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A B S T R A C T 

A regional stream sediment geochemical survey of England and Wales 

has revealed striking enrichment of a number of elements in the area around 

Bristol and the Mendip Hills. This enrichment is related to the normal 

geochemical variations in the bedrock of the area, and to the presence of 

mineral deposits and industrial activity. However, comparison with other 

geologically similar areas, where regional geochemical enrichment is not as 

great, suggests that some previously unexplained factors have contributed to 

the enrichment in the Bristol area. 

Detailed studies based on geochemistry of stream sediments, ground 

waters, surface waters and soils from within the study area have shown that 

most of the regional geochemical enrichment can be related to an episode of 

weathering and mineralisation, which took place under hot and dry conditions 

during Permian and Triassic times, and affected a major part of the study 

area. Geochemical variations on both local and regional scales provide 

evidence that all of the important mineral deposits within the study area, 

including those of lead and zinc, iron and manganese, and strontium, were 

formed during this episode. 

It has been shown that ground waters and soils can be used successfully 

for regional mineral exploration programmes in karstic regions, and in fact a 

zone of previously unknown lead and zinc mineralisation on the Mendip Hills 

has been detected by both of these methods. It has also been shown that 

geostatistical methods are useful for determining optimum sample spacing 

parameters for geochemical surveys. 

Several computer programs have been written as part of the research. 

These include a method for realistic interpolation of stream sediment data 

onto a regular grid, and an interactive-graphics routine for interpretation of 

probability graphs. 
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C H A P T E R 1 I N T R O D U C T I O N 

1-1 Objectives of the Research 

A regional stream sediment survey of England and Wales, carried out by 

the Applied Geochemistry Research Group at Imperial College (Webb et al, 

1978), has revealed a number of areas of striking geochemical enrichment. 

One of the most extensive of these areas is centred around Bristol and the 

Mendip Hills, in the counties of Avon and Somerset. Here, many of the 

samples from an area of several hundred square kilometres, fall within the top 

5% of all the data from England and Wales. Elements which are specifically 

enriched include barium, cadmium, calcium, copper, lead, molybdenum, 

strontium and zinc. For most of these elements the enhanced concentrations 

have not been adequately explained on the basis of what is known about the 

geology and industry of the area. One of the primary objectives of the 

research described in this thesis is to elucidate the features which control 

stream sediment geochemistry in the area, and to advance some explanation 

for the high concentrations observed over such a broad region. 

One of the most important of the features which affect the 

geochemistry of surficial materials, is the presence of economic minerals and 

associated alteration. Part of the research involves study of the distribution 

and types of mineral occurrences within the area, and an attempt to gain 

some understanding of their genesis. 

The lead and zinc ores of the study area are essentially confined to the 

Carboniferous Limestone anticlinal areas and the surrounding Dolomitic 

Conglomerate. In these karstic uplands, drainage is primarily below surface, 

and regional stream sediment geochemistry cannot be used as a mineral 

exploration tool. Part of the research involves an investigation into 

alternative methods of regional geochemical exploration in a karstic area. 

Techniques studied include geochemistry of widely spaced soil samples, and 

geochemistry of ground waters. 

1-2 Nature of the Research 

The research program has involved study of a variety of geochemical 

data from samples collected by the author and by others. The data have been 



- 2 -

interpreted in relation to lithological variations, the effects of mineralisation, 

the effects of urbanisation and industry, and the effects of geochemical 

fractionation within the sample media. 

The Main topics of investigation are as follows: 

1) geochemistry of stream sediments, 
2) geochemistry of ground waters from the Mendip Hills with specific 

reference to hydrological characteristics, the effect of base metal 
mineralisation and the effect of flow rate variations, 

3) geochemistry of soil samples from mineralised and unmineralised 
areas of the Mendip Hills, with emphasis placed on studying spatial 
variations in the geochemistry of the mineralisation, 

4) geochemistry of soil samples from the areas of celestite 
mineralisation northeast of Bristol, 

5) a review of available information on the geology and depositional 
history of the important mineral deposits within the study area, and 
presentation of an original and comprehensive model to explain their 
genesis, 

6) development of computer programs for geochemical data processing 
and interpretation, 

7) assessment of the applicability of geostatistical analysis to 
geochemical sampling. 

1-3 Presentation 

An overview of the geology, geomorphology, climate and industry of the 

study area is presented in Chapter 2; the results of the various geochemical 

studies are presented in Chapters 3 to 6; the depositional history of the ore 

deposits is discussed in Chapter 7; and the summary and conclusions are presented 

in Chapter 8. 

Sample preparation and analytical procedures, along with estimates of 

sampling and analytical precision are given in Appendix A . Listings of computer 

programs written for data processing and for statistical analysis, along with 

comprehensive description and discussion of their use, are included in Appendices 

B, C , and D . A summary of the results of the geostatistical analysis is given in 

Appendix E. Alternative mineral exploration methods, and suggestions for further 

research are presented in Appendix F. 
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C H A P T E R 2 T H E S T U D Y A R E A 

2-1 Location 
2 

The area of study comprises some 2 400 k m centred around the city of 

Bristol in southwest England (Figure 2-1). Parts of the counties of 

Gloucestershire, Avon, Wiltshire, Somerset and Gwent are included. In terms of 

the National Grid, the area lies within the 100 k m square ST, and is bounded by 

lines 340 and 380 k m east, and 140 and 200 k m north. National Grid co-ordinates 

are given to the nearest 100 m . Localities referred to are shown on Figure 2-2. 

2-2 Geology 

The east-west trending boundary between the Caledonian and Variscan 

tectonic provinces lies just north of Bristol (Figure 2-3), and the study area 

exhibits tectonic and lithological features of both provinces. The Caledonian 

rocks, to the north, are characterised by folding with north-south and 

northeast-southwest trends. The Variscan rocks, to the south, are characterised 

by east-west trending folding and thrust faulting. Post Variscan strata, deposited 

on a high-relief post-Carboniferous unconformity, are only slightly deformed. 

The geology, as shown in Figure 2-4, has been taken from 1:63 360 scale 

maps published by the Institute of Geological Sciences (Sheets 250, 251, 264, 265, 

280 and 281). A list of formations is given in Table 2-1. 

The oldest rocks are the Micklewood Beds and Breadstone Shales of Lower 

Tremadoc age, outcropping near Charfield (725 925) and Berkeley (685 995). The 

strata include micaceous shale with subordinate sandstone pockets and layers 

(Smith and Stubblefield, 1933). 

In the north, near Berkeley, Silurian limestone, sandstone and shale 

unconformably overly the Breadstone shales (Kellaway and Welch, 1948). In the 

eastern Mendip Hills, Silurian fossiliferous tuff and lava are succeeded by augite 

and oligioclase-andesine bearing andesite, and mudstone (Green and Welch, 

1965). The base of the Silurian is not seen here. 

Much of the northwest corner of the study area is underlain by Old Red 

Sandstone (ORS) of Devonian age. The lower O R S , which is up to 1 200 m thick, 

includes red sandstone with minor mudstone and limestone - the St. Maughans 



Figure 2-1 Location of the study area 
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Figure 2-3 Major tectonic features of England and Wales 
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Table 2-1 Table of formations for the Bristol and Mendip Hills area 

SYSTEM GROUP/SERIES LITHOLOGY 

U. Jurassic 

U. Liassic 

L. Liassic 

clay,limestone 

clay,sandstone,limestone 

mudstone,limestone,(conglomerate) 

Rhaetic 

Tea Green Marl 

Keuper Marl 

Dolomitic Cglm. 

shale,mudstone,limestone 

mudstone 

red mudstone 

red conglomerate. 

major unconformity 

D. Coal Series sandstone,shale,(coal) 

Pennant sandstone,shale,mudstone,(coal) 
-local unconformity 

L. Coal Series shale,mudstone,sandstone,(coal) 

Millstone Grit chert,quartz ite,sandstone,mudstone 

Portishead 

Black Nore 

Thombury Beds 

sandstone,conglomerate 

sandstone,shale 

mudstone,sandstone 

Tlntem S'stone sandstone,mudstone 

Quartz Cglm. conglomerate 

Brownstones sandstone,(shale). 

St. Maughans sandstone,(mudstone,limestone) 

• unconformity• 

Wenlock mudstone,pyroxene andesite 

Llandovery tuff,lava 

Ludlov-Wenlock sandstone,limestone,shale 

Llandovery sands tone,lava,shale,limestone 

unconformity 

Breadstone 

Mlckelvood 

shale 

sandstone 

THICKNESS 
On) 

OROGENIC 
EVENTS 

100 

60-200 

10 

600 

1100 

1200 

450 

200 

Hotwells limestone,sandstone 100-300 

Clifton Down sandstone,limestone,mudstone,(basalt,ash) 100-450 

Black Rock dolomite,crinoidal limestone,chert 100-500 

Lower Lmsn. Shale shale,limestone,sandstone 80-140 

440 

1 

1 

120 

1200 

170 

35 

30 

270 
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Group, and current-bedded sandstone with shale partings - the Brownstones 

Group. East of Severn Estuary, Devonian rocks are mainly exposed in eroded 

anticlines, although early Devonian red mudstone with minor sandstone is present 

on the upthrown side of a fault near Whitfield (673 913). Early Devonian strata 

are also exposed near Bristol, and in the Portishead-Clevedon area. The lower 

members thin to the east, so that at Tortworth (704 933), and in the eastern 

Mendip Hills, the upper O R S lies directly and unconformably on Silurian rocks. 

The upper O R S consists of the basal Quartz Conglomerate, overlain by up 

to 120 m of yellow-brown sandstone with red mudstone - the Tintern Sandstone 

Group (Kellaway and Welch, 1948, 1955). Near Bristol, and in the Mendip Hills, 

the conglomerate and sandstone are collectively termed the Portishead Beds. 

These thicken to the east and are characterised by feldspathic and quartzitic 

sandstone, and - in lower parts - by beds and channels of quartz conglomerate. 

Sedimentation continued, apparently without interruption, into the 

Carboniferous, and it is only west of the River Severn and in the Mendip Hills, 

that the division between Devonian and Carboniferous is easily discernible 

(Kellaway and Welch, 1955). The Carboniferous Avonian strata are predominantly 

calcareous. The succession thickens and becomes increasingly calcareous towards 

the south. A comprehensive study of variations in thickness and lithology of the 

Avonian beds was made by Kellaway and Welch (1955), and is summarised in 

Figure 2-5. 

The Shirehampton beds mark the gradation from O R S to Carboniferous 

Limestone, and consist of sandy limestone, shale, calcareous sandstone and 

crinoidal limestone interbedded with sandstone and mudstone which are similar to 

the sandstone and mudstone of the O R S . The first truly Carboniferous horizon is 

the Lower Limestone Shale, comprising shale with limestone layers, the latter 

increasing in relative abundance towards the top. The dominantly calcareous 

Black Rock Group is characterised by dark and massive crinoidal limestone. In 

the Mendip Hills, chert sheets and nodules and more pervasive silicification are 

c o m m o n features of the Black Rock Group (Green and Welch, 1955). Dolomite 

and dolomitised limestone characterise the Black Rock Group in the Bristol area, 

and become increasingly important to the northwest. 
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Flgure 2-5 Schematic cross-section showing the various facies within the 
Carboniferous Limestone of the Bristol and Mendip Hills area (after 
Kellaway and Welch, 1955) 

N 
Chepstow Bristol Broadfield Burrington 

LSh 

UDS-Upper Drybrook Sandstone, DL-Drybrook Limestone, LDS-Lower Drybrook 
Sandstone, WhL-Whitehead Limestone, CrL-Crease Limestone, LD-Lower 
Dolomite, LSh-Limestone Shale, QSG-Quartzitic Sandstone Group, UCS-Upper 
Cromhall Sandstone, CDL-Clifton D o w n Limestone, CDM-Clifton D o w n 
Mudstone, GCO-Goblin C o o m b e Oolite, BRL-Black Rock Limestone, 
SB-Shirehampton Beds, HL-Hotwells Limestone, BO-Burrington Oolite, VL-Vallis 
Limestone 

H G - H O T W E L L S G R O U P , C D G - C L I F T O N D O W N G R O U P , B R G - B L A C K R O C K 

G R O U P , L S G - L I M E S T O N E S H A L E G R O U P 
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The Clifton D o w n Group includes two separate beds of oolitic limestone 

which merge in the Mendip area to form the Burrington Oolite. The lower part of 

the Burrington Oolite grades into a coarse grained grey crinoidal limestone (Vallis 

Limestone) in the eastern Mendip Hills. The Whitehead Limestone and the 

calcareous Clifton D o w n Mudstone overlie the oolitic rocks. In Goblin C o o m b e 

(487 645) on Broadfield Down, beds of olivene basalt and calcareous ash are 

present within the Clifton D o w n Mudstone. Similar volcanic rocks have been 

observed at Tickenham (456 716) and Cadbury C a m p (454 725). To the north the 

Clifton D o w n Mudstone is overlain by sandstone, whereas to the south it is 

overlain by the Clifton D o w n Limestone. In its lower sections the latter is a 

uniform splintery calcific and dolomitic mudstone with chert bands and silicified 

fossils. In the western Mendip Hills the belt of silicification is up to 50 m thick, 

and near Cheddar (468 549), an oolitic horizon is present. Oolitic limestone, 

developed in the upper part of the Clifton D o w n Limestone at Clifton D o w n (560 

735), grades upward into fine-grained concretionary limestone showing evidence 

of algal origin. 

The Hotwells group can be divided into a northerly arenaceous facies and a 

southerly calcareous facies. The lithology of the southerly Hotwells Limestone 

contrasts with the underlying muddy and fossil-poor Clifton D o w n Limestone. 

The arenaceous facies, which is best developed near Bristol and west of the 

Severn Estuary, includes sandstone, calcareous sandstone and shale, with local 

development of carbonaceous and pyritic beds. 

The Quartzitic Sandstone Group, comprising chert, quartzitic sandstone 

and mudstone, belongs to the Millstone Grit Series, although the upper unsilicified 

strata are similar to the succeeding sandstones of the Coal Measures. 

Upper Carboniferous coal bearing shales and sandstones have been 

completely eroded from the anticlinal areas, and in the low-lying synclinal areas 

they are largely covered by Mesozoic strata. The lower boundary of the Upper 

Carboniferous is defined as the Ashton Vale Marine Band. 

The Lower Coal Series is dominated by shale and mudstone, with sandstone 

near the base and local developments of nodular siderite. Several workable coal 

seams vary in thickness from 15 to 200 c m (Green and Welch, 1965). 
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Uplift along the Lower Severn Axis (Figure 2-6) during the middle Carboniferous 

precluded deposition of the Lower Coal Series to the northwest of Broadfield 

D o w n (Kellaway and Welch, 1948). South of Portishead, for example, the younger 

strata of the Pennant Series lie directly on Lower Carboniferous and Devonian 

rocks. 

The Pennant Series is predominately composed of coarse sandstone, with 

argillaceous beds near the top and bottom. Worked coal seams, all within the 

lower 100 m , vary from 30 to over 100 c m in thickness (Green and Welch, 1965). 

The Upper Coal Series exhibits considerable regional variation. Northeast of 

Bristol, within the arms of the Lower Severn and Bath Axes, reddened sandstones 

are characteristic. A shale bed near the base contains coal seams up to 200 c m 

thick. Elsewhere, the Upper Coal Series comprises mudstone and shale with 

minor sandstone. Several coal seams are present, but most are too thin to be 

worked. 

Various unconformable relationships noted above suggest localized middle 

and early-Paleozoic tectonic activity. Much more intensive and widespread 

Hercynian activity resulted in east-west trending folds and thrust faults (Figure 

2-6). The most prominent are the four major anticlines of the Mendip Hills, 

which are asymmetric, with thrust faulting along the shallower southern limbs. 

Towards the north, from the vicinity of Radstock (689 548) to the Kingswood 

anticline, the incompetent Coal Measures are intensively and disharmonically 

folded and faulted. The Variscan Front defines the northern extent of rocks 

affected by the Hercynian activity. Coincident with the Hercynian deformation, 

folding continued along the previously established Bath and Severn trends. 

Much of Britain was characterised by rugged terrain during the Permian 
e-9-

and Triassic (Audley-Charles, 1970) and this area is no exception. Permo-Triassic 
A 

erosion resulted in pronounced dissection of the limestone into deep gorges, 

which, under arid conditions, became filled with thick colluvial deposits. These 

comprise pebble- to boulder-sized angular fragments of Carboniferous Limestone 

and O R S , cemented by fine-grained sandstone or limestone debris (Green and 

Welch, 1965). Evidence of thick (120 c m ) horizontal bedding has been recognised 

by Weaver (1819). The term Dolomitic Conglomerate has been applied to these 

rocks which have been extensively silicified, hematised and dolomitised. 
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Figure 2-6 Tectonic features of the study area 
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Similar rocks in south Wales have been described by Bluck (1965), Thomas 

(1968) and Tucker (1978) as alluvial out wash fans. 

The area north of the Mendip Hills, enclosed by the Bath and Severn 

anticlinal axes was exposed until the Carnian (late Triassic) when 

transgression resulted in a deposition of sandstone and saliferous silty 

mudstone (Keuper Marl), (Audley-Charles, 1970). Up to 600 m of Keuper Marl 

are present, with the greatest thickness south of the Mendip Hills within the 

Central Somerset Basin. The strata are strongly reddened, and essentially 

free from fossils. It has been suggested that they were deposited from 

shallow and briney inland waters (Dumbleton and West, 1960; Klein, 1962; 

Audley-Charles, 1970; Warrington, 1970; Wills, 1970; Tucker, 1978). The 

Keuper Marl is succeeded by greenish mudstone, the Tea Green Marl, and by 

strata indicating a return to marine conditions during the Rhaetic. The 

Rhaetic beds comprise dark shale, light mudstone and limestone. 

Lower Liassic strata include light-coloured calcareous mudstone and 

limestone, with a littoral facies developed in the Mendip area. The 

non-sequential Upper Lias includes clay, sand and limestone. These rocks 

form the Cotswold Scarp, and are exposed as foundered strata on steep slopes 

in the vicinity Bath and Dundry (558 669). Upper Jurassic rocks are confined 

to the southeastern corner, and comprise limestone, montmorillonite-rich clay 

and oolitic limestone. 

The presence of the Mendip littoral facies indicates that shallow water 

conditions existed during part of the lower Jurassic. The Mendip area 

probably remained exposed almost continuously from Rhaetic times through to 

the end of the Jurassic (Bennison and Wright, 1969 - pp. 283, 289; Anderson 

and O w e n , 1968). This concept is supported by the identification of terrestrial 

fossils ranging in age from Triassic to lower Jurassic within fissures in the 

Carboniferous limestone of the Mendip Hills (Robinson, 1957). 

O n the northern side of the Mendip Hills, near Harptree (562 568) 

silicification has affected the Jurassic strata. Idiomorphic and 

microcrystalline quartz crystals are present through thicknesses of up to 10 

m , and over an area of several square kilometres. Barite is also a c o m m o n 
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constituent, and some sphalerite has been observed (Green and Welch, 1965). 

Similar alteration is characteristic of some of the Triassic rocks in the vicinity. 

Ford and Stanton (1968) have suggested that the main topographic 

features of the western part of the Mendip Hills were shaped by Tertiary 

weathering. At the end of the Triassic the Mendip area was still a rugged 

upland area, although most of the area remained submerged from Rhaetian to 

early Tertiary times. By the end of the Pliocene, the Paleozoic rocks had 

been eroded to a gently rolling but essentially flat plateau. The major 

Pliocene drainage system was to the south through what is now Cheddar Gorge. 

Hawkins and Kellaway (1970) and Kellaway (1971) have established 

evidence for Anglian glaciation (c. 350 000 y BP, Figure 2-7), and more 

recently, Gilbertson and Hawkins (1978) have indicated evidence of Wolstonian 

ice (c. 50 000 y). Gilbertson and Hawkins (1978) suggest that although much of 

the Somerset lowlands were ice-covered, upland areas such as the Mendip 

Hills, Broadfield D o w n and the Cotswold Hills were not affected. Weichselian 

glaciation (c. 10 000 y) did not directly affect the area, but the peri-glacial 

climate resulted in raised beaches at 15, 25 and 30 m above present sea level 

(O.D.). Under the same conditions, stony debris, comprising chert, limestone 

and sandstone (Head), formed by frost action and solifluction (Kellaway and 

Welch, 1965; Gilbertson and Hawkins, 1978). The Head is generally 1 to 2 m 

thick, and is best developed on slopes extending away from the Paleozoic 

uplands (Figure 2-8). 

Holocene esturine. alluvium covers low-lying areas inland from the 

Severn Estuary (Figure 2-8). Beds of sand, clay and peat up to 30 m thick date 

from about 7 000 y (Kellaway and Welch, 1965). 

Mineral deposits of economic importance include lead and zinc 

sulphides and carbonates within the Carboniferous limestone and Dolomitic 

Conglomerate (Figure 2-9). Spatially associated with these are occurrences of 

iron and manganese oxides. Strontium sulphate is present within evaporite 

horizons in the upper part of the Keuper Marl, and has been worked over a 

wide area. 
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Figure 2-7 Flow directions of Anglian glaciation (after Kellaway, 1971) 



Figure 2-8 Distribution of drift deposits in the study area 
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Figure 2-9 Locations of mineral occurrences within the study area 
(The outcrop area of the Carboniferous Limestone is outlined) 
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2-3 Physiography and Drainage. 

Prominent uplands are underlain by both Paleozoic and Upper Jurassic 

rocks. Examples include the Mendip Hills, Broadfield Down, and the ridge 

from Clevedon (402 716) north through Bristol to Southmead (587 783), as well 

as the area of Paleozoic rocks in Gwent (Figure 2-10). The Cotswold Scarp 

and the uplands near Bath and Dundry are comprised of Upper Liassic strata. 

Areas underlain by Keuper Marl and the Coal Measures are generally 

less than 60 m above O.D., and where estuarine alluvium is present the 

elevation is consistently less than 7 m . 

The Paleozoic uplands are characterised by deeply incised gorges such 

as those at Cheddar (463 537) and Burrington (479 593). Karstification is well 

developed, particularly in the Mendip Hills (Smith and Drew, 1975). In these 

areas surface drainage is minimal, and runoff emerges as springs, near the 

contacts with the surrounding Mesozoic rocks. Mineral and thermal waters 

discharging at Bath and Hotwells (564 731), have temperatures of 49° and 24° 

C respectively. Edmunds et al (1968) suggest that the waters at Bath springs 

circulate to a depth of about 2 000 m . Elevated concentrations of sodium, 

strontium, sulphate and chloride have been noted by Riley (1961). 

Surface drainage is generally well developed, although large artificial 

reservoirs have been created at Barrow Gurney (539 674), Blagdon (515 596), 

C h e w Valley (570 600) and Cheddar (442 537). O n the alluvial flats drainage is 

poor and has been enhanced by ditching. 

2-4 Soils, Vegetation and Climate 

Calcareous brown earths predominate on the Paleozoic uplands, 

whereas rendzinas characterise the Upper Jurrasic uplands. Alluvial gleysols 

are developed on the poorly drained estuarine lowlands, and argillic brown 

earths are formed elsewhere on the Keuper Marl. Highly argillic horizons of 

the Coal Measures and Lower Lias are overlain by stagnogleys (Avery et al, 

1975). 

Approximately 90% of the study area, excluding built up regions, is 

given over to agriculture, most of which is used for grazing cattle. About 

25% of the remainder is natural grassland, and the rest is natural broadleaf 

woodland or forestry plantation. 



Figure 2-10 Major physiographic features of the study area 
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Monthly mean temperatures vary from less than 5° C in January to 

almost 17° C in July. O n the basis of the temperature of ground waters from 

the Mendip Hills, the mean annual temperature is approximately 11° C. 

Annual precipitation is over 1 100 m m west of the River Severn, and about 

800 m m elsewhere, except on higher ground such as the Mendip Hills where it 

varies from 950 to 1 000 m m . Roughly 60% of the precipitation occurs during 

the six months from August to December (Bickmore and Shaw, 1963). 

Prevailing winds are from the west to southwest. 

2-5 Urbanisation and Industry 

Principal conurbations include Bristol (pop. 443 000 in 1951) and Bath 

(pop. greater than 50 000) plus about 20 centres with populations between 

10 000 and 50 000. 

Apart from agriculture, most industry involves light manufacturing, and 

is centred around Bristol. An industrial complex at Avonmouth (516 781) 

includes chemical and petro-chemical works and a large zinc smelter. The 

Newport steel works (375 865) are within 1 k m of the western edge of the 

study area. Quarrying is a very important industry, especially where 

Carboniferous Limestone is exposed. Extraction of celestite from the Keuper 

Marl near Yate (714 828) is being carried out on a small scale. 

Although there is no coal mining at present, deposits at Radstock (689 

548) were worked until the early 1960's. Operations had also existed within 

the Kingswood anticline and near Nailsea (700 470). 

In the past the mining industry has been dominated by lead and zinc, 

extraction of which dates back roughly 2 000 years (Gough, 1967). Activity 

was centred on the Mendip Hills, but some mining was carried out on 

Broadfield D o w n and in the Bristol area. Because smelting procedures became 

increasingly efficient, much of the slag has been reworked several times, the 

most recent being in the late 19th century (Gough, 1967). Iron and manganese 

oxides have been recovered from several of the locations shown in Figure 

2-9. Most of the iron and manganese ores were used as pigments or glazes. 
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C H A P T E R 3 S T R E A M S E D I M E N T G E O C H E M I S T R Y 

3-1 Introduction 

The following section includes a description of the geochemistry of stream 

sediments collected as part of a regional geochemical survey of England and 

Wales (Webb et al, 1978). In order to establish a regional picture, data are first 

presented for a 150 -by 200 k m rectangular area extending from Exeter in the 

southwest to Leicester in the northeast. Data for the study area itself are 

presented using an interpolative technique which allows for weighting in the 

upstream direction for each sample. Both univariate and multivariate statistical 

procedures have been used to interpret the data. 

3-2 Description of Surficial Drainage 

Surficial drainage is poorly developed in areas underlain by the 

Carboniferous Limestone and Dolomitic Conglomerate, but well developed where 

non-calcareous rocks such as the Old Red Sandstone, Coal Measures and Keuper 

Marl are present. Exceptions include the low-lying flat areas covered with 

estuarine alluvium. Here natural drainage is poor and a network of ditches and 

canals has been established to improve drainage. Enlargement of stream channels 

has been carried out elsewhere as well, particularly on agricultural land, to 

improve field drainage. In areas of argillaceous strata, and over the Mesozoic 

limestones, stream sediments are dominantly composed of clay and silt-sized 

material, with calcareous fragments. Because the relief is consistently low, 

downstream mechanical transportation is slow and physical composition of the 

sediments are probably most closely related to the composition of the adjacent 

bank material. This is especially true where ditching has been carried out. 

3-3 Sample Collection, Preparation and Analysis 

Sampling was carried out by the Applied Geochemistry Research Group 

over a period of ten weeks during 1969, as part of a stream sediment survey of all 

of England and Wales (Webb et al, 1978). Samples were collected above 

road/stream intersections with the aim of attaining a sample density of 1 per 2.5 
2 

k m . The distribution of the approximately 850 samples collected from 
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within the study area is given in Figure 3-1. Excluding large unsampled areas 
2 

(i.e., Bristol, Bath and the Severn Estuary), the sample density is 1 per 2.8 k m . 

At each sample location composite samples were collected from two sites 

at least 10 metres apart. Samples were dried for several hours at 60 to 80°C and 

then disaggregated and sieved to retain the fraction smaller than 200 u m 

(minus-80 mesh). Calcium, magnesium, manganese, strontium, barium, copper, 

lead and zinc were determined by direct reading DC-arc emission 

spectrophotometry. Nitric-acid-extractable cadmium and zinc were determined 

by atomic absorption spectophotometry. After fusion with 

potassium-hydrogen-sulphate, molybdenum was determined by spectrophotometry 

as its dithiol complex, and arsenic was determined by colorimetry. A 

comprehensive description of analytical procedures, and estimates of analytical 

error are given in Webb et al (1978). For most elements between batch precision 

is about 50% at background levels. 

3-4 Regional Distribution of Metals in Stream Sediments 

Data for barium, cadmium, calcium, copper, lead, molybdenum, strontium 

and zinc for roughly 9 500 samples from within the area extending from Exeter to 

Leicester are presented in Figures 3-2 to 3-9. The area shown is bounded by the 

National Grid lines 100 000 m N to 300 000 m N and 300 000 m E to 450 000 m E. 

The data have been extracted from computer files for the Geochemical Atlas of 

England and Wales. M a p distributions were calculated by averaging all samples 

lying within each 2.56 k m square m a p cell, and then smoothed using a 9-cell 

moving average technique (Howarth and Lowenstein, 1974). Such spatial 

averaging significantly improves the effective precision of the data. For 

example, when the value for any m a p cell is based on the average concentrations 

of several samples (n), its precision is improved by a factor of l/^/rWWebb et al, 

1978). 

Webb et al (1978) have pointed out the strong relationship between regional 

stream sediment geochemistry and lithology. S o m e examples are: enrichment of 

molybdenum over black marine shales, enrichment of calcium and strontium over 

limestone, enrichment of barium, cadmium, copper, lead and zinc in former 

base-metal mining districts, and elevated levels of cadmium, copper, lead and 

zinc associated with industrial areas and large urban centres. 
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Figure 3-1 Distribution of stream sediment samples within the study area 
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Geological overlay for 
Figures 3-2 to 3-9 



Figure 3-2 Map cf barium concentrations in stream 
sediments in west-central England and eastern '̂aies-
ConceTitrations from light to dark are as follows: 
<162, 162-214, 215-321, 322-4i3, M M 026, >1026 ppm. 

Figure Map cl calcium concentrations in stream 
sediments in west-central England and eaitern Wales. 
(<.7, .7-1.7, US-7.2, 7.3-10.6, J0.7-21.4,>21.4%) 

• T M -

Figure 3-3 Ma? cf cadmium concentrations in stream 
sediments in west-central England irnJ fcaS-tem »JltV 
(<.37, .37-1.2t, (.25-1.70, 1.71-3.13,>3.̂ 3 ppm) 

Figure Ms p of copper concentrations in stream 
sediments in west-central England ana eastern Wales. 
(<12, 12-i 9, 20-32, 33-41, 42-72,>73 ppm) 

i 



Figure 3-6 Map of lead concentrat ions in s t ream sediments 
i r am west -cent ra l England anc eas tern Wales. 
Concentrat ions from light to dark are as follows: 
«20.S, 2Q.S-32.3, 32.4-70.6, 70.7-104, 105-272,>272 ppm 

Figure 3-8 Map of s t ront ium concentrat ions in s t ream 
sediments f rom west-centra l England and eastern Wales. 
(<3i , 52-106, 107-144, 145-2S6, >286 ppm) 

Figure 3-7 Map of molybdenum concentrat ions in s t ream 
sediments from west-centra l England and eastern Wales. 
(<.76, .76-1.OS, 1.09-1.77, 1.78-2.21, 2-23-3.61,>3.61 ppm) 

Figure 3-9 Map of zinc concentrat ions in s t ream sediments 
f rom west -cent ra l England and eas tern Wales. 
(<75, 75-111, 112-196, 197-244, 245-451,>451 ppm} 
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For the data shown here, the calcium-strontium association is evident in 

areas underlain by the Chalk and Inferior Oolite. There is a broad band of 

calcium and strontium enrichment extending from Gloucester to the Central 

Somerset Basin. The Inferior Oolite is present in the eastern part of this area, 

where calcium values are greatest, but towards the west, where strontium values 

are greatest, the major lithologies are the clay, silt and sandstone of the Keuper 

and Lias. Here, strontium concentrations fall within the top 5 percentile of all 

the data for England and Wales (140 ppm). In other parts of England and Wales 

underlain by the Keuper and Lias, strontium concentrations rarely exceed 70 p p m . 

Also within the belt of strontium enrichment, but more closely confined to 

the vicinity of the Carboniferous Limestone uplands, is an area which is enriched 

in barium and lead (top 10 percent), and cadmium, zinc and copper (top 20 

percent). Similar patterns are characteristic of other base-metal mining districts 

of England and Wales, although, compared with the other districts, the area and 

magnitude of barium enrichment here is disproportionately large. 

A zone of high molybdenum concentrations extends from near 

Northhampton to eastern Devon. Areas of particular enrichment include the 

Central Somerset Basin and the immediate vicinity of Bristol, both of which are 

underlain by the Lower Lias black shales. 

3-5 Distribution of Metals in Stream Sediments within the Study Area 

The results of most stream sediment surveys are presented as maps with 

symbols or numbers corresponding to concentrations at sample site locations. 

Although this method is suited to identifying individual anomalies, regional 

geochemical patterns are more clearly shown by maps which portray a continuous 

surface of data for the area sampled. Since it is impossible to obtain continuous 

geochemical data, all contour or grey-level maps must rely on interpolation 

between data points. 

Interpolation is a valid technique for grid surveys of isotropic sampling 

media such as soils, but it is generally inapplicable to drainage data because of 

irregular sampling patterns, and because the material sampled at a particular 

site m a y be no more representative of that site than of part of the area 

upstream. The only case in which isotropic interpolation of drainage data is 
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viable, is on a regional scale where several samples over a wide area are used to 

calculate the value for each grid point. This method was used by Webb et al 

(1978) for the England and Wales data, and although it is suitable for showing 

regional variations in geochemistry, it does so at the expense of local detail. 

Resolution on the England and Wales maps and on the maps shown in Figures 3-2 

to 3-9 is about 7.5 k m . 

For presentation of the stream sediment data from within the study area a 

resolution of 1 k m was desired. In such a case isotropic interpolation would have 

resulted in serious distortion. To solve this problem, a method was devised which 

involves interpolation with upstream weighting from each sample site, that is 

towards the source of the sediment comprising the sample. A description of the 

method used is given in Appendix B, and in Earle (1978). 

3.5.01 Calcium 

The histogram and probability plot for calcium (Figure 3-10 a and b) 

indicates a positively skewed unimodal distribution (see Appendix C for a 

description of the histogram and probability plot program, and a discussion of its 

use). The spatial distribution of calcium is shown in Figure 3-10 c, with class 

intervals chosen as the 20, 40, 60, 80, 90, 95 and 99th percentiles. Calcium is 

consistently low over the Old Red Sandstone, and high in areas around the 

Carboniferous uplands. The Jurassic limestone areas have the highest 

concentrations of calcium, however, and the change in lithology along the 

Cotswold Scarp is easily discernible. 

3-5.02 Magnesium 

The magnesium histogram also shows positive skewness, and the data can 

be divided into three sub-populations, all of which are slightly positively skewed 

(Figure 3-11 a and b). The sub-populations have been transformed to near 

normality, by using the general power transform method of Box and Cox (1964), 

so as to give reliable estimates of their upper limits. (A discussion of the method 

is given in Appendix C, and in Howarth and Earle, 1979). Probability plots have 

been used to determine natural groupings within the data by selecting partitioning 

values as the 99th percentile of the next lowest sub-population (cf. Sinclair, 

1976). Maps based on percentile classes and on the probability 
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Geological overlay for 
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Figure 3-iC 
(a) Histogram for % calcium in s t ream sediments from the 
Bristol-Mendip a rea . Data a re .•rom 1 square km map cells 
calculated by the S7RMPLT routine. 

(b) STRMPLT map of calcium concentra t ions of s t ream 
sediments - 20, <<G, 60, 80, 90, 95, 9S and 99rh percentiles. 
Concentrat ion levels from light to dark are as follows:< 3.2, 
3.2-6.4, 6.5-10,4, 10.5-15.7, 15.8-19.8, 19.9-23.8, 23.9-35.** 
>35.4%) 



Figure 3-11 
(a) Histogram for % magnesium (as lor 3-1 Ca) 

(b) Probability plot for % magnesium. The original d«ia are 
represented bv the curved line, with inflection points shown 
by arrows. Points for derived sub-populations are portrayed 
as V , and the sira-populations are represented as straight 
lines through these points. 

12.5 

(d) STRMPLT map of sub-populations from probability plot, 
(light <5, medium 5-8, dark >&%) 

(c) STRMPLT map for magnesium with subjectively chosen 
class intervals. <« 2.3, 2.5-3.5, 3.6-4.5, 3.6-7.5, 7.6-fu5, 

6-10.5, >10.555) 
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plot subdivisions (Figure 3-11 c and d) indicate that stream sediments over the 

Old Red Sandstone, Carboniferous Limestone and Upper Jurassic limestone are 

generally low in magnesium. Samples from streams over the Coal Measures, 

Keuper Marl and Lower Lias have moderate to high magnesium concentrations, 

the Keuper Marl being the highest. 

3-5.03 Manganese 

The manganese population itself is highly skewed, but it can be divided into 

three essentially normal sub-populations (Figure 3-12 a and b). Apart from 

general low levels over the Old Red Sandstone and Jurassic strata, sporadic high 

concentrations are distributed throughout the study area (Figure 3-12 c and d). 

Some of the anomalies are spatially related to areas of manganese mineralisation 

in the Carboniferous Limestone and Dolomitic Conglomerate. There is an 

extensive area of high manganese concentrations in the poorly drained lowlands 

south of Mendip, and some more localized highs in similar terrain along the banks 

of the Severn Estuary. 

3-5.04 Strontium 

Strontium also shows strong positive skewness and the data can be divided 

into two positively skewed sub-populations (Figure 3-13 a). The Old Red 

Sandstone and Upper Jurassic Oxford Clay are consistently low in strontium, 

whereas most of the other strata, especially the limestone, are moderately but 

irregularly enriched (Figure 3-13 b). The upper 7% of the data is restricted to 

the Keuper Marl (Figure 3-13 c), and correlates closely with the evaporitic 

celestite occurrences (Figure 2-12). 

3-5.05 Barium 

The barium data are comprised of two positively skewed sub-populations 

(Figure 3-14 a). Data between the 80th and 90th percentiles are generally 

confined to areas underlain by Keuper Marl. The upper 10% of the data, and the 

upper subset (Figure 13-14 b and c) are spatially related in part to the zone of 

strontium enrichment, and in part to the areas of sulphide mineralisation (see 

Figure 2-12). 



Figure 3-12 
(a) Histogram for ppm manganese (as for 3-IOa) 

(b) Probability plot for ppm manganese (as for 3-1 lb) 
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Figure 3-J3 
(a) Probability plot lor ppm strontium (as for 3-1 lb) 
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(b) STRMPLT map of strontium percent i les (as for 3-1 Ob) 
(<67, 67-133, 134-210, 211-366, 367-55S, 559-S43, S44-23S&, 
>2353 ppm) 

(c) STRMPLT map for strontium sub-populations 
(light <656, ctirk >656 ppm) 



Figure 3 - R 
(a) Probability plot for pprr. barium (as for 3-1 lb) 

(b) STRMPLT map lor barium percent i les (as for 3-1 Ob) (c) STRMPLT map for barium sub-populations 
(<259, 209-30S, 309-466, 467-97S, 979-2189, 2190-3992, (light <2000, dark >2000 ppm) 
3993-9769,>9769 ppm) 



-35-

3-5.06 Copper 

The copper data have been divided into two sub-populations, and although 

the lower one has been normalised, the upper one has an irregular distribution 

and will be treated as an inhomogenous anomalous sub-population (Figure 3-15 a 

and b). Very low concentrations are characteristic of the Old Red Sandstone and 

Jurassic limestone (Figure 3-15 c). Areas with anomalous copper concentrations 

include the Bristol conurbation and association industrial areas, the areas of 

lead-zinc mineralisation, and the poorly drained ground along the banks of the 

Severn and south of Mendip (Figure 3-15 d). 

3-5.07 Lead 

Like copper, the lead data are characterised by an inhomogeneous 

anomalous sub-population (Figure 3-16 a and b). Samples from within the upper 1 

percentile are restricted to the Mendip area and Avonmouth, although some of 

those from within the anomalous group are from immediately east of Bristol 

(Figure 3-16 c and d). The most extensive area of enrichment is the poorly 

drained alluvial plain south of Mendip. The anomaly northeast of Bristol, near 

Cromhall (696 905), is within an area underlain by Carboniferous Limestone. 

3-5.08 Zinc 

The highly skewed zinc data are composed of two sub-populations (Figure 

3-17 a and b). Consistently low values characterise the Old Red Sandstone 

(Figure 3-17 c). The upper 5 percent, and the data from the anomalous subset are 

confirmed to the Bristol, Mendip and Avonmouth areas, with some elevated 

values northeast of Bristol (Figure 3-17 d). 

3-5.09 Cadmium 

Over half of the samples have cadmium concentrations below the 0.1 ppm 

detection limit of the analytical method. The distribution of the remaining data 

is irregular, and although 4 skewed sub-populations have been identified, the fit 

between the model and the original data is poor, and the groups have not been 

plotted separately. The spatial distribution is similar to that for zinc, except that 

the Avonmouth enrichment is more extensive (Figure 3-18 b). High cadmium 

concentrations in poorly drained areas near Clevedon and southwest of Mendip 

are coincident with high copper concentrations. 



Figure '3 -13 
(a) His togram for ppm copper (as for 3-1 Oa) 

(b) Probability plot for ppm manganese (as for 3-1 lb) 

(d) STRMPLT m a p for copper sub-popuiat ions 
(light <77, dark >77 ppm) 

<c) STRMPlT m a p for copper pe rcen t i l e s (as for 3-10b) 
(<11 .7 , 11.7-18.8, 18.9-26.6, 26.7-*0.5, 40.6-35.8, 55.9-33.7, 
153.8-176, >176 ppm) 



Figure ">-16 
(a) His togram for ppm lead (as for 3-1 Oa) 

S " J D £ V = 3 i 6 - fr ? 5 

(c) STRMPLT m a p for lead pe rcen t i l e s (as for 3-1 Ob) 
( < 2 4 . 5 , 24.5-45.5, 45.6-79, 80-157, 158-307, 308-690, 
691-2300,>7300 ppm) 

(b) Probability plot for ppm manganese (as for 3-1 lb) 

(d) STRMPLT map for lead sub-populations, 
(light <620, dark >420 ppm) 



Figure 3-17 
\a) His togram for ppm zinc (as for 3-10a) (b) Probability plot for ppm manganese (as for 3-1 lb) 

(c) STRMPLT map for zinc pe rcen t i l e s (as for 3-1 Ob) 
( < 1 0 3 , 103-159, 160-213, 244-417, 41R-627, 62X-10SS, 
10*9-3691,>3691 ppm) 

(d) STRMPLT m a p for zinc sub-populat ions 
(light < 1590, dark >1590 ppm) 



Figure 3-13 
ta) Histogram for ppm cadmium (as for 3-IOa) 

(b) STRMPLT map for cadmium with subjectively chosen 
class intervals ( < . 4 (60* of data), .4-.&, .9-1.4, 1.5-2.9, 
3.0-5.1, 5.2-7.9, &-25 t>25 ppm) 
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3-4.10 Arsenic 

Although the arsenic data appear to consist of 3 skewed sub-populations 

(Figure 3-19 a and b), the distribution is largely controlled by discontinuities 

resulting from the analytical procedure (i.e., data were reported in multiples of 

4), and the groups have not been plotted separately. The lower 80% has an even 

spatial distribution, except for lows in the upper Jurassic Oxford Clay and part of 

the Old Red Sandstone. The Lower Lias shows strong enhancement in arsenic 

southeast of Mendip and along the base of the Cotswold Scarp. Samples within 

the upper 5 percentile are from Avonmouth, Mendip and the Cotswold Scarp areas. 

3-5.11 Iron 

Three slightly skewed sub-populations have been identified in the iron 

population, but again these can be attributed to analytical discontinuities. 

Concentrations above 4% characterise most of the areas underlain by Coal 

Measures, especially northeast of Bristol and within the Radstock Basin. Iron 

enrichment is evident in areas underlain by the Lower Lias, along the Cotswold 

Scarp near Dundree (557 668) and southwest of Mendip (Figure 3-20 b). High iron 

concentrations are also evident in the lowlands along the banks of the Severn, 

particularly near Avonmouth. 

3-5.12 Molybdenum 

The modybdenum data have been divided into 3 sub-populations (Figure 

3-21 b). Data lying within the upper 10% of the population are entirely confined 

to areas underlain by the Lower Lias (Figure 3-21 c, d). Particular enrichment 

charcterises the base of the Cotswold Scarp, the area immediately north of 

Bristol, the base of Dundree Hill, and the area southwest of the Mendip Hills. 

3-6 Principal Components Analysis of Stream Sediment Data 

Principal components analysis was used to investigate elemental 

associations which are not readily apparent from studying the individual 

variables. The algorithm used is that of Mancey (1979), which is modified from 

the factor analysis routine of Davis (1973, program 7.12). The S T R M P L T 



Figure 3-19 
(a) Histogram lor ppm arsen ic (as for 3-1 Oa) 

(b) Probability plot for ppm manganese (as for 3-1 lb) 
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(c) STRMPLT map for a rsen ic pe rcen t i l e s (as for 3-1 Ob) 
(< S.6, 8.6-12.3, 12.4-15.8, 15.9-22.0, 22.1-30.5, 30.6-3S.1, 
3S.2-1C2, >102 ppm) 



Figure 3-20 
(a) Hi stogram lor % iron (as for 3-1 Ga) 

(b) STRMPLT map for iron with subjectively chosen class 
intervals (<1.5, 1.5-2.5, 2.6-3.5, 3.6-4.5, 4.6-5.5, 5.6-6.5, 
>6.5%) 



Figure 3-2] 
(a) His togram for ppm molybdenum (as for 3-10a) (b) Probability piot for ppm molybdenum (as for 3-1 lb) 
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derived map-arrays, rather than the original data, were used as input because the 

sector averaging procedure accounts, to some extent, for sample representivity 

as a function of the size of the drainage basin (see Appendix C). Using this data 

also satisfies the "independence of observations" requirement for parametric 

statistical procedures (Box and Cox, 1964). For example, in cases where samples 

from two adjacent sites might be derived from largely the same drainage area the 

effective weighting would be reduced. To satisfy the normality requirement, the 

data were transformed by the generalised power technique (Howarth and Earle, 

1979). 

Models with from 4 to 7 components were investigated using the Varimax 

rotation technique. The components are summarised in Table 3-1, which lists only 

those variables with loadings greater than + 0.3. Important associations as 

interpreted from the spatial distribution of the various factors (maps not shown) 

are as follows: (1) Cu-Pb-Zn-Ba As (with Sr-Mn-Fe) - areas of base metal 

mineralisation and probable industrial contamination, (2) Mn-Fe (with M g and As) 

- areas underlain by the Coal Measures, and areas of poor drainage along alluvial 

flats, (3) Ca-Sr - areas underlain by calcareous strata and Keuper Marl, (4) M o 

(with Cu-Fe) - areas underlain by the Lower Lias black shale and (5) Sr-Ba - areas 

underlain by the Keuper Marl. 

3-7 Discussion 

The Wolfson Geochemical Atlas of England and Wales (Webb et al, 1978) 

has revealed significant enrichment of strontium, barium, lead, zinc, cadmium, 

copper, calcium and molybdenum in parts of the region between Gloucester and 

the Central Somerset Basin. The current investigation is intended to provide 

geological explanation for the enrichment, and is concentrated on the area 

around Bristol and Mendip Hills. Part of the work has involved a re-evaluation of 

the existing stream sediment data based on a higher resolution plotting technique, 

and on various statistical procedures. 

Geochemical variation appears to be dominantly controlled by lithology 

and mineralisation, although industrial activity is important for some elements, 

and it is difficult to estimate the real effect of former mining and processing. 

Lithologically, the Old Red Sandstone in the northwest and the Jurassic Limestone 

in the east have the most distinctive geochemical characteristics. 
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Table 3-1 Important loadings on principal components for the stream sediment data 
from the study area (Data from S T R M P L T arrays, following 
transformation by the variable exponent technique) 

No. components 7 6 5 4 

% variance 
explained 89 84 79 72 

Cu-Pb-Zn Ba-Cu-Pb Sr-Ba-Cu Ba-Cu-Pb-Zn 

A Zn-Mn-As Pb-Zn-As As-Mn-Sr 

s 

s M s Mg-Fe-Mn Mg-Fe-Sr Mg-Mn-Fe 

0 

c Ca-Sr Ca-Mn-Sr Ca-Sr Ca-Sr 

i 

a Mo-Cu-Fe Mo-Cu-Fe Mo-Fe-Cu Mo-Fe-Cu 

t 

i Mn-Fe As-Fe-Mn Mn-Fe-As 

o 

n As Sr-Ba 

s 

Sr-Ba 

(All loadings shown are greater than + 0.3. Those underlined are greater 
than + 0.5) 
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The relative heterogenity over other lithologies is probably a result of smaller 

areas for individual units, mineralisation and other alteration, and variations in 

secondary environment. Relative geochemical characteristics of the various 

lithologies can be summarised as follows: 

(1) low concentrations (of all elements considered here) in the Old Red 
Sandstone, 

(2) moderately high calcium concentrations but low magnesium 
concentrations over the Carboniferous Limestone, 

(3) high magnesium and iron concentrations over the Coal Measures, 
(4) high strontium, barium and magnesium concentrations over the 

Keuper Marl, 
(5) high molybdenum, iron and arsenic concentrations over the black 

shales of the Lower Lias, and 
(6) high calcium concentrations, but low concentrations of other 

elements over the Inferior Oolite. 

These relationships are consistent with stream sediment lithological 

relationships for other parts of England and Wales, with the exception of the 

relative enrichment of barium and strontium in the Keuper Marl, and the general 

elevation of barium, strontium, lead and zinc throughout the study area. The lead 

and zinc are related to base metal mineralisation in the Carboniferous Limestone 

and Dolomitic Conglomerate, and the patterns are similar to those around other 

mining districts in England and Wales. Study of sediments in underground and 

surface streams in the Mendip area (Stenner, 1978) has shown that extremely high 

concentrations of lead, zinc, and to a lesser extent, cadmium and copper, can be 

archeologically related to mining and smelting activity. Samples of sediments 

which appear to pre-date mining activity have lower, but still anomalous heavy 

metal concentrations. 

Barium also appears to be related to the base-metal mineralisation even 

though it is not a dominant constituent of the Mendip area ores. The area of 

barium enrichment seems disproportionately large in comparison to barite mining 

areas such as northern Wales, Derbyshire, the northern Pennines, and the Lake 

District (see Webb et al, 1978, page 24). 

Much of the area of high strontium concentrations is related to the 

extensive celestite mineralisation in the evaporitic Triassic red-beds (see Chapter 

6), however, the strontium enrichment extends well beyond the area underlain by 

the red-beds. In these latter areas the strontium is associated with calcium. 
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Enhanced levels of molybdenum near Bristol and in the central Somerset 

Basin are most likely related to shale beds within limestones of Lower 

mid-Jurassic age (Le Riche, 1959). The molybdeniferous strata are part of the 

Blue Lias Formation (Green and Welch, 1965) which forms the base of the Lias in 

the study area. Le Riche (1959) noted about 5% pyrite in one sample of the 

Lower Lias, and it is quite likely that pyrite is widely present in the black 

shales. Weathering of this pyrite m a y be the major factor contributing to the 

iron and arsenic anomalies, as pyrite is known to be enriched in arsenic (Boyle, 

1974). 

There are very significant cadmium, lead, zinc and copper anomalies in the 

area northeast of Avonmouth. The geochemical pattern follows the prevailing 

wind direction (Marples, 1979) and is probably a product of airborne 

contamination from smelter and chemical works. Allen et al (1974) have 

determined that silicate, sulphide and oxide compounds of zinc, lead and cadmium 

are present in roughly equal proportions of soluble and particulate material, 

whereas a smaller proportion of the lead is present in soluble form. Much of the 

soluble metal has probably been incorporated into iron and manganese oxides, 

where these are present. 

Anomalously high copper, lead and zinc concentrations in the area 

immediately east of Bristol are probably a product of urban pollution. The most 

likely source of the lead is automobile exhaust (cf. H e m and Durum, 1973), 

although some of the contamination m a y originate at Avonmouth, or at smaller 

industrial operations nearby. 

A consistent feature of the stream sediment geochemistry is enrichment 

of manganese and iron, and related elements including copper, lead, zinc and 

cadmium, in poorly drained areas of the alluvial lowlands. This feature is 

probably a function of spatial variation in oxidation-reduction potential which has 

resulted in oxidation and precipitation of dissolved iron and manganese. Metal 

contamination northeast of Avonmouth, and the extensive lead and zinc anomalies 

south of the Mendip Hills near Cheddar, m a y be partly related to the manganese 

and iron. Surface and sub-surface runoff from Mendip has relatively high lead 

and zinc concentrations (see Chapter 4), and it is likely that much of this 

dissolved metal has been adsorbed onjto hydrous manganese oxides on the alluvial 

flats. 
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C H A P T E R 4 G E O C H E M I S T R Y O F G R O U N D A N D S U R F A C E W A T E R S O F T H E 
M E N D I P HILLS 

4-1 Introduction 

As noted in Chapter 1, mineral exploration based on stream sediment 

geochemistry is of limited use in karstic areas such as the Mendip Hills. This 

problem is of particular importance because many karstic formations are hosts to 

significant base metal mineral occurrences. 

The application of hydrogeochemistry to mineral exploration in carbonate 

areas has been assessed by several workers. DeGeoffroy et al (1967) obtained 

apparently good results from a regional survey in the southwest Wisconsin zinc 

area, although they felt that in some cases analytical methods m a y not be 

sensitive enough for such a survey, and that deep sulphide ore m a y not be 

sufficiently oxidised to allow its detection in ground water. Based on a study of 

the Derbyshire D o m e , Edmunds (1971) concluded that ground water geochemical 

surveys are useful in karstic terrains where surface drainage is limited. He 

expressed some reservations about seasonal variability and low metal solubility 

under high p H conditions, but pointed out that some associated non-metals, for 

example fluoride, can be useful indicators of mineralisation. Bertenshaw (1979, 

1981) extended the work of Edmunds and concluded that zinc is a useful indicator 

of zinc-bearing deposits, provided that contamination can be recognized, and that 

fluoride is a useful indicator of fluorite-bearing deposits. Bertenshaw (1979) also 

showed that seasonal variations do not necessarily mask spatial variations. In a 

study of surface waters near zinc mineralisation in Tennessee, Perhac and Whelan 

(1972) compared dissolved metal concentrations with those of bottom sediment 

and colloidal sized suspended material. They found that the colloidal material 

showed the greatest contrast above and below a mineralised zone, and that 

dissolved metal showed virtually no contrast. 

A programme of spring and stream water sampling has been carried out in 

the Mendip Hills area. Emphasis has been placed on using major element 

variations as a guide to interpreting hydrology and the behavior of the minor 

elements. The problem of distinguishing between spatial geochemical patterns 

and seasonal variation has been assessed on the basis of a series of periodic 

samples collected over 13 months. 
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4-2 Hydrology 

The hydrology of the Mendip Hills has been summarised by Smith and Drew 

(1975). As steeply dipping carbonate rocks are dominant, and topographic relief is 

significant, underground drainage is well developed. The geology of the Mendip 

Hills is shown in Figure 4-1, and some aspects of the hydrology are shown in 

Figure 4-2. Sink-spring connections, taken from Drew (1967) and Smith and Drew 

(1975), are indicated where known. 

About 10% of the drainage is at surface, and in most cases this is over the 

Old Red Sandstone and Lower Limestone Shale. Most of these surface streams 

sink within a few tens of metres after crossing from the Lower Limestone Shale 

into the main Carboniferous Limestone. These swallet streams are virtually the 

only discrete recharges in the area, as more than 90% of the aquifer recharge is 

by percolation (Drew, 1967; Newson, 1970; Atkinson, 1977b). On the other hand, 

60% to 80% of the ground water transmission is by conduit rather than diffuse 

flow (Atkinson, 1977a). Radically different flow rates for water from separate 

sinks discharging at one spring, or from one sink discharging at several springs, 

gives some idea of the complexity of the conduit flow (Smith and Drew, 1975). 

Several instances of crossing underground flow paths are documented, and some 

of these are shown in Figure 4-2. 

Precipitation records covering the period from March 1976 to April 1977 

for two sites in the Mendip area, and flow records for three Mendip Springs, are 

shown in Figure 4-3 and 4-4. Although Rickford and Langford flows are indicated 

as being nil during much of the summer of 1976, the springs did not run 

completely dry. All of the flow records are characterised by slow decay curves 

over the period of the dry 1976 summer. This is probably a result of gradual 

drainage of water stored in fine joints and fractures (Atkinson, 1977a). The 

response to rainfall in late August and early September 1976, after several weeks 

of drought, was initially very slight, presumably due to very low soil and ground 

water levels. The first rain was recorded in the last week of August and, of the 

springs documented here, none responded before late September. 

4-3 Sample Collection, Preparation and Analysis 

Samples were collected in 2 1 polythene bottles which had been pre washed 

in 10% nitric acid. The bottles were rinsed three times at the sample site, and 



Figure 4-1 Geological map of the Mendip Hills 
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Figure 4-3 Weekly precipitation records for Harptree (near site 30) and 
Charterhouse (near site 67) for the period March 1976 to April 1977 
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Figure 4-4 Flow records for Rickford (site 27), Langford (site 25) and Cheddar 
(site 21) for the period from March 1976 to April 1977 (data from 
Wessex Water Authority, Bristol) 
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filled underwater so as to avoid air bubbles. Water temperature and p H were 

determined in the field, the latter using a Pye-Unicam-293 p H meter which was 

calibrated several times each day with buffered solutions of p H 4.0, 7.0 and 9.2, 

and again at each sample site with the p H 7.0 solution. Springs were sampled as 

close to their source, and as free from apparent contamination as possible. 

Within 12 hours of collection, bicarbonate concentration was determined 

by titration with hydrochloric acid (Appendix A). Samples were then vacuum 

filtered through G/F-C filter papers (nominal pore size .45 u m ) and split into 250 

and 1 000 ml sub-samples. The 1 000 ml aliquot was acidified with 2 ml of 

concentrated nitric acid. Chloride and sulphate were determined titrametrically, 

and fluoride by specific ion electrode on the 250 m L unacidified aliquot 

(Appendix A). Calcium, magnesium, sodium, and potassium were determined by 

atomic absorption spectrophotometer, as were iron, manganese, cadmium, copper, 

lead, and zinc after complexation with N a - D D C and extraction into chloroform 

(Appendix A). At 10% of the sites duplicate samples were collected, and 10% of 

the fluoride, chloride, sulphate, bicarbonate, calcium, magnesium, sodium and 

potassium determinations were also duplicated. Estimates of sampling and 

analytical precision are given in Appendix A . Except at high concentrations, data 

for cadmium, lead and manganese are unreliable. For example, only 29% of the 

samples have lead concentrations above the detection limit. 

A total of 79 sites was sampled, 66 of them over a period of 6 days during 

April 1976. Locations of these sites are given in Figure 4-2, and the data are 

listed in Table 4-1. Included are 42 springs, 21 streams and 3 wells. Average 

spring discharge varies from almost nil, to 500 1 per second. Variation in 

discharge is discussed in Section 4-4. Nine sites were sampled at roughly monthly 

intervals over a period of 13 months. Data from these samples are given in Table 

4-2. The sites were chosen to be representative of most of the different 

aquifer-types and flow conditions, although very small sources with only periodic 

flows were excluded. 

4-4 Seasonal Fluctuations in Hydrogeochemistry 

Data from five of the nine periodically sampled sites are shown graphically 

in Figures 4-5 to 4-9, including: Cheddar (Site 21 as shown on Figure 4-1), 
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Table 4-1 Analytical data for water samples from the Mendip Hills(T is in °C, 
H C O 3 to K are in mg/1, Cd to Zn are in ug/1) 

SITE DATE T F'H HC03 F S04 CA HG NA K CD CU FE HN F'B ZN 

001 15/04/76 8.5 8.0 302 0.06 22 90 5.0 9,9 11.0 0.40 1.50 105.00 52.0 4.0 30.50 
002 15/04/76 8.5 7.2 82 0.06 23 37 4.0 10,6 1.9 0.35 0.75 10.00 1.5 1.2 20.00 
003 15/04/76 9.5 7.3 302 0.44 18 86 4.6 8,6 1.9 0.85 1.45 16.00 20.0 2.2 215.00 
004 15/04/76 8,5 8.3 334 0.08 33 118 4.0 6.5 1.4 0.05 1.15 15.00 2.5 1.2 1.95 
005 15/04/76 11.0 7.2 315 0.16 29 100 9.5 9.2 2.8 0.15 0.65 7.50 1.0 0.5 30,00 
005 15/04/76 11.0 7.2 315 0.17 26 93 8.8 8.2 2.7 0.35 0.85 9.50 1.0 1,2 37.00 
006 15/04/76 10.0 8.0 252 0.16 35 75 23.8 10,5 2.3 0.05 0.90 8.50 1.0 3,0 6.10 
007 15/04/76 11.5 7.2 252 0,14 17 88 6,5 6,1 1.8 0.15 0.60 4.00 0.5 1.2 42.00 
008 15/04/76 10.0 6.2 19 0.07 10 9 1.5 8.7 1.6 0.15 0.80 15.00 6.5 1.2 55.00 
009 15/04/76 11.0 6.7 271 0.12 28 80 7.3 10.6 8.4 0.20 3.15 75.00 12.0 1.2 30.00 
010 15/04/76 11.5 6.8 364 0.15 26 93 6.8 7.6 2.1 0.25 1.10 4.00 6,0 1.2 90.50 
Oil 15/04/76 13.0 6.8 158 0.14 20 123 6.6 7.9 2.6 1.50 1.10 5.50 0,5 1.2 35.50 
012 15/04/76 13.0 6.7 284 0.11 18 86 8.8 .7.8 3.0 1.45 0.75 26.00 8.5 1.2 9.90 
013 15/04/76 11.0 6.9 208 0.17 26 60 7.3 9.6 4.5 0,40 1.25 36.00 15.0 1,2 4,80 
014 15/04/76 11.0 6.9 239 0.16 30 64 6,5 7.9 2.6 1,55 1.85 10.00 4.0 0.5 6.90 
015 15/04/76 10.5 7,5 302 0.41 22 88 4.5 6.3 1.8 0,01 0.55 5.00 1.0 1.2 6.15 
016 15/04/76 11.5 6.9 315 0.13 18 95 8.3 9.0 2.4 0.25 0.70 14.00 2.5 1.2 12.00 
017 16/04/76 11.0 6.7 296 0.08 23 95 8.0 6.4 1.8 0.15 0.55 4.50 1.0 3.5 56.00 
017 16/04/76 11.0 6.7 296 0.07 20 100 8.8 7.6 2.0 0.45 . 4.00 0.9 3.5 67.50 
018 16/04/76 12.0 6.8 296 0.06 29 85 9.8 6,1 1.0 2.25 0.50 5.00 0.1 2.2 4.00 
019 16/04/76 12.0 6.8 296 0.08 33 90 13.0 6.8 2.1 0.15 0.50 10.00 0.5 1.2 9.70 
020 16/04/76 12.0 6.8 356 0.06 34 94 26.0 8.9 2.3 0.50 0.75 5.50 1.5 1.2 2.50 
020 16/04/76 12.0 6.8 356 0.07 32 85 25.0 9.0 2.1 0.25 0.80 5.50 1.5 1.2 2.60 
021 16/04/76 11.0 6.7 265 0.06 18 96 4.5 6.2 1.5 1.20 0.65 5.00 1.0 19.0 83.00 
022 16/04/76 12.0 6.9 290 0.09 33 115 10.0 8.3 1.4 0.50 0.50 7.00 • 0.5 1.2 4.40 
023 16/04/76 12.0 6.6 302 0,08 30 95 13.8 10.0 2.1 2.90 0.65 4.00 0.5 1.2 9.25 
024 16/04/76 9.5 7.1 132 0.06 25 43 7.0 8.9 2.0 2.20 0.60 5.00 1.5 1.2 93.50 
025 16/04/76 11.0 6.8 233 0.12 26 74 7.6 8.0 1.4 0.25 0.35 10.50 1.0 1.2 36.00 
025 16/04/76 11.0 6.8 233 0.10 24 74 7.5 8.0 1.3 0.45 0.45 6.50 1.0 1.2 36.00 
026 16/04/76 11.0 6.7 277 0.07 26 99 8.0 6.4 2.0 1.30 0.60 8.00 2.5 1.2 67.00 
027. 16/04/76 11.0 6.5 271 0.07 25 88 5.0 6.2 1.7 0.75 0,35 0.45 0.5 1.2 52.50 
028 16/04/76 9.5 7.4 284 0.17 26 95 13.5 5.7 1.4 0.25 0,55 15.00 1.0 0,5 4.10 
029 16/04/76 12.5 7,5 277 0.19 14 87 11.0 5,9 1.7 0.25 0,60 5.50 3.5 0.5 5.50 
030 16/04/76 11.5 6.6 284 0.09 25 160 4.5 7.0 3.1 2.15 0,50 8.00 0.3 5.0 1010.00 
031 16/04/76 11.0 7.4 126 0.07 16 37 5.0 4.7 1.4 0.50 0.95 16.00 3.0 8.0 42.50 
032 17/04/76 • 6.2 13 0.10 15 7 2.4 5.0 1.8 0.70 0.85 155.00 125.0 46.0 31,00 
033 17/04/76 . 7.4 132 0.08 17 48 2.0 6.6 1.6 0.10 0.45 110.00 23.5 18.0 44.00 
034 17/04/76 11.5 7.7 214 0.07 23 82 5.4 6.4 2.1 0.10 0.85 16.00 1.5 3.0 3.65 
034 17/04/76 11.5 7.7 214 0.08 21 80 5.3 7.2 2.0 0.15 0.70 51.00 1.5 5.0 3.80 
035 18/04/76 9.0 6.8 202 0.06 22 71 4.5 9.4 2.1 0.25 0.70 28.00 85.0 0.5 2.85 
036 18/04/76 12.5 7.2 176 0.23 5 47 7.0 7.7 2.5 0.30 0.35 15.00 2.0 1.2 2.30 
037 18/04/76 12.5 7.5 239 0.14 19 83 6.0 6.9 2.4 0.05 1.10 7.50 1.5 2.2 1.60 
038 18/04/76 12.5 7.5 126 0.20 17 36 4.5 5.5 1.9 0.55 1.40 125.00 — c 

/ 2.2 5.65 
039 18/04/76 12.0 7.3 113 0.09 24 36 3.8 6.1 4.0 0.60 1.55 85.00 25.0 1.: 5.7a 
039 18/04/76 12.0 7.3 113 0.08 24 44 4.3 6.8 4.7 0.60 1.60 85.00 25.0 1.2 5.50 
040 18/04/76 13.0 7.4 44 0.05 24 21 2.5 6.3 3.1 0.30 1.45 31.00 4.0 1.2 3.50 
041 18/04/76 14.0 7.9 94 0.14 11 30 5.2 6.6 2.0 0.15 0.75 41.00 11.0 1.2 3.50 
042 18/04/76 14.0 8.4 176 0.19 19 51 7.4 9.3 6.9 1.25 1.15 17.00 3.5 0.5 2.50 
043 18/04/76 13.0 7.8 107 0.11 17 28 5.5 10.4 5.7 • . • , , « 
044 18/04/76 14.0 7.8 189 0.17 20 50 8.5 10.2 10.3 0.40 1.05 135.00 65.0 1,2 5.35 
044 18/04/76 14.0 7.8 189 0.19 20 46 7.5 9.4 8.9 0.35 1.10 105.00 51.0 1,2 4,60 
045 18/04/76 12.5 7.8 120 0.53 6' 32 4.6 6.5 1.9 0.75 0.50 20.00 4.0 1.2 2,20 
046 13/04/76 12.5 7.7 145 0.20 10 40 7.5 6.5 1.5 0.25 0.85 13.00 13.0 1.2 2.60 
04? 18/04/76 15.0 7.9 221 0.09 37 100 2.5 B.O 1.9 0.40 0.50 20.00 15.0 1.2 1.15 
04E 18/04/76 11.0 7.9 nn j 0.07 45 86 2.5 9.6 6.4 0.25 0.70 7.0C 0.5 1.2 2.50 
049 18/04/76 11.0 7.0 328 0.17 35 9e 7.5 9.0 2.2 0.40 0.60 8.50 7.5 1.2 86.00 
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Table 4-1 cont. 

SITE DATE T PH HC03 F S04 CA MG NA K CD CU . FE «N PB ZN 

050 18/04/76 7.1 283 0.07 18 86 7.0 6.3 1.40 0.60 0.75 6.0 27.00 23.0 93.00 
051 20/04/76 11.5 6.9 334 0.19 26 110 8.5 7.4 1.90 0.50 0.35 6.5 • 1.00 2.2 245.00 

052 20/04/76 13.0 7.2 321 0.34 39 116 9.5 10.5 2.90 1.10 S.45 5.0 1.00 4.5 510.00 
053 20/04/76 11.5 7.1 315 0.15 34 102 7.3 9.7 2.30 0.70 1.10 5.5 1.00 125.00 
054 20/04/76 10.0 7.3 120 0.07 20 35 6.7 9.4 2.20 0.01 0.50 4.0 1.00 0.5 12.50 
054 20/04/76 10.0 7.3 120 0.07 18 38 7.0 3.8 2.20 0.30 0.30 4.5 .1.00 0.5 13.00 
055 20/04/76 11.0 6.8 113 0.03 25 120 1.5 6.9 2.90 0.50 0.75 6.0 1.00 0.5 19.00 
056 20/04/76 12.0 6.8 302 0.29 28 102 10.0 7.3 2.90 1.45 0.75 5.5 0.50 15.5 900.CO 
057 20/04/76 11.0 6.7 328 0.23 48 117 17.0 9.5 2.80 . . . . . • 

058 20/04/76 10.5 7.2 347 0.06 16 70 4.5 6.4 1.80 0.20 0.85 3.0 1.00 0.5 4.10 
059 20/04/76 11.0 7.3 214 0.07 7 50 7.0 6.9 2.20 0.15 0.40 6.5 0.50 1.2 3.TO 

060 20/04/76 10.5 7.1 176 0.09 40 95 5.0 9.2 1.40 0.01 0.40 7.0 . 1.2 3.65 
060 20/04/76 10.5 7.1 176 0.10 37 83 5.0 9.4 1.40 0.01 0.50 5.0 1.00 1.2 2.20 
061 20/04/76 12.0 7.0 246 0.09 24 68 1.5 10.2 2.00 0.90 0.60 4.0 0.45 1.2 es.so 
062 20/04/76 13.0 7.0 296 0.12 46 78 20.5 9.9 1.80 0.45 1.30 3.5 0.50 0.5 • 3.20 
063 20/04/76 13.0 7.2 277 0.09 39 95 24.0 50.0 3.00 0.25 1.40 5.0 1.00 1.2 5.30 
064 20/04/76 12.5 7.5 296 0.06 27 100 14.5 8.4 1.80 0.60 10.20 6.5 1.00 1.2 10.70 
065 21/04/76 10.5 6.8 189 0.06 18 64 4.8 9.0 2.20 0.10 0.40 3.0 0.50 0.5 1.45 
066 23/05/76 7.5 138 0.05 20 58 5.5 8.6 1.75 1.30 0.35 15.0 4.00 3.0 51.50 
067 23/05/76 • 6.5 126 0.05 18 50 4.2 6.8 0.55 0.30 0.65 380.0 345.00 1.2 27.00 
068 23/05/76 • 7.0 189 0.10 15 77 4.0 8.8 0.90 0.40 0.60 175.0 70.00 2.5 63.00 
068 23/05/76 7.0 195 0.09 15 75 4.1 8.9 1.03 0.50 0.40 150.0 65.00 1.2 58.00 



Table 4-2 Analytical data for water samples from the monthly sampling 
stations in the Mendip Hills area (T is in °C, H C O 3 to K are in 
mg/1, Cd to Zn are in ug/1) 

S I T E = 0 0 5 

HATE T PH H C 0 3 F S 0 4 CL CA MG NA K CD CU F E MN PE 2 N 

2 7 / 0 3 / 7 6 7 . 6 * . • 1 0 5 9 . 0 • . 0 . 3 5 1 . 9 0 2 2 . 0 4 . 5 0 1 w . 0 2 4 . 5 
1 5 / 0 4 / 7 6 11.0 •7 0 / . 3 1 5 0. 1 6 2 9 . 1 0 0 9 . 5 9 . 2 0 2 . 8 0 0 . 1 5 0 . 6 5 7 . 5 1 . 0 0 0 . 5 3 0 . 0 
1 5 / 0 4 / 7 6 11.0 7 . 2 3 1 5 0. 1 7 2 6 • 9 3 S . 8 8 . 2 0 2 . 7 0 0 . 3 5 0 * 8 5 9 , 5 1 . 0 0 1 . 2 3 7 .0 
2 3 / 0 5 / 7 6 * 7 . 0 3 0 2 0. 1 8 2 6 2 0 1 1 1 1 1 . 8 1 0 . 0 0 4 . 4 0 0 . 3 0 0 . 9 5 6 0 . 0 1 • 0 0 3 . 5 2 5 . 0 
1 7 / 0 7 / 7 6 11.0 7 . 0 3 2 5 0 . 1 9 2 4 1 9 1 1 4 1 2 . 2 9 . 3 5 4 . 4 5 1.00 1 . 6 0 1 2 . 0 0 . 5 0 1 . 2 2 7 .0 
2 3 / 0 8 / 7 6 1 1 . 5 6 . 8 mi 0 . 1 6 2 3 1 8 1 1 4 1 3 . 2 1 8 . 5 0 4 . 1 5 . . . 
2 6 / 0 9 / 7 6 1 1 . 4 6 . 7 . 2 6 9 0 . 1 6 3 2 2 5 1 3 2 1 0 . 0 2 3 . 0 0 7 . 7 0 1 . 5 0 2 . 0 0 4 6 . 5 5 . 5 0 2 . 5 2 7 ,0 
1 6 / 1 0 / 7 6 1 0 . 4 • 2 9 7 0. 1 7 3 1 1 9 1 2 0 9 . 2 0 . 7 0 1 . 5 0 1 7 . 0 1 , 5 0 n . 5 r>j . 5 
2 4 / 1 1 / 7 6 1 0 . 7 6 . 9 3 1 8 0 . 1 7 2 7 1 8 1 1 6 1 0 . 6 • 0 . 3 0 0 . 7 0 8 . 0 0 . 5 0 1 . 2 2 3 . 5 

1 9 / 1 2 / 7 6 . 6 . 9 2 5 6 0 . 1 5 2 7 1 9 1 1 0 7 . 0 8 . 0 0 3 . 7 0 1 . 8 0 1 . 6 0 4 3 . 0 1 . 5 0 0 . 5 2 2 .0 
2 3 / 0 1 / 7 7 1 0 . 0 7 . 0 2 7 1 0 . 1 5 2 7 2 0 1 2 0 8 . 0 9 . 1 0 4 . 0 0 2 . 6 0 1 . 3 0 3 1 . 5 1 . 5 0 1 n 

• tL. 2 2 , 5 
2 3 / 0 1 / 7 7 1 0 . 0 7 . 0 2 7 4 0 . 1 5 2 7 2 0 1 2 4 8 . 0 9 . 2 5 4 . 1 0 0 . 5 0 1 , 3 0 4 0 , 0 1 . 5 0 1 n 

• i. 2 2 . 5 

1 9 / 0 2 / 7 7 9 . 2 6 . 9 2 4 6 0 * 1 5 2 5 1 5 1 3 0 8 . 0 9 . 2 5 4 . 0 0 1 . 8 0 1 . 6 0 7 0 , 0 n . 0 0 1 0 • jl 2 0 . 0 

2 2 / 0 3 / 7 7 9 . 6 6 . 9 2 8 0 0. 2 0 2 5 1 4 1 0 4 6 . 8 - 7 . 0 0 2 . 8 0 0 . 3 5 1 . 1 0 1 6 , 5 1 . 0 0 1 . 2 2 0 . 5 
2 1 / 0 4 / 7 7 1 0 . 3 7 . 1 2 9 3 0 . 2 0 2 2 1 3 1 2 1 9 . 9 7 . 5 5 2 . 9 9 0 . 3 0 0 . 5 5 1 0 , 0 0 . 2 5 1 . 2 2 1 . 5 

S I T E = 0 0 7 

DATE T PH H C 0 3 F S 0 4 CL CA MG NA K CD CU FE MN PB ZN 

2 7 / 0 3 / 7 6 1 1 . 5 7 . 2 2 5 2 0 . 1 4 1 7 . 8 8 6 . 5 6 . 1 0 1 . 8 0 0 . 1 5 0 . 6 0 4 . 0 0 . 5 0 1 . 2 * 2 . 0 

1 5 / 0 4 / 7 6 1 1 . 5 7 . 2 2 5 2 0 . 1 4 1 7 . 8 8 6 , 5 6 . 1 0 1 . 8 0 0 . 1 5 0 . 6 0 4 . 0 0 . 5 0 1 . 2 4 2 . 0 
2 3 / 0 5 / 7 6 . 7 . 0 2 9 6 0 . 1 3 1 8 1 6 1 1 2 8 , 0 7 . 4 0 2 . 4 5 0 . 3 5 0 . 4 0 5 . 0 0 . 5 0 1 , 2 2 2 . 5 
1 7 / 0 7 / 7 6 1 0 . 7 7 . 1 3 2 2 0 . 1 8 1 9 1 6 1 2 0 8 . 8 7 . 4 5 2 . 5 0 0 . 3 0 0 . 5 0 6 . 0 0 . 5 0 1 . 2 2 2 . 0 

1 7 / 0 7 / 7 6 1 0 . 7 7 . 1 3 2 2 0 . 1 7 2 0 1 5 1 1 8 9 . 0 7 . 8 0 2 . 6 5 0 . 2 0 0 . 7 0 4 . 5 0 . 5 0 1 . 2 2 2 . 0 
2 3 / 0 8 / 7 6 1 3 . 0 7 . 5 3 2 4 0 . 1 4 2 6 1 8 1 3 8 9 . 2 1 8 . 0 0 2 . 5 5 0 . 2 0 1 . 3 0 1 3 . 0 4 . 0 0 1 . 2 1 9 . 0 

2 6 / 0 9 / 7 6 1 1 . 8 6 . 8 3 3 0 0 . 1 6 2 5 1 9 1 5 5 1 0 . 6 . 4 . 5 0 0 , 4 0 1 . 0 5 1 4 . 0 3 . 5 0 2 . 5 2 2 . 0 

1 6 / 1 0 / 7 6 1 0 . 8 . 3 2 1 0 . 1 3 2 1 1 3 1 2 0 8 . 0 . . 1 . 5 0 5 . 0 1 . 0 0 1 . 2 4 0 , 0 
1 6 / 1 0 / 7 6 1 0 . 8 • 3 2 1 0 . 1 5 2 0 1 4 1 1 9 9 . 0 • . 0 . 7 5 1 . 7 5 4 . 0 1 . 0 0 1 . 2 3 3 • yj 
2 4 / 1 1 / 7 6 1 0 , 4 7 . 0 mn 0 . 1 7 1 4 1 3 1 2 0 8 . 4 0 . 7 0 0 . 4 0 6 . 0 0 . 2 5 1 . 2 nn er _ \J . O 
1 9 / 1 2 / 7 6 • 7 . 1 3 0 2 0 , 1 2 1 7 1 3 1 0 6 6 . 0 6 . 6 0 2 , 4 0 0 , 2 5 0 . 7 5 8 . 5 0 , 2 5 1 . 2 2 7 . 5 
2 3 / 0 1 / 7 7 1 0 . 3 7 . 0 3 1 3 0 , 1 2 1 6 1 5 1 2 8 7 . 0 7 . 2 5 2 . 5 0 4 . 0 0 0 . 7 5 0 . 7 0 . 2 5 4 . 0 2 9 . 0 
1 9 / 0 2 / 7 7 1 0 . 3 7 . 0 3 0 4 0 . 1 2 1 8 1 4 1 3 8 6 . 6 7 . 5 5 2 . 7 5 0 . 5 0 0 . 5 0 1 4 . 0 0 . 2 5 1 . 2 3 5 . 0 

2 2 / 0 3 / 7 7 1 0 . 0 7 . 0 3 0 4 0 . 1 5 1 5 1 2 1 0 4 5 . 2 6 . 0 0 2 . 0 0 0 . 3 0 0 . 4 0 4 . 0 0 . 5 0 1 . 2 2 9 . 5 

S I T E = 0 1 4 

DATE T PH H C 0 3 F S 0 4 CL CA MG NA I CD CU FE MN PB 11 

2 3 / 0 5 / 7 6 . 7 . 3 2 5 2 0 . 2 4 3 7 1 8 1 0 0 8 . 4 9 . 7 0 4 . 1 0 0 . 4 0 0 . 5 0 7 . 0 2 . 5 0 1 0 3 . 7 0 
1 7 / 0 7 / 7 6 1 0 . 0 7 . 4 2 8 8 0 . 2 6 3 8 1 7 1 1 8 5 . 8 8 . 9 5 3 . 2 0 0 . 4 0 0 . 8 0 7 . 5 1 . 5 0 1 6 . 0 0 
2 3 / 0 8 / 7 6 1 0 . 5 7 . 0 2 9 6 0 . 2 2 2 7 1 6 1 1 8 5 . 5 1 6 . 3 0 3 . 0 3 0 . 1 0 0 . 4 0 8 . 0 0 . 2 5 1 n . «: 6 . 1 0 

2 6 / 0 9 / 7 6 1 1 . 6 7 . 2 1 7 3 0 . 3 5 9 3 2 5 1 0 0 6 . 8 3 9 . 5 0 9 , 8 0 0 . 3 0 1 . 9 0 4 6 . 0 1 2 . 5 0 1 . 2 6 . 6 0 
1 6 / 1 0 / 7 6 1 0 . 8 • 1 8 6 0 . 1 5 4 1 1 9 7 4 7 . 3 . . 0 . 6 5 1 . 6 0 3 8 . 0 3 2 , 0 0 1 ri 1 9 . 5 0 
2 4 / 1 1 / 7 6 1 0 . 0 7 . 1 2 6 4 0 . 1 9 4 4 1 6 1 1 0 9 . 0 . . 0 . 4 0 0 . 4 5 7 . 0 7 5 . 0 0 0 . 5 4 . 2 0 

1 9 / 1 2 / 7 6 . 7 . 0 1 8 4 0 . 1 1 4 1 2 0 9 4 5 , 8 8 . 5 0 5 . 1 0 0 . 8 5 0 . 7 4 3 7 . 0 6 9 . 0 0 1 n 
4 . 7 0 

2 3 / 0 1 / 7 7 1 0 . 0 7 . 2 1 9 7 0 . 1 2 3 8 1 7 8 8 6 , 0 8 . 5 5 4 . 5 0 1 . 4 0 0 . 8 0 3 5 . 0 3 3 . 5 0 1 * ) < 4 . 2 5 
1 9 / 0 2 / 7 7 8 . 7 . 2 1 7 7 0 . 1 1 3 7 1 4 9 6 6 . 6 5 . 0 0 9 . 1 0 1 . 3 5 0 . 9 5 4 6 . 5 2 5 . 0 0 1 0 3 . 9 0 

1 9 / 0 2 / 7 7 8 . / 4 1 7 7 0 . 1 1 3 7 1 3 8 6 5 . 7 4 . 2 5 8 . 1 5 1 . 6 0 0 . 9 5 3 8 . 0 2 2 . 5 0 1 , 3 . 9 0 
2 2 / 0 3 / 7 7 8 . 5 7 . 0 1 9 4 0 . 1 5 3 3 1 3 8 2 5 . 0 6 . 7 0 3 . 6 5 0 . 3 0 0 . 7 5 2 4 . 5 1 8 . 0 0 1 3 . 2 0 
2 2 / 0 3 / 7 7 8 . tr O 7 . 0 1 9 5 0 . 1 6 3 5 1 3 8 2 5 . 2 6 . 8 0 0 . 4 0 0 . -7 c / j 2 3 . 5 1 7 . 5 0 1 • «_' 3 . 6 5 

2 1 / 0 4 / 7 7 9 . 8 7 . 4 2 4 6 0 . 2 0 3 0 1 1 1 0 8 8 . 3 8 . 0 6 3 . 6 4 0 . 4 0 0 . 9 5 1 6 . 0 5 . 5 0 0 c: 3 . 4 0 
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Table 4-2 cont. 

SITE=018 

HATE T PH HC03 F S04 CL CA MG 

26/09/76 12*2 6.8 292 0.04 22 14 118 9.8 

16/10/76 10.6 • 283 0.06 20 17 119 8.9 

24/11/76 1 1 . 0 7.1 303 0.05 28 15 128 1 1 . 0 

24/11/76 1 1 . 0 7.1 300 0.05 27 14 116 1 1 . 0 

19/12/76 • 7.1 288 0.04 26 16 112 
n / 
O , 6 

23/01/77 10,6 7,2 296 0.06 26 16 120 10,0 

19/02/77 10.2 7.0 282 0.05 27 13 124 10.4 

22/03/77 10.3 7.1 282 « 25 13 111 8.3 

22/03/77 10.3 7.1 280 0.05 25 13 112 8.0 

21-/04/77 10.6 7.1 287 0.06 24 11 112 10.4 

SITE=021 

DATE T PH HC03 F S04 CL CA MG 

27/03/76 • 7.0 . « , » 95 4.00 

16/04/76 1 1 . 0 6.7 265 0.06 18 . 96 4,50 
23/05/76 . 7.0 245 0.05 14 16 98 5.00 

23/05/76 . 7.0 245 0.05 14 16 97 5.00 

17/07/76 12.0 7.0 260 0.09 16 16 102 4.80 

23/08/76 10.5 6.9 266 0.06 13 14 102 5.40 

26/09/76 10.8 6.8 259 0.07 15 15 102 5.20 

16/10/76 10.2 . 249 0.07 23 16 104 4.30 

24/11/76 10.4 7.0 272 0.06 19 14 109 5.10 

19/12/76 . 7.0 254 0.05 18 16 100 4.20 

23/01/77 10.2 7.1 250 0.05 17 16 104 4.30 

23/01/77 10.2 7.1 249 0.05 17 15 104 4,50 

19/02/77 9.7 6.9 247 0.06 18 13 106 4.40 

22/03/77 9.8 6.9 240 0.07 16 12 93 3,50 

21/04/77 10<3 6.9 249 0.07 15 10 108 4.50 

21/04/77 10.3 6.9 250 0,07 15 10 106 4.55 

SITE=023 

DATE T PH HC03 F S04 CL CA MG 

27/03/76 12.0 6.6 302 0.08 30 . 95 13.8 

16/04/76 12.0 6.6 302 0,08 30 . 95 13,8 
23/05/76 . 7.0 296 0,07 26 22 100 16.0 

17/07/76 11.5 7.2 7 7 1 0,09 30 20 110 20,0 

17/07/76 11.5 7.2 333 0.09 30 20 108 20,0 

23/08/76 12.5 6.8 337 0,09 31 20 110 21,2 

26/09/76 11.8 7.0 283 0,07 27 20 96 14,4 

16/10/76 10.8 . 277 0.08 32 20 98 14,8 

24/11/76 1 1 . 0 6.9 312 0,07 29 17 107 16,4 

19/12/76 . 6.9 281 0.06 27 25 102 12.4 

23/01/77 10.8 6.9 295 0,06 28 22 110 15.0 

19/02/77 10.4 7.1 279 0,06 28 21 120 15.0 

19/02/77 10.4 7.1 276 0,06 28 21 136 15,0 

22/02/77 10.7 7.0 283 0,07 28 18 •86 10,8 
21/04/77 1 1 . 0 7.0 288 0.03 26 14 112 15,6 

NA K CD cu FE MN PB ZN 

15. 00 1,00 0.35 0, 70 ' 3.5 0,25 1,2 3,80 
0,40 1, 20 8,0 0.25 1.2 17.00 

• 0,45 0, 40 7.5 0,25 1.2 2,30 

• « 0.30 0, 40 6.0 0.25 1.2 3.00 

6. 30 1,10 0.25 0, 40 7,0 0.25 1.2 2.60 
7. 00 0,95 .3,75 0. 50 3.5 0.25 1,2 3.40 

7, 00 0,90 0.30 0,45 8.0 0.25 1.2 2.25 
6. 03 1,00 0.60 1. 00 15.5 0,25 1.2 3.80 
5. 90 1.00 0.55 0, 40 3.0 0,25 1.2 1,75 

7. 15 1.16 0,25 0. 25 6.0 0.25 1,2 6.00 

NA K CD CU FE MN PB ZN 

. » 0,70 0 95 14.00 1.50 24. 5 60,0 
6. 20 1.50 1,20 0 65 5.00 1.00 19, 0 83.0 
6,50 2.05 0,45 0 50 11.00 1.00 21. 5 85,5 

6. 40 2.00 0,40 0 45 7,00 0.50 21.0 82.0 
6. 40 2,00 0,75 0 80 10,00 1,00 19. 5 86.0 

12. 00 1.83 0.50 0 80 7.50 0.25 22. 5 90.0 

15. 50 2.50 0,75 0 75 12.50 0.25 22. 5 87.0 . 0.70 1 15 6.25 1,50 17. 0 83,0 
• 1,70 0 30 5.00 0.50 13. 5 

6. 10 1.50 0,70 0 35 12,00 0.50 14. 5 69,0 
7. 00 1.80 0.45 0 40 21.00 1.00 14. 0 75,0 
7, 25 2.00 0.50 0 50 27.00 1,00 15. 0 72.0 
6, 75 1.50 0.75 0 35. 17,00 1.00 14. 5 74,0 
5, 70 1.45 0.50 0 50 17,50 1,00 15. 0 84,0 
6. 45 1.63 0.70 0 30 22,00 0.25 15. 0 79.0 

6, 54 1.63 0.55 0 25 9.50 0.25 16. 0 78,5 

NA K CD CU FE MN PB ZN 

10,0 n .10 2.90 0.65 4.0 0.50 1.2 9. 25 
10.0 2 .10 2.90 0,65 4.0 0.50 1.2 9. 25 
10.5 n .40 0.25 0.40 8.5 0.50 1.2 5. 40 

10,0 o .85 0.50 0.65 6.0 2.00 1.2 5. 60 
10.0 n .75 0.50 0.75 7,0 2.00 1.2 er 

U . 60 
23.0 3 . <jJ 0.50 0.80 20,0 210.00 1,2 12. 00 

24.5 2.70 0.25 0.05 24.0 0.50 i ,2 7. 25 , . 0.70 0.95 6,0 0,50 1.2 22, 50 , , 0.85 0.25 12,5 0,25 o. c L • _vJ 

13,0 n ,40 0.85 0.30 7,5 0.25 6, 00 
13.0 o .40 0.30 0,45 7,0 0,50 1.2 6. 15 
12,0 n ,80 0.70 0 t Ww 15.0 0,25 1.2 5, 55 

13,0 n .90 0.65 0,5 j 15.0 0.50 c J, 6, 50 
8,4 1 , 90 0.3'J 0.35 6*. 0 0.50 1.2 4, 80 , .5c 0,2 0 0.25 8.5 0,25 1,2 4, 65 



Table 4-2 cont. 

S I T E = 0 2 5 

DATE T PH H C 0 3 F S 0 4 CL CA 

2 7 / 0 3 / 7 6 . 7 . 1 . . . 8 0 

1 6 / 0 4 / 7 6 11.0 6 . 8 2 3 3 0 . 1 2 2 6 . 7 4 

1 6 / 0 4 / 7 6 11.0 6 . 8 2 3 3 0 . 1 0 2 4 • 7 4 

2 3 / 0 5 / 7 6 . 7 . 0 2 3 3 0 . 0 8 2 3 2 0 8 8 

1 7 / 0 7 / 7 6 1 0 . 5 7 . 2 2 5 2 0 . 1 0 2 3 1 7 9 2 

2 3 / 0 8 / 7 6 1 1 . 5 7 . 2 2 5 2 0 . 0 9 2 2 1 7 9 6 

2 6 / 0 9 / 7 6 1 1 . 6 7 . 1 2 4 1 0 . 0 8 2 3 1 8 9 4 

2 6 / 0 9 / 7 6 1 1 . 6 7 . 1 2 3 9 0 . 0 8 ii 1 8 9 2 

1 6 / 1 0 / 7 6 1 0 . 2 • 1 8 9 0 . 0 9 2 4 1 5 7 3 

1 6 / 1 0 / 7 6 1 0 . 2 . 1 8 6 0 . 0 8 2 4 1 6 7 4 

2 4 / 1 1 / 7 6 1 0 . 5 7 . 0 ' 2 5 0 0 . 0 9 2 4 1 6 9 2 

1 9 / 1 2 / 7 6 . ' 7 . 2 2 2 5 0 . 0 8 2 3 1 9 8 6 

2 3 / 0 1 / 7 7 1 0 . 0 6 . 9 2 3 5 0 . 0 7 2 4 1 9 9 0 

1 9 / 0 2 / 7 7 1 0 . 1 7 . 1 2 3 3 0 . 0 7 2 3 1 7 1 0 0 

2 2 / 0 3 / 7 7 1 0 , 7 7 , 0 2 8 3 0 . 0 7 2 8 1 8 8 6 

2 1 / 0 4 / 7 7 1 0 . 2 7 , 1 2 4 9 0 . 0 9 2 2 1 3 9 6 

2 1 / 0 4 / 7 7 1 0 . 2 7 . 1 2 4 9 0 . 1 0 2 3 1 3 1 0 0 

S I T E = 0 2 7 

MG NA K CD CU FE MN PB ZN 

8 . 0 , 0 . 5 0 0 . 6 0 8 . 0 1 . 0 0 1 . 2 5 3 1 

7 . 6 8 . 0 0 1 . 4 0 0 . 2 5 0 . 3 5 1 0 . 5 1 . 0 0 1 , 2 0 3 6 

7 . 5 8 . 0 0 1 . 3 0 0 . 4 5 0 . 4 5 6 . 5 1 . 0 0 1 . 2 0 3 6 
8 . 5 7 . 9 0 1 . 6 5 . . . . . . 
8 . 4 8 . 3 0 1 . 7 0 0 . 5 0 0 . 7 5 1 0 . 0 1 . 0 0 1 . 2 0 4 0 
9 . 0 1 5 , 0 0 1 . 6 8 0 . 5 0 0 . 3 0 11.0 8 . 5 0 2 . 5 0 3 0 

00
 

1 9 , 5 0 1 . 8 0 0 , 4 0 0 . 7 0 4 . 5 0 . 2 5 1 . 2 0 2 6 

1 0 . 0 2 0 , 0 0 1 , 7 0 0 . 4 0 0 . 6 0 4 . 5 0 . 2 5 1 . 2 0 •7 0 wi*. 

6 . 6 . • 0 , 7 0 1.00 7 . 5 0 . 5 0 1 . 2 0 4 1 
6 . 6 0 . 3 5 0 . 6 0 9 . 0 0 . 5 0 1 . 2 0 2 9 

9 . 6 » . 1 . 5 0 0 . 5 0 8 . 5 0 . 2 5 1 . 2 0 3 9 
7 . 2 7 . 9 0 1 . 4 0 0 . 5 0 0 . 4 0 7 . 0 0 . 2 5 1 . 2 0 3 1 
8 . 0 8 . 5 5 1 . 4 0 0 . 4 0 2 . 0 5 9 . 5 0 . 5 0 1 . 2 0 3 8 

8 , 0 8 . 5 0 1 . 2 0 0 . 7 0 0 . 5 0 9 . 5 0 . 5 0 1 . 2 0 3 5 
1 0 . 8 8 . 4 0 1 . 9 0 0 . 3 0 0 . 3 5 6 , 0 0 . 5 0 1 . 2 0 3 4 

8 . 8 8 . 6 1 1 . 6 9 0 . 4 0 0 . 4 5 1 2 . 0 0 . 2 5 1 . 2 0 4 9 

8 . 8 . 8 . 5 6 1 . 6 8 0 . 5 0 0 . 3 5 9 . 0 0 . 2 5 1 . 2 0 3 8 

DATE T PH H C 0 3 

2 8 / 0 3 / 7 6 . 7 . 0 . 
1 6 / 0 4 / 7 6 11.0 6 . 5 2 7 1 
2 3 / 0 5 / 7 6 • 7 . 0 2 8 3 

2 3 / 0 5 / 7 6 * 7 . 0 2 8 3 

1 7 / 0 7 / 7 6 1 0 . 5 7 . 0 3 0 1 
2 3 / 0 8 / 7 6 11.0 6 . 8 3 0 0 

2 6 / 0 9 / 7 6 1 0 . 6 6 . 9 2 9 5 

1 6 / 1 0 / 7 6 1 0 . 4 . 2 9 3 

2 4 / 1 1 / 7 6 1 0 . 4 6 . 9 3 0 3 

1 9 / 1 2 / 7 6 * 7 . 0 2 8 6 

2 3 / 0 1 / 7 7 1 0 . 1 6 . 7 2 8 4 

1 9 / 0 2 / 7 7 1 0 . 0 6 . 9 2 7 3 

2 2 / 0 3 / 7 7 1 0 . 0 6 . 9 2 7 2 

2 1 / 0 4 / 7 7 1 0 . 4 7 . 1 2 7 9 

S I T E = 0 4 2 

DATE T PH H C 0 3 

2 7 / 0 3 / 7 6 1 - 4 * 0 8 , 4 1 7 6 

1 8 / 0 4 / 7 6 1 4 . 0 8 , 4 1 7 6 

2 3 / 0 5 / 7 6 . 7 . 7 1 7 0 

2 3 / 0 5 / 7 6 . 7 . 7 1 7 6 

1 7 / 0 7 / 7 6 1 8 * . 0 8 . 1 2 0 4 

2 3 / 0 8 / 7 6 1 5 . 0 8 . 0 1 8 9 

2 3 / 0 8 / 7 6 1 5 . 0 8 . 0 1 8 3 

2 6 / 0 9 / 7 6 1 5 . 0 8 . 0 1 4 7 

1 6 / 1 0 / 7 6 1 1 . 9 . 1 0 7 

2 4 / 1 1 / 7 6 8 . 0 7 . 9 1 7 1 

1 9 / 1 2 / 7 6 . 7 . 7 9 3 

2 3 / 0 1 / 7 7 7 . 8 7 . 9 1 2 8 

1 9 / 0 2 / 7 7 7 . 5 7 . 9 9 8 

2 2 / 0 3 / 7 7 7 . 5 7 . 8 1 1 5 

2 1 / 0 4 / 7 7 1 0 . 2 ' 8 . 3 1 6 5 

F S 0 4 CL CA MG 

. • 1 1 2 6 . 0 

0 . 0 7 2 5 , 8 8 5 . 0 

0 . 2 1 1 8 1 8 1 0 9 6 . 0 

0 . 0 6 1 9 1 9 1 4 0 6 . 0 

0 . 0 9 2 0 1 8 1 1 7 6 . 4 
0 . 0 7 1 9 1 6 1 1 8 6 . 8 

0 . 0 7 2 1 2 0 1 3 0 6 . 4 

0 . 0 7 2 7 1 9 1 2 8 5 . 0 

0 . 0 6 2 2 1 6 1 2 4 6 . 5 

0 . 0 6 2 3 1 9 1 2 0 5 . 4 

0 . 0 5 99 1 8 1 2 6 6 . 0 

0 . 0 5 2 3 1 5 1 2 0 5 . 4 

0 . 0 7 2 9 1 5 1 1 0 4 . 6 

0 . 0 8 2 0 1 1 1 2 4 6.2 

F S 0 4 CL CA MG 

0 . 1 9 1 9 5 1 7 . 4 

0 . 1 9 1 9 . 5 1 7 . 4 

0 . 2 4 1 9 1 5 5 6 8 . 5 

0 . 2 3 1 9 1 5 5 4 8 . 0 

0 . 2 8 1 9 1 4 6 4 9 . 0 

0 . 1 5 1 5 1 4 5 2 1 1 . 8 

0 . 1 5 1 5 1 5 5 2 1 2 . 0 

0 . 1 7 3 0 1 5 5 4 9 . 2 

. 0 , 1 5 3 0 1 8 4 6 6 . 2 

0 . 1 5 1 8 1 7 5 3 1 0 . 0 

0 . 1 0 2 3 1 7 3 7 5 . 5 

0.11 2 0 1 5 4 8 8 . 0 

0 . 1 0 2 2 1 3 4 8 7 . 0 

0 . 1 6 2 0 1 2 4 2 4 . 6 

0 . 2 1 1 6 1 0 6 0 8 . 2 

NA K CD CU 

0 . 5 5 0 . 4 3 

6 . 2 0 1 . 7 0 0 . 7 5 0 . 3 5 

7 . 5 0 2 . 3 5 . 

8 . 1 0 2 . 3 0 0 . 4 5 0 . 3 5 

7 . 6 7 3 . 1 0 0 . 6 0 1 . 6 5 

1 4 . 5 0 2 . 6 5 0 . 7 0 0 . 8 0 

2 2 . 5 0 3 , 4 0 0 . 5 0 0 . 7 5 

0 . 5 0 0 . 8 0 

2 . 0 0 0 . 3 5 

7 . 0 0 1 . 9 0 0 . 7 0 0 . 3 5 

7 . 5 5 2.00 0 . 7 0 0 . 6 5 

7 . 2 0 1.80 1.20 0.50 
6 . 2 0 1 . 8 5 1.00 0 . 4 5 

8 . 6 0 1 . 9 7 0 . 4 5 0 . 3 0 

NA K CD CU 

9 . 3 6 . 9 0 1 . 2 5 1 . 1 5 

9 . 3 6 . 9 0 1 . 2 5 1 . 1 5 

1 0 . 0 8 . 7 5 0 . 9 5 0 . 9 0 

1 0 . 0 8 . 7 0 0 . 6 0 0 . 8 5 

8 . 8 9 . 4 5 0 . 8 0 1 . 1 5 

3 9 . 5 6 . 2 3 . 

3 3 . 5 6 . 0 2 1 . 2 0 1 . 0 0 

2 7 . 5 1 2 . 7 0 0 . 3 5 2 . 2 5 

3 . 2 0 2 . 3 0 

0 . 7 5 1 . 4 0 

9 . 8 4 . 2 0 1 . 0 5 2 . 1 0 

1 3 . 0 4 , 8 5 0 , 4 0 1 . 2 5 

1 1 . 0 4 . 6 C 0 . 5 5 1 . 7 0 

7 . 9 4 . 0 5 0 . 2 0 1 . 2 5 

1 1 . 0 5 . 5 3 0 . 5 5 1 . 3 0 

FE MN PB ZN 

6 . 7 5 0 . 7 5 3 0 5 3 . 0 
0 . 4 5 0 . 5 0 1 o 5 2 . 5 . 
5 . 5 0 

• 

0 . 5 0 4 5 

« 

5 5 . 0 
9 . 0 0 0 . 5 0 4 5 5 7 . 5 
6 . 0 0 0 . 2 5 2 5 5 0 . 0 

1 2 . 5 0 0 , 2 5 o 5 5 6 . 0 
5 . 5 0 1 , 0 0 1 i. 6 5 . 0 
5 . 0 0 0 . 2 5 1 n 5 3 . 5 

6 . 0 0 0 . 2 5 1 2 3 9 . 5 

2 4 , 0 0 0 . 5 0 1 n 5 2 . 5 
1 7 . 5 0 0 . 5 0 3 0 5 0 . 0 

9 . 5 0 0 . 2 5 1 9 3 4 . 0 
1 0 . 5 0 0 . n c 1 9 4 9 . 0 

FE MN PB ZN 

1 7 3 . 5 0 . 5 9 « 5 0 
1 7 3 . 5 0 . 5 9 5 0 

2 4 4 . 5 1 . 2 n 8 5 
2 4 4 . 0 1 . 9 n i. . 4 5 
2 4 1 . 5 1 . 9 4 . 9 0 . 
9 ? i. yJ 

. • 
1 . 0 1 . 9 1 . 5 0 

2 2 0 1 6 . 0 1 . o 6 , 0 0 

8 0 3 . 0 1 . 9 1 9 . 0 0 
4 0 4 . 0 1 . 9 4 . 5 0 

2 4 0 1 7 . 5 1 . 9 6 . 3 0 

1 1 0 1 1 . 0 1 , 9 n t 5 0 
9 0 1 3 . 5 1 . 2 2 2 . 0 0 
6 0 1 2 . 5 1 . ^ « 1 5 
8 0 5 5 . 0 1 . 1 . 9 5 
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Figure 4-5 Temporal geochemical variations for Cheddar spring (site 21) 
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Figure 4-6 Temporal geochemical variations for Eastwell spring (site 23) 
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Figure 4-7 Temporal geochemical variations for Rickford spring (site 27) 
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Figure 4-8 Temporal, geochemical variations for Lycopodium Hole spring 
(site 14) 
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Figure 4-9 Temporal 'geochemical variations for Stoke Lane Slocker stream 
(site 42) 
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a very large spring flowing the Carboniferous Limestone; East Well (23), a small 

spring originating in the Old Red Sandstone and Carboniferous Limestone, but 

emerging through the Kueper Marl; Rickford (27), a moderately large spring 

flowing through the Carboniferous Limestone and Dolomitic Conglomerate; 

Lycopodium Hole (14), a small spring flowing through the Carboniferous 

Limestone; and Stoke Lane Slocker (42), a stream flowing over the Old Red 

Sandstone and Lower Limestone Shale. Part of the flow at Lycopodium Hole m a y 

be directly derived from Stoke Lane Slocker. 

There is only a one or two degree range in ground water temperature 

throughout the year, with highs of 11 to 12.5°C in July and August and low of 

about 10° in February and March. An exception is Lycopodium Hole which 

dropped to 8.2° in February. Surface water at Stoke Lane reached 18° in July 

and dropped to 8° in February and March. Very little temporal variation was 

recorded in pH. Bicarbonate increased during the dry period and then dropped at 

the first increase in flow (cf. Figure 4-4). Calcium and magnesium showed little 

variation, although at East Well, where magnesium concentration is quite high, it 

followed the same pattern as bicarbonate. 

Sulphate dropped slightly in response to the first rain in late August 1976, 

but increased sharply as flow rates peaked in October. In several cases the high 

concentrations persisted well into 1977. Sodium, and to a lesser extent, chloride 

and potassium responded similarly to the increase in flow rate. 

At Stoke Lane and Lycopodium Hole, where the amount of suspended 

material is often considerable, iron, and less noticeably manganese, increased 

with increasing flow. Other sites showed similar trends. At some locations 

copper, cadmium, zinc and lead corresponded with peaks in iron and/or 

manganese, however the relationships are not consistent. 

At Eastwell, Rickford and Lycopodium Hole zinc concentrations decreased 

with increasing flow, and at Cheddar both lead and zinc concentrations decreased 

with increasing flow. Despite these variations, however, concentrations at 

Cheddar and Rickford were anomalously high throughout the study period, while 

concentrations at Eastwell and Lycopodium Hole remained consistently low. 

In summary, most hydrogeochemical constituents responded to significant 

changes in run-off rates during the drought of 1976. As might be expected, 
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surface drainage showed the greatest variation. Concentrations of bicarbonate 

and various trace elements generally decreased with increasing flow whereas 

sulphate, fluoride, chloride, sodium, potassium, iron and manganese increased at 

first, and then in most cases decreased as the flow rates stabilised. The 

geochemical increase at the initial flood was coincident with an increase in the 

amount of suspended material because not all of the material in suspension would 

have been removed by the .45 u m G F / C filter. 

4-5 Major Element Hydrogeochemistry 

Cumulative frequency curves for data from 68 sample sites are shown in 

Figure 4-10. As would be expected in a limestone terrain, calcium and 

bicarbonate are dominant. Interestingly, however, bicarbonate molar equivalents 

are consistently higher than calcium molar equivalents. Chloride, sodium, 

magnesium and sulphate all have similar molar concentrations whereas potassium 

is almost an order of magnitude lower, and fluoride is an order of magnitude 

lower still. 

Although most of the drainage systems sampled are underlain by more than 

one major rock type, it is possible to recognize differences in water chemistry 

based on bedrock type. Lithologies considered include the Old Red Sandstone, 

Carboniferous Limestone, Dolomitic Conglomerate and Keuper Marl, and Jurassic 

Limestone. Classification for this comparison is based on estimation of the 

dominant lithology for each drainage area. Where there are two dominant 

lithologies, the sample has been included in both sets. Group means and standard 

errors are presented in Figure 4-11. For comparison, data is shown for 12 

samples draining Carboniferous Limestone exclusively, and for 59 samples 

draining Carboniferous Limestone and some other lithology. In most cases the 

other lithology is the Old Red Sandstone. 

Water derived from the Old Red Sandstone is low in calcium, bicarbonate, 

and sulphate, and has much lower T D S (total dissolved solids) than that from other 

lithologies. The Triassic and Jurassic rocks generate waters with high TDS, but 

whereas those from the former have high magnesium concentration and low pH, 

those from the latter have relatively high pH, calcium and sulphate, and low 

magnesium. The mean p H of the 21 streams sampled, mostly flowing over Old 

Red Sandstone, is considerably higher than that of the 42 springs resurging from 
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Figure 4--10 Cumulative frequency curves for hydrogeochemical data from 68 
sample sites in the Mendip HiHs area 
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Figure 4-11 Means and standard errors (+ 2 s.e.) for various lithological groups 
for the hydrogeochemical data from the Mendip Hills 
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Carboniferous Limestone, Dolomitic Conglomerate and Keuper Marl. There is 

very little variation in sodium, potassium and chloride amongst the lithological 

groups. Variations amongst the groups are emphasized in the CaMg-(Na+K) 

triangular diagram (Figure 4-12). The most important distinguishing constituent 

is magnesium, which is high in the Triassic derived waters, low in the Jurassic 

derived waters, and intermediate in waters from the Carboniferous Limestone 

and Old Red Sandstone. 

Because virtually all of the samples have calcium and bicarbonate as their 

major ions, equilibrium calculations based on the system C 0 2 ~ C a C 0 ^ - H 2 0 should 

account for most of the variation in the species Ca++, H C O y and H+. Variation 

of bicarbonate versus p H is shown in Figure 4-13. The straight-line reaction 

paths are taken from Deines et al (1974), and are valid under open system 

behavior, that is with constant p C O £ as the reaction progresses. In a closed 

system, the reaction paths will curve over to the right as calcite saturation is 

approached, and for an initial p C O ^ of the p H at saturation will be over 7.5 

(Deines et al, 1974). Calcite saturation indeces have been determined using a 

modification of the algorithm described by Bath (1975), (cf. Jacobson and 

Langmuir, 1972). Only 14 samples exceed calcite saturation, and less than half of 

the samples are more than 40% saturated. In comparison to other karstic areas, 

these waters have high bicarbonate concentrations and low p H (cf. Harmon et al, 

1972), and it is apparent that most of the species are in equilibrium with a gas 

phase which has a P C O 2 of approximately 

4-6 Trace Element Hydrogeochemistry 

From Figure 4-10 it is clear that zinc is the dominant trace element in 

the Mendip ground waters. The shape of the cumulative curve for zinc suggests 

a multi-modal population, and it is likely that the samples with the higher 

concentrations have been in contact with zinc mineralisation. The curve for 

copper is bi-modal, and the part of the lead curve which is known is also bi-modal. 

The m a p distributions of the lead and zinc data are shown in Figures 4-14 

and 4-15. Lead and zinc are the only elements which show consistent spatial 

relationships with the distribution of mineral occurrences. All of the major 

drainage basins with lead mineralisation are characterised by anomalous lead 
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Figure4-12 Ca-Mg-(Na+K) ternary plot for data from the Various lithological 
groups from the hydrogeochemical data from the Mendip Hills (The 
data have been converted to molar equivalents, and the Ca data 
have been divided by 5 to maximise group distinction) 

M g 

X Carboniferous Limestone, x-incl. X-excl. 
• Triassic 
A Jurassic 



-70-

Figure 4-13 Calcite saturation characteristics for the Mendip Hills 
hydrogeochemical data, as shown on a plot of H C O 3 vs pH. 
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concentrations, and there are no significant anomalies in areas where lead 

mineralisation has not been reported. There are two cases, however, where 

samples from small drainages in the vicinity of mineralisation do not have 

enhanced lead concentrations. Samples 28 and 29, near Compton Martin on the 

north side of Mendip (Figure 4-2), have lead concentrations below the detection 

limit, even though they appear to drain an area of lead mineralisation. These are 

very small springs, however, and it is possible that their drainage areas do not 

extend very far up the hill. Sample 67, which does not have a detectable 

concentration of dissolved lead, was collected from the outlet stream of a pond 

immediately adjacent to the pile of lead-bearing slag at Blackmoor (507 560), and 

slightly upstream from known mineralisation. The glassy nature of the slag 

probably inhibits lead solubility. 

All areas with important zinc mineralisation have associated zinc 

anomalies, and areas of lead mineralisation are also characterised by enhanced 

zinc concentrations. Samples 3, 49 and 51, from Slab House, Gurney Slade and 

Egford, have relatively high zinc concentrations, although there is no documented 

zinc mineralisation in any of these areas. 

Many types of mineral deposits have fluorite as an accessory mineral 

(Boyle, 1974), and considerable success has been achieved using fluoride as a 

pathfinder constituent (Edmunds, 1971; LaLonde, 1976; Boyle, 1977). In the 

Mendip area there does not appear to be a relationship between the distribution of 

fluoride in ground waters and the major areas of mineralisation (Figure 4-16). 

Hoag and Webber (1976) have demonstrated the usefulness of sulphate 

geochemistry in exploration for sulphide deposits. Their data is from an area of 

volcanogenic massive sulphides, however, where oxidation of sulphide minerals, 

largely pyrite, and generation of acidic ground waters are complimentary 

processes. In Mendip ground waters sulphate concentrations are highest where 

water flows through Triassic and/or Jurassic strata rather than in areas of 

lead-zinc mineralisation (Figure 4-17). 



Figure 4-16 Map of fluoride concentrations in ground and 
surface water samples from the Mendip Hills 
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4-7 Discussion 

4-7.1 Seasonal Fluctuations 

A considerable body of research exists concerning variations in surface 

water geochemistry as a function of seasonal and storm variations in run-off. It 

has been shown that although most constituents are diluted by increasing flow 

(Glover and Johnston, 1974), significant increase in flow following an extended 

dry period will usually result in increased concentrations of some constituents due 

to flushing of previously deposited salts (Walling and Foster, 1975; Miller and 

Drever, 1977). Edwards (1973) has shown that sulphate, nitrate, sodium and 

potassium are particularly affected by the flushing effect, and he postulates that 

these constituents are leached from the soil. 

Very little information is available concerning temporal variations in 

ground water geochemistry, however, and it can only be assumed that the above 

observations would apply, in part, to ground waters. The present data supports 

this assumption in general terms, in that there is a dilution affect for most 

elements, with an initial increase in concentrations of sulphate, sodium, chloride, 

potassium, iron and manganese. For iron and manganese, and perhaps for some of 

the other constituents, the increase m a y be due in part to increased sediment load 

(Mill, 1978; Marsh and Lloyd, 1981). Much of the iron m a y be present as very fine 

particles rather than dissolved ions. The fact that elevated sulphate levels 

persisted for several months in some cases suggests that there is a significant 

supply of sulphate salt which is unavailable to ground water under low flow 

conditions. 

Lead and zinc, which appear to be useful for mineral exploration in the 

Mendip area, were significantly diluted by the dramatic increase in run-off during 

September 1976, but the magnitude of the variation is such that the distinction 

between anomalous and non-anomalous drainages is only obscured in borderline 

cases. 

4-7.2 Major Elements 

Like many other limestone regions, the Mendip area is characterised by 

underground drainage in solutionally enlarged conduits. Water-rock interaction in 

such systems can be accounted for by studying the system C C ^ - C a C O y F ^ O , in 

which the most important variable is p C O ? of the gas phase. Such systems are 
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described as "open" if the pCC>2 remains constant during calcite dissolution or, 

more commonly, "closed" if the initial C C ^ is consumed during dissolution and not 

replenished. In the latter case calcite solubility will become restricted due to a 

lack of free carbon dioxide. 

The p H - H C O - relationship for the Mendip waters suggests that equilibrium 
-15 

has taken place with a relatively high initial p C C ^ (ca. 10 ), which has been 

maintained during dissolution (i.e., open system behaviour, cf. Atkinson, 1977b). 

In many karstic areas the soil atmosphere is the main source of carbon 

dioxide for ground waters, and after the water has passed through the soil, closed 

conditions prevail. The p C O ? of the soil atmosphere on Mendip is generally less 
-2 0 

than 10 * (Atkinson, 1977b), and although this would account for the bicarbonate 

levels in stream waters, it is too low to explain that of ground waters. Atkinson 

suggests that most of the carbon dioxide is derived from decaying organic matter 

in the unsaturated zone of the bedrock, and he presents data showing considerably 

higher pCC>2 values in small tissues adjacent to caves, than in the soil. The 

presence of a large carbon dioxide reservoir is supported by the high molar ratio 

of bicarbonate to calcium, as shown in Figure 4-10. Although closed system 

behaviour is the norm for most karstic regions (Deines et al, 1974; Drake and 

Wigley, 1975), open systems have been proposed for the Bruce Peninsula and 

Nahanni River areas of Canada (Brook et al, 1977). 

T w o important implications arise due to the existence of open system 

behaviour. Firstly, "erosion will be distributed throughout the unsaturated zone 

and perhaps in the phreatic zone as well" (Atkinson, 1977b). In other words, 

erosion will take place to a considerable depth. Secondly, the p H will remain low 

and the solubility of metals will not be as restricted as in other limestone regions. 

4-7.3 Trace Elements 

The distribution of both lead and zinc anomalies corresponds well with the 

known distribution of mineralisation. Zinc is considerably more soluble than lead, 

and hence m a y be a more useful hydrogeochemical indicator in this environment. 

Zinc concentrations of samples from the East Harptree area (samples 30 

and 56) are higher than might be expected considering the magnitude of known 
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mineralisation in the area. O n the basis of several additional samples collected 

from near East Harptree, it is apparent that the mineralisation in Harptree 

Coombe, near Richmont Castle (562 558), is responsible for the elevated 

concentrations in sample 30. It seems unlikely, however, that the lead and zinc 

mineralisation in the vicinity of Eaker Hill farm (566 529) is solely responsible for 

the zinc anomaly in Sherbourne Spring. Instead, it is possible that the source of 

this zinc lies underneath the Keuper Marl cover rocks south of Sherbourne. 

The zinc concentration of water from Egford Well, (site 51) is also 

somewhat higher than would be expected based on the known mineralisation in 

the vicinity. The major element chemistry of water from Egford Well (high 

calcium - low magnesium) indicates derivation from the Carboniferous Limestone 

rather than from the Dolomitic Conglomerate, suggesting that if buried 

mineralisation is present in this area, the host-rock is likely to be the 

Carboniferous Limestone. 

Other zinc anomalies which cannot be explained by the presence of known 

mineralisation are at Slab House (site 3) and Gurney Slade (site 49). Both of these 

springs drain the area of probable mineralisation defined by the soil sampling 

programme (see Chapter 5). 

Neither fluoride nor sulphate, which have been shown to be useful base 

metal pathfinders elsewhere, appear to be particularly helpful in the Mendip 

area. Although fluorite exists on Mendip, it is not known to be closely associated 

with sulphide mineralisation (see Chapter 7). Nor is pyrite an important gangue 

mineral, and assuming that on oxidation of lead and zinc sulphides, sulphate would 

be released in roughly equal proportions to lead and zinc, even the most 

anomalous waters would have sulphate additions of less than one milligram per 

litre. 

4-7.4 Analytical Problems 

As noted above, there are some inadequacies in the techniques used for 

analysis of natural waters. For instance, the data for lead, cadmium and 

manganese are unreliable for background levels, even though a twenty-fold 

pre-concentration step was carried out. 

Chelation/solvent extraction and resin extraction techniques are well 

established in water analysis (see for example - Brown et al, 1970, Sachdev and 
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West, 1970, Kinrade and VanLoon, 1974, Korkish and Sorio, 1975), and they have 

the advantage of combining concentration with removal of some interfering 

constituents. These techniques are expensive, time consuming, and prone to 

contamination, however, and as w e have seen here, are not always adequate for 

certain metals. 

Recent refinements in analytical techniques have created some new 

alternatives for water analysis. For example plasma source emission 

spectrophotometry has been shown to be a sensitive technique for many elements 

(Greenfield et al, 1975; Thompson et al, 1978). T w o elements for which emission 

spectrophotometry is not sufficiently sensitive are lead and cadmium. 

Electroanalytical methods have been improved significantly in the past 

few years. Specific ion electrodes are available for lead, zinc, copper and 

cadmium, but according to Florence and Batley (1977) the zinc, lead and cadmium 

electrodes are unsuitable for use in natural waters because of interference 

problems and slow response. Anodic stripping voltammetry has been widely used 

for analysis of lead, zinc, copper and cadmium (Zirino and Healy, 1972; Florence 

and Batley, 1977), but for natural waters this technique is limited by the presence 

of organic and other impurities (pers. comm., G. Hall, Geol. Surv. Can.). 

More optimistic results have been achieved by using thermal atomization 

devices for atomic absorption spectrophotometry, such as the graphite furnace or 

Delve's cup. These techniques have been used for analysis of various heavy metals 

in natural waters, including lead and cadmium (Kirkbright, 1971; Pickford and 

Rossi,1972; Dolinsek and Stupar, 1973; Maines et al, 1975). 

T w o other promising techniques, which have had limited application for 

analysis of heavy metals in waters, include neutron activation (Salbu and Pappas, 

1975) and X-ray fluorescence (Marsh and Lloyd, 1976). 
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C H A P T E R 5 SOIL G E O C H E M I S T R Y O F T H E M E N D I P HILLS 

5-1 Introduction 

Virtually all of the Mendip mining operations have been abandoned for well 

over 100 years and are now overgrown. There are very few good examples of 

mineralisation in outcrop and there is very little direct evidence of the nature of 

the deposits. Green (1958) based a description of the Mendip mineralisation on 

material found in waste piles, but even the waste piles have been re-worked and 

few specimens can be found. The representivity of these specimens is doubtful, 

and their value in characterising the mineralisation is limited. 

A study of soil geochemistry has been undertaken to gain some information 

on the geochemical characteristics of mineralisation in different parts or the 

area, to reveal regional patterns of metal zonation, and to locate previously 

unknown mineral occurrences. The study has included research into optimisation 

of sample intervals for soil geochemical surveys, the results of which are given in 

Appendix E. 

5-2 Soils of the Mendip Hills 

Like other limestone upland areas, the soils over most of the Mendip Hills 

are well-drained brown earths. Gleyed soils are present where parent material is 

rich in clay. Although the soils are largely residual, much of the central Mendip 

area has a sparse cover of loessal material, which, according to Findlay (1965), is 

incorporated with the weathering residues of the underlying rocks. 

Neutral to acid, shallow, brown and reddish brown, silty and loamy soils 

are present over the Carboniferous Limestone (Figure 5-1). Locally, particularly 

in mined areas, the soil is very stony. Where loessal drift is present, a thick, 

brown, silty and clay rich soil is developed. Limited areas of peaty gleyed podsol 

are related to thin horizons of iron enrichment developed over the loessal drift. 

Soils over the Dolomitic Conglomerate are similar to those over the 

limestone, although rubbly sub-soil is present, and the colour is a strong reddish 

brown. 

Acid, stony, brown to grey-brown, sandy and loamy soils are developed 

over the Old Red Sandstone. O n level sites a clay iron pan is present and the 

overlying soils are gleyed. 
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Figure 5-1 M a p of soil-type distribution for the central part of1 the Mendip Hills 

Figure 5-2 Location of soil grids and traverse lines, (see text for key to 
numbers and letters) 

• sample l ines 
• s ing le samples 
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In the brown earths of well drained areas a grey-brown to brown A horizon 

of about 10 centimetres thickness is commonly developed over the brown to 

reddish-brown B horizon. Findlay (1965) suggests that this is due to leaching of 

carbonates from the surface horizon and translocation of clay, and not due to 

dissolution of hydrolyzates, as is characteristic of podsols. 

5-3 Sample Collection and Analysis 

As part of the study involved geostatistical determination of optimum 

sample spacing for soil surveys, samples were collected along lines at even 

intervals. The traverses, shown in Figure 5-2, were chosen to represent (1) 

lead-mineralised conglomerate, (2) lead-mineralised and unmineralised limestone 

across strike, (3) the same belt of lead mineralisation as line 2, but in an 

unploughed and un-levelled field*, (4) unmineralised conglomerate, (5) 

zinc-mineralised conglomerate, and (6) unmineralised limestone along strike. 

Although line 4, east of Slab House (592 483), was intended to represent an 

unmineralised area, there are distinctive anomalies near the western end of the 

traverse, indicating the possible presence of previously unknown lead and zinc 

enrichment. 

In addition to the samples representing mineralisation at Chewton Warren 

(line 1), Longwood (2, 3), and Shipham (5), samples have been collected in the 

vicinity of mineralisation at L a m b Leer (a), East Harptree (b), Charterhouse (c), 

Rookham (d), Eaker Hill (e), and Stow Barrow (f), (Figure 5-2). Some 300 samples 

were collected from these nine areas. The data set also includes 167 samples of 

soils over unmineralised limestone, and 56 samples over unmineralised 

conglomerate. Some of these are from the traverses mentioned above, and the 

remainder comprise a grid covering most of the western end of Mendip at a one 

kilometre spacing (see Appendix E on choice of grid spacing). 

Samples were collected from the B horizon, at 15 to 30 c m depth, using a 2 

c m diameter auger. Where the soil was less than 30 c m thick, samples were taken 

* In many fields the linear pits left by the miners have been levelled and 
ploughed so as to m a k e them more suitable for grazing. 
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at the greatest possible depth. At each site at least 3 auger holes were drilled, 

equally spaced at about 1 metre, so as to obtain a composite sample. The soils 

were dried at 80°C in kraft bags, disaggregated, and sieved to retain the 

minus-80 mesh (less than 0.18 m m ) material. 250 m g sub-samples were digested 

in nitric and perchloric acids. Calcium, magnesium, manganese, cadmium, 

copper, lead, zinc, sodium, potassium, cobalt and nickel were determined by 

atomic absorption spectrophotometer. For most elements, analytical precision 

was better than 15% at the 95% confidence level. Comparison of field duplicates 

(pairs of 3-hole composite samples collected within several metres of each other) 

indicates high sampling variability, especially for calcium. For lead and zinc the 

sampling variability is in the order of 20%, however these two elements show 

similar behaviour in duplicate samples, and the variability of the lead to zinc ratio 

is not significantly higher than the analytical variability. Descriptions of the 

analytical procedures and estimates of analytical and sampling precision are given 

in Appendix A. 

5-4 Results 

5-4.1 Data From Mineralised Areas 

Means for 12 elements for 11 sub-sets of the data are summarised in Table 

5-1. For all elements except potassium and sodium it was found that the data are 

more closely approximated by logarithmic than arithmetic distributions, and 

log-transformations have been applied in order to estimate means. Groups A and 

B represent samples from unmineralised background areas of the Carboniferous 

Limestone and Dolomitic Conglomerate. Manganese, lead, zinc, and barium, and 

to a lesser degree, calcium, iron and cadmium are enriched in the conglomerate 

relative to the limestone. There is no significant difference in calcium to 

magnesium ratios for the two groups. 

Groups C to K represent samples from nine different mineralised areas. 

The most striking enrichment is in lead, which is elevated to several times 

background levels in every area of mineralisation. Zinc is similarly enriched in 

six areas and cadmium in three. Although there is no background data for 

comparison, the variability of cobalt and nickel is small, and significant 
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Table 5-1 Means for major and minor elements for various subsets of the 
Mendip soil data. (All are geometric mean except K and N a , which 
are arithmetic mean. All are p p m except where noted) 

Group Mineralised Underlying n Ca% M g % Fe% K% N a 
area Lithology 

un-min C . Lmsn 125 .27 .42 3.06 

B un-min. D . Cglm 48 .32 .44 3.85 

C Chewton D. Cglm 57 .06 .36 4.74 .85 251 

D Longwood C. Lmsn 39 .42 .41 4.16 .75 289 

E Shipham D. Cglm 29 1.37 1.14 4.22 .88 322 

F L a m b Leer C. Lmsn 24 .50 .43 6.93 .90 415 

G Harp tree D. Cglm 16 .37 .32 7.70 .77 344 

H Chouse C. Lmsn 34 1.15 .49 3.58 1.08 454 

I Rookham C. Lmsn 14 2.72 .61 3.15 1.02 460 

J Eaker Hill C. Lmsn 15 .71 .34 4.08 .73 365 

K Stow Barrow C. Lmsn 81 .33 .45 3.04 .83 270 

Group M n Cd Cu Pb Zn Ba Co Ni 

A 950 2.0 16.7 347 240 170 

B 1500 2.8 17.0 514 552 524 

C 2099 1.6 18.6 4325 578 602 19.4 39.6 

D 1757 3.2 28.1 6209 1153 310 22.3 52.8 

E 4227 137.0 37.4 4265 15381 584 25.3 65.2 

F 2432 7.2 25.5 4786 1816 18.7 73.5 

G 1005 36.0 18.0 2624 14655 25.8 75.0 

H 1279 4.6 30.6 13868 1442 19.4 60.5 

I 2032 2.9 32.4 8933 502 20.5 50.1 

J 1545 2.8 19.9 2352 790 19.7 42.7 

K 937 2.0 17.8 3221 346 25.1 38.6 
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enrichment seems unlikely. Calcium is enriched in six areas and strongly depleted 

in one. Both iron and manganese are enriched in seven areas, and magnesium is 

enriched in two. 

Lead to zinc ratios for several of the mineralised areas are shown in 

Figure 5-3. Data are presented as ratios rather than absolute values, because the 

ratios are less dependent on variability caused by mining disturbance. The lead to 

zinc ratios are significantly higher on the top of the Mendip, than on the northern 

and western flanks especially at East Harptree and Shipham. Furthermore, there 

is a consistent trend on the northern slope, as can be seen in the data from East 

Harptree (Pb/Zn = 0.15), L a m b Leer (3.5), Longwood (7.1) and Charterhouse (9.8). 

This trend can easily be seen with lead to zinc ratios plotted against distance 

along a cross section through the mineralised areas (Figure 5-4). The north to 

south increase in lead to zinc ratio across the 500 m traverse at Chewton Warren 

(Figure 5-5), indicates that the trend also applies on a local scale. 

Correlation coefficients have been calculated for the mineralised and 

unmineralised subsets in order to study relationships between the ore elements 

and the elements present in gangue minerals. For the unmineralised areas lead 

and zinc are correlated with calcium, and zinc is correlated with manganese and 

iron (Table 5-2). The various mineralised areas have strikingly different 

characteristics. At Chewton Warren, for example, lead and zinc are strongly 

correlated with magnesium, iron and manganese, but only weakly with calcium. 

At Longwood, Charterhouse and Stow Barrow, lead and zinc are correlated with 

calcium, iron and manganese, but not with magnesium. At Shipham lead and zinc 

are correlated with calcium and magnesium only. Correlations are generally weak 

in the other mineralised areas. 

5-4.2 Data From Wide Spaced Grid 

The most important observation made above is that there is a pronounced 

variation in the lead to zinc ratio from one area of mineralisation to another. 

Furthermore, there is a consistent decrease in lead to zinc ratio from north to 

south, from the plateau to the flanks of the Mendip Hills. 

A regional soil grid of 100 samples at 1 k m centres was established 

covering areas of known mineralisation on the plateau and on the northern slope, 
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Figure 5-3 Lead to zinc ratios for groups of soil samples from various 
mineralised areas in the central Mendip Hills (number 05 samples in 
small figures) 
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Figure 5-4 Variation in lead to zinc ratio along a line from the Mendip plateau 
at Charterhouse, to the base of the northern slope at East Harptree 

Pb :Zn ratio of soils 
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Figure 5-5 Variation in the lead to zinc ratio along a 500 m line across 
mineralisation at Chewton Warren 
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Table 5-2 Correlations between lead and zinc and the major elements for 
various subsets of the Mendip Hills soil data* 

G R O U P n Pb:Ca Zn:Ca Pb:Mg Zn:Mg Pb:Fe Zn:Fe Pb:Mn Zn:Mn 

Unmineralised 
Limestone 125 .42 .53 -.22 .20 .22 .43 .27 i M 

Unmineralised 
Conglomerate 48 .32 .45 .10 .46 .30 .50 -.02 .54 

Chewton 
Warren 57 .37 .38 .49 .55 .63 .73 .67 .57 

Longwood 39 .64 .81 -.09 -.42 .68 .96 .68 .96 

Shipham 29 .69 .88 .52 .76 -.12 -.15 -.44 -.52 

L a m b Leer 24 -.05 .60 .09 .17 .23 .35 .19 .18 

Harptree 16 -.02 -.28 -.34 .14 .56 .20 -.50 .37 

C'house 34 .68 .42 -.20 .22 .17 .79 .49 .87 

Rookham 14 .42 .35 .14 .24 .61 .54 .78 .63 

Eaker Hill 15 -.23 .37 -.43 .21 -.98 .74 -.65 .50 

Stow Barrow 81 .40 .47 .19 .24 .08 .53 .78 .77 

*Correlations above the 95% significance level are underlined. (The data were 
normalised by the exponential transformation technique prior to calculation of 
correlation coefficients) 
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in central and western Mendip. The purpose of collecting this set of samples was 

to better define the spatial variation in lead and zinc concentrations. Cadmium 

and zinc (Figure 5-6, 5-7) are markedly enriched along the northern and 

north-eastern flanks of the uplands. There is some enrichment of lead in these 

areas, but the highest lead concentrations are restricted to the plateau (Figure 

5-8). The lead to zinc ratio (Figure 5-9) shows zonation from zinc-rich soils on 

the northern slopes, including the areas near Slab House, East Harptree, 

Burrington and Shipham, to lead-rich soils on the west-central part of the plateau. 

5-4.3 Effects of Industrial Contamination 

The possibility of contamination of soils in the Mendip area by mining and 

refining activities is vividly expressed in a 17th century quotation in Gough (1967, 

page 140). Referring to one of the Mendip smelting operations it was observed 

that "... there is a flight in the smoak, which falling upon the grass, poysons 

those cattel that eat on it...". It is probable that the poisonous material was 

lead, and if it collected on the grass, it is likely that it also accumulated in the 

underlying soil. A soil sample collected within 300 metres of the smelter site at 

Waldegrave (544 506) where no mineralisation is known, has a lead concentration 

of 12 000 p p m , and a lead to zinc ratio of 30. (Most soils over unmineralised 

Carboniferous Limestone have lead to zinc ratios between 0.8 and 3). The 

distribution of lead in soils in the Chewton Warren area is shown in Figure 5-10. 

Several samples have high lead concentrations (greater than 400 ppm), but most 

of these can be related to adjacent mineralisation. Elevated lead concentrations 

in the samples 1 200 metres north and 800 metres east of the lead works m a y be 

due to airborne contamination. 

A series of soil samples was collected along the line crossing the dry 

stream valley west of the Waldegrave lead works (Fig. 5-10, section a-a'). The 

lead and zinc concentrations of these samples are shown in Fig. 5-11. For at least 

25 metres on either side of the stream bed soils are signficantly enriched in both 

elements. Ford and Stanton (1978) have discussed the paleo-geography of the 

Mendip Hills, and have suggested that a tributary of the Pliocene-aged Cheddar 

drainage system flowed through this east-west valley. Such a stream would 

probably have originated in the mineralised area around Chewton Warren. 
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Figure 5-6 Grey-scale map for cadmium in soils from the central Mendip Hills, 
(map cells are 1 km squares) 
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Figure 5-7 Grey-scale map for zinc in soils from the central Mendip Hills 
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Figure 5-8 Grey-scale map for lead in soils from the central Mendip Hills. (Map 
cells are 1 km squares) 
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Figure 5-9 Grey-scale map for lead to zinc ratio in soils from the central 
Mendip Hills 
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Figure 5-10 Lead distribution in soils in the vicinity of the former lead workings 
at Waldegrave in the central Mendip Hills 
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Figure 5-11 Lead and zinc distribution in soil samples collected at 25 m 
intervals across a stream bed, roughly one kilometre down-drainage 
from the former lead workings at Waldegrave in the central Mendip 
Hills, (the location of section a-a1 is given on Figure 5-10) 
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Alternatively it is possible that the anomaly is derived from waste material from 

around the old workings at Waldegrave, a little over 1 k m upstream. 

Smelter works were also situated near Charterhouse (607 560), Smitham's 

Hill (556 547) and Priddy (exact location unknown) (Green, 1958). T w o samples 

from near Charterhouse and one from the Smitham's Hill area appear to be 

affected by contamination, but there is no evidence of contamination near 

Priddy. In each case, contamination of greater than 1 000 p p m lead is restricted 

to the area within a few hundred metres of the smelter site, and some of that 

m a y be explained by near-by mineralisation. With the exception of the 

Charterhouse area, all of the mineralised zones are at least 1 000 metres from 

any of the smelters 

An interesting example of contamination from mining activities is revealed 

in the cadmium data from the samples collected near Shipham. Here the mean 

cadmium concentration is 137 p p m , (some 65 times background levels), and the 

m a x i m u m concentration is 691 p p m . This discovery of extreme cadmium levels, 

has since caused considerable alarm in medical circles, and several surveys and 

epidemiological studies have been carried out (Carruthers and Smith, 1979; Hughes 

and Stewart, 1979; Anon., 1982a; Iniskip and Beral, 1982; Anon., 1982b). 

Cadmium enrichment is also evident at East Harptree, and as can be seen 

from Figure 5-6, there m a y be other areas of enrichment, particularly on the 

northern slope of the Mendip Hills. 

5-4.4 Soil Anomalies in Areas of no Known Mineralisation 

As noted above, a soil geochemical anomaly has been detected in an area 

underlain by the Dolomitic Conglomerate near Slab House. Zinc and lead data for 

the Slab House area are presented in profile form in Figure 5-12. The levels are 

low compared to other mineralised areas. The most obviously anomalous element 

is zinc. There is also enrichment of calcium, magnesium, iron, potassium, 

manganese and cadmium over a width of about 100 metres. 



-94-

Figure 5-12 Smoothed profile of lead and zinc concentrations in soil samples from 
the Slab House area in the central Mendip Hills, (smoothing was by a 
3-point moving average technique) 
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5.5 Discussion 

It can be argued that soil geochemistry cannot be used as a means of 

characterising underlying bedrock mineralisation unless three criteria are met, 

namely: 

1) the soils are locally derived, 

2) the primary geochemical features are not significantly distorted by 
soil-forming processes, and 

3) the effects of contamination, if any, can be identified and 

accounted for. 

Although loessal drift of Quarternary age is present in the area, all of the 

important mineralised zones have been worked at least once, and possibly several 

times during the past millenia and the soil in the area of these workings must be 

derived largely from material excavated from beneath the loess. 

Draining systems developed during the Tertiary appear to have promoted 

dispersion of metals from the mineralised areas. It is also possible that some 

fluvial dispersion has occurred more recently, involving waste products from the 

ore processing sites. 

Correlation coefficients calculated for samples from unmineralised areas 

reveal relationships between the base metals and calcium, iron and manganese 

which could be a function of similar relationships in the underlying rock, or of 

processes taking place during soil formation. If the soil forming processes do 

exert a strong influence on metal behaviour, one would expect these relationships 

to be evident in the data from the mineralised areas as well. There is, in fact, a 

great diversity in the relationships between base metals and major elements, with 

very strong correlation in some cases, and virtually no correlation in others. It 

follows that the correlations are more likely to be controlled by differing 

ore-mineral versus gangue-mineral relationships in the different areas, than by 

secondary processes taking place within the soil. 

Contamination from air- and water-borne waste products of the ore 

processing activities is an obvious problem in areas near former smelter works. 

Based on the limited evidence given above, the contamination is not severe 

beyond a few hundred metres from each smelter site. In the mineralised areas, 

where lead concentrations in soils commonly exceed 10 000 p p m , the 

contamination is unlikely to affect the lead to zinc ratios of the soils. 
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Assuming, then, that the soil geochemistry does adequately reflect the 

bedrock geochemistry the following points can be made: 

1) The Dolomitic Conglomerate has higher background concentrations of 
manganese, lead, zinc, barium, calcium, iron and cadmium than the 
Carboniferous Limestone. 

2) The magnesium content of the conglomerate is not significantly higher 
than that of the limestone. 

3) Although all of the major zones of mineralisation on Mendip are 
characterised by enrichment of lead, both lead-rich and the zinc-rich 
end members can be identified, and there is an apparent gradation 
from lead-rich to zinc-rich mineralisation on both regional and local 
scales. The lead to zinc ratios are the lowest on the northern and 
western flanks of the plateau, and highest on top of the plateau. 

4) Soil samples collected from within a few hundred metres of one of the 
former ore processing sites have distinctively high lead 
concentrations, which are probably a product of airborne 
contamination. Soil samples collected from a dry valley "downstream" 
from one of the former smelters have anomalous lead concentrations. 
During the Pliocene this valley m a y have channelled drainage 
originating in a heavily mineralised area, but it is also possible that 
the anomalies are due to contemporary drainage from the former 
smelter. 

5) The mineralised areas appear to be composed of distinct "veins" 
separated by zones of lower grade or barren ground. 

6) Near Slab House a 100 metre wide zone is characterised by anomalous 
concentrations of zinc and cadmium and several other elements. It 
seems likely that this anomaly is related to the presence of previously 
unknown mineralisation in the underlying Dolomitic Conglomerate. 

A possible explanation for high background concentrations of various 

elements in the Dolomitic Conglomerate, as compared with the limestone, is that 

the intergranular porosity of the conglomerate is greater and more evenly 

distributed than the fracture porosity of the limestone, hence the process of 

mineralisation has affected the conglomerate over wide areas. 

Concerning the calcium to magnesium ratios of the conglomerate and 

limestone, Campain (1979) has shown that the conglomerate is only sporadically 

dolomitic, and that parts of the limestone are also dolomitic. The calcite to 

dolomite ratios of the Lower Limestone Shale and Black Rock Limestone, for 

example, vary from 1 to 1 for impure carbonate (70 to 80% carbonate minerals) to 

more than 100 to 1 for pure carbonate. The dolomitic conglomerate varies from 

75 to 100% carbonate purity, and from almost pure dolomite to almost pure 

limestone, the latter being dominant. The interstices of the conglomerate have 
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been filled with hematite, pyrolusite, calcite, dolomite and quartz, along with 

associated trace elements, and it is the dolomitic part of this alteration which 

gives its n a m e to these rocks, although the amount of dolomite present is limited. 

Variations in the lead and zinc composition of the mineralisation suggest 

that there were spatial variations in the composition of the mineralising fluids, or 

in the conditions which promoted mineral deposition in the various areas. This 

feature will be addressed in a more comprehensive geological context in Chapter 7. 
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C H A P T E R 6 SOIL G E O C H E M I S T R Y IN T H E L A T T E R I D G E A R E A 

6-1 Introduction 

Over the past 100 years the celestite deposits in the Bristol area have 

provided more than half of the world's needs for strontium sulphate (Nickless et 

al, 1976). The ores are comprised of celestite bearing nodular evaporite beds 

within the Keuper Marl, and celestite veins and infillings in the underlying 

Silurian and Upper Carboniferous strata. Nickless et al (1975, 1976) have 

suggested that the celestite is a diagenetic replacement of gypsum and/or 

anhydrite formed under sabka conditions. Wood and Shaw (1975), on the other 

hand, favour direct precipitation of celestite from strontium-enriched 

groundwater in an arid basin. 

Between 1970 and 1973 the Institute of Geological Sciences conducted an 

evaluation of the celestite resources within the study area. The work, which 

included examination of mineral occurrences, soil and vegetation geochemical 

studies, and large diameter (1 metre) coring, is described by Nickless et al (1976). 

This chapter includes a discussion of geochemical analyses carried out on samples 

acquired from the Institute of Geological Sciences. The present study also 

includes a geostatistical analysis, which is described in Appendix E. 

6-2 Geological Setting 

The most important celestite bearing strata is the Keuper Marl calcareous 

red mudstone. A persistent evaporite bed lies some 5 to 20 metres below the top 

of the marl. Originally called the upper gypsum bed (Kellaway and Welch, 1948), 

it has been informally re-named the Severnside Evaporite Bed (SEB) by Nickless 

et al (1975). The stratigraphy of these upper Triassic rocks is well defined 

northeast of Bristol, near Latteridge (666 847) (Figure 6-1). Here the strata dip 

gently towards the northwest, with the SEB forming a ridge. A similar ridge 

marks the passage upward into the Tea Green Marl, as is shown in the generalised 

section across the strike of the Triassic strata (Figure 6-2). 

Much of the Keuper Marl is covered with up to 2 metres of blue-grey silty 

clay, which has been mapped as fluviatile and estuarine alluvium (Kellaway and 
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Figure 6-1 Geological m a p of the Latteridge area 

(LC-Lower Carboniferous; UC-Upper Carboniferous, DCg-Dolomitic 
Conglomerate,. KM-Keuper Marl, T G M - T e a Green Marl, Rh-Rhaetic, 
J-Jurassic) 
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Figure 6-2 Generalised cross-section showing the Triassic strata and their 
relationship to topography in the Latteridge area, (section is 
approximately 2 k m long) 
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Welch, 1948). Where present, these drift deposits obscure the mineralised beds, 

even though they have been observed to include some isolated celestite 

fragments. Argillic brown earths are developed over the marl, with alluvial gley 

soils on the alluvium (Avery et al, 1975). 

6-3 Sampling and Analysis 

S o m e 850 soil samples were collected by the Mineral Assessment Unit of 

the Institute of Geological Sciences at 50 metre spacings along lines 200 to 500 

metres apart (Figure 6-3). Strontium was determined by X-ray fluorescence 

(XRF) and isotope fluorimetry after grinding by pestle and mortar. Sampling, 

preparation and analytical methods are described in more detail by Nickless et al 

(1976). O n the basis of geostatistical analysis (Appendix E), it was found that a 

similar amount of information could have been obtained using a sampling interval 

of 250 metres rather than 50 metres. A 250 metre square grid was used to select 

a sub-set of some 212 samples for further analysis. These samples were borrowed 

from the Institute of Geological Sciences. 

Following digestion in nitric and perchloric acids, sodium, magnesium, 

calcium, strontium, barium, titanium, vanadium, manganese, iron, calcium, zinc, 

aluminum and lead were determined by direct reading emission 

spectrophotometry, with an inductively coupled plasma source (ICP). Although 

the X R F values are two to three times higher than those from the ICP, the 

correlation between the two methods is good. It appears that the 

nitric-perchloric digestion dissolves strontium in a constant proportion to its total 

concentration in the sample. 

The analytical method is described in Appendix A which also includes 

estimates of analytical precision. For most elements, precision is better than 

10% at the 95% confidence level. 

6-4 Results 

The distribution of strontium based on the 850 original samples is shown in 

Nickless et al (1976, 1980) and reproduced in Figure 6-4. The distribution for 

strontium as determined by ICP on the 212 sample data-set (Figure 6-5) is similar 

to that for the original data. There is a distinctive zone of strontium 

enrichment, which generally coincides with the trace of the SEB, although the 
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Figure 6-3 Locations of sampling traverses for soil samples collected by the 
Institute of Geological Sciences in the Latteridge area 

Keuper Marl 

sampling lines 
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Figure 6-4 M a p of strontium concentrations based on 850 soil' samples collected 
in the Latteridge area (from Nickless et al, 1976) 

>2500 ppm Sr 

strontium mineralisatiorJ 



Geological overlay 
Figures 6-5 to 6-15 



Figure 6-5 Map of s t ron t ium c o n c e n t r a t i o n s in soils f r o m 
the Lattericfge a r e a (Concen t r a t i on it-vcls for the 20, 40 ,60, 
SO, 90 and 95th pe rcen t i l e s a re as fciiou-s, f rom iignt to dark:: 
« 60, 60-106, 107-205, 206-612, 6i 3-i 5S2. J5S3-4265, > 4265 
pprr:. (each m a s eel ! is 250 by 250 in) 

Figure 6-6 Map cf har .um concen t r a t i ons in soiis f rom the 
La t t e r idge a rea . (*246 , 246-3!* , 319-399, 400-5S6, >5S7-fcl 3, 
81 4-1270, 1270 pprr,) 

Figure 6-7 Map of sodium c o n c e n t r a t i o n s in soils f rom t h e 
La t t e r idge a r e a . < <.032, .032-.056, .057-.07S, ' . 079- .104 , 
. IC5-.I 5, .16-.26, .26%) 

Figure 6-S Map of magnes ium c o n c e n t r a t i o n s in soils f rom 
the La t t e r idge a r e a . (<.77, .77-1.09. 1.1-1.5, 1.6-2.0, 2.1-2.S, 
2.9-4.9, » 4.9) 
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highest concentrations are on the dip-slope to the northwest. Moderate 

enrichment is also characteristic of the belt of fluviatile alluvium deposits in the 

valley to the east. The barium distribution (Figure 6-6) is similar to that of 

strontium although the trend along the SEB is less distinct. Enrichment is 

evident within the fluviatile alluvium, and sporadically within the Coal Measures. 

Sodium (Figure 6-7) also shows a pattern similar to that of strontium. 

Magnesium, on the other hand, is strongly enriched directly along the SEB, and 

only slightly enriched along the dip-slope to the west (Figure 6-8). The calcium 

distribution (Figure 6-9) follows that of magnesium, but is less well defined. 

Aluminium (Figure 6-10) reaches its highest concentrations over the alluvial 

deposits, and in this respect is similar to vanadium, zinc, and, to a lesser extent, 

titanium (Figure 6-11 to 6-13). Aluminium, vanadium and titanium are also higher 

to the west of the SEB outcrop and to the east, although for vanadium and 

titanium this trend is indistinct and m a y not be significant. Copper, lead (Figure 

6-14, 6-15) and zinc are distinctly enhanced along the trace of the evaporite bed, 

although there are high values elsewhere. 

Iron (not shown) is characterised by high concentrations within the Coal 

Measures, but there are no other patterns which can be related to geology. 

Manganese is similarly irregular. 

In summary, magnesium, calcium, copper, zinc and lead concentrations are 

enhanced along the trace of the SEB, whereas strontium, barium, sodium and 

aluminium concentrations are highest on the dip-slope to the west. A generalised 

profile of the behavior of some of the elements across the SEB is shown in Figure 

6-16. Because of the relationship between topography and the dip of the beds, the 

SEB comes very near to the surface on the dip-slope west of the ridge. Here 

strontium, barium, and sodium concentrations are highest. O n the steeper slope 

east of the ridge, calcium and magnesium concentrations are highest, and 

strontium and barium concentrations are at background levels. 

The elemental associations described above in a spatial sense, are reflected 

in the inter-element relationships summarised in Table 6-1. Correlations 

amongst magnesium, calcium, copper, zinc and lead are virtually all high, as are 

those amongst strontium, barium, sodium and aluminium. 



Figure b-9 Mao of c a l c i u m c o n c e n t r a t i o n s in soils f r o m the 
La:teriC;re a rea- Levels are as 1'ollows, f r o m light to dark: 
* .30, . 3 0- . >» 0. .65-2.6 , 2.7-4.S, 4 .9-7 .5 . > 7.5 
(each m a ? ce i l is 250 bs' 250 m). 

F igure 6 - iO Map of a luminum c o n c e n t r a t i o n s in soi ls f r o m 
the L a t t e r i d g e a r e a . (« U.Z, 4.C-4.6, 4 .7-3 .5 , 5 .6-6 .1 , 6 .2-6 .9 , 
7 .0-7 .7 , >7.7 56) 

F igure 6 - 1 1 .".tap of vanad ium c o n c e n t s a t i o n s in soils f r o m 
t h e L a t t e r i c g e a r e a . (< 56, 56-65, 66-73, 74-82, 23-92 , 
93-103, >103 p p m ) 

F igure 6 -12 Map of z inc c o n c e n t r a t i o n s in soils f r o m t h e 
L a t t e r i d g e a r e a . (<112 , 1E2-154, 155-203, 20^-331, 332-457 , 
O S - 5 3 4 , »53<* ppm) 



Figure 6-13 Map of t i tanium concent ra t ions in soiis i rorr 
the La t t e r idge a rea . Levels a re as fallow's, f rom light to dark: 
- 6 3 2 . 655-755. 756-900, <)0I-!077, 1078-1152. 1153-1303, 
" 1 303 |>pni) (each map cell is 250 b> 250 m) 

F.™jrr &-15 ^ a p of iead concen t ra t ions in soils f rom trr»e 
Lanericige a rea - ( * i21 t I 2 M 6 1 , 162-239, 240-3«2. 343-468, 
• 4 A," ppm) 

P 

Figure 6-14 Viap of copper concent ra t ions in soils f rom the 
Lat te r idge a rea . («20, 20-25, 26-30, 32-40, 41-49, 49-65, »65 
pprri) 
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Figure6-16 Generalised profile of soil geochemical variations across the 
Severnside Evaporite Bed 
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Table 6-1 Correlation coefficients for 212 soil samples from the Latteridge 
area 

M g Ca Cu Zn Pb Sr Ba N a Al 

M g 1.0 

Ca .67 1.0 

Cu .56 .51 1.0 

Zn .29 .34 .48 1.0 

Pb .29 .37 .51 .17 1.0 

Sr .39 .14 .15 .05 -1.0 1.0 

Ba .12 .01 .08 .17 -.01 .63 1.0 

N a .35 .20 .20 .00 .06 .54 .33 1.0 

Al .41 .21 .29 .17 .26 .35 .41. .29 1.0 
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6-5 Discussion 

The weathering characteristics of the SEB and adjacent Keuper Marl have 

led to the situation where the evaporatic unit is exposed along the crest of a 

gentle scarp. As a result rock fragments from above and below the evaporite 

have been dispersed in opposite directions and there is a clear distinction, in the 

soils, between the geochemistry of the lower and upper parts of the evaporite 

unit. The lower part is rich in calcium and magnesium, whereas the upper part is 

rich in strontium, barium, and sodium. These observations m a y have important 

implications regarding the sedimentary and/or diagenetic environment during the 

accumulation of the deposits. This aspect will be discussed further in Chapter 7. 

Another feature of the soil geochemistry is the enrichment of barium, 

aluminium, vanadium, zinc and titanium in areas of fluviatile alluvium. These 

alluvial deposits are down-slope from areas of relatively resistant rocks, including 

the Keuper Marl, and it seems likely that the anomalies are related to 

accumulation of chemically resistant minerals and/or clay minerals, during fluvial 

and related sedimentation. 
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CHAPTER 7 HISTORY OF ORE DEPOSITION IN THE BRISTOL-MENDIP HILLS 
AREA 

7-1 Introduction 

Many different theories have been advanced to explain the origin of ore 

deposits in the Bristol - Mendip Hills Region. The most important study of the 

lead and zinc mineralisation in the Mendip Hills was carried out by Green (1958), 

who implied that the mineralising solutions originated at depth, presumably as 

juvenile waters. This view is shared by Evans and Maroof (1976). Several other 

workers favoured deposition from waters derived in the sedimentary strata of the 

adjacent Central Somerset Basin (Ford, 1976; Worley and Ford, 1977; Emblin, 1978) 

following the stratafujic model of Jackson and Beales (1976). 

The favoured theory for the origin of the iron ores of the area is that 

proposed by Trotter (1942) for similar deposits to the north. Iron released during 

weathering of the Coal Measures strata, was deposited in fractures in the 

underylying carbonates and in the intersticies of the Dolomitic Conglomerate 

(Ke 11away and Welch, 1948; Green and Welch, 1965). 

The celestite occurrences have been studied by Nickless et al (1975, 1976) 

and by Wood and Shaw (1976). These authors agree on an evaporitic origin for the 

deposits. 

In an important study based on a deep borehole near Bristol, Kellaway 

(1967) remarked on the spatial coincidence of the various deposits within the 

Bristol and Mendip Hills area, and raised the question originally asked by 

Etheridge (1870), as to whether this spatial relationship also implies a genetic 

one. Evidence which supports and expands on this inference is cited in this 

chapter. The available information from within the region, including inferences 

from the geochemical data presented in Chapters 3 to 6, are compared with 

information on other similar deposits. A comprehensive genetic model for the 

three types of mineral deposits is developed. The model can be summarised as 

follows: 

1) During the Hercynian orogeny, the Carboniferous and older strata 
were folded along east-west axes such as the Mendip axis. 
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2) Erosion of the emergent anticlinoria under hot and arid conditions, 
resulted in accumulation of coarse alluvial fans grading outward into 
fine-grained playa deposits. 

3) Metals, such as lead and zinc, were dissolved at the weathering 
surface and then reprecipitated, as sulphides and carbonates, within 
fractures and fissures in the calcareous rocks, under carbon dioxide-
and oxygen-poor conditions. With continued erosion the 
accumulations became enriched and a regional zonation developed 
because of the greater mobility of zinc versus lead. 

4) Iron and manganese oxides precipitated within the alluvial fans where 
the relatively reduced deep ground waters discharged. 

5) Sulphates and carbonates, including celestite and barite, accumulated 
within sediments of the playa, as groundwater originating in the 
uplands, was concentrated by evaporation. 

6) All of the mineralising processes were abruptly terminated by the 
onset of marine conditions during Rhaetian times. 

Information on Permian to Rhaetian climate and depositional environments 

is summarised in Section 7-2. The mineral occurrences are described in Section 

7-3 and a review of the literature on similar deposits is included in Section 7-4. 

Details of the genetic model are presented in Section 7-5. 

7-2 Permian to Jurassic Climate, Depositional Environments and Stratigraphy. 

There are no known rocks of Permian age within the study area, and there 

is no direct evidence of what climatic conditions prevailed during that time. 

Significant folding and faulting took place after deposition of the late 

Carboniferous coal-bearing strata, and it is likely that erosion had been in 

progress long before the first accumulation of the upper-Triassic Dolomitic 

Conglomerate. Jones (1931) has suggested that the Permian erosion products were 

transported to the north and east. The Permian climate was probably hot and arid 

in the Bristol Mendip area, as it was in Devonshire and Yorkshire (Dewey, 1948; 

Smith, 1974). 

As noted in Chapter 2, the red Triassic conglomerate deposits represent 

alluvial outwash fans or wadi sediments. The deposits are comparable to those of 

nearby South Wales (Tucker, 1977), and were probably deposited under conditions 

similar to those found in modern high relief deserts (Glennie, 1970). 

Possible land-sea relationship for southwestern Britain during the Norian 

(middle-upper-Triassic) are shown in Figure 7-1. Although it is widely 
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Figure 7-1 Probable land-sea relationships during the middle and upper Triassic 
(after Audley-Charles, 1970) 

•ill Land area 
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accepted that the fine-grained Triassic strata are of continental origin (Klein, 

1962; Dumbleton and West, 1966; Audley-Charles, 1970; Warrington, 1970; Wills, 

1970; Meigh, 1976; Tucker, 1978), there is some controversy over whether the 

deposits products are of sub-aerial or sub-aqueous deposition. The two points of 

view are considered by Wills (1970), who proposes a model of periodic flooding of 

the land areas by storm runoff, followed by gradual evaporative drying. Regarding 

the Triassic strata of South Wales, Tucker (1978) describes various environments 

in which the fine-grained sediments m a y have accumulated. He suggests that: 

1) the thin sandstones which grade from gravel to fine sand are a product 
of sheet flooding; 

2) the fine sandstones and siltstones with wave-formed ripples and 
dessication cracks were deposited in and around ephemeral lakes; 

3) the massive structureless silt and sand m a y be of aeolian origin; 
4) the structureless dolomitic mudstone is an offshore lacustrine deposit. 

O n the basis of Tucker's work in the area of the Severn Estuary, it would 

appear that the Triassic sedimentary environment east of the Severn ranged from 

sheet-flood to off-shore lacustrine. By analogy with modern examples of 

evaporites in deserts (Durrell, 1953; Glennie, 1970; Twidale, 1972; Jones et al, 1977; 

Kendall, 1978; Hardie et al, 1978) one can assume that the discontinuous evaporite 

horizons in the Severnside Evaporite Bed were formed in an inland sabka 

environment (Wood and Shaw, 1976, Nickless et al, 1976). Following the coastal 

evaporite model of Shearman (1966), and observations of inland sabkas in 

California (Durrell, 1953), and Libya (Goudazi, 1970), the nodular evaporites 

probably accumulated during diagenesis, when the water table was maintained 

just below surface. The wide distribution of the main evaporite, and its 2 m 

thickness, suggests a stabilisation of water levels for a relatively long period. 

The 75 m variation in the present elevation of the evaporite could be explained by 

post-Triassic warping (Kellaway and Welch, 1948), or alternatively the evaporite 

m a y have been time-transgressive. 

Towards the end of the Triassic, depositional conditions appear to have 

become less oxidising due to a wetter climate and a strengthening marine 
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influence (Kellaway and Welch, 1948; Audley-Charles, 1970). Deposition of mud, 

silt and sand continued during Tea Green Marl times, but the deposits differ from 

the Keuper Marl in their colour, and in the fact that sulphide minerals are 

present. Marine fossils have been identified in rare instances in the Tea Green 

Marl, in Somerset, (Green and Welch, 1965) and more commonly in 

Nottinghamshire (Elliott, 1961), but there is still some question as to whether the 

depositional environment of the green marl was significantly different from that 

of the red marl. In the Mendip area evaporite minerals, including celestite, have 

been observed in several outcrops of the Tea Green Marl (Green and Welch, 1965), 

and northeast of Bristol there is very little textural difference between the 

green marl and the sub-adjacent red marl (Nickless et al, 1976). According to 

Elliott (1961), the green colouration and the presence of sulphides might be a 

diagenetic feature of the Tea Green Marl. 

The marine influence strengthened into the Rhaetian with transression 

over most of the study area. The Rhaetic strata consists of dark pyritic 

mudstone and limestone, and pale silty mudstone and limestone. Both types 

contain abundant marine fauna, both vertebrate and invertebrate. Moore (1867) 

and Robinson (1957) have described evidence of marine and terrestrial vertebrates 

of Keuper, Rhaetic and Liassic age in Carboniferous Limestone fissures near 

Mendip. A conglomeratic facies of the Rhaetic at Butcombe, north of the 

Mendip Hills, m a y be the product of deposition in a littoral environment 

(Kellaway and Welch, 1948). Here the base of the Rhaetic is some 170 metres 

below its highest point in Central Mendip, hence, although a littoral facies m a y 

have developed at Butcombe during the early Rhaetic, it must have been 

submerged later on. 

The Rhaetic strata are sequentially followed by White Lias and Blue Lias 

limestone and calcareous mudstone. O n parts of the Mendip Hills and Broadfield 

Down, however, a conglomeratic littoral facies of Lias rests directly on the 

pre-Rhaetic rocks. In these areas the Rhaetic was either not deposited, or it has 

been removed as a result of a late Triassic or early Jurassic erosion on the uplands. 
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7-3 Description of Mineral Occurrences 

7-3.1 Celestite 

All of the important celestite deposits are either within, or else spatially 

associated with the Severnside Evaporite Bed of the Keuper Marl. The evaporite 

bed is a widespread feature, and includes up to four evaporitic horizons, within a 

total thickness of up to 2 m . Calcite, gypsum and celestite are the dominant 

minerals. Evaporitic minerals are also present throughout the Keuper Marl as 

scattered crystals, veinlets, nodules and distinct beds. 

In most areas the evaporite is underlain by a significant thickness of 

mudstone and sandstone. Near the margins of the basin however, the evaporite 

oversteps the clastic strata and lies directly on the up-turned Coal Measures 

(Nickless et al, 1976). This feature is particularly important between the Bath 

and Severn anticlinal axes near Yate (714 828), where evaporite minerals are 

present in shale-bottomed depressions between sandstone ridges (Nickless et al, 

1976). Much of the celestite recovery to date has been from this area. 

The mineralisation consists mainly of celestite nodules, although 

disseminations and veins are also present. A c o m m o n textural feature is that of 

celestite replacing anhydrite or gypsum. The proportions vary from almost pure 

gypsum to almost pure celestite, and there is an apparent increase in the celestite 

to gypsum ratio towards the margin of the basin. Other minerals present include 

quartz and calcite with minor amounts of hematite and illite. Pyrite, galena and 

sphalerite are present, but are very uncommon. 

The soil geochemical data presented in Chapter 6 provide some insight into 

geochemical variations across the Severnside Evaporite Bed. For example, it was 

shown that the lower part of the bed, and perhaps part of the immediately 

underlying mudstone, is enriched in calcium and magnesium, as well as copper, 

lead and zinc. The upper part of the bed is enriched in strontium and barium. 

These geochemical differences indicate that the lower part of the bed is 

dominated by gypsum or anhydrite (with calcite) and a magnesium bearing mineral 

such as magnesite or dolomite (although neither of these minerals has been 

observed in any quantity). The upper part of the bed is dominated by celestite, 

barite and possibly halite. 
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7-3.2 Fluorite 

Fluorite is u n c o m m o n in the study area. The most significant occurence is 

the fracture filling mineralisation in the Avon gorge (Loupekine, 1951). Here the 

fluorite is present in areas of dolomitisation, and is associated with hematite, 

calcite and bitumen. Green (1958) observed that traces of fluorite are associated 

with some of the sulphide deposits in the Mendip Hills. Much of the fluorite on 

Mendip is remote from other mineralisation however, and occurs in solution 

cavities within the Carboniferous Limestone (Kingsbury, 1941; Smith, 1974), in 

association with quartz, calcite and dolomite and in some instances with minor 

amounts of hydrocarbons and sphalerite. These occurrences appear to be 

restricted to the particularly bituminous and siliceous Black Rock Limestone 

series. A fluid inclusion homogenisation temperature of 85°C has been 

determined for fluorite within the Black Rock Limestone at Halecombe Quarry 

(701 457) in the eastern Mendip Hills (Smith, 1974). Assuming a geothermal 

gradient of 15°C per kilometer, and a surface temperature of 25°C, this 

temperature indicates a burial of about 4 kilometers. 

7-3.3 Iron and Manganese 

Accumulations of hematite, limonite and wad are known throughout the 

study area, particularly within the Dolomitic Conglomerate outwash fan deposits 

surrounding the Paleozoic uplands. Etheridge (1870) noted that the iron-ores are 

most c o m m o n where the conglomerate rests on Carboniferous Limestone, 

Pennant Sandstone or Millstone Grit, and that the ores also occur within fractures 

and pockets in the underlying rocks. Within the conglomerate, the mineralisation 

is present as irregular lenses conformable to bedding, as non-conformable cavity 

fillings and as disseminations (Woodward, 1876; Green and Welch, 1965). 

At Higher Pitts Farm (534 492) in the Mendip Hills, a 2-metre-thick lens of 

the Dolomitic Conglomerate is impregnated with hematite. Many u n c o m m o n 

minerals are present, including oxides, hydroxides and carbonates of manganese, 

lead, copper and molybdenum. Most other occurrences have simple mineralogy 

including hematite, limonite and goethite, with accessory calcite or quartz. 

Manganese oxides and hydroxides are almost invariably associated with the iron 

deposits. 
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Fragments of iron ore, sometimes siliceous, are c o m m o n features of waste 

piles in most of the areas where lead or zinc mining has been carried out. Several 

authors have observed that iron oxides line the walls of lead and zinc veins on 

Mendip (Glanvil, 1668; Pooley, 1693; Green and Welch, 1965). With reference to 

manganese ore, Neri (1662 in Gough, 1967, p. 233) noted that "...wherever the 

lead-ore m e n find it, they certainly conclude that lead-ore lies under it." 

Paleomagnetic age determinations were carried out on iron minerals from Higher 

Pitts Farm (534 492) and from near L a m b Leer (545 555), (Evans and Evans, 

1977). Samples from both locations show pole positions which corresponded to 

upper-Triassic ages. 

7-3.4 Lead and Zinc 

Because of the limited exposure of base metal occurrences Green (1958), 

based a study of their distribution on the locations of former workings, and of 

their mineralogy on examination of spoil tip material. Locations of some of the 

more important areas of mineralisation are given in Figure 4-2. The lead and 

zinc mineralisation is almost exclusively confined to the Carboniferous Limestone 

and Dolomitic Conglomerate. Exceptions include small occurrences of pyrite, 

galena, smithsonite and sphalerite in the middle-Jurassic Inferior Oolite in 

eastern Mendip (Alabaster, 1976); and galena and sphalerite in silicified Lower 

Lias and Inferior Oolite strata (Harptree Beds) near Harptree north of Mendip 

(Hamilton, 1966). Green (1958) has discussed the distribution of lead and zinc 

veins with respect to their host rocks, and suggests that within the Carboniferous 

Limestone of the Mendip area there is no obvious stratigraphic control to the 

mineralisation. Lead-rich veins are observed in both Carboniferous Limestone 

and Triassic conglomerate, whereas zinc-rich veins are almost exclusively 

restricted to the conglomerate. None of the areas of mineralisation, lead or zinc, 

is more than a few hundred meters away from a deposit of the Triassic 

conglomerate. From Figure 4-2 and from observations based on the soil 

geochemical data presented in Chapter 5, it is apparent that there is a regional 

zonation to the Mendip base-metal mineralisation. All of the occurrences which 

have lead as the dominant metal are confined to the top of the plateau, whereas 
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those in which zinc is more abundant are situated on the flank of the plateau. In 

some cases there is a gradation between the lead-rich and zinc-rich types. 

Although the morphology and mineralogy of the deposits is not readily 

evident now, some information can be derived from the many first hand 

descriptions which were recorded during the 17th and 18th centuries. Many of 

these observations have been summarised by Gough (1967). 

A n important and recurring observation is that the ore was found within 

fissure-like openings in the limestone. These fissures thin downward, and the 

workings within them only rarely exceed a depth of 100 m (Gough, 1967 pp.72, 118, 

138, 141, 226, 228; Moore, 1867; Green, 1958; Kellaway and Welch, 1965; Kellaway, 

1967). There is a possibility that the depth limit was a product of the inability to 

p u m p water from deep workings (Woodward, 1876). 

The mineralised fissures appear to be controlled by bedding planes: 

"...frontier's below ground were determined not by imaginary vertical lines but by 

the natural slope of the limestone strata..." (Gough, 1967, p 119). Offshoots at 

some angle to these steep veins were also mineralised. 

The main veins reached well over a metre in width and were commonly 

separated by several metres of barren rock. In one case, two workings several 

metres apart at surface were observed to merge at a depth of about 10 m (Gough, 

1967, p 118). Catcott (1768) noted solutional features along faults and bedding 

planes. Mineralisation within the conglomerate was seen to be present as a 

network of small veins up to a few centimetres in width, or in some cases as 

disseminations through the rock (Woodward, 1876; Gough, 1967, p 141, 226). 

The intimate association of clastic fragments with the ore is a c o m m o n 

feature, and in the examples decribed in Gough (1967), all of the fragments appear 

to be derived from the surrounding limestone or conglomerate. At Wick Rocks 

(709 737), east of Bristol, there is evidence of multiple mineralising periods 

interrupted by collapse of late Triassic mudstone debris (Kellaway, 1967). At 

Sandford Quarry (421 591), in western Mendip, one 5 m wide fissure is filled with a 

deposit of thinly bedded clay, whereas another less than fifty metres away is 

lined with a 10 c m layer of drusy calcite and filled with silty debris and angular 

blocks of Carboniferous Limestone. 
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Moore (1867) was the first to recognize post-Triassic fissure in-fillings. He 

described a 4 m thick deposit of "blue or greenish clay" at a depth of about 90 m 

in a mining shaft near Charterhouse (505 553). The clay contained abundant 

Lower Liasic marine fossils and about 7% galena. Robinson (1957) observed 

several similar occurrences, and others are mentioned by Green and Welch 

(1965). Mineralisation at Merehead Quarry (695 440) comprises iron and 

manganese oxides with minor secondary lead and copper, and collapsed fissure 

material ranging in age from late Triassic to early Jurassic (Alabaster, 1975, 1976, 

1977). Symes and Embrey (1977) and Alabaster have attributed the presence of 

oxide and oxy-chloride minerals to alteration by Rhaetian and later sea waters. 

An occurrence with similar features has been discovered near Bristol (Alabaster, 

1978). 

The main ore minerals in the Mendip Hills are galena, cerrusite, 

smithsonite and sphalerite. One sample from the Central Mendip area is 

characterised by 5 m m bands of colloform galena alternating with .5 m m bands of 

sphalerite. Samples from a waste tip at Shipham (445 582) comprised calcite, 

galena and banded colloform sphalerite and pyrite in interstices in the 

conglomerate. 

Both galena and smithsonite have been observed to occur in large masses 

almost free from gangue material (Glanvil, 1668; Billingsley, 1795). This situation 

was not universal, as is cited in Gough (1967), "...the ore runs sometimes in a 

vein, sometimes dispers'd in banks. It lies many times between rocks. Some of it 

is hard, some milder. They never find any perfect, but it must be refined. Many 

times they have branched ore in the sparr." Ore-bearing veins accompanied by 

columnar concretions of calcite extending from the wallrock have been described 

by Weaver, (1819). Similar, but non-metalliferous, occurrences are exposed in 

quarries at Whatley (729 481) and Sandford (421 591), and elongated calcite 

crystals have been seen in waste tips near Charterhouse (505 553). Woodward 

(1728) wrote that fissures filled only with calcite and rock fragments, alternated 

with ore-filled fissures. 

There are igneous rocks known in the study area, but the youngest of these 

are the ash beds within the Carboniferous Limestone on Broadfield D o w n . It is 



-121-

highly unlikely that the igneous activity associated with these deposits is related 

in any way to the apparently later base metal mineralisation. Based on a study of 

regional magnetic patterns, Evans and Maroof (1976) have postulated the 

existence of a buried granitic body to the east of the Mendip Hills. They suggest a 

link between this supposed pluton and the Mendip lead-zinc mineralisation. 

To summarise, the Bristol-Mendip Hills lead-zinc mineralisation has the 

following important characteristics: 

1) The ores occur at shallow depths as veins and replacements in 
limestone and dolomite; 

2) enhanced porosity, due to brecciation (conglomerate) tectonic forces 
and solutional processes, is evident; 

3) the deposits are spatially related to positive structural and 
paleogeographic features; 

4) there is no apparent igneous source rock; 
5) the mineralogy is simple with galena, sericite, smithsonite, sphalerite, 

pyrite, calcite, dolomite and barite; 
6) there is a spatial association between base metal deposits and iron 

and manganese oxide deposits. 

Clearly, these deposits fit within the classification "Mississippi Valley 

Type" as defined by Jackson and Beales (1967). 

7-4 Theoretical Background for the proposed Model of Ore Deposition 

7-4.1 Lead, Zinc and Iron Deposits 

Callaghan (1967) has established a classification for the "Mississippi Valley 

Type" lead-zinc deposit based on paleophysiographic settings, in which most of 

the typical examples are situated immediately above, or immediately below an 

unconformity. Within the latter group one of the most important features is the 

presence of karstic openings or collapse structures related to solutional erosion. 

Some examples of the deposits which are situated below an unconformity 

are: the Friedensville District of Pennsylvania, the East Tennessee District, the 

Tri-State District, the Southwest Wisconsin District and a number of others in 

the United States (Callaghan, 1967), the Pine Point District in Canada (Beales and 

Jackson, 1967), the Malines District of France (Foglierini and Bernard, 1967), the 

lead and zinc deposits in Belgium (De Magnee, 1967), the lead-zinc, barium and 

iron deposits in Sardinia (Padalino et al, 1973, Moore, 1972), many of the deposits of 
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the eastern-Alpine District (Dzulynski and Sass-Gustkiewicz, 1977), the Angouran 

and Lakin Districts in Iran (Pereira, 1967), the Yunnan Area of China (Searls, 

1952), the Pennine District of England (Ford, 1976) and of course, the Mendip Hills 

Area. The genetic histories of these various deposits have been discussed at great 

length, with very little concensus being reached. 

Although most geologists recognize the existence of karstic and solutional 

collapse features in the districts noted above, the possibility that the 

karstic-forming meteoric water could also be the mineralising solution, which has 

been advocated by several European geologists (including Bernard, Leleu, 

Rouvier, Lagny, Zuffardi, Bechstadt and others), has been rejected by most 

North American and British geologists. The most serious objection to the theory 

of meteoric origin is comprised in the data of fluid-inclusion studies, much of 

which suggests deposition from hot (100 - 150°C), and dense (15 - 20 weight 

percent salt) brine (Roedder, 1967). Not all fluid inclusion studies show high 

salinities and homogenisation temperatures, however, and furthermore, it is 

probable that post-mineralisation burial would promote re-crystallization of ore 

and gangue minerals at elevated temperatures and in equilibrium with high 

salinity connate water (Zuffardi, 1968; Bernard, 1973; see also discussion to 

Roedder, 1967). 

The question of whether karstic meteoric water can be a mineralising 

solution has been answered, of course, by the many examples of ore minerals 

precipitating in modern caves (Hill, 1976; Bradbury, 1959). Minerals observed 

include carbonates, sulphates, sulphides, and phosphates of copper, lead and zinc, 

plus various iron oxides and barite and fluorite. A recent study at a limestone 

quarry in Ontario provides some convincing support for the meteroric water 

argument (Haynes and Mostaghel, 1982). Lead and zinc minerals, including galena 

and sphalerite, are present in black sludges and as botryoidal encrustations, at the 

orifice of a spring 28 m below the top of the quarry face. The spring water has a 

temperature of around 3°C, and lead and zinc concentrations below 1 mg/1. Based 

on lead-isotope determinations, Haynes and Mostaghel suggest that the metals 

are derived from carbonate rocks 10 to 15 m stratigraphically above the spring 

horizon. 
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The source of the metals which make up residual deposits in karstic 

terrains is the rock which the water flows over or through before entering the 

Karst system. The metal could be that originally present within the rock, as 

suggested by Collins and Smith (1972); Bechstade (1975); Rouvier (1971) and Haynes 

and Mostaghel (1982), or that within previous epigenitic mineralisation as 

suggested by Zuffardi (1968) and Hill (1976). 

Deposition of sulphide minerals takes place under reducing conditions and 

possibly in the presence of bacteriogenic ^ S , within the phreatic zone (Bernard 

and Leleu, 1967; Bernard, 1973; Devignee, 1977a and 1977b; Amouri et al, 1978). 

Deposition of carbonate minerals follows from depletion of the carbon-dioxide 

reservoir (Holland ,1967; Krauskopf,1967). 

Although a variety of barite occurrences within karst systems have been 

observed to be of meteoric origin (Walker, 1919, Bradbury, 1959, Hurlbut, 1968, 

Hill, 1976), and many others have been interpreted as being of meteoric origin 

(Zuffardi and Salvadori, 1963, Huvelin, 1976, Padalino et al, 1973), none of these 

authors has proposed a chemical mechanism which would result in barite 

deposition within a karstic aquifer. The solubility of barite is controlled by the 

temperature and ionic strength of the water in which it is dissolved (Holland, 

1967; Krauskopf, 1967). A temperature difference between surface water and 

groundwater of up to 10 or 15°C could exist during hot seasons, because 

groundwater temperatures change very little. Similarly, a decrease in ionic 

strength, which would accompany precipitation of carbonate or sulphide minerals, 

could be responsible for barite precipitation. Bolze et al (1974), have studied the 

possibility of biogenic barite mobilisation, and conclude that microbial sulphate 

reduction can account for enhanced barium solubility. It is possible that the 

reversal of such a process could occur within a karst system. 

Bicarbonate is normally the dominant anion in the groundwater of 

carbonate areas, and where metal enrichment has taken place it follows that 

carbonate ore-minerals should be present. This is the case in modern caves (Hill, 

1976). Lead and zinc carbonates are also present in many Mississippi Valley Type 

deposits, in North America (Callaghan, 1968; Brockie et al, 1968; Heyl, 1968; 
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Radabaugh et al, 1968; Tweto, 1968; Loughlin and Koshman, 1942) and in Europe 

and Asia, (Pereira, 1967; Sainfield, 1956; Padalino et al, 1973; Amouri et al, 1978; 

Rickard, 1924). Most of the above authors have suggested that the carbonate 

minerals are weathering products. However, in many cases the weathering is a 

process of concentration rather than dispersion, which might more accurately be 

described as supergene enrichment (Zuffardi, 1968; Haynes and Mostaghel, 1982). 

Furthermore, this supergene enrichment is not always strictly residual, in that 

the metals can be transported some distance before being redeposited. A good 

example of this phenomenom is the Goodspring Area of Nevada, where most of 

the ore bodies are of presumed supergene origin. In this area the metals which 

constitute the rich secondary ore bodies are observed to have migrated as much 

as 50 m from a sulphide source (Hewett, 1930. 

Since it is possible for a rich secondary ore body to form as a result of 

supergene concentration of metal from existing sulphide mineralisation, it should 

be possible for a primary ore deposit to form as a result of supergene 

concentration of metals present at background concentrations in normal rocks. 

Such supergene ore need not always be present as carbonate minerals, as has been 

observed in Sardinia by Zuffardi (1968). There, supergene accumulations include 

both carbonates and sulphides, depending on the oxidation potential and the CC>2 

and H2S fugacities in the depositional environment. 

7-4.2 Celestite Deposits 

The strontium to calcium ratio of sea water is less than 1:50, and normal 

evaporative processes favour the precipitation of sulphate as a calcium salt 

rather than a strontium salt (Braitsch, 1971). Although calcium-sulphate 

precipitation could increase the strontium to calcium ratio to the point of 

celestite stability, there is always a ready supply of calcium in marine 

environments, and celestite deposits are rare in marine evaporite sequences, and 

in modern marine evaporite basins (Braitsch, 1971, Wood and Shaw, 1976). The only 

significant modern celestite accumulations are in continental evaporite basins, 

such as in California (Durrell, 1953) and (Goudazi, 1970). In keeping with 

the accepted continental depositional environment for the Keuper Marl itself (see 

Section 7-2), it is thus postulated that the Severnside Evaporite Bed was 
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deposited in an inland playa or sabka complex (see for example, Glennie, 1970), 

where diagenesis of the playa sediments in the presence of brine, led to 

accumulation of evaporite minerals just below the surface (Durrell, 1953; Hardie, 

1968). 

During evaporative concentration, various minerals become unstable at 

successive stages, and the eventual mineral assemblage is a function of the 

composition of the incoming solutions. In virtually every case the first phases to 

reach saturation are low-magnesia calcite, followed by high-magnesia calcite or 

dolomite (Eugster and Hardie, 1978; Hardie, 1968). As the sulphate to calcium 

ratio increases, the stability of the calcium-sulphate salts is exceeded, and either 

gypsum or anhydrite is precipitated. The remaining brine normally contains 

sodium and chloride along with a number of minor constituents. 

Precipitation of celestite, or replacement of anhydrite by celestite, 

depends on the strontium to calcium ratio and on the sulphate to calcium ratio. 

The latter factor is due to the higher solubility product of C a S O ^ versus SrSO^, 

because a limited supply of sulphate will more severely limit the precipitation of 

gypsum or anhydrite, as opposed to celestite (Wood and Shaw, 1976). 

Although the strontium to calcium ratio is low in marine environments, the 

source water for a continental evaporite m a y be relatively rich in strontium. Of 

the sedimentary rocks, carbonates have the highest strontium concentrations, but 

shales have the highest strontium to calcium ratios (Hem, 1967). 

In the evaporation of sea water the strontium to calcium ratio reaches a 

critical point for celestite deposition at about the same point that the solubility 

of halite is exceeded (Braitsch, 1971; Sass and Starinsky, 1979). Under continental 

conditions, where higher original ratios of strontium to calcium, to sodium and to 

chloride, are possible, celestite saturation might be reached earlier. 

7-5 History of Mineralisation 

In the following section, the late Carboniferous to Jurassic geological 

history of the study area will be summarised with particular emphasis on those 

factors which have had some influence on mineralisation. The model for the 

genesis of the Bristol-Mendip Area mineralisation will be described. 
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7-5.1 Upper Carboniferous 

While deposition of the shales and sandstones of the Coal Measures 

continued, the early stages of the Hercynian Orogeny resulted in the localised 

folding and uplift of the Carboniferous and older strata. There is evidence of 

Carboniferous uplift along the Lower Severn and Bath axes (Kellaway and Welch, 

1948), and it is possible that some early warping took place along the Mendip axis 

(see Figure 2-5). 

7-5.2 Lower Permian 

The Marine environment of the Carboniferous gave way to desert 

conditions during the Permian, and erosion began in the already elevated 

anticlinal areas. In the Mendip area, uplift took place along the Mendip axis 

(Figure 7-2). At this stage the Carboniferous Limestone was buried under up to 

3 000 metres of Coal Measures strata. The pressure and temperature were high 

enough that segregations of quartz, calcite and fluorite were formed from 

migrating connate water. 

7-5.3 Lower Through Upper Permian 

Continued Hercynian folding and uplift heightened topographic relief and 

accelerated the process of denudation. Deposits of angular rock debris, sand and 

m u d collected on steeper slopes (Figure 7-3). 

Permeability within the anticlinal massifs was enhanced by further folding 

and radial fracturing (Figure 7-4), thus promoting groundwater flow through the 

Coal Measures and limestone. Metals dissolved in the weathering zones were 

re-precipitated at depth, forming a diffuse zone of supergene enrichment. 

7-5.4 Lower and Middle Triassic 

With continued erosion, the Coal Measures strata were largely removed 

from the upland areas (Figure 7-5). Eventually the Carboniferous Limestone 

became exposed (Figure 7-6), allowing solutional erosion along fractures in the 

limestone, and resulting in a change in the composition of the scree deposits, 

from a mixture of shale and sandstone fragments, with a high proprtion of m u d 

and sand, to a framework of limestone fragments with much less matrix material. 
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Figure 7-2 Idealised cross-section through the Mendip anticlinorium during 
lower Permian times (looking west) (The location of section a-a' is 
given on Figure 7-1) 
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Idealised cross-section through the Mendip anticlinorium during 
lower to middle Permian times 
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Figure 7-4 Idealised cross-section throught the Mendip anticlinorium during 
upper Permian times 

Figure 7-5 Idealised cross-section through the Mendip anticlinorium during 
lower Triassic times 
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Figure 7-6 Idealised cross-section through the Mendip ariticlinorium during 
middle Triassic times 
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Below surface, two important hydro-geochemical transitions existed as 

the water became isolated from the atmosphere. The carbon dioxide supply was 

depleted as the limestone was dissolved, and the oxidation potential was lowered 

as bacteriogenic f-^S was evolved and various minerals were oxidized (Figure 

7-7). Within the oxygen and carbon dioxide rich upper zone, sulphide and 

carbonate minerals, mainly calcite or dolomite, but possibly also cerussite and 

smithsonite, were precipitated. Within the reducing and H^S rich zone, galena, 

sphalerite and pyrite, along with further calcite or dolomite were precipitated. 

In places where water from deep flow system discharged into the scree 

deposits, iron and manganese oxides were deposited. 

7-5.5 Carnian to Norian 

The minerals deposited by the mechanism described above were repeatedly 

removed and redeposited as the erosion surface was lowered. A process of 

fractionation took place due to the greater solubility of the zinc over lead (Figure 

7-8). Near to the top of the system, lead was preferentially deposited due to its 

lower solubility. As the lead to zinc ratio of the solutions decreased, the lead to 

zinc ratio of the resultant mineralisation decreased. In the lower parts of the 

hydrological system, the lead to zinc ratio of the ground water would have been 

low enough to result in deposition of zinc-dominant mineralisation. 

In areas where the conglomerate was overlain by the Keuper Marl 

mudstone, isolation from the atmosphere again resulted in the depletion of 

oxygen and carbon dioxide, and precipitation of sulphide and carbonate materials. 

7-5.6 Norian 

The ore forming process carried into the Norian with little change. The 

mineralisation continued to be eroded and redeposited as the anticlinal uplands 

were worn down. 

In the synclinal lowlands, where the Keuper Marl mudstone and sandstone 

were being deposited, a variety of environments existed, as descrbied in Section 

7-2. The existence of alternating mudstone and sandstone layers suggests that 

the area was repeatedly flooded by a large lake or inland sea. Whenever the 
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Figure 7-7 Possible geochemical conditions at the erosion surface of the 
Carboniferous Limestone during Triassic times 
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Figure 7-8 Idealised cross-section through the northern flank of the Mendip 
anticlinorium during Carnian (early upper Triassic) and Norian 
(middle upper Triassic) times (looking west) 
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water table was within a few tens of centimetres of surface, diagenetic 

evaporite minerals were formed within, but near to the surface of the sediment. 

At some point the water level was sufficiently stable to allow the widespread 

accumulation of evaporite minerals in what is now the Severnside Evaporite Bed 

(Figure 7-8, 7-9). 

As various minerals, including calcite and gypsum, precipitated, the brines 

evolved to the point at which the solubilities of strontium sulphate and sodium 

chloride were reached. Deposition of celestite and halite ensued, the former 

either by replacement of pre-existing gypsum or anhydrite (Nickless et al, 1976), 

or by direct precipitation (Wood and Shaw, 1976). 

Since ground water flow was towards the centre of the basin, and the 

supply of strontium was limited, most of the celestite deposition took place near 

the margin of the basin. With subsequent flooding, much of the more soluble 

halite was redissolved. 

The rising sea level towards the end of the Norian, is reflected in a change 

of colour of the clastic sediments from red to green. The marine influence must 

have been intermittent however, as the depositional conditions do not appear to 

have been significantly altered. 

7-5.7 Rhaetian and Liassic 

The Rhaetian and Liassic seas covered most of the area and resulted in 

deposition of limestone and mudstone, with development of shallow water facies 

near the anticlinal highs. As the upland areas became submerged, any exposed 

fissures were filled with marine and terrestrial debris, and the mineralising 

process was essentially stopped. In some cases the incursion of the Rhaetian 

marine waters resulted in alteration of the existing metaliferous minerals . 

The rugged relief of the anticlinal areas was probably preserved through 

the Jurassic, as is suggested by Ford and Stanton (1968), who present evidence 

that the planation of the Mendip Plateau took place during the Pliocene. During 

this period, many of the lead-rich occurrences in the top of the Mendip Hills were 

either partly or completely eroded. 
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Figure 7-9 Idealised cross-section through the Bath axis northeast of Bristol, 
showing the effects of topography on the distribution of the 
Severnside Evaporite Bed (looking north). (After Nickless et al, 
1976, Figure 3) 
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7-6 Summary 

The eighty-million-year period from the end of the deposition of Coal 

Measures sand and shale, until the beginning of deposition of Rhaetian marine 

shale and limestone, was extremely important from the point of view of ore 

deposition in the Bristol and Mendip Hills area. 

Hercynian compressive forces generated a series of east-west folds, the 

largest being the Mendip anticlinorium, and reactivated north-south Caledonian 

folds along the Bath and Lower Severn axes. Erosion of the anticlinal uplands in a 

hot desert climate resulted in accumulation of coarse alluvial fans grading into 

fine-grained deposits in playas. Soluble minerals were dissolved by surface and 

ground waters, which either flooded into the basin or percolated through fractures 

in the rock. 

Calcite, dolomite, cerussite, smithsonite, galena, sphalerite, pyrite and 

barite were reprecipitated from descending ground water in response to changes 

in carbon dioxide f ugacity and oxidation potential. With continued erosion these 

residual accumulations developed into discrete zones of mineralisation along 

solutionally enlarged bedding planes and fractures, and within the porous alluvial 

fans. Because of differences in solubility, a regional zonation developed from 

lead-rich veins in the upper parts of the hydrological system, to zinc-rich veins in 

the lower parts. 

Oxides of iron and manganese were precipitated where relatively reducing 

deep ground waters discharged into the alluvial fans near the base of the uplands. 

Calcite, dolomite, gypsum, anhydrite, quartz and celestite accumulated 

within the sediments of the playa, as ground waters, derived from the upland 

areas, evolved into brines due to evaporitic concentration. 
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C H A P T E R 8 S U M M A R Y A N D C O N C L U S I O N S 

8-1 Stream Sediment Geochemistry 

Data from the Wolfs on Geochemical Atlas of England and Wales (Webb et 

al, 1978) have been studied in order to identify factors which influence 

geochemical patterns in the Bristol-Mendip Hills Area. Most regional 

geochemical features can be attributed to lithological characteristics which are 

essentially consistent throughout Britain. For example, areas underlain by the 

arenaceous Old Red Sandstone are represented by low concentrations of all of 

the more soluble elements. Areas underlain by Carboniferous, Jurassic and 

Cretaceous limestone have high calcium and strontium concentrations but low 

concentrations of most of the other elements studied. The black Lower Liassic 

shales are associated with high concentrations of molybdenum, iron and arsenic. 

In addition to these normal lithological variations, there are a number of 

geochemical features which are related to mineralisation, and others which can 

be attributed to industrial activities. 

The base metal deposits within the Carboniferous and Triassic carbonate 

rocks are the source, both directly and indirectly, of much of the enrichment of 

lead, zinc, copper, cadmium and barium in stream sediments. The most direct 

link is through chemical and mechanical weathering of currently exposed deposits 

by surface and ground water. T w o previous erosional periods which m a y have 

played a role in dispersal of the metals include the Pleistocene, during which 

Head deposits were derived by solifluction from the slopes surrounding the 

uplands, and the Pliocene, during which a significant volume of material was 

eroded from the upland areas. It is not clear which of these erosional episodes is 

most important in terms of generating the anomalies north of Mendip, except to 

say that mechanical processes must have been important to explain the 

abundance of barium in stream sediments. To the south of Mendip, all of the 

previous deposits are overlain by Holocene, clay, sand and peat-bearing estuarine 

alluvium, and the extensive lead anomaly in this area is very likely to be of 

recent origin. A probable mechanism is that lead has been scavenged from the 

metal rich spring waters emerging at Cheddar and elsewhere. 
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An indirect link between the ore deposits and stream sediment anomalies 

lies in human endeavours to extract and refine the metals. The mining activities 

have promoted mechanical and chemical erosion of the deposits, and the refining 

activities have resulted in the introduction of a large quantity of lead, zinc, 

copper and cadmium to ground and surface water, and to the atmosphere. In 

more recent times, importation of ores has contributed to the amount of metal 

introduced by refining activities. Lead, zinc, copper and cadmium anomalies 

which can be related to industrial activities include those near Avonmouth and 

around Bristol. The anomalies north and south of the Mendip Hills have probably 

been accentuated by industrial activities. 

The mineral accumulations associated with the evaporative horizons of 

the Keuper Marl have had a significant effect on the distribution of strontium and 

barium in stream sediments. Strontium and barium anomalies are evident in 

areas where celestite-bearing evaporites have been observed. There is little 

question that in the process of accumulation of strontium, barium has also been 

enriched. Furthermore, the intense chemical weathering of the Permo-Triassic 

probably led to the enrichment of essentially insoluble barite in mechanically 

derived sediments. There is an extensive area of strontium enrichment extending 

beyond the limits of the Keuper Marl, from well south of the Mendip Hills to well 

north of Gloucester. Outside of the area underlain by Triassic strata all areas of 

strontium enrichment also have high calcium concentrations, and the strontium to 

calcium ratios in these areas are within the expected limits for limestones. 

Chemical processes which take place at the interface between stream 

water and shallow ground water have also affected stream sediment 

geochemistry, especially on the alluvial flats where the water level is relatively 

high, and flow is sluggish. Iron and manganese, occurring as hydrated oxide 

coatings on clastic fragments, are the most obviously affected, but it is likely 

that lead, zinc, and cadmium have been co-precipitated with, and adsorbed onto 

these hydroxides. 

8-2 Mendip Hills Ground Water Geochemistry 

Geochemistry of the Mendip ground waters can be studied on the basis of 

equilibrium relationships within the system C O ? - C a C O - - H ? 0 , in which the supply 



-139-

of free carbon dioxide is an important factor in controlling dissolution of calcite. 

In most similar regions the main source of carbon dioxide is the soil atmosphere. 

In this case, however, an important additional supply is the decaying organic 

matter within fractures in the unsaturated zone of the bedrock. Steep radial 

fractures at the surface of the limestone outcrop, related to anticlinal folding, 

m a y be responsible for the presence of the sub-surface organic matter. Due to 

this supply of carbon dioxide, the water-rock system is effectively "open" with 

respect to carbon dioxide, with the result that erosion occurs to considerable 

depth, and the p H is relatively low. 

Concentrations of dissolved lead and zinc range up to 40 and 1 000 ug/1 

respectively. All of the major discharges with base metal mineralisation in their 

catchment basins have anomalous zinc concentration, and some are considerably 

higher than would be expected from the magnitude of mineral occurrences. 

Contamination is not suspected, and it is assumed that these situations represent 

anomalies from previously undetected mineralisation. Owing to its higher 

concentrations and relative ease of analysis, zinc is considered to be a more 

suitable element than lead for hydrogeochemical exploraion in this terrain. 

Unlike some other base metal districts, sulphate and fluoride 

concentrations are not anomalously high in waters draining mineralisation. This 

is probably due to the lack of fluorite, and non-ore sulphide minerals associated 

with the deposits. 

Seasonal changes in the flow rates of springs and streams have a 

considerable effect on the geochemistry. At the beginning of a flood following a 

long period of drought, the concentrations of sulphate, sodium chloride, 

potassium, iron and manganese increased markedly, probably as a result of 

dissolution of previously deposited salts, and because of an increased sediment 

load. Following this initial peak, the concentrations of most constituents dropped 

to well below those of the low-flow period. Lead and zinc were affected by this 

dilution, but in most cases the magnitude of the anomalies was great enough such 

that they were not obscured by the seasonal variation. Nonetheless, it is 

recommended that surveys of this type be carried out within as short a time as 

possible to avoid seasonal variations. 



-140-

8-3 Mendip Hills Soil Geochemistry 

The base metal mineralisation of the Mendip Hills is so well reflected in 

the overlying soils (which sometimes contain several percent of lead or zinc), that 

soil geochemistry has been used as a means for mapping the metal ratios of the 

various deposits. O n this basis it can be shown that there is a consistent regional 

zonation in the lead to zinc ratios of the various mineralised zones. O n the top of 

the plateau the deposits are lead-rich. The lead to zinc ratio decreases towards 

the basin, and near the base of the slope the deposits are zinc-rich. This variation 

in the proportions of lead and zinc applies on a local scale as well. 

Lead and zinc zonation has some important implications regarding the flow 

direction of the ore forming solutions and the source of the metals. Based on the 

fact that zinc is more soluble than lead, the observed fractionation could only 

result from solutions flowing from the upland areas towards the basin. The metal, 

therefore, must be derived from the upland area. 

Samples collected from near to one of the former smelting operations have 

revealed the existence of contamination from air-borne and water-borne waste 

products. It is apparent that lead, because of its relatively high volatility, is the 

dominant heavy metal constituent from the air-borne wastes. The contamination 

has not significantly affected the results of the detailed soil sampling in 

mineralised zones, but it has affected data from the regional grid. 

A soil traverse in an area underlain by Dolomitic Conglomerate near Slab 

House in east-central Mendip, has indicated the existence of previously unknown 

mineralisation. The mineralised zone has an apparent width of 80 metres, and is 

geochemically similar to the zinc-rich mineralisation at Shipham and East 

Harptree. 

8-4 Latteridge Area Soil Geochemistry 

A soil survey over an area of strontium enrichment in the Keuper Marl has 

enabled a geochemical distinction to be made between the upper and lower parts 

of the Severnside Evaporite Bed. The lower part of the bed, and the immediately 

underlying mudstone are rich in calcium and magnesium. The upper part of the 

bed, and the immediately overlying mudstone, are rich in strontium, barium and 
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sodium. These geochemical variations likely reflect the relative proportions of 

various minerals, including calcite, dolomite, gypsum/anhydrite, celestite (plus 

barite), and halite, at different levels in the evaporite bed. The association 

between strontium and sodium suggests that the brine from which these minerals 

precipitated became saturated with celestite and halite at roughly the same time. 

8-5 Model for the Genesis of the Ore Deposits 

Derivation of a model for the genesis of lead, zinc, iron and strontium 

deposits of the Bristol-Mendip area has been based on previous descriptions of the 

deposits, observations made by the writer, and the results of the various 

geochemical surveys carried out. 

The major points of the model are that the ores were ultimately derived 

from the lower and upper Carboniferous strata which have now been eroded from 

the Mendip anticlinorium, and that mineralisation took place during this erosional 

episode. 

During the Permian and Triassic periods, the Carboniferous rocks were 

folded and uplifted, and physically and chemically eroded. Some of the soluble 

constituents were selectively concentrated at various positions within the 

hydrological system, in response to changing chemical conditions. Accumulation 

of lead and zinc took place within open spaces in the Carboniferous Limestone, 

and its Triassic derivative the Dolomitic Conglomerate, by a mechanism which is 

similar to those proposed for base metal deposits in karstic carbonate rocks 

elsewhere, and similar to the observed phenomena of deposition of metalliferous 

minerals in limestone caves and quarries. Carbonate and sulphide minerals 

precipitated due to changes in p H and oxidation potential and to changes in the 

partial pressures of C O 2 and h^S. These geochemical changes are the natural 

consequences of the flow of meteoric waters through carbonate rocks. 

Accumulation of iron and manganese took place at a lower level in the 

hydrological system, within the Dolomitic Conglomerate, at points of discharge 

of ground water flowing through fractures in the Carboniferous and older rocks. 

The iron and manganese, dissolved in the relatively reducing waters, were 

precipitated as oxides and hydroxides in response to higher oxidation potential. 
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Accumulation of strontium took place at the base level of the hydrological 

system, where water derived from the surrounding uplands was being 

concentrated by evaporation within an enclosed basin. The eventual saturation 

with respect to celestite was dependent on the degree of concentration of the 

brine between episodes of flooding. Accumulation of a significant amount of 

celestite required a relatively long period free from extensive flooding. 

Thus, it is clear that the origin of all of the economic mineral deposits of 

the Bristol and Mendip Hills area can be explained without having to speculate 

about hydrothermal solutions originating from imagined igneous bodies, or about 

upward moving brines derived from the adjacent sedimentary basins. Huge 

volumes of material were eroded from the anticlinal areas, and there is little 

doubt that this material contained enough metal to form the existing deposits. 

The observed distribution and nature of the deposits are consistent with the 

theory that the metals were derived from solutions migrating towards the basin, 

as is the existence of an extensive geochemical anomaly in the basinal area. 
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A P P E N D I X A A N A L Y T I C A L P R O C E D U R E S A N D E S T I M A T E S O F 
S A M P L I N G A N D A N A L Y T I C A L PRECISION 

A-l Analytical Procedures for Water Samples 

A summary of the procedures used in sampling, preparation and analysis of 

water samples is given in Chapter 4. In this section the specific procedures for 

preparation and non-instrumental analysis will be presented. 

A-l.l Carbonate Species 

Carbonate species were determined by titration with hydrochloric acid 

( A G R G , 1962). Since only one of the samples had p H greater than 8.3, the 

concentration of carbonate was assumed to be negligible, and only bi-carbonate 

was determined. 

Analysis was carried out as soon as was practical after collection of the 

samples. For the 68 regional samples bi-carbonate was determined within about 

six hours of collection. For the periodic samples, analysis was carried out within 

about twelve hours of collection. Care was exercised in ensuring that sample 

containers remained sealed between the times of collection and analysis. 

Reagents 
a) Screened Indicator Solution - 125 m g methyl red and 83 m g methylene 

blue dissolved in 100 ml 90% ethyl alcohol 
b) 0.01 N hydrochloric acid - prepared by diluting concentrated HC1 
c) 0.01 N sodium-carbonate - 530 m g dried hydrosodium carbonate diluted 

to 1 000 ml with de-ionized water 

The exact normality of the hydrochloric acid solution was determined 

periodically by titration with the sodium carbonate solution. 

Procedure 

T w o drops of the screened indicator solution were added to a 10 ml aliquot 

of sample. Hydrochloric acid was then added until the blue-grey end point was 

reached. Bi-carbonate concentration was determined as follows: 

H C 0 3 " (mg/1) = (T x 61 x N x 1 000)/V 
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where T is the volume of HC1 used (ml), 61 is the molecular weight of HC1 (g), N 

is the normality of the HC1 used, and V is the volume of sample used (ml). 

A-1.2 Fluoride 

Fluoride was determined by specific ion electrode following the method of 

Frant and Ross (1968) and the American Society for Testing and Materials (ASTM, 

1979b). Analysis was carried out within several days of sample collection on 

waters which had been passed through 0.45 u m G F / C filters. 

Reagents 
a) Standards - 50, 100 and 200 ug/1 standards were prepared using 

weighed amounts of dried sodium chloride mixed with de-ionised 
water. 

b) Buffer Solution - (a concentrated version of the solution described by 
Frant and Ross, 1968). 30 g sodium chloride, 57 ml glacial acetic 
acid, 0.3 g tri-sodium-citrate, and 150 ml de-ionised water, adjusted 
to p H 5.0 to 5.5 with 5 N sodium hydroxide solution. 

Procedure 

The specific ion metre (Orion - Model 407A) with fluoride electrode (Orion 

94-09) and single juction reference electrode (Orion 90-01)was calibrated using 25 

ml standards mixed with 5 ml of buffer. (The sample to buffer ratio was changed 

to 5 to 1 from the recommended 1 to 1 to avoid diluting the samples any more 

than was necessary. The effect of the buffer was maintained by increasing its 

strength.) Fluoride concentration in the samples was then read directly from the 

logarithmic concentration scale on the instrument. 

For both standards and samples the instrument output was connected to a 

chart recorder in order to monitor the progress of stabilisation, which commonly 

took ten to fifteen minutes, especially for samples with low fluoride concentration. 

A-l.3 Sulphate 

Sulphate was determined by titration with barium perchlorate using thorin 

as an indicator (Fritz and Yamamura, 1955). Analysis was carried out within 

several days of sample collection on waters which had been vacuum filtered 

through 0.45 u m G F / C filters. 
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Reagents 
a) Standards - 5, 10, 20 and 40 mg/1 sulphate standards were made up 

from dried Na2SO^ and de-ionised water. 
b) 0.2% thorin solution - 0.2g thorin or thoron (2(2-hydroxy-3, 

6-disulfo-l-naphthylazo) benzenearsonic acid) in 100 ml de-ionised water 
c) Dowex-50 cation exchange resin 
d) Absolute ethyl alcohol 
e) 1% a m m o n i u m hydroxide solution - 1 ml concentrated a m m o n i u m 

hydroxide plus 9 ml de-ionised water 
f) 1% hydrochloric acid solution - 1 ml concentrated hydrochloric acid 

plus 99 ml de-ionised water 
g) 0.005 M barium perchlorate solution - 2.0 g barium perchlorate 

tri-hydrate dissolved in 200 ml de-ionised water and 800 ml of 
absolute ethyl alcohol, adjusted to apparent p H 3.5 with perchloric acid 

h) 3 N hydrochloric acid 

Procedure 

Approximately 25 ml of standard or sample was passed through a 3 c m by 

10 c m column of Dowex-50 resin. The first 15 to 20 ml was discarded and a 5 ml 

aliquot was combined with 20 ml of absolute alcohol and 1 drop of thorin 

indicator. The p H was adjusted by adding a m m o n i u m hydroxide solution until a 

pink colour was detected, and then hydrochloric acid solution until the pink colour 

disappeared. (According to Fritz and Y a m a m u r a , 1955, the apparent p H should be 

about 3.5 after the sample has passed through the ion exchange resin. For the low 

ionic strength samples used here, this was not the case and adjustments had to be 

made.) Standards and samples were titrated with a 0.005 M barium perchlorate 

solution until the colour changed from yellow to pink. Sulphate concentrations of 

samples were determined from a calibration curve. 

The resin column was periodically re-generated by passing through several 

hundred ml of 3 N HC1. 

A-1.4 Chloride 

Chloride was determined by titration with silver nitrate according to the 

method of A S T M (1979a). Analysis was carried out within several days of 

sampling, on waters which had been vacuum filtered through 0.45 u m G F / C filters. 
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Reagents 
a) Standards - 0, 5, 10 and 20 mg/1 chloride standards were m a d e up from 

dried (600°C) NaCl and de-ionised water. 
b) Calcite solution - an excess of ground CaCC>3, was equilibrated with 

de-ionised water in the presence of air, and then one part of this 
solution was mixed with 90 parts of de-ionised water. 

c) Potassium chromate indicator solution - 50 g of I ^ C r O ^ was added to 
100 ml de-ionised water and AgNC>3 was added until a slight red 
precipitate was observed. After standing for 24 hours in darkness the 
solution was filtered and diluted to 1 000 ml with de-ionised water. 

d) 0.25 N silver nitrate solution - 4.2473 g of dried AgNC>3 was diluted in 
2 1 with de-ionised water. 

Procedure 

25 ml of sample (or standard) was mixed with 25 ml of calcite solution and 

8 drops of indicator solution. Silver nitrate solution was added until a persistent 

brick-red colour was observed. Chloride concentrations of samples were 

determined from a calibration curve after making appropriate corrections for the 

chloride content of the water used, as determined from the 0 mg/1 standard. 

A-1.5 Chelation/Solvent Extraction Concentration Procedure 

Dissolved cadmium, copper, lead, zinc, iron and manganese were isolated 

by chelation with diethyl-dithiocarbamate and extraction into chloroform ( A G R G , 

1975). The procedure serves the dual function of separation from possible 

interfering constituents, and twenty-fold concentration for subsequent analysis. 

Reagents 
a) Sodium-diethyl dithiocarbamate (Na-DDC) buffer solution - 250 g of 

sodium acetate trihydrate were dissolved in 500 ml de-ionised water, 
and 6 ml of glacial acetic acid were added and mixed thoroughly. 50 g 
of N a - D D C were added. The solution was diluted to 1 000 ml in a 2 1 
separating funnel, any metal-DDC complexes were removed by 
successive extractions in 30 ml aliquots of chloroform, until 
consecutive extracts were colourless. 

b) A m m o n i a solution - approximately 100 ml of 0.88 sg. reagent grade 
ammonia was allowed to equilibrate in a closed system with a similar 
volume of de-ionised water. 

c) 16 M nitric acid (ultra pure grade) 
d) Narrow range p H test paper (range 5-7) 
e) Chloroform (ultra pure grade) 
f) 1 M hydrochloric acid (ultra pure grade diluted with de-ionised water) 
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Procedures 

1 000 ml of sample and 20 ml of Na-DDC/buffer were placed in a 2 1 

separating funnel. The p H was adjusted to 5.8 - 6.1 by addition of ammonia 

solution or nitric acid. 30 ml of chloroform were added and the flask was shaken 

vigorously for five minutes. The phases were allowed to separate, and the 

chloroform layer was removed. A further 20 ml of chloroform were added, 

shaken and removed in the same manner. The combined 50 ml of chloroform 

were gently evaporated to dryness, and the salt residue was dissolved in 5 ml of 1 

M hydrochloric acid. 

De-ionised water blank samples and multi-element spiked samples were 

also processed to test for blank contamination and the efficiency of the extraction. 

A-1.6 Calcium and Magnesium 

For calcium and magnesium analyses, samples were vacuum filtered 

through 0.45 u m G F / C filters and acidified with 0.2 volume percent of 

concentrated hydrochloric acid. A 5 ml aliquot was diluted with an equal volume 

of a solution containing 0.45% lanthanum as L a C ^ . The addition of lanthanum to 

the solutions suppressed the interference effect of aluminum and phosphate 

during analysis by atomic absorption spectrophotometry. 

A-2 Preparation Procedures for Soil Samples 

Soil samples collected from the Mendip Hills Area, by the author, and from 

the Latteridge Area, by the Mineral Assessment Unit of the Institute of 

Geological Sciences, were digested in nitric and perchloric acids prior to analysis 

by atomic absorption or plasma emission spectrophotometry. 

4 ml of concentrated nitric acid and 1 ml of concentrated perchloric acid 

were added to each tube and the contents were thoroughly mixed before placing 

the tubes in an airbath. The samples were digested at approximately 130°C for 

ten to fifteen hours, at which point the light yellow residue in each tube was dry. 

6 ml of 2 N hydrochloric acid were added, and the contents were mixed 

thoroughly before being placed in a sand bath at 80°C for one hour. A further 6 ml 
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of water were added and the contents mixed thoroughly again. The insoluble 

residue was allowed to settle for several hours before the solutions were analysed 

by atomic absorption spectrophotometry (Mendip samples), or inductively coupled 

plasma emission spectrophotometry (Latteridge samples). 

A-3 Estimates of Sampling and Analytical Precision. 

A-3.1 Introduction 

Precision of geochemical analytical data has traditionally been estimated 

as the co-efficient of variation of the results of a number of analyses of one 

sample (see for example, Rose et al, 1979, p.63). Using this definition it is 

possible to predict the absolute range about the mean within which the data are 

expected to fall. This technique is useful for determining the analytical 

variability of the replicate sample, but it is not necessarily adequate to determine 

the variability for the other samples in a batch. For example, the physical and 

chemical characteristics of the replicated sample m a y differ from those of the 

other samples, as m a y the preparation and analytical procedures. Another 

important consideration is that the precision determined for the replicate sample 

m a y not apply across the range of concentration of the other samples. 

Thompson and Howarth (1973, 1976, 1978) have dealt with the problem of 

estimation of precision at some length, and have developed a procedure based on 

duplicate analysis of randomly selected samples. Their method involves 

determination of analytical variability as a function of concentration. 

The main purpose of estimating analytical precision for the data presented 

in this thesis is to determine which data are analytically reliable, and at what 

concentration levels. All sample batches have induced duplicates and standards, 

and have been sorted into random order. A computer program for automatic 

randomisation (Howarth, 1977) was used to generate the random sequence, and to 

allow insertion of duplicates and standards at the rate of one per ten samples. 

For some of the data sets in the study, however, there are too few pairs of 

duplicate samples to use the methods of Thompson and Howarth. A modified 

version of their procedure has been devised where the difference in concentration 

between a pair of samples is expressed as a percentage of the average 
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concentration of the pair. For example, for two duplicate values 95 and 105, the 

difference is 10 and the average is 100, hence the "precision" is 10%. Where a 

number of pairs of duplicates are available the median "precision" is used as an 

estimate of overall precision. This technique does not allow determination of 

precision as a function of concentration. 

A-3.2 Mendip Area Soils 

The program D U P A N 3 (Thompson, 1978) was used to study the variation in 

analytical precision, as a function of concentration, in 70 duplicate analyses of 

soil samples from the Mendip Hills. The regression parameters for the precision 

versus concentration relationships, as output from the program, have been used to 

estimate precision levels for various concentrations. The estimates are 

summarised in Table A-l. For most of the elements the data follows the expected 

trend of improving relative precision with increasing concentration. The 

departure from this trend, for magnesium and lead, is difficult to explain. The 

problem m a y lie in the fact that a first order regression curve is used to estimate 

the precision versus concentration function, thus not allowing for a possible 

flattening of the curve at low concentrations (see example shown in Thompson 

and Howarth, 1973). For magnesium and lead, therefore, the estimated precisions 

are not reliable. It is probable however, that the precision levels quoted for the 

higher concentrations (i.e. 12% at 1.6% M g and 9% at 4 000 p p m Pb) are upper 

limits to the precision levels for these elements. 

For the lower end of the expected range of concentrations, the estimated 

precision levels are better than 10% for iron, and better than 15% for zinc and 

calcium. For manganese, cadmium and copper, the precision levels are better 

than 20% at concentrations of 400, 4 and 10 p p m respectively, but worse than 20% 

at lower concentrations. 

The analytical precision of the Mendip soil data was also estimated by 

determining the co-efficient of variation of replicate analyses of two control 

samples. The results, shown in Table A-2, are similar to those calculated by the 

duplicate analysis method (Table A-l), except that precision estimates for 

magnesium, manganese and copper are lower as determined by the co-efficient of 

variation method. 
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Table A-l Analytical precision (in%) as a function of concentration, for 70 pairs 
of duplicate soil samples from the Mendip Hills 

C a % M g % F e % M n Cd Cu Pb Zn 

.1-14% .2-8% 1-10% 100-69% 1-78% 5-38% 300-4% 40-12% 

.5-12% .4-10% 2-8% 200-36% 2-40% 10-18% 500-6% 80-10% 

1.0-11% .6-11% 4-8% 400-20% 4-20% 20-10% 1000-8% 160-9% 

2.0-11 % .8-12% 8-7% 800-12% 8-11% 40-4% 2000-9% 320-9% 

4.0-11% 1.6-12% 16-7% 1600-8% 16-6% 80-2% 4000-9% 640-9% 

3200-6% 32-4% 160-1% 

6400-4% 64-2% 320-.5% 

(All in p p m , except for Ca, M g and Fe) 
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Table A-2 Analytical precision for two bulk soil samples from the Mendip 
Hills, expressed as the the coefficient of variation of replicate 
analyses 

R E D * 
Mean Precision Mean 

B R O W N 2 

Precision 

C a % .15 16.2% .10 33.3% 

M g 3998 6.4% 4154 8.3% 

F e % 4.02 3.2% 2.67 4.7% 

M n 1624 3.2% 415 6.3% 

Cd 2.1 21.5% 1.2 40.2% 

Cu 16.6 5.0% 10.7 7.8% 

Pb 1958 8.2% 30.5 18.9% 

Zn 470 3.4% 95.6 11.6% 

1) Red soil derived from the Dolomitic Conglomerate (n=24) 
2) Brown soil derived from the Carboniferous Limestone (n=21) 
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Variation between field duplicates (i.e. samples collected adjacent to each 

other) has been studied by computing ratios of pair-differences to pair-averages, 

as described in Section A-3.2. Precision estimates, based on the median of 25 

ratios, are given in Table A-3. In comparing these with the estimates of 

analytical precision given in Table A-3, it is apparent that there is substantial 

sampling variability for calcium, iron, manganese, lead and zinc. 

One of the "Association of Exploration Geochemists" standard soil samples 

was used to test for the accuracy of the analytical procedure. Although there are 

no definitive estimates of geochemical abundance in the samples, a report on 

their homogeneity (Alcott and Lakin, 1974), includes the analytical data for 50 

random sub-samples. Analyses were carried out by several methods, including 

atomic absorption following a nitric acid digestion, using the procedure described 

by Ward et al (1969). Of the elements of interest here, only cadmium, copper, 

lead and zinc were determined by this method. Comparison of the results for 

sample G X R - 2 is given in Table A-4. 

The data from the present study are obviously higher than the Alcott and 

Lakin data, however this m a y be due to the stronger digestion used 

(nitric-perchloric as opposed to nitric). Taking this into account, the accuracy is 

acceptable. 

A-3.3 Latteridge Area Soils 

There are only 11 pairs of analytical duplicates from the Latteridge soil 

data, hence the pair-difference versus pair-average method has been used to 

estimate precision. The estimates are given in Table A-5. 

Precision is 5% or better for barium, manganese, titanium and vanadium, 

10% or better for strontium and zinc, 15% or better for copper and magnesium, 

and worse than 15% for calcium, sodium, aluminum, iron and lead. 

A-3.4 Mendip Area Groundwaters 

Again, because of the limited number of duplicate pairs, the 

pair-difference versus pair-average method has been used to estimate analytical 



-153-

Table A-3 Estimates of sampling precision based on analysis of 
25 field-duplicate soil samples from the Mendip Hills 

Mean* Precision2 

Ca .36 35% 

M g 46 56 8% 

Fe 3.2 7% 

M n 1104 13% 

Cd 2.5 21% 

Cu 18.3 4% 

Pb 2554 19% 

Zn 522 22% 

1) Mean of all duplicate samples 
2) Precision calculated from pair-difference to 

pair-average ratios 
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Table A-4 Comparison of analyses in this study with those compiled 
by Alcott and Lakin (1974) for the reference sample G X R - 2 

This study (n=l 1) Alcott & Lakin(n=50) 
Min. Max. Mean Min. Max. Mean 

Cd 4.22 4.79 4.61 2.7 4.5 3.4 

Cu 69.8 78.1 73.6 52 74 66 

Pb 616 698 668 460 700 600 

Zn 472 529 505 420 570 490 

(All in ppm) 
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Table A-5 Estimates of analytical precision for soil samples from 
the Latteridge area 

Mean Precision * Range in data 2 

C a % .87 22% .25-7.5 

M g % 1.0 13% .59-2.8 

N a % .07 40% .01-.15 

Al% 5 19% 3.4-6.9 

Ti 830 5% 523-1192 

Sr 1028 9% 43-1582 

Ba 355 3% 199-813 

F e % 3.1 28% 2.9-6.9 

M n 780 4% 348-1839 

Cu 32 12% 15-49 

Pb 258 26% 86-407 

Zn 27 9% 92-457 

V 66 5% 49-92 

1) Expressed as median of pair-difference to 
pair-average ratios for 11 duplicate pairs. 

2) From 10th to 90th percentiles. 
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precision for the Mendip groundwater samples. The estimates are given in Table 

A-6. Precision is very good for all of the major elements, the worst being 

magnesium at 4 % . For the minor elements, fluoride has the best precision, at 5%, 

followed by zinc at 9 % , manganese at 10% and lead at 14%. Cadmium, copper, and 

iron are all worse than 15%. 
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Table A-6 Estimates of analytical precision for water samples from the 
Mendip Hills 

Mean n Precision * Range in data 2 

HCO3 249 21 1% 126-321 

CI 15 18 3% 13-20 

SO^ 23 22 2% 15-35 

Ca 106 27 3% 47-120 

M g 8.1 29 4% 4.4-13.5 

F .09 25 7% .06-.20 

Cd .42 23 29% .15-1.4 

Cu .70 23 18% .35-1.6 

Fe 9 24 23% 4.5-68 

M n 1.0 24 10% .25-22 

Pb 1.1 24 14% 1-14 

Zn 17 24 9% 2.6-82 

1) Expressed as median of pair-difference to pair-average ratios. 
2) From 10th to 90th percentiles 
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APPENDIX B DESCRIPTION A N D DISCUSSION OF T H E S T R E A M DATA 
M A P P I N G A L G O R I T H M ' S T R M P L P 

B-l Introduction 

In a geochemical context, mapping involves the description of the spatial 

distribution of certain chemical constituents in surficial materials. In many parts 

of the world stream sediments, or other fluvial media, are routinely used for 

geochemical mapping because representative samples can be collected quickly 

and economically. 

Stream-borne erosion products, including water and active sediments, are 

useful in surveys over large areas because they represent material derived from 

an area much larger than the immediate vicinity of the sample site. This feature 

can present problems in interpretation of the data however, because it is difficult 

to estimate the actual area represented by any individual sample. For example, 

the contribution is likely to be inversely related to the distance from the sample 

site, but this relationship is affected by features of the secondary environment, 

including mineral solubility in the zones of weathering, transport and deposition, 

and the characteristics of mechanical erosion. 

One of the most widely used methods for the presentation of stream data 

involves plotting concentration values, or symbols that represent concentrations, 

at the appropriate sites on drainage patterns. This simple procedure avoids the 

problems inherent in explicit interpolation between data points, and facilitates 

isolation of obvious anomalous areas, but does not promote rapid visual 

recognition of the general characteristics of geochemical spatial distributions. 

Contour maps and concentration versus shading intensity (grey-scale) maps 

represent improvements over point mapping techniques if the purpose of the 

survey is to show the general nature of the geochemical surface, instead of 

accurately indicating areas for follow-up work. For stream data, however, these 

methods can be inaccurate and misleading because they assume point source data 

in an isotropic medium. The hypothetical example shown in Figure B-l illustrates 

the problems that can be encountered with superimposition of a grid network on 

to a drainage pattern. Samples are not necessarily representative of the m a p cell 

from within which they are collected because the sample material is derived 



Figure B-l Hypothetical stream data illustrating the problems inherent in 
mapping by simple cell averaging based on direct superimposition of 
a grid network. Small numbers are orginal data. Large numbers are 
'averaged' data. 
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from upstream of the sample site. Direct surface representation (i.e., simple cell 

averaging) of stream data can only be realistically applied if the number of 

samples per m a p cell is high. In this case, regional patterns will be enhanced at 

the expense of local detail. 

B-2 Stream Data Mapping Algorithm 

The mapping procedure involves the choice of a geometric shape to 

represent the catchment area of a sample. For each m e m b e r of an array of 

square cells the relative areal contribution of the source area, or drainage basin, 

of each sample is estimated. A concentration value for each cell is then 

calculated to satisfy the concentrations of all samples whose drainage basins lie 

within that cell. 

The choice of geometrical representation of a catchment area is 

important. S o m e alternatives are triangles, sectors of circles, ellipses and 

polygons. It is likely that a polygon would provide the best fit to a drainage 

basin, but, because of the ease of both data input and calculation of intersecting 

areas, a sector of a circle is considered the optimum shape. 

A sector can be uniquely defined by its radius and a pair of angles a and /J, 

which correspond to its left and right arms respectively, or similarly, by a radial 

line of length r and orientation (a+p)/2 and an angle 6 (Figure B-2). The latter 

method is simpler to use because it is only necessary to input the sample site 

co-ordinates (A), the co-ordinates of the distal end of the radial line bisecting the 

sector (B), and the sector angle 0 (Figure B-2). 

The radius, orientation and enclosing angle are chosen to obtain an 

optimum fit of the sector to the effective drainage area of the sample site. If 

mobility is limited and the dispersion distances of the various constituents can be 

estimated, it is desirable to limit the sector radius. A radius limit can be 

established when the program is executed. It is c o m m o n to have considerable 

overlap between sectors, but this is not a problem because, as described below, 

the area and distance weighting factors strongly emphasize the contribution of 

samples that are most relevant to each cell. The choice of an appropriate sector 

is, of course, subjective, and although some drainage basins do not lend 

themselves to sector representation, a reasonable fit can be acheived in most 

situations. 



Figure B-2 Detail of sector representation of a drainage basin. See text for 
explanation of symbols. 
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A weighted value is calculated for each m e m b e r of a matrix of square cells 

that covers the area to be mapped. The value for any cell depends on the 

contributions of all samples whose sectors intersect that cell. T w o 

area-weighting factors are used that take into account the ratio between the 

total area of a sector and its area within the cell, and the ratio between the 

contribution of each sector to the cell and the sum of the contributions of all 

sectors that intersect the cell. A third factor involves the distance between the 

sample site and the centre of each cell. In this case the reciprocal of the 

distance squared is used because the area represented by a stream sample is 

usually roughly proportional to the second power of the stream distance above the 

sample site. If stream length is doubled, for example, the area available for 

erosion will be quadrupled. 

Calculation of the weighting factors A W T 1 , A W T 2 and D W T is summarised 

in equations 1 to 3, where A X Y . is the area of sector i in cell xy, A T X Y is the 

sum of all A X Y . for cell xy, A. is the total area of sector i and D X Y ^ is the 

distance between the site of sample i and the centre of cell xy, or one-half the 

cell width if the sample site is within the cell. 

A W T 1 = (AXY./A.)/ Z (AXY./A.) (1) 

A W T 2 = (AXY./ATXY)/ Z (AXY./ATXY) (2) 

D W T = (l/DXY.)2)/i:(l/(DXY.)2) (3) 

The aggregate weighting factor is calculated as shown in equation and 

for any cell the sum of W T . is equal to 1.0. 

W T . = (AWT1 + A W T 2 + DWT)/3 (4) 

The final calculation of a value for each cell is summarised in equation 5 : 

V X Y = Z Z.WT. (5) 
l l 

where Z. is the concentration of a constituent in sample i. 

The results of sector averaging and distance weighting by the method just 

described are shown in Figure B-3. This distribution can be compared with the 

distribution derived from simple cell averaging shown in Figure B-l. 

The sector technique was used to determine the distributions of stream 

sediment data for the study area, as is discussed in Chapter 3. A m a p showing the 

shapes of the sectors used in this application is given in Figure B-4. T w o other 

examples of the use of the sector technique are presented in Earle (1978). 



Figure B-3 Results of cell-averaging by the S T R M P L T method. (The data are the 
same as portrayed in Figure B-l, and the small numbers are those 
derived from the S T R M P L T algorithm.) 



Figure B-4 M a p showing the shape of sectors used for the data discussed in 
Chapter 3 

> 0 r> A . 

£"SE-M EEDIMEMT lCCP^IUNS :5 
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B-3 S T R M P L T Program 

A F O R T R A N computer program, S T R M P L T , written to accept data and 

calculate the weighting factors described above, is listed below. Input to this 

program includes the co-ordinates of the southwest and northeast corners of the 

area to be mapped, the size of map-cell desired, and for each sample, the 

co-ordinates of points A and B and the sector angle (see Figure B-2), plus data 

for up to five elements. If desired, a dispersion distance limit, or m a x i m u m 

sector radius can be defined. Coding 100 samples for input to the S T R M P L T 

routine would normally take about 2 hours. Output from the program is an array 

of map-cell values for each variable. 

Running time depends mainly on the number of occupied cells, that is, 

cells which have intersections with sectors. Calculation of arrays for m a p areas 

comprising 350, 315, 240, 200 and 90 occupied cells required 71, 56, 35, 26 and 14 

central-processing-unit seconds respectively on a C D C 6400 computer. The 

program is structured so that 5 variables can be processed in roughly the same 

length of time as one variable. 
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LISTING O F T H E P R O G R A M S T R M P L T 

X X X STRMPLT x x 
MAIN WIN MAIN WIN 

ROLTPC TO PRODUCE A MAP-CELL ARRAY OF STREAM SAMPLE DATA. MAIN TAKIfC INTO ACCOUNT THE ANISOTROPY or THE SAPPLING TEDIUM MAIN Arc TVC OISTANCE BETWEEN A SATPLE AND THE CENTRE Or A MAP CELL MAIN MAIN 

2 10X.1&CELL SIZE « .F6.1.17W COORDINATE UNITS MnE(6>10Bl- IDWT 
IF(XBPF.ED.1> U?ITE(6.J06i JFHT 106 FOBTBT (10X.31KTAPE3 OUTPUT REDUESTD - FORMAT.BA10) IDS F0RWT(lQX.3*CISTAfCE WEIGHTING FACTOR IS l/D**.Il/5 

AUTVCR 
5TTVCN CARLE. OEPWITENT OF GEOLOGY. ITPERIAL COLLEGE. LONDON 

DATE 
N0V«HJO» 1B75 (MODIFIED W Y 1076) 

LANGUAGE. CORPUTER rnOTRAM IV - CDC 6 5 0 0 - IfPERIAL COLLEGE COfPUTER CENTRE rtrrvoo 
A SECTOR e r A CTRCLE I S CHOSEN TO REPRESENT TVC CATCHTENT AREA 
ER A STREAM. A f C FOR EACH MAP CELL THE CONTRIBUTION OF EACH 
SAPPLE I S ESTIWTED ON THE BASIS OF TVC AREA OF INTERSECTION 
BETWEEN TVC SAPPLE AND THE CELL. KCKXTING FACTORS ARE 
CALCUMEDBY TARING INTO ACCOUNT TVC RATIO BETWEEN TVC AREA 
OF TVC SECTOR e r A SATPLE IN A CELL. ATC TVC TOTAL AREA OF 
THAT SECTOR I TVC AREA OF TVC SECTOR OF A SAPPLE IN A CELL 

• AFC TVC TOTAL SECTOR AREA IN THAT CELL I AND THE DISTANCE 
BETWEEN A SAPPLE SITE AND TVC CENTRE OF TVC CELL BEITJG 
CONSIDERED. 

SECTORS ARE REPRESENTED BY SPECIFYING TVC COORDINATES OF THE 
SAPPLE SITE O U . Y 1 ) . TVC SECTOR ANGLE CTHTAL . AND TVC 
COORDINATES OF TVC DISTAL END OF TVC LINE SEGTCNT WHICH 
BISECTS "TVITA* O G . Y 2 ) . 

-MAIN JO 
MAIN 11 
MAIN 12 
MAIN 13 
MAIN 14 
W I N I S 
MAIN IE 
MAIN • 17 
MAIN 10 
MAIN I S 
MAIN 2 0 
W I N 2 1 
W I N 2 2 
W I N 2 3 

CONTROL CARDS 

LS 1 - 0 0 tCAOITC INFORMATION 

CARD 2 (FREE FORWT) 
NUTBCR OF VARIABLES (MAX. 5) . INPUT DEVICE <4 OR 5) . 
COORDINATES OF SW AND FC CORTCRS OF MAP AREA. 
CELL S I Z E - IN COORDINATE UNITS. SECTOR RAOIUS 
LIMIT - IN COORDINATE UNITS. OUTPUT OPTION (0 FOR 
PRINTED 0 / P . 1 FOR PRINTED AND TAPE3 B / P ) . DISTANCE 
WEIGHTING FACTOR ( I - U C R E WCKXTING I S 1/D**I> 

INPUT FORMAT FOR READING «X1* *Y1* *W* «Y2* AND ZTHTA* («THTA* IS REAO AS A NUPBCR BETWEEN 1 AND.9 Are IS EQUIVALENT TO THE ANGLE IN DEGREE DIVIDED BY 20.01 . ANO UP TO 5 DATA VALUES. 

VARIABLE NATES (5A5) 

W I N 2 4 
W I N 2 5 
W I N 2 6 
W I N 27 
W I N 2 0 
W I N 2 9 
W I N 3 0 
W I N 3 1 
W I N 3 2 
W I N 3 3 
W I N 3 4 

- W I N 3 5 
W I N 3 6 
W I N 3 7 
W I N 3 8 
W I N 3 9 
W I N 4 0 
W I N 4 1 
W I N 4 2 
W I N 4 3 
W I N 4 4 
W I N 4 5 
W I N 4 6 
W I N 4 7 
W I N 4 6 
W I N 4 9 
W I N 5 0 
W I N 5 1 
W I N 5 2 
W I N 5 3 
W I N 5 4 
W I N 5 5 
W I N 5 6 
W I N 5 7 
W I N 5 6 
W I N 5 9 
W I N 6 0 
W I N 6 1 

- W I N 6 2 
W I N 6 3 

DITENSION XI (360) »Y1 (360) .X2(360> .Y2 0 6 0 ) .TVRRA(36C) » Z ( 5 . 3 6 0 ) 
* AREA ( 3 6 0 . P W I A 0 6 0 J .PHIB(360> .ZEDL ( 5 . 2 0 . 2 0 1 .JAY(15> . A I C ( 1 5 ) 
• RDS0 0 6 0 ) . I T I T L E A ; .NAPE(5) .IFT(T(8> ..TFFTML 

«JAY» 

WIN WIN WIN WIN WIN WIN WIN WIN WIN WIN WIN WIN WIN WIN WIN WIN WIN WIN WIN WIN WIN WIN WIN WIN WIN WIN WIN WIN 
TO INCREASE TVC WXIMJM NUMBER OF VARIABLES THE ARRAYS "BIAfExwlN «znx.» rt«T BE RE-OITENSIONED. TO CHANGE THE WXIIUM WIN SIZE OF MAP PROCESSED TVC ARRAY XZEDL* MKT BE RE-OITENSIONEDWIN WIN DITENSION APT<151 .PUT(15) 

DATA ZnXz2000*D./ DATA HTOT/XOs 

«X1» 
«X3* »Y2* rrvmw 

aPMIAx OVIB* mow 

TEWORARY STORE FOR NUMBER OF SECTORS INTERSECTING AMY CELL TD"P0RARY STORE FOR AREA OF EACH SECTOR IJITHIN CELL BO CHARACTER HEADING 1NFORWTION 
T R I A B L E NATES ITPUT FORWT OUTPUT FORWT ARRAY OF MAP CELL CONCENTRATIW VALUES 

LIST o r SATPLE SITE X-COOROINATES 
LIST OR SAPPLE SITE Y-COORDINATES 
LIST or DISTAL X-COORDINATES 
LIST OF DISTAL Y-COORDINATES 
LIST OF SECTOR ANGLES 
DATA ARRAY 
L I S T o r SECTOR AREAS 
L I S T OF SECTOR LEFT ARM AFCLES 
LIST o r SECTOR RIGHT ARM ANGLES 
LIST o r SOUARED SECTOR RAOII 

INITIALIZE PI AfC NUTBER or SAPPLES COUNTER 
DATA PI 14150265356.0/ 
IWVT CVfTRBL CARDS 

REAO ( 5 . 1 0 1 1 ITITLC 
101 FORMAT CBA1© 

R E A O S . * ) FCL.RRT.>au.YSU.»e«YNE.CLSZ.RnAx.wjpr.IDWR 
REAOO.LOL) ITKT 
REAO ( 5 . 1 0 2 ) NAPE 

102 RTJCRNT TV»> IF(X0PF.E0.1> REAO®. 101) JFW 
UJITE®.1(>«> rrrrLE 104 FORWT (1OX.0A1Q/) 
M I T E ( 6 . 1 0 5 ) H A . O W T M I .N«1.NEL> 105 FORMAT O C X . I I . I X . larvARlABLES - .5 IA5.2» /) MITE(fi»106) TTT.ITXT 106 F0R-PT(10X.l»OATA REAO FROM TAPE.I1.11H. BY FBRWT.BA10/) IXSU>»U 
IYSI*Y5U i»e*»c IYTC«Y»C m m 107) iBw.rrsu.inc.iYTCiasz 107 F0RWT(iax.2t>eam««3T CORNER - (.IS.IH. .I5.1H)/ 1 10X.Z>*aRTVCAST CORTCR - (.15.1H.. 15.1M)/ 

W I N 9 7 
W I N 9 6 
W I N 9 9 
W I N 1 0 0 
W I N 101 
W I N 1 0 2 
W I N 1 0 3 
W I N 104 
W I N 105 
W I N 1 0 6 
W I N 107 
W I N 100 
W I N 109 
W I N 1 1 0 
W I N 111 
W I N 112 
W I N 1 1 3 
W I N 1 1 4 
W I N 115 
W I N 116 
W I N 117 
W I N 110 
W I N 119 
W I N 120 
W I N 121 
W I N 122 
W I N 1 2 3 
W I N 124 
W I N 125 
W I N 126 
W I N 127 
W I N 120 

SET RMAX AfC 2»RWX IN TERT6 OF SOUARED DISTANCES 

DO 202 1*1(NTFT 
REAO (MT.IFMT) XI (I) tYl (I) >3Q(I) .Y2CI) IF(E0T(Mn> 203.201 201 NUf*NUm-l 
ESTABLISH RAOIUS ATO ORIENTATION BT SECTOR 

X * J C ( I > - X 1 ( I > 
Y * Y 2 ( I 1 - Y 1 ( I ) 
I F CO 1 . 1 . 2 1 IFm 5.9.6 

2 rrro 5.10.7 5 PHI* ATAMOOrn • PI GOTO 11 • 6 PHI* ATAN (X/n * 2. W>I GOTO 11 7 PHI* ATAN (X/Y) GOTO 11 8 PHI* 1.5 * PI GOTO 11 10 PHI« .5 * PI 
1 1 TW* TVFTA(I) / IB. * P I 

PHIA ( I ) • PH1-TW 
P H I B ( I ) * PHI • TH 

RAOSO»X»X+R»Y 
iF(RA0sa.GT.*n0 wsrrEcB.151) 1 151 FORWT ( -CpoCAtrTION SECTOR OF SAfPLE + MISPUfCH OF COORDINATES*) iFotAosa.DT.pwx) R«osc=cmx 
CALCULATE AREA OF SECTOR (I) 

AREA (I) >PI»tAOSO*TWTA (I) SiB. ROSG(I>«RAOSO 
202 CONTINUE 

DETERMINE MJTBEE OF CELLS IN X Arc T DIRECTIONS 

START IN SU CORNER 

DEFIFC CENTER OF CELL TRTX,RM 

CENXZN.OATFFTO^LSZ-CLSZ^.5 * XSU 

ĈENY*F16AT (NY5 ̂LSZ-CLSZ^TS-* rsu 

j»o 
SAOTRO. 
S * I C = 0 . 

SOWTO. 

SCAN L I S T or DATA FDR EACH W P CELL 

DO 4 0 0 1*1 .NUN 
CALCULATE DISTANCE or SAMPLE (« njon CELLO«.NY) 

DSO* (CENX-X1 ( I ) 1 «»a+(CENY-Yl ( I ) ) 
OIST*SORT(DSQ> 
RO ôrt(ROSO(I>) 

IT CELL LIES OUTSIDE SECTOR. GO BN TO NEXT SATPLE 

I F ( D I S T - 5 0 R T ( . 5 » C L S 2 » C L S Z ) - R D . G T . D . > GOTO 4 0 0 

I F SAI-PLE I S UITV4IN CELL SET DISTANCE TO 1 / 2 CELL SIZE 

irmisT.LT. (CLSZ*O.5>> DIST*CLS2»O.5 

CALCULATE AREA OF SECTOR <11 UITWIN CELL (MX.NY) 

ARE*C. 
CALL INTRSCT(CENX.CENY.C.SZ.PHIA(l; .PHIB(I) .RD.X1 (I) .Y1 C) .ARE) 
I F ( A R E . E O . 0 . ) GOTO 4 0 0 J=J+1 AICCDaARE JAYU)*I 

SUM AREAS OF ALL SECTBRS WITHIN CELL 

SAIC*SAIC+ARE 

DIVIDE AREA ( I ) WITHIN CELL B Y AREA ( I ) TOTAL. AND SUM 

CALCULATE DISTANCE WEIGHTING FACTOR AND SUM AtL FACTORS 
DWT U> * 1. /D IST*»I0kF S0UTrS0MT<»0UT U> CONTINUE 
IFU.LT.l) GOTO 1000 IFU.GT.15) U>rrE(6.B9S9) J.MX.NY rORWT (IX. 11H**SCAUTI0N.3I4) 
Cft.CU.ATE KTItXTIfC FACTORS AS TRACTIONS OF TOTAL WEIGHTINGS 

0 0 5 1 6 J J = 1 . J FIWI«OWT UJ) /SOWT 
rAOT*AOT UJ) /SWT FAIC*AIC (JJ) /SAIC 
II'JAYLJJ) 
wciorr* (FDWT«fAeT+rAiD/3. 

WIN 129 WIN 130 WIN 131 WIN 132 WIN 133 WIN 134 WIN 135 WIN 136 WIN 137 WIN 130 WIN 139 WIN 140 WIN 141 WIN 142 WIN 143 
THTA(I) . (Z(L.I) .L'l.NEL) WIN 144 WIN 145 WIN 146 WIN 147 WIN 146 WIN 149 WIN 150 WIN 151 WIN 152 WIN 153 WIN 154 WIN 155 WIN 156 WIN 157 WIN ISO WIN 159 WIN 160 WIN 161 WIN 162 WIN 163 WIN 164 WIN 165 WIN 166 WIN 167 WIN 168 WIN 169 

I3.*IS VERY LARGCS/*P0SS!6LEWIN 170 WIN 171 WIN 172 WIN 173 WIN 174 WIN 175 WIN 176 WIN 177 WIN 170 WIN 179 WIN 160 WIN Ifil WIN 162 WIN 103 WIN 164 WIN 1B5 WIN 1B6 WIN 167 WIN 106 WIN 109 WIN 190 WIN 191 WIN 192 
W I N 1 9 3 
W I N 194 
W I N 195 
W I N 196 
W I N 197 
W I N 196 
W I N 199 
W I N 2 0 0 
W I N 2 0 1 
W I N 2 0 2 
W I N 2 0 3 
W I N 2 0 4 Wir. 2 0 5 
W I N 2 0 6 
W I N 2 0 7 
W I N 2 0 6 
W I N 2 0 9 
W I N 2 1 0 
W I N 2 1 1 
W I N 2 1 2 
W I N 2 1 3 
W I N 2 1 4 
W I N 2 1 5 
W I N 2 1 6 
W I N 2 1 7 
W I N 2 1 0 
W I N 2 1 9 
W I N 2 2 0 
W I N 2 2 1 
W I N 2 2 2 
W I N 2 2 3 
W I N 2 2 4 
W I N 2 2 5 
W I N 2 2 6 
W I N 2 2 7 
W I N 2 2 0 
W I N 2 2 9 
W I N 2 3 0 
W I N 2 3 1 
W I N 2 3 2 
W I N 2 3 3 
W I N 2 3 4 
W I N 2 3 5 
W I N 2 3 6 
W I N 2 3 7 
W I N 2 3 0 
W I N 2 3 9 
W I N 2 4 0 
W I N 2 4 1 
W I N 2 4 2 
W I N 2 4 3 
W I N 2 4 4 
W I N 2 4 5 
W I N 2 4 6 
W I N 2 4 7 
W I N 2 4 0 
W I N 2 4 9 
W I N 2 5 0 
W I N 2 5 1 
W I N 2 5 2 
W I N 2 5 3 
W I N 2 5 4 
W I N 2 5 5 
W I N 2 5 6 
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C « L D A » T t ELEMENTAL VALUES FOR CELL (X.T5 

DO 515 1 * 1 i f C L 
5 1 5 ZEDL A . I - A . M - O « 2 N X < L I I " T X . M N - » « : I & R R * I C L . I : ) 
5 1 6 CONTINUE 

LOOO CONTINUE 
l i o o c w i T i r m e 

C 
C OUTPUT HHP ARRAYS 
c. 

DO 5 4 0 1 * 1 »NEL wnt (6 .520> rmftra.) 
520 F 0 R W T ( l H l S l H 0 . / ' l H T . 1 3 V r « « P ARRAY F0R.A5 ) 

00 530 NY*1.N 
Wl *n+1 -NY c 
MTRIE < 6 . 5 2 5 ) C2nx (L.rot.W) . t tmi . ro 

6 2 5 F D R W T U M / / / / \ X • 2 5 F 5 . 0 ) 
I F « O P F . E D . I > wJiTta .^r rn anx.tL.rtit.WO.t-K*i .«> c 

530 CONTINUE 
M O CWTINUE 

STOP 
D O 
SUBBOUTLRC INTRSCTCCENX.CENY.CLSZ.PHA.PHB.RAO.XL.YL.ARE) 

ARGUMENTS 
> a r o » X COORDINATE OF CELL CENTRE 
*CXKT* Y COORDINATE OF CELL CENTRE 
«CLSZ* CELL SIZE IN COORDINATE UNITS 
• W ANGLE o r LETT SIDE OF SECTOR URT N0RTH*0 DEGREES 

ANGLE OF R I& IT SIDE OF SECTOR kDT N0RTH«0 DEGREES 
W SECTOR RADIUS IN COORDINATE UNITS 
* X 1 » SAPPLE SITE X COORDINATE 
* Y 1 » SArPLE SITE Y COORDINATE 
•ARE* AREA OF T>C SECTOR WITHIN TVC CELL. EXPRESSED AS A 

PERCENTAGE OF TVC CELL AREA 

ALQBRITVn - TVC SOUARE IS REPRESENTED BY A GRID OF 100 POINTS. 
ATC EACH POINT IS TESTED TO DETERf l l rC IF IT IS WITHIN TVC 
SECTOR. TVC NUTBER OF POINTS WITHIN TVC SECTOR IS PROPORTIONAL 
TO TVC AREA OF TVC SECTOR WITHIN TVC SOUARE 

MRRRCN BY S T D C N EARLE - W E B I * . COLLEGE - N O N C E S . 1 0 7 5 

LOCATE POINTS 

C* C L S 2 / 9 . 
R ! *CET tX -C"4 .5 
RN*CEN Y - C * 4 . 5 
PMIA*0MA 
P H I M P H 6 
RD>RA0 
DO 110 1 * 1 . 1 0 
X I * FLOAT ( 1 - 1 ) * C • Rn 
00 100 J * 1 . 1 0 
YJ * F L O A T U - l ) *C -HJN 

C 
C ESTABLISH POLAR COORDINATES 
C 

XX* X I - X I 
YY*YJ -Y1 
R*SORT OOC*XX+YY*YY) 

C 
C O C X IF WITHIN RADIUS OF SECTOR c 

IFCR.GT.RO) GOTO 100 
C 
C CVCCX i r WITHIN ANGLE OF SECTOR 
C 

IF OOO 1 . 1 . 2 
1 IF m o 5 . 0 . 6 
2 IF ( T O 5 . 8 . 7 
5 P H I * A T A N o a / r r c • P I 

GOTO 2 0 
6 P H I * ATANOOC/fY) *<2. * PI> 

GOTO 20 
7 P H I * ATAN (30C/YY) 

GOTO 20 
B P H I * 1 . 5 « P I 

GOTO 20 
B PMI* 0 . 5 * P I 

20 i r C P W I A ) 1 3 . 1 0 . 1 0 
10 I F < < 2 . * P I ) - PHI6! 1 4 . 1 1 . 1 1 
11 I F f f M I 6 - P H I > 1 0 0 . 1 6 . 1 6 
13 I F ( C2. * PI> • PHIA - P H I ) 1 7 . 1 7 . 1 5 
14 I F t P H I B - C 2 . * P I ) - P H I ) 1 6 . 1 7 . 1 7 
15 IF<PWI6-PMI> 1 0 0 . 1 7 . 1 7 
16 IF£PHI» -PHI> 1 7 . 1 7 . 1 0 0 
17 IPCT * IPCT + 1 

100 CONTIFfJE 
110 CONTINUE 

c EXPRESS INTERSECTION IN TERT6 OF PERCENT OF THE CELL AREA 
C 

ARE* 0 . 0 1 * FLOAT ( IPCT) c 
RETURN 
ETC 

W I N 2 5 7 
MAIM 2 5 6 
MB IN 2 5 9 
MAIN 2 6 0 
W I N 2 6 1 
MAIM 2 6 2 
W I N 2 6 3 
MAIN 2 6 4 
W I N 2 6 5 
W I N 2 6 6 
W I N 2 6 7 
W I N 26B 
W I N 2 6 0 
W I N 2 7 0 
W I N 2 7 1 
W I N 2 7 2 
W I N 2 7 3 
W I N 2 7 4 
W I N 2 7 5 
W I N 2 7 6 
W I N 2 7 7 
W I N 27B 
W I N 2 7 9 
W I N 290 
W I N 2 6 1 
W I N 2 8 2 
W I N 2 B 3 
I S C T 2 
I S C T 3 
I S C T 4 
I S C T 5 
I S C T 6 
I S C T 7 
I S C T e 
I S C T 9 
I S C T 10 
I S C T 11 
I S C T 12 
I S C T 13 
I S C T 14 
I S C T 15 
I S C T 16 
I S C T 17 
I S C T IB 
I S C T 19 
I S C T 2 0 
I S C T 2 1 
I S C T 2 2 
I S C T 2 3 
I S C T 2 4 
I S C T 2 5 
I S C T 2 6 
ISCT 2 7 
I S C T 2 8 
I S C T 2 5 
I S C T 3 0 
I S C T 3 1 
I S C T 3 2 
I S C T 3 3 
I S C T 3 4 
I S C T 3 5 
I S C T 3 6 
I S C T 3 7 
I S C T 3 0 

ISCT 3 9 
ISCT 4C 
I S C T 41 
ISCT 4 2 
I S C T 4 3 
ISCT 4 4 
I S C T 4 5 
ISCT 4 6 
ISCT 4 7 
I S C T 4 6 
ISCT 4 9 
I S C T 5 0 
I S C T 5 1 
I S C T 5 2 
ISCT 5 3 
I S C T 5 4 
ISCT 5 5 
I S C T 5 6 
I S C T 5 7 
ISCT 5 6 
ISCT 5 9 
I S C T 6 0 
I S C T 6 1 
I S C T 6 2 
I S C T 6 3 
ISCT 6 4 
I S C T 6 5 
I S C T 6 6 
I S C T 6 7 
I S C T 6 6 
I S C T 6 9 
I S C T 7 0 
ISCT 7 1 
ISCT 72 
ISCT 7 3 
ISCT 7 4 
ISCT 7 5 
I S C T 76 
ISCT 7 7 
I S C T 7B 
I S C T 7 9 
ISCT 8 0 
ISCT ei 
ISCT 6 2 
ISCT 8 3 
ISCT 6 4 
ISCT 8 5 
ISCT 8 6 
ISCT 8 7 
ISCT 8 8 
ISCT 8 9 
ISCT 9 0 
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APPENDIX C DESCRIPTION AND DISCUSSION OF THE INTERACTIVE 
FREQUENCY DISTRIBUTION ANALYSIS ALGORITHM 'GIRAF' 

C-l Introduction 

The use of probability scale cumulative frequency plots to simplify the 

portrayal of normal distributions was initiated early in this century for 

application to data pertaining to engineering problems. The method was 

subsequently applied to data from various scientific disciplines, including 

Sedimentology (Krumbein and Pettijohn, 1938) and Geochemistry (Tennant and 

White, 1956). More recent applicants and developments include those of Williams 

(1967), Lepeltier (1969), Sinclair (1974) and Parslow (1974). Sinclair (1976) has 

published a manual describing a procedure which represents a refinement of the 

use of probability graphs from the point of view of defining sub-populations, and 

separating anomalous from background groups. The procedure is laborious, 

however, especially if several trial and error attempts are made to fit 

subdivisions of varying proportions. Celenk (1972) devised a computer algorithm 

employing graphical output in an interactive mode to assist in interpretation of 

probability plots. A similar algorithm was developed by M c C a m m o n (1976) (see 

also M c C a m m o n et al, 1979), and algorithms for numerical solutions to the 

problem were devised by M c C a m m o n (1969), and Clark and Garnett (1974) (see 

also Clark, 1977). A review of the subject of analysing multi-modal distributions 

has been compiled by Clark (1976). 

The following is a description of an algorithm developed by the author, 

which allows graphical separation of multi-modal populations with the facility for 

transformation to normality by the variable exponential technique. 

C-2 Frequency Distribution Analysis Algorithm 

The frequency distribution analysis algorithm, GIRAF, is in the form of a 

F O R T R A N program designed to be used on the interactive graphics facility at the 

Imperial College of Science and Technology (Raby, 1976). The program is run at 

a Tektronix graphical terminal, and hard-copy output can be obtained from the 

Tektronix hard-copy unit, or via microfilm. Execution is controlled from the 

terminal keyboard, and data is input from a binary disk-file. Creation of the 

binary disk-file is facilitated through the use of a separate interactive F O R T R A N 
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program called S T A R T . As presently written, S T A R T is dimensioned for 15 

variables and 500 observations. G I R A F is dimensioned for 20 variables and 2 500 

observations. Documented listings of S T A R T and G I R A F are included below. 

The program enables graphical representation of the data, either as a 

histogram (Figure C-l), or as a probability scale cumulative frequency plot 

(Figure C-2), or both. Prior to construction of the histogram or probability plot, 

it is possible to transform the data by taking the base-ten logarithm, or by using 

the variable exponential transformation technique described by Box and Cox 

(1964), and by Howarth and Earle (1979). 

The range of values for the histogram is determined as the mean plus and 

minus three standard deviations, except in cases of strongly positively skewed 

distributions, where the minimum interval is set to the highest value possible 

which avoids truncation. The first and last bins hold values below the minimum 

and above the m a x i m u m respectively. The number of classes can be selected as 

a multiple of 6, from 6 to 72. The cumulative percentages for the probability 

plot are based on the histogram percentages, hence the ability to select the 

number of classes is an important feature. With a small number of classes, the 

cumulative curve will be smooth, and small inflections will not be apparent. With 

a large number of classes, small, and sometimes insignificant inflections will be 

preserved. When a probability plot is requested without a histogram, 30 classes 

are used. 

For probability plots the cumulative curve is defined by 55 points evenly 

spaced along the probability axis. The first step in defining the 55 points is to fit 

a 250-point smooth curve to the cumulated histogram percentage curve. In this 

case the 250 points are evenly distributed along the cumulative frequency array, 

and the corresponding concentration values are calculated by piece-wise fitting of 

third-degree polonomials (Akima, 1972). In the second step the 55-point 

concentration array is derived from this smooth curve by linear interpolation 

between the 250 cumulative frequency points. The probability plot is then 

displayed, and if desired, the user initiates the process of defining sub-populations. 

Populations can be divided into from 2 to 5 sub-populations using the 

procedure described by Sinclair (1976). The basis for defining sub-populations is 

the sigmoidal inflection point, that is, where the steepness of the curve reaches 



Figure C-l Example of a histogram generated by the program G I R A F 

0 .90 1 .46 2 .01 2 .57 3 .1 3 3 .68 4 .24 

Z I N C 
N O . OF O B S E R V A T I O N S = 1 14 
M E A N = 2 - 5 7 STD DEV = 0 - 5 5 6 

N O . OF L O G 10 T R A N S F O R M S = 1 



Figure C-2 Example of a probability-plot generated by the program G I R A F 
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a m a x i m u m . Using the Tektronix crosswires, the user selects from 1 to 4 

inflection points, and the program derives the percentile and concentration values 

for points which define the sub-populations. Straight lines representing the 

sub-populations are fitted to the derived points by linear regression (Figure C-3). 

During the process of the selection of inflection points, the marks and numbers 

along the axes are not displayed so as to avoid bias. Selection of inflection points 

and calculation of the distribution of sub-populations can be repeated as often as 

is desired. 

The closeness of fit between the model and actual data can be determined 

by combining the straight-line sub-populations (Sinclair, 1976). The resultant 

curve can be compared visually to the original curve, or the two curves can be 

compared statistically by calculating the Kolmogrov-Smirnov statistic. A similar 

facility is also available for testing a unimodal population for normality. 

C-3 The Effect of Transformation on Multi-Modal Distributions 

Maclean et al (1976), have discussed the implications of skewness on the 

apparent multi-modality of populations. They point out that skewness can be 

caused by non-normality or by multi-modality, or some combination of these two 

effects, and they advocate use of the exponential transformation (Box and Cox, 

1964) to enable a close approximation to normality before assessing 

multi-modality. They also suggest that it is desirable to be conservative on the 

side of not claiming multi-modality, where skewness can be corrected by 

transformation. 

Whether multi-modality should be suppressed, or even enhanced, by 

transformation, will not be discussed here, although it is important to realize that 

skewness and multi-modality are not necessarily independent characteristics. 

The main reason for using probability plots in this study is to aid in 

recognition of sub-populations, from the point of view of establishing "anomalous" 

versus "background" groups. As mentioned in Howarth and Earle (1979), optimum 

results have been obtained by minimising the skewness of the potential 

sub-population rather than that of the parent population. Sinclair (1976) has 

suggested that in the case of overlap between the ranges of two sub-populations, 



Figure C-3 Example of a probability-plot from GIRAF, showing decomposition 
into constituent sub-populations 

C U M U L R T J V E PERCENT 



Figure C-4 Example of a subdivided population, with the lower sub-population 
positively skewed 

C U M U L A T I V E PERCENT 
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the higher or "anomalous" group can be most efficiently separated by excluding 

data from below the 99th percentile of the lower group. Commonly, however, the 

lower sub-population is positively skewed to the extent that graphical estimation 

of its 99th percentile level is unreliable (Figure C-4). Exponential transformation 

can correct this feature, even though the parent population remains skewed. 

The above discussion emphasizes the necessity for careful consideration of 

the contributions of both non-normality and multi-modality to the generation of 

skewed distributions. The danger of not reducing skewness and perceiving false 

multi-modality is no more important than the danger of completely removing 

skewness and concealing multi-modality. Without a facility for frequency 

distribution analysis which allows repeated emperical modelling of 

sub-populations with varying transformations, a truly adequate population 

analysis would be inhibitively laborious. 
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L IS TING OF THE PROGRAM GIRAF 

* G I R A R * * * 

GCBL8GICK. RTTES-ACTIVC FREQUENCY DISTRIBUTION ANALYSIS AND 

O C C W E S M W BASES B I PROBABILITY SCALE CUMULATIVE CURVES -
FOLL8UIMC T - E RTR-'OD OUTLINED BY SINCLAIR - (APPLICATIONS 
OF P E O B A E I L R T &IF>*TS IN MINERAL E»>LORATI0N - ASSOC. OR 
E W L 8 Q A T I 8 N S E B O C M I S T S - S P E C . VOL. 4 - 1 8 7 6 ) 

AUTHOR 
STEVEN EAFEX. DEPARTMENT OF GEOLOGY. TRPCRIAL COLLEGE. LONDON 

DATE 
MAY 1 8 7 7 C - E O I T C T SEPT. 1 8 7 7 AND F E B . 1 8 7 8 ) 

LANGUAGE.C0 PUTER 
FORTRAN-IV - CDC 8 6 0 0 - CIWERIAL COLLEGE COMPUTES CENTRE) 

-WIN 
W I N 
WIN 
W I N 
W I N 
W I N 
W I N 
WIN 
W I N WIN 
W I N 
W I N 

- W I N 
W I N 
W I N 
W I N 
W I N 
W I N 
W I N 
W I N 
W I N 
W I N 
W I N 
W I N 
W I N 

METHOD 
•JVC DAT* r a s etc VARIABLE I S STORED AS A SINGLY DIMENSIONED 
ARRAY. T I C N C O U C C Y DISTRIBUTION I S ANALYSED USING A H I S T O -
GSWn, AK> A CLMJL«TI \C CURVE I S PLOTTED WITH A PROB'WILITY 
SCALE RXTS. DECS-POSITION is ACHEIVCD BY SELECTING INFLECTION W I N 
POIWTS. TVC ARULATIVC PERCENT o r WHICH WILL BE A FUNCTION o r W I N 
TVC RELATIVE PROPORTIONS OF SUB-POPULATIONS PRESENT. W I N 

W I N 
• — W I N 

W I N 
TVC PROGRAM I S M I K f l . i l AS OVERLAYS SO AS TO REDUCE CENTRAL W I N 
PROCESSOR LF*TT STORAGE REQUIREMENTS. THE W I N OVERLAY INCLUDES W I N sc.erri»i BF IAJJ&TA TO BE INPUT, WITHIN THE F I R S T P R I W R Y W I N 
FFVCBLFLY TVC -ISTBGRAM I S PLOTTED AND POINTS ON TVC CUMULATIVE W I N 
CUVRE ARE O C O A . A T E D . TVC SECOND PRIMARY OVERLAY INCLUDES W I N 
ROUT I P C S FBR DEES-POSITION OF THE CUMULATIVE CURVE. W I N 

W I N 
- W I N 

W I N 
W I N 
W I N 
W I N 
W I N 
W I N 

- W I N 

BVEJa-A Y < H B » E . C .05 

PRBUMAM G O T ^ ( I * U T * I 3 1 B . 0 U T P U T * 1 3 1 B . T A P E 5 « I N P U T . T A P £ 6 * 1 3 1 B 
+ T A P E 7 * 1 3 1 6 . T A P C 2 0 * 1 3 1 6 . T A P E 2 1 * 1 3 1 B . T A P E 6 1 * 1 3 1 6 . T A P E 6 6 * 1 3 1 B > 

W I N 4 0 
L O G I C * . WITTS C5ED W I N 4 9 

TAPES W > . T FBB-I TERMINAL W I N SO 
TAPES BUTFVT TO TEWUNAL W I N 5 1 
TAPE7 F I L E FOR STORAGE OF STATISTICAL DATA I M C H CAN BE SANCDWIN 5 2 

OR PRIKTED BY THE USER W I N 5 3 
I W C 2 0 F I L E WHICH INCLUDES *NVAR*. THE NUMBER OF VARIABLES FORMS IN 5 4 

144ID* OATS I S WRITTEN ON TAPE21 . PLUS A 10 CHARACTER W I N 5 5 
NATE FOR E A W VARIABLE. (EG. (FROM COL. 1)> - W I N 5 6 
0 3 W I N 5 7 
CBPERN W I N 5 8 
LEAD W I N 5 9 
WGMESILT' W I N , 6 0 

W I N 6 1 
TWPE21 F I L E wrrw A SINGLE BINARY RECORD FOR EACH VARIABLE W I N 6 2 

N C J J O P C TVC HJMBER OF SAMPLE S I T E S * N S I T * . THE NUMBERWIN 6 3 
OF AESCSVNTIVE W O E S * , AND THE ACTUAL DATA, EACH W I N 6 4 

S E C T ® WOULD THUS BE WRITTEN USING TVC FOLLOWING S T A T E - W I N 
ME*" - W I N 

W R I T (21) N S I T . N O B S . (DAT( I ) . 1 * 1 . N O B S ) W I N 
I F T - C R £ I S W MISSING DATA »NOBS* WILL EOUAL « W S I T » . W I N 
( r e . TAPE20 A r c TAPE21 CAN BE M5ITTEN USING THE ROUTINEWIN 

« S T W T * . « 3 DESCRIBED BELOWD W I N 
W I N 

TAPE81 ARC T»PCBB ARE F I L E S USED BY ROUT I I C S IN THE "SIMPLE* W I N 
LIBRWIY CSEE I . C . C . C . BULL. 6 . 3 / 6 ) TAPE61 CONTAINS W I N 
P O T ^ J C T U R E S FBR GENERATION OF MICROFILM PLOTS. W I N 

W I N 
W I N 
W I N 
W I N 
W I N 

TVC * N » A R * B B U T P C CAN BE STORED AS A BINARY T I L E CREATED WITHWIN 
TVC F B L L M I X ; C W T W S . STATEMENTS - W I N 

W I N 
RRR <B*CMMTFC W I N 
REW.ACE FFIIWW W I N 

W I N 
E J J X U T W V TVC PROGRAM AT A .TEKTRONIX TERMINAL WOULD THEN BE W I N 
CARRIED BUT U S P C TVC FOLLOWING CONTROL STATEMENTS (ASSUMING W I N 
THAT TAPE20 «RO T W C 2 1 , AS OESCRIBCD ABOVE. ALREAOY EXIST AS 
LOO*. F I L E S J -

6 5 

E * U N W PROCEDURE 

W I N 8 0 
W I N 8 9 
W I N 8 0 
W I N 9 1 
W I N 8 2 
W I N 9 3 
W I N 9 4 
W I N 9 5 
W I N 9 6 
W I N 9 7 
W I N 9 8 
W I N 0 9 
W I N 1 0 0 
W I N 1 0 1 
W I N 1 0 2 
W I N 1 0 3 
W I N 1 0 4 
W I N 1 0 5 
W I N 1 0 6 
W I N 1 0 7 
W I N JOB 

TVC PANRRNWE N I A U I 2 » WILL ALLOW UP TO BOO SAMPLE S I T E S FOR U P W I N IOS 
15 VARIABLES. DATA SCTS WITH UP TO 1 6 0 0 SAMPLE S I T E S CAN B E W I N 1 1 0 

G E T S I W B ) 
L I B F I L E C S I M U J D 
- 5 I W L E T A . * a » » R » . C A L F » R * P L > 

A RQUTI*C R » Q O C D A T I V 1 OF TAPE20 AFC TAPE21 . AN0 SUBSEQUENT 
roTjiiv tr axr* is AWMLIAOCE. AND CAN BE cxmrrw AT A 
TEXTRWIIX I U R U W O usnc TVC CONTROL STATEMENTS -

GET (TAPE** « J S £ S " S DATA F I L E NAME* ) 
GET CST««JT2YL»»*J-RBC0M 
-START2 

W S C D S O mzrc TVC PROCEDURE "STARTS* IN TVC SAME MATVCR. 

I T . WITHIW ANY S E S S I V I . EMTUTION I S TERMINATED ANO TVC USER 
WISHES TB O K T I » « X WITH TVC SAME DATA, TVC FBLLBUING CONTROL 
STA7E)*7rr5 cm ac inm -

W I N 1 1 1 
W I N 1 1 2 
W I N 1 1 3 
W I N 1 1 4 
W I N 1 1 5 
W I N 1 1 6 
W I N 1 1 7 
W I N 1 IB 

. . W I N 1 1 9 
W I N 1 2 0 
W I N 1 2 1 

O W V M I C * . SDBRBUTPCS CALLED BY *GIRAF* ARE OESCRIBCD IN ICCC W I N 1 2 2 
BULL. 6 . 3 / T « « > 6 . 3 / 9 . INCLUDCD ARE - START.SWITCH.SCALEZ. W I N 1 2 3 
P R O M P T . B I M N . K M 0 7 Y , F O P A A E . P L O T . L I W X . S T M M L . N U M B E R . W I R E S , W I N 1 2 4 

W I N 1 2 5 
W I N 1 2 6 

T I E D * 
" C L S S * 
•CONC* 
«PCTL* «cpa* 

PERCENTAGES *3R HISTOGRAM BINS 
C 8 X E N T R A T I 9 " LOWER LIMITS FOR HISTOGRAM B : * S 
C8PCENTRATI9-S FOR EACH PERCENTILE OF PROE. PLOT 
PERCENTILES T R PROB. PLOT (SEE BLOC* DATA! 
C » C E K T P A T I 9 - 5 INTERPOLATED IN EVEN I N T E R N S FROM 
"CSNC* 
PERCENTILES INTERPOLATED FROM W C T L * 

W I N 1 2 9 
W I N 1 3 0 
W I N 1 3 1 
W I N 1 3 2 
W I N 1 3 3 
W I N 1 3 4 
W I N 1 3 5 
W I N 1 3 6 
W I N 1 3 7 
W I N 1 3 8 
W I N 2 3 9 

K T B E R OF LBGIO TRANSFORWTIONS BR -(NUMBER; OF 1 0 * * * » I N 1 4 0 
TRARFSFBHWTR»« 
RVBER sr HS-OGRAM CLASSES 
NATE OF OJRREFT VARIABLE 
CUJRENT VALUE BF CONTROL COMTWND (SEE STpn; 

COT+ON/AREA3/ W I T . W E S . X - E N . S T O V 

«wsn* R V « E R tr SATPLE S I T E S CINCLUOING M I S S I N G DATA> woes* HTBEJJ or" OBSERVATIONS 
*3eCN* POPULATION MEArt 
*STDV* POPULATION STFLRCARD DEVIATION 

• B I N * HJMBER OF HISTOGRAM CLASSES 
>CLS1* L W 3 J L I M I T Y F I R S T A A S S 
»xnc* aAss I N T E R S 

VBLUE OF LATBOA ROFL GETCRAL POWER TRANSFORM 
L I S T OF V«R106LE NAPES 

DATA NUMREC^V 

INITIATE GRAPHICS Arc LIST COT t WO OPTIONS 
CALL START (2) CALL SWITCH (9t*WRDCP fOMO CALL SCALEZ (1.5) CALL »CLP 

I W V T I F # T * 8 * T I 0 N F R O - TAPE20 

RCREMEHT RECORD C J M C E S . OR I N I T I A L I S E AS 1 

1 1 0 F « * « E E = N U M R X * ; 

O C T X FOR E>C OF TAPE2 : AND HEWIPO I F NECESSARY 

irot«ar.LE.m«O GBTO 120 
REWIIC 2 1 

Nur«ax=i 
LIST UJNILW1S OF TAPE2I ATC CURREKT RECORD NUMBER 

120 W R I T E ( 6 . 1 3 0 ) NvflR 
1 3 0 FBRWTC16WTAPE21 COMTTAITS . I 2 . 8 W RECORDS^) 

DO 1 5 0 J*1 .NVAR 
1 5 0 WRITEC6.I6O J . N A T E S CJ) 

W I N 1 4 1 
W I N 1 4 2 
W I N 1 4 3 
W I N 1 4 4 
W I N 1 4 5 
W I N 1 4 6 
W I N 1 4 7 
W I N 1 4 8 
W I N 1 4 9 
W I N 1 5 0 
W I N 1 5 1 
W I N 1 5 2 
W I N 1 5 3 
W I N 1 5 4 
W I N 1 5 5 
W I N 1 5 6 
W I N 1 5 7 
W I N 1 5 8 
W I N 1 5 9 
W I N 1 6 0 
W I N 1 6 1 
W I N 1 6 2 
W I N 1 6 3 
W I N 1 6 4 
W I N 1 6 5 
W I N 1 6 6 
W I N 1 6 7 
W I N 1 6 8 
W I N 1 6 9 
W I N 1 7 0 
W I N 1 7 1 
W I N 1 7 2 
W I N 1 7 3 
W I N 1 7 4 
W I N 1 7 5 
W I N 1 7 6 
W I N 1 7 7 
W I N 1 7 8 
W I N 1 7 9 
W I N 1 8 0 
W I N 1 8 1 
W I N 1 8 2 
W I N 1 8 3 
W I N 1 8 4 
W I N 1 8 5 
W I N 1 0 6 
W I N 1 8 7 
W I N 1 8 8 
W I N 1 8 9 
W I N 1 0 0 
W I N 1 9 1 
W I N 1 8 2 

1 6 0 F O R W T W RECORD . I 2 . 3 X . « ; 3 ) 
WRITE ! 6 . 1 7 0 ) N J * £ C 

1 7 0 F 0 R W T ( / 2 7 H T V C PCXT R£XWC I S R*JR«CR 
CALL BUFFEM(-T; 

SELECT VARI««LE - OR T~3P 

CALL PROMPT(7®4TYPE 0 TO 8EA0 T H I S RECORD( 
IT OR ENTER A FEW RECORD » C . . 7 B ) 

R E A D ® . * ) NREC 
I F O « E C . E 0 . 0 ) GOTO 1 9 0 
I F O « £ C . L T . O ) STOP 

ADVANCE TAPE21 TO APPROPRIATE RECORD 

REUIRC 2 1 
I F ( W E C . E D . 1 > GOTO 1 6 5 
DO 1 8 0 N * 2 . W E C 

1 0 0 REA0C21) 
1 8 5 NLTREC*NREC 
1 9 0 NAMEWAMES (NLIMREO 

LOAO HISTOGRAM OVERLA* AND BEGIN EJTCUTION 

CALL OVERLAYC5MHIPP0. L . C . 

iF(otc.EB.4werr) GOTO 

LOAO PROB. PLOT E V C R L F AND BEGIN EXECUTION 

CALL OVERLAY(ŜIPPO.2.C. 

ROUTITC TO L I S T D E C L T S N CONTROL COMMANDS AND TVC I P ACTION 

W I N 1 8 3 
W I N 1 8 4 
W I N 1 8 5 
W I N 1 8 6 
W I N 1 9 7 
W I N 1 9 8 
W I N 1 8 9 
W I N 2 0 0 

OR - 1 TO STOP EXECUTIOMPWIN 2 0 1 
W I N 2 0 2 
W I N 2 0 3 
W I N 2 0 4 
W I N 2 0 5 
W I N 2 0 6 
W I N 2 0 7 
W I N 2 0 8 
W I N 2 0 9 
W I N 2 1 D 
W I N 2 1 1 
W I N 2 1 2 
W I N 2 1 3 
W I N 2 1 4 
W I N 2 1 5 
W I N 2 1 6 
W I N 2 1 7 
W I N 2 1 6 
W I N 2 1 9 
W I N 2 2 0 
W I N 2 2 1 
W I N 2 2 2 
W I N 2 2 3 
W I N 2 2 4 
W I N 2 2 5 
W I N 2 2 6 
W I N 2 2 7 
W I N 2 2 8 
W I N 2 2 9 
W I N 2 3 0 
W I N 2 3 1 
W I N 2 3 2 
W I N 2 3 3 
W I N 2 3 4 
W I N 2 3 5 
W I N 2 3 6 

A 3 * C 0 M W T C S FOR * * G I W * * R O U T K C / / W I N 2 3 7 
B 3 * 1 KCLP — DISPLAY TV.IS BANNER / W I N 2 3 8 
C Y * ENO STOP EXECL~I»1 • W I N 2 3 9 
D NEXT — K I P TO M O T VARIABLE / W I N 2 4 0 
E LOGT — LOG ( 1 C TB^SFOBM DATA / W I N 2 4 1 
R 3 * 1 ALGT 1 0 * » x TRATC. BUM DATA / W I N 2 4 2 
R 3 * 1 OTRN - X**LARB0A T3ANSF0RM / W I N 2 4 3 
G y+j H I S T DRAH MISTSQWM /• W I N 2 4 4 
H TEST — MLMOGOR5V-5MIRNOV TEST / W I N 2 4 5 
H P R 0 6 — DRAW P R O W E R - I T Y PLOT / W I N 2 4 6 
I »»< n x r s LA6EL PROE-OLBT A « S / W I N 2 4 7 
J 34M sueo - P W I . f H ) SUBDIVISION/ W I N 2 4 8 
J OF PR38AER.RRY PLOT / W I N 2 4 9 
J 3 * 1 STAT - e / P S T A T U T O TAPE7 / W I N 2 5 0 
K HCPY GEICRA7E MS3BJFITM COPY / W I N 2 5 1 
K 34H tr SCREE?" C31TENTS / / ) W I N 2 5 2 

W I N 2 5 3 
CALL 6UFFEM<-6; W I N 2 5 4 
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CWTWITC OATA FOR " P E N . * - PERCENTILES TOR PROBABILITY PLOT 
CW««.UCT ARE SELECTED SUCH THAT WHEN EVENLY SPACED ALONG 

W S X I S TVCV HILL DEFINE A PROBABILITY SCALE) 

D®TA PCT. / . 7 « . 1 . 0 0 6 . 1 . 2 7 2 , 1 . 5 6 8 * 1 . 9 6 3 * 2 . 4 4 s . 3 . 0 7 3 . 3 . 7 9 4 . 4 . 5 0 7 
1 S . ^ 2 . 6 . 4 0 6 . 7 . 6 3 8 . 9 . 0 9 4 . 1 0 . 5 9 2 * 1 2 . 3 9 4 * 1 4 . 1 6 8 * 1 6 . 3 2 7 . 1 8 . 6 6 1 » 
2 2 1 . 2 7 3 . 2 3 . 7 6 2 . 2 7 . 0 5 5 * 3 0 . 0 0 4 1 3 2 . 6 8 8 > 3 6 . 1 0 1 * 3 9 . 7 * 4 3 . 2 8 9 >46.606 >50 
3 5 3 . 3 9 2 * 5 6 . 7 1 1 *6C. 3 * 6 3 . 0 9 9 * 6 7 . 013* 6 9 . 9 9 6 . 7 2 . 9 4 5 . 7 6 . 2 3 6 . 7 0 . 7 2 7 . 
4 6 1 . 3 1 9 . B 3 . 0 7 3 . 0 5 . 6 3 2 , 8 7 . 6 5 1 . 0 9 . 4 0 0 * 0 0 . 9 0 6 * 9 2 . 3 6 2 * 9 3 . 5 1 1 . 9 4 . 5 7 8 * 
5 9 5 . 4 1 3 * 9 6 . 2 0 6 * 9 6 . 9 2 7 * 9 7 . 5 5 5 . 9 8 . 0 3 8 * 9 8 . 4 3 2 * 9 8 . 7 2 8 . 9 6 . 9 9 4 . 9 9 . 2 0 4 / 

P R I W R ? SVCBLAY 1 - CALCULATION OF STATISTICAL PARAMETERS 
FBR I N I T I A L POPULATION - DATA TRANSFORATION - HISTOGRAM -
O C C U . A 7 T W OR CUMILATIVC PERCENTAGES 

C 9 W M W I 1 / DAT ( 2 5 0 0 ) .CHISTO 

DATA ARRAY 
» 0 < I S T B * FLAG P C I C A T I N G I F HISTOGRAM DISTRIBUTION HAS BEEN 

CALCULATED (1 * YES. 0 * NO) 

CTTWI/AGEW2/ FRE0C72) *CLSS(72> .CONC(55) IPCTL (55) .CPCL ( 2 5 0 ) . 
• C P * T » 0 5 0 .WTWH*NCU.*NARE.CMD 

CJ I O V W I O N / NS I T * NOBS T • STDV CA_L STATS 
HCTlWl 
EK3 
S-CCALTIRE STATS 

CiJ H y v W E E f l l / DAT ( 2 5 0 0 ) . ( X I S T D CS-TBrvAREflE/ FRC0C7Z) . ass ( 7 2 ) *CONC ( 5 5 ) *PCTL (55) .CPCL ( 2 5 0 ) < 
• C P F R O 5 0 3 • f»TOArl.'CU..WrC.Crf*> 

CB I P V A R E W A / N S R R . N 0 6 S . W O I . S T D V 
ca-rtyvopEô/ reiN.a.si.xiNC*xi.M 

BEAD CURRENT RECORD FROM TAPC21 

LIRR C S T R O L SELECTIONS ANO BRANCH ON SELECTED BPTION 

BC CMJ . PRBF«>T(«5M(L0GT.ALGT.BTRN.HIST.PROB.HCPY.FCXT.ENO.HELP) . 4 5 ) 
HEADO.ua. cmi 

110 FWTHT8M) 
ir otc.co.«oc > STOP 
I F C 7 * C . E B . ' « * C L P ) CALL KCLP 
I F O V C . E 8 . ^ * C P Y ) CULL MARDCPY 
IT o r e . E B . • r e m RCTUW 
N - C M ) . E B . * « > A 8 6 ) OBTB ISO 
I F O T C . E D . ^ C E G T ) GOTO 1 2 0 
I T O T E . E S . « « L G T > GOTO 1 3 0 
I F CTTC.EB.**<IST) CALL H I S T O ( L ) 
JT U J T C I . E O . ^ B T R W ) GOTO 1 4 0 
UB ID 9 0 

H I T W 1 APPRBPRIATE TRANSFORMATION AND RETURN TO CONTROL 

U O CTU. X J G 0 < B B S 3 

UE IB 9 0 

1 3 0 Q>U. TALOGQGBS> 

XT fic 

I T HRSTBWAM HRS NOT BEEN PLOTTED* CALL HISTOGRAM ROUTINC 

era CALCULATE FREO. D I S T . ) WITH NO-PLOT FLAG 

I F odsre.ca.o) CALL HISTTKO) 
OTCULATE CLTULOTIVT PERCENTAGES 

c.ss(i><a.si 
DE 1BC I * 2 . F « I H 
CLSS ITI " C L S L - F L B A T D ) «XI»C 
FOES ( D MTUCD 11) •FRED ( 1 - 1 ) 

CALCULATE: CSFCEMTOATIBN FOR 2 5 0 INTERPOLATED VALICS 

D E L C W ca.s8oeno-a.su/94e. 
0 6 1 7 0 1 * 1 * 2 5 0 
P I « I - I 

M ( D * L S 1 * P I « L C » I 

CNXULMTE MUCENTILE FOR 2 5 0 INTERPOLATED VALUES 

CALX JKTSPL ( B . W I N . C L S S . F R E D . 2 5 0 . C P C L . C P F R ) 
LXVCAR IWTESPBLATIBN er 5 5 CVCH.Y SPACED PERCENTILES 

MAIN 257 
W I N 256 
MAIN 259 
W I N 260 
W I N 261 
W I N 262 
W I N 263 
W I N 264 
W I N 265 
W I N 266 
W I N 267 

. W I N 260 
W I N 269 
W I N 270 
W I N 271 
W I N 272 
W I N 273 
STAT 2 
STAT 3 

—STAT 4 
STAT 5 
STAT 6 
STAT 7 
STAT 8 
STAT 9 

—STAT 10 
STAT 11 
STAT 12 
STAT 13 
STAT 14 
STAT 15 
STAT 16 
STAT 17 
STAT 18 
STAT 19 
STAT 20 
STAT 21 
STAT 22 
STAT 23 
STAT 2 4 
STAT 25 
STAT 26 

—STAT 27 
STAT 28 
STAT 29 
STAT 30 
STAT 31 

—STAT 32 
STAT 33 
STAT 3 4 
STAT 35 
STAT 36 
STAT 37 
STAT 36 
STAT 39 
STAT 40 
STAT 41 
STAT 42 
STAT 43 
STAT 44 
STAT 45 
STAT 46 
STAT 4 7 
STAT 4 0 
STAT 4 8 
STAT 50 
STAT 51 
STAT 52 
STAT 53 
STAT 54 
STAT 55 
STAT 56 
STAT 57 
STAT 56 
STAT 58 
STAT 60 
STAT 61 
STAT 62 
STAT 6 3 
STAT 6-4 
STAT 65 
STAT 6 6 
STAT 67 
STAT BO 
STAT 69 
STAT 70 
STAT 71 
STAT 72 
STAT 73 
STAT 74 
STAT 75 
STAT 76 
STAT 77 
STAT 7B 
STAT 79 
STAT BO 
STAT 81 
STAT B2 
STAT 63 
STAT 6 4 
STAT 95 
STAT 86 
STAT 67 
STAT 60 
STAT 69 
STAT 90 
STAT 91 
STAT 92 
STAT 93 
STAT 94 
STAT 95 
STAT 96 
STAT 97 
STAT 96 
STAT 99 
STAT 100 
STAT 101 
STAT 102 
STAT 103 
STAT 104 
STAT 105 
STAT 106 
STAT 107 
STAT 100 
STAT 109 
STAT 110 
STAT 111 
STAT 112 

LBG (10) TOAreroRrvmoN 

C 9 * 9 f A R E A l / DAT (2500 ) .CHISTO 

REPLACE WLUCS . L E . 0 . 0 WITH 0.0C1 

I F O A T ( I ) . L E . O . ) D A T ( I ) « 0 . 0 1 
100 DAT ( I ) •ALOGIO (DAT ( I ) ) 

RETV1N 
EJC 
SUBROUTINE TALBG(NOBS> 

10* *X TSAHSFBRrWTIBN 

C e r r v t / A R E A I / OAT(2500) *CWISTO 

DO 100 1*1 *tes 
1 0 0 0 A T ( D « 1 0 . 0 > o 0 A T ( I ) 

RETIOT1 
ETC 
SUBROUTINE EPTRANOU.H1.N0E> 

READ VALUE RBB LAREOA 

IT LMTCOA*) . BMW LOG TRAMSrOOTVUBN 

I F CABS OO.r« .GT.SMALL) GOTB 100 
CALL H O G ( M B S ) 
X.H"M9.M RETUM 

100 n a . f t = 1 . 0 / M . M 
DO 200 1*1 *NBBS 
X*CAT( I> 

IF X I S 0 BR LESS 00 HOT TRANSFORM 

7 r o c . L T . S W L L > GOTO 2 0 0 
D A T ( D » ( X X *XLM-1 .0 ) W X . f i 

2 0 0 CWfTIHJE 
K . M - W L M 
RETLCTI 
END 

SUBROUTINE H I S T B (IP L T ) 

ROUTIFC TO CALCULATE LIMITS OF HISTOGRAM a ASSES AND 

ASSIGN DATA VALUES TO APPROPRIATE BINS 

APOTENT 
• I P L T * SWITCH INDICATING IF HISTOGRAM SHOULD 6C DRAW* 

t l * Y E S . 0=10) 

C 0 T W V W E B 1 / ZED (2500 ) .CHISTO 
C 0 f t W 1 / » W E A 2 / FREO (72 ) *CLSS(72) .CONC (55) .PCTLC55) .CPCL (250) . 

* CPFR (250) .NTRAN.NCLL *NAfC»CTWD 
C J » r m / » W E A 3 / NSIT.NOBS.SfCAN.STDV 
c o r t m < w R E A 4 / f e i N . a s i . x i N C . x L M 

CALCULATE TEAN A f C STAfCARD DEVIATION 

SUf t t *SSGX*0. 
DO 100 1*1 *N06S 
CATT«ZED ( I ) 
IF (DATT.LT.301IK) XMIN̂DATT SUnWSUftX+OATT 
SSOX*SSQX+OATTX)ATT 

OBS*fOBS 
S f E A r e S W t C O B S 

STDVsSORT( (OBS*SSOX-5UrK*SUrOO / ( 0 6 S * ( 0 6 S - 1 . ) ) ) 

SET OEFAULT OF 30 CLASSES FOR NO-PLOT MODE 

INPUT NO. OF a ASSES DESIRED AND C>CCK FOR ALL0UA6LE v f l c u c s 

»G*»«IN 
S9CL I NT 0 9 0 . / 6 . ) > 6 . 
I F ( * C L . G T . 7 2 . ) XNCL*72. 
I F O f C L . L T . 6 . ) W C L * 6 . 

CALCULATE INTERVAL FOP RANGE OF E STANOARD DEVIATIONS 

XIfC*STDV"6. /»CL 
FIRST CLASS IS fEAN MINUS 3 STAfCARD DEVIATIONS 

CL 51 *SfCAN-3. D*STDV 
SHIFT FIRST a ASS FOR POSITIVELY SKEICD DISTRIBUTIONS 

W. IfwSTEAN-2. 0*STDV 
I F OCIIN.GE.X.Tn CLSl*«.in 
X.H*SfCAft-5TDV 

STAT 113 
STAT 114 
STAT 115 
STAT 116 
STAT 117 
STAT 118 
STAT 119 
STAT 120 
STAT 121 
STAT 122 
STAT 123 
STAT 124 
STAT 125 
STAT 126 
STAT 127 
STAT 126 
STAT 129 
STAT 130 
STAT 131 
STAT 132 
STAT 1 3 3 
STAT 134 
STAT 135 
STAT 136 
STAT 137 
STAT 138 
STAT 139 
STAT 140 
STAT 141 
STAT 142 
STAT 143 
STAT 144 
STAT 145 
STAT 146 
STAT 147 
STAT 140 
STAT 149 
STAT 150 
STAT 151 
STAT 152 
STAT 153 
STAT 154 
STAT 155 
STAT 156 
STAT 157 
STAT 158 
STAT 159 
STAT 160 
STAT 161 
STAT 162 
STAT 163 
STAT 164 
STAT 165 
STAT 166 
STAT 167 
STAT 168 
STAT 169 
STAT 170 
STAT 171 
STAT 172 
STAT 173 
STAT 174 
STAT 175 
STAT_176 

WIST 2 
WIST 3 

— : S T 4 
WIST 5 
WIST 6 
HIST 7 
WIST e 
WIST 9 
WIST i o 
WIST 11 
WIST 12 

- W I S T 13 
HIST 14 
WIST 15 
HIST 16 

HIST 19 
WIST 2C 
WIST 21 
WIST 22 
HIST 23 
WIST 24 
HIST 25 
HIST 2 6 
HIST 27 
WIST 28 
HIST 29 

WIST 3 4 
WIST 35 
WIST 36 
HIST 37 
wIST 3e 
WIST 39 
WIST 40 
WIST 41 
HIST 42 
WIST 43 
WIST 44 
WIST 45 
WIST 46 
HIST 47 
HIST 46 
HIST 49 
HIST 50 
HIST 51 
HIST 52 
WIST 53 
HIST 54 
HIST 55 
WIST 56 
HIST 57 
HIST 56 
HIST 59 
WIST 60 
HIST 61 
HIST 62 
wIST 63 
HIST 64 
HIST 65 
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A**:OF « * . U C S TO A A S S E S 

DO 

M i*i.««es 
<ZE2 - A _ S : ; /XINC> + I . 

: R MCLS^NBIN 
^ P C S . L T . : ; I C . J S I 

103 

CFT.RUI.E-R PERCENT FREQUENCY MIDPOINT TOR EACH CLASS 

0.SS:<LS:-Xit©c.5 • 52 ::•« wi.t^ 
« T E S : ' - « 1 X . W T J E 3 0 0 / W S . 

104 CLSS x ; * C L S S l * F - . 3 A T « - l > « X I f C 

P . S T HIST3GO«R I T RCO.CSTEC 

R ' - C ^ . - . K . L ) 0 * - L W I S T 

RETW oe 
SJBRSLTIFC & J I S * 

» : I ! I W R PLRRRIH3 ROUTINE 

G S - M J V A R E A ^ r s a C7Z) . a s s C72> .C0NC(55) .PCTL (55) .CPCl (250) . 
» CPF5 2 5 C . .N7RAN .NaL .NAME.CMND csrw/AREAa/ nsrr.fces.SMEAfi.sTDv 

C 3 T W A R E A - V t e l f l . a S l . X I M C . X L M 

CALCULATE M L r e O U " G INTERVAL AMD LOWER L I M I T OF FIRST BIN 

67 

7 4 

F I * C W C W rxauocr PERCENT 

rFRES=c.o 
0 0 I X I » 1 . « « I N 
I R < T S E 3 £ I ) .BT.YTAEO) YFREB*FREO(I) 100 CSfTIHX 

OR CALCULATE DEFAULT VALUE 

WRITE 3 . 9 9 : TFRE3 
99 F O R W I t f U C n j M FRED. IS ' . F 6 . 2 / 

• -ENTIS r f o . H I S T . PCT. OR 0 . 0 FOR DEFAULT MAX. ' ) 
c * L L B L r n ? - : - 6 ; 
REAOS.X) YFRD rF<YFao.GT.0.1) TFBEB*TFRO 

101 TTRB=«aiTrrrREE-aO.) I»-(fTTaO»IO.) .fe.YTREB) TFRO=TTRO+1.0 IVTTr-njQ 

A O ^ f C E r w r C ATC MOVE TO START Or HISTOGRAM 

DQ>U A J C 5 

C * . L . I N A X C . c . R . O * I . 2 . O . 6 . S V A L . X X I N C . I . I . I . 2 . D 
C * . . . R ^ A X ; ^ . C . C . 0 . 2 . A L N r , I N T T . 0 . . 1 D . . 5 . - 1 . 1 . - 1 . 1 ) 

• CALL - : * 1 A X : = . C . C . 0 . 2 . A L N Y . I N T Y . 0 . . 1 0 . . 5 . 2 . 2 . - 1 . 1 > 
1 - W 3 L : - C . e . 5 . 5 . 0 . 4 8 . 2 7 . 0 . 0 . - 1 ) 

DTTERMMC MWBER BT SCANLINES FOR EACH BAR AND BAR INTERVAL 

TTSCAMEOO./»EIN 
XIHT* L2. O ^ O A T A E IF1*ISCAN) 
XXTNT«TINT»T.OA-«SCAM> 

CUMULATE B«FI • C I C X T IN INCHES AND THEN DRAW BAR 

DC i a mi.t^l* 
FAO«*"8ED<N. ZTTRC 
I * - ( F R C . L T . I . 0 E - 5 1 0 0 T B 104 
DO 102 R B I . N S & F 
C**.L O . E T C . O . F W . - S I 

1C2 CALL » . E T U C N T , - * R O . - I ) 
GOTO 104 Ĉ.L «».oTaoaNT.c.o.-» 

1 0 3 C S I T R U E 
C * . L » - 8 T ( - 1 2 . 0 . - A . 0 . - 3 ) 

LA6EL HISTBOWAM 

C « . L • S—«OL A . X . 0*. 0 . . 4 8 .NATE. 0 . 0 . 1 0 ) 
CW.L S"~EEL ( 3 . C . - O . 5 O . . 2 B . 2 2 H N 0 . OF OBSERVATIONS « . 0 . 0 . 2 2 ) 
BBS** CCS 

N R E E A I S . 2 . - o . 5 0 . . 2 O . o e s . O . o . - I > 
0 * . L 3—BOL Q . C . - 1 . 0 0 . . 2 6 . 2 6 H M E A N * STO DEV « ,0.0,Zt 
CA.L HJMBCR ( L . S E . - 1 . 0 . . 2 8 . S M E A N . 0 . 0 . 2 ) 
CA-L * . « - 6 £ B A . E . - L . C . . 2 8 . S T D V . 0 . 0 . 3 > 

I>C:CATE TUM>IREA M I E N USED 

I F P C W R O 2 0 1 . 2 0 4 . 2 0 2 

2 0 1 CALL 1 ' I M L a . C . - i . 5 . 0 . 2 S . 2 6 H N 0 . OF I * » 1 0 TRANSFORMS * . 0 . 0 . 2 6 ) 

2 0 2 CH.L S—«OL S . C . - 1 . 5 O . . 2 6 . 2 6 H N 0 . OF L0G10 TRANSFORMS « . 0 . 0 . 2 6 ) 

2 0 3 TAORAEES (FLOAT J-TBCTC.) 
O C L V B E H F 7 . 2 9 — 1 . 5 . . 2 B . T H A N . 0 . 0 . - 1 ) 
S E T J F 

2 0 * R - O E . - - . E O . - I X . I B E T J W 
CA.L S—B8L C I . C . - 2 . 2 5 . 0 . 3 5 . 1 6 H T R A N S F 0 R M I S X * * . 0 . 0 . 1 6 ) 
C » . L H ^ B O S ( 5 . 6 . - 2 . 2 6 . 0 . 3 5 . & M . D . 0 . 2 ) 
R T T J ? " 
E»C SJBR9L-TI* IXTRP. (IU.L.X.T.N.U.V) 

IHTERP'SLATiON BF A S I t i t VALUED FUNCTION 

HIST 
WIST 
HIST 
HIST 
HIST 
HIST 
HIST 
HIST 
HIST 
HIST 7 5 
HIST 7 6 
H I S T 7 7 
HIST 7 S 
HIST 7 S 
HIST BC 
HIST e : 

HIST 8 2 
HIST 8 3 
HIST E 4 
HIST e s 
HIST EE 
HIST E 7 
HIST 8 8 
HIST E 9 
HIST e c 
HIST EL 
HIST 82 
HIST 83 
HIST 94 
HIST 95 
HIST 96 
HIST 67 
HIST ge 
HIST 99 
HIST I X 
HIST 1C1 
HIST ICS 
HIST 1C2 
HIST 104 
HIST ICS 
HIST 106 
HIST 107 
HIST ioe 
HIST ICS 
HIST 11C 
HIST I K 
HIST 1 1 2 
HIST 1 J 3 
HIST 1 1 « 
HIST 1 1 5 
HIST 1 1 6 
HIST 1 1 7 
HIST 1 1 8 
HIST 11S 
HIST 12C 
HIST 1 2 : 
HIST 1 2 2 
HIST 1 2 3 
HIST 1 2 4 
HIST 1 2 5 
HIST 1 2 6 
HIST 1 2 7 
HIST 1 2 8 
HIST 1 2 9 
HIST 13C 
HIST 1 3 1 
H U T 1 3 2 
HIST 1 3 3 
HIST 1 3 4 
HIST 1 3 5 
HIST 1 3 6 
HIST 1 3 ? 
HIST 13S 
HIST 135 
HIST 1«C 
HIST I « : 
HIST 1 4 J 
HIST 1 4 3 
HIST 1 * 4 
HIST 1 4 5 
HIST 1 4 6 
HIST 1 * 7 
HIST 1 4 8 
HIST 1 4 S 
HIST 1 5 0 
HIST 1 5 1 
HIST 1 5 2 
HIST 1 5 2 
HIST 1 5 4 
HIST 1 5 5 
HIST 1 5 6 
HIST 1 5 7 
HIST I S E 
HIST 1 5 9 
HIST 16C 
HIST 1 6 1 
HIST 1 6 2 
HIST 1 6 3 
HIST 1 6 4 
HIST 1 6 5 
HIST 166 
HIST 167 
HIST 1 6 8 
HIST 1 6 9 
HIST 17C 
HIST 1 7 : 
HIST 1 7 2 
HIST 1 7 3 
HIST 1 7 4 
HIST 1 7 5 
H I S T 1 7 6 
HIST 1 7 7 
HIST 17E 
HIST 1 7 9 
HIST 1 8 0 
HIST 181 
HIST I E S 

H I S T 1 8 3 
H I S T 1 6 4 
HIST I E 5 
H I S T 1 8 6 
HIST 1 8 7 
HIST 188 
INTP 2 
INTP 3 

- I N T P 4 
INTP 5 
I - T P E 

C INTP 
C THIS SUBROUTINE INTERPOLATES. FROM VALUES OF THC FUNCTION INTP 
C G I * ? < AS BROINATES (T-VFTTUES) OR INPUT DATA POINTS IN A* JT-Y PLANE INTP 
C AND FOR A GIVCN SET 8 R ABSCISSAS (X-VALUES) . THE VALUES OF INTP 
C A S P G . E V*«.UED FUNCTION Y * YOO INTP 
C INTP 
C AUTHOR - INTP 
C H. ( K I W INTP 
C REFERENCE - INTP 
C ALGORITHM 4 3 3 . COMM. A . C . M . . 1 5 ( 1 0 ) . 9 1 4 . 1 9 7 2 ) INTP 
c METV«O - INTP 
C A SMOOTH O F F * : WILL PASS TWROUTX ALL THE GIVEN DATA POINTS INTP 
C AF« WILL APPEAR SMOOTH AND NATURAL. I T I I BASED 0 * PIECEWISE INTP 
C F I T T I K J OF 3 - R D DEGREE P 0 L Y N 0 « I * . S . IT I S INVARIANT UNDER A INTP 
C LIFCAR SCA.E TRANSFORMATION OF TVC COORDINATE SYSTEM. INTP 
C A « O U * N T S - INTP 
C IU « LOGICAL UNIT NUMBER OF OUTPUT UNIT INTP 
C L » NUMBCR OF DATA POINTS (MUST BE AT LEAST 2 ) INTP 
C X • ARRAY OF DIMENSION L . STORING TVC X VALUES OF J W V T DATA INTP 
C POINTS (IN ASCEK3ING ORDER) INTP 
C T « ARRAY OF DIMCNSI»1 L STORING TVC Y VOCLCS OR TVC INPUT INTP 
C DATA POINTS INTP 
C N « NUI-BCS OF POINTS AT WHICH INTERPOLATION 6 F THE T-VALUE INTP 
C (ORDINATE) I S DESIRED (MUST BE AT LEAST 1) 
C U * ARRAY 8F DIMENSION N STORING THE X-VALUES (ABSCISSAS) 
C OF TVC DESIRED POINTS 

V * ARRAY 8F D l r E N S I S l N CONTAINING THE INTERPOLATED POINTS 
NOTE 

INTP 
INTP 
INTP 
INTP 
INTP 
INTP 
INTP 

DIMENSION xa> .Y(L) >U(N) .V(M) EQUIVALENCE (P0.X3). (OO.Y3). (01.T3) EQUIVALENCE ttK.DX) . (IMM.X2.A1 . M l ) . (IMBC.X5.A5.M6) 
* fY2.U2.WH.02) . (Y5.W0.03) 

REAL Ml.MC.MO.MK.MB 

LM1 * L O - 1 
LMB « LM1-1 
LP1 * LO • 1 

WHEN TVC FUMCTION TB BE INTERPOLATED IS PERIODIC. ANO A SET 
BF L O DATA POINTS COVERS TVC WHOLE PERIOD. 2 ADDITIONAL 
DATA POINTS SHOULD BE AOOED AT EACH END AND A SET O r L (P) • 4INTP 
DATA POINTS SHOULD BE GIVEN AS THE INPUT DATA POINTS TO THIS INTP 
SUBROUTINE. INTP 

INTP 
INTP 
INTP 
INTP 
INTP 
INTP 

I.SAS . INTP 
INTP 
INTP 
INTP 
INTP 
INTP 
INTP 
INTP 
INTP 
INTP 
INTP 
INTP 
INTP 
INTP 
INTP 
INTP 
INTP 
INTP 
I f fTP 
IHTP 
INTP 
INTP 
INTP 
INTP 
INTP 
INTP 
INTP 
INTP 
INTP 
INTP 
INTP 
:>TP 

MO 
IF C.MB . L T . 0) GO TO 80 
IF OC . L E . 0) GO TO 91 
DO 11 1 * 2 . L O 
IF OC(I-l>-X(D) 11.95.86 
CONTMJE 
IPV « 0 
DO EO K * I . N O 
IK * UttJ 
LOCATE TVC DESIRED POINT 
r r Q.MC .ED. a GO TB 27 
I F <LK . G E . X Q . 0 ) ) GO TO 2 6 
IF a x .LT. X ( l ) > GO TO 25 
IMK * 2 
IMK * LO 
I E A M • IMOO/2 
r r (UK . G C . X(D) GO TO 23 
'im>t« i 
GO T ! 2 4 
IMTI * I+L 
I F ( M T . G T . I « IMK 
GO TO 30 

IMM) GO TO 2 1 

GO T3 30 
i I « LP1 

GO TT! 30 1*2 
I IF ( I . E Q . I P V ) X TO 70 

IPV * 1 
PIC*. UP MCCESSAfiY X AND Y VALUES AND ESTIMATE THEM IF NECESSARY 

I J « 1 
IF (J .EO. 1) J * 2 
IF U .EO. LP1) J * L 0 
» * X O - 1 ) 
Y3 * Y U - l ) 
X4 « X ( J ) 
Y4 * Y ( J ) 
A3 * X4 - TO 
MO * (Y4 - Y 3 1 / A 3 
IF CMC .CO. 0 ) SO TO 43 
IF U .EO. 2 ) G3 TO 41 
X2 = XCJ-2 ) 
YT * Y O - 2 ) . 
A2 * JO - X2 
MB * CY3 - Y 2 ) / A 2 
IF U .CD. LCi GO TO 42 
X5 * X U • 1) 
Y5 « T U • 1) 
A4 « X5 - X4 
MH * (Y5 - Y 4 J / A 4 
IF U .EO. 2 ) M S * M 3 * M O - M H 
GO TS 45 

MM * MD • MO - MB 
GO TC 45 
MB « MO 
MM * MO 
IF U . L E . 3 ) GC TO 46 
A l * X2 - X ( J - 3 > 
Ml * (Y2 - T U - J D / H I 
GO TO 47 
Ml « ME • ME - MO 
IF (J .GE. LMU) GO TD 48 
A5 * X O + 2 ) - X5 
MB « (YU42V - Y 5 ) / A S 
GO TO 50 
MS « MM • MM - f o 
NUMERICAL DIFFERENTIATION 
IF ( I .EO. L P D GO TD 52 
WC * A8StMM - MO) 
WO * ABS(TC-M1) 
SW * WC T wo 
IF QU . r e . O.cv GO TO 51 
WC « 0 . 5 
WO * 0 . 5 
SW * 1 . 0 
T 3 « O E W E • WO»MO)/SU 
IF ( I .EC. 1) GC TD 54 
WO « ACS 0-6-MM) 
WM * AOS (MO - MB) 
SW * WO • W4 

I * T P 7 6 
INTP 8 0 :-<Tr ei 
INTP 8 2 
INTP 6 3 
INTP 8 4 
INTP 8 5 
INTP 8 6 
INTP 8 7 
INTP 8 8 
INTP 8 9 
INTP 9 0 
INTP 9 1 
INTP 9 2 
INTP 9 3 
INTP 9 4 
INTP 9 5 
INTP 9 6 
INTP 9 7 
INTP 8 6 
INTP 9 9 
INTP I X 
INTP 1 0 1 INTP 102 
INTP 1 0 3 
INTP 1 0 4 
INTP 1 0 5 
INTP 1 0 6 
INTP 1 0 7 
I-<TP 1 0 8 
INTP 1 0 9 
INTP 1 1 0 
INTP 1 1 1 
INTP 1 1 2 
INTP 1 1 3 
INTP 1 1 4 
INTP 1 1 5 
INTP 1 1 6 
INTP 1 1 7 
INTP 1 1 8 
INTP 1 1 9 
INTP 1 2 0 
INTP 1 2 1 INTP 122 
INTP 1 2 3 
INTP 1 2 4 
INTP 1 2 5 
INTP 1 2 6 INTP 127 
INTP 1 2 8 
INTP 1 2 9 
INTP 1 3 0 
INTP 1 3 1 
INTP 1 3 2 
INTP 1 3 3 
INTP 1 3 4 
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s - « : . c 
= •» w * » - « c / s u 
s i . r e . LPJ> GO TO BO 

t « 
ffi W eo 

54 T- « -3 
^ r * AA 
T 7 * C . 5 * CT: - T S - A 4 * CA3-A4) * (TO-TM) / (SAIRSA) ) 
1C s X3 - M n = ra - ̂ cw 

t c TC = rs 
C o r THE COEFF ICIENTS 

EO C > S . 0 » c - 0 - T 3 ) • K3 - T4) / A 3 
C2 « ) - r o - " » * T 3 * T 4 ; / ( A 3 * A 3 ) 

C C 3 - P L T S T I 9 * o r TVC POLYNOMIAL 
70 CX « LK - PC 
SO v a i » oo f O X * f f l l » DX*CQ2 • DX*03>) 

C E=W3R EX IT 
33 WCITE : r j . 2 3 9 0 3 

GS TO 96 
s i w e n t . - IU.2DSI> 

GS TO 9 5 
95 WRITE C IU .2395) 

Ge TC S7 
96 H t r r r C IU.2096: 
57 WSLTTE U U . 2 3 9 7 ) I . X ( I ) 
99 w c r r r ; i u . 2 D 9 9 ) LO.MO 

RTTJR-
2 0 3 0 F 3 ( Y * » T ; I X / 2 2 H =CR L « 1 OR L E S S . / ) 
2 3 : F 3 R - R T C 1 X / 2 2 H * * * N = 0 OR L E S S . / ) 
2 2 9 5 F 3 B - P - C 1 X / Z T . I * * * IDENTICAL X VALUES. / ) 
2296 » " ? C r p - ( i X / 2 3 H X VALUES OUT Or SEOUENCE./) 
23S7 P3R"P- ;8H I z . I 7 . 1 0 X . 6 H X ( I ) = . E 1 2 . 3 ) 
2399 r W H T W L » . I 7 . 1 0 X . 3 H N X . I 7 / 3 6 H ERROR DETECTED IN ROUTINE tNTIJPL; 

LI -CAR INTERPOLATION OT PERCENTILE L IST 

ARRAY o r PERCENTILES TO BE INTERPRETED FROM 
*>rst LEXTTH B r »CPR* 
• C L S : * F I R S T VWLUE OF CORRESPONDING ARRRAY OF CONCENTRATIONS 
*OC_TA* INCREMENT OF CONCENTRATION ARRAY 

PERCENTILE VALUE TO INTERPOLATED 
C35SESPWOING CONCENTRAION VALUE 

D I - E N S I S N C M W C 

I T S - HSR « P T I t * OUTSIDE RANGE o r »CPR* 

WOCATT L « E S BOURCING ELEFCNT OF * C P « * 

DC 101 I«2.* 
P - C P R : I ) .LT-.PCTL) GOTO 101 i"c»: 
a n is cŝ mjE 
C P : « O * ( I N C J C 
CPO=CW C P C * - D 

DETWIITC: PERCENT INCREMENT ANO RELATIVE POSITION OF W T L E * 

OVCULATE W 

W M 9 L t « I K 5 X - a 
C S - C * C J l » < i * C L E « r T » A m "CELTA 
R E T i f * 

ST" FLAG FBR W T L E * VALUE BELOW RANGE OF »CPR* 

3C1 
3C2 

O t S X A T E TOC' FOR « P U E « ABOVE RANGE 

P>1«CPRPC 
P C X S 1 
O»O»CPO o*-i*cx> 
I F O C . L T . C P l ) OOTB 303 m»?ox»i on X2 gc-cpjcyi-cpo 
f W C T i <H_TL-CP1> /BELCP 

C & C * O . S l » » r a * E L T A ) •CFRACT»OELTA> WLOAT <IN0X) 

HETJ* 
t ? C 
ffoUi • T SHIPPB . 2.0) 

P R I » » R T BNCH.AT 2 . DISPLAY PROBABILITY PLOT, ACCEPT I W U T OF 
P # " L E T R » 1 POINTS A fC ESTIMATE DISTRIBUTION OF SUB-POPULATIONS 

CV1-BV4REA2/ FRED(72) .CLSSC72) .CONC (55) .PCTL (55) .CPCL (25C) . • CS«T; 35C . TSAN. fCLL . NAfC. CfTC CyrBvWJEKV NSIT.TOBS.SfCAN.STDV 

INTP 1 3 5 
INTO 1 3 6 
INTP 1 3 7 
INTP 1 3 6 
INTP' 1 3 5 
INTP I 4 C 
INTP 1 * 1 
INTP 1 4 2 
INTP 1 * 3 
INTP 1<W 
INTP 1 4 5 
INTP 1 4 6 
INTP 1 4 7 
INTP 1 4 6 
INTP 1 4 9 
INTP 15C 
INTP 1 5 1 
INTP 1 5 2 
INTP 1 5 3 
INTP 1 5 4 
INTP 1 5 5 
INTP 1 5 6 
INTP 1 5 7 
INTP 1 5 6 
INTP 1 5 9 
INTP 1 6 0 
INTP 162 
INTP 1 6 2 
INTP 1 6 3 
INTP I 6 4 
INTP 1 6 5 
INTP 1 6 6 
INTP 1 6 7 
INTP 1 6 6 
INTP 1 6 8 
INTP 1 7 2 
INTP 1 7 1 
INTP 1 7 2 
INTP 1 7 3 
INTP 1 7 4 
INTP 1 7 5 
INTP 1 7 6 
INTP 1 7 7 
INTP 1 7 0 

I I N T P 1 7 9 
INTP 1 8 0 
INTP 1 8 1 
INTP 1 6 2 
INTP 1 6 3 
INTP 1 6 4 

- I N T P I E 5 
INTP 166 
INTP I E 7 
INTP 1 0 0 
INTP I B S 
INTP 1 9 0 
INTP 1 9 1 
INTP 1 9 2 
INTP 1 9 3 
INTP 1 9 4 
INTP 1 9 5 
INTP 1 9 6 

- I N T P 1 9 7 
INTP 1 9 6 
INTP 1 8 9 
INTP 2DC 
INTP 2 0 1 
INTP 2 0 2 
I N - P 2 0 3 
j f -p 22* 2?s 

IN-S 2oe 
I N - P 2C7 
I H - P 2 0 6 
INTP 2 0 9 
INTP 21C 
INTP 2 1 1 
INTP 2 1 2 
INTP 2 1 3 
INTP 2 1 4 
INTP 2 1 5 
INTP 2 1 6 
INTP 2 1 7 
INTP 2 i e 
INTP 2 1 9 
INTP 2 2 0 
INTP 2 2 1 
INTP 2 2 2 
INTP 2 2 3 
INTP 2 2 4 
INTP 2 2 5 
INTP 2 2 6 
INTP 2 2 7 
INTP 2 2 6 
INTP 2 2 8 
INTP 2 3 C 
INTP 2 3 1 
INTP 2 3 2 
INTP 2 3 3 
INTP 2 3 4 
INTP 2 3 5 
INTP 2 3 6 
INTP 2 3 7 
INTP 2 3 6 
INTP 2 3 9 
INTP 2 4 0 
INTP 2 4 ! 
INTP 2 4 2 
INTP 2 4 3 
INTP 2 4 4 
INTP 2 4 5 
INTP 2 4 6 
INTP 2 4 7 
INTP 2 4 6 
PR06 2 
PR06 3 

-PROB 4 
PROP 5 
PROS 6 
PROS 7 
PROS 8 

-PROS S 
PROE 10 

pros u PROS 12 
PROB 12 
PROS 14 
pooe 15 

RETURN 
END 
SUBROUTI * GPR9B 

C 0 r t t H / A R E A 2 / r a t o < 7 2 > .CLSS(72) .CONC(55) . P C U ( 5 5 > .CPCL (250) . 
• CPFR(250) .NTR»«.NCLL.NAfC.CMlD 

C 0 I W I / W R E A 3 / NSIT.N06S.STEAN.STDV 
C 0 T H H / A R E A 5 / WOP (5 ) .SLOP (5 ) .FIRST (5 ) .CON ( 5 . 5 5 ) .PC ( 5 . 5 5 ) . < < ( 5 ) i 

+ FLEX (5 ) «M5U6 

•PROP" APPORTIONS OF SUB-POPULATIONS 
• S L O P * S^SPES OF LINES DEFINING SUB-POPULATIONS 
W I R S T * ' INTERCEPT WITH LEFT-HAND AXIS OF LINES DEFINING 

SUB-POPULATIONS 
•CON* C9»CENTRATI0NS OF POINTS DEFINING SUB-POPULATIONS 
» C I PERCENTILES OF POINTS DEFINING SUB-POPULATIONS 
« K * NRECR OF POINTS DEFINING EACH SUB-POPULATIONS 
W L E X * PERCENTILES OF INFLECTION POINTS 
W 5 U 6 * MJ-BER OF SUB-POPULATIONS 

DRAW PR06A6E.TY PLOT 

I X CALL PPLOT 

ACCEPT comaa. CONHAND AND BRANCH ACCORDINGLY 

1 0 5 CALL PROTPTRA^.-TEST.SUED.PROB.ATTS.NCXT.STAT.HCPY} , 3 6 ) 
REAO ( 5 . 1 1 0 ) O K 

1 1 0 F O 0 W T M 4 ) 

I F ( C T T C . E 3 . 
I F ( C F F C . C 8 . 
I T ( O T ® . CO. 
I F ( O T C . E Q . 
I F O J T C . E O . 
I F ( C M C . E D . 
RFTTJTC.EB. 
I F ( D I C . E S . 
I F T T J T C . F C . 

• • C . P ) 

4MIL4!) 
••(SJBO) 

STOP 
GOTO 100 
RETURN 
GOTO 120 
CALL HELP 
CALL FRAME (1 ) 
CALL KSTEST 
CALL HARDCPY 
GOTO 105 

120 CALL STATBP (7 ) 
GOTO 105 
ENO 
SUBROUTITC PPLET 

ROLTTLRC TB DRAW PR0BA6ILTY PLOT 

C 0 f « t » v « R E A 2 / F*EO (72 ) .CLSS (72) .CONC (55) .PCTL (55) .CPCL (250) . 
* CPTR (250) . N T R m . N C L L . NATE. CTMO 

C 0 f * t H / « R E A 3 / NSIT.NOBS.STEAN.STDV 
COTraN/AOEAB/ PROP ( 5 ) .SLOP (5 ) . F I R S T ( 5 ) .CON ( 5 . 5 5 ) .PC ( 5 . 5 5 ) . K K ( 5 ) . 

• FLEX (5) .NSUB 
C 0 m y i / A R E A 6 / S tTMIN.Y INC. IMIN .YSCALC 

*5ETMIrct L9UEST V<W_LC ON Y - A X I S 
*Y INC* Y - 4 X I S INCRETENT 
* I M I N * I*OEX OF LOWEST DEFINED ELETENT OF »CONC* 
*YSCALC* a rCENTRATION TO INCHCS SCALER FOR Y - A X I S 

DETERMire F I R S T DEFINED ELETENT OF TONC* 
9 . 0 ) GOTO 6 0 

INCREASE L C G T V OR Y-AXIS BY 10 PERCENT EITHER WAY 

60 0RFF«(C0RC<55>-C0NC(ITUN))A0.1 
S E T M X I O T C (55i «0 I F F 
S E T M P ^ C O T C ( I M 2 N ) - 0 I F F 

SET 1'AIWI.ItlLi FBR Y-AXIS 

ALNY«1 .4 
N I N T » 1 0 
YTWG«SCTmX-5CT»«N 
r i N C * o . i » > m ; 

DAAW BUTLIIC BR A3CS 
CALL FCWPWGC CALL STATBP (6) CM.L PLOT (B.5.1.0.-3) 
CALL BUTFTJK-* ; 
CALL R»AFC(0 ) 

PLBT TITLE «»C rwc re START BT CWtC 
110 CALL SYTBOL O.C . -1 .0 .0 .35 . IBkCUftJLATIVC PERCENT.0.0. IB) 

CALL SY*«0l<a.5.O.».O.3».NArC.O.O.lO> 
TSCALE-14./YW6 YVAGE* (CVC (WW -SETMIN) rrSCALE 
X50».E-0.2iei» 
CALL F L R R O S O U . T P A O C . S ) 

ORAM cunc 

00 120 1'IHIWt.M 
YPAGE« C » C ( I ; -STTMIN) BYSCALE 
* * O E « T L O A T ( I ) « A C > » . C 

1 2 0 CALL PLBTCW»«<X.*P*AE.2 ) 
CALL P L B T ( 0 . O . C . 0 . - 3 ) 

CMAW L I V E S AERINTNG SUB-POPULATIONS 

PROB 16 
PROB 17 
PROB IB 
PROB 19 

—PROB 20 
PROB 21 

- PROB 22 
PROB 23 
PROB 24 
PROB 25 
PROB 26 
PROB 27 
PROB 20 
PROB 29 
PROB 30 
PROB 31 
PROB 32 
PROB 33 
PROB 34 
PROB 35 
PROB 36 
PR06 37 
PROB 36 
PROB 39 
PROB 40 
PROB 41 

—PROB 42 
PROB 43 
PROB 44 
PROB 45 
PROB 46 
PROB 47 
PR06 46 
PROS 49 
PROB 5 0 
PROB 51 
PROB 52 
PROB 53 
PROB 54 
PROB 55 
PROB 56 
PR08 57 
PROB 58 
PROB 59 
PROB 60 
PROB 61 
PROB 62 
PR06 63 
PR06 64 
PROB 65 
PROB 66 
PROB 67 
PROB 68 
PROB 69 
PROB 70 
PROB 71 
PROB 72 
PROB 73 

-PROB 74 
PROB 75 
PROB 76 
PROB 77 
PROB 76 
PROB 79 
PROB 60 
PROB 61 
PROB 62 
PROS 03 
PROB 64 
PROS 65 
PROB 65 
PROB 87 
PROS 88 
PROB OS 
PROfi 80 
PROB 81 

-PROB 82 
PROB 83 
PROB 84 
PROB 85 
PROB 96 
PROB 87 
PROB 88 
PROB 89 
PROB 103 
PROB 101 
PROB 102 
PROB 103 
PROfi 104 
PROB 105 
PROB 106 
PROB 107 
PR3B 108 
PROB 108 
PROB 110 
PROB 111 
PROB 112 
PROB 113 
PROB 114 
PROB 115 
PROB 116 
PROB 117 
PROB 116 
PROS 119 
PROB 120 
PROB 121 
PROB 122 
PROB 123 
PROB 124 
PROB 125 
PROB 126 
PR06 127 
PR06 126 
PROB 129 
PROB 130 
PROB 131 
PROB 132 
PROB 133 
PROB 134 
PROB 135 
PROB 136 
PROB 137 
PROB 138 
PR06 139 
PROB 140 
PROB 141 
PR86 142 
PROB 143 
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I F ( * 6 ^ . L £ . : : RETURN 
DC J = : . « « D E 
K L ^ S 1 ^ * -5CALE rss'« rzas~ L S -SCTMIN) *YSCALE 
S D © « S T - I I . C*SL P 

!*• (FR»T.aE-C.O) GOTO 130 
FRST*;.c 

130 C*».L c-xpss.njST.a: 
*»*S*i2.C 
I^CSOC.LE.^.IE GOTO 140 
»>BS* L2. 0 - c-I4.O-SCMO) *SL p sc?©s:«.c 

140 D*.L P.5T CJP—5.SOC.2) 
CALL PLeTC.D.C.0.3) 
HETl**» * 
D C 
S U 6 R O . T D C S R 0 6 A X A » > A G C . Y P A G E . » . E N . I O P T N . I O P T T , I O P T 5 ) 

R S . - I T C FBR CSNSTWJCTION OF A PROBABILITY SCALE AXIS 

* I B P T T * 
* W T S * 

X COORD. OF L . END OF AXIS W . R . T , PRESENT POSITION 
Y COORD. OF L . END OF AXIS W . R . T , PRESENT POSITION 
AXIS LENGTH IN INCHES 
K r e E R I T C OPTION (1'BELOW A X I S . 2*AB0VE. O'NO NO.) 
TICK NARK OPTION (AS FOR I0PTN) 
SCALE DIRECTION OPTION (1 FOP INCREASING FROM LETT 
R I O f T . 2 FOR DECREASING FROM LEFT TB RIGHT) 

SET P R U T pesrrws FOR TICKS AND NUMBERING 

. 3 2 5 . . 3 0 9 . . 4 4 6 . . 5 0 0 . . 5 5 4 . . 6 1 1 . . 6 7 7 

L W C L L E C FOR CUMULATIVE PERCENT AXIS 

RESC re STAHTIFE POSITION 

CALL P L r r O P A G E . Y P A G E . - 3 ) 
T L E N * C . 3 2 * X J > 
I F ClflPTT—IS 2 0 1 . 1 0 1 . 1 0 2 

DO*J TEX MWX.S 
101 TUĴ-TLE* 
102 00 103 1*1 • 15 

X P O T Z X ( Z . * X _ £ > 
CALL P J T O P C . 0 . 0 . 3 ) 

103 O C L P_ f fTaS»G.T , JJ i . r > 
D L L O . f f T C . 0 . 0 . 0 . 3 } 

2 0 1 CALL » » J T a t _ E N . O . O . Z 

OETURI :«g Y POSITION FOR NUMBERING AND NUMBER S I Z E 

PROB 144 
PROB 1 * 5 
PROB 1 4 6 
PROS 1 4 7 
PROB 1 4 6 
PROB 1 4 9 
PROS 1 5 0 
PROB 1 5 1 
PROB 1 5 2 
PROB 1 5 3 
PROB 1 5 4 
PROB 1 5 5 
PROB 1 5 6 
PROB 1 5 7 
PROB 1 5 6 
PROB 1 5 9 
PROB 1 6 0 
PROB 1 6 1 
PROS 1 6 2 
PROB 1 6 3 
PROB 1 6 4 
PR06 1 6 5 
PROB 1 6 6 
PROB 1 6 7 
PROS 1 6 6 
PROS 1 6 9 
PROB 1 7 0 
PROB 1 7 1 
PROB 1 7 2 
PROS 1 7 3 

TPR09 1 7 4 
PPOB 1 7 5 
PROB 1 7 6 
PROB 1 7 7 
PROB 1 7 6 
PR06 1 7 9 
PROB 1 6 0 
PROB 1 6 1 
PROB 1 6 2 
PROB 1 6 3 
PROB 1 6 4 
PROB 1 6 5 
PROB 1 6 6 
PROB 1 6 7 
PROB 1 6 8 
PROB 1 8 9 
PROS 1 9 0 
PR08 1 9 1 
PROS 1 9 2 
PROB 1 9 3 
PROB 1 9 4 
PROB 1 9 5 
PROB 1 9 6 
PROB 1 9 7 
PROB 1 9 8 
PROB 1 9 9 
PSOB 2 0 0 
PROB 2 0 1 
PROB 2 0 2 
PROB 2 0 3 
PROB 2 0 4 
PROB 2 0 5 
PROB 2 0 6 
PROB 2 0 7 

NT»C 

I N I T I A L I S E sire TO O . C 

5LMWSLRTT*5UMDOCSUMDCY»0. 

CALCULATE SURE 

DO 100 1*1.NUM 
I F A D ) . E O . O . O ) GOTO IOO 
I F A ( I ) . E 0 . 1 2 . 0 ) GOTO 1 0 0 

2 4 

30C*X(I) YT*Y<I) surec*suMBc*w SUMrriSUMfr̂YY 
SUM«X«SUMKX*XX*XX SUMKY*SUM«Y*XX»YY 

1 0 0 CONTINUE 

Cft.CU.ATE ANCRAOE « X » A r e * Y * •»®AR»surrr/zi 
»AR*SUMCCZI xxx*surtoc-zis»Aax»AR 
X Y * S t W C Y - i I « » A R * Y B A R 

RTTUW 

DISPLAY ERROR MESSAGE 

2 0 0 S L 8 P C > 0 . 
M I T E ( 6 . 2 1 0 ) 

2 1 0 FBRMNTOEWTBO FEW POINTS FBR LITCAR REDRESS IBM) 
CALL BUFFEMI(-6> 
RETIOTI 
E J C SUBflaUTHC FLEXX 

C B I P U W 8 / PROP (5 ) . S L O P S ) . F I R S T S ) .CON ( 5 . 5 5 ) . P C S . 5 5 ) , U I S ) . 
* F L C X S ) .MSUB 

C 0 M T 9 V A R E A 6 / SCTMIN. YINC.IMIN.YSCALE 

P C T * 0 . 0 

DISPLAY D P L A N A T I 8 N OF I H V T PROCDURE 

TLEN*C.C2*X .EK 
I F ( I B P T T . E S . I B P T N ) TLEN'TLENVTLEN 
I * - ( I B B - H - i i 3 0 1 . 2 0 2 . 2 0 3 202 TtEN*-a.O»-.E* 

2C3 V € I t > ^ * A I N - ; a j . 2 2 » X L E N ) / 0 . 0 3 5 ) » 0 . 0 3 5 

PLr 

RE~JJM FBRMER POSITION 

X I M . L ft.eTf-raAGE.-YPAGE.-S) 

RETIW« 
E ! C 
SUBRB-TIFC FRAME ( IOPT) 

' . T P T * LABELLING SWITCH ( 1 ' L A B E L S . O'NONE) 

PLST LABELLED AXES 

I F ( W T . M C - : > GOTO I X 
CALL' - I * * * W . 0 . 0 . 0 . 2 . A L N Y . N I N T . S C T M I N . Y I N C . 1 . 2 . 1 . 2 . 1 ) 
O C L W 0 B A 3 , 0 . 0 . 1 4 . 0 . 1 2 . 0 . 0 . 1 . 2 ) 
CALL P Q O B A X 2 . C * 0 . 0 . 1 2 . 0 . 1 . 2 . 1 ) 
CALL . I * » U : 1 2 . C . 0 . 0 . 2 . A L N Y . N I N T . S C T M I N . Y I N C . 1 . - 1 . 2 . 2 . 1 ) 
HETL»*» 

p . r - - . 0 6 G . L E D AXES 

0 * . L 
O».L » . r r : - i 2 . o . o . o . - 2 ) 
CALL « V B T C . 0 . - 1 4 . 0 — 2 ) REn*f 
E r o 
SUBR8L-TIME LIMREGOC.Y.N.SLOPE.FIRST) 

HOLT I t T8 F I>C TVC SLOPE AND INTERCEPT OF A LINE USING 
L I*CAC REGRESSION 

LEvCTM OF *** ANO «Y* 
S.6PE 6F l i r e 
Y—IN HJ4LLKT OF LINE 

PROB 2 0 6 
PROS 2 0 9 
PROFI 2 1 0 
PROS 2 1 1 
PRJB 2 1 2 
PROB 2 1 3 
PROS 2 1 4 
PROS 2 1 5 
PR35 2 IE 
PR3S 2 1 7 
PR35 2 1 6 
PROS 2 1 6 
PR35 22C 
PR38 2 2 1 
PROB 2 2 2 
PROS 2 2 3 
PROB 2 2 4 
PROB 2 2 5 
PROB 2 2 6 
PROB 2 2 7 
PROS 2 2 6 
PROB 2 2 9 
PR3B 2 3 0 
PR3B 2 3 1 
PROB 2 3 2 
PROB 2 3 3 
PROB 2 3 4 
PROB 2 3 5 
PROB 2 3 6 
PROB 2 3 7 
PROB 2 3 8 
PROB 2 3 9 
PROB 2 4 0 
PROB 2 4 1 
PROB 2 4 2 
PROB 2 4 3 
PROB 2 4 4 
PROB 2 4 5 
PROB 2 4 6 
PROS 2 4 7 

PROS 2 4 E 
PROB 2 4 S 
PROB 2 5 0 
PR3B 2 5 1 
PROB 2 5 2 
PROB 2 5 3 
PBOB 2 5 4 
PROB 2 5 5 
PROB 2 5 6 
PROB 2 5 7 
SPLT 2 
SPLT 3 
SPLT 4 
SBLT 5 
SPLT 6 
SPLT 7 
SPLT 6 
SALT 9 
S»LT 10 

S ° L T 11 
S»LT 12 
SPLT 13 
S»LT 14 
SPLT 15 

1 4 1 W 0 I N T S USING TVC X-WIRES. STARTING FROn • 
2 4IWTVC BCTTOM. TYPE P TO ENTES A POINT. GO / • 
3 4 1 H T 0 PROCEED. OR E TB ESCAPE AMD RESTART. /O 

1 0 4 CALL BUFTEM(-€) 

o o ise j * i . 5 
PROP » 0 . 0 
SLOP LJ> ' 1 . 0 

i x riRSTu>«o.o 
ACCEPT COMW*C AnO BRAMCM ACCORDINGLY 

110 CALL PROMPT (15HENTER A COMMOND. 15) 
R E A D S . 1 1 5 ) CMTC 

115 FORMPTUU) 

IFfOtC.EQ.lHG) GOTO 130 
IF(CMMC.EQ.1HC) GOTO 105 
IFOJTC.EO.1HP! GOTO 120 
GOTO 110 

120 NSU6*«SU6+1 
IF (NSUB. GT. 4 ) GOTO 140 
V « I T E C 6 . 1 2 5 ) NSUB 

125 F O R r P T ( 1 7 H I f ^ E C T I O N POINT . 1 1 ) 
CALL BUFTEM(-6) 

ACCEPT INPUT OF POINT POSITION A r c PL6T INOICATBR WWKSJ 

CALL W I R E S (XPAGE.YPftGC) 
CALL SYMBOL ( X P A G E + 0 . 2 1 . Y P A G E . 0 . 4 2 . K . 1 6 0 . . - 1 ) 
CALL P L O T ( 0 . 0 . 0 . 0 . 3 ) 

FLEX «SUe> *PCTA OPAGE) 

IF(FLEXOtSUB) . L E . 1 . 0 0 6 ) GOTO 150 
IF(FLEXCNSUB) . G E . 9 8 . 9 9 4 ) GOTO 160 
PROP INSUB) *FLEX (NSUB) -PCT 
PCT'PCTtPROP (NSUB) 
PROP (NSUB) «PSOP CNSUB) « 0 . 0 1 
GOTO 110 

( « MORE POINTS. TEST FBR ASCDCIMC ORDER 

I X NSUB=«SUB+1 
IF CNSUB.ED. 1> RETURN 
I F 0 C U B . E 0 . 2 ) GOTO 134 
«SUBTtl«»OUB-l 
X 132 N*2.NSU8M1 
IF (FLEXOO .LE .FLEXCN-1 ) ) GOTO 170 

132 CONTINUE 

CALCULATE SUBDIVISION DISTRIBUTIONS ANO PLBT 

154 SPLIT 
X 138 J*1 .NSUB 
LMH U"' 
X 136 K c l . K J 
W>AOE »POSA (PC O . K ) ) 

SPLT 
SPLT 
SPLT 
SPLT 
SPLT 
SPIT 
SPLT 
SPLT 
SPLT 
SPLT 
SPLT 2 6 
SPLT 27 
SPLT 2 e 
SPLT 2 9 
SPLT 3 0 
SPLT 31 
SPLT 3 2 
SPLT 33 
SPLT 3 4 
SPLT 35 
SPIT 3 6 
SPLT 37 
SPLT 38 
SPLT 3 9 
SPLT 4 0 
SPLT 4 1 
SPLT 42 
SPLT 4 3 
SPLT 4 4 
SPLT 4 5 
SPLT 46 
SPLT 47 
SPLT 4 0 
SPIT 4B 
SPLT 5 0 
SPLT 51 
SPLT 52 
SPLT 53 
SPLT 5 4 
SPLT 5 5 
SPLT 56 
SPLT 57 
SPLT 5 8 
SPLT 5B 
SPLT 6 0 
SPLT 6 1 
SPIT 6 2 
SPLT 6 3 
SPLT 6 4 
SPLT 6 5 
SPLT 6 6 
SPLT 67 
SPLT 6 8 
SPLT 6 9 
SPLT 7 0 
SPLT 7 1 
SPLT 72 
SPLT 7 3 
SPLT 7 4 
SPLT 75 
SPLT 7 6 
SPLT 77 
SPLT 78 
SPLT 7 9 
SPLT' 80 
SPLT 81 
SPLT 62 
SPLT 83 
SPLT 8 4 
SPLT 65 
SPLT 86 
SPLT e7 
SPLT 88 
SPLT 89 
SPLT 90 
SPLT 91 
SPLT 92 
SPLT 93 
SPLT 9 4 
SPLT 95 
SPLT 96 
SPLT 97 
SPLT 98 
SPLT 99 
SPLT I X 
SPLT 101 
SPLT 102 
SPLT 103 
SPLT 104 
SPLT I X 
SPLT I X 
SPLT 107 
SPLT I X 
SPLT 109 
SPLT 110 
SPLT 111 
SPLT 112 
SPLT 113 
SPLT 114 
SPLT 115 
SPLT 116 
SPLT 117 
SPLT U P 
SPLT 119 
SPLT 120 
SPLT 121 
SPLT 122 
SPLT 123 
SPLT 124 
SPLT 125 
SPLT 126 
SPLT 127 
SPLT 128 
SPLT 129 
SPLT 130 
SPLT 131 
SPLT 132 
SPLT 133 
SPLT 134 
SPLT 135 
SPLT 136 
SPLT 137 
SPLT 138 
SPLT 139 
SPLT 140 
SPLT 141 
SPLT 142 
SPLT 143 
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WWGE* C U > S J . R ) -SCT?-.IN) *YSCALE 
136 CALL SYMBOL O P A G E . Y D « G E . 0 . 0 7 . 3 . 0 . 0 . - 1 ) 

FSSTS F J B S T U , -SETMRN) XYSCALE 
SLP=SL0P U ) RY5CALE 
5 0 C = F R S T . L 2 . 0 * S I . P 
xpcs=o.o 
I F CFRST.GE.C.O) GOTO 137 
X P O S = - F R S T / S L P 
FRST=O.O 

137 C * - L P L O T O S > E S . F R S T . 3 ) 
X P B 5 = 1 2 . 0 
I T t 5 C K 5 . L E . 1 4 . ) GOTO 138 
X P O S = 1 2 . 0 » C 1 4 . 0 - 5 0 C ) *SLP 
5 0 0 = 1 4 . 0 

138 CALL P L B T O P O S . S 0 0 . 2 ) 
CALL P L 0 T < C . 0 . 0 . 0 . 3 ) 
CALL STATT3P 8B) 
O C L BUFFEM(-E) 
RETURN 

DISPLAY ERROR MESSAGE 

] « W R I T E ® . 1 4 5 ) 
145 FBHR*»TC16WR*«. NUMBER OF POINTS I S 4 - RESTART) 

GOTO 1 0 4 

1 5 0 W R I T E S . 1 5 5 ) 
155 F O R - P T O A ^ I R S T POINT I S TOO LOW - RESTART) 

GOTO 1 0 4 

160 WRI?EC£. 1 6 5 ) 
165 F0WPT(32WC.««T POINT I S TOO HIGH - RESTART) 

GOTO 1 0 4 

170 WRITE C6.175) 
175 F 0 R W T < 4 2 W P 3 I N T ( I ) MUST BE .GT . 

GOTO 104 
P O I N T ( I - I ) - RESTART) 

ROUTIMC TO CALCULATE I N I T I A L DISTRIBUTION OF SUB-POPULATIONS 

OT-TOMI/ARER2/ FREBC72) .CLSS(72) .C0NC(55> .PCTL <55) .CPCL (250) . 
• CPFR<250) . N T R A f l . N C L L . N A f E . O t l O 

C a i U M / f l R £ A 6 / PROP ( 5 ) .SLOP (5) .F IRST (5) .CON ( 5 . 5 5 ) .PC ( 5 . 5 5 ) .RR(5 ) . 
• F L E X ( 5 ) .NSUB 

• C a - K » V A R E f 6 / SCTMIN. Y l f C . IMIN.YSCALE 

SET PARAMETERS FBR LAST SUB-POPULATION 

FLEX (NSUB) « * 8 . 204 
PROP OSUB) * < 1 0 0 . - F L C X O I S U B - l ) ) * 0 . 0 1 
I * I M I N 

t ) t l t m i > c APPROPRIATE SUB-POPULATION I tOEX NUMBER 

100 I F <PCTL C D . G E . FLEX C D ) GOTO 250 

IGNORING THE 

P C U . K J r P C T L ( D / P R O P C J ) 
RR U)=R 1=1+1 
GOTO ; 3 C 

OCTES-ir*€ K M T S I & . T I O N OF ALL LOWER SUB-POPULATIONS 

200 
P=0 
DO 225 J J = I . J M 1 

225 P=P«PR3P «C=CTA ( CONC ( I ) -F IRST ( J J ) ) /SLOP CJJ>) 

PC U . R) « (PCTL ( I ) - P ) /PROP ( J ) 

K K ( J ) « * 1» 1*1 
GOTO 100 

CA .OJLATE Si-OPE AMO INTERCEPT 

2 5 0 CFT.L SLOPE CJ) 
I F (SLOP ( J ) . E C . 0 . 0 ) RETURN 

3 0 0 CMTLMJC 

CALL REFIT 

RETUtJ* 
ETC 
SUBROUTIMC R E F I T 

ROUTIME TO RE-CALCULATE DISTRIBUTIONS FOR ALL BUT THE LAST 
SUB-POPULATION. TAKING INTO ACCOUNT THE AFFECTS WHICH THE 
OTVCR SUB-POPULATIONS HAVE ON THE ORIGINAL CURVE 

C O T W A R E A 2 / F R E D ( 7 2 ) .CLSS<72> .CONC(55) .PCTL ( 5 5 ) .CPCL ( 2 5 0 ) . 
•» CPFR <2503 .MRNWN.FCLL.NAME.OHO 

C A T T N / A R E A * / PROPS) .SLOP (5 ) . r i R S T ( 5 ) . C O N S . 5 5 ) .PC ( 5 . 5 5 ) .RR (5) . 
• F L E X S ) .NSUB 

C O F O N / A R E A E / SCTMUN.YINC.IMIN.YSCALE 

D I M E > 6 ! » « P P S ) . P C C S . 5 5 ) 

HSUBMQ 0 t S U B - l 

CALCULATE PERCENTILES FOR 5 5 POINTS ALONG EACH LINE 

0 0 1 0 0 I « 1 . 5 5 
0 0 I X J » L . 5 
P » < £ » C < R « - F I R S T U ) ) / S L O P ( J ) 
PCC ( J . I ) «PCTA CP) 

SPLT 1 4 4 
SPLT 1 4 5 
SPLT 146 
SPLT 1 4 7 
SPLT 1 4 8 
SPLT 1 4 9 
SPLT 1 5 0 
SPLT 1 5 1 
SPLT 1 5 2 
SPLT 1 5 3 
SPLT 1 5 4 
SPLT 1 5 5 
SPLT 1 5 6 
SPLT 1 5 7 
SPLT 1 5 8 
SPLT 1 5 9 
SPLT 1 6 0 
SPLT 1 6 1 
SPLT 1 6 2 
SPLT 1 6 3 
SPLT 1 6 4 
SPLT 1 6 5 
SPLT 1 6 6 
SPLT 1 6 7 
SPLT 1 6 8 
SPLT 1 6 9 
SPLT 1 7 0 
SPLT 1 7 1 
SPLT 1 7 2 
SPLT 1 7 3 
SPLT 1 7 4 
SPLT 1 7 5 
SPLT 1 7 6 
SPLT 1 7 7 
SPLT 1 7 8 
S P L T 1 7 9 
SPLT 1 8 0 
SPLT 1 8 1 
SPLT 1 8 2 
SPLT 1 0 3 
SPLT 1 8 4 
SPLT 1 8 5 
SPLT 1 8 6 
SPLT 1 8 7 
SPLT 1 8 8 
SPLT 1 8 9 
SPLT 1 9 0 
SPLT 1 9 1 
SPLT 1 9 2 
SPLT 1 9 3 
SPLT 1 9 4 
SPLT 1 9 5 
SPLT 1 9 6 
SPLT 1 9 7 
SPLT 1 9 8 
SPLT 1 9 9 
SPLT 2 0 0 
SPLT 2 0 1 
SPLT 2 0 2 
SPLT 2 0 3 
SPLT 2 0 4 
SPLT 2 0 5 
SPLT 2 0 6 
SPLT 2 0 7 
SPLT 2 0 8 
SPLT 2 0 9 
SPLT 2 1 0 
SPLT 2 1 1 
SPLT 2 1 2 
SPLT 2 1 3 
SPLT 2 1 4 
SPLT 2 1 5 
SPLT 2 1 6 
SPLT 2 1 7 
SPLT 2 1 8 
SPLT 2 1 9 
SPLT 2 2 0 
SPLT 2 2 1 
SPLT 2 2 2 
SPLT 2 2 3 
SPLT 2 2 4 
SPLT 2 2 5 
SPLT 2 2 6 
SPLT 2 2 7 
SPLT 2 2 8 
SPLT 2 2 9 
SPLT 2 3 0 
SPLT 2 3 1 
SPLT 2 3 2 
SPLT 2 3 3 
SPLT 2 3 4 
SPLT 2 3 5 
SPLT 2 3 6 
SPLT 2 3 7 
SPLT 2 3 8 
SPLT 2 3 9 
SPLT 2 4 0 
SPLT 2 4 1 
SPLT 2 4 2 
SPLT 2 4 3 
SPLT 2 4 4 
SPLT 2 4 5 
SPLT 2 4 6 
SPLT 2 4 7 
SPLT 2 4 8 
SPLT 2 4 9 
SPLT 2 5 0 
SPLT 2 5 1 
SPLT 2 5 2 
SPLT 2 5 3 
SPLT 2 5 4 
SPLT 2 5 5 
SPLT 2 5 6 
SPLT 2 5 7 
SPLT 2 5 8 
SPLT 2 5 9 
SPLT 2 6 0 
SPLT 2 6 1 
SPLT 2 6 2 
SPLT 2 6 3 
SPLT 2 6 4 
SPLT 2 6 5 
SPLT 2 6 6 
SPLT 2 6 7 
SPLT 2 6 8 
SPLT 2 6 9 
SPLT 2 7 0 
SPLT 2 7 1 

I F ( P . G T . 1 2 . 0 ) P C C ( J . I ) * 1 X . 
I F ( P . L T . O . O > PCCCJ. I>«O.O 

I X CONTINUE 

LIM1=KR<1) 

RE-CALCULATE DISTRIBUTION FOR SUB-POPULATION 1 

PC ( 1 . 1 ) « (PCT-PP C2) -PP (3 ) -PP (4 ) -PP ( 5 ) ) /PROP (1) 
I F ( I . E O . l ) GOTO 200 
I F < P C C 1 . I ) . L E . P C ( l . I - l ) ) GOTO 230 

200 CONTIHJC 

RECALCULATE DISTRIBUTIONS OF OTVCR SUB-POPULATIONS 

x 280 j=2.Nsuem -Pl'-H-l 
LIM1=LIM14RR O-J) 
L I M B * L l m + « K U ) K«0 
X 250 I « L I M 1 . L I M C 
P=0 
X 240 J J z J P l . N S U B 

240 PsP+PROP ( J J ) *PCTA ( (CONC ( I ) - F I R S T C J J ) ) / ^ L O P (UJ) ) 
P»P*PROP (1) >*>CTA < (CONC ( I ) - F I R S T (1) ) /SLOP (1) ) 
R«K+1 

2 9 0 CONTINUE 

K O W U ) 
DO 3 X 1 * 1 . K 
I F C P C U . I ) . L T . 0 , 7 9 6 ) GOTO 300 
I F (PC ( J . I ) . G T . 9 9 . 2 0 4 ) GOTO 350 

RECALCULATE SLOPES AND INTERCEPTS 

350 K K U X I I 
CALL SLOPE ( J ) 

4 0 0 CONTINUE 

RETIAN 
E f C 
SUBROUTINE S L O P E U ) 

X I X K ' l . K l 

TRANSFER DATA TO LINEAR ARRAYS 

CALL LINREG (X. Y.R1 .SLOP ( J ) . F I R S T ( J ) ) 
RETUW1 
ETC 
FUNCTION O B N ( I ) 

ROUTINE TO COMBINE SUB-POPULATIONS 

INDEX 0*" ARRAY *CONC* 
PERCENTILE VALUE OF COMBIFCD SUB-POPULATIONS. 
CORRESPONDING TO »CONC<I>* 

C0MTW1/AREA2/ FREO ( 7 2 ) . CLSS ( 7 2 ) . CONC ( 5 5 ) . PCTL S 5 ) . CPCL (250 ) . 
• CPFR<250) .NTRAN.NCLL.NAME.CMNO 

C0MTCN/AREA5/ PROP(5 ) . S L O P S ) . T I R S T S ) . C C K 5 . 5 5 ) . P C ( 5 . 5 5 ) . K R S ) . 
• F L E X S ) .NSUB 

CMB«=0.0 

X I X J s l . N S U B 
DXsCONC ( I ) -F IRST ( J ) 
I F f f i X . L T . O . ) OXrO.O 
POS=OX/SLOP CJ) 
I F (PQS.CT. 1 2 . 0 ) P 0 S * 1 2 . 0 

I X OBN«CMBN+ (PROP U ) *PCTA (PCS)) 

RETLW1 
EJC 
SUBROUTIRC KSTEST 

A R R M / A F L E A 2 / FRES <72) .CLSS<72> ,C8NC<55> . P C T L S S ) .CPG. aso>. 
• CPFR <250) .NTRAN.NCLL .NAME.CFTC 

O T T W H S F O / NSIT.NOBS.JFFCN.STOV 
AJRFUN/AREAB/ P R O P S ) . S L O P S ) . F I R S T S ) .CON ( 5 . 5 5 ) . P C S . 5 5 ) .RR S ) . 

• F L E X S ) .NSUB 
C0MI-ON/AREA6/ SCTMIN.YLFC.IMIN.YSCALE 

0M1W0.0 

SPLT 2 7 2 
SPLT 2 7 3 
SPLT 2 7 4 
SPLT 2 7 5 
SPLT 2 7 6 
SPLT 2 7 7 
SPLT 2 7 8 
SPLT 2 7 9 
SPLT 2 8 0 
SPLT 2 8 1 
SPLT 2 8 2 
SPLT 2 8 3 
SPLT 2 8 4 
SPLT 2 8 5 
SPLT 2 0 6 
SPLT 2 8 7 
SPLT 2 8 8 
SPLT 2 8 9 
SPLT 2 9 0 
SPLT 2 9 1 
SPLT 2 9 2 
SPLT 2 9 3 
SPLT 2 9 4 
SPLT 2 9 5 
SPLT 2 9 6 
SPLT 2 9 7 
SPLT 2 9 8 
SPLT 2 9 9 
SPLT 3 0 0 
SPLT 3 0 1 
SPLT 3 0 2 
SPLT 3 0 3 
SPLT 3 0 4 
SPLT 3 0 5 
SPLT 3 0 6 
SPLT 3 0 7 
SPLT 3 0 6 
SPLT 3 0 9 
SPLT 3 1 0 
SPLT 3 1 1 
SPLT 3 1 2 
SPLT 3 1 3 
SPLT 3 1 4 
SPLT 3 1 5 
SPLT 3 1 6 
SPLT 3 1 7 
SPLT 3 1 8 
SPLT 3 1 9 
SPLT 3 2 0 
SPLT 3 2 1 
SPLT 3 2 2 
SPLT 3 2 3 
S P I T 3 2 4 
SPLT 3 2 5 
SPLT 3 2 6 
SPLT 3 2 7 
SPLT 3 2 8 
SPLT 3 2 9 
SPLT 3 3 0 
SPLT 3 3 1 
SPLT 3 3 2 
SPLT 3 3 3 
SPLT 3 3 4 
SPLT 3 3 5 
SPLT 3 3 6 
SPLT 3 3 7 
SPLT 3 3 8 
SPLT 3 3 9 
SPLT 3 4 0 
SPLT 3 4 1 
SPLT 3 4 2 
SPLT 3 4 3 
SPLT 3 4 4 
SPLT 3 4 5 
SPLT 3 4 6 
SPLT 3 4 7 
SPLT 3 4 8 
SPLT 3 4 9 
SPLT 3 5 0 
SPLT 3 5 1 
SPLT 3 5 2 
SPLT 3 5 3 
SPLT 3 5 4 
SPLT 3 5 5 
SPLT 3 5 6 
SPLT 3 5 7 
SPLT 3 5 8 
TEST 2 
TEST 3 
TEST 4 
TEST 5 
TEST 6 
TEST 7 
TEST 8 
TEST 9 
TEST 10 
TEST 11 
TEST 12 
TEST 13 
TEST 14 
TEST 15 
TEST 16 
TEST 17 
TEST I B 
TEST 19 
TEST 2 0 
TEST 2 1 
TEST 2 2 
TEST 2 3 
TEST 2 4 
TEST 2 5 
TEST 2 6 
TEST 2 7 
TEST 2 8 
TEST 2 9 
TEST 3 0 
TEST 3 1 
TEST 3 2 
TEST 3 3 
TEST 3 4 
TEST 3 5 
TEST 3 6 
TEST 3 7 
TEST 3 8 
TEST 3 9 
TEST 4 0 
TEST 4 1 
TEST 4 2 
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TO PLOT POINTS ON CURVE. 30) 

!«• 01SJ6.GT.il 3TT2 5.1 
P«CflPtrTRS Of LINE FOR ONE POPULATION CASE 

SLOP o * «.»S«fstdv. / n .0 
FIRST CIS «X-CN-I.4:l*STDV p«?0Pt:>«i.c 
CL«a«.TE CMI-O PERCENTILES 

I F C I P . . » C . : : GTT3 75 

P L ? T POINT* ON T-CORETICAL CURVE 

XpAGErf>BSAO 
YPAGC« 5C0PC ( I ) -5ETTRRN5 *TSCALE 
CALL strea. OSXCE.TPAGE,0.07,B.o.o.-ii 

CW.CULA-E f f x w r DIFFERENCE BETWEEN CURVES 

75 O I F F x e S t P C T L O - O 
I F f f i l T . G T . D M A X OMSJKDIFF 

100 CONTItJE 
CALL P . e T C . 0 , C . 0 , 3 : 

CALCULATE «L*tJGaROV-S«IRNOV STATIST IC 

C**.L *S©5- IMI«« .D i - | t t .S IG .NSU8.DN> 

I F C S I S . L T . B 0 . t S G0T3 210 

WRITE C8.20C. NSJB.SI3.DM 
200 F T 3 R n a T » r 3 0 T l € . I 1 . 2SW POP. CASE THE WSDEL DIFFERS / 

1 35»TR91 T - C DA^A A " A SIGNIFICANCE OF . F 4 . 1 / 
2 31« tSL f t *S0eWV-5n lHpev STATITSTIC « ,F5 .31 

CALL a o T F E ^ t - 6 1 

210 W R I T E ® . 2 2 G KSJB.DN 
220 FORMAT c TOR TWC ' . I I , • POPULATION CASE, THE MJDEL IS NOT' 

+ / •S IQNIF ICmT l .T DIFFERENT TROn THE DATA AT THE 80 PCT. • 
• / • O W I D C C E LEVEL, K0L-5MIR STATIST IC IS ' . F 5 . 3 ) 

CALL BLFFEMC-6) 

RETURN 
ETC 
SUBROLTHC KS0« .D .S I3 .NSU6.DN) 

R O L T I t TO PECULATE KOLPOGOROV-SMIRNOV STATIST IC AND LEVEL 
OF S I W I F I C W C E AT WHICH TWO POPULATIONS DIFFER 

I N I T I A L I S E C t f f l D E J C E L IM ITS AND CORESPONDING K-S VALUES 

WRITE S . D 40 FBR!*T 3»«-AXI>-LM PERCENT SEPARATION x ,F4 w>=C x*« 
I F C N S J 6 . E B . S 1 GOTO 5 ; 

ZM-ZS-Z-Z *SL-OSa»2v ŜIRNQV STATISTIC 

i ;xS*C.12)»C.Il/XX. «0«0.01 GOTO 6" 
50 X=SaRTO0 . o i« oc-o.:: *o. B5/» 

C»I>ARE u r n . TABLE 

6 0 IFCDN.LT.«SCBIT:>*>»1; ) GOTO 1 6 0 
DO ICC ->»1 

160 sisses.s 
RETURN oc F l » C T » l PCTACPKTW 

R Q L T I * FOR C3NVE5SI0N OF PLOT POSITION TB PERCENTILE 

IF ( P C S . G T . 5 5 . 0 : P B S * 5 5 . 0 
I F C P B S . L T . I . C P S S S L . D 
TTWC««»INT o>es; 
nwcTrf>es-Ta*c 

r r r c »CAREST f O B C R OF W C U « AND INTERPOLATE LINEARLY 

IPOS-"nOC 

43 

47 

50 

TEST 
TEST 
TEST 
TEST 
TEST 
TEST 
TEST 
TEST 
TEST 
TEST 
TEST 
TEST 
TEST 
TEST 
TEST 
TEST 
TEST 
TEST 
TEST 
TEST 
TEST 
TEST 64 
TEST 65 
TEST 6 6 
TEST 67 
TEST 6 6 
TEST 69 
TEST 70 
TEST 71 
TEST 72 
TEST 73 
TEST 74 
TEST 75 
TEST 76 
TEST 77 
TEST 78 
TEST 75 
TEST 80 
TEST 81 
TEST 62 
TEST 83 
TEST 64 
TEST 8 5 
TEST 8 6 
TEST E ^ 

TEST EE 
TEST 8 3 
TEST 8 0 
TEST 9 1 
TEST 92 
TEST 93 
TEST 94 
TEST 85 
TEST 8 6 
TEST 97 
TEST 8 6 
TEST 99 
TEST 100 
TEST 101 
TEST 102 
TEST 103 
TEST 104 
TEST 105 
TEST 106 
TEST 107 
TEST 108 
TEST 108 
TEST 110 
TEST 111 
TEST 112 
TEST 113 
TEST 114 
TEST 116 
TEST I : E 
TEST 117 
TEST 116 
TEST 118 
TEST 120 
TEST 121 
TEST 122 
TEST 123 
TEST 124 
TEST 125 
TEST 126 
TEST 127 
TEST 126 
TEST 129 
TEST 130 
TEST 131 
TEST 132 
TEST 133 
TEST 1 3 * 

TEST 135 
TEST 136 
TEST 137 
TEST 138 
TEST 139 
TEST 140 
TEST 141 
TEST 142 
TEST 143 
TEST 144 
TEST 145 
TEST 146 
TEST 147 
TEST 140 
TEST 14S 
TEST 150 
TEST 151 
TEST 152 
TEST 153 
TEST 154 
TEST 155 
TEST 156 
TEST 157 
TEST 156 
TEST 159 
TEST 16G 
TEST 161 
TEST 1 6 2 
TEST 163 
TEST 164 
TEST 165 
TEST 166 
TEST 167 
TEST 168 
TEST 169 
TEST 170 

SOLTI fC FOR CQNVERSI3- 3F PERCENTILE TO PLOT POSITION 

«>CT* PERCENTILE «S.UE 
® O S A * CORRESPOND!* X - A X I S POSITION IN INCHES 

RETURN T S T 171 
P C TEST 172 
FL»CTION POSAtPCT) TEST 173 

TEST 174 
TEST 175 
TEST 176 
TEST 177 
TEST 178 
TEST 179 
TEST 180 
TEST l e i 
TEST 182 
TEST 183 
TEST 184 
TEST 185 

WI IDTr fs l2 .0 TEST 186 
TEST 187 

RIRE IKJEX OF RCARES" -CRECR OF *PCTL» AND INTERPOLATE LINEARLYTEST i e a 
TEST 189 

IFCSRCNT.CT.PCTL C l l l GOT? 110 
P0SA=0. 
RETURN 
IFCPRCNT.LT.PCU (5511 GC~3 120 
POSAavlIDTW 
RETIRN 
DO 150 1 * 2 . 5 5 
IFCPRCNT-PCU( I )> 130 .14C .150 
DCLT«PCTL <11 -PCTL ( I - : ) 
FRACT» CPRCNT-PCU C I - 1 1 ) / C C . T 
POS»= C CFLOAT (1-11 «FR*CT/ / 5 4 . 0 ) KJIDTM 
IF (PCSA.GT. WIDTH) PCSA=U~TW 
RETURN 
POSA= ( CFLOAT <I! - 1 . 0 1 . E, W I D T H PCTUPN 
CONTINUE REH»l 
END 
S U B R 3 U T I * STATOP (MTV 

OUTPUT DEVICE (6 « TERMINAL. 7 x TAPE71 

C0rl"0M/AHEA2/ rRE0C72; .CLSSC721 .CONC(55) .PCTL C55) .CPCL <2501 . + CPFRC2501 .NTRAN.NCLL. NArE. CNMO C0rPDN/ARE«3/ NSIT.NOBS.X'EN.STDV 
OTTO1/AREA4/ r e i N . C L S l . X I ' C . X . N 
COrt13N/AR£A6/ PROP(5) .SLBPC51 . F I R S T ® ) .CON ( 5 . 5 5 ) .PC ( 5 . 5 5 ) .K*<5> . 

• F L E X ® ) .NSU6 
C 0 r W l / A f i £ A 6 / SCTMIN.YINC. IMIN.YSCALE 

WRITECMT.100) NAPE.f06S.)TEN,STDV 100 rORWT (/15MSTATISTICS Foe .A10/22HN0. OF OBSERVATIONS * .14/ 
• 17VTEAN « . G 6 . I / 1 7 H S T D . DEVIATION I . F 6 . 3 / 5 

IF(NTRAN) 1 1 0 . 1 3 0 . 1 2 0 
110 W R I T E < m . 1 1 5 ) -NTTJAN 
115 n 3 W * > T ( I 2 . 2 2 H 1 0 * * X TRANSFORMATIONS/) 

GOTO 135 
120 WRITE (MT. 125) NTRAN 
125 F0RPBTCI2 .2 * * LOG(IO) TROrSTOGf-**TIO"S/> 

GOTO 135 ~ " 

130 IF ( X _ M . L T . - 9 9 . C I GOTO 135 
WRITECMT. 131) X.M 

131 FORWTC " X * * C ' . F 6 . 3 . TReeSFOSNWTIONS'/) 

135 I F C N S U B . L E . l ) RETURN 
DO 150 J 3 1 . NSUB 
» C N x r I R S T U ) » 6 . 0*SL y u . 
SDV= : s l o p w ' ) * ; 2 . 0 ) / - « . e i * 
WR I " t CMT. 1405 . .NANE. PR3= *1CC. . XfEN.SDV 

14Q FOR-HT C9-lSJ6-P3=. . 1 1 . 5 " r T > . C i 0 / F 5 , 2 . 1 7 H PERCENT OF T 3 " B . / 
• 7M-EAN I .G9.3.8W STDV x . G 9 . 2 / 5 

150 CONTINUE 

TEST 190 
TEST 181 
TEST 192 
TEST 193 
TEST 194 
TEST 195 
TEST 196 
TEST 187 
TEST 198 
TEST 199 
TEST 200 
TEST 201 
TEST 202 
TEST 203 
TEST 204 
TEST 205 
TEST 206 
TEST 207 
TEST 208 
TEST 209 
TEST 210 
TEST 211 
TEST 212 
TEST 213 
TEST 214 
TEST 215 
TEST 216 
TEST 217 
TEST 218 
TEST 219 
TEST 220 
TEST 221 
TEST 222 
TEST 223 
TEST 224 
TEST 225 
TEST 226 
TEST 227 
TEST 228 
TEST 229 
TEST 230 
TEST 231 
TEST 232 
TEST 233 
TEST 234 
TEST 235 
TEST 236 
TEST 237 
TEST 238 
TEST 239 
TEST 240 
TEST 241 
TEST 242 
-EST 243 
"EST 244 
-EST 245 
TEST 246 
TEST 247 
TEST 246 
TEST 249 
TEST 250 
TEST 251 



LISTING OF THE PROGRAM START 

—— — — WIN 2 
• W I N 3 

X X X S T A R T x x X W I N 4 
W I N 5 

I " W C T I X « 8 L T I » E TTJ CREATE AN INDEX RILE AND BINARY DATA W I N 6 
R A X RAN P « V R TB TVC GRAPHICAL PROORAIS * E B S T A T » ANO ^ J I B A F * W I N 7 

W I N e 
- W I N e 

W I N ID 
W I N I I 
W I N 12 
W I N 13 
W I N 1 4 
W I N I S 
W I N 16 
W I N 17 
W I N 16 
W I N 18 
W I N 2 0 
W I N 2 1 
W I N 2 2 
W I N 2 3 
W I N 2 4 
W I N 2 5 
W I N 2 6 

- W I N 2 7 

STEVEN E A R . E . OEPARTTENT 6 F GEOLOGY* I W E R I A L COLLEGE. LONDON 
DATE 

W R C * 1 S 7 6 OFLOITICD *) 
LAfojAGE. CB f i rm 

T R W I * - CDC 6 5 0 0 - I W E R I A L COLLEGE COWUTER CENTRE 
NETV«C 

TVC f w n i is E « X U T E D AT A TERMINAL ANO DATA I S REAO M E N 
A LBCAL F I L E KWW« AS TAPE4. TVC USER S I W L I E S TVC NUMBER V 
•ABTABLES. TVC DATA TYPE I I E . W»CTVCR A L I S T BR W P ARRAY) . 
T R I A B L E NAMES fro TVC INPUT R O R W T . *START* WRITES AN INOEX 
F I L E . CX.LED TAPC20 . CONTAINING THE NUMBER BF VARIABLE ANO 
V W I A B L E NATES. ALL 6N SEPARATE L I T C S . A SECBFO F I L E . TAPC21 
P G - U 0 E 3 A SEPARATE RECORD FOR EACH VARIABLE. CONTAINING TVC 

tr SAMPLE S I T E S ANO TVC DATA L I S T . 

LOGICAL IMTTS USED 
F I L E O B T A I N I N G ORIGINAL DATA 
I W U T FROM TERMINAL 
6UTPUT TB TERMINAL 
P C E X r a c BUTPUT 
OATA F I L E 6UTPUT 

LXUmW MBCQXME 
•RC M H W N CAN BE STORED AS A RELBCATABLE BINARY F I L E . gamm FROM TVC CARD oecx USING TVC CONTROL STATEMENTS -

REW.ACE OTARTB) 

W I N 
W I N 
W I N 
W I N 
W I N 
W I N 
W I N 
W I N 
W I N 
W I N 
W I N 
W I N 
W I N 

- W I N 
W I N 
W I N 
W I N 
W I N 
W I N 
W I N 
W I N 
W I N 
W I N 

50 
L J t X L ' i IMi A T A TERMINAL WOULD TVCN PROCEDE AS F6LL8W6. ASSUMINGWIN 51 
TV4TT TWC DATA T I L E EXISTS AS A LOCAL F ILE CALLED TAPE4 - W I N "52 

W I N 53 
W I N 54 
W I N 55 

FBLLBWOW EXEUTIWl. TAPE20 ANO TAPE21 CAN BE S A X 2 . BR REHJUNDW1N AT® USD MS IMVT TB TVC "CEOSTAT* BR *GIRAT* ROUTI fCS. W I N 
A S A N A L T E B W T I V E , PROCEDURES FBR EXECUTING "START* A r c TVCN W I N 
c n v c s ^ U S I A I * BR >CIRAF* ARE AMULIABLE A r o CAN BE USED. W I N 
A T A TEXTRONIX TERMINAL. AS FOLLOW -

crrgTAgTi/worBCTB) 
- 5 1 AW I I 

START2 FBR »CIRAF* 

W I N 
W I N 
W I N 
W I N 
W I N 

» T I P » 
» S I T » 
>OAT» 

MfUUfUM NUMBER OF OBSERVATIONS 
TIRCCR OF VARIABLES 
HLTBER OF VARIABLES PER INPUT RECORD (NORMALLY 
EQUAL TD «NVAR») 
NLTBOJ OF OBSERVATIONS PER INPUT RECORD (NORMALLY 
EQUAL TO D 
I W U T F O R W T 
LOGIC*- UNIT NUMBER FOR DATA I W U T 
MU-BER OF SAMPLE S I T E S 
DATA ARRAY 
L I S T OF VARIABLE NAMES 

TO P O E A S E TVC WXIMUM NUMBER OF OBSERVATIONS OR VARIABLES 
TVC DIMEWIBNS BF TVC ARRAYS *0AT* ANO "NAME* MUST BE 
CMAMCED. AT® A f e w VALUE MUST BE ASSIGNED TO *W06T*. 

DISPLAY TCAOING Ate REQUEST TYPE OF ANALYSIS 

WRITE ( 8 . IOCS 
1 0 0 F B R W T O B * RBUTITC T B . R E - F O R W T DATA FOR I W U T T B / 

1 2 » L GEB-5TAT ANO GIRAF R O U T I N E S . / 
2 35M TYPE 1 FBR GEO-STAT OR 2 FOR G I R A F / ) 

XX GIRAT XX _ REOUEST NUMBER OF VARIABLES 

W R I T E S . 1 2 S ) 
120 FBR-PT£3>< ENTER fCJMBER OF VARIABLES ( 1 - 1 5 ) ) 

READ®.* " . NV*« 

WRITEC6.L22) NVAR 
122 F B » W T ( » I ENTER NO. OF VARIABLES PER INPUT ROW. 

1GRID DATA) 
R E A D S . * ) NVPR 

U J I T E S . 1 2 4 ) 
1 2 4 F B R W T A » 4 ENTER W . OF 0 6 S . PER INPUT ROW <1 I M . E S S GRID DATA)) 

R E A D S . * ) NOBR 

W R I T E S . I O T O 
I X FBB"PT(41M ENTER VARIABLE NAMES (A10) BNE AT A T l f O 

X 150 ^»1.N>4W 
R E A C S . 1 ^ 3 NATECJ) 

140 F B P W T O U O 
150 CWTIHJE 

U 3 I T E S . 1 6 0 ) 
160 F 6 « W T < ^ DOER FBRMPT FBR L I N E - B Y - L I N E IF *VT BF REAL DATA) 

. R E A 0 0 . 1 7 0 IFMTT 
170 r O R - P T O A l O ) 

I "*VT DATA INTO ARRAY «OAT* 

CA.L I***-" 
O C T * I F MISS IMG DATA SCAN I S REQUIRED 

. " • C « I T . L T . 3 > 00TB 3 X 
W R I T S . 2 0 C ) 

2 X F 0 P W T t 2 » i TYPE 1 FOR MISSING DATA SCAN) 
R E A C S . * : MISS 

IF I - I S S . E 3 . 0 ) WTO 220 

.'YE ( 6 . 2 1 0 ) 
21" F ^ J W T a i " ENTER MISSING OATA COOE (REAL)) K«C5.F COOC 

. I 2 . 1 8 H - UNLESS 

W I N 6 7 
W I N 66 
W I N 6 8 
W I N 7 0 
W I N 7 1 
W I N 7 2 
W I N 7 3 
W I N 7 4 
W I N 7 5 
W I N 7 6 
W I N 7 7 
W I N 7 6 
W I N 7 8 
W I N 6 0 
W I N 6 1 
W I N 6 2 
W I N 6 3 
W I N 6 4 
W I N 0 5 
W I N 66 
W I N 6 7 
W I N 6 6 
W I N 6 9 
W I N 0 0 
W I N 8 1 

- W I N 8 2 
W I N 8 3 
W I N , 8 4 
W I N 8 5 
W I N 8 6 
W I N 8 7 
W I N 8 6 
W I N 8 8 
W I N I X 
W I N 1 0 1 
W I N 1 0 2 
W I N I X 
W I N 1 0 4 
W I N 1 0 5 
W I N 1 0 6 
W I N 1 0 7 
W I N I X 
W I N I X 
W I N 1 1 0 
W I N 1 1 1 
W I N 1 1 2 
W I N 1 1 3 
W I N 1 1 4 
W I N 1 1 5 
W I N 1 1 6 
W I N 1 1 7 
W I N U B 
W I N U S 
W I N 1 2 0 
W I N 1 2 1 
W I N 1 2 2 
W I N 1 2 3 
W I N 1 2 4 
W I N 1 2 5 
W I N 1 2 6 
W I N 1 2 7 
W I N 1 2 6 
W I N 1 2 8 
W I N 1 3 0 
W I N 1 3 1 
W I N 1 3 2 
W I N 1 3 3 
W I N 1 3 4 
W I N 1 3 5 
W I N 1 3 6 
W I N 1 3 7 
W I N 1 3 6 
W I N 1 3 9 
W I N 1 4 0 
W I N 1 4 1 
W I N 1 4 2 
W I N 143 
W I N 144 
W I N 14« 
W I N 14ft 

WRITE »»VAR» on FIRST L I * tr TAPE20 

TEST FBR MISSING OATA AFO RE ARRNRCE "DAT* 

M C 6 S O 
DO 2 2 5 I « L . F 1 S I T 
I F O A T U . I ) . E Q . C B O O GOTB 2 2 5 

231 M?rTE<20.J«> NAME CJ) 
WRITE C21) NSIT .NOBS. ( D A T U . I ) . I ' l . f C B S ) 

240 CONTINUE 

DOICATE PROCESSING COMPLETE 

WRITES.250) NVAR.NSXT 

GEOSTAT REQUEST NUMBER BF VARIABLES 

400 WATTES.410) 
4 1 0 F0WWT«33M ENTER NUMBER BF VARIABLES ( 1 - 1 4 ) > 

R E A D S . * ) NVAR 

REQUEST VARIABLE NAMES 

W R I T E S . 1 3 0 ) 
DO 420 J=2.NVAR 

420 R E A D S . 1 4 0 ) NAME ( J ) 

REQUEST INPUT FORWT 

IWUT OATA INTO ARRAY *0AT* 

WRITE WtVAR* ON FIRST LINE OF TAPE20 

W R I T E 4 2 0 . 1 4 0 ) NAME(_/) 
WRITE(21) N 5 I T . ( D A T ( l . I ) . D A T U . I ) . l a l . N S I T ) 

430 CONTINUE 

P O I C A T E PROCESSING OTPLETE 

W R I T E S . 4 4 0 ) t M W - 1 
440 F 0 W W T U D 4 DATA rOR . I 2 . 3 7 H VARIABLES WRITT1 

STBP 

CRROR MESSAGE FOR TOO FEW SAMPLES 

300 W H I T E S . 3 1 0 ) NSIT 
310 F O W P T d M NO. OF SAMPLES * 

STW> 
E f C 
SUBROUTIfC I W U T 

I 2 . 1 3 H TASK DROPPED) 

A GENER*. ROUTINE TSR DATA I W U T 
ACCEPTS DATA IN L I S T OS ARRAY FORM 

AM© RETURNS I T IN LIST FORM 

ARGUMENTS 
W B T MAXIMUM TOTAL f V B E R OF OBSERVATIONS ( I E . ARRAY S I Z E ) 
KVAR TBTIAL ftJMBCR OF VARIABLES 
NVPB——fUMBER OF VARIABLES PER I W U T ROW 
MOBfl f U T « E B 0F OBSERVATIONS PER INPUT ROW. FOR EACH BF 

TVC NVPR WWIABLES 
i r M T T — F B W P T HSR ROW BY ROW INPUT 
MINT r * U T OEVICE OR TAPE NUMBER 

DAT ATA ARRAY CRETIWCD TO CALLING R O U T I f O 

C O T O M / / MOBT.NVAR.NNWS.WeR.IFMfTtK .MINT.NOBS.DAT ( 1 5 . 5 X ) 

00 110 I X » 1 . N 0 6 T 

110 -- -
1 1 5 

1 2 0 CONTINUE 

IFMUM.0C.1) OOTB 140 
f o e s » o 

J 4 0 L T T S 4 « B S / < U N REn*n oo 

W I N 1 4 7 
W I N 146 
W I N 1 4 8 
W I N 1 5 0 
W I N 1 5 1 
W I N 1 5 2 
W I N 1 5 3 
W I N 1 5 4 
W I N 1 5 5 
W I N 1 5 6 
W I N 1 5 7 
W I N 1 5 6 
W I N 1 5 9 
W I N 1 6 0 
W I N 1 6 1 
W I N 1 6 2 
W I N 1 6 3 
W I N 1 6 4 
W I N 1 6 5 
W I N 1 6 6 
W I N 1 6 7 
W I N 1 6 6 
W I N 1 6 9 
W I N 1 7 0 
WIRT 1 7 1 
W I N 1 7 2 
W I N 1 7 3 
W I N 1 7 4 
W I N 1 7 5 
W I N 1 7 6 
W I N 1 7 7 

N D . I 4 W I N 1 7 6 
W I N 1 7 9 
W I N 1 6 0 
W I N 1 6 1 
W I N 1 6 2 
W I N 1 8 3 
W I N 1 8 4 
W I N 1 8 5 
W I N I K 
W I N 1 8 7 
W I N 1 8 8 
W I N 1 6 9 
W I N 1 9 0 
W I N 1 9 1 
W I N 1 9 2 
W I N 1 9 3 
W I N 1 8 4 
W I N 1 8 5 
W I N 1 8 6 
W I N 1 8 7 
W I N I K 
W I N 1 9 8 
W I N 2 0 0 
W I N 2 0 1 
W I N 2 0 2 
W I N 2 0 3 
W I N 2 0 4 
W I N 2 0 5 
W I N 2 0 6 
W I N 2 0 7 
W I N 2 0 8 
W I N 2 0 9 
W I N 2 1 0 
W I N 2 1 1 
W I N 2 1 2 
W I N 2 1 3 
W I N 2 1 4 
W I N 2 1 5 
W I N 2 1 6 
W I N 2 1 7 
W I N 2 1 6 
W I N 2 1 9 
W I N 2 2 0 
W I N 2 2 1 
W I N 2 2 2 

2 1 ) W I N 2 2 3 
W I N 2 2 4 
W I N 2 2 5 
W I N 2 2 6 
W I N 2 2 7 
W I N 2 2 6 
W I N 2 2 9 
W I N 2 3 0 
W I N 2 3 1 
INPT 2 
INPT 3 
INPT 4 
INPT 5 
INPT 6 
INPT 7 
INPT 8 
INPT 9 
INPT 10 
INPT 11 
INPT 1 2 
INPT 1 3 
INPT 1 4 
INPT 15 
INPT 16 
INPT 17 riNE) INPT 18 
INPT 19 
INPT 2 0 

2 1 
INPT 2 2 
INPT 2 3 
INPT 2 4 
INPT 2 5 
INPT 2 6 
M 2 7 
I I P T 2 8 
I W T 2 9 
I F * T X 
INPT 3 1 
P * T 3 2 
INPT 3 3 
W T 3 4 
I W T 3 5 
I » T 3 6 
W 7 3 7 
INPT 3 8 
RWT 38 
J W T 4 0 
H O T 4 1 
W T 4 2 
INPT 4 3 
I I » T 4 4 
J » T 4 5 
INPT 4 6 
I F * ^ 4 7 
I W T 4 8 
I I P T 4 9 
I * T 90 
I » » T 5 1 
INPT K 
P*»T • 3 
P P T *A 
H P T H 
I W T M 
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APPENDIX D DESCRIPTION AND DISCUSSION OF THE INTERACTIVE 
GEOSTATISTICAL ANALYSIS ROUTINE 'GEOSTAT 

D-l Introduction 

The problem of fitting models to semi-variograms can be solved through 

the application of interactive graphical computer processing, where laborious 

calculations are avoided, while subjective decisions can be interjected. This 

appendix includes a brief description and discussion of an interactive graphical 

program for interpretation of semi-variograms. The application of geostatistics 

to mining and exploration problems is discussed in Appendix E. 

D-2 Algorithm for Semi-variogram Modelling 

The semi-variogram modelling algorithm, G E O S T A T , is in the form of a 

F O R T R A N program which is designed to be used on the interactive-graphics 

facility at the Imperial College of Science and Technology (Raby, 1976). The 

program is run at a Tektronix graphical terminal, and hard-copy output can be 

obtained from the Tektronix hard-copy unit, or via microfilm. Execution is 

controlled from the terminal keyboard, and data is input from a binary disk-file. 

Creation of the binary disk-file is facilitated through the use of a separate 

interactive program S T A R T . As presently written, S T A R T is dimensioned for 15 

variables and 500 observations, whereas G E O S T A T is dimensioned for 20 variables 

and 500 observations. A documented listing of S T A R T is included in Appendix C, 

and a documented listing of G E O S T A T is given below. 

The program is limited to evenly spaced data in one dimension. Prior to 

construction of a semi-variogram, the data can be examined by plotting a profile 

of distance versus concentration. This step is important because although the 

semi-variogram does not require a normal distribution, it is very sensitive to 

extreme values (personal communication I. Clark, Imperial College). In some 

cases the author has obtained grossly misleading results with strongly skewed 

distributions. The program enables the user to delete extreme values, or to 

suppress their effect by applying a logarithmic transformation. 
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Semi-variograms are constructed by plotting (h) against h - the distance 

between pairs, (h) is defined as follows: 

where f(x) and f (x+h) are the concentrations in samples separated by distance h, 

and n is the number of pairs of samples (Blais and Carlier, 1968; David, 1977) 

(Figure D-l). Modelling is based on the "spherical" or "Matheron" scheme as 

summarised in the following equations: 

The modelling is initiated from the terminal keyboard by specifying values for C q 

and A 1. The calculated model curve is plotted (Figure D-2), and the calculated 

values for C and A are displayed. The user can then improve the fit by specifying 

new values for C, C Q and A. If desired, the user can request that the variogram 

curve be smoothed to assist in interpretation. Smoothing is performed by a 

moving average technique with a window of 3, 5, 7, or 9 samples. 

(h) = (l/2n)( (f(x+h) - f(x))2) 

(h) = C(3h/2a - h 3/2a 2) + C 

(h) = C + C Q 

o 
Hjca 

H >a 



Figure D-l Example of a semi-variogram. (C 0 is the variance of immediately 
adjacent samples, 'a' is the range, and C+CQ is the variance at 
separations greater than 'a', or the sill variance.) 



Figure D-2 Example of the output from the program G E O S T A T 

DIST . (H ) 
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L IS T I N G O F T H E P R O G R A M G E O S T A T 

x x x G E 0 S T A T x x x 

INTERACTIVE-GRAPHICAL GEOSTATISTICAL ANALYSIS 

CONSTRUCTION OF LIME PROFILES AND SEMI-VARI03RAMS. AND 
w n t F I T T I r e ACCOROIKS TO THE SPHERICAL MODEL. FOR AN 
OUTLINE OF TVC fCTWOO SEE BLAIS AND CARLIER- CAN. INST. 
MIN. A fC METT. , SPEC. VOL. 9 

AUTHOR 
STEVEN EARLE. OEPARTTCNT OF GEOLOGY. IMPERIAL COLLEGE. LONDON 

DATE 
MARCH 1876 (MJOIFIED APRIL 1877 . APRIL 18781 

LANGUAGE. COMPUTER 
FORTRAN I V . CDC 6500 (IMPERIAL COLLEGE COMPUTER CENTRE) 

fCTHOO 
A VECTOR OF DATA AND A VECTOR OF DISTANCES ARE STORED AS TWO 
PARALLEL ARRAY*. DISTANCES ARE REAL. ANO SAMPLES NEED NOT 
BE IN ORDER OF INCREASING DISTANCE. I N I T I A L L Y . THE DISTANCES 
ARE CHECXED FOR A COMMJN FACTOR BY WHICH THEY CAN ALL BE 
DIV IDED. IF HONE IS FOUND. AND ANY DISTANCES EXCEED 5 0 0 . 0 . 
TVC ANALYSIS CANNOT BE COMPLETED. AFTER THE VARIOGRAMI IS 
PLOTTED. THE USER IS ASKED TO INPUT VALUES FOR THE FLATTENING 
POINT OF TVC CURVE ANO THE NUGGET EFFECT. A THEORETICAL CURVE I 
C»RORMIHG TO TVC SPVCRICAL MODEL IS PLOTTED. THE F IT CAN BE 
IMPROVED BY CHANGING TVC PARAMETERS DEFINING THE CURVE. 

PROGRAM GEOSTAT (INPUT* 13IB .OUTPUT* 1316 .TAPE5* INPUT»TAPE6*131B» 
• TAPE20=131B.TAPE21 = 131B.TAPE61*1316 .TAPE66*131B) 

LOGICAL UNITS USED 

TAPE5 INPUT FROM TERMINAL 
TAPE6 OUTPUT TO TERMINAL 
TAPE20 F I L E WHICH INCLUDES «NVAR* - THE NUMBER OF VARIABLES 

FOR WHICH DATA IS WRITTEN ON TAPE21. AND A 10 CHARACTERWIN 
NAME FOR EACH VARIABLE. ARRANGED EG. AS FOLLOWS W I N 
(STARTING IN COLUm 1) MAIN 

MAIN 
0 3 MAIN 
COPPER L*IN 
ZINC " A J " 
I T O C S I U M MAIN 

MAIN 
TAPE21 F I L E WHICH CONTAINS A SINGLE RECORD FOR EACH VARIABLE. MAIN 

INCLUDING TVC NUMBER OF OBSERVATIONS WOBS* FOLLOWED BYMAIN 
PAIRS OF DISTANCES ANO DATA VALUES. EACH RECORD WOULD W I N 
THUS BC WRITTEN. IN A SEPARATE PROGRAM. USING THE 
STATEMENT -

WRITE(21) HOBS. ( O I S T U ) . D A T U ) . J=1 .N0BS) 
(TAPE20 A f C TAPE21 CAN BE CREATED USING TVC ROUTINE 
"START* - AS DCSCRIBED BELOW 

TAPE61 A f C TAPE66 ARE FILES USED BY ROUTINES IN TVC SIMPLE 
LIBRARY. (SEE ICCC BULL. 6 . 3 / 6 ) TAPE61 CONTAINS 
INSTRUCTIONS FOR GENERATION OF MICROFILM PLOTS. 

E X E C - ' I O N PROCEDURE 

EXECUTION OF THE PROGRAM AT A TEKTRONIX TERMINAL WOULD THEN 
BC CARRIED OUT USING THE FOLLOWING STATEMENTS (ASSUMING THAT 
TBPE20 A f C TAPE21 AS DESCRIBED ABOVE ALREADY EXIST AS LOCAL 
F ILES) -

GET (GSTATB) 
L IBF ILE (S IMPLEF) 
- S I W L E F (L*GSTATB) 

F 3 . . 0 U : - « 3 ETTCTIO- ' . ANY MICROFILM PLOTS F I L E S GENERATES CAN BE 
PROCESSED BY USIN3 THE STATEMENTS -

A PROCEDURE FOR GENERATION OF TAPE20 AND TAPE21 ANO SUBSEQUENT 
EXECUTION OF USEOSTAT* IS AVAIL I ABLE. AND CAN BE USED AT A 
TEKTRONIX TERMINAL AS FOLLOWS -

GET (TAPE 4= RISER'S DATA FILENAME* 1 
CET(START1/UN=UMFBC08) 
-START 1 

I F . WITHIN ANY SESSION. EXECUTION IS TERMINATEDT AND TVC USER 
WIS»CS TO CONTINUC WITH TVC SAME DATA SET. THE FOLLOWING 
STATEMENTS CAN BC USED -

L IMITATIONS 
TVC PROGRAM IS DIMENSIOTCD FOR UP TO 500 OBSERVATIONS AND UP 
TO 20 VARIABLES. DISTANCES NEED NOT BE EVENLY SPACED AS LONG 
AS. AT ILK D IV IS ION BY A COMfON FACTOR. ALL DISTANCES ARE LESS 
TV*<n OR EQUAL TO 5 0 0 . (BEST RESULTS. HOWEVER. WILL BE 
ACHIEVED WITH EVO*. Y SPACED DATA) THE PROGRAM MUST BE EXECUTED 
AT A TEKTRONIX GRAPHICAL TERMINAL. 

GRAPHICAL SUBROUTINES CALLED BY «GEOSTAT» ARE DESCRIBED IN 
ICCC BULL . 6 . 3 / 6 . INCLUOED ARC - START.SWITCH.PROMPT. 
BLTFEM.HARDCPY.RO*>AG£.FACTOR.PLOT. A X I S . INTENSE.SYMBOL .NUMBER 

OIMENSIW ZED (5001 .DIST (500) .CC2(500) 
DIMEWION NAfE (201 

C O W / V A R / HHC551) ,CC(551) .A.CEE.AEST.NOBS.MAXI 

-MIAIN 2 
MAIN 3 
MAIN 4 
MAIN 5 
MAIH 6 
MAIN 7 
MAIN 6 
MAIN 8 
MAIN 10 
MAIN 11 
MAIN 12 

-MIAIN 1 3 
W I N 14 
MAIN 15 
MAIN 16 
MIAIN 17 
MAIN I B 
MAIN 1 8 
MAIN 2 0 
MAIN 2 1 
W I N 2 2 
MAIN 2 3 
MAIN 2 4 
MAIN 2 5 
MAIN 2 6 
MAIN 2 7 
MIAIN 2 8 
MAIN 2 8 
MAIN 3 0 
MAIN 3 1 
MAIN 3 2 

-MAIN 3 3 
MAIN 3 4 
MAIN 3 5 
MAIN 3 6 
MAIN 3 7 
MAIN 3 8 
MAIN 3 9 
MAIN 4 0 
MAIN 4 1 
MAIN 4 2 

MAIN 5 5 
MAIN 5 6 
W I N 5 7 
MAIN 5 8 
MAIN 5 9 
W I N 6 0 
MAIN 6 1 
W I N 6 2 
MAIN 6 3 
MAIN 6 4 

-MAIN 6 5 
MAIN 6 6 
MAIN 6 7 
MBIN 6E 
MAIN 6 9 
MAIN 7 0 
MAIN 7 1 
MAIN 7 2 
MAIN 7 3 
MAIN 7 4 
MAIN 7 5 
MAIN 7 6 
W I N 7 7 
MAIN 7 8 
MAIN 7 9 
MAIN 8 0 
W I N 8 1 
MAIN 8 2 
MAIN 8 3 
MAIN 6 4 
MAIN 8 5 
MAIN BE 
MAIN 87 
MAIN 8 8 
MAIN 8 9 
MAIN 9 0 
MAIN 8 1 
MAIN 8 2 
MAIN 8 3 
MAIN 9 4 
MAIN 8 5 
MAIN 9 6 
MIAIN 9 7 
MAIN 9 8 
W I N 9 5 
W I N 1 0 0 
W I N 101 
W I N 1 0 2 
W I N 1 0 3 
W I N 1 0 4 

- W I N 1 0 5 
W I N 1 0 6 
W I N 1 0 7 
W I N 1 0 8 
W I N 1 0 9 
W I N 1 1 0 
W I N 1 1 1 
W I N 1 1 2 
W I N 1 1 3 
W I N 1 1 4 

• W I N 1 1 5 
W I N 1 1 6 
W I N 1 1 7 
W I N ue 
W I N 1 1 9 
W I N 1 2 0 

- W I N 1 2 1 
W I N 1 2 2 
W I N 1 2 3 
W I N 1 2 4 
W I N 1 2 5 
W I N 1 2 6 
W I N 1 2 7 
W I N 128 

DIMENSION H ( 5 1 ) .GAMH(51) 

w * r E * L IST OF VARIABLE NAMES 
DISTANCE OF FLATTENING POINT OF CURVE 

m » VARIANCE V»CJE OF S ILL 
WEST* ESTIWTED DISTAMCE OF FATTENING POINT OF CURVE 
" •OBS* Mt>"B£R OF OBSERVATIONS 
» W X I * MAXIMUM OISTAMCE 
M DISTANCES ON THEORETIC*, CURVE 

SE?y-VARIAfCES ON THEORETICAL CURVE 

TVC FOLLOUIKS MUST BC CHAfCE TO INCREASE THE NLT«ER OF SAMPLES 

*ZED* LIST OF DATA VALUES 
* C I S T * L IST OF DISTAfCES 
«CC2* L IST OF SEMI-VARIANCES «TTER SMOOTHING 

L IST OF DISTANCES BETWEEN PAIRS 
*CC* L IST OF AVERAGE SENI-v<WIANCES 

DATA YES.Wl/OHYES.amO / 

EWBLE GRAPHICAL OUTPUT ANO MICROFILM COPY 

IMPUT TAPE20. NUMBER V VARIABLES AND VARIABLE NAMES 

REAO £20.1) HVAR. (NAME ( J ) . J s l . N V A R ) 
1 FORWT ( 1 2 / ( A I D ) J 

NUWEC*0 
2 MUMREC*NUrR£Cfl 

I F O t T R E C . L E . N V A R i GOTO 3 
REWIK) 21 
NUMREC=1 

EWBLE RECORD CONTROL 

3 W R I T E ( 6 . 4 ) 
4 FORWT (40H 

DO 5 J*1 .NVAR 
5 WRITE ( 6 . 6 ) J .NATE ( J ) 
6 FORWT (OH RECORD . I 2 . 3 X . A 2 0 ) 

WRITE ( 6 . 7 ) MUMREC 
7 rOW*>T(27H TVC tCXT RECORD IS NUMBER 

CALL 6UFFEM ( - 6 ) 

TAPE21 CONTAINS TVC FBLLOWING D A T A . / } 

SELECT VARIABLE FOR I f P U T , OR STOP 

CALL PPffl"PT(75WTYPE 0 TO REAO THIS REC. OR - 1 TO STOP E5STUTIBN, 
1R ENTER A fCW IgXOHU N O . . 7 5 ) 

R E A D S . * ) fREC 

OCXX POSITION OF TAPES 1 ANO REWIND IF NECESSARY 

REUlrC21 
IFCMREC.EO. i l GOTO 9 
HUMREC^HREC-l 

W I N 1 2 9 
W I N 1 3 0 
W I N 1 3 1 
W I N 1 3 2 
W I N 1 3 3 
W I N 1 3 4 
W I N 1 3 5 
W I N 1 3 6 
W I N 1 3 7 
W I N 1 3 8 
W I N 1 3 9 
W I N 1 4 0 
W I N 1 4 1 
W I N 1 4 2 
W I N 1 4 3 
W I N 1 4 4 
W I N 1 4 5 
W I N 1 4 6 
W I N 1 4 7 
W I N 1 4 6 
W I N 1 4 9 
W I N 1 5 0 
W I N 1 5 1 
W I N 1 5 2 
W I N 1 5 3 
W I N 1 5 4 
W I N 1 5 5 
W I N 1 5 6 
W I N 1 5 7 
W I N 1 5 8 
W I N 1 5 9 
W I N 1 6 0 
W I N 1 6 1 
W I N 1 6 2 
W I N 1 6 3 
W I N 1 6 4 
W I N 1 6 5 
W I N 1 6 6 
W I N 1 6 7 
W I N 1 6 0 
W I N 1 6 9 
W I N 1 7 0 
W I N 1 7 1 
W I N 1 7 2 
W I N 1 7 3 
W I N 1 7 4 
W I N 1 7 5 
W I N 1 7 6 
W I N 1 7 7 
W I N 1 7 8 
W I N 1 7 9 
W I N 1 8 0 

O W I N 1 0 1 
W I N 1 8 2 
W I N 1 8 3 
W I N 1 8 4 
W I N 1 0 5 WIN IBS 
W I N 1 8 7 
W I N 1 8 8 
W I N 1 8 9 
W I N 1 9 0 
W I N 1 9 1 
W I N 1 8 2 

DO e NsJ.fVREC e READ C21) 
NUNRECSNUTREC*: 

I -PUT TVC OATA TOR TVC CURRENT RECORD NUMBER 

CALL BUFFEMC-6) 

OCCX. DISTWCE ARRAY r ?Q co-MSN r«CTOR 

OCCK ROR DISTANCES GREATER THAN 5 0 0 . 

103 00 104 1*1. NOBS irccisTcn/xFAo .G T . 5 0 0 . ) GOTO IOS 
1 0 4 C W T I H J E 

GOTO 107 

RE3UEST USER SUPPLIED COTUN FACTS 

W I N 183 
W I N 184 
W I N 195 
W I N 186 
W I N 187 
W I N 188 
W I N 188 
W I N 2 0 0 
W I N 2 0 1 
W I N 2 0 2 
W I N 2 0 3 
W I N 2 0 4 

A l l i e n THE NO. OF OBSERVATIONSWIN 205 
W I N 206 
W I N 207 
W I N 2 0 6 

CALL PROMPT (6>CNTER TVC MINIMUM N5. BF PAIRS DESIRED FOR V A R I A f O W I N 209 
W I N 2 1 0 
W I N 211 
W I N 2 1 2 
W I N 213 
W I N 2 1 4 
W I N 215 
W I N 2 1 6 
W I N 217 
W I N 2 1 8 
W I N 2 1 9 
W I N 2 2 0 
W I N 221 
W I N 2 2 2 
W I N 223 
W I N 2 2 4 
W I N 225 
W I N 226 
W I N 227 1 0 5 W R I T E C 6 . 1 0 6 ) 

106 F O R W T ( 5 * l TVC ARRAY fCCESSARY TO C9"~AJN ALL INTEGRAL DISTANCES/ W I N 228 
14»< BETWEEN 0 AfC TVC WXIMUM DISTANCE IS TOO L A R G E . / . 5 5 - UNLESS T W I N 2 2 9 
2WCRE IS A COTTON FACTOR f WHICH ALL DISTANCES. / .51H CAN BC O I V I D I W I N 2 3 0 
30ED. TVC ANALYSIS CAmOT BE COMPLETE!) W I N 231 

CALL BUFFEM(-6) W I N 232 
CALL P R O r P T t t l U X T E R A COTON FACTOR.21) . W I N 2 3 3 
R E A D S . * ) FACT W I N 2 3 4 
NCOLrn-WCOUNT*! W I N 235 
IF (TC8UNT-3 ) 1 C 3 . 2 . 2 W I N 236 

W I N 237 
O C T * V A L I D I T Y OF USEE SUPPLIED r«CTOR W I N 236 

W I N 2 3 9 
WAC=C8Mf AC ( D I S T . HOBS. FACT) W I N 2 4 0 
I F ( © IST(NOBS) / X T A C ) . L E . 5 0 0 . ) GOTO 177 W I N 241 

W I N 2 4 2 
W I N 243 

107 D L L PROMPT(63MCNTER A C0T1AND CkC;.*• NEXT.END.LOST, • GRA^ .STTH.VAR.FWIN 244 
1 I T . F I X . H A R D ) *6T' W I N 245 

REAO ( 5 . 1 0 1 ) CMTC W I N 2 4 6 
W I N 247 

BRANCH ON CONTROL OPTION W I N 2 4 8 
W I N 249 
W I N 250 

IF ( S f C . C C . 3 K T C ) I TOD W I N 251 IFiC?*C.Ea.3wrCX GOTO 2 W I N 252 
IF C ? T O . C 3 . 3 w » " I - , GOTO 12C W I N 253 
i r c T T O . c a . S M r i x . GOTO 1 5 ; W I N 2 5 4 
i r O T C . E C . S t f V A f t ) GOTO 108 W I N 255 
i r ccMtc .EO.SMSM-n GOTO l o e W I N 256 
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IF C t C . K . > M L ! CA.L HELP MAIN 2 5 7 RET lWi FACT 3 1 
? O T E . K . M . ! O J CH.L TL0G<ZED.N06S) MA IN 25B C FACT 3 2 
I R C C ^ T C . E ; G S A F F < D I S T . Z E D . N O B S . N A M C (NUMRE::)> MAIN 2 5 3 c FACTOR NOT SUPPLIED - TRY VALUES IN *FACT* FACT 3 3 
I r C T * C . C 5 . » * * * ) CA.L HAROCPY MAIN 2 6 0 c FACT 3 4 
GOTO J C ? MAIN 2 6 1 102 00 104 J - 1 . 0 FACT 3 5 

c MAIN 2 6 2 COTTAC*FACT <J) FACT 3 6 
c CALCULATE SEMI-VCRIOGRAM W I N 2 6 3 DO 103 1*1.NOBS FACT 3 7 
c MAIN 2 6 4 DIS=AINT CD IST < I ) /COMTAC) " C O T AC FACT 3 8 

136 CALL v O f i l S C Z r C . S I S T . M P A I R S . x r A C . L E N ) MAIN 2 6 5 c FACT 3 9 
CT-TC. E; . ocrra 110 MAIN 2 6 6 c TEST FOR INTEGRAL OUOTIENT FACT 4 0 

c MAIN 2 6 7 c FACT 41 
c SMOOTH ORBOT o r SEMI-VARIANCES W I N 2 6 0 I F < D I S . t C . D I S T < I > > GOTO 104 FACT 4 2 
c W I N 2 6 9 103 CONTINUE FACT 43 

C * - L PROMPT I 4 0 C N T E R SMOOTHING WINDOW SIZE < 3 . 5 . 7 OR 9 ) . 4 0 ) W I N 2 7 0 RETUWI FACT 4 4 
REAOCS.*) I SMC W I N 2 7 1 c FACT 45 
CX.L S IWTWCC.CC2.LET1. ISM0) W I N 2 7 2 104 CONTINUE FACT 4 6 
DO 109 I « l . L E N W I N 2 7 3 c FACT 4 7 

: 0 9 C C < D < C 2 < : ) W I N 2 7 4 c NON-INTEGRAL QUOTIENT - RETURN UITW FACTOR « 1 FACT 4 8 
c W I N 2 7 5 c FACT •49 
c PLOT SC-J-VARIOGRAM W I N 2 7 6 1 0 5 COTFAC*! . FACT 50 
c W I N 2 7 7 RETURN FACT 51 

110 CALL PLOTSVCNArECNUrREC) . H H . C C . L E N . L E N . l . A ) W I N 2 7 6 END FACT 52 
GOTO 107 W I N 2 7 9 SUSROUTIfC • SMOOTH <DAT1.DAT2.LEN. NCLL) SMTH 2 

c W I N 2 6 0 c SMTV 3 
c RE3UCST PARAMETERS FOR THEORETICAL CURVE W I N 2 6 1 c SWTW 4 
c W I N 2 B 2 c SMOOTHING ROUTINE FOR LITCAR DATA SMTV4 5 

1 2 0 CALL PROHT(7VCNTER AN APPROXIMATION OF TVC DISTANCE OF THE FLATTWIN 203 c SMTTV4 6 
1ENING POINT OF TVC CURVE.75) W I N 2 8 4 c >CAT1* I W O O T H E D POUT ARRAY SMTH 7 
R E A O S . * ) ACST W I N 205 c >CAT2* SMOOTVCD OUTPUT ARRAY SMfTW 8 

c W I N 2 8 6 c »LEN* LENGTH OF ^ * > T 1 * AND «OAT2* SMTH 9 
c CALCULATE kCItSTT OF S ILL W I N 287 c W C L L * DIAFETER OF SMOOTHING UINDOU' <000 INTEGER BCTVCEN SMTTH 10 
c W I N 288 c 3 ANO 9 INCLUSIVE) SMTH 11 

CALL SILLCLEN) W I N 289 c 
DATA LESS THAN OR EQUAL 0 . 0 ARE CONSIDERED AS MISS INS DATA 

SMTH 12 
A * A E S T * I . 5 W I N 2 9 0 c DATA LESS THAN OR EQUAL 0 . 0 ARE CONSIDERED AS MISS INS DATA SMTTW 13 
CA .L PROMPT <4>CNTER A VALUE FOR TVC NUGGET EFFECT. OR 0 . 0 . 4 3 ) W I N 291 c A r c WILL NOT BE FILLED IN OR USED IN OTVCR CALCULATIONS SMTTH 14 
R E A D S . * ) XMUG W I N 292 c SMTH 15 

c W I N 2 9 3 c SMTTH 16 
c OCTERWTC SHAPE BT THEORETICAL CURVE W I N 2 9 4 DIMENSION DAT1 0.EN) .0AT2 C.EN) SMTV4 17 
c W I N 295 c SMTH 18 

1 3 0 C**_L CLRVE(A .CEE.H .OAf-H.XNUG) W I N 296 LN=LEN SMfTH 19 
H < 5 i > * W X I W I N 297 c SMTTH 2 0 

c W I N 296 c DCCK FOR ALLOWABLE VALUES OF «NO-L* SMTH 2 1 
DO 140 1 * 1 . 5 1 W I N 299 c SMTH 22 
IPL«LEN»I W I N 3 0 0 r C L * (FLOAT tNCLL) * 0 . 5 > * 2 . 0 » 1 . 0 SMTH 23 
C C < I P L ) * G A r H < n W I N 3 0 1 I F O C L . G T . 9 ) K X * 9 SMTH 24 

1 4 0 W C X F O A P C ) W I N 302 c SMfTH 25 
c W I N 3 0 3 c CALCULATE MIfCOU RAOIUS SMTH 26 
c PLPT ACTUAL ATC TVCORETICAL CURVES W I N 304 c SMITVI 27 c W I N 305 r e t REFLOAT <NCL-I> » O . 5 SffTH 28 

O t L PLOTSVtNAMEOVREC) .HH.CC.LEN+51 .LEN.1 .A ) W I N 306 c SMTTW 2 9 
c W I N 307 c I N I T I A L I S E OUTPUT ARRAY SMfTH 30 

GOTO 107 W I N 3 0 8 c SMTTW 31 
c W I N 309 DO 40 1*1 .LN SMTTW 32 
c REttJEST I W U T OF PARAMETERS TO IMPROVE F IT W I N 310 40 D A T 2 < I ) « 0 . 0 SMfTM 3 3 c W I N 311 c SMfTH 3 4 

150 WRITE < 8 . 1 6 © A . C E E . V U G W I N 312 0 0 100 1=1.LN STfTH 35 
160 F0RMATi l5H AT PRESENT A= . 0 1 0 . 4 . 5 H . C* . G 1 0 . 4 . 1 1 H AND W1UG=.G1D, . 4 ) W I N 3 1 3 I F © A T I < I ) . E O . 0 . 0 ) GOTO 100 SMfTH 3 6 

OT.L 6 l * T E M < - 6 ! W I N 314 c SMITH 37 
CALL PRB-PT <4»ENTER NEW VALUES FOR ' A ' . 'C ' ATC 'XNUG ' . 4 0 ) W I N 315 c CALCULATE ITCECES OF FIRST ANO LAST POINTS IN WINDOW SMITH 3 8 
R E A D S . * ) A .CEE.X*JG W I N 316 c SMITH 39 
GOTO 130 W I N 317 I W * I - N C L R SMITH 4 0 

c W I N 318 r F < i r r . L T . i > i w * i SMITH 41 BT> W I N 319 i r t - * I + N C Z R SMITH 42 
SUBROUTIfC »CLP W I N 320 i r < l n . G T . L N ) I H . * L N SMTH 43 

c W I N 3 2 1 c SMITVI 44 
c W I N 3 2 2 c SUM DATA WITHIN WINOOU SMITH 4 5 
c ROUTIOMC TO L IST CONTROL OPTIN COMMANDS ANO TVCIR ACTION W I N 3 2 3 c SMTH 4 6 
c W I N 3 2 4 SUTtoowO.O SMTV 47 
c W I N 325 DO 50 J * I N F . I N L SMITH 46 
c W I N 326 - IF © A T I ( J ) . E G . 0 . 0 ) GOTO 50 SMITH 4 9 

uRITEtS. lOCE W I N 327 SUTt=SUTHOATl <J) SMITH 50 
I X Hyy-HT 1 / 3 « C O 1 H U S FOR GEOSTATISTICS PROGRAM// W I N 328 » t * » » * l . SMITH 51 

A5<X »CLP DISP.AY THIS BANNER / W I N 3 2 9 50 CONTINUE SMITH 52 
6 5 0 « F C EXECUTION / W I N 3 3 0 c SMfTH 53 
C 5 0 - T R TO VARIABLE / W I N 3 3 1 I F o e v E O . O . O ) G3TC 100 SMITH 5 4 
M - > - L2GT -RANSFORMATION OF THE DATA / W I N 3 3 2 c SMTH 55 
E V > 3SAF =».0* A POOFILE OF THE DATA / W I N 3 3 3 c AVERAGE DATA WITHIN WI-DOU SMITH 56 
F5®< VAR PLO* A XRIOGRAM OF TVC DATA / W I N 334 c SMITH 57 
G50< SMTH SMKTH TVE VWJIOGRAM / W I N 335 DAT2< I ) *SUrvXT i SMTVI 58 
H5CX F IT F I T TVC SPHERICAL MODEL TO THE VARIQGRAM / W I N 336 100 CCNTINl£ SMTH 59 
1 5 0 4 F I X IWOOVE THE F I T OF THE MODEL / W I N 337 c SMTH 60 
J 5 0 HARD CREATE MICROFILM COPY OF SCREEN CONTENTS /> W I N 338 RETURN SMITH 61 

c W I N 339 ETC SMTH 62 
CA.L KJFTTTI < - € ; W I N 340 SUBROUTINE VARIOt tED.D IST .NPAIRS.XTAC.LEW 5 VAR 2 
RET\»*« W I N 3 4 1 c SVAR 3 
ETC W I N 342 c SVAR 4 
SUBROUTIMC TL0G<ZED.N06) W I N 343 c CALCULATES A SEMI VARIBGRAM FROM UNEVENLY SPACED DATA SVAR 5 

c W I N 344 c SVAR 6 
c W I N 345 c SVAR 7 
c RB.TITC FOR LBG<10) TRANSFORMATION OF DATA W I N 3 4 6 c •ZED* ARRAY OF DEPENDANT VARIABLES SVAR B c W I N 3 4 7 c JC IST* ARRAY OF tISTANCES SVAR 9 z W ; N c " W A I R S * .".'N.'.-L*- N ; . * PAIRS VARIANCE CALCL1«- I?N SVAR 1C 

W : I 3 * . *VAC* A COMM}N rcc-OB FOR T«£ ELEMENTS 0
P
 CIST SVAR 11 

c W I N 3 5 : z *LEN* THE LENGTH yr THE 0/P ARRAYS CC AND HH SVAR 12 
w : ~ 3 5 : z SVAR 13 
W I N 2S2 c SVAR 1 * 
W I N 3 5 3 COTTON / V A R / MHC551) .CC <551) . A . C E E . A C S T . N O B S . W X I SVAR 15 

RETLF* W I N 3 5 4 DIMENSION ZED <500) .DISTCSOO) .N<500) SVAR 16 
C*C W I N 355 | c SVAR 17 
F L * C T I » C » T « C < D I S T . N I B S . F A C ) FACT 2 ] c M I L I S T OF NO. OF PAIRS AT EACH SEPARATION DISTANCE SVAR 18 

c FACT 3 j c SVAR 19 
c FACT 4 A X I * - 1 . 0 C 2 0 SVAR 20 
c ROUTIIC TO FJ fC A COTTON FACTOR OF THE ELEMENTS OF » 0 I S T * FACT 5 c SVAR 21 
c FACT 6 1 c F i r e WXIMUM SEPAf tATIW DISTANCE SVAR 22 
c • O I S T * W / T ARRAY FACT 7 ; c SVAR 23 
c » I B S * LCMCTH OF DIST FACT B DO 101 1*1.NOBS SVAR 24 
c W A C * A USER SUPPLIED COIIPM FACTOR FACT 9 DIST < I ) «0IST < I ) /XTAC SVAR 2 5 
c FACT IO I F ffl IST < I ! . G T . A X I ) A X I * D I S T < I ) SVAR 2 6 
c FACT 11 i 101 CSNTlrCC SVAR 27 

DIMENSIS1 DIST fN IBS) .FACT <8> FACT 12 i M»«©*AXI SVAR 2 8 
c FACT 13 1 c SVAR 2 9 
c I N I T I A L I S E POSSIBLE COTTON FACTORS rofi * O I S T * FACT 14 1 c I N I T I A L I S E SEMI-WARIATCE AND NO. OF PAIRS ARRAYS SVAR 30 
c FACT 15 c SVAR 3 1 

DATA F A C T / 1 0 0 0 . . 5 0 0 . . 1 0 0 . . 5 0 . . 2 0 . . 1 0 . . 5 . . 2 . / FACT 16 DO 102 J * 1 . M A X 3 ' SVAR 32 
c FACT 17 C C U ) = 0 . 0 SVAR 33 

t « S * N I B S FACT I B ! N 0 ) * 0 SVAR 3 4 
aw&rK FACT 19 I 102 CONTINUE SVAR 3 5 

c TACT 2 0 j c SVAR 3 6 
c c>crx FOR USER St**>LlED FACTOR FACT 21 ! r i I B S * « 0 6 S - l SVAR 37 
c FACT 2 2 I c SVAR 38 

I F C T - T A C . L E . l . m GOTO 102 FACT 23 | c D ^ P A R E ALL POSSIBLE PAIRS SVAR 39 
DO i s i I ' l . w e s FACT 2 4 1 • C SVAR 40 
D IS»A INT O I S T < I ) / C S T A O »COTFAC FACT 25 DO 202 1 * 1 . N I B S SVAR 4 1 

c FACT 2 6 K * I « 1 SVAR 42 
c TEST rBR INTEGRA. QUOTIENT TACT 2 7 DO 201 J=K.N06S SVAR 4 3 

FACT 2 8 ' c SVAR 4 4 
I F © I S . f C . D I S T < I l ) GOTO 105 FACT 29 ! c CALCULATE DISTArCE SVAR 45 

101 C O T I H C FACT 3 0 ! c SVAR 4 6 
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»«onfu)-oisTin 
: R O O - . C Q . O . E ARM 2 0 1 

CA.CULATE v e e i P f c r 

CC Q. H) «cc ( L K ) 
mmtf i clhj »I so: anTitje 

202 CONTPtJE 

CK.CULATE AVERAGE SEW-VARIANCE FOR EACH DISTANCE 

DO 2 0 * J * I . M I U O 

DCTESMITC M R x m j r i SEPARATION 
IF<NU> . G E . W A I W S ) GOTO 203 
C C U 4 . 0 

203 C C U ) « C C ( J > / * X B A T ( N C J ) > * 0 . 5 

fi U> *FLBAT (J> nrtc 
204 CONTINUE 

AX1*—1.0C20 
LENsNBBS-TPAIRS 
00 205 1 * 1 . L E N 
IFo**;n .CT.AXI) AXI«*WCI) 

205 C W T P t J E 
MAXI *AX I 
DO 206 1*1.NOBS 

206 D I S T t D r O I S T t n *VfC 

RETUWi 
EJC 
SUBROUTINE S I L L (LEM) 

ROLTIJC TB CCTEWUMC T » € AVERAGE VALUE OF THE MEMBERS 0 ^ 
TVE ARRAY J * C £ VALUES OF THE ARRAY *HH* ARE 
GREATS! THAN *AEST* 

*LEX* LEJCTH tr n*t* AMD *CC* 

C T F T P ' / V P R / M 4 S 5 1 ) . C C ( 5 5 1 > . A . C E E . A E S T . N O B S . M X I 

su*o. 
LEKX=UJ1 

DO 100 I*1.LENX 
IFO*/lI) .LT.AEST) GOTO 100 
SUMWU-KCCCI) 
NTWUKl 

L CONTINUE 

CEr«stn*va«T OUT 
RETLOTT 
D C 
SUBROUTIMC CURVE (AAA.CCC.H.GAI-W.WUG) 

A ROUTIMg TB F I T A SPWEBICAL CURVE TB A SEM1I-VARI0GRAMI 

•AAA* ESTIMATED FLATTEN IMC POINT OF CURVE 
"CCS* LEVC. BF S I L L (FROM SUBROUTINE S I L L ) 

OUTPUT ARRAY BF DISTANCES 
OUTVR ARRAY BF VARIANCES 

D I T T T L O N H S 1 ) •QAMHSL) 

CW.CULATE F I R S T 40 V*.UES 

5CTH A r e 51ST VALUE OF *GAM*I* EOUAL LCVEL OF S ILL 

G»rv ."50. *QArWf »i) «CEE 
RETIW" 
E*C 
SJ6Ra.TINE PLBTSVCNATE.WK.CC.LENT.LEN.IOPT.A) 

R B U T P C TB CWCTWJCT A GRAPH BF 1 OR 2 VECTORS 

10 O M M C T E R T I T L E 
N C C P O C E N T 0 0 VWRIATE 
M W M I r r ) VARIATE 
TffTH. LDCTU t r ARRAYS HH AND CC 
PART BF M4 ARC CC WHICH I S TO BE PLOTTED AS L I » C 

SVAR 
SVAfi 
SVAR 
SVAR 
SVAR 
SVAR 
SVAR 
SVAR 
SVAfi 
SVAR 
SVAR 
SVAR 
SVAR 
SVAS 
SVOS 
SVAR 
SVAR 
SVAR 
5VAR 
SVAR 
SVAR 
SVAR 
SVAfi 
SVAR 
SVAR 
SVAR 
SVAR 
SVAR 
SVAR 
SVAR 
SVAR 
SVAR 
SVAR 
SVAfi 
SVAR 
SVAR 
SVAfi 
SVAR 
SV6S 
SVAfi 
SVAfi 
SVAfi 
5VAQ 
SVAfi 
SVOfi 
SVAfi 
SVAfi 
SVAfi 
SVAR 
SVAfi 
SVAR 
SVAfi 
SVAfi 
SVAR 
SVAR 
SVAR 
SVAfi 
SVAR 
SVAR 
SVAfi 
SVAfi 
SVAR 
SVAfi 

SVAS 
SVAfi 
SVAR 
SVAR 
SVAfl 
SVAR 
SVAfi 
SVAR 
SVAfi 
SVAfi 
SVAR 
SVAC 
SVAR 
SVAC 
SVAR 
SVAR 
SVAR 
SVAR 
SVAR 
SVAfi 
SVAfi 
SVAfi 
SVAfi 
SVAfi 
SVAfi 
SVAfi 
sv&fi 
SVAfi 
SVAfi 
SVAfi 
PL?T 
PLOT 
PLOT 
P L O T 
P L O T 
P L O T 
P L O T 
P L O T 
P L O T 
P L O T 

0 0 I X 1 * 1 *LEN 
I F C C A > .GT.ATKXY5 W W C T C I L ) 
I F C C ( I ) .LT.AMINY) A « I N Y < C « I > 

I X C W T I U J C 

FI*STV«ANINY 
I F C B P T . E S . L ) F I R S T V O . O 
DELTWR. CAF*LXY-FIRSTV)/^.0 

CALL INTENSE (25) 

DRAM TVCORETICAL CURVC I F CALCULATED 

I F O J X T - L E N . E B . O ) GOTO IC2 
X 101 1*1>51 
IW.«LEJM-I 
O A M H ( I ) * C C ( I P L ) 

1 0 1 HU>«WW(IPL) 

H (52) " 0 . 0 
G A T V ( 5 2 ) « 0 . 0 
M (53) "OELTAX 
GAMKO3)«0ELTAY 

CALL LLFCW.OATH.51.1.0.0) 
CALL SYMBOL a.0i0.25t0.2B.AHA • .0,0.4) 
CALL HJTBER (8.0.0.25.0.28.A.0.0.0) 
CALL INTENSE (16) 

DRAW ACTUAL CURVE 

102 WIDHD-C.O 
CC C L O - 1 ) * 0 . 0 
*** AXN+2) *CELTAX 
CC ( L O + 2 ) O E L T A Y 
CALL LITC (WM.CC.LEN. 1 . 1 . 3 ) 

I F ( I B P T . E O . L ) CALL SYMBOL ( 4 . 0 . 0 . 2 5 . 0 . 2 8 . N A T C . 0 . 0 . 1 0 ) 
RETVWl 
D O 
SUBHOUTKC GRAFT(DIST.ZED.WJBS.NATE) 

R B U T P C TO CNA6LE REMOVAL OF EXTREME VALUES FROM *ZED* 

I X 
101 
102 
I X 
1CM 
105 
I X 107 
I X 
109 
no_ in 
112 
113 
114 
115 
116 JS7 lie 
H E 
120 
121 122 
123 
124 
125 126 
127 
120 
129 
130 
531 
132 
133 
13* 

:5e 
137 ise 
133 

IMOEPEICATFT X ARRAY 
DEPOCANT CT> ARRAY 
LEJCTH tr » O I S T * AT® * H 3 * 
TEN CHARACTER T I T L E 

DIMENSION O I S T O O O ) . Z E D ( 5 0 0 ) 

PLBT GRAPH OF J O I S T * AMO *ZED* 

0 0 CALL P L B T S V ( N A R E . D I S T . Z E D . r e B . N 0 6 . 2 . C . 0 ) 

OCTERMIirC IF EDITING IS REQUIRED 

I X CALL PROMPT(42HTYPE 0 TO CSNTIMWE. 
R E A D ® . * ) I OPT 
I F ( U P T . E O . O ) RETURN 
I F ( I 5 P T . E 0 . 2 > GOTO 9 0 
J * 0 

REQUEST THRESHOLD VALUE 

1 TO E D I T . 2 TO REPLOT.42) 

PLOT 3 7 
PLOT 3 0 
PLOT 3 9 
PLOT 4 0 
PLOT 4 1 
PLOT 4 2 
PLOT 4 3 
PLOT 4 4 
PLOT 4 5 
PLOT 4 6 
PLOT 4 7 
PLOT 4 6 
PLOT 4 9 
PLOT 5 0 
PLOT 5 1 
PLOT 5 2 
PLOT 5 3 
PLOT 5 4 
PLOT 5 5 
PLOT 5 6 
PLOT 5 7 
PLOT 5 6 
PLOT 5 9 
PLOT 6 0 
PLOT 6 1 
PLOT 6 2 
PLOT 6 3 
PLOT 6 4 
PLOT 6 5 
PLOT 6 6 
PLOT 6 7 
PLOT 6 6 
PLBT 6 9 
PLOT 7 0 
PLOT 7 1 
PLOT 7 2 
PLOT 7 3 
PLOT 7 4 
PLOT 7 5 
PLOT 7 6 
PLOT 7 7 
PLOT 7 8 
PLOT 7 9 
PLOT 6 0 
PLOT 0 1 
PLOT 6 2 
PLOT 6 3 
PLBT 6 4 
PLOT B 5 
PLOT 6 6 
PLOT 8 7 
PLOT 8 8 
PLOT 8 9 
PLBT 9 0 
PLBT 9 1 
PLOT 9 2 
PLOT 9 3 
PLOT 9 4 
PLOT 9 5 
PLBT 9 6 
PLBT 9 7 
PLOT 9 8 
PLOT 9 9 
PLOT I X 
PLOT 1 0 1 
PLOT 1 0 2 
PLOT 1 0 3 
PLOT 1 0 4 
PLOT ire 
PLOT I X 
PLOT 1 0 7 
PLOT I W 
PLOT 1 0 9 
PLOT n o 

SCTF-ENIS JOINING X ' S . THE REMAINING (LENT-LEX) ARRAY PLOT 
ELEMENTS WILL BE PLOTTED AS A SINGLE CURVE. PLBT 
P L 8 T T P C BPTIBN (1 FOR VARIOGRAN. 2 FOR L I F C PROFILE)PLOT 

S I B P T * » 1 MINIMUM Y VALUE WILL BE 0 . AND *NARE»PLOT 
LFTL | BC.PLBTTED IN THE LOWER RIGHT MANO CORNER. PLOT 
X X*.UC FBR FLATTENING POINT OF CLKVC PLBT 

PLBT IB 

W R I T ® . 1 1 0 ) 
110 rOP-ATCBlHIT IS POSSIBLE TO REMOVE A-i . DATA ABOVE OR BELOW A THRESPLOT 111 

1H0LC.) PLOT 112 
CALL 6UFFEM(-6) PLOT 113 
CALL PROMPT (76*CNTER A TVSESHOLD AMC - 1 TO REMOVE LOWER VALUES OR PLOT 114 

+ 1 TB REMOVE HI O C R VALUES. 76 ) PLOT 115 
PLOT 1 1 6 

R E A D S . * ) THRSH.ITYPE PLOT 117 
i r c I T Y P E . E O . - l ) GOTO 140 PLOT 116 

PLOT 1 1 9 
SEMJVE *2ED* VALUES ABOVE TWRESHB.D PLOT 120 

PLOT 1 2 1 
X 120 1 * 1 . NOB PLOT 1 2 2 
I F (ZED ( I ) .GT.TVRSH) GOTC 1 2 0 PLOT 1 2 3 
J = > « : PLOT 1 2 4 
ZED W*> *ZED CI) PLOT 1 2 5 
DIS-U)*OIST<I) P-_eT 126 
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APPENDIX E RESULTS OF GEOSTATISTICAL ANALYSIS OF GEOCHEMICAL 
SAMPLES 

E-1 Introduction 

Most variables studied by exploration geochemists can be considered to be 

"regionalised" in the sense that they demonstrate generally continuous spatial 

variation which cannot be adequately described by mathematical functions. The 

theory of "regionalised" variables" was developed by Matheron and co-workers in 

France, (Matheron, 1963) and has recently been summarised by David (1977). In 

mining problems, the theory and its basic tool, the semi-variogram, are used to 

characterise the spatial auto-covariance of ore grades (ie. the degree of 

variability between adjacent and sub-adjacent samples), in order to make reliable 

estimates of ore distributions and reserves. The method involves interpolation 

between points where grades are known. This application has been treated at 

length by David (1977) and Blais and Carlier (1968). A comprehensive summary of 

the English language literature on geostatistics as applied to mining problems, has 

been compiled by Bell and Reeves (1979). 

The basic information which is provided by a semi-variogram is the 

distance at which two samples are independent of each other. An example is 

given in Figure D-l. In this case the average variance is low between pairs close 

to each other and increases as the distance between pairs increases. There is a 

distance "a" at which the variance no longer increases with increasing 

separation. This distance is called the range and it is an approximation of the 

minimum distance at which two samples are independent of each other. The 

idealised semi-variogram shown here conforms to the spherical, or Matheron 

model, which will be used throughout this discussion. 

In exploration geochemistry the ultimate goal is different from that of 

mining. Instead of wishing to accurately interpolate between points where values 

are known, one attempts to define areas of metal enhancement which m a y be 

related to ore deposits, and to discern "regional" patterns of metal distribution 

which m a y reveal various features of geology, metallogeny, or secondary 

dispersion. One of the persisitent problems in exploration geochemistry is 

deciding what sample spacing will provide comprehensive cover at minimal cost. 

With knowledge of the spatial auto-covariance of the data, one can estimate such 

an optium sample spacing. 
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As stated above, the semi-variogram provides an estimation of the 

minimum distance at which two samples are independent of each other. With 

sample spacing greater than this minimum distance, one cannot gain complete 

information. With sample spacing less than the minimum distance, one is, to 

some degree, duplicating information. In the following discussion the minimum 

independence distance will be referred to as the "range". 

In surficial sampling media there are two levels of "regionalisation" of 

geochemical variables. The "primary" range is a function of variations in the 

geochemistry of the bedrock, and can vary from a few metres to several 

kilometres. The primary range is obviously dependent on local geological 

features, and a range determined for one area or circumstance could not 

necessarily be applied in other circumstances. "Secondary" variation is caused 

by mixing during the erosional process. In soils, for example, the secondary 

range will be in the order of a few centimetres or a few metres. For other media 

such as stream sediments or glacial tills, mixing is more pronounced, and the 

secondary range could be hundreds or even thousands of metres. The secondary 

range is independent of bedrock geology, and hence a range determined for one 

area should be applicable in other areas. 

To date, the application of geostatistics in geochemical sampling problems 

has been very limited. Dijkstra and Kubic (1975) have applied a similar technique 

(auto-correlation analysis) to stream sediment data, as have Hodgson (1972) and 

Webster and Cuanalo (1975) to soil data. Sinclair (1975) has discussed this use of 

serial correlations and has questioned its value because of the difficulty in 

relating test data to data from a real survey. Croissant (1977) and Howarth and 

Martin (1978) have discussed the application of semi-variograms in exploration 

geochemistry. S o m e of the geostatistical results presented in this section have 

been used by Earle (1978). 

The objective of the present research is to further assess the applicability 

of geostatistical analysis to geochemical sampling problems. To this end, lines of 

evenly spaced soil samples and stream sediment samples were collected from 

both mineralised and unmineralised areas. Semi-variograms were constructed 

from the data and the indicated ranges were used in designing further sampling 

programs. 
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E-2 Data Sets 

Soil geochemical data was acquired from an area of lead and zinc 

mineralisation in the Mendip Hills and from the strontium bearing area around 

Latteridge. These data sets have been described in Chapters 5 and 6. In the 

Mendip area, sample lines are both perpendicular and parallel to the geological 

strike, and are in both mineralised and unmineralised areas. In all cases 

considerable effort was made to avoid sampling across variations in soil type. At 

Latteridge, all of the lines are perpendicular to the strike of a zone of celestite 

mineralisation. 

For stream sediment geochemical data, selection of suitable streams was 

based on criteria that they should be free from anthropogenic influences and 

should have no significant tributaries for at least 2 000 metres. Within the study 

area very few streams were found to meet these criteria, and even those which 

appeared to be suitable from a map, turned out to be less than ideal. 

The first of the two sections sampled is within Mells Park, 6 kilometres 

west of Frome, between the National Grid coordinates (722 489) and (704 474). 

The area is underlain by lower-Carboniferous Limestone, middle-Carboniferous 

coal bearing shale and sandstone, and Triassic Dolomitic Conglomerate. Stream 

width averages about 1.5 metres, and depth is about .2 metres. Relief is low, with 

a drop of about 35 metres over a length of 2 800 metres. Sediment samples were 

collected and stream water and temperature were measured at 100 metre 

intervals. A 300-metre section was sampled at 10 metre intervals. At the time of 

sampling the stream did not flow at surface over the 1 200 metre portion 

underlain by Carboniferous Limestone. For part of this distance, sediment 

samples were collected from the dry stream bed. 

The second stream flows over farm land near Pucklechurch, 10 kilometres 

east of Bristol, and is underlain predominantly by Jurassic clay and limestone. 

Triassic Keuper Marl mudstone is also present. The section sampled lies between 

the points (708 767) and (710 752). Relief is very low with a drop of about 20 

metres in 2 500 metres. Average stream width is 1.7 metres and depth is 0.2 

metres. A few hundred metres of the stream has been disturbed by ditching, and 

at one point effluent is introduced from a small water treatment plant. 

Temperature and p H were determined and samples were collected at 100-metre 

intervals. 
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Sediment samples were analysed for iron, manganese, copper, lead, zinc, 

magnesium, calcium, strontium, barium and potassium by emission 

spectrophotometry. 

E-2.1 Mendip Area 

The Mendip area data comprise samples along five lines in areas of 

mineralisation, and two regional lines, one across strike and crossing one of the 

mineralised areas, and another along strike and remote from mineralisation. The 

lines can be briefly described as follows: 

1) Chewton Warren (550 520) - samples at 10 metre intervals over a length 
of 570 metres in an area of lead mineralisation; 

2) Long wood A (530 555) - samples at 10 metre intervals over 200 metres 
in an area of lead mineralisation; 

3) Long wood B (530 550) - samples at 10 metre intervals over 230 metres, 
adjacent to Longwood A, but in a levelled and ploughed field; 

4) Shipham (445 580) - samples at 10 metre intevals over 250 metres in an 
area of zinc mineralisation; 

5) Slab House (593 483) - samples at 20 metre intervals over 580 metres in 
an area of presumed zinc mineralisation; 

6) Compton Martin (546 565) to Carscliff Farm (488 528) - samples at 50 
and 100 metre intervals over 7 kilometres across strike, including a 
200-metre zone with lead mineralisation; 

7) Charterhouse (498 557) to Longbottom (446 566) - samples at 
100 metre intervals over 6 kilometres along geological strike. 

Some of the better fitting semi-variograms are shown in Figure E-l and 

E-2 and a summary of the ranges is given in Figure E-3. 

Representative ranges for the mineralised areas are 200 to 250 metres at 

Chewton Warren, 70 metres at Longwood A, 130 metres at Longwood B, 90 metres 

at Shipham, and 240 to 250 metres for some elements, and 325 to 375 metres for 

other elements at Slab House. For the Compton Martin to Carscliff Farm 

traverse, several of the variables show a nested structure (Figure E-2), which 

could be interpreted by using two models and hence two ranges (cf. Sinclair and 

Deraisme, 1974). Taking all the data for this line together, the two ranges are 800 

to 1 000 metres, and 2 000 to 2 200 metres. For the Charterhouse to Longbottom 

traverse, along geological strike, the ranges vary from 1 300 to 1 600 metres. 

E-2.2 Latteridge Area 

Strontium data for 850 soil samples from the Latteridge area were 

provided by the Mineral Assessment Unit of the Institute of Geological Sciences. 



Figure E-1 Representative semi-variograms from some of the Mendip Hills area 
soil sample lines 



Figure E-2 Example of a nested semi-variogram 
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Figure E-3 Limits of ranges for various elements for the Mendip Hills sample 
lines. (Variables not shown do not correspond to the spherical model.) 
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Samples were collected at 50 metre intervals along lines across strike and across 

a zone of celestite mineralisation. Semi-variograms were constructed for 10 

lines, 4 of which are shown in Figure E-4. The ranges vary from 400 to 750 

metres, with an average of 550 metres. 

E-2.3 Mells Park and Pucklechurch Areas 

The data consists of geochemical analyses of stream sediments as well as 

temperature and p H of stream water, sampled at 10 and 100 metre intervals in 

the Mells Park stream, and at 100 metre intervals in the Pucklechurch stream. 

Results of the semi-variogram analyses are summarised in Table E-1. For most of 

the chemical parameters, the apparent range is in the order of 1 100 to 1 500 

metres. Ranges for barium and potassium are shorter at 950 and 700 metres, and 

that for water temperature is 2 200 metres. Ranges for pH, iron, and copper are 

not given because the data do not fit the spherical model adequately. 

E-3 Discussion 

E-3.1 Mendip Area 

The purpose of applying geostatistical analysis to the Mendip soil sampling 

problem was to establish m a x i m u m and minimum sampling intervals for regional 

soil surveys so that comprehensive coverage of a large area could be obtained 

with as few samples as possible, and so that statistically independent samples 

could be collected from individual mineralised area. Unfortunately it wasn't 

clear which geological features would be most useful to define. Part of the 

difficulty lay in the fact that the various mineralised areas are of differing sizes, 

and some appear to consist of a number of discrete zones. 

The regional traverse from Compton Martin to Carscliff Farm crosses one 

major zone of mineralisation and several smaller zones, and it might be assumed 

that a range calculated from this data could be used as the m a x i m u m sampling 

interval for a regional grid to define mineralised areas. Many of the 

semi-variograms for these data show nested structures, and there are two 

apparent ranges - one at 700 to 1 000 metres and another at 2 000 to 2 200 metres 

(Figure E-2). The semi-variogram for lead, which is the main ore mineral in this 

area, has no sill, however, so it is questionable if either of the two ranges relate 

to mineralisation. The best fitting semi-variograms are for magnesium and iron, 



Figure E-4 Representative semi-variograms for strontium in some of the 
Latteridge area soil sample lines 
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Table E-l Dispersion distances as determined from semi-variograms 
for geochemical data from the Mells Park and 
Pucklechurch streams 

Variable Fit to model Distance(m) 

Temperature Good 2200 

M n Fair 1200 

Pb Good 1450 

Zn Good 1100 

M g Fair 1500 

Ca Good 1350 

Sr Good 1200 

Ba Fair 950 

K Fair 700 
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and most of the variability in these elements is related to bedrock geology, that 

is, conglomerate versus limestone. 

Ranges for the lines from individual mineralised areas vary from around 

70 metres at Longwood A, to over 300 metres for some elements at Slab House. 

In most cases these ranges represent the widths of the individual mineralised 

zones. This can be seen in the data for the Longwood area. Longwood A and B 

are some 200 metres apart along the strike of the mineralisation. At longwood A 

there are two separate mineralised zones, each about 60 metres wide. Towards 

the east, at Longwood B, these two zones merge into one which is about 130 

metres wide. These widths compare well with the ranges for these two lines 

(Figure E-3). 

Semi-variograms from the long traverse from Compton Martin to Carscliff 

Farm were used in choosing the sample spacing for a regional soil grid, and the 

spacing of 1 000 metres was selected (see Chapter 5 for a discussion of the 

geochemistry of these samples). In retrospect, this m a y not have been a good 

decision for two reasons. Firstly, a sampling interval based on these 

semi-variograms should have been chosen at just less than the minimum range, 

(for example, 600 metres), rather than at the m a x i m u m range. Secondly, as 

pointed out above, it is doubtful if the structures identified by these 

semi-variograms actually relate to mineralisation, and hence they should not have 

been used to choose the sample spacing for a grid which was intended to identify 

mineralised zones. 

The semi-variograms for traverses over mineralised areas appear to 

provide valid estimations of the width of the mineralised zones. O n this basis 

one might select sample intervals varying from 50 metres (using the Longwood A 

data) to 200 metres (using the Chewton Warren or Slab House data) for grids to 

identify individual mineralised zones. A square grid with sample spacing of 70 

metres in both directions was used in the Stow Barrow mineralised area. This 

survey was successful in identifying two separate mineralised zones, one about 

200 metres wide and over 500 metres long, and a second 150 by 350 metres. 

E-3.2 Latteridge Area 

The strontium mineralisation in the Latteridge area is far less complex 

than the Mendip lead-zinc mineralisation, and the geostatistical results from this 
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area are relatively easy to interpret and apply. Ranges vary from 400 to 750 

metres (Figure E-5). Since the original data were collected at 50 metre intervals, 

it was possible to simulate sample spacings of 250, 400 and 500 metres by 

replotting only part of the data. Maps for 50 and 250 metre spacings are included 

in Chapter 6 (Figure 6-4 and 6-5), and it is quite clear that very little information 

is lost with the 250 metre spacing. A m a p of the same data with 400 metre 

spacings (Figure E-5) also retains most of the information of the 50 metre m a p . 

From the 500 metre m a p (Figure E-6) much of the detail is lost, but the northeast 

striking zone of enrichment is still apparent, and this m a p could be reliably used 

to select an area for further sampling. 

E-3.3 Mells Park and Pucklechurch Area 

The reasoning behind applying geostatistical analysis to the study of 

sequential samples from streams lies in the possibility that the ranges 

determined might provide some insight into dispersion distances of constituents of 

the water or sediment. These would be the 'secondary' ranges referred to in the 

introduction, and would be controlled by a number of inter-dependent parameters, 

including: the rates of water flow and sediment transport, relative magnitude of 

physical and chemical variations along the course of the stream, the degree of 

mixing between transported material (ie. water or sediment with characteristics 

inherited from some point up stream) and local material (ie. water or sediment 

with characteristics derived from conditions prevailing at the sample site), and a 

tendency for transported material to disinherit previously acquired characteristics 

in favour of characteristics derived from local conditions. Although these 

various mechanisms would be difficult to describe using mathematical models, 

and almost impossible to predict, it m a y be practical to study them, in an 

empirical way, with the help of geostatistics. 

From the data presented above it is apparent that of the parameters 

determined, water temperature, with a range of 2 200 metres, is the least 

sensitive to local changes in the environment. It could be interpreted, then, that 

the temperature of the water at any site is related to the conditions at that site, 

but is also related to conditions all along the stream bed for about 2 200 metres 

upstream. Although this m a y be a reasonable assumption, the significance of this 



Figure E-5 Map of strontium concentrations in soils from the Latteridge area, 
based on a 400 m grid. Concentrations increase with intensity of shading 

Figure E-6 Map of strontium concentrations in soils from the Latteridge area, 
based on a 500 m grid. Concentrations increase with intensity of shading 
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particular case must be viewed with caution. In the first place, the 

semi-variograms used are based on 2 800 and 2 500 metre traverses with 100 

metre intervals, hence the variances for the longer lags are probably based on too 

few pairs of samples to be significant. Secondly, although care was taken to 

sample in the same part of the stream at each site, some of the variation m a y be 

a function of sampling irregularities. 

The ranges for the stream sediment data vary from 700 to 1 500 metres. 

Taking manganese as an example, it could be interpreted that the effects of local 

geochemical variations are smoothed out, by physical mixing and a myriad of 

chemical exchange processes, over an average distance of 1 200 metres. 

The most obvious application of this geostatistical information is in 

planning stream sediment surveys in areas similar to those studied here. Taking 

the ranges as estimates of dispersion distance, one would restrict sampling 

intervals along the streams to about 1 000 metres for the more mobile elements, 

and to perhaps 500 metres if the less mobile elements are of interest. 

Alternatively, in interpreting stream sediment data from this area, one would 

avoid extrapolating beyond 1 000 to 1 500 metres up stream from each sample 

site, as was suggested by Earle (1978). 

E-4 Conclusions 

Geostatistical analysis has been applied to soil geochemical data from two 

dissimilar areas of mineralisation in the Bristol area. The results have been used 

to provide some basis for establishing meaningful and statistically valid sample 

intervals in regional and local soil surveys. 

The Mendip area is characterised by lead-zinc mineralisation in carbonate 

rocks. The size of the surface expression of the ore bodies is variable, as is their 

internal configuration. Semi-variograms calculated from a regional traverse 

crossing mineralisation, with 100 metre sample intervals, have not provided useful 

information concerning regional sample spacing. Semi-variograms for a number 

of short traverses with 10 to 20 metre intervals, across mineralised zones, have 

been more useful. Ranges, corresponding to individual mineralised zones, vary 

from 60 to over 300 metres. A survey intended to reveal the location of all 
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mineralised zones should have a sample spacing of 50 metres. To reveal the 

location of the larger zones, and some of the smaller zones, sample spacing could 

be increased to 200 metres. 

The Latteridge area includes a north-east striking zone of celestite 

mineralisation within an evaporitic sequence. Semi-variograms have been 

calculated for strontium data with samples at 50 metre intevals. Ranges vary 

from 400 to 750 metres. Simulated sample spacings of 250, 400 and 500 metres 

using the data taken at 50 metre spacings, indicate that the sample interval could 

be increased to 250 metres without losing information. At 500 metres the trend of 

the anomalous zone is still evident, although some detail is lost. The optimum 

soil grid for this area m a y be one with 250 metre spacing across the strike of the 

evaporite bed. 

Neither of these studies has dealt fully with the use of geostatistics in two 

dimensions, that is, both across and along the strike of the mineralisation. Such 

information would be useful from the point of view of determining optimum 

spacing between sampling lines, as well as optimum spacing betweeen the samples 

along the lines. In most geochemical exploration programmes assumptions are 

made about elongation of the target, either due to elongation in the host rocks, or 

due to linear dispersion processes. Based on such assumptions, sample grids with 

unit-cell elongations in the order of 10 to 1 (eg. 10 m spacings on lines at 100 m 

spacings) are commonly used. Results from such surveys can be highly misleading 

if the presumed elongation does not actually exist, especially if the data are to be 

contoured. In this connection, Olea (1974) has recommended the use of 

geostatistics and Universal Kriging for optimisation of a computer contouring 

algorithm. 

Geostatistical analysis has also been used to assess dispersion distances in 

stream sediments and waters from two streams in the southeast and east-central 

parts of the study area. For the sediments, the ranges vary from 600 to 1 500 

metres, and it is recommended that for stream sediment surveys the sample 

interval along streams should not exceed 1 000 metres. Similarly, in interpreting 

stream sediment data, one should not extrapolate beyond 1 500 metres upstream 

from any sample site. 



-206-

APPENDIX F ALTERNATIVE EXPLORATION METHODS, AND SUGGESTIONS 
FOR FURTHER RESEARCH 

F-l Alternative Methods for Regional Geochemical Exploration in Karstic 
Terrains. 

Since it is impractical to use stream sediment geochemistry for mineral 

exploration in most karstic areas, two alternative regional exploration techniques 

have been examined. These are hydrogeochemistry and soil geochemistry. 

F-l.l Hydrogeochemistry 

In carbonate karstic systems, ground water flows through fractures and 

cavities that range in width from fractions of microns to tens of metres. Flow 

can be described as "diffuse" if there are very many small flow paths, or as 

"conduit" if most of the water is channelled along a few large flow paths. 

The rate at which carbonate rock is eroded depends on the aggressiveness 

of the water towards minerals such as calcite, and the most important parameter 

in this regard is the partial pressure of carbon dioxide. The tendency for ore 

minerals to be dissolved depends on the p H and oxidation potential of the water. 

From the perspective of mineral exploration one can envisage a "worst 

case" where most of the flow is through a few widely spaced conduits, and where 

the p H is too high and the oxidation potential too low to promote dissolution of 

ore minerals. The "best case" would be where diffuse flow predominates, and the 

waters are aggressive towards the ore minerals. 

Water sampling in karstic areas is most effectively done at springs. This 

point raises another question, as to from whence the water in a given spring is 

derived. In some areas this may be well known, in others it m a y be unknown. 

Water samples are normally analysed for any constituents which might 

reflect presence of ore or gangue minerals. In the case of the base metals, one 

often faces the problem that analytical techniques are not sufficiently sensitive 

to enable one to distinguish background from anomalous levels. 

Seasonal variations in ground water flow rates can affect the 

concentrations of dissolved and suspended constituents. As a consequence, 

sampling programmes which extend over a period of changing flow rate are 

subject to temporal variations which m a y be confused as spatial variations. 
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S o m e of the potential problems associated with hydrogeochemical 

exploration in karstic areas have been summarised. The following points should 

be considered prior to conducting such programmes: 

1) Flow Characteristics and Hydrology. 
It is essential to have some knowledge of the ground water flow 
characteristics to assist in interpretation of hydrogeochemical data. 
If there is insufficient information from previous studies, some simple 
hydrogeological studies should be carried out, such as monitoring flow 
rates, determining major constituents and parameters such as pH, Eh 
and pCC>2, and estimating water budgets. A variety of general 
hydrology and hydrogeology textbooks are available to assist in 
planning and interpreting such studies (see, for example, Davis and 
DeWiest, 1966; Freeze and Cherry, 1979; Burger and Dubertret, 1975; 
Dilmarter and Csallany, 1977; Tolson and Doyle, 1977). 

2) Source Area of Springs. 
In many cases the type of rock through which ground water flows can 
be determined from the chemistry of the major constituents of the 
spring water. The actual source area of the spring can only be 
reliably determined by the introduction of tracing materials to 
discrete recharge streams, a difficult, laborious and often 
inconclusive process. Various techniques for flow path tracing have 
been summarised by Back and Zoetl (1975). 

3) Analysis. 
Most dissolved constituents which are useful for mineral exploration 
are present at levels of micrograms per litre, and their estimation is 
difficult both because of possible contamination, and because of the 
lack of sufficiently sensitive analytical techniques. Concentrating 
procedures are used to bring analyte levels into the range of routine 
analytical procedures, but recent improvements in instrumental 
analytic technology m a y provide a more satisfactory answer to the 
problem. 

4) Temporal Variations. 
Data from the present study has shown significant flushing and 
dilution effects as a function of changes in flow rate. These effects, 
which are most severe under flood conditions, are variable from one 
drainage system to another. During stable periods, when flow rates 
are at or below normal, the water chemistry is also stable and 
representative. Ground water sampling should always be completed in 
as short a time as possible, and should be carried out during a 
moderate to low flow period. 

F-1.2 Soils 

Water- or ice-related sampling media such as glacial drift, stream and 

lake waters and sediments, and ground water, are useful for regional geochemical 

exploration because a sample collected at a point m a y be representative of a 

large area. The same cannot be said of soil samples, because although mixing can 
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occur during soil formation it is unlikely that a soil sample is representative of 

material from more than a few tens of centimetres around the sample site. There 

is no reason to believe, for example, that a zone of mineralisation could be 

detected by a soil sample collected at a distance of ten or even five metres, 

unless, of course, there is a detectable envelope of primary dispersion in the rock 

adjacent to the mineralised zone. 

It follows that in areas which are glaciated, and which have mineral 

deposits without extensive alteration halos, regional soil surveys should be 

designed such that there is a high probability that at least one sample will be 

collected from within a mineralised zone. In other words, spacing should be a 

function of the anticipated size of an economic deposit, as suggested by Sinclair 

(1975). Unfortunately, this principle does not apply to a partly buried deposit 

which has a surface expression smaller than the minimum size for an economic 

deposit. If it can be argued that even the smallest surface showing could lead to 

an economic deposit, then there is no minimum sample spacing which will 

guarantee detection of all deposits. 

Geostatistical analysis has been shown to be useful in interpreting soil 

geochemical data from the perspective of choosing sample intervals. It is clear, 

however, that this tool must be used carefully, particularly in understanding how 

the results correspond with known geology. The application of geostatistics does 

not solve the problem that economically important deposits might have surface 

expressions of varying sizes, however, if it is used carefully, geostatistics should 

allow one to estimate the probability that the use of a particular sampling 

interval will lead to success. 

F-2 Suggestions for Further Research 

F-2.1 Research into the Genetic History of Mendip Lead-Zinc Deposits 

The evidence provided to support the proposed theory of a residual/karstic 

origin for the Mendip deposits is only skeletal. The most likely avenue of success 

to either support or discredit this theory, would be to conduct a thorough 

geological examination of the mineral occurrences. Unfortunately, this would be 

a difficult, expensive and probably environmentally unacceptable undertaking. 

Other possibly fruitful areas of research include: 
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1) careful reconstruction of paleotopography and paleohydrology from 
the Permian to Jurassic periods, 

2) further soil sampling of mineralised areas to better define metal 
zonation, and 

3) thermodynamic assessment of the possible mineralising solutions and 
conditions for ore mineral accumulations under karstic conditions. 

F-2.2 Comparison with Similar British Lead-Zinc Districts 

If the residual/karstic theory for the genetic history of the Mendip 

lead-zinc mineralisation can be substantiated, it would be worthwhile 

re-examining data from some of the other British lead-zinc districts for evidence 

of a similar origin. Aspects which could be considered include: 

1) paleotopography and paleohydrology, 
2) ore textures and evidence for karstification, and 
3) metal zonation. 

F-2.3 Investigation into the Possible Existence of Further Unknown Lead and 

Zinc Deposits on the Mendip Hills. 

Some of the results from the present study indicate the possible presence 

of previously unknown mineralisation. The application of modern mineral 

exploration techniques in the Mendip area might prove to be both geologically and 

economically rewarding. The following techniques are recommended: 

1) extension and fill-in of the soil grid at intervals of about 500 metres, 

2) follow-up soil sampling in anomalous areas at intervals of about 50 
metres, 

3) overburden drilling, with a hand-held drill and flow-through samplers 
in anomalous areas, and 

4) diamond drilling with a small portable drill, in geologically favourable 
areas which are covered by Keuper Marl mudstone. Any such program 
should be combined with drill hole water sampling, and more detailed 
spring and well water sampling than has already been undertaken. 

F-2.4 Geochemical Studies of the Keuper Marl 

The geochemical characteristics of the Keuper Marl are probably related 

to the physical nature of the Severnside Evaporite Bed, and the presence or 

absence of celestite within it. A geochemical study of the Severnside Evaporite 

Bed horizon of the Keuper Marl on a regional scale, and of several vertical 

sections through the marl, could provide useful information as to the genesis and 

likely distribution of strontium-bearing material. 
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These research suggestions are seen only as logical extensions of the 

present study, and are not intended to cover the very many important and 

interesting research topics which could be based on the geochemistry of the 

Bristol and Mendip Hills Area. 
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