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ABSTRACT

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 tobk 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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CHAPTER 1 INTRODUCTION

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
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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)
2)

3)

4)

5)

6)
7)

geochemistry of stream sediments,

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,

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,

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

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,

development of computer programs for geochemical data processing
and interpretation,

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.



CHAPTER 2 THE STUDY AREA

2-1 Location

The area of study comprises some 2 400 km2 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 km square ST, and is bounded by
lines 340 and 380 km east, and 140 and 200 km 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 ORS, 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 2-2  Localities referred to in the text
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Figure 2-3  Major tectonic features of England and Wales
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Figure 2-4  Geological map of the study area -
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Table 2-] Table of formations for the Bristol and Mendip Hills area
SYSTEM GROUP/SERIES LITHOLOGY THIC(:;IESS
3
"l’ U. Jurassic clay,limestone 100
A
p g. Liqss:'lc clay,sandstone,limestone 60-200
:’[ L. Liassic mudstone,limestone, (conglomerate)
c
T Rhaetic shale,mudstone,limestone 10
R
1 Tea Green Marl mudstone
A
s Reuper Marl red mudstone 600
s
1 Dolomitic Cglm, red conglomerate,
c
major unconformity
c U. Coal Series sandstone,shale, (coal) 1100
A Pennant sandstone,shale,mudstone, (coal) 1200
R local unconformity
B L. Coal Series shale,mudstone,sandstone, (coal) 450
(o]
qu Millstone Grit chert,quartzite,sandstone,mudstone 200
F
,E( Hotwells limestone,sandstone 100-300
0 Clifton Down sandstone,limestone,mudstone, (basalt,ash) 100-450
g Black Rock dolomite,crinoidal limestone,chert 100-500
) Lower Lmsn. Shale shale,limestone,sandstone 80-140
E |Portishead sandstone, conglomerate 440
D g Black Nore sandstone,shale ?
5 T | Thornbury Beds mudstone,sandstone ?
o) — — — — — — — — — — — O
N .| Tintern S'stone sandstone,mudstone
i : Quartz Cglm, conglomerate 120
b S |Brownstones sandstone, (shale).
T |st. Maughans sandstone, (mudstone,limestone) 1200
unconformity
s X
b ¢ : Wenlock mudstone,pyroxene andesite 170
L 1 iLlandovery tuff,lava 35
U r
R 5 - - - - - - - - - - — -
1 : Ludlow~Wenlock sandstone,limestone,shale 30
% : Llandovery sandstone,lava,shale,limestone 270
unconformity
Breadstone shale ?
‘Mickelwood sandstone ?

LT ST RF. Y

“OROGENIC
EVENTS

Mg >

ZPHZCOXNMmm

ZPHZOoOUW™Er >0
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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 ORS lies directly and unconformably on Silurian rocks.

The upper ORS 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 ORS 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 ORS. 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
common 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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Figure 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)
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Dolomite, LSh-Limestone Shale, QSG-Quartzitic Sandstone Group, UCS-Upper
" Cromhall Sandstone, CDL-Clifton Down Limestone, CDM-Clifton Down
Mudstone, GCO-Goblin Coombe Oolite, = BRL-Black Rock  Limestone,
SB-Shirehampton Beds, HL-Hotwells Limestone, BO-Burrington Oolite, VL-Vallis

Limestone
HG-HOTWELLS GROUP, CDG-CLIFTON DOWN GROUP, BRG-BLACK ROCK
GROUP, LSG-LIMESTONE SHALE GROUP
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The Clifton Down 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 Down Mudstone overlie the oolitic rocks. In Goblin Coombe
(487 645) on Broadfield Down, beds of olivene basalt and calcareous ash are
present within the Clifton Down Mudstone. Similar volcanic rocks have been
observed at Tickenham (456 716) and Cadbury Camp (454 725). To the north the
Clifton Down Mudstone is overlain by sandstone, whereas to the south it is
overlain by the Clifton Down Limestone. In its lower sections the latter is a
uniform splintery calcitic 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 Down Limestone at Clifton Down (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 Down 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 cm (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
Down (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 cm 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 cm
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
and Triassic (’?l.\eu'dley-Charles, 1970) and this area is no exception. Permo-Triassic
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 ORS, cemented by fine-grained sandstone or limestone debris (Green and
Welch, 1965). Evidence of thick (120 cm) 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 outwash 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 Owen, 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).

On 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 common
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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 Down 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
(O0.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 esturtne 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)
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Figure 2-8  Distribution of drift deposits in the study area

2000

800

600

ETITTYITOTI Y

li
i

1 | . A | T o ‘4w
400 N 500 600 ' 700 800



Figure 2-9  Locations of mineral occurrences within the study area
' (The outctop 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),
Chew Valley (570 600) and Cheddar (442 537). On 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. On 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 mm west of the River Severn, and about
800 mm elsewhere, except on higher ground such as the Mendip Hills where it
varies from 950 to | 000 mm. 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 km 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 Down 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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CHAPTER 3 STREAM SEDIMENT GEOCHEMISTRY

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 km 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

kmz. 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
(i.e., Bristol, Bath and the Severn Estuary), the sample density is | per 2.8 kmZ.

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 um
(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. Map distributions were calculated by averaging all samples
lying within each 2.56 km square map 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 map cell is based on the average concentrations
of several samples (n), its precision is improved by a factor of 1/y/n (Webb et al,
1978).

Webb et al (1978) have pointed out the strong relationship between regional
stream sediment geochemistry and lithology. Some 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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Distribution of stream sediment samples within the study area
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Geological overlay

Figures 3-2 to 3-9
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Figure 3-2 Map of barium concentrations in stream

sediments in  west-centra! England and castern Wales
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Figure 34§
sediments in west-central England and eastern Wales.
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Map of calcium concentrations in stream

Figure 3-3 Map of cadmium cencentrations in stream
cediments in west<entral England and eastern Wales.
(2.37, 37-1.28, 1.25-0.706, 1.7i-343,»243 ppm

Figure 2-3 Mazp of copper concentrations in  stream
sediments in west<central England and eastern Waies.
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Figure 3-6 Map of lead concentrations in stream sediments Figure 3-7 Map of molybdenum concentrations in stream
{ram west-central England anc eastern Wales. sediments from west—<entral England and eastern Wales.
Concentrations from light to dark are as follows (<.76, .76-1.08, 1.09-1.77, 1.78-2.21, 2.23-3.61,>3.6! ppmi}
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Figure 28 Map of strontium concentrations in stream Figure 3-9 Map of zinc concentrations in stream sediments
sediments from west-central England and eastern Wales. from west-central Engiand and eastern Wales. .
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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 ppm.

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 may 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 km.

For presentation of the stream sediment data from within the study area a
resolution of 1 km 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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Figure 3-1C
(a) Histogram for % calcium in stream sediments from the

Bristol-Mendip area. Data are from | square km map celis
calculated by the STRMPLYT routine.

(b) STRMPLT rmap of calcium concentrations of sireain
sediments - 235, 40, 60, 85, 96, 95, 98 and 9%91h percentiles.
Concentration levels from light to dark are as follows: < 3.2,
3.2-6.4, 6.5-10.%, 1C.5-15.7,
>35.4%)

15.8-19.8, 19.9-23.8, 23.9-35.4,




Figure 3-11 (5) Probability plot for % magnesium. The origina! data are

(a) Histogram for % magnesium (as for 3-10a) represented by the curved line, with inflection points shown
by arrows. Points for derived sub-populations are portrayed
as '+', and the sud-populations are represented as straight
lines through these points.

12,5{ o

/./;/. ) j
8.9" P ]

.
’L// T
|
: % : T e a3 80 60 2 e 33

- z CUMLULRTIVE PERCENT
(c) STRMPLT map for magnesium with subjectively chosen (d) STRMPLT map of sub-populations from probability plot.
ciass intervals. (< 2.5, 2.5-3.5, 3.6-4.5, 5.6-7.5, 7.6-8&.5, (light < 5, medium 5-8, dark >8%)

8.6-10.5,>10.5%)

-




-3]-

plot subdivisions (Figure 3-11 ¢ 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 3-10a)

{c) STRMPLT map of manganese percentiles (as for 3-10b)
(<343, 343-491, 492-643, 64y4-880, 88i-1515, 1516-1958,
1959-3528,>3528 ppm)

{b) Probability plot for ppm manganese (as for 3-115)
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Figure 3-13
(a) Probability piot for ppm stronzium (as for 3-115)
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Figure 3-1%
(a) Probability plot for ppm barium (as for 3-11b)
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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 |
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 ¢ and d). The most extensive area of enrichment is the poorly
drained alluvial plain south of Mendip. The anomaly northeast of Bristol, near

Crombhall (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.



{c) STRMPLT map for copper percentiles (as for 3-10b)
{<]1.7, 11.7-18.8, 18.9-26.6, 26.7-40.5, 40.6-55.8, 55.9-83.7,

33.8-176,>176 ppm)
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(5) Probability plot for ppm copper {as for 3-11b)

(d) STRMPLT map for copper sub-popuiations
(light <77, dark >77 ppm)




Figure 3-16
{a) Histogram for ppm lead (as for 3-10a)

(c) STRMPLT map for iead percentiles (as for 3-10b)
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(o) Probability plot for ppm lead (as for 3-11b)
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Figure 3-17
{a) Histogram for ppm zinc (as for 3-10a)
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(b) Probability plot for ppm zinc (as for 3-11b)
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Tigure 3-18
ta) Histogram for ppm cadrmium (as for 3-10a)

(b) STRMPLT map for cadmium with subjectively chosen
class intervals (<.t (60% of data), .4-.8, .9-l1.4, 1.5-2.9,
3.0-5.1, 5.2-7.9, 8-25,>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 wused 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 STRMPLT



Figure 3-19
(a) Histogram for ppm arsenic (as for 3-10a)

(b) Probability plot for ppm arsenic f{as for 3-11b)
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Figure 3-20
(a) Histogram for % iron (as for 3-10a)

(b) STRMPLT map for iron with subjectively chosen class
imerv.;:ls (<15, 1.5-2.5, 2.6-3.5, 3.6=%.5, 4.6-5.5, 5.6-6.5,
>6.5%




Figure 3-21]
(a) Histogram for ppm molybd=num (as for 3-10a)

(c) STRMPLT map for molybdenum percentiles (as for 3-10b)
(<1.0, 1.0-1.8, 1.9-2.0, 2.1-2.9, 3.0-4.1, 4.2-5.7, 5.8-17.6,>17.6

ppm)

(b) Probability piot for ppm molybdenum (as for 3-11b)
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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 Mg 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) Mo
(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 STRMPLT arrays, following
transformation by the variable exponent technique)
No. components 7 6 5 4
% variance
explained &9 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 Mg Mg-Fe-Mn Mg-Fe-Sr  Mg-Mn-Fe
o
c Ca-Sr Ca-Mn-S5r  Ca-Sr Ca-5r
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 may 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 1is 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. Hem and Durum, 1973),
although some of the contamination may 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, may 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 onko hydrous manganese oxides on the alluvial
flats.
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CHAPTER 4 GEOCHEMISTRY OF GROUND AND SURFACE WATERS OF THE
MENDIP 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 may not be
sensitive enough for such a survey, and that deep sulphide ore may not be
sufficiently oxidised to allow its detection in ground water. Based on a study of
the Derbyshire Dome, 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 pH 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 prewashed

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



Figure 4-1 Geological map of the Mendip Hills

Mi lisati
Keuper Marl & younger m:rclézz e
Dolomitic Conglomerate x .zinc
Carboniferous Limestone e —
0 K £
Lower Limestone Shale o
Old Red Sandstone & older

i\
lcngfonf‘h X N :
& Rickford

5%

24 e

IR . ¥ = 57
023 [T T AR ®29
e Tl T 1T Z : w»‘!o;s(wy ,37 -\ . Fa 4 56 K ] o
b R Er] B : PIvEs . e S y - Figure 4-2  Hydrological map of the Mendip Hills
Y Y AT R o el - a o’ showing sample site locations
ol i\ x W% 2w : - - g
o i J Q. pigra | Kheddar T A - /
el Ton I ST I Sne il e G iyiey, WY -
. T - : s PN ’gherbourn,e*[
' MY VTR = SR A e
2“: (‘ )‘ \\ 4 54(.. ;‘

Sample sites ;L SR\ y 137 o g

22  spring ! e ‘ - ?éa Neor I ~

033 stream 6ae Rodney Stoke / = | T T 7 Gurney >49|5

&Wookeyj Hole = L Slade.
—— surface stream g :f/{ oA /.3 ‘// . B ':Lq— _‘_15.\ S %o
50 § [ 1*\h i ke % : > “’», e
: . A"",';e‘"'f,‘ D R latihe T 4;‘,” {1\.,4'@!\4*3.&» L
- = traced sink- spring connection e {-_We o 2, 04, -0 36 3 3;':%01 A_shwick & 2
$t. Dunstan ,‘w__::’ g
o8 460 = -

e catchment area for major spring

47%¢43 R g0



-51-

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) '

12004
900+
"
600- Cheddar
-7 2
300
-54
(o] -
M2
36
-18
Langford
200+
150+
M1
1€ 04
50+ .
Rickford
o MIIAIMIJIJIAIS1OINID’JTFIMIAl

1976 11977



-53-

filled underwater so as to avoid air bubbles. Water temperature and pH were
determined in the field, the latter using a Pye-Unicam-293 pH meter which was
calibrated several times each day with buffered solutions of pH 4.0, 7.0 and 9.2,
and again at each sample site with the pH 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 um) and split into 250
and | 000 ml sub-samples. The | 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 mL 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 Na-DDC 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 | 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,
HCO3 to K are in mg/l, Cd to Zn are in ug/l)

SITE  DATE T PH HCO3 F S04 CA K6 NA K CD CU FE KN FB N
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 U02.0 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 B.6 1.9 0.85 1.45 16,00 20.0 2.2 215,00
004 15/064/76 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 6,50 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 0,153 0.40 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 0,405 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 3464 0.13 26 93 4.8 7.6 2.1 0,25 1.10 4,00 4.0 1.2 90.50
011 15704776 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 85 8.8 .7.8 3.0 1.45 0,75 26,00 8.5 1.2 ?.90
013 1S5/04/75 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 35.00 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 3.3 56.00
017 15704776 11,0 6.7 296 0.07 20 100 8.8 7.6 2.0 0.45 . 4,00 0.9 3.5 467.%50
018 18/04/76 12,0 6.8 296 0,06 29 85 %.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 4.8 2.1 0.15 0.50 10,00 0.5 1.2 .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 4.8 356 0.07 32 85 25.0 9.0 2.1 0,25 0.80 5.50 1.5 1.2 2,40
021 16/04/76°11.0 6.7 265 0.06 18 96 4,5 6.2 1.5 1,20 0.65 S.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 0.45 4.00 0.5 1.2 925
024 16/04/76 9.5 7.1 132 0.06 25 43 7.0 8.9 2.0 2,20 0.40 S5.00 1.5 1.2 93.50
T025  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 34.00
025 16/04/76 11.0 6,8 233 0,10 24 74 7.5 8.0 1.3 0.450.45 6.50 1.0 1.2 34,00
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 47,00
027. 16/04/76 11.0 6.5 2721 0.07 2 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 12.57.5 277 0,19 14 87 11.0 5.9 1.7 0.25 0,60 5.50 3.5 0.5 5.50
030 16/704/76 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 16704776 11.0 7.4 126 0.07 16 37 5.0 4.7 1.4 0,50 0.95 16,00 3.0 B.0 42,50
032 17/04/76 v 6.2 13 0,10 15 7 2.4 50 1.8 0,70 0.85 155.00 125.0 46.0 31.00
- 033 17704776 . 7.4 132 0,08 17 48 2.0 4.6 1.6 0.10 0.45 110.00 23.5 18,0 44,00
634 17704776 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 3465
034 17/04/7¢ 11.5 7.7 214 0.08 21 80 5.3 7.2 2.0 0.15 0,70 51.00 1,5 3.0 3.80
025 18/04/76 $.0 6.8 202 0.06 22 71 4.5 9.4 2.1 0.25 0.70 28.0C 83.0 0.5 2.85
02é - 1E/04/76 12,5 7.2 176 0.23 S 47 7.0 7.7 2,5 0.30 0,35 15.00 2.0 1.2 2.20
037 1B704/76 12,5 7.5 239 (.14 19 83 6.0 6.9 2.4 0,051,106 7.50 1.5 2.2 1.60
- €38 18704/76 12.5 7.5 126 0.20 17 3¢ 4.5 5.9 1.9 0.55 1.40 125,00 7.5 2.2 S.65
039 1B/04/76 12,0 7.3 113 0.09 24 34 3.8 4.1 4.0 0.60 1.55 83,00 25.0 1.2 S.7¢
039 1B/04/76 12.0 7,3 113 0.08 24 44 4.3 6.8 4.7 0.60 1,40 B85.00 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 18/04/7¢ 14.0 7.9 %94 0.14 11 30 S.2 6.&6 2.0 0,15 0,72 41.00 11.0 1.2 3.50
D42 18/04/74 14,0 B.4 174 0,19 1¢ 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 5.9 10.4 §.7 . . . o T .
044 18/04/7¢ 14.0 7.8 189 ¢.17 2¢ S50 8.5 10,2 10.3 0.40 1.05 135,00 &45.0 1.2 S.35
044 18/04/75 14.0 7.8 189 Q.12 20 446 7.% 9.4 B.9 0.35 1.10 105.00 5i.0 1.2 4,60
045 18/04/76 12.5 7.8 120 0.53 & 32 4.6 6.5 1.9 0.75 0,50 20,00 4.0 1.2 2.20
04¢c 18/04/7¢6 12.5°7.7 145 0.20 10 40 7.8 6.5 1.5 0.20 0.8% 13.00 13.0 1.2 2460
047 18704776 15.0 7.9 221 0.,0% 37 100 2.8 B.0 1.9 0.40 0.50 20.00 15.0 1.2 1.15
04 18/04/76 11,0 7.9 221 0,07 45 Bé 2.5 9.6 6.4 06.25 0,70 7.0C 0.5 1.2 2.5
049 168/04/76 11.0 7.0 228 0.17 35 98 7.5 9.0 2.2 0.40 0.60 8.50 2.5 1.2 86.00
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Table 4-] cont.
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SITE DATE T PH HCOZ F S04 CA HG NA K CD N

050 18/04/76 . 7.1 2B3 0.07 18 B& 7.0 4.3 1,40 0.40 0.75 6.0 27.00 23.0 93.00
051 20/04/76 11.5 6.9 334 0.19 24 110 8,5 7.4 1,90 0.50 0.85 4.3 ° 1.00 2.2 245,20
052 20/04/76 13.0 7.2 321 9,34 3% 116 9.5 10.5 2.90 1.10 8.45 0 2,00 4,3 010.00
053 20/04/76 11,5 7.1 215 0.15 34 102 7.8 9.7 2,30 0.70 1.10 3, 1,00 2.2 125.00
054 20/04/76 10.0 7,3 120 0.07 20 33 -4.,7 9.4 2,20 0.01 0.50 0 1,00 0.5 12.%0
054 20/04/76 10.0 7.3 120 0.07 '8 38 7.0 8.8 2,20 0.30 0.80 4.5 .1,00 0.5 13.00
055 20/04/76 11.0 6.8 113 0.08 25 120 1.5 4.9 2,90 0.50 0.75 6.0 1,00 0.3 19.%¢
056 20/04/76 12.0 6.8 302 0.2° 28 102 10.0 7.3 2,90 1.45 0.75 S.5  0.50 15.5 900.00

“057 20/04/76 11,0 6.7 328 0.23 4B 117 17.0 9.5 12.80 . . . . . D

058 20/04/76 10.5 7,2 347 0.06 16 70 4.5 6.4 1.80 0.20 " 0.8%5 3.0 1.00 0.3 4,10
059 20/04/76 11.0 7.3 214 0,07 7 S0 7.0 6.9 2,20 0.15 0.40 4.5 0.50 1.2 3.7
080 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 3.5
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 2.2¢
061 20/04/76 12.0 7.0 246 0.09 24 68 1.5 10.2 2.00 0.90 0.40 4,0 0,45 1,2 BS.50
062 20/04/76 13.0 7.0 296 0.12 46 78 20,5 9.9 1.80 0.45 1.39 3.5 0,50 0.5 .3.3¢
063 20/04/76 13.0 7.2 277 0.09 39 95 24.0 59.0 3.00 0.25 1.30 S.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 0.30 0.5 1.45
066 23/05/76 . 7.5 138 0,0520 S8 5.5 8.6 1.75 1.30 0.35. 13,0 4,00 3.0 B51.%
067 23/05/76 . &.5 126 0,05 18 50 4.2 4.8 0.55 0.30 0.65 300.0 345,00 1.2 27.09
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 43.90
068 23/05/76 + 7.0 195 0,09 15 75 4,1 8.9 1.03 0.50 0.40 150.0 &5.00 1.2 58.00



Table 4-2

SITE=003
DATE

27703776
15704776

15/04/776 11,0

23/05/76
17/07/76
23708776
26709774
16710776
. 24711776
19712776
23/01/77
23/01/77
19/02/77
22/03/77
21/04/77

SITE=007

DATE

27703776
15704776
23/05/76
17/707/76
17707776

23/08/76

26/09/76

16710/76
16710776
C 24/11/76
19/12/77¢
23/01777
19702777
22403777

SITE=014
DATE

23705776
17707776
23/708/76
26/09/76
16710776

24711776

19712776
23701777
19/02/77
1902777
22/03/77
22703777
21704777

- * a

s o o
ot k) oo

N Wm0 oo

Analytical data for water samples from the monthly sampling
stations in the Mendip Hills area (T is in ©C, HCO3 to K are in

mg/l, Cd to Zn are in ug/l)

FH HCO3 F
Teb
7.2 315 0,16
7.2 315 0,17
7.0 302 0,18
7.0 325 0.19
£,8 323 0,16
647, 269 0,16
S 297 0417
6.9 318 0.17
6.9 256 0,15
7.0 271 0.15
7.0 274 0,15
6,9 246 0,15
6.5 280 0,20
7.1 293 0,20
FH HCOZ F
7.2 252 0.14
7.2 252 0,14
7.0 296 0,13
7.1 322 0,18
7.1 322 0.17
7.5 324 0.14
6.8 330 0.16
. 321 0.13
. 321 0,15
7.0 322 0,17
701 307 0,12
7.0 313 0,12
7,0 304 0.12
7.0 304 0,15
FH HCO3 F
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7.1 264 0,19
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7.4 246 0,20
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SITE=018
DATE
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248/11/76
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FE ™M FE IN
3¢5 0,25 1.2 3.80
B0 0,25 17.¢0
745 0.25 2,30
6.0 0,28 32.00
7.0 0,25 2,60
3.9 0,25 J.40
8.0 0.25 1.2 2.2

15.5 0.25 2.80
3.0 0.25 1.75
6.0 0.25 6.00
FE HN N

14,00 1,50 24.5 &0,
3.00 1,00 83.

11,00 1.00 21.5 85,
7400 0.50 2 82,

10,00 1,00 86,
730 0,25 22.5 90.0

12,00 0.25 22.5 87,
6.25 1,50 83.0
.00 0,30 '

12,00 0,50 6%.0

21,00 1,00 14.0 75,

27.00 1.00 72,0

17,00 1.00 14.5 74.0

17.50 1,00 84.0

22,00 0,25 79.0
?.90 0.25 78,
FE MN FE ZN

4,0 0.30 1.2 9.25

4,0 0,30 1.2 9.2%

8.3 0.0 1.2 5,40

6,0 2,00 1.2 5,60

7.0 2000 1.2 5460

0.0 210,00 1.2 12,00

4,0 0,20 1.2 7.25

6,0 ¢G.50 1.7 22,50

25 V29 0.9 4,23

740 W20 2.5 6,00

70 0,30 1.7 4415

9.0 0,25 1.2 5.35

5.0 90.30 5.0 4,50

&0 0.50 1.7 4,80

8.9 Y039 1D 4455



Table 4-2 cont.
SITE=025

DATE T FH HCO3 F S04 CL CA MG NA K ¢t cu FE ®WN FE  ZN

27703776+ 7.1 oo + + 80 8.0 «  0.50 0,60 8.0 1.00 1,25 31
16/04/76 11,0 6,8 232 0,12 26 , 74 7.6 B.,00 1.40 0.25 0.35 10.5 1.00 1,20 36
16/04/76 11,0 6.8 223 0.10 24 . 74 7.5 8,00 1.30 €.45 0.45 6.5 1.00 1.20 3¢
23705/76 . 7.0 233 0,08 23 20 88 B.5 7.90 1.65 . . . . .
17/07/76 10,5 7,2 252 0,10 23 17 92 B.4 8.30 1.70 $.30 0.75 10.0 1:00 1,20 40
22/08/76 11,5 7,2 252 0,09 22 17 96 9.0 15,00 1.8 0.30 0.30 11.0 8,50 2,5¢ 30
26/09/76 11.6 7.1 241 0.06 23 18 94 8.1 19.50 1.80 0.40 0.70 4.5 0,25 1.20¢ 26
26/09/76 11,6 7.1 23% 0,08 22 1B 92 10,0 20,00 1.70 0.40 0.60 4.5 0,25 1.20 32
16710776 10,2 +  18% 0,09 24 15 73 &6 v 0,70 1,090 7.5 0,90 1.20 41
16/10/76 10,2 .+ 186 0.08 24 16 74 6.6 . v39 0,60 5.0 0,50 1.20 29
24/11/76 10,5 7,0 250 0.09 24 16 92 9.6 v 1,50 0.30 8.5 0,257 1.2¢ 39
19712776 . 7.2 225 0,08 23 1% 86 7.2 7.90 1.40 0.50 0.40 7.0 0.25 1.20 3
23/01/77 10.0 6.9 235 0,07 24 1?2 90 8.0 8.55 1.40 0.40 2,05 9.3 0.0 1,20 38
19/62/77 10.1 7.1 233 0,07 23 17 100 8.0 &.50 1.20 0.70 0.30 9.5 0,30 1,20 25
22/03/77 10,7 7.0 283 0.07 28 18 846 10.8 B.,40 1.90 0.30 0.3% 6.0 0.50 1.20 34
21704777 10.2 7.1 249 0,09 22 13 96 6.8 B.461 1,69 0,40 0,45 12,0 0,25 1.20 49
21/04/77 10,2 7.1 249 0,10 23 13 100 8.8 8,96 1,68 0.50 0.3% 9.0 0.25 1.20 38
SITE=027
DATE T FH HCOZ F S04 CL CA MG NA K Ch Cu FE #N FB 2ZN
28703776 .+ 7.0 N v 112 6.0 o 0,50 0443 6,75 0,75 3.0 53,
16/04/76 11,0 6,5 271 0,07 25 , BB 5,0 6.20 1.70 ¢.75 0,30 0.45 0,50 1,2 52,
23/05/76  + 7.0 2B% 0.21 18 18 109 6.0 7.30 2.35 . . ! . . ‘
23/05/76 .+ 7.0 283 0.06 19 19 140 6.0 8.10 2,30 0.45 0.35 5.%0 0,30 4.5 55,
17/07/76 10,5 7,0 301 0,09 20 18 117 6.4 7,67 2410 0.60 1,65 9.00 0,50 4.5 57,
22/08/76 11,0 6.8 200 0,07 19 16 118 6.8 14.50 2.¢5 0,70 0.80 6,00 0.25 2.5 50,
26/09/76 10,6 6,9 295 0,07 21 20 130 6.4 22,50 3.40 0.50 0.70 12,30 0,25 2.5 56,
16/10/76 10,4 + 293 0,07 27 19 128 5.0 . v 0,50 0.80 5,50 1,00 1.2 435,
24/11/76 10.4 6,9 303 0,06 22 16 124 6.3 ¢« 2,00 0,35 5.00 0,25 1.2 33,
19/12/76 . 7.0 286 0,06 23 19 120 5.4 7.00 1.90 C.70 0,35 6.00 0.25 1.2 39,
©232/01/77 10.1 6.7 284 0.05 22 1B 126 6.0 7.5% 2,00 G.,70 0.65 24,00 0.50 1,2 52,
1902777 10,0 6.9 273 0.05 23 15 120 5.4 7.20 1,80 1,20 0,80 17.30 0,50 3.0 S0,
22/03/77 10.0 6.9 272 0,07 22 15 110 4,6 46.20 1.89 1.00 0.45 9.30 0,25 1,2 24,
21/04/77 10.4 7.1 279 0.08 20 11 124 6.2 8.60 1.97 0.4% 0.30 10,30 0.25 1.2 49,
SITE=042
DATE T FH HCO2 F SOACL CA MG NA K Ch CU FE #MN PFE ZH
27/03/76 14.0 8.4 176 0,19 19 . 31 7.4 9.2 4.90 1,25 1.15 17 3.5 0.5 2.50
18/04/76 14.0 8.4 176 0,19 19 , 51 7.4 9.3 6.90 1,25 1,15 17 3.5 0.5 2.30
23/05/76 + 7.7 170 0,24 19 135 54 8.9 10.0 8,73 0.95 0.90 24 4.5 1.2 2.85
23/05/76 . 7.7 176 0.23 19 15 54 8.0 10,0 B.,70 0.&0 0.85 24 4,0 1,27 2,45
17/07/76 18,0 8.1 204 0,28 19 14 44 9.0 8.8 9.45 0.80 1.15 24 1.5 1.2 4.90
23/08/76 15.0 8.0 189 0.15 15 14 52 11.8 39.5 6.23 . . . N .
23/08/76-15.0 8,0 182 0,15 153 15 &2 12,0 33.5 &.02 1,20 1.00 22 1.0 1.2 1.90
26/09/76 15,0 8.0 147 0,17 30 15 94 9.2 27,5 12,7C¢ 0.30 2,20 220 16,0 1.2 £.00
16/710/76 11,9 . 107 0,15 30 18 46 4.2 . o 3,20 2,30 80 3.0 1.2 19.00
24/11/76 8.0 7.9 171 0.15 18 17 332 10.0 o 0473 1,40 40 4,0 1.2 4.50
19/12/76 v 7,7 93 0,10 23 17 27 5.5 9.8 4,20 1.00 2,10 240 17,5 1.2 ¢£.30
23/01/77 . 7.8 7.9 128 0.11 20 15 48 8.0 13,0 4.8 0.40 1,25 110 11.0 1,2 2.50
19/02/77 7.5 7.9 98 0,10 22 13 48 7.0 11,0 4.67 €.5€ 1,70 90 13.5 1.2 22.00
22/03/77 7.5 7.8 115 0.16 20 12 42 4.6 7.9 4,05 0.20 1,25 &0 12,5 1.2 Z.15
21/04/77 10,2 8.3 165 0.21 16 10 60 8.2 11,0 S.53 0,895 1.30 80 S5.0 1.2 1,95

wn o

SO OO O SO
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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, geochemi
(site 14)

cal variations for Lycopodium Hole spring
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Figure 4-9 ;l'emporal 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 (l4), 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 may
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 um GF/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 TDS (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 pH of the 2] 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 hydrogeochemxcal data from 68
sample sites in the Mendip Hills area

00




gical groups

for the hydrogeochemical data from the Mendip Hills

-67-
Means and standard errors (+ 2 s.e.) for various litholo

Figure 4-11

O ————0
AL oERaS———

[ A S e S D D S |0 B P R AN U I A A I
Y T Iy i1 1] Q.

> oo oloeosoeeee

--—-‘

! springs - 42
| streams - 21

7.8+
7.6

< N Q @
N N N O
n o s o= . : = e e jase e
17 ] am § mm
J oolee AV
Q - - -
S

wasnjunae .-..-..-

] S D S R N

sesmi{smaw LY Ty 1)
refes g osies O
- O —_ =

T T snnjnan

oo e . . njn m
o e O Immimme
<oloe J NO rofe<

R TIL - sje

- 22

- e
(3 ¥ W LT T T
solee N soloe

'_‘ - Ol )

TTT 17T 11111

S Old Red Sondstone -29
Carb. Lmsn. inclusive -59
; Carb. Lmsn. exclusive-]2.

i Triassic
B Jurassic- 8

- —— -

|
]

1 T T L} L] L) L] B 1

puy 1
E



-68-

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 COZ-CaCOB-HZO should
account for most of the variation in the species Ca++, HCOB- and H+. Variation
of bicarbonate versus pH 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 pCO2 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 pCO2 of 10-1’5 the pH 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 4#0% saturated. In comparison to other karstic areas,
these waters have high bicarbonate concentrations and low pH (cf. Harmon et al,
1972), and it is apparent that most of the species are in equilibrium with a gas

phase which has a pCO,, of approximately 10712,

4-6  Trace Element Hydrogeochemistry
From Figure #-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 map 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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Figure 4-12 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)
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Figure 4-13 Calcite saturation characteristics for the Mendip Hills
hydrogeochemical data, as shown on a plot of HCO3 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 5!, 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 may be due in part to increased sediment load
(Mill, 1978; Marsh and Lloyd, 1981). Much of the iron may 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 COZ-CaCOB-HZO, in

which the most important variable is pCO2 of the gas phase. Such systems are
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described as "open" if the pCO2 remains constant during calcite dissolution or,
more commonly, "closed" if the initial CO2 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 pH-HCO3 relationship for the Mendip waters suggests that equilibrium
has taken place with a relatively high initial pCO, (ca. 10"1‘5), 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 pCO2 of the soil atmosphere on Mendip is generally less
than 10720 (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 pCO2 values in small fissures 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).

Two 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 pH 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 may 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. On 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 we 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). Two 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. {fnodic 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, 197]; Pickford and
Rossi,1972; Dolinsek and Stupar, 1973; Maines et al, 1975).

Two 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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CHAPTER 5 SOIL GEOCHEMISTRY OF THE MENDIP 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. On level sites a clay iron pan is present and the

overlying soils are gleyed.
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Figure 5-1 Map of soil-type distribution for the central part of the Mendip Hills
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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 (I)
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 minéralisation at Chewton Warren
(line 1), Longwood (2, 3), and Shipham (5), samples have been collected in the
vicinity of mineralisation at Lamb 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 cm depth, using a 2

cm diameter auger. Where the soil was less than 30 cm thick, samples were taken

* In many fields the linear pits left by the miners have been levelled and
ploughed so as to make 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 | 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 mm) material. 250 mg 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 1l 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 Na, which
are arithmetic mean. All are ppm except where noted)

Group Mineralised  Underlying n Ca% Mg% Fe% K% Na
area Lithology
A un-min C. Lmsn 125 .27 A2 3.06
B un-min. D. Cglm 48 .32 A4 3.85
C Chewton D. Cglm 57 .06 36 4.74 .85 251
D Longwood C. Lmsn 39 .42 A4l 4.16 75 289
E Shipham D. Cglm 29 L37 L14 4.22 .88 322
F Lamb Leer C. Lmsn 246 .50 43 6.93 90 415
G Harptree D. Cglm le .37 32 7.70 77 344
H C'house C. Lmsn 34 L5 49 3.58 1L.08 454
I Rookham C. Lmsn 14 2.72 .6l 3.15 102 460
J Eaker Hill C. Lmsn 15 .71 34 4.08 J73 365
K Stow Barrow C. Lmsn 8l .33 M5 3.04 .83 270
Group Mn Cd Cu Pb Zn Ba Co Ni
A 950 2.0 l6.7 347 240 170
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), Lamb 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 I km 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 o samples in
small figures) '

East Harptree
o .15/16

Stow 14.6 /47

Barrow




-85-

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
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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*

GROUP n Pb:Ca Zn:Ca Pb:Mg ZniMg Pb:Fe Zn:Fe Pb:Mn Zn:Mn

Unmineralised

Limestone 125 42 23 =22 .20 .22 43 27 61

Unmineralised

Conglomerate 438 32 45 .10 W46 .30 20 -02 L
Chewton
Warren 57 .37 .38 49 > 63 73 .67 27
Longwood 39 64 .81 -.09 -42 .68 926 68 96
Shipham 29 69 .88 92 76 -12 =15 -4t =52
Lamb Leer 24  -.05 60 .09 A7 .23 .35 .19 A8
Harptree 16 -.02 -.28 -.34 A4 56 .20 -.50 .37
C'house 34 68 42 -.20 .22 JA7 79 49 .87
Rookham 14 42 .35 J4 24 <61 S 78 .63
Eaker Hill 15 -.23 .37 =43 .21 =98 74 -.65 50
Stow Barrow 8l 40 47 19 24 .08 23 .78 J7

*Correlations above the 95% significance level are underlined.
normalised by the exponential transformation technique prior to calculation of
correlation coefficients)

(The data were
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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 ppm, 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 may 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-ll. 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 | km squares)

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-a' 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 | km upstream.

Smelter works were also situated near Charterhouse (607 560), Smitham's
Hill (556 547) and Priddy (exact location unknown) (Green, 1958). Two 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 ppm lead is restricted
to the area within a few hundred metres of the smelter site, and some of that
may 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 ppm, (some 65 times background levels), and the
maximum concentration is 691 ppm. 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 may 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.
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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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25 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 ppm, 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 may 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 | to | for impure carbonate (70 to 80% carbonate minerals) to
more than 100 to | 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 name 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.



-98-

CHAPTER 6 SOIL GEOCHEMISTRY IN THE LATTERIDGE AREA

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
etal (1975). The stratigraphy of these upper Triassic rocks is well defined
northeast of Bristol, near Latteridge (666 847) (Figure 6-]). 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



-99-

Figure 6-1  Geological map of the Latteridge area
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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 km 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

Some 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). On 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 XRF 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
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Figure 6-4 Map of strontium concentrations based on &850 soil samples collected
in the Latteridge area (from Nickless et al, 1976)
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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 may 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. On 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-l. Correlations
amongst magnesium, calcium, copper, zinc and lead are virtually all high, as are

those amongst strontium, barium, sodium and aluminium.



Figere 6-9 Mao of calcium concentrations in scils irom the Figure 6-i0 Map of aluminum concentrations in soils from
Lattericze area. Levels are as follows, from iight to dark: the Latteridge area. (<« 4.0, 4.0-3.6, 4.7-5.5, 5.6-6.1, 6.2-6.5,
<30, L300, b4, 65-2.6, 2.7-4.3, 4.9-7.5,>7.5 %. 7 0-272,27.7 B

(each map cell is 253 by 250 m).

Figure &1! Map of vanadium concentsations in soils from Figure 6-12 Map of zinc concentrations in soils irom the
the Latiericge area. (< 56, 56-65, 66-73, 74-82, £3.92, Latteridge area. (<112, 1{2-154, 155-203, 204-33!, 3324457,
$3-143,>103 ppm) 458-534, > 536 ppm) :

i —




a

Figure 6-13 Map of titanium concentrations in soiis from
the Latteridge area. Leveis are as {oliows, from light to dark:
<632, §32-75%5, 756-900, 901-1077, 1078-1162, 1163-1303,

= 1303 ppm} {each map cell is 250 by 250 m)

Figure 6-13 sap of iead concentrations in soils fraom e
Lartericige area. (<i2l, 121-iel, 152-239, 240-3642, 343-468,

458 ppm)
' L

—_—

Figure 6-14 Map of copper concentrations in soils from the
Latteridge area. {«20, 20-25, 26-3G, 32-40, L]-49, 49-65,765
porm)



-108-

Figure 6-16 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
Mg Ca Cu Zn Pb Sr Ba Na Al
Mg 1.0
Ca 67 1.0
Cu .56 Sl 1.0
Zn .29 34 43 1.0
Pb .29 .37 Sl 17 1.0
Sr .39 Jd4 A5 .05 -1.0 1.0
Ba A2 .0l .08 A7 -.01 .63 1.0
Na 35 .20 .20 00 .06 S 33 1.0

Al A4l .21 .29 .17 .26 .35 Al .29 [.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 may 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.



-111-

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
(Kellaway 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:

[) 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 (193]) 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-l. 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)
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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 may 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 may be of aeolian origin;

4) the structureless dolomitic mudstone is an offshore lacustrine deposit.

On 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 (l1966), 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
may 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 trangression
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, may 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 may
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. On 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 common 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 uncommon 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 common 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 uncommon
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.



-118-

Fragments of iron ore, sometimes siliceous, are common 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 men 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 Lamb 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).

An 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
pump 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 l4l, 226).

The intimate association of clastic fragments with the ore is a common
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 (42l 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 cm 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
ina 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,
1973).

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 mm bands of colloform galena alternating with .5 mm 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 Down. It is
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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 (I5 - 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, [959). 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/l. 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 HZS’ 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, 193)).

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 CO

2
and HZS 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 Libya (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 nhumber 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 CaSOQ versus SrSO4,
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 may 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, 197l; 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
mud 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 mud

and sand, to a framework of limestone fragments with much less matrix material.
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given on Figure 7-1)

Figure 7-2 Idealised cross-section through the Mendip anticlinorium during
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Figure 7-3 -

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
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Figure 7-5 Idealised cross-section through the Mendip anticlinorium during
lower 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 HZS 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 HZS 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 fugacity 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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CHAPTER 8 SUMMARY AND CONCLUSIONS

8-1 Stream Sediment Geochemistry

Data from the Wolfson 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. Two previous erosional periods which may 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 COZ- CaCOB—HZO, in which the supply
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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,
may 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 pH is relatively low.

Concentrations of dissolved lead and zinc range up to 40 and 1 000 ug/l
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.
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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. On this basis it can be shown that there is a consistent regional
zonation in the lead to zinc ratios of the various mineralised zones. On 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 pH and oxidation potential and to changes in the
partial pressures of CO2 and HZS’ 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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APPENDIX A ANALYTICAL PROCEDURES AND ESTIMATES OF
SAMPLING AND ANALYTICAL 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
(AGRG, 1962). Since only one of the samples had pH 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 mg methyl red and 83 mg methylene
blue dissolved in 100 ml 90% ethyl alcohol
b) 0.01 N hydrochloric acid - prepared by diluting concentrated HCI
c) 0.0l N sodium-carbonate - 530 mg dried hydrosodium carbonate diluted
to 1 000 m! with de-ionized water
The exact normality of the hydrochloric acid solution was determined

periodically by titration with the sodium carbonate solution.

Procedure
Two 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:

HCO, " (mg/l) = (T x 61 x Nx 1 000)/V
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where T is the volume of HCI used (ml), 61 is the molecular weight of HCI (g), N

is the normality of the HCI 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 um GF/C filters.

Reagents

a) Standards - 50, 100 and 200 ug/l 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 pH 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 90-0Ol)was calibrated using 25
ml standards mixed with 5 ml of buffer. (The sample to buffer ratio was changed
to 5 to | from the recommended 1 to | 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 um GF/C filters.
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Reagents

a) Standards - 5, 10, 20 and 40 mg/l sulphate standards were made up
from dried Na3SOy and de-jonised 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% ammonium hydroxide solution - I ml concentrated ammonium
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 pH 3.5 with perchloric acid

h) 3 N hydrochloric acid

Procedure

Approximately 25 ml of standard or sample was passed through a 3 cm by
10 cm 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 | drop of thorin
indicator. The pH was adjusted by adding ammonium hydroxide solution until a
pink colour was detected, and then hydrochloric acid solution until the pink colour
disappeared. (According to Fritz and Yamamura, 1955, the apparent pH 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 HCl.

A-L.4 Chloride
Chloride was determined by titration with silver nitrate according to the
method of ASTM (1979a). Analysis was carried out within several days of

sampling, on waters which had been vacuum filtered through 0.45 um GF/C {ilters.
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Reagents

a) Standards - 0, 5, 10 and 20 mg/l chloride standards were made up from
dried (600°C) NaCl and de-ionised water.

b) Calcite solution - an excess of ground CaCO3, 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 K,CrOy was added to
100 ml de-ionised water and AgNO3 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 AgNO3 was diluted in
2 | 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/l standard.

A-l.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 (AGRG,
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 Na-DDC were added. The solution was diluted to 1000 ml in a 21
separating funnel, any metal-DDC complexes were removed by
successive extractions in 30 ml aliquots of chloroform, until
consecutive extracts were colourless.

b) Ammonia 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 pH 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 pH was adjusted to 5.8 - 6.1 by addition of ammonia
solution or nitric acide 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 |
M hydrechloric 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-l.6 Calcium and Magnesium

For calcium and magnesium analyses, samples were vacuum filtered
through 0.45 um GF/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 LaClz. 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 spectrephotometry.

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 humber 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 may differ from those of the
other samples, as may the preparation and analytical procedures. Another
important consideration is that the precision determined for the replicate sample
may 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 incluced 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 DUPAN3 (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 may 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% Mg and 9% at & 000 ppm 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 #00, 4 and 10 ppm 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-1 Analytical precision (in%) as a function of concentration, for 70 pairs
of duplicate soil samples from the Mendip Hills

Ca% Mg% Fe% Mn Cd Cu Pb Zn

Jd-14%  .2-8% 1-10% 100-69% 1-78% 5-38% 300-4% 40-12%
S-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 ppm, except for Ca, Mg 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
RED! BROWN?

Mean Precision Mean Precision
Ca% A5 16.2% .10 33.3%
Mg 3998 6.4% 4154 8.3%
Fe% 4,02 3.2% 2.67 4.7%
Mn 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 GXR-2 is given in Table A-4.

The data from the present study are obviously higher than the Alcott and
Lakin data, however this may 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 1l 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
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Table A-3 Estimates of sampling precision based on analysis of
25 field-duplicate soil samples from the Mendip Hills

Meanl Precision?
Ca .36 35%
Mg 4656 8%
Fe 3.2 7%
Mn 1104 13%
Cd 2.5 21%
Cu 18.3 4%
Pb 2554 19%
Zn 522 22%

1)
2)

Mean of all duplicate samples
Precision calculated from pair-difference to
pair-average ratios
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Comparison of analyses in this study with those compiled

by Alcott and Lakin (1974) for the reference sample GXR-2

This study (n=11)

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 6l6 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?
Ca% .87 22% .25-7.5
Mg% 1.0 13% 59-2.8
Na% .07 40% 0l-.15
Al% 5 19% 3.4-6.9
Ti 830 5% 523-1192
Sr 1028 9% 43-1582
Ba 355 3% 199-813
Fe% 3.1 28% 2.9-6.9
Mn 780 4% 348-1839
Cu 32 12% 15-49
Pb 258 26% 36-407
Zn 27 9% 92-457
\% 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?
HCO3 249 2] 1% 126-321
Cl 15 18 3% 13-20
SOy 23 22 2% 15-35
Ca 106 27 3% 47-120
Mg 8.1 29 4% 4.4-13.5
F .09 25 7% .06-.20
Cd 42 23 29% J5-1.4
Cu .70 23 18% .35-1.6
Fe 9 24 23% 4.5-68
Mn 1.0 24 10% .25-22
Pb l.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 AND DISCUSSION OF THE STREAM DATA
MAPPING ALGORITHM 'STRMPLT'

B-1  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 map cell

from within which they are collected because the sample material is derived



Figure B-1 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 map 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 member 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. Some 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 « andf3,
which correspond to its left and right arms respectively, or similarly, by a radial
line of length r and orientation (a+j)/2 and an angle ¢ (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 ¢ (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 common 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 member 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. Two
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 AWTIl, AWT2 and DWT is summarised
in equations 1 to 3, where AXYi is the area of sector i in cell xy, ATXY is the
sum of all AXYi for cell xy, Ai is the total area of sector i and DXYi 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.

AWTI = (AXYi/Ai)IZ (AXYi/Ai) (N
AWT2 = (AXYi/ATXY)/Z(AXYi/ATXY) (2
DWT = (1/DXY)?)/ £(1/DXY)?) 3)

The aggregate weighting factor is calculated as shown in equation 4, and
for any cell the sum of WTi is equal to 1.0.

WT, = (AWTI + AWT2 + DWT)/3 (4
The final calculation of a value for each cell is summarised in equation 5 :
VXY = ZZWT, (5)

where Zi 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-1.

The sector technique was used to determine the distributions of stream
sediment data for the study area, as is discussed in Chapter 3. A map showing the
shapes of the sectors used in this application is given in Figure B-4. Two other

examples of the use of the sector technique are presented in Earle (1978).



Figure B-3 Results of cell-averaging by the STRMPLT method. (The data are the
same as portrayed in Figure B-l, and the small numbers are those
derived from the STRMPLT algorithm.)
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Figure B-4 Map showing the shape of sectors used for the data discussed in
Chapter 3
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B-3 STRMPLT Program

A FORTRAN computer program, STRMPLT, 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 maximum
sector radius can be defined. Coding 100 samples for input to the STRMPLT
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 map areas
comprising 350, 315, 240, 200 and 90 occupied cells required 71, 56, 35, 26 and 14
central-processing-unit seconds respectively on a CDC 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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COLL SIZC - IN COBROIMATE UNITS. SECTOR RADILS MIN 45 |
LIMIT — IN COORDINATE UMITS. BUTPUT BPTION (D FOR  MAIN 46 |
PRINTED 07, | FOR PRINTED AND TAPE3 8.P), DISTANCE MAIN 47 !
MEIGHTING FACTOR ( I = WHERE WEIGHTING IS 1/DXXD) MmN 48 )
MAIN w9 !
3 MAIN &0 {
COLS 31-80 IWUT FORMAT FOR READING tx:x xy x BQx mx anp MIN 53
XTHTAX (XTHTAX IS READ AS A MEBER BETEEN 1 AND.§  MRIN 52
MO IS EQUIVALENT TO THE ANGLE IM DEGREE DIVIDED MIN 53
BY 20.03¢ AND UP TG 5 DATA VALUES. MIN 54
MIN 55 !
Py MIN 56 |
CIS 1-25 VARIABLE MAPES (5A%5) mIN 57
MmIN 58
CARD 5 _(BrLY MECESSARY I TRPED 0 IS REQUESTED) mIn 58
CRS 1-80 GUTPUT FORMAT (LINE BY LINE) EPCLESED IN PARENTHESES MAIN 60
MIN 61
nIN 62
MRIN 63
MIN 64 —
MmN 5
DIMENSION X1 <36 « Y1 C360) + X2 {380 + Y2 (380 » TWTA (360} + Z (543800 MIN B8
+ PREA (KL +BHIA (X605 +PHIB (I60) + ZEDL (51204205 + JAY (35 +AIC (35) o MRIN 67
+ ROSG (360} + ITITLE G o MAFE (5) + IFMT(B) + FMT (B) MmN 68
MmIN 69
nyx TOPORARY STORE FOR MMBER OF SECTORS INTERSECTING MAIN 70
Y CELL MRIN 71
nICcx TOPORARY STORE FOR AREA OF LACH SECTOR WITHIN CELL MAIN 72
XITITLER 80 CHARACTER HEADING INFOR™RTIEN mIn 73
mrEx  VRIAGLE NAES MAIN 74
xTFMTx IMPUY FBRMAT MIN TS
XFHTE OUTPUT FORMAT MIN 78
REDLE  ARRAY O MAP CELL COMCENTRATION VALUES mIin 77 ;
MIN 7D
‘nc om:nsxons OF THE FOLLOWING ARRAYS MUST BE CHAMGED IN  MAIN 79 '
TO INCREASE THE MAXIMUM NUMBER OF SAMPLE SITES m}n :tll H
MIN !
xx)x LIST OF SAMPLE SITE X-COORDIMATES MIN €2 |
rix LIST BF SAPLE SITE Y-COORDINATES mIn
nex LIST BF DISTAL X~COORDIMRTES AIN |
rox LIST B DISTAL Y-COORDIMATES mIn !
ETUTRX  LIST B SECTOR ANGLES MAIN !
= DATR ARRAY B MAIN i
XEQEAT  LIST OF SECTOR ARERS RN !
MHIAY  LIST OF SECTOR LEFT ARM €5 MIN i
EMIBX  LIST OF SECTOR RIGHT ARM RMGLES MIN i
WOSGX  LIST OF SOUARED SECTOR RROIT MRIN i
|

VARTABLES THE ARRAYS INAFEXMAIN

TS IMCRERSE TWE MAXIMUM NFBER OF
T 4O QXD = HJSTBEQE-O"{N&I&@ T

THE MRAXIMUM MAIN

CRANGE THE
SIZE OF 'RP PROCESSED THE ARRAY XZEDLE MIST B8 RE-OIMENSIONEDMAIN

DIMENSION ABT(15) yDUIT (15D
DATA ZEDL /2000K) ./
DATA NTOT/380/

INITIARLIZE P AMD MUFBER OF SAMPLES COUNTER
DATA PI,MPFVI. 1415Q2655358,0/

INPUT COMTRIX. OMRDS
READ 54101) ITIMLE

®A1m

101 FORMAT

READ (5¢X)  MEL o P17 XSdds YSide XNE s YNE s CL 52+ RMAX  KOPF o 10WF
READ 51 108)  IFYOT
READ (5,10 W T

R FORAT

107

(365>
IF (X0PF .£D. 1) READ 5.101) JFMT

WRITE B3040 ITINE

FOSPMRAT (10X+BA10.

MRITE (56, 105) MEL o QWW-E (M) o= 1, MEL)

FRRMAT (10X 110 31X IDVARIABLES — 15 (R5:20 N

WRITE (65,1060 MT. IFHT

rm*ruax-xm READ FROM TAPE.I1+11N. BY FERIAT.BARI10N
XSl X

"ﬁ-‘\ﬂi

IDINEsXNE

I

WRITE (50307 TXSade TYSMHs IXNEs ITME, LS

rmnwx-m CORMER ~ CuISslMedISaib2/

10X« HPORTHEAST CORMER — (o 15:1He 2 IS 1) 7
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[glale)

PROGRAM STRMPLT

2 100 1B3CRL SIZE = +F§, 1417 COORDINATE UNITSA MAIN 129
HRITE (6. 100 106F MIN 130
IF XBPF EQ. 1) WRITECE.108) JFMT MAJN 131
108 FORRT (10X, AINTAPES BUTRUT RECUESTED rwm’r.unw) MAIN 132
c 109 FORRT (10X, ISDISTANCE KEIGHTING FACTER 1S 3, 0%, 11/} MAIN 133
MAIN 134
% SET RMAX MO 2FDRX IN TERS BF SOQUARED DISTAMCES MAIN 135
MAIN 136
R RIAXSRIR0 X RIRXRPA0 . MAIN 137
RERXERAXERIRX FAJN 138
13 MAIN 138
[ INPUT DATH MAIN 140
c RIN 143
DG 202 J=1,NTBT FAIN 142
c MRIN 143
READ T IFMTD XACI oY1 RN YLD s THTAM « WD 1 LE1MEL)  FAIN 144
IFrEoF om) 209,201 MAIN (4%
201 NUMENUM MAIN 145
MAIN 347
ESTRBLISH RADIUS AND BRIENTATION &F SECTDR HAIN 148
MAIN 140
X=1Q (13 =X1 (I MAIN 150
2r2(D =Yy (N MRIN 153
IFCO 14342 MAIN 152
1 IFn 5.9.6 MAIN 1S3
2 IFN 5,307 MAIN 154
5 = @/ 4Pl . MAIN 155
- MIN 156
& PHls ATANCXU + 2, =1 MAIN 157
MRIN 3158
7 PHlis ATAN (XD MRIN 158
11 MAIN 160
9 Puls 1.5 x PJ MAIR 1B1
MATIN 162
10 Pul= .5 PI MAIN 163
11 Tz THTACI) /38, % PI MRIN 164
PHIA(D = PH]-TH MRIN 3165
PHIB(D = PRI + TH MAIN 186
[+ MRIN 167
RAOSQ= XXX+ YEY MAIN 168
LGT. R0 WRITE®G,1513 1 MRIN 169
151 FORAT('CRCAUTION SICTOR OF SAAPLE *4I3WXIS VERY LARGEX/ADOSSIBLDORIN 170
OF CHORD IMA MmMIN 172
GAOSQ,.GT. RO MIN 172
c MIN 17
c CALCULATE AREA OF SETTDRID MRIN 174
c MIN 175
RAREA (D) =P IXRACSTETHTA LD /18. MmN 176
ROSG (1) =RADSE - MIN 177
202 CONTINUE MmN 178
[ MIN 179
g DETERMIMNE MAFBER OF CRLLS IN X AD Y DIRECTIONS FAIN 380
MmN
203 PeA INT ( OME-XSid /CLSZ+0.5) MIn ::;
MSATINT ((YNE-YS AL S240.5) MRIN 3183
c MIn 164
c START IN Sid CORMER MAIN 1835
c MIN 186
D0 1100 rooms, MIN 187
DO 1000 NY=1,MN AIN 188
c N 188
c CEFINE CENTER OF CELL oMY MAIN 190
c MmN 19)
CEMX=FLDAT 090 WL SZ-CLSZXT.S ¢ XS MmN 192
CENYSFLDAT INY; B 52-QL52%0.5 + YSi MmN 193
c MIN 164
J=0 MAIN 195
SAQT=0. MmN 106
SAICx0, mRIN 187
SOHT=Q, MAIN 188
=4 MRIN 109
C SCAN LIST OF DATA FOR CACH PMRP CELL HRIN 200
c " MAIN 20)
00 4O I=i.Mmm MIN 202
c . AN 203
E CALCULATE DISTANCE OF SAMPLE(]) FROM CELL (MX.HY) MRAIN 204
RN 205
CERX=-X1 (1)) T4 (CENY-Y§ (1) ) XX2 MIN 206
DIST=SORT O3 MIN 207
RO=SORT (ROSQ (I3} MIN 208
4 MATN 208
E IF CELL LIES DUTSIDE SECTOR, GO @M T8 NEXT SArPLE MAIN 210
MRIN 213
c IF OIST-SORT (. SMOL S22 SD ~RO.GT.0.) GOTE 400 AN 212
MIN 212
g IF SAMPLE 1S WITWIN CELL SEY DISTRMCE TG 1,2 CELL SI2E MAIN 214
MRIN 215
JEOIST. LT, (CL32XV.5) DIST=L 52X, 5 MIN 216
[ MIN 217
c CALCAATE ARCA OF SECTOR(I) WITHIN CELL (MXeNY) MAIN 218
c MmIN 218
ARE=C. MAIN 220
cAL xn‘ms:‘rmx.mmc.sz.wnu. PMIB LI «RDIXS (1) 2 Y3 L2 oAREY MAIN 221
IF (. E0.0.) GOTD 400 MRIN 222
N et MAIN 223
AIC LD =ARE MRIN 224
JAY LN =L MIN 225
[4 MRIN 226
€ SUM RREAS OF ALL SECTBRS WITHIN CRIL MRIN 227
C MmIN 228
SAILFSAICHRE MAIn 220
c . MRIN 230
c DIVIDE ARLA(I} WITHIN CELL BY AREALI TOTAL, AND SUM MRIN 233
c . MRIN 232
AOT LD =ARE /AREA (D) MIN 233
SAQT=SAOT+QOT LS | MIN 234
c MRIN 235
c CALCULATE DISTANCE WEIGHTING FACTER AND SUM ALL FACTDRS MIN 236
c MAIN 237
DT LD =1, /OISTEXTOMF MAIN 238
SOMTESDWT +DUIT L MINK 239
a0 CONTINE MRIN 240
rRIN 2471
X"U 7.1 GOTE 1000 MIN 242
IF CU.GT.15) HRITES 90090 JiPXeMY TRIN 243
cnnn FERAT (X 1 INESCAUTION. 3146 MRIN 244
MRIN 245
c CAORATE WEIGHTIMNG FACTORS RS FRACTIONS OF TBTAL WEIGATINGS MBIN
. MIN 247
DO 516 Js=1.J MAIN 248
FOMTSOMT (LD /SDWT MRIN 240
FROTEAOT (LD /SA8T MAIN 250
FRICTAIC (LD /SAIC MAIN 25)
MIn 252
pEL NI AN MRIN 253
MAIN 254
HEIOHT= FDUTHF PBTHFAIC) 73, MRIN 255
MAIN 256
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CALORATE ELEMENTAL VALUES FOR CELL (XY
DO 515 L=].MEL

TEDL Qo MGNY) aZEDL QL o MXG N SEIGHTIZ L e I
COMTIMUE

CONT INUE
CONTINUE

OUTRUT MAP ARRATS
DO 540 L=l NEL

WRITE (56,5200 MWFEQ)

FORMAT (IH1/1HO « 21HT) 13HFAP ARRAY FOR . AS)
00 B30 MY=).N

Mt 1 Y

WRITE (B,525) (ZEDL (L »MXo M) oFIX21 400
FORMATUMN 777712585 .00
IF (R@PF.ED. 1) MRITEQSFMT)  GZEDL (L +1DGI0 oMK oD

Bo
SUBRDUTIME INTRSCT LCENXCEMY 1 CLS2 s PHA « PHB 4 RAD » X1 » Y2 1 ARE)

ROUTINE TO ESTIMATE THE AREA OF INTERSECTION OF R SOUARE
AO A SECTOR OF A CIRQLE

RRGENTS

MEcx X COORDIMATE OF CELL CEMTRE

m Y COORDINATE OF CELL CINTRE
CELL SIZE In COORDINATE LMITS

m ANGLE OF LEFT SIDE OF SECTOR LWRT MORTH:=0 DEGREES

BT ANGLE DF RIGNY SIDE O&F SECTOR LRT NOQTH=0 DEGREES

WMADX  SECTDR RAOIUS I COORDIMATE UNITS

X1 ¥ SArPLE SITE X COORDINATE

rix SAPLE SITE Y COORDIMATE

QLR AREA OF THE SECTBR WITHIN THE COLL. EXPRESSED AS R
PERCENTAGE OF THE CELL ARER

ALGORITHN - THE SOUARE 1S REPRESENTED BY R GRID OF 100 POINTS,
DETERMIME IF IT IS WRITHIN THE

OF POINTS WITHIN THE SECTOR IS PROPORTIONAC
TO THE AREA OF THE SECTOR WITHIN THE SOUARE

WRTTTEN BY STEVEN EARLE — IMPERIAL COLLEGE - MOVETBER. 1975

nnpnnnnnnnnnnnnnnnnnnnnnnnnnnnn

ono

ono

oo ono

(e BN alalal

DATR P1/3.31415Q265358
IPCT=Q

LBCATE POINTS

~h-n-l—-l-0-h8
BU5530EE80 o v & whe

I
-
o

PH BB

RO=R00

00 110 I=1.10

XI = FLDAT(]-}) X C « R
00 100 J = 1,10

Y4 = FLDATCU-1) 3T 4RK

ESTABL ISH POLAR COORDIMATES

=Xy -X3
Yr=YJ)-Y1
RTSORT OO+ YYEYY)

DHECX IF WITHIN RROIUS OF SECTOR
IF R.GT.RD) GOTO 100
CHECX IF WITHIN ANGLE OF SECTOR

JFOO0 14342
IF M 5.:8:6
IF YD 5+0.7
PHIE ATAROXXYY) o P

GoTe

PHIE ATANLXXAYY) Q2. X PD)
GO0

NIz ATAN (XX

[eony:]

PuIs 1.5 z Pl

ooTe 20

Iz 0.5 X PI

IF oA LR) 13.1D-lD

Fe2, x PD PHIB) 4033012

IF OWIB-PRD xm.xs.xa

IF(Q, X P + PHIA ~ PHD) 17,1715
IFOWNIB (2. ¥ P~ PHD 16117417
IF GWIB-PHI) 100417417

IF (PHIA-PRI) 37.37.100

IPCT = JPCT + 3

COMTINUE

CONTINUE

EXPRESS INTERSECTION I TERMS OF PERCENT OF THE CELL RRER
ARE= 0.01% FLOAT (IPCT

RETURMN
(2, 0]
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APPENDIX C DESCRIPTION AND DISCUSSION OF THE INTERACTIVE
FREQUENCY DISTRIBUTION ANALYSIS ALGORITHM 'GIRAF'

C-1 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 McCammon (1976) (see
also McCammon et al, 1979), and algorithms for numerical solutions to the
problem were devised by McCammon (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
FORTRAN 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 FORTRAN
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program called START. As presently written, START is dimensioned for 15
variables and 500 observations. GIRAF is dimensioned for 20 variables and 2 500
observations. Documented listings of START and GIRAF are included below.

The program enables graphical representation of the data, either as a
histogram (Figure C-1), 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 maximum 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-1 Example of a histogram-generated by the program GIRAF
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Figure C-2 Example of a probability-plot generated by the program GIRAF
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a maximum. Using the Tektronix crosswires, the user selects from | to &
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
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Figure C-4 Example of a subdivided population, with the lower sub-population
positively skewed
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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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LISTING OF THE PROGRAM GIRAF

0O NeANONOANAOLONO0ONOOAONOONONONODANONONOON

FILE WITH A SX’O.! BXWY RECORD FOQ
THE MUMBER OF SatPL

MRIN
XX GIRAF ®xxx MAIN
MmN
MRIN
utu.mx:n MM FREWENCY DISTRIBUTIBN AMALYSIS AND :{:
nc:noc:."r:s- m Load PQGO*ILITT SCALE CUMAATIVE CURVES =  MAIN
'R.BJX‘G TE METHACO SUTLINED BY SINCLAIR ~ (APPLICATIONS MRIN
ILITY GRANS IN MINERAL EXPLORATION - ASSOC. OF MmN
:nemnu- EBOEUSTS = SPEC. VUL, 4 - 1878 :{:
+RIN
MIN
AR MAIN
mém EARLE, DEPORITMENT OF GECLOGY. JMPERIAL COLLEGE. LONDON :?:
MRY 1977  CEDIFIED SEPT. 1877 AND FEB. 18730 MIN
LAMGURCE « CFPUTER MmN
FORTRAN—IV — CDC @500 - (IMPERIAL COLLEGE COMPUTER CENTRE) :;:
HAIN
THE DATF FBG Br€ WRRAIABLE IS STORED AS A SINGLY DIMENSIONED MmN
RRAY, FREQUENCY CISTRIBUTION IS YSED USING A HISTO~ PMRAIN
GArY, PO A THLLATIVE CURVE IS !!TTED HITH A PROSABILITY MAIN
SCALE AXSS. DECIPOSITION IS m BY SELECTING INFLECTION MAIN
POIMTS, THE DMK ATIVE PERCENT OF (MICH WILL BE A FUNCTION DF  MAIN
THE RELATIVE PROPBITIONS OF SUB-POPULATIONS PRESENT. :{z
—fRIN
MRIN
Mwsmmmaﬁs@ummm& MmN
UrIT STHAGE REQUIREMENTS, THE HRIN CGVERLAY INCL MmN
SO ETTION B EUSXS T80 BE INPUT, WITHIN THE FIRST PRIMARY MR
uv':?.av THE «ISTBGRAM IS PLOTTED AND POINTS BN THE CUMULATIVE *RIN
OveE ARE CACLSTED.  THE SECOND PRIMARY mnv INCLUDES MmN
ROUTINES FBR msx‘rwn OF THE CUMALATIVE CURMVE, :;:
-t IN
MAIN
BVERLAY O{IF98, Lo ::i:
PREGAYY GIRAF (PP 2318, 0UTPUTE 1318, TAPES: INPUT, TAPEE1318 [3a20al
+ TROE7=1318, TAPL20=1318. TAPE212 1318, TAPE61x1318. TAPESE=1318) :i:
—RAIN
MIN
Lu:rm. UNITS LSED MAIN
EUT FERt TERMINAL MXN
'rwm BITPIT T2 TERINAL
TROET !‘M FBR STBRAGE OF STATISTICAL DATA WHICH CAN BE saw:omm
B8R FUINTED BY THE USER

TR0 FILE sMIDH m ENVARE. OF VARIABLES FMXN

WHIO+ DATR IS WRITTEN ON TAPE21s PLUS R 10 CHARACTER
e FBR LACH WRIABLE., (EG, (FROM COL, 1)) =~ mnv
[ MmN
CoowrR MAIN
LEAC MmN
FRGPES U MAIN
" MAIN
e EACH VARJABLE MRIN

£ SITES ®SITE, THE NUFBERTRIN

QD IMG
E’ u:smnms ENOBSXs AND THE ACTURL DATA, ERCH

MRIN

m b&&b N)S 8L WRITTEN USING THE FOLLOWING SYﬂTE-MIN

bﬂr"[ €21) NSIT.NOBS, (DAT (1) + Ix3,NORS) FNIH

IF Y-ERE IS MO MISSING DATA EMOBSK WiLlL EQUAL SNSITY, MAJN

08, TRAL2D A0 TRPE2) CAN BE LRITTEN USIMG THE ROUTINEMAIN
TSTRETE. &5 DESCRIBED BLLOWD MRIN

MRIN

TROCB] MO TROLRS ARE FILES USED BY ROUTIMES [N THE FSIMPLEX  MRIN
LIy SIE 1.C.C.C. BULL. 6.3/8)  TAPEE] COMTAINS RN
DS'H.CT"G 78R GEMERATION OF MICROF LM PLOTS, RIN

RN

e TN

MAIN

OILUTION PRCEXRE mxn

CAny BE STORED RS A BINARY FILE CREATED HXM!N
TEMENTS -

nE I BTN
™ "lLO-l."c CONTROL STA

TPF BaG IRV
ROPLACT G IwD)

EXTUTION 0F THE PROGR AT A TEXTRONIX TERHXML OO THE!
CRRRITD &UT USIMG THE FRLLOWING CONTROL STATEFEMTS (RSSUMING
THAT TRL20 MO TWPE21, A5 DESCRIBED ABCVE: ALREADY EXIST AS
LtoCM FIES: -

GE'Y &G sy

LIFRESTRND

“SDPPLD A SCRAD « OALFBR=EPL)

FRL NG DETUTION, HXWILH FLBTTX'G INSTRUCTIONS GENER-
ATED OAn BC PROCESSET S THE CONTROL STATEDMENTS -

LIV L ORECs 1)
—anC 1)

I iR COERATION OF TAPE20 MO m:. AND SUBSEQUENT
D!:U'"’ & WRNE IS RVRILIGLE- ANO CAN B DXECTUTID AT A
TEXTRONIX TER-IreR: USING THE COMTROL STATEMENTS -

GET (TR A MSER S DATR FILE MEX )
GET (S TR T2 AP ¥ 2L
~“STRAQT2

ESTARTIE IN THE SAME MANMER.,
7. WITHIN Aerv SEXSTON, cmrnm 1S TERMIMATED MO THE LISER
THE SAE DATA: THE FOLLBWING CONTROL

RETMD CTRPEIC . TRIE2 1)
AP =G IS . CALFBREPL)

n BE

Crwww IO SDABUTIMES CALLED BY MGIRAFX ARE DESCRIBED IN JCCC
Btl. 6,328 &0 6.06. INCLUDED ARE = START.SWITCH(SCALEZ.
PRSP PV WADCPY o MELPAGE s PLB T, L JMAX, S YPBOL + MUMBER » XITRES .

AOOONONaMaNaNANNOAnONNDA0OAORMONANAOaNANNOANAANNONOON0ANANAANANON anonoOnoNonNoOnNOnNnNAn

CBIOWALN

'8318528333331‘3326‘38583 TS%ES%’S‘S&S‘{ES!St&:&&tﬂﬁ&

f289898808828382

R38R

c mIn

COMONAREAR/ FRED (723,35 (72 »COMC (95) ,PLTL (58) L CPCL (2335 » min

+ CPFR (250) «MTRMe, NCLL + 9L, MO MRIN

C MIN

o WFRED® T TIQ NISTDGRA B MA TN

[ 0 5% 7'9' LOWER L!HJB FMI MHISTEGRO~ BIvS PRIN

c wWorCE COCENTRATINS FOR ERCH PERCENTILE OF me. "BeT MRIN

< »CTLE PERCENTILES TER PRCE. PLOT = mIN

[ TraLx COMCENTRATINS INTERPOLATED IN EVEN INTI'?\'&S FROM  PRAIN

[ I CE M]N
[4 ICPFRX PEXCENTILES D ATED FROM =pCTix

c EHTRANE  NIMIR & LBZ 0 TRANSFORMATIONS BR ~ (MUBER: OF mmxn

c TRANSFOR-AT IS

c 2CLx wn OF KIITTOGRAM CLASSES mxn

[4 OF TURSENT WRIABLE MmN

E WO mm' WALLE BF CONTRIL COMPRIND (SEE  STATS: MRIN

. MIn

c COMTIURRERY, NSIT.NERS XN STDV MAIN

MmN

C e ITE MORER F SAPLE n'r:s CINCLUOING MISSING DATAS MAIN

c OBSX NPRER & u:zrvu MIN

t TENE POOLLATION MEAM MRIN

[4 STOVE POPULATION STRNOARD DEVIATION MRIN

C MmN

COMONARERY/ MM, LS. XMC A M RIN

c DIMEESIBN MAPES (15) mIN

MRIN

c e INE NrBER & HITTBGRAM CLASSES IN

[4 TL51% LBER LIMIT & FIRST CLASS MRIN

€ XXTMNCE oanss MAIN

c N ad VALUE OF LAEOA FBR GENERAL POHER TRANSFOR™ min

[ WP EST  LIST OF WARIiak € MAES balial

€ Rin

1 s tal

DATR MUREC A/ MIn

[ Laalal

g MMITIATE GROMICS AD [ IST COMPAND BPTIDNS RIN

MIn

CALL STRRT W) MRIN

CALL SWITCH (SHeRDCPTDD rRIN

CALL sov.au 5) MRIN

CALL WL rRIN

c MRIN

E IPUT INTRMATION FRO™ TAPE20 MAIN

MAIN

RERD (204 1000 NvER. QR ES (L 5 J=1 s VAR MRIM

c 100 FBRMAT 22/ (A1 MAIN

MAIN

E IMCREMENT RECHRD COUNTER, BR INITIALISE AS ) MAIN

s

110 MARECMREL+? MIN

) mIN

E OHEDX FBR DO oF TRPEZ: AND RENIND JF NECESSARY MAIN

MAIN

IF OWrREC.LE.IWD  GETD 310 MIn

REMIND 21 MmN

NAREC=1 MmN

c rAIN

[ LIST COMTENTS O TAPEZ: AMD CURREMT RECORD MUABER RN

MAIN

120 HRITE &6+ 1300 N AN

130 FBRMAT(IGHTAPERS CONTATIE ,12,0H RECORDS/, MmN

DO 150 J=1.NVAR RIN

150 L&ITE(S-IGO’) JIMES LD MAIN

160 rm (B4 RECED -12-3!“"’1 MAIN

WRITE 164170) NREC MAIR

179 FORMAT (ﬂm MEXT RECDRE 1S MUMBER 4124 MRIN

CALL BUFFEM(-& MmN

c MmN

c SELECT VARIMBLE — DR £™2¢ MIN

é MIN

FATN

CALL m‘rtm O TC 3EAD THIS RECORD: OR -1 TO STOF DXECUTIONRIN

1. Ntﬂm rouz::snvc.-n) MmN

RERD 8y X MAIN

IF 0REC.EQ. 0) T 180 mIn

IF ONREC.LT.O0) STOF MmN

c . AN

E ROVANCE TRAPE2] TC APPRISQIATE RECORD mIN

MRIN

REWIND 21 MRIN

OSREC.EC.3) GATD 185 MAIN

DO 180 N=2. MIN

180 RERD @)) RIN

MIn

c 180 NAMEENAMES (MUMFRED) MRIN

MRIN

g LDAD HISTOGRAM BVERLAY AMD BEGIN EXICUTION RN

MAIN

CALL DVERLAY (S441PPO, 1.0 MAIN

c N MmN

c IF (0. EQ. 9 eEXT) GCOTD 12 MM

RN

c LOAD PROB. PLOT EVERLEY AND BEGIN EXECUTION MRIN

[ MRIN

CALL DVERLAY (GaaiIPPR42,0 . MATH

[+4 MAIN

GO 1310 MRIN

[+ MAIN

o N

SUBRDUTINE HELP MAn

c Ll fad

c rRIN

E ROUTINEG TO LIST EXECITION CONTROL COMRNDS MWD THEIR ACTION ::}:

c MIN

mn:ds.u:n) . mIn

100 FORMRY AN

[ :mos IR xx GIow XX ROUTINE// RN

B DA HELP ~ DISPLAY ThiX rd MIN

C 3% EM0 - STOP EXITTION 7’ MRIN

D J4 KEXT = SKIP TD MX VARIAME MmN

E 34 LOGT - LOGULS: TRASFOR™M DATR ~ AN

F 34 ALGT = > DATR ’ MRIN

F 3% - ABOA d MAIN

G 34 HIST - DRAM WISTIGRAM s’ RIN

W 344 TEST - &3 TEST ~» MAIN

H 344 PROB - DA PROGFEILITY PLDT o~ MAIN

] 2% AXES -~ LesEl L ags rd AN

J D% SUBD - PROCEED WiT= SUBDIVISION/ a2 fal

J 38 OF PROBABT ITY RLBT 7 MRIN

J 34 STAT - @@ STATISSICS T TAPET » RIN

K 34 KCPY - YIZROF LM COPY » MmN

K 3% 7N laa il

¢ RIN

LALL BUFFEMI-E; PRIN

min

BYo mIn
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AKX DR MAIN 257
< MRIN 258
c mh'ﬁ MTR FOR XDCTLT — PERCENTILES FOR PHOSMILTY PLGT MRIN 259
C BRE SO ETTED SUCK THAT WMEN EVENLY MIN 260
c L Ax.xs TEY WILL DEFINE A PROBABILITY sanD RN g
c AN
CIPERASRERD 7 FREG (T2) +CLES (72) 1CONC (532 +PCTL (35) «CPCL (250) MRIN 263
- OFR 50 JNTRANNCLL JHE (OMND MAIN 264
= MAIN 265
DETR FUTL  /,79615.006¢1.272/1,558+1.963+2,445,3,073:3,704,4.587, MIN 265
15.422.6.495,7.£36:5.004, 10,562, 12,304, 14, 168, 36.327, 18,681, mIN 267
2 2.7 3. 762+27.055+30.004:32. 98035, 101+39.7,43,288+45. 608,50 HAIN 268
3 5Y.3256.711+6C.3+63.800.57.013:89.996:72,945.76. 238178, 727 MAIN 269
4 81.35.80.673.05.832,07.851,60.400,80,806,02.362,83.511,84,578. MAIN 270
S £5.4:3,06.206,96.627,07.555,96.036,08.432,05.720,90.994,99.204/ MRIN 271
[+ MAIN 272
MAIN 273
!.V:n.ﬂv UIPPD. 1,0t STAT 2
c STAT 3
c STAT 4
[+ STAT .5
< IPAY BVERLAY 1 = CALCLATION OF STATISTICAL PARAETERS STAT 8
c FBR INITIAL POPULATION — DATR TRANSFORMATION — HISTOGRAM — STAT 7
[ CROXATION OF OQUMMRATIVE PERCENTAGES STAT 8
c STAT ©
C —57AT 10
c STAT 11
PRAGR STRT STAT 12
CHTOVAREAL, DAT 2500) JTHISTR STAT 13
[ STAT 14
c pate STAT 15
c D‘ISTB’ FLAG DO'D‘TI'G IF u!smanm DISTRIBUTION HAS BEEN STAT 16
c CALCAATED (1 & YES: O = STAT 17
c STAT 16
CITOVARERZ, FRED (72 1 LSS (72) 1CONG (55) 1PCTL (555 +CPCL (2500 » STAT 19
+ OPFR D «MTRANJNCLL s NAFE s CHND STAT 20
COrORRRERY ns"r.mas.m.s‘mv STRT 21
CAL STATS STRT 22
RETU™ STAT 23
[222] STAT 24
S ORRTINE STATS STAT 25
[ STRT 26
[ STAT 27
t STRY 28
4 nmv‘mw:smmmrmxmxnwmm:usm STAT 28
< ™ LT CONTRX. 8PT. STAT 30
[ STAT 3t
C: STAT 32
c STAT 33
c STAT 24
CPrONVWEAL/ me YONISTD STAT ¥
FRED (72) s QL85 (722 + CONC (55) +PCTR. (551 «CPTL €250) » STAT 36
+ COFR @50 +NTRAN FCLL (NPE.CPPD STAT 37
CEPPONARRERS, NSITMOBS XMENSTDV STAT 38
CHTOSREAL, MBIN IS XINC. XL STAT 39
c STAT 40
Xre—10C.0 STAT 43
OLZST=0. STAT 42
HTRANQ STRY <
c STAT &4
T READ CENENT RECHRD FROM TAPE2) STAT 45
c STAT 46
REAO Q1) MSIT,MOBS» DATID 4 101,MOBS) STAT 47
LRITE G/ BK MOBS . NAE STAT 48
680 FEPNTI4. 20 BBSIRWATIONG INPUT FOR »AI0) STAT 4
ORL BFTEM(-S) STRT %0
c STAT S
< LIST COTRL. SELECTIONS AMD BRANMCH O SELECTED BPTION g;:"l; :g
c
W LML PRAPT (454 ALBGT ALGT s BTRIHIST  PROBINCPY NEXT | END s HELP) 1 #5)  STAT 84
PO G110, OO STAT 8%
110 FOTRT AL STAT 3&
c STAT 57
IF C70.60. 480 ) ST STAT &8
IF J9C.. 4801 P) DAL WELP STAT 5@
IF O0.£0. 45CPY) TALL MARDCPY STAT 80
Ir O70.00. S94EXD SETUR STAT 63
1IF 0.0, aeuoss GBTE 150 STAT 62
I ©r0.(0, 946D G!'m 120 STAT €3
IF CO10.£0. +9LGD GATE 130 STAT 64
Ir Q70.€0.SHISD CALL MISTBUD) STAT 85
I 0. [0. 48THC GBTD 140 STAT 86
=T U STRT 67
c STAT B8
< POV AOREPRIATE TRAMGFORMATION AND RETURN TO CONTRE 3;:; _l;:
c
10 DRL TAG Dems STAT )
STAT 72
crTe % STAT 73
c STAT 74
130 ORL TRUEG oeBs. STAT 7%
NP TR STAT 7%
a=Te SC STAT 77
c STAT 78
140 CAL BPTRAN OLM.MOBS) STAT 79
ore G STAT &0
4 STAT 61
c IF WISTEGEW HAS MET BELM PLATTED: CALL MISTEGRAM ROUTING STRT &2
c (T8 OROLATE FRES. DIST.) HITH MO-PLBT FLAG :;:; :::
4
150 IF OAISTRLES.0 CALL KISTB(ID) STAT 85
g oaasT cru Star o7
ATIVE PCRCENTAGES
‘C: e ne STAT @8
cSSisaLst STAT 80
oo 18C I=2.MBIM STAT €0
C.53(D M SISLBRTIN TXIC STAT 91
150 FRED (D wFRED (1) +FRED (1-1) g:; ?rz;
<
[ CONCIL ATE CORCINTRATION FBR 250 INTERPOLATED VALUES :;:: :;
c
oL Cove LSS QB0 ~0181) 7248, STAT 66
08 170 I=1.20 STAT @7
ol
[3 L =)
c 170 OPFQL (D o131 P I30EL| STAT 100
4 CRLCUNTE PORCENTILE FBR 250 INTERPBLATED VRLUES g::; :g;
4
OALL DITRR 5. MBIM.CLSS  FRED 250, CPCL « CPFR) :}:: :g‘i
c
C LDEAR INTERPELATION OF &8 FVENLY SPACED PERCENTILES S;:; xg
T ES 1
et Do 180 1s3.5% STAT 107
180 DN L DYTRP (PR 250,15 1.0ELCONPCTL (D) (CONCAD) ) g;:; :g
oo §:; 110
S PO TIE owes) 11
lited STAT 312

4 STAT 3123
c LBG 10 TROWESFORMATION STAT f34
c STAT 31%
T STAT 116
COrOUVAREAL/ DAT (2500) LHISTD STRT 317

< . . STAT 118
MESHORS STRT 118

DG 100 1s3.r@3 STAT 120

C STAT 1231
c REPUACE WALLES .LE. 0.0 ®ITW 0.0C¢ STAT 122
c STAT 122
JFOAT(] LE.O.) DAT(I)=0,01 STAT 124

100 DRT(D mi 8G10 DATID ) STAY 125
RETURN . STAT 126

(2, STAT 127
SUBRBLTINE TALOG CNOBS) STAT 128

c STRY 128
c STAY 130
C 10EXX TRANSFERMATIBN STAY 333
c . STRT 132
4 $TAT 133
COMTELAREALZ DAT (25007 +OITSTD STAT 3134
MOS=ORS STAT 3135

« STRY 136

DO 1M 1= STAT 137

100 DATLD =10, onuwm STAT 138
RETUN STAT 139

[a, 0] STAT 140
SUBRBUTIME BPTRAM OO0 M. NOS) STRT 34y

[ SYAT 142
c SYAT 342
c mmmnm usmmvwxnomx STAT 144
[+ XX 4. R.STRT, SBC ) - VOL, 265 STAT j45
c STAT 146
4 SIAT 147
COMFENIEAL, DAT (2500 »CHISTE STAT 340

DATA SMALL/).0E-20/ STAT 340

[ £I8Y 150
MOBS R STRT 353

c STAY 352
4 SEAD WALUE FER LAMBOA STAT 353
c STRY 154
OALL PREFPT(LBENTER LAMBOALID) ST 155

RErOGD XM STAT 156

c STAT 157
[4 IF LAreDA=0, PERFERM LEG TRANSFORFATION STAT 158
c STAT 150
JF oS cLre GT.SMALL) GOTB 3100 STAT 1860

CALL TLEG aas) STAT 161
arrenm STAT 162

STAT 163

c STRT 164
100 FRrel.0x M STAT 165
00 200 I=].M08 STRY 166
XeOAT (D) STAT 187

c STRT 168
c. IF X IS O BR LESS DO MET TRANSFERM STAT 169
c STRT 3170
IFCLLT.SMALL) CBTR 200 STAT 171

DAT (D = OX=_ H-3 , 00 WFXLM STAT 3172

200 CBNTINUE STAT 17
Rrren STAT 174
RETURM STRY 175

oo STRT 176
SUBRAUTINE HISTE(IPLTY wIST 2

c KIST 3
[2 ST 4
c wIST B
[ ROUTINE T0 CACCULATE LIMITS BF WISTOGRAM CLASSES AND wIST 6
c ASSIGN DATA VALUES TO APPROPRIATE BINS HIST 7
C =ST 8
c nST 9
4 LT SKITCH IPO!:ATXHG IF HISTOGRAM SHOULD BE DRAWN #2ST 10
c (eYES, *IST 13
[4 wIST 12
[4 8T i3
c WIST 14
c .IST 15
COMOMARREAL/ TD (2500 «O4ISTD wWIST 1B
COMONAREAD / FRED (72) +(1.55 (72) +COMC (55) +PCTL (55) +CPCL (2500 #2857 17

+ CPFR QB0 s NTRAMNCLL » NAFE , CHND 68T a8
COMOMRRERD, 51T, MORS s SMEAN  STDV ®IST 18
COMBMARERA/ HEIN.CLS1 XINC XM nIST 2C

c HIST 23
O1IsTBa), wIST 22
aHIn=1,0620 ®IST 23

c »IST 24
g CRLCULATE MEAN AND STAMDARD DEVIATION HIST 25
nIST 26

SUreesSS0x=0, 6IST 27

D0 100 1=1.MOBS wIST 28
DATT=ZED (1) . “IST 29

IF @ATT.LT.XHMIIC XHIN=DATT »IST 30
SUMXTSRDDATT HIST 31

100 SSOXrSSLX+DATTEOATT wIST 22

c #IST 33
CBS=rOBS RIST 4

SHEN S KIST 35

c STOV=SORT ¢ IBSTISOX-SUMXESUMG / (OBSX L08S~1,))) w#IST 36
®»IST 37

C SET DEFAR.T BF 130 CLRSSES FOR MC-PLBT MOOE =87 3e
c =IST 3%
M IN=24 #iST 40
JF(ALT.ER.D) GOTD 104 ~IST 41

c HIST A2
E INPUT MO, OF CLASSES DESIRED AND DECTK FOR ACLBWABLE WRLUES »IST 4
wIST a4

L PROMPT (S5MEMTER MO. OF HISTOGROM CLASSES (5:12,10.°,..72) 445 wIST =8

ms-n MeIN KIST 45

c . WIST €7
101 XNQL=tIH NIST g
MXMNCOLERINT ONCL/6.) %6 . HISY 49
IFOCL.GY.72.) XCLsT72. HIST S0
IFOeQL.LT,6.) XCLs6. MIST S3

c NIST 52
c CALOXATE INTERVAL FOR RANGE OF 6 STAMDARD DEVIATIONS hIST 83
c HIST a4
XIMCeSTDVEE . 0L wIST 55

€ HISY &g
c FIRST CLASS IS FEANM MINJS 3 STANORQD DEVIATIONS HIST S
c «IST S8
CL S 1=SrEAN-3, OFSTDVY HIST 59

4 ~IST 60
[+ SHIFT FIRST CLASS FOR PBSITIVELY SKEMED DISTRIBUTIENS WIST 61
c “IST B2
X IrwrSrEAM-2,0¥STDV ®IST 63
JFOMIN.GE. R ITS OLSisIn HIST B4

XL IMESrEAN-STDV HIST &5
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no
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noo

nan

noo

o non

LN GEL X QLSIEXIM
NEITNaINC

RILISh WU TR QLASSES

I=1.v0mc

MOLTEEINT @S 1D 0L SE )/KXNC)M-
IFOCLS.CT.e N MOLSENIN
FOCELT.L MCSsL

03 FRES MOS) A S LSS <.

CAIKATE PELENT FREDUENCY MIDPOINT FOR ERCH CLRSS

s ;:\.s:-x:roc L] .
20 il4 RTi.AIw
=100 TFTES OO

L=~

7285
104 TUSS X FCLSS 3T AT X =13 IXINC

300

101

plo-3
104

§RB

P.IT HISTOGRG IF REQUESTED
IFP.TUER.D) DAL OHIST
TR
[200]

SBRATINE GNIST

= ISTOGRA™ PLETTING ROUTINE

Cr IO PRERZ, FRESCTD c&.SS (72> +CONC (553 +PLTL (55) sCPCL (2500 «
- OPFE 2505 «MTRARNCLL « WAPE  CMND
AORERL/ MEIT(NCRS, SEAN STDV
THTOAREAA/ PEINCLST I XINC XM

CRTAATT MPRERIMG INTERVAL AND LOWER LIMIT OF FIRST BIN

XXIRCBAT DB W) IXINC
SwL e £5 (25 - Q. SXXIC

FINC MAXITUR FREQUDCY PERCENT

TFRESC,

D2 13T Isl.M8TN

TFORESD LSTWRED  YFRED=FREDID
CBVTINE

FRXCHUM W ISTOGRAN PERCENT: OR CALCULATE DEFAULT VALUE

REAO
FEMEXT MIGEST MATIALE OF 10
HRITE 5. 98

{PRXTMU FRED, FB.2/
- Dﬂ" PRI, HIST. PL" Q 0.0 FOR DEFAULT MAX.
CAL BFTE=I-E) .
EAD S5 YFRO
¥ OFB.6T.0.1) WRED=YRO

TFRO=S T (YWRER10.)

IFCOPXIT.) M YFRED YWROZYFRG+L.0
InTy=wRg

ANTE S /YR

ACMCE YRNE A0 MOVE TO START BF KISTOGRAM

CRLL "EPaGE
CAL BLOTE.5:4.0,=3

=l
12i=1 1)

BATZ.Cel.Ce=T

OETERAINE MUBER & SCANLINES FOR EACH BAR AND BAR JRTERVAL

PECARTEQD . A8 IN

XINTE12. QAL OAT O IRASTAH)

XXINTIZIMTIL BAT LA
CASAATE DA HEIGHT IN.JHCHES RND THEM DRAW BAR

0C 153 nxl.eTh

FRg D

Ju /PR
FoW.LT. I, K-!l GaTe 104
00 1z MRl
DAL B ETLZ, 0. "G--u
CALL 2 m’ucv«.-na -)
oeTe
CAL .o‘raamn.a =D
o~T
AL 3.!1'(—!2.0--2.0--3)

LR, HISTRGRA

DALL® S™BO £D.5C+0. 0 . 49+ WHE 10, 0. 10)
CAL SvBa DIC.0150:.70,2700. O DESERVATIONS = 10.0,22)

!'A. WG.“-O S0, . 20.005,0. Oo—l)
CALL S™B&L Q.Cr=1.00:,20:28H €AY
CALL "LrBi (1, 98,-1.G. . 20.80EMN,D, Dn?)
CALL LR 7.2.-1.C:.20.8TDV, 0.0
ICICATE TR e RTION USED

IF NTAD 20030204, 202

CARL SY™BA. (.0eei.5:0.26:26H00, OF IXXI0 TRANSFDRMS = -0.0-26)‘

CALL S B3L £.Ce=1.50: . 28.264N0. OF LDGI0 TRANSFORMS = 10.0.26)
Tvees FLBRY NTRvG )

CALL NPFBER {7.28.~1.5..28.TRAN:D. 04 1)

TR

7O =.£0.~100.) RETURN

CALL S™BA O.Lem2.25:0.35¢ |EHTRANSFORM IS XXX,0.0+16)
CALL WPOER 5.5:+2.25:0.25: XM 0.0:2)
RETUR

o©c
SIDRER.TINE  IWTER (TUsLe X YeNUe W

M
STD DEV ¢ .0.0,208
H

onon
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162
e
104
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THIS SUBROUTINE INTERO(L A
w‘! A U::IHMWS (Y=VALLES) OF IMAT DATA PAINTS IN AN 1-7 PLANE
I

TES, FROM VOLUES OF THE FUNCTION
VER SET 0F ABSCISSAS (X-VACUESS , THE VALUES

A SPGLE W UED FUICTION ¥ & YO

W, ACIMA
ACGORTTHAM 433, COMM. A.C.M.01% (10),914.397)

A SMECTH CUEVE WILL PASS THROUGH ALL THE GIVEN DATA POINTS
A0 HILL AOOERI SPOCTH AND MATURAL, JT 1T BASED B~ PIFCEWISE
FITTING ©F J3-R0 DEGREE POLYNOMIALS, 17 IS INVARIWNT UNDER A
le SCALE TRANSFORMATION Bf THE COORDIMATE SYSTE™,

ILI = Lmzm UWnIT MPBER OF BUTRUT UNIT
= NMPBER OF DATR POINTS (MIST B2 AT LEAST 2

x = ARRRY OF DXPKNSIP‘ L- STORING THE X WALUES BF I%SUT DATA
POINTS (fN ASCEPOIMG BRDER)

Y = ARRAY &F DX?CRS!D! L STORING THE Y VALUES BF T=E€ INPUT
DATA ParINTs

H = WRBER OF PRINTS AT (RICH INTERPOLATION 8F THE Y-WALLE
RO INATEY IS DESIRED (MISY BL AT LERST 1)

U £ ARRAY BF DIFENSION N STORING THE X~wA(UES (MBSL ISSAS)
o THE DESIRED POINTS

V x AIRAY BF DIMENSIBN N CONTAINING THE INTERPOLATED POINTS

MNOTE -

TB BE xrm:mnm 18 PCRIGDIC, & A SET

DATA POINTS SHOULD BE GIVEN AS THE INPUT DATA PRINTS TO THIS
SUBROUTINE,

20MAL INTP
A SET F LR + SINTP

Jm

Dmlm XA s YR sULND 2V IND
v EMCE

PO o RTeYI) Q1T

JTVOLENCE (U300 o CTMYeX24AT 411D « (IFX XS RS HE) o (S SHSAS

- m.m.m.w.ns 0.0
REAL M1LM2+ 10 MM.1E

N
-

IF

LT, OO GO TO GO

11 I=2.10
LI=1) =X(D) 119586
e

CONT,
PV =0

be
i

LOCATE THE

I
IF
IF

80 xx1,M0
* VX

THE DESIRED PRI
are .£5. o 6o 1=

ax .GE. Xap) Ge Te 26
X LLT. X{1) GO

s 2
I s L0
L= I+ MO 2

IF

ax .GE. X{) GO 1o 23

4 8Y By YWHR

43

L L1 ]
EREREEEEES PP AL S & AR TR

EX6SILEHSLERY

51

M = 1

Go

-

IF

TS 24

Nz e}

{(x LGT. IMo GO YO 21

1= Irx

co

™ 30

1=

Go

™ 3

1= .P1

Go

e 0

1=2

IF

<J.€Q.JPV} GC TO 70

wv el
Pm!w MECESSARY X RO Y VRLUES AMD ESTIMATE THEM JF NECESSARY
J=

iF 9

S3323%384

T (Y5 ~ YA) A4

X
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i
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g

rop
QWY

i
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T G M. C.O G2 TS5 INTR 135

W= L5 InTR 136

st = 0.5 INTP 137

€ = 1.C INTR 138

51 T4 xz LOWT o I /5H INTD 135

ST W e, LPD GO TO B0 NTP 14C

e - INTP 141

LA = A2 - 83 INTR 142

T4 = D_EX (MuE-AZX (R2-AD) X (MR-MD) / (SRTSAY ) INTP 143

= x4 INTD a4

Y3 2 ve INTP 3%

a2 = 62 INTP j45

Lol el INTP 347

& 7T ES INTD ja8

G4 T4 = 3 INTR ja5

LT ED 4 ek INTP 150

T = L.5X T WR-AMK (A3-A4) X (MDD / (SAXSA) ) INTP 152

X2 x) - ke INTP 152

YI = Y) - MPEIR4 INTR 183

A2 £ A INTP 154

== INTR 155

[+ CETTRINATLIN O THE COEFF ICIEMTS INTP 156

6 62 = S.000-TY + 10 - TA} R INTP 157

G2 = {-rOrDeTITL £ AIFAY) INTP 158

c CEPUTETION BF THE POLYNOMIAL INTP 155

NWex = ¢ - 2T INTP 380

a0 v = m « IXXW1 « DXTWD2 + DXV INTP 162

Ltaa) INTP 162

4 G =17 . INTD 316D
0 WEITE (U 2D INTP 3

G2 T¢ e INTP 165

$1 WRITE JU.2O08D INTP 166

Ge TC % INTP 167

5 WRITE (Y2095 INTP 16€

T §7 INTP JES

9E MRITE IIU.20960 INTR 470

€7 WEITD U208 1D INTP 171

99 W ITE (V2088 LDiO INTP 172

RETURS INTP 473

2060 FARRTIX/2ZM XX L = ) Oﬂ LESS /) INT? 174

251 FRRRTUXZDY =X N =3 0 BR INTP 175
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KK (D=
Ixle3

Rttt of

DETERMI™E CONTRIBUTION BF ALL LCWER SUB—POPULATIONS
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B DD = (PCT-PP (2) ~PP (3) PP () PP (53 /PROP (1)
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+ /°COFIDECE LEVEL, ROL-SMIR STATISTIC IS *»F5.3
CALL BSFER(=6
RETU™
[300]
SUBRBUTINE KS 0v:D 4S54 HSUB DN
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DATR CSTRIT/L.axs1.758:).460+1.628.0.0816+0.095.0.95%,1.035/
MRITES.an D
0 FORMAT 2RI PERCENT SEPARATION = +F4. 1)
o=
XEMN
IF O EC. 30 GTD 52
CALTWATT KELMOGORIY SMIRNOV STATISTIC
- n-sx'\zxr:,/:x.z:

O3 { O0Xel, L35 0 11 /KL XDED, 01
[ceaicl -

X=SORT G
OraDIT. 018 X-0.2140.F5/0
o4

COMPARE WITh TRALE
60 IF ON. . T.KSCRITP+1:) GOTD 160
0C I0C J=1.4
SIS

=ty
IF ON GERSCRITOQS S GOTO 150
100 CONTINE

150 SIS=A ot
RETURS

160 515386.C
RETUR™N

oo
AACTION PCTRGN

CHITONAREAZ 7 FRER (720 +LLSS {723 s CONC (55) 4 PCTL (35) »CPCL (250
+ CPFR 5L «NTRAM ML L «NAFE  CITYD

ROLTINE FBR TBMVERSION DF PLOT POSITION TD PERCENTILE

TPOLTHE  X-LIORC TNATE POSITION [N JMCHES
BTTAE CIRESSIOING PERCENTILE (RETURNED)

.
HIDTH=12.C
CAROART PESITION IN TERMS OF INDEX OF PERCENTILES
AerG T x-AxIS
POS=PEETRASIDTIANA, + 8,
IF PCS.GT.55.00 PE3=%5.0
IF 085,071,050 POS=1.0
TRICxa INT PP
FRACT=PES-TRAIC
FI"O MEARESY FDPOER [F XPCTLE AND INTERPOLATE LINEARLY

mnrn.:a-s- )-0"".
PCTAPTASRACTROC. F
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noponann n

ann

nonoonon

RETLON TEST
2] TEST
FLACTION PESA LT . TEST
TEST

COMMONAREAD, FRES (723 +C_48 (72; +CONC(SS) PO, (855) ,CPCL L2805 o TEST

+ DPFR @500 «NTRON ML o g M) TEST
TEST

TEST

&OUTINE FOR CONVERSII™ O PERCENTILE TO PLOT PESITICN TEST

TEST

weTE PERCENTILE e UE TEST
EUSAT  CRAESPONDING X-AXIS PESITION IN INCHES TEST

TEST

TEST

PRONT2PCT TEST
WIDTw=32.0 TEST
TEST

FINO INCEX OF MEARCST ~EMBER OF ¥PCTLE AND INTERPOLATE L INEARLYTEST

TEST

IF (PRENT.GT.PCTL (1) GET® 110 TEST
pOsasg, : TEST
RETURN TEST
130 IF GRONT.LT.PCTL (%17 GE™2 120 TEST
POSATUIOTH TEST
RETURRY TEST
120 D0 150 15255 . TEST
IF PRONTHCTL (D) 1304140150 TEST

130 DELT#PCT (1) ~PCT (I-2) TEST
2 SOCTL (1433 060 T TEST

POSA= ((FLORT (]~ X)m'ﬂb‘ D) ®=AIDTH TEST
rrm GT.HIDTH, POSAsWIZ TEST
TEST

14 BBSEt (LOAT (T 103 /54, T afD ™ TEST
> TEST

150 CONTINUE TEST
RETURN TEST
[ TEST
SUBRILITINE STATOP (MT, TEST
TEST

TEST

ROUTINE TO OJTPUT STATISTICAL PARSPFETERS FOR MRIN POPRATIONS TEST

@O ALL SUB-POPILATIEN TEST

TEST

rx OUTPUT DEVICE (6 = TERMINGL, 7 = TAPET) TEST

TEST

TEST

COMOMPAREAZ, FRED (725 »CLES (723 +CONC (35) aPCTL (55) 1 CPEL (285 o TEST

+ CPFR (250) JNTRAM NCLL + WPE MO TEST
COMPONAREAD, MSIT,NOBS . XEN.STOV TEST
COTErURRERA, FEINICLS]IXIC LR TESY
COMMON/ARERS./ PROP (5) 1+ SLIP (5) «F TRST (51 4CON (5,55 4 PC (5,55} 4R (5) »  TEST

+ FLEX(5) JNSUB TEST
COMOUAREAG., SCTMING YINC: IMIN. YSCALE TEST
TEST

S TENS TEST

100 Mfuxs«srﬂvs‘rrcs Pk CAiD/omMMD. OF DBSERVATIONS = +J4/ TEST
IneER = +BB.Z/1THSTD. DEVIATION © 4F6.3/) TEST

TEST

IF OTRAR0 110,330,120 ST

110 WRITEQHT,315) ~HTRAN TEST
115 rm*ruz.w 10X TRANSFBRIMATIONS /3 TEST
GOTe 3 TEST
120 LRITE G471 1259 HTRARS TEST
125 FORRTII2. 244 LOG QIO TRAMSFORATIONG.) ST
GaTe 35 TEST
TEST

130 IFOEM,LT. 89,0 GETR 12¢ TEST
WRITE (MT, 1310 XM TEST
131 FORMETC'XTEC4FE, 34 '3 TRENSFORMATIONS */) TEST
TEST

195 I qmum LE. 1) RETUR TEST
09 150 J=: TEET
SN oo THeT 7 SE.OVSLIP L TEST

WOF L Xz, 3 /5 Bk EeT

T\ 140) . INAFE (PRDE L) XIS, 1 XENSDY “EST

140 FUQ“T(Q-E.JBV" 2 I0v5H TR WRI0FS5.2,37H PERCENT OF YOTA. TEST
+ TPEAN = 408.3.64 STDV 5 +69.3/ TEST

150 CONTINE TEST
TEST

RETU TEST
[aY) TEST



LISTING OF THE PROGRAM START

4
< CMRIN
E xXFExX STARTY zwx mmIN
N
< DFTIRACTIVE RBUTINE TD CREATE An INDEX FILE MO BIMARY DATA  IAIN
E FLL FOR POUT TE TE GRAPHICA, PROGRAFS IGEBSTATE MO IGIRAPE MAIN
- mIN
3 nin
c mn
c anes MRIN
< én::wcuu:.nunnﬂnw OF CEDLEGY. IMPERIAL COLLEGE, LEMOOM PMRAIN
= Ml
< LN 3978 OWOIFIED ) RIN
c LWGIGE . CBFPUTER MRIN
¢ FERTRA™ Iv - CDC 8500 - IMPERIAL COLLEGE COMPUTER CENTRE MmN
c ETHEC MIN
c mesammn»mxmmonmxsﬂzmmm HRIN
c A LBCA. FILE XMO-M AS TAPE4, THE USER SUPPLIES THE MUMBER OF AN
[ WRIANES, TE DATA TYPE (JE, HETHER A LIST OR PP ARAY) s MAIN
< e WUES MO THE INCUT FORMAT, FSTARTE WRITES AR mocx RIN
c FL.E, OMLED TAPER0, CONTAINING THE MUMBER BF VARIABLE MRIN
c ABLE WPES, ALL BN SEPARATE LINES. A SECOND FILE, 'rvczx. MAIN
c POLUOES @ SEPRBATE RECHRD FOR EACH wmre;:. COMTRINING THE  tRIN
c NIBER O SAPLE SITES ANO THE DATA LIST. MmN
E mIn
—tRIN
€ MAIN
c AN
PRECKAP) STRRT (TWOUT, W-x:xs.vch.mxm.vmm MAIN
- TRPL20,TRRE21) MRIN
c miIn
c LBGICA. UMITS USED RN
c MIn
c TAE4  FILE CONTAINING BRIGINAL DATA mIn
c T™"ES TOUT FRBN TERMING mIn
< TROEE  GUTPUT TE TERMIMAL N
c TOEX DOEX FILE BUTPUT RIN
< TRE21  DWTR FILE BUTPUT AN
: =
c i
c MAIN
g CETUTION PRECETARE :m
c NE PESORARY CAN BE STBRED AS A RELBCATRBLE uvwn FILE, MAIN
c CRENTED FRBM THE CARD DECX USING THE CBMTROL STATEMENTS ~ :;:
c
c "F BITIRTES . MIN
c REPLACE (STRRTE) mm
c
c OECUTIIN AT A TERMIWAL WOLD THEN PROCEDE AS Fi u*as.nsmnumm
c TAT NE DATA FILE EXISTS RS A LECA. FILE CALLED TAPE4 mm
c
c sTRTS. MAIN
[+ MAIN
€ . TAPER) CAN BE SAVED, BR REMOUMOMAIN
c A DPUT T8 THE SGEBSTATE BR FGIRAF X ROUTINES. N
[ AS M A_TORWRTIVG, PRECIDURES FOR TRRTX THEN  MRIN
[ [Syts] [ lmm ARE AVAILIABLE AMO CAM BE USED,  MRIN
c AT A TEXTRONIX TEOPUMAL: AS FOLLOWS — :;:
¢
c GET STRETI AP RCD ... START2 FBR GIRAFE MIN
€ -STeErTY MK
[4 . MIN
: miIN
C: PR IN
[ MIN
c MmN
T4 YRR L NVOR L HOBR o IFMT (8) WMTIP (NS TTIDAT (15+500) RN
bxmxm mﬂ:us) MIN
c mIN
c WOATX  PAXIMUM NMBER OF DBSERVATIONS MRIN
c wARRE  MPBER OF VARIABLES MAIN
c WAPRT  MFBER OF VARIABLES PER INPUT RECORD CMORMALLY mIN
c EQ, TO EMWRX) MAIN
c WEBAY  NMMDER OF OBSERVATIONS PER INPUT RECORD CORMALLY  MAIN
c um& ™ 1 MATN
Cc btidatid OUT FORMAT MAIN
c ®»TIPT  LEGICA unn mcn I'DR DATA IMPUT miIN
c 1T nru: s«n MmN
c WATE 0ATR mIN
c merEx  LIST OF mu»eq.z NAME'S MIN
c MIN
[4 MRIN
c TO INCREASE TME MAXIMUM NUMBER OF oescavwrxms [ mxau.:s MIN
c THE OITMEMSIONS BF THE ARRAYS XDATX AMO MWAHET MUS MRIN
€ C#GED: MO A MNEW WALUE nnracnsxaﬁutn:mmn. ::ﬂ
c
~08 =500 MAIN
- TOza MAIN
c MRIN
c 7 IN
c MIN
c DISPLAY HEAOTMG AMO REQUEST TYPE OF AMALYSIS ::g
c
MRITE (5 10X MAIN
100 FOR-AT XM REUTIME T8 RE-FORMAT DATA FOR INPUT TB/ MmIN
1 20+ GED-STAT AFD GIRAF ROUTIMES./ AN
H % TYPE 1 FOR GED-STAT OR 2 FOR GIRAF, :{:
4
READS. % IPT PRIN
IF (35°7,ED.1) GOTB 400 :;:
c
3 = GIRAF XX  ~  REGUEST MUMBER OF VARIABLES :m
c
HRITE 80 12 AN
12 FBERT XN ENTER MUFBER OF VARIABLES (1-15)) MmN
REFC S % MR mIN
‘ e i
WRITE (50122
122 FOPET OG0 ENTER N8, BF VARIABLES PER IMOUT ROW. 212,19 - UNLESS MAIN
IGRID DATRO mIN
e PR MIN
¢ 2 i
WRITECS
124 v-urw‘r”E @3¢ ENTER MD. OF DBS. PER INPUT REM (1 LMLESS GRID DATA)) PAIN
RESOGB  HOBR AN
c MIN
HRITE G XD MIN
130 FBTRT (414 ENTER VARIABLE MWAES (RID) BME AT A TIME) :f:
00 :50 Jri.eweR
REAC T 14D MWELD MmN
140 FOERT D MRIN
150 CONTIME mf
¢ HRITE 84160 :;
360 FEEPET (a3 DTEN FBORT FOR LINE-BY-LINE INPUT OF REAL DATR MAIN
LRERC 537D IPMT MRIN
17T FOERTEAD iy
¢
c I%UT DATA INTD ARRAY XDATE ::g
T o pe N
¢
< OETX IF MISSING DATA SCAM IS REDUIRED :}:
c
IF OGIT.LY,D GOTe 300 tRIN
R ITE 8, 2008 MRIN
200 FECPRT 284 TYPL 1 FOR MISSING DATA SCAN MRIN
REAC 5% RISS :}:
c
mIN
T3S 5. GOTB 220 mm
& ITE 62100 N
21T TRRT ax- ENTIR RISSING DATA CODE (REAL)) :;:

REOC 5.

vANARILN

“..

S85RRE8283R2RRTAT= 2L

&g

288

< MAIN
‘C: MRTTE B3 BN FIRSY LIME BF TRPE20 MAIN
MRIn
220 WRITE (20,2215 NWAR . MIN
21 FEERTID . MAIN
MAIN
D0 240 J=1.MVWR MIN
IF eUss.te.o GaTe 230 MRIN
MIN
E TEST FOR MISSING DATA &0 REARRSMGE NDATE MAIN
MAIN
MBS0 RN
. DO 225 I3 NSIT AN
IF ORY Js 1) .E€Q.CODE) GOT 225 MmN
NOBSTNOBS+1 RN
DAT U MOBS) SDRT (Je I MIN
225 COTIME MRIN
RN
ceTE ) MIN
230 rmS=ns T MAIN
c - MAIN
4 R EACH VARIABLE WRITE N BN 'nﬂ:zu WO =5ITX, MAIN
‘C: »OBSE  AND DATR LIST BN TAPE2! . m}n
AL
31 uzrrran.um MNAME LD mMin
TTEC21) MSITMOBS: CDAT LIS 1) » Ix]  1OBS) MAIN
240 mrrnu: MIN
MM
C DOICATE PRICESSING COrPLETE ﬂi;ﬂ
MRIN
ERITE (6. 2500 NVWARINS HAIN
250 FBRIT QI3 DATA u:rrrv« TO TRPES 2C AND 21/12.144 VNUNLES AND . TARIN
14134 SAHPLE SITES) MAIN
STee [3220]
[ MmN
c ) mMIN
c == GEWSTAT =X - REDUEST MUrBIR BF WARIABLES MIN
[ MRIN
400 WRITE 5. 4100 miN
4)D FORIAT (334 ENTER MUMDER OF VARIABLES (1-14)) MIN
READ S, X) MVAR MmN
-3 MAIN
MRIN
rOBRE ) MRIN
c MRIN
c REQEST VARIABLE NP ES L e ___ MmN
& . MmN
HRITE 6, 130 MmN
00 420 J=2.NVR MRIn
A20 RERD 54140 e (L MRIN
c MAIN
< REDUEST INOUT FORMAT MAIN
< min
SRITE 64 160) MAIN
READ 53700 IFMT MAIN
c MM
< POUT DATA INTD ARRAY ZDATE PAIN
< MATN
CALL eyt . MmN
IFOsIT.LT.D) GOTD 300 HIN
c MRIN
[ HRITE MviRx B FIRST LINE OF TAPC20 MAIN
c MAIN
WRITE (20,221 NVAR-1 MRIN
DO 43 J=2.WVER MAIN
C MAIn
4 FBR EACH WYRRIABLE . LRITE NAFE Brt TAPE2D AMD INSITX MO RN
!é DISTANCE VECTDR AHD DATA VECTOR ®N4 TAPL2; MAIN
MmIN
HRITE(20431490) NRFE LD MmIn
MRIITECR1) MSIT. AT D) WDATIU 1) 2 IZ1eMSITY MRIN
¥ CONTINUE MAIN
AN
g DOICATE PROCESSING COMPLETT m}n
MAIN
HRITE . 4a0) NVRR-1 MIN
440 FORPAT (10 DATA FOR +J2+37H VARIABLES WRITYEM BN TAPES 20 AND 21) MRIN
sTOR mIn
c MRIN
c OROR MESSAGE FOR TOC FEM SAMPLES MAIN
MAIN
300 WRITE GBS0 NSIT MAIN
310 FORRRTUIBN MO, OF SAMPLES = 4124134 TASK DROPPED) MAIN
S PAIN
20 MAIN
SUBRBUTINE TNPUT NPT
[4 INPT
< INeY
4 = A GENERA. ROUTINE F2@ DATA InNPUT = T
4 = RCCEPTS DATR [N LIST O ARRAY FDR™ = INGT
c = AMO RETURNS IT IN LIST FORM = NPT
[4 INPT
c ner
[ ARGRENTS ner
[ PR TereePAXTMUM . TOTAL MUPBER OF CBSERVATIONS (IE. ARRAY SIZD INPT
c TUTAL MABER OF WRIASLES meT
c PR FBER OF VRRIABLES PER INPUT RODM T
c MODA——-MBLR OF BOASERVATIONS PER INPUT ROM. FOR EACH BF INPT
c THE MR WRIABLES NPT
[ Pl RNT FOR ROW BY ROW INOUT INPT
[4 PUNT—INPUT DEVICE PR TRPE ru-m NPT
[+ MoRS——TOTAL MUFBER 6F BBSERVATIONS (RETURMED TB CALL IMG ROUTDQIIGT
c DAT —DATA ARINY RETURMED T DLLIPG ROUTING
4 INF'T
CueseeeovnssccnusanoesononsosnossnmnnrvorvosrsonovosvesnssnssssesaoiasaneenssIMPT
c T
COrrer /7 NOBT,NVAR | NVPR (MOBR « JFMT (8. «MINT NOBS DAY {15,800 meT
[+ NPT
noBS<0 T
"o R meT
nel . et
: et
1 ' mey
DO 120 Kx}oNVAR MR 1P
I ] meT
nisl : ™t
b ey
[4 \ et
c 00 310 IXs).NOBT . ,mm
|
14 FRrt EACKH LINE 0F DATA READ Wpairs SOSLIWTIONS Fom B mey
c TACK OF IPRE VAR IANLES . T
c '
. RERO UINT, TP (DAT WD s T3NS JehJ oY) LI
IF Cor oUnT) GOTE 1315
< : b

M I [ o NOBR '
FOASOBR

110 NEBSSMOB SR '
115 W veR

PVt iOR
120 CONTIMX

IF OUM.GE. 1) GBTD 140
noBs=0 :
"ETUN !
c
340 MOBSEOBS /LM
RETURN
(2, 2]
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APPENDIX D DESCRIPTION AND DISCUSSION OF THE INTERACTIVE
GEOSTATISTICAL ANALYSIS ROUTINE 'GEOSTAT

D-1  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, GEOSTAT, is in the form of a
FORTRAN 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 START. As presently written, START is dimensioned for 15
variables and 500 observations, whereas GEOSTAT is dimensioned for 20 variables
and 500 observations. A documented listing of START is included in Appendix C,
and a documented listing of GEOSTAT 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 1. 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:

(h) = (1/20)( (f(x+h) - £6x))?)
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-1). Modelling is based on the "spherical" or "Matheron" scheme as
summarised in the following equations:

(h) = COh/2a - h%/22%) + C_ Hga

(h=C+Cj H>a
The modelling is initiated from the terminal keyboard by specifying values for Co
and A'. 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, C0 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.



Figure D-1 Example of a semi-variogram. (Cq is the variance of immediately
adjacent samples, 'a' is the range, and C+C, is the variance at
separations greater than 'a', or the sill variance.)

Semi-variance ¥(h)

Distance between pairs (h)



GAMMA(H)
0.25 0.37 0.49 0.61

.12

0

Figure D-2 Example of the output from the program GEOSTAT

SR-LINE D A

= B650.

.00

.00 94 .44 186.89  283.33  377.78  472.22  566.67  661.11
DIST. (H)

755.56  £50.00
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LISTING OF THE PROGRAM GEOSTAT

OONANONANNOANDNNNO00N0AANANOONANNO

+RIN

MAIN

rxx GEOSTAT xxx MATN

MAIN

INTERACTIVE-GRAPHICAL GEDSTATISTICAL ANALYSIS :;:
emsm.c‘rxm oF LINE m"!LES AND SEMI-VARIGIRAMS: AND MR
CRVE FITTING ACCIROING T@ THE SPHERICAL MBDEL. FOR AN MRIN
OUTLINE DF THE METWOD SEE bLGIS AND CRILIER- CAN, INST. MAIN
MiIN, RO METT,» SPET. VBL. MAIN
MAIN

—AIN

MAIM

AUTHOR MAIN
STEVENM EARLE. DEPARTMENT BF GEOLOGY, IMPERIAL COLLEGE. LBNDON ::;N
TE N
MR 1678 (MOCIFIED APRIL 1977, APRIL 1878 MAIN
LANGURGE o MmN
FORTRAN IV, COC 6500 (IMPERIAL COLLEGE COMPUTER CENTRE :;N
N

A VECTDOR OF DRTR AND A VCCTBR oF D!STRN._ES ARE STORED AS MO  MAIN
PORALLEL ARRAYS, DIS S ARE REAL AND SAMPLES NCED MOT MAIN
bE XN DRDER U' nca:hsxnn D!ST»NEE. IN!TIQ;LY. THE DISTANCES MAIN
A COMTON Fi R BY WHICH THEY CAN ALL BE MRIN

oxvm:b. Ir m I$ F'MD- MD ANY DISTANCES EXCEED 500.0. MIN
THE AL YSTS CANYGT BE COMFP AFTER THE VARIOGRAM IS PAIN
PLOTTED, TWE USER 1S ASKED TO INPUT VALUES FCR THE FLATTENING MAIN
POINT OF THE CURVE AMD CT. & THEBRETICAL CURVE. MAIN
COPFORMING TD THE SPHERICAL MODEL IS PLRTTED. THE FIT CAN BE MAIN
IMPROVED BY DWG!IG THE PARAMETERS DEFIMING THE CURVE. :;N
N

+AIN

MAIN

PROGRYM GEOSTAT(INPUT=1318,0UTPUT=13184 TRPES: INPUT, TAREGE 1318, MAIN
+ TRPE20=1318, TAPE211318 TAPEG =338 TRPEEE=1310) :i:
LBGICAL UNITS USED m}:
TRPES  INOUT rnm TDMM MAIN
TAPEE  DUTPUT Ti HAIN
TRE20 FILE “'IID'I XNZLDES ANVARE — THE NUMBER OF VARIABLES MAIN
m WHICH DATA 15 LRITTEN BN TAPE2L, AND A 10 CHARACTERMAIN

HNAFE FOR VARIABLE., RARRANGED EG. RS FOLLOWS MAIN
(STRARTING IM COLUMN 1D MIN
MIN
o MATN

COPPER MAIN
ZIMC MATM
MAGMES IUH m:n

IN

TAE21 FILE WII:H CONTAINS A SINGLE RECDRD FOR ERCH VARIRBLE. m!n
INCLUO. THE MUMBER OF CBSERVATIONS SNCSSX FOLLOWED 8STMRIN
PRIRS I!‘ DI’STNCES AND DATA WVALUES. EACH RECORD HOULD MRIN
THUS BE WRITTEN. IM A SEPARATE PROGRAM: USING THE PAIN
STRTEMENT - MAIN
HRITE(25) MEBS, DISTID sDAT (L) 1 J=1H0DS) MAIN

T 1 CAM BE CREATED USING THE ROUTINE MIN

EITARTX ~ AS DESCRIBED BELDLD :;:
TRFEB) AND TRPESS ARE FILES USED BY REUTINES IN THE SIMPLE MATH
LIBRARY. (SEL ICCC BULL. 6.3/6) TAPEE] CONTAINS MAIN
INSTRUCTIONS FOR GENCRATION OF MICROFILM PLOTS. :}:
W IN
- MAIN
EXEC. TION PROCEDURE FRIN
MRIN
THE MGEOSTRTE ROUTINE TAN BE STORED AS R RELDCATABLE BINARY MRIN
FILE CREATED FROM THE CARD DECK USING TWE CONTROL STATEMENTS- :;N
N
M B=pSTATE) MRIN
REPLACE (GSTATB) MAIN
MAIN
EXECUTION OF THE PROGRAM AT A TEKTRONIX TERMINAL OULD THER MAIN
BE CARRIED OUT USING THE FOLLOWING STATEMENTS (ASSUMING THAT MALN
TROE20 AMD TRPE2: AS DESCRIBED ABBVE ALREADY EXIST AS LBCAL MAIN
FoEs) - MAIN
hd MAIN
GET (GSTATE) MAIN
LIS ILECS IMPLER) MIN
~SI"PLEF (L =GSTATE) rr:yc
N
F3.,0WING EXESTION. ANY MICROFILM PLOTS FILES GEMERATED CAN BE HRIN
PSAOCESSED BY USING THE STRTEFENTS - :5:
LIBTILE (PROCEL MAIN
—PRACEL MK
MAIN
FOR GEMERATION BF TAPE20 AND TAPE2] AND SUBSI:DUENT MAIK
IDN OF XGEBSTATX IS AVAILIABLE: AND CAN BE USED AT A MAIN
TEXTRONIX TERMINAL RS FOLLOWS = :4}:
GET(TRPEA= XUSER 'S DATA FILENAMEX ) MAIN
meTle MmN
MAIN
MRIN
IF H!‘NXN ANY SESSION., EXECUTION IS TERMINATED, AND THE USER MAIN
HISHES TD COMTIMUE WITH THE SAHE DATA SET. TME FOLLOWING HAIN
s’ﬂm CAt BE USED ~ :}N
. N
ROMIND (TRPE20 « TROE213 mInN
=S [MPLEF WsGSTATE) MAIN
N mIN
+RIN
rAIN
LIMITATIONS HAIN
THE PROGRAM IS DIMENSIOMED FOR P TO 500 CASERVATIONS AND UP  MAIN
T0 20 VARIABRLES. OISTANCES MEED NCT BE EVEMLY SPACED RS LONG rl‘:;:

AS. m DIVISIM BY A COMTON FACTORs, ALL DISTAMCES ARE LESS
T OR TO 500, (BEST RESILTS: WOLEVER: WILL BE , MRIN
D‘I’VEDHXTNCMYMDMTMMW MUST BE EXECUTED

AT A TEKTRONIX GRAPYICAL TERMINAL

GRWMICAL WI'IS CALLED BY XGEBSTATZ ARC DLSCRIBED IM
JCCC BL. 6.3/6, WCLUDED ARE = START)SWITCHIPROMPT. HRIN
BFFEM: HARDCPY » m-rmm.nn‘r.nxxs. INTENSE . SYPSULtNL‘PEEﬂ

ONBRNNaNARODANANNONONNNNONONANNCNANANOOOONNNNNO0NEONODANANOHO ANAOANOOADANAAONOaNNNNNNEAAN.

OIMEYS IOM ED(SGJ) +DIST (500 +CL2 (500)
DIrETSION NAYE

COMPIN VAR, HH (55]) +CLI551) +AJCEEIAEST, NOBS  MAXY

Y. 2T XU FN ST

anonNa aooaNOOOOONaANONOnONn

DIMDGIDN H 513 JORMN (513 N 126

"IN 130

i LXSY OF VARIALE RIN §31

el CISTANCE BF r.n'm:mn: SINT BF CURVE mRIN 132
VRRIACE VALLE OF SIL aIN 133

wESTE TIMATED o'*'wcz m‘ FLATTENING POINT OF CURVE MRIN 134

DCEST  NSBER OF DESLRVATIONS MIN 135

PRXI®E  MRXIMUR DIST AN 136

= DISTAMCES O TEORETICA. CURVE MRIN 137

e SEI-VWARIAKCTES OM THEORCTICAL CURVE *AIN 138

M 13§

THE FOLLOWING FUST BE CHRGE TC INCREASE THE MUFBER OF SAPPLES  MAIN 140

. MRIN 141

=D LIST BF DATA WALLES MIN 142

XZTISTE LIST OF DISTAMCES rRIN 143

2x LIST OF SEMI-vARIANCES #TER SMODTHING RIN 144

ez LITT OF DISTRCES BETHEEY PAIRS PRIN 145

wox LIST OF AVERAGE SEMI-VRSIANCES MAIN 146

PRIN 347

PMAIN 148

DATA YES) ONO/3HYES DHND /7 MRIN 143

mIN 150

mIN 353
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IF CO.ES.>HEL CALL MELP MmN 257 RETURY
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T AN 354 DIMDNSION ZED (5005 » DIST (5007 o (5000
= MAIN 355 ' c
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APPENDIX E RESULTS OF GEOSTATISTICAL ANALYSIS OF GEOCHEMICAL
SAMPLES

E-l 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 may be
related to ore deposits, and to discern "regional" patterns of metal distribution
which may 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. Some of the geostatistical results presented in this section have
been used by Earle (1973).

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 1200 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 pH 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.] 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) Longwood A (530 555) - samples at 10 metre intervals over 200 metres
in an area of lead mineralisation;

3) Longwood 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-l1 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 : :
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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 pH 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-l. For most of
the chemical parameters, the apparent range is in the order of 1100 to 1500
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.] Mendip Area

The purpose of applying geostatistical analysis to the Mendip soil sampling
problem was to establish maximum 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 maximum 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-1  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
Mn Fair 1200
Pb Good 1450
Zn Good 1100
Mg 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 may 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 maximum 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. On 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 map of the same data with 400 metre
spacings (Figure E-5) also retains most of the information of the 50 metre map.
From the 500 metre map (Figure E-6) much of the detail is lost, but the northeast
striking zone of enrichment is still apparent, and this map 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 may 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 may be a reasonable assumption, the significance of this



Figure E-5 Map of strontium concentrations in soils from the Latteridge area,
based on a #00 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 may be
a function of sampling irregularities.

The ranges for the stream sediment data vary from 700 to I 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 1000 to ! 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 may 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 | (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 I 500 metres upstream

from any sample site.
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APPENDIX F ALTERNATIVE EXPLORATION METHODS, AND SUGGESTIONS
FOR FURTHER RESEARCH

F-l1  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-1.1 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 pH 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 pH 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 may 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 may be confused as spatial variations.
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Some 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)

2)

3)

4)

Flow Characteristics and Hydrology.

It is essential to have some knowledge of the ground water flow
characteristics to assist in interpretation of hydrogeochemical data.
I 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 pCOy, 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).

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).

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 may provide a more satisfactory answer to the
problem.

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 may 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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