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ABSTRACT

Bornhardts are bald domical hills. In plan they are defined by systems of steeply-dipping fractures, in profile by arcuate-upward sets. They
occur in multicyclic landscapes. They have formed through much of geological time, for some date from the Late Archaean and are repre-
sented in most subsequent periods. They have been explained as due to tectonism, or structure or environment, but most workers inter-
pret them either as the last remnants surviving long-distance scarp retreat (monadnocks de position), or as two-stage or etch forms which have
survived because of their massive structure (monadnocks de résistance).

The field evidence suggests that though bornhardts originate in various ways, on balance most appear to be of etch origin. They were
initiated at the base of the regolith by differential structurally-controlled subsurface weathering. Many have been exposed in stages.
Differential weathering is based in variations in fracture density which is attributed to shearing and fracture propagation. Similarly recu-
rrent shear stresses are responsible for the arcuate fractures characteristic of bornhardts.

Keywords: Bornhardt, etch form, weathering front, episodic exposure, sheet fracture.

RESUMEN: Bornbardts y diseiios de fractura asociados. Loos bornhardt son colinas domicas descubiertas. En planta se ven delimitadas por planos

de fractura con fuerte buzamiento, en perfil por otros planos convexos. Se asocian a paisajes multiciclicos. Se han formado a lo largo de
los tiempos geolbgicos ya desde el Arqueano tardio. Han sido interpretados bien por tectonismo, bien por estructura o bien por razones
ambientales, pero muchos investigadores las entienden como los ultimos restos que han sobrevivido a un retroceso de escarpes prolonga-
do en el tiempo (monadnocks de posiciéon), o como formas de corrosiéon quimica o de dos etapas que han sobrevivido a la degradacion
quimica/fisica debido a la estructura masiva de la roca en ese punto (monadnocks de resistencia). Las variaciones en la densidad de frac-
turacion se atribuyen a cizalla y a propagacion de fracturas. La fracturacion arqueada se relaciona igualmente con tensiones corticales anti-
guas o activas en el momento actual. Aunque los bornhardt se pueden originar de varias formas, cuando se consideran todas las posibles
muchos parecen ser formas de dos etapas iniciadas en la base del regolito por meteorizacién subsuperficial controlada por las diferencias
en la estructura. Muchos bornhardts han sido expuestos en varias etapas. Las razones para el desarrollo de los residuales no deben unirse
o ser confundidas con el desarrollo de los superficies que habitualmente los rodean. La evolucién de estas dltimas es independiente de ori-

gen, irrelevante para entender el origen de los bornhardts.

Palabras clave: Bornbards, formas de denudacion quimica, frente de meteorizacion, exposicion episidica, fractura laminar.

INTRODUCTION

Bald domical hills are known as bornhardts.
The term is eponymous for they were na-
med in honour of the German explorer-
scientist who worked in central Africa just
over a century ago (Bornhardt 1900, Willis
1934). Although South American landsca-
pes feature prominently in the investigation
of granitic terrains in general, and of born-
hardts in particular, general theories con-
cerning the origin of the forms have been
based mainly in evidence from Africa and
in lesser degree the Americas and Australia.
Both orthogonal and sheet fractures are in
some way linked to bornhardts (e.g. King
1949, Birot 1958) but their origin, relations-
hip and the role of sheet fractures in parti-
cular remain controversial. Some have ar-

gued that the rounded form of bornhardts
is an expression of the convex-upward frac-
tures that are characteristic of the residuals.
Others consider that the rounded form is
due to preferential weathering and erosion,
and that this shape is simulated by develo-
ping fractures. Thus, some interpret mor-
phology as consequent on structure, o-
thers structure as consequent on morpho-
logy. The possible origins of bornhardts
and of the fractures with which they are so
closely associated are discussed with refe-
rence to field evidence from various parts
of the world.

BORNHARDT CHARACTE-
RISTICS

The term bornhardt is applied to bald do-

mical hills, whether standing in isolation as
inselbergs, as components of massifs, or as
occurrences within broader uplands (Fig
1). Bornhardts are the basic form from
which other types of inselberg, and notably
nubbins (or knolls) and castle koppies, are
derived (Twidale 1981). In plan, bornhardts
are delineated by steeply-dipping orthogo-
nal or rhomboidal fractures, and in profile
by arcuate (most commonly, though not e-
verywhere, convex-upward) sheet fractures.
Where steeply-dipping fractures are promi-
nent and closely-spaced, turreted forms
tend to develop, as in the Organ Mountains
of New Mexico (Seager 1981) and in the
Agulhas Negras Mountains, WNW of Rio
de Janeiro (Fig, 2a). Bornhardts are develo-
ped in massive rocks, notably in granite, but
also in dacite and norite, sandstone, conglo-
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Figure 1: a) Typical bornhardts inselbergs in central Namibia. b) Field of bornhardts, relief amplitude about 400 m, near Mtoro, NNE of Harare,

Zimbabwe (L.A. Lister).

merate and limestone. Though spectacu-
larly displayed in atid and semi-arid lands,
they are reported from a wide range of cli-
matic environments (Wilhelmy 1958,
Twidale and Bourne 1978). They are found
in various topographic settings but consis-
tently occur in multicyclic landscapes
(Jessen 1936, King 1949).

Exhumed bornhardts range in age from la-
test Archaean (in the Pilbara Craton of
Western Australia: see Twidale 19806)
through Neoproterozoic (Williams 1969,
Williams and Schmidt 1997) to Middle and
Late Pleistocene (Twidale and Campbell
1984). Many date from the Late Jurassic or
Early Cretaceous (e.g. Willis 1936, Twidale
1986) just prior to the series of the world-
wide marine transgtressions charactetistic of
that period. Such resurrected forms de-
monstrate that, however bornhardts have
evolved, the mechanisms and processes res-

ponsible for them have been active through
much of geological time.

PREVIOUS THEORIES OF
ORIGIN

TECTONICS AND STRUCTURE

Some workers have suggested that born-
hardts are upfaulted blocks (Passarge 1895,
Lamego 1938, Choubert 1949, 1974, Birot
1958). The Pic Parana, in southeastern Bra-
zil, is clearly of this origin (Barbier 1957).
The fracture-related steep slopes that defi-
ne most residuals, however, are joint-con-
trolled.

Some bornhardt inselbergs are upstanding
by virtue of their composition for they are
developed in rock that is different from,
and implicitly more resistant to, weathering
and erosion than the materials in which the
surrounding plains are shaped (e.g. Herr-

mann 1957, Thorp 1969, Selby 1977). The
nature of the postulated mineralogical
weakness vaties. Lamego (1938) attributed
the western face of the Piao de Assucar
(Fig. 2 b) in part to the occurrence of bio-
tite gneiss that is more treadily weathered
than the lenticular gneiss of which most of
the residual is composed, causing the slope
to be undermined and steepened. Motre
generally Birot (1950) and Hurault (1963)
claimed that biotite is vulnerable to moistu-
re attack and argued that upstanding born-
hardt masses are free of, or low in, that
mineral, whereas Brook (1978) suggested
that some bornhardts are shaped preferen-
tially in granitic rocks rich in potash felds-
pars.

Many bornhardt masses in the older cra-
tons like those of the Yilgarn and Pilbara
regions of Western Australia are buttressed
and thereby strengthened by swarms of



quartz and aplite sills and veins. Other resi-
duals have been interpreted as stocks or
minor apophyses projecting from the mar-
gins of batholiths or other igheous empla-
cements (Fig. 3) into hosts of different and
implicitly weaker composition (Holmes and
Wray 1912, du Toit 1937, Worth 1953,
Twidale 1982a, p. 131). But most born-
hardts appear to be of the same composi-
tion and texture as the rocks beneath the
adjacent plains. This applies to the granitic

Figure 2: a) Peaks of
the Agulhas Negras, a
syenitic massif WNW
of Rio de Janeiro. b)
General view of the
Pio de Assucar (Rio de
Janeiro), the crest of
which stands 404 m
above sea level.

rocks exposed in the domes of northwes-
tern Eyre Peninsula, South Australia, and
also in the Pilbara Craton, where the but-
tressed gneisses revealed in the upland
appear identical to those exposed in pied-
mont platforms; and to sedimentary born-
hardts such as Uluru (Ayers Rock) and Kata
Tjuta (The Olgas) in central Australia (e.g.
Twidale 1978a).

Fractures are avenues of weathering and in
particular water penetration. Variations in
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fracture density (or number of fractures per
unit area) and hence of resistance to wea-
thering and erosion could account for topo-
graphic differences. Contrasts in fracture
density between bornhardt and adjacent
plain (Fig. 4a) have been observed at se-
veral sites (Jones 1859, Twidale 1964,
1982a, p. 132, Budel, 1977, p. 109). Con-
trasted fracture density could develop as a
result of recurrent shearing and fracture
propagation (e.g. Weissenberg 1947, Gif-
kins 1965, Fig. 4b). Spatial variations in den-
sity, with uplands developed on massive
compartments, were cited by Le Conte
(1873) in explanation of the domes of the
Yosemite region of central California, and
by Mennell (1904) concerning the topo-
graphy of the Matopos of southern Zim-
babwe. It may be atgued that such contrasts
are irrelevant to the problem, that what is
significant is not the fracture density of the
present piedmont, but rather the spacing or
closeness of open fractures in the rock
mass that formerly stood at the same level
as the present bornhardt, but which has
been eroded. Bles (1986), however, has
shown statistically that there is a high pro-
bability that the fracture density at the pre-
sent land sutface is indicative of density at
depth. By extension, if surface density can
be projected downwards it can sutrely be
taken as indicating the character of the
once higher compartment that has now
disappeared (Twidale 1987a).

Bornhardts in Brazilian metamorphic (and
especially gneissic) terrains have been cons-
trued as developing on the massive com-
pressional cores of antiforms (Fig. 5) or in
compressional zones resulting from me-
tasomatic alteration (Lamego 1938, Braj-
nikov 1953, Valverde 1968). Brajnikov envi-
saged the compressed cores 'floating' in a
matrix of weathered rock, rather like huge
corestones, but the model does not find
support in deep excavations either in Brazil
(e.g. Barbier 1957) or elsewhere (e.g. Moye
1958). The bornhardt masses appear to be
physically contiguous with the undetlying
pluton.

Whatever the precise reason for their being
upstanding, bornhardts are in these various
terms interpreted as Hartlinge, monadnocks de
dureté or de résistance, that is, as structural
forms sensu lato.
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Namibia.

(i)

ENVIRONMENTS OF FORMATION

Bornhardt (1900, p. 34) entertained the
possibility that inselbergs were literally is-
land mountains and had been shaped by
waves, for the inselberg landscapes of his
type area in what is now Tanzania are exhu-
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Figure 4: a) Contrasted fracture density as
exposed near Garies, in Namaqualand. At
both sites, the corestone boulders exposed in
the excavations average a metre or so diame-
ter, and are indicative of fracture spacing of
that order. This stands in marked contrast
with the massive granite exposed in the adja-
cent domes. b) Effect of shear and fracture
propagation on a single joint block and en
masse.

med from beneath a cover of Cretaceous
marine strata (Willis 1936). But he almost
immediately abandoned the idea. Domical
hills, standing either in isolation or in orde-
red groups, quite commonly occur in coas-
tal and insular settings but no evidence has
been adduced to suggest that marine pro-

cesses alone can produce such rounded
forms. Bornhardts are well known from
inland sites (e.g. the Yilgarn and Pilbara cra-
tons) which evidently have never been
inundated by the sea, and certainly not du-
ring the Phanerozoic (BMR Palacogeogra-
phic Group 1992). As with bornhardts
from cold climates, the occurrence of the
domical forms in coastal settings is fortui-
tous rather than essential.

Agassiz (1865) considered that the granitic
domes of the Rio de Janeiro area were gi-
gantic roches moutonnées and thus of gla-
cial origin. Le Conte (1873) reached similar
conclusions concerning the domes of the
Yosemite. But there is no evidence that the
Rio area has been glaciated in recent geolo-
gical times, and as with the suggested litto-
ral or marine origin of bornhardts, the gla-
cial context of domes found, for example,
in the Yosemite and northern Norway
(Matthes 1930, Kieslinger 1960, Bateman
and Wahrhaftig 1966, Huber 1987) is coin-
cidental rather than essential. Glaciers do
not produce domical forms but acting as
bulldozers, and like wind-driven waves bre-
aking on the coast, are capable of stripping
regoliths, to expose previously prepared be-
drock forms. Glaciers have merely revealed
and slightly modified pre-existing domical
masses from beneath regolithic covers (e.g.
Boyé 1950, Bird 1967, Twidale 1990, Lid-
mar-Bergstrém 1997).

Inselbergs and bornhardts were briefly con-
siderted to be typical desert forms (e.g
Passarge 1895) for they are presently well
displayed in arid lands. And this despite
their early recognition in the humid tropics
(Darwin 1876) and the attraction such fea-
tures held for later investigators (e.g; Freise
1933-35, 1936-38, 1943, Birot 1958). Con-
siderable erosional power at one time was
attributed to wind and sand blasting (Keyes
1912, Jutson 1914). However, even in de-
serts most erosional forms are due to run-
ning water: both desert plains and any asso-
ciated residuals long have been construed
as resulting from river work, past or present
(e.g. Bornhardt 1900, Falconer 1911, Thiele
and Wilson 1915, Bain 1923, Peel 1941).

SCARP RETREAT

An abrupt transition from hill to plain is



Figure 5: Section through bornhardts of the Rio de Janeiro region. C - compressive core. T - tensio-

nal zone (after Lamego 1938).

one of the most distinctive features of de-
sert landscapes (e.g. Hills 1955, Van der
Post 1958, p. 183). Known as the piedmont
angle, it is due to moisture-related weathe-
ring, in most instances exploiting structure,
but basically concentrated in the scarp-foot
zone (Peel 1941, Twidale 1967, 1978b).
This is also the basic mechanism which dri-
ves scarp recession. Dry granite remains
fresh and stable. Granite in contact with
moisture however is soon rotted (see
Caillere and Henin 1950, Loughnan 1969,
p. 61). Thus in a dissected landscape grani-
te exposed high on a slope is dry and stable
and acts as a caprock, by contrast with that
exposed below which is weathered and is
eroded. This induces first, the steepening of
the slope to a maximum inclination com-
mensurate with stability, leading to the
undermining and collapse of higher slope
elements; and second, the maintenance of
scarps of essentially constant inclination
and morphology during backwearing (Peel
1941, Twidale and Milnes 1983). The scarp
retreat mechanism was appreciated by such
early workers as Fisher (1866) but was used
as the basis of a model of landscape evolu-
tion (King 1942, 1962), and also has been
applied in explanation of bornhardts (Hol-

mes, 1918; King, 1949, 1966). For some
workers (e.g. Ollier and Tuddenham 1961,
Selby 1977) isolated bornhardts are the last
remnants remaining after long-distance
scarp recession. They are Fernlinge, or
monadnocks de position (Figure 6a).

SUBSURFACE PREPARATION: THE
COMPOSITE TWO-STAGE HYPO-
THESIS

A hypothesis combining structural aspects
with a different but ubiquitous environ-
mental factor, namely the differential wea-
thering and erosion of compartments of
contrasted fracture density in the shallow
subsurface (Fig. 6b), is due to Falconer
(1911). First variations in fracture density
can be attributed to recurrent shearing and
fracture propagation (Fig. 4b), resulting in
the production of massive compressed and
resistant cores surrounded by fractured
rocks.

Second, several workers (Hassenfratz 1791,
MacCulloch 1814, Logan 1849) eatrlier had
concluded that many boulders are of two-
stage or etch origin. Basing their deductions
on field observations (Fig. 7a), they argued
that boulders had formed as a result of
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fracture-controlled subsurface weathering
which converted cubic or quadrangular
blocks into rounded corestones. The wea-
thered material was then evacuated, leaving
the corestones exposed as boulders. That
the corestones are in situ and not transpoz-
ted by rivers or glaciers is demonstrated by
the presence at many sites of intrusive
veins (Fig. 7b). It was but a short step to
regard such corestone boulders as miniatu-
re bornhardts and to interpret the latter also
as two-stage forms; though as mentioned
bornhardts appear to differ from coresto-
nes in that they have 'roots'.

Observations in South America concerning
the depth and nature of rock weathering,
and particularly in granite terrains, were cti-
tical to the development of ideas concer-
ning both corestones and bornhardts. Se-
veral travellers and scientists, (e.g. Hum-
boldt and Bonpland 1852-3, p. 482,
Branner 1896) reported weathering to
depths of several tens of metres and more,
and many recorded the occurrence of co-
restones (or 'boulders of decomposition' or
some similar name) set in a matrix of grus
or weathered granitic material. Though
Darwin (1876, p. 428) thought in terms of
submarine weathering, the deep and inten-
se weathering noted around Rio de Janeiro
was attributed to water, to '...warm rains
falling on a heated soil..." (Agassiz 1865, p.
390) under epigene conditions.

But it was Falconer who formally applied
the two-stage concept developed in regard
to corestones boulders to inselbergs in
general and granitic bornhardts in particu-
lar. He specifically cited a two-stage or etch
origin in explanation of the inselberg lands-
capes of northern Nigeria:

" A plane surface of granite and gneiss subjected to
long-continued weathering at base level would be
decomposed to unequal depths, mainly according to
the composition and texture of the varions rocks.
When elevation and erosion ensued, the weathered
crust would be removed, and an irregular surface
would be produced from which the more resistant
rocks would project. Those rocks which had offered
the greatest resistance to chemical weathering bene-
ath the surface wonld upon exposure naturally
assume that configuration of surface which afforded

Figure 6: a) Inselbergs resulting from long-distance scarp retreat. b) (i) and (ii) Stages in the etch or

two-stage origin of bornhardts.

the least scope for the activity of the agents of denn-
dation. In this way wonld arise the characteristic
domes and turtlebacks ..." (Falconer 1911, p. 2406).
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Figure 7: a) Corestones with marginal lamination (onion-skin, spheroidal, weathering) set in matrix of grus and exposed in road cutting (1979) in the foo-
thills of the Agulhas Negras, NNW of Rio de Janeiro, southeastern Brazil. b) Corestones, boulders and intrusive sill exposed in road cutting near Pine
Creek, Northern Territory, Australia.

Falconer's rounded 'configuration of surfa-
ce' which affords the least scope for wea-
thering, and hence erosion, can be cons-
rued-simply as-due-to-preferential weathe-
ring of the corners and edges of rock com-
partments, as deduced many years ago in
explanation of corestones (e.g. MacCulloch
1814, Beche 1839, p. 450, Logan 1849); or
to weathering guided by pre-existing sheet
fractures (see below).

The two-stage interpretation carries several
significant implications (Twidale 1987b,
2002). For example, etch forms have two
ages, one of which relates to the period of
differential weathering of bedrock at the
base of the regolith; which is also known as
the weathering front (Mabbutt 1961). The
second pertains to the period of exposure
of that front as part of the land surface. In
some areas an etch surface signals the pre-
vious existence of a planation surface of
which no other evidence now exists (e.g.
Campbell and Twidale 1991, Twidale 2000).

TESTS OF THE COMPE-
TING HYPOTHESES

Both the scarp retreat and the two-stage or
etch hypothesis of bornhardt formation are
plausible. What are the deducible conse-
quences of the two competing hypotheses
and how compatible are they with the field
evidence?

a) Rock masses with convex-upward surfa-
ces have been exposed in artificial excava-
tions in Cameroon (West Africa), southern
Africa, and Eyre Peninsula (Boyé and
Fritsch 1973, Twidale 1982a, Vidal Romani
and Twidale 1998). The occurrence of simi-
lar features with the crest just exposed as a
rock platform has been established by exca-
vation at several sites in southern Africa
and southern Australia (Figs. 8a and 8b).
Such features are incompatible with a whol-
ly epigene origin, for the regolithic cover is
in situ and not transported.

b) Bornhardts are in process of exposure in
valley-side slopes, as for example Rocky
Mountain National Park, near Estes, Co-
lorado (Fig. 8c), and Witrivier in Mpuma-
langa Province in northeastern South
Africa. These occurrences, interpreted as
par-tly exposed domical rock masses sha-
ped beneath the land surface at the weathe-
ring front, are incompatible in terms of epi-
gene scarp recession.

¢) Stepped inselbergs (Figure 9a) are intet-
preted as having been exposed episodically
by the differential weathering and erosion
of the surrounding plains (Bremer 1975,
Twidale and Bourne 1975; Twidale 1982a,
1982b, 1982c, Bourne and Twidale 2000).
That the steps preserved on the flanks of
the residuals were once hill-plain junctions
is indicated by breaks of slope and particu-
larly by flared slopes (Fig. 9b), almost all of

which are of subsurface origin (Twidale
1962, Twidale and Bourne 1998). Residuals
such as Uluru and the Pio de As-sugar,
though not stepped, nevertheless show evi-
dence of episodic exposure in the form of
tafoni, breaks of slope and flared sidewalls
located in irregular but essentially horizon-
tal zones at various elevations on the
uplands (Fig. 9¢c, Twidale 1978a). Such epi-
sodic exposure negates the objection to
subsurface initiation of bornhardts voiced
by King (1966) and based on his observa-
tion that in any particular area the height of
bornhardts exceeds the depth of weathe-
ring (Twidale and Bourne 1975).

A stepped morphology implies that born-
hardts have been subjected to repeated pha-
ses of concentrated marginal subsurface
weathering followed by erosion and the
exposure of the resultant concave or flared
scarp-foot zones. In this way the residuals
have stood higher in the local relief through
time, not because of localised uplift, which
is rarely in evidence, but because of the
more rapid weathering and erosion of the
surrounding plains which receive wash
from the adjacent upland as well as direct
rainfall and runoff.

d) If bornhardt inselbergs were remnants
of circumdenudation they ought to be
located on major divides. Many are, but
some are not (e.g. Jeje 1973). More telling
is the occurrence of some exposed in



valley floors (Fig. 10).
Thus, on balance, the field evidence sus-

tains a two-stage or etch origin of born-
hardts.

FRACTURE SYSTEMS AND
SETS

Bornhardts ate closely associated with mas-
sive rocks subdivided first, by essentially
orthogonal fracture systems which strongly
influence the plan form of the residuals
and second, by arcuate fracture sets which
are associated with their convex-upward
profiles. What is the origin of these fractu-
res and what does this imply concerning the

Bornhardts and associated fracture patterns

development of bornhardts?

ORTHOGONAL SYSTEMS WITH
STEEPLY-DIPPING COMPONENTS

The plan form of bornhardts is related to
steeply-dipping fractures of orthogonal, or
in some instances rhomboidal, systems.
Orthogonal and rhomboidal systems are
produced by shearing (e.g. Merrill 1897, p.
245, Dekalb 1990, see Fig. 4b). Given the
lateral migration of plates through time, the
heterogeneous character of the continental
masses, the ubiquitous presence of lineament
systems (e.g. Vening Meinesz 1947), such
shearing, with conjugate sets, is inevitable.

Figure 8: a) Granite dome exposed at Ebaka, Cameroon,
West Africa (M. Boyé). b) Bevelled bornhardt in granite-gneiss
in the Leeukop, near Potchefstroom, Free State, RSA. The
crest of another, but still mainly covered, domical rock mass
is exposed in the foreground. ¢) Bornhatdts partly exposed in
valley walls near Estes, Colorado.

SHEET FRACTURES

Until recently the arcuate fractures charac-
teristic of bornhardts commonly have been
referred to as offloading or pressure release
joints (and similar names). This termino-
logy carries implications which are at least
questionable, and possibly misleading. The
genetically neutral yet descriptively evocati-
ve term 'sheet fracture' is preferred.

Sheet fractures delineate thick arcuate slabs
of rock known as sheet structures (Fig. 11),
'thick' being arbitrarily defined as at least 0.5
m, and up to 10 m, though more commonly
in the range 1-2 m. Such fractures extend to
depths of several hundreds of metres
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below the land surface (e.g Dale 1923).
Sheet fractures are found in a wide range of
lithologies and in many and varied climatic
settings. They transect orthogonal fractures,
bedding, and cross-bedding, foliation, flow
structures and rift and grain (Dale 1923,
Cameron 1945, Bradley 1963). In individual
hills the fractures steepen toward the mar-
gins of the host residuals. At some sites,
sheet structures appear to thicken with
depth, but this is at best a generalisation for
sheets of varied thicknesses frequently are
intercalated. They appear to increase in
radius with depth (Fig. 11). They are most
commonly aligned roughly parallel with the
land sutface and are exposed in uplands,
sheet fractures most frequently are convex-
upward but they demonstrably ex-tend as
synforms beneath valleys (e.g. Tolman and
Robertson 1969, Campbell and Twidale
1991), thus in toto forming structural undu-
lations beneath the landscape (Dale 1923, p.
35).

Explanations advanced for sheet fractures
and structures can be classified as exogene-
tic or endogenetic (Twidale 1973). Of the
former group of hypotheses, only pressure
release or offloading (Gilbert 1904) is plau-
sible. The suggestion that the slabs are due
to temperature changes, for example, fails
to account for their occurrence at depth.
Similarly, apart from the theory involving
lateral compression (e.g. Merrill 1897, Dale
1923), various endogenetic hypotheses in-
cluding plutonic injection and metasomatic
expansion are unacceptable as general ex-
planations because they fail to account for
the field evidence. For instance, sheet struc-
tures are well developed in massive sedi-
mentary and volcanic rocks as well as grani-
te and other plutonic rocks (e.g. Bradley
1963, Campbell and Twidale 1991).

CRITIQUE

All fractures are a manifestation of erosio-
nal offloading and all disappear at depth
under lithostatic pressure (Chapman 1956,
see also Richey 1964). The offloading hypo-
thesis, however, implies that sheet fractures
are due wholly to offloading, whereas other
workers suggest that decrease in lithostatic
pressures near the land surface allows other

Figure 9: a) Stepped northwestern
slope of Yarwondutta Rock, near
Minnipa, northwestern Eyre Penin-
sula, South Australia. b) Concave-
upward or flared weathering front
and slope exposed in reservoir at
Yarwondutta Rock. ¢) Sketch sho-
wing flared and weathered side-
walls of the Pdo de Assugar. A-E
indicates suggested former junc-
tion of rock and soil, as indicated
by flared walls, indentations, and
pecking (P) or dimpling, which fre-
quently indicate scarp-foot moistu-
re attack (Twidale 1962, Twidale
and Bourne 1998b). X is another
but higher and eatlier flared zone.

causations to take effect. Strains due to late-  tatic pressures are sufficiently reduced.

ral compression, for instance, do not find  Gilbert's (1904) pressure release hypothesis

expression as fractures or folds until lithos-  is plausible in the context of granitic or
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Figure 11: Sheet structures increasing in radius with depth, Pindo area of western Galicia.

other plutonic host rocks. As granites are
emplaced at depth, under conditions of
high lithostatic pressure, it seems reasona-
ble to suggest that with the erosional strip-
ping of the superincumbent rock, pressutres
would dectrease and the rock expand up-

wards and outwards. Such radial expansion
would result in the formation of tangential
partings or sheet fractures. The argument is
persuasive. Evidence of relaxation at the
granular scale has been noted by Bain
(1931) and the parallelism between structu-

re and surface, even on erosional facets of
demonstrably recent age (e.g. Lewis 1954,
Gage 1966), led many to accept that struc-
ture is consequent on surface.

Though the offloading hypothesis has, and
has had, many adherents it is nevertheless
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Figure 12: 2) Granite dome underlain by synform (X), Tenaya Lake, Yosemite Valley, central Califor-
nia. b) Diagram to illustrate inversion of relief. C - compression. T - tension. I - inversion.

Figure 13: Bornhardt comprising several structural and minor topographic domes, Kamiesberge,
Namaqualand.

flawed, and much of the evidence cited in
its support is capable of alternative inter-
pretation and many of its implications are
not explained by the evidence. For instance,
sheet fractures developed in parallel with
recent landscape facets can be explained by
the re-orientation of principal stress direc-
tions following erosion. Similarly, if expan-
sive stress developed during unloading, why
were the resultant strains not accommoda-
ted along pre-existing zones of weakness?
In the Gawler Ranges silicic volcanic pro-
vince why were expansive stresses not relie-
ved along sets of columnar joints or the
ancient (Neoproterozoic) orthogonal frac-
ture systems? In some areas, for example,
Dartmoor in southwestern England, there
is an inconsistency between the ages of ero-
sional features and the supposedly conse-
quent partings, with the latter older than the
former (Twidale 1971, p. 67-68, Getrard
1974). Though bornhardts most commonly
display sheeting that is arcuate-upward and
in conformity with topography some such
domical hills are shaped in granite subdivi-
ded by synformal structures (Fig. 12a). Such
structures are difficult to explain by erosio-
nal unloading and consequent expansion
but are comprehensible in terms of weathe-
ring and erosion having exploited tensional
zones in rocks deformed by compression
(Fig. 12b, Vidal Romani ez a/ 1995, Twidale
et al. 1996, Twidale and Bourne 2003). And
so on - erosional loading does not satisfy
much of the evidence and argument.
According to those who favour the Fal-
coner two-stage concept of bornhardt de-
velopment, arcuate fracture sets are plau-
sibly attributed to the same compressive
(torsional) stresses that caused the masses
eventually to become bornhardts. Sheet
fractures are developed within blocks defi-
ned by steeply-dipping fractures of the
orthogonal or rhomboidal systems. Fre-
quently a single topographic dome compri-
ses several structural forms each with its set
of sheet fractures (Twidale and Bourne
2003, Bourne and Twidale 2005, Fig. 13).
This and other indirect evidence suggests
that orthogonal and sheet fractures are ge-
netically related and that the rock structures
predate and have given rise to bornhardts.
In addition to observed evidence and the
direct or measured compressive stress (e.g



Niles 1872, Isaacson 1957, Moye 1958,
Leeman 1962, Coates 1964, Denham ¢ al.
1979, Hillis and Reynolds 2000, Twidale
and Bourne 2000), many minor forms attri-
butable to compressive stress are associated
with bornhardts. Some are of contempo-
rary derivation (e.g. Twidale and Sved 1978,
Vidal Romani ez a/. 1995, Twidale 7 al. 1996,
Twidale and Bourne 2000, Bourne and
Twidale 2005).

Shearing has caused intetference or "egg-
box" folding and the formation of antifor-
mal and synformal structures defined by
sheet fractures (Merrill 1897, Dale 1923,
Lamego 1938, MacGregor 1951, Myers and
Watkins 1985, Ramsay and Huber 1987,
Myers 1993). Gilbert himself considered
that some sheet fractures are attributable to
regional compressive stress (Gilbert, cited
in Dale 1923, p. 29). Hence the obvious
alighment of inselbergs in some areas.

The occurrence of sets of sheet structures
or synforms with contrasted axis align-
ments recorded at regional scale by Dale
(1923, p. 360) can be understood as resul-
ting either from contrasted stress direc-
tions, or from shearing; but they are incon-
gruous in terms of erosional offloading;

In the laboratory, simple triaxial tests show
that alternations of compression and deco-
mpression of essentially isotropic materials
do not cause fracturing, save in special cir-
cumstances which are unlikely to obtain in
nature (Wolters 1969, Brunner and Schei-
degger 1973). On the other hand, sheet
fractures have been formed by exposing

partly-confined blocks of rock to compres-

Bornhardts and associated fracture patterns

sion (Holzhausen 1989). This experimental
design mimics the field situation of born-
hardts, with which sheet fractures ate com-
monly associated, which have evolved as
two-stage forms, and which were subjected
to compression while projecting from a
weathering front beneath a regolithic cover
(Fig. 14).

Thus like the bornhardt masses on which
they are developed sheet fractures appear to
be associated with crustal compression,
Though all fractures are an expression of
decreased lithostatic pressures, erosional
unloading as advocated by Gilbert is
incompatible with the field evidence which
is more convincingly explained in terms of
compressive stress.

INSELBERG LANDSCAPES

Bornhardts occur as components of mas-
sifs but most spectacularly in inselberg
landscapes with widely separated steep-
sided hills protruding above the level of ex-
tensive, remarkably flat plains (Fig. 15).

Figure 14: Diagram
showing effects of
compression on partly
confined block (after
Holzhausen 1989).

Such landscapes imply long-continued sub-
surface weathering during which all but the
most compact cores of sheared blocks have
been rotted and eroded.

Inselberg landscapes consist overwhelmin-
gly of plains. It is important not to confuse
the genesis of bornhardt residuals with that
of the surrounding or adjacent plains.
Whatever the mode of origin of the hills
the lowering of the plains has been achie-
ved mainly by rivers.

Some bornhardts may be monadnocks de posi-
tion, the penultimate remnants surviving af-
ter long-distance scarp recession. On balan-
ce, however, the field evidence argues
against the residuals being epigene forms
and favours a two-stage or etch origin. The
resistant masses so formed come increa-
singly to stand in positive relief as a result
of the preferential weathering and erosion
of the surrounding or adjacent plains, whe-
ther this is due to down- or to backwearing,
Once in positive relief granite residuals,
whether inselbergs or massifs, shed water
(e.g Jessen 19306, Bremer 1975, Twidale and

Figure 15: Inselberg landscape in granite, Namaqualand, Northern Cape Province.
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Bourne 1975) and remain comparatively
dry and stable: an example of a reinforce-
ment or positive feedback effect (e.g. Be-
hrmann 1919, Twidale e a/. 1974). The ad-
jacent plains, on the other hand, underlain
by less resistant (commonly more closely
fractured) rock, are even more rapidly wea-
thered by the excess of water they receive.

Several of the bornhardt characteristics
previously noted are compatible with the
two-stage or etch concept. For example,
Jessen and King remarked on their occu-
rrence in multicyclic landscapes. This is
consistent with subsurface weathering ha-
ving taken place beneath one planation sur-
face, and the weathering front, in the form
of an incipient bornhardt landscape, being
exposed as a consequence of stream rejuve-
nation and landscape revival following in-
ception of another cycle (see e.g Lister
1987). Evidence of bornhardts having evol-
ved through the second half of geological
time is acceptable, for whether of magma-
tic or cometary origin there has been water
on Earth during that period. That there
have been groundwaters to effect subsurfa-
ce weathering at least since the end of the
Archaean is suggested by the existence of
partly exhumed bornhardts of end-Ar-
chaean or eatrliest Proterozoic age (Twidale
1986).

A subsurface origin accounts for the clima-
tic azonality of the forms, so that the pre-
sence of bornhardts in the humid tropics
or the subarctic does not of necessity imply
climatic change. In some measure it accom-
modates their development in a number of
lithological settings. It accounts equally well
for bornhardts as components of massifs,
as in the Gawler Ranges, Zimbawe, and the
Kamiesberge of Namaqualand, as those
standing in isolation in inselberg landsca-
pes. The concept also implies a genetic link
with the orthogonal fracture systems and
sheet sets which in turn account for the
plan and profile shapes of the forms as well
as, in many instances, their massive structu-
re.

CONCLUSIONS

If the value of a principle or hypothesis is
the number of things it explains, then the
two-stage concept offers the more satisfac-

tory general explanation of bornhardts.
Long distance scarp recession is theoreti-
cally feasible, more than even King realised,
but the field evidence favouring an etch ori-
gin is compelling. Moreover, bornhardts
and the sheet fractures associated with their
characteristic domical form appear to have
a common origin.

The landscapes of the Brazilian Shield
(Brazil-Guiana Massif) carry remnants of
paleosurfaces (e.g. King 1956, 1962, p. 302
et seq., Bricefio and Schubert 1990, De-
moulin ez a/. 2005) so that conditions were
suitable for differential subsurface weathe-
ring. Such weathering is known to be deep
(e.g. Branner 1896), nascent bornhardts are
exposed in hillslopes and inselberg landsca-
pes are reported in multicyclic landscapes
(e.g. Journaux 1978). Some bornhardts,
including the best known of all, the Pao de
Assugar, appear to have evolved through
episodic exposure. Such examples and set-
tings suggest that the two-stage concept
based in subsurface weathering of structu-
rally differentiated rocks over long periods
may be applicable to the South American
situation. But 'for example' does not consti-
tute proof, and until the various possible
explanations and any others that may be
suggested by the evidence, are tested
against South American landscapes, the
question remains open.
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