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ABSTRACT

The Borrowdale Volcanic Group constitutes a major part of the
Ordovician succession in the English Lake District. It comprises a
suite of lavas, tuffs and ignimbrites with a maximum measured thick-
ness of 5 km. The rocks of the Lake District are folded into a broad
anticline which results in the Borrowdale Volcanics being exposed in
two main outcrops, one north and the other south of a central core of
older Skiddaw Slates. The northern outcrop consists almost entirely
of basalts, basaltic andesites and occasional rhyolites, with very
few intermediate members. In contrast, the southern outcrop is
compased largely of andesites and dacites. Garnet phenocrysts, absent
in the northern outcrop, are relatively abundant in the volcanic rocks
of the southern outcrop.

Analyses of 229 samples of lavas, ignimbrites and associated
intrusives are presented together with electron microprobe analyses of
selected garnet and augite phenocrysts. The southern outcrop volcanics
are of calc-alkaline affinities, whereas those of the morthern outcrop
are transitional in character between tholeiitic and calec-alkaline. The
use of La/Y ratios is shown to be particularly effective in distinguishing
between members of the two suites.

Detailed analytical studies on the garnet phenocrysts, especially
La and Y abundances, show that crystal fractionation of garnet phenocrysts
is incompatible with the geochemistry of their host rocks. It is
concluded that the southern outcrop magmas evolved by some process other
than crystal fractionation. A partial-melting hypothesis is proposed as
an alternative, the melt being stored at depth (possibly at the crust/
mantle interface) long enough for garnet to nucleate, and then trans-
ferred rapidly to the surface. 1In contrast, the northern outcrop lavas
are highly porphyritic and present abundant evidence of crystal fraction-
ation. It is suggested that these rocks evolved by the fractionation of
a basalt or basaltic andesite parent under relatively dry conditions at

shallow depth.

(ii)



The Borrowdale Volcanics are compared with the volcanic rocks of
modern island arcs. In particular the southward transition of magma
type from tholeiitic to calc-alkaline compares with similar transitions
occurring across modern island arcs. It is concluded that the Borrow-
dale Volcanics were erupted in an ancient island arc at the margin of
a contracting, proto-Atlantic ocean. This hypothesis is consistent
with current models for the evolution of the Caledonian/Appalachian
orogen.

The Borrowdale magmas were probably derived by the partial melting
of basaltic oceanic crust carried down into the mantle on descending
lithosphere plates. In the case of the southern outcrop rocks the
magma- was not affected by subsequent crystal fractionation, whereas
the northern outcrop magma has undergone considerable modification
by this process.

Finally. the partial melting of oceanic crust is examined in the
light of recent experimental studies. It is suggested that island arc
tholeiitic magmas are generated at shallow depth by reactions involving
amphibole breakdown. Calc-alkaline magmas are produced at greater
depths by the partial melting of wet eclogite, and between these two

extremes a continuum of transitional magma types could be generated.

(1ii)
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CHAPTER I

INTRODUCTION

(i) Scope and aims

In recent years one of the major topics of interest in the Earth
Sciences has been the genesis of calc-alkaline magmas. An important
result of this work was the demonstration by Chayes (1969a) that
recently eruptéd calc-alkaline rocks are confined entirely to the
island arc/continental margin environment.

The devlopment of the plate tectonics concept, from the sea-floor
spreading hypothesis of Hess (1962), focussed attention on this
environment as the site of descending lithosphere plates (Isacks gﬁ_gl.,
1968). The resulting implication of a genetic connection between the
descent of these plates and the generation of calc-alkaline magmas has
now received strong support from a wide variety of sources.

A natural extension of the work on recent calc-alkaline rocks is
a study of ancient members of the suite. If present day calc-alkaline
volcanoes are restricted in occurrence to the world's tectonically
active zones of lithosphere destruction then it is reasonable to suppose
that the same may have held true in the past. Consequently the location
of ancient calc-alkaline volcanic rocks may have important implications

in the fields of palaeogeography and continental drift.



Fig. 1

Location of principal outcrops of British Ordovician volcanic rocks.

1. Ballantrae 2. northern and 3. southern outcrops
of Borrowdale Volcanics 4, Capel Curig 5. Snowdonia
6. Lleyn Peninsula 7. Arenig Mountains 8. Rhobell Fawr
9. Cader Idris 10. Shelve area 11. Builth Wells 12. north
Pembrokshire 13. Skomer Island.

Qutcrop of Borrowdale Volcanics shown stippled. The Church Stretton
~ Pontesford fault system forms the south-eastern margin of the Welsh

Basin.

From Pitton =nd Hughes (1970).






One such volcanic pile is represented by the Ordovician Borrowdale
Volcanic Group of the English Lake District (Fig. 1). This comprises
a slightly deformed and well-exposed group of lavas and tuffs with a
maximum measured thickness of 5 kilometres. The reasons for undertaking
a detailed study of these volcanic rocks were threefold. First, the
geochemistry and mineralogy of the rocks could provide information
relevant to the genesis of calc-alkaline rocks in general. Second, the
Borrowdale Volcanics are unusual in that they contain almandine-pyrope
garnet as an abundant primary phenocryst phase (Oliver, 1956). 1In view
of the rarity of garnets in igneous rocks and thelr possible relevance
to the problem of the genesis of calc-alkaline magmas (Green and Ring-
wood, 1968a) a special study of these garnets was viewed as a worth-
while project. Thirdly, a petrochemical study of the Borrowdale

Volcanics could provide valuable information about Ordovician palaeogeo-

graphy.

(ii) Previous work

The Lake District has a history of geological research stretching
back well over a century although the structure and stratigraphy of the

area are not yet fully understood. The more recent publications on the



area have been reviewed by Mitchell (1956a) whose paper also includes
an extensive bibliography. Consequently, only work directly relevant
to the present study will be mentioned here.

Surprisingly little geochemical or petrological work has been
published on the Borrowdale Volcanics. The first attempt at elucidating
the petrochemical evolution of the volecanic rocks was that of Oliver
(1961) who demonstrated the calc-alkaline nature of the lavas in the
Scafell area. This was later supported by Strens (1962) in the Borrow-
dale - Honister region. Detailed petrographic descriptions of rocks
from a sequence of Borrowdale Volcanics in the northern part of the Lake
District have been given by K. C. Dunham and J. Phemister (in Eastwood
et al., 1968).

Garnets have long been recognised in the igneous rocks of the Lake
District although opinion on their origin has varied considerably. The
most recent work on the garnets (Oliver, 1956) suggested that they
crystallised directly from the magmas.

A prominent feature of the Borrowdale Volcanics is the abundance
of acidic volcanic rocks which were sometimes described as tuffs and
at other times as rhyolite flows. The recognition by Oliver (1954)

that many of these rocks are ignimbrites represents an important

contribution to the geology of the lake District.



(i1i) Lake District geology

a. Tectonic setting

Structurally, the Lake District occupies a position in the
non-metamorphic zone of the British Caledonides between the Irish
Sea geanticline and the Moffat geosyncline (George, 1963). The area
is thus within the Appalachian/Caledonian orogen in a position adjacent
to the Precambrian south-east foreland.

The sedimentary rocks of the area have suffered severe polyphase
deformation although the more competent volcanic rocks are relatively
undeformed. Many of the lavas are very fresh considering their age
although, in others, the development of secondary albite, epidote and
chlorite suggest lower greenschist-facies metamorphism.

b. Stratigraphic succession

The oldest exposed rocks in the area are the Skiddaw Slates which
comprise a group of highly deformed shales, sandstones and grits. These
are overlain by the Borrowdale Volcanic Group. The nature of the Junction
is the subject of a controversy at present although it is now generally
agreed that the Skiddaw Slates were folded, or at least uplifted, and

eroded before the eruption of the Borrowdale Volcanics. The youngest



beds in the Skiddaw Slates yield an Upper Llanvirnian, Didymograptus

murchisoni fauna (Wadge et al., 1969) which places an upper limit
on the age of the volcanic rocks.

Coarse conglomerates occur towards the base of the volcanic group
in the Keswick, Ullswater and Bampton areas (A. J. Wadge, in preparation).
These are beautifully exposed in the new Manchester Corporation Waterworks
tunnel between Heltondale and Ullswater where they contain rounded and
weathered blocks of volcanic material and microgranite. The succession
in the Borrowdale Volcanics will be discussed in later chapters but is
summarised in diagrammatic sections (Fig. 3).

The Borrowdale Volcanics are overlain unconformably by limestones
and shales of Caradocian (Longvillian) age (Dean, 1963) and so the top
of the voleanic succession is not seen. Consequently the age of the

volcanics cannot be determined more precisely than as post-Didymograptus

murchisoni Zone and pre-Longvillian.

The distribution of the various stratigraphic units in the Lake

District is shown in the geological map (Fig.2).



Fig. 2

Geological sketch-map of the Lake District. From Mitchell (1956a).






¢. Intrusions

In addition to the considerable igneous activity represented
by the volcanic rocks the Lake District contains a large number of
intrusions. Most prominent among these are the granites which
probably also underlie a large part of the area (M. H. P. Bott,
personal communication, 1970). Radiometric dating by Brown et al.
(1964) gives a Devonian age for the exposed granite bodies.

None of the smaller intrusions has been reliably dated and
some of these have been suggested as feeders for the volcanic rocks.
These will be discussed individually later. The smaller intrusions
range in composiﬁion from olivine-bearing mafic rocks to granophyres.

d. Distribution of volcanic outcrops

The main structural feature of the Lake District is a broad
anticline with its axis running south-west to north-east through
Skiddaw and plunging to the north-east. It is thls anticline which
accounts for the Skiddaw Slates now being exposed by erosion. Flanking
the Skiddaw Slates to the north and south-east are the two main outcrops
of the Borrowdale Volcanics (Fig. 2). Henceforth these will be referred

to as the northern and southern outcrops respectively.



The southern outcrop, which is by far the larger of the two,
is responsible for the rugged scenery of the central Lake District
mountains. The main rock types are tuffs, andesite lavas and dacitic
ignimbrites. Basalts and rhyolites are comparatively rare.

The main part of the northern outcrop stretches in a narrow belt
from the village of Bothel in the west to the River Caldew in the east.
Also included in the northern outcrop are the small inliers of Greystoke
Park and Eycott Hill. In marked contrast to the southern outcrop the
rocks are predominantly basalts and basaltic andesites. Acid and inter-
mediate types are very rare and tuffs are confined largely to the base of
the succession, Peculiar to the northern outcrop are the big-feldspar
basalts (Eycott type lavas) which are well developed over much of the
area. The difference in character between rocks of the two outcrops is
apparent even in hand specimens, with the porphyritic, dark-coloured
basaltic andesites of the north contrasting strongly with the pale,
sparsely porphyritic andesites of the south.

East of the Vale of Eden, in the Cross Fell area, an elongate body
of Lower Palaeozoic rocks is exposed along the Pennine fault-escarpment.

These rocks form the Cross Fell inlier and include volcanic rocks
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belonging to the Borrowdale Volcanic Group. The volcanic rocks are
mainly tuffs, andesites and ignimbrites and can be equated with the
volcanics of the Lake District southern outcrop. At the extreme
northern tip of the inlier; however, a single small outcrop of
big-feldspar basalt is exposed near the village of Melmerby. This
rock is identical with the Eycott type basalts of the northern

Lake District and will be considered as a genetic associate of the
northern outcrop.

Further east, in Teesdale, a small outcrop of Skiddaw Slates
occurs as an inlier in the Carboniferous limestone. The drift around
this locality contains boulders of volcanic material which may be of
Borrowdale age. Since these volcanic rocks have not been found in
place, however, they were not considered in the present study.

The dissimilarity of rock types in the northern and southern
outcrops has prevented correlation of volcanic units across the Skiddaw
anticline. Correlations within each outcrop have, however, been
proposed and are summarised in Fig. 3. The correlations are essentially
those proposed by Mitchell (1956a) although they have been modified
slightly by the writer to allow the inclusion of recent work around

Ullswater, Haweswater and Borrowdale.



Fig. >

Simplified sections of the Borrowdale Volcanic Graup.

Sources of information:-

1 and 2 Eastwood et al., (1968)
3 Strens (1962)
4 Oliver (1961)
5 Mitchell (1940, 1956b, 1963)
6 Hartley (1932)
7 Hartley (1925)
8 Hartley (1942)
9 Hadfield and Whiteside (1936)
10 Moseley (1960, 1964)
11 Nutt (1970)
12 Mitchell (1929, 1934)

Modified after Mitchell (1956a)
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In view of the dissimilarity of the two outcrops it is convenient
to describe them separately in the following chapters.

(iv) Collection, prepartion and analysis of samples

Collecting the samples presented certain problems. The age and
deformation of the rocks has resulted in their being invariably altered
to some degree and in many parts of the area the intrusion of granites
has added to this alteration. Sampling is further complicated by the
variable quality of available geological maps. However, most of the
area 1s well exposed and, by avoiding the vicinity of granites and belts
of obvious deformation, it was possible to assemble a representative
collection of 338 samples. Analyses of 229 of these rocks are presented
here. The remainder included 61 samples of agglomerate, tuff and
conglomerate, 32 of granite and lamprophyre, and 12 samples which were
rejected on account of excessive alteration. Most of the tuffs were
analysed but the analyses were not used. The granites and lamprophyres
were collected as part of a geochemical study of Caledonian granites which
is not yet complete. Theareal distribution of these samples in shown on
Fig. 4. Representative samples are included from most of the volcanic

units in the area (Fig.3).



Fig. 4

Location of samples:- extrusive (x) and intrusive (+) rocks.
Granites: -
Esk: Eskdale En: Ennerdale S: Skiddaw SJ: St. John's
T: Threlkeld Sh: Shap

Other intrusions:-
CF: Carrock Fell GC: GCreat Cockup 'picrite' E: Embleton
microdiorite CH: Castle Head dolerite H: Haweswater complex

G: Greenscoe vent

Dotted boundaries enclose the Borrowdale Volcanic Group.
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Prior to analysis the rocks were ground to a fine powder using
a Jaw-crusher and a disc mill. Extensive tests were carried out to
assess the effects of milling on the ferrous oxide content of the
samples. The results showed considerable oxidation in samples ground
for more than 30 seconds (Fitton and Gill 1970). Accordingly, sample
rock chips were ground for 30 seconds, a small sample removed for the
FeO determination and the remainder ground for a further 2% minutes.
Oxidation ratios determined on a number of the "unoxidised" samples
(less than 30 seconds grinding) showed wide variation, presumably due
to the altered and oxidised nature of the original rocks. Consequently
for the purpose of norm calculations a constant ferric:ferrous ratio
(by weight) of 0.808 (Chayes, 1969b) was used. For all other purposes

total iron (usually expressed as Fe20 ) was employed.

>
Analyses were performed on pressed powder briquettes using a
Philips PW 1212 X-ray fluorescence spectrometer. For major elements
the U.S.G.S. international standards W-1, G-1l, G-2, BCR-1, AGV-1l and
GSP-1, and the C.A.A.S. standard S-1 were used for calibration. Mass

absorption corrections were applied using the method of Reeves (1971).
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Ba, Nb, 2r, ¥, Sr, Rb, Zn, Cu, Ni, and Cr were determined using
a series of Pilkington synthetic glass standards (Brown et al., 1970)
for calibration. U.S.G.S. standards were used for V and La. Mass
absorption corrections were found to be unnecessary for La but were
applied to V and Cr using the coefficients of Heinrich (1966). For
all other trace elements approximate correction for absorption
difference was made using scattered white radiation as internal
standard (Andermann and Kemp, 1958). Corrections were also applied
for Kﬂ interference on Nb, Zr, Y, Cr and Vo In the case of vanadium
an iterative procedure developed by D. J. Hughes, G. C. Brown and
J. Esson (paper in preparation) was used to correct for the inter-
ference of Ti Kg.

Garnets and pyroxenes were analysed using a Cambridge '"Geoscan"
electron probe microanalyser. The analytical technique and method of
data processing employed were those described by Sweatman and Long
(1969). For trace element determinations on garnets, the mineral was
separated using a combination of magnetic and heavy liquid techniques.
Analyses were performed by the same methods used for trace element

determinations on rocks except that artificially prepared standards of
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garnet composition were used for La, Y and Sc. These standards were
prepared by mixing "Specpure" oxides (Johnson, Matthey & Co.) to produce
a "garnet'" matrix which was then spiked with "Specpure" La, Y and Sc

oxides. Corrections were applied for the interference effects of

Ca Kﬁ on Sc K«.
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CHAPTER 2

SOUTHERN OUTCROP

(1) Classification of rock types

The southern outcrop comprises a suite of rocks ranging in compo-
sition from basalt to rhyolite. Between these extremes is a continuum
of rock types which renders any classification more or less arbitrary.
Most conventional classifications of volcanic rocks are based on normative
or modal feldspar composition or in some way involve the alkali metals.
These cannot be applied to the Borrowdale Volcanics as the feldspars are
usually altered and the possibility of alkali migration cannot be ruled
out. Of all the other possibilities the silica content of the rocks
suffers from the fewest objections and will be used here as a basis for
classification. The divisions in this classification have been chosen
to coincide closely with changes in the phenocryst phases whilst being.

consistent with modern usage. The classification is as follows:-

wt. % 810,
Basalt <53
Basaltic andesite 53 - 58
Andesite 58 - 64
Dacite 64 - 70

Rhyolite > 70
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(1i1) Distribution of rock types

The stratigraphic distribution of the main rock types in the area
is shown diagrammatically in Fig. 3. For the purposes of this diagram,
basaltic andesites with silica contents less than 55% have been included
with the basalts, the remainder being assigned to the andesites.
Correlation of volcanic units is complicated by frequent and rapid lateral
variations in rock type but despite this it is possible to make a few
generalisations about the succession.

The lowest units, where they are exposed, comprise basalts, basaltic
andesites and andesites. These are particularly well exposed around
Ullswater where they form the Ullswater Group although they may be seen
along most of the northern margin of the southern outcrop. Throughout
much of the southern outcrop these lavas are overlain by a thick and
persistent group of ignimbrites which are well developed around Scafell
(Airy's Bridge Group) and in Langdale (Langdale 'Rhyolite'). Together,
the lower lavas and the ignimbrites may be regarded as a volcanic cycle.
After the cessation of ignimbrite activity the widespread eruption of the
Wrengill Amdesites and their lateral equivalents marks the beginning of a

second, smaller cycle. This cycle culminated in the eruption of a
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sequence of ignimbrites now exposed along the southern margin of the
outcrop. These include the Upper 'Rhyolites' of Kentmere and the Hugh's
Laithes Pike Ignimbrite Group to the south-east of Haweswater.

Pyroclastic rocks are well developed in the southern outcrop and
show the same range in composition as the lavas (i.e. basaltic to
rhyolitic). They occur sporadically throughout the succession.

The lavas and ignimbrites form a chemically coherent suite with no
significant compositional gaps. Though the rock type is repeated
cyclically upwards through the succession (i.e. with time) the essential
character of the magma suite remained unchanged since rocks of the first
cycle are similar in composition to their counterparts in the second
cycle. The suggestion by Hadfield and Whiteside (1936) that the basalt
and andesite lavas were progressively enriched in titanium and phosphorus
during the volcanic episode was not supported by the present work.

(1i1) Petrography

a. Basalts
The basalts of the southern outcrop are typically dark green, aphyric
to sparsely porphyritic rocks. Augite is the predominant phenocryst phase

(Plate 1) and crystals of the mineral often occur in clusters up to 4mm in
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diameter. Orthopyroxene is a subordinate phenocryst phase and is always
completely altered to chlorite. It is recognised by its crystal shape,
prismatic crystals with square cross-sections. O0livine occurs very
rarely in the more basic basalts as characteristic pseudomorphs composed
of a fine-grained aggregate of calcite, chlorite and serpentine with
haematite developed along cracks (Plate 2). These are quite distinct in
shape and composition from the chlorite pseudomorphs after orthopyroxene.
The relationship between olivine and orthopyroxene is obscured by alteration.
Plagioclase phenocrysts are typically absent although they are found in
some specimens of basalt.

The groundmass 1s composed of a fine-grained intergrowth of plagio-
clase, augite, chlorite and magnetite. The magnetite occurs as fine
octahedral granules and rarely as larger crystals which may be regarded
as microphenocrysts.

The value of 5% Si0. taken as the upper limit for the basalts is

2
that used by Taylor et al. (1969a). In the basalts considered here it

corresponds approximately with the appearance of plagioclase as a

prominent phenocryst (liquidus) phase.
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b. Basaltic andesites

With increasing silica content the proportion of augite phenocrysts
decreases while orthopyroxene (altered to chlorite) increases although
there is no obvious reaction relationship between the two pyroxenes.
Plagioclase feldspar becomes the dominant phenocryst phase. The final
disappearance of phenocryst augite occurs at about 58% 8102 and this is
used to define the upper limit of the basaltic andesites. Consequently
all rocks with silica contents between 53 and 58% are classified here as
basaltic andesites although not all contain the characteristic phenocryst
phase assemblage: plagioclase-orthopyroxene-clinopyroxene. At the lower
end of the range the augite occurs as large clusters of crystals (Plate 3)
as in the basalts but at the upper end it is seen only rarely as small
isolated crystals (Plate 4) or as tiny clusters (Plate 5). Micropheno-
crysts of magnetite are abundant throughout the range.

As in the basalts the groundmass is a fine-grained intergrowth of
plagioclase, augite, chlorite and magnetite although in the more silica-
rich members the groundmass becomes very fine-grained and even glassy.
The glass is completely devitrified but the presence of perlitic cracks
in the groundmasses of some of the rocks suggests an originally glassy

nature.



22

c. Andesite

The disappearance of phenocryst augite is followed closely by the
appearance of garnet phenocrysts. The andesites are thus characterised
by the unusual phenocryst assemblage: plagioclase-orthopyroxene-garnet.
Again, magnetite is abundant as microphenocrysts.

The groundmass 1s always fine-grained or glassy. Perlitic cracks
are commonly seen in the andesites (Plate 6) although in some the
groundmass is composed of a felted mass of very small plagioclase laths
and minute grains of magnetite. A photomicrograph of a typical andesite
is presented in Plate 7.

The upper limit for the silica content of andesites (set here at
6U4%) corresponds very closely with a drastic change in rock type.

Nearly all the rocks analysed which have silica contents greater than
this have textures typical of ignimbrites. It is therefore convenient to
place the division between andesites and dacites at 64% 3102.
d. Dacites

Distinguishing between dacite lavas and ignimbrites is comnlicated

by the complete devitrifiration of the glassy component of the rocks.

However, the presence of broken erystals, pumice fragments and
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devitrified glass shards, together with the marked eutaxitic texture

of most of the acid rocks studied, suggests that these are ignimbrites
(Plate 8). The wide areal extent of some of the dacitic units supports
this conclusion.

Garnet and plagioclase are the major phenocryst phases with
occasional microphenocrysts of magnetite. The groundmass is composed
of a very fine-grained intergrowth of quartz, albite and potash feld-
spar (Oliver, 1961) which probably represents devitrified glass. Small
euhedral, prismatic crystals of zircon and apatite are present as
accessories.

The division between dacites and rhyolites is placed, rather
arbitrarily, at 70% Si02. At this level of silica content the CaO in
the rocks is usually too low for significant quantities of anorthite to
appear in the norm. Rhyolite is thus a more appropriate term for these
rocks. Petrographically the rhyolites do not differ significantly from
the dacites except that garnet is less abundant in the former. Conse-
quently they will not be discussed further here.

¢. Inclusions and xenoliths

Cognate xenoliths representing crystal cumulates are of common
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occurrence in calc-alkaline rocks and may be locally abundant, as in the
West Indies (Wager, 1962; R. J. Arculus, personal communication, 1971).
It is noteworthy, therefore, that such xenoliths were not found in the
present study. Fragments of pre-existing volcanic material, however,
are common in some of the lava flows.

In the lower units of the succession quartz xenocrysts and small
fragments of sandstone (Plate 9) and slate are sometimes found in the
lavas. These are presumably derived from the underlying Skiddaw Group.
(iv) Mineralogy

Only the garnet and clinopyroxene phenocrysts were fresh enough for
analysis by electron microprobe. The other phenocryst and groundmass
phases were all altered to some extent so that analyses of these would
be of questionable value. Garnet will be dealt with in detail in Chapter
4 and so will not be discussed here.

a. Pyroxenes

Clinopyroxene phenocrysts in three samples were analysed. The rocks
were a basalt (ID 148) and two basaltic andesites; one from the basic end
of the group (ID 221) and one from the silica-rich end (LD 309). These
clinopyroxenes are magnesium-rich augites with mean compositions of Cal\t2

Fe15 Mgh}’ Ca38 Fe15 Mg47 and Ca42 Fel3 Mg45 respectively and are plotted



in Fig. 9 (Chapter 3). Complete analyses are listed in the Appendix.

The lack of systematic variation in composition is noteworthy. Only
PX-221* shows any sign of optical zoning and this pyroxene is the only one
to show significant, though very slight, compositional zoning. This
zoning is in the 'normal' sense (i1.e. with enrichment of iron towards the
margin).

Phenocryst augite is confined to the more basic rocks of the area.
Orthopyroxene phenocrysts, on the other hand, are rare in these rocks
but become abundant in the andesites. The presence of chlorite
pseudomorphs in some of the ignimbrites may indicate that orthopyroxene
phenocrysts were originally present in the dacite magma. Unlike many
calc-alkaline areas (e.g. the West Indies) primary amphibole is completely
absent from the volcanic rocks of the Lake District. The significance

of this will be discussed later.

* In this and succeeding chapters analysed minerals will be referred to by
the number of the host rock preceded by a suitable prefix, viz. PX =

Augite, G = Garnet.
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b. Feldspars

Approximate compositions of plagioclase feldspars were determined
optically on some of the less-altered phenocrysts using the Michel-Lévy
method. The results show a variation in composition from about An65
in the basaltic andesites to almost pure albite in some of the dacites.
Zoning is poorly developed with individual crystals showing only a
narrow range of composition; the rims being slightly more sodige than the
cores (Oliver, 1961). Plagioclase is the dominant phenocryst phase in
all the rocks except the basalts.

Orthoclase is seen only in the devitrified glass groundmasses of
the andesites, dacites and rhyolites where its presence was demonstrated
by Oliver (1961) using sodium cobaltinitrite staining techniques.

c. Iron - titanium oxides

Titanomagnetite occurs both as a groundmass phase and as micropheno-
crysts in the basalts, basaltic andesites and andesites of the southern
outecrop. Ilmenite, however, was not seen as discrete grains in any of
the rocks studied although it occurs occasionally as exsolution lamellae
in the magnetite. The absence of ilmenite has been noted by Lowder (1970)

as a widespread feature of calc-alkaline rocks. In the dacites and
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rhyolites the iron oxide minerals are usually completely altered to
limonite and leucoxene.

(v) Petrochemistry

The chemical variation, with silica content, of the rocks of the
southern outcrop is shown in Figs. 5 and 6. Since the silica percentage
of the rocks has been used as a basis for classification it is convenient
to use this parameter as an index of fractionation. Average analyses of
the various rock types are given in Table 1 and individual analyses are
listed in the Appendix.

The continuity of plotted points in the variation diagrams suggests
that the rocks are genetically linked by some process of chemical
fractionation. Opinion on the nature of this fractionation process in
calc-alkaline rocks in general is divided. Hypotheses involving the
contamination of basaltic magma, the mixing of magmas or partial melting
of sialic crustal rocks have now been largely discredited. The only
viable alternatives are crystal fractionation of a basaltic parent (e.g.
Osborn, 1959) and partial melting of basaltic material at depth (e.g.
Green and Ringwood, 1968b). The geochemistry of the southern outcrop

rocks will be discussed in the light of these two hypotheses.



Fig. 5

Ma jor-element variation in rocks of the southern outcrop.

Lavas
Ignimbrites
Intrusive rocks from Haweswater Complex

Castle Head dolerite

< 0P @O

Minor intrusions associated with volcanics

The broken lines on the plot of Na20 + K20 against SiO2 enclose

the field of Japanese calc-alkaline rocks as defined by Kuno (1966).






Fig .6
Trace-element variation in rocks of the southern outcrop.

Symbols as in Fig. 5.






Table 1 - Average analyses of southern outecrop rocks

1
Basalts  oo0M®  andesite  Dacite Rhyolite
No. of
analyses 18 46 46 52 7
Percent
10, 51.04 55 .74 59.98 67.38 72.21
A1203 16.26 17.81 17.76 16.55 14.72
Fe203 11.11 8.84 7.54 4.66 3.17
MgO0 T.73 4.63 2.8% 0.69 0.75
Ca0 8.68 6.53 4,75 1.96 0.58
Na20 1.88 2.32 2.67 3,09 2.3
xgo 1.33 2.42 2.97 4,71 5.55
T10, 1.29 1.09 0.91 0.46 0.31
MnO 0.24 0.24 0.20 0.15 0.06
S 0.20 0.16 0.16 0.10 0.08
P205 t0.21 0.19 0.19 0.23 0.21
p.p.m.
Ba 349 586 47 954 1096
Nb 11 12 14 22 17
Zr 14 179 227 357 282
Y 27 34 40 65 65
Sr 346 310 270 142 85
Rb 49 97 124 211 237
Zn 104 101 93 69 43
Cu 48 26 23 4 5
Ni 145 38 22 2 2
Cr 410 123 62 6 3
\'4 231 171 119 13 8
La 19 22 35 54 46
CIPW Norms *
Quartz 5.4 11.0 17.8 25.9 34.9
Corundum - - 2.0 3.4 4.3
Orthoclase 7.9 14.4 17.6 27.9 32.9
Albite 16.0 19.7 22.7 26.2 20.0
Anorthite 3.2 31.2 22.4 8.2 1.5
Diopside 7.8 0.1 - - -
Hypersthene 20.5 15.3 10.3 3.9 3.3
Magnetite 6.8 5.4 4.6 2.9 1.9
Ilmenite 2.5 2.1 1.7 0.9 0.6
Apatite 0.5 0.5 0.5 0.5 0.5
Pyrite 0.4 0.3 0.3 0.2 0.2
D.I. 29.4 45.1 58.2 80.0 87.8
*Fe203 / FeO taken as 0.808 (by weight)
**D.I. = Thornton-Tuttle Differentiation Index (Normative

Qz + Ab + Or)
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In the Osborn (op. cit) model basaltic magma fractionates under
conditions of constant oxygen fugacity to precipitate magnetite, olivine,
pyroxene and possibly plagioclase. The products are andesite liquid and
gabbro or peridotite cumulates. Early precipitation of magnetite prevents
the enrichment of iron shown by tholeiitic magmas and is an essential
feature of the model. There are, however, many opponents to this idea.
Carmichael (1967) has objected on the grounds that the iron-titanium

oxides of certain acid calc-alkaline rocks indicate that f is not

0,

constant with falling temperatures but decreases - thus reducing the
efficiency of the model. Taylor et al. (1969b) suggested that the
abundances of Cr, Co, Ni, Se¢ and V in calc-alkaline rocks are incom-
patible with Osborn's model although these objections have been refuted
by Osborn (1969) and Hedge (1971).

In the basalts of the southern outcrop the suppression of plagioclase
as a liquidus phase is consistent with crystallisation under conditions

of moderately high PH o (Yoder and Tilley, 1962, Fig. 28). The abundance
2

of pyroclastic rocks and ignimbrites support this conclusion. This high

water pressure would be capable of maintaining the f at a higher level

0,

(external buffer) than would obtain in a relatively dry magma where the
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fo would be buffered by the crystalline phases (internal buffer). The
2

magnesian nature of the clinopyroxenes and their lack of iron—eniichment
in the more silica-rich rocks (cf. Carmichael and Nicholls, 1967) provide
evidence for the operation of such an external buffer. The magmas which
produced the southern outcrop lavas were thus potentially capable of
fractionating in the manner proposed by Osborn (1959).

The geochemistry of the lavas is quite consistent with this model.
Thus the exponential decline in Mg, Ni and Cr with increasing silica
can be explained by the preferential incorporation of these elements in
early-formed magnesian olivines and pyroxenes (Burns and Fyfe, 1964).
The linear decline in Fe, Ti and V is similarly consistent with their
incorporation in magnetite which is seen to occur as phenocrysts through-
out the fractionation sequence. Precipitation of plagioclase would,
likewise, deplete the magma in Ca and Sr (Philpotts and Schnetzler, 1970).
Most of the other elements determined (X, Rb, Ba, Zr, Y, La and Nb) do not
enter easily into the lattices of the precipitating phases and are there-
fore enriched in the later fractionates.

The variation of iron relative to magnesium is shown in Fig. 7. The

absence of absolute iron enrichment is typical of calc-alkaline rocks and
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(b) Northern outcrop.
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(b) Garnets.














































































