THE PETROLOGY AND GEOCHEMISTRY OF THE LOWER OLD RED SANDSTONE LAVAS OF THE

SIDLAW HILLS; PERTHSHIRE

by

M. K. GANDY, B.Sc. (Manchester)

Thesis presented for the Degree of Doctor of Philosophy of the University
of Edinbﬁrgh ih_the Féculty of Science.

1972




ABSTRACT

The Sidlaw Hillsvare situated in the\Midland Valley of Scotland.north-east
of Perth. .The lava éequence forms a small part of an extenaive volcanic province
of Lowen 014 Red Sandstone age in-Scotland,land~tHe suite in the Sidlaws consists
of é.range of‘laVa types including basalt, basaltic-andesite. cndesite. and
dacite though the more baeic'rcckslpredominate. The lavas can be descrlbed as
calc—alkaline;

Olivine which is always totally altered, is a ubiquitous phenocryst phase in .
the basalts and basaltic andesites, and 1s frequently accompanied by plagioclase,
and occasionally by clinopyroxene. O;thOpyroxene phenocrysts_occur rarely in the
" basalts and in some andesites. | . |

In‘their‘major element chenistryg the lavas.are reesonably comparable to modern
day calc-alkaline lavas, though there is no direct equivalent. ‘The slightly |
alkalic nature of these rocks compared with medern day calc-alkaline lavas is

reflected in the high concentrations of Ba, Sr, Rb, Zr, La, and Ce, though all
show considerable variation. Quartz is present in the norms of most of the
Sidlaw lavas, and hypersthene is present in all.

. The low pressure differentiatlon of the lavas can be accounted for by
fractionation of olivine + plagioclase + mdnor ore from a chemically varlable
immediately parental magma.. From the close correspondence between observed
phenocryst assemolages and liﬁuidus minerals in experimentally melted samples,
it is concluded that this fractionation took place at low pneseures (c. 1 kb
P ﬁao), Cumulus enrichment in plagioclase appears to have contributed substantially
to the highly aluminous nature of many of these rocks as well as the high contents
ot/ . ‘



of Sr. S
It is suggeéfed that fractiéhafion of variable’amounts of olivine and

clinopyroxene ét moderately high pﬂHao from an oiiﬁing‘tholeiite could give

" rise to the chemically variable high alumina'immediatei& bafental mégma.
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Unlessvotherwise_stated;_oxides are qudtéd as'w
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CHAPTER 1
 INTRODUCTION

1:1 The Sidlaw Hills

The Sidlav Hills are situated in the Midland Valley of Scotland between
56° 211 and 56° 370 north, and 3° 03' and 3°.25¢ west as illustrated in
FIG 1-1, As a low lying range of hills, they run north-eastuards from Perth
for approximately 34 km, their width varying from 1.5 to 5 kms Their maximum
elevation is 376 m above sea level -

The lavas of the Sidlaw Hills form a small part of an extensive though
discontinuous sequence of lavas of Lower Old Red Sandstone age, whose present
northern limit in Scotland is the Isle of Uya in Shetland. and whose present L
southern extension includes the Cheviot Hills in Northumberland. The most »
easterly margin of this Lover Old Red Sandatone lava sequence is defined by
the North Sea at Stonehaven while dn the weat it extenda to Lough Erne in
Northern Ireland. . This whole area embraces the Glencoe lavaa. the Lorne
Plateau, the Ochil ‘Hills, the Pentland Hills, and the Ayrshire volcanics rocks, »
and includes approximately 150 000 sq km of Scotland and Northern Ireland.

FIG 1-1 illustrates the extent: of the Lower Old- Red Sandstone lava province.‘

et

112 iaéz_‘;eral’.-.céologx L

The following diacussion is based on field work undertaken in this study, :
and on ‘information. reported by HARRY (1956 1958) PATERSON and HARRIS (1969). :
and ARMSTRONG and PATERSON (1970). ' |

The/



FIG. 1-1

_ Map showing the locatlon of the Sldlaw Hills and dlstribution

of Lower Old Red Sandstone lavas 1n Scotland
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. | | e
The total thickness of the Lower: Old Red Sandstone sequence in the

strathmore region (see FIG 1-1) has been estimated by ARMSTRONG and
PATERSON (1970) to be of the order of 9000 m, and in the Sidlaw Hills
the thickness is probably greater than 1500 m. However. since the base
of the sequence in the Sidlaw Hills is- not exposed. an accurate thickness
cannot be determined.

The Lower Old Red Sandstone sequence of the Sidlaw Hills consists of
interbedded lavas, sandstones and conglomerates. No.pyroclastic deposits
have been recognised. The lavas can be divided’into.groups up to a few
" hundred metres in thioknees separated by sedimentary horizons. Volcanic
“vents appear to be absent from the Sidlaw Hills. though they are present
in the related volcanic" sequence of the Ochil Hills. FIG 1-2 illustrates
‘the general geology of the Sidlaw Hills. based on a geological map pro-

duced by ARMSTRONG and PATERSON (1970).

1:3 ggctonic Setting

SIR ARCHIBALD GEIKIE (1897) noting thé' relative position of Lower

- Devonian sedimentary sequences in the Midland Valley coined the term "Lake
Caledonia' for the area. as a region of subsidence. Within this area of
subsidence.xthe volcenio.centreS'have been subjected to‘minor tectonic move-
ments and in the Sidlee ﬁills. foldingbhas produced the Sidlaw Anticline,

The Sidlaw Hills form thetnorthern limb of this structure'and the Sedinentary
rocks and tﬁe lavas dip at 10°~15° to the northwest. ARMSTRONG and PATERSON
(1970) pointed out that the main folding'of the Lower 0Old Red'Sandstone rocks
in the strathnore region took place in mid-Devonian times. The axes of the
major folded structures ere horiZontal, though in'the region of Dundee the |

axis/



FIG » 1"2

Simplified geologicai map-of the Sidlaw Hills and
surrounding areas (Based on map pubhshed by -

ARMSTRONG and PATERSON (1970))






axis of.the sidlaw anticline does éhange'its attitude from a horizoﬁtal
NE-SW direction to a steep plunge to the southwest. |

Faulting within the Sidlaws, generally trending NE-SW. has only been
of minor aignificapce, though a pajor'fault dpes te:minate the sequences
of lavas in the Carse of Gowrie. _ | _ | A

Recently, the whole region of Lbﬁe? 01d Red Sandsfone volcanicity |
~in Scotland has been significant in defining the plate tecfohic evolution
of the Caledonides iq'theories propoéed;by DEwEi and PANKHURST (1970), and

DEWEY (1971), (see Chapter 8)., f

1:4 previous Work

The geology of the Sidlaw Hills first received attention towards the
end of the last century. from H. M. Geological Survey. The western Sidlaws
were mapped by Professor JAMES GE;K;E, and the eastern extension by H. M. SKAE, -
The first geological mahWaé publiéhea‘iﬁviBBB'asllﬁlsﬁéet 48 (Perth) on which
the lavas were termed ﬁporphyrite“; ﬁ0w§ver; wﬁen cataldgq;ng tﬁe volcanicity
of Great Britain, ‘SIR ARCHIBALD GEIKIE (1897) referred to the Sidlaw lavas

"andesifes" abdescription based on information supplied by J. GEIKiE.
A. GEIKIE pointed out that the main vents for the extrusive rocks of both the
Ochil and Sidlav Hills probably were eituated in the region of Stirling, where
- the lavas agglomerates gnd-pyroclastic deposits‘were thought to be more than
10 km thick withQut.their bage being exposed.

Although A. GEIKIE described the Sidlaws in relation to other volcanlc
sequences both Btructurally and topographically, chemical and petrographic
data were limited.

Somewhat more detailed‘stud;es'of selected areas §f tﬁe Sidlaws were

published/



puolished by HARRIS (1928) and DAVIDSON (l§325; HARRlS‘(1928)§ after
examination of the extrusive rocks nronnd pundee; drev attention to the
presence of andesite once again, and.pointedlont that the only surviving
high temperature fgrro-magnesian'mineralé in these rocné,veve ortho- and,
clinopyroxene, the former usually altered. HARRIS also noted fhatvhorn-
~ blende bearing 1avas, common in other Lower 014 Red. Sandstone lava sequences,
and acid lavas were absent from the SidlaW'Hills.' DAVIDSON (1932) was able
to distinguish two types of lava in the ane% of Perth, on tne'baeis of pheno-v
- cryst size, and the presencé"or_absencenof}plagioclaseiphenocrysts namely
‘"Microporphyritic,olivine— enstetiteubaeelt; an@iolivine—ensﬁatite basalt:
with porphyritic feldspars". Apparently,ibAVIDSON was the first person;to
recognise the presence of olivine 1n the Sidlaw lavas.
Although neither HARRIS nor DAVIDSON published any complete analyses,
the latter author'statod "It has;been‘known fov some‘tlme. however, that the
0ld Red Sandstone diorites, andesites, anc_bésélts are decidedly richer in
potash than the coiresponding 'average' rock in the tables of Osann or
. Washingtm, and it‘appeare that thezaffiniﬁiee offthe}entirelgroup lie rather
with.the.monzonites<than uith the true dioritesxf . e ".' Since no analytical :
data were apparently avcilable for the levas:of the Sidlaw Hills. it is 1ikely
that this statement vas made on the basis of anélyses of lavas from, the Lorne
Plateau sequence, and the Glencoe. lavas pubﬂished by H. M. Geological Survey
_(1916); the Ayrshire volcanics rocks published by H. M. Geological Survey
(1930); the Pentland-Hills lavas and the Cheviot Hills 1avas published by
A. GEIKIE (1897). All of the enalyaes were presented by GUPPY and THOMAS (1931).
The firsf comprehensive study of fhé‘pefrography and chemistry of the ’
lavas of the Sidlaw Hills was made by HARRY'(1956. 1958) when in ‘turn he mapped

the/



the Western, and Eastern_Sidlaw Hills.A'He noted that the leVas_uere gsnerelly
fresh, elthough olivine was'always totally eltered. HARRlndrew attention to
several different lava types, namely feldspar-phyr1c olivine basalt, aphyric:
.'olivine basalt andesite basalt, andesite and trachyandesiteg and recognised
their calc-alkaline affinities. The analyses of selected lavas from the
Sidlaw Hills quoted by HARRY (1956 1958) are referred to in Chapter L, and
_can be found 1n TABLE By,

Recently, the Institute of Geological bczences has begun an extensive °
.‘re-mapping programme in- the Midland Valley of Scotland, the Sidlaw Hills
having recelved attention from ARMSTRONG and PATBR»ON (1970) and PATERSON (data

a8 yot unpublished)
1:5 Present Researchﬂ'fi‘ JER

.This project was started in 1969. and field work and sample collection
wvere completed at intervals throughout the first year of study. By collecting
samples related 'vertically" and "laterally" in the sequence, it was hoped
that a comprehensive picture of the petrOgraphy. chemistry and geochemistry of
the sequence would emerge.

‘One hundred and fifty samples were collected from the'central and eastern
Sidlew Hills to try to.obtein a oomplete.range of lava types in this ares.

- Use wasymade of unpuhlishedrl. G. S. field‘maps producedfby-la Bs PATERSON,

‘ for'Collecting'the freshest poesihle samples; Certaln large quarries were'>
sampled extensively in an attempt to detect any minor chemmcal and petrographlcal
yariations within individual flows and flow wnits,

A few samples were collected‘from intrusive bodies epparently of the same

age/



age as the lavas in orde?'tp dééect ahy diffdrences‘in'composition compared
with the lavas, _ | .

Thin gections of all the sémpleé collected we?e examined ana 1o6 lavas
and 3 intrusive rocks weie’analysed for 12 major elementa'ang 7 trace elements.
Selected samples were also analysed for- N, Cr,.vi La, and Ce; |

Plagioclase phenocrysts were eeparated from 4 1évas, and orthOpyroﬁnne
phehocryats from 3 lavas. Compositions vere determined by various techniques
reported in Appendix (A). Clinopyroxene and plagioclase were also analysed
’ using an Electron Probe hicroanalyser.

| Ten 1ava samples were selected for melting experimenta at 1 atmosphere
pressure, covering a range of compositions from olivine basalt to hypersthene
‘ andesite in order to determine the cryetallisation sequenoe. liquidus temp=
erature, and crystallisation intervals. Tuo basalts from this group vere also

selected for prelim&nary melting experiments at 2 kb* pnao.
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_ CHAPTER 2
- PETROGRAPHY
.231 Introduction

The first rigorous study of the petrography of the lavas of the Sidlaw
Hills was produced by HARRY (1956 1958) who recognised ‘the calc-alkaline
affinities of the lavas. Previous workers such as HARRIS (1928) and DAVIDSON
(1932) had classified theviava; into certain groﬁps on the basis of their |
petrdgraphya' Hoquér._pq sﬁ;ict,claséification scheme was used Sy these
.workérs, which muét be of impbr%gncé if comparisons are to be made with other

‘areas of calc-alkaline volcaniem..

Zxatli-Intro&uétioﬁ'h

- It has becoqe gﬁf%reé% aéfiﬁg the presént_study that any‘classification
ofvthe Sidlaw lavaslﬁagedtéolely;én pétrégraphy will be of limited use owing
jto the Variable chemistryiéfpfhe lavas. FHence.’a classification scheme has
been erected to take account of both the petrography and the chemistry, and
it 1s based on the classification used by HARRY (1956, 1958). Although a
more modern scheme for classifying,evolved calc—alkaline lavas has been pro-
posed by STRECKEISEN (1967). it was felt that this scheme would not satisfacte
’orily account for all the lavas of the Sidlaw Hills,

. From the literature, it is clear that previous workers on calc-alkaline

lavas/



221
laVas throughout the world have been unaele:ﬁo agree on ehemical limits
for terms such as basalt, baealtic-andeeite and andesite. ANDERSON ‘
‘;(1941) described a basaltic-andesite with plagioclase,olivine. augite.
and hypersthene phenocryets with a silica content of 58 7%%. . The average
.baealtic-andesite from the Izu-Hakone region of Japan given by KUNO (1959)
has a silica percentage of 53.8. WILCOX (195%4) regarded the-lnltlal lavas
of Paricutin as basaltic-andesitee having a silica percentage of 55 contain- . |
Ang phenocryste of olivine and rlagioclase. CoATS (1959) and BYERS (1961)
record basaltic-andesite from the Aleutian arc with silica percentages
. ranging from 53 to 56%...Many of the analyses, ‘quoted by \COATS (1968) of
basaltic-andesite fall within thie silica range, though the so-called basaltic

andesites from the Cascades have silica contents around 58% It is apparent

. from theee.reported values that'mueh veriebility exists in the usage of the

~term basaltic-andesite., TAYLOR (1969)‘records calc-alkaline lavas with
silica percentages of 53-56 as low Si-andesites. o

The classificatlon of andesite has suffered from as much diversity in .
- the literature as has basaltic-andesite. NOCKOLDS (1954) quoted on average
silica content of andesite. of 59.20% whereae ehelyses quoted by WASHINGTON
(1917). KUNO (1950?, TURNER and_VERHOOGAN{(lQSO), CHAYES (1965, 1969) and
COATS (1968) suggest that a suitable lover silica limit for andesites should
l'be 56%, though they do notlpropose a defidite:upper iimit. lThe,eseential.
mineralogy of andesites is,ciinopyroiene>and plagioclase though it has been
noted by TAYLOR (1969) that olivineloecurs'irathe more basic verietiee. and
hydrous minerals such as hornblende and biotite are often present in the
more sil;ceous andesitesf In thisfstudy, this minerelogy is‘accepted
tegether with a lower limit of'56%'8102 for andee;tes; |
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Lavas having silica contents in the range 60 to 65% have been grouped
separately from the andesites in this study since their petrographical
features do not match those of true andesites.~ This group has been termed
dacite to indicate their less siliceous nature than rhyodacites, and rhyo-
lites found in other lava sequences‘of Lower Old Red Sandstone age in
~ Scotland. | o |

Usage of the term high-alumina basalt must be treated with a certain
amount of . caution in any classification of calc-alkaline lavas. KUNO (1960)
used high alumina basalt to describe aphyric lavas of appropriate composition

from Japan though he also termed a few porphyritic lavas as high-alumina

basalts. However. KUNO (1960) does regard the aphyric nature of the Japanese -

basalts as important in the definition as high alumina basalts.

2:2:2 Classification adopted for the Sidlaw lavas

. -

From the above discussion, the following chemical distinctions have been

12

used for c1a551fying the lavas of the Sidlaw Hills, namely basalt (<5%% 510 )g

basaltic-andesite (53-56% SiO ). andesite (56-60“ 510, ) and dacite (60-65%
SiO ). This classification folloWs that used by TAYLOR (1969), though there

are a few minor differences in silica limits. However, a chemical classific-
tion based on Si0

2
take account of the petrcgraphy and the variable K20 contents. TABLE 2-1

has proved too limited, and this has been modified to

shows the modified chemical classification which includes a distinction
between high~ and low-K lavas following the classification of TAYLOR (1969);‘
JAKLS and SMITH (1970). Strict use of the term aphyric has been adopted in
this study, ‘namely for those lavas with no phenccrysts present. On this basis

oy



. TABLE 2-1

Classification scheme and phenocryst assemblages
of Sidlaw lava types
X Phenocrysts present -

‘(x) Phenocrysts rarelyrpresenﬁ



PHENOCRYSTS

‘LAVA TYPE % 510, % K0 P Cpx Opx Kspar  Ore
Olivine Basalt <533 - <25
-Feldspar-phyric Olivine A .
Basalt 53 { 2.5 % (x)
(ﬂi.nopyroxene-Feldspar-phyric ) o - |
Olivine Basalt :{53  L2.5 . x x  (x)
:ouvine Basaltic Andesite © 5356 L5
' Feldspar-phyric Olivine ' - _ o :
Basaltic~Andesite A 53.56 {2:5 B x
Clinopyroxene_Feldspar=phyric - - . =
" Olivine Basaltic-Andesite 53<56 = (2.5 . x X
| High K Basaltic-Andesite 53-56 2.5 x x.
.,OrthOpyroxene-phyrié : : o
 Andesite 56=60 (2.5 x X
High K Andesite 56-60 > 2.5 %
Dacite 60-65 > 2.5 x X



L

all the lavas from the Sidlaw Hills are porphyritic,

213 Petrography of the Sidlaw lavas

2331 Introduction

Many of the lava flows in the Sidlaw Hills are massive, though the flow -
thickness is often indeterminate, due to the lack of continuous exposure.
Vesicular lavas are rare, usually forming the tops of individual flows.

| Olivine is the most noticeable phenocryst mineral in hand specimen
owing to its alteration colour.n .
| " In thin section, the lavas are all porphyritic with combinations of
olivine, plagioclase, clinopyroxene, orthopyroxene, K-feldspar, and opaque

oxides as phenocryst minerals. The most common phenocryst~assemblage is

Y
B #

olivine + plagioclase. Clinopyroxene-occurs infrequently. Orthopyroxene
phenocrysts are generally rare, occurring in a few basalts and andesites,
and K-feldspar phenocrysts occur only in one dacite. The total phenocryst
content of the lavas is usually about lO-lSm, though rarely up to 30% pheno-l
crysts occur, - The probable order of appearance of minerals in the crystallis-
ation of the basic lavas was as a generalisation, first olivine,then;ﬂagioclase,
and later“clinopyroxene.i However,’rocks céntaining phenocrysts of olivine only
are not confined to basalt, since some andesitic types also show this assemblage.
The sequence of crystallisation is thus a complex problem, and it will be
discussed in a later section.

The groundmass of the lavas is fine grained and intergranular, 'and very
rarely glass is present.

Photomicrographs of each rock type described, are presented at the end of

this/
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this Chapter, and brief descriptions and modal analyses of the analysed lavas
can .be found in Appendix D. Determinative methods for: plagioclase compositions

can be found in Appendix A.
2:3:2 Qlivine Basalt  (PLATE 1)

Olivine basalts are reasonably widespread in the lava eequence of the
Sidlaw Hills. In hand specimen. they are ueually noticeably porphyritic
and contain'very few vesicles. The only phenocrysts visible in hand speci-
men are small patches of iddingsite replacing olivine.

Thin section examination ghows that the phenocrysts of olivine are
totally pseudomorphed by iddingsite, and are commonly euhedral. Flow align-
ment of the pseudomorphs with the c-axes of the original olivines parallel
to the flow direction is an occaeional feature. - The phenocryets of olivine
have a maximum length of 1 mm, and display embayments, and "arrowhead"
structures which according to the conclusions of DREVER and JOHNSTON (1957)
- may indicate quenching. 4;_ \ .

:‘ The intergranular groundmass coneists of plagioclase (An70), pseudo=-
morphed olivine, clinOpyroxene. iron ore. biotite and chlorite, with the
feldspar lathe occasionally flow aligned., The intimate association of the
biotite and chlorite may indicate a reaction relationship. most probably one

- of alteration of biotitefto chlorite.
21313 Feldspar phyric olivine basslt - (PLATE 2,3)

' Feldeparéphyric olivine basalts are quite common among the lavas of the

‘ Sidlaws,/
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Sidla&s. espécially néar the top gf the exposed sequence, -Iﬁ hand specimen,
the feldspar-phyric olivine bﬁéélts are.conspicuously porph&ritic with
plagioclase phenocrysts up to 3 mm 4n 1ength, and patches of iddingsitised
olivines up to 2 mm in length,’ Vesicular rocks have not been found.

Thin section examination shows euhedral-fo subhedral phenocrysts of
plagioclase (less thah.B% of the rock) which commonly display oscillatory i
and normal zoning from cores of Ah72 to rims of An522' Glomeroporphyritic
aggregates of plagioclase are present in certain examples. Alteratibn of
the éiégioclase phenocrysts is limited; tﬂougﬁ in one or two casea; theré is
evidence of second'generation overgrowths §n resorbed éﬂd altered cores, Tﬁé
composition of the overgrowths appear to be similar to the rims of the un-
altered phenocrysts. Olivine forms . generally less than 5% of the rock. Once'
again there is evidence from the crystal form of the olivine phenocryste of “
possible quenching. Microphenocrystsof titano-magnetite and magnetite occur
rarely in these lavas. B ‘ '

The groundmass is intergranular and consists of plagioclase (Anh6 50)
altered olivine| clinopyroxene, alkali feldspar, iron ore, biotite. ‘hypersthene,
'titanaugite. and rarely glass. The minor groundmass minerals biotite. hyper-
sthene,; and titanaugite are all strongly pleochroic. The alkali feldspar 6ccufs
interstitially. Ophitic 1ntergrowths of groundmass plagloclase and clinopyroxene

2 <
T N

- occur fai{}y infrequently.

2i3ih Clinopyroxene-Feldspar-phyric Olivine Basalt  (PLATES 4,5)

The clinopyroxene-feldspar phyric olivine basalts are rather rare in the

(

' Sidlaw Hills, the majority of examples occurring near the top of the exposed

sequence./
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sequence, A particularly porphyritic example M126 occurs near'the vase of |
the sequence, Apart from H}26, thesgblavas ére sparsely-porphyritic,.and
éxcoptionaliy. plagioclase'énd'clihppﬁrogene phenocfysta up to 1 ca in
length occur. . _ | ‘ S

- In thin aeétion;'theu;grge phenocryst size is confirﬁedeith plagio=-
clase making up to‘ls%}of'thg :6ck and having a maxiﬁum length of 6 mm..
Glomeroporphyritic-aggregateé of plagioclase occur féirly f:equently; ~
Oécillatory and normal zon;ng of the piagioclaae from. cores of An6° to rims
of An

5
" clase phenocrysts are common. Euhedral to subhedral phenocryats of non

o @re common featuras; Embayments and resorption rims in the plagio~

vpleochroic clinopyroxenes are distributed randomly. and usually make up less
than 2% of the rock. The clinopyroxene phenooryste frequently display twinning.
011v1ne. usually less than 5% of the total rock. ehows evidence posaibly of
two stages of alteration with serpentine cores. and 1ddingsite -rims, The
jadingsito rims perhaps ;eflect,aylate overgrowth of the altered olivines.
The oldvine phenocrysto are occasigﬁally enciéeéd'hy both plagioclase.and
clinopyroxene phenocrysts indicating that olivine at least was probably the
first phase to cryatalliae. - St |

Very rare features in those laVas are tho occurrence of orthopyroxene
xenoc:yats. and phonocryatg. These have only been found in lavas M18,
Mi9 occurring at’the top of the4sequen§e. The orthopyroxene is usually
surroundgd by an aggregate or rarel& a single qryatallof élinopyroxene. which :
in turn s surrounded by olivine, Occasionally intergrouths of olivine and
clinopyroxenc manfle the orfhopyroxene. Radial growfh of olivinavénd clino-
pyroxene from the orthOpyroxene is noticeable in a fov casea. Since éggregates
of olivine and clinopyroxene with no trace of orthopyroxene cores are present

it/
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4t 48 likely that resorption of the orthopyroxene has taken place. It is
possible that the orthopyroxene cores may be high pressure phenocrysts which
have reacted with the iiquid_at 1owef pressureé. KUNO (1950) and JAMILESON
(1969) have described similar features from the Hakone and Nuanetsi lavas
respectively though JAMIESON notes that these rare features in the Nuanetsi
lavas vere probabdly simply,ienocryst overgrowths without resorption. The
unmantled orthopyroxene phenocrysts from M8 are eu#edral and non-pleochroic,
and on petrographic grounds, it is likely that they have a different composi-
tion and probaﬁly a different origin to xenocrysts, | |

The intergranular to intersertal groundmass of the clinopyroxene-
feldspar phyric olivine basalté'consists 6f‘péeud0morphed olivine. plagioclase
(Anso). ¢linopyroxene, iron ore. and alkald. feldspar. Glass is rarely present,
~and is usually clouded with specks of iron ore.

2:13:5 Qlivine gggg;tgc~Aﬁdesite ~Al(‘PLx‘.'I'EKG)

Olivine basaltic-andesite, the slightly more ovolved analogue of the
olivine basalt in the Sidlaw Hills; occurs both at the top and the base of
the exposed sequence. Its appearanée in hand:ébeoimen is variabie especially
in grain size, though usually pseudomdrphed olivine phenocrysts up to 1 mm in
length are noticeable. o | R

The grain size variation is apﬁa:ent.bnce again 1n-th1n section, and
frequently the grain size is moderately coarses Iddingsitised olivine pheno=-
_ orysts account for less than 8% of the rock, Olivine basaltic-andesite M121
displays a parallel orientation of *olivine' phenocrysts which are euhedral,
with the original c-axes of the olivines mdacatﬁag flow direction, As with
the olivine basalté, there is evidence of possidle quénchins.

me/ 4 _
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The intergranular groundmass consists of plagioclase (An55) pseudo-
morphed olivine, non-pleochroic orthopyroxene, clinopyroxene, iron ore

with alkali feldspar filling the interstices.

21316 Feldspsr-phyric olivine basaltic-andesite  (PLATE 7)

A Lavas belonging to thie group are common in the Sidlaw HlllB occurring
generally throughout the exposed sequence. Flow thickness vary considerably
with a maximum of 30 metres at Collace, though the average is much less.
.Leterally. these flows often extend several kilometers especially those near
the top of the sequence. In hand specimen, the feldspar-phyric olivine
basaltic-andesites are: sparsely porphyritic w1th v151b1e feldspar and 1dding-
sitised olivine phenocrysts. 4 ‘ . .

In thin section, the phenocryst sizes and modal percentages appear
variable. Plagioclase. phenocrysts usually make up less than 10% of the rock,
',and olivine less than 6%. However there is complete gradation down to near-
| aphyric varietiee. The, subhedral plagioclase phenocrysts. up to a maximum |
length of 6 mm, commonly display oscillatory and normal zoning from cores of

60 to rims of AnhS’- Rarely up to 25 distinct zones can be observed. Resorp~ :

tion rims and embayments are common features in the plagioclase phenocrysts.
‘ Glomeroporphyritic aggregates of plagioclabe occur occasionally. Iddingsitised
olivine with a maximum length of 3 mm are usually anhedral and occur sporadically
throughout the rock.

The groundmass is normally intergranular but occasionally pilotaxitic and
hyalopilitic. Plagioclase (Anus),clinopyroxene. iron ore)alkali feldspar and
occasionelly orthopyroxene and-élass'(cloudedvby iron—ore) are present. Ophitic

_intergrowths/



intergrowths*of groundnasSfplagioclase‘and clinopyroxene occur rarely.

~ 2:3:7 Clinopyroxene-Feldspar-phyric ‘olivine basaltic-indesite - (PLATE 8)

Lavas belonging to this group are fairly common and occur throughout
the sequence. ‘Lack of critical exposures make it very difficult to esti~ -
mate the thickness and lateral extent of the flows. In hand specimen these
}lavas are occasionally quite coarse grained and rarely ves1cular. Plagioclase ‘
is generally the most noticeable phenocryst phase. ‘ |

Considerable variaticns in modal phenocryst percentage and grain size ‘
are’ apparent in thin section. Plagioclase is the most abundant phenocryst
phase rarely making up 20% of the total rock. Oliv1ne makes up usually less °
i:than 5" and clincpyroxene less than 3% of the rock, though as with the last
group there is complete gradation to near aphyric laVas. Plagioclase pheno-
crysts are subhedral to euhedral and have a maximum length of 3 mm. They
usually display normal zcning from cores of An65 to rims of AnSO’ though
zcning is not always apparent. Glomeroporphyritio aggregates of plagioclaee
are fairly common, Pseudomorpned olivine phenocryste, up to 1- mm in length
are anhedral ‘to .subhedral and frequently display strong pleochr01sm from deep
" red-brown . to stray colours and green to colourless. Plagioclase phenocrysts
' occasionally enclose the olivine. Clinopyroxene phenocrysts occur up to

1 mm in length . and are subhedral to euhedral. They are non-pleochroic and
do not show Signs of zoning.' Twinning in the clinopyroxene is common, and
v'the phenocrysts occasionally enclose plagioclase phenocrysts indicating a
-probable crystallisation order of oliviner iirst, then plagioclase, and
finally clincpyroxene. B ) B | |

The groundmass is usually intergranular but occasionally hyalopilitic,

and/



and consists of iddingsitised olivine, plagioclase (An45) clinopyroxene,
"iron ore, alkali feldspar and occasionally brown glass.

2:3:8 High-K basaltic'andesite (PLATE 9)

'High-K basaltic-andesite is apparenfly'the most rare lava type'ih the

Sidlaw Hills, and forms a thiok-ﬁomogsneous-flow at‘érsiéheadeﬁaffi at the
base of the exposed sequence.. In hand speoioen.Lthis'lava'is very fiss
grained»and compact. and displays very few feldspar pﬁenootysts.’

The near aphyric nature of the high-K basaltic andesite (Mﬂﬁa is
) confirmed in thin section.: Very rare altered. anhedral alkali-feldspar
phenocrysts make up less than l% of the rock. »

'The groundmass is intergranular and very fine grained, and appears to
consist of alkali. feldspar. ;iron ore, and possibly clinopyroxene and ortho-
"pyroxene.-

The fact that this lava is extensively altered in: thin section may
indicate metasomatism. since its outcrop is very close to a Carboniferous
'Quartz-Dolerite dyke.- Hence, ‘the original composision may well.have been
4chsnged‘considex‘ably.- . v, L '\ |
This lava was termed trachysndssits by-HARRY (1956), °

2:3:9' Orthogxgoxens-ghxgic Andesite . (PLATE 10)

Orthopyroxene-phyric andesites are uncommon in the lava sequence of
| the Sidlaw Hills and one flow of unknown thickness and lateral extent hss
been sampled from Ballo Hill. In hand spscimen this rock type is quite

coarse/
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ooaree grained with few pooriy’developed vesicles,

.Thin section examination reveals that the orthopyroxene-phyric andesites
are spareely porphyritic and contain phenocrysts of freeh sub-hedral non=-
pleochroic orthopyroxene(Enas) up to 2 mm in length, _and plagioclase ( 55- 60)<
up: to 1.5 mm long. o |

. The intergranular groundmass consiets of plagioclase (An#8)' clino-
pyroxene, iron ore, 1nterstitial alkali feldspar, and patches of chloritic

. material.
. 213110 ' High K-andesite (PLATE 11)

High K-andesitee are not very common in the Sidlaw Hills. and occur
fairly near: the top of the exposed sequence, just south of 0011aee. In hand -

‘ specimen. these lavas often appear to be coneiderably altered. and olivine
pseudomorphs are the only phenocryst minerals apparent. .

Thin eection examination show the high-K andesites to be sparsely |
porphyritic, with plagioclase and olivine phenocryste making up 1ess than 2%
of the rock. Subhedral plagioclase phenocryets (An56 60)’ up to 1. 5 mm in
length have a eub-parallel alignment ind:icatng flow direction. Olivine pheno-
"cryste which aré occasionally euhedral haVe been replaced by a non-pleochroic
green alteration product. and "the pseudomorphe differ in appearance from those
present 'in the basalts and basaltic-andesites. Thie factor ‘combined with the
fact that these andesites are rather silica rich may tend to indicate that
the pseudomorphs were'originally relatively fayalitic in composition.

The groundmaes has a felted appearance. typical of trachytes and trachy-
andesitee. and coneiete of plagioolaee laths (Anua) with a parallel alignment.‘
alkali/ : .



alkali feldspar, minor nonQpleochroic clinopyroxene and iron ore.
2:3:11 Dacite (PLATES 12,13)

‘Dacites have not previouély been repobteé from the 1eVa sequence of. the
Sidlaw Hills, Two flows or floe.units have been sampled from near the base
of the exposed sequence at Abernyte, one of which apparently has a thickness
in excess of ?O metres. In hand specimen, their appareance is variable,
ranging from very fine grained with noticeable feldspar phenocrysts tovrelatively
-'coafse grained and somewhat vesicular; again with feldsparvphenecrystsg

In thin sections this variability of grain size is immediately appafent,
though in fact the relatively coarse grained sample contain abundant pheno-
'crysts (~20%)s Euhedral plagioclase (An32) occurs up to 2 mm in length and
frequently shows embayments and rounded corners. . Alkali feldspar phenocrysts
are abundant in only one specimen. Other phenocryet phases include titano-
_ magnetite, and apatlte, though apatite only appears near the top of the very
thick flow. ', T  " . “;‘ .

 The groundmass is pilotaxitic to hyalopilitic and consists of plagioclase
'(An ). alkali feldspar. iron—ore, rare as a groundmass mineral only in the
~upper part of the thick flow.

214 Petrographx of Intrusive Rocke '
C23he1 Introduction ’

Several'lafge intrusive bodies occur in the Sidlaw Hills, and they have
been reported as sills by HARRIS (1927). Three samples were collected from

Knapp/
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: _Knapp Quarry near Abernyte, and cne sample from Dron Chapel. BALSILLIE

(1934) reported dolerite and eegregation veins of riebeckite granite from

Knapp Quarry.’
2ths2 Dolerite  (PLATE 14) '

'Semples of doleritenfrom Knapp Quarry andvnron Chapel show little
variation in hand specimen, and in the case of Knapp Quarry, two samples
were collected, ‘one from the base of the Quarry face. the other from fairly ‘
near to the top; in order to detect any variation. ‘The grain size of the
specimens is eomewhat coareer than the 1aVas. and plagioclase is the most
noticeable mineral. Specke of pyrite are scattered through the samples.'

| In thin section, the dolerite consiste of plagioclase (AnGS) up to
2 . in length, and iddingeitised olivine up to 1 mm, set in a groundmaee
of plagioclase (An7o) pseudomorphed olivine, clinOpyroxene, iron ore and
alkali feldepar. Mineralogically, there appeare to be no difference between
the’ dolerites and the feldspar—phyric olivine basalte.

e

2:ks3 Seggegation—veinsmﬁ‘.(RLATEflS) o

Segregation Veine occur randcmly in the quarry face at Knapp Quarry
and 4n hand Specimen are quite coarse. grained with feldepar up to l 5 em
in length. The - colour of the segregation veins ranges from black to pink,
’but this appears to be a function of oxidation.' ‘

Thin section examination of the segregation Veins confirms the coarse-

" ness of the grain size. The rock consists of plagioclase (Ansa), alkali

: ) feldapar./



feldspar, quartz, titanomagnetite, with minor riebeckite. topaz, and apatite.

4 DAVIDSON (1932) has reported similar segregation wveins from a dolerite intru-

sion just west of Perth

2;5 Summggx

1)
2)

3)
)
5)

6)

7

1

From the above discussion the follqwiné points can be summarised:-
Aphyric lavas are'apparently absenthin:the Sidlaw Hills.

Olivine is ubiquitous in the basic lavas both as a phenocryst and a
groundmass mineral, and is always totally altered.

61inopyroxene though usually present a8 a groundmass mineral, occurs

fairly.infrequently as a phenocryst phase.
OrthoPyroxene-phyric lavas are rare._f'
Acid 1avas in general are rare,.

Alkali'feldsparfis‘aiuhiduitdué.grbhndméss ﬁﬁﬁéral;‘andfis'rahe as

- a phenocryst phase.

In the basic 1avas the order df firéf ht&étallisation of the phenocrysts

'vappears generally to have been oliV1ne first. then plagioclase, and then

clinopyroxene. The position of 1ron ore in this crystallisation scheme

is unknown, ‘since it is a rather rare phenocryst phase. |

25



PLATE 3 p2b: Olivine Besalt = |
. Note iddingsitiéed olivine phenocryst

PLATE 2  Ml3: Feldsper vhyric Olivine Basalt

Aggregate af plagloclase pﬁendcryets.
Note oscillatory zoning ‘
%5






eldsggr ggxg;c Oliggne gggg;
Note Ophitic intergrowth of groundmass ‘

. CBLATE 3 S5

clinopyroxene and plagioclase
- Xhs e

PLATE 4 . }419: Clinopyroxene-Feldopar nhx§i¢ glivina'ggsalt
| Note: ‘1) 'Sub—paraiiel aligoment of
| ~ plagioclase laths. .
2)° Iddingsitised.bliviﬁe
3),}Zoﬁedjclindpyfoxehe'

X45
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PLATE 5 M8: Clinopyroxene-Feldspar phyric Olivine Basalt
showing rare intergrowths of orthopyroxene
rimmed by “clinopyroxenme and altered olivine

K45

PLATE 6 M12l: Olivine Basaltic=-andesite
Note possible quench structure in pSeudomorphed
olivine phenocryst
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PLATE 7 mggng Feldspar ghggié Olivine Basaltic-andesite
- illustrating osci;;atory‘zoning and.~ |
aitereé/partiallg resorbed core
of plagiéqlaée ﬁhéﬁpcryst o
x45v .

PLATE 8  M83: Clinopyroxene-Feldspar phyric Olivine
' Basaltic-andesite

Fresh intergrown plagiociase and clinopyroxene
‘with iddingsitised olivine set in a glassy
groundmass:

xX45






PLATE 9 ~ M42: High-K Basaltic-andesite
| o ‘Note near aphyrig¢ naturé of -
rock | B

w5

. PLATE-iO; ﬂﬂi:._ Qﬁthopyroxene~pgiri§ hﬁdeéifef
o E :iliusﬁrating rélépi§giy coarée.'

"gféin size'and'féré Qrfhoﬁyﬁoxene
'phenbcryéﬁ A o .

x5






PLATE 11  Mi40: High-K Andesite -

o Xhs

LS.

PLATE 12 . ML00: Dacite

‘Note: 1) Rounded phenoéryst »of plagioclase
. °2) Dmbayment along twin plane
" '3) Fine grained groundmass

N Xh5
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PLATE 13  MLO7: Dacite |
: | Note'alterat:it‘m'and abundance of phenocrysts
(alkalli‘+ plagioclase feldspar)
ws
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PLATE 14  ML11: Dolerite

Note fairly constant grain size

Xh5
PLATE " 15 M11L: Seggegétion Vein

‘Note: 1) Quartz
2) Altered feldspar
3) Coarse grain size
xhs






CHAPTER 3
" . MINERALOGY
3;1 Introduction

‘Apart'from initial identification of mineral phases in the lavas of the
Sidlaw Hille. virtually no data on mineralogy were available before this study
was started. BROWN (1967), for example, noted that a knowledge of the chemistry
of the important mineral phases in basaltic rocks is necessary to provide a
basis for understanding the lava Variation and genesie.

: Particular attention has: been paid to the phenocryst minerals olivine,
plagioclase, and clinopyroxene and to a lesser extent orthopyroxene. since
these phenocryst minerals. may give ideas about fractionation and magmaticn
variation of the lavas of the Sidlaw Hills. Although olivine is always totally
altered, deductions . concerning the original composition will be discussed..

' Techniques of mineral analysis employed inothis_study are described in
-Appendix (A), namely X=R-F analyeie. optical analyeis, and electron microprobe

apalysie. Trace element analyses are limited to the XRF determinations.

_3:2 "Phenocryst Mineralogy -
- 33211 Olivine

bne.of'the-more noticeable features’of_the basic lavae,of the. sequence
| of“the‘Sidlaws is the totallreplaoememt‘of olivine by red—brown iddingsite,,
green bewlingite or hematite. This reﬁlacement can be explained by two
mechanisms, surface weathering, or magmatic alteration, or more likely a

combination/



combination of both, GAY and LE MAITRE (1961) suggest'that olivinevalter-
ation to iddingsite involves ionic diffusion. and as ferric iron replaces
ferrous iron, this diffusion probably took place in an oxidising environment.
It has also been pointed out by GAY and LE MAITRE that the alteration is
1ikely to be deuteric, before solidification of the magma,since rims of fresh
olivine are found mantling iddingsite in lavas from Gough Island. BAKER and
HAGGERTY (1967) report that alteration of olivine under oxidising conditions
at low temperature will produce 1ddingsite, and that post deuteric alteration
of iddingsite produces strongly pleochroic assemblages which eventually break

| down to green alteration products. Since strongly pleochroic alteration
~assemblages are present in many of the basic laVas of the Sidlaws, it is likely
that a combination of both deuteric and post deuteric alteration of the olivine
occurred. N o -

' The alteration“ofithe*olivine”in the}laVas has proved to, he a problem,
since any deductions on their original composition is speculative. FAWCETT
}(1965), has demonstrated that the composition of the iddingsite alteration
product of olivine does not give any clues to the original olivine composition,
since the breakdown of the olivine is~not simply a function of hydration.
ROEDER and EMSLIE (1970) have argued that . olivine compositions which would
‘crystallise from a liquid of known Mg/Fe ratio can be deduced by relating the
partition coefficients of iron and magnesium between olivine and liquid,
'However, in the case of the lavas of the Sidlaw Hills, weathering is likely to :
have altered the iron oxidation ratio, and .thus the amount of ferrous iron in
the original 1iquid 15 in doubt. | »'

It ‘appears that comparisons’of lava type and hence olivine compositions
might be the most fruitful line of approach in determining the olivine

compositions/



compositionsof the Sidlaw‘lavae.‘\blivine compoeitionc from olivine basalts
in calc-alkaline provinces of the West Indies’and~Japan lie in the range
Fb?O-Bb‘ from the data of KUNO (1950), WILCCX~(l954), TURNER and VERHOOGEN

, (1960),'IIDAv KUNO ane YAMASAKILk1961) andeAKER-(1968)‘ The lavas of the
San Juan calc-alkaline ‘province .of COIorado which have similar alkali contents

- to the Sidlawlawas also have’ olivine compositions in this range F°70—80

:-according to LARSEN et. ‘al. (1936) On the basis of the above discussion
it has been concluded that the’ original oliv1ne compositions of the’ Sidlaw
|
basalts may well have fallen into this range F°7O-8O
IIDA KUNO and YAMA»AKI (1961) have recorded an olivine compceition of

Fo,,, from an olivine dacite of the Hyperethenic rock series of Japan. It is

"17
likely, therefore that the pseudomorphed ‘'olivine phenocrysts 4n the high—K .

" andesites of the Sidlaws, may Well have been relatively fayalitic in composition.‘
'3:2:2 Plagioclase

A Plagioclase phenocrysts were. separated frcm two feldspar-phyric olivine
basalts (M66, M6?) and two clinopyroxene feldspar-phyric olivine basaltic~
andesites (M60, M83). . The modal percentagee of plagioclaee phenocryste are")
-presented in Appendix (D). o '

Techniques of separation, purification and analysis are presented in
Appendix (A)e Complete purification was not achieved, and the analyses
have been. recalculated to limit the effects of contamination. This recalculation
was made by remov1ng normative diop51de, hypersthene, clivine, ilmenite and
apatite from the determined analyses. The determined and adjusted plagioclase
analyses are given i TABLE 3~l and TABLE 3-2 respectively. Recalculation

B of/ f
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* TABLE 3=l

Chemical analyses of separated plagioclase phenécrysts



Ut M6O/PL "-'ﬁGG/PL . ME7/RL 83/PL

810, C osh83 5268 52,20 53.21

mo, . 0&A 025 0.22 0.6
Cmp, . 838 e 8 29.89
RO 208 236 S .2 o 100
MoO | 10,03 o 0.0b - 0.04 o2
Mg 0.6 0.62 ok 0.26
..vCaO S 16.30 vi‘.;.-‘- 10.3é 2 1m0 .k
Do Wso o b0 S obls B
K0 _ 6.65 e 0,76 '[J,?I,J“o;67 0435
EX 0,26 R 0.26 . 02 035

. TOPAL 10080 s ‘99,01 100.86

e as - - o

0 E .

| R NN | '-'_1.'37' o 06 188
or . o _3_-81 _."’4.53, K 3,99 . 2,05

wo =X Comaz 0 A o B2
w  es  sa2 e 53

N = -  " ok -

| a2k . 518 - - L 2
Lo : - L 3,52 -

L ap o8 1 o2 0.50 0.35



TABLE 3~2

Adjusted analyses of plagfioélé{ée phenoéi'jsté‘ '



" An

‘ , " .
Analysis by Atomic Absorption
Remainder by XRF

" n.d. not determined

1201

Wt% | MGO/PL‘ : - M66/PL M67/PL M83/PL
s10, 55,43 .79 Sha19 53,59
ML,0 29,00 29.16 29.11 " 30.25
Ca0 - 10.32 10.61 11.25 11.17

' Na,0 4.60 4,63 - 4,65 4,63
K0 __ftff' | o.8q> 0.7 0.35
TOTAL 100.01 - 99.99 . 100.00 99.99
Q 4,20 - 1.86  0.54 1.26
c 1.9 L33 0.20 1.9% -
or 38 . 3,89 2,22

b 38.78 " 39.% 39.30 39.30

51.15 52,54 5.8 55.32
Ba n.d. n.d, A;d. 160
Sr* 1z 1277 1243
Rb 8 ‘n.d. nede b
Zr ko n.d, n.d. 8
Y 12 n.de n.d.
Normatiie-Composition |
o ha 5.2 3.9 2.3
Ab 41,3 40,6 13947 40.6

An 5445 54,2 56,4 57.1
Atomic % Composition | |
or | 41 b.5‘ 3.8 2.3

b 42,9 42.0 1.2 4.8
An 53.0 534 54.9 5549
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ef these analyses on the basis of 32 oxygehs indicates'thet the plagioclaseg
are stoichiometeic within the limits of analytical error. The compositions
correspond to lab:adorite with a»range An53-5é' Plagioclase phenocrysts

from a clinoéyroxene-feldspar phyric olivine basalt (M19) and from a dacite
(M100) have been analysed using an electron microprobe, and the results
-arevpresented in TABLE 3—3. The ‘compositions 4in TABLE 3-3 are based on
partiai’analyses for Ca0 and Kao contents of the plagioclase, the CaO content:
being converted into molecular percent anorthife direct;y. Correction factors
for the Cal and xao contents are very smell and do not affect the resulting
compositions (A. C; Dunham pers. eomm.). It can be seen from TABLE 3-3 that
the plagioclase phenocrysts exhibit reverse zoning, a feature not commonly

_observed in the petrography. It was neted however in

TABLE 3-3 -

Composition
| We % : Mol %
Sample No. .  Ca0 KO  An A or

M9 core  10.70. 0.8, 50,7 . 46.6. T 2.7
margin’ 11.80.  0.40. 564 4.5 . 2.1
MO0 core © 7.67 132 36 5.8 7.6
pargin. 9.8 - 0,90+ 45,5 49,3 . 5.2

‘the case of the dacites,‘that the plagioclase phenocr&ets showed strong
evidence of non-equilibrium with the 1iquid; namely resorption and

embayme nts (see section 2:3:11). The composition determined for plagioclase
' phenocrysts from M19 compare favourably with the plagioclase compositions

from/



ko
Hfme sepanated phenocryete‘ae’shown in TABLE 32, thougﬁ'it must be remembered
that the separated phenooryst analyses do not take account of zoning. Norm»
ative compositions of the plagioclases correspond closely to the molecular
compositione. The nonmal, oacillatory, and reverse zoning features of the plagio-
clase phenocrysts may well naVe neeulted.from variable water pressure during
the cryetallieaiion of the_magma. YQDER (1969) has shown that increasing water
pressure will incnease the anornhite content oflthe plagloclase~crystallieing_
whereas as increase in dry preeeure will'broduoe~more sodic plagioclase. |

The trace element contents of plagioclase phenocrysts are notably
different from values quoted for plagioclaee phenocrysts from the Izu/Hakone .
.region by IIDA (1961). trontium ie higher by a factor of 3 in the Sidlaw" ‘
plagioclase phenocrysts oompared with the phenocrysts of similar comp031tion ,
in the hyperethenic rock,eeries,of Izu/Hakone. Barium'dees not_differ

aignificantly. .

3:2:3 Clinopyroxene

P

. Since tne modal‘percentege'of clinopynoxenevphenocrysts in the Sidlaw
‘lavas is small, separation by mechanical means was not attempted.v Chemical
analyses of clinooyroxene phenocrysta from six lavas have been carried out
using an electron probe microanelyser. rhe»enalysee are presen@ed in
TABLE 3—4 together with their C. I P. U ‘norms end nolecula: comPOSitions.<
A1l of the clinopyroxenes can be described.as.angites according to the
nomencletnne of DEER,;HONIE; end ZUSSMAN (1963).: Tnough the most evolved
augite phenocryso compositlons‘occur.in a beseltic andesite, there are no®
systematic variations lnlaugite compositions from basalts to basaltic

, andesttes./
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Ti0
A1203
FeO

Cal
'Na 0
K0
TOTAL

Ab

Ne -

DL

o1

- Ilm

CaSi0.

" MgSio

EeSiO"

ML9(4)

- MARGIN

51.68

0.61'

5,08

6.97_
. 16.92 |
18,90
0.58

0.00

100,74 .

. .87

11.17

. 65§38

4,97
12.45

1,15

39.5
. 49.2
11,#

Mm9(ii)

. CORE

50.60
| 0.72

6.39

6.39

16.27
19.40

O.G“fA:‘
©0:01

100;42‘

'6306w~ﬁ”

4545

14547:
055l£4

64:86

‘14625

1:36

Coae
'f48a2- } 

1Qd6“

"M83(4)
- CORE

53.27
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2,23
7.85

17.53
19.48

0.35 .-

1000

100:37

_ 2592'P
.'14545 

7?368

11:67.

~7:04 .

1.2k

38091
48,8 K

122

12,4

M83(41)

CORE

52,53

1 0.75
0049
7.77

16,97
19.32 -

3‘0'39
0.02

100,24

© 0,12 R

'“3029

e 4;97

72,51
10.5# :

7.15

1.42

395
- 48,2

M83(41)
MARGIN

53.4h

0.65
2.57

8.13
17.51

. 18,39

" 0.32

. 0.03

101,04

" 0318:
‘_l2.6é
1'55#3

67,93

‘17.9#»
4,62

.
- .

1,22

. 37,5x.‘
©b9i6

12.9

M83(iii)

- CORE

53.79

052

1.79

7.99

: 18.35

'1§;53‘,

0.37
0,00

101,33 -

't3.09

3,18

- 16.40

6136

0.97

S 12.b4

50,8

- M83(441)
MARGIN

53,87
0.53

© 1,94

- 7.82
18,03

. 18.61

0.32

0.01

‘ﬁ’;O;.IB

0.06
2,68
EER

69.96
£ 17.98
h.sh

~1.00

374
50.3

12,3
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FeO
Cal -
Na..0
K.0

. TOTAL

Ab .
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B

Ilm .

CaSiOBA

M83103
FeSi0

23

84 (1)
CORE

4.0k
1.47
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8.02
14,55
22,23

0.3
0.0
100,00

10.50
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10.01
3,00
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1.18
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1.79
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1.2 .
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andesites.

Zoning is apparent from the chemistry of the augites, though it is
| not particularly strong. The largest relative percentage difference
between the core and margin of the augité'phenocrysfé is in the case of
A1203, which shéws both an increase, and a decrease‘between cores and |
margins. ‘

A plot of the éompositions in the pyroxené éuadrilateral is shown~
. in FIG 3~1 and in terms of the molecular ratioi. Ca: Mg: Fe2+, the largest
variation is in the Ca content of the augite phenocrysts. However, variations
in the 3102. 5 3‘ and TiO2 contente are noticeable in the analyses. To
assess the variation in more detail, standard Harker vafiatipn diagrams for
the augite phenocrysts have been constfucted'in FIG 3-2. It can be seen that
as silica increases, MgO increases,'whereae Ca0 decreases. There is also
possibly a small increase in FeO cohtent, though Pi0, decreases.. The distrib-

2

ution of A1203 is worthy of note in that there are two distinct groups, one

with greater than 4% AL O ’ the other. with less than 3% A1,0... The problems

273 273"
associated with the amount of Al 0, in clinopyroxenes have been the subject:

273
of debate and research for many years..

KUSHIRO (1960) and LE BAS (1962) have demonstrated that the A1203 content*
of clinopyrpxeneq,increases with increased alkalinity of the magma from which
‘tﬁey.have crystallised. LE BAS (1962) has shown that.by knowingAthe amount :
of alumina present in the 2 site ofAthe clindpyfoxene structure, .then with a
reasonable degree of accufacy.,the affiﬁity of fhaf clinopyroxene,.in'terms of
.non-alkaline, alkaline, and peralkaline, can be deduced, BROWN (1967) pointed
out that’both preésure'énd temperature of crystallisation of pyroxenes can

govern their alumina content, and also reports that a decrease in silida content

of/
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of clinopyroxene could allow entry of the Ca Techermeks molecule into the
pyroxene structure. This is supported by FICG }-B‘Which illustrates the
decrease in Al content with increagihg silica. However the correlation
between total A1203 content and silica is a little obscures BIGGAR (pers.
comm.) has Buggested that both pressure and the rate of cooling could

affect the entry of Al into pyroxenes, with high pressure and rapid

273
cooling both increasing the 'Alao3 content. There appears to be no unique
mechanism which is able to account for the variability of A120 contents

3

in clinopyroxenes. ' '

. According to the data of KUSHIRO (1960); the main role of Titanium
in cliﬁoperxene is_toimaintain thevcharge balance which is affected by Al
gubatitution into the 2 site of'the clinopyroxene structure. LE BAS (1962)
has demonstrated the close correlation between Ti content of clinopyroxenes
and the amount of Ai in the Z'eite; thus supporting KUSHIRO's statement.
FIG 3k illustratea the correlation between Al and Tio2 content of the Sidlaw
clinopyroxenes. and it can be seen that once again, tvwo distlnct populations
of points are present.

" Nepheline and rarely calcium 6rthoéiiicatefa:azpresent‘in‘the norms

of some of the Sidlaw clinopyroxenes,.théugh it should be noted that reduct-

ion of all iron to FeO will tend té produce undersaturated norms.’ The cliho-
pyroxenes fall into the tholeiiticAfield of‘COOMBS (1963) though there is

some overlap with the alkali field.-

3323k Orthogzgoxéné

Orthopyroxene phenocrysts are rare in the lavas of the Sidlaw Hills,

and/ - ’



Relationship between A, and silica content of Sidlaw

clinopyroxenes
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Relationship between Alz and TiO_ content of Sidlaw clinopyroxenes
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‘and only occur in any quantity in fhe §rth§pyroxene phyric andesites. .
Once again mechanical separation of the phenocrysts}prq#ed to bé aiffibult?
though ﬁhand-picking"‘of oithopyroxene from impure‘separated rock fractions
was employed for refractive index determinations. Use was made of an ele#tron
deroprqbe‘for analysis of the rare orthopyroxeneyphenocrysts from one bésalt
(Mm8) from near to thé top of the exposed sequence (see sectidn'axj:k).

The comp051tions of- orthopyroxene phenocrysts from the orthopyroxene-
phyric andesites were determined by refractive index measurements on separated

grains. The results are g1ven in TABLE 3-5,

. TABLE 3.5 -

Sample No. . o ﬁ;I. Z" : " Mol % En.
ws Sn685 0 85-8
1M96 o 1.681 8884
M9?7 L w6 . s8-8k

The‘composition has«been‘calculated from determinative curves produced

by KUNO (1954) who shows that the compoéitidﬂs depend on tﬂe amount of
Al O3 present 'in the orthopyroxens. However the orthopyroxenes from the
'orthopyroxene-phyric andesite can be described as bronzites according to
the nomenclature of DEER, HOWIE, and ZUSSMAN (1963). |

‘ Electron microprobe analyaes of the rare orthopyroxene phenocrysts and
orthopyroxenes mantled by clinopyroxene from the clinopyroxene-feldspar phyric
olivine basalt MlB are given in TABLE 3~6 together w;th the compositiope of “the
clinopyroxene overgrowths.‘ Since the clinopyroxene rims of the orthopyroxene pheno-
crysts do not differ apbreqiably"in composition to the clinopyroxene



IABLE 36 . = .

Electron microp;obe‘analyses”of Sidlaw orthopyroxenes and
élinopyrokene rims ‘

. - R : o
Unrimmed orthopyroxene phenocryst -
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rims reported for'MIB in TABLE 3-4, it is likely the rims are‘simply

. overgrowths rather than reaction products between the orthopyroxene and the
liquid, In those examples where the orthopyroxene cores appear to have |
been replaced by clinopyroxene it is possible that resorption took place
before the overgrowth of clinopyroxene. " The pyroxene pairs are plotted in
the pyroxene quadrilateral in FIG 3~5. ;Tierlines have been constructed

between the orthopyroxene cores and the clinopyroxene rims.
' 3;2:5. Other Phenocryst Minerals

No chemicsl investigations of the phenocryst minerals,elkali feldspar,
apatite, and opaque oxides, have been undertaken owing to their frequent
alteration. and minor significence.
3:t3  Groundmass Minerals .

’ '3:3;1: Introduction f; . L :“--'f*i

Ouing to limited time available for ehemical analysis by electron
microprobe. investigation of groundmass minerals has been limited to

partial analyses for Cal and Kao_of,plagioclase_and alkali £eldspar.

N

31312 w :
. : ' Co \
Groundmass plagioclese has been studied from four lavas ranging from
basalt to dacite. The results are presented in TABLE 3-7 and the compositions
have been. computed from partial analyses of CaO and K 0. The results are

tabulated/
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All Sidlaw pyroxenes with tie lines linking orthopyroxene
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tabulated in order ef"increaaing silica content of the whole rock from M19

to 1M100.
‘ Wt: % : . | ",Mol' %“ ,‘
‘Sample No. -~ Ca0 K2'O a . M or.
LoM9 - 1209 049 57,2 . 39.8 . 3.0
M2 M7 062 539 - k2 3.7
M6 18 o, 27"'- . 536 . g 1,7
Mmoo f 51 .  0.80 42‘3.;8 - b b8

| There is a regulaf debreaee inlenerthite content of.fhe gﬁoundnase
bp&agioclase from the basalt, through the basaltic-andesites to the dacite,
though the orthoclase content 13 .rather variable. It is interesting to
note that although the plegioclage.phenocryets3in MLOO display reverse

zoning and strong diseqniiibi;nm‘with resorption and embaymentel the. -

52

groundmass plagioclase ie inrfectwmore_seﬁic’than the core of the phenoerysteg

3:3:3 Alkali feldsvar

Groundmass alkali feldspar has been investigated in three 1aVas again
ranging from basalt to dacite. The results are present in TABLE 3-8 in the

same evolutionary order as in’ TABLE 3_5L

 TABLE 3.8/
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TABLE 3-8

Wt % : Mol %
‘Sample No. | Ca0 . K0 b or
M9 - 376 500 15.2  60.8. 24,0
- ML29 312 b6l 117 66,1 22,2

MIOO - 1,95 6,08 6.7  59.8 3345

Though theie is a decrease in CaO content from the basalt to the

dacite the K0 content is somewhat variable.



CHAPTER 4

CHEMISTRY - DESCRIPTIVE and COMPARATIVE .
k1 Introduction

One hundred new analyses of lavas-and three analyses of intrusive rocks
. from the Sidlaw Hills are_given in Appendix (C)+ Techniques used in sample
preperation and subsequent anslysis are presented in Appendix (A).

Chemical analyses of sevenliavas from the Sidlaws were reported by

HARRY (1956, 1958) and these are. presented in TABLE 4«1 ‘with their c.I. P W,

© . norms. Though of 1imited use in this study oving to different analytical

techniques employed, these analyses have been included to illustrate the
oversaturated nature of the lavas, together with their high alumina, and in
a few cases high total alkali contents. |

V The selection of lavas for analysis was based on petrography and
freshnees.

 Two lava flows from Burnside Quarry ‘(see location map) were sampled in
'detail in an attempt to detect any intra- and’ inter-flow chemical variation
'since variations in the petrography were apperenta Significant variations in
‘most msjor and trace‘elements were noted, and.a summary of this variation is
presented in TABLE'h-a. Lateral variation in these flows was impossible to
study owing to the lack of continuous exposure

.Anelyses representing the different lava types are distributed as

'follows:- ‘
Olivine basalt _'i' . oy

Feldspar-phyr:c clivine basalt/
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TAELE: 4-1

Previously published chemical snalyses of

sidlaw lavas - HARRY (1956, 1958)

i~
n

2-pyroxene basalt -

N
1

A25pyroxene baﬁalt

'3 = Teldspar-phyric olivine basalt
4 = .Olivine ffee'z—pyroxene baséltli'
 5_‘= 'Aphypic baséifl o

-6 = Andesite (baéic vafiety5. -

7 = Trachyandesite
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5,00 .

12,39

6,10

-

s
0.65

55,72 100,53
5,95 7.62

8.32  b.73

31,96« 26,01
;.-29.52 . 27056

297 525

9.27 22:73

270 3.27
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2.8 - 2.32
0.83  0.52

5588,

15.94

46.69

8.73
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15.33

1.87
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 TABLE 4«2

.
)

" Variance analysis of lavas from 2°flows in Burnside Quarry

* = insignificant



Variance _ " % of Total
o : S Variance

840 0,30 B 10:24

Mo, S o9 6.55:
mo, S
PoO(T) - Y T X
wo - .
MgO | ook o 115,01
Ca0 o , 0,96 ,\  " 3é.76
Ma®0 - 0.8 . 2,73
K0 .o e - f_;‘ S
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Fbldspar-phyric‘olivine basalt | ) - g ' . 30

Clinopyroxene-feldspar-phyrio olivine basalt f.' 4 5
Olivine basaltic-andesite R ' i | n'-
Feldspar-phyric olivine basaltic-andesite = 58

Clinopyroxene-feldspar—phyric olivine basaltic andesite 1k
High K basaltic-andesite o
'Orthopyroxene~phyric andesite
High K andesite

Dacite

W WUuw O W

Intrusive Rocks

432 Major Element. Chemistry -
4:2:1 Introduction

Graphical and tabular representation of variation in suites of lavas
have frequently proved to be useful in detecting essential chemical variation

" and frequency distribution. It should be pointed out that average analyses

' repreeenting sultes of lavas are of limited use, since averages only illus-

trate variation between groups,’ and take no account of variation within a
group of lavas.’ As the classification adopted in this study relies heavily
"upon chemical limdts, averages for particular groups of lavas are less
meaningful 4 since a restraint has already been placed on their chemistry. ,e
Graphical representation of variation by means of histograms and variation
diagrams, and statietical analysie of variance have been ueed in this study

‘to illustrate the chemical veriations vithin the lava suite.

4:éé2/



4:2:2 Histograms

The major element chemical characteristios of the 1avas of the Sidlaw

. Hills are illustrated by histograms in FIG #-1. These show that the sulte

-is rather basic in nature, though it should be noted that a certain amount
| of bias 1ig present owing to the multiple sampling of two flows in Burnside '
;Quarry referred to earlier. However, this sampling only accounts for a-
relatively small proportion of the basalts. |
Several important features are displayed 4n FIG 4-1 apart from the
- basic nature of the suite. Attention is drawn to the high contents of
Na20 and K20, and also the high alumina contents of the lavas, findinge very
" much 4n agreement with those from analyses quoted by HARRY (1956, 1958). though
that author draws 11ttle attention to the contents of Naao, K20 and A1203
As noted in section 4:1, sampling was performed on the basis of freshness.
and thus it is difficult to draw any firm conclusions regarding the distrib-
. ution of elements. Hence too much emphasis should not be placed on the
apparent bimodal distrlbution of silica with a, possible gap between 59% and

61% S10... GUPPY and SABINE (1956) have tabulated analyses of lavas from the

2*

- Ochil Hills, which as notedvin Chapter 1 are related.to‘the Sidlaw Hills by

an anticlinal fold, and these‘analyses plot‘uitnin this silica range. Thus,
it is unlikely that any significance'could-be attached toothis apparent

division,
Le2:3 Varisnce‘Analxsis -

- Inspection of the analyses of the lavas of the Sidlaw Hills together

with/



Kistograms-of,major'element‘distributioné,_i ,

Verticai scale is fréqnengy
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~with the graphical representation of their chemistry by histograms, shows
that although the range in silica compositions is quite large (50-65%), the

bulk of the values fall within the range 50-56% Si0 ."Howeverg a complete

2
analysis of standard deviation:and variance,.presented in TABLE 4.3 ghows that
_. - silica nevertheless makes the'laréest contrioution towarde the total variatiOn.
| ely 52%., This is in agreement with CHAYES (1964) who surveyed the variance
and covariance of calc-alkaline basalt-andesite-da01te suites from the Circum- .
Pacific volcanic belt. The range of contributions made by silica to the total
variance of these suites was found to be 37-76% .and was the dominant contrib-
utor in each case. | | |

Although SiO accounts for 52% of the total variance in this study,

2

variables (5102, Ca0, MgO, A1.0, and FeO(T))aeontribute nearly 95 towards

;23
the total variance of the suite of lavas from the Sidlaws. CHAYES (1960) has
pointed out that, since,conponents‘(variables)~of,analyses are summed pe_loq%,‘
this summation imposes a linear restraint whicnlincreases negative, but |
decreases poeitive‘coVariance. Since often'only.a few variaoles;contribute
vastly‘towards tne total variance;sthen'those;variables whose contribution
is_smail may be ignored; as constant sun considerations have little effect

upon their correlation. Thus reduction of the number of variables, in this

case to 5, can adequately define the variation. However, according to CHAYES
(1962), by such a reduction, the correlation between the dominant Variable.,

.in this case sioa. | | |

A1203 and FeO(T) are in some instances likely to be less than the Values given |

in a correlation matrix computed for all variables, This can be illustrated

and the less dominant variables, in this case Ca0, Mg0,

by use of the following equation given by CHAYES (1962),
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TABLE 43 |

Variance analysis of all Sidlaw lavas (lavas not
analysed for La and Ce have. been omitted)

* = insignificant



810
Alao3
TiO
FeO(T)

MnO

Ca0
Na 0.
K.0
PO

(2]

Cu

Ce

Variance

8.29
0.94
0,06
1.46

1.85

2,66

0.25 -

0.50

% of Total

Variance

51;58
5.87
©0.37
9.12
.
11.56
16.62 |
1.56
3.12

*
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E (r j) 5 —
07, 1 - Ml)
Variable 1 is 510,
Variables j = 2=5 are Ca0, MgO, A12 3 and FeO(T)

o' = standard deviation ef dominant variable IR '
9 - = mean of standard deviation of less dominant variables listed ‘above

M1‘= reduced number'of_rariahles'(p 5 in this case).

Substitution in thia equation gives a correlation coefficient: of -0 59
which is significantly different: from the coefficents between SiO and CaO,
:MgO, A1L,0 2% and FeO(T) listed in the correlation matrix of TABLE 4-4 and .can
be attributed solely to the effect of the constant sum factor. Thus the
correlation coefficients computed in the correlation matrix of TABLE Ly must
be treated with slight reeervetione between'the variables Sioa;and‘CaO, Mg0,

A1203 and FeO(T).

bi2sh HarkeriVariation Diagrams

It was noted in the previous aection on variance analysis that SiO2 is the
dominant contributor to the chemical variance in the suite of lavas from the
Sidlaw Hills, and as such, it is an obv1ous choice as a eimpie-index of variation/
differentiations | | | |

Harker yeriationcdiagrams_of the‘tyne commonly usedoin‘netrochemical studies
have been constructed for the iavas, and are»presented in FIG.A-B. It can be
seeu fien these variation diagreme that there'is a eomeuhat scattered distribution

for/f
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TABLE bl (2 pages)

Correlation Matrix for Sidlaw lavas - major

and'trace'elements
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131203
™0

- FeO(T)

MnO

- Cal

Na0
K0
P05

Sr

~

Cu
La

Ce

1.00
-0.31

‘-0{8]'._

4
-0.82

-0.49

-0.,70

0.36
0.65

-0.11
0.55

o

0.78

. 0.7k

0.18

o.41

~0.14
0.63
0.1
s10

1.00

0.»3’!'

o.’aB -
-0.54.

0.25
0.48

0.15
. -0.21 ’

0.24

=0.16 -

-0.14

0.32
-0.62
-0.58
<0.39

-0.41

Al 203

1.00

0.82
0.35
0.15
o1

~0,12

=0.50

- 0.11

“05351

0.52
055

=0,68
-0.98
- =0.29

~0.99

0,57 -

«0..35

mo,

1.00
0.24

- 0.2

0.5

-0.14
-0.47

o -
=0.30

0.58
o

-0.66

-0,72

-0.37

045
0.5k

=0.25
FeO(T)

1.00
0.22
0.15

0.20

=0.34
O. 55 -

-0.2
~ 023

“‘-o. 36
0.7

. o1
0.83

- «=0,18

-0.26

-0020 ’

MnO

~0. 4k

1.00
0.48
0.67

~0,17
<0.29
0.3
.50
0,50
- <0.50

-0.18

0.44

- -0.20

-0.41

g0

1.00

0.69
-0.81
<014
0,74
-0.48
-0.77
~0.67
-0.36

- -0.71
0.24 -
-0.42

~0. 46
Cal

1.00
0.42
0.17
0.43
=0.95
0.43
0.39

. 0.31..

0.48

-0.48

0.16

0.39
Na_,0

1.00
0.35

0.62 )

~0.54%
0.82
0.72
0.48
0.52
-0.16
0.52

0.49
K0

1.00

- 0.70

0.26

0.7

0.4k
0.4k
~0.13
~0.10
0.3
0.33
P.0,



Rb

F 2 F " §

j.00
20,10

0.60
 oJb2 .
6;60 |

0.61

0.30 . ‘.:
. 0.36
. 0.56

1.00

' -0.52
-0.31

'-_-‘6.&7

0.32

-0.37

0.73

" Sr

1.00

0.65

0,45

‘0.59 .

' 0.50

"0.36

-‘1.00“
0.47
0.38

-0.82

" 0.61

0.47

.ll.m

0417

=0.37

0.25

0.1k

© 1,00
0.1
- 0.23

0.23

1.00
0.2h

-0,99

Cu

.

1.00
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for most oxides. nowever, the following points should'be noted from

FIG 4-2: those oxides uhich concentrate in olivine; clinopfroxene, basic
'plagioclase. and ore, all show negative correlation with silica. In

general, Cal illustrates quite a strong depletion in the lava series. whilst -
_FeO(Total) and Mgo both shovw a fairly gentle depletion during evolution‘

A1203 remains at a constant level, though there is quite a lot of . scattering

of compositions in the basic 1avas,. Naao and=K20kshow enrichment during

eVolution; though ‘the Na,0 content of the'daoites;is rather variable., The

K;O contents of two high-K lavas appear to'be'anomalously'high»(>'5% K O).

. In the case of P. 05

s tion points.' Ti0. remains at an almost constant level 1n the basic lavas,

s there appear to be two. distinct populations of composi-

2
though there is substantial depletion in’the dacites.

FIG h-} illustrates the behaviour of total alkalis vhen plotted against

Si10,, Field boundaries, from KUNO (1969) separating tholeiitic, calc-alkalic,

2

and alkalic 1avas ‘have been included. From this diagram, the lavas appear to -

. be transitional between calc-alkaline,and alkallne.‘
bs235 Correlation'¢oefficients .

Examination of TAELL 4-4 shows that the correlation coefficients between

SiO and Na 0, Kao. and P2 5

evolution, though in the case of Naao, the enrichment is rather small,

.are all positive indicating enrichment during

' Bowever, the correlation coefficiente between Sio2 and’ A0 3, Ti0,s FeO(Total),

Mno,/
®
- For present purposes, it is taken as a convenient assumption that the
lava series is evolutionary in nature and that the more basic rocks
(rocks poor in SiOp and rich in MgO and Ca0) broadly represent the
parental material from which the other rocks (rich in 5i0, poor in
MgO and Ca0) are derived).

65
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| FIG. 43

Variation diagram of total alkalis vs, S$10, -

(Boundaries from KUNO (1969)) "'



{ ALKALI ROCK SERIES.

HIGH-ALUMINA BASALT SERIES
= CALC-ALKALI SERIES

| PIGEONITIC SERIES
= THOLE!ITE SERIES
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MnO, MgO and CaO are all negative and quite‘largp apart from Alao3 which,
even taking into account the constant sum factor referred to in section

!

k32:3, indicate quite strong depletion during evolution.

41216 Three-Component Voriation Diagrams

Though construction of a complete series of 2-component Harker variation
diagrams will yield a comprehensive picture of magmatic variation, it is often
useful fo construct triangula;AvaéiatiOn diagrams_to demonstraté additional
variations not readily observaﬁle from Harkér diagrams. FIG Lk i1lustrates
an 'FMA! diagram for all.lavas of the Sidlaw Hills. Superimposed onto.
FIG 4=k are comparitive trends fro@ the calc-alkaline lavas of the Cascade '
province after CARMICHAEL (1964), of. Japan after KUNO (1969) and the Scottish
i.Caledonian igneous rocka after NOCKOLDS and ALLEN (1953) It is interesting
to note that although thgre is.no_ironvenrichment in the lavas when plotted :
against 8102 (FIG 4-2), ir§n;énrichment is apparent in the basic }avas in the
FMA plot of FIG bult, This is due to the fact that during evolution of the
lavas series of the Sidlaw Hills the MgO depletion is strong initially, and
'1ess apparent in later stages. Hence, the reC/MsO ratio will increase in the
basalts but decrease:relatively'in the more evolved lavas, thus giving
apéarent iron-enrichment. It should be noted'that the pulk of the lavaslplot
| within the calc-slkaline field according to the field boundaries of KUNO
(1969). | |

In FIG 4-5, the lava compositions are plotted in terms of their xéo,

2
NOCKOLDS/

Na,0, and CaO contents, Trends from CARMICHAEL (1964), and also
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'-FiG; 4—4

F.M.A.. variation diagram for Sidlaw lavas

Ty

~ for Japan from KUNO (1969)

for Cascades from CARMICHAEL (1964)
for Scottish Caledonian from NOCKOLDS

and ALLEN (1953)



FeO+Fe,04

Na,0+ K0



. FIG. l’l’"i ’

K.N.C. variation diagram for's'idlaw 1ava5
4

Cascades from CARMICHAEL (196k)

Scottish Caledonian from NOCKOLDS and

ALLEN (1953).
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NOCKOLDS and ALLEN (1953) are superimposed onto the diagrams, The lavas

' closely follow the trends from the.other provinces especially the Scottish

Caledonian trend. The large variation in alkali content noted in FIG 4-2

'15 also apparent in the KNC plotsi of FIG: l+-5.

It was noted in Chapter 2 that all the laVas from the Sidlaw Hills
show some signs of alteration. The mean value of the natural oxidation

ratiof of the lavas is 0,600, compared.with an everage of 0.423 for 1775

Cenozoic andesites quoted by CHAYES (1969). This value of 0.423 is compar-

able with the freshest of tne'Sidlaw.lavasf though even this lava ehoms
some alteration petrographicallr.t Consequently, the natural oxidation ‘
ratios of the Sidlaw lavas have been adjuated to a. value 0.350. and the
calculated norms of the lavas with this oxidation ratio are presented in
Appendix c). . ) | | - | |

: The following points should be noted from the norms,

1. .The overeaturated nature (i.e. quartz normative) of many of the
‘basalts, and all of the more evolved rocko. This feature ie '
illustrated diagramatically in FIG Lg where the lava compositions ,
are plotted in terms of normative olivine, diopside. and quartz in
molecular percent.

2. :Normative albite and orthoclase increase at the expenee of normative
anorthite during evolution, this being illustrated in FIG 4-7,

3. Corundum is present in the norm of very few lavas- ‘those generallr

| ehowing anomalous alkall'contents, though corundum is ubiquitous in.

the/

70



o Normatige,Olivine-niopside-Quartz diqgram‘illustrating

the overéaturafed naﬁure of mést of the lavas
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 Normative feldspar diagram

*






the norms of the dacites. CHAYES (1969) has noted that corundum normative
andesites and dacites are fairly'common in Cenozoic lavas of the Circum-

Pacific belt,

4:3  Drace Flement Chemistry -
| 433:1 . Introduction: -

TAYLOR (1969) has stressed the importance of trace element studies and’

E their application ‘to problems of petrogenesis of calc-alkaline suites. The

association of calc-alkaline rocks with orogenic areas. and their possible
. -‘derivatien.from'the mantle have stimilated much geocheical research’in

‘ recent years. ‘ | ‘
| Element behaviour in liquids 1s controlled by several processes, and
important one of which is the stability of mineral phases under various
: conditions, such as’ temperature and pressure. The reaection of elements by
certain mineral phases under specific temperature/pressure environments gives
rise to concentrations of those elements in the liquid, and thus provides
.clues to the effects of gractionation of mineral‘phases._ Those elements

which are rejected by’mafic minerel phases such as olivine and clinopyroxene

have been termed "incompatible elements" by GREEN andRINGWOOD (1967). These

incompatible elements’ include Ba, Rb, Sr, Y. etc,, i.e. those elements which

are rejected by most minerals until late stages of fractionation.

Mo previous research‘has‘been undertaken on’the trace element_concentra-'

. tions in the lavas of the Sidlaw Hills, and in this study, suitable trace
elements have been investigated to detect the role played by fractionation

of olivine. plagioclase, and minor clinopyroxene.

h13:2/
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h3332 Histograms

The distributions oi tracetelenents in tne-iavas of_the Sidlaw Hills -
are shown in FIG &-8§' In section 4:2:2 it‘was noted that the Sidlaw lavasf
were ricn in Na,0 and Kéo. Trace elements associated'with Na,0 and KZO’
similarly show high levels, and are notably higher than the averages for
calc-alkaline 1avas quoted by TAYLOR (1969). Though most of the trace
element% concentrations in the Sidlaw lavas are higher than TAYLOR'S
averages. too much emphasis should not be placed on the differences since

different analytical techniques,for the_traoe elements have‘been‘usedf

4:3:3 ' Variation diagrams
: v,»‘ o | S | N

) The trace element variation‘in the lavas of the'Sidlaw Hills’is shown
' in FIG 4-9, and as with the major element Harker variation. diagrams, SiO2 :
\ has been used . as an index of magmatic variation. ‘The behaviour of each
. trace element will be described separately following the suggestions of
»TAYLOR (1965).
Eerium: OWing to the ionic radius of Ba, this element substitutes only
for x* among ¢common cations, and concentrates especially in K-feldSpar.
vIn the lavas, the Ba content increases with evolution. though concentrations
are quite variable. | .
Strontium.‘ TAYLOR (1965) has noted that Sr will enter plagioclase. and
'thus this element should be a useful indicator of plagioclase fractionation.
The lavas in general show a steady depletion in Sr with evolution, though

there is considerable variation., The five analysed dacites have relatively
high/
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FIG. 4-8 .

)

Histograms of tréce'element distribution.

Vertical scale is frequency
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FIG.. 49

.

-Variation diagrams of trace elements vs. sioa' )
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L_high CaO contents, considering their SiOZIcontent, and this is accompanied
by high si." | _ g i . | |

: Rubicium:' This element is very similar in size and chenicalvcharacteru

to potassium, and as such it is excluddifrom nafic'minerei phasee such as
olivine and clinopyroxene. In the ‘Sidlaw lavas, rubidium ehoweie'eteady
increase in concentration with,evolution. -TAfLOR (1965) has shown ‘that the

. K/Rb ratio is often es'useful'ciue'tO‘fractionation of7n suite of rocks. -
According to GAST (1965) the.K/Rbpratio in'many common rocks is constant

;(»v 300), though there is wide variation in some oceanic tholelites.. In '
the Sidlaw lavas, there is a slight decrease in the K/Rb ratioz with
evolution as shoun-in FIG h-1o. The preferential remoVal of K in the dacites
- by alkali feldspar will lower the K/Rb ratio. The occasional high values

-of the K/Rb ratio in a few of the Sidlaw baealte is likely to be a function of
»therather low Rb content in those lavas.

Zirconium- Common rock forming minerals do not readily accept zircOnium
‘into their etructure due to its ionic aize, and hence during evolution the -

‘ concentration of zirconium is likely to 1ncrease. In the Sidlaw lavas, there
is evidence of concentration, though the cloudiness of the distribution makes
T it difficult to assess the full behaviour of zirconium.

2+

_ Yttrium° TAYLOR (1965) noted that although Y3+ was close in size to Ca“ ’it

2+ to any extent in apatite. Thus Y3+ contents of

only substituted for Ca
lavas should give clues'tO'&m effects of apatite fractionation. During
evolution of the Sidlaw lavas. Y3+ shows a gradual increaee in content until
the high-K andesitee, at which p01nt apatite microphenocrysts occur. The. Y3+
concentration decreases from the high-K andesites to the dacites.

'Zinc' This element has a rather randomn dietribution in the Sidlaw lavas,

though/ . - R . : : L . -
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FIG. 4-10

Plot of 2K (wt %) vs. Rb (ppm) for the Sidlaw lavas
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thouéh thereiis poseioly an'increase with evolution, According to TAYLOR
(1965) ; zino'concentration ia usually controlled by a_eulphidefphase, and
TAUSON and KRAVCHENKO (1956) have pointed out that zonc is often preeent..
in plagioclase, usually as small grains of sphalerite. » |

ggpﬁggz Copper enters many rock forming minerals, substituting for sodium

in plagioclase, Ca in apatite and Fe>'

in olivines and pyroxenes. Thus its
contents in lavas are likely to be variable, ~This variability is ehown in
the Sidlaw lavas, though there is slight depletion during evolution.,
.Lanthanum: The concentration of this element in the Sidlav lavas is notably
higher than the average values quoted by TAYLOR (1969). Though the
distribution of La in the Sidlaw'lavas is variable, its concentration does
increase with evolution. _ -

Cerinm. ~ The distribution of cerium olosely parallels that of Lanthanum,
though there is slightly less Variabnlity in its concentrations. Once again
| Ce is enriched ‘in the Sidlaw lavas ‘compared with the average of TAYLOR (1969).
Nickel: Though only selected laVas have 'been analysed for Ni, it is clear
from FIG 4-9 that the transition from basalt to baaaltic andesite is -
accompanied by'stroné depletion-oilﬁi which then maintains,an almost constant
lom value in the more'evolved 1a§as.4 The affect.of deuteric alteration

of the olivine on the M content of. the lavas is unknown. |
Chromium: This element haa an almost identical distribution pattern to Ni,
Awith high chromium contents in the basalts and strong depletion during

". evolution. . | |
Vanadium: There is a steady depletion of vanadium in the lavas which

_probably reflects the minor role of ore fractionation.

bzl
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h334 Multiple Component Variation Diagrams

To aesess,the variation of all trace-elementsvand to detect varieties'=
of'trace element'distrihutions,‘factor'analysiebhas been employed following'
the method‘of PRINZ (1967). Each trace element is treated as a Variable,
and comparison is made between all variablee.‘ Only those lavas with
analyses of Ba, Sr, Rb, Sr,, Y, Zn, Cu, Cr, Ni, and \ have been used to
'obtain a full picture of the variation' A deecripticn of the method employed
' . can ‘be found in Appendixth The trace elements are related to four end
members which are dominated by Sr, Cr (and Ni), Ba (with V and zr) and V
(with Ba and Zr). Thus each whole fock composition ¢an’ be plotted as a
point in a tetrahedron, but following PRINZ (1967). the analytical points are
‘projected onto two faces of that tetrahedron, thus. allowing comparisons with
"other suites, TFIG #-11 illustrates the trace element variation of the Sidlaw
;llavas in terms of the b end membere listed above, and for comparison. trends
for other calc-alkaline lavas have been superimpeeed. | '

‘ Inspection ‘of FIG 4-11 ehows that the Variation of all the trace elements
considered together supports the individual variations shown 'in FIG 4-9 with
depletion of elements having basic affinities during evolution. and enrichment |

‘in those elements not accepted into mafic.mineral phases.

k:h  Chemistry of the Intrusive Rocks,

Three samples of'intrusite rocke.fromlxnapp Quarry (see location map),
VMlil, M2, and M114 have been-analyeed for major and trace,elements (see
Appendix (c)e. |

Chemically. the dolerites M1l and ML1l2 are very eimilar to the lavas .

having/ -
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FIG; 4-;;

Mul.t_:‘i‘plé qompongﬁt' véfig_tidn 4in the t.':racé element contents
of the lavas | | o

= Sr |

= Cr (and Ni)

1

2 |

3 = Ba (with V and 2r) .
A

. W

V ( with Ba and Zr)

'/—;‘- Hakone hypersthenic series ) ,
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’ ) PRINZ (1967)
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having high aiumina andlhigh alkali Contents'and are oversaturated with
quartz in the norm, - Their trace element chemistry similarly corresponds
‘closely to the lavas of similar silica content.

The striking mmneralogy of the segregation vein (M114) is'born out
'in its chemistry, with high contents of silica and K20. The trace element

chemistry similarly showe 1arge concentrations of those elements enriched by

‘,fractionation? namely Ba, Rb, Zr, La, and Ce,
~ b:5 Variation of lava Chemistry with height in the sequence

The lack of continnous vertical exposure in the lava sequence of the |
'Sidlaw Hills mekes any, deductions on the chemical variation of the lavas with
height somewhat speculative.A However, by:con51dering the lava units (iae..
series of flows.‘each series‘being separateﬁ‘B&ﬁe‘sedimentary horizon) as a
" whole, a reasonably complete picture of the chemical variation can be obtained.
FIG 4-12 ‘illustrates the chemical variation of the lavas with height using
SiO2 as an index of magmatic Variation.. It.is appsrent from FIG 4-12 that the

o .

more evolved lavas occur near the middle of.the exposed sequence, and the

most. basic at the top..

4:6 Comparison with other calc-alkaline lava suites

In-éenerale,basaltic lavas are suboroinate in occurrence’to andesites
and rhyolites in calc-alkalihe nrovinces thronghout the world,~and although
- .the lava sequence in the Sidlaw Hills is rether hasic,fthe Lower Old Red

. Sandstone lava province in Scotland as a whole contains compositions from

basalt/ > .
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simplified variation in lava chemistry with
height in the exposed sequence. using Sio2
88 a simple index of variation |
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‘basalt to rhyolite. - :

Chemically, the Sidlaw lavas have higher contents of alkali elements
and slightly higher A1203 contents when compared with Circum-Pacific
B calc-a]_kaline lavas of the same 5102 content, though in the case of mao3
considerable Variation is present. The Sidlaw 1aVas have enrichment
factors of about 1.5 for Naao and 4 for K20 in comparison to average
analyses of Circum~Pacific and west Indian calc—alkaline lavas with the
same $10, content quoted by TAYLOR (1969) and BAKER (1968) respectively.

_Trace elements‘associated with K20 confirm this enrichment; However, LARSEN

" and CROSS (1956), JAKES and SMITH (1971) and TAYLOR (1969) have reported |

vhigh-K calc-alkaline andesites from North America and Indonesia W1th potassium

contents similar or slightly higher than in the Sidlaw andesites: It should

he pointed out that these high-K lavas from North America and Indonesia

, contain amphibole phenocrysts which are apparently absent from the Sidlaws.
There appears to be 1o dlrect equiValent of the lavas of the Sidlaw

Hills in modern calc-alkaline lava suites, though they show typical calc~

alkaline Characteristios‘in the Sidlaw lavas such as ‘high alumina contents,.”

silica saturation in the norm, and lack of iron enrichment:

L7 Summary

The lavas of the Sidlaw Hills can be described as calc-alkaline with
higher potash contents than averages of modern lavas quoted by TAYLOR (1969).
Many of the basalts. and all of the more evolved lavas are.silica saturated

“and all the lavas contain hypersthene in their norms.



FRACTIONATION MODELS
S:l. Introduction.

" Having described the general features of the chemistry of the Sidlaw lavas,
the following discussion is concerne¢ with construction'of“ﬁlsusible fraction=-

ation models to explain the chemical variation,

’512 ' Fractignation Modele
5 2:1 Major g;ements

" From the variation diagrams'oleIG‘héz,'io"can'be seéen thnt there is

depletion of Mg0, Cal, Fe‘O(T), A1203 and moa and enrichmsnt in Na,0 and

K.0 as $i0., iné¢reases, and it is suggested that fractionation of olivine,

2 2
‘plagioclase. ilmenite, and possibly clinOpyroxene may hsve given rise to the
observed sequence. _ L;:’.‘* ‘ Y

To test hypotheses of fractionation, it is initially slmpler to consider
those lavas which show no signs of cumulus enrichment since they are more

likely to represent liquid compositions. The distinction between cumulus

" enriched and non-cumulus enriched 1aVas has been made solely on the phenocryst

~content of the lavas; less . than 5% modal phenocrysts present being used to
indicate non-cumulus enriched. lavas. '

Harker variation diagrams have been constructed for the selected
phenocryst-poor lavas (FIG 5-~1). - It is clear from these diagrams that there |

- is/



FIG. "'1

Variatibn/éxtract;diagram for phendcryét-poor

lavas (major elements)
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is a fairly.close'correlation oetween most oxides and eilica, and since

the pnenocryet assemblage in the basic lanas‘is in general olivine + ,
plagioclase + rare ilmenite, the compoaition points of these minerale have
been added to each diagram. Olivine and ilmonite compositions are taken |
‘from DEER, HOWIE and ZUSSMAN (1963), the olivine selected being Fo70 (see
AChapter 3). The plagioclase composition used is that of the most basic
plagioclase phenocryats from ehe Sidlaw laVas. The back proaection of the
TiO vs SiO trend into the three-phase triangle givea the probable amount
of ilmenite in the extract as about 3% Superimposing this value on the
remaining B-phase triangles suggest that extraction of" olivine, plagioclase, |
and ilmenite in the ratio 27:79:}‘from tne most basic lava composition and/
or addition of these phases'io more eiliceoue‘compositions'could approxi-
mately explain the$ooserved f?ends; This‘rafio coiresponds fairly closely
to the calculated average_olivine:plagioclaee°ilmeni%e phenocryst ratio from
the modal pefcentages of'3h1€6'€race. The model thus appears to be a simple
crystal fractionation/accumulation model.. %

To asseﬁsthis fractionation model in more detail, groundmass (and hence
approximate liquid) compcsitions have been calculated for selected basic
laVae and are preeented in Appendix (c).‘ FIG 5-2 illustrates the liquid-whole
rock tie linee in Harker variation diagrams. If processes of crystal fraction-
"ation or accumulation have operated then the lieuid-wnole rock tie lines
should plot along the whole rock trends, "f‘rom FIG 5-2 it can be seen that

A in general the tie lines show the expected behaviour, though no special
.1 significance can be attached to it in the Naao, KZO’ and 9205 diagrams since '
1t 1s conditioned by the position of the pheriocryst triangles relative to the
" whole-rock trends. The scactering of direction inithe other diagrams can be

accounted/

87
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‘accounted for by assuming that in the individual specimens examined the
,olivine-plagioclase phenocryst ratio fluctuates randomly on either side

" of the average, This is_probably a reflection-of relatively small scale
inhomogeneity'in the samples'or in the flows sampled., It may well for
example be significant that the three samples (Ay By C in FIG 5-2) from
a single flow show an average tie-line direction which is along the whole-
rock: trend though individual samples deviate from this.

FIG 5-3 illustrates all the analysed Sidlaw laVas. and shows that the
-Aphenocryst roeks inageneral follow the same trend as the phenocryst-poor.
"gross-treng" Scatter o | |

- From the liquid-whole rock Variation diagrams of FIG 5-2 it is apparent
that the generation of some laVas from others by olivine + plagioclase +
ilmenite fractionation is- impossible (e.s. generation of D from E). Thus
- 4t is concluded that even the most basic Sidlaw lavas must have been derived
from a variable range of immediately parental and more basic magmas. The
parental magmas must have had a substantial range. ‘of 510, (- 2%). Mgo (2 1%).
Cab (X %) and K0 (2 0.4%) contents. . Note that it is this feature which
accounts for the apparent "repetition" of phenocryst assemblages noted in
‘Chapter 2 Here the rocks were classified initially on the basis of their

Sio contents and it is clear that this parameter alone is insufficient to

2
produce simple relationships between phenocryst assemblage and rock name.
For example lavas carrying only olivine phenocrysts are found both in the
basaltic group (SiO < 5%) and amongst basaltic—andesites (SiO 53-56%) «
vIn this latter group,, however, such assemblages are found only in highly

magnesian rocks.

| 5:2:2 Trace Elements/
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Comparison between phenocryst riéhf and  phenocryst poor lava

trends -

@ Thenocryst poor lavas

"7y Trend of all lavas

— -
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5t2:2 TIrace Elements

FIé 5=l; illustrates the~tracevelement varietion diagram'on which
are superimposed the three nineral composition points used in FIG.5~1.
.Thcugh more uncertainty exists in the trace element contents of the minerals,
it is clear that a fractionation model as envisaged above could account

for the trace element variation in the leVas.‘
5:} Cumulus Enrichment'

In section 5:2, it vas ,coneide_red that those lavas with) 5% modal phenocrysts
'were probably cumulus;enrichedi‘ The following‘discussion examines the possible '
chemical effects cf cumulus enrichment. FIG 5~5 illustrates the proposed cumulus
enriched and ncn-cumulus enriched levas, end shows that cumulus enrichment hae
a somewhat random effect on the basic lavas. Plagioclase accumulation is likely
to have increased A1203 and CaO cantents and decreased MgO and FeO compared with
non—cumulue enriched lavas with the same silica percentage. Olivine accnmulation
would have the opposite e:fect, In FIG‘5¢65.the trace e}ement relationships of
phenocryet rich'endvphenocryst“pcor,rocks are'shcwnr' The‘cumulne enriched basalts j‘
‘have higher Sr contents than the non-cnmnius.enriched basalts! which may well |
reflect plagioclase accumulation. | o i
5t4 The role of.ciinopxgoxene in Fracticnation Models

As noted'in Chapter é,'clincpyroxene phenocrysts occur infrequently‘;n ’
the Sidlaw lavas and it has been suggested that clincpyroxene may be the third

phase'to appear in the crystallisation scheme.v Fractionation of cl;nopyroxene

‘alone/
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FIG, 5-i
‘Variation/extract diagram for phenocryst'pOQr lavas (trace elements)

symbols as for FIG.‘5-1 ¢
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T1lustration of the effect of cumilus enrichment (major elements)

0 Cumulus enrlched lavas (> Sp phenocrysts)

. Non-cumulus enriched 1avas (< 5% phenocrysts)
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FIG:  5-6
| T1lustration of the effect of cumulus ehiichmehﬁ {minor elements)

_Symbolsfas for FIG§:5‘Sf }T
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alone‘will‘not exylain the :veriation in lava chemistry, but when.it:is
considered in'combination'with olivine. plagioclase‘and ilmenite,'it is
possible that the magmatic trends could be accounted for. However. the
amount of clinopyroxene in the non-cumulus enriched lavas is very small and
.it occurs in only one lava. Thus, it is concluded that if clinopyroxene

'had fractionated. it was. of minor importance.
5:5 Summary

‘It is considered that fractionation of olivine, plagioclase and ilmenite
,(with possible minor clinopyroxene) could satisfactorily account for the
chemical'variation in the' non-cumulus enriched lavas, and that the soatter'in
: the'whole rock veriatiOn'diaérams'is‘s;function‘of-- ‘ | |
l) Slight variability in the cumulus enrichment process. . Some samples
L have moxre than average contents of plagioclase whilstbothers have more
than average contents of olivine phenocrysts.
2) Vide range of inmlediately parental magmas. | o
| It s important to note that the present data do not disprove the simple
straightforward Low Pressure crystal fractionation/hccumulation model.
A Other models, for example_involv1ng emphibole fractionation have been
" considered, bnt in view.of the‘nbcve,.it ietimpossible to decide whether theﬁl.

any importance.
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 CHAPTER 6

EXPERIMENTAL MELTING _DATA

6:1 Introduction

In Chapter 5, it was suggested that the fractionation of olivine.

' plagioclase and jlmenite could explain the observed chemical variation in

* the Sidlaw lavas. 1In this Chapter the possible pressure‘regime in which
this ffaciidnation took place is discussed with‘réference to melting data

for selected lavas from the Sidlaw Hills:

. 612 Melting Studies
61251 Introduction e

The problemsof basalt-magma genesis have led petrologieta to consider
the implicationa of phase equilibria studies on. silicate systems. Though
,simple silicate melting studies have provided a foundation on which to: base
theories of magma evolution, these a:licate aystems suffar from the drawback
of 1acking many important constituents of natural rocks. '

AHowever; gttempts were made by'BOWEN‘(1914; 1928)‘to relate the phase
| relations in more compiex synthetic systéms suéh as CaMgSi Oé 3IMgasiO# -

..CaAlzséoa ~ S10_ to the featnres observed in basic igneoua rocks, though it

2
- can be seen from this system that only 4 major oxides are included. - As more
oxides are added to synthetic systems dednctions concerning the phase relations
uithin natural compositions become less speculative.

Experimental/
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ﬁxperimental melting studies on natural:basalts heVe aided greatly in
| understanding phase relations. and crystallisation behaviour, within this
complex multi-component basaltic system, The basaltic compositions used in
most of these melting experiments by YODER and TILLEY (1962), TILLEY, YODER
end SCHAIRER (1963, 1964, 1965. 1966) were tholeiitic basalts from Hauaii.
Japan. and Iceland. though a high alumina basalt from Medicine Lake, in the
United States. and high-alumina besalt, basaltic andesite. and hypersthene
andesite laVas from Paricutin in Mexico have also been studied.l

Recently~BROWN'and SCHAIRER (1967, 1971)ureported the meltingdrelations
of a series of Calcealkaline‘leves_from the Solomon Islands, and the VWest |
'lndies; It is clear from these studies on natural lavas, that phase relation-
ships determined are more Valid than for synthetic "simple" systems. though
| synthetic studies are still of considerable value in defining probable phase
equilihrie. . ‘ ‘l "

" Ten lavss from the Sidlau Hills. ranging from olivine basalt to hypersthene

endesite were selected for melting experiments at 1 atmosphere pressure. and
~ the techniques employed are presented in Appendix (B). Experimental run data
_are presented in. Appendix (B). All analyses of lavas from the Sidlaws have
been recalculated with all iron a8 Feo, since the conditions under which |

]

melting vas conducted were totelly reduced.

633 Atmospheric Pressure Studies

t The chemical compositions and the C.I.P.W. norms of the Sidlaw lavas
used in meltiné experiments are presented in‘TABLE 6-1 and TABLEd6-2
respectively. "Since these analyses have been recalculated with all Fe as

Fe0,/



TABLE 61 . ..
~ Chemical composition of Sidlaw lavas used .

in melting experiments : -
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TABLE 62

C.I.P.W., norms of Sidlaw lavas og'TABLE 6-1
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.FeO. two lavas M}9, and M44 are elightly nepheline normative. The remaining
vlevas are either olivine-hyperethene or quartz-hyperethene normative.

The liquidus. phase, the order of appearence of mineral phases and their
approximate temperaturee of appearance are given in TABLE 6-3. Olivine is
. the liquidue phase 4n only two laVae, both' of which can be described as
olivine basalts and contain only olivine as phenocryete. Clinopyroxene was
the third phase ‘to crystallise in 8 of the 1avas and was not found ‘in the
lowest temperature runs for the other two. The order of appearance of ‘clino-
' pyroxene is in agreement with ‘the data on hish-alumina basalt of YODER and |
TILLEY'(1962l. Since the phases crystallieing in.the melting experiments on‘
the 1a¢ae<from the Sidlaw Hiile‘correepond eioeeiy with their petrography
’in the case of olivine and plagioclaee, and occasionally in the case of clino-
pyroxene it is likely that the observed phenocryete in the lavae have a .low

pressure origin. and that in moet cases the laVaB were erupted before the

" incoming temperature of clinOpyroxene wae reached.

FIG 6-1’ illuetratee the lack of rational relationship between iron

~ enrichment and 1iquidue temperature. However. a linear trend should not

vnecessarily reeult in this diagram as different liquidus phases occur, and
more than one phase is causing fractionation. Superimposed on to this diagram

"is the 1iquidue temperature - iron enrichment trend of continental margin

‘calc-alkaline seriee from YODER (1969). TILLEY, YODER and SCHAIRER (1966)

and it can be seen that in general the liquidue-temperatures for a given
FeO/Fe0 + Mg0 ratio are the eame Vaiue-for both the Sidlew lavas and the
temperature of appearance of plagioclase as a liquidus phaee in the oidlaw
lavas correeponds cloeely to- the continental margin calc~-alkaline series.

The change of 1iquidus phase in calc-alkaline laVae has been discuesed

- vy/
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FIGS 6-1.

Plot df'iron enrichment vs. 1liquidus temperaturé for experimentally

melted Sidlaw lavas

P = Plagiqclase liquidus
0 = Olivine liquidus

Superimposed trend from YODER (1969)
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by YODER {1969), who'oouqluded that tue presence of water in the lava delayed
the incoming of plagioclese. -This conclusion is partieularly important when
.constdering the behaviour of M20 (see TABLE 6-1) which has modal olivine
phenocrysts only, but has both'olivine and plagioclase on the.liquidus at
1190°C. The presence of modallolivine pheuocryste‘Only, and piagioelase go=
‘existing with olivine on the liquidus in this lava suggests that olivine is
the true liquidus phase at the poiut'of'origin; and thet substautial amounts
of water may have been preseut'duriug‘the cryetallisation_of M20 on its way

. to the surface.. ‘; S ' ; ' | o |

The relationship between the temperature of appearance of olivine either
. as liquidus phase or 'second' phase to crystallise and the MgO content of the

lavas 15 shoun in FIG 6—2.,

6:4  Elevated Pressuré Studies ';' ey
From TABLE 6=3 it can be seen that the liquidus temperatures of the
laVas of the Sidlaw Hills at 1 atmoephere pressure aré all greater than
1190 C. a value which is considerably higher than that observed in nature
for calc-alkaline lavas from Paricutin (1080°c) reported by FOSHAG end
GONZALES (195#). BROWN and SCHAIREB (1967, 1971) have reported reduction
of the 1iquidus temperature of calc—alkaline lavas from St. Kitts, and
St. Lucia in the West Indies by as much as 200°¢ by melting of the lavas
under hydrothermel conditions at 2 kb water pressure. The liquldus temp-
erature found under the higher pressure conditions vere 1n the range 1010
- 1050°, values very much in agreement with FOSHAG and GONSALES (1954).
‘Preiiminery ruue at 2 kb water pressure'haue been made on the Sidlaw -

lavas/
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lavas M2h and M39 (see TABLEps-l),vand'the results are given in TABLE 6=k,
Several importentipointe emerge from this study. 1The 1iquidusptenperatures
are reduced coneiderebly,zand it can.be seen that in the ‘case of M39, the
'iiquidue hee not been reached erenvat 1ooo°c,- The suppression of the temp-
erature of crystallisation of plagiociaee:in'ﬂah is in agreement with the
data of YODER and TILLEY (1962)' for high alumina baeelt.-" Buffering of runs
- was achieved by using a mixture of wustite/Magnetite, and a descriptlon of
E techniques is presented in Appendix (B)a The experimental run data is

tabulated in Appendix (B):--

6:5 Summary

The.cloee correSpondence between the observed phenocryet aesemblages and
the order of appearance of phases in the melting experimente at l atmosphere
pressure euggeet that fractionation 1n the Sidlaw 1avae wae a low preeeure
phenomenon, and probably took place in the presence of water. The importance
- of olivine-plagioclase fractionation and the relative unimportance of clino-

pyroxene fractionation (eee Chapter 5) 15 confirmed.

105
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| 'TABiE 6l

Experimental results from 2 kb melting

ot te B . . .
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GENERAL ASPECTS OF PETROGENESIS

711 Introduction -

PetrOIOgisfs have for many.years been eware'of.the.probleﬁs associated.

with the genesis of calc-elkaline magmas , and many theories have been |

' . proposed for their origin. Before the. advent of extensive phase-equilibria

and melting studies. theories on the origin of calc-alkaline magmas could be

jgrouped into- three main categoriee, which have been outlined by BEST: (1969).

These are listed below.. . . . L.

1)

Mixing of Magmas
This theory was proposed by LARSEN et. al. (1938) to explain the

) formation of the lavas of the San Juan volcanie provinee.. However, the

mechanism of magma mixing is unlikely ‘to be of importance since strontium

e isotope data;-ane trace element data 1n»genera1 suggest mantle derivation

‘of calc-alkaline magmas, and preclude the possibility of mixing of

2)

magmas.

Qrustal Anatexis: '

The hypothesis of anatexis in ‘the formation of calc-alkaline magmes
suffers from several dranbacks. Partial melting of crustal material is

likely to produce moderately siliceous liquids and would fail to

| provide sufficient basaltic material. BEST (1969) has pointed out'thst

the order of -emplacement of plutonic.celc?elkaiine'rocks'is'the reverse

from that which would be expected if anatexis had operated. Strontium

isotope/
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isotope studies by TAYLOR and WHITE (1965) and TAYLOR (1969) indicate

a mantle origin for the calc-alkaline magmas. TAYLOR (1969) has

ohown that trace element data, and géoPhysical data do not support

theories of anatexis7

35 Aosimilation'of CfusfallMateriai:
As with anatexis{'isotopic.and trace element studies by TAYLOR

(1969), do not supporf theories of assimilation proposed by HOLMES

(1932) aod TURNER and VERHOOGEN (1960)." |

Studieo.on synthetic coopositions and systems, and more recently on
natural compositions. have prov;&od much needed information relating to
the goneéis of calc-alkaline magmas. Consequently numerous hypotheses
concerned Qith the origin of calc-alkaline magmas have produced, oany of
which propose a mantle origin, O'EARA (1965, 1968), YODER (1965, 1966,
1969), and KUSHIﬁO (1972) have shown that the initiﬁl parfial melting products
of Upper Mantle Peridotite under water saturated conditions up to 25 kb
are quartz normative and fichbin alumina. With increasing degrees of partial
melting;'or with gradual loss of water, the 1iquid»in equilibriuﬁ with the
peridotite chénges its composition and becomes less siiicic.

OSBORN (1959, 1962) proéosed derivation of the calc-alkaline lava
series by fractional crystallisation of higﬁéolumina basalt undes hydrous
conditions and a high partial pressure of oxygen. OSBORN has‘shown\from

work on the MgO-FeO-Fe Si0, that if a magma crystallises as a closed

%"
system, the residual liquids will bocome strongly enfichéd in iron, and the
parﬁial pressure of oxygen will drop. If, however, the-partial.pressure of

_oxygen is buffered, magnetite precipitation will resu;t,‘leaving a residual
liquid depleted in iron, ahd more skin to calc-alkaline liquids. The abovo

lt~component/



109

. b=component system investigated By OSBORN (1959, 1962) suffered from lack of
‘basaltic components, though by the addition of CaO and A1,0,, and later
Na_0, OSBORN (1969) achieved more abprOpriate results. Fractional crystal-
lisation of oiivine, plagioclaseé élinopyroxene. gnd magnetite from an
olivine basalt with coooomitant gain of water and loss of hydrogen from the
system, . could produce andesitic liquida‘(OSborn pers. Comms ). However,'fhe
general hypothesis is noo supported on geochemical grounds by TAYLOR (1969).
Similarly, there is no geophysical'evidence from regions of calé-alkaline
volCaniém thoh~eupporté large ooale‘preoipit&tion of magneti%e} |
‘ GREEN and RINGWOOD (1966)vhave suggested é-ouartz'ociogite parental
materdal for calc-alkaline magmas and argued that partial melting of the
quartz eclogite at pressures of about 30 kb might produce a' dry andesite:
More recently, JAKES and SMITH {1970) ﬁroposéd paroial melting of mantle
@gteriai in which a low meiting#point mica phaso was involved; coupled with
. fractionation of hydroué~minorais_suoh as amphibole and mica to explain the
evolution of the potassium<rich calc#aikoline lavas of New Guinea.
| The role of amphibole fractionation in the genesis of calc-alkaline
magmas has been discussed by HOLLOWAY ‘and BURNHAM (1972) who show a close
correapondance between the compositions of experimental liquids and natural
“hornblende andesitoa, and conclude that deriVaf;on of evolved calc-alkaline
lavas from a tholeiitic basalt is a plausible mechanism. |
It ié-likely, that no single'hybothesia will be sufficient to explain
~ each calc-alkaline province owing to the considerable chemical variation

between provinces.

7:2 Geneeis of the Sidlaw lavas/



7:2. Genesis of the Sidlaw lavas .

" TAYLOR (1969) has pointed out that unlike alkali or tholeiitic lavas, -

" cale=alkaline lavas are not found in ocean basins or in shield volcanic

regions. and hence, derivationvof calc-alkaline magmas by a single process
from the mantle is unlikely.. TAYlOR also pointa'out that trace'element |
data- on calc-alkaline magmas are consistent with a multiple stage derivation
from the upper mantle, The contents.of Ni and Cr are very lov in many of
: the basaltic andesites .and andesites from the Sidlaw Hills, though in the
basalts, the concentrations of these elements are variable. As shown in
Chapter b, it is unlikely that removal of olivine and plagioclase from the .
most basic liquid could account for such a rapid depletion of Ni and Cr
in the basalts, and cause virtually no depletion in the range basaltic-
andesite to dacite. This, according to the argument put forward by TAYLOR
(1969), would tend to favour multiple stage derivation of the Sidlaw lavas
from the upper mantle. _ ‘ ‘

: Production of silicic high alumina liquids by hydrous partial melting
of upper mantle garnet lherzolite has been recognised by O'HARA (1965, 1968),
YODER (1969), and KUSHIRO (1972) as a possible mechanism for the generation
of andesitic and dacitic calc-alkaline lavas, and they all note that more
| “basic liquids could be produced by either advanced partial melting or by
loss of hydrous conditions. Thus it seems 1ike1y that in formation of

aluminous’%asic liquids, the role of water content must be an important

consideration. However, it was noted in Chapters 1land 2 that the amount of

water in the erupted magmas may not have been too large, since pyroclastic
deposits and hydrous minerals are apparently absent from the Sidlaw lava

sequence./
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isequence,_ Conseeuently,’theories‘of originvof the Sidlaw lavas by both
dry and wet partial meltiné\of»upper mantle garnet lhergzolite will be
outlined | | B 'v ‘ | : |

YODER (1969) has demonstrated that under hydrous conditions, the
‘_initial partial melt product of a peridotite (olivine + clinopyroxene +
orthopyroxene) at 20 kb will be a liquid wvhich if separated would crystallise
as the assemblage clinopyroxene + orthopyroxene + quartz. YODER goes on to -
suggest that if this initial liquid was erupted, a calc-alkaline ande51te
‘could result, though O'HARA (1965, 1968), YODER (1969), and KUSHIRO (1972)
_ have indicated that this 11quid would be siliceous. and likely to crystallise _
as andesite or dacite. Owing to the comparitive rarity of andesites and
dacites in the Sidlaw 1ava sequence, 1t is concluded that this process may
not have been of great importance in this area.

. Dry partial melting of a four phase garnet lherzolite at 20 kb and
.1640 C has been shown by YODER (1969) and KU HIRO (1972) to yield a liquld
.which would crystallise as olivine and sub-calcic augite, though if this
liquid was erupted, it would most likely crystallise as an 011Vine tholeiite.
" Its normative oliV1ne content would depend greatly on the degree of partial
melting which takes place. O‘HARA (1968) has pointed out, that ‘the first
-liquid produced by dry partial melting of upper mantle peridotite is likely
to ‘be picritic and that olivine will fractionate on ascent of this picrite
. to produce an 011V1ne tholeiite. This production of olivine tholeiite is
accepted as a possible first etage in the formation of the Sidlaw lava
sequence.. .

.KUSHIRO (1972) has shown that fractionation of olivine and clinopyroxene
from an olivine tholeiite will give rise .to aluminous liquids under hydrous

conditions/
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conditions at 13-15 kh, and it‘isilikely thatithis mechanism'oould operate
at lower pressures; YODER'and DICKEY (1971).demonstrated that with'increasing
water pressure, the orthoPyroxene primary phaee volume diminishes at the _
expense of the clinoPyroxene and plagioclase volumes, though the clino- ,
yroxene.volume_does_expand to a ‘certain extent relative to.plagioclase.
Data‘on M2k, the most basic:lava eompositionMin the Sidlau sequence, shows
 that at 2 kh:uater pressureﬁ‘the‘plagioclase liquidus is suppressed with
clinopyroxene‘being thedsecond rather than third phase to crystallise. This
feature has aleo been observed by YODER and TILLEY (1962). Thus,’it’is
concluded that water pressure will delay plagioclase crystallisation. beriv-
ation of high—alumina basalt from the olivine tholeiite by hydrous- fraction-‘
ation of olivine and clinopyroxene is accepted. It was noted above that.
formation of an olivine tholeiite from the upper mantle required dry partial
melting of garnet lherzolite. UpWard migration of this olivine ‘tholeiite
liquid to a region where water may be able.to.control the fractionation'is )
necessary. Such a zone where. water becomes- an important accessory may be
‘ the base of an orogen containing wet sediments ora region of deep faulting
ellowing entry of water into thevsystem.

The low water pressures envisaged\ahovetfor\the derivation of the high~
alumina hasalt from the olivine tholeiite‘as a nrecursor to the low pressure
differentiation of the Sidlaw'sequence, tend to support the apparent lack
Vof pyroclastic deposits and hydrous minerals. HOLLOWAY and BURNHAM (1972)
and CAWTHORN (pers. comm.) have demonstrated that amphibole crystallisation
takes place at fairly low water pressures, and thus it is concluded that 1f
-olivine tholeiite is the immediately parental magma of the Sidlaw lava “
- gequence, derivation of high-alumina basalt from that parent took place at.

shallow/
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shallow depths poseibl3 less than 10 km.o

One of the most important coneideratlons of any petrogenetic scheme ie
to test whether the parent/ﬁaughter chemical reletionshipe are Valid. This
.can only be done in a most epproximate way, but it 'is worthwhile to check
that the idea is not totelly impleusible. For this purpose, major element
data for a range of olivine tholeiites have been taken from TURNER and |
" VERHOOGEN.- (1960), MANSON (1967) and JAMIESON and CLARKE (1970). The,chenical;
composition of the high-elumina basalt has‘been taken from the most beslq |
lava iﬁ the seqnence from'thelSidlaw Hills.  FIG 7-1 ehowevthe major element
reletionshlpe-between.the peetulated:olivine tholelite compoSitionalirange
and the'high-elumlna'beealt."Ollvine.(Fo7o) and‘clinopyroxene (from Chapter 3)
' composition'points have beenfeddedito each varietion diagrem.' It can be seen
 that extraction of- approxlmately 40% olivine and .60% clinopyroxene from the
olivine tholeiite composltlons could account for the major element chemistry
of ‘the h1gh-a1umina basalt. Trace element relationehips have not been . -
‘coneidered since the trace element contents of the olivine, clinopyroxene,
and olivine tholeiites are»not known in deteila How the range of high-
elunina basalt liquids (see Chapter 5) can be produced is not clear though
'flnctuatiné.proportions»of olivlne end‘cllnopyroxene could partially account

for it.

7:3 Petrosenetic Summagx"

The'following,petrogenetio echeme_is:envieaged ae.a series.of possible
mechanisms for production of the Sidlaw lava eequence;ﬂ
11) Dry partial melting of"nppef mantle garnet‘lherzolite to produce -

pleritic/
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. FIG. 741

' Extract diagram il;uétrating the proposed derivation of high
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alurina basalt from olivine tholeiite .
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picritlc liquid.

Upward migration of this picritic liquid with mxnomitant loss of

;olivine to give rise to an olivine tholeilte.

Low to moderate pressure wet fractionation of olivine and ciinopyroxene
from thé olivine tholeiite giving a range of high alunina basaltic
liquids. | ' | | |

Medium-to low pressure fradtionation_of olivine + plagioclase +

" 41menite +-yéry minor clinopyroxene from the high alumina basalts

" to give the obséryed 1aVa'sequenée‘of the Sidlaw Hills.
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CHAPTER 8

SIDLAW LAVAS IN RELATION TO PLATE TECTONICS
8:1 :ntroduction'

’ Though there is very 1ittle geophysical data connected with the origin
of the Lover Old Red Sandstone lavas of SCOtland. it is. necessary to review.
the current theories on the geophysical evidence related to calc-alkaline
magma genesie in order to relate the Lower 0ld Red Sandstone volcanicity

_to the structural evolution of the Caledonides.‘

'In the last decade, attention has been paid to the possibility that
: andesite volcanism may be related to a zone of seismic activity dipping
~ towards the continente from a region on the continental side of a geoeynclinal
trenchi This zone of eeismio activity was first recognieed by BENTOFF (1954),

'though only recently have the implicatione of ite connection with andeeite

‘volcansim been recognised. RAYLEIGH and LEE (1969), amongst many others,

have discussed the pczeible relationshipa between calc-alkaline volcanism

and earthquake zones produced during subduction of oceanic plate dovn a

“Benloff zome.
8:2 Evolution of the Caledonides

‘ DEWEY and PANKHURST (1970), and DEWEY (1971) have outlined models for
the evolution of the Scottish Caledonides based on isotopic age. patterns.
and structural and etratigraphic relationships., The above authors concluded

that/
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that the presence of a northwards dipping Benioff zone.beneath the Midland
Valley of Scotland could explain the observed magmatic eeeuence in the
area. The exact location of the trench where oceenic plate was consumed is
in douht, though DEVWEY (1§71)'pr0posed a trench along the present nonthern
boundary of the;Southern'Uplands. |
In contrast, FITTON and HUGHES (1970) have suggested‘that a southerly
dipping‘Benioff none of Ordovician age could explain the evolntion of the
tholeiitic, calc-alkaline, and alkalié volcanic suitee of. the Leke District
and Wales, and propose that the trench should be 1ocated in the Moffat
region. By accepting the theories proposed above, it is tempting to conclude
that the magmatic variation within the'Caledonides could be explained by two
Benioff zones, a conlusion which would require the approach of two con-
tinental land masses with associated consumption of oceanic plate. DICKINSON
and HATHERTON (1967, 1969) have demonstrated: that the potassium contents
of lavas increase with distance away from the’oceanic trench¢ and hence
increase with increased depth of. consumed oceanic plate beneath the volcanic
centre. The feature applies only to those lavas apparently associated with
subduction of oceanic plate. The. potassium contents of the Lower 0ld Red
Sandstone basalts (< 5% 510 ) in Scotland is rather variable as shown in
TABLE 8-1, although data at present aVaileble.are very few for most areas.
On the basis of the uncertainty concerning K0 contents of the lavas,
and the fact that a subduction zoné in the Sonthern Uplands as envisaged
by DEWEY and PANKHURST (1972) and DEWEY (1971) would not take account of
the Cheviot latas (since they would have been generated on top of oceanic
piete) it is concluded that.(it wouid be premature to postulate the

existance/
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TABLE 8-1

K0 cohtehts of basalts of Lower Old Red Sandstone

age from various lava sequences ir Scotland .
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- existance of a Benloff zone to .explain the Lower Old Red Sandstone lavas

of Séoti'and.'-
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APPENDIX A

SAMPLE PREPARATION AND ANALYT‘ICAL METHODS

A3l Sample Preparation

Samplés selected fo?.anélysis ;éréIWashed in watef and scrubbed with a
hard brush in order to remove loose fragﬁents aﬁd as much of the weathered
surface as possible. Afier drying, the samples.ﬁere split into small
fragments (~ 2cm) using a Cutrock hydfqulic':ock splitter. Care was taken
to remove weathered fragmenfs, and.thoée'which'showed signs of contamination
from £he rocﬁ splitter. This coﬁtémihation vwas evident from small coatings
of steel on the fragments. Since the lavas afe fine grained and compact,
very little powder was produced during sample splitting. As the lavas
appeared to be homogeneous in thin section and hand speéimen. large quantities
of sample were not required. . '

The 2 cm sized chips were reduced to ;5rmm fragments using a STURTEVANT
Jaw Crusher. The fine powder resulting from this initial crushing vas
retained. Final grinding of tﬂé'samplés was achieved using a steel TEMA disc
mill. After érinding for 60 secoﬁds, and éieving through nylon nets it was
found that the powder grain éize was less than 100 mesh, and siéving |
waa discontinued,

STRONG.(1970) haé shown by contamination fests that Ni and Cr appear to
b§ the main contaminants ﬁroduced by grinding in a steel TEMA, and therefore
samples selected for ana;ysis of Ni and ér were ground in a tungsten carbide
fEMA disc mill. Although the WC TEMA contaminates the samples with small

amounts/



amounts of W and Co, this does not affect the present study.

. For separation of plagioclase phenocrysts, the rocks vere ground to
~15 mesh and the fine grains were passed through a magnetic separator
at fairly low current. Repeated magnetic separation resulted -in an
"impure plagioolase separate, though it was difficult to remove all impurities
due to inclusions in the feldspar The impure separate was ground to 100
» mesh in a WC TEMA . and the powder passed through the separator once more.
Final purification was not achieved and impurities such as rutile. clinc-
. pyroxene, and altered olivine vere estimated in one sample studied in detail |
(M83) by point counting to be 0.5%. 1% and 1% respectively.

A2 ~ X-Ray Fluorescence Analysis o
 As2:l Major'Element Analysis

A fusion method of sample preparation for analysis of major elements
was adopted in this study, and this method has been outlined by ROSE et. al.
(1963). The absolute ueight of fusion constituems used is not critical |
providing the ratio 1il: 8 of sample 3 Laao3 nho is maintained. The
weights chosen in-this study were 0.75 gns sample, 0.75 gms La,O., and 6 gnms.

2

L& Buo? each constituent being dried thoroughly before use., The mixtures '
- Were placed in graphite crucibles and fused at 1050 C in a muffle furnace.
'; After fusion, the glass beads vere allowed to cool. Any bead which showed
signs of incomplete fusion (indicated by white Laao3 on the surface) were
discarded and the fusion repeated. After the beads had cooled sufficently,
'they were placed in clean dried glass jars inside a dessicator. Finally :
their weights were made up to exactly 7 5 gms using dried Li BQO , and the

samples/



samples were stored—ih firmly stoppered glass bottles. Before use.'the
glass beads were ground to -200 mesh in a WC TEMA, The powoers were dried
at 110°C. and just prior to analysis they were eompressed into discs with
a boric acid backing, -Care was taken to achieve a smooth unbroken disc
surface, any poor discs being discarded end replaced. This method of
preparation reduces matrix effects and thus corrections for the matrix are
A.not required, Another featnrelof this method is the linear felationship;
which results between fluorescent intensity and element concentration for
all elements with an atomic number greatei'than 1l1. |

The analyses were carried out using a Phillips PW1212 Automatic X-ray
Fluorescence Spectrometer. The Operating conditions for analysis of major
elements are presented in TABLE A-1. "Each of the major element oxides
analysed by thls technique was determined using a Cr tube, and the results
.were computed againet standards (prepared - and analysed by exactly the same
techniques, as the samples) using a computer programme available in the
Grant Institute of Geology.v MnO was determined usxng a ¥ tube, The standards
used in this study were both,U.S.G.S. standards'(AGV-l, BCR-1) and Edinburgh
University standards. These are shown in TABLE A-2 and the values used
vwere those quoted by FLANAGAN (1969)

To estimate the precieion of the XRF analyses, five fusions of M1
were prepared. The results of this precision test are presented in TABLE

A-3. The precision data are compared with those given by APPLETON (1970).

‘At232 Trace Element Analxsis

vTraoe element determinations were carried out on the rock powder (ground

to/



ment Kv

Ele

and

Line
"si K 60
™ Ok . 60
Al K 60
Fe K 60
Mg K 4o
Ca 'K ko

K 60

P K 60
Method
'P=_Peal-( N
.B = Background

orystal

PE
PE
PE

PE

PE.

'PE

TABLE A=l

Method

9 9 W W

.P-Q -

o

- P-B

. Counter

"

Time
(secs)

10

20
100

10 -

.10

ko

Collimator

Coarse

R
L .

"

Fine

"

Vacuum

Yes
Yes
Yes
Yes
Yes
Yes

Yes

" Yes



IABLE A-2

Standards for Major Elements

AV . NBS 88a
BCR-L  NES 98
n o “'.629"‘
B2 630

™ KD OEC
N-357 - 520



M

S0, 5k, 54
A1203. 17.97
Feao3 8.69
MgO 332
Ca0 6.52
K,0 1.67
Pao5 0.29
40, 1,52
M = Mean

R = Range

TABLE A-3

R
| 54.12-54.77
17.71-18.10
- 8,61-8.91
2.88-3,46
- 6436<6.71

1.63-1.73 )

0.29‘0031 !

1.43-1.60

S = Standard Deviation

a

0.22
0.40.
. 0021 !

0.15

1 0.12
0.03

0.07

C= Coefficieht of variation,(%) e

N = Number of determinations

Precision of Major Element Analyses

G

0.0

2.25

2,38
b6
1.87
1.92
6490
467

Appleton (1970)

M

48.37
16.34
8.7k

b.45

9.73
7.7
0.48
0,81

L%

0.32

| 1.09

0:93
1.85

0.26 |
0.49 -
3,40
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to —lOO mesh‘or less) using the PW1212 spectrometer, The-powder was

' supported on mwlar inside the spectrometer. Care was taken to ensure

that sufficient sample was used since penetration by the X-rays is quite

deep, and small amounts of powder might result in anomalous determinations.

'Ba, Sr, Rb, Y; Zn and Cu, were'determinedvon all samplee; La and Ce on most of

the samples,'and Ni, Cr, and V on selected semples.g The operating conditions'

are presented in TABLE A~k and'tne.standards'used in the determinations

were AGV-1, BOR-1; GSP-l, Gl, G2, DIS-1, T1, Wl, SY2 most of which are

U.5.G.S. standards. The standard values‘cnosen were those quoted by FLANAGAN

(1969), and are shown in TAELE A-S, | |
Precision tests were carried out on samples M (5 determinations),

and the results of this test are-presented in TABLE A-6.
'At3 Wet Chemical Methods .

Ferrous iron was' determined according to the method of WILSON (1955).
The precision of FeO analyses is presented in TABLE A=7.

Na20 was determined using an EEL flame photometer. The Samples were '

dissolved in concentrated HNO3 and HF and evaporated to dryness on a hotplate.

This step is repeated once, and’ the sample finally taken into solution with
.dilute H SO#. The sample solutions were diluted to give concentrations |

.. in the range 1-25 ppm Naao to correspond with standard solutions used. The
(o] was - determined by bracketing between two standard

2
-solutions, Interference by Ca was removed by using a double Na filter. The

exact concentration of Na

. precision of Na,0 analyses is presented in TABLE A-8,

0/
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H.O Was‘determined by a similar method to that .proposed by SHAPIRO

2
and BRANNOCK (1962) where 1 gm of Bample is fused with 3 gms of flux
(lead oxide/lead chromate) in a pyrex tube.i The preciaion of this method
is shown in TAELE A=9.

Sr ‘was determined on the plagioclase separaves by Atom.c Absorption

'Spectroscopy in the .presence of La 03 and KCl using synthetic standards.
The U.S.G.S. standard AGV-1l was used as a test for;accuraoy; The results

 of tne Atonio Absorption:determinatione‘are:compered with X-R-F results dn _

TABI¢E .A".lo .

'Azk Klectron Miorogrobe4Anaixsisl_

. The electron microprobe analysee of pyroxene presented in Chapter 3
vere carried ocut at Manchester Universlty under “the supervision of -
. Dr. A. C. Dunham and Mr. F. Wilkinson. The standards used 'in the deter—
'ninations were both synthetic and natural composltione and the results
vere corrected both for machine drift and "dead-time"

The feldapar compositions -of Chapter 3 were, computed from partial

enalysee by electron microprobe for cao and K 0, using synthetic and
. natural feldspar standards. By using appropriate standard compositions.‘
. errors in the determ1nation of unknown compositions are small (Dr. Dunham,
B pers. comm.), Ca0 and KZO oan be converted into Mol % Anorthiteoand‘Mol-%

Orthoclase directly.

o A:5 Optical Determinations/



TABLE A=7 =

Precision of FeO determinations

M R s ¢

TABLE A-8

Precision of Na.0 determiﬂétidns
S ' g Co

¥ R s g

- lz

Na 0 hu43 W39-hb9 0,033 0.75 5

TAB;E ‘3~0 -

Precision of H.O determinations .
of H, winabtiong

¥ - R 8 ¢ K
H '

2

[

3
>,
N

Accuraci.qf Sr_determinations

Flanaéan (19§9)“' :

657 prm,

AGV=1

ppm Sr- (AJA).

160 13
w83 . 1201

0 1.52 1.41s1.62 . 0,084 555 b

TABLE A-10

Appleton .(1970)
M c
k.19 1.01

~ Appleton (19?0):

) ¢

;-1‘79 . o.#h

A.A. (This study)

665 ppm

ppm Sr. (XRF)

1440
1300



vAsS ’thicai beforminations'

Determinations of the anorthite content of plagioclase were made using the
‘Michel levy method on a flat microscope stage and on a: universal stage using
the high temperature determinative curves of VAN DER KAADEN (1951), ' SLEMMONS
1 (1962). BURRI, PARKER and WENK (1967), and MUIR .(1955).
Rofractive ‘Indices of orthopyroxenes were determined on cruahed.gramns

in sodium light,

‘A6 Modal Analysis -

Data on the modal analysis was obtained by point counting on a Shadowmaster .
projection microscope. 2400 . points were counted on each view of the sample slide.
' Additional dotermination on duplicate slides of about 25%% of the apecimens vere

carried out to obta;n more‘ropreaentative;modnl ana}ysis.,
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EXPERIMENTAL PEI‘ROLOGY TECHNIQUES
'Bil  Atomspheric Pressure Experiments

B:2 Elevated Pressure Experiments



'APPENDIx ‘B

EXPERIMENTAL PETROLOGY TECHNIQUES

. Bsl - Atmos heric essure Experiments

Samples selected for melting at 1 atmosphere pressure were ground to
=325 mesh in a WC TEMA, to 1essen the possibility of residual grains remaining
after the runs. Approximately 10~15 mg of sample were placed in Mo tubes. The
povder was tamped down and the tubes were left unsealed. They were loaded with

open end upwards into a Pt carrier and run at various temperatures between 1050 C
and 1225 C in an atmosphere of Ha/co for between 5 and 7 hours. depending on, the
temperature. The runs were made under the supervision of D. Je Humphries. |
Calibration of temperatures were made using the melting points of Au and Ii SJ.O3
_and errors were found to be = hoc at 1064° and : 9 5 at 1208°,

After quenching. the capsulee wvere Opened. Care was taken to ensure that
all the sample had been removed from the capsule in case crystal sinking in the |
‘liquids had occurred, The samples were examined optically in oil of known
Refractive indei.‘ As far as bouid be ascertained all the cryétals observed in |
the 1 atmosphere runs were pgiméry and not quench products.

The atmospheric pressuré run data are presented in TABLE B-l.

B:2 FElavated Pressure Experiments

1 L

As with the atmospheric presqure'experiments. selected powders weie'ground

to/



TAELE B]

Atmospheric pressure melting data



™'MP (°¢)

1224

1200 1180

1163

1147

1123

1100

1065

M32
M3h

M39

M6l
M87

M96

GL+01

GL

| GL4P

GL+P

GL GL+P+01

GL+01 GL+P+01

| GL+P

CGL - GL+P+01

_GL'}p GL+P+01

GL+0OP .

. GI+P

 GLA+P-

- GL+P+01

GIL4+P+01

. GL+P+01

GL+P

GL+P -

GL+P+01

GL+P+01

GL+P+01

GL+P+01+Cp

GL+P+01+Cp .

GL+P+01-: Gy

" GL+P

| GL+P+O0L+Cp

GL+P+01

.GL+P+01+Cp

GL+P+01+Cp

. GL+P+C1
'GL4P+01+4Cp

GL+P+01+4Cp

GL+P+01- o~

GLfP+01”

 GL+P+01+Cp

GL+P+01+Cp

GL+P+01+Cp

GL+?f01+Cp

GL+P+01+Cp

GL+P+01+Cp

GL+P+01+Cp

GL+P+01+Cp -
. GL4P4OL

GLA+P+01+Cp

" GL+P+01+Cp

GL+P+0L+Cp

GL+P+01+Cp

-

GL+P+014Cp

GL+P+OP+Cp



| -to ~325 meeh.‘ 2 mg.of deionised water were eyringed into a small Pt‘capsule.

.The capsule was then filled with 10-15 mg of sample. The top of the capsule
was cleaned, crimped with pliers and welded with a carbon electrode. Care
vas taken to ensure that complete welding had occurred. The capsule vas

' weighed, heated on a hotplate for 1 hour, and weighed again Any capsules

which loat weight were discarded end renewed. In order to buffer the partial

pressure of water,.a»large Pt capsule was selected, filled with 10 mg of water,

v'exceee buffer mixture (either Wiistite/Magnetite or NL/NiO), the sample c-apsu_;e',

- and eealed by ueldingt Experimental runa‘at 2:kh were’made using a Yoder Bomb
(for a full description see FORD3(1972));:rThe gas atmosphere used in the‘experi-
ments wae Hz/Ar, and the temperature was controlled and measure ueing Pt/Rh |
thermocouples. As with the atmoapheric pressure experimente, temperature
calibration was made ueing ‘Au and LiZSiO , After quenching, capsules were

.opened, and examined . optically and by X-ray Diffraction. The buffer mixture
vas checked by x-ray Diffraction after each run to ensure that the required |
oxygen fugacity was maintained throughout the rung, |

‘Quench cryetale of mica were found in all runs. Other quench'phases were

_‘apparent but theee were . distinguished from primary minerale partially by the

cryetal form. The assistance of Profeesor M. Jo O'Hara and Mr. C. E. Ford

" with this dietinction is gratefully acknowledged.

BIBLIOGRAPHY

FORD, C. E., 1972. TFurnace design, temperature distribution, calibration and
_ .seal design in internally heated pressure ‘'vessels. Progr.
in Bxp. Petrol., 2 89-96 N.E.R.C. London.



TABLE B-2

Klevated pressure melting data -

1



| PEMP
1147

11098

1047

1000

PH.O

2 kb
2kb

21kb

2 kb

- TABLE B-2 -

ek

. Gle+Quench Mica
" above liquidus

iG1+01+Sp¥Quench Mica

' . LIQ+OL+Sp

" GL+01+Cpx+Quench Mica

LIQ+01+Cpx -

" G1+01+Cpx+PL+Amph?
LIQ+OL+Cpx+Pl

M3

Gl+Quénch Mica
above liquidus .

Gi+Quench Mica‘ 
above liquidus

Gl+Quench Mica
abpve liquidus

Gl+Quench Mica
above .liquidus



- APPENDIX C

TABLES OF CHEMICAL DATA FOR SIDLAY LAVAS'
' TABLE C-1 Iava Analyses' -
TABLE  C-2 5Calculated Groundmass Analyéeé\

'TABLE C-3 Intrusive hockaAnalyées: R



KEY TO TABLE C-1
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. M3 "o .." | n ) n o _
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. M75 Feldspar-phyric Olivine Basaltic Andesite
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MI01 Feldspar-phyric Olivine Basaltic Andesite
M102 Olivine Basalt | A |
Mloh ClinOpyroxene-Feldspar phyric Olivine Basaitic Andesite

M105 Feldspar-phyrlc Olivine Basaltic Andesite

. M107 Dacite

- M110 Clinopyroxene-Feldspar phyric Olivine Easélfic Andesite
Y116 Olivine Basaltic Andesite - |
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Mll9 Olivine Basaltic Andesite
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TABLE C=1le.

M1, M2 M3, 7. M10. M13. MIBe Mi9.

S102 54454 54494  55.39 52457 52.26 ° 50462 52.10 50.72
1102 1.52 154 1e51 1.36 1.32 1.32 1.6 1.50

AL203 17.97 1791 17.83 1664 1691 1871 16461 16.92
FE203 5.93 3.12 4 65 3.93 3¢ 45 3.34 4. 46 4.22

"FEO 2.49 4.34 2.76 3¢55 397 3.56 4032 4.30
MND 0.12 .16 0.13 0.13 0.15 U.09 0.17 0.15
MGO 3.32 3.70 3.52 6.21 5.89 Se 47 “ 6016 596
CAD 6.52 6. 48 6.22 851 9.68 .  8.50 B.08 8. 31
NA20 4. 46 4,42 - 4443 3.59 3.39 .3.60 3.64 3.66 -
K20 1467 169 1e78 1413, . 0.63 1.29 - 1.52 1.29
H20 152 1405 1419 2.20 2.29 3.31 2.05 2.77

P205  0.31 0.33  0.35 0.28  0.28 0.35  0.42 0.39

TOTAL 100.37 99.68 99.86 10010 100.18 100.16 10111 100.19

CIPW NORMS.

Q 3.30 - 3.72 4457 1.81 , 3.32 - 0.19 -

C . e - - - - - .- . -
ORr 10.01 10.16 10.72 6485 3.82 7.90 9.11 7.86
Ad 37.73 38.03 38.20 3115 29.06 31.55 31.22 31.92
AN 23.91 24.44 23.96 26461 29.97 32.20 24.83 26.73
DY 519 4.89 4.17 11.82 13.90. 7.28 10. 24 10.54
HY 10.53 11.31 11.02 14.74 13.01 12.78 15.87 13.05
oL - ‘- - - - 1438 - 1.78
MGT 4.18 © 3.69  3.59 3.69 3.67 3.45  4.29 4.23
1L 2.89 2.97 2.92 2.65 2.57 . 2.60 3.04 2.94
AP . 0667 079 ° Oe.8a- 0.68 0.68 0.86 1.01 095
I

BA 461 420 a75s: 2712 272 - 340 460 385
SR 522 507 491 410 412 624 518 - 480’
RB 52 50 st - 27 6 24 as 40
K 215 234 242 182 185 226 240 218
Y 43 37 34 33 30 26 36 38
ZN 78 - 16 ‘81 76 75 74 74 82
Cu 13 16 14 - . 23 a6 24 24 29
LA 23 . 19 24 . 12 30 16 20 16
CE 53 54 1) 40 " 63 ‘'S4 67 S8
NI 12 - ' 52 82 77
Cr 29 15 136 132
v 116 165 172 166
K /KRB 266 280 290 347 870 446 280 . 2617

Dele  51:04 5190 53049  39.81  36+19° 39.45 40.52  39.78



5102
1102
AL203
FE2]3
FEQ
MNO
MGO
CAO:
NA20
. K20
H20
P205S

M20.

S52.18
159
1619
4,73
J. 41
0.15
6.07

8.30 -

3+ 40
1.62
2.29

" 0.47

TOTAL 100. 40

. CIPW NORMS.

Q.
C
oRr
AB
AN
D1
MY
oL
MGT
Iwm
Ap

PPM

BA
SR
RB
ZR
Y
ZN
cu
LA
CE
NI
CK
v

‘K/rB

Do'l .

167
9.80
29+ 46
24.71
11.45
14.71
3-?8
3.09
.IOIA

462
692
37
293
33
78
45
21
84
252
352
178

358

40.93

M23.

$3.97
1.50
1772
" 3e¢70
4.20
0.19
4611
8.00
395
159
134

0.35 .

100. 62

3.01

9+ 50

33.79
26.21
9.37
10. 56

3.85
2.88
0.84

460

549
41

243
34
68
34
21
58

322

46.29

TABLE C-1 (CAONTD)

mM24.

SO.11 .

153

15.97

4.05
He 46
O.18
Te34
8¢ 50
3.24
1.04
3.03
0.32

99717

6.38

28+ 45
26.94
1170
1777
0.68
4,27
3.02
0079

380
607
18
228
35
72
21
21
52
224
325

169

480

34.43

M26.

$8¢15
1.23
1767
He 98
3. 50
0«10
2.26
3. 68
4433
1.99
1.21
Oe 44

99.54

12. 48
2.65
11.68
36+ 65
15.57

1177
a. 4l
2.28
1.01

496
473
60
262
a5
68
32
16
62

275

54. 66

M28.

S51.38
169
18456
5.38

3. 58,

0.13
396
7.10
417
1.45
2.30
0.39

'100.09

0«35
Be.81
36.27
28. 42
4.19
13.31
4. 40
3.30
0.95

422
675
36
248
30
67

20
63.

334

45. 44

M29.

5151
169
18.90
5.09
4.02
0.20
3.93

717

4.19
1.47
157

0.32

100.02

8.87
3619
29.01

4. 19
12.87

0. 38

4. 44

3.28

0.77

460
685

246
48
72
21
18
65

380

45.06

mM30.

' 53.25

1.70
18.00
4473
356
O.11
4.05
T¢72
4. 16
1.62
1.06
0«36

100.32

149

9.69
35.63

25.97

Be 4l
10.68

4.01
3.27
0.86

490

607
33

250
34
84
13
21
88

401

4681

mM31.

53.13
1.70

17.82
4.83
3044
O.11
4051
7.70
4022
1.59
0.84
0.35

100.04

0.61

9.50
36.09
25.25

8.89
11.57

3.99
3.26
O.84

260
593
as
238
31
87
18
2a
86

3717

46+20



TABLE C-1 (CONTD)

M32. M33. °©  M34. M35, M36. M37. M38. M39.
side 5163 5174 53.26 S51.84 51. 48 51.93 52.28 S0. 69
1102 166 170 167 170 171 1.68 1.64 1.73
AL203 18.64 18437 17.78 18.33 18,49 ° 18.13 18.35 18.89
FE203  6.52 6463  7.93 6+00 4.99  6.47 4+95 4.82
FED 3.27 2.89 ,2¢99 . 3.75 4. 42. 3.10 4465 3.58
MNO 0.11 ‘O«ll ~ 0.08 O.11 O.14 0.09 0.14 0.34
MGO 4. 44 4.03 2.72 3.80 4.04 355 4.00 S5.30
CAO 699 7.70 7.01 7.37 7.08 7.32 7.02 5.21
Naz20 4. l4 4.28 4,17 4432 4434 44 43 4426 4.90
K20 1.53 1+ 48 1+ 46 1. 47 1.47 1. 48 1.52 1.42
H20 1.30 1.09. 0.74 1.22 157 1.33 136 2.85

p205S 0.34 0.32 0.34 0.30 0.33 - 0.31 0.31 0.34

IO1AL 10057 99.34 100.15 100.21 100.06 99.82 100.48 100.07

CIPW NORMS.

Q - - 3.90 - - - 0.29 -

c - - - - - . - ' - 0.65
Or 9.17 8.87 8+75 B8+83 B.86 . Be94 9.11 Be 67
DI 3.86 7.87 5.93 6.88 5.25 7456 . 5.23 -
HY 1316 8.80 10. 58 10.87 10. 40 10. 44 13.42 5.44
DL 1044 -2e21 - OOSS 2012 0.37 - 9059
MGT 4.70 4.56 5.20 4e 71 4. 62 4. 62 4. 69 4.15
LM . 3.20 3.27 3.22 3.28 3.31 3.26 3.16 3. 40
AP 0.82 0.77 0.82. 0.72 0.80 0.75 0.74 0.83
PPM

BA . 518 485 510 S00 4715 502 . 504 - 305
SR 6717 692 671 - 691 689 675 , 670 550
rB 31 33 43 30 33 28 . 33 30
ZR 198 185 184 192 196 198 204 220
Y 34 31 o al 35 34 31 34 38
ZN . 96 75 . 68 70 76 64 73 1 48
cu 15 . . 30 31 30 20 - 21 20 12
LA 21 20 20 24 28 25 9 12
CE 70 85 76 73 66 72 76 63
N1 6 7 ' : 8
cr . 18 _ 25 : ' 17
v . 141 138 213
K /RB a10 367 282 407 370 439 377 386

Dele 44068  45.60  4B.42  45.97  46.33  47.24  45.94  51.52



s102
T102
AL203
FE203
FEQ

‘MND
MGO
CAD
NA20)
K20
H20
P20s

TOTAL

M4l.

52.05
1.69
19.90
4.84
2.66
0.28
3.53
6.62
4.75
157
1.56
0.38

99.83

CIPW NORMS.

Q
c
Or
AB
"AN
DI
HY
oL
MGT
L™
AP.

PPM
BA
SR
rB
Zr
Y
ZN
Cu
LA
CE
N1
cr
v

K /KRB

Dl

9.49.
41.10
28.98

1.67
. T7.23

3.70 -

3.63
3.28
0.92

S00
7959._
3(
230

38
85
17
26
90

421

50. 58

Ma2.

52.35
1.64
17.74
S.67

" 4.09

0«14
3.70
6.91
4.17
1.48
1.50

0.33.

99.72

1.89

895
3613
25.92

5. 69
12. 66

478
"3.19
0.80

. 498
677
32
200
30
73
14
30
81

384

46491

TABLE C-1 (CONTD)

Ma3.

S1.57
1.61
18.30
4.93
4.00
0.15
3.83
7.07
4. 53
1. 44
163
0.34

99. 40

8¢75
39. 40
26.05
6.27

e 56

2.61
4. 40
3.14
0.83

468
696
33
197
33
70
13
22
88 .

362

48.15

Maa.

51.72
1e64
18032
Se 48
3.21
0.17
3. 43
7.28
4. 64
1. 48
1.33
0.34

99.04

9.00
40. 40
2551

T7.62

60 49

2.69

425

3.20
0.83

526
693
30
205
32
74
8
20
117

409

49 . 40

M49.

52.11
1.55
18.51
S.04
4429
0.20
375
7.08
425

151

" 1.84
0.33

100. 46,

0. 44

9.09
36+64

27.48.

4.98
13.00

4.57
3.00
0.80

490
69 4
43
220
a7
86
24
18
87

292

46.18

MSO.

52.19
165
18. 43
4.27
Sel14
0.18
4.06

6.81

4. 44
1.60
1.48
0.34

100. 59

9.58
38.06
25.97

4.88
10.80

2-‘10

4. 61

3«17

0.82

525
683
45
224
52
88
20

12

85

295

47.64

MS53.

52.43
1.61
17.93
S.18
3.09
0.07
3.93
773
4.01
1.61
1.43
0. 40

99, 42

1.72

976

34.80 .
26.84

7.93
10.81

4.03
_3014
0.97

475

603
a4

255
51
53

28
97

300

46.28

MS4.

52.36
1.58

17.63
8.88
1.39
0.05
4e24
S.11
3.84
1.95
1.93
0.36

99.32

3.71
0.80
11.94
33.66
23.83

17.13

"4+93
30!1
0.88

455

S34a
47

260
St
71
28
17
75

341

49 . 32



s102
T102
AL203
FE203
FEQ
MND
MGO
CAD
NA20
K20
H20
P205

TOTAL

M55.

52.65
1.30
1667
4.00
3.48
0.09
634
8«57
3.33

- 101

1459
0.23

99.25

CIPW NORMS.

Q

c
or
AB
AN
Dl
HY
oL
MGT
ILm
AP

PPM

BA
Sr
rB
Zr
Y
ZN
cu
LA
CE
NI
cr
\Y

K/rB

. D-‘lo

3.23
613
28.96
28+ 32
11.04
15S.51
3.70
2.54
0.56

285
401
24
167
37
80
27
9
70
92
214
163

349

38.33

MSé.

?Qoll
1.52
1779
676
2.01
0.07
373
682
3.98
1.57
1.29

0.33

99.98

477

9. 46
34.36
26¢56

467
12.25

4.19
294
0.80

445
548
46
228
49
78
34
19
68

283

48« 59

TABLE C-1 (CONTD)

MSK.

53.07
1. 48
18.18
4.02
3.52
0.09
377
Te61
3.92
139
1.78
0.32

9915

3.81:

8. 47
34020
28.717

6. 46
10.87

30ﬁ4
2.90
0.78

. 390
568
35
234
49
75
31

84

329

46. 48

MS9.

54.96 -

1.31
16437
5.20
2. 42
0.09
4¢ 53
7.09
3.78

1.88 °

1. 43
0.33

99.39

5.23

11.40
32.82
22.173

K 8.98

11.80

3. 69
2.55
0.80

700
698
56
205
38
93
34
14
112

279

49 « 46

M60.

55.27
1.30
1650
476
2.04

0.07

5+ 39
675
3.86
1.86
163
’0032

99.85

660
704
58
212
39
106
34
28
100

263

49.21 .

Mé1l.

© 55.18
1032

160 46
4. 69
1.99
0.07
Se 49
6.80

" 365

"1.88

1.49

0.33

99.35

5. 30

11.40
31.71
23.59

7.04
1436

3.23
257
0.80

720
709
58
210
33
80
31
17
89 .

2617

48. a1

M62.

62.78

0.69
1691
257
217
0.08
1.62
3. 49
4.12
2.87
2.33
0.34

99.97

17.97

153
17. 41
3579
1.5. 50

7.28

2.34
1.35
0.83

665

386
82

462
29
88

a3
110

289

71.18

M6 4.

S5S1.84
1.51
17.90
44 47
499
0.18
4.01
6+ 62
424
1.58
136 .
0.33

98.83

0.37

9.60
36.90
25.86

4. 64
14.18

4.70
295
0.80

535
697
44
214
S0
78
12

86

294

4687



- Sl02
T102
AL203
FE203
FEOD
MND
MGO
CAD
NA20
K20
H20
P205

TOTAL

M6S.

S1.40
157
17.95
4+ 59
4451
0.15
4.04
6+80
4. 43
1.53
1.50
0.33

" 98.80

" CIPW NORMS.

9

c
OoRr
AB
AN
DI
HY .
oL
MGT |
ILM
AP

PPM

BA
SR’
RB
ZR
Y
ZN
cu
LA
CE
NI
CR
vV

K/RB

[ I

9.33
38.70
25.37

S.87

9.90

2. 42

4. 52

3.08

0.81

535"
723
a4
219
51
8V
25
18
81

283

M66.

51.79
1.58
1804
4. 77
4+ 49
0.13
4.00
6.98
4. 35
1.54
1.24

1 0.35

99.26

9.33
37.73
25.78

5«99
11.80

0.89

4. 56

3.08

.0.85

520
730
42 .
214
56
74
17
14
87

304

TABLE C-1 (CONTD)

M67.

51.38
. 1e56
18.34
5«65
3.65
0.13
3. 68
7.30

4e 40 .

1.50
1. 47
0.35

99. 4l

9.10°

38.23
2655
675
8. 49
2. 44
4. 56
3.04
0.85

S1'S
-760
46
214
52
78
29
- a2
76

2170

M68.

51.24
159
18.18
4. 50

4.83

0.15
4. 30
7408
4. 38
1. 47
1e64
0.33

99.69

8.90
37.97
26.23
6+12
8.19
" 4409
4.62
3.09
0.80

505
680
a5
213 .
51
81
15
23
63

268

M69 .

5161
1«64
18.18
5.72
3.87
O.11
365
7-]4
4.21
1.+« 50
1«49
0.34

99. 46

. 0453

9.10
36.57
26.98

5¢79
12.31

4. 69

3.20
0.83

502

708
44

212
50
70
24
21
61

280

MT70.

50.94
1.58
18.36
S5.18
3. 66
0.13
4.06

715"

4.34
16 45
2.22
0.32

99.39

B.86
37.99
27.24

591

8.60

"3el4

4.36

3.10

0.78

485

700

47
220
a7
102
17
26
56

256

MT71.

55.87
1.47

18.39

3.60
3.86
O.14
‘317
6.21
4. 39
1.80
1.03
0.28

100.21

5.15.

10.76
3759
25. 46
314
10.77

3+64
2.82
0.67

455
512
65
243
.53
93
24
16
60

228

43004 47.06 47.33 46+.86 46-20. 46.85 53.51

MT2.

55.36
152
18.08
337
4. 29
O.14
3.27
637
4. 43
1.70
1.01
0.28

99.80

430
496
58
224
a7
89
12
24
65

24]

52.84



s102
T102
AL203
FE203
FED
MNQ
MGD
CAD
NA20
K20
H20
P205

TOTAL

M73.

54485
1.42°

18.38
4. 56
2.90
0.12
2.89
5.81
44 35
1.78
1.38

0.29

98.73

CIPW NORMS.

9
c
Ok
aB
AN
‘DI
HY
oL
MGT
IL™
Ap

PPM

‘BA
SK
KB
ZRr
Y .
ZN
Ccu
LA
CE
N1
Cr
v

K/7KB

'

Dele

S.38

10.85
37.98
26.18

1.31

11.13"

3.67
2.78
0.71

452
S14
65
266
58
94

31
75

227

54.22.

M7 4.

55 46

1.53

18+69
3. 38
3.85
0.14
335
6.25
4e 44
1479
1.29
0.30

100. 47

419

10.70
38.00
26.08

2.67
11.16

353
2.94
072

467
513
63

- 239
S0
84
12
16
63 -

233

52.89

TABLE C-1 (CIONTD)

M75S.

55.64
1. 49
18. 44
3. 47
367
O.12
3.00
620
44 31
178
119
0.32

99.63

S5.88
10.72
37.17
26.21
26 44
10. 40

3.52

2.88

077

475
510
‘61
245
47
107 .
14
19
70

240

53.77

M76.

55 40
1¢54
184 30
" 3¢50
389
O«14
3. 41
631

4+ 30.

1.76
1«15
0.30

100.00

4695

10. 56
36.93
25.82
3.21

11.22

3.62
2.97
C.72

475
523
65
238
S4
80

21
.66

223

52?44

MT77.

S4.76
1e.49
18.05
3089
3.60
0.13
3. 44
6.52
4.28
169

0.99

- 0«28

99.12

4o 46

10.22
37.05
25.62

4453
10.87

3.68
2.89
0.68

460
S00
60
228
51
85
20
20
55

233

5173

M78.

55.09
1.53
18.05
5.73
2.02
0.12
3. 49
6+ 38
4e 42
1.68
1.12

- 030

"99.93

460 .
515
56
220
S6
88
33
19
56 -

247

52. 40

M79.

54.91
1o 41
17.94
6.29

1.52°

0«11
3. 40
613
4044
1.69
1. 46
0.29

99 .59

3.67

10.38
39.05
24.97

2.53
12.13

3.78
2.78
O.71

440
517
66
226
54
99
24
19
51

212

53.09

mM80.

S55.43
1649
1817
4034
2.94
0.13
3.31
6.28
4e 42
1.77
1.25
0.29

99.82

467

10.¢€6
38.11
24.97
"3.92
10.56

3.53
- 2.88
0.70

415
SO 1
66
239
53
99
20
30
62

222

. 53.44



s1g2
TI02

AL203 |
FE203-

FED
MNO
MGO
CAQ
NA20
K20
H20
pP205s

ME1.

58 4 &1
1.15
1784
5.27
0‘62
0.04
1.59
3.38
4. 38
5.29
1.32
0.55

TOTAL 100.19

CIPW

)

c
or
AB
AN
DI
HY
oL
MGT
ILM
AP

PPM

BA
Sr
RB
ZR

ZN
Cu
LA
CE
NI

Ckr

K/rB

NOrMS .

3.82
0-17
31.78
37.68
13.14

7.09
2.77
2.22
1.32

520
278
96
458
95
104
12
46
95

73.28

MB82.

57.20
1.13

17.32

5. 40
2.29
0.11
2.21
4054
5.13
2411
1. 47
0.56

99 .47

5.99
12.79
44653
18+ 46
0.73
10.22
3.72
2.20

1.36

S05

390
81

428
80
90
28
44
95

215

63. 30

TABLE C-1

M83.

53. 70
1.12
16+ 45
3.83
C.17
574
8.10
3.57
1.10
2.07
0.34

99.91

475
677
25
218
S0
65
20
30
S8
112
91
151

365

4195

M8 4.

53.89
1+65
18.01
S« 66
1.96.
0.18
3'9]
7+ 50
3.97

175~

1.38
0. 40

100.26

3+ 40

10.52
34.16
26. 60
6.91
10.62

3«64
3.18
0.96

432
581
50
280
65
91
24
26
72

287

48 .08

(CONTD)
MES.

53.15
1.52
l7oSQ
4.23
3.97
0.13
3.96
7.68
3.94
1.56
1+ 49
0.39

99 . 48

3.09
9. 44
34.15
26.08
8e37
10.93

417

587
41

266
51
83
34
26
66

312

46. 68

MB6.

53.21
1.58
117 61
3.70
413

0.13
3.85

769
3.95
1.56
1.30
0.36

99.07

3.33
9. 46
34. 31
26.39
8.36
10.30
3.88
3.08
0.88

455
583
46
262
49
76

25
73

278

47.10

MEBT.

52. 48
1.30
17415
4+ 40
3.12
0.19
5.80
9.10
3.30
0.85
2.00

- 0.24

99.93

3.60

S5.15
28. 64
30.23
11.58
14.00

3.69
2.53

0.58,

322
421
15
176
46
103
25
20
39
g2
181
174

- 254

3739

MB8 .

53. 43,
1046 .
18.18
5437
2. 46
0.09
4.17
7. 40
3.92
1.47
1.57
0.30

99.82

3. 40

8.89
33.94
28.31

S5.84
12.27

3.78
2.84
0.73

445

544
50

228
S1
97
10
20
46

241

46423



S102
T102
AL203
FE203
FEOD
MND
mMGO
cAao
NA20
K20
H20
P205

TOTAL

MB9.

52+ 62
151
18.16
S« 45
256
0.09
3.25
B.74
379
1.49
" 1«65
0.31

99.62

CIPW NORMS.

Q

c
ORr
AB
AN
or
HY
oL
MGT
LM
AP

PPM

3.09

9.04

- 3291

28.88
10.99
T+51
3.88
2.94
0.75

387
539
48
226
45
83
31
24 .
53

255

45.04

M90.

S3.78
154
18.03
393
4413
0.09
4425
7. 41
3.82
1.47
1. 44
0.31

100.20

4.11

B.83
32.86
28.16

576 .

12. 61

3.95
2.97
0.75

412
S4a4
48
219
49
92
13
22
56

254

45.79

TABLE C-1 (CONTD)

M9 1%

53.91
1.52
18417

<4420 °

3.81
0.13
4.12
7.36
3.96
1.48
1«47
0.29

100. 42

8.87
34.00
2784

5.89
12.23

3.91
2.93
0.70

397
535
44
222
50
85
24
30
56

276

4651

3.63

M92.

54.05
1.56
18. 69
4. 89
2.92
0.08
3.30
7. 48
394
1.50
173

0.30

100. 44

405
526
48 ¢
240
29
80
30
28
65

259

47.78

M9 4.

5452
1.57
18456
S.87
2. 40
0.09

3.05.

698
4. 38
1.38

1.43

0.27

100. 50

4. 32

B.28
37.63
27.32

4. 92

9.90

3.96
3.03
0.65

512
604
32
‘238
39
73 .
. 28
21
S5

352

50.22

M9 S,

S6.50
1.08
15.11
2.33

. 4.20

0.11
734
6¢21
3.73
1«74
1.10
0.24

99.67

485
S34
59
213
22
69
28
33
59
240
290
122

245

47+ 46

M96.

S6. 69
1.09
15. 42
2.53
3.90
0.11
7.23
615
3.61
1.84
1.08
0.25

99.90

500
.550
61
214
27
70
43
36
56

248

4751

M9 7.

S56. 62
1.08
15.12
2e 49
4410
O.11
7.05
623
3.56
1.76
1.10
0.22

99. 44

619

10. 60

.30.71

20. 47
7. 62
18+ 51

3.28
2.09
0.53

510
526
65
216
26
69
35
a2
63
246
301
115

225

47. 50



s102
T102
AL203
FE203
FED
MND
MGO
CAD
NA20
K20
H20
P205s

TOTAL .

M98,

62.74

0.66
1717
3. 42
1.38
0.15
139
0.67
654

375 .

1.53
0.33

99.73

CIPW NORMS.

Q

c
OR
AB
AN
D1
HY
oL
MGT
LM
AP

PPM

6.44
1.97
22.64
56+ 54
1.20

6.83
2¢31
{f.28
0.80

730
364
108
439

45
206
10

51
115

288

85.62

M99

6455
0.65
17.24
2+85
1.64
0.05
1.08
2.74
5.05
2.88
1.4]
0.31

100. 45

730
472
89
450
1 K
143
34
50
112

279

76496

N

TABLE C-1 (CONTD)

M100.

64.08
0.66
17.37
2.65
1+ 49
0.08
1.15
2. 65
S.21
3.13
1.28
0.32

100.07

14.35
1.38
1877
44. 74
11.22

552

1.99
1.27
0.77

845
452
75
451
42
104
12
46
113
18
37

346

77.86

M10t.

53. 50
143
16.09
3.81
3.63
0.13
S.34
Te 46
374
1.23
2¢51
0.37

99.24

4¢77

754
32'84
24437

9.23
13.81

3.72
2.82
0.91

580
747
16
265
25
84
57
. 29
75

637

45.15

Mio2.

S0. 59
1.51
17.70
6419
1.87
0.14
6.00
692
3.73
1. 46
2.71

0.37

99.19

9.00
32.92
28. 41

3.90
1671

1.23

3.93

2.99

0.91

48 S
430
28
261
42
154
44
22
69

432

41.92

M104.

53.67

1.58
1764

Se16

24 45
O.16
‘385

750

4.21
1.68
1.33
0.36

99.63

2.23

1015
3677
24.63
8.87
9.72

3. 68
3.07
0.87

500
542
38
290
36
80
39
46
65

- 367

49.15

M105.

55.695
151

18.04
367

3¢ 46 .

O.11
3. 48
6.81
3.92
1.69
1.50
.0.31

100.15

696

10.16
33.74
27.10

4.21
10.67

350
292
0.75

485
478
S3
247
41
84
26
42
71

262

50.87

M107.

61.27
134
15.22
3.41 )
3.06
0.06
3¢ 45
2.10
4.04"'
3.64
2.62
0.21

100. 42

13.57
1.35
22.07
35.08
9.28

12.35

3.18
2.61
0. 51

1085
301
118
261

37
219
48
40
84
57
58
204

256

70.71



sio2
TI02
AL203
FE203
FEOQ
MND
MGO
CAD
NA20
K20
H20
p20Ss

TOTAL

"M110.

5375
1.26
15.81
4.28
3. 46
O.14
"7.18
7. 41
3.59
1.64
2.12
0.29

100.93

CIPW NORMS.

Q

c
ar
AB
AN
DI
HY
oL
MGT
ILM
AP

PPM

BA
SR
RB
ZRr
Y

ZN
Cu
LA
CE
N1
CR
\Y

K/RB

De.1.

1.41
9.85
30.87
22+ 54
10.28
18.14
377
2.43
0.70

425
474
49
210
27
g2
55
38
65
322
298
147

275

42.13

M116.

54.09

1.55
16+ 32
4. 71
3.30
0.15
539
T7.55
3. 52
l.72
1.98
0.41

100. 69

4. 39
10.34
30.31
24.07

9.08

13.93 -

3.90
3.00
0.99

535
68 4
38
261
30

.43
46
80 -

370

45.05

TABLE C-1i

M1L17.

55.90
1.30

17.74

3+57
3.76
0.13
4.09
" 7.21
4.02
1.84
1.16
0.24

100.96

4¢ 63

10493
34.20
25.06
7.52
11.04

3.56
2. 48
0.57

475
522
53
262
36
77
24
38
82
12
20
142

288

49.77

M1tB.

52.07
1.53
16. 48
6.29
2.05
0.10
5.99
776
3.80
1.93
20 48
0.36

100.84

11.67
32.89
22.72
11. 4]

10.71.

2.75
4.00
2.97

0.87.

512
557
45
240
30
80
48
44
70

352

44. 56

(CONTD)

M119.

54.05

1.40

15.54
7.55
1.38
0.07
S¢53
T27
3¢ 45

116

2.09
0.29

99.78

6+ 68

707
30.11
24.23

BeB6
15.32

4.28
2+74
0.71

440
593
15
228
217
80
50
38
66

641

43.86

M121.

53.56
"1.06
1637
4089
317
683
7.55
3. 62
"1+ 41
1.52
0.30

100. 39

1¢64

8. 47
31.13
24.65

9.14
18. 30

3.90°

2.05
0.72

365
580
22
202
28
90
34

48
220
246
116

532

41.23

M126.

50.9 4

143
1637
6.82
1.89
0.10
6.98
8.22
‘3¢39
151
" 2.58
0.34

100.57

9.17
29.47
25. 68
1114
14.13

2.61

4419

2.79

0.83

5SS
712
27
228
4]
84
a1

63

455

38«64

M127.

52.56
1.41
16. 45
626
2.03
0.12
4.63
871
3.72
1.54
1.50
0.32

99.25

2.00

9.37
32. 40
24.33
14.50

985

4.00
2.76
0.78

462
718
27
218
33
81
53

72

465

43.77



s102
Ti02
AL203
FE203
FEO
MNO
MGO
CAD
NA20
K20
H20
P205

M128.

52.98
1 42
16.87
S.92
2.31
0.12
5. 38
.07
3070
155
1.83
0.32

TOTAL 100.51

CIPW

Q
C.
or
AB
AN
DI
HY
oL
MGT
ILM
AP

PPM

BA
SR
rRB
ZR

ZN
cu
LA
CE
NI
Cr

K/RB

Del.

NORMS.

1. 61
9.34
32.26
2S.14
10.87
13.32
3.95
2.75
0.77

530

764
33

229
40
81
49

67

389

43.20

M129.

53.16
1.47
1754
3. 69
4.02
O«14
5.01
T+ 58
3.95
157
1.56
0«36

100.05

1.58

9. 45
34.06
2597

7.98
13. 44

3.80
2.85
0«87

345
472
37
199
36
87
36

70

352

45.09

TABLE C-1

M131.

53.53
1.48
17.91
620
1.82
0.11
4. 61
T.69
3495
150
1.64
0.29

100.73

2.35

9.00
33.94
27.12

7.80
12+ 43

3.81
24895
0.70

305
500
36
214
40
103
27

70
36
35
154

346

45.29

M132.

53.98
1.52
1762
S.67
1.92
0.10
4. 19
T.92
3.99
1+ 55
1.63
0.32

100. 41

3.26

9.32
3437
26.05

9+51

10.14

3.63
294
077

350
518
35
230
48
93
20

61

367

46496

(CINTD)
M133.

5437
1.5S5
18.30
4. 46
3. 42

- 0.18
. 358
7.63
379
1.53
179
0.34

100.94

345
486
31
226
40
94 .
26

64

403

4697

M134.

53.74
1. 48
17.79
S5.02
3.06
0.12
4.02
7.90
3.90
1+ 47
1.39
0.29

100.18

357
Be8S
33.57
2716
Be72
10.68
3.91
2.86
0.70

360
536
39
221
41
90
36

55
32

36
142

309

45.98

M135.

54.26
1.58
1895
Che 4T
2.75
0.12
3.93
T84

4.09

1.50
1«74
0.37

101.60

3.06

8.91
34.81
29.08

611
10 66

3. 46
3.02
0.88

355

531
37

228
36
91
23

62

- 332

86679

"M136.

954626
1.52
1835
3.21
4498
0.16
4.01
T.62
3.65
1.50
1.02
0.32

100. 60

335

513
31

234
44
ge
21

S8
27
29
166

401

45.13



sio2
T102
AL203
FE203
FEOD
MNO
MGO
CAf
NA20
K20
H20
r205

TOTAL

M138.

57.28
1«16
17.50
666
0.62
0.07
1.82
4.08
Se 44
2.50
1. 41
0.70

99.24

CIPW NORMS.

Q
c
OR
AB
AN
DI
HY
oL
MGT
ILM
AP

PPM

BA,
SR
RB
ZR
o
ZN
cu
LA
CE
NI
CR
v

K/rB

D.1.

4.81
0.10
15.20
47.36
16.12

B899
3. 45
227
1.71

615

380
75
415
82
176

277

+ 6737

M139.

©57.63

1.18
17.37
691
0. 46
0.07
234
4.15
S. 52
2.595
1.35
0.52

100.05

3¢ 45

15.37
4T 64
15.39
176
939

3. 46
229
1.26

660
373
71
418
80
166

298

66. 46

TABLE C-1 CCONTD)

M140.

57.98
1.20
17.05
4.00
3.54
0.21
3.05
4. 70
4.95
2419
1439

0.61

100.87

6.07

13.06
42 .26
17.99
1.23
11.97

3. 66
2.30
1. 46

550
360
62
378
64
128
35

S
14
53

293

61.39

M1 42.

54020

1.31
17+75
5.63
2.92
0.08
4.64
1.32
4. 45
5.04
2.69
0. 47

100. 50

3.80
30.62
38.71

3. 58

. 10+ 69

4.74
4. 16
2. 56
1«14

785
269
92
342
45
148
12
34
93
12
21
153

S04

69433

’



sS102
T102
AL203
FEO
MNO
MGO
CAO
NA20
K20
H20
P205

TOTAL

M19A.

-50.99
1467
17.11
8.02
0.17
4.87
8407
385
1. 44

2.90

0.44

99.53

ClPwW NORMS.

Q
c
OR
AB
AN
Dl
HY
oL
MGT
ILM
AP

8.80
33.70
26.02
10.29

7.48

9.35

.3;28
1.08

42.51

M20A.

53.09
1.70
17.31
6. 53
0.16
393
8.88
3.64

173 .

2. 40
0.50

99.87

TABLE C-2.

M23A.

54.17
1.60
17.50
7.82
0.20
3.91
T« 54
4.03
171
1.38
0.38

100.24

M2 4A.

S5S1.36
1.70
17.77
6.31
0.20
4.02
9. 46
3.60
1.16
3.20
0.36

99%9.14

M35A.

52. 46
1.88
18. 69
8+85
0.12
2.25
7. 50
4+ 55

162

1.25
0.33

99.50

MalA.

S52. 68
1. 44
19.45
7.05
0.30
3.31
623
4.9 4
176
1.60
0.43

99.19

10.65
42.82
26.33
2.06
1.32
12.98

2.80

1.04

53. 48

M64A.

52.33
1.67
1796
8.90
0.20

" 282

6956
4. 43
1.73
1. 40
0.36

98.36

10.54
38+65
24.76
Se 40
9.37
713

3.27
0.88

49.19



sip2
Ti02
AL203
FED !
MNO
MGOD -
CAD
NA20
K20
H20
P20s

TOTAL 100.07

MT7aA.

56.21
1.70
)8-53
6.80
0.15
2.43
6.02
4. 61
1.98
1.31
0.33

CIPW NORMS.

Q

c
OR
AB
AN
Dl
HY
oL
MGT
LM
AP

252

11.84 -

39. 49
24.32
3.14
14.63

~ MB3A.

55.09

1.56 .

14,54

7.99°

0.24
456
7.00
379
1.47
217
0.48

98.89

TABLE C-2 (CONTD)

MBTA.

53.33

1. 66
15.80
7.33
0.24
4.77
9.07
3.35
1.02

2.10 -

0.31

98.98

M9EA.

6376
0.00
17.35
3.88
. 013
1.42
0.61
677

3.84

1.61
0.34

99.71

394
1.79
23.13
S8. 38
0.82

- M100A.

64.97
0.04
17.47
3.39
0.06
1.18
2.61
5.26
3.21
1.32
0.33

99.84

7742

M102A.

S51.11
1.58
18. 50
669
0.17
4.61
7.23
3.90
1.53
2.81
0.39

98.52

M105A.

S6.54
1.68
17.95
655
0.12
233
670
4.06
1.88
1.55
0.35 .

99.71



slo2
T102
AL203
FED
MNQ
MGO
CAD
NA20
K20
H20
P205S

M116A.

$4.90
1.63
17.20
6¢65
016
3.70
795
3.71
1.81
2.03
0.43

TOTAL 100.17

CIPW NORMS.

Q
C .
OR
AB
AN
DI
HY
oL
MGT
ILM
AP

Dele

317
10.90
31.98
25. 40
9.88
14. 48

M117A.

5632
1.38
1769
7.02
O0.14
3. 62
6+91

4.12

1.96
1.20
0.26

100.62

2.30
11.65
35.06
24.12

7.20
16. 41

TABLE C-2 (CONTD)

M121A.

$5.00
Jeld
17.99
5.93
0.12
3.86
8.30
3.98
155
1.55
0.33

99.77

M126A.

 51.35

1467
16,06

8.07.

0.12
5.95
7.91
3-55
1.78
2. 68
0. 40

99.54

M129A.

53.38
1¢49
17.82
7.07
O.14
4. 49
7.70
4.01
1.59
1.60
0.37

99.66

9.58
34.60

26. 43

8. 30
14.58
273

2.89
0.89

44417

M136A.

S4. 58
157
18595
Te66
0.16
3. 42
7.70
3.71
1.55
1.04
0.33

100.27



TABLE C-3

Ml1l' = Dolerite
Ml12 = Dolerite
M1k = Segregation Vein



Mllt.

- §102 52.94

TI02 1+40
AL 203 1771
FE203 4. 57
FEO 3. 46
mMGQ 5.17
CAD 736
NA20 4.21
K20 ) 1953
‘H20 2. 46
P205S 0. 31
TOTAL 101.21

Cl1PW NORMS.

Q ~ 2.04
C -
OR ' ‘B8e90
AB . 35. 63
AN . 25.02
D1 : 737
HY 9. 60
oL o -
MGT . 673
HM ‘-
ILM 2.74
AP . 0.67
PPM

BA 370
‘SR ' 568
RB a6
ZR 213
Y 27
ZN 81
Ccu 41
LA 28
CE 65

K/RB 276

' TABLE C-3.

M112.

" 5250
1. 42
1774 -
4. 66
3.21
0.09
S. 48

" 6061
" 4438
1071‘
267
0.28

100.81

1.38

10.56
37.20
2335
5.83
9.00

626
. 032
2.74
0.67

a10
589
a8
228
31
127
3z
a8
68

- 306

M114,.

65.14
0.79
14.53
2.29

2.05

0.08
1«69
2.04
3069
S.92
- lel?
0.19

99.58

15.30

35.03

30.92
556
2¢94
3.30

3.25

1.52
0.34

750
217
127
499
55
55
a4
64
116

387



" APPENDIX .D

| MODAL DATA AND LOCATTON OF SAHPLES FROM THE SIDLAW HILLS



Key to TABLE D-l

OB - Oliviné Basalt

FOB‘ Feldspar phyrié dlivine Basalt

CFOB | Clinopyroiene-feldspar phyric 01ivine Basalt

OBA Olivine Basaltic-andesite |

FOBA . . . Feldspar phyric Olivine Basgltic-aﬁdesite

CFOBA Clinopyroxene-feldéparAphyric Olivine Basaltic-andesite
HKBA High-K Basaltic-andesite ' | |
OA Orthopyroxene phyfic Andesite

HKA  High-K Andesite |

p | Daéite

S National Grid- Reference on 6" sheets

Modal Phenocryst Data (Volume %)

01 = Olivine

PL = Piagiociage ‘ L /
Cpx = Clinoﬁyroxene
Opx = Orthopyroxene

Kspar = Alkali feldspar

‘Oore = Fe/Ti oxide

tr Trace

fi



M2
M7

Mmo

M3

M8

M19

"M20 .

 M23
M2k
M26

M28

| M30.

w31

M32
M33
M3h
M35
M36
M37

M38

M39/

FOBA

FOBA

 FOBA

FOB

FOB

FOB

~ CFOB

CFOB .

OB

CFOBA

0B

FOB
FOB
CFOBA

CFOBA

FOB - .

FOB

FOBA

' FOB

FOB

FOB

FOB

D=1

TABLE

‘Collace Quarry

Collace Quarry

Collace Quarry- .

Black Hill.. .

Black HA1l

| Nr Craighead Qua:fy
‘Denend o

Denend

Denend : '\ .:

Denend

" Denend

Denend Burn

Denend Burn.

Denénd-ﬁurn

Northballo Quarry

Northballo Quarry

Burngide Quarry

Burnside Quarry

" Burnside Quarry

Burnside Quarry

Burnside Quarry

Burnside Quarry
‘Burnside Quarry

NO 20853160°
NO 2084§1€0

© NO 20803160

| NO 22153170

| NO 22123171

© NO 31064165

NO 2#;6281&
NO 31024171

NO 31414130 ..

- VNO '31451»114

NO 32854082

- NO 32324105

NO 24693540

NO 32334103

' NO 246935h2

. NO 30574011

NO 30564010
NO 30554009
NO 30544008
NO 30534005

'NO 30514003

' NO 30504002

01 2.0,

oL 2.8,

.01 1.1,

91 h,2,
Ql 1’090
0l 1.7,

ol 1.5,.
~ Opx 0.2

o1 2.6,

o1 0.k,

oL 8.0
: 01 201'

o1 2.4,

0l 1.4,

oL 2.7,

01 4.1,

o1 3.4,

oL 3.5,

01 30?'
0L 3.9,

o1 3.1,

01 3.6,

Ol 300'

P1 6.3, Ore 1.2
Pl 6.9
Pl. 5[.3’ Ore 0.7

'P1\6¢0{

Pl 5.9
PL 4.9

Pl 1.9, Cpx 0.5,
Pl S.4, Cpx 2.0
Pl 5.0, Cpx 1.5

Pl 3.3
Pl 6.3
Pl 6.7
P1 10.3, Cpx O.1
P 6.7, 6px'0.3v
Pl 4.8

P 7.1

Pl 6.1 -

P1 6.0

Pl 6.0

Pl 3.7

Pl 6.8, Ore 0.3 |



gy

| M39 "’FOB::‘
,’Mul_ ‘FOB
| Muaj.i FOB
wk3  FOB
whl  FOB
W9 OB
W50, FOB
w53 FOB .
'Msﬁ  FOB
w5 FoB
w6 FOBA
M58 FoB
* ws9  croa
Mgo‘., CFOBA
| '.Msl“j. CFOﬁA.'
W2 b
M6 *FOB,,"'-. )
-_'M65f vaB
~_'M66 v: FOB -
Mgy FoB
M63': 'F°B |
M69 . FOB
wo T
M7 1FOBA‘4
we Tom
'M-;;U. - FoBA.

' Burnside Quarry -

Burnside Qua#ry

Burnside Quarry -

Burnside Quarry -
| Bﬁrnéidé'qﬁarry o
Burnside Quarry .
:‘Burnsidé Qua¥é¥
‘Pitmiddle Woad o
' pitmiddle WQdd;*

Pitmiddle Wood

Hooie HlL

Hoole Hill -

-Pitmiddle Hill |
| Ne Pitmiddle Hill
_Nr Pitmiddle 11
_ Kizkton F11 Vood
muriside qurry
Jhuéhéide'éuarry
"Burnside Quarry
T»Bnrnside Quarry »

_Burnside Quarry.

Burnside Quarry

Burnside Quarry
"Collaée
" Collace

" Collace

O

NO

. NO
‘NO
NO

MO

NO

50
. NO
%o

' NO

NO

“NO
- NO
No

TNO

NO

©NO
o
NO-
" o
o
w0

.Nb'

NO

30484000
30453995
3ouu3992‘

30423991
30403990
30513991
30523995
22503145
.;25031&6

23163120 |
2323110
23423111 :
238#3062'

Mh23209

24423209

25753174
20573997
‘30604000'

30644005

30684110

30714041

30654017
3061#016

20783153
20813153

g084315#‘

2.2,
,01 1.3{
o1 b3,
a 3.5,
o1 2.2,

a1 2.3,
a1 2.7,
61 4.2;

0L 4.2,

01 5.7,

01:1000
01”2650~
. 01 3.8,

01 3.2,
Ol 2-87

F1 0.7,
.01 3.1,
o1 b,

o1 2.8,
a2z,
oL 3.1,
| OL By
- 3;1.

01‘2-0;

01 1.8,

.01 2.0,

‘Pl 9949 Ore 0.5

Pl 5.8

pi 5.8

VP1'456 ‘

Pl 6,0, Ore 091

Pl 4.2 :

PL 7.3

Fl1 9.4

P1 9.7

Pl 1.2
Pl 4.7
Pl 1108 cpx 1'3

Pl 12,6, Cpx 0.9

P1 12.5, Cpx 1.6
Ore 1.0 ° |

Pl 5.6

Pl 6.1

Pl 4.5

Pl 6.2°

PL 8.2

Pl 9.2

Pl 5.9
Pl 8.ll '

P 6.3

PL 4.8



M7h
w75
W76
W77
M78
M79
M80
M81
M82
M83
M84
185
- M86
M87
- Mé8
M89
M9O
Mol
. M92
Mok
M95
- M96
M97?7
M98
M99
M100

M101/

FOBA

FOBA

. FOBA

FOBA -

FOBA
FOBA

FOBA

HA |
CFOBA
CFOBA
CFOBA
CFOBA
CFOB
FOBA

FOB

FOBA

. FOBA'

FOBA

FOBA

OA

OA

0A

Collace

Collace

Coliace~:

Collace

Coliace

Collace

Collace

Nr

Nr

Nr

Nr

Nr

N

Nr

‘Nr

Nr

. Rr

Nr

Nr

Nr

Hoole Farm

Hoole Farm’

Pitmiddle
Pitmiddle
Pitmiddle
pitmiddle
Pitmiddle
Pitmiddle
Pitmiddle

Pitmiddle

Westiaws

Wood

Wood

Wood .
WoodA

w°odi

ond

Wood

Wood

Westlaws - -

Woodburn Head

-Ballo'Quarry

Ballo Quarry

Ballo Quarry
Kirkton Craig

Kirkton Craig

Kirkton Craig

NO 20863155 :
NO 20863157
| NO 20853158

NO 20853159
NO 20833160

. NO 20803161

NO 20783162

NO 21323065 -
NO 21183031

NO 21453010

NO 21743123

NO 20803002
NO 20702995

| NO 21752990

NO 22002980

- NO 22302960

NO 22322960.

NO 22402950
NO, 22522968
NO 23082970
NO 26513514
NO 26503516

NO 26493514

NO 26113137
NO 26133135

N0 26153136

oL 2.3,

0L 1.9,

o1 3}45
0l 1.6;

o1 1.8,
o1 1.8,
0L 1.4,

- 01 0;8;

01 L.k,
01 1;8;
01 3.9,
o1 3.1,
01 4,3,
01 2.0,
01 2.4,
oL 2.8,
01 2.2,
0l Z;is
0l 1.1,

P1 2.4,

Ta

PL 6.3

PL67
Pl 7.0
Pl 8.2
Pl 6:2
Pl 3.7
Pl 6.7

Pl 0:1

Pl O.b

Pl 21.9, Cpx 2.3
P1 2.8, Cpx O.4

Pl 6.8, Cpx 0.2
Pi 6.7; Cpx 0.5

P1 16.2, Cpx 0.l
P1 0.9 -

Pl 2.3

Pl 2.1

Pl 1.5
Pl 1.7
Pl 4.0

Opi 5.4

Pl 3.1 Opx 1.5

Pl 1.8,

" P1 0,9,
Pl 0.5,

Pl 1.3,

Opx 2.5
Ore 0.8
Oi"e 007

Ore 0.7



mo1
ML02
M104
M.05
ML07

M116

M7

M18
M119
- M2
M126

Mmza7 -

Mm28
M129

M3 -

32
M133
ML34
Ml35
ML36
ML38
M139
M40

Mib2

. FOBA

0B

CFOBA

FOBA

CFOBA.
‘OBA

CFOBA

OB-

OBA

OBA, .

CroB -

FOB

CroB

OBA

FOBA |

'FOBA

FOBA

" FoBA

FOBA

" FOBA

HKBA

Lochindores Quarry

Balshando
Gask Hill.
Gask Hill

Milton

‘Milton

vNewton Quarry

Little Law Quarry‘
Wester Denoon
Weéter_Denoon:
Nr;Eve1ick Castle
Swirlhead =
Nr"Swirlhead

Nr: Swirlhead

-;Whitmwre'WOod
ﬂnr‘Frankliden

* Nr Franklyden

Nr ‘Franklyden ..

NrFranklyden

Nr Vhitmyre Wood - =
Nr Whitmyre Wood

Nr Hoole Farm

Nr' Bandirran

_ Nr Bandirran

Craig Head Quarry

NO 27423579

No 28183588

NO 24243550

NO 24273492
NO 31333090
No 31493095
No 31583837

- NO 35644472
" NO 34764295

NO 34734285
NO 20632597

NO 20602782
NO 20752797
Mo 20822810

NO 20592885
'*'hp 21082915

NO 20972913

' NO 20972912

NO 21062901

. NO 21032877

NO 20722852
NO 21373067

NO 21383069
" NO 21183035
'NO 24102810

.01 1,0,

01, 0.8,

-101 5.8, P1 1.8

401 3.4, Ore tr.

o 1. T Pl 6 p. Cpx 0 1

oy 2.8 p1 6. 3

Pl 3 5 Kspar 12 L

01 4.9 P1 0.2, Cpx o 1

0L 3.9, Ore tr.
Pl 4,0 Cpx 1.0

oL b

01 5.1
01 7.2
0l 3.5,P1 9.5, Cpx 1,7 .
Ol 2.0, P1 7.8.-
Ol 2.8, Pl 11.3, Cpx 0.6:
ol 1.2, . |
‘ Pl 0.6.-
0l 1.6, P1 0.3

Ol 1.2, P1 1.3

01 1.9; Pl 1.2:

"0l 2.9, P1 4.1

Ol 1.5; Fl 1.4 .

01 0.5; P1 0.5.

01 008, Pl 003 -

o1 0.6, P1 0.9 .

Kspar 0.2, Ore 0.9
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