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PREFACE

The contents of this volume have been contributed by some of Liz Campbell’s many 
friends and colleagues whom she met and came to know in the course of her years in the 
University of Adelaide, as well as on overseas conferences and field excursions. In part they 
reflect her diverse research interests.

Liz was interested both in history and chronology – the when – as well as how and why 
landforms and landscapes have evolved. Thus Jerry Mueller’s account of Bartlett’s sketches 
recording the natural and human landscapes of part of his expeditions in the American 
Southwest during the mid Nineteenth Century would have interested her greatly. She took 
field trips with Hiroshi Ikeda during his regular visits to South Australia and admired his 
work on the patterns of weathering on brick walls and monuments in Tokyo and arid south-
western Asia. Thus, she also would have enjoyed the review of ingenious and varied methods 
used to measure the decay of buildings in Mediaeval Europe and South East Asia provided 
by Marie-Francoise André and Bruno Phalip.

This weathering theme finds further expression in papers on the importance of porosity 
by Eloy Molina Ballesteros and his colleagues. Various aspects of carbonate accumulation 
are discussed by John Dixon, and by David McKirdy and his co-authors.

Different aspects of another lifelong interest – granite forms – are discussed in the essays 
by Juan Centeno and his collaborators, and by Moncho – Juan Ramon Vidal Romani – and 
Rowl Twidale. The Gawler Ranges and the Lake Gairdner salina, Liz’s major and ongoing 
research topics are touched upon in the papers contributed by Heli Wopfner, by George Wil-
liams and Vic Gostin, and by Jennie Bourne and Twidale.

Liz enjoyed the coast and published several papers concerned with coastal aspects. More-
over, her last few years were largely dedicated to work on the Adelaide beaches so that the 
report by Yvonne Bone et al. (The ‘al.’, including Liz, is particularly appropriate.)

The editors take this opportunity to thank not only all our authors for their support, hard 
work and patience, but also those several colleagues who though wishing to contribute, for 
various reasons found themselves unable to do so. As is conventional the authors named are 
responsible for their papers and the views expressed therein.

Special thanks are due to Moncho, who, upon learning of Liz’s death, immediately of-
fered to publish and co-edit a volume in her honour. All concerned thank him most warmly 
for his ready and touching response.

Charles Rowland Twidale and Jennifer Bourne
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Abstract

Studies of stone decay contribute signifi cantly to an understanding of weathering processes and 
landform development. However, compared to tombstones, coastal defensive structures and 
Roman temples, Mediaeval monuments appear to be underrepresented in quantitative assessments 
of historical stone decay. As a result of the close cooperation between geomorphologists and 
archaeologists of the Mediaeval period, it has proved possible to improve the chronological control 
of stone recession measurements, to reconstruct the rates of stone decay, and to investigate some of 
its causes.

Key words: Rock weathering, stone decay, weathering rates, Mediaeval monuments, Romanesque 
churches, Angkor temples
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INTRODUCTION

Over the last several years studies of 
weathering acquired considerable status 
within physical geography. Though most 
progress has resulted from field investiga-
tions in natural environments and laborato-
ry simulations, stone decay studies have also 
made valuable contributions. More than one 
century after Geikie’s pioneer investigations 
of stone decay in Edinburgh churchyards 
(GEIKIE, 1880), a considerable internation-
al and multidisciplinary research effort has 
been made in cultural stone weathering re-
search (see reviews in POPE et al., 2002 and 
TURKINGTON and PARADISE, 2005). 
Various descriptive schemes have been de-
veloped for classifying and mapping weath-
ering forms (e.g. FITZNER, 1990; WARKE 
et al., 2003). 

Based on less integrated though still ef-
fective methodologies, monuments have 
been used by geomorphologists as ‘natural 
laboratories’ to assess rates of long-term 
surface back-wearing in various lithologies 
and environments. As noted by POPE et al. 
(2002, p. 216), “through measurement of 
surface recession in various contexts, a very 
large database is available now for weath-
ering rates”. However, this database is not 
homogeneous. Some monument types are 
overrepresented (e.g. ≤200 yr marble tomb-
stones, see MEIERDING, 1981; BAER and 
BERMAN, 1983; DRAGOVICH, 1986; 
NEIL, 1989; INKPEN and JACKSON, 
2000), whereas others have not been given 
enough attention (e.g. Mediaeval sandstone 
monuments, see ROBINSON and WIL-
LIAMS, 1996). Between these extremes, an-
cient monuments (>2000 yr) have received 

increasing attention during the last fifteen 
years, with special reference to Jordan tem-
ples and theatres (PARADISE, 1998, 2005) 
and Brittany megaliths (SELLIER, 1991, 
1997). The same is true of the 500 yr-old 
coastal defensive structures of the British 
Isles, which have been thoroughly investi-
gated (MOTTERSHEAD, 1997, 2000a).

The main reason for this database het-
erogeneity is that tombstones, coastal defen-
sive structures and ancient monuments usu-
ally offer a much more uniform corpus for 
stone recession measurements than Medi-
aeval (i.e. 5th-15th centuries CE) monuments. 
Many of these, especially in Europe, have 
been subject to several building and/or res-
toration phases, and look like giant jig-saw 
puzzles (figure 1). In parts of some so-called 
‘Romanesque’ churches, constructed of rock 
types susceptible to frost action (e.g. the 
Saint-Etienne church of Nevers), up to 50% 
of the stones date back to post-Romanesque 
periods. Such a complexity renders difficult 
any quantification of weathering rates. Even 
in the same wall bricks of essentially simi-
lar composition and texture display strongly 
contrasted rates of weathering (IKEDA, 
2004). However, apart from stone by stone 
assessments of percentage areas of decayed 
surfaces (ROBINSON and WILLIAMS, 
1996), some attempts have been made to 
measure surficial stone recession. Most of 
this exploratory work has been conducted in 
France on Romanesque and Gothic church-
es of Brittany and the Massif  Central, us-
ing basic tools such as steel tapes, callipers 
and profile gauges. The resulting weathering 
rates, which are summarized on Table 1, are 
at this stage provisional.
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Fig. 1. Polygenetic origin of ‘Mediaeval’ European churches. © M. F. André

A. Mid-12th century Gothic arch inserted in late 11th century Romanesque arch (Saint-Front Cathedral, 
Périgueux, Dordogne, 21-11-08). B. Decayed and replaced sandstone elements in early 13th century portal 
(Saint-Magnus Cathedral, Kirkwall, Orkney Islands, 27-7-1987). C. Intriguing weathering pattern on a Me-
diaeval column (Sainte-Foy abbey church, Conques, Aveyron, 18-6-00).  D. Contemporary restoration site 
(Sainte-Valérie abbey church, Chambon-sur-Voueize, Creuse, 19-10-08). E. Late 12th century whitewashed 
portal columns (Notre-Dame church, Fleuriel, Allier, 15-10-08). F. Polychrome apsidiole, restored in mid-19th 
c. and cleaned in the early 2000s. (Notre-Dame du Port church, Clermont-Ferrand, Puy-de-Dôme, 31-1-06). 
G. Original limestones and darker arkosic sandstones incorporated during the 1995-2000 restoration (Sainte-
Martine church, Pont-du-Château, Puy-de-Dôme, 4-10-08).
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Based on this reconnaissance work in-
volving more than 200 churches, it is clear 
that further use of Mediaeval monuments 
with the assessment of historical weather-
ing rates in mind requires collaboration. Of 
special interest is the current tightening of 
links between French geomorphologists, 
archaeologists concerned with Mediaeval 
buildings and art historians, architects, re-
storers and stonemasons. Such a collabora-
tive approach is being developed to ensure 
that stone recession measurements are rep-
resentative and reliable. This will improve 
the current knowledge and understanding 
of the spatial and temporal variability of 
stone decay rates since the Middle Ages. The 
two main study areas presently investigated 
by this interdisciplinary network are the 
Mediaeval churches of the Massif  Central 
and the Khmer temples of the Angkor site 

(ANDRÉ et al., 2007a, 2007b; ANDRÉ et 
al., 2008; PHALIP and ANDRÉ, 2008; AN-
DRÉ and PHALIP, in press).

The main objective of this paper, which 
is based on these current interdisciplinary 
exchanges, is to suggest research that ad-
dresses the following questions:

How to improve the chronological 1. 
control of stone recession measure-
ments in Mediaeval monuments?
How to reconstruct the 2. tempo of  stone 
decay in such monuments?
What specific causes of stone decay 3. 
deserve further investigations?

The examination of the crucial question 
of the mapping methods and sampling strate-
gies is beyond the scope of this paper. Insights 
of special interest are provided by previous 
reviews and discussions (e.g. MOTTERS-
HEAD, 2000b; WILLIAMS and SWANTES-

Monument location
Monument
corpus 

building
century

lithology
stone recession 
rate in mm per 
century

source

FRENCH CHURCHES

West and South Brittany 6 15-16th Granite 3.1 – 6.5 Sellier 1998

South Brittany 29 11-17th Granite 2.6 – 4.5 Paris 1998

South Brittany 35 11-17th Granite 1.6 – 3.9 Magré et al. 2007

French Massif  Central 133 11-15th Various including:
Leucocratic granite•	
Basalt, Trachyandesite•	
Oolitic & biocon-•	
structed limestones
Marble•	
Biotite/chlorite-rich •	
granite
Soft limestones•	
Sandstones•	

<1
<1

<1
<1

3 – 5
6 – 7
0.3 - 16

Bonneau 2001
Robert 2002
André et al. 2007
  

KHMER TEMPLES

Angkor temples 11 10-13th Sandstone 0.2 – 5.0 André 2006

Ta Keo temple (Angkor) 1 11th Sandstone 0.0 – 5.5 André et al. 2008

Table 1. Tentative rates of stone recession on Mediaeval French churches and Khmer temples.
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SON, 2000; INKPEN et al., 2004) and recent 
case studies (INKPEN et al., 2001; TURK-
INGTON and SMITH, 2004; PARADISE, 

2005; McCABE et al., 2007a; ANDRÉ et al. 
2008; HEINRICHS, 2008).

ChRonologiCAl ContRol 
oF stonE RECEssion 
MEAsuREMEnts

deciphering the monument history 

In spite of  the development of  the tech-
nology involved in methods such as laser 
scanning, the stone by stone survey is still 
considered by the archaeologists as the 
most efficient and informative method by 
which to decipher the intricate history of 
Mediaeval monuments (PARRON-KON-

TIS, 2005). The resulting maps, such as the 
one recently obtained of  the southern wall 
of  Notre-Dame du Port church in Cler-
mont-Ferrand by Phalip and Morel (figure 
2), are a first-class data source for the geo-
morphologist. Not only do they help in the 
selection of  chronologically homogeneous 
surfaces for quantifying purposes, but the 
accompanying descriptions of  stone fac-
ings (e.g. stone dressing marks, lime and ce-
ment mortars, etc.) provide valuable indica-
tors by which to identify zero datum levels 
(REVEYRON, 2005). 

Fig. 2. Stone by stone map of the restored parts of the southern façade of the nave of Notre-Dame du Port 
church (Clermont-Ferrand, Puy-de-Dôme, 2006). © B. Phalip and D. Morel
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searching for secure zero-datum levels

Reliability of reference surfaces (i.e. 
dated ‘zero-datum levels’) is a pre-requisite 
to ensure the validity of any weathering/
decay rates, that may be obtained either in 
natural or cultural contexts. The question 
of the reference surfaces has long been ad-
dressed by cold-climate geomorphologists 
who have made extensive use of protrud-
ing ice-polished quartz veins to assess Post-
glacial weathering rates (e.g. DAHL, 1967; 
ANDRÉ, 1995; NICHOLSON, 2008), and, 
indeed in previous studies on cultural stone 
(e.g. LIVINGSTON and BAER, 1986; 

WINKLER, 1986; INKPEN, 1998; MOT-
TERSHEAD, 2000b). Of special interest to 
the inventory of reference surfaces provided 
by Mediaeval monuments, are four explora-
tory studies conducted in Brittany and Au-
vergne, France (PARIS, 1998; MAGRÉ, 
1999; BONNEAU, 2001; ROBERT, 2002; 
see also SELLIER, 1998, and MAGRÉ et 
al., 2007). Based on these studies, and on 
complementary fieldwork by the authors in 
the Massif  Central (PHALIP, 2001; AN-
DRÉ et al., 2007b) and in Cambodia (AN-
DRÉ, 2006; ANDRÉ et al., 2008), a variety 
of zero datum levels can be listed (Table 2, 
figures 3 and 4). 

zero-datum levels
Mediaeval churches
(Central and west France)

khmer temples
(Angkor, Cambodia)

Stone-dressing marks

Mason’s marks

Inscriptions

Moulded surfaces

Columns and pillars

Ornamentation (carved details)

Mortar joints (lime and cement)

Slate wedges

More resistant stones
(polychrome monuments)

++++

++

+

++

++

+

+++

+

++

++

++

+++

+++

+++++
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Fig. 3. Zero-datum levels provided by Mediaeval churches of the Massif  Central. © M.-F. André

A. Late 12th century ‘fern-leaved’ or ‘fishbone’ finish and mason’s marks on arkosic sandstone (Saint-Aus-
tremoine abbey church of Issoire, Puy-de-Dôme, 18-10-08). B. 14th century brettelé finish and mason mark 
on trachyandesite (Clermont-Ferrand Cathedral, Puy-de-Dôme, 31-1-06). C. Bush-hammered trachy-andesite 
stone, 19th century (Michel de l’Hospital’s Place, Clermont-Ferrand, Puy-de-Dôme, 31-1-06); in a Mediaeval 
monument, a bush-hammered stone surface indicates a post-late 18th century, often 19th century, restoration. 
D. Late 12th century sandstone door jambs affected by scaling (Saint-Martin church, Besson, Allier, 29-09-
08). E.  Mid-12th century ornamented capitals in arkosic sandstones (Saint-Pierre church, Gipcy, Allier, 29-9-
08). F. Cement mortar joints in arkosic sandstones (Saint-Marc church, Souvigny, Allier, 29-9-08). 

Fig. 4. Zero-datum levels provided by sandstone Khmer temples to evaluate recession depth from scaling and 
flaking (Angkor, Cambodia). © M.-F. André

A. Stone dressing marks (Ta Keo temple, South face, second tier, early 11th century, 7-2-08). B. Stele with 
inscriptions ( Lolei temple, 9th century, 20-3-08). C. Moulded surface ( Ta Keo temple, South face, first tier, 
early 11th century, 6-12-08). D. Ornamented pillar (west gallery, Angkor Wat, 12th century, 6-12-08). E. Scal-
ing decorated toric rib (eastern face, Ta Keo temple, early 11th century, 6-2-08). F. Flaking sandstone on the 
polished surface of a garuda statue (terrace of the elephants, Late 12th century, 28-12-04).

C

ED F

CBA

A B

D

C

E F
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Stone-dressing marks
Stone-dressing marks provide authen-

tic reference surfaces on the wall facings of 
churches and temples dating back as far as 
the Antiquity (e.g. BESSAC, 1986, 1993; 
PARADISE, 1998, 2005). Good inscription 
and dressing marks are more likely to survive 
on sandstones, limestones, marbles, and hard 
volcanic rocks, than on for example conglom-
erates and coarse-grained granites. In Medi-
aeval churches, stone-dressing marks can be 
classified in three major categories: (1) 12th 
century stones with their mason marks and 
fern-leaved or ‘fish-bone’ finish, with irregu-
lar and obliterated furrows every 5 mm (see 
figure 3a); (2) 13-15th century brettelé finish 
(see figure 3b); (3) 19th century bush-ham-
mered finish (see figure 3c). This chronologi-
cal succession provides a general framework 
whereby reference surfaces can be identified, 
but the reliability varies according to regions 
and monuments. Close cooperation with 
archaeologists of the Mediaeval period is 
required to ensure the chronology of stone-
dressing marks, as it is to detect Mediaeval 
re-cuts of Gallo-Roman stones and 19th-
21st century imitations of Mediaeval stone 
dressing techniques, with very sharp 1-2 
mm-spaced tooling marks. In Cambodian 
sandstones, stone-dressing marks are mostly 
represented in the least ornamented or unfin-
ished parts of temples (figure 4a). 

Mason marks and inscriptions
Mason marks are widespread on build-

ing stones of Mediaeval churches of the 
Massif Central, where they have been thor-
oughly studied and classified (e.g. MOREL, 
2004). They are present both on Roman and 
Gothic churches (figures 3a and 3b), and 
have various forms such as swirls, triangles, 
stars, keys, and letters from the Latin and 

Greek alphabets, sometimes used in reverse. 
As to the Khmer temples of Cambodia, they 
provide plenty of steles bearing inscriptions 
(figure 4b), of which thousands have been 
translated from Sanskrit and ancient Khmer 
by COEDÈS (1937-1966). They frequently 
provide information on the building or con-
secration date of the monument, but some 
may postdate the temple itself, a factor that 
must be taken into account when using them 
as datum surfaces to assess weathering rates.

Mouldings and columns
In Romanesque churches, moulded sur-

faces are present in cornices, drips and por-
tals, with polychrome archivolt of special in-
terest when quantifying selective weathering 
(as long as stones have not been replaced). In 
portals of Mediaeval churches, door jambs 
can be systematically used to measure stone 
recession, for they display standardized sec-
tions, either cylindrical (in Romanesque 
style, cf. figure 3d) and/or polygonal section 
(in Gothic style). The polished surface of 
door jambs and columns can be preserved, 
particularly in marble, but this material of-
ten comes from Gallo-Roman columns, re-
used during the Middle Ages. Therefore, the 
chronological control of the datum is not 
easy to establish precisely. Edges of corner-
stones can be used to quantify stone reces-
sion, though because of the sensitivity to 
weathering of their sharp edge, their use 
leads to over-estimations of the amount of 
weathering (as do, the measurements taken 
at the base of monuments, where accelerat-
ed weathering operates within the capillary 
fringe). In Cambodia, the numerous pillars 
of the Khmer temple galleries can be used 
to quantify historical weathering, together 
with horizontal mouldings such as toric ribs 
which are affected by scaling (figure 4c).



CAD. LAB. XEOL. LAXE 35 (2010) Rates of stone recession on Mediaeval monuments  21

Decorative carved elements
Romanesque churches do not display 

abundant ornamentation, except for deli-
cately chiselled capitals (figure 3e), modil-
lions and tympanums, which provide good 
zero datum levels, provided they were not 
repeatedly restored or hammered during the 
French Revolution. Gothic cathedrals and 
later monuments partly inspired by the Late 
Gothic style (e.g. during the 16th century in 
Brittany) are richer in carved elements such 
as gargoyles and pinnacles, but they do not 
provide good datum surfaces in all sites. For 
instance, in coarse-grained granite located in 
coastal regions (e.g. Brittany), they have of-
ten been too severely affected by salt weath-
ering for their initial shape to be reconstruct-
ed (SELLIER, 1998). Nevertheless, based on 
a scale of ornamentation legibility inspired 
from the scales of inscription legibility pro-
posed by RAHN (1971) and MEIERDING 
(1993), they provide valuable information for 
purposes of comparison (PARIS, 1998). 

In contrast to Romanesque churches, the 
Khmer temples of the Angkor site are richly 
ornamented, offering almost everywhere, ze-
ro-datum levels by which to assess sandstone 
recession rates: at the base of pillars in the 
Angkor Wat galleries, on the sculpted facings 
of the Ta Keo temple-mountain, and on the 
bas-reliefs of the Terrace of Elephants (fig-
ures 4d–4f). Carved details are particularly 
secure datum surfaces in monuments or parts 
of monuments that have never been restored. 
Thus, the ornamented patterns in Khmer ar-
chitecture provide large, statistically signifi-
cant, datasets, on stone recession.

Lime and cement mortar joints
Mortar joints can be used, frequently in 

association with other datum surfaces, to 
assess rates of stone recession (figure 3f). 

It should be done with caution, for joints 
belong to several generations and are not 
always incorporated into the walls at the 
same level as building stones. Lime mortars 
have been used from the 3-4th century BC to 
the middle of the 19th century. Those which 
date back to the 12th century are usually very 
lumpy, lime-rich, with non sieved coarse 
sands. From the 13th century onwards, mor-
tar joints are less lime-rich, they contain 
more and more sieved sands, and their wa-
ter content is higher. This frequently makes 
it necessary to use wedges to keep constant 
the spacing between the stones. Most Port-
land cement joints indicate repointing op-
erations having taking place from the 1860s 
to 1950. Cement joints contain fine-grained 
sieved sands, and often protrude some 2 mm 
out from the stone surface. At places, these 
joints follow the shape of pre-existing irreg-
ularities and can be used, jointly with older 
datum surfaces such as dressing marks, to 
assess both pre- and post-repointing reces-
sion rates.

Slate wedges
Up to c. 3 cm thick slate wedges in-

corporated in mortars during building are 
widespread in churches of western France, 
and that used in Brittany tends to be more 
resistant than the granite building material. 
Therefore these protruding slate wedges can 
be used to assess rates of granite stone re-
cession since the 15th century, though they 
only provide minimum rates for they are 
commonly affected by flaking (see Fig. 58 
in PARIS, 1998, and Fig. 2a in SELLIER, 
1998). In the Massif  Central, wedges are 
of 11-12th century broken tile except for the 
Saint-Pierre church of Souvigny, where slate 
wedges were used. 
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More resistant stones
The polychrome Romanesque churches 

of the Massif  Central display many exam-
ples of resistant building materials, pro-
viding reference surfaces to assess rates of 
stone recession in less resistant lithologies 
such as sandstones. Among these resistant 
stones are such magmatic rocks as leuco-
cratic granite, basalt and trachyandesite, 
and some sedimentary materials as siliceous 
nodules or recrystallized layers in lime-
stone, laterite and brick. This last material 
is more resistant than chlorite-rich granite 
in the Massif  Central (e.g. in the Meroving-
ian wall at Neris-les-Bains) and the volcanic 
tuffs in Roman sites like Herculaneum and 
Pompeii. In Brittany, building stone materi-
als are less diversified. Most Mediaeval and 

REConstRuCting thE TEMPO oF 
stonE dECAy: thE diAChRonous 
And hEtERoChRonous 
APPRoACh

Average rates of stone recession expressed 
in millimetres per century or millennium are 
relevant for comparison purposes between 
different lithologies or environments, but 
the mean values derived pertain to a suite of 
weathering processes and frequently mask 
the non-linear nature of weathering rates 
over time (POPE et al., 2002). At the centen-
nial to millennial scales, previous weathering 
studies have suggested constant rates over 
time (e.g. PETUSKEY et al., 1995; MOT-
TERSHEAD, 1997), decreasing rates (e.g. 
WINKLER, 1973; MATSUKURA and 
MATSUOKA, 1991; ROBINSON AND 
WILLIAMS, 1996, see Fig. 6A; MAGRÉ, 
1999), and increasing rates (e.g. KLEIN, 

later churches are made of granite, which 
displays protruding quartz and feldspar 
veins or phenocrysts, that can be used to re-
construct the initial stone surface; of special 
interest are the remnants of vein walls many 
of which have remained intact since granite 
extraction (PARIS, 1998; SELLIER, 1998; 
MAGRÉ, 1999; MAGRÉ et al., 2007). 

Although resistant rock types do not pro-
vide as precise reference surfaces as do dress-
ing marks, they are frequently considered as 
particularly reliable when reconstructing the 
position of the original stone surface (e.g. 
WINKLER, 1986). However, as they have 
been subjected to scaling, the measurements 
of stone recession made should be regarded 
as providing minimum values.

1984; NEIL, 1989; WELLS et al., 2008). In 
fact, it seems that nonlinearity prevails in 
stone decay/rock weathering systems, which 
operate in an episodic rather than gradual 
mode, in a ‘stepwise’ fashion; brief  decay ep-
isodes follow the crossing of thresholds as-
sociated with intrinsic or extrinsic variables, 
separated by often prolonged intervening 
periods of relative or apparent quiescence 
(SMITH et al., 1992, 1994; cf. figure 5). 
Extrinsic triggering factors of accelerated 
decay can be climatic (e.g. severe frost) or 
anthropogenic (e.g. stone cleaning). In some 
instances, building stone materials suffer 
catastrophic decay, and conceptual models 
of such decay have been recently proposed 
for sandstone and limestone (SMITH AND 
VILES, 2006). It has even been suggested 
that stone decay is an erratic, random or 
chaotic process (e.g. ROBINSON and WIL-
LIAMS, 1996; VILES, 2005). 
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Addressing the episodicity of stone decay 
calls for research strategies extending back 
in time. Anamnesis (FITZNER et al., 1992), 
inheritance effects (WARKE, 1994), the his-
tory of monuments, building materials, and 
their environment are considered essential in 
the assessment of present-day stone decay. 
In Mediaeval monuments, the episodicity 
of stone recession can be investigated using 
diachronic photogrammetry, stepped datum 
surfaces, and comparative studies of stone 
recession in younger and older monuments 
in similar lithologies as those found in Me-
diaeval constructions.

diachronous photogrammetry

The value of historical photographs as a 
means of documenting the extent and tim-
ing of stone decay have been illustrated in 
many studies (e.g. VILES, 1993). Time se-

quences of old photographs have been used 
by INKPEN et al. (2001) to plot changes in 
the extent of weathering forms on an Oxford 
building over the 1892-1932 period. The 
abundance and relevance of documentation 
for Mediaeval monuments of the Massif  
Central varies. A long search can be neces-
sary, both at the national and local levels, 
to discover key illustrations. On the other 
hand, there is an abundant iconographic 
documentation covering the last century for 
Khmer temples, due to the conservation and 
restoration work carried out by the Ecole 
Française d’Extrême-Orient and the Conser-
vation d’Angkor. For example, just for the 
1930s, some 5300 photographs document 
the deterioration of the Angkor monuments 
and the conservation and restoration opera-
tions (POTTIER, 2008). However, the cru-
cial archival documents are held by various 
research centres, museums and private col-

Fig. 5. Stone decay: a pulsatory process (SMITH et al. 1994).
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lections, and a methodical and determined 
photographic hunt is needed. For example, 
figure 6 documents the formation and devel-
opment of an ‘erosion’ scar during at least six 
scaling episodes over the 1905-2006 period, 
on a toric rib of Ta Keo temple. More exten-
sive photogrammetry being undertaken on 
the sculpted facings of the central pyramid 
of this temple-mountain, is based on integra-

stepped datum surfaces 

In Romanesque and Gothic churches, 
two generations of zero-datum levels are of-
ten present on the stone facings: one dating 
back to the Middle Ages, the other to the 
19th or 20th century. The old datum consists 
either of Mediaeval stone-dressing marks 
or masons’ marks, or of resistant protrud-
ing stones or nodules, or of carved elements, 
whereas the recent one generally consists 

tion of orthorectified photographs with the 
MapInfo GIS (ANDRÉ et al., 2008). This 
diachronic approach is useful both in the re-
construction of the calendar of decay and in 
the tentative prediction of future damage, or 
at least the delineation of risk zones (based 
on scenarios of degradation, which differ 
according to the sculpted levels).

of Portland cement joints (see Fig 55 in 
PARIS, 1998, p. 96). These heterochronous 
datum surfaces can be used to discriminate 
the ‘modern’ (i.e. post-repointing) stone 
recession depth from the previous one (i.e. 
pre-repointing). Preliminary observations 
by PARIS (1998) in Brittany and by the 
authors in the Massif  Central suggest ac-
celerated weathering rates in the last 150 
years, that are possibly a consequence of 
the Portland cement repointing, although 

Fig. 6. Scenario of formation and development of an ‘erosion’ scar on an ornamented sandstone toric rib, 
reconstructed after a collection of old photographs (first tier of the eastern face of the central pyramid of Ta 
Keo temple, early 11th century, 19-3-08). © M.-F. André

1905-1930 1967-1994

1994-2006

1930-1967



CAD. LAB. XEOL. LAXE 35 (2010) Rates of stone recession on Mediaeval monuments  25

atmospheric pollution may also have played 
a role in the accelerated stone decay seen in 
Rodez’s Cathedral.

Comparison of stone recession depths in 
heterochronous monuments

In Brittany, SELLIER (1998) and MA-
GRÉ (1999) have collected data on rates 
of granite weathering on heterochronous 
monuments such as 500 yr-old churches and 
5000 yr-old megaliths. As a result, MAGRÉ 
(1999, p. 109) suggests that weathering was 
more rapid in the first centuries, and then 
slowed down, possibly because the deeper 
the weathering proceeds the more sound the 

Fig. 7. Graph showing mean weathering scores for 
churches of different ages in Hastings Beds sand-
stones of central Weald, SE England (ROBINSON 
and WILLIAMS, 1996, Fig. 12.7 p. 144). 

stone is. Interestingly, SELLIER (2007) has 
also described substitutions of weathering 
forms over time in the granite of Brittany.

In England, ROBINSON and WIL-
LIAMS (1996) have investigated hetero-
chronous Wealden sandstone churches and 
question the significance of the resulting 
curve (figure 7). This suggests either a grad-
ual decrease of decay due to the formation 
of protective crusts or patinas over time, or a 
contemporary acceleration of decay, possibly 
due to pollution and acid deposition. Such an 
acceleration is also suggested by BONNEAU 
(2001) in a preliminary study on the Ro-
manesque and Neo-romanesque sandstone 
churches of the French Massif Central.

invEstigAting soME CAusEs oF 
ACCElERAtEd stonE dECAy

Accelerated stone decay of cultural 
stone is due to a suite of weathering proc-
esses resulting from the interplay of various 
extrinsic and intrinsic factors. For instance, 
in Strasburg’s cathedral (France) the con-
temporary accelerated decay observed in 

the second half  of the 20th century is due 
to the disastrous impact of air pollution on 
the calcium-rich building sandstone, and the 
recent improvement of the situation is due 
both to the reduction of air pollution and 
the replacement of calcium-rich sandstones 
(‘grès à meules’) by calcium-free sandstones 
(‘grès vosgien’).
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intrinsic causes: low durability of stone 
There is a persistent contemporary trend 

to emphasize the role of external factors such 
as environmental stress in accelerated stone 
decay. However, a recent assessment of 112 
Irish monuments under the auspices of the 
Heritage Council points to stone properties 
as the main control on stone decay: ‘Only in 
aggressive polluted atmospheres is the envi-
ronment more determinant on the type and 
rate of decay than the nature of the stone 
itself ’ (PAVIA and BOLTON, 2001).

The ‘durability’ of a stone, which is de-
fined as ‘a measure of its ability to resist 
weathering’ (BELL, 1993), is a complex phe-
nomenon. The significance and relevance of 
this term have been extensively discussed in 
the literature (see review in INKPEN et al., 
2004). CARR et al. (1996) have suggested 
that proven use over time is the best test of 
durability. It is therefore of interest to try 
and evaluate the behaviour over time of var-
ious building stones by carrying out on-site 
comparative studies of stone recession in a 
given environment. Such field studies, which 
should take into account the history of the 
monument, are complemented by labora-
tory simulations.

Of special interest is the ‘500 year stone 
durability trial’ carried out by MOTTER-
SHEAD (2000a) on sixteen coastal defen-
sive structures embracing a wide range of 
lithologies. Based on measurements of stone 
recession at selected representative sites, 

rank ordering of weathering rates values are 
provided, which suggest controls on high 
versus low durability (e.g. high quartz and 
muscovite content versus high feldspar and 
chlorite content).

The polychrome Romanesque churches 
of the Massif  Central are particularly suit-
able for comparative measurements of stone 
recession (figure 8a–8d). These monuments 
are particularly abundant in the sandstone-
rich Brive, Espalion and Limagne basins, 
which are surrounded by basement rocks 
and/or limestones or volcanics. Studies are 
in progress, but as a working hypothesis, the 
following scale of increasing durability can 
be suggested (Table 1; see also ANDRÉ et 
al., 2007b): (1) weak limestones, (2) chlorite/
biotite-rich granites, (3) oolitic and biocon-
structed limestones, and magmatic rocks 
such as basalt, trachyandesite and leuco-
cratic granite. The behaviour of sandstones 
is highly variable, with some arkosic sand-
stones as the most durable building stones, 
that display well preserved Mediaeval 
builder’s and dressing marks (Issoire abbey 
church, Puy-de-Dôme, cf. MOREL, 2003), 
and some psammitic sandstones as the least 
resistant (Estivals church, Corrèze, cf. figure 
8b). This last example of heavily weathered 
sandstone is comparable with ‘the most se-
vere cases of stone decay’ and ‘loss of carved 
detail’ reported from the recent assessment 
of sandstone Irish monuments (PAVIA and 
BOLTON, 2001).



CAD. LAB. XEOL. LAXE 35 (2010) Rates of stone recession on Mediaeval monuments  27

A C D

E F

B

Fig. 8. Selective weathering in Mediaeval monuments: examples from Massif  Central churches and Angkor 
temples. © M.-F. André

A. Well preserved laterite blocks and decayed light-coloured granites on the left (Saint-Didier church, Saint-
Dier-d’Auvergne, Puy-de-Dôme, 22-4-01). B. Well preserved limestone capital and severely decayed psam-
mitic sandstone door jamb (Saint-Barthélémy church, Estivals, Corrèze, 16-6-00). C. Well preserved iron-rich 
sandstones and decayed white sandstones (Saint-Prejet church, Malicorne, Allier, 10-1-01). D. Enigmatic al-
veolized reddish sandstone block (Saint-Jacques-le-Majeur church, Villefranche-d’Allier, Allier, 10-1-01). E. 
Well preserved decorative pattern in pink sandstone (Banteay Srei temple, 10th century, 7-12-08). F. Decayed 
decorative pattern in grey sandstone (East Mebon temple, 10th century, 7-12-08). 

In the French Massif  Central, the highly 
variable durability of sandstones stimulated 
an ongoing study carried out in the Limagne 
Basin north and south of Clermont-Ferrand 
to investigate the main controls of sand-
stone decay in similar environmental con-
ditions. At first glance, the nature of the 
cement seems to be crucial for high or low 
durability (e.g. siliceous/ferruginous versus 
argillaceous/calcitic cements). The presence 
or abundance of certain minerals (e.g. bi-

otite, glauconite) is also involved in the de-
cay. Grain size is not as important as other 
textural characteristics and mineralogy, but 
it is not uncommon to observe fine-grained 
sandstones that are more decayed than 
coarse equivalents. Similar observations 
have been made on granite in west Wicklow 
(Ireland), where the finely textured granite 
of the Mediaeval Baltinglas Abbey is much 
more severely affected by stone decay than 
the coarser grained granite at the Early 



CAD. LAB. XEOL. LAXE 35 (2010)CAD. LAB. XEOL. LAXE 35 (2010)28  André and Phalip André and Phalip  

Bronze Age Athgreany stone circle to the 
north of Baltinglas (PAVIA and BOLTON, 
2001). Similarly, in nordic environments, 
granite weathering rates are known to be 
primarily controlled by the biotite content, 
with pegmatite veins lacking biotite being 
more resistant than fine-grained granite (e.g. 
ANDRÉ, 1995). The only example of grain 
size influencing stone decay in the Massif  
Central is found in conglomeratic sand-
stones, with accelerated decay due to the de-
tachment of gravels (e.g. Charroux church, 
Allier). Documentation on the monument 
history can be crucial to interpret properly 
contrasting patterns and rates of weathering 
between different sandstones. For instance, 
in figure 8d, the selective weathering between 
white and darker sandstones corresponds to 
concomitant decay, whereas in figure 8d, the 
alveolized stone might have been incorpo-
rated just as it is during restoration, and the 
honeycombing being an inherited feature.

In Cambodia, the opportunities to 
quantify differential weathering on a single 
monument are rare, for most Khmer temples 
are made of a unique sandstone type. 
However, it is of interest to compare the 
states of preservation of similar decorative 
patterns in monuments of the same date but 
of differing lithotypes (figures 8e and 8f).

Extrinsic causes: environmental and 
anthropogenic stresses 

The variety of environmental stresses 
conducive to decay has been examined in 
previous studies (e.g. WARKE, 1996). There 
is no doubt that enhanced temperature/hu-
midity fluctuations (both in magnitude and 
frequency) can trigger or accelerate stone 
deterioration. The influence of pollution has 
also been extensively studied (e.g. BRIM-

BLECOMBE, 2003), but other controls call 
for further investigation, and with regard to 
the cultural heritage of rural and ‘natural’ 
areas, for instance the impact of forest clear-
ing and tourism pressure in Cambodia, the 
maintenance and restoration procedures in 
France, and the stone processing in both 
countries.

Impact of forest clearing on stone decay in 
Khmer temples

Following an exploratory survey of 17 
Angkor temples (ANDRÉ, 2006), the main 
objective of the ongoing Ta Keo research 
project is to assess the pre- and post-clearing 
rates of stone decay on the central pyramid 
of this temple-mountain (ANDRÉ et al., 
2007a). Ta Keo temple has remained prac-
tically untouched since building (c. 1000 
A.D.). It was surrounded by forest for some 
five centuries before the forest clearing of 
the 1920s. The history of the contemporary 
stone decay at the surface of its sandstone 
facings is documented by photographs 
covering the period 1905-2008 (figure 6). 
Therefore, it provides a rare opportunity to 
evaluate the impact of recent forest clear-
ance on stone decay. Various sampling strat-
egies were developed to assess weathering 
rates, based on a combination of methods 
such as photogrammetry, laser scanning 
and manual measurements of stone reces-
sion. Comparisons were made with Ta Nei, 
a neighbouring temple still located in a for-
ested environment (figure 9), regarding both 
the state of deterioration of similar deco-
rative patterns and the climatic conditions 
(meteorological monitoring in progress). 
The first results point to a contemporary ac-
celeration of stone decay, with the area of 
deteriorated surfaces having tripled between 
1963 and 2008 on the investigated test-zone 
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(ANDRÉ et al., 2008). Touristic pressure 
has been shown to be an accelerating factor 
of stone decay at world heritage sites (e.g. 
in Petra, Jordan; see PARADISE, 2005). No 
doubt that it has played a role in Angkor 

since the 2000s, but at Ta Keo temple, apart 
from some obvious anthropogenic impacts, 
it is at this stage difficult to discriminate the 
role of direct human impact from that of the 
consequences of forest clearing.

Influence of conservation and restoration me-
asures in European Mediaeval monuments

Restoration campaigns have flourished 
in Europe over the last two centuries, and 
the negative effects of some restoration 
practices were adversely criticised early on 
(e.g. in France in the 1830s Prosper Mérimée 
and Charles de Montalembert denounced 
‘vandalism’ in restorations as well as in de-
structions). Among the restoration/conser-
vation measures, it seems of particular inter-
est to investigate the effects on stone decay 

A B

Fig. 9. Forested environment at Ta Nei temple (A) and non forested environment at Ta Keo temple, cleared 
from the forest in the 1920s (B). © M.-F. André (left: 8-12-08; right: 4-12-08).

of Portland cement repointing and cleaning 
methods which have taken place between the 
mid-19th and the mid-20th century.

Portland cement repointing
In the Middle Ages, the builders of 

the Romanesque churches had found vari-
ous solutions to ensure the ventilation and 
drainage of masonry stones, such as the 
use of putlog holes across the walls and of 
porous lime mortars for jointing (PHALIP, 
2001; PHALIP and ANDRÉ, 2008). The 
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introduction of watertight Portland cement 
and the blocking of putlog holes (figure 10) 
caused drastic changes in the water balance 
and the chemistry of masonry stones (e.g. 
HERNÁNDEZ, BALLESTEROS AND 
ARNAU, 1993). They caused accelerated 
granular disintegration (e.g. GRUNAU, 
1971; COLLOMBET, 1989). In rural ar-
eas of the Massif  Central, the most severe 
damage occurred from the end of the 19th 
century to the middle of the 20th, due to 
the replacement of lime mortars by cement 
mortars, e.g. on Saint-Nectaire church, Puy-
de-Dôme (PHALIP and ANDRÉ, 2008). 
In Brittany, measurements on nine granite 
churches located in non polluted environ-
ments suggest that post-repointing weather-

ing rates are three times faster than pre-re-
pointing rates (PARIS, 1998). The accelera-
tion of stone decay in rural areas of Ireland 
has been blamed on repointing, based on a 
national assessment commissioned by the 
Heritage Council. Of the 112 investigated 
monuments, 32.5% had been repointed with 
modern Portland cement which had reacted 
chemically with the original masonry, induc-
ing damage in 46% of these cases (PAVIA 
and BOLTON, 2001). In the Massif  Cen-
tral, preliminary studies suggest that post-
repointing weathering rates are two to three 
times faster than pre-repointing rates, but in 
churches located in urban areas, it is difficult 
to distinguish the responsibility of repoint-
ing itself  from the one of pollution. 

Blocked putlog hole

Cement 
mortar

A

B

Fig. 10. Repointing with cement mortar and ob-
turation of putlog hogs: a widespread practice 
between 1860 and 1950 in the Mediaeval churches 
of the French Massif  Central. Examples are from 
two Puy-de-Dôme abbey churches: Saint-Sébastien 
of Manglieu (A) and Saint-Austremoine of Issoire 
(B). © N. Duracka / M.-F. André.



CAD. LAB. XEOL. LAXE 35 (2010) Rates of stone recession on Mediaeval monuments  31

Cleaning methods
Cleaning and resurfacing can destroy 

crusts and patinas (biogenic or not), which 
act as a natural protection against rainfall 
dissolution, wind abrasion, atmospheric pol-
lution and salt weathering. Such effects have 
been demonstrated in the British Isles, in the 
late 1980s in Scotland (WEBSTER, 1992) 
and in the late 1990s in Ireland, where the 
rate of particle removal by lichens is lower 
than the one by the atmospheric agents, es-
pecially in the exposed environments of the 
west coast (PAVIA and BOLTON, 2001). In 
France, the acceleration of stone decay dur-
ing and after cleaning operations has been 
recognised, mostly based on qualitative ob-
servations. For example, on Brittany granite 
churches affected by scaling, the systematic 
removal of scales during ‘conservation’ op-
erations is evidently common practice (MA-
GRÉ et al., 2007). Unfortunately it induces 
a much faster rate of decay than previous 
biogenic granular disintegration due to li-
chen colonization. Repeated short range la-
ser scanning of test-zones would be helpful 
in the evaluation of the short term and long 
term impact of various cleaning procedures 
on a range of lithologies. But at this stage, 
despite recent progress, the implementation 
of such standardized procedures is some-
what difficult due to institutional barriers. 

Role of inheritance effects related to stone 
processing: from quarrying to carving

The importance of inheritance effects in 
patterns and rates of stone decay have been 
emphasized by WARKE (e.g. WARKE 

1994, 1996), and recently investigated by 
McCABE et al. (2007b), based partly on lab-
oratory simulations. Among the wide range 
of inheritance effects, stone processing was 
identified long ago as a major control on pat-
terns and rates of stone decay (e.g. SCHAF-
FER, 1932). Quarrying, dressing and carv-
ing of stone can induce or reveal structural 
weaknesses in the building stone material. 
For example, the use of explosives for stone 
extraction and of bush hammers for stone 
dressing can induce macrofracturing or 
microcracking, paving the way to further 
weathering processes. Of course, the sensi-
tivity of stone to such operations depends 
on its inherent properties. The impact of the 
Mediaeval and recent stonemasonry tech-
niques on European monuments deserves 
further investigations, as does the mode of 
incorporation of stones into the structure. 
For instance, checked weathering patterns in 
Romanesque churches are frequently linked 
with the alternating placement of stones 
in parallel and perpendicular to bedding 
planes (e.g. in the Escurolles church, Al-
lier – see photo 52 in BONNEAU, 2001 p. 
117). In Cambodia, accelerated decay due 
to vertical stone placement is widespread at 
the base of pillars in the Angkor Wat galler-
ies (ANDRÉ, 2006). The unfinished Ta Keo 
temple offers exceptional conditions where-
by to assess the role of stone processing in 
the amount and forms of stone decay, and 
comparative studies of dressed, moulded 
and delicately ornamented sandstones are in 
progress (figure 11).
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A

B

C

Fig. 11. Three types of stone finish on 
sandstone facings of the central pyra-
mid of Ta Keo temple, Angkor. © M.-
F. André.

A. Rough-hewed stones. B. Moulded 
stones. C. Chiselled stones.
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Fig. 12. Stone by stone mapping of the axial ambulatory 
window of Chamalières church, Puy-de-Dôme, by Yves 
Connier, stonemason (CONNIER, 2000, Fig. 1 p. 266).

Domite = Puy-de-Dôme trachyte; Lave = Vesicular lava; 
Lave fine = Close-grained lava; Restauration = Restoration.

ConClusions

Stone decay is a particularly exciting top-
ic for geomorphologists because it provides 
opportunities to address a range of funda-
mental questions such as: (1) the rhythm of 
weathering and erosion, (2) the process/form 
linkages, (3) the interplay between intrinsic 
and extrinsic controls, (4) the importance of 
microenvironmental conditions, (5) the eval-
uation of the human impact, and (6) the as-
sessment of the destructive versus the protec-
tive role played by living organisms. Working 
on cultural stone encourages the ‘cross-polli-
nation of ideas’ between disciplines (POPE et 
al., 2002, p. 215). There is a crucial need for 
further cooperation with archaeologists of 
the Mediaeval period, who have developed 

specific methods for understanding the multi-
phase history of monuments, and with stone-
masons, who have a highly valuable practical 
experience and documentation (e.g. CON-
NIER, 2000; see figure 12). This is necessary 
in order to ensure the reliability and validity 
of stone decay assessments carried out by 
geomorphologists, who while pursuing their 
own objectives, share their views with ar-
chaeologists, and provide data to contribute 
to the determination of conservation strate-
gies. Informal interdisciplinary cooperations 
and institutional research groups such as the 
Oxford Preserving Our Past research cluster 
(that includes fields ranging from synchro-
tron radiation applications to video art), are 
crucial for further progress in the assessment 
of stone decay rates.
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Appendix: glossary of Mediaeval 
architecture 

APSIDIOLE. Small apsidal chapel, espe-
cially one projecting from an apse.

ARCHIVOLT. Bands or mouldings sur-
rounding an arched opening.

CAPITAL. Decorative element that divides 
a column or pier from the masonry 
which it supports.

LINTEL. Horizontal beam spanning an 
opening, as over a door or portal.

MODILLION. Ornamental bracket used in 
series under a cornice.

PUTLOG HOLE. Hole left in a masonry 
wall to provide support for a horizontal 
framing member of scaffolding.

STELE. Upright stone or slab with an in-
scribed or sculptured surface.

TYMPANUM. Area above a door enclosed 
by an arch and a lintel, frequently deco-
rated with relief  sculpture (e.g. Christ in 
majesty and Judgment day).
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Abstract
Coastal environment sediments in temperate, cool-water systems were assumed to be siliciclastics 
until the latter third of last century. This is not surprising as quartz grains dominate most beach 
sands. Scientists, delving below the sea-surface since ~1980, discovered carbonate grains increase 
dramatically with water depth. Physical parameters such as tides, storms and currents cause mixing, 
transport and weathering of the entire package of grains. Sea-floor morphology further alters the ill-
conceived perception of a flat surface veneered with even sized, similar grains. Chemical weathering 
and minor biogenic predation cause further disruption, with anthropogenic activity impinging on 
the natural cycle in an alarming manner and rate. This project studied 295 samples from the entire 
beach to 20 m water depth from 22 transects orthogonal to the beach, along the 100 km coastline 
adjacent to the city of Adelaide, South Australia. Results showed sediment grain-size heterogeneity 
is widespread, as a result of differences in mineralogy and source, particularly of the biogenic 
carbonate grains. This has implications for successful beach management strategies. Modern society 
expects access to pristine beaches during its leisure time, yet industry expects to continue using the 
sea as a “rubbish dump”. Education concerning the fragility of the shallow sea-floor environment 
and the sedimentary cycle is urgently needed.

key words: temperate coastal environments, mineralogy, calcareous benthic biogenic production, 
erosion effects
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signiFiCAnCE

Humans enjoy the ambience of the coast, 
particularly if  it includes sandy beaches and 
clean water. Enjoyment of various activities 
has led to the development of an economi-
cally significant tourism industry in addi-
tion to the commercial aspects of housing, 
shipping and fishing. This is seen in the 
demographics of all countries that have 
coastlines, and none more so than Australia, 
where more than 80% of the population live 
within an hour’s drive of the coast.

It follows, then, that it is important to 
understand the effect that these anthropo-
genic activities have, if  any, upon the natu-
ral environment of the coastal region. The 
sediments veneering the sea floor control 
the quality of such beaches and their shal-
low seas (0–20 mwd {mean water depth}). It 
is mandatory to understand the parameters 
that control the in situ formation and/or 
sources of these sediments.

sEtting

The city of  Adelaide is located on the 
eastern side of  Gulf  St Vincent, an in-
verse estuary (figure 1). Its morphology is 
constrained by the sea to the west and the 
fold and thrust N-S trending belt of  the Mt 
Lofty Ranges to the east (JENKINS and 
SANDIFORD, 1992). The narrow coastal 
strip has an average width of  30 km, so that 

the spread of  Adelaide over the 150 years 
since its settlement, has been mainly con-
fined within these boundaries, resulting in a 
metropolitan area of  more than 106 people 
living in a N–S strip 72 km long. Climate 
is Mediterranean, without large permanent 
rivers, but with the coastal plain crossed by 
several ephemeral creeks and minor rivers. 
The prevailing wind direction is from the 
southwest, so that the seawater currents 
flowing into Gulf  St Vincent are from the 
Southern Ocean via Investigator Strait (fig-
ure 1). Circulation within the gulf  is con-
trolled by the residual of  the oceanic 2 m 
swell and the 2 m amplitude tides. Com-
monly, sediment grains are carried oblique-
ly shorewards, with the lower energy of  the 
orthogonal waves of  the ebb tide giving a 
net northwards movement of  the finer frac-
tion of  the sediments, i.e. longshore drift. 
In summer, seawater density increases 
northwards due to shallowing and excessive 
evaporation rates. Wind direction reversals, 
stemming from the southernmost extent 
of  cyclones, result in a short-lived, south-
moving, coast-hugging current pattern. 
This does not, however, re-equilibrate sedi-
ment movement, so that an overall north-
ernwards movement persists. Extensive sea-
grass meadows, covering the sea floor of  the 
shallow waters from a depth of  1–20 m, act 
as major baffles and inhibit sediment move-
ment. This pattern has been operating for 
most of  the last 125 Ka (figure 2).
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Fig. 1.  Location map of study area. 

Fig. 2.  Sea level over the last 
125 Ka. Episodic global glacial 
events have caused many regres-
sions, with minor still-stands. 
Only two major warming events 
have produced major transgres-
sions in Gulf St Vincent (after 
BELPERIO et al., 1984).
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This paper focuses only on the sizes of 
the sediment grains resulting from these 
same processes as they are today, although 
the mineralogy, shape, sources and bio-
genic implications were facets of the over-
all research. Other important aspects of the 
sediments are their role as substrate for al-
gae, grasses and their epiphytes and as the 

domain of infaunal biota (SHEPHERD 
and THOMAS, 1982; LUDBROOK, 1984; 
JAMES et al., 2009) but these were not in-
cluded in this study. The specific coastal area 
selected for the study (figure 3) was the strip 
between the “back of beach” and the -20 m 
water level, where that was not more than 5 
km from the coast.

Fig. 3.  (a) Zone 1: the mangrove environment, with dog for scale, is a prograding area, with active Avicennia 
marina extending its advance. The pneumatophores trap much of the sediment and detritus carried shore-
wards, and supports a thriving marine biota. It is interlaced with tidal creeks, which can be almost estuarine 
in character. These inlets drain the salt marshes landwards.

(b) Zone 2: open sandy beaches. Longshore drift results in build-up of fine sand in the north and sand ero-
sion in the south of the Zone. These wide shallow beaches are mainly in a stable phase. The “back of beach” 
area is a low partially fixed dune, such as seen here at Largs Bay.

(c) Zone 3: Precambrian cliffs and platform. The eroded siliciclastic rocks are predominantly fine-grained 
siltstones, with minor sandstones, arkoses and dolostones. The north end shows the eroded beach, the scat-
tered boulders from the cliffs and a modern wave-eroded platform, adjacent to houses that allow all their 
stormwater, carrying debris, to run into the sea.
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An important caveat to add is that re-
sults in such studies do not differentiate be-
tween naturally-occurring sediments, which 
includes those debouching on to the sea 
floor from man-made drainage features, and 
those artificially dumped or pumped into the 

intRoduCtion

Size of sediment grains, in all environ-
ments, is the most important parameter when 
determining the hydrodynamic activity of 
sediments, with source (including biogenic), 
shape and mineralogy lesser factors. Adelaide 
and its coast have been described by numer-
ous notable scientists, with Howchin and Tate 
in the late 1800s, followed by many others in 
the 1900s (e.g. SHEPHERD and SPRIGG 
1976; SPRIGG 1979; GOSTIN et al., 1984; 
BELPERIO et al., 1986, 1988; CANN and 
GOSTIN 1985; CANN et al., 1988).

Understanding of the sedimentary proc-
esses involved in the production, deposition 
and accumulation of sediments of mixed 
origin such as those in the study area, i.e. 
a package of grains predominantly derived 
from allochthonous terrigenous sources and 
autochthonous biogenically-produced parti-
cles, together with minor contributions from 
other sources such as physical erosion of the 
coastline, has undergone major advances 
during the last two decades. Work on mod-
ern mixed carbonate-terrigenous sediments 
prior to 1980 was based either in modern 
tropical environments or on earlier work 
on sediments from bleaker areas, derived 
from terrigenous sources only. Neither of 

area from the beach replenishment scheme, 
as is the situation in Adelaide. Some data 
exists about the scheme, but comprehensive 
records of all sources, material type, dates, 
tonnages, dumping sites, etc. were not avail-
able at the time of this study.

these models is applicable to the cool-water 
environment of coastal Adelaide, as in the 
measurement of grain size, the biogenically-
derived grains are constrained by metabolic 
processes and can vary over many orders of 
magnitude, e.g. a bryozoan colony may be 
one sediment grain as a whole cobble-sized 
dead colony, but upon post-mortem dis-
integration, it may become 10s to 100s of 
individual zooids of fine sand (BONE and 
JAMES, 1993).

MEthodology

The physical characteristics of the sedi-
ments veneering the sea floor in coastal re-
gions consist of a number of facets, which 
are determined both qualitatively and quan-
titatively. Qualitative data were obtained by 
photography and observations, both in the 
field and laboratory. These comprised shape, 
colour, sorting, variability, local environment 
and presence of associated biota. Quantita-
tive analyses were made in the laboratory on 
the field samples, and in this study, centred 
on grain sizes (Table 1). Subdivision into 
coarse sand and gravel, medium sand, fine 
sand and silt and clay fractions was selected 
to enable interdisciplinary understanding 
(Table 1).
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The area was divided into 4 zones, based 
on geology and geomorphology (figure 3; 
Table 2). Twenty two transects (figure 4) 
were positioned orthogonal to the coast, 
with 8 depth-determined sample positions 
along the transects: supratidal, intertidal, 
and at depths of 1 m, 2 m, 5 m, 10 m, 15 

m and 20 m, where possible. Sampling sites 
covered all facies within the area, from the 
coast to up to 5 km offshore. Sites were sam-
pled mid-summer and mid-winter. Sample 
numbering (Table 3) and abbreviations (Ta-
ble 4) were devised to enable systematic and 
easy identification of each sample.

>2mm coarse (and larger)

2mm - 0.25mm medium

0.25mm - 0.063mm fine

<0.06mm (residue) very fine (includes silt and clay)

Table 1. Grain size terminology

Fig. 4. Map of the Adelaide coastal 
area, showing bathymetry and posi-
tions of study zones 1-4, transects and 
sample sites. The sites apparently on 
land are artefacts of the scale of the 
map. Transect line shifts resulted from 
navigation problems. Similarly, marine 
and weather conditions caused slight 
shifts between some of the summer and 
winter sites.
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Zone 1 – Mangroves

1-a Port Gawler North
marks N extent of the study area, typical of zone – man-
groves, marshes, cheniers, sabkhas

1-b Gawler River Estuary entry point of fine-grained siliciclastic fluvial load

1-c North of Barker Inlet interface between mangroves and sand area

1-d Mid Barker Inlet
transect starts due N of Pelican Point Power Station, in mid-
dle of dredged shipping lane

1-e Outer Harbour will reflect Barker Inlet impact on sea-floor sediment

Zone 2 – Modern Sands

2-f North Haven marina effects and sand deposition depot centre

2-g Largs Bay deposition depot centre and offshore calcrete as basement

2-h Semaphore Beach offshore calcrete as basement

2-i Henley Beach typical of zone

2-j West Beach  N of River Torrens mouth, anthropogenic influence

2-k North of Barcoo Inlet anthropogenic influence, sewage outfall area

2-l North of Patawalonga Creek Mouth
current scouring, anthropogenic influence – shipping chan-
nel, extensive breakwater

2-m South of Glenelg Breakwater sand deposition depot centre, natural and against breakwater

2-n Brighton/Somerton typical of zone

Zone 3 - Precambrian Siliciclastic Cliffs

3-p Marino Rocks typical of a rock-strewn sea floor
3-q Hallett Cove / Waterfall Creek disturbed Permian Till load and Precambrian cliffs
3-r Port Stanvac anthropogenic influence, maritime disturbance
3-s O’Sullivans Beach Christies Beach Sewage Outfall, marina

Zone 4 – Tertiary Limestone Cliffs

4-t Christies Beach N extent of carbonate contribution from limestone

4-u
Port Noarlunga / Onkaparinga Es-
tuary

mix of carbonate contribution from coastal area and Pre-
cambrian siliciclastic contribution from fluvial load

4-w Moana North off the beach, numerous stormwater entry points

4-x Maslin Beach typical of zone

4-y Snapper Point
rapid bathymetry change at reef drop-off, prolific calcare-
ous biota

4-z Sellicks Beach
S extent of study area, steep shoreface, large load from gul-
lying of Adelaide Hills outwash fans

Table 2.  Rationale for selection of Zones and Transects
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ACWS = Adelaide Coastal Waters Study

(W) = winter 

1 = zone, starting from the North (mangroves)

a = transect number, starting from the North (N-most transect)

3 = sample on the transect, starting from the East (back of beach)

bk = bulk (raw sample)

(1) = number of photograph in sequence of photographs of subject

(x10) = magnification used for photograph

Table 3.  Numbering system for sediment grain size samples
number:  ACWS (W)1a-3-bk(1)(x10) 

Table 4.  Abbreviations used in description and labelling of samples

water depth number
1 = back of beach
2 = mid tide
3 = 1 m
4 = 2 m
5 = 5 m
6 = 10 m
7 = 15 m
8 = 20 m
size fraction term
bk = bulk (“composite”)
cs = coarse (coarse sand/gravel)
med = medium (medium sand)
fn = fine (fine sand)
v.fn = silt and clay
Magnification and Field of view of images
x6.2=25 mm
x10=10 mm
x20=6 mm
x32=4 mm

FiEld woRk

Field work sampling consisted of two 
techniques for each transect: either sampling 
from the beach and shallow waters, using 
snorkeling if  needed, or sampling by dredg-
ing or SCUBA from a boat. Ideally, 2 litre 
samples were collected. Log Book entries 

were made of the following: date, transect/
co-ordinates, site number/co-ordinates, 
depth, time (CST), surface and bottom tem-
perature, surface and bottom salinity, equip-
ment deployed (dredge, SCUBA or hand), 
photographs taken, recovery volume (2 litre 
goal), number and type of splits, fresh and 
wet colour, field description of sample, liv-
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ing biota (in sample, on sea floor) and any 
deviation(s) from normal procedure. Sea-
floor factors such as rock cover or pavement 
and/or the sea-state sometimes resulted in 
the Captain deciding a position shift was 
mandatory. Similarly, weather vagaries in-
fluenced the sequence and timing of sam-
pling, sometimes resulting in its cessation 
before completion of a transect. It was not 
always possible to return to the exact same 
position at a later date.

lAboRAtoRy woRk

sample preparation

The 295 samples collected were washed 
three times within 24 hours of collection, al-
lowed to settle for 30 sec, decanted and the 
residue saved for its clay-silt fraction. This 
procedure removed all salt, which would 
otherwise crystallise on to the grains as the 
sample dried and skew weights made later. 
Samples were allowed to air-dry. The residue 
was dried and then thoroughly mixed into 
the bulk sample.

observations recorded

Munsell colour codes, subjective colour 
of wet and dry sample, photographs taken of 
each, overall grain size, shape, sorting, appar-
ent mineralogy, relict components, living bio-
ta, dead biota, fossils and other, e.g. anthro-
pogenic, such as coke cans, were all noted.

grain size analysis

Standard quartering techniques were 
used to produce homogenous samples from 
heterogeneous original samples. Half  of the 
dry bulk sample was weighed and wet sieved 
through a bank of >2 mm, >0.25 mm, 
>0.063 and bottom collection pan sieves. 
The residue was allowed to settle for three 
days, then decanted. The four fractions were 
dried and weighed (figure 5), and the per-
centage of each fraction calculated. Two 1 cc 
samples were taken from each fraction, with 
one sample for microscope analysis and the 
other for carbonate digestion.

Fig. 5. The four size fractions of sam-
ple ACWS 3p-6X10, with the bulk 
sample typical of a mixed sea-floor 
sample, but with the medium and fine 
fractions skewing from the mixed cat-
egory. The bulk and medium fractions 
appear to be volumetrically dominated 
by very large, angular, calcareous bio-
genic grains but, numerically, grains 
are “mixed”. Coarse is dominated by 
calcareous biogenic grains. Fine is 
dominated by smooth quartz grains, 
with a sprinkling of larger biogenic, 
angular grains.
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Microscope analysis

The number of unidentified biogenic 
fragments; bryozoan, bivalve, gastropod, 
echinoid, calcareous algal, foraminifer and 
calcareous worm tube grains; quartz grains; 
relict grains – orange, black, grey, brown; 
and heavy minerals was counted in one of 
the 1 cc samples from each fraction of each 
sample. This data was used in interpreting 
the results of this study, but is not included 
here but is in a separate paper (see BONE et 
al., 2007).

Mineralogy analysis

The other 1 cc sample was weighed, 
soaked overnight in sodium hypochlorite to 
dissolve organic material, then washed, dried 
and weighed. The residue was soaked in 10% 
HCl until effervescence ceased to remove all 
carbonate, washed, dried and weighed. The 
residue was then passed through a Franz 

Magnetic Separator, to remove the heavy 
minerals. The remaining siliciclastics were 
weighed. These procedures enabled the calcu-
lation of the different minerals in each sam-
ple. This data was used in the overall interpre-
tation of this study (see BONE et al., 2007).

REsults

Maps of the distribution and abun-
dance of different grain sizes for summer 
and winter were plotted (figures 6, 7, 8 and 
9) to enable immediate visualisation of the 
distribution of the different size fractions 
throughout the area, based on the percent-
age of each fraction: abundant >35%, com-
mon 10–35%, present 2–10%, rare <2%. The 
weight and percentage data for the 2,161 
laboratory grain size analyses of the sum-
mer samples are shown in Table 5, but only 
those from one transect from each zone for 
the winter samples are given (Table 6), as the 
differences were insignificant.

Fig. 6. Distribution of the coarse fraction of the sediment samples in (a) Summer, and (b) Winter.
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Fig. 7. Distribution of the medium fraction of the sediment samples in (a) Summer, and (b) Winter.

Fig. 8. Distribution of the fine fraction of the sediment samples in (a) Summer, and (b) Winter.
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Fig. 9. Distribution of the very fine fraction of the sediment samples in (a) Summer, and (b) Winter.

Table 5.  Grain size data - summer samples. No data in a sequence indicates no sample or it was too small to 
process. There were no summer samples for Marino, 2q.

 
transect no.

sample 
wt  gm

Coarse 
wt  gm

Medium  
wt  gm

Fine
wt  gm

v fine 
wt gm

Coarse
%

Medium     
%

Fine         
%

v Fine
%

Port 1a-1 364.14 38.39 232.51 87.44 5.80 10.54 63.85 24.01 1.59

gawler 1a-1 154.19 27.32 45.64 73.06 8.17 17.72 29.60 47.38 5.30

north 1a-2 232.76 122.78 86.49 21.16 2.33 52.75 37.16 9.09 1.00

1a-3 184.44 97.19 77.02 8.11 2.12 52.69 41.76 4.40 1.15

1a-4 132.66 13.31 51.16 54.60 13.59 10.03 38.56 41.16 10.24

1a-5 267.55 3.23 180.00 76.61 7.71 1.21 67.28 28.63 2.88

1a-7 276.18 18.28 145.49 99.53 12.88 6.62 52.68 36.04 4.66

1a-8 152.50 3.48 41.03 56.52 51.47 2.28 26.90 37.06 33.75

gawler 1b-5 315.00 0.53 118.08 194.31 2.08 0.17 37.49 61.69 0.66

River 1b-6 68.40 20.75 31.59 15.99 0.07 30.34 46.18 23.38 0.10

Estuary 1b-7 301.47 11.05 195.20 95.22 0.00 3.67 64.75 31.59 0.00

1b-8 208.32 2.71 80.95 74.13 50.53 1.30 38.86 35.58 24.26
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transect no.
sample 
wt  gm

Coarse 
wt  gm

Medium  
wt  gm

Fine
wt  gm

v fine 
wt gm

Coarse
%

Medium     
%

Fine         
%

v Fine
%

st kilda 1c-1 190.61 96.62 87.32 7.84 -1.17 50.69 45.81 4.11 -0.61

1c-2 208.65 35.03 129.50 41.78 2.34 16.79 62.07 20.02 1.12

1c-3 136.65 27.23 48.10 51.65 9.67 19.93 35.20 37.80 7.08
1c-6 86.47 1.33 77.39 7.43 0.32 1.54 89.50 8.59 0.37

1c-7 324.55 16.97 220.05 83.16 4.37 5.23 67.80 25.62 1.35

1c-8 234.48 10.01 97.70 76.67 50.10 4.27 41.67 32.70 21.37

barker 1d-5 280.86 4.31 152.67 120.14 3.74 1.53 54.36 42.78 1.33

inlet 1d-6 106.73 9.67 66.36 27.43 3.27 9.06 62.18 25.70 3.06

outer 1e-1 323.84 0.09 210.99 108.08 4.68 0.03 65.15 33.37 1.45

harbour 1e-2 311.20 0.23 111.56 186.01 13.40 0.07 35.85 59.77 4.31

1e-3 322.99 0.27 156.18 156.25 10.29 0.08 48.35 48.38 3.19

1e-4 361.77 2.05 131.65 177.47 50.60 0.57 36.39 49.06 13.99

1e-6 390.99 1.35 204.19 142.31 43.14 0.35 52.22 36.40 11.03

north 2f-1 372.46 0.45 197.23 171.95 2.83 0.12 52.95 46.17 0.76

haven 2f-2 306.70 7.00 79.54 216.46 3.70 2.28 25.93 70.58 1.21

2f-3 188.69 0.18 9.10 176.18 3.23 0.10 4.82 93.37 1.71

2f-5 294.11 0.11 32.52 259.81 1.67 0.04 11.06 88.34 0.57

2f-7 244.93 5.67 90.77 133.40 15.09 2.31 37.06 54.46 6.16

largs 2g-1 347.11 6.37 161.89 177.35 1.50 1.84 46.64 51.09 0.43

bay 2g-2 345.06 4.27 134.07 205.84 0.88 1.24 38.85 59.65 0.26

2g-3 184.69 2.02 8.89 172.91 0.87 1.09 4.81 93.62 0.47

2g-5 230.96 14.57 79.47 132.11 4.81 6.31 34.41 57.20 2.08

2g-6 134.21 2.24 68.00 62.43 1.54 1.67 50.67 46.52 1.15

2g-7 265.56 0.73 95.12 157.62 12.09 0.27 35.82 59.35 4.55

2g-8 253.08 24.58 162.82 49.53 16.15 9.71 64.34 19.57 6.38

sema- 2h-1 383.57 0.17 207.84 172.00 3.56 0.04 54.19 44.84 0.93

phore 2h-2 398.40 11.95 293.33 91.23 1.89 3.00 73.63 22.90 0.47

2h-3 337.53 0.21 3.65 331.77 1.90 0.06 1.08 98.29 0.56

2h-4 288.16 0.11 2.76 282.98 2.31 0.04 0.96 98.20 0.80

2h-5 367.38 2.96 286.64 73.14 4.64 0.81 78.02 19.91 1.26

2h-6 226.94 79.39 109.94 30.00 7.61 34.98 48.44 13.22 3.35

2h-7 246.68 30.37 207.29 5.25 3.77 12.31 84.03 2.13 1.53

2h-8 243.38 11.42 145.24 62.94 23.78 4.69 59.68 25.86 9.77

grange 2i-1 378.10 0.10 279.32 95.63 3.05 0.03 73.87 25.29 0.81

2i-2 366.11 3.59 220.51 132.02 9.99 0.98 60.23 36.06 2.73

2i-3 353.37 2.51 103.70 241.71 5.45 0.71 29.35 68.40 1.54

2i-4 384.51 0.31 199.98 179.12 5.10 0.08 52.01 46.58 1.33
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transect no.
sample 
wt  gm

Coarse 
wt  gm

Medium  
wt  gm

Fine
wt  gm

v fine 
wt gm

Coarse
%

Medium     
%

Fine         
%

v Fine
%

2i-5 374.93 1.23 312.38 56.08 5.24 0.33 83.32 14.96 1.40

2i-6 211.24 3.45 153.37 51.76 2.66 1.63 72.60 24.50 1.26

2i-7 122.70 5.14 100.77 15.92 0.87 4.19 82.13 12.97 0.71

2i-8 300.77 35.41 247.39 12.62 5.35 11.77 82.25 4.20 1.78

henley 2j-1 379.87 0.25 363.75 13.29 2.58 0.07 95.76 3.50 0.68

beach 2j-2 357.58 0.73 328.83 23.20 4.82 0.20 91.96 6.49 1.35

2j-3 370.00 17.51 182.86 160.28 9.35 4.73 49.42 43.32 2.53

2j-4 312.55 6.89 127.76 173.64 4.26 2.20 40.88 55.56 1.36

2j-5 320.65 4.49 277.74 34.76 3.66 1.40 86.62 10.84 1.14

2j-6 368.58 12.17 335.48 18.45 2.48 3.30 91.02 5.01 0.67

2j-7(1) 204.63 77.17 96.49 25.05 5.92 37.71 47.15 12.24 2.89

2j-8 282.16 54.13 195.79 26.16 6.08 19.18 69.39 9.27 2.15

west 2k-1 391.90 6.16 378.91 6.00 0.83 1.57 96.69 1.53 0.21

beach 2k-2 361.73 0.23 352.23 8.60 0.67 0.06 97.37 2.38 0.19

2k-3 393.26 2.15 347.25 38.66 5.20 0.55 88.30 9.83 1.32

2k-4 353.76 0.68 266.07 84.79 2.22 0.19 75.21 23.97 0.63

2k-5 369.54 0.15 281.20 82.39 5.80 0.04 76.09 22.30 1.57

2k-6 358.72 0.04 257.55 95.51 5.62 0.01 71.80 26.63 1.57

2k-7 333.43 90.34 229.94 8.90 4.25 27.09 68.96 2.67 1.27

2k-8 386.20 69.74 260.44 51.56 4.46 18.06 67.44 13.35 1.15

glenelg 2L-1 394.18 72.81 261.18 58.17 2.02 18.47 66.26 14.76 0.51

north 2L-2 377.31 7.58 306.78 58.11 4.84 2.01 81.31 15.40 1.28

2L-3 478.40 203.08 260.83 13.33 1.16 42.45 54.52 2.79 0.24

2L-4 302.96 4.25 215.94 79.49 3.28 1.40 71.28 26.24 1.08

glenelg 2m-1 360.30 0.43 270.27 87.00 2.60 0.12 75.01 24.15 0.72

south 2m-2 406.11 23.29 289.30 89.00 4.52 5.73 71.24 21.92 1.11

2m-3 441.71 45.97 288.84 103.04 3.86 10.41 65.39 23.33 0.87

2m-4 357.63 9.28 169.64 166.94 11.77 2.59 47.43 46.68 3.29

2m-5 417.29 0.32 298.37 112.12 6.48 0.08 71.50 26.87 1.55

2m-6 281.24 61.51 204.48 13.88 1.37 21.87 72.71 4.94 0.49

2m-7 136.97 10.41 102.81 22.92 0.83 7.60 75.06 16.73 0.61

2m-8 339.57 50.63 283.57 2.72 2.65 14.91 83.51 0.80 0.78

brighton 2n-5 349.72 186.93 151.17 9.58 2.04 53.45 43.23 2.74 0.58

north 2n-6 398.11 3.43 375.07 17.58 2.03 0.86 94.21 4.42 0.51

2n-7 373.78 70.06 295.54 5.62 2.56 18.74 79.07 1.50 0.68

2n-8 139.46 41.67 81.94 12.73 3.12 29.88 58.76 9.13 2.24
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transect no.
sample 
wt  gm

Coarse 
wt  gm

Medium  
wt  gm

Fine
wt  gm

v fine 
wt gm

Coarse
%

Medium     
%

Fine         
%

v Fine
%

brighton 3p-1 402.95 0.11 368.44 33.52 0.88 0.03 91.44 8.32 0.22

south 3p-2 418.51 49.68 308.04 60.00 0.79 11.87 73.60 14.34 0.19

3p-3 349.35 3.70 61.84 281.30 2.51 1.06 17.70 80.52 0.72

3p-4 266.94 0.38 71.72 191.13 3.71 0.14 26.87 71.60 1.39

kingston 3q-1 380.22 36.08 336.49 2.51 5.14 9.49 88.50 0.66 1.35

Park 3q-2 392.01 0.23 351.70 32.20 7.88 0.06 89.72 8.21 2.01

3q-3 389.25 1.09 307.06 74.56 6.54 0.28 78.89 19.15 1.68

3q-4 413.88 2.68 404.65 4.68 1.87 0.65 97.77 1.13 0.45

hallett 3s-1 316.88 0.12 311.91 3.40 1.45 0.04 98.43 1.07 0.46

Cove 3s-3 433.63 144.89 281.81 6.07 0.86 33.41 64.99 1.40 0.20

o’ 4t-1a 326.11 0.32 301.65 22.88 1.26 0.10 92.50 7.02 0.39

sullivan 4t-2a 292.06 0.00 276.86 14.55 0.65 0.00 94.80 4.98 0.22

beach 4t-3a 429.25 0.90 354.01 72.40 1.94 0.21 82.47 16.87 0.45

Christies 4t-1 411.29 0.02 331.43 77.74 2.10 0.00 80.58 18.90 0.51

beach 4t-2 432.65 74.81 272.28 84.17 1.39 17.29 62.93 19.45 0.32

4t-3 442.89 102.68 249.61 88.49 2.11 23.18 56.36 19.98 0.48

4t-4 399.28 1.96 134.51 260.41 2.40 0.49 33.69 65.22 0.60

4t-5 373.82 0.38 46.28 324.62 2.54 0.10 12.38 86.84 0.68

4t-6 457.09 338.29 106.37 10.80 1.63 74.01 23.27 2.36 0.36

4t-7 398.82 0.54 175.86 216.95 5.47 0.14 44.10 54.40 1.37

4t-8 390.43 177.65 207.73 3.41 1.64 45.50 53.21 0.87 0.42

Port 4u-1 387.26 0.65 371.20 13.71 1.70 0.17 95.85 3.54 0.44

noar- 4u-2 395.12 1.42 381.82 9.95 1.93 0.36 96.63 2.52 0.49

lunga 4u-3 354.07 0.64 314.32 29.13 9.98 0.18 88.77 8.23 2.82

south 4u-4 325.94 2.17 269.39 48.42 5.96 0.67 82.65 14.86 1.83

4u-6 146.10 1.55 38.07 104.81 1.67 1.06 26.06 71.74 1.14

4u-7 322.95 0.29 98.33 216.88 7.45 0.09 30.45 67.16 2.31

4u-8 401.66 139.49 259.53 2.05 0.59 34.73 64.61 0.51 0.15

seaford/ 4w-1 365.06 0.01 326.20 37.22 1.63 0.00 89.36 10.20 0.45

Moana 4w-2 399.91 3.10 327.84 63.56 5.41 0.78 81.98 15.89 1.35

4w-3 326.04 0.01 180.17 135.67 10.19 0.00 55.26 41.61 3.13

4w-4 353.02 0.07 219.96 123.78 9.21 0.02 62.31 35.06 2.61

4w-5 636.56 7.29 124.20 505.07 0.00 1.15 19.51 79.34 0.00

4w-6 398.89 0.22 246.32 143.04 9.31 0.06 61.75 35.86 2.33

4w-8 254.90 33.89 210.40 9.59 1.02 13.30 82.54 3.76 0.40
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transect no.
sample 
wt  gm

Coarse 
wt  gm

Medium  
wt  gm

Fine
wt  gm

v fine 
wt gm

Coarse
%

Medium     
%

Fine         
%

v Fine
%

Maslins 4x-1 431.81 0.00 378.72 46.31 6.78 0.00 87.71 10.72 1.57

beach 4x-2 389.25 4.54 338.57 39.90 6.24 1.17 86.98 10.25 1.60

4x-3 393.79 0.77 174.82 212.10 6.10 0.20 44.39 53.86 1.55

4x-4 388.78 1.44 205.30 167.04 15.00 0.37 52.81 42.97 3.86

4x-5 309.99 0.63 24.72 279.52 5.12 0.20 7.97 90.17 1.65

4x-6 317.85 0.70 45.04 272.11 0.00 0.22 14.17 85.61 0.00

4x-7 398.50 106.64 172.25 116.89 2.72 26.76 43.22 29.33 0.68

4x-8 349.47 1.70 125.83 214.13 7.81 0.49 36.01 61.27 2.23

Port 4y-1 396.87 0.58 388.86 6.16 1.27 0.15 97.98 1.55 0.32

willunga/ 4y-2 434.16 7.70 417.66 8.14 0.66 1.77 96.20 1.87 0.15

Aldinga 4y-3 420.90 16.23 388.28 13.50 2.89 3.86 92.25 3.21 0.69

beach 4y-5 254.73 0.14 154.64 95.75 4.20 0.05 60.71 37.59 1.65

4y-6 355.43 0.10 67.11 277.69 10.53 0.03 18.88 78.13 2.96

4y-7 230.65 1.80 18.70 205.39 4.76 0.78 8.11 89.05 2.06

4y-8 331.26 0.95 29.47 291.24 9.60 0.29 8.90 87.92 2.90

sellicks 4z-1 450.23 100.99 259.16 87.92 2.16 22.43 57.56 19.53 0.48

beach 4z-2 428.95 35.43 294.35 93.28 5.89 8.26 68.62 21.75 1.37

4z-3 352.93 22.41 261.77 63.73 5.02 6.35 74.17 18.06 1.42

4z-4 357.07 0.30 248.08 103.05 5.64 0.08 69.48 28.86 1.58

4z-5 368.36 0.07 5.21 361.30 1.78 0.02 1.41 98.08 0.48

4z-6 357.41 0.09 3.49 352.35 1.48 0.03 0.98 98.58 0.41

4z-8 318.29 0.16 7.30 289.31 21.52 0.05 2.29 90.90 6.76

Table 6.  Winter Grain Size Data (same parameters as Table 5)

transect no.
sample 
wt  gm

Coarse 
wt  gm

Medium  
wt  gm

Fine
wt  gm

v fine 
wt gm

Coarse
%

Medium     
%

Fine         
%

v 
Fine
%

Port 1a-1 323.54 75.07 146.13 89.38 12.96 23.20 45.17 27.63 4.01

gawler 1a-2.1 297.34 24.66 103.48 159.30 9.90 8.29 34.80 53.58 3.33

north 1a-2.2 290.47 23.95 181.90 76.58 8.04 8.25 62.62 26.36 2.77

1a-3 170.35 106.97 53.34 7.65 2.39 62.79 31.31 4.49 1.40

1a-4 129.15 33.57 47.47 36.84 11.27 25.99 36.76 28.52 8.73

1a-5 337.37 2.20 308.05 25.61 1.51 0.65 91.31 7.59 0.45

1a-6 283.74 0.28 178.23 103.16 2.07 0.10 62.81 36.36 0.73

1a-7 120.61 8.67 80.65 28.93 2.36 7.19 66.87 23.99 1.96

1a-8 175.05 3.42 61.77 71.58 38.28 1.95 35.29 40.89 21.87

semaphore 2h-1 404.46 0.13 301.47 99.44 3.42 0.03 74.54 24.59 0.85

2h-2 371.89 4.35 273.17 90.09 4.28 1.17 73.45 24.22 1.15

2h-3 401.84 2.12 191.39 198.10 10.23 0.53 47.63 49.30 2.55

2h-4 277.41 0.08 18.04 251.95 7.34 0.03 6.50 90.82 2.65
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transect no.
sample 
wt  gm

Coarse 
wt  gm

Medium  
wt  gm

Fine
wt  gm

v fine 
wt gm

Coarse
%

Medium     
%

Fine         
%

v 
Fine
%

2h-5 448.00 3.40 389.41 44.64 10.55 0.76 86.92 9.96 2.35

2h-6 269.81 146.99 119.19 1.58 2.05 54.48 44.18 0.59 0.76

2h-7 273.33 72.31 185.23 13.24 2.55 26.46 67.77 4.84 0.93

2h-8 298.80 16.20 161.64 83.14 37.82 5.42 54.10 27.82 12.66

brighton 3p-1 410.90 0.12 175.68 232.84 2.26 0.03 42.75 56.67 0.55

3p-2 425.34 2.54 244.94 174.97 2.89 0.60 57.59 41.14 0.68

3p-3 367.39 3.95 94.48 266.58 2.38 1.08 25.72 72.56 0.65

3p-4 379.97 0.70 193.01 166.34 19.92 0.18 50.80 43.78 5.24

3p-5 359.00 0.43 343.27 12.32 2.98 0.12 95.62 3.43 0.83

3p-6 401.65 5.41 386.70 8.16 1.38 1.35 96.28 2.03 0.58

3p-7 384.58 5.81 311.32 61.66 5.79 1.51 80.95 16.03 1.51

3p-8 239.11 46.33 151.82 37.09 3.87 19.38 63.49 15.51 1.62

sellicks 4z-1 505.55 194.67 260.11 48.61 2.16 38.51 51.45 9.62 0.43

beach 4z-2 355.89 33.23 253.88 60.61 8.17 9.34 71.34 17.03 2.30

4z-3 339.19 0.21 164.77 170.13 4.08 0.06 48.58 50.16 1.20

4z-4 362.17 0.30 90.67 264.15 7.05 0.08 25.04 72.94 1.95

4z-5 393.44 0.00 0.83 390.64 1.97 0.00 0.21 99.29 0.50

4z-6 405.05 0.01 4.46 397.90 2.68 0.00 1.10 98.23 0.66

4z-7 360.91 205.77 146.82 6.43 1.89 57.01 40.68 1.78 0.52

4z-8 169.08 0.12 7.40 153.09 8.47 0.07 4.38 90.54 5.01

Time; sample site and number; depth; co-
ordinates; temperature; weather; sea-state; 
weather previous day; volume of sediment 
collected; colour of sediment; living and 
dead biota present; general description of 
sediment were also recorded and tabulated 
for each site (see BONE et al., 2007).

All size fractions from each sample were 
photographed, with multiple exposures 
where necessary. The samples were not high-
graded in any way to bias any aspect. 

Underwater photographs of 14 sample 
sites showed the heterogeneity in the nature 
of the sea floor and its veneer of sediments 
(figure 10). Parameters such as colour (wet), 
relative grain size, variability, sorting, rocks 
and biota present, geomorphic features of 
the sea floor are all accurately recorded by 
such methods, and allow comparisons with 
the samples collected for verification of in-
terpretations.
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Fig. 10. (a) Zone 2 shows the result of sand dredging for beach replenishment. It will be many decades before 
the Posidonia shows any sign of re-establishment unless artificial replanting is employed. Many patches in the 
other zones are veneered with rippled, quartz-rich, medium-grained sand. This environment has little living 
epifauna but a rich infauna population of invertebrates. Scale bar in 10 cm increments.

 (b) The deeper waters (>3 mwd) of zones 1 and 2 and from -1 m in Zone 3 have dense thickets of brown 
algae. These thickets provide a suitable environment for a variety of benthic invertebrates, but prevent the re-
establishment of sea-grasses.

(c) Cobbles from the Precambrian bedrock are typical of shallow areas of Zone 3. They are encrusted with 
coralline algae and are substrate for soft algae. A few calcareous epiphyte-encrusted blades of dead Posidonia 
are entangled in the algae, along with various-sized fragments of molluscs. Scale bar in 10 cm increments.

(a)

(c)

(b)

(d)
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disCussion

general

The physical characteristics of the sedi-
ments veneering the sea floor in the Ad-
elaide area were as expected: they are typi-
cal of cool water (temperate) environments 
(JAMES and CLARKE, 1997 and refer-
ences therein) such as those found across the 
southern margin of Australia (GOSTIN et 
al., 1988; JAMES et al., 1992, 1997, 2001; 
FULLER et al., 1994) but with the addition 
of minor anthropogenetically contributed 
grains and of major ecological disturbances. 
The latter are significant in that they break 
the natural cyclic behaviour of the temperate 
environment cool-water carbonate system.

Inshore sediments of such systems are 
mixed carbonate and siliciclastic sands, 
with varying amounts of  mud and gravel. 
Carbonate grains are autochthonous and 
biogenic in origin and allochthonous quartz 
grains dominate the siliciclastics. This mix 
produces predominantly medium-sized, 
rounded, quartz-rich sand beaches with 
nearshore healthy sea-grass meadows in 
carbonate-rich sediments (WOMERSLEY, 
1984). These meadows support a high di-
versity and a dense distribution of  benthic 
biota, which is dominated by calcareous in-
vertebrates (SHEPHERD and THOMAS, 
1982) and sea-grasses and algae, particular-
ly coralline algae (WOMERSLEY, 1984). 
Post-mortem remains of  the biota produces 
carbonate biofragments, which either re-
main in situ or are transported elsewhere 
within the system.

grain size – Carbonate grains 

Variability in grain size of the bulk sedi-
ments is mainly a function of the ubiquitous 
carbonate material (figure 5). Carbonates 
are relatively soft minerals (3 on Moh’s 
hardness scale) with excellent rhombohedral 
cleavage, and so are easily broken. Biogenic 
erosion is also significant, being caused by 
predation of the calcareous biota or its use 
as a substrate or home by other biota. This 
selective weathering, e.g. the crunching of 
a large mollusc by a ray certainly produces 
numerous coarse grains, is of lesser signifi-
cance and is not discussed further. Thus, the 
size of the carbonate fragments that persist 
in the sediment are mainly dependent upon 
the architecture of the original biota and the 
type of CaCO3 used to build the skeletal ele-
ments of the organism, e.g. molluscs such as 
large robust gastropods (e.g. Turbo: figure 
11a) will be resistant to physical erosion for 
a long period of time, as will bryozoans such 
as the fenestrate Iodictyum (figure 11b), not 
diminishing in size until diagenesis alters the 
former but not the latter (see below), where-
as a large colony of an articulated zooidal 
cheilostome bryozoan (figure 11c) will rap-
idly disintegrate into hundreds of individual 
zooids following the death of the colony, 
whereas encrusting bryozoans (figure 11d) 
will become thin flakes and calcareous algae 
(Figure 11e) will become small rods. Conse-
quently, carbonate grains tend to be angular 
to sub-angular, rarely rounded.
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Fig. 11. (a) Gastropods, such as Turbo sp., seen here, live in high-energy surf zones, are thick-shelled and 
low-spired, and construct their tough calcareous shell with the aragonitic form of CaCO3 rather than with 
structurally weaker calcite. Subsequently, they resist physical weathering. It is, however, readily susceptible to 
chemical weathering.

(b) Numerous other bryozoans occur on sea-grasses, e.g. the cyclamen-coloured fenestrate Iodyctium phoeni-
cium, which originally gave the incorrect common name of “lace coral” to the phylum, is often found in the 
area. Much larger, it is preserved as gravel-sized IMC grains.

(c) Directly above the coin, three delicate, recently living colonies of articulated zooidal bryozoans are at-
tached to the stem of the sea-grass Amphibolis sp. Each appears as one “grain”, but following the decay of the 
organic joints between individual zooids, each will disintegrate into dozens of individual fine-grained, easily 
shattered pieces <0.15 mm in length. These consist of low-Mg calcite, which is chemically stable, so they will 
persist in the sediment. The dilemma is what is counted?

(d) The encrusting epiphytic bryozoan Thairopora sp. is common on Posidonia sp. blades. Its frontal wall is 
very thin so that it does not seem to hamper photosynthesis by the grass. When the grass blades are shed and 
washed ashore, the bryozoans come too! They soon die, and once the seagrass decays, they remain on the 
beach as fine IMC carbonate grains.

(e) This bleached articulated coralline alga plant is architecturally similar to the bryozoans in (c), and it too 
will break into dozens of small pieces at each nodal point. It uses HMC in its cell walls, so it will neomorphose 
into a new mineral over time. This usually has a rounding effect on the fragments. Scale in 2 cm increments.

(a) (b)

(d)(c)
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However, physical weathering is only 
one of the processes that cause diminution 
of the carbonate biofragments. Chemical 
weathering is also equally destructive, and 
its activity is dependent upon the mineral-
ogy of the biota.

There are four polymorphs of CaCO3 
that are used by the calcareous benthic in-
vertebrates to construct their hard parts – 
namely the orthorhombic mineral aragonite 
or one of the three trigonal calcite minerals: 
high Mg-calcite (HMC) with >12 mol % Mg 
in the calcite lattice, intermediate Mg-calcite 
(IMC) with 4–12 mol % Mg and low Mg-
calcite (LMC) with <4 mol % Mg (BONE & 
JAMES, 1997). Aragonite is metastable and 
readily dissolves in cooler water, especially if  
it is undersaturated with respect to bicarbo-
nate (i.e. low pH) whereas the other metast-
able carbonate, HMC, neomorphoses into 
either IMC or LMC, releasing Mg ions into 
the system. The other two carbonate species 
used are IMC and LMC, with the former 
slightly metastable and the latter stable. This 
is important in the long-term preservation 
and style of the carbonate sediments, with 
early marine cements forming in cool-water 
environments such as the Adelaide coastal 
area, from the release of the HCO32- into 
the system from such biota as aragonitic gas-
tropods (JAMES and BONE, 1989; JAMES 
et al., 2005). Bryozoans and brachiopods 
are represented in comparable older sedi-
ments at a higher rate than they occur in the 
living biota due to this mineralogical stabil-
ity, as they use mineralogically stable IMC 
and/or LMC. Thus, the ongoing destruction 
of coastal sea-grass meadows by anthropo-
genic activities (SHEPHERD et al., 2008) 

is causing the natural cycle of preservation 
to alter as the habitat is either damaged, 
thus diminishing its baffling effect or there 
is complete removal or retreat seawards of 
the meadows. Calcareous epiphytes are par-
ticularly vulnerable to this loss of sea-grass 
meadows (JAMES et al., 2009), and conse-
quently the passive transport of this biota to 
the beach no longer occurs, and large banks 
of dead “seaweed” (figure 12) are no longer 
commonplace.

The limestone cliffs abutting Zone 4 also 
contribute a mixed range of grain sizes to 
the sediments (figure 3d). These cliffs range 
from mid-Eocene to Recent in age, with 
their composition reflecting the environ-
ment in which the production of their com-
ponent carbonate grains and the subsequent 
lithification and diagenesis of those grains, 
occurred (JAMES and BONE, 2008). In 
contrast, Zone 1 sediments in the northern 
mangroves, salt marshes and cheniers are 
frequently re-worked by high tides flooding 
inland via the tidal inlets (figure 13; SHEP-
HERD et al., 2008).

The diversity of the calcareous biota, 
both infaunal and epifaunal, in the Ad-
elaide coastal area is high. Concomitantly, 
the distribution of this biota is also high for 
most taxa. Co-existing communities, includ-
ing the red coralline algae, both articulated 
and encrusting types, have a wide range of 
sizes in their skeletal elements, so that there 
is an inherent likelihood of this variability 
in grain size persisting throughout the for-
mation of these autochthonous calcareous 
grains. Thus, there is no logical rationale for 
performing tests of skewness and kurtosis 
on such sediments.
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Fig. 12. Large beds of sea-grass were common on the foreshore beaches of Adelaide, until new sewage treat-
ment plants started discharging the treated waste into the sea, from the latter part of the last century. The 
high N concentration is the main cause of the destruction of the shallow sea-grass meadows, so that banks of 
washed-up sea-grass now appear only after severe storms. This site is at Glenelg, transect 2 m.

Fig. 13. The S.A. Royal Yacht 
Squadron marina is alongside 
the main Adelaide shipping 
lane. There is a constant build 
of silt in the basin, but anything 
larger is quickly picked over by 
sea-birds. Dredging occurs peri-
odically, with the spoil dumped 
“offshore”, with little regula-
tion.
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grain size – siliciclastic grains

Quartz dominates the allochthonous 
grains, especially in the fine to medium size 
fractions (figure 14a), with only 5% in very 
fine or coarse fractions. This is due to their 
original terrestrial source, where they are 
often already fairly uniform in size, e.g. the 
fine-grained Precambrian Aldgate Sand-
stone is weathered in the Adelaide Hills, 
and then transported many tens of kilome-
tres down the Onkaparinga River drainage 
system. During this transportation phase, 
which itself  may be episodic, physical erosion 
continues to abrade the chemically-resistant 
grains, eventually to a relatively uniform 
size. Flood events cause the debouchment of 
a gravel/cobble bedload of an atypical size, 
which then become an anomalous beach de-
posit, e.g. transect 4-u, north of the mouth 
of the Onkaparinga River (figure 14b).

Fig. 14. (a) Sample from ACWS 4-z.1(x25), showing heavy minerals (dark grains), particularly garnets, derived 
from Permian erratics and tills. Like all placers, the heavy minerals co-settle with quartz grains more than 
double their size, due to gravity differences.
(b) Well-polished, oblate river gravels deposited on to the beach by the Onkaparinga River during times of 
high flow, have been transported many tens of  kilometres downstream from the Aldgate Sandstone in the 
upper reaches of  the Adelaide Hills. The fine black grains are ilmenite, from the same source. Wave action 
in the lower reaches of  the river estuary results in accumulations of  these as heavy mineral placer deposits, 
but they are economically insignificant.

In contrast, the siliciclastic rocks of slight-
ly younger age that form the rocky beach and 
shore platform at Marino Rocks are weathered 
to produce smaller “grains”, but these have not 
been transported long distances, and hence it 
is only the smaller grains that become round-
ed, with the larger cobbles often having a flat, 
smooth upper surface due to abrasion by the 
diurnal action of tidal flow. These cobbles are 
frequently overturned during storm events so 
that the obverse side then becomes smoothly 
planed off, resulting in strandlines of oblate 
cobbles. Similar cobble beaches are produced 
at locations like Sellicks Beach by the gullying 
of nearby slopes of ancient outwash fans. Out-
wash fans contain a bimodal distribution of 
rounded or oblate pebbles in a fine clay/quartz 
matrix so the cobbles are not carried out to sea, 
but remain in the supratidal area, where they 
form long linear strandlines (figure 14c). The 
fine matrix, however, is transported offshore.

(a) (b)
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Other grains that contribute to the size 
spectrum include minor occurrences of min-
erals that have weathered out of Permian 
glacial till, such as garnets, ilmentite and 
staurolite (figure 14a). These are particularly 
noticeable along transect 4-z.

Clays are commonly debouched 
from all the creeks and rivers that have their 
outlets on to the beach, as they traverse the 
Adelaide flood plain (figure 14d), with 
many of them also having their headwaters 
in the Adelaide Hills. After heavy rains, the 
major outlets have plumes of red-brown silt 

colouring the water for up to 2 km seawards. 
There is little attempt to control the flow of 
stormwater from the metropolitan area into 
the sea. Indeed, in addition to the natural 
creeks, dozens of stormwater drains have 
been purpose built to flow on to the beaches. 
These are the main source of anthropogenic 
material on to the sea floor, with cigarette 
butts the numerically highest “grain”. 
Marinas are also sites of deposition of fine 
silts and mud, partially due to the continual 
churning up of the water by boat engines 
coming and going.

Fig. 14. (c) Weight-sorted shingles of Precambrian ABC Quartzite derived from the outwash fans that form 
outwash aprons on the bases of the rounded Cambrian hills on the skyline. Thrust faulting has juxtaposed the 
quartzite to higher geomorphic levels, with the older Precambrian on the RHS, with Cambrian limestones and 
siltstones forming the lower, rounded hills.
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Fig. 14. (d) Outlet of Willunga Creek which traverses mainly agricultural land, so is not a major polluting 
contributor. A firm, quartz-dominated sandy beach fronts the highly indurated Tertiary limestones, which are 
topped with Pleistocene friable silts, clays and calcrete. The rounded quartzite pebbles on the sand have been 
carried northwards from Precambrian quartzites, (see figure 14c).

statistical interpretation

Tables 2 and 3 give the exact percent-
ages of the different grain sizes present in 
the sample from each of the 295 sites. There 
are many different methods of statistically 
presenting this data, including contour 
maps and pie diagrams (figure 15) but it is 
considered that distribution maps are the 
best method to show immediately the entire 
study area. There is still, nevertheless, the di-
lemma of choosing bin sizes. The traditional 

classification of bin sizes has been applied 
but other divisions are possible, using the 
data provided in the tables.
seasonal variability

Distribution maps show that there is no 
significant seasonal difference, even though 
grain-size heterogeneity is present through-
out the area. The pie diagrams also depict 
this particularly well, but space limits their 
presentation (data available electronically, if  
required, from corresponding author).
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Fig. 15. Pie charts showing, along the top line, the distribution of grain size at each of the sites along Transect 
ACWS 1-a during (a) Summer, and (b) Winter. These charts constrain the viewer to a narrow window. The 
middle and lower lines depict other parameters, allowing an overall view of the environment.

(a)

(b)
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Management strategies for urban coasts

Any management planning in temper-
ate environment urban coastal areas has 
to consider this maxim – they are dealing 
with mixed sediments that contain two main 
populations of grains with vastly different 
physical and chemical characteristics. It is 
mandatory to shed the often held opinion 
that “sand consists of grains of quartz”. 
The medium size fraction, particularly, re-
flects the influence of the aforementioned 
two populations, with the quartz fraction 
tending to be concentrated inshore and the 
carbonate fraction in the offshore regions. 
Invariably there are exceptions, e.g. the 
muddy flats of the northern region, where 
the environment is favourable for huge pop-
ulations of smaller molluscs. This is not a 
“new” scenario, as evidenced by the exten-
sive shell-grit cheniers that blanket the low-
lying adjacent area. Similarly, the wide inter-
tidal area of the Semaphore–Largs Bay area, 
the depocentre of the finer fraction resulting 
from long-shore drift, is a favourable envi-
ronment for foraminifers, which then con-
tribute their fine to very fine-sized tests to 
the sediment budget. This latter area is the 
target for future sources of sand to replen-
ish the southern metropolitan beaches in the 
Marino Rocks area. The foraminifer tests 
are fragile and unlikely to survive transport, 
by either truck or via a pipe as a slurry mix. 
On the other hand, this will result in the ma-
terial that is “imported” by longshore drift 
being quickly sent back to whence it came! 
But, the alkalinity will be quite different 
to the original state, and so the local biota 
will either have to adapt, or die out, or be 
replaced by a new biota assemblage. The lo-
cal biota, hopefully, has as one of its major 
components, sea-grass meadows, and even 

though the sea-grass itself  does not become 
a component of the sediment, it does act as 
the substrate for a volumetrically-large as-
semblage of calcareous epiphytes (JAMES 
et al., 2009).

So, the strategies needed include better 
replenishment scenarios, alternative drain-
age areas on the Adelaide coastal plain for 
stormwater, reduction of chemical pol-
lutants from industry, particularly in the 
northern area, and an overall education of 
the general public as to the fragility of the 
ecosystem of their “coast” (SHEPHERD et 
al., 2008).

ConClusions

The sediments veneering the sea floor in 
the coastal area of Adelaide are markedly 
heterogeneous. This applies particularly to 
the grain size of the sediments. There is no 
single factor that causes this heterogeneity, 
but rather it is a complex web of interacting 
processes such as hydrodynamics, climate, 
appropriate nutrient and photic levels and 
vigour of the sea-grass beds, which have 
a binding/baffling effect on the sediment 
grains, particularly when the sea-grass is in 
a healthy state. The intrusion of anthropo-
genic activity, e.g. all types of boat and hu-
man activity, particularly in the intertidal 
zone, and structures, particularly those that 
impede the natural movement of sediment 
grains, e.g. the marinas at O’Sullivans Beach, 
Glenelg and North Haven, has disturbed this 
natural cycle. Major changes to the natural 
drainage pattern and the geomorphology of 
the coastal area, particularly the beachfront 
buildings, roads and seawalls, have led to ep-
isodic debouchment of sediment grains on 
to the beach and intertidal area, often cata-
strophically, rather than the historical gen-
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tle ongoing flow. Management of this last 
point is urgent. Most of Adelaide’s sewage 
and stormwater is emptied into the sea. The 
general public needs to realise that the sea is 
not a forgiving rubbish dump, and insist that 
alternatives are implemented.

The heterogeneity of the sea-floor sedi-
ments, especially in terms of grain size, has 
been the case for at least the last 125 Ka. The 
ratios, however, are changing over smaller 
lateral distances and water depths, since the 
settlement of Adelaide in the 1800s, at an in-
creasing rate to the present day. In contrast 
to the plethora of pristine beaches abutting 
the South Australian coastline, Adelaide’s 
beautiful beaches are under threat and will 
disappear unless ongoing scientifically-
devised monitoring is employed and better 
management practices, based on scientific 
fact, are instituted urgently. Coastal areas 
are the natural cyclic product of physical, 
chemical and biological processes – break 
these cycles, and the resulting end product 
changes for better or worse. The latter has 
been the case in the Adelaide coastal envi-
ronment.
The following points drive the natural cycle 
and produce beaches:

Sediment grains on the sea floor of the • 
Adelaide coastal area are heterogeneous 
in terms of grain size.
Seasonal variation in grain-size • 
heterogeneity is minor.
Grain size reduction is a result of • 
ongoing weathering, physical, chemical 
and biological.
Mineralogy is the major cause for • 
differences in weathering results.
Grain shape is forced by the origin • 
of the grains – biogenic (angular) or 
terrigenous (rounded).

Terrigenous sources supply the • 
siliciclastic grains, i.e. >90% of quartz 
grains are allochthonous.
The marine environment is the source • 
of the carbonate grains, i.e. >90% of 
carbonate grains are autochthonous, 
produced by benthic invertebrates.
Benthic invertebrates use four different • 
carbonate minerals that are polymorphs 
– aragonite, high Mg-calcite (HMC), 
intermediate Mg-calcite (IMC) or low 
Mg-calcite (LMC).
The chemical composition of benthic • 
invertebrates using LMC for their 
skeletal elements remains unchanged 
throughout geological time.
Stormwater drains debouching on to • 
the beach are the major anthropogenic 
pollution source on the Adelaide 
beaches.
Loss of sea-grass meadows from the • 
shallows is a major cause of increased 
erosion of the sea floor.
Longshore drift transports finer grains • 
northwards, until shallowing results in 
deposition.
Winnowing of sediments occurs in • 
artificially-deepened inshore waters, 
partially as a result of longshore drift.
Beach replenishment needs to mimic • 
the natural cycle.
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Abstract
Playas, mostly in the form of salinas, are characteristic of the Australian arid zone. Many are 
associated with lunettes in sebkha complexes or assemblages and can be attributed to the deflation 
of bare alluvial flats. Many playas are structurally controlled. Lake Eyre, for example, occupies 
a downfaulted segment of the crust, and many other playas large and small are associated with 
faults. Lakes Frome, Callabonna, Blanche, and Gregory each displays a linear shoreline, but also 
and arguably, all are located on a regional structural arc. Lake Gairdner occupies a valley probably 
blocked by faulting. Others may be caused by preferential weathering along fracture zones, some 
linear but others arcuate. Many salinas are developed in dismembered rivers channels, the position 
and pattern of which are structurally determined. But many owe their existence to the interaction 
of several of these factors. The various salts precipitated in playas constitute a significant resource, 
regional and local, past, present and future.
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intRoduCtion

As LAMPLUGH (1917, p. 434) pointed 
out, anyone not knowing better could be 
misled by a physical map of Australia, for 
‘lakes’, large and small, appear to be widely 
distributed over the interior of the continent. 
‘Lakes’ imply water and a humid climate. 
FOREL (1892), for example, defined a lake 
as a body of water with no connection with 
the sea; except, presumably, for a possible 
overflow stream that reaches the coast. He 
also took no account of swamps, marshes 
and lagoons. But on the one hand, if  the vol-
ume of water entering the lake depression is 
greater than the capacity of the topographic 
basin, the waters overflow and drain away, 
breaching the barrier that contains them as 
they do so. Alternatively, if  water supply is 
less than losses resulting from evaporation 
and seepage either into the subsurface or 
via underflows, the erstwhile lakes become 
dry depressions. Also, lakes may gradually 
become filled with sediment and organic de-
bris. Such changes in time account for the 
relationship of lakes, marshes, swamps, la-
goons, and other types of ‘water body’.

PlAyAs

The ‘lakes’ of inland Australia rarely 
hold water. They are playas or dry, bare vege-
tation-free areas standing in the lowest points 
of desert basins and are underlain by strati-
fied sediments and commonly by soluble salts 
(BATES and JACKSON, 1987, p. 511). They 
carry water either rarely, spasmodically, and 
unpredictably; or they are intermittently wet, 
filling seasonally, in northern Australia dur-
ing the summer monsoon, in the south dur-
ing winter, when they are fed by rains associ-
ated with midlatitude lows. Some are floored 

by clastic sediments (hence ‘claypan’, even 
though the fill may consist mostly of sand) 
but all the muds are saline and many carry a 
crust of salts of various compositions. These 
playas are known as saltpans or salinas. 
In Australia, the central and western interiors 
are the driest parts of the continent, yet are 
replete with so-called lakes (figure 1). Lack 
of regular runoff inhibits the development of 
a coordinated exogenetic stream system that 
penetrates deep into the interior of the con-
tinent. This is particularly true of a compact 
land mass such as Australia. But no desert is 
rainless, and though such falls are no more 
intense than are experienced elsewhere, they 
fall on surfaces that are unprotected by veg-
etation and in many areas carry a sun-baked 
crust that induces short-lived but high runoff 
rates, so that even small amounts of precipi-
tation can cause local flooding. They also 
transform the arid wastes for a few days or 
weeks, when the desert plants bloom as dor-
mant seeds burst into life and aestivating 
animals awaken (see, e.g., various chapters 
in TYLER et al., 1990; also CLOUDSLEY-
THOMPSON, 1965). But such events are in-
frequent and the temporary lakes soon revert 
to their arid status and again become playas.

Thus playa basins are a prominent feature 
of the Australian deserts (e.g. BOWLER, 
1981, p. 432), but names like ‘Lake Disap-
pointment’ signal a warning and suggest that 
despite the apparent abundance of water 
bodies, there are no lush meadows, but rather 
a wasteland. Lake Eyre is the best known, as 
well as the largest, of the Australian ‘lakes’. 
Its periods of flood are well documented. It 
received the early attention of South Austral-
ian scientists. Yet, and ironically, it is situated 
in a hyperarid zone, so confirming the anom-
aly of ‘lakes’ existing in extreme aridity.
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Fig. 1. Map of Australia showing the larger inland ‘lakes’ in relation to the semi-arid and hyperarid zones 
(after BOWLER, 1981; DE DECKKER, 1983).

Playas and exploration

Salinas and associated forms have in-
fluenced the exploration of the interior of 
Australia. For instance, during his inland 
travels of 1839 E.J. Eyre observed parts of 
the several salinas that encircle the northern 
Flinders Ranges – what are now known to 
be lakes Torrens, Eyre, and Frome (figure 
2). In his mind’s eye, however, and his judge-
ment possibly affected by mirages, he con-

nected the areas of white and thus came to 
believe that the uplands were enclosed by a 
single horseshoe-shaped lake (EYRE, 1845), 
an idea that was dispelled by G.W. Goyder 
some twelve years later when he surveyed 
part of the area in what was a very wet year. 
Even so, later explorers (e.g. H. Freeling) 
took boats to the interior in order better 
to breach the barrier and reach what they 
hoped were the green pastures beyond (see 
e.g. MINCHAM, 1964).
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Fig. 2. Map of playas in relation to major fracture zones in central and northern South Australia.
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origins and classifications

Lakes and playas in general and Aus-
tralian occurrences in particular have been 
classified in various ways and using various 
criteria (see e.g. HOLMES, 1965, pp. 672-
675; DE DECKKER, 1983; for review, see 
TIMMS, 1993, pp. 2-10). De Deckker, for 
instance, distinguished inland playas ac-
cording to catchment size. In this overview 
they are defined on the basis of their geolog-
ical and geomorphological settings. All are 
located at low points in the regional or local 
relief  and many owe their origin to a com-
bination of factors. For this reason, possi-
ble playa origins are considered under a few 
simple headings that indicate the primary 
factor involved and apply to a number of ex-
amples. By contrast, Lake Acraman (WIL-
LIAMS, 1994) occupies all that remains of 
the depression formed by a bolide impact of 
some 600 m.y. ago and as far as is known, is 
unique in Australia.

deflation

In a desert setting, deflation, or the 
scouring and transport by the wind of clays, 
sands and other weak, unconsolidated ma-
terials unprotected by vegetation, readily 
comes to mind as a possible formative proc-
ess for topographic lows that become depo-
centres and then playas. This led TIMMS 
(1993, p. 127 et seq.) to claim that deflation 
hollows “... are usually the commonest type 
of lake basin in deserts”, a conclusion that 
finds support in the field evidence. The vast 
majority of the small playas located in inter-
dune corridors in the Australian dunefields 
are deflation hollows (figure 3), the depth 
of which is limited by the local water table. 
Thus, Charles Sturt, exploring in what is now 
known as Sturts Stony Desert in 1845, noted 
that: “…the space between the ridges” [was] 
“occupied by the white and dry beds of salt 
lagoons” (STURT, 1849, II, p. 33). Lengthy 
periods between rains may allow vegetation 
to colonise the playa bed and thus inhibit 
further erosion, but most remain active.

(a)
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Fig. 3
(a) View from linear dune crest 
looking SSW, of interdune cor-
ridor occupied by salinas and 
source-bordering and transverse 
dunes, 95 km north of Innam-
incka, South Australia.

(b) Vertical air photograph of 
area near Roxby Downs showing 
linear sand dunes and corridors, 
the latter with playas where water 
occasionally accumulates facili-
tating growth of vegetation (Ma-
pland, DEH, 1980: Survey 2545, 
Photograph 132).

(b)

Because of the absence or scarcity of the 
vegetation cover, and apart from coastal ar-
eas, wind has its maximum impact in desert 
regions, resulting most notably in the forma-
tion of the dunefields that occupy some 70% 
of desert areas world-wide. Yet, the power 
of wind abrasion has been overestimated at 
times in the past. Thus, regional planation 
briefly was attributed to deflation and abra-
sion by saltating sand grains propelled by the 
wind (PASSARGE, e.g. 1904; KEYES, 1912; 
JUTSON, 1914), but weathering and fluvial 
corrosion are now considered more likely to 
be responsible. Weak unconsolidated sedi-
ments certainly have been eroded by turbu-
lent vortices to produce yardangs, or smooth, 
elongate, streamlined ridges separated by 
wind-eroded corridors (e.g. BLACKWELD-
ER, 1934; BOBECK, 1969). But the shaping 
of hard rocks, though spectacular, is limited 
to minor features such as Dreikanter (three-
sided stones) and flutings (e.g. HUME, 

1925), particularly where local conditions 
have caused airflow to be confined. Thus in 
the San Gorgiono Pass, near Palm Springs in 
southern California, wind is funneled along 
a graben floored with sand derived from the 
weathering and erosion of the bordering up-
lands. It is further restricted, and its velocity 
increased, as it passes over a col, resulting in 
an assemblage of minor but spectacular pit-
ting of wooden posts carrying powerlines, 
and fluting in gneiss (RUSSELL, 1932).

Notwithstanding the limitations inherent 
in the deflative process, BREED et al. (1989) 
presented sound evidence and argument to 
suggest that large playas in the north of Iran 
are shallow hollows scoured in unconsoli-
dated fine sediments down to the local water 
table. In addition, exposures of recently de-
posited fine alluvia unprotected by vegeta-
tion are undoubtedly susceptible to airflows 
armed with sand or salt (cf. DERRUAU, 
1956; see also KING, 1956; NICHOLS, 
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1969). Sand-sized particles form a surface 
that is rough in detail. Wind passing over 
such a surface becomes turbulent and ero-
sive, and as COFFEY (1909) pointed out, the 
dried mud that underlies the floors of some 
playas tends to form platelets the edges of 
which curl upwards, again creating a rough 
surface. Salts are a common component of 
the clays exposed in the floors of many playas 
and their crystallisation causes micro-scale 
disturbances of the surface, so that instead 
of a smooth packed surface, the wind acts on 
one that is rough and induces turbulence and 
erosion (TRICART, 1954a). Lengthy periods 
between rains, however, may allow vegetation 
to colonise the playa bed and inhibit further 
erosion.

Deflation is of major significance in the 
formation of playas and in the evacuation 
of dust, millions of tonnes of which are set 
in motion every year with central Australian 
dust exported not only to the eastern states 
but to New Zealand, that from the Sahara 
to the Antilles and to the United Kingdom, 
and so on (see e.g. EGAN, 2006). Deflation 
also has been an important issue in the de-
bate concerning the origin of lunettes and the 
assemblage of landforms of which they are 
part, i.e. the sebkha (sabkha) complex.

lunettes and the sebkha complex

Early explorers and scientists referred to 
mounds, banks or ridges bordering salinas, 
pans, lagoons and marshes (e.g. MITCH-
ELL, 1839; EYRE, 1845, p. 58; JACK, 1921, 
1931, p. 8) but these terms are general and 
vague. The ‘clay dunes’ described by COF-
FEY (1909) from Texas are similar to the 
‘loam ridges’ (HARRIS, 1939; HILLS, 1939) 
or ‘lunettes’ studied and so named by HILLS 
(1940) in northwestern Victoria. Terms such 

as lee-side mounds, and source-bordering 
dunes also have been used to denote these 
fixed dunes. Later it became clear that the 
compositional range of these dunes is greater 
than was indicated by the examples chanced 
upon and reported by these early investiga-
tors (see e.g. JACK, 1921; STEPHENS and 
CROCKER, 1946). Moreover, the dunes 
were recognised as part of the pan-dune, or 
sebkha, assemblage (BOULAINE, 1954; 
TRICART, 1954b). 

Lunettes are crescentic stationary dunes 
located adjacent to playas (figure 4), some 
small and unnamed, as well as some of mod-
erate size, such as lakes Fowler and Bumbun-
ga and Bool Lagoon, and yet others of con-
siderable extent. Thus such features are found 
bordering, for example, the northern margins 
of Goyders Lagoon, and Lake Eyre, and the 
eastern shores of lakes Torrens and Gairdner. 
They are found also in the lee of deeper sec-
tions of river channels, like the dry billabong 
depressions in the bed of Goyders Lagoon. 
Some lunettes are several kilometres long, 
others just a few tens of metres. Similarly they 
vary in height, from a few metres to those lo-
cated on the northern margin of Lake Eyre 
that are 50-60 m high (DULHUNTY, 1983). 
Some are built of silt or clay, and others of 
sand, but many consist of seed or flour gyp-
sum, colloquially known as ‘kopi’. Thus in 
South Australia, JACK (1921) and CRAW-
FORD (1965) provided accounts of the kopi 
dune bordering Lake Fowler in southern 
Yorke Peninsula, JOHNS (1968) described 
such forms bordering Lake Torrens, and 
BLISSETT (1985) cited gypsiferous dunes in 
the lee of lakes Acraman, Harris, and Ever-
ard further to the west, as did COWLEY and 
MARTIN (1991) from the Kingoonya area, 
and MAJOR (1993) and BENBOW (1982, 
1993) from areas to the north.



CAD. LAB. XEOL. LAXE 35 (2010)78  Bourne and Twidale

(a)

(b)

Fig. 4. Aspects of the sebkha complex:

(a) Lake Greenly, southern Eyre Peninsula, 
South Australia showing beach with sand and 
gravel in front of eroded base of lunette (Liz 
Campbell provides scale).

(b) Oblique aerial view from the east of Lake 
Bumbunga, the largest of the lakes occupying 
a fault-angle meridional valley with Hum-
mocks Range beyond.

In southern Australia lunettes typically 
are located on the eastern margins of de-
pressions (e.g. BOWLER, 1968; CAMP-
BELL, 1968; PAGE et al., 1993), though 
there are exceptions. For instance, the lu-
nette bordering Kappakoola Swamp on 
northern Eyre Peninsula stands adjacent to 
the southern shore (SMITH et al., 1975). As 
mentioned, a major lunette stands adjacent 
to the northern shore of Lake Eyre North 

(DULHUNTY, 1983), but elsewhere in 
central Australia, for instance around Lake 
Amadeus they are located on the southern 
sides of the playas or river channels (CHEN 
et al., 1991). In the far north, as for instance 
at Lake Woods, lunettes border the western 
shore. Similarly they stand on the western 
side of playas in the Lake Gregory complex 
of northern Western Australia (BOWLER, 
1990, p. 6) but north of Esperance, on the 
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(d)(c)

Fig. 4. Aspects of the sebkha complex:
(c) Form-line plan of lunette at Lochaber, in South 
East district, South Australia (after CAMPBELL, 
1968).

(d) Unnamed playa, Simpson Desert from the 
south, with Lake Eyre, extreme top left.  Note dunes 
extending o n to southern shoreline of salina and 
lunette bordering northern margin (RAAF).

south coast of Western Australia, lunettes 
occur on the eastern side of depressions.

COFFEY (1909) attributed the dunes to 
the deflation of lake beds located immedi-
ately upwind, but HILLS (1940) envisaged 
that lunettes formed when the lake depres-
sions carried water. All the lunettes he stud-
ied were fine-grained (silty) and he suggest-
ed that air passing over the lake picked up 
moisture. Dust in suspension coagulated as 
a result of contact with moisture and halite, 
and was deposited on the lee shore (see also 
HILLS, 1939). This explanation became 
known as the ‘wet’ hypothesis because it 
involved a true lake, with water. Like Cof-
fey, Hills offered no explanation for the lake 
depressions. Also the ‘wet’ hypothesis could 
not account for the many lunettes composed 
of sand or seed gypsum. Considering these 
mounds composed of coarser sediments, 

STEPHENS and CROCKER (1946) re-
turned to Coffey’s deflation hypothesis, ar-
guing that silt and clay particles coagulated 
on the dry lake bed to form pellets subject to 
wind transport by saltation as well as defla-
tion.

The deflation or erosional hypothesis 
has the great advantage of simultaneously 
accounting for the lake depressions and the 
lunette. As would be expected if  deflation 
had occurred, the composition of the lunette 
closely matches that of whatever sediments 
are found in the particular lake bed, with the 
exception of some fines lost to winnowing 
and preferential wind transport.

But difficulties remained. First, compar-
ison of the position of lunettes adjacent to 
playas in southern South Australia with lo-
cal seasonal wind regimes, suggests that the 
mounds were deposited by winter winds (cf. 
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KILLIGREW and GILKES, 1974), when 
the playas of southern Australia, for exam-
ple, most likely were covered by water, and 
not summer winds, as might be anticipated if  
airborne dust or the lake bed were the imme-
diate source of the lunette deposits (CAMP-
BELL, 1968). That many playas carry an en-
crustation of salt (gypsum, halite) also poses 
problems, for it was difficult to understand 
how sand or silt (or of whatever sediment 
the local lunette is built) could have been de-
flated from beneath such a cover.

A solution was suggested by CAMP-
BELL (1968) and BOWLER (1968) and, 
it transpired, and incidentally, by WOODS 
(1862, pp. 27-28). Working in the South East 
District of South Australia, Woods noted 
that flotsam was carried by wind-driven 
waves to the lee shores of lakes. Campbell 
made similar observations in the region 
around her childhood home, near Naraco-
orte, also in the South East. When the playa 
carried water the salt crust was dissolved. 
Thus the underlying sediment could be 
drifted by waves to the lee shore. Bowler’s 
discovery of gravel in lunettes also pointed 
to wave transport. The sediments deposited 
on the lee shore formed beaches from which 
the wind winnowed material of suitable size 
and carried it a short distance into vegetated 
areas where it was trapped and built up into 
immobile dunes or lunettes. Thus lunettes 
were interpreted as analogous to coastal 
foredunes. In this respect it is salutary to re-
call that when approaching the salina in July 
1840, Eyre “found Lake Torrens completely 
girded by a steep sandy ridge, exactly like 
the sandy ridges bounding the sea shore…” 
(EYRE, 1845, I, p. 58)!

Sebkha complexes like that at Lake 
Greenly (figure 4) on southern Eyre Penin-
sula fully conform to this hypothesis for a 

beach rich in sand and gravel stands as the 
source from which the sandy lunette is de-
rived. The multiple lunettes formed on some 
lee shores mark stages in the shrinkage of 
the particular lakes. The Campbell–Bowler 
hypothesis comparing lunettes to coastal 
foredunes explains the major characteris-
tics of lunettes, but anomalies remain. For 
instance, not all playas in a given locality are 
bordered by lunettes. Some are, but others 
are not. It might be expected that a large lu-
nette would be associated with a large playa 
but it is not necessarily so, for some small 
playas are bordered by large lunettes, and 
vice versa. But the coastal foredune com-
parison explains many of the field charac-
teristics.

Lunettes are widely represented in Aus-
tralia and though best known from southern 
regions they occur in abundance also in the 
arid lands of the centre where they are asso-
ciated with dry river channels as well as with 
playas. They play an important role in the 
generation of the linear sand dunes char-
acteristic of the region (WOPFNER and 
TWIDALE, 1967, 1988; TWIDALE, 1972, 
1981). Lunettes interfere with airflow caus-
ing deflection and turbulence, leading to 
the deposition in the lee of the topographic 
obstacle of ribbons of sand which coalesce 
downwind to form the linear sand ridges or 
dunes that dominate the Australian, and in-
deed the world’s, deserts.

Working in the arid interior of Western 
Australia, JUTSON (1914, 1917) attributed 
‘billiard table’ bedrock surfaces associated 
with salinas to the work of wind, waves and 
salt. He thought that salt from the salinas 
ate into and disrupted the rocks exposed at 
the western margin of the deflation hollows. 
The wind not only removed the debris but 
also caused the westerly migration of the 
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playas. In addition to such deflational fea-
tures, Jutson recognised that some playas 
occupied deformational hollows – salinas 
caused by minor, local faulting or warping, 
by structural effects.

the structural factor

JENNINGS and MABBUTT (1977, 
p. 39) claimed that the larger playas of the 
Australian interior owe their origins to ge-
ologically-young faulting. Active faulting 
(tectonism) can form depressions such as 
rift valleys, graben or sunklands, fault angle 
valleys or half-graben and sag ponds, all of 
which are potential sites for playas. Faults 
can be passive, first, because they can be 
zones of weakness exploited by weather-
ing and erosion, and second, by bringing 
into juxtaposition rocks of contrasted sus-
ceptibility to weathering and erosion, again 
causing the development of topographic de-
pressions that become playas. Faults influ-
ence the formation of river patterns some 
of which again have become the sites of 
playa development. Thus, the relationship 
between faults and playas is widespread but 
varied, frequently indirect, and commonly 
difficult to ascertain with certainty. But 
whatever their origin, the playas are depo-
centres and areas of salt accumulation and 
precipitation.

At one end of the scale a small sag pond 
is occupied by a dry marsh on the Ash 
Reef Fault, on northeastern Eyre Peninsula 
(MILES, 1952; HUTTON et al., 1994). At 
the other extreme is Lake Eyre (JOHNS, 
1963), a salina some 3600 km2 in extent and 
underlain by some 80 metres of Cenozoic 

beds overlying a thick sequence of Creta-
ceous strata.

TIMMS (1993, pp. 45-46) cites Lake 
Eyre North as of  tectonic origin, but at-
tributes it to warping in the crust. This is in-
correct. It is downfaulted and has resulted 
in the bed of  Lake Eyre South being some 
15-16 m below sea level (DULHUNTY, 
1987). The precise location and value of  the 
lowest point varies according to the most 
recent cycle of  flooding, solution, desicca-
tion, and salt precipitation and crystallisa-
tion. Whether the downfaulted block is a 
graben or half-graben (fault-angle depres-
sion) remains unclear, but certain it is that 
the salina is delimited on its western side 
by a fault scarp (figures 2 and 5). The evi-
dence is varied (JOHNS, 1963; WOPFNER 
and TWIDALE, 1967; TWIDALE 1972). 
Though intricately dissected the scarp is 
linear. The scarp is capped by a 2 m-thick 
bed of  coarsely crystalline gypsum under-
lain by friable gypsiferous silts, a sequence 
that is intersected at shallow depth beneath 
the adjacent salt bed. The mound springs 
that emerge on the bed are not randomly 
distributed but occur in rows. The so-called 
Warburton Groove is not winding, as de-
picted on some early maps (presumably 
because the Warburton River there de-
bouches on the lake bed and as rivers are 
winding, so must the channel also be sinu-
ous!) but straight and in parallel not only 
with the western scarp (figure 5b), but also 
with known faults to the west (REYNER, 
1955; WOPFNER, 1968; AMBROSE et 
al., 1993). The area is seismically active 
(e.g. YOUNGS and WOPFNER, 1972; 
GREENHALGH et al., 1994).
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Fig. 5
(a) Warburton Groove in the northwest 
corner of Lake Eyre, South Australia 
(RAAF). Note this is a linear feature, 
probably fault-controlled.

(b) Cliffs of gypsiferous silts capped by 
gypcrete, western shore of Lake Eyre 
(photograph courtesy The Advertiser, 
Advertiser Newspapers)

(a)

(b)
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The nature of  the eastern edge of  the 
salina is uncertain. In an immediate sense 
it is depositional with the detritus of  sev-
eral large rivers deposited to form a flat and 
irregular shore. Whether these rivers have 
partly eroded and partly blanketed a cliff-
line comparable to that exposed to the west 
is not known. Lake Eyre occupies a depo-
centre and is the focus of  a drainage sys-
tem that occupies about 1.4 million km2 of 
central and northern Australia. The catch-
ment includes such rivers as the Georgina 
and Diamantina that rise in the monsoonal 
north. Evidently the lake fills in whole or 
in part if  the rivers run in two or more suc-
cessive years, and this occurs three or four 
times a century (see e.g. LAKE EYRE 
COMMITTEE, 1955; BONYTHON and 
MASON, 1953; KOTWICKI, 1986). The 
first rains and flood clears the channels of 
rivers flowing to the Lake, and bring soils 
to field capacity. The second spate may 
reach the bed of  the Lake. Taking a longer 
temporal perspective, a chronology of  full 
and dry phases has been recorded extend-
ing over the past 150,000 years (MAGEE 
et al., 2004).

Lake Frome, some 2330 km2 and occur-
ring some 20 m above sea level, is a down-
faulted embayment developed along a fault 
zone that coincides with its eastern shore. 
It is underlain by some 160 m of  Cenozoic 
beds. Lake Torrens, some 5830 km2 and 
about 34 m above sea level, occupies a de-
pression that was initiated by subsidence 
along the Torrens Fault or Lineament in 
the Early Eocene or Late Cretaceous. Orig-
inally occupied by lake sediments, it was 
later a depocentre for alluvium from the 
Arcoona Plateau and the Flinders Ranges. 
Recent aridity has produced a crust of  gyp-
sum and halite, but some 16 m below the 

surface and 5 km from the eastern shoreline 
there is a bed of  gypsum some 12 m thick 
(JOHNS, 1968). The salina is bordered on 
its western side by a major fault zone known 
as the Torrens Lineament, which is gently 
arcuate and abruptly defines the Arcoona 
Plateau which is a dissected region devel-
oped on a sequence of  very gently-dipping 
Neoproterozoic quartzites and siltstones. A 
series of  springs occur in a line on the bed 
of  the salina running southeast of  Anda-
mooka Island. The abrupt and rocky west-
ern shore of  the gypseous salina stands in 
marked contrast with the depositional east-
ern shore, which is bordered by a kopi dune 
and a number of  deltaic deposits associated 
with several episodic streams draining the 
Flinders Ranges. Silcrete is preserved in 
valleys draining to the salina from the Ar-
coona Plateau (TWIDALE et al., 1970).

More moderate in extent but signifi-
cant for the area east of  The Hummocks 
Ranges, Lake Bumbunga, some 25–35 km 
NNE of  the head of  Gulf  St Vincent, and a 
series of  associated unnamed small salinas 
are of  similar origin for they are developed 
in a half  graben. The Lake is bordered on 
its western shore by an Eocene fault zone 
characterised by springs as well as linear-
ity, and on the east by a kopi dune. On the 
other hand, the salina carries a crust of  hal-
ite which is commercially harvested from 
evaporation fields or pans at the southern 
end of  the playa. Flat-topped islands stand 
some 4–5m above the present lake bed and 
indicate the minimum amount of  detritus 
that has been eroded and reworked into the 
lunette (see below). Lakes Frome and Gilles 
also are partly defined by linear shorelines 
which may be coincident with and under-
lain by fault zones.
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Fig. 6. Map of Western Australia, showing palaeochannels of Eocene age and major playas  
(after VAN DE GRAAFF et al., 1977).
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Several large salinas such as Lake Mac-
Farlane, Pernatty Lagoon, and Island La-
goon are suspected of  having developed 
along faults because each has one shoreline 
that is linear or gently arcuate and aligned 
in concordance with known regional frac-
tures, in this instance the Torrens Linea-
ment (figure 2). The eastern shoreline of 
Lake Gairdner also falls into this category 
(but it also provides an example of  another 
aspect of  faulting that is considered later). 
But whether they occupy half  grabens or 
are simply depressions caused by prefer-
ential weathering and erosion along fault 
zones is not known. In addition to a de-
pression forming during dislocation, how-
ever, the accumulation of  water must cause 
weathering of  the strata, possibly resulting 
in volume decrease, compaction and sur-
face subsidence (TRENDALL, 1962), so 
that the initial depression is enhanced.

Earth movements have also caused 
blocked drainage and playa development. In 
the southwest of  Western Australia, uplift 
of  the southern coastal zone consequent on 
the separation of  Australia and Antarctica 
in the later Mesozoic and earliest Cenozoic 
caused rivers that had flowed southwards 
to be diverted to the north. Later, arid-
ity caused their courses to be blocked and 
dismembered with many salinas, large and 
small, forming in the previous channels and 
valleys. Examples include the Lefroy palae-
oriver and the Johnston Lakes systems, and 
lakes Monger, Moore and Barlee from the 
arid interior (figures  1 and 6).

The major river channels of  the Yilgarn 
Block or Craton are of  earliest Cenozoic 
age, for sediments of  Eocene age are pre-
served in some (VAN DE GRAAFF et al., 
1977; CLARKE, 1994; see also SALAMA, 
1997). Many of  these and other river pat-

terns are structurally controlled. Some like 
the arms of  the zigzag Percival lakes sys-
tem are linear and are associated with es-
sentially straight fractures (figure 6). Oth-
ers, however, are arcuate and are thought 
to be related to arcuate or circular (ring) 
structures in the crust (O’DRISCOLL and 
CAMPBELL, 1997; WOODALL, 1994; 
also KAMININE and RICHTER, 1956). 
Thus in the southwest of  Western Australia 
the Lefroy, Yindarlgooda and Raeside pal-
aeorivers describe a concentric pattern. In 
South Australia, the string of  ‘paternoster’ 
lakes between lakes Labyrinth and Young-
husband, to the north of  Kingoonya is an-
other example, and lakes Frome, Callabon-
na, Blanche and Gregory can be construed 
as occurring on an arcuate structure.

Mound springs mark the upwelling 
of artesian waters along fault zones and 
some sinkholes or dolines developed in la-
teritic terrains on the Sturt Plateau, south 
of Katherine in the north of the Northern 
Territory, are developed in valley floors and 
along minor fractures: hence the aligned 
pattern of many of the circular depressions. 
Many, like Frews Water Hole located some 
300 km southeast of Katherine (STUART, 
1863, p. 25), carry water during and follow-
ing the summer monsoon season but some 
are converted to claypans during the winter 
dry season.

blocked and dismembered drainage 
depressions

Lake Gairdner is a salina about 160 km 
long that occupies an area of almost 9000 
km2 in an old fracture-controlled valley in 
the Mesoproterozoic silicic volcanic rocks of 
the Gawler Ranges massif  (JOHNS, 1968; 
figure 2). There was a major uplift of the 
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linear southern and southwestern margin 
of the massif  during the Cretaceous when 
Australia separated from Antarctica. The 
orientation of the tributary valleys suggest 
the Gairdner palaeoriver first drained north 
but it was blocked by faulting (WNW-ESE 
trend), indicated by linear structures and 
dislocations near its northern extremity, and 
the river was diverted southwards and ran 
via the Thurlga palaeochannel to the Cor-
robinnie Depression. They have been reac-
tivated when minor uplift, as evidenced by 
an observed dislocation (TURNER, 1975) 
and exposed platforms and flared slopes, 
some 3-4 m above present piedmont plain 
level, caused blockage and the formation of 
the salina with a halite crust (figure 7a; see 
also frontispiece) underlain by up to 20 m 
of gypsiferous silts. Silcrete, which is com-
monly found in and adjacent to lake basins 
(OPIK, 1954), occurs on the western shore. 
Sandy lunettes have been constructed on the 
eastern shore and the lake bed and shores 
provide fine examples of haloclastic forms 
and particularly etched and bevelled cobbles 
and blocks (figures 7b and 7c).

Fig. 7.
Lake Gairdner, northern Eyre Peninsula, South Aus-
tralia: (a) pressure ridges in halite on bed of salina, 
(b) part of eastern shoreline showing salt-encrusted 
beach in embayment between rocky promontories, 
and undercut blocks of Gawler Range Volcanics, 
and (c) boulder transported to the lake bed, presum-
ably by stream in flood, showing marked undercut-
ting by haloclasty, or salt crystal precipitation and 
expansion (E.M. Campbell).
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Playas associated with dismembered 
drainage systems are common in the Aus-
tralian interior. River systems developed 
during past humid climatic periods were re-
vived during the infrequent and brief  but ef-
fective periods of rainfall and runoff of arid 
climatic regimes. With the onset of aridity, 
however, the rivers ceased to flow at the 
surface. The rivers broke down into a series 
of pools and shoals, and with the cessation 
of surface flow pools became isolated and 
eventually came to be bordered by lunettes. 

The pools also filled during rains and short-
lived phases of runoff. Many fine examples 
of salinas derived from the dismemberment 
of former rivers are found in the Yilgarn 
Block of southwestern Western Australia, 
and in the Menindee and Willandra systems 
of southwestern New South Wales. The lat-
ter includes Lake Mungo and its associated 
lunette (figure 8), which is well-known for its 
ancient human remains (see e.g. BOWLER 
et al., 2003).

Fig. 8. (a) Map of  
Willandra and Menindee 
palaeodrainage. 
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Fig. 8. (b) Oblique air photograph of portion of The Wall of China, the lunette, bordering Lake Mungo on 
the east (J.M. Bowler).

Many dismembered river channels and 
valleys were blocked as sebkha complexes 
formed but blockages also arose in other 
ways. For instance, the Corrobinnie Fault 
Zone that delimits the Gawler Ranges mas-
sif  on its southern side, was exploited by 
weathering and erosion forming the Corrob-
innie Depression (BOURNE et al., 1974). It 
was drained by the Narlaby stream system 
during the Eocene and Pliocene (BINKS 
and HOOPER, 1984). The Narlaby palae-
oriver reached the southern ocean via what 
is now Smoky Bay, on the northwest coast 
of Eyre Peninsula. A channel is still dis-
cernible in the floor of the Bay. But during 
glacial phases of low sea level in the Mid-
dle and Late Pleistocene (WILSON, 1991), 

a thick and extensive sequence of calcareous 
coastal foredunes was deposited along the 
west coast of Eyre Peninsula. This blocked 
the Narlaby drainage, which however con-
tinued to receive runoff and sediments from 
the Gawler Ranges to the north and the 
granitic terrains of northern Eyre Peninsula 
to the south. With the onset of aridity the 
streams were dismembered and the rem-
nants now form the many salinas found in 
the Depression while the sands of the broad 
flood plain were blown into complex para-
bolic dunes. The west coast field of coastal 
foredunes also blocked drainage further 
south on Eyre Peninsula to produce lakes 
Wangary, Greenly and Malata as well as nu-
merous smaller salinas (e.g. DUTKIEWICZ 
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and VON DER BORCH, 1995; DUTKIE-
WICZ et al., 2002).

As many stream patterns are determined 
by local structure, and especially fracture 
patterns, many of the playas derived from 
the break-up of stream systems also are 
structurally determined. Thus Lake Ama-
deus stands in a former valley that ran NW-
SE from the Lake MacDonald and Lake 
Neale area to the Lake Eyre Basin (CHEN et 
al., 1991). It may be fault–controlled. Lakes 
Everard and Harris also appear to occupy 
former valley systems. In the north of West-
ern Australia, Lake Gregory appears to be a 
relic of another complex fracture-controlled 
drainage system (e.g. ALLEN, 1990), where-
as lakes Carnegie and Wells are remnants of 
what were rivers following or underprinted 
from arcuate fractures.

huMAn AsPECts

Obviously what salts precipitate out of 
solution depends on what were in solution, 
and this varies to some extent with local and 
regional geology, and the products of rock 
weathering released into groundwaters. Beds 
of halite and gypsum are obvious sources 
but many soluble salts are released by the al-
teration of lithified materials. At a regional 
scale the lakes and salinas of southwestern 
United States and the African Rift Val-
ley, for example, contain salts of great and 
unusual variety as a result of recent and ac-
tive volcanicity. Moreover, salts originating 
in sea spray or scoured from existing salt 
pans and recycled are carried long distances 
on the wind – cyclic salt (e.g. JACK, 1921; 
HUTTON, 1976). Artesian waters also vary 
in composition. In particular, those of the 
western Great Australian or Artesian Ba-
sin are relatively rich in sulphate (HABER-

MEHL, 1980) so that the waters of mound 
springs that originate in this source may also 
be expected to be rich in sulphate and emit 
‘bad egg’ odours (see BOYD, 1990). But su-
perimposed on and overriding such consid-
erations, most salts originate in the oceans 
and are carried inland on the wind, though 
gypsum is highly soluble and sulphites are 
found in commonly-occurring minerals such 
as pyrite (FeSi) to react with carbonates to 
form gypsum.

Thus, the nature of salts in solution in 
seawater is crucial to any consideration of 
terrestrial salts and salinas. In enclosed ba-
sins (either natural or man-made) subject 
to evaporation the order of precipitation 
and crystallisation is well known, and is in 
reverse order of solubility.  Carbonates of 
iron and calcium are first precipitated fol-
lowed by calcium sulphate (when 20% of the 
brine remains), and sodium chloride (10%), 
with salts of magnesium and potassium re-
maining as an extremely alkaline solution 
known as bittern. Given that both gypsum 
and halite are widely distributed over the 
landscape, that both are soluble, and that 
groundwaters gravitate to low points in the 
topography resulting in gypsum precipitat-
ing out first. The less dense halite (SG 2.2; as 
compared to gypsum, 2.3) remains as brine, 
which after further evaporation precipitates 
to form a crust of halite.

But there is a wide window (between 
20% and 10% of original solute volume) in 
which gypsum precipitates. Hence the wide 
distribution of the sulphate for it forms at 
the margins even of playas dominated by 
halite. It is weathered and the crystalline 
form is reduced to seed and flour gypsum 
by attrition of the corners and edges of the 
crystals (JACK, 1921, p. 90).
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Salinas are also of considerable econom-
ic importance. DE DECKKER (1983, p. 235) 
stated that by contrast with the salinas of 
other continents Australian salt lakes are uni-
formly sodium-chloride-rich. Certainly most 
carry a crust dominated by, and even over-
whelmingly composed of, sodium chloride 
or common salt (e.g. SALAMA et al., 1992), 
but these surficial deposits are underlain by 
gypsum. In some, like the playas that are 
strewn along the axis of what might be called 
the Amadeus corridor of central Australia 
(JACOBSON and LAU, 1987), gypsum and 
carbonate (gypcrete and calcrete) occur at the 
surface, and many other salinas, such as Lake 
Gilles on northern Eyre Peninsula, also are 
noted for their gypsum crystals. Many halite 
flats such as Lake Bumbunga (Mid North of 
South Australia) and Lake Fowler (southern 
Yorke Peninsula) are bordered by lunettes or 
kopi dunes composed of flour or seed gyp-
sum. The kopi dunes worked at Cooke Plains 
are associated with past stands of Lake Al-
exandrina. Thus, though halite is a common-
place, gypsum is quantitatively dominant. 
For instance, BONYTHON (1956) estimated 
that in and beneath the bed of Lake Eyre 
there is ten times as much gypsum as there 
is halite - 4000 million tons [3800 tonnes] as 
compared with 400 million tons (plus some 
7 million tons of magnesium and potassium 
salts). Similarly, JOHNS (1968) was of the 
opinion that South Australian playas are pre-
dominantly gypsiferous with only small areas 
of halite crust.

For humans, common salt, sodium chlo-
ride, is one of the most important of all miner-
als. It is an essential ingredient of human diet 
and for this reason has throughout recorded 
history and earlier been transported long dis-
tances to regions lacking a local supply. So 
valuable was it that it has taken its place in 

our language, as in the word ‘salary’, and ‘He 
is the salt of the Earth’ (Matthew 5:13), an ex-
pression used if a person is favoured, but ‘not 
worth his salt’ if not. Common salt was wide-
ly used as a preservative until the widespread 
availability of refrigeration and is still utilised 
where modern technology is not accessible. It 
is used in the manufacture of a wide variety 
of products from glass to plastics. But salts 
other than halite also are useful. Gypsum, 
in particular, is used for the manufacture of 
Plaster of Paris, and Portland cement, but 
also and widely in agriculture and gardening, 
for it flocculates clays and thus improves soil 
texture.

The sea is the main source of both halite 
and gypsum, with many coastal sites either 
exploited, adapted or constructed for the 
trapping of sea water and allowing evapora-
tion to bring the salts out of solution. South 
Australia is responsible for some 80% of 
Australia’s salt production, and most of it is 
obtained from coastal pans at sites like Dry 
Creek (near Adelaide) and Price on northern 
Yorke Peninsula. Lake MacDonnell, west of 
Ceduna on western Eyre Peninsula, is the 
main source of gypsum for that area, as is the 
locally exploited Lake Gilles for northeast-
ern Eyre Peninsula. Gypsum in commercial 
quantities is excavated from Cooke Plains 
near the Lakes at the mouth of the River 
Murray. Many small salinas have been ex-
ploited in the interior semiarid regions of the 
southern States of Australia. The Merredin 
area of Western Australia, the Griffith area 
of N.S.W., Mildura in Victoria, and lakes 
Fowler and Bumbunga in South Australia 
are examples of sources with accessible sup-
plies close enough to users for harvesting to 
be economically viable, but there are numer-
ous small deposits that are farmed to satisfy 
local needs. There are huge reserves in major 
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interior salinas though they are located at 
sites too remote to warrant exploitation at 
present.

Again, at the local level, lunettes border-
ing salinas in the South East district of South 
Australia are dry sites in a winter wetland, so 
that pastoral homesteads frequently are sited 
on such slight but significant topographic 
rises.

PlAyAs in Flood

On many maps these Australian ‘lakes’ 
are coloured not blue for water but, and 
appropriately, white, for salt; for most of 
the ‘lakes’ are playas and most of these are 
salinas. But from time to time even in the 
present arid climatic regime the rivers run 
and the lakes fill and live up to their name. It 
is true that the ‘lakes’ are water bodies only 
for a few days, weeks or months after heavy 
rains in the locality of the playa or within 
the catchment of which the playa is the fo-
cus. Lacustrine plants and animals miracu-
lously come to life and for a short time the 
lakes bloom. Even more astonishing are the 
coastal changes, for as was shown during 
the well documented 1974 filling of the Lake 
(KOTWICKI, 1986), depositional features 
such as beaches, spits, and bars, develop and 
change markedly and with surprising rapid-
ity. This observation is germane to the in-
terpretation of landscape and climatic chro-
nology. For instance, DULHUNTY (1975, 
1990) has recorded the presence of shingle 
beaches standing 280, 160 and 70 cm above 
the maximum level of the 1974 filling, but 
they may attest brief  lake fillings following 
heavy rains somewhere in the catchment 
(which includes monsoonal northern Aus-
tralia) rather than a secular or long-term 
humid climatic phase.

Regattas were held during the 1974 flood-
ing of Lake Eyre. On the other hand, in 1964 
an attempt was made to set the world land 
speed record using the flat, dry surface of 
Lake Eyre, and Lake Gairdner is similarly 
utilised annually since 1990 for motor cycle 
speed races and record attempts.

ConClusion

All lakes are ephemeral but these Aus-
tralian playas are more ephemeral than 
most. Surely rather than call the various 
playas ‘lakes’, as is the present cartographic 
practice, it would be would be more realistic 
to call them all playas. Attempts to differen-
tiate salinas and claypans might at this stage 
of our knowledge be too late and hence 
too difficult. But however they are labelled 
Australian playas clearly vary in origin and 
multiple causations can be cited for many. 
Such an analysis is highly appropriate to this 
memorial volume. Not only was Liz Camp-
bell’s family home at Binnum near Nara-
coorte, in the South East district of South 
Australia, located on a lunette, as part of a 
sebkha complex, but playas in general, and 
the Lake Gairdner salina in particular, were 
her principal research interests over the last 
15-20 years of her life.
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Abstract
The relative spatial dimensions of outcrops and regolith in a given area controls the local water 
balance. A quantitative model shows that this control varies with climatic conditions, and in 
particular that a high outcrop to regolith ratio has a similar effect to that of a high annual rainfall. In 
semi-arid climates, the nature of the surface determines the availability of water through the year.
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The hydrogeology of small aquifers, vegeta-
tion, and land use are all influenced by process-
es active at the land surface and by the result-
ant landforms. In previous work (CENTENO 
CARRILLO and GARCÍA RODRÍGUEZ, 
2008; GARCÍA et al., 2008) a conceptual 
model using MS-Excell was devised which 
provided the basis by which were defined the 
relevant variables and their interconnections 
(landforms, climate, hydrogeology). 

Here the model is tested in different cli-
matic environments, all in the Iberian Penin-
sula but varying between humid to semi-arid, 
and with varied ratios of outcrop to regolith.

From the standpoint of water use (hu-
man or ecosystem), this is especially impor-
tant in semi-arid and arid climates, as has 
been appreciated by practising farmers for 

Fig. 1. Well excavated in regolith between granite bornhardts, Gebel Musa, Sinai Peninsula, Egypt.

Fig. 2. Capture of runoff from granite inselbergs and its storage in excavated and dammed reservoirs is a com-
mon practice in southern Australia. Yarwondutta Rock, northwestern Eyre Peninsula, South Australia: A=water 
collecting channel; B=dam wall; C=pillars to hold anti-evaporation roof. Photograph taken in 1987, when one of 
us visited Eyre Peninsula guided by Liz Campbell and Rowl Twidale (its inclusion is our homage to Liz).

Fig. 2. Fig. 1. 

intRoduCtion many years, for the contrast in productive 
potential is stark between the regolithic and 
rocky areas. For example, in the time of King 
Solomon (about 3000 years CE) the inhab-
itants of the cultivated valley floors of the 
Negev desert collected water from the rocky 
hillsides and stored it in underground cisterns 
(ISSAR, 1990). On Mount Sinai, where the 
annual rainfall is less than 50 mm (MOUS-
TAFA and KLOPATEK, 1995), the monks 
of the monastery of Saint Katherine and the 
Bedouin tribes of the region take advantage 
of the water sources and wells conserved in 
the regolithic accumulations between out-
crops (figure 1). Even now, farmers on Eyre 
Peninsula, South Australia, collect and store 
runoff from the granite outcrops rather than 
allow it to flow to and be dissipated in ad-
jacent palaeodesert dune fields (TWIDALE 
and SMITH, 1971; figure 2).
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EtChEd suRFACEs, gRAnitE 
lAndsCAPE, And wAtER stoRAgE

The most common landform assem-
blages of granitic terrains are inselberg 
landscapes comprising rocky outcrops in the 
shape of hills (domes, block-strewn, clusters 
of boulders, etc.) separated by pedimented 
and rolling plains. The details of the granite 
outcrops have been studied and explained 
by several authors over a long period (for re-
views and examples, see CENTENO, 1987; 
PEDRAZA et al., 1989; THOMAS, 1994; 
VIDAL ROMANI and TWIDALE, 1998; 
TWIDALE, 2002; TWIDALE and VIDAL 
ROMANI, 2005; DOMINGUEZ VILLAR, 
2007). It is widely accepted that the gross 
landforms and many minor features are of 
etch or two-stage origin, that is they were 
shaped by structure-controlled weathering 
in the shallow subsurface and exposed as a 
result of the stripping of the regolith.

Differential weathering can take place 
many metres below the surface, and a fairly 
flat and smooth surface – transported ma-
terial as well as the weathered mantle in situ 
– can hide an irregular weathering front. 
Thus erosion of  the regolith may expose 
the erstwhile weathering front and effect 
the replacement of  a smooth plain by an ir-
regular and rough landscape, thus increas-
ing the local geodiversity and biodiversity 
(figure 3). Significant landscape character-
istics depend on the balance of  alteration 
and transportation: a period of  dominant 
weathering creates a weathering plain (as in 
phase 1 of  figure 3); a period of  dominant 
erosion creates a rocky and structural land-
scape (as in phase 4 of  figure 3). Related to 
these variables, the proportion of  outcrop 
to regolith in an area has a marked influ-
ence on the water balance.

At local scale, the permeability of fresh 
granite is virtually nil (10-11–10-2 cm/s), 
whereas FITTS (2002) records that in 
weathered granite values are in the range of 
10-5–10-1 cm/s. Even at the regional level, 
the permeability in fresh granite is always 
much less than in weathered bedrock. For 
this reason, each regolith mass behaves as a 
free aquifer with the weathering front acting 
as an impermeable base.

Traditional hydrogeological studies in 
granitic environments, within the field called 
“hard rock hydrogeology”, focus on the 
nature of fractures as it affects the circula-
tion and storage of groundwater (see, for 
example, YÉLAMOS and VILLARROYA, 
1997). However, in this work, the character-
istics of the regolith and the storage of water 
as a free dendritic aquifer are more impor-
tant than fractures or deep flow.

In landscapes like those shown in Figures 
3 and 4, infiltration into the granite outcrops 
is almost absent and, after rainfall, runoff 

Fig. 3. The degree of exposition of the weathering 
front has a strong influence on the surface geometry 
and Geo and Biodiversity.
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into the adjacent regolith reaches high val-
ues with very short response times. Figure 4 
represents a conceptual model of the hydro-
logical cycle in these conditions. Obviously, 
this is a simplification, but it shows some 
interesting points. In a drainage basin, the 
total input of water into the patches of re-
golith (or in the aquifer) is directly related to 
the proportion of area occupied by the rock 
outcrops. Accordingly, most of the rainfall 
becomes runoff into the aquifer. Thus, the 
areas of regolith can receive several times 
the volume of water that would correspond 
to the local rainfall.

Based on these ideas, Figure 5 shows the 
variables in the quantitative model of water 
balance developed in two previous works 
(CENTENO CARRILLO and GARCÍA 

RODRÍGUEZ, 2008; GARCÍA et al., 
2008), where further explanation can be 
found if  required.

APPliCAtion oF thE ModEl to 
diFFEREnt CliMAtiC sEttings

In order to apply the model to differ-
ent climatic conditions, three meteorologi-
cal stations in the Iberian Peninsula were 
selected, and use made of the average data 
of rainfall and potential evapotranspiration 
(ALMARZA, 1984). These climatic data 
were recorded at Boiro (Galicia), Villalba 
(Madrid), and Cabo de Gata (Andalucía) 
localities that are progressively drier from 
north to south (figure 6).

Rainfall Rainfall 

Infiltration in 
fractures  

Rock surface  
storage 

Runoff from 
outcrops 

Rock surface 
evaporation 

Local runoff 

Deep infiltration in 
fractures 

Evapo-
transpiration  

Infiltration and 
groundwater flow   

Fig.4. Schematic water balance in granite landscapes (CENTENO CARRILLO and GARCÍA RODRÍGU-
EZ, 2008).
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Water income in 
regolith 

W=RfR+RuO  

Runoff from fresh granite or rock  
RuO=RfO-ETAO-IO  

Total Precipitation  
P 

Rainfall on outcrop surface 
RfO=Rf*SO Rainfall on regolith  

RfR = Rf*SR 

Infiltration to soil and aquifer  
IR=RfR+RuO-ETA R-RuR 

Runoff 
RuR 

Regolith or aquifer surface  
SR 

Fresh granite or outcrop surface 
SO 

Total Surface 
S = SR + SO 

Evapotranspiration  
ETP or ETA 

Infiltration into 
granite or rock  

IO (Assumed = 0)  
Storage into regolith  

StR  
Fig. 5. Elements of the quantification model. S=surface, Rf=Rainfall, ETP or ETA=Evapotranspiration 
Potential or Actual, R=Runoff, I=Infiltration, St=Storage. Sub-index meaning: R=Regolith, O=Fresh Rock 
Outcrops.

Fig. 6. Location of the meteorological station used in the model: 1=Boiro; 2=Villalba; and 3=Cabo de Gata.
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With these data and the proportion of 
regolith/outcrop surface distribution, six sce-
narios were envisaged preparatory to apply-
ing the model (table 1). The surface propor-
tion of regolith/outcrop has been modelled 
to two extreme values: 90% regolith to 10% 
outcrop, and 10% regolith to 90% outcrop. 
However, to facilitate the development of a 
spreadsheet, these relations are expressed as 
portions of one square metre – that means 
0.9 m2 regolith to 0.1 m2 outcrop, and 0.1 
m2 regolith to 0.9 m2 outcrop. Figure 7 
shows a simplification of the two extreme 

kinds of landscape and Table 1 shows the 
combination of these variables: with the re-
sulting scenarios A—F.

Other variables were maintained as con-
stants in order to regularise the analysis of 
results. Regarding the thickness of regolith, 
a value of 2 m was assumed, which is a com-
mon value in the regolith of semi-exposed 
granite-etched surfaces. Regarding effective 
porosity in the regolith, a value of 0.02 was 
assumed, which also is a common value in 
weathered granite (FITTS, 2002).

scenario
surface of: Rainfall according to records at the 

station of:
Regolith (m2) outcrop (m2)

A 0,9 0,1 Boiro (Galicia) - Humid

b 0,1 0,9 Boiro (Galicia) -Humid

C 0,9 0,1 Villalba (Madrid) - Semihumid

d 0,1 0,9 Villalba (Madrid) - Semihumid

E 0,9 0,1
Cabo de Gata (Almería) - Semi-
arid

F 0,1 0,9
Cabo de Gata (Almería) - Semi-
arid

Table 1. Scenarios A—F defined by surface regolith/outcrop ratio and annual average rainfall.

 

Fresh rock Regolith  

10 % 10 % 90 % 90 % 

 
Fig. 7. Schematic representation of the extreme surficial proportions outcrop/regolith used in the  
quantitative model.
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The model also allows for the outcrop 
retention rate (Tra) and the regolith deep-in-
filtration rate (Tir) to be understood. Their 
values may vary depending on the morphol-
ogy of the outcrops and the presence and ge-
ometry of fractures. In all scenarios, we have 
assigned values for small outcrops, domes or 
boulders, with few pseudokarstic forms and 
fractures. Such relief  is common in semi-ex-
posed etch surfaces, where the water use and 
management is very important for farming 
purposes.

Figure 8 shows the water balances of the 
six scenarios of Table 1. In these figures are 
represented the monthly values of the main 
variables: local rainfall, ETA in regolith, 
storage in regolith and runoff.

water balance of scenario A

Scenario A (figure 8A) has a ratio rego-
lith/outcrop=0.9/0.1 and rainfall under hu-
mid climatic conditions, as recorded at the 
Boiro meteorological station.

As expected for a humid environment, 
the regolith remains saturated most of the 
year (September to May) and runoff essen-
tially reflects rainfall with small differences 
due to ETA consumption of water. Only 
July and August show an evapo-transpira-
tion deficit (ETA<ETP). 

water balance of scenario b

Scenario B (figure 8B) has a ratio rego-
lith/outcrop=0.1/0.9 and rainfall according 
to Boiro meteorological station (Humid). 

An increase of the area of outcrop in-
creases the correspondence between rainfall 
and runoff and keeps the regolith saturated 
from September to June. In addition, ETA 
in regolith equals ETP all the year long – but 

it is important to note that, with 10% surface 
covered with regolith, the ETP in regolith is 
only one tenth of the local or general ETP.

water balance of scenarios C and d

Scenario C (figure 8C) has a ratio re-
golith/outcrop=0.9/0.1 and rainfall in 
semi-humid climatic conditions according 
to Villalba meteorological station. Sce-
nario D (figure 8D) has a ratio regolith/
outcrop=0.1/0.9 and rainfall according 
to Villalba meteorological station (Semi-
humid).

Scenarios C and D are essentially 
equal to A and B. However, the increase 
of  outcrop area corresponds to a reduc-
tion of  the number of  months without 
runoff  or storage saturation – and this ef-
fect is more pronounced in the semi-humid  
environment.

water balance of scenario E

Scenario E (figure 8E) has a ratio re-
golith/outcrop=0.9/0.1 and rainfall under 
semi-arid climatic conditions, as record-
ed at the Cabo de Gata meteorological  
station.

ETA is always equal to or greater than 
rainfall through the year and, consequent-
ly, there is no runoff  at any time (when 
measured on a monthly basis). The small 
excess ETA over rainfall always depends 
on the storage of  the previous month. The 
small oscillation in storage values and the 
monthly delay between storage and ex-
cess ETA are only a methodological arte-
fact. It would disappear if  daily balances  
were considered.
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water balance of scenario F

Scenario F (Figure 8F) has a ratio 
regolith/outcrop=0.1/0.9 and rainfall ac-
cording to Cabo de Gata meteorological 
station (Semi-arid).

An increase in the proportion of out-
crops always produces an increase in the 
availability of stored water or runoff. Not 
even the variability of rainfall masks this 
fact. Indeed, the regolith is saturated form 
October to May and, in addition, there is 
runoff every month.

Thus the differences between scenarios E 
and F are extremely interesting. One result is 
that in the regolith, ETA equals ETP every 
month from October to May, which affects 
the possibilities and characteristics of any 
vegetation cover. In this sense, there is a 
striking similarity between scenarios A and 
F. On the other hand, with saturated soils 
and permanent runoff, these etched surfaces 
are highly exposed to flash floods as a result 
of any storm. For example, DANIN (1983) 
cites frequent flooding in the area of Mount 
Sinai in Egypt.

ConClusion 

The redistribution of water between out-
crops and regolith modifies significantly the 
values of underground water storage and time 
distribution of runoff. Accordingly, the land-
form has a decisive influence on the potential 
for water resource management, especially in 
places with water scarcity. The similar quali-
tative results, shown in Figures 8A and 8F, 
result from humid climatic conditions com-
bined with scarce outcrops (10% surface), 
on the one hand, and semi-arid climate with 
abundant outcrops (90%), on the other.

The balance in the proposed semi-arid 

scenarios shows that in large areas of the re-
golith ETP always exceeds the infiltration by 
rainfall, making it impossible to recharge and 
store water in the aquifer and soil. On the 
contrary, when outcrops are dominant, rego-
lith units receive runoff from the outcrops in 
addition to the direct rainfall. Then, the in-
comes to regolith can overcome the ETP in 
the regolith, and consequently there is an in-
crease in reserves and even excess water.

As water is a limiting factor for ecosys-
tems in arid regions, the ratio of outcrop to 
regolith could be a determining factor in wa-
ter balance, biodiversity, and human use. As 
explained in the introduction to this paper, 
there are good examples of the traditional use 
of these conditions in the management of wa-
ter resources in arid and semi-arid climates.

Relations between Geomorphology, Hydr-
ogeology, and Biodiversity in granitic regions 
are poorly explored and this study shows that 
there are connections that can yield interest-
ing results. In addition, we must add that 
these processes, leading to a very diverse to-
pography, allow more biodiversity than other 
more homogeneous regions.

In order to understand these connections, 
the relation between detailed geomorphology 
or geometry of granite landforms (domes, 
boulders, fractures, rock-basins, tafoni, etc.), 
and the water-flow or water-storage on out-
crops ought to be studied. The standing time 
of water on different kinds of outcrops, and 
the rates of evaporation on outcrops are some 
of the values to measure, if a better model of 
this system is to be achieved.

In summary, outcrops standing relatively 
high in the local relief carry the same impli-
cations for water availability as an increase in 
rainfall affecting the better soil regolithic ar-
eas. It also carries significant implications for 
geomorphological modelling, for the transfer 
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of water from rocky hill to regolithic plain has 
led to the preferential weathering and erosion 
of the latter and a consequent increase in re-
lief amplitude through time (TWIDALE and 
BOURNE 1975; TWIDALE, 2007).
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origin of calcrete and dolocrete in the carbonate 
mantle of st vincent basin, southern south Australia
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Abstract
Calcrete profiles developed in a toposequence in the carbonate mantle covering the landscape in 
the St Vincent Basin South Australia are examined. Strong trends in morphology, chemistry and 
mineralogy are observed from higher to lower profile and topographic locations. Carbonate profiles 
are dominated by calcrete in both higher profile and toposequence locations while dolocrete dominates 
in lower profile and toposequence locations. These changes are accompanied by progressive increases 
in dolomite abundance and decreasing calcite abundance and reflected in decreasing Ca/Mg ratios 
with depth and decreasing toposequence elevation. Observed trends are explained in terms of profile 
leaching and groundwater drainage.
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intRoduCtion

Dolomite has long been recognised as 
an important component of the carbonate 
mantle that is extensively developed over 
landscapes in southern Australia. The origin 
of the veneer, which is several metres thick 
in places, and includes a range of minerals, 
is attributed to a combination of geologi-
cal and pedological processes. Early studies 
identified Pleistocene beach and dune cal-
carenites as sources of calcareous sediment, 
and suggested that fine materials were win-
nowed from these sediments and transported 
inland on the wind and there deposited. Ped-
ological processes acted to form a mantle of 
calcrete that takes various forms including 
calcic and petrocalcic horizons (CROCK-
ER, 1946; see also NETTERBERG, 1980; 
MILNES and HUTTON, 1983). This gen-
eral concept is widely accepted. MILNES 
and HUTTON (1983) used the term calcrete 
in its broadest sense to refer to the range of 
materials encompassed by the carbonate 
mantle. They described its distribution, rela-
tionships, form and characteristics. 

NORRISH and PICKERING (1977) ex-
amined the mineralogy of various carbonate 
accumulations, finding that the concentra-
tion of dolomite increased relative to calcite 
with depth and that dolomite was the only 
carbonate mineral present in the lower parts 
of some profiles. HUTTON and DIXON 
(1981) studied the mineralogy and chemistry 
of calcretes from Yorke Peninsula and the 
Murray Basin of southern South Australia. 
In profiles consisting typically of an upper 
indurated caprock, an underlying nodular 
horizon and a lower zone of calcareous fine 
earth, they also identified a consistent pro-
gressive enrichment of dolomite relative to 
calcite with depth. Palygorskite and sepioli-

ote were found in association with dolomite 
in some profiles. MILNES and HUTTON 
(1983) and MILNES et al. (1987) extended 
these studies, again concentrating on assess-
ments of the detailed chemical and min-
eralogical variations within vertical profiles 
through the mantle.

PHILLIPS and MILNES (1988), on the 
other hand, analysed systematic changes 
in both the mineralogical composition and 
the morphology of the carbonate in vertical 
profiles from the St Vincent Basin south of 
Adelaide. They also mapped lateral changes 
in the morphology of the calcretes and re-
lated these changes to local geomorphic in-
fluences. However, they did not link vertical 
and lateral changes in dolomite to the distri-
bution of dolocrete within the regional car-
bonate mantle. Yet such situations provide 
the opportunity to study the distribution of 
dolomite relative to calcite in the carbonate 
mantle in relation to macro morphological 
features and topography. In the following 
synthesis an origin is suggested for the dolo-
mite, its spatial distribution, and implica-
tions for the formation of dolocrete in the 
carbonate mantle of St Vincent Basin.
REGIONAL SETTING 

Field relationships in the study area south 
of Adelaide South Australia have been de-
scribed in detail by PHILLIPS and MILNES 
(1988). In general terms, the carbonate man-
tle is well exposed in coastal cliffs forming 
the eastern margin of Gulf St Vincent, and 
in various road and railroad cuttings behind 
the coast (figure 1). Although the carbonate 
mantle contains a variety of materials, there 
is typically a systematic arrangement of mor-
phological forms or horizons. For example, 
unconsolidated “silt” or “fine earth” is typical 
of many horizons at the base of the mantle. 
Carbonate-indurated nodules may occur in 
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the silt and commonly increase in abundance 
upwards. In fact, horizons composed largely 
of such nodules or clasts coated by concen-
tric carbonate lamellae form conspicuous ho-
rizons between the unconsolidated “silt” and 

indurated pans of various types which form 
caprocks. The upper surfaces of such pans 
are characteristically coated by thin deposits 
of laminar carbonate.

0 5 10 kmN

0  100 km
Adelaide

S.A.

Gulf St Vincent

AdelaideRiver Torrens

Modbury

St. Kilda

Hallett Cove

Port Stanvac

Lonsdale Reynella
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Sheidow Park

Coromandel Valley

Mt Lofty Ranges
Towns

Fig.1. Location of the Lonsdale, South Australia, study area.
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The mantle overlies Pleistocene sedi-
ments of fluvial origin (PHILLIPS and 
MILNES 1988). These are typically clay-
rich with some sand intervals and form part 
of an extensive sequence marking the close 
of sedimentation in the Tertiary St Vincent 
Basin and its various local sub-basins and 
embayments (WARD, 1965, 1966; TAY-
LOR, et al. 1974; DAILY et al. 1976). Uplift 
due to faulting in combination with receding 
seas, has exposed most of the Pleistocene 
succession as well as the underlying marine 
Tertiary sequence.

thE study sitE

The study site is located in a railway cut-
ting between Hallett Cove and Lonsdale 
southeast of  Adelaide (figure 1) where an 
extensive outcrop of  the carbonate mantle 
and associated non-carbonate sediments 
is exposed. The carbonate mantle is over-
lain by a thin surface soil. Several types of 
calcrete are present within the mantle. On 
topographic highs the calcrete is dominated 
by weakly cemented hardpan 1.0-1.5m in 
thickness, overlain by a discontinuous layer 
of  strongly indurated nodules and piso-
liths. On the flanks of  slopes the thickness 
of  the hardpan calcrete increases and dis-
plays an irregular upper surface resulting 
from groundwater dissolution. Depressions 
in the surface of  the hardpan are filled with 
calcareous sands and silts containing abun-
dant strongly indurated nodular calcrete. 
The base of  the weakly indurated hardpan 
calcrete unit is poorly defined and is char-
acterised by the presence of  discontinuous 
carbonate patches in a reddish non-calcar-
eous sand.

Beneath the complex surface calcrete 
unit is a unit dominated by sand, clay and 

some gravel which unconformably over-
lies Permian age glacial clays (PHILLIPS 
and MILNES, 1988). The sandy sediments 
occupy channels within the clay and are 
equivalent to the Ngaltinga Formation of 
PHILLIPS and MILNES (1988). A series 
of thin carbonate layers is developed within 
the sand beneath the surface calcrete. They 
presumably represent former periods of car-
bonate mantle deposition and calcrete for-
mation. Like the surface calcrete they display 
marked lateral variation in morphology. 

MEthods

Samples were collected at 10 cm inter-
vals from trenches cut down the face of the 
exposed railway cutting sections (figure 2). 
The trenches were spaced at irregular inter-
vals along the sections, depending partly on 
the ease of access but also in order to include 
clearly recognisable macro-morphological 
features.

In the laboratory, unconsolidated sam-
ples were sieved through a 2mm mesh, 
retaining both the clasts and the fine frac-
tion. Consolidated samples were gently 
ground using a steel mortar and pestle. All 
sub-samples were finely ground in alcohol 
in a Sibtechnik ring and puck mill, using 
a Cr-steel vessel and the resulting powder 
was dried at 105 o C in a bench oven. This 
technique was adopted in order to minimise 
damage to the carbonate crystal structure 
during fine grinding.

Selected samples were treated with dilute 
HCl to remove the carbonate minerals. The 
residual fraction was dispersed and allowed 
to settle in a water column in order to sepa-
rate the <2 um fraction for analysis. The clay 
was concentrated by centrifugation, washed 
repeatedly in distilled water, and dried to a 
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powder form at 105 o C. Randomly oriented 
samples of the powders were prepared for 
XRD analysis as above. Sub samples of the 
powders were re-dispersed in distilled wa-
ter and sucked on to ceramic plates under 
vacuum to prepare oriented samples. One of 
the oriented samples was saturated with Mg 
(using 1N MgCl 2) and glycerol for identifi-
cation of the layer silicate clay minerals by 
XRD; the other was saturated with Ba (us-
ing 1N BaCl 2) for measurement of cation 
exchange capacity and chemical composi-
tion using XRF. 

The dried powders were packed ran-
domly into aluminum sample holders for 

XRD analysis. The instrument used was a 
micro-processor controlled Phillips PW1710 
diffractometer with CoKa radiation, auto-
matic divergence slits and a graphite mono-
chromator. XRD patterns were collected 
in digital mode (step scan at 0.5 degrees 2 
theta, 0.5 second sampling time at each step) 
and were logged to permanent files on an 
IBM PC/XT computer. Analysis of the data 
was carried out using the software package 
XPLOT. 

Chemical analyses of the same samples 
for major element composition were carried 
out on a Phillips PW1400 micro-processor 
controlled x-ray fluorescence spectrometer. 

Fig. 2. Location of the carbonate profiles in the Lonsdale toposequence.
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Approximately 0.28 g of each finely ground 
sample was accurately weighed into glass vi-
als with about 1.5 g of lithium tetraborate-
lanthium oxide flux (NORRISH and HUT-
TON, 1969). The mixture was fused into a 
homogeneous glass in a Pt-Au crucible using 
an oxy-propane flame at a temperature of 
105oC and the molten material was quench-
pressed between a graphite mold and an alu-
minum plunger.

REsults

Carbonate mineralogy

 The sediment consists of rounded pelle-
tal grains of calcite, dolomite and older cal-
crete. The primary quartz-rich, carbonates 
have been pedogenically modified by solu-
tion, translocation and precipitation of cal-
cite and dolomite.

Distinct lateral and vertical trends in 
carbonate mineralogy are observed within 
the carbonate profiles from the study site at 
Lonsdale (L1—L6 in figure 3). The profile 
at the highest elevation (L5) is dominated 
by calcite throughout its entire thickness. 
Calcite abundances are variable in the upper 
100 cm of the profile, but below that depth 
there is a progressive decrease in calcite 
abundances as the underlying non-calcar-
eous sediment is approached. No dolomite 
was found within the profile.

Some 60 m down slope from L5 (L6 in 
figures 2 and 3), calcite dominates the car-
bonate profile, but dolomite first appears in 
the calcrete in small quantities with a slight, 
but progressive increase in abundance with 
depth. There is also a slight decrease in the 
abundance of calcite. At no location in the 
profile, however, does the abundance of dol-
omite exceed that of calcite. Nodules sam-
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Fig. 3. Carbonate toposequence profiles showing 
systematic changes in morphology, mineralogy, 
and chemistry from higher (L5) to lower (L1) topo-
graphic positions. Note that thickness and degree 
of induration generally increases from higher to 
lower topographic positions. Carbonate mineral 
abundances are shown by the peak heights from 
X-ray spectra (CPS x 1000). Profile L5 is dominated 
exclusively by calcite (dashed line) while profile L1 
is dominated by dolomite (solid line). Intervening 
profiles display progressive increases in dolomite 
abundance with both depth and downslope. Chang-
es in carbonate chemistry are indicated by the Ca/
Mg ratio. This ratio shows progressive decreases in 
depth and downslope from profile L5—L1 as abun-
dance of calcite decreases and dolomite increases.

pled from the upper part of the profile are 
composed entirely of calcite.

The third profile (L4 in figures 2 and 3) 
in the Lonsdale toposequence is located a 
further 80 m downslope from the L6 profile. 
At this site dolomite and calcite abundances 
are similar to those found in the L6 profile. 
However, there is a substantially stronger 
vertical trend in the distribution of the two 
minerals. Throughout the greater thickness 
of the profile the occurrence of calcite domi-
nates dolomite. With increasing depth in the 
profile the abundance of dolomite increases 
while that of calcite decreases. 

In the profiles on the lower slopes of 
the Lonsdale toposequence the pattern of 
distribution and relative abundances of the 
carbonate minerals changes substantially. 
Three profiles were sampled along this por-
tion of the railroad cut. The first profile 
(L3 in Figs. 2 and 3) is approximately 30 m 
downslope from profile L4. Vertical trends 
in both dolomite and calcite are similar to 
those observed in profiles higher in the to-
posequence. Dolomite shows a progressive 
increase in abundance with depth and this 
is accompanied by a progressive decrease 
in calcite. Two differences are observed in 
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profile L3 compared to those higher in the 
toposequence. The overall abundance of 
dolomite is greater in this profile than those 
described previously (L4-L6 in figure 3) and 
at the base of profile L3 the abundance of 
dolomite exceeds that of calcite. 

A further 10 m downslope from profile 
L3, at profile L2 (figure 3) vertical trends 
in both dolomite and calcite are similar to 
those observed in profiles higher in the to-
posequence. Dolomite shows a progressive 
increase in abundance with depth and this 
is accompanied by a progressive decrease in 
calcite. The pattern of increase in dolomite 
abundance with depth is not as regular as 
that for calcite. Two substantial differences 
are observed in patterns of dolomite and 
calcite distribution and abundances in this 
profile (L2 in figure 3) compared to those 
higher in the toposequence. First, dolomite 
abundances are substantially greater in this 
profile than in any of those at higher eleva-
tions and calcite abundances are substan-
tially lower. Second, with the exception of 
the upper 30 cm of the profile, dolomite 
abundances exceed those of calcite. Strongly 
indurated nodules analysed down the pro-
file are more dolomitic than the weakly in-
durated hardpan calcrete in which they are 
embedded. In the upper part of the profile 
the nodules consist of approximately equal 
amounts of calcite and dolomite. Nodules 
from the lower parts of the profile are exclu-
sively dolomitic in composition.

A profile some 20 m further downslope 
from L2 (L1 in figure 3) was sampled and 
analysed by PHILLIPS (1988). Significantly 
this profile is more abundant in dolomite 
than the L2 profile and in the lower half  of 
the profile dolomite is the only carbonate 
mineral present.

non-carbonate mineralogy

The non-carbonate mineralogy of the 
calcretes is dominated by quartz, with trace 
amounts of feldspar. The clay fraction of 
the carbonates is dominated by illite, kao-
linite and randomly interstratified minerals. 
In contrast to the carbonate mineralogy, the 
non-carbonate mineralogy displays weak 
vertical and lateral trends. However, clay 
mineral abundances appear to vary slightly 
with calcrete type.

Illite is the most abundant clay mineral 
identified in the insoluble fractions of the 
calcrete and ranges from 40-55%. Its abun-
dance in the one silt sample analysed was 
slightly less at 40%. Abundances in the pro-
file in the lowest topographic position are 
slightly greater than those higher in the to-
posequence. 

Randomly interstratified clays and smec-
tite are the next most abundant clay mineral 
assemblage ranging in abundance from 25-
40%. The greatest abundance occurs in the 
carbonate silt sample. Greatest abundances 
are observed in the profile at the top of the 
toposequence and lowest abundances are 
observed at the bottom of the toposequence. 
Abundances remain relatively uniform down 
the profile.

Kaolinite ranges in abundance from 20-
30%, with the smallest abundance occurring 
in the silt at the top of the profile at the top 
of the toposequence. There is a slight ten-
dency for abundances to be higher at the top 
of hardpan profiles. No lateral variations 
were observed. 

Carbonate Chemistry

The chemistry of the carbonates is domi-
nated by three elements which together ac-
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count for well over 70% by weight. In all pro-
files analysed Mg, expressed as MgO, is the 
least abundant metal oxide, i.e. generally less 
than10%. While overall values are low there 
is a tendency for MgO to show a progressive 
increase in abundance with increasing depth. 
Magnesium abundances show marked con-
trasts between higher toposequence profiles 
and those in lower topographic positions. 
Generally speaking, MgO abundances in 
profiles L6, L5, and L4 are less than 2.5% 
while the magnesium content of the lowest 
three profiles is greater than 2.5% with site 
L2 containing between 6-10% MgO.

Calcium, expressed as CaO, is present in 
abundances that are an order of magnitude 
greater than those of MgO. In general, Ca 
decreases with depth as the degree of car-
bonate induration increases. Similarly the 
abundance of Ca tends to decrease down the 
toposequence.

Ca/Mg ratios, which reflect the relative 
amounts of these elements in the carbonates 
and also reflect the relative abundances of 
the dominant carbonate minerals. Several 
distinct trends are observed. Ca/Mg ratios 
decrease with increasing depth in the profile 
and commonly display an order of mag-
nitude change (figure 3). This is especially 
observed in profiles L6, L4, and L3 (figure 
3). The other notable trend is the marked 
decrease in the ratio in lower toposequence 
profiles compared to higher profiles. Profiles 
high in the toposequence (L4, L5, and L6 in 
figure 3) display ratios that are an order of 
magnitude greater than those in profiles low-
er in the profile (L1, L2, and L3 in figure 3). 
In their investigation of secondary soil car-
bonates, ST ARNAUD and HERBILLON 
(1973) showed that secondary CaCO3 con-
tain at least 5% MgCO3 in the calcite struc-
ture. This corresponds to a Ca/Mg weight 

ratio of 26 for calcite and 1.7 for dolomite. 
The carbonates in this study are clearly mix-
tures of calcite and dolomite as these ratios 
tend to be higher than either of the ideal 
ratios. However, the observed trends clearly 
indicate that the upper parts of the profiles 
are calcite dominated by contrast with the 
lower parts of the profile and toposequence 
which are dolomite dominated.

disCussion 

the carbonate mantle

In the study area, as with most of the 
calcretes forming in the mantle, there is a re-
curring pattern of arrangement of calcrete 
morphologies, which represent successive 
stages of development (WRIGHT, 2007). 
Calcrete profiles typically display a lower 
unconsolidated horizon of calcareous silt 
or powder calcrete. Above this horizon is 
one dominated by calcareous nodules, grad-
ing upward into massive hardpan calcrete, 
which incorporates weakly to strongly ce-
mented nodules and pisoliths. The surface 
of the hardpan unit commonly displays a 
thin carapace of laminar calcrete with ac-
companying solutional features (NETTER-
BERG, 1967, 1980; GOUDIE, 1983). It is 
not uncommon for this sequence to be re-
peated several times within a sediment pack-
age (DIXON, 1978, 1994; MILNES and 
HUTTON, 1983; PHILLIPS and MILNES, 
1988; DIXON and McLAREN, 2009). At 
the Lonsdale site, profiles L5 and L 6 display 
a modern surface soil with carbonate silt and 
embedded nodules overlying a discontinu-
ous horizon of moderately indurated hard-
pan calcrete. Profile L4 consists of a modern 
surface soil over a horizon of coated clasts 
which sit on top of a moderately indurated 
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hardpan calcrete. Profiles L2 and L3 com-
prise a modern surface soil with incorpo-
rated nodules over a moderately indurated 
hardpan with an underling nodular zone. 
Profile L1 consists of a surface soil with 
nodular layer at its base sitting over a mod-
erately indurated hardpan layer. Beneath the 
hardpan layer is a powdered silt unit. This 
pattern of arrangement is generally inter-
preted to represent illuviation of carbonate 
saturated waters and progressive induration 
(GILE et al., 1965, 1966; GOUDIE, 1983). 
Precipitation of calcite and dolomite in the 
carbonate mantle may also be partially fa-
cilitated by biological processes (PHILLIPS 
et al., 1987; PHILLIPS and SELF, 1987). 
Where present, laminar forms on the surface 
of hardpan layers may also be related to bi-
omineralisation processes (KLAPPA, 1979; 
VERRECCHIA et al., 1995)

 Changes in calcrete morphology are also 
strongly expressed laterally. On topographic 
highs the hardpan layer is relatively thin 
and discontinuous. Down the toposequence, 
however, the hardpan layer becomes thicker, 
more strongly indurated and more continu-
ous. It also displays more strongly karstified 
surface features. In addition, such as at site 
L4, there is strong suggestion of downslope 
movement and accumulation of carbonate 
cobbles. These lateral variations, together 
with the vertical trends discussed above, re-
flect a combination of both vertical and lat-
eral soil water and groundwater migration 
controlled by gravity and topography. 

dolomitisation of the carbonate mantle 

The presence of dolomite in calcretes is 
widely recognised (WATTS, 1977; MANN 
and HORWITZ, 1979; KHALAF, 1990, 
2007; DIXON, 1994; WRIGHT, 2007) and 

the tendency for its distribution to be con-
centrated in the lower parts of the profile 
widely reported (HUTTON and DIXON, 
1981; MILNES and HUTTON, 1983; 
WRIGHT and TUCKER, 1991; DIXON, 
1994; DIXON and McLAREN, 2009). 
However, in some instances dolomite has 
been observed to be the dominant cement-
ing agent of hardpans at the top of indu-
rated profiles (MILNES, 1992; KHALAF, 
1990). Where dolomite is the principal ce-
menting and/or replacement agent of the 
primary sediment or soil, it is most appro-
priate to refer to these carbonate materials 
as dolocretes (GOUDIE, 1973; KHALAF, 
1990, 2007). 

In the case of the indurated carbonates at 
Lonsdale this study identified the occurrence 
of dolomite and its concentration lower in 
the profile. The systematic increase in dolo-
mite and accompanying decrease in calcite 
down profile together with systematic de-
creases in Ca/Mg ratios, suggests that calcite 
is being progressively replaced by dolomite. 
Induration of the dolomite results in the 
formation of dolocrete (ARAKEL, 1986; 
COLSON and COJAN, 1996; SCHMID et 
al., 2006). The systematic lateral increase in 
dolomite abundance and an accompanying 
decrease in calcite, accompanied by progres-
sive decreases in Ca/Mg ratios, suggests pro-
gressive downslope replacement of calcite 
by dolomite (KHALAF, 1990). Explanation 
of the development of dolomite in calcrete 
must account for both of these patterns ob-
served in a landscape setting.

The original carbonate mantle of the 
Gulf St Vincent region is generally consid-
ered to have been an aeolian silt derived 
from the winnowing of extensive Pleistocene 
dune fields that consisted of a spatially vari-
able mixture of calcite, dolomite, quartz and 
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clay minerals. The work of DIXON (1978, 
1994) and HUTTON and DIXON (1981) in 
the Murray Basin demonstrated that at some 
sites the primary carbonate mantle consists 
entirely of dolomite.

In order to explain the pattern of calcite 
and dolomite distribution in most profiles 
a leaching model is proposed (HUTTON 
and DIXON, 1981). Soil and groundwa-
ter becomes enriched in Ca and Mg as it 
percolates through the carbonate mantle. 
As the water becomes saturated, calcite is 
precipitated first (ARAKEL, 1986; MOR-
GAN, 1993) locally cementing the carbon-
ate silt. As calcite is precipitated, groundwa-
ter is progressively enriched in Mg relative 
to Ca resulting in preferential precipitation 
of dolomite at depth (WATTS, 1977). Such 
a model fits the data obtained in this study 
with Ca/Mg ratios in carbonate profiles 
decreasing systematically with depth, with 
dolomite abundances increasing systemati-
cally down profile, and with the presence of 
dolomite crystals intergrowing with calcite 
and lining voids (see also PHILLIPS and 
MILNES, 1988). 

The lateral variations in dolomite abun-
dance observed at the Lonsdale topose-
quence are consistent with downslope pat-
terns of water movement and mantle in-
duration. As groundwaters flow downslope 
through the carbonate mantle they evolve 
chemically with Ca/Mg ratios gradually de-
creasing. Once these waters become saturat-
ed they begin to precipitate calcite making 
the remaining water enriched in Mg relative 
to Ca. This increase in Mg/Ca ultimately re-
sults in the precipitation of dolomite rather 
than calcite and the associated formation of 
dolocrete (ARAKEL, 1986; COLSON and 
COJAN, 1996; SCHMID et al., 2006; KHA-
LAF, 2007; WRIGHT, 2007). This process 

is also consistent with the observed mor-
phological changes observed laterally with 
thickening, hardening and stronger lateral 
continuity of the hardpan layer.

ConClusions

Thus, it is interpreted that the forma-
tion of  the calcretes and dolocretes in the 
aeolian carbonate mantle of  the St Vin-
cents Basin is the result of  profile and 
landscape controlled patterns of  soil and 
groundwater movement. Changes in water 
chemistry associated with leaching of  a 
mixed Ca/Mg-dominated sediment account 
for the pattern of  distribution of  calcrete 
and dolocrete. The process of  induration 
is a combination of  both dolomitisation at 
depth and downslope, as well as de-dolom-
itisation of  the original sediments higher in 
the profile and in the landscape (KHALAF 
and ABDAL, 1993). This study represents 
a contribution to the understanding of  the 
pattern of  dolocrete occurrence in the land-
scape in the eastern St Vincent Basin.
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studies of the weathering of bricks and monuments

English abstracts of three papers on a common theme, paraphrased 
with the author’s permission and approval.

IKEDA,  HIROSHI1 

(1) Nara University, Nara, Japan

thE tAFoni wEAthERing oF A REd bRiCk wAll in tokyo dAting FRoM 
thE lAtE 19th CEntuRy. (2004). MEMOIRS OF NARA UNIVERSITY, 32: 75-87. 

At the beginning of the Meiji Period 
in Japan (1868-1910), many Western-style 
buildings were constructed using red bricks 
imported from Europe. Few remain, but 
those that do now have considerable histori-
cal value. They need to be protected before 
they are lost forever.

The study reported here concerns part 
of one such structure, a red brick wall that 
originally surrounded the house of Mr Yat-
aro Iwasaki, founder of the Mitsubishi Cor-
poration. This wall was built around 1875, 
some 130 years ago. Its surface exhibits tafoni 
(honeycomb or cavernous) weathering [pre-
sumably as a result of ’acid’ rain or rainfall 
polluted by industrial waste, and possibly also 
haloclasty?] of the type seen on natural stone 
surfaces in many parts of the world. In some 
instances adjacent small hollows have merged 
to form larger and deeper depressions. Many 
of the depressions have attained a depth of 

10 cm, which bearing in mind the age of the 
wall implies a weathering rate of 0.8 mm/yr. 
This is similar to the 1 mm/yr recorded by the 
author on Buddhist sculptures of temples in 
southern India and on natural surfaces ob-
served in South Korea.

The tafoni or cavernous erosion on 
the red brick wall has created a beautiful 
and eroded surface resembling an artform 
sculpted by Nature itself. The rustic charac-
ter of this wall matches well the mood of the 
famous Yashima Shrine located next door.

However, the wall has been classified 
under the Fire Prevention Law as being sus-
ceptible to collapse in the event of a major 
earthquake. For this reason it is proposed to 
tear it down. The author sought the views of 
local people about the wall and its condition. 
Most stated that they had a close affinity to 
the wall and its history and wished that it 
could be retained.
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Japan is an earthquake-prone country, 
and there are many old buildings that over 
time have become vulnerable to collapse if  
severely disturbed, so it is understandable 
that the authorities want to avoid the risks 
introduced by leaving the wall standing. 
However, as the desire to preserve historical 
and cultural assets in Japan grows, such as-
sets should be studied and, where possible, 

strengthened and preserved so that they may 
survive seismic shock. They should be ex-
amined by experts from many fields and the 
data collected and analysed. This study can 
be viewed as an example, for in it a problem 
is identified. The author hopes it will be used 
to help protect not only this particular his-
torical asset but also others like it in Japan 
and elsewhere.

thE wEAthERing ChARACtERistiCs oF thE PAlMyRA stonE REliCs. 
(2005) MEMOIRS OF NARA UNIVERSITY, 33: 51-48.

Palmyra was an oasis city in the Syrian 
desert. From the 1st Century B.C. until the 
3rd Century A.D. it served as a staging post 
for caravans on the shortest route between 
Mesopotamia and the Mediterranean Sea. 
In 274 A.D. after defeat in a war with Rome, 
the route of the caravans changed and the 
city fell into ruin.

Palmyra was a very large city with many 
stone buildings and structures constructed 
mainly of limestone. Some idea of its size 
is indicated by the 1300 metre long Great 
Colonade, along its main road. Of this fea-
ture some 150 cylindrical limestone columns 
remain. In 1980 it was designated a World 
Cultural Heritage site.

With the passage of time, weathering has 
eaten into the limestone columns. The im-
pact of weathering differs above and below 
ground level. The exposed areas are smooth 
and virtually pristine, but the buried ar-
eas display many shallow hollows. Palmyra 
stands on the gentle slope of an active allu-
vial fan and the lower parts of the columns 
were buried beneath [moist] sand and gravel. 
Today, some two metres of debris are being 

cleared in order to re-expose the old city cen-
tre and its cultural features, partly for study, 
partly for touristic purposes. These excava-
tions have revealed the contrasted effects of 
weathering on the buried and exposed sec-
tors of the columns.

Looking at the weathering on the exca-
vated columns of  the Great Colonade its 
upper limit forms an irregular but essen-
tially horizontal line separating buried and 
exposed sectors. The depth of  weathering 
was measured and fissures recorded. The 
horizontal zone marking the upper limit 
of  burial was affected [presumably by dis-
solution and possibly haloclasty] by both 
surface and subsurface waters. Cavernous 
weathering was expected on the exposed 
areas, but no distinct examples were found, 
presumably because the climate (about 100 
mm precipitation p.a.) is dry. On the other 
hand, soil moisture has caused much shal-
low dissolution.
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on thE toPogRAPhy And wEAthERing oF stonE CAstlE Ruins in 
byblos And sidon, lEbAnon. (2007). BULLETIN OF RESEARCH INSTITUTE, 
NARA UNIVERSITY, 15: 35-48.

Lebanon is a small country, some 10,000 
km2 in area, located on the eastern shore 
of the Mediterranean Sea. Its topography 
reflects Alpine (Tertiary) orogenesis, with a 
chain of mountains running parallel with 
the coast and attaining heights of more than 
3000 m. Climate varies with topography, 
but summers are warm on the coastal plain 
with its rich agricultural land. The upland 
areas receive high snowfalls in winter as do 
the western slopes facing the seas. Howev-
er, desert conditions obtain to the east, on 
the Syrian side of the mountain chain. The 
beaches and snowfields attract tourists.

The castle ruins in the coastal cities of 
Byblos and Sidon, erected during Phoeni-
cian rule (1st millennium B.C.) were built of 
local limestone, with stones or blocks laid 
down in layers, one upon the other. How-
ever though the walls are all of the same 
limestone and were erected at about the 
same time, weathering [presumably dissolu-
tion plus haloclasty] has proceeded at dif-

ferent rates on different parts of the walls. 
In particular, a central horizontal zone has 
been weathered more rapidly than the zones 
above and below, with the blocks of the 
middle zone pitted by tafoni or cavernous 
weathering

The central section of one of the walls 
of Byblos castle consists of 198 blocks in 
15 layers. Of the blocks 18 were weathered 
through, leaving gaps, and another 13 were 
seriously damaged, i.e. 31 of 198 blocks 
(16%) were severely weathered. At Sidon the 
castle was erected on a rocky offshore island. 
The central section of one wall consisted of 
339 blocks in 24 layers. Of these 81 were 
deeply weathered, and another 40 markedly 
hollowed, i.e. 121 blocks out of 339 (36%) 
were severely damaged.

The greater degree of weathering at Si-
don can be attributed to its insular position 
bordered on three sides by sea water, where-
as the Byblos structure stands some 200 m 
inland on a terrace overlooking the sea.

Ikeda lunching with Liz Campbell, Jennie Bourne and Rowl Twidale in Adelaide in the mid ‘nineties.
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[Editors’ note: Professor Ikeda’s contri-
butions are atypical in that, like Liz Camp-
bell and the editors of this volume, his first 
love is granite (e.g. IKEDA, 1999) and they 
had several enjoyable and fruitful excursions 
in granite terrains together. Yet the papers 
cited here also reflect another Ikeda charac-
teristic, namely his predilection for measure-
ment. The three papers are concerned with 
weathering and demonstrate the varied rates 
and types of change in different environ-
ments. They also confirm the contrasts be-
tween rates of weathering on exposed and 
covered surfaces, on ‘dry’ sites and sites in 
contact with soil moisture. As LOGAN 

(1851, pp. 329 and 326) pointed out: “The 
soil is always kept moist…” and as a result, 
whereas on exposed bare rock surfaces de-
composition is arrested or retarded, “Un-
der-ground decomposition tends to spread 
unchecked on all sides.”

IKEDA, H. (1999). The World of Granite 
Landforms. Kokon-Shoin, Tokyo.

LOGAN, J. R. (1851). Notices of the geol-
ogy of the Straits of Singapore. Proceed-
ings of the Geological Society of London, 
7: 310-344.]
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Abstract
Numerous small, shallow, ephemeral lakes are scattered along the seaward margin of the extensive 
Pleistocene beach-dune ridge system that comprises the coastal plain of southeastern South 
Australia. Fed primarily by seasonal inflow of alkaline ground  water, these lakes are sites of Holocene 
carbonate deposition. North Stromatolite Lake is part of a chain of such lakes located immediately 
south of Salt Creek, within the first interdunal corridor landward of the Coorong Lagoon.  Here 
four different sedimentary facies (basal quartzose skeletal packstone; organic-rich mudstone with 
thin sapropel layers; laminated pelletal mudstone; and massive pelletal wackestone/mudstone) 
occur within a shoaling-upwards carbonate cycle (~3 metres thick) and define the following vertical 
succession of environments: estuarine, density-stratified lacustrine, perennial lacustrine and, finally, 
ephemeral lacustrine. Acquisition of X-ray diffraction, total organic carbon (TOC), Rock-Eval 
pyrolysis, visual kerogen and biomarker hydrocarbon data on sediment samples (n = 35) from a single 
core taken near the centre of the lake has allowed the recognition of five discrete organic facies, each 
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with a distinctive mineralogy. The organic-rich unit (6−12% TOC) may be subdivided into organic 
facies 1 (Type I/II kerogen) and 2 (Type II kerogen), whereas the organically leaner laminated and 
massive units are distinctly bimodal hosting both organic facies 3 (Type II/III kerogen) and 4 (Type 
III kerogen). The latter two facies together define an inverse relationship between hydrogen index 
and TOC content, a geochemical signature that may be attributed to differences in the extent of 
pelletisation of carbonate muds by a diverse salt-tolerant fauna including brine shrimp, gastropods 
and ostracods during the shallowing perennial and ephemeral phases of the Lake’s history. The 
basal unit hosts organic facies 5 (Type IV kerogen). The aliphatic hydrocarbon distributions of 
these lacustrine sediments are dominated by C20 and C25 highly branched isoprenoids; and C12−C33 

n-alkanes displaying marked odd/even predominance above, and even/odd predominance below, 
C20. This biomarker assemblage reflects the respective major contributions of bacillariophyceae 
(diatoms), chlorophyceae (green algae) and eubacteria (including cyanobacteria) to their preserved 
organic matter. Its passage through the guts of the aforementioned grazers and excretion as faecal 
pellets has dramatically enhanced the relative abundance of cholest-2-ene, thereby imparting to the 
pelletised upper sapropel, laminated and massive units a hitherto unrecognised molecular signature. 
This signature of ingestion may remain in such micritic limestones, even where their original pelleted 
texture has been obliterated by the physical compaction that accompanies early burial and diagenesis. 
Of wider significance is our finding that lacustrine sediments containing high levels of hydrogen-rich 
protokerogen may have accumulated beneath relatively shallow bottom waters (<5 m deep) that were 
not perennially anoxic.

Key words: Coorong, Holocene, lacustrine carbonates, organic facies, sapropel, pelletisation, 
biomarker hydrocarbons
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INTRODUCTION

Located ~230 km southeast of Adelaide 
in the Coorong National Park, North Stro-
matolite Lake takes its name from the cy-
anobacterial mats along its muddy north-
eastern and southern shores (WALTER 
et al., 1973) and the domal stromatolites 
which grow in the northern reaches of the 
lake (WARREN, 1988).  It is situated in 
the first interdunal corridor landward of 
the Coorong Lagoon, within the extensive 
Pleistocene beach-dune ridge system that 
comprises the coastal plain of southeast-
ern South Australia (e.g. SPRIGG, 1952; 
COOK et al., 1977; SCHWEBEL, 1983), 
where it forms part of the Salt Creek lake 
chain (WARREN, 1988, 1990, 1994). These 

four shallow lakes (present maximum winter 
depth 20−30 cm) and their linking channel 
sands (figure 1) together delineate the site 
of marine siliciclastic and skeletal carbon-
ate deposition that extended into a narrow 
embayment of the Coorong estuary during 
the early Holocene. Accreting beach ridges 
eventually severed the surface connection 
of the embayment to the marine lagoon, 
whereupon it evolved into four separate 
mineralogically distinct, carbonate-deposit-
ing lakes, fed by a combination of seaward-
flowing groundwater (figure 2), direct winter 
rainfall, runoff and aerosols, and with initial 
maximum water depths of 3−5 m (WAR-
REN, 1990). Radiocarbon dating of the 
oldest lacustrine unit in North Stromatolite 
Lake indicates that the lake chain became 

Fig. 1. Location of North Stromatolite Lake within the Salt Creek lake chain, Coorong National Park, 
South Australia (modified from WARREN, 1988).
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isolated from the Coorong Lagoon at ca 
6400 yr BP (MEE et al., 2007), shortly after 
sea level along Australia’s southeastern mar-
gin reached its Holocene maximum. Nearby 
Milne Lake (figure 1), which hosts the thick-
est Holocene dolomite succession of all the 
Coorong Lakes, differs in never having been 
connected to the lagoon.

Various aspects of the stratigraphy, sedi-
mentology and mineralogy of the Salt Creek 
lakes have been studied (e.g. BOTZ and 
VON DER BORCH, 1984; ROSEN et al., 
1988, 1989; WARREN, 1988, 1990). Their 
Holocene shoaling-upward carbonate suc-
cessions (figure 2) are remarkable, not only 
for their diverse mineral assemblages that 
include primary dolomite, but also for their 
enrichment in algal and cyanobacterial (i.e. 
sapropelic) organic matter. Total organic 
carbon (TOC) contents as high as 12% in 
the organic-rich unit, and the oil-prone 
character of its kerogen, make them useful 

as potential analogues of ancient lacustrine 
petroleum source beds (WARREN, 1986; 
McKIRDY et al., 1992). As an ideal carbon 
source for heterotrophic sulphate-reducing 
bacteria, such labile organic matter was ar-
guably an essential link in the chain of mi-
crobially-mediated processes that led to the 
early diagenetic precipitation of dolomite 
in these lakes (WRIGHT, 1999; WRIGHT 
and WACEY, 2005). Recent studies of the 
micropalaeontology (diatoms, ostracods) 
of the organic-rich and laminated units in 
North Stromatolite Lake (EDWARDS et 
al., 2006), together with the bulk elemental 
(C, N) and isotopic (C, O, N) geochemistry 
and the radiocarbon dating of its entire la-
custrine succession (MEE et al., 2004, 2005, 
2006, 2007), have confirmed an earlier sug-
gestion by McKIRDY et al. (2002) that the 
sapropels of the Coorong region may be 
proxies for Holocene climate change.

Fig. 2. Schematic physiography and generalised stratigraphy of a Coorong lake (modified from WARREN, 
1988, 1990). Arrows highlight the seaward flow of brackish to saline meteoric groundwater.
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The aims of the present study of a single 
core of unlithified Holocene carbonates re-
covered from the centre of North Stromato-
lite Lake (HAYBALL, 1990) were threefold:
•	 to ascertain whether the same strong 

correlation between sedimentary 
facies and organic carbon content 
exists here as in the adjacent Pellet 
Lake (WARREN, 1986);

•	 to determine the type(s) of kerogen 
preserved in its four sedimentary 
units and, if  possible, the relative 
contributions of algal, bacterial and 
higher plant biomass to each; and 

•	 to elucidate the organic geochemical 
signatures of metazoan grazing on 
organic-rich carbonate muds. 

MATERIALS AND METHODS

Coring and sampling

A piston corer fitted with a slip ham-
mer was used to drive 80 mm diameter PVC 
tubing into the Holocene sediment flooring 
the centre of North Stromatolite Lake. The 
total length of recoverable core was 2.71 m 
before the tubing encountered indurated 
Pleistocene calcrete. The use of large diam-
eter tubing, in conjunction with a piston to 
apply a vacuum during penetration, helped 
minimise distortion and compaction (<20%) 
of the soft sediment. After retrieval with a 
winch mounted on a wooden palette the core 
tube was cut to size, sealed and transported 
back to Adelaide where it was stored at 0ºC 
until sampled. The tubing was split with an 
electric circular saw and the sediment core 
halved with a wire to reduce smearing along 
its length. Upon inspection of the exposed 
sediment, one half  of the core was sampled 

every 10 cm along its upper 2 m; and then 
at 5 cm intervals through the remainder 
which comprised mostly dark, organic-rich 
mudstone. A total of 35 slices of half  core 
(each 1 cm thick) were taken, placed in air-
tight containers and stored in a refrigerator. 
In preparation for analysis, these wet core 
samples were freeze-dried for 48 hr and then 
gently ground in a mortar and pestle. The 
other half  of the core was logged and pho-
tographed before being sealed in a plastic 
sheath and archived in the School of Earth 
Sciences at Flinders University.

X-ray diffraction analysis

The mineralogy of each sample was de-
termined with a Philips PW1050 diffractom-
eter utilising cobalt Kα radiation of wave-
length 1.7902 angstroms, scanning over a 2θ 
range of 3−75º at a step interval of 0.05º. 
Peaks were identified using the CSIRO 
XPLOT program and its JCPDS option.

TOC analysis and Rock-Eval pyrolysis

In order to retain the acid-soluble por-
tion of their organic matter, the freeze-dried 
samples were prepared for organic carbon 
analysis using the procedure of ROBERTS 
et al. (1973).  TOC was determined using 
a LECO carbon analyser. After reviewing 
their mineralogy and TOC contents, sixteen 
representative whole-sediment samples were 
submitted to Australian Mineral Develop-
ment Laboratories, Adelaide, for Rock-Eval 
pyrolysis (ESPITALIÉ et al., 1985). In order 
to obtain a reliable oxygen index, the analy-
sis was repeated on a decarbonated aliquot 
of each sample. 



CAD. LAB. XEOL. LAXE 35 (2010)132  McKirdy et al.

Kerogen isolation and petrography

Kerogen was isolated from a gently 
crushed portion (ca 1 g) of each sample ana-
lysed by Rock-Eval pyrolysis, using the pro-
cedure of PHIPPS and PLAYFORD (1984). 
The resulting strewn mounts were examined 
and photographed in reflected white light 
and UV-fluorescence mode using a Leitz Or-
tholux II polarising microscope fitted with a 
Wild Photoautomat MPS camera.

Solvent extraction and liquid 
chromatography

Powdered freeze-dried sediment from 
eight representative core samples was ex-
tracted in a Soxhlet apparatus with an aze-
otropic mixture of dichloromethane and 
methanol (87:13) for 24 hr. Activated copper 
turnings were added to the solvent flask to 
remove any co-extracted elemental sulphur. 
Upon subsequent removal of solvent in a 
rotary evaporator, the recovered extract-
able organic matter (EOM) was separated 
into its aliphatic hydrocarbon, aromatic 
hydrocarbon and polar fractions by conven-
tional open-column liquid chromatography 
on activated alumina and silica, eluting re-
spectively with petroleum ether; petroleum 
ether and dichloromethane (40:60); and 
dichloromethane and methanol (35:65). All 
solvents were AR grade and distilled prior 
to use.

Gas chromatography (GC) 

The aliphatic hydrocarbon fractions of 
the sediment extracts were analysed using a 
Carlo Erba Mega 5160 gas chromatograph 

fitted with a 25 m x 0.22 mm internal di-
ameter (i.d.) fused silica column (OV-101 
stationary phase) and a flame ionisation 
detector (FID) and interfaced to a Perkin 
Elmer LC100 integrator. The oven was tem-
perature-programmed from 40 to 300ºC at 
8ºC min-1 and then held at 300ºC until all the 
peaks had eluted.

Gas chromatography-mass spectrometry 
(GC-MS)

GC-MS analysis of the aliphatic hy-
drocarbons was undertaken using a Varian 
3400 gas chromatograph linked to a Finni-
gan TQS-70 quadrupole mass spectrometer 
at the Australian Wine Research Institute, 
Urrbrae. The gas chromatograph was fit-
ted with a 60 m x 0.25 mm i.d. fused silica 
column (DB-1, 0.25 µm film thickness; J&W 
Scientific) interfaced directly with the source 
of the mass spectrometer. Hydrogen was 
used as the carrier gas at an inlet pressure of 
103 kPa. Samples in n-hexane were injected 
using a split/splitless injector operated in the 
split mode (ratio 20:1) at 300ºC. The temper-
ature programme of the oven was 50−300ºC 
at 4ºC min-1 followed by 20 min at 300ºC. 
The triterpenoid and steroid biomarker 
data reported herein were measured from 
the m/z 191 and m/z 215 fragmentograms of 
each sample. The identity of selected highly 
branched isoprenoid (HBI) hydrocarbons 
was determined from their mass spectra.

RESULTS AND DISCUSSION

The analytical data discussed herein are 
summarised in tables 1-3 and illustrated in 
figures 3-7.
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Table 1: Rock-Eval pyrolysis data

Unit
Depth

m
Tmax S1 S2 S3

TOC
wt %

HI OI

Massive 0.10 407 0.32 4.80 4.24 1.70 282 249
0.20 426 0.52 6.60 0.61 2.16 305 28
0.40 420 0.66 6.75 3.70 3.73 180 99
0.60 422 0.32 4.19 3.24 5.40 77 60

Laminated 0.80 432 0.24 4.44 3.74 4.35 102 86
1.00 428 0.25 4.11 1.95 1.06 387 184
1.20 415 0.21 3.57 2.20 1.34 266 164
1.40 418 0.36 4.12 2.77 3.74 110 74

Sapropel 1.60 434 4.99 33.6 10.9 6.40 524 170
1.70 435 3.81 29.1 5.94 8.99 323 66
2.00 436 7.45 44.6 11.8 9.56 466 123
2.15 432 24.3 75.5 12.8 11.7 647 110
2.30 430 28.8 84.4 23.9 9.12 925 262
2.40 432 23.2 74.9 28.9 10.1 740 285
2.55 433 14.3 55.7 17.4 8.05 692 216

Basal 2.65 428 0.12 1.56 2.54 1.96 79 130

KEY
Tmax = position of S2 peak in temperature program (ºC)
S1 = free hydrocarbons (mg hydrocabons g-1 sediment)
S2 = kerogen-bound hydrocarbons (mg hydrocarbons g-1 sediment)
S3 = organic oxygen (mg CO2 g

-1 sediment)
HI = hydrogen index (mg S2 g-1 TOC)
OI = oxygen index (mg S3 g-1 TOC)

Table 2: Organic petrography of kerogen

Component Basal Lower sapropel Upper sapropel Laminated Massive

Colonial algae + +++ + + /  − +

Filamentous cyanobacteria + +++ / ++ +++ + +

Coccoid cyanobacteria − − − +++ / ++ ++

Cuticle − − ++ / − − +++

Inertinite +++ + ++ / − +++ +++

Amorphous groundmass +++ +++ +++ +++ +++

KEY
+++  abundant  ++  common +  rare −  absent
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Stratigraphy, sedimentary facies and 
mineralogy

Logging of the core revealed the same 
four-fold stratigraphic succession of unlithi-
fied  Holocene calcareous sediments previ-
ously described by WARREN (1988, 1990) as 
characteristic of his type 2a lakes (figure 2). 
The basal unit, here at least 8 cm thick (fig-
ure 3), comprises mottled, dark to light grey, 
quartzose shelly limestone. The skeletal re-
mains are principally those of gastropods and 
small pelecypods, indicative of an estuarine 
to shallow marine environment. The quartz is 
very fine grained, sub-rounded to sub-angu-
lar, and most likely relict Pleistocene sediment 
washed or blown in from the enclosing dunes. 
Accordingly, the major mineral components 
are calcite and quartz. Minor dolomicritic 
cement in the basal unit would be classified 
as type B dolomite by ROSEN et al. (1988). 
During deposition the unit was constantly re-
worked by its fauna and hence lacks sedimen-
tary structure. It is best described as a massive, 
mollusc-quartz wackestone to packstone.

The organic-rich unit (figure 2) is repre-
sented by 110 cm of cored sediment, herein 
described as sapropel (figure 3). On the ba-
sis of its TOC profile and organic facies 
(figure 4), it has been subdivided into lower 
and upper sapropels, respectively 76 and 34 
cm thick. Dark grey to green in colour and 
rich in the small gastropod Coxiella sp. at its 
base, the lower sapropel grades upward into 
indistinctly laminated, dark green to black, 
rubbery mudstone with alternating dark and 
light bands 1−2 cm thick and sporadic lenses 
of the aforementioned gastropod, before re-
verting to thin intervals reminiscent of the 
basal facies. The lower and upper margins 
of the lower sapropel are paler in colour and 
lack the lamination of its middle portion, 
reflecting their greater bioturbation and pel-
letisation and consequent oxidation of their 
dispersed aquatic organic matter (table 2). 
Even today, Coxiella sp. becomes an active 
grazer around the shallow margins of the 
lake following its freshening by winter rain-
fall (WARREN, 1988). 

Table 3: Extract yield and bulk composition

Depth
m

TOC
wt %

EOM yield
  ppm        mg g-1 TOC    

  Aliphatic     Aromatic        Polar
% EOM

0.20 2.16 9532 441 0.4 0.1 99.5
0.80 4.35 1244 29 2.5 0.7 96.8
1.20 1.34 2080 155 1.2 2.3 96.6
1.70 8.99 13012 145 0.1 1.7 98.2
2.00 9.56 10072 105 0.7 1.5 97.8
2.30 9.12 14594 160 0.7 4.8 94.5
2.55 8.05 12393 154 1.3 7.6 91.1
2.65 1.96 461 24 3.4 1.5 95.1

KEY
Aliphatic = aliphatic hydrocarbons
Aromatic = aromatic hydrocarbons
Polar = N,S,O-bearing compounds
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Fig. 4. Crossplot of hydrogen index versus TOC revealing five distinct organic facies in the Holocene carbon-
ate succession of North Stromatolite Lake.

Fig. 3. TOC profile and mineral assemblages of central North Stromatolite Lake. Key: A = aragonite; HM = 
hydromagnesite; M = magnesite; C = calcite or low-Mg calcite; D = dolomite; Q = quartz; dashed lines mark 
changes in sediment character within units.
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The mineralogy of the lower sapropel 
varies with its colour. The paler intervals are 
rich in aragonite, low-Mg calcite and quartz 
(figure 3). While the quartz is allochthonous 
(and, for the most part, probably aeolian: 
MEE et al., 2006, 2007), the carbonate min-
eralogy is biogenic and dictated by the in situ 
faunal assemblage of dwarf molluscs and 
ostracods (WARREN, 1990; EDWARDS 
et al., 2006). Interestingly, the darkest, most 
uniformly organic-rich interval lacks both 
aragonite and calcite in all but one of the 
samples analysed. Thus, the lower sapropel 
oscillates between two distinct organic-rich 
sub-facies: pelleted mudstone to wacke-
stone; and laminated carbonate-poor mud-
stone.

The base of the upper sapropel is marked 
by a 7 cm zone of reworked lower sapropel, 
in the form of flake-like clasts up to 2−3 cm 
in size, accompanied by a concentration of 
intact Coxiella sp. Such disturbance of the 
underlying unit is most likely the conse-
quence of wave action during a period of 
pronounced shallowing of the lake. This 
feature is significant because it also implies 
the waning of density stratification. The re-
mainder of the unit is a light green to grey, 
massive pelletal wackestone. Mineralogi-
cally, it is indistinguishable from much of 
the lower sapropel (figure 3). The fine grain 
size of its carbonate fraction can be attrib-
uted to comminution of the delicate tests of 
the same biota that produced the pellets. At 
the very top of the upper sapropel is an oxi-
dised, red to brown band (2 cm thick) which 
forms a gradational contact with the overly-
ing unit. Such a feature is further evidence 
of shallowing of the lake as a result of its 
progressive infilling by sediment.

The pelleted laminated unit was depos-
ited in a shallower, largely perennial water 

body and proportionally represents the larg-
est volume of lacustrine sediment in North 
Stromatolite Lake (see the “fill and spill” 
model of WARREN, 1988, 1990). Its thick-
ness in the present core is 104 cm, of which 
the lower 61 cm is considerably darker than 
the upper portion. Colours grade upward 
from light brown at the base, through dark 
greys, to light grey near the top. The unit is 
very susceptible to oxidation, its fresh sedi-
ment turning rapidly off-white upon expo-
sure to air. This behaviour has been attrib-
uted to the presence of labile iron sulphides 
in the sediment (VON DER BORCH, 1965), 
which in turn implicates the activity of het-
erotrophic sulphate-reducing bacteria and 
associated anoxia in the pore fluids during 
early diagenesis. Aragonite and hydromag-
nesite comprise its unique mineral assem-
blage, which is independent of the colour 
variation throughout the unit (figure 3). 
The notable deficiency of detrital quartz is 
possibly a result of its dilution by the rapid 
precipitation and accumulation of carbon-
ate mud. Another distinctive feature of this 
unit is its prominent lamination, at scales 
ranging from macro (centimetre) to micro 
(millimetre). Each macrolamina comprises 
several microlaminae. The latter are possi-
bly varves formed by the annual variation in 
water depth and temperature between sum-
mer and winter. Macrolaminae have sharp 
bases, are dark and enriched in organic 
matter. Their gradational change to a light 
grey colour is accompanied by an increase 
in grain size. The development of such 
thick laminae is unlikely to have been due 
to annual cyclicity. Rather, it probably is a 
manifestation of some other periodic envi-
ronmental forcing at this stage of the lake’s 
history. Pellets are ubiquitous throughout 
this unit. Their distribution varies, resulting 
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in pellet-rich and pellet-poor microlaminae 
(WARREN, 1990). The pellets are products 
of the grazing of lake-floor sediment that 
has been colonised and bound by benthic 
algae and/or cyanobacteria. By analogy 
with this and other modern Coorong lakes, 
potential grazers and excreters of faecal pel-
lets are ostracods, gastropods (e.g. Coxiella 
sp.), the Australian brine shrimp (Pararte-
mia zietziana) and small burrowing beetles 
(DE DECKKER and GEDDES, 1980). The 
lamination is well preserved with no appar-
ent disturbance by larger-scale bioturbation. 
The unit displays no evidence of subaerial 
exposure, apart from an indurated horizon 
at 110 cm depth in the core. This represents 
a single episode of prolonged exposure 
when the lake bed dried out completely and 
is probably correlative to a regional aridity 
event (AHMAD, 1996). Thus, the laminated 
unit in the central part of the lake can be 
classified as a pelletal mudstone.

The uppermost 49 cm of the core is 
designated the massive unit (figure 3). Its 
basal ~15 cm is indistinctly laminated car-
bonate mud and marks the transition from 
a mostly perennial water body to that of 
an ephemeral lake. The mud accumulated 
by lateral accretion from the marginal flats 
whenever the lake bed, by now approaching 
the regional water table, became inundated 
by winter rainfall and the seasonal inflow 
of groundwater (WARREN, 1990). The 
colour of the unit grades from alternating 
light and dark grey through its lower part to 
uniformly light grey near the top (the pre-
sent-day lake depositional setting). While its 
contact with the underlying laminated unit 
is difficult to discern visually, the contrast in 
their respective mineral assemblages is con-
spicuous (figure 3). Calcite and aragonite 
again reflect the skeletal mineralogy of the 

contemporary lake fauna (notably prolific 
gastropods and ostracods), whereas hydro-
magnesite, magnesite and dolomite are mic-
ritic primary precipitates. Today, around the 
margins of the lake, dolomite (type A: ROS-
EN et al., 1988; WARREN, 1990) forms as 
a white precipitate with the texture of yo-
ghurt. There it becomes mobile during win-
ter, being spread by wind and wave action 
to form a thin veneer of sediment across the 
lake floor (VON DER BORCH and LOCK, 
1979). Quartz is rare and, as in the other 
units, almost certainly allochthonous. While 
evident near its base, lamination is difficult 
to discern in the upper parts of the massive 
unit, reflecting an upward increase in the in-
tensity of bioturbation and widespread pel-
letisation. According to WARREN (1990), 
bioturbation is here evidenced by the pres-
ence of crosscutting burrows, rhizomes and 
rootlets (presumably of the aquatic plant 
Ruppia sp.). When subjected to periodic 
subaerial exposure following high rates of 
summer evaporation, the massive unit de-
velops mud cracks and becomes indurated, 
especially toward the lake edges. Subsequent 
accretion of mud to the rims of cracks in in-
durated crusts can lead to the development 
of tepee structures (KENDALL and WAR-
REN, 1987). Here, in the uppermost part 
of the lake succession, the massive unit is 
essentially a pelleted mudstone that grades 
locally into pelletal packstones and wacke-
stones.

Thus, the Holocene lacustrine succes-
sion atop the sapropel in North Stromatolite 
and other Coorong lakes is a mud-dominant 
sequence that has been variably but perva-
sively pelletised by ongoing faunal activity 
and variably reworked by wave-driven ripple 
migration (WARREN, 1988; 1990). Most of 
the pellets in the laminated and massive units 
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are soft and fine-sand sized. They are identi-
cal in terms of mineralogy to their muddy 
precursor sediment. In any ancient counter-
part of this lacustrine depositional setting, 
the sediment upon burial would have been 
subjected to mechanical compression, which 
is very likely to have destroyed the original 
pelleted texture (LUCIA, 2007). It begs the 
question, is there any chemical signature 
that indicates variability in the intensity of 
pelletisation and bioturbation?  

Organic facies

Rock-Eval pyrolysis of representative 
samples (table 1) revealed the existence of 
five different organic facies in the central 
part of North Stromatolite Lake (figure 4). 
The predominantly algal source affinity of 
their dispersed organic matter was subse-
quently confirmed by elemental and isotopic 
analysis of another core from the lake (Corg/
Ntot = 12−15; δ13Corg = -22 to -16‰: MEE et 
al., 2004).  

Organic facies 1 is confined to the lower 
sapropel. Its kerogen is of Type I-II compo-
sition and petrographically comprises mod-
erately fluorescing amorphous groundmass 
with lesser amounts of strongly fluorescent 
alginite in the form of colonial chlorophyte 
algae (Botryococcus sp.) and filamentous cy-
anobacteria; no recognisable higher plant re-
mains are present (table 2). Organic facies 2 
is characteristic of the upper sapropel where 
the Type II kerogen is likewise predominant-
ly amorphous; although here chlorophyte 
algae are rare and higher plant detritus is 
commonly present (notably cuticle, possibly 
from the aquatic metaphyte Ruppia sp., and 
finely particulate inertinite). Organic facies 3 
(Type II-III kerogen) is developed within the 
middle of the laminated unit and the upper 

20 cm of the massive unit. Its principal com-
ponents are coccoid cyanobacteria, weakly 
fluorescent groundmass and inertinite. Or-
ganic facies 4 (Type III kerogen) occurs in 
the lower and upper parts of the laminated 
unit and in the lower massive unit. Petro-
graphically, it differs from organic facies 3 
in lacking coccoid cyanobacteria while also 
including a higher proportion of inertinite. 
Organic facies 5 (Type IV kerogen) is rep-
resented by a single sample from the basal 
unit. The kerogen here comprises mostly in-
ertinite and poorly fluorescent groundmass 
(probably degraded cyanobacteria), along 
with isolated small colonies of Botryococcus 
sp. Regardless of its host facies, the inerti-
nite is almost without exception very finely 
divided (phytoclast size typically <7µm) and 
may represent wind-blown ash from occa-
sional forest fires lit by lightning strikes (or, 
perhaps, the local indigenous inhabitants) in 
the Coorong hinterland.

While clearly discriminated on the basis 
of their organic richness and kerogen types 
(figure 4), facies 1 and 2 are even more sharply 
distinguished from each other and the other 
three facies by their respective hydrocarbon 
genetic potentials (S1 + S2, table 1): 

Organic Facies
Genetic Potential 

(mg hydrocarbons g-1 
sediment) 

1 52−113

2 33−39

3, 4 4−7

5 <2

The higher genetic potentials of facies 1 
and 2 are a direct reflection of the lipid-rich 
character of their precursor algal and eu-
bacterial biomass, and the degree to which 
it has escaped degradation by aerobic and 
anaerobic heterotrophs during sedimenta-
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tion and early diagenesis (KILLOPS and 
KILLOPS, 2005). Notwithstanding earlier 
assertions to the contrary (e.g. WARREN, 
1988, 1990), when the sapropel was accumu-
lating, perennial anoxic bottom waters were 
not an ongoing feature of the density-strat-
ified bottom waters of North Stromatolite 
Lake during what was probably its deepest, 
meromictic phase. This contrasts with the 
suboxic to anoxic pore fluids in the massive 
unit that characterise the current ephem-
eral depositional system, as seen in meas-
ured O2 profiles of near-surface sediments 
in North Stromatolite and other Coorong 
lakes (WRIGHT AND WACEY, 2005; their 
Figure 2a). EDWARDS et al. (2006) dem-
onstrated the existence of a flourishing ben-
thic ostracod community in North Stroma-
tolite Lake while its sapropel unit was being 
deposited. This, together with the diagnostic 
valve ornamentation of Osticythere barag-
wanathi, indicates that the hypolimnion was 
well oxygenated, at least seasonally, during 
this period of the Lake’s history. Thus, high 
rates of primary production, in combination 
with minimal grazing and burrowing (and 
hence also internal aeration) of the organic-
rich sediment on the lake floor by ostracods 
and dwarf molluscs, were the key factors 
responsible for the accumulation and pres-
ervation of ~1 m of sapropel beneath the 
centre of North Stromatolite Lake. Recent 
radiocarbon dating of this ‘sapropel event’ 
shows that these conditions persisted for 
1400 years (between ca 6400 and 5000 yr BP: 
MEE et al., 2007). 

 
The present-day subaqueous floors of Lake 
Lenore and Soap Lake in Washington State, 
USA (CASTENHOLZ, 1960) offer par-
tial analogues for the bottom conditions 
in North Stromatolite Lake at the time its 

sapropel was deposited. In the littoral parts 
of Lake Lenore, diatoms seasonally form 
widespread epilithic layers atop cyanobac-
terially-bound microbial mats. Littoral lake-
edge mats are not present in the more saline 
meromictic Soap Lake. Across the perenni-
ally water-covered deeper portions of both 
these saline lakes, diatoms constitute part 
of a crumbly gelatinous benthic aggregate, 
along with the cyanobacteria Anacystis ma-
rina and Plectonema nostocorum.

The micropalaeontological study of 
EDWARDS et al. (2006) also proved cru-
cial in highlighting another important con-
tributor to the organic matter preserved in 
the sapropel and laminated units of  North 
Stromatolite Lake. While intact diatom mi-
crofossils (siliceous frustules) were not rec-
ognised in our initial studies of  the sapro-
pel, unusual T-shaped, C20 and C25 highly-
branched isoprenoids (HBI) are prominent 
among the aliphatic hydrocarbons in its 
EOM (HAYBALL et al., 1991; see also fig-
ure 5) and were later recognised as bacillar-
iophycean algal biomarkers (or molecular 
fossils: McKIRDY et al., 1995). Diatoms 
are not organic-walled, and the silica of 
their frustules is highly susceptible to dis-
solution in the present-day alkaline pore 
waters of  this and other Coorong lakes. 
Hence, soon after burial, their cellular or-
ganic matter is destined to become part of 
the amorphous component of  the kerogen 
(BARKER, 1992). As in the preservation 
of  pelleted textures in ancient lacustrine 
counterparts, it is likely that the direct 
physical evidence for diatoms (viz. their si-
liceous frustules) is largely destroyed dur-
ing early diagenesis, especially in the lami-
nated unit where alkaline saline conditions 
were more pronounced (WARREN, 1990).
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Geochemical signatures of pelletisation

The organically leaner carbonates of the 
laminated and massive units were deposited 
during the perennial and ephemeral phases 
of the Lake’s history. Here represented by 
organic facies 3 and 4, they exhibit an in-
verse relationship between hydrogen index 
and organic carbon content (figure 4). As 
previously suggested by McKIRDY et al. 
(1992, 1995), this geochemical feature may 
be attributed to differences in the extent to 
which ostracods, gastropods, brine shrimp 
and other metazoans were actively grazing 
and burrowing the lake floor. This, in turn, is 
likely to have been driven by the progressive 
shallowing of the Lake as it filled with sedi-
ment, modulated by seasonal fluctuation of 
water depth and salinity. Another reason 
for the minimal pelletisation of the sapropel 
unit (particularly its rubbery lower part) is 
the significant contribution of diatoms to 
its biomass. The robust physical structure 
of its precursor diatomaceous ooze will 
have inhibited grazing and burrowing, and 
in the process limited access of oxygenated 
water to the sediment column, thus further 

enhancing the preservation of laminated or-
ganic-rich mudstone (cf. KEMP and BAL-
DAUF, 1993).

 
Solvent-extractable bitumen comprises 
1200−15000 ppm (dry weight) of the lacus-
trine carbonates in North Stromatolite Lake 
(table 3), of which <3% is aliphatic hydro-
carbons. The biomarker geochemistry of 
these hydrocarbons will be reported in detail 
elsewhere. For the purposes of the present 
discussion, the aliphatic hydrocarbon distri-
bution of one sample is shown here. Figure 
5 illustrates some of its more prominent 
features, notably C20 and C25:1 HBI hydro-
carbons; and C12−C33 n-alkanes displaying 
marked odd/even predominance above, and 
even/odd predominance below, C20. This 
assemblage of biomarkers reflects the re-
spective contributions of bacillariophyceae 
(diatoms), chlorophyceae (green algae) and 
eubacteria (including cyanobacteria) to the 
organic matter preserved in the lower sapro-
pel unit. 

In passing through the guts of  ostra-
cods, dwarf gastropods and other meta-
zoan grazers, mud containing such organic 

Fig. 5. FID-gas chroma-
togram of free aliphatic 
hydrocarbons preserved in 
the lower sapropel. Key: 
numbers indicate carbon 
number of n-alkanes; T-20 
= 2,6,10-trimethyl-7-(3-
methylbutane)-dodecane, a 
C20 highly branched iso-
prenoid (HBI) alkane; and 
T-25:1 = a C25 HBI alkane. 
See text for the likely 
sources of these biomarker 
hydrocarbons. Depth in 
core = 2 m.
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matter acquires a secondary molecular sig-
nature (or overprint) in the form of addi-
tional cholesterol. Soon after its excretion 
as faecal pellets, this animal cholesterol is 
converted to cholest-2-ene (structure I: fig-
ure 6) augmenting that formed via the early 
diagenesis of  algal cholesterol (KILLOPS 
and KILLOPS, 2005, p. 187). Benthic cy-
anobacterial mats, together with diatoma-
ceous ooze, were important food sources 
for the grazers. Homohopane (structure II: 
figure 6) is one of several triterpenoid bio-
markers produced by cyanobacteria. Thus, 
the ratio of homohopane to cholest-2-ene 
may be used to monitor the degree of pel-
letisation of the lake-floor sediment. When 
plotted against depth in the core (figure 7), 
it reveals a steady upward increase in the 
extent to which the host sediment has been 
pelletised. As would be expected, this trend 
is paralleled by an increase in the propor-
tion of cholest-2-ene in the total comple-
ment of C27−C29 ∆2-sterenes contributed 
to these lacustrine sediments by eukaryotic 
biota (algae, higher plants and animals).

CONCLUSIONS

The sedimentary succession of North 
Stromatolite Lake comprises a variety of 
unlithified, organic-rich, Holocene carbon-
ates.  These sediments were deposited in a 
progressively shallowing water body (initial 
maximum palaeo-depth = 3−5 m), beneath 
a halocline that first developed when the em-
bayment, which is now the Salt Creek lake 
chain, was cut off  from the marine influence 
of the Coorong Lagoon some 6500 y BP. Its 
previously described stratigraphy, compris-
ing four units that each records a particular 
stage in the lake’s evolution (viz. estuarine, 
density-stratified, perennial and ephemeral), 
has now been shown to host five discrete or-
ganic facies.

The organic-rich unit (sapropel) may be 
subdivided into organic facies 1 (Type I/II 
kerogen) and 2 (Type II kerogen), whereas 
the leaner laminated and massive units are 
distinctly bimodal hosting both organic 
facies 3 (Type II/III kerogen) and 4 (Type III 
kerogen). The basal unit is representative of 
organic facies 5 (Type IV kerogen).

The inverse relationship between Rock-
Eval hydrogen index and TOC content 
manifest in organic facies 3 and 4 is here at-
tributed to differences in the extent of graz-
ing and pelletisation of carbonate muds by a 
diverse benthic fauna (including ostracods, 
gastropods and brine shrimp) during the 
shallowing perennial and ephemeral phases 
of the lake’s history (figure 7). 

Fig. 6. Carbon skeletons of two biomarker hydro-
carbons which together provide a molecular record 
of the pelletisation of organic-rich carbonate muds 
in North Stromatolite Lake: I, cholest-2-ene (C27); 
II, homohopane (C31). 
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The aliphatic hydrocarbon distributions 
of these organic facies identify bacillari-
ophyceae (diatoms), chlorophyceae (green 
algae) and eubacteria (including cyanobac-
teria) as major sources of their preserved or-
ganic matter. Its passage through the guts of 
the aforementioned grazers and excretion as 
faecal pellets has dramatically enhanced the 
relative abundance of cholest-2-ene, thereby 
imparting to the pelletised upper sapropel, 
laminated and massive units an animal bi-
omarker signature.

The ability of grazing invertebrates to 
modify the texture and mineralogy of fine-
grained sediments is well known. This study 
highlights their potential importance in also 

influencing the organic carbon content, ker-
ogen type and biomarker geochemistry of 
modern carbonate sediments. In so doing it 
underlines some significant distinctions not 
recognised in many sedimentological stud-
ies. Absence or presence of lamination in a 
fine-grained lacustrine succession does not 
mean that the sediment has or has not been 
ingested; absence or presence of pellets at 
the time of deposition does. Where pellets 
are deposited as soft aggregations of mic-
rite, the pelleted texture is quickly lost dur-
ing the physical compaction associated with 
early burial and diagenesis, yet the molecu-
lar signature of ingestion may remain. Fi-
nally, lacustrine sediments containing high 

Fig. 7. Crossplot of homohopane/cholest-2-ene ratio versus depth recording the up-section addition of fae-
cal cholesterol to the mud by benthic microfauna that grazed on algae and cyanobacteria. The right-hand 
panel highlights a parallel increase in cholest-2-ene as a proportion of the total eukaryotic input of C27−C29 
∆2-sterenes. The TOC values displayed in the central panel are unit averages. The ages are calibrated radio-
carbon dates after MEE et al. (2007).
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levels of hydrogen-rich protokerogen may 
have accumulated beneath relatively shallow 
bottom waters (<5 m deep) that, although 
meromictic, were not perennially anoxic.
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Abstract
Under surface and subsurface conditions, porosity is a major factor in rock weathering, for it 
controls not only the movement of the fluids throughout the rock mass but also the processes at 
work. Depending on the pore dimensions and pattern, mechanisms such as hydroxylation, diffusion 
or flow play their role in the weathering process. 
Based mainly on theoretical arguments, three examples of silicate parent rocks replaced by carbonate, 
oxyhydroxides and silica are analysed, in terms of water activity, pF, specific surface, and molar 
volume. 
In central Spain, Ca and Mg carbonates replace silicates and quartz in both calcretes and sandstones. 
Where the two cations are present, Mg mainly is associated with small pore spaces whereas Ca is 
dominant within larger pores, and there is a transition between the two extremes. 
The replacement of the quartz grains in gravels and pebbles of quartzite by Fe oxyhydroxides is 
a typical feature of the old Rañas surfaces of central and western Spain. This replacement is the 
result of the alternating wet and dry seasons combined with poor drainage conditions that allow the 
xerolysis to be active over long periods.
In western Spain, remnants of a siderolithic sedimentary cover preserve a deeply weathered Hercynian 
basement. An upward enrichment in CT opal and in kaolin affects to both the weathered basement 
and the siderolithic cover. Recent studies show that these traits were caused by the weathering of an 
old land surface that was disrupted by Alpine tectonism. Weathering occurred under acid conditions 
which led to the release of most of the elements, Fe and Al included, but with the most of silica 
remaining as opal.  
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intRoduCtion

In 2004 Dr. M.J. WILSON of the 
Macaulay Institute of Aberdeen, Scotland, 
wrote: “Weathering is a fundamental process 
in the geological cycle that should be regarded 
as of equal importance as the processes of 
metamorphism, volcanism, diagenesis, ero-
sion, etc., that are much more extensively 
studied in most departments of earth sci-
ence”. Weathering processes are developed 
in the zone embracing the hydrosphere, 
lithosphere, atmosphere and biosphere.

A rock is a consolidated natural medium 
that is more-or-less heterogeneous. It con-
sists of various minerals, each with distinct 
responses to external agencies. It is this het-
erogeneity that produces disequilibria within 
the rock, leading to its alteration. 

Broadly speaking, weathering can be 
defined as the sum of processes that affect 
rocks and which give rise to new products 
and structures that are more stable under 
the surface environments. All weathering 
processes are controlled by three main fac-
tors: the rock (e.g. grain size, fabric, poros-
ity, mineral and chemical composition); the 
nature of the solutions present (e.g. ions/
molecules present, concentrations, ionic 
force, acidity, etc); and the environment (e.g. 
temperature, organic matter, drainage, etc). 
All these are interrelated so that variation in 
one of them leads to changes in the others. 

In this paper an interpretation is offered 
of some regolithic profiles and the processes 
at work using examples from the Iberian 
Peninsula. Attention is drawn to the role of 
porosity. 

MiCRosystEMs oF wEAthERing

Porosity of a rock is one of the first fac-
tors that both controls and is affected by 
weathering. Changes in porosity give rise 
to changes in the pattern, distribution and 
size of pores. In addition, change in the 
pore/rock volume ratio alters the density (g/
cc) and the “specific surface” (m2/g) of the 
rock. In general, increased weathering leads 
to a reduction in density (not always) and 
an increase in the specific surface. Some au-
thors (PÉDRO and DELMAS, 1980; MEU-
NIER, 1983) have used these considerations 
to distinguish three systems of weathering, 
namely, contact microsystems (or micro-
sites), with pore dimensions ranging from 
Amstrongs (Å) to nanometres (nm); plas-
mic microsystems, with pore dimensions of 
microns (mm); and fissure system, the di-
mensions of pores are from mm to mm or 
wider.
In contact microsystems many of the H2O 
molecules are not stable and water occurs 
as OH- ions attached to the hydroxylated 
minerals, such as serpentine, chloritised 
biotite, etc, in which crystal structure has 
been distorted. This water is not removed as 
long as the conditions of the microsystem 
remain unchanged. As weathering progresses, 
minerals dissolve and/or evolve to form clays 
which give rise to the plasmic microsystem, 
with high specific surface values (e.g. smectites 
> 200 m2/gr). Although water molecules are 
stable, they adhere tightly to the pore walls and 
display little or no motion, that is the “activity 
of water” (aw)0. Under these conditions 
diffusion is the main mechanism of weathering 
(BRADY, 1990; PÉDRO, 1993; MEUNIER 
et al., 2007) leading to the development of 
particular microenvironments and features 
(e.g. nodules, pseudo-gley traits, etc). 
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When the pore diameter is wider than ca. 
1-3 mm, flow becomes important, and drain-
age plays a role. Good drainage favours the 
release and leaching of solutes from the sys-
tem, while poor drainage leads to stagnant 
conditions (e.g. generation of evaporites 
and/or gley traits).  

pF concept

Once in a pore, water is subject to three 
main forces: force of gravity, force of osmo-
sis, and force of retention by the pore walls. 
Retention force is the sum of adhesion and 
capillary forces. In order to quantify the 
force necessary to separate water and the 
mineral phases, scientists use the pF, a con-

cept similar to that of pH: pF= - log10 of the 
retention force. The negative symbol means 
a suction pressure: the drier a sample, the 
higher its pF. But two different samples with 
similar pF values can, however, have differ-
ent water content depending on their texture 
and structure; for a fixed pF, a finely tex-
tured rock retains more water than a coarse 
textured one.

There is a relationship among pore di-
ameter, pF values, water activity (aw) and 
the main mechanisms of hydroxylation, dif-
fusion and leaching. In practice, pF can be 
used to distinguish different types of pore 
waters: non-available capillary water, availa-
ble capillary water and free water (figure 1).

Fig. 1. Relationship among the pF values, water activity (aw), pore diameter, mechanisms of weathering, and 
the “types” of water in a pore.
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MinERAl REPlACEMEnt: soME 
EXAMPlEs

One of the main processes of weathering 
occurring at, or close to, the earth surface 
is the replacement of the parent minerals 
of a rock by new minerals having a differ-
ent structure and/or composition. When it is 
conservative in volume it is called an isovol-
ume epigenetic replacement. This process is 
the sum of many different mechanisms giv-
ing rise to products of economic and/or sci-
entific interest such as ferricretes, bauxites, 
silcretes, etc. Here, some of these processes 
are analysed. 

Replacement of silicate by Ca/Mg carbonate 

This process takes place under semiarid to 
subhumid climates (rainfall ca. 300-600 mm/
m2) with a marked dry season and a source 
of carbonates. The result is the development 
of a calcrete (caliche, croute calcaire) profile 
regardless of the substratum. We present a 
calcrete profile on a silicate substratum (e.g. 
slates), a common situation in the western 
part of the Iberian Peninsula (figure 2). In 
these profiles, which can reach more than 2 
m deep, it is possible to distinguish four levels 
or horizons from bottom to the top (figure 3): 
the parent rock (A), massive facies (B), lami-
nated facies (C) and soil (D).

Fig. 2. Calcrete developed on Palaeozoic slates close to the village of Urda (Toledo). Calcrete is dissolved 
upwards by the soil processes and generated downwards by replacement.
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In profiles of this type developed on 
siliceous basement, RUELLAN (1971) and 
MILLOT et al. (1977) pointed out that care-
ful study of the profile (e.g. by hand lens) 
allowed the lower part (B level in figure 3, 
I), where carbonate and parent minerals are 
separated by newly generated clays, to be 
distinguished from an upper level (C level in 
figure 3, I) where carbonate and the relics of 
the parent minerals are in contact. Further-
more, corroded quartz grains and zones of 
precipitated silica (chert, silex) occur in close 
proximity; which is a geochemical contradic-
tion. Also, higher in the profile, carbonates 
fill grooves within the corroded silicates and 
quartz, because most silicates are less solu-
ble than Ca/Mg carbonates.  

According to WANG et al. (1993,1994) 
the presence of Al and Mg ions play an im-
portant role in these processes, as they prefer-
entially bond with silica to develop precursors 
of the clay minerals (e.g. palygorskite, smec-

tites, sepiolite). If the (Al2O3+MgO)/SiO2 ra-
tio in the solution is clearly <1 it is possible to 
find precipitated silica in the profile together 
with e. g. palygorskite; if the ratio is >1 there 
will no free silica to precipitate.

During the wet season solutions dissolve 
silica mainly from silicates in the slates, and 
to a lesser extent (<10 ppm) from quartz (cor-
rosion), to give rise to new clays. These clays 
will not be well crystallised, and are easily dis-
solved. During the dry season both new clays 
and carbonate will crystallise and a set of 
reactive fronts appear in the pores (microsys-
tem) (figure 3, II). In the lower part of the 
profile, genesis of the new clays is dominant at 
the expense of parent minerals. By contrast, 
in the laminated crust in the upper part of the 
profile, carbonate replaces clays (figure 4). At 
the top of the profile, soil forming processes 
dissolve the crust and all the systems move 
down, extending the weathered mantle at the 
expense of bedrock.

Fig. 3. I. Sketch of a profile 
of calcrete on siliceous base-
ment: A, is the parent rock. 
B, massive facies of the 
calcrete. C, laminated facies 
of the calcrete; its upper 
limit shows dissolutions and/
or pisolithic structures while 
its lower limit is progressive 
to B. D, soil. 
II. Sketch of a microsite 
within the massive facies of 
the calcrete showing its reac-
tive fronts.
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Replacement of quartz by oxyhydroxides 

The replacement of silicates by oxyhy-
droxides is a common weathering process, 
leading to the micro accumulations (e.g. mi-
cronodules) to the development of ferricretes 
and lateritic soils. It has been studied by many 
authors (e.g. Nahon, 1976, 1991; Tardy and 
Nahon, 1985; Tardy, 1993). As a result, the 
role of porosity has been carefully analysed. 
In the Iberian Peninsula this process is appar-
ent in many landscapes but here the weather-
ing rind developed on the quartzitic pebbles 
and gravels of the Rañas cover is discussed. 

Rañas are dissected piedmont alluvial fan 
deposits no more than 10-15 m thick, and 
common in the old Hercynian relief of the 
western half of the Iberian Peninsula (figure 
5). They consist of pebbles and gravels, main-
ly of quartzite and some quartz, embedded 
in a clayey “matrix” with yellowish to reddish 
hues. The Rañas cover pediment platforms 
which stand ca. 150 m above the current river 
system. Their ages range from the Upper Ne-
ogene to the earliest Pleistocene. 

The weathering processes affecting 
these sediments have been widely studied 
(ESPEJO, 1978, 1987; GALLARDO et 
al., 1987; MARTÍN SERRANO, 1988; 
MATÍNEZ LOPE et al., 1995; MOLINA 
BALLESTEROS and CANTANO MARTÍN, 
2002). A typical profile of the Rañas has two 
parts (figure 6): the Hercynian basement 
below and the sedimentary cover above, the 
contact being sharp but irregular. Whatever 
the parent rock, the basement is consistently 
weathered to a depth of several metres 
beneath the cover. It is important to point 
out that this weathering process affects both 
the basement and the cover (VICENTE et 
al., 1997; CLAUSELL et al., 2001), and the 
weathering mantle attains a thickness of 30 
m in some localities.

The weathered basement shows a pro-
gressive upwards reduction in mineral com-
position: on granite parent rock there is a 
reduction in feldspar content (mainly plagi-
oclase) and inherited micas, an increase in 
vermiculites and smectites, and a release of 
oxy-hydroxides; on slates, there is a reduc-

Fig. 4. Microphotograph 
(2 nicols) of a thin section 
from a calcrete. Remnants 
of feldspar (F) are wrapped 
by crystals of calcite (C). 
Voids (V) can occur between 
minerals.
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Fig. 6. Sketch of a Raña profile. 
Mineralogy: A= quartz + hema-
tites + goethite + micas + kaolinite; 
B= quartz + micas + kaolinite; C= 
quartz + hematites + goethite + 
kaolinite; D= quartz + hematites + 
kaolinite; E= quartz + hematites.

Fig. 5. Typical Raña landscape during the wet season, when saturated profiles and pools of stagnant water 
are frequent. The Montes de Toledo appear in the distance. 
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tion of chlorite and feldspar, the illite-mica 
content is constant, interstratified micas in-
crease, and oxyhydroxides are released from 
the parent minerals.

Referring to the Raña cover, the main 
trait is the progressive transformation of the 
slate fragments once deposited, into the cur-
rent clayey “matrix”. Therefore, instead of a 
matrix in a sedimentary sense, it would bet-
ter be named as weathering “plasma” in the 
sense of NAHON (1991) as it has been gen-
erated in situ by weathering. Its clay fraction 
is rich in smectites, illite-micas and kaolinite 
with a variable content in Fe oxyhydroxides, 
depending on the hydromorphic conditions. 
While kaolinites are dominant upwards, illite-
micas, smectites and remnants of some chlo-
rites are present downwards in the profile.

Once generated, this clayey material is 
redistributed within both the profile and the 
landscape by progressive vertical and lateral 
leaching. This movement of matter within 
the sediment and through the landscape has 
led to the current morphology of the Rañas 
surfaces: open and flat surfaces slightly con-
cave upwards.

According to MOLINA BALLES-
TEROS and CANTANO MARTIN (2002), 
three main types of pebbles and gravels can 
be distinguished, depending on their posi-
tion within the profile and on the degree of 
weathering (figure 6): 

type I, with a pink interior (A) and some •	
bleached and more or less friable external 
zones (C),
type II, with a pink core (A), a bleached •	
zone (C) and an intervening ochre and 
friable zone (B),
type III, is restricted to all the Rañas sur-•	
faces and related to the soil in which there 
is an abrupt reduction in the clayey plas-
ma content, and the cores of the pebbles 

and gravels are red (D) with an external 
dark rind (E).

Types I and II were, and are being, 
weathered in situ under more or less wet 
conditions. Quartzites release quartz grains 
and other components (mainly some micas 
and oxyhydroxides) to the clayey plasma 
where the microsystems play their role. This 
is shown by the changes in hue in both the 
plasma and the pebble: dark red hues of the 
cortex or rind are rich in goethite and hema-
tites, ochre hues are rich in goethite while 
the white hues have lost both minerals.

Normally, size of pebbles and gravels 
of type III (figure 7, I) are smaller than the 
other two types, its dark cortex being ca. 
3-10mm thick. In this cortex, quartz grains 
are replaced and/or corroded by hematite 
(figure 7, II). Type III occur where old and 
flat topographic surfaces have undergone 
alternating swampy and dry periods that 
promote the xerolysis process (CHAUVEL 
and PÉDRO, 1978; CHAUSSIDON and 
PÉDRO, 1979) over a very long period 
(probably more than 2 Ma.). 

silcretes 

According to THIRY (1993, 1999) on an 
emerged land surface silica can be concen-
trated in three main landscape environments: 
soil, groundwater, and evaporitic sites. The 
pedogenic processes destroy the original 
bedrock structures, which are, however, pre-
served in silcretes developed in groundwater 
silcretes. The morphology of silcretes asso-
ciated with evaporites varies according to 
the chemical changes that occur.

In the western limits of the Tertiary 
Duero and Tajo basins, western Spain, it is 
common to find remnants of a siderolithic 
sedimentary cover overlying the Hercynian 
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basement, the latter weathered to a depth of 
tens of metres (figure 8). The thickness of 
the cover increases eastwards and is formed 
by a set of gravel, sand and mud beds with 
interbedded palaeosols in which pedological 
features such as cutans, burrows and redis-
tributed oxyhydroxides are common. Dur-
ing an Early Tertiary tectonic event, both 
basement and cover were tilted down to the 
east, leading to their progressively deeper 
burial beneath the younger Tertiary basin 
fill (SAAVEDRA and SANCHEZ CAMA-
ZANO, 1981; MADRUGA REAL, 1991, 
MAS et al., 1989; RODAS et al., 1990). A 
sketch of the profiles developed on the Her-
cynian basement is shown in Figure 9. 

Silicification has affected both the up-
per part of the siderolithic cover and, where 
the cover is < ca. 10-12m thick, the pre-
served basement. According to GARCÍA 
TALEGóN (1995) and MOLINA BALL-
ESTEROS et al. (1997a, 1997b), the silicifi-
cation represents an alteration of the parent 
minerals that occurred under acid conditions 
and which led to: i) a relative concentration 
of resistant minerals (mainly quartz) and sil-
ica as CT opal, ii) the release of most other 
components, including Al and Fe, from the 
parent minerals, and iii) the local precipita-
tion of acid sulphates of the alunites group 
in fractures and fissures. Phyllosilicates of 
the kaolinite group with the CT opal and 

Fig. 7. I. Gravels and pebbles from the surface of the Raña of Navahermosa, Toledo province. In some of 
them is possible to distinguish the dark rind of weathering. 
II. Microphotograph (1 nicol) of thin section showing the relationships between quartz grains (Q) and Fe 
oxyhydroxides (Ox) in the dark rind of a pebble of quartzite.



CAD. LAB. XEOL. LAXE 35 (2010)156  Molina Ballesteros Molina Ballesteros et al.

quartz are the dominant minerals upward in 
profiles (GARCIA TALEGON et al., 1994). 
Age determination by the K-Ar method 
showed that the alunites have been formed 
ca. 58-67 Ma. (BLANCO et al., 1982).  

The acid conditions were caused mainly 
by unbalanced SO4

2- radicals in solution 
which gave rise to the failure of the crystalline 
structures of many silicates, but which tend to 
preserve others. But a question remains: what 
was the origin of the sulphur that acidified 
the upper levels of the siderolithic cover and 
the weathered basement? The first isotopic 
data obtained from 7 samples of alunites were 
between 15 and 18 d34SCDT (MOLINA BAL-
LESTEROS et al., 1997a). They confirm the 
evaporite origin of these minerals.

disCussion And ConClusions

In the three examples presented here, the 
replacement of parent minerals has been the 
main process. In the calcrete profiles and the 
ferruginous cortex of the Rañas pebbles, 
weathering involved new contributions of dif-
ferent composition to that of the parent ma-
terial. In silcrete profiles, weathering involves 
the release of some components leading to a 
relative concentration of resistant minerals 
and silica.

One of the main factors controlling the 
replacement of silicates and quartz by Ca 
and/or Mg carbonates is the size of the space 
where the process is taking place. According 
to PÉDRO and DELMAS (1980), MEU-
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Fig. 8. View of the “Arapil Chico” (the little Arapil) in the zone where one of the main battles against  
Napoleon (Battle of Salamanca) took place in 1812. At the base of the profile weathered slates (WS) out-
crop; at the top, the siderolithic cover is well silicified (SS). Opal dissolution results in breaches and small 
caves developed in the caprock that forms the bluff  high on the slope.

Fig. 9. Sketch of a profile of the siderolithic cover outcropping on the western border of the Duero Basin. A, 
Hercynian weathered rocks; B, non silicified sedimentary cover; C, silicified sedimentary cover showing some 
fissures filled by CT opal and solutional effects near and at the surface.

Fig. 8 Fig. 9



CAD. LAB. XEOL. LAXE 35 (2010) Role of porosity in rock weathering processes  157

NIER (1983), NAHON and BOCQUIER 
(1983), WANG et al. (1994), among many 
others, in the contact between silicate and 
quartz with carbonate, a microsystem of 
some nanometres wide is developed. In this 
space, diffusion is the mechanism of weath-
ering: the silicate and quartz front retreats 
while the carbonate front advances (figure 
3). In between, neoformed minerals (mainly 
clays) can develop. In this narrow space, the 
main variables are: i) the nature and size of 
the crystals generated and dissolved, ii) con-
centration of solutions, and iii) pressures (hy-
drostatic and crystallization) (DEWERS and 
ORTOLEVA, 1990; RIVAS BREA, 1997). 

MALIVA and SIEVER (1988) suggest 
that one factor controlling the replacement 
of calcite by quartz or vice-versa is the rate 
of pressure change due to crystallization. 
Crystal pressures of calcite/quartz depend on 
their molar volumes (quartz ≈ 22cc/mol; cal-
cite ≈ 38cc/mol). According to these authors 
a high concentration in carbonate is needed 
to replace quartz, and vice-versa, a low con-
centration in silica can replace the calcite.   
In the presence of both Ca and Mg, dolomite 
tends to crystallise in small pores and/or under 
pressure conditions, while calcite develops 
in wide and/or low pressure conditions, but 
all degrees of transition can occur (VARAS 
MURIEL and MOLINA BALLESTEROS, 
2004). This observation may be explained by the 
molar volume of dolomite (≈28cc/mol), which is 
smaller than that of calcite.

The replacement of pebbles and grav-
els of quartzite by Fe oxyhydroxides which 
takes place at the top of the Rañas profiles, 
is a consequences of xerolysis, a weathering 
process characterised by: (i) the dissolution 
of many of the primary minerals, mainly 
clays, (ii) the progressive enrichment in oxy-
hydroxides, and (iii) the development of an 

upper horizon, poor in clays and rich in sand 
and in black-red pebbles, the rest of the pro-
file being rich in the clay fraction. Xerolysis 
takes place in acidic conditions with poor 
vertical and lateral drainage, long periods 
of drought and warm intervals interspersed 
with periods of flooding.  

At the top of the Raña profile xerolysis 
proceeds in stages: During the wet season, 
pores of the pebbles are saturated by the so-
lutions. At the beginning of the dry season a 
“dry front” subsides through the profile, not 
reaching more than 0.5-0.6 m in depth. By 
the end of the dry season (September-Octo-
ber), the surface of the profile can reach ca. 
pF~5 leading to the destruction of most of 
the clay minerals, and of some water mol-
ecules in the pores: the remaining solution is 
concentrated on the walls of the finest pores 
until totally evaporated.

In these acid environments, some of the 
solutes are Fe oxyhydroxides which can react 
with the surfaces of the pebbles and gravels 
of quartz and quartzite. According to MOR-
RIS and FLETCHER (1987) and ABREU 
and ROBERT (1987) under wet-dry condi-
tions with alternating redox potential, these 
oxyhydroxides react with the surface of the 
quartz grains giving rise to a silica-Fe com-
plex some nm thick. This coating progresses 
or retreats depending on the conditions of 
the microsystem (mainly of the pH) where 
the process is taking place. The main mecha-
nism working is diffusion. 

Here the degree of dryness is important. In 
the very fine pores, or under very low water con-
tent, water activity is very low (wa <<1) lead-
ing to the formation of the less hydrated forms 
of the Fe oxyhydroxides (TARDY and NA-
HON, 1985); that is hematites or maghemite 
rather than goethite. So, in the Rañas pebbles 
and gravels, the dark cortex is rich in hematites 
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while goethite and amorphous phases appear 
mainly in the cores (figure 7). 

In 1964 MILLOT explained that the dif-
ferent phases of silica depended on the con-
ditions under which the tetrahedral of Si-O 
and Si-OH are polymerised. As a general 
rule, amorphous phases are more soluble 
than crystalline phases but, once in solution, 
the main factors controlling the precipita-
tion of silica are pH, concentration, pollut-
ant products (mainly ions and clays) and 
time. So: (i) acidity and salts (e.g. sulphates, 
nitrates and chlorines) lead to precipita-
tion (MARSHALL and WARAKOMSKY, 
1980); (ii) ions of Al and Mg reduce silica 
concentration because they take silica to 
generate clays; and (iii) an increase in silica 
concentration leads to poor crystallisation.

The other way to concentrate silica is to 
remove the rest of the components of the 
parent material, this being the process by 
which many silcretes have been developed 
(RAYOT, 1994).

Most surface and ground waters have 
silica concentrations of ca. 10-30 ppm, so 
they are saturated with respect to quartz 
but not in comparison with the amorphous 
phases (ca. 100-130 ppm). In this instance, 
the more-or-less acid processes of weather-
ing gave rise to unstable and easily dissolved 
minerals which then released significant 
amounts of silica. This silica flowed through 
the pores and fissures of the siderolithic cov-
er and of the upper part of the weathered 
basement generating new clays (e.g. newly 
formed kaolinites) or precipitating on pore 

Fig. 10. I. SEM photograph of CT opal lepispheres formed by fine micro blades of silica. Scale is 5 mm.
II. Microphotograph (1 nicol) of a thin section from the silicified siderolithic cover in which an old void is 
filled by different phases of silica: Q, quartz grains; O, isotropic opal; CT, lepispheric opal; mq, neoformed 
micro-quartz.
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walls and giving rise to different phases. 
Under phreatic conditions (beneath or at 

the water table, where pF≤3) silica can give 
rise to a thin and homogeneous peel or car-
pet of small crystals on pore walls, or may 
completely fill the pore spaces. Different 
phases (small opal blades, fibrous phases, 
micro-quartz, etc.) will be present depend-
ing on the concentration, impurities and 
time (figure 10). High silica concentrations 
leads to amorphous phases (opal A), while 
low concentration and no impurities leads to 
pure quartz. With time, these phases evolve 
in the sense: A opal  CT opal  fibrous 
phases  micro-quartz quartz. 

Under vadose conditions, above the wa-
ter table (pF >3), silica tends to precipitate 
in the meniscus and in the finest pores. In 
these zones, the water activity is clearly aw<1, 
so they are attractive zones for the solutions 
(TARDY and MONNIN, 1983) leading to 
an inhomogeneous distribution of the pre-
cipitated silica. 

In the profiles studied all phases of silica 
occur but the CT opal phase coating the 

pore walls is prevalent (figure 10, I). Fibrous 
and micro-quartz phases are present in-fill-
ing pores (figure 10, II) but they appear to be 
the result of a later process. All data indicate 
that once deposited, the sedimentary cover 
has experienced phreatic conditions where 
silica moved in solutions and precipitated 
upwards close to or/at the old surface where 
acid conditions prevailed. At present, disso-
lution appears to be the main process.
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Abstract
John Russell Bartlett made hundreds of drawings of the American Southwest during the period 
1850-1852. Many of these drawings, some quite detailed, are of a geological and geomorphological 
nature, and they are among the earliest images of the sites they represent. In many cases, Bartlett’s 
drawings and descriptions can be used to assess environmental change in the past 160 years or so. 
Given his limited knowledge of geology and the period in which he operated, his interpretations and 
insights have proved to be reasonably accurate.
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In June 1850, John Russell Bartlett (1805-
1886) was appointed United States Commis-
sioner on the field survey that helped establish 
the international boundary between Mexico 
and the United States. Bartlett’s background 
was in mercantile and banking, and for the 
period 1836-1849, he was a book dealer in 
New York City, selling volumes he had large-
ly imported from Europe, especially England. 
Because he offered relatively rare and fine 
books, his shop was patronised by well estab-
lished professionals from among the ranks of 
science, literature, medicine, exploration, and 
politics. There is anecdotal evidence that one 
of his bookstore customers was Washington 
Irving, one-time U.S. Minister to Spain and 
author of Tales of the Alhambra (1832). It 
was also in this period that Bartlett became 
very active in the New-York Historical Soci-
ety, and with the esteemed Albert Gallatin, he 
co-founded the American Ethnological Soci-
ety in 1842. He also held literary soirees in the 
parlor of his house, meetings that were well 
attended by men of prominence, including 
the poet, Edgar Allen Poe, and foreign dig-
nitaries such as Guillaume T.L. Poussin, the 
French Minister to the United States (MU-
ELLER, 2006).

Bartlett’s first task as commissioner was 
to appoint his key civilian personnel. He 
chose as his commission secretary Dr. Tho-
mas Hopkins Webb, a Boston newspaper-
man and publisher. Bartlett and Webb had 
previously been close associates in Bartlett’s 
hometown of Providence, Rhode Island, 
where the two men belonged to the Provi-
dence Franklin Society beginning in the late 
1820s, and where Bartlett and Webb, along 
with Dr. Frederick A. Farley, co-founded the 
Providence Athenaeum in 1831. Although 
Bartlett had no formal university training, 
Webb possessed an undergraduate degree 

from Brown University and a medical de-
gree from Harvard. In addition to his duties 
as secretary on Bartlett’s commission, Webb 
also served as mineralogist, as there was no 
geologist assigned to the survey. Much of 
what Bartlett would eventually write about 
the geology of the southwestern United 
States was likely derived from Webb’s as well 
as his own interpretations.

Bartlett’s tenure on the Boundary Com-
mission lasted thirty-three months, until 
incoming U.S. President, Franklin Pierce, 
terminated Bartlett’s appointment in March 
of 1853. Shortly thereafter, Bartlett began 
work on a two-volume book that recorded 
his travels and observations of the American 
Southwest—Personal Narrative of Explora-
tions and Incidents in Texas, New Mexico, 
California, Sonora, and Chihuahua—pub-
lished in two volumes by D. Appleton & 
Company, 1854. Included in this classic 
are a great number of illustrations that are 
based on field sketches made by Bartlett and 
his associates (MUELLER, 2000). Many of 
these drawings are the first graphic record 
of the areas they depict. Thus they serve 
as a baseline against which environmental 
change in the landscape during the past 160 
years or so can be assessed.

It is likely that Bartlett and Webb were 
at least familiar with certain aspects of the 
geology and topography of the American 
Southwest before they visited the region. In 
particular, they would have had available 
the recent book of William H. Emory, who 
crossed the Southwest in the 1840s as part of 
a U.S. military expedition to California dur-
ing the Mexican-American War (EMORY, 
1848). What follows is a discussion of some 
of the landforms that Bartlett encountered 
and described during his travels between West 
Texas and northern California (figure 1). The 
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drawings that accompany the discussion were 
all made by Bartlett; many of the blemishes 
and other imperfections on the originals have 
been removed prior to publication.

tEXAs

The Boundary Commission left San An-
tonio in two large groups, each destined for 
El Paso in far West Texas. Bartlett’s group, 
the northern contingency, left San Anto-
nio on 10 October 1850, and soon thereaf-
ter, his wagon train ascended the slopes of 
the Texas Hill Country, reaching the broad 
and fairly level upland that is known today 
as the Edwards Plateau. This plateau is a 
true tableland, dissected by few streams, 
and capped by the Lower Cretaceous Fre-

dericksburg Group, of which the resistant 
Edwards Limestone is both extensive and 
thick. In one instance, the wagon train ap-
pears to have followed the contours and 
rock benches of a conical hill in order to as-
cend from a lower level in the landscape to 
a higher one. Bartlett clearly recognised that 
the benches were the result of relative rock 
resistance and differential erosion: “These 
terraces [sic] are formed by layers or strata 
of limestone, which jut out from the sides of 
the hills, the rains having washed away the 
soil” (BARTLETT 1854, vol. 1, p. 57).

A few hundred kilometres further 
brought Bartlett to the vicinity of modern-
day San Angelo, Texas, where he crossed 
the south fork of the Concho River, then 
followed the west fork of the same river to 

Fig. 1. Location map. The numbers refer to the sites of figures reproduced in the text.
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its source. Thereafter, he traversed semi-arid 
and arid country in which water supplies 
were both meager and unreliable, eventually 
reaching a canyon, the historically important 
Castle Gap, which separates two large mesas 
capped by limestone. The mesas, part of the 
vast oil country of West Texas, are Castle 
Mountain and King Mountain, prominent 
landmarks that rise some 125-130 metres 
above the surrounding landscape. In addi-
tion to Bartlett’s wagon train, Castle Gap at 
one time was an important thoroughfare for 
Native Americans, cattle drives, stagecoach 
lines, military expeditions, and immigrant 
wagon trains destined for California during 

the Gold Rush. It has long been rumored 
that the jewels of Maximilian and the treas-
ures of Spanish explorers are buried within 
Castle Gap, but none have ever been found 
(DEAREN, 1988).

Bartlett exited Castle Gap and rode 
another 20 kilometres west to Horsehead 
Crossing on the Pecos River, a major tribu-
tary to the Rio Grande (figures 2a & 2b). 
In its natural state, the Pecos River, whose 
source is in northeastern New Mexico, had 
a highly variable discharge, its water supply 
dependent upon spring snow melt from the 
southern Rocky Mountains, summer thun-
derstorm runoff, and numerous springs. At 

Fig. 2. (a) Crossing the Pecos, a sepia and wash by J.R. Bartlett, 30 October 1850, drawing no. 64 in the 
Bartlett Collection. The view is to the southwest at Horsehead Crossing, so-named for the large number of 
skulls from the horses and mules that perished along the banks of the river. This was the first of many dif-
ficult river crossings that Bartlett encountered during his travels in the American Southwest.
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the time of his visit on 29-31 October 1850, 
Bartlett reported that the river had an aver-
age width of approximately 20-30 metres 
and a depth of some 1.22 metres. He also 
has an entry in his field journal where he 
estimates the velocity at 0.61–0.91 m/sec, 
but afterwards, he made a notation that in-
dicates he revised these figures upwardly to 
0.91–1.22 m/sec (BARTLETT, 1850-1853). 
In addition, the channel was incised nearly 
four metres below the surrounding land-
scape; the treeless banks of the river, com-
prised of Quaternary alluvium, were nearly 
vertical; there was a small terrace 1–2 me-
tres above the level of the river, mostly on 

the opposite (west) side of the stream; and 
floodplains were absent, giving the river the 
overall appearance of a canal.

Bartlett’s drawing of Horsehead Cross-
ing (figure 2a) depicts the difficulties his 
wagon train experienced as it forded the 
treacherous Pecos: “When we had reached 
about two thirds the distance across, or some 
thirty feet [9.14 metres] from the opposite 
bank, the mules either lost their footing, or 
were swept by the current into deeper water. 
. . . The teamster . . . endeavored in vain to 
bring them to their places with their heads 
towards the shore. The frightened creatures 
. . . in struggling to extricate themselves . . . 

Fig. 2. (b) Looking south (downstream) at Horsehead Crossing on the Pecos River, 19 km NNW of Girvin, 
Texas. In the distance, and extending into the channel from the terrace on the right, is a triangular wedge of 
young sediment that constricts the width of the channel. The light-colored area in the far right background 
is the notch in the upland where westward-bound wagons ascended the upper valley wall.
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extended their alarm to the other mules. . . 
. Just at this moment the last wagon, which 
had been behind, attempted to pass us, the 
driver thinking the other mules would fol-
low his team; but in the attempt, the current 
swept his wagon, which was half  buried in 
the water, against ours . . . and led to greater 
confusion and alarm” (BARTLETT, 1854, 
vol. 1, p. 97-98).

Bartlett and his wagons and animals were 
rescued by others in his party who earlier in 
the day had already crossed to the west bank 
of the river. Although no one crosses the Pe-
cos at this site today, the conditions there re-
main no less dangerous, as the bottom mate-
rial consists of unconsolidated clays, silt, and 
organic material. In 2006, a metal rod, 2.29 
cm in diameter, was inserted by hand into the 
bed of the channel; the rod penetrated 60 cm 
without reaching a firm stratum.

The modern Pecos River at Horsehead 
Crossing is a mere vestige of its former self, 
its size and discharge having been greatly al-
tered following the construction of upstream 
dams and water diversion schemes during 
the twentieth century. Based on Bartlett’s 
description of the geometry of the river in 
1850 and on recent measurements made 
in the field, it appears that during periods 
of ‘normal’ flow the river has lost a mini-
mum of 78% of its discharge. As a result, 
this reach of the Pecos River is considerably 
shallower, narrower, and slower than the 
one Bartlett crossed in 1850. At times, the 
velocity is diminished to the point where the 
somewhat brackish water stands in nearly 
stagnant pools.

In the vicinity of the point where the 
wagon trains ascended the west bank of the 
Pecos, considerable erosion has occurred, 
producing a large plume of sediment that 
extends into the river and constricts the 

channel. Some of this disturbance is un-
doubtedly the result of more recent human 
activity, including vehicular traffic. Also 
quite well preserved in the landscape is the 
notch in the upland that Bartlett’s men cut 
in order to allow the wagons to reach that 
level from the terrace. Lastly, the saline 
soils in the vicinity of Horsehead Crossing 
were probably responsible for the absence 
of shrubs and trees along the Pecos River. 
That aspect of the river is largely true today, 
although a few salt-cedar (tamarisk) shrubs 
have invaded the area.

From Horsehead Crossing, Bartlett fol-
lowed the Pecos River northward for 200 
kilometres until he intersected Delaware 
Creek, a small perennial stream that he fol-
lowed in a westerly direction towards the 
base of the Guadalupe Mountains. This 
historically popular route was followed by 
many wagon trains because of the avail-
ability of water, not only from the creek, 
but also from groups of frequently flowing 
springs that are located in close proximity 
to Delaware Creek and its tributaries. The 
Guadalupe Mountains culminate in their 
southwestern extent at Guadalupe Peak 
(2667 m), the highest point in Texas; nearby 
is the bold face of El Capitan, a Permian 
limestone reef that overlooks the valley of 
Salt Flat Graben at the eastern margin of 
the Rio Grande Rift (PRAY, 1988). Bartlett 
descended the foothills of the Guadalupes, 
crossed Salt Flat, traversed Otero Mesa, 
and passed through the Hueco Tanks area, 
reaching El Paso on 13 November 1850.

Bartlett and ten others returned to Hueco 
Tanks on 28 March 1851 to inspect further 
the peculiar rock assemblages and the great 
number of Indian drawings he had seen here 
briefly the previous November (figures 3a & 
3b). The rocks at the Tanks, a monzonite-
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syenite complex of Oligocene age (35 Ma), 
were intruded into a thick sequence of rela-
tively flat-lying Upper Palaeozoic limestone 
dominated by units of the Magdalena and 
Hueco groups. These intrusions, as well as a 
large number of similar forms in the nearby 
Hueco Mountains, have been described as 
“laccolith-like” by WISE (1977). Extensive 
erosion of the overlying limestone at Hueco 
Tanks has exposed three large hills of igneous 
rock that rise 65-125 metres above the sur-
rounding pediment: one hill is dominated by 
broad, arcuate sheet structures, presenting an 
overall smooth appearance; another hill is a 
combination of sheets and boulders; and the 
third hill is comprised of boulders that are 
developed by preferential weathering along 
orthogonal fracture systems. Bartlett was rea-
sonably accurate when he identified the rocks 
at Hueco Tanks as granite, although he seems 
to suggest that the igneous rocks were already 
exposed at the surface by the time the local 
mountains were uplifted. In all likelihood, 
he believed that the igneous rocks had been 
thrust upwardly on to the surface as part of 
some great cataclysmic event.

The ‘huecos’ at Hueco Tanks are natural 
rock basins, some quite large, that are weath-
ered out of the igneous rocks. These basins 
have relatively high width/depth ratios, and 
for long periods of time, they hold water, a 
welcome relief  to the many Native Americans 
and wagon trains that passed through this 
arid region. Beneath a major rock overhang 
on the north hill, within the recesses of two 
adjacent sheets of porphyritic monzonite, is 
an even more permanent source of water—a 
narrow but deep rock basin comparable to 
the gnammas, in particular the pit type, of 
the Australian literature (TWIDALE and 
CORBIN, 1963). While camped near this 
overhang, Bartlett copied a large number 

of pictographs to his sketchbook, including 
a sketch of a geometric design that he took 
while lying on his back between two sheets 
of monzonite that are spaced less than one 
metre apart.

Given that some of the rock art at Hueco 
Tanks was subsequently stolen or vandal-
ised, Bartlett’s record of these images is all 
the more important to archaeologists and 
historians. He also suggested that some of 
the rock art must be of great age, as it is 
covered in part by younger drawings. Some 
of the oldest and simplest designs at Hueco 
Tanks have been identified as belonging to 
the ‘Desert Archaic Culture’ from the period 
prior to the Common Era. The great major-
ity of the images, more than 2000 picto-
graphs, are assigned to the Jornada Mogol-
lon Culture that dates from the beginning 
of the Common Era to approximately 1500 
C.E. During the period following 1500 C.E. 
numerous images were added by the Apach-
es, with some contributions likely from the 
Comanches and Kiowas. Recent chemical 
tests on the carbon in the pigments suggest 
that some of the Jornada Mogollon draw-
ings are centuries older than previously as-
sumed (HYMAN et al., 1999).

While at Hueco Tanks, Bartlett walked 
more than three kilometres northeast to 
another assemblage of sculptured rocks, a 
site he believed might have been the ruins 
of an edifice of possible archaeological in-
terest. These rocks, known today as Castle 
Rocks, are of the same composition and 
age as those at Hueco Tanks, but instead 
of forming convex-upward hills, they rise in 
spectacular fashion as tall, slender columns 
above the surrounding desert floor. “There 
were three groups of these singular rocks, 
a few rods apart, entirely disconnected, yet 
of the same general character. Their sides 
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Fig. 3. 
(a) Pass in Hueco Mountains, a pencil sketch by J.R. Bartlett, 29 March 1850, drawing no. 145 in the Bartlett 
Collection. Portions of the three major hills at Hueco Tanks are shown. The hills and the platform between 
them are comprised of intrusive igneous rocks.
(b) Looking west through the pass at Hueco Tanks, 45 km ENE of El Paso, Texas. The rock overhang on the 
right provided shelter and water for the passing wagon trains. The former wagon road through the pass is 
now a moderately deep gully.

(a)

(b)
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were perpendicular, like walls; their height 
about sixty feet [18.29 metres] . . . But the 
most singular feature about them was, that 
many portions of their exterior surface were 
as smooth and as highly polished as though 
they had been submitted to some artificial 
process. It was probably the effect of expo-
sure for ages to the weather” (BARTLETT, 
1854, vol. 1, p. 175).

Bartlett was in part deceived by the ap-
pearance of these rocks, for he mistakenly 
believed that the shiny surfaces, coated with 
desert varnish, would therefore have to be 
smooth and polished, whereas the exteriors 
of these coarse-grained igneous rocks are 
actually quite rough and abrasive. However, 
his suggestion that the varnished surfaces 
were somehow related to weathering proc-
esses was especially insightful.

nEw MEXiCo

In September 1852, Bartlett visited Fort 
Fillmore, an army installation a few miles 
south of Las Cruces, New Mexico, on the 
east bank of the Rio Grande. From there, 
Bartlett and several others travelled some 
25 kilometres east to explore the western 
face of the Organ Mountains. The Organs, 
a prominent range within the geologically 
young Rio Grande Rift, are part of a N-S 
oriented horst block that has been rotated to 
the west. Although Bartlett intended to visit 
a silver mine owned by Hugh Stevenson of 
El Paso, he stopped eight kilometres south 
of the mine to examine the great variety of 
rocks and landforms found in the vicinity of 
Fillmore Canyon, a major reentrant with an 
intermittent stream (figures 4a & 4b; MU-
ELLER and MUELLER, 1998):

“I then took my rifle, and walked a cou-
ple of miles through it and the deep gorg-

es which indent the ridge. In this ramble I 
passed a beautiful little stream, which, rising 
far within the defile, wound its way along 
through many intricacies, where it had worn 
for itself  a deep bed, until it tumbled over 
the rocks in a single fall of some fifty feet 
[15.24 metres]. Although the quantity of 
water was small, the fall was exceedingly 
picturesque . . . From the place where we 
halted and lunched, I took a sketch of these 
mountains and of the defile through which I 
had passed. A small stream flowed near us, 
marked by a line of fine large oaks” (BAR-
TLETT, 1854, vol. 2, p. 393-394).

The remarkable columns and spires de-
picted in the left background of Bartlett’s 
drawing are part of the Organ Needles, a 
chain of pinnacles that are developed on 
the quartz monzonite phase (32.8 Ma) of 
the Organ Batholith. He describes these 
mountains as “The ‘Sierra de los Organos’ 
. . . so named from their pinnacled summits 
and sides, which resemble the pipes of an or-
gan. They are of a light gray granite. . . .” 
(BARTLETT, 1854, vol. 2, p. 394). At the 
base of the Needles is a series of upturned 
and steeply inclined Upper Palaeozoic sedi-
mentary rocks; these units include the Abo, 
Hueco, and Panther Seep formations, and 
the Lead Camp Limestone. Near the base 
of the exposure of the Palaeozoic rocks is 
a low, broad, dark hill developed on the 
Orejon Andesite of Eocene/Oligocene age 
(SEAGER, 1981).

The Orejon Andesite, comprised of 
andesitic flows with interbedded volcano-
clastics, also forms the very dark and steep 
ridges shown in the right middle ground of 
the drawing (figure 4a). Not visible in the 
drawing, hidden from view by the andesite, 
is the southern continuation of the Organ 
Needles, including the highest point in the 
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Fig. 4. 
(a) Organ Mountains New Mexico, a sepia and wash by J.R. Bartlett, 27 September 1852, drawing no. 82 in 
the Bartlett Collection. This drawing was made from the shoulder of lower Fillmore Canyon. The original 
pencil sketch of this scene is a two-page panorama with extensive notations.
(b) Looking NE towards the Organ Mountains and Fillmore Canyon, 15 km east of Las Cruces, New 
Mexico. The tall columns on the left are developed in quartz monzonite; the bold dark rocks on the right are 
andesite; and the light-colored ridge (right foreground) is an ash-flow tuff.

(a)

(b)
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range, Organ Needle at 2747 metres. In front 
of the andesite is a small, light-coloured, 
and steep-sided ridge developed in an Oli-
gocene ash-flow unit, the Cueva Tuff. This 
ridge, also called the Cueva (cave), does in 
fact have a large recess weathered out of its 
southern base, just above the level of the 
modern soil line. Although the external col-
our of the Cueva is pink to orange, and the 
unit is covered with extensive patches of yel-
low, green, and orange lichens, BARTLETT 
(1854, vol. 2, p. 394) describes the Cueva as 
“a bold mass of white granite,” suggesting 
his view of the ridge might have taken place 
in extremely bright sunlight.

Bartlett left El Paso in April 1851 to es-
tablish his summer camp at Santa Rita del 
Cobré, a former centre of copper mining 
for both the Spanish and the Mexicans. He 
followed the Rio Grande northward, cross-
ing the river at a ford on the north side of 
San Diego Mountain. From a point several 
kilometres north of present-day Hatch, New 
Mexico, Bartlett’s wagon train travelled 
westerly towards Santa Rita, stopping en 
route to camp along the Mimbres River. A 
member of Bartlett’s party reported the next 
day that he had seen some spectacular rocks 
in a tributary canyon approximately 8-10 
kilometres upstream of the camp. Intrigued 
by the man’s description of the rocks, Bar-
tlett immediately set off  for the site with his 
mule and his sketchbook (figures 5a & 5b):

“Arriving at the place, I found some 
singular masses of sandstone standing de-
tached from the adjacent hills, one of them 
bearing a curious resemblance to a man. My 
timid mule was much alarmed at the gigantic 
object which stood before it, trembling from 
head to foot. We therefore stopped a short 

distance from it and hitched our animals to 
an oak which hid from view the source of 
their terror. Around us stood these singular 
isolated rocks, some appearing like castles, 
others like single pedestals and columns.  
The one resembling a human figure, which 
is shown in the accompanying sketch, and 
which I christened the ‘Giant of the Mim-
bres,’ measured but three feet [0.91 metres] in 
its narrowest part near the ground; while its 
upper portion must have been at least twelve 
feet [3.66 metres] through, and its height 
about fifty [15.24 metres]. Others of equal 
height stood near. All are disintegrated near 
the earth, and are gradually crumbling away, 
several having already fallen” (BARTLETT, 
1854, vol. 1, p. 224-225).

Although Bartlett refers to the rocks as 
sandstone, the bedrock is actually part of a 
broad, thick sequence of Oligocene ash-flow 
tuff  (ELSTON, 1957; McINTOSH, 1991). 
The moderately-welded tuff  has been sub-
divided by multiple fracture sets, producing 
arcuate sheeting structures and orthogonal 
blocks. Bartlett’s “Giant” and other simi-
lar forms are now collectively referred to 
as the “Giants of the Mimbres,” a group 
of intricately sculptured rock columns that 
are erosional remnants of a massive sheet 
structure. Field evidence indicates that the 
columns develop and survive best in those 
areas where the vertical fractures are widely 
spaced. Elsewhere, moisture and biota in the 
vertical fractures chemically and biologi-
cally attack the host rock, which then de-
composes and disintegrates, producing a soil 
cover. The soil cover is eventually removed 
through surface erosion, exposing bedrock 
slopes, a dominant feature at the Giants.
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Fig. 5. 
(a) Giant of the Mimbres, a sepia and wash by J.R. Bartlett, 1 May 1850, drawing no. 36 in the Bartlett Col-
lection. There is another nearly identical sepia and wash of this scene in the Bartlett Collection, but its fore-
ground was left incomplete. Bartlett placed the large balanced rock too far downslope of its true location.
(b) Looking NW towards the Giants of the Mimbres, a series of rock columns developed in ash-flow tuff, 40 
km NNW of Deming, New Mexico. The massive column on the left, some 17 m high, is actually a double 
column separated by a vertical fracture and cleft. Note the balanced rock and its flaggy pedestal.

(a)

(b)
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The bedrock landforms at the Giants have 
a two-stage origin: the first stage involves the 
weathering of the bedrock and the forma-
tion of a substantial soil cover; the second 
involves the stripping of the soil cover and 
the exposure of the bedrock landforms in 
the landscape. Thus, the major forms at the 
Giants are of etch origin, a process that has 
been identified across a broad range of cli-
matic and bedrock conditions in other parts 
of the world. One of the more common mi-
nor forms of etch origin is the flared slope 
or basal concavity that develops below the 
soil surface, around the margins of blocks, 
boulders, and columns. Flared slopes are 
also common in the vicinity of the Giants, 
providing additional evidence that the forms 
at the Giants, both major and minor, are of 
etch origin (TWIDALE, 1986; MUELLER 
and TWIDALE, 2002; TWIDALE and VI-
DAL ROMANI, 2005).

Bartlett’s drawing and the modern pho-
tograph of the Giants were taken from the 
same vantage point. In comparing the two 
figures, it is evident that Bartlett placed the 
large balanced rock downslope of its true lo-
cation. This rock, which is 9.4 m long and 4 
m thick, remains remarkably fresh, although 
it rests on a bedrock pedestal that is 2.7 m 
high and highly weathered. It is significant 
that the orientation of the pumice fragments 
in the balanced rock is nearly vertical, an in-
dication that the boulder has been rotated 
some 90º from its original position in the 
ignimbrite sheet. Therefore, the interpreta-
tion is that the boulder toppled on to an 
older and higher land surface, one that has 
long since been removed by weathering and 
erosion, save for a few protected sites such 
as the one in which the pedestal persists 

(MUELLER and TWIDALE, 1988, 2002; 
TWIDALE and CAMPBELL, 1992).

Although overgrazing by cattle in the sec-
ond half  of the nineteenth century is often 
blamed for soil erosion and arroyo cutting in 
the Southwest, the evidence from the Giants 
suggests soil stripping occurred there at an 
earlier date. For example, there appears to be 
little or no change in the extent of either the 
bedrock landforms or the soil cover between 
the time of Bartlett’s drawing (1851) and the 
present. This assertion is further supported 
by a set of photographs taken of the Giants 
in 1867 by William A. Bell of the Kansas-
Pacific Railroad Survey (BELL, 1869). Bell’s 
photos clearly demonstrate that there have 
been significant changes in the flora at the 
Giants (less grass and fewer yucca but more 
prickly pear and woody shrubs) in the past 
140 years, but there are no visible changes in 
the extent of the bedrock landforms and the 
soil cover. Therefore, the evidence from both 
Bartlett and Bell indicates that the stripping 
of a major portion of the soil cover at the 
Giants occurred prior to 1850, perhaps re-
lated to cattle grazing by the Spanish, who 
controlled the area around the nearby Santa 
Rita Copper Mines early in the nineteenth 
century. Another possibility is that the strip-
ping of the soil cover is related to the still 
earlier land-use practices of the American 
Indians, including fire and timber harvest-
ing, as archaeologists have found the site of 
a former Indian village on a terrace of the 
Mimbres River, at the base of the hill occu-
pied by the Giants. There remains, of course, 
an equal probability that the stripping of the 
regolith is entirely the result of natural proc-
esses (MUELLER and TWIDALE, 2002).
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Fig. 6.
(a) Tucson, a pencil sketch by J.R. Bartlett, 17-18 July 1852, drawing no. 172w (25) in the Bartlett Collection. 
The Santa Cruz River and Bartlett’s camp are just out of view to the right of this scene. The buildings closest 
to the artist are part of the ruins of the Tucson Mission.
(b) A view of Tucson, Arizona, taken from the eastern flanks of Sentinel Peak, looking NE across the city 
towards the Santa Catalina Mountains. Note the rather desolate floor of the modern Santa Cruz River Val-
ley, which in places carries a veneer of city landfill.

(a)

(b)
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ARizonA

Bartlett and his Boundary Commission 
camped along the Santa Cruz River at Tuc-
son, Arizona, on their return trip from San 
Diego to El Paso in July of 1852. Tucson at 
that time was still part of Mexico, and as 
such, it was the northernmost Mexican set-
tlement in the State of Sonora, with a gar-
rison of several hundred soldiers whose prin-
cipal task was to protect the local population 
against depredations by the Apaches. In part 
due to the delay in having several of his wag-
ons repaired by a local blacksmith, Bartlett 
took the opportunity to sketch and describe 
the environs of Tucson (figures 6a & 6b).

From his entry for 17 July 1852, Bartlett 
states: “I ascended a rocky hill . . . about a 
quarter of a mile from our camp, and had 
a fine view of the valley and surrounding 
country. This hill was covered with cacti of 
every variety. . . . scarcely a particle of soil 
could be seen. Below was the valley, its fields 
and acequias defined by the long lines of 
shrubbery and trees. The town is seen on the 
border of the plateau, where the desert be-
gins, and stretches off  to the east, to a high 
range of mountains about fifteen miles dis-
tant . . . Like other mountain ranges, these 
take a south-easterly direction and extend 
nearly to the San Pedro” (BARTLETT,1854, 
vol. 2, p. 296-297).

The hill from which Bartlett made his 
sketch is formed by a break in slope on the 
extreme eastern side of  Sentinel Peak, a 
topographic outlier of  the Tucson Moun-
tains that are located to the west of  the city. 
Sentinel Peak is comprised almost entirely 
of  Middle Tertiary (23-28 Ma) volcan-
ics, especially andesite, whereas the main 
Tucson Mountains are mapped as a thick 
sequence of  Upper Cretaceous andesitic 

flows (REYNOLDS, 1988; SPENCER et 
al., 2003). In the background of  Bartlett’s 
sketch are the Santa Catalina Mountains, 
among the highest (2791 m) and most pic-
turesque ranges in all of  southern Arizona. 
The Santa Catalinas are comprised mostly 
of  Late Cretaceous to Early Tertiary gran-
ite and Proterozoic granitoids, including 
gneiss. It is believed by some authorities 
that the andesite of  the Tucson Mountains 
was once part of  a volcano that formed the 
crest of  the Santa Catalinas, their current 
separation of  some 32 km having occurred 
along a detachment fault in Middle Terti-
ary. As part of  the extensional tectonics 
that have dominated the Tucson area in re-
cent geological time, the area between the 
two mountain ranges has been downfault-
ed, including the valley of  the Santa Cruz 
River, which is underlain by approximately 
1500 metres of  basin-fill alluvium.

Much, of  course, has changed since the 
time of  Bartlett’s visit to Tucson. He de-
scribed the Santa Cruz River as a diminutive 
stream with a channel that was only 1.5–2.5 
m wide. Today, the normally dry channel 
of  the Santa Cruz is many times that width 
and very deeply incised, its friable bed and 
bank material having been excavated by a 
series of  urban floods in the twentieth cen-
tury. The peak discharge at Tucson for the 
46-year period of  1915–1960 occurred in 
1915 when 424.76 cubic metres per second 
was measured. In the subsequent 46-year 
period (1961–2006), the peak discharge 
of  1915 was exceeded six times, with the 
record maximum of  1492.33 cubic metres 
per second occurring in 1984. When Bar-
tlett camped along the river in 1852, both 
water and grass were abundant; at present, 
both are largely absent.
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Bartlett also reported that a group of 
springs at the base of the Tucson Mountains 
provided copious water to a hamlet and a 
large hacienda (actually a former mission, 
San Agustín) on the valley floor, but these 
springs have long since disappeared, as have 
the fields on his sketch that were watered by 
the springs and the river. At the Mission of 
San Agustín del Tucsón, the crumbling ado-
be walls of the main structures were levelled 
many decades ago, and only recently have 
excavations by archaeologists shown the size 
and extent of the former mission, including 
the chapel and the convento. To the south, 
the once productive irrigated fields of the 
mission and hacienda have been buried un-
der a substantial mantle of city landfill.

While in Tucson, Bartlett also viewed 
and sketched the famous Tucson Ring Mete-
orite, which had been brought to the black-
smith shop in the 1840s from the Santa Rita 
Mountains some 32 km SSE of the Tucson 
Presidio. At the time of Bartlett’s visit, the 
meteorite, which is approximately 1.5 me-
tres in diameter, sat upright on the ground, 
with the top portion used as an anvil. Al-
though Bartlett estimated its weight at 272 
kilograms, the iron-silicate meteorite was 
later found to weigh 635 kilograms. The me-
teorite has been housed at the Smithsonian 
Institution since 1863.

Bartlett arrived at Fort Yuma on the 
Colorado River on 9 June 1852 to finish the 
boundary survey of the lower Gila River, 
which at that time entered the Colorado 
River directly opposite the fort. Although 
the Colorado River still runs past Fort 
Yuma, the courses of both rivers have shift-
ed significantly since the time of Bartlett’s 
visit, and their confluence is now 5.75 km 
upstream of the fort. The fort itself  stands 
on a low hill comprised of granite brec-

cia, material that was derived from a local 
quartz monzonite of probable Proterozoic 
age. In the vicinity of the hill is a great thick-
ness of older alluvium, which at one time 
undoubtedly formed a veneer overlying the 
breccia (OLMSTEAD et al., 1973). This as-
sumption is based not only on stratigraphic 
relationships, but also on the fact that the 
bedrock exposures today carry a mantle of 
rubble: disintegrated plates, scales, and small 
angular rocks that likely were weathered out 
of the host rock by moisture attack in the 
subsurface, at the interface of the bedrock 
and the former alluvial cap. There are also 
a number of rock benches cut into the hill 
at various levels, suggesting the probability 
of a genetic relationship of the benches to 
episodic downcutting and stabilization of 
the two rivers.

Shortly after leaving Fort Yuma, Bar-
tlett’s commission encountered a great 
northward bend in the course of the Gila 
River Valley. This curve, when measured 
along the valley floor, is some 35 km long, 
whereas the chord distance across the bend is 
approximately 25 km. The inside of the bend 
is occupied by the northern terminus of the 
Gila Mountains, a northwest trending fault-
block mountain range. These mountains, in-
cluding their southern extension, the Tina-
jas Altas Mountains, are approximately 70 
km long and up to 15 km wide, with broadly 
flanking pediments and fans. As is true of 
many of the isolated ranges in southwestern 
Arizona, the Gila Mountains are largely the 
product of east-west extensional forces that 
have dominated this part of the Basin and 
Range Province during the Cenozoic.

Surprisingly, Bartlett says nothing about 
these impressive mountains in his field notes, 
but his comments a few days later from his 
camp at the base of the nearby Mohawk 
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Mountains would apply equally well here: 
“The mountains here are as desolate and 
barren as it is possible to conceive. Not a 
tree or shrub could be seen on them, while 
their bold and abrupt sides are furrowed 
with huge chasms and gorges. Between the 
base of the mountains and the bottom-land 
are low gravelly hills. . . . The Gila here wid-
ens considerably, and is proportionably shal-
low and filled with sand-bars” (BARTLETT, 
1854, vol. 2, p. 197-198).

Bartlett made a sketch of the northern 
Gila Mountains that he later converted into 
a sepia and wash, the largest and one of the 
most fragile drawings in the Bartlett Collec-
tion (figures 7a & 7b). It is also one of the 
most difficult scenes to identify because the 
extremely dark sepia that Bartlett applied 
to some of the uplands does not match the 
tones that one observes in the field. In addi-
tion, a railroad now runs along the former 
south bank of the river, and canals, levees, 
roads, power lines, etc. have encroached on 
the floodplain of the Gila River in the area 
immediately adjacent to the site of Bartlett’s 
former camp. Thus, the elements in the fore-
ground of Bartlett’s scene have been largely 
obliterated. Furthermore, and in response to 
the effects of upstream dams, water diver-
sions, and irrigation withdrawals, the chan-
nel of the Gila River today is much smaller 
than the one depicted by Bartlett. At times 
it carries a substantial discharge that is con-
tributed by localised storm runoff in the wa-
tershed immediately upstream of Dome.

The rugged Gila Mountains, which 
tower some 350-450 metres above the river 
valley, together form a natural amphitheatre 
that is open to the north. The highest col-
umns on the ridge line of the amphitheatre 

are comprised of Late Cretaceous granitoids 
associated with the Blaisdell Batholith. In 
the middle ground of the scene, the uplands 
are largely developed on truncated units of 
older gneiss that have been downfaulted 
to the southeast along the steeply dipping 
Grey Fox fault zone. Between the base of 
the mountains and the floodplain is an ex-
tensive area of hills, part of a broad pedi-
ment that is cut across sandstone and con-
glomerate (Kinter Formation) of Oligocene 
to Miocene age. In places, the pediment is 
mantled by early to middle Pleistocene allu-
vium that has been derived from the erosion 
of the adjacent mountains (SHIPMAN et 
al., 2007). Significant in Bartlett’s drawing is 
the fact that the Gila River, still in its natural 
state, is very broad and shallow, as evidenced 
by the several persons shown wading across 
its channel.  This high width/depth ratio in-
dicates that the river in 1852 carried mostly 
coarse sediment and possessed a very flashy 
flow regime.

Bartlett camped at or near the site of 
what a short time later would become Gila 
City, an untamed town of more than one 
thousand miners who worked the local 
gravel deposits for placer gold. As the site 
of Arizona’s first gold rush, Gila City lasted 
for only a few years from the late 1850s to 
the early 1860s. First, the placer gold played 
out, and efforts to find primary gold from 
veins in the Gila Mountains were largely 
unsuccessful. Second, most of what was left 
of the original town site was subsequently 
destroyed by floods from the Gila River. The 
general area in the vicinity of the former Gila 
City is known today as Dome, the name that 
is also given to the adjacent curved reach of 
the Gila River Valley.



CAD. LAB. XEOL. LAXE 35 (2010)180  MuellerMueller

Fig. 7.
(a) View on the Gila, 2nd Camp from Fort Yuma, a sepia and wash by J.R. Bartlett, 19 June 1852, drawing 
no. 95 in the Bartlett Collection. Bartlett’s camp is on the inside bend of the Gila River, near the eastern 
margin of the amphitheatre, at the north end of the Gila Mountains. Note the people on the left who are 
wading across the wide and shallow channel of the Gila River, which flows from left to right.
(b) Looking SW towards the northern end of the Gila Mountains near Dome, Arizona, 22.5 km ENE of 
Yuma. The canal and levee system in the foreground have largely replaced the former course of the Gila 
River in this section of the Dome Valley. The gravel hills that were worked for placer gold in the nineteenth 
century are visible at the base of the mountains.

(a)

(b)
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CALIFORNIA
In preparation for an overland trip from 

San Diego to El Paso in the spring of 1852, 
Bartlett and several officers of his commis-
sion sailed to San Francisco to purchase 
supplies and equipment. There were delays 
in filling his orders, as he had to compete 
with other entities for goods and services 
during the hectic days of the Gold Rush. He 
decided to visit the goldfields of the western 
Sierras, but late winter rains brought floods 
to the rivers of the area, and he chose in-
stead to visit the celebrated Geysers in the 
Mayacmas Mountains of northern Califor-
nia. Here, natural steam vents occur deep 
in the canyons along Big Sulphur Creek, a 
perennial stream that Bartlett referred to as 
“Pluton River.”

The Geysers issue mostly steam, not 
water, and are therefore preferably called 
fumaroles. The rugged terrain in which 
these fumaroles developed is underlain by 
predominantly metamorphic rocks that are 
part of the Franciscan Group, including 
serpentine, below which is a shattered zone 
of greywacke, and at still greater depths is 
the heat source for The Geysers, a granite 
batholith that intruded the area during the 
Pleistocene, one million years ago, and dur-
ing the Holocene, less than 10,000 years ago 
(BARTON, 1998). Faults are also common 
in this area of subduction between the North 
Pacific and the North American plates, and 
the fractured rocks are on the verge of shear 
failure; therefore, seismic activity, natural 
and induced, is common, with numerous 
small tremors recorded each day in and 
around The Geysers geothermal steam field 
(McLAUGHLIN and DONNELLEY-NO-
LAN, 1981; EBERHART-PHILLIPS and 
OPPENHEIMER, 1984).

At Bartlett’s first stop amongst The 
Geysers, he encountered geothermal activ-
ity that included not only steam vents, but 
also sulphur fumes in the air and plates of 
crystallised sulphur on the ground. It was 
also here that Bartlett first identified, incor-
rectly, the weathered greywacke bedrock as 
decomposed granite. Next, he traversed and 
sketched a short tributary, Geyser Canyon, 
which enters Big Sulphur Creek from the 
north. Bartlett described his descent into 
Geyser Canyon: “Fumes of  sulphur here 
met our nostrils at every step, while the rus-
tling steam, as it spouted from a hundred 
cavities, completely enveloped us. The lat-
ter did not issue in one continuous column, 
but at short intervals, as from the pipe of  a 
high pressure engine . . . There was no ces-
sation to this awful roar, but one continu-
ous noise, as though a vast workshop be-
neath was in full operation” (BARTLETT, 
1854, vol. 2, p. 41-42).

When Bartlett and his colleagues 
reached the junction of  Geyser Canyon 
and Big Sulphur Creek, they saw another 
area of  fumarole activity upstream along 
the northeast bank of  the latter, which 
Bartlett sketched as the others in his party 
inspected the site (MUELLER and WAL-
TERS, 2001; figures 8a & 8b). “The scenery 
here was truly grand. Immense pines grew 
on the mountain sides and tops, while oaks 
and smaller trees filled the narrow valleys 
and ravines, which the rains had made. Just 
below us ran the river, dashing over rocks 
in its steep descent, and often concealed by 
the thick foliage which overhung it” (BAR-
TLETT, 1854, vol. 2, p. 43).
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The Geysers have attracted visitors for 
millennia, beginning with several tribes of 
Native Americans, including the Pomo, 
Wappo, and Miwok tribes who inhabited 
this part of northern California in the mid-
dle of the nineteenth century. Shortly af-
ter Bartlett’s visit, The Geysers underwent 
commercial development, including the 
establishment of the Geysers Resort Hotel 
on the south side of Big Sulphur Creek. In 
order to provide visitors with access to the 
fumaroles and hot springs along both the 
creek and Geyser Canyon, catwalks were 
suspended across Big Sulphur Creek, and 
several bath houses were also constructed. 
The resort flourished for a few decades in 
the late 1800s, but after a long period of 
dwindling interest in The Geysers, the fa-
cility closed, and the building was razed in 
1980 (HODGSON, 1999). Natural process-
es in the landscape, including those of mass 

wasting and the invasion of scrub brush, 
have removed or masked much of the visual 
evidence for this former period of tourist ac-
tivity. In more recent times, the geothermal 
field at The Geysers has been harnessed for 
steam-generated electricity, and the current 
total of twenty-two operating plants have a 
combined maximum generating capacity of 
approximately 850,000 megawatts per year. 
Along with the withdrawal of steam for 
electrical generation, there has been a major 
decrease in steam pressure in the geothermal 
field, causing a cessation of natural steam 
vent activity at the surface.

Also while in San Francisco, and with 
his venture to The Geysers recently conclud-
ed, Bartlett decided to visit the quicksilver 
mines at New Almaden, a small community 
southeast of San Jose. Up until the time of 
Bartlett’s visit in April of 1852, the mining 
operations were small and still in their in-

Fig. 8.
(a) Sulphur Volcano, a pencil sketch by J.R. Bartlett, 23 March 1852, drawing no. 172l (16) in the Bartlett 
Collection. View is to the ESE. Fumaroles issue from the steep concave slope on the left, which is underlain 
by a weathered greywacke. Bartlett misidentified the bedrock in his drawing as scoria.
(b) Looking upstream along Big Sulphur Creek at The Geysers, a major geothermal field in the Mayacmas 
Mountains, 17.5 km WNW of Middletown, California. The steep slope on the left, which at one time had 
active fumaroles, is now quiet, although the hydrothermally-altered surficial material remains unstable.

(a) (b)
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fancy, but their new owner, Baron, Forbes 
Company, invested much new capital, so 
that Bartlett witnessed a thriving and grow-
ing mercury industry that one day hoped 
to challenge the output at its namesake, 
Almadén, Spain. Baron, Forbes was an 
English company that also operated mines 
in Mexico; it utilised mining and reduction 
technology from both Spain and Mexico, 
and its early labourers were mostly Mexi-
cans and Yaqui Indians.

New Almaden is located along Alamitos 
Creek, near the eastern base of the north-
west-trending California Coastal Ranges. 
The town shared the narrow valley floor 
with the company’s headquarters and its 
reduction and shipping facilities, but all of 
the mining operations took place in a series 
of high ridges and hills to the northwest 
of town. These uplands are dominated by 
Franciscan rocks of Late Jurassic to Cre-
taceous age, plus some younger sedimenta-
ries. The Franciscan Group was intruded by 
tabular masses of serpentine, some of which 
were subsequently hydrothermally altered to 
produce a suite of silicate-carbonate rocks, 
and it is in the latter group that the cinnabar 
(HgS) and other sulfide minerals are present. 
Initially, the ore was mined in open cuts that 
followed veins of high cinnabar content, but 
as these richer ores played out or became 
inaccessible at the surface, it was necessary 
to dig tunnels and shafts (BAILEY and 
EVERHART, 1964).

Bartlett made two trips to the main mine 
that was located approximately 300 metres 
above the valley floor. In the company of 
the mine engineer, he descended several 
hundred feet below the surface to examine 
the extent of  the passageways, the occur-
rence of  the ore, and the miners at work. He 
also observed that: “the ore up to the time 

of  our visit was transported on the backs 
of  men in leather sacks from the bottom 
of  the shafts to the entrance to the mine, 
a distance of  from two hundred and fifty 
to three hundred feet [76.20 metres to 91.44 
metres] . . . Here the ore was separated, the 
refuse being thrown down the hill, and the 
rest laid aside to be sent to the furnaces. At 
the same time the mulada, or collection of 
some eighty or a hundred mules, was being 
loaded with the ore . . . each mule carry-
ing on an average a carga, or three hundred 
pounds [136.08 kilograms]” (BARTLETT, 
1854, vol. 2, p. 62-63).  

Bartlett made several drawings of sites 
within the New Almaden mining district, in-
cluding a view of the ore reduction facilities 
that straddled both sides of Alamitos Creek 
(figures 9a & 9b). His sepia and wash rendi-
tion of the Hacienda de Beneficio (Hacienda 
Reduction Works) is based on a field sketch 
he made from a vantage point on a hill-
side southwest of New Almaden. The mule 
trains, laden with raw ore, entered the valley 
flat from a winding trail along the west side 
of a canyon, known today as Deep Gulch. 
Once the ore was unloaded and sorted, it 
was placed in a series of furnaces where the 
heated cinnabar released vaporised mercury, 
which in turn was condensed and collected 
in vats. From there, the liquid mercury was 
poured into flasks and shipped by wagon to 
San Francisco. Although Bartlett was well 
aware of the adverse health effects of mer-
cury—he witnessed excess salivation among 
the men and animals at New Almaden—he 
took advantage of an offer to sit upon a 
board and float in a vat of 20 tons [18.14 
tonnes] of quicksilver!

The New Almaden District produced 
significant amounts of mercury for many 
decades. Although much of the mercury 
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Fig. 9
(a) Quicksilver Furnaces, New Almaden, a sepia and 
wash by J.R. Bartlett, 3-5 April 1852, drawing no. 60 
in the Bartlett Collection. In this view to the north, 
the valley floor on both sides of Alamitos Creek is oc-
cupied by the Hacienda Reduction Works, a process-
ing centre for mercury ore that was brought down 
by mules from the high hills on the left. Towards the 
lower right-centre, a large wagon, presumably loaded 
with heavy flasks of liquid mercury, leaves the com-
plex, pulled by a team of ten oxen. The six linear 
buildings with smokestacks just beyond the wagon 
are multi-chambered retorts. Bartlett’s vantage point 
for this drawing is now occupied by Cinnabar Estates, 
a gated residential community.

(b) This 1950s photograph shows the ravaged valley 
floor near New Almaden that at one time was oc-
cupied by the Hacienda Reduction Works. The land 
has since been cleared, levelled, and reclaimed, leav-
ing virtually no visible trace of the former mercury 
processing centre. In the hills above, the former mines 
and some 72.5 km of tunnels have been sealed, allow-
ing Santa Clara County, the present owner, to admin-
ister the area as a county park. This mining district 
has long been the principal source of mercury con-
tamination not only for the immediate area, but also 
for San Francisco Bay (courtesy of John Slenter and 
the Quicksilver Mining Museum at New Almaden).

(a)

(b)

was used for domestic purposes, including 
the extraction of gold in California, large 
amounts were also exported. However, New 
Almaden, beset with changing ownership 
and declining reserves of minable ore, never 
challenged the supremacy of Spain in world 
mercury production. All mercury mining in 
the New Almaden area ceased in the 1970s; 
the mines were subsequently closed and 
sealed; nothing remains of the Hacienda Re-
duction Works; most of the former mining 
district is now preserved as a public park; 
and mercury contamination in the soils and 
water remains a problem.

RhodE islAnd

After his journey through the Southwest, 
Bartlett returned to Providence, where for 
seventeen years, he served as Rhode Island’s 
Secretary of State. He also authored many 
books on a wide variety of subjects, includ-
ing his Personal Narrative, but in literary cir-
cles, he is best known for his award winning, 
four-volume catalogue of the private library 
of John Carter Brown. He also helped to or-
ganise and direct the Sopori Land and Min-
ing Company, an Arizona venture that for 
many years held a large tract of land south 
of Tucson, Arizona.
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ConClusions

In his extensive travels through the 
American Southwest, from Texas to Cali-
fornia, John Russell Bartlett was first and 
foremost a chronicler and illustrator of  the 
landscape. Although he was not trained in 
any of  the physical sciences, the eclectic 
Bartlett was fascinated by the rivers, moun-
tains, mines, rocks, and geysers he saw, 
enough so that he made a permanent record 
of  these images by incorporating them into 
his sketchbook. In addition, Bartlett com-
piled a field diary that he later published 
as his Personal Narrative, a book in which 
he describes many of  his artwork sites in 
considerable detail. The combination of  his 
accurate drawings and his vivid text allows 

one to locate these sites in the field today 
and to make valid comparisons of  modern 
field conditions with those that Bartlett ob-
served more than 150 years ago
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Abstract
Granite landforms have been interpreted in terms of climatic geomorphology, or morphogenetic regions, 
but the field evidence overwhelmingly points to structural control. Some features are developed after 
the exposure of the granitic bodies, for joggling of the brittle crust continues and external agencies also 
achieve change but the origin of some forms can be traced to the emplacement of the granite bodies, 
and to strains and stresses developed in magmatic bodies during their intrusion. Various mineral, 
magmatic and magnetic fabrics are produced. The consolidation of the magma begins at the contact 
between the emplaced body and the host rock. At this stage, the marginal zone is already crystalline 
and brittle. Arguably, shearing consequent on continued emplacement causes deformation and the 
development of planar fractures, some aligned roughly parallel with the cooling and crystallisation 
surface developed in the uppermost zone of the intrusive body, others imposed by lateral stresses.
Differential movements between the sheets produced by shear causes the development of stretching and/
or shortening movements. Extension produces a structural fabric that is later exploited by weathering and 
thus may contribute to the generation of such forms as pseudobedding, foliation, polygonal cracking, 
boudinage, and where deformation is pronounced, the formation of spheroidal cores within cubic or 
quadrangular blocks. The second type of fabric, due to shortening, generates folding or buckling of the 
previously defined planar structures and the formation of sheet structures. Both deformational signals, 
though of opposite sign, are a continuum in a close spatial relationship. This indicates a simultaneous 
or at least sequential development of the two types of planar fabrics at the end of the emplacement 
stage. Once the rock is at the land surface, it is affected by external processes, and the structural fabric 
determines the planes of ready water access in the rocky massif thus determining the progress of 
weathering and significantly influencing the evolution of granitic landscapes.
key words: climatic effects, structural control, sheet fracture, boudinage, polygonal cracking, 
imbrication.
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Granite is a term that embraces plutonic 
holocrystalline rocks containing significant 
amounts of quartz and potash feldspar but 
which display variations in mineralogy and 
hence chemistry, texture, fabric, and fracture 
density and pattern. Granitic bodies vary 
also in size and shape and in mode of em-
placement. Some authors (see WILHELMY, 
1958; MIGON, 2006) consider that granite 
landscapes develop distinct characteristics 
according to climate and process, and that 
anomalous features reflect climatic change 
and landform inheritance.

Alternatively, the morphological similar-
ity of granitic landscapes can be explained 
in terms of structure, with the course and 
rate of weathering and erosion determined 
by the structural characteristics of the rock 
developed during the emplacement of the 
magma (VIDAL ROMANÍ, 2008) or as a 
result of later and continued brittle defor-
mation, the latter including neotectonic fea-
tures (e.g. TWIDALE and BOURNE, 2000, 
2003; TWIDALE and VIDAL ROMANI, 
2005).

First, then, what is the status of mor-
phogenetic theory as applied generally and 
outlined by such workers as PELTIER 
(1950), TRICART (1957), TRICART and 
CAILLEUX (1958), and BÜDEL (1977), 
and, in the context of granitic terrains, by 
WILHELMY (1958); and second, how do 
various structural factors affect granitic 
landform development?

CliMAtiC And gRAnitiC tERRAins

Several morphological varieties of gra-
nitic hill have been recognised in the field and 
recorded in the literature. Leaving aside the 

unusual pillars or pitons like those associat-
ed with the exploitation of prominent steep-
ly-dipping and open fractures in the Organ 
Mountains of New Mexico (e.g. SEAGER, 
1981), the Cathedral Rocks of the Yosemite 
region in the Sierra Nevada of California 
(HUBER, 1987), The Needles of South Da-
kota (TWIDALE, 1971), and similar acicu-
lar forms reported from the Sierra Guadar-
rama of central Spain, granite hills fall into 
three categories (figure 1). The basic form 
is the domical bornhardt (BORNHARDT, 
1900; WILLIS, 1934), with its geometrical 
variations and regional names. It has been 
argued (TWIDALE, 1981) that some born-

Fig. 1. Cathedral Rocks, a pair of spires, or pitons, 

in monzonite, Yosemite National Park, California 

(C. Wahrhaftig).
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Fig. 2. (a) Bornhardt, Pilbara Craton, Western Australia. (b) Castle koppie, Zimbabwe. (c) Kestor, Dart-
moor, southwestern England. (d) Nubbin, northwest Queensland.

hardts, many, perhaps most, of which are 
initiated by differential fracture-controlled 
weathering in the subsurface at the weather-
ing front (FALCONER, 1911; MABBUTT, 
1961) while still located underground, are 
attacked by moisture-related processes in 
the shallow subsurface to produce either 
castle koppies (the tors of Britain and parts 
of Europe) or nubbins (figure 2).

Bornhardts have been reported from the 
midlatitude deserts and the tropical rain for-
ests, from Mediterranean lands and the cold 
higher latitudes. They are structural azonal 
forms. Their plan shape is determined by or-
thogonal fracture systems. They are charac-
teristically subdivided by arcuate fractures 
into massive slabs known a sheet structures 
(DALE, 1923). Nubbins are formed as a 

result of the disintegration into blocks and 
boulders, partly in the subsurface, partly af-
ter exposure, of the outer one or two shells 
of these sheet structures. Evidence from 
quarry exposures suggests that this process 
is initiated in the subsurface, though it con-
tinues after exposure and most bornhardts 
display some surficial blocks and boulders.

Imagine a domical mass of granite the 
crest of which is exposed as a low large-radi-
us dome or rock platform. It sheds water to 
the immediately adjacent plains underlain by 
regolith. The near-surface (the top 4–10 m?) 
regolith is rich in biota and chemicals so that 
the granite of the dome is altered. In cool 
climates the water shed from the platform is 
subject to freeze–thaw. Again, the weathering 
front migrates laterally as well as vertically, 

(a)

(c)

(b)

(d)
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and the areal extent of the residual is reduced 
and koppies are markedly smaller than the 
bornhardts from which they are derived. For 
this reason the French name for such koppies 
is inselberg de poche. The erstwhile sloping 
flank of the dome is converted into a steep, 
even vertical, wall. Like several bornhardts, 
some are flared as a result of multiple epi-
sodes of weathering in the shallow subsurface 
(figure 3). With further lowering of baselevel 
and landscape revival, the regolith is stripped 
and the bedrock mass is revealed as a steep-
sided castellated hill, ‘about as big as a house’ 
(LINTON, 1953, p. 354): a castle koppie in 

southern Africa where the regolith has been 
stripped by gullies and streams, or a tor in 
southwestern England, exposed by nival, or 
periglacial, processes. This is an example of 
convergent development with a similar form 
emerging as a result of the activity of differ-
ent processes.

Nubbins or knolls (USA) are block- and 
boulder-strewn hills, but their derivation 
from bornhardts is suggested by the massive 
domes that are in some instances visible be-
neath the blocky veneer. Nubbins are typical 
of monsoon Australia (north and northwest 
Queensland, Darwin area, the Pilbara of 

Fig. 3. (a) Stepped northwestern 
slope of Yarwondutta Rock, 
northwestern Eyre Peninsula, 
South Australia. (b) Multiple 
flared zones on the flanks of 
Castle Rock, a koppie located 
east of Albany southwestern 
Western Australia.

(a)

(b)
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Western Australia, and of monsoon lands 
elsewhere e.g. southern China and India. It 
can be argued that in the humid tropics the 
regolith charged with water, chemicals and 
biota is capable of attacking and breaking 
down even massive granite (e.g. CAMP-
BELL and TWIDALE, 1995). Commonly, 
two or three shells are disintegrated, but in 
north Queensland, for example, some quite 
large nubbins such as Black Mountain, near 
Cooktown, appear to consist entirely of 
blocks and boulders.

Nubbins are found outside the humid 
tropics in the Sahara, the Mojave Desert 
of  the southwestern USA, and central Aus-
tralia. They are found also in semi-arid 
Hausaland, or northern Nigeria (FAL-
CONER, 1911; BAIN, 1923). Some can 
be explained as inherited from former pe-
riods of  humid climate of  which there is 

evidence in the Sahara, and in the Mojave 
(e.g. OBERLANDER, 1972). But granite 
nubbins are found also outside the humid 
tropics, in local wet sites. For instance, they 
occur in arid central Australia just north of 
Alice Springs, and within the Macdonnell 
Ranges, and also at the Devils Marbles (fig-
ure 4), located some 50 km south of  Ten-
nant Creek, a granite exposure intrusive 
into a plunging anticline and flanked by the 
quartzite ridges of  the Davenport Range 
(TWIDALE, 1980). The ridges are bevelled 
and a ferricrete crust is preserved on one 
granite rise. The nubbins were formed as 
result of  differential weathering beneath a 
planation surface of  possible Cretaceous 
age (TWIDALE, 2007). A humid subtropi-
cal climate prevailed during the Middle 
Tertiary (WOODBURNE, 1967) but in 
any event both the Devils Marbles and the 

Fig. 4. Devils Marbles, Northern Territory, a degraded nubbin with the inner domical core exposed, but with 
a few remnant boulders intact.
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Macdonnell Ranges occurrences are local 
wet sites produced by the ridge and valley 
topography and the concentration of  run-
off  and groundwaters beneath valley floors. 
Such sites sustain the suggestion that nub-
bins are developed in humid environments 
and are modified bornhardts. Nubbins are 
the only major granite form that is essen-
tially restricted to a specific climatic zone.

Of minor forms commonly found in gra-
nitic landscapes, tafoni are found in deserts, 
both hot and cold, and on some coasts, that 
is, wherever haloclasty prevails. But most 
minor granite forms such as rock basins, 
gutters or Rillen, flared slopes, and pitting 
are found in various and contrasted climatic 
environments – more common and better 
developed in some than in others, and of 
course rates of development vary, but they 

are nevertheless widely distributed. They are 
also found developed in other lithologies.

On the other hand, the structural 
characteristics of  granite find universal 
expression.

dEvEloPMEnt oF thE 
stRuCtuRAl FAbRiC in gRAnitE 
bodiEs

Granitic magma intrudes the crust by 
exploiting weaknesses in the lithosphere 
or by stoping into the host rock to produce 
stocks and batholiths, laccoliths, lapoliths 
and phacoliths, dikes and diapirs. Here the 
consequences of  intrusion are considered.

The initial movement of  the magma is 
responsible for the development of  vari-
ous mineral, magmatic and magnetic fab-

Fig. 5. Corestones in grus, Snowy Mountains, southeastern Australia.
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rics (TRUBACˇ et al., 2009). However, 
cooling and crystallisation progressively 
change the physical state of  the magma 
from its initial plastic state to a more and 
more rigid condition (ARZI, 1978; PET-
FORD, 2003). The development of  the 
structural fabric is essentially due to syn-
intrusive deformation in the fragile field. 
Some authors favour the formation of  the 
magma by fusion of  the protolite in situ 
by shear heating without considering a 
later mobilization of  the melting (CHEN 
and GRAPES, 2007). Possibly because of 
lithostatic loading at depth, they do not 
refer to any discontinuities formed at this 
stage, but they imply the generation of  a 
structural fabric by shear deformation. 
Thus, it is likely that when crystallisation 
is complete, traces of  this deformation 
episode remain and as the land surface is 
eroded lithostatic pressure decreases and 
the zones of  shear become fractures.

Most authors referring to CLOOS’s 
ideas (1923, 1931) simplify the prob-
lem and identify systems of  orthogonal 
fractures and sets of  sheet partings as-
sociated with crustal stress (TWIDALE, 
1982; THOMAS, 1994; VIDAL ROM-
ANI and TWIDALE, 1998; MIGON, 
2006; TWIDALE and VIDAL ROMANI, 
2005). Orthogonal systems are exploited 
by weathering in the shallow subsurface 
to produce corestone boulders (figure 5; 
HASSENFRATZ, 1791; MacCULLOCH, 
1814; BECHE, 1839, p. 450; SCRIVEN-
OR, 1913, 1931, pp. 364-365). In similar 
fashion the fractures defining very large 
(ca one km diameter) orthogonal blocks 
have been exploited to form bornhardts 
(e.g. LISTER, 1987; CAMPBELL and 
TWIDALE, 1991). Such forms have also 
emerged as a result of  the differential 

weathering of  compartments comprising 
numerous orthogonal blocks.

ARCuAtE PARtings

Three types of  arcuate parting, dis-
posed parallel to fresh rock surfaces, occur 
in granite. Very thin scales, flakes or lami-
nae are developed both on exposed rock 
surfaces and on the interior walls of  tafo-
ni. They occur seemingly wrapped around 
corestones (figure 6). Their formation can 
be attributed to preferential weathering of 
the corners and edges of  joint blocks in the 
shallow subsurface (e.g. LARSEN, 1948; 
HUTTON et al., 1977; TWIDALE, 1986). 
Water infiltrating the rock reacts with mica 
and feldspar to produce clays, which ex-
pand on taking in water causing lamina-
tion (figure 7). The laminae break down 
to a granular mass of  quartz feldspar and 
clay. Most of  the feldspar is converted to 
clay and eventually even the quartz is dis-
solved so that the corestones are set in a 
matrix of  grus (figure 5). Thus, granite is 
converted to a clayey regolith as a result 
of  water attack in the shallow subsurface. 
Water continues to play a significant role 
in alteration after exposure but in addition 
physical processes intrude in particular cir-
cumstances – gelifraction in cold climates 
and including haloclasty in arid lands and 
on the coast, where tafoni appear (WIN-
KLER and SINGER, 1972; BRADLEY et 
al., 1978). Pressure release at the granular 
scale also possibly contributes to disinte-
gration (e.g. BAIN, 1931). Other, larger 
scale partings are referred to as pseudobed-
ding, pseudostratification, or flaggy joints 
that subdivide the rock into slabs a few cen-
timetres or a few tens of  centimetres thick 
(figure 8). Most are discontinuous and all 
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Fig. 6. Lamination 
around weathered block 
in granite nubbin, Señor 
de la Peña, Anillaco, La 
Rioja, Argentina. 

occur within a few metres of, and parallel 
to, the surface. They can be attributed to 
the exploitation by various shallow subsur-
face weathering agencies, particularly the 
freeze–thaw action, of  strain lines within 
the rock mass.

shEEt FRACtuREs And 
stRuCtuREs

The third partings are the sheet fractures 
that define the thick slabs known as sheet 
structures (figure 9) that are, however, still 

commonly known as offloading joints. They 
are well and widely developed in granitic 
rocks, including gneiss and migmatite but 
also in other massive rocks such as dacite, 
rhyolite (cryptovolcanic facies: GONNER-
MANN and MANGA, 2003; BACH-
MANN et al., 2007), and sedimentary rocks 
like sandstone, conglomerate and limestone 
(BRADLEY, 1963; TWIDALE, 1978, 2009; 
BOURNE and TWIDALE, 2003). Sheeting 
planes cut across other bedrock structures 
including orthogonal systems, cleavage and 
foliation, crystal boundaries, rift and grain, 

Fig. 7. Corestones with 
lamination, exposed in 
quarry on Karimun Is-
land, western Indonesia.



CAD. LAB. XEOL. LAXE 35 (2010) Structural or climatic control in granite landforms?  197

flow structures and bedding. Many are in-
truded by pegmatite, quartz veins or by 
aplite sills (figure 10).

Sheet fractures are essentially continu-
ous and of curvilinear geometry. They sub-
divide the rock into slabs from 50 cm to 10 
m or more thickness and have been observed 
at depths of 100 m or more in quarries and 
tunnels. It is frequently claimed that the 
thickness of sheet structures increases sys-
tematically with depth, but there are many 
exceptions. Most sheet partings run roughly 
parallel to the land surface (or vice versa), 

being essentially horizontal on hill crests but 
dipping steeply on hillsides, and together 
forming basinal structures. However, at a 
few but significant sites the arcuate fracture 
sets display a synformal geometry beneath 
hills and domes (VIDAL ROMANI et al., 
1995; TWIDALE et al, 1996).

The idea that the sheet structure is of en-
dogenous origin dates from well before the 
end of the Twentieth Century. MERRILL 
(1897, p. 245) stated: “... with many geolo-
gists these joints, in themselves, would be ac-
cepted as due to atmospheric action. In the 

(a)

(b)

Fig. 8. Pseudobedding 
in granite (a) on Wattern 
Tor, Dartmoor, south-
western England, and 
(b) exposed in road cut-
ting in the Adirondack 
Mountains, northern 
New York State
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Fig. 9. Sheet structure (a) in granite, Pearson Island, Great Australian Bight, and (b) in sandstone Colorado 
Plateau (W.C. Bradley).

(a)

(b)
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writer’s opinion they are, however, the result 
of torsional stress and once existing are lines 
of weakness which become more and more 
pronounced as weathering progresses. Some 
granitic residuals as bornhardts are invari-
ably associated with sheet structure and that 
give rise to the domed shape which is com-
monly accepted. According to MERRILL 
(1897, p. 245), the boss or dome-like form 
of the bornhardts is “incidental and conse-
quent” on internal structure. Several writers, 
including some of the earliest, consider that 
sheet jointing and related sheet structure are 
due to the stresses imposed on magmas dur-
ing injection or emplacement and, hence, 
correspond to the shape of the original plu-
ton. As mentioned, in granite some planar 
fractures may be initiated during intrusion 
but most result from horizontal stress (e.g. 
DALE, 1923; VIDAL ROMANI et al., 
1995; TWIDALE et al., 1996). Sheet struc-

ture is common to different types of rocks 
because all have suffered the same type of 
compressive deformation.

Thus, contrary to common belief  encap-
sulated in the term “offloading joint” (GIL-
BERT, 1904), sheet fractures are of endog-
enous origin having developed at the end of 
the intrusive magmatic stage when the mag-
ma has already lost mobility as its crystal-
lisation has finished (see VIDAL ROMANI 
et al., 1995). Like all fractures they are an 
expression of diminished lithostatic pres-
sure (CHAPMAN, 1956), but they are basi-
cally tectonic.

Other authors also have referred to the 
endogenous origin of  the fracturing in the 
granite bodies but invoked and synintrusive 
processes (see WATERS and KRAUSKO-
PF, 1941). They postulated that during em-
placement there are generated structural 
features due to brittle deformation (pro-

Fig. 10. Inverted sheeting in the aplitic sill, and both fracture and sill displaced by faulting, Joshua Tree  
National Monument, southern California
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toclastic failure) of  rock in the peripheral 
zones that will be affected by shear-induced 
fragmentation expressed as brittle fractures 
(ARZI, 1978; VIDAL ROMANÍ, 1990; 
GONNERMANN and MANGA, 2003). 
Obviously, however, such mechanisms can-
not apply, for instance, to sheeting in sedi-
mentary settings.

othER RElAtEd stRuCtuRAl 
FEAtuREs

Planar structural fabrics developed in a 
magmatic body correspond to a continuum 
of deformation developed at the end of the 
emplacement stage and associated with the 
intrusive contact with the host rock (VIDAL 
ROMANÍ, 2008). In this stage sheeting is 
associated spatially and genetically to other 
types of planar structures as pseudobedding, 
polygonal cracking, boudinage, imbrication 
or overthrusting, and folding or buckling 
(TWIDALE, 1982; TWIDALE and VIDAL 
ROMANÍ, 2005; MIGON, 2006). All are 
related to the deformation of the pluton by 
planar shearing at the nearest contact with 
the host rock and exploitation by exogenous 
agencies (water–related weathering).

Though detailed analyses of the gen-
esis of these structures in plutonic rocks is 
uncommon (VIDAL ROMANÍ, 1990), the 
deformation of jointed sedimentary rocks 
has been the subject of many treatises that 
suggest analogies with intrusive fabric in 
plutonic rocks (e.g. RAMSAY and HU-
BER, 1987). From the structural point of 
view the main difference between the two is 
that in plutonic rocks the “bedding” (sheet 
structure) must be developed before the oth-
er minor features noted can evolve (see e.g. 
VIDAL ROMANÍ, 1990), whereas bedding 
is usually well developed in sedimentary se-

quences regardless of any deformation.
The most characteristic landform of gran-

ite landscapes is the boulder or well-rounded 
groups of boulders (compayrés: TWIDALE, 
1982). The morphology of such boulders can 
be attributed to the more rapid weathering 
(lamination, then granular disintegration of 
the corners of a joint block rather than its 
edges and even more than the weathering on 
plane faces: as MacCULLOCH (1814, p. 76) 
put it: Nature mutat quadrata – they are ren-
dered spherical by decomposition (see also 
BECHE, 1839, p. 450). But some corestones 
are set in blocks no part of which has been 
weathered, for tetrahedral corners of fresh 

Fig. 11. Fault exposed in quarry west of Palmer, 
Mount Lofty Ranges, with barrel-shaped corestones 
and tetrahedral corners exposed in adjacent  
granite blocks.
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rock abut the internal spherical mass (figure 
11). The three-dimensional geometry of the 
orthogonal systems determined the size and 
shape of the blocks attacked by waters pen-
etrating along the partings. This pattern sug-
gests the shearing of preexisting orthogonal 
blocks (TWIDALE, 1968, pp 96-101, 1982, 
pp. 114-116). Elsewhere, concentric patterns 
of minerals suggest that weathering may have 
been determined by patterns of circulation 
developed while the magma was still fluid or 
plastic (figure 12).

The development of boudinage in gran-
ite as well as its relationship with the most 
advanced stage of deformation implies a 
spheroidal disjunction (VIDAL ROMANÍ, 
2008). This type of structure has been inter-
preted as an alteration form when in fact it is 
a deformative structure. The three types of 
structures: sheet structure, boudinage, and 
spheroidal disjunction, are closely related 
forming a gradually increasing sequence 
of deformation developed in the fragile (or 
brittle) field. Boudinage in sedimentary or 
even metamorphic rocks, like the fabric of 

Fig. 12. 
(a) Corestones 
associated with 
mineral banding 
near Tooma Dam 
Snowy Mountains 
southeastern 
Australia, and (b) 
detail of Figure 12a.

(a)

(b)
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an augen gneiss, determines weathering pat-
terns in detail, is explained in terms of the 
deformation of a layered structure formed 
by the alternation of materials with differ-
ent competence and where the layers of less 
competent lithology are disrupted into elon-
gated fragments. In some magmatic, pluton-
ic, and cryptovolcanic rocks a striped tex-
ture is attributed to original compositional 
differences or to fluid structures defined in 
an early stage of the magmatic intrusion. It 
later influences the course of weathering.

In granitic rocks, boudinage follows the 
development of sheet structure. Thus, the 
differences in rheology between a relatively 
rigid layer and a solid but highly strained 
matrix are exclusively due to the different 
deformation grade. The rigid layer ruptures 
or thins (‘necks’) normal to the stretching 
direction in the rock (RAMSAY and HU-
BER, 1987). Because of this similarity and 
the apparent link to foliated rocks, this type 
of structure is known as “foliation boudi-
nage” (HAMBREY and MILNES, 1975; 
PLATT and VISSERS, 1980).

The examples of  boudinage develop-
ment in granite rocks do not appear in 
broad zones but in very limited layers with 
discrete development of  sheeting. Consid-
ering the intensive development of  the fo-
liation, the deformation of  a massif  could 
have been extreme giving the rock a foli-
ated aspect. In the granite rock the boudins 
are individualised in layers between 40 cm 
and 2 m thick and some metres long. They 
develop by planar fracturing into parallel-
epipedic (rectangular in section) fragments 
(‘torn boudins’) or in the instance cited 
case by necking and tapering into elongate 
depressions and swells known as ‘drawn 
boudins’. The boudins are separated by 
fracture zones known as ‘boudin necks’. In 

all drawn boudins, the layers are deflected 
into the boudin neck in a characteristic ge-
ometry (GOSCOMBE et al., 2004).

In some cases, the surfaces of sheets de-
velop stretching features (EYAL et al., 2006) 
that appear as sets of patterned cracks (see 
RAMSAY and HUBER, 1987; VIDAL RO-
MANÍ, 1990; PLOTNIKOV, 1994). They 
may be repeated in the surfaces of super-
posed sheets. Similar features have been de-
scribed in deformed sedimentary beds and 
called polygonal cracking or chocolate tab-
let structure (RAMSAY and HUBER, 1987, 
using the same nomenclature for their equiv-
alent features in plutonic rocks). Polygonal 
cracking consists of a pattern of cracks, 
some as much as 5 cm wide, developed in a 
superficial shell or shells of rock (figure 13): 
they extend to no more than a few centime-
tres beneath the surface of boulders, blocks 
or sheets. They form orthogonal, rhomboi-
dal or polygonal patterns (though some are 
irregular or crazy, as in crazy-paving) defin-
ing thin plates. The polygonal plates range in 
diameter from 2 cm to some 24 cm, with the 
average and mode both near the upper end 
of the range. They are clearly of endogenous 
origin (LEONARD, 1929) because the later 
pegmatite or aplite dikes have frequently 
been intruded in them. In polygonal crack-
ing they may separate the tiles of the mosaic 
(TWIDALE and VIDAL ROMANÍ, 2005; 
VIDAL ROMANÍ, 2008).

Such patterns have been observed on 
corestones recently exposed in a road-cut-
ting in the Snowy Mountains of  southeast-
ern Australia. They are variously attrib-
uted to insolation or chemical weathering 
(JOHNSON, 1927), freeze–thaw action 
involving soil moisture (TWIDALE, 1982), 
cracking due to expansion of  the outer 
layer of  rock (SOSMAN, 1916; SCHUL-
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KE, 1973) and weathering of  exposed 
joint planes or desiccation and cracking of 
duricrusts as a result of  insolation (ROB-
INSON and WILLIAMS, 1989).

shoRtEning stRuCtuRE

Pseudoripples, described in deformed 
sedimentary rocks (RAMSAY and HUBER, 
1987), also are found, though less frequently, 
in plutonic rocks (VIDAL ROMANÍ, 1990). 
It is a structure related to shortening planes. 
The imbrication and triangular and laminar 
wedges associated with the slippage of one 
sheet over another in a compressive (antifor-
mal) structure is similar (cf striae developed 
on bedding planes as a result of slippage in-
duced by folding).

All these effects indicate that in the final 
stage of magmatic emplacement the rock 
undergoes both stretching or shortening, 

associated with the generation of sheeting 
planes. This is comparable to the stress of 
opposite contrasted stresses developed dur-
ing the shearing of a cubic block (e.g. WEIS-
SENBERG, 1947).

These different types of structural fabric 
can be taken to suggest a deformation se-
quence of increasing grade and different im-
pacts (stretching or shortening): pseudobed-
ding, sheet fractures and structures, shear-
ing with foliation and maximum stretch-
ing corresponding to polygonal cracking, 
boudinage, and spheroidal disjunctions. 
Buckling, sheet structure, wedges, and over-
thrusting are associated with compression. 
The formation of planar structures, caused 
either by stretching or shortening, leads to 
another set of discontinuities one disposed 
normal to the first, together forming radial 
patterns (CLOOS, 1923, 1931; BALK, 1937; 
MIGON, 2006). Hence, the disintegration 

Fig. 13. Polygonal cracking and tafoni in granite boulder, The Granites, near Mt Magnet, Western Australia.
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of sheet structures into blocks is a result of 
weathering, either in the shallow subsurface 
or after exposure along fractures disposed 
normal to the arcuate surfaces of the slabs.

EPigEnE stAgE

The development of  forms in granitic 
rocks has been understood as a two-stage 
process: first, one of  etching at the weath-
ering front and a second stage of  exposure 
due to the stripping of  the regolithic cover 
(TWIDALE, 2002). And this is broadly 
correct, but the first etching stage may have 
involved the exploitation of  an earlier tec-
tonic, thermal, magmatic event (GAGNY 
and COTTARD, 1980) which defined the 
structure of  the rocks subjected to etching 
(TWIDALE and VIDAL ROMANÍ, 1994, 
2005). Ancient sedimentological events also 
influence contemporary landform develop-
ments (TWIDALE, 2005). The exposure 
mechanism – by gravity, rivers, glaciers, the 
wind, waves – may be triggered by eustatic, 
isostatic-epeirogenic or tectonic processes 
(either altogether or in isolation). The ex-
posure of  the erstwhile weathering front 
as a bedrock surface reflects the structural 
differences imposed on the rocky massif  

between the final magmatic stage and the 
beginning of  the post-magmatic stage, and 
hence the explanation of  structures by ex-
ternal agencies.

ConClusions

The relief  developed on granite rocks 
may be of exogenous or endogenous origin. 
Exogenous processes are directly related to 
the climate and contribute to the exposure 
of the granite rock. However, most granitic 
forms, major and minor, reflect the struc-
ture of the rock developed over eons of time 
from the stage of intrusion onwards.
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Abstract
The late Neoproterozoic Acraman impact structure occurs mostly in felsic volcanic rocks 
(Mesoproterozoic Gawler Range Volcanics) in the Gawler Ranges, South Australia, and strongly 
influences the topography of the region. The structure is expressed topographically by three main 
features: a near-circular, 30 km diameter low-lying area (Acraman Depression) that includes the 
eccentrically placed Lake Acraman playa; a partly fault-controlled arcuate valley (Yardea Corridor) 
at 85–90 km diameter; and arcuate features at 150 km diameter that are visible on satellite images. 
Geological and geomorphological observations and apatite fission-track data indicate that Acraman 
is eroded several kilometres below the crater floor, with the structure originally comprising a transient 
cavity about 40 km in diameter and a final structural rim 85–90 km in diameter. Ejecta of shock-
deformed fragments of felsic volcanic rock up to 20 cm across derived from the Acraman impact form 
an extensive horizon ≤40 cm thick in Ediacaran (about 580 Ma) shale in the Adelaide Geosyncline 
240–370 km to the east of the impact site. A correlative band ≤7 mm thick of sand-sized ejecta 
occurs in mudstone in the Officer Basin up to 540 km to the northwest of Acraman. The dimensions 
of the impact structure and the geochemistry of the ejecta horizon imply that the bolide was a 
chondritic asteroid >4 km in diameter. Acraman ranks among the largest 4% of known terrestrial 
impact structures, and the impact would have severely perturbed the Ediacaran environment.

key words: Gawler Ranges, South Australia, Gawler Range Volcanics,  
meteorite impact, geomorphology
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intRoduCtion And  
gEologiCAl sEtting

The EARTH IMPACT DATABASE 
(2009) lists 176 craters and impact struc-
tures (eroded craters) caused by the impact 
of meteorites, asteroids and comets with the 
Earth. Acraman is the largest confirmed 
impact structure in Australia and ranks 
equal sixth largest in the world. This paper 
describes the geomorphology of Acraman, 
highlighted by satellite and digital terrain 

images, and discusses its erosional history 
and palaeoenvironmental effects.

The Acraman impact structure (WIL-
LIAMS, 1986, 1987, 1994; WILLIAMS et 
al., 1996; WILLIAMS and WALLACE, 
2003; WILLIAMS and GOSTIN, 2005) oc-
curs in the Gawler Range Volcanics, a Meso-
proterozoic continental suite of mostly felsic 
lavas and ash flows (GILES, 1988; ALLEN 
et al., 2003) on the Gawler Craton, South 
Australia (figure 1). Acraman is underlain 
almost entirely by the 1592 ± 2 Ma Yardea 

AG

Playa lakes

Mostly
Quaternary

Granite

Gawler Range
Volcanics

Fig. 1. Geological map of the Gawler Ranges, South Australia, showing the 1.59 Ga Gawler Range Volcan-
ics and related granites of the Hiltaba Suite. 1, Lake Acraman; 2, Acraman Depression; 3, Yardea Corridor; 
4, area of closely jointed Gawler Range Volcanics; 5, Lake Gairdner, with dashed line marking an arcuate 
topographic feature at 150 km diameter conspicuous on Landsat scenes (Figure 2; DOUGLAS, 1980); 6, 
Lake Everard. The cross (×) in Lake Acraman marks the position of a central dipolar magnetic anomaly 
(SCHMIDT and WILLIAMS, 1996; WILLIAMS et al., 1996). Inset: AG, Adelaide Geosyncline; THZ, Tor-
rens Hinge Zone; SS, Stuart Shelf; GRV, Gawler Range Volcanics; GC, Gawler Craton; OB, Officer Basin; 
MB, Musgrave Block.



CAD. LAB. XEOL. LAXE 35 (2010) Geomorphology of the Acraman impact structure  211

Dacite (FANNING et al., 1988; CREASER 
and WHITE, 1991; PARKER and FLINT, 
2005), the uppermost and most extensive 
formation of the Gawler Range Volcanics. 
The Yardea Dacite is flat-lying and crops 
out within an area of 12,000 km2; it has 
an exposed thickness of 250 m but is likely 
much thicker in the subsurface. An unknown 
amount has been removed by erosion. Low 
islands of Yardea Dacite in the southeastern 
part of Lake Acraman near the centre of the 
impact structure display classic features of 
shock metamorphism, including planar de-
formation features (PDFs) in quartz grains 
that indicate shock pressures of up to 15 
GPa, shatter cones, intense brecciation, and 
melt rock (WILLIAMS, 1986, 1994).

The age of the impact is constrained 
by stratigraphy. Acraman is the source of 
an ejecta horizon 0–40 cm thick of shock-
deformed, sand-sized material and frag-
ments of felsic volcanic rock up to 20 cm 
across that occurs widely in shale 40–80 m 
above the base the 400 m thick Bunyeroo 
Formation in the Adelaide Geosyncline 
(now represented by folded strata of the 
Flinders Ranges) 240–370 km to the east of 
Acraman. The ejecta horizon also occurs as 
thin (0–7 mm) bands of sand-sized volcanic 
rock fragments in the correlative Dey Dey 
Mudstone in the Officer Basin up to 540 
km to the west of the impact site (GOSTIN 
et al., 1986, 1989; WALLACE et al., 1989, 
1990, 1996; WILLIAMS and WALLACE, 
2003; WILLIAMS and GOSTIN, 2005; 
HILL et al., 2004, 2007). Palaeomagnetic 
data for the Bunyeroo Formation and melt 
rock from Acraman, together with model-
ling of the subsurface source of the dipolar 
magnetic anomaly at the centre of Acra-
man (SCHMIDT and WILLIAMS, 1991, 
1996; WILLIAMS et al., 1996) and zircon 

U–Pb geochronology of the ejecta material 
(COMPSTON et al., 1987), support corre-
lation of Acraman and the ejecta horizon 
in the Bunyeroo Formation. The Bunyeroo 
Formation and Dey Dey Mudstone are of 
late Neoproterozoic age and assigned to the 
recently established Ediacaran System and 
Period, which has its Global Stratotype Sec-
tion and Point (GSSP) in the central Flinders 
Ranges (KNOLL et al., 2004, 2006). Rb–Sr 
whole-rock dating of Ediacaran strata in 
the Adelaide Geosyncline (COMPSTON et 
al., 1987) and the Neoproterozoic time-scale 
of WALTER et al. (2000) suggest an age of 
about 580 Ma for the Bunyeroo Formation, 
which is a best estimate for the age of the 
Acraman impact.

An apatite fission-track apparent age 
of 319 ± 19 Ma was obtained for shattered 
Yardea Dacite from the centre of Acraman 
(WILLIAMS, 1994; WILLIAMS and WAL-
LACE, 2003; WILLIAMS and GOSTIN, 
2005). Assuming that the present geother-
mal gradient for the region can be applied to 
the past, the result suggests erosion of 2–5 
km at the impact site since 320 Ma. KOHN 
et al. (2002) gave apatite fission-track data 
for the Gawler Craton, finding (p. 710) that 
the denudation chronology “shows a fairly 
uniform rate of ca 10 m per million years 
over the last 300 million years.” This implies 
about 3 km of erosion of the Gawler Craton 
since 300 Ma. KOHN et al. (2002, p. 703) 
stated, however, “if  palaeogeothermal gradi-
ents were elevated at the time of a particular 
period of denudation compared to those of 
the present day then the magnitude of denu-
dation would be lower (as would the calcu-
lated long-term denudation rate).” A more 
conservative interpretation of the apatite fis-
sion-track data, using a possible higher pal-
aeogeothermal gradient for the Gawler Cra-
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Fig. 2. Landsat scene covering 
most of the Acraman impact 
structure, showing: 1, Lake 
Acraman within the Acraman 
Depression; 2, Lake Gairdner; 
3, Lake Everard; 4, the Yar-
dea Corridor at 85–90 km di-
ameter. Surface water (darker 
tone) in Lake Gairdner helps 
define an arcuate trend (5) at 
about 150 km diameter that 
continues westward to Lake 
Everard. Crosses mark the lo-
cation of the dipolar magnetic 
anomaly at the centre of the 
Acraman structure; shattered 
and shock-deformed Yardea 
Dacite is exposed in adjacent 
islands. (Landsat scene 15 Feb-
ruary 1973, scene centre S31-
30 E135-51; seen also in issue 
cover illustration.)

Fig. 3. Digital elevation image (light tone 
= high elevations, dark tone = low eleva-
tions) of the Gawler Ranges, showing 
Lake Acraman (133–138 m elevation) 
and the Acraman Depression (140–200 
m) surrounded by more elevated country 
(up to 450 m) and the Yardea Corridor 
(arrow). Scale bar 20 km. (Image derived 
from data supplied by the Australian 
Surveying and Land Information Group 
(AUSLIG), Canberra, Australian Capi-
tal Territory).
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ton in the late Palaeozoic, suggests as much 
as 2 km of erosion of the Acraman impact 
structure since 320 Ma (WILLIAMS, 1994; 
WILLIAMS and WALLACE, 2003; WIL-
LIAMS and GOSTIN, 2005).

gEoMoRPhology

The main topographic features of the 
Gawler Ranges region up to 150 km from the 
centre of Acraman and beyond are shown in 
Landsat scenes (figure 2; DOUGLAS, 1980) 
and also revealed by digital terrain images 
(figures 3 and 4). A National Oceanographic 
and Atmospheric Administration (NOAA) 
satellite thermal infra-red night image of 
central South Australia (figure 5) shows 
Acraman and its relation to principal ejec-
ta sites in the Bunyeroo Formation in the 
Flinders Ranges to the east.

The climate of the region is semi-arid, 
with mean annual rainfall of <300 mm 

within the Gawler Ranges (PARKER and 
FLINT, 2005). Maximum daily tempera-
tures near 40°C are common in the sum-
mer months. Vegetation on hills within the 
Gawler Ranges includes mulga, wattle, mal-
lee, black oak, and spinifex, and in the wider 
valleys is mostly bluebush and saltbush with 
scattered clumps of trees.

Lake Acraman (20 km diameter, eleva-
tion 133–138 m) is a playa lake eccentrically 
placed within a near-circular low-lying area 
30 km across, termed the Acraman Depres-
sion (140–200 m elevation). The Depression 
is ringed on most sides by the Gawler Rang-
es that rise up to 300 m above the lake bed. 
This elevated ground, as outlined by the 
generalised 200 m contour (figure 1), forms 
an annulus 25–30 km wide that is breached 
in the northwest. The Gawler Ranges are 
flanked to the east and north by a low-lying 
area that includes Lake Gairdner, a highly 
saline playa or salina (113–121 m). The Lake 

Fig. 4. Digital terrain image with viewer looking obliquely northwest over Lake Acraman (20 km across, 
133–138 m elevation) and the Acraman Depression (30 km diameter, 140–200 m elevation) within the Gawler 
Ranges, which attain elevations of 430–450 m south of Lake Acraman and 300–330 m north of the Lake. (Im-
age by courtesy of Malcolm Wallace).
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Everard and Lake Harris playas (121–124 m) 
occur to the northwest. The Gawler Ranges 
are bordered on the south and west by ir-
regular terrain (90–200 m) marked by gran-
ite inselbergs, quartzose longitudinal (seif) 
dunes, and saline and gypsiferous playa 
lakes (TWIDALE and CAMPBELL, 1985; 
PARKER and FLINT, 2005).

The topography of the Gawler Ranges 
reflects several erosional cycles since the 
Mesozoic and the strong influence of bed-
rock structure. The Nott Surface (TWIDALE 
et al., 1976; CAMPBELL and TWIDALE, 

Fig. 5. NOAA satellite thermal infra-red night image of central South Australia. 1, Lake Gairdner; 2, Great 
Australian Bight; 3, Spencer Gulf; 4, Flinders Ranges; 5, Lake Torrens. Acraman forms a conspicuous concen-
tric structure west of Lake Gairdner. The Acraman Depression at 30 km diameter and the Yardea Corridor 
at 85–90 km diameter appear cool (darker tone). Arcuate features at 150 km diameter comprise the southern 
limit of the Gawler Ranges south of Lake Acraman and a line running through Lake Gairdner. Crosses mark 
principal ejecta localities in the Flinders Ranges. NOAA9-AVHRR Band 3, Orbit no. 2246, 21 May 1985, 2200 
hours. (Image geometrically corrected; Lambert conic conformal projection).

1991) — a high-level summit surface of Creta-
ceous age — rises to 430–450 m south of Lake 
Acraman and 300–330 m north of the Lake. 
This feature was initiated by weathering of a 
peneplain in the Jurassic; northward tilting of 
the peneplain during the Early Cretaceous was 
followed by stripping of the Jurassic regolith 
to form the Nott Surface as an etch surface 
(CAMPBELL and TWIDALE, 1991). The 
Nott Surface is now dissected to depths of 250 
m below summit levels in the Gawler Ranges 
south of Lake Acraman and to depths of 150 
m north of the Lake.
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The surface of the Acraman Depression 
slopes inward from an elevation of 180–200 
m at the base of the Gawler Ranges to 140 m 
near the edge of Lake Acraman. The Depres-
sion is floored by brecciated and weathered 
Yardea Dacite mantled by Miocene–?Early 
Pliocene silcrete and ferruginous duricrust 
and Pleistocene–Holocene colluvium, allu-
vium and calcrete (BLISSETT et al., 1988). 
This duricrusted plain is similar to late Ter-
tiary surfaces flooring valleys elsewhere on 
the Gawler Craton (TWIDALE et al., 1976; 
HOU et al., 2003). During the Tertiary, 
drainage from the Acraman Depression had 
an outlet via the low-lying country (≤150 m 
elevation) northwest of Lake Acraman (fig-
ures 1, 2 and 3).

The bed of Lake Acraman is ≤6 m lower 
than the level of the immediately adjacent 
plain. An observer on the Lake viewing the 

distant Gawler Ranges has the impression 
of being within a vast amphitheatre (figure 
6). Like many other playa lakes in south-
ern Australia, Lake Acraman developed by 
aeolian deflation during Pleistocene arid in-
tervals (BOWLER, 1986). The Lake is now 
a closed basin where saline ground waters 
emerge, and is floored by damp, gypsiferous 
clays that in many places are veneered by a 
thin (millimetre) crust of halite. Through 
the action of prevailing westerly winds dur-
ing the late Pleistocene, sandy clay and fine-
grained gypsum blown from the dry lake bed 
were built into a series of mostly transverse 
gypsiferous dunes (or “kopi”) rising up to 30 
m above the lake bed on the upwind (western 
and northwestern) margins of the islands of 
shattered dacite in the southeastern part of 
Lake Acraman. By the same mechanism, 
a crescentic dune or “lunette” (BOWLER, 

Fig. 6. View across the halite encrusted bed of Lake Acraman toward the distant Gawler Ranges on the skyline.
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1968; CAMPBELL, 1968) that rises up to 25 
m above the lake bed formed at the eastern 
and southeastern margins of the Lake.

Joints and structural lineaments in the 
Gawler Range Volcanics have strongly influ-
enced the dissection of the Nott Surface. The 
dominant trend of joint-controlled valleys in 
the Yardea Dacite is northeast–southwest, 
with other trends between north–south and 
northwest–southeast. In addition, several 
linear valleys or structural corridors 3–10 
km wide, marked by subdued exposures of 
bedrock and small depressions with playa 
lakes, traverse the Gawler Ranges. Two such 
lineaments intersect at the palaeodrainage 
outlet northwest of Lake Acraman (figures 
2 and 5). The joint and fracture patterns in 
the Gawler Range Volcanics are of great 
antiquity, having influenced the weathering 
and morphology of a palaeosurface buried 
by Mesoproterozoic (1400 Ma) sandstone 
in the eastern Gawler Ranges (CAMPBELL 
and TWIDALE, 1991).

The Yardea Corridor 30 km south of the 
Acraman Depression (WILLIAMS, 1986, 
1994) consists of several near-linear valleys 
up to 3 km wide that extend for at least 70 
km roughly parallel to the southern margin 
of the Depression (figures 1, 3 and 5). A 
fault borders the Yardea Corridor for 35 km 
(BLISSETT, 1987; BLISSETT et al., 1988). 
The history of this fault is uncertain, but it 
may be an ancient structure that was reacti-
vated by the Acraman impact.

ACRAMAn iMPACt EvEnt

original crater dimensions

The volcanic bedrock beneath the Acra-
man Depression is strongly brecciated and 
jointed, rendering it susceptible to weather-

ing and erosion. Furthermore, there is nei-
ther geological nor geophysical evidence that 
the Depression is bordered by faults that 
might mark the boundary of the transient 
cavity or excavated area that formed imme-
diately after the impact. These observations, 
and the >2 km of erosion subsequent to the 
impact, imply that the 30 km diameter Acra-
man Depression provides only a minimum 
estimate of the extent of the transient cavity. 
A transient cavity diameter of up to 40 km is 
consistent with the geological, geomorpho-
logical and apatite fission-track data (WIL-
LIAMS, 1994). The plot of ejecta thickness 
versus distance from the centre of Acraman 
accords with a transient cavity diameter of 
40 km (WILLIAMS and WALLACE, 2003; 
WILLIAMS and GOSTIN, 2005).

The final structural rim marking the ex-
tent of the collapse crater may be marked by 
the partly fault-controlled Yardea Corridor 
at 85–90 km diameter (Figs. 1, 3 and 5). Ar-
cuate features at about 150 km diameter that 
are visible on satellite images (Figs. 1, 2 and 
5) may mark the outer limit of disturbance 
beyond the final structural rim. GRIEVE 
(2001) and the EARTH IMPACT DATA-
BASE (2009) give the diameter of Acraman 
as 90 km, placing it among the largest 4% of 
known terrestrial impact structures. 

Environmental effects

The anomalous platinum group ele-
ment geochemistry of the ejecta horizon in 
the Bunyeroo Formation suggests that the 
bolide was a chondritic asteroid (GOSTIN 
et al., 1989; WALLACE et al., 1990) which 
could have been >4 km in diameter (WIL-
LIAMS, 1994). The estimated impact en-
ergy of 5.2 × 106 Mt (megatons TNT) for 
an impact structure the size of Acraman ex-
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ceeds the threshold of 106 Mt nominally set 
by others for global catastrophe (TOONE et 
al., 1997), and the impact probably caused 
a severe perturbation of the Ediacaran en-
vironment (WILLIAMS and WALLACE, 
2003; WILLIAMS and GOSTIN, 2005). 
The occurrence of the impact at a palaeo-
latitude of 12.5 +7.1/–6.1° (SCHMIDT 
and WILLIAMS, 1996; WILLIAMS and 
WALLACE, 2003) may have magnified the 
environmental effects by perturbing the at-
mosphere in both the northern and southern 
hemispheres (WILLIAMS and GOSTIN, 
2005). These findings accord with data from 

the Ediacaran palynology of Australia and 
from isotope and biomarker chemostratig-
raphy suggesting that the Acraman impact 
induced major biotic change (GREY et al., 
2003; GREY, 2005).
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burial history of Jurassic gondwana surface west 
and southwest of lake Eyre, central Australia
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Abstract
The Gondwana Surface evolved during the second expansion phase of the super-continent in Late 
Triassic and Jurassic times. From an initial time of crustal stability it led up to the formation of 
expanding rift systems which initiated the final fragmentation of Gondwana in the Early Cretaceous. 
Along the western margin of the Eromanga Basin the stable phase is reflected by a thick regolith of 
kaolinised bedrock and the formation of the Gondwana Surface. During the Jurassic the surface was 
covered gradually by the quartzose and kaolinitic Algebuckina Sandstone, deposited by large, high 
volume river systems, dominated by low pH, “black water” conditions. Palaeobotanical evidence 
indicates a generally humid, subtropical climate. Expansion of the rift system along the southern 
margin of Australia coincided with the marine transgression from the east at the beginning of the 
Cretaceous. Various near-shore facies of the Cadna-owie Formation, including large individual 
boulders, attest to labile conditions during transgression. The conglomeratic Mt Anna Sandstone 
Member of the Cadna-owie Formation, containing well rounded pebbles of Gawler Ranges porphyry, 
demonstrates the formation of a new rift shoulder simultaneous with the marine transgression. 
Exhumation of the Gondwana Surface commenced in the Early Tertiary and continued episodically 
until the present time.

key words: Gawler Range Massif; palaeosurface; transgression; fluvial sandstone; silicification.
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intRoduCtion

During the Jurassic large parts of Gond-
wana experienced widespread exposure 
and morphological stability. Weathering 
and planation produced a senile landscape. 
This surface is generally referred to as the 
Gondwana Surface. In syneclises or regional 
depressions vast fluvial systems developed 
and the sand bodies deposited within them 
gradually covered parts of the Gondwana 
Surface. In Australia these sandstones (Hut-
ton, Mooga, Algebuckina and equivalents) 
became important artesian aquifers of the 
“Great Artesian Basin”, now termed the 
Great Australian Basin of which the Ero-
manga Basin is part. Well documented ex-
posures of the Gondwana Surface exist at 
the northern margin of the Eromanga Ba-
sin near Mt Isa (TWIDALE and CAMP-
BELL, 1988) and along the southern basin 
margin near Tibooburra and Milparinka, 
where large fields of silicified tree trunks, 
some in growth position, attest to prolific 
plant growth. (WOPFNER, 1983). The sur-
face is known also from rift structures and 
pericratonic basins along the southern mar-
gin of Australia, like the Polda Basin and 
the neighbouring Bight Basin (HARRIS 
and FOSTER, 1974; GATEHOUSE, 1995) 
and the early graben developments within 
the Gambier-Otway Basin (WOPFNER 
and DOUGLAS, 1971; MORTON et al., 
1995). The base of the Barbwire Sandstone 
in the Canning Basin of Western Australia 
also corresponds to the Gondwana Surface. 
Here the surface leads from the cratonic 
platform down into marine environments of 
the distensional realm of the West Austral-
ian Trough.

In Africa the Gundumi Formation of 
the Iullemeden Basin in northern Nigeria 

(KOGBE, 1976), the Jurassic part of the 
“Continental intercalaire” in North African 
basins (GUIRAUD et. al., 2005), the base 
of the Sunday River Beds in eastern South 
Africa and  pre-Cretaceous, current bedded, 
kaolinitic sandstones of the Luwegu Basin 
in southern Tanzania, all witness compara-
ble morpho-tectonic histories (WOPFNER, 
1983). A similar story is revealed at the base 
of the “Upper Gondwanas” in Peninsular 
India (CASSHYAP, 1979; CASSHYAP and 
TIWARI, 1987).

The burial of the Gondwana Surface 
thus represents a global event connected 
with the second distensional phase of Gond-
wana (VEEVERS, 2000) and the subsequent 
dispersion of Gondwana fragments. The 
present paper deals with the development 
of the western and southwestern Eromanga 
Basin in Australia, where environmental and 
tectonic forcing mechanisms are especially 
well demonstrated.

EXPosuREs oF gondwAnA 
suRFACE

Positive identifications of  the Gondwa-
na Surface has been achieved either in the 
subsurface, where the contact with overly-
ing deposits has been identified by drilling 
or along basin margins and the periphery of 
inliers, where the surface has been exhumed 
from beneath covering sediments. In the 
subsurface the Gondwana Surface has been 
identified in a number of  drill holes which 
penetrated Jurassic and older strata, espe-
cially near the margin of  the Eromanga Ba-
sin, as for instance north and west of  Ood-
nadatta (HESS, 1957; DEMAISON, 1969; 
WOPFNER, 1970), northwest of  Marree 
(KRIEG et al., 1991) or in Fortville No 
1-well close to the southern margin of  the 
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Basin (WOPFNER and CORNISH, 1967), 
just to mention a few of the numerous inter-
sections of  the surface in drill holes within 
the Eromanga Basin. 

Surface exposures are widespread along 
the western margin of the Eromanga Basin. 
Near the border between the Northern Ter-
ritory and South Australia the surface has 
planed adamellites and granodiorites of the 
Palaeoproterozoic Kulgera plutonic suite. 
The surface emerges from beneath a cover 
of Algebuckina Sandstone west of about 
134o 06’ E longitude (Fig. 1) and extends 
westward, where TWIDALE and CAMP-
BELL (1995) recognised “a Jurassic granite 
inselberg landscape” in the Kulgera region. 
In the Northern Territory, where equiva-

lents of the Algebuckina Sandstone are re-
ferred to as Da Souza Sandstone, the edge 
of the emergent surface can be traced along 
a northeast-striking lineament to Finke Sta-
tion on the now defunct Central Australian 
Railway Line, where it is developed on Per-
mian sedimentary rocks (Fig. 1). From there 
the edge is offset to the north and contin-
ues along the northeast-striking Rumbalara 
Hills, whence it disappears underneath the 
sand dunes of the Simpson Desert (see 
WELLS et al., 1970).

South of the Northern Territory/South 
Australian border the edge of the Gond-
wana Surface, still expressed on rocks of the 
Kulgera plutonic suite, extends for about 15 
kilometres towards Tieyon Station. About 

Fig. 1. Generalised structure 
contour map of base of Meso-
zoic of southwestern Eromanga 
Basin; also showing localities 
mentioned in text. As Triassic 
strata are absent west of the 
Dalhousie-Muloorina Hinge, the 
structure contour lines approxi-
mate present subsurface position 
of Gondwana Surface in that 
region (modified and expanded 
after KRIEG et al., 1995).
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30 km southwest of Tieyon it is manifested 
on Early to Middle Proterozoic gneisses of 
the Musgrave metamorphic complex, before 
being covered by aeolian sands and other 
Quaternary materials. It re-emerges again 
near Granite Downs, but here it has devel-
oped on folded sedimentary rocks of Neo-
proterozoic age. In all the localities men-
tioned so far the rocks below the Gondwana 
Surface are intensely altered, all constituents 
except quartz having been transformed to 
kaolinite: this zone of chemical alteration 
may in places exceed 30 metres in thickness. 
At sites like the Rumbalara Hills deposits of 
red ochre are associated with the Surface, 
the formation of ochre resulting from the 
alteration of pyrite after exhumation.

The antiquity of the pre-Jurassic land-
scape in that region was recognised by JACK 
(1915), as pointed out by TWIDALE and 
CAMPBELL (1993). However, the ledges 
and mesas covered with siliceous duricrust 
ascribed by JACK (1915) to pre-Jurassic 
erosion are now recognised as remnants of 
an Early Tertiary (Eocene) surface (WOPF-

NER et al., 1974). In both areas, Tieyon and 
Granite Downs, the emerging Gondwana 
Surface is cut at an oblique angle by the Early 
Tertiary Cordillo Surface and its associated 
silcrete (Fig. 2). As the weathering processes 
on both surfaces involved the alteration of 
feldspars and other silicate minerals, includ-
ing clays, to kaolinite, the thickness of the 
chemical alteration zone observed today 
may represent the cumulative effects of both 
weathering episodes (WOPFNER, 1964; 
WOPFNER and WALTHER, 1999). 

Very little is known about the Gondwana 
Surface to the west and northwest of the ba-
sin margin. Bevels which are well above the 
level of Tertiary terraces are fairly common 
in the Musgrave Ranges in northwestern 
South Australia. Undoubtedly these bevels 
relate to an ancient land surface. This con-
forms to the suggestion of TWIDALE and 
CAMPBELL (1995) that the lower slopes of 
the Musgrave and Everard Ranges have been 
exhumed, “whereas the peaks rose as insel-
bergs” above the Jurassic fluviatile plains. 
The fact that Early Tertiary silcretes at the 

Fig. 2. Schematic cross-section through western margin of Eromanga Basin at Lester’s Well, east of Granite 
Downs, showing present-day relationship between Jurassic Gondwana Surface and Early Tertiary Cordillo 
Surface (modified from WOPFNER, 1964).
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southern margin of the Everard Ranges 
are only slightly above plain level indicates 
that the levels of corestones, situated well 
below the summit surface, resulted from 
deep chemical weathering of the Gondwana 
Surface. Obviously there is ample scope for 
rewarding research in the future.

South of the latitude of Granite Downs 
exposures of the Gondwana Surface are 
rare. The surface becomes prominent again 
at the southwestern margin of the Eroman-
ga Basin, where the basin borders the Meso-
proterozoic acid volcanics of the Gawler 
Ranges. Erosion of the “basal Jurassic sand-
stone” (JACK, 1931), now recognised as Al-
gebuckina Sandstone and of the Mt Anna 
Sandstone Member, both of which onlapped 
the Gawler Ranges, has exposed large tracts 
of the Gondwana Surface. Within the Rang-
es themselves the Gondwana Surface is re-
garded as the precursor of the Nott Surface, 
viz. the ancient etch surface represented by 
the bornhardt massif  (CAMPBELL and 
TWIDALE, 1991; TWIDALE and CAMP-
BELL, 1993).

On the southern margin the Gondwana 
Surface extends on to the Neoproterozoic 
and Cambrian strata of the Willouran 
Ranges south of Marree and the Flinders 
Ranges further to the southeast. On the 
Curdimurka 1:250,000 geological map 
KRIEG et al. (1991) noted the widespread 
subsurface occurrence of deeply weathered 
pre-Jurassic strata consisting of  “greyish 
white clay passing down to mottled reddish 
brown clay…”. KRIEG et al. (1991) named 
this zone of deep chemical alteration Bop-
eechee Regolith and placed it within the in-
terval post-Permian and pre-Jurassic.  The 
regolith is thus an equivalent of the weath-
ering front associated with the Gondwana 
Surface.  Near Copley at the southern end 

of the Leigh Creek coal basin, Algebuckina 
Sandstone forms a very prominent mesa. 
Here the Gondwana Surface is expressed 
by a low angle unconformity between the 
Rhäthian/Liassic Leigh Creek Coal Meas-
ures and the Algebuckina Sandstone. Silici-
fied stem fragments, up to 30 cm in length 
are commonly embedded within the current 
bedded sandstone, indicating episodic input 
of plant debris. Near Lyndhurst, about 30 
km north of Leigh Creek, a regolith consist-
ing of intensely kaolinised, Neoproterozoic 
strata and large blobs of red ochre, meas-
uring 30 to 80 cm, is ascribed also to the 
Gondwana Surface. 

At the northeastern-most point of the 
Flinders Ranges, the north-dipping Gond-
wana Surface is identified by the base of the 
plant-bearing Algebuckina Sandstone at Mt 
Babbage (GLAESSNER and RAO, 1955). 
In earlier literature the sandstone at Mt 
Babbage was referred to the stratigraphic 
unit ‘Blythesdale Sandstone‘ (WOODARD, 
1955) which induced TWIDALE (2007) to 
relate the pre-sandstone surface and asso-
ciated summit surfaces to the Early Creta-
ceous marine transgression rather than to 
the Jurassic fluvial event.

In addition to the exposures along the 
basin margin, the Gondwana Surface is well 
documented on and around the periphery 
of the Precambrian inliers of the Peake and 
Denison Ranges (Fig. 1). This up-faulted 
basement block is the type area of the Al-
gebuckina Sandstone and the succeeding, 
Early Cretaceous formations of the Neales 
River Group (WOPFNER et al., 1970). At 
Algebuckina Hill, the actual type locality 
of the Algebuckina Sandstone, the forma-
tion rests unconformably on basement of 
intensely folded Palaeoproterozoic Peake 
Metamorphics. The basement-rocks which 
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comprise gneiss, migmatite and mica schist 
have been deeply weathered and kaolinised 
(Fig. 3). The process which took place prior 
and during the early stage of deposition of 

the sandstone has altered all constituent 
silicate minerals to kaolinite, leaving only 
quartz and some other resistant minerals 
unchanged. The altered rocks still preserve 

Fig. 3. Unconformity between 
kaolinised, Palaeoproterozoic 
migmatite of Peake Metamor-
phics (Pl) and Algebuckina 
Sandstone represents the 
Gondwana Surface. Bold ex-
posure above the unconformity 
consists of medium-grained, 
ill-sorted, kaolinitic sandstone. 
Locality is about 4.8 km west 
of Algebuckina Hill.

Fig. 4. Completely kaolinised pegma-
tite, cutting across equally kaolinised 
migmatite of the Peake Metamorphics 
is recognizable only by the coarse 
fabric of remnant quartz. Pebbles of 
quartz and rip-up clasts of kaolinised 
basement are recognizable at the very 
base of the overlying Algebuckina 
Sandstone.
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the fabric of the original rock, which is well 
demonstrated in the case of a completely 
kaolinised pegmatite (Fig. 4).

Elsewhere, the Gondwana Surface has 
been developed on folded and truncated 
Neoproterozoic sedimentary rocks of the 
Adelaide System as at Mt Anna further to 
the south (Fig. 5; WOPFNER and HEATH, 
1963; WOPFNER et al., 1970), on Artins-
kian coal measures of the Mt Toondina 
Beds west of Algebuckina Hill (FREYTAG, 
1965; WOPFNER, 1970) or on Early Permi-
an glacial deposits west of Mt Dutton, the 
northernmost inlier of the Peake and Deni-
son Ranges (HEATH, 1965). At all these 
localities the Gondwana Surface is covered 
unconformably by Algebuckina Sandstone 
(ROGERS and FREEMAN, 1996). 

On palaeo-highs, like the Mt Margaret 
ridge, Algebuckina Sandstone was not de-
posited and the Gondwana Surface did not 
become covered until the Early Cretaceous 
transgression (WOPFNER, 1968; ROG-
ERS and FREEMAN, 1996).  No kaolinisa-
tion is discernible at this location, indicating 
that such “bald heads” had either not been 
affected by kaolinisation due to denudation 
or the old regolith had been eroded prior to 
the transgression.

Until the onset of the Early Cretaceous 
transgression the Gondwana Surface ap-
pears as a stable, senile landscape with oc-
casional inselbergs and low swells. 

Fig. 5. Mesas of Algebuckina Sandstone and Cadna-owie Formation at Mt Anna rest on Gondwana Surface. 
The surface cuts across folded sedimentary rocks of the Neoproterozoic Burra Group, visible in the middle 
ground of the picture. Mt Anna, recognizable by its white cap of bleached Bulldog Shale (Aptian), is in central 
background of picture. Silcrete and fossil plant locality is at low mesa furthest to the right.
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buRiAl histoRy

Algebuckina sandstone

The first sediments to cover the Gond-
wana Surface were the fluvial deposits of the 
Algebuckina Sandstone, described by WOP-
FNER et al. (1970). Within the type area 
around the Peake and Denison inliers the 
formation consists of fine to coarse grained, 
quartzose, current bedded sandstones. It 
comprises a lower succession characterised 
by a pore-filling kaolinitic matrix and an 
upper, generally well sorted and clean se-
quence. As mentioned above, the Sandstone 
rests unconformably on older, strongly kao-
linised rocks, ranging in age from Palaeo-
proterozoic to Permian. Commonly a thin, 
basal conglomerate, consisting predomi-
nantly of well rounded quartz pebbles and 
some rip up clasts occurs at the base of the 
sandstone. Occasionally, isolated pebbles of 
kaolinised volcanics or other igneous rocks 
are observed. West of Algebuckina Hill 
(Figs 3 and 4), however, the base of the sec-
tion is formed by 20 cm to 50 cm of massive 
and resistant, kaolonitic sandstone. On clos-
er scrutiny some relic current structures are 
discernible but most structures were obliter-
ated by the invasion of pore-filling kaolinite, 
indicating that the process of kaolinisation 
and bleaching was not only synchronous 
with deposition but also continued after the 
latter had finished.

Kaolinite extends into the lower parts 
of the formation, which consist of fine to 
medium grained, kaolinitic sandstones. The 
dominant sedimentary structures are uni-
directional, angular current beds, bounded 
on bottom and top by quasi-horizontal ero-
sional surfaces, commonly accompanied by 
lag gravels. The latter are usually only one 

pebble layer thick, as demonstrated in Figure 
6. The direction of the foreset beds is almost 
invariably within the north to northeast sec-
tor. However the proportion of pebble- to 
cobble-sized clasts varies from locality to 
locality. At Mt Anna for instance it is con-
siderably higher than at the type section.

The upper part of the Algebuckina 
Sandstone, with the exception of the up-
permost unit, consists of coarse-grained to 
granule-sized, slightly kaolinitic and gener-
ally bimodal, quartz arenites. Kaolinite in 

Fig. 6. Typical lithofacies of lower Algebuckina 
Sandstone, near Mt Anna, consists of planar current 
beds bounded by level erosional surfaces outlined by 
lag gravels. The lag gravels consist of quartz and ka-
olinitic shale pebbles. Climbing ripple marks are rec-
ognizable at bottom of picture. The dark sandstone 
at the top of picture belongs to the coarse-grained, 
bimodal facies of the upper part of the formation.
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the matrix rarely exceeds 5 percent of the 
pore volume. Aggregates of 8 mm to 10 mm 
spheres consisting of quartz grains cement-
ed by carbonates and recrystallised kaolinite 
are common (Fig. 7). The beds of this inter-
val are invariably current bedded, often with 
concave foresets and cut and fill structures. 

The top unit of the formation is formed 
by fine to medium grained, clean, quartz 
sandstone. At the Mt Anna section this 
unit is separated from the preceding units 
by an erosional surface and a basal gran-
ule conglomerate. The unit differs from the 

sandstones of the lower section by its excel-
lent sorting and by the complete absence of 
kaolinite or other matrix material. Further 
characteristics are sigmoidal current beds, 
dewatering structures as (Fig. 8) and incipi-
ent silicifications. At Mt Anna the top 70 cm 
to 150 cm of this unit have been altered to 
silcrete, containing well preserved casts of 
plant fossils (Fig. 9; see WOPFNER and 
HEATH, 1963; WOPFNER et al., 1970). 
The silcrete is a typical early diagenetic sil-
crete formed by quartz overgrowth in opti-
cal continuity with the original clastic quartz 

Fig. 7. Aggregates of sandstone spheres, consisting of carbonate and kaolinite cemented sand are typical fea-
tures of the coarse grained sands in the upper third of Algebuckina type section. Coin diameter is 2 cm.
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Fig. 8. Contorted folds, symptomatic of the collapse 
and dewatering of quicksand, are common structures 
in the uppermost portion of well sorted Algebuckina 
Sandstone at Mt Anna locality. 

Fig. 9. Surface of silcrete with well preserved casts of 
Cladophlebis cf.australis (upper left) and Hausmannia 
cf. buchii (bottom right). Specimen is from silcreted Al-
gebuckina Sandstone at extreme right in Fig. 5. Length 
of Cladophlebis is 34 mm.

Fig. 10. Scanning electron micrograph of silcrete from 
the Mt. Anna locality displays a fabric of oriented, 
interlocking quartz crystals. Surface was obtained by 
chipping the specimen parallel to the bedding plane. 
Clear crystal faces are visible at top left of picture. 
Observations under the optical microscope show that 
crystal growth took place in optical continuity with well 
rounded, clastic quartz grains.

grains (homoaxial overgrowth). Thus, the 
quartz crystals of the silcrete form a dense 
and interlocking fabric. They are well ori-
ented along the C-axes (Fig. 10). Homoaxial 
quartz overgrowth follows the position of 
the C-axis of the host grain. The orientation 
therefore reflects the grain orientation of the 
original sand fabric. This, together with the 
excellent sorting indicates a steady, quasi 
laminar flow regime just above the thresh-
old of bed load movement. The existence 
of quicksand is evidenced by the dewater-
ing structures. Quicksand requires a fabric 
of random grain orientation and relates to 
movements at the low energy end of vortex 
systems. A more detailed discussion of the 
depositional environment is given below.

The macro-flora of the Algebucki-
na Sandstone comprises Cladophlebis 
cf.australis, Hausmannia cf. buchii, (see Fig. 
9), several species of Microphyllopteris, Arau-
cariaceae and Cycydites (HARRIS, in WOP-
FNER et al., 1970). A review of macro- and 
micro-floras by ROGERS and FREEMAN 
(1996) confirmed a Late Jurassic to Early 
Cretaceous age of the Algebuckina Sand-
stone, as suggested previously by WOPF-
NER et al. (1970).

In outcrop the Algebuckina Sandstone 
rarely exceeds 20 m in thickness, reaching a 
maximum of nearly 40 m in the region of 
the Finke erstwhile railway settlement. In 
subsurface the Dalhousie-Muloorina Hinge 
separates a western area where the forma-
tion generally measures less than 70m, from 
the region to the east, where the sandstone 
swells to a thickness of up to 750 m (KRIEG 
et al., 1995).

Generally the Algebuckina Sandstone 
extends to the very margin of the Eromanga 
Basin. However, in the area west of Mt Furn-
er and Coober Pedy (Fig. 1) the Algebuckina 
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Sandstone is overstepped by the Cadna-owie 
Formation. In a drill hole near Mt Furner, 30 
metres of Algebuckina Sandstone were in-
tersected, but in drill holes situated 130 km 
WNW and 80 km WSW of Coober Pedy re-
spectively, the Neocomian Cadna-owie For-
mation rests directly on Early Permian coal 
measures of the Mt Toondina Formation 
(WOPFNER, 1970). This indicates a mor-
phological high which may have separated 
two distinct fluvial systems.

Deposition of  the Algebuckina Sand-
stone was a diachronous process. In the 
rapidly subsiding parts of  the basin east of 
the Dalhousie-Muloorina Hinge, palyno-
logical assemblages demonstrate that depo-
sition had begun already in Early Jurassic 
times, whereas the macro flora at the Mt 
Anna section is of  latest Jurassic to Early 
Cretaceous age. As some of  the main sedi-
ment input into the basin was sourced from 
the cratonic regions exposed to the south-
west, west and northwest of  the basin, riv-
ers must have flowed across the marginal 
area for a long time without leaving much 
sediment. The compressed sections of  the 
Algebuckina Sandstone along the basin 
margins thus represent a long time of  depo-
sition and reworking.

Cadna-owie Formation

The second phase of inundation was in-
troduced by the marine transgression at the 
onset of the Cretaceous. This event is evi-
denced in the Cadna-owie Formation. The 
formation rests with an uneven, erosional 
surface on the Algebuckina Sandstone. A 
few lenticular pebble beds are present at the 
base of the Formation, but generally, a typi-
cal rudaceous transgressive facies is absent.

The composition of the Cadna-owie 
Formation is quite heterogeneous, com-
prising dark siltstones, carbonaceous clay-
stones, lenses of granule conglomerates and 
medium to fine grained, feldspathic and mi-
caceous sandstones. Many of the latter are 
tightly cemented by carbonate, to form hard, 
calcareous sandstones or sandy limestones. 
The calcite cement consists of discrete crys-
tals of up to 1cm diameter, poikilitically 
enclosing the clastic grains. The calcareous 
nature makes the Cadna-owie Formation an 
excellent seismic reflector which can be rec-
ognised as “C”-horizon across the whole of 
the Eromanga Basin. Calcareous oolites are 
commonly associated with the calcareous 
units, especially at the periphery of “base-
ment” inliers. Pyrite is ubiquitous through-
out the Formation, either as botryoidal con-
cretions of up to 10 cm diameter, as fillings 
of cell lumina of fossil wood or as dissemi-
nated small aggregates.

A special feature of the Cadna-owie 
Formation is the presence of isolated, well 
rounded cobbles and boulders within cal-
careous sandstones in the lower third of the 
formation. The diameters of the clasts range 
from about 20 cm to 120 cm, but even larger 
examples, exceeding 2 metres in maximum 
length have been reported. They consist 
largely of locally derived rocks, in the case 
of the Peake and Denison inliers, clasts of 
yellow quartzite dominate.

Within the upper half  of the Cadna-
owie Formation, interbeds of medium to 
coarse grained, feldspathic sandstones with 
pebbles of purple porphyritic rhyolites are 
present. At the Mt Anna section the whole 
upper half  of the Cadna-owie Formation 
(11 m) is made up of such feldspathic sand-
stones. Thus the sandstone facies has been 
identified as Mt Anna Sandstone Member 
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of  the Cadna-owie Formation (WOPFNER 
et al., 1970). The unit consists of well sorted, 
medium to coarse grained, feldspathic sand-
stones, characterised by concave current 
bedding with individually graded foreset 
beds. Conglomerate beds consisting of well 
rounded pebbles of purple to orange col-
oured porhyritic rhyolite occur as frequent 
interbeds (Fig. 11). Petrographic studies 
have demonstrated that the pebbles of por-
phyritic rhyolites derived from the volcanic 
complex of the Gawler Ranges, situated at 
the southwestern margin of the Eromanga 
Basin (WOPFNER et al., 1970; CAMP-
BELL and TWIDALE, 1991; TWIDALE, 
2007). This provenance is demonstrated 
further by increased prominence of the 
Mt Anna Sandstone Member towards the 
source area of the Gawler Ranges, where its 

participation on the total Cadna-owie sec-
tion is 100 percent (Fig. 12).

The Cadna-owie Formation represents 
the transgressive event of the Lower Cre-
taceous Sea. Palynological and palaeonto-
logical data indicate a Neocomian to earli-
est Aptian age (WOPFNER et al., 1970; 
KRIEG et al., 1995).

deposition and climate

The most significant features of the suc-
cession of the Algebuckina Sandstone are 
the general absence of silicate minerals ex-
cept kaolinite and the decreasing participa-
tion of kaolinite from the bottom to the top 
of the sequence. The kaolinisation of the 
underlying rocks preserving original rock 
textures and the pore-filling kaolinite of the 

Fig. 11. Exposure of current bedded Mt. Anna Sandstone Member at type section. The conglomerate lens incor-
porated in the sandstone comprises an abundance of well rounded, orange coloured pebbles of Gawler Ranges 
porphyry.
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Fig 12. Isopach map of Cadna-owie Formation in feet (1 ft = 30.48 cm) of area between 
the Peake and Denison inliers and Gawler Ranges, southwestern Eromanga Basin. 
Thickness of Mt. Anna Sandstone Member, expressed as percentage of total Cadna-
owie thickness, demonstrates increased dominance of Mt Anna Sandstone proximal to 
the Gawler Range Massif (modified after WOPFNER et al., 1970).
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lower units of the Algebuckina Sandstone 
are symptomatic for an aggressive, low-pH 
pore water system. These pore waters acted 
within the newly deposited sands as well as 
within the fluid saturated rocks below and 
adjacent to the depositional system. KAN-
TOROWICZ (1984) for instance has dem-
onstrated, that pore-clogging kaolinite in 
Jurassic sandstones of the North Sea is not 
a depositional component, but was formed 
during earliest, quasi syndepositional, 
diagenetic processes in freshwater environ-
ments. Neoformation of kaolinite is known 
to occur in tropical soils (MURPHY et al., 
1995) and highly acid conditions within cer-
tain rhizospheres are sufficient to transform 
certain clay minerals into kaolinite (KHAD-
AMI and AROCENA, 2008). Kaolinisation 
is not only effective in oxic conditions but 
even more so in reducing conditions. This 
is evidenced by the abundance of pyrite 
within the basal Algebuckina Sandstone 
and the underlying kaolinised basement as 
for instance in the bore hole Fortville No. 
1 (WOPFNER and CORNISH, 1967), and 
in Early Permian deglaciation sequences 
(DIEKMANN and WOPFNER, 1996; 
WOPFNER, 1999). 

 Conditions as described above exist in so 
called “black water” rivers. The Rio Negro 
of the Amazon-Orinoco system in Brazil or 
the Gordon River in Tasmania may be cited 
as analogue examples. The waters of the 
Rio Negro for instance have a pH-value as 
low as 3.8, caused by high concentrations of 
organic acids, saponins and other products 
of plant decay (SIOLI, 1965; GRABERT, 
1991). Black water rivers are characterised 
by high flow volumes. They are further rec-
ognised for their paucity of suspended sedi-
ment load, the sediment freight consisting 
primarily of bed load or saltation material.

Conditions of high volume flow regimes 
with moderate flow velocity and dominance 
of bed load transport correspond well with 
the planar current beds, bounded by hori-
zontal lag gravels observed in the lower, 
kaolinitic units of the Algebuckina Sand-
stone (Fig. 6). High volume flow regimes are 
maintained throughout Algebuckina sedi-
mentation but an increase of gradient with 
locally higher flow energies is indicated in 
the middle part of deposition, reverting to a 
steady, high volume regime near the top. 

A further characteristic feature of the 
Algebuckina Sandstone is the decrease in 
kaolin content from the bottom to the top, 
leading to a steady increase of chemical ma-
turity of the sediment until pure and well 
sorted quartz sandstone, consisting of more 
than 95 percent SiO

2, tops the sequence. This 
upward improvement of chemical maturity 
suggests a continuous lowering of the pH to 
a value where even kaolinite was removed. 
When Al2O3 solubility exceeded that of 
SiO2, excess silica crystallised in local con-
centrations to form the hydraulic silcretes 
like the plant bearing quartzite at the top 
of the formation. This process takes place 
at the level of true solutions (WOPFNER 
and WALTHER, 1999). Similarly, the sil-
icification of wood, preserving the most 
intricate details on cell structures, can only 
be achieved by material exchange on the 
molecular level, requiring the existence of 
proper solutions for ion exchange (WOPF-
NER, 1983). 

To maintain such conditions a humid to 
pluvial climate is required. HARRIS (cited 
in WOPFNER et al., 1970) from his stud-
ies of the palaeoflora deduced a “moist, 
subtropical climate” which corroborates 
the sedimentological evidence. KRIEG et 
al. (1995) and ROGERS and FREEMAN 
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(1996) reviewed the literature on the fos-
sil flora and deduced a moist and warm to 
cool-temperate climate.

As mentioned above, the Cadna-owie 
Formation represents the onset of the Early 
Cretaceous transgression. Hence it incorpo-
rates a great variety of litho-facies expres-
sions, depending on the individual local 
environment and coastal morphology (see 
WOPFNER et al., 1970). 

One feature which has been subject to 
discussions ever since their occurrence had 
been ascribed to glacial transport by JACK 
(1931), are the pebbles and boulders incor-
porated in the lower parts of the formation. 
JACK’s (1931) observations referred pri-
marily to the exotic boulders and cobbles 
which form a cover on all plains between the 
Gawler Ranges and the Peake and Denison 
inliers. PARKIN (1956) has pointed out that 
many of these clasts displaying evidence 
of glacial transport like soled and striated 
surfaces were derived from Early Permian 
tillites of the Arckaringa Basin (see WOP-
FNER, 1970). Similarly, loose cobbles and 
boulders of rhyolites have been weathered 
out from conglomerates of the Mt Anna 
Sandstone. This explains the origin of most 
of the exotics strewn on the surface, but the 
large clasts actually embedded in the lower 
parts of the Cadna-owie Formation demand 
a specific interpretation.

WOPFNER et al. (1970) demonstrated 
that the cobbles and boulders occur at the 
periphery of basement highs and within spe-
cific levels of the Cadna-owie Formation, 
generally in the lower half  of the succession. 
The clasts consist mainly of local basement 
material, they are water worn but do not 
show any typical features of glacial trans-
port and, they diminish in size away from the 
high. They are always embedded in a stable 

position, i.e. with the flat side down, whereas 
labile positions, as observed when emplaced 
as drop stones from melting ice, are absent. 
All these features, together with indicators 
for moderately warm surface waters like cal-
careous oolites have prompted these authors 
to refute a glacial origin. They suggested 
instead that tectonic instability during the 
transgression combined with near-shore re-
lated sedimentary processes like sediment 
creep, were responsible for the emplacement 
of the rudaceous elements. Tectonism no 
doubt was accompanied by earth quakes. 
Tsunamis activated by earthquakes have to 
be considered as an alternative mode of em-
placement. The omnipresence of pyrite at-
tests to a negative Eh within the sedimentary 
column, indicating high organic productiv-
ity and input of plant material as evidenced 
by the abundance of fossil wood.

The presence of the boulders within 
the Cadna-owie Formation and investiga-
tions of tree rings of fossil wood have lead 
FRAKES and FRANCIS (1988) to resur-
rect the glacial model. The discovery of 
glendonite pseudomorphs in the overlying 
marine Bulldog Shale was taken as further 
evidence for a cool to cold climate during 
Early Cretaceous deposition in the Eroman-
ga Basin (DE LURIO and FRAKES, 1999). 
These authors deduced a seasonally freezing 
climate whereby the boulders were rafted off  
shore, locked into river ice. In the same paper 
DE LURIO and FRAKES (1999) support-
ed their argument by recalculating oxygen 
isotope data published by DORMAN and 
GILL (1959). Using the assumption that the 
present isotopic composition of glendonite 
pore waters are representative of the Early 
Cretaceous sea water composition and as-
suming further mixing of high latitude me-
teoric waters with seawater, DE LURIO and 
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FRAKES (1999) derived at temperatures 
between -1o and 5o C, whereas DORMAN 
and GILL (1959) had obtained temperature 
values ranging from 13.8o to 16.5o C. Micro-
floral changes, especially an increase in coni-
fer pollen serves as an additional argument 
for a cold climate (KRIEG et al., 1995). 
The present author regards the occurrence 
of glendonite pseudomorphs primarily con-
trolled by sulphate availability and negative 
Eh rather than temperature. In this view the 
question of the palaeoclimate in the Early 
Cretaceous remains open.

The Mt Anna Sandstone Member is the 
product of  a competent, high energy fluvial 
system which fltowed from an upland in the 
region of  the Gawler Ranges northeast to 
enter the transgressing sea in large estuaries 
and deltas. There its sediment freight was 
intercalated with marginal marine deposits. 
The sudden appearance of  the sandstone at 
about the middle of  the Cadna-owie For-
mation requires a substantial increase in 
gradient ascribed to tectonic uplift of  the 
region of  the Gawler Range Volcanics and 
neighbouring basement complexes, termed 
the Gawler Range Massif  by WOPFNER 
et al. (1970). The ensuing erosion not only 
stripped the regolith from the Gondwana 
Surface but also cut into the fresh rock, 
laying the foundation for the present mor-
phology (CAMPBELL and TWIDALE, 
1991; TWIDALE and CAMPBELL, 1993). 
Both, WOPFNER et al. (1970) and CAMP-
BELL and TWIDALE (1991) thought that 
the Massif  had been uplifted along north-
west trending fault structures. Considering 
regional geodynamics however, vertical 
displacements along latitudinal trending 
structures may have imposed a controlling 
influence.

Whatever the temperature may have 
been in Cadna-owie time, climate was hu-
mid, providing considerable transport vol-
umes by pH-neutral waters. The upward 
fining of individual foreset beds indicates 
regularly changing flow volumes. These 
could have been seasonal, but more likely 
episodic changes in precipitation, whereas 
the conglomeratic interbeds can be related 
to storm events.

EXhuMAtion

The first evidence for the exhumation of 
the Gondwana Surface is provided by the 
ubiquitous presence of well rounded pebbles 
of silicified wood and amber coloured jas-
pers in the basal conglomerates of the Pale-
ocene/Eocene Eyre Formation in the eastern 
Lake Eyre Basin. The provenance of the 
silicified wood and the amber-coloured jas-
pers were unquestionable the exposures of 
Jurassic sandstone and the “fossil forests” in 
the Tibooburra region in northwestern New 
South Wales (WOPFNER et al., 1974). 

Sandstones of comparable age, interca-
lated with multiple silcretes at Mt Harvey, 2 
km northeast of Algebuckina Hill indicate a 
similar onset on the western margin of the 
Eromanga Basin.  This is corroborated by 
the development of silcretes of the Cordillo 
Surface at the present northwestern bounda-
ry of the Eromanga Basin. As demonstrated 
by WOPFNER and WALTHER (1999) and 
indicated in Figure 2, these silcretes extend 
over from the Cretaceous on to basement. 
The youngest stratigraphic unit on which 
typical Cordillo Silcrete is developed, are the 
terminal deposits of the Eyre Formation, 
hence the first exhumation along the western 
margin probably commenced also in Early 
Tertiary times. 
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The post Eocene – pre Miocene fold 
movements not only created the large anti-
clinal structures of the basin but also created 
new depot centres in the Lake Eyre region. 
The following period of sedimentation and 
the formation of ferricretes did not enhance 
exhumation and the succeeding depositional 
phase of the Warrina Surface covered large 
areas of already exposed Gondwana Sur-
face or modified its appearance. The Mt 
Margaret Surface of ROGERS and FREE-
MAN (1996) represents the modified or 
re-emerged Gondwana Surface in the Mt 
Margaret Range of the Peake and Denison 
inliers. This is evidenced by remnants of Mt 
Anna Sandstone with well rounded peb-
bles exposed on the Mt Margaret Plateau 
(WOPFNER, 1968). However the surface 
had been covered by gypsiferous soils of 

the Warrina Surface and was not exposed 
until post-Warrina fault movements uplift-
ed the Ranges to their present elevation in 
Plio-Pleistocene times (WOPFNER, 1968). 
Figure 13 shows the present exposure of the 
modified Gondwana Surface at Mt Marga-
ret and the juvenile erosion on the up-fault-
ed (eastern) side of the fault block.

Along the southwestern margin of the 
Gawler Ranges, the surface may have never 
been covered to any great extent. The level of 
the Nott Surface was apparently lower in Ear-
ly Tertiary times, as indicated by remnants of 
Cordillo-equivalent silcretes between born-
hardts (CAMPBELL and TWIDALE, 1991; 
TWIDALE and CAMPBELL, 1993). Late 
Tertiary uplift which elevated the southern 
rim of the Australian continent by some 200 
m was responsible for that final adjustment.

Fig. 13. Exhumed Gondwana Surface cutting across deformed sedimentary rocks of the Neoproterozoic 
Burra Group now forms the surface of the up-faulted Mt. Margaret Plateau in the Peake and Denison in-
liers. Direction of view is northwest.
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ConClusions

The Gondwana Surface and its thick 
weathering mantle of  kaolinised basement 
reflects the crustal stability experienced in 
Gondwana at the time which followed the 
termination of  the Pangaea depositional 
phase in the mid-Triassic and the com-
mencement of  dispersion of  Gondwana 
fragments in Late Jurassic to Early Creta-
ceous times. The time interval roughly co-
incides with the “Gondwana II Extension” 
of   VEEVERS (2000).

During the Jurassic the Gondwana 
Surface was dominated by large, high 
volume river systems, leading to gradual 
burial of  the subsiding surface by sand-
dominated fluvial and fluvio-lacustrine 
deposits. Within the study area inflow was 
from the west and northwest and from 
the southwest to south. The Algebuckina 
Sandstone represents this initial phase of 
burial. Depositional mode, water and soil 
chemistry and environment were analo-
gous to the present drainage system of  the 
Amazon River.

Northeast tilt of  Australia, i.e. away 
from the rift shoulders, created by the 
Antarctic–Australia rift system, combined 
with a rise in sea level, opened the path for 
the marine transgression in Neocomian 
times and the deposition of  the marginally 
marine Cadna-owie Formation. Tecton-
ism which became active after the onset 
of  the transgression was responsible for 
the input of  local rudaceous material. The 
formation of  a large basement block in the 
southwest of  the region, the Gawler Range 
Massif  led to the creation of  a high energy 
river system which transported large vol-
umes of  sand and rudaceous material into 
the advancing sea where it interfingered 

as Mt Anna Sandstone Member with the 
strata of  the Cadna-owie Formation.

The uplift of  the Gawler Range Mas-
sif  was associated with the widening of 
the rift system between Antarctica and 
Australia. BOURNE et al. (1974) suggest-
ed a northeast tilt of  the Gawler Range 
Volcanics along the northwest-trending 
Corrobinnie Depression which they inter-
preted as the surface expression of  a frac-
ture zone. They observed a number of  mi-
nor faults at the edge of  the volcanics, but 
there was no unequivocal evidence for a 
major dislocation zone concomitant with 
the surface expression of  the depression. 
On the regional gravity map the complex 
of  the Gawler Range Volcanics and the 
associated granitoids of  the Hiltaba Suite 
occur as an east-west trending, positive 
gravity anomaly. A pronounced gravity 
slope bounds the positive anomaly in the 
southwest, leading to a substantial grav-
ity low, indicative of  a different rock prov-
ince. This slope combined with a corre-
sponding change of  the characteristics of 
magnetic anomalies support the existence 
of  a northwest striking dislocation zone 
below the Corrobinnie Depression. From 
the southern margin of  the positive grav-
ity anomaly associated with the Gawler 
Range-Hiltaba volcanic-igneous complex, 
a slope leads down to latitudinal-trending 
gravity depressions and magnetic anoma-
lies along about 32o 30’ S latitude. This is 
interpreted as an indication for the exist-
ence of  a further dislocation zone, paral-
leling older rifts like the Polda Basin and 
similar structures in the Bight Basin fur-
ther west. Extensional movements along 
these two dislocation zones uplifted the 
Gawler Range Massif, thus creating a 
north- to northeast-dipping rift shoul-
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der which became the source for the Mt 
Anna Sandstone. The northwest-trending 
Corrobinnie dislocation zone would have 
acted as an accommodation fault. These 
movements apparently were the final rift-
ing event prior to the onset of  drift and 

distension. This event terminated the his-
tory of  Gondwana and the Australian 
continent acquired its own, independent 
character. Exhumation of  the Gondwana 
Surface was initiated by epeirogenic move-
ments in the Early Tertiary.
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Fig. 1. A youthful Liz in Canberra, 1963.

biographical details

Elizabeth Mary Corbin was born on 9 April 
1940, and grew up on the family sheep property 
at Binnum near Naracoorte, in the South East 
district of South Australia. As a young girl, 
Liz helped on the farm, and her country back-
ground later served her well when she took to 
field work. She was educated locally, and then at 
Woodlands Church of England Girls Grammar 
School, Glenelg. There she became joint Head 
Prefect and many of her attitudes and values 
were either gained or confirmed by her contact 
with the formidable and admirable Principal, 
Miss Millington. She entered the University 
of Adelaide on a Commonwealth Scholarship 
in 1959. She would have liked to study Medi-
cine but her school subjects did not at that time 
qualify her for such a course. Instead, and after 
a first year settling in and finding her feet, she 
majored in Geography and French, and went on 
to Honours in Geography (1962). Throughout 
her undergraduate years Liz lived in St Ann’s, at 
the time the only ladies’ residential college. She 
became President of the College Club in 1962, 
her last in residence, and in the same year was 
awarded the Collegians Prize.
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After working for a year with the Depart-
ment of National Development in Canberra 
(figure 1), Liz returned to Adelaide in 1964. 
She married Dean Campbell, with whom in 
due course she had two daughters, Jacqueline 
and Robyn. She was appointed to a tutorship 
in the Department of Geography, University 
of Adelaide. She studied for an M.A., which 
was duly awarded in May 1968. In between 
having and caring for her girls Liz took part-
time positions, e.g. with the Australian Herit-
age Commission, but also tutoring and dem-
onstrating in the University.

In 1981 she returned as part-time re-
search assistant and associate, and part-time 
lecturer and tutor for the Department of 
Geography. In 1990 an opening as full-time 
Research Assistant and Associate occurred, 
working with C.R. Twidale under the auspic-

es of ARC grants. Several productive years 
followed during which time Liz co-authored 
several papers, travelled widely in Australia 
(Hamersley Ranges, Darwin, Alice Springs, 
Townsville, Hobart) and also ventured over-
seas for the first, but not the last, time, to 
Spain, France, and Switzerland, and to 
Malaysia and Singapore (figure 2). Concur-
rently with this research-oriented work she 
continued to lecture, tutor and demonstrate. 
When the grants ran out she applied for and 
was granted a Commonwealth Graduate 
Scholarship that enabled her to work for a 
Ph.D. (figure 3).

At that time, in the mid and late ‘eight-
ies, the physical aspects of Geography were 
being marginalised in the Department of 
Geography, and acting on the recommenda-
tions of the 1982 (Bowie) Review of Earth 

Fig. 2. In the field in the granitic Sierra Guadarrama, central Spain, 1991. Liz, far right, back row.
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Fig. 3. Liz with daugh-
ters, Robyn (left) and 
Jacqueline, on the occa-
sion of her Ph.D. gradu-
ation, 1990.

Fig. 6. Liz with her beloved Lake Gairdner within the Gawler Ranges.
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Sciences, Twidale transferred to Geology 
and Geophysics in 1988. Despite her be-
ing urged to remain in Geography, Liz fol-
lowed, and elected to study the evolution of 
the Gawler Ranges landscape as her thesis 
topic; this despite discouraging comments 
on the part of some colleagues who thought 
it unpromising and unsuitable for a doctoral 
dissertation. In the event it proved to be a 
winner. Liz loved the Ranges, its varied and, 
as it proved, ancient scenery, and also and in 
particular Lake Gairdner. 

The thesis was written, submitted, and 
was approved with enthusiasm by the exter-
nal examiners in 1990. It was to form the ba-
sis for several published research papers.

During the period 1991-2001 she con-

tinued her work as lecturer, tutor and dem-
onstrator variously at North Terrace, Rose-
worthy and (1998-2001), visiting at Flinders 
University. She also continued to publish. 
She hoped for an established position in 
Geology and Geophysics, but also applied 
for an advertised Lectureship in Geography, 
and for academic and research positions 
elsewhere and overseas, but without success. 
Her many fine qualities became obvious not 
in a spectacular contrived display but in the 
vicissitudes of routine in the long haul: she 
was a quiet achiever and a fine colleague. 
However, unemployed, Liz joined a firm of 
accountants as administrator and also train-
ee consultant. She took elementary exams 
and qualified, but then in 2002 Dr Yvonne 
Bone of the Department of Geology and 
Geophysics had a grant-supported opening 
for a research assistant studying Bryozoa. 
Liz knew little or nothing about the subject 
but such was her reputation for application 
and hard work that she was appointed, and 
to everyone’s benefit. Liz took to the subject 
and greatly assisted Yvonne, travelled to 
Britain to discuss Antarctic bryozoans with 
colleagues at the Natural Science Museum 
in London, and to South America for a con-
ference in Santiago, Chile. In Peru she was 
joined by daughter Jacqueline for a wonder-
ful holiday together, amongst other things 
visiting the Inca ruins at Machu Picchu. So 
what was to be her last overseas excursion 
ended on a particularly happy note.

By 2005 the bryozoan project was draw-
ing to a close and Liz decided to retire. She 
looked forward to playing golf  again, to see-
ing more of her family and especially her 
grandsons Ben and Will (courtesy Robyn 
and Rob). She wanted to resume her study of 
Lake Gairdner and to this end was appoint-
ed Visiting Research Fellow in the School 

Fig. 4. Liz with John Kwaterski, pioneer farmer of 
Pildappa, northwestern Eyre Peninsula, in the late 
‘eighties.
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of Earth and Environmental Sciences in the 
discipline of Geology and Geophysics, based 
in the Mawson Laboratories where she had 
launched her student career. Unfortunately, 
serious health problems intervened. She was 
diagnosed with cancer in May 2007. Despite 
surgery and follow-up treatment, the disease 
spread and she died on 4 April 2008, just five 
days short of her 68th birthday.

Research and Publications

Liz was a considerable scholar. She pos-
sessed an impressive personal library (some 
of it inherited from her father) suggesting 
special interests in history and the Earth, 
but with poetry and women’s achievements 
also well represented.

Having recognised a possible research 
problem, her first step always was to as-
certain the state of play by identifying and 
gathering any publications germane to the 
particular topic. Her interest in landforms 
was captured by a Third Year field camp in 
the southern Flinders Ranges in the winter 
of 1961. As a result she specialised in Geo-
morphology in her Honours year. For her 
dissertation she studied the morphology and 
origin of gnammas or rock basins developed 
on some of the granite inselbergs around 
Minnipa, on northwestern Eyre Peninsula. 
She organised some of her colleagues at St 
Ann’s and a fellow Honours student, Gra-
ham Walker, to assist with mapping as well 
as for company. They camped at Pildappa 
Rock, where the local farmer was John Kwa-
terski, Senior (figure 4). His was an inspir-
ing story and his wife also was a remarkable 
person. A cultivated lady and former teach-
er from Cologne, Germany, she had settled 
easily into farm and rural life. She took Liz’s 
group in hand and most late afternoons saw 

some or all of the group enjoying afternoon 
tea with Mrs K. and also taking advantage 
of her bathroom facilities. Liz produced 
some fine maps and report. It was the be-
ginning not only of an enduring and active 
interest in granitic landscapes and indeed 
in landscapes in general, but also of a long 
friendship with the Kwaterski family.

When she was appointed Tutor in the 
Department of  Geography she enrolled for 
an M.A., a research degree which in the 
Humanities at that time was regarded as 
the stepping-stone to higher things, includ-
ing the doctorate. Liz directed her attention 
to lunettes, the immobile dunes located on 
the lee shores of  lakes, lagoons, playas, pans 
and river channels in many parts of  arid and 
semiarid southern Australia. Hills’ (1940) 
account of  the forms had been challenged 
(Stephens and Crocker 1946) but there were 
still anomalies between the field evidence 
and received wisdom. Also, Liz’s family 
home in the South East district stood on a 
lunette, and there were many examples on 
which to work in her home area. Her father, 
Owen Corbin, took a keen interest in the 
investigation and helped Liz with some of 
the field work. Liz investigated lunettes not 
only in the South East but also in the Mid 
North of  South Australia. Both in the field 
and in the library she displayed the tenac-
ity and determination that came to be her 
trademark. She presented a new and more 
satisfactory explanation for the forms by 
comparing the mechanism responsible for 
lunettes with that which produces coastal 
foredunes. The value of  her achievement 
was not diminished by two coincidences 
not uncommon in scientific investigations. 
First, she later found that Jim Bowler 
(ANU), who became doyen of  lunette stud-
ies in Australia, independently, though for 
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different reasons, had reached conclusions 
similar to hers. And second, she discovered 
that she had been anticipated. Evidence of 
the drift of  detritus by wind-driven waves 
in the ephemeral lakes of  the South East 
district of  South Australia, a mechanism 
central to her interpretation of  lunettes, 
had been noted a century earlier in 1862 by 
‘the Hillside Priest’, J.E. Tenison Woods.

When in the ‘eighties she was appointed 
to work with Twidale she was able to resume 
her interest in granite forms and also be-
come familiar with palaeosurfaces, a topic 
that came to the fore when in the late ‘eight-
ies she embarked on her study of the Gawler 
Ranges. Liz studied the morphology of the 
massif, which is developed on Mesoprot-
erozoic silicic volcanic rocks and granite. It 

consists of ordered rows of bornhardts or 
domical hills. Liz was able to demonstrate 
that they had developed by fracture-control-
led subsurface weathering beneath a plana-
tion surface of Early Mesozoic age; that they 
had been exposed as landforms in the Early 
Cretaceous some 120-130 million years ago; 
and, contrary to the conventional geomor-
phological thinking, that the landscape had 
changed very little in the intervening eons.

Her Gawler Ranges study involved field 
work in fairly remote country. She loved 
camping but also stayed with Joan Andrews 
at Mt Ive. Robyn and Jacqueline helped as 
field assistants and companions, as did her 
sister Anne (Stott), Jennie Bourne, Twidale 
and the late Lance Beck. Doug Elefsen, an 
old friend from the Minnipa Hotel-Motel, 

Fig. 5. Liz determined to find the evidence, Talia Beach, mid ‘nineties.
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gave her a grand tour over the Ranges in 
his Cessna. She more than repaid this as-
sistance and concern with a fine thesis. She 
never lost interest in ‘her’ Ranges. In par-
ticular, during her doctoral field work she 
became entranced by Lake Gairdner (figure 
5), particularly its origin and the effects of 
salt weathering on the tough volcanic rocks 
exposed in its shoreline. She resumed her in-
vestigation of this large and unusual salina 
in retirement but like so much else, this was 
to be tragically cut short.

liz and words

Liz loved and respected words and was 
an inveterate and eclectic reader. She be-
lieved that good writing begins with good 
reading. She was rigorous in her own use of 
language and the presentation of ideas, and 
was equally critical of the English used by 
others. In a sense she missed her vocation, 
for she was a formidable editor with an ea-
gle-eye for incorrect spellings or grammati-
cal transgressions. In addition she brought 
to bear a critical intelligence that allowed 
her to identify gaps in logic and inadequate 
explanations. A single glance would catch 
any typo, transposition or surplus spacing. 
Clear concise English was not enough: it 
had also to be grammatically, linguistically 
and technically correct. Tomes like the OED, 
Fowler’s Modern English Usage, Roget’s The-
saurus, The (Commonwealth) Style Manual 
for Authors, Editors and Printers, and Stand-
ard Geological Symbols, the AGI Glossary of 
Geology were her bibles; though like some 
of her close colleagues she disagreed with 
many of the Glossary entries.

She became Assistant Editor of the Roy-
al Society of South Australia, responsible 
for Earth Science papers, and also edited a 

special volume for the Geological Society 
of Australia. Her abilities were in great de-
mand informally and her expert assistance 
proved invaluable for many colleagues and 
postgraduate students, several of whom 
benefited from her meticulous correction of 
their theses at draft stage. In this, as in other 
matters, she was a lady of principle, resign-
ing from the associate editorship of the Roy-
al Society when her decision on a submitted 
manuscript was overruled for unsatisfactory 
(i.e. unstated) reasons.

Final thoughts

Liz was utterly reliable, learned, tena-
cious, and meticulous, qualities that shone 
through in her research and teaching. It 
was especially obvious in the field, where 
she frequently worked in difficult condi-
tions, but also in her formal and informal 
editing. She was conscientious in all she did. 
She was a compassionate but rigorous tu-
tor and teacher, with high expectations. Her 
administrative abilities were of a high order, 
whether concerning a field excursion or a 
practical course. Many student groups and 
visiting overseas colleagues will remember, 
and be grateful for, her thorough planning 
and organisation. She enjoyed her times in 
the field and though in her mid ’thirties she 
contracted mature-age diabetes (which was 
never really under control, and was trouble-
some throughout the rest of her life) Liz did 
not let it interfere unduly with her activities. 
As is partly indicated by the provenance of 
the authors who have contributed to this vol-
ume (but only partly, for some who would 
have liked to contribute, for various reasons 
found they were unable to do so), she en-
joyed the respect and friendship of many of 
the overseas colleagues she met in the course 
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of  various conferences and field excursions. 
Liz touched many lives. 

News of her illness and passing was 
greeted with dismay and disappointment. 
She was a lady of integrity who was not 
afraid to put possibly unpopular views di-
rectly. She was a loyal friend, but duty al-
ways took priority. Her last year was dif-

ficult, but the loving care of her daughters 
was a solace not only to Liz but also to her 
many friends, and with their support and 
that of her extended family, she bore her 
ordeal with courage and dignity. Those who 
had the pleasure and privilege of knowing 
Liz would have expected no less, but all were 
nevertheless both impressed and moved.
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AFtERwoRd: A PERsonAl notE

For as long as we can remember, the university and academia were a part of Mum’s 
life. Research, field work, lectures, tutorials and writing papers were familiar subjects to us 
long before we attended university ourselves. Mum loved her work and was quietly proud of 
the results, particularly her published works and her Ph.D. She would have been even more 
proud and humbled by the tribute paid to her by the many friends and colleagues who have 
contributed to this publication.

Mum’s academic interests often crossed over into our family life. On family holidays she 
would always be able to explain to us the formation of the landscape. Wherever Mum went 
she would have an ‘eagle eye’ for interesting landforms and rocks, sometimes carrying large 
samples home with her. We both spent time with Mum in the field, driving the 4WD and 
helping to carry samples and take notes. We are pleased, as Mum was, that academic life 
provided her with so many personal rewards, such as lifelong friendships and opportunities 
to travel extensively overseas and to remote parts of Australia.

We have always been proud of Mum’s achievements, her hard-working, methodical 
approach and her ability and willingness to tackle the unconventional and try new things. 
This publication is an enduring reminder for us of Mums’ accomplishments, professional 
and personal, and we are grateful to everyone for their time, their contributions and for the 
tribute they have paid to Mum’s work and memory. 

Jacqueline Campbell and Robyn Simmonds
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