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PREFACE

Granite landforms and landscapes have long engaged the interest and attention
of geologists and geomorphologists. Yet, so far as | am aware, no one has
attempted an analysis and synthesis of granite forms and their genesis presented
in the English language. Nothing has been done for the morphology of granite
exposures that can reasonably be compared to Marjorie Sweeting's Karst
Landforms (1972). Wilhelmy (1958) contributed an excellent account in German
and organised in terms of climatic zonation (see also Wilhelmy, 1974), though
in this work it is significant that many arguments are proposed only so that
they can be refuted either in whole or in part. Alain Godard (1977) produced
a marvellously concise review of granite landforms and landscapes in the French
language. Certain granite forms are discussed at some length in Thomas'
(1974a) exposition concerned with tropical geomorphology, but the self-imposed
climatic delimitation of interest places obvious and critical limitations on
this work seen in the context of the analysis of granite forms. |In addition to
these major publications specific features and problems associated with out-
crops of granite have been the subject of splendid essays and papers, and many
are cited in this book. Two examples may be cited to illustrate their virtues
but also their inherent limitations in the overall context. Dale's (1923)
account of the granites of New England contains many perspicacious and seminal
geological and geomorphological observations that in many respects remain
unsurpassed. His speculations on the origin of sheet structure for instance
are extraordinarily astute, though incidental to his main theme, which was the
commercial value of the granites. Again, the recent Supplementband on insel=-
bergs (Bremer and Jennings, 1978) is concerned specifically with a particular
and well-known granite form, but does not purport to be a comprehensive review
of all aspects of even that single feature; rather it is a collection of
essays on topics that happen to interest the contributors.

There is therefore a perceived need for a systematic, coherent and compre-
hensive account and analysis of granite landforms. Additionally, however, in
browsing through the literature it is apparent that several of the concepts
that currently find favour in the interpretation of granite forms and that are
regarded as of modern derivation were in fact appreciated and applied long ago,
and in some instances more than a century ago. Here an attempt has been made
to trace the origins of explanations of various granite landforms, both major
and minor, in an edneavour to give credit where it is due. Last, though it

cannot be claimed that any of the explanations propounded here is new, it is



xxii

nevertheless suggested that certain ideas warrant restatement and fresh
emphasis, and that their implications require re-examination in light of a
wider field experience.

The book is as uncomplicated in its organisation as it is simple in concept.
In order to arrive at an explanatory account of the forms developed on granitic
rocks it is necessary first to define and describe those features that are to
be considered, together with the nature of the materials on which they have
evolved and the weathering processes at work at and near the earth's surface.
These topics, together with a brief anticipatory review of major themes con-
stitute the three chapters that are Part |. Major landforms and assemblages
are discussed in the four chapters of Part |l and the minor features that have
evolved on the major hosts provide the material of the four chapters of Part
I1l. Part IV comprises but a single chapter in which salient conclusions are
discussed.

Over the years many friends and colleagues have contributed in one way or
another to the writing of this book, from 0.D. Kendall, F.C. Phillips and Frank
Hannell who many years ago introduced me to the tors and high plains of south-
western England, to those who have at various times over the past several years
guided me, or discussed landscapes and ideas in the field: 'Po Po' Wong in
Singapore, ané a former student, Aloyah Salleh, in West Malaysia; Bill Bradley,
Charles Higgins, Clyde Wahrhaftig, Bob Folk, Craig Kochel and Ernst Kastning
in the United States; Rodney Maude, Lester King, Linley Lister, Roy Miller,
Bill Purves, Bernie Moon, Tim Hill, Eban Verster, Braam de Villiers, 'Flip'
Hattingh and Koos van Zyl in southern Africa; Regina de Meis in Brazil;

Pierre Barrere, Serge Morin, Marie Claire Prat and Max Durruau in France; and
in Australia Rudi Horwitz, Joe Jennings, Jennie Bourne, George Sved, Jan de
Jong, Tony Milnes and Edwin Hills.

I am also grateful to those many friends, colleagues and institutions who
have allowed me to use their photographs and illustrations. Many of these
sources are named in the text, but particular thanks are due to those who at
my request sent photographs of admirable quality and interest, but for which no
space could, in the event, be found in the text. | am as indebted to these
unnamed friends as | am to those whose assistance is specifically acknowledged.

Max Foale, Chris Crothers and Debbie Ozakley displayed patience and ingenuity
in preparing the line drawings; Anne Whicker typed the final camera-ready
sheets with speed and style; and my wife Kate typed and effectively edited the
final draft of what was, regrettably, a fairly messy manuscript. Ron Gramende
and his colleagues at Elsevier have at all times offered patient understanding
and helpful advice in the face not only of the usual sorts of problems that
afflict authors and publishers but also those arising from the author's living

in the most striking country in the world, Australia.
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This book is based not only on the distilled essence of the experience and
wisdom of many earlier workers, but also in quite extensive field experience
in many parts of the world. Some of these field investigations which form a
crucial basis for any study of this type, have been made possible by grants
from the Australian Research Grants Committee, and from study leave funding
from the University of Adelaide. |In earlier years a Nuffield Commonwealth
Bursary and an U.S. National Science Foundation Fellowship materially assisted
in field studies outside Australia. To all of the people, institutions and
organisations who have in any way contributed or assisted in any way | offer my
sincere thanks.

C.R. Twidale
Adelaide, April, 1982.



PART |

INTRODUCTION

CHAPTER 1

LANDFORMS DEVELOPED ON GRANITIC ROCKS

Granite has not one face but many. Not only has the rock been shaped into
uplands in some places and worn down to extensive plains of low relief else-
where, but the form of these hills and plains varies greatly from place to
place. Granitic masses have been exposed to the entire range of endogenetic
and exogenetic forces and agencies, in large measure with the same results as
in other rock types. None of the landforms developed on granitic rocks is
peculiar to those materials, for congeners of all major and most, perhaps all,
minor forms can be found developed in other lithological environments.

Granites are subjected to normal crustal processes and are, for example,
affected by faulting. Fault scarps, horsts and rift valleys are developed in

granitic terrains as in regions dominated by other rock types (Fig. 1.1).

Fig. 1.1. The Sierra Nevada of California is delineated on its eastern side by
a complex fault zone that trends roughly north-south. Near Lone Pine a major
fracture zone defines the upland proper and finds topographic expression in a
dissected fault scarp about 1,500 m high. The granitic rocks of the Sierra
have here been deeply eroded by rivers and shattered by frost action, producing
an all-slopes topography.. The acicular peaks of the region include Mt Whitney,
at 1,347 m the highest pe&dk in the mainland United States outside Alaska. A
lower downfaulted block, also granitic, gives rise to low boulder-strewn rises
known as the Alabama Hills and much beloved by the makers of Western films:
many a ''shoot-out' has been staged amongst the boulders of this foothill region.



Faulting has caused the displacement of outcrops and the landforms developed on
them (Fig. 1.2). Faulting has brought into juxtaposition rocks of contrasted
character and, for this reason, granitic terrains in some areas give way
abruptly and along dramatically linear boundaries to quite different landscapes
(Fig. 1.3). Fault zones are exploited by weathering and erosion and may pro-
duce fault-line valleys that are characteristically straight. Thus the direct
and obvious major effects of faulting in granite are not significantly different
from those in other lithological environments and warrant no further comment
here.

Outcrops of granite are affected by every geomorphological process known to
operate at and near the earth's surface, and many of the assemblages so developed
are indistinguishable from those moulded by the same processes in other rock
types. Thus as is illustrated in various subsequent chapters glaciated granitic
masses in such areas as southern Greenland and the Yosemite region of the Sierra
Nevada of California are characterised by cirques, tarns and troughs, by hanging
valleys, valley steps and roches moutonnées. Certainly domical forms are
prominent in such areas, but the general suite of forms is typical of glaciation
rather than of granite bedrock (Fig. 1.4). Similarly, river channels cut in
granite display pot holes, scallops and flutings, as well as structurally con-
trolled rapids and waterfalls. |In certain, rather particular, circumstances,
and both in warm and in cold climates (see e.g. Russell, 1932; Powers, 1936),
aeolian sand blasting has caused granitic rocks to become intricately fluted
and scalloped, but again there are analogues in other lithological settings.

In coastal contexts, too, the gross assemblage of forms is due to the pro-
cesses operating there and not to properties peculiar to granites. Tafoni and
flutings are particularly well-developed (Chapters 9 and 10), and granite domes
and associated sheet structure are prominent in some localities (Fig. 1.5).
Orthogonal fracture sets also find marked expression (Fig. 1.6) but, with few
exceptions, granite coasts are much the same as most cthers.

It is true that corestones and grus (see Chapter 4) are exposed in some
granite cliffs and, on being released by the erosion of the grus, the corestones
form boulder beaches, some of which display fretted, fitted and imprisoned
boulders and blocks (Hills, 1963). The principal oddity of granite coasts how-
ever is a negative one for, as Jutson (1940) and Hills (1949, 1971) have pointed
out, shore platforms are generally not well developed, if they are present at
all, in fresh granite. Blocks and boulders are characteristic of well-jointed
granite exposed at the coast, yet there are quite broad and extensive platforms
underlain by fresh granite and extending in places fully 200 m from the base of
the cliffs (Fig. 1.7) on the west coast of Eyre Peninsula (Twidale et al., 1977),
and other, less extensive, granite platforms are developed elsewhere along the

South Australian coast. The most extensive granite platforms have a rather



Fig. 1.2. Displacement of granite masses by faulting: above (a) the Berridale
Batholith, N.S.W. (after Williams et al., 1975); below (b) on eastern Dartmoor,
southwestern England (after Blyth, 1962).



Fig. 1.3. The MacDonald Fault Scarp, a fault-line scarp which in places attains
a height of 280 m, has been traced for more than 500 km in the North West
Territories of Canada. Older granitic rocks underlie the higher ground to the
left of the scarp, and sediments of the Et-then Series, also of Precambrian age,

the lower ground on the downthrow side of the fault (Dept. Energy, Mines,
Resources, Canada).



Fig. 1.4. Half Dome, seen here from upper Yosemite Falls, Sierra Nevada,
California has been affected by glaciers but the gross morphology is an expres-
sion of structure (C. Wahrhaftig).

unusual origin. Waves operating within the present tidal zone have cut into an
old regolith developed on Precambrian crystalline rocks and stripped off the
unconsolidated material to expose the essentially planate and horizontal weather-
ing front as an etch surface which, since it occurs in the coastal zone, is
called a platform. The boulders that are strewn over many of the platforms are
erstwhile corestones.

But having directed attention to similarities between the landform assemblages
shaped in granite, and those developed in other rock types, it must also be
stated that many granitic landscapes are nevertheless distinctive, and that many
individual landforms are better and more widely developed on granite than in
other lithological environments.

Major forms characteristic of granitic exposures are boulders, inselbergs,

all-slopes topography and plains. Possibly the most common and widespread



Fig. 1.5. The Pearson Islands are members of the Investigator Group, situated
some 65 km off the west coast of Eyre Peninsula, S.A. Note the cliffed western
(right) face of the islands exposed to wave attack from the Great Australian
Bight (Keith P..Phillips).

granite landform is the boulder - a more-or-less rounded mass standing either in
isolation or in groups or clusters (Fig. 1.8) on plains, in valley floors, on
hillslopes or on the crests of hills. Granite boulders have been described from
all climatic zones, from polar to equatorial, and from arid to humid. They vary
in degree of roundness, and in diameter from 25 cm to some 33 m, though the mode
is of the order of 1-2 m.

Some granite uplands take the form of ranges or massifs; some of them are
detached, whilst others form integral parts of larger mountain ranges. Thus
the Everard Range is a complex of granite hills standing in isolation above the
arid plains of central Australia (Fig. 1.9); the uplands of central Namaqualand
consist of an orderly series of juxtaposed fracture-controlled blocks (Fig.1.10);
and the Spitzkoppe comprise a connected series of acicular hills and domes rising
from the plains of central Namibia (Fig. 1.11). On the other hand, the rugged
granite hills of the Mt Painter area are part of the northern Flinders Ranges;

the spectacular domical forms of the Yosemite and Domeland are developed within



Fig. 1.6. Orthogonal joint sets exposed in coastal cliffs at Land's End, south-
western England (Geol. Surv. and Museum, London).

the wider context of the Sierra Nevada in California; and Corcovado, for
example is part of the Tijuca Massif of the Rio de Janeiro area.

Other granite hills stand in isolation. This class includes some of the best
known granite eminences. Lone hills have a special dramatic quality, rearing
abruptly as they do from the surrounding plains or low hills: these are the
hills known as Inselberge (English plural, inselbergs) or island mountains
(German: Insel - island; Berg - mountain) because of the abrupt transition
from plain to upland, and the steep flanks of the uplands that are reminiscent
of sea cliffs. Describing the Inselberglandschaften of central Australia,

Giles (1889, p. 158) compared such residual hills to islands, and Bornhardt
(1900), Holmes (1918) and Passarge (1895) employed the same simile. The aptness
of the analogy. is brought home by the brilliant field sketches (Fig. 1.12) pro-
duced by Bornhardt (1900), Passarge (1928) and Jessen (1936), and by a comparison
of typical inselberg landscapes (Figs. 1.13-16) with examples of offshore insel-
bergs in such areas as the Bahia Guanabara (essentially Rio Harbour - Fig. 1.16);

Wilson Promontory, Encounter Bay, the Investigator Group (Fig. 1.5), Esperance



Fig. 1.7. On the west coast of Eyre Peninsula the unconformity between Pre-
cambrian rocks (commonly granite, but also including gneisses) and Pleistocene
dune calcarenite frequently occurs within the present tidal and spray range. As
a result the weaker limestone has in places been stripped away, as has the grus
developed at the granite surface. The exposed weathering front, together with
the boulders (corestones) released by the evacuation of the grus, now forms shore
platforms strewn with boulders and of a width unusual for granitic environments.
This example occurs just south of Streaky Bay.

Bay and King George Sound, all in southern Australia; and in southwestern England
where the Scilly Islands and Lundy are literal as well as littoral island
mountains.

Whether they are extensive or of limited area, whether they are simple or com-
plex, whether they are uniform or varied, these granite uplands are susceptible
of rational analysis, for granite uplands appear to comprise repetitions and
mixtures of a few basic forms, examples of which are shown in Figs. 1.13-18.

Bornhardts, so named by Willis (1934, 1936) after the German traveller and
explorer to whom are due the first scientific descriptions of the forms
(Bornhardt, 1900), are bald, steep-sided domes. They vary in size and geometry.
Those that are low, distinctly elongate and elliptical in plan, and have very
steep sides are called whalebacks (dos de baleine); some that are more nearly
symmetrical in plan, and have largely steeply sloping flanks, are known as
turtlebacks; those high residuals that are asymmetrical in profile are called

elephant rocks, or dos d'éléphant (see e.g. Rognon, 1967); and yet others that



Fig. 1.8. (a), Above, large.single granite boulder, some 4 m diameter, near the
Herbert Falls, north Q'd (Div. Land Res. C.S.1.R.0.); (b) below, cluster of
granite boulders, near Palmer, eastern Mount Lofty Ranges, S.A.

have plan axes of similar length, roughly equal to the altitude of the hill above
the plains,are referred to simply as domes or half-oranges, though there are many

local names that are used in the same general sense (matopos, ruwares, morros,



Fig. 1.8. (c) Granite boulder near Tampin, West Malaysia, where the slopes
have been cleared of rain forest in preparation for the planting of rubber trees.
The people on the path (bottom) provide a scale.
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Fig. 1.9. Map of Everard Range, northern S.A., showing major fractures and
dolerite intrusions (Drawn from air photographs, Sprigg et al., 1959; Krieg, 1972).



Fig. 1.10. The Groothoekseberg and adjacent bornhardts, in the Kamiesberge of
central Namaqualand, western Cape Province, R.S.A.

Fig. 1.11. The Groot Spitzkoppe is a group of acuminate gneissic inselbergs in
central Namibia, surrounded by broadly rolling gibber-veneered plains in the
foreground and middle distance.



Fig. 1.12. An example of the sketches of Angolan inselberg landscapes drawn
by Jessen.

Fig. 1.13. Bornhardts of augen gneiss rising from plains veneered by sand but
underlain by gneiss at a depth of a few centimetres in the western Pilbara,
near Nanutarra, W.A.

Fig. 1.14. Isolated granitic inselberg standing above the extraordinarily flat
Bushman Surface, also cut in granite, in central Namaqualand, R.S.A.



Fig. 1.15. Granite domes and peaks in the Sahara Desert, southern Algeria
(P. Rognon).

Fig. 1.16. The Sugar Loaf (P3o de Assugar, or Acugar) and other residuals

bordering Rio Harbour in the humid subtropical coastlands of Brazil (Braz.
Tour. Bur.).



Fig. 1.17. A bouldery nubbin surrounded by very gently sloping (3° - 23°

inclination from the horizontal), mantled pediments near Naraku, northwest
Queensltand. The thickness of granite sand on the pediment varies between

nil or a centimetre near the hill base to about 50 cm some 200 m distant.

Termite mounds have been built, despite the thinness of the regolith.

Fig. 1.18. This castellated inselberg or castle koppie in the Mrewe-Marandellas
area of Zimbabwe is built of huge cubic and quadrangular blocks in situ.



Fig. 1.19. Domes and turrets in the Kilba Hills, northern Nigeria (drawn from
photograph in Falconer, 1911).

dwalas, meias laranjas, demi-oranges, and so on) and which, from their linguistic
derivations, go some way to indicating the wide distribution of the forms.

Forms that are high and narrow, at least along one plan axis, are the sugar-
loaves and turrets of, for example, the Rio de Janeiro area (Fig. 1.16), the
Djanet region of the Tassili and parts of Nigeria (Fig. 1.19). Some hills take
the form of large radius domes, others small; some stand high above the

adjacent plains, others are little more than low platforms; some are extensive,
others are of limited areal extent; some are simple domes, some carry blocks

on their crests, and yet others are stepped. But whatever their precise geo-
metry, all are bald, steep-sided domical hills and are bornhardts.

Some block- or boulder-strewn hill-sized inselbergs are called nubbins or
knolls (Fig. 1.17). Angular and blocky, castellated forms (Fig. 1.18) are known
as castle koppies (or kopjes; koppie is Afrikaans for a head, is colloquially
applied to a small hill and is preferred). Many inselbergs contain elements of
two or even of all of these types, though it is thought that both koppies and
nubbins are derived from bornhardts, which are regarded as the basic form
(Twidale, 1981a).

Domical forms frequently occur in ordered groups separated by fracture-
controlled valleys or clefts (Figs. 1.9 and 1.10). In such instances the indi-
vidual domes can be referred to as bornhardts, but they cannot be termed
inselbergs because they do not stand in isolation. However, the group considered

as an entity does, and hence is an inselberg. Thus, though there are many
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bornhardts within the Everard Range, it is the range itself that comprises the
inselberg. Ordered assemblages of castellated forms are rare, though a few
examples ére known. Nubbins, on the other hand, are commonly grouped, as for
instance in the Mt Bundey area, near Darwin, N.T., in the western Pilbara of
Western Australia, and near Alice Springs, N.T.

Reference has already been made to terms of local derivation that are applied
to bornhardts. Some such terms are troublesome because they have come to be
used in different senses in different parts of the world. In particular, the
word 'tor' (Twidale, 1971a; pp. 14-17) is used in England of angular residuals,
most of them granitic (Linton, 1952, 1955), but some developed in gritstone
(Palmer and Radley, 1961; Linton, 1964) or in dolomite (Ford, 1962). Tor was
used in this sense by Falconer (1911) for residuals in Nigeria, by Handley
(1952) to denote granitic hills in Tanganyika, and by Demek (196k4a and b) and
Jahn (1974) of castellated forms in the Bohemian Massif and Karkonosze Mountains
of southern Poland. |In recent years, however, the term has been used with a
particular genetic connotation in mind (Linton, 1955, 1964 - see Chapter 5).

Not only has the particular interpretation been challenged (see e.g. Palmer and
Nielson, 1962), but in some parts of the world, particularly in Australasia
(Jutson, 1914, p. 182; Williams, 1936; Hills, 1940, pp. 26-28; Cotton, 1941,
pp. 28-30; Costin, 1950; Sparrow, 1961; Browne, 1964), the term has been used
of isolated blocks and boulders®*, a sense in which it was also sometimes applied
in southwestern England (see e.g. MacCulloch, 1814). Boulders in Namibia
(Mabbutt, 1952) and in Nigeria (Thomas, 1965) have also been described as tors
and Mabbutt (1965) has applied the term to a small bornhardt in central Australia;
in other instances, however, it is difficult to know what form is implied.

Tor is a word of ancient derivation. [t is Cornish and is comparable to the
Anglo-Saxon torr, the Welsh twr, and the Latin turris meaning a tower. |t has
long been used of protuberant rock outcrops. Jones (1859, p. 132), for instance,
described the tors of Dartmoor as 'lrregular prominent masses of rudely heaped
rock fragments', which can be construed as indicating nubbins, but Linton (1952,
p. 354) formally defined a tor as a bare rock outcrop, usually of monumental
form, 'about the size of a house' (and whether a labourer's cottage or a ducal
palace, of some considerable size), commonly bounded by near-vertical fractures
and boldly fissured by widely-spaced joints. In view of Linton's interest in

Devon and Cornwall, where the most common granite residuals are castellated, it

* Professor E.S. Hills (pers. comm., 7 December, 1981) relates that when he was
a boy in Melbourne the word 'tor' meant a marble or alley, albeit of a special
sort - of tough agate rather than of common glass. Clearly the morphological
analogue was the rounded boulder. Yet in a geomorphological sense 'tor' was and
is applied in the Antipodes to all manner of granite residuals, including born-
hardts (see e.g. Noldart and Wyatt, 1962, p. 51).



is not without significance that of the three main types of inselberg this
definition comes closer to that of the koppie forms than either of the other two,
though the residuals that constitute the 'houses' in Anderson's (1931) Cassia
City of Rocks, in Idaho, are simply very large, rounded residual boulders.

Whatever the rationale, the term tor has been usurped by workers outside
Britain and even in its home country was used in a different sense in earlier
times. Features similar to the tors of southwestern England occur in different
and various climates in other parts of the world are commonly called inselbergs
and in particular castle koppies. If the tors of England occurred anywhere else
they would be referred to as inselbergs and most of those of Dartmoor, for
example, as castle koppies.

Another difficulty is that the rounded or subrounded masses known as tors in
other parts of the world, and especially in Australasia, are really boulders in
the usage of sedimentary petrologists. Thus a boulder is defined as 'a detached
rock mass, somewhat rounded or modified by abrasion in transport' (Lane et al.,
1947) or by weathering in situ, and 'larger than a cobble' (Pettijohn, 1957,

p. 20). The minimum diameter of a boulder is set at 256 mm, or about ten inches
(Lane et al., 1947),with no upper limit. This definition embraces all the
boulder tars described in the literature and it is interesting to note in pass-
ing that the word boulder was used in some early accounts of the forms and that
it has never really lost currency (see Chapter 4).

Some granite uplands are neither domical nor castellated nor block- or
boulder-strewn. Instead, the granite massifs have been deeply dissected, slopes
are essentially rectilinear and there are no significant areas of flat land
either in valley floors or on ridge crests. All-slopes topography (Fig. 1.20)
has developed on granitic rocks in such arid areas as the Sinai Peninsula and
the northern Flinders Ranges, in cold areas such as the Andes, the Karkonosze
Mountains of southern Poland, the Pyrenees and the eastern Sierra Nevada (e.g.
the Mt Whitney area - see Fig. 1.1), and in such humid subtropical areas as the
Serra do Araras, near Rio de Janeiro.

Commonly associated with these major forms is a suite of minor features -
sheet structure, rock basins, flutings, flared slopes, tafoni (Figs. 1.21-24)
and so on - features which, though neither ubiquitous nor peculiar to granite,
are nevertheless widely and well developed on that material.

Notable and distinctive as these upstanding forms undoubtedly are, however,
plains are, on an areal basis, far more representative of granite outcrops.
Although there are many extensive granite uplands (the Kamiesberge of Namaqualand,
in the western Cape Province, R.S.A., considerable areas of the Sierra Nevada,
the Serra da Mantiqueira of southeastern Brazil, and so on), there are even more
extensive granite plains broken only by a few spectacular but areally insigni-
ficant residual hills (Fig. 1.14).



Fig. 1.20. All-slopes topography in the northern Flinders Ranges, S.A. (S.A.
Tour. Bur.).

Fig. 1.21. Sheet structure exposed in coastal cliffs, Pearson lsland, S.A.



Fig. 1.22. A flat-floored rock basin or pan on Haytor, eastern Dartmoor, south-
western England.

Fig. 1.23. Fluted and flared slope on the northwestern margin of Pildappa
Rock, northwestern Eyre Peninsula, S.A.
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Fig. 1.24. Tafoni developed beneath and at the edge of a massive sheet structure
on Ucontitchie Hill, northwestern Eyre Peninsula, S.A.

These granite plains take at least four forms. Pediments carrying a veneer
of grus or weathered granite in situ, and sloping gently and smoothly down from
residual uplands, are well and widely developed, particularly in tropical and
subtropical lands. Such mantled fringing pediments on granite occur in northern
Algeria, the American Southwest, Namibia, northwestern Queensland, central
Australia, Eyre Peninsula, Chile, Japan and Korea, to name but a few localities
where they are well represented (Figs. 1.13, 1.17 and 1.25; see Whitaker, 1973,
and Twidale, 1981b, for references).

Rock pediments or platforms are, like mantled pediments, most commonly found
adjacent to uplands, but they also occur on hillslopes, in valley floors and on
hill crests lacking residual remnants. They lack a debris veneer (Fig. 1.26),
and consist of essentially flat or gently sloping rock platforms, all of which
are, to a greater or lesser degree, grooved and dimpled through the presence of
gutters and shallow saucer-shaped depressions (Twidale, 1978a; see also
Chapter 8).

Both mantled and rock pediments are of comparatively limited area. The
former extend for a few kilometres at most from the mountain front and most of

the latter are only a few tens of metres wide, though some few in wet sites on
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Fig. 1.25. Ucontitchie Hill, northwestern Eyre Peninsula, S.A., is a bornhardt
surrounded by a low angle cone or pediment which is for the main part mantled,
though bare rock platforms are exposed in places and the regolith is nowhere
very thick in the vicinity of the upland.

Fig. 1.26. Bare rock pediment or platform bordering Corrobinnie Hill, northern
Eyre Peninsula, S.A. and extending 700-800 m from the base of the upland. Note
the shallow runnels and depressions.



22

northern Eyre Peninsula and in the southwest of Western Australia are a few
scores or even, in exceptional cases, a few hundreds of metres across.

Plains of great areal extent are developed on granitic rocks in many parts of
southern Africa and Australia. Some, like those just north of Pretoria, on
northern Eyre Peninsula, and in southwest Western Australia (Fig. 1.27) are
broadly rolling and can descriptively be called peneplains (Davis, 1909).
Others, like the Bushman Surface of Namaqualand (Fig. 1.14) and the plains
around Meekatharra, Western Australia (Fig. 1.28), are extraordinarily flat.
They have been called pediplains by some workers (e.g. King, 1942, p.53) because
it has been assumed that they result from the elimination of inselbergs and
coalescence of pediments; but it is an assumption, and they are perhaps best
referred to simply as planation surfaces or as ultiplains.

Thus four major landform assemblages - boulders, inselbergs, all-sjopes
topography and plains - are widely and well developed on granitic rocks. Their
possible origins are discussed in the following chapters, partly for their

intrinsic interest, partly -for the light they shed on general concepts of

Fig. 1.27. Peneplain cut in weathered granite near Corrigin in the southwest
of W.A.
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Fig. 1.28. This extraordinarily flat plain is cut in fresh Archaean migmatite
near Meekatharra, W.A.

landform development. But in order that the evidence and argument presented
can be seen in context, three or four basic conclusions can usefully be antici-
pated by stating them in outline here.

Although many granite landforms have been discussed in structural terms
(e.g. de Martonne, 1951; Twidale, 1971a), climatic interpretations involving
the zonation of forms have also enjoyed considerable favour (Wilhelmy, 1958,
1974; Biidel, 1977). Indeed, many granite forms have been used as climatic
indicators. Thus granite corestones and boulders were for many years inter-
preted as glacial erratics (Agassiz, 1865; Romanes, 1912) and low latitude
glaciation was postulated on that basis. Flutings also were associated with
glaciation during the early years of the Nineteenth Century, and Logan (1849)
did not conceal his pleasure at finding examples on Singapore Island that he,
quite rightly, thought refuted this then established idea. Inselbergs are most
commonly treated in the context of the arid erosion cycle, or some similar
heading. There are exceptions (e.g. de Martonne, 1925, 1951), but most geo-
logical and geomorphological texts that mention inselbergs treat them as desert
or savanna forms. Thus, to take recently published works, Thomas (197La) is
slightly equivocal but leans toward a savanna setting, while Bloom (1978, p. 324)
states that 'General agreement has now been reached that inselbergs are truly
the result of savanna morphogenetic processes .

It is not denied that certain forms developed on granitic rocks are more fre-
quently found in some conventionally defined climatic zones than others, but many
are widely distributed and others are limited to what appear to be two or more

climatically disparate settings. Thus pediments are found well and widely
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developed in arid and semiarid lower latitude regions but occur also in subhumid
and in cold climates. Tafoni are found in desert as well as coastal settings,
and so on. But rock basins, boulders, inselbergs, and many other forms are
widely developed and preserved.

This azonal character is attributed, first, to various structural factors
that have had a significant influence in landform development on granitic rocks.
The consequences of subtle variations in composition and texture within granitic
masses have been neglected, but the effects of contrasts in fracture density are
well-recognised. The reasons for such variations in density and associated
stress conditions are also of interest. But, whatever the details, such struc-
tural factors function independently of climate and impose a measure of azonality
on granite forms.

Second, although granite is stable in dry environments, contact with moisture
leads to rapid and pronounced decay. The weathering of granite is almost wholly
due to moisture attack. Subterranean waters in the form of either soil moisture
or of groundwater are practically ubiquitous. Some of this subsurface moisture
is derived from modern precipitation (for no place on earth, not even the driest
desert, is rainless), but many groundwaters are of considerable antiquity and
originated from earlier subsurface infiltration. Furthermore, it is increasing-
ly apparent that through much of the Mesozoic and for all but the last two
million or so years of the Cainozoic, warm humid conditions obtained over wide
areas of some continents, even in high latitudes. Thus subterranean water is
and has been widely distributed. Many of the landforms, major and minor,
characteristic of granite outcrops were initiated by differential weathering at
the lower limit of weathering, or weathering front. The latter is especially
well-defined on granitic rocks because of the typical low permeability of the
fresh rock. The climate at the land surface is largely irrelevant, save insofar
as water temperature and throughflow influence the rate of weathering.

Thus many granite forms are in disequilibrium with the present climates. The
flared slopes of southern Australia, for example (see Chapter 9), seem to be
especially well developed in alkaline environments, but the carapace of calcrete
that blankets the plains bordering the flared slopes is a late Cainozoic develop-
ment and is largely irrelevant to the conditions in which the flared forms were
initiated. Moreover, whatever agency - rivers, glacier ice, wind-driven waves -
is responsible for evacuating the weathered mantle and exposing the irregular
weathering front, the latter displays the same morphological range, both in gross
and in detail, the world over. To pursue the example of flared slopes, the form
is essentially the same whether exposed by rivers, waves or the wind (Figs. 1.23
and 1.29). This, then, is another reason for the observed azonality of granite

forms.
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Fig. 1.29. Flared boulder (F) on shore platform at Smooth Pool, near Streaky
Bay, Eyre Peninsula, S.A. (Fig. 1.7). The flared shape was initiated by sub-
surface moisture attack, and was exposed by wave erosion but is morphologically
similar to that exposed by river work on the flanks of Pildappa Rock (Fig. 1.23).

These themes involving the interplay of subsurface weathering and structure
in aeons long since past are detailed and elaborated in various of the following
chapters. First, however, it is necessary briefly to review certain aspects of
the occurrences and characteristics of granite as a rock, and of the changes that
take place when granite is exposed to the atmosphere and to groundwaters, before
embarking on discussions of major granite forms and then of the minor features

that have evolved on the host masses.
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CHAPTER 2

CHARACTERISTICS OF GRANITIC ROCKS

Granite is one of the best known of all rocks. |t can be a beautiful orna-
mental stone and, rough cut or polished, many varieties are widely used as a
facing on public buildings and for monumental purposes. It is a measure of the
familiarity Everyman feels for granite that many other crystalline rocks are
frequently referred to as granite. The norite from Biack Hill, South Australia,

for instance, is commonly known as 'black granite'.

A. OCCURRENCES OF GRANITE

Granitic rocks, including granite gneisses, are exposed over about 15% of the
continents, of which, therefore, they are a significant component. The study of
pressure waves generated by earthquakes shows that the earth is not a homogeneous
mass, but rather that it consists of shells of different materials surrounding a
core (Fig. 2.1 (a)). The innermost contiguous layer is compcsed of dense
material of basaltic composition. Known as the sima, a mnemonic derived from its
two principal components, silica and magnesia, it forms the floors of the oceans.

Floating in the sima are rafts of less dense sial (silica and alumina) which form

Fig. 2.1 (a). Structure of the earth (after Hodgson, 1964)
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Fig. 2.1 (b). Structure of the upper crust with sial and sima (after Hodgson,
1964).

the outer discontinuous layer of the crust (Fig. 2.1 (b)). The sialic rafts are,
of course, the continents. They are of granitic composition and occupy about one
third of the earth's surface. Thin veneers of sedimentary rocks cover large
areas of both the continents and ocean floors. Considerable areas of basaltic
rocks also occur within the continental regions but in broad view there is a
clear and significant distinction between the basalt of the deep ocean basins

and the granitic continental masses.

Granitic rocks are a major compcnent of the ancient crystalline blocks or
shields that form the nuclei of all the continents (Fig. 2.2). These, the
oldest parts of the earth's crust, comprise zones of different ages (Fig. 2.3 (a)
and (b)) that have been welded one to another through time. The shields also
appear to be areas of recurrent epeirogenic uplift. The crystalline rocks of
the shield areas crop out over extensive areas of the continents but also under-
lie many of the contiguous areas of essentially undeformed sediments, as, for’
example, in the Ukraine. Where the sedimentary cover thins sufficiently, out-
crops of granitic rocks give rise to small, but frequently notable, inliers and
morphological enclaves, as, for example, Bald Rock and Pyramid Hill, granite
inselbergs standing above the sedimentary plains of northern Victoria. Granitic
rocks are also a significant constituent of most fold mountains or orogenic
belts (Fig. 2.4).

Granitic rocks vary in origin. In general terms, the character of the margins
of the crystalline masses, considerations of space, and the detailed composition,
texture and structure of the masses suggest that most of the very large masses
of granitic rocks exposed in the shield areas are of metamorphic origin, having
been formed by the alteration of pre-existing rocks by thermal and deformational
events repeated throughout great spans of geologic times (see e.g. Read, 1957).
On the other hand, many of the small bodies that are particularly characteristic

of orogens are of magmatic origin in that they crystallised out from molten



Fig. 2.2.

Distribution of shields, orogens and platforms.
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Fig. 2.3 (a). Structural units within the Laurentian Shield (after Holmes, 1965).

magma at varied depths in the crust or upper mantle and were intruded into
earlier formed rocks. Regardless of their origins and the details of their
composition, masses of magmatic granite are deep-seated bodies and, for this
reason, are called plutons, after Pluto, the god of the underworid, the god of
the dead in Greek and Roman mythology.

Plutons are classified principally according to the nature of their relation-
ship with the country rock and only secondarily on their shape and size (Badgley,
1965, pp. 314-322). The margins of many plutons cut across structures in the
adjacent rock and are therefore described as discordant. A few, like the
Cairnsmore of Fleet pluton in Scotland (Parslow, 1968), have essentially con-
cordant junctions, but in most instances the contact is partly discordant, partly
concordant (e.g. Elders, 1963; Berger and Pitcher, 1970), and the bodies are
classified according to which of the two situations is dominant. The following
are the principal types of pluton:

Batholiths (or bathyliths) are massive intrusive bodies that are oval or
shield-shaped in plan. Their diameter is maintained or increased to shallow
depths, though there is some suggestion that they cut out within the crust (Bott
and Smithson, 1967; Hamiiton and Myers, 1967), indicating an overall lenticular
or globular form (Fig. 2.5). Indeed, some exposed batholiths and stocks have a
bulbous shape, with inward dips characterising the contacts (Fig. 2.6), again
suggestive of a lenticularity. They may form a single extensive outcrop or
several isdlated exposures separated by country rock but linked in the sub-

surface (Fig. 2.7).
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Fig. 2.3 (b). Structural units within the Baltic Shield (after Simonen and
Mikkola, 1980).

Most batholiths are complexes that consist of many individual plutons. Thus
the Sierra Nevada batholith of California, generated within a synclinorium and
exposed intermittently over an area of some 60,000 km2, in reality consists of
as many as two hundred individual granitic bodies emplaced in phases over a
period of 100 Ma (see e.g. Bateman et al., 1963; Bateman and Eaton, 1967 - also
Fig. 2.5). The Blue Tier Batholith of northeastern Tasmania (Gee and Groves,

1971), the coastal batholith of central Peru (Cobbing and Pitcher, 1972) are
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Fig. 2.4 (a). Occurrence of granitic batholiths in southeastern Australia
(after Geological Society of Australia, 1971).

other examples of composite bodies.

Stocks are small batholiths (Fig. 2.8), conventionally less than 100 km2
(40 square miles) in area. The contact between the granite and the host rock
can be either steep (Fig. 2.9) or gentle.

Laccoliths are intrusive bodies that have caused doming of the roof rocks
and are located at shallow depths, in relatively undisturbed areas (Figs. 2.8
and 2.10).

Phacoliths are sheet-like intrusive bodies situated in the crests of anti-
clines, where their upper and lower margins are convex upward (Fig. 2.11); they
were intruded at the same time as the folding development.

Lopoliths are large lenticular intrusive masses, the central parts of which

are sunken; the thickness of the bodies is between 5 and 10 percent of their

width or diameter (Fig. 2.12).
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Fig. 2.4 (b). Occurrence of granitic batholiths in the northern part of the
Armorican Massif, Brittany (after Bur. Rech. Géol. Min., 1968).

Fig. 2.5. Globular or lenticular form of various components of the Sierra
Nevada batholith along the 37th Parallel (after Hamilton and Myers, 1967).

Gneiss domes are structural domes in granitic rocks (Fig. 2.13) and are
probably developed by repeated uplift and intrusion.
Dykes (dikes) are discordant tabular bodies of intrusive origin, and cut

across bedding or other existing penetrative structures in the country rock.



Fig. 2.6. Plan and section of Vredefort dome, Transvaal, R.S.A., showing

centripetal dips at the margins of the granite body. (In part after du Toit,
1939).

Sills are tabular bodies emplaced parallel to the bedding, cleavage or
foliation in the country rock.

Ring complexes are oval, circular or arcuate sills and dykes related to an
intrusive centre (Fig. 2.14).

33
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Fig. 2.7. Linked granite plutons of southwestern England above (a) in section

(after Booth, 1968), (b) below, indicated by Bouguer anomalies (after Bott and
Smithson, 1967).

All of the major bodies described are of deep-seated origin. For though they
may not now extend to profound depths, with increasing evidence that some batho-
liths for instance are of globular or lenticular shape rather than having their
roots deep in the crust, all originated at considerable depths beneath the then

land surface and all are plutons. They vary in plan shape and in areal extent,
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Fig. 2.8. Section through Mt Hillers stock and Stewart Ridge laccolith, Henry
Mts, Utah, U.S.A. (after Hunt, 1953).

but they are in varying degrees discordant in relation to the structures of the
surrounding rocks and all are composed of crystalline rocks with rocks of grani-

tic composition most common.

Fig. 2.9. Plunging contact (A-B) of granodiorite stock (left) cutting
Cretaceous sediments (right), Castle Peak, British Columbia, Canada (after
Daly, 1912).
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Fig. 2.10. Section through partly exposed laccolith, 1.5 km in diameter,
Judith Mts, Montana, U.S.A. (after Weed and Pirsson, 1898). P - laccolith,
K - Cretaceous, J - Jurassic.

B. DEFINITION AND COMPOSITION

The word granite is derived from the ltalian word granulo, meaning a grain or
particle, and was first used by one Caesalpus in 1596. From the Renaissance
onwards it was applied to all obviously crystalline rocks. By the middle of the
Eighteenth Century, however, the word had a more restricted, technical, meaning
so that Playfair (1802, p. 82), for example, could write of the greatest of the
early, and one of the greatest of all, geologists:

The term granite is used by Dr. Hutton to signify an aggregate stone in
which quartz, feldspar and mica are found distinct from one another, and
not disposed in layers.

Subsequent definitions have become more circumscribed and precise, and Hutton's
preclusion of apparent stratification has, perforce, had to be disregarded in
some areas (see below, Chapter 2 C ii (c)).

According to Chayes (1957, p. 58) 'The name granite could usefully be reserved
for massive or weakly oriented rocks' that are leucocratic and contain 'no less
than 20, and not more than 40 per cent of quartz by volume'. Granites are
plutonic macrocrystalline rocks that consist of interlocking crystals with few
voids. Granites vary in composition, but true granites have at least 10% and
up to 40% free quartz, together with feldspar and mica (see Streckeisen, 1967,
1974, for discussion of definition and classification of granitic rocks).
Feldspars are the dominant rock-forming minerals and provide the basis for
classification of granites and many other crystalline rocks. The feldspars are
aluminosilicate minerals and form a continuous series between the potassic
(KA1Si308), sodic (Na,AlSi308) and calcic (CaAIZSiZOB) feldspars. The potassium
and sodium rich varieties, together, form the alkali feldspars of which ortho-

clase, microcline and albite are common examples. The sodium and calcium members
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Fig. 2.11. Phacolith of dolerite (d) in anticline of Ordovician shale, Corndon,
Shropshire, England (after Lapworth and Watts, 1894).

Fig. 2.12. Section through Bushfeld Lopolith, Transvaal, R.S.A. (after du Toit,
1939). The structure is almost 500 km in diameter.

Fig. 2.13. Gneiss domes near Lake Ladoga, southern Finland (after Eskola, 1949).
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Fig. 2.14. Ava ring intrusion, Rland Islands, southwestern Finland (after
Kaitara in Simonen and Mikkola, 1980).

form the plagioclase feldspars (albite, oligoclase, andesine, etc.). Both alkali
feldspars and plagioclases are present in most granites. The relative frequen-
cies of alkali feldspar to plagioclase, together with grain size, form the
basis of subdivision and classification of granite and related rocks (Fig. 2.15).
Plutons are not uniform in composition. As has been mentioned, many igneous
masses are of composite character and there are differences on that account

(Fig. 2.16). In addition there are variations within individual bédies, such as
that reported from the Cairnsmore of Fleet pluton, where biotite content

decreases toward the centre of the mass (Parslow, 1968).
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Many of the names given to granitic and associated rocks are self-explanatory.
Others are of local derivation and are still occasionally used. Thus another
name for granodiorite is tonalite after the Tonale Alps in northern ltaly. The
nearby Adamello Alps have given their name to adamellite. The syenites take
their name from Syene (Aswan), in Egypt, and monzonite, a syenite that is well-
known from its occurrence in the Yosemite Valley of California, takes its name
from exposures near Monzoni, in the Tyrol. Unfortunately, some of these local
names are no longer consistent with modern definitions: some rocks of the
Adamello massif, for instance, are not considered to be adamellites but, rather,
granodiorites.

In some granites all the crystals are of roughly the same size and their
texture is described as equigranular (Fig. 2.17 (a)). Others are porphyritic
(Fig. 2.17 (b)), that is, they display a strongly bimodal grain size, with some
coarse crystals, typically of feldspar, set in a finer matrix or groundmass.
Pegmatites are coarse-grained, in contrast with aplites which are fine-grained,
granitic rocks, and both types usually occur as veins or dykes. Crystal orien-
tation in granites is not random, feldspars and micas in particular commoniy
being aligned, probabiy reflecting primary flow structures; but lineation is not
nearly so pronounced as in gneissic rocks, in which there is a secondary but
distinct preferred orientation, or lineation (Fig. 2.17 (c)), and, in addition,
a tendency for the micas especially to form distinct layers or folia that give
distinct planes of preferred splitting that are known as foliation.

Granodiorite is by far the most common of the granitic rocks, being equal in
areal extent to all other types together. The granitic rocks grade into a group
of crystalline rocks in which free quartz is an accessory and not an essential
mineral, which are again classified according to the ratios of the various con-
tained feldspars, and which also display -similar physical characteristics and

landforms.

C. SOME PHYSICAL CHARACTERISTICS
(i) General

Granite is a crystalline rock with an average specific gravity of 2.662. A
cubic metre of granite weighs of the order of 2,658 kg, or almost two tonnes a
cubic yard. |Its physical hardness varies according to composition, and princi-
pally with the proportion and type of feldspar present. Despite its crystal-
linity, granite is flexible in thin sheets. It also has considerable compressive
strength,

Granite is characteristically of low porosity and permeability. In outcrops
and near-surface zones, however, it is commonly fissured and fractured and is

therefore pervious.
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Fig. 2.15. Composition and classification of some common granitic rocks (after
Streckeisen, 1967).

Porosity, also known in North America as mass permeability, refers to the
ratio of the volume of voids to the total volume of the rock expressed as a
percentage. Porosity varies with the shape of the constituent grains, as well
as their sorting, packing and degree of cementation. A mass of closely packed
uniform spheres consists of 26 percent by volume of pore space, but in a crystal-
line medium such as fresh granite, the value is most commonly less than one
percent. So far as granitic rocks are concerned, values vary not only because

of the inherent character of different rocks but also because of differences in

131513 1

3000 m

Fig. 2.16. Section through Sierra Nevada batholith west of Mono Lake, showing
petrological variation within the composite pluton (after Bateman et al., 1963).
1 - sedimentary and volcanic rocks, 2 - granite porphyry, 3 - fine-grained
quartz monzonite, 4 - granite (Cathedral Peak), 5 - miscellaneous granite rocks,
6 - quartz monzonite, 7 - granodiorite, 8 - granite (Taft), 9 - granite (EIl
Capitan), 10 - granodiorite (Gateway), 11 - mafic plutonic, 12 - biotite
granite, 13 - metavolcanics, 14 - metasediments, 15 - sediments.
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Fig. 2.17 (a). Thin section of medium grained equigranular granite (scale in
mm) (A.R. Milnes).

the degree of weathering (see e.g. Dale, 1923; Kessler et al., 1940). But
porosity is consistently low in granite, values of the order of 0.1 - 1.2 percent
being characteristic (Dale, 1923). Nevertheless, even fresh granite contains
some voids and a cubic metre of granite in the groundwater zone contains 15 -

20 litres of water in its pores.

The authors referred to tested only commercially-quarried granites from North
America; no doubt a greater range of values would be found were a global sample
available, but the orders of magnitude quoted are reasonable and porosity can be
taken as being typically very low in fresh, unweathered granites.

Permeability, also known in North America as primary permeability, refers to
the capacity of a porous medium to transmit fluids. It is not the same measure
as porosity, for voids may be unconnected, or too small to permit free passage
of liquids because of surface tension effects. Being crystalline, granites have
low transmission rates when fresh, though weathered rocks are commonly much more
permeable.

Perviousness is known in North America as secondary or acquired permeability.
The term refers to the capacity of a rock to transmit fluids, not through the
body of the rock, but by way of fractures. This property varies not only with
the number of fractures per unit of area (the density of the fracture pattern)

but also with their width - whether the cracks are tight, hairline fissures,
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Fig. 2.17 (b). Porphyritic granite, South East district of South Australia.

Fig. 2.17 (c). Thin section of gneissic granite with augen of potash feldspar
and plagioclase set in layered matrix of biotite and quartz (A.R. Milnes)
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or gaping.

The low porosity and permeability of granite near the land surface emphasises
the importance of fractures and fissures, for they largely determine how readily
water can infiltrate into the mass, there to bring about the alteration of the
rock. The basic patterns of weathering and of landform development are thus in
large measure determined by fractures.

(ii) Fractures

Like other crystalline rocks, granite is characteristically fractured.
Fractures along which there is no demonstrable displacement are called joints,
while those along which there has been differential movement, or dislocation,
are called faults. But it is in many instances difficult to differentiate
positively between joints and faults in granitic rocks and to identify faults
in granite. As Hills (1963, p. 365) points out 'many fractures in granite are

termed "'

joints' largely because evidence for fault displacement in them is not
obtainable'.

Fracture patterns observed in the field are frequently complex, but two sets,
one orthogonal, the other essentially arcuate, have been recognised in granites.
The two seemingly overlap in part and they commonly coexist. In addition minor
directions of easy splitting have been recognised.

(a) Orthogonal sets: Though they have been described earlier (e.g.
MacCulloch, 1814; de la Beche, 1839, p. 450; Shaler, 1887-8), Hans Cloos
(1922, 1923, 1936; see also Balk, 1937) was the first to see fractures in
granitic rocks as integrated patterns. He named and classified fractures

according to their geometric relationship with flow lines, platy flow structure

Fig. 2.18. H. Cloos' diagram showing the major types of fracture occurring in
a batholith: ¢, cross joints; 1, longitudinal joints; f, flat-lying faults
some of which are planes of stretching; apl-c and apl-p, aplitic dikes; dashes,
linear flow structure; r, rift; h, hardway (after Balk, 1937).
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Fig. 2.19. Orthogonal joint sets exposed in quarry at Mt Bundey, near Darwin N.T.

or schlieren, and with foliation (Fig. 2.18). Thus, cross~- or Q-joints (the
term joint is used without prejudice for fractures along which it is not
possible to demonstrate dislocation) lie perpendicular to flow lines, whereas
longitudinal or S-joints are parallel to them. Ligerklufte, or flat-lying
joints, are disposed normal to both Q- and S-joints. The three together effec-
tively subdivide the mass into cubic or quadrangular blocks, depending on their
spacing. Together they form the well-known orthogonal sets plotted, for
example, by Shaler (1887-8) at Cape Ann, Massachusetts (see e.g. Figs. 1.6 and
2.19). They are also well developed in other types of crystalline rocks

(Fig. 2.20), and occur at various scales (Figs. 2.19 and 2.21).

Orthogonal fracture sets in granite are clearly related, in a geometrical
sense, to regional structural lines. Thus on northwestern Eyre Peninsula and
the adjacent Gawler Ranges the major NW-SE and NE-SW fractures that are promi-=
nent within, and that in some instances delineate, the major rock masses run
parallel to regional lineaments and fractures such as the Corrobinnie and

Kappakoola fault zones (Bourne et al., 1974) and an offshore fracture zone that
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Fig. 2.20. Orthogonal joint sets in gabbro, Giles Complex, northwestern S.A.
(R.W. Nesbitt).

has been detected by seismic means (Sutton and White, 1968; Twidale, 1968a,
p.54).

Again, in southwestern England the discrete plutons display fracture patterns
that are clearly continuations of those in the surrounding sedimentary and meta-
morphic rocks. Such is the perfection of the regional patterns that they have
the appearance of being overprinted on plutons and country rock alike. In
French Guyana the pattern of fractures (Fig. 2.22) displays clear parallelism
with regional lineaments such as that followed by the coast and by the Oyapok
River (Choubert, 1974).

The orthogonal sets are thus conformable with regional fracture patterns and
they also bear a positive geometric relationship with other structural axes.

For this reason many writers consider that the fracture patterns have their
origin in crustal stresses developed either during the emplacement of the
crystalline masses, or imposed subsequently (see e.g. H. Cloos, 1936; E. Cloos,
1936). Workers such as Richter and Kamanine (1956) relate the major orthogonal
sets of such areas as the Canadian and Baltic shields to regional concentric and
radial fracture patterns, and writers like Carey (1955) tc major shears in the
crust. But, whatever the ultimate causes, the fractures are associated with

shear couples.
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Fig. 2.21. Large-scale joint sets forming a rhomboidal pattern in plan, and with
gneissic foliation striking across the parallelograms, Hamilton district of
central Labrador (Dept. Energy, Mines, Resources, Canada).

(b) Rift, grain and hardway: In addition to planar fractures, it has long
been recognised by practising quarrymen that granite (unlike most other crystal-
line rocks) splits more easily in some directions than in others. In the ver-
tical or near-vertical plane three directions are recognised. Rift is the
direction of easiest splitting, and is also known as reed and cleaving way.
Grain is the direction of fairly easy splitting, though it is not as easy as
rift; it is also known as hem, quartering way and cut off, Hardway is, as

its name suggests, the direction of most difficult splitting.
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Fig. 2.22. Fracture patterns in French Guyana (after Choubert, 1974). Only
ma jor fractures and drainage lines are shown.
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Some workers have given the name 'lift' to horizontal planes of easy split-
ting. These clearly run parallel to flaggy or sheeting structure (see below)
and, according to several authors, the rift is frequently, though not every-
where, disposed parallel to vertical members of the orthogonal set. Cloos
(1922), for example, suggests that rift and S-joints are usually parallel.

Tarr (1891, p. 270), though less specific, states that in a number of cases
'the rift is found to follow the same general direction as the principal set
of joints'. It is fair to add, however, that rift varies in direction even in
the same quarry (though it runs parallel to vertical joints), and that some
authors disclaim any relationship between rift and joint directions (e.g.
Osborn, 1935).

According to Tarr (1891) and Dale (1923, pp. 15-26), rift structures consist
of minute fractures which, under the microscope, are seen to be faults since
small dislocations are detectable (Fig. 2.23). |In places, the fractures
deviate to follow platy cleavage and foliation, as well as other inherent weak-
nesses such as crystal cleavage. Rift also runs parallel to bands of cavities
in quartz grains, but, viewed as a whole, the fracture planes, each comprising
'"thousands of minute dislocations which occur in every cubic inch of rock'
(Tarr, 1891, p. 269), cut across rock texture.

As to origin, Tarr (1891) considers that rifting and jointing are genetically
related, that both are a manifestation of rock stress, and that both are due to
'faulting and contortion' (Tarr, 1891, p. 268). Rift is thus comparable with
crystal dislocations, due to stress, noted in olivine for instance (Boland et
al., 1971). Rift could have developed before, after, or contemporary with the
joint fractures.

Thus both regional relationships and microstructures strongly suggest, first,
that the orthogonal joints in granite are related to rock stresses and, second,
that most of the fractures are very small displacement faults.

(c) 'Bedded' granite: Various types of fractures running parallel to the
land surface have been described in the scientific literature for almost three
centuries (Dale, 1923, p. 26). Some joints which parallel the land surface are
closely spaced, extend to only shallow depths, and are associated with minor
facets of the land surface that are, in a geological context, only youthful.
These are the fractures variously referred to as exfocliation (Matthes, 1930;
Harland, 1957), pseudobedding (e.g. Waters, 1954) and lamination (Twidale,
1971a). None of these terms is satisfactory. Worth (1953) used the term
'"lamellar' which, though reasonable when applied to thin flakes or scales, is
inadequate to describe the thicker (10-20 cm minimum) slabs that are really
flagstones in granite (Fig. 2.24).

Such bedded or flaggy granite differs in its distribution, both in space and
time, from the thicker, deeper sheet structure. It is, for example, frequently
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Fig. 2.23. Microscopic structure of rift and grain (after Dale, 1923).

discordant with orthogonal jointing (Fig. 2.25). Flaggy granite is well-known
from the various granite outcrops in southwestern England (see e.g. Waters,
1954); from the Karkonosze Mountains of southern Poland (Jahn, 1974); from
Mongolia (Dzulinski and Kotarba, 1979); from New England (U.S.A.), whence
Shale<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>