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ABSTRACT 

Six metallogenetic provinces are recognised in the Permo- 

Triassic rocks of southern Britain. These contain two distinct 

types of mineral association : a) Pb-Zn sulphides and baryte in 

carbonate host rocks b) Pb-Zn-Cu-Fe sulphides, Cu-Pb 

carbonates, Mn-Fe oxides and baryte in red bed lithologies. 

The mineralisation in the Permo-Triassic rocks was 

controlled by the permeabilities of the rocks, and occurs in 

structural and sedimentary traps. 

The Triassic host rocks in the Cheshire Basin are dominated 

by quartz with subsidiary heavy minerals (including Fe-Ti 

oxides) and traces of micas and feldspars. Clastic quartz 

grains containing Pb-Cu-Ni-Fe sulphides were also introduced 

into the sediments. Mature and immature components indicate 

that distant and local source areas supplied detrital materials. 

Geochemical studies indicate that Al-K-Na-Mg-Ca and 

Ti-V-Fe are the major element associations relating to the 

host rock minerals in the Cheshire Basin. Cu-Co-Ni, Ba-Sr-Cu, 

Cu-Co-Ni-Pb-Zn and Pb-Zn are the major element associations 

relating to the ore minerals. 

At Alderley Edge in Cheshire, diagenesis of the sediments 

produced hematite rims, carbonate cements and quartz overgrowths, 

and was followed by four phases of mineralisation. These are 
dominated by a) baryte ( with carbonate cements ) b) sulp- 

hides of Cu-Pb-Zn c) secondary sulphides of Cu-Fe-Ni-Co 

d) supergene alteration products of oxides and carbonates, 

with other exotic mineral species. 
Genetic modelling indicates that the mineral deposits were 

formed by brines derived from the compaction of sedimentary 

piles in late Triassic times. The fluids migrated vertically 
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and laterally through permeable zones and formations, leaching 

metals and salts from the rocks. Impermeable cap rocks forced 

the fluids to move laterally into traps, where mineral 

precipitation resulted. 

Baryte mineralisation in the Permo-Triassic rocks of 

Britain presents a good economic target for future exploration, 

and may be exploited in conjunction with industrial minerals. 
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INTR ODUCTI CK 

The research was planned to study the distribution of 

mineralisation in the continental, Permo-Triassic red beds 

of Britain in relation to metallogenesis, and to define a 

genetic model of formation for the deposits, This was 

proposed due to the lack of such work in previous studies. 

No detailed aims were set at the start of the research, 

allowing the objectives to develop as the work progressed. 

The following text is the result of lines of study which 

emerged throughout the course of the research. 

The initial work involved locating the regional dis- 

tribution of mineralisation in the Pernio-Triassic rocks of 

Britain, and culminated in the production of a regional 

metallogenetic map of southern Britain. This indicated 

the types of mineralisation present in the Permian and 

Triassic rocks of Britain, their geographical and strat- 

igraphical distributions and controls on the mineral deposits. 

The work also introduced some concepts and ideas relating to 

the origins of the deposits. A comparative study of the 

mineralisations in the Permo-Triassic rocks of Europe, Britain 

and America was also attempted. 

The Cheshire Basin was selected for further study of 

the mineralisation in the Pernio-Triassic, continental red 

beds. This area was chosen due to the fact that: - 

1) The host rocks containing the mineralisation are com- 

posed entirely of red beds. 

2) Several different types of mineralisation are present. 

3) The mineralised areas are well exposed, and have been 

mined in some cases, allowing underground access. 
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4) The area is highly mineralised in comparison to other 

regions containing mineral deposits in Permo-Triassic rocks. 

Detailed geochemical and mineralogical studies were 

completed on rock samples from four major mineralised areas 

in the Cheshire Basin, allowing conclusions to be derived 

regarding: - 

a) The host rock mineralogy. 

b) The opaque mineralogy. 

c) The paragenesis of the ore minerals. 

d) The geochemistry of the rocks. 

e) The relation and correlation between the mineralogy 

and geochemistry of the rocks. 

f) The nature of the ore-forming fluids. 

g) The relationship between the various metals resulting 

from the mineralisation processes. 

By combining the results from the regional mineralisation 

distribution and the detailed study of the Cheshire Basin, 

a genetic model of formation for the mineral deposits in the 

Permo-Triassic rocks of Britain was defined. The model 

explains all the available data relating to the genesis of 

the deposits that has been derived up to the present day. 

From the regional study of the mineralisation, a review 

of the economic potential of the Pernio-Triassic rocks in 

Britain was completed. This discusses the base metal, baryte 

and industrial mineral potential in relation to existing 

deposits. 

Finally, methods of exploration for base metals and 

baryte in the Permo-Triassic rocks of Britain were assessed 

on a regional basis. The available methods were assessed 
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in relation to their applicability and cost. Local or 

intensive methods of exploration for baryte in Permo-Triassic 

rocks were evaluated by conducting geochemical programmes in 

specified areas. The stream sediment and soil geochemical 

methods of exploration were found to be useful for locating 

deposits, and two new Ba anomalies were detected, indicating 

their applicability. 
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CHAPTER 1: RED BEDS AND THEIR MINERALISATICN 

1.1. THE GEOLOGY OF RED BEDS 

1.1.1. The Definition And Classification Of Red Beds 

The term 'red beds' is given to ancient and modern 

sedimentary sequences displaying a prominent red colouration; 

this may not be persistent throughout the rocks, and may 

vary into white or grey patches and horizons. The red 

colouration results from the presence of oxidised iron 

(such as hematite - oG Fe203) in the form of coatings on 

detrital grains, flakes and hematised phyllosilicates. 

The white or grey colouration results from the presence of 

reduced iron. 

Red beds occur in cyclic sedimentary sequences that 

formed in terrestrial (oxidational) environments. The 

proportion of constituent rock types in the sedimentary 

cycles (namely conglomerates, sandstones and shales) is 

dependent upon the source of the detritus and the depositional 

processes. 

Red Beds form a distinct group of sedimentary rocks, 

but have been classified by Anatolieva (1971) into two sub- 

groups: - 

1) Calcareous red beds - containing over 10% calcareous 

material; this may be present in the rocks as original 

detrital grains or as diagenetic cements. The main mineral 

species of carbonate involved are calcite, dolomite, ferroan 

calcite and ferroan dolomite. 

2) Non-calcareous red beds - containing less than 10% 

calcareous material. 

1.1.2. The Stratigraphical And Geographical Occurrences Of 
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Red Beds 

Red Beds are common throughout the stratigraphic column 

from Precambrian to Recent. In Britain they are associated 

with two geological periods - the Devonian (the Old Red 

Sandstone) and the Permo-Triassic (the New Red Sandstone); 

these are also associated with red-bed formation in Europe 

and America. 

Geographically, red beds form in terrestrial environments 

similar to those existing at the present day in the hot deserts 

(such as the Sahara). In this respect, they are geographic- 

ally restricted to a zone bounded by 30°N and 30°S. Ancient 

red beds are thought to have formed in similar palaeolatitudes; 

their distribution may therefore be related to plate tectonics 

and continental drifting. 

1.1.3. The Origins Of Red Beds 

The theories of red-bed genesis developed within the last 

century. This is due to the fact that the subject involves 

numerous aspects of geochemistry, mineralogy and sedimentology. 

The following text will summarise some of the important aspects 

of red-bed genesis in order to derive a series of factors which 

may be used to explain the origins of the red colouration. 

The Introduction Of Iron Into The Sediments 

Iron may be introduced into sediments at the time of 

deposition in three forms: - 

1) As iron oxides - such as hematite and magnetite grains. 

2) As silicates and phyllosilicates - such as biotite and 

hornblende grains. 

3) As iron hydroxides - 'Ferrihydrite'. 

The combined effects of the depositional environment 



and the diagenetic processes on these various forms of iron 

result in the numerous theories of red-bed genesis. 

The Role Of Iron Oxides 

The presence of iron oxides in red beds prompted Tomlynson 

(1916) to suggest that they formed from the incorporation of 

hematite in the sediments at the time of deposition; this was 

one of the early theories of red-bed genesis. 

Although iron oxides are present in the original sediments, 

the majority of workers believe that they are not directly 

responsible for the formation of red beds; alternatively, 

they propose that post-depositional changes in the opaque 

mineralogy result in reddening of the rocks. Van Houten 

(1968) studied the opaque mineralogy of some red beds and 

recorded a systematic change in the magnetite and ilmenite 

quantities relative to hematite in successively older beds 

within the sequence; he proposed that this was due to the 

dissolution of opaque oxides in non-red beds and hematisation 

in red beds. The latter process was also envisaged by Miller 

and Folk (1955), while the former process was noted by 

Chukhrov (1973). 

These works suggest that detrital iron oxides and opaque 

mineral grains do not directly produce red beds at deposition 

but they may be used in post-depositional processes to form 

hematite. 

The Role Of Iron Silicates And Phyllosilicates 

Silicates and phyllosilicates are deposited in sediments 

in many forms and varying quantities; the exact quantities and 

mineral species present are determined by the depositional 

processes and the source area. Walker (1967a) found a 



7 

progressive reddening from top to bottom of a series of arkosic 

sandstones that varied in age from Recent to Pliocene; he 

observed that the hornblendes were gradually replaced by 

iron-rich montmorillonites and that in-situ decomposition 

had taken place in iron-bearing silicates (such as biotite). 

He proposed that the reddening within the sequence was a result 

of the redistribution of iron outwards from decomposing grains 

by means of oxygenated pore waters during diagenesis and that 

hot, dry climates were favourable for hematite formation as they 

stabilised the mineral. Other workers also favour the prod- 

uction of hematite by decomposition of iron silicates, such as 

Anatolieva (1971). 

Turner and Archer (1977) realised that iron silicates 

were hematised by in-situ alteration but indicated that this 

was not the reason for reddening; they suggested that 

mechanical reworking of hematised fragments on flood plains 

and other sites produced the red colour observed in red beds. 

These works suggest that iron silicates and phyllosilicates 

play an important role in red-bed genesis, producing the red 

colouration either by in-situ decomposition or by mechanical 

reworking of hematised fragments. 

The Role Of Iron Hydroxides 

Van Houten (1968) and Chukhrov (1973) suggested that 

mixing of iron hydroxides with clay minerals, followed by a 

subsequent 'ageing' process, produced the red colouration in 

red beds. This 'ageing' process was investigated by other 

workers, such as Schmalz (1968), who stated that hematite could 

be formed by three reactions: - 

1) 2Fe(CH)2--), Fe203 + H2O (unbalanced)" 



8 

2) 2Fe(OH)2 --ýj 2Fe02 + H20 ýý Fe203 + 3H20 

AB 

3) 2FeO2 --> Fe203 + H2O 

From these, he suggested that hematite could not form 

from the dehydration of iron oxides in the presence of water. 

Using thermodynamic considerations, he also suggested that 

amorphous iron hydroxide would recrystallise to form goethite 

and water (reaction 2A) in the presence of water at S .T .P. 

(1 atmosphere pressure and 25°C). Smith and Kidd (1949) had 

previously suggested that neutral solutions at 1 atmosphere 

pressure and 125°C would produce hematite at the expense of 

goethite. Walker (1967a) also endorsed the fact that water 

was necessary to produce conditions favourable for reddening. 

Walker (1967a, 1967b) noted the importance of iron hydroxide 

in red-bed genesis; Towe and Bradley (1967) identified the 

iron hydroxide as having a similar composition (2.5Fe203 4.5 H20) 

to that of hematite. Chukhrov et al (1971) called the hydroxide 

'ferihydrite', and noted that it formed in springs with the aid 

of iron bacteria. Ferrihydrite reverts to hematite in time 

due to a structural similarity. Chukhrov et al (1971) used 

ferrihydrite to explain the formation of red beds; they stated 

that it was introduced into the sediments and then reverted to 

hematite at a later stage producing the red colouration. 

The Role OP Organic Materials 

The role of organic material in red-bed genesis has been 

discussed by workers such as Friend (1966), Turner and Archer 

(1977) and Chukhrov (1973) and may be summarised as a series 

of points: - 

1) If organic material is present during sedimentation, it may - 
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a) complex with iron in a reducing environment to form ferrous- 

organic compounds which may be removed in solution. 

b) be oxidised and removed without the loss of iron. 

2) If organic material is present in the post-depositional 

environment, it may have the same effects mentioned above. 

If the organic material is removed by oxidation (without 

the loss of iron) then the iron may form hematite at a later 

stage, resulting in reddening. If the organic material 

complexes with the iron and is then removed, the lack of iron 

precludes the formation . of hematite. The presence of 

organic material therefore has a large influence on the 

formation of hematite in both the depositional and post- 

depositional environments. 

The Role Of The Post-Depositional Environment 

The role of the post-depositional environment in red- 

bed genesis has already been indicated to some extent; in 

summary, it has the following effects: - 

1) Oxidative environments result in a) the removal of 

organic material, allowing hematite to form and stabilise 

b) the decomposition of iron silicates, phyllosilicates and 

opaque oxide grains, resulting in the formation of iron-rich 

montmorillonites and hematite c) the formation of hematite 

from 'ferrihydrite'. 

2) Reducing environments result in a) complexing of organic 

material with iron b) the stabilisation of iron silicates 

and opaque mineral grains c) the removal of ferrihydrite. 

All these factors stop the formation of hematite. 

Summary Of Factors Affecting Red-Bed Genesis 

From the discussion the author considers the following 
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points to be important when considering the genesis of red beds: - 

1) The amount and form of iron introduced into the sediments 

at the time of deposition. 

2) The depositional environment. 

3) The amount of organic material present in the rocks. 

4) The post-depositional environment. 

All the above factors may govern the formation of red beds 

and no one mechanism produces all red bed sequences. Research 

must be continued in order to find the exact controls on the 

formation of red beds, which are still undefined. 

1.2. THE REGIONAL SETTING OF BRITAIN IN THE PERMO-TRIASSIC 

PERIOD 

1.2.1. Introduction To The Stratigraphy Of The Permo-Triassic 

Rocks In Britain 

The distributions of Permian and Triassic rocks in Britain 

are shown in Figures I. J. and 1.2. (from Smith et al - 1974 

and Audley-Charles - 1970a) respectively. The stratigraphy and 

correlation of the Permo-Triassic rocks in Britain have been 

controversial issues since the nineteenth century. This is 

I due to: - 

1) There is a lack of fossils that may be used to date and 

correlate the sequences present in Britain. This arises from 

the fact that the deposits originated in a continental, hot, 

and environment that was not suitable for many life forms. 

Some remains of terrestrial animals (Warrington - 1971) and 

microfossils (Warrington - 1967,1971) have been recorded from 

various parts of Britain. The microfossils may provide an 

adequate method of dating and correlation in the future, but 

at present, insufficient work has been completed in this area. 
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FIGURE 1.2. 
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2) The sequences of rocks present in the Permo-Triassic basins 

of deposition are generally varied and diachronous. The 

paucity of stratigraphically diagnostic fossils makes bio- 

stratigraphical correlation and the reliable dating of much 

of the sequences very difficult, and in places impossible. 

Warrington et al (1980) have recently published a revised 

lithostratigraphical correlation for the Triassic sequences of 

the British Isles and have produced a new correlation chart for 

the rocks. Their main proposals may be summarised as follows: - 

1) The Penarth group is approximately equivalent to the Rhaetic. 

2) The Mercian Mudstone group is approximately equivalent to 

the Keuper Marls. 

3) The Sherwood Sandstone group is approximately equivalent to 

the Keuper Sandstones and Bunter Sandstones. 

It is not the purpose of this thesis to discuss the detailed 

stratigraphy of the Permian and Triassic rocks in Britain. 

The palaeogeographical interpretations will, however, be 

summarised. Detailed sections of the Permian and Triassic 

sequences present in mineralised areas of Britain will be 

considered in Chapter 6. Further information regarding the 

detailed stratigraphy may be obtained from Warrington et al 

(1980) Smith et al (1974) and Audley-Charles (1970a). 

The Permian stratigraphy of Britain has been described by 

Smith et al (1974), who studied the divisions within the 

E. Yorkshire 'type' section (shown on Figure 1.3. )s the main 

division is between the L. Permian (Rotliegendes) and U. Permian 

(Zechstein) rocks, which is marked by the start of the Marl 

Slate. The corresponding Russian 'type' sequence (found at 

Perm) divisions have been described by Likharev (1966), and 
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are shown on Figure 1.3. The E. Yorkshire 'type' sequence is 

not internationally accepted, but is the only one available 

at the present time. 

The Triassic stratigraphy of Britain has been described 

in detail by Warrington et al (1980) who have revised the 

traditional divisions envisaged by Audley-Charles (1970a), 

whose proposals are shown in Figure 1.4. together with their 

respective Alpine stage names (Ager - 1970). These litho- 

stratigraphic divisions were correlated with the Alpine 

stages by using marked events in the stratigraphies of the 

two regions. 

1.2.2. Plate Tectonic Setting 

In late Carboniferous times, the continents of the world 

drifted together to form a supercontinent - Pangaea; this is 

often subdivided into two segments - Laurasia (consisting of 

Europe, N. America and Asia) to the north and Gondwanaland 

(consisting of S. America, Africa, Australia and Antartica) to 

the south. The final 'fusion' of the continents was marked by 

post-Westphalian, Asturic folding in the Variscides, and 

Alleghenic folding in the Appalachians. The supercontinent 

of Pangaea lasted throughout the Permian and Triassic periods, 

and broke up after some 150 million years. 

The supercontinent was relatively stable initially, except 

for extensive rifting of many margins and the gradual north- 

erly movement from an equatorial position in the Permian to 

30° north in the Triassic. Britain was thus situated within 

a large continental plate; this resulted in the formation of 

new climatic, geographic and ecological conditions resembling 

the hot desert regions of the present day. 
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During the Triassic and early Jurassic times, fragmentation 

of Pangaea began; N. America and Europe drifted away from 

Laurasia, producing extensive rifting in the N. Atlantic and 

W. Tethys regions. The southern continents did not break away 

from Gondwanaland until a later stage due to the relative 

stability of the southern plate. Africa, S. America and India 

started to drift away from Gondwanaland in the Cretaceous, by 

which time, the N. Atlantic was half opened by sea-floor spread- 

ing. Finally, Antarctica and Australia separated in the 

Eocene (45 million years ago). By mid-Tertiary, the super- 

continent had split into the continents observed at the present. 

The whole fragmentation process lasted some 225 million years. 

The positions of the continents during the Permian, Triassic 

and Jurassic times are shown on Figure 1.5. (from'Windley - 

1977). 

The presence of a supercontinent was first suggested by 

Wegner (1929) from a visual match of the continental margins 

in the north and south hemispheres. Du Toit (1937) later 

proposed that Pangaea be separated into Laurasia and 

Gondwanaland; he used some ten lines of 'fit' of the 

continents to substantiate his theories. Recently, workers 

have used more-advanced techniques to confirm the presence of 

Pangaea and its two segments. Bullard, Everett and Smith 

(1965) used a computer match of the 500 fathom bathymetric 

contours in the N. Atlantio (formerly joined as Euramerica - 

part of Laurasia) to substantiate the presence of a super- 

continent, while Smith and Hallam (1970) used the same technique 

to match the borders of the continents in the S. Atlantic. 

Palaeomagnetic and oceanic-magnetic data have also been employed 
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to reconstruct the continent of Pangaea and its southern 

division (Gondwanaland) by Dietz and Holden (1970) and Tarling 

(1971) respectively. 

These were the major features of the plate tectonic setting 

of Britain during the Permian and Triassic periods. The 

regional palaeogeographic setting of Britain can now be 

described in this context. 

1.2.3. Palaeogeography And Sedimentation 

Throughout the Permian and Triassic periods, the palaeo- 

geography and sedimentation patterns in Britain were dominated 

by faulting associated with the formation of rift structures 

(Audley-Charles - 1970b, Owen - 1976, Ziegler - 1978, Whittaker 

- 1975, Smith et al - 1974). These rifts continued to move 

periodically throughout the Permian and Triassic times up to the 

Rhaetic (top of the Triassic, base of the Jurassic), when they 

waned (Audley-Charles - 1970b). It is possible that the rift 

faults were rejuvinated in later times however (Whittaker - 1975). 

Although the actual mechanisms producing the tensional regime 

have not yet been identified, it is thought that two events may 

have initiated the faulting: - 

1) The Hercynian Orogeny : the tensional forces may have resulted 

from a recoil action after the compressive forces were spent 

(Whittaker - 1975). 

2) The break up of Pangaea : spreading centres were initiated 

during the Permian and Triassic; these often failed, but 

resulted in the formation of rifts (Owen - 1976). 

Although the structural geology is still being debated, the 

effects of the faulting on the palaeogeography and sedimentology 

have been well documented. 
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Permian Palaeogeography And Sedimentolog, y 

The generalised palaeogeography of the L. Permian and 

U. Permian (Rotliegendes and Zechstein) in Britain are shown 

in Figure 1.6. (from Ziegler - 1975). At the start of the 

Permian period, Variscan folding produced a high, rugged 

topography within Britain; highland massifs were situated 

in south and south-east England (Mercian Highlands), Wales, 

central and southern Ireland and Scotland, with some highland 

in the central parts of England (Pennines and Leicester). 

The corresponding basins of deposition were situated in 

northern England, central England, northern Ireland and the 

N. Sea. A major rift structure was situated in Worcester 

(Worcester-Severn Graben), bounded by Wales to the west and 

the Mercian Highlands to the east. The Worcester Graben was 

to play an important role in later sedimentation patterns, 

joining the Southern England Basin to the Cheshire, Irish Sea 

and N. Sea Grabens. Rift structures were also developed in the 

N. Sea (Ziegler - 1978), forming the N. Sea Graben and mid-N. Sea 

High. 

The highland massifs and and climate resulted in the 

formation of marginal clastic sediments (breccias and conglom- 

erates) around the edges of the basins and finer-grained deposits 

in the central basins. The topography was generally lowered 

during the L. Permian. 

In the U. Permian times, the mid-N. Sea High was breached by 

a marine transgression from the east, giving rise to marine 

conditions in the N. Sea Basin (Zechstein Sea). The waters 

reworked the previous sediments and sorted them. The major 

changes in the palaeogeography at this time were dominated by 
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the completion of the Worcester Graben and the formation of 

the Southern England Basin. 

The N. Sea Basin was generally isolated from the other 

basins of deposition and proceeded to develop algal reefs 

along the western shoreline. Evaporites also started to 

form in the central basin areas due to extensive evaporation; 

these gradually encroached onto the western shoreline produc- 

ing the thick sequences observed in N. E. England at the present 

time. Before the end of the Zechstein transgression, waters 

flooded parts of Cheshire and the Irish Sea Basins, resulting 

in the formation of further evaporite sequences. The end of 

the Zechstein transgression was marked by the deposition of 

red mails in the N. Sea Basin and terrestrial sedimentation in 

the other areas. 

Triassic Palaeogeographyy And Sedimentation 

The Triassic palaeogeography and sedimentation has been 

described in detail by Pattison et al (1973), Warrington 

(1974) and Audley-Charles (1970b) whose maps for six litho- 

stratigraphical divisions of the Triassic will be referred to 

throughout the text. 

In Triassic times faulting played an important part in the 

palaeogeography and sedimentation patterns; this continued up 

to late Triassic times, when it ceased to take effect. The 

climate during these times was again typical of the hot 

deserts of the present day. 

The palaeogeography of the L. Triassic is shown on Figure 

1.7. (corresponding to Audley-Charles' - divisions la and lb). 

The main rift structures were rejuvenated, allowing further 

subsidence in the Worcester Graben, Irish Sea, Cheshire and 
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FIGURE 1.7. 
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N. Sea Grabens. The main effect of the fault movements was 

to induce a south to north gradient in the Worcester Graben. 

The other major basins present were situated in southern 

England (often termed the Wessex Basin), Scotland (Elgin 

Basin - an extension of the N. Sea Basin) and northern Ireland 

(Ulster Basin).. Highland massifs were situated in Wales, 

S. E. England (London-Brabant Massif), S. W. England (Cornubia), 

the Pennines, central and southern Ireland and Scotland. 

Deposition was thus restricted to narrow graben and basin 

structures. 

In the early Triassic times, a large inland drainage 

system developed in Britain (Pattison et al - 1973); this 

extended from the south of England through the Worcester 

Graben and into the Cheshire, N. Sea, Irish Sea and Ulster 

Basins. The river system originated from the southern English 

Channel and N. France (Mai de Grai) regions. Initially, the 

river was fast flowing, resulting in the formation of coarse- 

, 
grained deposits (conglomerates and sandstones); as the river 

reduced its profile, finer-grained material was deposited. 

Aeolian and laccustrine materials were also deposited at this 

time in the areas not affected by the river system. 

Before the deposition of the Keuper Sandstones (Audley- 

Charles' division 2) widespread fault movements were initiated, 

rejuvenating the rifts and grabens, allowing a larger thickness 

of sediments to accumulate in the basins. A regional uncon- 

formity was produced by the movements - the Hardegsen Discont- 

inuity; this can be traced across Europe indicating the scale 

of the movements. The faulting had two major effects on the 

sedimentation: a) it caused the earlier deposits to be reworked, 
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b) it enabled new material to be introduced into the 

sediments from local highland massifs. 

The river changed its profile at this stage, such that 

lakes of standing water were formed. The highland massifs 

were relatively subdued after a long and sustained period 

of erosion, resulting in the gradual encroachment of the 

sediments onto the edges of the highland massifs. 

The generalised palaeogeography of the U. Triassic 

(corresponding to Audley-Charles' divisions 3,4, and 5) is 

shown on Figure 1.7. 

Fault movements accompanied the deposition of the Keuper 

Waterstones (Audley-Charles' division 3). Due to the low 

topography, finer-grained sediments were deposited during 

this time (siltstones and sandstones); these were formed 

from meandering rivers and lakes of standing water. Conn- 

ections between the N. Sea Basin and north of England 

(Warrington 
- 1974) resulted in the formation of some marine, 

intertidal deposits in these areas (mainly salt). 

The deposition of the Keuper Marls and Sandstones was 

preceeded by renewed fault activity (Audley-Charles' divisions 

4 and 5) that rejuvenated the grabens. Groundwater brines 

flowed into the basins of deposition; these were rich in 

NaCl (salt) and formed extensive salt lakes and evaporite 

deposits (Warrington 
- 1974) in the Cheshire Graben (extending 

into the Irish Sea) and the N. Sea Graben (extending into 

Poland and Europe). Siltstones and sandstones were inter- 

mittently deposited between evaporite cycles in the basins, 

whereas on highland areas they were deposited continuously 

(especially in the Pennine and E. Anglia regions). Silts and 
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sands also accumulated due to heavy rainfall in some areas 

(Audley-Charles - 1970b). 

Subdued massifs were present at this time in Cornubia, 

Wales, S. E. England (London-Brabant Massif), Scotland, Ireland, 

the Pennines, Charnwood and the Mendips. Fault movements 

played no significant part in the sedimentation patterns and 

palaeogeography after this time. 

Mudstones and evaporites were continually deposited 

throughout the remainder of the Upper Triassic period, al- 

though occasional 'skerries' formed (sandstones and siltstones) 

by intermittent flooding. Intertidal deposits were also 

formed from brief marine incursions in the Cheshire Basin 

region. 

In the Rhaetian (Audley-Charles' division 6) standing 

bodies of water under reducing conditions succeeded deposition 

of the U. Triassic marls (Keuper Marls) in some areas allowing 

accumulation of limestones, siltstones and mudstones. 

The palaeogeography and sedimentation patterns of the 

Permian and Triassic periods of Britain have been briefly 

discussed, and the major effects of the fault movements noted. 

It is apparent that faulting was the predominant control in 

the sedimentation patterns and that the movements may be 

related to large scale features, such as the Hercynian Orogeny 

and the break-up of Pangaea. The plate tectonic setting of 

Britain during these times also influenced the sedimentation; 

continental intra-plate deposits accumulated in terrestrial 

environments with inland drainage systems and in shallow marine 

environments with restricted access of saline and brackish 

waters. Further consideration must be given to the fault 
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patterns when the mineralisation is discussed, as they played 

an important role in the channeling of mineralising fluids and 

the location of the mineral deposits; this will be considered 

in detail in Chapter s, but must be noted at the present time, 

linking the palaeogeography, sedimentation and mineralisation 

processes to the regional setting of Britain in Permian and 

Triassic times. 

1.3. RED BED MINERALISATION 

1.3.1. The Definition Of Red Bed Mineralisation 

The term 'red bed mineralisation' is generally applied 

to mineral deposits occurring within 'red bed sequences' (see 

Chapter 1.1. ). By definition, the host rocks must be sedim- 

entary, predominantly red in colour and must have formed in 

continental, hot, and conditions, typical of the hot deserts 

of the present day. The definition generally excludes mineral 

deposits occurring in marine, carbonate, igneous and metamorphic 

facies. In this context the definition is ambiguous due to 

the fact that any of the aforementioned facies may be present 

within a red bed sequence. Red bed sequences in Britain are 

generally restricted to the Devonian (Old Red Sandstones) and 

Permo-Triassic (New Red Sandstones) Systems in Britain, but 

occur at various time intervals in other parts of the world 

(such as the Precambrian Karoo sediments in Africa). 

Red bed mineralisation is commonly associated with the 

term 'sandstone U-V-Cu mineralisation' (defined by Stanton - 

1972, from the mineralisation in the south-west U. S. A. ), which 

is common in many red bed sequences of America and Europe (see 

later text). Unfortunately, the terminology does not indicate 

the presence of 'red bed sequences' as the host rocks. 
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The Permo-Triassic rocks of Europe, America and Britain 

show many types of mineral deposits in varied lithologies 

(clastics to marine to carbonate facies); it is therefore 

difficult to apply the term 'red bed mineralisation' to these 

deposits in general. The mineral deposits in the Permo- 

Triassic rocks of these continents must therefore be defined 

by different terminologies. The author suggests that the 

following points be defined in any convention: - 

1) The dominant mineralogy of the deposit. 

2) The host rocks containing the mineral deposit. 

3) The age of the host rock. 

For example, the deposits in the south-west U. S. A. may 

be termed 'U-V-Cu mineralisation in Permo-Triassic sandstones 

and conglomerates', while the'Kupferschiefer' deposits in 

Europe may be termed 'Pb-Zn-Cu mineralisation in Permian 

shales'. This terminology provides an adequate notation of 

the deposits concerned and is not overgeneralised. Where 

possible, this terminology will be used in the text. It is 

accepted however, that the terms 'red bed mineralisation' and 

'sandstone U-V-Cu mineralisation' have been used for a long 

time, and that they may still be used where the factors govern- 

ing the deposits are in accordance with the characterisation of 

the terminology. 

1.3.2. The Distribution Of'Mineralisation In The Permo-Triassic 

Rocks Of Britain And Europe 

Britain 

The mineral deposits present in the Permo-Triassic rocks 

of Britain will be considered in detail in Chapter 6, and will 

not therefore be discussed in this section. 
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Eu rope 

The mineralisation present in the Permo-Triassic rocks 

of Europe may be characterised into four groups: - 

1) The 'Kupferschiefer' Pb-Zn-Cu mineralisation in Permian 

shales. 

2) Uranium mineralisation in the Permo-Triassic sandstones 

of the Alps. 

3) Pb-Zn-Cu mineralisation in the Permo-Triassic sandstones 

of France, Germany, Italy and Austria. 

4) Other mineralisation - related to local igneous and 

metamorphic events. 

1) Kupferschiefer Pb-Zn-Cu Mineralisation In Permian Shales 

This has been described in detail by Wopfner and Schwarzbach 

(1976), Deans (1950) and Mohr (1964). The Kupferschiefer is a 

horizon of black, bituminous shales and marls less than one 

metre thick that lie upon a marine conglomerate (Zechstein 

Conglomerate); this-in turn lies upon a thick Permian, con- 

tinental, red bed sequence dominated by conglomerates. Above 

the Kupferschiefer is the Zechstein Limestone Formation. 

The Kupferschiefer occurs throughout Europe, covering an 

area of some 20,000 km2; it is also partially represented in 

Britain by the Marl Slate of N .E . England. The Pb-Zn-Cu 

mineralisation occurs predominantly in shale bands, and is 

generally variable in quantity and grade. The extent of the 

Pb-Zn mineralisation is far greater than that of Cu, however, 

the latter attains higher economic grades. The principal 

regions of mineralisation axe: - 

1) Mansfeld and along the eastern periphery of the Harz 

Mountains. 
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2) Richelsdorf and around the periphery of the Thuringerwald. 

3) S. W. Poland. 

In these regions, the mineralization covers some 

250 k2, averaging 5$ Cu in the basal 20 cm. of the shale 

horizon (Cu-rich). The concentration of Cu tends to decrease 

on ascending the sequence, while Pb-Zn concentrations increase. 

The main zone of Pb-Zn mineralisation occurs in the 30 cm. 

above the Cu-rich zone. 

The metals in the Kupferschiefer are generally present 

as the sulphides, bornite, chalcocite, chalcopyrite (Cu), 

sphalerite (Zn) and galena (Pb); these occur in many forms, 

but are often found as disseminations, micropsuedomorphs and 

replacements of microfossils. 

The genetic features of the mineralisation have been 

controversial for decades and will not be discussed in the 

text; a full discussion of the subject has been presented 

by Mohr (1964). The Kupferschiefer will be regarded as a 

syngenetic deposit in this text (formed contemporaneously 

at the time of sedimentation). 

2) Uranium Mineralisation In The Permo-Triassic Sandstones 

Of The Alpine Region 

This type of mineralisation occurs in Switzerland, Italy, 

Yugoslavia and Austria, covering an area of 1000 x 400 km. 

It is stratigraphically restricted to the L. and M. Permian 

formations in the southern Alps, whereas in the northern Alps 

it is restricted to the U. Permian and L. Triassic formations; 

these host rocks were formed in a subsiding pre-geosynclinal 

basin, and display typical red bed sequences. 

In Italy, the U mineralisation occurs in a clastic 
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sedimentary (red bed) sequence that contains interbedded 

volcanic debris (mainly ashes). This commonly forms inter- 

digitated lenses. The U mineralization is associated with 

reduced 'grey' sandstone members containing organic matter. 

The main region of mineralization is Bolzano. 

In Yugoslavia, the mineralization occurs in the Zirouski 

Urh region in the M. Permian sediments of the Gr den Form- 

ation. The host rocks are again reduced 'grey' sandstones 

and interbedded siltstones containing organic matter, how- 

ever, volcanic debris is not present. 

In Austria, the mineralization occurs at Carintlina (in 

the Tyrol) in sediments of the U. Permian and L. Triassic form- 

ations. It is associated with reduced 'grey' sandstones and 

organic matter. 

In many cases, the mineralization is associated with 

reduced or grey zones in the sediments; this may be due to 

the presence of organic matter, which provided reducing con- 

ditions suitable for the precipitation of U from oxidised 

brines or solutions. The mineralization also occurs in 

structural and stratigraphic traps, indicating the controls 

on the mineralising fluids. The one dubious point about 

the deposits is the association of the U with the volcanic 

materials present; in some cases, the mineralization appears 

to have been derived from the volcanics, while in others, it 

does not. 

The deposits are comparable to those occurring in the 

Permo-Triassic red beds of south-west U. S. A., being controlled 

by stratigraphic and structural traps, associated with organic 

matter and grey reduction zones and occurring in coarse grained 
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sediments. The only features that do not compare with the 

American deposits are: - 

1) The deposits do not occur as 'rolls' - and have not been 

subsequently remobilised. 

2) The deposits do not contain large amounts of selenium and 

molybdenum. 

In many places, subsidiary (Pb and Cu) sulphide mineral- 

isation is associated with the U such as at Val Rendeno and 

Rio Bavero and Oboiniggraken in Italy and Austria respectivdly. 

This feature again resembles the U deposits present in the 

south-west U. S. A. 

3) Pb-Zn-Cu Mineralisation In The Permo-Triassic Sandstones 

Cf France, Germany, Italy And Austria 

In many parts of Europe, small and large occurrences of 

Pb-Cu-Zn mineralisation have been noted in the Permian and 

Triassic rocks; these are not associated with U mineralisation. 

The deposits have been described by Wopfner and Schwarzbach 

(1976) Sherlock (1947) and Hall and Maucher (1976) and will not 

be described in detail. The different types of deposit 

present may be summarised as follows: - 

1) Pb-Cu sulphide mineralisation has been noted in the L. Triassic 

(Bunter) and U. Triassic (Keuper) sediments of the North Eifel 

Massif in W. Germany. The mineralisation occurs as nodules of 

galena, chalcocite, cerussite and Cu carbonates which are up to 

5 mm. in diameter. The nodules are generally arranged 

parallel to the bedding and sedimentary lineations and may 

contain up to 2% by weight Pb. 

2) At Frieberg in Bavaria, mineralisation occurs in the 

U. Triassic sediments adjacent to fault zones in the form of 
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impregnations, disseminations and cements of galena. 

3) Pb and Cu cements and impregnations are often seen to occur 

in the Triassic formations of France (Department of Gard and in 

Lorraine). The cements may be persistent throughout the whole 

sedimentary sequence or may be patchy. In general, some 6 to 

10S Pb by weight may be present. 

4) At Largentigre in France, Pb-Zn mineralisation occurs in 

M. and L. Triassic sandstones and conglomerates as impreg- 

nations, cements and disseminations. Other Pb-Zn occurences 

are present in the Central Massif region; the main point to 

note about the deposits is that no Cu is present. 

5) In the Baden region of Germany (Rhine valley), irregularly- 

bedded Zn deposits occur in the Triassic strata in direct assoc- 

iation with faults. 

These examples show that Pb-Zn-Cu sulphides are common in 

the Permo-Triassic rocks of Europe in various lithologies and 

many different situations. It is also apparent that the miner- 

alogy may vary considerably from Pb to Zn to Cu-rich deposits; 

this variation appears to be independent of any controlling 

factors. 

Other Mineralisation 

The most common types of mineral deposit have been con- 

sidered in the previous text; it therefore remains to indicate 

the other less-common types of mineralisation present: - 

1) At Idria in Carniola (Maucher - 1976) mercury is present 

in the L. and U. Triassic sandstones; this assays at about $, 

and was mined in 1905, when some 570 tons of ore were extracted. 

This is not a common feature of Permo-Triassic mineralisation. 

2) Metasomatic Pb-Zn deposits occur in the Mushelkalk of 
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Poland; these occur in the U. Wellankalk Dolomite as sulphides 

and oxides. It is thought that the sulphides represent the 

original mineralisation and that oxidising groundwaters 

produced the oxidate assemblage. 

3) At Agorodo in the Venetian Alps, Cu is found associated 

with Permian quartz porphyries; this feature is also seen at 

Schmollinitz in Hungary, where iron pyrites is also present. 

4) In the Urals, Cu, Fe and Au occur in the Permo-Triassic 

rocks, while at Elba, Pb-Zn-Fe sulphides are found in assoc- 

iation with quartz tachylites. 

These mineral deposits are not common in the Permo-Triassic 

rocks of Europe, being associated in most cases with igneous 

intrusives or extrusives. The main point to note however, is 

that Hg is present -a rare association in Permo-Triassic rocks. 

The mineralisation in Europe has been briefly noted, and 

the main characteristics presented; it can be seen that many 

different types of mineralisation are found in the rocks, the 

main ones however are the U mineralisation in the Alpine 

regions and the'Kupferschiefer' deposit that occurs in Germany 

and Poland. It is interesting to note the correlation of the 

U mineralisation in Europe with the U-V-Cu mineralisation in 

south-west U. S. A., previously defined by Stanton (1972), and 

the lack of correlation of this mineralisation with the British 

deposits (Chapter 6); the main representation of U in Britain 

is in S. Devon, where nodules of U minerals are associated with 

asphaltites. It is also interesting to note that the 

Kupferschiefer deposit is not extensively represented in 

Britain. Britain appears to show different types of mineral- 

isation than either Europe and America. The correlations 
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between Europe, America and Britain will be discussed in more 

detail in chapter 6. 

1.3.3. The Distribution Of Mineralisation In The Permo-Triassic 

Rocks Of The U. S. A. 

The distribution of mineralisation in the Permo-Triassic 

rocks of the U. S. A. will be considered in three partse- 

1) Mineralisation in the south-west U. S. A. 

2) Mineralisation in central U. S. A. 

3) Mineralisation in north-east U. S. A. 

Chly the metalliferous deposits will be considered in this 

review. 

Mineral Deposits In The South-West U. S. A. 

The mineralisation in this region has been described by 

Stanton (1972), who classified it into the 'sandstone U-V-Cu` 

association'; this is due to the fact that it occurs in elastic, 

sedimentary host rocks and displays a dominant U-V-Cu mineral- 

ogy. The mineralisation also occurs in red bed sequences, and 

may therefore be termed 'red bed mineralisation'. The distrib- 

ution of U-V-Cu mineralisation in the region is shown in Figure 

1.8. 

The three metals are rarely of equal importance in the 

deposits, such that a general zonation of the metals may be 

recognised. The U-rich deposits occur in the Colorado Plateau 

region in the states of Arizona, Utah and New Mexico, V-rich 

deposits occur in the states of Wyoming and S. thkota, while the 

Cu-rich deposits occur in a strip trending south-east through 

the states of Utah and New Mexico. Although all three metals 

occur in the deposits to some extent they vary in proportion 

with each other; this relationship is shown on Figure 1.9. 
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FIGURE 1.8 B. 
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It can be seen that Cu-V deposits do not frequently occur 

and that V-U and U-Cu deposits are dominant. 

The U-V mineralisation occurs in the Shinarump Conglom- 

erate of the Chinle Formation (Triassic); it also occurs in 

the Jurassic, Morrison Formation. The Cu, however, occurs 

liberally throughout the Permian and Triassic formations. 

Two types of deposit may be recogniseds- 

A) Lensoidal and irregularly-shaped deposits. 

B) 'Roll' type deposits (mainly in Wyoming). 

Detailed descriptions of these types has been given by 

Dinsmore (1975). Both types of deposit are restricted 

stratigraphically within any area, such that the stratigraphic 

thickness of the deposits is small (up to, 10 m. generally) in 

context to their lateral extent. The host rocks containing 

the mineralisation are generally cyclic sequences of conglom- 

erates, sandstones and siltstones, that are red in colour, 

having formed in a hot, arid, continental environment. 

The lensoidal and irregularly-shaped deposits usually 

contain mineralisation in the form of pore-space infillings, 

veins and cements, although replacements of organic materials 

often provide rich, high-grade deposits. The mineralisation 

was controlled by structural and sedimentary traps, such as 

'pinch-outs', unconformities, lithological boundaries and 

palaeostream channels, although it is also dependent upon the 

porosity and permeabilities of the host rocks. 

The roll-type deposits occur mainly in Wyoming, and form 

in relation to a contemporary water table or stream channel 

(Figure 1.10. ). The rolls are often curved in cross-section, 

but may show many different configurations, dependent upon the 
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FIGURE 1.10. 
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host rocks and their permeabilities. They represent remobilised 

minerals that have been redeposited in the presence of reducing 

conditions (usually conducive to H2S accumulation), forming a 

front where oxidised and reducing waters met (Figure 1.10. ). 

In addition to the various sedimentary and structural 

controls on the mineralisation, many workers believe the 

deposits form in relation to regional features such as salt 

domes, fault zones, evaporite basins, fold axes, unconformities 

and laccolithic domes (Densmore - 1915). 

The deposits contain the following minerals: - 

1) Uranium - uraninite, coffinite (unoxidised), carnotite 

(oxidised) and uraniferous asphaltites. 

2) Vanadium - roscoelite (mica) montroseite and mixed layer 

V clay minerals. 

3) Copper - chalcocite, bornite, covellite and chalcopyrite. 

In addition, most deposits contain pyrite and/or marcasite, 

with other trace sulphides or galena (U-rich deposits), 

sphalerite, greenockite and molybdenite. Arsenic and selenium 

are also common. The principal non-metallic minerals are 

gypsum, calcite, dolomite, fluorite, baryte and kaolinite. 

The grades and quantities of the metals in the deposits 

vary considerably such that it is virtually impossible to 

quote values. In general, the high grade deposits are re- 

placement bodies. 

Mineral Deposits In The Central U. S. A. 

The mineralisation in the Permo-Triassic rocks is restricted 

to the states of Oklahoma and Texas. Two types of mineralisation 

are present: - 

A) Cu mineralisation in the 'Flowerpot' Formation. 
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B) Cu mineralisation with some U-V in the Triassic (red bed) 

sandstones and conglomerates. 

A) The Flowerpot Formation 

This is a marine formation dominated by mineralisation in 

two marine shale bands; this is often quoted as the equival- 

ent to the Pb-Zn-Cu in the Kupferschiefer of Europe. 

The two mineralised bands are situated some 1 in. and 3 m. 

below the 'Kieser' Bed and are 2 and 4 cm. thick respectively. 

The Cu varies in grade from 2 to 5y, averaging 3.8°0. The 

outcrop of the mineralised shales is 5 km. long (Snyder - 

1968), and is seen to contain malachite and cuprite. 

Below the ground surface Cu minerals are present as the sulphides 

chalcocite and bornite; these occur in the form of dissemin- 

ations, nodules and encrustations. It is thought that some 

70,000 tons of Cu are present in the shales with less than 15 in. 

overburden; the extent of the remaining mineralisation is not 

yet known. The mineralisation occurs predominantly in the 

Creta district, where it is being mined. 

B) Cu-U-V Mineralisation In The Triassic Red Beds 

This occurs in Texas and Oklahoma, and is similar in 

character to that in the south-west U. S. A. but is not of the 

same economic importance. The distribution of the mineral- 

isation is indicated on Figure 1.8. 

Mineralisation In N. E. U. S. A. 

Two types of mineralisation occur in the Permo-Triassic 

rocks of this region: - 

1) Magnetite deposits occur in Pennsylvania in the Triassic 

red beds (at Cornwall); these deposits are generally bedded 

and are associated with Fe-Co-Ni-Cu sulphides. The mineralogy 
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is dominated by magnetite and calcareous silicates with some 

pyrite, chalcopyrite, Cu-Co-Ag trace sulphides with occas- 

ional oxides and carbonates. 

2) Sulphides of Pb-Cu occur in the Permo-Triassic red beds 

of New Jersey (Bristol) and Pennsylvania (Phoenixville) in 

the form of disseminations and impregnations in structural 

and sedimentary traps. In some cases, the mineralisation 

occurs in host rocks adjacent to fault zones. The mineral- 

ogies are dominated by sphalerite, galena and chalcopyrite 

with gangue minerals of baryte and carbonates. Again, the 

permeability and porosity of the host rocks is important in 

the location of the deposits. 

The mineralisation in the Permo-Triassic rocks of America 

has been briefly described. It can be seen that many similar- 

ities exist between the deposits in the south-west U. S. A. and 

Europe (Chapter 1.3.2. ); these will be discussed in Chapter 6. 

It must be stated, however, that the main economic deposits 

are those containing U-V-Cu mineralisation in south-west U. S. A. 

and the central states. 
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CHAPTER 2: MINERALISATION IN THE PERMO-TRIASSIC ROCKS CF 

THE CHESHIRE BASIN 

2.1. GEOLOGY OF THE CHESHIRE BASIN 

2.1.1. Location Of The Cheshire Basin 

The Cheshire Basin is situated on the north-west side of 

England (Figure 2.1. ) and covers an area of some 6,000 km2. 

It is elongated in a south-west to north-east direction; this 

reflects folding within the underlying Mesozoic rocks. The 

central part of the basin forms a flat-lying plain (the Cheshire 

Plain) which is underlain by Keuper Marls and covered by glacial 

drift. The edges of the basin are marked by a series of fault 

scarps which expose rocks of the U. Bunter and L. Keuper (Triassic) 

formations. Surrounding the basin are Carboniferous and Lower 

Palaeozoic rocks (Figure 2.1. ), to the north is the Lancashire 

Coalfield, to the south and west are the Welsh-Shropshire 

Borderlands, and to the east are the Pennines. 

2.1.2. Regional Geology 

The rocks within the Cheshire Basin are predominantly 

Mesozoic in age, consisting mainly of Permian and Triassic rocks 

with some Jurassic rocks exposed in an outlier to the south 

(Figure 2.2. ). The Permo-Triassic rocks attain a maximum 

thickness of 2,700 metres in the centre of the basin,, which 

represented the major area of deposition during sedimentation 

within a subsiding graben structure (see Chapter 1). The Permo- 

Triassic rocks are continental red beds, having been deposited 

in a hot, and environment by torrential floods, braided 

rivers, winds and. hypersaline lagoons. The stratigraphic 

sequence of Permian and Triassic rocks present in the Cheshire 

Basin is shown on Figure 2.3. It is generally assumed that 
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regional geology of the surrounding areas. 

( from Wright et al , 197L I 
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Carboniferous rocks underlie the Mesozoic rocks at depth. 

The regional distribution of Triassic rocks in the Cheshire 

Basin is shown on Figure 2.2. 

The stratigraphy of the Perno-Triassic. rocks in the 

basin has only recently been described in detail, due to the 

lack of surface exposure and the large amounts of glacial 

overburden. Only 3% of the total Mesozoic rocks are exposed, 

the majority of which occur in fault-bound scarps on the 

edges of the basin. Recent borehole data has supplemented 

the surface outcrop data allowing the stratigraphy to be 

defined in greater detail across large areas of the basin. 

The most recent interpretations of the stratigraphy have been 

presented by Thompson (1966,1970a and 1970b), Audley-Charles 

(1970a), Evans (1970) and Ireland, Pollard, Steel and Thompson 

(1978). The North Sea oil exploration programme has also 

enabled the rocks in the Cheshire Basin to be correlated with 

those in offshore basins (Colter and Barr - 1975, Colter and 

Ebbern - 1978). 

The Permian Rocks 

Two divisions of the Permian rocks are recognised in 

the Cheshire Basin - the Collyhurst Sandstones and the 

Manchester Marls. Although the formations are often termed 

'lower' and 'upper' divisions respectively, they do not 

correlate with the European divisions of Rotliegendes and 

Zechstein. 

i) The Collyhurst Sandstones 

These rest upon Carboniferous rocks that vary in age 

from Namurian (Millstone Grit) to Westphalian (Coal Measures). 

This diachronism results from deposition upon a rugged 
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Fiaure 2.2. TLe regional distribution of Tr; assic rocks 

in the Cheshire Basin and the location of evaporite 

deposits ( after Evans , 1970 ). 
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topography. They always occur below the Bunter Pebble Beds 

(L. Triassic) but may be laterally equivalent to the Manchester 

Marls in some areas. The rocks consist of wind-lain red beds, 

and are characterised by dune bedding, millet seed grains and 

frosted grains (Wills - 1951). The rocks outcrop on the north 

edge of the basin between St. Helens and Manchester, where they 

vary in thickness from one to 250 metres (Tonks et al - 1931, 

Poole and Whiteman - 1955). The rocks are generally light in 

colour, varying from red to white. Conglomerates and pebbly 

sandstones are also found in some areas due to local influences 

on the sedimentation patterns. In the south of the basin, 

they are indistinguishable from the Manchester Marls which occur 

below the Bunter Pebble Beds, while in other parts of the basin 

(such as Warrington) they are absent from the sequence 

(Thompson - 1970a). 

2) The Manchester Marls 

Where present, the Manchester Marl outcrop follows that of 

the Collyhurst Sandstones with apparent conformity. The form- 

ation is dominated by shales, marls, calcareous sandstones and 

calcareous siltstones, some of which are fossiliferous (Pattison 

et al - 1973). The formation varies in thickness across the 

basin. The rocks attain a maximum thickness of 215 metres in 

the Formby area. In many cases, they are replaced 'basinwards' 

by coarser-grained deposits consisting of sandstones with 

interbedded shales. The Manchester Marls are absent in some 

parts of the basin, such as the Wirral peninsular (Thompson - 

1970b). In the south of the basin, the sequence between 

the Carboniferous and L. Triassic rocks is undifferentiated. 

The Triassic Rocks 
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These have been described in detail by Audley-Charles 

(1970a) and Thompson (1966,1970a and 1970b) and form the major 

part of the Mesozoic rocks within the basin. They are sub- 

divided as shown on Figure 2.3. The lithostratigraphical 

divisions proposed for the Triassic rocks in Britain by 

Audley-Charles are shown on Figure 1.4. 

1) The Lower Mottled Sandstones And Bunter Pebble Beds 

(L. Triassic ). 

These rocks represent the lowest part of the Bunter sequence 

(L. Triassic) and include all the deposits beneath the Upper 

Mottled Sandstones and above the Permian sequence. They rest 

upon Carboniferous and Permian rocks both conformably and un- 

conformably in different parts of the basin. In the south, 

they rest upon the Permian breccias and conglomerates with 

apparent unconformity (Pattison et al - 1973). The rocks 

have been described in detail by Fitch, Miller and Thompson 

(1966), who indicated that they consisted of lag gravels, 

channel bar sediments and swale and fill deposits which 

formed in a large, subaerial, alluvial fan. The litho- 

facies often include sandstones, conglomerates, breccias and 

pebbly sandstones. The detrital components are often liver- 

coloured quartzites that have been derived from Brittany (see 

Chapter 1. ). 

2) The Upper Mottled Sandstones (L. Triassic) 

These rocks form the upper part of the Bunter sequence, 

and include all the deposits beneath the L. Keuper Basement 

Beds, and all those above the Bunter Pebble Beds. Fluviatile 

and laccustrine deposits characterisq the sequences, although 

aeolian deposits occur locally (Fitch, Miller and Thompson - 
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1966). The rocks generally show angular, subangular, sub- 

rounded and rounded grains, depending upon the mechanism of 

deposition. They vary in colour from red to purple to 

white, and often show mottled patches, as suggested by their 

name. Silicified zones are also found in the rocks, extend- 

ing stratigraphically into the adjacent formations. The 

Upper Mottled Sandstones are separated from the L. Keuper 

Basement Beds by the Hardsgen Discontinuity; this can be 

correlated throughout Britain and Europe (Warrington - 1970). 
I 

The Upper Triassic Rocks - Keuper 

The rocks within the Keuper formations show a greater 

lateral persistence throughout the Cheshire Basin, having been 

deposited over a flatter topography that had been successively 

eroded during Permian and L. Triassic times. The sediments 

reflect the change in topography and show 'end-of-cycle' 

deposition. Aeolian dune sands and fluviatile silts, shales 

and sands were deposited during this period with some 

laccustrine sediments. Evaporite deposits and intertidal 

marine sediments were also deposited. Coarse grained deposits 

occur locally due to local influences on the sedimentation. 

1) The Lower Keuper Sandstones And Basement Beds 

These have been described in detail by Thompson (1970a, 

1970b) who recognised three lithofacies in the formation 

(Figure 2.4. ). The lowest is the Thurstaston Member which 

is characterised by partly aeolian and partly fluviatile 

deposits and is somewhat comparable to the Upper Mottled 

Sandstones (U. Bunter); in many cases a transition between 

the two is seen, such as in the Grinshill area where the 

Ruyton and Grinshill Sandstones form a transition group (being 
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assigned to neither the Bunter or Keuper divisions of the 

Triassic). The second division is the Delamere Member 

which is characterised by the presence of fluviatile deposits 

of red pebbly sandstones with inter-bedded siltstones. The 

third is the Frodsham Member which is dominated by aeolian 

deposits. The Frodsham Member is equivalent to the Nether 

Alderley Member which occurs in the north-east of the basin. 

The interpretation of the three lithofacies throughout the 

basin is shown on Figure 2.4. 

The sequence indicates a transition from early fluviatile 

deposition to later aeolian deposition; this resulted from 

changes in the topography and sedimentation patterns. 

2) The Keuper Waterstones 

The deposits represent a transition between the L. Keuper 

and U. Keuper rocks and a change from coarser-grained to finer- 

grained sedimentation. They have recently been described by 

Ireland, Pollard, Steel and Thompson (1978) who reinterpreted 

the deposits from previous research. They indicated that the 

lithologies varied considerably and suggested that sabkha 

sequences were present in some areas. In general, the rocks 

consist of flaggy, siltstones and sandstones that vary in 

colour from red to white to brown. They also vary in thick- 

ness at outcrop from seventy to 220 metres. The deposits 

represent lagoonal sedimentation with some intertidal marine 

deposition (Fitch et al - 1966). The intertidal deposits 

are thought to represent a marine transgression associated 

with the Mushelkalk in Europe. The top of the formation is 

often indistinguishable from the Keuper Marls, which start to 

intercollate with the Waterstones near their boundary. 
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3) The Keuper Maxis 

These are continuous across large parts of the basin and 

are well developed in the central parts of the basin that are 

covered by glacial drift. They consist of large thicknesses 

of red-brown, variegated mudstones, marls and shales that are 

occasionally replaced by calcareous rocks. Evaporite sequences 

have been recognised in the marls; these are invariably 

dominated by rock salt (NaCl) and anhydrite (CaSOk). Two 

major evaporite horizons have been recognised - the L. 

Saliferous Beds and the U. Saliferous Beds (Evans - 1970). 

The evaporites formed in hypersaline lagoons (see Chapter 1) 

that occupied the lowlands of the central basin areas. The 

Keuper Maxis have been subdivided into two by Audley-Charles 

(1970a), due*to the presence of the Arden Sandstone in the lower 

part of the sequence. 

Rhaetic 

This marks the top of the Triassic sequence in the Cheshire 

Basin, and in many other parts of Britain. It generally 

consists of thin bands of shales, siltstones and limestones 

that may be up to thirteen metres thick in parts (e. g. Prees). 

2.1.3. Structure 

1) Folding 

The extensive drift cover overlying the Mesozoic rocks in 

the Cheshire Basin has precluded the derivation of the detailed 

structure, however, the general structure is known (Poole and 

Whiteman - 1966). The Permo-Triassic rocks lie in a south- 

west plunging downwarp that crosses the basin from north-east 

to south-west from Warrington to Macclesfield. This gives 

rise to the elongation of the basin. Superimposed upon the 
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large regional structure are a series of minor folds, such 

as the syncline that passes through Now Green and Brookhouse 

Green and the Wilmslow anticline. The main syncline is 

thought to be post-Liassic in age, and does not extend 

continuously into the Wem-Audlem outlier in the south. 

The syncline is thought to consist of several distinct 

axes tending west-south-west to east-north-east arranged 

en-echelon, such that as one axis dies out it is replaced by 

another further to the north. There is no evidence with 

which to determine the structural 'grain' of the underlying 

Carboniferous rocks although the disposition of the Palaeozoic 

strata around the edges of the basin indicates that a post- 

Liassic structure is superimposed upon a pre-Triassic one. 

2) Faulting 

Work on the fault structure of the Cheshire Basin has 

been hampered by the presence of glacial overburden and the 

lack of exposure. The faulting is exposed around the rims 

of the basin, producing fault-bound scarps containing rocks 

of the Keuper and Bunter formations. This may be a reflect- 

ion of the competencies of the aforementioned lithologies and 

their outcrop patterns. It is not known if the faulting 

extends down-dip within the lithologies beneath the Keuper, 

Marls. The Keuper Marls do not indicate the presence of 

faults due to their plasticity and great thickness. 

Faulting in the basin is assumed to be post-Liassic 

in age, although major faults were present during the Permian 

and Triassic times when they controlled the sedimentation, 

producing a graben structure. These faults were initiated 

during the late Carboniferous times. The Red Rock fault is 



54 

00 

LEND 

r 

FAULT 
BOUNDARY OF THE BASIN 

BASE OF THE KEUPER 

LOCATION OF MINERALISATION 

P FIELD AREA-SPECIFIED 

A ALDERLEY EDGE 

Figure 2.5. The regional distribution of faults-and 

mineralisation in the Cheshire Basin. The field 

areas are also defined. 



55 

one of the major faults in the basin; this formed the eastern 

boundary to the Cheshire Graben in Permo-Triassic times, and 

is not apparently cut by faults from the Carboniferous rocks 

on the east or the Triassic rocks on the west. Other major 

faults in the basin are the Alderley, Mobberley, Brooks Green 

and King Street faults. All these show large displacements,, 

up to 1000 metres. Between the major faults are a series of 

cross-cutting faults which produce the characteristic fault- 

bound blocks of Triassic rocks. The minor faults show many 

different trends, from east to west, north-east to south-west 

and north-west to south-east. Poole and Whiteman (1966) 

suggested that the age of the faulting was Tertiary. 

Faults from one inch geological survey maps were trans- 

posed onto a regional map of the Cheshire Basin (Figure 2.5. ) 

and were used to construct histograms of the fault patterns 

(Figure 2.6. ). The results did not show any significant 

trends, although general east to west, north-to south, north- 

east to south-west and north-west to south-east fault sets 

were recognised. The lack of data and the bias introduced 

by the geographic and stratigraphic locations of the faulting 

precluded the detection of significant results. It was observed, 

however, that the large faults changed direction from north-east 

to south-west in the south of the basin to north-south in the 

north of the basin. 

2.2. THE REGIONAL DISTRIBUTICK Q1 MINERALISATIM 

2.2.1. Location Of The Mineralisation 

The geographic location of the mineralisation within the 

Cheshire Basin is shown on Figure 2.5. while the stratigraphic 

extent is shown on Figure 2.3. Several characteristic 
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features can be noted from the distributions. Firstly, 

it is apparent that the mineralisation is totally restricted 

to the L. Keuper and U. Bunter formations, and does not occur 

to any significant extent in the Lower Mottled Sandstones and 

Bunter Pebble Beds (beneath the mineralised horizons) or the 

Keuper Waterstones (above the mineralised horizons). This 

feature alone suggests that several controls may have in- 

fluenced the location of mineralisation on a regional scale: - 

1) The Keuper Waterstones may have acted as an impermeable 

'cap' to ascending mineralising fluids. Their fine-grained 

nature produces an adequate, natural barrier to the passage 

of fluids. 

2) The mineralisation is restricted to specific formations 

which generally contain coarse grained lithologies and are 

highly permeable (Colter and Ebbern - 1978) and relatively 

porous. These rocks would allow the passage of fluids, and 

would act as a natural 'aquifer' to mineralising fluids. 

3) The mineralisation is stratabound, being confined to the 

L. Keuper and U. Bunter formations, occurring throughout their 

lateral extents. This suggests that the mineralising fluids 

may have spread laterally throughout the horizons beneath the 

'cap' rock. 

4) Permeability and porosity factors within the host rocks 

affect the location of the mineralisation. 

The second noticeable feature of the mineralisation 

distributions is that they are always associated with fault-bound 

scarps; this may have resulted from several different 

mechanisms: - 

1) The rocks may have been uplifted after mineralisation; 
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this would necessitate the presence of mineralisation in 

down-dip areas beneath the Keuper Mails. 

2) The blocks may have been mineralised after uplift; this 

would have resulted in mineralisation within the fault-scarps 

only and no mineralisation in the other down-dip areas. 

3) The mineralisation may have been present in the host rocks 

before faulting occurred and was then remobilised during fault 

activity. 

4) The mineralisation may have been directly introduced 

during the faulting episode, such that mineralising fluids 

were channelled up into the fault-blocks. 

The exact nature of the fault influence on the mineral- 

isation will be discussed at a later stage. It is adequate 

to note at this point that the faulting played a significant 

role in the location of mineralisation in the Triassic rocks 

of the Cheshire Basin. 

The major areas of mineralisation in the Cheshire Basin 

are: - 

1) The Mid-Cheshire Ridge - this includes the Peckforton and 

Delamere Hills. 

2) Alderley Edge and the surrounding area. 

3) The Hawkstone and Grinshill Hills within the Wem area. 

4) Now Cop along the east boundary fault. 

Other scattered locations are marked on the map of the 

Cheshire Basin (Figure 2.5. ) however, they do not represent 

significant mineral deposits. The locations of the evapor- 

ite deposits are shown on Figures 2.2. and 2.3. These are 

not regarded as metallic mineral deposits and will be dis- 

cussed separately at a later stage. 
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2.2.2. Description Of The Mineralisation 

Two distinct types of mineralisation are present in the 

Triassic rocks of the Cheshire Basin: - 
1) Baryte mineralisation., 

2) Metallic mineralisation. 

) Baryte Mineralisation 

This is the most abundant form of mineralisation in the 

Triassic rocks of the basin. It occurs separately from, and 

combined with the metallic mineralisation described later. 

The quantities of barium present in the stream sediments of 

the Cheshire Basin area are indicated (from the Geochemical 

Atlas of England and Wales) on Figure 8.4. It can be seen 

that the map outlines the major areas of mineralisation in the 

basin, but does not show any other anomalous areas. 

The mineralisation is stratabound, being restricted 

stratigraphically to the L. Keuper and U. Bunter formations, 

although it is concentrated in the former. Several differ- 

ent forms of baryte are present in the deposits: - 

1) Veins and surface coatings along joints - these vary in 

width from one to forty centimetres and consist of pure baryte 

in the centre and an impregnated sandstone on the outer 

portions. The outer zone of impregnation is up to thirty 

centimetres wide in some cases. 

2) Impregnations and cements within the host rocks; this 

form of baryte mineralisation is entirely dependent upon 

the porosities of the host rocks, such that large variations 

in the grade of baryte occur (from one to thirty percent 

baryte by volume). 

3) Crystal rosettes; these consist of radiating crystals of 
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baryte, forming a radiating structure within the host rocks 

(being up to four centimetres in diameter). 

4) Individual plates of baryte within the host rocks; these 

are dependent upon the porosities of the host rocks, and the 

grain size of the clasts. The plates are up to two centi- 

metres long in the coarser-grained lithologies. 

5) Other cavity and void infillings. The baryte generally 

infills any available spaces within the host rocks. 

All the different forms of baryte are dependent upon the 

porosities and permeabilities of the host rocks, indicating 

the importance of these factors in controlling the location 

of the mineralisation. 

The mineralisation is generally confined to fault-bound 

blocks of U. Bunter and L. Keuper rocks overlooking the flat- 

lying Cheshire Plain. The faulting therefore seems to con- 

fine the mineralisation both structurally and stratigraphically 

providing 'channel ways' for the mineralising fluids, and 

trap structures for the mineralisation. 

Within the highly-mineralised blocks of Triassic sand- 

stones and conglomerates, the many different forms of baryte 

are recognised in close proximity with each other. It is 

also apparent that the veins formed in several different 

mineralisation episodes. Numerous cross-cutting veins-are 

present in the deposits, each varying in width and extent. 

The major directions of the veining vary considerably, how- 

ever it is possible to recognise the following vein directions - 

north to south, east to west, north-east to south-west and 

north-west to south-east. These correspond to the major 

directions of faulting. Minor directions of faulting and 
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mineralisation are also recognised in individual deposits. 

The various forms of baryte mineralisation are most 

abundant close to the veins and joints, indicating that the 

veins may have 'fed' baryte into the adjacent blocks. The 

textural relationships prove to be very complex at outcrop, 

especially when several different periods of mineralisation 

are present. 

Other features concentrate the baryte within the host 

rocks, such as; - 

1) Sedimentary structures - cross bedding, current bedding, 

false bedding, channels and microporosity. 

2) Sedimentary planes, such as unconformities. 

These features again indicate that the local porosity 

and permeability relationships within the host rocks are im- 

portant controls on the baryte mineralisation. 

The transition between mineralised and unmineralised 

blocks of rock is usually distinct, such that centimetres 

separate the two; such distinctions usually occur along fault 

zones within the rocks. The mineralisation is generally 

sporadic in occurrence within the rocks and does not auto- 

matically occur in fault-bound blocks of L. Keuper and U. 

Bunter rocks, suggesting that the mineralisation has been 

selective in some way. The variability of the mineralisation 

within the baryte-rich blocks and between baryte-rich and non- 

barytic blocks gives rise to a variability of mineral grades. 

It is generally impossible to obtain true average grades of 

mineralisation in the deposits. It can be stated, however, 

that the mineralisation varies up to a maximum of 3O (by 

volume) within the rocks. 
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Some workers think that. mottling'within the rocks 

is related to mineralisation events. Mottling is 

thought to indicate the passage of fluids through the rocks, 

producing mottling and the deposition of baryte. In many 

cases, mottled patches are present in mineralised rocks, how- 

ever, they do not appear to be related to the mineralisation. 

Baryte veins and joints cut across the mottling. It is also 

apparent that baryte mineralisation does not occur in all the 

mottled rocks. The author suggests that the relationship 

between baryte mineralisation and mottling is not applicable 

to the deposits within the Cheshire Basin. 

The features of the baryte mineralisation in the Cheshire 

Basin may be summarised as follows: - 

1) The mineralisation is confined to structural and sedi- 

mentary traps within the L. Keuper and U. Bunter, formations, 

occurring in fault-bound blocks of highly permeable and porous 

host rocks. 

2) Permeability and porosity factors within the host rocks 

influence the situation of the mineralisation on a regional 

and local scale. 

3) Many different forms of baryte occur in the deposits; 

these are concentrated in the host rocks adjacent to faults 

and veins which may have acted as 'feeders'. The variability 

of the mineral form in the blocks produces variable grades of 

mineralisation up to a maximum of 3096, (by volume). 

4) Many different generations of baryte veining are present 

in the deposits; these are related to fault directions within 

the host rocks. 

5) The deposits are generally stratabound. 
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6) Mottling does not influence the situation of the miner- 

alisation in the Triassic rocks. 

7) The mineralisation is generally sporadic in occurrence, 

and patchy at outcrop. 

Other minor features are seen to influence the mineral- 

isation in specific areas; these will be noted at a later 

stage. 

Descriptions of the baryte mineralisation in the Triassic 

rocks of the Cheshire Basin have been presented by Carlon 

(1975), Barrett (1975) and Ivies (1971). 

2) Metallic Mineralisation 

Many different forms of metallic mineralisation are 

present in-the Triassic rocks of the Cheshire Basin (all of 

which occur in conjunction with the baryte mineralisation 

described previously). The mineralisation is dominated by 

the following metals: - 

1) Major metals - copper, lead, manganese, iron. 

2) Subsidiary metals - cobalt, nickel, zinc, vanadium, 

molybdenum. 

3) Trace metals - uranium, arsenic, silver, gold. 

The metals occur in three major forms: - 

1) Carbonates - copper : malachite, azurite 

lead : cerussite 

iron : siderite 

2) Oxides - copper : cuprite 

manganese: wad (occasionally combined 

with cobalt to form asbolite) 

iron : hematite, magnetite, limonite 

(occasionally associated with titanium 
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to form rutile and ilmenite). 

3) Sulphides - both primary and secondary - 

copper : chalcopyrite, bornite, covellite, 

chalcocite, cubanite 

iron : pyrite 

lead : galena 

zinc : sphalerite 

(some Ni sulphides may also be recognised - bravoite). 

Exotic mineral species are also present in the deposits, 

occurring as chlorides, phosphates, arsenates and sulphates. 

The major gangue minerals present in the deposits vary 

considerably, however, the following minerals are generally 

present: - 

strontianite, calcite-dolomite, celestite, gypsum 

and other carbonates and sulphates. 

The mineralisation is stratabound, being restricted to 

the L. Keuper and U. Bunter formations and is associated with 

fault zones in the host rocks. The supergene minerals 

are confined to a-zone of'150 metres around the faults, 

while the sulphide minerals are often restricted to the{ 

central portions of the faults. Unfortunately, the exact 

nature of the fault influence on the mineralisation is not 

known. . It is possible that the faults provided channel ways 

for the mineralising fluids, and also provided suitable trap 

structures in the host rocks (similar to those in the North 

Sea oil fields). 

The mineralisation in the deposits occurs in several 

different forms: - 

1) Disseminations within the coarse grained lithologies. 
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2) Cements within open-pored lithologies not previously 

cemented. 

3) Veins and joint coatings that follow the directions of 

the faults within the areas. 

4) Coatings on clasts within conglomerates and pebbly sand- 

stones. 

5) Lenses within the host rocks (these are usually restricted 

to fault zones). 

6) Other types of void infillings in the host rocks. 

These forms reflect the dependence of the mineralisation 

on the permeabilities and porosities of the host rocks. The 

form of mineralisation generally governs the grade of mineral- 

isation, veins and void infillings yielding an average of 

80% metal (by volume) and cements and pore-space infillings 

yielding a maximum of 3W-, metal (by volume). Ci average, 

blocks of rock generally produce 5% (by volume) metal (mainly 

Pb, Cu, Mn and Fe). 

Other features concentrate the mineralisation on a 

smaller scale, such as: - 

1) Sedimentary banding; - macro and micro variations in 

porosities of the host rocks produce varying concentrations 

of metals. 

2) Sedimentary planes such as unconformities are usually 

found to concentrate mineralisation. 

3) Sedimentary structures, such as cross-bedding, false 

bedding, channels and slump structures channel the mineral- 

isation preferentially. 

Thus, regional and local variations in the porosities 

and permeabilities of the host rocks control the situation 
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of the mineralisation. The influence of structural and 

sedimentary traps is also evident on the location of the 

mineralisation. 

Two distinct types of metallic mineral deposits are 

present in the Triassic rocks of the Cheshire Basin: - 

1) Deposits containing sulphides and secondary carbonates, 

oxides and sulphates. 

2) Deposits containing no sulphide mineralisation, being 

dominated by carbonate, oxide and sulphate assemblages. 

Both types of mineral deposit are associated with the 

baryte mineralization. Several different mechanisms may have 

produced these two entities: - 

1) The deposits containing sulphide-and supergene 

minerals may have formed by a subsequent remobil- 

isation of a primary sulphide deposit in a super- 

gene environment. 

2) Deposits containing no apparent sulphide minerals may 

have been formed from remobilisation of original sulphide 

deposits that have not been detected, or may have been formed 

directly in association with the baryte mineralisation. 

The amount of copper, lead, zinc and manganese in the 

stream sediments of the Cheshire Basin are shown on Figures 

2.7.0 2.8., 2.9. and 2.10. respectively (from the Geochemical 

Atlas Survey of England and Wales). These indicate the 

general distributions of the metals within the basin, and the 

background levels present. 

. The mineralisation within the Cheshire Basin may now be 

characterised as follows: - 

1) Two types of mineralisation occur - A) Baryte - this 
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Figure 2.7. Distribution of Cu in the stream sediments 

of the Cheshire Basin. 
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Figure 2.8. Distribution of Pb in the stream sediments 

of the'Cheshire Basin 
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Figure 2.9. Distribution of Zn in the stream sediments 

of the Cheshire, Basin. 
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Figure 2.10. Distribution of Mn in the stream sediments 

of the Cheshire Basin. 
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occurs separately from or combined with the metallic mineral- 

isation, B) Metallic mineralisation - two types of deposit 

are present: - 

a) Those containing sulphides andsupergenenünerals. 

b) Those containingsupergeneminerals only. 

2) The mineralisation is stratabound, and is restricted to 

the L. Keuper and U. Bunter formations of the Triassic. 

3) The host rocks are continental red beds. 

4) The mineralisation is confined to fault-bound blocks of 

rock and is contained in structural and sedimentary traps. 

5) The Keuper Waterstones acted as a 'cap' to the ascending 

mineralising fluids, dispersing them laterally through the 

L. Keuper and U. Bunter formations. 

6) Permeability and porosity factors in the host rocks 

control the location of the mineralisation on a regional 

and local scale. 

7) Baryte is the most abundant form of mineralization. 

8) The mineralisation is dominated by low temperature 

assemblages. 

9) The grade of mineralisation is dependent upon the form 

and style of mineralisation and the porosities and perm- 

eabilities of the host rocks.. 

10) The mineralisation is sporadic in occurrence and patchy 

at outcrop. 

General descriptions of the mineralisation have been 

presented by Strahan (1881), Shipman(1882), Taylor, 

Nichols and Webb (1967), Ford and King (1968), Davies (1971), 

Carlon (1975) and Barrett (1975)" 

2.2.3. Evaporite Deposits 



72 

The major evaporite deposits of the Cheshire Basin are 

contained within the Keuper Marls (U. Triassic). Their geo- 

graphic and stratigraphic distributions are noted in Figures 

2.2. and 2.3. respectively. Although the detailed strati- 

graphy of the evaporite deposits in the Cheshire Basin has only 

recently been derived (Evans - 1970), they are the most thor- 

oughly explored in Britain, due to the fact that they have 

been constantly exploited since Roman times. They have been 

described by Evans (1970), Poole and Whiteman (1966) and 

Pugh (1960). 

The evaporite deposits in the basin are predominantly 

composed of rock salt (NaCl) with minor anhydrite and 

carbonates. Two major horizons are present in the Keuper 

Marls - the Lower Saliferous Beds and the Upper Saliferous 

Beds, which are up to 200 and 400 metres thick and contain 

150 and 300 metres of rock salt respectively. These vary con- 

siderably in thickness throughout their lateral and strati- 

graphic extents (Evans - 1970). The beds appear to thicken 

towards the centre of the basin (Middlewich) and progressively 

thin towards the edges of the basin. The Upper Saliferous 

Beds are only preserved fully in the Wem-Audlem outlier. 

The two salt sequences show a second order cyclicity 

that is characterised by alternations of mudstone and salt 

bands. There is usually a marked distinction between the 

mudstone and salt bands within the cyclicity. The salt bands 

show little sign of contemporaneous solution activity. There 

is no apparent correlation between the thickness of the mud- 

stone bands and the thickness of the salt bands. The mud- 

stone bands lack sedimentary indicators, such as mud cracks 
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and salt psuedomorphs, which would normally be expected to 

indicate the environmental conditions at the time of depos- 

ition. A third order cyclicity is also present in the 

sequences, consisting of alternating mudstone and salt 

bands with occasional gypsum layers. The third order of 

cyclicity is present in many of the world's evaporite deposits. 

Along the edges of the basin, the salt horizons show 

signs of solution activity, as indicated by the presence of 

collapse structures and ragged interfaces. It is assumed 

that the salt distribution in the basin was originally limited 

by the graben structure, the boundaries of the graben and the 

salt being coincidental. The great thickness of salt present 

in the centre of the basin is due to extensive subsidence in 

the graben and continual deposition. 

Salt mining in the Cheshire Basin is active at the 

present day, and is centred about the districts of Northwich 

and Winsford. The early centre of the mining activity was 

Nantwich. The changes in location of the salt mining 

industry have been brought about by the change in mining 

methods. Early workers used to extract salt from natural 

brines emerging at the surface, thus the industry was centred 

about such occurrences. At present, the salt is extracted 

by brine pumping (forcing heated water through the salt) and 

underground mining. 

2; 3. SEIECTICN C]? THE STUDY AREAS 

Four areas were selected for further study, and have 

been noted on Figure 2.5. The areas selected were: - 

1) Alderley Edge - on the north-west edge of the basin. 

2) The Peckforton Hills - these lie to the south of the 
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Delamere Hills along the Mid-Cheshire Ridge on the west 

side of the basin. 

3) Grinshill Hill - this is situated on the south side of 

the basin in the Wem-Audlem outlier. 

4) Hawkstone Park - this is situated in the south of the 

basin in the Wem-Audlem outlier close to Grinshill Hill. 

Several factors enabled the study areas to be selected 

preferentially to any other areas: - 

1) All the areas are well-exposed, and are situated on 

fault-bound scarps overlooking the Cheshire Plain. 

2) The areas are accessible by road. 

3) The various types of baryte and metalliferous mineral- 

isation are present in the four areas. 

4) The geological sequences are well-exposed and relatively 

well-documented. 

5) The four areas are the major mineralised blocks of 

Triassic rock in the Cheshire Basin, and have been previously 

exploited for their mineral wealth. 

6) The other mineral deposits in the basin are not of the 

same magnitude as those in the study areas. 

2.4. THE GEOLOGY AND MINERALISATION OF THE STUDY AREAS 

2.4.1. The Peckforton Hills 

The Peckforton Hills form the southern part of the Mid- 

Cheshire Ridge (Figure 2.5. ), trending north-east to south- 

west for ten km. They consist of a series of fault-bound 

terraces (Plate 2.1. ) that overlook the Cheshire Plain to the 

east, and attain a maximum height of 250 metres O. D. at 

Raw Head (SJ 35153545), and are composed entirely of 

Triassic rocks. 



75 

Plate 2.1. Fault scarps of Triassic rocks at Peckforton 

overlooking the flat lying Cheshire Plain to the East. 

Plato 2.2. Variegated Upper Mottled Sandstur. at 

Peckforton 
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Geology 

The regional geology and stratigraphy are shown on 

Figure 2.11. The Bunter Pebble Beds (L. Triassic) are the 

oldest rocks exposed in the area, and outcrop at Cuddington 

(SJ 3453355+) where they attain a maximum thickness of 350 

metres. They are rhythmically-bedded, pebbly sandstones, 

sandstones, siltstones and mudstones that vary in colour 

from red to brown to purple. The Upper Mottled Sandstones 

(U. Bunter) are characterisitically bright red in colour, and 

show mottled patches of a grey and white colouration. They 

are relatively soft, poorly cemented and friable and are ex- 

posed in the lower faces of the fault scarps. They occur 

at Raw Head (Plate 2.2. ) where they are up to twenty metres 

thick, Burwardsley Hill (SJ 35333560) and Bickerton Hill, 

where they are ten metres thick. Cross bedding and slump 

structures are present in some of the outcrops (Plate 2.3. ). 

The Keuper Basement Beds are present on the higher 

points of the scarps in the area, forming part of the res- 

istant cap rocks. They outcrop at Bulkeley Hill (SJ 35153540), 

where they consist of hard, well cemented, brown to purple 

sandstones and pebbly sandstones. Their colour often varies 

considerably and red/green mudstone bands are usually contained 

within the sequences. The L. Keuper Basement Beds inter- 

collate with the underlying Upper Mottled Sandstones, forming 

a transition group - The Lower Keuper Passage Beds. On 

Bulkeley Hill, these attain a maximum thickness of some ten 

metres. They are progressively cut out beneath the Lower 

Keuper Conglomerates to the south and west, such that they 

are only seven metres thick at Raw Head. Where they are 
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Figure 2.11. Re Tonal Bolo of the Peckforton area 

( from Poole and Whiteman , 1966 ). 
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Plate 2.3. Baryte contained within contorted beds 

at B ni. ras t 1,2 in the Mid Cheshire Ridge. 

Plate 2.4. Small baryte rosettes in bleached Upper 

ý'ct'l-' `7andstones at Peckforton. 



attenuated, the Lower Keuper Conglomerates lie unconformably 

upon the Upper Mottled Sandstones, such as on Bickerton Hill 

(SJ 35003530). The Lower Keuper Passage Beds were classified 

by Thompson (1970b) into the Thurstaston Member of the L. Keuper 

Sandstones. 

The Lower Keuper Conglomerates are exposed on the tops 

of the scarps in the area, and are a series of coarse grained, 

dark red to brown pebbly sandstones that vary considerably in 

colour and grain size. The clasts are usually well rounded, 

hard, grey quartzites similar to those in the Keuper Passage 

Beds and Upper Mottled Sandstones. Large angular fragments 

of grey and green mudstones are found within the basal layers 

of the conglomerates, representing detrital fragments of other 

rocks in the area. The matrices of the conglomerates are 

coarse grained, subangular sands with occasional mica frag- 

ments, and may be cemented by calcite, hematite and mineral- 

ising components. Current bedding is often seen at outcrop 

forming interdigitating lenses of pebbly and non-pebbly 

material. The Lower Keuper Conglomerates vary considerably 

in thickness from one to thirty metres in the area. This is 

due to erosion of the beds on the top of the scarps. 

The sequence above the Lower Keuper Conglomerates is not 

represented in the scarps, but is thought to have consisted 

of soft, fine-grained, red to brown sandstones with inter- 

bedded mudstones and siltstones, forming a transition into 

the finer-grained lithologies of the Keuper Waterstones. 

The unit is thought to be some 80 metres thick at its maximum 

extent, but is not visible in the area. The Keuper Water- 

stones are absent from the outcrops, but are thought to be 

79 i 
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present beneath the flat-lying plain to the east, underlying 

the Keuper Marls. 

Structure 

The rocks in the area form part of the Wem-Audlem 

syncline; subsidiary folds are superimposed upon this, 

together with a simple pattern of tension and tear faults. 

Two small synclines have been recognised in the area, the 

first is contained within the Upper Mottled Sandstones and 

the Lower Keuper Basement Beds of the Raw Head-Bulkeley Hill 

area, while the second is contained within the Keuper Marls 

and Rhaetic Beds of the Nantwich area. 

The major faults consist of a series of north-east 

trending fractures showing a major tear movement. These 

are thought to be post-Triassic in age. Some of the faults 

cut the folds in the rocks and must therefore be of a later 

age. Minor north-west trending faults dissect the rocks 

between the major faults, producing fault-bound blocks of 

rock, and a regular pattern of faulting. 

Mineralisation 

The Triassic rocks in the area have been extensively 

mineralised by baryte and metallic minerals, especially in 

the Mid-Cheshire Ridge between Harthill (sJ 35103550), 

Bulkeley Hill (SJ 35303550) and Malpas (Si 34903470). The 

mineralisation has been exploited during the last few 

centuries, but is not economic at present. Accounts of 

the mining activities have been presented by Carlon (197.5), 

Barrett (1975), Davies (1971), Jeffs (1886) and Poole and 

Whiteman (1966). 

Baryte is the most prominent form of mineralisation in 
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the area, and occurs extensively in the Lower Keuper Passage 

Beds and Conglomerates, being poorly represented in the 

Upper Mottled Sandstones (Plate 2.4. ). The baryte mineral- 

isation is found in the fault scarps of the area, where the 

aforementioned lithologies outcrop. It is well-developed 

at Bulkeley Hill, Raw Head and Beeston Castle (sJ 35383592) 

where it occurs in all the different forms attributed to 

this type of mineralisation. 

Baryte is concentrated in fault-bound blocks of rock 

in the form of veins, cements, impregnations, plates, 

rosettes, nodules and other void space infillings. It is 

concentrated in the host rocks adjacent to veins which 

follow the major fault directions, namely north-east to 

south-west, east to west and north-west to south-east. 

The veins are up to ten centimetres wide in places, and 

are seen to consist of a central 'core' of pure baryte, 

surrounded on either side by a zone of impregnated sand- 

stone up to ten centimetres wide, which shows baryte in 

the form of rosettes, nodules, cements and plates. The 

crystallinity of the baryte adjacent to veins is greater 

than in mineralised rocks further away from the veins. 

It appears that the veins fed mineralising fluid into the 

adjacent blocks of sandstone and conglomerate. Ch average, 

the rosettes are up to four centimetres in diameter (and as 

little as half a centimetre), while the plates are up to 

two centimetres long and half a centimetre wide. It is also 

apparent that the veins within the rocks show many different 

directions and often cross cut and bifurcate many times in a 

small geographic area, making the textural relations very 
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Plate 2.5. Bar to veins in the Lower Keuper Passage Beds 

at Beeston Cpstle being truncated against a mudstone 

bec. at 
_the 

base of the s uence 

Plate 2.6. Chimney remnant of the old workings at 

Gallantry Bank -- Bickerton. 
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complex. In some cases, the north-south veins are found 

to be the earliest, while the east-west veins are the 

latest. All the features suggest that the baryte mineral- 

isation is entirely dependent upon the porosity and perm- 

eability relationships within the host rocks. 

Small scale sedimentary and structural features within 

the host rocks concentrate the baryte mineralization, such 

as slumps (Plate 2.3. ), current bedding and variations in 

the lithology (Plate 2.5. ). These features are well devel- 

oped at Beeston Castle in the northern half of the Peckforton 

Hills. 

The mineralisation within the Triassic rocks of the 

Peckforton Hills is therefore characterised by its sporadic 

occurrence within fault-bound blocks and its patchy appear- 

ance. The mineralised blocks of rock vary in length from 

ten to 100 metres, while the stratigraphic thickness of 

mineralisation is restricted to the previously mentioned 

formations. This form of mineralisation is detrimental 

to obtaining average grades of mineralisation and quantities 

of baryte present over large geographic and stratigraphic 

areas. The grade of mineralisation is entirely dependent 

upon the void spaces in the host rocks and the form of the 

baryte. In general, the baryte grades vary from 30% by 

volume to less than 1% by volume. Veins and cements of 

baryte produce the higher grades of mineralisation, while 

plates and small rosettes produce lower grades of mineral- 

isation. 

Mineralised areas of rock are separated from non- 

mineralised areas by faults in many cases producing a fine 
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distinction between the two. There is no apparent relation- 

ship between mineralised and non-mineralised areas of rock, 

suggesting that some undetected controls may have acted on 

the location of the baryte in the rocks. The mineralisation 

within the non-faulted rocks is generally separated into high 

grade and low grade areas by a transition zone, which is marked 

by a decrease in the number of rosettes, veins and nodules of 

baryte, and a greater dispersion of the baryte plates. The 

zone varies from one to three metres wide. 

The Keuper Waterstones are not present in the mineralised 

scarps of the area, thus it is impossible to estimate their 

effect on the location of the mineralisation. It is generally 

thought that they provided a suitable 'cap' rock to the 

ascending mineralisation fluids; this will be discussed in 

Chapter 5. It is possible to assess the effect of low-porosity 

lithologies on the location of the mineralisation'by looking at 

small-scale features. In the Beeston Castle area, mudstone 

bands within the Lower Keuper Passage Beds are seen to truncate 

baryte veins within the sequence (Plate 2.5. ); the mudstones 

are up to one metre thick, but show a distinct termination of 

the baryte veins which cross the sequence. This is common 

throughout the Peckforton area, where small bands of mud- 

stones and siltstones occur in the L. Keuper sequences. If 

the Keuper Waterstones acted in a similar manner then they 

would provide an excellent cap rock to ascending fluids. 

Strontium is commonly associated with the baryte mineral- 

isation in the field areas (Carlon - 1915), occurring as 

strontianite and celestite intimately associated with the 

baryte. Thus, high baryte values in the rock lead to high 
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Sr values. It is possible that the Sr may have been directly 

introduced by the Ba-rich solutions, and formed Sr minerals by 

partial replacement of the Ba. Carlon proposed that the 

various forms of baryte produced different Ba/Sr ratios, and 

used these to indicate the mechanisms of mineral precipit- 

ation. Such relationships were not found in the samples 

analysed (see Chapter 4), thus the relationship between the 

Ba and Sr cannot be determined as yet. It is important to 

note the presence of Sr in the rocks however. 

Metallic mineralisation is also present in the Triassic 

rocks of the Peckforton Hills, occurring predominantly as 

oxidised iron minerals, calcite, copper oxides and carbonates 

and manganese oxides. The metals are found in association 

with the baryte in all cases, although the baryte does not 

always occur with metallic mineralisation. The metallic 

mineralisation does not occur in the fault-bound scarps of 

the area, but is restricted to the major fault zones that 

form the base of the scarps. Such faults generally trend 

north-east to south-west. The Bickerton-Malpas fault is 

extensively mineralised along its length, and has been mined 

for copper at-certain locations, such as at Gallantry Bank 

(SJ 35153539), where an old mine shaft and chimney are visible 

(Plate 2.6. ), indicating the presence of old workings. Cu-Mn- 

Fe and baryte ores were extracted from the mines during the 

seventeenth century. The mineral workings have been des- 

cribed by Poole and Whiteman (1966), and are shown on Figure 2.12. 

The main point to note about the metallic mineralisation, 

is that it is always associated with the major faults that 

cut the areas. These produced the necessary trap structures 
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Figure 2.12. Location of the mines at Gallantry Bank - 

at Bickerton along the Mid Cheshire Ridge. 

_(_from 
Poole and Whiteman , 1966 ) 
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to contain the mineralisation, bringing the L. Keuper and 

U. Bunter formations into contact with the U. Keuper, finer- 

grained lithologies. The mineralisation occurs as impreg- 

nations, disseminations, cements and void infillings within 

the coarser-grained lithologies of the U. Bunter and L. 

Keuper. The deposits are not exposed at the surface in 

the fault scarps, due to the fact that only smaller faults 

are present. 

These are the main features of the baryte and metallic 

mineralisation present in the Peckforton Hills. C1 re- 

flection, it can be seen that the mineralisation is totally 

dependent upon the porosity and permeability relationships 

within the L. Keuper and U. Bunter formations, and that fault- 

ing influences the location of both types of mineralisation. 

Sedimentary and structural traps contain the mineralisation, 

while small-scale features also play a significant part in 

the location of the mineralisation. The influence of low- 

permeability horizons is also a significant control on the 

location of the mineralisation. 

2.4.2. Alderley Edge 

Alderley Edge lies on the eastern margin of the Cheshire 

Basin (Figure 2.5. ) to the south of Manchester. The edge 

itself was formed by a complex upheaval along a west-north- 

west to east-south-east fault system, in which north to south 

and east to west faulting also occurred. The L. Triassic 

rocks were upthrown against U. Triassic rocks within the area. 

The edge overlooks the Cheshire Plain to the west (Plate 2.7. ). 

Geology 

The features and geology of the area are shown on Figures 
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Figure 2.13. The surface features at Alderley Edge. 

( from Carlon ' 1979 ). 
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Figure 2.14. 
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Plate 2.7. View looking west from the fault scarp at 

Alderley Edge. 
1 

Plate 2.8. Engine Vein workings along the east - west 

fault at Alderley Edg 
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2.13. and 2.14. respectively. The Triassic rocks in the 

area are tilted at various angles, but generally dip at 

twenty degrees S. W. Faulting has increased the dip of the 

strata in some parts however. 

The oldest rocks present in the scarp are the Upper 

Mottled Sandstones; these occur in the north-facing scarp 

below the L. Keuper Sandstones and Conglomerates and consist 

of friable, red-brown, soft, poorly-cemented and mottled 

sandstones. They are up to 300 metres thick in some parts 

of the basin. 

Overlying the Upper Mottled Sandstones are a series 

of cyclic deposits consisting of alternating layers of con- 

glomerates, sandstones and marls. The cycles represent 

'fining-upwards' sedimentation typical of braided river 

deposits. Not all the cycles are complete, and many show 

different combinations of the lithological units. These 

cyclic deposits form the major part of the L. Keuper Sand- 

stones and Conglomerates. 

At Engine Vein, five cycles of sediments are present; 

these are grouped together to form the Engine Vein Conglom- 

erates which attain a maximum thickness of some thirty-one 

metres. They are well-exposed at Stormy Point and Castle 

Rock. 

The Beacon Lodge Sandstones rest upon the Engine Vein 

Conglomerates. These are similar in character to the Upper 

Mottled Sandstones, being friable, soft, red mottled sand- 

stones. They occur at Beacon Lodge, where they are some 

two metres thick. 

Overlying the Beacon Lodge Sandstones are the Wood Mine 
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Conglomerates. These are thirty nine metres thick and 

consist of ten cycles of conglomerates, sandstones, silt- 

stones and maxis in fining-upwards sequences. They are 

overlain by seventeen metres of white-cream to grey-brown 

sandstones - the West Mine Sandstones. These occur pre- 

dominantly in West Mine and are distinguished from the Wood 

Mine Conglomerates by their lack of pebbles and cycles. 

Nine metres of Brynlow Conglomerate overlie the West 

Mine Sandstones; these consist of one cycle of conglomer- 

ate, sandstone, siltstone and maxi. The Alderley Sandstones 

are the top member of the L. Keuper rocks at Alderley Edge, 

and are subdivided into the upper Tops Farm and lower 

Brynlow Sandstones. Overlying these are the Keuper Water- 

stones and Keuper Marls - the finer-grained deposits of the 

U. Keuper. 

Faulting 

The faults present at Alderley Edge are shown on Figure 

2.14. The faults show varying amounts of displacement from 

one to 250 metres and are thought to be two to eleven and a 

half million years old (Carlon - 1979). Two large faults 

trending north to south terminate the edge to the west and 

east - the Alderley and Kirkleyditch faults, which show throws 

of 250 and 350 metres respectively. Between these two 

boundary faults are a series of cross-cutting faults trending 

west-north-west to east-south-east, creating the steep north 

face of the edge itself. They also split the edge into a 

series of terraces. The edge is therefore a fault-dissected 

block. 

Mineralisation 



The mineralisation at Alderley Edge is not being 

exploited at the present time, however, in the past it has 

been subject to a series of ventures dating back to pre- 

historic times. The numerous ventures have led to an 

excellent documentation of the mineralisation. Major 

works on the mineralisation have been presented by Bakewell 

(1811), Eagar and Broadhurst (1959), Ford (1965), Greenwell 

(1866), Hull (1864), Mohr (1964), Paxton (1951), Roeder 

(1901), Carlon (1975,1979), and Chesworth (1960). 

The major metals present at Alderley Edge are barium, 

copper and lead, with subsidiary Mn-Co-Ni-V-Fe-Mo and minor 

As-Mn-Sb-Ag-Au. These occur as carbonates, sulphides, 

oxides, chlorides, arsenates, phosphates and sulphates. 

The minerals recorded from Alderley Edge are shown on Figure 

2.15. 

The minerals occur in several distinct forms: - 

1) Cements within the host rocks. Malachite and galena 

are the main minerals that occur in this form within the 

open-pored lithologies. 

2) Veins and joint coatings. The veins often follow the 

same directions as the faults, and usually contain the 

sulphide minerals with carbonates and oxides. The lower 

temperature minerals are often dispersed away from the centres 

of the veins in the down-dip strata. 

3) Impregnations and disseminations often occur in zones 

adjacent to the faults. Sulphides, sulphates and carbon- 

ates dominate the main mineral species attributed to this 

type of mineralisation. 

4) Layered deposits, such as lenses and concentrations 
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Caledonite 2(Pb, Cu)0. SO ). l 20 
Libethanite Cu 3P 20 g. Cu(011) 2 
Uroconite Cub At (A904) 

S"3CuAl(Oll) 5.201120 

Figure 2.15. Mineral species recorded from Alderley 

Edge ( after Carlon , 1979 ). 
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along sedimentary bands. These are persistent throughout 

the deposits, and are associated with many different minerals. 

5) Coatings; these only occur in the coarse-grained, open- 

pored lithologies, and are usually dominated by copper 

carbonate minerals. 

6) Spheres of azurite - these only occur in the Engine Vein 

deposit in clay bands. 

The Alderley Edge deposits are thus different in miner- 

alogy and form from the other field areas, allowing the 

metallic mineralisation to be studied in detail. The miner- 

alisation will be discussed in terms of individual sites in 

more detail. 

Detailed Descriptions 

The deposits at Alderley Edge are situated in two strat- 

igraphic settings: - 

1) In the Wood Mine Conglomerates (WMC) and the West Mine 

Sandstones (WMS), such as those at West Mine and Wood Mine. 

2) In the Upper Mottled Sandstones and Engine Vein Conglom- 

erates (UMS and EVC) such as those at Engine Vein, Stormy 

Point and Mottram St. Andrew. 

The locations of these workings are shown on Figure 2.16. 

(from Carlon - 1979). The mines were worked in several 

different periods of time: - 

1) . Pre-Roman times. 

2) The sixteenth and seventeenth centuries. 

3) The eighteenth century. 

4) The early nineteenth century. 

5) The late nineteenth and early twentieth centuries. 

A full description of the mining history of the area has been 



presented by Carlon (1979). 

Engine Vein 

This is located on Figure 2.16. and is situated within 

the Engine Vein Conglomerates and Upper Mottled Sandstones. 

The workings are exposed along an east-west fault (Plate 2.8. ) 

which dips at sixty degrees north on average, downthrowing 

the strata by eight metres to the north. The geology 

along the vein is shown on Figure 2.17. while the minerals 

recorded from the vein are shown on Figure 2.15. The miner- 

alisation occurs in the down-dip strata on the south side of 

the fault (upthrow side) in many different forms. 

One predominant form of mineralisation in the fault', is 

that of copper carbonate (malachite) coatings on clastic 

grains within the Engine Vein Conglomerates; this is common 

throughout the workings (Plate 2.9. ). Malachite and azurite 

concentrations also occur in clay bands that separate the 

sandstone and conglomerate members of the cycles. 

Sulphides are also found in Engine Vein, such as galena 

(lead sulphide) which occurs in the conglomerates and sand- 

stones in lenses. The lenses are truncated by cross-bedding 

and are up to one metre long and half a metre high. In some 

cases, the lenses also contain sphalerite and pyromorphite. 

Very few copper sulphides occur in the material, although 

they may be recognised in thin and polished sections in the 

form of pyrite, chalcopyrite, bornite and covellite. The 

deposit thus consists of a mixture of sulphides, carbonates, 

oxides and other exotic minerals, representing a primary 

sulphide assemblage that has been subsequently altered and 

remobilised. The sulphides are always found within ten metres 
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Plate 2.9. Malachite concentration in a pebbly sandstone 

of the Engine Vein Conglomerates at Alderley Ec 

Plate 2.10. Malachite concentration in the Engine Vein 

Conglomerates exposed at the entrance of Doe Mine. 
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Figure 2.17. North-South cross section illustrating 

the geology of Engine'Vein at Alderley Edge 

(from carlon , 1979 ). 



100 

of the fault zone, while the secondary products are found 

in the down-dip strata at considerable distances away from 

the fault. 

Oxides and carbonates of lead, iron, manganese and 

zinc are found along the walls of the fault; these rep- 

resent secondary products of the mineralisation. Baryte 

is the other major mineral present in the fault, occurring 

along the fault walls in slickenslides and as impregnations, 

cements, rosettes and plates in the conglomerates and sand- 

stones. 

Other features that are present in the deposit are: - 

1) Cross-bedding - this concentrates the copper carbonates 

in some cases, producing a 'horse-tail' effect of inter- 

locking mineralised and non-mineralised lenses. 

2) Mottling - this is present throughout the Engine Vein 

Conglomerates and Upper Mottled Sandstones, but is not 

apparently related to the mineralisation. Small veins and 

lenses of mineralisation cut across the mottled patches. 

Engine Vein was worked twenty five metres down-dip 

along eight levels, indicating the extent of mineralisation 

in the strata. 

Stormy Point Mines, Pillar Mines and Doc Mines 

These are located in Figure 2.16. and are situated on 

the north face of the west-north-west to east-south-east 

fault that bounds the edge. Minor cross-cutting faults 

are also present in the scarp face. The mineralisation 

occurs within the Upper Mottled Sandstones and Engine Vein 

Conglomerates in many different forms: - 

1) Copper carbonates occur as cements and impregnations 
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in Doc Mine (Plate 2.10. ), reaching concentrations of up 

to 7% Cu (by weight). The carbonates also occur as 

coatings on clastic grains within the pebbly sandstones 

and conglomerates. 

2) Copper carbonates are seen to be concentrated along 

clay bands within the sequence at Doc Mine and Pillar Mine. 

These occur as thin, persistent bands up to two centi- 

metres thick. The concentrations were found to occur in 

the top and basal layers of the clay bands , suggesting that 

they were not preferentially distributed. 

3) ' Baxyte occurs in many forms throughout the sequence. 

Cements and impregnations are seen to occur within the con- 

glomerates and pebbly sandstones around Doc Mine and Pillar 

Mine, while rosettes and plates of baryte are seen at Stormy 

Point (Plate 2.11. ). A one metre wide baryte vein is also 

present at Stormy Point. This follows a north-east to 

south-west trending fault. The grade of baryte is depend- 

ent upon the amount of void infilling and the form of the 

baryte. The average grade is 5% Ba (by volume). 

4) Manganese oxides are found in the white, soft, bleached 

sandstones at the entrance of Pillar Mine; these occur in 

small cross-bedded units up to ten centimetres thick, and are 

generally impersistent (Plate 2.12. ). 

5) Iron oxides in the form of limonite and hematite are 

common throughout the sequences, and represent recent con- 

centrations in the iron-rich rocks. 

Castle Rock 

At Castle Rock, the Upper Mottled Sandstones are over- 

lain by the Engine Vein Conglomerates. The upper units of 
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Plate 2.11. Baryte rosettes and plates in the Engine Vein 

Conglomerates exposed at Stormy Point - Alderl. ey Edge. 

Plate 2.12. Wad and malachite concentrations in false bedding 

in the Upper Mottled Sandstones exposed in the entrance of 

Pillar Mine - Alderley Edge. 



103 

the EVCs contain rosettes, plates and veins of baryte. 

Plates are the main form of the baryte mineralisation. 

These occur in large concentrations within the host rocks, 

and are up to two centimetres long and half a centimetre 

wide. They produce an average grade of 2C Ba by volume. 

Rosettes are intimately associated with the baryte veins 

which cut through the rocks in north-east to south-west 

and north-west to south-east directions. The veins are 

not prolific and are up to four centimetres wide, while 

the rosettes are up to three centimetres in diameter. 

Plate 2.13. shows the baryte mineralisation at Castle Rock. 

Small quantities of baryte are present in the underlying 

UESs throughout the edge, but do not attain such high con- 

centrations as that in the EVCs. 

Opencasts 

Several small opencast workings are located on Figure 

2.16. Many of these, represent old trial excavations, but 

some contain minor amounts of mineralisation. The excava- 

tions are generally situated in the EVCs, to the north of 

Engine Vein and to the south of the northern edge. Small 

amounts of baryte mineralisation occur as cements within the 

coarser-grained lithologies (Plate 2.14. ) however, this is 

generally patchy in appearance and sporadic in occurrence. 

It assays at some to 2y Ba(by weight), but does not 

occur in large concentrations as found in the other workings. 

Small amounts of lead sulphides (galena) occur in the excav- 

ations again, these are generally patchy, low grade (less 

than 5J) and irregular in occurrence. 

Nottram St. Andrew 
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Plate 2.13. Bar 

Plate 2.14. Bar 

to rosettes and plates in the Engine Vein 

to cement in a pebbly sandstone of the 

Engine Vein Conglomerates from Alderlev Edw. 
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This is situated one and a half M. to the east of 

Alderley Edge, to the east of Kirkleyditch fault which has 

displaced the strata exposed at the edge by some 80 metres. 

The mines at Nottram were very important in the copper 

production, having the highest grades of Cu in the ores 

(up to 2510 Cu). The mines are situated within the UMSs 

and EVCs, along two north-west to south-east lodes (the 

North and South lodes). The lodes are one to ten metres 

wide and dip at seventy degrees north west. Mineralisation 

occurs as carbonates, oxides, phosphates, arsenates and 

sulphides and sulphates of Ba, Cu, Co, Ni, Mn, Pb, V and 

Ag. These occur as lenses and patches of impregnated sand- 

stone that are enriched in zones adjacent to faults and clay 

bands. The mineralisation is contained within the coarser- 

grained lithologies of the two formations, and has been 

worked down-dip for some 300 metres. The main point to note 

about the mineralisation, is that it is situated in the 

highly permeable and porous lithologies in structural and 

sedimentary traps. The mineralisation is therefore of a 

similar disposition to that in the-edge mines. 

Wood Mine and West Mine 

These are located in Figure 2.16. and are stratigraph- 

ically situated in the Wood Mine Conglomerates and West Mine 

Sandstones. The mineralisation within the two mines is 

basically similar in character to that described previously 

at Engine Vein and Nottrara St. Andrew. The mines are 

situated in fault zones that contain the sulphide 

minerals, while the s upergene . minerals occur down- 

dip. Plates 2.15,2.16,2.17, and 2.18. show various 
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Plate 2.15. Malachite impregnations in Wood Mine Sandstones 

adi acen*. to a fault plane at Wood Mine - Alderle. rd, ie. 

Plate 2.16. Wad impregnations in Wood Mine Alderley Ed e. 
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Plate 2.17. Malachite concentrations in a medium grained 

sandstone from West Mine , Alderley Edge. 

LJmf< S/o4 

Plate 2.18. Galena cementing a medium-grained sandstone 

from West Mine , Alderley Edge. 
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types of mineralisation present in the rocks. Faulting 

played an important part in the location of the deposits. 

There are some differences between the two mines however: - 

1) West Mine is situated along a north-west to south-east 

trending fault, whereas in Wood Mine, the mineralisation 

occurs along west-north-west to east-south-east faults. 

2) Wood Mine was originally opened for the production of 

Pb ores. 

3) West Mine is situated in sandstone lithologies predom- 

inantly whereas Wood Mine is situated in conglomerates and 

cyclic sequences. 

The two mines are similar in that: - 

1) North-south faults cut across and displace the mineral- 

isation. 

2) The mineralisation is contained within the coarser-grained 

lithologies. 

3) Fine-grained mudstones and clay bands separate the main 

mineralised horizons. 

4) The sulphide minerals are associated with the 

faulting, but mining has occurred down-dip for the 

supergen e'carbonates and oxides. 

5) The WMCs and WESs are generally cross-bedded, and show 

many lateral variations in lithology. 

6) The mineralisation is associated-with structural and 

sedimentary traps. 

7). The major metals extracted were Cu-Pb with associated 

Co-Ni-Mn-As-Ag-Zn-V-Ba. These occur primarily as the 

carbonates, oxides, sulphates, sulphides, phosphates, 

chlorides and arsenates. 
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These are the main features of the mineralisation at 

Alderley Edge. It can be seen that there is a combination 

of metallic, primary, sup erg en a and baryte mineralis- 

ations. The detailed mineralogy of the deposits will be 

presented in Chapter 3, however, a broad description of the 

minerals, their forms and occurrences have been presented. 

The relationship between the mineralisation and faulting has 

been outlined, and the influences on the location of the 

mineralisation indicated. The mines at Alderley Edge are 

therefore a unique occurrence in the Triassic rocks of the 

Cheshire Basin. 

2.4.3. The Hawkstone And Grinshill Hills 

The Hawkstone and Grinshill Hills are situated in the 

same geographic and geological setting and will be dealt 

with together. The area consists of a series of fault- 

bound scarps composed of Triassic rocks that overlook the 

Cheshire Plain to the north. Major fault scarps are located 

at Hawkstone (206 in. O. D. ), Grinshill (209 in. O. D. ), Pim 

Hill (180 m. O. D. ) and Nescliffe (170 in. O. D. ). The scarps 

generally form a series of terraces (Plate 2.19. ) containing 

mineralisation. 

Geology 

The regional geology and stratigraphy are shown on 

Figure 2.18. All the Triassic rocks are represented in 

the area, although they show a slight variation when com- 

pared to the other field areas. This arises from the fact 

that the Upper Mottled Sandstones are overlain by the Ruyton 

and Grinshill Sandstones, which are not assigned to either 

the Bunter or Keuper divisions of the Triassic. The 



Figure 2.18. Regional geology of the Hawkstone and 

Grinshill areas ( from Pocock and Wray . 1925 ). 
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Plate 2.19. Fault bound terraced scarp at Grinshill 

overlooking the Cheshire Plain to tU north. 

Plate 2.20. Keuper Waterstones= ( Lop ) worming a distinct 

boundary with the underlying Keuper Sandstones exposed 

in the Grinshill Quarries. 
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Ruyton and Grinshill Sandstones are overlain by the 

Keuper Waterstones. 

The Lower Mottled Sandstones are typically bright red 

in colour, soft, poorly-cemented, friable and mottled in 

appearance, and do not outcrop in the area due to their 

low : resistance to weathering. The Bunter Pebble Beds 

overlie the Upper Mottled Sandstones, consisting of more- 

compact, harder, darker sandstones showing lenses of pebbly 

material. The pebbles are generally composed of quartz. 

Occasional conglomeratic beds are found in the Bunter Pebble 

Beds in local outcrops. The Upper Mottled Sandstones are 

similar in character to the Lower Mottled Sandstones, and 

are exposed in the fault scarps at Grinshill and Hawkstone, 

underlying the Ruyton and Grinshill Sandstones. 

The Ruyton and Grinshill Sandstones consist of red to 

yellow 'freestones' that are generally conformable with the 

underlying Upper Mottled Sandstones in outcrop. In many 

cases, a transition between the Upper Mottled Sandstones and 

Ruyton and Grinshill Sandstones is seen in the scarps, indic- 

ating a change in deposition from coarse-grained material in 

the Bunter to finer-grained material in the Keuper. The 

junction of the Ruyton and Grinshill Sandstones with the 

Keuper Waterstones is usually distinct, due to the rapid 

change in lithology. In the west of the region, there is a 

complete transition from the Upper Mottled Sandstones to the 

Ruyton and Grinshill Sandstones, however, in the east of the 

region, the upper beds of the Ruyton and Grinshill Sandstones 

are easily distinguished by their yellow colour and massive 

bedding. The Ruyton and Grinshill Sandstones are some thirty 
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to fifty metres thick in the Hawkstone area, and some twenty 

five to thirty metres thick at Grinshill. 

The Keuper Waterstones are found at outcrop in the 

Grinshill area, having been exposed by faulting and 

quarrying. They consist of a series of flaggy mudstones, 

shales and sandstones that show thin bedding and a light 

colouration (Plate 2.20. ). The base of the Waterstones 

is marked by the Esk Bed, which is usually twelve cm. thick. 

The Waterstones are not commonly exposed in the fault 

scarps of the region, which are capped by the Ruyton and 

Grinshill Sandstones. 

Structure 

The area is dominated by a south-west plunging syncline, 

but also shows superimposed faulting that follows the axial 

trend of the folds.. The general synclinal structure is 

therefore offset by faulting, producing a series of scarps 

in the region. The smaller faults in the area generally 

trend north to south, north-east to south-west, and north- 

west to south-east. 

Mineralisation 

The mineralisation in the area is dominated by baryte, 

although some metallic mineralisation is present. It occurs 

in the U. Bunter, Upper Mottled Sandstones and the Ruyton and 

Grinshill Sandstones, and is generally well-developed in the 

latter and poorly developed in the former. All the fault- 

scarps containing the two aforementioned formations show 

visible signs of mineralisation, indicating the lateral dis- 

persion of the mineralisation throughout the area. The major 

areas of mineralisation are: - 
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1) Hawkstone Park. 

2) Grinshill Hill. 

3) Pim Hill. 

4) Nescliffe Hill. 

The baryte mineralisation occurs in the same forms as 

the other field areas, namely veins, cements, impregnations, 

rosettes, nodules, void and cavity infillings, and individ- 

ual plates in the host rocks. It is associated with the 

faulting, being confined to fault-bound blocks and occurr- 

ing in structural and sedimentary traps. In many cases, 

the baryte mineralisation is intimately associated with 

veins which appear to 'feed' baryte into the adjacent blocks 

of sandstone, resulting in a decrease in concentration of 

the baryte away from the veins, and a zone of impregnated 

sandstone near to the veins. The veins of baryte commonly 

follow the same trends as the faults, namely north to south, 

north-east to south-west, north-west to south-east and east 

to west, indicating that the veins probably formed by in- 

fillings of fractures. They vary considerably in width 

from one centimetre to twenty centimetres, while the width 

of impregnated sandstone and conglomerate adjacent to them 

varies from ten to fifty centimetres. The veins of baryte 

bifurcate several times along their length, and are seen to 

cross cut, representing several generations of veining and 

mineralisation. Nodules and rosettes and plates of baryte 

are found to be larger and more-crystalline in the host rocks 

adjacent to the veins, again indicating a concentration of 

baryte near to feeders. 

Thus, the fault scarps show blocks of baryte mineralis- 
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ation that are centred about clusters of veins; this gives 

rise to the sporadic occurrence of mineralisation, that is 

generally patchy in appearance. The baryte-rich blocks 

are usually terminated against faults, such that centimetres 

separate non-barytic and barytic blocks of rock. It appears 

that the mineralisation is somewhat selective, only occurring 

in specific blocks. 

The mineralisation at Grinshill is seen in the fault- 

bound scarp which trends east to west from Clive (sJ 35223236) 

for one mile. The scarp is some thirty metres high at its 

maximum, and consists of a lower portion of Upper Mottled 

Sandstone, and a top cap of Ruyton and Grinshill Sandstone, 

both of which dip at some twenty degrees north west. The 

mineralisation is concentrated at the top of the scarp in 

the Ruyton and Grinshill Sandstones, forming a hard, well- 

cemented, brown-purple cap rock. This varies in thickness 

across the scarp, such that at the top of Grinshill 

(sJ 35193237), it is only half a metre thick, while further 

to the west it is three metres thick (Plate 2.21. ). The 

Upper Mottled Sandstones that constitute the remainder of 

the scarp face also vaxy in thickness and in the extent of 

mineralisation. They often contain a significant amount of 

mineralisation at the junction with the Ruyton and Grinshill 

Sandstones, but this decreases on descending the sequence. 

The area of baryte mineralisation in the scarp at 

Grinshill is some 300 metres long, and 100 metres wide at 

its greatest development, varying in thickness up to three 

metres. The eastern extremity of the mineralisation is 

truncated by a north-south trending fault, which downthrows 
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Plate 2.21. Bar to nodules concentrated along bedding lanes 

in the Ruyton and Grinshill Sandstones at Grinshill. 

Plate 2.22. Barvte vein showing bifurcations and associated 

rosettes at Grinshill in the Ruyton and Grinshill Sandstones. 



117 

the U. Bunter and L. Keuper rocks, exposing the Keuper Water- 

stones (Plate 2.20. ), as seen at Grinshill Quarries 

(SJ 35283238). 

The fault scarp shows all the characteristic features 

attributed to this form of baryte mineralisation. Veins 

cross cut (Plate 2.22. ), bifurcate and vary in thickness 

from one to twenty centimetres. Crystalline plates of baryte 

occur in high concentrations close to the veins (Plate 2.23. ) 

and attain a maximum length of some three centimetres. The 

nodules and crystal rosettes are also seen to follow this 

pattern, being up to three centimetres in diameter. It 

appears from the concentrations that baryte migrated into the 

Ruyton and Grinshill sandstones from feeder veins, forming 

the rosettes and plates in the adjacent sandstones -a 

characteristic feature commonly developed in the north-south 

trending faults which cut the scarp. The mineralisation 

within the Ruyton and Grinshill Sandstones attains concen- 

trations up to 30q (by volume) baryte, but may vary consid- 

erably according to the exact area of rock sampled, the 

lithology and the form of baryte. 

The underlying Upper Mottled Sandstones do not show 

the same grade or quantities of baryte mineralisation, al- 

though they do show the same characteristic features. Veins 

and rosette growths generally dominate the form of baryte, 

being lower-grade extensions of the mineralisation in the 

Ruyton and Grinshill Sandstones. Plates 2.24. and 2.25. 

show typical baryte mineralisation in the UMSs. The veins 

are generally thinner in this formation, being up to five 

centimetres wide, however, the same vein trends may be 
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Plate 2.23. Bar to vein with associated rosettes and plates 

Riivton ind Gr. inshill. S, n, dstones at Grinshill. 

Plate 2.24. Small baryte rosettes in the Upper Mottled 

Sandstones at Grinshill. 
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Plate 2 . 25. Cross cutting baryte 

Mottled Sandstones at Grinshill. 

veins in the upper 

Plate 2.26. Dolerite dyke in the Keuper Waterstones at 

Grinshill Quarries. 
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recognised throughout all the scarp face. The rosettes 

are also less well developed, being only one centimetre 

in diameter on average and sporadic in occurrence. 

Other features concentrate the baryte mineralisation 

within the scarp face, namely cross-bedding (Plate 2.24. ) 

and micro variations in the host rocks; these are espec- 

ially apparent in the Upper Mottled Sandstones. 

One feature that is noticeable in the Grinshill area 

is that the barytic 'cap' rock on the top of the scarp is 

overlain by up to three metres of loosely-compacted sand- 

stone that is generally yellow-red in colour. This contains 

nodules of baryte up to three centimetres in diameter in 

clusters. No other form of baryte is present in this unit, 

which appears to form the upper boundary of the mineralis- 

ation. It is possible that the mineralising fluids entered 

the unit in small quantities, only allowing the formation of 

baryte nodules. It is also possible that the nodules may 

represent some form of weathering product. 

Another noticeable feature of the baryte mineralisation 

within the scarp face at Grinshill, is that silica veins are 

often associated with the baryte veins. These form numer- 

ous combinations with the baryte, producing impermeable 

zones on one or either side of the veins. In some cases, 

there is a general lack of baryte in the adjacent host rocks, 

indicating that the silica prevented the flow of baryte into 

the adjacent rocks. The silica veins are seen at the top 

of Grinshill (SJ 35193236). 

Che feature often noted at Grinshill is the porphyritic, 

dolerite dyke (Plate 2.26. ) that is exposed in the Grinshill 
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Quarries. It is situated at the junction of the Keuper 

Waterstones with the overburden material, and is some 

twenty metres wide and five metres thick at this point 

(Plate 2.27. ). The dyke forms a curved contact with the 

Waterstones, and shows a half metre contact-alteration 

zone, in which, the adjacent rocks are baked. The dyke 

has been described by Carlon (1979) and Pocock and Wray 

(1925). It has been analysed for barium, and contains 

small quantities of the metal, however, it is stratigraph- 

ically situated above the mineralised horizons, and is 

thought to have played no part in the mineralisation of the 

underlying rocks. It is called the Acton-Reynolds dyke. 

This igneous intrusive is a unique occurrence, and is not 

found in any of the other field areas. 

The baryte mineralisation at Hawkstone Park is exem- 

plified by the occurrence at Grotto Hill (SJ 35733298), 

which is a fault-bound hill some sixty metres high composed 

of U1 s and Ruyton and Grinshill Sandstones. Two north- 

south faults truncate the hill to the east and west, while 

east-west faults form the other respective boundaries. The 

hill is some 500 metres long and 100 metres wide (Plate 

2.28. ), and forms part of the Triassic scarp at Hawkstone 

Park. 

At the top of the hill are high-grade, well-cemented, 

brown-purple, hard Ruyton and Grinshill Sandstones. These 

are up to ten metres thick in places. Below the barytic 

sandstones are up to twenty metres of Ruyton and Grinshill 

Sandstones with very little baryte mineralisation, forming 

bleached, white, softer, less-well cemented sandstones. The 
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Plate 2.27. Exposure of the dolerite dyke in the Keuper 

Waterstones above the underlying Lower Keu er Sandstones 

Plate 2.28. Fault scar at Grotto Hill, exposin the U er 

Mottled Sandstones and Ru ton and Grinshill Sandstones. 
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Plate 2.29. Bar to cemented°lum s'ex'osed along beddin 

in the Ruyton and Grinshill Sandstones at Grotto Hill. 

Plate 2.30. Concentrations of baryte in the Ruyton and 

Grinshill Sandstones at Grotto Hill. 
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Platr 2.31. Hand specimen showing bar to concentration 

in a sample of Ruyton and Grinshill Sandstone. 
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boundary between the two units is distinct. Underlying 

the Ruyton and Grinshill Sandstones are the Upper Mottled 

Sandstones; these are generally devoid of baryte mineral- 

isation at this locality. Baryte mineralisation is present 

in all the aforementioned lithologies in other parts of the. 

Hawkstone Hills. 

The top Ruyton and Grinshill Sandstone produces an irreg- 

ular surface after weathering (Plates 2.29. and 2.30. ). 

The 'lumps' are up to one metre in diameter, and are com- 

posed of baryte-impregnated sandstone. The sandstone matrix 

is dark brown and iron stained, having been weathered for 

some period of time (Plate 2.31. ). Circular rings of 

baryte are also found in the lumps (Plate 2.32. ) forming 

alternating layers of baryte and sandstone. The 'lumps' 

of baryte must have formed by erosion of the sandstones 

thereby exposing areas of high-grade mineralisation. Other 

forms of baryte mineralisation are seen exposed in the rocks, 

such as veins, rosettes, plates and cements. The veins gen- 

erally cross-cut and bifurcate, being up to five centimetres 

wide. These follow the major trends of the faults. 

The rosettes and plates of baryte are generally concentrated 

near to veins, forming highly concentrated areas of mineral- 

isation. 

The relationship between the porosity and permeability 

of the host rocks is also evident at this exposure. Cross- 

bedding and small-scale variations in the lithology of the 

host rocks is the Ruyton and Grinshill Sandstones are found 

to concentrate the baryte mineralisation, as shown on Plates 

2.33. and 2.34. 
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Plate 2.33. Baryte concentrations along microporosity in 
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Plate 2.34. Microvariations in baryte concentration 

in the Ruyton and Grinshill Sandstones at Grotto Hill. 
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Silicification is apparent at Hawkstone Park in the 

lower Ruyton and Grinshill Sandstones of Grotto Hill. In 

the bleached, white sandstones, nodules and masses of silica 

are found in the scarp face. These vary in shape, but may 

be up to twenty centimetres wide and twenty centimetres long. 

They occur sporadically throughout the rocks, but in some 

cases, they are found in the host rocks adjacent to veins 

of baryte. Silicification must have been active in both 

the Grinshill and Hawkstone areas prior to or during the 

mineralisation period. 

Metallic mineralisation is also found in the area; 

this was exploited during the eighteenth and nineteenth 

centuries for copper minerals. It generally occurs in the 

larger faults that cut through the Ruyton and Grinshill 

Sandstones and Bunter Sandstones. The association with 

faulting is due to the fact that the faults provided: - 

1) Suitable channel ways for mineralising fluids. 

2) Suitable trap structures to contain mineralisation. 

The mineralisation occurs as: - 

1) Copper carbonates. 

2) Oxides of manganese. 

3) Oxides of iron. 

4) Occasional sulphides of lead and copper. 

These metals are associated with trace amounts of cobalt, 

nickel and vanadium. The major areas of mineralisation are: - 

1) Yoreton (sJ 35043238). 

2) Pim Hill - Hammer Hill (Si 34863210). 

3) Grinshill - Clive (SJ 35153243). 

4) Hawkstone - West Felton and Marchamley. 
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The mineralisation occurs as disseminations, impreg- 

nations, cements and lenses within the host rocks, being 

concentrated in highly porous and permeable zones. It has 

been influenced in its location by stratigraphic and struct- 

ural traps in the rocks. Small spatterings of such mineral- 

isation occur in association with the baryte mineralisation 

in the fault scarps (Plate 2.35. ), however, the major economic 

concentrations are restricted to the fault zones that form 

the boundaries of the scarps. The mines are therefore 

situated beneath the surface of the land, and may be up to 

several hundred feet deep. Some remnants of the mining 

activity can be seen at Grinshill and Pim Hill. Unfortun- 

ately, the mineralisation is not economic at present and is 

relatively subsidiary to the baryte. General descriptions 

of the mineralisation within the areas have been presented 

by Carlon (1975), Barrett (1975), Pocock and Wray (1925) and 

Davies (1971). 

2.5. SAMPLING PROCEDURES 

2.5.1. Sampling Methods 

Four different methods of sampling were used during field- 

work: - 

1) Whole rock sampling. 

2) Stream sediment sampling. 

3) Topsoil sampling. 

4) Subsoil sampling. 

Methods 2,3 and 4 will be described in the relevant 

sections of the thesis. 

Whole Rock Sampling 

In all, some 300 rock samples were collected from the 
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Plate 2.35. Malachite concentration in association with 

baryte in the Ruyton and Grinshill Sandstones at Grotto 

111i 11. 
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field areas defined. Where possible, fresh samples were 

collected, weighing between one and three kilos. In all 

the four areas, the maximum lateral and stratigraphic ex- 

tents of the mineralisation were sampled thoroughly in ex- 

posed outcrops. The classification of the samples collected 

according to the general grain size is shown on Figures 2.19. 

and 2.20. It can be seen that sandstones and pebbly sand- 

stones dominate the lithologies, indicating the coarse- 

grained nature of the host rocks. Very few fine-grained 

lithologies were collected, due to the fact that they were 

not generally exposed, and did not contain mineralisation. 

The fine-grained lithologies represent only about of the 

total samples collected. The main problem with the sampling, 

was that only the mineralised scarps could be sampled. 

2.5.2. Sample Notation And Descriptions. 

The whole rock samples collected are described in 

Appendix At according to their location, lithology, colour, 

mineralisation, stratigraphic location and sample number. 

Only the whole-rock samples used for the geochemical and 

mineralogical work are described. The soil and stream 

sediment samples will not be described, as they were only 

used to obtain geochemical values for exploration, and do 

not define the mineralisation or host rocks in detail. 

Sample Nomenclature 

The sample nomenclature denoted in Appendix A is based 

on the following methods- 

G- indicates that the sample is from the Grinshill field 

area. 

H- indicates a sample from Hawkstone 
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Figure-2.19. Classification of hand specimens collected 

from field areas in the Cheshire Basin Run no 1. 
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Fi ure 2.20. Classification of samples collected from 

the Cheshire Basin , Run no 2. 
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A- indicates a sample from Alderley 

P- indicates a sample from Peckforton 

Lb - indicates a sample from Lee Brockhurst Hill near to 

Grinshill 

The following alphabetical digits are irrelevant in 

the sample notation as such, but were used to indicate the 

sample run during the field excursion. The final numerical 

values were used to indicate the sample number during the 

traverses, and were later used to eliminate bias in the 

geochemical and mineralogical work. 
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CHAPTER 3: MINERALOGICAL STUDIES IN THE CHESHIRE BASIN 

3.1. INTRODUCTION 

3.1.1. Introduction 

Seventy whole-rock samples from the four field areas in the 

Cheshire Basin were subjected to a series of mineralogical 

investigations in order to: - 

1) Define the mineralogical composition of the host rocks and 

to identify the minerals and textures associated with specific 

events prior to mineralisation. 

2) Outline the minerals and textures resulting from the original 

mineralisation phase and subsequent remobilisation. 

3) Determine the paragenetic sequence of events for the mineral- 

isation in the field areas. 

4) Indicate features of the mineralising fluids and their origins. 

The samples used in the mineralogical investigations were 

previously described in Chapter 2 (Appendix A) and were used 

for the geochemical analyses (Appendix C. 1. ). Other results in 

the thesis may therefore be directly compared to those presented 

in this chapter. References to the geochemical work will be 

made throughout the text. 

The mineralogical investigations followed a pre-determined 

plan, indicated on Figure 3.1.; this shows the numerous methods 

of sample preparation and mineralogical identification employed 

and the relative timing of the activities. The investigations 

were based on two different approaches: - 

1) Using whole-rock sections to determine the mineralogical 

composition of the rocks and the textural relationships present. 

2) Using partial-rock fractions derived from sieving and 

separating in order to determine the mineralogical composition 
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FIGURE 3.1. Diagram Showing The Activities And Timing Of The 

Mineralogical Investigations On The Cheshire Basin Samples 
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of the rocks, and the distribution of the minerals in the 

fractions. 

The method of sample preparation and the mineralogical 

identification procedures will be described at a later stage. 

The mineralogy of the Triassic rocks in the Cheshire Basin 

has been the subject of numerous investigations since the early 

twentieth century. Workers such as Thomas (1902,1909), Atly 

(formerly Harris - 1924,1926) and Fleet (1923) concentrated 

on identifying the minerals present in the host rocks from 

various sites in the basin, but did not indicate the regional 

mineralogy of the Triassic rocks within the Cheshire Basin or 

produce textural data. The main objective of such workers was 

to outline the relationship between the mineral content of the 

rocks and the source areas of the sediments. No geochemical 

data was presented in such works, however, they formed an 

adequate basis for future research. 

Later workers such as Rice (1939), Honeybere (1951), Poole 

and Whiteman (1955), Thompson (1966) and Fitch, Miller and 

Thompson (1966) produced more extensive surveys on the mineral- 

ogy of the Triassic rocks in the Cheshire Basin. They considered 

the mineralogy of the rocks with respect to their source areas 

and palaeogeographical implications. Unfortunately, no geo- 

chemical results were quoted and no mineralised areas were 

considered in the surveys. 

Recently, workers such as Waugh (1970a, 1970b, 1978), Mohr 

(1964), Warrington (1980), Chesworth (1960), Ibrahim (1967) and 

Carlon (1975) have tended to concentrate on specific aspects of 

the mineralogy of the rocks. Regional studies have been 

presented and mineralised areas such as Alderley Edge have been 
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subject to increasing interest. 

Although the mineralogy of the Triassic rocks of the 

Cheshire Basin has been studied since the early twentieth 

century, there are still many aspects to be investigated. 

This study investigates characteristic features of the 

rocks from the four mineralised areas in the Cheshire Basin 

and outlines the minerals and textures associated with 

specific events in their history. Geochemical data and 

previous work will be used to compare and validate the 

results and conclusions derived. Such a study has not yet 

been presented by other workers, forming a basis for future 

research on mineralised Triassic rocks. 

3.1.2. Methods Of Sample Preparation 

The methods of sample preparation employed and their 

relative timings are denoted in Figure 3.1.; these will be 

systematically discussed. 

1) Whole-Rock Methods 

Sections 

Thirty sections, thirty polished sections and twelve 

polished-thin sections were prepared from whole-rock material 

by Mr. B. Foster and Miss E. Morris at Imperial College 

Geology Department. 

Stainings 

Thirty-six whole-rock samples were stained by Dickinson's 

method as described by Allman and Lawrence (1972) in order to 

identify Ca-Mg-Fe carbonates present in the rocks. 

X. R. D. Samples 

Sixty-five whole-rock and partial-rock samples were 

prepared for X-ray analysis. The samples were crushed to a 
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fine powder (corresponding to a particle size of less than 

53 microns in diameter) in order to obtain good resolution 

and definition on analysis. Some thirty grammes of each 

sample were prepared. The powder was compacted into 

cavity mounts for analysis. 

2) Partial-Rock Methods 

Crushing and Sieving 

Seventy whole-, rock samples were crushed in a jaw crusher 

and then in ball mills; approximately half a kilogramme of 

each sample was prepared in this manner. The resultant 

material was sieved on a mechanical shaker into four fractions: - 

1) Fine fraction - corresponding to a particle size of less 

than 110 microns in diameter. 

2) Medium fraction - corresponding to a particle size of 110 

to 170 microns in diameter. 

3) Medium-coarse fraction - corresponding to a particle size 

of 170 to 850 microns in diameter. 

4) Coarse fraction - corresponding to a particle size of 

greater than 850 microns in diameter. 

The medium-coarse fraction was not utilised in the following 

mineralogical investigations although it was studied briefly. 

Heavy Liquid Separations 

Seventy of the medium fractions (derived from the sieving) 

were separated into light and heavy fractions by T. B. E. 

(tetrabromoethane). Some sixty grammes of each sample were 

used for the separations. The work was supervised by Mr. 

D. Bailey at Imperial College Geology Department. The 

standard technique has been described by Allman and Lawrence 

(1972). 
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Magnetic Separations 

Thirty-five medium fractions (derived from the sieving) 

were separated into magnetic and non-magnetic fractions on a 

Franz Magnetic Separator. Sixty grammes of each sample were 

used, while the following machine settings were employed: - 

Current -2 amps, Side tilt - 12°, Dip - 25°. 

The standard method has been described by Allman and Lawrence 

(1972). 

Polished-Grain Mounts 

Fifty polished-grain mounts were prepared from fractional 

material by Mr. B. Foster and Miss E. Morris at Imperial 

College Geology Department. 

X. R. D. Samples 

The method of sample preparation has been described prev- 

iously. 

3.1.3. Identification Procedures 

Transmitted Light Microscopy 

Thin and polished-thin sections of whole-rock material 

were studied on a Reichert Transmitted Light Microscope with 

a KAM ES camera attachment. Refractive index oils were used 

to study 'loose' fractional materials. Kerr (1959), Deer, 

Howie and Zussman (1966) and Berry and Mason (1959) were 

used as reference sources for the identifications. 

Reflected Light Microscopy 

Polished sections, polished-thin sections and polished 

grain mounts were studied on a Reichert Reflected Light 

Microscope with a KAM ES camera attachment. Kerr (1959) 

and Uytenbogaardt and Burke (1971) were used as reference 

sources for the identifications. 
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Binocular Microscopy 

'Loose' fractional materials were studied on a Reichert 

Binocular Microscope using Deer, Howie and Zussman (196E)ß 

Kerr (1959) and Berry and Mason (1959) as reference sources. 

The results from the identifications are shown in Appendix B. I. 

X-ray Diffraction 

X-ray diffraction was completed on a high angle, Phillips 

1010 X-ray Diffractometer using Co K oC radiation. The samples 

were scanned at one degree per minute. The results were 

recorded on a pen-type graph recorder, and were converted to 

2Q angles for interpretation; these were directly compared to 

mineralogical identification tables prepared by Mr. R. Curtis 

at Imperial College Geology Department. 'Dummy' charts of 

common minerals were also constructed from mineralogical data 

in order to identify common components. In all, some thirty- 

nine minerals were recognised in the rock samples, as 

indicated in Appendix B. Z. 

2.2. MACRCGRAPHIC RESULTS 

3.2.1. Mineral Identifications And Textural Relationships 

The major minerals present in the hand specimens 

collected from the four field areas are shown in Appendix A 

and Appendix B. 1. In all, some ten minerals were recognised, 

indicating the type of mineralisation present in the areas. 

The metallic minerals are dominated by species of the following 

metals in decreasing order of abundance - Ba-Fe-Cu-Mn-Pb and 

may be classified into the following groups: - 

1) Sulphates - baryte. 

2) Sulphides - galena. 

3) Carbonates - malachite. 
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4) Oxides - hematite, limonite, pyrolusite - wad, asbolite. 

5) Other minerals of varying composition. 

Sulphate Minerals 

Baryte 

This was common in the mineralised rocks of the field 

areas. It occurred within the medium and coarse-grained 

rocks of the U. Bunter and L. Keuper formations, although it 

was most abundant in the latter. Several different forms 

of baryte were recognised in the samples: - 

1) Individual Plates Of Baryte 

Although these occurred within all the different rock 

types, they were concentrated in the coarser-grained lithol- 

ogies due to the higher inherent porosities and permeabilities. 

Plates of baryte varied from pink to white to grey in colour 

and were up to three cm. long and one cm. wide in some 

cases and contained euhedral, lath-shaped crystals with 

distinct 800 cleavages and varied in hardness from two to 

two and a half ( Moh' S hardness). This form of baryte 

mineralisation did not significantly affect the density of 

the rocks unless associated with crystal rosettes, cements 

and veins. The concentration of baryte plates apparently 

varied with the grain size of the host rocks and the grade of 

baryte mineralisation in the deposit. The plates formed in 

void spaces and did not enclose clastic grains, this typifies 

their dependence on the porosity and permeability of the host 

rock, and their concentration in open-pored and coarser- 

grained lithologies. Plate 3.1. shows plates of baryte in a 

medium-grained sandstone from the Hawkstone area. 

2) Rosettes of Baryte 
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These consisted of radiating plates of baryte that con- 

verged about a central nucleus composed of clastic mineral 

grains. Rosettes of baryte were liberally distributed in the 

rocks of the four field areas, but were especially enriched in 

open-pored and coarser-grained lithologies. The rosettes were 

up to three cm. in diameter but varied considerably in size and 

shape. This form of baryte was found to be associated with 

higher grades of mineralisation in the deposits, and was often 

found in conjunction with veins and cements. Plate 3.2. 

shows plate aid rosette growthsof baryte within a medium- 

grained sandstone from Hawkstone. The baryte within the 

rosettes was of the same crystal structure, habit and physical 

properties as described previously. In section, baryte laths 

were seen to be aligned along the radii of the rosettes and 

enclosed clastic grains. The diameter of the rosettes and the 

crystallinity of the baryte were generally related to the grain 

size of the host rocks. Larger rosettes were found in con- 

glomerates and pebbly sandstones of the four areas, while 

smaller rosettes were found in the finer-grained rocks. The 

rosettes significantly increased the density of the host rocks. 

3) Cements And Impregnations 

Cements and impregnations of baryte were also common forms 

of baryte mineralisation in the rocks from the field areas. 

They were concentrated in the coarser-grained and open-pored 

lithologies, indicating their dependence on the porosity and 

permeability of the host rock. The crystallinity of the baryte 

was generally governed by the amount and size of the void spaces. 

Distinct, well-developed crystals of pink to white to grey 

baryte were observed in the cements and impregnations, forming 
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relatively dense rocks. Plates 2.14 and 3.3. show baryte 

cements in pebbly-sandstone host-rocks from Alderley Edge. 

The amount of baryte present in the rocks in the form of 

cements and impregnations was found to vary considerably; a 

maximum 30/ baryte (by volume) was contained within the rocks. 

The amount of cementation also varied from 1 to 100, E in the 

rocks. This was found to be dependent on the grade of 

mineralisation in the deposit. 

4. Veins 

Veins of baryte were not common within the rocks collected. 

Where present, they were associated with rosettes, plates and 

cements of baryte in high-grade areas of mineralisation, form- 

ing dense rocks. The veins were totally variable in extent, 

being three to five cm. wide on average. They were formed 

of euhedral baryte laths that extended along the direction of 

veining, enclosing clastic grains. 

The relationship between the baryte and other metallic 

minerals in the hand specimens was clearly illustrated in 

samples from Alderley Edge. Baryte infilled the available 

voids within the rocks and thus precluded the presence of other 

metallic mineralisation within totally-cemented rocks. Where 

the baryte occupied only a small percentage of the available 

voids, other metallic minerals were occasionallypresent. This 

relationship illustrates the dependence of all the mineralis- 

ations on the porosity and permeability of the host rock. 

It is therefore possible to obtain many different combinations 

of baryte and metallic minerals within the Permo-Triassic rocks 

of the Cheshire Basin. 

Sulphide Minerals 



145 

Plate 3.3. Baryte cement in a pebbly sandstone of the 

Engine Vein Conglomerates from Alderley Edge. 

I Iýä 4s tý s9 
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Plate 3.4. Galena cement in a medium-grained West Mine 

Sandstone from Alderley Edc. 

G= Galena. 
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Galena 

This was concentrated in hand specimens from Alderley 

Edge, and was not present in samples from the other field 

areas. The mineral occurred within medium and coarse-grained 

lithologies, and was especially enriched in the Engine Vein 

Conglomerates and Wood Mine Conglomerates. The mineral 

formed microcrystalline to crystalline cements and impreg- 

nations, producing dense, black to grey coloured rocks. The 

mineralisation was found to be totally dependent on the presence 

of voids. Small amounts of pyromorphite were found in galena- 

rich rocks, forming yellow, microcrystalline patches; this 
jrepresents 

a secondary alteration product Sphalerite 

was also found in association with galena, indicating the Pb-Zn 

mineral association. 

Galena was found to occur in small quantities with baryte, 

however, it was not found in association with copper minerals, 

suggesting some zonation of the mineralisation. Plate 3.4. 

shows a typical galena-cemented West Mine Sandstone from 

Alderley Edge. 

Carbonate Minerals 

Malachite 

Malachite was the most abundant form of metallic mineral- 

isation in the hand specimens from the four field areas, 

indicating the dominance of supergene enrichment assemblages. 

It occurred in several different forms: - 

1) Malachite Coatings 

These were common within the conglomerates, pebbly sand- 

stones and coarser-grained sandstones of the field areas, form- 

ing thin, amorphous coatings on clastic grains. This resulted 
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in a green colouration of the host rocks. The coatings 

were homogeneous throughout the rocks. 

2) Malachite Cements 

These occurred liberally within the rocks from the four 

field areas, and were not restricted to coarser-grained lith- 

ologies although they were not seen in the fine-grained clays 

and mails. Malachite formed green, amorphous to microcryst- 

alline cements within the voids of the rocks. Plate 3.5. shows 

malachite and limonite cements in a medium-grained sandstone 

from West Mine, Alderley Edge. Such concentrations of malachite 

produce high-grade copper mineralisation. 

3) Malachite Stainings 

Malachite formed green stains throughout the rocks of the 

field areas; they occurred within all the different lithologies, 

and formed sporadically throughout the deposits. The stains 

were not common in Pb rich rocks. 

4) Malachite Concentrations In Clays And Marls 

Marls and clays from the field areas, particularly Alderley 

Edge, contained concentrations of amorphous malachite within 

their matrix, producing green patches, blebs and layers; these 

did not exceed two cm. in thickness, but were persistent 

throughout the rocks. The concentrations were not prefer- 

entially located in either the red or grey-white marls 

and clays, indicating no apparent associations. 

Malachite was therefore present in the rocks of the field 

areas in numerous forms, indicating the secondary alteration 

and remobilisation of primary copper. 

Oxide Minerals 

Iron Oxides 
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Plate 3.5. Malachite and limonite cements in a medium- 

grained West Mine Sandstone from Alderley Edge: 

Plate 3.6. Limonite replacing a cubic mineral in a fine- 

grained West Mine Sandstone from Alderley Edge. 
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1) Hematite 

This was commonly found in red beds, forming thin, 

persistent, amorphous coatings on clastic grains. No cryst- 

alline hematite was found in the hand specimens, although 

small concentrations of amorphous hematite were found in the 

Alderley Edge samples, indicating the extent of recent weather- 

ing on the iron-rich rocks. 

2) Limonite 

This was common in hand specimens from Alderley Edge, 

forming yellow to brown amorphous concentrations within the 

iron-rich rocks. It was especially enriched in samples from 

Engine Vein and Wood Mine, where it was found to replace cubic 

minerals in the host rocks; the original minerals were not 

identified in such samples. Plate 3.6. shows a limonite 

'cube' in a sample of West Mine Sandstone. This type of 

mineralisation was not found in samples from the other areas. 

Manganese Oxides 

1) Wad-Pyrolusite 

Manganese oxides were common within the host rocks from 

the areas, occurring as black to grey, amorphous spots, layers 

and concentrations. The spots of wad and pyrolusite did not 

exceed two cm. in diameter, while the layers and concentrat- 

ions did not exceed two on. in thickness. The minerals were 

occasionally concentrated, in sedimentary structures such as 

cross bedding and false bedding, but were not persistent 

throughout the rocks. Plate 2.12. shows a concentration of 

manganese oxides at Stormy Point - Alderley Edge. The minerals 

were also found in association with malachite, indicating the 

presence of a supergene assemblage. 



2) Asbolite 

Asbolite was predominant in samples from Wood Mine - 

Alderley Edge, occurring as black to grey amorphous material 

associated with clays. 

Other Minerals 

Minor amounts of other minerals were recognised 

in the hand specimens : - 

1) Pyromorphite - recorded in the Alderley Edge samples only, 

forming yellow, amorphous to microcrystalline encrustations 

on galena-rich samples. 

2) Chrysocolla - recorded in the Alderley Edge samples only - 

forming yellow to blue to white, amorphous patches within 

mineralised samples. 

3) Hemimorphite - recorded in the Alderley Edge samples only, 

forming yellow, amorphous to microcrystalline concentrations 

and patches in galena-rich samples. 

4) Gypsum - recorded in Alderley Edge samples only, forming 

small, white to translucent, soft crystals in the Engine Vein 

Conglomerates. 

Although the number of mineral species recorded from the 

hand specimens was relatively low, they indicate that: - 

1) Baryte mineralisation is common within all the rocks of the 

four field areas, and is the most abundant form of mineralisation. 

2) Supergene enrichment products of iron, copper, manganese 

and lead are common within the field areas in comparison to 

sulphide mineralisation. 

3) The Alderley Edge samples show a dominant Cu-Pb-Zn-Mn 

mineralisation in comparison to samples from the other field 

areas; they also show the presence of sulphide minerals not 
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detected in any other areas. 

4) The mineralisations are-totally dependent on the porosities 

and permeabilities of the host rocks. 

3.2.2. Stainings 

Thirty-three whole-rock samples were stained as described 

previously. The results are shown in Table 3.1. and indicate 

that: - 

1) Ca-Mg-Fe carbonates are present in limited quantities 

within the rocks of the field areas. 

2) The carbonate species are dominated by iron-rich members. 

3) The same carbonate minerals are present in samples from 

all the four field areas. 

The dominance of iron-rich carbonates in the samples 

suggests that iron may have been available in quantity during 

the formation of the minerals, which may be either diagenetic 

or post-diagenetic. The exact nature of the carbonate 

material and its relationship to the host rock and mineral- 

ising components will be indicated later. The main point to 

consider from the results is that iron-carbonates occur within 

host rocks containing 'large amounts of iron of a sedimentary 

or possibly diagenetic-mineralisation related origin. 

ý"3" HOST ROCK MINERALOGY AND TEXTURES 

The translucent and transparent minerals present in the rocks 

are indicated in Appendices B. 1. and B. 2. These were identified 

from X-ray diffraction analysis and binocular and transmitted 

light microscopy of fractional materials. The results will be 

discussed in relation to the whole-rock sections examined. 

Silicates 

1) Quartz 

f 
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TABLE 3.1. Results Of Stainings 

Sample No. Calcite Fe-Calcite Fe-Dolomite Dolomite 

HBC001 -PP- 
HBC002 -TT- 
HBC008 TTT- 

HBC017 -TW- 
HBC019*2 -T-- 
HBC020 -TT- 
HCS010 TWW- 

HCS011 --W- 
PBS114 -TP- 
PCS004 --T- 
PCS005 -TW- 
GRS033 -WT- 
GRS035 --P- 
GRS037*2 --P- 
GRS039 -TW- 
GRSO40 -TW- 
GCS003 -TT- 
GCS014 -TP- 
GHS089 -PT- 
GHS093 -PT- 
GHS096 --P- 
GHS106 -P-- 
ACSO43 -ww- 
ACSO49 -TT- 
ACS052 ---- 
ACS504 --T- 
ACS068 -TT- 
ACS070 -TP- 
ACS079 -TT- 
AECS19 -P-- 
AECS20 P-P" 

All the samples have been described previously in Appendix A. 

P Possible, T= Trace amounts, W= minor amounts, S= major amounts. 

*2 = repeated samples. 
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This was the most abundant mineral present in the rocks 

from the field areas, forming up to 99% of the constituent 

minerals. It was seen to occur in several different forms: - 

a) Single undeformed grains showing well-rounded to sub- 

angular and sub-spherical to spherical forms. In general, 

the well-rounded and spherical quartz formed the greater 

proportion of this type of mineral grain. 

b) Single grains of deformed quartz with uneven extinctions; 

the grains within this group were well-rounded and spherical 

to sub-spherical in form. 

c) Composite quartz grains that were well-rounded and spherical 

in form. The single, deformed and undeformed grains of quartz 

generally formed up to 9Yoo of the mineral grains, while the 

composite grains formed up to 15% of the total mineral content. 

The various types of quartz grain present in the host rocks 

indicate a. mature, reworked component with a 'fresh' component. 

The quartz grains were enclosed by thin (less than half a 

millimetre thick) and persistent hematite 'rims' in the red 

rocks from the field areas. Plate 3.7. shows hematite rims 

within a red sandstone ( possibly associated with, illite) 

; these. were not present in the grey rocks, which often 

contained 'frosted' grains. 

The quartz grains varied considerably in size. The single 

grains of quartz forming, the matrix of the rocks were up to 

three millimetres in diameter, whereas the composite quartz 

grains formed the pebbles and large clasts within the rocks, 

and were therefore variable in size from two millimetres in 

diameter to three centimetres (in a conglomerate). 

2) Zircon 
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Plate 3.7. Hematite ( possibly associated with illite ) 

surrounding detrital grains in a red, medium-grained 

Ruyton and Grinshill Sandstone from Grinshill (cross 

volars, X 32 

Plate 3.8. SuUrounded grain of tourmaline showing fluid 

inclusions 
, 

from a heavy liquid separate of a Lower 

Keuper Sandstone from Peckforton ( Plain polarised light 

X 100 ) 

J 
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Zircon was found in the host rocks from the four field 

areas in trace to minor amounts, never exceeding 3% of the 

total mineral contents. It formed elongate to spherical, 

rounded grains up to two millimetres in diameter that were 

characteristically high in birefringence, colourless to 

pale-yellow and of a high relief. The grains were devoid 

of cleavages and had parallel extinctions. The grains 

represent heavy minerals of a detrital origin, and may have 

been introduced as reworked, mature, clastic material of an 

undefined origin. 

The zircon grains were occasionally surrounded by rims 

of hematite in red rocks from the field areas, indicating their 

presence in the rocks before diagenesis. Finally, it was 

noted that the zircon grains contained numerous fluid in- 

clusions up to half a millimetre in diameter. 

3) Feldspars 

Although small amounts of feldspar minerals are shown on 

the X. R. D. results, microscopically they were present in very 

small quantities; feldspars never exceeded 3% of the total 

mineral content of the rocks. Several types of feldspar were 

recognised in the host rocks: - 

1) Orthoclase feldspars - colourless in thin section, showing 

low relief and weak birefringence. Simple twins were ob- 

served in cross-polars. 

2) Plagioclase feldspars - dominantly albite to andesine in 

composition, showing low birefringence, low relief, multiple- 

twinning and extinction angles up to twenty-five degreees. 

These were less common than the orthoclase feldspars, forming 

up to 40% of the feldspar contents. 
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3) Microclines - small quantities of microcline were 

recognised in the rocks, forming less than ], / of the total 

feldspar content of the rocks. Typical polysynthetic 

twinning characterised the grains. 

The feldspars formed sub-rounded to sub-spherical 

grains. No euhedral grains were recognised, suggesting that 

some weathering and transportation was incurred before 

deposition. The feldspar grains indicate that 'fresh' 

material was introduced into the sedimentary pile. 

4 Micas 

Micas formed up to 3% of the minerals within the rocks; 

the following mineral species were recognised: - 

1) Biotites - these formed up to 5c% of the mica content of 

the rocks and were present as brown to yellow, highly pleochroic, 

low to medium relief flakes, showing strong, perfect basal 

cleavages. 

2) Muscovites - these were the major mica minerals in the host 

rocks, forming up to 70% of the mica contents. These were 

present as elongate, lath-shaped flakes showing brown to 

yellow colours, moderate to low pleochroisms, strong basal 

cleavages, low reliefs and strong birefringences. 

3) Clay minerals such as chlorite were defined from the X. R. D. 

results, however, these formed a very low percentage of the 

mica content and may be omitted from the discussion in this 

respect. 

The mica minerals were common within the host rocks from 

the four areas, being concentrated to some extent in the light, 

heavy liquid fractions. In many cases, biotite and muscovite 

flakes were ironstained; this may have been due to decompos- 
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ition, or 'iron rim' formation. The presence of iron oxides 

along the cleavage planes in some grains indicated the former 

may be true. Micas indicate the presence of relatively 

fresh material in the sedimentary pile. 

5) Tourmaline 

This was common throughout the rocks of the four field 

areas, being concentrated in the heavy, heavy liquid fractions 

and to some extent in the magnetic fractions. It represents 

part of the heavy mineral content of the rocks, and charact- 

erises the source areas of the sediments. Tourmaline was 

present in trace amounts in the rocks, never exceeding , of 

the mineral content, forming rounded, spherical, high relief, 

brown to yellow, pleochrochroic grains up to three millimetres 

in diameter. Large numbers of fluid inclusions were observed 

in the grains which were up to half a millimetre long. Plate 

3.8. shows a typical tourmaline grain in the fractional material 

produced by the separations 

6) Garnet 

Very few garnet grains were recognised in the host rocks, 

forming less than 17 of the total mineral content of the rocks. 

They formed rounded to sub-rounded, subspherical, red to brown, 

high relief grains with no cleavages and occasional chlorite 

alteration. They represent part of the heavy mineral com- 

ponent of the rocks, and are of a reworked, detrital origin. 

7) Epidote 

A small number of epidote grains were recognised in the 

rocks, forming less than 1% of the mineral content. They 

occurred as colourless to pink, high relief, rounded, spherical 

to elongate grains, and often contained one distinct cleavage 
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trace. These grains again represent part of the heavy mineral 

content of the rocks. 

Carbonates 

Ca-Mg-Fe Carbonates 

The presence of such carbonates in the host rocks was 

indicated from the whole-rock stainings. In thin section, 

carbonates formed crystalline and microcrystalline cements 

and rosettes within the host rocks. Unfortunately, the thin 

sections were not stained, and it was not possible to identify 

the various carbonates; in this text, the minerals will be 

termed 'carbonate material'. The stainings indicate that 

they are dominated by iron-rich members and it will be assumed 

that this is their composition within the rocks. 

Numerous types and forms of carbonate were recognised in 

the sections: - 

1) Cements showing coarse grains, with high relief, high 

birefringence, occasional twinning, and well developed cleav- 

ages. Plates 3.9 and 3.10 show this type o£ cement. 

2) Finer-grained carbonate cements showing a fine crystal 

structure, high birefringence, high relief and well-developed 

cleavages. 

3) Crystal rosettes of carbonate - showing radiating crystals 

of high relief, high birefringence, euhedral carbonate. Plate 

3.11. shows a typical rosette structure. The rosettes did not 

exceed more than two millimetres in diameter. 

The presence of carbonate cements indicated several dist- 

inctive characteristics of the rocks, and also presented some 

detailed textural relationships. Firstly, it was noted that 

the carbonate cements formed around clastic grains with hematite 
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Plate 3.9. Coarse-grained carbonate cement in a 

medium-grained Ruyton and Grinshill Sandstone 

from Hawkstone ( cross polars ,X 
60 ) 

a 
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Plate 3.10. Diagramatic representation of the 

features shown on plate 3.9. 
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Plate 3.11. Rosette structure of carbonate mineral 

in a medium-qrained Lower Keuper Sandstone from 

Peckforton ( cross polars, X 60 ). 

Plate 3.12. Bar. yte and carbonate minerals ( possibly iron- 

rich ) cementing detrital quartz grains in a medium- grained 

Ruyton and (; r 11. ýý '1 ý_ ` S'iI, gi oT ýýt u (>> :1 11 cross polars, 

x 60 ). 

(' = Ca I:: iL11'li i L' 11i1. i: Ui c31 S, l%, I. = ItUCK .` 1`a':; 111E'. 11 ts, 

Q= Quartz , BA = Baryte , 
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rims, indicating that they were formed after the rims; this 

is relatively significant in that the rim-formation must have 

been associated with the presence of iron in the rocks - this 

may have produced the iron-rich carbonates in the rocks. 

Secondly, the carbonates were of an 'early', possibly diagenetic 

origin, and were seen to be associated with baryte cements, 

occupying the void spaces in the rocks ; Plate 3.12 

shows this relationship. This suggests that baryte 

and carbonate cements may have developed simultaneously 

within the rocks . The minerals may be either 

diagenetic or postdiagenetic in origin. 

Other Carbonates 

Although other carbonate minerals are indicated in the 

results, their presence in the rocks is entirely due to miner- 

alisation processes; in this respect, they will be discussed 

in a later section. 

Oxides 

1 Rutile 

Quantities of rutile were noted in the samples, forming 

part of the heavy mineral content of the rocks. Rutiles did 

not form more than 2% of the mineral content of the rocks, 

forming rounded, spherical, yellow to red grains with high 

reliefs, extreme birefringences, parallel extinctions and 

parallel cleavages. The grains were up to three millimetres 

in diameter and tended to be concentrated in the heavy, heavy 

liquid fractions. In some cases, a white alteration product 

was observed on the grains, while in others, a dominant 'rim' 

of hematite was present. The minerals may be of a detrital 

origin, or may be replacements of ilmenite grains. 
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Ilmenite 

Ilmenite grains formed less than 1 of the host rock 

minerals, being rounded, elongate to spherical in shape, 

blue-grey to black in colour, and displaying a metallic lustre. 

The mineral will be considered later in reflected light. 

Occasional white alteration products were recognised on the 

minerals. The grains were up to two millimetres in diameter. 

3) Hematite 

Hematite formed rims around detrital grains within the 

rocks, producing red colourations; it was not recognised in 

a crystalline form, and will be discussed at a later stage in 

respect to reflected light microscopy. 

These are . the major minerals present in the rocks 

after deposition and prior to mineralisation. The sediments 

were therefore dominated by quartz with small amounts of micas 

and feldspars, and heavy minerals of rutile, tourmaline, zircon, 

epidote, garnet and ilmenite; these were later subject to the 

formation of hematite 'rims' and calcite and baryte cements. The 

results are comparable to those presented by Atly (1926), 

Fitch, Miller and Thompson (1966) and Thompson (1966), who 

described the occurrence of similar heavy mineral 

assemblages , and host rock minerals. 

3.4. OPAQUE MINERALOGY 

The opaque mineralogy of samples collected from the four 

field areas in the Cheshire Basin will be used to satisfy the 

following objectives: - 

1) To outline the opaque mineral content of samples from the 

areas. 

2) To identify the opaque minerals associated with the mineral- 
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isation and subsequent enrichment events that have affected 

the rocks. 

3) To outline the detrital components of the rocks, and illustrate 

possible changes-that have resulted from diagenesis. 

4) To compare the opaque mineralogy of the rocks from the 

field areas. 

5) To indicate the sequence of events that have affected the 

rocks prior to mineralisation, and to construct a paragenetic 

sequence of events for the mineralisation. 

6) To derive information regarding the origins and composition 

of the mineralising fluids. 

The opaque minerals present in the rocks from the four field 

areas are shown in Table 3.2., while the mineral species from 

individual areas are shown in Tables 3.3., 3.4., 3.5., and 3.6. 

Several points may be noted from these: - 

1) Opaque minerals are present in the host rocks from the four 

field areas, and they occur in the same forms in all the samples. 

2) Base-metal minerals dominate the Alderley Edge mineralisation, 

while baryte dominates the mineralisation of the other field 

areas. 

3) Carbonates and oxides are the most common metallic minerals, 

indicating the dominance of secondary, supergene enrichment 

products. 

4) The Alderley Edge samples show a varied assemblage of 

minerals not found in the other areas. 

3.4.1. Host Rock Minerals And Textures 

In this text, the host rock minerals will be regarded as 

those minerals present in the rocks prior to mineralisation, 

and therefore include detrital and diagenetic components. The 

i 
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TABLE 3.2: OPAQUE NDNERAL CO7TENT OP THE SAMPLES FROM THE 

FOUR FIELD AREAS 

Mineral Peckforton Grinshill Hawkstone Alderley Edge 

Magnetite 

Hematite 

Ilmenite 

Rutile 

Pyrite 

PP 

P 

P 

P 

P 

PP 

PP 

PP 

PP 

P 

P 

PP 

Chalcopyrite pPPP 

Limonite ---P 

Pyromorphite ---P 

Galena -PPP 

Sphalerite -PPP 

Baryte PPPP 

Covellite ---P 

Bravoite p--P 

Malachite pPPP 

Azurite ---P 

Chalcocite ---P 

Ti-Magnetite pPPP 

P= Identified in samples from the area. 
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TABLE 3.3: THE DISTRIBUTION OF OPAQUE MINERALS IN SAMPLES FROM 

ALDERLEY 

Host-Rock And Diagenetic Minerals 

Mineral Form 

Ilmenite Rounded, spherical to elongate detrital grains. 
Rutile 

Ti-Magnetite 

Pyrite 

Chalcopyrite 

(Sphalerite 

(Galena 

Bravoite 

Magnetite 

Hematite 

Mineralisation 

Baryte 

Magnetite 

Pyrite 

Chalcopyrite 

Galena 

Sphalerite 

Chalcocite 

Covellite 

Bornite 

Magnetite 

Hematite 

Malachite 

Replaces ilmenite, occurs as needle-shaped crystals. 
Crystalline forms replacing rutile and ilmenite. 

Cubes and disseminations in detrital quartz. 
Cubes and disseminations in detrital quartz. 

Rounded, spherical grains ) ;. 

Rounded, elongate, grains. ) 

Fine-grained inclusions in detrital quartz. 

Rounded, ' spherical to elongate, detrital grains. 

Amorphous trims' around detrital grains. 

Components 

Cements, Veins, rosettes and plates in voids 

within the host rocks , occasionally in 

association with carbonate-. cements. 

Cements and cavity infillings in the host rock and 

in baryte cements. 
Cubes in baryte, magnetite and associated with 

sulphides. 
Irregular grains in baryte, /agnetite and in 

iation with other sulphide minerals. 

assoc- 

Cements and void infillings in the host rocks in 

association with other sulphides. 

Cements and impregnations in voids, associated with 

other sulphides. 

Cements and impregnations in voids, associated with 

other sulphide minerals. 

Microcrystalline replacements of primary sulphides. 

Microcrystalline replacements of primary sulphides. 

Crystalline replacements of primary sulphides. 

Crystalline replacements of magnetite and Ti-magnetites. 

Supergene enrichment of sulphides, Amorphous or 
Microcrystalline forms. 

( possibly detrital grains ) 
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TABLE 3.4: TEE DISTRIBUTION OF OPAQUE MINERALS IN SAMPLES FROM 

PECKFORTON 

Host-Rock And Diagenetic Minerals 

Mineral 

Ilmenite 

Rutile 

Ti Magnetite 

Pyrite 

Chalcopyrite 

( Magnetite 

Hematite 

Bravoite 

Form 

Rounded, spherical to elongate, detrital grains. 

Replaces ilmenite-, as needle-shaped crystals. 

Crystals replacing rutile and ilmenite grains. 

Cubes and disseminations in detrital quartz grains. 

Blebs and disseminations in detrital quartz grains. 

Rounded, elongate to spherical, detrital grains. ) 

Amorphous 'rims' around clastic grains. 

Inclusions within detrital quartz grains. 

Mineralising Components 

Baryte 

Magnetite 

Hematite 

Malachite 

Cements, veins, plates and rosettes in voids in 

the host rocks, occurs in association with 

carbonate cements. 

Cements and void infillings, microcrystalline to 

crystalline, infills cavities in baryte. 

Replaces magnetite and Ti-magnetite in crystalline 

forms. 

Amorphous, supergene enrichment of copper minerals. 

( possibly detrital in origin ) 
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TABLE 3.5: THE DISTRIBUTION OF OPAQUE MINERALS IN SAMPLES FROM 

HAWIKSTONE 

Host-Rock And Diagenetic Minerals 

Mineral 

Ilmenite 

Rutile 

Ti-Magnetite 

Py4te 

Chalcopyrite 

Sphalerite 

Galena 

Hematite 

Mineralising 

Baryte 

Magnetite 

Hematite 

Malachite 

Form 

Rounded, spherical to elongate, crystalline 

detrital grains. 

Needles replace ilmenite grains. Microcrystalline 

to crystalline. 

Crystalline forms replace ilmenite and rutile grains. 

Cubes and microcrystalline disseminations in detrital 

quartz. 

Blebs and disseminations in detrital quartz grains. 

Disseminations in detrital quartz grains. 

Disseminations in detrital quartz grains. 

Amorphous 'rims' around detrital quartz grains. 

Components 

Cements, veins, plates and rosettes in host rocks. 

It occurs as euhedral laths. Associated with 

carbonate cements. 

Cements and void infillings in baryte and the 

host rock. 

Replaces magnetite and Ti-magnetite cements, grains 

and impregnations. Forms crystalline, euherdal 

grains. 

Amorphous to microcrystalline impregnations derived 

from primary copper minerals. 
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TABLE 3.6E THE DISTRIBUTION OF OPAQUE MINERALS IN SAMPLES FROM 

GRINSHILL 

Host-Rock And Diagenetic Minerals 

Mineral Form 

Ilmenite Rounded, spherical to elongate, crystalline, 

detrital grains. 

Rutile Microcrystalline and crystalline needles replacing 

ilmenite grains. 

Ti-Magnetite Crystalline replacements of rutile and ilmenite. 

Pyrite Cubes and microcrystalline disseminations in 

detrital quartz grains. 

Chalcopyrite Sl + and microcrystalline disseminations in 

detrital quartz grains. 

Magnetite Crystalline, rounded to elongate, detrital grains. 

Galena Crystalline and microcrystalline disseminations in 

detrital quartz grains. 

Sphalerite Crystalline disseminations in detrital quartz grains. 

Hematite Amorphous 'rims' around detrital quartz grains. 

Mineralising Components 

Baryte Cements, Veins, Plates and Rosettes infilling voids 

within host rocks. Occasionally associated with 

carbonate cements. 

Magnetite Cements and impregnations, crystalline to microcryst- 

alline in voids in the host rocks and in baryte cements. 

Pyrite Cubes in baryte cements. 

Hematite Replaces Ti-magnetite and magnetite, forms micro- 

crystalline grains. 

Chalcopyrite Blebs in baryte cements and veins. 

Malachite Secondary enrichment of copper minerals. Amorphous forms. 

iý 

i 
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minerals present, and their forms are recorded in Tables 3.3., 

3.4., 3.5., and 3.6. 

Ilmenite - Rutile - Titanium Magnetite 

Small concentrations of these minerals were recognised in 

the host rocks from the four field areas, and are recorded in 

the results shown in Appendix B. 1. They were present in minor 

quantities, never exceeding more than 2% of the mineral content 

of the rocks; in this respect, they may be termed minor 

or heavy minerals. Their presence in Triassic rocks of the 

Cheshire Basin has been noted by other workers, such as Atly 

(1926), Thompson (1966) and Fitch, Miller and Thompson (1966). 

The minerals were concentrated in the heavy-liquid separates 

and in the magnetic fractions. 

The minerals were classified as ' detrital ' due 

to the fact that : - 

1) They were well-rounded to subrounded, spherical to elongated 

grains. 

2) The grains were often enclosed by iron rims and calcite 

cements which formed after sedimentation, and during burial. 

In reflected light, the mineral grains were found to vary in 

composition from ilmenite to ilmenite with rutile and titanium 

magnetite, and were up to three millimetres in diameter, in this 

respect, they represent a series of associated minerals. Grains 

of detrital ilmenite were found to be replaced by rutile 

and titanium magnetite , 
indicating post-depositional 

changes. Exsolution textures of titanium magnetite were 

also recognised in the samples ; examples of these are 

shown on Plates. 3.13 and 3.14 . The textures suggest 

that original detrital components of ilmenite ( and 

possibly rutile) were subsequently changed. 
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Plate 3.13. Exsolution texture of ti. tani;. um macnetite in a 

heavy liquid separate of a Ruston and Grinshill Sandstone 

from Grinshill ref 1 i, c ted 1i (rh'_ ,X l00 ). 

Plate 3.14. Exsolution texture of titanium magnetite in a 

heavy liquid separate of the Lower Keuper Passage Beds 

from Peckfort-on ( reflected 1.: ght ,X 
180 ). 



The titanium magnetite grains were also found 

to be replaced by hematite in some cases ; this may 

have resulted at a later stage in the rocks' history 

and cannot be dated. 

Titanium magnetites were also observed in the 

rocks as cements ; Plate 3.15 shows a titanium - 

magnetite cement with the outline of a mineral grain. 

The presence of a baryte cement ( possibly of a later 

origin than the titanium magnetite ) indicates that 

some phase of baryte mineralisation may have occurred 

at a later stage . The titanium cements may have 

formed during diagenetic events , and may be related 

to the changes in the Fe-Ti minerals. 

The results indicate that some Fe-Ti minerals 

may have been introduced into the sediments ( rutile- 

ilmenite ), and have been replaced by(and exsolved ) 

Fe-Ti oxides. Such processes may also be related to 

the formation of ' early ' titanium magnetite cements 

in association with baryte cements. The amounts of 

iron and titanium in the rocks are shown in Appendix Cl. 

Magnetite-Hematite 

Quantities of hematite and magnetite were recognised in the 

host rocks by X. R. D. and transmitted light microscopy, forming 

trace to minor amounts of the host rocks. The presence of iron 

in the rocks is also noted in the geochemical analyses presented 

later. Hematite and magnetite grains were concentrated in the 

heavy liquid and magnetic fractions of the rock$, indicating 

their density and affinity for magnetism. 

Approximately 20% of the magnetite and hematite grains 
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Plate 3: 15. Titanium magnetite containing an outline of 

a mineral grain within a baryte cemented Puvton and 

P1aLc J1 

ý1, ý, ý} 

ýj'i, er. i. c'. =.: __: -=<<ý 
cýLai. n 1-11 a mýicýrýutic 

separate of an Engine Vein Conglomeratt: from Alderl. ey Edge 

PC, " '40016'. A 

I 

Q= QI iaI tz, L', n. = 13aryte , 
1,11A = Ma, j t. u t. i; c, 'PM - Ti tat: ium 
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present in the rocks were of a possible detrital origin, 

forming well-rounded to rounded , spherical to sub-spherical 

grains up to two millimetres in diameter. Plate 3.16 shows a 

rounded, spherical grain of magnetite ; it is possible that 

this resulted from the crushing processes . No apparent 

replacement texture was observed in the grain. in some cases, 

magnetite grains were replaced partially bj hematite ; this 

may have resulted from supergene processes. The results 

therefore indicate that some iron minerals may have been 

introduced into the sediments , but it is also possible that 

these minerals resulted from later mineral formation. 

Pyrite - Chalcopyrite 

These two minerals may have been introduced into the 

detrital sediments as inclusions within quartz grains. Sub- 

hedral grains and disseminations were observed in detrital 

quartz grains. Plate 3.17 shows chalcopyrite in a detrital 

quartz grain, surrounded by chalcopyrite and secondary covel- 

lite in the void spaces. The lack of alteration in the quartz 

grains may indicate that the chalcopyrite is present as an 

inclusion and has not been subsequently altered. The chalco- 

pyrite in the voids may have been a cement that formed during 

the main sulphide mineralisation phase , and may have attacked 

the grain boundaries of the quatrz particles. The results 

suggest that chalcopyrite and pyrite may have been introduced 

into the sediments as inclusions within detrital quartz grains. 

Hematite 

Hematite formed ( possibly associated with illite) 

I 

i I 
I 
; 1 
ý 

i ý 

i 
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Plate 3.17 Pyrite and chalcopyrito in quartz grain, with 

chalcopyrite being replaced-by covellite in the void spaces 

possibly some replacement of the grain boundaries by the 

chalcoT-, vri. t. ý) .( r-, fl c'ci. ý-d 7 ýi tv 2n(1 1. 

Plag 3.1c3. ýý. r J LLna 1n, heavy 

li_auid Sc arate of an Engine Vein Conglomerate from Alderle 

s 

p. 

-_ ;, )uL, r%z , ýý. ý -- .. , �il rit(, , ý-'- ,! i te ,G= Galena 
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thin (less than . 025 mm) rims around elastic grains within the red 

host rocks as shown in Plate 3.7. Such rims were recognised 

within mineralised and non-mineralised rocks, suggesting their 

presence was not due to mineralisation, and were common within 

the rocks from the field areas. The formation of iron rims is 

related to red-bed processes as described in Chapter 1, and 

again indicates the availability of iron in the sediments 

during diagenesis. 

Bravoites 

Microcrystalline bravoites were noted in samples from the 

Alderley Edge area, forming small (less than half a millimetre), 

rounded, spherical grains that were often enclosed within 

quartz grains of a detrital origin. Their presence indicates 

that nickeliferous sulphides were introduced into the sediments 

and that mineralisation was present in the sedimentary source 

area. Nickeliferous bravoites have been found in rocks of the 

Cheshire Basin by other workers, such as Ixer (1978). 

Sphalerite 

Two grains of rounded, spherical to elongated sphalerite 

were detected in the rocks from Alderley Edge. The grains were 

up to one millimetre in diameter . It is possible that the 

grains may have formed during the crushing processes 

prior to separation. No apparent replacement or alter- 

ation products were observed in the grains. 

Galena 

One grain of rounded, spherical galena was found 

in the separates from Alderley Edge l this is shown 

on Plate 3.18 . Again, this may have resulted from 

the crushing processes. No replacement texture was. 
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observed in the grain, which was white, highly reflective 

and isotropic in appearance. Plate 3.18. shows the 

galena grain. 

The results from the investigations indicate that: - 

1) Sulphides of Fe-Cu-Ni ( Pb-Zn) were introduced 

into the sediments as inclusions in detrital quartz 

grains. 

2) Fe-Ti oxides in the form of rutile-ilmanite and 

magnetite were introduced into the sediments as 

detrital grains , and were subsequently altered to 

form other Fe-Ti oxides , displaying replacement and 

exsolution textures. 

3) Hematite rims formed in the sediments after deposition, 

enclosing the detrital components of the sediments. 

4) Iron movements took place in the rocks after deposition 

of the sediments. 

5) Detrital iron oxides in the form of magnetite were intro- 

duced into the sediments as detrital grains, providing a source 

of iron for future events. 

3.4.2. Ore Minerals And Textures 

The ore minerals present in the rocks from the four field 

areas are shown in Tables 3.4., 3.5., 3.6. and 3.7.; they 

indicate the minerals and metals that are associated with the 

mineralisation and enrichment phases, and the type of mineral- 

isation present in the field areas. 

Baryte 

Although baryte is generally regarded as a translucent 

mineral, it will be discussed in relation to the mineralization, 

having been studied in transmitted and reflected light. 
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Baryte was found in samples from all the field areas in relat- 

ively large concentrations, as indicated by the geochemical 

data presented in Chapter 4. It formed trace and major com- 

ponents of the rock mineralogy, and attained maximum concen- 

trations of 30% (by volume of the rock). Baryte saturated 

the different fractions of the rocks where present in large 

amounts, as indicated in the X. R. D. and transmitted light 

identifications in Appendices B. 1. and B. Z. It was concentrated 

in the heavy liquid fractions in many cases, in accordance with 

its high density '. Baryte was seen to occur in several 

different forms within the rocks of the field areas: - 

1) Single crystals of baryte between clastic grains. These 

were light to dark grey in colour, lath-shaped, well-cleaved 

(cleavages at 800 to each other) and euhedral in section. 

Plate 3.19. shows a typical baryte lath in a mineralised sand- 

stone from Alderley Edge. The laths varied in length from a 

half to two millimetres, and were found to be either sporadic 

or highly concentrated within the rocks - ref 1 acted in the grade 

of baryte mineralisation. Baryte in this form generally 

occupied from 1 to Yo of the voids present in the host rocks, 

producing grades of up to 
. 
5% (by volume). 

2) Rosettes of baryte within the mineralised rocks. These 

consisted of radiating crystals of euhedral, lath-shaped baryte 

radiating from a central nucleus, which was occasionally formed 

from elastic grains. The rosettes enclosing clastic grains 

varied from .1 to 1 centimetre in diameter, and also varied in 

shape. Baryte crystals were found to be elongated along the 

radii of the rosettes, indicating directional growth. The 

baryte was of the same optical properties and crystal form 
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Plate 3.19. ßaryte lath in association with galena in a 

mineralised Engine Vein Conglomerate from Alderley Edge 

Plate 3.20.13raryte cementiri: r ar a_z rains containing _ came 

pyrite in a mineralised Engine Vein Conglomerate from Alder.. l 

Edge ( reflected light ,X 
80 

_). 

4= Quartz 
, G- Galenn 

, I' =- 1'vri te 
, Fj11 - 13arý te. 
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described previously. 

3) Cements of baryte were common within the rocks from the 

four field areas. They represent void infillings and enclosed 

clastic grains. The baryte laths did not show any apparent 

directional growth in such cases, and were up to one milli- 

metre long. The cements were generally sporadic within the 

rocks, and terminated against other void infillings of metallic 

minerals. Plate 3.20. shows ba, ryte cementing quartz grains 

containing pyrite in"a mineralised rock from Alderley. 

4) Veins of baryte were also found in samples from all the 

field areas. They consisted of euhedral laths of baryte that 

formed in the direction of veining and occasionally enclosed 

clastic grains. The size of the baryte laths was depen- 

dent on the grain size of the rocks. Plate 3.21 shows 

vein material in association with chalcopyrite. 

These forms of baryte were recognised throughout all the 

rocks of the four field areas. The baryte in all cases showed 

the same form and physical characteristics, the only variations 

being the size of the laths and the direction of crystal growth. 

Several textural relationships were noted within the 

mineralised rocks: - 

1) Baryte cements were occasionally associated with early 

carbonate cements ( Plate 3.12 ) and may have been formed 

during diagenetic or postdiagenetic events. 

2) Several generations of baryte mineralisation were detected 

in the rocks; these were interspersed between the metallic 

mineralisation episodes. ' 

3) Baryte cements enclosed clastic grains showing hematite rims, 

indicating that the mineralisation was of a later origin. 



Plate 3.21. B<3 to vein material containing c1ia1co rite iri 
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4) Baryte mineralisation was occasionally associated with metallic 

sulphides in the void spaces of the rocks , indicating the 

relationship between permeability and mineralisation. 

5) Plates and rosettes of baryte occurred in low-grade mineral- 

isation zones, while cements and veins were related to higher- 

grades of mineralisation. 

Magnetite-Hematite 

Although magnetite grains may have been introduced into the 

sediments as detrital grains, both magnetite and hematite 

formed as later replacements of the mineralisation. Three forms 

of magnetite and hematite were recognised in the rocks : - 

1) Zoned infillings of magnetite and hematite in baryte cements; 

these may represent complete replacements of primary sulphides, 

or may themselves be of a primary origin. It is suggested that the 

hematite is a later replacement of the magnetite. 

2) Magnetite cements were found to enclose quartz grains and 

sulphide minerals ; this is shown on Plate 3.24, and suggests 

that the cement formed after thesulphides , possibly replacing 

them. 

3) Magnetite and hematite were found to replace sulphide minerals 

such as galena and chalcopyrite. This feature is shown on Plates 

3.22 , 3.23 and 3.25 , all of which are seen in separated material. 

The results indicate that some phase of replacement of 

primary sulphides ( related to the main phase of sulphide miner- 

alisation) by iron oxides has taken place. The features shown 

in statement 3 may be a partial representation of statement 2. 
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Plate 3.23. Zoned magnetite containi. n2 chalcopyrite 

in a magnetic separate of an F. nginc., vein Conýjlomeratc 
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It is possible that the magnetite and hematite 

replacements were formed by supergene processes in an 

oxidative environment, postdating the mineralisation events. 

PPrite 

Subhedral crystals of pyrite were observed in the 

mineralised rocks in several different situations: - 

1) Pyrite was found as subhedral crystals overgrowing 

previously-formed and fractured magnetites within baryte 

cements. The pyrite grains were up to half a millimetre 

wide in some cases. 

2) Pyrite was observed in baryte cements as subhedral 

crystals and disseminations; this may be part of the 

main baryte-sulphide mineralisation phase. 

3) Isolated, subhedral grains of pyrite were found in 

the West Mine Sandstones from Alderley Edge ; it is possible 

that these were later replaced by limonite to produce the 

feature shown on Plate 3.6. 

Chalcopyrite 

Chalcopyrite was found in many different situations 

within the rocks : - 

1) In association with baryte , as shown in Plate 3.21; 

in this case , the chalcopyrite may have replaced some 

of the baryte along fractures. 

2) As primary void infillings, forming mineral cements 7 

this is indicated in Plate 3.17, where the primary 

chalcopyrite has been replaced partially by covellite. 
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Plate 3,25. Galena being replaced by zoned magnetite in 

a heavy li_quid separate of an Engine Vein Conglomerate 

from Al Acrlcv t 1 G"? 

PLL. i__ . 26. Zoned magnetite c(i, i tcopyrite overgrowths 

in a baryte cemented Engine Vein Conc1ý omerate from ALLrlo 
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Plate 3.27. Pyrite in baryte 
, with a magnot. i to cement in an 

Enj ne Vein Conglomerate from Alde_rl Edge ( reflected light, 

x 150 ) 

Plate 3.28. Chaicopyritf.: bcingrc lac ýci by covellite in a 

baryte cemented Engine Vein Conglomerate from Alderley Edge 

( reflected light ,X 100 ). 

Q= Quartz 
, Ba = Baryte 

, MA = Magnetite 
,P= Pyrite CP 

Chalcopyrite , CO = Covellite. 
, 



186 

3) As primary sulphide cements that were subsequently 

replaced by covellite ( Plate 3.28) and magnetite ( Plate 

3.22) of probable secondary and supergene origins. 

4) As overgrowths in zoned, fractured magnetites cemented 

by baryte , as indicated in Plate 3.26. 

The results suggest that chalcopyrite formed at many 

different stages in the rocks' history , as void infillings 

relating to the main period of sulphide mineralisation 

and possibly as later growths in zoned magnetites. 

Chalcocite 

The mineral was recognised in the Alderley Edge 

samples only , forming a secondary sulphide that occas- 

ionally replaced previous ( primary ) copper sulphides. 

It occurred as microcrystalline and crystalline patches 

on the edges of the primary sulphides. 

Covellite 

This mineral was only recognised in the Alderley 

Edge samples as replacements of primary copper sulphides. 

It is probably a secondary sulphide , and can be seen 

replacing chalcopyrite in Plates 3.17 and 3.28 , forming 

patches on the edges of the sulphide. In some cases , 

it was found to replace pyrite and other sulphides. The 

mineral was also found in association with chalcocite, 

both being secondary sulphides. 

Galena 
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Plate 3.29. Galena and pyrite being replaced by covellite 

in an Engine Vein Conglomerate from Alderley Edge 
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Galena was found in the Alderley Edge samples as 

one of the major sulphides formed within the main mineral- 

isation episode. It formed within void spaces in the rocks 

as mineral cements , showing coarse , well-developed 

crystals . It was found in association with baryte cements, 

as indicated on Plate 3.30 ; this indicates the dependence 

of both forms of mineralisation on the permeability of the 

host rocks . In many cases , galena was seen to be part- 

ially replaced by magnetite of a later origin ; this is 

shown on Plate 3.25. Galena was also seen to be partially 

replaced by covellite , as shown on Plate 3.29. 

Sphalerite 

Small concentrations of sphalerite were recognised in 

the Alderley Edge samples , forming cements in voids in the 

host rocks; it generally occurred in galena-rich rocks. 

Plate 3.31 shows chalcopyrite being replaced by sphalerite; 

this may indicate that the Zn phase of mineralisation post- 

dated the Cu-rich phase of mineralisation, and some zoning; 

this relationship may only be true if the chalcopyrite in the 

plate was part of the same mineralisation episode. 

Bornite 

Bornite was found to occur as a secondary mineral, 

occurring as replacements of the main Cu-Pb-Zn sulphides as 

small crystalline patches and blebs. In this respect it 

was present in the samples in small quantities on 
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Plate 3.31_ Chalcopyrite being replaced by sphalcrite 

in an Engine Vein Conlomc. rate from silderleEdg<' 

reflected 1 (411t X 100 ) 

SP = Sphalerite , Cp = Chal. copyri_te Q Quar t x_. 
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the edges of the aforementioned minerals, showing replacement 

textures. 

Malachite 

Malachite was found to occur as green, amorphous to micro- 

crystalline patches within copper-bearing rocks from the field 

areas. It was abundant around sulphide grains of a detrital 

origin, and on the edges of mineralised areas in the rocks. 

Due to its low crystallinity, its form and characteristics were 

not apparent in the rocks, being more distinguishable in hand 

specimens, as indicated in Appendix A. 

Other Minerals 

Other minerals were recorded in the X. R. D. and transmitted 

light microscopy results shown in Appendices B. l. and B. 2. 

They were not recognised in sectioned material, being either 

absent or amorphous. The minerals are generally secondary and 

supergene enrichment products resulting from the mineralisation. 

The results from the mineral identifications indicate that: - 

1) Baryte was common within the host rocks from the field areas, 

and was present in many different forms. It occurred as an 

early phase of mineralisation, forming mineral cements, and 

was found in association with carbonate, cements.. 

It also occurred as a later phase of mineralisation associated 

with sulphides of iron and copper 

2) Magnetites appear to have formed later replacements 

of the primary sulphides of Cu-Ni-Fe-Pb and Zn , 

producing replacement textures. The hematite may have 

been produced as a later alteration product of the 

magnetites by supergene processes. Magnetites, also 

formed cavity infillings within the baryte cements 
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these may represent total replacement of original 

sulphides within the baryte , or may be of a later, 

primary origin , resulting from remobilisation of iron 

in an oxidative environment. Titanian magnetites and 

magnetites also formed replacement textures in rutiles 

and ilmenites 
, possibly associated with changes in 

the Fe-Ti geochemistry at an early stage in the events. 

3) Pyrite appears to have formed in conjunctions with' 

baryte mineralisation , possibly related to the main 

sulphide events , and also formed late stage develop- 

ments in magnetite grains , overgrowing fractures. 

4). Chalcopyrite formed part of the main sulphide min- 

eralisation within void spaces , and possibly in assoc- 

iation with baryte ; it also formed late stage overgrowths, 

in magnetite grains. 

5) The main period of mineralisation was associated with the 

formation of Pb-Cu-Zn sulphides and baryte , forming cements 

in the voids of the rocks. 

6) Secondary sulphides ( covellite and bornite ) formed as 

replacements of the main sulphide minerals. 

7) Supergene products , dominated by oxides , carbonates, 

chlorides , sulphates, arsenates and phosphates formed from 

remobilisation of the existing minerals. These were not found 

as crystalline concentrations in the polished materials. The 

components may have been partially derived from groundwaters. 



3.4.3. Tentative Paxagenetic Sequence 

The paragenetic sequence for the mineralisation 

within the rocks at Alderley Edge is indicated in Fig. 3.2. 

The events are based on the data presented previously 

for samples from the Alderley Edge area only. Further 

work on new material from the area may elucidate the 

results presented in this work. 

3.5. FLUID INCLUSICH STUDIES 

3.5.1. Introduction 

When crystals form in a fluid medium by either primary or 

secondary processes, small portions of the medium may be trapped 

within the crystals that are forming. Thus, liquid, solid and 

gaseous components may be recognised in 'fluid inclusions. ' 

Many different processes result in the formation of new crystals, 

such that several different generations of inclusions may be 

recognised in one rock. Inclusion studies therefore indicate 

the various processes that have affected the rock during its 

history. In many cases, original inclusions may be destroyed 

by subsequent events and also remodified, thus, it is necessary 

to utilise all the available data when interpreting the results 
i from fluid inclusion studies. A brief resume of fluid in- 

clusions and their study has been presented by Roedder (1967). 

Great care must be taken therefore when considering the meaning 

of any inclusion data. 

Fluid inclusions have been recognised in minerals since the 

nineteenth century, when workers such as Sorby (18,58) and 

Zirkel (1876) noted their presence in salt; since then, the 
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Figure 3.2. Tentative paragenetic sequence of the major 

ore minerals at Alderley Edge. 

Mineral 

Baryte 

Magnetite 

Pyrite 

Chalcopyrite 

Galena 

Sphalerite 

Chalcocite 

Covellite 

Bornite 

Hematite 

Malachite 

L 

f 1 
3 

... _ 

A 

where A= Late diagenetic 

B= Early mineralisation 

C= Late mineralisation 

D= Supergene enrichment 

Cp 
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study of fluid inclusions in minerals has developed into a 

specific field of science. It is now possible to extract diff- 

erent types of data from inclusions. Three types of data can 

be derived from studies: - 

1) Chemical data - the composition of fluids and gases within 

the inclusions can be determined by plasma and laser techniques. 

2) Physical data - such as melting and freezing points of the 

constituent components. This work is carried out on heating 

and freezing stages at relatively high magnifications. 

3) Optical data - using high powered transmitted light 

microscopes and electron-optical microscopes, inclusions of one 

micron in diameter may be studied, and their shape, size and 

components identified rapidly. 

The latest developments in fluid inclusion studies were 

reported in a series of papers at Durham University (Evans - 

1977) in which laser and electron-microscope studies of fluid 

inclusions were reported and their uses illustrated. 

Thus, large amounts of data may be derived from the study of 

inclusions in crystals and minerals. It is important therefore 

to outline the objectives of the study before commencing research, 

so that the methods available may be estimated in respect to the 

data required. The following objectives were therefore defined 

for the fluid inclusion study on malachite, azurite and baryte 

from the Cheshire Basin and the Copper Belt (S. Africa): - 

1) To assess the methods available for the study of fluid 

inclusions in the three minerals under investigation. 

2) To report the presence, form and types of fluid inclusions 

in the three minerals from Cheshire Basin samples. 

3) To collect evidence regarding the origins of the mineralis- 
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ation in the Cheshire Basin. 

3.5.2. Methods Of Identification 

Some fifteen crystalline samples of malachite, azurite and 

baryte from Nchanga Mine in the Copper Belt, and the Cheshire 

Basin were used for the initial survey of the methods of study 

available for fluid inclusion identification in such minerals. 

The following methods of identification were tested on the 

samples: - 

1) Fragments of the three minerals were crushed by hand to a 

fine particle size (approximately 140 microns in diameter). The 

powder was then immersed in refractive oils of appropriate 

refractive indices and then studied under high magnifications 

(over 100 magnification) on a transmitted light microscope. 

The fine grain size and homogeneous nature of the powder enabled 

inclusions to be identified throughout the whole of the particles; 

inclusions within the particles were identified easily and 

rapidly by this technique. The main advantage to this technique 

was the lack of sample preparation. 

2) Thin sections of malachite, azurite and baryte were prepared 

by Mr. B. Foster and Miss E. Morris at Imperial College Geology 

Department. Fluid inclusions within the slides were identified 

easily by this technique, however, several disadvantages are 

induced by this method of study: - 

a) Cnly a small area of material can be scanned compared to the 

latter method, where large quantities of material can be crushed 

and scanned. 

b) More sample preparation is needed to produce the sections, 

and more time is needed for the study. 

3) Fluid inclusion slabs were prepared from crystalline material 
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by Mr. B. Foster, and Miss E. Morris at Imperial College Geology 

Department. The slabs were studied under transmitted light 

microscopes and again revealed the presence of fluid inclusions 

in all the minerals. This method of study has the same dis- 

advantages as the previous method. 

4) Crystals of Malachite were broken and then coated in graphite 

in order to look for fluid inclusion 'pits' along the fracture 

planes under the Scanning Electron Microscope at magnifications 

up to 5000 times. Although possible 'pits' of former 

inclusions were found, the results did not warrant the prep- 

aration time and use of the S. E. M. 

As a result of the investigations, it was found that: - 

1) All the methods were useful for identifying fluid inclus- 

ions in malachite, azurite and baryte. 

2) Crushed samples in refractive index oils studied under a 

transmitted light microscope proved to be a rapid, effective 

and simple method of identifying the presence of fluid inclus- 

ions. This method would be useful as a preliminary survey 

for fresh materials. 

3) Fluid inclusion slabs and thin sections proved to be effect- 

ive in identifying inclusions, but they have the disadvantages 

stated previously when compared to the latter method. They 

are invaluable for carrying out physical and chemical tests on 

specific inclusions -a feature that could not be contemplated 

with the former method. 

4) The study of fluid inclusion 'pits' in fractured crystals 

under the S. E. M. was not found to be an effective method of 

study, although it may prove more useful with other minerals. 

3.5.3. Fluid Inclusions In Malachite And Azurite 
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A) Samples From The Copper Belt 

All the fluid inclusions recorded were homogeneous, one 

phase inclusions, indicating that their temperature of form- 

ation was approximately 100°C or less (Pers. Comm. A. Rankin - 

1978). 

B) Samples From The Cheshire Basin 

Unfortunately, no crystalline samples from the Cheshire 

Basin deposits could be obtained for study. 

3.5.1. Fluid Inclusions In Baryte 

All the baryte samples studied were derived from the 

Cheshire Basin deposits. The inclusions recorded from the 

samples were homogeneous, one phase types, indicating that 

they formed at 100°C or less (Pers. Comm. A. Rankin - 1978). 

From the study, the following results were obtained: - 

1) Fluid inclusions can be studied in crystalline samples of 

malachite, azurite and baryte. 

2) Numerous techniques can be employed to study the inclus- 

ions. The efficiency and uses of the various methods have 

been denoted previously. 

3) Fluid inclusions in malachite and azurites from the Copper 

Belt indicated temperatures of formation of less than 100°C. 

4) Fluid inclusions in baryte from the Cheshire Basin indic- 

ated temperatures of formation of less than 100°C. 

Due to the fact that all the inclusions were one phase 

and homogeneous in nature, no other tests were performed. The 

results indicate that more samples are needed for study, and 

that it may be a useful technique to use when considering the 

origins of the mineral deposits. 

The author wishes to thank Dr. A. Rankin for his expertise, 
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knowledge and supervision of the study, and King's College for 

providing the crystalline samples of malachite and azurite. 

3.6. DISCUSSION OF MINERALOGICAL DATA 

The data will be systematically discussed in relation to 

the objectives defined previously: - 

1) The Mineralogical Composition Of The Host Rocks 

The host rocks from the four field areas contained the 

following host-rock minerals: - 

1) Major minerals - quartz. 

2) Minor - trace minerals - micas (muscovite, biotite with some 

chlorite and sericite), feldspars (orthoclase, microcline, 

plagioclase - albite to andesine). 

3) Heavy minerals - tourmaline, rutile, zircon, epidote, garnet 

and ilmenite. 

4) Opaque minerals - magnetite, hematite, rutile, ilmenite, 

chalcopyrite, pyrite, galena, sphalerite and titanium magnetite. 

These minerals were recognised by workers such as Atly (formerly 

Harris - 1924,1926), Fleet (1923), Poole and Whiteman (1955), 

Thompson (1966) and Fitch, Miller and Thompson (1966). The 

results indicate that quartz was the main detrital component of 

the sediments, being present as reworked and fresh material. 

The presence of fresh material was also indicated by the grains 

of feldspars and micas. Mature minerals were introduced in the 

form of the heavy minerals. Finally, sulphide minerals 

were introduced from the sedimentary source area containing 

mineralisation in the form of inclusions in quartz. ? 

Thus, the sediments present in the four field areas are 

composed of a predominantly mature component of quartz and 

heavy minerals, with a fresh component of micas and feldspars. 
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Such material may have been derived from sedimentary rocks 

within the source area. One major point to be noted, is that 

sulphides were introduced into the sediments, indicating that 

mineralisation had taken place within the source area. 

The mature component of the sediments is a result of deposition 

by fast-flowing rivers, hypersaline lagoons, and winds within 

terrestrial basins, such that transportation of material was 

prolonged, and weathering extreme; this resulted in the decomp- 

osition of mineral grains, and sorting of the material. Thus, 

the most-resistant minerals were deposited in the sediments. 

The immature or fresh component of the sediments must have been 

derived from local sediment input, in which, little weathering 

and transport were encountered. 

2) Events Prior To Mineralisation 

The events prior to mineralisation within the host rocks 

are relatively distinct: - 

1) Quartz pressure-solution took place in the sediments during 

compaction and diagenesis prior to hematite rim formation. 

2) Hematite 'rim' formation took place within the sediments 

after deposition; the detrital grains were enclosed in a thin 

film of hematite, forming red-beds. The grey members of the 

field areas were not found to contain hematite 'rims'. 

3) Carbonate cements were formed prior to mineralsation and 

after hematite rim formation. The cements were dominated by 

Fe-rich components; this may be connected to the presence and 

availability of iron during diagenesis, and the formation of 

hematite rims. The iron may have been derived from the original 

iron silicates and oxides introduced during deposition. 

4) Titanium -" magnetites replaced ilmenite and rutile grains 
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of a detrital origin; this process may again be related to the 

hematite rim formation and red bed processes. 

Although the diagenetic features have been slightly 

investigated by workers such as Waugh (1970a, 1970b, 1978) they 

have not been related to a sequence of events that have affected 

the rocks within the basin; mineralised areas have not yet been 

considered in this respect. 

3) Minerals And Textures Resulting From Mineralisation 

The. following minerals were recognised in the host rocks 

as being derived from the mineralisation processes: - 

1) Baryte - this occurred as early cements '( occasionally in 

association with carbonates)., and as part of the major 

mineralisation phase in the form of cements, impregnations, 

rosettes, veins and plates. 

2) Magnetite and hematite occurred as small void infillings 

within baryte cements. ( late stage ); they also formed 

replacements of the major sulphide minerals at a later stage 

in the rock's history. 

3) Pyrite and chalcopyrite formed early disseminations and 

crystals within baryte and also occurred as major minerals 

associated with the main mineralisation events. 

4) Sulphides of Pb-Zn-Cu formed the main mineralisation within 

the rocks from Alderley, Edge, but were not present in the other 

field areas; they were formed as cements and void infillings 

in association with baryte. 

5) Secondary sulphides of copper replaced the primary sulphides, 

producing replacement textures. 

6) Supergene altnra tiön prcductS th the form of carbonates, 

oxides, vanadinates, sulphates, arsenates and chlorides were 
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observed in the samples from Alderley Edge. Small amounts of 

such minerals were recorded in samples from the other field 

areas, being derived from the detrital metals in clastic grains. 

The minerals present in the four field areas have been 

recorded by such workers as Mohr (1964), Warrington (1980), 

Cheswprth (1960), Ibrahim (1967), Carlon (1975) and Eagar and 

Broadhurst (1959). They indicated the same minerals, but did 

not relate the results to mineralisation events, nor did they 

indicate the paragenesis of the mineralisation. 

The results indicate that baryte was the most predominant 

form of mineralisation in the rocks, occurring extensively in 

all the areas in many different forms, both macrographically 

and microscopically, The baryte formed at several different 

stages in the rocks'history, however, it was totally dependent 

on the void spaces within the host rocks. Early baryte mineral- 

isation occurred with carbonate minerals , within the host 

rocks (a true dating of this was not obtained from the results); 

later mineralisation occurred in association with Pb-Zn-Cu 

sulphides at Alderley Edge. Magnetite and other iron oxides 

appear to have formed in several distinct situations in the'. 

rocks-, -as cements with baryte, and as replacements of 

primary sulphides; the presence of iron minerals in many differ- 

ent phases of the rocks' history indicates the predominance of 

iron in the rocks, and the ease with which it is remobilised. 

Sulphides form the major mineralisation within the Alderley 

Edge samples. They do not appear in the other field areas, 

suggesting that the Alderley Edge mineralisation is different 

from the others. The sulphide minerals formed in voids within 

the host rock and were associated with baryte mineralisation. 
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They are based on Pb-Zn-Cu(- the same minerals and metals intro- 

duced as detritus within the sedimentary pile); this suggests 

that the original host-rock components may have been remobilised 

and redeposited in concentrations within suitable traps. The 

baryte association with metallic mineralisation may indicate 

that all the minerals were deposited as several 'stages' of 

development from a Ba-Cu-Pb-Zn-Fe rich fluid containing amounts 

of various, different "anions ." The sulphide minerals 

appear to have formed in a zonation of . 
Cu-F'b -2ti indicating the 

relative susceptibility to deposition in the form of sulphides, 

and the relative stability of the metals in the mineralising 

fluids. 

The supergene products of the mineralisation were dominated 

by carbonates, oxides and sulphatesf this may be due to the 

oxidising potential of the supergene environment, the unstability 

of the metals in an oxidising environment and the presence of 

carbonates within the rocks that remobilise to form supergene 

minerals. The amount of carbonate present in the rocks as early 

cements would enable subsequent solutions to dissolve carbonates 

and redeposit them as metallic minerals. Thus, the mineral- 

isation has been altered and subjected to carbonate and oxide 

mineral formation. 

Although the actual mineralising and subsequent supergene 

enrichment processes have been indicated in this text, they 

4 

still remain unexplained; no other workers have attempted to 

explain such processes or present relevant data and theories; 

this work therefore presents a basis for- future research. 

Origins And Features Of The Mineralising Fluids 

Several distinctive features of the mineralising fluids 
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may be derived from the data: - 

1) The mineralisation represents a 'low' temperature association. 

2) Ba-Cu-Pb-Zn-Fe-Mn must have been represented in the mineral- 

ising fluids, although their form is not known. 

3) A type 
. of sulphate component must have been present in 

the fluids. 

4) The minerals deposited in the sedimentary pile may have 

supplied the small quantities of metals present in the deposits. 

5) The supergene alteraticri by carbonate minerals may have been 

derived from fluids containing dissolved carbonate supplied by the 

early diagenetic carbonate cements. 

6) The oxide assemblage indicates that a highly oxidative 

solution must have formed the supergene minerals. 

7) Other exotic minerals that represent part of the supergene 

assemblage may have been partially derived from trace metals and 

ions, within the original mineralisation, or from components of 

the host rock. 

5) Tentative Paragenetic Sequence 

The tentative paragenetic sequence presented previously has 

not been attempted by other workers, and cannot therefore be 

directly compared to other studies. It is suggested, however, 

that the mineralisation events in the host rocks were part of a 

continual sequence of events, and that only the conditions pre- 

vailing in the Alderley Edge area allowed the maximum development 

of this sequence; in the other field areas, part of the sequence 

was completed, but conditions at the time did not allow the 

deposition of the metallic sulphide components. The features 

of such events will be discussed at a later stage in Chapter 5. 

3.7. C ONC IUS I ONS 
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a) The Host Rock Minerals 

The host rock minerals directly introduced into the 

sedimentary pile were as follows: - 

1) Major minerals - quartz. 

2) Minor and trace minerals - feldspars (orthoclase, plagioclase 

- albite to andesine, microcline), micas - muscovite - biotite. 

3) Heavy minerals - tourmaline, rutile, ilmenite, zircon, 

epidote, apatite, garnet and magnetite. 

4) Opaque minerals - ilmenite-rutile, magnetite, hematite, 

chalcopyrite, pyrite, galena and sphalerite. 

b) The Events That Took Place In The Rocks Prior To Mineral- 

isation Were: - 

1) Quartz pressure solution - during diagenesis. 

2) Hematite 'rim' formation during and after burial - to form 

red beds. 

3) Carbonate cementation - forming Fe-rich carbonate minerals. 

4) Replacement of ilmenite and rutile grains by tilanium- 

magnetite, and the replacement of magnetites by hematite, 

c) Mineralisation Events 

1) The formation of baryte cements ( possibly associated 

with early carbonate cements in void spaces. 

2) The major period of sulphide formation, producing 

Pb-Zn-Cu sulphides in association with baryte minerals 

in the remaining void spaces. 

3) The formation of secondary sulphides that replaced the 

primary minerals. 

4) The formation of supergene alteration products , 

forming oxides , supihates , carbonates , phosphates, 

vanadinates , chlorides and arsenates. 
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d) Origins And Features Of The Mineralising Fluids 

1) The fluids were of a low temperature ( probably less 

than 100°C ) 

2) The major metals contained in the fluid were Fe-Cu- 

Ni-Pb-Zn-Co-Ba 

3) The major anions in the fluids were probably SO4 and 

C03-. 

4) The cations present in the fluids could have been 

leached from detrital components in the sediments after 

deposition and diagenesis. 

5) Carbonates present in the rocks as cements may have 

provided a source for later fluids in the supergene 

environment. 

6) Similar fluids may have formed all the deposits in the 

Cheshire Basin , however, different environments at the 

sites of deposition may have influenced the formation of 

different assemblages. 



CHAPTER 4: GEOCHEMISTRY OF THE MINERAL DEPOSITS IN THE 

CHESHIRE BASIN 

4.1. INTROIXJCTION TO GEOCHEMISTRY 

4.1.1. Introduction 

Multielement geochemistry was used to determine the chemical 

composition of 175 rock samples collected from mineral deposits 

at Hawkstone Park, Alderley Edge, Grinshill and Peckforton. 

I. C. P. (Inductively - Coupled Plasma) and A. A. S. (Atomic Absorp- 

tion Spectrometry) were used to analyse the crushed and digested 

rock samples. The results were statistically analysed in order 

to show: - 

1) The average element contents of the rocks from the four areas. 

2) Correlation coefficients between the constituent elements. 

3) Geochemical variations within and between the samples from 

the four areas. 

The results were used to outline: - 

1) Geochemical variations of the mineralisation on a regional 

and local scale. 

2) The economic potential of the deposits. 

3) The origins of the mineralisation. 

The samples used for the geochemical analyses were also used 

for the mineralogical studies (Chapter 3) and have been system- 

atically described in Chapter 2. 

One of the major problems with the geochemical programme 

was the lack of published work; very few workers have dealt 

with the geochemistry of the Triassic rocks in the Cheshire Basin. 

The Alderley Edge area has been subject to several studies 

during the last decade, however, the majority of these have 

concentrated on reviewing the occurrence of the mineralisation 
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and the fault patterns. Ibrahim (1967) produced a geochemical 

study of the mineralisation at Alderley Edge; in this, he 

tended to concentrate on the distribution of the base metals, 

paying little attention to the trace metals and the non-metallic 

mineralisation. He also attempted a mineralogical and local- 

ised geochemical survey of the Engine Vein deposit, investigat- 

ing. the Pb-Zn-Cu levels in the mineralised horizons. Although 

the work presented new geochemical information it did not 

enable any conclusions to be forwarded with regard to the 

regional geochemistry of the deposits. 

Chesworth (1960) completed a detailed geochemical survey 

of the subsoils at Alderley Edge, defining the Cu-Pb-Zn contents 

in the soils over the mineralisation in the rocks. Using 

colimetric techniques, he found that the metal contents of the 

subsoils could be directly related to the underlying mineral- 

isation. The work also indicated that the mineralisation was 

concentrated along fault zones, although two anomalies were 

detected in areas not known to contain underlying faults. 

Unfortunately, the study did not extend beyond the base metals, 

and no trace elements were considered. 

Mohr (1964) produced a small geochemical study of the 

mineralised sandstones at Alderley Edge, providing multi- 

element analyses for nine samples. He also produced a number 

of geochemical analyses for mineralised rocks in the Permo- 

Triassic deposits of Germany. He concluded from the study 

that the vanadium contents of the mineralised sandstones were 

relatively low, except where high molybdenum and calcium 

induced high vanadium contents. 

Other works that have considered the Permo-Triassic mineral 
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deposits from a geochemical aspect have been broadly based. 

Carlon (1975) studied the geochemistry of some British baryte 

deposits; he noted the presence of baryte and base metal 

mineralisation in the Cheshire Basin, and attempted to explain 

their origins. He also carried out extensive work on the 

geochemistry of Ba and Sr in order to produce a series of 

conclusions relating to the Sr contents of the baryte; from 

these he was able to suggest that the Ba/Sr ratios were useful 

indicators of the origins of the deposits, but was unable to 

produce a theory for the overall formation of the deposits. 

Unfortunately, he did not produce extensive multielement 

geochemical results. 

Davies (1971) produced a regional geochemical study of 

the stream sediments from the Permo-Triassic rocks of the 

Midlands. This was an extensive survey carried out in con- 

junction with the Geochemical Atlas Survey of England and 

Wales at Imperial College. The results provide useful inform- 

ation on element associations relating to the host rock litho- 

logies and will be used on a comparative basis at a later stage. 

The works mentioned above represent the most recent geo- 

chemical studies that have been completed on the mineralisation 

in the Permo-Triassic rocks of the Cheshire Basin. It is 

evident that a multielement, geochemical study of the mineral 

deposits would be extremely useful in filling the large gap 

that exists in this field. 

4.1.2. Sample Preparation 

All the rock samples were crushed to a particle size 

corresponding to a 100 mesh sieve size using Blake jaw 

crushers, tema and ball mills. After crushing, the samples 
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were homogenised using mechanical shakers. The resultant powder 

was used for the geochemical analyses. 

4.1.3.1. Hydrofluoric (H. F. ) /Nitric / Perchloric Acid Attacks 

For Multielement Analysis By I. C. P. 

This is a standard attack used in the Imperial College 

Geochemistry Department and was employed for the following 

reasons: - 

1) The attack removes all silicate material present as either 

quartz or chain silicates. 

2) The strength of the attack ensures complete digestion 

of the crushed rock sample. 

The digestion involved the following preparation: - 

1) *25g 
t Olg of homogeneous rock powder was weighed into a 

teflon beaker. 

2) 8- 10 ml_. of conc. H. F. (A. R. ) were added followed by 3 ml- 

of conc. nitric and 3 ml. of conc. perchloric (A. R. ) acids. 

3) The mixture was heated at 140°C until only 2 ml. of 

solution remained. After cooling, 2 ml.. of H. F. were added 

and heating was resumed at 140°C until dryness. 

4) 2 ml. of perchloric acid were then added to the residue and 

heating was continued at 200°C until complete dryness. 

5) At this point the acid attack was complete. 

6) The residue was dissolved in HCL (A. R. ) and then made up to 

final volume with distilled water. (The amount of HCl used is 

such that the final matrix is one-molar with respect to the acid. ) 

The only disadvantage with the digestion was that Ba and Sr 

were occasionally precipitated as a white solid when diluting to 

final volume. The solid was analysed by X. R. F. and was found 

to consist of Ba and Sr only; it appears that these two metals 
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are precipitated as the chloride salts when the concentrations 

are high. The results indicated that the method was not 

suitable for analysis of Ba and Sr. In all, sixteen elements 

were analysed in the final solutions; these were - Mn, Co, Ni, 

Zn, Cu, Pb, Li, Al, K, Na, Mg, Ca, Ti, V, Be and Fe. 

4.1.3.2. The Determination Of Ba And Sr By A Combined 

Ethyldiamine Tetra Acetic Acid (E. D. T. A. ) / Potassium Hydroxide 

(K. 01f. ) Attack 

This method of attack determines the amount of Ba and Sr 

present as their respective sulphates - baryte (BaSO4) and 

celestite (SrSO4). Further research suggests that 'loose' Ba 

and Sr held by clay minerals may also be leached out. (Per. 

Comm. M. Wheatley - 1979) together with some carbonate. The 

attack does not apparently leach out Ba from the feldspar 

mineral - selcian. Original work on the method was done by 

R. Andrews (Per. Comm. - 1979), for evaluating gossans; this 

was based on the following method: - 

1) 0.1 g of homogeneous rock powder was weighed into a 50 ml 

conical flask. 

2) 10 ml. of combined E. D. T. A. /K. CH. reagent were added and 

the mixture heated at 90°C ± 5°C for one hour. 

3) The solution was cooled and made up to final volume with 

distilled water. 

4) The final solution was left to stand for several hours before 

analysis by A. A. S.; this minimised the possibility of clay 

particles blocking the nebuliser. 

The method was found to be efficient for concentrations 

up to 300 ppm only. In effect, the sample weight/reagent ratio 

can be altered to allow any concentration of Ba and Sr to be 
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analysed. 

The effect of heating to various temperatures over 

different time periods was also considered in relation to Ba 

uptake in the solutions. It was found that the time of 

leaching did not affect the amount of Ba in the final solutions 

after one and a half hours. The temperature was found to be 

critical in determining the amount of Ba uptake however. 

Samples leached at temperatures over 100°C proved unreliable 

due to loss of the solution by evaporation; this did not 

directly influence the Ba uptake, but influenced the amount of 

leachate available for the leaching process, thereby reducing 

the amount of Ba in the final solutions. At temperatures 

below 90°C, the loss of Ba in the final solutions was also 

considerable due to poor Ba uptake, giving rise to spurious 

results. The effect of heating samples at 50°C and at 90°C 

for one and a half hours is indicated on Figure 4.1. The results 

indicate a large loss of Ba at different concentrations when 

heated at the lower temperature and the optium conditions for 

the leaching process were one and a half hours at 95 0C+ 50C. 

A further problem encountered with the digestion was Ca 

uptake into the solutions; this resulted in Ca interference 

on analysing for Ba and Sr when the Ca/Ba ratio was higher than 

2/1. The Ca was leached from any carbonate material present 

in the rock. To compensate for the high Ca, two different 

techniques were employed: - 

1) By using a diammonium E. D. T. A. /ammonium hydroxide reagent, 

Ba was selectively leached at the expense of Ca. The only 

disadvantage with this method is that the digestion takes two to 

three hours. 
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2) Ca was removed prior to the E. D. T. A. /K. OH. attack using 

acetic acid. 10 ml. of 25% acetic acid were added to the 

sample, which was then shaken and centrifuged. The residue was 

then placed into the conical flasks and the normal digestion 

continued. The only disadvantage with the method is that Ba 

may be lost on transferring the residue to the conical flasks. 

Cnce the methods had been optimised, they proved very 

efficient and rapid in producing results. 

4.1.4. Methods Of Analysis 

The solutions from the combined acid attacks were analysed 

for sixteen elements on the I. C. P.; this is used as a spect- 

roscopic emission source and is similar to a flame source, the 

main difference being the way in which excitation temperatures 

are reached. The I. C. P. consists of an electrical flame pro- 

duced by inductively coupling radiofrequency energy into a stream 

of gas. Most units operate as optically thin spectroscopic 

sources at temperatures of 7,000 to 10,000oK. The high temper- 

atures result in intense and interference-free atomic and ionic 

emissions of the constituent elements of the analytes. When 

they are introduced into the plasma core, submicrogram and 

subnanogram detection limits are attained for almost every element. 

The solutions from the combined alkali attacks were analysed 

on a Perkin Elmer 403 A. A. S. Standards of BaSO4 and SrSO4 were 

prepared in E. D. T. A. / K. OH. matrices for calibration. The Ba 

was analysed on a nitrous oxide/acetylene flame at 553.8 nm for 

the K-based matrices and at 455 nm for the NH3 matrices, The 

Sr was analysed at 406.7 nm on a nitrous oxide/acetylene flame. 

In order to assess the analytical error, the Ba and Sr solutions 

were analysed by two different methods. The first method used a 
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standard addition technique, while the second used normal 

A. A. S. techniques. The two methods produced results within 10%, 

indicating a small analytical error. 

4.2. RESULTS 

4.2.1. Results Of Analyses 

The results from the combined analyses are shown in Appendix 

C. l. All the values are quoted in ppm., and the sample numbers 

correspond to those described in Chapter 2. The results have 

been grouped into the four constituent areas and into groups of 

nine elements. 

4.2.2. Precision And Accuracy 

In order to assess the precision, duplicates and standards 

were placed in every batch of analyses at a ten-sample spacing. 

The accuracy was assessed from standards placed at fifteen-sample 

intervals. In all, fifty samples were duplicated and twenty 

standards analysed. The standard 991006 was used from Imperial 

College Geochemistry Department. The precision and accuracy 

were determined from precision charts as defined by Thompson and 

Howarth (1978); the results are shown in Table 4.1. 

4.3. DATA ANALYSIS 

4.3.1. Introduction To Data Analysis 

The data presented in Appendix 0.1. was statistically 

processed by manual and computational techniques. 

The initial statistics involved plotting the population 

distributions of the elements for all the samples analysed. 

The results indicated that the samples presented 1 log-normal 

population distribution for all the elements except Mg, Al, 

Na and Fe; these presented 1 normal population distribution. 

The remaining statistics were completed on computer programmes, 
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TABLE 4.1. :. precision and Accuracy of Geochemical Data 

* 
Element Precision 

Ba 20% 

Mn 20% 

Co 36% 

Ni 3 0336 

Zn 35% 

Cu 15% 

Pb 30% 

Li 3('P/o 

Sr, 20/ 

Al 15% 

K 15% 

'Na; ' 15% 

Mg I5%. 

-Ca. 30% 

Ti I0'/ 

V I0% 

Fe 15/ 

N. Samples 

50 

50 

50 

50 

50 

50 

50 

30 

50 

50 

50 

60 

50 

so 

50 

50 

50 

*- Precision and Accuracy at 95% 

* 
Accuracy 

20% 

20% 

25% 

20% 

25% 

25% 

25% 

20% 

15% 

10% 

I00/. 

10% 

I0% 

20"% 

I0% 

I0% 

10% 

confidence 

N. Saml2les 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

level. 
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written by M. F. Critchley at Imperial College, using data 

converted to log10. The programmes produced: - 

1) Averages and standard deviations. 

2) Correlation coefficients. 

3) Histograms. 

4) Ratios. 

5) Element Percentages. 

By manipulating different data sets, the statistical analysis 

could be performed on any combination of elements. 

ý. 2. Regional Geochemical Variations 

The average element contents of all the samples for each 

area were combined to produce total average element contents 

for the rocks in the four areas; these results are shown in 

Table 4.2. The calculations were performed on log10 data 

which was then antilogged for presentation. By comparing the 

average element contents of the rocks from the four areas, a 

series of points can be noted: - 

1) The major mineralising elements are Ba, Cu, Pb and Mn. 

Other elements associated with the mineralisation are Co, Ni, 

Zn and Sr. 

2) Ba dominates the mineralising elements in all the areas 

except Grinshill; this reflects the abundance of the baryte 

mineralisation in the areas when compared to the base metal 

mineralisation. 

3) The Sr levels appear to be related to the levels of Ba in 

the samples; this reflects the association of the Sr with the 

baryte mineralisation. 

4) The levels of V appear to be constantly low throughout the 

four areas. 
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TABLE 4,2. Average Element Contents of Rocke from the 4 Field Areas 

Grinshill B/e=48 Bawketone A/S=33ý Peckforton N/S. 26 Alderlev PIS=68 ºversge 
Sandstone 

Mean +1et Dev Mean +1st Dev an +ist Dev Mean +1st D. 
(after 

- - - - Turakian 
PPM PPM PPM PPm ppm PPM PPM PPM and 

hl M 

2.18% 14.12% 5.89% 6.16% 
Ba 21.87 

. 021 5495.4 213.7 1.74% 128 1"53% 3715. 10-100 

621. 758.5 162. 2344. 
Mn 323.5 64.50 269.1 95.4 316.2 31.62 12.8 112. 10-100 

31.62 104.7 26.30 165.9 
Co 4.36 0.6 8.70 0.72 3.89 0.58 43.65 11.48 .3 

29.50 53.7 144.5 147.9 
Ni 16.9 9.7 20.41 7.7 17"78. 2.19 54.9 20.41 2 

123.0 75.8 97.7 660.6 
Zn 32.3 8.51 24.54 7.94 

6.76 0.5 91.20 12.58 16 

54.95 251.1 41.7 905.4 
Cu 20.89 7.94 58.8 13.8 20.42 10.0 281.8 41.68 1-10 

35 0 1 57 6 
Pb 35.48 3.54 56.23 25"7 26.30 1.20 371.5 22.9 97 

19.9 50.11 
Li 13.8 9.54 25.70 13.18 10-15 

104.7 446.6 407.4 575.4 
Sr 1.51 0.02 87.09 16.98 

131.8 42.6 151.3 39.8 20 

3"16% 3"39% 2.4% 2.57% 
Al 2.04 1.31% 2.512% 1.86% 1"49% 8709. 1.62% 1.02% 2.5% 

2.57% 2.51% 2.51% 3.63% 
B 1.95 1.47% 1.38% 7585 1.78% 1.25% 2.09% 1.2096 1.0796 

2137. 5011.8 2818. 2089. 
Na 1023. 489.7 2951" 1380. 1621. 933. 1288. 794 3300 

2818. 3715" 1318. 1513. 
Ma 1548 851. 2258 1348. 831.8 524. 912. 549. 7000 

1905. 1.3896 707. 2041.7 
Ca 691.8 

251.1 2691. 549. 354.8 178. 354. 61.6 3.91% 

1348. 1659. 794. 977. 
Ti 691.8 354.8 1023 630. 436.5 204. 524 287.8 1500 

40.73 30.9 22.91 28.84 
V 21.87 

11.74 
21.87 15.4 14.45 9.12 17.8 10.96 20 

4.36 1209 . 20 1230.9 
Be 0.25 

. 014 5.80 2.88 . 008 
. 0008 38.90 1.28 "1 

2.5196 1. P% 2.37% 
P. 1.41% 7943 8912. 5754. 1.2% 1.12% 4897 9800 
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5) The levels of Al-K-Na-Mg and Ca are not influenced by the 

mineralising elements but vary within themselves; this may be 

due to the fact that they represent host-rock elements. 

6) Be is enriched in the Alderley area and to some extent in 

the Hawkstone area; this may be related to the higher amounts 

of base metals present, especially Pb-Cu. 

7) The Alderley Edge area shows significantly higher amounts of 

base metals, especially Pb-Cu-Ni and Co; this is due to the 

sulphide mineralisation that is not present in the other areas. 

If the results are compared to those quoted for a normal, 

average sandstone as defined by Turekian and Wedepohl (1961) 

(Table 4.2. ) and to mineralised sandstones quoted by Mohr (1964) 

(Table 4.3. ) then the following observations can be made: - 

1) Ba is highly-enriched in all the areas except for Grinshill. 

2) The levels of Mn-Co-Ni-Cu-Pb are higher than a normal sand- 

stone but fall within the spread of mineralised Triassic sand- 

stones. 

3) The V levels conform to those of an average sandstone and 

a mineralised Triassic sandstone. 

4) The Mg-Al-Na-K-Ca levels show a large spread characteristic 

of Triassic sandstones, but are generally low for the average 

sandstones. The results indicate that the mineralisation is 

dominated by Ba in the Peckforton and Hawkstone areas, with 

extensive base metals in the Alderley area. The geochemical 

compositions therefore present typical levels for mineralised 

Triassic sandstones but are enhanced with respect to the average 

sandstone. 

4.3.3. Correlation Coefficients 

Correlation matrices were produced from the log10 data and 
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TABLE 4.3. Geochemical Analyses of Some Mineralised 

Rocks ( after Mohr , 1964 ) 

1.2.3.4.5. 

Sio2 75.96 49.0 65.0 32.5-35.5 33.15 

TiO 2----- 
A1203 0.69 1.3 9.8 9.4-10.5 17.3 

Fe203 3.56 2.2 2.4 22-30 3.6 

Mgo 0.04 - 1.2 3.5-6 1.0 

CaO nil - 7.5 - 10.4 

Na20 --- 
K20 --ý2.0 -4 
H2 0----1.7 
P205 --1.75 -- 
CO2 ----9.24 
Bitumen ----9.06 
S 0.18 8.5 - 1.6-1.7 2.31 

As 4.86 tr. --- 
Cu 7.21- 1.2 1.6 0.7-0.9 2.75 

Zn 0.07 - 0.1 0.5-0.9 
, 
1.276 

Pb 0.18 36.10 tr. 0.17-0.2 1.50 

Ag 0.048 0.035 0.0012 tr. 0.014 
Au 0.00035 ---- 
Yn - 0.1 0.2 - 0.25 
Co -f_0.05-0.06 L 

018 Ni - 
0.1 0: 05-0.06 0. 

Sb 0.08 ---- 
Bi nil ---- 
v- -- 0.05 - 
Ba' -----. 

92.88 98.5 91.55 70.5-85.9 97.57 

-- not determined 
for analyses 1 and 2 SiO 2 represents insoluble residue. 

1. Malachitic sandstone, West Mine, Alderley Edge, (Griffith 1918) 
?. Galena-impregnated sandstone,. West Mine, Alderley Edge, (Griffith 1918) 
3. Triassic sandstone, Richelsdorf. 

4. Triassic shale, Wolfaberg. 
5. Average analysis of cupriferous shale from Kupferschiefer (cited in Lindgren 1933) 
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will be used to outline element associations - groups of 

elements that collectively show positive correlations. Each 

matrix will be considered separately in a series of points. 

1) Total Correlation Matrix Table 4.4. 

This represents correlations for all the samples from all 

the four areas and may be used to indicate the general trends. 

A) Ba-Sr show a high positive correlation. Cu also shows 

some affinity for these elements. No other elements correlate 

with these. 

B) Co-Ni-Zn-Cu-Pb show positive correlations with each other. 

forming a distinct group of base metals. 

C) Al-K-Na-Mg all show a- positive correlation with each 

other. Ca does not correlate with these. 

D) Ti-V-Fe show positive correlations with each other. 

E) Mn-Ti-Fe correlate with each other. K also shows a 

positive correlation with this group of elements. 

F) Be only correlates with Mg and Ca. 

2) Hawkstone Correlation Matrix - Table 4.5. 

A) Ba - Sr show a high positive correlation. Qtly Cu shows 

a positive correlation with these two elements. 

B) Ti-V-Fe form a distinct group of elements with positive 

correlations. The group also correlates with K-Mg-Ca-Fe-Be-Mn 

and Zn. 

C) Al-K-Mg-Ca all show positive correlations with each other. 

Na does not correlate with the group but shows a positive 

correlation with Al. 

D) Cu-Co show a high positive correlation. Ni shows some 

affinity with the two elements. 

E) Pb does not correlate with the base metals but shows positive 
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TABLE 4.5. 
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correlations with Mg-Ti-V and Be. 

F) Be correlates well with Pb-Cu-Zn. 

3) Grinshill Correlation Matrix Table 4.6. 

A) Ca-Ti-V-Fe-Be form a positively-correlated group. 

elements also correlate with Zn and Al. although Ti-V correla, te 

well with Co-Ni-Zn-Cu and Al-K-Na-Mg. 

B) Ba-Sr show a high positive correlation. Ba also correlates 

positively with Zn-Mn and Cu. 

C) Al-K-Na-Mg form a positively-correlated group. 

D) Ni-Zn-Cu all show positive correlations. 

E) Co-Pb show a high positive correlation. Cu and Be are 

also correlated to some extent with these. 

F) Mn-Cu-Ni-Fe form a group with positive correlations, 

4) Peckforton Correlation Matrix Table 4.7. 

A) Ba-Sr show a high positive correlation. Cu also correlates 

with these elements. 

B) Al-K-Na-Mg form a group with positive correlations. Ca 

also correlates positively with these elements. The group 

correlates well with Mn-Ni-Zn-Cu and Pb. 

C) Ti-V-Fe show high positive correlations. These elements 

correlate well with group B and Mn-Zn-Cu. 

D) Co-Cu-Ni show moderate positive correlations. 

E) Zn-Pb correlate well with each other and with Cu to a lesser 

extent. 

F) Be only correlates with Mn. 

5) Alderley Correlation Matrix Table 4.8. 

A) Ba-Sr show a high positive correlation. No other elements 

correlate with these. 

B) Co-Ni-Zn-Cu-Pb-form a correlated group of base metals. Li 
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N 
W 
J 

V) 

Lt! 
Z 

O 
LL 

X 
ý 
I-- 

Z 
0 
ý 
J 
W 
C 
C 
O 
U 

CJ 
LL. 

aJ 
CO 

> 

F- 

rD 
U 

G1 
ý 

rv 
Z 

Y 

.ý a 
L- 

V) 

J 

ý 
12- 

ý 
U 

N 

Z 

0 Li 
C 

ý 

rt) 
m 

Ln 
N 

N 
ON 

Ln Ln l`- ý ý-- 
Cý 

. 
O 
ý0 ý-- 

Ln 
G1 
Lo 

LI) 
O 

v 
Ln 

M 
t " 

.t 
N L` ýO ý r- ý j 

G\ ý ý Ll1 
O 

T- M 
O 

r- e ý' 
G% 
m 

[- 
m �ý %O 

r, 
" - i 1 " 

i i I i 1 1 ý i 

fM m M Ln m ý e-- N. [1 
,O 
. 

N -t N 
. 

't , " 
c) 

. 
N tý t`, LJl co N 

° N m r O 
ý ý 

r- Ln 
ý 

T- m n 

m O 
M 

, -- 
Ö 

N O 
N 

N N r I 

N ý _ N LA 
. 

(V 
. 

M 
. 

". t 
. 

O I 00 r- LI1 

G% LA o r o, m Ln "o 
. - m o N r- V ý ( M co 
M ý 'M ý ý ý 

4-4 t - 
. 

m ° N ý "ý N O 

M "O r' -t [-, N G1 
C\ O N r p r! '1 

I ý I ( I I I 
Oý N 

e- 
ý M 

O 

M C- O L! '1 
N 

LI1 e-- . r- M 

ý ý 
i 

4 O 

m 

N ý-- 
N 

I 

N I 

m r- C= .n .- t_ _. ý Q1 f0 "- 
, oD ývzva --J VI 4ý zZ v t- >m 

Signif. cance level at 95% confidence -. 3809 

Significance level at 99% confidence =. 4869 



226 

TABLE 4.8. 
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associates with all the elements except Pb. 

C) Al-Na-K-Mg form a distinct group with high positive 

correlations. 

D) Ti-V-Fe show moderate positive correlations. 

E) Be correlates well with Ni-Zn-Cu-Pb-Li. 

4.3.4. Barium-Strontium Ratios 

Carlon (1975) studied the Ba/Sr ratios of the barytes in 

the Cheshire Basin and concluded that: - 

1) The Sr contents of the baryte varied systematically. 

2) The variations in Sr content were dependent on: - 

a) The temperature of formation 

b) The rate of precipitation 

c) The composition of the aqueous phase in the mineral- 

ising solutions. 

3) The concentration of the baryte and the Ba/Sr ratios were 

not related to the lithofacies. 

Ba/Sr ratios were calculated for all the rock samples from 

the four areas. From the results, the following observations 

could be made: - 

1) The Alderley Edge area presented the lowest average Ba/Sr 

ratio, indicating higher amounts of Sr in the rocks, while the 

Grinshill area presented the highest average Ba/Sr ratio indic- 

ating lower amounts of Sr in relation to the Ba present. 

2) The Ba/Sr ratio was not indicative of the lithofacies, but 

varied independently according to the mineralisation present. 

3) No apparent systematic variation in the Ba/Sr ratios were 

detected when the style of mineralisation was considered. 

The results were not indicative of the origins of the 

mineralisation as suggested by Carlon, but indicated that some 



228 

undetected controls on the Ba/Sr ratio must be present. The 

results from the analyses may not have been ideal for assessing 

Ba/Sr ratios, as the baryte minerals were not segregated from 

the rock mass, which may have influenced the results. A further 

complication may have been introduced by the fact that the leach- 

ing process was not totally selective for Ba and Sr in the form 

of baryte, but leached any loose Ba and Sr present. 

4.3.5. Element Percentages 

These are based on the relative percentages of three 

selected elements expressed as a function of their sum total. 

The results were plotted on ternary diagrams in order to show 

variations between and within the four sampling areas. 

In all sixteen different combinations of elements were 

plotted for every sample in the four areas. The combinations 

of elements used were Cu/Co/Ni, Ca/Co/Sr, Mg/Ca/Fe, Ba/Pb/Mn, 

Zn/Cu/Pb, Co/Ni/Zn, Mg, Zn/V, Ni/Zn/Mg, Al/K/Na, Ti/V/Co, 

Ba/Cu/Pb, Ti/V/Ca, K/Ca/Na, Ti/Mg/V, Cu/TVV and Pb/Mn/Co. 

The relevant diagrams will be presented and a series of points 

noted for each one: - 

A) Co/Ni/Cu Figure 4.2. a. 

The Alderley and Hawkstone samples show similar element 

percentages with high Cu levels (25-100%) and Co-Ni increments 

at the expense of Cu. The Peckforton and Grinshill samples on 

the other hand show lower Cu levels (18-59%) and higher Ni 

levels (over 30%). Both groups of samples show Co-Ni increases 

at the expense of Cu. 

B) Ca-Co-Sr Figure 4.2. b. 

The Grinshill samples are all restricted to high Ca levels 

(over 89%), while the Peckforton and Hawkstone samples show 
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FIGURE 4.2. 
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expressed as a'-function of their total .G" Grinshill 
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The boundaries represent 95 % of the total number of 

samples analysed. 
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some Ca-Sr variations from 99% Ca to 72% Sr. The Alderley 

samples however show the widest variation, having both Ca-Co 

and Ca-Sr variations. 

C) Ca-Mg-Fe Figure 4.2. c. 

The Alderley, Peckforton and Grinshill samples all show 

similar element percentages, being dominated by Fe (56 - 9? %) 

with some Fe-Mg variation (0 - 30% Mg). The Hawkstone samples 

show a totally different plot, having a distinct Ca-Fe variation 

from 1- 86% Ca and 11 - 85% Fe. 

D) Ba-Mn-Pb Figure 4.2. d. 

The Peckforton samples are dominated by Ba with occasional 

Ba-Mn variation up to 35%Mn. The Hawkstone and Grinshill 

samples also show Ba-Mn variations (up to 80% Mn). The Alderley 

samples however show a smaller Ba-Mn variation (up to 25% Mn) 

but also show Ba-Pb variations (with up to 100% Pb in some 

cases). The other noticeable feature of the plot is the group 

of Grinshill samples which show no Ba but consist of Pb-Mn. 

E) Cu-Ba-Pb Figure 4.3. a. 

The Peckforton and Hawkstone samples are restricted to 

high levels of Ba with small percentages of Pb (up to 25%), 

whereas the Alderley samples show Ba-Cu and Ba-Pb variations. 

The main point to note is that no intermediate levels of Pb-Cu 

are present in the Alderley samples. The Grinshill samples 

show two groups, one being dominated by Ba, the other showing 

no Ba and Pb-Cu variation from 45 to 95% Pb. 

F) Ti-V-Co Figure 4.3. b. 

All the areas except Alderley show domination by Ti. The 

Alderley samples however, show a variation between Ti and Co 

(up to 85% Co). 
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G) Al-K-Na Figure 4.3. c. 

The Peckforton and Grinshill samples form a distinct 

cluster, with low Na (up to 5%) and K-Al variations from 40 

to 55%. The Alderley samples show higher amounts of K (40-80%) 

with a respective decrease in Al. The Hawkstone samples also 

form a distinct group containing higher levels of Na (5-155f), 

high Al (45-73%) and lower K (25-550. 

H) K-Na-Ca Figure 4.3. d. 

The Peckforton, Alderley and Grinshill areas show high 

levels of K (over 70%), while the Hawkstone area shows lower 

levels of K with increasing Na (2-45%) and Ca (2-75%), the main 

variations being Ca-K and Ca-Na. 

I Ti-V- 

All the samples show low V (up to 5%) with higher Mg 

(45-80%) and Ti (15-55%) levels. 

J) Ti-V-Cu 

All the areas except Alderley are restricted to high 

levels of Ti (85-95%). The Alderley samples however, show 

Ti-Cu variations from 96% Ti to 96% Cu. 

4.4. SPECIFIC GRAVITIES OF MINERALISED ROCKS 

4.4.1. Method Of Determination 

125 whole rock samples from the four mineralised areas 

were subject to specific gravity determinations on a Walker 

Steelyard. The principle of the method is shown in 

Appendix C. 2. 

4.4.2. Results 

The results from the determinations are shown on Table 

4.9.; from these, arithmetic means were calculated fors- 

a) Regional areas 
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TABLE 4.9. RESULTS OF SPECIFIC GRAVITY DETERMINATIONS 

SATTLE SpG SAMPLE SpG 51: KUDLE SpG 

GCS02 2.342 iMS25 2.343 AECS23 2.485 

GCS03 2.238 LBS26 1.982 AECS22 2.617 

GC506 2.427 Lffi28 2.268 ACS41 2.422 

GCSC9 2.460 LRS29 2.250 ACS42 2.478 

GCS10 2.407 LBS30 2.212 ACS48 2.203 

GCS13 2.276 Lffi31 2.058 ACS49 2.324 

GCS14 2.339 Pc8o1 2.589 ACS53 2.608 

GRS32 2.260 PCSO2 2.480 ACS54,2.667 

GRS33 2.328 PCSO3 2.309 ACS55 2.530 

GRS34 2.294 PCSO5 2.584 ACS56 2.523 

GR336 2.290 PCSO7 2.470 ACS57 2.360 

GRS37 2.290 PCSO8 2.093 ACS65 2.428 

GRS38 2.437 PCS09 -2.638 ACS68 2.545 

GRS39 0.375 PCS12 2.361 ACS73 2.212 

GRS40 2.304 PBS110 2.352 ACS75 2.348 

GHS87 2.491 PFS114 2.581 ; CS79 2.425 

GHS89 2.402 PBS119 2.394 ACS80 2.441 

GHS91 2.251 ", QS01AE 3.307 HCSO2 2.934 

GHS92 2.082 CS02AE 3.328 F'C507 2.386 

GHS93 2.451 CS03AE 3.361 Hcso9 -2.389 

GHS94 2.272 CSO4AE 3.856 HCS10 2.457 

GHS95 2.147 CS07AE 3.565 HCS11 2.527 

GHS96 2.314 AECS13 2.218 HCS13 2.294 

GHS101 2.334 AECS17 2.740 HC814 2.396 

GH3106 2.193 >AECS18 31335 F: BCO1 3.062 

GHS120 2.394 AECS19 3.034 HBCO2 2.934 

AECS20 3.095 

SAxPLE 5pG 

hBC03 2.436 

HBCO5 2.318 
HBC06 2.437 

HBCO7 2.426 

HBCO8 2.403 

HBCO9 2.219 

HBC1o 2.336 

HBC11 2.527 

HEC13 2.369 

iiBC 142 2.272 

HBC15 2.447 

HBC17 2.287 

HBC19 2.453 

HBC21 2.361 

HBC22 2.211 
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b) Different lithologies - shown on Table 4.10. 

1) Regional Results Of S. G. Determinations 

a) The Alderley area shows the highest average specific gravity, 

although it is only . 0146 above that of quartz. 

b) The Hawkstone and Peckforton areas show similar average 

specific gravities, being approximately 7% lower than the 

Alderley area. 

c) The Grinshill area shows the lowest average specific gravity. 

These results reflect variations in the following properties 

of the rocks: - 

a) The amount of heavy minerals present in the rocks - derived 

from the mineralisation and the original detrital heavy minerals. 

b) The porosities and permeabilities of the rocks. 

In order to assess the effect of heavy minerals on the 

results, the geochemical values obtained for Pb and Ba were 

plotted against the specific gravities of the samples. The 

following correlations were obtained: - 

Area - Grinshill Hawkstone Peckforton Alderley 

Corr'n + . 20 + . 
49 + . 

61 + . 
64 Ba v SpG 

Corr'n + . 19 + . 29 + . 17 + . 73 Pb v SpG 

From the results, it appears that the baryte and base metal 

mineralisation in the samples significantly effect the specific 

gravities of the Alderley and Peckforton samples, but only 

slightly effect the Grinshill samples. Ba appears to have 

more effect on the specific gravities than Pb, possibly due to 

the fact that it is present in greater quantities throughout the 

four areas. 

Although heavy minerals appear to effect the specific 

gravity results, the low values obtained must reflect the amount 
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Table 4.16 SPECIFIC GRAVITIES OF REGIONAL LITHOLOGIES 

Regional Specific Gravities 

Area : Grinshill Hawkstone Peckforton Alderley 

, 
SSG 2.3087 2.4593 2.4529 2.6916 

Litholocy i cal Variations in the Specific Gravity 

Grinshiill Area 

UMS'S, 2.216 (Unmineralised) 2.3428 (slight imeralisation) 

LKS'S 2.3956 ( Mineralised) 

BST'S 2.324 ( Unmineralised) 

Peckforton Area 

UMS'S 2.3252( Unmineralised ) -- 2.4684 ( slightly mineralised) 

LKS'S 2.4008 ( Mineralised ) -- 2.47I0 ( Mineralised) 

Hawkstone Area 

UMS'S 2.2949 (Unmineralised ) -- 2.3874 ( Mineralised ) 

LKS'S 2.4II0 (Slight mineralisation) -- 2.5541 ( Mineralised) 

Alderley Area 

UMS'S 2.2807 (Unmineralised ) 

EVC'S 2.3230 ( Slight mineralisation) -- 2.5730 ( Mineralised) 

WMC'S 2.4332 ( Slightly mineralised ) -- 2.9253 ( Mineralised) 

UMS = U. Bunter -Upper Mottled Sandstones. 

LKS'S = Lower Keuper Sandstones. 

BST'S= Buildingstones (L. Keuper), 

EVC'S = Engine Vein Conglomerates ( L. Keuper) 

WMC'S - Wood Mine Conglomerates (L. Keuper) 

i 
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of pore space infilling by the mineralising elements; this 

would explain the relatively low values obtained in the 

determinations. 

The Alderley area shows the highest average specific gravity, 

having larger amounts of Ba and Pb in the pore spaces of the 

rocks than those from the Peckforton and Hawkstone areas. 

The low specific gravities obtained for the Grinshill samples 

reflect the lower amounts of pore-space infillings by the 

mineralisation. 

2) Lithological Results Of SjG Determinations 

a) Grinshill Area 

The UMS 'S (Bunter - Upper Mottled Sandstones) show 

relatively low specific gravities, being some 16% lower than 

that of quartz; this reflects the high porosities and the small 

quantities of mineralisation present. When the rocks contain 

some baryte mineralisation, the specific gravity increases by 

about /I%. 

The Buildingstones (L. Keuper) show specific gravities 

approximately 12% less than quartz, again indicating the lack 

of pore-space infilling by the mineralising elements. 

The LKS's (Lower Keuper Sandstones) show the highest 

specific gravities of the four areas, indicating a larger 

amount of baryte mineralisation present in the pore spaces, 

b) Peckforton Area 

The LKS'S and UMS's that contain the mineralisation show 

the highest specific gravities, indicating the effect of mineral- 

isation on the determinations. The unmineralised LKS's and 

UMS's show significantly lower results. 

c) Hawkstone Area 
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The MS's containing the baryte minerAlisation show 

specific gravities comparable to that of quartz, while the un- 

mineralised UMS 's and LKS's show lower specific gravities. 

d) Alderley Area 

The LKS's containing the base metal and baryte mineralis- 

ation show very high specific gravities, while the unmineralised 

rocks show the lower ones. 

From the results, the following observations can be made: - 

1) Mineralisation by baryte and base metals in the pore spaces 

increases the specific gravities of the rocks, although they are 

relatively low (about 2.6) due to the amount of 'light' minerals 

present, and the inherent porosities. 

2) Samples from the Alderley Edge area show the highest specific 

gravities due to the greater amounts of base metal and baryte 

mineralisation present. 

3) The mineralisation increases the specific gravity in all the 

rock types, although the LKS's contain the greater amount of 

mineralisation and are therefore relatively higher in their 

specific gravities. 

4) The only two factors controlling the specific gravities are 

the porosity and infilling by mineralising elements of higher 

densities. 

4.4.3. Precision 

The precision was calculated from twenty duplicate samples 

using precision charts (Thompson and Howarth - 1978) and was 

found to be is at the 95% confidence level. 

4.5. CALCULATIONS RELATING TO ORE POTENTIAL 

4.5.1. Metal Grades 

Metal grades were estimated from the specific gravity and 
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geochemical data of the samples collected from the mineral- 

ised areas. Two types of grade were calculated - a) Regional 

- using the average specific gravities and geochemical results, 

b) Local - using the specific gravities and geochemical data 

from individual localities within the regions. These were 

calculated in order to: - 

a) Determine the amount of metals present in the areas. 

b) Determine differences in the metal grades relating to the 

mineralisation. 

The metal grades do not represent the true ore grades of 

the mineralisation but are a function of the samples taken from 

the mineralised areas. The calculations have only been com- 

pleted for Ba, Mn, Co, Ni, Zn, Cu and Pb as these are the major 

mineralising elements and are therefore more likely to attain 

economic grades. The results of the calculations are presented 

in Table 4.11. and all the figures presented are in tonnes/m3. 

Regional Metal Grades 

a) The Alderley area shows higher metal grades than the other 

areas. It is particularly enriched in Ba-Cu-Pb. This is 

reflected in the presence of baryte and sulphide mineralisation 

at outcrop in the area. 

b) Ba attains the highest grades throughout all the areas, 

reflecting the abundance of baryte in the Cheshire Basin. 

c) The Peckforton, Hawkstone and Grinshill areas show re- 

spective decreases in the Ba grades, the Grinshill area being 

some three orders of magnitude less than the Peckforton area. 

Mn and Ni show similar grades in all the three areas. 

d) The Hawkstone area shows a slight increase in the Pb and 

Cu grades. 
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TABLE 4.11. Regional And Loral Metal Grade. 

1) Regional metal grade. 

Area Sa Mn Co ti in- D- 

A1d. rley . 041 . 0014 . 00012 . 00014 . 00024 . 00050 ' . 0010 

l. ekfortor. 043 . 0005 - ODOM . 00o02 . 00005 . 00007 

Bavkaten.. 014 . 0007 . 00005 . 00005 . 00006 . 00014 . 00014 

Grin. hill . 0001 . 0005 - . 00004 . 00004 . 00005 . 00006 

A11 valo. a goot. E ae tone.. hý. 

2) Local et. l grade. 

A) Alderlev Edga 

Loe'n B. !a Co fl Ln ta Pb 

A . 0245 . 00045 . 0019 . 0010 . 0022 . 0065 . 0036 

8 . 0129 . 00075 . 00016 . 00014 . 0010 . 0042 . 0009 

C . 0490 . 00130 . 00005 . 00009 . 00008 . 0004 . 0076 

0 . 0528 . 0022 . 00004 . 00002 . 00008 -0002 . 0001 

6 . 0432 . 0016 . 00011 . 00007 . 00008 . 0003 . 0002 

F . 099 . 0013 . 00005 . 00006 . 00006 . 0001 . 0002 

-0 .. . 017 . 0019 . 00002 . 00008 . 00002 . 0001 . 0001 

M . 0787 . 0044 . 00003 . 00006 . 00006 . 0001 . 0001 

All value* quoted in tonnes/a3. 

Ae Mood Mine ( Mood mine Conglomerates De Stormy Foist ( edit 

Engine Vein Conglomerates) , Co Trials ( Engine Vein Conglomerate) 

De Quarry ( Engine Vein Conglomerate. ), c- Stormy Point Traver.. 

( Engine Vein Conglomerates), P. Fault Plans at Stormy point 

Engine Vein Conglomerates), 0" Castle Rock ( Upper Mottled Sandstone 

He wizard Quarry ( wood Mine Conglomerates ). 

B) Hawkstone Park 

Loc'n Ba Mn I Co Si En Cu Pb 

A . 0656 . 0005 . 000034 . 000034 . 00004 . 0002 . 0001 

B . 0118 . 0004 . 00009 . 00011 . 00006 . 0008 . 00007 

C . 0003 . 0008 - . 0003 . 00009 . 00002 . 00017 

0 . 0071 . 0016 . 00003 . 00008 . 00009 . 00007 . 00017 

All values quoted is tennes/n3. A- Grotto Kill ( Rayt0 and 
Grinshill Sandstones ). A- Elysian Rill(Rayton and Grinshill 

Sandstones ), C- Grotto Rill ( Upper mottled Saadstonee 

D. Fault Scarp ( Ruyton and Grinshill Sandstones ) 

C) Grinshill 

toga Ra M Co !i2 22 lb 

A- . 0006 . 00002 /. 00005 . 00006 . 00006 . 00015 

G- . 0004 . 00001 . 00004 . 00012 . 00005 . 00014 

C . 0002 . 0016 - . 00004 . 00003 . 00004 . 00004 

O . 007 . 0007 . 00001 . 00003 . 00006 . 00006 . 00001 

All values quoted Lr loanes/n3. A. Le prockharat ( Dpper Mottled 

Sandstones ) .Y Grinshill Scary ( Guildiaq. tenes OW Katerstenes), 

C- Grinshill Scarp ( Upper Mottled Sandstoaes ). D- Grinshill 

Scarp ( Ray- and Grinshill Sandstone. ). 

D) Peckforton 

loc--n Ra ma ýe_ !I En- £9 L 
A . 090 . 0015 - . 00003 . 00004 . 00006 . 00015 

B . 016 . 001 - . 00006 . 00004 . 00004 . 00013 

C . 031 . 0014 - . 00007 -, . 00004 

D . 020 . 0002 . 00006 . 00009 . 00003 . 00005 . 00006 

All ealwe quoted in Tonne. /R3. M Bulkeley Bill ( {. wer 6 12per 

8andetonea ). B- Bulkeley Bill ( Beuper Pa. uge Bed. and Sa d. ton. 

C- Bulkeley Hill ( Upper mottled Badetone. 0. Be.. tesy7. tla 

( Upper mottled Sand. tonee ) 
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Local Metal Grades 

Alderley Edge 

a) The UMS 's contain very little mineralisation, producing 

the lowest metal grades. 

b) Ba is the most abundant metal in the area, and is found at 

varying grades throughout the E. V. C. 's (Engine Vein Conglom- 

erates) and W. M. C. 's (Wood Mine Conglomerates). They appear 

to be directly related to the lithology in this respect. 

c) The highest Ba grades appear to be associated with low base 

metal grades; this may be due to the fact that they both occur 

as pore-space and void infillings in the host rocks. 

d) High Cu grades appear to be associated with increased Ni, 

Co and Zn grades; this suggests that all three metals were 

precipitated in the same mineralising episode. 

e) Only Ba, Cu and Pb attain relatively high grades; these 

are the major mineralising metals. 

f) Pb grades do not appear to be related to the other metal 

grades. 

g) The grades generally relate to the host rock lithologies. 

Hawkstone Area 

a) The only significant grades are associated with Ba. The 

base metal grades are relatively low when compared to those at 

Alderley Edge. 

b) The Grotto Hill area shows the highest Ba grades, the LKS's 

being the major host-rock lithology. 

c) Slight enrichment of Zn, Cu and Pb are present in the fault 

scarp adjacent to Grotto Hill; these are at least one order of 

magnitude lower than those at Alderley, but indicate that base 

metals may be concentrated along faults. 
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Grinshill Area 

Only Ba is significantly high in concentration, being con- 

tained in the fault scarp at Clive; the mineralisation occurs 

predominantly in the LKS's and the UMS 's, although the former 

lithology shows the higher grades. 

Peckforton Area 

Ba dominates the metal grades by several orders of magni- 

tude and is enriched in the LKS's at the top of Bulkely Hill 

and in the UNS's in the lower parts of Bulkely Hill. 

From the results, several observations may be stated: - 

1) Ba attains the highest grade in all the areas and in all the 

different lithologies. 

2) The Alderley area shows significant amounts of base metal 

mineralisation. 

3) Ba attains higher grades in the LKS's, but it is not signif- 

icantly enriched in the UMS's of the areas. 

4) The Alderley area shows Ba and base metal grades that are 

lithologically controlled and may also be structurally controlled. 

5) High Ba grades are not associated with high base metal grades. 

6) Cu, Co, Ni and Zn appear to be associated with each other. 

4.5.2. Metal Tonnages 

Using the metal grades calculated previously, the tonnages 

of metals present in the four areas were estimated. These will 

be used to: - 

a) Assess the magnitude of the deposits and the volumes of metals 

introduced into the areas. 

b) Determine the most suitable areas for exploration. 

c) Define the most suitable metals for exploration purposes. 

For the calculations, the maximum area of mineralisation was 



determined in the areas and then converted into volumes using 

the stratigraphic thicknesses of the host rocks containing 

mineralisation. The volumes of mineralised rock were then 

converted to tonnage estimates using the average metal grades 

calculated previously. The tonnages do not represent the 

amount of extractable metal, but reflect orders of magnitude 

of the mineralisation and are representative of the samples 

taken from the areas. The results are shown in Table 4.12. 

From the results, several points can be stated: - 

a) The Alderley area contains the largest tonnage of base metals 

and the volume of rocks containing the minerals is relatively 

small; this indicates high grade mineralisation. 

b) The Grinshill area shows a complete deficiency of large 

tonnages of any metal, although the volume of rock considered 

is small. 

c) The most abundant mineral in the rocks of the four areas is 

baryte; this occurs in large tonnages. 

d) Base metals are not present in large tonnages, except in the 

Alderley area. 

e) The Peckforton and Hawkstone areas present the best areas 

for future exploration, containing large quantities of baryte 

over a relatively large area of mineralisation. 

f) The results indicate that baryte is the major form of 

mineralisation in the Cheshire Basin, and that large volumes of 

Ba-rich fluids must have passed through the rocks. If the total 

tonnages for the four areas are added together, then some 17x106 

tonnes of Ba are present. If other deposits of baryte in the 

Cheshire Basin are added to this total, then a large source of 

Ba is needed to produce the mineral deposits present. 
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TABLE 4.12. Quantities Of Metals Present In The Areas 
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4.6. DISCUSSION OF RESULTS 

1) Geochemistry Of The Rocks 

The results from the geochemical analyses and statistics 

show several interesting features which may be directly related 

to the host rock lithologies and the mineralisation. The 

discussion will be divided accordingly into: - 

A) The Geochemistry Of The Mineralisation. 

B) The Geochemistry Of The Host Rocks. 

A) The Geochemistry Of The Mineralisation 

The elements characterising the mineralisation in the Triassic 

rocks of the four areas may be divided into two separate groups; 

these are: - 

1) Ba-Sr -- relating to the baryte mineralisation. 

2) Pb-Cu-Mn -- relating to the base metal mineralisation. 

Barium - Strontium 

Ba is present in the LKS's and UMS's of the field areas in 

the form of the sulphate - baryte; this occurs as veins, 

cements, rosettes and void infillings. The average geochemical 

compositions indicate the predominance of Ba in the Peckforton, 

Hawkstone and Alderley areas. The Grinshill area is apparently 

devoid of extensive baryte mineralisation, showing low quantit- 

ies of Ba in the rocks. The metal grades also reflect the 

importance of the Ba mineralisation in the Alderley and 

Peckforton areas, where sub-economic grades are attained. 

The geochemical results indicate that Sr is associated with 

the Ba, producing high positive correlation coefficients in all 

the areas. The association is reflected in the quantities of 

the two elements in the rocks - high levels of Ba inducing 

increased Sr levels. The Sr may be present in the rocks as 
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the sulphates - celestite or strontianite may partially sub- 

stitute for the Ba to produce the sulphates - celesto-baryte 

and baryto-celestite. Small amounts of both elements may 

be present as carbonate material , or as concentrations 

in clays and feldspars ( Davies 1971) 

The Ba/Sr ratios were investigated by Carlon (1975), who 

indicated that the ratios could be used to outline the origins 

of the various forms of the baryte in the rocks. The Ba/Sr 

ratios in the samples analysed did not indicate this relation- 

ship possibly due to the fact that the baryte was not separated 

from the host rock material, producing spurious results. 

Another significant feature of the results was the 

positive correlations obtained for Ba-Sr-Cu in the Peckforton, 

Grinshill and Hawkstone areas; this correlation was not evident 

in the Alderley area. This correlation may be significant when 

considering the origins of the baryte and base metal mineralis- 

ation present in the areas, suggesting that the Ba/Sr mineral- 

isation is associated with Cu mineralisation in all the areas 

except Alderley. 

The final point to be considered is that the total estimated 

tonnage for the Ba in the four areas amounts to 17x106 tonnes. 

If the other baryte deposits in the Cheshire Basin are added 

to this total, then a considerable amount of Ba and SO4 would 

have been needed to produce the deposits. The large tonnages 

of Ba indicate that the Cheshire Basin must be considered as a 

future source of baryte. 

The Base Metals 

The base metals considered in the thesis are Cu-Pb-Mn 

with subsiduary Co-Ni-Zn-Be and Li. These elements are present 
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as Carbonates (Cu-Pb) - in all the areas, oxides (Mn-Cu) - 

in all the areas, and sulphides (Pb-Zn-Cu-Co-Ni) - predomin- 

antly at Alderley, together with other exotic minerals. 

The base metal mineralisation is confined to the same form- 

ations as the baryte mineralisation, namely the LKS's and UMS's 

of the L. Keuper and U. Bunter respectively. This indicates the 

potential of the formations with respect to the mineralisation. 

The main feature of the base metals is their enrichment at 

Alderley - being some one order of magnitude greater than the 

other areas and several orders of magnitude greater than those 

quoted for an average sandstone. This is due to the extensive 

base metal-sulphide mineralisation in the area. The grades 

and tonnages of the base metals present at Alderley indicate 

that the mineralisation is sub-economic. The Cu and Pb levels 

at Hawkstone are also higher than the other two areas, but do not 

attain economic grades. The other prominent metal in the areas 

is Mn; this occurs liberally throughout the four areas, suggest- 

ing that it is not always associated with the sulphides found at 

Alderley. Mn may be associated with baryte or metal-carbonate 

mineralisation in the areas, as suggested by the correlation co- 

efficients. 

The correlation matrices present several different, and to 

some extent, complicated features of the mineralisation. In 

the Alderley area, the base metals Cu-Ni-Co-Pb-Zn all show 

positive correlations with each other, being totally distinct 

from the Ba/Sr mineralisation. In the other areas, as mentioned 

previously, Cu correlates with the Ba/Sr, but does not correlate 

with Pb. 

In the Grinshill, Peckforton and Hawkstone areas, Cu 
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correlates positively with Co-Ni, while the Pb is seen to 

correlate positively with Zn; these associations are typical 

of base metal mineralisation. In the Alderley area however, 

all the base metals correlate as one group, showing no dist- 

inctive Cu and Pb associations. 

One interesting feature of the correlation matrices was 

the association of Be with the base metals; this is indicated 

in the levels of the Be and base metals present in the rocks 

at Hawkstone and Alderley, where high levels of base metals are 

associated with high levels of Be. The Hawkstone area shows 

slightly increased Pb-Cu and Be levels. If the association can 

be ratified, then the Be may be useful as a pathfinder element 

for base metals although the concentrations are low. 

The final point to. be noted in the results is that Li 

correlates with all the base metals at Alderley except Pb; the 

Li may be associated with Cu mineralisation and not the Pb min- 

eralisation. The correlation therefore suggests that the Cu 

and Pb mineralisation at Alderley may be two distinct phases of 

mineralisation. 

B) Geochemistry Of The Host Rocks 

The elements associated with the host rocks are Al-K-Na- 

Mg-Ca-Ti-V-Fe; these will be dealt with separately in two 

groups. 

1) Al-K-Na-ME-Ca 

Al-K-Na-Mg show positive correlations in the Peckforton, 

Grinshill and Alderley samples. These elements are present in 

the host rocks as silicates such as micas and feldspars; this 

was recognised by Davies (1971). In the Hawkstone area, Ca 

substitutes for Na to form the Al-K-Mg-Ca association. The only 



248 

difference between the areas therefore is the predominance of 

Ca in the Hawkstone area compared to the other areas. 

The mineralogical studies indicated the presence of calcite 

and other carbonates in the rocks; these may have been intro- 

duced into the host rocks during deposition or may have been 

formed post-depositionally. Carbonate material in the host 

rocks would have produced an excellent source of CO3 for the 

mineralising solutions which produced the metal carbonates. 

2) Ti-V-Fe 

This association of elements is characterised by high posit- 

ive correlation coefficients throughout the four areas, repres- 

enting the original host rock elements. Ti is present in the 

rocks as ilmenite and rutile - both of which are resistate 

minerals; it is possible that these minerals have undergone 

changes since deposition (changing through the rutile - ilmenite - 

leucoxene series). Fe is characteristically present in the host 

rocks in several forms - as hematite, limonite and magnetite. 

It is possible that the forms of the Fe have changed since 

deposition and have been influenced by the mineralisation and 

the rutile-leucoxene transitions. V is present in the host 

rocks in small quantities -a feature noted by Mohr (1964). 

The levels of V conform to those of an average sandstone, and 

do not appear to be enhanced by the mineralisation, suggesting 

that it may be present in the host rocks as concentrations on 

clay minerals. 

2) Indications Of The Origins Of The Mineral Deposits 

The previous discussion of the geochemical results produced 

several interesting features relating to the origins of the 

mineral deposits; these features will now be considered in more 
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detail. 

One of the major associations recognised in the rocks was 

that of Ba-Sr; this probably resulted from Ba being partially 

substituted by Sr in the sulphate - baryte. The high Ba/Sr 

correlations, coupled with the fact that the baryte mineralis- 

ation occurs in the same style and geological formations suggest 

that the same type of mineralising solutions passed through all 

the areas. It is also possible that the mineralisation occurred 

at the same geological time in all the areas and that the con- 

ditions for baryte deposition were similar. The Ba-Sr correl- 

ations therefore indicate uniformity throughout the areas at the 

time of the baryte mineralisation. 

More complex relationships are presented in the base-metal 

geochemistry. In the Peckforton, Grinshill and Hawkstone areas, 

Cu was found to be associated with the Ba and Sr, indicating 

that the Cu - carbonate mineralisation present may be related 

to the baryte mineralisation. The Alderley area did not show 

the Cu-Ba-Sr correlations, indicating that the base metal mineral- 

isation is apparently distinct from the baryte mineralisation. 

The situation may be solved in a series of ways: 

1) The baryte mineralisation events produced the Cu-carbonates 

at the Peckforton, Grinshill and Hawkstone areas, either 

directly or indirectly by remobilisation of pre-existing 

minerals. In the Alderley area, the Cu-carbonates were not 

produced by the baryte mineralisation or, were produced and were 

then altered by subsequent events. 

2) The baryte mineralisation events produced the Cu-carbonates 

in the other three areas, and also produced the sulphide mineral- 

isation at Alderley; this may be possible if the conditions 
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enabled baryte to be deposited in all the areas together with 

different forms of base metal mineralisation. Thus, in the 

Alderley area, the Ba-rich solutions may have produced two 

distinct phases of mineralisation, whereas in the other areas 

the solutions produced one phase of baryte and Cu-carbonate 

mineralisation. 

3) The Alderley area has been subject to several different 

mineralisation episodes, producing separate types of ores. 

Another important factor that must be considered is the 

presence of Mn in all the areas; this again suggests that the 

conditions of mineral deposition were similar throughout all 

the areas. Mn is seen to correlate with the Ba to some extent, 

suggesting that it may have been formed at the same time as the 

baryte -a period in which conditions were similar in the areas. 

If the trace metals are considered, then it can be seen that Cu 

associates with Co and Ni, (a typical base metal association) 

in the Peckforton, Grinshill and Hawkstone areas, being 

distinct from the Pb-Zn association. This could have been 

produced ifs- 

i) The Cu and Pb were present in the host rocks as detrital 

components and the Cu was remobilised by the baryte mineralis- 

ation. The Cu and Pb would therefore show separate and distinct 

associations. 

ii) The Pb and Cu may have been deposited from the same mineral- 

ising solutions as two separate phases. 

In the Alderley area, all the base metals correlate as one 

group, suggesting that they were all formed during one mineral- 

ising episode. The Li correlation with the Cu-rich mineralis- 

ation at Alderley however, suggests some separation into Cu rich 
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phases; this may be due to subsequent alteration by supergene 

processes. 

The discussion indicates several mechanisms may be used to 

explain the origins of the mineral deposits in context to their 

geochemistry. All the data presented in this thesis must be 

assimilated in order to produce a suitable solution for the 

facts. 

3) Indications Of The Economic Potential Of The Mineral Deposits 

The geochemical work suggests that baryte is the most pre- 

dominant form of mineralisation in the Cheshire Basin and that 

large tonnages of the mineral are present; this indicates the 

potential of the region as a future baryte producer. The 

results also show the presence of Cu-carbonates and Mn oxides in all 

the areas and metal sulphides at Alderley. Although the quantities 

of these metals are smaller than the baryte, they must be con- 

sidered with respect to future exploration. 

4.7. CONCLUSIONS 

1) Ba-Cu-Pb-Mn are the major elements associated with the mineral 

deposits in the four areas under review. Co-Ni-Zn-Sr-Be and Li 

are also associated with the deposits. 

2) Al-K-Na-Mg-Ca-Ti-V-Fe are the major elements associated with 

the host rock geochemistry. 

3) Ba is present in the deposits as the sulphate - baryte; 

partial substitution by Sr may have produced the high positive 

correlations obtained in all the four areas for Ba-Sr. 

4) Mn is present in all the areas and may be associated with 

the baryte mineralisation. 

5) Cu is present in the Peckforton, Grinshill and Hawkstone 

areas as the carbonate - malachite; this may be associated with 
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the baryte mineralisation. 

6) Cu is correlated with Co-Ni in the Peckforton, Grinshill 

and Hawkstone areas, being distinct from the Pb-Zn association. 

7) Cu-Pb-Co-Ni-Zn are correlated with each other in the Alderley 

area, and are not apparently associated with the baryte mineral- 

isation. 

8) Li is correlated with the Cu association at Alderley, but 

does not correlate with the Pb association. 

9) Be is associated with the base metals in the Alderley and 

Hawkstone areas, and may be useful as a pathfinder element for 

base metals although the concentrations are very low. 

10) Al-K-Na-Mg represent host rock elements, showing corr- 

elations in all the areas. These are present in the rocks as 

silicates - such as feldspars and micas. 

11) Ca is present in the rocks in varying quantities; this 

may be a primary detrital component, or may be post-depositional 

-forming carbonate cements. 

12) Ti-V-Fe show ' correlations in all the areas, and are 

related to the host rock geochemistry. Ti is present as 

rutiles and ilmenites - resistate minerals. Fe is present 

in the rocks as iron oxides such as hematite and magnetite - 

(it is assumed that the form of the Fe has changed since depos- 

ition, due to numerous events that have taken place). V may 

be present in the rocks as concentrations on clay minerals, and 

does not appear to be associated with the mineralisation. 
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CHAPTER 5: GENESIS OF THE MINERALISATION IN THE PERMO-TRIASSIC 

ROCKS OF BRITAIN, WITH SPECIAL REFERENCE TO THE 

CHESHIRE BASIN 

5.1. INTRODUCTION 

The origins of the mineralisation in the Permo-Triassic rocks 

of Britain have been studied with increasing interest since the 

early twentieth century; since then, the theories of ore-genesis 

have changed considerably. Many new developments have arisen in 

the study of mineralising fluids, their composition and movement 

through the rocks. The results and information presented in 

this thesis will be considered in the light of such recent 

developments in order to: - 

1) Assess the factors involved in the genesis of the mineral 

deposits. 

2) Consider the various possibilities regarding the origins of 

the mineralising fluids. 

3) Outline a regional genetic model for the formation of the 

mineral deposits in the Permo-Triassic rocks of Britain. 

The subject will be approached on a regional basis, however, 

'local' factors will be indicated, especially for the deposits 

within the Cheshire Basin. The text is therefore a compilation 

of the data available from previous works and information presented 

in this thesis, forming a basis for future research on mineral 

deposits in the Permo-Triassic rocks of Britain. 

5.2. FACTORS ASSOCIATED WITH THE GENESIS OF THE MINERAL rEPOSITS 

The following factors will be considered in this text: - 

1) The origin of the metals and mineralising solutions. 

2) The passage of mineralising fluids through the rocks prior 

to mineral deposition. 
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3) Factors affecting the site of deposition and mineral pre- 

cipitation. 

4) The composition of the mineralising fluids. 

5) The age of the mineralisation. 

6) The relationship between the mineral deposits in the Permo- 

Triassic rocks and those in the surrounding Palaeozoic massifs. 

7) The association between red-bed processes and mineralisation. 

5.2.1. Origins Of The Metals And Mineralising Solutions 

The origins of the metals and mineralising solutions that 

produced the mineral deposits in the Permo-Triassic rocks of 

Britain revolve around three different concepts: - 

1) The metals may have formed in 'syngenetic' deposits - 

contemporaneous with the sedimentation processes. The syngenetic 

theories of ore-genesis for'the Alderley Edge deposit in the 

Cheshire Basin have been considered by Mohr (1964). Mineral- 

ogical data presented previously indicates that some 

metals in the form of sulphides and oxides were introduced into 

the sedimentary pile, however, these were affected by 'later' 

hematite 'rim' formation and carbonate cementation - features 

which were proven to form prior to the main mineralisation phase. 

Thus, the mineralisation events did not apparently result from 

'syngenetic' processes. It is possible that the metals introd- 

uced into the sedimentary pile were used at a later stage as a 

source of metals for the mineralising solutions. 

The detrital metals introduced during sedimentation must 

have been derived from 'local' material in adjacent, mineralised 

areas. Isotopic age determinations presented by meson and 

Mitchel (1973) indicate that mineralisation in the Carbonifer- 

ous Limestones of the Pennines took place some 235 to 180 ma 
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ago, this preceeds the start of the Permian sedimentation, and 

would allow metals to be introduced into the Cheshire Basin 

during Permian and Triassic times. Mineralisation within other 

Palaeozoic massifs bordering the Permo-Triassic basins was also 

developed before Permian times, indicating the widespread 

availability of metals from the 'local' source areas. 

2) The metals may have been introduced into the rocks from an 

'epigenetic' process utilising igneous fluids. The author 

suggests that in view of the lack of igneous rocks within the 

Permo-Triassic basins this is unlikely. Only the S. Devon mineral 

deposits are located in Permo-Triassic rocks with a nearby 

igneous complex (Hercynian granites of S. W. England); it is 

possible that mineralising fluids may have emanated from the 

granites in this area. Thus, the mineral deposits may have 

been formed from igneous fluids, but the author suggests that 

it is unlikely. 

3) The metals may have been introduced into the rocks by 

sedimentary brines; these represent fluids rich in chloride 

and metals. Such brines are derived from the compaction of 

sedimentary piles -a process which results in the loss of large 

volumes of water. Sediments may contain up to 80% water in an 

unconsolidated state; if this is lost on compaction, then 

millions of tonnes of water are released into the sedimentary 

system. The fluids would 'leach' and dissolve anions and 

cations from the rocks through which they passed, becoming 

gradually supersaturated in such components. These processes 

result in the formation of mineralising brines. The processes 

involved in brine formation have only recently been established by 

such workers as Beales (1976), Densmore (1975), Davidson (1966), 
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Hirst (1971), Dunham (1971), Magaxa (1976,1978) and Tooms (1970). 

This concept therefore utilises the presence of detrital metals 

in the host rocks as sources of metal for the brines and also 

uses the residual fluids present in the sediments after deposition. 

The formation of sedimentary, mineralising brines in the 

Permo-Triassic basins of Britain could be expected. The large 

basins would provide large volumes of fluids on compaction, 

while the detrital metals would be an excellent source of metal 

for the brines. Furthermore, the presence of evaporite salts in 

the sediments would increase the carbonate, sulphate and chloride 

concentrations of the brines. The Permo-Triassic basins represent 

an excellent example for the concept of sedimentary, metallif- 

erous brines. 

5.2.2. The Passage Of Fluids Through The Rocks 

The mineralising fluids must have passed through the Permo- 

Triassic rocks within the basins in order to produce the large, 

lateral spread of mineral deposits. The factors governing the 

passage of fluids through rocks are complex, however, workers 

such as Colter and Ebbern (1978) indicate that the Permian and 

L. Triassic rocks within the Cheshire Basin provide excellent 

'aquifers' for fluid movement. Thus, the fluids could migrate 

through the relatively-permeable sandstones, pebbly-sandstones 

and conglomerates in the lower formations of the Cheshire Basin. 

Their results also indicated that the U. Triassic, Keuper Marls 

and Waterstones were relatively-impermeable when compared to the 

lower formations and would provide 'cap' rocks to any ascending, 

mineralising fluids; such fluids would therefore be 'ponded' 

against the 'cap' rocks. This process would result in the 

lateral-dispersion of fluids through the Permian and L. Triassic 
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rocks, towards the edges of the basins. The Permo-Triassic 

basins in Britain would therefore allow the mineralising fluids 

to ascend up to a 'cap' rock, whereby, they would be ponded and 

dispersed laterally. 

Several situations indicate that the aforementioned proc- 

esses may have operated in the Permo-Triassic basins of Britain; 

1) The mineral deposits within the Permo-Triassic rocks of the 

Cheshire Basin are situated within the relatively-permeable 

various sandstone formations around the edges of the basin. 

The central parts of the basin apparently are not mineralised 

and contain a large thickness of relatively-impermeable Keuper 

Marl. 

2) Mineralisation within the Lower Magnesian Limestones of N. E. 

Yorkshire is confined to a zone beneath a marl band, which would 

also provide an impermeable 'cap' rock. 

3) Mineral deposits in the 'Mendip' province are situated along 

the borders of the basin in relatively-permeable Dolomitic 

Conglomerate. 

These factors suggest that the mineralising fluids were 

dispersed laterally within the basins beneath a relatively- 

impermeable 'cap' rock. It is possible that some of the fluids 

would diffuse through the 'cap' rock, although the quantities 

would be negligable when compared to the lateral flow of fluids. 

5.2.3. Factors Affecting The Site Of Deposition And Mineral 

Precipitation 

Field evidence indicates that the mineralisation is situated 

in structural and sedimentary 'traps' such as: - 

1) Fault zones, where highly-permeable strata have been dis- 

placed into contact with less-permeable strata. Although the 
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age of some of the faulting in the Cheshire Basin was dated 

as Tertiary (Poole and Whiteman - 1966), evidence suggests that 

large rift faults were active during sedimentation in the 

Permian, Triassic and L. Jurassic times; these would provide 

excellent sites for mineral deposition and channels for the 

passage of fluids. 

2) Unconformities which are present between older Palaeozoic 

and younger Permo-Triassic rocks. These are especially well 

developed on the edges of the basins, indicating the overstepping 

relation of Permo-Triassic sediments onto highland areas. 

3) Channel - bar sediments present within the host rocks. 

4) Cross-bedding, and micro-lithological variations found 

in the host rocks. 

All these features indicate that the mineralising solutions 

were channelled into trap structures on the edges of the basins. 

This generally agrees with the concept of lateral dispersion of 

the fluids beneath a 'cap' rock. 

The formation of metal sulphides in the trap structures 

would result from an increase in reduced sulphur species in the 

meta-stable fluids; this may have been caused by mixing of two 

separate fluids, or by sulphate reduction as described by Beales 

(1976) and Anderson (1975). It is possible that the sulphate 

reduction was initiated by a catalyst at the site of deposition 

(Per. Comm. J. S. Carter - 1980), although the exact nature of 

this is unknown. 

Although other mineral species are present in thö 

deposits , in the form of carbonates , sulphates, 

and exotic species , there is no evidence to suggest j 

that these are related to the sulphide minerals. It is 
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probable that subsequent remobilisation of the original 

mineralisation has taken place. The author suggests that the 

latter process has acted on the mineral deposits in the Permo- 

Triassic rocks of Britain; this may explain the presence of 

mineralisation within Tertiary faults of the Cheshire Basin. 

5.2.4. The Composition Of The Mineralising Fluids 

The components present in the mineralising fluids can only 

be derived from the study of the mineral deposits; the follow- 

ing components are found within the Permo-Triassic mineral 

deposits of Britain (also see geochemical analyses presented 

in Chapter 4): - 

1) Cations - Ba, Mn, Fe, Pb, Zn, Cu, Co, Ni, Sr, Ca, K, Na, Li. 

2) Anions - Cl, SO4, CO3, S, PO4, As, 0. 

It is possible to contain all these components in a sedimentary 

brine, as indicated by Carpenter et al ("1974), who noted the com- 

positions of various brines. All the cations could be derived 

from detrital metals introduced into the sediments, while anions 

could be derived from detrital materials and evaporite salts. 

5.2.5. Age Of The Mineralisation 

The ages of the mineral deposits within the Permo-Triassic 

rocks of Britain have not yet been determined from isotope 

studies. The following facts should be considered when dating 

the deposits: - 

1) The mineralisation must have formed after the deposition of 

the Permian and Triassic rocks in which they are contained. 

2) Small amounts of mineralisation in the U. Triassic and Liassic 

rocks suggest that the mineralisation occurred after the end of 

the Triassic, or at least some phase of mineralisation did. 

3) If the mineralisation formed from sedimentary, mineralising 
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brines, then the deposits would be formed after compaction and 

movement of the fluids - at the end of the Triassic and early 

Jurassic times. 

4) The presence of mineralisation in many different 

faults in the Cheshire Basin may indicate that some 

remobilisation has taken place. 

5) The mineralogical data indicates that the mineralisation 

formed after hematite 'rim' formations and carbonate cementation 

- these may have formed during diagenesis. 

The author suggests that the mineralisation occurred at the end 

of the Triassic and during the early Jurassic times by sediment- 

ary, mineralising brines, and that later remobilisation took 

place. 

J. 2.6. The Relationships Between The Mineral Deposits In The 

Permo-Triassic Rocks And Those In The Surrounding Palaeozoic 

Mass ifs 

Several relationships exist between the mineral deposits 

in the Permo-Triassic rocks and those in the surrounding 

Palaeozoic massifs: - 

1) In N. E. Yorkshire, the L. Magnesian Limestones are mineralised 

by Pb-Zn-Ba; the deposits occur in rocks adjacent to mineral- 

ised, Carboniferous Limestones with Pb-Zn-Ba assemblages; this 

indicates that - 

a) The Carboniferous rocks may have introduced Pb-Zn-Ba as 

detrital minerals in the Permian and Triassic sediments. 

b) The mineralising solutions from the Carboniferous Limestones 

may have come into contact with those emanating from the Perm- 

Triassic basin. 

c) The mineralising fluids from the Permo-Triassic basin 
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may have entered the Carboniferous Limestones and overprinted 

previous mineralisation. Isotopic dating (mentioned prev- 

iously - 235 - 180 ma) indicates that all three processes may 

have been active. 

2) Permo-Triassic, mineralising fluids may have entered the 

adjacent Palaeozoic massifs after being laterally-dispersed in 

the basins; some of the Palaeozoic rocks provide excellent 

host-rocks for mineralisation, and would have been able to 

accommodate the fluids. Thus, it is possible that the mineral- 

ising fluids from the Permo-Triassic basins overprinted previous 

Pb-Zn mineralisation in Palaeozoic massifs. 

3) Fluids from the Palaeozoic massifs may have come into contact 

with fluids from the Permo-Triassic basins resulting in the 

mixing of fluids and the precipitation of minerals; this feature 

would take place on the borders of the two areas and may be used 

to explain deposits such as Alderley Edge and Ecton - bordering 

the Carboniferous Limestones and the Cheshire Basin. These two 

deposits are not typical of the other mineralisations within the 

Cheshire Basin or the Carboniferous Limestones. 

4) Mineralisation within the Permo-Triassic rocks of S. Devon 

is similar in composition and character to that in the adjacent 

'killas' which has been influenced by the granitic intrusions 

I 
present. It is possible that fluids from the adjacent Palaeozoic 

rocks overprinted mineralisation from the Permo-Triassic basin. 

5.2.7. The Association Between Red-Bed Processes And Mineralisation 

The red beds present in the Permo-Triassic rocks of Britain 

must have been subject to the processes described in Chapter 1; 

these are related to diagenesis and pore-water movements after 

sedimentation. The relationships between red-beds and mineral- 



262 

isation may be exemplified by several field observations: - 

A) Mineralisation does not always occur in red-beds; there 

are large volumes of red beds without mineralisation. 

B) Where mineralisation occurs within red beds, it does not 

show any preference for grey or red strata; in many cases, the 

mineralisation traverses both types of strata. 

C) Mineralogical data indicates that the mineralisation took 

place after hematite 'rim' formation -a process connected to 

red-bed formation. Thus, the mineralisation took place after 

red-bed processes had operated on the rocks. 

All these factors indicate that the mineralisation is 

distinct from the red-bed processes; it would be possible to 

link them together if a sedimentary brine could be shown to be 

responsible for the mineralisation processes. The pore-waters 

relating to red-bed formation within the sedimentary pile would 

be the obvious source of sedimentary brines. If pore-waters 

had been responsible for red-bed processes and mineralisation 

processes, then the presence of iron in the deposits may be ex- 

plained. 

53. PROPOSED GENETIC MODEL FOR THE MINERAL DEPCSITS IN THE 

PERMO-TRIASSIC ROCKS IN BRITAIN 

From the factors discussed previously, the author suggests 

that the mineral deposits in the Permo-Triassic rocks of Britain 

formed by the following mechanisms: - 

i) Detrital metallic minerals were introduced into the Permo- 

Triassic basins during sedimentation; these minerals were 

derived from deposits that formed in the Palaeozoic, highland 

massifs surrounding the basins prior to sedimentation in the 

Permian. 
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2) The sediments within the Permo-Triassic basins were com- 

pacted, and released large volumes of chloride-rich waters. 

3) The brines migrated through the Permian and Triassic rocks 

(possibly channelled along fractures) leaching metals and salts 

from the rocks, forming a meta-stable, supersaturated, metall- 

iferous brine. 

4) The brines migrated laterally and vertically towards the 

surface but were ponded against the Keuper Marls and Keuper 

Waterstones; this resulted in a lateral migration of the fluids 

towards the edges of the basins. 

5) Some of the fluids escaped by diffusion into the Keuper 

Waterstones and Keuper Marls. 

6) The metalliferous brines moved laterally through the Permian 

and L. Keuper formations until they reached suitable 'trap' 

structures on the edges of the basins; at this point, metals 

were precipitated as sulphides, sulphates, carbonates and other 

exotic minerals. 

7) The sulphides formed by sulphate reduction or mixing of two 

different fluids; the second fluid may have been derived from 

the adjacent Palaeozoic massifs. 

8) Excess brine either dispersed or entered the adjacent 

Palaeozoic massifs, overprinting existing Pb-Zn mineralisation. 

9) Subsequent remobilisation of the mineral deposits within 

the Permo-Triassic rocks resulted in a wider distribution of min- 

eralisation, and the formation of secondary enrichment products. 

10) The mineral deposits may have been subsequently uplifted 

in fault-bound blocks by rejuvenation of pre-existing faults. 

Such fault-movements may have caused further remobilisation 

of the mineral deposits. 
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CHAPTER 6: THE METALLOGENY OF THE BRITISH PERMO-TRIASSIC 

MINERAL DEPOSITS IN RELATION TO THE PALAEOZOIC BASEMENT 

6.1. INTRODUCTION 

A metallogenetic map of southern Britain was constructed 

from known mineral occurrences. The resultant map is shown 

on Figure 6.1. It was constructed to show: - 

A) The distribution of mineral occurrences in the Permo- 

Triassic rocks of southern Britain. 

B) Regional 'provinces' containing similar types of mineral- 

isation within a geographic area. 

C) The major metals and non-metals dominating the mineral- 

ogies of the deposits. 

D) The spacial and temporal relationships between the mineral 

deposits in the Permo-Triassic rocks and those in the 

Palaeozoic rocks. 

The map does not show the position of all the mineral 

occurrences within the provinces, but indicates the position 

of other occurrences outside designated provinces. The map 

has been simplified from the original in order to show the 

above features. The provinces were denoted from: - 

1) The geographic extent of the mineralisation within the 

rocks. 

2) The style of mineralisation in the deposits. 

3) The host rocks containing the mineralisation. 

4) The mineralogy of the deposits. 

In all, some sixteen provinces were defined: - 

A) Those provinces in Permo-Triassic rocks 

1) N. E. England (Baryte-bead-Evaporite) Province. 

2) N. W. England (Baryte-Copper-Lead) Province. 
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3) Central England (Lead-Copper-Baryte) Province. 

4) Mendip (Lead-Zinc-Copper) Province. 

5) N. Devon (Iron-Copper) Province. 

6) S. Devon (Baryte-Manganese-Copper) Province. 

B) Those provinces in Palaeozoic rocks 

1) N. England (Lead-Zinc) Province. 

2) Derbyshire (Lead-Zinc) Province. 

3) N. Wales (Lead-Zinc-Baryte) Province. 

4) N. Wales (Lead-Zinc-Copper) Province. 

5) Vale of Ffestiniog (Copper-Lead-Zinc) Province. 

6) Shelve (Lead-Baryte) Province. 

7) Dolgelly Gold Belt. 

8) Central Wales (Lead-Zinc) Province. 

9) S. Wales (lead-Zinc) Province. 

10) S. W. England (Tin-Tungsten-Copper) Province. 

Unfortunately, all the mineral provinces cannot be 

considered in the text, therefore, only those in the Permo- 

Triassic rocks will be discussed. The provinces will be 

systematically described according to: - 

A) The host rocks containing the mineralisation. 

B) The styles of mineralisation. 

C) The mineralogy of the deposits. 

D) Mining activity that has taken place in the provinces. 

6.2. SYSTEMATIC DESCRIPTIONS OF THE METALLOGENETIC PROVINCES 

IN THE PERMO-TRIASSIC RCCKS 

6.2.1. N. W. England (Baryte-Copper-Lead) Province 

This province corresponds to the Cheshire Basin which 

has been described previously in Chapter 2; in this respect, 

the features will only be summarised briefly. The mineral- 
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isation has been described by many workers such as Carlon 

(1975), and Davies (1971). 

The Host Rocks 

The mineralisation is confined to the Triassic rocks 

of the area, being concentrated in the U. Bunter (U. Mottled 

Sandstones) and the L. Keuper (Lower Keuper Sandstones and 

Conglomerates) formations. The host rocks containing the 

mineralisation are shown on Figure 2.3. 

The Style Of Mineralisation 

The mineralisation is stratabound and shows two distinct 

associations: - 

1) Base metal mineralisation - occurs as disseminations, 

cements, impregnations, veins and void infillings. 

2) Non-metallic baryte mineralisation - occurs as cements, 

impregnations, void infillings, single crystals between 

clastic grains and as crystal rosettes. 

The Mineralogy 

1) Base Metals 

a) Carbonates - Cu (malachite, azurite), Pb (cerussite), Fe 

(siderite). 

b) Oxides - Mn (wad), Cu (cuprite), Fe (hematite, limonite, 

goethite and magnetite), Ti (rutile, ilmenite). 

c) Sulphides - Pb (galena), Cu (chalcocite, bornite, 

chalcopyrite) Zn (sphalerite) and other trace sulphides of 

Ni, Fe and Co. 

d) Exotic mineral phases, such as phosphates, arsenates, 

chlorides and vanadinates. 

2) Non-Metals 

a) Sulphates - Ba (baryte) Sr (celestite, strontianite), Ca 
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(gypsum, anhydrite). 

b) Carbonates - Ba (witherite), Ca (dolomite, calcite), 

Fe-Mg-Ca (ferroan calcite and dolomite). 

c) U-V-Asphaltites. 

Mining 

Copper ores were mined in the province from Roman times 

up to the early twentieth century at: - 

1) Gallantry Bank and Bickerton in the Peckforton Hills. 

2) Alderley Edge - Cheshire. 

3) Marchamley in the Hawkstone Hills. 

4) Eardiston - W. Felton. 

Only copper ores were mined in these operations, although 

associated Pb-Zn-Ba and Fe were present. No mining activity 

has taken place since then. 

6.2.2. Central England (Lead-Copper-Baryte) Province 

This is situated in the Midlands of England to the south 

of-the Pennine, Carboniferous Massif. The mineralisation has 

been described by Ford and King (1965,1967,1968). 

The Host Rocks 

The host rocks within the province vary systematically 

from east to west and are shown on Figure 6.2. In the west, 

the mineralisation occurs in the Triassic sandstones (U. 

Bunter and L. Keuper), being terminated by the Keuper Marls. 

In the east, the mineralisation occurs in the Permian and 

Triassic strata, extending into the Keuper Marls. In this 

area the Permo-Triassic strata lie unconformably on 

Palaeozoic rocks (mainly Carboniferous). 

The Style Of Mineralisation 

The mineralisation occurs in many forms: - 
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Figure 6.2. The stratigraphy of the Permian and Triassic 

rocks in the midlands of England ( from F. M. Taylor 1968 . 
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a) As stringers in the Triassic sandstones. 

b) As faults in the Permian and Triassic strata. 

c) As cements in the Triassic sandstones. 

d) As cavity and void infillings in the Permian and Triassic 

rocks. 

e) As disseminations in the Keuper Marls and Triassic sand- 

stones. 

f) As surface coatings along joint planes. 

g) As single crystals between clastic grains and as crystal 

rosettes in the Permian and Triassic strata. 

h) As replacements in the Permian limestones. 

i) As nodules and concretions in all the strata. 

j) Along unconformities. 

k) Along palaeochannels in the Permo-Triassic sandstones. 

The Mineralogy 

The mineralogy is very complex, but may be divided into: - 

1) Base Metals 

A) Sulphides - Cu (chalcopyrite, chalcocite, bornite), Pb 

(galena) and Zn (sphalerite). Other trace sulphides of 

Fe-Co-Ni-Mo are present in the deposits. 

B) Carbonates - Cu (malachite), Pb (cerussite), Fe (siderite). 

C) Oxides - Fe (limonite, hematite, magnetite), Mn (wad) 

and Cu (cuprite). 

21-Non-Metallics 

A) Sulphates - Ba (baryte), Sr (celestite, strontianite), 

Ba-Sr (baryto-celestite, celesto-baryte), Ca (gypsum, 

anhydrite). 

B) Carbonates - Ca (calcite, dolomite, ferroan calcite and 

dolomite). 
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C) U-V-asphaltites. 

Mining 

The deposits have not been mined extensively in this 

area, although there are reports of old Pb mines (R. King- 

Per. Comm. 1978) in the province. Mining in the underlying 

Carboniferous rocks has been continuous up to the twentieth 

century however (Ford & King, 1965) at Brassington and Ecton. 

6.2.3. Mendip (Lead-Zinc-Copper) Province 

The Mendips are a series of hills in south-west England, 

bordering the Bristol Channel. They have been described 

in detail by. Green (1958). 

The Host Rocks 

The host rocks containing the mineralisation were 

defined by Green: - 

Triassic Keuper Marls 

Dolomitic Conglomerate 

================== 

Carboniferous Burrington Oolite 

Black Rock Limestone 

(Chinastone) Clifton Down Limestone 

to it it 

Thickness 

The basal Dolomitic Conglomerate is the main mineralised 

horizon in the Triassic sequence, while the Carboniferous 

Limestones represent the major host rocks of the area. 

Style Of Mineralisation 

1) Keuper Marls 

These contain small disseminations of base metals, and 

often contain concretions and nodules. The main mineralis- 

ation within this horizon, is dominated by stratiform, non- 
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metallic assemblages. 

2) Dolomitic Conglomerate 

This shows several different types of mineralisation: - 

a) Surface coatings along joint planes. 

b) Impregnations and cements. 

c) Disseminations. 

d) Veins and cavity infillings. 

e) Nodules and concretions. 

f) Replacement bodies. 

The metallic mineralisation is concentrated in this 

horizon, and often occurs as veins, replacements and cavity 

infillings. The calcareous nature of the host rock produces 

similar styles of mineralisation to those in the Carbonifer- 

ous Limestones. 

3) Carboniferous Limestones 

These show mineralisation typical of a carbonate facies: - 

a) Veins and stringers. 

b) Replacements. 

c) Cavity and void infillings. 

d) Cements and impregnations. 

e) Fissure infillings. 

Mineralisation also occurs between the Carboniferous and 

Triassic sequences along the unconformity planes. 

The Mineralogy 

1) Keuper Marls 

A) Base Metals 

a) Sulphides - Pb (galena), Cu (chalcocite, chalcopyrite, 

bornite). 

b) Carbonates - Cu (malachite), Pb (cerussite). 
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Non-Metals 

Sulphates - Ba (baryte), Sr (celestite, strontianite), 

Ba-Sr (baryto-celestite, celesto-baryte), Ca (gypsum). 

2) Dolomitic Conglomerate 

a) Sulphides - Pb (galena), Zn (sphalerite), Cu (chalcopy- 

rite, bornite, chalcocite). 

b) Carbonates - Cu (malachite), Pb (cerussite), Zn (cala- 

mine). 

c) Oxides - Fe (hematite, limonite, goethite), Mn (wad). 

d) Sulphates - Ba (baryte), Sr (strontianite, celestite), 

Ca (gypsum), Zn (smithsonite). 

3) Carboniferous Limestones 

a) Sulphides - Pb (galena), Zn (sphalerite), Cu (chalcopy- 

rite, bornite). 

b) Carbonates - Cu (malachite), Zn (calamine), Pb 

(cerussite), Ca (calcite, dolomite). 

c) Oxides - Mn (wad), Fe (hematite). 

d) Sulphates - Ba (baryte), Sr (celestite), Ca (gypsum). 

Mining 

The whole area has been subject to mining activity since 

the Roman times. The mining activity of the area has been 

described by Metcalf (1969) and Green (1958). The Dolomitic 

Conglomerate has been mined for lead ores, especially at 

Rowberrow, Priddy-on-the-Hills and at Llantrisant in S. 

Wales, while the Carboniferous Limestones have been mined 

in the central parts of the massif for Pb-Zn and Cu, espec- 

ially at Shipham and Burrington. 

6.2.4. North Devon (Iron-Copper) Province 

The province is situated on the north coast of Devon, 
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in Devonian, Carboniferous and Triassic rocks. The rocks 

have been described by laming (1968). 

The Host Rocks 

The host rocks are shown on Figure 6.3., together with 

those in south Devon. The mineralisation occurs in the 

U. Devonian, Carboniferous and L. Triassic strata of the area. 

The Triassic rocks lie unconformably on the Devonian in the 

west. 

The Style Of Mineralisation 

The mineralisation may be segregated as follows: - 

a) In the Devonian and Triassic sandstones, the mineralis- 

ation occurs as a series of lodes trending east to west. 

b) In the Keuper Marls, the mineralisation occurs as strata- 

bound layers and lenses, with occasional nodules, concretions 

and disseminations. 

c) In the Carboniferous strata, mineralisation occurs as 

cavity and void infillings, veins, cements and replacements. 

The mineralisation has been described by Youell (1914). 

The Mineralogy 

Devonian And Triassic Lodes 

These contain: - 

a) Oxides - Fe (hematite, limonite, goethite), Mn (wad) 

and Cu (cuprite). 

b) Sulphides - Pb (galena), Cu (chalcopyrite, bornite, chal- 

cocite), Zn (sphalerite). 

c) Carbonates - Cu (malachite), Fe (siderite), Ca (Calcite, 

dolomite, ferroan calcite and dolomite). 

Keuper Marls 

a) Sulphates - Ba (baryte), Sr (celestite, strontianite), 
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Ba-Sr (baryto-celestite, celesto-baryte), Ca (gypsum, 

anhydrite). 

b) Sulphides and carbonates of Pb-Cu, and other trace 

sulphides of Zn-Ni-Co. 

Carboniferous Limestones 

a) Sulphides - Pb (galena), Zn (sphalerite). 

b) Sulphates - Ba (baryte), Sr (celestite, strontianite). 

c) Carbonates - Ca (calcite, dolomite). 

d) Oxides - Fe (hematite, magnetite). 

Mining 

The lodes within the Triassic rocks have not been 

exploited, however, they have been mined in the Devonian 

rocks at Exmoor and the Brendon Hills since the Roman times 

for Cu-Pb and Fe. The Carboniferous Limestones have not 

been mined. 

6.2.5. South Devon (Baryte-Manganese-Copper) Province 

This province is situated on the south coast of Devon, 

in Devonian, Carboniferous and Triassic rocks. The area 

has been influenced by the nearby granitic intrusions of 

the S. W. England. The mineralisation has been described 

by Carus-Wilson (1913) and Harrison (1962), while the host 

rocks have been described by laming (1968). 

The Host Rocks 

The Permo-Triassic rocks of the province are shown on 

Figure 6.3. These consist of Permo-Triassic sandstones, 

conglomerates and siltstones. The Devonian and Carbonif- 

erous rocks in the area have been altered by the nearby 

granitic intrusions, and are termed 'killas. ' 

The Style Of Mineralisation 
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A) Permo-Triassic Rocks 

1) Lodes (trending east to west), veins and fissure 

infillings in the Permo-Triassic sandstones. 

2) Nodules and concretions in the Permo-Triassic sandstones 

and marls. 

3) Impregnations and disseminations in the Permo-Triassic 

sandstones and marls. 

4) Cements in the Permo-Triassic sandstones only. 

B) The Carboniferous And Devonian Rocks 

1) Veins and lodes (trending north to south, east to west, 

and east-north-east to west-south-west). 

2) Stratabound deposits. 

The Mineralogy 

A) Permo-Triassic Deposits 

a) Carbonates - Cu (malachite), Fe (siderite), Ca (calcite, 

dolomite). 

b) Oxides - Mn (wad), Fe (hematite, limonite, goethite), 

Cu (cuprite). 

c) Sulphides - Pb (galena), Cu (bornite, chalcopyrite). 

d) Sulphates - Ba (baryte), Sr (celestite), Ca (gypsum). 

e) U-V Asphaltites. 

B) Carboniferous And Devonian Deposits 

a) Sulphides - Zn (sphalerite), Sn (cassiterite), Fe 

(pyrite), Pb (galena). 

b) Trace sulphides - of Cu, Co, Ni, As. 

c) Sulphates - Ba (baryte), Sr (strontianite, celestite). 

d) Carbonates - Ca (calcite), Fe (siderite). 

e) Oxides - Fe (hematite, magnetite, limonite, goethite), 

Mn (wad). 



278 

f) Other non-metallics - tourmaline, fluorite. 

Mining 

Copper ores were worked in the Triassic sandstones at 

Exmouth, (Carus-Wilson - 1913), while Mn lodes have been 

exploited at Newton-st-Cyres. No other mineralisation 

has been exploited in the Permo-Triassic rocks. Base metals 

have been mined in the Devonian and Carboniferous rocks of 

the area since Roman times, especially at Exmouth, 

Frankmills, and in the south-east of the province. 

Baryte has also been intermittently extracted from the 

Palaeozoic rocks of the Teign Valley up to 1970. 

6.2.6. N. E. England (Baryte-Lead-Evaporite) province 

This province is situated on the north east coast of 

England, and is composed entirely of Permo-Triassic rocks. 

The Host Rocks 

The host rocks containing the mineralisation are shown 

on Figure 6.4. The rocks consist of elastic and carbonate 

facies deposited in continental and shallow water marine 

environments. The majority of the mineralisation is con- 

fined to the Permian sequence, in the Permian limestones, 

Marl Slate and basal sandstones. The province extends 

from Doncaster in the north to Nottinghamshire in the south, 

some forty miles. One of the main features of the rocks in 

this province is that they contain a substantial thickness 

of Permian evaporite salts (Zechstein); these are not found 

in any of the other provinces in the Permian sequences. 

The evaporites will not be considered as mineralisation. 

The Style Of Mineralisation 

1) Cavity and void infillings in the Permian limestones. 
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Figure 6.4. The stratigraphy of the Vale of Eden 

and N. E. England ( from Arthur. top, Burgess and 
Holliday , 1978 ). 
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2) Veins and stringers in the Permian limestones. 

3) Replacements and cements in the Permian limestones. 

4) Disseminations, impregnations and cements in the basal 

Permian sandstones and conglomerates (and breccias). 

5) Surface coatings along joint planes in the Permian 

limestones and basal sequences. 

6) Stratabound mineralisation in the Keuper Marls. 

7) Nodules and concretions in the Keuper Marls. 

8) Single crystals and rosettes in the Permian limestones, 

basal Permian sequences and Keuper Marls. 

9) Disseminations, impregnations, concretions and cements 

in the Marl Slate. 

The main mineralisation is associated with the Permian 

limestones and basal sequences, although some mineralisation 

is present in the Marl Slate and Keuper Marls. 

Mineralogy 

Permian Limestones 

a) Sulphides - Pb (galena), Zn (sphalerite). 

b) Sulphates - Ba (baryte), Sr (celestite, strontianite), 

Ca (gypsum). 

c) Carbonates - Ca (calcite, dolomite). 

d) U-V-Asphaltites. 

e) Other minerals include fluorite, wulfenite and hemi- 

morphite. 

Permian Basal Sequences 

a) Sulphides - Pb, Cu, Zn. 

b) Carbonates - Cu, Pb, Zn, Ca. 

c) Sulphates - Ba, Sr, Ca. 

d) Sulphide Traces of Co-Ni-Fe. 
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Marl Slate 

This contains mainly sulphides of Pb-Cu-Zn, with 

subsidiary Co-Ni-Fe. 

Keuper Marls 

a) Sulphates - Ba, Ca, Sr. 

b) Carbonates - Cu, Ca. 

c) Sulphides (trace) - Cu, Pb. 

The mineralisation has been described in detail by 

Deans (1950,1961), Fowler (1943) and Metcalf (1969). 

Mining 

None of the metals have been exploited in the province, 

due to the fact that the industrial minerals present far 

better economic targets. Potash, salt, gypsum, and anhyd- 

rite have all been exploited in the area, and are still 

being mined at present (Metcalf 1969). 

6.2.7. Other Areas 

The other mineral occurrences in S. England are noted 

on Figure 6.1. It can be seen, however, that the mineral 

provinces contain 90q of the known deposits. In N. Britain, 

several provinces may be recognised: - 

A) The Vale of Eden. 

B) The Elgin district of Scotland. 

C) The west coast of Scotland, including the islands. 

The Vale Of Eden 

This lies to the north and east of the Lake District 

Massif, and is composed of Permian and Triassic strata. 

The geology of the area has been described by Arthurton, 

Burgess and Holliday (1978), and is shown on Figure 6.4. 

The mineralisation in this area is limited and very 
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sporadic. Pb and Cu sulphides occur in the form of dis- 

seminations, patches, cements and veins in the Permian and 

Triassic sandstones and conglomerates, and also occur in the 

Permian limestones (Trotter and Hollingworth, 1932). 

Baryte and calcite are also seen to occur as stratabound 

deposits and as veins at various levels in the sequence. 

Some carbonate species of Cu and Pb are also found as second- 

ary products of the sulphide mineralisation. In general, 

very little mineralization occurs in the area, especially 

if considered in relation to the provinces defined in southern 

Britain. 

The Elgin District of Scotland 

This area is situated on the north coast of Scotland, 

centred about the Elgin district. The geology and mineral- 

isation in the Permo-Triassic sandstones have been described 

by Dunham (1952). The mineralisation consists of fluorite 

and baryte in open-pored clastic sediments. The mineralis- 

ation occurs as: - 

1) Veins. 

2) Cements and impregnations. 

3) Void and cavity infillings. 

No metalliferous mineralisation has been reported in 

the area, thus the mineralisation is totally non-metallic. 

The West Coast of Scotland 

Small occurrences of base metal and baryte mineralis- 

ation are known in the Permo-Triassic sandstones of western 

Scotland, centred about the island of Arran. These occurr- 

ences are generally small and sporadic, and as such, cannot 

be grouped into a mineral province. It is sufficient to note 

,ý 
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their presence at this stage. 

Thus the mineralisation in the Permo-Triasaic rocks of 

Britain has been briefly described. It may be noted, that 

there are many similarities between the various provinces 

defined; these similarities will be discussed later, and com- 

pared to mineralisation in the Permo-Triassic rocks of Europe 

and America. 

6.3. COMPARISON OF THE BRITISH PERMO-TRIASSIC PROVINCES 

From the descriptions presented in the text, it is possible 

to make a comparative study of the mineral provinces in the 

Permo-Triassic rocks of Britain. The study will be based on 

regional parametres, and will be considered under four topics: - 

a) The host rocks containing the mineralisation. 

b) The mineralogy of the deposits in the provinces. 

c) The styles of mineralisation within the provinces. 

d) The effect of Palaeozoic basement rocks on the mineralis- 

ation. 

A) The Host Rocks 

The host rocks containing the mineralisation in Britain 

vary in age from L. Permian to U. Triassic. They also vary in 

lithology from coarse to fine grained clastics to carbonates. 

The major point that may be derived from the variations is 

that the mineralisation is most abundant in the highly perm- 

eable and highly porous members, thus the mineralising fluids 

must have selected the most suitable horizon and lithology 

within any particular province. C7 this basis, it is possible 

to compare the different lithologies and ages of the host rocks, 

in that they all represent the most suitable horizon and 

lithology in any particular province. 
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Cne exception to the rule is the presence of mineralis- 

ation in the Keuper Marls; this may be explained in two ways. 

In the first instant, it can be seen that the Keuper Marls 

contain stratabound, non-metallic mineralisation in many of 

the provinces. This may have been derived by chemical 

changes in the mineralogy during dewatering and compaction 

of the sedimentary pile. The non-metallic mineralisation 

may therefore be separated from the metallic mineralisation 

in the underlying Permo-Triassic sandstones. Secondly, the 

Keuper Marls are found to contain small amounts of base metal 

mineralisation. This may be explained by seepage into the 

low-permeability marl from the underlying strata during miner- 

alisation. Thus, both the metallic and non-metallic mineral- 

isation in this low-permeability horizon can be explained. 

It can be concluded that the mineralisation in the Permo- 

Triassic rocks of Britain has been influenced by the host rocks, 

which provided suitable permeable zones for the movement of 

mineralising fluids. It can also be stated that the host 

rocks are all comparable, being highly permeable and in many 

cases, highly porous. They provide suitable host rocks for 

the minerals and would also allow the passage of mineralising 

fluids. 

B) The Mineralogy 

The dominant metallic elements in the Permo-Triassic 

deposits of Britain are Pb and Cu; these are seen to occur 

as carbonates and sulphides (representing possible primary 

and secondary phases of mineralisation). 

Pb-Cu sulphides are present in all the mineral provinces 

except Elgin in Scotland. They occur in both carbonate and 
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clastic facies in the highly permeable and porous horizons. 

Their presence suggests a primary sulphide phase of miner- 

alisation. 

The Pb-Cu carbonates do not show the same distribution 

in the Permo-Triassic provinces as the sulphides, generally 

occurring in the clastic facies only. This may be due to 

the stabilisation of the sulphides in the carbonate lithol- 

ogies restricting secondary remobilisation. Where the 

carbonates occur in clastic sediments, they are not always 

associated with the sulphides. This may be seen in the 

North West England province, the Central England Province 

and in the South Devon Province. This feature may be ex- 

plained if all the sulphide mineralisation has been subsequently 

remobilised, or by a primary, carbonate mineralisation. In 

some of the provinces, however, the carbonate and sulphide 

species occur together, suggesting that the sulphides have 

been partially remobilised. This process may be seen at 

present in the Alderley Edge mines, where malachite is being 

precipitated on the mine shafts. 

From the distribution of Pb-Cu sulphides and carbonates, 

the mineral provinces may be divided into: - 

a) Those containing Pb-Cu sulphides only - 

Mendip Province and North East England Province (--carbonate 

facies). 

b) Those containing Pb-Cu sulphides and carbonates - 

North West England Province, Central England Province, North 

Devon and South Devon Provinces (elastics). 

Other trace sulphides are seen to occur in conjunction 

with the Pb-Cu sulphides. These are based on V-Co-Ni-Mo, 
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and are generally present in small quantities. 

The other major metals associated with the Permo-Triassic 

mineral deposits in Britain are Fe and Mn, which are seen to 

occur as oxides predominantly, although Fe carbonates are 

present in many of the deposits. It is noticeable that 

these two metals are invariably associated with the clastic 

facies and not the carbonate facies of the Mendip and North 

East England Provinces. In the clastic facies, the metals 

occur in conjunction with the base-metal sulphides and carbon- 

ates, thus the metals were either introduced during the 

primary mineralisation phase and later remobilised to form 

oxides, or they were introduced at a later stage during 

secondary remobilisation. 

It can be seen that Mn occurs in the South Devon Province 

in the form of east to west trending lodes, which have been 

mined. None of the other provinces show such high concen- 

trations of Mn, possibly indicating the effect of the nearby 

granitic intrusions on the mineralogy of the deposits in this 

province. Fe is also seen to occur in lodes trending east to 

west in the North Devon Province; this may be due to the in- 

fluence of the nearby Devonian sediments which are known to 

contain large quantities of iron. These examples indicate 

the effect of the Palaeozoic basement rocks on the mineralis- 

ation in the Permo-Triassic rocks, enhancing the quantities 

of Mn and Fe. 

If the non-metallic mineralisation is considered, then 

it can be seen that baryte and calcite are the major minerals 

dominating the assemblages. These minerals occur in all the 

different lithologies at different stratigraphic levels, and 
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may therefore be termed the major non-metallic associates of 

the Permo-Triassic mineralisation in Britain. In this respect, 

all the provinces show similar mineralogies. 

Other non-metallic associates are celestite, strontianite, 

and fluorite. The Sr minerals are invariably associated with 

the Ba mineralisation, due to substitution in the mineral 

lattices of Ba by Sr. In general, the Sr minerals are con- 

centrated in the Keuper Marls in all the provinces, and are 

associated with Ba in the other lithologies. Fluorite is not 

common in the Permo-Triassic mineral deposits, being generally 

restricted to the Permian limestones of N. E. England and the 

Triassic sandstones of the Elgin area. It does not occur in 

any of the other deposits, and is thus not a true associate 

of Permo-Triassic mineralisation in Britain. 

From the discussion, it can be seen that the mineralis- 

ation in the Permo-Triassic rocks of Britain shows several 

distinct similarities: - 

a) All the deposits show Pb-Cu mineralisation. 

b) Baryte and calcite are the major non-metallic associates. 

Several features are not comparable in the deposits: - 

a) Pb-Cu sulphides and carbonates do not always occur together. 

b) Pb-Cu carbonates are not found in carbonate facies. 

c) Mn-Fe are not common in the carbonate facies, and are 

unevenly distributed in the clastic facies, possibly due to 

the effect of the underlying palaeozoics. 

d) Fluorite is not common in the deposits, but is present in 

the Permian limestones and Triassic sandstones of north east 

England and Elgin areas respectively. 

One final feature of the mineralogy of the deposits is 
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the occurrence of U-V asphaltites; these are seen to occur 

within some of the provinces, but are not present in large 

quantities. It is possible that these asphaltites resemble 

the U-V mineralisation present in south-western U. S. A. and 

Europe. This occurrence will be discussed at a later stage. 

The Style Of Mineralisation 

The style of mineralisation within the Permo-Triassic 

mineral deposits of Britain is defined by two criteria: - 

a) The host rocks and their physical properties. 

b) The presence of structural and stratigraphic traps. 

A) The Host Rocks 

As stated previously, the mineralisation is restricted to 

open-pored and highly permeable lithologies, such as the 

Triassic sandstones and conglomerates. Thus, the mineralis- 

ation occurs in the form of void infillings, cements, veins, 

impregnations, disseminations and cavity infillings. The 

style of mineralisation depends on: - 

a) The porosities and permeabilities of the rocks. 

b) The competency of the rocks. 

c) The chemical composition of the rocks. 

All these factors determine the type of void space in the 

rock, and therefore the type of mineralisation that can form. 

B) Structural And Stratigraphic Traps 

These are necessary to trap the mineralising fluids and 

to produce suitable structures for mineralisation. The Permo- 

Triassic mineral deposits of Britain have been influenced by 

the following trap structures: - 

a) Faults within cyclic sequences of sandstones, clays and 

conglomerates; these produce typical fault infillings, lenses 
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and disseminations where highly porous and permeable rocks 

abut against low porosity and impermeable rocks. 

b) Unconformities between Palaeozoic and Permo-Triassic rocks; 

these give rise to disseminated mineralisation and surface 

coatings along the plane of unconformity. This type of 

situation also produces mineralisation in the Palaeozoic 

rocks, where suitable hosts are present. 

c) Stratigraphic traps - due to the diversifications and 

variations in the Permo-Triassic sequences on a vertical and 

horizontal basis. Thus, the impersistent horizons often 

produce natural traps. The vertical variations also allow 

the mineralisation to be restricted stratigraphically, 

producing the stratabound mineralisation typical of the Permo- 

Triassic mineral deposits in Britain. 

The latter situations all produce different styles of 

mineralisation that can be recognised throughout the provinces 

in Britain. 

Thus, the host rocks within the provinces defined all 

show similarities in the fact that they all influence the 

style of mineralisation on a local and regional scale. Cn 

the other hand, they are not similar with respect to the 

styles of mineralisation, as the different lithologies produce 

different styles of mineralisation due to the different physical 

characteristics. In general, the following styles of mineral- 

isation may be associated with specific lithologies: - 

a) Highly permeable Permo-Triassic sandstones and conglom- 

erates - produce cements, impregnations, disseminations and 

fissure infillings. 
, 

The mineralisation may be stratabound. 
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b) Carbonate facies - produce veins, void and fissure in- 

fillings, stringers, with occasional cements and replacements. 

c) Keuper Marls and fine grained clastics - produce strati- 

form and stratabound mineralisation, with occasional 

disseminations, nodules and concretions. 

It is difficult to compare the different provinces with 

respect to the styles of mineralisation, due to the fact that: - 

a) Different styles of mineralisation occur within the 

provinces at various stratigraphic levels. 

b) The rocks within the provinces vary, as do the physical 

characteristics of the rocks. 

In conclusion, therefore, it can be stated that the miner- 

alisation within the provinces is dependent upon the rock 

types and the trap structures present. 

D) The Effect Of Palaeozoic Rocks 

The distribution of provinces in the Permo-Triassic rocks 

of Britain indicates that the Palaeozoic rocks influence the 

mineralisation. This may be characterised in several ways: - 

A) They influence the mineralogy of the deposits; this is 

shown in the South Devon Province, where the granitic in- 

trusions have introduced Ma and U-V into the rocks. The North 

Devon Province also shows the influence of the Devonian rocks 

on the mineralogy, producing east-west lodes of iron. 

B) They influence the style of mineralisation, providing 

unconformity planes, along which, the mineralising fluids have 

dispersed and mineralised the underlying rocks. 

C) It is also possible that the Palaeozoic rocks provided 

detrital components during Permo-Triassic sedimentation, in- 

cluding fragments of previous mineral deposits in the sediments. 
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D) The Palaeozoic rocks allowed the mineralising fluids to 

deposit metals within them; ' this may be exemplified by the 

Ecton deposit, where mineralisation from the Permo-Triassic 

rocks entered the Carboniferous Limestones, depositing Cu 

ores. 

Thus the mineral provinces in the Permo-Triassic rocks 

of Britain have been influenced in many ways by the Palaeozoic 

rocks. The extent of this influence is difficult to assess. 

6.4. COMPARISON OF THE BRITISH PERMO-TRIASSIC DEPOSITS TO 

THQSE IN W. EUROPE 

The mineral deposits present in the Permo-Triassic rocks 

of W. Europe have been described in Chapter 1. If these are 

compared to the British deposits described previously, then 

several similarities may be recognised: - 

a) The Kupferschiefer deposit that occurs extensively in 

W. Europe is represented in the Marl Slate of N. E. England. 

Although this deposit represents a sedimentological 'syngenetic' 

type of mineralisation, it indicates that the conditions were 

similar in Britain and W. Europe at the time of formation. 

The main problem with the comparison is the extent of min- 

eralisation in the two regions. In W. Europe, especially 

Germany, the deposit is highly mineralised with Cu-Pb-Zn and 

is up to one metre thick. In Britain, however, only some 

five cm. of mineralisation are present, and it is generally 

sporadic and low grade. The Kupferschiefer deposit may be 

discarded in any comparison of 'epigenetic' mineralisation 

however. 

b) In W. Europe, U-V mineralisation is common in the Alpine 

deposits of Italy, Austria and Yugoslavia. This is generally 
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stratabound and associated with organic debris in red bed 

sequences. In Britain, no true U-V mineralisation occurs 

in the Permo-Triassic rocks. The only representation of 

such mineralisation are the U-V asphaltites that occur in the 

S. Devon Province, the N. E. England Province, and the N. W. England 

province. The U-V mineralisation in the Alpine deposits is 

generally thought to originate from the volcanic material in 

the sequences; the lack of such material in the British Permo- 

Triassic sequences may explain the difference between the two. 

c) Cu and Pb sulphide mineralisation is commonly associated 

with the U-V mineralisation mentioned previously; it is also 

seen to occur separately from the U-V mineralisation in the 

Permo-Triassic rocks of W. Europe. This type of mineralis- 

ation is similar to that occurring extensively in Britain. 

The Cu-Pb sulphide association is therefore a common occurr- 

ence in the Pernio-Triassic rocks of Britain and W. Europe. 

The deposits show many similarities, being controlled by 

porosity/permeability factors in the host rocks, and being 

contained within structural and sedimentary traps. 

d) Numerous occurrences of Pb-Cu carbonate mineralisation 

are also noted in W. Europe (Sherlock 1947); these resemble 

the carbonate mineralisation present in the Permo-Triassic 

rocks of Britain. Both regions show carbonate mineralisation 

in sporadic occurrences. The carbonate mineralisation may be 

related to the remobilisation of primary sulphides. 

e) Finally, Pb-Zn sulphide occurrences are noted at 

Largentiere in red beds of the Central Massif in France; 

this type of mineralisation is not found in the clastic" 

Permo-Triassic deposits of Britain. The main point to be 
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derived from this, is that sulphide mineralisation again 

appears in Permo-Triassic rocks in the form of dissemin- 

ations, cements and impregnations. 

From the discussion, it can be seen that the mineral 

deposits present in the Permo-Triassic strata of Britain and 

W. Europe are similar in that: - 

a) Sulphide and carbonate mineralisation (Pb-Cu dominantly) 

occur in the Permo-Triassic red-bed sequences. 

b) The metallic deposits show similar styles of mineralis- 

ation, having been controlled by porosity and permeability 

relationships in the host rocks, and being precipitated in 

structural and sedimentary traps. 

The deposits are not similar in the following ways: - 

a) The U-V mineralisation in W. Europe is not represented 

to any great extent in the British deposits. 

b) The Kupferschiefer deposits of W. Europe are not extens- 

ively developed in Britain. 

c) Pb-Zn sulphide mineralisation is not typical of the 

British deposits, which contain Pb-Cu sulphides and carbon- 

ates. 

d) Mn and Fe deposits are not important in the W. European 

deposits. 

6.5. COMPARISON BETWEEN THE EUROPEAN AND AMERICAN PERMO- 

TRIASSIC MINERAL DEPOSITS 

The American and European mineral deposits in the Permo- 

Triassic rocks have been described in Chapter 1.8. From 

the descriptions, it is possible to recognise several dist- 

inctive correlations between the two: - 

a) U-V mineralisation is present in the Permo-Triassic, 
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continental sequences of both continents. The mineralis- 

ation is controlled by the same factors - namely - permea- 

bility and porosity relationships in the host rocks. The 

U-V deposits within the two continents are also associated 

with organic debris, and have been contained within struct- 

ural and stratigraphic traps. A slight difference between 

the two continents is the presence of 'roll' deposits in 

Wyoming; this represents a subsequent remobilisation of the 

U-V mineralisation by groundwater, and is not characteristic 

of the European deposits. 

b) Cu-Pb sulphides and carbonates are associated with the 

U-V mineralisation in the Permo-Triassic rocks of both con- 

tinents, again showing similarities between the deposits. 

c) Stratabound Cu-Pb sulphide deposits are common in the 

Permo-Triassic rocks of America and Europe; these deposits 

are also found in Britain, suggesting that the sulphide min- 

eralisation is typical of Permo-Triassic deposits throughout 

all Europe and America. 

d) The Kupferschiefer deposit of Europe is not represented 

in America, although in Oklahoma, a similar Cu-rich shale 

deposit is present in the Flowerpot Formation; this indicates 

that similar sedimentological conditions prevailed in both 

continents, giving rise to 'syngenetic' sulphide mineralis- 

ation in a shale matrix. Unfortunately, these two deposits 

are not comparable in mineralogy, and cannot really be con- 

sidered with epigenetic mineralisation. It is worth noting 

the presence of these deposits, however. 

e) The Pb-Zn sulphide mineralisation present at Largentiere 

in France is not represented in the American deposits; this 
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type of mineralisation was not present in the British deposits 

either, although the sulphide mineralogy is in line with the 

other types of mineral deposit present in both continents. 

In summary, therefore, the following similarities may be 

recognised between the American and European mineral deposits 

in Permo-Triassic rocks: - 

A) U-V deposits associated with sulphides are similar in all 

respects. 

B) Cu-Pb sulphide deposits are common in both continents. 

Unfortunately, several discrepancies are present between 

the two continents: - 

A) The Kupferschiefer deposits of Europe are not represented 

in America, although a similax Cu deposit occurs in Oklahoma. 

B) The 'roll' type U-V deposits are not present in the 

European deposits. 

C) Pb-Zn sulphide deposits are not represented in the American 

deposits. 

Thus the 'sandstone U-V-Cu association' defined by Stanton 

(1972) is partially represented in both continents, which show 

many similarities in their mineralogies and styles of miner- 

alisation. 

6.6. DISCUSSION 

The features characterising the Permo-Triassic metall- 

ogeny in Britain, Europe and America will be outlined from 

the previous text, and will be used to indicate the general 

features associated with Permo-Triassic mineralisation. 

The Metallogeny Of The British Permo-Triassic Mineral Deposits 

The following characterise the Permo-Triassic metallogeny 

in Britain: - 
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A) Mineralisation occurs at various stratigraphic levels 

from L. Permian to U. Triassic, and in lithologies varying from 

coarse to fine-grained clastics to carbonates. 

B) The mineralisation is dominated by Ba-Pb-Cu with subsid- 

iary Mn and Fe-Zn. 

C) The mineralisation is confined to particular lithologies 

and horizons showing high porosities and permeabilities. 

D) Structural and stratigraphic traps control the situation 

of the mineralisation. 

E) The Palaeozoic rocks influence the mineralisation in the 

Permo-Triassic rocks. 

Although the mineralisation is associated with Permo- 

Triassic sequences, it cannot be termed 'red-bed mineralisation' 

due to the fact that carbonates are present in the sequences. 

It has been shown that many features control the mineralogy, 

style and location of the deposits, such that only generalis- 

ations can be made regarding the deposits; each area of miner- 

alisation must be considered separately if detailed features 

of the mineralisation are required. 

The Metallogeny Of The European Permo-Triassic Mineral Deposits 

The following features characterise the mineralisation in 

the Permo-Triassic rocks of Europe: - 

A) Mineralisation is controlled by porosity/permeability 

relationships in the host rocks. 

B) Structural and sedimentary traps restrict the location of 

the mineralisation. 

C) The mineralogy of the deposits is dominated by U-V-Cu-Pb. 

D) The mineralisation is associated with 'red beds' and may 

be termed 'red bed mineralisation. ' 
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E) The Kupferschiefer deposit is not a true 'epigenetic' 

deposit and cannot be considered in context to red bed 

mineralisation. 

F) The U-V mineralisation is associated with organic matter. 

The European deposits are characteristic of red bed 

mineralisation, showing the U-V association with Cu-Pb 

sulphide mineralisation. Again, many factors influence the 

mineral deposits, such that only generalisations can be 

presented. 

The Metallogeny Of The American Permo-Triassic Mineral Deposits 

The American Permo-Triassic mineral deposits may be 

characterised by the following criteria: - 

A) The deposits occur in continental 'red beds. ' 

B) The mineralogy is dominated by U-V with Cu-Pb. 

C) The mineralisation is controlled by the porosity and perm- 

eability of the rocks and structural and sedimentary traps. 

D) Organic debris plays an important role in confining the 

U-V mineralisation. 

These deposits again are typical of the 'sandstone-U-V- 

Cu association' defined by Stanton. 

The features characterising the Permo-Triassic metallogeny 

in Britain, Europe and America have been presented and it may 

be observed that the European and American deposits show many 

similar characteristics, and conform to the 'red bed' concept 

of mineralisation defined by Stanton as the 'sandstone U-V-Cu 

association'. Unfortunately, the British, Permo-Triassic 

deposits do not fall into this category, being substantially 

different from the European and American deposits. Thus, the 

Permo-Triassic metallogeny cannot be characterised by the 
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association proposed by Stanton. It is also noticeable 

that the mineralisation in Britain is not restricted to red 

beds, as carbonates are contained within the sequences. In 

these respects, the mineralisation must be termed 'Permo- 

Triassic' and not 'red bed ' if Britain is to be included 

in the characterisation. 

In order to define the mineralisation, the main, common 

characteristics must be defined: - 

a) The deposits were formed by 'low temperature' mineralising 

brines. 

b) The deposits are contained within continental red beds 

and carbonates that formed in terrestrial and shallow water 

marine environments. 

c) The mineralisation occurs within open-pored and highly 

permeable horizons, and is controlled by sedimentary and 

structural traps. 

d) Pb-Cu sulphides and carbonates are common associates of 

the mineralisation. 

e) 'Syngenetic' mineralisation in fine-grained clastics often 

occurs in the sequences. 

The features common to the mineral deposits in the Permo- 

Triassic rocks of Britain, Europe, and America, indicate that 

the factors controlling the mineralisation were similar, and 

the mineralising fluids were similar. The differences in the 

mineralogies of the deposits must be explained in terms of 

differences in the compositions of the mineralising brines. 

If it is assumed that the factors controlling the site 

and style of mineralisation were similar in Britain, Europe 

and America, and that the conditions and processes at the time 
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of sedimentation were similar, then it is possible to ex- 

plain the differences in the mineralogies of the deposits. 

The only difference between the regions at the time of sedim- 

entation would be the source and type of clastic materials 

introduced into the sediments. If different source rocks 

produced the sediments in all the regions, then the amounts 

and types of metals and non-metals in the original sediments 

would vary considerably. These variations would give rise 

to variations in the chemistry of the mineralising brines, 

producing different minerals in the deposits. This would 

explain the differences between the American, British and 

European Permo-Triassic mineral deposits. 

The similarities between the European and American 

deposits can be explained by the presence of U-V sources in 

the sedimentary piles of the two continents. It is often 

thought that the volcanic materials in the sedimentary piles 

of Europe and America produced the U-V mineralisation; if 

this were so, then the lack of U-V mineralisation in Britain 

would also be explained by the lack of such material in the 

sedimentary pile. 

The metallogeny of the Permo-Triassic mineral deposits 

in Britain, Europe and America can therefore be characterised 

by the factors controlling the mineralisation, and not by the 

mineralogy of the deposits themselves. 

From the evidence presented, the author proposes that the 

definition of Permo-Triassic mineralisation is as follows: - 

"Low temperature mineralisation contained within continental 

red bed and carbonate host rocks of a variable mineralogy, 

having been controlled by the physical characteristics of the 
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host rocks. " 

The term 'red bed mineralisation' cannot be applied to 

the Permo-Triassic mineralisation present in Britain, Europe 

and America. 

The discussion has indicated the major characteristics 

of the mineral deposits in the Permo-Triassic rocks of 

Britain, Europe and America, and has attempted to explain 

the differences in the mineralogies of the deposits by means 

of differences in the chemistry of the mineralising fluids. 

The term 'red bed mineralisation' has been discarded as a 

suitable characterisation of the deposits, and a new definition 

of Permo-Triassic mineralisation has been indicated. More 

research is needed before a precise definition of the mineral- 

isation in the Permo-Triassic rocks of the world can be presented. 

6.7. CONCLUSIONS 

1) Mineralisation in the Permo-Triassic rocks of Britain is 

significantly different from that occurring in Europe and 

America. 

2) Mineralisation in the Permo-Triassic rocks of Britain 

is characterised by the presence of Ba-Pb-Cu with associated 

Zn-Mn and Fe. 

3) The Palaeozoic rocks in Britain have influenced the com- 

position and situation of mineral deposits in the Permo-Triassic 

rocks of Britain. 

3) The American and European mineral deposits in Permo-Triassic 

rooks are similar in character and mineralogy, being character- 

ised by the "sandstone U-V-Cu association. " 

4) The term 'red bed mineralisation' cannot be used to 

characterise mineral deposits in the Permo-Triassic rocks of 



Europe and America. 

5) Mineral deposits in the Permo-Triassic rocks are 

characterised by a series of points: - 

a) They occur in continental red beds. 

b) They were formed by 'low' temperature mineralising 

fluids. 

c) They were controlled by the porosity and permeability 

of the host rocks, and structural and sedimentary traps. 

d) Pb-Cu are the only common metals in the deposits. 

i 
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CHAPTER 7: THE ECONOMIC POTENTIAL CP THE BRITISH PERMO- 

TRIASSIC MINERAL DEPOSITS 

7.1. INTRODUCTION 

The economic potential of the British Permo-Triassic mineral 

deposits will be considered in two parts, the first will evaluate 

the existing deposits as future mineral and metal producers, 

while the second will suggest ways in which to develop the 

economic potential of the Permo-Triassic rocks. 

In order to evaluate the economic potential of the existing 

deposits, the following factors will be considered: - 

A) The demand for the metals and minerals - this influences the 

production and exploration at any particular time. 

B) The grades and tonnages of existing deposits - these factors 

govern the economics of mining and separating the ores. 

C) The extractability of the metals and minerals from the host 

rocks - this is an essential part of the production. 

The above factors will be considered in respect to work 

presented in this thesis, and to studies by other workers. 

Although many other factors govern the economic potential 

of the mineral deposits, the author considers these to be the 

most important. 

7.2. THE ECONOMIC POTENTIAL OF EXISTING DEPOSITS 

7.2.1. Baryte 

Baryte mineralisation is persistent throughout the Permo- 

Triassic rocks of Britain. It occurs in large quantities in 

the Triassic rocks of the Cheshire Basin, the Midlands of England, 

Devon and the Caithness district of Scotland. Baryte also occurs 

in the (Permian) Magnesian Limestones of N. E. England. In all the 

areas, it occurs in the form of rosettes, veins, cements and void 
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infillings. Up to the present time, it has not been ex- 

ploited in any of the areas. 

The Demand For Baryte 

The demand for baryte has increased drastically over the 

last decades, such that the world consumption (excluding the 

U. S. A. ) is predicted to be 4.5 million tons in the year 2000, 

corresponding to an average annual increase of 1.4y. The 

U. S. Bureau of Mines (Haines - 1979) estimates the average 

demand for baryte will increase annually by 6.5- up to 1985. 

This vast quantity of baryte will be supplied if the world 

output reaches the predicted 7.4 million tons in the year 2000. 

The demand for baryte is generally correlated to the 

demand for oil well drilling muds, as these consume the major 

part of the baryte produced in the world. The increase in 

demand for baryte in this industry is related to the fact that 

oil exploration is increasing and the depths of bore holes are 

also increasing. Typical drilling programmes for oil use on 

average . 01103 tons of baryte / foot of drill hole. 

Other uses of baryte include: - 

A) Chemical manufacturing - this accounts for 3% of the total 

baryte consumption. 

B) Brick and tile manufacture. 

C) Blanc fixg in paints, rubber and inks. 

D) Other uses such as television tubes, optical glass, 

porcelain enamel and ceramic products. 

Factors indicate that the demand for baryte will increase 

drastically during the next decade, and that production and 

exploration will also be increased. As the Permo-Triassic rocks 

of Britain contain substantial amounts of baryte (which has not 
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been exploited up to the present time), the economic potential 

of these deposits will become increasingly greater with time. 

The Grades And Tonnages 

The grades of baryte in the Permo-Triassic mineral deposits 

of Britain are dependent on the form of the mineral and the host 

rocks. It is difficult to estimate the grades present, however, 

the amount of baryte present in the host rocks may be considered 

on a general basis as follows: - 

1) Cements and impregnations - these forms of baryte mineralis- 

ation may dccupy from one to thirty percent (by volume) of the 

host rocks, producing up to l. 5 tonnes of baryte /m3 of rock 

(dependent on the density). 

2) Veins - these may contain variable amounts of baryte, depend- 

ing upon the other minerals present, in this respect, the baryte 

may form 1 to 1007o of the vein material, producing up to 4.5 

tonnes of baryte /m3 of ore (dependent on the density). 

3) Cavity infillings and void infillings - these are subject to 

the same conditions as the veins. 

The grades and quantities of baryte present in the host rocks 

are variable, the controlling factors being the form of the baryte 

and the porosity and permeability of the host rock. These features 

may be illustrated by examples of mineralisation in the Cheshire 

Basin: at Bidestone, mineralised Triassic sandstones contain an 

average of 1576 baryte (by volume), whereas in the Hawkstone area, 

the mineralised Triassic sandstones contain up to 26% baryte (by 

volume). Both areas show baryte mineralisation in the form of 

impregnations, cements and void space infillings. 

The tonnages of baryte present in the Permo-Triassic deposits 

of Britain vary considerably and cannot be estimated easily. This 
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is due to the sporadic occurrence of the mineralisation in the 

host rocks. The following examples illustrate the tonnages 

of baryte that may be obtained from the Permo-Triassic rocks: - 

a) The tonnage of Ba from the four field areas considered in 

the Cheshire Basin amounts to 17 x 106 tonnes. This repres- 

ents a considerable amount of baryte mineralisation (this is 

not the amount of extractable baryte). 

b) The quantity of Ba in the Triassic rocks at Alderley Edge 

in Cheshire amounts to 3x 106 tonnes. 

These figures suggest to the author that relatively large 

tonnages of baryte are present in the Permo-Triassic rocks of 

Britain. When considering the rocks as future baryte producers, 

it must be realised that the deposits are of a relatively low 

grade (compared to pure vein deposits) but large tonnage. 

Extractability Of The Baryte 

Baryte may be extracted from the ores in several ways: - 

A) Crushing and subsequent jigging or mechanical separation. 

B) Crushing and heavy liquid separation. 

C) Crushing and floatation. 

D) Crushing and magnetic separation. 

The baryte present in the Permo-Triassic rocks of Britain 

is relatively low in grade when compared to the massive vein 

deposits in other countries, in this respect, the separation 

from the host rocks must be a) efficient and b) low cost. 

The final commodity must also pass the U. S. standard reg- 

ulations (Collins, 1972) - being able to pass through a 325 mesh 

sieve and having a specific gravity of approximately 4.5. The 

ore must be crushed to a fine particle size and separated to pro- 

duce the required density and purity. The host rocks containing the 
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mineralisation are relatively soft sandstones and limestones, 

these could be easily crushed in roll or ball mills, reducing 

the costs substantially. The material from the crushing (con- 

taining the baryte) must be separated efficiently and cheaply 

to produce a competitive commodity. 

Floatation methods would produce an effective separation 

of the baryte from the host rocks, however, the cost of this 

processing is relatively expensive, and would not result in a 

low - cost commodity baryte. Heavy liquids would also produce 

an efficient separation of the baryte (as indicated in the heavy 

liquid separations performed on the Cheshire Basin samples in 

Chapter 3); this is a relatively low - cost method compared to 

floatation, and may be used on the ores from the Permo-Triassic 

rocks of Britain. Magnetic separation would not produce the 

required efficiency necessary for the ores and can therefore be 

dismissed from further considerations. The only other altern- 

ative is that of mechanical separation. If an efficient method 

could be found, it would prove to be the most effective method 

for separating the ores under consideration (this type of 

processing is also the cheapest). 

The discussion suggests that mechanical or heavy liquid 

separation would be the most effective method to use on the 

baryte ores of the Permo-Triassic rocks of Britain, and that 

an efficient separation could be attained at a relatively low 

cost. An economic by-product would also be derived from the 

separations - that of sand or limestone, which could be sold to 

the building industry or the cement industry to lower the 

production costs of the baryte, or may be used for backfilling 

after mining. 
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7.2.2. Base Metals 

Base metals are common in the Permo-Triassic rocks of Britain. 

They occur as Pb-Cu sulphides, Cu-Mn oxides and as Cu carbonates. 

Concentrations of these metals are present in the (Permian) 

Magnesian Limestones of N. E. England and the Triassic rocks of the 

Cheshire Basin and the Midlands of England, and Devon. They also 

occur in the Keuper Marls of the Mendip area and in the Vale of 

Eden. The base metals are present as impregnations, cements, 

disseminations and veins, and were extracted in several areas 

during the eighteenth and nineteenth centuries, but have not been 

exploited to any extent since about 1900 A. D. 

The Demand For Base Metals 

The demand for base metals is difficult to assess, as it is 

related to the stock exchange prices and consumer demands. The 

prices and quantities of base metals fluctuate on the exchange 

both daily and monthly. In general, the prices of base metals 

are relatively low at the present time, such that large, constant 

quantities of base metals are required at low costs. Several 

factors discourage the exploitation of the metal deposits in the 

Permo-Triassic rocks of Britain: - 

A) The variability of the supply - this would not be constant, 

as the metals would be produced in small quantities at specific 

times. 

B) The overheads would be high - this would result in a high cost 

commodity. 

The facts suggest that the prices and demand of base metals 

do not favour the production of limited tonnages from the Permo- 

Triassic rocks of Britain. 

The Grades And Tonnages 
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The grades and tonnages of base metals present in the Permo- 

Triassic rocks of Britain are variable, and depend on the style 

of mineralisation. In general, the following factors may be 

considered: - 

A) Impregnations, disseminations and cements in the host rocks 

only produce 2 to 10% (by volume) Cu and lesser amounts of the 

other base metals. This is exemplified by the base metal 

deposits in the Cheshire Basin - at Alderley, Cu is present in 

the Triassic rocks as impregnations and cements, occupying up to 

81o (by volume) of the host rock, while at Peckforton, the same 

style of mineralisation produces from 1.9 to 9% Cu (by volume). 

B) Veins and cavity infillings generally produce from 5 to 99% 

base metals (by volume), depending upon the amounts of gangue 

minerals present; this may be exemplified by the veins that 

occur in the Permian Magnesian Limestones of N. E. England, which 

either contain up to 100% Pb-Zn sulphides or base metals assoc- 

iated with varying quantities of fluorite, baryte, and calcite. 

The tonnages of base metals present also pose economic and 

production problems. In general, the tonnages may be considered 

as low with respect to base metal deposits in other countries. 

In order to estimate the tonnages, examples from the Cheshire 

Basin deposits may be considered: at Alderley, some 20,000 tons 

of ore were extracted from the Triassic rocks, averaging 6% Cu, 

whereas at Eardiston, some 2,500 tons were extracted, averaging 

251o Cu. These tonnages represent very small deposits indeed. 

The discussion indicates that the tonnages and grades of the 

base metals are relatively low. If the fluctuating demands and 

prices are also considered, then the base metals do not represent 

an economic proposition for future exploitation. 
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Extractability Of The Base Metals 

The low grades and tonnages of base metals present in the 

Permo-Triassic rocks of Britain suggest that any mining oper- 

ations would be small scale. This type of operation is feasible 

if the overhead costs of extraction and production are low. The 

metals may be extracted from the sandstone and limestone host 

rocks by: - 

A) Mechanical separation after crushing - jigging or shaking 

that is based on the physical characteristics of the ore material. 

If the process was efficient, then a low cost separation could be 

effected. 

B) Floatation - this would be effective in separating the metals, 

but is very expensive when compared to the other methods available. 

C) Magnetic separation would be feasible if the ores were part- 

ially magnetic, but this is not generally the case with Cu and Pb. 

D) Heavy liquids could be used for the separation, based on the 

relative densities of the metals. 

E) Chemical extraction could be used to extract the Cu from the 

ores; this was used in the Alderley area in the nineteenth 

century. The Cu ore was leached with acid, then the Cu was 

precipitated onto scrap iron. 

The facts indicate that the ores could be separated effect- 

ively by several methods, and a sand or limestone by-product 

would be obtained for commerical use. 

7.2.3. Industrial Minerals (Non-Ferrous) 

These represent minerals which are present in the rocks in 

large quantities and can be extracted and produced at low costs, 

giving a final product that is of a large bulk and low cost. 

They are used in the manufacturing industries as raw materials, 
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and are present in the Permo-Triassic rocks of Britain as: - 

A) Evaporite minerals - such as gypsum and rock salt in the 

Midlands of England, gypsum - potash - anhydrite in the evapor- 

ites of N. E. England and the rock salt in the Cheshire Basin. 

B) Limestones - these are present in the Permian Magnesian 

Limestones of N .E . England. 

C) Marls and clays - these are present in the Keuper sequences 

throughout Britain. 

D) Sands and gravels - these constitute the major part of the 

Permo-Triassic rocks of Britain. 

E) Gangue minerals - such as calcite and fluorite in the Permian 

Magnesian Limestones. 

At present, these minerals and materials are being exploited 

in the Permo-Triassic rocks of Britian for industrial use. 

The Demand For Industrial Minerals 

The demand for industrial minerals is dependent to some 

extent on the requirements of the manufacturing industries using 

them as raw materials. The main considerations on the demand 

for the minerals are: - 

A) A large and constant supply. 

B) Low costs. 

C) A nearby consumer source for the material - low transport 

costs. 

Fortunately, these minerals are present in many of the Permo- 

Triassic sequences in Britain, and can therefore supply the local 

industries over a large geographical area. 

The Tonnages 

By definition, these minerals must be present in large 

tonnages in order to produce the bulk, low cost commodities. In 
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many cases, the quality of the commodity is defined by the 

consumer, such that the deposits may not be of the correct 

composition for certain industries; this is exemplified by 

the brick industry in Leicestershire, which requires low Ca 

contents in the Keuper Marls used, thereby restricting the 

tonnages of raw material available in the surrounding areas. 

In general, large tonnages of these minerals are present 

in the Permo-Triassic rocks of Britain. This point may be 

exemplified by the salt deposits of the Cheshire Basin - some 

470 x 109 tonnes are estimated to be present in the U. and L. 

Saliferous Beds of the region. 

The facts suggest that these minerals are exploitable 

over large areas of Britain, and that the Permo-Triassic rocks 

of Britain are of an economic importance in this respect. 

Extraction Of The Minerals 

Industrial minerals by definition must have low overhead 

costs, in order to be competitive, thus the mining and ex- 

traction techniques have to be: - 

A) Very simple and low cost. 

B) Efficient - for extracting large quantities. 

The minerals are extracted in several ways, depending on 

their geographical and stratigraphical settings: - 

A) Open pit mining and dredging - for example with sands and 

gravels, marls and limestones. 

B) Chemical extraction - mainly used for rock salt - brine 

pumping. 

C) Underground excavations -these are used where the mineral 

is present in a considerable thickness at depth. Evaporite 

minerals are extracted in this way, such as potash in Bulby, 
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and gypsum in N. E. England. 

The minerals are also processed to meet the general require- 

ments of the consumer. In many cases, very little processing 

is required to produce the market commodity. 

The discussion has indicated that industrial minerals are 

present in the Permo-Triassic rocks of Britain, and that these 

deposits are already being exploited. The author considers that 

the main economic potential of the Permo-Triassic rocks lies 

within these deposits. 

7.3. THE FUTURE POTENTIAL OF THE PERMO-TRIASSIC MINERAL LEPCÖITS 

Baryte 

Baryte must be regarded as the best metallic mineral for 

future exploitation in the Permo-Triassic rocks of Britain. It 

occurs in large quantities that can be readily exploited over 

large geographic areas of Britain. It can be extracted and pro- 

cessed in many ways, producing an economic by-product of lime- 

stone or sandstone. The relative costs of extraction are unknown 

at the present time. All the facts suggest that the baryte 

mineralisation in the Permo-Triassic rocks of Britain may be ex- 

ploited in the future, especially with the increased demand for 

baryte in the N. Sea. 

Base Metals 

Unfortunately, the base metal deposits do not appear to offer 

any potential for future exploitation, thus the economic potential 

of the Permo-Triassic rocks in Britain with respect to these 

metals must be considered as low. 

Industrial Minerals 

Industrial minerals must present many new openings for ex- 

ploitation in the future; all the common industrial minerals are 
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present in the Permo-Triassic rocks of Britain in large 

quantities, and in areas that are accessible for mining. The 

large demand for these minerals thoughout Britain suggests to 

the author that they are the major economic potential for the 

future. Large opportunities exist throughout Britain for the 

exploitation of these minerals. 

The author also suggests that the exploitation of indus- 

trial minerals may be coupled with baryte and base metal 

production. Combined operations resulting in economic products 

of industrial minerals and baryte may present a feasible propos- 

ition for exploitation in the future. This method of mineral 

exploitation would result in less open pits and mines, making it 

easier to obtain planning permission from the authorities. The 

combined exploitation of metals and industrial minerals thus 

presents a major economic potential for the future. 

7.4. coNnusi s 

A) Baryte mineralisation in the Permo-Triassic rocks of Britain 

presents a feasible target for future exploitation. 

B) The base metal deposits present in the Permo-Triassic rocks 

of Britain do not offer any commercial significance for future 

exploitation. 

C) The industrial minerals present in the Permo-Triassic rocks 

of Britain offer the highest economic potential for future 

exploitation. 

D) The exploitation of baryte and industrial minerals may be 

combined in the future to produce highly profitable and commercial 

ventures. 



314 

CHAPTER 8: EXPLORATION IN THE PERMO-TRIASSIC ROCKS OF BRITAIN 

8.1. INTRODUCTION 

The Permo-Triassic rocks of Britain have been virtually 

ignored in the search for mineral deposits during the last 

decades; this may be due to the apparent lack of mineralisation. 

The economic potential of the Permo-Triassic rocks in Britain 

was assessed in the previous chapter and found to be excellent 

for industrial minerals and baryte. Exploration for new 

mineral deposits in the Permo-Triassic rocks of Britain is 

discouraged by many factors: - 

1) The paucity of exposure of Permo-Triassic rocks in Britain. 

2) The majority of the known mineral deposits are exposed in 

fault-bounded scarps or along unconformities. Very few 

deposits have been found in unexposed areas. 

3) The geological formations containing the mineralisation are 

often at great depths in the centres of the basins. This deters 

new exploration. 

4) Very little work has been completed on the existing mineral 

deposits. 

5) The mineral deposits are characteristically small, and have 

therefore been uneconomic during the past decades. 

The demand for metals, especially baryte, and the mineral 

prices have increased over the last decades, thus the exploration 

for smaller deposits is now being considered. The Permo-Triassic 

rocks of Britain offer new and interesting challenges to explor- 

ation, if this challenge is taken, then the rewards may be very 

profitable. 

8.2. APPROACH TO EXPLORATION 

Two types of exploration will be discussed in this chapter: - 
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A) Regional exploration - for identifying regions that are 

likely to contain specific types of mineral deposit. 

B) Local or intensive exploration - for outlining mineral 

deposits in regional areas. 

A) Regional Methods Of Exploration 

The following methods of exploration will be discussed: - 

1) Fracture Analysis -A regional exploration technique that 

will be used to identify regions of mineralisation associated 

with high fracture densities in the rocks. 

2) Metallogenetic Provinces -A metallogenetic map of England 

and Wales will be used to identify regions of mineralisation 

and the most abundant metals in specific areas. 

3) Genesis Model - The genetic model proposed in Chapter 5 

will be used to identify the factors controlling the location 

of mineral deposits in Britain, and to define similar situations 

in other areas which may contain new deposits. 

4) Regional Stream Sediment Geochemistry - This type of geo- 

chemical exploration will be applied to the Cheshire Basin 

area in order to evaluate the method for use in other areas 

containing Permo-Triassic rocks. 

5) Whole - Rock Geochemistry - The limitations and applications 

of the method will be discussed with reference to the Cheshire 

Basin area. 

B) Local Or Intensive Exploration 

Two methods of exploration will be discussed under this 

section: - 

1) Local Stream Sediment Geochemistry - This will be used to 

follow-up an anomaly in the Derbyshire area that was originally 

defined from regional stream sediment geochemistry. 
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2) Soil Geochemistry - This will be used to outline an anomaly 

in the Cheshire Basin relating to a possible new buried baryte 

deposit in the underlying Triassic rocks. 

8.3. EXPLORATION USING FRACTURE ANALYSIS 

8.3.1. Method 

Contoured fault density maps were used to assess the rel- 

ationship between the mineral deposits in the Permo-Triassic 

rocks of England and their fault density patterns. The method 

was developed in order to find a regional exploration tool for 

locating new mineral deposits in the Permo-Triassic rocks of 

Britain. The production of the fault density maps involved 

several stages: - 

1) Compiling The Data 

Fault traces from one inch geological survey maps were 

transposed onto 1/250,000 base maps for the area indicated in 

Figure 8.1. The area is underlain by Permo-Triassic rocks 

and contains evidence of mineralisation. The fault traces 

were converted to numerical data by counting the number of 

faults present in 100 km2 and 25 km2 segments of superimposed 

grids; these corresponded to national grid divisions. By 

using the two grids, different impressions of the fault patterns 

were obtained. The numerical data enabled contoured fault 

density maps to be drawn. 

2) Contouring 

The data was contoured manually at first. Later methods 

used computer programmes to construct both two and three dimens- 

ional images of the data. The major problem with the computer 

images was that no values could be assigned to the contours on 

the maps. 



Figure 8.1. Area of Britain subjected to fault 
density analysis 
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8.3.2. Results 

Although the data was collected on two different grids, 

the results were very similar. The contoured map shown on 

Figure 8.2. is an example of a two dimensional image; this 

shows the fault density patterns in England, based on a 100 km2 

grid. It may be observed that the contours are not labelled, 

in this instance,, the high and low gradients must be used for 

interpretation; these are represented by closely-spaced and 

widely-spaced contours respectively. Figure 8.3. shows the 

position of the high gradients on the map of England, from which 

several points may be noted: - 

1) The high gradients of region B are related to the presence 

of Palaeozoic basement rocks, such as in the Shelve area (2) 

and the Midland inhere (3 and 4). 

2) The high gradients of region A are related to the presence 

of Carboniferous Limestones in the area. 

3) Regions C and D show the Jurassic limestone scarp that 

traverses England. 

4) Region E shows the high gradients related to the Cornubian 

Massif. 

5) The Mendips and S. Wales palaeozoics are also shown as high 

gradients in region D. 

The results reflect different lithologies and different 

competencies of the rocks in the areas. 

It is evident that the results have been influenced by the follow- 

ing factorsi- 

A) The presence of high land areas - these are accessible and 

well-exposed, and have therefore been carefully mapped. 

B) The mining activity of the area - the number of faults in the 



Figure 8.2. Two dimensional fault density map of 

England constructed by the computer 
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Figure 8.3. Areas of interest identified from the 

fault density map of England 
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areas increase with mining activity, as more faults have been 

detected in these areas. 

C) The maps - these were constructed by various workers at 

different times, thus the fault patterns reflect the ability 

or interest of the geologists to map faults. 

All these factors influence the faults recorded on the one 

inch geological maps. Thus, the fault-density maps represent 

the host rocks, the competencies of the rocks, the mining 

activity and the topography of the land. 

Similar results were recorded by Huntington (1969) who 

stated that the fracture densities were dependent upon the 

surface expression of the lithologies, the structure, the 

relief and cover and the exposure of the rocks. He also stated 

that the results would give false impressions if the amount of 

exposure varied for the different lithologies. 

The results indicate that the fault-density maps cannot be 

used for exploration as they have been influenced by too many 

factors. The Permo-Triassic rocks do not show any disting- 

uishing features that may be related to the mineralisation present. 

The density maps are however a useful indicator of different 

lithologies and competencies of the rocks in the areas. 

8.4. THE USE OF METALLOGENETIC PROVINCES FOR EXPLORATION IN 

THE PERMO-TRIASSIC ROCKS OF BRITAIN 

Metallogenetic provinces have been constructed for many of 

the continents during the last few decades and are being used at 

present for mineral exploration. The uses of metallogenetic 

provinces in mineral exploration are limited; they are generally 

used to define patterns associated with the mineralisation on a 

regional scale and to define similar areas which may show the 
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same type of mineralisation. 

Metallogenetic provinces in England and Wales have been 

previously outlined in the thesis. Several points may be 

derived from the relationships between the Permo-Triassic 

mineral deposits and those in the underlying basement rocks: - 

1) The Permo-Triassic mineral deposits in England are geo- 

graphically situated near to Palaeozoic massifs such as the 

deposits in the Permo-Triassic rocks adjacent to the Mendips 

(Carboniferous Limestones). This geographical relationship 

may have influenced the location of mineral deposits in the Permo- 

Triassic rocks in several ways: - 

a) The Palaeozoic basement massifs may have supplied detrital 

metallic minerals to the Permo-Triassic basins during sediment- 

ation. The metals may have been remobilised or leached out at 

a later stage, producing mineralisation in the Permo-Triassic 

rocks.. 

b) The Palaeozoic basement massifs may have produced structural 

features in the Permo-Triassic rocks, such as faults and uncon- 

formities, which may have been used at a later stage as path- 

ways for mineralising fluids, or may have been used as sites 

for mineral deposition. 

c) The Palaeozoic basement massifs may have produced mineralis- 

ing fluids which entered the Permo-Triassic rocks, giving rise to 

the mineral deposits. 

The origins of the mineral deposits in the Permo-Triassic 

rocks of Britain were discussed in Chapter 5. The author 

suggested that they formed from metalliferous brines that leached 

metals from the host rocks and then deposited them at specific 

sites. The sediments derived from the adjacent Palaeozoic 
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massifs would provide excellent sources of metals for such 

mineralising brines emanating from the Permo-Triassic rocks. 

It is also apparent that mineral deposits occur in uncon- 

fortuities between the Permo-Triassic and Palaeozoic rocks. 

This relationship is evident in the Mendip area and in the 

Leicestershire area. Thus, the Palaeozoic basement massifs 

affected the situation of the mineral deposits in the Permo- 

Triassic rocks. 

The effect of the Palaeozoic basement massifs on the pro- 

duction and distribution of the mineralising brines is hard to 

assess, however, it is apparent that mineralisation in the 

Palaeozoic rocks and the adjacent Permo-Triassic rocks are very 

similar in character and composition. Thus, the mineralising 

fluids from the Permo-Triassic rocks may have been introduced 

into the Palaeozoic rocks; this may have occurred in the 

Cheshire Basin and the Derbyshire areas, where mineralising 

fluids from the Permo-Triassic rocks may have entered the 

Carboniferous rocks overprinting the existing Pb-Zn deposits. 

The Palaeozoic massifs may have therefore provided pathways 

and suitable host rocks for the mineralising brines emanating 

from the Permo-Triassic basins. 

The discussion suggests that the Palaeozoic massifs affected 

the situation of mineral deposits in the Permo-Triassic rocks; 

this geological situation presents a good target for mineral 

exploration. 

2) The metallogenetic provinces indicate the major metals present 

in the Permo-Triassic mineral deposits of Britain. The Cheshire 

Basin and Devon areas, for example, are high in Ba and Cu, thus 

exploration should be biased towards these metals in the areas. 
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3) The metallogenetic provinces may be used on a comparative 

basis. The mineral provinces in England may be directly com- 

pared to those in W. America (where the assemblages are based on 

the U-V-Cu association) indicating that different mineral 

assemblages are present in Britain and America. 

In summary, metallogenetic provinces in Britain may be 

used to outline the association between mineral deposits in the 

Permo-Triassic rocks and the Palaeozoic basement massifs, 

providing a useful exploration tool. The provinces also 

indicate the most abundant metals present in the deposits, there- 

by identifying the best metals for exploration purposes. 

8.5. EXPLORATION USING THE PROPOSED GENETIC MODEL 

The genetic model proposed in Chapter 5 indicates the 

apparent controls on the location of mineral deposits in the 

Permo-Triassic rocks of Britain. These may be used to outline 

areas of similar dispositions that may contain mineralisation. 

The factors governing the situation of mineral deposits in the 

Permo-Triassic rocks are: - 

1) A large sedimentary pile - this is needed to produce the 

mineralising fluids. The pile must have been subject to com- 

pression to release the trapped fluids. 

2) Host rocks with high porosities and permeabilities - these 

allow the lateral passage of the mineralising fluids through 

the rocks. This has two effects: - 

A) The mineralising fluids may be dispersed over a large area. 

B) The mineralising fluids may leach metals from a larger 

volume of rock. 

3) Structural and sedimentary traps are needed to provide 

depositional sites for the mineralisation. These may be: - 
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a) Unconformities - such as in Leicestershire and the Mendips. 

b) Faults - such as in the Cheshire Basin. 

c) Folds - producing sedimentary traps such as in the Cheshire 

Basin. 

4) Impermeable horizons are needed to restrict the vertical 

movement of the mineralising fluids. Vertical movement of the 

fluids would result in a decrease in the lateral movement and 

the eventual loss of the fluids at the surface. 

The conditions of mineralisation have been denoted from the 

mineral deposits present in the Permo-Triassic rocks of Britain; 

these may not be typical of other deposits in the area, but 

present the only information available for exploration. 

The conditions of mineralisation thus restrict the areas 

in which mineral deposits are likely to form. If all the con- 

ditions are satisfied, then it is possible to assume that miner- 

alisation may be present in the rocks. Each area must there- 

fore be evaluated in these terms in order to find new mineral 

deposits. 

8.6. GECCHEMICAL PRCSPECTING FOR BARYTE 

8.6.1. Introduction 

In order to assess the use of geochemical prospecting for 

baryte in the Permo-Triassic rocks of Britain, the Cheshire 

Basin and Derbyshire areas were subject to a series of geo- 

chemical surveys. These two areas were used for the surveys, 

as they have been identified as containing large quantities of 

baryte. This section describes the methods available for 

exploration and assesses their applications. The techniques 

may be applied to other areas of Britain in which Permo-Triassic 

rocks occur. 
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8.6.2. Regional Stream Sediment Geochemistry 

To assess the use of regional stream sediment surveys 

for baryte exploration in the Cheshire Basin, the results from 

the Geochemical Atlas of England and Wales were used. The 

atlas was compiled by the Geochemistry Department at Imperial 

College. The data represents samples collected at a density 

of one per square mile, and was computed to produce a regional 

geochemical map of Ba in the stream sediments of the Cheshire 

Basin, as shown on Figure 8.4. 

Results 

The map indicates that high background levels of Ba are 

present in the region when compared to other areas in England 

and Wales. The frequency distribution denotes the average 

background level to be 325 ppm Ba. Anomalous areas have been 

marked on the map; these represent levels of Ba exceeding 

550 ppm, and can be defined as follows: 

Area 1- The Mid-Cheshire Ridge - this shows 103 km2 over 

1000 ppm Ba and 296 km2 over 550 ppm Ba. 

Area 2, - The Shelve area - this shows 45 km2 over 1000 ppm Ba 

and 142 km2 over 550 ppm Ba. 

Area 3- Alderley Edge - this shows 6.5 km2 over 1000 ppm Ba 

and 77 km2 over 550 ppm Ba. 

Area 4- The Macclesfield Area - this shows 6.5 km2 over 550 

ppm Ba. 

Area 5- Grinshill - this shows 6.5 km2 over 550 ppm Ba. 

Area 6, - Now Cop - this shows 6.5 km2 over 550 ppm Ba. 

Area 7- Caverswall - this shows 32 km2 over 1000 ppm Ba and 

98 km2 over 550 ppm Ba. 

Discussion 
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Figure 8.4. Barium distribution in the stream 

sediments of the Cheshire Basin 
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The results indicate that Ba is common in the stream 

sediments of the Cheshire Basin, and that seven areas are anom- 

alous, containing over 550 ppm Ba. All the areas are known to 

contain baryte mineralisation at outcrop, such as Alderley Edge, 

the Mid-Cheshire Ridge and the Grinshill Hills. The regional 

geochemistry of stream sediments is therefore a useful indic- 

ator of baryte mineralisation, and may be used to identify 

areas suitable for more intensive surveys. 

8.6.3. Local Stream Sediment Geochemistry 

Local stream sediment geochemistry was used to investigate 

a Ba anomaly in the tributry of the R. Dove in Derbyshire at 

SE 41223436 - an area of Triassic rocks bordering Carboniferous 

Limestones. The anomaly was defined in the Geochemical Atlas 

of England and Wales. 

Sampling 

Stream sediment samples were taken at 100 metre intervals 

moving upstream from SE 41223436 to SE 41383436, a distance of 
four kilometres. 

Sample Preparation 

The samples were dried and then coarse-sieved to remove 

any material over two mm. in diameter. The samples were then 

crushed to a fine powder and treated by the E. D. T. A. / K. CH 

method described in Chapter 4. 

Results 

The results indicated an anomaly in the stream, some 300 

metres long from SE 41243445 to SE 41293448. The background 

in the upstream samples was 400 ppm Ba, while the anomaly indicated 

Ba levels up to 30,000 ppm. The stream section containing the 

anomaly is shown in Figure 8.5. Downstream background levels 
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Figure-8.5. Barium distribution in stream 

sediments from a tributary of the river 

Dove in Derbyshire 
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of Ba were higher than the upstream levels, due to dispersion 

from the anomaly. 

Discussion 

The results indicate that a baryte deposit may be present 

in the area, and may cut across the stream at SE 41293448 - 

this being the upstream limit of the anomaly. The type and 

size of the deposit cannot be determined from the information 

available. The levels of Ba in the stream however are very 

high, and are comparable to those associated with baryte 

deposits in the Cheshire Basin. The facts suggest that local 

stream sediment geochemistry may be useful as a follow-up survey 

to regional exploration methods, especially regional stream 

sediment geochemistry. 

8.6.4. Whole-rock Geochemical Exploration 

Although whole-rock geochemistry is widely used for explor- 

ation in many circumstances, it has a restricted application in 

the Permo-Triassic rocks of the Cheshire Basin; this is due to 

a series of factors: - 

1) The Cheshire Basin is a flat - lying plain covered with 

boulder clay and Keuper Marls, the number of outcrops is there- 

fore limited. In fact, only 3% of the total Triassic rocks in 

the basin are exposed (in fault scarps). 

2) The mineralisation in the existing outcrops has been noted 

by many workers in the past, and it is possible that no new 

mineral deposits will be found in the exposed outcrops. The 

only possibility of finding new deposits is through man-made 

excavations and exploration. 

3) The main economic potential lies in the rocks beneath the 

superficial cover. In these conditions, exploration would 



require boreholes and excavations - these are very expensive. 

4) The nature of the rocks and the faulting present in the 

rocks does not enable horizons to be traced for long distances 

across the basin. 

5) The mineralisation is very patchy and sporadic - no indic- 

ations of mineralisation are present in rocks adjacent to the 

mineral deposits. This is emphasised in the fault scarps con- 

taining baryte mineralisation, which shows cut offs from the high 

grade mineralisation within centimetres. 

All these factors suggest that the whole-rock geochemistry 

can not be used for exploration. Media that allow a greater 

distribution and dispersion of the mineralising elements must be 

used for exploration, such as water and soils. The above 

factors apply throughout many of the Permo-Triassic areas in 

Britain. 

8.6.5. Soil Geochemistry 

Soil geochemistry was used to detect the presence of buried 

baryte deposits in the Cheshire Basin. The Grinshill area was 

used to assess the method because: - 

1) Baryte mineralisation is present in the Lower Keuper Sand- 

stones and Upper Mottled Sandstones of the scarp face trending 

west to east from SJ 35243238. 

2) The area behind the scarp face is flat and the dip-slope 

is shallow. 

3) The area behind the scarp presents an ideal target area for 

outlining new anomalies in the underlying sandstones. 

4) No outcrop is present in the area behind the scarp face. 

5) The area is free of any natural vegetation and buildings, 

being cultivated farm land. 
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Two types of soil survey were used: - 

a) Topsoil surveys were used to detect regional variations in 

the Ba content of the soils. 

b) Subsoil surveys were used to outline the extent of the 

anomalies detected by the topsoil surveys. 

The area selected for the soil surveys is bounded by the follow- 

ing co-ordinates - SJ 35373249, SJ 35183243, SJ 35073501 and 
SJ 35083264 - this is an area of some six km2 

a) Topsoil Surveys 

Four topsoil traverses were completed; these were orient- 

ated at 123 ° magnetic and spaced at 500 metre intervals. 

Samples were taken at 50 metre spacings along the traverses. 

b) Subsoil Surveys 

These were used to define the anomalies outlined from the 

topsoils in more detail. Five subsoil traverses were completed, 

forming a grid 1,100 metres long and 500 metres wide, bounded by 

the co-ordinates SJ 351093244, SJ 350932.54, SJ 35143244 and 

SJ 35143254. Samples were collected at 100 metre intervals 

throughout the grid, at a depth of fourteen centimetres. The 

subsoil samples were expected to show less dispersion and higher 

levels of Ba, thereby outlining the anomaly in detail. 

The samples were analysed by the E. D. T. A. /K. OH method 

outlined previously in the thesis. 

RESULTS 

The topsoil traverses indicated an anomalous area some 350 

metres wide, centred about SJ 35113249; this was intercepted by 

the topsoil traverse No. 2, and is shown on Figure 8.6. The 

subsoil traverses were used to outline the extent of the top- 

soil anomaly in more detail. The results of four of the north 
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Figure 8.6. Barium distribution in topsoils 

Traverse no. 2. -Grinshill 

M 

f'] 

00 
00 
ýn ., r 

ooo 
P'1 N r- 

11111 

r N l! 1 
RT N 
N1 
d' 

Ln m 

h 
o tn I- 

-4 (71 

Co 

n 

to 

U'l 

.r 

vº 

N 
Lll 
Ln r, 1 
M 
0 
Ln M 

"o 
h 



334 

to south subsoil traverses are shown on Figures 8.7 to 8.10; 

these represent parallel traverses moving further east along 

the grid. The results from the subsoil traverses were used to 

construct a plan geochemical map of the sampled area (Figure 

8.11). The orientations of the topsoil and subsoil traverses 

are indicated on the plan. 

The general background level of Ba in the topsoil traverses 

was found to be 100 ppm, while the background level in the sub- 

soils was found to be 100-150 ppm. The plan geochemical map 

indicates the high Ba levels in the soils are split into two 

portions, the first shows a dominant east to west trend from 

SJ 35143248 to SJ 35093248, while the second shows a general 

east to west trend from SJ 35133243 to SJ 35133245. It is 

possible that the two portions merge in the east of the area 

sampled. The combined area of the anomalies over 300 ppm is 

81250 m2 while the area over 400 ppm is 32500 m2. 

Discussion 

The geochemical anomalies represent the amount of Ba in the 

soils of the area and do not represent the area of possible 

baryte mineralisation in the underlying sandstones. More in- 

formation is needed before the anomaly can be fully explained, 

however, it is possible that the results indicate dispersion from 

a small, underlying baryte deposit, similar to that present in 

the nearby scarp face. 

One of the main points to be noted from the results is that 

the levels of Ba in the subsoils and the topsoils were similar, 

indicating that no further detail was gained from the subsoils, 

and that topsoil sampling could have been used to outline the 

regional anomaly in more detail. 
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Figure 8.7. Barium distribution in subsoils 
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Figure 8 . 8. Barium distribution in subsoils 

Traverse no. 2. - Grinshill 
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Figure 8.9. Barium distribution in subsoils 
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Figure 8 . 10. Barium distribution in subsoils 
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Figure 8.11. Barium distribution in subsoils. 
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The results also show that soils may be used to indicate 

the presence of underlying baryte in the Permo-Triassic rocks 

of the Cheshire Basin. 

8.7. DISCUSSION OF THE RESULTS 

Al Regional Exploration Methods 

The results indicate that the metallogenetic provinces 

defined in the thesis may be used in regional exploration to: - 

1) Outline regional areas of mineralisation. 

2) Indicate the most suitable metal for exploration within the 

regional areas. 

3) Outline possible structures that may contain mineralisation, 

such as unconformities between Palaeozoic and Mesozoic rocks. 

The metallogenetic provinces are therefore useful as 

regional exploration tools. Unfortunately, the provinces are 

based upon existing mineral deposits and may not be represent- 

ative of mineral deposits in unexposed areas. 

The regional stream sediment geochemistry has been applied 

to the Cheshire Basin for baryte exploration. The results 

indicate that the geochemical surveys directly outline mineral- 

isation in the underlying and surrounding bedrock. The Geo- 

chemical Atlas of England and Wales may therefore be used to 

outline target areas in Permo-Triassic rocks. The target areas 

may be investigated further by the other methods proposed in the 

thesis. 

The genetic model proposed in Chapter 5 has provided useful 

information on the conditions governing the location of mineral 

deposits in the Permo-Triassic rocks of Britain; this inform- 

ation may be used directly to outline suitable areas for explor- 

ation. The best results will be obtained if the information 
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from the genetic model is used in conjunction with the other 

results presented in this thesis. 

The fracture density and whole rock geochemistry methods 

of regional exploration did not prove to be useful in the Permo- 

Triassic rocks of Britain; these methods may be used in areas 

of Britain, such as Scotland, where the rocks are suitably 

exposed. 

B) Intensive Or Local Exploration Methods 

Local stream sediment geochemistry was used to define an 

anomaly in the Derbyshire area. The area is underlain by 

Triassic sandstones and Carboniferous Limestones, and presented 

a regional stream sediment anomaly in the Geochemical Atlas of 

England and Wales. The intensive stream geochemistry indicated 

the presence of baryte in the area, possibly similar to that 

occurring in the Cheshire Basin. Local stream sediment geo- 

chemistry may be used in Permo-Triassic areas to define Ba 

anomalies presented from regional geochemical data, and may also 

be used to follow-up other regional exploration surveys. The 

method would also be expected to present similar results for 

base metal exploration - assuming that the mobilities of the 

metals were similar to that of Ba. Local stream sediment geo- 

chemistry is therefore a valid and successful technique for 

intensive exploration in the Permo-Triassic regions of Britain. 

Topsoil and subsoil geochemistry were used to define a Ba 

anomaly in the Cheshire Basin attributed to baryte in the 

underlying Triassic sandstones. These techniques are useful 

for baryte exploration in the Permo-Triassic rocks of Britain. 

Again, the methods may be used for base metals, assuming that 

the metals are of the same mobility as Ba. 
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Stream sediment and soil geochemical surveys are therefore 

reliable intensive methods for exploration in the Permo-Triassic 

rocks of Britain. 

8.8. CONCLUSIONS 

1) The metallogenetic provinces defined in the thesis are use- 

ful for regional exploration in the Permo-Triassic rocks of 

Britain; they may be used to outline regional exploration 

targets and the most suitable metals for exploration. 

2) The genetic model proposed in the thesis may be used in 

regional exploration for defining the conditions governing the 

location of mineral deposits in the Permo-Triassic rocks of 

Britain. 

3) The Geochemical Atlas of England and Wales is a valuable 

exploration tool for locating regional geochemical anomalies; 

results from the atlas indicated all the areas of exposed baryte 

mineralisation in the Cheshire Basin. 

4) Intensive stream sediment geochemistry may be used to define 

in detail anomalies derived from regional exploration methods; 

it is especially useful for follow-up surveys in baryte explor- 

ation of the Permo-Triassic rocks in Britain. 

5) Topsoil and subsoil geochemistry may be used as intensive 

follow-up surveys in regional target areas; they may be used in 

areas where no outcrop is present, and have proved successful in 

outlining Ba anomalies in the Cheshire Basin. 

6) Two new Ba anomalies have been defined in Permo-Triassic 

rocks of the Derbyshire and the Cheshire Basin; these indicate 

the presence of undiscovered mineral deposits in the Permo- 

Triassic rocks of Britain. 
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CHAPTER 9: GENERAL CONCLUSICBJS 

1) The mineral deposits in the Permo-Triassic rocks of 

southern Britain were classified into six metallogenetic 

provinces. These were regionally divided into: - 

a) Provinces containing major Pb-Zn sulphide and associated 

baryte mineralisation in carbonate host rocks, as exemplified 

by the N. E. England Province. 

b) Provinces containing major Cu-Pb carbonates, Cu-Pb-Zn 

sulphides, Mn-Fe oxides and associated baryte mineralisation 

in continental red beds, such as the deposits in the N. W. 

England Province. 

2) On a comparative basis, the individual metallogenetic 

provinces were found to vary significantly in that: - 

a) The N. E. England Province contains the Marl Slate band 

and a thick sequence of Permian evaporites that are not 

represented in any other province. These differences arise 

from restricted deposition by marine waters during Permian 

times in the N. Sea Basin. 

b) The Mendip Province contains extensive amounts of celestite 

and strontianite in the Keuper Marls, which are not present in 

any other province. 

c) The S. Devon Province contains extensive U-V-Mn mineralis- 

ation not typical of the other provinces. This may be due 

to the presence of suitable sources for the metals in the 

nearby Hercynian granites. 

d) The N. Devon Province is dominated by Fe oxide minerals, 

which are present to a lesser extent in the other provinces. 

This may be related to the presence of Devonian red beds in 

the region which provide an excellent source of Fe. 
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3) Mineralisation in the Permo-Triassic rocks of Britain 

is contained in regional trap structures, which are dominated 

by faults, such as in the Cheshire Basin (e. g. Alderley Edge), 

and unconformities, as found in Leicestershire. 

4) Metallic mineralisation in the Permo-Triassic rocks of 

Britain is always contained within highly permeable and 

porous lithologies, as exemplified by the L. Keuper Sandstones 

and Conglomerates of the Cheshire Basin and the Dolomitic 

Conglomerates of the Mendips. Fine-grained, low permeability 

and low porosity lithologies generally lack metallic mineral- 

isation, although small concentrations may be found in basal 

layers, such as in the Keuper Marls of the Leicestershire 

area. 

5) Non-metallic mineralisation is often concentrated in the 

Keuper Marls of Britain, such as the rock salt deposits in 

the Cheshire Basin, the gypsum and anhydrite deposits in 

Leicestershire and the celestite and strontianite deposits 

in the Bristol area. 

6) Metallic mineralisation in the continental, Permo-Triassic 

red beds of Britain occurs in the form of cements, impreg- 

nations, disseminations and void infillings within the host 

rocks. This form of mineralisation results in concentrations 

of up to 3(ymetal. Average metal grades in the rocks are 

often lower than this, due to the sporadic occurrence and 

patchy development of the mineralisation. Average grades 

of metals may be indicated from the Alderley Edge deposit in 

the Cheshire Basin, where ore-grade material averaged some 

7% to l0Jo Cu and lO%-20% Ba. 

7) Metallic mineralisation in the Permo-Triassic carbonate 
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host rocks in the form of veins, cavity infillings, cements 

and replacements, as exemplified by the Permian Magnesian 

Limestones. Grades of metals in such deposits may attain 

a maximum of 100%, although it is dependent upon the ratio 

of the metallic minerals to gangue minerals present. 

8) Mineralisation in the continental, Permo-Triassic red 

beds of Britain is significantly different in composition to 

that in similar host rocks of America and Europe, where U-V 

minerals form a major part of the assemblages. Only the 

S. Devon Province in Britain shows significant concentrations 

of U-V. 

9) The Triassic host rocks in the Cheshire Basin are dominated 

by quartz, which forms from 80% to 99% of the mineral grains. 

Heavy minerals such as tourmaline, epidote, zircon and rutile 

form up to 157oo of the mineral grains, while micas (such as 

muscovite and biotite) and feldspars (such as orthoclase) 

form up to 7% of the mineral grains. Mature and immature 

components were identified in the rocks, the former indicating 

input of weathered material from a distant source and the 

latter indicating local input of fresh material. 

10) The Triassic host rocks in the Cheshire Basin contain 

metals in the form of rutile, magnetite and ilmenite grains 

(Fe-Ti) and Pb-Cu-Fe-Ni sulphides within detrital quartz grains. 

These indicate some primary influx of metals from source areas, 

and may have played an important role in the subsequent miner- 

alising processes. 

11) Mineralisation in the Cheshire Basin post-dates diagenesis, 

which resulted in the formation of quartz overgrowths (by 

pressure solution) hematite rims and carbonate cementation 
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in some of the rocks. 

12) Four distinct phases of mineralisation were detected in 

samples from Alderley Edge in the Cheshire Basin: - 

a) Early baryte cementation ( occasionally associated 

with carbonate cements in void spaces). 

b) The main-phase of Pb-Zn-Cu-Ni-Fe sulphide formation, 

infilling remaining voids and cavities in the rocks. 

c) The formation of secondary sulphides of Cu-Ni-Co 

which replace the primary sulphides. 

d) Supergene alteration of the minerals present, and 

remobilisation to form other exotic minerals. 

Stage a) may be related to the diagenetic 

environment , however , the main mineralisation 

episodes are related to stages b) and c). 

13) Fluid inclusion studies on baryte from the Cheshire Basin 

indicate a temperature of formation of less than 100°C. 

14) Geochemical analyses of rocks from the Cheshire Basin 

indicate that Pb-Cu-Zn-Mn-Fe-Ba and associated Sr-Co-Ni-Be 

are the main, {iineralising metals. All the metals except Ba 

and Sr are concentrated to a higher degree in the Alderley 

Edge deposit. I 

15) Statistical analysis of geochemical results from the 

Cheshire Basin samples indicate that: - 

a) Ba and Sr always show high positive correlations. This 

may result from substitution of Sr into the Ba minerals. 

b) Al-K-Na-Mg and Ca all show .. positive correlations 

with each other, forming a group of associated elements. 

These may be related to the presence of silicates, such as 

micas and feldspars in the host rocks. 
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c) Ti-V-Fe all correlate with each other, forming a distinct 

group of metals. These may be related to the presence of 

rutiles, ilmenites and other oxides in the host rocks. V 

may have been introduced into the rocks on the surfaces of 

micas. 

d) Cu-Co-Ni generally correlate well with each other, forming 

a distinct group of mineralising metals. 

e) Pb-Zn correlate well with each other. 

f) Be may be useful as a pathfinder to indicate the presence 

of Cu mineralisation. but is present in low concentrations. " 

16) Genetic modelling in relation to the data available 

suggests that the mineral deposits in the Permo-Triassic rocks 

of Britain may have resulted from mineralising brines derived 

from compaction of the sedimentary piles during late Triassic 

times. The fluids leached metals and salts from the host 

rocks and moved laterally and vertically through the rocks 

by means of highly permeable zones (such as faults) and 

formations (such as the L. Keuper Sandstones). The presence 

of impermeable cap rocks in many of the areas (e. g. Keuper 

Marls and Waterstones) forced the brines to migrate laterally 

towards the edges of the basins, where mineral deposition 

resulted. Mineral deposition may have been caused by mixing 

of fluids, sulphate reduction or unstability within the brine. 

Subsequent remobilisation of the metals formed the mineral 

assemblages visible at the present time. Remnant fluids 

either escaped and dispersed or moved into the adjacent 

Palaeozoic massifs, overprinting existing Pb-Zn mineralisation. 

17) The major economic potential of the Permo-Triassic rocks 

in Britain at present lies in the industrial mineral wealth. 
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Baryte may be of increasing importance in the future if the 

demand and prices increase. 

18) Regional stream sediment geochemistry and genetic 

modelling provide adequate methods for identifying regional 

target areas for exploration. Intensive stream sediment 

geochemistry and soil geochemistry have proven to be useful 

for identifying Ba anomalies within target areas. 

19) Two new Ba anomalies have been identified in areas 

dominated by Permo-Triassic rocks, and may indicate the 

presence of underlying baryte in the rocks. 
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Appendix A. 

Hand specimen descriptions of samples from the field areas 

in the Cheshire Basin. 
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Hand Specimen Descriptions - Peckforton Area 

SAMPLE NO LOCATION FORMATION DESCRIPTION MINERALISATION 

F'CS001 SJ520578 LKPB RD-BR/ MED-SR EST BA PLATES 

PCS002 SJ526559 LKPB RD/ MED-GR SST 

PCS003 SJ526559 LKPB BR-TN/ MED-SR SST BA PLATES 

PCS004 SJ530560 LKC RD-BR/ PEBBLY SET BA PLATES + NODS 

F'CS005 SJ510541 UMS WH/ COARSE OR EST DA PLATES 

PCS006 SJ532563 LKPB WH/ FINE-GR SST 

F'CS007 SJ532563 LKPB RD-BR/ MED-GR EST BA PLATE% 

PCS008 SJ532563 LKPB RD/ MED-SR SST 

PCS009 SJ532563 LKPB RD-BR/ FINE-GR SST DA NODS 

PCS010 SJ536592 LKPB WH/ MED- OR SST 

PCSO11 SJ536592 LKPB WH-Y/ MED-GR SST BA VEINS 

PCS012 SJ536592 LKPB WH/ FINE-GR SST 

PBS109 SJ518543 UMS RD/ MED-SR SST- MOTTLED 

PBS110 5J518543 UMS RD/ MED-GR SST 

PBS111 SJ518543 UMS RD/ MED SR SST DA PLATES 

PBS112 SJ518543 UMS RD/ MED-OR SST BA PLATES 

PBS113 SJ526548 LKPB DK-BR/ COARSE-OR SST 

PBS114 SJ526549 LKPB BR/ MED-GR SST 

PBS115 SJ530551 LKPB BR/ MED-GR SST 

F'BS116 SJ530551 LKPB DR/ MED-COARSE OR SST 

PBS117 SJ530551 UMS RD/ MED-GR SST 

PBS118 SJ529555 LKPB RD-BR/ MED-GR SST 

F'BS119 SJ520558 LKPB RD-BR/ MED-GR SST 

PBS120 SJ528558 UMS RD/ MED-GR SST 

PBS121 SJ530558 LKC RD-BR/ PEBBLY SST DA PLATES 

PBS122 SJ533562 LKC RD-BR/ COARSE-GR SST BA PLATES 

PBS123 SJ532566 LKPB RD/ MED-GR EST 

F'BS124 SJ536567 LKPB RD-DR/ MED-GR SST 
/ 

INDEX 

FORMATIONS AND MEMBERS 

UMS = UPPER MOTTLED SANDSTONES ( U. BUNTER) 

RGS = RUYTON AND GRINSHILL SANDSTONES ( U. BUNTER-L. KEUPER 

WSTS= KEUPER WATERSTONES ( KEUPER) 

EVC= ENGINE VEIN CONGLOMERATES (L. KEUPER SANDSTONES) 

WMC= WOOD MINE CONGLOMERATES ( L. KEUPER SANDSTONES) 

WMS= WEST MINE SANDSTONES ( L. KEUPER SANDSTONES) 

LKPB= LOWER KEUPER PASSAGE BEDS 

LKC= LOWER KEUPER CONGLOMERATES 

COLOURS 

GY=CREY, RD=REDrrI+R=DROWN, WH=WHITE, TN-TAN, Y-YELLOW, DL- ? LACK, OR GREEN, DK#DARK 
LITHOLOGIES 

MED-GR = MEDIUM GRAINEDrSST=SANDSTONE, SILTS-SILTSTONE, MDST MUDSTONE 

MINERALISATION 

BA = DARYTE (FORMS SPECIFIED) r MAL-MALACHITE, MNO= WAD P FA   GALENA, 

FY = PYROMORPHITE, LIM = LIMONITE, BIT= DITUMEN, AZ=AZURITE 
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Hand Specimen Descriptions - Grinshill Area. 

SAMPLE NO LOCATION FORMATION DESCRIPTION 

GCS001 SJ527236 

GCS002 SJ526237 

GCS003 SJ526237 

GCS004 SJ526237 

GCS005 SJ526237 

GCS006 SJ526237 

GCS007 SJ526237 

GCS008 SJ521235 

GCS009 SJ519238 

GCSOlO SJ516238 

GCS011 SJ516239 

GCS012 SJ515239 

GCS013 SJ550269 

GCS014 SJ553273 

GRS032 SJ525237 

GRS033 SJ525237 

GRS034 SJ525237 

GRS035 SJ525237 

GRS036 SJ525237 

GRS037 SJ525237 

GRS038 SJ524238 

GRS039 SJ524238 

GRSO40 SJ524230 

GIiS086 SJ519237 

GHS087 SJ519237 

GHS088 SJ519237 

GHS089 SJ519237 

GHS090 SJ519237 

GHS091 SJ519237 

GHS092 SJ517236 

GHS093 SJ516237 

GHS094 SJ515238 

GHS095 SJ516239 

GHS096 SJ515239 

GHS097 SJ515240 

CHS098 SJ515240 

GH5099 SJ515240 

GHS100 SJ516239 

GHS101 SJ518239 

CHS102 SJ514236 

CH, r, 103 SJ514236 

CHS104 SJ514236 

GHS105 SJ514236 

GHS106 SJ514236 

UMS 

RGS 

ROS 

RGS 

RGS 

RGS 

RGS 

UMS 

RGS 

UMS 

UMS 

UMS 

ums 

uns 
RGS 

RGS 

RGS 

RD/ MED-GR SST 

PR/MED-GR SST 

WH/ MED-GR SST 

WH/ MED-GR SST 

WH/ MED-GR SST 

WH/ MED-GR SST 

WH/ MED-GR SST 

BR/ MED-GR SST 

RD/ MED-GR SST 

RD-DR/ MED-GR SST 

RD/ MED-GR SST 

WH/ MCD-GR SST 

RD/ MED-GR SST 

WH/ MED-GR SST MOTTLED 

WH/ MED-GR SST 

WH/ MED-GR SST 

WH/ MED-GR SST 

MINERALISATION 

IA VEINS 

BA VEINS 

INTRUSIVE FORFHY-DOLERITE 

WSTS 

WSTS 

WSTS 

WSTS 

WSTS 

UMS 

uns 
UMS 

UMS 

UMS 

UMS 

RGS 

RGS 

UMS 

ums 
RGS 

UMS 

RGS 

ums 

RGS 

RGS 

RGS 

UMS 

UMS 

UMS 

UMS 

GY/ FINE-GR MDST 

GY/ MED-GR SILTS 

TN-BR/ FINE-GR SST 

BR/ FINE-GR SST 

Y'-BR/ FINE-GR SST 

RD/ MED-GR SST 

FR-RD/ MED-GR SOT 

DR/ FINE-OR SST 

RD-BR/ MED-GR SST 

RD/ MED-GR SST 

RD-BR/ MED-GR SST 

DK-BR/ COARSE-CR SST 

BR/ COARSE-GR SST 

RD/ MED-GR SST 

RD/ MED CR SST DA NODS+VCIN 

RD-ER/ COARSE OR SST DA VEIN 

WH/ MED-GR SST RA VEIN 

bR/ MED-GR SST DA NOD 

Wfl/ MED-GR SST DA NOD+VEIN 

DK-DR/ MED OR SST 

DK-BR/ COARSE-GR SST 

RD--BR/ MED-GR SST 

WH/ MED-GR SST DA VEIN 

Y-WH/MED-GR SST 

WH/ MED-CR SST 

RD/ MED-GR SST 



Hand Specimen Descriptions - Alderley Area 
SAMPLE NO LOCATION* FORMATION DESCRIPTION 

RD-DR/ PEBBLY SST 

RD/ MARL 

GY/ MARL 

WH/ MED-GR SST 

GY/ MUDST 

BR/ PEBBLY SST 

BR/ MED-GR SST 

DR/ PEBBLY SST 

DR/ MED-GR SST 

RD-DR/ FINE-GR SST 

TN-Y/ MED-GR SST 

WH/ FINE-GR SILTS 

MINERALISATION 

MAL. DA PLATES 

MALº BIT 

MAL. BIT 

MNO. BA PLATES 

MAL. AZ 

PY. DA PLATES 

MAL. DA PLATES 

MAL. BA COATING 

MAL. LIMºMNO 

MAL 

LIM. MAL 

MAL. MNO 

AECS01 ENG VEIN EVC 

AECS02 ENG VEIN EVC 

AECS03 ENG VEIN EVC 

AECSO4 ENG VEIN EVC 

AECS05 ENG VEIN EVC 

AECSO6 ENG VEIN EVC 

AECS07 DOC MINE EVC 

AECS08 DOC MINE EVC 

AECSO9 PILL MINE EVC 

AECS10 PILL MINE EVC 

AECS11 PILL MINE UMS 

AECS12 STY PT EVC 

AECS13 STY PT UMS 

AECS14 STY PT UMS 

AECS15 STY PT EVC 

AECS16 TRIAL EVC 

AECS17 WOOD MINE WMC 

AECS18 WOOD MINE WMC 

AECS19 WOOD MINE WMC 

AECS20 WOOD MINE WMC 

AECS21 WOOD MINE WMC 

AECS22 WOOD MINE WMC 

AECS23 WOOD MINE WMC 

CSO1AE MINE PUMP 

CS02AE MINE DUMP 

CS03AE MINE DUMP 

CSO4AE MINE DUMP 

CSOSAE MINE DUMP 

CS06AE MINE DUMP 

CS07AE MINE PUMP 

CSO8AE MINE DUMP 

ACSO41 ENG VEIN EVC 

ACSO42 ENG VEIN EVC 

ACS043 ENG VEIN EVC 

ACSO44 ENG VEIN EVC 

ACSO45 ENG VEIN EVC 

ACSO46 ENG VEIN EVC 

ACSO47 ENG VEIN EVC 

ACS048 OP CAST UMS 

ACSO49 OP CAST UMS 

ACS050 OP CAST UMS 

ACS051 OP CAST EVC 

ACS052 TRIAL EVC 

ACS053 TRIAL EVC 

ACS054 TRIAL EVC 

RD MED-GR SST BIT 

RD/ MED-GR SST-MOTTLED MNO 

BR/ MED-GR SST 

WH/ PEBBLY SST 

WH/ PEBBLY SST 

WH/ PEBBLY SST 

WH-Y/ MED-GR SST 

WH/ PEBBLY SST 

BL/ CLAY 

RD/ PEBBLY SST 

WH-Y/ PEBBLY SST 

TN-BR/MED-GR SST 

RD-BR/ PEBBLY SST 

WH/ MED-GR SST 

WH/ MED-GR SST 

BR/ PEBBLY SST 

TN-BR/ MED-GR SST 

WH/MED-GR SST 

WH/PEBBLY SST 

DK-BR/PEBBLY SST 

RD-BR MED-GR SST 

RD-BR / PEBBLY SST 

GY/MUDST 

BR/ PEBBLY SST 

BR/ PEBBLY SST 

BA PLATES 

MNO. BA PLATES 

PB. MAL. BAPLATES 

PB. MAL. MNO. PY. BA 

PB. PY. MAL. BA PLATES 

PY. MAL. BA PLATES 

MNO. CO 

MAL. MNO 

PB. PY. MAL. BA NODS 

MNO. PB. BA 

PY. MAL. PB.. LIM 

PY. MAL. MNO. BA PLATE 

PB. BA PLATES 

MAL 

PY. PB 

MNO. BA PLATES 

PY. PB. BA 

BA PLATES 

MAL. LIM 

PY. MAL 

MNO. MAL 

MAL. PB. BAL 

Y-BR/ PEBBLY SST LIM 

RD-DR MED-OR SST 

WH MED-GR SST 

RD MED-CR SST 

DR/ MED-GR SST 

RD-BR/ FINE-GR SST 

RD-BR/ MED-GR SST 

RD-BR/ PEBBLY SST 

BA CEMENT 

EA PLATES 

ACSO55 TRIAL EVC WH/ MED-GR PEBBLY SSST PBr MAL 

368 

ACSO56 DOC MINE EVC DK-BR/ PEBBLY SST MAL, PYrBA CEM'T 
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Hand Specimen Descriptions - Alderley Area ( cont'd ). 

0 
ACS057 DOC MINE EVC BR/ MED-GR SST MAL, MNO 

ACS058 DOC MINE EVC TN-Y / MED-OR SST 

ACS059 FILL MINE UMS WH/ MED-FINE OR SST MAL, MNO 

ACS060 PILL MINE UMS BL/ FINE-GR SST MNO 

ACS061 PILL MINE UMS Y/ MED-GR SST LIM 

ACS062 PILL MINE EVC RD-BR/ MED-GR PEBBLY-SST 

ACS063 STY PT EVC RD-BR/ PEBBLY SST 

ACS064 STY PT UMS Will FINE-OR SST 

ACS065 STY PT EVC BR/ PEBBLY SST 

ACS066 STY PT EVC DR/ PEBBLY SST MNO 

ACS067 STY PT EVC BR/ PEBBLY SST DA, PLATES 

ACS06B STY PT EVC DR/ PEBBLY SST MNO, DA PLATES 

ACS069 STY PT EVC RD-BR/ PEBBLY SSST 

ACS070 STY PT EVC RD-BR/ PEBBLY SST 

ACS071 CASTLE RK UMS RD/ MED-GR SST 

ACS072 CASTLE RK EVC RD-BR/PEBBLY SST 

ACS073 CASTLE RK UMS RD/ MED-OR SST 

ACS074 CASTLE RK UMS WH/ MED-FINE OR SST 

ACS075 CASTLE RK EVC RD-BR/ PEBBLY SST 

ACS076 CASTLE RK EVC RD/ PEBBLY SST 

ACS077 WIZ OU EVC RD/ PEBBLY SST 

ACS078 WIZ OU EVC RD/ PEBBLY SST 

ACS079 WIZ DU EVC WH/ MED-GR SST 

ACS080 WIZ OU EVC DR/ PEBBLY SST 

ACS081 CASTLE RK UMS RD / MED-GR SST 

ACS082 CASTLE RK UMS RD/ FINE OR SST 

ACS083 CASTLE RK UMS RD/ MED-OR SST 

*- LOCATIONS ARE SHOWN ON FIG. 2. . 

ENG VEIN m ENGINE VEIN , PILL MINE m PILLAR MINE , STY PT - STORMY POINT 

DOC MINE = DOC MINE , CASTLE RK m CASTLE ROCK . 
/ 

/ 
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Hand Specimen Descri tions - Hawkstone Area 

SAMPLE NO LOCATION FORMATION 

HCS001 SJ573297 RGS 

HCS002 SJ572299 RGS 

HCS003 SJ572298 RGS 

HCS004 SJ572298 UMS 

HCS005 SJ573298 RGS 

HCS006 SJ573298 RGS 

HCS007 SJ574297 

DESCRIPTION 

DK-BR/ MED-GR SST 

DK-BR/ MED OR_SET 

TN-WH/ MED-GR SET 

WH/ MED-GR SET-MOTTLED 

WH/ MED-GR SST 

WH/ MED-GR SST 

RGS WH/ MED-GR SST 

HCSOOS SJ574297 FAULT INFILL WH/CLAY-SST 

HCS009 SJ574297 UMS 

HCS010 SJ574297 FIGS 

HCS011 SJ574297 RGS 

HCS012 SJ574296 RGS 

HCS013 SJ575295 RGS 

HCS014 SJ575295 RGS 

HBCOOI 5J573298 ROS 

HB0002 5J573298 RGS 

HB0003 SJ573298 RGS 

HBC004 SJ5773298 RGS 

HB0005 SJ573298 UMS 

HB0006 SJ573298 RGS 

HB0007 SJ573298 RGS 

HBC008 SJ573298 RGS 

HBC009 SJ573298 RGS 

HBC010 SJ570286 UMS 

HBC011 SJ570286 UMS 

HBC012 SJ574285 UMS 

HBC013 SJ574285 UMS 

HBC014 SJ591282 UMS 

HBC015 SJ595290 UMS 

HBC016 SJ595290 RGS 

HBC017 SJ595290 UMS 

HBC018 SJ595290 UMS 

HBC019 SJ595290 UMS 

HBC020 SJ595290 UMS 

HBC021 SJ595290 UMS 

HBC022 SJ561287 UMS 

RD/ FINE-OR SST-MOTTLED 

RD/ MED-GR SST 

WH/ MED-OR SST 

WH/ MED-GR SST 

RD-BR/ MED-GR SST 

RD-DR/ MED-GR SST 

TN-DR/ MED-OR SST 

TN-WH/ MED-OR SST 

BR-TN/ MED-OR SST 

BR/ MED-OR SST 

RD/ MED-FINE OR SST 

DR/ MED-OR SST 

WH/ MED-OR SST 

WH/ MED-OR SST 

RD-DR/ MED-GR SST 

RD/ MED-GR SST -MOTTLED 

RD/ MED-GR SST 

RD-DR/ MED-OR SST 

RD/ MED-OR SST 

RD/ MED-GR SST 

WH/ MED-OR SST- MOTTLED 

DR/ MED-GR SST 

WH/ MED-OR SST 

RD-BR/ MED-OR SST 

WH/ MED26R SST - MOTTLED 

RD/ MED-CR SST - MOTTLED 

RD/ MED-GR SST - MOTTLED 

RD-BR / MEP-GR SST 

MINERALISATION 

BA PLATES 

BA NODS + PLATES 

DA NODS+PLATES 

IDA FLATES+MAL 

DA PLATES + MAL 

FA NODS 

BA PLATES + MNO 

BA PLATES 

BA PLATES + MAL 

FA PLATES + NODS 

FA NODS 

BA NODS 

BA PLATE + NODS 

FA PLATES 

RA PlATE5 

BA VEINS 

HA PLATES 

i" 
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4 

Hand Specimerv Descriptions - Lee Brockhurst Area 
SAMPLE NO LOCATION FORMATION DESCRIPTION MINERALISATION 

LBS025 SJ555276 UMS 

LBSO26 SJ555276 UMS 

LBS027 SJ553276 UMS 

LBS028 SJ554275 UMS 

LBS029 SJ554275 UMS 

LBS030 SJ551270 UMS 

LBSO31 5J551270 UMS 

RD-BR/ MED-GR SST 

RD-BR/ MEP-GR SST 

RD-BR/ MED-CR SST 

RD-BR/ MEP-OR SST 

RD/ MED-GR SST - MOTTLED 

RD/ MED-GR SST 

RD-BR/ MED-GR SST 

Hand Specimen Descriptions - West Mine-Alderley 
SAMPLE NO LOCATION FORMATION DESCRIPTION MINERALISATION 

ACS111 WEST MINE WMS 

ACS112 WEST MINE UMS 

ACS113 WEST MINE WMS 

ACS114 WEST MINE WMS 

ACS115 WEST MINE WMS 

ACS116 WEST MINE WMS 

ACS117 WEST MINE WMS 

ACS118 WEST MINE WMS 

ACS119 WEST MINE WMS 

ACS120 WEST MINE WMS 

ACS121 WEST MINE WMS 

ACS122 WEST MINE UMS 

ACS123 WEST MINE WMS 

ACS124 WEST MINE WMS 

ACS125 WEST MINE WMS 

ACS126 WEST MINE WMS 

WH/ COARSE-GR SST 

WH-TN/ MED-GR SST 

WH/ COARSE-GR SST 

BR/ MED-CR SST 

WH/ FINE-GR SST 

BR/ MED-GR SST 

WH/ MED-GR SST 

WH/ MED-GR SST 

TN-BR/ MED-GR SST 

BR/ MED-GR SST 

WH/ MED-GR SST 

WH/ FINE-GR SST 

BR/ MED-GR SST 

BR/ MED-GR SST 

WH/ MED-GR SST 

WH/ MED-CR SST 

FB. MAL 

LIM#MALrAZ 

LIMrMAL 

MALrLIM 

MALrMNOrLIMrBA CEM'T 

MALrMNO 

LIMrMNOrMAL 

MALPLIM 

MALrMNO 

LIMrFBtMALrMNO 

MNO 

MNOrMAL 

MAL 

MALrMNO 

LIM. MAL 

LIMrMAL 

i 
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Appendix B. 1. 

Results of binocular and transmitted light microscopy on 

separates. 
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HEAVY MINERALS IN THE HEAVY FRACTION OF THE HEAVY LIQUID SEPERATES 

IDENTIFICATION BY TRANSMITTED AND BINOCULAR MICROSCOf'ES ) 

SAMPLE NO QUARTZ MUSC BIOT BARYTE TOUR ZIRCON EPIDOTE CALC RUTILE PERCENT MINERALSN 

PCS001 3X 2X 2X iX 1X 1X -- -- 05 MGrHErrPrIL 

PCS002 3X 2X 2X 2X 2X 1X -- -- 1X 05 MR. TI.. 11CrPY 

F'CS003 3X 2X 2X 1X 2X 2X -- - SX 05 MGrMALrIL 

PCS005 4X 2X 2X 2X 1X ix -- 1X 02 MGrHE 

F'CS006 2X IX lX X 2X lX ^- -- -- 15 ILrMGrHE 

PCS007 4X X 1X 2X 1X 2X -- -X 02 MGrHE 

PCS008 ix x -- 1X 3X 1X -- -- 1X 45 MGrHCrILrSP 

PCS009 4X X iX iX iX 2X. -- -X 02 ILrMG 

F'CSOSO 4X X -- 1X X 2X -- X 02 PY 

F'CS011 3X x -- iX X iX -- -- -- 01 MGrHErPY 

PCS012 3X X -- ix 3X 1X -- -- X 20 MGrHErPYrLMrSP 

GCS001 1X XX ix 3X SX -- -- X 40 MGrILrHE 

CCS002 4X X -- iX 2X iX -- -- X 20 MGrHErLM 

GCS004 3X XX ix 1X iX -- -- X 25 MGrMALrHE 

GCS005 XXX 1X Xx -- - °- 70 MGrLM 

GCS006 2X 1X X 2X X 1X -- --- X 35 MALrLMrHE 

CCS007 ix x -- X 1X xxxx co MALrSPrLMrMG 

GCS008 ix ix X iX ix xXXX 10 MGrHE 

GCS009 SX XX 2X 2X xxxx 30 MGrLM 

GCS010 3X XX 1X XXXXX 20 HErMG 

GCS011 4X x -- iX xx -- -- x 05 MGrIL 

GCS012 4X X -- ix X 1X -- -- X 03 MG. HE 

GCS014 1X X -- 1X ix xxX 45 MGrHErILrSP 

HCS001 3X XX 2X 1X iX X -- X 35 MGrHCrIL 

HCS002 4X -- -- 1X XX -- -- X 02 MG rHE 

HCS004 4X Xx 2X 1X 1X XXX 30 MGrMALrPYRrSP 

HCS005 4X X -- 2X iX XX -- X 20 MOrHErLP 

HCS006 4X iX XX -- -- -- 03 MALrHCrMAG 

HCS008 4X X -- 3X xxX -- X 25 HCrMALrMG 

HCS009 4X XX 2X 2X 1X X -- X 30 MAL. MAO 

HCS010 4X X -- 2X 1X X -- -- X 07 MAL 

HCS011 4X XX 2X 2X 2X' X -- X 20 MALrMO 
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HEAVY MINERALS IN THE HEAVY FRACTION OF THE HEAVY LIQUID SEFERATES 

( IDENTIFICATION BY TRANSMITTED AND BINOCULAR MICROSCOPES 

SAMPLE NO QUARTZ MUSC BIOT BARYTE TOUR ZIRCON EPIDOTE CALC RUTILE PERCENT MINERALSN 

HCS012 4X XX 2X XX -- - -- 03 MAL"LMrMß 

HCS013 4X XX 2X ix 2X X -- -- 05 LM"MGrMAL 

HCS014 4X XX 2X 2X XX -- X 1S MA HE, MALrIL 

AECS001 4X XXXXX -- -- X 20 PYrMAL"MGrHE 

AECS004 3X XX 1X XX -- -- -- 45 MGrMAL"AS 

AECS006 3X -- -- IX XX -- -- X 00 MAL 

AECS007 4X XXX ix XXXX 35 MAL. IIf 

AECS008 4X X- 1X 1X ix xXX 35 MAL. Mf,. Sf 

AECS010 4X XXX 1X XX -- X 50 MAL. MG. LM. IIE 

AECS011 4X X -- XXX -- -- X 05 MAL"NE 

AECS012 4X X -- X ix 1X XX 10 MGºAS"MAL 

AECS013 3X XXX 1X 1X XX ix 15 PY"MG"MALrASrHE 

AECS014 4X XXX 1X X -- -- 1X 07 MAL 

AECS015 4X X -- 3X XX -- X -- 03 PY. MAL. MG. HC 

AECS016 2X XX 1X 2X 1X -- -- -- 70 MAL"MGrtiA. A^. LM 

AECS021 2X XX 1X XX -- XX 35 MIi. MAL. 

AECS022 4X XX iX XX -- -- -- 25 fYrLMrMALrAü 

AECS023 4X XX ix ix X -- -- X 70 MG. MALºLM"As 

CS01AE 2X X -- XXX -- XX 10 ASrMAL"LM 

CS02AE 4X X -- 2X ix X -- X -- 15 AS. LM. HE 

CS03AE 4X X -- ix X 1X XX 10 ASrPY"MAL. GA. 

CS05AE 3X XXX -- -- -- -- 50 ASrMALrNE. MGrGA 

CS06AE 4X X -- -- XX -- -- -- 0' MALPLM 

CS06AE 4X XX 1X XX -- -- X 02 MAL"LM"CH 

CS08AE 4X X -- XXX -- -- X 410 MAL"LM"AS 

INDEX 

MINERALS - MUSC = MUSCOVITE º BIOT m BIOTITE " TOUR -i TOURMALINE " CALC a CALCITE " 

PERCENT = PERCENTAGE OPAQUE MINERALS PRESENT " MINERALISN w METALLIC MINERALS PRESENT 

MG 8 MAG = MAGNETITEr HE = HEMATITE r IL = ILMENITE " LM m LIMONITE " MAL - MALACHITE 

PY = PYROMORPHITE F SP = SPHALERITE r AS =r ASBOLITE . CH & CHY r" CHRSOCOLLAº GA a GALENA 

4X. 3X = MAJOR MINERALS IN SAMPLE 

2X r 1X = MINOR MINERALS PRESENT IN SAMPLE 

X= TRACE AMOUNT OF MINERAL IN SAMPLE 

SAMPLE NUMBERS AS DESCRIBED IN CHAPTER 2 AND APPENDIX A 
/ 
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LIGHT HEAVY LIQUID FRACTIONS - HEAVY MINERALS 

IDENTIFICATIONS BY TRANSMITTED AND BINOCULAR MICROSCOPES 

SAMPLE NO QUARTZ MUSC BIOT BARYTE TOUR ZIRCON RUTILE PERCENT MINERALISN 

FCS001 2X 1X X IX X 1X X 05 HErMGrLMrSF 

PCS002 2X 1X 1X XXXX 03 - 

FCS003 2X ix ix xX iX x 04 HE. MO 

FCS005 2X iX iX 1X -- IX 1X 04 HE 

PCS006 2X X -- XX SX X 03 HE 

FCS007 2X X -- XX ix X 02 HE 

PCS008 2X -- -- xxXX 03 HE 

FCS009 2X -- -- XX ix X 03 Mr-HF 

PCS010 2X x -- ix x ix X 05 FYrHErMG 

FCS011 2X XX 1X -- 1X -- 07 FYrLMrMGrilf., MAL 

PCS012 2X X -- X -- XX 05 MO. tIE 

GCS001 2X XXX -- X -- 02 MG 

GCS002 2X 1X -- iX -- xx 05 tic. 

GCS004 2X -- X 1X -- 1X X 15 LM 9 MG 

GCS005 2X XX ix -- lx -- 07 MG#LMrHCPMAL 

GCS006 2X X -- ix -- ix X 30 LMrMAL 

GCS007 2X XX -- 1X X 02 LM 

609008 2X xx -- -- X -- O1 HE 

GCS009 2X X -- ix -- 1X -- 03 - 

GCSO30 2X X -- 1X X 1X -- 05 HC. MG 

GCS011 2X xxxXX 02 MG. t1E 

GCS012 2X XX 1X -- 1X -- . 02 HE. MO 

GCS014 2X XX ix -- 1X -- 02 HErMG 

HCS001 2X XXX -- X -- 01 MG 

HCS002 2X 1X -- 1X -- IX X 01 -' 

HCS004 2X X -- ix -- 1X -- 01 MG 

HCS005 2X -- -- 1X -- ix X 01 - 

HCS006 2X -- -- X -- 1X X 07 MOrHE#MALrLM 

HCS008 2X X -- 2X -- 
ýX 

-- 25 MGrMAL 

HCS009 2X -- -- 1X -- XX 05 - 

HCS010 2X x -- ix -- 1X -- 05 

HCS011 2X -- -- ix -- 1X X 04 HC 

HCS012 2X -- -- 1X -- 1X -- 02 - 
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LIGHT HEAVY LIQUID FRACTIONS - HEAVY MINERALS 

IDENTIFICATIONS BY TRANSMITTED AND BINOCULAR MICROSCOPES 

SAMPLE NO QUARTZ MUSC HIOT BARYTE TOUR ZIRCON FUTILE PERCENT MINERALISN 

HCS013 2X -- 

HCS014 2X -- 

AECS001 2X X 

AECS004 2X x 

AECS006 2X x 

AECSOO7 2X x 

AECSO08 2x x 

AECS009 2X X 

AECS010 2X X 

AECS011 2X X 

AECS012 2X X 

AECS013 2X X 

AECS014 2X X 

AECS015 2X X 

AECS016 2X X 

AECS021 2X X 

AECS022 2X X 

AECS023 2X X 

CS01AE 2X 

CS02AE 2X X 

CS03AE 2X X 

CSO4AE 2X x 

CS06AE 2X -- 

CS07AE 2X X 

CSOBAE 2X X 

-X -- ix -- 02 

ix -- x -- 02 

Xx -- ix -- 01 

X ix X ix -- 04 

Xxx ix x 03 

X ix x ix -- 02 

Xxx ix x OS 

xx lx ix -- 01 

X ix -- ix X 02 

- -- X 1X X 01 

- -- X ix x 01 

- -- x ix x 01 

xxx -- 01 

x ix x ix -- 04 

xxx 2x x 02 

- lx x 2x x , ̂. 0 

xxx 1x x o5 

xxx1xx 05 

-xx lx x 

-x -- ix x 

xxx ix -- 
xx ix -- 
xx ix -- 
xx ix x 

xxxx 
ABBREVIATIONS AS NOTED PREVIOUSLY 

MG r tic 

MGrMAL 

CHFYrMAL#LM. HC 

MALrLMrHErMG 

HE. MC 

IMrHE. MAL 

MALrLM#HE 

MALrLMrHE 

MAL, LM 

MALrHE 

HE 

PYrLMrMALrHCrMG 

MALrLMrHEr 

ASrMALr11E 

FYrLMrMALrHErCHRYrA! 3 

ASrLMrPYrHErMAL 

01 Ln, ASºHE 

02 HEºLMºMAL 

01 HErLMºMAL 

02 HEºMAL 

02 LMºHEºMALºA, °i 

03 HEºLMºPYºMALºAS 

01 LMºHE 

ý 
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HEAVY MINERALS IN MAGNETIC FRACTIONS 

IDENTIFICATIONS BY TRANSMITTED AND BINOCULAR MICROSCOPES) 

SAMPLE NO GUARTZ MUSC BIOT BARYTE TOUR ZIRC EPIDOTE CALC RUTILE PERCENT MINERALISN 

PCS001 1X ix 1X ix XX -- -- X 50 MAL. HC. MG. IL 

PCS002 4X xx SX IX X -- '- X 23 MAL. MG. HEºIL 

PCS003 3X XXXXX -- -- X 13 MAU 

PCS008 3X XXX 2X X -- -X 30 MO. MAIºHC. IL 

PCS009 4X -- -- xXX -- -- -- 20 MG. HC 

PCS012 4X XXXXX -- -- X 25 MO. MAL. 

GCS002 2X 1X X iX xx -- -- - 20 MG. LM. HC 

GCS006 4X 1X X iX XX°-, 15 MG. LM. Hf" 

GCS008 3X 1X X 1X iX X -- -- X 30 MG. MAL. HC 

GCS009 ix x -- 1X SX X -- -- X 40 MG. HE 

GCSO10 2X X -- iX ix X -- -- X 50 ME. MGºLM 

GCS011 2X -- -- xxX -- -- -- 15 MAL. MG. HE 

GCS014 3X ix xX IX IX -- -- -- 10 MAL. MH. HE 

HCS001 2X XX 1X -- X -- -- X 10 MAL. NE 

HCS005 2X iX X 1X 1X ix -- -- -- 30 MO. HC. LM. MAL 

HCS008 ix x -- ix x- -- -- " 50 MO. HE 

HCS009 4X iX x 1X 1X iX -- -- x ?0 PY. MOºHE. MAL 

HCS012 1X -- -- 1x 1X -- -- -- X 40 MO. MAL. LM 

HCS013 4X XX iX 1X tx -- -- - 20 MG. HC. MAL 

HCS014 4X xx ix 2X XX -- -- 25 LM. MO. MAL. lIC 

AECS008 2X xx -- xx -- -- -- 05 MG. HE 

AECS010 3X XXX 1X 1X X -- -- 25 MG. LM. HC 

AECS011 4X X -- -- x 1X X 10 MAL. LM" 

AECS012 4X XX -- 1X ix -- -- X 25 MAL. AS. PkO 

AECS013 2X X -- -- iX X -- ý -- X 04 HEºLM 

AECS015 3X X -- X' Xx° -- -- 07 PY. MO. MAL. AS 

AECS023 3X 1X ix XX ix -- -- ix 20 PY. MAL. AS. LM 

CS01AE 2X -- -- "X 1X X -- -- -- 30 PY. LM. MO. MAL 

CS02AL- ix XXX 1X X -^ -- X 40 LM. AS. CºIRºMAL. 

CSOSAE 2X X -- % -- %° -- X 20 CHR. MAL. HC. MO 

CSO6AE 1X -- -- X 1X x -ý -- -- 40 MALºMO. HErLM. AS 

ABBREVIATIONS AS DENOTED PREVIOUSLY 
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NON MAGNETIC FRACTION -HEAVY MINERALS 

IDENTIFICATIONS BY TRANSMITTED AND BINOCULAR MICROSCOPES 

SAMPLE NO QUARTZ MUSC BIOT BARYTE TOUR ZIRCON EPIDOTE CALC RUTILE PERCENT MINERALISN 

F'CS001 2X 1X X 1X X iX - -- X 02 MG. HE 

PCS002 2X ix 1X Xxx -- ^- X 02 MG. HE 

F'CS003 2X ix xxxx -- -`- X 01 MG. HE. MALK 

PCS000 2X -- xxxx -- ^- X 01 MAL. HE 

F'CS009 2X -- -- -- X 1X -- -- -- 01 - 

PCS012 2X ix -- X -- iX -- -- X 01 MG 

CCS002 2X X -- 1X -- X -- -- "- 01 HE 

GCS006 2X 1X X 2X ° 1X -- -- -- 25 MG. HE. LM. MAL 

GCS003 2X X -- X -- 1X -- -- -- 01 MG. HE. MAL 

GCS009 2X IX -- IX X 1X -- -- -- 03 MAL. MG. HC 

GCS010 2X xx ix XX -- -- -- 05 LM. HE 

CCS011 2X x -- x -- X '- -- -- 01 HE 

GCS014 2X xxxxx -- -- -- 01 MAL. HE 

HCS001 2X iX XXX 1X -- -- X 03 MAG. HE 

IICSO05 2X -"- -- ix -- X -- ^- X 01 PY. LM. HE 

HCS008 2X XX 2X X -- -- ^- X 25 MAL. MG. HE 

HCS009 2X ix -- 1X X -- -^ X 03 MG. HE. LM 

HCS012 2X X -- 1X X 1X -- "` "- 01 - 

HCS013 2X XXX iX -- -- -- 03 MG 

HCS014 2X 1X XX 1X -- -- X 01 MG. MAL 

AECS008 2X xx -- xx -- ^- X 02 MAL. HE 

AECS010 2X XXXx 1X -- -- X 01 MAL. HEºLM 

01 MAL. HE. LM AECSOII 2X X -- -- XX -- -' "^ 

AECS012 2X -- -- -- X 1X -- -- x 01, MAL. LM 

AECS013 2X x -- -- XX -- ^- X 01 MAL. HE 

AECS01S 2X x -- 1X X 1X -- -- ° 03 MAL. AS. PY. HE. LM 

AECS023 2X XXXX 1X -- -- X 02 MAL. HE. LM. AS 

CS01AE 2X x -- xxx -- -r ^- 01 MAL. AS. LM. HE 

CS02AE 2X x -- x -- iX -- -- -- 02 HE 

CSO;, AE 2X x -- xx ix =- -- -- 01 PY. LM. MALºHC 

C506AC 2X x -- xxx -- -- -- 03 MAL. AS. HE 

rl4Ecf<EVIATIONS AS DENOTED PREVIOUSLY 
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FINE FRACTION- HEAVY MINERALS 

IDENTIFICATIONS BY TRANSMITTED AND L'INOCULAR MICROCCOrES 

SAMPLE NO QUARTZ MUSC RIOT BARYTE TOUR ZIRCON 

PCS001 2X X -- XXX 

PCS002 2X 1X XXXX 

PCS003 2X XX iX X 1X 

PCS005 2X XX 1X X ix 

PCS006 2X -- -- -XX 
ix 

PCS007 2X -- -- XX 

PCS008 2X X -- X -- X 

PCS009 2X -- -- X -- X 

PCS010 2X -- -- X -- 1X 

PCS011 2X -- -- x -- ix 

PCS012 2X X -- X -- X 

GCS001 2X -- -- X -- X 

GCS002 2X -- -- X -- X 

OCS003 2X -- -- ix X 

CCS005 2X X -- 1X -- IX 

OCS006 2X --- - iX -- ix 

GCS007 2X -- -- XX 

GCS008 2X X -- XX 

OCS009 2X - -- 1X -- X 

GCS010 2X x -- XXX 

GCS011 2X X -- X -- X 

CCS012 2X -- -- X -- X 

GCS013 2X XX 1X XX 

OCS014 2X -- -- 1X -- X 

HCS001 2X -- -- XX 1X 

HCS002 2X -- -- XX 1X 

HCS004 2X -- -- XX 1X 

HCS005 2X X -- XX ix 

HCS006 2X X -- -- -- 1X 

HCS008 2X -- -- 1X X 1X 

FICSO09 2X -- -- XXX 

HCSO10 2X Xxx -- X 

HCS011 2X -- -- X -- 1X 

RUTILE PERCENT MINERALISN 

X 01 MGrHErSP 

-- 01 HErMAL 

01 HErMGrMALrAS 

-- 01 MALrHErAS 

-- 01 HE 

X 01 HErMAL 

X 01 MALrHE 

-- 01 HEPSPrMALrAS 

-- 02 HErASrMAL 

-- 01 HErASrMAL 

X 01 PYºASrHErMAL 

X 01 AS. HE 

X 01 HE. IM 

X 02 PYrLMrHE 

-- 05 PY. AS. HE 

X 02 MG. HE. LM 

04 1LrMGrHErASrMAL 

-- 02 HE. AS. MG 

-- 01 PYrMALrMG 

01 ASrHErMG 

01 

- 01 HEYAS 

X 02 ILrMGrHEPPY 

X 02 MGrHErAS 

X 01 AS. HE 

X 01 PY. MALPHCrMG 

X 01 PYrLMrASrHE 

X 04 MGrHErAS 

X 01 MALrASrHC 

- 02 ASrHErGA 

X 01 MALI 

X 01 MALrAS 

X 01 MGrHEPAS 

ý 
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FINE FRACTION- HEAVY MINERALS 

IDENTIFICATIONS BY TRANSMITTED AND BINOCULAR MICROSCOPES 

SAMPLE NO QUARTZ MUSC BIOT BARYTE TOUR ZIRCON RUTILE PERCENT MINERALISN 

HCS012 2X -- -- XXX 

HCS013 2X X -- XX iX 

HCS014 2X X -- XXX 

AECS001 2X X -- 1X X 1X 

AECS002 2X X -- X 1X 

AECS006 2X X -- X -- X 

AECS007 2X XXX -' X 

AECS008 2X X X ix 
AECS009 2X -- -- XX1. 

AECS010 2X -- -- X -- X 

AECS11 2X -- -- -- -- X 

AECS012 2X -- -- X -- X 

AECS013 2X X 

AECS014 2X -- 

AECS015 2X X 

AECSO16 2X 

AECS021 2X X 

X 

ix 

1X 

X 

X 

X 

X 

1X 

1X 

1X 

1X 

AECS022 2X XXX -- X 

AECS023 2X X X 

CSOlAE 2X -- -- X -- X 

CS02AE 2X -- -' X -- X 

CS03AE 2X - -- XX 

CSOSAE 2X X X 

CS06AE 2X - -- 1X XX 

CS07AE 2X X -- ix 

CSOflAE 2x X 

ABBREVIATIONS AS DENOTED PREVIOUSLY 

X 

X 

X 

x 

x 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

01 MG. HE. AS 

10 MAL. AS 

01 MAL. AS 

01 MAL. AS 

02 MALTAS 

01 MG 

01 MAL. HE. AS 

01 MAL. MG. AS 

02 MALPASPHE 

01 LM. MAL. AS 

02 MALPAS 

01 LM. AS. MAL 

01 MG. AS 

01 AS. HE 

01 PY. HE. AS 

01 - 

01 ASºHEºLMº 

01 PYºASºMALºLM 

01 LMºPYºMALºAS 

01 LMºASºMAL 

01 HEºLMºMAL 

01 ASºLMºMGºHEºPY 

01 PYºMALºHE ºAS 

02 ASºPYºMGrMAL 

01 ASºPYºMG 

01 

/ 



381 

Appendix B. 2. 

X. R. D. identifications on whole rocks and separates. 



382 

J 
lL 
r 

** aix FN 

NNiL'UCZ 

N 
W liWJ6NdQtt 

U rý+U6 
ra 

4CJOSý FW 

U6JUMFW 

3ý+F-SW2'HW 

UWx OC^. Nb-+W 

LQJQUSý FW 

tr: Q21W 

: JWJWU7FýrFW 

C7Y0- ti OS 

eYZFf+JW 

rQOZ WF- m FW 

JSLa Zý+FW 

WS c)- NFW 

UOdX '+F W 

HUSÖ wº+ i- 4t 313 

F-O= cc L2Jý+241 

CD ¢trztiý ** 

*if 
I 
ý J_ 

N 

** 

(. 3 W 
° 

X 

ü 

** 

N 
NW 

" t? 
JU liJ 
=1 WG 
cn {"y .. 
Wq= 
cc L. 

J 

QQ 
:3 

IL V) 
u 
z 
r- 

** 

Q 
M 
s 
Q 
J 

5ý 

44 

OOOOOO 
GÜÜÜG. Ü Cl, 

I iý- IIIi11 06 

N tA 3 V) N fA NNN tA to M cn u) U) 6Y I 

IL O. F- 31 t+ 3 1- 31 F- 1d1 1- 

JJ 
ZZ EX 

tL Z20 <L ZJ 

1dG. 333333333 /- 113 

II411311131331 1- 11 

I aýr 

I- F- +- 

I 0. IL 

a3 

tlf 

II 
I- a aý$ ai a Q. 

! aýýýýý aaIad 

t ti F- ýtHC6. F- !ý1 f- 6. 

r- s ý- 3ý 

11a1aa 

i ýý zý uLL z 
.A s` u 

OOOONNNNN 
WW 
¢Q000000000 
N 67 U) N U) Uf N fA N a) 0 
00DUUUUUUUU 
fA (! ) iJ 47 WWWWWWW 
UU¢¢¢Q666 sL ¢ 

33 F- 3H 

N3N 

CL I 

t! f 

H 

I 
ý I. - 

I. - 

iiiiiiri 
a31HýýIINIL 

Ii Uf 

srH3 ti Ü. 

aHHSai 

I 

ý CL 

33ýaa3aaaý 

tý iI ý- 1 

aýýiii H 

Iitßt13F 

Illillý 

ýýýIA. ýý 4. >d'0 JO Vif+H Wý 

t) _J 1WZ #41L1 

QJ WZQ 

Od'ZrtiF- W 

CL f.. HFG, f F- a i" 1- QdG. d 0. H 0.4. 

a IaaI 

IIIIII 
CL ýIQ. U2aJy04YKHHW 06 H 

U2aJUOVº+1-W 

to 8.2Q-1WKf+l-W 

B. Yce. cc: SOF-HF- W 

I1IIII 

I I 

0. IIf 

mm1NN 

IIaA. a 
II11I1IIIIII 

H 

I 

aI 

a I 

ý- dia ia i961 

I 
ý 

I 0. 

I 
I 

II 
I I Q6 

arzº. º-w IIIrIIIIIIIIIIIIIi 

ý- wýw axwcix Hý-w 1- d ý- ý- 

OCtW WryOUId Nf+iJ 

2¢JHF-W 

CL >- Q: 0L0CdSHFWý 

1111111110. 

I 

d)IIHIIIIHlllýýli 

ýýýQ. A. FI ti 3F331dý 06 A. 

Q a. 6 r- .. 1- WIdý M- º- n. (- SfA. A. ýd11aA. f- 

** 

n>a z¢ cr+Z. +Fw SCr F- 0- 0. I- d f- º- 1- d1)d r- 1t 

m cr M UHHW 

Ia1a1111111 0-- 1 

i aý i A. d 

W 
LL 

ItI1IIII 

*# oow-="f-w 1 o. 1 r- IIiiIiiiiaIIII 



383 

w 
CL 

W 
...! ý 

.L 

G3ýQCLF-N 

N 
W 
F 
Q 
U 
N 
J 
N 
N 

M% 

** 
x ` J 
ý 
Cý 

** 

W 
2 

X 
O 

** 

N 
NW 
F- HN 
JUW 
ýWG 
N jy H 
4J N2 
it ü. 

JJ 

CL N 

ýz 
"H 

Xm 

NH ix Uc 3z 

LiWJANO. ¢0: 

SU¢ 

USOJftN+1-W 

º-O: 3 CL. E¢ J" ZW 

U' ¢O: zWF" 

00J0Sr " 1-W " 

U6JUºyi- W 

3ºýi-S WO: 04 HW 

U WO: NNºri-W 

¢JUSF-W 

¢d'ºý1-7 W 

UWJL1En l-º+M+W 

CD >- 0- W : 3-Z 

d'M F- ºaJW 

S ¢C7ZW1-ºýI-W 

`+JLWZºý1-W 

2Li s¢r-. +rw 

UOO. ffl- w 

0_>O: OJ: 3 fAr+F-W 

3: 3 JLiWZºýI- W 

CD ¢JWZ¢ 

moszº+ý- 

US¢JUOCL ? -tYº+F-W 

US¢JUOUº+F-W 

0 0.2¢JwO: F+H W 

CL YO: O: SOM-ºýF-W 

0. >- 0: f+ I- W 

l-Wl-O: ¢SWßcc º+1-W 

0 ftWW"oUYº+FW 

A QJ" M-W 

ö 
a>- 0, osoW axº+º-w J 

U =0 Q2QAº+Zº+FW 
** 

C'+ce oUýrFw 

A 
>- QbQF- W 
2 

*ý cOWHS-HW 

4. 
J 

C7 lý 
ZJUU. 

ZJýU3 lý. 
J 

. 
5ý. 

U 

. ti ti .yMMMM NNNNNNN- ti N in {ß N 
OO000OO0000000000 
N (A UI ww tn m0000000000 
UUUUUUU ur vN tn N cn Co tn cn aN uN 
UWWWWWWUUUUUUUUUU 
¢aa¢aQ¢A. A. A. A. A. i_ A. A. A. A. 

NNN rn run N0N C9 N3m Vl 3NIN 

raýaa d41 C6 IZ 

331, _3 333333 F- 331 111 C. 

3313-f1333 F- 130.3 

I11333III11111I11 

1a 1- aaI F- IaC. aaI3 

aaIaaIa1a1a1a M- a 

iýiii iCL 

a 

I G. h- I- 1I11II; IIIII f- 

III, s, a 

,, ýia11d1 ,ý,, 

aai 

31 Cl. 0111 01) 31 fW 3 CA CA IN G) 

ýý 
I- IS 

t- !-0. . º- IIFFL. I Q. r F- ýL C. 

a11110. 

aiiias 

G. aiiiiii 

0. Iddidll 

ea0. d1a acý 

IF 

I 

f G. 

I C6 NI 

a 

a 

dl jld dlt flld d Id id 

IIIIiaiai 
d10.1 11l1llddýdldl 

i1iiiai11 i1 i11 
!11IIIýiýII1Cý 

III1I1III1I1 

1IIIIIII1I fi 1 

IIIIaIa 

3 F- !I F- 1 I- 

IIIII 
I 

F- 

I 
Is1d1IIIIaIIIIII1 

ý ia I I- I aý 1 0.1 HHN 

F- II10. ý aIiia 

dL iý aiaiaaii dI IId 

I I II IIIIIIi II II 

a1-ýý a1 1110.1 aa a0- A. i 
1a114 r- IIIIIiIIiI 



384 

W 
LL 

LU 

t'l 
** 

N 
W 

U 
M 

_i 
N 

%* 

** 

ý J 
ý 
N 

** 

f. 9 
w Li 

i-1 
X 
0 

** 

cw 
HN 

Z) Wu Li C+ 
c. ýi LM 

S 
L7 

IJ. 
JJ 

G it 4 

u 

X= 

63Qw I-N 

N"C: UOZ 

ILWJGm G. QC: 

z" UQ 

USOJG: HFW 

F-03rLQJ'+ZW 

OQCLZ WI- 

OJOL'+I- W 

UCJ U'+I- W 

3'+i-S WO: " F-W 

U WC: 3to N'. FW 

ZQJCUS'+F-w 

W QCCFrI- W 

U UJWC: I-º+HW 

C7>-C. N3L 

CC 3 !- '+ JW 

LQ z WM- º+i- W 

'+JLWZº+I-W 

SWZQ f-'+ I"- W 

U3 C- Cr '+ i- W 

CL >CZOJD tA'4I-W 

3 :1 JlwzF-W 

C7QJ WZQ 

wOxz«+r-w 

USQJUOC.. >-CGW 

USQJCJOUI- W 

Vl C. SQJWC: I- W 

CLD: C: SOW 

C. )- CCNi-W 

I- WI- C: QSW OCL'+1-W 

OQ'W WOU: iC" F-W 
ie * 

A SQJº+F-W 

iL 
J 8. }G. 'OLDO. 'CL Sº+F W 

U =1 ¢Z6i7ý Z" F-W 

at at 

`` 174 
m cr mUHHW 

= O. Q 

iE iF U' 0W !- 2ºý t- W 

ý L' Sd 
3 ti 2 C) 3 

07 0000 

O0000 
Lý V1 U) N UI 
UuUUU 
ý... ii tl ii ii. 

N Uf INN 

a. I º- I1 

311IH 

311 F- f 

J ce li JSU34. -I S f. l 4. J 61 3 

N Cd NNN 10 ý0 0eNN (4 N 
O00000000 .+ .+- .r 0000000000000 
p) NNwN u) NN tA fJ1 NN U) 
UGUUUUUUiUUU l) 
S2... 2222222S2 

N U1 3MN 111 t!! i U) NN ftf fJf 

C` tI1II F- 0.1 1 0.1 1 

I3C. 3 0.1- 3 16 3d333 

3116.1 3131333 

IiI11111III111I111 

n. 1I1Ii1I f- IIiII1 1- 1- 1- 

a_ 0- IIFQ. d10.1 1 A. 11IA. A. A. 

0- 1I1111I 0- 0- 111 I- i- F F- F 

0- 0- I1F1Ii113N33 F- 1- I1 

t- IIIId, iI Id3a 

1IfIn. 7111I31d11F11 

ýiItItI111III 1I111 

3NNH C7 NINNNNIN4.3 113 

ý 

ra 

a1 

ýý 

di 

Q. 1 

IIIIt. - 

IHFI 

1a1 

CL O. a 0.1- f- aaan. 0. a 

0. aIIIIIIiaI II 

FS1I0. 

I I 
IL 

6. 

I 

a. 

iaI aý i 

111 "I Id1 º- a111Q. III. I 

IIa 

CL aii 

aIIIaIIiIiII 

IaII1aa I 
IIIICIIIIIII 

IaIII II iaii 06 11 

III IIIIIIIIIII 

allIalalllillllll 

ýiýýýIa 

dI 

Hd 

º 
iIa1ia1 i1 ii 
iH f- II F- º- iiIdiiý 

ýIII1 

01I1ý 

IIII 

1- i 1- id 

ioii0. 

º- ly11111 ý- 1 º- H1 

ýIdIIIaa 

iaA. 
IIIIlIIl1111 



385 

W 
CL 
N 
F 

W 
-j i 

Q 
C! 

ýý 

W 

¢ 

N 
J 

N 

** 

** 

T 
` 

J 

ýý 

** 

0 
Li 
t7 

O 

ý* 

N 
W 

~ fy G' 
JUW 

G =) w 
N LL 
W tA 
L (r 

1J 

C4 
ý 

W 
iC Z 

r 

0M ¢S'F- N 

NMCt00Z 

ILWJOUM ¢tY 

=`+U¢ 

020JCCº+F-W 

FOOCGL¢ JHZ W 

C7¢CLZ WF- 

GOJOL`. F-W 

0¢JOº. F- W 

3.. ý- SWCCF. f-W 

LWx7C: Nt-iF-W 

2¢Jý'02ºýF-W 

m 

U WJ W C9F-F-W 

Co » !A2 

CC ýF-ý. JW 

L¢týZ Wf-ý-. HW 

ý. JL WZF- W 

2Wi6F-F. F-W 

U4. sW 

C. CC OJNW 

3J1i WZF. F- W 

C7¢J WZ¢ 

C40d' Z'. F- W 

U2¢J00CLNCLt. 1-W 

02¢J000F. F-W 

Uf 0- 2¢JW Kr. F- W 

CL >CC 01 SOF-º+F- W 

a >ctr. F- W 

F-WF-C[¢SW4KF. F-W 

[70CW Wº+OUYH! -W 
** 

G 2QJt+F-W 

B. YCCOLO[C0- 2º+F- W 

CJ Zý Q2QaH2" FW 

** [4CUF+H W 
it 
L 

>- QO. QF-MM-W 

** C7 O W-2 ty !-W 

JJJ 
ssýxs 

L6 JU3 (i ZJ 

oo00 .+.. ,. 

cr xz 
U 

0OL 

N 
f0! ) 

0000000 

CU7 CU7 CU7 
UU ýýý 

CV7 CU'ý 

NNNN V) U1 Cl) N Cl) 

3 0- ýI1i F- 1 h- 

3 I- 3F I- 331I 

3I33a1311 

IýýIIiIII oo w 
cft 

HU 

3 iL i- I- I 1- F- IIÜW taY 
aJF 

L. IL 0. I- I16.0. S ix = 

aa 
I- 1 I"- I- d1 CL I"IýyW 

II 
ýi 

.... - H ti 

Vs 
Lý uwo ý UO2 

diii t- ýý 

ri 

Cr u tt Ca 
JdU 

d=qN 
NiNqx 

1NOaNz 
zW 

IJMJI2 
OYa 
Nrý2¢ 

IHIIL 

¢ 
cr 4 
wz0 0 d7 U-N 

wýz 
rFU0 
¢w¢.. 3SHS1aýo. Ixzsý 

S 

I. - i( IaI1 a1- za6q 

ýa 
W¢Z 

N, N¢ 
W2>ý 
GýýN 

I 
iia :Laa1a0. .. º1 ý 

__ N 
d 

II 
ÜýýY~ 

A. 

b U. 
i 

23= 
U 

Nw"N 
KzOt.? 

Z3 

w 2ZN" 

I 

IlIaaI u I- m 
II UW rn 

1III1i'LýU 
__ 

U 

0. 

I 
IIIIIIlII 

4 

{! 7 IL 0: Vl 

ýyNýG 

XWM m 
Cl. dIIi iý 0zc 

3 f7 
zz 
o if w ý ýýý 

U) N133U3N 

I 

¢rw u7 

º- A. 0. A. º- 
0U= 

. .. w 

I 

IIIIIII 

I 

Idaa10.1 11 i= 
-- 

- in z 

I 

I 

n. 

O. 

I 

H 

I 

I 
a 

II 

d 

O IL Jý IýJ 

N>JF 

M U. QW 
WHJ 

G12 U1 

=N r` O (V 

0- 0°ö 
a .+uz N F- J 

J0W 
ýWnWý 

0. I G. 1H1 I- Li WsJ CL Z 
Gzzx w¢ 

II 1ý 1II 1ý 
HLNJ3N 



386 

Appendix C. 1. 

Geochemical analyses of whole rock samples collected 

from the field areas in the Cheshire Basin. 
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TABLE GEOCHEMICAL DATA 

GEOCHEMICAL ANALYSES OF SAMPLES FROM THE CHESHIRE BASIN 

1) HAWKSTONE PARK AREA 

SAMPLE BARIUM MANGAN COBALT NICKEL ZINC COPPER LEAD 
NO. PPM PPM PPM PPM PPM PPM PPM 

HCS001 1000.0 310.61 22.62 30.40 78. B4 66.36 44,80 
HCS002 113640.24.69 9.25 11.10 7.04 41.86 8.40 
HCS003 180000.33.71 9.10 5.00 . 30 56.26 271,00 
HCS004 5000.0 49.85 10.28 21.30 17.84 113.96 24.40 
HCSOOS 12000.0 68.52 10.89 23.20 29.30 596.76 125.00 
HCS007 4600.0 222.26 22.06 37.67 23.50 193.66 191.00 
HCSOO8 6400.0 955.81 835.86 232.70 68.64 3756,1 16.00 
HCS009 3800.0 43.71 15.11 35.30 10.04 174,. 16 14640 
HCS011 900.0 274.41 21.18 54.60 22.94 178.16 25.20 
HCS012 32000.0 160.68 36.10 22.20 17.64 716.16 26,00 
HCS013 4300.0 51.62 18.42 25.20 23.09 109.06 31,20 
HPCOO1 146000.196.84 7.09 5.20 6.64 534.18 100.00 
HPC002 200000.256.43 7.41 5.36 6.46 19.53 50.00 
HPC003 106000.399.31 18.19 14.23 28.90 66.90 50.00 
HBC004 62000.0 370.59 15.94 5.97 17.13 34.58 50.00 
HPC005 12400.0 226.99 31.11 20.41 17.28 107.05 50.00 
HP0006 28000.0 741.83 7.24 12.97 49.83 23.64 30.00 
HPC007 14200.0 410.79 19.11 72.71 44.84 100.82 60,00 
HPC008 9200.0 377.77 17.73 11.79 30.17 90.79 100.00 
HBC009 5600.0 439.51 18.00 14.70 27.41 62.69 50.00 
HPCO1O 2200.0 468.23 12.22 14.85 22.58 18.22 105.00 
HPC011 800.0 308.02 00.00 52.46 14.13 7.90 50.00 
HPC012 400.0 151.19 6.42 5.33 14.80 4.53 50.00 
HPC013 00.0 306.60 6.68 6.21 54.25 4.33 50.00 
HPC014 3900.0 721.48 00.00 14.20 41.93 9.88 30.00 
H8C015 20000.0 279.51 5.53 14.06 30.45 38.18 90.00 
HPC016 28000.0 864.06 21.29 18.91 40.34 40.85 65.00 
HPC017 4800.0 280.94 5.44 354.92 31.55 30.07 50.00 
HPC018 4800.0 1378.7 18.95 28.60 55.80 49.27 50.00 
HPC019 5800.0 1065.1 25.46 28.49 35.74 21.95 50,00 
HPC020 1000.0 943.89 18.97 22.68 33.01 23.83 50.00 
HBC021 11400.0 656.54 8.67 21.57 51.09 19.79 230.00 
HPC022 1000.0 378.19 18.97 23.94 434,97 56.74 280.00 

2) GRINSHILL AREA 

GCS001 00.00 23.88 43.62 
GCS002 00.00 21.19 8.23 
GCS003 1000.0 47.77 6.68 
GCS005 1000.0 50.01 9.45 
GCS006 00.00 48.51 13.96 
GCS007 1300.0 29.36 12.74 
6C5008 00.00 24.31 5.88 
GCS009 00.00 17.51 6.26 
GCS010 00.00 13.71 . 89 
GCS011 27000.0 28.61 10.69 
GCS012 34660.0 13.11 . 50 
GCS013 1000.0 93.81 11.21 
GCS014 1000.0 35.63 10.39 
GRS032 1000.0 669.50 5.55 
GRS033 00.00 450.90 6.41 
0RS034 800.00 344.50 6.32 
0R5035 600.00 1161.8 28.83 
GRS036 800.00 393.80 00.00 
GRS037 800.00 829.00 3.25 
0R5038 800.00 452.90 22.05 
6RS039 00.00 356.40 3.93 
GRS040 00.00 454.90 13.17 
0149086 1800.0 3601.8 10.66 
GHS087 00.00 1241.0 3.86 
0149088 800.00 1461.0 1.88 
GHS089 3600.0 957.60 4.51 
GHS090 00.00 655.70 4.45 
GHS091 800.00 2000.0 13'. 30 
GHS092 800.00 461.50 4.31 
GHS093 2200.0 942.30 4.43 
GHS094 800.00 701.70 9.45 
0149095 22000.1164.0 00.00 
6149096 2300.0 484.60 1.64 
6143097 800.00 789.40 1.28 
GHS098 32000.833.30 0.96 
GHS099 100000.833.30 0.95 
0145100 1000.0 4122.8 9.27 
GHSIOI 1000.0 1399.0 7.63 
GH9103 2800.0 1334.0 15.62 
GHS104 400.00 1250.0 10.24 
0149105 3000.0 789.40 9.19 
6148106 800.00 366.30 5.34 
LBS026 00.00 859.60 5.88 
LBS027 00.00 617.70 14.89 
LBS028 13200.2286.0 23.91 
195029 00.00 199.90 7.23 
195030 4000.0 295.80 5.59 
185031 00.00 837.60 5.91 

LITNIM STRONT 
PPM PPM 

11.10 2.67 
4.20 856.95 
4.80 510.40 

12.00 953$0 
9.11 80.30 
8.10 73.70 

12.10 49.60 
10.40 14.10 

6.30 56.71 
7.10 142.00 
9.10 32.33 

17.76 988.70 
13. OI 1460.0 
20.29 467.11 
19.03 628.64 
29.97 88.50 
19.66 254.55 
27.06 123.00 
23.93 134.38 
29.04 61.53 
25.04 105.50 

7.76 13.88 
6.33 9.60 
7.80 2.70 
6.53 53.71 

17.24 241.66 
14.22 243.83 
19.54 68.47 
29.72 46.72 
36.58 67.13 
32.75 15.26 
16.42 246.10 
17.46 9.60 

16.13 13.49 74.46 60.00 34.46 3.22 
20.00 7.90 5.86 25.60 4.40 3.85 
21.40 51.60 68.16 37.60 6.66 4.00 
28.80 53.84 90.36 88.40 6.90 00.00 
22.20 16.64 23.56 34.00 4.70 00.00 
14.95 6.49 13.26 15.00 5.90 14.65 
10.24 2.88 5.77 72.00 4.20 00.00 
10.30 6.44 11.56 29.00 9.30 00.00 

8.90 3.84 17.36 34.80 10.50 00.00 
12.60 63.64 12.66 46.00 5.50 135.36 

8.90 6.44 8.16 29.60 2.60 332.93 
35.68 40.80 10.86 19.60 8.20 11.40 
20.00 15.84 14.26 229.60 9.10 1.50 
23.44 664.94 16.03 50.00 00000 
23.21 59.02 11.92 50.00 6,50 
21.98 421.30 56.18 260.00 5.80 
74.00 7535.0 113.65 1130.0,11.50 
19.26 62.29 12.14 50.00 8.70 

9.37 36.62 16.47 50.00 7.10 
10.71 71.50 31.62 50.00 00.00 

7.79 23.11 7.81 50.00 00.00 
8.96 62.31 9.76 50.00 00.00 

53.34 18.78 42,22 50.00 9.85 
11.48 10.65 20.11 50.00 2.00 
25.53 10.45 15.53 50.00 5.50 
10.12 20.13 14.04 50.00 30.18 

9.94 11659 9.77 50.00 2.43 
39.69 20.36 24.70 50.00 7.30 
10.06 11.84 9.77 50400 6.15 
12.28 11.93 9.77 50000 9.86 
12.38 50.86 9,32 50.00 12.19 
23.76 63.19 14.75 00.00 117.07 
10.94 89,21 11.24 00.00 13.97 
10.75 64.92 51,90 50.00 9.81 
10.69 51.87 13.16 50000 218.43 
10.67 24,83 11.03 50.00 796.67 
54913 17.79 38.92 50,00 14.90 
25.22 62.95 17.63 90.00 7.40 
24.47 24.42 136.61 50.00 17.28 
25.21 88,00 18.06 70.00 12.60 
10.72 25.90 60.20 50.00 13.88 

9,67 34.97 34.92 50.00 7.40 
15,20 22.92 14,05 50.00 2.70 
28.74 35.73 27,22 50.00 5.80 
45.43 171.03 1083.0 150000 148.90 
11.72 14,95 12.10 50.00 00.00 
12.47 61.38 17.94 80.00 46.65 
15.01 26.84 14.27 50.00 00,00 
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3) ALDERLEY EDGE AREA 

SAMPLE BARIUM MANGAN COBALT NICKEL ZINC COPPER LEAD LITHIM STRONT 
NO PPM PPM PPM PPM PPM PPM PPM PPM PPM 

AECS02 1000.0 329.03 115.39 294.00 596.59 5412.1 2752.0 47.45 59.80 
AECS03 600.0 529.21 257.00 543.30 837.40 8577.0 2592.0 50.40 52.80 
AECSO4 1600.0 740.51 562.66 223.30 873.64 3628.1 1942.0 10.08 25.10 
AECS03 3000.0 201.73 161.10 199.86 980.93 14498.10800.62.73 50.30 
AECS06 38000.0 23.52 68.43 45.41 153.60 2164.5 16000.25.68 131.61 
AECS07 400.0 26.55 150.90 60.08 686.81 10339.286.00 42.34 7.70 
AECS08 1200.0 39.55 79.15 61.27 1396.5 1760.3 192.00 33.79 14.18 
AECS10 1200.0 23.40 97.65 42.67 4353.6 4036.6 11600.32.12 10.52 
AECS11 3000.0 66.85 260.83 228.64 692.00 14396.3080.0 48.38 42.15 
AECS12 1400.0 140.59 98.41 56.05 667.63 1197.9 224.00 40.90 20.75 
AECS13 1300.0 305.57 170.06 37.32 86.91 211.32 1280.0 49.14 12.47 
AECS14 54000.0 88.24 73.79 38.28 101.81 308.41 2800.0 38.31 556.34 
AECS15 25000.0 14.18 32.75 13.34 16.71 92.03 188.00 33.67 298.00 
AECS16 2400.0 19.80 70.98 31.68 21.16 99.71 31200.69.77 33.96 
AECS21 2200.0 774.37 259.99 67.27 61.24 1201.5 440.00 46.75 22.35 
AECS22 28330.0 44.78 1458.0 2036.8 5176.2 3083.7 1160.0 46.28 285.58 
AECS23 9173.0 110.67 709.28 297.93 1273.8 3083.7 3600.0 72.19 183.05 
CS01AE 50000.0 115.33 313.23 193.09 800.20 2597.6 28000.189.00 448.90 
CS02AE 25000.0 48.46 141.87 51.02 61.12 455.26 28000.120.12 338.50 
CS03AE 34000.0 65.31 333.76 192.76 1046.2 2387.0 28800.196.72 416.25 
CSO4AE 56000.0 32.55 217.49 86.71 12184.2761.7 28400.118.66 677.50 
CSOSAE 4200.0 76.55 1725.6 567.31 3549.2 3255.1 7600.0 17.71 46.25 
CS06AE 183000.442.52 123.06 22.86 195.09 409.56 3760.0 28,74 3385.0 
CS07AE 154000.128.48 167.47 55.77 236.57 386.27 28400.116.01 1661.5 
ACSO41 18000.0 1236.6 10.06 200.17 118.43 123.30 80.00 22.09 217.90 
ACSO42 36000.0 859.91 16.99 314.59 65.16 628.45 50.00 22.14 353.10 
ACSO43 28000.0 1211.4 179.53 325.07 1229.5 7418.8 240.00 21.12 259.30 
ACSO44 9400.0 3550.4 185.84 323.66 493.67 2167.5 1700.0 29.75 91.27 
ACSO45 71000.0 1174.1 44.13 52.91 258.43 250.45 145.00 21.57 708.70 
ACSO46 52000.0 2289.8 18.25 43.08 109.52 153.80 560.00 13.29 574.40 
ACS047 20000.0 1242.3 110.93 167.79 2041.6 3387.5 138000.23.01 225.50 
ACSO48 14000.01102.21 18.71 293.82 30.95 38.67 70.00 23.11 164.23 
ACSO49 34000.0 439.04 14.49 12.94 20.05 21.61 50.00 22.65 296.60 
ACS050 16000.0 2043.4 16.74 32.74 30.03 109.37 50.00 14.34 213.61 
ACS051 26000.0 684.84 11.52 23.38 9.05 30.60 80.00 14.34 238.41 
ACS052 36000.0 1278.8 11.63 33.48 58.98 151.36 410.00 22.72 479.40 
ACS054 92000.0 1852 9 15.21 38.61 26.06 143.63 400.00 14.46 1244.0 
ACS055 16400.0 1377.6 11.86 35.36 27.70 151.36 16200.15.49 206.60 
ACS056 20500.0 1781.2 78.71 118.76 1383.2 15822.100.00 14.45 188.06 
ACS057 16000.0 743.10 27.92 36.21 577.66 841.01 1300.0 25.79 190.70 
ACS058 20000.0 1031.8 68.57 45.57 78.29 321.49 250.00 29.16 166.80 
ACS059 76000.0 1227.9 68.78 64.66 597.86 1132.3 50.00 15.10 701.30 
ACS060 

. 
1000.0 1356.0-23-51 45.4 2195.73_ 732.05 _ 50-00-15.45.15.45.10.50. 

ACS061 6600.0 974.06 19.31 36.27 119.75 807.99 1260.0 15.51 126.30 
ACS062 50000.0 1401.6 48.62 24.63 16.02 222.91 145.00 27.51 292.10 
ACS063 108000.1120.4 21.69 16.62 55.88 55.88 00.00 15.14 910.40 
ACS064 3400.0 1145.9 29.10 24.65 38.10 151.13 120.00 16.27 26.31 
ACS065 11800.0 903.11 57.92 24.73 27.36 107.38 1200.0 15019 132.74 
ACS066 16000.0 1861.7 18.95 42.57 5.09 69.60 290.00 15.20 93.90 
ACS067 160000.1070.5 48.81 31.86 14.44 38.18 900.00 6019 735.30 
ACS068 90000.0 943.37 12.71 19.30 30.64 48.82 115.00 17.39 569.10 
ACS069 46000.0 2527.6 28.40 58.59 22.70 54.09 50.00 15.17 348.20 
ACS070 22000.0 2144.2 12.58 24.76 3.74 24.07 50.00 15.22 195.90 
ACS071 8400.0 1787.6 20.13 33.43 13.38 32.22 50000 18.55 87.00 
ACS072 20000.0 298.95 10.50 80.40 5.10 23.35 50.00 17.45 239.40 
ACS073 3400.0 349.04 26.52 30.11 44.12 42.79 50.00 28.61 26.20 
ACS074 4200.0 1307.4 5.68 43.76 4.42 133.31 50.00 16.16 52.55 
ACS075 34000.0 1836.9 16.49 29.62 3.85 56.13 50.00 15.15 310.90 
ACS076 2000.0 870.67 3.23 13.34 5.26 42.60 50.00 12.91 33.18 
ACS077 36000.0 856.55 17.31 26.10 29.84 27.79 50.00 21.81 323.50 
ACS078 32000.0 2645.8 17.52 33.17 12.06 36.79 50.00 16.28 267.60 
ACS079 20000.0 1773.7 6.97 30.20 25.27 34.28 50.00 27.49 297.87 
ACS080 48000.0 2769.8 16.68 46.18 32.09 84.96 100.00 16.28 397.00 
ACSO81 26000.0 1531.4 8.10 43.92 53.97 42.40 80.00 16.25 300.00 
ACS082 12000.0 1835.3 19.96 36.55 27.49 72.32 50.00 20.36 144.19 
ACS083 12600.0 614.70 17.54 21.05 28.13 81.83 100.00 20.32 139.20 
ACS084 5400.0 1490.6 19.76 29.88 45.95 128.52 160000 18.92 '68.44 
ACS085 3400.0 1229.3 17.39 22.51 16.44 20.74 50.00 20.36 32.59 
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4) WEST MINE (ALDERLEY EDGE) 

SAMPLE BARIUM MANGAN COBALT NICKEL ZINC COPPER LEAD LITHIM STRONT 
NO PPM PPM PPM PPM PPM PPM PPM PPM PPM 

WMCS01 69888.13.60 22.75 225.70 13.65 11804.7430.0 5.00 915.00 
WMCS02 820.00 65.76 51.60 137.10 573.30 26666.508.00 10.20 8.20 
WMCS03 1500.0 112.50 396.70 580.00 791.80 40000.170.00 10.55 17.00 
WMCS04 57400.115.40 74.10 122.80 313.90 30222.100.00 8.00 791.00 
WMSC06 17400.157.80 16.45 200.00 791.80 41777.300.00 8.85 182.00 
WMCS07 12740.886.70 556.40 423.90 464.20 9695.5 60.00 11.55 164.00 
WMCS08 2740.0 13.12 61.20 81.60 61.12 9130.0 70.00 10.20 40.00 
WMCS09 31940.24.12 67.70 104.30 123.80 9608.0 295.00 12.10 537.00 
WMCSIO 10540.156.31 67.70 217.30 1613.0 91304.260.00 9.60 127.00 
WMCS11 10940.1100.9 440.60 176.00 54.05 1326.0.68.00 16.20 136.00 
WMCS12 2940.0 213.18 119.30 159.20 205.20 1782.0 365.00 35.00 37.00 
WMCS14 2540.0 733.90 183.60 153.10 420.30 15652.100.00 12.18 32.00 
WMCS16 27940.58.24 135.40 205.70 257.60 24000.425.00 12.80 210.00 

5) PECKFORTON AREA 

FCS001 45750.0.40.50 7.38 11.45 39.97 249.31 284.50 
PCS002 26000.0 73.92 2.46 26.62 18.30 27.29 156.01 
PCS003 24000.0 8.24 1.52 00.00 18.39 6.70 23.65 
PCS005 60000.0 20.32 34.73 22.40 11.16 21.81 230.40 
PCS007 15900.0 2.72 3.29 3.19 16.15 6.21 89.92 
PCS008 1250.0 25.88 1.28 11.53 13.06 6.17 154,48 
PCS009 12000.0 41.10 1.61 20.50 12.47 14.76 21.33 
PCS010 46000.0 17.21 10.28 33.60 6.10 18.96 32.06 
PCS011 48000.0 12.96 19.30 25.00 13.27 21.20 56.88 
PCS012 1000.0 54.42 44.94 69.00 18.54 17.39 17.50 
PBS109 4000.0 2135.0 3.32 45.06 15.68 25.75 00.00 
PBS110 21000.0 1023.0 4.67 26.26 00.00 12.48 00.00 
PBS111 8000.0 522.90 4.29 13.39 00.00 "8.05 250.00 
PBS112 8000.0 2660.0 12.21 44.71 14.93 29.95 50.00 
PBS113 40000.0 2430.0 4.38 45.24 1.53 29.95 50.00 
PBS114 66000.0 613.80 5.84 25.87 9.32 27.74 50.00 
PBS115 37000.0 2273.0 11.14 40.99 13.76 23.10 50.00 
PBS116 41000.0 2316.0 2.24 40.75 12.70 23.10 60.00 
PBS117 12000.0 1905.0 4.15 41.58 23.99 23.10 50.00 
PBS118 42000.0 2978.0 11.07 54.69 24.63 29.51 50.00 
PBS119 26000.0 2319.0 4.14 35.54 25.61 23.76 50.00 
PBS120 13100.0 3178.0 1.75 43.03 10.85 31.33 50.00 
PBS121 91000.0 1079.0 00.00 12.79 11.75 17.72 50.00 
PBS122 44000.0 1201.0 6.26 12.61 12.75 13.83 50.00 
PBS123 6200.0 1899.0 4.03 27.08 24.59 24.85 50.00 
PBS124 2200.0 3080.0 10.73 42.38 21.15 35.65 50.00 

394.33 
117.20 
121.70 
346.09 
103.40 

0.76 
120.89- 
262.50 
301.50 

16.48 
35.92 

121.50 
51.21 
56.09 

336.55 
650.11 
439.15 
336.813 

90.56 
297.90 
160.20 
106.13 
815.07 
223.00 

50.07 
29.09 
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TABLE GEOCHEMICAL DATA 

GEOCHEMICAL DATA FROM THE CHESHIRE BASIN 

1) HAWKSTONE AREA 

SAMPLE MAGNES POTASH SODIUM CALCIM IRON 
NO PPM PPM PPM PPM PPM 

HBC001 1200.0 7100.0 1800.0 500.00 
H8C002 950.00 11400.1100.0 2150.0 
HBC003 1200.0 10300.3000.0 500.00 
H80004 1100.0 9600.0 2700.0 500.00 
HB0005 2400.0 8000.0 4700.0 2600.0 
yB0006 1000.0 13750.2600.0 500.00 
HB0007 2000.0 20000.4200.0 10600. 
H80008 2300.0 29200.5900.0 38100. 
HB0009 2100.0 10600.3700.0 1000.0 
HBCOIO 2200.0 11950.5500.0 2000.0 
HBC011 2000.0 8100.0 5000.0 800.00 
HBC012 2200.0 5400.0 5500.0 1500.0 
HBC013 2200.0 7200.0 4800.0 700.00 
HPC014 2600.0 15600.2200.0 500.00 
HBC015 3200.0 11600.3100.0 4500.0 
HBC016 2850.0 32050.2600.0 87550. 
HBC017 2000.0 13000.2400.0 5800.0 
H8C018 5400.0 45400.1900.0 18300, 
HBCO19 5800.0 43900.2700.0 41200. 
HBC020 3600.0 23050.3400.0 3800.0 
HBC021 3600.0 16900.3800.0 1700.0 
HPC022 4300.0 11100.700.00 2500.0 

TiTANM VANADM 
FFM PPM 

4100.0 599.36 
3950.0 400.40 
7400.0 502.02 
6400.0 511.54 
6100.0 1337.9 
0650.0 471.85 
7200.0 1360.1 
6000.0 1168.6 
8600.0 1264.9 
8950.0 989.79 
0400.0 1170.4 
0800.0 1275.1 
12700.1286.9 
14000.1062.5 
10200.1310.9 
10800.1077.9 
5600.0 561.43 
22400.1564.6 
11300.1562.5 
16000.1958.9 
14400.1756.3 
10200.1692.7 

2) GRINSHILL AREA 

GRS032 1600.0 15500.500.00 2000.0 
6R9033 1800.0 18100.600.00 4400.0 
GRS034 3750.0 21600.550.00 2200.0 
GRS035 11000.30200.4600.0 11300. 
GRS036 1700.0 17700.600.00 2500.0 
GRS037 3500.0 20500.1200.0 1900.0 
GRS038 2500.0 11100.600.00 2900.0 
GRS039 2900.0 19400.500.00 3200.0 
GRS040 1600.0 18200.500.00 2500.0 
GHS086 1000.0 21900.1300.0 300.00 
GHS087 6500.0 18550.1350.0 300.00 
GH$O88 1600.0 24200.2200.0 800.00 
GHS089 1500.0 21900.1400.0 500.00 
GHS090 1800.0 23500.1500.0 500.00 
GHS091 1300.0 18900.1300.0 300.00 
0HS092 1300.0 22200.1400.0 1300.0 
GHS093 800.00 16000.600.00 300.00 
GHS094 1800.0 22900.1200.0 300.00 
GHS095 1500.0 22300.1650.0 300.00 

GHS096 1800.0 23900.1400.0 200.00 
GHS097 1100.0 19200.1100.0 700.00 
0H5098 700.00 14400.600.00 300.00 
GHS099 600.00 8200.0 500.00 300.00 
GHS100 600.00 12700.500.00 300.00 
GHS101 1-100.0 20600.1100.0 300.00 
6143103 650 10 13700.500.00 300.00 
GHS104 160v. 0 19500.500.00 1800.0 
GHS105 1000.0 15400.500.00 800.00 
GHS106 1600.0 21700.1200.0 800.00 
LB5026 1700.0 25500.2900.0 500.00 
LBS027 2800.0 26500.3000.0 300.00 
LBS028 2000.0 22200.2100.0 500.00 
LBS029 1700.0 29000.2100.0 500.00 
LBS030 2700.0 24800.2900.0 1100.0 
LBS031 1900.0 23900.2900.0 500.00 

12.44 
10.73 
14.54 
17.71 
28.58 
17.30 
28.15 
23.10 
31.33 
19.86 
15.85 
20.74 
22.64 
27.97 
26.02 
23.29 
13.55 
32.19 
28.15 
31.33 
26.71 
36.50 

10200.690.51 15.64 
11400.505.24 19.60 
9200.0 1468.3 35.23 
63200.11712.351.01 
10300.522.09 19.42 
12700.1255.4 26.99 
40200.370.16 79.15 
9200.0 1162.0 20.54 
10300.609.36 15.69 
38800.427.15 18.56 
17050.416.95 13.06 
22600.743.58 23.66 
13900.745.07 17.69 
13500.844.77 20.70 
23200.758.46 19.36 
9300.0 682.57 14.81 
11300.356.67 7.17 
13700.989.25 28.12 
13650.438.46 22.12 
11100.1021.6 27.79 
8000.0 583.26 21.27 
9000.0 293.66 17.13 
7500.0 241.89 12.03 
34200.374.56 12.33 
18000.470.01 23.54 
12500.342.20 16.16 
19500.876.09 27.05 
7500.0 550.90 20.55 
9500.0 799.37 18.20 
13400.602.62 18.60 
13800.902.10 26.59 
26800.1186.5 21.27 
4700.0 792.76 19.63 
11000.1173.0 22.45 
12600.697.69 10.27 

BERILM ALUMIN 
PF" FPM 

00.00 12700. 
00.00 10.50. 
00,00 21U00. 
00.73 19900. 

1.07 31100. 
00.70 20450. 

1.24 29000. 
1.41 27600- 
1.41 28300. 
1.41 31650. 
1.26 : 8700. 
1.26 31800. 
1.26 30300. 
1.43 27800. 
1.26 29100. 

00.83 23400. 
00.00 21800. 
00.04 28900. 
00.04 30700. 
00.00 31300. 

1.28 30600. 
1.10 31500. 

0.70 17200. 
0.51 17500. 
1.08 28400. 
6.28 98600. 
0.51 19300. 
0.89 26400. 
0.89 13700. 
0.89 21900. 
0.70 17700. 
1.08 10900. 
4.25 16000. 
0.85 24800. 
1.03 23300. 
1.03 24300. 
0.85 20600. 
0.85 21700. 
0.47 13800. 

00.00 22000. 
00.00 19100. 
00.00 23500. 
00.00 17000. 
00.00 12300. 
00.00 7100.0 

0.95 10500. 
0.75 18800. 
0.95 11550. 
0.95 38600. 
0.95 13800. 

00.00 23600. 
1.07 25200. 
1.07 31100. 
1.26 26200. 
1.26 31100. 
1.07 30900. 
1.26 26000. 
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3) ALDERLEY EDGE AREA 

SAMPLE MAGNES POTASM SODIUM CALCIM IRON TITANM 
NO PPM PPM PPM PPM PPM PPM 

AECS05 10000.51250.2500.0 1000.0 29700.3163.2 
AECS06 0600.0 8150.0 600.00 200.00'22000.230.35 
AEC507 0850.0 21450.1550.0 350.00 3750.0 382.19 
AECSOB 0900.0 24050.1700.0 500.00 4400.0 443.42 
AECS10 0500.0 12150.600.00 700.00 2300.0 285.01 
AECS11 1700.0 21550.1800.0 500.00 33900.855.50 
AECS12 1300.0 20650.2000.0 1100.0 3200.0 458.10 
AECS13 1400.0 23850.2000.0 700.00 8800.0 985.09 
AECS14 1500.0 23650.1700.0 500.00 5600.0 749.81 
AECS15 0300.0 8050.0 600.00 200.00 700.00 144.23 
AECS16 0400.0 11250.700.00 300.00 1200.0 125.73 
AECS21 0500.0 10550.700.00 400.00 1700.0 226.45 
AECS22 0900.0 16550.1300.0 1700.0 10000.312.41 
AECS23 1200.0 25750.1900.0 1700.0 10900.614.19 
CSOlAE 1100.0 19150.1100.0 1100.0 12600.251.67 
CS02AE 0600.0 11450.600.00 200.00 9200.0 293.20 
CS03AE 1200.0 19550.1100.0 900.00 10100.239.03 
CSO4AE 0400.0 8900.0 450.00 250.00 1700.0 167.46 
CS05AE 1100.0 9650.0 900.00 500.00 25900.334.28 
CS06AE 600.0 7750.0 500.00 300.00 3000.0 262.65 
CS07AE 1000.0 13250.700.00 1300.0 3600.0"637.26 
ACSO41 1100.0 22800.2500.0 600.00 16800.760.11 

ACSO42 1000.0 17000.1600.0 600.00 13700.1130.3 
ACS043 700.00 20600.1400.0 600.00 13200.488.29 
ACSO44 3300.0 62000.2600.0 1500.0 42800.2289.9 
ACSO45 900.00 22150.1100.0 800.00 13250.588.69 
ACSO46 800,00 39800.800.00 600.00 22600.406.34 
ACSO47 1800.0 22300.1400.0 900.00 25900.1306.5 
ACSO48 900.00 19000.2600.0 400.00 13700.1059.3 
ACSO49 850.00 9550.0 2500.0 200.00 7050.0 657.67 
ACS050 700.00 33700.1200.0 200.00 20200.418.63 
ACS051 600.00 12000.1200.0 200.00 8000.0 391.31 
ACS052 1000.0 26500.1900.0 300.00 17400.592.49 
ACS054 800.00 38400.800.00 250.00 21700.366.71 
ACS055 700.00 25600.900.00 300.00 14300.354.77 
ACS056 700.00 34700.1100.0 400.00 19800.390.60 
ACS057 900.00 15100.1800.0 500.00 11200.734.65 
ACS058 1750.0 22250.2700.0 1900.0 14650.2011.7 
ACS059 800.00 2850.0 1100.0 2500.0 11400.340.42 
ACS060 1300.0 26900.1900.0 500.00 15900.616.38 
ACS061 1100.0 19600.1600.0 200.00 15300.651.03 
ACS062 900.00 29600.1300.0 500.00 14600.577.55 
ACS063 1200.0 27100.1100.0 500.00 16800.648.23 
ACS064 900.00 23600.1400.0 500.00 12400.602.67 
ACS065 700.00 19700.700.00 200.00 9100.0 415.75 
ACS066 700.00 36000.1100.0 200.00 19400.414.58 
ACS067 700.00 24100.700.00 200.00 12400.392.39 
ACS068 700.00 21350.1600.0 500.00 10400.583.97 
ACS069 800.00 48100.2000.0 300.00 25400.437.95 
ACS070 600.00 39600.900.00 00.000 21700.343.32 
ACS071 1600.0 32500.2700.0 300.00 25500.2003.4 
ACS072 500.00 25150.1100.0 200.00 13000.332.01 
ACS073 2800.0 8000.0 3100.0 300.00 20300.1577.9 
ACS074 1000.0 26200.1600.0 800.00 12300.553.74 
ACS075 800.00 36200.900.00 200.00 18200.838.82 
ACS076 700.00 18000.900.00 200.00 8400.0 384.80 
ACS077 1350.0 15600.2600.0 650.00 12550.998.30 
ACS078 800.00 47700.1300.0 200.00 24700.480.88 
ACS079 800.00 33000.1800.0 300.00 17000.532.62 
ACS080 700.00 53100.2500.0 200.00 26700.513.62 
ACS081 800.00 28700.1300.0 300.00 13200.745.90 
AC5082 800.00 34400.1200.0 200.00 18200.480.85 
ACS083 1100.0 13300.1500.0 400.00 9400.0 798.28 
ACS084 800.00 29100.1500.0 1000.0 15100.482.97 
ACS085 700.00 22800.1300.0 200.00 12300.492.49 

VANAPM PEKILM ALUMIN 
PPM PPM PPM 

133.71 9.26 92400. 
10.07 0.46 8000.0 
16.55 1.04 22600. 
17.97 0.52 24100, 
12.28 0.52 11300. 
34.68 2.17 25500. 
16.03 1.62 22900. 
25.73 1.12 26100. 
22.83 1.63 26850. 

7.09 0.43 8600.0 
12.43 0.49 9000.0 
13.03 0.54 9500.0 
19.12 1.25 16300. 
36.68 1.1B 26900. 
28.71 1.12 15800. 
23.77 0.54 10000. 
30.12 1.12 16100. 
17.48 0.54 5950.0 
18.77 1.06 11400. 
11.01 0.54 8300.0 
25.24 1.70 13900. 
21.11 00.00 25300. 
23.95 00.00 18400. 
14.67 00.00 10000. 
57.00 1.30 38400. 
20.90 00.00 13800. 
17.71 00.00 11400. 
29.04 00.61 28200. 
18.60 00.00 24300. 
18.46 00.00 24550. 
12.26 00.00 13500. 
15.78 00.00 13900. 
21.88 00.00 21500. 
15.81 00.00 10800. 
11.29 00.00 11200. 
10.77 00.00 11600. 
18.84 00.00 26500. 
29.44 00.00 21750. 

8.82 00.72 9900.0 
16.53 00.00 18800. 
13.56 00.00 18500. 
16.17 00.00 15250. 
23.60 00.00 13100. 
13.54 00.00 15200. 
13.90 00.00 12500. 
12.96 00.00 13600. 
11.19 00.00 10500. 
15.47 00.00 18800. 
18.05 00.00 20900. 
13.31 00.00 11100. 
30.93 00.00 32200. 
10.09 00.49 11000. 
40.83 00.98 35400, 
10.64 00.98 15000. 
14.76 00.98 14000. 

8.31 00.00 10900. 
22.29 00.82 26450. 
16.14 00.00 15300, 
12.65 00 '6 18700. 
14.02 00. u0 13300. 
20.45 00.66 13300. 
15.63 00.00 15000. 
16.95 00.00 17550. 
13.53 00.00 14500. 
11.12 00.00 14100, 
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4) WEST MINE (ALDERLEY EDGE) 

k 

SAMPLE MAGNES POTASM SODIUM CALCIM IRON TITANM VANADM FERILM ALUMIN 
NO PPM PPM PPM PPM PPM PPM PPM PPM PPM 

WMCS01 51.70 65.50 627.70 82.70 345.00 
WMCS02 736.00 12947.1192.0 781.00 4510.0 
WMCS03 992.00 16531.1207.0 5379.0 11140. 
WMCS04 404.00 3884.0 705.00 1333.0 5570.0 
WMCS06 594.00 7630.0 964.00 883.00 9570.0 
WMCS07 1196.0 17687.2363.0 836.50 4000.0 
WMCSOS 465.00 9826.0 553.00 646.00 3110.0 
WMCS09 388.00 5433.0 377.00 335.00 5600.0 
WMCSIO 437.00 6473.0 160.00 416.00 2700.0 
WMCS11 1168.0 15028.1210.0 647.00 4540.0 
WMCS12 6137.0 22658.2784.0 2000.0 16570. 
WMCS14 829.00 15260.1686.0 1670.0 3700.0 
WMCS16 1230.0 15260.1440.0 666.00 4100.0 

S) PECKFORTON AREA 

0.00 65.50 
0.00 13520. 
0.00 17600. 
0.00 2941.0 
0.00 0323.0 
0.00 20000. 
0.00 8330.0 
0.00 379.00 
0.00 416.00 
0.00 19570.. 
0.00 70000. 
0.00 16400. 
0.00 22100. 

PBS109 1000.0 14900.3200.0 300.00 21200.544.86 16.36 1.04 12700. 
PBS110 600.00 8000.0 500.00 400.00 9200.0 230.72 9.86 0.82 6200.0 
P85111 500.00 10000.500.00 300.00 5100.0 231.33 9.29 0.82 10000. 
PBS112 1200.0 19000.1200.0 300.00 27600.737.18 23.57 1.03 17500. 
PBS113 800.00 19200.1900.0 300.00 22300.440.15 15.81 0.82 15900. 
PBS114 1200.0 28300.3350.0 850.00 8200.0 840.62 18.03 0.71 24350. 
PBS115 1000.0 20900.1900.0 300.00 25800.1016.0 23.63 0.00 19800. 
PBS116 700.00 14300.1800.0 300.00 22700.248.17 15.02 0,61 13300. 
PBS117 1100.0 15300.1200.0 300.00 22000.684.48 20.59 00.00 16100. 
P85118 900.00 21800.2400.0 300.00 28700.574.53 19.45 00.00 20000. 
PBS119 1200.0 23150.2050.0 300.00 23100.586.48 18.84 00.00 22000. 
PBS120 1300.0 23600.2000.0 200.00 30000.773.75 20.31 00.00 23100, 
PBS121 700.00 14500.1600.0 200.00 11100.239.76 9.05 00.00 13000. 
P85122 700.00 18900.2100.0 300.00 13500.333.25 15.27 0.50 16700, 
PBS123 1700.0 24200.2300.0 200.00 21800.963.89 23.42 00.00 27100, 
PBS124 1300.0 23800.3000.0 3500.0 31700.714.54 24.62 00.00 23000. 
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Appendix C. 2. 

Method of determining specific gravities of rock samples 

from the Cheshire Basin. 
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Me hod of determining the specific avitie of rock sam 1es 

125 whole rock samples were subjected to specific gravity 

determinations on a Walker Steelyard ( shown below ). 

Walker Steelyard 

C 

I- Lw 
La 

Mw j6 Ma 

of 

.J6. 

costant 
WT 

The determinations are based on the following principle :- 

Specific Gravity = Mass in Air ( Ma ) 

Mass in Air ( Ma )- Mass in Water ( Mw ) 

For the steelyard , by the principle of moments : 

fl 

Length in Air (La) x Mass in Air ( Ma )= Mass in Water ( Mw )x 

Length in Water ( Lw 

Therefore : 

La x Ma = Mw (2) 

Lw 

by substituting (2) into 
-(l) :- 

Ma 

Ma (1- La ) 

Lw 

a 1 

1-La 

Lw 

a 1= Lw 

Lw - La Lw-La 

Lw 

Therefore , two measurements from the steelyard can be used to 

calculate the specific gravity of a rock samDln_ 


