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What are rock relationships?

Solving a rock relationship
The southern Mount Lofty Ranges sweep down to the sea in several arcs 
around Adelaide. One arc, the Willunga Range, displays a belt of fossiliferous 
rocks from Sellick Hill to Carrickalinga Head via Myponga Beach. The 
belt was assigned to my honours degree colleague Chas Abele and me for 
mapping in 1957, my sector being the northern part. This project was 
to be our first actual mapping project—our three undergraduate years 
included field work, to be sure, but not producing a real map, from the first 
tentative identification of a rock and the first awkward reading of the dip-
and-strike to the finished product, complete with plausible cross-sections 
in the third dimension. Sir Douglas Mawson had visited many outcrops 
and run traverses across country, but he did little actual mapping because 
he was not comfortable thinking in three dimensions, and so his students 
did cross-country hikes too. Producing a map of an area rich in outcrop and 
geological variety was introduced into Geology II only in 1962.1

The Willunga Range had been mapped recently by Bruno Campana and 
Bruce Wilson2 following earlier studies by Walter Howchin and Cecil 
Madigan, but attempts to reconstruct plausible geological cross-sections 
revealed lingering problems. A good geological map is a wondrous creation. 
It is richly informative factually as to which rocks, accurately determined, 
are to be found and where; but it is simultaneously a theory, a theory of 

1	  Although this quirk of our most eminent geologist Sir Douglas Mawson (1880–1958) was well 
known among geologists, it is rediscovered, sceptically, from time to time.
2	  Campana and Wilson (1953); Campana (1955).
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the architecture of the landscape in the four dimensions of length, breadth, 
depth and time. One learns to perceive the solid structure from the lines, 
symbols and the colours on the sheet. Constructed under the pressures 
of budgets and deadlines, a published map will likely have patches of 
uncertainty, where coded colours and boundaries had to be interpolated 
more in hope than in confidence. And fair enough—as a good theory, it will 
contain the seeds of its own supersession.

Our strata had been formed as marine muds hardened over time; the strata 
were upended and folded, producing slopes (dips) between zero (flat) and 
90 degrees (vertical); and the deformed strata were uplifted and exposed 
by erosion. My cross-sections at Sellick Hill and Myponga Beach show the 
beds dipping east (Figures 1.1 and 1.2).

Figure 1.1. Myponga Creek, looking upstream (east) from Myponga Beach, 
watercolour by Glenice Stacey.
This is the location of section D-D in Fig. 1.2. The rocks outcropping above the left bank 
(middle right) are the Precambrian thrust over the Cambrian at the Black Hill Fault. 
The Cambrian below the thrust is orange and yellow due to more intensive weathering; 
this is characteristic of faults being deeply receptive to groundwater.
Source: Author’s collection.
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Figure 1.2. At Sellick Hill and Myponga Beach on the western flank of the 
Willunga Range, south of Adelaide, two geological cross-sections A-A and 
D-D show the strata dipping to the east.
The sketched plan views show only the mass of fossiliferous limestone. Howchin 
thought that the beds were also younging to the east. Madigan, Howchin after him, and 
Campana and Wilson, concluded that the beds were overturned, younging to the west. 
But we found that all were half right and half wrong. There had to be a fault at Myponga 
Beach, thrusting older strata over the fossiliferous limestones; we sought and found it, 
naming it the Black Hill Fault.
Source: From Abele and McGowran (1959).

Following the most fundamental tenet in geology, that in a stratigraphic 
succession the beds below are older and the beds above are younger, it was 
reasonable to postulate that the strata dipping to the east are younging to 
the east. (‘Younging’ may have been an abrasive neologism offending the 
linguistic purists, but it was too useful in geology not to survive.) Certainly 
Howchin thought that the strata were younging to the east; but Madigan 
saw on the contrary that the strata to the east were older, not younger. Thus 
the beds had been tilted through more than 90 degrees; that is, they were 
overturned. Howchin in turn accepted the overturn in both localities and 
this perception survived into the modern geological map.

The foundation stone, as it were, in this narrative is a limestone rich in 
the sponge-like fossils known as the Archaeocyathinae, whose securely 
identified presence confirmed the Cambrian age of the strata. By paying 
more attention to the details of the succession, I could show that the beds 
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above but older than the Archaeocyath Limestone at Sellick Hill were 
actually below the same limestone at Myponga Beach—that section was ‘the 
right way up’. That revision revealed a discontinuity to the east where the 
rocks were suddenly lower down—older—forcing us to predict and duly 
discover another fault, the Black Hill Fault. It all made sense and our paper 
with its map convinced Adelaide’s geological elite3.

Excepting my reference to fossils proving a Cambrian age (marginal to the 
argument), everything in this anecdote could well have been reconstructed 
during the late eighteenth century. Certainly the argument would have been 
understood, easily. The essential concepts handed down from those times 
are only six in number and easily assimilated, then and now. Here they are: 
(i) muds accumulating in the sea become hard strata, frequently entombing 
organic remains known as fossils; (ii) in a stack of strata the oldest are at the 
bottom and the youngest at the top (the law of superposition); (iii) strata can 
be folded and even inverted (upside down); (iv) rocks can be uplifted and 
eroded, producing discontinuous exposures (outcrops); (v) beds or strata 
with characteristics such as mineral composition or fossils can be traced to 
make a coherent pattern from outcrop to outcrop; and (vi) interruptions or 
discontinuities can indicate breaking (faulting).

During my three weeks’ work experience in the northern Flinders Ranges 
with Campana’s field-mapping party he had become a hero to me, a wide-
eyed undergraduate. So, it was somewhat tentatively that I explained 
our revisions to him in 1958 when Glaessner, Campana and I co-led an 
ANZAAS (Australian and New Zealand Association for the Advancement 
of Science) excursion through the Fleurieu Peninsula. But I needn’t have 
worried—Bruno was all too well aware of the problems inherent in the 
Campana-Wilson map and he was delighted with our solution. And there 
was another lesson for me in this research. At that time, at the height of 
modern geological mapping in Australia, there was simmering federal–
state rivalry between the Bureau of Mineral Resources in Canberra and 
the Geological Survey of South Australia—the latter did not welcome the 
former on their territory. The rivalry manifested in rates of publishing 
geological mapping, rates that reached remarkable levels in the GSSA under 
the leadership and personal example of Reg Sprigg. Campana told me that 

3	  Abele and McGowran (1959).
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he was pressured politically to publish, notwithstanding the shortcomings 
in their understanding of the Willunga Range. It was an example for a naive 
young enthusiast of the human context of science.

Rock relationships in the eighteenth 
century: Composition, classification, origin, 
succession
The Industrial Revolution demanded energy and minerals. Meeting that 
demand made the distribution of the rocks and minerals to be discovered 
and extracted critically important—meaning, the structure underlying the 
landscape. Imagine that you were a capitalist investing heavily in new coal 
mines, in terrain considered highly promising, but your technical consultant 
recommending the lease had confused two very similar sandstones, one 
lying below the target, the coal seams, and one lying above. The drillers 
were hired to drill through the overlying sandstone but it turned out to be 
the underlying sandstone … That mistake might well bankrupt the entire 
enterprise, exemplifying the economic motivation to analyse the structure 
of the country correctly.

But there was motivation other than the economic, and more was required 
for scientific understanding than the perception of economic opportunity. 
It  came from natural history and the fashion for assembling mineral 
specimens in the specimen cabinets of gentlemen. The naming, identification 
and classification of minerals was called ‘mineralogy’. Mineralogists looking 
inwards deciphered the inner structure of minerals, namely ‘crystallography’. 
Outwardly, minerals were assembled as rocks, composite entities posing 
questions of composition and origin, the subject later named ‘petrology’. 
The rocks making up the earth’s crust were sorted on the basis of their origin 
into three great groups, named respectively and in due course as: igneous, 
crystallising from molten material at high temperatures; sedimentary, derived 
from erosion, transport by water or wind or ice, and deposition, mostly 
in the sea but also in nonmarine environments; and metamorphic rocks, in 
which heat and pressure have transformed one rock type and its constituent 
minerals into another. (A common binary of the times was crystalline rocks 
vis-à-vis earthy or muddy rocks. The sparkling of the crystallines comes 
from crystals forming and growing under heat, pressure and fluids in veins.)
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Figure 1.3. Arduino’s 1758 section, Alpine foothills.
Giovanni Arduino, geologist (as they became known subsequently) and economic 
minerals prospector, constructed a geological section which became widely known 
although he never published it. However, he seems to have displayed his battered copy 
to colleagues and guests in the field and his four-part stratigraphic succession became 
widely known and published in due course (see e.g. Rudwick [2014, Fig. 4.3]). Such a 
great pile of rocks, thousands of metres thick and spanning 30 kilometres of country, 
implied vast and unmeasurable spans of time. Arduino distinguished and named the 
Primary and Secondary Formations, adding the Tertiary and Plains from the same 
region to his sequence.
Source: Originally unpublished, widely published since; here redrawn and relabelled 
by author.

This is all very neat, but the eighteenth-century story of scientific discovery 
and clarification was not so neat. Consider the first of two rock diagrams 
from the eighteenth century (Figure 1.3).

Giovanni Arduino (1714–1795), a Venetian mining specialist, compiled 
a  famous (but unpublished) outcropping section through the southern 
Alps illustrating the notion of rocks making up a succession. In 1759 he 
classified his rocks in a sequential series: Primary, the hard crystalline cores 
of mountain ranges (schist, gneiss, granite, mineral veins); Secondary, 
the hard sedimentary rocks on the mountain flanks, often with fossils of 
unfamiliar and strange appearance and challengeable as the remains of real 
organisms; Tertiary, the hardened sedimentary rocks of the foothills, often 
with fossils of familiar appearance, resembling organisms in the modern 
ocean. This was a major step forward in bringing order and clarity into the 
jumble of materials beneath our feet, but still we feel that rock sequence 
somehow is quite different from rock composition.

Now inspect the second rock diagram from the eighteenth century 
(Figure 1.4).
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Figure 1.4. Dupain-Triel 1791, Primary Secondary Tertiary.
Three decades after Arduino erected his fourfold chronological succession, this 
textbook figure displays the profoundly significant interruptions to the succession 
subsequently called unconformities. The upper-right to lower-left texture is jointing, due 
to the release of stresses, as in the physics of extension and compression in a bending 
beam. Unconformities imply a gap, a hiatus, in the rock record. In this example, evidently 
a lot happened by way of folding, uplift, erosion, and a new episode of sedimentation 
in the hiatus implied by Unconformity  II, between the Secondaries underground and 
the upper Secondaries. The Secondary/Tertiary Unconformity III looks understandable, 
but Unconformity I not so. But this figure was constructed during the times of igneous 
clarifying, when basalts embedded in fossiliferous strata would be found to have been 
molten lavas rapidly cooled, and granites to have been intruded at various times into 
rocks of various ages and cooled slowly.
Source: Original from Rudwick (2005, Fig 2.18); author’s sketch and labels.



SOUTHERN LIMESTONES UNDER WESTERN EYES

34

Figure 1.4 is a simplification of a diagram drawn by Jean-Louis Dupain-
Triel the younger, the royal geographer in Paris at the time of the French 
Revolution, for a booklet explaining the sciences of the earth for the general 
reader (1791). There are two masses of Primary rock, the upper mass quite 
different in aspect from the lower. An underground packet of Secondaries 
overlies the Primaries with a sharp discontinuity (Unconformity  I) 
and these sandstones and coals are tilted, uplifted and eroded, forming 
a  sharp discontinuity with the upper Secondaries (Unconformity  II). 
The latter are flat-lying but also sharply discontinuous with the Tertiaries 
(Unconformity III).

These diagrams tell us several important things about the earth sciences in 
later eighteenth-century Europe. One is the cultural factor, such as the habit 
of invoking the biblical account of Noah’s Flood as the universal explanation 
for the distribution of rocks on the planet. Arduino’s demonstration of 
a pile of sedimentary strata to be measured in kilometres’ thickness made 
that explanation highly implausible to all but the most myopically religiose 
zealot. Another is the economic factor. Economic (metallic) minerals are to 
be sought first in the somewhat chaotic but crystalline rocks in the cores of 
the mountains; the coals are in the Secondaries; the positioning of springs 
indicating groundwater can be explained. In short, knowing your rocks 
makes exploration and production easier and cheaper and more successful.

Third, there is the notion of a succession which, in broad terms, runs 
from higher, crystalline and older rocks to lower, unconsolidated rocks and 
younger rocks. This implies that granites, say, were older than the rocks 
immediately above them, which brings us to a much-publicised controversy 
of the late eighteenth century concerning the origin of dark, hard and dense, 
fine-grained rocks such as basalt. In the mining school of Freiberg in Saxony, 
Abraham Werner (1749–1817) argued that basalts sandwiched between 
rocks clearly of sedimentary origin (because the latter contained fossils such 
as ammonites) must themselves have been sedimentary in origin. Basalts 
such as the Giant’s Causeway in Ireland and Fingal’s Cave in Scotland, 
not connected to an apparent volcanic source, can have hexagon-shaped 
jointing resembling huge crystals. In Werner’s opinion, in the ‘neptunist’ 
theory, they must have precipitated from water. In central France, however, 
the French naturalist Nicolas Desmarest (1725–1815) could demonstrate 
a volcanic connection in the field, corroborating the ‘vulcanist’ theory that 
basalts were once molten lavas.
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James Hutton (1726–1797), the Scottish farmer, medico and philosopher,4 
confirmed that granites too were not aqueous but igneous, having crystallised 
from molten material forced into the country rock at depth, the critical field 
relationship being intrusion into that country rock. Hutton was interested 
in the rhythms and cycles of nature and in whether they might be applied 
to this fundamental question: given the observable, modern processes of the 
weathering of rocks and the erosion and transporting of the products, how 
come the continents were not all worn down to sea level? Hence the notion 
of perpetual change and renovation, especially uplift, driven by Earth’s 
internal heat and operating as dynamic but steady-state systems at vast time 
scales. More on this later; our concern here is the addition of intrusion to 
the catalogue of eighteenth-century rock relationships. European geologists 
found that molten material had been forced into rocks identified as 
Secondary and even Tertiary to form granites and mineralised veins, and 
they found too that the same kinds of rock had been metamorphosed to 
crystalline—schists, gneisses—all of which destroyed the chronological 
significance of the class of rocks known as ‘Primary’.

So, by late in the eighteenth century we had a comprehensive working theory, 
known as geognosy, of the earth’s structure. Becoming understood were 
igneous, sedimentary and metamorphic rocks and the processes generating 
them, and the kinds of contact or junction between bodies of rock—
conformity, unconformity, intrusion and fault. The idea of succession, 
exemplified pre-eminently by Arduino’s section, was appreciated; and so 
too was the significance of deformation and unconformity as indicating 
profound and repeated upheavals in Earth’s crust. But still in the future was 
a workable time scale for the vast stretches of time past when all these things 
were happening.

Geological cross-sections, real and ideal
Although Sir Charles Lyell is prominent in the next chapter, we can usefully 
peruse here his ideal section of part of the earth’s crust explaining the theory 
of the contemporaneous origin of the four great classes of rocks (Figure 1.5).

4	  Hutton’s Theory of the Earth (1788, 1795; Playfair, 1802) tied together the processes of erosion 
and sedimentation, of granitic intrusion and volcanic extrusion, of faulting and folding, of uplift and 
metamorphism. Hutton’s theory was an extreme example of time’s cycle, ‘a machine without a history’. 
See Chapter 10.



SOUTHERN LIMESTONES UNDER WESTERN EYES

36

Figure 1.5. Lyell’s ideal section with four classes of rocks.
Lyell’s title says it fulsomely: Principles of geology, being an attempt to explain the 
former changes of the Earth’s surface, by reference to causes now in operation. His 
frontispiece packs in a compendium of geological concepts. We see these: intrusion by 
granites (plutonic); metamorphism by cooking and deforming; extrusion as volcanoes; 
sediment accumulating stratum by stratum (aqueous environments); unconformities 
implying vast hiatuses of time, during which mountain building and mountain erosion 
can be accomplished. Lyell’s central and driving theme was that, given vast geological 
time, all things are possible without the need to invoke catastrophes of earthly violence 
such as Noah’s flood.
Source: Frontispiece to Lyell, Principles of geology (Second American Edition, 1857), 
Public Domain via Wikimedia Commons.

Layered rocks (m) have been intruded repeatedly by magmas  1 and 2. 
The  entire mass, worn down long since, was overlain unconformably by 
layered sediments  i–c in that order; then a second lot b–a, after another 
angular unconformity implying uplift and erosion and subsidence; then a 
third lot, the modern sediments (aqueous A). And yet again there are multiple 
igneous activities—at depth (plutonic) and breaking into and over shallow 
strata (volcanic B), and cooking of the host rocks (metamorphism  C). 
To modern eyes there is a lot that is naive about this diagram from almost 
two centuries ago, but that need not detain us. Lyell’s point is Hutton’s 
point. It is the uniformitarian thesis, that the formation of the most ancient 
and worked-over rocks can be understood in terms of earthly processes 
visibly operating today—processes ranging from the cold and the shallow 
to the hot and the deep.
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Figure 1.6. Lindsay’s geological cross-section under Adelaide.
This compilation of strata is shown at 20 times’ vertical exaggeration for clarity 
(the natural scale is at the top). Drillholes are shown; there are many more in the 
Adelaide district, primarily for mapping the water-bearing sediments (aquifers). 
The emphasised wriggly lines are four unconformities. The lowest unconformity on top 
of the Precambrian bedrock marks a hiatus of more than half a billion years (it is seen 
in outcrop in Figure  4.18). The next, below the Chinaman Gully Formation, marks the 
onset of Icehouse Earth, when the rapidly expanding ice sheet on Antarctica lowered 
sea levels (Chapter 8). The Hindmarsh Clay is a sheet shed by erosion from the modern, 
rising Mt Lofty Ranges.
Source: Plan 12 in Murray Lindsay’s unpublished MSc thesis (1981, University of 
Adelaide). Four unconformities emphasised by me.

Hutton was a gentleman farmer, at ease in the intellectual ferment in the 
Edinburgh of his time, the ‘Scottish Enlightenment’. Lyell was a lawyer 
with the wherewithal to travel extensively. I finish here with the other side to 
intellectual curiosity, the economic imperative, exemplified by a geological 
cross-section of the city of Adelaide (Fig. 1.6).
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It is almost all underground, accessible by excavating and extensive drilling. 
Drilling costs money but the money was there. Engineers and builders 
discovered to their cost that they needed real knowledge of the rocks and 
soils. Thus a large block of solid rock, the Hallett Cove Sandstone, excellent 
for building foundations, looks like an island surrounded by sands and 
clays, much less stable and requiring extensive preparation of foundations. 
Then too is the need for water for the market gardens supplying Adelaide’s 
burgeoning population. There was water in all the units labelled as ‘sand’, 
and driller contractors needed to know which was which; and market 
gardeners had to be warned that extensive pumping was causing drawdown, 
for this, together with careless techniques, raised the disastrous possibility 
of seawater coming sideways into the aquifers from beneath the Gulf 
St Vincent. The South Maslin Sand is a particularly important aquifer and 
found to be at –30 to –40 metres depth—but not to the west, where it is at 
–110 to –120 metres, thanks to displacement across the South Para Fault. 
Finally, fossil fuels: did the early discoveries of the underdone coal known 
as lignite (in the Clinton Formation) raise economically viable possibilities? 
(As it turned out: no.)

Soils, foundations, building stones and sands, water, coal and oil … abundant 
reasons for investing in the detailed drilling, logging and mapping of the 
rock units, the lithostratigraphy of Adelaide and its surrounds. Beginning 
in the nineteenth century, the work reached its zenith in Murray Lindsay’s 
career in the Geological Survey in 1964–1989.5 But Lindsay needed much 
more than the identification and logging of sands and clays and limestones: 
he needed the power and precision of microfossils, which we defer until 
Chapter 4.

5	  Murray Lindsay (1928–2004) analysed the stratigraphy and micropalaeontology of the Adelaide 
region in painstaking accuracy and detail unrivalled in Australian hydrogeology, in numerous reports 
and publications and an enormous MSc thesis, much of which was never published. This reconstructed 
cross-section and another, crucial to the story of Icehouse Earth (Figure  8.14), are from that thesis 
(1981, Plans 12 and 14).
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