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PREFACE

For many years there has been a noticeable lack of senior undergraduate
texts in igneous petrology that might bridge a gap between, on the one hand,
several excellent introductory petrography-orientated texts and, on the other
hand, more advanced texts heavily predicated on a thermodynamic and/or
chemical approach to the subject. Furthermore, in the last decade and a half,
say since the appearance of the prescient synthesis of Arthur Holmes’
Principles of Physical Geology, second edition, in 1965, we have witnessed a
profound re-orientation of igneous petrology in relation to global tectonics.
A giant step has been taken in clothing R.A. Daly’s historic comment,

“A final philosophy of earth history must be largely founded upon the unshakable
facts known about igneous rocks”

with evidence and conclusions from both young and old igneous rocks.
Ophiolites, Proterozoic igneous rocks, and a few other conspicuous growth
areas apart, we now seem to be entering a relatively quiet period of amassing
and interpreting a considerable amount of increasingly sophisticated
analytical data about igneous rocks, coupled however with a slackening in
the rate of new major advances in synthesis and understanding. Thus at this
particular time it seems appropriate to attempt to integrate the structure of
recent conceptual advances with the firm foundation provided by classical
petrology.

The approach in this book is hence predicated initially on field and other
direct observations and on an historical background. This approach leads
naturally from observational facts about extrusive and intrusive rocks and a
classical mineralogical classification, via differentiation processes married to
experimental work, to the evolution of ideas on igneous rock series and the
recent explosion of the relationship of these to plate tectonics and inferred
mantle processes, and to an indication of some current problematical areas.
Students do seem to benefit from an appreciation of the historical path of
discovery and evolution of ideas about igneous rocks in order to make
intelligible the present body of knowledge and thrust of contemporary
research.

I have assumed that a reader of this book will have had some elementary
training in the physical sciences and some first courses in geology including
introductory petrology, and ideally has access to a good thin-section
collection of igneous rock suites and the opportunity to read up or attend
parallel courses in relevant aspects of geochemistry and isotope geology.
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This approach is well illustrated by the choice of references — a perennial
and important problem in texts. Many classic and benchmark papers are
included, together with a large number of up-to-date review articles and
books, and a selection of more specific papers that the writer personally
has found interesting and informative, particularly those which may express
contrary or modifying opinions to contemporary conventional wisdom. In so
far as this book may fail to achieve a compromise between the desirable
attributes of readability, brevity, and information source, the reader may be
provoked into reading some of these references. As Gilbert Highet in his The
Art of Teaching so appositely recommends, there is no comparison between
the benefit to be derived from looking up work in the original and that from
tamely accepting someone else’s commentary.

My advice therefore to readers of this book is to use it as I will — with
marginal notes and additions, queries, expressions of dissent, etc., as not
only is any book imperfect but also our subject is continually evolving. Any
suggestions and rectifications will be gratefully received and acknowledged.

I should like to take this opportunity to record a great debt to teachers
and comrades over the years. Foremost among these is my former teacher
and supervisor, Professor L.R. Wager. Fashions may change in igneous
petrology as in other things, but a man’s stature does not. Lawrence Wager,
mountaineer and field geologist, perceptive petrographer and innovative
thinker, possessed the true scientific knack of being able to apply himself
assiduously to important problems capable of a solution at the time. A major
part of his legacy to igneous petrology is a now dispersed group of igneous
petrologists that received their training under him at Oxford and in the
Hebrides and Greenland, and elsewhere. I also recall with great pleasure the
camaraderie of geologists over the years in Zambia, Zimbabwe, Union of
South Africa, Ghana, Egypt, Morocco, Spain, France, Federal Republic of
Germany, Switzerland, Scandinavia, Eire, United Kingdom, U.S.A., Canada,
Iceland, India, Nepal, Malaysia, Australia, New Zealand and Japan, and
especially the stimulus afforded by undergraduate and graduate students
and colleagues at Memorial University of Newfoundland over the last four-
teen years.

Among colleagues at MUN I should especially like to thank in the context
of this work Glenys Woodland for the major part of the typing with able
assistance from Lillian Murphy, Cynthia Neary and Betty Andrews; Clifford
Wood, Gary McManus and colleagues for drafting services and advice; and
Jeanne Mills, Adele Poynter and George Einarson for help with references.
I owe a particular debt to my friend and colleague, Dr. John G. Malpas, for
his pains in cheerfully reading the text and making numerous suggestions for
improvement despite other heavy claims on his time.

CHARLES J. HUGHES
St. John’s, Newfoundland
January 1981



GLOSSARY

Units used in this book and their conversions to SI units:

Concentration ppb (parts per billion)
ppm (parts per million)
vol. % (per cent by volume)
wt. % (per cent by weight)
Energy cal. (calorie) 4.184 J (joule)
Length A (4ngstrom) 10'°m (meter)
fathom (nautical fathom) 1.8288 m
Mass t (metric ton, tonne) 10% ¢ (gram)
Pressure atm. (atmosphere) 1.013-10° Pa (pascal)
bar 10° Pa
Temperature °C (degree Celsius) K (kelvin)
Time day 86,400 s (second)
a (year) 3.16-107 s
Viscosity P (poise) 10 Nm2?s!
S.I. unit prefixes:
i {micro) 10-¢ k (kilo) 103
m (milli) 10-3 M (mega) 10°
¢ (centi) 102 G (giga) 10°

Abbreviations, acronyms, and symbols used in text:

AFM variation diagram
An

BABI

CFSE

CI

C.L

CMAS system
DI

DLVL

E

alkalis: iron oxide: magnesia

proportion by weight of anorthite, the higher-temperature
component, in the solid-solution series anorthite—albite;
for example, An,, signifies a composition of 81 wt.% anor-
thite

basaltic achondrite best initial

crystal field stabilization energy

crystallization index

colour index

CaO0—MgO—Al,0,—8i0,

differentiation index

depleted low-velocity layer

explosion index
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Abbreviations, acronyms, and symbols used in text (continued):

En

FAMOUS

FI

FMA variation diagram

Fo

h

HREE

IAT

K, -value

LIL
LKT
LREE
LVL

M-value
Mg ratio
MORB

OIT
PHMP
Q

REE
SBZ
SI

(I7Sr/lésr)0

proportion by weight of enstatite in the solid-solution series
enstatite—ferrosilite (see note above on An)

French American Mid-Ocean Undersea Study

fractionation index

see AFM variation diagram

proportion by weight of forsterite in the solid-solution series
forsterite—fayalite (see note above on An)

vertical distance in kilometres to Benioff seismic zone

heavy rare-earth elements

island-arc tholeiite

wt.% K,O in a series at a silica content of 55 wt.%

large-ion lithospheric

low-potassium tholeiite

light rare-earth elements

low-velocity layer

100Mg/(Mg + total Fe)

100Mg/(Mg + Fe?*)

mid-ocean ridge basalt

oceanic-island tholeiite

primordial hot mantle plume

dimensionless quantity expressing seismic measure of anelasti-
city within the mantle

rare-earth elements

supra-Benioff seismic zone

solidification index

initial *’Sr/*Sr ratio

See also general index for references to further explanation and usage in

context of the above.

Frequently used abbreviations of normative mineral molecules for CIPW
classification:

ab = albite

ac = acmite

an = anorthite
C = corundum

di =d

iopside

en = enstatite
fa = fayalite

Chemical symbols and elements:

Ac
Ag
Al
Ar
As
At
Au

actinium
silver
aluminum_
argon
arsenic
astatine
gold

fo = forsterite ne = nepheline

fs = ferrosilite ns = sodium metasilicate

hm = hematite ol = olivine

hy = hypersthene or = orthoclase

il = ilmenite Q = quartz

le =leucite wo = wollastonite

mt = magnetite
B boron Cd cadmium
Ba barium Ce cerium
Be beryllium Cl chlorine
Bi  bismuth Co cobalt
Br  bromine Cr  chromium
C carbon Cs caesium
Ca calcium Cu copper



GLOSSARY ix

Chemical symbols and elements (continued):

Dy dysprosium Mo molybdenum Sb  antimony
Er erbium N nitrogen S¢  scandium
Eu europium Na sodium Se  selenium
F fluorine Nb  niobium Si silicon

Fe iron Nd neodymium Sm samarium
Fr francium Ne neon Sn tin

Ga gallium Ni  nickel Sr  strontium
Gd gadolinium 0 oxygen Ta tantalum
Ge germanium Os osmium Tb terbium
H hydrogen P phosphorus Tc  technetium
He helium Pa protactinium Te tellurium
Hf hafnium Pb lead Th  thorium
Hg mercury Pd palladium Ti titanium
Ho holmium Pm promethium Tl thallium

I iodine ’ Po polonium Tm thulium
In indium Pr praseodymium U uranium
Ir iridium Pt platinum \'% vanadium
K potassium Ra radium w tungsten
Kr  krypton Rb rubidium Xe xenon

La lanthanum Re rhenium Y yttrium
Li lithium Rh rhodium Yb ytterbium
Lu lutetium Rn radon Zn zinc

Mg magnesium Ru ruthenium Zr  zirconium

Mn manganese S sulphur



Chapter 1

MINERALOGY OF IGNEOUS ROCKS

1.1. INTRODUCTION

Igneous rocks, apart from those few which are wholly or partly glassy,
are composed of minerals and a knowledge of these minerals therefore is
one logical starting point for study. Indeed the microscopic determination
in thin sections of the content, abundance, and textural relations of com-
ponent minerals remains, as it was for classical petrographers, the most
widely used tool in the investigation of igneous rocks.

A mineral is a naturally-formed chemical compound having a definite
chemical composition and crystalline structure reflecting an ordered arrange-
ment of constituent atoms. The words ‘‘definite chemical composition”
need qualification: a certain amount of crystalline solution (alternatively
referred to as solid solution or diadochy) is possibly whereby atoms, essen-
tially of similar sizes, may substitute to a varying extent for each other
within certain crystal lattices. This may at first sight appear to the student
to be an unwelcome complication. The possibilities, however, for diadochy
between major elements are few in number, and the resultant mineral com-
positions vary in a systematic manner that can reveal a great deal about
magma compositions, temperatures of crystallization, fractional crystalli-
zation processes and the like (see Chapter 6), and thus prove to be a most
useful tool in our understanding of the genesis of igneous rocks. The charac-
teristic crystalline structures of the different minerals (with some degree of
variation resulting from this crystalline solution) are reflected in differing
optical properties which readily facilitate identification in thin section.

The actual number of distinct mineral species found in any one igneous
rock is small, commonly no more than about half a dozen. This in part
reflects the small number of chemical elements that are at all abundant in
igneous rock compositions, the possibility of substitution between some
of these elements within crystal lattices, and the possibility of further sub-
stitution such that most remaining elements present in small concentrations
in a magma accommodate themselves in the crystal lattices of the common
minerals as dispersed elements rather than form distinct mineral species.
This observed small number of minerals in any igneous rock also reflects
more fundamentally the operation of the phase rule and some close approach
to equilibrium conditions of crystallization, thus explaining the systematic
way in which magmas of similar compositions have crystallized to give
similar proportions of the same small set of minerals.
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In addition to this restraint, the range of magma compositions has well-
defined limits, and the total number of mineral species found in all but
rare and compositionally exceptional igneous rocks such as carbonatite is
thus also very limited. The olivines, pyroxenes, amphiboles, micas, feldspars,
feldspathoids and quartz, plus a few oxide species in fact make up ~99%
of the overall content of igneous rocks. The feldspars alone comprise ~50%,
and pyroxenes and quartz a further 25%, of igneousrocks in general (although
not necessarily, of course, of each individual igneous rock).

1.2. CHEMICAL CONSIDERATIONS
1.2.1. The chemical elements

Just as igneous rocks are composed of minerals, so minerals are composed
of chemical elements. The periodic table of elements will be familiar to most
readers of this book; it is reproduced here (Table 1.1) for reference purposes,
and includes the atomic numbers and atomic weights of the first 92 elements
including all 90 known to exist naturally on Earth*. The horizontal rows are
the seven periods corresponding to the number of electron shells surrounding
an atomic nucleus. The major vertical columns contain groups of elements
that are related by a similar number and configuration of electrons in an
outer shell of up to eight electrons, and hence have comparable chemical
properties — properties that commonly show progressive shifts within a
group related to the differing atomic weights of its members. Well-recognized
groups among the commoner elements include the alkali elements (Li, Na, K,
Rb, Cs), the alkaline earth elements (Ca, Sr, Ba), the halogens (F, Cl, Br, I},
and the inert or noble gases (He, Ne, Ar, Kr, Xe).

Note that a systematic progression when tabulated in order of increasing
atomic number is interrupted in periods 4 to 7 by sets of elements occurring
immediately after group I1A. Following the simple Bohr model of the atom,
with progressively higher atomic numbers increasing by integral steps, elec-
trons have to be added one by one to the envelope of electron shells to
balance the increase in the number of protons in the nucleus. These electrons
are added to the outer shell (the one whose electron configuration has a
decisive influence on chemical properties) in atoms up to calcium, atomic
number 20. After calcium and succeeding group-I1A elements, however, a
certain number of electrons are added progressively to inner electron shells,

*Technetium, atomic number 43, has no stable nuclides and does not occur naturally on
Earth; its presence in certain stars has, however, been inferred from examination of their
spectra indicating that thermonuclear synthesis was proceeding there at or just before
the time that their light now reaching us was emitted. Promethium, atomic number 617,
similarly has not been detected on Eatth.
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before a resumption of the pattern of addition of electrons to the outer
shell,

In elements 21 to 30 in period 4, and again in elements 39 to 48 in period 5,
electrons are progressively added essentially to the electron shell just inside
the outermost thus increasing its content of electrons from eight to eighteen,
resulting in two series of ten transition elements. These electrons in the next
to outermost shell interact in a complex manner with the two electrons (or,
in some elements, one electron) in the outer shell, resulting in a less system-
atic progression of valency states (and often multiple valencies) within these
transition elements. The presence of any of these transition elements either
as an essential component or as a dispersed element in a crystal lattice
results in the phenomena of colour and pleochroism, explicable in terms of
crystal field theory.

A third series of 24 transition elements, 57 to 80, occurs in period 6. This
larger number of transition elements is caused by the progressive infilling in
elements 58 to 71 of electrons into an inner shell, in this case the fourth
shell, and not the next outermost shell which would be the fifth shell, thus
further increasing the content of electrons in the fourth shell from eighteen
to thirty-two. Changes in the electron configuration of a relatively deeply
buried shell such as this have very little effect on chemical properties. This
group of 14 elements plus its forerunner lanthanum, that thus differ only
in the number of extra electrons in the fourth shell are known as the rare-
earth elements (REE), or alternatively as the lanthanides, or more rarely
as the first series of inner transition elements. The lanthanides have closely
similar chemical properties; however, one feature of significance is a steady
contraction in ionic radius (the lanthanide contraction) from the light
(large) REE of low atomic number to the heavy (small) REE of high atomic
number within the lanthanide series of elements, a phenomenon that can
in fact be predicted by computation of the attractive effect of the positive
charge of the nucleus on their electron configurations. The remaining tran-
sition elements, 72 to 81, of period 6 are characterized by the completion
of the progressive infilling of the next outermost shell of electrons to its
full complement of 18 electrons in an analogous manner to that of the
transition elements in periods 4 and 5.

The actinides, the second series of inner transition elements, have atomic
numbers 89 to 103 inclusive, with electron configurations similarly produced
by the infilling of an inner shell, in this case the fifth and again not the next
outermost. Although all of the actinides have been produced synthetically,
all of these large actinide nuclides are radioactive. Only two, uranium and
thorium, possess isotopes with sufficiently long half-lives to be found in
nature in significant amounts; their transient daughter-products include the
other light actinides, actinium and protactinium, along with other elements
of lower atomic number, 84 to 88, that occur naturally only as a result of
the radioactive decay of uranium and thorium. The transition elements and
rare-earth elements are shown in detail in separate tabulations in Table 1.1.
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Elements that are closely comparable structurally and in atomic radius
(by reason of the effect of the lanthanide contraction) and hence in their
chemical behaviour, include the pairs Zr—Hf and Nb—Ta, and the group of
platinum metals (Ru, Rh, Pd, Os, Ir, Pt).

If used without qualification the term transition elements is taken to refer
only to the transition elements of period 4, atomic numbers 21 to 30 (Sc, Ti,
V, Cr, Mn, Fe, Co, Ni, Cu, Zn), as these are commoner than elements in
other transition series. Similarly the term rare-earth elements (REE) is uni-
versally used by petrologists synonymously with the term lanthanides,
although to be precise the rare-earth elements include both lanthanides
and actinides.

1.2.2. Clarkes

The abundance of the chemical elements in the Earth reflects: (1) a period
of thermonuclear synthesis of unknown duration in our solar system pro-
ducing a theoretically consistent, if not entirely predictable, pattern of
relative element and isotope abundances; and, (2) aggregation of a sample of
the products of this into our planet ~4.6 Ga ago (along with the formation
of other planets and parental bodies of meteorites). There is isotopic evidence
(J. H. Reynolds, 1960) from meteorites indicating that event (2) followed
the end of event (1) closely, within a maximum time span of 120—290 Ma,
depending on assumptions made as to the duration of thermonuclear syn-
thesis. Shortly after event (2) the heat produced by aggregation and a high
rate of radioactive decay resulted in substantial melting of planet Earth and
fractionation on a massive scale into an inner core of presumed predominant
nickel—iron composition (which is still partly molten) and an outer mantle
of silicate material. Although there is indisputable evidence of inhomogeneity
within the present-day upper mantle, several convergent lines of evidence
suggest that much of it may be composed of garnet lherzolite containing
some two-thirds of forsteritic olivine, and variable proportions of harzburgite
and eclogite.

Partial melting of the upper mantle and ensuing fractionation and crystal-
lization processes coupled with other superficial processes have resulted in
the formation of a crust over the whole Earth of different composition to
that of the mantle. At present ~65% of the Earth’s surface is underlain by
a thin oceanic crust some 6.5 km in thickness composed mainly of young
igneous rocks of basaltic composition, none known to be older than Mesozoic
in age. The remaining 35% of the Earth’s surface is underlain by continental
crust, on the average ~35 km thick, composed of more variable rocks. In
probable order of abundance these comprise granulites, overlain by granitic
gneisses and granites (sensu lato), overlain in turn by various sediments and
their metamorphic derivatives, Known ages of formation of crustal rocks
range back to ~3.8 Ga.
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We have become aware comparatively recently that philosophically the
crust of the Earth must be regarded as a kinetic phenomenon. Oceanic
crust is being continuously produced by igneous activity at ocean ridges
and is concurrently destroyed at inferred subduction zones (much of it
ultimately to form eclogite in the mantle?) on a massive scale. The amount
of continental crust, on the other hand, has slowly been increased, the rate
of increase, especially in proto-Archean and Archean times (see Chapter 12),
being a highly debatable point. Thus perceived, it is obvious that the for-
mation of the crust of the Earth — our habitat and the only part amenable
to direct observation — is an ongoing igneous phenomenon of the first
magnitude. This was, of course, memorably stated by Daly (1933):

“A final philosophy of the Earth’s history must be largely founded upon the
unshakable facts known about igneous rocks.”

Nevertheless, this accessible crust, important as it may be to us, the end-
product of complex and long-continued igneous and other processes, rep-
resents only just over 0.4% of the bulk of the Earth or ~0.6% of the bulk
of the mantle.

Clearly in the foregoing there is a vast field for speculation, hypothesis
and debate which is not our present purpose. The compositions of volcanic
rocks and magmas — the ultimate source of crustal rocks — are limited to
a well-defined spectrum in composition, in terms of silica content, for
example, between roughly 40% and 75% with corresponding variations
in the contents and proportions of other major oxides (see Table 4.1 and
accompanying discussion). As a kind of yardstick for igneous rock com-
positions it is useful to have some idea of the average abundance of each
element by weight in crustal rocks, a figure known as the clarke of an
element. Estimates are in part oblique and necessarily crude and it seems
that older presentations of clarkes have traditionally been based on esti-
mations of abundances in continental crust solely., Those that employ a
1:1 weighting of average granite and average basalt in arriving at estimates
of continental crust composition (see Krauskopf, 1967, appendix 3, with
references) as here, for example, probably still overestimate the overall
proportion of granitic material (see also B. Mason, 1966, pp. 41—50 for
discussion). With these uncertainties in mind, Tables 1.2 and 1.3 never-
theless present a consensus on data of clarkes for all 90 elements occurring
naturally on Earth.

About 98.5% of both average crustal material and of all common igneous
rocks is composed of only eight major elements (see Table 1.2), O, Si, Al,
Fe, Mg, Ca, Na and K, that each have a clarke of over 1%. These are pre-
sented not quite in order of abundance, but in the conventional order of
oxides in analyses of igneous rocks. The weighting given to continental
crust as noted above probably inflates the quoted clarkes of Na and K at
the expense of that of Mg in overall crustal material. Next in abundance
come three elements Ti, H, and P, with clarkes between 0.1% and 1%. They



8 MINERALOGY OF IGNEOUS ROCKS

TABLE 1.2

Abundance of major elements in continental crust (after B. Mason, 1966, p. 48, table 3.4)

Element Weight per Atom per Volume per
cent — wt.% cent* —at. % cent* —vol. %

(0] 46.6 62.6 93.8

Si 27.7 21.2 0.9

Al 8.1 6.5 0.5

Fe 5.0 1.9 0.4

Mg 2.1 1.8 0.3

Ca 3.6 1.9 1.0

Na 2.8 2.6 1.3

K 2.6 1.4 1.8
98.5

*Recalculated to 100%,

TABLE 1.3

Clarkes of minor and trace elements (after compilation by Krauskopf, 1967, appendix III,
pp. 637—640) (with references to data sources)

Element Clarke
(ppm)

Ti 5,700

H 1,400

P 1,050

Mn 950

F 625

Ba 425

Sr 375

S 260

C 200

Zr 165

V,Cl, Cr 100—150

Rb, Ni, Zn, Ce, Cu 50—90

Y, Nd, La, Co, Se¢, Li, N, Nb 20—35

Ga,Pb B 10—15

Th, Sm, Gd, Pr, Dy 5—10

Yb, Hf, Cs, Be, Er, U, Br, Ta, Sn 2—3

As, Ge, Mo, W, Ho, Eu, Tb 1-2

Lu, Tm, I, T1, Cd, Sb, Bi, In 0.1—1

Hg, Ag, Se 0.05—0.1

Auy, the six platinum metals, Te, Re 0.05

The five inert gases and seven elements of
high atomic numbers (84—89 and 91)
present as radioactive nuclides in the
decay schemes of U and Th very low
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are sometimes known as the minor elements, or alternatively included with
the major elements as opposed to the trace elements (see below). In igneous
rocks Ti and P typically occur in the common accessory minerals ilmenite,
sphene and apatite. H of course is an essential component of double-chain
inosilicates, phyllosilicates, and some other mineral species. It is the above
major and minor elements, generally reported as weight per cent (wt.%)
oxides, that are the essential constituents of an igneous rock analysis.

The remainder of the elements all with clarkes under 0.1% are known
collectively as trace elements. In igneous rock analyses they are generally
reported as parts per million (ppm) of the element by weight, a figure
which is numerically equal to grammes per metric ton (g/t). In igneous
rocks these trace elements generally occur dispersed in small concentrations
within the lattices of major silicate mineral species according to certain
principles of crystalline solution discussed below, in which event they are
known as dispersed elements. Mn, for example, although nearly as abundant
as P, does not form pyrogenetic minerals in which it is an essential com-
ponent (as P is in apatite) but proxies for ferrous iron in crystalline solution
in mafic silicate minerals*. Some trace elements, however, notably Zr and
Cr, may form separate mineral species in igneous rocks, e.g., zircon and
chromite, although Cr also occurs in significant concentrations dispersed in
augite. Many of the remaining elements, although generally totally dispersed
in the commoner igneous rocks, may become concentrated by processes
associated with pegmatite formation, carbonatites, hydrothermal vein
deposits, evaporites, etc., to form occurrences of discrete, albeit often rare,
minerals in which they may be essential rather than dispersed constituents
(e.g., Be in beryl, Nb in pyrochlore, Sn in cassiterite, Sr in strontianite).
Some elements may be so dispersed in habit that neither in igneous rocks
nor by any natural process do they ever occur in minerals of which they
are an essential component; rather they only occur in small concentrations
proxying for other specific elements, e.g., Ga in Al minerals, Rb in K minerals,
and Hf in Zr minerals,

1.2.3. Valency

Although the nature of inter-atomic bonding in silicate minerals is only
in part ionic and in part covalent, the concept of valency is useful as it can
be strictly applied to the formulae of all silicate minerals, i.e. their formulae
must always ‘““balance’ in terms of the valency of the (potential) cations and
anions of the elements that they contain. Valency, always a small integral
number, refers to the number of electrons that must be subtracted from
(cations) or added to (anions) the outermost electron shell of an atom in
order to convert it into an ion in which the number of electrons in that

*The content of manganese is, however, traditionally reported as MnO and included in
major-element analyses of igneous rocks.
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TABLE 1.4

Valency states of the major elements and some of the commoner trace elements of igneous
rocks

Major elements Trace elements
Cations:
Monovalent H*, Na* K* Li*, Rb*, Cs*
Divalent Ca?*, Mg?*, Fe** (ferrous iron) Be?*, Sr?*, Ba**, Mn**, Co?**,
Nil"" Euz#
Trivalent AP, Fe** (ferric iron) B**, Ga’®*, Cr®*, V3*, Sc?*, Y,
REE (including Eu®*)
Tetravalent Sitt, Tt Ge**, Zr**, Hf** Sn**
Pentavalent ps* V* Nb®*, Tas*
Anions:
Monovalent OH" F-, Cl”
Divalent 02" Sz~

outer shell comes to equal zero or eight (noble-gas configuration). For all
but the transition elements valency is very simply and obviously related to
the position of an element within the groups of the periodic table. Some of
the transition elements, however, have more than one possible valency state;
under the oxidation conditions normally pertaining to igneous rock for-
mation one major element, iron, can enter minerals in two valency states,
namely ferrous iron, Fe?* and ferric iron, Fe®*, Table 1.4 shows the valencies
of major and minor elements on the left, and of some of the commoner trace
elements on the right.

1.3. FACTORS GOVERNING STRUCTURES OF SILICATE MINERALS
1.3.1. Relative abundance of oxygen to cations in igneous and crustal rocks

As igneous rock compositions can be represented in terms of oxides, it
might be asked why there appears to be just enough oxygen to go round,
allowing for some small latitude in ferrous/ferric ratios. This is actually a
most interesting question to which an answer (here necessarily abbreviated)
would have to include reference to the following:

(1) Primordial Earth composition was deficient in oxygen to the extent
that some siderophile elements existed in the metallic state, by analogy
with the compositions of meteorites including irons and stony irons of
which the orbits and ages indicate that they too represent planetary matter
of our own solar system.

(2) Early heating up of the Earth resulted in melting and thorough frac-
tionation of an iron—nickel melt that sank to form the core of the Earth



MINERALOGY OF IGNEOUS ROCKS 11

in a manner reminiscent of blast furnace operation, leaving an outer-mantle
rock of silicate composition relatively enriched in lithophile elements,
analogous to blast furnace slag.

(3) The compositions of all rock-forming silicate minerals can in fact be
expressed in terms of oxides in which valency requirements are obviously
met. For example forsterite, generally written Mg,SiO,, can also be written
2MgO- Si0,; orthoclase, usually written KAISi;Oq, can be written K,O-
Al, 05,6810, and so on. The notation KAISi;Oy4 better illustrates the essential
structure of orthoclase, namely a tectosilicate (basic formula SiO,, see below)
in which one atom in four of tetravalent silicon is diadochically replaced by
trivalent aluminium with the addition of one atom of monovalent potassium
per unit formula to restore charge equilibrium. For this reason mineral
formulae are not written out in oxide form except in calculations relating to
normative computations which are directly based on relative amounts of
component oxides (see Chapter 4).

(4) The processes of igneous rock formation, viz. partial melting of silicate
material of mantle or crust to form wholly or partly molten magma and its
subsequent emplacement and solidification does not further alter oxygen to
cation proportions*. Magmas have also been shown to contain very small
overall amounts of immiscible droplets of molten sulphide, including for
example CuFeS,, chalcopyrite, so that very small amounts of some chalco-
phile elements may not in fact be combined with oxygen but with sulphur.
This quantitatively, however, is a very minor consideration.

(5) All magmas contain some volatile constituents that would be gaseous
at atmospheric pressure and temperature. Predominant among them is water
(see Chapter 6), which is partly dissociated, 2H,0 = 2H, + O,. Equilibrium
1s always well to the left of this equation under all upper-mantle, crustal and
atmospheric conditions but is relatively displaced to the right at higher
temperatures. Hydrogen, because of its small size, might diffuse selectively
from a magma chamber, thus leaving the magma relatively slightly richer in
oxygen, but this is likely to be a very small effect only.

(6) More importantly, the Earth’s hydrosphere—atmosphere system (an
end-product of long-continued igneous activity!), although predominantly
water, contains excess oxygen. This is due to photosynthesis and the fact
that hydrogen can escape the Earth’s gravitational field from an extremely
tenuous upper atmosphere although only at a minutely small rate. There is
good evidence that the oxygen and ozone content of the atmosphere has in
fact slowly increased during the history of the Earth, and indeed the evo-
lution of the higher forms of life has been critically dependent on this
process.

*Some diabases have been reported to contain meiallic iron, but are found only in the
exceptional circumstance where the diabase has intruded strata containing coal seams,
and a local reaction involving the reduction of the magma by carbon apparently occurred.
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1.3.2. The role of oxygen in the structure of silicate minerals

It so happens that oxygen as well as being the most abundant element by
weight in mantle and crustal rocks has a large atomic radius and is con-
sequently far and away the most abundant constituent by volume. Oxygen
constitutes some 94% by volume of average crustal rock! (see Table 1.2).
In silicate crystal structures the cations of other elements have perforce to
fit between large oxygen anions, as in general the cations are much smaller
than the oxygen anions. Picturing ions to have the shape to a first approxi-
mation of spheres, this fitting together becomes a geometrical problem and
given the range of cation/oxygen ion ratios, the following structures are
possible in order of increasing cation size: four-fold coordination, in which
each small cation lies at the centre of four oxygen anions that are arranged
symmetrically at the corners of a tetrahedron; six-fold coordination, in
which each cation lies at the centre of six oxygen anions arranged sym-
metrically at the corners of an octahedron; eight-fold coordination in which
a cation lies at the centre of eight oxygen anions arranged symmetrically at
the corners of a cube; ten- and twelve-fold coordinations, which are geo-
metrically more complicated arrangements in which cation size approaches
and equals anion size, respectively.

1.3.3. Ionic radii

At this stage it will be apparent that a knowledge of ionic radii would
be very useful. Although easy to conceptualise, the actual calculation or
measurement of ionic radii is, in fact, imprecise: not only may bonding be
in part covalent, but also in general ions become distorted from a spherical
shape due to differential bonding forces acting on an ion in different three-
dimensional crystal structures. A careful reconsideration of ionic radii, with
reference to previous work and specifically designed for use in silicate geo-
chemistry, has been undertaken by Whittaker and Muntus (1970). It would
seem wise therefore to follow these authors even although their figures will
appear a little unfamiliar to readers of older texts. Note also the compli-
cating factors discussed by Shannon and Prewitt (1969). Table 1.5 gives
these recalculated ionic radii for the same selected set of elements as in
Table 1.4 arranged broadly in order of increasing size with minor departures
from this order to reflect natural groupings and thus to facilitate compari-
sons. The radii are quoted in Angstrom units (1A = 1077 mm). This is not in
accordance with units of the SI system, but the familiar Angstrom units are
retained here as it is convenient, as in all measuring systems, to have units of
the same order as that of the thing being measured.

A consideration of cation/anion ratios derived from these figures shows
that of the major-element ions Si** would be expected to enter readily into
four-fold coordination with O?". Similarly, Fe?* and Mg?* should enter into
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TABLE 1.5

13

Ionic radii in Angstrom units (A) according to coordination number {after Whittaker and

Muntus, 1970)

Coordination 111
number

Iv

Cations:

B** 0.10
P5+
Be?* 0.25

Si“
GeA+

Al3+
Ga3+

V5+
Ti**
Cr*
V3+
Fe®*
Ni®*
COZ+
Fe2+

Mg2+
Li*

Nb5+
TaS«r
Sn**
Hf“
Zl‘“

Sc3+
Y3¢

La3+
Ce3+
Eul#
Eu3t
Lu3+

Cal +
Na*

Srl«r
Ba?*
K*
Rb*
Cs*

Anions:

(0L 1.28
F- 1.22
Ci-
s

0.20
0.25
0.35

0.34
0.48

0.47
0.55

0.44

0.57

0.71

0.66
0.68

1.30
1.23
1.67
1.56

\2!

0.48
0.62

0.61
0.70

0.62
0.69
0.70
0.72
0.73
0.77
0.83
0.86

0.80
0.82

0.72
0.72
0.77
0.79
0.80

0.83
0.98
1.13
1.09
1.25
1.03
0.94

1.08
1.10

1.21
1.44

1.46
1.57
1.78

1.32
1.25
1.72
1.72

VIII

0.77

091
0.92

0.95
1.10
1.26
1.22
1.33
1.15
1.056

1.20
1.24

1.33
1.50

1.59
1.68
1.82

1.34

1.78

X XII
1.36 1.43
1.40 1.48
1.60 1.68
1.67 1.68
1.74 1.81
1.89 1.96
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six-fold coordination with O?", with possible diadochy between them. Ca®*
and Na* should enter into eight-fold coordination with O?”, and could also
possibly replace each other diadochically if the charge difference between
them could be otherwise balanced in the crystal structure. K*, easily the
largest of the major cations, should occur in twelve-fold coordination with
0?%". The ionic radius of Al** places it between the ideal values of four- and
six-fold coordinations with O?", so that either or both could perhaps be
anticipated; similar considerations apply to Fe** although, being significantly
larger than Al’*, Fe®* should be relatively more prone to enter into six-fold
coordination with O?",

1.3.4. The SiO, tetrahedron

Oxygen and silicon together account for nearly 75% by weight and
approximately 95% by volume of igneous rocks. It just so happens that the
ratio of the size of the silicon ion to that of the oxygen ion is close to the
optimum for four-fold coordination. Not surprisingly therefore SiO, tetra-
hedra prove to be the basic building blocks of silicate minerals*.

1.3.5. Resultant silicate structures

In the lattices of silicate minerals SiO, tetrahedra are linked together in a
small number of easily conceptualized ways that are enumerated below (with
classical derivations of names in parentheses). Remaining cations fit between
the relatively large oxygen atoms of the resultant structures in six- or eight-
fold or higher coordinations. A few silicate minerals have slightly more
complex structures that involve the interlocking of SiO, tetrahedra in com-
binations of these fundamental styles.

(1) Nesosilicates (Gr. nesos, an island). the SiO, tetrahedra are not linked
directly to one another by sharing oxygen atoms but are entirely connected
to intervening cations, so that each SiO, tetrahedron is isolated (syn. ortho-
silicates).

(2) Sorosilicates (Gr. soros, a group; L. soror, a sister): the SiO, tetrahedra
are linked in pairs by sharing one oxygen atom; each pair is separated from
other pairs by intervening cations.

(3) Cyclosilicates (Gr. kyklos, a circle): the SiO, tetrahedra are linked in
essentially planar rings, gen.vally of six, with columnar stacking of the rings
on top of another (syn. ring silicates).

(4) Inosilicates (Gr. inos, a thread): the SiO, tetrahedra are arranged in
long parallel chains, either a single chain, or a double chain in which alternate
tetrahedra in each chain are cross-linked (syn. chain silicates).

(5) Phyllosilicates (Gr. phyllon, a leaf): the SiO, tetrahedra are arranged

*Only in stishovite, a very high-pressure polymorph of silica, is there known to he a
different coordination of silicon with oxygen, namely eight-fold.
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in continuous parallel planes, each tetrahedron sharing three oxygen atoms
with its neighbours (syn. sheet silicates).

(6) Tectosilicates (Gr. tekton, a builder): the SiO, tetrahedra form an
interconnected three-dimensional lattice in which all oxygen atoms are
shared (syn. framework silicates).

These arrangements lead inevitably to certain silicon/oxygen ratios in the
formulae of each group so constructed as shown in Table 1.6. The serious
student should satisfy himself that he can derive these basic units of formulae,
using appropriate diagrammatic sketches (see, e.g., Hatch et al., 1972, part 1),
as this is a most useful peg on which to hang a working knowledge of silicate
mineral compositions. For the most part these are obvious, the hardest to see
possibly being the Si,0,, “repetition unit” of phyllosilicates, which in plan
view of the sheet has a confusing hexagonal pattern suggesting six units of
silicon in the basic formulae (biotite, of course, does have a platy pseudo-
hexagonal habit).

Some obvious relationships of crystalline structure to crystal form should
be noted, for example the hexagonal symmetry of cyclosilicates, the two
prominent prismatic cleavages of inosilicates parallel to the chains of SiO,
tetrahedra, and the pronounced basal cleavage of phyllosilicates.

Owing to a progressively increasing silicon/oxygen ratio from nesosilicates
to tectosilicates, there is a reciprocal decreasing proportion of other cations,
decreasing to nil in silica, SiO,. Nesosilicates are thus the most basic in the
sense of containing relatively the most cations other than silica, and basic
rocks hence contain greater amounts of nesosilicates and inosilicates than do
acid rocks. Formulae tend to be more complex and unit-cell size tends to
increase going from nesosilicates to tectosilicates (silica polymorphs consti-
tuting an exception). Densities, melting points and refractive indices also
tend to decrease from nesosilicates to tectosilicates, but all three properties
are much influenced in addition by the nature of other cations present in
crystalline solution (silica again is anomalous in having a high melting point).

1.4. PRINCIPLES GOVERNING CRYSTALLINE SOLUTION

Historically this subject has been progressively treated at increasing
levels of complexity and is more fully reviewed in texts on mineralogy and
geochemistry (e.g., B. Mason, 1966; Frye, 1974). Some milestones along
the way are as follows.

Goldschmidt (1954, chapters 3 and 6, with reference to his earlier classic
work) formulated empirical rules governing diadochy, based in the main on
ion size and valency. The most important consideration is ion size (see
Table 1.5). As would be expected the substitution of one ion for another
in a crystal lattice is apparently only possible if their ionic radii are approxi-
mately the same — say within 15%. Thus diadochy is commonly found in
silicate minerals within the following groups or pairs of ions: Mg?*, Fe?*,
Mn?*, and Ti**; Zr** and Hf**; Ca?* and Na*; K* and Ba**; O*", OH", and
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F~. Within possible substitution ranges the smaller cations commonly tend
to be more readily incorporated into crystals during the progress of crystal-
lization; for example, first-formed olivines and pyroxenes invariably have a
higher Mg/Fe ratio than the crystallizing magma within which conversely the
Mg/Fe ratio necessarily falls as crystallization proceeds. Analogously, the
K/Rb ratio of crystallizing feldspars is always a little higher than that of
the crystallizing magma in which K/Rb ratio similarly falls as crystallization
proceeds. Ions of the same size, other factors being equal, would enter a
crystal lattice in the same proportion as their relative concentrations in the
crystallizing magma; for example hafnium is “camouflaged” in this way in
zirconium-bearing minerals. In general the consideration of ionic size out-
weighs that of charge; however, it is found that a proxying ion of higher
charge may be preferentially ‘“‘captured’ by early-forming crystals and that
the ion with the lower charge may this only be ‘“admitted’ as its relative
concentration increases in the crystallizing magma; for example, calcium
enters before sodium in the plagioclase crystalline solution series. In the case
of diadochy such as this by ions of differing valency, the overall charge
requirements in the crystal structure must be met in order to preserve
electrostatic neutrality, for example Na*Si** for Ca?*Al3* in plagioclase. This
consideration explains why the diadochic substitution of ions with valencies
differing by more than one is less commonly observed, even although ionic
size requirementls may be met, as there may be difficulty in accomodating
the charge difference.

A further important consideration governing the possible extent of
diadochy is temperature of formation. At higher temperatures a higher
degree of crystalline solution is possible than at lower temperatures. Thus,
despite the widely differing ionic radii of K* and Na*, more or less complete
solid solution between the compositions of orthoclase and sodic plagioclase
is possible at (water-poor) magma liquidus temperatures to produce the
familiar sanidine (and rarer anorthoclase) phenocrysts of certain lavas. At
lower temperatures, below a boundary curve known as the solvus (see
Chapter 6), a complete range of crystalline solution in alkali feldspars is
no longer possible (under equilibrium conditions). Thus for alkali feldspars
formed in this lower temperature range, and for sanidines that have re-
equilibrated at lower temperatures, two feldspars are found, a potassium-rich
one and a sodium-rich one. Where this re-equilibration has occurred the two
feldspars are found intimately intergrown on various scales ranging down to
the submicroscopic, resulting in the range of perthites (syn. perthitic inter-
growths). The process of formation of these from a homogeneous parent-
crystal is known as exsolution. Although the term perthite is specific to inter-
growths of alkali feldspar, the operation of the process of exsolution is more
generally observed. For example, in the pyroxenes there is found to be only
a limited degree of crystalline solution between a calcium-rich monoclinic
augite and a calcium-poor orthorhombic hypersthene even at magmatic
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temperatures. On very slow cooling nevertheless exsolution may cause the
formation of exsolved lamellae of augite in host hypersthene (Henry lamellae)
and the reciprocal formation of exsolved lamellae of hypersthene in augite
(typically along 001).

Differences in temperature and in pressure too can also affect coordination
and hence the lattice site where a given element may preferentially enter a
given crystal structure. For example, relatively high pressures favour a six-
fold coordination for aluminium as shown by the minerals jadeite (NaAlSi,Og)
and omphacite (intermediate in composition between jadeite and diopside).
Relatively high temperatures, on the other hand, favour a four-fold co-
ordination for aluminum, as for example in the igneous amphiboles where
the content of aluminum in four-fold coordination approaches one in four
of the silicon atoms. The amphiboles of metamorphic rocks reveal a pro-
gressively increasing proportion of Al proxying in this way for Si with
increases in temperature of formation, viz. actinolite of low-greenschist
facies via sub-aluminous hornblende to hornblende of amphibolite facies.

Because the nature of the bonding in silicates is partly ionic and partly
covalent in character another complexity is added to considerations based
solely on ionic properties. Ringwood (1955a) has drawn attention to the
fact that, other things being equal, a cation of low electronegativity (i.e.
more prone to form ionic bonds) will tend to be preferentially incorporated
into a crystal lattice. Some Li for example, in spite of the negative feature
of a low charge, enters the lattice of olivine crystals. Ringwood (1955b) has
also drawn attention to the possible role of complex formation in governing
trace-element behaviour in crystallizing, volatile-rich magmas. A more
complete set of principles governing the structure of and crystalline solution
in silicate minerals is developed by Pauling (1960, with reference to his
earlier work).

More recently, an important consideration governing diadochy, at least
as far as the transition elements are concerned, is that of crystal field stabi-
lization energy (CFSE) (see Burns, 1970). Crystal field theory considers the
effect of the electrostatic field of adjacent ions on the unfilled orbitals of
transition-element ions. Certain transition-element ions are relatively more
stable than others in the electrostatic field of a particular lattice site in a
crystal relative to the less regular coordination of a melt. Based on calcu-
lated CFSE-values, it can be predicted that transition elements will pref-
erentially enter into a spinel lattice, for example, in the following orders:
Ni, Cu, Co, Fe, Mn, Zn for divalent ions, and Cr, Co, V, Ti, Fe, Sc, for
trivalent ions [Burns and Fyfe (1964); see also Campbell and Borley (1974)
for an interesting application of crystal field theory to the observed sequence
of pyroxene compositions in the Jimberlana intrusion, Australia].

The qualitative statements made above as to preference can be quantified
by measuring partition coefficients, i.e, the ratio of concentrations of a
proxying trace element to major element in both liquid and crystal, ideally
groundmass and phenocryst compositions of a porphyritic fine-grained



MINERALOGY OF IGNEOUS ROCKS 19

rock [see, however, Allégre and Minster (1978, pp. 13—15) for a discussion
of difficulties inherent in this superficially straightforward procedure].

1.5. NOMENCLATURE, COMPOSITION, AND PARAGENESIS OF IGNEOUS ROCK-
FORMING MINERALS

For easy reference a list of compositions of igneous rock-forming minerals
(including all but very uncommon species and some species found in relatively
very uncommon rocks such as carbonatites) is presented in Table 1.7. The
silicate species are arranged according to their silicate structure pattern
as discussed above, and are followed by oxides and other miscellaneous
chemical groupings. The symbol (s) indicates that a particular silicate mineral
has a more complex crystal structure than simple representatives of its class.
Common major-element diadochy is indicated by an appropriate notation
in parentheses in the formula and/or an indication (e) of theoretical end-
members in a crystalline solution series, but trace-element and other minor
diadochy is not generally indicated.

It is important to realize that many mineral names are in common use in
igneous petrology with multiple connotations arising from no less than three
differing patterns of usage: (1) an end-member in a crystalline solution
series; (2) a defined compositional range in a crystalline solution series; and
(3) a member of a crystalline solution series with an imprecisely-defined
compositional range, sometimes with other mineral or compositional names
used as a modifier. Thus, the term forsterite may denote the pure magnesian
end-member, Mg,SiO,, of the olivine series, or olivine in the compositional
range Foy,;—Fo0,4; again the term ‘“‘forsteritic olivine”’, commonly applied,
for example, to phenocrysts in basaltic rocks, refers to crystals with a range
of compositions that actually straddle the forsterite—chrysolite boundary
(chrysolite lies within the compositional range Fo,,—Fo04,). Similarly, the
“calcic plagioclase” of mafic rocks generally indicates a bytownite or labra-
dorite composition. Again the term hypersthene has a precise compositional
connotation but is sometimes loosely used synonymously with orthopy-
roxene, or more commonly for pleochroic orthopyroxenes. Context and
familiarity generally make clear what is meant, and confusion seldom arises
in practice from this admittedly lax usage of terminology.

A difficult exercise in condensation is presented in Table 1.7, and the
reader is referred to Deer et al. (1966) and to Hatch et al. (1972) for further
detailed information on crystal structure, composition and paragenesis, all of
which topics are treated in these two references from the point of view of a
petrologist, an important consideration as we are not here concerned with
mineralogy as an end in itself. An attempt at a very broad paragenetic group-
ing and relative abundances is indicated by the letters which are used only in
the context of this tabulation, explained in the notes to the table.
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TABLE 1.7

MINERALOGY OF IGNEOUS ROCKS

Nomenclature, composition, and paragenesis of igneous rock-forming minerals

Name Composition Paragenesis Abundance
Nesosilicates:
Olivine (Mg,Fe),Si0,
forsterite (e) Mg,SiO,
fayalite (e) Fe,Si0O,
forsterite Fo,,—Fo,,, M c
chrysolite Fo,,—Fo,, A UA B,UB c
hyalosiderite Fo,,—Fo,, A f
hortonolite Fo,,—Fo,, A f
ferrohortonolite Fo,,~—Fo,, A'B f
fayalite Fo,—Fo,, F f
Monticellite CaMgSiO, UA Y
Garnet generally R?*R}*Si,0,,
pyrope (e) Mg, ALSi,0,,
almandine (e) Fe,AlSi0,,
spessartite (e) Mn,ALSi,0,,
pyralspite (Mg,Fe Mn),Al,Si,0,,
pyrope-rich pyralspite M c
almandine-rich pyralspite F,G f
spessartite-rich pyralspite P f
andradite (syn. melanite) Ca,Fel*Si,0,, N (per) r
Zircon ZrSi0, F, G N a,c
Sphene (s) CaTiSiO; F, G N a,c
Topaz Al1,Si0 (OH,F), P Y
Epidote group (s) Ca,R3*(Si0,),(OH)
zoisite and clinozoisite Ca,AL,(Si0,);(OH) DinB,F G c
epidote Ca,Al,_,Fel* (SiO,),(OH) DinB F, G c
piemonite Ca,(Mn,Fe,Al),(5i0,),(OH) DinF r
allanite (syn. orthite) (Ca,Ce),(Fe?* Fe** Al),(Si0,), F,G a,f
(OH)
Sorosilicates:
Melilite UA f
akermanite (e) Ca,MgSi,0,
gehlenite (e) Ca,Al,Si0,
Cyclosilicates:
Beryl (e) Be,;AlLSi,0,, f
Tourmaline complex and variable P c
Al-borosilicate with
many other cations
Cordierite Al;(Mg,Fe),AlSi O, G r
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TABLE 1.7 (continued)

Name Composition Paragenesis Abundance
Inosilicates:

Pyroxenes
wollastonite (e) CaSiO,
diopside (e) CaMgSi,0,
hedenbergite (&) CaFeSi,0,
enstatite (e) MgSiO,
ferrosilite (e) FeSiO,
jadeite (e) NaAlSi, O,
aegirine (e) NaFe?*Si, 0O,
Tschermak’s molecule (e) CaAl,SiO,

Clinopyroxenes generally (Ca,Mg, Fe)SiO,
diopside M c
endiopside M c
salll':e (see Fig. 1.1 for compositional A ¢
augite . ) B c
ferroaugite ange B f
subcalcic augite B f
pigeonite B f
hedenbergite F f

CaMgSi;Os Hedenbfrgue CaFeSi;O(;
DiOpSide/ﬁiopsnde/ Salite Ferrosalite \ N \Hedenberglte
¥
OQ"’\ Augite Ferroaugtte
eb‘
<
/ Subcalcic Augite Subcalcic Ferroaugite
/Magnesua/ Intermediate Fernferous\
pigeonite pigeone pigeonite
MgSiO, FeSiO,
Enstatite Ferrosilite

Fig. 1.1. Nomenclature of clinopyroxenes in the system CaMgSi,0 ,~CaFeSi,0,—Mg,8i,0,—
Fe,Si,0, (after Poldervaart and Hess, 1951, p.474, fig. 1).

titanaugite (and significant Ti content in A c
titansalite) augite or salite
omphacite intermediate between M c
diopside and jadeite
aegirine—augite intermediate between N (per) c

aegirine and augite or
ferroaugite
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TABLE 1.7 (continued)

aegirine
spodumene
wollastonite (s)

Orthopyroxenes
enstatite
bronzite
hypersthene
ferrohypersthene
eulite
ferrosilite

Amphiboles

tremolite
actinolite
common hornblende

barkevikite

basaltic hornblende
(syn. lamprobolite)
kaersutite
kataphorite
arfedsonite

riebeckite
aenigmatite

(syn. cossyrite)
cummingtonite

Phyllosilicates:

muscovite
muscovite, var. sericite
phlogopite (e)
annite (e)
phlogopitic mica
biotite

lepidolite (e)
prehnite

tale

pyrophyllite
chlorite

serpentine minerals
kaolinite

MINERALOGY OF IGNEOUS ROCKS

Composition Paragenesis Abundance
NaFe?*Si, 0, N (per) c
LiAlSi, O, P f
CaSiO, va r
(Mg, Fe)SiO,
En,,—En,,, M c
En,,—En,, UB, B c
En,,—En,, F c
En,,—En,, F r
En,,—En,,
En,—En,,
generally X, .Y, Z,0,,(OH),
where X includes Ca, Na, K;
Y includes Mg, Fe?* Fe3*,
Al, Ti;and Z includes Si, Al
(up to 1 in 4 of Si)
Ca,Mg,Si,0,,(OH), Din B, UB c
Ca,(Mg,Fe),Si,0,,(OH), DinB c
(Na,K),—,Ca,(Mg,Fe?* Fe’*, F c
Al),Al,_,Si,,0,,(OH,F),
high Fe content;low Fe®*/Fe?* A N f
ratio
high Fe?*/Fe?* ratio; O takes F c
place of OH
high Ti content AN f
high Na and Fe; aluminous A r
high Na and Fe?*; slightly N (per) c
aluminous
Na,Fei*Fe}*Si,0,,(0OH), F (per) c
Na,Fe}*TiSi,0,, F (per), N (per) f
(Mg,Fe),Si,0,,(OH), F r
KAl,AISi,0,,(0OH), G, P c
KAl Al8i,0,,(OH), DinG,F c
KMg, AlSi,0,,(OH),
KFe,AlSi,0,,(0OH),
KMg,_,Fe, ,AlSi,0,,(0OH), UA c
KMg, Fe, ,Al8i,0,,(OH), AF G c
KLi,AlSi,0,,(OH), P f
Ca,AlAlSi,0, (OH), Din B f
Mg,Si,0,,(OH), D in UB c
Al,8i,0,,(0OH), DinF r
(Mg,Fe Al),(Si,A1),0,,(OH), DinB, F, G c
Mg, Si, 0,,(OH), Din UA, UB c
Al1,8i,0,,(0OH), DinF f
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TABLE 1.7 (continued)
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Name Composition Paragenesis Abundance
Tectosilicates:
Silica polymorphs
low-temperature or a-quartz Si0, P c
high-temperature or g-quartz*  SiO, F, G c
tridymite* Si0, B, F f
cristobalite* SiO, F r
Plagioclase feldspar
anorthite (e) CaAl,Si,0,
albite (e) NaAlSi, 0,
anorthite Ang,—An
bytownite An,,—An,, A B c
labradorite An,,—An,, A, B c
andesine An,,—Anq, A B, F c
oligoclase An,,—An,, F,G c
albite Any,—An, P;DinB,F c
Alkali feldspar
orthoclase (e) KAIlSi,0,
albite (e) NaAlSi, 0,
sanidine, mesoperthite, (K,Na)AISi,O, F c
cryptoperthite
perthitic orthoclase KAISi,0, + exsolved albite G c
microcline KAISi, 0, G,P c
anorthoclase (Na, K)AISi, 0, N f
Feldspathoids
nepheline NaAlSiO, N c
cancrinite 3nepheline-CaCo, DinN c
sodalite 3nepheline« NaCl N f
nosean 6nepheline-Na,SO, N r
analcite NaAlSi,0,-H,0 A f
leucite KAIlSi,0, A f
kalsilite KAISiO, A r
Petalite LiAlSi,0,, P r
Zeolites hydrated aluminosilicates of Din A B f
alkali and alkaline earth
elements
Oxides:
Iimenite FeTiO, A,B c
Leucoxene TiO, Din A, B c
Picroilmenite (syn. Mg-bearing ilmenite UA f

magnesioilmenite)
Spinel (e)
Hercynite (e)

MgAl O,
Fe?*Al,O,
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TABLE 1.7 (continued)

MINERALOGY OF IGNEOUS ROCKS

Name Composition

Magnetite Fe**Fel*O,

Ulvospinel Fe’*TiO,

Chromite (Fe,Mg)(Cr,Al),0,
Gahnite ZnAl,0,

Cassiterite SnO,

Rutile TiO,

Perovskite CaTiO,

Corundum Al,0,

Pyrochlore Nb,O; (+ other elements)

Columbo-tantalite
Miscellancous:

Apatite

Monazite
Fluorite

Calcite

Magnesite
Pyrite
Pyrrhotite

(Fe,Mn)(Nb,Ta),0,

3Ca,(PO,), Ca(F,Cl,0H),

(Ce,La,Th)PO,
CaF,
CaCoO,

MgCO,
FeS,
Fen—1)Sn

Paragenesis Abundance
A, B F G a,c
B c
UB c

r

f

r
UA f
P r

c
P f
A,B,C F, G, a, c

N, P
G,P a, f
P f
C;Din A B, F, c
G, N

DinB f
B;DinB,F c
B c

Paragenesis: A, UA = alkalic basic (A) and ultrabasic (UA) rocks of low to very low silica
activity; B, UB = basic (B) and ultrabasic (UB) rocks of subalkaline affinity (i.e. excluding
A and UA); C = carbonatites; D = deuterically altered, degraded or metamorphosed (low
grade) igneous rocks of specified group; F = oversaturated felsic rocks including both
intermediate and acid compositions; G = deep-seated granitic rocks; M = mantle-derived
nodules; N = undersaturated felsic rocks; P = (granitic) pegmatites and various other late-
stage granitic differentiates, (per) = peralkaline varieties of F and N.

Abundance: a = accessory mineral;c = very common mineral (or widespread if accessory);
f = fairly common mineral; r = rare mineral.
N.B. The designations ¢, f, and r are not to be taken as an indication of absolute abun-
dance, but are estimates with respect to the paragenetic group indicated by the capital

letter designation.
* Always paramorphed by «-quartz.

Although the amphiboles offer many parallels to pyroxenes (notably,
orthorhombic and monoclinic members, a Ca-rich group, a Ca-poor group,
and varieties rich in Na and Fe3*) they exhibit more complex diadochy and
are in consequence even less amenable to outline presentation. Furthermore,
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optical parameters commonly do not uniquely define amphibole compositions
so that analysis is frequently required. A proposed new overall nomenclature
of amphiboles (Leake, 1978) includes a chemical codification of accepted
and widely used names and an accompanying recommendation for extinction
of no less than about 300 varietal names of this difficult group. However,
some of the more commonly met with, petrographically recognized, varieties
are included in Table 1.7.

1.6. RECOGNITION OF MINERALS IN THIN SECTION

Familiarity with igneous rocks in hand-specimen is very desirable and
much can be learnt this way. Hand-specimen examination, however, has
obvious limitations and a more detailed examination is essential for many
rocks. The examination by petrographic microscope of a thin section of
the rock is the universally used method, supplemented in more sophisiticated
work by electron probe analysis, especially useful for small or zoned or
partly altered crystals. Several texts dealing with the optical mineralogy of
the rock-forming minerals include Kerr (1959), Heinrich (1965), and Deer
et al. (1966); at least one of these will prove indispensable.

What the petrologist wants to know and what the thin section can reveal
is the mineralogy and composition of the igneous rock, intergrain textures
indicating crystallization history, intragrain exsolution textures indicating
cooling history, optical parameters indicative of variation in composition
within crystalline solution series, and the nature and extent of alteration
and deformation processes, and the like.

With practice most igneous rock minerals can be recognized on sight from
such immediately obvious optical and crystallographic features as relief,
colour, pleochroism, anisotropy and degree of birefringence, twinning and
cleavage. One has to learn how to mentally integrate the differing appearances
of the generally random orientations and sizes presented by different grains
of the same mineral species in a rock depending on the accidental direction
and location of sectioning with respect to each grain. This mental integration,
essential for a mastery of thin-section petrography, involves for example the
simultaneous identification of a number of grains of a mineral species
within the field of view showing a range of interference colours up to the
maximum value defined by slide thickness and mineral birefringence.

Additional optical properties take a little time to determine precisely
but add to the number of clues for confirmation or identification if necessary,
or determination of variation in composition of crystalline solutions. These
additional properties include extinction angle, whether the mineral is fast
or slow relative to crystal form, cleavage, or twin composition plane, and the
optic sign, 2V, dispersion, and orientation of optic plane.

Optical parameters, fascinating as they may be, are of course not an
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end in themselves but rather a means to an end in petrographic studies.
Techniques and short cuts based on an appreciation of optical properties
are, however, very useful to the petrographer, and a few miscellaneous tips
follow.

It is preferable to work with the diaphragm setting some way closed so
as to enhance relief. When working with the high-power objective lens it is
often useful to insert the condenser; this reduces relief but reveals colour
in small grains such as, for example, the tinted augites of microcyrstalline
alkaline mafic rocks or translucent chromite edges. Pleochroism is best
tested by carefully rotating to and fro 90° from one extinction position to
another, previously obtained under crossed nicols. This technique, rather
than random rotation of the stage, is particularly effective in detecting the
often subtle pleochroism of orthopyroxene for example. Testing for weak
birefringence is best done with the sensitive tint inserted; this will reveal, for
example, the aggregate birefingence of cryptocrystalline groundmass material
or the characteristic twinning of large perovskite grains. The sensitive tint
will, of course, quickly distinguish between first-order white and high-order
white interference colours. Orientations showing the least birefringence are
desirable for the interpretation of all figures, particularly of uniaxial figures
where the centre of the cross must be seen to remain in view during rctation
of the stage, as off-centre figures with low 2V resemble off-centre uniaxial
figures. Note the confusingly wide and diffuse isogyres of minerals of low
birefringence such as nepheline and apatite, A useful orientation in ino-
silicates is the one showing maximum birefringence; this yields the extinction
angle to ¢ (if the mineral is monoclinic) and X and Z absorption colours (if
the mineral is pleochroic). A basal section of an inosilicate, recognized by
two sets of sharp characteristic cleavage traces, will of course yield the third
absorption colour corresponding to Y. In all orientations of perthite the albite
component has a higher birefringence than the alkali feldspar component,
and will thus appear brighter under crossed nicols. The estimation of plagio-
clase compositions in thin section using extinction angles is notoriously un-
reliable, unless done on a universal stage, The least accurate procedure is
random searching for maximum symmetrical extinction; better for inter-
mediate plagioclase compositions is observation of symmetrical extinction
angle in the orientation perpendicular to the 001 cleavage; better still is the
utilization of Carlsbad albite twins if present. A distinctive pattern of alter-
ation, even if incipient, can often be used, for example, to differentiate
pigeonite or orthopyroxene grains from augite grains, or to differentiate
between the plagioclase and alkali feldspar of an intermediate to acid plutonic
rock, particularly where twinning is not well developed or masked by the
alteration. Degrees of undersaturation in aphanitic mafic rocks can he recog-
nized by the progressive appearance of olivine, nepheline, and perovskite in
the groundmass with increasing undersaturation. The less commonly e¢n-
countered peralkaline and peraluminous mineral parageneses can quickly be
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recognized. In oversaturated rocks the presence and habit of small amounts
of quartz can readily be detected because its birefringence is higher than
that of both alkali feldspar and plagioclase of andesine and oligoclase com-
positions, so that some of the quartz will appear the brightest or most
yellowish of all light minerals in the thin section.

In a similar manner to learning to read in sentences rather than in indi-
vidual words or letters, with experience a petrographer will often come to
recognize at a glance one of the many distinctive sets of igneous mineralogies
and textures; the rock thus properly becomes the unit of recognition and
description rather than its individual mineral components.



Chapter 2

VOLCANIC ACTIVITY

2.1. INTRODUCTION

It is impossible to compress into one chapter the range of material that
occupies whole books on the fascinating subject of volcanology, as for
example, those by Bullard (1962), Rittmann (1962), Ollier (1969), G. A.
Macdonald (1972), and the very readable and informative book by P. Francis
(1976). However, our present interest lies in how, as petrologists, a study of
active and recent volcanic activity may help us to interpret the geological
record of volcanic rocks. With this theme in mind, the way to condense is
clearer. A corollary — what we may legitimately infer about magma from a
study of volcanic activity — is deferred until Chapter 6.

To anticipate some of the results of this, we can state that magma is a
melt, the composition of which generally can be expressed mainly as silicates,
containing dissolved gases, and with, or without, included crystals. When
magma erupts to the surface, the resultant kind of volcanic activity is largely
a function of its viscosity and gas content. Magma viscosity is itself largely a
function of temperature and of chemical composition, especially gas content
(see Chapter 6). These parameters appear to vary in a broadly consistent
manner with composition, a consistency which justified our considering
volcanic activity quite simply under the broad headings of basalt, andesite,
rhyolite, and kimberlite. Our study will conclude with an overview of the
difficult and variable group of fragmental volcanic rocks.

2.2. VOLCANIC ACTIVITY DESCRIBED BY NATURAL GROUPINGS
2.2.1. Basalts

2.2.1.1. Subaerial basaltic eruptions

Basalt eruption commonly characterizes areas of crustal tension and
many major active basalt fields exhibit parallel tensional gashes extending as
open fissures from the surface to accessible depths of 30 m or more over
lengths up to a kilometre. Basalt extrusion characteristically occurs as
fissure eruptions where basalt magma ascends to the surface within a narrow
fissure, often initiating a new fissure with successive eruptions. Since basalt
lava flows readily, basalt flows are relatively thin and may cover large areas.
The well-known Laki fissure eruption of 1783, the largest historically
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recorded, produced ~12—15 km? of lava covering an area of 565 km? from
a fissure system ~30 km in length. The fissure is now marked by a line of
prominent cinder cones and smaller spatter cones formed in the waning
stages of the eruption that lasted for seven months. The even larger pre-
historic Thjérsa flow, also in Iceland, covers 800 km?, maximum length of
flow at least 130 km, and is thought to be the largest postglacial flow on
Earth.

Smaller recent fissure eruptions of Kilauea have been observed to begin
with considerable explosive ejection of fragmentary material at points along
a newly developed small fissure, changing rapidly to fountains of incan-
descent lava up to some hundreds of metres in height. At this stage a nearly
continuous curtain of fountaining lava may overlie the upwelling and vesi-
culating magma in the fissure. Many phases of fountaining may occur within
a few days before the eruption is over and the line of the fissure comes to be
represented by numerous scattered small steep spatter cones and the charac-
teristically somewhat broader cinder cones (see G. A. Macdonald, 1972,
pp. 9—20).

Notwithstanding the explosive products formed at the beginning and end
of basaltic fissure eruptions, and the fragmentation of lava in the fountains
caused by vigorous near-surface vesiculation (most of which coalesces), the
overall explosion index of a basaltic fissure eruption is very low, commonly
around 3.

The explosion index, E, generally expressed as a percentage ratio to the
nearest integer, is defined as the ratio of amount of tephra/total amount of
tephra plus lava. Tephra is considered to include all the nett resultant frag-
mentary products of an eruption, i.e. both cold country rock and frag-
mented hot lava. Estimation is obviously imprecise, but nevertheless the
explosion index is an informative and widely used parameter.

A graphic account of a rifting episode accompanying fissure eruption in
northern Iceland has been given by Bjornsson et al. (1977). In 1975—1976
a 80-km segment of the plate boundary, characterized by a fault-and-fissure
swarm and two central volcanoes, was the locale of numerous shallow earth-
quakes followed by minor basalt extrusion. Similar rifting has apparently
occurred at intervals of 100—150 years, i.e. episodic on the time scale of
human history, but virtually continuous on a geological time scale.

Repeated eruption is indeed the rule in basaltic provinces. The consequent
superposition of numerous flows, commonly only a few metres or less in
thickness, gives rise to monotonous sequences, and on erosion to charac-
teristic terraced topography.

Theoretically there should be a dyke accompanying each flow, and dykes
should become more numerous downwards within the basalt pile. This
geometrical relationship is abundantly realised in the rather special case of
sheeted dyke complexes associated with ophiolites, but frequently there is
an embarrassing lack of dykes in subaerial basalt terrain even where it is
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well dissected and exposed. One amusing example of a dyke apparently
feeding a recent lava flow, photographed by the writer in the Snake River
field, proved on closer examination to be a flow that had flowed back into
an open fissure! Several separate centres of extrusion, recognized by dyke
swarms, higher proportions of pyroclastics, presence of pahoehoe rather than
more distal aa-type flows, have recently been demonstrated in the Columbia
River basalt field, and eruptions from these centres must presumably have
fed those relatively large surrounding areas where dykes are sparse or lacking
(Swanson et al., 1975).

Proximal basalt flows are relatively free running — they are apparently the
least viscous of major lave types — and vesiculate readily forming numerous
small spherical vesicles. Surfaces tend to be smooth, often in recent flows
showing an iridescent blue tarnish, an effect possibly due to the combustion
of released gases. Although broadly smooth, “ropy lava” formed by the
buckling of a thin congealed crust by fast-running lava below, and shallow
elliptical domes some 10—20 m in diameter often breached by a tension gash
along their long axis, are common on the surface of these pahoehoe flows.
Recent pahoehoe flows are commonly seen to consist of an aggregate of
elongate sacs, somewhat resembling pillow lavas in cross-section, and formed
in a comparable fashion by the continual pouring of highly mobile lava into
sacs during flow. These sacs, in constrast to pillow lavas, are markedly
elongated in the overall flow direction. Large lava tunnels, elongated in
the direction of flow, have been observed to underlie some thick pahoehoe
flows.

More distal portions of basalt flows have been observed to move at a
barely perceptible pace in a steeply moving front, accompanied by auto-
brecciation and a noise comparable to that of breaking crockery, i.e. in a
highly viscous fashion. The colour of freshly exposed surfaces on moving
lava flows of this type indicates a considerably lower temperature than that
of flowing pahoehoe-type lava. Vesicles, if present, are scattered, large and
angular, gas release being near complete by this stage. Surfaces of these aa
flows are unpleasant to traverse being extremely rough and composed of
chaotic angular blocks with a surface relief typically up to ~1 m. Cross-
sections generally show a conspicuous amount of blocky scoriaceous tops
and autobreccia.

The frequently illustrated columnar jointing of basalt is generally restricted
to thick flows. Regular large-scale, vertical columnar jointing is characteristic
of the lower parts of ponded lava flows which came to rest before crystal-
lizing. This may be overlain by a zone of spectacular smaller-scale curved
joint patterns, overlain, in turn, by a non-jointed scoriaceous top. Under
static conditions the jointing results in vertical hexagonal columns, but as a
result of the stresses in still slowly moving lava this pattern may give way to
conjugate shear ioints.

An observer cannot help being impressed by the apparent contrast between
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the variable structures seen in a recent basalt field and the rather mono-
tonous and structureless sequences of basalt flows in the older geological
record. However, this could perhaps be a superficial impression in view,
for example, of the detailed work on the structures in the Columbia River
basalt field referred to above.

The products of fissure eruptions may be superimposed to form a basaltic
shield volcano with low-angle slopes commonly no steeper than 8 to 10°,
often even less in the upper portions. In plan view a shield volcano may be
roughly elliptical with its long axis following the dominant trend of fissure
eruption. A somewhat equivocal example is Hekla, Iceland. The relatively
steep flanks of Hekla, however, reflect the presence of a proportion of more
fractionated lava products of higher viscosity in addition to basalt. Mature
shield volcanoes commonly tend to assume a more radially symmetrical
circular plan. These range in size from the world’s largest ones in Hawaii to
quite small ones. Mauna Loa, for example, has a sub-elliptical plan, subaerial
diameters roughly 60 by 100 km, and vertical height above sea level 4170 m.
It should be noted, however, that Mauna Loa is but one of a cluster of five
coalescing major shield volcanoes that have built up the island of Hawaii,
diameter at sea level nearly 150 km, from ocean-floor depths. Three of
them, older than Mauna Loa, are either extinct or inactive; the smallest and
youngest, Kilauea, is very actively growing and extending the land area of
Hawaii southeastward. Skjaldbreidur in Iceland, situated some 70 km north-
east of Hekla, is circular in plan, diameter 10 km with a constructional
height of 600 m.

In some large shield volcanoes, the continued accession of hot magma
within geologically short periods of time raises the country rock temperature
resulting in locally high geothermal gradients. Also, because of the con-
structional height of the volcanic edifice, fresh magma may not always have
sufficient hydrostatic head to reach the surface as fissure eruptions. Under
these conditions high-level magma chambers develop within which con-
siderable fractional crystallization may take place. One visible topographic
effect is the formation of large collapse calderas inferred to overlie magma
chambers from which periodic withdrawals of magma may occur and at
times exceed replenishment. These collapse calderas have diameters of the
order of 2—5 km; they commonly contain smaller circular steep-sided
“‘pit craters’’, diameters of the order of 0.5 km, that may reveal lava pools*.

2.2.1.2. Subglacial basaltic eruptions
Living by chance as we do, in an interglacial period gives geologists the
opportunity to see, superbly exposed in Iceland, the very young products

*It is amusing to watch the thin congealing crust of a basalt lava lake developing triple
junctions, spreading ridges with associated transform fault systems, subduction zones,
etc., and to speculate whether the relatively higher density of a congealed solid crust or
convection within the underlying liquid material is the prime cause of these phenomena.
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of subglacial basaltic eruption, which incidentally offer some analogies with
and insight into submarine eruption (see Sigvaldason, 1968). In several places
in Iceland the products of a series of eruptions from one fissure systemn have
been contained by an ice sheet so as to form rather steep elongate ridges.
The ice has so recently melted that little erosion has occurred since. A good
example is the Laugarvatn region some 80 km east of Reykjavik (J.G. Jones,
1970), situated at the southern end of one such ridge, the Kalfstindar
ridge, some 25 km long and some 1—2 km in width. Vertical sequences up
to 500 m thick reveal pillow lavas akin to submarine pillow lavas under-
lying some 200 m of pillow breccias and massive palagonite tuffs formed
from glassy basaltic shards. These are strikingly yellow fragmental rocks
forming the characteristic moberg topography of parts of central Iceland.
The observed upward transition testifies to a marked change from quiet
extrusion of pillow lavas to violent explosive disintegration both of pillows
to form pillow breccias, and of basaltic magma to form shards of basaltic
glass. Vesiculation at low confining pressures has been proposed as a possible
mechanism for this explosivity, but this may not be an adequate explanation
(see next section). In places the buildup of volcanic products exceeded the
ice sheet in height, so that eventually flat-lying subaerially extruded flows
came to overlie the palagonite tuffs*. In this event, because the lava flows
have much greater resistance to erosion than the underlying fragmental
rocks, steep-sided, flat-topped hills and ridges result, the tuyas of Mathews
(1947). On the flanks of these ridges thick, steeply cross-bedded, poorly
graded units are common, indicating extensive reworking of tuffaceous
material in water under turbulent conditions. Sometimes these rocks in-
corporate spherical basalt pillows ~50 cm in diameter, distinct from the
larger pillows of the underlying subaqueously erupted pillow lava sequence.
These spherical pillows represent products of subaerial eruption that rolled
into meltwater down the flanks. The overall envelope shape of the cross-
bedded material flanking a moberg ridge commonly consists of one or more
flat terraces presumably filling subglacial meltwater chambers of large
dimensions adjacent to the ridge.

Basaltic eruption periodically recurs under parts of the present-day
Icelandic ice-caps; one manifestation of these is the sudden escape of melt-
water in catastrophic amounts — the jokulhlaups — as from the presently
active subglacial volcano Grimsvotn (Thorarinsson et al., 1960, p. 148).

2.2.1.3. Submarine basaltic eruptions

Submarine basaltic eruptions involving pillow lava formation have been
observed and filmed at shallow depths off southeastern Hawaii. Little or
no explosive activity accompanied this, and divers were able to approach

*Palagonite is a yellowish hydrogel, a hydration product of basaltic glass, that also
cements the glass and basalt fragments (see G. P. L. Walker, 1965, p. 35.)
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within arm’s length of, and even collect from, newly forming pillows. Incan-
descent magma was seen to erupt at the lava—water interface in a bulbous
mass around which, in a matter of seconds, a thin dark congealed, glassy
crust formed continuously as it swelled. The sac or pillow was seen to
distend with the inflow of lava rather like blowing up a balloon; rupture
then resulted in the formation anew of another pillow. Recent pillow lavas
have been photographed and recovered at depths continuously down to
5000 m in this same area (J. G. Moore, 1965).

Fresh-looking pillow lavas with no sediment accumulation or manganese
coating have been photographed at depth along the ocean ridges — mute
testimony to igneous activity on a scale now inferred to be an order greater
than all subaerial volcanic activity combined, unwitnessed by man and un-
suspected by most geologists until the early 1960’s.

In the geological record basaltic pillow lavas are frequently associated
both with massive flows and with tuffaceous rocks also of basaltic com-
position. An idealized sequence might be massive lavas (not always present),
followed upwards by pillow lavas, overlain in turn by pillow breccias and
bedded tuffs. This kind of sequence, in whole or in part, may be repeated
in a cyclical manner (Carlisle, 1963). One such cycle as we have seen would
be typical of the Icelandic subglacial sequences.

The observation that pillows can form in shallow water with no explosive
activity suggests that explosive vesiculation at depths shallower than that
equivalent to the critical containing pressure is not the reason for the for-
mation of these pyroclastic rocks (Sigvaldason, 1968). It has been shown
(Colgate and Sigurgeirsson, 1973) that extremely violent autocatalytic
explosions can result from the intimate mixing of hot lava and water with
large intersurface areas. This probably occurred at Surtsey when rapidly
spaced phreatic explosions of great violence resulted from the intimate
penetration of seawater through a mass of hot cinders towards an active
vent. Limiting depths below which this kind of explosive process would
likely not occur are given as 130 and 700 m, depending on the precise mech-
anism (Peckover et al.,, 1973). It would appear, therefore, that pillows can
and do form at any water depth, but that accompanying violent explosive
activity producing submarine pyroclastic material may only (or may not)
occur at depths of a few hundred metres or less, i.e. not, for example, at
ocean ridges. Given appropriately shallow-water conditions perhaps the
presence or lack of pillow breccias and hyalotuff material reflects the rate
of eruption — a high rate favouring conditions for brecciation. It is worth
noting the genetic and textural distinctions drawn by Honnorez and Kirst

(1975) between hyaloclastites — ‘‘volcaniclastic rocks generated by non-
explosive granulation of volcanic glass which takes place when basaltic
magmas are quenched by contact with water’” — and hyalotuffs — “the

actual pyroclastic rocks which are generated by phreato-magmatic and
phreatic explosions taking place when basaltic volcanoes erupt into shallow
waters’’.
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2.2.2. Andesites

2.2.2.1. Subaerial andesitic eruptions

Typical of subaerial andesitic volcanism are stratovolcanoes, alternatively
known as composite volcanoes, those magnificent transients of the geologic
scene, with upward steepening concave flanks, their beauty commonly
enhanced even at moderate latitudes at the present day by a capping of
permanent snow and ice. Their aloof grace belies a struggle of rapid and
violent growth against continuous erosion, the latter inevitably triumphant.
Fujiyama, Mt. Mayon, and Mt. Egmont, situated in Japan, the Philippines,
and New Zealand respectively, are among the best known of large present-
day symmetrical examples, and receive their due homage from pilgrims,
photographers, stamp designers and the like. The two highest are Guallatiri,
Chile, 6060 m, and Cotopaxi, Ecuador, 5897 m. Despite differences in
altitude, the constructive elevation of stratovolcanoes is commonly up to
2000 m, exceptionally 3000 m, above base level. The volume of products of
a stratovolcano is commonly of the order of 100 km?, erupted within a
geologically brief period of time.

The names stratovolcano and composite volcano derive from their being
composed of interbedded tephra and flows, the latter present in subordinate
amounts; E is thus high, usually greater than 90, commonly around 95,
sometimes even 99. Their shape derives from the angle of rest of the pre-
dominating tephra coupled with erosional processes. A high proportion of
large ejected blocks near the summit vent area results in slopes up to 35° in
inclination. The somewhat shallower lower slopes underlain by high pro-
portions of lapilli and ash are prone to mass wastage by radial gullying,
rapid stream erosion and mud flows, thus further reducing the angle of
slope until it merges into a surrounding extensive ring-plain underlain by
laharic and alluvial outwash material.

Mudflows are exceedingly common, and are initiated, for example, by
(i) ash fall and heavy rains often associated with atmospheric convection
during eruption and accompanied by frightening thunder, lightning and
darkness, or (ii) catastrophic breach of a summit crater lake, itself possibly
augmented by melting of snow and ice during an eruption. These volcanic
mudflows termed lahars contain a variable and usually high proportion of
muddy ash and exhibit a pronounced lack of sorting. They usually consist
entirely of fragments of volcanic material derived from the flanks of the
stratovolcano, although the distal portions of some huge lahars may incor-
porate non-volcanic material from over-run drainage systems. Much of the
ring plain immediately surrounding the stratovolcano is underlain by laharic
material, which in proximal zones may contain irregularly scattered block
mounds of laharic debris of large size. Reworking of laharic material results
in an outer surrounding area underlain by immature alluvial volcanic sedi-
ments. Laharic material bears a gross physical resemblance to till. Striated
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cobbles have been recorded in lahars but abrasion is never so intense as to
produce ‘““flat-iron” fragments of hard rocks as in some glacial moraine. The
distinguishing of lithified laharic material from tillite in the geological record
is not unequivocal, however, and indeed a diamictite in stratovolcanic
terrain could have had a dual origin: in the North Island of New Zealand,
for example, it has been demonstrated that some recent tills have been
subsequently subjected to mass movement as mudflows. Dimensions of
individual lahars vary greatly. The large well-documented Osceola mudflow
at Mount Rainier (Crandell and Mullineaux, 1967) travelled ~60 km along
a radial valley, submerging parts of it during its passage to depths of over
100 m, and spread out in a lobate mass over 160 km? of surrounding low-
land leaving a deposit up to 20 m thick. Numerous lahars around the com-
paratively modest strativolcano of Vesuvius have been recorded in historic
times; one of them buried Herculaneum.

The summit crater area of a stratovolcano is often complex and variable in
detail. Where a young stratovolcano is actively erupting at short intervals, the
orifice or vent is a small feature of the overall constructional shape of the
volcano. In older, less active volcanoes, there may be time between eruptions
for the crater area to be enlarged by inward collapse of the walls to form a
typical crater caldera with a diameter of the order of a kilometre. In the
intervals between eruption this can be seen to be an area of intense fumarole
activity, and is commonly also the site of a crater lake. Small eruptions may
result in small subsidiary ash cones or tholoid domes entirely within a crater
caldera. Lavas may erupt not only from within the central summit crater
area but also from the upper flanks of the volcano. Large explosive eruptions
may destroy the radial symmetry of the summit area and result in land forms
like the somma of Vesuvius after the eruption of A.D. 79, and that of Mount

St. Helens after the eruption of 1980.

Catastrophic explosive eruptions which seem to characterize the late
stage of some but not all stratovolcanoes, may result in the partial collapse
of the upper structure of a stratovolcano to form an explosion caldera,
typically of the order 4—10 km in diameter. Crater Lake, Oregon, on the
site of the ancestral Mount Mazama is a familiar example. Caldera formation
in this manner may be repeated more than once on the site of the same
volcano as for example at Tongariro, New Zealand. A more detailed dis-
cussion of this phenomenon is given in the succeeding section as it charac-
terizes a form of rhyolitic extrusive activity.

The rates of growth and decay of stratovolcanoes are surprisingly rapid.
In the central part of the North Island of New Zealand, for example,
(Grindley, 1965) there are three well-documented andesitic stratovolcanoes,
Tongariro (1968 m), Ruapehu (2796 m), and Ngauruhoe (2290 m). Andesitic
volcanism apparently began not much before early Pleistocene time as
indicated by the influx of clastic andesitic material into nearby sedimentary
sequences. Tongariro, the oldest of the trio, is now an extinct basal wreck,
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reduced by a combination of collapse and explosion at many different
centres, followed by deep erosion. It is surrounded by the remnants of a
laharic ring plain, itself deeply dissected and preserved on spurs and planezes,
with dips up to 30° radially outward. It is at times difficult, even in these
recent deposits with landforms to go on as well, to distinguish with confi-
dence between laharic material and glacial till. Ruapehu, situated some 20 km
to the south of Tongariro, is a mature high stratovolcano with a historical
record of activity limited to ash deposits and tholoids in the summit crater
lake region. Ruapehu is suffering ungoing erosion and is surrounded by a
laharic ring plain. In 1953 a lahar flow, resulting from the partial breach
of the summit crater lake, overwhelmed and destroyed a railway bridge in
the path of an oncoming express train with the resulting loss of 151 lives.
The third volcano, the very youthful cone of Ngauruhoe, has formed a
constructional relief of ~1000 m above the surrounding plain in only 10,000
years. Ash eruptions are continual, occurring every year or two, and the
pyroclastic rocks on the steep unconsolidated slopes are interbedded with
minor lava flows of which there have been several during the century or
so of European observation.

Mount Rainier in the state of Washington, one of the High Cascades peaks,
is another example of a large stratovolcano, fully described and illustrated by
Fiske et al. (1963). Constructed since the early Pleistocene of parental
pyroxene andesite, from a base level of ~2400 m, the summit of this im-
posing volcano at the present day reaches 4392 m and is inferred to have had
a maximum height ~300 m higher than this. The last significant eruption
produced a pumice layer ~600 years ago, and the volcano is presently
undergoing spectacular denudation by glacial erosion, avalanches, rock falls,
mudflows and floods. The present-day volcano is constructed on a basement
of young rocks which represent the products of a complicated history of
volcanism over a 20-Ma time span from late Eocene to late Miocene. These
include the upper Eocene Ohanapecosh Formation, 3000 m in thickness,
composed predominantly of sediments, mudflows and subaqueous pyro-
clastic flows. These were folded, regionally metamorphosed to zeolite facies,
uplifted, and deeply eroded before being overlain by up to 2400 m of ash
flows, basalts and basaltic andesites of around early Miocene age. These, in
turn, were folded, faulted, uplifted and eroded before the emplacement of
the late Miocene Tatoosh pluton, one of several comparable intrusions in the
area with outcrop diameters of the order of 10—20 km. The predominant
rock type of the Tatoosh pluton is hornblende-biotite granodiorite, but
quartz monzonite is also abundant, and lesser amounts of pyroxene quartz-
diorite and granophyre occur. The pluton is a high-level intrusion with the
form of multiple sills. It has breached its roof at several places as shown by
plugs associated with lava flows, welded tuffs and pumice lapilli tuffs, over-
lying vesiculated and autobrecciated varieties of the pluton. The foregoing
emphasizes the enormous variety of rocks emplaced within a geologically
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short interval of time in igneous activity of this type. Their relative youth
enables relative ages and stratigraphy to be worked out with confidence at
Mount Rainier. However, similar complexities in the older geological record
would prove very difficult to decipher, and geochronological investigation
would not have sufficient resolution to assign relative ages.

Geological mapping both in recently active and in older stratovolcanic
terrains is commonly bedeviled by details such as numerous local uncon-
formities of little time significance and great lateral facies variations*. Broad
facies mapping is at times practical, a concept formulated by Parsons (1968).
For example, a proximal ‘‘vent facies” would include coarse tephra inter-
bedded with lavas, minor intrusions and diatremes, and is commonly a zone
of more or less intense propylitization. An “‘alluvial facies”” would encompass
the considerable volumes of volcanogenic epiclastic deposits accumulated in
a more distal environment interbedded with tuffs and ashflow deposits. A
‘“plutonic facies”, applicable only to older dissected terrain, would include
any large, associated sub-volcanic intrusions typically of epizonal ring
dike/cauldron subsidence habit. A “marine facies” applicable to island or
coastal stratovolcanoes would include both epiclastic and pyroclastic material
laid down in seawater (C.J. Hughes and Briickner, 1971). The amount of
volcanic material represented in penecontemporaneous sedimentary rocks
is indeed large in volcanicity of this type and commonly, one suspects, still
underestimated.

2.2.2.2. Submarine andesitic volcanism

Many present-day islands characterized by andesitic volcanism may be
underlain by a pedestal composed mainly of rocks of basaltic compositions
rather than andesitic (see Chapter 8), and thus submarine andesitic volcanics
may not be abundant in the volcanic record. Lacking contemporary obser-
vation, we must turn to the geological record for evidence. An informative
account of an Ordovician volcanic marine sequence, 6 km in thickness,
passing upwards from predominantly basaltic to some more andesitic rock
types, and interpreted as a fossil island arc, is given by Kean and Strong
(1975). A thick sequence of basaltic pillow lavas, in part brecciated, passes
upwards into pyroclastic and volcanoclastic materials of andesitic derivation,
interbedded with pillowed andesite flows, overlain in turn by shallow-water
limestones, andesitic agglomerates and some subaerial tuffs. The account
includes petrographic descriptions and chemical analyses of the now some-
what altered rocks of the sequence.

*Study, for example, the complex association of lavas, mudflows, ash and nuée ardente
deposits resulting from but one recent eruption of Mayon (P. Francis, 1976, pp. 197—201,
especially fig. 48), and the comparable deposits resulting from eruptions of Mount
St. Helens, the most continually active of the High Cascades volcanoes in Holocene times
(see Crandell and Mullineaux, 1975).
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In a manner reminiscent of meteorite ‘‘finds” and ‘“falls’’, one notes that
andesite is the most abundant lava type seen to erupt at the present day,
but that for reasons of high explosion index and proneness to denudation
andesite flows are rare in the geological record.

2.2.3. Rhyolites

2.2.3.1. Subaerial rhyolitic lava flows

Rhyolitic magma typically intrudes uppermost crustal levels as domes,
of the order of up to hundreds of metres in diameter, which may or may
not breach the surface, i.e. they may technically be intrusive rather than
extrusive. This may be an academic distinction as for example with Syowa
Sinzan, a dome of hypersthene dacite which erupted in 1944 in Hokkaido,
the northern island of the Japanese archipelago. This “intruded” within a
carapace of a few metres of superficial soil, etc., and reached a constructional
height of 150 m in ten months (Yagi, 1953). Erosion has already removed
most of the soil cover but isolated pieces remain. Extrusive domes (synonym
tholoids) are commonly surrounded by a mantle of talus, the pieces of which
were often originally formed by marginal autobrecciation of the rhyolite
itself, and may sometimes be difficult to identify as talus in the geological
record. Where the tholoid is large or extruded on a slope, as for example
the upper slope of a stratovolcano, a short, thick viscous flow or coulée may
develop from it but seldom attains a length of more than 1 km. See, for
example, the photographs, drawings and description of the (trachytic)
tholoid and coulée erupted on Tristan da Cunha in 1961 (P. E. Baker et al.,
1964). Flow banding, commonly accentuated by alternating bands of glassy
and spherulitic material, is common, and is frequently preserved even in old,
completely devitrified rhyolites as alternating bands of different colour.
Autobrecciation is common in addition to flow banding, and in fact these
two structures are rarely absent from rhyolitic lava flows or from near-
surface rhyolitic intrusions. Unusually large rhyolitic lava flows, as for
example the large flow west of Yellowstone, may become autobrecciated
throughout in their distal portions and thus come to resemble a pile of
bouldery rubble. Pieces in a well-mixed autobreccia such as this can appear
remarkably different and include juxtaposed glassy, flow-banded, and lithic
varieties of different colours; close examination, however, will reveal that
they are all of the same rhyolitic composition with similar phenocryst
content (monolithologic), a feature, of course, of all autobreccias and
necessarily so because they belong to the same extrusion.

2.2.3.2. Ash flows and recent ignimbrites

Let us consider now the far more common form of eruption of material
of rhyolitic compositions, namely that produced by an inferred ash-flow
mechanism. It has been estimated that at least 95% of subaerial rhyolites
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erupted not as lava flows but as ash flows. Ash flows are presumed to be
comparable to observed nuées ardentes; if so, some must have been vastly
greater in scale than any nuées of which we have historical record. The rock
type produced by an inferred ash flow can be called an ash-flow tuff or
alternatively ignimbrite (which may, or may not, be wholly or partially
welded, and hence is more generally applicable than the term ‘“‘welded tuff’’).
The term sillar has been applied to unwelded ignimbrites that are however
indurated and coherent by reason of recrystallization during cooling (see
Fenner 1948). The overwhelming majority of ignimbrites are rhyolitic
(sensu lato) in composition and possess characteristic structures distinct
from those of lava flows of comparable compositions.

In Indonesia, a part of the world where nuées ardentes have frequently
been witnessed, they have been subdivided (see van Bemmelen, 1949, p. 193)
into two. The first, nuées d’avalanche, typically originate where parts of a
still hot but extremely viscous and essentially solid rhyolite coulée on the
steep flank of a stratovolcano may break away. The released blocks roll
down, spall and break up, liberating much hot gas from within the rhyolite.
This process of mechanical and explosive disintegration results in a small
avalanching hot, dusty cloud, tending to roll downhill because of its impetus
and bulk density. The residual deposits of a nuée d’avalanche are negligible,
but the hot cloud is capable of searing the lungs and killing. A village in its
path may be left structurally intact, with no fire damage even to dry grass
roofs, but the life of humans and livestock may be extinguished. Indonesians
call this the “black death”. The second much larger and more catastrophic
type, a nuée d’explosion, comparable to Pelée and Katmai, is the one referred
to above as parental to ignimbrites.

At Mont Pelée, Martinique, Lesser Antilles, West Indies, a viscous plug of
rhyolite was pushed out of a dome in a small volcanic complex over a period
of nine months. The curious, continually crumbling ‘‘spine” so produced,
~200 m in diameter, slickensided along parts of its outer contacts, had a
total constructive height of 850 m, and was evidently a reflection of great
underlying pressure. From places around the foot of the spine, several
nuées ardentes were erupted over a period of months. Sudden intermittent
explosive release of hot vesiculating magma, gas, dust and rock fragments
produced not only voluminous clouds of ash and debris, but also in each
eruption a dense billowing nuée, dull-red in colour, hugging the ground and
travelling downslope at a velocity of ~60 km/hr. Several of the nuées con-
veniently became channelized into radial valleys away from habitation.
One, however, on the morning of May 8, 1902, followed a different course
and devastated the town of St. Pierre, killing almost instantaneously all
30,000 inhabitants except, so the story goes, the fortunate although badly
burnt inmate of a subterrranean dungeon that had only one tiny aperture
that faced away from the advancing nuée. The sole geological evidence of
the passage of the nuée was a layer of 30 cm of unconsolidated vitric ash,
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insignificant one might add when compared with the thickness and the areal
extent of some ignimbrites in the geological record.

The much larger eruption of Katmai, 1912, was associated with the syn-
chronous formation of a collapse caldera ~5 by 3 km across. The nuée,
witnessed from a boat at sea, was channelized in a deep glacial valley. Pro-
ducts of the eruption reached a maximum of some hundreds of metres in
thickness with a generally flat top surface. Rising steam, generated probably
in large part from the underlying water-logged ground, escaped in numerous
fumaroles that lasted up to several decades, resulting in the name of the
“Valley of the 10,000 Smokes’. Subsequent rapid gully erosion has revealed
a little of the structure of the upper part of this ignimbrite or ash-flow
deposit. A detailed account of the stratigraphy of the ejectamenta resulting
from this eruption and its complexity in detail is given by Curtis (1968).

Indian legend, handed down by word of mouth over more than 200 gen-
erations, records the catastrophic eruption of the ancestral stratovolcano,
Mount Mazama, ~8000 years before present, to produce the present Crater
Lake (a lake-filled explosion caldera ~6 km in diameter with a small younger
volcanic cone inside it), together with thick ignimbrite near the volcano, and
an extensive ash deposit over much of the northwestern U.S.A. (Howel
Williams, 1942). The fragmental products that have been identified and
mapped are estimated to aggregate to 40 km3, a figure that corresponds well
enough with the estimated 60 km? representing the vanished upper part of
the ancestral Mount Mazama.

The Bishop Tuff is a very large composite Pleistocene ignimbrite, erupted
~0.7 Ma ago, that outcrops over ~1000 km? in eastern California, just S.E. of
Mono Lake. With an estimated average aggregate thickness of 150 m, the
several component ignimbrite member flows constitute a total volume of 150
km3. To this figure should be added a further inferred volume of 350 km? of
intracaldera ignimbrite almost wholly buried within the huge parental Long
Valley caldera nearby, ~17 X 32 km in size. Allowance should also be made
for an estimated 300 km? of accompanying air-fall ash material dispersed over
much of the western U.S.A. thus making a grand total, allowing for the
porosity of the pyroclastic rocks, of ~600 km?® of magma (R. A. Bailey et al.,
1976). As a result of this young age, the form and structure of the Bishop
Tuff outside the caldera area are easily comprehensible, and examination is
facilitated by deep gorges incised into its remarkably flat upper surface.

The account of the Bishop Tuff by Gilbert (1938) is a model of lucid
petrographic description and interpretation, which, although just postdating
Marshall’s (1935) classic account of New Zealand ignimbrites (Marshall coined
the term ignimbrite), anticipates a great deal of the concepts in the classic
syntheses on ash flows of R.L.Smith (1960) and Ross and R.L.Smith (1961)*.

*See the excellent historical introduction by C. E. Chapin and W. E. Elston and other
specialised articles in the Special Paper of the Geological Society of America entitled
“Ash-flow tuffs” (Chapin and Elston, 1979).
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The geologic setting of the area was one of continual rhyolitic and andesitic
volcanism in Miocene times followed by the extrusion in early Pliocene times
of olivine basalts and a large rhyolite mass. Numerous normal faults have
been active up to the present time and movement on some is younger than
the Bishop Tuff which itself overlies a Pleistocene moraine. Since the eruption
of the Bishop Tuff, there have been basalt flows, andesite domes, rhyolite
domes and explosive rhyolite eruptions depositing rhyolitic pumice. Some of
the ash-flow eruptions were so closely spaced in time that their resultant
stacked ignimbrites behave as one cooling unit. Other more widely-spaced
ash-flow eruptions evidently permitted some alluvial reworking of soft,
ashy ignimbrite tops between successive eruptions.

A comparison of these geologically very young ash-flow deposits with
many older ignimbrites in the geological record including the Precambrian
leaves little room to doubt their overall similarity and a presumed similar
mode of formation.

2.2.3.3. Structure and origin of ignimbrites

The four components of ignimbrites are vitric shards, variable proportions
of pumice fragments and crystals (often partly broken), all representing the
parental magma of the eruption, and a further variable proportion of angular
lithic fragments reamed from the walls of the vent during the extrusion
process. Although the relative proportions of these four components often
appear to show little or no variation within individual outcrops of ignimbrite,
detailed studies of sections of young ignimbrites show that this first im-
pression of homogeneity may be misleading.

In addition to being sandwiched between a thin, underlying ground surge
deposit and a thin, overlying ash deposit, all resulting from the one eruptive
episode, individual ignimbrite units may reveal a variation in the size and
frequency of clasts. The tendency is for the larger lithic clasts to be con-
centrated towards the base and for pumice fragments to become concentrated
towards the top. The very lowest part of the ignimbrite may be poor in
lithic fragments and show a reverse grading in clast size (Sparks et al., 1973).
Roobol (1976) has demonstrated a considerable amount of fractionation
between lower welded ignimbrite zones relatively enriched in lithic and
crystal material and upper soft zones relatively richer in vitric material.
These fine-grained, soft, ashy tops of ignimbrites are particularly prone to
erosion and are thus commonly not preserved in situ in the geological
record, so that older ignimbrites often give the impression of being crystal-
rich. As well as this possible vertical variation reflecting the behaviour of
clasts in the flow regime of the nuée and accompanying ground surge and
ash clouds, regional investigation often reveals a lateral variation. Kuno
et al. (1964), for example, studied some 200 outcrops over an area of some
10* km? of a large Pleistocene ignimbrite originating from the Towada caldera,
Japan, and documented a significant lateral variation in the abundance and
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maximum size of lithic clasts, the larger lithic clasts as would be expected
proving to be more abundant near the vent area. See also Briggs (1976a, b)
for documentation of lateral variation within a New Zealand ignimbrite unit.

Superimposed on these mechanical effects are the post-accumulation
flattening, welding, and devitrification processes that account for much of
the distinctive and varied appearances of ignimbrites. R. L. Smith (1960)
and Ross and R. L. Smith (1961) in landmark review papers suggest accu-
mulation of ignimbrites at temperatures around 600°C and above. The very
marked vertical variation in appearance within most ignimbrites reflects:
(i) a progressively higher degree of flattening and welding of the still hot
shards and pumice fragments (fiamme) towards the base (but often ex-
cluding a lowest zone of less welded material in contact with cold bedrock),
resulting in the eutaxitic structure that is specific to ignimbrites; and (ii) a
variable degree of primary devitrification of glassy material during cooling,
generally more complete towards the top of the ignimbrite where devitrifi-
cation was catalysed by the upward passage of hot gases. A young ignimbrite
devoid of lithic fragments (which on incorporation are cold and thus reduce
the bulk temperature of the ignimbrite) could, therefore, show an upward
variation in texture as follows: (a) a relatively unwelded base; (b) vitrophyre
of dense, black, obsidian-like appearance; (c¢) vitrophyre with scattered
spherulites produced during high-temperature, primary devitrification;
(d) lithoidal (i.e. devitrified and crystalline as opposed to glassy) matrix
with prominent, flattened, black pumice fragments; (e) overall lithoidal
rock; (f) similar but increasingly porous on a small scale upwards; and (g)
unconsolidated ashy top resembling air-fall material. In the geological
record, lithification and a later secondary devitrification (commonly com-
plete in all originally glassy acid igneous rocks older than the Tertiary)
can be anticipated. Many ignimbrites show vertical columnar jointing,
developed on a more massive scale than that of some basalts and diabases
but for the same reason — cooling of a static mass.

Once the nature of these complications is appreciated, even individual
ignimbrites, both young and old, can often be identified in outcrop in areas
exposing many ignimbrites, not only on the basis of a distinctive proportion
of crystals and lithic fragments but also on the basis of their structure and
appearance.

Several closely spaced nuées may result in superimposed ignimbrites that
accumulate over such a short period of time that they effectively become
one cooling unit, with an overall upward pattern of variation in degree of
welding, devitrification, etc., superimposed on the stack of individual flows.

Some apparently cogenetic ignimbrites of one cooling unit show distinct
chemical variation in the sense of a more basic composition upwards (usually
over a rather small compositional range). The ignimbrites resulting from the
explosion caldera of Mount Mazama, for example, show a transition from
pale-grey dacitic varieties below to darker-grey andesitic varieties above. One
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of the clearest descriptions and documentation of this phenomenon is that
by Katsui (1963, pp. 641—646), who records increases in density, darkness
in colour, and phenocryst content upwards resulting in a change from rhyo-
litic pumice to dacitic ignimbrite in erupted products associated with caldera
formation of Shikotsu and Mashu volcanoes in late Pleistocene time in
Hokkaido, Japan.

This phenomenon is interpreted as reflecting the progressive evacuation
of a zoned magma chamber from the top downwards. There is independent
isotopic evidence for the existence of a long-lived (0.14 Ma) differentiating
magma chamber below the andesite volcano of Iraza, Costa Rica, (Allegre
and Condomines, 1976), such longevity would favour processes of crystal
fractionation and upward diffusion of water within the magma chamber
(see Chapter 7). The overall effect of these inferred processes results in the
production of compositionally-zoned magma chambers with increasing
water contents upwards and developing in their upper parts relatively acid
magmas under pressures potentially greater than confining pressure. The
weakest link in the covering rocks between this potentially explosive magma
chamber and the surface, such as a previously formed volcanic conduit, a
fault, a joint system, or a newly formed fissure, may thus become the site of
explosive eruption of nuée ardente type. Catastrophic evacuation of the
zoned magma chamber from the top downwards could, therefore, result
in the observed reverse zoning in the accumulated ignimbrite product of
the eruption.

An instructive parallel has been drawn (Healy, 1962) between the “flash-
ing”” of water into steam in periodic geyser eruptions and the paroxysmic
eruption of vesiculating ignimbrite that causes large near-surface chambers
of acidic magma to lose magma, heat, and gas, and much of their eruptive
potential in catastrophic evacuations, leaving behind only relatively small
amounts of degassed magma that may later erupt as domes and tholoids.

It should be noted that the larger ignimbrites plus their accompanying
air-fall ash deposits represent, by up to two orders of magnitude, the largest
individual volcanic eruptions on Earth. In some instances their volume
(equivalent to that of the catastrophically evacuated magma chamber)
exceeds that of the entire products of an andesitic volcano, a factor of
petrogenetic significance.

2.2.3.4. Geologic setting of rhyolite eruption _

Rhyolite eruptions occur in diverse geologic settings. The most obvious
from present-day land forms are those associated with the formation of
explosion calderas centred on mature andesitic stratovolcanoes, Crater Lake
being an outstanding example.

Within the San Juan volcanic field of Colorado the detailed compilation of
Steven and Lipman (1976) shows that eighteen major ignimbrites were
deposited and as many related calderas developed in late Oligocene time
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over a short time span (30—26 Ma ago). The ignimbrites overlie and overlap
the products of a coalescing assemblage of early Oligocene (35—30 Ma ago)
stratovolcanoes that erupted voluminous andesitic material over an area of
2.5 + 10* km®. The development of the calderas is believed to chronicle the
emplacement of successive segments of an underlying shallow batholith,
strongly differentiated in places to produce large volumes of silicic rock,
its position indicated by a major gravity low with sharp marginal gradients.
The ignimbrites have an estimated total volume in excess of 9000 km?; the
largest ignimbrite unit, the Fish Canyon Tuff, has an estimated volume in
excess of 3000 km? and is associated with the enormous La Garita caldera
~30—40 km in diameter (in part obliterated by later caldera eruptions).
These ignimbrites, therefore, appear to belong to a definable later stage of
igneous activity than the preceding andesites.

Not all calderas, however, are associated, even tenuously, with andesitic
volcanoes. Some calderas associated with voluminous rhyolitic pumice and
ignimbrite occur in areas of greatly subordinate andesitic volcanism as, for
example, the Taupo volcanic zone of the North Island of New Zealand.
The Taupo zone forms a southern extension of the back-arc spreading
Lau Basin where the latter intersects continental crust in New Zealand.
Overall, the Taupo zone is a large complex graben structure of Pleistocene
age ~200 km in length and ~50 km in width. Numerous active normal
faults, both bounding and within the graben, have resulted in a maximum
aggregate downthrow of 3.5 km. The graben is filled with young volcanic
rocks; extrapolated estimates based on surface exposures indicate that these
comprise at least ~40 km® of high alumina basalt, ~800 km® of andesite,
and 16,000 km® of greatly predominating rhyolitic material (Healy, 1962).
The products of rhyolitic eruption overlap the edges of this great volcano-
tectonic depression making exact delineation of its shape difficult without
recourse to interpretation of geophysical measurements. Four large shallow
calderas, ranging from 15 to 30 km in diameter, now mainly occupied by
lakes, have apparently acted as the centres for large ignimbrite eruptions.
These were succeeded by the eruption of rhyolite domes emplaced both
around the edges and in the central parts of some of the calderas, followed
in turn by violent ash-fall eruptions producing pumice deposits which
blanket the area (Ewart and Stipp, 1968).

Voluminous ignimbrites of the classic Basin and Range province extend
over 1.5-10° km? in central and eastern Nevada and southwest Utah. The
central part of the province has been lucidly described by E. F. Cook (1965),
who records ignimbrite sequences up to 1 km thick. Radiometric dating
indicates that although there is some overlap, the ignimbrites, from 34 to
22 Ma old are mainly younger than high-K andesites, 37—33 Ma old, present
in the same general area (McKee and Silberman, 1970). Crustal extension,
involving the characteristic half-graben faulting, and associated with bimodal
basalt/rhyolite volcanism, began suddenly at a significantly later date. The
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most sharply defined dates in the above generalized sequence are the onset
of andesitic volcanism (37 £ 1 Ma) and the commencement of crustal ex-
tension (16.5 £ 0.5 Ma), both apparently occurring almost simultaneously
over this part of the Great Basin*. The voluminous early ignimbrites are of
calc-alkaline affinity and may represent the later stages of the preceding
andesitic volcanism. Younger ignimbrites, however, tend to be highly silicic
and are petrographically and chemically similar to rhyolites in areas of
bimodal basalt—rhyolite volcanism (Noble, 1972). Several calderas have
been recorded (see, e.g. Noble et al.,, 1968) but many of the ignimbrites
are considered to have been erupted from linear fissures. Evidence, partly
circumstantial, for a linear vent zone associated with younger (15 Ma)
rhyolitic ash and lava flows in northwest Nevada is given by Korringa (1973).
Ignimbrite plugs and dykes fill vents from which some Oligocene ignimbrite
was erupted in Nye County, southern Nevada (H. E. Cook, 1968). A massive
fissure vent, 1 km long, 60 m wide in its deepest part exposed and flaring
rapidly upwards to over 400 m wide over a vertical distance of 400 m,
merges with an ash-flow unit, 25 Ma in age, in west-central Nevada, and has
been interpreted as a feeder to it (Ekren and Byers, 1976).

The question of source vents for large ignimbrites in apparently caldera-
less terrain remains somewhat problematical (see, e.g., the discussion in
G. A. Macdonald, 1972, pp. 268—271). They would have to be of a fair
size to feed the quantities involved in large ash-flow eruptions, and not-
withstanding the above discoveries, they appear to be embarrassingly rare
in the geological record, even in appropriately dissected terrain. One inferred
igimbrite vent in Mexico (J. V. Wright and G. P. L. Walker, 1977) is covered
by a ‘“‘co-ignimbrite lag-fall deposit” consisting mainly of large lithic frag-
ments, believed to have been formed by the collapse of an eruptive column
of nuée ardente material.

In the older geological record, volcanic rocks including rhyolitic lavas and
ash flows can be seen to be associated in space and time with shallow epizone
intrusions, commonly in subsided central blocks (see ring complexes in next
chapter). Examples include the classic Devonian complexes of Glen Coe and
Ben Nevis, Scotland, (E. B. Bailey, 1960) and the Jurassic ‘Y ounger Granites”
of northern Nigeria (Jacobson et al., 1958). In the latter area there are
numerous ring dykes and cauldron subsidence intrusions emplaced at high
crustal levels, and in placez “he magmas breached the surface resulting in
rhyolitic flows, some of them distinctively peralkaline, matching closely
the compositions of the intrusive rocks. Surface landforms of the volcanic
activity are not preserved, but large volcanoes do not appear to have been
formed.

*Note again, in passing, how the relative ages are easily obtained in these youthful rocks,
but in contrast how radiometric data alone would scarcely resolve these events in say
Palaeozoic or older rocks.
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Some large circular or sub-circular structures in rhyolite volcanic fields
could, therefore, reflect the position of underlying epizonal magma chambers.
Vents might be aligned around the circumference of the structure or perhaps
within it. Some kind of connection in this way of surface volcanism with
underlying magma chambers is suggested by the phenomenon of resurgent
cauldrons, of which the Valles Caldera, New Mexico, is an outstanding
example.

The Valles caldera is apparently just old enough to encompass a complete
sequence of events relating to the development of the caldera and young
enough for the evidence to be well preserved. The history of the caldera
began with the eruption of the Bandelier tuff — actually very large masses of
ignimbrite forming two cooling units, each ~200 km?® in volume, erupted
14 and 1.0 Ma ago. A 20-km-diameter caldera formed during the later
eruption and largely obliterated evidence of a caldera of comparable size
associated with the earlier eruption. The younger caldera became the site of
further intermittent eruption of rhyolite domes and pyroclastics over a time
span of a million years to the present (Doell et al., 1968). R. L. Smith and
R. A. Bailey (1968), in a comparison of the Valles caldera with similar
structures elsewhere, drew attention to: (1) early doming of an area some-
what greater than that of the area of the calderas and the generation of ring
fracturing prior to any large ignimbrite extrusion; and (2) resurgent doming
early in the post-collapse history of the caldera. A resurgent dome, some
10 km in diameter, occupies a central position within the calderaand displays
an intricate pattern of normal faulting producing structural relief up to 1 km.
Post-caldera volcanism occurs both within the central resurgent dome and
around the original caldera rim zone, comprising domes, plugs, lava flows
and pyroclastic cones; the eruptive material is silicic rhyolite throughout.

Smith and Bailey demonstrate that these phenomena are paralleled by
several other examples; they are thus not fortuitous but related presumably
to a common cause that most likely is magmatic pressure. Resurgent calderas
then are held to reflect the accession of large bodies of underlying acid
magma by large-scale stoping along ring fractures to shallow levels in the
Earth’s crust and thus distinct from andesitic stratovolcanoes. At Valles
and related examples we witness the surface manifestations of this; in
older central complexes we see only the complementary intrusive rocks (see
Chapter 3).

The contrast between the readily observed continual relatively quiet
upwelling of magma in areas of active basaltic volcanism and the legitimately
inferfed rare catastrophic nature of the larger rhyolitic eruptions is indeed
striking. Catastrophism is not a favoured word with geologists who are
conventionally trained to think in terms of ‘“‘uniformitarianism”, or perhaps
better ‘‘actualism’ (see discussion in Holmes, 1965, p. 44). However, we
should not forget the puny time scale of recorded human history, some
0.005 Ma at best, compared with that of geological history. Some geological
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phenomena could be so infrequent as to be indeed statistically unlikely
to have been recorded, and events leading to the production of the large
ignimbrites would appear to belong to this category, perhaps fortunately
so in view of their catastrophic nature. Ironically in this connection, one
civilization, the Minoan, may not have had the opportunity to record an
event of this dimension because it was apparently extinguished by the
eruption of Santorini about 1470 B.C. Ruins have been excavated from a
layer of ~30 m of pumice lapilli at Santorini, a picturesque innocent-looking
group of islands that form an incomplete rim to a caldera~10 km in diameter
(Bond and Sparks, 1976)*.

One further actualistic comment is that one cannot fail to be impressed
with the frequency of young ignimbrites in many recently glaciated areas
of the northern hemisphere. Their abundance in the Holocene of Hokkaido,
the northernmost island of Japan for example, just does not square with
their lesser abundance in the preceding geological record there. One must
reckon, of course, just as with andesite stratovolcanoes, with rapid erosion
and the eventual preservation of much igneous material, particularly the
unwelded ashy tops of ignimbrites, as epiclastic deposits. Nevertheless, it
may be that a marginal reduction in confining pressure on high-level magma
chambers, caused by the removal of ice by melting in an interglacial period,
could have triggered the explosive release of material to form ash flows.

2.2.3.5. Subaqueous rhyolitic volcanism

Fragmental products are the rule in subaqueous rhyolitic volcanism. A
rare example of a ‘“pseudo-pillow’ structure developed in dacite which
extruded into water has been described from the Aso caldera, Kyushu,
Japan (Watanabe and Katsui, 1976):

...“The mechanism of formation of the pseudo-pillow lavas can be interpreted as
follows: The viscous lava is cracked with curved or spheroidal fissures during movement
and cooling in water. Water penetrates into the fissures, and cooling contraction pro-
duces columnar joints perpendicular to the fissure. Then, pillow-like blocks split
away, and the outer rim of the blocks cuts the flow layers obliquely. This is an im-
portant feature that distinguishes the acidic pseudo-pillows from basaltic pillows.”

The formation of these pseudo-pillows thus occurred when the lava was
essentially already solidified as opposed to true pillows which form a bulbous
sac of liquid magma. These pseudo-pillows are somewhat of a curiosity.

On a much larger scale, Fiske (1963) has given a classic description of
voluminous subaqueous pyroclastic flows that constitute almost half of the
3000 m thick Ohanapecosh Formation in the eastern part of Mount Rainier
National Park, Washington.

*See, however, Pichler and Schiering (1977) for evidence that a devastating earthquake
may have been the actual cause of the demise of the Minoan civilization.
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..."“The Ohanapecosh subaqueous pyroclastic flows are extensive, nonwelded
deposits of lapilli—tuff or fine tuff—breccia ranging in thickness from 10 to more
than 200 feet. They are interbedded with thinner and generally finer turbidity-current
and ash-fall deposits formed by smaller and more water-rich slumps of pyroclastic
debris from the underwater volcanoes and by ash falls that rained into the water.

The three main types of flows are thought to be related to three different kinds of
volcanic activity. The most common flows — those containing a variety of lithic
fragments and variable amounts of pumice — were probably produced by underwater
phreatic eruptions. The flows rich in pumice and glass shards were probably caused
by underwater eruptions of rapidly vesiculating magma which, on land, would have
produced hot ash flows or ash falls. The least common flows — those containing only
one or two kinds of lithic fragments — were probably derived from fairly homogeneous
bodies, such as domes, spines, and lava flows that were erupted into water and frag-
mented by steam-blast explosions.”’

The parental magmatic material ranges in composition from rhyolite through
dacite to andesite.

The petrography and structure of a subaqueous pyroclastic flow unit, the
Caradocian Frondderw Ash of the Bala district, North Wales, has been
described and illustrated in considerable detail by Schiener (1970) and
usefully contrasted with a subaerial vitric tuff and a water-lain vitric tuff
occurring in the same area.

Niem (1977) describes two thick tuff units of Mississippian age from the
deep-marine QOuachita flysch basin, and infers that:

..."“These tuffs were probably formed by highly explosive eruptions of vesiculating
acidic magma from a vent or fissure that produced incandescent avalanches of pyro-
clastic debris and accompanying ash clouds. The hot turbulent suspensions were
rapidly quenched by sea water to form steam-inflated density slurries that flowed
into the Ouachita basin. Pyroclastic flows created thick, density-graded, pumiceous
vitriccrystal tuff. Numerous smaller density slurries following the main flow in rapid
succession deposited the overlying bedded pumiceous tuff. Toward the end of each
volcanic eruption, continuous settling of fine ash formed thick, fine-grained upper
vitric tuff.”

Niem also comments that:

“the interaction of volcanic and sedimentary processes in the formation of sub-
marine pyroclastic deposits generally has been overlooked by volcanologists and
sedimentologists’.

Considerable work on acid submarine volcanism has been accomplished
in the ““Green Tuff’’ regions of Japan in connection with the well-known
Kuroko stratabound sulphide deposits which are of considerable economic
importance. The following comments are taken from the well-referenced
reviews of T. Sato (1974) and Lambert and T. Sato (1974). Subsidence in
these regions below sea level in latest Oligocene time was followed by violent
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volcanism building up volcanic and clastic sequences up to several thousands
of metres in thickness. Composition of the erupting volcanic material changed
with time from andesitic to more felsic. It is evident that the major Kuroko
deposits occur at a similar stratigraphic horizon, ~13 Ma in age, in close
association with rhyodacitic volcanic rocks comprising lava domes and closely
associated breccias. These deposits each appear to be the products of a single
volcanic cycle of a submarine volcano, the mineralization belonging to its
waning stages. In a typical Kuroko deposit, Kosaka, nine separate domes
were emplaced at or close to the sea floor during part of a short eruptive
cycle. Tuff breccias underlying the ore deposits are considered to have been
produced by magmatic explosions followed by repeated steam explosions
as the hot felsic lavas came into contact with seawater (in a manner reminis-
cent of the Moberg formations of Iceland, see p. 33). The lavas continued
to rise forming domes, of which the flanks were brecciated by further steam
explosions. The Kuroko deposits formed adjacent to the brecciated domes
in the waning stages of the eruptive cycle. Some later explosive activity is
indicated by brecciated and transported ore, and by breccia dykes which
contain fragments of basement rocks, rhyolitic lavas, and ore.

2.2.4. Kimberlites

The last type of volcanic activity to be described is that which has been
called the diatremic association. It is the characteristic mode of eruption of
kimberlite, of most highly alkalic basic rocks such as melilites, ankaratrites
and nephelinites, and of some alkali basalts. Some hypabyssal rocks show
evidence of diatremic emplacement, notably lamprophyres, carbonatites,
and some members of the appinitic association. Furthermore, diatremic
activity is not confined to these classes of rocks, but characterizes in addition
near-surface igneous activity of intermediate and acid rocks. Diatremes
develop at crustal depths shallower than the critical vesiculation depth of
the magma [the ‘“‘saturation level” of McBirney (1974)]. Under these cir-
cumstances and given adequate amounts of gas, the generation and release
of magmatic gas produces a fluidized system generated at depth in which
gas is the predominant constituent by volume. The system then undergoes
enormous volumetric expansion as confining pressure is reduced during
its upward ascent to the surface. The typically upward-flaring kimberlite
‘“‘pipes’’ are the outstanding example of diatremes. The mechanism of
kimberlitic diatreme emplacement indicates that some of the ejected material
may have achieved velocities in excess of Mach 3, with the temperature of
the gas phase below 0°C due to adiabatic expansion!

Where diatremes become enlarged beyond a certain size considerable
spalling off and down-sliding of large blocks occurs around the steep flared
sides of the vent, and often an aggregate circular fault develops at the surface
of the order of up to 2 km in diameter with a downward displacement within.
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The beds preserved within the upper part of the vent may consist largely of
bedded pyroclastics formed in the earlier stages of the eruption; these beds
often become tilted due to slumping with appreciable inward dips up to
25° or even 50°. These may be intruded in a complex manner by tuffisite
veins and are commonly overlain by washed-in and reworked pyroclastics
of the original outer surrounding constructive cone (Hawthorne, 1975;
Lorenz, 1975). Shallow, often water-filled depressions result, termed maars
in their type area of Eifel in Germany, surrounded by a shallow rim of
ejecta. Recent examples are commonly either very poorly exposed or not
exposed at all. Well-exposed examples of such diatremes showing the above
features, associated with alkali basalt of Carboniferous age, occur in the Elie
district of Fifeshire, Scotland, where they have been well documented both
from excellent coastline exposures and from intersections in coal mine
workings (E. H. Francis, 1970). A detailed discussion of examples of ‘‘maar-
type” volcanoes and their eroded remnants , diatremes, is provided by
McGetchin and Ullrich (1973).

It should be noted that superficially similar landforms can result from
phreatic explosive eruptions where rising magma of more usual type and
behaviour comes into contact with water-logged ground. In the Auckland
district of New Zealand, for example, numerous Holocene eruptions of
common alkali basalt generally form low-angle flows around small shield
volcanoes with little associated explosive activity. Where, however, vents
happen to have occurred in low-lying ground with unconsolidated, water-
logged sediments, inferred phreatic eruptions have resulted in shallow
craters ~1 km across.

Comparable landforms to the surface manifestation of diatremes on
Earth occur on the surface of the Moon and may be distinguished with some
difficulty from impact craters of comparable size by slightly lower profiles,
but more strikingly by their localized occurrence in some instances in
strings within rilles in a more organized manner than that produced by
chance meteorite impacts (Baldwin, 1965).

Some lapilli tuff cones as for example in Oahu, Hawaiian islands, contain
a large proportion of rounded ultramafic cobbles, typical of the nodular
inclusions common in highly alkaline basalts, associated with spatter of
nephelinite composition. Presumably, a high rate of magmatic elutriation
followed at high crustal levels by a high rate of diatremic gas flow would be
necessary to transport these dense nodules to the surface.

The diatremic association described above would seem to be equatable
with the ‘‘Plinian’’ type of eruption occurring in some stratovolcanoes, in
eroded examples of which shallow diatremes of subterranean tuffisite are
not uncommon. In these instances the role of heated meteoric water relatively
to that of juvenile gas may become increasingly important. The heating of
initially cold water to magmatic temperatures within a confined space could
lead to extremely high pressures with consequent explosivity and high pro-
jectile velocity of tephra from vents (McBirney, 1974).
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TABLE 2.1

Simplified classification of fragmental rocks resulting from volcanic activity

AUTOCLASTIC ROCKS extrusive: flow breccias
(produced by relative movement . o . . .
- . intrusive: intrusion breccias
within an igneous body)
PYROCLASTIC ROCKS subterranean: explosion breccias
(produced by explosive activity) intrusive breccias
surface: air-fall material
ignimbrites

base surge deposits

submarine: pillow breccias and hyalotuffs
subaqueous pyroclastic flows

EPICLASTIC ROCKS subaerial and subaqueous volcanic sediments
volcanogenic material (reworked and lahars
by sedimentary processes)

2.3. FRAGMENTAL VOLCANIC ROCKS

So far the subject of volcanism has been presented in terms of volcanic
activity. The resultant products are recognizable readily enough when they
are lava or ash flows. The distinguishing of the many kinds of fragmental
rocks resulting from volcanic activity (and near-surface igneous activity)
remains, however a constant source of practical difficulty in the field.
Two indispensable reviews dealing with these difficult groups of rocks are
those by Fisher (1966, with references to his earlier papers) and by Parsons
(1969). As a basis for a brief outline discussion here, a simplified classifi-
cation, in large part composed of rock types already incidentally referred
to in this chapter, is presented in Table 2.1. This classification is not without
imperfections and overlaps: recent mappable ignimbrite units, for example,
comprise an extensive upper part of air-fall material; subaqueous pyroclastic
flows show depositional structures; epiclastic rocks include varieties showing
very different degrees of proximal volcanic derivation;hyalotuffsin particular
could be further subdivided, etc. (see Silvestri, 1965). However, increasingly
complete classifications designed to take account of all possible genetically
distinct rock types rapidly become unwieldly. The synopsis of Table 2.1,
therefore, is a pragmatic one in which genetic considerations in part give
precedence to those based essentially on readily distinguishable rock types.

2.3.1. Autoclastic rocks

Autoclastic flow breccias result from the continued flow of highly viscous
lavas, resulting in stresses set up between adjacent bodies of lava moving with
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differing velocities that in the time available can only be accommodated by
rupture. Common examples are autobrecciated rhyolite and andesite flows
and the blocky tops of some distal basalt flows. Fragments are angular,
tending to become subrounded with movement, and show a range in size up
to several centimetres or even decimetres. An account of the mechanism of
the process of flow folding accompanied by autobrecciation, illustrated by
colour photographs of rhyolites from the very large Lebombo flows, is given
by Wachendorf (1973).

Autoclastic intrusion breccias originate in a similar manner subterraneously
and characterize the margins of rhyolitic plugs and domes emplaced close to
the surface as degassed highly viscous magmas. Intrusive rocks of other com-
positions only rarely show autobrecciation.

A characteristic of all autoclastic breccias is that they are necessarily
monolithologic, i.e. they are composed of fragments of the same parental
igneous rock. Mixing in a large, moving, rubbly pile of autobrecciated
rhyolite may bring together superficially different fragments of variable
colour, crystallinity, and development of flow banding, but closer examina-
tion will reveal their monolithologic character.

2.3.2. Pyroclastic rocks

Subterranean pyroclastic rocks are formed by the explosive escape and
passage of gas which may be juvenile and/or heated meteoric water. They
occupy diatremes and smaller vents and veins. A convincing analogy has
been made with the industrial process of fluidization (D. L. Reynolds, 1954,
p. 577):

...“Fluidization is an industrial process in which gas is passed through a bed of
fine-grained solid particles in order to facilitate mixing and chemical reaction. At a
particular rate of gas flow the bed expands and the individual particles become free to
move. With increase in the rate of gas flow a bubble phase forms and travels upwards
through the expanded bed in which the particles are violently agitated; the bed is now
said to be fluidized. With continued increase in the rate of gas flow more and more
of the gas travels as bubbles containing suspended solids, until ultimately the solid
particles become entirely entrained and transported by the gas.”

Where the rate of gas flow is relatively low, only sand-sized and smaller
particles may be transported rapidly upwards with the escaping gases, and
the larger fragments will remain in the vent. The latter become exceedingly
well-rounded due to this sand-blasting action, and come to resemble in
lithology a coarse, closely-packed conglomerate. Notwithstanding their
rounded appearance, they have come to be called explosion breccias (Richey,
1932). The large rounded fragments, commonly the size of a football, are
generally composed of the adjacent country rock; next to the vent the
country rock is often cracked and large angular pieces may occur in the wall
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zone of the vent. Some movement of fragments within the vent may occur,
however, as during the passage of gas there is a violent jigging action and
small relatively heavy fragments in particular tend to work downwards as a
consequence of this.

With a higher rate of gas flow fragmental material of all sizes may become
physically transported with the exception of large spalled and slumped
masses of country rock in the wall zone. The characteristic rock type pro-
duced is an intrusive breccia (also known as intrusive tuff breccia or tuffisite),
in which the larger fragments are typically less well rounded and tend to be
relatively more widely spaced than in the explosion breccias. Tuffisites
generally occur in smaller bodies than the vent explosion breccias, ranging
downwards in size to narrow dyke-like bodies a few centimetres wide. The
tuffisites display intrusive contacts with country rock or with other vent
pyroclastics. Given their inferred mode of origin, it is not surprising that
tuffisites often contain exotic fragments carried from lower crustal levels.
The extreme example of this, of course, is the range of mantle and crustal
samples incorporated in kimberlite diatremes. Also characteristic are frag-
ments of epigranite transported upwards in tuffisite into overlying volcanic
terrain in vents of much more modest dimensions and vertical extent associ-
ated with intermediate and acid volcanism.

The two types of subterranean pyroclastic breccia occur in close spatial
and time association in the Isle of Rum, Scotland (C. J. Hughes, 1960),
where the more deeper-seated tuffisites contain fragments of vesiculating
magma in addition to the usual mixture of country rock fragments. It is
important to bear in mind that in nature there will be a range in scale,
rates of gas flow, and perhaps a complicated sequential history of sub-
terranean explosive events within one vent complex, so that considerable
variability in lithologies is to be anticipated. Note also the description by
Bowes and A. E. Wright (1967) of apparently deeper-seated explosion-
breccia pipes, some of them blind, near Kentallen, Scotland associated
with the intrusion of gas-charged basic magmas of kentallenite affinity.

Air-fall material forms perhaps the most easily appreciated group of
fragmental volcanic rocks. It lends itself tc description based on such readily
observable parameters as:

(1) Grain size: ash, lapilli, blocks or bombs (the upper and lower size
limits of lapilli vary according to different writers; a reasonable consensus
is 2 and 64 mm). Lapilli and coarser material will contain some proportion
of finer-grained material interstitially.

(2) Type of ejected material: blocks (of country rock); bombs (of hot
lava); vitric (small fragments of glassy igneous material); crystal (originating
from magma phenocrysts); lithic (country rock, usually volcanic).

(3) Chemical composition of parental magma.

(4) Lithification: tuff from ash; lapilli tuff from lapilli; agglomerate from
bombs; volcanic breccia from blocks.
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Composite names result such as ‘“basaltic agglomerate”, ‘““andesitic crystal
tuff”’, “rhyolitic vitric ash”, etc. Further subdivisions can be made based on
the relative proportions of shards, crystals and lithic fragments.

Isopleths of tephra thickness and maximum included grain size have
been constructed, for example, by Thorarinsson (1968), for the score or
so of successive eruptions of Hekla in historically recorded time, and by Self
(1976) for several recent pumice fall deposits in Terceira, Azores. These
isopleths show, as might be expected, concentration of coarse tephra near
the vent, and elliptical shapes that are greatly elongated along the direction
of prevailing wind with the vent lying close to one end. Interesting attempts
to estimate distances which tephra of varying grain sizes may undergo air-
borne transport are summarized by Fisher (1964). The conclusion is reached
that one factor governing this is the individual ‘“‘explosiveness” of an eruption.
In this connection, Fundali and Melson (1971) and McBirney (1974) record
the incongruously high ‘‘muzzle velocity’ of some large ejected blocks, more
likely attributable to the localized violent expansion on heating of meteoric
water within some vents than to very high magmatic overpressures. McGetchin
and Ullrich (1973) have shown that even for the most violently explosive
diatremic eruption the maximum horizontal ballistic range of large blocks
(that travel farthest under these conditions) is ~8 km, assuming a projection
angle that gives maximum range; see also L. Wilson (1972) for a parallel
calculation with comparable results. In general, the larger fragments are not
accelerated to the same extent as small ones, but the latter undergo the
braking effect of atmospheric friction to a much greater degree, to the
extent that fragments in the size range 1—30 cm, for example, are commonly
restricted to within 1 km of crater rims. By this same token, yet smaller
particles are prone to be entrained in winds at different levels and thus have
a considerably extended wind-borne range.

In the geological record, as opposed to historically observed eruptions,
air-fall tuffs are relatively rarely preserved in their exact attitude of accumu-
lation. This is readily understandable as a thin, relatively soft blanket of air-
fall material deposited over hill and dale alike would be extremely prone to
reworking (see epiclastic rocks below).

[gnimbrites are a special case of pyroclastic rocks resulting from the
explosive disintegration of vesiculating magma in a vent formed during the
catastrophic evacuation of a shallow magma chamber and the further dis-
integration of pumice fragments in an ensuing nuée ardente. Their inferred
eruptive history and association in the geological record with ground surge
deposits below and air-fall ashes above (where preserved) is illustrated by
Sparks et al. (1973).

Base surge, also known as ‘‘ground surge” or an ‘‘ash hurricane”, is a
phenomenon that has been observed in subaerial nuclear explosions, and
in powerful, often phreatic eruptions such as those of Surtsey, Iceland, and
Taal, Philippines. A laterally spreading cloud from the base of the eruptive
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column, often laden with water, ash, lapilli and blocks, travels outwardly
hugging the ground with initial velocities as high as 50 m/s. The effect of
its passage is akin to sandblasting, commonly intense at 1 km from the
eruption centre, and still perceptible at 5 km. There is little evidence of
charring of trees, etc., so that temperatures are not as high as in a nuée.
The deposits resulting from witnessed eruptions are cross-bedded and dune-
bedded ash and lapilli with some contained blocks, wavelength 4—15 m,
thickness up to 1 m. As with air-fall material the deposits are prone to erosion
and are thus rare in the geological record (see J. G. Moore, 1967; Fisher and
Waters, 1970, Sparks and G. P. L. Walker, 1973).

The submarine formation of pyroclastic rocks such as pillow breccias and
hyalotuffs, and subaqueous pyroclastic flows has been discussed above in
connection with submarine basalt and rhyolite eruption, respectively.

2.3.3. Epiclastic rocks

These are more customarily the domain of the sedimentary petrologist.
Nevertheless, much igneous material finds its way very quickly into the
stratigraphical record as sedimentary rock.

Two environments where this is manifestly true are: (i) andesitic strato-
volcanoes, with explosion index typically in the high nineties, and subject
moreover to extremely rapid denudation; and (ii) rhyolitic eruptions, wherein
much fine-grained vitreous material associated with nuées becomes relatively
enriched in accompanying widespread air-fall deposits and in the upper non-
welded parts of ignimbrites which are very prone to rapid erosion. It is curious
how igneous petrologists tend to neglect this component of volcanically-
produced material in the sedimentary record when studying a volcanic
province (see C. J. Hughes, 1976; Roobol. 1976). The volcanic derivation of
much subaerial and marine sediment in volcanic terrain is revealed by such
characters as the outlines of preserved shards, and abundance of euhedral
plagioclase and paramorphed high-pressure quartz crystals (‘‘volcanic’ quartz),
and other phenocryst constituents under the microscope. Angular, often
poorly sorted, pieces of volcanic rock that clearly could not have withstood
much transportation are also cogent evidence of proximal derivation and
quick processes of accumulation and burial. Given a constructional volcanic
relief and rapid denudation, it is not surprising that the rate of accumulation
of volcanic sediments can be very high.

In conclusion, it must be re-emphasized that for the successful field
interpretation of fragmental volcanic rocks in the geological record there is
no substitute for seeing recent and active volcanic provinces, coupled with
examination and discussion of outcrops of older rocks.



Chapter 3

FORMS AND STRUCTURES OF INTRUSIVE ROCKS

3.1. INTRODUCTION

Whereas volcanic activity can be witnessed, intrusive activity can not, and
is therefore a matter of legitimate geological inference. An excellent account
of the structures of igneous rocks is given by Hills (1963, ch. 12). A more
genetic approach from the point of view of an igneous petrologist is attempted
here, but the structural details and controls so well illustrated and described
by Hills should not be lost sight of. See also the various papers in Mechanism
of Igneous Intrusion (Newall and Rast, 1970).

Intrusive rocks are conventionally subdivided into hypabyssal and plutonic.
It is generally held that the hypabyssal rocks have been emplaced as small
dykes, sills, and plugs near the surface, have cooled quickly, and are fine-
grained; and conversely that plutonic rocks were emplaced as larger masses
at deeper crustal levels, have cooled slowly, and are coarse-grained. These
two sets of concepts although satisfyingly logical are not always in practice
consistently distinct. For example, some lamprophyric and other dykes were
emplaced at depths comparable to those of penecontemporaneous plutonic
rocks, and some granitic ring-dyke intrusions emplaced at shallow crustal
levels may be as coarse-grained as much deeper-seated plutonic granites.

Following Daly’s (1933, p. 41) classic observation on the predominance
of extrusive basalt and intrusive granite amongst exposed rocks a two-fold
grouping of igneous activity was proposed by W. Q. Kennedy and E. M.
Anderson (1938). A volcanic association comprised

“...not only the superficial lava flows and vent intrusions but, in addition, all
intrusive masses which are genetically related to a cycle of volcanic activity and
originate in the same magmatic source”

and a plutonic association comprised

‘‘...the great subjacent stocks and batholiths together with the diverse minor
intrusions of such abyssal masses’’.

In addition to these a diatremic association was subsequently proposed
(P. G. Harris et al., 1970, p. 197) to comprise rocks injected by gas fluidization.

This tripartite scheme of visualizing igneous activity has the attraction of
distinguishing between rocks that were emplaced mainly as a result either



58 FORMS AND STRUCTURES OF INTRUSIVE ROCKS

of liquid or of solid or of gas movement. That is to say that rocks of the
volcanic association (and including the large basic intrusions) were emplaced
in a liquid condition (although quickly cooled representatives indicate in
fact that intermediate and acid members are only rarely completely aphyric);
that rocks of the plutonic association (and of broadly granitic compositions)
were mainly solid at the time of their final emplacement, containing only
minor proportions of silicate melt; and that rocks of the diatremic association
show evidence of the passage of large volumes of gas.

However, for purposes both of description and comprehension, it seems to
the writer that a pragmatic subdivision of the intrusive rocks would be a
fourfold one as follows:

(1) Basic intrusions into continental crust.

(2) Ophiolite association.

(3) Sub-volcanic and central complexes.

(4) Deep-seated granitic rocks.

A rationale for this treatment which involves some minor overlap is
incorporated within the following sections. Note also that, for the sake
of continuity and completeness in describing volcanic activity, an account
of the diatremic association, strictly, of course, a subterranean phenomenon,
has already been given in Chapter 2 in the sections dealing with kimberlite
and pyroclastic rocks. The chapter concludes with some guidelines on
features to map in intrusive igneous rocks, predicated on their specific forms
and structures.

3.2. BASIC INTRUSIONS INTO CONTINENTAL CRUST
3.2.1. Dykes

Basic dykes seldom come singly but commonly occur in swarms usually
with a recognizable structural control on their attitude. Individual basic
dykes are generally quite thin, up to several metres wide, discordant, and
vertical at time of intrusion. Intuitively conceived of by geologists as a
feature of crustal ‘‘tension’’, E. M. Anderson (1951) has shown how they
may indeed be emplaced along planes perpendicular to minimum horizontal
stress, whether this be in fact compressive or tensile. This relationship is well
known by the numerous basic dykes exposed in those areas of Iceland where
erosion has bitten deep into the Tertiary lava pile particularly in the region
of the eastern fjords (G. P. L. Walker, 1958). There the dykes are locally
very numerous and tend to occur in parallel swarms striking NNE, that is
to say parallel to the strike of the ocean ridge and present-day fissures and
fissure eruptions.

Swarms of dykes may occur in areas where any associated volcanic rocks,
if they were once present, have now been completely eroded away. For
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example, Clifford (1968) has drawn attention to the existence of several
distinct periods of basic dyke injection in the Canadian Shield, each with
a differing sfrike direction, and presumably therefore signaling periods of
different stress regimes in the craton.

Dykes are frequently very abundant locally and may indicate volcanic
centres. For example, in eastern Iceland a local abundance of dykes coupled
with subtle quaquaversal dips in the lava pile, zones of hydrothermal alter-
ation, and a relatively greater abundance of pyroclastics and fractionated
rock types signals the site of Tertiary shield volcanoes such as Breiddalur
(G. P. L. Walker, 1963), exhumed from the lava pile. Similarly localized
swarms of parallel dykes in areas of flows of pahoehoe type associated with
relatively abundant pyroclastics were probably feeders to the Columbia
River basalt plateau (Swanson et al., 1975).

Rarely is a relationship between basic dykes and volcanic centres better
displayed than in the early Tertiary igneous province of the Inner Hebrides,
western Scotland. A regional vertical dyke swarm with a slightly curving
strike extends for some 400 km along a line of central complexes that are
believed to represent eroded volcanoes and on into northern England. Around
two of the central complexes, Mull and Arran, basic dykes are very abundant
indeed. On the southeast coast of Mull, for example, 375 dykes with an
aggregate thickness of 763 m occur across a distance of 20 km; similarly in
Arran, there are 525 dykes, aggregate thickness 1844 m within 24 km.
These figures imply crustal extension of the order of 4% and 7% over these
distances, respectively (Richey et al., 1961, p. 111).

A radial pattern of dyke intrusion (of basic and other compositions) is
sometimes conspicuous around some central complexes and intrusions,
presumably reflecting a localized stress pattern; Rum, Inner Hebrides, and
Spanish Peaks, Colorado, are commonly figured examples.

An interesting example of the inferred relationship between crustal stress
and a regional dyke swarm is apparent in a crustal flexure developed along
some several hundred kilometres of the coast of east Greenland (Wager and
Deer, 1939). Early Tertiary basalt flows constitute a thin flat-lying sequence
in the interior Watkins Mountains but assume a much greater thickness and
a gradually increasing seaward dip towards the coast, reaching maximum
observed dips of ~30° to the southeast along the coast itself. Emplaced at
intervals in this zone are several well-known intrusions and intrusive com-
plexes, such as Skaergaard, Kangerdlugssuaq and Lille. A swarm of basic
dykes with dips inclined more or less normal to the lavas is most prolific
near the coast where flows and dykes thus dip ~30° SE and ~60° NW,
respectively. Where densest, the dyke material equals or even exceeds the
country rock in amount. The abundance pattern does suggest a genetic
relationship between the flexuring and dyke intrusion, i.e. the dykes were
possibly emplaced in planes other than the vertical in response to a local
stress pattern rather than necessarily having been tilted to their present
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attitude by later earth movements. Analogues of this major crustal structure
occur in southeast Africa (the Lebombo monocline), the north coast of the
Gulf of Aden, and the west coast of India, near Bombay. Their position and
age in all instances correlate closely with the inception of inferred crustal
separation due to plate movements.

Basic dyke swarms sometimes show examples of multiple intrusion, i.e.
successive intrusions of the same composition, at its most spectacular in
sheeted dyke complexes (see Section 3.3).

Basic dykes, unlike most minor intrusions of other compositions, are
commonly aphyric, i.e. intruded at or even possibly above their liquidus
temperatures at the pressure obtaining at the crustal level of emplacement.
However, where phenocrysts are present, these are often seen to be con-
centrated, sometimes gradationally, sometimes quite sharply, towards the
centre of the dyke by flow differentiation (Bhattacharji, 1967). This is a
physical phenomenon related to flow in a liquid carrying solid particles;
its efficiency depends on viscosity, flow rate, and particle size (see Chapter 7).
Such a dyke therefore does not represent the ‘‘composite intrusion” of a
porphyritic magma closely succeeding an aphyric one; nor are the pheno-
crysts present in greater abundance towards the centre simply because of
a longer cooling time permitting their growth, as there still remains too
great a disparity in grain size between the phenocrysts and matrix that may
contain the same mineral species as the phenocrysts for this simple sup-
position to be true.

It has been shown that for a planar body of basic magma emplaced in the
upper crust conduction rates are such that basic magma will cool from liquidus
temperatures to solidus temperatures roughly according to the equation:

t =0.01d? (3.1)

where t = time in years and d = thickness in metres, i.e. a dyke 1 m wide
would be expected to become completely solid in ~3 days*. This suggests
that basic dykes, some of which outcrop with continuity over large distances,
were emplaced rapidly.

Basic dykes, and indeed other minor intrusions such as cone sheets (see
below), should not be overlooked as a source of useful compositional evi-
dence of the magmatic affinity of an igneous rock series (see Chapter 8).

3.2.2. Sills

The development to any large extent of lateral sill intrusion from basic
dyke feeders is restricted to areas of flat or gently-dipping sedimentary

*The subject of cooling rates has been thoroughly covered by F. G. Smith (1963) and by
Jaeger (1968).
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strata. Sill formation occurs where the average density of a column of rock
above the level of sill intrusion is less than the density of basic magma at
liquidus temperatures (probably near 2.65 g/cm?®). Under these conditions
less work is done when a body of basic magma intrudes laterally along some
convenient plane thus raising the overlying strata than when it raises itself
to the surface. Once the magma has solidified and cooled to produce a sill
of diabase with a density of ~3.0 g cm™3, the average density of the column
of rock is increased and later sill intrusions will occur at higher levels until
eventually lava eruption at the surface may occur instead of sill intrusion.
Thick sequences of sediments that are relatively young and incompletely
lithified at the time of eruption would thus be expected to be a favorable
venue for large-scale sill injection because of their low density. Bradley
(1965) has discussed the mechanics of lateral emplacement of sills probably
prefaced by the passage of steam of juvenile and/or meteoric origin. The base
of a competent cap-rock in a sedimentary sequence of varied lithologies is
often a preferred plane of intrusion.

There is an element of forceful intrusion involved in sill intrusion and
physical investigations have shown that a preferred ideal three-dimensional
shape for a sill-like body resembles that of a shallow saucer concave-upwards,
i.e. lopolithic. Although intrusion is frequently constrained by preferred
bedding planes resulting in concordant intrusions in horizontal or near-
horizontal strata, there is thus also a tendency for low-angle cross-cutting
relationships to develop resulting in discordant intrusion.

Where basic magma erupts into poorly consolidated and waterlogged
sediments disruption of the magma commonly occurs producing numerous
blind ovoid bodies within the envelope of the zone of intrusion, apparently
disrupted feeders, and smaller, less regular bodies of diabase on scales varying
from tens of metres or more down to centimetres. These rocks are technically
intrusive rocks, but the conditions of eruption could presumably grade from
those of submarine intrusion to extrusion. See O. T. Jones and Pugh (1948)
for a description and discussion of the phenomenon.

Sills are generally considerably thicker than dykes are wide and thus take
much longer to cool according to eq. 3.1. There is a chance therefore, in the
time interval necessary for cooling, of multiple intrusion resulting perhaps
in magma mixing rather than visibly separate intrusions, and also there is
the possibility of limited fractionation. Well-known examples illustrating
these phenomena include the following.

The compositionally homogeneous Whin sill of northern England con-
cordantly intrudes cyclically-bedded Carboniferous shales, sandstones, and
limestones. Over an area of at least 3500 km? as proved by outcrops and
numerous borings it maintains stratigraphical horizon for long distances
with only minor jumps. Thickness varies up to 70 m, average ~25 m, thus
indicating the intrusion of ~100 km3® of magma. The lateral extent to
thickness ratio is of the order of 1000:1.
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Sill intrusion on a gigantic scale has occurred in the Karroo area of South
Africa where basic sills and lavas of early Triassic age intrude and overlie
thick sedimentary series of the Karroo system of Permo-Triassic age (F.
Walker and Poldervaart, 1949). Some of the thicker sills approach 500 m in
thickness, and the total volume of basic rocks in the province has been esti-
mated at near 5-10° km3, a lower limit in view of extensive erosion of the
associated extrusive rocks and sediments. Some of the thicker sills approach
the theoretical saucer shape and form small lopoliths some several tens of
kilometres in diameter.

The well-known Palisades sill outcrops on the right bank of the Hudson
River and forms a prominent escarpment over most of its exposed strike
length of 80 km. It is the lowermost unit of the several tholeiitic sills and
flows intruding into and extruded upon the now gently-dippling Triassic
and early Jurassic sediments of New Jersey and New York State. This sill
is a multiple intrusion ~300 m in maximum thickness in which internal
contacts can be discerned in the northern part and apparent magma mixing
occurred towards the south (K. R. Walker, 1969). The famous ‘olivine
layer” reflects this event, i.e. it is not apparently a function of static frac-
tionation but originated in a kinetic system of moving and mixing magmas.
Apart from the olivine layer and chilled contacts, the sill rocks are mostly
monotonous looking diabase; this apparent monotony, however, is belied
by their mineralogical interest and evidence of a pattern of coherent internal
differentiation within the sill mainly by congelation crystallization (see
Chapter 7).

The Shiant Isles sill of western Scotland (Johnston, 1953), although
only 150 m thick, shows much more pronounced mineral differentiation.
Appreciable amounts of early crystallizing olivine sank towards the base
and were thus concentrated tnere to form picritic varieties whereas com-
plementary leucocratic analcite-bearing rocks are found towards the top,
all within an envelope of marginally chilled rocks. The parental magma
was an alkali basalt that was less viscous than the tholeiitic parental magmas
of the Whin and Palisades sills and therefore permitted more crystal settling
within the lesser cooling time available,

The Shonkin Sag ‘laccolith” of ‘“mafic phonolite” in the Highwood
Mountains of Montana is actually a flat discus-shaped sill, 3 km in diameter
and up to 80 m thick, composed of fractionated olivine leucitite. Within an
envelope of marginally chilled rocks containing phenocrysts of augite,
(pseudo-)leucite, and olivine, gravitational differentiation is very apparent
despite the relatively small size of the intrusion. This has been attributed to
a very low viscosity characteristic of alkaline mafic magmas and to the
presence of primocrysts on intrusion. Thick upper and lower layers of
shonkinite, an accumulative rock with varying amounts of euhedral cumulus
crystals of calcium-rich augite, each show increasing amounts of the cumulus
augite upwards, a curious feature attributed to congealing outpacing a more
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complete fallout of abundant augite primocrysts. Between the shonkinite
layers are sandwiched more fractionated rock types. These sill rocks have
yielded extraordinarily precise and consistent estimates of crystallization
temperatures, pressures, oxygen fugacity and silica activity, based upon the
mineral assemblages present (Nash and Wilkinson, 1970).

3.2.3. Large basic intrusions

In some respects these show the phenomena exhibited by differentiated
basic sills but to a greater degree. Repeated multiple injections create a large
magma chamber, the cooling of which can be a lengthy process (estimated
cooling time for the Skaergaard Intrusion, 0.02 Ma, and the Bushveld In-
trusion, the largest igneous body exposed in the world, 1 Ma). Layered
cumulate sequences within a chilled margin and adjoining congelation cumu-
lates are typical. The description and interpretation of structures of layered
basic intrusions, precise analytical work on the cumulus phases, the remark-
able tie-in with experimental work at low pressures, elaboration of a cumulus
mechanism and fractionation, has been a massive centrepiece of igneous
petrology in the mid-twentieth century, fittingly summarized by Wager and
G. M. Brown (1968). One commonly thinks of a lopolith as being the usual
form of large basic intrusions, but examination of some classic examples
shows that viewed in section they either are, or equally well could be, funnel-
shaped intrusions. Mapping of the large Michikamau anorthosite pluton of
Labrador (Emslie, 1970) reveals that it too has a funnel shape; a comparable
interpretation is indicated by mining exploration at Sudbury and geophysical
work on the Bushveld. In plan the funnel is frequently elliptical, sometimes a
very elongated shape as for example the Muskox Intrusion. Also of prob-
lematic origin but showing strong affinities with each other are the late
Archaean canoe-shaped intrusions known as the Great Dyke of Rhodesia, and
the Jimberlana Norite and Binneringie Dyke of Western Australia (the term
dyke is a misnomer for these intrusions).

One interesting question with respect to the larger intrusions is how so
much magma came to be generated in one place within a geologically short
period of time, i.e. no longer than that of the cooling time of the intrusion. In
the case of the Sudbury Intrusion, it has been established beyond reasonable
doubt that intrusion postdated at no great time interval a large meteorite
impact (French, 1967; Dence, 1972). Presumably therefore such factors as
residual rise in temperature following shock metamorphism, lower confining
pressure due to cratering with upward mantle transport due to rebound and
isostatic recovery resulted in the production of basic magma on a very large
scale. Such an origin now seems possible for the Bushveld Intrusion too
(Rhodes, 1975). However, areas of voluminous eruption of flood basalts
are another favoured venue of large basic intrusions, which may have acted
as staging-points for magma during its ascent to surface. For example, the
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Duluth gabbro is spatially associated with the voluminous Keweenawan
lavas, and the enormous, newly discovered Dufek Intrusion (Behrendt et al.,
1980) is of comparable age and spatially associated with the Ferrar Group
diabases and lavas, Antarctica, The Muskox Intrusion represents crystal-
lization products from a large subterranean magma chamber which was
replenished at intervals but was not a closed system, as it apparently also
acted as the proximate feeder for Coppermine basalt lavas (Irvine and
C. H. Smith, 1967). The Skaergaard Intrusion by contrast appears to have
behaved very much as a closed system (Wager and Deer, 1939) emplaced
within and penecontemporaneously with the eruption of flood basalts on
the coast of east Greenland during early Tertiary plate separation.

3.3. OPHIOLITE ASSOCIATION

In marked contrast to continental crust, where basic intrusions are “acci-
dental’” additions, oceanic crust is essentially composed of basic intrusive
and extrusive rocks. The evidence of seismic data, of direct sampling par-
ticularly from the much faulted segment of the ocean—ridge system in the
North Atlantic south of Iceland, of detailed examination of ophiolite com-
plexes, and of their tectonic setting leaves little room for doubt as to the
validity of the correlation between ophiolite and oceanic crustal material.
Nevertheless it should be stressed that the precise mechanism by which all
the components of an ophiolite suite are produced is still a matter of debate,
as is the nature of the exceptional process, or more likely processes, (ob-
duction) by which an ophiolite suite is emplaced on continental crust. Less
than 0.001% of oceanic crust escapes subduction and becomes incorporated
as ophiolite in continental crust (Coleman, 1977, p. 16). Certainly, armed
only with a conventional background in intrusive rock forms, a geologist
would have as much difficulty in comprehending an ophiolite suite today
as did the early workers on the ‘“alpine periodotites” or the Troodos Massif
of Cyprus, for example. Hence the justification for considering ophiolite
as a distinct association, quite apart from the consideration that if its corre-
lation with oceanic crust is correct, rocks of the ophiolite association underlie
~65% of the Earth’s crust!

Historically, the term ophiolite was first used a long time ago by A.
Brongniart in 1821 to describe a recurring four-fold association in the Alps
of cherts, diabases and spilites, gabbros, and ultrabasic rocks, and the term
was employed by B. Lotti in 1886 in the same sense. In the early twentieth
century, however, it was a three-fold association of radiolarian cherts, pillow
lavas, and serpentinized ultramafic rocks (the latter commonly known as
“alpine peridotites”) that came to be emphasized, notably by G. Steinmann,
and thus these rocks came to be known colloquially by geologists as ‘“the
Steinmann trinity”.
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For a contemporary overview of ophiolite we may take as a convenient
starting point a statement produced by the Penrose Conference in 1972,
and reported by conference participants in the December 1972 issue of
Geotimes:

*‘Ophiolite’ refers to a distinctive assemblage of mafic to ultramafic rocks. It
should not be used as a rock name or as a lithologic unit in mapping. In a completely
developed ophiolite the rock types occur in the following sequence, starting from
the bottom and working up:

Ultramafic complex, consisting of variable proportions of harzburgite, lherzolite
and dunite, usually with a metamorphic tectonic fabric (more or less serpentinized).

Gabbroic complex, ordinarily with cumulus textures commonly containing cumulus
peridotites and pyroxenites and usually less deformed than the ultramafic complex.

Mafic sheeted dike complex.

Mafic volcanic complex, commonly pillowed.

Associated rock types include (1) an overlying sedimentary section typically
including ribbon cherts, thin shale interbeds, and minor limestones; (2) podiform
bodies of chromite generally associated with dunite; (3) sodic felsic intrusive and
extrusive rocks.

Faulted contacts between mappable units are common, Whole sections may be
missing. An ophiolite may be incomplete, dismembered, or metamorphosed, in which
case it should be called a partial, dismembered, or metamorphosed ophiolite. Although
ophiolite generally is interpreted to be oceanic crust and upper mantle the use of the
term should be independent of its supposed origin.''*

Ophiolites can be either autochthonous or allochthonous. Autochthonous
ophiolites, such as those in California and New Guinea, are bounded by steep
reversed faults against blue schists which contain mineralogical evidence
of upward transport of the order of 30 km (Ernst, 1971). Allochthonous
ophiolites, such as those of western Newfoundland and Oman, occur in
klippen with low-angle thrust contacts at their base. The classic west
Newfoundland ophiolites (Malpas, 1977, with references to earlier work)
provide a thick, well-exposed, and complete section of an ophiolite complex
taken here as a model as indicated in Fig, 3.1.

Note the presence of a thin aureole of underlying amphibolite which
shows a sharp decrease in metamorphic grade downwards. These are com-
plicated rocks, of uncertain provenance, apparently deformed during the
movement of the ophiolite slice, They have been recrystallized in part by
the conduction of heat from the overlying ophiolite slice and in part by
frictional heat developed during emplacement. It is unusual in ophiolite
suites and of considerable interest to find rocks of the composition of
spinel lherzolites interpreted by Malpas as reflecting the diapiric ascent of
relatively undepleted mantle material from depths of around 60 km. The

*Note also that many reported occurrences of ophiolite in the world rely solely on the
occurrence together of pillow lavas and cherts, i.e. only where fully preserved and exposed
can the ophiolite association be considered mainly intrusive.
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Fig. 3.1. Diagrammatic section of an allochthonous ophiolite sheet based mainly on the
work of J. G. Malpas in western Newfoundland (slightly modified after Malpas and
Strong, 1975, p. 1050, fig. 4).

mantle tectonites are composed mainly of variably serpentinized harzburgites
of which the primary mineralogy is essentially olivine + orthopyroxene +
brown chrome spinel. These harzburgites, in contrast to the lherzolites,
contain little or no diopsidic augite and are considered to represent mantle
material depleted by partial-melting processes. They show considerable flow
folding and are cut by dunite and enstatolite veins. This is the unit of an
ophiolite suite equatable with alpine peridotite in the older literature. Above
this comes a succession of layered cumulate rocks over 1 km thick; cumulate
assemblages in upward sequence give rise to dunite, feldspathic dunite,
troctolite and anorthosite rock types. The boundary of the lowest olivine-
rich cumulate rocks (containing small amounts of small, black, cumulus
chromite crystals) with the underlying harzburgites (containing relatively
large grains of a brown chrome spinel) can be narrowed down in the field
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to within a few metres in west Newfoundland, and is seen to be a marked
nonconformity in some Oman exposures. A comparable fundamental distinc-
tion between these two types of ultramafic peridotites in the remarkably
fresh and unserpentinized ophiolite suite of New Guinea was commented on
by Davies (1971). The colloquial but apt name petrological moho has been
applied to this junction by Malpas. Note how the (seismically defined)
Mohorovi¢i¢ discontinuity occurs within a narrow zone a few hundred
metres higher in the ophiolite cumulate sequence where olivine cumulates
are overlain by cumulates containing plagioclase as an additional cumulus
phase; these upper cumulates thus approximate to basic rock in their elastic
constants, as opposed to the various types of ultramafic rock below. Above
this well-defined cumulate sequence comes ~2000 m of basic rocks. These
show good layering in many places but either no layering or only faint
layering in some places; they vary in grain size and texture from rocks
describable as gabbroic (cumulitic?) to diabasic. Some pegmatitic patches,
veins, and intrusion breccias of hornblende gabbro and relatively leucocratic
rocks of dioritic and trondheimitic affinity, ‘“plagiogranites’, are also present.
Extrusive equivalents of these more evolved rocks are lacking, a fact attrib-
uted by G. P. L. Walker (1971) to the effect of the confining pressure of
seawater inhibiting a submarine nuée form of extrusion. Careful elucidation
of these gabbroic rocks may well prove the key to testing models of ophiolite
genesis (see p. 279). The intrusive basic rocks are overlain by submarine basalt
flows, massive in the lower part, pillowed above. These flows are presumably
fed by the conspicuous vertical basic dykes which increase in abundance
downward through the lava sequence and become less abundant again further
downward in the gabbros. At maximum abundance near the base of the
lavas they form a sheeted dyke complex in which the abundance of dykes
approaches or attains 100%, an example par excellence of multiple intrusion,
This unit of an ophiolite suite was early recognized and described in the
Troodos Massif in Cyprus, but the interpretation of these puzzling rocks led
to controversy that was not finally resolved until the period of acceptance
of sea-floor spreading. A remarkable feature of a sheeted-dyke complex is
that close inspection shows that many of the dykes exhibit only one chilled
margin; those that do so must presumably each have been split and intruded
in turn by a younger dyke. A statistical analysis of this phenomenon in one
locality in Cyprus has revealed a polarity and hence an inferred sea-floor
spreading vector (Kidd and Cann, 1974).

Superimposed on this ‘“‘ophiolite stratigraphy’ are several complicating
factors originating either at the time of formation of oceanic crust or during
later tectonic emplacement:

(1) Present-day ocean ridges are offset by transform fault systems and
in sections of relatively low spreading rate are affected by normal faulting
striking parallel to the spreading axis and producing the observed high relief
of scarplands adjacent to the ridge, for example in the North Atlantic and



68 FORMS AND STRUCTURES OF INTRUSIVE ROCKS

also in the back-arc Lau Basin. This faulting would, of course, be retained in
an ophiolite complex.

(2) In many ophiolite suites considerable brecciation has affected the
level occupied by the dykes. In the Bay of Islands ophiolite complex (Hank
Williams and Malpas, 1972), for éxample:

“‘the brecciation is chiefly localized in the dike horizon but it locally affects under-
lying gabbros and overlying volcanic rocks. There is nothing to suggest that the
brecciation is the result of brittle deformation. Rather the textures are comparable to
those developed in the igneous rocks through gas action or fluidization. The brecciation
largely predates metamorphism in the dike rocks and it is therefore also interpreted
as a feature related to early Paleozoic plate accretion.”

(3) Very high thermal gradients at ocean ridges have resulted in static
burial metamorphism of oceanic crust. This commonly ranges through
zeolite and greenschist facies to amphibolite facies within the basic members
of an ophiolite suite, indicative of very high thermal gradients, of the order
of 150°/km.

(4) This metamorphism is accompanied by pervasive metasomatism likely
reflecting the accession of seawater to the upper parts of the ophiolite
sequence.

(5) Under these conditions hydrothermal fluid circulation is an “inevitable
consequence” (Norton and Knight, 1977). The return of heated solutions to
the rock—seawater interface in localized sites results in the formation of
stratabound cupriferous pyrite deposits that characteristically occur in
ophiolite suites (see Andrews and Fyfe, 1976).

(6) During the process of “obduction”, thrusting, slicing and breaking of
the oceanic crust must occur, still further complicating the sequence of rocks
displayed in accessible ophiolite complexes. It will be appreciated from the
above that the deciphering of a particular outcrop or area in ophiolite terrain
is not easy, and that some conceptual overview is essential in comprehending
the geological relationships.

The actual mechanism of formation of new oceanic crust still has some
mystifying features. Illustrative of this is an article by Brock (1974) drawing
attention to the apparent physical impossibility of spreading in lavas and
gabbros that overlie and underlie respectively the intruded sheeted dyke
layer in which crustal extension must have occurred. This essentially logical
but paradoxical observation provoked two models of ophiolite genesis to
explain the apparent anomaly, one involving a continuous magma chamber
underlying the ridge (Church and Riccio, 1974), the other involving numer-
ous small overlapping and cross-cutting tholeiitic magma chambers (Strong
and Malpas, 1975), both at the level of the gabbros. In this respect, Flower
et al. (1977) deduce, from the variation in content of major and trace
elements:
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“distinct cycles of low pressure fractionation operating independently within a
complex network of magma storage reservoirs beneath the crustal spreading axis.”

At the time of writing, a definitive review of the challenging and rapidly
developing subject of ophiolites is that of Coleman (1977). See also the
Proceedings of the International Ophiolite Symposium, Cyprus, 1979
(Panayiotou, 1980), particularly the introductory review article by Gass
(1980).

3.4. SUBVOLCANIC AND CENTRAL COMPLEXES

Many central complexes are associated with volcanic rocks of the same
age and comparable chemical compositions, the extrusive rocks often being
preserved in down-faulted blocks that are structurally associated with the
intrusive rocks of the complex. Some complexes without associated extrusive
rocks occur in more deeply dissected terrain where lavas if originally present
could easily have been eroded away. Some central complexes indeed are
exposed at relatively shallow erosional levels at which the fine details of
clearly associated subvolcanic intrusion structures such as diatremes plus
complementary intrusive bodies of crystallized degassed magma and cone
sheets are preserved (an outstanding example of this is Ardnamurchan,
see p. 72). Hence the commonly used term subvolcanic to describe such
complexes. However, some structurally comparable intrusion complexes
could be “blind” in the sense that surface eruption need not necessarily
have occurred, and lacking direct evidence of such surface eruption, the
non-genetic term central complex is thus more appropriately retained for
them, and could well be used for the entire group.

In central complexes we are dealing with mainly permissive intrusion
of essentially liquid magmas of intermediate to acid compositions into
the upper continental crust. This may be associated in time with varying
proportions of basic magma and an equivalent range of lava compositions,
the whole forming part of the volcanic association of W. Q. Kennedy and
E. M. Anderson (1938). It should be noted, however, that apart from dykes,
sills (if appropriate conditions for sill formation exist), and local magma
chambers within large basaltic shield volcanoes and other areas of basalt
eruption, a large proportion of basic magma that reaches upper crustal
levels apparently goes on to erupt at the surface. In contrast, bodies of
the intermediate and particularly the acid magmas seem to work their way
up through the crust by gradual stoping processes on various scales, and
only some of them come so close to the surface by this mechanism that
subaerial eruption by ash-flow mechanism or less commonly by lava flow
ensues. The apparent paradox that relatively dense basic magmas commonly
reach the surface whereas the relatively lighter acidic magmas commonly do
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not can therefore be explained partly by the much lower viscosities of basic
magmas, but probably more fundamentally by the fact that bodies of acid
magma are not in continuous connection with magma in lower crust and
upper-mantle levels, whereas basic magma commonly is and is thus subject
to a considerable hydrostatic head. Furthermore, the escape of dissolved
water at shallow depths from ascending granitic magmas (inherently more
water-rich than basic magmas) results in an increase in melting point and
therefore crystallization before the magmas actually reach the surface,
particularly in compositions approaching that of ideal granite where there
is little or no difference between liquidus and solidus temperatures (P. G.
Harris et al., 1970).

Epizone ring dykes and associated cauldron-subsidence intrusions charac-
terize high-level granites, but are rare among basic intrusions. It would seem
that the relative densities of the respective magmas and country rock are
responsible for this difference. In a rare example of a basic ring dyke in the
island of Rum, Inner Hebrides, Scotland, the subsided block of country
rock is in fact composed of a layered ultrabasic cumulate sequence of
high average density. At least some of the so-called basic ring dykes of the
neighbouring complex of Ardnamurchan may likely have the form of funnel-
shaped intrusions combined with sill-like apophyses (Wells, 1953) rather
than ring dykes.

The phenomenon of large-scale stoping of country rock permitting the
concomitant uprise of magma has been very widely documented and must
be regarded as the normal way in which essentially liquid acid magmas are
emplaced in the upper crust [see Daly (1933, p. 267 ff.), with references to
early work by Daly and others]. A classic demonstration is provided by the
several Devonian complexes of Lorne, western Scotland, (E. B. Bailey, 1960;
Johnstone, 1973). Large cylindrically shaped masses of country rock,
~5—20 km in diameter, overlain in places by Devonian lavas penecontem-
poraneous with the intrusive rocks, have demonstrably sunk distances up
to the order of at least 1000 m. The surface of displacement is in places a
steep arcuate fault containing flinty crush rock; more commonly the sunken
blocks are margined by ring-dyke intrusions ranging up to some hundreds
of metres in width usually with small outward hade. The ring dykes and
arcuate faults together completely encircle the cylindrical subsided block.
Where the erosion level permits, the subsided block can be seen to be over-
lain by a thick tabular intrusion known by the somewhat awkward name of
cauldron-subsidence intrusion which is in continuity with the underlying
ring dyke. Ring-dyke and cauldron-subsidence intrusion thus refer merely
to geometrically distinct parts of one and the same permissive intrusion
that envelops the subsided block of country rock. These field relationships
are convincingly demonstrated by excellent exposures in the region of
Ben Nevis, Glen Coe, and Loch Etive, where dissection commonly exceeds
1 km.
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Multiple and composite intrusions are common in central complexes.
Successive intrusions about any one centre generally trend towards a more
ideal granite composition with time, although it should be noted that in
many such complexes the compositional range is often quite narrow, from
granodiorite to adamellite, for example.

Structurally, successive ring dykes and their cauldron-subsidence intrusion
cappings may transect earlier intrusions in a complex manner. The deter-
mination of age relationships is often complicated by faulting along contacts
and the presence of screens of country rock, which are often the hornfelsed
selvedges adjacent to earlier intrusions, separating successive intrusions,
In the Etive Complex in the Lorne area referred to above, a parallel swarm
of porphyry dykes intervened between successive ring-dyke intrusions, thus
making the determination of relative age easy in this particular instance.

Although successive intrusions may be disposed around approximately
the same geometrical centre as that of earlier intrusions, many complexes
display a marked shift in centre over distances of up to a few kilometres
with time, thus justifying the descriptive terms ‘‘centre 1”, ‘‘centre 27, etc.
Nevertheless, the intrusions are generally so closely grouped in time and
space as to warrant the use of the term ‘“central complex” for the whole.
The term ring complex is also used in the same context, and derives from
the roughly circular outcrop pattern of ring dykes.

Petrographically, ring-dyke and cauldron-subsidence intrusions, together,
of course, forming single intrusive units, are generally homophanous, i.e.
lacking primary igneous foliation or other directional properties except
joint patterns. Within one intrusive unit the texture may vary, for example,
from a chilled marginal facies which may be porphyritic to more coarsely
crystalline in the interior parts where the rocks are commonly equigranular
but may be coarsely porphyritic in places. Some of these textural varieties
may well overlap in appearance those from successive intrusions, but during
careful field mapping and allowing for this kind of gradational variation, the
different intrusive units can often be recognized. Richey (1928) in mapping
the Mourne Mountains used a subscript notation to indicate successive
intrusive units, e.g., G;, G,, G, etc., a procedure that has been widely
followed.

Numerous ring-dyke intrusions of early Tertiary age are disposed around
three closely spaced centres in the island of Mull, Inner Hebrides, Scotland,
and have been described in the classic “Mull Memoir” (E. B. Bailey et al.,
1924). The accompanying ‘‘one-inch” sheet remains probably the most
detailed map of an igneous complex ever produced on that scale. The case of
Mull demonstrates the association of the intrusive rocks with an overlying
volcano caldera and is also characterized by another type of subvolcanic
intrusion -— cone sheets.

Cone sheets were first recognized by Harker (1904) in the nearby Hebridean
island of Skye and were originally termed by him “inclined sheets”. Cone
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sheet, however, is an appropriate term to use as these intrusions are arcuate
in outcrop plan dipping inwards with the form of a partial cone, apex
downwards. They invariably form part of a cone-sheet complex composed
of numerous cone sheets, in which the outer ones have shallow dips, as low
as 20—30°, whereas the inner cone sheets are much more steeply inclined,
with dips as high as 70—80°. Very roughly speaking, a cone-sheet complex
has a common focus zone, inferred to be situated ~2—3 km below surface
level at their time of formation, and not far from the general level of the
top of ring-dyke and cauldron-subsidence intrusions belonging to the same
complex. Individual cone sheets are usually a few metres in thickness and are
thus much smaller than the usually more massive ring dykes. Compositionally,
cone sheets differ from ring dykes in comprising basic types in addition to
intermediate and acid varieties. Whereas ring dykes are permissively emplaced,
analysis of cone-sheet geometry convincingly indicates (E. M. Anderson,
1951) that they are forceful intrusions produced by magmatic overpressures
at focus depth.

A very shallow depth of subvolcanic activity is represented in part of the
neighbouring island of Rum. Here dykes and diatremes of intrusive tuff
breccias and explosion breccias occur around a subsided block ~3 km in
diameter and are, in turn, cut by felsitic bodies crystallized from degassed
acid magma in a manner reminiscent of resurgent cauldrons (C. J. Hughes,
1960). It would seem that in Rum acid magmas had worked upwards by
processes of cauldron subsidence to very shallow depths of crust, certainly
to depths shallower than their critical vesiculation depth. The resultant kind
of diatremic activity thus provides a link between intrusive and extrusive
phenomena.

An extraordinarily complete three-dimensional picture of sub-volcanic
igneous activity containing all the above intrusive forms can be obtained by
studying the geology of the compact area of the peninsula of Ardnamurchan,
yet another centre of early Tertiary volcanism in western Scotland, situated
between Mull and Rum. Intrusive activity occurred around three successive,
closely spaced centres within a short time span, possibly as short as 1 Ma.,
Ring dykes, cone sheets, etc., were emplaced at appropriate levels below
surface but, with the concomitant buildup of a volcanic pile, necessarily at
successively higher absolute levels. Subsequent erosion and Pleistocene
glaciation has resulted in a subdued relief of no more than ~500 m but
excellent exposures, thus resulting in three essentially horizontal sections
of the three centres representing three different depths in a sub-volcanic
complex, Centre 3, the youngest, is dissected at the deepest structural level
and is now recognized by the disposition of concentric, composite, ring-dyke
intrusions; centre 2 by both ring dykes and cone sheets; and centre 1 by
cone sheets, diatremes and plugs. An outline geological map and a striking
air photograph mosaic of the complex is included in an account of Tertiary
igneous activity in Scotland by Stewart (1965).
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Another source of information on these classic Hebridean igneous com-
plexes is the Tertiary Volcanic Districts by Richey et al. (1961), a publication
in the excellent series of regional geology handbooks produced by the British
Geological Survey. A considerable emphasis on these Hebridean occurrences
has been placed because happy accidents of structural levels exposed, excel-
lent exposures, relatively young age and hence resolution of radiometric ages,
extent of study and good accounts make them classic. They may be a little
untypical in that a definite association of the central complexes with volcanic
activity is displayed, whereas as stated above this is not necessarily always
the case. In any event this section cannot conclude without at least passing
reference to other areas where comparable phenomena are displayed and
have been lucidly described.

These would include the classic New Hampshire complexes (Billings,
1945); the numerous ring complexes of the Younger Granite Province of
northern Nigeria (Jacobson et al.,, 1958) together with similar complexes
to the north in Air (R. Black and Girod, 1970) comprising such items of
petrological interest as a perfectly circular gabbro ring dyke, radius 33 km,
and a complete ring of peralkaline granite of which the diameter does not
exceed 2 km; cauldron subsidence, granitic rocks and crustal fracturing in
southeast Australia (Hills, 1959); comparable structures in the carbonatite
complexes of Alno, Sweden, (von Eckermann, 1966) and of the Chilwa
district, Malawi, (Garson, 1966). Probably the most majestic example in the
world of cauldron-subsidence intrusions and associated igneous activity must
be that discussed and figured by Myers (1975) from the Coastal Batholith of
Peru, magnificently exposed in mountainous rock desert with a relief up to
4000 m that readily permits a three-dimensional overview to be obtained.

3.5. DEEP-SEATED GRANITIC ROCKS
3.5.1. Introduction

Consideration of deep-seated granitic rocks demands some introductory
historical and genetic perspective, although here space requires that this be
much condensed and simplified, and a somewhat more philosophical approach
to their description as compared with foregoing sections in this chapter.

The most abundant igneous-looking rocks exposed in continental crust
are various granites (s.1.) of a very different appearance to that of the much
less abundant rocks of central complexes. The latter occur in anorogenic
terrain, are generally homogeneous and homophanous in outcrop appearance,
have a generally low colour index, and a quartz content approaching a
ternary minimum proportion in some granitic varieties, sometimes with iron-
rich and/or peralkaline members, and some reveal patterns of trace-element
content consistent with prolonged fractionation of liquid magma.



74 FORMS AND STRUCTURES OF INTRUSIVE ROCKS

The granitic rocks to be considered have been emplaced in regionally
metamorphosed rocks typically during or soon after deformation. They
are commonly inhomogeneous, often foliated and very rarely homophanous,
and have relatively high colour indices and low quartz contents; they are
often peraluminous and never peralkaline, and do not for the most part
have trace-element patterns ascribable to strong fractionation. They typically
occur in large batholiths, originally defined as large intrusions with no
visible floor or roots*, the subjacent intrusions of Daly (1933).

It would be a considerable task to assemble a complete dossier of ‘‘case-
histories” of different granite intrusions and complexes. It would certainly
reveal enormous ranges in structural styles, compositions, contact relation-
ships, etc. No one geologist has seen it all, and not surprisingly therefore
attempts at generalizations concerning the origin of granitic rocks have
generated controversy and sharp differences of opinion even among eminent
geologists who have had much field experience. For illustrative purposes,
we can commence by considering the opposing viewpoints of N. L. Bowen
and H. H. Read.

3.5.2, Contrasted approaches of Bowen and Read

Based primarily on experimental work, Bowen (1928) argued plausibly
and at length for fractionation processes to produce the full range of inter-
mediate and acid igneous rocks from parental basic magma. Certainly this
process is possible and it has certainly been operative beyond doubt in some
complexes (typically the anorogenic ones) in producing relatively small
amounts of felsic differentiates, However, to produce the vast observed
volumes of deep-seated granitic rocks would require prodigious amounts
of parental basic magma, of which there is frequently embarrasingly little
sign in the type of granitic terrain considered here. This, of course, is not
to deny that the very existence of continental crust reflects massive fraction-
ation processes in earlier stages of the Earth’s history, or that this is to some
degree a continuing process, However, what we are here concerned with is
the proximate origin of these deep-seated granites typically occurring in
terrain of regionally metamorphosed rocks.

Based mainly on extensive fieldwork in high-grade metamorphic terrain,
an origin by granitization was argued with matching fervour by Read (1957)
in a series of papers conveniently edited into one book, The Granite Con-
troversy. A continuum was claimed from deep-seated syn-orogenic granitized
material via late-orogenic plutons to high-level post-orogenic intrusions.

*Nowadays the term batholith is often applied, perhaps less happily, to any large granitic
mass over 100 km? in outcrop area, in which usage it would encompass many of the large
floored cauldron-subsidence intrusions. An alternative term for a recognizably distinct
granitic body that does not carry any connotation of size or genesis is pluton.
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3.5.3. Granitization defined

Before proceeding further we had better define what we mean by the
emotive term granitization: granitization includes those mineralogical,
physical, chemical, and kinetic processes by which an essentially solid
rock is transformed into one of granitic appearance. Migmatites, inextricably
linked with the subject of granitization, faithfully record the varied mineral-
ogical, physical, chemical, and kinetic response of continental crustal rocks
to elevated temperatures. Mineralogically, the prograde reaction of mica to
feldspar and coarsening of grain size is very evident. Physically, migmatites
reveal a loss of rigidity by their commonly developed agmatitic structures
and flow folding. The proportion of melt phase produced at any one stage
of the development of a migmatite complex remains a controversial question:
to the simplistic concept that the neosome component of a migmatite can
be equated in its entirety with a former melt phase, several opposing lines of
compositional and textural evidence can be put (see C. J. Hughes, 1970b,
and references therein). Chemically, the case for metasomatism in migmatite
terrain both on a local and regional scale is strong, and it has been demon-
strated that diffusion of the less dense ionic or molecular units such as Na,
K, Rb, H,0, etc., to areas of lower chemical potential (in general, upwards
within the crust to cooler regions at lower pressure) could take place readily
within the medium of, and in part by the movement of, a water-saturated
silicate pore fluid (see Marmo, 1967). Kinetically, migmatite complexes,
because they are relatively light, tend to rise diapirically (see, e.g., Hutchison,
1970; Haller, 1971, pp. 157—200), and in so doing effect a degree of internal
homogenization, and also the possible segregation of homogeneous melt
phases of more acid compositions than that of the overall composition of the
migmatite complex itself.

Note that crustal anatexis can commence at temperatures much below the
“dry” solidus and produce water-saturated melt of a minimum composition
related to rock composition (von Platen, 1965). Note also, however, that
the amount of melt generated at this ‘“wet” solidus temperature or even
higher temperature is very strongly buffered by the amount of available
water. Kinetic upward movement to regions of lower pressure exerts a strong
freezing influence on such water-saturated melt (P. G. Harris et al., 1970),
so that it is physically impossible for partially liquid magmas (migmas)
produced by anatectic processes within the crust in this way to be emplaced
in their totality at high crustal levels. They may, however, be able to generate
and segregate quantitatively minor bodies of magma of lower temperature,
more ideal composition that may penetrate to higher crustal levels, thus in
part vindicating Read’s proposed continuum.

The reality of granitization has been convincingly demonstrated by work
in the Coast Range, British Columbia. A summary (Hutchison, 1970) of the
large-scale investigations completed by the Geological Survey of Canada in
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this well-exposed terrain of considerable relief could well serve as a model
for the development of some of the granitic rocks considered here.

“The metamorphic framework in Prince Rupert—Skeena region of the Coast
Mountains of British Columbia comprises schist, gneiss, and migmatite displaying
progressive regional metamorphism that overlaps the Barrovian and Idahoan Facies
Series. ... Plutonic rocks, which were probably an integral part of the early meta-
morphic framework, have apparently been mobilized during metamorphism and
continued to move out of their original environment while metamorphism waned,
some even deforming the pre-existing fabric.

Within the framework, four main plutonic styles have been recognized:

(1) Autochthonous, migmatitic, plutonic complexes.

(2) Para-autochthonous, steep-walled (tadpole) plutons.
(3) Para-autochthonous, tongue-shaped recumbent plutons.
(4) Allochthonous, intrusive plutons.

Quartz-diorite and granodiorite are the most common plutonic rocks. Diorite and
quartz-monzonite are less common: gabbro and especially granite are rare.

In the course of moving from the sites of generation to the zones of emplacement,
the plutonic rock became:

(1) more homogeneous.

(2) less migmatitic, and impoverished in inclusions.

(3) less foliated.

(4) more acidic, more biotite-rich.

(5) a rock containing plagioclase of lower average anorthite content and more
complex oscillatory zoned crystals.”

We seem to be left then with a minority of ‘liquid” granites (and other
rock types) mainly contained to anorogenic central complexes, and a majority
of “orogenic’ granites typically found in metamorphic terrain. It is this
apparent two-fold division which has been followed for descriptive purposes
in the overall subdivision of this chapter. However, it is appropriate at this
stage to refer to a notable landmark in granite investigation and classification
— the synthesis of A. F. Buddington.

3.5.4. Approach of Buddington

Disregarding in the first instance thorny questions of genesis, Buddington
(1959) compiled case histories of North American granites. The evidence
from this true geological approach to the problem leads to a natural three-
fold division of granitic bodies based on their style of emplacement, in turn
related to host-rock temperature and rheidity and thus roughly to crustal
depth at time of emplacement. The ensuing subdivision into katazone-,
metazone- and epizone granites is widely followed, and is adopted here as
a framework for description in Tables 3.1—3.3, which are largely self-
explanatory. Admittedly some parameters added and tabulated by the writer
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may be open to criticism on the grounds of overgeneralization. In general,
the epizone granites are those found in central complexes discussed above,
whereas the deeper-seated mesozone and katazone granites are those found
in abundance in metamorphic terrain.

The granite “space problem” is one that has long exercised petrologists in
view of the large outcrop areas underlain by granite — what happened to
the pre-existing rock? More than one mechanism can be seen to be operative
in answering this apparent problem which is interrelated with critical evidence
from contact relationships and internal structures.

3.5.5. Katazonal granitic rocks

In katazonal conditions we are in the domain of migmatites, granitization
phenomena, and the possible site of generation of some granitic rocks.
All that may be apparent in the way of contact relationships of an autoch-
thonous migmatite complex is a fairly gradual increase in the proportion of
neosome material often over distances of several kilometres or more in
outcrop. Also under conditions which must still be regarded as katazonal
it is possible for migmatite complexes to begin to move upwards in a rheid
manner forming incipient diapirs, mushroom- and tadpole-shaped bodies.
Intrusive contacts will not be displayed however, rather asomewhat narrower
zone of ‘“contact migmatites” between country rock and the now para-
autochthonous migmatite complex.

On the subject of migmatites, there is little doubt among petrologists
that partial anatexis has played a significant role in their formation. At
upper amphibolite facies conditions, under which the majority of migmatites
are found, temperatures are such that water-saturated silicate melts of granitic
compositions are just possible. Nevertheless, considerable differences in
emphasis has been placed on anatexis by different investigators working on
migmatites. A somewhat rigid approach is that followed in the definitive
book by Mehnert (1968), similar to an approach based on experimental
work (von Platen, 1965). Both these writers categorically equate the neo-
some component of migmatite with partial melt. However, closer field
examination reveals that much neosome material is not only variable in
composition but commonly nowhere near the minimum compositions
that would be expected if they represented partial melts. Workers with
wide experience in migmatite terrain have therefore questioned the above
simplistic assumption of Mehnert and von Platen both on this ground and
also on textural and physical considerations. See particularly in this regard
a review of potassic migmatites in southern Finland by Hirme (1965).
A. J. R. White (1966) considers that metamorphic differentiation can
adequately account for the mineralogy and chemistry of migmatites from
the Palmer region of South Australia. P. E. Brown (1967) and Misch (1968)
have both given strong reasons for believing that regional metasomatism has
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TABLE 3.1

FORMS AND STRUCTURES OF INTRUSIVE ROCKS

Overall structural features of granitic bodies

Nomen- Approximate depth Intrusion Overall Internal
clature of of emplacement style structure structure
Budding-
ton (1959)
Epizone (exact limits impos| 0—9 km | “‘permissive’’ ring-dyke generally
granite sible as emplace- intrusions homophanous
ment style de- connected | (structureless)
pends on the to over-
temperature and lying caul-
rheidity of dron-sub-
country rock sidence
which varies intrusions
with depth
according to
the geothermal
gradient which
itself varies from
place to place)
Mesozone 7—16 km | “forceful” diapirs igneous foliation
granite common; the
domain of ‘“‘gra-
nite tectonics’’,
+ superimposed
regional defor-
mation
Katazone >12 km | rheid incipient tendency towards
granite adjustment diapirs chaotic; loss of
of mig- any pre-existing
matite planar structures
‘‘granitization”’ migmatite
complexes
in situ

occurred in the migmatite terrains of Sutherland, Scotland, and Washington,
U.S.A,, respectively. King (1965, p. 233) maintained that selective melting
is not even the main factor in migmatite genesis. A cautionary note is sounded
by Hirme (1966) who gently reminds us that:

‘““a process proved possible in the laboratory is not always the sole possibility in

nature”
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Contact relationship Temperature dif- Probable Resolution
ference between physical of ‘“‘space
granite and state problem’
country rock

chilled contact against extreme liquid + large-scale

hornfels phenocrysts magmatic
stoping

highly variable; phyllonite along| variable A crystal mush, forceful pushing

chilling gen- fault contact oo probably aside of flanks
erally not % largely solid of diapir; incor-
obvious schist aureole o poration of

g “pendants”’ or

|

narrow zone of
contact mig-
matite

smaller ‘‘septa”
in roof zone

broad zone of regional/contact

migmatite

very little

solid with
incipient
silicate melt

large-scale plastic
deformation of
migmatite com-
plex and
country-rock
envelope

replacement and
recrystallization

gradation in proportion of neosome| nil
material in regional migmatite
complex

a piece of geological philosophy that should never be forgotten. C. J. Hughes
(1970b) considered that those migmatites with prominent dark biotite-
rich selvedges may have undergone incipient melting only. The above articles
with their illustrations and references provide an overview of the spectrum of
geological opinion on these fascinating rocks.

Internal structures of migmatites are very variable; see Mehnert (1968)
for excellent illustrations and a classificatory descriptive scheme. In many,
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TABLE 3.2

FORMS AND STRUCTURES OF INTRUSIVE ROCKS

Petrological features of granitic bodies

—
Type (as in Table 3.1)

Nature of inclusions

Common rock types

Epizone inclusions rare; some angular diorite to granite, including syenite
‘‘accidental” inclusions of and quartz-syenite; ideal granite
country rock near contacts; compositions include felsitic and
cognate inclusions uncom- granophyric textural varieties;
mon high quartz contents common

overall; seldom peraluminous;
granitic and syenitic varieties
commonly rich in Fe and/or
peralkaline; pegmatites
uncommon

Mesozone inclusions common; rounded diorite to granite, excluding
““‘cognate” inclusions of syenite and quartz-syenite; low
debatable origin, plus quartz content varieties common
inclusions of country rock overall; ideal granite compositions
near upper contacts rare; silicic varieties often peral-

uminous; pegmatites common;
localized autometasomatism
resulting in greisening, tour-
malinization, and kaoliniza-
tion

Katazone inclusions numerous, repre- generally inhomogeneous, but

senting the metamorphic
component of
migmatite

locally homogeneous; bulk
composition variable and difficul
to determine; commonly per-
aluminous

veinlets and patches of neosome are seen to occur both concordantly and
discordantly with respect to pre-existing structural planes in a coherent
metamorphic country-rock framework. In some, a more pervasive type of
crystallization of large feldspars (in response to metasomatism?) imparts a
“nebulitic” appearance.

There is commonly a variable proportion of neosome to palacosome not
only from one part to another of a migmatitic complex but also within
different palaeosome rock types. Mica schists, for example, commonly
host relatively abundant neosome. Quartzites, on the other hand, commonly
have little neosome presumably because they are compositionally further
removed from granitic composition and are thus relatively slow and difficult
to recrystallize and transform to material of granitic aspect. Amphibolite
layers in migmatite very commonly appear as neosome-poor boudins sepa-
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Dark minerals

Nature of alkali

Relationship to solvus

feldspar at time of emplace-
ment
fayalite, heden- mesoperthite hypersolvus
bergite, aegirine
and riebeckite
often found in
granitic and
syenitic com-
positions
muscovite com- perthitic orthoclase or subsolvus

mon in granitic perthitic microcline
compositions;
also pinite after
cordierite, both
reflecting a
peraluminous

condition

biotite and hornblende common throughout

relatively low-tem-
perature subsolvus

‘“‘metamorphic”’ microcline

minerals such

determination complicated by subsolidus exsolution
and recrystallization

as garnet, cor- equilibrium

dierite, and attained

sillimanite

common __J

rated by granitic, even pegmatitic, patches [see, e.g., the illustrations in
Ramberg (1956)}. Migmatized mafic rocks often exhibit a reticulate network
of quantitatively minor trondheimitic neosome, prior to more extensive
assimilation processes involving metasomatism (see, e.g., Lobjoit, 1969).
In autochthonous migmatite terrain such resister beds may permit the
elucidation of a ghost stratigraphy.

In para-autochthonous migmatites particularly, the palaecosome com-
ponent loses its coherency, banding of neosome and palaeosome becomes
swirly and intricately flow-folded, and agmatitic structures with subangular
disorientated blocks of palaeosome are found. In para-autochthonous migma-
tites too, neosome becomes relatively more abundant, commonly even
predominant, and volumes of more or less homogeneous granitic rock may
occur.
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Assuming that migmatites signal some degree of partial melting, an autoch-
thonous migmatite complex therefore reflects regional attainment of the
necessary temperature conditions, and contact migmatites merely the local
attainment of this temperature adjacent to a para-autochthonous or alloch-
thonous migmatite body transferring heat to the upper crust. However, the
temperature difference in the latter case between “igneous” and “country”
rocks is small, plastic deformation is the rule, and contacts are vaguely
defined and concordant. The development of contact migmatites around an
allochthonous body of migmatitic granite may thus present the illusion of
granitization in situ.

3.5.6. Mesozonal granitic rocks

Mesozone granite contacts embrace a great variety of structural styles
related mainly to different country rock temperatures at the time of em-
placement of the igneous body, and present a continuum from katazonal
conditions upwards to relatively cool country rocks. Usually, a distinct
metamorphic aureole, varying mainly with size of the intrusion, reflects the
prolonged conduction of heat away from the igneous rock into cooler
country rocks.

At relatively greatest depths contact migmatites may be found, usually in
a rather narrow zone measurable in tens or hundreds of metres. Still at
considerable depths where country rock temperature is elevated a marked
penetrative deformation and ensuing new schistosity accompanied by a
distinct episode of recrystallization may be superimposed on the country
rocks related to the stress and heat produced by the forceful intrusion of
the granitic body. At shallower levels and cooler country rock conditions,
however, continued movement reflecting continued internal “push” within
the pluton is taken up along a relatively cool contact, so that retrogression
to phyllonites and even brittle faulting may occur.

Whereas some compressive stress must be set up around the flanks of
a forcefully intruded mesozone granite body often resulting in a marked
development of flattening in the plane of a new schistosity as noted above,
a degree of extension may occur over the top of a diapir. This is most
evident where the country rock is cool or has vertical planes of weakness and
thus tends to deform not by flattening and extension but by breaking,
under these latter conditions, roof pendants of all sizes down to narrow
septa* a few metres across may be enveloped by the granite. Sometimes a
dilated “stratigraphy’’ of metamorphic cover rock is preserved in this fashion,
as for example in the main Donegal Granite (Pitcher and Read, 1959), not

*The term ‘‘septum” (pl. septa) has also been applied by American petrologists to the
screens of country rock that commonly separate successive ring-dyke intrusions in epizone
terrain.
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to be confused with the in situ ghost stratigraphy of an autochthonous
migmatite complex.

In the above discussion it must be borne in mind that differences in geo-
thermal gradient will result in differing actual depths of cover rocks charac-
terizing the different contact relationships.

The internal structures of mesozone granites have provided much material
for classic discussions of granite tectonics associated with the name of E. Cloos
and summarized in Balk (1937). Indeed, a primary igneous foliation is seldom
lacking from mesozone granites, sometimes obvious as shown by aligned
feldspar tablets and/or subparallel biotite crystals, sometimes so subtle
as to be discernible only to a quarryman’s practiced eye and touch. This
foliation is taken as evidence of final emplacement as a crystal mush under
the influence of directed pressure attributable to the forceful intrusion, as
this igneous foliation will parallel the walls of the intrusion and is thus dis-
tinct from any regional foliation that the igneous rock might later acquire.

3.5.7. Discussion

Our first analysis led to the supposition that there might be two kinds of
granite: (1) fractionated silicate melts in anorogenic central complexes, and
(2) granitized crustal rocks forming katazonal and mesozonal bodies in
orogenic terrain, How valid is this assumption?

Buddington has demonstrated that there appear to be continua, on the
one hand between granites of mesozonal and epizonal affinities, and on the
other hand between those of the katazone and mesozone. The argument that
there is no continuum in any one granite terrain between all three is un-
fortunately a circular one as no terrain exposes all three levels, Perhaps the
mesozone—epizone continuum could be interpreted as the essentially liquid
type of granitic working its way up through intermediate to high crustal
levels by processes of both stoping and diapiric uprise. Anorogenic epizone
intrusions must presumably have penetrated the mesozone somehow, the
katazone too for that matter. It should be borne in mind that temperature
gradients in anorogenic terrain, particularly older basement rocks, are
much lower than in orogenic terrain. The katazone—mesozone continuum
is indeed to be expected, so that in sum it would appear that Buddington’s
natural three-fold division does not necessarily invalidate a genetic two-fold
division,

Nevertheless it must be admitted that the petrogenesis of many mesozone
granites continues to be a source of great controversy, particularly in the
situation in which they seem to be abundant in Phanerozoic time, namely
a supra-Benioff zone one. Are they to be conceived of as crustal remelts
or mantle fractionates? An interesting example of this, the Sierra Nevada
“batholith’” (actually composed of numerous groups of composite intrusions),
is discussed in Chapter 7, and it appears that some compromise is possible
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between these two contrasted ideas, i.e. the intrusions could represent the
products of mantle melts undergoing both fractionation and assimilation
processes. (If you don’t happen to include the right question among your
multiple working hypotheses, you won’t come up with the right answer, so
be flexible!)

3.6. FEATURES TO MAP AND SAMPLE IN INTRUSIVE ROCKS

Generalities do not have much value and we must consider the distinctive
features shown by each of the groups of intrusive igneous rocks considered
in this chapter.

Aphyric dykes and small sills of basic composition are usually chemically
homogeneous varying only in a slightly coarser grain size inwards and are
thus easy to sample. Porphyritic rocks of this category may likely show flow
differentiation (see Chapter 7), a crude form of fractionation affecting only
the phenocrysts present on intrusion. Sampling may thus yield rocks either
relatively enriched or depleted in early formed primocrysts, a not uncommon
situation with porphyritic mafic rocks.

In larger basic sills, layered basic intrusions, and anorthosite bodies the
attitude of any layered structures can be mapped just as in a sedimentary
sequence. What is desirable is a regular sampling of a layered igneous se-
quence with a view to the later detailed investigation of the succession of
cumulus phases and of any cryptic variation that they may reveal. Phase
layering can usually be detected in the field and provides a basis for separating
a layered sequence into mappable units. The Bushveld Intrusion, for example,
can be subdivided in this way into units of ultramafic rocks, norites, gabbros,
and ferrogabbros. Careful fieldwork can lead to separation into quite detailed
map units based upon phase layering [see the coloured map of the Skaergaard
Intrusion included in Wager and G. M. Brown (1968, facing p. 244)]. In
addition, major rhythmic layers if present can often be mapped. Rhythmic
layering connotes repetition of phase-layered cumulus sequences commonly
on a scale of ~10—100 m and is usually attributed to fresh inflows of magma
(see, e.g., G. M. Brown, 1956; C. J. Hughes, 1970a).

Conventional wisdom has it that sampling and analysis of the chilled
margin material yields the composition of the parental magma of the
intrusion, obviously an important factor. However, repeated intrusions
successively replenishing a magma chamber need not necessarily have had
compositions identical with each other or with the chilled margin material.
The Cap Edward Holm Intrusion in east Greenland, for example, is believed
to have been emplaced within a fracture formed by splitting of a cone-
sheet intrusion, the material of which thus simulates chilled margin material
but need not have been the same as the parental magma of the subsequent
major intrusion (Elsdon, 1969). Also, it is not improbable that some meta-
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somatism across the igneous contact may have accompanied the development
of the autometamorphic textural recrystallization shown by many chilled
margin rocks of large intrusions.

In ophiolite complexes one would record such varied features as (1) fabrics
in the tectonite unit; (2) enstatolite, dunite and other veins, and other
noticeable departures from a harzburgitic mineralogy; (3) attitude oflayering
and phases present in the overlying cumulate sequence; (4) existence of any
layering in, mineralogy of, and variations within the overlying gabbroic rocks
(with the knowledge that there may stand much to be revealed from more
detailed studies of this component of the ophiolite suite); (5) strike and
abundance of sheeted dykes and any apparent unusual petrographic varieties
such as, for example, the dyke members of high-magnesium basalt compo-
sition of a sheeted dyke complex recorded by Gale (1973); and (6) massive
or pillowed varieties, and any distinctive stratigraphical horizons or indications
of mineralization in the lava sequence.

The intrusive rocks of central complexes may well show textural and
even compositional variation (see description of zoned plutons in Chapter 7)
within mappable intrusive units, requiring careful fieldwork to distinguish
successive intrusions that may be multiple or composite, conveniently
designated G,, G,, G3, etc. (see p. 71).

In rocks of the diatremic association one is mapping bodies of possibly
different kinds of breccias (see Chapter 2); an examination of the lithol-
ogies of breccia fragments for provenance is often important in evaluating
the degree of relative movement of fragments in the diatreme, A magmatic
component in the diatreme may be represented by varying proportions of
shards, phenocrysts, vesicular masses, or may be completely lacking.

Deep-seated granites generally show such mappable features as joint
patterns, igneous foliation (to be distinguished from any possible meta-
morphic foliation), aplite vein direction, pegmatites, mineralized veins, and
zones of alteration. Granite contacts always merit careful examination for
structural style and conditions of emplacement.

Criteria for establishing the relative ages of igneous rocks include the
following: (1) normal stratigraphic principles of superposition in lava flows;
(2) absolute age determinations, which may reveal a surprising amount of
fine detail in relatively young and undeformed igneous rocks, as for example
the accounts of the San Juan volcanic field by Steven and Lipman (1976)
and of the Boulder batholith region by Robinson et al. (1968), but cannot
be relied upon for relative ages in older provinces or igneous rock complexes;
(3) structural truncation of relatively earlier igneous bodies by relatively
later ones, as for example in many ring complexes and calderas; (4) un-
equivocal chilled contact of an intrusive igneous rock against older; (5)
veining of one igneous rock by another [but beware of the phenomenon of
“back-veining’’; see definition in Chapter 7, and C.J. Hughes (1960, p. 114;
plate X, fig. 2)}; (6) inclusions of one rock type (if sufficiently distinctive)
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within another; and (7) relative dating of two intrusive igneous bodies even

if not in contact by reference to an intervening period of deformation or
of intrusion such as a dyke swarm.



Chapter 4

CLASSHICATION OF IGNEOUS ROCKS

4.1. INTRODUCTION

Historically, some igneous rock terms have been in field use for a con-
siderable time to describe such obviously distinctive rock types as trap,
felsite, granite, porphyry, etc. With the application of the petrological
microscope to petrographical studies beginning in the latter third of the
nineteenth century, the precise mineral composition of all but glassy and
very fine-grained rocks could be established. A great many new igneous
rock names were formulated based on the content, proportions, and to
some extent the textural relationships of their constituent minerals. The
classic work of Johannsen (1931—1939) and the more concise book by
Holmes (1920) are excellent etymological sources for this heroic age of
petrography. There was an undeniable tendency to trim a newly collected
igneous rock to a convenient size and shape, bestow upon it a varietal name,
and put it in a museum showcase. This treatment may be all very well for
fossils and minerals which belong to distinct species, but is an obvious source
of potential difficulties in dealing with the continuous and broad spectrum
of compositions and textures of igneous rocks. For example, communication
may suffer between petrologists who may individually be inclined to be
either “splitters” or “lumpers” and thus work with differently sized pigeon-
holes in a classification scheme. More significantly, legitimate genetic inter-
relationships may be lost sight of in a wealth of mineralogical and textural
complexity.

The mineralogy of an igneous rock is a function of a more fundamental
attribute, namely its chemical composition. For example, magma of essen-
tially the same chemical composition could yield such distinct textural
varieties as granite, or microgranite, granophyre, quartz-porphyry, aplite,
felsite, rhyolite, or obsidian, depending on the accident of intrusion or
extrusion, size of the igneous body, and cooling history. Also, genetic
relationships between igneous rocks of different compositions within the one
province, i.e. those emplaced in the same localized area and at approximately
the same time, may likely be the result of physico-chemical processes such as
fractionation, assimilation, and hybridization that result in definable variation
trends in magma compositions. For these reasons, therefore, classifications
based on chemical composition or compositional parameters have been
proposed and are widely used by research petrologists at the present time.

The purpose, however, of any classification scheme is to communicate
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accurately, conveniently, and appropriately in context. A field classification
appropriate to a company report without any microscope or chemical
investigation could be refined by microscope work to a terminology appro-
priate say to a definitive geological survey report on an area. Further research
work on the petrology and petrogenesis of the same rocks may well utilize
a different terminology based on chemical analyses and derived parameters.

For our present purposes we will first review the presentation of chemical
data, then see how chemistry and mineralogy are interrelated, and finally
build up a reasonable petrographic classification scheme based upon min-
eralogy alone, and independent of the kind of petrogenetic inferences that
are left until later chapters. It is, however, important to be aware from the
outset of the essential but often uneasy alliance between chemistry and
mineralogy in the classification of igneous rocks.

4.2. PRESENTATION OF COMPOSITIONAL DATA
4.2.1. Igneous rock analyses

Table 4.1 presents chemical analyses both of some common rock types
such as tholeiite basalt, alkali basalt, andesite, dacite, rhyolite, trachyte, and
granite, and also of some rarer more extreme varieties in order to portray
the range of chemical variation found in the major-element contents of
igneous rocks*. Even a cursory study of the data shows that there is by no
means a regular variation from those rocks low in silica content to ones high
in silica, but rather a wide spectrum of compositions exhibiting considerable
differences between the relative proportions of other oxides, notably in the
relative contents of the alkali oxides, Na,O and K,O.

The analyses have been tabulated in order of increasing silica content —
a widely followed procedure. One reason for this is because, as we shall see
later, fractionation, believed to be a dominant factor in the differentiation of
igneous rocks, leads to an overall increase in silica content of an igneous rock
series. Although the rocks in Table 4.1 have been selected for their diversity
and do not belong to any one genetically interrelated series of igneous rocks
which would be expected to reveal a more regular variation, it is convenient
to tabulate the analyses in this manner.

In common petrological usage some of the major-element oxides have
acquired names that are not the same as their chemical names and should

*The order in which the major oxides are presented in igneous rock analyses is in the
main that of decreasing cation valency, conveniently so in that the two generally most
abundant oxides, SiO, and Al,O,, appear first. Some analyses quote the much less abun-
dant oxide TiO, immediately after SiO,, presumably to preserve the valency order, though
no one goes so far as to put P,O, at the head of the list!
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not, of course, be confused with the names of elements as Table 4.2 makes
clear.

H,0O" in a rock analysis refers to that water which is lost from a sample
by heating (and reheating until a constant weight is attained) to 105°C. It
is thus merely a measure of the degree of dampness of the powdered sample
as received by the analyst and has no relevance to igneous rock composition.
For comparative purposes it could well be omitted. H,0", on the other hand,
refers to that water which is an essential component of such minerals as
biotite, hornblende, epidote, analcite, etc., and thus is an essential con-
stituent of the rock. Sometimes all water is deleted from an analysis and the
remaining oxides recast to 100% for comparative purposes. This arbitrary
procedure, followed, for example, in calculation of the CIPW norm (see p. 97),
parallels that in nature where on eruption of extrusive rocks, water together
with other volatile constituents is largely lost from a magma system from
which an equivalent plutonic rock would retain magmatic water. In analysis 1
the very high content of H,O" reflects not a water-rich magma but the fact
that the igneous rock has been metamorphosed and contains secondary
hydrous minerals such as serpentine, chlorite and amphibole, In view of this
high water content some doubts may be entertained whether the amounts
of other major oxides have remained relatively fixed during metamorphic
recrystallization, This is indeed one of the areas of current debate in igneous
petrology where conclusions on magmatic affinity based on chemical com-
positions of older, altered, and metamorphosed igneous rocks are concerned
(see Chapter 14).

Common mineral constituents of igneous rocks can be expressed stoichio-
metrically in terms of oxides, and thus a chemical analysis of an igneous
rock presented in terms of oxides should be expected to sum to 100%
to a first approximation. However, there may be some sulphide present and
halide may substitute for hydroxyl in minerals such as apatite and white
micas. In analysis 12, for example, there is appreciable halide and the total
would come to 100.05 wt.% were not an appropriate subtraction made to
allow for the fact that some cation must be combined with the halide
and not with oxygen. After correcting the analysis in this manner (and simi-
larly if sulphide were present) and allowing for small unavoidable analytical
errors the total of a superior analysis should come to between 99.5 and
100.25 wt.%.

In classical silicate analysis results are conventionally calculated and
presented to two decimal places, i.e. three significant figures for most
major oxides and four significant figures for silica and alumina contents.
This implied degree of accuracy is just not attainable even with the most
careful work whether by classical or rapid silicate analysis*. The style of
analysis 10 where oxide contents are given to the number of significant
figures justified by the analytical method used, even if less tidy in appear-
ance, is scientifically a more correct procedure.

*For footnote, see p. 92.
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TABLE 4.1

Chemical compositions (in wt.%) of selected igneous rocks

1 2 3 4 5 6
Sio, 41,61 42.55 43 .49 45.4 46.82 49.34
ALO, 2.70 16.66 12.66 14.7 14.50 17.04
Fe,O, 5.63 7.05 2.06 4.1 5.26 1.99
FeO 4.35 3.42 9.45 9.2 6.78 6.82
MnO 0.17 0.18 0.23 0.2 0.20 0.17
NiO 0.18 — - — ~ —
MgO 30.58 4.08 12.68 7.8 7.61 7.19
Ca0 4.29 9.35 12.44 10.5 11.07 11.72
Na,O 0.15 6.25 3.08 3.0 2.56 2.73
K,O 0.03 4.20 1.32 1.0 0.36 0.16
TiO, 0.31 2.84 2.13 3.0 1.95 1.49
P,0, 0.02 0.73 0.48 0.4 0.22 0.16
H,0* 8.81 1.53 0.30 — 1.74 0.69
H,0- 0.22 0.73 — - 0.75 0.58
Co, — 0.43 - - — —
Cr,0, 0.32 — - - - 0.04
70, - - — — - -
F, Cl - - - - — —
Total 99.37 100.00 100.32 99.3 99.82 100.12

1 = average of five analyses of peridotitic komatiite, Komati Formation, Barberton green-
stone belt (M.Jd. Viljoen and R.P. Viljoen, 1969, p.72, table 1, analysis 5).

2 = nepheline leucitite, Nyiragongo volcano, Western Rift Valley (Sahama, 19€2, p.11,
table 2, analysis 2).

3 = basanite, La Grille volcano, Grande Comore (Strong, 1972, p.192, table 6, analysis 9).
4 = average of 35 analyses of alkali olivine basalt, Hawaii (G.A. Macdonald, 1968, p.502,
table 8).

5 = olivine tholeiite, Thingmuli, Iceland (Carmichael, 1964, p.439, table 2, analysis 2).

6 = average composition of oceanic tholeiitic basalt (Engel et al., 1965, p.721, table 2).

*Classical silicate analysis for major oxides, in use since the earliest days of chemical
petrology, is an exacting gravimetric procedure, best executed by a trained chemist, It
involves dissolving the rock powder, then precipitating, drying, and weighing oxides and
other compounds of major elements in turn, under carefully controlled conditions of
pPH, etc. The procedure is in part sequential, and thus any mistake generally entails time-
consuming reduplication, A batch of six analyses will take a full week to complete.
Fairbairn (1953) sent the same synthetic glass of granitic composition to eleven leading
laboratories around the world for chemical analysis. Results showed that the precision
of classical silicate analysis was by no means as good as had been complacently assumed.

Rapid methods of silicate analysis, widely adopted in the sixties, include colour and flame
photometry and titration methods. In general, redeterminations of individual elements
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7 8 9 10 11 12
54.70 54.91 62.90 65.0 71.98 76.25 Si0,
18.07 12.73 16.15 154 13.13 10.86 Al,O,
3.90 1.02 1.37 2.46 1.33 1.23 Fe,0,
3.75 6.41 3.09 2.40 1.64 0.76 FeO
0.16 0.17 0.14 0.06 0.14 0.03 MnO
— — — — — — NiO
3.32 11.29 0.61 2.6 0.56 0.18 MgO
8.17 8.34 1.89 6.4 1.15 0.37 CaO
3.69 1.88 6.17 3.88 2.98 4.68 Na,O
1.88 0.67 5.58 0.95 4.93 4.65 K,O
0.85 0.48 0.41 0.74 0.37 0.11 TiO,
— 0.10 0.17 0.18 0.19 0.01 P,O,
— 1.02 0.13 0.1 1.38 0.50 H,0*
- 0.72 0.26 - 0.39 - H,0-
— — 0.84 — — — Co,
- - - - - - 01'203
— — 0.13 — — 0.10 Zr0,
— - - — — 0.32 F,Cl
98.49 99.74 99.84 100.17 100.17 100.05 Total
0.10 less O
for F, Cl
99.95 Total

7 = average composition of andesite from Mt. Egmont, New Zealand (Gow, 1968, p.182,

table 4, analysis A).

8 = pyroxene andesite, Ohakune, Tongariro National Park, New Zealand (Ewart, 1965a,

p.90, table B-B, analysis 9).

9 = trachyte, Nandewar volcano, New South Wales (Abbot, 1969, p.127, table 3, analysis

12).

10 =dacite, Mt. Hood, Cascades (Wise, 1969, p.992, table 12, analysis 100).
11 = granite, Skye, Inner Hebrides, Scotland (Tuttle and Bowen, 1958, p.114, table 20,

analysis F2-239).

12 = riebeckite-aegirine granite, Kudaru, northern Nigeria (Jacobson et al., 1958, p.17,

table 7, analysis 1).

can be readily repeated. A batch of six analyses can be completed in two days by a
technician. Accuracy closely approaches that of analysis by classical methods and is

adequate for petrological purposes.

More recently, integrated schemes use “AA” (atomic absorption) and “XRF” (X-ray
fluorescence), the latter capable of mechanised input of samples and computerised output
of data. Some major oxides (H,0, CO,, Fe,0,, Na,O, P,O;) are not amenable to either
of these methods and are determined separately by rapid methods. These schemes give
acceptable accuracy and are capable of even more streamlined operation than “classical”

rapid methods.

Maxwell (1968) gives outlines of classical silicate analysis (pp. 536—539), rapid methods
(pp. 540 and 541), and a combined XRF and rapid methods analytical scheme used by
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TABLE 4.2

Petrological nomenclature of major-element oxides

Element Element Cation Chemical Commonly used
symbol name formula oxide name
of oxide

Si silicon Si** Sio, silica
Al aluminum Al Al,O, alumina
Fe iron Fe3* Fe,O, ferric oxid.e

Fe?* FeO ferrous oxide
Mn manganese Mn?** MnO manganese oxide
Mg magnesium Mg?* MgO magnesia
Ca calcium Ca?* CaO lime
Na sodium Na* Na,O soda
K potassium K* K,O potash
Ti titanium Ti** TiO, titania or TiO,
P phosphorus Pt P,O, phosphorus pentoxide or P,O;
H hydrogen H* H,0 water

Other less common elements known as trace elements are, of course,
present in igneous rocks in addition to the major elements. They generally
occur dispersed in the crystal lattices of major minerals and are thus not
present as distinct mineral species; exceptions to this would include, for
example, the minerals chromite and zircon containing essential chromium
and zirconium. Although varying in amount from rock to rock, the relatively
more abundant trace elements include MnO and NiO (usually present in
solid solution in minerals containing ferrous iron and therefore combined
with the FeO figure when not reported separately) and BaO and SrO (which
are similarly combined with CaO). Contents of Cr,O; and ZrO, may be
appreciable enough to warrant being reported separately, particularly in
some ultramafic and peralkaline rocks respectively. Other trace elements
where determined, and also Mn, Ni, Ba, Sr, Cr and Zr, where not reported
as oxides, are usually quoted in ppm (parts per million}), equal to g/t (grams
per tonne). Simple calculations using the appropriate atomic weights convert

the Geological Survey of Canada (pp. 542 and 543), together with comprehensive details,
in the text of his book Rock and Mineral Analysis.

For trace elements a choice of emission spectrography, AA, XRF, and other methods are
available. The choice depends on the accuracy and sensitivity of each method for aspecific
element.

Note in passing the meanings of the following terms commonly employed in referring to
analytical data: precision (the reproducibility of an analytically determined value by one
method); accuracy (the approach of an analytically determined value to the true value);
sensitivity (the lower limit of concentration that can be measured by a specified method
for a specified element). At low concentrations near the sensitivity the accuracy deterio-
rates to the point where an element can merely be detected rather than measured.
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weight per cent oxide to ppm and vice versa: e.g., 0.32 wt.% Cr,0; is equiv-
alent to 104/152 X 3200 = 2189 ppm Cr.

It might be wondered whether the aggregate total of trace elements may
become significant enough to affect the total of weight per cent major
oxides in a rock analysis. In classical silicate analysis most trace elements
are precipitated and weighed with the chemically similar major oxides and
are thus already included in the total; in theory a subtraction should therefore
be made from the appropriate major-oxide content for trace elements
determined separately by other methods. In the case of some rapid methods
which may be specific for some major elements, any subsequently determined
trace-element content should be added. However, for practical purposes
these considerations are academic, as the sum of trace elements (excluding
Mn which is usually reported with the major oxides as MnO) is generally so
small (of the order of 0.2 wt.%) that it does not materially affect the total
rock analysis within its limits of accuracy.

CO, is an important and significant primary constituent of carbonatite,
kimberlite, some lamprophyres, nepheline syenites, etc. However, some CO,
may be introduced by groundwater or hydrothermal solutions into igneous
rocks including those of the more common compositions that do not usually
contain CO, and its presence therefore may indicate alteration.

4.2.2. Norms

Chemical analyses of igneous rocks are available with increasing facility by
modern analytical techniques and in ever increasing numbers. Comparison of
numerical chemical data is tedious and does not always reveal at first sight
some of the more subtle but fundamental differences between rocks, so the
idea was evolved of recasting a chemical analysis of an igneous rock into
component minerals, something more tangible and familiar for petrologists
to cope with. This idea has been universally adopted and a calculated nor-
mative mineralogy or norm commonly accompanies chemical analyses in
research papers. The norm will not necessarily be precisely the same as the
mode for several reasons. One is that the most commonly used norm is
calculated as weight per cent (wt.%) of minerals from the weight per cent
of oxides obtained by analysis, whereas a measured or estimated mode is,
of course, the volume per cent (vol.%) of the actual minerals present (theo-
retically it is possible to convert a measured volumetric mode to a quantitative
mode by adjusting the volume per cent of each mineral by a factor related
to its density, but this refinement is seldom followed by petrologists).
Another reason is that relatively complex hydroxyl-bearing mineral species
such as hornblende and biotite, that are common in granitic rocks for
example, are generally excluded from normative calculations and anhydrous
pyroxenes used instead. A third reason is that in calculating the norm the
various oxides are assigned to appropriate mineral species in a fixed sequence



96 CLASSIFICATION OF IGNEOUS ROCKS

and the results expressed as the simplified end-members of solid-solution
series. This procedure, although related to observed mineral parageneses as
far as possible, does not exactly match the more subtle possibilities of solid
solution in naturally occurring mineral species, for example, Fe,O; in natural
orthoclase, K,O in natural plagioclase, Na,O and TiO, in natural augite, etc.
However, when all is said and done, the fact remains that normative miner-
alogy matches modal mineralogy for basic rocks rather closely and con-
veniently; the equivalence is a little less close for granitic rocks, where besides
the omission of hornblende and biotite from the norm, a problem arises
in assigning normative albite between total normative alkali feldspar and
plagioclase unless an assumption on plagioclase composition is made (see
Le Maitre, 1976). However, the advantage for comparative purposes of
everyone following the same procedure for all rocks generally outweighs
minor inconveniences.

The above remarks refer to the CIPW norm, first proposed by the American
petrologists W, Cross, J.P, Iddings, L.V. Pirsson, and H.S, Washington in
1902 and accompanied by a classificatory nomenclature based upon possible
normative mineral parageneses. Although the nomenclature, which introduced
at one fell swoop rather too many new and ““artificial” terms for digestion
by petrologists, has not caught on, their normative scheme is in universal
and everyday use, particularly in the English-speaking world.

In the comparable and perhaps even more elegant Niggli norm, first
proposed by the Swiss petrologist Paul Niggli in 1920, and widely used
on the continent of Europe, molecular amounts of four groups of oxides:
al (AL,O; + Cr,0; + rare-earth element oxides), fm (FeO + ; Fe,O; + MgO +
MnO), ¢ (CaO + SrO + BaO) and alk (Na,O + K,O) are recast to 100%.
A computed ‘‘quartz value”, gz, can be either positive for oversaturated
rocks or negative for undersaturated rocks. Other parameters are &, the ratio
of K,O to sum of alkalis in alk, and mg, the ratio of MgO to sum of the
divalent oxides in fm. All parameters are retained in molecular proportions
as opposed to weight per cent minerals in the CIPW norm. A lucid account of
the Niggli norm with a worked example is given by Barth (1952, pp. 74—77),
and a spirited defence of the molecular norm as opposed to the CIPW norm
is made by Niggli (1952, pp. 388 and 389) himself.

From time to time other normative schemes have been proposed, notably
the “metamorphic’ norms of Barth (1959) utilizing minerals appropriate to
different metamorphic facies groupings, of which the mesonorm containing
hornblende and biotite would for example relate more closely to the modal
composition of mesozone granitic rocks than the CIPW norm. Subsequent
discussion (O. Larsen and S¢rensen, 1960), however, has highlighted some of
the difficulties and ramifications involved wherever these more complicated
molecules are introduced.

Whatever may be the intrinsic merits of other schemes, it is fair to say
that the CIPW norm has achieved a popularity in common use that is not
at all likely to be displaced.
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4.2.8. Procedure for calculating the CIPW norm

Full details, together with tables facilitating calculation, are given in
Holmes (1930) and Johannsen (vol. 1, 1931). Whereas norm calculation
lends itself to computer programming, it is nonetheless very instructive
for students to work out a few norms, and at times it is convenient to be
able to work out one or two, or obtain normative parameters without running
to a computer. If a pocket calculator is available the procedure takes only a
few minutes. A simplified procedure, embodying all common normative
minerals, which serves for all but a very few compositionally unusual and
uncommon igneous rocks, is as follows. (Fig. 4.1 shows a worked example,
analysis 2 of Table 4.1.)

(1) (a) Add amounts of MnO, NiO (if reported separately) to FeO.
(b) Add amounts of BaO, SrO (if reported separately) to CaO.

(2) Adjust Fe,0, if desired*.

(3) Recast adjusted analysis to 100 wt.% omitting H,O and any CO,.

(4) Express as molecular amounts, obtained by dividing the weights per
cent of oxides by their respective molecular weights, multiplying by 1000
and entering to nearest integer for convenience in calculation.

Now begin to construct normative minerals in the following order, using
the molecular proportions as indicated by the formulas in the tabulation
below.

(5) Use all P,O; to make apatite.

(6) Use all TiO, to make ilmenite.

(7) Use all K,O to make orthoclase [provisional, see (14), (d)].

(8) (a) Use all Na,O to make albite [ provisional, see (14), (c)].

(b) Use any excess Na,O to make acmite [i.e. if not enough Al,O;

to satisfy (8), (a)].

(¢) Use any remaining excess of Na,O to make sodium metasilicate

[i.e.if not enough Fe,0; to satisfy (8), (b)].

(9) (a) Use remaining Al,O; to make anorthite.

* An anomalously high Fe,O, content, for example in mafic volcanic rocks that may have
undergone post-crystallization oxidation, is often arbitrarily reduced to 2 wt.%, or to
some proportion of total iron oxides [e.g., to 20 wt.% of total iron oxides (C.J. Hughes
and Hussey, 1976, p. 485)], or to some comparable appropriate figure [e.g., to 1.5 wt. %
+ TiO, value (Irvine and Baragar, 1971, p. 526)]. The excess Fe,0, is then added to FeO
content with an appropriate adjustment for the different weight per cent of combined
oxygen. 0.9 x “surplus” Fe,O, = “new’” FeO to be added to original FeO of analysis. The
reason for doing this is that anomalously high Fe,O, contents in weathered rocks result in
high normative magnetite and consequently high values of available silica content, resulting
in turn in misleading indications of silica activity and hence magmatic affinity from a raw
norm not using corrected values. The differing corrections used by various workers (or
the lack of any correction for obviously oxidized rocks) makes comparative work on
published norms exceedingly tiresome and the reader is warned that there is not consensus
among petrologists on dealing with this matter.
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Fig. 4.1 Worked example of a CIPW norm calculation, Note examples of parameters
obtained from the norms: normative colour index = £(di + hy + ol + mt + hm + il) =
43; differentiation index, D.I. = £(Q + or + ab + ne + l¢) = 50.

(b) Use any excess Al,O; to make corundum [i.e. if not enough CaO
to satisfy (9), (a)].
(10) (a) Use all Fe,0, to make magnetite.
(b) Use any excess Fe,O; to make hematite [i.e. if not enough FeO
to satisfy (10), (a)].
(11) Note molecular ratio of MgO and remaining FeO at this stage.
(12) Use any remaining CaO to make diopside, composed of equal molecu-
lar amounts of wollastonite and hypersthene, the latter preserving the mol-
ecular ratio of MgO and FeO noted in (11).
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(13) Use remaining MgO and FeO to make hypersthene [provisional, see
(14), (b)].

(14) (a) Use any remaining SiO, to make quartz. However, the rock may
be undersaturated with respect to silica, and on summation of molecular
amounts of SiO, already used in the formation of the above minerals it may
thus become apparent that there is not enough SiO, present in the rock
analysis to make the above (saturated) minerals. In this eventuality proceed
as follows:

(b) Convert hypersthene to olivine, to extent necessary to rectify
deficiency, again preserving the MgO/FeO ratio of (11) in both hypersthene
and olivine, 2hy = 1ol + 1Q.

If there is still not enough SiO,, after converting all hypersthene to olivine:

(c) Convert albite to nepheline, to the extent necessary, 1ab = 1lne + 4Q.
If there is still not enough SiO,, after converting all albite to nepheline:

(d) Convert orthoclase to leucite, to the extent necessary, lor = 1llc + 2Q.
(15) Now convert the molecular amounts of ‘“normative minerals” to

weight per cent by multiplying by their respective molecular weights and
dividing by 1000 (Table 4.3). Results should be quoted to one decimal
place only as original analytical errors plus inevitable “rounding-off” pro-
cedures involved in the calculation certainly do not justify quoting some

TABLE 4.3

Common normative minerals

Normative mineral Symbol Formula Molecular
weight
quartz Q Sio, 60
corundum C Al O, 102
orthoclase or K,0-Al1,0,-68i0, 556
albite ab Na,0-Al,0,:68i0, 524
anorthite an Ca0-Al0,-28i0, 278
nepheline ne Na,0-A1,0,-25i0, 284
leucite le K,0-Al1,0,-4Si0, 436
acmite ac Na,0:Fe,0,-48i0, 462
sodium metasilicate ns Na,0-8i0, 122
wollastonite wo Ca0-8i0, 116
Diopside, di {enstatite en MgO-SiO, 100
ferrosilite fs FeO-Si0O, 132
enstatite en MgO-SiO 100
Hypersthene, hy {ferrosilite £s FeO-SiO, 132
Olivine. ol {forsterite fo 2Mg0-Si0, 140
’ fayalite fa 2Fe0-8i0, 204
magnetite mt FeO-Fe,0, 232
hematite hm Fe,O, 160
ilmenite il FeO-TiO, 152

apatite ap 3Ca0-P,0; 310
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more significant figures. (Take care with the unit formula of olivine, the
source of a common mistake.) The total, of course, should be 100 wt.%, in
practice often between 99.8 and 100.2 wt.%, again due to inevitable and
perhaps cumulative ‘“rounding-off’’ errors.

4.3. REFLECTION OF CHEMISTRY IN MINERALOGY

The relative proportions of minerals in an igneous rock necessarily reflect
variations in the relative proportions of major oxides which not only are few
in number but also allowing for common diadochies can be conveniently
reduced to five groups: SiO,; Al,0;; (FeO + Fe,0; + MgO); CaO; and (Na,O
+ K,0). The generally smaller amounts of TiO, and P,0O4 are reflected by
the presence of ilmenite or sphene and apatite, common examples of minor
accessory minerals that are generally present but in small amounts only and
do not affect the position of an igneous rock in a classification scheme.
Let us now see how the relative abundances of these five groups of major
oxides are indeed reflected in the mineralogy.

4.3.1. Silica content

Silica is the most abundant oxide and shows the greatest absolute variation
in weight per cent in igneous rocks (although it should be noted that several
other oxides show a greater relative variation). Early recognition of this fact
led to the broad subdivision of igneous rocks given in Table 4.4, based upon
their silica content as determined by analysis. The terms are still widely
used and understood, and indeed are frequently employed for descriptive
purposes for rocks that have not actually been analysed but merely corre-
lated on the basis of their general appearance and mineralogy with one of
the above groupings. The terminology derives from the fact that silica (alone
with P,0O; of the major oxides) forms an acid solution with water, alumina
is amphoteric, and the remaining major oxides are bases*.

TABLE 4.4

Subdivision of igneous rocks by silica content

Name Silica content Common examples
(wt. %)
Acid rocks >66 rhyolite, granite
Intermediate rocks 52—66 andesite, diorite, trachyte, syenite
Basic rocks - 45—52 basalt, gabbro
Ultrabasic rocks <45 peridotitic komatiite, peridotite

*For footnote, see p.101.
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4.3.2. Principle of silica saturation

The more elegant concept of silica saturation formulated by Shand (1950)
in 1927 relates chemistry more closely to the actual mineralogy. It is observed,
for example, that forsteritic olivine is not found in igneous rocks in equilib-
rium with free quartz whereas a magnesian orthopyroxene may coexist with
free quartz. Forsteritic olivine can thus be termed ‘undersaturated” with
respect to quartz whereas orthopyroxene would be ‘saturated’”. Again
kalsilite, KAlSiO,, and leucite, KAlSi,Oq, are never found with free quartz,
whereas of course orthoclase, KAIlSi;O4, often occurs with free quartz.
The two feldspathoids are thus undersaturated and orthoclase saturated.
Similarly, nepheline and analcite are undersaturated and albite is saturated.
Within the range of plagioclase compositions, albite, oligoclase and andesine
are often found with free quartz, but more calcic compositions rarely so. It
is thus a relatively simple matter to determine whether free quartz is present
in a crystalline igneous rock, and conversely if quartz is absent, to suspect
the presence of and search for any appropriate undersaturated minerals. Thus
in place of a determined silica content necessitating analysis, igheous rocks
can quite simply be grouped on the basis of their mineralogy into oversaturated
rocks and undersaturated rocks, and note made of the amounts of quartz or
undersaturated minerals which characterize the two groups respectively.
A further refinement, following the same principle, is the concept of the
silica activity of a melt calculated from the proportions of different oxides
present at specified temperature, and the reflection in igneous rocks of
different silica activity levels, essentially increasing degrees of undersaturation,
by certain diagnostic mineral assemblages (see Chapter 8).

4.3.3. Alumina saturation

End-member components of the feldspars, in which most of the Al,O;
in igneous rocks occurs, are orthoclase, K,O- Al,0;-6Si0,, albite, Na,O-
Al, 04 6Si0,, and anorthite, CaO- Al,O5* 28i0,. Written thus in oxide form,
it is apparent that in molecular proportions alumina preserves a 1:1 ratio
to oxides of the alkali or alkaline-earth elements in all feldspars and feld-
spathoids. In a similar manner to the idea of silica saturation and again
following Shand (1950) how might any variations in this ratio be reflected
mineralogically in igneous rocks? Peraluminous rocks, i.e. those oversaturated
with respect to alumina, where the molecular proportion of Al,O; exceeds
that of Na,O + K,O + CaO combined, might contain free alumina (corundum,
Al,O;, is a rare constituent of some syenite pegmatites), or alumina combined
with silica if the rock were oversaturated with respect to silica in addition

*In applying the descriptive term acid to igneous rocks there is thus no connotation of
hydrogen ion concentration — indeed petrologists may speak, for example, of an “alkali”
or “peralkaline” acid rock, somewhat to the consternation of chemists.
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to being oversaturated with respect to alumina (andalusite is known from
some granites and granite pegmatites). The usual indicator of a peraluminous
rock, however, is the much more common alumina-rich mineral muscovite,
K,O- 3A1,04°6S10,-2H,0 found in some granitic rocks and pegmatites.
Almandine garnet, the most aluminous of the dark minerals, and cordierite,
or more commonly its chloritic alteration product, pinite, are also found in
some peraluminous granites. Peralkaline rocks, on the other hand, in which
the molecular amount of the alkali oxides (Na,O + K,O) exceeds that of
alumina, perforce contain one or more minerals of the aegirine, riebeckite,
arfvedsonite, or aenigmatite classes in which Na,O is an essential component
of the inosilicate. The two terms, peraluminous and peralkaline, are in
common use with this precise compositional and mineralogical connotation.
Two intermediate conditions of alumina saturation are known as subalumi-
nous and metaluminous in which the molecular amount of Al,O; approxi-
mately equals or exceeds respectively that of (Na,O + K,0) but does not in
the latter case exceed that of Na,O + K,O + CaO. These latter two terms,
which reflect the more usual condition in basic and acid igneous rocks
respectively, are not encountered nearly so frequently as the terms per-
aluminous and peralkaline which refer to more extreme and distinctive
compositions.

4.3.4. Colour index

Feldspars, feldspathoids, quartz, and muscovite and typically colourless
or light in colour except where turbid or tinted due to strong alteration or
exceptionally dark due to perthitic or antiperthitic exsolution (as in some
anorthosites). They are known collectively as light or felsic minerals. The
colour of igneous pyroxenes, amphiboles, olivine, biotite, and opaque
minerals is by contrast dark (although olivine when quite fresh is a rather
pale green), and these minerals are known as dark or mafic minerals. They
are also known as ferromagnesian minerals as they all contain essential iron
and/or magnesium oxides. The parallel term, cafemic mineral, recognizes the
essential lime in amphiboles and clinopyroxenes, and ferromagnesian is at
times employed in a more restricted sense to include only the olivine and
lime-poor pyroxene series, in which the only essential major-element cations
are indeed iron and magnesium,

One obvious observable parameter of a crystalline rock therefore is the
relative amount of light and dark minerals as defined above, and this is
conventionally recorded as the colour index, defined as the volume per cent
of dark minerals quoted to the nearest integer. The overall density of the
dark silicate minerals is ~20% greater than that of the light minerals, so that
the actual weight per cent of dark minerals is significantly greater than their
observed volume per cent in the rock. This becomes of some importance
when comparison is made between the mode and the norm, particularly
when considering the relatively very dense opaque minerals.
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Some texts give precise definitions of the terms leucocratic (C.I. <30),
mesocratic (C.I. = 30—60), melanocratic (C.I. = 60—90), and hypermelanic
(C.I.>90). However, most petrologists obstinately do not adhere to this usage
and instead tend to use the terms leucocratic and melanocratic as qualifiers
with a purely relative meaning. For example, a syenite with a colour index of
30 might well be called a melanocratic syenite because it possesses a high
colour index for a syenite. Similarly, a gabbro with a colour index of 30
might well be called a leucocratic gabbro, or leucogabbro, because it possesses
a low colour index for a gabbro. For igneous rocks with a colour index
greater than 90, the term hypermelanic has now been replaced by ultramafic.

4.3.5. Feldspar proportions

Feldspar species are the commonest minerals in igneous rocks, in which
they constitute, on the average, over 50 vol.%. The feldspars of igneous
rocks fall into two distinct mineralogical groupings, plagioclase and alkali
feldspar. Pyrogenetic plagioclase is generally optically homogeneous (although
commonly antiperthitic in many anorthosites) and very rarely, if ever, more
sodic than oligoclase. Alkali feldspar is much more variable in appearance
and comprises optically homogeneous sanidine and anorthoclase in young
volcanic rocks, cryptoperthites in older volcanic rocks, and orthoclase and
microline that are frequently perthitic in plutonic rocks. In many granitic
rocks, pronounced exsolution and/or late-stage recrystallization and alter-
ation have resulted in the formation of discrete plagioclase that is very close
to pure albite in composition, and is thus compositionally as well as texturally
distinct from the pyrogenetic plagioclase. This albite together with the albite
more intimately mixed with potassium feldspar in perthites is conventionally
included with the potassium feldspar as alkali feldspar. In most crystalline
rocks an estimate of the proportion of alkali feldspar and plagioclase as thus
defined can readily be made, and is another parameter commonly employed
in a mineralogical classification of igneous rocks, reflecting the relative
amounts of alkali oxides and lime.

A classification utilizing a few mineralogical parameters can thus reflect
rather closely the range of fundamental chemical variation in the major
oxides that constitute igneous rocks and should thus provide us with a
convenient and appropriate scheme of mineralogical classification.

4.4. CLASSIFICATION

4.4.1. Occurrence and grain size

Igneous rocks can be either extrusive or intrusive, the latter comprising
both hypabyssal and plutonic rocks. Thus three names could be applied
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to rocks of the same chemical composition, depending on their mode of
eruption. A good example of this would be the very common terms basalt,
diabase*, and gabbro. Many hypabyssal rocks, however, are aphanitic and
petrologists frequently therefore apply the same name to them as to the
volcanic rock of equivalent composition, Terms applicable to grain size are
more specifically defined as follows:

(1) Phaneritic (visibly crystalline, with aid of hand lens if necessary):

(a) very coarse-grained >30 mm

(b) coarse-grained 5—30 mm

(c¢) medium-grained 1—5 mm

(d) fine-grained <1 mm, but crystallinity discernible using

hand lens if necessary

(2) Aphanitic (crystallinity not discernible even with aid of hand lens):

(a) microcrystalline crystals visible under microscope

(b) cryptocrystalline crystals too small to be capable of being
resolved optically, although an aggregate
birefringence may be evident

(c) glassy or hyaline material is glass, in practice seldom com-
pletely free of crystallites and/or micro-
lites

Grain size refers to the average diameter of crystals in a more or less equi-
granular rock (such as most gabbros and granitic rocks), or to the average
diameter of groundmass crystals in a porphyritic rock in which the dimen-
sions of the phenocrysts are specified separately, e.g., ‘““a microcrystalline
andesite with plagioclase phenocrysts up to 5 mm”. The prefix micro usefully
connotes a fine-grained phaneritic rock, e.g., microdiorite, microgranite,
etc. Note, however, that the terms ‘“fine-grained” and ‘“‘coarse-grained” are
very often employed loosely in a relative sense. For example, a petrologist
with customary perversity could well refer to a granite of 2 mm grain size
as ““fine-grained” because that would be fine-grained for a granite, and so on.
To avoid confusion one can refer to grain sizes quantitatively in millimetres.

4.4.2. Rationale of classification adopted in this chapter

Following a two-fold division into aphanitic and phaneritic, most simplified
classification schemes rely on a tabulation of mineralogical features such as
presence and amount of quartz or of undersaturated minerals, colour index,
and feldspar proportions as discussed above. It is undeniably difficult,
however, to encompass a desirable igneous rock nomenclature into one
convenient tabular form as different classificatory criteria are in fact used

*Diabase is synonymous with dolerite in European usage where diabase has the conno-
tation of a pre-Cenozoic somewhat altered dolerite.
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for different groups of rocks. The trick is first to determine to what group
of igneous rocks an unknown rock belongs, and then proceed to an appro-
priate nomenclature. For this practical purpose of classification therefore,
and for this purpose alone, it is useful to subdivide igneous rocks into eight
groups as follows and to consider their nomenclature separately:

(1) Aphanitic mafic rocks

(2) Aphanitic intermediate and acid rocks

(3) Cumulates

(4) Other mafic and ultramafic plutonic rocks
(5) Granitic plutonic rocks

(6) Lamprophyres and kimberlites

