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Frontispiece: A scenic view at low tide, looking west from
Thorny Cliff to Black Rock. The resistant
ridges are composed of serpentinite while the
boulder covered intertidal 2zones are
typically underlain by Kennack Gneiss.



. ' . ABSTRACT.

The’Lizafd complex of southwest England'is considered
tc represent a thrust slice of Devonian oceanic crust,
emplaced onto the Gramscatho flysch. basin during the Middle

- ‘Devonian. The ophiolite is an incomplete sequence
. consisting of styongly deformed basaltic lavas and

interflow.sediments (Landewednack and 0ld Lizard Head
Seéries schists respectively), overlain by serpentlnlzed
peridotites and lherzolites, variable gabbro and a
restricted sheeted dyke complex. Intruded into the basal,
‘serpentinized ultramafic’ rocks are a suite of
compositionally banded rocks called the Kennack Gneiss.
Excluding some .late mafic dykes, the Kennack Gheiss is the
youngest rock suite present, because portions of the gneiss
intrude and cross-cut the foliations of all the other rock
types. -

The banded Kennack Gneiss con51sts of dlstlnct felsic
and mafic fractions. Field relationships with other units
indicate an intrusive ignéous nature for the . Kennack Gneiss
and the gelationships between the felsic and mafic
fractions of the gneiss suggest that magma-mingling and
possibly mixing have played a ‘significant role in
generation of these rocks. Digestion of plastic gabbroic
xenoliths by felsic material, net-veining of s€licic
material in microgabbro and flame-like interfingering of
felsic and mafic fractions all support the p:oposal of
magmatic mingling.

Field relationships also indicate that the mafic
fraction of the Kennack Gneiss is distinct from the
hornblende schists, and that some mafic dykes are
genetically related to the mafic fraction of the Kennack
Gneiss. Variably deformed pegmatitic gabbxo within the map
area appears to be only slightly older than the Kennack
Gneiss and is significantly dlfferent in chemlstry from the
Crousa gabbro.

Harker variation dlaz;ams for the Kennack Gneiss as a
~hole show variable trend The presence of curVLllnear
trends indicates that a restite separation or in situ
metamorphic segregation processes may be discounted as '
viablé "hypotheses. Instead, fractional crystalbizatlon,
thermogravitational diffu51on or magma-mixing are favored.
The trace element chemlstry of the Kennack gneiss indicates

hat magma-mixing is the most favq;able of the three. This
is demonstrated through irregular inter end member trends
not easily eéxplained through traditional fractional
crystallizgtion processes.

Negatlive colinear wvariations with silica dominate. the
felsic fractions of the Keénnack Gneiss. MgO variation -
diagrams for the mafic fractions of the gneiss show a high
degree of scatter, but particular elements (CaO, Na,0, Si®,
and Sr) exhibit curvilinear covariance with MgO. These
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<p01nts suggest that the felsic fractlons are 1nterre1ated
through mixing, whike the mafic fractions are interrelated
through progressive fractional crystallization. This
indicates that the chemical ‘and physical .evolution of the
felsic fractiohs has been dominated by magmatic mingling
and mixing of a silicic magma with a late stage - :
differentiate of the mafic fractions. Although the majority
of the chemical data for the felsic rocks supports mixing,
- a number of elements, ¥, Nb, possibly Th and U and the rare .
‘searth elements exhibit strong enrichment/depletion t¥ends-
which are difficult to interpret. However, careful
1nterpretat1§n indicates that the felsic fractions of the
gneiss were initially generated through partial melting of
a crustal source, intermediate. in composition which
contained abundant plagioclase and a HFSE bearing phase’
such as zircon. These crustal melts underwent crystal
‘fractionation of alkali feldspar as well as a LREE .bearing *
phase (monazite?), ad indicated by the ektreme enrichment
of the Y, Nb and possibly the HREE in the most evolved
silicic' rocks. Following this crystal fractionation,” the
felsic magma was intruded into a magma chamber containing
the mafic fraction of the gneiss. Mixing of the felsic
magma and the most differentiated portions of the mafic
magma occurred, however, mixing was only local as
demonstrated by the mingled state now obsgrved in the
fleld The mingled and partially mixed magmas were then
intruded along the base of and into.the Lizard peridotite.
ntrusion of.the Kennack Gneilss was synchronous with - .
—--—disptacement—of the Lizard complex from the oceanic regime.
The strongly banded character of the Kennack Gneiss
resulted from a high strain gradient- at the base of the
Lizard complex at that time.
Major element chemistry of the mafic fractidns suggest
a volcanic arc influence in generation. of these rocks.
Similarly, trace and rare earth element chemistry in
combination with tectonic discrimination diagrams support a
volcanic arc setting of generation for the two magmas.
These observations have significant implications for ‘the
geotectonic history of the Lizard complex.
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Figure 1.1: Study area and place location map.
; ; _

Figure 1.2: Geological Map of the Lizard complex
and surrounding area.

Figure 1.3: Geological Map of southwest England

Figure 2.1: Tectonic map oflsouthwest England.

! .
Figure 2.2: Map of the North Atlantic region showing
the areas most strongly affected by late Paleozoic
(Hercynian) .orogenesis.

Figure 2.3: Schematic cross-section through
sout st England showing the sheet-like form *
of the Hercynian batheolith and its proposed
northwest directed thrust emplacement.

Figure 2.4: Schematic geological cross- sectlon
through southwest England.

Figure 2.5: Sketch showing the formation of a
- back-thrust as a passive roof duplex.

Figure 2. 6: Model for the tectonlc evolution of
south COrnwall

Figure 3.1: Schematic cross-section through the
Lizard ¢omplex.

' Figure 3.2: Sample location map for those samples
obtained from outside the map area.

Figure 4.1: Field sketch (plan view) of an oval
body of dominantly granitic gnelss Eastern Cliff,
Kennack Sands.

Fidure 4.2: Field sketch (plan view) of an irregular
body of banded-gneiss with an granitic core, Kildown
Cove.

- possible petrogenefic processes responsible for

Figure 5.1: Theorj§}6a1 varfatlon diagrams for,
he Kennack Gneisg

the generation. ofyt
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Figure 5.2: Major element Harker variation diagrams
for the Kennack Gneiss.




_Flguze 5.3: Trace element Harker varlatlon dlagyams
for the Kennack Gneiss. N\ I
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Figure 5.4: Expanded Y 'and Nb Harker variation
diagrams for the felsic fraction of the Kennack,
Gneiss. . . _ s
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. Figure 5.5: Chondrlte normalized rare earth element
diagram for five samples of the felsic fractlon of
the Kenﬁack Gneiss. :

Figure 5.6: Rare earth element varlation dlagrams
for the felsic fractions of the Kennack Gnelss

Figure 5. 73 Major element variation diagrams for o
. the mafic fractions of the Kennack Gneiss. MgQO is
‘used as a differentiation index. _ L

Figure 5.8: Trace element variation diagrams for,
the mafic fractions of the Kennack Gneiss. MgQ is
" used as a differentiation ‘index. C

Figure 5.9: Chondrite norﬁallzed rare earth

element diagram for five samples of the maflé
fraction of the Kennack ‘Gneiss.,

. Figure 5.10: Rare earth element variation diagramsii
for the mafic fractions of the Kennack’§neiss.

Figure 5.11: Chondrite normalized rare earth element.
diagram for two samples of hybrid Kennack Gneiss.

Figure 5.12: Chondrite normalized rare earth element
plot showing the pattern for hybrid L7-73 compared
to the fields outlining both- mafic and felsic
fractions. of the Kennack Gneiss. - . )
Figure 5.13: Chondrite normalized- rare eartW element
diagram for two samples of Lizard hornblende schisty

Figure 5.14: Choridrite normalized rare earth element
diagram for two samples of pegmatitic gabbro.

Figure 5.15: Chondrite normalized rate earth element
diagram for four mafic dykes from the Lizard.

Figure 5.16: Chondrite normalized rare eartthIement
diagram comparing three Devonian sedlmentary rocks
with a field defined by 5 samples of the felsic
fraction of the Kennack Gneiss. .
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Figure 5.17: Chondrite normalfzed rare earth element 225
diagram for two samples of Man of War Gneiss.

Figure 6.1: A triangular plot of normative quartz,
orthoclase and plagioclase for the felsic fractions 234
of the Kennack Gneiss.

Figure 6.2: A triangular plot of normative
orthoclase, albite and anorthite for the felsic . 236
fractions of the Kennack Gneiss. :
Figure 6.3: A) Graph of log K,0 versus SiO, for the 238
felsic fractions of the Kennack Gneiss.

B) Graph of log Rb versus log Sr for
the feldic fractions of the Kennack Gneiss.

Figure 6.4: A plot of 8i0, wt. % versus Alkalinity 241
(A) for the Kennack granites.

Figure 6.5: Graphs of Y versus Si0o, for the Kennack
granites: A) showing the partial melting trend (#1)

and the three fractionation trends (#2, 3 and 4); B) 244
showing an alternative hypothesis of one

fractionation trend (#5) and resultant mixing lines.

Figure 6.6: Chondrite normalized rare earth element
diagram showing the contrasting patterns of samples 246
within the same fractionation series: A) L7-59 and

L7-40; B) L7-52, L7-3A and L7-78. "~

Figure 6.7: An extended rare earth element plot for
a field defined by four samples of Kennack granite. 250
All values normalized to continental crust.

Figure 6.8: Petrogenetic diagrams for the mafic

fractions of the Kennack Gneiss; A) log TiO, versus 254
log Zr:; B) log Cr versus log Y; C) log Cr versus

log Ce/Sr.

Figure 6.9: An extended rare earth element diagram
for five samples of Kennack basalt. All values 258
normalized to primitive mantle. :

Figure 6.10: A spider diagram of a sample of least
fractionated Kennack granite (L7-78) normalized to 262
hypothetical, ocean ridge granite composition (ORG).

Figure 6.11: Tectonio discrimination diagrams for

the Kennack granites. I 263
A} log Nb versus log Y R '
B) log Rb versus log Nb + Y




Figure 6.12: Major element discrimination diagrams
contrasting the Kennack basalt and the lLandewednack
schists. . )

A) FeO*/Mg0O versus SiO,

B) Alkalies-Mgo-FeO* triangular plot

Figure 6.13: Trace element discrimination diagrams
contrasting the Kennack basalt and the Landewednack
schists.

A) Zr-Tio,~-Y*3 triangular plot

B) 2r-Ti-Sr/2 triangular plot

C) 2Zr/4-Nb*2-Y triangular plot

Figure 6.14: Extended rare earth element plot for
" Man of War Gneiss sample L7-81 compared with a

range of volcanic arc basaltic rocks. All values

normalizednto mid ocean ridge basalts.

Figure 6.15: A plot of eNd versus e€Sr for samples
of mantle material from the Lizard complex,
showing the significant enrichment of radiogenic
strontium and corresponding depletion of
radiogenic Nd in the plagioclase lherzolites.

Figure Al.1l: Triangular plot of An-Ab-Or for
analyses of plagioclase grains from S samples of
Lizard hornblende schist.

Figure Al.2: Graph of Al% versus Si of amphibole
analyses from S5 samples of Lizard hornblende schist.
Figure Al1.3: Graph'of 100Na/Na+Ca versus 100Al/Al1+Si
for amphibole analyses from 5 samples of Lizard
hornblende schist.

Figure Al.4: Values for the parameters Cay,,
versus IAlg, are plotted on the semi-quantitative
geothermobarometer of Plyusn(ir;a (1982).

Figure Al.5: Triangular "plot of Al-Fe-Mg for
biotite analyses from pelite sample L7-16.

Figure Al.6: Temperature-Pressure diagram after
Mueller & Saxena (1977) showing the range of values
for P-T estimates of Lizard hornblende schists and
pelite sample L7-16.
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Plate 1. A cross-section through a 15 cm long page 57
epidote boudin in the Landewednack Schists at Pen
Olver.

Plate 2. A 1.5 cm thick, continuous band of sugary 57

granite withiv_p Landewednack Schist at Cadgwith.- )
( N

Plate 3. Clif-fs of hornblende schist at Carn Barrow.
A vein of sugary granite can be seen to cross-cut 60

the schists, but is itself is tightly folded. Note
assistant in foreground (160 cm) for scale.

Plate 4. Photomicrograph of typical Landewednack

schist. Note bright green sub-idiomorphic 60
hornblende, as well as abundant idiomorphic sphene. ___
Field of view is 1.1 mm under ppl, sample L7-67. AN

Plate 5. Photomicrograph of sample L7-38 shdwing the
development of core mantling subgrains: due to 63
granulation. Field of view is 1.1 mm under ppl.

Plate 6. Photomicrograph of a garnet muscovite

x1i

schist (L7-16) showing spiral-sigmoidal inclusion 63 .
trails in subhedral garnets. Field of view.is 3.5 mm S
under ppl. R ¢

. ]
Plate 7. Segregation lens of quartz &nd orthoclase 75

within muscovite-biotite schist at Polpeor Cove.

Plate 8. Euhedral garnet at left, in a matrix of
chlorite and saussurite within Man of War Gneiss 75
sample L7-82. Field of view is 0.6 mm under

crossed polars.

Plate 9. Typical green-black serpentinite found -
within the map area. Note low angle shear zone 82
cutting through the rock. Photograph taken near

Black Rock. .

Plate 10. A small intrusion of gabbro in hematized
peridotite. Note fine grained margin and coarse 82
grained core. Photograph taken at base of .Thorny

Cliff.

Plate 11. Augen to mylonitic gabbro at Polgwidden. 83
Scale is the size of a quarter.
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Plate 12. Large plagioclase grain (right) with
intercumulate clinopyrgxene grain (left) in
sample L7-48. Note the clinopyroxene being
replaced along 110 cleavage planes. Field of view
is 3.5 mm undex crossed polars.

Plate 13. One metre thick epidiorite phacoid in the
0l1d Lizard Head Series at Polpeor Cove. _

Plate 14. A 40 cm thick Group 2 dyke in medium-
grained gabbro at Coverack ‘Beach. Note the lack of
plagioclase phenocrysts in this dyke.

Plate 15. A one metre thick Group 3 dyke cutting
medium-grained homophanous gabbro at Godrevy Cove.
P4

Plate 16. Subhedral, straw yellow to. orange
amphibole and large plagioclase phenocryst, in a
Group 1 dyke from Godrevy Cove (L7-20A). Field
of view is 1.1 mm under crossed polars.

Plate 17. Photomicrograph of embayed euhedral
olivine and prismatic plagioclase phenocrysts in
a fine grained microgabbro matrix (group 2:
L7-12A). Field of view is 3.5 mm under crossed
polars.

Plate 18. Chlorite and figzous yellow actinolite
replacing clinopyroxene in a microgabbroic Group 3
dyke (L7-19A). Field of view is 3.5 mm under crossed
polars.

Plate 19%. Group 4 dykes pinch, swell and anastomose
thraugh hematized bastite serpentinite at Eastern
Cliff, Kennack Sands. .

Plate 20. Photomicrograph of fine grained Group 4
dyke (L7-1). Note prismatic, subhedral, pale yellow"
amphibole and saussuritized, anhedral plagloclase
Field of view is 1.1 mm under crossed polars.

Plate 21. Dominantly mafic, discontinuosly banded
gneiss near the margin of an intrusion of Kennack
Gneiss at Little Cove. - -~

Plate 22. Dominantly hybrid to granitic gneiss at
the core of an intrusion of. Kennack Gneiss at
Little Cove.

Plate 23. Fine continuoys banding In a mafic banded
gneiss at Polbarrow. Field of view is approximately
10 metres. -
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Plate 24. A Boudinaged dyke of orange to pink,
fine-grained, sugary granite at Kynance Cove.

Plate 25. Pinkish-white granite ctoss-cuts medium-
grained diorite at Kennack Sands.

Plate 26. Rounded gabbroic inclusions and large
plagioclase phenocrysts (xenocrysts?) in a fine-
grained gabbroic matrix, at Kennack Sands.

Plata 27. Agmatic migmatite where granite can be
seen to net vein a fine-grained basaltic host.
Locality is Thorny Cliff.

Plate 28. Diffuse resorbed inclusions of medlum—
grained gabbro are partly digested in a
monzodioritic host. Photograph taken at Thorny
Cliff.

Plate 29. A medium-grained monzonitic felsic -
fraction.is intimately interfingered with a medium-
grained gabbroic mafic fraction. Photograph taken

at Thorny Cliff.

Plate 30. At Thorny Cliff, a pale-orange felsic
fraction is intimately folded and interfingered with'
a finhe-grained mafic fraction. .

Plate 31. At Kildown Point, irregular pods of
granitic material sit on top of and’ truncate the
foliation within underlying Traboe-like hornblende
schist.

Plate 32. A sill of dominantly banded gneiss, at the
peridotite/hornblende schist contactlnear the Devils
Frying Pan,. contains thin discontinuocus lenses of
mafic material (mafic fraction of the Kennack
Gneiss). These lenses contrast sharply with the -
larger screens of foliated, medium-grained, green-
grey hornblende schist. Note the granitic material
to the extreme left of the photograph.

Plate 33. At Polbarrow, a small body of pegmatitic
gabbro jntrudes green-black peridotite. ..

Plate 34. A lenticular inclusion of foliated
coarse-grained gabbro within microgabbroic mafic
gneiss, which is itself intruding medium-grained
gabbro. Locality is The Chair.
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Plate-35. At Enys Head, a 1 metre wide mafic dyke
abuts against a 3 metre thick sill of mafic banded
gneiss. Note the apparent smearing of the dyke to
the left of the photograph.

Plate 36. -At Thbrny Cliff, a 2 metre long phacoid of
talcified peridotite can be seen to sit within a
dominantly granitic gneiss. .

Plate 37. A photomicrograph of typical medium-
grained granular granite with accessory muscovite
(L7~53). Field of view is 3,5 mm under crossed
polars.

S\
Plate 38. A photomigrograph of hybrid gneiss (L7-8)
where chloritized biotite-grains and actinolitic
amphibole warp around a saussuritized plagioclase
phenocryst. Field of vlew is 3.5 mm under crossed
polars. ' '

L]
Plate 39. Green to pale-yellow pleochroic, anhedral
hornblende with subhedral partly saussuritized
plagioclase-grains in a medium-grained biotite-
+ plagioclase-hornblende schist (L7-72). Biotite
S present as orange alteration rims on amphibole
grains. Fleld of view i1s 3.5 mm under \ppl.

Plate 40. A saussuritized plagioclase pHEnocfyst
with gresn to pale-yellow pleochroic, "anhedral
hornblende in a medium-grained biotite-plagioclase-
hornblende schist (L7-70). Note the orange anhedral
biotite as well as rare euhedral sphene. Field of
view is 3.5 mm under ppl.
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NTRODUCTION

l%; Introductory statement

The'Lizafd.cbmplex, southwést England is believed to
represent a“ fragment of Dernian ocean crust. The Lizard
complex is intruded by a suite of compositionally banded,
variably deformed intrusive rocks termed the_Kennéck .
Gneiss. Although the Kennack Gneiss dqes not constitute a
major part of the Lizard complex, complex field |
re}ationships and a variable appearance has made their
interpretation difficult. This is reflected in th long
history of controvérs& surrounding the nature anéé%rigin of
. the gneisses.

A detailed field, petrographical and geochemical study
of the Kennack Gneiss was initiated during the summer
months of 1987. The purpose of the study was three fold: to
map in detail the coastal occurrences of the gneiss; to
determine th? naéure of the gneiss and its relationship'to
the various rock types of the Lizard, utilizing field

relationships and observed textures; and to determine the

origin of the Kennack Gneiss through the use of high

precision geochemical data..

)
Ll

1.2 Previous geological investigations
. Ty
A detailed summary of early geological work in the

‘Lizard area can be found in the classic memoir of Flett

\
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3
(1946). The following is a shortened account of many of the
most signifiédnt geological studies to date.

The Lizard area has a long history of both mining

‘ . ]
geological investigations. Mining activities date back

centuries and include quarryihg'of serpentinite for
ornahental stone, mining of native copper southwest of
Mullion and talc for use in china production. The talc
forms in metasomatic haloes around small granite plugs in
the éerpentinite, such as the granite at Gew GFaze (figure
1.1). .
N

Most mining activities within the Lizard area had
ceased by the beginning of the 1800's which surprisingly
corresponds with the commencement of geoclogical
iﬁveétigations.in the area. The first geological map of the
Lizard was produced by Majendie (1818). On it he recognizés
all the principal rock types including serpentinite,
gabbro, black.dykes, schists and gneiss and also accurately
positions the réspective geological contacts. Foilowing
Majendie, the work of De la Beche resulted in the first
complete series of Geolcgical Survey maps of the area,
which also describe in considerable detail the geology of
the district (bé la Beche, 1839). De la Beche's account of
the mica-schists,\hornblende schists, serpentinfte and
gabbro can perhaps be regarded as the first from.a modern

point of view (Flett, 1946). However, it 1is interesting to

note that like many of the following authors, De la Beche




seeﬁed Eo be perplexed by the Kennack Gneiss. This is
evident from his maps, as in some localities‘the gneisses
are mapped as granitic intrusions and in other localities
they appear as hornblende schists. Another aspect of Lizard
Igeology which appears to have perplexed De la Beche was the
relationship of the serpentinite and hornbléende schists to
those rocks found north of the Lizard in the Meneage. As a
result, he came to no positive conclu;ion on the structure
and relative ages of these rocks.

From the years 1877 o 1914, the renowned Cambridge
geologist, Reverend T. G. Bonney visited the Lizard
Peninsula a number of times. His initial assertions wete
that the oldest rocks present were the ﬁica schists,
hornblepde schists and the granulitic group (later called
the Kennack Gneiss) and that these wege intruded by the
serpentinite. Gabbro intruded the serpentinite and both
were then cut by black dykes and granite veins. Bonney
(1896) considefed that the Kennack Gneigses as well as both
the hornblende and micaceous schists were originally
sedimentafy in oriéin and had been ‘'subjected to extensive
deformation and metamorphism prior to intrusion of the
serpentinite. He recognized that the close structural
raelationship between the Lizard rocks and the greywackes
and slates farther north in the Meneage waé not a
continuous geological transitioﬁ. This was unequivocal

evidence for a "great dislocation™ between the two distinct




rock units. - ,

An alternative hypothesis was presented by Teall

(1877), who suggested that much 8& the widesprgad

metamorphism in the Lizard rocks was a result of‘
"dynambmetamorphism"; He also suggested that the Zross—
cyutting felationships and interlocking textures seen 'in the
» Kennack Gneisses indicated they had an igneous origin and
that the gneissic banding present was the result of this
dynamometamorphism. Fox (1888, 1891) presented detailed
descriptions of the Man of War Gneiss and the micaceous
schists. Sbmervail (1893) proposed that the sequence ofﬁ
Lizard rocks could all be linked by magmatic sggregation in

t. a sub-volcanic magma chamber. Althohgh this proposal did

(1not.seem to inspire other workers of his time, it was the
&

" first step towards the recognition of the magmatic
relationship between the crystalline rocks of the Lizard.
Lowe (1901 and 1902) discugsed the sequence of the Lizard
rocks. His synopsis of the relationships followed the same
lines as those &s-Teall (1877), however, he insisted thét
the relationships of the granulitic rocks to the other
rocks of the Lizard indicated that these.afb'fhe youngest
rock type present. He supported his conclusion by showing
that the granulitic series cut the epidioritic dykes and
tinat the granulitics also contain inclusions of serpentine

and gabbro.

<

In 1912, J. S. Flett published the first comprehensive

“




Figure 1.2: Geological map of the Lizard complex and
surrounding area. Adapted from British Geological Survey
map sheet 359 using suggested corrections from Bromley

{1979) and M. T. Styles (personal communication).
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Geological Survey memoir on the rocks of the Lizard and

Meneage."*F_lett dgenerally followed the ideas of Sommervail,

Teall and Lowe, in that he believed that the Lizard age

seéuence was schists—serpentinite—gabbro-dykes-banded .
gneiss.” Perhaps the only sign(f‘i'cant change was that the
banded gnéisses were a result. of fluxion of a heterogeneous
magma rather than a rolling out effect as suggested by
Teall (1887). Tilley (1937) examined the micaceous schists
of the 01d Lizard Head Series, and noted a number of
assemblages including; staurolita + cdrdierite +
anthbphy_}llit}e: cordierite * almandine; anthophylli‘te +

cordierite * almandine; and cordierite + stauroclite +

andalusite. The presence of these minerals &ndicated that a

LR N

high temperature metamorphic event accompanied shear
stresses during deformation of the Old Lizard Head Series.
Hendriks (1939) discussed the relationships of both .
the Lizard and Start metamorphic complexes with the
s:adimentary rocks cropping-out to the north (figure 1.3).
She suggested that the metamorphic rocks were separated
from the sediments to the north by a thrust zone consisting
of a sequence of nappes formed during Variscan time and - N
that this boundary zone is possibly  continuous and may be
traced in the subsurface from the Start Peninsula to the
‘Lizard Peninsula. Scrivenor (1939a,Db) publi_shéd a number of

papers on various aspects of Lizard geology. He believed

that’ the-01d Lizard Head Series was the time equivalent of




Geological Map of S.W. England

Adapted  from Edmonds et. al., 1975

BUDE
PERMIAN & YOUNGER

U. CARBONIFEROUS
M. CARBONIFEROUS

i L.CARBONIFEROUS

{| CARB.| DEVv.

s ool U, DEVONIAN} .

v Y| M. DEVONIAN U”"”"H
7/\] L. DEVONIAN

== pevonian?

+*4] Granite ( PERMIAN ) E
¥) Basalt/Dolerite 2y

¢S] LIZARD & START

's5%]  METAMORPHICS J

LANDS
END

LIZARD PT.

5% =

FIGURE 1.3: Geological map of southwest England. After Edmonds et al., 1975.




‘ 10
the Devonian meta-sediments found north of the Lizard.
These sediments were then intruded by the hornblende '
schists and serpentinite in that order. In response to the
work of Hendriks (1939), Scrivenor (1949) published a paper
expréssing his beliefs on the Lizard Boundary problem. He

-q:ons(ide_:red that the Lizard Boundary is simply the northern e

margin of deformation related to the intrusions of B [

hornblende schist and serpentinite, and that no large

boundary fault exists,

It was not until 1955 that researchers began to focus

on the structure of the Lizard r;acks and the rélationship
between them and the rocks of the Gramscatho Group (figure'
~ 1.2). Sanders (1955) examined the rocks along the sgutheast "
PR coast of-thg Lizard from Kennack Sands to Lizard Point.

[

From detailed observation of the contact relationships
between the variphs rock types present, he concluded that '
in that particular area, ‘the serpentinite was actually a
thin sheet overlying the Landewednack hornblende schists
rather than a plug like intrusion cutting th‘rough them. The
close relationship of the Kennaqk Gneiss to the
Landewednack schists and their mutual banded charééters
suggested to Sanders that the gneisses were the migmatized
o equivalents of the Landewednack schists. Green (1964a,
1964b and 1964c) re-examined the rocks of the Lizard .

District in a modern context. His first paper (Green,

1964a) concentrated on the origin and petrogenesis of the
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-

Lizard peridotite as yell as its relationship to the
hornblende schists. From close examination of a number of
sections on the west coast of the Lizard, he concluded that
the hornblende schists represent’ ‘the high temperature
metamorphic aureole pfoduced during intrusion of the
pe‘ridotite into a region undergoing amphibolite facies:
regional metamorphism (Green, 1964a,b).

Perhaps the first suggested oceanic origin fb'z'\the_\
Lizard ’peridotite came from Thayer (1969). He recog?ized
that the rock associations found on the Lia&rd Penir\msula:
were similar to those found on mid-ocean ridges.

The Penrose Conference of 1972 resulted in the

definition of an idealized ophiolite sequence. These new

developments led to the publication of numerous papers on

- the rocks of the Lizard, but recognition of the ‘Lizard

complex as an ophiolite lagged behind many of the better
known exawmples, as the Lizard is higl\ly dismembered and not
all of the units required by the ophiolite model are
present The presence o'f perldotlte, gabbro, and a small
zone of sheeted dykes suggested to Bromley (1975) and
Strong et‘. al. (1975) that the Lizard coyld be 1nterpreted

as ophiolii:ic in origin. Bromley (1975) included an

1mportant discussion on the origin of the Kennack Gneiss,

‘ where he stated that the mutual exclus:.v:.ty of the gneiss

and the 014 Lizaid Head series suggest that the Kennack

Gneigs may be the migmatitic equivalent of the micaceous

kN
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schists. Strong et al. (1975) similarly suggested that the
gneisses may be the migmatized equivalents of the
hornblende schists.

Floyd (1976) presented a summary of Lizard gepch?mical
data. Badham & Kirby (1976) made the assumption t;pt the
Lizard is definitely ophiolitic and they attempted to
relate the generation of the gabbfo and diabase dykes to
the Lizard peridotite-using the typical. ophioclite mbdél.

A number of following publications (Bfomley, 1979;
Kirby, 1979b; Styles & Kirby, 1980; rand véarnecomb, 1980)
all déait Qith the same idea of presenting geochemfcal data
to expound the ophiolitic nature of tﬁe Lizard.l

Most significantly, a borehole on Predennack Downs
(fig 1.2) demonstrated the sheet-like form of the
peridqiite where the peridotite was only 300 m in thickness
(Styles & Kirby, 1980). Kirby (1979a),'dea1t with the
petrochemistry of the Lizard rocks and attempted to relate
them to an ophiolitic model. He concluded that the Kennack
Gneisses. consist of two distinct suites; 1)-those derived
by metamorphic éegregation of the hornblende schists
direétly below the basal thrust,‘and 2) those.derived
through partial melting and complete migmatization of
interleaved micaceous and hornbdlende schists.

The current phase of reseaich cn the Lizard comp}gg

and southwest England as a whole has turned to the problem

of relating the generation and emplacement of the Lizard

@
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! v ”

complex to a plate tectonic setting ofusouthwest England
during the Devonian. This involves relating the Lizard
roéks to ﬁhoie found to the north in a structural and
tgmporal sense,

Kirby (1984) "demonstrated a variation in the
chemistry of Lizard basaltic dykes Qith time, and suggested
a petrogenetic model involving a pulsatory magma chamber
s;urcé for these dykes. The question of the relative
temperature of the ophioiitic slab during eﬁplacement_was
addressed by Barnes & Andre&s (1984). They examined the
xéneage melange (figure 1.3) and the Devonian Gramscatho
beds to the north of the Lizard in order tb determine
whether or not a thermal aureole does exist within tﬁese
rock#. They concluded that the Lizard cpmplex muét have
been emplaced onté the Gramscatho _rouﬁ after it had coaied

/

considerably (T= 300 #-50 QC). Data c¢ollected. and presented

by Rattey & Sanderson (1982, 1984) on structures within the.

-

sedimentary rocks to the north of the Lizard was evaluated
with respect to the kinematics and dynamics of deformation
so as to determine the orientation of stress fields during
tﬁis deformation event. Leake & Styles (1984) discussed the
significance of the results of three boreholes drilled in
the Traboe area (f;;ure 1.1). They_épted a discontinuous
sdquence of mafic-ultramafic cumulate rocks Which are

missing in other exposed localities of the Lizard. Davies

(1984) presented a discussion of Sm-Nd isotopic data on

-
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various rocks of the Lizard. He used this data to determ%ne
an age of formation of the Lizard compled at 375 % 34 Ma.
He also discussed the possibility of two distinct Lizard
magma suites{ an early trace element enriched suite and a
later MdRB-like suite which are related to,two distinct
peridgtitic sources. Davies (1984) suggested that these two
magmas and their temporal relationship supports a Red Sea
type model for formation of the ultramafic and.mgfic rocks
of the Lizard complex.

Barnes & Andrews (1986) presented a comprehensive
(discuésion of Lizard and“sur;ounding géology in rg}ation to
the development of flysch ;ybg basinal seqﬁences
corresponding to the,Gfamscatho beds and related these to
plate tectonic models involving transcurrent faulting

combined with pull-apart basin development within a small

intra-continental sea.

Malpas & Langdon (1987) discussed the origin of the
Kennack Ghéisses. Evaluation of their data suggested that
the gneisses were producé& through partial meltiﬁg and
complete migﬂatizati&h of the Landewednack and 0ld Lizard
Head Series schists in local zones beneath a hot, recently'

displaced cphiolite.
. .
1.3 Field Work and Project Scope
Field work was carried out from May to August, during

the summer of 1987. After an initial study of the regiénél

4

%
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setting of the Lizard, detailed mapping at a scale of

1:1400 was undertaken along tWE southeast coastline of the
Lizard from Kennack Sands to Church éove_(fiqure 1.2). This
was foilowed by careful geochemical sampling of‘the various
rock éyﬁag in the map area as well as'from other suitable
localities eisewhere on the iizard Peninsula.

Up?n completion of the field work, a week was spent at
the British Geologlcal Survey in Keyworth, Nottlnghamshlre
England obtaining additional geochem1ca1 ‘samples from the\\'
© 1978 Kennack Sangs borehole. During this time all of .the
geochemical gamples were slabbed, crushed and then Split
into quarters for easy‘shipment to cCanada;,

This‘project was conceived in order to determine the

origin of the Kennack Gnéiss. A number of specific points

of cuffent debate are:

1) Do the felsic/and mafic portions of the Kennack

Gneiss repreSent two distinct magmas? If so, how
are these two/magmas related?

What is the origin Sf the felsic magma?

What is the origin ;f thé mafic magma?

Are the "black dykes" related to the mafic portieon
of the gneisses?

What is the origin of the Man of War Gneiss?

What is the origin of the gabbro exposed a;ong the
cli%{s from Parn Voose Cove té Polgwidden.

What temperatures were attained during deformation

<+




within the hornblende and micaceous schists and

would these temperatures be capable of producing

+.partial melting. %

These questions are to be examined using th
combination of detailed petrography and field observation‘/;
with evaluation of a comprehénsive set of geochemical data.
1.4 Location and Access -

The Lizard Peninsula, otherwise known as the Lizard, is
located in county Cornwall and forms the southernmost point
of mainland Britain (figure 1.1). The namesake of th
Peninsula is the community éf Liiard, which is also the
vilﬁage froq which geologists have coined the term "the
Lizard Complex" to include all of the rock types associated
with the mafic-ultramafic body found there. The nearest
community of reasonable size is Helston (pop. 16,000),
which is located approximately 15 minutes by car no~-thwest
of Lizard. The main highway accessing the southwest region
of Engl}nd is route A56 which originates in London~. A
co ié;e netwark of smaller B class roads enable one to
afcess much of the Lizard Peninsula by car and these are
complemented by a large number of footpaths and trails.

Most of the field mapping and sample acquisition was
performed along coastal sections of the Peninsula: The top

7

of the cliffs from Church Cove to Eastern Cliff were

readily accessible through the use of the National Trust's

1)
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Scenic wildlife trail. Access to beaches ard tidal zones
could frequently be obtained through use of small footpaths

which branched from the main trail.

1.5 Physiography

TpelLizaﬂd Peninsula comprises a single platform which
rises abruétly out of the English Channel to a height of
approximately 65 m at the,coast and then continues to_rise
slowly inland to a max}mﬁm of 112 m above sea level at Thé
Beacon near St. Kevern; (figure 1.1). This steady incrxease
in elevation is not typical of the Lizard, as much of the
central portions such as the Predannack and Goonhilly Downs
are extremely flat with little‘change in elevation over
many square kilometres. Sharp coastal bluffs are
interrupted by valleys and cobble beaches only where small
country streams have éroded Lheir way down through the
resistant serpentinite bedrock. This style of p?ysiography
has a profound effect on the amount of bedrock exposure.
Coastal outcrops are superb, supplying an extensive
vertical and late£21 crdss;section of the geology. However,
oncg one moves inland outcrop is extremely poor, bging
1imite; to roadstone quarries and infrequent roadcuts. From
Eastern Cliff|to Chﬁrch Cove, many small coves with cobble
beaches can be foundﬂ\These are dominantly underlain by
Kennack Gneiss. Promontories and near vertical, stepped

. —— . .
cliffs are the typical expression of an underlying bedrock
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of serpentinite and hornblende schist fespectively. Beaches
are rarely developéd where localities are underlain by
serpentinite or hornblende schist and as a result, tida;
‘ranges in these localities cover a minimum of gxposed
bedrock. This restricts exposure to the vertical section

exposed in the cliff faces.

1.6 Acknowledgements

Thanks go out to Dr. John Malpas for initially
suggesting the project, for providing funding for field
work ip England and during the duration of my stay at
Memorial and for lending his time and effort to critically
appraise this manuscript. Dr. Peter Cawood also supplied -
much suppogt, time and effort particularly when correcting
‘;nd critically reviewing the text.

Special thanks are extended to Dr. Mike Styles for his
help and assistance'both in the field as well as in
obtaining my permission to use BGS facilities and d&ta in
the preparation of this work. Deep thanks are also extended
to him and his family for their kindness and generosity in
sharing their home with us during our stay at the BgS in
Keyworth, Nottingh;mshire. Mr., Clive Lane is also warmly
thanked for his generosity and hospitality without whirh
the field project would not have been comple£ed.' .

buring the course of my studies, much assistance was \

given by a number of people within the Department of Earth
| ,

“d
id




Sciences. Dr. George Jenner, Dr. R. K. Stevens, Mr. Bill
Davis and Dr. Brian Fryer provided comments and assistance
" during the synthesis of this thesis. Regards to Chris Ash,
Terry Brace, Steve Edwards, Don Fox and Leonard McKenzie
for beneficial discussions, logistical support and coffee

>

during the duration.

I am also indebted to the technical and analytical
staff of the Department of Earth Sciences. In particular
‘Lloyd Warford for his expert yet speedy preparation of my
thin sections and Geoff Veinott for his patienge and help
when I was using the XRF and Microprobe facilities.

Last but not least, I give my sincere thanks to Becca

for her devoted. and sometimes unrewarded assistance in the

field, and for her mocg}, emotional and loving support.




20

CHAPTER 2 Geology and STtructure of Southwest England

This chapter will be devoted to a description and
discussion of the geology and large scale structure of the
counties of Cornwall and Devon in southwest England (figure
2.1). It will provide a basis for discussion of the paleo-.
tectonic setting during generation of the Kemnack Gneiss.

\
2.1 General Setting’

Southwest England lies within the Outer or
Rheno-Hercynian Zone of the Hercynian Orogen. The Hercynian
orogen, the European'term synonymous with the Alleghanian
orogen in North America, preserves structures traditional;y
believed to have resulted from the final stages of closure

of the Proto~aAtlantic (Iapetus) Oceanduring the late

Paleozoic (figure 2.2). Structural, plutonic'and

sedimentological styles related to this Permo-Carboniferous .

orogeny can now be recognized within various zones along
the Atlantic borderlands (Williams, 1984). The Ouachita and
Alleghanian orogens of North America, the Mauritanian
orogen of‘northwest Africa and the Hercynian orogen of
Europe all represent time equivalent zones of crustal

-

deformation. .

2.2 Permian and Younger rocks.

The development of a comprehensive stratigraphy for

e




Figure 2.1: Schematic tectonic map of southwest England.
Compiled from the literature.

DMG - Dartmoor granite

BMG - Bodminmoor granite

STG - St Austell granite

CG - Carmanellis granite

LED - Lands End granite
CT - Carrick thrust

LT - Lizard thrust

CN - Carrick Nappe

LN - Lizard Nappe

ST - Start thrust
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Figure 2.2: Map of the North Atlantic region showing the areas most
strongly affected by Late Paleozoic (Hercynian)
orogenesis (Williams, 1984).
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southwest England has been limited by the paucity of inland
cutcrop combined with a lack of biostrqtigrA{Jhical control
(particularly in Devonian rocks). More detailed
stratigraphic work combined with a better understanding of_
thrust tectonics and geophysical d\ata has tresulted in the
realization that the rocks of Cornngl)/and Devon are
structurally dismembered by numerous thrust faults (Selwood
& Thomas, 1986a,b; Day & Edwards, 1983; Holder {Leyeridge,
1986; Whalley & ’Lloyd, 1986 and Brooks et al., 1984). In
order to discuss stratigraphy in any relative time scale,
one must first have a good control on the stfucture, and
then attempt to link the structure and stratigraphy to
obtain a full geological picture.

Rocks which place an upper time 1limit on the age of
deformation within southwest England are Permian in age.
These consist of dominantly red aeolian deposits, overlain l
by a sequence of Cretaceous limestones arlld chalks. This
sequence of Permian and younger rocks unconforr'nably overlie
and provide a cower sequence to the older deformed rocks
exposed further west. The red bed, aeolian sediments are
considered to represent a stage of erosion and subsequent
terrigenous deposition prior to the onset of rifting of the
present Atlantic ocean. Examination of the accompanying
geological sketch map of Devon and Cornwall (figure 1.3),
reveals the presence of the post to syn-tectonic NNE/SSW

trending Hercynian batholith. This large S-type granite
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batholith has given isotopic age dates ranging from 303-2%0
Ma, indicating its formation during the final stages of
Hercynian orogenesis (Edmpnds et al.', 1976). Expo.'."sed
cupolas of this granite are generally undeformed and
intrude a series of sedimentary rocks ranging from Lowef
Devonian to Upper Carboni.ferous in agé. The origin of the
Hercynian batholith is still specuilative, however recent
deep crustal seismic studies (Brooks et al.', 1984) suggest
a sheet like form for the granite (figure 2.3). The
concurrent recognition of majgr southeast dipping crustal:
refleCtorg, j..nterpreted as thrusts, suggest that theﬂ
bathglith may have been generatad far to the south of its
present location and subsequently emplaced northward along
these thrusts (Shackleton et al., 1982).

2.3 Carboniferous Rocks
)

Those sedimentary rocks of SW England which have been
subjected to Hercynian related orogenesis can be divided

into a Carboniferous synclinorium in the north and a

complex, imbricated sequence of Devonian rocks in the

9

£.3,1 Carboniferous Stratigraphy and Litho-logy

sou_th.

Based dominantly upon trilok}ite, goniatite and

conodont faunas, the Carbo_niferous rocks can be divided

into three distinct time units (Edmonds et al, 1976). The
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Figure 2.3: Schematic cross-section through southwest England showing the sheetlike form of the
Hercynian batholith and its proposed northward directed intrusion and thrust emplacement.
Adapted after the suggestions of Day and Edwards (1983).
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Lower Carboniferous sequence, consists of grey shadé with

minor units of éandstone, lava, limestone and chert..It

forms relatively continuous, narrow belts along the
ndtthern and southern margins of the synclinorium (figure
1.3). Overlying this is a thick sequence of Namurian rocks,
consisting of shale with thin interbedded turbiditic
sandstone layers.wThé\éentral portion of the syncline is
composed of a thick sequence of Upper Carboniferous
(Westphalian) sandstone, si{tstone and shale (figuré 1.3).

The Carboniferous rocks were deposited in a harrow,
brackigh and fresh water dominated basin (Higgs, 1984) with
a\né}thern sediment source. The exact nature (of the
. environment is still considerabl§ controversial. The
presence of thick sequences of deep marine and slope type
facies (bléck shales and fine sandstones) suggests
depositionqin relatively d;eﬁ water, possibly a delta front
and basin. However, the lack o;\éxpected primary
sedimentary’féatureé such as large scale coarsening-upward
cycfeé and erosion channels has argued against such a
}prdposal;-

“,

Recent work has shown that cyclic facies changes
qbsé:ved throughout the Upper Carboniferous rocks can be
attributed to influxes of saline water into a dominantly
lacustrine basin (Higgs, 1986). Results of the same study,

utilizing hummocky cross-stratification bedforms ingicate

" that the floor of the basin was modified by frequent storm

1
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_ \ .
wave action. This provides evidence that the depositiocnal

basin was between 20 and 200 metres in depth.

2:3.2 Structure of the Carboniferous Basin

The Carbongfé}ous strata are deformed into a series of
generally upright, open folds having sub- horlzontal east-
west trending fold axes and wavelengths ranging from metres
to kilometres (Higgs, 1984). The orientation and style of
folding appears to change near the southern margin of the
syncline. This is interpfeteq as a result of late.stage
Hercynian deformation.

Near the community of Bude (figure 1.3), ‘the
Carboniferous sedimeﬁts are deformed into upright,
generally open to close mesoscopic folds which are” south
facing and have sub-horizontal\h%}d axes bearing E-W
(figure 2.4). As one moves south towards the southern
margin of the Carboniferous sequence, the folds become
progressively more recumbent: axial planes flatten towards
horizontlal 'and cleavage becomes more pronounced. The folds
also rotate somewhat and the trend of their axial planes
orients N-S. Miﬁor F2 asymmetrical folds can be seen
folding S1 cleaVage along the southern margin of the
Carboniferous rocks (Rattey & Sanderson} 1982). The
transition.gfom upright to recumbent folds, along with an

increase in degormation towards the southern margin of the

Carboniferous sequence has led Whalley & Lloyd (1986)'to

*




Schematic cross-section through
S.W. England.

Adapted from Rattey 8 Sanderson(1982).

NE

U. CARBONIFEROUS

L - Lizard complex

Gs- Gramscatho Gp.

Figure 2.4: A schematic geological cross-section through southwest England. Adapted from Rattey and
Sanderson. (1982). The age of deformation decreases from southwest to northeast. A-C

corresponds to figure 1.3.
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interpret the Fl folds as resulting.from southerly directed
simple shear. The southerly directed thrusting is opposite
to typical northerly directed Hercynian deformatidﬁ.
Whalley & Lloyd (1986) suggest that movement along a gently
northward dipping thrust represents an episode of major
back-thrusting during Variscan orogenesis.
2.4 Devonian Rocks

Devonian rocks are found €o the north of thc
Carbgniferous Synclinorium, however, more importaisly they
dominate the geology of south Devon, and Coznwall..
Excluding the Permo~Carboniferous gran'tes, and.tpe rocks
associated with the Lizard complex, t'ie remaindéf of sou}h

Devon and Cornwall a.e ~omposed of Davonian sedimentary

rocks with intrusite alkalic and tnoleiitic (enriched MORB)

basalts.

2.4.1 North Cornwall and South Devon

The central region of southwest England, transecting
the Bodmin and Dartmoor granites (figure 2.1), consists of
a complex imbricated sequence of Middle to Qpﬁer Devonian
grey-black slate with minor conglomerafe, sandsténe and
localized volcanic flows, tuff and intrusive rocks. Until
-}ecently, this area was considered to be a zone of

relatively simple structure, where a conformable succession

\i

-of Middle Devonian to Upper Carboniferous rocks were folded
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in an open south facing antiformal structure (Rattey &
Sanderson, 1982; Shackleton et al., 1982). Detailed field
work pefformed by Selwood & Thomas (1986a,b) and Issac et
al. (1982) indicates that this region of Cornwall and Devon
is a zone of shallow rootless overstep thrust nappes where
the younger thrusts haYe formed in ﬁg;.hanqing walls of Fhe‘
older thrusts. The direction of thr&st movement is towards
the northwest, which is in contrast to that suggested by
Rattey & Sanderson (1982) and Whalley and Lloyd (1986).
Perhaps in this locality, th? progressive southward
overturning of structures within the Carboniferous ' (
succession from upright to recumbent folds occurs on a
south limb of a southerly directed large scale
Carboniferous structure. This forms a back-thrust as a
passive roof duplex (Morley, 1986) bver(the\ﬁbxggyard
directed i&ﬁricated central zone (figure 2.5).

2.4.2 éornwall

Thterpretation of‘the stratigraphy within
south/central C?rnwall is made difficult by a virtual
absence of faunal age controls. As a result, ntimerous
authors have co#&entrated on €dmbining the stratigraphy
with detailed structural analyses. Structural mapping has
revealed that much of Cornwalf, particularly the westeﬂn
portion, has suffered little dismemberment relative to the

eastern portion (Holder and Leveridge, 1986). A lackvof
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Figure 2.5: Sketch showing the formation of a back-thrust as a passive roof duplex.

After Morley (1986).
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evidence for major’ tectonic transportation permits the use
of the term "para-autochthon" for the rocks in the western
portion of Cornwall. The rocks found in the eastern portion

-

cAn be termed allochthonous (figure 2.1).

2.4.2,1 Pafa—autochthon structure ana stratigraphy

A stratigrapic discussion of the generally undissected
para-autochthqpy provides one with a sufficient background
to discuss the structurally complex allochthon, as the
stratigraphy is similar in both sequences.'

The hiéhly dismemﬁered sequences of Upper Devonian and
Lower Carboniferous rocks of north Cornwall and south :'Devon
‘have been thrust over the mildly disturbed Lowér Devonian
rocks of zﬁe south CorAwall para-autochthon (Selwood &
Thomas, 1986b). The relationships between units within the
para-autochthon appear to be generally ﬁransitional
sedimentary junction;, however, this interpréfation is
questionﬁblejas some facies transitions have beerd '
interpreted to ?e thrust modified (Coward & McClgy‘ 1983) ..

The Devonian sedimentary rocks.of the para-autochthon
grow progressively younger towards the south, being of

Siegenian age in the north, and Famennian age in the south.
» .

This southerly younging corresponds to a change in facies

from northerly derived lagoonal, fluviatile and intertidal

terrestrial sediments to southerly derived, deep marine

basinal sequences. The majority of the rocks cémposing the
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para-autochthon consist of Middle-Devonian, Gramscatho
Group gre}wackes and glates which are interpreted as
representing flysch facies sediments which have been
deposited in a forgdeeg basin in front of a northward
migrating tectonic front (Floyd & Leveridge, 1987).
Structural elements within the para-autocthonous
region of Cornwall are remarkably consistent (Rattey &
Sanderson, 1982 and 1984). Small scale Fl fold axes are
doubly plunging with shallow dipi to the NNE and WSW. S1
foliation planes trend NE-SW and dip gently fo the SE.
Small scale D2 structures have locally been superimposed on
the D1 structures, producing upright to moderately
inclined, open to close F2 foids. Sl cleavage is also
crenulated by the dgbelopment of a weak S2 cleévage (Réttey
& Sanderson, 1984). D3 structures,vrepreéented by small
scale recumbent folds have also been-recognized, however
they appear to be confined to the margins of the Hercynién
gfanites and are possibly related to their emplacement.
Céincident with the small scale folding was.the formation
‘'of large anticlinal and synformal structures trending NNE="

SSW, paralleling the trend of the granite batholith.

v

o e
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2.2 Allochthon structure and stratigraphy
The sedimentary units of the allochthon appear to have
thrust- modified conformable sedimentary transitions

(Holder and Leveridge, 1986). The relative ages of the




constituent units are poorly defined due tossparse and
sometimes conflicting faunal evidence. Regargless, it ;s
apparent that overall, the rccks young to the south. The
northe;h and southern margins: of thg.allochthdn are
charaéterized by deep water fan gfeywackes and
olistostromal depo;its respectively. Separating these is é
relatively thin (500 m) unit of mudstone, indicating deep
ocean, pelagic sedimentation.

Small scale structures within the allochthon are more

complex than those of the para-autochthon. The regional S1

cleavage previously described is also evident within this

zone, but it has locally been strongly overprinted by the
regional S2 cleavage. The $2 cleavage and cerresponding F2
folds become more ‘frequent as one moves southward vowards
the the Lizard complex. However, these D2 structures are '
typically confined to discrete shear zones (Rattey &
Sanderson, 1984). . .

A complex zone of oblique folding found mainly in ghe
vicinity of Falmouth is believed to have;}esulted durihg
differential movement between part;\of the ngrick nappe
(figures 2.6 and 2.1). This differential movement has been
interpreted by Holder & Leveridge (1986) as representing a
lateral ramp of the Carrick Thrust; resulting in an arcuate
thrust front (fiqure 2.1).

Structures within the Lizard complex have becn related

to sub-oceanic deformation during and immediately after its

°
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Figure 2.6: A schematic cross-section showing a sequential model for the
evolution of South Cornwall. Taken and abbreviated from
Holder & Leveridge (1986).
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formation (Vearnecombe, 1980). The presence of an
olistostromal deposit immediately to the north of the
Lizard complex is interpreted as both a primary sedimentary
olistolith and an emplacement melange unit. Rocks
interpreted to directly underlie the Lizard complex are
more ;;ervasively deformed than those farther north; bAll
evidence, including the similar orientation of structures
and the southward increase in accumulated strain points to
the generation of these structures in a manner similar for

the the remainder of southwest England.

2.4.3 conclusions cn the Tectonics of Cornwall

It is evident that both‘ijl and D2 structures found in
Cornwa.ll are felated to thrust tectonics responsible for
the displaceanent and emplacement of the Lizard opﬁiolite.
D1 structures are béliéved to have resulted from deep
seated, piggy-back style,NNN’W directed thrusting, wﬁile D2
structures, typj;cally restricted to discrete shear' zones,
are evidence for late  stage, shallow or rootless NNW
directed, oversteé style thrusting during gravitational
sliding and collapse of D1 related thrust nappes.

ReCEﬁt geophysical seismic invéstiqati.ons by various
authors (Day & Edwards, 1983; Brooks et al., 1984  and Doody
& Brooks, 1986) have proven the existence and delineated
the positions of a number of deep seated thrusts beneath

South Cornwall and the English Channel. This information
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has been used in conjunction with known stratigraphic
controis, as well as regional 'small scale structures, to
determine a model for the tectonic evolution of South
Cornwall (Barnes & Andrews, 1986; Holder'&m Leveridge, ’
1986) . Flyschoid greywackes ¢f the Mylor and Gramscatho
Gro.ups '(a_s well. as their East Cornwall correlatives),
olistostromal deposits (Mer;eage and lioseland Breccias),
ophiclite (Lizard cdmplex) and continental basement
material (Start complex?) form an imbr'icate stack with
south dippiﬁg déep seated thrust surfaces activated during
Hercynian orogenesis. As movement along these deep seated
thrusts waned, D2 shear zonés dix:ectly in front of the

Lizard complex took up the strain during the final shallow

thrusting events which resulted in emplacement of the

i}
Lizard.

2.5 Models and a Summary

The interpretation of Hercynian structures and
lithologies within a plate tectonic framework has always
proven _problematic. The arguments are centered on whether
or not a sigrluificant ocean basin existed between Northern
and°So’uthern Europe during Devonian times. Some of the
points which continue to be difficult to explain are
présented in a comprehensive discussion by Badham (1982).

[y

These include the followiﬁg:

L
1) A lack of continuity along the orogen with respect to




{
i
1

4

RS
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timing of structural, sedimentological, metamorp‘hic and
igneous events. ' ' : .
2) Presence of extensional phenomena (such as the |
Gramécatho flysch and associated alkali basalts) yet a
lack of persuasivé evidence fér long lived compression
and final closure of a major Devonian Mid-European
ocean. |
3) The ‘origi'n of the late Carboniferous to éarly Permian
two mica, S-”type granites. .

Consideration of these three points in conjunction with

paleogeographic reconstructions of the orogen suggests that

many_ of the} structures an(i rela'tionships present are the
result of strike-slip and oblique. plate int'eractions rather
than orthogonal c;anvergence (Badham, 1982; Dewey, 1982 and

Badham & Halls, 19175) - ‘

| The Hercynian orogen in England, sometimes referred\ ta,

as the Variscan Fold_Belt exhibits all of the features

deemed problematic in interpretation of ‘the Hercynides as a

whole. A variety of plate tectonic ;nodels for the

development of SW England have been suggested by numerous
authors. Those mentioned above support a strike-slip
mechanism, however, not all workers agree with this
suggestion. Cock?& Fortey (1982) use paléofagnal evidence
to suggest the existence of a wide Mid¥European Ocean

during middle Dgvonian times which subsequently underwent

closure during the late Devonian. This suggestion is based
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upon phytoplankton provincialism. Holéer & Leveridge (19%6)

and Floyd & leveridge (1987) suggest that a major south
dipping subduction zone was present to the south of
Cornwall durlng the Devonian. A major subduction zone would
be a convenlent source of southerly derlved volcanic arc
detritus which is found tq\comprise much of the flyschoid
Gramscatho Group sediments lying north of the Lizard
complex (Floyd & Leveridge, 1987).
\ Leeder (1982) discusses the formatlon and evolution of
the Rheno-Hercynian Devonian flysch basins (Gramscatho
Grod;) in l1ight of a back~arc basin model, with a major
nerthward dipping subduction zone located 160-350km south
of the Rheﬁo-Hercynian zone. It is suggested that back-arc
basin development occurred in response to SubQuction of
oceanic crust well to the south of the Rheno-Hercynian zone
aqe that the Lizard ophiolite represents a smali fragmeﬁt
ot the back-arc oceanic crust formed at that time.
The following simplified synthesis is offered:

1) Devon iqldominated.by a large openly folded syncline

~containing northerly derived, shallow lacustrine basinal

fill sedimentary rocks of Carboniférous age.

2) Cornwall is dominated by southerly derived Devonian

flyshoid sedimentarf rocks and a;sociated alkalic and

tholeiitic basaltic flows and sills, which on the basis

of structural styles can be divided into an eastern

allochthonous sequence and a western para-autocthonous




sequénce.

3) The region transécting the Bodmin and Dartmoor,
granites consists of a highly disrupted sequence of
Lower Carboniferous shallow water sﬁale and sandstone
and Upper Devonian flyshoid rocks which have been thrust
northwardqfcn shallgy, roolless thrusts, possibiy‘
related to gravitational slidihg off a southern
structural high. ~

4) The Devonian flyshoid greywackes, and assoclated
basaltic flows and sills of Cornwall are characterized
by shallowly southeast dipping planar foliations,
interpreted - to havébfbrmed.in response to deep éeated~
northwest directed thrusting during the Variscan
orogeny.‘

5) All rocks are intruded by the Late Cafboniferous to
Early Perhiaﬁ Hercynian S-type granite batholith. .

6) When éompared to Appalachian style orogenesis; the

relative lack of abundant extension and compression

related phenomena, %hich would have resulted from

initial rifting and closure of a majdr ocean, is .
explained by generation of Variscan structural features
during final compressional closure of a number of intra-
cratonic basins and interbasinal highé in a dominantly

strike-slip regime.
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" CHAPTER 3 Geology and Structure of the Lizard
This section provides a descriptign of the lithologies
and structures of the va:ious units of the Lizard complex.
Much of the material presented beIQy is summarized from the
work of other authors, except where ‘it is pertinent to and
within the scope of my own study. The Keﬂnack Gneiss will

be addressed in chapter 4.

3.1 Introductory Statement

The eerm "lLizard complex" refers to a sequence of
dominantly ignecus rocks which outcrop on the Lizard
Peninsula. These rocks are separated from the rocks of the
Mylor and Gramscatho Groups to the north, figure 1.1, by a
major thrust zone termed the Lizard Boundary Fault
(Scrivené;, 1949; Hendriksf 1939). Underlying and ie part
delineating this thruEt zone is)a tectonic melange sequence
termed the Meneage Melange, which can be most readily seen
at Pgrthallow and also northwards along the cecast towards
the Helford River (figure 1.2). The Lizard complex is
believed to represeﬁt a dismembered ophiolite suite, Middle
Devonian in age, which has been emplaced onto the Devonian
foredeep flysch basins of SOuth Cornwall during the
Variscan orogeny (Bromley, 1975; Strong et al., 1975;
Kirby, 1979b).

The complex consists of three structural units; 1) a
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lowermost sequence of interieavedﬁpornblende and micaceous
schists with associated intrusive roéks 2) the central unit
consisting of dominantly serpentinized peridotite and 3)
tbe uppermost unit consis£inq of variablelgabbro and
associated basaltic dykes. The Kennack Gneiss is found
dominantly within the central unit, however, the granitic
componént of the gneiss can also be observed within the

« basal unit.
Discussion of the various lithological units of the
qLizard will be undertaken according to the respective
lithology's position within the structural stratigraphy.
Reference should be made to figures 1.2 and 3.1 for the

following discussion of the geology of the Lizard.

3.2 Structure of‘the Lizard complex

The ophiolitic Lizard complex is structurally
dismembered. Low angle thrust zones are abundant,

. y

particularly where the major planes of dislocation occur
and probably at lithological contacts. These thrust zones
are represented on figure 1.2 as single thrust faults.,
Three major thrust faults can be recognized on the Lizard
Peninsula, and these divide the complex into three distinct
nappes (figure 3.1). The ;hrhst slices have also been
subjected to extensive, late, high-angle faulting,
particularly evident along Ehe sou ast coast of the

o~
Lizard (see map sheets 1 and 2). Interpretation of the




Figure 3.1: A schematic cross-sectiog showing the
distribution of rock types and their structural stacking
within the Lizard complex. The upper unit consists of the
Crousa gabbro and associated basaltic dykes. The central
unit consists of the Lizard peridotite. Hornblende
schists, interpreted as ophiolitic basalts constitute the
basal structural unit. These are jinterleaved with
pssamitic, pelitic and semi pelitic schists of the 0ld
Lizard Head Series. Significantly, the Kennack Gneiss
constitutes a magmatic link between the central and basal
units, where the felsic fraction of the gneiss crosscuts
both the peridotite and the hornblende schists. The gneis§
therefore predate# final emplacement and was intruded at
some point during generation of the D1 structures in the -
basal hornblende schists. :

N
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relationships between the structural units suggests that
tﬁrusting occurred in a piggy-back style where younger
thrusts have formed in the footwall of older thrusts. This
conclusion is suppbrted by the observed type of deformation
associated with each Tespective thrust zone where high
temperature flaser gabbro formation occurred between the
upper and central units; high to medium temperature
deformation resulting in isoclinal folding occurred between
the central and bésal unit: and the formation of a
brecéiated tectonic melange within the flyschoid rocks

beneath the basal unit infront of the advancing ophiolite

complex. a

;;;;l Bagal Unit: hornblende and.micaceous schists

The basal thrust nappe is composed cf hornblende and-
micaceous schists of the Traboe, Landewednack and OLHS
varieties. The schists of the Landewednack and OLHS are
dominated by a pervasive, near horizontal S1 foliation,
which has resulted from Fl isoclinal folding presﬁmably
produced through thrusting of the upper units onto these
rocks. The relationship of the basal unit to the underlying
Gramscatho Group flysch sequences is exposed on the west
coast of the Lizard southwest of Mullion. Here one can
observe a late high-angle fault where the basal unit forms
the hanging wall and the Gramscatho Group sediments the

footwall.-Howevef, it is logical to propose “a thrust

v

N 4
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contact® at some depth below the present exposed level.

3.2.2 Central Unit: Lizard Peridotite and Kennack Gneiss
The central structural unit is dominated by

serpentinized Lizard peridotite and also contains the

Kennack Gneiss. Veins and pods of granite which cut the
basal unit are interpreted as being equivalents of the

felsic fraction of the Kennack Gneiss. The Kennack Gneiss

thus brovides a magmatic link between the basal and central

o

Vearncombe (1980) discusses the structure of the
. [
peridotite and suggests that one main fabric is present

‘(D1), which is represented by a N-S trending banding,

presumably related to solid state flow within the upper
mantle. He also suggests that the bulk of fhe ophiclite has
suffered only bulk translation and exhibits no internal
strain associated with obduction.

The thrust contact between the central and basal uqits
is frequently obscured by late-stage high angle normal
faulté, such as on the western side of the northern Lizard
Boundary Fault. At a number of localiéies however“ the low
angle nature of the original contact is well preserved and
one can see taldose Lizard peridotite sitting horizontally
ontop of hornblende schist. These localities are discussed

in chapter 4.
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3.2.3 Upper Unit: Crousa Gabbro and Upper Traboe cumulate

complex

The Upper unit consists of the Crousa Gabbro and
associated dolerite dykes, the upper Trabhoe cumalate~
complex and a small sliver of meta-guartzite termed the
Treleague Quartzite (figure 1.2).

. The contact between the Ceptral and Upper Units may
actually be a thrust modified original igneous transition
from peridotite to gabbro (Leake & Styles, 1984). The

" presence of D2 flaser zones within the lower parts of the
Crousa Gabbro and less so within the upper partg of the
Lizard Peridotite is also interpfeted as resulting from
sub-oceanic deformation (Vearncombe, 1980).

The lack of an extensive ultramafic and mafic cumulate
sequence between the gabbroic and ultramafic rocks has
always proven to be a topic of contention for those arguing
in favor of an ophiolitic origin for the Lizard complex.
The IGS (now BGS) boreholes drilled near Traboe in the
centre of the Lizard Peninsula have penetrated an extensive
sequence of mafic and ultramafic cumulate rocks which are
interpreted to represent a section of the missing
transition zone rocks (Leake & Styles, 1984). Chemical
evidence suggests that the Crousa gabbro is not genetically
related to the Lizard peridotite, however this may be

explained by the presence of multiple magma chambers,

possibly having distinct petrogénetic histories at an

IS
L]




active spreading centre, as has been suggested for other
ophiolite complexes (Malpas, in press).

Perhaps the lack of an extensive cumulate sequence
combired with the pfésence of abundant flaser shear zones .
throughout the gabbro at Coverack Beach may be attributed
to continued spreading and shearing between the gabbro and
peridotite along a thin transition zone of layered mafic

and ultramafic rocks. The development of flaser zones and

the preferential shearing within the cumulates may have

arisen due to a lack of new magma” inpul as spreading

continued. All of these features might be explained if the
Lizard ophiolite were generated within a spreading zone
starved of magma. A spreading zone starved of magma
suggests a limited generation of ocean floor, possibly
within a back arc or ensialic basin. Presumably this would
be correlated with-éeneration of ocean crust in thé
Devonian Gramscatho Basin. Alterpgatively, this situation

could also occur at a transform fault, plate juncture.

3.3 The Hornblende Schists

The distribution of hornblende schist was originally
mapped by Mojendie (1818) and De la Beche (1839), however,
the first interpretive discussion was presented by Bonney
'(1896). He suggested that the strongly deformed and .
metamorphic nature of the hornblende séhists supported the

proposal that they were probably the oldest rocks in
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southwest England and were derived from a sequence of

basaltic lavas and tuffs which had been subéequently
deformed (Bonney, 1896). Flett (1946) divided the
hornblende schists into t\wo groups on their appearance,
both in the field and in thin section:
1) The Landewednack Schists consisting of flat ly.ing,
epidotic, fine grained amphit;ole bearing schists
containing pockets of and interfingered with micaceous
and quartzose- metasedimentary rocks of the 0Old Lizard
Head Series.
2) The Traboe Schists unlike the Landewednack Schists
are non epidotic, medium-grained feldspathic, hornblende
schists which are fluidly folde.d and have a dominant
near vertical foliation.

Flett (1946) noted that the two- varietie.s cropped out
and were dominant at different localities yet they would
sometimes pass transiticumally into‘one another. The Traboe
Schists are found generally to the north of fhe Lizard
Peridv;tit"e while the Landewednack Schists are found to
'predominate south of the peridotite. Green (1964b)
intergreted the Traboe Schists as a contaét mefamorphosed
eguivalent of the Landewednack Schists. Subsequent work by
Kirby (1979a) and "Styles & Kirby (1979-) has shown that the
rocks comprisingl Greens proposed contact aureole are

chemically distinct from the Landewednack Schists. Detailed

field mapping and petrography along sections of the west
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coast near Pol Cornick reveals the pyroxene granulite;
described by Green are actually 1ayefed mafic and
ultramafic cumulate rocks which are infolded with the '
peridotite at the base of the thrust sheet (M. T. Sfyles,
pers. comm., 1987). This interpretation is further
c.orro.borated in Leake & Styles (1984) Qhere information
obtained from the IGS 1978 boreﬁoles reveals 'the presence
of previously unrecognized cumulate ultramafic rock types
which represent the missing link-in Lizard critical zone
stratigraphy. As a result, the rocks termed: the Traboe
Schists are now known to consist of metamé-rphosed gabbroic
and ultramafic cumulate rocks and are distinctly different

from the Landewednack Schists.

+3.3.1 Field Observations

Along the south coast of the Lizard, from Kildown
Point to Carn Barrow, hornblende schist dominates the cliff
exposures. However, as the schist/peridotite contact is
approached, typical Landewednack-type hornblende schist
passes transitionally into Traboe-like hornblende schist.
Epidote disappears from the assemblage, upright £1luid
folding (high T) becomes prevalent and alternating
nedium-grained feldspathic and amphibolitic layers dorﬁinate

the rock. . ’

There are two possible explanations for this change  in

‘ .
appearance and structure of the schists as one approaches
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the contact zone; 1) the schists nearer the contact havz
1

suffered a higher degree of metamorphism than the typic
Landewednack Schists,' ‘or 2) thesé zones of
feldspathic/amphibolitic (Traboe-1like) schists represent
pods of deformed qabbroic rocks present within the
uppermost sections of the basal sequence.

Styles & Kirby (1980) and Kirby (1979a) suggest that

T "‘aJ’thop.gr‘: many of the occurences of Traboe-like schist
di."ge;:;:ﬁmbené_ath the contact are in fact pods of sheared-

=

out gabbroic material, it is possible that some of these
may represent the localized result of prograde metamorphism
~of the Landewednack Schists. Samples of both varjfeties of
schi_st were collected to see if those proximal the
contact are chemically more primitive. An elegtro
microprobe study of the amphiboles within thes'e\‘" rock;s. was
also undertakenv in order to determine if there is an
increase in metamorphic grade as one approaches the
hornblende schist/serpentinite contact. This data is
discussed in Appendix 1.

Within the map area hornblende schist outcrops between
Kildown Point and Carn Barrow as well as.a£ the Bélk and |
south towards Lizard Point (map sheets 1 and 2). A number
of short sections in the vicinity of Lizard Point and Pen
Olver were also examined for comparison with sections

within the map area and collection of samples for

. geochemical comparison (figure 3.2). The cliff sections are




Figure 3.2: Sample location map for those samples obtained
from outside the Kennack Sands to Church Cove map area.




55,
51
52,53
54ab
21
56,57,58

LIZARD PENINSULA

59

14a,b

15,16,17

=

18
13a,b
19b, 20b
19a, 20a
12¢

12a,b

Sample location
map

For samples outside of the map area.

All sample numbers

preceded by the prefix L7~

Scale 1:50000

1 2 3 4km

8%




55
-
composed wholly of hornblende schist, excluding a short
section of cliff from the south side of Cadgwith to the
Devils Frying Pan (map sheet ;3.

The schist is dominantly of thé Landewednack variety,
consisting of a sequence of flat lying to shallowly NW or
SE dipping‘hornbiende-plagioclase—epidote schists. The
epidote is present.as.metamorphic grains within the schist,
but it is most common as thin Jameliae of epidotite (<4 cm),
which are parallel to the major foliation. Epidote also
forms boudins within the hornblende schist, where the
primary strain direction of the boudins parallel the L1
stretch}ng lineations on the S1 cleavage surfaces (Plate
1) . Cross-sections of these epidotite boudins are seen on
rock faces pérallel to the tfend of the F2 fold axes. The
crigin of these epidotite layers and lenses are discussed
by Flett (1946) who suggests that these horizons are not
syn-depositional structures, but are the result of
metamorphic segregation. éirby (197%a), however, suggests
that these horizons were present witg;n the hornblendé
schist protolith prior to tectonism, and that they may
represent émall pods and layers of calcium-rich clays or
impure limestones which were present within a dominantly
volcanic pile. The present field studies support this
hypothesis. h

Also present in the Landewednack schists are thin (<20

cm) often continuous bands of pink, fine-grained granitic

%




Plate 1. A cross-section through a 15 cm long epidote
boudin in the Landewednack Schists at Pen Olver.

Plate 2. A 1.5 cm thick, continuous band of sugary granite
within Landewednack Schist at Cadgwith.
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material which generally parallel the S1 schistocity of the
hornblende schist (plate 2). Locally, however, these layers
cross-cut the dominant foliation, and appear to be
definitely intrusive into the schist (plate 3). This is
clearly evident as one nears the hornblende
schist/peridotite contacts at the Devils-Frying Pan and
Kiidown Point. The origin of these granitic veins is
uncertain, however, they are similar in composition to and

are probably genetically related to the felsic portion of

the Kennack Gneiss (Kirby, 197%a).

3J.3.2 Petrography

In thin section the hornblende schists fgom the mép
area are dominated by fine-medium grained (< 2 mm)
hornblende- and plaqioclase- bearing rocks which frequently
contain abundant sphene, opaque oxide minerals and rarely
apatite as accessory phases (plate 4). The hornblende is
typicélly idiomorphic and prismatic, but locally may be
either granular or anhedral. It is highly pleochroic,
varying from yellow to blue-green under plane polarized
light and it always defines the foliation pervasively
geveloped in these rocks. Plagioclase is typica;ly
saussuritized, xenomorphic in form, but when unaltered,
albite twinning is usually evident. An increase in the

amount of saussuritization appears to correspond to

proximity of the sample to the serpentinite/schist contact.

b




Plate 3., Cliffs of hornblende schist at Carn Barrow. A
velin of sugary granite can be observed to cross-cut the
schists, but is itself tightly folded. Note assistant in
foreground (160 cm) for scale.

Plate 4. Photomicrograph of typical Landewednack schist.
Note bright green sub-idiomorphic hornblende, as well as
abundant idiomorphic sphene. Field of view is 1.1 mm under
prl, sample L7-67.







The development of core-mantling subgrains is associated
with the destruction_of the typical strongly nematoblastic

texture of these rocks (plate 5). This granulation also

occurs as one approaches the contact zone. These

observations are consistent with the contact representing a
zone of differential movement aé well as a site for
percolation of.alkali-rich fluids responsible for the
saussuritization of the feldspar.
3.3.3 Stguctufe within the map area

The hornblende schists are dominated by a shallow
NW-SE dipping S1 foliation. This appears to parallel
lithological layering, indiqating that the sequence as a
whole has undergone F1 ispclinal folding. F1 fold hinges
are not common, but where present the fold axes plunge in
the S1 foliation plane to éither the NE or SW. These are
;hall scale isoclinal or rootless F1 intrafolial folds,
which suggest that a large amount of structural shortenlng
has occurred. Frequently visible on Sl foliation surfaces
are NW-SE trending L1 stretching lineations. These are the
result of alignment of dominantly prismatic hornblende
crystals parallel to the main direction of tectonic
movement. A second genération of structﬁral elements were
not~seen in outcrop, however, the presence of large scale

F2 folds can be inferred by the variation in S1

orientation. The section of coastline from Carn Barrow to




Plate 5. Photomicrograph of sample L7-38 showing the
development of core-mantling subgrains due to granulation.
Field of view is 1.1 mm under ppl.

£

Plate 6. Photomicrograph of a garnet muscovite schist (L7-
16) showing spiral-sigmoidal inclusion trails in subhedral
garnets. Field of view is 3.5 mm unden\ppl.
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Cadgwith shows this variation in orientation quite well

(see map sheet 2).

3.4 014 Lizard Head Series

The AOld Lizard Head Series (OLHS) consist of a group
of ;Selitic, pssamitic and semi-pelitic‘lschists with
associated amphibolite which occur at t{he .type locality in
the cliffs at lizard Point (figure 1.2]. Another smaller
locality is located in the cliff sectybn on the south side
of Porthallow Beach. Fox (1891) describes a nufnber of small
outcrops of micaceous schists from the Pen Olver area which
occur as small pods or lensé's within the dominantly
hornblende-ep.idote schist of the Landewednack variety.

Tilley 21937) describes the occureﬁce O.f high;;
temperature and high-pressure metamorphic minérals \in
samples of micaceous schist from varying localities on the
Lizard. From small outci‘ops found just west of St. Keverne,
Tilley (1§37) describes the occurence of cordierite, |
sillimanite-kyahit;.e intergrowthé., almandine garnet as wéll
as staurclite in a few of the samples. The presence of
sillimanite-kyanite intergrowths as well as staurolite
qualitatively indicates that temperatures during
metamo_rphism of up to 700°C could haQe been achieved.

The OLHS consist of a variety of lithologiesl dominated
by the following: |

1) muscovite-biotite schists, locally garnetiferous
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2) quaktzose and arkosic meta-sandstones
3) amprjibolitic schists
4) chloritic scl;ists._
The protoliths of these rocks are believed to be clastic
sedimentary rocks, basaltic flows and tuffaceous rocks
deposited with and directly on top of the ophiolitic
‘[ basalts (Landewednack Schists) prior to obduction of the

/ Lizard complex as a whole (Flett, 1946)‘.

3.4.1 Field description and structure

The rocks of the OLKS are typically severely altered,
which may locally be the result of retrograde metamorphism
during cooling of the Lizard complex. All of the rocks are
highly sheared, and generally crumble" readily when struck
with a hammer. The mica schists and chloritic schists, in
particular, seem more deformed than the others, their
incompetency being a function of their constituent
mineralogy.

All of the varieties of the 6LHS rocks are conformable
-with each other and have structural elements with similar
strikes and dips. Structurally these rocks are very similaf
to the Landewednack Schists. The OLHS are dominated by a
penetrative S1 foliation which dips 10-15° to the
southeast. Although primary sedimentary structures are
rarely preserved‘, when bedding is present it is seen to

parallel the S1 foliation plane. This indicates that the S1
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foliation is the result of Fl isoclinél folding where F1
fold axes plunge gently to the southwest or northeast.
Scrivenor (1939b) describes two occurrences of large
mesoscopic folds which are presént within the OLHS. A large
tight to isoclinal fold approximately 50 xﬁetres in
wavelength can be seen in a rock face at Pistil 0go, just

off Lizérd Point. The fold is defined by a bedding parallel

granitic band (Man of War Gne,iss?) within the OLHS. Strain

within the folded structure has been accommodated by‘a
rupture fault which cuts up at a low-angle through the fold
hinge, approximately paralleling thé axial surface.
Presumably this is a large scale Fl structure, howeQer the
sketch is unoriented, and no directional coordinates were
discussed. The second mesoscoiaic fold can also be fou;xd
within the OLHS in a cliff face just west of the.Lifehoat
Station at Lizard Point. This fold is generally the same as
that previously described, however no low_angle'fault is

”

present.

Flett (1946) and Kirby (1979a) report F2 folds which
create a puckered foliation within the OLHS. The resultant
S2 foliation has a gently southeast dip, similar to S1.
This may prove an important link between small scale
structures within rocks underlying and those cropping-out
to the north of the i.izard complex. As previously discussed
in section 2.4.3, D1 and D2 structures present within the

rocks directly north of the Lizard can be correlated with




two distinct episodes of thrusting (Rattey & Sanderson,

1984). If this is the case, then perhaps the two

»

generations of structures observed within the OLHS are

\\f imilarly related to two distinct episodes of thrusting.
C '3:

3. Petrography

kﬁ

The purpose of the petrographic study of the OLHS was

to evaluate these metasedimentary rocks as a possible

source material for derivation of the Kennack Gneiss.

Samples were collected from three distinct localities,

thus providing representative coverage of the varieties and

extgnt of these rocks. L7-15 & L7-16 were obtained from a

lens of garnetiferous muscovite-biotite schist within the

hornblende schists at Pen Olver (figure 3.2). Samples L7-

13a and 13b were taken from the beach and cliff outcrop of

quartzo-feldspathic schist and chloritic schist

respectively, on the south side of Porthallow Cove. L7-l4a

a muscovite-biotite schist and L7-14b an amphibolitic

schist were obtained at the type locality near the Lifeboat
station at Lizard Point.

Samples.L7-15 and L7-16 are generélly very similari
Significéntly, the only difference between the two is the
absence 6f both muscovite and garnet from L7-15 and the
presence of these minerals in L7-16. Both samples contain
plagioclase as subhedral detrital phenoclasts (<2 mm) which-

are generally saussuritized. Plagioclase is also present in
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the groundmass as subhédral partially sausshritized grains
which display abundant albite.twinning. Plagioclage
constitutes 35-40% of the rock. Quartz comprises up to 15%
of the rock and is present throughout as small equant
grains associated with plagioclase in the groundmass. Mafic
minerals consist of small (<0.5 mn) bladed grains of

biotite which warp around all other grains defining the

Spervasive fbliation, as well as pale-green, faintly

pleochroic chlorite which locally replaces biotite.
Together thése constitute 15-20% of the sample. Accessory
ninerals include bladed muscovite which is typically
associated with the biotite as well as euhedral pale-pink
garnet (L7-16); opagque minerals, possibly magnetite
comprise up ﬁo 5%; minor zircon and apatiée are also
présent. The euhedral pink garnets are quite'impressive; a;
they typically contain distinct spiral to sigmoidal
inélusion trails of‘opaque grains, possibly indicating
syntectonic growth (plate 6).

Sample L7-13a is distinctly different from any other
rock séen in the Lizard area. It is banded in appearance,
the banding defined by alternating quartzose and
feldspathic layers. In general appearance it resembles the
Kennack Gneiss. In thin section, the nature of the banding
pecomes clear, where the feldspathic layers are

characterized by large partially saussuritized alkali

feldspar grains (<2 mm) exhibiting pericline twihning and
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intergrown with small (<1 mm) anhedral quartz grains.

Quartzose layers are characterized by large (<2 mm) quartz

A
phenoclasts which are frequently strained and now consist

of polycrystalline mosaics of small anhedral grains
surrcunded by a finer-grained groundmass of intergrown
quartz and alkali feldspar. On ﬁhe whole, quart:z
constitutes 40% and alkali feldspar 30% of the rock. A
pPervasive foliation is defined by the ﬁarallel alignment of
tiny laths of muscovite which form continuous thin (<0.5
mm) films which warp around the larger grains. Muscovite is
present in boﬁh the quartzose and feldspathic layers and
comprises approximately 25% of the rock. The:rock is kink
foclded on a macro and microscopic scale and locally one can
sée patches of carbonate deposited in the low strain axial
zones of the kink bands. This rock has been interpreted as
a stréngly deformed feldspathic greywacke.

Sample L7-13b was taken from a rubbly outcrop of
chloritic schists approximately 10 metres from the location
of sample L7-13a. In outcrop this rock is extremely
sheared, with an undulating dominant S1 cleavage étriking
060‘degrees and dipping at 15° to the SW. Within these
schists are small competent lenses of a greenish chert.
These may répresent siliceous nodules present within the
presumably silty protolith of the chloritic schists. Also
present within these chloritic schists are diécontinuous

quartzo—feidspathic layers up to 50 cm.in length as well as
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small lenses comprised of quartz and pink feldspar (plate

7). Tbese are similar to quartzo-feldspathic lenses found
within the OLHS at Lizard Point; suggested to represent
minimum melt segregations produced during deformation and
metamorphism (Malpas & Langdon, 1987; Bromley, 1979; Strong.
et. al. i975 and Vearncombe, 1980). The origin of these
quartzo-feldspathic layers is uncertain, however, the
frequent absence of feldspar from many of these lenses and
layers suggests these are origihal sedimentary structures
and were present prior to tectonism.

L7-13b consists dominantly of v;;y fine grained
quartz, mucé%ite and chlorite (ail <0.25 mm) with minor
feldspar and opague grains. Quartz occurs throughout, most
commohiy as polycrystalline lenses and pingh and swell
bands. These bands may exhibit an annealed texture. Pale
green pleochroic chlérite comprises the majority 6f the
sample, as irreqular patchey growths. The foliation is
defined by the parallel alignment and warping of fibrous
musco?ite }athes'around the Quartz lenses. Accessory phases
include rare apatite inclusions-in quartz as well as
abundant anhedrél opaque gréins of hematite, typically
associated with the chlorite. _

Samples obtained from the type locality of tne OLHS at
Lizard Point are distinctly different again. Sample L7-14a,

a muscovite schist, was obtained from a section of cliff

which contained abundant quartzo-feldspathic lenses. It is
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' extremely sheared, of very fine grain size and contains
abundant quartz anq alkali feldspar with the muscovite.
Quartz and ubiquitously altered feldspar are present as
small (<0.2 mm) equant grains, commonly meeting in triple
point junctions in muscovite poor zones. Microfolds are
defined by elongate mats of brownish muscovite which wraps
around the pods of equanf quartz and feldspar. Accessory
phases include rare granular epidote, minor chlorite and
tiny anhedral opaque grains.

L7-14b was obtained from an amphibolitic phacoid -
present within the previously described muscovite schist.
This is a strongly foliated rock comprised predominately of
hornblendic amphibole ({<0.5 mm).with approximately 25% of
generally saussuritized plagioclase. The plagioclase is
locally present as rounded and broken crystals :around which
bladed amphibole crystals are warped. Thesa broken
plagioclase gfains may represent original phenocrysts which
have acted in a competent manner relative to the
surrounding groundmass. This is similar to the external
form of the phacoidal amphibolitic body which has
apparently acted more competently than the surrounding

micaceous schists.

3.5 The Man of War Gneiss
The Man of War gneiss consists of a series of strongly

foliated gneissic rocks of varying lithology, ranging from
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fine-grained pssamitic metasediments to medium- to coarse-
grained tonalitic intrusive rocks. All varieties have been
deformed with the OLHS. They are located in the reefs off
Lizard Point and as a result, access to the exposures is
limited to times of calm sea and low tides. A direct result
of their poor accessibility is a dearth uf written material

and a complete lack of geochemical data on these rocks.

3.5.1 Previous Work

The first description of the gneissic rocks off Lizard
point was given by Fox (1888) and supplemented by
petrological notes by J.J.H. Teall. Fox (1888) noted a
number of varieties of foliated rocké ranging from fine

grained micaceocus and pssamitic schists (similar to the 01ld

"Lizard Head Series) to medium- to coarse-grained tonalitic

gneisses dissimilar to any other rocks found on the Lizard.
My work has concentrated on the medium- to coarse-grained
tonalitic gneiss, which is interpreted to be.intrusive in
origin while the other varieties of Man of War Gneiss have
been interpreted as highly deformed sedimentary rocks
(Flett, 1946). The tonalitic gneiss is found on thé outer
reefs, and is separated from the mainland by what Flett
(1946) suggests is a zone of lit-par-lit injection of the
Man of War gneiss into th:z 0ld Lizard Head Series. The
igneous intrusive nature of this gneiss is clear, as Flett

(1946) and Fox (1888) describe localities where a granulite




or tonalitic gneiss intrudes the 0ld Lizard Head Series.
.Some of the important points about the Man of War
gneiss have beeg outlined by Fox (1888). The outer reefs
consist of a coarse gneiss, whose protolith was probably a
quartz-diorite or tonalite. The tonalitic gneiss is cut by
feldspar porphyritic mafic dykes which are deformed and
were thus intruded into the tonalitic gneiss prior to
and/or during displacement of Lizard complex from the
oceanic environment. Fox (1888) describes one locality
where a 1.5 m wide dyke is traversed by numerous small
veins of tonalitic gneiss. This suggests that the dykes and

tonalite must be closely related temporally in order to

produce a lit-par-1lit injection texture.

3.5.2 Description and Petrography

In hand sample the tonalitic gneiss has a distinct and
well developed corrugated (kinked) foliation defined by
alternating folia of dark green amphibole with patches of
grey feldspar. Quartz is present, however, the amount
varies greatly from specimen to specimen.

In thin section the abundance of quartz in-the rock
becomes more evident where quartz occurs dominantly as
fine-grained anhedral polycrystalline lenses surrounded by
amphibole and saussuritized plagioclase. Plagioclase occurs

mainly as subhedral phenocrysts (<1.5 mm) which are usually

altered to saussurite. It also rarely occurs as small (<0.5




Plate 7. Segregation lens of quartz and'orthoclase(?)
within muscovite-biotite schist at Folpeor Cove.

Plate 8, Euhedral garnet at left, in a matrix of chlorite
and saussurite within Man of War Gneiss sample L7-82.
Field of view 0.6 mm under crossed polars.
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mm) anhedral grains showing albite twinning. Feldspar
comprises 40-50% of the tonalitic gneiss and is typically
>80% altered to saussurite. Mafic minerals consist of a

straw-yellow to bluish-green pleochroic amphikole

(hornblende) which varies in form from anhedral and fibrous

(L7-82) to subhedral and prismatic (L7-81). Tpis chanqs of
form probably feflects a decreasé in the degree of
deformation represented by the transition from sample L7-82
to L7-81. Hornblende comprises 15-20% of the gneiss and
grains are generally <2 mm in size. Chlorite is also
present as small (<0.5 mm) prismatic grains which wrap
around feldspar crystals thus defining a foliation. Zones
of less intense alteration reveal the presence of biotite
in a similar%habit, thus indicating thaélchlbrite is the
alteration product of biotite. Accessory minerals include
apatite as small grains included within hcrnble;de: dpaque
grains as exsolution blebs within hornblende and rarely as
individual grains; and small, pink-colourless euhedral

garnet (Plate 8).

3.5.3 Implications

The occufrence of the Man of War Gneiss within the

/
OLHS has never been éddressed in terms of a petrogenetic
study. The presence of a syn-tectonic ‘intrusive body of
quartz diorite composition within the sole’ rocks of the

Lizard ophiolite may have important implichtions for the

e
7




tectonic history of generation
Lizard complex.
Gneiss does not mean it hasn't an important role in the

geological history of the Lizard. In fact, its present -

outcrc;p extent
all. So little

acquisition of

petrographical.

role and importance within the framework of Lizard geology.

N

3.6 The 'Serp‘entinite

.The predominant rock type of the Lizard is
serpentinized peridotiﬁe, covering an area.of approximately
60km?. Flett (1946) divided the serpentinite into three

distinct types, the most plentiful being the medium to

coarse” grained

followed in abundance by t'rexv"nolite serpentinite and dunite
serpentinite regpectively. Green (1964a) also divides?/thé
Lizard peridotite into three units, a primary crystalline

assemblage, a recrystallized anhydrous assemblage and a

recrystallized

corresponds roughly to the bastite serpentinite of Flett

(1946) , however, both the anhydrous and hydrous

recrystallized

Flett's tremolite serpentinite, with the hydrous assemblage

being developed locally within the anhydrous assemblage.

71
and emplacement of the

\ .-
The limited exposure of the Man of War

may not be reflective of its true volume at
is known about these rocks that the
some chemical analyses combined with a

study can only help to further .elucidat.:e it;s

-

- *
enstatite or bastite serpentinite. This is

hydrous assemblage.: The primary assemblage

assemblages of Green (1964a) correspond to
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Green (19645) suggests that the dunite serperitinif.e of
i Flet;t (1946) is simply a very fine graineq, recrystallized
’ar}d wholl serpentinized variety of his reg:rystéwll'{zed .
’assemblages. However, Leake & Styles (1984) consi.derle-d' the
dunite serpentinite of Flett (41946) as being largely
cumulate dunite and not simply an intensly al.tered variety
of the recrystallized assemplages. 'I_‘iie following . |
discussions utilize the classification of Green (1964a).

p . | .

3,6.1 Petrogenesis and Implications - .
o The primary ,_peridotite assemblage consists of olivine -
(Fogqg) 4 aluminous enstatite, aluminocus diopside ar{d ‘
aluminc;ué 'spin_el. This is in contrast to the secondary
assemblage of olivine, enstatite, digpside plagiocclase,
pargasite and spine.l. The significant difference between__'l
the hydrc;us and anhydrous assemblages is the de\-relopm_ent of
th\e pargasitic amphibole. Green _L19_6_tia.j_,presente_d buik ‘rock ,
cherﬁistries of representative samples from each of the
assemblages and showed that there is no significant
difference between the two groups. He Jconcluded that the
differing textures and mineralogies are a result of both
cataclastic deformation of the primary assemblage as well
,_.as progressively decfeasing pressures during ascent in the ‘
mantle. This progressive decrease in pressure was

accompanied by a relatively constant temperaturé (adiabatic

ascent). The decrease in pressure' resulted in the
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: instability of the aluminous (high pressure) phases of the

primary assemblage and the subséquent ‘re'crxstalliz'ation' and
formation of the anhyorous secendary assenmblage. The'
occurence of plagioclase in the s'eoond;ry ar{hydrous'
assemblege can be explainod by the reaction; "

v

-

o _ . \
olivine + A1 enstatite + Al diopside + Al spinel

A
= plagioclase + olivine + spiresl

P

This would have occui'x§d as a result of recrystéllization
and ret:.rograde mefarﬁorphism of the primary assemblage
during progréssive uplift:_ and.Zintrusive \:emplacement of the
ultramaflc body (Green, 1964a). This model proposed by.
Green (1964a) is dependent upon the leard Perldotlte being
an ultramafic intrusive body rather than a tectonically
emplaced ophiolite complex.

It appears that the primary assemblage of Lizard'
peridotite represents a hantle residue which has been ieft
behind after undergoing partial melting and removal of a |
basaltic melt (Floyd, 1976)l. The aluminous nature of the
phases indicate that it was inrtially formed at elevated
pressures (sp1ne1 lherzglite fac1es) at g—‘“pths (Green,
1964a) of the order of 50 km and temperaéures of 1250-1300
°C (.Floyd, 1976). In contrast to this, the secondary

anhydrous assemblage is believed to have formed within the

plagioclase lherzolite field at 27 km depth and 1075 °C.




.
Recent work¢bnyav1es (1984) has shown that although the

.bulk rock phemlstrles of the spinel &and plagioclase
lherzolltes are similar, the 1ncompat1ble trace eélement
concentraslgns as well as msotoplc 51gnatures are

[

The peridotite has suffered exten51ve

51gn1f1cantly‘d1fferent.

_ serpentlnlzatlon, where usuall up to. 50% ‘of the phases
have been-affected. The serpentinization reactions must

have occurred at temperatures beleow the upper stability

limit of serpentine (<500 *C) ipd at less than 10 Km depth

(Floyd, 1976). The, serpeﬂtlne mlnerals consxst of

v

domlnantly chrysotile (cross- flbre) with minor llzardlte

'and antlgorlte The domlnance of chrysotlle as the main

'
serpentlne mineral may be interpreted as a result of the

t

operation of meteorlc waters as the main fluid phase during

~
.

the serpentlnlzation process. ThlS implies that the process

of serpentipization occurred after the Lizard was emplaced

+

(Floyd, 1976).

. <@

. 3.6.2 Peridotite w1th1n the map area

O The perldotlte encountered w1th1n the map area is
large1y~of the primary assemblage and is dominated by a
green-black bastite serpentinlte with a near vertical
mineral foliation (Plate 9) . Serpentlnlte of the secondary

assemblage was.jpund only near the basal contact with the

hornblende schists, or aaong the section of coastline from

2
"
/.
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Plate 9. Typical green-black serpentinite found within the
Tap area. Note low angle shear zone cutting through the »
rock. Photograph taken near Black Rock. )
v

/

. . - . - a - .
Plate 10. A small intrusion of gabbro in henatized
peridotite. Note fine grained margin and coarse grained
core. Photograph taken at base .of Thorny Cliff.

i

Y

s

L )
s







o ara s s Mt

. 83

Black,Rock~to.Enyé_Head (map shééZ’:).'In‘the former, .such

as the contact just north of the Balk, the hornblende
. ) Ve -

'schists pass upwards into serpentinite through a contact’

zone which dips dently to the Morthwest. Within this
! 7
contact’ zone, both the schists and serpentinite are

obscured by heavy hematization and recrystallization,
’ : . .

particularly within 2 m of the contact proper. The

serpentinite in the latter locality is cut by a numker of
, .. o
near vertical .to shallowly southeast dipping normal faults.

It is intruded by irregular dykes of Kennagk Gneiss and

both have-been-extensivély altered and recfystallized. The

- .

outcrop is severely hematizZed and the serpentinite is

traversed by humerous net-veined stringers of dolomite.

’
ol

7

3.; Gabbro : - . : ‘
. " ‘ -

—— ~~The+largest mass of gabbro,'the Crousa gabbro, ‘covers

an area of approximately 15km? on the eastern side of the

»

Lizard Peninsula. It forms an arcuate mass'which is bounded

to the north by a moderate to shallowly-dipping thrust

. fault and to the south it passes through a highly

T e

. 7 . '/:
attenuated critical zone into troctolite and then

peridotite (Kirby, 1978).

The relationship of the Crousa gabbro to the
surrourniding lithologies has been interpreted in a numbef of
ways. Flett (1946) believed the“gabbrb was intrusive and

-~

rapidly followed the peridotite. Green (1964c) suggested




S

that the gabbro represented part of a ring=comprex

intruding the peridotite and-that the two‘are not

~genetically related. Thayer (1969) first suggested that the

compiéx was ophiolitic, and as a result, th2 gabbro was

genetically related to thé troctolite and peridotite.

!

The Crousa gabbro has extremely variable texture
(Flett, 1946; Kirby, 1978 and 1979aj'Styles & Kirby, 1980).
A near vertical, E-W trending cumulate layering is readily

visible at certain localities, however, these examples are

_not cé&mon as the layering is partially obscured by an

overprinted E-W trending foliation (Kirby, 1978). When

_present, graded beds within the layering'indicaté a
. rJ

younging direction to the north. Much of the gabbro is
ﬁassive and-medium to coarse grained. Primary phases
consisf of plagioclase, clinopyroxene, olivine and opaque
hinerais (Kirby, 1978). Second&ry minerals such as &ralite
and saussurité increase as onée progresses northwards and
are*ubiquitous near the northern thrust contact.

The Crousa Gabbro is frequentl§ cut by localized zones
of-flaser gabbro, representing the tectonized equivalent of
the ' massive, medium to coarse grained variety. The zones of
flaser development are most common within the transition
zone at Coveéack Beach, and.they are believed to have
formed in the plutonic environment at an active gpreading

centre. The outcrcp extent of the Crousa Gabbro has

recently come under scrutiny (Rollin, 1986). Inland
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exposﬁggs are very rare, and what was originallx mapped as

- 3 . ’
Crousa Gabbro has been shown, using bouguer gravity

anomalies, to be a sequence of mafic and ultramafic rocks

- possibly belonging to the Traboe cumulate complex.

s
t
g

d <~

3,7.1 Field Description: Kénnack Sands to Parn Voose Cove

Gabbro also occurs as dykes within the peridotite from

. Coverack to Kildown Point and as dykes and sills of coarse

grained gabbro in peridotite from Carn Barrow to Parn Voose
Cove (map sheets 1 & 2). It is these exposures of gabbro |
: 4

which are of particular interest in this discussi®n. These
pegmatitic gabbros form only a small portion of the cliff,
sections, but are Qenerally intimétely associated with the
Kennack Gneiss. _

The gabbro found in the cliffs from Kennack Sands tovl,
Parn Vgpse Cove occurs in a aumber,of textures‘and
intrusive forms. It varieé in texture Efom a medjium gfained
melanocratic massive gabbro (dykes in serpentinite, L7-9)
at carleon Cove, through a complete spectrum of massive,
ceirse-gr;ihed to augen gabbro. ) |

At Kennack Gate, the classic locality described by

Flett (1946), gabbro occurs as thin dykeé of coarse;grained

_altered gabbre which crosscut the foliation in the

serpentinite and are themselves crosscut by fine-grained
basaltic dykes and_Kennack Gneiss. Along a section of

Thorny Cliff, rare thin «<0.5 m) dykes and veins of




coarsé—grained‘gabbro intgrude primary serpentihite. Oon ~

close examinatioﬂ one can see that tﬁe coarse Qabbro fias
narrow flne—gralned marg1nal phases (platein) This = -
suggests that the perldotlte may have been relatlvely cool,
when .intruded by the gabpro,_but that the central porglon
of the intrusions were fnsulated by';heir«chill'margins.
The presencs of vsry coarsé_grained gabbro in the.central

- portions of narrow veins suggests*that the gébbro was also
enriched in volatiles. ° -

At Kild&wﬁ Cove, small boéiesiof cbarse graiged almost
pegmatitic gabbro can be seen cropping;put.in the L
serpentinite cliffs. The shapes otlthésé bodies appear to
be highly irreguf;r, althodgh poor exposure prohibits an
exact determlnatlon of thelr form. This gabbro is generally
undeformed and contains crystals of pearly serpentlnlzed
clinopyroxene (<4 cm) surrounded by white plagloclase..A
sample of this gabbro (L7-34) was obtained from a small
lens of pegmatltlc gabbro in the centre of Klldown Cove.

‘Gabbrd next occurs southwest along the coast at
Polgwid%en (see map sheet 2). Here a coarse grained,
‘strongly foliated gabbro is intruded by and defqrmeé with
Kennack Gneiss. A sample of the gabbrq obtained at.tﬁis
locality (L7;64) appears almost mylonitic in hand sample
" (plate 11). \

Gabbro occurs more frequently as one moves southwest
»

from Polgwidden, until it comprises 80% of the exposed rock




Plate 11. Augen to nylonitic gabbro at»?oiqwidden. Scale

is the size of a quarter.

RN S
\
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Plate 12. Large plagioclase grain (lett ) with

intercumulate clinopyroxene grain (nqht) in sample L7-48.
Note clinopyroxene being replaced™”along 110 cleavage
planes. Field of view is 3.5 mm under crossed polars.

’
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at The Chair. In the vicinity of Whale rock, the gabbro is®
intimately associated_withlkenhack'Gneiss, similar to the

. . - : B C . C‘/‘J .
situation at Polgwidden. The complex féiationsq}ps seen at

. this-locality suggest that an originally undeformed ,

pegmatitic gabbro was intruded by numerous feeders of

banded gneiss, probably while the .gabbro was still at ap
/ ( ' o L
elevated temperature, and then bdth were subsequently

‘deformed together as défbrmation persisted{ The result was

a complex zone of sheared peqmaﬁitic gabbro and banded s

. . . . ~
gpneiss, shown on map 2 as the cross hatched area. Zoﬁi§

within the gabbro-gneiss complex have apparently escaped

deformation. This is the . case at The Chair and along a
: .5 B

'short section of coast northeast towards Whale Rock. Here

fhe.gabbro'is generally undeformed, and the original’

infrusive relationships are preserved. Generally the .amount-

[ 3 .
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hamy

e—

.%k':

of strain and the intensity of intermingling of the gabbroi{/ﬁ\
14

\ .

and Kennack Gneiss appears to ingrease as ore moves
southwest towards the basal ‘thrust contact exposed at the

Balk. ' . B

3.7.2 Petrography ’ ) >
Sample L7-34, represents an undeforméd.example of the

pegmatitic gabbro and consists of large (<2.5. cm) Jhbhedral

-
-

crystals of.qpiquitously saussuritized plagioclase
surrounded :by large crystals of possibly intergumulus

Clinopyroxene (plate 12). The clinopyroxene 1s locally
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altered to .a c érlsss, fine grained, fibrous amphlibole
(ahthopﬁyllit(‘:‘which replaces the clinopyroxene along
original 110 cleawge planes. No accessory minherals were
observed. ‘ ¢

Moderately deformed varieties of pegmatitic gabbro,
répresented- by sample L7-30, exhibit similar mineralo'gies,
however structural and metamorphic textures begin to mask
the primary ignecus relationships. Subhedral saussuritized
plagiocla‘se is the dominant phase (60%) apd is accompanied
by pockets of ;andomly oriented, bladed anthophyllite. No
clinopyroxene remains, having all been replaced by
amphibole. Locally, fine-grained bladed anthophyllite is
preferentially priented in‘a parallel manner, again
suggesting replacement of»tEe preexisting c_linopyz"chgene
along 110 'cleavage p}anes. The subhedral habit of the

Pplagioclase and the anhedral nature of the zones consisting

of anthophyllite suggest relict cumulus texture. Also

present is rare subhedral, deepiy embayed red-brown garnet
- (metamorphic pyrope?).

Strongly defomed varieties of pegmatitic gabbro are
best represented by sarﬁple L7-64. The original xﬁineral
as’semblage has been entirely replaced by a secondary
metamorphic assemblage, where plagioclase is replaced by ~_ _
saussurite and clinopyroxene is replaced by anthophyllite. |
Relict cummulate’ plagioclase crystals are preserved, while

large anhedral grains of amphibol/e,__(replaced -cpx) have

<
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undergone grain boundary reduction. Accompanying this grain
boundary reduction, bladed grains of aﬁthophyllite formed -
pressuré shadow tails in place of the larger grains of

anthophyllite. y

3.8 The Mafic Dykes ;

Dyke rocks of the Lizard are most abundant within the
Crousa Gabbro on the ea;tern coast, south of Porthoustock.
A smaller concentration of dy}ées can be found cutting the
gabbro and peridotite within the transition zone on
Coverack beach. Dykes can be seen elsewhere along the goast
of the Lizard, where peridotite outcrops, however, they are
usually single dykes and do not o%cur as groups numbering
more than three. Mafic'dykes occur frequently along the
sections of coast from Eastern Cliff to Kildown Point and
from Carn Barrow to éhurch Cove (Maps 1 & 2 in pocket). At
these localities, they appear to be closely related to the
Kennack Gneiss. In rare cases; dyke rocks intrude and
crosscut the foliation in the Hornblende or OLHS schists,
These schists locally contain fine grained epidioritic
bolsters (Flett 1946) however, these aré,believed to be
mafic dykes present within the protolit;hs of the schists
prior to deformation (ie. dykbes within the ophiolitic laya

sequéncé, see Plate 13).




Plate 13. A one metre thick epidiorite phacoid in the 01d
Lizard Head Series at Polpeor Cove.

e

Plate 14. A 40 cm thick Group 2 dyke in medium-grained
gabbro at Coverack Beach. Note the lack of plagioclase
phenocrysts in this dyke.
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3,8.1 Previous Work and Field Description

The mafic dykes have been discussed at length by

numerous aqthors. Early workers such as ng (1888) and Lowe

(1901 & 1902) recognized and described the mafic dykes and
suggested correct relative ages for their formation and
intrusioh. Flett (1946) proposed that the multiple dyke
complex of the Lizard was formed as a result of processes
similar to those that resulted in the formation éf the
Tertiary dyke complexes in northwest Scotland. Green
(1964c) notes two d}stinct varieties of dykes on the basis
of their orientation. A series.of variably foliated and
metamorphosed, near vertical NNW=SSE trending diabase
dykes. fhese outcrop dominantly in the vicinity of
Porthoustock and less abundantly alonq khe coast at. )
i

Coverack and Kennack‘Sands{ The second variety consists of
a number of irreqular, E-W striking and shallowly dipping
sheets or sills which are commonly sheared and have been
subsequently invaded by Kennack Granite. Bromley (1975)
examined the field relationships and gdneral appearances of
the dikééa}n detail and noted three distinct groups of
dykes.

1) The eérliest dykes consist of irreqular N-S trending

purple to mauve metadolerites having no chill margins,

are faintly foliated and are commonly back-veined by ‘

gabbro. They characteristically have a near vertical

dip.
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2) Group 2 dykes trend NW=-SE and haQe a moderate dip to
the souéhwest. They are plagioclaés porphyritic ,
(xenocrystic?), contain medium to coarse grained
gabbroic enclaves and have chill margins against the
enqulfin; gabbro (Plate 14).
3) Group 3 dykes - are near verticalQNw-SE trending green
coloured, amphibole bearing aphanitic diabase dykes
which crosscut all earlier dykes. These dykes have chill
margins wizh the g?bbro, and form the large part of the

dyke complex near Porthoustock. They are rare south of

“
\

Godrevy Cové (Plate 15).
Kirby (1979a & 1984) discusses the field‘relationships
and petrography of the dykes ana also presaﬁts géothemical
data on dykes sampled from Coverack and East (figure 1.2).
He also recognizes three distinct variet%is of mafic dykes
on the bagis of their incompatible elemént chemistry,
however, these three varieties are not correlated in hhy

way with those of Bromley (1975). Davies (1984) recognizes
W

‘only two suites of diabase dykes. His conclusions are based

on both incompatible elements and Nd-Sm isotope studies.

3.8.2 byke rocks investigdted in this sBudy

RS

Dykes discussed in this study come from a number of

locati s throughout the Lizard. The purpose is not to

.aétempt to determine the origin of all the dykeé, only to

evaluate which of those sampled may be genetically related
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Plate iﬁﬁ A one metre thick Group 3 dyke cutting medlum—
grained homophanous gabbro at Godrevy Cove.

\

Y
[

Plate 16, Subhedral, straw-yellow to orange amphibole with
a large plagioclase -phenocryst, in a Group 1 dyke from
Godrevy Cove (L7-20A). Field of view 1.1 mm under crossed
polars. )
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éo'the Kennqpk Gneiss, and to determine tﬁg ofigin of the
.parental magma. Samples of diabase obtained from outside of
the map area such as Godrevy Cove, Coverack and Pél Cornick
were-obtained for comparisop to the mafic dykes believed to
be associated with the Kennack Gneiss (figure 3.2).

On the basis of field appearance, the basaltic dykes
can be divided into four groups. The first three groups
correspond cldsely with the findings qg Bromley (1975) as
listed above. éfoup 4 has béen proposed for those mafic
dykes which appear to be intim;tely related to the Kennack
Gneisses.
3.8.2.1 Group 1 Dykes: Petrography

Dykes belonging to group 1 were collected from
wavewashed exposures within Godrevy Cove and northwards
towards Porthoustock (figure 1.2). The field description
presented by Bromley (1975) is very acéurate and does not
requ%fe any additions. These dykes dominantly ¢onsist of
plagioclase and amphibo;e with miner chlorite and opagque
minerals. Phenocrysts of.plagioclase (<3 mm) havé suf fered

various degrees of sausuritization, and where they are

unaltered, they display sharp albite twinninq (An,g) . They
4 .

are surrounded by q\faintly ﬁoliated_fine grained

groundmass of plagioclase and mmphibole crystals (0.5 mm).
Plagioclase in the groundmass (Any,) is typically subhedral

in form and has a straw-yellow to brown pleochroic

< -

B
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amphibole (cummingtonite) as dn anhedral intergranular -
rhase (plate 16). Th;oughout the sample yellow chlorite
occurs as fine fibrous mats surrounding and.maétling the
"amphibole", possibly an alteration product. Opaque
minerals are rare, but where they do occur they are b

typically anhedral and consist of hematite. ' *

4
3.8.2.2 Group 2 Dykes: Petrography

Group 2 dykes were collected from Coverack Beach.'Ip
field appearance they are very similar to group 2 dykes
described by Brcmley (1975), however, the dykes from
Coverack dip steeply to the east rather than 'shallowly to -
the west as he suggests. These dykes are plagioclase_and
olivine phyric sub-ophitic basalts. Phenocrysts éf
partially saussuritized plagioclase (An,) are randomly
oriented and gen;rally <4 mm in length. These fresh
phenocrysts contrast strongly with ubiquitously
saussdritized;‘sq?stan£ially resorbed and embayed
plagioclase graing which are interpreted as representing
xenocrysts. These xenocrysts are present both as individual
grains as well as polycrystalline. aggregates. The
polycrystalline agqregaté!hgre interpreted as plagioclase
rich gabbroic enclaves. These qabbr01c enclaves are coarser
grained than the host gabbro into which the dykes have been
injected. Other pherocrystic phases consist of embayed

euhedral olivine (<1.5 mm) and some extensively altered




Plate 17. Photomicrograph of embayed euhedral olivine and
prismatic plagioclase phenocrysts in a fine grained
microgabbro matrix (group 2: L7-12A). Field of view is 3.5
mm under crossed polars. . ’

Plate 18. Chlorite and fibrous yellow actinolite replacing
clincpyroxene in a microgabbroic- - Group 3 dyke (L7-19A).
Field of wview 3.5 mm under croskEed polars.
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clinopyroxene grains (<3 mm) (plate 17). It is possible

that the clinopyroxene grains may have a xenocrystic origin
similar to the'plagioclase xenocrysts. The groundmass |
cpnsists of relatively fresh,'fanaomly oriented plagioclase
microlites (<1 mm) which have associaﬁed with them granular
anhedral grains of clinopyroxene apparently partially
replace& by pale q;een amphibole. Thege clinopyroxene~-.
amphibolg intergrowths frequently contain or partially-
cont;in‘ﬁlébioclase microlites, indicating a sub-ophitic
texture. Opaque grains are abundant both as small(euhedral
phenocrysts (<.5 mm) and as small anhedral clots mantling

embayed olivine phenocrysts.

3.8.2.3 Group 3 Dykes: Petroqraphy

Dykes belonging to group 3 closely correspond with
group 3 dykes of Bromley (1975). These.weré sampled from
Godrevnyove and north towards Porthoustock. They are
monotonous green-coloured generally aphyric basalts
consisting of plagioclése and amphibele with minor epidote,
chlorite and opaque minerals. Plagioclase is infrequently
pre§en£ as subhedral patchily saussuritized phenocryéts (<4
mm) showind pericline twinning and more commonly as
randomly oriented prismatic mi%rol%tes ;hich are 95%
saussuritized. Where unaltered the plagioclase microlites

exhibit albite twinning. Mafic minerals are dominated by a

pale-yellow to green pleochroic fibrous amphibole
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(actinolitg).which in rare cases mantles re}ic: cores of .
clinopyroxene. Close examination of the'clinopyrqxene cores
indicates that they may have:originally been oifgcgysts,
containing chadacrystswgf.plagioclase: Actinolite is
sometimes subhedral and g}ismatic when present in basal
sections., Intergrown with the actinolite are {ine—graineq
mats of acicdlar yellow chlorite (plate 18) . Accessory
minerals include rare, anhedral to subhedral opaque grains

possibly magnetite altered to hematite as well as very

minor apatite.

3.8.2.4 Group 4 Dykes: Field Description and Petrography

Dykes tentatively classed within group 4 are similar

" to group 2 dykes in general appearance, hOWever< these

dykes are those closely associated with: the Kennack Gneiss
and were collected from localities Qitﬁin the map area.' »
These dykes are NW-SE trending and have a near
verfical to steep soufﬁeast dip. They are. typically black-
grey aphyric dykes, <1 m across and haye almost
ubiquitously been metamorphosed to middle amé\ibo ite
facies. As a result, they consist of'domlnantgém‘hibole ard -

- I

plagioclase ¢ith minor magnetite. These dykes are
frequently schistose, especially near their intrusibe
margins. The schistocity always parallelé the dyke-host
rock contact and perhaps indicates they have been intruded

preferentially along zones of active wovement, A number of

’
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the larger dykes, such as those near the beach on Eastern
Cliff (represented by sample L7-2) still retain their
original microgabbroic texture and appear. to be daminantly
unfoliated and to ha've suffered less .'alteration. Many of
these dykes tend to pinch and swell, anastomosing their way
through. t'he host peridotite, and frequently including small
screens and phacoidal bodies of the host (plate 19).

Ciose examination reveals the presence of small
veinlets of granitic material, usually stretched out
parallel "to the margins of the host mafic dyke. The
granitic veinlets suggest that these dykes are intimately
related to the granitic gneiss.

¥n thin section one can see well developed
microgabbfoic texture as portrayed by randomjy oriented,
subhedral prismatic plagioclase microlites (<1 mm). These
microlites comprise 45-55% of thé rock, are only locally
saussuritized and qeneraily exhibit good albite and
pe{icline twinning. The Michel-Levy method of determining
plagioclase °composition indicates a compositidn' of Ang.

The dominant'mafic mineral is a pale green amphibole
(uralite), which is'present as anhedral granular clusters,
mantling relict cores of clinopyroxene. Acicular
pale—'yellow chlorite is .associated with and intergrown with
the amphibole. The position and.nature of the mafic ’
minerals suggest that the clinopyroxene was oriéinally

interqranu'lar to the plagioclase laths. Anhedral opacﬁze
: : . ' \

=




Plate 19. Group 4 dykes pinch, swell and anastomose

through hematized bastite serpentlm.te at Eastern Cliff, -
Kennack Sands.
t

»

Plate 20. Photomicrograph of fine-grained Group 4 dyke.
Note prismatic, subhedral, colourless to pale yellow
amphibole and saussuritized, anhedral plagioclase (L7-1).
Field of view is 1.1 mm under crosged polars.

/.
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j
| mineral grains are abundant, especially along the margins

‘ - of serpentinite protru”;\ions.(.\é translucent red appearance

‘ at the grain rims éuggests th; opaque grains are dgminated

! by~ hematite. Opaques are als.o m"ore‘ commonly associated with
| uralite and chlorite rather than clinopyroxene.

Narrow dykes (represented by L7-1) are generally more
schistose and have ubiquitously meﬁamorphosed to
émphibolite facies. The narrow dykes are composed of 65-70%
of a colourless to péie-yellow pleochroic amphibole

(actinolite) which rarely shows basal sections (platq\ 20).

[
Amphibole grains are prismatic, subhedral in' form and

always <0.2 mm in length. They are oriented with their-long -
axes parallel, defining a mcderate foliation. Biotite .
comgrises <2% of the rock and is present as larger grains

(<0..4 mm) which are generally embayed. Plagioclase is -
present only in the groundmass as irreqular pagch;as ofd
‘saussurite and as a fesult i; not readily distinquisl’ied.

Opaque mipéral grains are rare (<1%) ¥ are euhedral

apatite crystals. -
. ) LN

"

3.8.3 Implications of Dyke Field Relationships and
Petrography : . | .

The ac;e relati‘onships between the various types of
Lizagd mafic dykes are difficult to assess dué to the
éeneral absence of cross-cutting relationships.

Group 1 dykes have no relationship with the Kennack

Lo 3




Gneiss. They are canfined to the outcrops of gabbro in
.
Godrevy Cove and nofthwards, and have field and
petrographic characteristics, such as the absence of chill
"margins, which suggests they are of a'similar age as the
engulfing gabbro. Bromley (1975) suggests that these may
represent dyke xenoliths which have been included into a
younger gabbroic intrusion, or mafic dykes which were
injecteé tnto the gabbro while it was'gtill hot.
Dykes belonging to‘group 2 have chill margins against

" their host country rock and also contain resorbed

an W
iqflusions of homophanous medium-grained gabbre. Their

3 .
‘relative fresh appearance in the field and in thin section

suggests these rocks are younger than dykes belonging to -
grougs 1 and 3. Tﬁis conclusion is tentative however, as it
is danggrous to compare dykes from different structudral
levels. .

Group 3 dykes are ycunger than dykés of group 1 as
shown by cross-cutting relationships and inferred From the
presence of chill margins. The relationship”bet&eeh dykes
of groups 2 and 3 is more difficult to assess$. However, the
fresh nature of £he group 2 dykes :elative to the meta-
doleritic group 3 dykes again supébrts the conclusion that
dykes belonginé to group 2 are younger in age.

The dykes tentatively classed within.group 4 have

field characteristics indicating a possible genetic

relatioﬁship with the Kernack Gneiss. Petrographically,




209 i

least metamorphosed dykes of ngup 4 are mgst similar to P

PP —

those of group 3, however their "field characteristics |
suggest a greater similarity to group é dykes. Dykes
belénging to group 4 which have beén higﬁly metambrphosed,

! lack original igneous textﬁres ;Bd‘on the basis of

appearance also resémble group 2 dykes.

3.9 Summary
X ) : . .
4 The Lizard ophiolite.consists of three structural

units. The contacts between the units are interpreted as
thrust contacts, however the upper contact between the
Crousa Gabbro and the‘Lizard Peridotite 1is probably a
thrust modified original igneous contact. The thrusting
associated with the dismemberment of the ophiolite is of
piggy back style where younger thrdsts have formed in the -

footwalls of qQlder thrusts. The upper structural contact is. o

interpreted to have arisen during spreading and generation

of the Lizard ophioliée in a magma starved spreading
- centre. The lower thrusﬁs are interpreted .to have formgd in
response to displacement and emplacemént of the ophiolite
» complex respectively. Although the Lizérd peridotite
exﬁibits no internal strain, the abundance of 'later' E-W
and N-S trending/higg'angle faults ;re iﬁterpreted to have

resulted during displacement and findl emplacement of the
. $ ] \ ,

imbricate stack.




CHAPTER 4 THE KENNACK GNEISS

4.1 Introduction

The term Kennack Gneiss refers to a suite of well
banded rocks, consisting of distinct felsic and mafic
pertions. These rocks intrude the Lizard peridotite and are
QOhside;ed to form part of the central nappe structure
(figure 3.1): The name Kennack Gneiss was originally used

to describe the "gneissic" field appearance of these rocks,

however, the uszé:f the term migmatite, meaning "mixed

rocks" may be moret appropriate. The name Kennack Gneiss
will be adheréd to, althouqh terminology relgting to,
nmetamorphic migmatites or gneissges will not be used.
Instead, the terms felsicland mafic end members, K fractions

or pcrtions will be used to describe the'integral
constituents of the gneiss.

The Kennack Gneiss occurs along the south coas? of,
the Lizard from Eastern Ciiff to Parn Voose Cove, as well
as a few miﬁor outcrops on the west coast of the Lizard at

Pentreath Beach and Kynance Cove. Associated with these

banded rocks are fine grained granitic rocks termed the
Kennack Granite (Flett, 1946). Small bodies of the granite

can be found at various locations along the west coast of
\
the Lizard, and they are also shown to occur as large

o

tracts in the central portiqQn of the peninsula on the

N

British Geoiogical Survey Map sheet 359. The extent of the
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granite in the inland areas was determined wholty on the
basis ofﬁfield rubble. X; a résult, the area shown as
‘Kennack Gneiss is most likely a complex zone of banded
gneiss, granite and peridotite, similar to‘that found along
the south coast of the Lizard (see map sheets 1 & 2) as
well as'in.the IGS (BGS) Kennack Sands 1078 borehole

(Styles & Kirby, 1980). Perhaﬁs one of the most interesting
results of the borehole drilled at Kennack Sands was the |
discovery of the substantial thickness of the gneisses.
Préviously they were thought to be restricted to a thin
zone intruding ihto and lying beneath the base of the
peridotite. Tﬁe b;rehole at Kennack Sands reached a maximum
depth of 150 m without ihtersecting the underlying’
hornblende-échists; This indicates that the gneisses are .
much more extensive and their structure more coﬁplex‘than
previously suggeéted. -

The Kennack Gneiss and their reiated rocks have been a
Ltopic of debate since their initial recognition by De 1la
Beche (1839). Bonney {1887) suggested that the gneisses
were metamorphosed sédimentary rocks into which the
peridotite and gabbro had been inﬁfuded. He concluded that
the schists and gneisses were PreCambrian in age due to .
their metamorphic nature. )

Bonney's arguments were opposed by. Teall (1887) who

showed that the felsic fractions of the Kennack Gneiss were

intrusive into_,the mafic portions, and were therefore

t
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i .
{gneous in origin. Teall (1887) believed that the banding

in the gneiss was the result of a rolling out effect, under
pressure, of a heterogeneous mﬁgma.

Lowe (1901, 1902) avidly maintained the view of Teall
£1887) and.proposed that the Kennack Gneisses were the
youngest rocks present and that they intruded all other
rock types. This view was upheld by the majority of
subsequent workers, most importantly Flett (1912, 1946),
who suggested that thé banded structure of the gneiss was
produced through "fluxion" of a heterogeneous magma, and
that the scﬁistocity within the gneiss was produced during
_injection into the peridotite.

‘ Following Flett, Scrivenor (1939) also suggested that
the gﬂéisses were intrusive into the peridotite and
hornblende schists. He believed that the peridotite and
ho;nblende schists were intrusive into the Devoniaﬁ
Gramscatho seriés, and thus the gneisses were younger than
Devonian in age.

Sanders (1955) obsgrved the similar nature and
intimate field relationships'of the Kennack Gneiss and the
hornblende schist§ and suggested that the gneisses were the
migmatized equivalents of the schists. Green (1964c)
explained the gneisses in light of a lit-par-lit injection
of a granitic magma into gently southeast dipping baséltic
sills and dykes which acted as planes of shearing. He

suggested his model was similar to that of Flett (;§46)

s
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with the exception tﬁat no mixing of partially molten magma
was necessary. Strong et al. (1975), followed the thinking
of Sanders, proposiné that the gneisses are the products of
anatexis and metamorphic differentiation of the hornblende
schists.

Bromley (1975, 1979) discussed the possibility that
the Kennack Gne%ss may be the migmatized equivalént of the
OLHS. He.disbards this hypothesis as it is unable to
satisfactorily explain the origin and presence of the
profuse quantities of mafgﬁ,material aséqciated with and
comprising ﬁhe Kennack\dgéiss. As a result, he speculat?s
that an intrusive origin (unrelated to the hornblende and
mica schists) is the most plausible explanation for
derivation of the gneiss. {

. A Rb-Sr isotopic age date for th; felsic fraction of
the Kennack Gneiss is presented in Styles & Rundle (1984).
Least squares regression analysis of the isotopic data |
gives an 87'Sr/“Sr initial ratio of 0.70424 * 0.00009 and an
age of 369 * 12 Ma. The low initial ratio is unexgected for

the felsic gneiss and is not commatible with derivation of

the gneiss through anatexis of érustal material with a long

residence time. They suggest that the source of the felsic
fraction’ of the Kennack Gneiss consisted of a high
proportion of mantle or young crustal material.

Barnes & Andrews (1986) s;até’that the field

)
relationships of the Kennack Gneiss require the

N\ 0

~
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simultaneous existence of two distinct magmas, one granitic

and one basaltic. They disagree with Kirby (1979a) and

suggest that the low incompatible element contents of the

felsic gneiss are not consistént with derivation of the
gneiss through partial melting of amphibolite. A depleted,
young continental crust is proposed to be more suitable for
derivation of the felsic }raction of the gneiss.

Malpas & Langdon (1987) utilize major, tréce and rare
earth element data to support derivation of the Kennack
Gneiss through partial melting and unmixing of a chemically
intermediate parent. The proposed intermediate pargnf would
be best represented by a mixed assemblage of gemi—pelitic
schists (OLHS) interbedded with the Landewednack hérnblende .
schists. . ..

From the above review of the possible mechanisms of
generating the Kennack Gneiss it is evident that a‘viable,
well suited and geochemically sound hypothesis is as yet
Qnavailable. on the whole, hypotheses on the origin of the
*Kennack Gneiss can be broken down into 2 groups:

T 1) Anatexis and metamorphic differentiation of the
underlying metamorphic rocks during thrusting and
emplacement of the ophiolite.
2);Syn-tec£onic intrusion of two distinct magmas into .
the base of the dbhiolite, possibly during emp}acement

of the ophiolite. ' , .

Field relétionships and petrographi¢ data provide




important constraints in assessing the validity of these

models.

4,2 Field description

The Kennack Gneisses have undergone littlé detailed-
examination, despite the numerous hypotheses proposed on
their origin. Thi's must be the result of a number of
factors including; highly complex field relationshi;s: a
lack of high quality geochemical data; past mapping
attempts were undertaken on a scale too small to properly
outline detailed field relationships; authors have only
concentrated on a few well known localities and not the
.

suite as a whole; the extremely variable texture and form

of the Kennack Gneisses is probably indicative of a complex

tectonic history: and last but not least, these rocks
i

-~
appear to have few geologic correlatives.

4.2.1 Field Mapping Procedure

The initialrphase of mapping involved examination of
the relationships between &he Kennack Gneiss and the /\
variety qﬁ other £ock tygég found on the Lizard. After
initial examination and delineation.qf the“gneiss bodies,
it was necessary to subdivide the gneiss into three
gradational varieties based upon the proportion of felsic

material relative to mafic'material. This division resulted

in three subunits of gneiss comprising 1) granitic gneiss




¢
qpnsisting of >70% felsic fraction; 2) banded gneiss

consisting of approximately equal proportions of mafic and
felgic end members; 3) mafic gneiss consisting of <30%
felsic fraction. The relative proportions anq outcrop
extent of these three varieties of gneiss can be seen on
map sheets 1 and 2. Granitic gneiss is the least abundant
'of the.three varieties, although it may locally constitute
the majority of an outcrop. Granitic gnelss occurs mainly
in the-northeastern section of the map area. éanded gneiss
is by far the dominaﬁt variety. It is found througho&£ the
map area and where aécompanied by granitic and mafic
gneiss, it appears to form a gradation between the two.
Quite frequently, banded gneiss occurs by itself, composihg
the whole exposure. Such is the case in Little Cove (map
sheet 1), where a body of banded qneiss intrudes green
bastite peridotite. 3
At particular localities, such as at Little Cove, a

gradational increase in the amount of the felsic fraction

occurs from intrusive margin to the centre of the gneiss

body (plates 21 and 22). The'distinction between mafic

-

gneiss lacking in felsic material and other fine grained
gabbroic or basaltic dykes is frequently difficult to

ascertain. As a result, bodies of gneiss identified as

mafic gneiss o the accompanying maps may be comprised

wholly of basaltic material, or they may consist of

repetitive, continuous layers of finely interbanded felsic




Plate 21. Dominantly mafic, discontinuously banded gneiss
near the margin of an intrusion of Kennack Gneiss at’
Little Cove.

Plate 22.'Dominantly hybrid to granitic gneiss at the core
of an intrusion of Kennack Gneiss at Little Cove.
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and mafic fractions (plate 23).
| 4

4.2.2 Text_ural varieties of the Gneiss fractions

0f the two end member compositions (ie. felsic and
‘mafic)"there are a number of textural varieties. The felsic
fraction varies from a mildly to strongly deformed granular
biotite granite, to a mildly to strongly deformed quartz-
diorite. Generally this change in composition is related to
the thickness of the felsic layer relative to the
accompanying basaltic fraction. All large bodies of
distinctly felsic material are composed of variably
deformed biotite granite, while the smaller veinlets and
thin bands of the felsic fraction tend to be quartz-
dioritic in composition. -

A few distinctly different varieties of felsic end
member have biaen documented. A number of small bodies of
granite sampled on the west ¢oast of the Lizard were all
generally similar in appearance, however, they differéc}
from the typical felsic end membér found within the main
map area on the southeast coast. One granite sample (L7-59)
obtained from a thin (<4 m) dyke on.the north end of
éentr'eath Beach (figure 1.2) is coarse grained in hand

sample and exhibits graphic textufe. Samples of granite

!
‘obtained from thin (<5 m) dykes at Kykance Cove (L7-21),
: \

Gew Graze (L7—-54A,B), Vellan Head (L7-§2,53) and The Vro

(L7-55) are all sugary in appearance and contain numerous




Plate 23. Fine continuous banding in a mafic banded gneiss
at Polbarrow. Field of view is approximately 10 metres.

(

Plate 24. A boudinaged dyke of orange to pink, fine-
grained sugary granite at Kynance Cove. Note geological
hammer for scale.
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hematized fractures (plate 24).

A sample of a granitoid (L7-42) was takqp from a thin

(<50 cm) vein cutting serpentinite and coarse grained

{
hand 'sample, this 'rock is bright orange in colour and is an
)\

equigranular, medium-fine gtained syenite. Staining with

gabbTo between Thé\Chéir and Whale Rock (mab sheet 2). In

potassium cobaltinitrate reveals that the sample is

composed almost entirely of potassium bearing minerals,

including orthoclase, biotite and what is interpreted as a

K,0-bearing feldspathoid (Kalsilite-Nepheline). This vein
has distinct sharp contacts with the surrouhding peridotite
“and gabbro, and appears to originate from a proximal body
of banded gneiss.

'The mafic fraction of the gneiss also occurs in a
number éf textural forms. By far the most abundant variety

»
is a medium to fine grained biotite-plagioclase-hornblende

schist. Samples of this typg were obtained from outcrobs*of
banded and mafic gneiss tﬁroughout the nap area. For -
example, L7-11 was taken from an outérop of banded gneiss
on the west side of Kildown Cove. It is a fine to mediﬁm
grained, glossy black, biotite-plagioclase-hornblendé
schist sampled from a 40 cm thick mafic band. On either
side, it_ﬁas in cgontact with an felsic fraction of
granodioritic to granitic composition.

Some examples of the mafic fraction resemble a fine

grained microgabbro or basalt. These occur t{pically as




elongate pods within weakly band*d gneiss, appearing

unfoliated in hand sample, but are~commonly seen to be

moderately foliated in thin section. Similarly, pods of

medium grained gabbro or diorite can be seen locally to
have_ been intruded by a granitic fraction (plate 25). This
dioritic mﬁfic.fraction is peculiar in that it frequently
contains abundant coarse gabbroic xenoliths and plagioclase
xenocrysts (plate 26),‘§fis rock does not appear to be
foliated in hand sample, but a mild foliation is observed
in thin section. T

Perhaps the most striking variety of the mafic
fraction; is a medium to fine grained‘actinolite-bigiite-
ﬁlagiéclase porphyritic schist. This variety is the least
abundant, occuring in small elcongate pods in banded and
mafic gneiss. It is characterized in hand samplé bx
porphyritic feldspars and rarely by small clots of biotite.
Similar smafl clots of ferr&ﬁaQnesian minerals have been
observed in mixed and mingled mé;ﬁus within the Mullach
Sgar igneous cémplex (Sparks and Marshall, 1986). Thr
samplés'of this "hybrid" material were obtained; two whille
field mapping and one from the BG5S Kennack Sands Borehole.
Sample L7-8 was taken from an ouéé;5p of hybrig'material -
withih,a sequence of mafic gneiss at the. classic Kénnack
Gate locality just southwest of Kennack Sands (map sheet

1) . The sample forms part of a lens sitting in a dominantly

fine-grained basaltic host. Sample L7-58 is similar ip’




)

Plate 25. Pinkish white granite cross-cuts medium-grained
diorite at Kennack San%s. '

Plate 26. Rounded gabbroic inclusions and large
plagioclase phenocrysts (xenocrysts?) in a fine-grained
gabbroic matrix, at Kennack Sands.
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appearance to L7-8, however, it was obtained from a thin

(<4 m) irregular dyke of banded gneiss at the north end of

Pentreath Beach (figure 1.2). This dyke is interesting as
it contains mafic material in the form of fine-grained
‘basalt, an felsic fraction of granodioritic composition and
a possible hybrid material represented by L7-58. The
relationships between the three appear to be gradational.
The sample of feldspar-porphyrithc hybrid obtained from the
BGS Kennack Sands borehole is supérficially similar to the
others in hand speciman;'It was taken from a thin unit of
fﬁ;brid materiai aé a depth of 441 feet, 7 inches (134,59

i
.« / metr .

. y
4.2.3 Relationships between the felsic and mafic fractions

All threerfield varieties of Kennack Gneiss can be '
= extremely variable‘in outcrop, however, the felsic fraction
is typically homogeneous. In hand specimen, the felsic
fraction consists of alkali feldspar, quartz,.plagioclase
and biotite in descending relative proportions. Typically
it has a poorly defined anastomoSing fabric, however, this
is not always the rule. The mineral foliation is always

“

parallel to the gneissic banding.
’ ' In both the banded and mafic varieties, the amount of
ﬁelsic material varies from locality to locality and its

eTationship to the mafic fraction is also very variable. A

number of important observations can readily be made when
N

.
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Plate 27. Agmatic migmatite where granite can be seen to
net-vein a fine-grained basaltic host. Locality is Thorny

Cliff.
. ’\

. e

Plate 28. Diffuse| resorbed inclusions of medium-grained
gabbro are partly digested in a monzodieritic host.
Photograph taken at Thorny Cliff.
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examining outcrops of banded and mafic gneiss. The felsic

o

end member can be observed cross-cutting and net-veining

the mafic<§hterial (plate 27). This is not clearly evident

in all instances, &s frequently both fractions of the
gneiss have been deformed together, the cross-cutting
relationships are lost and subsequently thg mineral
foliation in both end members are parallel.

Undeformed examples of Kennack Gneiss show a spectrun
of igneous relationships, all of which suggest either :
mingling of coﬂ!bmporaneous magmas or assimilation of a
plastic mafic material by a slightly younger felsic
fraction. Instead of cross-cutting veins, the felsic
fraction can in places be observed to have invaded the
mafic material in a net-vein manner. However, in’these
situatioﬁ&k it is possible ﬁo observe a zone of '
assimilation where diffuse inclusions of homophanousvdabbro
appear to Have been partially digested by an felsic
fraction ({plate 28). [The result is a mingled assemblage of
embayed gabbroic enclave;-engulfedlby a now monzodioritic
felsic material.

In geheral, it is cleariy evident that the‘fél%ié
portions of the gneiss are generally younger and intrusive
into the mafic fractions. A few examples of the opposing
relationship have been observed. Styles & Kirby (1979)

dozument basaltic dykes crosscutting the foliation in the .

gneiss from the Kennack Sands drill core. This indicates

R
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that basaltic magmatism was still occurring after the
gneissic foliation was produced thus it is probable that
the felsic and mafic fractions could both have been present
in the liquid state.

Locally, one can see other varieties of Kennack
Gneiss. Outcrops of dominantly bandea gneiss sometimes

exhibit a streaky texture where the felsic and mafic

fractions are interfingered in a flame-like fashion (plate

29) or sometimes intricately interfolded (plate 30). This
streaky gneiss is also very suggestive of the two end-
member compositions being in the liquid or plastic state
when this texture was produced.'

The felsic portion of the gneiss appears to be
generally coarser in grain size than the adjacent mafic
fractions, and the m Eic material tends to appear more
strongly deformed than‘the felsic. This has been used as an
argument for the mafic fraction being clearly solid during
the intrusion of the.feLsic fractionA(granite) (Kirby,.
1979a).;?he presence of a melt phase within a sequence of
rock undergoing deformation will have a profound effect on

A

the behavior of the material as a whole, and will -

ultimately impose constraints on the varieties ¢of resulting
structures (McLellan, 1984). In a,melt absent situation,
both therresultan&:qrain size and the amount of accumulated

strain are dependent upon the constituent mineralogy of the

deformed material, as well as the length of time of
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Plate 29. A medium-grained monzonitic felsic fraction i's
intimately interfingered with a medium-grained gabbroic
mafic fraction. Photograph taken at Thorny Cliff.

~

Plate 30. At Thorny Cliff, a pale-orange granitic felsic
fraction is intimately folded and interfingered with a
fine-grained basaltic mafic fraction.







el i 2 —

o

. o 133
deformation. As a result, mafic material consisting of
amphibole, biotite and plagioclase will be less competent .
than a granitic fraction and will therefore deform more
readily. The end result of this competency contrast is that
the granitié end member is characterized by an anastamosing
fabric, while the mafic end member typically has a planar

schistosity.

4.2.4 Conclusions on Field description

.Field observations conclusively show that there are
numerous varieties of both mific and felsic end members of
the Kennack Gneiss. Many of these are observed 'in close
proximity at the type loé’;ilitx of Kennack Sands, suggesting
small scale heterogeneity of both end members. Examples of
originél igneocus intrusive relationships are frequently
preserved. These relationships are similar to the Variety
of rélationships diséus:s,ed by S'park.s & Marshall (1986) for
the mixing and, mingling of magmas on St. Xilda, N.W
Scotland and by frost & Mahood (1987) for the Lamar‘ck
Granodiorite, Sierra Nevada, ‘California. The primary
igneous relationships appear to be overprinted by
subsequent deformation and metamorphism, which shows an
apéarent incfease from Kennack Sands southwe.st to Parn

Voose Cove. Field observations such as these, suppért the

simultaneous presence of two distinct magmas, one basaltic,

one granitic, which were intruded into the Lizard
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peridotite.

4.3 Confgct Relationships
All of the contact. relationships described wsre_

observed along the south coast from Easﬁérﬁ Cliff to Church
Cove, or at other sample localities shown in figufe 3.2.
4,3.1 Gneiss/Hornblende scﬁist relationships

The relationshib between the gneiss and the hornblende
schists can only be seen on the south'side of Cadgwith
Cove, as well aé at Kildown Point. At these localities one
can see that the bénded gneisses are distinct from the
hornblende~schists and that the contact between the two (gt
least at these two localities) is clearly not transitional
but sharp.

‘ At Kildown Point, serpentinized peridotite rests
directly on top of fluidly folded Traboe-like hérnblende
schists. The peridotite is cut by irregular dykes of banded
gneiss which have their gheissic foliation parallel to the
margins of the intrusions. Moving down the cliff towards
the contact, the gneissic foliation changes orientation
becoming par;llel to the peridotite/hornblende schist
conéact. A wave-washed exposure at the level of the basal

thrust clearly shows irregular pods of granite sitting

directly on top of and truncating the folds within the

Traboe-like hornblende schists (Plate 31). This. 'is clear
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evidence thg\t the gneiss at this locality does not pasé.
transitionally into the hornblende schist but it has‘been
intruded along the basal thrust and upwards into the .
overlying peridotite. ‘No evidence has been—observed for the
banded gneisses being intrusive into the hornblende
schists, however, veins and pods of granitic materifal can
be seen. crosscutting the hornblende schists only 2 m below
the basal thrust contact. This mutual exclusivity -of the
mafic fraction of the gneisé and the hornblenderschists,
has led prev-ious"authors to suggest tﬁat the .mafic end
members of the Kennack Gneiss are the gigmatized
equivalents of the hornblende schists. I believe that the
field evidence does not substantiate this hypothesis. The
hornblende schists at this locality are distinctly
different in appearance from the mafic gneiss.

On the beach and in the cliffs south of cadgwith Cove,
a sill-like sheet of banded gneiss can be seen cutting
green/red recrystallized serpentinite. The body of gneiss
continues southw_ard along the cliff wherd it can be seen to
lie directly on top of hornblende sciuist. Although the
'peridotite is no longer visible here, due to éverburde"n
cover, field relationships obéerved 30 m northeast suggest
that it probably overlies the gneiss.

Moving stilllurther south; the hornblende schist is

cut by a number of small (<1 m), shallow, éoutheast-dipping

"

shear zones. Small veins and dykes of granitic material can




Plate 31. At Kildown Point, irreqular pods of granitic
material sit on top of and truncate the foliation within
underlying Traboe-like hornblende schist.

Plate 32. A sill of dominantly banded gneiss, at the
peridotite/hornblende schist contact near the Devils
Frying Pan, contains thin discontinuous lenses of mafic
material (mafic fraction of the Kennack Gneiss). Theske
lenses contrast sharply with the larger screens of
foliated, medium-grained, green-grey hornblende schist.
Note the granitic material to the extreme bottom left of
the photograph. '

)
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be seen cross-cutting the schists and dipping to the

southeast, paralleling the trends of the shear zones. No

mafic ‘or banded gneiss can be seen cross-cutting the

hornblende schists. At this locality, the sill of banded
gneiss contains two distinct mafic fractions. The dominant
mafic portion is present as long (<15 m), 30 cm thick
screens of a feldspathic, coarse—gr;}hed grey to green
amphibolite which is similar to the underlying hornblende
schists (Plate 32). Also present are rare slivers of fine
grained, schistose, amphibole-rich mafic material, which is
the amphibolite related to and intruded with tye banded
gneiss. The screens of hornblende schist are/intgrpreted as
lenses of underlying hornblende schist which were ripped up
during intru;ion of the banded gneiss sill. This
interpretation is very similar to that of Green (1964c).

Again, these field relationships suggest that the
mafic port{ons of theibanded gneiss are not simply

fragments or restite of the underlying hornbltnde schists.

4.3.2 Gébbro/Banded Gneiss relationships

In Kildown Cove, a number of small bodies of massive
pegmatitic gabbro crop out. The mutual intrusive
relafionships are very difficult to determine, but it is
clearly evident that the gabbro infirudes the serpentinite

(Plate 33).

The section of coast from Carn Barrow to Parn Voose
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Cove is dominated by a complex unit of banded gneiss and
gabbro intrusions which surround and engulf serpentinite
xenoliths of variable size. Gabbro occurs in the central
promontory of Polgwidden, as well as in small vein like
bodies at the base of the cliff at Polbarrow. The intrusive
relationships are extremely difficult to interpret, as the
rocks which cropout here have been overprinted by movement
on a lp}e,normal fault, as well as having been deformed
together en masse, presumably during emplacement of the
ophiclite. In his original memoir, Flett (19i2) poetically
expresses the complex rock relationships at this localaty.
"The little cove where stands the ruinous
pilchard-fisher's hut is known as Polgwidden and on both
sides of it there is gabbro; from this point southwards
to The Chair the coves are best examined with the help
of a boat. Gabbro appears in all of them with serpentine
and banded gneisses; the whole forms a complex which can
only be described as a melange, in which all of the

rocks are mixed and welded together in inextricable
confusion." : ‘

N

From close examination of the exposure, it appears
that the banded gneiss is intrusive into the gabbro.

Prolate inclusions ‘of coarse-grained foliated gabbro are

surrounded by schistose, aphyric basalt. The foliation in

the schistose basalt appears to flow around the inclusions,
indicating that the inclusions were generally solid wh;n
incorporated into the gﬁeiss. Interestingly, the foliation
in the gabbroic¢ inclusions is always parallel to the

foliation in the gneiss and the inclusions frequently have

lenticular tails indicative of high-temperature deformation




Plate 33. At Polbarrow, a small body of”pegmatitic ga?%ro
intrudes green-black peridotite. : ' . _

Plate 34. A lenticular inclusion of foliated coarse-

grained gabbro within microgabbroic mafic gneiss, which
is itself intruding medium-grained gabbro. Locality is The

Chair.
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either in the solid state or possibly while the rock was
still hot and near_its solidus (plate 34).

B Approaching Whale Rock from the north, the abundance
of gabbro increases, such that separation of individual
rock types is virtually impossible. It is apparent that the
banded gneiss has intrd@ed a generally plastic pegmatitic
gabbro, and both have subsequeﬁfly been deformed together.

-
4.3.3 Relationship between Gneiss and Mafic Dykes.

The Kennack Gnelés_;nd the mafic dykes also show ‘
complex relationships. Actual contacts are rarély seen, and
when contacts are visible the relationships are not
necessarily as clear cut as would be expected. Mafic dykes
are most commonly seen intruding serpentinite within é%e
cliff sections. The dykes can be traced seaward and in
places disappear beneath beach rubble or pinch out
entirely. The typical relationship observed between the
gneiss and the mafic dykes is that of the gneiss situated
secaward and at a lower level than the dykes. However, at
one locality in particular, the contact relationshig '
between the two is clearly seen to be the reverse, where
the gneiss is above and landward relative to the dyke.

On Enys Head, a thin (<3 m thick) northwest-dipping

]

sill of mafic banded gneiss can be seen cutting through the

peridotite. The sill consists of an'aphyric schistose mafic

fraction with sub-parallel bands of a fine to mediun
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grained, pink, quartzo-feldspathic granitic matefial. The
sill is intersected by a narrow aphanitic mafic dyke having
é Vertical dip and étriking perpendicular to the sill.
Inspection of the peridotite above the sill reveals that

the dyke is absent. Close examination of the contact

between the two does not conclusiﬁely determine their

mutual relationship. At the intersection, the aphanitic

\\ﬁafic dyke abuts agajinst the aphanitic mafic fraction of
the gneiés, and these two rocks appear identical in hand
sample. There is a sugge‘tion of the mafic material in the
dyke being smeared with and incorporated intoc the sill
(Plate 35). These obsérvations leqd to three plausible

explanations for the origin &f this structure: (1) the dyke

was present prior to the intrusion of the sill and the sill

subsequently acted as a zone of substantiél movement
between the serpentinite above and beloQ the sill of
gneiss; (2) the mafic dyke actually feeds the sill and has
acted as a source for the ﬁafic gneiss; (3) The dyke
conveniently ended at the intersection with the sill,
regardless of the ages of intrusion. Examination of the

mafic dyke revealed that the dyke is highly fragmented, by

movement along small faults paralleling the trend of the
s
banded gneiss sill. This observation suggests that the
first possibility 13 the most probable.
Two geochemical samples have been obtainea from gpiS'

locality. L7-60 was taken from the mafic dyke,
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approximately 3m below the con£act with the sill, and L7-33
‘was obtained from the opposite side of the banded gneiss
sill. Both samples are aphyric basalt, the only significant
‘differenée being that L7-33 was foliated whereas L7-60 was
unfoliated. The nature of this contact relationship Qill be
ﬁurﬁher evaluated by comparison of chemical analyses in
chapter 5.

Although distinct contacts cannot ‘be seen,
relationships may be inferred in the vicinity of Kennack
Sands. For example, at Eastern Cliff, a generally
undeformed microgabbroic dyke can be seen cutting through
peridotite exposed in the cliff. Close examination reveals
the presence of small veinlets of felsic material-
paralieling the margins of the dyke. The dyke may be traced
southward towards the beach where it disappears into drift.
Following the same trend as the dyke, the next outcrop '
encountered consists of a small oval intrusive body of
dominantly graritic gneiss, which is not cut by the
microgabbroic dyke. At first observation one might quickly
assume that the gr;nitic plug is younger than the mafic
dyke. Superficially this 1s correct, however, one has to
bear in mind the dynamic ;éture of the intrusive event.
What these field relationships suggest is that‘the\Qisaltic
magma composing the dyke was injected by granitic melf ahd

its base was truncated shortly after it had intruded the

peridotite.




Plate 35. At Enys Head, a 1 metre wide mafic dyke abuts
against a 3 metre thick sill of mafic banded gneiss. Note

the apparent smearing of the dyke to the left of the
photograph.

-

Plate 36. At Thorny Cliff, a 2 metre long phacoid of
talcified peridotite can be seen to sit within a
dominantly granitic gneiss.
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Features such as this are not common, however similar

relationships can be seen at é few other localities such as
the west side of Kennack Sands and along Thorny Cliff
towards Cadgwith. On the southwest side of Kennack Sands,
an ‘irregular, near-vertical dyke of schistose basaltic
material cuts the peridotite. This dyke contains margin-
parallel felsic st;inggers, which increase in abundance
moving southward towards the ocean. Over abproximately S
metres, the dyke passes into typical banded gneiss. This

relationship indicates that the mafic portion of the gn?ffss

~was more mobile than the felsic portion.

4.3.4 The relationship between gneiss and” serpentinite

The relationship between the Kenn_z_ack Gneiss and the
Lizard peridotite is clearly demonstrated at numerous
locations within the map area. The Kennack Gneiss is
clearly iﬁtrusive'into the peridotite, as indicated by the
presence of numerous phacoidal inclusions of peridotite in
the gneiss. These inclusions can be of variable size,
ranging from centimetres to hundreds of metres in
dimension. When extremely large in size, the "inclusions"
might represent large roof pendants of peridotite
surrounded by thin intrusions of Kennack Gneiss. They are
typified by highly altered, schistose margins consist‘ing
dominantly of tremolite with minor talc, brucite and

calcite, ‘as well as having generally unaltered cores of
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-peridotite (plate 36). Many of these inclusions are

elongate parallel to the foliation in the engulfing gnei{ss

and.have length/width ratios of up to 3:il.

In the vicinity 6f Polgwiddeﬁ and Polbarrow, the
inclusions can have length/width ratios ol‘?‘ up to 8:1,
possibly indicating that the serpentinite was engulfed as
rigid screens or that it has undergone greater deformation
in this locality. Perhaps the increase in deformation of
the gabbro present at Polbarrow can be related to the
increase in the length/width ratios of the serpentinité
inclusions. The banding in the gneiss is always parallel tot
the margins of the inclusions and can be sez2n to be
deflected around the inclusions.

Where the Kennack Gnéiss forms distinct dykes and
sills withiﬁ the peridotite, a normal intrusive
relationship is generally more difficult to interpret.
Quite frequentl? the contacts of vertical, dyke-like bodies
are hidden by overburden, or obscured by a thin_zone (<30
.cm) of schistose tremolite, talc and calcite. The formation
of the alteration minerals may have resulted upon intrusion
Of the gneiss into the serpentinite, or they may have
resulted from the contact acting as a zone of flui'd
migration and differential movement after intrusion of the
gneiss. The presencé of schistose a\lte)ration products
however, indicates that the contacts may have been zones of

weakness upon which differential movement occurred between

o




the serpentinite and gneiss.

Perhaps of more interest and more pertinenée to the
geological history of thé Lizard as a whole, is the
temporal relationship befweén the Lizard peridotite and the

Kennack Gneiss. A question of great importance is whether

the Kennack Gneisses intruded inte peridotite or

serpentinite. Kirby (1979a) cites an example where an
inclusion of serpentinite has been cross-cut by a thin
granitic vein. He proposes that the inclusion acted in
competent and rigid manner and was therefére still
peridotite during intrusion of the granite. The
observations of this study corroborate the conclusions
Kirby (1979a). A detailed study of the metamorphic and
metasomatic chemical reactions associated with gneiss
intrusion would be instrumental in the solution of this

problem, but are beyond the scope of this study.

4.4 Structure and Intrusive Forms

Examination of maps 1 and 2, in comparison fo the
British Geological Survey sheet 359, reveals that the
Kennack Gneiss outcrops more sporadically and occurs in a
variety of intrusive forms not previously documented.
Aithough it is not ciearly evident from map sheets 1 and é,
;he gneiss bodies have probably undergone extensive folding
during and probably - subsequent to their intrusion into the

Lizard peridotite. This is most clearly seen in the
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southwest portion of the map area, documented on map sheet
2.

Near Whale Rogk, the gneissic foliation and the
mineral foliation in a unit of banded gneiss has.been
warped into open folds. It would be difficult to interpret
these structures, if the compositionalﬂbanding in the
gneiss was absent. Initially one would assume that in order
to look at the original intrusive forms of the Kennack
Gneiss, it would be necessary to first distinguish the
features resulting from deformation. However, it can be
seen that many field relationships linking the gneiss to
their couﬁtry rocks indicate a syn-tectonic intrusive
origin for the bodies of gneiss and it is therefore
improper to attempt to divorce the intrusive forms and
structural elements, as they are intimately related.

Unraveliing of the complex structure within the
southeast sections of the map area proved difficult,

however, interpretation of these structures was simplified

by the presence of generally undeformed equivalents in the

northern section. At Kennack Sands and localities
southwards towards Carleon Cove, the intruéioﬁs of gneiss
appear dominantly unfolded, although gneissic and mineral
foliations are rarely absent. At the southern end of
.Kennack Sands beach, a large block of Kennack Gneiss
protrudes from the sand. This block provides a superb

example of the nature of the discontinucus banding in the
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gneiss and the intrusive relationship between the granitic
and basaltic end members. A shallowly, southeast dipping, 7
m thick sill of fcliated, biotite granite is sandwiched
between an upper and lower seq&énce of discontinuously
b&nded gneiss. This type of relationghip suggests that the
gneiss occurs dominantly as éhallowly, southeast dipping
sheets and that the granitic material is typically found as
homogeneous zones within the cores of these sheets.
Relationships such %? this can also be obgerved on a much
larger scale.

Examination of the outcrops'immediately to the south
of Kennack Sands reveals that the outer reefs are dominated
by foliated biotite granite and as one moves northwest
towards the cliffs, the foliated granite passes
transitionally into banded and then mafic gneiss, and&
finally into peridotite. Peridotite comprises the lowermost
part of the cliff section. and is overlain by mafic gneiss,
banded gneiss and granitic gneiss respectively. This
possibly represents a transition froﬁ granitic magma, to
mingled magma, into mafic magma and finally into country
rock (peridotite). This indicates *that zones of banded
gneiss which are not pervasively deformed, can be
interpreted as zones of mingling between a basaltic and a
granitic magma.

Examples of this type of relationship cah be seen at a

number of other localities, for example at Eastern Cliff,




or alternatively in Kildown Cove. On the beach below

Eastern Cliff, a small oval shaped body of dominantly -
granitic gneiss intrudes peridotite and is mantled on its
northern'margin by a number of apparently sheeted dykes of
basaltic composition (figure 4.1). The presence or absence
of similar dykes along the southern boundary is
undetermined, as the southern margin of the body is not
exposed. Regardless, the shallowly, southeast-dipping
nature of the mineral foliation within the foliated
granite, and_the similar orientation 6f the eastern contact
with the peridotite, suggests that this body also has a
soytheast dipping sheet-like form. The paucity of basaltic
material in this location may possibly be a result of this
body representing a higher level of intrusion. Assuming
that the granitic magma had a lower density than the mafic
material, then it would have had a greater likelyhood of
rising farther up through the peridotite. Eventually, it
may have reached a level where the mafic magma was at
buoyant equilibrium, and the granitic magma was ablg to
shed its sheath of basaltic material. This may be in part a
plausible explanation for the presence of homogeneoﬁs
bodies of granite in the central regions and on the west
coast of the Lizard. Of course it is entirely possible that
basaltic material was significantly less abundant in those
areas during the intrusion of the granite.

An outcrop of gneiss in Kildown Cove exhibits a
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Figure 4.1: Field sketch (plan view) of an oval body of dominantly granitic gneiss at

Eastern Cliff, Kennack Sands.
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Figure 4.2: Field sketch (plan view) of an irregular body of dominantly banded gneiss with

a granitic core. Locality is Kildown Cove.
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similar type of relationship. Although this example is

dominated‘by banded and mafic gneiss, a small outcrop of
generally granitic material occupies the central portion of
the body. Perhaps the most interesting feature of’this
specific outcrop is that the orientation of the gneissic
foliation rotates about the central outcrop of granitic
gneiss (figure 4.2). This suggests that this central
outcrop of granitic gneiss may represent a cross section
through the uppermost portion of an intrusive body of
Kennack Granite and associated Kennack Basalt. Again, the
transition from granitic magma in the core, to mingled
magma and then basaltic magma respectively can be inferred.

A very pertinent point not yet addressed, is the
relationship between the intrusive forms of these gneiss
bodies and the origin of the banded structure. The banded
structure is defined by alternating layers of felsic and
mafic compositions. Thicknesses are highly variable, but
the orientation of the banding always parallels the
contacts with the country rock. This is readily seen on map
sheets 1 & 2 and in figures 4.1 & 4.2. The margin-parallel
nature of the gneiss intrusions is readily explained if
both basaltic and granitic end members were injected

upwards into the peridotite in an already partially co-

mingled state. As previously mentioned, the gneissic bodies

found along the southwestern section are typified by more

continuous banded structure as well as a more penetrative
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mineral foliation. These more pervasive sttuctural.elements
are related to an overall increase in deformation towards
the southwest (;e. down section).

Where bodies of gneiss have not undergone folding, the
intrusive margins of the bodies vary greatly in
orientation. At localities where the gneiss has near
horizontal intrusive contacts, the degree of altération of
country rock is minimal, and is typified by pervasive
hematization of the peridotite, resulting in a reddish
appearancé. This degree of alteration contrasts with
localities where intrusive contacts are vertical or

inclined where one can typically observe a zone (up to 40

-~

3

cm) of talc-tremolite schist. Although evidence is not
conclusive, this suggests that the vertical or inclined
contacts may actually be faulted. If these are faulted
. contacts, then it is possible that the faulting may have
been prior to and synchronocus with injection of the gneiss
or a much later phenoménon entirely. The absence of gneiss
fragments within these fault zones suggests the former.
Appealing to all of the observed contact and intrusive
relationships, I believe that these faults formed prior to
injection of the gneiss and were still active after

injection. This suggests that intrusion of the Kennack

Gneiss into the serpentine was generally fault controlled.
A\
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4.5 Petrogféphy of the Kennack Gneiss

'All samples of felsic and mafic fractions were
examined in thin section. A detailed discussion of all of
these samples is unneccesary, aé many of the samples are
very similar in appearance and mineralogy. A number of
representativé samples will pe discussed below and compared
to other compositionally similar samples. Each variety of
gneiss (ie: granitic, mafic and hybrid) will be discussed
separately. ! |

Unfortunately, relatively few samples of intermediate

composition were collécted. As previously indicated, this

is a result of sampling difficulties.

4.5.1 Petrography of the felsic fractions

Twenty one samples of felsic material were collected
for this study. The majority of these were obtained from
distinct, relatively thick units of felsic material.
.Samples of the felsic fraction are dominated by granular
biotite granites having anastamosing foliations. Where the
amount of strain was large, the foliation is defined by
stretched feldspar grains and biotite if present, but when
the amount of strain was small, the presence of a foliation
can only be ascertained if biotite was present. All samples
contain large phenocrysts of albite (<4 mm), typically
exhibiting antiperthitic exsolution lamellae and commonly

undergoing grain boundary reduction. These are surrounded




by a'finer.grainedrS}ouﬁdmass consisting of intergrown
anhedral quartz and a;kali feldspar and less commonly
plagioclase. Accessory phases are’generally lacking,
althougﬁ zircon, apatite and muscovite are observed in some
places. Muscovite typically occurs interétitially, although
it is rarely included in feldspars, while zircon and
apatite oécur as minute euhedral grains Qithin'quartz and
feldspar (plate 37). g
Samples L7-59 and L7-21 generally lack any significant
faﬂric. L7-59 displays graphic texture in handsample and
both show grapgic textqre in thin section. These samples
are dominated by larée phenocrysts of alkali feldspar (<8
mm) which are cross-cut by anastamosing veinlets consisting
of fine grained, intergrown anhedral plagioclase and
quartz. The occurrence of these later veinlets suggests the
presence of Na® rich fluids in the rock, sometime late in
the cooling history. L7-59 contains nume}ous subhedral
grains of b;oken zircon, characterized by peculiar blotchy
interference colours. These zircons were originally
interpreted as allanite, however, scanning electron
microscopy indicates that the grains consist entirely of
2r0, and SiQ,. Significantly, the abundance of zircons
within this sample is not a result of normal
differentiation processes, but their abundance is believed

ra

to have resulted through mechanical incorporation, possibly

from the granite source region.




Plate 37. A photomicrograph of typical medium-grained
granular granite with accessory muscovite (L7-53). Field
of view is 3.5 mm under crossed polars.

Plate 38. A photomicrograph of hybrid gneiss (L7-8) where
chloritized biotite grains and actinolitic amphibole warp
around a saussuritized plagioclase phenocryst. Field of
view is 3.5 mm under crossed polars.
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. Sample L7-42, obtained from a late. stage granitic veipn
at The Chair, is coﬁposed entirely of potassium bearing
minerals. In thin section, turbid potassium feldspar
(orthoclase) (<2.5 mm) comprises.the majority of the rock
and is followed in abundance by a grey K,O-bearing
feldspathoid (kalsilite-nepheline) and biotite. Quaftz is
absent and no vﬂisible tex;}xres suggest.mit's prior '_pr_esence.
Biotite occurs as small blzded grainé interstitial ‘to - the
orthoclase and it is typically altered to green pleochroic
chlorite. Accessory minerals ap;pear absent, although this

may be a function of a pervasive hematization.

4.5.2 Petrography of the hybrid gneiss

Three samples of distinctly intermediate material were
examined in thin section. One of these, éample» L7-8,
contained ,minerals not observed in any other samples
obtained from the Lizard. L7-8 was sampled from what was
interpretéq to be an outerop of hybrid Kennack Gneiss
present wii:hin a unit of banded gneiss. In hand sample, the
specimen is pl‘ag.iocllase porphyritic, having a pervasive
schistocity defined by the parailel alignment of amphibole
and biotite. '

In thin section, the distinctly different mineralogy
becomes _apparent. Large subhedral but b_roken crystals of a
pale-yellow to colourless amphibole (actinolité),

intergrown with bladed biotite crystals, surround and wrap
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about small (<2 mm)phenocrysts of élagioc_lase thus defining
the pervasive foliation (plate ﬁB). Thesu‘a plagioclase
phenocrysts are generally subhedral and are typically in
advanced stages of saussuritization. Albite twinning is
rarely observed. Many of the phenocrysts contain
antiperthitic exsolution, which is unaffected by the
saussuritization. The groundmass felsic minerals dominantly
consist of broken, anhedral gquartz crystals which show
peculiar perpendicular fracture patterns mimicking those of
kyanite. Small subhedral antiperthite grains are also
"present in the groundmass, frequently resulting in
.myrmekitic exsolution—-intergrowths between the quartz and
alkali feldspar, possibly indicating subsolidus
recrystallization has occurred. Accéssory minerals include
abundant needle-like apatite and rare anhedral opaque
grains. ,

The sample described above contrasts with L7-73, which
was obtained from a band of apparently hybrid material in
the BGS KenMack Sands drillcore and L7-58, obtained from a
thin unit of banded gneiss intruding peridotite at
Pentreath Beach. These samples also contain plagioeglase
phen.ocrysts, up to 4 mm in L7-58 but generally smaller and
less obvious in L7-73. These phenocrysts are generally very
similar to those in L7-8. They are in advanced stages of

saussuritization and rarely exhibit albite twinning. Mafic

minerals consist of bladed biotite and anhedral green
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pleochroic hornblende. The preferer‘mtial alignment of these
mafic phases defines a moderate foliation. Anhedral quartz
and subhédral plagioclase grains comprise the remainder of
the rock. Again, the quartz displays a peculiar
perpendicular fracture pattern. Perhaps the most
significant difference between sbecimeq L7-73 and the other
two hybrids is the presence of abundant  sub-euhedral sphene
crystals which are sometimes up to 1.5 mm in length.
Accessory apatite is also quite common as small needle-like
crystals embedded in plagioclase. Opaque grains were not
observed, although hematite staining, was .‘extensive in L7-
58, possibly a result of the narrow thickness of the dyke‘
from which it was obtained.

4.5.3 Petrography of the mafic fractions

Twenty samples of mafic material from the Kennack
Gneiss were taken from a humber of outcrops throughout the
Lizard. Samples of all of the texturalpvarieties were

obtained and thin sectioned.

When attempting to distinguish between the mafic

fraction of the gneiss and hornblende schist, perhaps the
"most striking feature of all is the typical abundance of
biotite in samples of medium-grained mafic material of the
gneiss, in comparison to the complete absence of biotite
within samples of the Tra'b-ce and Landewednack hornblende

schists. Epidote was not observed in any samples of Kennack




gneiss mafic material. Except for these features, it is
extremely difficult to distinguish between deformed mafic
gneiss material and hornblende schist in both hand sample
and thin section.

It has been shown that the Kennack Gneiss has variable
field characteristics, and this variability is emphasizéd
in a .petrographic study. In microstructure, tﬁe mafic

fractions vary from non-foliated, to strongly deformed

varieties with nematoblastic texture. Hornblendic amphibole
1
and plagioclase dominate *he mineralogy, although

actinolitic amphibole rather than hornblende is present in
a number of samples. Plagioclase is typically strongly
saussuritized. Strangely, there is no apparent relaﬁionship
between the amount of accumulated strain and the extent of
saussuritization of the plagioclase, which ranges from 40-
100%. Sphene isvabundant in some samples and generally
-appears to increase in mode with increasing content of
plagioclase and biotite. Although biotité is typically
present, a few samples contain no biotite at all. This
igems to be related to the occurrence of actinolite. The
absence of biotite is not reflected in the chemistry
however, as all mafic fractions of the éneiss have K,0 >1.
wt. %.

The variation in appearance hinders the petrographic

description of thése rocks, however, it is still possible

to recognize the textural subdivisions used for the
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description of the mafic fractions dﬁfing field mapping.
The dominant vafiaﬁt of mafic material is a medium grained.
biotite-plagioclase-hornblende schist. The grain size is
locally very variable, and is related to discontinuous
banding of compositionally similar mafic material. These
schists are composed dominantly of yellow to deep green,
strongly ﬁleoéhroic hornblendic amphibole and subhedral
plagioclase crystals. The hornblende is typically sub-
anhedral in form and is mantled by irregular patches of
mildly pleochroic orange-brown biotite (plate 39). Thus, it
appears that ﬁuch of the biotite is a reaction product of
amphibole decomposition. Plagioclase is present both as
small euhedral saussuritized phenocrysts (< 2 mm) and as
smaller, less alterg?, subhedral grains in the groundmass
(plate 40). Albite twinning is rafely obser&ed. Opaque
grains are quite abundant, composing up to 5% of the rock,
and these are typically anhedral in form. Apatite is also a
common accessory phase, occurring-as small, stubby crystals
but more commonly as long, ngedle—like grains embedded in
plagioclase. ‘

Thé next most abundant variety of mafic material is
represented by sample L7~33l This is a sample of fine
grained schistose basalt obtained frém a thin unit of
Xennack Gneiss at Enys Head. The sample is composed
entirely of a pale yellow to colourless pleochroic

amphibole (magnesio-hornblende), set in a matrix of




Plate 39. Green to pale-yellow pleochroic, anhedral
hornblende with subhedral partly saussuritized plagioclase
grains in a medium-grained biotite-plagioclase-hornblende
schist (L7~72). Biotite is present as orange alteration
rims on amphibole grains. Field of view is 3.5 mm under
ppl.

Plate 40. A saussuritized plagioclase phenccryst with
green to pale-yellow pleochroic, anhedral hornblende in
a medium~grained biotite-plagioclase~hornblende schist
(L?-70). Note the orange anhedral biotite as well as rare
euhaedral sphene. Field of view is 3.5 mm under ppl.
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strongly saussuritized plagioclase. The amphibole, which is
fibrous to prismatiq and typically anhedral in form,
composes 60%lof the sample and defines the pervasive
foliation. The saussurite comprises approximately 40% of
the sample and appears almost opaque under crossed polars.
Opaque grains, the oniy visible accessory phase, are rare
and' anhedral. . |

Samples of medium to coarse grained 'splotchy’
gabbroic rocks and medium grained dioritic rocks are the
least common variety of mafic material. This variety is
best represented b& sample i7-24, taken from an outcrop
just south of Kennack Sands. The rock is much coarser
grained than others previously described, having grains
génerally <2-3 mm in diameter. It has no penetrative
foliation, and is composed of randomly oriented lathes of
hornblende and biotite, set in a.groundmass of partially
saussuritized plagioclase. Hornblende constitutes 40%,
plagioclase 45% and biotite approximately 15% of the rock.
The hornblende is yellow to deep green pleochroic, anhédral
and has associated with it.large irregular patches of
opaque material (magnetite exsolution). Biotite occurs as
typical bladed, strongly pleochroic grains, which are
iocallyv altered to chlorite. The plagioclase occurs as
small subhedral grains surrounding the hornblende-biotite
intergrowths. It is generally 70% saussuritized, although

patches have apparently escaped much orf the alteration.




Multiple lamellar twinning is commonly observed where
alteration is minimal. Accessory phases include anhedral
opaque grains, generally clcsely associated with the mafic

phases, as well as abundant apatite. The apatite occurs as

large (<0.5 mm) intergranular grains throughout the sample.

Of major concern is é possible explanation for these
highly variable field and petrographic characteristics.
Possibly a number of different magma types may be
represented by these various textural variefies, or perhaps
the?e variablé textures are the consequence of a wide range
of primary igneous, mixing and minglirg relationships,
which have been overprinted by locally changeable

conditions of deformation and metamorphism.

4.5.4 Conclusions on petrography

Of the three divisions of Kennack Gneiss described in
the field examinations, two di;tinét end members (biotite-
granite and micro-gabbro) and a range of téxtural and
compositional varieties of each have been examined in thin
section. The diversity of textures and compositions of the
felsic and mafic end members of the gneisé are also readily
seen in thin section. As.a'result, the same method of
classification of textural varieties described on the basis |
of field work is followcd in the petrographic descriptions.
Petrography on it's own, only conclusively supporfs thé

field observation that the gneiss is extremely variable in
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texture and form, as the majority of the samples have been
overprinted by metamorphic mineralogies and textures. The
petrographic and field variation internal to each end
member suite is interpreted to be a result of mingling and
mixing of silicic and mafic magmas, combined with highly
éomplgx intrusive relationships and variable amounts of
subsequently accumulated strain. On the basis of
petrography and field description, the three examples of
hybrid material are interpreted to have resulted from

mixing of the felsic and mafic end members.

4.6 Summary of field-relationships and petrography

| The Kennack Gneiss refers to a suite of intrusive
rocks which show compositional banding on a mesoscopic .
"scale. Contact relationships indicate that the Kennack
Gneiss is the youngest rock type on the Lizard Peninsula.
Observations at contacts between the basal hornblende
schists and the Kennack Gneiss reveal that the gneisses are

distinctively different in mesoscopic and microscopic

.
appearance from tht hornblende schists and no transitional
A
relationship can’ be seen.

Contacts observed between the Kennack Gneiss and some
of the Qafic dykes suggest an intimate relationship, where
the dykes are similar in character to the maficjfractions
of the Kennack Gneiss. This has previously been suggesfed

by other authors (Flett, 1946; Strong et al., 1975 and
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Langdon, 1977) and as field observations are not
conclusive, geochemical analyses will have to be \\
emphasized.
<D
Abundant coarse grained gabbro, occurring with Kennack
Gneiss in ciiff sections between Parn Voose Cove and
Kennack Sands, 1s generally older than the ggeiss.
Inclusions of gabbro- in Kennack Gneiss attests to this;'The
gabbro inclusions typically have a foliation paralleling
that of the engulfing gneiss, and exhibit textures
indicating plasticity during inclusion and subsequent
deformation. All of these features suggest that the gabbro
was still hot when included in the gneiss, and_,that both
have subsequently -been locally deformed together.
Generally, undeformed examples of Kennack Gneiss found
in the northeastern part of the map area may be ex&mined to
determine the relationship between the felsic and mafic
fractions of the gneiss. At these localities, it is evident
that the broadly banded structure of much of the Kennack
Gneiss has arisen as a result of intrusion of mingled
silicic and mafic magmas into the Lizard peridotite. The
presence of schistose alteration zones along steep contacts
with peridotite suggests that the intrusign of the gne%ss
may have been largely fault controlled. Variable textures,
structures and mineral assemblages, particularly prevalent
within the mafic fractions of the gneiss, méy be ascribed

to primary igneous intrusivc relationships involving
N
LY

~—




172
variable amounts of mingling and mixing of the mafic and
felsic end members. This was followed by variable amounts
of deformation resulting from intrusion of the gneiss into
and alon; the base of a moving thrust nappe. This
deformation probably occurred synchronously with the
intrusion of the Kennack Gneiss.into the Lizard peridotite.
The partially molten magmas were able to mix and mingle
more extensively through application of this essentially
simple shear'process related to thrust tectonics.

The next chapter will be devoted to the description of

the chemistry of the Kennack Gneiss as well as the other

rock types, and the validity of a number of petrogenetic

hypotheses will be discussed.
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CHAPTER 5 Geochemistry

5.1 Introduction

In total, 84 sémples were obtained-for'geochemical
analysis. These include 22 samples of felsic material from
the gneisé; 21 samplés of mafic material from the gneiss; -
13 samples'of mafic/gykes from various locations on the |
Lizard; 10 sampleé/;f hornblende schist; 8 samples of %
variable textured gabbro; 7 samples of micaceous schist and
3 samples of Man of War Gneiss. Samples of felsic and mafic
fractions of the gneiss were supplemented by analyses of
"acidic and basic gneiss" from Langdon (1977). These
analysesicould be included, as they were obtained at
Memorial Uni;ersity using the same analytical facilities as
were used for anélysis,9f the sanmples obtained for this

study. It should be noted that the data from Langdon (1977)

does not affect the cbserved differentiation trenpds, but it

el

only serves to better round out the data base. Mafic dyke
analyses were also supplemented by those from Langdon
(1977). Hornblende schist ana}yses from Kirby (1979) were
also used to supplement data from thlé study,_particularly
to evaluate the nature of the hornblende schists adjacent
to the perfdotite-schisg contacts. The three samples or MOW
Gneiss were supplied by Dr. M. Styles of the British /ﬂ,

©

Geological Survey.

-

All samples were analyzed for major element and trace

\

Na
P
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élément coht_.ents. For the specifics of the anal'yses
obtained and thga anélytical techniques uéed,’ refer to K
appendix 4. Rare earth element (REE) contents were obtained
for 28 samplés including é_samples each of frel'sic and mafic
fractions pf the gneiss. REE contents wére also obtained :
for 4 mafic dykes of variable field and petrographical
character: 2 micaceous metasediments of the OLHS; 2 samples
of hornblen_de schist; and 2 samples of Man of War Gneiss.
In additioq to the REE analyses, a number of other f.race
element abundancés were obtailned f'or these 28 samples. See
appendix 2 for a list of the elements analyczed.

The following sections Qill concentrafe on the
discussion of the K_ennéck Gneiss from a chemical point of - -
. View. The geochemical data will be evaluated in terms of a
méchénism of origin for .the gneisé. The chemistry of the
other rock types will be disqussed in section 5.8.

5_.2 Alteration Studies

The Kennack Gheisses are dominated by metafnorphic
téxtures and mineral assemblages, and are therefore ' |
considered to be metamorphic rocks. This ‘introdunces the
possibility on mobilization of the major and low field
strength elements (LFSE) during metamorphism, possibly
resulting inr. a change in the bulk rock chemistry (Saunders
et al., 1980). Examination of the major element chemist;:y
(appendix 2b) reveals that the K,0 contents of the mafic

L




alteration and metasomatism accompanying metamorphism, or

hornblende schist i1s much lower than that of the mafic

fractions of the gneiss are much higher than would be
expected in typical oceanic basalts, except perhaps alkali
oceanic island basalts or high K calc-alkaline basalts.

This high KO content could possibly be a result of

it may be a result of reaction with the bi rich granitic
melt. Examination of major element analyses of _hornblende
schisgs, taken from outcrops only metres away' from bodies

of banded gneiss, reveal that the K,0 content of the

gneiss (appendix 215 and 2d). This lends support to the
p'r'oposal that the high K,0 content of the mafic gneiss is a
result of reaction with the felsic portion of the gneiss.

On the whole, the major element Harker variation
. .

diagrams for the Kennack Gneiss exhibit a moderate degree
b S ' _ - . >
of scatter, particularly with respect to the mafic

el

fraction (figures 5.2a-i). This suggests that some -
. _:,5‘

mébi-lizati'on of the major elements has bccurr“ed.. anag_t_:kif:':lt it
may be more suitable to rely dominantly on - ".im.mopil:';
trace element_s such as Nb, ¥, Zr and the RE_E for
petrogenetic interpretations. Howz.'ver,‘ caution must be -
emphasized, as even these supp'osed'ly immobile elemenwts are
subject to some de;;ree of mobility during metamorphic

events. Thus, their present concentrations may not reflect

abundances due to primary igneous processes. -

'
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5.3 Possibl?petrogenetic-models .

E_’ield relationships favour a'maqnia—mingling and -
possibly a maqma-mixing_ mechaniém for generation of the
Kennack Gneiss. Other hypotheses deserve discussion
however, and will be tested using the geochemical data
_collected during this ls_tudy. 'This ‘section is devoted t§
outlining the possible petrogehet}c modeis against which
the differentiation trends for the Kennack Gneiss will be
evaluated. |

A variety of mechanisms may have generated the Kennack -
Gneiss. Perhaps the mafic and felsic fractions are related,
by fractional crystallization. If this?is the cae:.e, then
ultimately one would expect to find prog;essively fewer
feisic differentiates with increasing Qilica content. In
.natural systems'this rul.e does not always hold true,

' especia.lly in'régions which show a bimodal distribution of
rock types. A suite of rocks related through traditional
’fractional cr&"stallization méchanisms wil'lydefine curved
trends on variation diagrams (figure 5.1la). This is a
result of the cohs.tantiy changing proportions and
compositions of mineral phases being femoved from the melt
as crystalll:ization progresses (Cox et. al., 1979) .

The two fractio_n'g._ ‘may Se associated through s&ome other
mechanism of crystal-liquid or liquid-liquid fractionation,

such as the Soret effect, or alternatively, Thermo-

‘gravitational diffusion (TGD) (Hildreth, 1981). Suites of




" F iqure §,'1: Theoretical -wvariation diagrams for three
possible petrogenetic processes responsible for the
generation of the Kennack Gneiss. Adapted from ®irby
- (1979a). :

A) A cartoon showing the effects of fractional
"crystallization of mineral phases through time on the
liquid lines of descent. Note the decrease in the number
of observations as fractional crystallization progresses
and in particular the curved variation trends.

B) In situ partial melting of a homogeneous intermediate
parent will result in minimum melts which, with increasing
degree of melting, will progressively migrate (along a
linear path) back towards the parent composition. The
residues will concomitantly migrate away from “she parent
composition (along the same linear path) to lower SiO,
contents. The inset schematically shows the process of in “
situ metasomatic differentiation. This simply_arefé’rs to
the diffusional separation of a homogeneous parent into
distinct mafic and felsic fractions ,(Ashworth, 1985). .
‘Harker variation diagrams would appear similar to those
for in situ partial melting, however, three phases would

~ be present in this case, a felsic leucosome, a mafic

—melanosome and the parental material. - .

C) Coexisting magmas of distinctly different compositions

may interact to produce various possible results. These

range from magmatic immiscibility to magma-mingling with

various amounts of mixing to complete hybridization of the

two magmas. The observed variation trends are. therefore

dependent upon many variables most importantly the ‘
relative temperatures of the two magmas, com’positional\ \c? ,
differences and volume contrasts. As a result, -the =
possible results are numerous. Shown here are the

variation trends for mingled and mixed mafic and silicic

magmas from the net-veined ring dykes of St. Kilda,

Scotland (Marshall & Sparks, 1984). '
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rocks related through TGD’exhibit extremely high degrees of
enrichment or depletion of minor and -trace elements during .
minor cH&nges'in;majof'element conqentratioﬁs (Hildreéh,

» ,
1981; Miller & Mittlefehldt, 1984). The Soret effect,

. s

‘specifically referring to chemical diffusion due to thermal
gradients, has been proposed to be an effective_mechadgkml
of magma'differentiatioq. Although it has been documented
in.labofatory experiﬁents with ligquid metels; the effect of
Soret diffusion has not yet been clearly demonstrated in a ‘
system involving silicate melts. As the experimental
evidence is not éveilable, and'evddence-supportiné Soret’
diffusiqgn has noe beeh'éeported in any geological '
situation, it is an unlikely candidate for éeneratioh.of

the Kennack Gneiss. However, Soret diffusion May have some

importance in explaining local chemical interactions and

‘the trends produced by these interactions. Altholigh the TGD

process is an alternative to fractional crystallization,

recent studies indicate that the processes attributed to
TGD can readily be explalned through fractlonal

-crystallizatlon of mlnorrgccessory phases (Mlller &
" Mittlefenldt, 1982 & 1984; Michael, 1988). A

‘It is also p0551b1e that the gneiss fractaons are
related through varlous degrees -of closed system part1a1
meltlnq of en 1ntermed1ate sourcezrock, where the first

liquid formeﬁfwill represent minimum melt compositions -

(Sio2 = 76%). As partial meliing7proceeds, the melt

=
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v

gomposition will migrate away from the terhary eutectic and

the source éompositlon will become increasingly more
refractory. Tpis situation ié very similéﬁ to the trends
generated throygh-insitu metasbmaticrdigférentiatién, the
only;significant difference being based on field
observations, as a distinct melt phgsa will be' present
zufing partial melting but not during méiasomatic
segregation. A suite of yrocks felatea in either of these
fashions will define linear.trénds on eleménﬁ-element-
variation diagrams (figure 5.1b). The préportion of
intermediate rock ;ypgé cdﬁld be significantly less than
the propoftion of mafic and felsic end members,'unless
subsequent hombgenization of the two end members has
occurred (khite & Chapéell,'lQ??). o
A third possibility is that the two fractions are not .
e ) ———-weasily—geﬂetleally linked. In this situation, they may‘or
may not be related, but have been lntruded together into
the Lizard complex. This'has been, suggested by Kirby
(1979a), but was ruled out on the basls of his field
peirographlcal and ghemical 1nterpretations. A suite of

t

rocks related this way are referred to as arterltlc

migmatites (Ashworth, 1985) and would be derived through

v

intrusion of a felsic melt into unrelated;magjg rocks. They *
should define no traditipnally sensible inter end member
trends on variation diagrams.

4o e '
If the two fractions are unrelated, it is possible




’

that they have subsequently interacted‘thre gﬁ—assimilationl
or:even magmatic mixing. In an ideal situatio , a suiterof »
rocks generatad in-this way will also deflne linear trends
on simple element-element variatlon diagrams. However, 1t
is important to keep inpmlnd the variatdions which may occur
if the situation is not ideal. For example, if the fe151c
meterial is slightly younger tharr the mafic material, then/
liquid state ﬁixing can pﬁiy occur between the earliest
felaic melts and the most fractionated, or latest mafic
melts (figure S.1c).

Alternatively, 1if the.mafic rocks are fully =
crystalline"upon 1ntru51on of the felsiqg melt, then the
extent .of assimilation of the mafic rocks will be llmlted
by the overall heat content of the silicic/mafic system. In
this situation mafic material is predominant;'theyefore the
felsic magma'cennot melt and wholly assimilate the mafic
.rocks, however, selective assimilation of portions of the
mafic material may have occurred. This type of selective
assimilation might result in var;ation'trends not be
readily discernabie on_major element Harker diagrams, as
selective assimilatioQ would ,only result in modifying a -
pre=-existing: linear or curvilinear trend. One would have to
refer to trace elements to determine thelvalidity of this

Y .

suggestion. ' . ~

If the rock suites are related throﬁgh liquid state

interaction, then the extent of hybridization will be

.
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dependént u%Pn'a number of ‘factors. Most impor*aﬁtly, thd
initial temperature' contrast betweeﬁ the two mégmas, and
the relative volumes of the_éwo in;eracting,maqmas will
eventually'detgrmine'the extent of‘hybrid};ation (Bacon,
1986; Sparks & Marshai;, 1986; Frost & Mahood, 1987;
Barbafin, 1988) . If the vdlume of silicic magma is much
greater than that of the mafic magma, then the probability
of mixing ahd~hybridization is-mﬁch lower than if the

situagionﬂwere revaersed. In order for two magmas to

.thoroughly heridize, they must first reach thermal

equilibfiqm, otherwise interaction of a cool silfcic“magma
with a hot mafic magmé might resulé in dquenching of the .
mafic magma (Bacon, 1986). Anothér important consideration
is the compositional,difference'between\the'two magmas.
Magmas which have a large'compositional difference are

. o)
generatly not observed to hybridize readily.
o
5.4 Characterizing the Kennack Gneiss

4 R

Examination of the chemical characteristics of the
¥ - . ..
Kennack Gneiss is best undertaken using silica as a

differentiation index, as the gneisses span a large range
of silica contents from 45 wt% to 77 wt%. There is a

distinct compositjonal gap from 58 wt% to 68 wt% Sio,

within which only four samples fall. This compositional gap

is difficult to interpret, however it may indicate sampling

error arising from the Wifficulties encountered in

-’




'Eigu;e §\,2g-i : Major element Harker variation diagrams
for the Kennack Gneiss.

- SYMBOLS : Mafic fractions O
.Felsic fractions a

Hybrid Gneiss @)
"Micaceous schists g
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obtaining samples from thin bands of probable ihtermediate/,;
material within the banded gneiss units. _ ' ' s

Major element Harker variation d\agrams (Hgé Hno B

T

AIJ% and Pg%) display what are interpreted as qeneraAly
curved inter end member trends jfidtres 5. 2) The major
elements FeO;, K,0, Na,0 and TiO, display ho regular "t
variation when’ plotted against silica. Alternatively, the

plot af CaO versus 810, (figure 5 21) shnds a somewhat

‘scattered but linear relationship. The variation trends
. f d

ekibited by the Kennack Gneiss on these major'element‘_ .

Harker diagrams are not in accordance with a restite
-separation' or closed system:partial meltfng model of 'k\
™

origin Unfortunately, a significant drawback with respect
-
to the diagrams is that they do not conclusively support

any one- hypothe51s over the other Any suite of mafic rocks
plotted on‘those figures,would exibit fairly qohe;entylr .%’)
linear or curv1linear relationships with the felsic .
fraction of the Kennack Gneiss.

Examination of the trace, element Harker variation
diagrams (figures 5.3a-%) sheds more'light on the mork
plau51ble petrogenetic processes. Few trace gieménts|_
exhiblt linear variation from mafic to felsic end members.
The elements Zzn and V, which aré enriched 1n the\mgfic

rocks relative to the silicic rocks, show a scattered but

'neqative 13near covariation. The elements Ni #nd Cr exhibit

curved but some;;Lt scattered covariance




Figure 5.3a-i: Trace element-  Harker variation diagrams
for the Kennack Gneiss. Symbols as in figure 5.2.

\
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. the absolute concentr.ations of trace elements are 'similar
within each end member, as is the case with Nb, Y, Sr, Rb
and zr, no coherent linear or curvilipear trends are
defined. Thus, it is unlikely that the mafic and felsic
rocks are related through any simple mechanism of
fractionai crystallization, in situ partiél melfing or
metasomatic differentiation. “

If the two fract‘ions are not related through either
restite separation or fractional crystallizatibn, then it
is most probab_le. that they are t:ﬂO genetically unrel.;ted
rock suites. If they represent two different magmas, then
the possibility of magma mixing and/or assimilation should
"be addressed. The following sections will deal v;:ith the
individual interpretation of both end member suite's,
considerir_'xg the processes nppsponsible for the origin of
each. The role of mixing of these two end members will then
be invéstigqted to aid in the explanation of chemical
variations Lot readily explained by more traditional

differentiation mechanisms.

5.5 Felsic Fraction Geochemistry
An evaluation of the internal chemical variation of

the felsic rocks is needed to determine the procéss of
- ~
differentiation which has influenced their evolution. The

]

first step is to examine their major element behavior using

Sio, as the differentiation index.
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5.5.1 Major element chenmistry
Examination of the major element variation diagrams
for the felsic fractions reveals that the majority of the . o
oxides exhibit a generally negative linear covariation wi§§
510,; such as Al,0,, TiO, P,0;, MgO, FeO* and MnoO (figures
5.2a-1) . The oxides Ca0, K,0 and Na,0 exhibit scattered

trends (figures 5.2a-1i).

5.5.2 Trace element geochemistry - . 5
Trace element variation -diagrams for the felsic : |
fractions also use silica as a differentiation -index.

Examination of figqures 5.3a-i, reveal that the trace o

elements exhibit a wider variety of behaviors with respect

to silica. The transition metal elements Ni, V, Cr and 2n
exhibit a scattered, but generally linear negative

covarience with Si0,. Perhaps the most interesting

relationships arise with respect to the HFSE. The,élement;

Zr and Hf exhibit strong negative lihear correlatidns with
silica, the Hf apparently mimicLing the 2r as would be

expected due to their similar chemical behavior. At first
glance, the elements Nb and Y exhibit extremely scattered
‘covariation with silica, Y more so than Nb (figures <
S5.3e,f). Closer examination reveals thelgresehce of three

possible fractionation trends, which exhibit ranges in Y

from 5-40ppm and Nb from 2-16ppm. These ranges in values )
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© canhot #e attributed toc analytical error, and must be the
result éf some other fractionation process which has
enriched the two elements up to 8X over a chapge of only 1-
3 wt% Sio, (figure 5.4). -
~ The LFSE also eéhibit a wide variety of behaviors. Ga,
Rb and Ba ‘display scaﬁtered covariation with Siozf Sr
exhribits a negative linear covariance with'sioé. Rubidium
(Rb) behaves in a different ﬁanner, exhibiting a scatteréd
but curvilinear covariation with silica. Rb reéchs a
minimum ?t approximately 75% Siozand;yhen climbs rapidly

L

with increasing siiica contént. L
5.5.3 Rare:Earth Element geochémistry

Rare earth elements were plotted as chondrite
normalized values versus atomic number, utilizing'tﬁe
normalizing factors of sun and Hansen (1975).

REE pattgrns for the felsic fractions show light rare’
eartﬂ element (LREE) enrichment relative to middle réfe
earth eleﬁeqts (MREE) and heavy r;re earth elements (HREE),
where Ce,/Yb, = 5.2-21.9 (figure 5.5). This includes all
samples analyzed except for samplé L7;59, which has CéMYbN
='0.67. Examiﬁation of REE Harker variation diagrams
reveals that LREE contents of the ‘silicic fractions

apparently decrease with increasing silica but the HREE

contents remain unchanged (figures 5.6a-c). This is in

o

accordance with the presence of a LREE bearing phase in the
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Fiqure 5.6; Rare earth element variation dlagrams for the
felsic fractions of the Kennack Gneiss.
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1

o) . ’ -
residue, or a ¥REE bearing phase on the liquidus. Europium

content, expressed as Eu/Eu* shows no cdqsistgnt
relationship with increasing silica content (figure 5.6d).

. These relationships are difficult to interpret as they show
no apparent regular behavior.

The relationship of the HREE with silica is also
difficult to interpret, as it seems that the HREE also have
an irregular éoyariation with respect to silica. When

plotted against Zr, the sum of the HREE (IHREE =-Tb-Lu) for
each sample shows a positive iinear correlation with Zr
(figure s.ée). This indicates that the HREE éontents Of the
siiicic rockstare intimately linked with zircon.bThe
significancerf this zircon control on the HREE 'is émbodied
in the HREE enrichea pattern of sample i;—59. As discussed
in chapter 4, section 4.5.1, this samp}e is highly enriched

in zircon. This makes the use of the REE for petrogénetic

interpretations of the s*kicic rocks difficult.

5.5.4 Conélusions

The geochemical plots show significant scatter and
inqicate 5ome alteration of the roé&s has occurred. Strong
linear covariance of Zr and $io, (with minor exceptions)
indicate that the HFSE have probably not been affected by
alteration. Nevertheless, caution is required.

The major and transition element chemistry,of the

silicic rocks are dominated by sometimes scattered but
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generally linear covariance with respect to $i0,. The trace

elements Sf, zr and pOSSibly Hf sffow strong negative linear

correlations with sjilica. All of these relationships

indicate that the evolutlon of the\felsic fractions has
been dominated by a process resulting in a linear
covariance of_most_glements with Si0,, most probably a late
magma-mixing évent. ¢

The variations of the elements Rb, Y and Nb arp
difficult to interpret, as they do not conform to a mixing
model. In the case of Rb, metamérphism and alteration have
probably greatly influenced the distribution of this
element. Thﬁs, its irreqular variation with respect to Si0,
is not as critical as the unusual behavior of the HFSE, 'Nb
and Y. The behavior of these two ‘elements suggests-that‘
’jhey have been decoupled from the REE, 2Zr and Hf. This
would be very difficult to explain by the presence of a
particular mineral phase in the residue, as the expected
phases typically have distribution coefficients of a
similar magnitude for these elements. Perhaps an
alternative explination for the behavior of these elements
can be proposéd.

At first glance, it seems evident  that thé LREE and -
less so‘the HREE have a negative covariance with Sio,.
However,.the absence of a large data base for the REE may
have resulted in a misinterpretation. Taking those samples

for which REE, U, Th and Hf analyses have been obtained and
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plotting graphs of ¥ and Nb versus SiO, for these samples

alone, negative covariances are observed. It appears that
it is not only Y. and Nb which behave irreqularly, but the
generai&i“siﬁilar behavior of the REE, Th and U indicate’
that these elements also have irregular cdﬁariation with
-Sioz.‘This cannot be tested properiy without more data
being generated for these elements, however, it is apgarent
that tgé‘strange behavior of these elements indicate that
more than one petrogenetic process (ie. not only mixing)
may be observed in the chemical data. The irregudar :
behavior of these elements suggests that prior to miking,
their behavior was dominatea by crystal-chemical control
ihﬁolving HFéE and REE bearing accessory phases. “
Significantly, the other HFSE, Zr and Ti do not behave
irreqgularly. This is because these elements are- Essential
Structural Constituent (ESC) elements in particular phases
such as zircon and sphene, and as a result they behave as

major elements rather than incompatible trace elements

(Hansen, 1978).

2.6 Mafic Fraction Geochemistry
Evaluation of the internal variation of the mafic
fraction of the gneiss was undertaken using MgO as a f,

differentiation index.




. respect to the oxides of CaO and Na,0, suggest that
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5.6.1 Major element chemistry e |

Examination of the major element variation dlagrams“
indicates that the mafic rocks are characterized by’ |
generélly_scattered trendé.

. Only Na,0, CaO and possibly Si0O, show any reasonable ‘
systematic variation with MgO. Na,0 shows a well defined,
slightiy curved, negative covariance with Mgo, while cao
has a distinctly curved coQarianée wh;ch has an inflexion ‘
point at 8 wt ¥ MgO (figures 5.7g-h). FeO; defines no
sensible-trend with respect to Mgo, ﬁ%ssiply indicating Fe -

was mobile.

These few curved‘variation trends, particuylarly with

fractional'crystallization has been the dominané}process of
differentiation. Evaluation of the possible liquidus
phases, which have minated the major and trace element!

chemistry will be {indertaken in section 5.6.4.

5.6.2 Trace element chemistry
Trace element variations were also plotted using MgO
. -
as a differeq;iation index. Similar to the major elements,

-

the trace elements display a generally scattered behaviour
with respect to MgO. 1

A number of the more mobile trace elements éhch'a; Rb,
U, C§ and Li display widely scattered covariation with

-
MgO. This scatter is interpreted as a result of alteration

14
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Fiqure 5.7: Major element variation diagrams for the mafic
fractions of the Kennack Gneiss. MgO 1is used as a
differentiation inde¥. .
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Figure 5.8: Trace Aement variation diagrams for the mafic
fractions of the Kennack Gneiss. MgO used as a

differentiation index.




400

- A Nj
3001
il o
200F o N
e o
100 | > og
s0 B8
S 5
o
700} L
. B Cr
500}
e » )
300: 008 oOo o]
ook © “%@éz
o 9© D .Q
)
IO0 |
= C Oo Zn o
gof ©, 8 o)
60l OdDO o ©O
& R
405 A
300 |- o
o)
260+ D G s V
[e) cDoo
220+ Q o o »
180 |- o) %QO% o <
140 |- 3
B O
|OO— [o)
O [ 1 1 i L 1 L
2 4 6 8 |0 12 14 |6
MgO wt %

500
400

300

200

42
38
34
30

26
EE

600
400

200

204

B o
- Sr
811) O
o . °® o
- 505}
- o © o
4 S o
C o
o
e @ o 0o X
o
| F %
o
o %o
o oo o
- & & o o
L o o
o ©
3 o)
o o Zr
-G »Oo
1 0 @ ©
a ooo%
- © S o
C o
o
. 00 ¢ =
F ®8 Nb
H o |
- 00
& 00 o
o O
- o o
Og ¥ I s, ¥ e SR
L o o
rae Ba
=~ O(SDOO
- o o o
fe) O
o Bs & o o
2 4 6 8 10 12 14 |6

MgO wt %



205

and metamorphism. Generally linear positive covariance with
Mgo is exhibited b;'the transition metals Ni, Cr, while 2n
and V show a highly scattered relationship (figures 5.8a-~
d). Z2r and less so Y, Nb and Ba show 4 scattered but linear

negative covariance with Mg0. Sr exhibits a curvilinear

relationshkip with Mg0, similar to Na,0 (figures 5.8e-i).

5.6.3 ﬂare earth element chemistry

all sampleé-of the mafic fractions show LREE enriched
pattegns having Cey/Yby = 1.7-3.6 (figure 5.9). The REE
patterns are generally parallel to each J%her, however

~
3 .
cross overs in the individual patterns do occur. This cross

over typically occurs at Eu, indieating that th; LREE have
been preferentiaily enriched while the HREE have been
depleted. REE Harker variation diagrams (figures 5.10a-c)
show tﬁat the REE abundances in the mafic gneiss increase
with decreasing Mgo. This behaviour al;o indicates that
fractional crystallization is the most probable mechanism

.

of differentiation.

5.6.4 Conclusiong on Mafic Fraction chemistry

Major and trace element varfation»diagrams for the
mafic fractions show generally scattered trends,.but the
observation <f some curved trends.(CaO, Na,0 and Sr) are

indicative of ;;actional crystallization. Particular

element variations give a good idea of the phases which
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have.been fractionated from the magma. The stede.decrease
in Mgo, Ni and Cr indié;te that orthopyroxené and possibly

"olivine were crystallizing. On the graph of CaO vs Mgo, a
distinct’ inflexion at approximately 8 wt.. ¥ MgO indicates
the inéroductiqn of a Ca-rich liquidus phase (figure 5.7h).
Since no similar inflexion can be observed at the 8% MgO
value with reépect to Na,0 o£ Sr, clinopyroxene rather than
plagioc%ase crystallization is suggested. Significantly,
inflexions occur‘in plots of Sr and Na,0 at approximately
6.5 wt. % MqO-(figures 5.79 and 5.8é), indicating that
‘pPlagioclase was ?n the iiquidus during more advanced stages
of crystallization.

On variation diagéams where HFSE have been plotted
against Mgo, the general trends are compatible with
fractional crystallizatioh but the scatter of'dgtd points
is not;'This sc;tter nust bé attributed to some other
process. A similar 5ehaviour for thé HFSE is described by
Sparks & Marshall (i986), however, no explanation is
offered. Pérhaps the scatter in these typically immobile
~elelﬁents is a result of interaction of the parental mafic
magma with a crustal material engiched in incompqtible
trace elements. This might occur upon initial intrusion of
a mantle melt into lower crust and/or during ascent of the .

basaltic magma through the crust. Accessory phases such as

zircon, apatite and sphene are known to hoard particular

HFSE such as Zr, P,0, and Nb respectively as well as having

>
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high distribution coefficients for the REE. The stability

of these phases under meliinq coﬁditions in the upper
mantle and lower crust is not well known, however récent
work by Watsén (1980), Helman & Green (1979), Green (1981)
;nd watson & Harrison (1984) indicates that these phases
may be stable during substantial partial melting events. If
this is the casé, then the inﬁeritance or incorporation of
HFéE aﬁd REE rich accessory phases from a crustal source
may greatly alter the bulk rock abundances of these trace
elements yet have little effect on the the major elements.

To corroborate this suggestion, one would expect to
see xenocrysts of these phases present within samples of
the mafic fraction of the gneiss. The oniy supportive
petrographic evidence gleaned from this study is the
presence of tiny grains of colourless, highly bireﬁringent,
high relief material found along plagioclase and amphibole
grain boundaries. These are interpreted to be zircon

inherited from crustal material during ascent of the

basaltic magma.

5,7 The Hybrid Gneiss t

As only three samples of distinctly hybrid material
were obtained the evaluation of these rocks is difficult.
Their interpretation is best undertaken by comparison to
both the fe}sic”aﬁd the mafic fractions.

The hybrids, represented by L7-8 and L7-73, have 9i0,

P
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contents intermediate to the felsic and mafic end members.
The majority of cther major elements aré at abundances
intermeqiate betweeﬁ the two end members, although the Mgb
content of L7-8 is a little too high and the Al,0, content
‘a little lower than would be expected (figures 5.2a-i)..
This supports the suggestion that these are in‘fact
.mixtures between the two magﬁas (ie. felsic and mafic end
members). Most of the trace elements contents are
intermediate, except tq$ Sr content of L7-8 is lower and
the Ni confént much higher than would be expected (figures
5.3a-i). Perhaps the most noticable irreqularities arise
with respect to HFSE Y, ‘Nb and Zr where the concentrations
of the HFSE are all lower than would be required.

The hybrids are characterized by LREE enriched
patterns having small negative Eu anomalies and Cq&YbN =
‘16.43 and 12.83 respectively (figure 5.11). Relative to the
mafic fractions, hybrid gneisses afe characterized by
higher LREE abundanées and lower HREE abundances. Felsic
fractions typically have higher LREE contents, but lower
HREE abundances than the hybrids. The role of mixing in

generation of the hybrids is more difficult to evaluate

with respect to ‘the REE. It should be noted that the REE

chem?%try of a particular hybrid will be reflective of two
unique felsic and mafic parents. As 'a result, none of the
felsic and mafic fractions collected for this study can be

v

mixed (in varying proportions) to produce the unique REE
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Figure 5.12: Chondrite normalized rare earth element plot showing

the pattern for hybrid gneiss sample L7-73 compared
to fields outlined by both felsic and mafic fractions
of the Kennack Gneiss.

It is readily apparent that the weighted averages
of the two fields could be mixed to produce a pattern
similar to that shown for L7-73.
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patterns for the hybrids cot:ected. However, the

significance of mixing may be-—qualitatively shown (figure
5.12) where superimposed fields for selected mafic and
felsic fractions are compared with the pattern’forfhybrid
L7-73. It is readily evident that the hybrid could be
produced through mixing a LREE enriched,yﬂéEE depleted

felsic material with a LREE depleted, HREE enriched Jafic

material.

v

5.8 Chemistry of the\other rock units

Chemical analyses of mafic dykes, hornblende schists,
gabbro and mica schists were obtained to evaluate the
relationship of these rocks to the Kennatk Gneiss. The
follbwing section will be devoted to deséription of the
data for each of the respective rock types, and the
relationship between these rocks and the Keﬁnack Gneiss -

will be clarified.

5.8.1 The Hornblende Schists
Ten samples of hornblende schist were obtaineg from

outcrops of hornblende schist found along the southeast

o

coast. of the Lizard. All of these were taken from areas
originally mapped as Landewednack variety, however field
and petrographic studies indicate that the_saﬁples gbtained'
can be divided into two diséinct groups. This is also

reflected in the chemistry of the samples. Sahples referred
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to as Tréboe-like in appearance were chafacterized by lower
Tio,, P05, Y, .2r and Nb and higher MgoO, Ni and Cr contents
than those samples described as characterizing the
Landewednack-variety (appendix 2¢) . This indicatesl éhat' the
Trabo_g-like hornbiende schists found directly below the
basal thrust contact are chemically more prj:mi{:ive than the
typical Landewedn;ck schists. Theée Traboe-like schists are
probably pods of deformed, layered gabbroic rocks within
the uppermost sections of the basal hornblende schist'
éequence.

REE contents were: obtained for two samples of
hornblende schist. Sample L7-67 is a t:)/pical epidotic
hornblende plagioclase schist of the Landewednack variety

. while L7-10 was obtained from an oLx_térop of layered
"feldspathic Traboe-like hornblende schist. The REE patterns
for the two samples are quite different (figure 5.13) with
L7-10, having much lower overall REE abundances (geneﬂrall;
< 10x chondrites) and.-ex\hibit.:ing a LREE depleted pattern
with' Cey/Yby = 0.45. Sample L7~10 also displays a positive

europium anomaly indicating the accumulation of

-plagioclase. Sample L7-67 has REE abundances between 20-40x

chondrites and has a MREE enriched pattern with CeN/.S{bN

Y 1.18.
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5.8.2 The Gabbro.

Eight samples of vasiable textured gabbro were
obhtained from exposures along the southeast coast of the
Lizard. Chenical a-nalyses of these samples reveals that,
.although closely related in the field, the pegmatitic
gabbro and its proposed fine graiﬁed marginal phase have
distinctly differing chemistries. Of the eight samples 5
are pegmatitic and are chemically similar while the
remaining three fine grained samples show no '
characteristics linking one another and may represent
gabbroic phases; of the mafic fraction of the Kennack
Gneiss.

The pegmafitic gabbros are tj/pified by very low HFSE
contents, high Al,0, contents and high Ni and Cr values
(appendix 2d). REE abundances are tyfaically < 10x chondrite
-values. These gabbros have flat to LREE enriched patterns
‘having Cey/Yby = 1.32-1.55 (figure 5.14). The pegmatitic
gabbro REE patterns are characterized by significant
—posiﬁive EU anomalies which decrease with increasing REE
abundances. This suggests that' these rocks are plagioclase
cumulates which are related to one anot'her through various

degrees of fractional crystallization. Their relationship

to the other rock types is not clear, however on the basis

4
of REE they do not appear to be related to the ophiolitic

|

cumulate gabbros represented by sample L7-10.
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5.8.3 Th>‘~Mafic Dykes

; .
Thirteen samples of nmafic dykes from the various

outcrops along the Lizard cﬁast were obtained. These were )
divided into four groups which can be distinguished ir} the
field and petryographically. The themical data for these
‘dykes is more difficult to interpret. The three groups
ldistinguished on the basis of field i:_elationships (see
section 3.7) can also be tentatively distinguished using

HFSE contents and the abundances of the transition metals

Ni and Cr.

Group 1 dykes are characterized by the highest HFSE"

contents and the lowest Ni and Cr contents. In this
respegt, they are the mést evolved of the mafic dykes
(appendix 2e) .»

Group 2 dykes are typified by variable TiO, contents

4 but gen'erally have the lowest HFSE contents and the highest

Cr and Ni contents. They have REE abundances ‘which are
generallly <10x chondrites and have 'LREE depleted .patterns
with Cey/Yby = 0.66 (figure 5.15). These dykes are
therefore the most p\f’i;itive. :

The HFSE and t;ransitioriél 'metalbcontent of group 3
dykes appears to be tramsitional between dykes belonging tc
groups 1 and 2. REE abundances are typically <20x
chondrites and these dykqes have MREE enriched patterns with

_ Cey/Yby = 1.26 (figure 5.15). The REE patterns for the

group 3 dykes are very similar to /€he pattern for the

)
e ]
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Landewednack hornblende schist.
Dykes classed as belonging to group 4 (Kennack Gneiss
re}ated) have LREE enriched patterns relative éo other dyke
- groups (figure 5.15). Sample L7-60, believed to be Kennack
Gneiss related was obtained from a mafic dyke on Enys Head.
It {s clearly not gneiss‘related as it has REE abundances
<20x chondrites and has a Cey/Yby = 1.10. The REE pattern
of this sample is HREE\fnriched and is very similar to the
pattern for a group 3 dyke L7-19A. Sample L7-1, also
believed to be related to thg{mafic fraction of the Kennack
Gneiss is LREE ‘enriched with\:'Ce,,/YbN = 2.77, but it has
MREE and HREE abundances very similar to L7-60 and L7-19A.
1§\;i}possible that.this variability ip LREE contents of
group 4 dykes is a result of a number of Yossibilities
including; 1) differing sources 2) differing degree of
partial melting or 3) the LREE enrichment is a result of

interactiongof the mafic gneiss magma with a lower crust

component as previously suggeste%<

5.8.4 The Miéa Schists
Seven samples cof micaceous schist were obtained from
outcrops throughout the Lizard. Rye of these, £7-32 & 136,

were thought to be inclusions of mica schist within

»

gfanitic gneiss. However, the high transition metal content

-~

of these samples suggests that an ultramafic originvis more

probable (appendix 2f).

&
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Figure 5.16: Chondri&e normalized rare earth element
diagram comparing a sample of garpet-muscovite schigt (L7--
16) with a field defined by four samples of the felsic
fraction of the Kennack Gneiss. The sample L7-16 contains
a necessary HREE hoarding phase (ie: garnet) but does not
‘contain a LREE hoarding phase which would be required for
production of the relatively LREE depleted felsic
fractions of the gneiss.

Also shown 1s sample L7-13a, a strongly deformed
feldspathic greywacke of broadly granitic composition.
This pattern demonstrates the general similarity betweeh
the felsic fractions of the gneiss and local sedimentary
rocks. However, almost 100% melting of a parent with the
composition of L7-13a is required by major elament
chemistry. This is unlikely as large volumes of 100% melt
is not possible in this type of envirenment.

The third pattern is an average Devonian sandstone
of the Gramscatho Group (Floyd & Leveridge, 1987). This
material also has high REE abundances relative to the
felsic fractions of the gneiss and like L7-16 does not
contain wmineral phases which could, during partial
melting, result in the relatively depleted REE contents
of the felsic fractions of the Kennack Gneiss.
Significantly, the average Gramscatho sandstone has high
'Si0, content >70 wt. % and would have to undergo
unreasonably large degrees of partial melting to produce

the felsic fractions of the gneiss.
- ‘
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t Of the 5 remaining samples, 4 are pelitic.schists,
containing 50-60% Si0, and 18-20% Al,0, while the fifth"
sample is a strongly deformed and metamorphosed greywacke
having a chemical comgpsitidn of a granitic rock. When
" plotted on some of the Harker variation diagrams for the
Kennack Qneiss, it becomes apparent that none of these
rocks~have a chemistry well suited.for a parent to the
Kennack Gneiss [Figures 5.2 and ¥%.3), This is conclusively
shown by a comparison of the REE \patterns for a propocsed
micaceous schist_parené (L7-16) apd a field defining the
patterns of the Kennack Granite (figgre 5.16). Ciearly, the
micacéZus schist.has REE abundances significantly hidher
than the granites and does not contain mineral phases

suitable for generation of a daughter melt with lower REE
’ ,

abundances.

5.8.5 The Man of War Gneiss
" Petrogenetic modelling is limited and tentative as
these rocks are strongly deformed and.only three samples
are available. However, general trgngs can be obtained and
these will be ipterpreted assuming that the REE and
immobile trace element abundances still reflect“original
igneous processes. This will hopefully aid in‘detefmining
the prevalence of one differentiation mechanism over the

other.

All three samples of MOW gneiss are chemically very
\
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similar (appendix 2g). These rocks are enriched in B5r, are
quite aluminum rich and have a large range in silica
coﬁtents from 52-63 wt. % SiO,. When all elements are
plotted agaiﬁst silica as a.fractionation index, the
following relationships are observed. Na,0, K,0, Ba, NbDb,
Pb, Th, U and Rb all inrease concurrently with silica. All
other elements show a negative covarience with S10,. The
positive covariation of Rb, Kﬂ),{Nazo iZé/Ba with sio,
indicates that neither biotite nor alkali feldspar have
ingiuenced the evolution of the MOW gneiss. Depletion of
Ca0, Sr, and Al,0, with increasing silica suggests the
influence of calcic plagioclase' A minor influence by
apatite is shown by the depletion of P,0,, ¥, and the REE
(particularly the MREE) with respect to Si0,. The negative
covariance of Ti, Y, V, Zé and the REE (particulgfly HREE)
supports the presence of amphibole in:the residue.

" The REE patterns for two samples of MOW gneiss are
shown in figure 5.17. These samples are LREE enriched
having Cé,/Yby, = 5.64-6.89. They have no Eu anomaly and
show a §Eallow bowl shaped éattern in tPe HREE (Dy, Ho, Er
and Tm). This supports the influence of amphibole and or
sphene in the generation of these rocks (Hanson, 1980). It
is important to note that the overall abundances of the REE
seem to decrease with increasing silica content and

decreasing MgO content. The bowl.shaped depletion also

becomes more pronounced with increasing fractionation. This

-

A
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suggests that these samples.are related through two
possible mechanisms. Either progressive partial melting of
a plagioclé e hornbleéde and possibly sphene bearing source
material eséentially of basaltic compositon, And/or through
fractional crystall;zation of amphibole with plagioclase,

apatite and a titanium bearing phase such as magnetite,

rutile, ilmenite or sphene.

. 5.8.6 Conclusiq&i
The hornblende schists within the map area consist of

both Landewednack and Traboe varieties. The Traboe schists
are similar tb‘those described by Kirby (1979a) and are
chemically primitive‘relatiﬁe to the Landewednack Schists.
The combined field observations, petrography and ghemicai

. analyses i;aiéaté'that small bodies of layered gabbroic

- rocks are present withiﬁ the basal unit directl} below the
basal thrust. The presence of layefed gabbros structurally
above basaltic rocks fhplies that the basal seduence is
either 6vefturned, or much more dismembered thaA previously
believed. The gébﬁroic schists, and less so the ba;ahtic

' $chists have typical LREE depletea patterns suggestive of a--{:"!v
Mid-Ocean Ridge Basalt (MORB) chemistry. These are

therefore distinctly different frog/@he mafic portion of

the Kennack Gneiss. . (

Pegmatitic gabbro present within the map area can be

distinguished from finer grained gabbroic rocks on the
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.

‘basis of low HFSE content and high4Cr and Ni values. These
rocks have flat to LREE enriched patterns and are distinct
‘from the LREE depleted gabbroic rocks of the Traboe

schists. The decrease in magnitude of the positive Eu

anomaly with increasing fractionation, combined with a

.concommitant increase in REE abundances suggests that these .

gabbroic rocks are interrelated through fractional
crystallization. As éhe LREE have not been significantly
fractionated relative to the HREE, it'is proposed that
plagioclase and clinopyroxene afe the phases yhich have
crystallized from the magma. N

Four distinct grbups of mafic dykes can be
”distinguished on the basis of field, petrographic and
chemical characteristics. Dykes classed as belonging to
group 4 have HFSE angﬁtransition metal abundances which
overlap those of dykes belonging to both group 1 and 3,
indicating they are more similar to these varieties rather
than group 2. Although the major and trace élement data |
does not suggest any significant difference between group 4
‘dykes and those of groups 1 2 and 3, it does not suggest
any striking similarities. The REE however are useful in
distinguishing group 4 dykes from those of groups 1, 2 and
3: A REE pattern obtai?ed from sample L7-1 shows the LREE
enrichéd nature of these truly gneiss related dykes
relative ép dykes of group 2 and 3. This indicates that

caution must be applied when attempting classification into
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groups on the baslé*%f;unclear field relationships and’

petfography. As previously discussed kchapter 4, section
4.3.4) a dyke at Enys Head has ambiguous field ,

relationships with a sill of banded gneiss. The LREE

depleted nmature of this dyke, exhibited by sample L7-60,

// reveals the dyke is not genetically felited to the mafic
fraction of the Kenn&ék Gneiss. Thus, the sill of banded
gneliss at Enys Head must have been intruded along a low
anglé fault (thrust?) along which the mafic dyke had been
‘truncated.

The Man of War Gneiss has gross major and trace
element variations which indicate that these rocks have
beenAformed through fractionation of amphibole and

“plagioclase with minor apatite and possibly a titanium rich

accessory phase. This is corroborated by the REE, 3

particularly by the depletion of the REE with increasing
silica content, and the saucer shaped HREE patterﬁ. Tne
absence of a -Eu anoma{y is also readily expla{ned. Hanson
(1978) suggests that a negligible Eu anomaly may be .
produced in a m;lt if the residue contains p}:gioclase and
hornblende in the proporﬁion of 2:1. ?his pr;posal is well
suited to the interpretaticn of the M&n.of War Gneiss.

The micaceous schists of the OLHS do not appear to be
suitable parental rocks to the Kennack Gneiss. This is

readily apparent through comparison of REE data for a

sample of proposed parental mica schist (L7-16) with a .

.. ’
-
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co[z;\pil'ation of patterns for the "d;ughter" felsic fraction
of the Kennack Gneiss. The higher abundances of LREE in the
sample of mica schist requires a LREE bearing phase in the

residue, and this is not substantiated by the mineralogy- of

sample L7-16.

Devonian séndstones >oft the Grémscatho Group (Floyci &
Leveridge, 1987) have similar LREE contents but have higher
HREE contents than the felsic fract;ions of the Kennack
Gneiss. These rocks do not contain appropriate (HREE
hoarding) mineral phases and would require very large
- degrees of partial melting for generation of the felsic

fractions of the Kennack Gneiss.




CHAPTER 6: Petrogenetic implications

6.1 The Kennack Gneiss: Origih ax:xd Discussion

Field relationships, petrographic descriptions and
geochemical data strongly indicate a magmatic origin for
botp t'he silicic and mafic portions of the Kennack 'IG;leiss.
The felsic fraction of. the Kennack Gneiss can be seen to
intrude and net-vein the mafic fraction, and there is
abundant other evidence supporting a magma-mingling and
mixing‘ mechanism for generation of the Kennack Gnéiss as a
whole. These rocks have undergone a complex intrusive and

metamorphic history, as shown by their field relationships

\
and their variable states of deformation. Prior to their

intrusion and subsequent deformation in the Lizard complex
both fractions of the Kennack Gneiss were subjected to a

complicated magmatié evolution’ which‘ involved atleast two
and possibly three stagesnof fractionation. These will be

discussed below.

- Large scale heterogeneities observed in the field

conclusively indicate that mingling of magmas has occurred.

The extent of mixing is is less easy to determine fron
field Irel’a'xtibnships. The chemical variations exhibited by
the silicic rocks support the proposal that thellinear
trends are the resuit of mixing of a silicic ma(jma with a

late stage differentiate of a parental mafic magma. Back




extrapolation of the linear variation trends show hy the
felsic rocks, to an intersection with the mafic fraction of
the gneiss allows determination of the chemical composition

of the mafic end member involved in the mixing event. The
¥

composition of the mafic end member is gi{/e}x in table 1.

TABLE 1: lldajor element composition of the mafic end member
involved in mixing with the'silicic Kennack magma.
sio, 56.00
Tio, 1.05
FeO* 6.45
Mno 0.11
MgOo 3.55
cao 3.18
Na,0 3.60
2.60
0+39

¢ Sparks and Marsh@ll (1986) propose a similar

explanation for the linear trends exhibited by the felsic

rocks of the Mullach Sgar' intrusive 'complex, St. Kilda

Scotl_,gnd.‘ Significantly, the relationships observed in the
Kennack Gneisses of the Lizard complex support the concept
of mixing,-where a small quantity of silicic magma has
invaded a larger quantity of mafic magma. This volume
relationship would betfe_r enable thermal equilibration
between the two magmas, thus supporting chemical magmatic
mixing_. The amount of mixing might be enhanced by

mechanical mixing of the magmas possibly brought about by
‘ L




© ' L 232
tectonic movement during emplacement of tha mingled maqmés.
However, the mechanical mixing could wovrk in oppositidn to
the aforementioned points, as it .might aid in dissipating
heat and therefore decrease tha chance of t‘l?' magmas |
reaching full thermal ecquilibration.

6.1.,1 Discussion of the Silicic rocks
Characterizing the Felsic Fractions:

Qn a triangular plot of normative quartz, K-spar and
plagioclase after Streckheisen (1976), the felsic fractions

L

plot as granites with few granodioriteé (figure 6.1). This
is corroborated by a normative triangulgr plot of
orthoclase, anorthite and ai‘bite"'(figure 6. 2) where they
plot as granites, and not as trondhjemites as suqqgested by
Malpas & Langdon (1987) and Styles & Kirby (1979). Kennack
felsic rocks were also plotted on discrimination plots of
Coléman & Peterman (1975). Figures 6.3A and 6.3B clearly
show that the felsic f;actions have K,0, Rb and Sr
abundances characteristic of continental qranophyres. The
recognition of a .granitic chemistfy afxd a magmatic nature
permits the use of the term "Kennack Granite" f_or the
felsic fractions of the Kennack Gneiss.

It has been suggested that alti_eration of original
plagioclase phenocysts by a K,0-bearing metasomatic ‘fluid
may account for the high K,0 contents of ‘these rocks.

| Petrographic observations from this study suggest that the

addition of Na,0 was more significant than the addition of




Figure 6.1; A triangular plot of normative quartz (Q),
orthoclase, (Or) and plagioclase (P) for the felsic
fractions “of the Kennack Gneiss (Streckheisen, 1976).
Samples of felsic material from the Kennack Gneiss are
diotted as stars, while three samples of Man of War gneiss
are plotted as circles. The majority of the felsic
fractions of the Kennack Gneiss plot as granites while the

samples of Man of War Gneiss plot as granodiorite or
quartz diorite.
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Fiqure 6.2: A triangular plot of normative orthoclase
(Or), albite (Ab) and anorthite (An) for the felsic
fractions of the Kennack Gneiss (Barker, 1979). Fields

ara as follows:

(1) Trondhjhemite
(2) Granite .
(3) Grahodiorite
(4) Tonalite







KN
")

Fiqure 6.3; Low field strength element dfscrimination
plots from Coleman and Peterman (1975). Dashed field is
the field of continental granophyres, solid field is the
field of continental trondjhemites and quartz diorites
and the dotted ' field 1is the field of  oceanic

plagiogranites. :

- a) Graph of Log K,0 versus §Si0O, for the felsic
fractions of the Kennack Gneiss.

b) Graph of Log Rb versus Log Sr for the felsic
fractions of the Kennack Gneiss.
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K,0. This is indicated by the p;esence of plagioclasé—
guartz bearing microéveinlets which cross-cut ﬁhe foliation
in the granites. Additionally, eléctron microprobe .
traverses across alkali feldspar phenocrysts reveal no
systematic variation in Na,0 or K;0. Significantly, the

negative linear covariance of Sr with Si0, for the granitic

rocks (figure 5.3g) also does not support the addition of

Na0 to these rocks.

‘ Following the classification scheme of Chappell &
White (1974), the Kennack granites have variable
characteristics. High Al,0,/Alkali contents, all > 1.1,
indicate their per&luminous nature and suggest an S-type
protolith. In contrast, normatiVe corundum values have a
mean < 1%, -and Na,0 contents are generally > 3.2%, both
suggesting an I-type édurce.

A plot of alkalinity ratio (A) versus Si0O, after Wright
(1969) emphasizes thé highly alkaline nature of the Kennack
granites (figure 6.4).

All of these points express the complex chemical
nature of the granites, and indicate that they do not

readily fit into any particular classification scheme.

Petrogenesis of the Granites:
Although chemical evidence generally supports a
mixing origin, a number of crucially important elements in
.

the granitic system, namely Y, Nb (possibly U and Th) and
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Figure 6.4: A plot of 8102 versus alkalinity index (A) for the

Kennack granites (Wright, 1969).

A = A1203 + Ca0 + alkalies
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the REE, do not exhibit linear element-element trends
indicative of a mixing model. The strong support for a
mixing model is unequivocal, therefore an explanatioﬁ for
-the aberrapt.behavior of these elements must be found by
another means.

.Figufe 6.5A supplies a possible sclution to this
problematic behavior, since Y shows extreme fractionation
in the granitic rocks relative to only a minor change in
Si0, (previously mentioned in section 5.5.2). This
indicates that the variation of this element and possibly
the REE, Nb, Th and U, has been controlled by crystal-
bhemicai effects, involQing a REE and HFSE 5éaring phase or
phases. Cgrtainly from ﬁhe REE behavior alcone, some
important conclusions may be reached. For instance, if the
trends in ¥ and Nb are truly representative of a
fractionation process prior to mixing, then the behavior of
these elements will tell us something about the phases
involved in this event. In particular, control is well
documented by comparing REE patterns for two samples within
a respective fractionation sequen;e such as trend 3 in
figure 6.5A. REE patterns for samples L7-59 and L7-40 are
shown in figure 6.6A. According to the plot of Y versus
Sio, (figure 6.5A), L7-59 should be significantly
fractionated felative to L7-40. The REE pattern of L7-59 is
= 6.3X depleted in the LREE and = 3.5X enriched in the HREE

relative to sample L7-40. The MREE are also significantly




Figure 6.5: Graphs of Y versus 5i0, for the Kennack
granites showing the hypothetical possibilities: A) a
partial melting trend (#1) and three fractionation trends
(#2, 3 and 4),’ late mixing may then have produced the
inter fractionation trends scatter; B) an alternative one
fractionation trend (#5) and subsequent mixing lines.
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B

Figure 6.6: Chondrite normalized rare earth element
diagrams showing the variation in patterns for samples
within the same fractionation series: A) samples L7-59
and L7-40:; B) samples L7-52, L7-3A and L7-78. Refer to
figure 6.5 for the relative positions of these samples
within their respective fractionation trend.
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- depleted in L7-59 ielative to L7-40. Interestingl}, the
ratio of Eu/Eu* doeé not change. These points all suggeést
éhat REE and HFSE bearing phases have affecteq the
fractionation of these elemehts, particularly with respect
to the samples falling on trend 3, and possibly trends 2
and 4 of figure 6.5A. Since the LREE and MREE have been
depleted more than the HREE have been enriched, a LREE
bearing<acce§sory phase such as monazite or allanite must
have been present in the residue (Miller & Mittlefehldt,
1982). The enrichment of the HREE in L7-59 must be

“ explained in some other .manner. i

| ‘ Examination of the REE pattern of sample L7-52 as
compared to that of L7-78 (figure 6.6B), indicates that in
trend 2 (figure 6.5A), the LREE of the melt changes very
little as the amount of fractionation increases. In the
same interval, the HREE ébundances change by a factor of up
tolsx. This implies that the fractionation of a LREE
bearing phase by itself is not responsible for the
fractionation trends 2, 3, and 4 as seen in figure 6.5A.

One suggestion which m&y resolve the apparent

enrichment of the HREE is that the fractionation trends are
the result of mixing source inherited zircon with the
primary granitic melts. Abundant xenocrystic zircon might
effectivelj‘swamp the HREE, Y and possibly Nb content of a

melt already depleted in these elements. Petrographic

evidence supporting this proposal is the preponderance of
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zircon grains iin sample L7-59. In figqure 6.5A, the mixing
of xenocrystic zircon may be representéd by the gteep
trends labelled 2, 3 and 2, which have been superimposed on
pre-existing fractionation trends produced through
fractional crystallization of a LREE bearing phase, such as
m&nazite or allanite. A simple alternative explanation is
- that Y, Nb and the HREE were highly incompatiblg during the
late high’%ilica fractionation event while the LREE were
Qeakly compatible, This again suggests that a LREE bearing
phase must have been in the residue.

It is important to realize that these two dimensional
diagrams are being used to represent complex processes
which may not be explained in any simple way. Careful
examination of the variation trends in figure 6.5A, may
result in an alternative interpretation of the data. Figure
6.5B shows this alternative interpretation, where stro;g Y,
Nb and HREE fractionation has only occurred in the highest
silica end members. The samples which fall to the left of
that tf;nd are the result of mixing of these rocks with the
mafic fraction of the Kennack gneiss. Again, the production
of the steep fractionation trend #5, must be explained
" through the mechanisms described above. - | ; .

Since these rocks have a complex petrogenetic history,
the interpretation of their mechanism of origin and
delineatioﬁ.of a suitable parental material iswdiff;cult.

Certainly great caution must be employed when using trace




elemerit discrimination diagrams to interpret a
paleotectonié setting for these rocks, or when attempting
to model the various petrogenetic processes. However,
suitable samples may be selected if one has an
understanding of the effects of these processes.

If the strong fractionation of Y and HREE is
attributed to events after the initial formation of the
granites, then the parental granitic magmas, derived
through‘partial melting, probabiy had low abundances of the
trace elements Y, Nb and the HREE as shown by sample L7-78.
The concentrations of these elements only slightly
incréased during a significant increase in the degree of
partial melting (shown by a decrease in SiQO, along trend #1°
in figure 6.5A). This might indicate that the‘ source
material for the granites contained a mineral phase,
possibly garnet or zircon, which has large K,;'s for these
elements. Alternatively, these elements may have already
be;n strongly depleted in the source prior to_ﬁhe partial
melting event. Examination of figure 6.7, reveals a number
of important points, parFicularly the overall depleted
nature of the Kennack granites relative to cdntinental
crust (Taylor & Mccieﬁnan, 1981). Also important is the
presence of negative Eu, Ba and Sr anomalies of
éignificantly large magnitudes implying the presence of
plagioclase in the source. These points suggest a crustal

source, intermediate in composition which contained the
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Figure 6.7: An extended rare earth element plot showing a field

defined by 4 samples of Kennack granite. Al1 values
are normalized to continental crust values from
Taylor and McClennan (1981). Samples which have been
plotted are L7-3A, L7-42, L7-52 and L7-78.
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phases plagioclase, alkali feldspar and probably quartz, as
well as accessory phases such as garnet and/or zircon.

-

6,1.2.-Discussion of the Mafic Fractions

The petrochemiééf;*as well as textural data for these
rocks indicate a basaltic magmatic character. These rocks
will henceforth be referred to as the "Kennack basalts".

The most conspicuous feature of the Kennack basalts is
their highly variable field, petrographic and chemical
nature. This variable nature may lead to some difficulties
in interpreting the petrogenesis and paleotectonic setting

of these rocks, particularly if the HFSE abundances were

influenced by crustal inheritance of accessory minerals.

» Characterizing the Kennack Basalt .
Classification of these rocks is hampered by théir
metamorphic nature. The absence of original mineralogy
_ precludes the classification of these rocks in a normal
modal fashion. CIPW norms for the Kennack Basalts are both
nepheline and quérfz normative. Since nepheline and quartz
normati?e basalts cannot be related through any low )
pressure mechanism Sf fractionation (Cox, Bell and
Pankhurst, 1979), this suggests that; 1) the mafic
fractions define twa distincf groups; 2) théy are not

related through low pressure fractionation or 3) effects of

alteration and metamorphism preclude the use of normative
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classification schemes. Since all analyzed samples of the
Kennack basalts are che?ically similar, the third (and
possibly the second) suggestion is favored.
Petrogegesis of the Xennack Basalt

Petrogenetic diagrams used by Pearce and Norry (1979)
and Pearce (1982) are most suitable for interpretation of
the Kennack pasalt, however, caution must again be
emphasized. figures 6.8A, B and C reveal a number of
important points with respect to the evolution of the
Kennack basalts. Figure 6.8A is a plot of log TiO, versus
Zr for the Kennack basalts. The samples define a ccherent
positive slope trénd, having a vector corresponding to the

crystallization of a combination of olivine, clinopyroxene

and plagioclase (Pearce and Norry, 1979). This supports all

previous suggestions on the probable liquidus phases during
crystallization. Figure 6.8B, a plot of log Cr versus log
Y, is useful for qualitatively determining the degree of
partial melting requi}ed in generation of the parental
Kennack Basalt magma. Starting with a primitive mantle-
composition (PM), a trend for various degrees of partial
melting of a plagioclase lherzolite source is shown
(Pearce, 1982). The implications from this diagram is that
the Kennack basalts were generated through 20-25% melting
of a plagioclase lherzolite source. A plot of log Cr versus

log Ce/Sr is also shown to emphasize the role of olivine,
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Figure 6.8: Petrogenetic diagrams for the Kennack basalts.
After Pearce and Norry (1979).
A) Log TiQ, versus Log 2Zr. Vector 1 represents 50%
fractional crystallization of an olivine~clinopyroxene-
plagioclase assemblage while vector 2 also includes
magnetite.
B) Log Cr versus Log Y
C) Log Cr versus Log Ce/Sr. The dashed line (pmt)
represents a partial melting trend. The solid line
labelled (m) represents fractional crystallization of
an assemblage of olivine, clinopyroxene and spinel. The
solid line labelled (m+p) embodies the change in vector
brought about by the addition of plagioclase to the
crystallizing assemblage.
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clinopyroxene and particularly plagioclase during
differentiation of the'primary mégma of theaKennack_
basalts. Significantly,‘this diagram also shows‘thé
presence of a subductibn zonae influence in the chemistry of
the Kennack basalts, where the initial partial melting
trend, shown by the vertical broken line, originates from a

vector corresponding to mantle enrichgd above a subduction
zonerktigﬁre 6.8C).

A number of important features of these rocks are
indicated in figure 6.9, Qhere'the element abundances in
the Kennack basalts have been normalized to primitive
mantle.abundanées. All 5 samples define a well constrained
field, having significant negative Ba anomalies and small
positive Zr and Hf anomalies. These five basalts are
compared to two ophiolitic dykes. The dyke;?have overall
lower element abundances and most significantly have much
lower Th, Rb and LREE contents. Neqaﬁive Nb anomalies are

present, but are variable in magnitude. These anomalies

typify arc related magmatism and as a result, their origin

N

has been hotly debated. Usually, the presence of these
anomalies has.been attributed to crustal contamindtion, or
to the retention of the Nb and HFSE in the manﬁie source
region by a stable Nb bearing phase. The presence of small
but significant positive Zr and Hf anomalies suggests that
in this case, the former is the more favorable of the two

hypothesés. It is significant that both of these proposals




Figure 6.9: An extended rare earth element diagram for
five samples of Kennack basalt (L7-11, 22, 24, 46 and 76).
All values are normalized to primitive mantle values
compiled from the literature. Note the well constrained
field defined by these samples and their internally
consistent behaviour. Alsc significant is the 1large
negative Nb anomaly and, ‘the small positive anomalies
exhibited by Hf and Zr. The Kennack basalts are compared
to a field defined by two ophiolitic dykes of groups 2 and
3, L7-12C and 19A respectively. It is reaqily apparent
that the dykes have overall lower abundances of the
elements, in particular, lower Th, Rb and LREE contents.
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are typically associated with volcanic arc énvironments.

In order.to look more closely at a tectonic s_.etting
for these basaltic rocks, we can limit the effects of the
proposed contaminaﬁion .by only examining the least
contaminatéd and least evolved samples. Samples least
affected by contamination or differentiation will have
lower HFSE and REE contents, and possibly lower SiO,

contents and higher MgO contents.

i,_l_,g_ Tectonic Environment of Formation

éonsidering that the mafic and granitic magmas are now
ihtimaie’ly related, then their parental magmas may have
originated from a common heat sour;:e. However, a common
heat source does not necessarily imply that the source
materials were proximal to one a\’nother during generation of
these two magmas. This suggests that the magm'atism
resul'ting in the Kennack Gneiss involved mantle derived
melts and also required eventual interaction of those melts
with siafic crustal meAlts. Comparative analysis of .the
chemistry of the two magmas helps provide constraints on
the tectonic environment of generation of these rock

suitaes.

The Kennack Granite
Using those granites which have undergone the least

amount of fractional crystallization (eg. L7-78), a number
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of trace element discrimination diaqiams from Pearce et,.
al. (1984) may help to determine the t;.eci:onic setting for
generation of these rocks.

A sample of qn__fractionated Kennack Granite, L7-78, is
plotted on a trace element roider diagram after Pearce et.
al. (1984) and the resulting pattern is compared to a range
of patterns for end-member varieties of volcanic arc
granites (VAG) és well as type examples of ocean ridge
granites (ORG) and. within plate granites (WPG) (figure
6.10) . The pattern for sample L7-78 has an overall negative
slope and has element abundances compat':ible with derivation
within a volcanic arc setting. This pattern contrasts
significantly with ORG, which have an initial positive
slope and have HFSE coﬁtents near unity. Within plate
granites typically have a negative slope, however they are
characterized.by much hiqhgr elemental abundances, usually
greater than unity. Granites classified as syn and post-
collisional (COLG} have similar element abundances, and are

not significantly different from volcanic arc granites.

This makes the distinction\:etween VAG and COLG difficult.

Pearce et._al. (1984) : istinguish between VAG and COLG
using plots of log™Ta vs log Yb and log Rb vs log Y+Nb.
Unfortunately, Ta analyses are belie;led to have been
contaminated during pulverization of the samples in a
tungster{ carbide bowl and therefore cannot be utilized in

this study. The mobility of Rb during metamorphism and




Figure 6.,10: A spider-diagram after Pearce et al. (1984).
This diagram shows a sample of least fractionated Kennack
granite (L7-78) as compared to; a field defined by two VAG
(stippled field); a representative WPG (solid dots); as
well as a field defined by two ORG (diagonal ruling).

All data except that for L7-78 have been taken fromn
Pearce et al. (1984). The upper 1line defining the VAG
field is a Chilean granitoid while the lower line is a
sanmple of granite from Oman. The upper line defining the’
ORG field is a granitoid obtained from an anomalous
segment of the Mid-Atlantic ridge, while the lower line
is a sample of trondhjemite from the Troodos ophiolite.
The sample of WPG is from the Oslo Rift, Norway.

All measured abundances have been normalized to a
hypothetical ocean ridge granite as determined by Pearce
et al. (1984).
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Figure 6.11: Tectonic discrimination diagrams for all samples of
Kennack granite. After Pearce et al. (1984).
A) log Nb versus log Y
B) log Rb versus log Nb + Y



alteration might result in a scatter of data points.
However, when log Rb is plotted against log Y + Nb, the
Kennack granites define a coherent grouping which falls in
the VAG field on figure 6.11B. Figures 6.11A and B indicate
that the Kénnack granites have Rb, Y and Nb contents
typical of VAG. All samples plot well within thé VAG field
and thus thé late stage fractionation of Nb and Y has

little effect on where the Kennack granites plot on these

diagrams.

The Kennack Basalt:

Major element discrimination diagrams for the Kennack

basalts, as compared to the Landewednack schists, reveal

some important distinctions between the two rock types. A
plot of FeO;/Mg0 vs SiO, shows the depletion'of FeOQ; iﬁ the
Kennack basalts relative to the Landewednack schists
(figure 6.12A). This ihdicates a calc-alkaline, rather than
a tholeiitic nature for the Kennack basalts (Miyashiro,
1974). This suggestion is corroborated by a triangular plot
of FeOT—MgO—Alkalies, as prpposed by Irvine & Barager
(1971),lwhere the Hor blendé schisgg shoﬁ a tholeiitic FeO,
enrichment ﬁrend ﬁnlike the calk-alkaline trend shown by
the Kennack basalts (figure.6.12B);
The use of trace element discrimination diagramé on

crustally contaminated basaltic rocks requires cauticn, as

the concentrations of those elements considered immobile
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Na2’0'”(2O | MgO

Figure 6.12: Major element discrimination diagrams contrasting the

Kennack basalts and the Landewednack hornblende schists.

A) Fe0,/Mg0 versus Si0, (Miyashiro, 1974)
8) alkdlies-FeO -Mg0 { Irvine & Barager, 1971)
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may be greatly altered. Tontaminated samples will plot on a
" vector towards those elements introduced during the
contamination_event, and may also define scattered fields

)
when they would generally be expected| to define coherent

data clusters. In this manner, a knowledge of the probable

effects of the contamination can help determine the
direction and possibly the magnitude of shift inflicted by
the contamination.

Trace element discrimination plots of Pearce & Cann
(1973) and Meschede (1986) are utilized to show the
contrasting trace element contents .cf the Kennack basalts
and the hornblende schists. Figures 6.13A, B and C show the
Ocean Floor Basalt (OFB) character of the hornblende
schists ' in comparison to the calc-alkaline basaltic nature
(CAB) of the Kennack basalts. On these diagrams, the
Kennack basalts plot in coherent groups and show little
scatter towards Zr enri;hment as might be expected if they
had undergone crustal contamination. Only in figure 6.13A
can we see significant scatter towards the Zr apex of the
triangular plot where a number of samples fall outside the
delineated CAB field on a vector joining the coherent group
and the Zr apex. The displacement of ﬁhese sampleé towards

the Zr apex may reflect zircon inheritance.




re

Figure 6.13: Trace element discrimination diagrams
contrasting the Kennack basalts and the Landewednack
hornblende schists. Symbols as in figures 6.12A and B.

A) Zr-Ti/100-Y*3 (After Pearce and Cann, 1973)

B) 2r-Ti/100-Sr/2 (After Pearce and Cann, 1973)

C) Zr/4-Nb*2-Y (After Meschede, 1986)
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6.2 Origin of the other rocks and their relationship to the
Kennack Gneiss : ’

>

6.2.1 The Man of War Gneiss

ﬁ It has been suggested that the Man of War Gnheiss was
derived either through a- high degree df;partial mel£ing of
an ;mphibolitic basaltic parent or through'ffactionql
crystallization of dominantly hornblende and plagiéclase ins
the proportions 1:2. It is alsc'quite possible that both of
these processes have acted together. Significantly, the two

possible fractionation mechanisms suggest a volcanic arc

influence in derivation of these rocks. This is
substaﬁ/yated by an extended trace element plot of a sample
of Mdﬁignelss (L7-81) compared to fields for VAB, MORB and
WPB (Pearce, 1982) (figure 6.14). The'Man of War Gne{ss is
not strictly basaltic in composition, so a direct |
applicationgof this‘diagram is used only to emphasize the
points of aﬁstrong negative Nb anomaly and less significant
negative anomalies in 2r and Ti, as well as the high Th

contents of these rocks relative to typical MORB.

6.2.2 The Pegmatitic Gabbro

The origin of the pegmatitic gabbro is more difficult
to interpret, because these rocks exhibit plagioclase
accumulation and their cﬁemistry will not be réflgctive of
a liquid composition. In order to determine a liqufd

composition it would be necessary to have a much more in

A
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Figure 6.14: An extended trace element plot for Man of War Gneiss

sample L7-81 compared to three fields representing
volcanic arc basalts (VAB), within plate basalts (WPB)
and mid-ocean ridge basalts (MORB). A1l data is from
Pearce (1982) and all values are normalized to the
MORB of Pearce (1982).
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depth knowledge of the»propoxjtic_ms of phases and the amount

N

of intercumulus liquid present. Information such as this

would be hdiff.ic'ult' to obtain due to the highlly deformed
nature o;- these rocks.

Perhaps most significant, is.the\ observgpion that
th~ese pegmatitic gabbros are not chemically or texturally
the same as either the layered-'gabbroic rocks present
within the basal hornblende schists, or the variants of the
Crousa Gabbro (Kirby, 197%a). REE patterns for a number.of
variants of the Crousa 'Gabbro are 'presented in Kirby
(19’}9a) and these are typified by LREE depleted patterns
similar to sample L7-10, a layered gabbroic rock taken\ from

the basal hornblende schist. These contrast with the flat

to LREE enriched patterns of the pegmatitic gabbro. -\

T

6.2.3 The Basaltic dykes

Although four groups of dykes may be distinguished on.

B~

e -
characteristics, the four varieties may be ‘broadly classed

the basis of field, petrographic and chemical

as MORB-like or LREE enriched, calc-alkaline varieties
related to the Kennack basalts.

The origin of the two varieties of basaltic magmal and
ultimately the characteristics 6f their respective sources
" has beeh investigated through‘the use of the Nd-Sm isotopic
system by Davies (1984). Davies (1984) recognized ‘the two

4 oo
basaltic magma types, describing an early LREE enriched
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suite and a later MORB-like suite. Significantly, his field

evidgnce'supporting the. reiative ages of the dyke suites is
inconclusive and presumptive. On this- basis, a new .
interpretation of the Nd-Sm isotbpic dat.a- is offe:réd.

Davies (1984) presents evidence which suggests that -
the Lizard plagioclase and pargasite peridotites are the
product of the introduction of a "LREE enriched metasométic
fluid or melt" into the spinel peridotites.. The precision
of the Nd-Sm system can only resolve time periods of 200mé,
and the isotopic e.vidence sugqests'that the meta_somatié
fluid was introduced shortly beforé formation of the Lizard
conmplex (ngies, 1984). Significantly, the metasomatized
peridotite of Davies (1984) has lerr eNd and much higher
€S];.' value;s. than the spinel periéotites. In this respect, it _'
plots well to the right of the mantle array and suggests
the introduction 61:‘ a fluid/melt with abundant radiogen?c
Sr but was depleted in radicgenic Nd _(_fiqure. 6.15). The .
podsible origin of such a fluid or melt might be linked to
a subduction zone influence, such as ‘dehydration of a
descending oceanic slab. |

The MORB-1like suite of basaltic magma may still be
interpreted as having resulted from large degrees ofs.
melting of the Lizard spinel peridotites, while the LREE
enriched basaltic rocks: represent melts of the plagioc;lase
and pargasite peridotites. The important'difference in the

~

current interpretation is the timing of generation of the

’




" material from the Lizard complex. Of particular si

Fiqure 6.15: A plot of eNd versus €Sr for samplesng mantle

gnificance
is the enrichment of radiogenic’ strontium and the
corresponding depletion of radiocgenic Nd in the plagiocclase
lherzolites and pargasite hartzburgites. Taken from Davies
(1984). g

A = clinopyroxene from spinel peridotite.
B = pargasite amphibole from a parga51te hartzburgite.
C = plagioclase lherzolite.

7
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two suites. According to the evidence gathered to date, it
is more probable that the MORB-like basaltic activity

occurred priof to the LREE enriched basaltic actiiiity,
[ .

< »

© . . <

6.3 Impl;catione'for bhe Tectonic History oflsw England. _

The presence of intrusive rocks beneath\and within the

Lizard ophiolite provide an ipportant addition to a model .
for the evolution of the Hercynian orogen in the British
'Isles.

The presence of mingled ba;eltic and granitic magmas
‘(Kennack Gneiss) at the base of the Lizard complex is .
difficult to interpret,vparticularly as their cheﬁistry has
rbeen_affected bf a number of petrogenetic procesees. Oniyk
after unravelling the effects of these processes, it
becomes clear thei the granitic roéks have.a calc-alkaline
'“to alkallne'afflnlty,eand_generally have. lom trace and REE
q&gndances suggestave of a volcanic arc environment.
Similar rock types found intruding the Semail ophiolite of
" Oman are presumed to have been derived throﬁgh partiai(i.
melt%ﬁg_ef_upper continental c;ust during emglecement of
ﬁhe ephiolite onto the Arabian eontinental‘margin (Lippard
et ;l,, 1956) It is important to note that the trace
'element abundances of the oman granltii rocks are
51gn1f1cantly different fro?/%hose of the gennack granites,

_Chemlcal evidence presented{ here for the Man of War Gneiss

~also suggests derivation of these rocks proximal to a




~

volcanic”arc.
The origin and setting of generation of the basaltic

_rocks is leés clear, however, evidence suggeéts either

. B ..
interaction with conéinental'crust, and/or derivation in\%
setting proximal to a volcanic arc. All of these points

sugge§t a subduction zone influence can be seen in the
chemistry of the Kennack Gneiss.
- {

L 4

6.4 Sumﬁary
Fiéld felaéionships between the‘individual;:ohponents of
the Kennack Gneiss and bethen ﬁhe Kennack Gneissxénq the
other rock types on the Lizard suggest the following:
1) The Kennack Gneiss 'is intrusive into the Lizar&
-peridotite and is generaliy the ybungest suite‘p;esent;
‘ oL

excluding some late mafic dykes. . N .

'2) The gheiss is asuite of mingled and mixed mafié énd R
qrénitic magmas which have beén metaﬁdrphosed to upper
amphibolite facies. The intrusion .of thes;,bédieé'is
apparently strongly controlled by'previously.exigting
-faulés, incluging botb thrusts and d}p-slip faults.

3) The primary igneous relatiénships become

progressively difficult to distingyﬁsh as one moves down
L LT : ; . L . .
section towards the base of the peridotite. 'This-.is due

to tectonic and metamorphic| overprinting related to a

strong strain gradient near the .peridotite basal thrﬁét.
o s ’
4) The granitic and mafic components of the gneiss are
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variable in appearance and texture,. resultinq from the
dyhamic interacfion 6f ali-of the points mentioned
above. |

These observations are supported both petrographically and
chémically. Interpretation of’thé chemistry reveals the
following points pertinent to the petrogenesis ofhkhe eﬁd
members of the Kennack Gneiss: ' ~
5) Thelmajof and.cpmpatible trace elemenﬁ chemistry of
the fetiic fraction has been dominated by the late
mixing event suggested from field relationéhips. This is
exemplified by moderately consistent linear covariatioﬁ
of these elements withwa suitable fractionalion index
such as Si0,. |
6) Priqrﬁtb the mixing event, the granitic melt(s)
underwenﬁbcrystél fractionation. This is shown gy the-
higgiy incompatible behaviour and resulting extreme
enrichment of Y, Nb, the HREE and possibly Th and U,
while only minor changes in major element chemistry
occurred. A concomittent decrease inlLREE-contents with
increasin;\Y, Nb and HREE'suggests the influence of a
LREE bearing phase such as monazite or allanite.
7) Initial generation of the granitic rocks occurred
.through partial melting of a garnet or zircén bearing
crustal source of intermediate composi£ion. The Reat
source for this melting event~may'aiso héve-ultimately '
been résponsiblé for generation of the parental magma to
)5 .
- k;/iz

-
S
.
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the Kenndck bh§a1ts. However, no conclusive gedbﬂemlcal

evidence is available to -link - the two Kennack magmas
prior to the late mixing event ‘beneath the overriding
Lizard ophiolite.

8’ The mafic fraction oflthe Kenpack Gneiss appearg to
“have chemical charactefisties of a calc-alkaline basalt.
'If was derived through 20-25% partial melting of a then
iecenily LREE ehriched mantle source, possibly
representednby the plagioclaee and pargasiﬁe peridotites
which constituta a significant portion of the Lizard
peridotite. . =
9) The Keﬁnack basalts underwent fpactional
crystallization of oliviﬁe, clinopyroxene\and most
significantly plagioclase prior to mixing with the
Kennack granites.

10) Ponding of the Kennack ba;;lt in a magma chamber
beneath and infront of.the edvanciné Lizgqrd ophioIite‘
was rapidly followed by injection of the Kennack granlte
into the bisaltlc chamber. The Kennack granlte was then .
abl# to mix and mingle with the Kennack basalt as both
were intruded en masse, along active fault iones, into
the Lizard peridotite. Where mingling occurred, but
mixiﬁg could not, continued ﬁovement along these faults
resulted in production'of the well banded structure

presently observed.

All of these points hav® significant implications for

' /
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the tectonic evolution of S.W. England during the Devonian:

11) A metdsomatic enrichment of maptle'peridotites

A

compesipg a significant portion of the Lizard complex
oecurred sometime prior to formation of the”ophiolite
(Davies, i984). The precision of the Nd-Sm isotopic |
system suggests that the enricﬁﬁent occur:ed <200ma
before fhe Lizard'complei was_formed. The metasomatic
fluids or melts resulting in the mantle enrichment are
proposed to have originated through dehydration of a
descending oceanic Blab‘in.a subduction zone
environment.

12) Two chemically distinct varieties ef peridotite
(depleted ehd“enriched)hmay be related to two chemically
dietinct generations of;bagaltic~magma, an early MORB-
like suite and a late LREE.enriche& suite respectively.
The teﬁporal_relationship between the two éuites of
basaltic magma is oppasite to that proposed by Davies
(1984) .. The .later LREE enriched suite is represented py
the'maﬁic'fraction of the Kennack Gneiss.. ¢

13) The calc-alkaline character of the Kennack basalt
"and its intimate spatial association with the alkaline

" to calc-alkaline Kennack granite support the proposal
that these roeks-were genereted in a setting proximal to
a volcanic arc. A probable calc-alkaline character for

the dioritic Man of War Gneiss corroborates this

conclusion.
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APPENDIX 1: Mineral Chemistry

Al.1 Introduction

The analysis of coexisting minerals is supplementary
‘ '

to the main body of this thesis. A number of samples of

pelitic schist (OLHS) and hornblende schist were collectdd
for geothermometry in order to determine pressures and

temperatures of emplacement of the Lizard peridotite onto
these schists. Additionally, amphiboles from‘the hornblendé
schists were analyzed to determine if a prograde
metamorphic gradient could be delineated adjacent to the
basal thrust contact beéween the serpentinite and

‘hornblende schists.

\ The mineralogy of the hornblende schists is reéstricted
and onli pefmits the use of plagioclase-amphibole
geothermobarometers. This study has made use of the semi-
quantitative geothermobarometer, Ca plagioclase-IAl
hoEnblende, as deséribed by Plyusnina (1982). Results from
this geothermometer are combined with the Fe-Mg exchang;
(biotite-garnet) thermometer of Ferry and Spear (1978) on
pelitic assemblages, so that pressure (P) and temperature
(T) estimates c¢an be made.

All cation propoftions and other parameters used in
this study, including the biotite-garnet.métamorphic

temperature were calculated using a Memorial University.

basic computer program developed by Dr. F. Mengel.
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Tables of all the mineral analyses are prééented in
appendix 2h; and the analyses and analytical precision for
the international standard ACPX (Rakanui augite)‘are given

in appendix 5. For a review of the analytical facilities

and methods used, refer to appendix 4.

Al.2 Amphipole—Plagibclase Geothermobarometry

Major element analyses were obtained for coexisting
amphibole and plagioclase grains from 4 samples bf
hornblende schist which were least affected by alteration.
Several analysesqwere obtained for each of the samples, and
a mean was then calculated. These mean values were then
used to determine a unique P and T of metamorphism for each
of the samples. Also included are several anélxses on
amphibolesisnly, from 2 samples of hornblende schist in
which plagiéclase has been coméletely saus;uritized. Sihce
all of these samplgs were obtained from fault bouﬁded
blocks along the southeast ezast of the Lizard, the exact
étratigraphic:and tectonic positions are poorly known.
Hoﬁever, by combining petrographic descriptions and field
félationships,.the relative positions of the samples can be
inferrea, particularly as the position of some of the
samples relative to the basal th:ust is known. For
instance, samples L7-10 and L7-38 were both obtained from

outcrops 10-15 m below the basal thrust contact. The

remaining samples were taken from sections distal to the

L}




- e

295
thrust, and their relative positions in the stratigraphy
are difficult to ascertairm. Régardiesg\of this, it can be
\assumed that samples L7-10 and L7-38 should éive higher

temperatures and possibly 1over metamorphic pressures than

the remaining samples.

al.2.1 Plagibclase compositions

Rim and core analyses of plagloclase grains indicate
that there is no significant intracrystél zonation and that
no significant variation in grain chemistry occur;\
throughout each sample (appendix 2h). As a result, all
mineralogically acceptable analyses were used in
compilation of an average plagioclase composition for each
sample. Plagioclases from 4 samples df hornblende schist
alligall in the range An,,~An,, and most contain : 2%
ortﬁgclasé (figure Al.1). Anorthite content of the

‘plagioclases appears to decrease with increasing distance

from the basal thrust.

Al.2.2 Amphibole comAesitions

Analyzed amphiboles show no systematic zconation from
core to rim (appendix.Zh). They are calctc.amphiboies and
plot as magnésio-hornblende according to the crystal
chemistry cléssification scheme of Leake (15978). The
amphiboles contain significant quantities of TiO,, possibly

indicating a low pressure environment of formation (Hynes,




Or

10

An.

20

Figure Al.1: Triangular plot of An-Ab-Or for analyses of plagioclase grains from five

samples of Lizard hornblende schist.

Symbols: + L7-10 A L7-17
X L7-63 o L7-38
% ¢ L7-67
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1982) . This suggestion'may be corroborated by aeplot of .
- A1" vs Si, as suggested by Raase.(19745, for a number of
amphiboles from metamorphic terrains of known pressure.' In
fiéure Al.2, hornblende analyses from the hornblende
schists of the Lizard plot well below the 5 kbar line, ,
consistent with a relatively low pressure of formation.
Al.2.3 Amphibole chemistry: its relationé%ip to changing T
& P

It is Qell known that the assemblagd of amphibole +
plagioclase is widespread throughout medium and lower grade s
meta-basites. It has often been proposed that there may be
some systematic variation in chemistry of these phases with
changing metamorphic conditions. Until recently howhyer,
the progress of this possible geothermobarometer hasibeen
inhibited.by a number of factors. It is well known, for . 1
example, that both amphibole and plagiocclase sélid—
solutions are strongly non-ideal. Some of the pi;neering
work has been done by Laird & Albee (1981) on a sequence of
intercalated pelitic and hornblende schists from Vermont.
This was consideﬁﬁd an ideql situation, ;s the assemblages
in the pelitic schists could be used to providewgood
comparative control for development of an amphibole-
plagioclase geothermobarometer. One of the more reledant

observations to come out of the study of Laird & Albee

: -
(1981) is that an increase in metamorphic grade can be
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Figure Al.2: Graph of A16+ versus Si for amphiboles from five samples of Lizard hornblende
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equated with colinear change of a number of parameters.
These linear relationships are shown on a number of plots
such as Al**, Ti, and K (formula proportion) vs Al', but
perhaps the most versatile of thesg plots is 100Na/Ca+Na vs
100Al1/A1+Si, as i:hese parameters are independent of the
normali;ation method of the d§ta (Laird & Albee, 1981). ™A
similar plot for the amphiboles in samﬁles of Lizard
hornblende schist is presented in figure Al.3. It is
readily apparent that there is a gene/rally linear
relationship between the two parameters, a?d that the
amphiboles plot as groups according to the sample from
which they were obtained. A significant observation is that
amphikoles from sample L7-10, a schist obtained frpm only
metres below éhe basal thru;t, are actinélitic, having low
Na/Na+Ca and low Ai/A1+Si ratios. This obvious deviation
may be a resﬁlt of the depleted vhole rock chemistry of
sample L7-10, g; it is a deformed layefed gabbro, or it may
reflect low temperature re-equilibration of the amphiboles
within the baSél thrust zone. ‘/'

Although it is still experfimental, the field of
amphibole-plagioclase geothermobarometry is rapidly
expanding. Plyusnina (1982) has developed an experimental,
semi-quantitative geothermoﬁarometer which has been used in
this studykand the results are presented in the following

section.
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AMPHIBOLE CHEMISTRY
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Al.2.4 ‘Geothermometry and Geobarometry
The graphical geothermobarometer developed by
Pluysnina (1982) utilizes the parumeters Cay,, and IAly, as
the ordinate and abscissa reépec;,ti:/ely. ¥hen these
parameters ax:;e_{lotted on figure Al.4, the mean values for
each rock sample’x define a P-T array,.. apparently ’
correspo'nding to their vertical position beneath the
ophiolite. The sample taken from nearest the basal thrust
contact, L7-38, plots at the highesf temperature but with
the lowest pressure. Conversely, samplé L7-63, obtained «
from a fault bounded block north of Cadgwith, pi:)ts with
the lowest temperature but the highest pressure. This may’
indicate the existence of an-inverse metamorphic gradient
beneattd the Lizard ophiolite, where maximum temperatures
attained at 10 m below the thrust contact were on the order
of 569° *+ 15°C. At this locaticn, pressures were found to
" be quite low, on the order of 2.1 t 1 kbar. | "
%
Al.2.5 Conclusions
Amphibole chemis'try, combined with amphibole—

plagioclase geothermometry, suiyg;sts that the hornblende
schists directl‘y beneath the L‘izar%peridotit‘e éxhibiﬁ an
inverse metamorphic gra::lient, where the schists closest to

/ _
the contact have higher temp"eratures but’ lower pressures of

metamorphism than rocks found stratigraphically below them. -

<)
The schists directly“below the peridotite have been

L | R
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metamorphosed at a maximum temperatuie of 584°C, and maxjimum

pressure of 3.1 kbar.- ' -

Al_;l Garnet Biotite Fe-Mg -exc,:hange ) othermomletry

Analyses of coexisting garnet ::A\d‘biotite grains have
been obtained from 1 sémfple of garnetiferous-muscovite-
biotite schist (L7-16) described in chapter 3, section
3.3.2. \)_\ sample of hornblende schist (L7-17) was gbtained
from an outcrop only metres away from this pelite, so the
temberatures obtained from these two samples should ideglly
be in close agreement. This will provide a reasonable
estimate of the tempera_tur‘es attained in the thrust pile

beneath the Lizard ophiolite.

Al.3.1 The gecthermometer:; systematics and limitations

The garnet Si-otit:e‘ geothermonmeter is based on the
univariant reaction: )
Fe'*(garnet) + Mg(bioti&e) = Mg (garnet) + Fe_'z(biotite)
’ Experimentai studies (Ferry & Spear, 1978) have shown
that the equilibrium constant (K;) for thi's reaction is
strongly’dependent upon temperature and much less dependent

Ay
on the ,pressure at which equilibration occurred. The K; is

readily calculated using’-the partitioning of Fa'* and Mg
between garnet and phiotite, which is in equilibrium. The Mg
and Fe'? proportions are calculated on either a wt. % or

atomic cation basis and then FeO* is corrected to Fe'’ on

.




304

the basis of 12 oxygens in the formula garnet and 24
s .

oxygens in the formula biotite. Thé‘KDis then calculated

2 [4

: gsiné the formula:

K, = (Mg/Fe)garnet / (Mg/Fe)biotite (1)
Results of the K, were then substituted along with
geologica}ly appropriate pressures into the equation:

‘12,454 - 4.662T + 0.057P + 3RTInK = 0 (2)

where T= temperature in Kelvin, P= pressure in bars,
R= 1.987 cal/K/mol and K= K, for the reaction.

Ferry & Spear (1978) make a number of important’
suggestions with respect to the use of this geothermometer.
Among their suggestions, the following are most pertinent

to this study. . L

1l) The thermometer may be useful without correction for
cation substitution in-garnet in the interval;
0.2 > (Ca + Mn)/(Ca + Mg + Fe + Mn) > 0
-and without correction in biotite in. the interval;
0.15 > (Al1" + Ti)/(A1"™ + TL + Mg + Fe) > 0.
2) The temperature obtained should be,accurate to within
* 50°C based on experimental error, but the error may be
increased by the presence of significant amounts of
grossular or spessartine end members in garnet.
The significance of the Ca and Mn solid-solution on the
cqlibration of tbe geothérmometer has recently come under
more scrutiny. Pigage & Greenwood (1982) in particular have
 shown that positive correction factors must be applied to
the temperaeure generated by the Ferry & Spéar (1978)

calibration if the Ca and Mn\fgﬂ%ent of the garnet ‘ts

higher than the proposed value. The correction factor of
s .

v




’ s » ‘ !
Pigage & Greenwood (1982) cap be applied by using the

following equation adapted from Ganguly (1979):

T = 1586XCa + 1308XMn + 2089 + 0.00956P (3)
. (.78198 - 1nK)

where P = pressure (bars), T = temperature (Kelvin)
XMn and XCa = mole fraction Spessartine and Grossular
respectively _ /

Ganguly and Saxena (1984) alko present a calibration
for the solid solution of Mn and Ca in garnet which
inveolves cal{bration of the Margules parameter for - the
binary substitutioq of Ca and Mn into the:ﬁg-Fe system. The
result is the equation in the form:
1nK(P,T) = [ 2089 - 0.B8W;y/R + 9.,45P ] * —0.7;32 (4)

¢

where P = preséure (kbar) T = temperature (Kelvin)
R = 1.987 cal/K/mol

The term Wgu, is an approximation of the Margules parameter
- B
for Fe-Mg mixing, as obtained from a graph presented in

Ganguly and Saxena (1984).

Al.3.2 B;btite éompositions

Biotite graing in the sample are sometimes mantled by
green chlorite, probably a result of retrograde
- metamorphism. Some of the analyses obtained had low wt%
totals (appendix 2h) and as a result, the meﬁamorphic
temperatufe should be interpreted with caution.

In total 10 analyses were obtained, and examination of

these indicates minor internal variation in the biotite




¢
Figure Al.5: Triangular plot of Al-Fe-Mg for biotite analyses
from pelite sample L7-16. Note the restricted field defined
by the biotite analyses.
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chemistry. A plot of the end-member compositions (figure

Al.5) reveals that these biotites are dominated by

' relatively high aluminum contents and plot nearer the line

joining the biotite group end members siderophyllite and
eastonite. The small field defined by these analyses
indicates the homogeneity of the biotite grains.
Al.3.3 Garnet compositions -

A total of 13 garnet analyses (core, body and rim)

were obtained from sample L7-16 (appendix 2h)-. Examination

of these analyses reveals tp&t the garnets are chemically .

. homogeneous, and they contain a high concentration of Mn

and Fe. Calculation of cation proportions indicates that
the garnets belong to the Almandine—Spess?rtine sub group,

containing only small amounts of the grossular and pyrope

components. This indicates that correction of the final

temperature for Mn and Ca substitution may be required.

Al.3.4 Geothermometry; Procedure
Mole fractions of Mg, Fe, Ca an& Mn end members of an

average garnet composition were calculated and normalized

"to a formula of 12 oxygens. The parameters required for

© )
bintite analyses, particularly the mol % cations were also

calculated and FeOr was recalculated to FeQ and Fe,0,. The
disti-ibution c0efficient'wi§ then calculated using equation

1 given above.

N




K, = (0.410/1.\794) / (1.210/1.132) = 0.214
This was followed by calculation of thé parameters
suggested in Ferry & Spéar (1978) to represent limits on
the applicability of the geothermometer. The results are as
follows: |
‘
Garnet (Ca + Mn)/ (Ca + Mn + Mg + Fe) = 0.287
and. . : -
Biotite (Al1™ + Ti)/ (Al + Ti + Mg + Fe) = 0.273

w’ . ) Both of these values qfe above the suggested upper

limit and thus where possible, correcfions for these non
. idealities should be applied. This is readily done for
garnet, however little is yet known abgut the effects of
Al** and Ti on the Fe-Mg equilibrium in biotjite, and
therefore correction for thié is not yetlavailable. Ganguly
& Saxena (1984) suggest that increasing Ti and al1“t
subséitution in biotite will result in upward correction of
the calculated temperature.
o As the phases are not ideal for the Ferry & Spear
(1978) calibration, temperature estimates were obtained
using all three calibrations outlined in section A1.3.1
(equations 2, 3 and 4). For each calculation, geologically
reasonable pressures were substituted into the equations

and a coﬁfesponding temperature was obtained. These results

are listed below:
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 P(kbars) T1°C T2°C T3°C
2 635 796 625
4 643 804 633

6 651 812 641
Tl Ferry & Spear (1978) ‘
T2 Ferry & Spear with corrections of Pigage & Greenwood
(1982)

T3 Ferry & Spear with corrections of Ganguly & Saxena
(1984)

A

A1.3.56 Geothermométry; conclusions

As ophiolites are generally less than 15 km in
thickness, (Spray, 1984) the three pressures given above
should encompass the entire expected range (assuming
P=lithostatic load pressure only). The tgmperatures show
only a minor internal variation with increasing pressure,
however, the isobaric temperature obtained througi. the
different calibrations varies significantly. Perhaps the
most noticeable feature is EHF large difference in
temperatures obtained by methods Tl.énd T3 as compared with
T2. It certainly seems apparent that the.temperatures
obtained through the ca1ibration of Pigage & Greenwood
(1982) are much higher than would be expected. This is
apparent‘because atsa pressure'of 4 kbar and temperature of
804°C, muscovzte is no longer stable and K-feldspar would
be the expected potassium bearing phase to dominate the
. assemblage, The unigue.point defined by this P and T would
also fall well to thé right of the H,0 saturated ggénitic

‘mininum melt boundary, suggesting extensive melting would

have occurred (Fiquré Al.6). The temperatures calculated

. - | \ (
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Figure Al.6: Temperature-Pressure diagram after Mueller and Saxena

(1977) showing the range of values for P-T estimates of Lizard
hornblende schists {(diagonally ruled lines) and pelite sample L7-16
(near vertical ruled lines). Stability fields for the aluminosilicates,
muscovite stability curve (curve #1) and the Ho0 saturated minimum
melt curve (curve #2) are all taken from Mueller and Saxena (1977).
Note that curve #1 i1s metastable to the right of curve #2. The point
(804, 4) represents the T-P coordinates for sample L7-16 at 4 kbar
pressure according to the corrections of Pigage and Greenwood (1982).



311
according to the methods of Ferry & Spear (1978) and
Ganguly & Saxena (1984) are in good agreement and are
within error. Both of these sets of temperatures are also
more compatible with the mineral assemblage in the sample

and they plot below the minimum water saturated melt curve.

Al.4 Implications of mineral chemistry

The results of the amphibole-plagioclase
geothermobarometry, combined with the variation in
amphibole chemistry, indicate that the hornblende schists
beneath the Lizard ophiolite were metamorphosed at low
pressure, less than 5 kbar and probably in the order of 1-3
kbar pressure.

The results of the amphibole-plagioclase and biotite-
garnet geothermometry are more ambiguous. This is due to
conflicting temperatures obtained by the two methods on the
samples L7-17 & L7-16, which are of differing composition
but were obtained from the same locality. The reason for
this difference is unclear, however a number of factors may
have influenced the calculated temperatures, particularly
with respect to the biotite-garnet geothermometer. For
instance, the retrograde chloritization of the biotite may
have disturbed the reaction equilibrium and as a result,
the calculated temperatures may be incorrect and are
therefore invalid.

Whatever the limitations, the semi-quantitative and
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quantitative evidence presented here generally agrees with
the qualitative suggesti.b.ns of the past. Tilley (1937)

described the presence of high temperature metamorphic 4

a\ssembla-ges such as sillimanite-kyanite intergrowths,
staurolite and almandine garnet. The presence of kyanite-
sillimanite intergrowthd suggests temperatures in excess ‘of
550°C and particﬁlarly that the P-T path intersected the
univariant line defining the transition from ‘kyanite to
sillimanite. Such high pressures thever, are not
compatible with the findings of this study. This emphasizes
the r;eed for more research on this aspect of> Lizard
geology. A comprehensive, detailed structural and
metamorphic analysis of the hornblende and mica schists
must be undertaken before any positively conclusive result
may be reached. ’

The results of this study suggest that the
temperatures attained in the schists directly .below the
basal thrust were on the order of 550-600°C, with
corresponding pressures in the range of 1-3 kbar. If this
is- the case, then teméeratures may not have been high
enough to result in anatexis of the underlying-micaceous
schigts as hypotljlesized by pre\;ious workers. The apparenﬁ
presence of an inverted T gradi_ent within the sub-

peridotite schists indicates that metamorphism and

deformation were enhanced in the uppermost sections of the

basal unit due to heat contributed from the hot peridotite.
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Thus it is suggested that the pasal unit was formed during
initial displacement of the peridotite from the oceanic
environment and that significant cocling had occurred prior -
to final emplacement of the complex during Hercynian
orogenesis. This corroborates the suggéstion of Barnes &
Andrews (1984) supporting a cocld, final emplacement of the

Lizard complex.




APPENDIX 2

Tables of whole rock and mineral analyses. All oxides are
given in wt. % and all trace elements are in ppm. Values
shown as zero (0) indicate that the element .was not
detected. ’

For the mineral analyses:

X = statistical mean .'
S = one standard deviation
N = sample population
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APPENDIX 2a:

Trace and REB chemistry of the Kemnack Granites

b 186 136 101 136 164 9 131 86 104 117
St 94 7 36 193 150 63 m 391 181 13y
1 17 8 1 3 0 13 17 y 3 19
i @ 67 10 120 298 46 133 116 16 n
b g 5 2 5 18 2 3 i 5 ]
Ga 13 12 12 13 18 12 15 14 15 16
i 0 0 0 0 3 0 1 1 0 0
L} i 13 ¢ 13 6 0 10 0 0 0
Ba 3 129 i 167 827 140 199 1130 300 455
v 0 6 0 13 46 3 LY 16 0 8
Cr 0 0 0 0 0 0 0 0 0 0
Li 6.80 39.50 16.40 2814 9.95
§c 0.79 6.08 1.46 4.06 1.712
Cs 5.20 2.91 L 3.5% 1.59
Bf 1.90 6.48 1.n 4,31 3.1
T 1.04 1.10 0.72 0.85 0.62
Pb 21.90 21.89  35.71  23.86 35.92
Th §.70 25.36 16.64  14.94 9.80
[ 2.50 3.43 3.08 3.26 10.36
La 8.20 36.711  14.35  27.16 11.96
Ce 17.07 81.15  30.24  56.20 26.43
Pr 1.98 9.30 3.52 §.17 3.16
nd 6.97 33.30 12.43  21.58 11.47
Se 1.60 1.05 2.86 {.38 2.62
1] 0.22 0.67 0.24 0.43 0.30
d 1.45 5.4 .15 .41 2.32
b 0.26 0.83 0.31 0.47 0.39
Dy 1.41 .29 1,32 2.51 .23
fo 0.31 0.76 0.25 0.48 0.41
Er 0.85 .11 0.63 1.30 1.2
a 0.12 0.28 0.08 0.19 8.1%
b 0.84 1.79 0.687 1.14 1.25

La 0.11 0.27 0.08 0.18 0.17
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APPORIT 2c1 _
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Trace and RS chealstry of the hozablende schists
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Chesistry of the nica schlsts.
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Blectros nicroprede analyses of plagloclase qralms.
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CIPI noras for the telsic rocks.

.U
1.5
11.58

.09

u.n
1.6
.15
.0
.19

Wy
5.41
35.88
1.0
b2

0.3¢0
8.0
0.4
R

3.0
1.5
9.3

.95

1.0
0.45
LY
0.9
015

.46
T26.40
19.69
1.82
0.3

1.n
0.02
.45
0.02

19.87
u.3
N
ERI
1.6

1n.%
19.59
8.1

.19




Qtz 16.3]
15.41
u.n
1.25
0.92




APPENDIX 4

ANALYTICAL METHODS




AEEEEQIX_AL Analytical Methods

All rock samples were analysed at Memorial'Univérsity
of Newfoundland for major, trace and rare earth element
(REE) content. Roék samples were pulverized to 100mesh
using a tungsteh carbide teema swing mill and stored in
clean, properly sealed plastic sample jars. All analytical
techniques described below used various amounts of this

t

stock sample powder.

Analytical Methods for Major Elements

The major oxide analyses were obtained on a Perkin
Elmer 2380 Atomic Absorpéion Spectrophotometer: Samples to
be analysed were initially prepared in the following
manner. Exactly 0.1000g of rock powder was weighed in a

digestion flask. After addition of Sml of concentrated HF,

the sample bottle w&g/;;hhtly covered and placed on a steam

bath for 30 minutes. It was removed from the heat, allowed
to cool and then exactly 50ml of saturated Boric acid
solution was added. The sample was heated when necessary
until the solution cleared. Approximately 145ml of
istilled water was added, solution was covered and then
shaker well. This solution was then used for all elements
except Ca and Mg. Standard solutions of the major element
oxides excluding silica were prepared using spec-pure

chemicals from compounds which are readily soluble in HCl.




345
A standard silica solution was obtained by using spec-pure
silica and following “he method previously outlined for the
sample solutions. From the standard stock'solutions, blend

AN
standards were prepared by mixing the stock solutions to

produce appropriate mixtures. Blank solutions were prepared

by mixing 5ml of HF with 50ml of saturated Boric acid
solution and 145ml of Qistilled water.

Analyses for.each of the elements in the standard
blends, excluding Ca and Mg, were obtained using the known
app;opriate settings. Each sample solution was bracketed
between a higher and lower standard and actual sample

'analysqs were calculated using the following formula:.
| %0x=2(% low;td.+(sm.abs.-lowsgd,abs.*(%highstd.—%lowstd.))
highstd.abs.-lowstd.abs.

For the oxides of Ca and Mg Sml of sample solution gas
pipetted into a 50ml volumetric flask. Approximately 10ml
of lanthanum oxide solution was added and then each flésk
was topped off to the mark with distilled water. A series
of standard solutions were treated similarly. Each Sample
and standard was stoppered, shaken well, and these.
solutions were then used for the determination bf Ca0 and
ﬁgo.

This analytical method is used regularly at Memorial
University and has been adapted from the following sources:
Langymhyr, F., J. & Paus, P., E. 1968, Analysishﬁf Silicate

Rocks:; Analytical Chemical Acta, vol 43, pages 397-408.

Abbey, S. 1968. Analysis of Rocks and Minerals by Atomic
Absorption-Spectrometry; Geological Survey of Canada




Bulletin.

Buckley, D., E. & Cranston, R., E. Atomic Absorption
‘Analysis of 18 elements from a single decomposition of
Alumina Silice; Marine Geology Atlantic Oceanographic
Laboratory, Bedford Institute, Dartmouth, Nova Scotia.

Analytical methods for Trace elémgnts

Trace elemeﬁt analyses for the elements Rb, Sr, Zr, Nb
and Y were obtained by k-ray fluorescence spectrophotqmetry
of pressed rock powdef pellets on a Phillips p.w. 1450 XRF
spectrophotometef. Each pellet consisted of 10.0g * 0.1g of
sample (100mesh) mixed with 1.4-1.5g of Bakelite Brand
phenol formaldehyde resin powder. The sample and resin wére
weighed into clean glass sample jars‘qnd were first hand
mixed and then vigorously mixed for five ﬁinutes each using
tungsten carbide ball. bearings. Samples were then

transferred to a Herzog hydraulic press and pressed at 20

metric tonnes for five seconds.'All samples were then

heated at 200 °C for 15 minutes to allow the binding resin
to set. Each samplekwas run on a repetitive trace element
program, used for producing statistically mote precise

data. The samples were run a total of at least 8 cycles,

and during the runs they were compared to 3 standard

samples. Backéround measurements were taken to be
equivalent to the USGS. PCC-1 (peridotite) standard on all
analytical runs. Trace element standards used were W-1 and
BCR-1 for mafic rocks, G-2 for granitic rocks, SDC-1 for

-micaceous schists while SY-2 and PCC-1 were used on all
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runs as extreme end member possibilities. For the standard
analyses analytical precision, refer to appendix 5.

The trace elements Ga, 2Zn, Cu, Ni, Ba, V and Cr were
also obtained by X-ray fluorescence spectophotometry on the
same rock powder pellets. The analytical program for the
regular trace package relies less on repetitive analyses.
In this case, all samples were calibrated to a monitor
standard which has high concentrations of all the analysed
elements. A second USGS standard was analysed during each
analytical run to assure analytical precision.

The trace elements Hf, Tl1, Pb, Th, U, Li, and Sc were

obtained through Inductively coupled plasma mass

spectrometry at the same time the REE analyses were done.

Analytical methods for REE
REE analyses were obtained through inductively coupled
plasma mass spectrometry (ICPMS). Rock powder samples (.1g)
were first dissolved in 10-15ml of concentrated HF and
10-15ml of 8N HNO3. The solution was then evaporated to
near dryness and edual volumes of 8N HNO3 and 8N HCl were
added until all of the powder had dissolved. Each sample
was then taken to a final volume of 90ml in 0.2N HNOC3.
Sanmples were then spiked for 2 tube standard addition in
the following way. Into tube $#1 was placed 99 of sample
solution and 1g of 0.2N HNO3, while 9g of sample solution

L]

and 1g of a mixed spike solution was placed in tube #2.
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Every analytical run on the ICPMS involved 18 analyses

in total. These include 1 solution blank, 1 standard (SY-2)
kS

and 3 sample duplicate analyses. For the ;nalytical

precision of the ICPMS data, refer to appéndix 5a.

Mineral chemistry analytical methods

All minerals were analyzed by the author at Memorial
University on a Jeol JX-5A Electron Probe Microanalyzer
which utilizes three wavelength dispersive spectrometers
and is operated using a Xrisel control system. Analyses
were done with a beam current of .0225 amperes and a
diameter of 1 micron for garnet and plagioclase, but larger
for hydrous mineral phases. Counts of up to 60000 vere
obtained for each element for a count interval of 30
seéonds. All analyses were processed by a PDP-11 computer,
Probe sample’ consisted of polished thin sections, carbon
.coated in a Varlan VE 10 Vacuum Evaporator. Polishing was
done for 15 minutes using three aluminum oxide abrasive
sizes, 1, .6, & .3 microns for five minutes each
respectively. Stanaafd analyses were obtained on the
international standard ACPX (Xakanui augite) during all

runs, and the analytical precision and error for this

standard is presented in appendix 5b.




APPENDIX 5

STATISTICAL DATA FOR ANALYTICAL STANDARDS




1PPEIDII Sa:

Geochenical data and statistical data for USGY standard
§1-2 on the [CPNS at Meworial Ualversity.

§1-2 ] B ¢ WD ACC 1
L 96,30 9L ML . WYY
fe 1.50 .66 5.7 1.00 .44
Cs .14 2.0 .5 1.9 .0
La .U .20 6351 61l 6636
Ce 150,16 155.01 142,73 15000 152.23
134 1976 19,33 18,28 1.0 19.10
id BAl 73H 6.0 a8 .44
] 15.41 15,52 1.2 150 1522
I 1.1 .4 1,28 .35 .0
6d 1,19 16,00 15,40 .90 15.43
t N} .9 .4 Nl .40
by 19,30 20,30 1933 1950 1864
I (R T] 1.6 1.4 .42 {.50
144 15,46 15,52 .10 10 15.04
fa 1.48 .41 131 .35 2.4
b 0 117y 1617 10 11,90
ba 2,95 .9 LN Ll IR
It B H ’.10 L0  R1] 1.1
t 1.64 1.5 1.55 14 L%
)] 7.1 a2 19.50 W00 02,00
fh 356.20 4049 S 3360 k0

] 79,50 343.70 23:;:5 150.08 2717
J0TR: XUN ACC = Nemorial University's accepted value.
I = statistical mean

§ = standard deviatlon '
1 = population

e hd ) o) Gl B L Lo G A L e L A LU L LD M G e G
’

350




APPIDIT 5D:

Blectroa Microprobe Standard Maalyses
Standard= ACPI (kakanel awgite)

50.64
1.4
1.4
6.0
0.13

16.3

16.11
.11
0.00
.1




0.12
1.2
15.98

.23

8.00

0.1¢

LU

16.34

15.15

1.3 1.5
0.0% .02
0.03 0.03

1.1
16.7¢
15.10

1.1

6.0

0.13

101.18

.11
6.1
15.19

1.4

9.00

.13

101.0




L2PREDIT S¢:

Chesical and statistlcal data tox.bscs standard ICR-1
for all reqular asalytical rans en the IRF.

129

14
1
i

124

14
3]
11

.

128

14
3
115

125

19
$80
20

Cheaical and statistical data for standazd 6-2 for
all reqular apalytical ruas on the IRF,

DL{ppn}

Ga-3

-9

-2
h-15
v--§
(4 £

BOTR: B = popualatica
I s statistical sean
ACC = accepted value
§ s stasdard deviatlon




(/”- Q‘
\

m’llill 5¢:

m.clslol IRF statistical data.
Stardazd BC2-)

el i ] ¢ ] I 4 $ ACC 11411
11} 6.51 46,18 .67 {8.§1 {00 .9 0.95 7.00  -0.02
£14 153 31348 30087 3ELW .00 30%.69 2.6 330,80 -6.15
! 0. 33.%2 M. .00 .U 0.51 31.00  -8.5)
It 1. 193,97 192,940 197.5¢ 00 104,05 1,12 192.0% 1.4%
I 1.08 1.6 “$.67 .46 .8 1.64 4.5 11,50 -36.00
standard ¢-2

el A 3 R | 1 $ MC R

11 180.5¢  157.59  170.25 3.40  162.7% 5.41  174.0¢0 -4.u

St 3.8 121.5¢  440.58 3,80 433.00 S T YA N | I R | |

| S 5.6} 6.98 3.83 3.00 §5.38 142 0 11.00 -51.0%

it 31368 315,31 ]1‘3.51 3.0 3l4.18 0.01  306.00 1

1] 1. 1L.e 11.15 .00 11U .32 13.50  -15.44
§tandard ¥-1

el A } c b t !

] ] 1.0 0.2 .U .44 WS U

St 113,99 179.68  176.00 176,09 115.13 17T4.61
*1 _ 19,18 28,55 19.64 1.8 w11

1) S 1.3 .Y $5.26  93.20. 95.41  96.4S

B 5.0 6.10 N 5.11 5.65 {.55
OB g aea m——— - - i o -

T

1 I s ACC 1V4{}

§.00 n.5 1.45 .9 1.3¢

§.00 17548 1.9 18800 -6.45

6.00 10,28 0.4 6.0 -21.10

§.00 LI 1.25  100.00  -5.2%

5.0 l._SZ 5. -42.22

354
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PPEDEX 3cs

Precision IRF statistical data.

" Standard SY-2
el A ) ¢ (] 3 F (] H I
(Y 209.78  211.67 210,23 210.91 208.94 208.43 211.83 213.84 213.43
51 4512 246,07 249.88 250.41 250.93 245.3% 246.89 246.35 244.19
Y 121,80 123,24 123.41 124.74 126.36 12481 12243 123.44 122,63
ir 29.62  271.% 271.59 270.36 - 2M.13 27151 275.11  275.19 2M4.68
» 202 2. B 20.69 2.4 20,67 2.0 1925 21.01
N X 5 Kt IERR

9.00 211.23 1.97 221.00 -4.42
9.00 2474 2.3% 270.00 -8.43
9.00 123.62 1,35 116.00  6.57
9.00 272.42 2,08 262.00 3.98
.00 2.3 1.8 21,60 -0.48 *




APPENDIX 6

CALCULATED PLOTTING PARAMETERS UTILIZED IN THE TEXT
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APPEMMII Cas

Norsative analyses recast to 1001 as
plotted in figure €.1.

SAPLEN G612 K-SPAR MLA§ TOTAL

L7-3 2,12 AN 1% N9
L7-7 N6 UU UN %O
L7-18 %.6) .43 .48 %4
-2 2.8 N2 B 96
-2 8.21 U377 N2 N6
L7-u A6 N6 N7 80X
L7-31 M. A U0 UM
L7140 2.3 3M.10 %37 N2
L7-42 .00 78.40 2160 W2
L7-45 .65 AN.22 4«.83 N5
L7-32 2.0 0.3 AN %
L7- MU0 B4 021 %7
L7-34 I 2.2 4«82 %l
L7-30 n.08 K73 H.2E N
L7-53 B¥.19 %.03 BT 9N
L7-58 0.00 66.99 33.01 N.01
L7-39 8.77  21.74 4389 6.4
L7-1 HeY N7 W2 9n
Li-12 0.60 21,41 7059 &7
L7-n 19.74¢ 13.98 &.28 6.3
L7-1¢ WM 2474 42 24
L7-n AB21 2.2 W40 n1XR
L7-78 3273 U8 038 U
L7-1 1.72  30.67 361 Ny




APPEEDIX 6b:

Borsative analyses zecast to 100V as
plotted in fiqure 6.2,
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APPENDIX 6ct

ALKALINITY VALUES FOR LIZARD GRANITOIDS
Niter Urigat, 1969,

sasple § 8102 Alkalinity (1)

L7-3% 8.9 .22

L7 74.40 3.3
L7-18 3.0 ia
L7-21 74.% 47
Lr-a .3 .31
-z 68.% kR
L7-3t 7420 4.63
L7-40 71.59 1.46
L7-42 %0 4.81
L7-43 70.50 K1)
L7-52 73.00 4.3
L7-33 3.3 3,8
L7-344A % 4.31
L7-5a 76.00 4.62
L7-53 76.60 4.81
L7-58 .30 3.89
L7-39 3.4 4.81
L7-n 73.30 4.87
u-n 3.2 .92
L7-14 7.0 1.26
L7-n 70.00 3.06
L7-7% 7.0 4.7
L7-79 1.a 3.68




ARPEDII §d:

Asphibole pletting parameters, after
Laird asd Albee, 1901,

RS EM/RiCa Al/Alst Alé

L1-10 15,065 . 310
B7-10 16.301 14,534 .36
L7-18¢ 11.92¢ 1.1 L
L1-1% 1.0 15.312
L1-16e 15.013 1,198
ET-10t 15.101 1394
L7-10¢ 16.013 H.m
L7-10 15.52 14.505
L7-101 HAGS . 11

bI-1n: 16.562 16.93¢
L1-1n 10,566 10.145
. B1-1%e 1.435 n.an
L1-124 118 1.1
11-1% 17,639 1n.412
L1-1it . 11,230 16.552
L1-11q 17.169 17.308
B1-11 11,376 17.10
£1-171 16.71§ 1.1
L1-1 17.000 16.30
L1-1n 16.709 1144
L1-1n IUN 1] 10.364
11-1n 16.843 10,314

L1-¢k 19.164 10,154
£1-63b 10.560 15.161

- 31-63% 19.39 I
b1-634 .10 16. 260
L7-63e unaw 16,50
L1-63t 151U 15.M
L1-63q 15.4% 16.202

W1-3a 1415 1719
k1-38b nan 11.12
11-38c 0.0 11.457
11-34 11,59 16.405
b1-30e - n.51 19.456
L1-30¢ {9811} 17.139
£1-344 3.1 10.445
L1-30 N w.m
b1-381 1169 1.1
L1-30§ 20,556 11.593
11-30 .71 17.207




SANPLE B/la  A1/A14S l_l‘ §

L1-6%a 13.637 17.684 .U 6,05
LI-6 Li.2u 16.33¢ 0.211 6.0
L1-67c 19,413 16.591 0.35% 6.965
L1-674 1n.m 16.009 0.251 6.9
L1-67e 17,952 17.002 0.254 .46
bI-67¢t AU 1605 .33 §.939
L1-679 10,406 1.1 .2, 6,435
LT-67h 1{N1{}) 16.00 . 6.00]
b1-611 16,306 13.43§ 0.175 1.0
L1-674 19495 16,408 0.063 £.746

b1-6%a 15.160 16.715 LA 1.013
L1-65b .M 16.614 .26 £.09
b1-65¢ 11.125 16,106 1.4 .99
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