82
*fr7;29 ﬁl]‘7 01,ﬂi:f§ig§§;'f;7?01. ¢.;7 15
0.3h 0.3k 0.3k 0% 03k L
L 2um caum ?-55;?§7fi~fg;7u€fi 2. 7uf7 N
15,06 16 Lea6 15.06 T 1y.p6 oo
o 1926 19.26 o’ 19w
:#5'1;3057ff‘1189ki7571‘Sd»’d» 1.80 U1.80
'3?}?0.03:1if10.03531¥ 0. osged"fo;o3§ﬂ§,__.03ff§ﬁ; o
Cem om om  em om
T1P0383*w4;¢'83:tfg9?83f5f1°?33ef5 0. 833H?5?"' .

f;_Acmite {f{gjc.13“li'fl;#ﬁf{;;;6;08 ,,.ﬁ7,7dfifd;6é79if;f:fidf”f'
?Jadeite~;shlo.35 9 16720 3.oifjf7fé.89*‘{iffdﬁizﬁ""

Eron values recalculated from above data and substituted _
‘nto PXENDCR to obtaln the above end-member values. '1':.3
igfo fi 0 05 £ 0.52 ,«:-2.2u 2. 82 »,Q}3h;;;§f”§“ Co
’ . 13.00 ‘ﬂ 2.58 5. 07 10.51 .;;{2;7u'f]\ﬁfﬁghggi

i'z*fb;A;...31, Al, Mg, ‘Ca all raised by 2%
;fB....Si, Al, Mg, Ca all decreased by 2%

0 -J'

‘ffD.f..Si, Al decreased, Mg, Ca‘ra;sed,by 2% j #3“““a' ,



gen

e method of Kushiro (1962) usmg a.nother programme, PXENDS This

E;r"wae develoPed by R. G. Cawthorne a.nd amended by the anthor. As

discussed i_n Chapter 5 two vereicme of the programme were used,

R the latter (PXENDCR). calculating a 'sodav-chmme' m°19°“le m

addition to the other nine end-members. . The va.lues fed into theee

| "':a-‘f,;j—_prog'ames were the ferric-corrected vereions from FE}CALC}, hence T

‘.’:j,""__i_allow:.ng for calcula.tion of ecmite etc.

In order to test the precision of the programmes when allowing

"A:for experimental errcr 1n ana.lys:.e several valuee of P15-3, a, ,' e

,chrome-diopside, were run through mencn : It was assumed that“‘_;

changee in the va.lues of 8102, MgO, 1.*.1203 ané CaO are most likely

to affect the sens:.'biv:.ty of the programme, smce these oxides
_'-‘;{.represent over 90% of the total ana.lysie. v Four sets o.f.' values -.15

'-;;were used aseuming a maximum of 2% individual oxide error from the

:,f‘microprobe a:nalyees. The results are hsted in Ta.ble A4-2.

_'2% increase or decrease in a.ll fom: oxides induces a.n error of

. _4 5% in the Jadeite value, a.nd -2 1% in the Ca—‘l‘s value, jhwo of

the most significant end-members. 'I‘he end-member values ca.lculatedv
from such analysis manipulations are unlikely enouéh to suggest _
: that an overall error of the megnitude tested ie un]ikely to occur
without being noticed. Simlarly, the va.luee obtained from "

increase end decreaee oi‘ «two oxide-pairs produce

highly improbable end-member valuee for a chrome—diopside. : It :
_;'_'3‘."ie thue asenmed that the overe.ll enalytical errcr is emall, though
g -"7-; 'the error 1n individue.l oxides might approach 2% or more. Such sma.ll

errors would induce small va.riations in the calcnlated end-membere,

Probably of lese than 2% of any 1ndividnal molecule. ‘5
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Ultrabasic inclusions from the Coalyard Hill Vent, Fife

N. A. CHarmaN
 Grant Institute of Geology, Edinburgh .

SYNOPSIS

-The petrography and field relations of a hitherto undescribed occurrence of
lherzolitic and amphibole-biotite pyroxenite inclusions in basanite and monch-
iquite sheets associated with one of the Fife tuff-pipes are briefly discussed.

INTRODUCTION

Two small basanitic and monchiquitic sheets associated with the Coalyard Hill
volcanic vent contain an assemblage of megacrysts which may be fragments of inclusions
or representative of a relatively high-pressure phenocryst asscmblage and ultrabasic
inclusions.

- Although these occurrences have been known for many years, no description of the
inclusions has hitherto been published. The purpose of this note is to provide a pre-
liminary account of the sheets which are of interest in that whereas both are likely to
represent intrusive events very close in time, they contain contrasting lherzolitic and
amphibole-biotite pyroxenitic suites of inclusions. '

The Coalyard Hill diatreme is one of a number of Upper Carboniferous volcanic

¢ necks aligned along a 4 km stretch of coast (where the Ardross fault is a dominant
structural feature), between Elie and St. Monance in Fife. The diatremes were first
described by Geikie (1902) and subsequently by Cumming (1928, 1936), Francis (1960,
1969, 1970) and Francis and Hopgood (1970).

The lherzolite locality (Fig. 1) lies on the margin of the diatreme, about 200 m ENE.
of Ardross Farm and a little below High-Water Mark [NOs11008]. The inclusions
occur in a steeply inclined basanite sheet approximately 1-5 m thick, exposed over a
distance of a few metres around the margin of the vent, flanked by tuff to the east and
highly disturbed sediments to the west.

The host rock is a fine-grained, slightly porphyritic basanite, with a groundmass of
labradorite (Ang;), titanaugite, magnetite, nepheline and analcime. It contains xeno-
crysts of olivine, clinopyroxene, orthopyroxene and spinel, believed to be derived from
the inclusions. The spinels are commonly marginally altered to magnetite. Most of
the olivine is serpentinized and the host rock is highly carbonated and cut by many fine
fractures radiating from the inclusions.

Scott. J. Geol. 10, (3), 223-227, 1974
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The inclusions are concentrated at the base of the sheet where they comprise-at least ",

70 per cent of the rock volume. They vary in'size from 300 mm across down to a few
millimetres, and are generally sub-rounded in outline. Many are in extreme stages of
alteration and the whole outcrop is riddled with thin calcite veins. In thin section the
edges of ‘the inclusions are seen to be ragged, and fragmentation is indicated by the
xenocrysts and small ultrabasic crystal aggregates in the basanite host.

The inclusions are spinel-bearing lherzolites with rare wehrlites and clinopyroxenites.
The majority of the lherzolites are highly serpentinized and carbonated so that in most
samples only a little fresh olivine can be seen, and in general, a colourless mosaic of
alteration products is all that remains. These contain scattered blebs of sulphide and
some ilmenite lamellae. Texturally there is little variation in this suite of inclusions,
and all can be described as granoblastic, having undergone enough recrystallization
to obliterate any primary igneous textures. One specimen consists of a single large
clinopyroxene crystal twisted along its length, and surrounded by a mosaic of small
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altered olivine crystals, probably representing cataclasis and recrystallization of the
olivine matrix (¢f. Spry 1968).

The spinel is a uniform pale greenish-brown in all specimens, and is often rimmed
by magnetite. Some very fine exsolution lamellae are visible in some of the ortho-
pyroxenes, and rarely small lamellae of exsolved spinel are present in the diopside.
Where diopside occurs at inclusion margins it is often rimmed with overgrowths of
titanaugite, as are many of the diopside and enstatite xenocrysts in the host. Fractures
in some of the ultrabasic blocks have been invaded by the host basanite. Thin veinlets
of the latter show quench crystals of titanaugite and plagioclase with some glass. Rutile
was found in one such vein, and biotite was also noted.

A second, monchiquitic, sheet was also examined, showing a much greater degree
of alteration than the basanite. This sheet is nearly horizontal and about 2 m thick,
outcropping some som to the south-east of the last locality between high and low
water marks, also near the vent margin. ‘It consists of a fine-grained matrix of clino-
pyroxene, analcime, carbonate and chlorite with small phenocrysts of olivine, augite
and apatite. It also contains abundant amphibole and feldspar megacrysts as well as
some xenoliths of sandstone. Only one ultrabasic inclusion was found, consisting of

CLINOPYROXENE

@ COALYARD HILL, FIFE
O CALTON HILL, DERBYSHIRE
+ RUDDONS POINT, FIFE

OLIVINE ORTHOPYROXENE

FiG. 2. Modal analyses of spinel-lherzolites from British Carboniferous localities. (Some Calton
Hill analyses after Hamad, 1963)
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titanaugite, olivine and minor opaque phases. Kaersutite and biotite occur interstitially.
The host rock contains abundant rounded megacrysts of amphibole similar to that seen
in the inclusions, up to 10 mm across and rimmed by magnetite. The feldspar megacrysts
consist of anorthoclase (sometimes with associated biotite), of composition Ory;Abg; An,.
One perfect euhedral twinned anorthoclase was found, about 80 mm long, although the
majority of the big feldspar crystals are well rounded and anhedral Scarce clino-
pyroxene megacrysts were also noted.

DiscussioN

The occurrence of ultrabasic inclusions is well known in the minor intrusions and
vents of Fife. Thus spinel lherzolites occur in basaltic blocks from the Ardross Neck
tuff, and also in basanite at Ruddon’s Point. Inclusions of amphibole-biotite pyroxenite,
consisting of clinopyroxene, kaersutite, biotite, olivine and plagioclase, in widely
varying proportiors, are found in tuff at Elie Ness and Kincraig Hill, and in dykes
cutting the Elie Ness and ‘Ardross Necks. Anorthoclase megacrysts from the basanite
at Ruddon’s Point, and from‘a dyke cutting the Ardross Neck have been analysed, and
have compositions respectively of Ory;Abs;An, and OrjgAbyeAn,, very similar to
‘those from Coalyard Hill. Megacrysts of amphibole and pyroxene are common to
the tuffs and minor intrusions of nearly all localities where pyroxemtlc inclusions are
found, and pyrope is well known from the Elie Ness tuff.

" The importance of the Coalyard Hill locality lies in the close association of the
lherzolitic and pyroxenitic inclusion suites, and in the occurrence of anorthoclase mega-
crysts in the monchiquite. These latter most probably represent high-pressure pheno-
crysts, as any xenocrystal origin seems unlikely. Dickey (1968) noted similar anortho-
clase megacrysts (Or;;AbgaAny) in melanephelinites from New Zealand, and suggested
that their co-precipitation with augite and pyrope from an alkali-basaltic magma could
change the composition of the liquid to that of the host melanephelinite. It is intended
to carry out further analytical work and high-temperature controlled pressure simula-
tions to ascertain the effects of megacryst extraction on the Coalyard Hill host
rock.

The evidence from this locality shows no genetic affinities between the two groups .
of inclusions, which would appear to represent two quite different modes of origin.
Comparison of the lherzolite suite of inclusions with those of other localities (¢f. Harris
et al. 1972) would indicate a mantle origin, while data so far available on the mineralogy
of the pyroxenitic inclusions suggests a higher level cognate origin for this suite.

ACKNOWLEDGEMENTS

The author wishes to express his thanks to Dr. B. G. J. Upton for drawing his
attention to the locality, and to Dr. E. H. Francis for discussion on the structure of the
area.



ULTRABASIC INCLUSIONS, FIFE 227

REFERENCES

CUMMING, G. A. 1928. The lower limestones and associated volcanic rocks of a section of the
Fife coast. Trans. Edinb. geol. Soc. 12, 124-140. .

1936. The structure and volcanic geology of the Elie-St. Monance district. Trans. Edinb. geol.

Soc. 13, 340-365.

DICKEY, J. S. 1968. Eclogitic and other inclusions in the mineral breccia member of the Deborah
Volcanic Formation at Kakanui, New Zealand. Am. Miner. 53, 1304-1319.

ERANCIS, E. H. 1960. Intrusive tuffs related to the Firth of Forth volcanoes. Trans. Edinb. geol.

Soc. 18, 32-50.

1069. In Upton, B. (ed.), Field excursion guide to the Carboniferous volcanic rocks of the Midland

Valley of Scotland, 23-30. Edinburgh.

1970. Bedding in Scottish (Fifeshire) tuff-pipes and its relevance to maars and calderas. Bull.

volcan. 14, 697-712. '

and HOPGOOD, A. M. 1970. Volcanism and the Ardross Fault. Scott. J. Geol. 6, 162-185.

GEIKIE, A. 1902. The geology of Eastern Fife. Mem. geol. Surv. Gt Br. ’ .

HAMAD, S. EL D. 1963. The chemistry and mineralogy of the olivine nodules of Calton Hill,
Derbyshire. Mineralog. Mag. 33, 483-497. ) :

HARRIS, P. G., HUTCHISON, R. and PAUL, D. K. 1972. Plutonic xenoliths and their relation

to the upper mantle. Phil. Trans. R. Soc. 271A, 313-323.

SPRY, A. H. 1969. The interpretation of the textures of peridotites, eclogites and granulites. Spec.

Publs. geol. Soc. Australia 2, 307-321.

MS received 11th January 1973
Revised MS received 15th June 1973



