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CHAPTER 1

(a) Introduction and Aime

In north-east Scetland, Younger gabbros outerop in seven
areas; two of these areas are the Haddo House and Arnage
districts of Aberdeenshire. Detailed remapping of the geology
of both districts was not the aim of this study, and the
specimens and data required were obtained from a traverse
through the region along the river Ythan, from the district
of Gight (grid reference 835395) to Ellon (grid reference
956303) 16 miles north of Aberdaen. This river saction,
which is ebout 10 miles long, includes every rock type or group
previously described by Read (1923a, 1935) from the Haddo House
and Arnage districts. In many cases geological mapping was
" extended along small tributaries of the Ythan river to X
provide greater sampling coverage of some rock typea-and to
examine certain ecritical localities mentioned by previous
workers. The countryside is weil cultivated, and very badly
exposed apart from the river sgsection. - The geological histofy
of these districts in relation to that of north-east Scotland
as a whole will be examined in deteail in section c of this
chapter.

In this thesis the author intends to describe the effects
of the Haddo basic intrusion on the surrounding country rocks;
to reclassify the igneous rocks of the district and investigate
hypotheses of their formation; and to suggest and examine &

new/
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new hypothesis for the origin of the xenolithic rocks associated
with the gabbroic masses of Haddc House and Arnage. This new
hypothesis was put forward by recent investigators working on
the synthetic system CaO~Mg0~-Al203-Si0p &t atmospheric

pressure,

Chapter II of this thesis sets out o construct a model
baged upon these workers' suggestions and the data for the
experimentally investigated synthetic system, which may be
applicable to the natural rocks. The petrographic and
geochemical data presehted in leater chapters are there
considered in the light of this modsl.

Previous accounts of the geology of the Haddo House and
Arnage districts divided the rocks into 4 distinet groupsa;}
country rocks, basic rocks of igneous intrusive origin,
xenolithic rocks which appeared to be associated with the basie
masses, and intrusive younger granites (Read, 1923a, 1935).
The petrography and geochemistry of the rocks of theée
districts are described in chepters IV, V and VI respectively.

Seventy-two new whole~rock analyses and seven whole or
partial mineral analyses are provided.

In chapter VII the author's conclusione are given and
this chapter includes a brief account of other areas where'
gimilar rock types to those encountered in the Haddo district
have been observed.

The/
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The 5 appendices include: the locations of anelysed rocks
(A), 3 rock analyses (B), 7 whole end partiasl analyses of
ferromagnesian minerals (C), 1-cation percentages of all rock
analyses performed by the author (D), and a brief account of

analytical techniques employed in analysing the rocks (E).

(b) Nomenclature

(i) Before the presentation of the history of research, a list
of some rock terms and the sense in which they are used in this
thesis is given. These terms will be used throughout this
thesis and substituted for those originally used in the various
PApers described in this chapter to ensure uniformity of

nomenclature.

Hypersthene-gabbro - & basic rock containing ortho~
pyroxene, clinopyroxene and besic
rlagioclase, and generally with
some biotite,

Olivine-hypersthene-gabbro~ &g above with olivine,

Quartz-hypersthene-gabbro ; 8 hypersthene-gabbro as deécribed
above, but containing some inter-
atitial quartz.

Orthonorite -~ 8 rock containing orthopyroxene,
plagioclase of composition
approximately Anggy and generally

some/
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Quartz-cordierite-norite

Picrite

(i1)
Ab
An
And
Cdt
Cor
Cpx
Di

Po

4.

aome biotite. Read (1935) used the
term 'norite’ to demcribe & rock with
this mineralogy, although Read (1923a)
used the word 'norite' to denote
quartz-hyperathene gabbros, ortho=-
norites and quertz-cordierite-norites.
quartz-~bearing orthonorite.

8 rock containing orthopyroxene, basic
plagioclase, quartz, cordierite, and
generally with some biotite.

an ultrabasie rock containing
principally olivine and interstitial
bazic plagioclase, and with minor

amcunte of clinopyroxene.

Abbrevintions used in the text

albite
snorthite
andalusite
cordierite
corﬁndum
e¢linopyroxens
diopside
enstatite

forgterita

Psa orthoferrosilite

K~fels potash feldspar

(orthoclase)
Le leucite
Mu mullite
Ne nepheline
0l olivine
Opx orthopyroxene
Cr orthoclase



De

Pl plagioclage 8.8, solid solution
Pr protoenstatite 3111 sillimanite

Px pyroxene 3p spinel

Qz gquartx Tr tridymite

Hel. refractive index

(c) History of Research

The history of research will be presented in two parta.
The first part deals with the geology of the main basic masses
of north-east Scotland and their disposition; and the
structural and metemorphic history of the region. The second
part deals in detail with the gsology of the Haddo House and
Arnage areas of Aberdeenshire. A mep showing the general
region ig premssnted in figure 1.

The basic magses of Insch and Huntly were described by
Watt (1914) and by the Geological Survey (Read 1923b) and this
memoir still provides the most complete description of the
Huntly mass, although Sadashivaish (1954), Read, Sadashivaiah
and Haq (1961, 1965) and Read and Heq (1963) have revised the
geology of the Insch basic suite; and Shackleton (1948) has
discussed the origin of layering in the Huntly baasic mass.
The rock types of the Huntly body range from pierites to \
olivire-gabbros and hypersthene-gabbros, ihe most basic being
those forming the western border of the mass to the west of
Huntly and the least basic cccuring in the east. At Insech
similar rock types to these at Huntly were described but in

this/
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this area the least basic varieties include syeno-gabbros and
syenifes in the vicinity of the Hed Rock Hills. Head et. al.
(1961) revised the geology of this &rea and described two
suites of rocks. A western suite ranging from olivine-gabbro
to syenite was interpreted as demonstrating ... "the seeping
of low temperature constituents towards the roof of the
crystallising oiivine—gabbro magma which itself ma& have been
enriched in iron by the abstraction of a magnesia rich phase.”
An eastern suite termed "the Bourtie Series" ranging from
dunites to troctolites, all magnesium rich, was also inter-
preted as a differentiated suite, and Read et. al. (1961)
suggested that the western suite and the Bourtie Series
together demonstrate one complete fractionated sequence from
basal dunites to roof syenites. Hypersthene-gabbros also
occur at Insch (Read, 1623b). The hypersthene-gabbro consists
of basic plagiodlase, hyperethene, augite and ore with other
subsidiary minerals. Read (1923b) included these hypersthene-
gabbros with the other main igneous types of Insch although he gave
no indication as to the mode of origin of the hypersthene-gabbro.
Read et.al, (1565) decided that the hypersthene-gabbro was a
contaminated rock which ddd not constitute part of the normal
differentiated sequence as described previously by Read et., al.
(1961).

The hypothesis that the hypersthene-gabbro is a
contaminated rock appears to have been reached because "/it does/

not/
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not fit into the Insch Differentiated Suite - this suite is
olivine-bearing as far as the syeno-gabbro stage of its
development.” Although the field relations of the hypersthene-
gabbro with other rocks at Insch are poor, contaminated rocks
containing xenoliths of sedimentary origin are often found

near the hypersthene gabbro. However Read et al.(1965) stated
that although it might be contaminated in its present position
"contamination has played some part in the production of the
magma from which this rock consolidated." Read et al.(1965)
believed that the hypersthene-gabbro was formed "by contamination
of 2 gabbro magma possibly of olivine-gabbro composition.”
Clarke (Ph.D. thesis, 1965) has suggested that the hypersthene-
gabbros of Insch are in fact part of the normal differentiated
sequence there, and occupy & place above the ultrebasic rocks
and below the olivine-gabbros of Read(1923b) which Clarke has
termed ferro-gabbfos becauss they are much more iron rich than
other olivine-gabbros of the north-east basic masses.

Therefore, according to Clarke, all the basic igneous rocks at
Insch fit into a single, reasonably complete fractionation
sequence,

In parts of the Huntly-area quartz=-cordierite-norites,
underlying the basic sheet, are noted for whose origin three
hypofheses were advanced by Read (1923b). These were:-

(a) contamination of picrite by incorporation of sediments.

(b) modification of an original norite magma by

incorperation of sediments.

(c)/
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(c) contamination of original gabbreic magma by
incorporation of sediments at its base before the
ultrabasic layer had had time to accumulate.

Read (1921, 1923b) considered (c)} the most attractive

possibility and ones which would be readily adopted ... "if

one was gure that any kind of differentiation in place had

- occured in the Huntly Mass." If differentiation of the basic
magss could be proved this would rule out hypothesis (a) because
the picrite layer would have been derived by fractionation from
the Huntly gabbroic magnma. Although very little work has

been done recently in the Huntly mass, Shackleton (1948) was
convinced that a differentiated suite of rocks was displayed

at Huntly, thus confirming Read's (1923b) hypothesis (¢}

above. Although Read (1921, 1923b) gave no reasons for
rejecting hypothesis (b) which was the production of cordierite-
bearing quartz norites by the incorporation of sediments into
an origingl norite magma, there is no doubt that true
orthonorites are very rare within the gabbroic suites of rocks
in north-east Scotland, and, therefore, there is no encourage-
ment to postulate a supply of orthonoritic magmas. _

Contaminated rocks, similar to those found at Huntly,

were observed in the Insch area by Read (1923b) and Whittle
(1936) and again in the Arnage and Haddo House districts of
Aberdeenshire by Read (1923a, 1935) who intended his papers on
both districts to be a study of assimilation. The griginal

gabbroic magma was envisaged as being modified by incorporation

of/
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of sedimentary material, thus forming contaminated rocks
varying from highly contaminated but mainly igneocus guartz-
cordierite-norites, to mainly sedimentary materiel such as
garnet-cordierite-potash feldspar rocks.

The Belhelvie mass was described by Stewart {1946) who
showed that a mass of basic rocks ranging from dunite-
serpentinites through troctolites to olivine-gabbros and
hypersthene-gabbros had been intruded into country rocks
consisting mainly of schists and gneisses. In the basic rocks
rhytheic layering and small scale structures led to the
deduction that the different types were formed by large scale
differentiastion through crystal settling in the basic magme,
under the influence of gravity, similar to that seen in other
large basic intrusions, sucﬁ as the Bushveldt intruéion in
South Africa (Daly 1928), the Skeergsard intrusion in
Greenland (Wager and Deer 1939), and the Stillwater igneous
complex in North America (Hess 1960). The layering at
Belﬁelvie wag shown to dip steeply to the east and Stewart
{(1946) concluded that the Belhelvie mass had been tilted after
its consolidation.

The remaining two basic masses of north-east Scotland are
found at Maud and Boganclogh. The basic body at Maud is
very poorly exposed and the gabbroic povoks of Boganclogh were
shown to be similar to the basic rocks of western Insdh
{Read 1923b). The petrography of the Morven-Cabrech mass

was/
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was described by Henry (1938) who considered that the rock-
typee of that basic mass were similar to the rock types of the
other younger basgsic masses of north-east Scotland, and that
therefore the Morven Cabrach mass was & 'younger' basic igneous
intrusion.

Two theories concerning the disposition and nature of the
basic masses of north-east Scotland were put forward.

Read (1923a) considered that these were part of one huge
8ill exposed at Huntly, Insch, Haddo, Arnage, NKaud and Belhelvie,
This s8ill was later then the regional folding but antedated the
Middle and Upper 0ld Red Sandstone. Read (1923b, p,g) atated
that ... "in the conglomerates of this group /the Middle 0ld
Red Sandstone/ are found pebbles of Younger Igneous Rocks
/the basic masses of north-east Scotland/." |

The interpretation of Stewart (1946) and Shackleton (1948,
and in discussion of Read and Farguhar 1956) was similar to that
of Read except that they proposed that the basic sill had been
folded during the regional folding to explain the layering at
Belhelvie and Huntly; these theories will be discussed more
fully on p.17. | |

It is worthwhile to trace briefly the deﬁeIOpment of the
main structural ideas on north-eanst Scotland from their initial
interpregation in the Geological Survey Memoir of Read (1923b)
to the présent day .«

Read (1923b) hoted a discontinuity between the eastern
members of his Keith division of the Dalradian series, the

Cowhythe/
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Cowhythe gneiss, and the Western members of his Banff division,
the Boyne limestone. He called this discontinuity the Boyne
line. Read suggested that the groups of his Banff divieion
(see below) represented a ‘cake' of rocks lying unconformably
on gneisses of the Keith divieion, i.e. the Banff division
represented the upper part of a large nappe structure.
Macduff group
(Boyndie Bay group =Fyvie schiste = Fraserburgh
Banff division { beds = Colliegon schists
¥hitehills group = Mormond Hill Quartzites
{Boyne limestone
discontinuity XCOXCOCUINXXXXAXXXXXXXIXX - Boyne line

- Keith division (Cowhythe gneiss =Ellon gneisses
upper group only

The Boyne limestone is only found in the west lying with
discontinuity against Cowhythe gneisses (Read 1923b p. 45).

The limestone was believed by Read (1923b p.50) to swing south-
westwards into the Boyne line and be cuf out.

Read (1955) restated his earlier theory of a large nappe
structure in north~east Scotland and he called this the Banff
nappre. His earlier postulated dispesition of rock types.was
retained. The Banff division was equated with a group of
Perthshire rocke and placed in the Uppser Dalradisn while the
Keith division was equated with another group of Perthshire
rocka snd placed in the Lower Dalradian. The Upper and Lower
Dalradien grouﬁs were séparated from each other by the Boyne
line dislocation which Read renamed the Boyne lag. The Lower
Dalradian is in the form of a recumbent anticline closing to

the south-sast, the core of which is composed of migmatitic

gneisses./
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gneissges.

Sutton and Watson (1956) dealt with structures on the
Banffshire coast and proposed the term Boyndie syncline for
the great fold affecting the Dalradian in this region.
Similar conglusions to these of Read (1955) were accepted, viz.:

(1) the Lower Dalradian of the westerm limb of the fold

is steeply inoclined and youngs to the east.

(2) the eastern limb of the fold is gently inclined

and flexed to form the Turriff syncline.

However, from detailed work on the large and small scéle
structurea, the authors felt inclined to reject the nappe
hypothesis of Read because of lack of evidence of a large
discontinuity at Boyne Bay where the Boyne line of Read
reaches the coast. Thug Sutton and Watson explained all
structures by folding on a NNE axis, with minor differgntial
movements betwesan membere of the succession dufing this
folding. |

Read end Farquhar (1956) upheld the views of Read (1955).
on north-sast crustal structures. The Banff nappe was shown
to exhibit two major stiructures, anticlinal in the east for
which structure the name 'Buchan anticline' %as proposed, and
synclinal in the west, the 'Turriff syncline*. The Buchan
anticline consists of Upper Dalradian represented by a capping
of Mormond Hill quartzites, resting on a migmatitic core of
Lower Dalradian originally part of the Ellon gneissges. Read
and/
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and Parquhar (1956) considered that the Collieston beds to
the east of the anticline were piled up in frontof this
anticline, whereas to the west the Fraserburgh beds had slid
down the western slope into the Turriff syncline. These
sliding movements resulted from the migmatitic core of the
anticline risging upwards and‘uastwards.

A condensed diagram from Read (1955 p.19) is given in
fig. 2A.

| When the folding movements which formed the Buchan anti-

cline and Turriff syncline finished, Read and Farquhar (1956)
envisaged that an essentially thermal metamorphism from the
migmatitic core of the Buchan anticline was imprinted on the
folded series of rocks. Earlier Read (1952) had discussed
the metamorphism end migmitisation of the country rocks of
the Ythan Valley in Aberdeenshire. The country rocks comprise
from west to east, Macduff slates and knotted slates,
andalusite~cerdierite schists (FPyvie schiests) and aillimdnite—
cordierite gneissea (Ellon gneisses). Aécording to Read
(1952) these were ... "clearly the result of one metamorphic
operation increasing in intensity from west to east or from
above dovmwards."” Read (1952) and Read and Parqubar (1956)
were ¢f the opinion that the permestion and migmatitic gnheisses
of Haddo and Arnage were a late stage ¢of the regional meta-
moxrphic period, and if the base of a nappe exists in these

greas separating Upper and Lower Dalradian rocks, then ...

"/these/ /
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"/these/ migmatities swemp the boundary between Banff Division
/Upper Dalradian/ and Ellon series /lower Dalradian/." This
m&in metamorphic periocd was therefore one of regional thermal
motamorphism culminating in migmatisation and Read (1952)
named it the "Buchan Type"lof metamorphism. This metamorphism
had anticlinal isograde separating the different metamorphic
zones with the metamorphic gradé increasing ddwnwards towards
the migmatitic core of the Buchan anticline. After this

main regional metamorphism had taken place the migmatisation
front rose highest into the overlying folded rocks from
within the core of the anticline. Fig. 2B i=s reproduced

from Read and Farquhar (1956, p.152).

Regional metamorphism of the Barrovian type to the south
has kyanite and sillimanite &s the main index minderals of
metamorphic grade. Johnson (1963) stated that regional
metamorphism of Barrovian type would imply higher pressures
than would be required in regional metamorphism of Buchan
type a3 there wes probably no time difference betwaen the
climax of the Buchen metamorphism and the climax of the
Barrovian metamorphism, In other words Barrovian metamorphism
probably requires a deeper structural level than does Buchan
metamorphism (see fig. 2C from Johmson 1963, p.126).

Read and Farquhar (1956) completed Read's ideas on the
atructural history of the north-east Scotland which may be

summarised as the following sequence of postulated events.

(1y/
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(1) formation of the Banff nappe with a dislocation
(the Boyne lag) in the upper 1limb of the nappe
geparates the Upper Dalradian from the Lower
Dalradien.

(11) +the superimposing of an anticlinal and synclinal
gstructure on the Banff nappe; +the Buchan anticline
in the east and the Turriff syncline in the west.

(iii) =8 regional metamorphism of essentially thermal type
resulting from heat from the migmatitic core of the
Buchan anticline, This metamorphic ‘anticline'’ is
two miles west of the Buchan}anticline, i.e. it
overprints the original anticlinal struciure..

(see fig. 2B).

(iv) an advancing front of migmatites rising from the
gneissose Lower Dalradian core of the Buchan
énticline and affecting the Upper Dalradian across
the Boyne lag.

Johnson and Stewart {1960) stated that thé structures on
the Banffshire coast were more complex than either Sutton and
Watson (1955) or Read and Farquhar (1956) had greviously supposed,
although their divisions into early tight folds and later open
foldas still held. |

Johnson {1962) described the relationships between folding
and metamorphism in the Dalradian rocks of north-east Scotland.
Four periods of folding were recognised in these rocks.
Throughout their folding history low grade metamorphic con-

ditions/
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ditions prevailed, usually producing biotite growth in the rocks.
A metamorphic c¢limax occured between the mecond and third folding
periods which led to the production of andalusite~cordierite
mineral assemblages in the Dalradian rocks. This main
metamorphic period is the Buchan type.of metamorphism in north-—
east Scotland as named by Read (1952) and Reed and Farguher
(1956).

its complementary Boyndie syncline were formed during the third

Johngon (1963) atated that the Buchan anticline and
fold episcde. Thus the metamorphic climax responsible for the
Buchan type of metamorphism tock place before the formation of
the Buchan anticline, This is in complete disagreement with
Read's sequence of avents (p.15) as it reverses no. (ii) and
(iii), and makes the position of (v} unclear, Johnson's
(1962 p.56) table of events ié reproduced below in a somewhat
attenuated form, to summarime the main sequence of metamorphic

and fold pericds recognised in the Buchan rsegion.

Structural Structures Metamorphic
Episodes Formed Episodes
Fy Recumbent folds Growth of biotite
Banff nsppe |
F2 Tightly appressed |
folds |

}

Post kinematic
growth of andalusite,
cordierite, staurolite

; garnet.

F3 Assymmetrical folde |
Boyndie syncline * ]
Buchan anticline

F4 Agsymmetrical fdlds ¢
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The main theories regarding the disposition and time of
intrusion of the gabbroic maeses will now be examined. As
has been stated previocusly Head (1923a) regarded the various
north-east masses as the outcrops of parts of s huge sheet,
intruded after the folding and metamorphic movements which
affected the country rocks in the region.

Shackleton (discussion in Read and Parquhar, 1956) did
not believe that the position of these masses had been clarified
because the layering was very steep in some of the masses,
notably Huntly in the west and Belhelvie in the east.
Shackleton {1948) showed that the layering is actumlly overturned
at Huntly, dipping steeply weet and 'younging' eastwards.
Shackleton {(discussion in Read and Farquhar, 1956) considered
that thie evidence showed that the gebbroic intrusive phsase
wags earlier than the Boyndie fold geriod, a view which Stewart
(1946) hed originally put forward., Head (in discussion after
Read and Fargquhar, 1956, replying to Shackleton) stated that ...
"the assumption that layering of gabbro bodies was originally
horizontal ... was an assumption that he /Reed/ could not
accept." |

Stewart and Johnson (1960) re-examined the relationships
of basic masses to the country rocks in the whole region
including the internel structures which some of these masses
exhibit and outlinéd the main arguments for and against

deformation of the gabbroic masses.

In/
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In addition to Shackleton's interpretation (after Read
and Farquhar, 1956), Stewart and Johnson (1960) stated that
at Belhelvie small scale gradational banding dipping steeply
east with occasional density gradations could be seen. This,
together with the brdad arrangement of rock types, showed that
the basic mass had been moved after its consolidation into a
nearly vertical position with its bape to the west.

Geological data on the basic suites at Huntly and Insch
was also examined by Stewart and Johnson (1960) who pointed
out that the banding in these masses had never been mapped in
detail, so that their attitude was not yet adequately known.

The Haddo House, Arnage and Maud bodies are so poorly
exposed as to produce no detailed information.,. However, the
large areas of contaminated rocks (quartz-cordierite-norites,
etc.) at Haddo House and Arnage and 7 Maud, together with the
confining of olivine~hypersthene gabbro exposures to low ground
led Stewart and Johnson (1960) to the conclusion that the
masses were horizontal and that roof material and its
agsociated phenomena were exposed (this was the original view
of Read, 1923a). Therefore this evidence, together with the
Belhelvie structures plus the views of Shackleton (in discussion
after Read and Ferquhar, 1956}, led Stewart and Johnson (1960)
to the conclusion that the basic sheet was folded after its
consolidation..

Fig. 3A from Shackleton (ndiscussion after Read and
' Farquhar/



WA
TURRIFF BUCHAN ESE

Y SYNCLINE ANTICLINE
3}

b Huntly Magsa Haddo Mass | X N Collieston
TEN o a an recumbent  fokds
2 e
\
\
Y
Bethelvie Mass \‘
‘Boyne fine
The disposition of the Basic masses of NE.Scotiand A
( trom Shackieton, In discussion after Read aond Farquhar, 1956) .
Trace of Boyndie Synciine
Fosition of Muntly Moss,
Traca of  Muntly NNE
Tarves ontiform
\\
Boyne line

Position  of maac  sheet
insch Mosa . AT

A diagram  showing the  ottitude of @ ‘

transgressive - basic sheet emploced in )
originally flat-lying beds ond then folded,

tirstly on NNE-SSW oxes and secondly.

on ESE—-WNW oxes. (from Stewart ond Johnson 1960, pill.) B

FIG. 3




19.

Farquhar, 1956) and Fig. 3B from Stewart and Johnson (1960)
are reproduced to illustrate more clearly the alleged
disposition of the basic sheet (and the individual masses) in
the Buchan area.

As evidence against the gabbros being folded Read (1923b)
and Blundell and Read (1958) produced three arguments and
these are summarised with comments by Stewart and Johnson
(1960) and by the author.

The first of Read's arguments (Head, 1923b) concerned
the destruction of the cleavage in the Macduff slates at
Foudland, just north of the Insch basic masa, by heai from the
£abbro. The gmbbro¢'s thermal sureole in these slates at
Foudland is about one and a half miles wide which suggested a
gently dipping gabbroic sheet to the north under the Nacduff
slates, The cleavage in the Foudland slates was assumed by
Read (1923b) to be due to the Doyndie fold period (its latef
neme in Read and Farquhar, 1956), and thus earlisr than the
Insch gabbro. However, Stewart and Johnson (1960) pointed
out that the dating of thelcleavage in these slates is not at
all eartain, Recently Fettes (personal communication) has
shown that the cleavage in the Foudland slates cuts metamorphic
minerals producsad in these slates by heat from the gabbro.
Therefore this cleavage must be lmter than the intrﬁsion of
the Insch basic mass, and this point invﬁlidates the first
argument. |

The/
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The second argument against the gabbro masses being folded
cortcerned the existence of delicate textures within the basic
bodies and their hornfelses which should have been destroyed
by later folding movements. It was pointed out by Stewart
and Johnson (1960) that amphibolites from the older igneous
suite on the Banffshire coast still display excellent
preservation ©f linear structures. These siructures were
rroduced earlier than the Boyndie fold movements and hence
must have been subjected to these movements. Johnson {(1962) ..
showed that these Boyndie fold movements (Johnson's F3 fold
period see table p. 16) were accompanied by only a low grade
regional metaﬁorphiam which even sllowed preservation of
sedimentary structures in the lacduff greywacke.

Blundell and Read (1958) carried out a palaeomagnetic
survey on specimens from each gabbroic body, in Aberdeenshire.
In this survey, the directions of magnetism exhibited by each
basic mass were shown to be essentiamlly the same an& hence the
nasseés could not have been folded; this constituted the third
and most powerful of Read's arguments against post~consclidation
folding of the north-east gabbros.

The limitations of this last argument were exposed by
Stewart and Johnson (1960) who showed i1- |

(1) the variation in the direction of magnetism within

'any one mass is considerable, as witness by the
spread of thie data when plotted on a stereogram.
(Blundell and Read, 1958, p.201 fig.A). The

2eographical/
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geographical position of each of the stereographic
points were not stated. Stewart and Johnson
(1960) ahowed that since there is a considerable
variation in the dip of the banding within the

Inech mase which might be due to deformation ...

"it is possible that the mean direction of

magnetism of the five samples studied is an average
of significantly different directions.” As this
might also be true at Huntly, Read's presentation

of the results from the date is misleading.

there are limitations in the methods of sampling of
the basic masses because, of the sixty samples
collected from twenty-eix sites in six intrusions,
only twenty-one were considered to be suitable for
palaeomagnetic work. Discussing the sampling of
the Haddo House maas Blundell and Read (1958) stated

that ... "although ten samples were collected, oniy

one was finally considered to be in situ.” Nine of

the samples were rejected because ... "what looked
like a good in situ outcrop is really ... a group of
largé boulders ... /which/ have probably not moved
more than a few inches or feet from their original
positions." The one specimen “in situ" is a
biotite~norite in contact with the country rock at
¥Michael Muir quarry on the east edge of the Haddo
Houge gabbro. Since Blundell and Read (1958 p.198)
rejected/
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rejected a sample from Huntly for being "partly of
contaminated origin" it is difficult to understand
why they should use a biotite-~norite from the

Haddo House mass as Read (1935 p.634) stated ...

"it is concluded that the norites {(that is gabbros

in which no c¢linopyroxene’is present) have been
produced by the assimilation of argillaceous material."
In other words this biotite~norite sample is itself

a contaminated rock. However, the author fails to
understand why contaminated rocks should be rejected
for palaeommgnetic measurement purposes, since these
must have been formed at +the same time as the
intrusion of the gabbros. The lack of exposures
generally in the inland arees of the Buchan region
and the difficulty experienced in determining whether
exposures are in place also undermines Read's last
argument.

(3) Stewart and Johnson {1960) pointed out that in certain
rocks the degree of inclination of magneiism varies
with the ratio of magnetite to minerals of the F9203 -
Fe0.Ti0p -~ TiOp system (Balsley snd Buddington, 1958),
and a factor of this type must be shown not to be
involved.

Thus Stewart and Johnson (1960) found that the belance of the

evidence/
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e#i&ence was in favour of the north-east basic sheet being folded
after its conseolidation although they indicated that two other
possibilities existed.
The first poesibility is that of pre-intrusive gravity
differentiation in another chamber and then intrusion into
present pogitione whilst as a crystal mush. At Bslhelvie
this would mean that the gabbro would have to be intruded with
its layering nearly vertical. This possibility was ruled out
at Belhelvie because the great thickness of the mass, the lack
of pronounced linear structures in the banded rocks and the
lack of veining of one rock type by another weirhed against it.
The second poesibility is that of differentiation and
deformsition of the igneous bodies whilst still partly liquid or
s0lid but above the Curie Point. Stewart and Johnson (1960)
offered no evidenée for or against this theory. However the
exictence of the upper differentiates only in the western part
of Insch where the basic mass is horizontal, plus the fact that
the Haddo gabbros, which are believed to lie in the upper part
of the Buchan anticline, are quite basic even though the gabbroic
sheet is horizontal there, seems partial evidence in favour of
thie theory. From Nagata (1953) the Curie-point of cooling
gabbros is ¢.560°C. Above this point the maghetic susceptibility
of the gabbros becomes apparently zero, and thus, any palaeomagnetic
properties which a rock has, must have been acquired when the rock
cooled from just above the Curie~point of the ferromagnetic

minerals/
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minerals concerned. Thus if the palaeomagnetic data presented
in Blundell and Read (1958) has been correctly interpreted,
there is the possibility that the gabbroic sheet might have
been folded at temperatures above the Curie-point (0.56000.)
and then caoled through the Curie-point, after the folding of
the partially liquid sheet had taken place. Blundell and
Read (1958 p.192) statéd that ... "Any subsequent metamorphism
would naturally modify this megnetisation."” It will be shown
in Chapter IV, that from evidence presented in Johnson (1963) and
Rast (in Stewart and Johnson 1963) the gabbros could have been
intruded at great depth (10 Km or more) into country rocks
which were themselves at relatively high temperatures, perhaps
500° « 600°C, Since Johnson (1962) showed that the Dalradian
rocke of north-east Scotland were subjected to a 1oﬁ grade regional
metamorphism with growth of biotite throughout the folding
movements Fq to.F,, the gebbroic sheet could have taken a very
long time to cool down through the Curie-point of the
ferromagneti¢ minerais. Therefore, the basic sheet could
apparentlj be shown not to be folded after its consolidation on
the palasomagnetic evidence. This second possibility of
differentiation and deformation of the basic sheet of north-east
Scotland whiist gtill partially liquid must remein a most
attractive propositiocn although more palaeomagnetic work must be
done, or altermatively, the gabbroic sheet investigated over s
wider area, either by drilling or gravity surveys.

Bell/
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Bell (unpublished Ph.D. thesis 1964) outlined a possible
order of events in north-east Scotland by means of age deting
some of the main rock types in the region. Part of this
order of events is given below, with some comments.

(1) Deposition of the Dalradian series 740 % 40 million

years {(m.y.) ago. The dating of sedimentary rock
is difficult because the initiel Sr 87/86 ratio

87 need not

is unknown and inherited radiogenic Sr
be a constant within the same stratigraphic unit,

The isochron drawn by Bell (1964) from his data
shows an age of deposition of 740 * m.y. This
corresponds to the age of & metamorphism which
Gilletti, Moorbath and Lambert (1961) obtained from
nearby Moine rocks. Bell (1964) suggested that
this could indicate a metamorphic episode followed
by uplift in the Noine rocks and subsequent

erogion of land masses or bagement, of uniform Sr
isotopic composition to give the Dalradian sediments.

(2) Formation of Fq primary recumbent fold structures
(the Banff nappe of Read, 1523b, 1955) accompanied
by low grade metamorphism.,

(3) Intrusion of granites and pegmatities 530 m.y. 2go0.
These are the Oldef'Granites of north-east Scotland
and include those mentioned by Read (1961). The
Strichen granite, previously considered a Newer

Granite/
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Granite, was found to be of similar age to the
Older Granites.
(4) F2 fold movements and continued low grade metamorphism.
(5) High grade regional metamorphism with intrusion of
minor microcline granites st Auchlee and Clova, and
formation of the Glen Clove and Aberdeenshire
migmatites 440 ¥ m.y. ago.
' Emplacement of basic masses 440 * 10 m.y. ago.
(6) Fj3 fold movements with progressive netamorphism to
the west and intrusion of granites about 400 m.y. 2g0."
These granites are part of the Newer Granites of
Scotland end were emplaced after the main folding

and metamorphism of the country rocks.

From point (5) above it will be seen that Bell cannot
separate the time of the climax of the Dalradian metamorphism,
the formation of migmatités and the emplacement of the north-
east Basic Kasses. The specimens which provided ages for
the metamorphism and migmatisation in north-east Scotland all
gave ages in close agreement with one another. Bowever Bell
found certain anomalies in the ages obtained from some of the
basic material. Although ages obtained from a hornfels
within the aureole of the Belhelvie gabbro and a pégmafite
which cut the Insch gabbre both approximated to 440 m.y.

(450 2 8 m.y.), the specimens of basic rocks from Insch did not.
These gave ages younger than 440 m.y. One specimen gave a much
younger age (393 ¥ 6 m.y.) using the Rubidium/Strontium method
for/"
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for age determination than it did using the Potiassium/Argon
method although the latter method tends to give younger ages
since Argon is usually lost through time. Bell (p.VII - 22)
gtated that these low ages might indicate later heating of
the basic masses by the Newer Granites, but until further
analytical work has been done little emphasis should be
pleced on this figure. This seems reasonable since Bell
(p.VII - 23) stated that the figure of 440 % 16 m.y. for the
age of the north-east basic sheet represents an average Rb-3r
intersection age from the Belhelvie hornfels, the Insach
pegmatite and the Insch basic mass as well as the K-Ar ages
of the biotites from a few gabbrb specimens from the Insch
banic mass.

Thus, although Bell {1964) provides much useful
information about the source areas of the Dalradian sediments
the origin of the older and younger granites and the times _
during which the Fq, Fp and F, folding took place, he was
unable to separate the time of the climax of the Dalradian
metamorphism in north-eaét Scotland from the time of intrusion
of the basic masses and the formation of the migmatites,-all
these events apparently taking place approximately 440 mLy.
ago, between F,; and Fj3.

The geological work done by Read {1923a, 1935) and ﬁead
and Farquhar (1952) on the basic bodies at the Haddo House
and Arnage districts will now be discussed in more detail.

The/



28.‘ -

The Arnage gabbro was shown to have been intrudéd into

two major country rock groups (Read 1923a). These are :=-
Andalusite-cordierite schists and feldspathic
quartzites often containing impure limestone
bands occurring west, north and north-east of

Upper Dalradian (the gabbro (see fig. 1 and district map.)
EThis group eomﬁriaes both the pelitic and
psammitic members of the Pyvie schists and
(also the Mormond Hill quartzites.
(Biotite~cordierite gneisses and subordinate

Lower Dalradisn hornblende schists occurring to the south-east

(of the gabbro - the whole series being termed -
(the Ellon gneisses.

These two series provided materials for the contamination of the
Arnage igneous body. The chief characteristics which Read
(1923a) recognised in the contaminated rocks were:- |
(a) extreme richness in xenoliths.
(b) variability of grain size and type distribmtion
i(see below).
(c) the presence of a pronounced fluxional structure.
(@) wvariation from gabbroic to granitic types.
(e) the presencé of many elumina-rich minerals (cordierite
and spinel) considered to be abnormal in igneous rocks#
Read (1923a) does not explain exactly what is meant by (b) above.
"Type distribution" probably means that if the contaminated rocks are

divided/
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divided into different groups depending on the composition of
the original introduced sedimentary material and its
proportion to the original igneous magma, then these groups
would not occupy areas of equel size in the Arnage district
(see main divisions of Arnage rocks, below). The third
characteristic given above, namely_"a pronounced fluxional
structure," means that the various contaminated rocks show &an
alignment of xenoliths or their constituent minerala exhibit
banding, as Read (1923a p.460) describing a contaminated

rock stated ... "these xenoliths /in the contaminated rock/
preserve a constant bedding dip to the north-west, and the dip
of the fluxion in the magmatic rocks /matrix surrounding
xenoliths/ is in the same direction.”

Read (1923a) proposed a division of the Arnage contaminated

rocks into four main groups, and this division is given below,

although the author has reversed this classification (chapter V).

(1) Gabbro type | similar to the main quartz«

hypersthene-gabbro but with more

quartz. This group included

quartz-orthonorites and quartz-

. cordierite-norites.

(2). Arnage type the moet widespread of the con-
taminated types found north of a
line from Arnage station to

Cookston and comprising cordierite-~

bearing/
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bearing two-feldspar gneisses.
This type is allegedly the result
of modification of the initial
magme by the PFPyvie schists and
pelitic material from the Ellon
gneisses.
(3) Kinharrachie type seen two miles west of Ellon town
near the Kinharrachie farms.
This type wax produced by con-
tamination of \he initial magma
with the hornbl&pde gchists from
the Ellcon serles%
(4) Ardlethen type found at Ardlethe; and according

to Read (1923a, p.458) was ...
"the best development of the
granitic end-product of contamina-
tion."

A gradual change was envisaged from gquartz-hypersthene-gabbro

to contaminated rock and thence to country rock. More detailed

"discuseion on the contamination process and the development of

the contaminated rocks, both from this area and from the Haddo

House district, will be found in chapter V in this thesis.

Read (1923a p.484) made the main purpose of his paper to

establish'that »s« "the contamination process depends upon

recipfocal reaction between the gabbroic magma and argillaceous

xenocliths; the magma becomes more acid, the xenoliths more

basic/
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basic.”

These views were amended greatly by Read and Farquhar
(1952) in which thsy suggested that the Arnege, Kinharrachie
and Ardlethen divisions of his contamineted rocks were, in
actual fact, part of an older migmetitic series similer to the
Cromer gneisses of Deeside, and of much earlier age than the
gabbroic intrusion. The evidence for this is based on the
field relations between gneiss and gabbro at a few localities
summarised below (Read and Farquhar, 1952).

At two of these localities field relations were admitted
to be obscure although in the Nether Mill district a quartz-
cordierite~norite ~ & transitional type - wae reported by
Read {1923a p.458).

At the two remaining districts namely Gallow Hill and
Waulkmill of Savoch critical evidence in.support of Read's
hypothesis was claimed. At the former, nearnsss of gabbro
to-gneiss without transitional typee was put forward as evidence
of & sharp boundary between the gabbros and the gneisses,
although no actual contact was seen. Great difficulty is
experienced in recognising true outcrop, because the area is
covered with a vast amount of looss boulders from nesarbye
drystone dykes. |

At the latter area, the Waulkmill of Savoch railway cutting,
Head and Farquhar (1952) claimed evidence in support of there
being sharp gabbro/gneiss contacts. At this cutting two large

outcrops/
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outcrops of Arnage gneisses were reported to be surrounded on
all sides by gabbros; however quartz-cordierite-norites also
exist there (Read 1923a p.431). A more detailed description
of these areas and their rock types will be found in

chapter ¥ of this thesis which deals with the contaminated
rocks of Arnage.

After Read (1923a) had written his work on Arnage he
continued to write papers dealing with certain features of
assimilation as exhibited by differing rock types (Read
1924, 1931). With new evidence from Bowen (1928), Read (1935)
continued his work on assimilation processes further, with
publication of his interpretation of the geology of the Haddo
House district. This paper is still the major work on the
area.

In this paper the main country rocks were again described.
Gabbros were seen to have intruded these schists and a later
granite, the Auchedly granite, was intruded into the gabbroic
suites of rocks. This granite enclosed both the quartz-
hypersthene gabbros and the quartz-~cordierite norites in the
Wood of Schivas and Craigmuir Wood districts (see map, fig.4).

Read described the following separate groups of rocksj-

{(a) Olivine-hypersthene-gabbros, and quartz-hypersthene-

gabbros and their "end-stage derivatives."” By‘
"end-stage derivatives" Head does not mean the final
fractionated product from the differentiation of a

gabbroic/
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gabbroic sheet but (1935 p.604) ... "post magmatic
modification” ... and (p.607) ... "epidioritization
se» the result of sutometamorphism or end-stage
"action in the ... gabbro body itself," producing
(p.604) "post-magmatic amphibole associated in
the last stagesAwith chlorite, epidote and
7 gericite.” These end—-stage derivatives are
urelitised gabbros.
(b) Orthonorites {"norites" of Read, 1935, p.607),
quartz orthonorites and their "end-stage derivatives."
(e¢) Quartz-cordierite-norites found at the Wood of
Schivas and Craigmuir Wood, within the Auchedly
granite intrusion (these were not included with
the quartz-orthonorites &nd quartz-hypersthene-
gabbros as happened with similar Arnage types in
Read (1923a, p.459). These quartz-cordierite-
norites comprised, two main types - quartz-cordierite~
norites as the name suggested, and quartz-rich
cordierite~bearing, potash feldspar rocks with
ocecasional garnets.
In groups (b) and {c¢) above, xenoliths of different compositions,
varying from alumina-rich to quartz~rich were observed, and
these were seen to be most prolific in the quartz-cordierite~
norites. |
The country rocks show marked thermal effects near the
£abbro contact especially in the valley of the Ythan River

near/
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near Methlick. These effects are discussed in chapter III
of thig thesis.

After 811 the rock types and xenclithe had been described
in great detail, Read (1935) set out his ideas on the
contamination process as seen in the rocks of the Haddo House
district of Aberdeenshire. His main argument was that a
xenolith with the compoeition of a pelitic member of the
Fyvie schists, an andalusite~cordierite-schist, has never
been observed, although all other country rock types,
calcareous and quartzitic, have been seen as xenoliths.

Thus Read (1935, a8 in 1923) postulated a gradual change in
composition from andalusite-schists to alumina-rich xenoliths
by incorporation of schistose material into the igneous rocks.
He discussed Bowen's (1928) work on assimilation in detail,
used it to substantiate his own hypothesis, and finished his
discussion with 2 repeat of his esrlier dictum ... "if there
were not so many slates there would not be so many norites.”
By "norites"™ Read implies orthonorites a&s (1935 p.634) he
states ... "norites (that is gabbros in which no clino-
pyrbxene is present)."

The significance of his discussion and investigation of
some of the main rock types will be reviewed later in this
thesis, although it is of interest to note here that there
are NOT so many orthonorites in Haddo as Read envisaged.
Finally from his work at Haddo, Read (1935) concluded that
there/
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there were two primary magmes - an olivine-hypersthene-gabbro,
and a quartz~hyperéthene-gabbro both of which were xenolith
free. All the other rocks containing xenolithic material,
were produced by varying degrees of assimilation of country
rock mﬁterial into the originel mzagma. However it might

be poasgible that the olivine~hypersthene-~gabbros, and quartz-
'hypersthene-gabbros (which do contain aluﬁina—rich xenoliths)
are derived from the samelinitial magma (see petrogenesis

section chapter IV).



CHAPTER II

A model to help with the petrogenesis of the rocks of uncertain
origin, or unhomogeneous rock group, of the Haddo House district is
outlined in this chapter. This group includes xendithic quartz-
cordierite-norites and the conteminated rocks of Haddo as described
by Read (1935) and also similar Arnage rocks described by Read (19223a)
including the Arnage and Ardlethen gneisses.

In previous years many workers:ihave published results desling
with liquid trends, primary phase volume equilibria, etc., in various
2y, 3 or 4 - component sjstems. Not much work has been carried out
on systems involving more than four components. Thus it is difficult
to equate natural rocks, whose analyses involve 9 or more components

(oxides) ¥ H20 with the data from aynthetic systems. However, it

might be possible to equate some natural rocks with parts of
experimentally determined synthetic systems if natural rock anslyses
can be recalculated or reduced to 4 (or less) components.

At Haddo after the mineral assemblages and chemical compositions
of the unhomogeneous rock group (and other groups) had been examined
by the author, it was decided that the system Ca0 - Mg0 - Al,0, - Si0

273
(CMAS) was the most relevant to the problem of genesis which these

2

Haddo rocks presented, see figure 5A.

Chinner and Schairer (1962) first revealed how this system could
be applied to the petrogenesis of the Haddo rocks. Their work dealt
in detail with melting relations along the join C33A12813012 {(grossular)
- Mg3A12313012 (pyrope) in dry conditions at atmospﬁeric pressure and
the/
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the bearing that this join had on the CMAS gstem. This join cuts 3
subsolidus tetrahedra and passes very close to others. The phase
relations on the bounding planes of most of these subsystems were
known from previous data, and from this Chinner and Schairer con-
structed a flow-sheet. This shows phase relationships and univariant
and invariant equilibria in part of the CMAS system always under
isobaric conditions.

Although a large part of the CMAS system was given in their
flow sheet it is not intended to reproduce all of it and only that
part which applies to the author's problem is given (fig. 6) and
discussed in some detail. (Fig. 6 from Chinner and Schairer, 1962,
p. 619).

In the part of the diagram reproduced, the line e - f separates
malilite-bearing assemblages from non-melilite-~bearing ones, and
since none of the Haddc gocks contain melilite only the part of the
system in which melilite does not appear is reproduced in fig. 6.
Chinner and Schairer axaﬁined the liquidus data in the subsystems
An-En~Di~Tr and An-En-Cdt-Tr. The former containg the liquids .
‘appropriate to two quaternmary isobaric invariant equilibria, an-en-di-fo-
liquid (reaction equilibrium X) and an-en-di-tr-liquid (eutectic
equilibrium Y). The latter subsystem (An-En-Cdt-Tr) was known to
contain the liquids appropriate to four univariant equilibria passing
through the bounding plane an-cdt-en of the tetrahedron. In addition
the liquids appropriate to six more univariant lines were shown to
pass into the subsystem through the other bounding planes {(an-en-tr,
cdt-en-tr, etc.) and thus Chinner and Schairer (1962) considered that
the/
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the tetrshedron An-En-Cdt-Tr contained the liquids appropriate to
five quaternary invariant equilibrias, of which four, 'points' EFJK on
diagram fig. 6 are reaction equilibria, end one, the remaining
equilibrium I, an-en-cdt-tr-liq., is a quaternary eutectic. All
o camposthon  obpthrole kol of o

these liquids crystallise tgjcordierite-norite. Invariant equilibria
Y and I are 'joined' by & univarient equilibrium through the plene
anorthite~enstatite~tridymite. Since this plane represents a
temperature maximum on the univariant equilibrium Y-I it wuuld be
impossible to proceed down temperature from one equilibrium to the
other. Both are quaternary eutectics, and if 1iqﬁids corresponding
to equilibria Y or I are coocled below the esutetic tempsrature, two
solid assemblages, anorthite, enstatitie, diopside, tridymite, and
anorthite, enstatite, cordierE}e, tridymite respectively, would be
produced. These synthetic assemblages correspond to a quartz-
hypersthene~-gabbro (eutectic Y) and a quartz-cordierite—norite
(eutectic I).

O'Hara and Schairer (unpublished) revised part of the 'flow-sheet®
of Chinner and Schairer (1962), the relevant part of which is shown
in fig. 7A. The main revision in the part reproduced in this
figure, is that reaction equilibria K and M in Chinner and Schairer's
diagram have been repiaced by three new isobaric invariant equilibria
all lying within the tetrahedron An-~-En-Cdt-~Tr, which thus contains
7 invariant equilibria. This proposed revision of detail is not
gignificant in constructing a model for the Haddo rocks as each of the
three new invariant equilibria like one of the old, contains sapphirine,
and this mineral is not present in the Haddo rocks. Howaever, the

thermal/
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thermal divide 'm' in the flow sheet of Chinner and Schairer was
removed by O'Hara and Schairer, and, as will be seen in chapter V,

no divide 'm' is envisaged between points J and K for the natural
rock flow sheet corresponding to the Haddo rock assemblages. It

is possible that a 'point’ eqﬁivalant to invariant.equilibrium (K),
although replaced by O'Hara and Schairer, might still apply to the
natural rock system under review, as assemblages containing the
phases anofthite-cordierite—sillimanite-spinel are occasionally found
at Haddo.

A flow sheet such aa‘fig. 6, is merely a diagram to help depict
phase relations inside a_4-component gystem. The lines, points, etc.
on the diagram do NOT lie in a ptrane and the position of points
representing the invariant equilibria, length of lines representing
univariant equilibria etc., are purely arbitrary. The arrows
alwaya indicate falling temperature. Ternary invariasnt equilibria
lie at the ends of some of the univariant equilibria on a bounding
plene of the system CMAS, e.g. the plane CaO-Mg0~SiOZ. It is
impossible to take a liquid composition appropriate to & univariant
equilibrium in the synthetic system *through' a thermal divide by
fractional crystallisation or partial melting while keeping it in
that equilibrium, Since the Haddo rocks contain no sapphirine- or
forsterite~bearing xenolithis, that part of the flow-sheet relevant
to assemblages with these phases {points E, F and M, fig. 6) will
not be described in detail.,  Since this CMAS model is to be used
for partial melt phenomena, interpretations of the flow-sheet are
always for temperatures increasing and an original solid mixture

melting/
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melting, rather than a liquid cooling, although fractional crystal-
lisation effects may be important after maximum temperatures of partial
melting have been reached and the liquids formed begin to cool.

O*Hara and Schairer (unpublished) considered in great detail the
application of this part of the CMAS gystem to natural rocks. Thay
agked and tentatively answered & series of 'questions' concerning
the problems encountered in applying s partial melt theory of ofigin

to natural rocks.

1. Their first question investigeted the mechaniam of partial
melting, and whether it would be possible to produce Si-rieh and Al-
rich xenoliths purely by the partial melting of some initial sedimen-
tary materizl. O*Hara and Schairer followed Chinner and Schairer
(1962) in stating that a liquid of composition appropriate to that of
eutectic I could correspond to the liquid produced in natural rocks

by the partial melting of rock consisting of the phases ﬁlagioclaae,
orthopyroxene, cordierite and quartz. In natural rocks, the intrusion
of a basic magma whose composition is appropriste to that of invariant
equilibrium X, fig. 6, into a series of pelitic sediments might
produce a variety of quartz-~orthopyroxene~plagioclase~cordierite
hornfelses, due to a thermal metamorphism of these pelites. In the
synthetic system a mixture of random proportions of ancrthite,
enstatite, tridymite and cordierite, if heated sufficiently for melt-
ing to begin, will melt initislly wih the production of a liquid of
fixed composition appropriate to that of eutectic I. With further

increase in temperature, nox 4-phase crystalline aggregates remain

and/
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and the liquid, whose compoaition must vary from place to place would
exist with a variable number of crystalline phases in various sub-
syatems each liquid appearing in equilibrium with 1, 2 or 3 of the
original 4 phases present; every liquid would lie within the
composition tetrahedron An-En-Cdt-Tr,

Fig. 5B, represents a projection from 5102 into the 50%'5102
plane of the tetrahesdron CMAS. In this diagram a field corresponding
to pelitic compositions has been drawn and a partisl melt liquid,
first produced by themlting of one of these mixtures is also shown
on the diagréggi; this represents the initial liquid which appears
when the initial material is partially melted and corresponds to
sutectic equilibrium I. With increase in temperature the liquid
produced still lies within the drea of the tetrahedron An-En-Cdt-Qz
and it coexists with xenoliths whose compositions depend on the
composition of the original mixture undergoing melting (i,e. the
proportions of CalO, MgO, A1203 and 8102) in the original mixture.
For example a mixture corresponding to B will produce a-liquid of
composition A coexisting with & xenoclith B, comsisting of phases
anorthite, cordierite (and quartz) and which lies on the line An-Cdt
in the projection 5B, Thus depending on the composition of the
mixture a liquid corresponding to e cordierite-norite (lying within
the tetrahedron An-En-Cdt-Qz) would surround xenolithis ranging in
composition from pure quartz to anczthite-enstatite~cordierite. In
_nature a quartz-cordierite-norite (liquid) of slightly variable

composition would surround xenoliths composed of any one, two or three

of/
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of the four phases originslly preasent in the sediments undergoing
partisl melting (e.g. the quartz-anorthite-orthopyroxene-cordierite
hornfelses already mentioned). Xenolithe ranging in composition
from pure quartz to plagioclase-orthopyroxene-cordierite would appear
in the liquid and any reatricfion in the type of xenolith appearing
would depend entirely on the nature of the original pelitic hormfelses
whioch underwent partisl) melting -~ i.e. the proportion of original
crystalline phases present in them, before partial melting took place.
In the synthetic system if the temperature is increesed still
further, a liquid could be produced which co~exists with cordierite,
rullite and spinel (e.g. the liquid whose composition is appropriate
to that of guaternary inveriant equilibri& K). This liquid is known
to lie inside the composition tetrahedron anorthite-enstatite-
cordierite~tridymite, and 2 of the 3 crystalline phases mentioned
(mullite and spinel) lie outside it. If all possible mixtures of

the 4 phases-anorthite, enstatitile, cordierite and quartz - wers
available in the originel material undergoing partial melting, then
thare muét be aome gubgsystems which lie between the liquid which
eo-exigts with cordierite mullite a2nd spinel sand these 3 crystalline
phases. In this case a mixture whose composition might lie in the
2nd field, corresponding to aluminous pelites (fig. 5B), would melt
with production of a liquid whose compogition still lies in the sub-
system An~En-Cdt-Pr and neer to point A (say A'). This liquid
would still erystallise to e guartz-cordierite-norite but it would
surround xenoliths containing mullite and/or spinel etc,, depeding

upon/
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upon the original composition of the mixtufe undergoing melting.

For example mixture C would melt to give liquid A' and xenolith C*' -
which consists of anorthite, mullite and corundum, Thus depending
on the composition of the original material,; partial melting would
produoe a liquid always lying within the tetrashedron An~En-Cdt-Qz

and surrounding highly asluminous xenoliths. In nature &8 qQuartz-
cordierite-norite (the liquid whose composition has not changed
greatly ~ it still lies within tetrshedron An-En-Cdt-Tr) would surround
xenoliths which would be highly aluminous (and silica-poor). Such
a processe could be interpreted as & magan aéaimilating sedimentary
matarial (Bowen 1928; discussion in chepter V of this thesis)
elthough such an assimilation process cammot explain why xenoliths
bacome enriched in constituentes with which they were amlready enriched
with respect to the magma before this procesas occurred. With a
partial melt theory of origin for both matrix and xenolith no assimi-

lation or metssomatic action is requirsed.

2e The second question concerning contact phenomens is discussed

in full, in chapter V where it is more relevant to the discussion.

3. Quaestion three concernaed the nsture of the xenoliths that might
be encountered in rocks of partial melt origin, or in intrusive
igneous rocks. O'Hara and Schairer (unpublished)} discussed three
situations. Thé first envisaged a country-rock fragment in a
crystallising gabbro, the second a xenclith in a partial melt country
rock {a situation slready discussed in the first question) end the
third, the meeting of partial melt of country rock and gabbro magma

with the formation of xenoliths.

In/



44.

In the first situation a xenclith with & high temperature
aasenblage may be surrounded by partial melt liquid derived from the
xenolith.

(i) If this liquid is removed, the remaining xenolith is not
in equilibrium with the surrounding magme and hence it would tend to
armour itself with a8 crystalline layer in equilibrium with the
mageatic liquid, such as anorthite-orthopyroxene-forsterite if ths
Xenolith is immersed in an olivine-gabbro magma crystallising these
phases. Since this zone itself is not in egquilibrium with the
aluminous core of the xenclith another zone e.g. anorthite-orthopyroxene-
cordierite, in equilibrium with the inner core., might be formed. The
formation of this intarmediate zone might lead to melting and dis-
ruption at the 4-phase low melting point assemblage at the contact to
the outer zone which might then break-up and the xenolith would
| slowly f'dissolve' in the magma by a repetition of the process. In
natural occurrences this sitwtion would be reflected in a xenolith
with a corundum or spinel-bearing core surrounded by & cordierite-

- norite zone and finally by a zone of olivine-norite between it and

the enclosing gabbroic magma. fThis situstion ia discussed further
in chapter IV with reference to the xenolithic quartz-hypersthene-

gabbros which occur in the Haddo and Arnege districts.

(ii) If the liquid formed a% the edge of the xenolith is not
swept away and incorporated into the surrounding magma, then a
situation analoéous to the third situation envisaged by O'Hara and
Schairer in this queestion is sncountered. In this situation a
liquid corresponding in compesition to eutactie I ie produéed by the
xenolith/
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xenolith and this meets the orystellising gabbro magma corresponding
0 quaternary eutectic Y.

Fig. 5C is a projection from 5i0, into the 50% Si0, plane of
the CHAS tetrahedron. 'Point* Y represents a mixtura corresponding
to a quartz-gabbro {consiasting of anorthite, enstatite, diopside and
quartz) and 'point' I represente the partial melt liquid correspond-
ing to a cordierite-norite formed by melting a mixture of composition
anorthite, enstatite cordierite and quartsz. The liquids Y and I
would meet on the composilion plane an-en~-tr which is e thermsel divide.
Chinner and Schairer (1962) stated that because of this divide it
is impossible to produce & liquid on the alumina rich sids by pro-
grassive contamination of liquid Y. Such an attempt heads to the
precipitation of more and mora tridymite, enstatite and anorthite
until the (orthonoritic) mixture froze. A sblid screen wouid oeceur
between the two liquids, separating these liquids, although the
partiel melting of mixtures on the alumina rich side ¢of the soreen
would continue. Thus on erystallisation, mixtures corresponding to
Y and I would occur with only a small quantity of material occurring
whose composition lies on the thermal divide, In nature because
of the variation in compositions of gabbroio magma and pelitic
meterial undergoing melting, the gabbros and cordierite iorites
would occupy a large field on a diagram similar to 5C, but these
two groups of rocks would still be separated by the plane an-en-tr.
The orthonoritic sereen would be expected between partially melted
country rocks and a magma which was at the stage of crystallising
quartz, if the thermal divide is effective.

1t/ |
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It.is possible hat an agssimilation process of sorts does operate
and O'Hara and Schairsr (unpublished) sxamined the meating of a
liquid corresponding to equilibrium X (anorthite, enstatite, diopside,
forsterite) and a liquid produced by partial melting of a mixture of
compoaition mppropriate to eutectic I. This liquid could co-exist
with anorthite, cordierite and mullite (or any other 3 phases, 1 or
2 or 3 of which were phasss originaily present).

If & liquid whose composition is appropriate to that of
invariant equilibrium X (corresponding to an olivine-gabbro ligquid)
meets the partisl melt liquid I, see fig. 50, then the tempersture
of X (1238%) is greater than that of the thermal divide sn-en-tr
(1222°C). If the temperature remains at 1238°C through & long
reriocd of time the liquid-x will modify I towards and even through
the plane an-en-tr. In this case e progressive contamination
sequence will be observed with a series of mixtures from X - T in
diminishing frequency of types. The geological analogus of this
would be the progressive contamination of an olivine gabbro magma
(equilibrium X) by pelitic sediments, producing s complete range of
rock types from olivine gabbro -———» quartz-cordierite-norite,
in diminishing frequency of obsarved rock types. If the thermml
divide An~En-Tr is effective no progressive range of contaminated
rock types will be observed, and X (divine-gabbro lisuid) would have
fractionated to give Y (quartzegzbbro' liguid) and the meeting of
liquids corresponding to_Y and I would produce & precipitation of a

solid orthonoritic screen (see page 45 ).

&/
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4, The fourth question posed by O'Hara and Schairer (unpublished)
investiganted the nature of the conditions at the time of partial
melting, and is concerned with whether partial melting begins (and
continues) with a water vapour phase present. If partiel melting
begins under a8 water vepour presgure then it will begin at relatively
low temperatures, Winkler snd Von Platten (1961) and Wyllie and
Tuttle (1961), determining thé composition of the liquids formed by
partially melting natural materials under tho = 2 Kb found that the
most basic melt formed was of tonmlite composition, from a greywacke
with & very high Na/X ratio. The effects of melting sheles, etc.,
under dry conditions has never been disocussed and the composition
cf the resultant melt ig unknewn. It is probable that if melting
in shales, pelites; etc., began with a water vapour phage present,
and then continued in *dry' conditions {(i.e. no Pﬁzo) then the melt
produced might be quite different from anything previsusly observed

by workers examining the melting of sediments under wet conditions.

5. Finally O'Hara ahd Schairer discussed the temperatures at which
various natural rocks, relevant to the above model, would melt. 1In
the synthetic system under discussion, the temperatres of equilibria
X, ¥, T and the thermsl divide '1' (see fig. 6) are knomn, 1238°C,
1180° % 9%, 1190 % ¢ and 1222°C respectively, but these ars for
meltes of mixtures ecntaining only Ca0, HgO, A1203 and 310, as
constituents, determined at atmospheric preasure in the dry state.
Melting date for the Haddo rocks ere not availeble although attempts
will be made in parts of thie thesis to estimmte the temperatures

of the olivine-hypersthene-gabbro (X) at the time of intrusion, the
temperature of the couniry rocks at the climax of the Buchan meta-

mosphism/
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mosphism (probably just prior to gabbro intrusion) and the pressure
under which the basic sheet was intruded.

memparatures.of reaction equilibria, etec., are known in the
synthetic system but the presence of additional oxides found in
natural rocks will affect these tomperstures, add extra degrees of
freedom, and change the phases which appear, The addition of iren
oxide to MgO-bearing systems usually lowers temperatures. In the
system 2 Mg0 5i0,~2Fe0.510, (Foraterite -~ Fayalite) an increase in
the amount of the iron-rich molecule present in olivine will sub-
stantially lower the melting range of the olivine. Pure foraterite
meits at 1850°CE and pure fsyalite at 1205%¢ (Bowen and Schairer,
1935). Similerly, in another solid solution equilibria disgram
Albite - Anorthite (Bowen, 1913), an increase in the albite molecule
in the plagoclamse will lower ite melting temperature substantially.
Anorthite melts at 1550°C and albite at -1100°¢.  Although rocks
contain many major oxides it is postulated fhat the oxides having
the greatest effect on the CHMAS aysten will be Nazo, X,0 and FeO,
H,0 was present in the‘partial melts and intrusive magmas at Haddo
but it will be argued that‘the consolidation of the magmas and melt
took place with no water vapour phase present. It is posaible
howaver thaet the initial anatexis of the country rocks adjacent to
the magma took place in the presence of a water vapour pressure, thus
ensuring that initial melting began at low temperaures (chapter V).
It has been sated how melting temperatures of calcium and magnesium
compounds can be stendily lowered if increasing amounts of sodium

and iron ere added to each compound respectively. Schairer (1954)
aid/
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did describe in detail phase eqﬁilibria in part of the system
KQO-MgO-AIEOB-—SiO2 (KMAS) at atmospheric pressure and part of
Schairer's flow sheet is reproduced in fig. 7B. This shows the
existence of quaternary eutectic point K and melting of & mixture
of composition appropriate to K would produce a liquid of composition,
enstatitite, cordierite, quartz and K-fazdspar. Thus a rock
containing the phases at K (e.g. a potash-rich cordierite~biotite
schist) could, on melting, produce a liquid, analogous to a quartz-
cordierite-K-feldapar (~? garnet) rock. This partial melt rock
would enclose xenoliths of any 1, £ or 3 of thd 4 original phases
present e.g. enstatite-cordierite~tridymite, etc. With great
increase in temperature in the synthetic system KMAS the liquid

could have a composition eppropriate to reaction equilibrium H,

and leucite might appear in the xenoliths co-existingwth the

liquid formed. In this case the liquid appropriate in composition
to reaction equilibrium Hwuld have to lie inside the composition
tetrehedron enstatite-cordierite-tridymite~K~feldspar, a situation
analogous to that discussed in the CMAS system. However, since
the Haddo xeﬁoliths do not contein leucite thias system obviousiy
has limited application slthough minersl assemblages corresponding
to Butectic K have been noted. It is importeant to note that
eutectic K, although similar to eutectic I in the system CMAS

(3 phases similar), has a temperature more than 200°C lower

(960 ¥ 20°C ana 1190° % respectively)., Yoder and Schairer (1964)
carried out investigetions in part of the synthetic system Na20;
ca0/ : | .:
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CaO-MgO-A1203-5102, and produced some information about temperatures
of dividea, invariant pointe, ete. in the subsystem-nepheline-
forstorite-larnite-silica. A flow sheet of part of the system in
which assemblages relevant to alkali-basaltis occurred was con-
structed. T™wo of the quaternary invariant equiliﬁria degeribed
have the assemblages, plagioclase, diopside (s.s.), protbenstatite.
foraterite -(A) and plagioclase, diopside (s.s8.), protoenstatite and
tridymite (B). These 2 invariant equilibrie A and B (B is a
eutectic) correspond to invariant equilibria X and Y in the synthetic
cystem CMAS (fig. 6). A and B represent liquid of composition
appropriate to olivine-tholeiite (or olivine-gabbro) A, and tholeiite
(or guartz—gabbro) B. However the temperatures of these invariant
equilibria A and B are much lower than the temperatures of the
corresponding squilidbrie X and Y. The temperatures of A and B
were not precisely given by Yoder and Schairer {1964) but A<
1098° £ 10°C and is probably greater than the thermal divide 'c',
ihe plane albite~forsterite-tridymite (corresponding to the thermal
divide '1', anorthite-enstatite~tridymite in the CMAS system). i.e.
the temperature of A lies befween 1098°C and 1058 % 5° (c) and B<
1058°C. The temperature of X and ¥ in the CMAS system were 1238%C
and 1180° ¥ g°¢ (p. 47 ) and the thermal divide '1' is 1222°C,
Thus addition of Na,0 to the system CMAS would appear to lower the
various golidus temperatures by =2t least 150°C.  The system
NaEO-CHAS is more comparable with natural rocks as Yoder and Tilley
(1962, p. 382) found that the melting temperaturs of a tholeiitic
vasalt was about 1050°C (o.f. temperature of eutectic point B,
1058%/
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< 1058° in the aynthetic system). It appears that additions of
K,0, Nazo and iron would lower temperatures of melting and amend the
compositions of the crystal pheases which appear but not change them
fundamentally. Thus the CMAS model (and flow sheat) which is to be
used in interpreting the relations between the Haddo rock groups
geems justified. In a8 ferromagnesian-rich melt at moderate to
high prassure if water is present in the melt, biotite might replacs
K-feldapar as the main potash~bearing phase which appears. It
mist be emphasised that further proof of the partial melt theory
of origin for rock groupas can only be acquired by experdimentation
with the rock groups themselves. This would be attempted by carry-
ing out 8 series of melting experiments at different P and T
conditions on the actual rocks (powders) and examining the charges
after each experiment. |

N.B. It is impeortant to remember that natural rocks contain
far more than 4 componenis. In the flow sheet given in chapter V,
fig. 16, whieh represents natural rock assemblages at Haddo, the
'pointa?! do not represent inveriant equilibria but represent poly-
variant equilibria with 1 degree of freedom less than those
represeﬁted by the lines.

In the system Nazc-CMAS meniioned above, each invariasnt 'point’

gives rise to a univariant line in the S-component system thus:
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If iron is also added the phases appearing would be plagioclase,
olivine, orthopyrdxene and clinopyroxene. In a natural rock flow

sheet all this is represented by one *point' - e.g. X', fig. 16.




CHAPTER II1
The Country Rocks

The country rocks will be described under their established

headings:
(a) Fyvie Schists
(b) Mormond Hill Quartzites
{(c) Ellon Gneisses

(a) 1. The distribution and petrography of the Fyvie

sohists.

The Fyvie schists contain both psammitic and pelitic members
and are best observed in the valley of the River Ythan to the
north-west and south-east of Methlick Village. Loose blocks of
schist are also seen at Castlehill, 2 miles north-east of Methlick,
and from there south along the westernm bank of the Burn of Cessnie.
At North Newton, over 2 miles ENE of Methldck, Read (1935, p. 602)
reported a gabbro/country rock contact visible in a road cutting.
Although this contact is no longer vigible a number of blocks of

schist have been noted at North Newton, a few of which might be

in place. East of North Newton, at Skilmafilly Wood, schists
occur which were placed in the Mormond Hill quartiites {Read 1952).
However these are mainly pelitic and have here been included with |
the Fy¥ie schists. About 1 mile south of Methlick an exposure of
schist at Back Brainjohn is observed. The above constitute the
only exposures of F&Vie schists near the edge of the Haddo House
gabbros.

The remaining isolated outcrops situated along the sastern

and/
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and southern borders of the Haddo House gabbro belong either to the
Mormond Hill quartzites in the east or to the Ellon gneisses in the
south., These southern Ellon gneisses constitute part of the
‘permeation' gneisses of Haddo (Read 1952). '

Apart from the outcrops along the Ythan valley, the exposures
of Fyvie schists mentioned above are isolated, small and in‘many
places perhaps not in place; +thus for the purposes of theif
petrology and geochemistry, only the schists from the Ythan valley
are described in detail, where a reasonably continuous section is
available across the strike of the foliation of the schists.

Rock sampling began at Gight, about 2 miles north—west of
Methlick, where the Ythan river, after wending its way in a north-
easterly direction, changea direction and flowe south-eastwards.

It was decided to start there because:

(i) the Fyvie schists at Gight were considered far enough
away from the basic mass to be unaffected by thermal
effects from the gabbro, even if the gabbro sheet was
dipping gently to the north-wsst.

(ii) no exposures exist north-west of Gight, and to continue
sampling along the Ythan river west of Gight, where
outcrops of schists do occur, would mean sampling
almost along the strike of the Fyvie schists, i.e.
rarallel to the regional metamorphic boundaries.

At Gight, the pelites in the hand specimen are dark grey,

micaceous, fine grained rocks with large porphyroblasts of
cordierite and andalusite up to 1 cm in length. The strike of the

schists/
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schists varies from north to 20°E of north, and the dip is steep,
45° or more, and to the west. In thin section a typiecal pelite
contains prismatic andalusite and spongy cordierite porphyroblasts
set in a fine grained ground mass of gquartz, plagioclase feldspar
of oligoclase composition (from optical measurements), and micas,
A typical psammite from Gight containe, in thin section, large
quartzes and plagioclase feldspars also of oligoclase composition,
with minor emounts of mica, garnet and rare potash feldspar. A
summary of the general mineralogical changes in the Fyvie schists
along the river Ythan is given in the graph, fig. 8A, which is
basad on the modal percentages of minerals in the schists., In
this graph, the accessory minerals occurring in the schists (ores,
tourmaline, zircon and apatite) have been omitted,

‘Going downstream towards Methlick the strike of the schists
remains constant but the dip stespens until about 1 mile north-west
of Methlick, it 1s vertical, . From the graph, fig. 84, it is seen
that sillimanite of fibrolite variety appears ianthe pelifes in
addition to andalusite and cordierite. Just south of this
‘occurence, i.e, towards the gabbro, coriierite disappears from
the pelites and seems to be replaced by large muscovite flakes and
quartz,

The sillimanite might have been formed from the breskdown of
cordierite. This hypothesis is rejected because sillimanite appears
in the pelites together with cordierite and andalusite, north of
the cordierite disappearance. South of this, the apparsutiincrease
of andalusite and sillimanite together in some pelites is probably

due/
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dus to original large alumina contents in the argillites. Chinner

{1961) proposed a hypothesis for sillimanite formation which is:
Biotite + dissolved /Andalusite/ ——— Biotite + Sillimanite ..... (1)

The biotite acte as nucleating centres for the development of
8illimanite. The sillimanite in the Fyvie schists is probably
formed in & similar way.

The disappearance of cordierite in the schists about 1 mile
north-west 6f Methlick would seem to have arisen from the hydrothermal

break-down of cordierite to give quartz end muscovite as follows:
3 Cordierite + 4H,0 + 2K,0 —-> 4 Muscovite + 3 Quartz + 4(MgPe,0) ..(2)

The white mica was separated from this rock (specimen 22, table 1) and
analysed for K20 only. The K50 content of the mineral was found to
be 10.38% which confirmes that the white mica is muscovite.

As these schists do not appear to contain any potash feldspar -
a thorough microscopic examination and thin section staining with
sodium cobaltinitrite confirmed this = it would seem that a certain
degree of potash metasomatism is needed to complete the above reaction.
The right-hand side of the above equation would imply a release of
iron ore and this is observed in the thin section where knots of
muscovite and quartz are often surrounded by veins of haematite.

Since there appears to be a decrease in the amount of biotite
in the pelites south of the disappearance of cordierite {see the
modal greph fig. BA) it is posible that biotite could have entered
into/
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~

into the reactions. Chinner (1961) gave a possible equation for

this as follows:
2 Biotite (Fe rich) ~—= 4 Sillimanite + 10 Quartz + (H8K408Mg4F95)..(3)
i.8. 1K4Mg4F95A188110040(0H)8 — 4&123105 + 1OSiO2 + H8K408M54Fe5

but unfortunately the above equation does not balancs, In the paper,
Chinner (1961) analysed & biotite and found thet the Mg/Fe ratio was
4/5, thus the above quation should reads

K4(MgFe)10A18(0H)85110040 —> 4A1,5105 + 6 Si0, + H8K4(MgFe)10016 ..(3a)

In equation (3a) the Mg/Fe ratioc in the biotite will be 4/5, and the

equﬁtion can be written as follows:

2 Biotite (Fe/Mg = 5/4)-—%- 4 Sillimsnite + & Quartz + 2K20 + 4H20 +
10({MgFe)0 (Fe/Mg = 5/4) R 1)

Alternatively, Francis (1956) put forward another possible equation
for the break-down of biotite using the hypothesias of disaolved
alumina silicate which Chinner (1961) used (see qquation 1)} although
in Prancis' case he envisaged the blotite breaking down-and entering

into the reaction as follows:

1 Biotite (Fe rich) + dissolved /Andalusite/ ——= 1 Potash Feldspar +
5 c.c. 2.2 CeCs

+ 3Fe0 + H,0 R -

From the modal graph it is seen that an average percentage of biotite

in/
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in the pelites north of the cordierite disappeérance is 30% whereas
south of this the average percentage is 25% , 1.e. there is a decrease
of 5% in the biotite volume in the rock. From equation (4) it is
seen that 5 c.c. of biotite produce 2.2 c.¢. of K-~feldspar on
breaking down, which contains enough KZO to form about 3.5 c.c. of
mugcovite. Thus although 5 c.c., of biotite on bresking down pro-
duces enough K20 for about 3% c¢.c. muscovite this is not nearly
enough as the muscovite content of the schists increases from 10%
north of the cordierite disappearance to about 30% when cordisrite
is gones Thus equation (2) appears the most important reaction
in this case.,

It could be argued that because of the lack of exposures along
the river Ythan, it is impossiblg to provide evidence that the
original rock from which cordierite disappears could have had much
more biotite than any other schist examined i.e. > 30%, and the _
decrease in biotite amount would be much greater than 5%. On break-—
ing down, enough K20 would.be released to produce a large emount of
muscovite. However, if this is so, it would entzil a large release
of iron from the biotite break-down and this is not apparent from
¢ither thin section examination or the analysis of thie pelite
(no. 22 tablel) which shows no large difference in total iron content
froﬁ the other achists of the Ythan valley.

In meny of the andalusite schists along the Ythan valley, from
Gight to where there is no cordierite, the porphyroblastis of

cordierite are often seen altering to chloritic minerals probably

in/
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in the manner suggested by Schreyer and Yoder (1964) as follows:
2 Cordierite + 6H20 —— 1 Chlorite + 2 Pyrophyllite ceesee (5)

Although this is a low temperature reaction at pressures of
less than 5Kb(PH 0), cordierite can break down at high pressure
2

(P
H,0

gquartz and corundum (the metastable quartz and corundum together

= 10Kb) and high temperatures to give chlorite and metastable

give sillimanite). However, as the amount of chlorite is rather
small in mosf of the pelites in the vicinity of Methlick village;
end since the schiste could not have been at 10Kb pressure as they
contain andalusite {at 10Kb kyanite would have replaced andalusite
as the main alumino-silicate phase present), this poasible source of
gillimenite is discounted. Thus to summarise what has been written:
(1) Al though part of the sillimanite could be derived from a
break-down of biotite with release of potash feldspar, the majority
of the sillimanite must have formed at the expense of andalusite as
in equation (1). |

(2) Although part of the potash required %o form muscovite when
corierite disappears could be derived from break-down of biotite,
giving X-feldspar and iron ore, an examination of the amcunts of
biotite present in pelites, with and without cordierite present,
show that insufficient k-feldspar could be produced by this means

to form enough muscovite. The amount of iron ore present in the
rocks after cordierite has completely gone would indicate that only
a small amount of biotite has broken down.

There could be gsome potash feldspar present in unexposed

- v o1 rJ
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pelites, as the outcrops along_the Ythan which were examined, only
constitute a minute percentage of the ares of the country underlain
by the Fyvie schiste. However this is impossible to prove and

the available evidence seems to point to there being some potash
metasomatism in the pelites, accompanying & hydrothermal action which
led to the substitution of quartz and muscovite for the cordierite
(see quation 2).

About 1 mile north-west of Methlick the grain size in the
velites is first seen to increase and the feldspar gets more calcic,
increasing to An25+ from approximately An10 at Gight. Over # mile
north-weat of Methlick at Polesburn Wood the plagioclase is zoned to
An40(corel A graph of plﬁgioclase composition plotted against distance
along the river Ythan from Gight is given in fig. 8B. The plagio-
clase composition becomss more calcic towards the village of Methlick
i.e. towards the gabbro contact. This increase from oligoclase to
andesine seems due to relative increases in the CaQ/NaEO ratio in
the pslites between Gight and Methlick (see analyses table)., These
changes in plagioclase compositions (determined optically) are also
reflected in the normative plagioclase composition, see also fig. 8B.
The psammites show similar changes in their plagioclase compositions
along the Ythan river section.

| At Methlick the pelites are medium grained and remain so up to
the gabbro contact. The strike of the foliation is the same as at
Gight (i.e, east of north) and the dip either extremely steep to the
west, or vertical, but difficult to measure as the foliation is not

well developed.
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Large prismatic crystals of sillimanite are noted enclosed and
developing within large brokan.porphyroblasts of andalusite, 1t
was observed thet these two alumino-silicate minerals had their c
crystallographic axes directions parallel. In this instance the
aquation proposed-by Chinner (1961) for sillimanite formation given

previously in this chapter as:
Biotite + dissolved /Andelusite/ ———> Biotite + Sillimanite

did not seem to hold true as there appeared to be no biotite present.
However, the aﬁdalusite porphyroblasts elmost always contain small
fiakes of biotite and these could act as nucleating centres for the
growth of the large sillimanite crystals, Cordierite re-asppears at
Methlick but it is as small clear crystals with pleochroic haloes
end rare inclusions -~ quite different from the very large spongy
porphyroblasts of cordierite in the schists at Gight. Plate: 1a
gives a detailed view of the schists at NMethlick bridge showing
their foliation which is not as well developed at Methlick as at
Gight (see plate 1b). B

South of Methlick bridga.fhe foliation of the pelites becomes
much more irregular., In thin section the quartz grains are strained
and develop irregular oontact boundaries, or sutures, with each other.
The andalusite and sillimanite crystals no longer have a priasmatic
outline but are broken wup, although the small crystals so formed
may still remain in optical continuity. Many of the minerals have

been altered to micaceous products and some of this alteration could

be/
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be due to hydrothermal action at the time of the emplacement of the
'Newer Granites', am the Auchedly granite within the main Haddo House
Zebbro and many small granitic or felsitic intrusions are seen to
occur in the area. These are post-gabbro intrusions (Read 1935,

P. 634). At this point about % mile south-east of Methlick bridge
no further exposures exist for mors than 2 mile. Although many
blocks of country rock are seen in this area, none of these are
demonstrably in place,

Just over 4 mils south-east of Methlick, about 400 yards from
the Ythen river and well above it, outerops of couniry rocks again
occur. The area here is heathland and the outcrops appear as
isolafed rocky knolls surrounded by meny loose boulders, see plate 2a.
In hand specimen the rocks appear gneissose in character and lenses
and pods of micaceous material can be geen squeezed and drawn out
between more competent bands of gquartzo-feldspathic material (plates
2b and 3a). In thin seetion the replacement of minerals by
alteration products especially feldspars and micas (biotites) is
gseen 1o have increased and more than half the mineral constituents
of some of the incompetent bands is sericite and other alteration
products.

The presence of ferrous iron in biotite facilitates alteration
by H2S to yiéld pyrite and other sulphides {Schwartz, 1958; Kullerud
and Yoder, 1964) and pyrites commonly occurs within these 'mobile!
micacaous banda. 0Oligoclase/endesine feldspar grains are sometimes
geen in streaked out bands of micaceous alteration products but

these/
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these feldspar crystals are usually small and altering at the edges.
Wherever found, quartz crystals show unduloée extinction. If the
quartzo~feldspathic bands are thin the feldspar end micas are
completely altered, whereas if these bands are broad, the feldspars
and micas are less altered and some plagioclase crystals exhibit
undulose extinction. Usually the fine albite twin lamellae are
gentlyacurved., All the alumino-sgilicate minerals in the rocks
have disappeared and the gneissose country rocks consist of
competent and incompetent bands which behave in en irregular fashion
as in plate 2b. In these country rocks apart from the undulose
extinction of the quartz grains which might be caused by very small
pressure differences there is very liltle sign of directed pressure
effects in these gneisses. There is only a vague foliation
noticeable as can be seen from the previous plates. The incompetent
bands rarely show alignment, the structure and banding in these
rocks appearing rather randomly orientated. In the same area, at
Gurge Pot on the river Ythan, occurs a small country rock outcrop
which is mainly quartzitic and resembles that seen in plate 2b.
Finally, about & miles aduthweast of Methlick, west of the
Bellmuir area, a few small isolated outcrops occur. The rocks are
gseen to be xenolithic gneisses with xenoliths of quartzitic and
micaceous pelitic material, often subanguler and completely enclosed
in a quartzo-feldspathic matrix material,; see plate 3Io. No. t.
exposures occur further to the south-east, in the Bellmuir district.
In thin section a apecimen of this xenclithic gneiss shows
large crystals of subhedral andesine with quartz, both granular and

interstitial/
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interstitial, often completely surrounding feldspar crystals.
Biotite laths are also present but are frequently altered along
cleavages to chlorite. There minerals form a matrix which surrounds
the inclusions. The xencliths in this gneiss are almost always
intensely altered to sericite and chlorite with release of iron,
which forms numerous ore grains within them. Most of the xenoliths
are gimilar in composition to those incompetent bands already
deseribed from the nearby gneissose rocks, although the feldspar

is more basic, cccasionally zoned to Ahgae One smail much
altered xenolith showa development of a pleochrde amphibole

{ ol pale yellow, Fﬁ » Y green) which could be secondary after some
ferromagnesian mineral. Another xenolith which contains apidote
was obsgerved, and this mey represent further retrograde altsration
of the ferromegnesian minersls originally in the xenolith. The
Haddo House gabbros in this area, which‘are on the reriphery of the
gabbroic suite, are extensively uralitised and show "the production
of a post-magmatic amphibole, associmted in the last stages with
chlorite, spidote and sericite" (Read, 1935, p. 604); and these
xenolithie gneisses, close to the gabbro/country rock boundary,
exhibit similar hydrothermal alteration of minerals. The highly
altered nature of the xencliths makes it difficult to dstermine
whether their mineral assemblages could have higher melting points,
than the mineral asgemblage of the surrounding matrix. However,
the xenoliths contain quite basic plagiococlase (An4o to An50). and
ferromagnesian minerals (hornblende, epidote) which may be

alteration productes from other minerals (? pyroxenes). Thus it

is/
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is probable that the mineral assemblages of the xenoliths represent
higher témperaturEfassemblages than the mineral assemblages of the
surrounding matrié;é. These gneisses are similar to the Haddo
permeation gneisses of Read (1952) which will be described in section
¢ of this chapter. Thus the Ythan valley shows a transition from
Fyvie schists at Gight into m igmatitic and xenolith-bearing gneisses
south of Methlick, near the gabbroic suite of Haddo.

Two further outcrops of country rock occur within the area
occupied by the Haddo House gabbro suite of Read (1935). At
Forester's Bridge, 1% miles south of Methlick, a group of rocks
occur which are undoubtedly country rocks, although original mapping
showed these as gabbroic (Read 1935, p. 594, outcrop marked with a
cross jusf north of North lodge, on the south bank of the Ythan
river). Also at Gillha Wood in the Haddo House policies, ¥ mile
north of Haddo House, there is a large outcrop of impure guartzite.

Three possibilities to explain these two occurences can be put
forward; they may be:

(i) rafts of original country rock caught up in the robf of

the gabbro mass. |

(ii) part of an irregular roof of country roc ks.

{(iii) alternatively the éébbro boundary, which is mapped in
Read {1935) as running from Gurgedyke east to Bellmuir
and S5W to Brainjohn, is wrong, and Gillha Wood and
Forester's Bridge lie on the country rock side of the
boundary (see district map).

However/
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However, in 1935 many more gabbro outcrops must have been present,
as witness the large number of outcrops marked in the Bellmuir
district by Read (1935, p. 594) although these can no longer be found.
Therefore theory (i) or (ii) is probably correct although any of the
three hypotheses could be correct on the available evidence.

The hornfelsed country rocks at Forester's Bridge have bands
which contain large poikilitiec, highly pleochroic (pink to blue-green)
hypersthenes, unobserved elsewhere in the Fyvie schists. Cordierite
is common, occuring as small, relatively unaltered crystals with no
inclusions. Andesine plagioclase and quartz also appear.

The Ythan section has shown evidence of a quartz, andalusite,
cordierite, albite/oligoclase feldspar assemblage changing to a quartz,
sillimanite, andesine feldspar assemblage at Methlick (the disappearance

of cordierile from these schiets is discussed fully'on PP.58-60).

These metamorphic assemblages belong to the hornblende hornfels facies
(Fyfe, Turner and Verhcogen, 1958, p. 205) and demohstrate esgentially
thermal metamorphic assemblages occuring on a regionsal scale. Johnson
(1962, 1963) demonstrated, with his work on the pelites of the
Banfishire coast equivalent in age to the Fyvie schists, that these
metamorphic assemblages were produced on a regional scale before the
intrusion of the gabbroic sheet. It is important to record that all
the different stages of progressive metamcrphism seen in“.the Fyvie
schists - andalusite-~cordierite-schists, sillimanite-schists and
migmatitic gneisses ~ were placed by Fyfe et al. (1958) in the
hornblende hornfels facies and perhaps, et the highest grades,
transitional to the almandine amphibolite facies. The migmatitic

gneisses/
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gneisses above, mentioned by Fyfe et al. (1958) are the Arnage
gneisses of Read (1923a) and not the gneisses south of Methlick bridge
which Read (1952, p. 267) mapped as part of the normal andalusite~
cordierite Fyvie schists. However, the occurence at Forester's
Bridge of a quartz—hypersthene-cordierifemandesine assemblage, in
spite of the fact that this rock is of a different bulk composition

to the 'normal' pelitic schists of the Ythan valley, would indicate
that its metamorphic assemblage is of pyroxene-hornfels facies. This
is very near the gabbro contact. Proof of the high temperatures
attained within the gabbro's aureole is provided by large prismatic
sillimanite crystals developing within the andalusite crystals at
Methlick (see page 61 ). This sillimanite is analogous to that
produced in the country rocks within the thermal aureole of the Ross
of Mull granite (Bosworth, 1910). The re-appearance at Methlick of
fresh cordierite after the regionﬁl cordierite had disappeared from
the pelitic mineral assemblages about 4 mile north of Methlick (see

p. 56 ) is also proof of high temperatures attained within the aureole,
The presence of these minerals at Methlick, % mile from the country
rock/gabbro boundary of Read (1935), would imply that even higher
temperatures would be attained between Methlick and the gabbro contact.
It has bheen sfated how the schists gradually lost their regular
foliation as the gabbro was approached and became more gneissose in
character, with bands of pelitic material squeezed and drawn out
between competent bands of quartzo-feldspathic material; and with
finally a xenolithic gneiss appearing closeat to the gabbro/country

rock,/
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rock boundﬁry {pp.62-6,Plates 2a-3b). It is therefore possible thht,
in the Ythan section immediately south of Methlick, temperatures high
enough to mobilise the country rocks could have been reached and the
available field evidence would agree with this hypothesis, this
mobilisation being directly due to heat from the gabbro.

The diepappearance of cordierite from the schists 1 mile north-west
of Methlick was fully discumssed earlier in this chapter. The available
evidence aeemed to point to a hydrothermal break down of cordierite
in the schists, accompanied by & potash metasomatism, producing knots
of quartz and muscovite. It is possible that heat from the gabbro
could have been directly responsible for these events by producing:

(a) &a dehydration effect in the country rocks nearest the

gabbro with water being driven outwards into country

focks further away from the basic body
(b)‘ an alkali diffusion from the rocks nearest the gabbro
outwards from the gabbro
(2) and (b) above will be discussed in the part of this chapter
dealing with the geochemisiry of the schists (p. 73 ). The presence
of sillimanite indicative of inner zonses of thermal aureocles at
Methlick, 1 mile north of the gabbro boundary, would suggest that the
gabbro/country rock contact is not steep, but in fact dips very
shallowly to the west and north-west. Some of the hydrous sclutions
released in the country rocks surrounding the gabbro éould also have
been 'soaked up' by the basic mass 1tself, producing the uralitisetion

of pyroxenes which is most common in the peripheral gabbro.

(a)/




TABLE 1

Rock type Fyvie schists (pelites)
1 mile North near
Gight of Methlick Methlick Gabbro
ZU129Z  fu52%b BUTVY €S23TT BTy BEAZTL Fewu3eT
Rock No. 192 20 22 28 39 45 51
Ti02 1.18 1.26 1.08 0.94 1.05 0.98  0.69
Fe0 5.72 6.98  6.36 6.36 5.49 5.82 3.92
¥no 0.12 0.11 .A0.078 0.14 = 0C.12 0.12 0,08
MgO 2.51 3-37 . 3.52 2.79 2-97_ 3005 1.91
Cal 1.54 1.22 0.88 1.21 1.49 2.85 1.45
Na20 ‘ 2.41 2,20 1.92 1.58 3.94 2.87 2.46
K20 3.08 3-88 . 9094 3'66 2.51 3-56 2092
P505 0.16 0.16 0.26 0.10 0.14 1.02 0.12
TOTAL 59,89 99.85. 99.86 98.55% 98.97* 99.45 99.00
All analyses carried out by author on material dried at 110°C

for 2 hrs. *(28 & 39) both contain sulphur and carboniin
addition to above. ‘ ‘

Trace elements

Cr 145 153 171 122 160 158 111

Ba 915 1210 1340 1225 550 T70 1000

Rb 108 102 165 140 78 120 81

Sr 255 176 132 165 255 239 171

Oxidation '

Ratios (seebls) 16.4 16.8 25.0 17.0 16.5 231.6 21.6
Eskola Norms (based on 1-cation percentages, see appendix D)
Orthoclase - 18.95 23,00 30.55 22.90 15.20 21.85 18.10
Albite 22.50 . 19.80 18.00 - 15.05 36.30 26.75 23.15
Anorthite 6.95 5.20 2.90 5.75 6‘75 8-45 6.80
Orthopyroxene 13.08 16.36 15.88 15.30 14.04 14,00 9.28
Quartz 23.95 19.56 13.27 21.5% 12.07 9.94 33.11
Corundum 10,71 11.81 13.83 15.67 12.07 12.62 6.55
Magnetite 1.82 2.20 3.44 2.14 1.80 2.88 1.76
Ilmenite 1.72 1.76 1.58 1.40 1.50 1.42 1.00

Aﬁatite 0033 0.30 0.55 0.20 0.28 2.08 0.25




TABLE 1 contd.

Rock types Fyvie schists|Nacduff Slates Mormond | Ellon  gneiss

Hill
Psammi tes Banff | Foudland | Quartzite|Pelite | Psammite
' J [ | I
Rock no. 16 27 1 2 280 164
w2z BELT (1) (2) ST LTl AGTek
3102 79.78 7T72.30 58.47 56.50 81.38 5775 75.51
A1203 9.57 13.62 18,27 23.14 7.80 19.55 11.84
Fed 2.03 3,08 6.49 10.37 1.78 5.97 2.38
¥noO 0.051 0.061 0.25 nd. 0.023 0.077 0.049
Cao 1.01  1.95 0.78 0.45 0.29 1.57 ° 1.60
K50 1.06 0.98 2.84 2.38 4.47 4.95 1.71
H,0+ 0.38  0.74 3.37 3.92(inc.B0) 0.64 1.83 0.97
P205 0.086 0,052 0.15 0.18 0.043 0.068 0.041
TOTAL 99.55 99,08 98.68 f;99§44 99.33 100.47 99.33

All analyses carried out by author on material dried at
110°C for 2 nrs. Analyses (1) and (2) above from Read
(1923b, p.64 naX; 1935, p.595, no. 3)

Trace elemente

Cr 102 127 - - 83 126 105

Be 310 550 - - 725 2210 380

Rb 33 32 - - 88 121 61

Sr 187 . 331 - - 123 226 175

Oxidation

Ratios 16.9 14.5
Eskola Norms
Orthoclase 6.45 6.00 . 28.05 29.70 10.55
Albite 32.30 32.85% T«55 27.05 24.45
Anorthite %.65 9,70 1.25 T.45 8.00
Orthopyroxene 5,04 7.08 1.76 14.96 5.88
Quartz 48.78 38.07 57«37 9.79 45.87
Corundum 1.19 3.71 1.43 T+34 3.29
Magnetite 0.66 0.84 1.32 2.16 1.14
Ilmenite - -78 0.86 . 1 -18 1 040 0074
Apatite 0.18 0.10 0.10 0.15 0,10
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(a) 2. The Geochemistry of the Fyvie schista.
Silica as SiO2

There is a random variation in Si02 content in the pelites of.
the Ythan valley (table 1) which is probably due to these pelites
containing varying amounts of interbedded psammitic material.

Aluminium asg A1203

The pelites might show an increase in AlQO% content as the

gabbro/country rock boundary is approached. The available analyses
of pelites were re-calculated to one-cation percentages, so that
H20+ could be removed from each rock, and incidentally, so that Eskola
norms could be calculated. A complete list of l-cation percentages

is found in appendix D at the end of this thesis. The 3i, Al and

Na @+ K, have been plotted against each other in triangular disgram

fig. 9A. This shows that although there appears to be a slight
increase in the aluminium content of & pelite with respect to Si and

Na + K towards the gabbro, the increase is so slight that‘real proof

6f this (increase) would require many more analyses of ﬁelitic material
from the Ythan valley. It is interesting to note that the hornfelsed
Macduff slates (table 1, Macduff slate analysis No. 2) actually foumd
within the thermal aureole of the Insch gabbro shows an increase in
alumina compared to the average A1203 content of a Macduff slate

(analysks 1, table 1).

Iron, Magnesium (Manganess, and Chromium) as Fe0, Mg0, MnO and Cr.

Fe0 and Mg0 vary greatly in the schists although the FeO/FeQ +
MgC ratio for all the pelites in the Ythan valley remains between .69

and/
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and .64 showing that a schist with a high iron content will also have

s correspondingly high magnesium content. This could imply that the
iron and magnesium were carried in a single phase of the argillite such
as & chloritas. | Occasional lenses rich in biotite and garnet are
obgserved in the schists at Gight thus implying that specific bands

within the pelites can be far richer in iron and magnesium than any

of the pelites analysed in table 1. Chromium (and manganese) show

little varistion although chromium is greatest in these pelites with
gresteat amounte of MgO.

Titanium as TiO2

The schists show little variation in titanium.

Phosphorus as P205

The schists show minor variations in P205 content except for
analysis 45 table 1 which contains over 1% P205. This large
phosphorus amount is perhaps due to a large local amount of apatite
in the sediments before metamorphism took place, and is reflected in
the mineralogy of the pelite which contains much apatite.

Calcium ag Cal

A little variation is displayed in the schists, the relative
amount of Ca0 with respect to Na20 increases towards Methlick bridge,
and this could be due to compbsitional differences in the original
argillities.

‘Alkalis (Sodium and Potassium)

There is a great difference between the Na20/K20 ratios for
pélites and psammites with this ratio also varying in the pelites

themselves/
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themselves, north and south of Methlick village. As is shown in fig.
9B the ratios decrease in the pelites from Na20/K20 about 0.8 at Gight
to a 'low' value about 1 mile north of Methlick wherg the value is
about 0.4, that is the pelites have more than twice as much K20 as
Na,0. Between Methlick and the gabbro/country rock contact the ratio
rises to roughly the same as at Gight. Specimen 39, which has &
very high Nazo/Kzo ratio is quite quartzose end could be grouped with
specimens 16 and 27 (psammites) as well as with the pelitic ones.

The ratio of soda to potash in the two psammites is represented in
fig. 9B and shows a very high Na2O/K20 ratio (more than three times
more soda than potash).

The increase in amount of soda in the country rocks analysed
south of Methlick would agree with these rocks being mobilised
gneisses (p.65 ) with both psammitic and pelitic members of the Fyvie
schists eontributing to their composition.

Strontium as Sr

The strontium content in the Fyvie schists veries greatly, and
although it appears unrelated to either the calcium, sodium or
potasaium contents of the schists it might be related to the plagio-
clase composition. From the norms; table 1, it can be seen that
the schists with the most calcic normative plagioclase, and lowest
amount of normative orthoclase have the highest Sr contents (e.g. 192,
i9, 27).

Barium and Rubidium as Ba and Rb

Barium and rubidium increase in amount with increasing potash
content, Thus pelite no., 22 which has the greetest amount of K20
also/
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also has the greatest amounts of Ba and Rb, The psammites are quite
low in Ba and very low in Rb. Ba and Rb would appear to be held in
the mica structures especiaslly muscovite as the psammities are low in
muscovite. Barium is greater in amount in the PFyvie schists (0.1%)
than in ususl pelites (0.05%), and the pelitic Ellon gneisses contain
even greater amounts of barium, 0.22%, (mnalysis 164, table 1).

Water as H20+

The pelites are reasonably rich in combined water although the
pelites and gneisses at Methlick have less H20+ than the pelites
north of Methlick, with the pelite in which the regional cordierite
was replaced by muscovite and qunartz having most water of all.
(analysis no. 22 table 1).

From the geochemical data the following points have emerged:

(i) the schists (and gneisses) south of Methlick i.e. going

towards the gabbro, are lower in water and potash than
any of the other pelites.

(ii) the pelite in which muscovite and quartz replaces the
regional cordierite (no. 22 in the analyses table) is
richer in water and potash than any of the other pelites.

(1iii) +the alkali content of the gﬁeisses south of Methlick is
consistent with their being formed by a mobilisation of
both the pelitic and psammitic members of the Fyvie schists.

(iv) there might be an increase in alumina content in the *

pelite towards the gabbro.
The above points would confirm many of the hypotheses regarding

the/
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the thermal effects of the gabbro on the cuuntry rock that were put
forward after an examination of the Fyvie schist petrography (pp. 67-68)+
The heat from the gabbro producéd a dehydration in the country rocks
nearest the basic mass, with the outgoing hydrous solutions producing
the alteration of the cordierite discussed in this chapter.

It is also po=sible that these hydrous solutions carried some
alkalis (particularly potash) producing the potash enrichment seen
in rock 22, or alternatively there was some alkali diffusion in the
schists.

However such an alkali diffusion is impossible to prove in this
arec because:

(a) not enough rocks were mnalysed,

(b) insufficient exposures of country rocks are available,

(c) the proportion of pelitic members to psammitic members

in the Fyvie Bchists is not known,

(d) the chemical variationy in the original sedimentary

rocks is also unknowh.

The observations of Pitcher and Sinha (1957) describing the
petrochemistry of the Ardara aureole in Northern Ireland are worth
recalling here. In an area with good rock exposures, a granodiorite
could be seen intruded into peiitic rocks with other subordinate
members, A series of sample traverses were taken in these aschists,
olitwards from the pluton at regular intervals, and their petrological
and geochemiczl data investigated.

Pitcher and Sinha peported that as the pluton was approached
gillimanite replaced biotite, and then muscovite replaced both

sillimanite/
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sillimanite and biotite. There was also a steady decrease in the
HZO content of the country rocks,

They concluded that although the replacement of biotite and
sillimanite by muscovite suggested that there is an increase in
potassium towards the contact ... "the role of this element is far
from simple ..." Becruse it was impossible to detect limited
migration of material during thermal metamorphism and metasomaetism,
Pitcher and Sinha (1957) stated that contact metaﬁorphism involved
a dehydration but was otherwise isochemical. They further stated
that it was essential to possess knoﬁledge of the original sedimentary
chemical variation of rocks before a petrochémical gtudy of their
metamorphic derivatives could be undsrtaken.

Finglly it will be seen from table 1 that the oxidation ratios
from the analysed Fyvie schists have been calculated.

This oxidation ratio was given by Chinner (1960) as equal to:

mol 2F9203 x 100

9F820

ag————

3+ FeO 1

Chinner (1960) showed that during regional metamorphism rocks
appear to behave as narrowly defined units closed to oxygen, the
oxygen partial pressure in each unit being determined by the mineral
agssemblage rather than being externally imposed, Within any area of
metamorphic rocks individﬁal rock layers which have widely differing
oxidation ratios can be found intimately interbedded. In Glen Clova,

Chinner/
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Chinner (1960) showed that regional metamorphic rocks had oxidation
ratios varying from 6 to 75. Chinner showed that a thermal
metamorphic environment is generally open to oxygen, due partly to
greater mobility of water within the aureole.

The oxidation ratios in the pelites of the Ythan valley cover
a very narrow range (between 16 and 25) and these values would onily
appear to demonstrate that the pelites of the Ythan valley are quite

similar minerslogically and chemically.

(b) Mormond Hill Quartzites.

~ Thege occur in the eastern border of the Haddo House mase as
isoiated outerops at Quarrybrae of Auchedly end Shallowplowgh, to
the south and north of the River Ythan, about half way between
Methlick and Ellon town. The Mormond Hill @iartzites occupy a
narrow strip of land running north-south between the Haddo gabbros
and the gneisses of the Armage group which Read (1952, p. 270)
described as "a narrow tongue /of country rock/ in a hornfelsed
condition."

In hand specimen the quartzites are seen to be rather impure and
contain many pelitic layers. Limestones appear within the quartzite
group occuring as small bands which have often been quarried in the
past,

In thin section the quarizites are medium to fine grained and
consigt of large grains of quartz and potash feldepar, up to 2‘mm.
long, with subsidiary oligoclase feldspar, biotite'(chloritised),
muscovite, iron ore and rare garnets. The more pelitic quartzites

contein/
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contain cordierite presumably because they occur within the aureole of
the Haddo gabbro. Read (1923a p. 449) deécribed a quartzite from the
type locality i.e. Mormond Hill far from the basic masses, which does
not contain any cordierite or garnet.

The mineralogy of these quartzites reflects their chemical -
composition sample no. 280, table 1. It is of interest to note that
the Mormond Hill quartzite contains abuut 5 times more potash than
goda. This is quite different from the psammitic members of the

Fyvie schists (samples 16 and 27, table 1) which had more than three
times more soda than potash,

At Auchreddie, 1 mile north of Shallowplough, & qﬁartzite outerop
occurs. In hand specimen large garnets are geen to have developed.
In thin section this rock contains plagioclase of andesine composition
usually zoned from An30 (edge) to An4o {core), quartz grains and with
occasional large poikilitic garnets developed. Certain bands show
development of clear sector-twinned cordierite and large muscovite
laths. Prigms of sillimenite can hbe seen developing within large
pleochroic crystals of andslusite. The pleochroism of the andalusite
is <o pale rose-red, (3 y Y almost colourless. The development
of sillimanite e resembles its development in the schists at Methlick
bridge (p. 61 ) and hence the rock must be of a similar metamorphic
grade as the schists at Methlick.

T™wo of the limestone bands found in the quartzites which occur
at Shallowplough are easily recognised in the field as two deep gouges
in a hillside - the remains of previous limestone workings.

Read {1923a) examined one ¢f these limestones from a location

west/
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west of Auchnagatt station and found it contained large grains of
calcite with subordinate quartz, alkali feldspar, pyroxene, and some
apatite and magnetite. This is an indication of the regional
metamorphic grade in the Mormond Hill Quartzites. Bowen (1940) drew
up a series of 13 resctions for the progressive metamorphiam of

giliceouzs dolomites and limestones. The reaction:

16CaCo., + 75102 = 7CaSi0., + 9Call., + 7002

3 3

Calcite Wollastonite

3

corresponds to step 6 in Bowen's series. This relation mey be

expressed graphically by & pressure - temparature curve:

CaC0, + Si0 = (aSio

2 + 002

3 3

This curve corresponds to the high temperature boundary of the
hornblende hornfels facies (Turner and Verhoogen, 1960) and this
curve represents the maximum temperature and pressure, at which
gquartz - calcite assemblages can exist. Jince the Fyvie schists
of the Ythan valley were shown to be of hornblende hornfels facies,
the Mormond Hill quartzites must also be of the same me tamorphic
grade. In slice the limestone bands from Shallowplough vary from
fine to medium grain and han diopside as the primary mineral in
the rock. . Because of the impure nature of the original limestone
{(Read, 1923a, described it as “an impure sandy limestone.") other
minerals are'pfesent. Thg grossular variety of garnet and basic
plagioclase feldspar are seen; gquartz, pale-~brown pleochroic mica

(? phlogopite/
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(? phlogopite) and sericitic products probably from altered feldspar
crystals also occur. The limesatone bands lie close to the Haddo
gabbro and thus have been thermally metamorphosed, with the mineral
assemblage representing a high thermal metamorphic grade (pyroxene-—

hornfels facies; Turner and Verhoogen, 1960).

{¢) Ellon gneisses.

The country rocks which border the gabbros of the Haddo House
district in the south are the Ellon gneisses. Similar gneisses,
often with subordinate hornblende-schists also border the xenolilth-
bearing Arnage rocks to their south and east. The usual Ellon gneiss
is & brownish, micaceous rock in hand specimen with large crystals
of quartz and plagioclase feidapar visible; In thin section the
the main constituents are oligoclase feldspar, biotite, quartz and
cordierite with either plagioclase (and biotite), or guartz,
dominant depending on whether the gneiss is pelitic (no. 164, table 1)
or psammitic (no. 340, table 1). Both the analysed Ellon gneisses,
164 and 340 come from outcrops near the town of Ellon - the type
locality of the Ellon gneiss.
| To the south of the Haddo district the_Ellon gneisses aré best
exposed near Keithfield Lodge, and in Raxton Wood. In Raxton Wood
scarce outcrops are found along the banks of Raxton burn (see district
map). These outcrops usually show typical quartz-biotite-~
cordierite gneisses with occasional porphyroblasts of garnet visible.
In thin section sillimanite is seen to be present, increasing.in amount
ags the gabbroic rocks are approached %o the north. About 4 mile
from/ |
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from the zabbro/country rock boundary (Read, 1935, p. 594), the last
outcrop of country rock is seen, a coarse-grained gneiss with bands
of micaceous (pelitic material) squeezed, and drawn out between

more competent bands of quartzo-feldspathic material. These gneisses
closely resemble the gneissose Fyvie schists, south of Methlick near
the river Ythan. Read (1952, p. 272) described gneisses near the
gauthem gabbro/country rock boundary as ... "a group of gneisses
that cee have been produced by feldspathisation of normal /country/
rocks ...", and designated these the Haddo 'permeation gneisses.'
Read (1952) also stated that gradual transitions from normal country
rock into permeation gneiss could be observed and finally an enclave-
bearing gneiss appeared which he had described in an earlier paper
as ..., "rocks ... belonging to the Ellon series show a structure that
can be intepreted only as xenolithic". (Read, 1935, p. 598)

Although these outcrops were not found by the author, there would
appear to be some similarity close to the gabbro between the Ellon
gneisges to the south of the Haddo basic mass, and the Fyvie schists
to the west of the mass. In both areas typical members of each
country rock group pass into gneissose rocks,.with incompetent
material 'equeezed' between competent, quartzo-feldspathic bands,

and finelly xenolithic gneisses appear close to the_gabbro/country
rock boundary.

Chemically the typical Ellon gneisses (164 and 340) resemble the
pelitic¢c and psammitic membera of the Fyvie schists. The pelites are
potash rich and the more psammitic types (340) soda rich. It is
interesting to note the large amount of barium in the pelitic Ellion

gnéissas (0.22%, no. 164).



" Table 2 |

READ 1923a - [GRIBBLE 1965 .| READ 1935
ARNAGE HADDO ¢ ARNAGE HADDO
. . - h -
Olivine — hypersthene Olivine — gabbro
gabbro
Norite Quartz - gabbro
(includmg 'end-stagc')
. derivatives
Quariz-hypersthene -gabbro
including uralitised quartz
( hypersthene - gabbro ) Quartz — biotite —norite
(includingl 'c‘nd - stqgc')
dcrwalwg:
Gabbro type - Quartz -cordierite -norite Cordierite -norite
: + K-feidspar # garnet - and : ‘
- |Cordierite - garnet — feldspar - rocks
Arnage gneiss Arnage  gneiss
~ Ardlethen  gneiss Ardlethen gneiss
{ includes Glencroft  granite ) { excludes Glcncrroﬂ grunitc}
Main differences in the classification of the
Haddo and Arnage rocks between the

and Read (19230

and 1935 ).

author




CHAPTER IV

The Igneous Rocks of the Haddo House and Arnage Districts

-~

I. Distribution and Petrography

1. Haddo House

(i} The Olivine-Hypersthene-Gabbros
(a) Fid Occurrence

The olivine-hypersthene-gabbro is best observed in the north-
east part of the Haddo House policies, south of the River Ythan, at
the south-west corner of the Lower .lLake. _There it forms extremely
large blocks which are probably not in place. Other loose blocks
of olivine-hypersthene-gabbro occur along the south-gide of the road
between North Lodge and Mill of Kelly and are also found in the wood
between the Lower Lake and the road. About 300 yards north-east of
Haddo House another outecrop occurs which is probably in place.
Blunde®l and Read (1958) used a specimen from this exposure when they
gathered palaeomagnetic data from.the north~east gabbros. Read
(1935, p. 598) described the area of olivine-hypersthene-gabbro which
stretches from Mains of Schivas, north-eastwards to the c#ofts
between Airdlin and Quilguox. There are no longer any rock outcrops
to be seen in this area although some scattered blocks of olivine-
hypersthene~gabbro appear in a small stream to the west of Airdlin.
In the south-east of the Haddo areasbout % mile south-west of the
bridge at Michael Muir an outcrop of olivine-~hypersthene-gabbro is

found near the eastern boundary of the Auchedly granite, although

/
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Read (1935) placed this outerop in his 'norite' group.

(b) Petrography
The olivine-hypersthene-gabbro shows some mineralogical variation,
and modal analyses of 4 olivine-hypersthene-gabbros {(nos. 57, 61, 62,
below

123) given in the table eyeriesf demonstrates this. No xenoliths

were found in this group (c¢.f. Read, 1935)

~Modal Compositions

Mineral HADDO ARNAGE

_ 57 61 62 123 276 A* 235 282
Flagioclase 52.5 52.9 53.1 62.6 55.4  61.7  45.1
Orthopyroxene 18.8 20.2 26.4 14.4 25.8 28.4 27.7
Clinopyroxene 4.1 5.2 2.2 0.6 | 6.1 1.8 4.4
Olivine 11.9 4.7 11.5 16.3 4,2 4.6 14.6
Amphibole 11.8 9.9 2.4 2.0 1.5 1.5 6.4
Biotite 0.5 2.2 4.1 1.5 6.4 2.0 1.5
Ores & Accessories tr. 4.9 0.3 2.5 0.6 tr. tr;

* gee also analysis table.

> 2000 points counted from each specimen.
~For location of specimens see appendix.

In the hand specimen the rock is fresh, dark grey-blue in colour and
medium greined. From the modal compositions above, plagioclase
feldspar is seen to be the dominant constituwent, always greater than

50%. 0livine, orthopyroxene and clinopyroxene are present in

varying/
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varying amounts and clinopyroxene is always subordinate to ortho-
pyroxene., Thus it would be in order to term these rocks olivine-
norites tather than olivine-hypersthene-gabbros (Hatch and Wells,
1961 p. 308). However, as this would have meant changing almost
every rock term used by Read (1935) it was decided to continue to
use the term gabbro as before, but to amend olivine~gabbro to
olivine-hypersthene-gabbro (and quartz-gabbro to quartz-hypersthene-
gabbro). These terms have also been applied to similar igneous
rocks in the Armage district.

Texturally the rocks consist of subhedral olivine crystals
up to 2 mm. long, and basic plagioclase fetdspar, forming subhedral
elongated plates also abuut 2 mm. long. The plagioclase plates are
rarely poikilitio and their edges are truncated by olivine crysssls.
Clinopyroxenes, up to 6 mm, x 4 mm. in extent, orthopyroxene and
biotite, both 3 mm. x 3 mm, in area, appear as large, poikilitiec
crystals which enclose both olivine and plagioclase. Amphibole
appears both as large poikilitiec crystals, 3 mm. x 3 mm. in size,
enclosing olivine, ﬁlagioclase and pyroxene, and as reaction rims
around pyroxenes, Ore minerals constitute the main accessories
although apatite and rare zircon also occur.

The olivine in the olivine-~hypersthene-gabbro is usually
colourless and‘altered slightly along cracks to serpentine. In
the six specimens examined the olivine had 2V, in the range 82°
to 84a corregponding to a composition of Fa27 to Fa30 (Emmons, 1943;
Henriques, 1958). An analysis (appendix C) of the olivine from

specimén/



83-

specimen 57 gave a composition Fo73Fb.27 (molecular proportions; all
Fe203 being taken as FeQ). Zoning was not observed.

The clinopyroxene is colourless or pale greenish in thin seetion,

non-pleochroic and slightly =zoned. It often has a fibrous appearance
due to exsolved lamellae of orthopyroxene. Some clinopyroxenes

show one set of lamellae parallel to the (100) plane. At high
temperatures a magme will crystallise a magnesian augite, which

upon cooling, will exsolve orthopyroxene, the plane of this exsolution
being (100); (Hess, 1960). 2Vy was found ito vary between 43° (core)
and 48° (mergin). The clinopyroxene {from No. 57) was separated

and analysed (appendix C) yielding a composition CaBZMgste16. The
clinopyroxene is an augite (? sub-calcic) with a higher Ca and lower
Mg and Fe than the formula given would imply, due to the presence

of some olivine contamination.

The orthopyroxene is colourless and non-pleochroic. It contains

very fine exsolution lamellae {ore ?) parallel to the (001) plane

end could be called "orthopyroxene of the Bushvéldt type" (Hess and
Phillips, 1940). Hess (1960) stated that the temperature of the
inversion orthopyroxene -——————3 pigeonite is approximately 1100°C.
Yoder and Tilley (1962) and Y oder, Tilley and Schairer (1964) gave
an account of the inversion relations between orthopyroxene and
clinopyroxenes crystallising frdm a magma, and stated that "the
writers do not believe that magma temperatures can be estimated from
.observation of the orthopyroxene-clinopyroxene inversion", because

the temperature of this inversion would appear to be difficult to

determine experimentally. Measurement of 2V« on several specimens

gave/
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gave results in the range 69° to 73° and this corresponds with a
range of compositions from F523 to F526 (hypersthene; data in Hess,
1960). An analysis of the orthopyroxene from specimen 57 yielded

a composition En74 Fs24 (molecular proportions; appendix C) agreeing
well with the data from optical measurements.

The plegioclase is frequently zoned. The centres of the

crystals are An78 and the ma:gins are as godic as An64 elthough
most compositions occur in the range An75“72.

The biotite is pleochroic with o -« pale yellow, @ s ¥ dark
red-brown. It is rarely altered and occasionally encloses large
irregular crystals of iron ore.

The amphibole which occurs as large pbikilitic c¢rystals, is
pleochroic with o pAle yellow/brown, @ brown, Y pale brown, It
is rarely altered and can 58 found enclosing all other ferromagnesian
minerais, unlike the pyroxene and biotite which are only seen
enclosing olivine and plagioclase. Ocecasionally very thin rims of
secondary amphibole can be seen developing from pyroxene in the
rock. _

Unfdrtunately not enough time was aﬁailable to investigate the
amphiboles of the igneous gabbroic rocks of Haddo and Arnage but it
geems yossible that in the olivine~hypersthene-gabbro the (poikilitie)
amphibolé ig primary; its pleochroism and textural characters are
quite unlike those of the secondary green amphibole which occurs in
the uralitised quartz-hypersthene-gabbros found on the periphery of
the Haddo igneous suite.

Apatite is a common accessory mineral and its grains ars ususlly

small/
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small (.5 mm in length) with good prismatic outline, Ore minerals

(magnetite and ilmenite) occur, often within the biotite.

(ii) The Quartz-Hypersthene-Gabbros
(r) Field Occurrence

The quartzuhypersthene-gabbros occupy the largest area of the
Haddo House igneoﬁs rocks, if infrequent rock exposures can be taken
as representing areas of continuous underlying rock types. The
main western occurrence of these infrequent rock exposures is in the
woods south of the River Ythan, between Gurge Dyke and North Lodge,
and at the north-west end of the Lower Lake in the Haddo Houée
entate. The quartz-hypersthene-gabbrogs there are always uralitised
and often contain quartzitic inclusions. Similar amphibolitised
quartz-hypersthene-gabbros occur as isolated outcrops to the east
of the Burn of Cessnie between Castlehill and Cessnie. Read (1935,
P. 594) draws the western boundary of the Haddo gabbros along this
Burn presumably because blocks of country rock are seen to the west
of the Burn of Cessnie, although none of these are demonstrably
'in situ'. Other outcrops of uralitised quartz-hypersthene-gabbros
occur between Airdlin and Skilmafilly in the north and at Michael
Muir in the south-east. There are not as many quartz-hypersthene-
gabbros exposures in the district as there were in 1935, probably
becauge of farmers clearing rocks from their fizlds in order to make
the land suitable for cultivation. However in the Wood of Schivas,

3 miles south-east of Methlick outecrops of gabbroic rocks appear

within the Auchedly granite intrusion. Some of these are cordierite~

bearing/
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bearing quartz-norites and will be discussed in chapter ¥ of this
thesis, but meny of the outcrops are quartz-hypersthens-gabbros.
Some of these are quite fresh with very little uralitisation,
slthough some specimens (no.l86 modal analysis table) contain

gecondary amphibole as the dominant ferromagnesian minersal,

{b) Petrography

Read (1935) divided the igneous rocks (exluding the olivine-
hypersthene-gabbros) into two major types. These were xenolith-
free quartz-gabbros (and uralitised quartz gabbros) in the west,
and xenolith-bearing norites in the east. Head (i935), p. 634)
defined a norite as & gabbro ("in which no ¢linopyroxene is
present"”. However many of the uralitised gabbros ﬂear Gurge Dyke
contain guartzitic xenoliths and some of the xenoliths in rocks
from the Wood of Schivas aree are enclosed in a matrix which
contains clinopyroxene. Outcrops at Shallowplough in the district
of Michmel Muir were mapped by Read (1935, p. 594) as part of the
xenolith-rich norite group. Rocks from this area reveal traces
of clinopyroxene in thin section. Thus there would appear to be
no real reason to continue using the divisions proposed by Read (1935).
Therefore the two.main igneous groups of Read -~ the quartz-gabbros
{including uralitised quartz-gabbros) and the norites have been
combined under one heading - the quartz—hypersthene-gabbros. This
grouping will also be applied to the Arnage quartz-bearing gabbroic
rocks., There ié no doubt that clinopyroxene IS scarce in the quartz-
hypersthene-gabbros of the Haddo (and Arnege) districts. Examin-
ation of the modal percentages shows that few of the specimens

examined/
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examined contain much clinopyroxene, and even the olivine-hypersthene-
gabbros contain very little clinopyroxene (tableiﬁ¥%1specimens 62,
123 have orthopyroxene/clinopyroxene > 10/1). Specimens of gabbro
which appear to contain little or no clinopyroxene in the mode always
show clinopyroxene present as a normetive mineral (see Eskola norms,
table 3).

The modal analyses of 5 quartz-hypersthene-gabbros from Haddo
are given in the table below of which two are uralitised quartz-

hyperathene-gabbros. These analyses show the range of mineralogical

variation in this igneous group.

Modal Compositions

Mineral " BADDO | ARNAGE
76%  78% 86w 87 Rl 245" 248  345-3 345-14%

Plagioclase 59.3 68.0 46.7 52.9 46.1 | 43.3 59.4 54.3 55,3
Orthopyroxene 19.1 17.1 6.4 13.2 - | 32.8 22.5 24.0 15.7
Clinopyroxene 4.1 2.7altered 4.9 - tr. 4.7 1.8 3.5
Amphibole 3.0 0.4 20.8 4.2 33.4 5.5 2.1 9.8 3.5
Biotite Te3 8.3 T2 7.7 12.8 6.5 9.8 6.2 11.9
Quaritz 7.0 3.1 8.1 16.2 TeT 10.2 1.0 341 -
Sericite - - 9.8 - nd. - - - -
Acceasories

including Ores | tr. 0.4 1.0 0.9 nd. 1.2 0.6 0.8 1.2

Rl from Read (1935, p. 606) : * gee also Analyses
' (table 3 )

> 2000 points from each specimen counted.
For specimen location see appendix.

In/
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In the hand specimen the typical quartzuhypersthene-gabbfo is
a fine to medium grained, greyish rock with visible biotite laths.
From the modal compositiong given, plagioclase feldspar is seen to
constitute usually about 50% of the rocks volume. Varying amounts
of orthopyroxene and clinopyroxene are present in the fresh quartz-
hypersthene-gabbros {76, 78 and 87) but orthopyroxene is €1ways much
greater in amount than clinopyroxene.

Texturally the quartz-hypersthene-gabbros in thin section

consist of subhedral plates of baaic plagioclase, usually about 1 mm
x 1 mm, although large crystals can reach 3 mm, in length (|| ¢ axis)
and subhedral prismatic orthopyroxene, from 0.3 to 2 mm. long. The
orthopyroxene crystals often enclose small crystals of basic plagio-
clase. Clinopyroxene, although rare, is found as large poikilitic
crystals, about 3 x 3 mm. in size, which enclose smaller crystals of
plagioclase and orthopyroxene. Biotite occurs as large plates or
aggregates of smaller lathe, in either case occupying an area of
about 2 mm x 2 mm, The biotites are poikilitic enclosing plagioclase
feldspar, both pyroxenes and sometimes secondary amphibole after
pyroxene. Occasiongl fine intergrowths of biotite and quartz are
- seen, but these are rare and quartz is usualiy interstitial. In
the uralitised gabbros the orthopyroxene and clinopyroxene have been
replaced by a secondary amphibole and in the most altered gabbros
epidote and chlorite also appear. The most altered gabbros contain
no pyroxenes and the ferromagnesian minerals present are mainly
amphibole and biotite. The late stage hydrothermal action which led
to the development of amphibols from pyroxene also produced

gericitisation/
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gsericitisation of plagioeclase feldspar crystals. Ore minerals
(mainly magnetite and ilmenite) and apatite comprise the most common

accessory minerals.

The clinopyroxene is colourless or pale greenish, non-pleochroic,
and never zoned. It exhibits one set of exsolution lamellae '
parallel to the (100) plane. (for an explanation see page 83)
An analysed clinopyroxéne from this rock group gave a formula
0327Mg54Fe19 (molecular proportions) which is that of a sub-calcic
augite. The separated mineral contained many exsolution lamellas
of orthopyroxene which were not removed. The formation of eub-
calecic augite is thought to be restricted to enviromments of rapid
cooling at high temperature (Kuno, 1955), although high pressure
appears to favoﬁr the formation of stable sub-calcic pyroxenes
(Green and Ringwood, 1964), Tilley and Yoder (1964) showed that

sub-calcic pyroxenes are unstable at low pressures.

The orthopyroxene is pale coloured and usually faintly pleochroic
with & pale pink, @ , Y pale green. This agreees with the
plgochroic scheme given in Read (1923b, p. 454) for hypersthenes
from the 'quartz-norites' of the Armage district. It usually con-~
tains fine exeolution lamellae of clinopyroxene parallel to the (100)
plane as did the orthopyroxenes in the olivine-hypersthene-~-gabbro.

In the quartz-hypersthene—gabbros, measurement of 2Vy in many
orthopyroxenes gave results in the range 61° to 50° and a Y RI
measured gave a value of 1.705 * ,002. These megsurements would
imply compositions from F532 to Fs42 (Hess, 1960). The value of

2V obtained agrees with a value of 55° obtained by Read (1935, p.608)
for an orthopyroxene from a ﬁﬁartz-biotite-norite. An analyeig of

the/
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the orthopyroxene from specimen No. 76 gave a composition En67F533
(molecular proportions), which would égree with the compositions
obrined by optical methods.

The plagioclagse feldspar is always zoned. The zoning is not

continuous but the centres of crystals are always more c¢alcium rich
than the edges. The cores were as calcie as An70 although the
edges were often as sodic as An55. In the uralitised gabbro, the
plagioclase was usuelly partly altered to sericite.

The biotite of the quartz-hypersthene-gabbro is similar to that
of the olivine-hypersthene-gabbro, and possesses & similar pleochroic
scheme. In the uralitised rocks biotite is often a paler colour and
can be seen altering to chlorite.

Secondary amphibole after pyroxenes is seen in the uralitised
gabbros where it constitutes the main ferromsgnesian mineral present
(up to 33% of the modal composition can be amphibole, and chlorite)
see Rl in modal anslyses table. This amphibole, perhaps hornblende
es suggested by Read (1935), is pleochroic with o pale yellow, @ BV
clear green, which is quite different from the plecchroism exhibited
by the hornblende in the olivine-hyperathene-gabbros (p. 84 ). Thig
gecondaxy hornblende can replace the pyroxenes, according to
Subramaniam (1956), as follows:

1 Anorthite + 1 Diopaide + 3 Enstétite + H20 ——> 1 Hornblende
Stewart (1946) quoted Henry (1936) on the uralitisation of
gabbros due to hydrothermal action. As Henry's thesis (unpublished)
was not obtainable, the chemical reactions leeding to the production

of hornblende from orthopyroxene are given in detail below (from

Stewart/
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Stewart, 1946, p.483):

T(Mg0, FeO)SiO3 + Hy0 + 510, — H2(MgF9)7 518024

Hypersthene Cummingtonite

1 Cummingtonite + 1 Anorthite — 1 Hornblende + Silica

FPirstly the hypersthene reacts with water in presence of
silica to form cummingtonite, with the silica being derived from
the simultaneous reaction of clinopyroxene with feldspar to produce
green hornblende. The cummingtonite then reacts with the anorthite
molecule of plagioclase fo form a greeh aluminous hornblende.,
Perhaps some soda from the albite molecule also enters into the
reaction to account for the bluish green colour which is often
observed in the hornblendse. No analytical work has been carried
out on the amphiboles so it is impossible to predict what their
precise composition is.

Epidote occurs in highly uralitised guartz-hypersthene-gabbro.
Pale yellow in colour and with a high birefringence, it is found
associated with chlorite and may have formed as an alteration pro-
duct from pyroxenes and plagioclase in the manner suggested by Fyfe

et al. (1958).
4 Anorthite + 5 Enstatite + 5H20 —=~ 2 Epidote + 1 Chlorite + 4 Quarte

Quartz appears as interstitiel patches in the quartz-hypersthene-
gabbros and normally between 5% and 10% of a quartz-hypersthene-
gabbro is composed of gquartz.

Apatite, iron ores (usually magnetitic) and rare zircon constitute

the usual accessory minerals present.
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Read (1935, p. 602) describes specimens from this group which
have more clinopyroxene than orthopyroxene. These are probably
éimilar to two specimens examined by the author which also show
clinopyroxene greéter in amount than orthopyroxene. However the
textures of the rocks examined were considered to be those of
hypabyssel intrusive rocks; the textures are ophitic with random
arrangement of euhedral plagioclase crystals. An analysis and
norm of one of these (no. 97) is given in Appendix B at the end of
this thesis. These rocks are‘probably intrusive quartz dolerites
which have suffered some degree of alteration after their intrusion.
Similar rocks have been reported from the Insch basic suite (Read

et al. 1961; 1965).

2. Arnage
(i) Olivine-hypersthene-gabbro

(a) Field Occurrence.
Read (1923a, p. 456) described an olivine-norite from Glencroft,
and other occurrences of olivine-bearing types have been found by
the author_at Braik's Belt. AR occurrénce was noted north-west of

Inverebrie Croft, but this might not be in place.

(b) Petrography.
Texturally and mineralogically these are similar to the
olivine-hypersthene-gabhws of Haddo. The modal compositions of 3
of these Arnage rocks are given on p, 81 (276A, 235, 282) and these
are seen to be essentislly of similar mineralogical constitution to
equivalent Haddo rocks {same page). The Arnage olivine-hypersthene-

zabbro/
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gebbro is not quite so basic as the Haddo one. A comparison of the
chemical analyses of no. 57 (Haddo) end no. 276A (Arnage), table 3,
demonstrates this. This chemical difference is reflected in the
mineral compositions, and the main mineralogical differences between
the olivine~hypersthene-gabbros of Haddo and Armage are listed in

summary form, to avoid a repetition of petrographic detail.

Haddo Arnage
Mineral Composition

0livine Fa27 to Fajo FE33/34

Hypersthene F323 to F926 F924 to F528

Plagioclasge An78 to An72 An70 to An60 occasional
edges can be prlagioclase crystals
as sodic as with cores of com-
An64. _ position An78 are

noted.

(ii) Quartz-~hypersthene-gabbros

| (a) Field Occurrence.

These are usually found near the olivine-hypersthene-gabbro-out-
crops although the relation between the two types is never apparent
in the field. No transition from one type to the other is ever seen.
Most of the igneous rock locations given in Read (1923a, p. 453) as
forming part of his "norite group" belong to the quartz-hypersthene-
gabbros. These are at Inkhorn, Jjust north of Towie Wood, Waulkmill

of/
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of Savoch and Arnage, north of Gallowhill, all of which lie on ths
Ebrie Burm which flows south to meet the Ythan River at Ebrie Bridge,
about 2 miles north-wast of Ellon. Exposures in these localities
can be found in railway cuttings, as the route of the Aberdeen to
Fraserburgh railway line is alongside the Ebrie Burn in this area;
About 1 mile south of Gallowhill the last of the gabbroic *kernzls®
mentioned by Read (1923a) occurs, and this 'kernel' is also exposed

in railway cuttings.

(b) Petrography.

Since the quartz-hypersthene-~gabbros of Arnage are found to be
texturally and mineralogically similar to those of Haddo, it is not
proposed to discuss their petrography in detail and the main
differences in mineralogical composition between the quartz bearing

gabbros of Haddo and those of Arnage are given in summary forms:

Haddo Armage
lilneral Composition
Hyperathene Fs32 to Fs4é F532 to Fs45
Plagioclase An7o to An55 An65 to An50'

-

There would appear to be no overlap in the hypersthene compo-
sitiona above with those from the olivine-hypersthene-gabbros. This
is probably because there are so few igneous exposures (especially

of olivine-bearing types) that a true compositional range of
hypersthene cannot be given for the igneous groups, and the range

given/



District HADDO l ARNAGE " | HADDO ARNAGE
Rock type Olivine—hypersthene-gabbro Quartz~hypersthene-gabbro
Rock no. 57 | 2764 76 78 63 59 86 L 245 345-14
3105 47.09 48.34 53.63 53.72 53.38 51.86 51.09 63.61 52.54
Ti02 0.65 0.68 0.86 0.82 1.25 1.11 . 2.58 0,86 0.80
Al203 17.90 17.97 17.38 17.22 16.11 17.91 16.54 14.73 18.27
Feg03 1.36 1.63 1.54 1.52 0.91 1.65 2.01 1.00 1.36
Fed 6.78 TaT73 5.52 6.86 8.01 7.26 7.28 7.10 5.66
MnO 0.13 0.15 0.14 0.18 0.16 0.17 0.16 '0.15 0.14
MgO 12.95 10.19 8.20 T.51 T.21 6.63 5.46 11.36 8.33
Cal 9.75 G.03 8.62 T.76 T.71 8.64 9.08 7.98 8.50
K20 0.38 0.56 0.88 0.85 1.35 1.07 1.04 0.81 0.81
HoO+ 0.74 0.77 0.90 0.91 0.50 1.00 1.12 0.81 0.50
P20g 0.066 0.092 0.085 0.094 0.18 0.13 0.26 0.079 0.081
Total 99.54 99.38 99.96 99.44 99.51 99.74 99,08 99.30 99.16
Trace element Analysis carried out by author on powder dried at 110%C for 2 nrs.
emounts in ppm. _ | ,
Cr 348 213 325 238 195 188 196 404 313
Ba 115 125 225 390 450 340 340 225 175
RD 4 g 20 25 - 36 27.5 15 34 24
Sr 271 213 237 238 250 287 275 167 245
ESKOLA KORMS :
57 2764 76 78 63 59 86 245 345-14
Orthoclase 2.25 . 3.30 5.25 5.10 8.05 6.40 6.35 4.85 4.80
Albite 15.45 20.15 19.80 18.25 24.80 21.05 21.775 T.35 19.60
Anorthite 39.48 37.38 35.10 36.10 27.93 35.90 32.70 34.62 37.95
Hypersthene 14.20 17.72 25.26 27.86 25.98 23.62 15.98 38.52 27.54
DiOPSide 6-36 5;56 5-80 2.00 7068 5052 9-92 4004 3-20
Olivine 19.35 12.51 - - - - - - -
Quartz - - 5.26 7.20 217 3.36 6,13 7.85 3.74
Magnetite 1.88 2.28 2.16 2.14 1.28 2.34 2.90 1.40 1.90
Ilmenite 0.90 0.94 1.20 1.16 1.76 1.56 3.72 1.22 1.12
Apatite 0.13 0.17 0.18 0.18 0.35 0.25 0.54 0.15 0.15

TABLE 3
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District HADDO l ARNAGE
Xenolithic
Rock Type Uralitised quartz-hypersthene-gabbro quartz-hypersthene-gabbro
Rock no. 124 126 145 168 171 64M 347-21B 1 345-48
Si02 49-37 55.13 51.12 54-05 45.29 52.68 53-01 55.29
102 2.45 1.50 2.64 2.66 4.73 1.23 1.20 1.88
Al203 18.36 1717 15.07 15.25 15.46 19.65 19.09 16.21
Fe203 2.56 1.69 2.95 3.02 4.47 1.71 1.89 2.35
Fe0 8.70 7.50 8.35 7.88 9.46 T.43 T.35 7.45
MnO 0.18 Q.17 0.19 0.17 0.20 0.19 0.17 0.15
Mg0 4.70 4,85 4.96 3.09 6430 5.83 533 4.53
Ca0 8.39 5.60 8.03 6.59 9.83 7.03 735 4.18
Na20 2.61 2.81 2.78 3.54 2.23 2.69 2.08 2.60
KQO 0057 2008 1023 1.86 0:;62 0098 1.09 3-28
Po0s 0.20 0.48 - 0.29 0.35 0.049 0.037 0.083 0.087
Total 98.75 100.42 99.05 99.70 100.09 100,22 99.78 99.73
?race elements Analyses carried out by author on powder dried at 110°C for 2 hours
in ppm. ‘
Cr 112 130 43 32 59 157 180 146
Ba 225 850 490 710 140 360 500 1205
Rb 27.5 62 45 58 10 29 41 206
Sr 314 352 333 306 288 312 282 93
ESKOLA NORMS
| 124 126 145 168 171 64M - 347-21B 345-4M
Orthoclase 3.50 12.55 T.60 11.40 3.80 B .85 6.60 20.00
Albite 24,30 25.70 26.05 32.90 20.90 24.35 19.10 24.15
Anorthite 38.02 25.35 26.10 20.95 31.60 35.00 36.85 20.95
Hypersthene 18.90 21.22 14.52 9.24 12.80 23.94 22.60 19.04
Diopside 3.26 - 10,96 8.64 15.16 - - -
Quartz 4.48 8.34 6.06 7.96 2.27 5.09 8.82 8.54
Corundum - 1.31 - - - 1.58 1.46 1.08
Magnetite 3.70 2.40 4,28 4,36 6.50 2.40 2.70 3.38
Ilmenite 3.54 2.14 3.84 3.84 6.86 1.72 1.70 2.70
Apatite 0.40 0.98 0.60 0.70 0,10 0.07 0.17 0.17
TABLE contd. )
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given in this chapter is the most complete that was obtained. There
is en overlap in the compositions of the normative hypersthenes
between the two Eroups.

The differences in modal compositions between the quartz-
hypersthene-gabbros of Haddo end Arnage can be seen on p.87
(exciuding the urselitised rocks of Haddo, nos. Rl and 86), The main
difference between Haddo and Arnage quartz-hypersthene-gabbros is
thet the latter are richer in orthopyroxene (and poorer in clino-

pyroxene) than the former.

IT. The Geochemigtry of the Haddo House end Arnage Igneous Rocks.

T™wo analyses of olivine~hypersthene-gabbrogs from Haddo and
Armmage are given in table 3. Several anslyses of quartz-hypersthene~
gabbros from both areas are shown in table 3. Specimens 76, 78, 63,
245 and 345-14 are unaltered quartz-hypersthene-gabbros, but 59 and
86 show some alteration, meinly amphibole replacing pyroxenss. 124,
126, 145, 168 and 171 are highly uralitised rocké from the periphery
of the Haddo House gabbros. The three specimens 64M, 347-21B and
345-4M on table 3, are xenolith~bearing quartz-hypersthene-gabbros
from which the xenoliths were removed before they were analysed.
However, sinée many of the xenoliths are small, these ﬁight not all
have been removed, and it is doubtful if the 3 analyses truly
represent quartz-~hypersthene-gabbros. Xenoliths are usually rich
in 5i0,, 41,05 or Fel depending on their origimal composition; thus
a rock containing xenoliths would tend to be richer in 3102, A1203
or Fe0 and poorer in Ca0 and Mg0 than a rock without xenoliths.

Specimens/
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Specimens 64M and 347-21B are richer in A1203 and poorer in Mg0, and
Ca0 than the correésponding quartz-gabbros in table 3. Values of 4
trace elements are shown in addition to the usual 12 major elements.
Eskola norms based on 1-cation percentages have been calculated,
‘and the normative constituents of each analysed rock are given under

each chemical analysis.

Silica as 3102

This is higher than the SiO2 content of gabbros with similar

Mg/Mg + Fe ratios from other parts of north-east Scotland®ed ¢ ol,1!;
Stecort, 1946 )

Aluminium as Al202

Alunina is high in the gabbros and is reflected in the large
amount of normative (and modal) plagioclase feldspar in the rocks
(504 - 65%). The alumina content is higher than that of similar
basic rocks from Insch but similar to that of some df the Huntly and
Belhelvie rocks (Read, 1923b; Stewart, 1946).

Iron and Masnesium (and Manganese) as Fe0 Mg0 and MnO

The quartz-~hypersthene~gabbros of Haddo and Arnage are rather
basic rocks with Fe/Fe + Mg ratios {Fe = total iron} and varying from
.40 in the olivine-hypersthene~-gaburos to .65 in the gquartz-
hyperathene-~gabbros. The urelitised gabbros are noticeably lower
in Mg0 than the unasltered gabbros, and this might be due to the

hydrothermal alteration suffered by these gﬁbbros.-

Sodium and Potassium as Na20 and K20

Soda/
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Soda does not vary much in the various igneous rocks and has
lowest values in the olivine-hypersthene-gabbros and highest values in
the urelitised quartz-hypersthene-gabbros. Specimen 245, table 3
is deficient in Na20 but this is a feldspar-poor, quartz-hypersthene-~
gabbro, (see model compositions p. 87 ). Potash increases from
about .5% (or less) in the olivine-hypersthene-gabbro to well over
1% in the quartz-hypersthene~gabbro., Basic rocks with similer
orthopyroxene compositions from the Belhelvie and Insch masses of
north-east Scotland have much lower amounts of K20 (.16 to .6%).

In the Haddo igneous rocks K20 is probably held in the biotite
structures (biotite appears as a primary phase in the Heddo and
Arnage igneous rocks, but not in the basic rocks of Insch); the
basic gabbros of Insch are lower in K20 than the Haddo gabbros, and
are part of a fectionated series - quite unlike the Haddo gabbros

(see petrogenesis gsection of this chapter).

Titanium as TiO2

Tio2 varies greatly in the igneous rocks. It is greatest in
amount in the uralitised quartz~hypersthens-gabbros. In the other
gabbros titanium is probably incorporated in the Y group of the
pyroxene or aemphibole (the analysed olivine from specimeﬂ 57 contained
almost no Ti0,, see appendix G). In the uralitised gabbros, the
pyroxenes (and primary amphibole?) lmve broken down and many of the
amphibolitised gabbros show loel increases in magnetite and ilmenite.
Thie is reflected in the analyses of the uralitised gabbros table 3,
which show that those rocks with a high TiO, value have also got

high/
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high PFe0 and F3203. values,

Chromium asg Cr

Chromium appears to increase with increasing Mg/Mg + Fe ratios

and is greatest in amount in the most basic (Mg0 rich) rocks.

Strontium as Sr

Strontium shows little variation in the igneous rocks, and the
3r content of the Haddo gebbros would appear to compars well with
the Sr content of the more basic differentiated rocks from Insch

(Read and Haq, 1963),

Barium and Rubidium as Ba and Rb

Both Ba and Rb increase with increasing K20. Barium values
vary up to 450 ppm in the unaltered quartz-hypersthene-gabbros
(850 ppm in some uralitised gabbros), although no large values were
found. The basic series at Insch shows high Ba values in the upper
differentiates (1.8%, Read and Haq, 1963) and it is possible that
the original basic magma must have been rich in Barium. However
the country rocks are rich in Barium, the Fyvie schists having up
to 0.13% and the Ellon gneisses 0,22% (table 1 ). Whether the
basic magma was originally rich in Ba, or iits large Bea content was
due to an introduction of Ba from the surrounding rocks or during

its intrusion is difficult to say.

I1X. The Petrogenésis of thé Haddo Housa and Arnage Ismeous Rocks

From the table of analyses it can be seen that the olivine~

hypersthene/
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hypersthene~gabbro of Haddo is more basic than the corresponding
Arnage rock (i.e. it has a lower PFe/Fe + Mg ratio). Unfortunately
a deteiled comparison between the gabbroic group of Haddo and
Arnage with the basic rocks of other parts of north-east Soctland
is not posible., The only mass in which extensive chemical studies
heve been published is Insch (Read et al. 1961, 1965; Head and Haqg,
1963) although the chemistry of the major rock types of the Belhelvie
mass has also been examined (Stewart 1946). The various rock
types from the Insch (and Belhelvie) districts have been shown to
represent cumulative fractions which have formed by differantiation
from en initial magma (Clarke, 1965; also Stewart, 1946, p. 488).
Pagsages between different rock types have been described and
cheﬁical relations between the various groups have been shown on
variation diagrams (Read et al. 1961, 1965). Many of the basic
rocks from Insch contain normative nepheline (data from Resd et al.
1961, 1965). If the normative minerals, quartz, nepheline,
forsterite, diopside are plotted into a tetrahedron with these
mineral phaaes as its apices then many of the basie gmbbroic rocks
of Insch plot near the criticel plane of silica undersaturation in
the area Ne-Fo-Ab (see fig. 10, tetrahedron data from Yoder and
Tilley, 1962). Only a few of the upper differentiates of Ingch
contein normative.quartz, and appear in the silica saturated field
of the tetrahedron (i.e. the area Di-En-Ab-Qz). Many of these
upper differentiates, syenites and syenogabbros of the Red Rock
Hills, could have suffered much ground water percolation, with sub-
sequent leaching-out of alkalia, thus increasing their relative

proportions/
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proportionscof 5102 (Clarke, personsl communication). This would
appear to place this group in the silica saturated field of the
tetrahed;on. . This leaching of the syenites, etc., by ground water
was also put forward by Bell (1964) to eccount for anomalous ages
from the Inach gabbros obteined by the Rb=Sr technique. Some
syenites at Inasch do show normative nepheline and there is little
doubt that these rocks are undersaturated in Si02. The basic
rocks from the Belhelvie mess contain neither modal nor normative
quartz and plot in the hypersthene~-normative field of the tetrshedron.
The Haddo and Arnage rocks do not show this undersaturation in
8102, They never oontain normative nepheline and even rocks as
'bagic' as the quartz-hypersthene-gabbros contain both modal and
normative quartz. The olivine-hypersthene~gebbros plot in the
hypersthene-normative part of the ifetrshedron (the area Di-Fo-En-Ab)
and the quarts-hypersthens~gabbros appear in both the hypersthene-
and quartz-normative fields. The reason for this is discussed below.
Certain interesting facts emerge when comparing the model compositions
of the Haddo and Arnage gabbroio rocks with rocks of similar _
mineralogical composition in the Buchan region; e.g. the hypersthene
gabbros of Belhelvie and Insch. The Haddo and Arnage olivine-
hypsersthene-gabbros contain substantial amounts of biotite and
hornblende which appear to have crystallised as primary phases (up
to 6% and 12% respectively). The quartz-hypersthene-gabbros
appear to contain no primary amphibole {(usually the amphibole is
gecondary after pyroxenes, due to late-stage hydrothermsl action) ,
but the qﬁartz~hypersthene-gabbros can contéin up to 12% of biotite

as a primary phaese. The Insch and Belhelvie gabbros contain
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virtually no biotite and very little primary amphibole.

Bowen {1928) discussed the increase in the amount of quartz
in a liquid (magmsa) afising from fractional crystallisation of a
besaltic magma. He showed that sarly crystallisation {(and removal)
of olivine from ailica-saturated basic magma produces an increase
of 3102 in the residual liquid (olivine is a mineral undesrsaturated
in eilica). There would alao be an increase in alkali feldspar
due to basic plagioclase settling and therefore the residtum would
be rich in alkali feldspar and quartz. Accompanying this, or
occurring independently of it, therse may be a reaction between
2lkali feldspar and ferromagnesian minerals in the rocks in the
presence of H20 {volatiles), reauiting in biotite formation and
e setting free of quartz. This biotite formation and increase in
quartz would be a late=stage process; 1t is worthwhile noting that
the late-stage differsntiates et Insch, syenites, etc., have modal
biotite, and are quite rich in Si0, (Read 1923b, Read et al. 1961).
Bowen (1928) stated that a third process which would increase the
amount of silica available in a crystallising magma might be the
fofmation of hornblénde at intermediate stages of fraotionation.
He showed that a sequence of rocks at Stavsjg where noritic gabbros
grade into hornblende diorites and thence to quartz diorites,
actually represented a fractionated sequence. An early removal of
basic material containing hornblende in the early stage of
fractionation would give rise to the observed‘lateustage products.
Bowen used mineral phases present in the rocks themselves (i.e. modal
minerals) rather than normative minerals in determining the

fractionation/
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fractionation trends. Bowen (1928) stated that "a hornblende
sequence /must be/ formed by magmas richer in volatile components
although a difference in content of normal oxide constituents
would probably be needed as well,™

Yoder and Tilleynh(1962) discussing the origin of basalt magmas
agread with Bowen on many points, They stated (p. 398) that "at
low water pressures a potash-rich magma may trend towards silica.®!
Howaver, on consideration of the crystallising of basalts within
the tetrahedron Fo-Ab-An-Di under equilibrium conditions, they stated
(p. 401) that "under equilibrium conditions no one liquid can
producs both nepheline<bearing products and silica-bsaring products
if only the major pheses are considered /i.e./ a single basalt
magma cannot produce both a tholeiitic trend and an slkali basalt
trend purely by fractionation in the early stages”. Yoder and
Tilley considered certain mechanisms for crossing the equilibrium
fhermal divide between critically undersaturatéed and undersaturated
magne types (the divide Fo-Di-Ab in the tetrahedron Ne~Fo-Qz-Dil.

One condition which could lead to differing ligquid trends from
the same initial magra is oxidation. From studies in the system
MgO-FeO-FeEOB-Sioz, Osborn (1959) suggested that an olivine
tholeiite may, on differentiation, glve rise to an iron snrichment
trend if the oxygen corent is constant, or give rise to a silica-
enrichment trend if the oxygen content is wvariable. This difference
in trends could bs atiributed to differences in water content of
me a8 . |

So far it has been stated how Bowen (1928) believed that
different/
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diffeient fractionation trends would produce different end products.
For example, the crystallisation of 61ivine in thé early stages‘of
fractionation, or the formation of either hornblende in the middle
stages or bictite in the late stages would all lead to an eventual
increase of Si0, in the liquid. The hypothesis of Osborm (1959)
was accepted by Yoder and Tilley (1962) who said that it might be
poasible to get both a nepheline-normative and a& hypersthene~ or
quartz-normetive series from the same initial magma if there were
differences in its water content.

Discussing the origin of basalts O'Hara (1965) envisaged how
a6 liquid produced at the high pressures could give rise to
different basaltic magmes depending on the rate of movement to
the surface (the pressure and duration of fractionation) and whether
the fractionation of the liquid took place in dry or in water-
saturated conditiona. O'Hara (1965) also noted that the presence
of water would change fractionstion trends of magmas, irrespective
of any oxidation effects. The *'invariant' point in the system.
Tachermaks  mdecule
Sa—Techermetites (+ Ne) ~ 01 - Qz - Cpx towards which the magmatlc
liquid is trending lies near the equilibrium divide 01-Cpx~FPl
for an amlkeli besalt fractionating in the dry state. Under water
saturated conditions and moderate pressures (PHRO = 10 Kb) this
invariant point is moved into the silica oversaturated field,

(the area Cpx-Opx~P1l-Qz) and a magmatic liquid differentiating
under water saturated conditions would be notably enriched in
normative quartz, although the same phases (olivine, plagioclase,

and two pyroxenes) were precipitating.
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The rock sequence at Insch ranges from uitrabasic and basic
gabbroic rocks (many of which are nephelins-normative) to syeno-
gabbros and syenites. Thus the initial megmatic liquid at Insch,
in spite of producing much hymmthene-bearing cumulates might itself
be silica-undersaturated. Yet the same initial magma has produced
both a silica undersaturated trend (Insch) and a silica saturated or
oversaturated trend (Haddo and Armage).

Regarding the question of the water content of the Haddo magma
at the time of crystallisation, it is thought worthwhile to digress
and consider the depth of burial of the gabbros at Haddo and Arnage
gt the time of their intrusion. Johnson (1963) estimated that the
climax of Buchan metamsrphism produced temperatures of c. 550°C for
the formation of a cordierite-andslusite assemblage. This would bhe
in agreement with Turner and Verhoogen (1960) who gave temperatures
of 550°C to 700°C for a hornblende hornfels facies assemblage (which
is where Fyfe, Turner and Verhoogen (1958) placed the Fyvie schist
assemblages). The pressure range for the hornblende hornfels facies
is PH2
postulated a high geothermel gradient (160° C/Km) using known thick-

o = 1 Kb to 3 Kb {Turner and Verhoogen, 1960).  Johnson (1963)

nesses of Upper Dalradian rocks (3.3Km) which overlie the upper limit
of the andalusite-cordierite zone. Later sediments are always found
resting unconformebly on Upper Dalradian rocks (in Arran, Arenig rocks
rest unconformably on Upper Dalradian grits, and those grits are not
pregsent in NE Scotland), thus the thickness of the Uper Dalradian
series is not known. Wyllie and Tuttle (1960} stated that a high
geothermal gradient in rocks, at the present day, is 50°/60° ¢ per Km,

and/
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and tharefore the depth of Upper Dalradian cover to the upper limit

of the cordierite-andalusite (-sillimanite) zone, using this geothermal
5560_to 6000 4

50°/60°
approximately equal to 300 bars pressure, then 10 Km = 3000 bars or

gradient would be = 10 ¥m (approx.). Since 1 Km is
3 Kilobars. The Haddo and Arnage gabbros might have been intruded
into the country rocks at the time of the climasx of the regional
metamorphism, as Bezl (1964) could not separate the time of the
intrusion of the gabbros from the climex of Buchan metamorphiem.

The basic sheet in ths Haddo and Arnage districts might well have
been intruﬁed under 3 Kbdload pressure.

Howie (1963) stated that orthopyroxenes from granulite facies
metamorphic rocks (i.e. high P and T conditions) have an ... “increasing
ablility ree to accept greater amounts of alien ions." Boyd and
England (1960) found that orthopyroxenes from high Al203 environments,
under high P and T conditions, contained the greatest amounts of
A1203. Examining garnet peridotites in Norway, which contained
orthopyroxenes low in A1203, Q'Hara and Mercy (1963) came to the
conclusion that under conditions of high pressure and temperature,
provided that the orthopyroxene was in an environment which was frees
from clinopyroxena, the orthopyroxens would be able to accept large
amounta.of A1203 into its structure. The quartz~ecordierite-norites
of Haddo, and the hormfelses of Sparcraigs, Belhelvie (both c¢lino-
pyroxene-free) contain orthopyroxenes which contein 4,3% and 7.2% of
A1203 respaectively. Thus the orthopyroxenes from clinopyroxense~free
rocks at Haddo and Belhelvie have probably crystallised under high P
and T conditions. Therefore the availble evidence from rocks
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associated with the gabbros in north-east Scotland would appear to
support the hypothesis that the regional basic sheet was intruded
at depth, with load pressures of Ptotal =3 Kb in operetion.
Since the Haddo and Armage gabbros appear near the roof of the haasic
shaeet of north-east Scotland (Stewart and Johnson, 1960; also
chapter I, p 18) the load pressure due to the thickness of the basic
sheet (perhaps > 1 Kb) is not added to the 3Kb,

The points raised concerning the gabbros of Haddo and Arnage

may now be tabulated as follows:

(1) The Haddo and Arnage gabbros, bescause of their chemical
compositions, their Fe/Fe + Mg ratios and their mineralogical
compositions, could, perhaps, ba expected to occupy a position in

the differentiated series of rocks of the basic sheet of north-east
Scotland above the level of the hypersthene-gabbroé of Belhelvie,

and below the hypersthene-gabbros of Insch).

(2) The Haddo and Arnmage gabbros contain modal biotite and hornblende
as primary phases (up to 15+%) whereas the Insch and Belhelvie rocks
contain these minerals only in minor gquantities. The gquartz-—
hypersthene-gabbroa of Haddo and Arnage contain modal quartz, whereas
modal quartz is never found in comparable rocks at Belhelvie or

Insch. |

(3) The Haddo and Arnage rocks are very much richer in 510, (and

K20) than the corresponding 'basic' rocks from the Insch and Belhelvie
basic masses,.

(4) There must have been some water present in the basic magma at

Haddo and Arnage to account for the formation of biotite and amphibole

in/
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in the gmbbroic rocks.

(5) The presenée of water in a magma can change the fractionation
trend of the magma, and a basalt magma can produce both nepheline-
normative, and hypersthens« or quartz- normative trends because of
differences in its water content.

{6) The Haddo and Arnaga bagic rocks are always hypersthene- or
quartz-normative whereas the Insch basic rocks are in many caaes
nepheline~normative.

(7) The gabbros could have been intruded under a load pressure of
Piotal = 3 Kb-

Points 4, 5 and 6 above would indicate that there must have been
some introduction of water into the basic sheet in the Haddo region
to account for the basic rock sequence displayed there,’

If this is so, did the magmas at Haddo fractionate in water
saturated conditions? (i.e. was PH20 = 3 Kb). Yoder and Tilley
(1962) showed the melting relations of some natural basalts at
various water pressures., One diagram is reproduced (fig. 11)
showing thé melting relations for an alkali basalt (data from Yoder
and Tilley, 1962, p. 452).

It is seen that high water pressures tend to change the order
of crystallisation of magmes (pyroxene replaces plagioclase as the
second phase to crystallise at very small PHQO)" The order of
crystalligation in the gabbroic rocks at Haddo and Arnage was
olivine, plagioclase and pyroxene, and this is the normal fractionation
gsequence in alkeli bésalta crystallising in the dry state, see fig. 11.

Furthermore the absence of open pores or cavities in thse Haddo
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igneous rocks, together with the lack of evidence of pressure-
solution effects would also agree with the postulate that the Haddo
gabbro erystallised in the absence of a vapour phase. If there had
been s small partial pressure of water, so that PH20 + Py = Ptotal(3Kb)’
then there must have been some other component of the gas phase
present (P?) and this seems most unlikely. Therefore it seems
likely that the gabbros a2t Haddo were intruded and fractionated under
2 load pressure of 3 Kb, and water was introduced into the basic
magma at Heddo to account for the different fractionation trends
displayed by the same basic sheet at Insch and Haddo.

This amount of water must have been small (no vapour phase,
and modal percentages of biotite and amphibole are quite small in
the igneous rocks at Haddo end Arnage) end it is possible that the
H20 introduced into the liguid also carried some SiO2 (and alkalis?)
which would further tend to 'push' the liquid towards a silies
enrichment trend. Kennedy, et 2l, (1960) showed that 5102 is quits
mobile in water (mteam) under pressure, and 810, can comprise about -
10% by weight) of the vapour at about 3 Kb pressure, This Si0,
carriage into the magmatioc liquid ddght be important when congidring
point (3), p. 106.

The most attractive proposal concerning the deformation of the
Buchan basic sheet was that it was folded whilst still partially
ligquid (Sfewart end Johnson, 1960; see chapter I, p. 23). The

Buchan anticline which was 'rising' between the period F, to F

2 3
(Johnson, 1962, 1963; Read and Farquhar, 1956), would fold the
basic sheet during its consolidation, and produce a thinning of the

basic/



109.

basic sheet across the anticline, The heat from the gabbros could
release H20 from the breakdown of hydrous minerals in the country
rocks, this vapour then being dissolved in the basic liquid (with
the H20 perhaps carrying some 3102 etc.) Such a machanism might
explain the silica saturated and oversaturated trends which exist
at Haddo and Afnaga.

Quartz-hypersthene~gabbros occur elsewhere along the axis of
the Buchan antiecline, at Maud (Blundell and Read, 1958) and Inzie
Head (uralitised quartz-gabbros céllected by Professor Stewart and
examined by tha author). These occurrences were to be expected if
the above hypothesiz wes teue. ' .

Tha trend fowards quartz-normative gabbro displayed by the
basic rocks at Haddo and Arnage is thought to be & result mainly
of the process outlined above. However many of the guartz-hypersthene-
gabbros of Haddo and Arnage are xenolithic. The xenoliths very from
aquartzitic to highly aluminous in character. Assimilation of some
material from the xenoliths may have occurred, espscially in those
igneous rocks very close to the country rock/gabbro boundary where
the proportion of xenoiiths in the magma wouid hava been greatest.
The effects of a basic magma on xenolithic¢ material enclosed by the
magma were discussed in chapter II, of this thesis, and the main
points raised in that discussion are restated balow.

If a pelitic xenolith partially melts and the surrounding megma
(quartz-gabbro) does not incorporate the liquid formed at the margin
into the magma, a quartz~orthonorite *'screen' would be formed between
the xenoclith and the magma.
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If the liquid formed by partial melting of the xenolith is
swept away and incorporated into the magma, the xenolith which remains
would not be in equilibrium with the enclosing magma. A zone of
golid phases in equilibrium with the magma wouwld form, The cors of
the xenolith would meanwhile attain equilibrium with the outer zone
by forming a middle zone in equilibrium with both core and outer eone.
The formation of this middle zone might, however, disupt the outer
zone, mbre liquid would be produced, and the xenoclith would alowly
'dissolve' into the megmetic liquid.

With reference to nzatural rocks, a pelitic kenolith in a
quartz-gabbro magme would yield a partial melt of cordierite-norite
composition (chapter II). This melt might be incorporated into the
enclosing magma 1f no thermal divide was operative between that
magma and the partiel melt. This would occur if the enélosing magma
was a 'potential? quartz~gabbro magma which at the time of xenoclith
incorporation was still in equilibrium with olivine.: The temperature
of the megme might thefefore be higher than the thermal divide.

The partial melt of cordierite-~norite composition would have the
potential phases, orthopyroxene, plagioclase, cordierite and quartsz
occult in the liquid, and its potential cordierite combines with the

potential clinopyroxene {(diopside) in the norm calculetion as follows:
Mg2A14Si5018 + ECaMg81206 — 4MgSiO3 + 20aA1251208 + Si02

i.e. 1 Cordierite + 2 Diopside ——s> 4 Enstatite + 2 Anorthite + 1 Quartz
thus enriching the magma still further in orthopyroxene, plagiocclase
and quartz. Bowen (1928) proposed similar reactions for the

assimilation/
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assimilation of refractory material by a basic magnma. Thus the
moat ienolithic gabbros would tend to be quartz-bearing and
'orthonoritic' in character (low amount of clinopyroxene and
{(opx » cCpx).

In chapter II it was stated that a magma crystallising olivine
(olivine-gabbro) could, if its temperature remained high enough,
modify its composition by continued assimilation of sedimentary
material until a completelsequence of rocks from olivine-gabbro to
quartz-~cordierite-norite appeared, However this sequence of rock
types is not observed at Haddo, and the magma containing xenoliths
was probably already trending towards a quartz-gabbro composition
(previously discussed in this chapter).

Thus the assimilation of material from the xenolithe by ths
magma 2t Haddo and Amage would probably have the effect of
accelerating the fractionating magma along a quartz-normative trend,
and deureasing the amount of ¢linopyroxene in the igmeous rocks 
whiqh crystallised from this magma. This would have the effect of
producing an orthopyroxene-rich xenolithic quartz-gebbro closest

to the country rock/gabbro boundary.



CHAPTER V

I The Unhomogeneous Rocks and Xenoliths of the Haddo House and
Arnage Districts.

1. Haddo
Quartz-cordierite-norites
(a) PField Occurrence

The cordierite-bearing rocks are found in a small area of
country, about 3 miles south-east of Methlick, mainly within the
Auchedly granite intrusion. In the Wood of Schivas a few
isolated outcrops of quartz-cordierite-norites occur (see district
map, and fig. 4), but field reiations between them and the quartz-
hypersthene-gabbros, which also appear in the Wood of Schivas, are
obscured, due to lack of exposures. On the south side of the
Ythan river, at Craigmuir Wood, cordierite~bearing rocks which
also contain potash feldspar and garnet appear (hypersthene is
rarely present). Quartzose rocks and two limestone bands are
also found in Craigmuir Wood. In this locality, the xenoliths
present in the rocks show a poor north-south alignment which is
approximately paratlel to the general strike of the country rocks
in the Ythan’river section, north-west of Methlick. At Tanglend
Bridge, on the north bank of the River Ythan (outwith the
Auchedly granite), many outcrops of different rock types are found
together, although no transitions bétween different types can be
Seen. At Tangland Bridge every rock type fouﬁd in the Haddo
district is exposed, but these outeropssare probably not in
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place. Some cordierite-~bearing specimens from this location
were analysed because of the difficulty experienced in
obtain;ng fresh material elsewhere in the district.
(b} Petrography

The cordierite—bearipg rocks comprise two main groups. These
are the quaritz-cordierite-norites and quartz-cordieritei
orthOpyroxeneigarnetiK-feldspar rocks. The rocks show enormous
variation in the proportions of mineral constituents present
and although modal comppsitions are not representative of the
group in general one was determined by the author, and Read

(1935, pp.612=-614) gave 3 more. These 4 analyses are given

below:-
Modal Percentages (4 Haddo rocks)
Quartz-cordierite-norites | Quartz-cordieriteforthopyroxened
K-feldspartgarnet rocks

Mineral 68 M X 1 2 3
Quartz 40.1 28.9 19.5 10.1
Plagioclase 30.5 39.6 31.2 36.1
Cordierite 19.2 - 12.0 25.9 33.7
Orthoclase - ' - 5.8 ' 6.6
Hypersthene 5.6 56 7.0 -
Biotite 4.2 13.3 9.2 1.7
Garnet - - ' . - 9.4
Ores tr. 0.6 1.4 2.5

Xsee also analyses table 1,2,3 from Read, 1935;

p.613 middle (right);
p.612 and p.614.

From/
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From these modes it can be seen that plagioclase is umually
dominant, Generally the xenolithic rocks from Craigmuir Wood
have a high proportion of potash feldspar (orthoclase) in

the matrix which surrounds the xenoliths. Cordierite is

common in the matrix but it is present in greater amounts

in the aluminous xenolithsa. Orthopyroxene, where present,
constitutes only about 6% by‘volume of these rocks and garnet is
only present in the rocks of Craigmuir Wood.

The quartz-cordiérite-norites of Haddo are medium grained
and consist of small prismatic hypersthenes up to 14 X 1 mm in
size, and platy plagioclasé feldspar crystals, sometimes as
large as 3 X 2 mm, but usually smaller and similar in size to
the orthopyroxene crystals. Both the plagiocclase and
orthopyroxene crystals occasionally snclqse grains of ore
minerals. Biotite can appear as large poikilitic crystals, 3 mm
by 3 mm in area, enclosing both plagioclase and orthopyroxene
crystals, but usually forms small laths, 1& X 1 mm in extent.
Cordierite is seen as small irregular crystals about 0.3 X 1 mm
in size, but larger crystals can appear, up to 1 X 2 mm. The
cordierite is fresh although slightly altered at its edges,
and this, together with its high relief and irregular twinning,
distinguishes it froﬁ plagioclase.

In addition to the above minerals, the rocks at Craigmuir
Wood usually contain orthoclase and garnet (dnd often have no
orthopyroxene). Orthoclase, usually forms large crystals (4 X 3mm)

containing/
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containing many small inclusions of plaghoclase and cordierite.
Garnets vary in size from small pieces about 1 mm by 1 mm, to
very large crystals (up to 1% cm across) which exhibit
dodecahedral faces. The garnets are usually broken and
cracked and contain infrequent inclusions of ﬁlagioclase.
Quartz is present interstitially. _

The orthopyroxene is strongly pleochroic with o pink,
@ pink to greenish/brown and K greeﬁ. It is never 2zoned.
. Although the orthopyroxene only constitutes a small percentage
of the minerals present in the rock ( < 6%), 2Vy measurements
were obtained from the hypersthenes of 10 quartz-cordierite~
norites frem Haddo, 6 different hypersthene grains being
examined in each thin section. Measurements of 2V« on these
hypergthenes gave results in the range 60° to 680, corresponding
to compositions of Fegg to Fsgy (hypersthene; Emmons, 1940;
Hess, 1960). Although 2 hypersthene compositions can he
obtained frcem each 2Vy value because of the shape'of curve of
2V againgt comppsition, the irbn@rich character of the
orthopyroxene was verified by separating and analysing the
orthopyroxene from a quartz-cordierite;norite (68¥). The
composition obtained was En38_5F561.5 (molecula: proportions).
Its composition from opfical data (2Vy = 609) was Faggy and
thus the optical data appeared to give high orthoferrosilite
values using the 2V/composition curve in Hess (1960, p.27).
However this curve of composition against 2V might be

inaccurate/
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inaccurate for iron-rich hypersfhenes (Fs45 to Fsqgp)e Only
2 points were shown and the original paper of Hess (1952) from
which this curve was reproduced showed that the two ironerich
pyroxenes plotted were low in Alp03 (0.38% and 0.,27#). - The
orthopyroxene analysed from the Haddo quartz-cordierite-norite
contained 4.21% Al503 (7.06% A1TV in 7 group} and high Alp03
might meke a difference to the position of the 2V curve at the
orthoferrosilite end. Kuno (1954) drew a curve plotting 2V
againet compomsition for orthopyroxenes from volcenic rocks.
This curvé is different from the 'Hess' curve (for plutoniec
orthopproxenes) between compositions Pspg to Fsgg, with
meximun differences at Fsgq. Using the 'Kuno' curve, 2Vy
neasurements of 60° to 68° were found to correspond to a
compositional range of F963 to Fsgg. These vélues were in
cloger agreement with the anelytical data on orthopyroxenes.
The K RI of the analysed orthopyroxene was determined and also
the ¥ RI value from orthopyroxenes in other quartz-cordierite-
norites whose optical properties (2Vy values) were similar to
those of the analysed one. Thegse all gave values of Yy = 1.741%
.002 which corresponds to a value of F863i2 {(Hess, 1960), and this
is in good agreement with the chemical composition of the
hypersthene.

The orthopyroxene exhibits a schiller effect due to fine
(ore) lamellae parallel to (100).

The plegioclase feldspar is always zoned. Generally centres
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of crystals had compositions of Angg although some crystal
cores were 2zoned to An60. The margins of crystals were
usually more sodic (An45). A plagioclase composition given
in Read (1935, p.612) of AbygAngs from the cordierite-norite
group agrees with plagioclase compositions in the rocks of
this group determined by the author. Normative plagioclase
feldspar compositions are An52/54. The orthoclase- and
garnet-bearing rocks of Craigmuir Wood usually contain a
slightly more sodic¢ plagioclase than the quartz-cqrdierite-
norites of Schivas (about An45 to Anso). Some alteration of the
feldspar to sericite is seen but it is never extensive.

The biotite is fresh and has a similar pleochroic scheme
to the biotite found in the gabbroic rocks of Haddo; inter-

growths of biotite and quartz are noted.

Cordierite is common. It is usually colourless when
fresh, but marginal alteration is common and sometimes
cordierite crystals have been completely altered to a pale
yellow material (pinite). Pale-yellow pleochroic haloes
are seen surrounding small gircon crystals and sometimes the
cordierite exhibits perfect sector twinning (although this is
best seen in cordierite~rich xenoliths). No cordierites
were analysed but a discussion of posaible ccmpositions of
cordierite and garnet in these rocks is given below. The
cordierite-~bearing rockg of Craigmuir Wood contain large spoﬁgy

plates of orthoclase in which many small inclusions of
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plagioclase and cordierite can be seen. The orthoclase is
rarely altered and its low RI ﬁakes it easily identifiable.
Orthoclase crystals can sometimes be seen in the oordierite~
bearing rocks of Schivas Wood.

Deep red/brown garnet (pink coloured in thin section) is
also present in rocks at Craigmuir Wood. The iron-rich
character of these rocks (analysis 100M, table 4) and the
colour of the garnet would suggest that the garnet is a
variety of almandine. Chinner (1962) discussed the stability
of garnet in thermal aureoles and examined the conditions
whereby cordierite and garnet can-c¢o-exist. At low pressures
garnet appears limited to rocks with MgO+MnO+FeO/A1203'> 1, and
within that range the rocks must have a high FeO+MnO/Mg0 ratio.
This condition is obviously not relevant to the rocks of
Craigmuir Wood e.g. 100M. Increasing pressure tends to move
the stability field, garnet-cordierite-biotite, to the Mg-rich
side of an AFM diagram, tending to increase the range of rock
Mg/Fe ratios from which garnet will form. At high pressure
garnet is stable over a complete range of FeO/Mg0 ratios
(and high PH20 suppresses cordierite preferentially to garmet).
High temperature decreases the limiting Fe/Mg ratio of
cordierite and the limiting Mg/Fe ratio of garmet, and the
garnet-cordierite field contracts. A change in distribution
ratio of Fe and Mg between cordierite and garnet is involved
and though difficult to estimate, Chinner (1962) proposed that

at moderate pressure and temperature a garnet (Almandine75

Pyroype/
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Pyropeps) would co-exist with a cordierite (Mg-membergg
Fe-member4o). Thus the rocks of Craigmuir Wood, formed
under moderate pressure (3 Kb, Chapter IV) and moderate
temperature (discussion this chapter), probably contain
Almandine-rich garnet and a Mg-rich cordierite, Chinner
(1962) states that high MnO/fe0+Mg0 would extend the garnet-
bearing field. This could have been effective in the
Craigmuir Wood rocks (MnO = 0.19 in analysis of 100M), and
the garnets may contain the Spessartite molecule.

Quartz is always present in the cordierite-norite and is
interstitial.

Apatite, iron ores and zircon are present as accesaories.

2e Arnage

Similar divisions of the Arnage rocks to those originally
proposed by Read (1923a) will be used in this section.
However, parts of Read's 'Gabbro type! and 'Arnage gnei335
have been placed in the quartz-cordierite~norite group in this
thesis. Thh main differences in rock classification at Haddo
and Arnage between the author and Read (1923a, 1935) have been
sumparised in a table 2. It should also be noted that part
of Read's 'Gabbro type' has already been included in the
quartz-hypersthene~gabbros.
1) Quartz-cordierite-norites

(a) Field Occurrence

Quartz-cordierite-norites, comparable with those found in

the/
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the Wood of Schivas at Haddo, are rare in the Arnage district.
However they do occur at Towie Wood, 5 miles north of Ellon,
appearing as small isolated exposures near outcropgsof quartz-
hypersthene~gabbros. Field relations between the two types
cannot be established (Read and Farquhar, 1952). Quartz-
cordierite-norites are exposed just north of Gallow Hill, on
the south bank of the Ebrie burn, about 3 miles NNW of Ellon.
It is poesible that these exposures are not in place. On
the south bank of the river ¥Ythan, north of Braik's Belt,
cordierite-bearing rocks occur, in which hypersthene, garnet
and orthoclase may be present. These rocks closely resemble
the garnetiferous, K-feldapar rocke of Creigmuir Wood, in the
Haddo district. Read (1923a, p.458) mapped these as,
"Roof cakes of quartzite veined by cordierite~bearing contaminated
rocks." It is possible that other occurrences of quartz-
cordieriteforthopyroxenetk-feldspar rocks do appear in the
Arnage district but only the exposures mentioned, were observed
by the author, in the area studied md mapped.

(b) Petrography

The Arnage quartz-—-cordierite-norites, including the
orthoclase-~ and/or garnet-bearing varieties resemble, both in
hand specimen and in thin section, the corresponding Haddo
types (of Schivas and Craigmuir.Wood). The Arnage types are
usually richer in quartz énd contain plagioclase similar to
_that found in the rocks of Craigmuir Wood. Orthopyroxene is

rare but some 2Vy measurements were obtained from pyroxenes

in/
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in the rocks of Braik's Belt region, These gave an average
value of 65° which corresponds to a composition of either
Fsg7y or FS30 (Kuno, 1954). Since no analyses were performed
it is impossible to say which compoesition is ceorrect, but
because these Tocks are similar chemically and mineralogically
to the rocks of Craigmuir Wood in the Haddo House district
(p.117), it is probable that the hypersthene composition

Fs67 is the correct one. This corresponds with the normative
hypersthene compositions from analysis of rocks in the Braik's

Bslt area, e.g. 231M, table 4.

2) Arnage Gneiss

(a) Pield Occurrence and Observations

This rock, a medium grained quartz-biotite-oligoclase-
cordierite gneiss containing xenoliths, is the most widespread
type found in the Arnage district. The area mapped by the
author between Michael Muir and Ebrie bridge, north and south
of the Ythan river, contzins many exposures of Arnage gneiss.
Arnage gneisses were also examined near the Boat of Ardlethen
and at several localities on the Ebrie burn.

If the original Ellon gneiss/Mormond Hill quartzite
boundary occurred as Read (1923a, p.452) postulated, then Arnage
gneisses occur on both sides of this boundary. In many of the
areas examined by the author, there would appear to be
transitions between the Arnage gneisses and the quartz-cordierite-
norites, especially near Braik's Belt. Read and Farquhar
- (1952/
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(1952, p.424) described the Arnage gneiss as "occasionally
hypgesthene-bearing”. However, when the cordierite-bearing
Arnage gneiass contains hypersthene, the plagioclase is more
calcic (up to Angg) énd the rock can be termed a quartz-
cordierite-nofite and placed in that group. At BraiR's Belt
many verieties can be seen including quartz-cordierite-norites,
quartz~cordieriteiK-feldspartgarnet rocks and 'typical' Arnage
gnieiss, all of which appear to be closely related to one another.
Differences in bulk compositions would appear to be responsible
for differences in mineralogy. There would appear to be no
real 'dividing line' between the Arnage gneisses and quartz-
cordierite-norites, However, in this study, the term Arnege
gneiss will refer to a quartz-biotite~oligoclase~cordierite
gneissigarnet which conteins xenoliths., It never conteins
hypersthene or orthoclase in the metrix, but can contain
hypersthene as a constituent of xenoliths. In many parts of
the Arnage district, xenolithic Arnage gneisses 6ccur which are
similar to the xenolithic gneisses found near the river Ythan,

Just south of Methlick deseribed in chapter IXI.

(b) Petrography

Read (1923, p.463) stated that ... "the relative proportion
of the chief constituents [/of the Arnage gneiss/ is extraordinarily
variable, Any of the four main components {quartz, cordierite
/plagioclase/ feldspar, and biotite) may dominate." This
variation in mineral constituents together with the gneisa's

xenolithic/
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xenolithic charscter makes modal analysis of dubious significance,
and none have been determined. The main minerals are briefly
described.

Plagioclase feldspar is usually andesine (Anjyp to An34) and

" slightly zoned. It is usually found es small platy crystals

1 mm to 2 mm long although larger ones are seen. (Read, 1923a,
noted crystals up to 1 em long).

The cordierite forms irregular crystals up to 5 mm long. Sector

twinning of a patchy nature, alterations and pleochroic haloes
have all been observed.
Biotite plates, zbout 2 X 2 mm, are common and these exhibit the
usual pleochroic scheme (yellow to red/brown). Slight alteraticn
to chlorite is occasionally seen.
Quartz is interstitial and appears as irregular interlocking
erystals with sutured boundaries. Strain effects are often
present.

In addition to these major minerals garnet ¢appears occasionally
and apatite, zircon and iron ore are the normal aécessories.

Because cf paucity of exposures in the district field
relations between the Arnage gneisses and the gabbros are
difficult to determine. Read and Farguhar (1952, p.429)
described Arnage gneiss/gabbro field relations from & few loéalities
along the Ebrie burn. At Towie Wood and Gallow Hill, they
concluded thet "from /these/ localities ... no more than suggestions
concerning the relations of gabbros and Arnage Type can be made."

However/
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However east of Waulkmill of Savoch, two small areas of xenolithic
Arnage gneiss appear in a railway cutting which is dominantly
composed of gabbroic rocks, A larger scale mappdf this locality
(including Towis Wood) is given, in this thesis, figs. 124 and B,
Read and Farquhar (1952, p.431) suggested "that the more
northerly of these /areas of Arnage gneierg/ ... consists mostly of
norite /orthonorite ??/ with bands or large xenoliths of
cordierite-~free Arnage Type rock which itself holde enclaves of
the chief country rocke." However this was only a suggestion
as they had previously stated that ... "the relations between
the rock types ... cannot be firmly established without detailed
slicing on the spot." South of this occurrence the remaining
area of Arnage gneisé in the railway cutting is "clearly ...
enclosed within the fuartz-hypersthene-gabbro/."

These statements on the gabbro/Arnage gneiss relationshipps
must be regarded as hypothetical because the Arnage gneiss
areas at Savoch are never seen to be surrounded on all sides by
gabbroic rocks, and their relations in de_pth are unknown, It is
possible that the Arnage gneiss outcrops could be part of an
irregular roof of country rocks. Another hypothesis is that
these could be small rafts of-country rock caught up in the
roof of the gabbro. A similar theory was proposed esarlier in
this thesis to explain country rocks aapparently outcropping
within the main body of the Haddo House gebbro (chapter I, p. 65),
If this is so, then Read and Farquhar's statement (p.431) "the

enclave/
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enclave-bearing Arnage Type rock /Arnage gneiss/ occurs as a
xenolith witkin the norite /quartz-hypersthene-gabbro/" could
be correct. Their conclusion, which allegedly follows from
this, namely ... "that the gabbro intrusion is later than the
formation of rocks of the Arnage Type" need not._however, be
correct, and another hypothesis will be put forward in the
petrogenetic section; namely that the Arnage gneiss was formed
at the same time as the gabbros were intruded. It is worth-
while méntioning briefly the mineralogy of the Arnage gneisses
in the railway cutting. The more northerly of the two areas
is not neritic as Read and Farquhar (1952) suggested, but a
quartz~biotite-plagioclase feldspar-gneiss which surrounds
xenoliths containing hypersthene end calcic plagioclase
(cordierite may also be present but only as knots of alteration
products). In the other area of gneiss, a matrix of quartz-
biotite~(feldspar )~cordierite-gneiss with or without garnet
contains occasional aluminous xenoliths of cordierite and

spinel.

3) Ardlethen gneiss

(a and b) Field Occurrences and Petrography

The diagnostic feature of this gneiss, from the type area of
Read (1923a) south~east of Ardlethen, seems to be the occasional
presence of large crystels of orthoclase feldspar. Otherwise
this Ardlethen gneiss closely resembles the Arnage gneiss.
Mineralogically/ |
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Mineralogically and texturally it is similar to the Arnage gneisgses,
and even chemiéaily there would appear to be no real differences
between the two groups. In table 4 nos. 3224 and 296 are
analyses of Ardlethen gneisses from the type area of Read
(1y23a) and these are very similar to analyses of Arnage
gneisses (same table). The Ardlethen gneiss is usually
xenolithic and the xenoliths which it contains are
mineralogically similar to xenoliths found in the Arnage gneiss.
Read and Farquhar (1952, p.435) stated that the Ardlethen

gneiss was ... " 'granitic' in character and dominantly composed
of quartz, oligoclase, potash feldspars and biotite." An
analysis of Ardlethen gneiss given by Read (1923a, and re-
quoted in Read and Parquhar, 1952) is also reproduced in

table 4 (analysis VIII). Prom its location, "340 yerds SSE

of Ardlethen," this is an analysis of a pink, foliated graniwe
similar to the Glencroft granite which occurs in a few isolated
outorops near Upper Ardlethen Farm. Read (1923a) first

mappped the Glencroft granite as an intrusive body, but
subsequent mapping lead Read to believe that it was xenolithic
in character and passed to the north, into Arnage gneiss. It
is usually homogeneous énd only occasionally are mica-rich pods
found within it. Its constituents are quartz, oligoclase,
orthoclase, biotite and rare muscovite and accessory minerals
such as apatite and ores. Northwards from Glencroft quarry,
relations between this granite and the Arnage gneisses are

obacured/
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obscured due to poor exposure but east of Glencroft, about

50 yards north of the main road, a sharp contac¢t between
Arnage gneiss and Ardlethen granite is expoeed. Contact
effects are not noted in the gneisses outcropping near this
boundary but this is not surprising as their xenolithic
character would probably tend to conceal any contact effects.
From analysis VIII (table 4; <£from Read, 1923b) which
incidentally appgars too low in Hp0+, the Glsncroft rock

type resembles a biotite-granite (adamellite), and both
mineralogically and chemically it is similar to intrusive
granites described from other parts of north-east Scotland by
Read (1923b). He described the Aberchirder granite at Huntly
as & "gneissose" granite (actually a granite with Yfluxional-
structures") which contains quartz, orthoclese, oligoclase,
microcline and biotite. Unfortunately, this granite was not
analysed but another intrusive granite from the Huntly district
(analysed in Réad, 1923b, p.115, analysis VII) is chemically
similar to the Glencroft grénite. It would appear that the
Glencroft granite is an intrusive "Newer" granite, unrelated

to the Ardlethen gneiss.

4) Kinharrachie gneiss

(a) Field Occurrence

This dioritic gneiss ie most common in the southern part
of the Arnage district. Its type locality is in the ares near
West/
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West Kinharrachie farm, especially at Craighorn Wood on the
east bank of the Ythan river, whers the gneises forms large,
blocky crags. At the Boat of Ardlethen, 2 miles west of
Ellon, the Kinharrachie gnelss appears as & small tongue of
amphibole-~bearing rock surrounded to the north, south and
west by Arnage gneisses. Although mapping was not continued
further north than the main Methlick to Ellon road, the area
occupied by these amphibole-besring gneisses would appear to
be smaller than that proposed by Read (1923a) since its
eastern boundary is quite well marked. This boundary must
lie to the west of two querries (see district map), both of
which expose quartz~biotite-bearing Arnage gneisses., Thee
other main looality for this type is in an area about 1% miles
NW of Ellon, where it is exposed in railway cuttings (Resad,
1923a, p.465). This latter area was not examined by the
author.

(b) Petrography

Mineralogically the Kinharrachie gneiss constitutes a
completely different rock type from the cordierite-bearing
types, so far described in this ohapter. In the hand specimen
the rock is medium to coarse grained, containing large clusters
of green amphibole crystals and occasional brown biotites, set
in a cream coloured feldspathic matrix. The rock is xenolithic
end both quartzose and iron (and magnesium)~rich inclusions
are present.

The/
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The rock has a granular texture in thin section with
large prismatic amphibole crystals, 3 X 2 mm in size, and
smaller, platy plagioclase feldspar crystals (1 X 13 mm
in area) dominating. The feldspars are sometimes encloeed
in the amphibole. Plates of bilotite, 2 mm by 2 mm in area,
are also noted, and quartz is interstitial,

Read (1923a) reported that this group contained quartz,
biotite, plagioclase, hornblende, pyroxene and iron oxide.
Pyroxene is a rare mineral in the matrix but it is present in
some Xenolithe. Read also noted the presence of orthoclase
end garnet in the dioritic gneisees, from the locality north-
west of Ellon, but these minerils have not been observed iﬁ the
gneiss at Kinharrachie. The main minerals are as follows:-

The amphibole is pleochroic with o pale yellow, @ olive
green/brown and Y blue-green, 2V is large (-ve) and ‘g“ C
is 17°. This mineral is probably hornblende as Read (1923b)
suggested, but no analytical work was carried out,

The plagioclase feldspar is slightly zoned and of andesine

composition, Anyg. It often shows cloudy_alteration-

Orthopyroxene is very rare but one specimen cantained a

few grains which were pleochroic in thin section in pink and
greens. 2Vy is 49°, Because of its scarcity it was
impossible to.separate and determine the y RI of hypersthene and
therefore there are two possible compositions for this mineral.
The shape of the curve of 2V against composition for hypersthenes
makes/
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makes the comppsition either Fsy3 or Fsgy (normitive mineral

#
]

compositi;ns would suggest Fs43).
Brown pleochroic biotite forms iarge poikiliftic plates
enclosing feldspars and ores, and quartz is interatitial.
In his account of the Kinharrachie gneiss Read (1923a)
stated that it would be possible to assume that this rock
was igneous in origin from an examination of hand specimens,
but field evidence refuted this hypothesis. Examples of
gaernetiferous and orthoclase=bearing types were given. Many
examples of transitions from Arnage gneisses to Kinharrachie
gneisses were described and details of their association on a
smell scale. Read {1923a) then ccncluded that the Kinharrachie
gneiss was derived from the hornblende schist group which is
a subordinate member of the Ellon gneimsses. |
N.B. Descriptions of the main Arnsge rock types in this
section of the thesis have constituted no more than a summary
of the main mineralogical data, Field occurrences generelly
refer to that part of the Arnage district mapped by_the author
{(usually the valley of the river Ythan between Michzel Muir
and Ellon). A more detailed, excellent acduunt of the
distribution and petrography of the gneisses of the Arnage
district can be found in Read (1923a, pp.457-473).

3. The Xenoliths
{a) Pield Occurrence
Xenoliths are found in 211 the rooks of doubtful origin

described/



131, '

described;iﬁ-this chapter from bhoth the Haddo and Arnage
districts and also occur in the quartz-~hypersthene-gabbros.

(b) Petrography

The xenoliths found in the Haddo and Arnage diatricts
display great mineralogical variety. The broad
clas:ification of xenoliths proposed by Read (1935; based
on Tilley, 1924) is by far the best and easiest to use:
Read proposed that "a clasgification /of the xenoliths/
based on easily recognised rock types of geological
significance /mnamely argillaceous, siliceous and calcareous/
be employed."

Read (1935) included znother type termed "greenstone
xenolithe” caldiumurich pyroxene-bearing xenoliths which
were probebly derived from the hornblende schists of the
Ellon eeries. Many such xenoliths are associated with the
Kinhaerrachie gneiss and probably belong to class 6 table facing
(Tilley, 1924). i

Argillaceous xenoliths-afe among the moat frequently
observed and their mineralogy is variable. They can contain
varying proportions of minerals such as corundum, spinel,
8illimanite, cordierite and ﬁlagioclase. Hypersthenevoccurs
end actually dominates in a few inclusions (641, end 681,
table 5 ). Mineral assemblages similer to the above have been
observed in pelites from other areas which have been thermally
metamorphosed (Tilley, 1924; Leake and Skirrow, 1960;
Barker/



Hornfels Mineral Assemblages of the Inner Contact Zone of the Carn
Chois Diorite.

Shale - Calcic Group

Non -~ Calcic Hornfeélses

Free -~ gilica

Silica - poor

Free « silica

Silica -~ poor

1* Andalusite,
Cordierite

2 Andalusite,
cordierite
plagioclase

3 Cordierite

plagioclase -

4 Cordierite,

plagloclase -

hypersthene

5 Plagioclase,

hypersthene -

6 Hypersthene,
plagioclage
diopside

A T s f o T, (P, 7 s P, T T, G, 0 S, S,

1a Andalusite,
cordierite.
corundum

1b Cordierite,
corundum

1c Cordierite,
corundum

spinel
1d [gorundum,

spinel/*

ie [gorundum,
gpinel, B
andalusite/

1f /Spinel,
andalusite/

1g Spinel,
andalusite,
cordierite

3¢ Cordierite,

spinel
rlagioclase

3b Spinel
plagioclasel

4a Cordierite,

spinel
plagioclase, .
hypersthene

4b Spinel,

plagioclase
hypersthene

1 Mg i, Cordierite | 1 Mg ii. Cor-

dierite
Hyper-
sthene

/ /™ Assemblage predicted by Tilley but not observed.

1, etc. Assemblage number in classification

All the above agsemblages may contain blotite,
and orthoclase as additional minerals.

Reproduced from Tilley, 1924, p.58.
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Barker, 1954): In these other areas, basic bodies had
been intruded into pelitic country rocks. The hornfelsed
pelites within the aureole of the basic masses contain
minerals similar to those seen in the argillaceous xenoliths
from the rocks of Haddo and Arnage.

Tilley (1924) described mineral assemblages observed in
thermally altered country rocks at Comrie, Perthshire.

Each mineral assemblage was assigned to different classes
depending on whether these were calcium~bearing or calcium-
deficient with further divisions if the assemblage contained
free silica or was silica-poor. Some ¢f these divisions
are given on the facing page.

Asgemblages similar to those of Tilley (1924) were
given by Turner and Verhoogen (1960) as present in rocks
from high grade facies of contact metamorphism. Mineral
assembléges were presented on ACF (and AMS) disgrams.

Read (1935) listed the various silica-poor assemblages
at Haddo as followsi-

(Tilley'=s class number is given).

Cordierite~corundum~spinel-(plagioclase) . Class 1c
Corundum-spinel id
Spinel-51111manite~cordier1te-(plagioclase) 18
Cordierite-spinel-plagioclase 3a
Spinel-plagioclase 3b
Cordierite~spinel-plagioclase-hypersthene 48

The author has also observed the following types of assemblage
in xenoliths from the Haddo and Arnage districts:-

Sikhlimanite~/
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Sillimanite~(? cordierite) g Class 1) or either
Sillimanite~(? cordierite) -plagioclase 2) 1 or 2.
Cordierite-plagioclase-(7?) ) 3 (or 4 ?)
Plagioclase-hypersthene ) 5
Cordierite~hypersthene ) 1 Mg. ii.
Silica-saturated assemblages (not 1Mq.ii.)

All the above assemblages also occur containing biotite as an

additional mineral phasgse present. Mineral asggemblages similar

to many of the above have been described by Stewart (1946) from

the hornfelses in the Sparcraigs area of the Belhelvie

district. There, most of the hornfelses contain garnet

whereas garnet is rarely present in the Haddo and Arnage

Xxenoliths. Garnet, however, is an important constituent in

the cordierite-bearing rocks of Craigmuir Wood and Braik's

Belt, where it appears as a constituent of the matrix which

surrounds silica-poor xenoliths.
In the hand specimen the 'argillaceous' xenoliths are

usually bluish, greasy looking hornfelses of variable, but

usually small grain size. Spinel crystals are small, about

0.3 mm across, but occasionally larger aggregates occur.

Hypersthene crystals also are small, often less than 0.5 mm in

length, and occur as small subhedral prisms. Cordierite

appears as small grains about 0.6 X 0.6 mm in area, but in

the corundum-bearing xenoliths euhedral cordierites appear

which are slightly larger (1 mm across). Corundum is present

as small subhedral, broken crystals (0.6 X 0.6 mm in size),

often prismatic and enclosed in biotite or plagioclase.

Small, thin, prismatic crystats of sillimanite up to 2 mm long

by 0.03 mm broad, can be obaerved. Biotite varies in size

probably/
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probably depending on orientation from plates 14 mm X 13 mm
in area, to fery thin (0.06 mm) laths which might also be
quite large in area (i.e.|| to the (001) plane). Plagioclase
varies in gize but in most cordierite~spinel-plagioclase
xenoliths, if the cordierite is small the plagioclase also is
small. In the corundum-spinel xenoliths (class 1c) the
plagioclase usually occurs as large square prisms up to 2 mm X
2 mm in extent, .

A brief note on the main minerals present in the argillaceous
xenolith group is given. ‘

The corundum is usually colourless, but may be faintly
pleochroic in pinks and blues. It was high relief, low
birefringence and exhibits a rough cleavage or parting.

Cordierite is colourless with good pleochroic haloes.

It is fresh with only slight alteration at the crystal edges.
In some xenoliths cordierite shows good hexagonal (pseudo-
heiagonal) form. Sector twinning is common.

Spinel is deep green (? pleonaste).

Some inclusions have orthopyroxene dominant. Only three

xenoliths of this type were found and each of these contained
an orthopyroxene more Mg rich than the orthopyroxene of-the
surrounding matrix. Specimen 681 contained an orthopyroxene
of composition En41 Fsgg (molecular proportions) as against an
orthopyroxene of composition Enig g Fsgq 5 from the surrounding
matrix (both compositions obtained from analyses. A true
separation of xenolith from matrix is essential if ortho-

pyroxens/
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pyroxene compositions are required. Orthopyroxenes from
both xenolith and matrix were examined from another quartz-
cordierite-norite. RI}& measurements were obtained and
these showed that orthopyroxene of the matrix had an RI X =
1.741%,002 corresponding to a composition of Fsgo, whereas
the orthopyroxene of the xenolith had RI y = 1.7382.002
giving a composition éf Fssg (Hess 1960). A small xenolith
extremely rich in hypersthene (641) was separated from its
surrounding quartz-hypersthene-gabbro matrix (64M). 2Vl
readings were obtained for the orthopyroxene from Yotk matrix
~and xenolith. The matrix orthopyroxene had 2Vx = 51°
corresponding to a composition Fs,q, and the xenolith
orthopyroxene had 2Vy = 549 corresponding to a composition
of Fs37. It is interesting to note that the normative
~orthopyroxene in 641 is much more Mg rich than the normative
orthopyroxene in 64M (data from analysis, table 4).

Sillimanite occurs as small colourless prisms, elongated

parallel to the ¢ axis. Some xenoliths conteining
sillimanite (and quartz) often have the other conétituent
minerals (? cordierite, ? mica) completely altered to
micaceous products. What these products are it is difficult
to say but specimen no. 85I (table 5) contains 6.67%H,0+

and it is possible that the alteration product is a member

of the chlorite family. |

The Plagioclase feldspar composition is rather difficult

to identify. However in some xenoliths especially ths

corundum-spinel-cordierite types, where plagioclase is present

as/
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as large crystals, it is zoned with calcic plagioclase cores.

Biotite is a common mineral in the xenoliths, and quartz
also can appear in the free-silica assemblages. Stewart
(1946) also noted these minerals in some of the hornfelses
at Sparcraigs. Other minerals occur as minor constituents,
eicluding the alteration products which appear in most
xenoliths. In xenolith 74I from a quartz-hypersthene-gabbro,
minerals not reported by Read {1935) have been seen and it
is considered worthwhile to record these here. Identification
was solely by optical methods.

Lazulite is a mineral of moderate relief, and pleochroic
with d colourless, ¢ » Y azure blue, 2V is (-ve) but wag
difficult to estimate. Lazulite, an aluminium-hydroxy-
phosphate, is very scarce in the rock (only 3 grains were
apparent in 2 thin sections). The P205 content of the rock
is low, although the whole rock enelysis is perhaps suspect
because of the difficulty experienced in getting this rock
into solution. The aluminous xenoliths proved extremely
difficult to analyse. Normally rocks were crushed to
100 mesh powder before analysis commenced. This powder was
treated with hydrofluoric acid to decompose the sample and
subsequently taken up in other acids e.g. HC1, Hp504, before
the amount of each oxide present in the rock could be
determined (excluding SiO,, Hy0, see brief account of
analytical techniques in appendix E). However hydrofluoric

acid/
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acid does not decompose certain minerals, e.g. spinel,
corundum, sillimanite, lazulite, etc., and the alumina-
rich minerais have to be decompésedfby fusion with
potassium dihydrogen sulphate, sodium carbonate or sodium
peroxide before dissolution in the other acids is possible.
Even with repeated fusions many xenolithg still showed
ingoluble residues, with the result that a few analyses of
xenoliths havellow totals of the analysed oxides (74I, 2731,
etc.); probably A1203 although in 741 other elements might
be 'low’ P205, Ti0,, etc,

Sphene is present as small yellow/brown crystals with
good crystal shape. Its strong dispersion and high relief
make it easy to identify. It appears associated with
biotite and is often enclosed in large biotite laths.

Minute prisms are present which exhibit extremely high
relief, weak pleoéhroism in pale shades of brown and extreme
dispersion. These might be brookite (TiOg) but no good
estimate of 2V was obtained although it might be (+ve)

? biaxial.

In the xenoliths zircon is sometimes present, and ores
are often observed (magnetite and ilmenite).

Read (1923b). noted garnet and alkali feldspars present
in some xenoliths but, as has been stated before, these
minerals probably occur in the enclosing matrix. For
example, xenolith 1011 contains no orthoclase (only

cordierite,/
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cordierite, spinel and sillimanitedplagioclase) and yet the
K50 content of the analysed material is high. This is because
the xenoliths are small fine-grained inclusions surrounded by
a matrix containing garnet, orthoclase and cordierite. This
matrix is extremely difficult to separate completely from the
xenolith and therefore many xenolithe from rocks of the Haddo
and Arnage districts appear to be quite rich in X50. Some
analysed xenoliths do ghow the low K50 content their mineral
agsemblage suggests, and anslyses of silica-poor xenoliths in
Read (1935, p.619) confirm this low K,0 content.

Some xenoliths are zoned, especially those from the
gquartz-hypersthene-gabbros. These have a core of spinel
and corundum (and plagioclase) which grades into 2 spinel-
cordierite (-plagioclase) zone. The contact between xenolith
and surrounding maetrix is often marked by a 'rim' of biotite
with or without feldspar. These minerals are commonly altered
to chlorite and sericite. Read (1935, p.620)_described these
zoned xenoliths and stated that the 'reaction rim' between
them and the surrounding rock consisted entirely of basic
plagioclase in some cases, and micaceous products in others
Specimen 347-21A is a feldspathic (+ biotite + orthopyroxene) xendlith
in a quartz;hypersthene~gabbro (347-21B, table 3). The
orthopyroxene is highly altered and only cores of these crystals
remain. As the xenoliths contain no cordierite or ortho-
pyrexene it could be termed an orthonorite and this is one ;of

the/
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the very rare éiamples of a plagioclase-hypersthene (-quartz-
biotite) assemblage'foﬁnd in the Haddo and Arnage areas.

Quartz is the dominant constituent in the siliceous
xenoliths, appearing as large grains surrounded by what
Read (1935) termed "a scanty reconstructed matrix." The
matrix composition varies,'depending on the composition of the
original quartzite or psammite. Sometimes more calcic varieties
tend to show amphibole or pyrcxene crystals, or a large amount
of plagioclase, in the matrix surrounding the quartz grains.
Biotite is common and one siliceous xenolith contains large
erystals of epidote in addition to quartz.

Argillaceous and quartzitic xenoliths are both extremely
common. - Read (1935) stated that the argillaceous xenoliths
were most abundant and this would certainly appear to be true
judging by the numbers of 'pelitic' xenoliths analysed in
table 5. However the mineral assemblages of the silica-
saturated and silica-poor hornfelses, and their conspicuous
appearance in the hand specimen could be a reason for these
being ¢ollected in preference to others. Certainly, the
author found he had collected far more spinel- énd cordierite~
bearing xenoliths than any dher type even although some
gabbroic rocks in the Haddo policies for example in Gillha Wood
contain abundant siliceous xenoliths.

Only one true derivative from a calcium~rich schist was
collected and mnlysed, (345=-15I}. In thin section it contained
amphibole/
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amphibole (tremolite), plagioclase and orthopyroxene. A
xenolith derived from a calec=silicate rock would probably
have an analysis similar to no.110, appendix B, which is an
analysis of a calc-silicate band found in the quartizitic
“rocks of Craigmuir Wood. Read (1935) found some calcareous
xenolithe and these contained wollastonite, tremolite and
diopside which could be accompanied by small quantities of
quartz, plagioclase, spghe and rare biotite.

In each xenoiith-bearing rock examined the xenolith is quite
separate from the material which surrounds it. A reaction
rim of alteration products usually separates matrix and
xenolith and the xenolith grain size is often much smaller
than the grain size of the matrix.

Two interesting facts emerge regarding the xenocliths of
Haddo and Arnage. Rarely does one find large xenoliths,
the largest recorded, & siliceous one, measured 2 ft. by
6 inches. The large xenoliths are invariably quartzitic and
the argilleceous xenolihe are almost always small averaging
ebout 2 inches in length. Silica~poor xenoliths from
Craigmuir Wood never contain corundum, and spinel is scarce,
whereas the silica-poor xenoliths from the quartz-hypersthene-
gabbros often contain corundum, In fact corundum-bearing
xencliths are only found iﬁ the quartz-hypersthene-~gabbros,

never in the quartz-cordierite-norites and associated rocks.
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HADLO ARNAGE

Rock Type Quartz-cordierite-norite Quartz-cordierite-norite tgarnet ? Xfs
Rock no. 681 69 88 89 99  100M 113 117 118 | 345-15M

Ti0p 1.65 1.53 1.60 1.52 0.72 0.73 1.29 0.83 0.59 1.12

Al203 17.56*% 18,35 21.13 18.19 13.66  19.40 16.22 12.88 9.47 15.25

Fep03 1.37 1.80 2.73 2.65 0.96 1.46 1.66 0.90 0.7 1.67

FeO T17 7.69 6.98 8.15 3.63 T.67 5+33 3.74 2.77 4,83

MnQ 0.13 0.15 0.16 0.17 0.089 0.19 0.1 0.075 0.068 0.1

Mg0 2.74 3.25 3.02 3.02 1.19 1.29 2.00 1.33 0.87 - 3.68

Cal 4,68 3.84 4.05 4.35 2.39 0.64 3.09 1.93 1.19 4.37

Nao20 2.36 1.76 1.80 2.17 1.42 1.18 2.16 1.30 1.02 2.50

K20 1.22 1.20 0.94 1.06 0.69 T.24 2.80 1.61 1.13 1.97

Ho0+ 1.41 1.26 1.31 1.25 0.76 1.72 1.97 1.23 1.07 1.50

P205 0.12 0.084 0.22 0.095 0.067 0.25 0.18 0.070 0.077 0.068

Total 98.47 99.24 99.21 100.07 99.35 99.65 100.19 99.05 99,20 99.44
Eia;?p?é?ments *probably low All analyses carried out by author on powder dried at 110°C for 2 hrs.

Gr 100 125 141 142 84 96 T4 119 73 172

Ba 480 595 260 400 475 1420 1035 835 675 625

Sr 298 275 257 255 219 218 247 150 125 250

Rb 15 32 22 32 18 183 82 65 37 65
ESKOLA NORMS :

68M 69 88 89 9% 100M 113 117 118 345=15HM

Orthoclase 7.60 Ta45 5.80 6.55 4.30 44,70 17.25 10.15 715 12.05
Albite 22.35 16.55 16.90 20.45 13.45 11.10 20.25 12.40 9,80 23.25
Anorhhite 23.70 19.45 19.70 22.05 12.10 - 1.80 14.95 9.75 5.7 22.00
Orthopyroxene 15.46 17.28 13.02 16.18 7.08 13.28 10.26 T.64 5.34 14.46
Quartz 21.48 25.82 25,08 21.85 53.12 15.18  27.65 50.78 64.45 22.67
Corundum 4.73 §.42 11.73 6.62 7435 10.26 5.00 ' 6.56 5.40 1.40
Magnetite 2,02 2.62 3.98 3.88 1.40 2.12 2.42 1.34 1.06 2.40
Ilmenite 2.42 2.22 2.32 2.22 1.06 1.06 1.88 1.24 0.88 1.62
Apatite 0.25 0.18 0.45 0.20 0.13 0.50 0.35 0.15 0.18 0.15

TABLE 4




District ARNAGE gé g
Rock Type Arnage Gneiss Ardiethen Gneiss oo
Rock no. 2314 236M 250M 256M 273  345-6 345-13 346-1 296 322M  VIII = | 309H
3102 60.37 60.58 75.24  62.61  65.76 68.31 59.24 65.46 70.24 63.31 69.84 60.48
Ti0o 1.54 . 1.02 0.78 1.30 = 0.83 0.66 1.04 0.93 0.84 0.85  0.60 0,92
A1203 17.54 18-93 . 11060 17080 17002 14075 16.20 17027 14.22 17-17 13.16 14‘!34
Fep03 1.50 1.77 0.76 1.44  1.08 1.22 1.86 1.70 0.84 1.49 1.45 2.87
Fe0 T.40 6.11 2,95 6.60 4.89 4.36 5.67 5.42 4.31 5.03 2.37 5.52
MnO 0.12 0.092 0.061 0.12 0.11 0.14 0.16 0.13 0.10 0.084 0.15 0.11
Mg0 2.46 2,52 1.06 2.20 = 2.25 1.89  4.10 1.60 1.99 2455 1.06 4.42
Cal 1.21 1.65 0.85 2.81 1.85 2.95 4.20 1.55 1.55 2.1 2.13  5.84
Nas0 2.14 2.00 2.07 2.34 2,57 1.98  2.31 1.53 2.08 2.94 3.07 3.12
K20 2.96 3.00 2.47 . 1.68 2.46 1.55 2.23 2.53 2.99 2.31 5.68 1.32
HoO+ 2.11 2435 1.08 1.44 1.65 1.65 2.21 1.17 1.00 1.92 0.06 1,00
P20s5 0.096 0.095 0.079 0.25 0.11 0.10 0.13 0.074 0.073 0.095 0.14 0.055
Total 99.45 100,12 99,00 100.57 100.57 99.56 99.35 99.36 100.23 99.86 99.71 100.00
Trace elements All analyses carried out by author on rock boulder dried at 1109C for 2 hours
in p.p.m. - + Analysis from Read (1923b, p. 464); analyst E.G. Redley. :
cr. 137 155 124 T4 137 132 166 134 114 144 n.d. 153
Ba 1225 870 950 455 725 385 400 1355 1565 650 1100 435
Sr 194 181 135 190 224 235 259 185 194 229 n,d. 218
Rb 5 105 75 78 53 50 74 59 96 56 n.d. 34
ESKOLA NORMS :
231 236M 250M 256M 273M  345-6 345-13 346-1 296 2o VIIIY 309M
Orthoclase 18.40 18.50 15.40 10.25 14,95 9.60 13.7% 15,70 18.25 14.10  34.10 7.95
Albite 20.20 18.70 19.60 21.70 23.70 18,40 21.65 14.45 19.30 27.30 28.05 28.65
Anorthite 5.7% 7.95 4.00 12.90 8.80 14.80 21.00 7.60 7.50 10.20 5.40 21.72
Orthopyroxene 14.94 13.24 5.72 13.10 11.62 10,08 17.02 9.80 10.34 12,10 2,24 12.96
Quartz 25.91 26.42 48,08 29.05 30.11 38.54 19.12 37.69 36.52 25.69 23.37 17.12
Corundum 10.13  10.94 4.76 8.54 7.86 533 2.98  10.75 9.53 7.03 - -
Magnetite 2.20 2.58 1.12 2.08 1.54 1.7 2.70 2.50 1.20 2.16 2.06 4.08
Ilmenite 2.26 1.48 1.16 1.88 1.20 0.96 1.52 1.36 1.20 1.22 0.84 1,32
Apatite 0.20 0.20 0.15 0.50 0.22 0.20 0.25 0.15 0.15 0.20 0.27 0.12
# Norm calculated by author CPX 3.64 6.08

TABLE 4

(contd.)




District HADDO

Suﬁggggging Quartz-hypersthene-gabbros Quartz-cordierite~norite (and related roékﬂ

Xenclith no. 641 741 851 347=-21A1 681 831 901 1001 101%
Si0p 51.16 42,21 43.94 56.00 51:01 73.85 71:92 45,10 50.80
Ti05 0.45 0.98 1.76 ° 1.10 0.80 0.18 0:65 1.17 1.40
A1504 10.30 32.23 29.75 23.97 12.87 13.07 12,13 26.67 27.52
Fel 14.98 2.46 7.47 2.66 19.29 0.67 3.17 8.10 744
M0 0.35 0.20 0.15 0.047 0.35 0.019 0.085 0.055 0.13
MgO 15.20 2.15 2.64 1.51 7.72 0.38 2.73 1.11 1.92
Ca0 4,04 9.55 0.51 8.73 3.30 1.52 4.79 0.52 0.56
Na,0 0.84 2.91 0.71 2.94 1.61 2.87 1.23 1.48 1.12
K0 0.30 1.21 1.19 0.89 0.43 5.28 0.74 7.13 5.98
Hp0 0.54 1.10 . 6.67 1.14 0.61 0.46 0.95 0.75 0.63
Po0sg 2.071 0.076 ~  0.049 0,069 0,053 0.055 0.21 0.16 0.22
TOTAL 100.23 98.59 99.31 99,84 99.57  99.08 99.40 99.71  100.07

All analyses carried out by the author on material dried at 110°C for 2 hrs.

$race elements in psp,.m.

Cr g7 196 205 138 86 13 122 156 129
Ba 30 1015 390 370 0 3250 525 2180 1225
1 Sr : 126 400 81. 410 186 267 315 212 155
Rb 13 34 44 32 8 104 12 178 138
ESKOLA NORMS
641 741 851 347-21A 681 831 901 1001 1011
Orthoclase 1.80 Te25 7.80 5.35 . 2.65 32.05 4.60 43.25 36.05
Albite ' ‘ 7.60 23.40 T7.05 26.80 15.10 26.50 11.60 13.65 10.25
Anorthite 19.75 47,60 2.50 43,50 16.85 735 23.65 1.55 1.50
Orthopyroxene 62.90 - 11.54 5.82 50.80 1.12 11.12 95.54 12.04
Corundum 1.56 9.88 32.00 2.71 4.42 0.02 1.22 17.90 20,75
Magnetite 2.80 2.48 6.90 1.10 2.24 0.72 1.16 4,94 = 3.34
Ilmenite 0.62 1.38 2.72 1.56 1.16 0.26 0.94 1.66 1.98
@patite 0.15 0.15 0.10 0.15 0.10 0.13 0.45 0.35 0.45
Olivine - 4+T4 - - - - - - -
SBhetive : 1:8% - = % : n m

TABLE 5



District '

ARNAGE

Surrounding Quartz-cordierite norites, Arnage gneisses, Ardlethen gneisses. Kinharrachie
Matrix Gneiss
Xenolith no. 2311 2501 255I. 2731 3221 346-41 345=-151  345-41 3011 3091
5102 53:61  47.66 55.57 77.60 44.56  47.61 50.79 46,26  57.83 46,94
Aly03 24.34 28,71 26.18 9,98 26.63 25.89 15.52 27.03 13.13 15.49
Fep0p3 1.44 2.63 1.81  0.91. 2.25 2.21 2.26 3.44  2.16 4.64
FeO ) 3.70 4-19 2058 1.64 7-52 6-47 8-46 4-90 5-34 9013
¥no 0.053 0.1 0.026 0,082 0.15 0.13 0.18 0.12 0.13 0.20
Mg0 2.26 1.86 1.04 1.38 3.95 2.53 8.15 2.15 5.15 TeT1
Cal 1.61 1.71 0.69 4,10 2.+29 2.72 10.53 538 11.89 9.29
Naz0 2.72 2.57 1.76 0.84 2.63 2,98 1.09 3.98 1.45 2.95
H»O0 2.94 2.94 1.02 1.46 3.06 2.75 0.54 1.24 0.62 1.08
Py0s5 0.21 0.19 0.16 0.078 0.34 .24 0.14 0.070 0.092 0.07
TOTAL 99.73 99.78 99.70 99.07 599.03 99.23 99.49 99.00 99.75% 100.09

Trace elements in p.p.m.

Cr
Bz
Sr
Rb

ESKOLA NORMS

Orthoclase
Albite
Anorthite
Orthopyroxene
- Quartz
Corundum
Magnetite
Ilmenite
Apatite
Olivine
Nepheline
Clinopyroxene

127
2180
316
103

2311

35.15
25.05
6.90
8.80
T:66
12.46
2.06
1.50
0.43

All analysis carried out by author on powder dried at 1109¢ for 2 hrs.

182
2710
182
171

250I

35.90
23.65
T.60
6.50
3.22
17.17
3.76
1.82

0.37

158
1260
196
180

2551

46.75
16.00
2.55
2.94
12.01
15.39
2.56
1.48
0.30

-

58
340
242

23

2731

4.50
8,10
21.30
5.16
58.36
0.64
1.36
0.42
C.17

164 133
1450 1570
177 276
130 83
3221 346~41
24.45 27.25
24.50 27.65
9.65 12.45
17.96 12.82
0.%58 1.18
16.49 13.21
3.26 3.18
2.40 1.76
0.70 0.50

172
625
250

65

345-151

1450
10.05
37.70
25.28

758

3.24
2.26
0.27

12.12

140
1105
314
59

345-41

19.95
29.10
26.60

BUT O s
[ ) L]

N OV = \J1 QOO

W= W O

* total includes 0.89% CO»

MmMATITT P~

oo B

281
145
305

13

3011

1.90
13.55
29.58

6.88
18.71

3.12
1.10
0.20

-—

24,96

195
175
217

S

3091

275
26.95
26.62

4.52

6.58
2.30
0.15
11.25

15.88
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I1 The Genesis of the Rocks of Uncertain Origin, or Unhomogeneous

Rock Group; and their Geochemistry

Certain differences in major oxidee appear if xenolith
and surrounding matrix are compared in the Haddo rocks of
uncertain origin or unhomogeneous rock group as it is
proposed to call them. This is a collective name for the
rock groups described in the first part of this chapter.

At Haddo, the unhomogeneous rocks of the Wood of Schivas
are mainly quartz-cordierite-norites, which appear to be rich
in Al303, but some of this Aly03 may arise frém included
xenoliths. Specimens 68M, 69 and 89 (table 4) are reasonably
free from xenoliths however and they are richer in Alp03 then
similer rocks from Craigmuir Wood (the quartz-cordieritet
gafnetiK—feldspar rocks) nos. 99, 113 and 117 (epecimen 100M
is excluded because of unremoved aluminoﬁs Xenolitha).

The Schivas rocks are also richer in Fe0, Mg0 and Cal0 and Jower
in 5i0; then the Craigmuir rocks, and consequently show larger
amounts of normative anorthite and orthopyroxene. The
argillaceous xenoliths which these rocks contain are usually
alumina-rich and low in siliea, lime and alkalis. (analyses
85I, 100I, 1011 table 5). Xenoliths from the 3chivas area
(enclosed in quartz~cordierite—norite) are richer in spinel
and/or sillimanite than argillaceous xenolithe found in the
rocks at Créigmuir Woed; thus the Schivas xenoliths tend to

have/
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have higher amounts of Alp03 than Craigmuir xenoliths,
Xenolith 85I is very rich in normative corundum.

Reviewing the petrography and chemistry of the xenoliths
Read (1935, p.624) remarked that '"not a single xenolith has
been observed that has the composition of the most widespread
country rock, the andalusite-cordierite-schist."” He argued
that pelitic country rocks picked up by the intruding magma
were transformed into silica-poor xenoliths by the magmsas
abastracting éilica, lime and alkalis from the xenoliths; this
abstraction produced an enrichment of alumine, iron and
magnesium in the inclusion. Lime, iron and alumina could
also be added to the xenolith in some cases.

Read (1935) then argued that the xenolithic rocks of
Haddo were formed by the basic magma assimilating country
rocks at the time of intrusion. Bowen (1928) had previously
exﬁlored the mechanism of assimilation from a chemical
viewpoint and a brief summary of Bowen's wérk and its
application to the Haddo unhomogeneous rocks will now be
given.

A magme ig seldom in a state of chemical equilibrium
with the (country) rocks into which it is intruded. There
is a tendency to regain a stéte of equilibrium by reaction
between magma and the suffounding rock thus modifying ther

magma, compositién.

Bowen/
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Bowen (1928) outlined general principles which determine
the way the assimilation process works.

A considergble amount of heat is necessary to melt most
rocks, and, as this heat must be supplied by the magmas, the
nmagma will cool as assimilation proceeds. Wholesale
asgimilation by melting would require the magma to be super-~
heated, i.e. at a temperature above its liquidus, and this is
unlikaYy if the magma is either of partial melt origin
iteelf (at depth), or fractionating from an original liquid
as it probably was at Haddo (chapter IV),

Most igneous minerals belong to a reaction series and in
a crystallising magma there can be more than one such series.
If one such reaction series conaists of a sequence of
crystalline phases A, B, C, etc., (with falling temperafuée)
then phase A will separate from a magma at a given temperature
but will be unstable at a lower temperature and will react
with the remaining liquid to give the next phase B, and =0 on.
The magme. might incorporate sediments which cqntain members
of reaction series already crystallising from the.magma. If
the magma, which is cryetallising an early fdrmed, high
temperature member of a reaction series {e.g. B), has a
gsubsequent member of the same series (C, D, etc.) added to it,
equilibrium will be restored by the liquid reacting with the
added members and incorporating them into the liquid fraction.

More/
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More of the ear;y member B will separate out to supply the
latent heat needed for this reaction and to maintain
equilibrium, If, on the other hand, the magme has crystals
added which are earlier members of the reaction series (e.g. A),
then the magma, which is already supersaturated with respect to
the earlier members (A) of the reaction series, cannot convert
these added crystals to liguid. It can however react with them
in a complex reaction involving crystals A, crystals B and liquid,
and crystals A are converted to B. Aggimilation is, therefore,
a reciprocal reaction between magmatic ligquid and original
country rock, involving these processes briefly described above.
As reaction proceeds, the magme cools and crystallises giving
rise to a contaminated rock, which owes its origin both to
the country rock and also to the magma. There is no sharp
boundary between country rocks and magmas, as metasomatic
processes at the contact produce a very diffuse zone.

Bowen described in detail how a basic magma could assimilate
sedimentary material, (including aluminous pelitic material).
If the basic magma is considered to be orysitallising olivine,
or olivine, calcic plagioclase and pyroxene, then most of the
minerals present in sedimentary rocks, sodic feldspars, micas,
etc., are usually late members of various igneous reaction
geries (i.e. forming at low temperatures). Since the magma is
already crystallising early-~formed (high temperature) members
of these same reaction series, many of the minerals from the

sedimentary/
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sedimentary roeks will react and be incorporated into the liguid.
Addition of quertz and potash feldspar has unknown effects, but
Bowen argued that since a basaltic magma of tholeiitie
composition is capable of differentiating towards a ‘granitic
end-point' then it should be capable of dissolving material

of granitic composition {i.e. rich in SiOz, K20). Since lime,
silica and alumina are mejor constituents of basaltic hagmas

a bagalt magma should be able to dissolve additions of these.
Bowen stated that if the magmatic liquid's rate of cooling is
such that the sediment cannot be entirely dissolved then the
'low-melting fraction' of granitic composition will first be
produced as a liquid and incorporated into the magma, and the
recrystallised residue will contain large amounts of silica,
lime or alumina, depending on whether the incorporated sediment
was quartzitic, calcareous or pelitic.:

The highly aluminous xenoliths (60% A1203 by weight) with
their mineral assemblages of spinel, corundum, cordierite, etc.,
were believed by Bowen to represent the residue of the original
sediment (pelite) after the granitic liquid was sweated out.
Bowen suggested that this Al-rich residue could react with the
magma as follows:~

A1,5105 + CaMgS1,0g ¥ CaAl,5i,05 + MgSiO,

Xenolith Magmatic phaée
thus increasing the anorthite and orthopyroxene contents of the
contaminated ligquid when crystallised. If enough time is

available/
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available for all xenoliths to react, the resultant magma

would crystallise as a norite (orthonorite) or a spinel-
cordierite~bearing norite. Siliceous xencliths react in much
the same way, a granitic melt being 'sweated out' leaving a
quartz-rich core. Since quartz is a refractory mineral

tﬁese quartz-rich xenoliths will remain, although Bowen
suggested that even quartz can be incorporated by reaction with
the masme, producing either orthopyroxene, or orthopyroxene

and anorthite, as before.

It is obvious that the hypothesis of Bowen could be
applied to the unhomogeneous rocks of Haddo. The xenolithic
quartz-cordierite-norites etc.,, would represent evidence of
the validity of his proposals. Read (1935) using Bowen's
hypothesis, stated that the most widespread xenolithic rock at
Haddo is an orthonorite and the large amount of orthopyroxene
is due to the magmatic liquid reacting with the Al-rich
xenoliths. Bowen's theory anticipated an increase in the
anorthite molecule of plagioclase. The lack of any noticeable
increase in calcium content of the plagioclase in the ortho-
norites {'norites' in Read, 1935) was because the 'granitic’
ligquid, formed by being sweated out of the sediment at the
first stage of the assimilation process, contains albite and Jhlis
combines with the morthite produced after the xenolith and magma
react at a later stage (Read, 1935, p.629). Xenoliths rich in
orthopyroxene were considersd by Read to "illustrate the last

episode/
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epigode in the production of the noritic gocks,"” i.e. a complete
reaction of magma and xenolith and its incorporation into the
magma.

Chapter II in this thesis was devcted to & report on the
recent investigations in the system Ca0-Mg0-Alp03-5i0Op (CMAS)
and how these investigations resulted in new theories being
proposed for the formation of certain rock types. of especiai
interest regarding the genesis of the unhomogeneous rock group
of Haddo was a proposal by Chinner and Schairer (1962), that
xenolithic quartz-cordierite-norites might not be the end
product of a reaction between gabbro magme and pelitic country
rock with the excess alumina being stored up in aluminous
xenoliths, Instead, Chinmner and Schairer proposed that the
presence of a thermal divide, the join anorthite-enstatite~
tridymite in the system CMAS which separates liquids in
equilibrium with anorthite, diopside, enstatite and tridymite,
and anorthite, enstatite, cordierite and tridymite from each
other,.might make it impossible to proceed from one liquid to
the other (the two liquids correspond to 2 guaternary invariant
eutectic equilibria in the dMAS system) by any process of
continuous down~temperature evolution. These liquids are
analogous to quartz-hypérsthene—gabbro and‘quartz-cordierite—
norite respectively (see fig. 5C). Chinner and Schairer (1962)
concluded that "cordierite-~ and garnet-bearing norites at
igneous contacts méy not be so much the end products of the

gabbro;/
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gabbro-norite contamination sequence /Bowen's theory/ as the
result of the formation of a liquid correspondong to the low
temperature eutectic I /e quartz-cordierite-norite/ ... by
partial fusion of the country rock xenoliths."  Thus,
allowing sufficient heat, many argillaceous rocks would yield
quite large quantities of liquid of quartz-~cordisrite-norite
composition, with the infusible components- contained in
regidual xenoliths.

Since it was decided in chapter II thaet studies in the
system CaO-MgO-Al203-5i02 were most relevant to theproblem of
the genesis of the Haddo unhomogeneous rock group, the chemical
analysis of every rock from Haddo, anslysed by the author, was
recalculated to 4 major constituents equivalent to the Caol,
Mg0, Alp03 and 5iOz of the system CMAS. In major oxide
redistribution Fe0 and Mn0O were recalculated as Mg0, and
FepO3 as Alp03. Nap0 and Kp0 were removed by forming albite
and potash feldspar and the equivalent amounts of A1203 and
210s removed to make up these feldspar molecules. CaQ
remained as Cao; and TiO,, P205 énd H,0 were neglected. The
4 constituents CaO, °'MgO*', 'Al>03' and 'SiOs* (as weight
percentages) were recalculated to 100% and plotted into the
CMAS tetrahedron, -fig. 13 shows the Haddo anaiyses projected
into the 50% Si0p plane of the CMAS tetrahedron. Quartz-—
hyperathene~gabbros 347-21B and 64M have not been plotted
because they contain unremoved xenoliths (chapter V, p. 96 ).

The/
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The xenoliths also have not been plotted, and will be shown
on a separate diagram (fig. 18). The Haddo rocks show an
excellent division into two groups in fig. 13, with the
gabbroic rocks plotting on the alumina-poor side of the
plane anorthite-enstatite-gquartz (shown as a line on the
projection into the 50% §i0, plane of the CMAS tetrahedron),
and the quartz-~cordierite-norites and associated rocks plotting
on the alumina-rich side of the plane anorthite-~enstatite-
quartz. There is no transition from one group to another,
across the plane anorthite-enstatite-quaertz.

| The Arnage rocks have been plotted on a gimilar diagram,
fig. 14. Analysis 345-15M has not been plotted as it contains
unremoved xenoliths. 345-151 would tend to ‘'move® the
enalysis 345-15M towards the anorthite-quartz plane. The
unhomogeneous rocks and igneous rocks of Arnage also plot
at either side of the plane anorthite;enstatiteLquartz.

In fig. 13 thg country rocks have been plotted, and the
plane aﬁorthite—enstatite—quartz has been repositioned on the
basis of the analysis of aL orthopyroxene from a quartz-
cordierite-norite {68M). The orthopyroxene from 68M
{enalysis 68M, Opx, Appendix C), contains a large smount of
Al50, (4.25%) which tends to displace the plane An-En-Qz
towards the alumine component in the CMAS tetrahedron. The

new position of the plane anorthite-orthopyroxene~quartz

(for/
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(for the natural Haddo rocks and also used for the Arnage

rocks) should be compared with the position of the plane anorthite-
enstatite~tridymite from the synthetic 4-~component system

CMAs fig. 5B. However, the distribution of anslyses with

raespect to the plane anorthite-orthopyroxene-quartz in

fig. 13 does not change and the two distinct groups remain on
either sides of the plane anorthite-~orthopyroxena-quartz.

In fig. 15 some .of the Haddo analyses have been plotted
into the CMAS system s0 that each analysis could be depicted
on the nearest planes of the tetrahedron for Alp04 = 20%,

25% and 30%. The primary phase volume boundaries and the
liquidus isotherms for these planes of fixed A1203 composition
had previously been constructed by Osborn et. al. (1954).

The Haddo quartz-cordierite-norite analyses plot in the low
temperature valleys on these planes; e.g. 68M plots near

the join of 4 primary phasa volumes anorthite, pyroxene,
cordierite and tridymite.

The geochemical data for the Haddo rocks supports a
hypothesis of partial meltiﬁg for the origin of the unhomo-
geneous rock group, and therefore it should be possible to
construct a flow sheet for the Haddo rocks which incorporates
the petrographic mineral aasem%lages actually observed at
Haddo. This flow sheet should also be applicable to the

Arnage rocks. A flow sheet depicting various phase relations

in/
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in the silica-rich part of the synthetic system CMAS was
described in chapter II, and a model constructed so that

the synthetic data might be applied to natursl rocks.

- Pig., 16 ig a flow sheet constructed for the natural rocks

of Haddo, and it is not surprising that certain differences
between the flow sheets for natural rock assumblages and
synthetic assemblages occur {(c.f. fig. 6 chapter II, with
fig. 16). Thek flow sheet for the synthetic system CMAS

has to take into account every assemblage produced in
experiments carried out with mixtures of every possible
composition. In a natural system only those assemblages
which actually occur can be used, and thus that part of the
flow sheet for the synthetic system in which forsterite
appears (reaction points E and F, fig. 6, chapter II) is
omitted in the 'matural-rock' flow sheet, as olivine-bearing
xenoliths are never seen at Haddo {or Arnage). Sapphirine-~
bearing inclusions also, are absent.

N.B. O'Hara (unpublished) described rules whereby one can
determine whether a quaternary invariant equilibrium is a
reaction equilibriuq a biresorption, (distributary) or a --
triresorption equilibiium, etc. It depends on where the
liquid lies with respect to the subsystem containing the
phases encountered at the invariant equilibrium and how many
tetrahedral faces (of the subsystem) can be seen from the
position of the ligquid. In fig. 17, if a liquid plots in
the/
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the unshaded part of subsytem anorthite-cordierite-quartz
(triangle S-AnCdt-AnEn in the plane CM-A-S of the CMAS
system)} then 2 facgs of subsystem anorthite~cordierite-~
endalusite-spinel (triangle Sill-AnCdt-AnSp) can be seen
and point L' in the flow sheet fig. 16 is a distributary
equilibrium (AnCdt is the piercing point ‘of the join
anorthite-cordierite in the plane CK-A-3). If the liquid
liec in the shaded part of the subsystem anorthite-enstatite-
cordierite-quartz then only one face of the subsystem
anorthite~cordierite~gillimanite-spinel can be seen and XK'
would be a reaction equilibriun.

Since this flow sheet has been constructed for the
natural rocks of Haddo (and Arnage) it seems worthwhile to
reconsider some of the important points raised in chapter II
concerning the application of dats from the flow sheet for
the synthetic system (CMAS) to natural rocks. In particular
the series of questions which O'Hara and Schairer (unpublished)
congidered are now re-examined with reference to the actual
Haddo rocks.

The first question concerned how partial melting of
pelitic hornfelses of variable compositions could give rise to
a liquid, whose composition always lies inside the tetrshedron
anorthite-enstatite~cordierite-tridymite (analogous in nature
to a quartz-cordierite-norite), This liguid surrounded
xenoliths ranging from quartzitic to plagioclase-cordierite-hypersthene-

containing/
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containing at ibw temﬁeratures, and alumina-rich (silica-

poor) xenoliths if the temperature is high (sillimanite-spinel-
cordierite~bearing etc.) It is probably a difference in
original bulk compositions of rocks ﬁndergoing partial

melting which produces the main differénces between the Haddo
unhomogeneous rocks and the Arnage unhomogeneous rocks.

At Haddo the country rock was pelitic (Fyvie schist) and the
production of a gquartz-cordierite-norite matrix enclosing
aluminous xenoliths is predictable, although original

psammitic material led to the presence of occasional quartzitic
xenoliths in the guartz-cordierite-norites and associated rocks.
At Arnage the country rock was much more gquartzitic (Mormond
Hill quartzite and Ellon gneiss parents) and partial melting
produced a liquid of quartz-cordierite-norite compositionl
enclosing xenoliths of a more quartzitic nature in general.
come differences in the conditions under which the unhomoggneous
rocks of Arnage formed led to the formation of xenolithic
quartz-cordierite-biofite-plagioclase gneissen compared with
the xenolithic quartz-cordierite-norites of Haddo. More H20
could have been present in the Arnage rocks during the partisl
melting and subsequent conslidation. This difference is
apparent from the chemical analjses of the matrices in both
areas tables .4. and .5. The Haddo rocks are lower in silica,
alkalis énd water, than the corresponding Arnage rock types.

The/
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The path ahliquid would follow with increasing temperature
in the CMAS flow sheet fig. 16 would depend upon the original
bulk composition of the material undergoing partial melting.

If the original materil was rich in Mg0 or Fe0O the liquid
formed might proceed with rising temperature along the path
I'-Z'-K', enclosing FeO, Mg0O rich residual solid phases
(equivalent to the orthopyroxene-rich xenoliths found in the
quartz-~cordierite-norites of Haddo). Thus the flow sheet
shows all the relationships observed in the unhomogeneous rock
group at Haddo. The appearance of cordierite-~bearing rocks
with a variety of xenoliths is explained. The absence of
corundum=-bearing xenoliths in the quartz-cordierite-norite group
is explicable if the temperatures developed in the partial melt
country rocks were insufficient for invariant equilibrium L'

to be reached, although the small country rock-fragments
trapped in the gabbrog did attain a temperature sufficiently
high to form corundum in the residual core of the xenolith.

It is of interest to note that the quartz-cordierite-K-
feldspar-garnet xenolithic rocks of Craigmuir Wood and Braik's
Belt in the Haddo and Arnagé districts might correspond to the
quaternary eutectic pdint K in the system KQO-MgO-A1203—Sioz
(Schairer 1954, also chapter II, fig. 7B).

The second question O'Hara and Schairer discussed was the
actual contact relationships to be expected at gabbro/country
rock contacts if partial melting had taken placse. They

mentioned/
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mentioned five categories and rock types ranging from
uncontaminated gabbro through xenolithic gabbro, hybrid
mixture of gabbro and partial melt country rock, xenolithic
partial melt country rock, to hornfelsed country rock.
The Haddo rocks renge from uncontaminated olivine-hypersthene-
 gabbro through xenolithic quartz-hypersthene-gabbro, to
xenolithic quartz—-cordierite-norites (and other members of
the unhomogeneous rock group) and finally to hornfelsed
country rocks.

The third queétion concerned the nature of the xenoliths.
0'Hara and Schairer discussed the immersion of an argillaceous
xenolith in a2 gabbro magma and explained that the aluminous
xenolith would not be in equilibrium with its surrounding
liquid and depending on what happened to the liquid formed
by the interaction between xenolith and magma, the xenolith
could either be 'dissolved' slowly into the magms, or a solid
screen of quartz-—orthonoritic composition would form between
the xenoclith and the enclosing magma. This orthonorite would
constitute the hybrid zone (as proposed by O'Hara and Schairer)
which might also appear as gabbro/country rock contacts. At
Haddo orthonorites are very rare and usually occur as outer
zones to some xenoliths or as small wispy 'xenoliths' in
quartz-gabbro. These wispy stringers or xenoliths might
actually be parts of a disrupted orthonoritic screen originally

between the unhomogeneous rocke and the gabbroic rocks.

They/
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They also proposed that it might actually be possible
to proceed from olivine-gabbro to quartz—cordierite-norite
by progressive contamination, because no thermal divide exists
on the an-fo equilibrium between the liquid in equilibrium
with an—-fo-di-en (1238°C) and that therefore the contemination
process proposed by Read (1935) for the formation of the
unhomogeneous rock group at Haddo could operate. However, if
a contamination process operated one would expect to find a
complete range of different rock groups, decreasing in

abundance from quartz-gabbro s quartz-cordierite-norite.

At Haddo quartz—orthonorites are scarce, only being found as
small wispy xenoliths enclosed in quartz-hypersthene-gabbro
(e.g. 347~21A) which is exactly what would be sxpected if the
thermal divide was effective.

The fourth question posed by O'Hara and Schairér considered
the conditions existing in the country rock 2t the time of its
partial melting.

The experiments of Chinner and Schairsr (1962) were carried
out a2t atmospheric pressure in the dry state. They considered
that the thermal divide which separates a liquid of quartz-
hypersthene-gabbro composition from a liquid of quartz-
cordierite-norite composition might become ineffective at high
water vapour pressures. ét 10Kb PHgO the join anorthite-
foraterite which is an effective divide at 1 atmosphere pressure,
is replaced by the ﬁbin enstatite-diopside~spinel (Yoder and

Chinner/
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Chinner, 1960).

It has been argued that the Haddo gabbros were probably
intruded under a pressure of Pload = 3 Kb 1n the "dry" state,
i.e. no vapour phase present (chapter I¥). The textural
features and mineral phases present in the unhomogeneous
rocks of Haddo would suggest that no water vapour phase was
present during the rocks' consolidation. In the quartz-
cordigrite-norites the minerals which crystallise are
orthopyroxene, plagioclase, cordierite, biotite and quartz.
Biotite constitutes a small percentage of a rock's moﬁel
(usually < 10%) and amphibole is absent. The biotite would
appear to have formed in the rock, by using up any Hp0
present in the liquid melt from which the rock crystallised.
The lack of cavities and pore spaces in the rocks of this
group also tends to support the conclusion that the “
unhomogeneous rocks of Haddo crystallised with no water vapour
phase present,

In chapter II it was stated how most of the experiments
on the melting of natural rocks - granites, sheles, etc. were
carried out in water saturated conditbns. Under these
conditions the most basic partial melt produced was one of
tonalite cgmposition from the partial melting of a greywacke
with high Na/K ratio at Pyyo = 2 Ko.  (Winkler and Von Platten,
1961). At Haddo the pressure during crystallisation was

perhaps/
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perhaps 3 Kb with no vapour phase present. The gabbros of
north~-east Scotland have alkali-basalt affinities and in the
Haddo region might have been intruded crystallising olivine+
plagioclase+7pyroxene. At atmospheric pressure this could
represent a temperature of intrusion of 1150°C, (Yoder and
Tilley, 1962, p.382). However, at 3 Kb with no water vapour
phase present, phases appear at higher temperatures (Yoder
and Tilley, 1962, Eclogite section) and thus the temperature
of the magmatic liquid at the time of intrusion in the Haddo
(and Arnage) region might have been in excess of 1150°C,
Jomnson (1962, 1963) believed that biotite formed in regional
schists in the Buchan region throughout the period Fq to Fyu
with the metamorphic climax which produced cordierite-
andalusite-(esillimanite) assemblagés, having temperatures as
high as 600°C.  Bell (1964) could not separate the climax of
the Buchan metamorphism from the intrusion of the basic shest.
Therefore, the basic sheet must have besen iﬁtruded at depth
into country rocks which already wefe at high temperatures.
The difference in temperature between country rocks and magns
(at least 500°C) would provide ample heat with which to raise
the temperature of the country rocks adjacent to the gabbro to
a stage when anatexis would commence.

There might have been enough Hy0 in the original country
rock for the initial melting to begin in the presence of a
water vapour phase, thus ensuring thét anatexis began at low

temperatures/
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temperatures ( < 700°C ?) which would be substantially below
the temperature of the intruded basic sheest. The diffusion

of water from the country rocks both away from the gabbro

into country further away, and into the magmatic liquid as

wes proposed in chapter III and IV of this thesis, would tend
to remove the initial water vapour present, and further melting
in the country rocks would take place under water-poor
conditions.

In the synthetic system no FeO, Na,0 and K,0 were present
but as wae stated in chapter II the effect of addition of these
components would be to generally lower temperatures of reasction
equilibrie, ete. Chapter 1] discussed in more detail the
effects of Kp0, Nap0 and FeO in the synthetic systems based on
the work of Schairer (1954), and Yoder and Schairer (1964) in
particular.

In the light of this new theory for genesis of the Haddo
House (and Arnage) unhomogeneous rock group it is important to
return to their geochemistry. Read and Farquhar (1952, p,434)
stated that "the matrix of the Arnage gneias has been mobilised
and flowed ... /but/ possesses, considered as a magmatic rock,
a quite abnormal mineralogical and chemical composition.”

The xenolithic gneisses formed from Fyvie schists south of
Methlick constitute quartzo-feldspathic material which was
mobilised and which surrounded more aluminous xenoliths.
Sinoe there would appear tc be evidence of mobilisation and

partial/
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partial melting of the country rocks near the gabbro producing
xenolithic gneisses, quartz-cordierite-norites, and other
members of the unhomogeneous rock group, the chemical
constituents of these rocks, and their xenoliths have been
plotted against normative Qz+Ab+0r (i.e. an index of an
'geidic' melt). Evans (1964) used a similar index to plot

the chemistry of hornfelses and xenolithe of Connemara schists
from the aureole of the Cashel~Lough Wheelaun intrustion in
Ireland, after arguing that the svidence pointed to fractional
melting of these schists end the 'sweating-out' of a granitic
liguid. At Haddo and Arnage the liquid formed by partial
melting of the country rocke will contain cordierite; however,
gince cordierite 1s not a normative cdnstituent, the Index used
ig the grantic 'liquid*® of Evan's (1964) i.e. Qz+Ab+Or,

In fig. 18, each element has been plotted as a 1~-cation
percentage (see appendix D) against this index and the ‘area!'
covered by each group of rocks is gutlined. The trace
elements chromium, strontium, ruBidium, barium are in ppm.

The Fyvie schists and Ellon gneisses analysed by the _
author, chapter II1I, have also been plotted and these show
a great spread of compositions because they include pelitic
end psammitic members, -Thh alkali content of the unhomogeneocus
rocks is variable probably because the Fyvie schists and Fllon
gneisses have Na-rich psammites, and K-rich pelites (table 1).

The country rocks contain subordinate calcareous bands

(110/
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(110, appendix B) and mica~rich (garnet-bearing) lenses in the
pelites which must be Si-poor and Mg0, FPe0 rich, but which
were not analysed.

In chepter III it was argued thet there might have been
g diffusion of H,0 away from the gabbro, i.e. outwards from
the inner aureocle. This diffusion could have been
accompanied by & diffusion of K,0 away from the rucks near
the gabbro leading to the replacement of cordierite by
muscovite (and quartz) in the pelites north of Methliek
(see argument, chepter III). In chapter IV it was stated how
the formation of quartz—hypersthene-gabbros at Haddo and Arnage
depended on an introduction of water (+ SiC, and Xp0) into the
fractionating magmatic liquid, changing ite trend from a
nepheline~normative one (2s at Insch) to a hypersthene- or
quartz-normative trend as at Haddo and Arnage. _

The above points.would imply that these rocks of partial
melt origin immediately next to the gabbro would tend to be
poor in S5i0p and X0 (and HoO also, although water is
excluded from the graphs as 1-cation percentages are used).
Specimens 68M, 69, 88 and 89 (Haddo) and 345~4M and 345-13
(Arnage) are the unhomogeneous rocks formed closest to the
gabbroic sheet, and these have very low amount of K20 and 8102
and have been omitted from figure 18. Specimens 345-15M,
100M, 118 and 250M‘also have been omitted because these might
contain unremoved xenoliths. Meny of the analysed xenoliths

are/
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are too rich in K,0 due to poor removal of K-feldspar surrounding
xenoliths a fact mentioned before, p.138.

Differences in the original bulk compositions of the
partially melted country rocks and in thé conditions under which
the ligquids of partial melt origin finally crystallised
produced variations in the composition of the matrix of the
unhomogeneous rock group although this variation is small as
the matrix compositions are limited to a field within the limits
60 to 74% Albits+Orthoclase+Quartz. The variation in amounts of
the various elements in each group has been shown as a field
in each graph. The differences in xenolith compositions
predicted in the model of partial melting (chapter II) and
shown in the flow sheet (fig. 16) can be.seen to be very great
(each xenolith is plotted separately and not as part of a
combined area). The geochemical data would appear to fit the
partial melt theory of origin for the unhomogeneous rocks of
Haddo and Arnage, but proof of this theory would involve
knowledge of melting temperaturés of the natural rocks, under
conditions similar to those &t the time jof the partial melting.
The initial melting temperature of a quartz-orthonorite (say T,)
i.e. the temperature of the thermal dividé, should be higher
than the melting temperatures of a gquartz-hypersthene-gabbro
and a quartz-cordierite-norite (invariant points ¥' and J' in
fig. 16). If the temperature of the basic magma intruded at
Heddo is T; (i.e. the olivine-hypersthene—gabbro) then T,> Ty

The/
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The following points ere worth considering with regard to
the unhomogeneous rock group of Haddo (and Arnage). Some of
the.points have been discussed in this chaptér, and some in
previous chapters in this thesis.

(1) i) The formation of the unhomogeneous rock group, xenolithic
quertz-cordierite-norites, etc. wae considered by Read (1935)

to be dve to the intruded gabbro essimilating quantities of
country rock materiel. The hypothesis of Bowen (1928) was

used in applying the assgimilation fheory, and it was evident

that in many respects the Haddo House rocks apparently

supported the assimilation theory of origin.

ii) This assimilation would imply large quantities of
transitional types between olivine~hypersthene-gabbros and
quartz-cordierite-norites.

iii) The rocks which are most different from the gabbros at
Haddo, the quartz-cordierite~K~feldspar*garnet rock assemblagesc
should contain the most aluminous xenoliths as the gabbros must
have 'sweated-out' more material from the xenolith to change

the composition of its enclosing matrix so muoh,

iv) DBowen (1928) shoved that under certain conditions
(long time and no drop in temperature) a xenolith rich in
sillimanite could react with the enclosing magma producing e
reaction rim rich in corundum, spinel and cordierite.

In contradiction to point 1 above, _
(2) i) There are virtually no transitional rocks at Haddo

between/
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between the gebbros and the cordierite-norites. True
orthonorites are very rare.

ii} The rocks most different from the gabbros at Haddo,
the quartz-cordierite—K—feldapar—garnet rocks do not contain
the most eluminous xenoliths, and the most aluminous xenclitha
in this group ere contained in the quartz~cordierite-norites
(c.f. 85I and 345-41 with 1001},

iii) Corundum-bearing xenoliths, only found in the guariz-
hyperathene-gabbrogs, have cores of corundum (and spinel) and
have a xone of plagioclasethypersthene®quartz between them and

the surrounding magma.

(3) . No large xenoliths are ever present in the unhombgeneous
rock group.
(4) No xenoliths which have the composition of a Fyvie

schist {pelite) have ever been observed (Read, 133%).

(%) The Haddo rocks appear to fit a partial melt theory

of originproposed initially by Chinner and Schairer (1962) and
developed by O'Hara and Schairer (unpublished).

(6) If the analysed Heddo rocks are plotted into the

system CaO-Mg0-Al503~5i0p with the original analyses recalculated
to these'4 components, the gabbros plot at one side of the
thermal divide observed in the synthetic system (the plane
anorthiteaenstatite-quartz) and the unhomogeneous rocks - quartz—
cordierite-norites, etc., plot on the other, There are no
transitione between the 2 groups. The Arnage rocks show &

similar/
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gsimilar division.
(7) A pelf-consistent flow sheet can be drawn illustreting
necesgsary and reésongble phase relationships which must exist
if the unhomogeneous rock group is to have a partial melt
origin.
(8) The Arnage rocks are similar +to the Haddo rocks in many
ways, the main difference being compositional. The Arnage
unhomogeneous group could be partiasl melt rocks from a more
quartzitic parent. | |

Although not discussed in the pefrogenesis section the
Kinharrachie xenolithic gngissestf Arnage could be formed in
a like menner, perhaps from the subordinate hornblende~schist
member of the Ellon gneisses as suggested by Read and Farquhar
(1952), but 1nsuff101ent chemical evidence is available to '

support this theory.



CHAPTER VI

Summary and Conclusions

A broad thermal metamorphic aureole surrounds the Haddo
bagic mass and is best observed north-west of the gabbro, in
the Fyvie schist s éxposed beside the river Ythan. As the
gabbroic sheet is approached the country rocks show an increase
in grain size. large prismatic sillimanite crystals and
clear cordierite crystals develop in the Fyvie schists.

Nearer the gabbfos the schists lose their foliation and

appear gneissose, with bands of quartzo~feldspathic material
becoming more abundant. Finally, within a quarter mile of
gabbro/country rock contact, mobilised xenolithic gneisses
outerop. The heat from the gabbro pfobably produced a
diffusion of water (and alkalis) outwards from the schists
nearest the gabbro. Accegsion of these materials to schists
14 miles north-west of the gabbro caused the replacement of
cordierite by muscovite and gquartz. The gabbro sheet probably
‘dips shallowly to the north-west of the Haddo district, closely
underlying the schists in the Ythan valley. Hence the
diffusion of the materials wﬁich led tb the replacement of
cordierite by muscovite and quartz, most likely took place

over a much shortef disfépce than 1% miles. Some water
displaced from the inner aureocle was probably dissolved in the
basic magma. This vapour perhaps carfied gilica (and alkalis)

into/
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into the magma further depleting the immediate peripheral
country rocks in Si0, (and K50). The‘fractionation trend of
the basic sheet was thereby changed giving rise to a silica-
oversaturated trend, with the appearance of hypersthene-

and quartz-normative gabbros at Haddo House and Arnage, instead
of the under-saturated, nepheline-normative 'basic' rocks
observed as fractionation products of the gabbros at Insch.

The gabbro was probably intruded at depth, under a load
pressure of c. 3-5 Kb, into country rocks which had just
passged through a thermal maximum during regional metamorphism.
Since the country rogks were at relatively high temperatures
and the gabbros well insulated, the heat from the intrusive
basic sheet partially melted relatively iﬁrge volumes of
the country rocks closest to it and produced eﬁéggolithic
rocks in which both matrix and xenolith were derived from the
same parental material. No metasomatism mixing or diffusion
between country rocks and gabbros was involved in the
production of the quartz-cordierite-norites, etc.

The hypothesis that these rocks might have been produced
by the basic magmm assimilating country-rock material is not
accepted, principally because an unbroken seguence of
trensitional rock types in diminishing order of abundance from
olivine-hypersthene-gabbro to quartz-cordierite-norite is not
observed. Nevertheless, contaminated (xenolithic) gabbros are

also present, and are the products of partial melting of schist

xenoliths/
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xenoliths, accompanied by complex diffusion and by
liquidisation effects when the partial melt liquid interacted
with the enclosing basic magma. Pig, 19 is an attempt at

a diagrammatic representation of the genesis of the Haddo

rock groups.
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If the xenclithie¢ quartz-cordierite-norites, etc.,, of
Haddo House and Arnage are derived from partially melted
country rocks, then it is reasonable to assume that this
hypothesis could apply to other areas where similar rock
types occur.

Small scale occurrences of partial melts corresponding in
composition to eutectic I in the CMAS flow sheet (fig. 6) have
been observed. Kynaston and Hill (1908, p.129) described
a8 buchite containing cordierite, gquartz, feldspar, spinel
and pyroxene, formed at the contact between a camptonite
dyke and the country rocks (phyllites) into which the dyke was
intruded, at Saileen Sligenach in Argyll. The Survey thought
the pyroxene was "probably augite" and specimens from this
locality were examined by the author who found it impossible
to asceftain if pyroxene was present. Chinner and Schairer
(1962) referred to a similar occurrence, where & quartz-
cordierite-norite melt is formed in a mica-schist at its
contact with an olivine~diabase, in Argyll. Wyllie (1959)
described the occurrence of a micro quartgz—-cordierite~norite
formed in Torridonian arkoses at their contact with a picrite
gill, on the island of Soay.

On a larger scale, several areas are known to contain
rocks similar in character to those seen in the Haddo House and
Arnage districte. In these other areas basic rocks have been

intruded intoocountry rocks with the development of "transitional

types"/
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types" at the contact zone. Most previous workers have
proposed that these "transitional" rock types represent
either assimilation products or metasomatised rocks, with the
intrusive magma always contributing considerably to their
final composition.

ILacroix (1899) described rock groups very similar to
those of Haddo from the Pallet area in France. Lacroix
believed that an intrusive olivine-gabbro had assimilated
country rocks producing cordierite~bearing norites, etc.

Every rock type contained xenoliths which were often aluminous,
containing minerals such as spinel, sillimahite and cordierite.
There was usually an outer zone rich in plagioclasei’cordieritet
hypersthene between the xenolith and the enclosed matrix.

It is interesting to note that although Lacroix (1899)
described transitions from olivine-gabbro to norite (two
pyroxene-bearing basic rock with opx .opx) he did not record
the occurrence of any orthonorites, which would be required

if a complete assimilative sequence from olivine-~gabbro to
quartz-cordierite-norite existed.

Read (1923b) described contaminated rocks in north-east
Scotland, associated with the basic masses of Huntly and Insch.
The contaminated rocks of Huntly comprised quartz-cordierite-
noritesigarnettK-feldspar enclosing xenoliths containing spinel,
sillimanite and cordierite, the most aluminous pheses eppearing
in the centre of the xenoiith (1923b, p.129, fig. B). Read
(1923b) thought that these rocks were produced by the basic

magma,/
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magma assimilating country rocks. At Insch similar rocks

were described, and the author visited Govals quarry at the

eastern edge of the Insch basic mass. Xenolithic
cordierite-bearing rocks appear at Govals which closely resemble the
rocks found at Craigmuir Wood in the Haddo district. In both
areas it seems poasible that a partial melt theory of origin

for these xenolithic cordierite-bearing rocks could apply.

In his account of the Bushveld complex, Hall (1932)
described many xenolithic rocks, and although he considered
these assimilation products, he stated (p.416) that ... "some
of the outcrops suggest that the sediments were rendered more
or less plastic under their metamorphism." Hall (1932)
revealed that he did not know whether these xenolithic *mixed’
rocks were altered sediménté or contaminated basic rocks.

Nel (1940) described the occurrence of quartz-cordierite-~
norites associated with the Bushveld igneous complex and
although he thought that these rocks were hybridised diabases,
the contact relations between them and the underlying country
rocks were obscure. | |

Barker (1964) desﬁribed many aluminous assemblages from
the Cortlandt complex in the U.S.A. Pélitic schists
peripheral to a gabbro had been metamorphosed and large
schistose blocks included in the bmsic body. These inclusions
now appear as aluminous xenoliths witﬁ corundum, sillimanite,

spinel and sapphirine present. Barker (1964) considered that

a/
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a metasomatic interaction took place between xenolith and
enclosing magma which produced the alumina-rich assemblages
now present in these rocks. Butler (1936) described
xenoliths which had feldspar-rich 'rims' between xenolith
and magma from the same complex and these closely resembled
xenoliths found in the gquartz-hypersthene-gabbro at Haddo
{chapter IV, p.138).

Grout (1933) described argillaceous and gquartzitic
xenoliths in a gabbro containing quartz and cordierite
(probably = quartz—cordierife-norite) associated with the
Duluth gabbro in North America.

Evans {1964) discussed the origin of the pelitic horn-
felses in Connemara, Ireland, found peripheral to the Cashel-
Tough Wheelaun basic intrusion. The hornfelses show
development of aluminous minerals such as corundum, spinel
and sillimanite. Evans put forward three possible hypotheeis
to explain the formation of the hornfelses. Two cf these
hypotheses were carriage of elements in a hydrous diffusion,
and elemental diffusion. These were rejected because there
would have been insufficient Hp0 available for the first
process to have taken place; and the second process would
heve had to have been extremely slow and one way (schist —
intrusion). Evans (1964) decided that the most attractive
-hypotheéis was one of fractional melting chiefly because

the fractionation of trace elements in the aureocle was similar

to/
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to that occurring in crystallising magmas and the rocks
appeared mobilised in the field. Evans (1964, p.142) stated
that ... "Bince there is no evidence that the melt moved
outwards from the contact zone, it is likely that it
became dissolved in the basic or ultrabasic magma."

Stewart (1946) described similar hornfels in the country
rocks peripheral to the Belhelvie gabbro in Aberdeenshire.
No aureole could be traced in the country rocks due to lack
of exposures. The basic rocks adjacent to the hornfelses
were olivine-~gabbros whioh fitted into the normal differen-
tiation sequence displayed at Belhelvie and which "/contained/
no xenoliths and show no signs of centamination,”" (Stewart,
1946, D.476). In neither of the above cases is a partial
melt liquid (quartz-cordierite~norite) seen enclosing the
alumina-rich hornfelses, and only Evans (1964) proposed that
the liquid evolved from a fractional mélting of the country
rocks might have been dissolved in the nearby gabbros.
Evans {1964, p.128) remarked that ... "migmatisation and later
deformations destroyed the contact relations of many of the
intrusions," and Stewart {1946, p.492) argued that the basic
rocks were “tilted very considerably since /their/
deformation.” Since post-intrusive folding movements ocecurred
in each area the partial melt formed in the country rccks at
the time of the intrusion of the basic bodies could have been
removed by some filter-press process anﬁ not necessarily

dissolved/
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dissolved in the bagic magma. At Belhelvie this could
happen prior to the consolidation of the basic magma
(see argument, chapter L, p. 24).

Proof of a partial melt origin for xenolithic rocks
gimilar to those found at Haddo (including the rocks from
areas described in this section) can only be achieved by
examination of field relations and considerable pétrographic
and chemical work being carried out on the different types
of rocks combined with appropriate experimental studies.
Analyses of both matrix end xenolith should be performed -
and subsequently plotted into the CMAS quaternafy system.

A flow-gheet diagram should be constructed which encompasses
all the observed mineral assemblages in the area examined as

was attempted with the Haddo (and Arnage) rocks.
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APPENDIX A

Locations of the rocks analysed by the author in this thesis,

from the Haddo House and Armage districts, Aberdesnshirs.

Fyvie schists

192 (NJ) 841392 andalusite—cordierite—-schist.

16 842391 quartz-plagioclase-feldspar psammite.
20 845386 andalusite~cordierite~(sillimanite)-schist.
22 847383 (andalusite)-schist; cordierite has been

replaced by quartz and muscovite.

27 851381 psammite with garnet.
28 852379 andalusite-gillimani te~(fibrolite)~schist,
39 859374 quartz-rich andalusite~schist with large

prismatic sillimanite aystals and clear
cordierite crystals present.

45 561371 éltered andalusite-(sillimanite-cordierite)-
schist similaf to 39.

519 664367 quartz-biotite~-feldspar~'gneiss’.

Mormond Hill quartzite

280 915329 impure quartzite with garnet, potash-feldspar

and cordierite present.

Ellon gneiss

164 946308 quartz-piotite~cordierite gneiss.
340 947306 psammi te.

Igneous/



Igneous rocks etc.

57 878357 olivine-hypersthene-gabbro.

276A 93332 olivine-hypersthene-gabbro.

76 897355 quartz-hypersthene-gabbro.

78 898353 quartz-hypersthene-gabbro.

63 889361 quartz-hypersthene~gabbro,

59 879357 altered quartz-hypersthene-gabbro.,

86 900352 altered quartz~hypersthene-gabbro.
245 913322 quartz-hypersthene~gabbro.
345-14 930375 quartz~hypersthene-gabbro.
124 867364 uralitised quartz-hypersthene-gabbro.
126 911337 uralitised quartz-hypersthene-gabbro.
145 863365 uralitised quatz-hypersthene-gabbro.
168 877386 uralitised quartz-hypersthene~gabbro.
171 879379 uralitised quartz-hypersthene-gabbro.
64M 889361 xenolithic quartz-hypersthene-gabbro.
347-21B 898352 xenolithic quartz-hypersthene-gabbro.
345-4M 930374 quartz-hypersthene-gabbro.

68M 889360 quartz-cordierite-norite.

69 889360 quartz-cordierite-norite.

. 88 899352- quartz-cordierite-norite.

89 899352 quartz-cordierite-norite.

99 891351 quartz-cordierite-hypersthene-K-feldspar-garnet

rock (+ biotite).

100M 891351 quartz-cordierite-K-feldspar-garnet rock.
113 891352 quartz-cordierite~hypersthene-garnet rock.
17 891352 quartz-cordierite-K-feldspar-garnet rock.

118/



118 891352 quartz-cordierite-~K-feldspar-garnet rock.

345-15M 930375 quartz-cordierite-norite.

231M 912326 quartz-cordierite-K-~feldspar-garnet rock.
236 913325 garnet-bearing Arnage gneiss.

250M 915323 garnet-bearing Arnage gneiss.

256M 916318 garnet-bearing Arnage gneiss.

273M 919322 “altered Arnage gneiss.

345-6 930374 Armage gneiss.

345-13 930375 quartz-~biotite gneiss (knots of alteration

products might have replaced cordierite).
346-1 932382 quartz-cordierite~K-feldspar~garnet rock.
296 923321 quartz-biotite-K-feldspar gneiss (garnet-

bearing}-Ardlethen gneiss.

322M 920312 | Ardlethen gneiss + cordierite (c.f. 231M).

309M 926313 quartz-hornblende-gneiss (Kinharrachie gneiss).

6471 889361 orthopyroxene-rich xenolith in quartz-hypersthene
gabbro. _

741 897356 corundun-spinel bearing xenolith in quartz-

hypersthene gabbro (contains in addition, plagio-~

clase, cordierite, sphene, lazulite and broockite).

347-21A 898352 alteml quartz-orthonorite xenolith in quartz-
hypersthene-gabbro.

8571 899352 8illimanite-rich xenolith in quartz-cordierite-
norite. _

681 889360 orthopyroxene-rich xenolith in quartz-cordierite
norite.

T

821/



831
681

831
901
1001
1011
2311
2501
2551
2731
3221
346-41

345-41
345-151

3011/

898352
889369

898352

899352

891351

891351

912326

915323

916318

49322

920322

932382

930374
930375

quartzitic inclusion in quartz-cordierite-norite.
orthopyroxene-rich xenolith in quartz-cordierite-
norite.

quartizitic inclusion in quartz-cordierite-
norite.

quartzitic inclusion in quartz-cordierite-
norite.

spinel~coriderite inclusion in quartz-
cordierite~K~feldspar-garnet rock (matrix).
gillimanite-rich inclusion in quartz-cordierite-

K~feldspey~garnet rock (matrix),

‘gpinsl-bearing xenolith in quartz-cordierite-

K-feldspar-garnet rock (matrix).

altered spinel-bearing inclusion in Amage gneiss.
gpinel-sillimanite-bearing inclusion in an

Arnage gneiss matrix + K-feldspar + hypersthens.
This matrix is probably similar to 99 or 113,
altered sillimanite—bearing Xenolith in

altered Arnage gneiss (matrix).

biotite-rich {cordierite-bearing) xenolith in
Ardlethen gneiss (matrix). .
spinel-rich xenolith in quartz-hypersthene-
gabbro.

cordierite-spinel xenolith in Armage gneiss.
2-pyroxene xenolith in duartz-cordieriten

norite.



3011

3091
97
110
105

922317

926313
902348
892351
892348

clinopyroxene~bearing xenolith in Kinharrachie
aneiss,

emphibole~rich xeénolith in Kinharrachie gneiss.
quartz-dolerite,

calc=-silicate band in Creigmuir Wood.
quartzitic band near Craigmuir Wood, perhaps
in the Auchedly granite.

Locations of rocks given in modal analysis tables.

Olivins-hypersthene-gabbros,

61
62
123
23%
282

878359
879359
900336

912325

914330

Quartz~hypersthene-gabbro.

87

71

248
345-3

900352
889360
914322
930374



APPENDIX B
ROCK ANALYSES

District: ‘ HADDO

Rock Typé Quartz-dolerite (dyke) Quartzite ~ Limestone

Rock no. 97 105 110
Ti0» 3.08 0.35 0.49
Al203 13.27 T.64 10.75
FeOQ T.27 1.14 3.18
Mno 0.20 0.027 0.060
MgO 5.00 0.59 12.21
Cal 8.05 0.53 15.44
Na»20 2.74 0.82 0.58
K0 0.58 1.70 3.56
H20+ 1-50 0065 1-42
Total " 99,35 100.09 98.72%

¥ does not include 002

Al]l enalyses carried ait by muthor on rock powder dried at 110°C for

2 hours.

Trace elements in ppm

Cr
Ba
Sr
Rb

ESKOLA NORMS (given below for completeness - based on 1-cation percentagesi.

Orthoclase
Albite
Anorthite
Clinopyroxene
Orthopyroxene
Olivine
Quartz
Corundum
Magnetite

Ilmenite
Apatite
Nepheline
Leucite

82
245
283

10

9.25
25.70
20,35
19.68

4,92

5.94

9.03 (includes 1.75%
Haematite)

4.48
0.65

—

58
345
58
52

10.65
7.80
2,20

1.84

71.26
4.27
1.28

0.52
0.18

—

89
550
277
116

9.85

11.65
50.95

8.39

1.04

0.68
0.20
8.43
8.80



APPENDIX C
MINERAL ANALYSES (+ partial analyses)

Mineral OPX 0PX 0FX
Rock Group ol=-hy-g gr=hy-~g qz-cdt-no
From Rock No. 57 76 68M

3102 54.36 53.05 47.32
T102 0027 0.26 0073
Al203 1.70 1.34 4.25
Fep03 2.33 2.84 1.88
Fel 13.06 17.45 31.76
MnQ 0.34 0.49 0.74
Mg0 26.86 23.45 12.08
Cal 0.89 0.90 0.18
Nao0 0.072 0.076 0.12
K50 0.062 0.053 0.083
HoO+ none none none
P2GS nodi n-d. n.du

Total 99,94 99,91 99.14

No. of ions on the basis of 6 oxygens
Si 1.952 1.952 881
1 0.07£} 2,023 0.05é§ 2.01 i é% 2.024
At 0.001 - 0.05
T13+ 0.007; 0.007 0. 022;
Fe 2.063 0. Ogg 0.056
Mg, 43 1.2 0.716
. Fe2' o.392§ 1. 0.537} 1.967 41 056% 1.352
Mn 0.010 0.015) .0 025
Ce 0.034) 0.035) 6
Na 0.005) 0.005) O 009
K 0.003) 0.003) 0.004
lg 74 66 38 5
Fe 24 32
Ca 2 2 0 5
100Mg/ (Mg + Fe?t
+ Fest + M) 75.6 67.1 38.6
% Al in Z group 3.52 2.89 7.06



APPENDIX C (contd.)
MINERAL ANALYSES (+ partial analyses)

Mineral OPX CPX CPX OLIVINE
Rock Groups gz—-cdt~no ol-hy~g gzZ-hy=-g ol-hy-g
inclusion
From Rock No, 681 57 76 57
Si02 48,10 - - -
Ti02 0.31 0.46 0.82 0.048
Fe203 1.34 2.32
Pal 31.46 7-69 ) 10.0%6“ 382%é§9
Mno 0.66 - - -
Mg0 12.92 18.91 16.99 35.15
Cal 0.31 16.20 11.73 0.073
Nao0 0.27 0.52 - -
K20 0.096 ' 0.10 - -
Ho0+ none - - -
ons nsd- - - -
Total 99.65 | - - -

No. of ions on the basis of 6 oxygens.

Al 0.114 ) ;
0.104 0.250
Al 0.080 ) : numbers of
Ti 0,009 - 0,013 0.023 .
3+ ions in CPX
Fo 0.040 0.064 0.066 oxtremel
Mg, , ' 0.758 1.983 1.039 0.936 dubious gs 5i0
Pe 1.036§ '* 0,237 0,244  JAovE @ 2
Mn 0.022 0.006 - calculated
Ca 0.013 00.640 0.454
Na 0.020 0.037 -
Mg & | 58 3645
Fe 58.5 16 19
Ca 0.5 32 27
100Me/ (Mg + Foot 40.8 CPX formulas (both sub—calcic)
+ et . ) . (57) Ca32Mg52Fe16

% Al in Z group 5.68 (76) Cayn Mg, Fe, g



Rock No.

Si
i
Al
Fe
Fe
Mn
Mg
Ca
Na
K

P

Total

Rock No.

S5i
Ti
Al
Fa
Fe
Mn
Ng
Ca
Na
K

b

Total

Rack No.

Si
Ti
Al
Fa
Fa
Mn
Mg
Ca
Na
K

P

Total

192 20
58.14 55.50
0.86 0.88
21.78 22.45
0.91 1.10
4.61 5.42
0.10 0.08
3.60 4.66
1.59 1.22
4.50  3.96
3.70 4.60
0.13 0.12
100.01 99.99
280 164
80.11 54.30
0059 0070
9.05 21.67
0.66 1.08
1.47  4.70
0.02 0.06
0.64 4.50
0.31 1.58
1.51 D42
5.61 5.94
0.03 0.06
100.00-100.00
86 245
49.02 50.30
1.86 0.61
1-45 0.70
5.84 5.57
0.13 0.12
7.81 15.89
9.34 8.02
4.35 1.47
1.27 0.97
0.21 0.06

APPERDIX D

1-CATION PERCENTAGES

22

51-50
0.79
24.70
1.72
2.1
0.06
5.08
0N
31.60
6411
.22

100.00

340

73-01
0.37
13.49
0.57
1.92
0-04
1.92
1.66
4.89
2.11
0.04

100.01

345
213

48.93
0.56
20.06
0.95
4.41
0.11
11.56
8.48
3.92
0.96
0.06

28

54.31
0.70
25.56
1.07
5.22
0.12
4.08
1.27
3.01
4.58
0.08

100,00 100,00

27

43.15
0.45
19.33
0-94
2.20
0.10
17.68
9.57
3.09
0.45
0.05

100.01

124

47.40
1-77
20.77
1.85
6-99
0.14
6.73
8.63
4.86
0.70
0.16

99,98 100.00 100.00 100.00

39

52.69
0.75
25.07
0.90
4-36
0.10
4.21
1.52
7.26
3.04
c.11

276A

44.83
0.47
19.64
1.14
6.00
0.12
14.08
8.97
4.03
0.66
0.07

100,01

126

52.04
1.07
19-10
1.20
5.92
0.14
6.82
5.66
5.14
2.51
Oc39

45

49.48
0.71
25,72
.44
4.68
0.10
4.37
2.94
5.35
4.37
0.83

99.99

76

49.85
0-60
19.04
1.08
4.29
0.1
11.36
8.58
3.96
1.05
0.07

99.99

145

49.43
1.92
17.17
2.14
6.75
0.16
T.15
8-32
5.21
1.52
0.24

99.99 100.01

51

65.22
0.50
17.52
0.88
3.19
0.06
2.77
T.51
4.63
3.62
0.10

100.00

78

50.58
0.58
19.11
1.07
5.40
O- 14
10.54
7.83
3.65
1.02
0.07

99.99

168

51.86
1.92
17.24
2.18
6.32
0.14
4.42
6-77
6.58
2.28
0-28

99.99

16

76.38
0.39
10.80
0.33
1.63
10.04
1.57
1-04
6.46
1.29
0.07

10CG.00

63

49.88
0.88
17.74
0.64
6.26
0.13
10.04
T.72
4.96
1.61
0.14

100.00

171

43.71
3.43
17.59
3.25
7.64
0.17
9.06
10.17
4.18
0076
0.04

a7

69.20
0.43
15.36
0.42
2.47
0005
2.27
2.00
6.57
1.20
0004

100,01

29

48.76
0.78
19.85
1.17
5.7%
0.14
9.29
8.71
4.21
1.28
0.10

100.00

64M

49.18
0.86
21.62
1.20
5-80
0.12
8.11
7.04
4.87
1-17
0.03

100.00 100.00



Rock No.

Si
Ti
Al
- Fe
Fe
An
Mg
Ca
Na
K
P

Total

Rock No.

51
Ti
Al
Fe
Fs
Mn
Mg
Ca
Na
K

P

Total

Rocek No.

Si
Ti
Al
Fe
Fe
Mn
Mg
Ca
Na
K
P

Total

347
-21B

50.28
0.85
21-34
1.35
5.83
0.14
7.53
T.47
3-82
1.32
0-07

100.00
117

72.03
0.62
14.97
0.67
3.09
0106
1.96
2.04
2.48
2,03
0.06

100,01

345
-13

57.27
0.76
18.46
1.35
4.58
0.10
5.91
4.35
4.33
2.73
0.10

99.99

345
-4M

52.93
1.35
18.29
1.69
5.97
0.12
6.47
4.29
4.83

4.00

0.07
100.01

118

79.59
0.44
11,09
0.53
2.30
0.05
1.29
1.26
1.96
1.43
0007

100.01

346
-1

63.72
0.68
19.82
1,25
4.41
0.10
2,32
1.61
2.89
3.14
0.06

100.00

APPENDIX
68M 69
56.66 56.64
1.21 1.11
20.20 21.00
1.01 1.31
5.85 6.24
0.11 0.12
3.99 4.70
4.89 4.00
4.47 3.3
1.52 1.49
0.10 0.07
100.01 99.99
345 231M

~-15M
59.88 58.84
0.81 1.13
17.26 20.15
1.20 1.10
3.88  6.03
0.09 0.10
5.27  3.57
4,49 1.27
4.65 4.04
2,41 3.68
0.06 0.08
100.00 99.99
296 322M
67.22 60.66
0160 0161
16.04 19.39
0.60 1.08
3.45 4.03
0-08 0-07
2.84 3.64
1.59 2.16
3.86  5.46
3.65 2.82
0.06 0.08

D {contd.)

88

53.59
1.16
24-15
1.99
5.66
0.14
4.36
4.21
3.38
1.16
0018

99.98

236M

58.54
0174
21.56
1.29
4.94
0.08
3.63
1.71
3.74
3.70
0.08

100.01

309M

57.29
0.66
16.01
2.04
4.37
0.09
6.24
5.93
5.73
1.59
0.05

89

- L ] L J » L ] -
QO = O 00
Da OWwOaNE B

OB bbhOaOan
[ ]

100.00

250M

73.54
0.58
13.36
0.56
2.41
0.05
1.54
0u89
3.92
3.08
0096

99.99

641

47.81
0.31
11.34
1.40
11.70
0.28
21.17
4.04
1.52
0.36
0.06

99.99 100,00 100.00 100.00

99

72.15
0.53
15.74
0.70
2.97
0.07
1.73
2.50
2.69
0.86
0.05

99.99

256M

59.93
0.94
20.09
1.04
5.29
0.10
3.14
2.88
4.34
2.05
0.20

100,00

741

100M

56.02
0.53
22.14
1.06
6.21
0.16
1.86
0.66
2.22
8.94
0.20

100.00

=

(=)

O IwOWOoOWo N
L ] [ )

—

OW-1Wa20WV-J20n
OO ROWOVOO-J—= OWw

*

100,00

113

61.26
0.94
18.48
1.21
4.31
0.09
2.88
3.20
4.05
3.45
0.14

100.01

345
-6

 66.48

0.48
16.91
0.89
3.55
0.12
2-74
3.08
3.74
1.92
0.08

99.99

851

45.07
1.36
35.97
3.45
6.41
0.13
4.04
0.56
1.41
1.56
0.04

-99.99 100.00 100.00



-Rock No.

Si
Ti
Al
Fe
Fa
n

Mg

Ca
Na
K
P

Total

Rock No.

Si
Ti
Al
Fe
Fe
Mn
Mg
Ca
Na
K

p

Total

681

49.47
0.58
14.71
1.12
15.65
0.29
11.16
3.43
3.02
0.53
0-04

100.00

3221

42.79
1.20
30.14
1.63
6.04
0.12
5.65
2435
4.90
4.89
0.28

831

7033
0.13
14.67
0.51
0.49
0.02
0.54
1-55
5.30
6.41
0105

100.00

346
~41

45.51
0.88
29.17
1-59
5.18
0.10
3.60
2.79
5.53
5.45
0.20

APPENDIX
901 1001
70.01 46.69
0.47 0.83
13.92 29.90
0.58 2.47
2.58  6.47
0.07 0.05
3.96  1.57
5.00  0.53
2.32  2.73
0.92 8.65
0.18  0.13
100,08 100.00
345 345
-151  -4I
48.29 43.34
1.13 0.77
17.39 29.85
1.62  2.43
6.73 3.84
0.14 0.10
11.55 3.00
10,73  5.40
2,01 7.23
0.30 3.99
0.11 0.06

D (contd.)

101I

48.00
0.99
30.65
1.67
5.88
0.10
2.70
0.57
2.05
T7.21
0.18

100.00

3011

55.73
0.55
14,92
1.56
4,30
0.10
7.39
12,28
2,71
0.38
0.08

2311

50.94
0.75
27.26
1.03
2.94
0.04
3.20
1.64
5.01
7.03
0-17

109.0%

3091

44.22
1.15%
17.19
3.29
7.19
0-16
10.82
9.38
539
1-15
0.06

2501

45.24
0.91
32.12
1,88
3.32
0.09
2,63
1.74
4.73
7-18
0.15

99.99

O
-3

E.N
Q=2\UPO-10ON\NINMN~]

—

N QD2 N = OOLu = PO
s 0 =2 -] OO\

99.99 100.00 100.00 100.0% 100.00 100.00 100.00

2551

52.15
0.74
28.96
1-28
2.02
0.02
1-45
0.69
3.20
9.35
0.12

99.98

105

84.13
0.26
8.84
0.64
0.94
0.02
0.86
0.55
1.55
2.13
0.06

99.99

2731

77.02
0.21
11.68
1.36
0.07
2.04
4,36
1.62
0.90
0.07

100.01

110

46.05
0.34
11.64
0.52
2.44
0.04
16.71
15.19
2.81
4.17
0.08

100.00



APPENDIX E

Chemical Anslyticzal NMethods

Since the area investigated is badly exposed, rock outcrop
available for sampling is poor, but a sample of 2-5 Kg weight of
fresh material.was taken wherever possible.

(i) Préparation of the Sample:

The rock sample was scrubbed, washed in de-~-ionised water and
dried. It was eplit into cubes of about 2 cm side, using a
hydraulic rock splitter. Any weathered surfaces or vein material
was discarded at this stage. After mixing the rock cubes, & grab
gample was taken by hand (200-300 gm}, and reduced to 14 mesh using
g tungsten carbide pestle and mortar. When all the material had
been reduced to 14 mesh about one mixth was taken, by means of an
automatic sample splitter, for further grinding.

The 35-50 gm of 14 mesh material selected was reduced to 100
mesh powder by grinding in an agate mortar, Care was taken to
ensure that no loss of material occurred during the above processes.
The rock powder was put into a glass bottle, mixed thoroughly and
placed in an oven at 110°C for at least 2 hours. After this,
anslysis of the rock (powder) could begin.

(ii) Chemical Methods of Analysis (Wet Methods)

S5i was determined gravimetrically. After fusion with alkaii
carbonate and evaporation of the solution with HC1, any soluble Sib2
remaining was precipitated by addition of gelatin.

Al was determined by spectrophotometry. The method of Mullen

and/



and Riley which uses the complex with 8-hydroxyquinoline was employed.

o - d, -dipyridyl hydroxylamine, BeSO4, and sodium acetate was added
and the pH adjusted to 4.95. The aluminium was extracted with
8~hydroxyquinoline dissolved in chloroform, and only an interference
due to titaniuwm remained. A correction factor was applied to
countéract this.

Fe (Total iron) Mn Ti and P were also determined using a spectro-
photometer, Total iron was measured by means of the red colour
produced by complexing with sodim citrate aﬁd émmoniacal thioglycollic
acid.

An acid solution of the rock was oxidised with periodate pro-
duéding a perimanganate purple colour from the Mn thus enabling Mn
to be determined. A sulphuric acid soclution of the rock had H202
added and the yellow colour produced (pertitanic_acid) used to
determine Ti. A molybdenum blue complex was used to determine P.

Mg and Ca were detérmined by titration with ethylene-diamine-~
tetraacetic acid (E.D.T.A,). Previously the Fe, Al and Ti had been
removed by double precipitation with NH40H from a solution containing
NH4DI. The calcium was titrated at a pH of 12 using Patton and
Reader's reagent as indicator. Calcium and magnesium were together
titrated at a pH of 9 using eriochrome black T as indicator. In
both titrations KCN was first added to complex heavy metals and
also triethanolamine to complex eny Al remaining in solution. The
amount of Mg was obtained by difference.

H(as H20) was measured gravimetrically. The rock powder was

mixed with a flux (2 parts Pb0 + 1 part PbCrO4) and heated for five

minutes/
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minutes. The water given off was collected and measured.

Ferrous iron was determined by titration with dichromate using

sodium diphenylamine sulphonate as indicator.

X~ray fluorescent techniques were used to determine Rb, Ba ,
Sr and Cr. U.S. Geological Survey rock standards provided the known
amounts of the determined elements, and these were used to set up

the standard graphs for each element.



PIATE 1

a) Irregular foliation in the schists at Methlick Bridge.

b) Well-developed, regular foliation in the schists at Gight.






PIATE 2

a) One of the isolated rock outcrops between Methlick bridge
and Gurge Pot.

b) Gneissbse textures developed in schiets south of Methlick
bridge, near Gurge Pot.
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PIATE 3

a) Quartzo-feldspathic segregations in the country rocks at
Gurge Pot. ’

b) Xenolithic gneisses at Bellmuir.
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