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Coal Mining: a unique opportunity at Clee Hill 
 

L.A. Crump and R. Donnelly
1
 

 
 

CRUMP, L.A. & DONNELLY, R. (1994). Coal Mining: a unique opportunity at Clee Hill. Proceedings of the 

Shropshire Geological Society, 10, 1–3. Clee Hill Quarry is an active hardstone (dolerite) quarry in Carboniferous 

Coal Measures which have been intruded by a thick (ca. 60 m) conformable fine-grained olivine-dolerite sill. 

The whole sequence is now folded into a broad synclinal structure and is extensively faulted. The area is 

blanketed by glacial deposits, 2-12 m thick. Historically, quarrying operations have been closely allied to the 

geological structure being confined to the margins of the syncline where the dolerite is devoid of overlying Coal 

Measures. 

In 1973 a programme was undertaken to assess the viability of using Coal Measures material for the production 

of lightweight aggregate. This programme was initiated because virtually all remaining, albeit substantial, planned 

reserves of dolerite were overlain by considerable thicknesses of Coal Measures and glacial deposits. Initial results 

from a technical viewpoint were encouraging. The project was eventually begun and the mining phase, including 

the major restoration works, was completed in July 1992. 
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ORIGINS OF MINING 

The area of Clee Hill in South Shropshire has been 

exploited for coal since the 13th century. A record 

from 1235 states that coal from the village of 

Caynham, on the flanks of the hill, was being sent 

to the Abbey at Cleobury Mortimer. Limestone, 

iron nodules and dolerite have also been worked 

there. By 1760 there were a large number of bell 

pits being worked, and aerial photos show their 

remains today. 

By the 19
th
 century coal extraction became 

increasingly important and it powered the quarry 

plant. Titterstone quarry employed 2000 people 

and produced 400 000 tons of dolerite p.a. at the 

turn of the century. Photographs of the time show 

a labour-intensive operation with rail links to 

Ludlow. The company was known as “The Clee 

Hill Granite Co.”. This quarry and the surrounding 

plant have never been restored. At present the 

quarry is a major supplier of roadstone and sends 

some of its production to make rockwool. 

For a more substantial account of this topic, 

maps and sections, the reader is referred to the 

GSSP publication by the authors (Crump & 

Donnelly, 1994). 

GEOLOGICAL SETTING 

Geologically, Clee Hill is an outlier of 

Carboniferous age with a NNE-SSW trending 

synclinal structure. The youngest rocks seen are 

the Coal Measures which overlie the dolerite sill at 

least in part. The dolerite has been dated at 295 Ma 

(K-Ar) giving a Westphalian D age, and the Coal 

Measures are thought to be Westphalian A-C. This 

suggests that the sill intrusion is more or less 

contemporaneous with the rocks in which it is 

found. The dolerite is a blue-black colour when 

fresh and shows good columnar jointing in the 

centre. It often has a conchoidal fracture. The 

primary minerals of the dolerite are olivine crystals 

in a plagioclase-augite groundmass. Olivine may 

be altered to serpentine. Magnetite and titanium 

oxide are also present. 

In many places the sill is covered by a sandy till 

with dolerite boulders; occasionally the till grades 

into the underlying Carboniferous mudstones. This 

latter is possibly a commutation till, made as the 

glacier crushed the underlying rock in situ. 

QUARRYING 

Historically quarrying was restricted to the edge of 

the sill where the dolerite was exposed. Planning 

permission in 1947 covered 620 acres, one of the 

largest quarries in Great Britain, and linked the 

main quarries. Reserves deteriorated in the 1950s 

and 60s as the dolerite not covered by overburden 

ran out. The rock had often weathered beneath the 

till to an orange silty clay which infilled the joints 

and up to 40% of the quarried material was 

useless. It was evident from this weathering that 

the Clee Hills had stood above the most recent 

glaciation and have therefore been exposed at 

surface for a very long time. The weathering is 
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more typical of that found in Cornwall. and would 

have been tropical at times in the past. 

The thickening of the overburden closed Incline 

and Dhustone quarries and only Belfry was in 

production although it too had till cover. So it was 

at this time that a geophysical survey was 

undertaken to assess the potential of the area 

around Belfry. Both resistivity and magnetic 

surveys were inconclusive as so much dolerite was 

incorporated into the tills. The more successful 

seismic survey proved Belfry to be an area of 

disturbance. 

RESERVE EVALUATION 

In the 1970's the area between Incline and Belfry 

quarries was evaluated; the objective was to 

identify a reserve of "clean" dolerite. From the dips 

in the quarries the thickness of the Coal Measures 

could have been as much as 90 metres; however 

dolerite was known to be unweathered under the 

coal. 

Thirty-one boreholes were drilled in this area, 

open holes in the overburden, cores in the dolerite. 

In total, 1200 metres of drilling was carried out at 

around £30 a metre. The sill was proved at around 

50-60 metres and the Coal Measures were around 

20 metres thick. Structurally the boreholes 

revealed a NE-SW trending fault that separated 

two basins. The cores showed the dolerite to be 

clean, massive and having a low fracture index, 

ideal for quarrying. However, removing the 

overburden made the cost a problem. 

The Coal Measures were cored with a view to 

assessing them for use as a light weight aggregate. 

They consisted of mudstones, clays and 

sandstones. A shallow pit was dug to look at the 

beds more closely and in 1974 after some trials 15 

more bores were cored in order to evaluate the area 

in more detail. The clay and mudstones were 

found to be ideal for lightweight aggregate. Coal 

could be used for fuel but the sandstone would be 

waste. 

Economics finished this project in the 1970s, 

and the exploitation of the area continued as a 

nibbling of the edges of the sill. Stripping the 

overburden was expensive, a 30 metre advance 

along a 100-metre face costing £50 000 to strip. In 

1981 open-cast coaling was proposed. Estimates 

suggested the presence of 250 000 tons of coal. 

The N.C.B. were consulted and information as to 

the quality was essential. More drilling took place. 

13 open holes were drilled and down the hole 

logging took place. Density logs showed up the 

low-density coal seams. Shales contain potassium 

isotopes and gave gamma-ray highs. 

Four main seams were identified. These were 

already known and had been worked in the past. 

They were named J, the lowest, K, L and M 

(originally Four-foot, Smith, Great Seam and 

Three-quarter). All four seams are seen only in 

some places. The shallow dips indicate easy 

working, so in 1982 another 38 boreholes were 

drilled and the results plotted as an 

overburden:coal ratio. It is possible to work a ratio 

of 15:1 and, as the boreholes showed a 6-4:1 ratio, 

the result was very favourable. The quality of the 

coal, especially at lower levels, was good; it was 

low in sulphur and therefore good for power 

stations. 

In the end the assessment of the 26 acres was 

revised downwards due to the faulting, the old 

workings and final under extraction. The removal 

of 1.7 million tons of overburden plus the stripping 

of barren Coal Measures in order to reach the 

dolerite led to a 15:1 ratio. In 1986 planning 

permission was sought for a much smaller area 

between two quarries. There were plans to use the 

waste to restore the old quarries and a licence was 

needed from the National Coal Board (later British 

Coal). 

COAL EXTRACTION AND RESTORATION 

The new phase of coal extraction began in 1988 

and ended in 1991. It turned out the amount 

already removed by old workings had been 

overestimated, and the coal recovered was 320,000 

tons. 

Restoration of Dhustone quarry has been 

extensive, although the grading of very fine 

unlithified sediment has proved a problem with the 

high rainfall of the area. A network of stone-lined 

drains with settling tanks has proved successful. 

Establishing vegetation is problematical as sheep 

freely graze the area. However the projected 

restoration, not due to be completed for 50 years as 

quarrying continues, includes a lake and looks 

quite attractive. 

CONCLUDING REMARKS 

Clee Hill Quarry is an active hardstone (dolerite) 

quarry located 5 miles to the east of Ludlow, 
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Shropshire. The quarry is in Carboniferous Coal 

Measures which have been intruded by a thick (ca. 

60 m) conformable fine-grained olivine-dolerite 

sill. 

The whole sequence is now folded into a broad 

synclinal structure and is extensively faulted. The 

area is blanketed by glacial deposits, 2-12m thick. 

Historically, quarrying operations have been 

closely allied to the geological structure being 

confined to the margins of the syncline where the 

dolerite is devoid of overlying Coal Measures. 

In 1973 a programme was undertaken to assess 

the viability of using Coal Measures material for 

the production of lightweight aggregate. This 

programme was initiated because virtually all 

remaining, albeit substantial, planned reserves of 

dolerite were overlain by considerable thicknesses 

of Coal Measures and glacial deposits. While 

initial results from a technical viewpoint were 

encouraging, the project was abandoned for 

commercial reasons. 

The Coal Measures sequence overlying the 

dolerite sill comprises in excess of 30 m of 

mudstones, siltstones and sandstones as well as 

four recognized coal seams. Piecemeal mining of 

this coal had taken place on the Clee Hills for 

centuries, and in the area for future quarrying 

abundant evidence was available at surface of 

former bell-pit workings. 

In the early 1980s a decision was taken to 

evaluate the coal deposits at Clee Hill Quarry. The 

area for detailed assessment was defined using 

existing borehole data and evidence from old 

workings identified from site survey and aerial 

photographs. Exploration in two separate phases 

comprised the drilling of 44 open holes with spot 

coring and borehole geophysical logging. Coal 

quality was determined by analysing all relevant 

borehole core samples. Although coal reserve 

estimates assumed a high degree of past shallow 

mining activity, the economic viability of working 

the coal seams by opencast methods was 

established. 

In 1986 a planning application was submitted to 

Shropshire County Council to work and remove all 

coal overlying the dolerite, over a 3 year period. 

The proposal would allow exploitation of a 

valuable mineral asset, release substantial reserves 

of hardstone (dolerite) and allow restoration at an 

early date of large areas of former mining and 

quarrying dereliction. Planning permission was 

obtained in August 1988. Negotiations with the 

Opencast Executive of British Coal culminated in 

the granting of a licence to work both British Coal 

(vested) and ARC (alienated) coal. Coal mining 

was commenced in October 1988. 

Predictions of seam thickness and faulting were 

consistently accurate and vindicated the site 

investigation programme. In two aspects more 

detailed/accurate information would have been 

useful. Firstly, with regard to coal quality, borehole 

core samples did not accurately reflect in situ 

moisture content. Secondly, the extent of old 

workings in the upper coal seams was significantly 

overestimated. Neither aspect significantly 

affected the viability of the project. The mining 

phase including the major restoration works was 

completed in July 1992. 
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The Welsh Borderland Fault System: still active after 600 million years 
 

Nigel Woodcock
1
 

 
 

WOODCOCK, N.H. (1994). The Welsh Borderland Fault System: still active after 600 million years. Proceedings 

of the Shropshire Geological Society, 10, 4–6. The Welsh Borderland Fault System comprises three major strands: 

the Church Stretton Fault, the Pontesford Lineament and the Towy Lineament. In the latter two cases the fault 

zone exists at depth and is represented at the surface by alignments of topographic features and surface structures. 

The general alignment of the system is due to its having had its major period of movement in Caledonian times. 

Evidence is presented to demonstrate that there may have been a lot more movement on these faults that was 

previously appreciated. 
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TECTONIC ACTIVITY 

The 1990 earthquake in Shropshire originated on 

the Welsh Borderland Fault system. This fault 

system appears on satellite images and follows the 

north-east to south-west grain of the country. 

Although not always visible at the surface, the 

fault system is present at depth and is a major 

control on the structures and depositional features 

of the surface cover. 

The system extends from Pembrokeshire north 

into the Manchester area. One branch extends 

south into the South Wales Coalfield where it 

affects the alignment of major valleys such as the 

Swansea Valley. The system is the natural 

geological boundary between the lower Palaeozoic 

rock of Wales and the younger rocks of England. 

For a more substantial account of this topic, 

maps and sections, the reader is referred to the 

various publications by the author listed in the 

references (Woodcock, 1984a; 1984b; 1988; 

1990; Woodcock & Gibbons, 1988). 

STRUCTURAL SETTING 

The fault belt is made up of three major strands: 

the Church Stretton Fault, the Pontesford 

Lineament and the Towy Lineament. In the latter 

two cases the fault zone exists at depth and is 

represented at the surface by alignments of 

topographic features and surface structures. The 

general alignment of the system is due to its 

having had its major period of movement in 

Caledonian times, a characteristic it shares with 

other major fault systems in Britain. 

During early Palaeozoic times this fault belt 

marked the boundary between a shallow water or 

emergent area on the English side and a deep water 

basin filling with marine sediments on the Welsh 

side. A further fault system along the Menai Straits 

marked the northern boundary of the deep water 

Welsh Basin. 

Within the basin, fault systems in the basement 

with a northeast-southwest orientation, parallel to 

the Welsh Borderland faults, influenced the pattern 

of sedimentation and subsequently affected the 

structures in the surface cover. Typically, the intra-

basin faults at depth are replaced by folds in the 

younger sediments above. 

A recurrent theme of the geography of the fault 

system is the presence of elongate slivers of older 

or more resistant rocks bounded by marginal faults 

and set within younger and generally less resistant 

strata. This results in isolated areas of craggy high 

ground along the fault system and these have 

frequently been chosen as the sites for prehistoric 

hill forts and more recent castles. A notable 

example is Montgomery Castle, others are Caer 

Caradoc and the Wrekin. North of the Wrekin the 

faults are not topographically as strongly expressed 

as further south. 

STRUCTURE AND STRATIGRAPHY 

The geological or stratigraphic history of the fault 

belt is based largely on comparisons of the rock 

types occurring in the fault-bounded blocks at 

particular times. In addition, the presence of 

unconformities demonstrates periods of non-

deposition or erosion in particular blocks. 

In general terms, the rocks may be divided into 

four groups: shallow marine clastic sediments, 

limestones, non-marine mainly fluvial sandstones 

and deepwater sediments. Early on, there are major 

contrasts between the rocks in one fault belt and 
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those in the next. For example, the Cambro-

Ordovician rocks of the Church Stretton area do 

not continue across into the Shelve area where 

there is a much more continuous sequence of 

Ordovician sediments which includes some 

volcanics. This is good evidence that since 

Ordovician times the faults may have moved 

enough to bring into juxtaposition rocks which 

originated in areas which were previously much 

further apart. 

A detailed analysis of the sedimentary record 

allows some estimate of when the major 

movements on faults may have occurred. 

Conversely, the Silurian and Devonian sequences 

seem to run across the fault belts without being 

displaced in a major way. However, the faults do 

seem to control the transition from shallow water 

to deep water environments. This suggests that 

while the faults were still active they did not have 

such a major effect as in the earlier times. 

This sort of approach is restricted by our lack of 

knowledge of Cambrian and Ordovician rocks in 

central Wales and by the fact that early events, in 

this case movements on faults, are overprinted by 

later events. Many of these faults have experienced 

recurrent movements. 

MOVEMENT ON THE WELSH 

BORDERLANDS FAULT SYSTEM 

The various phases of movement on the Welsh 

Borderlands Fault System can be related to the 

major tectonic events that have affected Britain 

through geological time. 

For example, there is a distinct deformation 

event in latest Ordovician times which affected the 

Welsh Borderland Fault System. The evidence for 

this is particularly strong along the Pontesford 

lineament around the Builth inlier and in the 

Shelve area where Lower Silurian rocks 

(Llandovery) rest with angular unconformity on 

Ordovician rocks. This event (the Shelvian of 

Toghill) is a clear and discrete event of folding and 

faulting restricted to, and at its most intense, along 

the Welsh Borderland Fault System. In outcrop, 

steeply dipping fault planes exhibit slickensides 

which indicate a strike slip movement and it is 

suggested that the cause of this deformation was 

the collision between England and Wales and the 

continental mass of Baltica. An alternative 

favoured by Dr. Woodcock is the subduction of 

the former oceanic ridge beneath the Welsh 

Borderlands. 

Another major event is associated with the 

unconformity which separates the Carboniferous 

rocks from the Devonian and earlier ones. This 

event seems to represent the time when southern 

Britain collided with North America. There is well 

known and obvious evidence for the transition 

from shallow to deep marine conditions across the 

fault belt prior to this event. In the Silurian, rocks 

like the Wenlock Limestone are representative of 

the shallow water and these contrast with turbidity 

flow deposits in the central Welsh Basin. At this 

time the faults were probably dip-slip faults with a 

downthrow on the Welsh side which allowed the 

accumulation of large thicknesses of sediment in 

the basin. 

The collision with North America was 

associated with closure, deformation and 

shortening of the Welsh basin during the 

Caledonian Orogeny. During this event in the late 

Silurian and Devonian, the faults in the basement 

were reactivated to operate as reverse faults which 

caused folding of the overlying sediment pile into 

complex structures which consist of drapes of 

sediments formed over the basement steps. 

This event is represented in the Old Radnor 

area by steeply-dipping Precambrian rocks 

overlain by limestones of Wenlock age. The whole 

sequence is cut by steep faults with slickensides 

which indicate that the movement was again 

strike-slip. 

If this sort of evidence is collated it is possible 

to define four major phases of movement on the 

Borderland fault system. These events correspond 

to major unconformities in the rock record in the 

late Precambrian, late Ordovician, Devonian and a 

late Carboniferous to Permian event which is 

related to the Variscan Orogeny. 

These later events show up well on the gravity 

maps of southern Britain where the fault belts 

juxtapose low and high density rocks with the 

boundary marked by zones of steep gravity 

gradients. One of these fault belts runs along the 

margin of the Cheshire basin where it separates the 

low gravity rocks of the Cheshire basin from the 

denser rocks of the Pennines toward Manchester. 

Another branch of the system from the Towy 

Lineament runs up the west side of the basin. The 

younger rocks of the Cheshire basin are confined 

between these two fault zones. A similar pattern is 

seen on the geomagnetic field maps where there is 
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more variability of the field in the more strongly 

magnetised older rocks to the east of the fault 

system. To the west they are buried and masked by 

the younger, less magnetised sediments and the 

pattern is smoother and more uniform. 

ONGOING ACTIVITY 

Evidence that the System is still active in a minor 

way comes from the events of 2
nd

 April 1990 when 

the Bishops Castle earthquake occurred, causing 

significant damage in Shrewsbury. This was a 

particularly interesting event in that it was 

probably the first time it has been possible to 

locate a British earthquake along a known fault 

belt. Maps of the intensity show that a lot of 

Britain was affected. Analysis of historic records 

for earthquakes shows that, despite the variability 

of interpretation by different workers, the Welsh 

Borderland Fault System does have some control 

over where earthquakes occur in this area. 

Only two recent earthquake events in this area 

have good instrumental records but it is still 

possible to define a pattern to the distribution of 

earthquakes. Most of the area of the old rocks in 

the Central Wales Basin is quiet and, with the 

exception of along the Bala Fault, all the activity is 

concentrated along the Menai Straits and on the 

southeast edge of the basin. It is striking that the 

Welsh Borderland Fault System forms a boundary 

between seismically quiet and active areas. 

Most of the activity along the Welsh 

Borderland Fault System is in the southern part 

and some of the shocks may have been induced by 

mining. It may be that the bend on the system is 

partly responsible for the activity being restricted 

to the south as only the southern part is oriented 

favourably for slip in the present tectonic stress 

regime where Britain is being compressed from 

northwest to southeast. This is ultimately caused 

by the spreading of the north Atlantic. 

The talk concluded by suggesting that there 

may have been a lot more movement on these 

faults that was previously appreciated. A 

watercolour by Rucker hanging in the Fitzwilliam 

Museum in Cambridge shows a view of 

Llangollen complete with a castle which is now 

near Dublin! Either the title is suspect or there has 

been some 200 km of movement since the work 

was painted in the end of the eighteenth century! 
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Recent developments in coal mining 
 

Lloyd Boardman
1
 

 
 

BOARDMAN, L. (1994). Recent developments in coal mining. Proceedings of the Shropshire Geological 

Society, 10, 7–9. An overview of the kinds of exploration techniques which have developed during the 1980s and 

1990s for coal mining, notably drilling, coring and seismic geophysics. 
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INTRODUCTION 

Modern coalmining exploration has been 

becoming very sophisticated, in recent years much 

of it based on geophysical methods. This article 

provides a snapshot of the kinds of techniques 

which have developed during the 1980s and 

1990s. 

There are two main reasons for doing 

exploration. The first is to discover as much as 

possible of the hazards which may be encountered 

in the mining operation and thus achieve 

maximum safety. Typical hazards and obstacles 

are aquifers, pre-existing shafts, old borings and 

also ingress of oil and gas. The second reason is to 

find new areas of coal and discover if such new 

coal can be mined economically. 

Thus exploration becomes a method of risk 

reduction, physical and financial. 

MINING TECHNIQUES 

Modern mining by machines limits the minimum 

thickness of seams which can be operated 

economically. There are two systems usually 

adopted. The first is where two parallel roadways 

are constructed and the working face advances 

between them. The second is where roadways are 

run round three sides of a block and the working 

face retreats back to the starting position of the 

roadways. 

There are advantages and disadvantages in 

using both systems. In both systems the roof is 

supported using power supports: hydraulic jacks 

with large pads, installed at metre intervals along 

the length of the working face. At the end of a cut 

the machine and the supports are moved forward 

together and the roof allowed to collapse 

progressively to the floor behind. If a seam is 

faulted the cutting machine comes up against a 

rock face instead of coal. If it is economically 

feasible the whole operation is raised or lowered to 

a new level; all very expensive, depending on the 

throw of the fault. 

Various other obstacles may be encountered 

such as deltaic planes, distributor channels, peat 

swamps and lagoons, all of which disrupt the 

working of the seam. Seams also split up, merge, 

and have lumps and bumps. The worst of these 

sedimentary structures is a sand body with 

compaction faults which results in unstable roof 

conditions, not at all welcome. 

GEOLOGICAL CHARACTER 

The sedimentary history of most large coal seams 

is often very diverse. In a seam several metres 

thick there might be a mixture of sediments laid 

down at differing times so the coal may have 

mixed characteristics of ash, sulphur and chlorine, 

usually with dirt bands between the subsections. 

The cutting machines are non-selective and 

have to take the coal as it comes, so it is important 

to know how the bands move through the seams 

from one end of the mine to the other. The value of 

the coal produced varies with the ash content and 

the amount of dirt mixed in with the coal. Thus an 

attempt has to be made to blend the output to a 

specified quality, which means varying the output 

from different working faces to get the right mix. 

The alternative is to treat the output by "washing" 

to improve its quality, but this is very expensive 

and messy. 

These are the kinds of problems that 

exploration attempts to answer in order to reduce 

the safety and financial risks. 

EXPLORATION 

Where do we look for new coal? There is a very 

large amount under the British Isles and the object 
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is to home in on the best bits. A lot of it is too deep 

to mine by current methods and in present 

conditions. The depth cut-off is 1200 metres where 

the geothermal gradient makes it too hot for safe 

working; added to this is the heat from machinery 

which can only be marginally offset by ventilation. 

Exploration since nationalisation in 1947 

reached two peaks of activity, one in the mid 

1950s and another and larger around the end of the 

1970s. The first peak was an overall survey. The 

second peak was a reaction to the world fuel crisis, 

a massive investment programme looking for a 

projected output of 175 million tons in the mid-

1990s, a figure which has been eroded by 

circumstances to 40 million tons. 

The 1970s exploration policy included 

significant amounts of seismic surveying; none 

was carried out during the earlier period. The Coal 

Board did not experiment with seismic methods 

until about 1971. Oil and gas exploration had used 

the technique for a long time but the requirements 

for coal were altogether different. Oil and gas 

occur in large thick sediments at great depth. Coal 

for mining purposes is in relatively thin bands and 

no deeper than 1200-1500 metres, and presents 

much smaller targets. 

The surface seismic reflection technique needed 

a lot of experimentation and research which was 

very successful and resulted in a sustained period 

of exploration. A number of new, highly 

productive mines were established, for example, in 

Selby and northeast Leicestershire. Also new areas 

of coal deposits were found in a number of widely 

dispersed places so that known reserves are 

calculated to be quite considerable. 

Seismic surveys are carried out by drilling holes 

varying between 5 and 20 metres deep, putting into 

the holes 1 kg of dynamite and laying out a line of 

geophones on the surface. The geophones and an 

exploder are connected up to a recording truck 

housing a very fast camera, recorders and 

computer. When the shot is fired the energy causes 

reverberations and reflections from the various 

underground structures; these are recorded within a 

period of about two seconds. The data are analysed 

and a picture is developed of the structures 

underground. The whole operation is mobile, the 

drill for the shot holes being tractor mounted so 

that, within reason, it can go anywhere. In sensitive 

areas where explosions would be impractical a 

vibrator vehicle is used to generate the energy. A 

truck with underslung hydraulic vibrator pads 

generates a range of frequencies. In places where 

even this cannot be used individual "thumpers", 

like those used for small repairs to tarmac, are set 

up in groups with the geophones and recorder 

truck as before. 

The seismic technique, as used for coal 

exploration, requires a much greater attention to 

detail than the methods used for oil exploration. 

On-site testing of shot size and depth of shot hole 

is carried out and the method fine-tuned in order to 

optimise the results necessary for interpretation of 

the reflection. Where very detailed surveys are 

required the area to be studied is gridded on, say, a 

2 km x 2 km square. The results obtained can then 

be modelled by computer to give a three 

dimensional picture 1 km deep. If the survey 

shows favourable conditions the next step is to 

drill bore holes to obtain cores down to the 

necessary depths and get accurate information for 

development costing and strategy planning. 

The boring is carried out with a normal drill rig, 

although nowadays these are made up of 

prefabricated unitised pods for rapid turnaround. 

The cores are examined by geologists and the 

holes further investigated using wireline logging. 

Wireline logging provides a great deal more 

information and detail and is a vast improvement 

on what went before. Wireline logs are round 

stainless steel tubes packed with electronic 

instruments, measuring background radiation, 

resistivity and so on, enabling rock types, thickness 

and position of bedding planes, dip, jointing and 

fractures to be checked and accurately positioned. 

Seismic techniques can be used underground as 

well as on the surface where coal seams 

themselves are used as a guideway for the energy. 

A series of holes are drilled, across the length of 

the working coal face, using a hand held screw 

drill. The holes are about two metres deep and 

spaced at about two metre intervals. Dynamite 

charges and geophones are alternately inserted into 

the holes and all are wired up to recording and 

computer equipment. The charges are then set off 

one at a time. If no reflected energy is recorded 

this is great news, as it means there are no 

obstacles in the way. Any reflections show up 

faults or variations in the seam for distances up to 

several hundred metres ahead. 

Further variations in the use of this technique 

have been devised and a very useful one is a 

survey to show possible continuity in seams. A 

borehole is sunk to the level of the seam of interest 
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and a geophone cemented in at that level. Another 

borehole is drilled down to the same seam but 

several hundred metres away and a dynamite 

charge set off. Recording the energy characteristics 

of the geophone output, frequency amplitude and 

type of energy in the guided wave produced by the 

charge allows a geologist to interpret the results 

and be certain of conditions within the seam. He 

can then tell the mining engineer exactly what to 

expect. 

ACKNOWLEDGEMENTS 

Based on a report by Les Dolamore on the lecture given by 

Dr Boardman to the Shropshire Geological Society on 14
th
 

October 1992. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Copyright Shropshire Geological Society © 1994. 

 

ISSN 1750-855x 

 



  ISSN 1750-855X (Print)  

ISSN 1750-8568 (Online)

 

 

Proceedings of the Shropshire Geological Society, 10, 10−13 10  1994 Shropshire Geological Society
 

The role of petrography in archaeology: ores, pots and stones 
 

Robert Ixer
1
 

 
 

IXER, R.A. (1994). The role of petrography in archaeology: ores, pots and stones. Proceedings of the Shropshire 

Geological Society, 10, 10–13. An indication of what can be done with ordinary petrographic studies on thin 

sections to assist the archaeological study of pots and smelted metals, including attempts to provenance items. 

 
1
affiliation: Mineralogist at Birmingham University 

 

PETROGRAPHY AND POTS 

The importance of the petrographer to the study of 

ancient pots is in describing the rock component 

without interpretation. Pots comprise a plastic 

component (clay) and a non-plastic component 

(sand or grit or anything over 15 µm diameter) 

mixed to give the clay stability in firing. Non-

plastic components of ancient pots are studied in 

the hope of matching them to outcrops from which 

they were derived on the assumption that the 

factory is likely to have been near such outcrops, 

although this is not always the case. 

Ancient pots have been studied from a very 

restricted environment north of Cusco, Peru. 

50,000 shards of pots had been collected from the 

time of the Inca empire just before its destruction 

by the Spaniards in the 1530s. The author worked 

with an archaeologist, Dr. Sarah Lunt, who had 

recognised a series of stylistically different pots 

that were made for different uses. They originally 

tried to decide where each type of pot had been 

made by provenancing the non-plastic component. 

The pots were all made in the high Andes, an 

area of high vulcanicity and intense plutonic 

activity. The lithologies and stratigraphy are so 

chaotic that it is very difficult to tie individual 

rocks to particular outcrops. There are few very 

distinctive rocks, one andesite looking more or less 

like another. Within the succession many andesites 

occur and are intruded by numerous granites and 

granodiorites. 

However, thin sections revealed differences in 

the non-plastic component of Inca fineware 

compared with Inca utilitarian pots, cooking pots 

or Kilké ware. These groups were also different 

stylistically. The methods used to make the pots 

were also studied by trying to determine how 

much effort had gone into making the Inca pots. 

There were four different types of pot. Inca 

fineware was the most prestigious. These pots 

were made to give to vassal states, exchanged 

between dignitaries or used in high class burials. 

They had no functional use, unlike the Inca 

utilitarian ware which was nicely made and used 

for storage. The third group, the Inca cookpots, is 

ordinary ware used for everyday purposes. Below 

the third group stratigraphically is the fourth type, 

the Kilké ware. Probably the most prestigious pot 

would have had the most care in its manufacture, 

and so the pots were studied for evidence of such 

care. 

Grog, which is crushed pot, is sometimes added 

to improve the texture of a clay. It cannot get into 

the clay by chance, but must have been 

intentionally added, so its presence confirms that a 

material has been deliberately added to a clay. 

Clay direct from source with some mica and 

quartz may by chance be suitable for potting. 

However, if some pots have lithologies not found 

in the local clays, then there are two possibilities: 

(i) the pot is not local, or (ii) it was made locally 

using imported material. The latter indicates 

positive intent for a particular purpose. 

“Bottom of the garden” pots are those that look 

as if clay had been scooped directly from the river, 

coiled, made into a pot and fired. Such pots would 

be used a few times, broken and replaced. These 

local clays varied considerably, particularly in their 

grain size. However, if in a series of pots every 

shard looked identical, with the same grain size, 

the same exotics etc., it would indicate that these 

were controlled variables involving a high level of 

work. 

Many of the pots had very variable non-plastics 

but the clays were similar - they were clean, 

indicating that bits of twigs and large clasts had 

been removed and that the clay had been washed. 

It is particularly necessary to wash clay to get the 
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smooth flat surface to take the careful detailed 

decoration seen on the Inca fineware. 

A restricted range at the fine end of the non-

plastics indicates that the clay had been washed. A 

tight range at the coarse end, particularly if it was 

exotic, would indicate that the rock had been 

crushed and sieved before being added to the clay, 

thus indicating a high degree of work. 

In the local geology there are granites, 

composed of feldspar, mica and quartz. Micas 

have very flat surfaces, feldspars cleave along 

good planes, and quartz gives conchoidal fracture, 

so a crushed granite gives a lot of particles with 

very flat surfaces which do not stick to clay very 

well and the pot does not last very long. 

The Inca fineware pots which look elegant are 

very thin, can be 1.5 m tall, and are found up to 

1500 km from their probable place of manufacture. 

These pots required a non-plastic component with 

very angular fragments to give strength to the clay. 

The best rock for this purpose is a vesicular lava. 

For a cooking pot any temper will do, but a 

high-quality pot needs the optimum temper ─ a 

fine- to medium-grained angular rock which is 

fresh. It had been argued that some material was 

added for ceremonial reasons, but this seems 

unlikely. 

The author and his colleagues collected clay 

from sources currently used by local Peruvians. 

They also collected modern fineware and modern 

utilitarian ware and asked how these were made. 

The modern day samples showed mixed 

lithologies, being material taken directly from the 

river, but it was difficult to identify grog which, 

after all, is anthropogenic mudstone and similar in 

appearance to natural mudstone. These modern 

cooking pots are made from local clays which are 

washed, then crushed 'slate' is added for strength. 

In fact the 'slate' was anything locally suitable. 

The Inca plainware, which was made for 

immediate use and was not intended to travel far, 

did not have too much effort put into the making. 

Clay was tempered with any lithology. There was 

no consistency among the pots. 

Modern fineware is still made in the Cusco 

locality and traded throughout the Andes, in a 

similar way to the Inca fineware. Specific clays are 

used and carefully washed. Lava (andesite) from 

local fields is crushed, sieved and added in specific 

amounts. This care is evident in the analysis of the 

clay which is fine-grained and very uniform in 

character and contained no grog. The Inca 

fineware is virtually the same as modern fineware 

and one of the modern sites is, by anecdotal 

evidence, the same as an Inca site. 

The Kilké ware, which is older than Inca ware, 

was not cheap as it was found in high class burials, 

and it must have had careful preparation. Most 

Kilké ware was tempered with syenite or arkose 

trachyte ─ fine-grained felspathic rocks rather than 

vesicular basalt. However, the grain size is 

restricted, indicating that the temper was sieved, 

but the grains were quite variable and this ware 

had the most grog. The lithologies in this group 

were very variable but all contained feldspars with 

angular shapes. The binding properties of arkose 

are similar to trachyte. Kilké ware is now 

considered to be the precursor of the Inca ware 

because of petrographic studies. Previously it was 

thought that these different pots must have come 

from the coast. 

One group in the Kilké ware was somewhat 

different and fell between the Kilké and the Inca 

ware. It is stratigraphically between the two and is 

petrographically a hybrid between them. 

The author showed slides of a modern 

unwashed clay with quartz and mica giving lots of 

flat surfaces and a particle size variation from a 

few microns up to half a centimetre. The modern 

utilitarian ware is made from a cleaned clay. A 

temper of feldspars and quartz is added giving 

sharp angles but no embayments (as would be 

found in a vesicular basalt). The Inca utilitarian 

ware was also made from cleaned clay with a 

similar temper composed of any reasonable 

material. 

The Kilké ware was made from cleaned clay 

but differed from the Inca utilitarian ware in that 

the temper was from lithologies similar to each 

other and the angular casts had a restricted grain 

size. This suggested that imported material had 

been used and in fact it was possible to identify the 

source andesite which has a restricted outcrop in 

the valley. The group studying these different pots 

came to the conclusion that the original potters 

chose the temper according to feel. 

The author showed a slide of a magnificent Inca 

pot. These could be anything from 20 cm up to 1.5 

m in size. They were very thin pots, beautifully 

decorated and taken long distances. This was the 

acme of pottery from excavations of the highest 

(i.e. latest) horizon. Thin sections show the 

uniform grain size which includes only biotite or 

pyroxene andesites and individual biotite flakes. In 



 R.A. IXER  

 

 

Proceedings of the Shropshire Geological Society, 10, 10−13 12  1994 Shropshire Geological Society
 

some pots there is a thin layer of mica on top of the 

pot. Each individual pot is consistent, so a single 

lump of rock must have been crushed to form the 

temper. In thin section there is no white line 

between the shard and the clay indicating a very 

good contact between the two. The clay had a 

large amount of temper packed into it which gave 

strength to the big pots. These pots are similar to 

modern fineware which is made from very clean 

clay with vesicular andesite lava as the temper. 

The vesicles might make the pot lighter. Modern 

pots have a lower temper to day ratio than Inca 

fineware but are not so big. 

These studies indicate what can be done with 

ordinary petrographic studies on thin sections, 

without trying to provenance but applying 

petrography to a rather different problem. 

Ironically, it turned out, against expectations, that 

they could provenance some of the andesites as 

they had specific characteristics. 

PETROGRAPHY AND ORES 

Turning to ores, the author explained that about 

500 minerals are opaque and therefore cannot be 

studied in thin section. Reflected light from a 

polished surface is used involving successively 

finer diamond pastes down to a quarter-micron 

paste to get a reflective surface better than any 

mirror. Properties studied include colour, 

reflectance, hardness, whether they are anisotropic 

or have reflection pleochroism, etc. 

The main use of ore microscopy is in the metals 

business, but in archaeology gold or platinum 

artefacts can be studied and probable sources 

identified. The best and most common way of 

proving provenance is by chemical methods. 

The author showed a grain mount of gold, iron 

and copper for identification. A firm rule about 

gold is that if one is uncertain about its identity it 

isn't gold. The gold/silver/copper/palladium ratios 

of gold artefacts can be studied and compared with 

likely sources. 

Gold is classified according to its fineness. The 

fineness is the amount out of 1000 which is gold. 

Sterling silver is 975 ppt with the remaining 25 

parts being copper. Natural gold is found in 

particular degrees of fineness, e.g. 860, 980. 

In reflected light colour and reflectance vary. 

Silver has the highest reflectance (98%), gold 

about 70%. The grains in gold show a series of 

yellows according to the fineness of the gold and 

its combination with different elements. 

There is a premium on natural gold, and even 

more on platinum, due to its use in provenancing. 

Amalgam is sometimes used, illegally, to extract 

gold (amalgam is, of course, poisonous). The 

author showed a slide of gold/mercury alloy in an 

oil mount in contrast with grain mounts. 

Osmium/iridium alloy looked very similar. 

Gold can be found as nuggets which are 

probably formed at low temperatures in ordinary 

rivers but there is no consensus of opinion on this 

─ the arguments depend on interpretation of 

texture. Some grains of gold have an enriched rim 

which shows as a brighter yellow. These may be 

formed as a result of silver being leached out as 

gold found in rocks is usually 965 ppt gold, 35 ppt 

silver. However, the author has found gold rims 

around a platinum/iridium alloy which must be 

due to later precipitation and not to leaching. 

With quick reference to platinum, we learned 

that some of the richest in the world is on Unst but 

in an unknown quantity. It may be anything from 

10 to 100 kilos but not enough to be commercially 

extracted. However, hand specimens of fabulous 

richness (e.g. 120 ppm) can be collected. 1 ppm is 

economic and 10 ppb can indicate a worthwhile 

source. 

Turning to the study of bronzes, the author 

explained that early Bronze Age people used pure 

copper but most artefacts have 10% arsenic added 

to improve the quality. Attempts have been made 

to match artefacts with ores. 

Often a combination of copper, antimony and 

arsenic is used to make artefacts, sometimes with 

additional silver or cobalt, etc. Sometimes these 

other metals are present in small amounts which 

do not change the characteristic of the copper and 

must have been inherited from the source material. 

These are characteristic of very early Bronze Age 

artefacts. 

Copper sulphide deposits have a zone of 

supergene enrichment where copper ores without 

iron are found and above that are malachite, 

azurite, cuprite and native copper. Early miners 

were attracted by bright colours and extracted 

copper by smelting it with charcoal. The extraction 

of copper from sulphide ores is much more 

complex involving roasting the ores to remove the 

sulphur and then reducing the resultant ore. The 

presence of iron, as in chalcopyrite, makes the 

process even more difficult. 
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The author showed a slide of copper from 

Mount Gabriel, Co. Cork, which is said to be one 

of the earliest copper mines in Europe. Copper 

carbonate and copper-iron sulphide would be 

extracted to give only a copper signature. Other 

copper ores in Co. Cork have high arsenic and 

antimony in them. These ores are chemically very 

simple but mineralogically complex and very 

difficult to smelt. The resultant copper would leave 

traces of the elements in its signature. 

A few other mines were discussed briefly, in 

particular Great Orme, which in 3000 BC must 

have been the dominant mine in Europe and 

controlled the distribution of copper in the same 

way that Parys Mountain did in the 1860s. In Great 

Orme there is no arsenic nor antimony, just 

ordinary copper. 

Discussion ensued on a wide range of topics 

including relating known processes to resultant 

ores, the formation of gold nuggets, and materials 

used in pottery. 
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GEOLOGICAL OCCURRENCE 

Diamonds occur in a rare host rock called 

kimberlite, named after the Secretary of State for 

the Colonies in the 1870s, although the first 

description of this rock type predates this and was 

applied to a rock found (appropriately?) in 

Ludlowville in New York State. Until the 1950s, 

the criterion for calling a rock a kimberlite was the 

presence of diamond: a somewhat strange criterion 

given that the richest deposits contain less than 1 

ppm diamond. Such a description is obviously 

unacceptable to the petrologist as it excludes all 

non-diamondiferous pipes of similar lithology and 

includes another rock type, the lamproite in which 

diamonds have also been found. Current thinking 

is to include the kimberlites in a suite of rocks 

known as ultrapotassic. 

It is also necessary to mention alluvial 

diamonds. Owing to their hardness, diamonds are 

found in pot-holes, beneath waterfalls, in palaeo-

river courses and in marine bench deposits such as 

those in Namibia. The last occur to the north of the 

Orange River where it meets a powerful north-

flowing marine current. The Orange River drains 

the interior region of South Africa and it seems 

probable that such diamonds originate from these 

areas. 

Kimberlite pipes are found only on the ancient 

cratonic regions of the world with diamondiferous 

kimberlites restricted to areas older than 2.4 Ga, all 

those occurring on younger cratons being non-

diamondiferous. Although the cratons are old, the 

intrusions are much younger, and many of the 

exploited pipes in Africa are 100-200 Ma in age. In 

North America, four distinct age groupings are 

recorded within the Phanerozoic. No kimberlites 

are currently being produced. 

Kimberlites are volatile-rich (water and carbon 

dioxide) potassic ultra-basic rocks rather low in 

sodium but high in the incompatible elements. 

Several slides were shown to illustrate kimberlite, 

typically showing xenocrysts in a grey to dark 

green matrix. Kimberlites occur in dykes and pipes 

often grouped together in clusters. Inclusions of 

other mantle material are fairly common. 

Petrographically, kimberlites are complex and 

often categorised into two groups depending on 

whether mica is present or not. Both types can 

have diamonds. Nd-Sr-Pb isotope ratios suggest an 

origin for group 1 (the non-micaceous) of the 

asthenosphere mantle, whereas group 2 comes 

from an enriched mantle source in the lithosphere. 

Emplacement must occur fairly rapidly since both 

diamond and coesite are unstable at the normal 

conditions met in the upper crust. Angularity of 

xenoliths (illustrated by Dwyka Tillite fragments 

in a sample) also supports this, as does the 

retention of hydrocarbons in certain hydrocarbon 

xenoliths. 

Pipes (see Figure 1) are of limited diameter 

(Premier mine: 31 ha, Kimberley: 4 ha, and 

Dutoitspan: 12 ha). Emplacement seems to occur 

along deep-seated lines or fissures following 

definite lines of stress. The magma rises to a depth 

of 2-3 km and at this point the carbon dioxide 

undergoes rapid expansion creating fluidisation 

and a rapid burst through of material to the surface. 

Thus, although emplacement occurs at relatively 

low temperatures, speeds of 400 m/s have been 

suggested. Referring to Figure 1, dykes from depth 

establish a root-zone at 2-3 km and then the 

material bursts forth to produce a diatreme with 

pyroclastics at the surface. It is believed that the 

Mwadui mine of Tanzania is currently working 

fairly dose to the surface, whilst Southern African 

mines are working material from deeper down a 

stylized section. Supporting drill evidence at 

Kimberley does suggest that this pipe opens out at 

depth. 
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Figure 1: Diagrammatic section of a kimberlite pipe in the Kimberley area before erosion, based on a model by J.B. 

Hawthorne, Chief Geologist of De Beers Consolidated Mines, Kimberley. 
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Diamonds are probably xenocrysts and their 

formation is not contemporaneous with their 

emplacing kimberlite. Rb/Sr and Nd/Sm ages on 

diamonds from Finsch and Kimberley mines yield 

ages of 2.2-2.3 Ga compared with 

Jurassic/Cretaceous ages for the host rock. 

Pressure/temperature graphs for the stability of 

quartz/coesite, graphite/diamond and 

coesite/stishovite, coupled with thermal 

conductivity of 40 mW/m (typical of cratonic 

regions), suggest a minimum depth of formation of 

140 km. 

Diamonds may be categorised into two groups 

and, although each group may be present in a 

single crystal, one type will normally dominate. 

Type 1 diamonds usually have good crystal form, 

but various inclusions. Type 2 diamonds tend to be 

purer, but of poor crystal shape. Nearly all large 

diamonds fall into type 2: the Cullinan is very 

definitely type 2. An illustrative slide was used to 

show the wide variety of colours in which 

diamonds can occur: yellows, blues, browns, even 

black. Colour seems to be determined by trace 

elements: brown by magnesium, green by iron etc., 

although the black, which contains graphite, may 

represent a diamond which was dose to inversion 

to graphite. It is yet uncertain whether these traces 

are present as lattice irregularities or as micro-

inclusions of contemporary age. 

EXPLORATION 

Moving on to consider exploration, most of the 

usual techniques have been applied in the search 

for diamonds, but it tends to be a bit hit-and-miss 

when geophysical techniques are used. Airborne 

techniques have been successful, but many pipes 

are only of comparable size to the line spacing, and 

the physical properties of the country rock are 

often very similar to that of the intruded 

kimberlite. Seismics have had little success, whilst 

gravity has proved useful in identifying pot holes 

etc. but is a fairly expensive technique and of little 

use in wild-catting. Magnetics can be useful, but 

not all kimberlites produce magnetic anomalies 

and not all of those which do are diamondiferous. 

The difficulty of identifying diamondiferous 

ground was exemplified by a leading mining house 

in South Africa who abandoned a claim on a 

circular anomaly after their geologists declared it 

to be a meta-sediment. The claim was bought by 

De Beers who have since identified it to be not 

only a kimberlite, but richly diamondiferous! 

Within the last month (November 1992), 

diamonds have been claimed in a bore hole in the 

North-West Territories of Canada. After much 

frenzied activity on the financial markets and 

staking of claims by those not wishing to be left 

out, the original drillers were forced to admit that 

on re-examination of the material, the diamonds 

originated from the drilling crown! 

PRODUCTION 

To extract diamonds from alluvium, beach 

deposits or the weathered kimberlite (or yellow 

ground) requires little more than a shovel and 

separator (often a rotating cage known as a 

tromell) and a keen eye. Slides were shown of 

some "one-man-and-a-dog" type operations which 

are still in use in the Transvaal. 

On a larger scale, and also as a final stage in 

extraction from the unweathered kimberlite (blue 

ground), a unique property of diamond is used. 

This is its unwettability. If water is sprayed over 

most rocks, they become wet, and will not adhere 

to grease. Not so diamond. The diamond adheres 

to grease-covered rollers while the gangue material 

falls away. At the end of the day, the grease is 

melted, and the diamonds fall to the bottom. 

Mining blue ground (which is anything but 

blue, rather grey-dark-green) is the realm of the 

more serious undertaking. Most modem mines are 

open-cast, but at Kimberley and at Cullinan, deep 

mining occurs. Deep mining was introduced when 

the original holes had reached such a depth that 

stability was a problem. A shaft was sunk through 

the country rock and then tunnels driven into the 

pipe. One problem with drilling kimberlite is that it 

swells when wet, binding the drill. However, dry 

drilling is impossibly dusty and has all the inherent 

health problems. 

A new technique known as block caving was 

developed to extract kimberlite. A main rock shaft 

is drilled down some distance from the kimberlite 

pipe. At a suitable depth a full circular haulage is 

cut right around the pipe. From the haulage, they 

drive "scraper drives" upwards into the kimberlite. 

The scraper drives are lined with concrete and at 

intervals "doorways" leading into chambers some 

2 m high and 4 m in each direction are made. The 

kimberlite collapses into these caverns and spills 

into the scraper drive from where it is removed 

with a scraper (which is not much more than a 
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steel bar) into the haulage. This way, virtually no 

drilling or explosives are necessary after the initial 

stage of development. Once overburden appears, 

the haulage is abandoned and a new haulage 

constructed 400 m deeper. 

The first processing of the kimberlite is to be 

screened by human eye for large diamonds. They 

are rare, but it is still economically viable. 

Subsequently the blue ground is crushed and the 

material screened by ultra-violet fluorescence. 

Most diamonds, when subjected to ultra-violet, 

fluoresce in the visible spectrum. Sensing is 

electronic, and they are removed using air guns. 

Further crushing occurs and then small diamonds 

are entrapped using grease tables. 

The first part of the presentation concluded with 

slides comparing early Kimberley and modern-day 

Angola where a free for all has developed in 

alluvial diamonds. Reference was made to the 

cartel system of trading diamonds through the 

Central Buying Organisation and the Central 

Selling Organisation pointing out how the price of 

diamonds is fixed, but adding that recently some 

very good stones (particularly from Angola) had 

found their way to the Antwerp market and that 

this was seriously pressurising the cartel. The final 

slide showed one day's production from Premier 

mine: mostly boart, but some gemstones. 

FROM MINERAL TO GEM 

The availability of diamonds stems from the South 

African discoveries of the 19
th
 century. Prior to 

that diamonds were known from India, but only in 

quantities that could be described as regal. 

Tradition suggests that the first diamond in Africa 

was found in the Orange River area by a Griqua 

boy who had been sent out to clear a drainage hole 

in a dam, when out popped a "mooi klip". This 

stone was later seen by a visiting general dealer 

who took it to Cape Town and subsequently to 

England. It took three years before it had been 

verified as a diamond. The rough stone weighed 

21 carats and after cutting yielded the 10.75 carat 

Eureka diamond. 

In 1871, a group of men known as the "red 

caps" sent one of their number out into the veld 

and told him not to return until he had found a 

diamond. Waking under a tree the following 

morning, lo and behold, there was a diamond. 

Where he had slept was ultimately to become the 

Kimberley "Big Hole", although at that time it was 

a small hill. 2.75 tons of diamonds were extracted 

before the mine was abandoned in 1914. 

Only 20% of diamonds are gem quality, the rest 

being known as boart. Diamonds are categorised 

according to "the 4 Cs": Cut, Carat, Clarity and 

Colour. 

 

Cut; All diamonds used in jewellery are cut. The 

major cutting centres of the world are Antwerp, 

Tel Aviv, Amsterdam, and London. Most 

diamonds are cut to a cone shape known as a 

"brilliant". This cut was developed to give 

maximum scintillation from the stone. Diamonds 

cut prior to 1919 (when this cut was first used) 

have far less scintillation and hence less value. One 

of the most common crystalline forms of diamond 

is the octahedron. By simply slicing the top off, we 

get close to the "standard" shape. For a 1-carat 

stone, it takes a day to make the initial cut. Only 

diamond cuts diamond, and then only slowly. The 

ideal diamond is 2/3 pavilion, 1/3 crown (Figure 

2). If the proportions are not right, light will not be 

totally internally reflected and hence the emergent 

light will be less intense. Thus cut is the most 

important of the four Cs. 

 
Figure 2: Parts and facets of the Brilliant Cut. 
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Carats; The name derives from the seed of the 

carob tree. Around 4000 BC such seeds were used 

to weigh diamonds in India. The modern carat is 

1/5 gram and, as a check, the authors weighed a 

number of the seeds and found most to be within 

5% of the modern value. The subdivision of the 

carat is the "point" of which there are 100 to the 

carat. The average English engagement ring is 8 

points. "Are you a girl in a million?" is a phrase 

used by De Beers in their advertisements. Why? 

Well, simply only 1 diamond in every 1 million 

weighs 1 carat or more. 

 

Colours; Although "white" and "icy" may be the 

average person's description of a diamond, there 

are 25 colours recognised in the trade ranging from 

D to X. J or K would be described as slightly tinted 

white. A-C are only found as investment stones. 

Colour acceptability varies from country to 

country. In Germany, whiteness is all important, 

whereas in the UK one would be prepared to 

sacrifice colour to some degree if the other Cs 

were good. Additionally, diamonds occur in 

colours and these are known as fancies. The rule is 

that the colour needs to be bold, not just a hint, so a 

slightly yellow diamond is well down the main 

scale, but a canary yellow diamond would have 

high value. A most prominent collector of canary 

yellow diamonds was the Duchess of Windsor. 

 

Clarity; Most diamonds have inclusions in them. 

Obviously, if they are visible to the naked eye they 

will significantly detract from the value. 

Otherwise, the standard loupe is the instrument 

used. Inclusions take the form of tiny clefts, 

feathers or carbon inclusions. The reason such 

defects are important is that they alter the optical 

path of the diamond. 

 

Further detail can be read in the book written by 

Eric Bruton (1992). 

REFERENCES 

Bruton, E. (1992). Diamonds. N.A.G. Press 

Ltd., London. 
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PALMER, T.J. (1994). Hard bottoms. Proceedings of the Shropshire Geological Society, 10, 19–21. Hard sea 

bottoms arise on the sea floor when soft sediment, the majority being of terrigeneous origin, includes grains 

consisting of calcium carbonate which eventually lithify to form limestone. The grains are either precipitated 

directly from sea water or, more commonly, from organisms. 

Hardgrounds may at first sight appear to be an unusual and esoteric phenomenon, but in practice their study is 

able to extend consideration in time and scale of large-scale climatic and chemical processes, and on evolution 

patterns. 
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INTRODUCTION 

The subject of hard sea bottoms arises from most 

sea floors being covered with soft sediments, the 

majority being of terrigeneous origin. A special 

case occurs when the soft sediments consisting of 

grains of calcium carbonate eventually lithify to 

form limestone. The grains are either precipitated 

directly from sea water or, more commonly, from 

organisms. 

A typical modern carbonate sea bottom is 

shallow, extensive, and light in colour because of 

the pale colour of calcium carbonate. Such 

sediments occur in tropical or subtropical waters 

within the photic zone as organisms require light 

for photosynthesis, so they accumulate in waters 

up to a few tens of metres deep. Today there are 

hard calcareous sea bottoms in the tropics 

supporting a range of organisms. 

Most fossils are the remains of soft-sediment 

organisms which originally lived in soft mud or 

sand which is now found as hard rock. 

Occasionally the fossil record shows species which 

are specifically associated with a hard substrate. 

HARD SUBSTRATES 

Hard substrates can occur for a variety of reasons: 

1. Unconformities; an example would be of 

an Ordovician quartzite overlain by 

Jurassic sediments containing oysters 

attached to what had been the sea floor, 

drawing the analogy with modern rocky 

sea floors on which barnacles, limpets etc. 

attach themselves. Such a hard bottom is 

known as rockground. 

2. Septarian nodules; calcium carbonate can 

be precipitated just below the sea floor 

and locally cement the sediment. The 

process passes through a soapstone stage 

and then hardening, involving a volume 

change. If local erosion then takes place 

these nodules, which lie a few centimetres 

below the sea floor, will be exposed and 

form local hard substrates. An example is 

the coinstone in the Black Ven Marls of 

Dorset which are Lower Jurassic. Such 

concretions can then provide a hard 

surface for colonisation. 

3. Individual shells; on the sea floor these 

form the greatest volume of hard bottoms. 

Most shelled organisms live in soft 

sediment but the shell represents islands 

of hard substrate which can be colonised, 

e.g. encrusting worms on Gryphea shells, 

also boring organisms which operate by 

dissolving the calcium carbonate ─ some 

bryozoa do this. 

 

The study of boring organisms has advanced since 

the discovery of epoxy resins which could be used 

to impregnate limestone which had been bored. 

The limestone was then dissolved and a cast of the 

borings remained. Such studies range in scale from 

large club-shaped holes made by boring clams 

down to calcite prisms 10 microns across which 

have been bored by bacteria. At the large end of 

the scale the size of biotic substrates is not limited 

to individual organisms, as reefs are formed today 

by corals, since in earlier geological times they 

were also contributed to by other encrusting 

organisms. 
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HARDGROUNDS 

Hardgrounds arise where calcium carbonate 

sediment has become hardened, by chemical 

means, contemporaneously with sedimentation. 

Most limestones accumulate as soft carbonate 

sediment. It used to be thought that these 

sediments could only be hardened by exposure to 

meteoritic rain. Rain is slightly acid and dissolves 

some limestone to reprecipitate it around grains 

and thus form a hardening cement. This is evident 

in thin section where individual grains can be seen 

to have a fringe of calcium carbonate crystals. This 

is the most usual way for limestones to form but 

modern research has shown that, locally, patches 

of soft sea floor can become hardened while still 

submarine. These are blocks of limestone which 

consist of original grains cemented by a thin rim of 

lime and are known as hardgrounds. 

Hardgounds can only form where there is a 

sufficient concentration of bicarbonate ions in the 

seawater. These are ultimately derived from 

atmospheric carbon dioxide which is dissolved in 

the sea. Seawater rich in bicarbonate ions 

circulating through the top 10-15 cm of sea floor 

can precipitate rims of calcium carbonate around 

existing grains and thereby cement them together. 

Because the ions are derived from sea water the 

process becomes progressively less effective in 

deeper sediments; it is most effective just below 

the sediment/seawater interface. 

This phenomenon is occurring today in the 

Persian Gulf. Four separate sedimentation events 

have been identified, each with a hard crust 

forming just below the sediment surface. 

Examples from the fossil record range from the 

Ordovician of the Mississippi region up to the 

Cretaceous of southern England. In the Cretaceous 

Chalk, these hardgrounds can be so extensive as to 

form useful stratigraphical markers, extending 

across the Channel into Normandy. 

Hardgrounds can be recognised in the field by a 

number of indicators: 

1. As persistent flat surfaces. The flatness is 

due to erosion after hardening. An 

example would be a cephalopod which 

had originally lain in soft limy sediment 

which had then become part of a 

hardground which had suffered 

contemporaneous erosion removing about 

a centimetre of the fossil. 

2. Hardgrounds are often stained by minerals: 

pyrite, manganese etc. This staining 

shows in the cross-section of an exposure. 

3. Contemporaneous boring or encrusting 

animals associated with the sediment 

indicate that it was hard at the time. 

SIGNIFICANCE OF HARDGROUNDS 

This description of hardgrounds leads on to 

consideration of the significance of current 

research in this field, crossing different fields of 

interest. Thus while sedimentologists tend to 

ultimately produce palaeogeographic maps of a 

particular time and area, and palaeontologists tend 

to study individual fossil groups, the author has 

studied hardgrounds through geological time, i.e. 

he has looked at a particular environment through 

different ages. This is typically a tropical or 

subtropical shallow water area which is carbonate 

hosted. The frequency of occurrence of 

hardgrounds varies through geological time and is 

probably related to climate. 

At present we are experiencing a cool period of 

the earth's history ─ an ice-house period. Such 

periods can also be recognised from the 

Carboniferous and Permian, and in the late 

Precambrian and the Cambrian. Intervening times 

─ the middle Palaeozoic and the Mesozoic 

(Jurassic and Cretaceous) ─ experienced a 

significantly warmer climate and are known as 

greenhouse periods. 

Aragonite is the more common form of calcium 

carbonate and provides the cement in hardgrounds. 

However, it is more soluble than calcite, which 

forms the cement in greenhouse periods. Calcite 

precipitates more easily, from lower temperatures 

and lower concentrations, than aragonite and so 

hardgrounds are more common in greenhouse 

periods. Thus the present (ice-house) period is not 

a good key to the past, as ocean chemistry and 

fauna have changed. 

The occurrence of ice-house and greenhouse 

periods is a reflection of the buildup of carbon 

dioxide in the atmosphere which traps incoming 

solar energy and causes temperatures to rise. 

Geologically the current activities of Man are 

negligible in this respect. The main source of 

carbon dioxide in the atmosphere is from 

vulcanicity from subduction zones and mid-

oceanic ridges. If the rate of movement at plate 
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edges is increased it will increase the emission of 

carbon dioxide and so cause a greenhouse period 

will develop, when more carbon dioxide is 

dissolved in sea water and hardgrounds can form. 

Ordovician limestones contain many 

hardgrounds with encrusting bryozoa. These 

hardgrounds were sometimes broken up by 

contemporaneous storms and the resultant blocks 

recemented to form intraformational 

conglomerates which were than colonised by 

encrusting organisms. In Lower Palaeozoic times 

hardgrounds were the main source of hard 

substrates as only small shells were available ─ 

organisms with hard shells had yet to evolve. The 

existence of hardgrounds enabled a range of 

organisms to develop encrusting or boring habits. 

The occurrence of such encrusting and boring 

organisms through Phanerozoic time can now be 

considered. Species which occur on hardgrounds 

(about 200) can be categorised into three 

categories: borers, encrusters with exoskeletons, 

and encrusters with endoskeletons. 

During the Palaeozoic there were many 

encrusters which clearly survived successfully as 

there were relatively few predators. At this time 

there were not many borers or encrusters with 

exoskeletons. However, by the Mesozoic there is a 

great increase in the number of borers and 

encrusters with exoskeletons. This can be 

interpreted in terms of the populations reflecting 

the effect of the late Palaeozoic burst of radiation 

whereby marine predators such as fish, 

crustaceans, starfish etc., suddenly evolved causing 

a consequent change in morphological habit and 

environment within the fauna of hardgrounds. 

CONCLUSION 

What appears at first sight to be an unusual and 

esoteric obsession with the obscure phenomenon 

of hard bottoms in practice is able to extend the 

study in time and scale of large-scale climatic and 

chemical processes, and on evolution patterns. 
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INTRODUCTION 

How many people have driven past the red 

sandstone cuttings in Bridgnorth and murmured 

carelessly to their passenger in the back: "Cross 

bedding: desert dunes, you know". Yet, if pressed 

by a precocious relative, to "describe exactly what 

is happening in That Section" would feign 

selective deafness? After all, That Section is 

festooned with beds, some dipping this way, some 

dipping that. Some are curved, others straight. 

Some have steep dips, others are almost horizontal. 

And, despite the term Red Beds, a number of them 

are yellow, grey or green. 

The purpose of this excursion was to investigate 

the Kinnerton-Bridgnorth Sandstone Formations 

(?Permian) and the overlying Chester-

Kidderminster Conglomerate Formations (?Lower 

Tias) in the Cheshire and Stafford-Worcester 

Basins, also to investigate the various recently-

published hypotheses of the Permo-Trias beds 

around Shrewsbury and Bridgnorth. The "old" 

view (Shotton, 1937; 1956; Wills, 1950, 1956) is 

that the dunes were created by strong, steady, 

prevailing easterly winds in desert latitudes when 

Britain was just north of the Equator. The "new" 

hypotheses (Sneh, 1988; Karpeta, 1990) suggest 

that these easterlies fluctuated both in strength and 

direction and were frequently replaced by more 

northerly winds. The interaction of these two 

components produced complex superimposed 

systems of dunes and erosional scours. 

The excursion yields evidence at a number of 

localities to support the latter hypothesis, with 

observations of wind-eroded troughs having 

approximately north-south axes scoured into a 

system of westerly-advancing dunes. It is also 

possible to pick out a number of secondary and 

even third order structures superimposed on the 

dunes and to interpret the processes that had 

probably produced them. However, despite 

attention from geologists for many years, there are 

still unanswered questions concerning the exact 

mechanisms of formation of particular structures. 

Figure 1 illustrates the localities to be visited 

around Bridgnorth and the inset maps show the 

dunes in Arran and the North Sea. 

The meeting point was Rockhall road cutting 

on the B5063 immediately south of Besford Wood 

near Preston Brockhurst [SJ 541 523]. 

LOCALITY 1: Rockhall road cutting [SJ 541 

523] 

The first locality of the day was chosen to illustrate 

clearly the difference between large-scale, coarsely 

laminated, high-angled barchanoid dune foresets 

and a sub-horizontal, finely-laminated interdune 

facies known as wind ripple or "pin-stripe" 

lamination. 

The top of the Kinnerton Sandstone is well 

exposed immediately below the Chester Pebble 

Beds Formation (fluvial ?Lower Trias) which 

forms Besford Wood (Hill) to the north. In the 

Kinnerton Sandstone Formation flatbedded, 

bottomset, laminated, sometimes trough-scoured, 

medium and coarse sandstone (aeolian interdune 

sand-sheet sediments) are preceded and succeeded 

by large-scale crossbedded sandstones (wind-

ripple laminated, slip-faced and slip-faceless, 

complex dunes or draas with superimposed 

smaller scale aeolian dunes ─ effective 

palaeowinds from the east) (Steele, 1982; 1983). 

Trace fossils (burrows and/or plant stems) have 

also been observed in the flat bedded sandstone 

beds, although no spores have yet been found with 

which to date them. 
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Figure 1: Locality map in the vicinity of Bridgnorth. The inset maps show the dunes in Arran (top left) and the North Sea (top 

right). [© David Thompson 1993] 
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LOCALITY 2: Road cutting near Worfe 

Bridge, north of Bridgnorth [SO 727 953] 

At the River Worfe near Bridgnorth the activities 

of mason bees demonstrate their ability to bore 

preferentially into dune foresets rather than into the 

slightly more densely packed grains of interdune 

beds ─ a useful pointer to distinguishing the two 

facies. 

This locality, on the A442 near Worfe Bridge, 

can be used to work out the 3-dimensional 

geometry of pebble beds. North of the bridge on 

the west side of the road the fluvial Kidderminster 

Pebble Beds overlie the aeolian Bridgnorth 

Sandstone with significant erosional relief. This 

masks the likelihood that the surface marks an 

unconformity. South of the bridge on the eastern 

side of the road the same formations are 

juxtaposed. The group investigated the nature and 

origin of the junction/unconformity in both places. 

The group was then invited to investigate the 

aeolian sandstones at the top of the Bridgnorth 

Sandstones in relation to the old hypothesis that 

the ?Permian winds were steady easterlies which 

formed transverse barchanoid ridge dunes 

(Shotton, 1937; 1956; Willis, 1950; 1956) or new 

hypotheses which suggest that the transverse and 

barchanoid draas bore superimposed oblique 

crescentic and linear dunes under the influence of a 

fluctuating east wind regime with northerly 

components (Karpeta, 1990) or that transverse, 

longitudinal (seif) and oblique elements are present 

(Sneh, 1988), again induced by a northerly 

subcomponent. 

LOCALITY 3: Station Road, Bridgnorth 

[SO 714 927] 

Here the lower part of the Bridgnorth Sandstone is 

a short distance above the equivalent of the Keele 

Sandstones (Upper Carboniferous). A single very 

large set of cross-bedding bears excellent grain-

size differentiation with sandflow, ?sandfall and 

wind ripple or "pin-stripe" lamination being well 

seen. The set (part of a slip-faced draa) may be 

traced for 70 m parallel with the dip. Dip is not 

seen, but is about 5° to the east. 

 

Lunch was then taken at Bridgnorth railway 

station on the Severn Valley Railway. 

LOCALITY 4: Castle Hill, Bridgnorth [SO 

717 928] 

The east side of Castle Hill, in the gardens, 

exposes an extensive cliff section in the middle 

part of the Bridgnorth Sandstone Formation. The 

cliff trends north-south, normal to the east to west 

palaeowind. The sandstone shows large-scale 

trough cross-beds with sets between 5 and 10 m 

thick. Components of the foresets dipping to north 

and south can be seen in the caves which allow 

three-dimensional investigation. Are there any 

components which might be referred to oblique 

winds from the north or smaller dunes from the 

north migrating over degraded draa? 

 

The group then drove southwards along the A442. 

LOCALITY 5: Road cutting on the A442 at 

Quatford [SO 739 902] 

The next exposure was in the road cutting on the 

A442 at Quatford, to the north of the Little Chef. 

This is a roadside section in the middle of the 

Bridgnorth Sandstone Formation where the rock 

faces are normal to the palaeowind. Crossbed sets 

are of a variety of scales and various levels of 

bounding surface are present. 

This outcrop has been interpreted in terms of 

smaller dunes migrating over larger draa, perhaps 

at oblique angles (Steele, 1983), but there is plenty 

of opportunity for other ideas to be generated! 

 

The group then drove back to Bridgnorth and took 

the Wolverhampton Road, turning right half way 

up the hill to park alongside the house fronts in the 

Lane from where they could walk back down the 

hill to the road cutting. 

LOCALITY 6: Old Wolverhampton Road, 

Bridgnorth [SO 727 935] 

Further aeolian sedimentary structures can be 

examined along the Old Wolverhampton Road 

leading east out of Bridgnorth, passing up into 

fluvial pebble beds. 

Both the south and the north sides of the road 

expose one very large scale crossbed set over 20 m 

thick. Recall the structural dip of about 5° to the 

east. The group was invited to try to identify 

pinstripe wind-ripple lamination having up to 20° 

dip, grainfall laminae (possibly rare or absent) and 

grainflow (i.e. sand flow units) at higher angles 
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(23-35°). Is this a draa which was slip-faced or 

slip-faceless? 

The group was asked how they would interpret 

the local third-order bounding surfaces with 

overlying smaller cross beds on the top of the large 

set on the north side of the road. From which 

direction did these dunes come; were they possibly 

oblique to the main east to west flow? 

LOCALITY 7: Old Wolverhampton Road, 

Bridgnorth, continued 

The group then walked northeastwards up the 

A454, past the lane where the cars were parked, to 

examine the roadcut which exposes the 

?unconformable junction between the aeolian 

Bridgnorth Sandstone Formation below and the 

fluvial Kidderminster Conglomerate Formation 

above. 

The group was invited to look for the sandstone 

units in the Kidderminster Conglomerate 

Formation and determine whether these are fluvial 

or aeolian. 

The group was then invited to investigate the 

nature and origin of the Bridgnorth Sandstone 

Formation in relation to hypotheses already 

discussed. 

LOCALITY 8: The Hermitage, Bridgnorth 

The group then took the footpath on the south side 

of the road to conclude the day with a visit to "The 

Hermitage". Here curious ancient rock dwellings 

have been cut into the sandstone cliffs of 

Bridgnorth Sandstone Formation overlain by the 

fluvial Kidderminster Conglomerate Formation, 

and further east at the Queens Parlour. Although 

the walls have been etched with graffiti by more 

recent "primitives" such as "Lee" and "Kaz", this 

did not detract from the historical and geological 

interest of the site. 
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construed as permission or an invitation to visit the sites 

or localities mentioned. 
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BEALE, S. (1994). Field Meeting Report: Clee Hills, led by David Gossage 27
th
 June 1993. Proceedings of the 

Shropshire Geological Society, 10, 26─27. The purpose of the field meeting was to introduce the variety of 

Carboniferous geological features outcropping amongst the Clee Hills. 
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INTRODUCTION 

The Clee Hills in south Shropshire are made up of 

some 1100 metres of sedimentary rocks of the Old 

Red Sandstone, topped by thin representatives of 

marine Lower Carboniferous rocks and Upper 

Carboniferous Coal Measures with intrusive 

dolerites. 

The excursion will examine landforms and 

exposures of rocks typifying this part of the 

stratigraphic sequence (age 310-420 Ma). 

The leader guided the group through a carefully 

selected choice of exposures, from the dolerite 

capping the hilltops with well developed columnar 

basalt, through the Cornbrook Sandstone to the 

Carboniferous Limestone near the bottom of the 

sequence, where many of the group collected 

characteristic fossils. 

Over lunchtime the clear weather revealed the 

wonderful view to the south and west for tens of 

miles. In the far distance the Cotswolds and 

probably May Hill were tentatively identified. The 

Malvern Hills and Black Mountains could both be 

dearly seen together with all the intervening 

country reflecting its underlying geology. 

After lunch the leader took the group up to the 

Kinlet Sandstone to see plant remains in 

sandstones associated with the Coal Measures, and 

more spectacular views. Then on to Brown Clee 

where different formations were clearly reflected 

in the topography and shown to be very different 

in outcrop. From here there was yet another good 

view across rich Devonian lowlands to the Silurian 

hills in the west, looking up the dip slope of 

Wenlock Edge. 

The leader distributed a detailed sheet 

portraying the stratigraphy (Figure 1; © David 

Gossage 1993). 
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Disclaimer - The information contained in this account 

has been prepared from notes taken during the field 

meeting. Its sole aim is to provide a record of what was 

seen and provide an insight into the diversity of geology 

outcropping in the Clee Hills. It should not be used for 

any other purpose or construed as permission or an 

invitation to visit the sites or localities mentioned. 
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Geological Society, 10, 28. The Society organised a "Geological Extravaganza" at Much Wenlock to celebrate the 

exciting new geological exhibition at the Museum. 
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On 18
th
 May 1993 the Society organised a highly 

successful "Geological Extravaganza" at Much 

Wenlock to celebrate the exciting new geological 

exhibition at the Museum. Shropshire Museum 

Services and English China Clays cooperated with 

the Society to provide the public with a unique 

experience in the appreciation of Silurian life. 

A number of members were involved in 

organising a variety of activities in Much Wenlock 

Museum including making fossils, looking at 

specimens under a microscope and identifying 

objects in "feelie" boxes. 

Activities in the museum were complemented 

by visits to quarries on Wenlock Edge. English 

China Clays generously laid on tours of the 

working quarries and transport to Coates quarry, 

now used for storage. Here more society members 

were available to help with the explanation of the 

rock faces and identification of the many fossils 

which were found. 

The day proved popular with over 150 visitors 

enjoying it all in spite of the weather which 

steadily deteriorated. 
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