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ABSTRACT

The lateral distribution of tin in the surface marine
sediments off the Sf. Agnes Head/Portreath coast, North Cornwall,
has been investigated using geochemical and sedimentological
techniques, and its distribution has been related to eluvial and
alluvial sources.

A rapid'éeochemical technique for tin determination using
atomic absorption spectrophotometry has been devised and applied
to marine sediments, after the preliminary removal of shells. The
difficulty of sampling high density cassiterite present in sediments
both in the form of composite and discrete grains has beean evaluated,
and the representative sample size required is found to be dependant
on the grain size, the tin content and the ratio of availability
between composite and mono-mineralic cassiterite grains. The
application of hydraulic equivalence to cassiterite has been
examined, and it is concluded that quantitative studies on statistic-
ally representative samples of only mono-mineralic grains, ié
necessary to obtain meaningful results.

The study area contains an extensivé sheet of medium to fine-
grained sand, enriched in tin in the surface horizon which
decreases in content away from the coast. Textural studies have
revealed an area with very well-sorted sand similar to that found
on the present day beach but with significantly finer mean size,
this suggests the existence of strong thtom currents off St.
Agnes Head. Towards the supposed offshore extension of the
Towanwrath tin lode, the basal sediment shows enrichment in tin

which may be related to submarine bedrock mineralisation. However,
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the enrichment is much lower than in the surface sediment because
of secondary tin dispersion from land which has affected only the
surface sediment.

Investigation of surficial sediments affected by present day
mine tailing discharge in St. Ives Bay and off Pendeen indicate
that similar cénditions must have existed in the past when mines
were in opcration in the St. Agnes Head/Portreath area. Evidence
from present déy stream sediments and sediments trapped within
the Hayle f£stuary emphasize the important contribution of tin in
mine tailings to its content in marine sediments.

Anomalous samples of the offshore surficial sediments are
found td be enriched in copper, iromn, arsenic and tuhgsten as well
as in tin. The abundance of these elements are also thought to b

related to contamination from mining on land.
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CHAPTER 1. INTRODUCTION

1.1.0. General

During the last twenty years, there has been a marked growth
- of interest in marine mineral deposits. The reasons for this are
due firstly, to the exhaustion of many easily assessible supply
of minerals on land; secondly, to the rise in demand for these
minerals; and thirdly, to their resultant increase in price.

Tooms (1967) classified mineral deposits of the sea floor
into f§;2~categories.

(a) Deposits within the consolidated sea floor beneath the
recent marine sediments including coal seams, tin lodes,
cil and natural gas.

(b) Detrital or placer deposits on the continental shelf
including tin, diamond, gold and other resistant heavy
tinerals.

(¢) Precipitates on the continental shelf, namely phosphates.

(d4) Mineral deposits in the deeps beyond the continental -
shelf including manganesé nodules and encrustations.

Out of these four categories,.the first category has by far
fhe longes* history of exploitation. Coal seams have long been
known to extend beheath the sea bed and in the British Isles,
submarine coal seams have been worked in the Cumberland Coalfield
dating at least as far back as the sixteenth century. Similarly
undersea lodes have been worked in the tin and copper mining
districts of South-west England, notably the Levant Mine, where
workings extend almost one mile out to sea from shafts on the

land, and to a depth of over two thousand feet.

The most productive marine mineral deposits at the present



time btelong to the second category. Emery and Noakes (1968) have
sub-divided these deposits into three categories.

(a) Heavy heavy minerals of specific gravity 6.8-21, including
cassiterite (tin oxide), native gold, native platinum
which occur often in stream sediments.

(b) Light heavy minerals of specific gravity 4.2-5.3, including
ilmenite, rutile, zircon, monazite and magnetite which
occur chiefly on beaches and submerged beaches.

(¢) Grms of specific gravity 2.9-4.1, including diamonds.

In Teble 1.1. are shown the world production figures for
various heavy minerals and offshore areas of operation for the main
placer deposits of these minerals. o

The increasing recovery of these minerals from the sea make it
essential thaf prospecting techniques Sé further developed to
overcome the problems of an as yet little known and 'hostile!
environment, and to cut exploration costs.

In the present study, geochemicallprospecting techniques have
been used in thelstudy of cassiterite, a heavy mineral found in both
primary and secondary deposits off the Nprth Cornish coast,

Table 1.1. World production figures for heavy minerals during
1960~5. Based on Emery and Noakes (1968).

Total ‘ Placer %
Mineral Placer Area
Production Productipp Production
Gold . 199 m. o0z, 25 me 0Z. 1 Alaska
Thailand,
Tin 1,020,000 long tons 765,000 long toms 75 <::indcnesia
Platinum 19e2 me 0Ze 1.45 m. oz. 13 Oregon
Ilmenite 16.3 m. tons 5 m. tons 30
g N Australia
Rutile 0.96 m. tons 0.94% m, tons 98 vt ’
Zircon 14 m. tons 1.4 m, tons 100— Ceylon
Monazite 39,000 tons 31,000 tomns 80 India

Diamonds 168 m. carats 151 m. carats = 90 S.W.Africa
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1.2.0« Previous work

While numerous geochemical surveys for tin in stream and
s0il sediments have been carried out in Cornwall, the study of
tin in offshore sediments has only been attempted recently. From
1960 onwards, mining companies, universities and government depart-
ments have embarked on exploring and exploiting the offshore tin
potential.

The earliest work done on beach and offshore geology in
Cornwall was a study of the mineralogical composition of beach
sediments ¢ollected from the High Water Mark, where concentrations
of heavy minerals occur. Crook and Davis (1909) and Stuart and
Simpson (1937) gave descriptions of beach samples taken from the
Gwithian-Hayle Beach, and Robson (1943-4) gave brief descriptiomns
of beach and dune sediments from all over Coranwall. More receantly,
Garnett (1962) used scuba divers to map the sea bed between St.
Agnes Head and Cligga Head, and in 1972 the Institute of Geologic-
al Sciences published a map of the sub-Pleistocene geology of the
British isles and the adjacent continental shelf in a scale of
'1:2,500,000. In addition, Hill and Parker (1970) examined the
distribution of tin and zirconium in beach sediments in Cornwall
as part of a reconnaissance survey around the British Isles.

Work carried out at the Camborne School of Mines on beach and
estuarine gediments has involved the use of semi-quantitative‘
colorimetric methods of analysis to relate the distribution of tin
and its associated elements to local geology, mineralisation and
mining activity. Oug (1962) investigated the superficial distribu-
tion of tin and its associated elements in the Gwithian—Haylé
Beach, Krishnan (1963) also studied the vertical distribution

of tin and its associated elements at the same locality, and



Pisarski (1964) studied the superficial distribution of tin and

its associated elements in Perran Beach. Geochemical investigations
were undertaken by Hosking et al. (1963) on the distribution of tin
and chromium in Cornish beach sands, by Hosking and Obial (1966) on
tin and other elements in the sediments and waters of Carrick Roads
and of its 'feeder' rivers, and a reconnaissance investigation on
surficial intertidal sediments in South-west Cornwall was undertak-
en by Yim (1972).

Exploration work for tin by mining companies has been carried
out in Cornwall both from the land and offshore. In 1961, Geevor
Tin Mines explored the area seawards bétween‘st. Agnes Head and
Perranporth by inclined diamond drilling, and Coastal Prospecting
Limited in 1961-1965 sought for tin plécers in St. Ives Bay (Lee
1968), partly on the basis of a Sparker survey carried out to
determine the sediment thickness (Taylor Smith 1962, unpub. rep.).
In 1968, Amalgamated Roadstone Corporation investigated the Wherry
Town tin-bearing elvan dyke by diamond drilling from a platfofm
constructed on the beach (Dunham and Shepard 1969). Furthermore,
from 1965-1968, the Marine Mining Company carried out a geophysical
exploration programme covering an extensive area of offshore
Cornwall using a Sparker for the purpose of ascertaining the
possible presence of placer tin deposits (McGuinness and Hamilton
1972), and deposits of particular interest were subsequently
sampled by vibrocoring.

- In Mount's Bay, the Royal School of Mines has carried out a
number of geochemic:al and geophysical prospecting studies (Tooms
et al. 1965; Ong, 1966; and Hazelhoff Roelfzema, 1968) to

determine whether geochemical anomalies occur in surficial sediments



overlying tin 1odes.:The present project is a continuation of this
Applied Geochemistry Research Group programme into heavy mineral
dispersion.

1.3.0. Objectives

The main ojective of the present research is to iavestigate
the present day tin distribution in surficial offshore Cornish
sediments, and to interpret the results in terms of (a) the
relationship of tin in the sediﬁents to submarine bedrock minerali-
sation and, (b) envirommental factors which include both marine and
fluvial processes of tin concentration, and mining contamination,

On account of the high specific gravity of cassiterite,
compared with its associated minerals in sediment, an attempt has
Abeen made to evaluate sampling reproducibility. In addition, the
matrix effect of ﬁhe sample in geocherical determirnation for tin
utilising the ammonium iodide method of extraction has been
examined, and other methods of tin determination used in geochemical
prospecting for tin have been evaluated.

As an aid to interpretating the tin sources, the hydraulic
equivalence theory first applied to cassiterite by Hazelhoff
Roelfzema and Tooms (1969) has been examined. In addition, some
other heavy metals found asgociated with tin mineralisation have
been analysed. The past and present sources of tin originating from
the hinterland of the study area have been investigated by the
examinatiqn of stream sediments, beach sediments and estuarine
sediments; and an attempt has been made to evaluate the part played
by rivers and streams affected by present day mine tailing

discharge in tin dispersion. The vertical distribution of tin in

offshore sediment which is as yet very poorly uanderstood has also



been studied, but only a limited number of cores were available.
Finally, an attempt has been made to develop techniques for the
geochemical prospeqting of offshore tin deposits.

1.4.0. Choice of area

In order to select a suitable area to carry out this investig-
ation two basic requirements had to be satisfied. The area must
have tin mineralisation with tin lodes at or near the coast, and
must not be too badly contaminated by mine tailings which might
conceal anomalies due to dispersion from a primary source.

The St. Agnes Head/Portreath area was selected on account of
the following factors.

(1) The Towanwrath Lode in the area is essentially a tin lode,
compared to the Trewavas Head lodes in ﬁount's Bay
previously investigated by Ong (1966) which are more notsd
for their abundance in copper (Dines 1956). The cliff
exposure shows the Lode to vary between 4-6 ft. and the
casgiterite occurs on the hanging wall (Dines 1956).

(2) Offshore rocks in the area are also likely to be mineral-
sed, as the tin zone of the St. Agnes Beacon Granite,
including the Towanwraﬁh Lode, extends seawards; and the
trend projections of the mineral lodes merge with those
of lodes from the Land's End Granite occurring between
Hayle and St. Ifes.

(35 The existence of an extensive sheet of sand offshore
thch has been found by McGuinness and Hamilton (1972) to
contain detrital tin.

(4) The coastline is undergoing degradation with cliffs of

over 200 ft. fringing the coast.
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(5) There is no present day mining activity in the hinterland,
the Towanwrath Lode working having closed in 1913 (Dines
1956).

(6) There are no major streams draining into the offshore
study area, and thus past mining contamination is less
severe than, for example, in the Red River in St. Ives
Bay (Hosking and Ong 1963-4). In addition, a beach
sediment regional geochemical reconnaissance survey by
Yim (1972) also suggested that this area is not as badly
affected by mining contamination.

(7) The sea floor slopes gradually down to a depth of over
120 ft., a2bout three miles from the Low Water Mark.
Therefore, the behavior of tin in different energy
environments can be studied.

(8) As far as the writer is aware, no harbour dredgings have
been dumped in the area. This contrasts with Mount's Bay
for example, where tin rich sand and silt dredged to
deepen the Penzance and Newlyn Harbours, have been dumped
in an area of spoil ground in the middle of the Bay
(Cotton 1972, personal comm.).

1¢5.0. Layout of thesis

This thesis is divided into eight chapters. Chapter two gives
the general background of the hinterland including a review of past
mining activity and likely sources of past and present contamination.
Chapter three gives an account of the field and laboratory
procedures used and includes investigations on sampling reproducibi-
lity, a rapid technique for tin determination in sediments and the

application of hydraulic equivalence. Chapter four gives the general



background of the offshore environment based on available
information and data obtained from sedimentological studies by
the writer., Chapter five gives an account of the geochemical
investigations, including studies on possible path-finder elemeantis
in the St. Agnes Head/Portreath sediments. Chapter six gives
follow-up investigations especially on specific areas affected by
present day mining contamination and studies on streams to determine
the present day supply of alluvial tin to offshore areas. The
results are further discussed in Chapter seven and a summary of the
mein conclusions together with recommendations for future work is
given in Chapter eight.

The Appendix contains information on wind strength and
direction duriﬁg the sampling periods, sample 1oéations and

characteristics, and results of granulometric analysis.
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CHAPTER 2, GENERAL BACKXGROUND OF THE HINTERLAND

2e1.0. location

Cornwail together with Devon and parts of Somerset make up the
South-west Peninsula of the United Kingdom, while Cornwall forms
the most south~westerly of all English counties. The county itself
is bounded to the north by the Bristol Channel and to the south by
the English Channel, and is exposed to the influence of the North
Atlantic Drift.

The offshore areas of study (Fig. 2.1.) lie between Cligga
Head and Cape Cornwall to the west of the Newquay/Falmouth line.
Garnett (1960~1) has pointed out that the area of the land surface
to the west of this line excluding the Scilly Isles, is approximately
L40 sq. miles. However, between the Low Water Mark and the two-mile
line is a tidal area of 240 sq. miles. Thus, by including the
offshore areas in the total prospecting ground, the area of
South—west Cornwall is increased by 55 percent.

2.2.0. Climate |

The area of study is under the influence of the prevailing
westerly winds which are relatively warm and mbist. They are
responsible for the mild wintersvand the high annual rainfall
experiégced in the county, which is in the range of 40 to over 80
inches per annum, depending on aspects. The winter months are
characterised by stormy weather and gale-force winds.

Data on the wind strength and direction, recorded four times
daily at 6-hour intervals during 1969 and 1970, were obtained from
the Kehelland Meteorological Station, situated near Camborne (Fig.
2.1.)e« The wind rose diagram (Fig.ra.a.) and the wind strength

data give further confirmation that wind from a wésterly source



«Q

*seade Apnis 340ysjjo 9yjl jo dew uoiles07 *°z ‘61

N
pe]

z

\ ©4n4] * Q

f‘_oacc.:om/

O.QQ\

Q 9oUDTUIY
\ 0

Ner S /o |

\W < N A

9] Aoy
, ) ) m
7/ Ao.@nmc._cu SIAL IS
/A7 iy
7, . z

r ]

SO|IW ¢ z

AV S.INNOW

@Lojs|ay uk|man g

usapusd €

Aog seA] IS Zz

o«

Yivai4i04 7 poal sauby "5 1

vOooIID uo1§DIG TIAW pub||aya)y [o)

*14 00¥ 4940 puo? §

= A3

O =i

4dVD




KEY-

N -351-10° E - 81-100° s - 171-190° W - 261-280°
NNE - 11- 30° ESE - 101-120° SSW - 191-210° WNW - 281-300°
NE - 31- 60° SE - 121-150° sWw - 211-240° Nw - 301-330°
ENE = 61- 80° SSE - 151-170° WsSW - 241-260° NNW - 331-350°

Fig. 2.2, Wind rose diagram to show the frequency of wind

direction during 1969 and 1970 at the Kehelland
Meteorological Station.
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has the greatest influence in the study area. Wind data collected
immediately prior to and during the periocds of beach and offshore
sampling are shown in the Appendix.

2¢3.0. Relief and drainage

The terrain is one of dissected granite uplands fringed by
areas of lower relief in less resistant rocks. Stream valleys ar:
in their youthful stage of development and because of their steep
gradients, rapid downcutting of the basement rock‘is in progress
leading to high stream load transportation. However, despite the
rapid rate of erosion, remnants of former erosional surfaces are
preserved in the landscape. The area has undergone recent
Bubmergence, much of the coastline is fringed by high cliffs
reaching over 250 ft., with breaks at the mouth of major streams
which often terminate in estuaries.

2.4,0. Geolopgical setting

2.4.1. Introduction

The geology of South-west England has received a great deal
of attention in the past mainly because of the immense vériety of
mineral deposits found in Cornwall and Devon. Description of the
geology hgs been very well documented in the past, and in this
account, only the geology of South-west Cornwall is described.
However, the nature of mineralisation and the recent geology have
importaqt bearings on the secondary dispersion of tin, and thus
are examined in wmore detail.

Table 2.1. shows the geological succession of South-west
Cornwall based on Edmonds et al. (1969) and memoirs of the
Geological Survey (Hill and MacAlister, 1906; Reid and Scrivenor,
1906; Reid and Flett, 1907 and Flett, 1946), the geological map is

shown in Fig, 2.3.
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Table 2.1. Geological succession of South~west Cornwall.

Age (m. yrs.) . Type of Deposits

Quaternary -
Holocene 0.1 Beach deposits; peat; alluvium
blown sand & river gravels.

Pleistosene 3 Head & raised beach deposits.
Tertiary - ,
Pliocene 12 - St. Erth Beds - clay & sand; Crou-

sa Gravels; Gravels of Polcrebo;

St. Agnes Sands - sand & candle

clay.
Palaeozoic =
Devonian 400 Grampound Grits =~ calcareous sand-
stone & slate; Meadfoot Series -
black calcareous slate & limestone.
? Devonian "Portscatho Series - sandstone &

slate; Falmouth Series - sandstone
& slate often variegated; Mylor
Series - siltstone & slate knotted
near granite; Gramscatho Beds =~
interbedded greywacke & slate with

conglomerate.

Unknown Age -
Lizard Series _ Spilitic lava; granite gneiss; epi-
diorite; gabbro~troctolite; serpen-
tine; Treleaque Quartzite; mica-

schist granulite & hornblende schist.

Intrusive Igne§ous Rocks -
Granite
Aplite; pegmatite & porphyry (elvan)
Lamprophyre

Dolerite (greenstone)

Associated Lode Metals -
'Antimony, arsenic, bismuth, copper, iron, lead, silver, tin,

tungsten, uranium & zinc.
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2.4.,2. Pre-Tertiary geology

The oldest known rock to occur belongs to the Lizard Series.
This is a series of regionally metamorphosed sedimentary rocks
which has been intruded by basic and ultrabasic igneous rocks, and
associated with spilitic lavas. These rocks have been thrusted
rorthwards over the younger Devonian rocks during the Variscan
orogenye.

The Devonian rocks, known locally as 'killas', are essentially
an alternating series of non-calcareous sandstones and slates which
have been laid down in an east-west trending syncline. These rocks
have been intruded by dolerite, known locally as 'greenstone', in the
form of sills, and they are frequeﬁtly domed by later intrusion of
granite masses, and dip away froﬁ then (Robson 1964).

The time of granite emplacement was at the end of the
Carboniferous Period or possibly at the beginning of the Permian
(Butcher 1961); radiometric age determination indicate an age of
280 ¥ 10 million years (Long 1962). The granite intrusion was
probably in the form of a batholith (Hosking 1949), which is
supported by the gravity measurements of Bott et al. (1958). The
exposed surfaces of the granite at Cligga Head, St. Agnes Beacon,
Carn Brea, Carn Marth, Carn Menellis, Godolphin, St. Michael's
Mount, Land's Ehd and the Scilly Isles are cupolas on the surface
o% the batrolith. The sedimentary rock cover over the remainder of
the granite is unlikely to attain a great thickness, probably
reaching a maximum of 1 kilometre between the Land's End and
Godolphin outcrops (Bott et al. 1958).

Associated with the granite are numerous north-east south~west
trending mineral lodes and porphyry dykes, the latter known locally

as ‘elvan' dykes. These lodes have been enriched in hydrothermal
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minerals containing antimony, arsenic, bismuth, copper, iron, lead,
silver, tin, tungsten and zinc. Four main mineral zones occurring
consecuetively further away from the granite have been identified
(Dewey 1925 and others). These are :-

(1) Tin zone associated with cassiterite and wolframite.

tZ) Copper zone associated with chalcopyrite and arsenopyrite.

(3) Lead-zinc-silver zone associated with galena, sphalerite

and argentite.

(4) Iron zone associated with haematite and stibnite.

Mineral lodes outcropping along the coast are numerous in the
vicinity of St. Just, Qhere the lodes exhibit a north-west
south-east trend, St. Agnes and Cligga Head (Fig. 2.4.). They occur
less extensively in St. Ives Bay, Perran Sands and Mount's Bay. The
elvan dykes are also mineralised adjacent to or within the granite,
for examrle, in Wherry Town where the dyke was formerly worked for
tin (Russel 1949), but are barren away from it.

Zoning in the metamorphic aureoles of the granite cupolas is,
in general, nbt clear-cut. However Knuckey (1957) has identified
four zones of thermal metamorphism decreasing in grade away from
the Cligga Head Granite. These are:- |

(1) Andalusite-biotite Hornfels, up to 6 inches.

(2) Tourmaline-~biotite Hornfels, grading into Tourmaline Schist,

50 ft. ‘
(3) Muscovite-sericite zone of bleached slates, 750-1000 ft.
(4) Chlorite zone typified by spotted slates.

2.4t.3, Post-Tertiary geology and geomorphology

A few remnants of probably Tertiary marine deposits occur. These
include the clays, sands and gravels at St. Erth, St. Agnes,

Polcrebo, Crousa Common and Pendarves, and, with the exception of
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the St. Erth deposit which occurs at 100 ft., Ordnance Datum
(0.D.), all these deposits occur at between 350-500 ft. 0.D. In
all cases they are found in well-protected depressions in bedrock
which are favourable for their preservation.

The age and origin of these deposits has been the subject of
great controversey, and as a result they have received a great deal
of attention., Of special interest in the context of the present
study are investigations on the mineralogical composition of these
deposits. !lilner (1922) studied the mineralogical composition of
these depesits,; and using an abundance scale of minerals ranging
from very rare (1), rare (2), very scarce (3), scarce (4), common
(5), very common (6), abundant (7), very abundant (8) and dominant
(9), gave descriptions of the occurrence of cassiterite in the
non~magnetic heavy mineral fractions (Table 2.2.).

Table 2,2. Abundance of cassiterite in the Pliccene deposits
of Cornwall. After Milmer (1922).

Horizons
Locality A B € D E F @
Crousa Common 4 4 1 4
St. Agnes 1 none 1 1
St. Erth 4 4 - none none none 4

Milner found that cassiterite is by no means common in the St.
Agnes deposit, and no trace of the mineral was found in thé red
sand of the deposit. In the basal sands and also in the clay,
however, one or two‘dusky-brown, rounded tetragonal crystals of
cassiterite were observed measuring about 0.2 mm, Assuming that
Milner's findings are correct, it is difficult to explain why the

St. Agnes deposit, which in an area with surface outcropping tin



lodes, has much lower tin concentrations compared to the Crousa
Common deposit which is near no tin lodes. However, Milner's data
may be inaccurate because of‘the small sample size used. Neverthe-
less, another quantitative mineralogical study by Boswell (1923)
using an almost identical scale of mineral abundance, found that
cassiterite occurred frequently (5) in the Oligocene Bovey Basin
of Devon but was scarce (4) in the Pliocene deposits of Cornwall
including the St. Agnes deposit, supporting the findings of Milner.

On the basis of the occurrence of boulder clay depcsits on St.
Martin's in the Scilly Isles (Mitchell and Orme 1967) and at Fremi-
ngton in North Devon (Maw 1964), it would appear that the southern
most limit of Wolstonian ice reached as far south as near the
present day coastline of North Cornwall (Sparks and West 1972).
Periglacial or head deposits formed by solifluction occur resting
on raised beaches. Good exposure of this material can be seen near
Godrevy in St. Ives Bay and near Marazion in Mount's Bay.

Numerous erosional surfaces, or platforms, whose formation is
thought to be related to the changing sea level during the Tertiary
and Quaternary Periods, have been recognised in the South-west
Peninsula. The presence of marine deposits on some of these
platforms favours a marine erosional origin, although Tricart
(1969) suggests that they may have been formed by differential
frost shattering under periglacial conditions. In South-west
Cornwall,rerosional surfaces have been recognised at 750 ft. 0.D.,
of post-Eocene possibly Miocene age; at 430 ft. 0.D., of Pliocene
age; at 200 ft. 0.D., 65 ft. 0.D. and 10 ft. G.D,, of Pleistocene
age (Robson 1943~4 and 1950). Most of these surfaces are of limited
extent, but in the St. Agnes Beacon Granite near St. Agnes Head and

in the Carn Menellis Granite at Polerebo, the 430 ft. 0.D. surface
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is particularly well preserved together with a Pliocene deposit.
Recent deposits of importance in the context of this study
include the tin-bearing alluvial'deposits of Cornwall. Robson
(1943-4) has divided these deposits into high level gravels found
chiefly on the soft, kaolinised and highly mineralised St. Austell
Granite, and the low level gravels found in the Carnon, the Red
River and the Hayle River. The low level gravels have been describ-
ed by Robson who stated, 'the tinstone is well-rounded despite its
hardness, and an assortment of country rock, pebbles and boulders
both angular and round, were found, admixed with sand and clay:
the deposit is loose, fluctuates much in thickness (1=12 f£t.)
beneath wide floodplains outsize for the present small streams,'
Other recent deposits include blown s=nd, submerged forest and
beach deposits, these deposits will be examined in Chapter four.

2¢5.0. Geology of tin lodes

2e5e1. General characteristics of tin lodes

Within the 'normal! hydrothermal lodes in Cornwall the
distribution of tin is highly irregular (Garnett 1966). Successive
movements acéompanied the several phases of mineralisation and
allowed some tin in the form of cassiterite and much more rarely
stannite (a sulphide of tin, coppér and iron), to be deposited
beyond the old fractures imposed by the cross~joints. The lode
fissure is infilled with cassiterite-bearing material, often
veined Sy later quartz, and the.whole is bordered by altered
granite, killas or elvan which often contains more cassiterite.
The minerals usually found in association with cassiterite include
the gangue minerals -~ chlorite, gquartz, fluorite and tourmaline,
the sulphides of arsenic, copper, zinc and iron, and.tungsten

minerals mainly as wolframite.



The grade of tin ore mined at the present time averages arcuad
15 1bs. tin/ton. However, in parts of the lode the grade may be
higher than 100 1lbs. tin/ton. In genersal, the steepest dipping
sections of the lodes are richest in tin and the ore tends to be
concentrated at the vicinity of changes in strike and at intersect-
ions with other structures. |

The lsngth and width of tin lodes are subjected to great
variations (Hosking 1969). The Great Flat Lode for example, is at
least threc miles long. Others may be mineralised over dip lengths
of several. thousands of feet as in the Dolcoath Main Lode which has
been worked to a vertical depth of 3300 ft. Some of the lodes are
50 ft. or more in width but the majority are between 4-5 ft,, and
at Geevor Tin Mines, the average width is from 14-2 ft. However, as
mentioned, the width of a given lode may be subject to marked
variations. At Geevor; the average length over which the lodes
contain payable ore is approximately 1000 ft. with a maximum of
5000 ft., and the vertical extent of the lodes with payable ore
varies between 300 ft. and nearly 1000 ft.

2e5.2s Tin mineralogy

Hosking (1969) has examined the variation in cassiterite grain
size in South-west England. In general, the cassiterite crystals
show great variation in length from 1 inch to a fraction of a
micron. The common occurrence of large crystals of cassiterite ia
characteristic of comparatively poor veins. In the rich lodes,
"restriction in the size of individual crystals, except in druses, is
due to the initiation of many closely-spaced crystallisation
centres. Beringer (1915) noted that in quartz/tourmaline/cassiterite
ore from Dolcoath, grains of cassiterite in the ranges of 100-200

microns and 50-100C microns were very abundant, and that there were



[AV]
fv

also large patches, veinlets and dispersed granules of cassiterite
measuring from 50 microns down to a fraction of a micron.

Venugopal (1952) has determined the concentrations of various
trace elements in cassiterites and concluded that Cornish samples
contain high concentrations of tungsten relative to. samples
from other areas of mineralisation. The Cornish cassiterite
commonly has a tungsten content in excsss of 1 percent. Pseudomorphs
of cassiterité after feldspar have been described by Coon (1934)
in Wheal Coates, and in other areas by Collins (1871). Common
inclusions within Cornish cassiterite crystals include iron oxides,
tourmaline, quartz and chlorite, in addition to wolframite.

2.6.0, Towanwrath Lode and the Wheal Coates Mine

Towanwrath Lode, the main tih lode of the Wheal Coates Mine, is
the only tin lode to outcrop on the cliff at sea level between St.
Agnes Head and Portreath. The lode forms a westerly offshoot from
the St. Agnes Beacon Granite and occurs in metamorphosed killas
which shows metamorphic zoning. At the c¢liff, the lode has been
stoped into a cavern and the hanging wall is an 8 ft, wide elvan
dyke. The cliff exposure shows the lode to vary between Lk~6 ft. in
width.consisting of brecciated killas cemented by banded quartz and
with much red staining due to haematisation. The lode underground
is from 2-12 ft. wide and consists of quartz with patches and veins
of red and brown haematite (Foster 1878). The cassiterite occurs
either as patches in the quartz or more cémmonly in the killas of
the hanging wall which has been altered to a dark tourmaline schiat.
On the footwall side, the tin veinlets are less common and do not
extend far from the lods.

The shaft adjacent to the cliff is vertical to the 50 fathoms

level and reaches a maximum depth of 80 fathoms below sea level



(Dines 1956). Though o0ld, the mine hes been active only intermitten-
tly, being worked in a small scale until 1889. Records of output are
335 tons of 9 percent copper ore and 700 tons of black tin in 1836
and 1861-1889. In 1912, the production was 177 tons of black tin and
the mine was eventually closed in 1913. An attempt to reopen the
mine in 1929 was unsuccessful,

Scattered on the slopes adjacent to the public footpath near
the Towanwrath Shaft, there are mine dumps from past workings. Sonme
of the tin in these must have found its way down the cliff onto the
beach through gravitational processes.

Avay from the cliff and towards ithe St. Agnes Beacon Granite,
there are a number of tin and copper lodes outcropping on the land
surface., However, none of these lodes outcrop on.the cliff even
though the tin zone of the Granite has been shown to extend seawards.

2e7.0. Mining activity

2.7.1. Past

'If one is willing to take the word of the antiquarians, i%
would appear that Phoenicians carried their tin from Coranwall to
Cadiz,‘which from say 1000 to 200 B.C. remained the entrepot for
nost if not all of the Cormnish product, receiving the tin from the
Pheonician galleySesees! = Lewis (1908). The 'Cassiterides', known
" by the Carthaginians infact fitted well into the description of
Cornwall, and Marazion, near St. Michael's Mount has been suggested
to be tﬁe 0old port used during the early tin trading activity (Gath
Whitley 1§15 and others).

In the early days of tin mining, alluvial tin mining known as
'stream tinning', prevailed to the exclusion of lode mining, except
in areas with extremely rich lodes at shallow depths, as in

Botallack near St. Just. According to Lewis early old stream works



24

occur at Porth, near the shore of Trewardreth Bay, St. Blazey, St.
Austell Moor, St. Stephens in Brounell and St. Ewe. The exhaustion
of stream tin in the sixteenth to seventeenth century led to

the tapping of lode tin following major advances in rock mining
technology. Ancient rock mining known as 'daylight mining' was in
openpits, found in»rich areas as in St. Just, Carclase near St.
Austell, Gwenapp and the Isle of Trescaw in the Scilly Isles. Sharp
rises in production took place in the latter half of the seventeenth
to the early eighteenth century, following improvement in mineral
dressing, and the introduction of the steam engine and the reverb-
eratory furnace during this period opened up new frontiers. The
nineteenvh century saw a change from manual labour to machines,
stamps uscd in breaking the ore were heavier and more numerous,
also during this period the crushing mill, the sizing-trommel, the
classifisr, the continuous jigger, the automatic frame and the
self-acting calciner were introduced (see Lewis 1908 for a
description), and in 1871, following record tin prices, a peak in
productim of 16,272 tons tin concentrate or 10,900 tons metallic
tin was reached (Barton 1967). However, Lewis pointed out that 'in
spite of the progress which has taken place and the proverbial
skill and <leverness of the Cornish miner, the wastage at the smel-
ting-vworks is still enormous, and the tin mining industry as a
whole lags far behind metallic mining elsewhere in England.'

Figure 2.5. shows the metallic tin production in Cornwall and
Devon from the thirteenth century onwards based on Dines (1956).
2e7e2. Present

Only two tin mines, Geevor near St. Just and South Crofty
between Camborne and Redruth have survived through the Second World

War. The breach in the sea bed at the old Levant Mine, now part of
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Geevor has been sealed successfully (Batchelor anﬁ Wardle 1969)
and new exploration work has been carried out. Both these mines
average just over 1000 tons tin concentrate per annum.

During 1970, a new tin mine was opened at Pendarves near the
old Pendarves Mine immediately to the west of Camborne, the crushed
ore was transported by road to a mineral dressing plant at
Roscroggan two miles away from the mirne site. However, due to
- mineral dressing difficulties, the mine was closed for a short
period, bu% is now back in production even though the Roscroggan
plant has been closed and the mineral dressing is now carried out
in another plant further up the Red River near Brea. The output of
this mine is estimated by the writer, from the tonnage and average
grade of ore raised weekly to be not more than 300 tons tin
concentrate per annun.

In 1971, following a programme of diamond drilliing and
exploration geochemistry (Wilson 1969), the 0ld Wheal Jane Mine
near Truro was reopened. And during 1973, the output reached 1600
tons, the highest in all existing mines in Cornwall. This production
figure is a major achievement when considering the short length of
time the mine has been back in operation. The tin ore obtained is
extremely iine-grained by Cornish standards and is associated with
sulphide minerals. The mine currently utilises a cassiterite
floatation section as a major part of the concentration circuit,
without which recovery would have been extremely difficult (Anonymous
1974).

2.8.0. Contaminaticn

2.8.1. Introduction

In this section, a review is given of the main sources of mining

contamination in the study area, both past and present. Bacause of
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the long history of mining activity and the extensive distribution
of mine workings in South-west Cornwall, it is essential in an
investigation like the subject of this thesis to determine their
effects. The liberation of tin from bedrock mining, has provided a
ftracer', and through the studies made on the tin distribution in
sediments. a better understanding of the geochemical dispersion of
tin in the terrestrial and offshore eanvironment may be obtained.

2.8.2. Sources of contamination

Previous geochemical investigations on soil and strean
sediments by Hosking and others at the Camborne School of Mines and
by Dunlop (1973) emphasized the importance of mining contamination
in accounting for some geochemical anomalies in South-west Cornwall.
Hosking (1971) has examined the sources of contamination which avre
of concern to the applied geochemist. They are:-

(1) Contamination due to mining and allied activities.

(2) Contamination due te agricultural activities.

(3) Contamination due to industries other than those of mining

and agriculture.

(4) Contamination due to domestic and allied activities.

Of these four sources, the first is by far the most important
in affecting the distribution of tin in soil and stream sediments.
Hosking has further sub-divided this into four categories.

(a) Contamination due to mineral exploration.

(b) Contamination due to mining and quarrying.

(¢) Contamination due to mineral benefication.

(d) Contamination due to smelting.

Of these four categories, the greatest wastage of tin comes
from mine tailings. Cassiterite, because of its chemical stability

and high specific gravity has relatively littie mobility compared
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to the light minerals, and normally remains as a residual mineral
near to its original source, unless in a very fine state.

2.8.3. Evaluation of past contamination

The extent to which soil and stream sediments have heen
contaminated in the past by tin lost as mine tailings is dependant
on the former scale of mining activity and the efficiency of
mineral recovery techniques used. Hosking (1971) has already pointed
out that’in the past, the losses may have been considerable. This
was demonstrated by Thomas (1913) on losses in the treatment of
Cornish tin ores during the late nineteenth century and the early
twentieth century. In 1890, the fifteen mines operating in the
Camborne=Redruth district sold 7,131 tons of tin concentrate, while
streamers recovering cassiterite from the tailings of these mines
in the Red River and the Portreath River, sold during the same
period 1,730 tons of tin concentrate. This 1,730 toans is astonishing
in that it is still greater than the output of the Wheal Jane Mine,
currently the largest tin mine in Cornwall with 1,600 tons of tin
concentrate in 1973. Thomas in fact c¢stimated that the aversge loss
in dressing tin during the early twentieth century must have
exceeded 33 percent, and in two cases which he had investigated, it
approached 60 percent.

Good evidence for revealing the degree of contamination can be
seen in the Banka Drill information supplied by Penhale and shown
in Hosking and Ong (1963-4), Table 2.3. The drill was taken
immediately to the east of the main coast road near the present
channel of the Red River which at this point has a floodplain half
a mile in width, and which according to Stephens (1899) consists of
estuarine deposits, laid down when the lower course of the Red

River valley was submerged. Sixty-seven percent of the total



29

Table 2.3. Banka drill in the lower Red River valley. Based
on Hosking and Ong (1963-4).

Depth % $n0, Origin of
Sediment Type .

(ft.) , Recovered Deposits
0 - 8 Loose slimey ground 67 River Channel
8§ - 8% Peat ] Marsh
8% - 12 Loose slimey sand Estuarine
12 - 12} Peat 3 Marsh
124 - 17 Loose grey sand i Estuarine
17 = 20 Peaty sand Marsh
20 = 22 Grey sand Estuarine

— Trace -

22 - 28 Muddy peat with frambo-
idal pyrite

28 - 29 Green clay
29 - 30 Sand & gravel T___14 Rapid
}O - 31  Sand with some gravel B " Submergence
31 - 33 Sand & gravel clayey 4
at 33 ft.
33 = 23 Sand & gravel clayey ’ - 12
at 35 ft.
35 - 36 Killas -

cassiterite in the core was recovered from the top 8 ft. compared
with only 12 percent in the basal horizon where the tin is expected
to be normally concentrated. If the top 8 ft. of the sediment can
be correlated with the era of mining activity, this means that
contamination through human disturbances in the Camborne mining
district has contributed at least over 5% times the natural tin
concentration in the deposits of the Red River.

Stephens stated that the mines find the Red River very useful
for their ore dressing operations, and below the mines themselves a
large number of works have been erected for the purpose of treating
thé slimes and sands washed down the Red River. He pointed out the

difference between the modern tin streamers who dealt with material



which was the waste of mining operations and ancient tin streamers
who dealt with alluvial tin gravels from the Roseworthy valley, a
tributary of the Red River vwhich in former times was very rich in
alluvial tin gravel, now exhausted. He found no evidence that the
early tin streamers touched the alluvial deposits beyond the
confluence point of the two valleys and this led him to carry out
drilling ir the lower portion of the Red River. His findings
confirmed that only poor tin gravel occurs in the deposits away
from the esisting channel of the Red River, the average grade being
only 1-1%# 1bs. tin/ton.

The efficiency of tin recovery techniques is entirely
dependant on the nature of the ore, mainly the grain size and
mineralogical associations of cassiterite. The recovery of fine-
grained cassiterite has always been a major problem in Corawall and
in the heyday of tin production 1870-1872, no less than 41 separate
concerns worked the Red River for tin tailings. These tin
streamers were however more capable dressers than the miners, and
it was not uncommon for a streamer to make a handsome profit fronm
treating the waste of a mine that was making a recurrent loss
(Barton 1967).

Acicular crystals of cassiterite may have a diameter down to
a fraction of a micron and could only be liberated as broken
fragments on crushing. Such crystals are considerably more common
in Cornish tin ores than has been generally supposed, and the
recovery of this type of cassiterite would be very poor (Hosking
1969). Crushing and grinding of tin ores also converts a variable
amount of cassiterite to near colloidel size particles, depending
on the nature of the ore, which according to Hosking and Ong

(1963-4) will remain in suspension for a long period of time, and



is thus lost as tailings.

In former times, with the comparatively primitive methods of
mineral recovery, mining contamination through losses in mineral
dressing must have been considerable. However, in the era of pre-
rock mining, beacause of the much smaller scale of mining activity
which was restricted to stream-tinning in the exceptionally rich
areas, contamination ia likely to have been far less significant.

In Fig. 2.6. is shown the location of the principal tin
smelting houses and the distribution of principal sites of tin
production in South-west Cornwall. Of the four smelting houses
affecting the St. Agnes Head/Porireath area, Redruth and Cornish
were by far the largest, having been in operation from 1862-1923
and 1887-1931 respectively. Portreath (1814-1825), the leading
smelter in Cornwall during 1822, had a harbour built to import
coal from South Wales, because there are very few suitable harlour
sites on the north coast of Cornwall. Ore wss transported by tram-
road from the North Downs and St. Day mines to be smelted at
Portreath (Barton 1970). There is little information available on
Porthowan, the least important of the four smelting houses.
Contamination from this smelting house was unlikely to be as
significant because the area produced only minor quantities of tin.
The finé components of slag heaps may find their way into streams.
Concentrations of tin up.to over 2,500 parts per million (ppm) in
the minﬁs—80~mesh (B.S.S.) fraction have been found in the Truro
River by Hosking and Obial (1966) and may be due to contamination
from the tin smelters in the vicinity.

In addition to tin in waste from smelters, tin ore recovered
in association with marketable copper was discarded as waste during

periods when its price was too low to warrant production. It was
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not until the recovery of tin prices and the decline in copper
mining that production recovered to such an extent that some mine
dumps from the old copper mines were reworked for tin. Some of
these dumps have in fact survived to the present day, as in the
mines of the St., Day areé, and are thus a potential source of tin
contamination to streams and the offshore area.

2.8.4, Evaluation of present day contamination

At the present day, St. Ives Bay and the Pendeen area on the
north coast of Cornwall receive the discharge of mine wastes, the
former from the South Crofty and Pendarves Tin Mines via the Red
River and the latter from Geevor Tin #ines. Tn both these
localities, the sea water is stained reddish-brown due to suspended
particles of haematite which is derived from miliing and crushing
operations. |

With the progress in technology in the present century, mineral
recovery has improved. At Geevor, the overall recovery from the
whole ore treatment process is between 81-82 percent (Geevor Tin
Mines 1972, unpub. rep.). However the recovery of locked tin and
very fine tin still presents major difficulties. The former is found
_aspociated with haematite, quartz, sulphides, tourmaline and chlorite
in the mineral lodes and poor separation from these minerals during
ore dressing lowers the overall specific gravity of the cassiterite-
bearing grains. If the sbecific gravity difference is extreme, the
mineraliis very often lost in gravity concentration processes. Also,
if cassitérite occurs as inclusions within other minerals as in the
Ste. Ives Bay offshore tin sands, the recovery would be extremely
poor (Warren Spring 1962, unpub. rep.)

With the introduction of new floatation techniques and the

Bartles-Mozley concentrator (Osborne 1973), the recovery of fine



34

tin tailings has improved, but nevertheless is still of concern.
The procedure adopted at Geevor Tin Mines recovers cassiterite of
5-20 microns at 35-40 percent and the overall recovery of the
under 5 micron cassiterite is only 3 percent (Geevor Tin Mines
1972, unpub. rep.). This suggests that rich tin slimes are still
finding their way downstream into the sea quite freely, as is
evident in both St. Ives Bay and the Pendeen area in the present

day.
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CHAPTFR 3. SAMPLING AND LABORATORY PROCEDURES

3e1.0. Field techniques

3¢e1e1e Stream sediment sampling

The stream sediment samples used in this work were almost ent-
irely collected in the summer of 1969. They were samples used in the
Atlas Project, in the course of which mearly 10,000 samples were
collected in South-west England by 11 two-men teams. Duplicate
éamples were taken at stream-road intersections at an average densi-
ty of 1 sample/sq. mile, and were collected with care being excerci-
sed in order to avoid collapsed bank material and organic and
ferruginous ooze. The samples wWere placed in pre-numbered kraft
paper bags, their positions were located on 1-inch 0.S. maps, and
their nature together with stream bed character were noted. In the
detailed study of the Red Ri?er, sampling points were at closer
intervals and water samples of 10-litre volume were taken at selacted
localities, and kept in polythene bottles.

3.1.2. Beach sediment sampling

Surficial beach sediments in St. Ives Bay less than 6 inches
from the surface were sampled by hand along traverses from the High
Water Mark to the Low Water Mark by means of a 100-ft. line. On
other beaches, a random sampling scheme was adopted and the sample
locations were identified using compéss bearings to reference points
on the 0.S. 6-inch maps. The sample weight taken was about 2 kg.

3e1.3. Sampling of alluvial and estuarine sediments

The vertical sections of these sediments were sampled using a
15 cm. diameter bucket auger at selected locations. The location of
these.sites were plotted on 6-inch 0.S. maps and the samples were
described, labelled and transferred into polythene bags in situ.

Because of the design of the bucket auger, some sample mixing was
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unavoidable, and special care was taken during the lowering and
removal of the auger from the drill-hole to avoid scrapping
material from another horizon.

3.,1.4. Marine sediment sampling

Surficial marine sediments were sampled using & Shipek grab
(Fig. 3.1, Plate I.) during June 28th -~ July 4th, 1972. The vessel
used was the Cornish Queen, a trawler with a 23 ft. draught which
is equipped Qith an electrical winch, Decca Navigator and echo-
sounder. In all a total of 381 statiors were occupied, 321 from the
St. Agnes Head/Portreath area, 50 from St. Ives Bay and 10 frowm the
Pendeen area. The stations were fixed using the green and purple
co~ordinates of the Decca Navigator (listed in Appendix), their
locations are shown in Fig. 3.3A-C.

An average of 3~4k kg. of sample was taken at each station. In
the St. Agnes Head/Portreath arca w:re made four main sampling
traverses paraellel to the coastline, and cuts at a sharp angle to
the £rend of the known mineral lodes found on the hinterland. These
sampling traverses were spaced at approximately 750-metre intervals,
and the sample spacing along the individual traverses were at on

average between 60-80 metres.

In the follow-up studies during September 1972, after initial
trial runs in Mount's Bay, cores were taken in the St. Agnes Head/
Portreath area using a vibratory corer made by Hydrowerkstatten,
‘model VK 300 (Fig. 3.2.). The ship used was the M. V. Observer
which has a 12} ft. draught. This corer is claimed by the
manufacturer to be capable of taking practically undisturbed cores
from sandy sediments. After the vibrocorer has reached the greatest
depth of penetration, it switches off automatically and the
underwatgr vinch comes into action extracting the corebox. When

the vibrator has reached its uppermost position, the winch is
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again switched off automatically, and there is a knife shutter in
the lower part of the support frame to prevent the core from being
washed out on retrieval of the corer. The specifications of the

vibrocorer are as follows:-

Operational depth up to 400 m.

Length of core up to 3 m. .
Striking force ca. 700 kp.

Total weight ca. 600 kg.

Electrical output 0,8 KW at 380 V.

Energy source 5 KW

On‘board, the corebox was removed from the frame, the diagonal-
ly screwed sguare-boxes (10 X 10 cm.).were removed and the core was
split into two halves with a stainless-steel pellet khife. Half
the core split was transferred into a plastic gutter, sealed in
polythence core liner using lassovic tape and kept for reference. The
other half was described and sampled according to grain size and
colour variations, labelled and kept in polythene bags.

The lbngest core obtained during the cruise was just over 2 m.
in length, and on average about fiye to six cores could be obtained
during one 8-hour working day. However, due to’rough sea condition
and electrical problems, only two cores were obtained from the St.
Agnes Head/Portreath area.

302.0. Preliminary investigations on laboratory procedures

3e2+1. Investigation on sampling reproducibility

Even though the sampling problem of tin ores is very well known
to mineral technologists, the problem has been much neglected in
geochemical prospecting. In the latter, which is used primarily to
cut costs in place of drilling in the location of mineral

deposits, it would be too expensive and far too time consuming to
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analyse bulk samples, and thus representative small samples must
be used. However, if small samples are used, are the final results
valid? In this section, the problem of sampling high density
discrete mineral grains present in minor quantities in geochemical
gamples is examined.

In general, there are two types of sampling errors. Firstly,
thosé due Yo inherent inaccuracies of the method or due to bias in
.the analyst known as systematic errors, and secondly, those due
A additionally to sampling, such as are introduced by taking dip
samples from the sample container. The latter are known as random
errors. Two common solutions for tﬁese errors are the use of
standards, based on the assumption that the errors affect both the
known and unknown samples to the same degree; and the use of
duplicates and/or different ﬁethods of analysis. Howevery these
solutions only apply when the sample units used are representative
of the sample population. |

The sampling problem of cassiterite~bearing sand is largely
the result of four factors.

(i) Cassiterite normaliy occurs as discrete or mono-mineralic

grainse.

(2) The high density of cassiterite 6.98-7.02 results in its

separation from other minerals by gravity.

(3) The cassiterite grains present in the sand are usually

appreciably finer than the other mineral constituents.

(4) Cassiterite is usually present in low abundance.

Beacause of taese factors acting in combination, representative

sampling of cassiterite-bearing sands with variable grain size
distribution is difficult to achieve,

In an coven-grained rock with a grain diameter of 1.2 mm. a



representative sample requires a 1,000 g. sample weight, for it
is necessary to have at least 107 grains if the specific gravity
is 2.7 (Edelman 1972). At 45-mesh and 70-mesh, the representative
sample weights are 100 g. and 20 g. respectively. If less than
0.5 g. sample is used in chemical analysis, it is necessary to
grind 5 g. of the 120-mesh fraction more finely (Kluman 1967).
Cassiterite which is present as discrete mineral grains in samples
are even more susceptible to sampling error than other minerals
due to se%gfegation of the mineral because cf its high specific
gravity, and a even larger sample than normal like those
recommended by Gy (Ottley i966) will be required in order to

. obtain a representative sample.

Figure 3.%. show some examples of ways by which heavy mineral
seggregaticn ¢an take place during sample preparation. It can be
seen from these examples that it is vital to use thoroughly
homogenised samples by grinding a representative sample unif to a
sufficiently fine size to minimise the movement of heavy mineral
grains within the sample. The analytical results of both Ong (1966)
and Hazelhoff Roelfzema (1968) may therefore be erroronecous as
their analyses were on unground minus-80-me$h fraction.

In the St. Agnes Head/Portreath area, the grain size of the
sediments is highly variable, the deposits ranging from gravel to
fine sand und silt. Consequently the minimum size of the sample
unit needed to be representative varies according to the type of
sample. It is possible to make a rough estimate of the number of
cassiterite grainslin the different size fractions by making a
number of assumptions. The assumptions are firstly that all the
tin is available és mono~-mineralic cassiterite grains, secondly,

all the grains within the sediment are spherical and thirdly, the
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Fig. 3.4, Illustrations showing three common problems associated
with sampling unground samples. In these examples, the
heavy mineral grains (shown in black) work their way

downwards through the interstices of the lighter
coarse grains.
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average density of the sediment is 2.8. On the basis of these
assumptions, it is possible to calculate the number of grain
particles within any size fraction with given grain diameter, and
by assigning differeﬁt tin cpnceﬁtration values to the size
fractions, the number of mono-mineralic grains within the size
fractions can be estimated (Table 3.71.). It can be seen from Table
3e1e that the minimum size of a represcntative sample unit is
dependant on Both the graih size and the actual tin content. It is
evident that it is difficult to weigh out a representative sample
wvhen only a fraction of a gram of the unground sample, a common
practice in geochemical prosﬁecting is taken, although the sampling
error is relati?ely small in the finest fraction since a larger
number of erains are present. However, since composite grains of
caésiterite may occur together with mcno-mineralic grains, the
sampling error is much less than with mono-mineralic grains alone
since the composite grains are much lighter and seggregation within
the sample is less severe.

In order to minimise the sampling error in the current study,
it was decided to use all The sample available. For grab samples,
thle samples were dried and then split down manually using a Jones
riffle. The prior removal of shells from the samples has the
advantage that the sampling error is lessened and the concentration
of tin in the remaining material is upgraded.

In an attempt to get over the problem of heavy mineral
seggregation, all the samples for analyses wgge}ground,%b*minus-
200~-mesh and homogenised, using a Tenma mill; As large a sample as
possible was used, but in some of the size fractions with only
small sample weights available, homogenisation was taken as far as

possible by grinding using an agate pestle and mortar, and the
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Table %.1. Relationship between grain size, tin content and
the number of cassiterite grains in 0.2 g. of
unground sample, based on the assumption that all

the tin is present as discrete cassiterite grains.

Grain Size (microns) 170-250 124170 90-124 TUnder 90
Estimated No.| Minimum 8,727 27,757 71,521 187,056
of Grains Maximum 27,756 71,520 187,055 187,056
Tin Content (ppm) No. of Grains
100 Ouliw1 b 1e4-3,6 2.6=0.5 9.5
1,000 be 14 14 36 36- 95 95
5,000 : - 22- 70 70-181 181-475 Los
10,000 88-141 141-363 363-950 950

results were treated cautiously during the final interpretation.
Duplicate splits were made on 5 percent of the samples to caeck
the sampling reproducibility. The analyses indicate a satisfactory
precision in the sampling technique, within the precision of the
method used (Fig. 3.5.). A comparison of tin analysis on ground
and ungrQuﬁd sa@ples is shown in Fig. 3.6. The results for ungrouad
samples tend to be erratic and thus the importance of representative
sampling is confirmed.

3.2.2.'Investigation for an analytical technique for tin

There are three methods in common use for the analysis of tin
in geochemical prospecting. Two of these are the emission |
spectrographic method of Nichol and Henderson~Hamilton (1965) and
the colorimetric method of Stanton and McDonald (1961-2), which
according to Dunlop (1973) have a precision at the 95 percent
confidence level of % 62.5 percent and bt 23.5 percent respectively
for Cornish soil and stream sediments. The other method is the use
of a portable radioisotopic X-ray fluorescence analyser (Bowie et

al. 1964-5), which according to Garson and Bateson (1967) at
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Fig. 2.5. Plots of tin results determined by atomic absorption
for duplicate splits from the bulk sample in the
minus-8-mesh shell-free fraction.
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concentrations above the 150 ppm level, over 80 percent of the
readings are within : 324 percent of the mean.

Of these three methods, the colorimetric method has by far
- the best precision and the greatest sensitivity. This method,
although designed primarily for soil and stream sediments, has
been adopted by a number of previous workers for beach sediments
(Hosking and Ong 1963-4 and others) and marine sediments (Ong 1965
and Hazelhoff Roelfzema 1968) also. In addition to the better
precision and sensitivity, the method is rapid and inexpensive
compared to the emission spectrographic method, especially when
tin is the oﬁly element of interest. The radioisotopic X-ray
fluorescence method on the other hand,; has not yet been tested for
marine sediments, but work on crushed ore has suégested that the
grain size of material and the sample homogeneity are of critical
importance (Darnley and Leamy 1966). Of the three methods, only
the colorimetric method was considered to be sufficiently precise
to be of application in the present investigation, but it was
decided to make further tests to determine its suitability for
marine sediments.

The colorimetric method involves the use of ammonium iodide
for attacking cassiterite present in the sample. In marine
sediments, the samples are often characterised by very high shell
or calcium carbonate confent which may in cases be over 90 percent.
If a sample with high shell content is attacked using ammonium
iodide, tﬂe hydrogen iodide liberated has acidic properties will
attack the shells in the sample prior to attacking the cassiterite.
Thus, less hydrogen iodide is available for attacking the cassiteri-
te and it is therefore advantageous to remove the shells

prior to the attack. Possible reactions with shells present



are:-
NH4I

Ammonium Iodide

2H1 CaCo
* 3

Calcium
Carbonate

CaCO3

Cal + 2HI

Sn02 + LHI

Cagsiterite

48

- NH + HI
Heat >
Ammonia Hydrogen Iodide
- CaI2 + H20 + 002
Calcium Carbon
Todide Steam 5. oxide
—— Cal + CcO
Heat e
Calcium Oxide
S Ca12 + H20
= Snlq + 2H20

Stannic Iodide

The interference caused by the shell content is indicated by

the resulte in Table 3.2, which also rsuggests that the 1 g. sample

weight recommended by Stanton and McDonald (1961-2) is too large

for marine sediments. It was therefore necessary to determine the

best sample weight to use for the attack.

There are two possible solutions to the problem of obtaining

a complete attack after the preliminary removal of shells. Firstly

to use a larger quantity of ammonium iodide, and secondly to use a

smaller sample weight. There are a number of disadvantages in

Table 3.2. The relationship between sample weight and the

efficiency of the ammonium iodide attack on one

sample containing 32.5 percent shells using the

colorimetric method. (in ppm)

Sample Wt. Mean Assay Value Mean Assay Value
(g.) of 1st Fusion of Residue
0.1 875 190
0.25 640 . 320
0.5 200 700
0.75 17 500
1 <12.5 Loo
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increasing the guantity of ammonium icdide.

(1) The heating will be much siower. With 1 g. ammonium
iodide, the heating reqﬁires on average 4-5 minutes, if
the weight of ammonium iodide is increased to 2 g.,

10-12 minutes will be required.

(2) Using 18 X 180 mm. test tubes, an increase in the weight
of ammonium iodide used, results in increase in the
likelihood of fumes which may carry away stannic iodide.

(3) The increase in costs for the reagents and also for labour.

(4) The leaching is also less efficient and if a larger volume
of acid is used, the dilution factor increases which resul-
ts in a lowering of the sensitivity.

Tests were therefore carried out with varyihg sample weights
in order to determine the sample weight needed to obtain an effici-
ent attack. The results (Table 3.3.) show it is difficult to
achieve a good fusion if 0.5 g. or over 0.5 g. sample is used with
1 g. ammonium iodide in the attack because of bad mixing, the
range of results being relatively large. The best sample weight was
found to be around 0.2 g., with a range of results of only 200 ppm.

Table 3.3. The relationship between sample weight and the

weight of ammonium iodide on one sample with a

mean composition of 3586 ppm tin. Based on

triplicate analysis.

Sample Wt.

. Range
Wte (g ) NHL,.I Ratio Mean (ppm) Difference
0.2 1 1:5 3600 3500-3700 200
0.5 1 1: 2 3280 2960-3760 800
0.75 1 3 04 3005 2667-3467 800
1 1 1: 1 3120 2840-3440 600




Comparable results were obtained by taking less than 0.2 g. sample
using a sample to ammonium iodide ratio of 1 ¢ 5 even though the
sample size error and the weighing error are likely to be increased
in the smaller samples. 1t was therefore decided to use 0.2 g.
sample and 1 g. ammonium iodide or a ratio of 7 : 5 in all the
subsequent analyses.

Residues from the first attack were attacked a second time to
determine the\completeness of the first attack. First, however, the
residues were thoroughly washed with moclar hydrochloric acid
followed by deionised water to ensure that all the soluble tin
extracted in the first attack had been removed. The results show
that the attack using a 0.2 g. to 1 g. sample to ammonium iodide
ratio is better than 90 percent efficient (Table 3.4.).

Table 3.4, Efficiency of the ammonium iodide attack using a

0.2 g. sample to 1 g. flux ratio. (in ppm)

% Efficiency of

Sample No. 1st Attack 2nd Attack 18t Attack
1 2250 100 95.6
2 2500 200 92
3 4500 250 9k.5
L 1800 < 50 97.3
5 6000 . 150 97.5

A number of problems were encountered in the colorimetric
analysis of tin and at the end it was decided to abandon the
technique and an alternative method using atomic absorption
spectrophotometry was sought, The main difficvlty with the
colorimetric technique occurs in the matching of the sample with
the standard solutions. It was found that most of of the samples

had a yellowish-green to yellowish-pink colour compared to
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bluish-green to bluish-pink in the standards, and reading the
sample concentration with accuracy was found to be very difficult
in many cases. This colour interference is likely to be the result
of the high iron content in the samples.

In recent years, atomic absorption spectrophotometry has
played an increasingly important role in geochemical exploration,
The superiority of this technique, mainly due to its speed and
better precision, over the traditional techniques has already been
described by Ward et al. (1969), Angino and Billings (1972) and
others. However, because of the complex nature of geochemical
samples, tin, always a difficult element to determine precisely,
is subjected to complex interferences. Allan (1963) reported a
sensitivity of O.4 ppm using a relatively low temperature air/
hydrogen flame which is prone to interferences, wvhile Amos and
Willis (1965) used a hotter nitrous oxide/acetylene flame which is
less sensitive but seemingly without interference. Subsequently
Bowmén (1968) adopted this technique for analysing tin ores and
concentrates, and Guru (1972) used &« similar method in determining
tin in sediments from the South China Sea. Xﬁﬂwas decided to test
the suitability of this method in the present investigation.

The instrumentation on the Perkir-Elmer atomic absorption
spectrophotometer model 403 used is shown in Fig. 3.7. For the
nitrous oxide/acetylene flame, a 5 cm. single slot burner is used,
and because of the relative low tin concentration in the samples
(under 4 percent), the most sensitive spectral line 2246,.1 2 was
selected for use. The acetylene flow rate was adjusted to give
the maximum 'red feather' without the flame being luminous, in
order to minimise carbon deposits forming in the burner slot which

would result in a decrease in sensitivity, and the maximum absorption
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was obtained by adjusting the burner height. Sample digestion was
with ammonium iodide after shell removal which is essential to
minimise molecular and other interferences caused by the presence
of large quantities of calcium in the sample solution during the
atomic absorption measurements.

Table 3.5. shows the concentration working range for sample
solutions with different dilution factors..The detection limit is
2 ug/ml. or a sample concentration of 50 ppm tin and the calibration
curve was found to be linear up to 200 ug/ml. (Fig. 3.8.). No

Table 3.5. Dilution, percent ammonium iodide and the

concentration working range for 0.2 g. sample

to 1 g. flux ratio.

Final Vol. of Leach % Ammonium Todide Tin Concentration

Soln. (mls.) in Standards Range (ppm)
5 20 : 50~ 5000

10 10 100-10,000

20 5 200-20,000

4o 2.5 400-40,000

curvature correction was therefore required below this concentration,
and results were obtained directly using a digital readout. Ammonium
iodide in molar hydrochloric acid did not disturb the structure of
the nitrous oxide/acetylene flame but varying concentrations of
ammonium iodide did result in slightjenhancement of tin absorbance.
In order to remove this enhancement, equivalent amounts of ammoniunm
iodide (weight/volume) were added to the standardé. The operating
conditions of this technique are described in.section 3.4.?{

The results of the atomic ébsorﬁ%ion technique show a’markédf
improvement in precision over the colorimeffic;technique. The

results of duplicate determinations by this technique have been
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colorimetric results,



computed to determine the precision at different concentrations
using the method of Thompson and Howarth (1973) and they are
summarised in Table 3.6. The precision found at concentrations of
500 ppm and above are superior to those quoted for the colorimetric
method (Stanton and McDonald 1961-2), however, at concentrations
below 250 ppm, due to the background noise the precision is poorer.
Comparison between the colorimetric technique and the atpmic
absorption technique (Fig. 3.9.) suggests that results using the
former are, in general, significantly higher, and the absence of
values between 2000-3500 ppm suggests analytical error possibly
due to interference.

Table 3.6. The relationship between tin concentration and

precision of the atomic absorption technique

based on 197 duplicates.

Tin Concentration Precision at the 95 %
(ppm) Confidence Level
100 54.8
250 . 27.4
500 18.3
1000 13.7
5000 10.1
10,000 9.6
15,000 9.k

To check the validity of the atomic absorption results,
comparisons were made using the volumetric method of tin
determination (Pantony 1956), by titration with iodine following
the reduction of tin using nickel. Tin results using the volumetric
method have been examined in an inter-laboratory survey of the
accuracy of ore analysis by Lister and Gallagher (1970), and was

found to be fairly reliable. Fig. 3.10. shows that the atomic
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absorption results and the volumetric results correlate well and
thus the atomic absorption method was adopted for subsequent tin
determinations,.

343.0. Laboratory techniques

3+3%3.1. Preliminary treatment of samples

Entire samples were oven-dried at about 60°C on porcelain
dishes of 6-~inch diameter, and the beach and marine sediment samples
were previously washed three times with deioniéed water to remove
salt. During eéch washing, the samples were mixed thoroughly with
the deionised water using a glass stirrer and sufficient time was
allowed for settlement before decantation of the deionised water
in order to prevent the loss of the fine fraction.

After drying, the samples were h:nd sieved to remove the
gravel size fraction using an 8-inch diameter 2057 micron (8-meskh
approximately) test sieve. The gravel fraction was examined
visually and its composition described. The minus-8-mesh fraction
of the samples were then split into two halves using a Jones riffle.
Half the split was bagged and kept for future reference and the
other half was split down further for the various treatments.

303%.2. Textural analysis

All the marine sediment samples were subjected to granulometric
analysis. Sub-samples of the minus-8-mesh fraction split down to
between 50-100 g. in weight were sieved through a set of 32}-inch
diameter parspex sieves fitted with heavy quality nylon mono=-
filament bolting cloth. The aperture of the sieves were chosen at
.0.5 phi intervals, and were shaken for 30 minutes using a Pascall

Engineering sieve shaker. The sieves used were =



Nearest Hicrons Phi Sediment Type
B.S.S.No. (Wentworth Scale)
8 ‘ 2057 ~1.041 Very Coarse &
30 500 1.000 Coarse Sand
bl 350 1.515 Mediun
60 250 2.000 Sand
85 170 2,557 Fine
120 124 3,011 Sand
Pan <12k >3.,011 Very Fine Sand
. & Silt

The sieve fractions collected were wieghed, converted to
percentages, and the mean size and sorting coefficient were
determined by plotting cumulative frequency curves graphically

and applying the formulae set out by Folk (1968).

Mean Size M, = _(416 + g50 + g84)
3
Sorting ~
oEEnE L 0 = (g8 - g16) (495 - ¢5)

4 6.6

3e%e¢3. Shell removal and shell content analysis

Acetic acid (GPR grade) was used to remove shells, because of
the insolubility of cassiterite in the weak acid. After initial
tests to determine a‘suitable concentration to use, 15 percent
(volume/volume) acetic acid was selected. Table 3.7, shows that &
significant amount of copper and zinc may be leached depending on
the volumé and concentration of dilute acetic acid used,
'furthermore, the duration of the leach is also likely to be of
importance. The results are based on atomic absorption measurements
following an ADPC soivent extraction to concentrate the metals for

analysis, as well as removing calcium,
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Table %.7. The effect of strength and volume of dilute acetic
acid on leaching copper and zinc in the unground
minus~8-mesh fraction of one sample containing

39.6 percent shells.

Strength of Acetic Acid (%) 5 10 15 20 25

Final Vol. of Solution (mls.) Loo 250 200 200 200

Glacial Acetic Acid Used 20 25 30 . 4o 50
Cu in Insoluble Frac. (ppm) 80 74 73 71 65
Cu in Leached Solution 10 11 11 12 12.5
Zn in Insoluble Frac. 120 117 113 116 118
Zn in Leached Solution 35.5 26,5 12 14 14
Procedure

(1) Weigh out between 300-800 g. of the minus-8-mesh fraction of
the sample, using a Jones riffle fer splitting down to the weight
required. The weight of the sample used is dependant on its shell
content, but sufficient sample should be taken to ensure that the
detrital fraction is at least around 100 g.

(2) Add 15 percent acetic acid in portions of up to 600 mls. with
care in order to avoid overflowing of carbon dioxide bubbles which
can cause sample loss. When the reaction has subsided, stirr well
,with a glass rod and allow 30 minutes for settling.

(3) Decant the leach solution carefully to avoid sample loss and
add fresh portions of 15 percent acetic acid and repeat the proced-
ure until effervescence has ceased. Record the volumes of acetic
acid used.

(4) Decant the leach solution and transfer the insoluble residue
into a 6-inch diameter funnel fitted with Whatman's no. 1 filter
paper. Wash the residue thoroughly in deionised water.

(5) Dry the residue in an electrié oven at 60°C and when cooled,
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weigh the residue.

In the caliculation of the percentage shells in the samples,
the shell content was taken as the percentage weight of the fract-
ion soluble in the 115 percent acetic azid solution.

3e3elte Miliing and homogenisation

All the samples were ground and homogenised using an agate
Tema mill of 50 g. capacity. The size fractions of the samples were
ground and homogenised using a 20 g. capacity tungsten carbide Tema
mill and for small samples under 2 g; by hand using an agate pestle
and mortar. Special care was taken to split all the samples for
milling revresentatively with a Joneé riffle.

3.4.0. Analytical techniques

3.4.1. Determination of tin

Procedure

(1) Weigh 0.2 g. of ground sample inio a boro-silicate test-tube
(18 X 180 mm.).

(2) Add 1 g. of hand~ground ammonium iodide and mix thoroughly.
(3) Heat over a low flame for 4-5 mizutes, with frequent rotation
and agitation of the tube until the ammonium iodide ceases to
sublime, and the residue reaches a dull red colour.

(4) After cooling, add 5 mls. of molar hydrochloric acid, mix well
and leach on a sand-tray or in a water bath at 80°C for 20
minutes.

(5) Dilute further if necessary with molar hydrochloric acid, mix
‘well and leave to settle for 1 hour before spraying the solutions
through the atomic absorption spectrophotometer.

Preparation of Standards

(1) Stock tin standard 1000 ug/ml. Dissolve 1000 mg. of A.R. grade



tin powder in 100 mls. of 10 molar hydrochloric acid and dilute to
1 litre with deionised water.

(2) Vorking standards. Prepare solutions for calibration by
diluting the stock 1000 ug/ml. tin standard to 10, 50, 100, 150
and 200 ug/ml. of tin respectivély with molar hydrochloric acid,
and add 20 percent (weight/volume) or the appropriate amount (Table
3¢5.) of ammonium iodide before making up to the final volumes.
Operating Conditions

Instrument Perkin-Elmer atomic absorption spectrophotometer
model 403

Wavelength 2246.1 8§
S1it Width L
Lamp Current 30 mA

Burner Height 18

Burner 5 cm. single slot

Flame Nitrous oxide/acetylene

'Support Air

Flow Nitrous oxide 4G 1lbs./sq. in.
Acetylene 12 1bs./sq. in.

Analytical Control and Productivity

Analytical control was maintained by comparing observed values
of duplicate standards submitted with each sample batch. About 10
percent of each sample batch was made up of standards, blanks and
duplicates which were mixed and submitted in random with the
samples in order to eliminate analytical bias. 100-150 samples
.may be analysed per man-daye. A plot of the duplicate results is
shown in Fig. 3.11.

3.4.2, Determination of copper, zinc, iron, manganese and calcium

All these elements were determined on atomic absorption



Fig. 3.11.

Plots of duplicate tin results for Cornish stream
and marine sediments. (in thousands of ppm)
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‘following an acid leach. Calcium was determined only for beach and
estuarine sediment samples not preliminary treated with 15 percent
acetic acid to remove shells. |

Procedure of Acid Leach

(1) Weigh 0.25 g. of sample into & boro-silicate test-tube (18 X
150 mm. ).

(2) Add 5 mls. of 4 : 1 nitric acid/pcrchloric acid mixture.

(3) Heat over an airbath overnight and evaporate to white fumes of
perchloric acid, making sure to avoid baking.

(4) Leach in 2 mls. of 6 molar hydrochloric acid, warming the tube
on a sand bath set at 80°C for about 15 minutes until all coloured
oxides were solubilised and the residue changed te a white colour.
(5) Add 10 mls. of deionised water and homogenise solution using a
whirl-mixer.

(6) Leave to settle before spraying the solutions through the
atomic absorption spectrophotometer.

The operating conditions used are summarised in Table 3.8, and
about 10 percent of each sample batch made up of standards, blanks
and duplicates were submitted in random for spraying. The precision
for these metals are better than = 10 percent at the 95 percent
confidénce level.

Table 3.8. Operating conditions on the Perkin-Elmer atomic

absorption spectrophotometer model 403 for Cu,

Zn, Fe, Mn and Ca.

R i R S
Cu 3247 15 4 Air/02H2 0.01
Zn 2138 15 L ] 0.01
Fe 2050 20 3 n 0.1
Mn 3719 20 3 " 0.01
Ca L2279 10 b " 1
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3.,4.3, Determination of arsenic

A colorimetirc technique similar to that of Almond (1953) and
Stanton (1966) was used. The nitric acid/perchloric acid attack was
found to be capable of producing arsenic results comparable to
those obtained by potassium bisulphate fusion in sediments (Table
3¢9+)o The attack was therefore adopted to save time and cost, as
the samples are prepared for atomic absorption measurements using
a nitric acid/perchloric acid attack., The precision of this method
is better than hA 25 percent at the 95 percent confidence level.

Table 3.9, Comparison between the nitric acid/perchloric acid

attack and the potassium bisulphate fusion in the

colorimetric determination of arsenic. (in ppm)

Sample No. HI\iOB/HCmbr KHSO,,
Attack Attack
1 24 25
2 60 75
3 96 75
L 768 850
5 288 300
6 192 250
7 850 800

34,4, Determination of tungsten

Tungsten in the samples was determined colorimetrically using
zinc dithiol (Stanton 1970). The precision of this technique is
better than 2 25 percent at the 95 percent confidence level. Stanton
.found that copper is masked by iodide and amounts in excess of
0.5 mg. (500 ppm) in the samples will interfere by consumption of
dithiol. Therefore samples with copper concentrations exceeding

this amount especially in stream sediments should be treated with
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cauticn although an attempt to reduce the copper interference ves
made by further addition of iodide.

3e5.0. Application of hydraulic eguivalence

The concept of hydraulic equivalenée based on Stokes Law was
first introduced by Rubey (1933), who examined the controlling
factors on the size distribution of heavy minerals within a water
laid sandstone. Subsequently, Rittenhouse (1943) used the concept
to develop a method of computing hydraulic equivalent sizes, and
introduced the term 'hydraulic ratio' which measures directly the
relative availability of heavy and light minerals of eguivalent
hydraulic value. This idea was taken up by Hazelhoff Roelfzema and
Tooms (1969) who applied it to cassiterite in the marine sediments
of Mount's Bay to aid interpretation of geochemical results on
sediments with multiple tin sources. The theory of the concept is
summarised diagrammatically in Fig. 3.12, from this it can be seen
that submarine sources of tin can result in anomalies in the tin
trend surface distribution.

Stokes Law states that the settling velocity of a spherical
particle vary as the square of the particle diameter, as the
effective density of the particle in the fluid, and inversely as
the viscosity of the fluid. In other words, specific grains of
different specific gravities will be taken into suspension by a
given currcnt,. |

Stokes Law Vv

u
.
]
=
[=H
N

(Where V settling velocity of both grains in cm./sec.

-~ specific gravity of quartsz

fle]

- goecific gravity of water

=

diameter of quartz grain in cm.

Kol

- coefficient of viscosity of water

R’ B o™ KT
i

- acceleration due to gravity )
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and v = g . Pe . Py 2
18 n ¢

(Where p, - specific gravity of cassiterite

dc ~ diameter of cassiterite grain )

Since the settling velocity is constant

- Pe -
g' q. Wda gO C d2

18 n a 18 n ¢
2

1}

2.00 - 1.00) dca

(2,66 = 1.00) dq

d

1]

[(7.00 = 1.00) g
4 J (2.66 = 1.00) “¢

= 10901 d
c

Therefore, the eguivalent diameter of quartz is equal to the
known diameter of cassiterite multiplied by z factor of 1.901.
However, Stokes Law is adhered to only under certain conditions.
(1) Grain particles are spherical.
(2) The mineral grains are monu-mineralic.
(3) Applies only to certain grain size particles settling
| through an infinitely large quiescent volume of water
under free settling conditions. Pryor et al. (1952)
determined using the Reynold's number (Re) found that the
minimum size of quartz spheres that will obey Stokes Law
at 18°C is below 50 microns when Re = 0.1.
(4) The proportion of solids does not exceed 0.5 percent by
volune.
(5) Thevtemperature remains constant during the period of
settling.
Hydraulic equivalence in the setiling of quartz and cassiterite
grains has been demonstrated by elutriation experiments using a
Blyth elutriator (Ong 1966 and Hazelhoff Roelfzema 1968). The

advantage of elutriation over dry-sieving is that the former takes



()}
(b el

account of the hydraulic properties of the material treatéd which
includes specific gravity in addition to particle size. These
experiments have confirmed that the size frequency distribution of
cassiterite grains is esesentially similar to that of the light
fraction minerals, and that the displacement towards finer sizes
of cassiterite, is largely due to differences in specific gravity.
Plate 1I. illustrates elutriation of light minerals, mainly
shells, by sheetwash down the beach slope selectively, leaving
dark heavy mineral grains behind which are also finer and much
more difficulty entrained.

As hydraulic eguivalence applies only to mono-mineralic grains,
it is necessary to show that mono-mineralic grains of cassiterite
exist in the size fractions chosen for determining the hydraulic
ratio. Heary mineral separations using methylene iodide (specific
gravity 3.32) were made on the detrital size fractions of a selected
sample. The heavy fractions were then cleaned of magnetic minerals
usiné a hand magnet and the non-magnetic heavy mineral fractions
were mounted on resin, sectioned and subjected to quantitative
mineralogical studies. The number of mono-mineralic grains of
cassiterite, and the number of cassiterite-bearing grains were
counted using a stage counting device fitted onto a petrological
microscope. In addition, the identification of cassiterite was
aided by 'tinning' using zinc powder and dilute hydrochloric acid.
The results are summarised in Table 3.10.

It can be seen from Table 3.10. that the bulk of the mono-
mineralic cassiterite grains occur in the finest fraction of the
sample and thus there may be little validity in applying hydraulic
equivalence to the coarse size fractions. However, since grinding

has been shown to be necessary in order to minimise sampling error,
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Table 3.10. The relative abundance of cassiterite mono-mineralic
and cassiterite~bearing composite grains in the

5.G. greater than 3.32 size fractions of one saumple.

Sampl Grain % % % % No, of
;mp € Size Fraction Fraction Mono-lMineralic Composite Grains
Cc  (microns) < 3.32 > 3,32 Grains Grains Counted
15-P2 170=250 99.9 Trace - 100 5
15-P3 124-170 99.7 0.3 21 79 33
15-P4  90-124  97.9 2.1 72 28 98
15-P5 < 90 95.9 h.3 90 10 76

Note:The light fraction S.G. less than 3.32 may also contain apprec=
iable guantities of composite cassiterite grains.
analysis vased on the ground fraction may be totally misleading due
to the liberation of cassiterite from composite grains.
In conclusion, because of the numerous departures from Stokes
Law and the confirmation that the bulk of the mono-mineralic
cassiterite grains occur in the finest fraction, hydraulic eguivalence
in the format of Hazelhoff Roelfzema and Tooms (1969) has not been

applied.
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CHAPTER 4. OFFSHORE ENVIRONMENT

4,1.0. Introduction

It is necessary in the present study to have a clear picture
of the submarine geology, and the bathymetry and currents in the
area under study. In this chapter, sedimentological tschuniques
have been used in order to elucidate marine processes which may ve
responsible for the concentration of heavy minerals.

k,2.0. Submarine geology

The offshore solid geology of the study area shown in Fig.
4,1, is based largely on Continuous Seismic Profiler (Sparker)
records carried out by a number of Universities. The geological
evolution of this area has been described by Curry et al. (1970).
Devonian~Carboniferous rocks are found to the south, west and
north-west of the Cornubian Peninsula, which are predominantly
grey or dark grey shales and slates, and which form the seaward
extension of those rocks which outcrop on land. The rock groups
of the Lizard Peninsula do not occur at any great distance
offshore., The Permo-Triassic rocks which are absent on the
Cornubian Peninsula do outcrop offshore, and rest unconformably
on the eroded land surface formed by both the older Devonian-
Carboniferous rocks and rocks of the Lizard-Start Complex.

The offshore Devonign—Carboniferous rocks are similar to
their counterparts on the hinterland and have been intruded by
granite plutons which may form parts of the batholith postulated
by Hosking (1949). The Haig Fras Granite at 50O 10' N, 79 501 W,
has been described by Smith et al. (1965). Echo-~sounding has
revealed, the existence of low level terraces on the Grgnite down

to 360 ft. below the present sea level, and radiometric dating by
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Sabine (1965) gives an age of 277 * 10 million years. However,

it appears to resemble the Amorican granites of Brittany more
than the other granites of South-west England. The Seven Stones
Granite at 50o 2' N, 6° 7' W near the Scilly Isles hasg an age of
281 ¥ 9 million years (Sabine and Snelling 1969). No dating as

yet has been made on the granites around 50° 10t N, 50 L8 W,
although coring by Day (1958) in the vicinity shows the existence
of felsite which has been suggested by Day to derive from an
elvan possibly associated with the Land's End Granite. In addition
to granite, phonolite has been intruded into the Devonian-Carboni=-
ferous rocks, and outcrops at Wolf Rock and Epsom Shoals in the
south coast.

Unconformably above the earlier beds are strongly transgress-~
ive Upper Cretaceous rocks, which are in turn onlapped unconformab-
ly by Eocene beds which tend to thicken towards the centre of the
English and Bristol Channels.,

L.3.0. Offshore mineral potential

Hosking and Trounson (1958) have noted that the centres of
mineralisation of the study area are associated with 'high spots!
on the granite ridges, and the strongest hypothermal mineralisation
in any given area is developed on the vicinity of the largest cusp.
On this basis, the ground bencecath the sea immediately to the north
of the St. Agnes and Cligga cusps is well worth prospecting. On the
coastline between Cape Cornwall and Pendeen numerous north-west
south-east trending lodes pass seawards of which the most notable
are the lodes of the old Levant Mine which have been followed
offshore beneath the sea. These lodes cut the killas/granite contact
approximately at right angles and since the principal mineralisation

follows the contact in its dip seawards, but at a smaller angle,
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this coast is of considerable potential.

In Fig. 4.2, are shown the high potential areas of submarine
bedrock mineralisation based on the projected direction of lodes
from existing coastal lodes known on land on the North Cornish
coast. Since mineralisation follows structural zones of weaknesses,
these projected lode trends may reveal offshore areas Qith mineral
potential. Two striking features can be seen from this figure,
firstly, the trends of the St. Ives Bay lodes and the St. Agnes
Head and Cligga Head lodes coincide, and secondly, the lodes in the
vicinity of St. Just trend towards the submarine granites on the
Cape Cornwall Bank. The inference from these two features are thet
the St. Lves Bay and the area adjacent to the coastline between
Portreath znd Perranporth may contain mineral lodes, and that the
offghore area between St. Just and Cape Cornwall Bank is likely to
be extensively mineralised.

L,4,0. Coastline development

According to Robson (1950), the present day Cornish coast is
essentiaily one of emergence, which has been modified by some
submergence and deposition. Robson concluded that coastal erosion
in the area has been extremely slow and that very little sediment
‘has been derived from the cliffs.

On the basis of the Pliocene deposits and planation surfaces
occurring in the hinterland, it seems likely that almost complete
submergence of the Cornubian Peninsula took place during the late
Tertiary. Eustatic fluctuations in sea level resulted in emergence
in stages during the Quaternary and each stable phase was associated
with a marine platform. Robson (1950) found good evidence for
recent submergence to near the present 10-fathom line, indicated by

submerged forests preserved in the alluvial valleys of existing
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major rivers., Indications of submergences of an earlier age have
been suggested by Smith et al. (1965) who identified low level
terraces on the Haig Fras Granite at 50 fathoms, between 52 and 53
fathoms, at 55 fathoms, 57 fathoms and at 60 fathoms.

The configuration of the present day coastline is strongly
influenced by the distribution of rock types, namely the more
resistant granite and the less resistant killas. Most strikingly
shown are the granite headlands of the Cligga Head, Land's End
and Godolﬁhin granites compared to the killas areas which have been
eroded relatively rapidly to form bays and estuaries as in St. Ives
Bay, Mount's Bay, Hayle Estuary, Helford Estuary and the Fal
Estuary. In addition to the granite, the greenstone found near the
killas/granite contact zoﬁe and the metamorphosed killas are also
resistant, the former due to its original nature and the latter due
to its properties resulting from metamorphism. Thus, St. Agnes Head
is a headland not only because of the St. Agnes Beacon Granite
which outcrops near the present day coastline, but also because of
its assoviated metamorphic aureole. Therefore it is evident that
coastal configuration is largely controlled by the shape and roof
topography of the granite plutons.

In Fig. 4.3. are shown the geomorphological features adjacent
to the North Cornish coast in the study area. The cliff types are
based on tlat of Everard et al. (1964) who divided the cliff
profiles observed into three types.

(1) Hog's backed cliff which are largely dependant on

-geological structure and develop where the strike
approximately parallels the coast. These are found on.
coasts protected from the dominant direction of wave

attack.
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(2) Bevelled cliffs which are of sub-aerial origin and not
developed under present conditions. The profile tends to
be concave on granites but is broadly convex elsewhere,

(3) Flat-topped cliffs which are vertical cliffs developed on
very exposed parts of the coast and are actively retreat-
ing, especially in areas of relatively weak rocks and
where the coastline cuts across the strike.

The distribution of blown sand and peat deposits is restricted
to relatively flat areas where there are major valleys adjacent to
the sea., The blown sand deposits were all formed quite recently
during abnormally stormy periods, as did the Upton Towans in St.
Ives Bay which were formed in two great storms in 1750 and 1869
(Salmon 1973). Much of these deposits are now overgrown by
artificialiy planted marram grass and appear to be virtually
dormant.

Wave-cut platforms are poorly represented in the area. Those
found are all of very limited extent, except for the North Cliffs
between Goarevy Head and Portreath where the c¢liff retreast is
relatively rapid due to weak rocks. It séems likely that either
the post-glacial rise in sea level has been too rapid for wave-cut
"platforms to develop, or that recent submergence has resulted in
the rapid influx of shell material from offshore, concealing
possible lower level wave-cut platforms. Observations by the
writer during periods of offshore sediment transport on the
Gwithian Beach near Codrevy Head has confirmed the existence of a
vave-cut platform prormally concealed by beach sediments, which is
exposed after periods of exceptionally strong onshore winds.

5.0, Bathlmetrl
In Fig. 4.4. is shown the bathymetry off the North Cornish
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coast between Perranporth and Cape Cornwall based on Admiralty
Chart no. 1149. For the St. Agnes Head/Portrecath area a more
detailed map on a scale of 1 : 20,000 with depth contours at 10-ft.
intervals, surveyed by the Marine Mining Company (Unpub. rep.
1968), was used (Fig. 4.5.). For St. Ives Bay, Admiralty Chart no.
1168 for St. Ives Bay Harbour on a scale of 1 : 25,000 was used
(Fige 4.6.).

Beyond the present day Low Water Mark, the sea bed drops rapid-
ly to about 10 fathoms. It then forms a gently sloping platform
although not as well developed as off the St. Agnes Head/Cligga Head
area (Fig. 4.7.), which Garnett (1962) suggested has a likely
marine-erosional origin. Also in the St. Agnes Head/Cligga Head area,
Garnett found another rapid drop to 15-17 fathoms which may be
another marine platform with a wave-cut c¢liff between 11 and 17
fathoms. However, this is not evident in the St. Agnes Head/Portreath
areae. |

‘In St. Ives Bay (Fig. 4.6.), the beach averages about 1200 ft.
in width at low tide, reaching a maximum of almost 3000 ft, at the
mouth of the Hayle Estuary. Beyond the Low Water Mark, the sea bed
slopes gently down to about 45 ft. and then levels off at 50-60 ft.
North of the Godrevy Head/St. Ives Head line, the platform is
-broken by another steeper slope which again shelves off at about 11
fathoms.

On the north coast of the Land's End Peninsula, Admiralty
echo=soundings indicate a steep drop of the sea floor off the
headlands, ﬁOWever two platforms at approximately the same level to
those mentioned previously in other areas appear to be present,

but more detailed echo-scunding is necessary to confirm this.
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4,6.,0. Currents

In Fige. 4.8. are shown the tidal streams off Cornwall. The
tidal range in the area varies between 12 and 20 ft. Currents are
influenced by winds, and in open waters winds of any appreciable
force or persistence will set up a current in the upper layers of
the water. In inshore areas, the currents depend largely upon the
trend of the coast and the extent to which'the wind has caused the
water level to rise on the shore. It is evident therefore that the
transportation of land derived material can be expected to reach a
peak when storms augment the effects of spring tides.

The tidal streams between Cape Cornwall and St. Agnes Head
are strong off the headlands, but weak in the bays. In St. Ives Bay,
the north-cast stream is very weak, but the south-west stream is
stronger (West Coast of England Pilot 1960). The streams in both
directions run fairly strongly past Godrevy Island, and there is no
sediment in the vicinity.

4,7,0. Bedrock topopgraphy and sediment thickness

The sediment thickness off the St. Agnes Head/Portreath ar-=a
shown in Fig. 4.9. is based largely on cores and Sparker profiles
obtained by the Marine Mining Company, and areas of no sediment
have been delineated by grabbing. However, because of the wide spa~
cing qf'the Sparker lines and the core stations, only general
conclusions regarding sediment thickness can be made. In near-shore
areas, little information is available because of the difficulty in
operating a vessel of any size in shallow waters.

The area off St. Agnes Head and off Portreath has little or no
sediment cover except close inshore (Fig. 4.9.). Between these two
areas of rock outcroﬁ is an essentially continuous sheet of sediment

which appears to infill elongated depressions under the sea which
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Fig. 4.9. Sediment thickness and distribution in the St, Agnes
Head/Portreath area. Based on cores, grabs and Sparker
data. (contours at 10-ft. intervals)
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occur at the mouths of present day streams draining into the area.
This is very similar to what was found by Ong (1966) in Mount's
Bay. These sediments have been interpreted as being alluvial in
origin and, formed when the sea level was lower. They reach a
maximum thickness of over 20 ft. immediately off Porthowan and
Chapel Poxrth and alsd appear to thicken at the present day Low
Water Mark. Further offshore, the sediments only attain a thicknens
in excess of 20 ft. in the central part of the sediment sheet, and
in a small area about & guarter of a mile west-south-west of St.
Agnes Head. Off Gullyn Rock, the sediment is much more patchy and
appears to be broken up by an area of rock outcrop into a sediment
tongue.

In St. Ives Bay, information on rediment thickness is
afailable mainly because of a Sparker survey with closely-spaced
traverses carried out by Taylor Smith (Unpub. rep. 1962). However,
no cores are available with which to verify the Sparker data. The
Sparker survey shows that the Bay is covered by a continuous sheet
of sediment which extends offshore as far as the line adjoining
Godrevy Head and St. Ives Head. Immediately north-west of the mouth
of the Red River, the sediment is patchy due to rock outcrop, but
there are bedrock depressions filled with sediment which may be
alluvial channels both here and off the Hayle Estuary. In the
latter area, the sedimenﬁ over the bedrock depressions attains o
thickneés of greater than 50 ft. Near the Low Water Mark over much
of the coést, the sediment varies from 30 to over 4O ft. in
thickness, and then thins out seawards to nothing at a depth of
about 8 fathoms.

Very little data on sediment thickness are available for fhe

area immediately off the Pcndeen coast. A Sparker survey by
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McCullough (1973%) in the area further offshore has revealed an
elongated trough, trending parallel to the coast in which is sedi-
ment in excess of 60 ft. thick. Closer inshore, echo-sounding and
grab sampling shows a sheet of sediment, on either side of the Wra
reef (Fig. 3.3C.), which is very similar in composition to sedime-
nts in Portheras Cove, and appears to thicken in that direction.

4,.8,0. Sedimentological studies

bh,8.1. General

In thils section, grain size, sorting and shell content of .
sediment from the St. Agnes Head/Portreath area have been examined.
In addition, St, Ives Bay and Pendeen sediments have been studied
for comparison for their depositional conditions differ from those
in the St. Agnes Head/Portreath area. The former is a low and the
latter a relatively high energy environment,

L,8,2, Grain size distribution

Figure 4.10A-C. shows the graphic mean size distribution of
sediments in the three areas investigated. The sediment type has
been classified using the Wentworth scale into gravel, very coarse
and coarse sand, medium sand and fine sand. The composite mean size
frequency distribution is shown in Fig. 4.11, and frequency
histograms for weight percent size fractions in the very coarse and
coarse sand, medium sand, fine sand, and very fine sand and silt
range have been plotted in Fig. 4.124-C.

In the St. Agnes Head/Portreath area, the data show:=

(1) The area consists essentially of medium to fine sand with
a mean size averaging about 2 phi.

(2) The mean size increases towards the present day High
Water Mark,

(3) Towards submarine rock ocutcrop and marginal areas, the mean
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Over 2 phi Fine sand

1 = 2 phi Medium sand

Under 1 phi Gravel & coarse sand

00

0 3000FT.
A

Fig. 4.10A. Distribution of sediment type - St. Agnes Head/

Portreath area.
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Fig. 4.10B. St. lves Bay.
Fig. 4.10C, Pendeen area.
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size becomes Coarser.

Close inshore, gravel mean sizes indicate areas where the
sediment cover is relatively thin. Grab sampling has

showﬁ that gravel samples from close inshore occur only in
marginal areas of’the sediment sheet adjacent to areas
with submarine rock outcrop.

The composite histogram (Fig. 4.12A.) shows a bimodal
grain-size distribution in the very coarse to fine sand

ranges.

In St. Ives Bay, the data show:-

(1)

(2)

(3)

(&)

The area consists essentially of medium to fine-grained
sand with a mean size averaging asbout 2.2 phi.

The mean size again increases towards the present day High
Water Mark and decreases to very fine sand away from the
coast.

Towards the mouth of the Red River, the mean size
decreases markedly indicating the influences of land
derived alluvial sediment including present day mine
tailings in the offshore area.

Thie composite histogram (Fig. 4.12B.) shows a bimodal

grain size distribution for the fine sand range.

In the Pendeen area, the data show:e

(1)

(2)

(3)

Tre area consists of medium to coarse sand, with a mean
size averaging about 1.4 phi.

The mean size again increases towards the present day High
Water Mark.

The composite histogram (Fig. 4.12C.) shows a bimodal

grain size distribution in the medium sand range.
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k,8.3. Sorting

Figure 4.13A-C. shows the sorting of sediment in the three

areas investigated which has been classified using the scale

recommended by Folk and Ward (1957).

Terminology Sorting Coefficient (g)
Very well=sorted Under 0.35
Well=sorted 0.35 = 0.5
Moderately sorted 0.5 - 1.0
Poorly sorted 1.0 - 2.0
Very poorly sorted 2.0 =~ 4,0
Extremely poorly sorted © Over 4.0

In the St. Agnes Head/Portreath area, the data show:-

()

(2)

(3)
(&)

(5)

(6)

The area consists essentially of well-sorted to moderately
sorted sand.

Towards the High VWater Mark, the sedimen! becomes nrogrec-
sively better sorted which may be a reflection of
increasing energy input in shallow water.

The present day beach sediment is well-sorted to very
vell=-sorted.

There is a small area‘off St. Agnes Head at a depth of
about 10 fathoms with very well-sorted sand,

Towards submarine rock outcrop, sorting becomes progressi-
vely poorer and also varies with sediment thickness close
inshore. This is due to the availability of shells and
country rock fragments in the gravel size range.

Towards the relatively protected coves at Chapel Porth and
Porthowan where there are streams; sorting is relatively

poor.

In St. Ives Bay, the data show:=

(1

The area consists of well-sorted to moderately sorted sand.
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Fig. L4.13B. St. lves Bay.
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(2) Reach sediment at the mouth of the Red Ri§er is relatively
poorly scrted due to mixing of well-sorted beach material
with poorly sorted alluvial material. |

(3) Sorting again improves towards the High Water Mark.

In the Pendeen area, the data show:-

(1) The area consists essentially of moderately sorted sand.

(2) In Portheras Cove, the beach sediment has a similar sorting
coefficient to the offshore sediment. However the sediment
east of the Wra which is protected at its western margin by
rock outcrop partially exposed at low tide (Fig. 4.13C.),
is relatively poorly sorted compared to sediment west of it
where the inshore areas are exposed to the full force of
the prevailing westerlies. |

4,84, Mean size versus sorting

In order to determine whether the well-sorted sands half a mile
west of St. Agnes Head are remnants of a fossil beach formed during
a former low sea level, the interrelationship of the two textural
parameters mean size and sorting were studied. The plot of mean
size versus sorting of present day beach sediment from between St.
Agnes Head and Chapel.Porth and offshore sediment from the area is
shown in Fige. 4.14. From this diagram, it can be seen that the
present.day beach sediment is essentially very well-sorted, with
the exception of some samples within Chapel Porth which are
relativély well-protected and are influenced by the stream draining
into the éove, and has similar sorting coefficients to those in the
offshore area. However, there is a difference in mean size of
almost one phi unit between the beach and offshore sediments.
Therefore unless conditions during the formation of the supposed

fossil beach differ from those at present, it is likely that local
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bottom currents may be responsible for the sorting as well as the

finer mean size of the sand.

4.8.5. Distribution of shells and acid insoluble residue

I'igure 4.15A-C. shows the shell distribution in the minus-8-

mesh fraction of the sediment in the three areas investigated.

In the St. Agnes Head/Portreath area, the data show:-

(1)

(2)

(&)

A gradational increase in shell content away from the High
Water Mark.

ThereAare no decreases in shell content in sediment at the
month of existing streams, suggesting either that the
near-shore sediment in this area is continuously subjected
to reworking or that little material is being supplied by
the streanms.

The bedrock topography exerts a control on the distxibutioen
of shells. Where there are submarine bedrock ridges as off
Gullyn Rock, the shell contentbincreases. In addition,

towards the marginal areas of the sediment where there are

‘bedrock outcrops, the shell content increases markedly.

This can be either explained by the relatively slow rate
of submarine erosion which has produced little bedrock
detritus, or that the shells have originated in the
vicinity.

In the traverse furthest away from the coast (Fige. 3.34.),
at depths up to over 18 fathoms, the high shell content
appears to be largely of accumulated shell detritus
including mussel shells, Mytilus edulis L., which are
normally found in the shallow marine habitat up to a few

fathoms or within thé intertidal zone (Tebble 1966). This
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Fig. 4.15A. Shell distribution = St, Agnes Head/Portreath
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shell detritus consisting almost entirely of broken shell
fragments may be remants of residual marine deposits whose
origin, as indicated by the presence of the genus of

mussel, is likely to be rélated to a former low sea level.

In St. Ives Bay, the data show:=

(1) The shell content increases towards the western part of the
Bay and also increases towards the middle portion of the
Gwithian-Hayle Beach which is fringed by extensive
stretches of sand dunes.

(2) Towards the mouth of the Red River, the shell content
decreases markedly showing the influence of land derivecd
sediment.

(3) Tcwards the centre of the Bay, the shell content decreases. -

(4) The high shell content in the Hayle Estuary channel
indicates that there may only be little land derived
material finding its way into the Bay because the Estuary

‘acts as an efficient sediment trap. However the channel
wag sampled at high tide, at low tide conditions differ.

In the Pendeen area, the data show:=

(1) There are areas with variable shell content which are
probably related to bedrock topography.

(2) The area east of the Wra is higher in shell content than
those to the west, which may reflect the amount of sediment
coming from the land.

4,8,6, Discussion

Variables in the marine environment (after D'Olier 1971)
include the amount and type of sediment, proximity to the sediment
source area, the degree of turbulence and intensity of wave action,

the intensity of current action both tidal and wind induced, the
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direction and duration of currents, and the bedrock topography.

In the deposition of sediment, the controlling factors are
bottom roughness, settling velocities of material in water, and
current velocities necessary to move material. The interaction of
these factors are highly complex, but the sorting and mean diameter
of the sediments give some indications of their importance in the
study oreae.
| Sources of scdiment include river-borne material, locally
derived malerial from submarine erosicn and reworked marine
sediments. At present, the streams draining off the coast in the
study area do not appear to be major sources of sediment supply
with the exception of the Red River. However studies by Hazelhoff
Roelfzema (1968) on the Marazion River has shown that othér rivers
are capable of transporting sediment containing tin, but due to a
combination of factors which include the c¢limate, the thin soil
cover and relatively resistant bedrock, the streams in the area are
unlikely to be eroding much at the present day. Nevertheless,
during the era of peak mining production when tailings were supplied
to the. streams, their capacity to transport this material must have
led to it having a considerable effect on the composition of
near-shore surficial sediment, as in evident at present in St. Ives
Bay.

Formes periods of lower and more stable sea level than present
are indicated by marine platforms. Marine transgression up to the
present day coastline nust have subjected the entire offshore area
covered in this study to shallow water conditions where littoral
sorting processes were active., This is indicated by the general

well=scrted nature of surficial sediment,
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responsible for much offshore sediment transport in the Pendeen and
St. Agnes Head/Portreath areas. During periods of strong westerly
winds, the high waves generated transport sediment from the beach
to the foreshore zone. On the other hand, offshore winds will
result in constructive waves with small wave height and the nef
movement of sediment is onshore (King 1971). Because of this
variability of wind determined sediment transport, a study of the
wind streangth and direction during the period of sampling was
necessary hefore examining surficial sediments from the mobile
foreshore and intertidal zones. The period of grab sampling in this
study was preceded by periods of westerly winds (see Appendix),
which are typical for South-west England, and thus the sedimentary
processes in operation prior to sampling were probably normal for
the area.

The bimodal composite grain size distribution of the sediments
noted in section 4.8.2. can be attributed to the difference in
energy level in the different environments. Close inshore, the
sediment is coarse, most probably as a result of wave action, and
offshore it is generally finer. The bimodal composite distribution
is essentially a reflection of the numbers of samples collected in
the two arcas.

4.8.7. Conclusions

The mein conclusions reached in this chapter are:-

(1) In areas where the sediment cover is relatively thin, grab
sampling can provide a great deal of information on the
depositional history.

(2) The 10 fathom sea level proposed by Robson (1950) and the
8-~10 fathom platform of Garnett (1962) is represented in

the study area.



(3)

(&)

(5)

(6)

(7)
(8)

The highest energy level is found near the High Water
Mark, which is reflected in increased mean size and better
sorting of the sediment. These sediments are likely to
contain the coarse land derived heavy minerals.

Present day streams have a relatively insignificant effect
on the composition of surficial sediments, with the
exception of the Red River,

Where the stream load in the past was affected by human
interference through dumping of mine tailings, the sediment
would probably have been similar to that in the Red River
draining into St. Ives Bay in the present time.

The well-sorted nature of offshore sediment suggests that
littoral sorting processes have taken piace in the past,
Strong bottom currents may exist off St. Agnes Head.

The influence of wind must be taken into account in

determining sediment movement near-shore.
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CHAPTER 5. Geochemical results in St. Agnes Head/Portreath sediments

51,0 Introduction

In this chapter, all geochemical results are presented on &
shell-free basis, because shells dilute the tin content of the
"detrital sediments.

Local variations in energy level and the ocourrence of

- submarine mineralisation can be reflected in the grain size
distribution of tin in sedigment. While the energy level of the
sediment formation is indicated by the mean size and sorting
coefficient, distance from source can be expected to govern the
grain size distribution of tin. In order to investigate this, tue
tin distribution in four fine size fraction of the sediments (under
250 mi.crons) have been examined, together with the minus-8-mesh
total tin. Size fractions coarser than 250 microns have been
ignored because the majority of the samples contain only small
fractions of detrital sediment of this size, and which are poor in
tin compared to the finer fractions. In addition, the increasing
likelibhood of a greater sampling error when dealing with coarse
sediments containing low tin concentrations has already been
demonstrated in section 3.2.1.

| Six other elements - copper, zinc, iron, manganese, arsenic
and tungsten, found commonly associaéed with primary tin lodes,
have been chosen to determine their role as possible pathfinder
elements in the location of submarine tin lodes. Out of these, most
‘noticeably copper and arsenic have already been demonstrated as
being of use in this context on land (Dunlop and HMeyer 1973). The
minerals containing these metals are generally less stable and more

mobile than cassiterite because of their chemical reactivity and
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their low deusities, and may therefore provide wider dispersion
haloes than occur in the case of tin. According to Dunlop and Meyer
(1973), anomalous concentrations of copper and arsenic associated
with anomalous tin éoncentration are good indicators of primary tin
mineralisation, while low concentrations of copper and arsenic
associated with anomalous tin concentration indicates reworked
detrital deposits. These elements have been determined in thé
ninus=8-mesh éhellnfree fraction of samples from two traverses, a
total of 106 samples.

The vertical distribution of tin and other elements in
sediments has been examined in two cores. These two cores arc used
in order to study the element distribution in surficial and basal
sedinents, and to obtain evidence on the source of the tin.

The geochemical results are summarised in Table 5.14 & B.
Because of the very well-sorted nature of some of the samples,
especially those from the traverse clomest to shore, insufficient

Table 5.14. Distribution of tin in St. Agnes Head/Portreath

sediments in the shell-free basis. (in ppm)

Si?;ifiizgéon 5235523 vMean Range gzsggzign Threshold Anomaly
< 2057 238 1337 150~ 7300 1151 3638 L7289
170~ 250 236 726 100~ 3500 589 1904 2hg2
124~ 170 235 1415 100~ 7300 1358 b413z2 5490
90~ 124 222 3873 900-38,500 4012 11,898 15,910
< 90 201 11,828 2500-60,000 8781 29,390 38,171

guantity of the finest fractions could be obtained and some of them
are therefore omitted. In data interpretatiocn, the background for
convenience is taken as the minimum concentration, the threchold as

the value plus two standard deviations from the mean concentration,
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Table 5.1B. Distribution of other elements in St. Agnes Head/

Portreath sediments in the minus=8-mesh shell-free

fraction. (in ppm)

Element Mean Range gziﬁgiign Threshold  Anomaly
Copper 52 30= 97 16 73 99
Zinc 112 78- 178 20 152 171
Iron 34,338 26,400-49,920 4871 Lh,080 48,951
Manganese Lok 331~ 715 90 673 763
Arsenic 98 2k~ 204 32 161 192
Tungsten 36 2- 110 25 86 11¢C

Table 5.2A. Samples with tin concentration(s) above the

threshold values slown in Table 5.14A. in the St.

Agnes Head/Portreath area. (in ppm)

Sample
No.

< 2057u 170-250u 2b=170u 90~-124u < 90u

41
L3
by
48
b9
51
52
71
73
74
75
ok
309
314
315
217
320
321
322
326
327
328
329
330
331
332
333
334
338
339
340

7150% 38 ,500%
4300
2150 ?7300*
2500* 6700*
400
2450 6800*
2000 5800*
38,000
36,500
15,000 55,000*
32,500*
4650 13,200 60,000*
Looo
6200*
4200 -
32,000*
3800 35,000*
1+7
L4650 52
4300
4100
4700
6200* L, 000*
7300* , 4250 38,000
6500* 37,000
5100* 550" 4700 15,000 52,000*
2000 4600 12,800
2300 :
2100

* . Anomalous samnles.
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and ancmaly is taken as the value plus three standard deviations
from the mean concentration. Table 5.2A & B. gives a list of the
samples above the threshold so defined.

Table 5.2B. Samples with concentration(s) of other elcments

above the threshold values shown in Table 5.1B. in

the St. Agnes Head/Portreath area. (in ppm)

S;iple Copper Zine Iron  Manganese Arsenic Tungsten

218 710
220 %2
223 691
232 696
312 156
315 84 110
325 178%
327 73
328 75 45,120

< 329 78 48,000 677 180
320 90 L7 ,0ko0 682 192 ;
331 97 Lg,92¢ Y15 204* 100
332 86 . Ll 61O 192
333 87 '

* = Anomalous samples.

5¢2.0. Distribution of tin in surficial sediment

The tin results obtained have been compiled, and frequenc&
distribution graphs (Fig. 5.1A=E.) and contour distribution maps
have been drawn (Fig. 5.2A-E.). These contour maps baced on
widely=-spaced sampling traverses are subjective in nature, and in
the interpretation of these maps this limitation must be taken
into account. In sll cases, the contours were ;hosen at intervals

greater than the precision of the analytical technique used.

5.2.%1. Distribution of minus-8-mesh total tin

Figure 5.1A. shows the tin frequency distribution for the
pamples analysed and the minus-8-mesh total tin distribution is

shown in Fig. 5.24. The following features in tin distribution are
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Fig. 5.2A. Distribution of minus-8-mesh tin. (
‘ thousands of ppm)
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Fig.'S.ZB. Distribution of 170-250 micron tin. (contours in

hundreds of ppm)
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Fig. 5.2C, Distribution of 124-170 micron tin. (contours in

hundreds of ppm)
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Fig. 5.2D.

Distribution of 90~124 micron tin.
hundreds of ppm)
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Fig. 5.2E.

Distribution of under 90 micron tin. (contours
in thousands of ppm)
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apparent -

(1) The sediment becomes generally poorer in tin with
increasing distance from shore and with increasing water
depth. The exception is the traverse closest to the shore
which shows a reversal, the tin concentration here is
lower than that in the next traverse further offshore.

(2) Off the mouth of the Chapel Porth, Porthowan and Portreath
rivers the sediment are enriched in tin.

(3) Snﬁples‘with tin concentraticn above the threshold are
found only along traverses in the foreshore zone at a
water depth of approximately 40-60 ft. The richest samples
occur off the coast between Porthowan and Portreath,
towards the southern end of the main sediment body.

(4) Towards the margin of the main sediment body near Ste
Agnes Head, which is near to the known tin zone on land,
the tin concentration increases, and decreases towards the
south-western margin which is well outside the tin zone of
the St. Agnes Beacon CGranite.

(5) Fine sand generally contains more tin than the medium and
coarse sand,

(6) Very well-sorted samples are the richest in tin. Samples
with tin concentratioﬁ above the threshold are generally
well-sorted to moderately sorted with sorting coefficients
ranging between 0.49-0.59.

(7) Along the traverse nearest to the shore, the highest tin
concentration (1750 ppm) occurs within the rocky cove
approximately half way between Porthowan and Portreath.

S5e2e2e Size distribution of tin

Four size fractions - 170-250, 124-170, 90-124 and under 90



-
-
CF

microns respectively, sieved from the minus-8-mesh shell-free
fraction of the sediments have been examined. Tin occurring in
size fractions coarser than 124 microns (approximately 120-mesh)
are more likely to be in the form of composite mineral grains
than as discrete mineral grains, because cassiteriﬁe grain sizes
in the souvrce rock are usually finer than this. For this reason,
in the wealhering of submarine mineraliscd bedrock, the tin may be
in the form of relatively large composite tin~bearing grains as
well as in discrete grains in the fine sizes. Therefore anomalous
concentration of tin in all size fractions of the same sample is
likely to indicate submarine bedrock mineralisation, while on the
other hand,; anomalous concentration of tin in the finest fraction
only is more likely to indicate contamination from fine mine
tailings.

In this section, the tin distribution pattern in the various
size fractions are described in two submsectiéns under the headings
common features and distinctive features to only one or a few
groups. Fig. 5.1B-E. shows the frequency distribution of tin
concentrations in the four size fractions and Fig. 5.2B=E. shows
the tin distribution in the four size fractions,

S5e2e2A, Common features in tin distribution

The following features (except 5) are very similar to those
of the minus-8-mesh total tin distribution. They are:=
(1) The sediment becomes generally poorer in tin with increasing
distance from shore and with increasing water depth.
(2) Off the mouth of the Chapel Porth, Porthowan and Portreath
rivers, the sediments are relatively enriched in tin along
‘the two traverses nearest to the shore.

(3) Samples with tin concentration above the threshold are



found only along traverses in the foreshore zone at water
depthis of less than 60 ft., particularly towards the
southern end of the main sediment body.

(4+) Towards the margin of the main sediment body near St.
Agnes Head the tin concentration increases but decreases
towards the margin of the sediment tongue between
Porthowan and Portreath, which is well outside the tin
zone of the St. Agnes Beacon Granite,

(5) Offshore between St. Agnes Head and Porthowan, the
sediment nearest to the Low Water Mark shows the highest
tin concentration in all four size fractions.

5e2¢2Be Specific feutures in tin distribution

(1) Adjacent to the Low Water Mark, the sediment off the mouth
of the Chapel Porth River which is nearest to the tin zone
of the St. Agnes Beacon Granite is enriched in tin in the
coarsest size fraction.

(2) The very well-sorted sand occurring half a mile west of
St. Agnes Head is relatively enriched in tin in the 124-170
and 90-124 micron size fractions compared with adjacent
samples, and less clearly in the 170-250 micron size
fraction. The under 90 micron size fraction shows lower tin
concentrations compared to adjacent samples.

(3) Towards the southern margin of the main sediment body where
the water depth is less than 60 ft., tin concentrations in
the 90-124 and under 90 micron size fractions decrease,
while further offshore at greater depths the situation is
reversed.

(4) The sediment along the 80 ft. depth contour and within the

main sediment body appears to be locally enriched to over
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16,000 ppm in the under 90 micron size fraction.

(5) Ih the traverse furthest offshore, the tin concentration
in the under 90 micron size fraction increases towards
the central part of the main sediment body.

(6) Table 5.3. summarises the mean sizes and sorting
coefficients of the total sediment with size fractions
containing tin concentrations above the thresholds. The
total number of samples with one or more size fractions
with tin concentrations above the respective threshold
value is 23,

Table 5.3. Mean size and sorting coefficient ranges in

sediments with size fractions above the respective

threshold value aécording to sediment tyre.

Size Fraction - -
(microns) 170=250 124170 90~124 < 90
Mean Fine Sand 2032250 2:10=2.32 2,01-2.55
Size Medium Sand | 1.34=1.54 1.19-1.57 1.19-1.85
Range )
(phi) Coarse Sand
Gravel* =1.00 -7.00 =1.00
s - 50 ~ A (2]
Sorting Fine Sand 0052 0055 Ob)2 0;53 0941 OQ6\J
. e _ 26
Coefficient Medium Sand | O.46=0.61 0.36-0.61 0.3%6~0,68
Coarse Sand
Range

Gravel* 2.00-4,00 2.00-4.00 2.00~4,00

* « Based on -visual estimate.

5¢3%.0. Distribution of other elements in surficial sediment

Eleménts other than tin have been determined in the sediments
after the preliminary removal of shells. The shell removal technique
(see section 3.3.3.) will remove metals which may be held by grain
adsorption, Consequently, it is necessary to take this into account

in data interpretation. The results obtained will reflect the



element abundances in the detrital sedimernts.

Figure 5.3A=F. shows the frequency distribution of these
elements and their distribution is presented in the form of
proportional pie graphs instead of coutours in Fig. 5.4A-F, because
only samples from two traverses have been used. The pie graph class
intervals are chosen with consideration to the precision of the
analytical techniques used, in-all cases the class intervals chosen
are greater than the precision.

56301, Common features in the distribution of copper, zinc, iron,

manganese, arsenic and tungsteu

The fcllowing features are apparenti-

(1) VWithin the main sediment body, there is a general decrease
in concentration of elements with increasing distance from
the shore and with increasing water depth.

(2) Off the mouth of the Chapel Porth and Porthowan rivers the
sediments are relatively enriched in all the elements.

(3) Sample with clement concentrations above the threshold can
be found in the area towards the southern end of the main
sediment body at water depths of under 60 ft.

(4) The very well-sorted sand half a mile west of St. Agnes
Head is relatively enriched in all elements compared to
adjacent samples. |

Of these features (1) and (2) are similar to those of the

minus-8~mesh total tin and size tin distribution, and with the
exception of zinc and manganese in the traverse furthest offshore,
the distribution of all the elements courrelate well with that for

tin. Feature (4) differs from the under 90 micron tin distribution.
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Fig. 5.4A, Distribution of minus-8-mesh copper.
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Fig. 5.4F. Distribution of minus-8-mesh tungsten.
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5e3.2. Specific features in the distribution of copper, zine, iron,

manganese, arsenic and tungsten

(1) Towards the south-western margin of the main sediment
body, copper, iron, arsenic and tungsten show decreases in
concentration where the sediment cover is thin and patchy.

(2) VWhere the sediment cover is thin and towards areas with
submarine bedrock outcrop thé zin¢ concentration increases,

(3) Along the sogth«westerﬁ end of the traverses, the manganese
concentration tends to decrease towards the margin of the
sediment body in the traverse nearest to shore. In the
traverse further offshore, the concentration increases
towards the sediment margin.

(4) Table 5.4. summarises the mean size and sorting coefficients
of the total sediment with size fractions containing element
cencentrations above the thresholds. The total number of
samples with element concentrations above the respective
threshold value is 1k,

Table 5.4. Mean size and sorting coefficient ranges in sediments

with other element concentrations above the respective

threshold value according to sediment type.

Element Copper Zinc Iron Manganese Arsenic Tungsten
Meap Fe Sand|2.32-2.58 2.61 2.47-2.58 2.54-2.58 2.47-2.58 2.54
Size M. Sand 1073
(8 ¢. sand ~1.00-1.00

phi.)
Gravel™ A =100
SortingF' Sand [0.48-0,65 0.53 0.49-0,55 0.49-0.55 0.49-~0.55 0.55-0.59
Coerp, Mo Sand 0.48
Range C- Sand 1.00-2.00
Gravel* 2400=4,00

* w Based on visual estimate.
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5.4.0, Distribution of tin in cores

In order to permit comparison with tin distribution in the
surficial sediment all core splits from the two cores (045 and
O46) have been treated in the same manner as the surface samples.
The mean size, sorting coefficient and shell content of the core
splits are shown in the Appendix and Fig. 5.54 & B. shoﬁ the
distribution of tin in the two cores.

During sediment removal from the core barrel, it was noticed
that the sarficial sediment down to 10 cm. is liable to mixing due
to washing as a resull of leakages during corer retrieval. This
could be prevented by making sure the sides of the core barrel are
properly sealed. In core 046,Vthe shell gravel encountered in the
basal horizon has been taken as an indicator that the corer reached
bedrocke.

5.4.1. Core 045

The following features are apparent:-

(1) The surficial sediments down to 95 cm. are enriched in tin
in all size fractions. Most significant is the eniichment
in the under 90 micron fraction which is about 15 times.
greater than that found in the basal horizon. Tin
enrichment in the coarser fractions decreases with increas-
ing grain size.

(2} The surficial sediment down to 10 cm. is relatively
enriched in tin in all size fractions compared to sediment
from 10-60 cm.

(3) There is another relative increase in tin enrichment in
sediment from 60-75 cm. |

(4) The decrease in tin content in sediment from 10-60 cm. is
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(5)

accompanied by an increase in mean size and bstter sorting.
The relatively tin poor basal sediment below 95 cm. is less
well-sorted, has a finer mean size and has a lower shell

content than the surficial sediment,

5.4.2. Core O46

The following features are apparent:-

(1)

(2)

(3)

(&)

(5)

The purficial sediment down to 93 cm. is enriched in tin in
all size fractions but particularly in the finest under 90
micron fraction,.and the enrichment ié in the same order as
in core O45.

Within the sediment between C-93 cm., there is a relative
decrease in tin enrichment in the under 90 micron fraction
at 0-11 cm.

The basal sediment at 133-138 cm. shows a relative increase
in tin enrichment compared to the sediment between 73=133
cme., although the enrichument is not in the same order as
for the surficial sediment,

The decrease in tin content at 73-113 cm. is accompanied by,
an increase in mean size and a mérginally higher shell
content. |

The tin enriched basal sediment at 13%-138 cm. is less
well-gorted and has a finer mean size than the sediment

immediately above between 93-133 cm.

565.0, Distribution of other elements in cores

Only the minus=-8-mesh fraction of the core split has been

analysed for the five elements - copper, zinc, iron, manganese and

arsenic.

The distributions are shown in Fig. 5.6A & B. Tungsten has

not been determined because of the low concentration of tuugsten

found in surficial sediment adjacent to the cors statiocns.
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5.5.1. Core O45

All the elements have been found to be enriched in the
surficial sediment from 0-10 cm. which is very similar to the
minus=-8-mesh tin distribution pattern. Out of these clements,
arsenic shows a marked decrease at 10-30 cm. from 100 ppm to 25
ppm arsenic and then falls off to a background level of under 5
ppm arsenic. Copper shows the most regular decrease from 45 ppm at
10-30 ecm. down to a background level of 10 ppm copper below 75 cm.
Zinc, iron and menganesc on the other hand show more irregular
decrease with increasing depth, lows in zinc, iron and manganese
occur at 95-115 cm. which coincides with that for tin and in
addition, zin¢ and iron are marginally enriched at 155n155 cm. The
better soried and coarser sized sands are in general found to bé
enriched in these elcments compared to the pocrer sorted and finer
basal sedliment from deeper than 95 cme.
5.5.2. Core Ok6

With the coxception of manganese, all elements have been found
to be enriched in surficial sediment from 0-73 cme. and the
variation within this depth range is also very similar to the
minus=8~mesh tin distribution pattern. A1l the elements reach peak
concentration at 22-36 cm. which coincides with the under 90
micron tin peak. Arsenic, as in core O45, shows the most marked
decrease from this depth, from 100 ppm to 36 ppm arsenic at 53-73
¢ie 3 before falling off to uwnder 5 ppm arsenic below 93 cm. Copper
shows the next most marked decrease from 22-36 cm. towards the
basal horizon and is very similar to the arsenic distribution
except that the background level in the basal sediment is
margigally higher than in core 045. Zinc and iron again show very

sinilar variations in theilr distribution. Manganese, however, shows
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very little variation, the core splits vary from 430-480 ppm
manganese only. The increase in tin at 133-138 cm..is not accompan-
ied by any increases in other elements, zinc, iron and manganese in
fact show minor decreases at this depth. The better sorted sediments
are again found to be enriched in these elements compéred to the
peoorer sorted and slightly finer sediment from deeper than 73 cm.

5.6.0. General discussion

The distribution of tin, copper, iron,; tungsten and arsenic,
and less c¢learly zinc and manganese in surficial sediment have been
found to decrease away from the shore with increasing water depth,
and away from the river outlets. This can be taken to indicate tlLe
importance of distance from source in controlling elemental
distribution patterns.

‘Since the sea bed deepens with increasing distance from land,
the velozity of bottom currents driven under the influence of wind
waves and the tide must generally decrease away from the coast.
Although the bed shear stress due to wind waves and the tide cannot
be accurately expressed, the magnitude of the stress is directly
proportional to the velocity near the bottom (Allen 1970). Sediment
carried by rivers enter the sea at points on the coast, and is
distributed parallel to shore by longshore and other currents. It
can be seen that a particle of cohesionless sediment (coarse silt,
sand and gravel) cannot travel into a depth greater than that at
which the threshold stress for that size of grain equals the
»maximum instantaneous stress exerted on the bottom due to the
simultaneous action of the various currents. Allen has pointed out
that at a defined wave spectrum and tidal range, there exists on
the shelf an energy 'fence' which limits, in terms of distance from

land and water depth, the outward travel of particles of each size.
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Grains can be ve-eroded only if they lie landward of the 'fence',
vwhere the maximum instantaneous stress exceeds the threshold
required to move them.' However, because of seasonal variation of
conditions and sea level changes as well as tidal changes, the
Tfence' for a given particle can change somewhat in position.fo
applying these considerations to land derived mineral particles
of a broad range of sizes within the general cohesionless class,
the metal bearing phases in the surficial sediment must decrease
in grain size as well as in content from the shore outward to
deeper water. If however, there are submarine sources of metal
'bearing minerals, thié pattern is likecly to be distorted.

In the St. Agnes Head/Portreath area, the High Water Mark is
above the :liff base along much of the coast cxcept at the river
mouths; where in the case of Porthowan and Portreath there are
also small stretches of blown sand fringing the sea.(At high tide
or near high tide, with a prevailing wind from a westerly direction,
waves strike the cliff orthogonally or at steep angles induce
turbulence and cause sediment entrainment which is traunsported
offshore along with the reflected ground swell rebounding off the
cliff.}This type of situation occurs quite frequently throughout
the year and was experienced during the sampling period when there
were onshore westerly winds with strengths up to over 20 knots.
During periods with offshore wind which is far less common becauss
of the climatic regime, the wave height of onshore waves are
suppressed and will resullt in a reversal in condition leading to
onshore sediment transport (King 1971).

[The tin concentrations in the coarsest size fractions of the
surficial sediment are generally insignificant compared to the

finest fractions, althoupgh the weight percentage of tin in the
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finest fractions are small compared to the whcle sample. The
higher concentration in the coarsest size fraction from the
traverse nearest to shore may be taken as an indication of an
onshore source for tin. However, since the area along the present
day Low Water Mark shows consistently high tin concentrations in
the 170-250 micron size fraction away from the tin zone of the St,.
Aénes Beacon Granite, there is likely to be reworking of tin by
.selective sorting and concentration processes related to the high
energy level of the surf zone environment.

All the traverses invariably show some variations in metal
distribution. This has been attributed mainly to (a) the influence
of alluvial sediments, (b) bedrock topography and (c¢) selective
gorting and concentration processes.

The enrichment in tin in all size fractions at the mouth of
the Porthowan and Chapel Porth rivers suggest that this tin has
originally been derived from the land, transported by the streams,
and deposited on the sea bed. Observations made on the beach at
low tide revealed beach cusps formed hy the swash and backwash of
waves (King 1972), which in the St. Agnes Head/Portreath area may
be up to 40 metres in width and which are separated by depressions
containing finer sand with lower shell content and higher tin and
other elements. These depressions invariably occur off the coves
and the cusps off headlands; and thus their formation may be
related to bedrock topography beneath the sediment cover influencing
wave activity. Therefore the cusps, which exert control over the
composition df sediment through selective sorting and concentration,
may be responsible for variations in tin distribution along the
foreshore zone.

The anomalous area in the southern part of the main sediment



body cannet be accounted fcor without recourse to selective sorting
and concentration processes, assuming that the submarine rocks are
unmineralised. The latter is suggested by the absence of tin lodes
on the adjacent land, the mineral veins encountered in the sewer
tunnel near Portreath (Fig. 3.3A.) show that the rocks on the
hinterland are outside the tin zone (Fige 5.7.). The highest tin
values occur at a water depth of betwcen 40-60 ft. and the
coastline heré svings fromAa westerly direction to a more northerly
direction. The main sediment body in the vicinity becomes
discontinuous and there is a sgediment tongue branching out from it
which is sc¢parated from the main sediment body by shallowver areas
with bedrock outcrop. This area therefore may be relatively
protected and may contain residual sediments enriched in tin,
copper, iron, arsenic and tungsten which are likely to have been
deposited after transport during past mining operations via the
Porthowan and Portreath rivers.

In general the tin results in the surficial sediment show
close agreement with patterns for the other elements with the
exception of high zinc and manganese in areas where the sediment
is thin and patchy slong the traverse furthest offshore. Hosking
(1964) found that the zinc content of killas from barren areas
outside the metamorphic aureole of the Carn Menellis Granite is
between 120-800 ppm zinc, with a mean of 247 ppm zinéerherefore,
the high zinc concentrations in these sediments may be due to their
thinness leading to an abundance of locally derived killas
fragmgnts from bedrock. If so the zinc distribution may reflect the
sediment thickness in areas unaffected by mine tailings. The high
manganese concentrations may also be accounted for in a similar

manner. High manganese samples in the traverse furthest from the



[ofe]
§ON
-

“(0€61) ©131M 4q
paAaAing - |euun) obeiomeg JuUlOPL yznapay a4yl Jo Abojosy “/tgq B4

JLETS SITHHS 53578 STLIS
SIS QIUSIML VEZEI , sl Ly79 A3ve
I s J ! ! -
aon 08 WoW v f % {7
i i o ! i
@. ﬁ ﬁ ﬁ % R \ Mb.\v .N\ %%\ % i ﬁ h;/“%%
3P oy ? z
23 5 'Sl 33 o
Ch & < M R
¥3 W 8 T
2 CR iy
ag 5 o 4
3 3 go
// & & m
 — <
13K 1/17../{’].[
S ——
N SF15HS STLYIS STIVHS  $zi¥IS STIVHS SILIS LI NRET SITLHS
qaLSIML | AFYD ~Pﬁm§h LE7d QILSIML , : G3LSIML
]
1 i i
I i ! \ Y- A B 4 / A A i
T g s o r g yT Ty 5
L3 ol ¥
s ¢ 0S §3 8y 1 sE 3% !
= N.y X H % 3 tW o
' 8 m =8 al
> o W? W B Sy
3 voSy b3 g Iw e,
g ! s = o1
® ¥ R % R HLYFHLYOd
" 3
b
000 i)  IIYIS TEDIILYIA FISITHII WIS N Py S
00T ;)  THOS THLNOZIYGH GISITHEIN I o




139

shore also contain numerous fragments of killas.

Copper, zinc, iron, arsenic and tungsten are all present as
lode minerals in the source rock, and manganese, because of its
similar ionic radius to iron, subéitutes into crystal lattices
of iron minerals quite‘freelyf}Out of these elements, copper,
zinc and arsenic are present mainly as sulphide minerals within
the 1odea.kHigh concentration éf thege elements: are found to
acéompany that of tin in the surficial sedimgnt, and since these
elements are lower in the basal medimen%i‘fhose in the suriface
sedimenls are likely to be largely land derived. It is likely that
the minerals containing these elements have been introduced into
the =mea bed recently through mining operations, and have not bsen
subjected to the long processes of 'normal'! weathering and erosion.
Their low wvalues in the basal sediment, which probably pre-dated
the mining era, most probably reflects only limited material supply
of these elements to the sea floor. If the tin conltent in the basal
horizon of core 045 does represent sediment of pre-~mining activity,
then mining contamination has enriched the upper sediment by about
15 times in tin. The tin enrichment in the basal sediment of core
046 may be either eluvial or alluvial in origine.

The very well-sorted sand half a mile off St. Agnes Head has
been found to contain a greater abundance of tin in the fractions
'coarser than 90 microns compared to adjacent samples.. This pattern
is very similar to the sediment from near the present day Low
‘Water Mark and may be indicative of sediment found in a high energy
environment.(Accompanying this tin pattern, the minus-8-mesh
content of copper, zinc, iron, arsenic and tungsten are also
relatively enriched which reguires explanation if the sediments are

those of a fossil beach which pre-dated mining activity. The
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sediment éexamined in section 4.8.4.) is very wellnsorted although
the mean size is about 1 phi unit less than the present day beach
sediment found in the surf zone. The relatively high concentration
of coarse tin and other elements suggest that the sediment has
formed during or after the mining era, and is therefore unlikely
to. belong to a fossil beach. Beacuse the sediment occurs off an
exposed headland, reworking by bottom currents may have been
responsible for the selective sorting and concentration of metal

bearing minerals due to a local increase in gnergy level.
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CHAPTER 6. FOLLOW-UP INVESTIGATIONS INCLUDING THOSE ON PAST AND

PRESENT MINING CONTAMINATION

6.1.0. Introduction

In order to evaluate the effect of mining contamination from
former times in iﬁfluencing the couposition of sediment in the St.
Agnes Head/Portreath area, further investigations outside the area
were carried out together with a study on the present day beach
sediment between St. Agnes Head and Chapel Porth. A stream sediment
reconnaissance survey has been carried out to determine the tin
supply in streams draining the North Cornish coast between Cligga
Head and Cape Cornwall, and two offrhore areas St. Ives Bay and
Pendeen, both affected at the present day by the discharge of mine
tailings Lave been investigated in order to elucidate past
conditions in the St. Agnes Head/Portreath area. In S$t. Ives Bay,
the role of the Red River in transporting tailings has been
investigated, together with the beacli sediments at the mouth of
the River and the estuarine sediment in the Hayle Estuary, which
forms a sediment trap for the land derived detritus. In Pendeen,
where the conditions are not unlike those of the St., Agnes Head/
Portreath area, namely the disposition of the coastline and the
éeélogy, the beach sediment in Porthevas Cove has been investigated
in addition to the marine sediment.

6.2.0. Distribution of tin in beach sediment between St. Agnes Head

and Chapel Porth

Fifteen surficial sediment samples were collected from the
beach zone and except in two cases, all the samples were taken as
close to the High Water Mark as possible for two resons:-

(1) Likely area for heavy mineral concentration.
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(2) Ease of sample locaticn.

The samples were treated in the same manner as the offshore
grab samples. However, because of the coarse grain size and the
well~sorted nature of the sediment, the size fractions finer than
170 microns hove been analysed only in a few samples. Fig. 6.1A-F,
shows the results of the sedimentological and tin analysis, the
250~2057 wicron (approximately minus-8-mesh to plus-60-mesh)
fraction which constitutes the bulk of the samples has élso been
analysed in addition to the under 250 micron size fractions.

The relatively coarse grain size and the well-sorted nature
of the sediment with sorting coefficients between 0.29-0.39;
excluding sediment from within Chapel Porih which is less
well-sorted, reflects the high energy level of the beach environmn-
ent. However, variations in mean size as well as sorting in the
surficial sediment exist, as in the case within Chapel Porth {(Fig.
6.1A & B.) due to the influeﬁce of river-borne material and the
relatively shethered position of the cove. The very well-sorted
sample on the Chapel Porth River which is also relatively fine and
appreciably enriched in tin has been attributed to selective
sorting and concentration through the action of running water. Off
the Towanwrath Lode, probably due to the bedrock topography,; sea
water has collected in pools at the foot of the cliff at low tide
and has eventually breached the beach sediment and run into the
sea in the form of a stream. The sediment sample taken along the
.course of this stream is fine, well~sorted and enriched in tin.

In general, the best sorted sediments are found to be the
richest in tin and to have relatively high shell contents. Fronm
this, it can be concluded that the tin content is more likely to

be due to selective sorting than other factors. The minus-8-mesh
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Fig. 6.1A-F, Distribution of mean size, sorting coefficient, shell
content and tin in surficial beach sediment between
St. Agnes Head and Chapel Porth. (tin results in ppm)
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tin content compares well with the 250-2057 micron tin content,
but the fine fractions are the most enriched in tin.

6¢3%3.0. Distribution of tin in stream sediments

In order to evaluate the contribution of tin tailings to
marine sediments, a stream sediment reconnaissance survey hasg beeﬁ
carried out. The minus-80-mesh fraction of all samples collected
was analysed aftef being hand-ground to minimise sampling and
analytical error. In addition, the Red River has been investigated
in detail using closely spaced sampling intervals in the collection

of both stream bed sediment and suspended sediment.

6e3+1 Distribution of tin in the minus=-80-mesh stream sediment

betveen Cligga Head and Cape¢ Cornwall

Figucre 6.2, shows the distribution of tin iﬁ the minus~80-mesh
stream sediment in rivers and streams draining into the North
Cornish coast between Cligga Head and Cape Cornwall. The values
obtained range from 650-85,000 ppa tin, with over 40 percent of
the samples containing over ﬁ0,00Q ppu and over 20 percent of the
samples gggatér than 20,000 ppm tin. The following patterns of tin
distribution are noted:-

(1) Generally there is a good correclation of tin distribution
with known tin mineralisation areas, which occur at or
near the margins of the granites.

(2) In addition to (1), there is also a good correlation with
the intensity of mining activity, the rich areas show the
ﬁighest tin concentrations.

(3) In some areas where tin mineralisation is known but is
not the main ore element, as in Porthowan, the high
concentration of tin may be related to contamigation from

former mills and smelting houses using ores {rom other
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areas.

(4) There are local variations in tin concentration along the
rivers and streams which appear to be the result of
selective concentration processes as has been noted by
Dunlop (19732), who suggested them to be due to variations
in the gradient of the river bed.

(5) The Red River shows a general decrease in fin concentrate-
ion towards the sea and away from the mineralised area.

(6) In extremely poorly-sorted stream sediment, ranging from
gravel down to clay size, the tin concentration is
generally lower than in better sorted stream sediment. The
highest tin concentrations are in fine well-sorted sands
entrapped in the spaces between gravel particles.

Condivions found in the Portreath River and the Hayle River in

the past must have been similar to those in the Red River at present,
when mines were oﬁerating in these areas and were making use of the
rivers for tailing disposal. Both the Portreath and Hayle rivers, as
well as the Marazmion River, which drains south into Mount's Bay,

have all been kaown under the same name- 'Red River' in the past.

The wastage of tin slimes down these rivers muét have been great as,
according to Barton (1967), in 1873 there were no less than 41
separafe coancerns working the Red River proper for tin with another
14 on the rortreath River.

663.2., Foliow=up investigation on the Red River

Thirteen stream bed sediment samples have been collected from
the Red River in owder that the tin distribution in the gréin size
fractions may be studied. In addition, five water samples were
collected at five of the sampling sites in order that the guspended

sediment undergoing active fluvial transportation could be studied.
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The elements copper, zinc, iron, manganése, arsenic and tungsten
have also been determined in the minug=3-mesh fraction in the
stream bed sediment and in lthe suspended sediment in the water
sanplesa

Figuré 6.34, shows the sampling wsites, und the location of
existing mines’and ore recevery treatment plenits. The river water
-0f the Red River becomes turbid along the main channel downstrean
from the Corn Brea Tin Works. The tin distribution in the minus-8«
mesh fraction end in the size fractions are shown in Iig. 66 3B-F,
and the mean sizme and soriving of the streaw bed sediment are shown
in Table 6.1,

The tin distribution in the minus~8-mesh fraction along the
main chann2l of the Red River shows a gencral decrease downstream
from Roscroggan. However, from Roscroggan upstream, the tin
distribution is highly irregular ranging from 6000-16,800 ppm‘tiﬁ.

This irregular pattern may be related to the location of present

Table 6.1. Vean pizme and sorting in Red River sediment.

et mrmy

Sample No. Mean Size Sorting Coefficient Observations
1 Gravel* 2,00 « 4.00*
2 Gravel* 2,00 ~ L4,00%*
3 Gravel* 2,00 « 4.00*
4 3.15 0.49 Water Turbid
> 303 ‘ 0.73 i
6 2,53 0,60 "
7 2,64 0.84 "
8 3,09 0.69 "
9 2,51 0,70 "
10 3.57 0.52 - ]
11 2,56 0.64 n
12 2.56 0.56 t
13 Gravel* 2,00 - L.00%

¥ = Based on visual gcstimates

'
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day mine workings rather than being due to selective concentration
by fluvial processes on the stream bed, for the tin results
generally show poor correlation with the sorting coefficients.
Above the present déy Carn Brea Tin VWorks where there is a mill
and recovery plant, the river water is clear, and the tin
concentration is gignificantly higher thaﬁ sample 5 which is much
finer and is taken from a slime pool along the River. This may be
the result of natural erosion of tin lodes outcropping on the
river bed coupled with old mine tailings from upstream. Further
downstream, the River is flanked by mine dumps and old alluvial
workings, cample 4 is the best sorted sampie and shows an increase
in tin concentration while sample 6, which is coarser and less
well-sorted, is lower in tin. This lower concentration may be due
to dilution by the discharge of mine tailings containing less tin
from the South Crofty Mine, which has caused the River to change
to a dark brown colour compared to its normal red colour. Below
this point, sample 7 and 8 show increase in tin concentration and
are also less well-sorted compared to sample 6. Sample 9 reached
even higher to 26,000 ppm tin and may reflect local concentration
along the river bed. The lower tin concentrations beyond sample 9
is likely to be caused by dilution from tributary streams dfaining
from comparatively barren areas. Sample 3 from the Pendarves valley
with 9800 ppm tin which is comparable to the values found along the
Red River main channel may indicate primary detrital tin gravel.
Contamination from the new Pendarves Mine through the Pendarves
River has been ruled out because ore from the Mine was transported
by road via Camborne to Roscroggan during 1970=1972 to be crushed
and concentrated, and more recently the Roscroggan recovery plant

has been clesed, and the ore is ncw sent to the Carn Brea Tin
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Works. This is confirmed by the lower tin concentration for semple
13.

'The tin distribution in the under 250 micron size fractions
generally show that tin is concentrated in the finest fraction,
Mith the exception of samples 1 and 3, both gravel samples and
which ocecur where the river water is clear. Sample 1 contains a
maximun of 57,000 ppm tin in the 90-12k micron fraction compared
to sample % with a maximum of 32,800 ppm tin in the 124-170 micron
fraction. In beth samples aprreciabls quantities of tin also
~occur in the coarser fractions. PBeacause coarse tin is much more
difficult to mobilise by fluvial processes then fine tin, this can
be taken as a good indication that the tin found has a primary
origin directly related to the weathering of tin lecdes which are
‘known to outcrop con the river bed in the viciundty, although a large
propertion of the coarse tin must aiso have derived from the mine
tailings resuvlted from old workings of these lodes. In the lower
portion of the Red River, as shown by samples 10, 11 and 12, the
lower tin concentrations are reflected in all the size fractions.
Downstreanm of sample 8, the river gradient is reduced resulting in
a réduction in stream velocity and causing tin deposition in the
micddle portion of the valley. This is also shown by the progressive
decrease in tin concentration in the under 90 micron fraction
downstream from sample 9.

Figure 6.3%0-L. shows the distribution of copper, zinc, iron,
manganese, arsenic and tungsten in the minus=8-mesh stream sediment.
The disgtribution of copper, iron, arsenic and tungsten wvere found to
show very similar patterns to that of tin and may serve as useful

pathfinder elements for tin. However, the association of these

glements may he csuged by mining activity which has libsrated fresh
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minerals bearing thosé clements. Under ‘normal’! erosion,’which is
a mughrmqre,gradual processy it is unlikely that the easily
oxidised sulpnide minerals including those of copper, zinc, iron
and arsenic would not be abundant in the stream sediment., Sample 7
with 26,400 ppm arsenic cannot be accounted for satisfactorily by
bedrock mineralisation alone and it is necessary to invoke a
selective concentration of tailings from the South Crofty Hine. In
sample 3, where the coarse tin has been thought to have been
derived frum ‘normal' crosion of mineralised bedrock, many of the
river gravel fragments can be seen to contain fresh sulphide
minerals whicihi may have been bioken and detached during fluvial
erosion and may account satisfactorily for the 2160 ppm arsenic
found in this sample. Mineralcgical studies made on sample 3 usiig
the Linocular microscope have revealed numerous mono-mineralic
sulplide grains with fresh appearance, showing well-developed
crystal faces and little sign of abrasion or oxidation, which
supports the theory that the sulphide winerals have only been
liberated Irom the source rock recently.

Sample 1 from within the Carn Brea Granite has lower zinc,
manganese and arsenic suggesting that minerals bearing these elements
are associated with rocks occurring outside or near the granite
margin. Samples 2 and 3 both from barren killas areas are highest in
both zinc and manganese, due to the abundance of killas fragments in
the samples, as has already been suggested for some sediment in the
St BAgnes Head/Portreath area (section 5.6.0.). 411 the clements
have been found to decrease downstream in the lower portion of the
Red River valley which can be explained by dilution of sediment by
barren material with increasing distance away from the source. The

variations found clong the main channel of the Red River from Carn
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Brea downstream to Roscroggan can again be explained by the iccatb-
ion of mineral workings. In general, elements which are present as
stable heavy minerals in stream sediment,; such as iror in haematite,
magnetité and ilmenite, and tungsten in wolframite, are found to
have very similar patterns to that for tin.

At sample sites 4, 7, 8, 9 and 10, water samﬁles‘containing
very fine sand, silt and clay in suspension, which forms the bulk
of the land derived detritus to merine sediment in St. Ives Bay,
have been collected in order that their tin and content of other
elements may be determined. The results are shown in Table 6.2,

Table 6.,2. Total content of tin and other elements in susponded

sediment of the Red River. (in ppn)

Sampling Sn Cu Zn Fe Mn As W £
Site
4 2700 230 235 25,920 384 60 zh
7 3900 1250 310 5k, 240 792 1680 64 :
8 3900 560 210 L9,040 624 1440 220
9 3800 580 300 53,760 840 . 1440 140 4
10 U100 430 320 55,200 672 1080 © 140 a1

In contrast to the minus-8-mesh sediment, the suspended
sediment shows much smaller variations in element concentrationse.
Sample L. shows the lowest concentration for all the elements’ and
this can be explained by the fact that the South Crofty Mine dische
‘arges its tailings below this point and that the sample is within
the Carn Brea Granite. Semple 7 which is below Scuth Crofty reflects
.mining contamination due to the Mine in the order of 1200 ppm tin,
1020 ppm copper, 75 ppm zinc; 28,320 ppm iron, 408 ppm mangancse,
1620 ppm arsenic and 40 ppm tungsten, on the basis of the values for

sample 4 being taken as the background of the suspended sediment



before it is mixed with mine teilings from the South Crofty Minc.
The highest copper and arscenic concentrations found in sample 7

can be related to the enrichment of sulphide minerals bearing

these metals from the copper zone inmediately upstream; because

the stream bed sediment at this locality also contains high
concentrations of these elements. The variations downstream of this
point may be a reflection of the susceptibility of the minerals
bearing these slomsnts to break down by abrasion and chemical
processes. It is significant that the sulphide minerals vary both

in hardness and in specific gravity (Table 6.3.); the lower hardness

Table 6.%. Hardness end specific gravity of sulphide minerals

sspociated with tin. Based on Deer et al. (1966).

]

Mineral Hardness Se G
Chalcopyrite 3.5 = 4 L1 « 4.3
Sphalerite 3¢5 = 4 ko1
Arsenopyrite 5.5 = 6 5.9 = 6.2
Pyrite 6 = 6.5 4e95 - 5.03

can result in rapid break down to fine particles and the lower
gpecific gravity can result in increased mobility. Other factors
including crystal shape, flexibility, elasticity, the presence or
abgence of cleavages, the perfection of any cleavage etc. (Hosking
1960) may also be important in determining minefal abundances. The
small variation found in the zinc concentrations in the suépended
sediment seems to suggest that because both sphalerite and
chalcopyrite are softer and less dense than pyrite and arsenopyrite,
they avs much more easily broken down and mobilised. This has
subsequently been confirmed by miveralogical studiess which has shown

the dominance of arsenopyrite and pyrite as the main sulphide
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minsrels in streoam bed sediment.

Below Roscroggan in samples 9 and 10, copper,; manganese and
arsenic all show lower concentrations while tin, zinc and iron
increase marginally. The increase in tin is thought to be due to
selective concentration and indicate that very fine sand to silt
and clay grade tin is transported down the Red River and eventually
into St, Ives Bay under normal flow cenditions without much
difficulty.

One buqket avger core has been taken on tne floodplain of the
Red River near its entrance point into St. Ives Bay (Fig. 3.3B.)
and the minus-8-mesh fraction of core-splits have been analysed for

tin and other elements. The results (Table 5.4.) show that the rcd

Table 6.4, Distribution of tin and other e¢lements in the minus

8-mesh fraction of a bucket auger core taken from the

floodpiain near the mouth of the Red River. (in ppm

N
1
’

Sediirent Type ?iﬁtg Sn Cu Zn Fe Mn As W
Red Clay 0 = 7.5 7000 220 160 60,480 €96 720 550
Fine Grey~-green Sand 7.5=18 2200 72 120 L4, 160 816 120 60

Alternating Horizons of
Red Clay & Green Silt

Fine Sand 35.5=76 3800 170 150 26,400 480 240 2
Sand with Clay & Gravel 76 =91.5 L4i50 210 150 35,040 552 480 5

18 “3505‘ 2800 190 240 51,840 888 360 12

0

0
0

clay on the surface which represents flood deposits contain the
highest concentrations of tin, iron, arsenic and tungsten while the
coarser grey-green sand and silt immediately below have lower
concentrations. Towards the basal horizon of the core, which may
have reached bedrock, as is suggested by the presence of gravel
size rock fragments, copper, iron, arsenic and tungsten as well as

tin all show sowme increase in their concentrations.
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In order to determine the nature of mine tailings from
present day mining contamination, a sample of tin concentrate with
218,000 ppm tin from ore raised at the Pendarves Mine crushed and
concentrated on Jigs at the Carn Brea Tin Works was examined.
Table 6.5, shows the grain size and tin distribution of the

Table 6.5. Grain size and tin distribution in a tin ore

concentrate from Pendorves Mine.

Size Fraction Weight Tin Content
(microns) . (%) (ppm)
500 - 2057 430 8500
250 - 500 11.85 28,000
170 - 250 8. 46 66,500
124 ~ 170 11.72 148,000
90 ~ 124 6.88 188,000
< 90 56.81 390,000

concentrate and the results show overwhelmingly the dominance of
tin finer than 90 microns. Within this size Iraction, tin finer
than 20 microns is liable to heavy loss during recovery even with
medern improvements in recovery techniques notably with the
introduction of the Bartles-~Mozley concentrator (Burt and Ottley
1973) which is now commonly used in Cornwall for the recovery of
fine tin slimes. Table 6.6. from Burt (personal comm. 1974) shows
that the percentage recovery of two fine-grained tin ores using
the concentrator average at not more than 50 percent for tin finex
than 10 microns.

The minus-8-mesh fraction of the ore concentrate has also been
analysed for copper, zinc, iron, manganese and arsenic and was
found to contain 11,700 ppm copper, 600 ppm zinc, 205,000 ppm iron,

1510 ppm manganese and 7500 ppm arsenic, confirming the association
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Table 6.6. Percentage recovery of tin in two fine=-grained tin

ores using the Bartles-Mozley concentratlor.

Grain Size % Recovery
(microns) bre A ore B
> 20 86.8 82.7
10 - 20 78.3 83.2
5 - 10 4.3 60.5
< 5 51.7 6o
Total 702 6Lk

of copper, iron and arsenic with tin in the recovery processes. Most
significantly high is the iron content#which may be present in tin
lodes both as granular crystals or as inclusions within cassiterite
grains. Iron minerals present in sediment, such as haematite,
nmagnetite and ilmenite, because of their high stability, may
therefore be a better pathfinder element for tin lodes than metals
present in sulphide minerals. Zinc and manganese also show higher
concentrations as compared to the stream sediment on the Carn Brea
Granite, indicating that they are also relatively enriched in txe
tin lodes. However since killas fragments can also contain high
concentrations of these metals, their use as pathfinders are
restricted to granite areas only.

6.4,0, Investigation on Hayle Estuary sediments

lany workers have already demonstrated the imporitant part
played by estuaries in trapping land derived detritus, resultiag
in high concentration of heavy metals in estuarine sediments. In
‘the Hayle Estuary, Hosking and Ong (1963-4) and Yim (1972) found
a progressive decrease in the concentration of tin, copper, zinc,
manganese and arsenic towards the mouth of the Istuary. Therefore,

the Hayle Lstuary which receives streams draining from the old



mining districts of the Carn Menellis, lLand's End and Godolphin
Granitss can be expected to preserve mine tailings derived from
these districts before their closure. High concentrations cf tin
in the minus-80~mesh stream sediment in streams draining into the
Estuary hes elready been demonstrated in section 6.3.1.

In this study, the main aim was to determine the vertical
distribution of tin and other elements in the estuarine sediment,
and to evaluate their significance in reflecting past mining
contemination. To this end three buckel auger cores were taken, ons
from the eastern branch and two from the western branch of the
Estuary (Fige 3.%B.). The descriptions of the sediment type in the
cores are shown in Fig. 6.4. and the geochemical results on these
different sediment types are shown in Table 6.7. The geochemical
results are however not in the shell~iree basis because of the
presence of apprecisble clay size fraction in the sediment which is
difficult to recover during shell removal. Tin has been determined
spectrographically instead of by atomic absorption becauvse the
former method is not so prone to calvlum interferences as the
latter.

“The mein interest in these cores is in the shell-poor sediments,
since they represent undiluted land derived detritus. However,
because of the presence of blown sand deposits in the vicinity of
the Estuary, wind transported shells criginating from the sand dunes
fringing the coast are blown into the Estuary during storms and
dilute the land derived detrital sediments. Core 1 wes taken from
the eastern branch of the Estuary on the bank of the main river
channel which has its source in the Gwinear Downs nmining district.
This part of the Estuary has been used as part of a sluicing systen

(Fige 3%.3B.), as a sluice nool for trapping sea water at high tide
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Table 6.7. Distribution of tin and other elements in the minus-
8-mesh fraction of Hayle Estuary sediments ir bucket

auger cores 1=3. (in ppm)

ggfe ?2§?§ She%ls* Sn+ Cu Zn Fe Mn As W

15 =18 11.0 1000 570 900 35,520 768 768 350
20 = 30.5 17.3 850 430 900 22,320 1020 720 L4
35.5- 45.5 7.3 1000 1260 2290 55,680 864 1680 32
45,5~ 61 4.5 1000 810 930 34,080 504 960 220

61 = 91.5 0,3 10,000 2000 1590 96,000 1368 3600 320
106.5-122 0.3 ~ 10,000 2600 1880 93,600 1512 4080 360
122 =152.5 24.8 1600 2790 560 17,760 312 240 350
Below 152.5 23.3 2000 290 730 21,120 336 360 650

2 0 = 20,5 1.0 5000 1700 690 54,720 %2 720 56
25.5- 45.5 0.4 10,000 2060 1220 77,760 1080 1920 56

51 = 66 2h 2 1200 890 640 21,360 336 240 9

71 - 91,5 31.2 50 68 80 2840 48 12 L

3 0 - 15 0.8 1600 1240 740 55,200 696 840 56
20.5- 40.5 0.2 1300 1090 470 45,600 624 720 56
45,5- 61 0.2 13200 1750 716 48,960 7206 720 L4

66 -~ 71 1.0 10,000 2760 3450 53,760 648 840 2

71 = 91.5 0.2 10,000 540 40 26,830 336 240 24
96.5-112 0.4 10,000 480 540 26,400 360 120 28
Below 112 0.5 1600 480 460 28,080 336 300 28

* « Estimated from ppm calcium determined by atomié absorption,

+ = Determined spectrographically.

which is released through the sluice gates at mid-tide to wash the
channel of the main harbour free of sand (Spring 1974, personal
comm. ). Cores 2 and 3 were taken from near the banks of the River
Hayle channel on the western branch of the Estuary. Both these cores
show an organic-rich peat horizon approximately 5 cny thick which

may relate to a former lower stand of sea level.



In core 1 the highest concentration of tin, copper, iron,
manganese and arsenic are all found in the alternating black and
reddish-brown clay horizons at 61-122 cme, which coincide with
the lowest shell concegtrations° The high concentration of these
elements together with the nature of the sediment suggests thatl
they may be fine mine tailings transported into the Estuary by
fluvial processes downstream from the Gwinear Downs mining district,
and the tin smelter at Angarrack 1704-1881 (Barton 1967). if the
relatively shell-rich sediment in the upper horizon of the core
originated during the second great storm in the formation of the
Upton Towans in 1869, then these clay horizons must have been formed
during an earvlier pericd. If this is the case, then there is good
agreement with the mining records which show# that the pesk
production period in the Tremayne group of mines of the Gwinear
Downs mining district and the Angarrack tin smeller predated 1869,

fbines (1956) recorded that in this district, the Providence Mine
1820-1862 vroduced 14,450 tons of black tin while between 1848-1868
~in the Tremayne Mine proper, the output was 1,492 tons of black tin,
giving a total of just under 16,000 tons of black tin for the group
of mines. Therefore with such large scale mining activity on the
hinterland of‘ﬁhe Estuary, and with the poor recovery of fine tin
associated with this period together with the efficiency of the
Estuary in acting as a filter for the land derived detritus, the
high concentration of all the elements within these horizons can be
explained. The decrease in concentration in tin?‘copper, Zzinc, iron,
manganese and arsenic at depths of greater thseu 122 cm. is
accompanied by an increase in shells. If these shell fragments have
derived from the first great storm in 175C during the formation of

the Upton Towans; then the distribution of clements would corxrelate
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very well with the much smaller scale mining activity on the land
prior to this period,

Core 2 shows a marked increase in shell content towards the
basal horizon at depths of greater than 51 cm. which is also poorer
in all the elements in comparison to the sediment above. Core 3 on
the other hand, which is located nearer to the present High VWater
Mark and to the main channel of the River Hayle in the intertidal
zone of the Estuary shows less than 1 percent shells throughout its
length. This low shell content may be explained by its protected
position from wind blown shells originating in the coastal dunes,
or shells washed into the BEstuary on a rising tide. The peat horiz-
ons encountered in core 2 at 63%.5~66.5 cry and in core 3% at 66-71
cmy indicate rapid burial probably related to a receat change in
condition within the Estuary. Both horizons may have the same age
and origin, on the basis of their thickness and depth of occurrence.
The construction of the second sluice pool and the Harbour probably
at around 1830 (Cotton 1974, personal comm.) has effectively reduced
the intertidal area within the western branch of the Estuary by over
a quarter. Consequently, the reduction in area within this part of
the Estuary has led to rapid silting and the formation of the peat
horizon. If this is the case and the peal horizons in core 2 and 3
do correlate in age, then the high shell concentration below 68.5
cme. in core 2 may be related to the first great storm in 1750 during
the formation of the Upton Towans, On this basis, the sediment below
the peat horizon in core % may be related to mining contamination
from the pre-=1830 mining era; and likewise the sediments above the
peat horizon in both cores are likely to post=date 1830,

In the surficial horizons of both cores 2 and 3, the sediments

are found to be enriched in all the elements. The tungsten
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concentrations in both cores are much lower in comparison to core

1 which suggests that the source rosks in the hinterland differ in
tungsten enrichment. However, the sediment with highest concenfrat—
ion of tin in core 3 at 96.5-112 cm. is not as énriched in other
elemenfs as compared to the sediment above. The mining records
shown in Nines (1956) indicate that most of the mines in the
vicinity between Leedstown and St. Hilary, north of the Godolphin
Granite, whose tailings vwere discharged into the River Hayle, are
very old. “Yhe peak activity in the Leedstown area seems to have
declined tefore 1850 and many of the mines in the St. Hilary areca
date back at least to the eighteenth century. In the Trencrom Hill
areca, tailings were discharged down the small but steep gradient
stream valley draining into the Hayle Estuary, which has been shcwn
in the minus-80-mesh stream sediment reconnaicsance survey to
contain tin in excess of 35,000 ppin. The peak production in mines
of this ares was reached after sbout 1830 with 13,000 tons of black
tin since about 1825. bBacause the course length of the River Hayle
is appreciably longer than the smaller streams originating in the
vicinity of Trencrom Hill and because of the peak production
periods of the two catchment areas differ, the high tin concentrati-
on with relatively low concentration of other elements below the
peat horizon in core % may be related to tailings from the River
Hayle caitchment area, while the high element concentrations above
the peat horizon may be related to tailings from the Trencrom Hill
miniag district where the peak production periocd was reached after
1825-1830. However,; the sediment within this portion of the Estuary
ig also complicated by the coantribution of wastes from three
smelting houses located in the vicinity at Mellsnesr 1837-1905,

Treloweth 1715-1886% and Wheal Reeth 1823-1824 (Fig. 2.6.), and more
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recently by the establishment of an iron foundry near the Harbour.

6.5.0, Investipations on offshore arcas affected by present day

mining contamination

In this section, the beach and offshore sediment in St. Ives
Bay and the Pendeen area have been examined. The beach sediment
resullis are not in the shell-free basis and for this reason tin
has been dstermined spectrographically. Calcium was determined by
atomic absorption in the estimation of shell content, On the other
hand, the offshore grab samples have been treated identically to
the St. Agnes Head/Portreath grab samples. However only the Pendeen
grab samples have been analysed for copper, zinc, iron, manganese,
arsenic and tungsten because of the gimilarity in the conditicns of
the arvea to the St. Agnes Head/Portreath erea, mainly in the dispos=-
ition of the coastline and the geology. The tin results for the
grab samples from St. Ives Bay and the Pendeen area are shown in
Fig. 6.5A<IE,

66501 Disteibution of tin and other elements in beach sediments

6.5.1h. St. Ives Bay beeoch sediment

In St. Ives Bay, during a period of beach aggradation associat-

ed with offshore wind, two beach sediment sanpling traverses‘1 and 2
(Frig. BQEBQ) from'the High VWater Mark to the Low Water Mark with
samples &t 50-ft. intervals were carried out near the mouth of the
Red River on the Gwithian Beach. The total minus-8-mesh fractions
vere analysed for copper, zinc, iron, manganese and arsenic as well
as tin and the resvlts ave presented in Fig. 6.6A & B.

' Traverse 1 from north of the wmouth of the Red River towards
Godrevy Head is flanked ﬁy low c¢liffs which lie in an exposed
posilion in the path of the prevailing westerlies. Traverse 2 on the

Lo

other hand lies scuth of the mouth of the Red River, is flanked by

h
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gsand dunes and is partially protected by Bessack Rock, a killas
reef cccurring half a mile west of the traverse (Fig. %+3B.)e
During periods ofvoffshore winds or calm weather with dominantly
constructive waves as was encountered during this sanpling period,
there is a net movement of sediment towards the High Water Mark.
Land derived detritus containing mine tailings transported into

thé Bay through the Red River is therefore able to mix with the
beach sedimenlt and may subsequently be revorked and sorted by wave
and tidal action. Both traverses show varying degrees of enrichment
of all the elements towards the High Water ﬁark which are accompan-
ied by decveases in shell contenty this is particularly clearly
shown in traverse 1 where the concentration of all the elements
increases in the surficial beach sediment within a zone of 200 ft,
from the High VWater lMark, although vaziations can also be found
vithin this zone. Away from the High Watcer Mark, the distribution
of elenments becomes generally more regular, even though minor
variations can still be found.

In traverse 2, the trough area around Gillick Rock (Fig. 6.6B.)
was found to be marginally enriched in all the elements. This may
be explainecd by land detriﬁus enriched in mine tailings being
deposited on the beach zone reworked and concentrated in the trough.
The association of all these elements whose concentration is liable
to diluticn by shells indicates that these elements are present in
the same mineral, or associated detrital phases. The concentration
of heavy minerals in beach placers is well known. Mineral grains
bearing these metals have high specific gravity and tend to
accumulate in areas of high eneréy, particularly along the High
Vater Mark. The heavy minerals are selectively concentrated through

a jigging process by the swash and backwash of waves.



Traverse 1 was subsequently resampled using a closer spacing
during & period of strong onshore wind, in order to determine
their part in the offshore dispersion of land derived detritus
deposited on the beach zone. The results are shown in Fig. 6.7.
The besch during this period was found to have diminished to a
gtroeteh of sand less than 150 fte in width from the High Water
Marlk and beyond the limit of the sand, a wave-cut platform with
boulders and pebbles was exposed. The concentrations of all the
clements again show good.agreement in their distribution. However,
they are also generally significantly higher than the old traverse
and this may again be correlated with the variation in shell
content of the sediment. In conclusion, during periods with strong
onshere winds in the exposed areas, the Beach sediment containing
land dsrived detritus may be reworked and dispersed cffshore. This
dispersion of beach sediment is shovii by the high concentration of
heavy minerals in the rewaining scdiment, and suggests a very
seleétive scrting process leading to heavy minerals remaining
behind and being concentrated in depressional areas.

6.5.1B. Portheras Cove beach sediment

Portheras Cove lies immediately east of Pendeen on the north
coast of the Land's End Peninsula end is partially protected from
the west by Pendeen Head_and the nortn-west by reefs running from
the Head to the Wra (Fige 3.3Ce). The beach sediment was sampled
randomly at an interval of approximately 50 ft. during a period of
strong westerly winds leading to beach degradsation and the
exposure of numerous boulders of pranite near the High Water Mark.
The total minus-8-mesh fraction of the beach sediment was analysed
for copper, zinc, iron, manganese, arsenic and tungsten as well as

for tin, and the results are presented in Fig. 6.84-H.
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As in the beach sediment traverses in St. Ives Bay, the
distribution of elements with the exception of zinc and arsenic
all show good agreement. Again the distribution of elements can
be correlated with the shell distribution, and the elements are
enriched in the zone nearest to the High Water Mark. The more
irregular distribution of zinc and arsenic may be explained by
the fact that the c¢liffs round the Cove are of granite and both
zinc and arsenic bearing minerals are normally associated with
the metamorphic aureole zone which occurs offshore from the granife.
In comparison with the concentration of tin and other elements off
the mouth of the Red River, the much lower concentrations here
indicate that they may be related to natural conditions rather
than mining contamination. Although extensive mining activily
comparable in scale to that of the Camborne~Redruth mining districts
can be found west of Pendeen Head, due to the relative protected
situation of the Cove than in the Gwithian Beach, the beach sediment
is less contaminated by mine tailings.

6e5.2¢ Distribution of tin in the offshore surficial sedinent of St.

Ives Bay

The distribution of tin in the minus-8-mesh fraction (Fig. 6.54.)
indicates lLin enrichment off the mouth of the Red River and the
Hayle Estuary. While the tin enrichment in the former may be
explained Ly tailings from the Camborne-Redruth wmining districts,
the enrichuwent off the lat£er may be explained by the sluicing
system described in Seétion 6.4.0, which has caused the estuarine
sediment rich in tin to find their way into the Bay at low tide.
Towards the.middle portion of the Bay, the sediment which is

appreciably finer, betiter sorted and poorer in shelle than gediment

nearer to the shore also shows a marginal increase in tin



enrichment reflects the smaller scale mining activity con the

adjacent land. -

The size distribution of tin shows that the bulk of the tin
in sediment off the Red River and the Hayle Istuary occur in the
finest (under 90 micron) fraction. In the western end of the Bay
near Ste Ives, the high tin concentration found in the 124-170
micron fraction may be explained by old mine and alluvial
workings in the vicinity cf the coast as well as by submarine
bedrock mineralisation. Due to the shert dislance from the source
and the steep gradient of the streams, coarse tin can be transpor-
ted downstream iato this part of the Bay. In the middle of the Bay,
the sediment was found to contain the lowest tin concentrations in
the fine size fractions. However, as these fine fractions are more
abundant than in the near-sghore sediments, the total tin in the
middle of the Bay is higher than near-shore. This counfirms the
physical influences of sedimentation on the relationship between
energy level, sediment type and mineralogical composition. In terus
of distance from a land source. one would expect to find coarse tin
nearest to the shore. Fine tin from mine tailings because of its
hydraulic properties is able to travel furthest offshore before
deposition.

6e5e3. Distribution of tin and other elements off Pendeen

Az a result of the coarse grain size of the sediment, there
was insufficient material for analysis for many of the fine
fractions. The minus-8-mesh total tin and the tin size distribution
show that the sediment west of Pendeen Head, is an area with
numerous fin mines along the coast and also with known submarine

tin lode outcrops, is more eunriched in tin compared with sediment

3

q
o

to the east which is in o less intensively minerali srea. The

3&
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tin concentrations found in the coarse size fractions are found
to be appreciably higher than those in the St. Agnes Head/Portreath
area, and niay be related to the high energy environment due to the
exposed nature of the coast.

The distribution of other elements in the minus-8-mesh
shell~free fraction are shown in Fige 6.9A=F. With the exception
of iron, all the elements show only minor variations in their
concentration ranges. However, all the elements show distribution
patterns similar to that of tin. This suggests that under the
preveiling high energy level and oxidising conditions, the metals
in the form of sulphide minerals are unstable and weather easily
leading to unifeormly low concént-ations and small concentration
ranges. Towards the Wra reef,; all the elements including tin
decrease., This is in agreement with the hypothesis that they derive
from mining contamination. If these elements have a submarine
mineralised bedrock source in the vicinity, they would be expected
to show increases in their concentrations in the marginal sedimenti.

66,0, Summary of conclusions
J

The main conclusions in this chapter are:=

(1) The tin distribution in the surficial beach sediment
between St. Agnes Head and Chapel Porth has been found
to be influenced by selective sorting and concentration
processes,

(2) The distribution of tin in the minus-80-mesh stream
sediment reflects areas of known mineralisation, and of
past mining contamination. The stream sediment of the Red
River main channel which is affected by the discharge of
present day mine tailings is lower in tin concentration

than many of the streams draining from old tin mining
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(3)

(4)

(5)

(6)

(7)

districtse.

Studies on the Red River have demonstrated that appreciable
guantities of very fine sand to silt and clay grade size
tin are transported downstream in suspension when mine
tailings are discharged into the River.

Copper and arsenic associated with tin in the mineralised
source rock present as sulphide minerals are unlikely tc be
as abundant as tin in marine sediments due to their
chemical instabiiity under 'normal' weathering and erosicu,
High concentrations of tin and other elements in the Hayle
Lstuary sediments confirm the efficiency of estuaries in
trapping land derived sediment rich in heavy winerals.
Variations in the compcsition of the sediment at depth show
good correlation with pést mining activity.

Investigations on beach sediment has confirmed the existen-
ce of sediment enriched in tin and other elements nesar the
High Water Mark. Under changing wind conditions, considera-
ble amounts of beach sediment is transported offshore and
alongshore, thus cauvsing a redistribution of detrital tin
and other elements.

In St. Ives Bay &nd off Fendeen, the tin size distribution
has been found to be controlled primarily by distance from
source., In the former, which receives mine tailings vian the
Red River from a source about 5 miles upstream, tin in the
éediment off the mouth of the River is appreciably finer
than off Pendeen where the mine tailings are from coastally

situated mines.



CHAPTER 7, FURTHER DISCUSSION

7¢1e0s Introduction

In this chapter, conclusions reached in chapters 4 and 5 ave
examined further on account of findings in Chapter 6. Attention has
keen focused on the origin of tin in the surficial sediment, and
characlteristics used in differentiating between tin of an eluvial
oy alluvial source which may be of sigunificance in mineral
exploration have been discussed.

7:2e0s Scources of tin in marine sediments

The pessible sources of tin in marine sediments are (a)
derived from the weathering and erosgion of submarine minerslisewl
bedrock, and (b) derived from the weathering and erosion of
mineralised bedrock on land followed Ly transport inté the sea by
fluvial action.

In (a), the extent of tin dispersion is unlikely to be very
great due to the high specific gravity and chemical stability of
cassiterite which renders it immobile. As a result tin has a strong
tendency to concentrate in sediment filling bedrock depressions
through elutriation. However, the weathering of submarine bedrock
proceeds very slovwly and it is doubtfunl whether much tin can he
liberated from the source rock. Lven along the High Water Marlk,
‘wave action on the resistant bedrock'cliffs in the St. Agnes Head/
Portreath area proceeds very slowly and only very little sediment
can be derived in this waye. Cliff detritus from this process is
likely to be very fine because c¢liff evosion is achieved almost
entirely by abrasion, grinding and impact., Mosking (1960) found
further evidence to support this conclusion. In Cornish mineral

Jodes which outerop at sea level, the sulphides and other minerals
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which tend to decompose fairly rapidly uvnder ‘normel' subszerial
conditions show virtually no chemical decomposition when they are
washed daily by the sea, although beyond the littoral zone they

are often seen to be actively deconmposing. Yherefore, the weathering
and erosion of submarine mineralised bedrock, which is often

.

concesled and protected by sediment cover is unlikely to be a

0

major source of tin supply to marine sedinments.

The weathering and erosion of mineralised bedrock on land

N
)

7

together with the reworking of mine tailings, followed by transbort
to the sea by rivers and streams can account for the bulk of the
tin in the surficial sediment off Corunwall. The main evidences are:-
(1) The decrease in tin and associated clements away from the
nouth of the rivers and strcams draininé from known
mineralised areas.
(2) The enrichment in tin and associated elements in surface

sediments as contrasted with its lower levels in the

underlying sediments.

In addition to these two features, detailed studies in Ste
Ives Bay and Pendeen have confirmed that the enrichment in tin and
associated elements in surficial sediments is the result of mining
contamination from the land. Submarine bedrock mineralication could
not account for the element concentrations found in the surficial-
sediment, whercas the supply of mine tailings to the Bay’has beon
demonstfated in the stream sediment investiga?ions,‘similar
conditioné must have existed in the St. Agnes Head/Portreath area
when mines were operating on the land in the vicinity, and were
using the streams for the discharge of tailings. Iurthermore, the
high concentration of copper, zinc, iron and arsenic present as

sulphide minerals in the source reck could not follow the tin
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through the normal cycle of erosion because they tend to decompose
rapidly under subaerial conditions. Their association with tin in

the surficial sediments must therefore be indicative of a mining

‘contamination origin.

7650, Disversion of tin

| There is good evidence to support the findings of Ong (1966)
and Hazelhoff Roelfzema (1968) on the dispersion of tin in that
fine tin is dnvariably found associated with coarser-grained
sediment, which may be due to the hydraulic properties of the

sediment particles which is largely a result of their different

oA

specific g?avitieéerhis may however, alsoc be accounted for in
part by the trapping of fine cassiterite grains within the intergr-
anular spaces of the larger mineral grains) and this has been
indicated by well-sorted fine sands enriched in tin being found
with poorly sorted gravels in stream sediments. Hydraulic

N
equivalence may, at best, therefore only apply to well-sorted
sediﬁentse‘

As an alternative to the theory of hydrauvlic eguivalence
applying in the format used by Hazmelhoff Roelfzema (1968), which
suffers from numerous defects, a sedimentological study on sorting
and grain size distribution of ftin in the sediment in the shellefree
basis is a better guide in faciliating interpretation of multiple
tin sources. The best sorted samples in stream, beach and marine
sediments show the highest tin concenirations. Therefore high tin
concentration in all grain size fractions accompanied by poor
sorting in the sediment should be a good guide to submarine bedrock
mineralisation, while the opposite coupled with good sorting
suggests selective concentration processes in operation.

! Investigation on the Red River has demonstrated that fine tin
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ip the fine sand to silt and clay size range js transported down-
stream into Ste Ives Bay in suspension under normal flow conditiouse.
Transport of coarse grain size tin on the other hand, is largely

by saltaiion and rolling and is much more strongly influenced by
the stream velocity due to the stream gradient and/or periods with
high surface run-off (Hazelhoff Roelfzema 1968).

Althonrgh the streams draining off the Ste. Agnes Head/Portreath
ccast appear only to contribute small quantities of detritus to the
cffshore scdiments at the present day, because of their steep
stream bed pgradients, they are potentially capable of transporting
sediment when available. This must have been the case when nines
and smelting houses were operating in the vicinity of the coast and
were using the streams for the disposal of tai].ihgse Contaminration,
although net on the same scale as the Red River because the mining
activity here was not as intensive, is likely to have been responsib-
le for supplying vast guantities of mine tailings offshore. GIf the
mouth of the existing streams, the sediment channels enriched in

tin and other elenents in the surficial horizon indicate former

ES

extensions of drainage systems, a feature also found by Ong (1966)
in Mount's Bay. These sediments are however generally well-sorted
which is uncharacteristic of sediment with a fluvial origin.
Therefore, they must have been reworked. However, despite.the
reworking processes, enrvichment in tin and other elements can still
be found, which suggests thal heavy minerals can become immobile

once deposited.

The offshore alspersion of beach sediment enriched in mine

o]

tailings deposited at the mouth of the Red River has been demonstrat-

ed. Marine processes have been shown to be selective and are respons=

ible

-t
o}

r the concentration and grain size distribultion of tin in



marine sediments extending into the foreshore zone. Conditions
favourable for bheach aggradation and degradation depend primarily
on the wind strength and direction and it has becn shown that under
favourable conditions, vast quantities of beach sediment containing
mine tailings can be dispersed offshore.

74,0, Differentiation between eluvial and alluvial sources of tin

The analysis of tin in surficial marine sediment in order to
locate submarine bedrock mineralisation is of 1little use unless the
sediment cover is very thin. The difficully arises because of the
immobility of cassiterite. In the southern part of the main sediment
body in the Ste. Agnes Head/Portreath area, where the sedimenﬁ thins
out to nothing, the marginal sediment shows decreases in tin
concentration in all grain size fractions. Therefore, the anomalous
concentrations found within the sediment body and away from the
marginal sediment is likely to have an alluvial rather than an
eluvial origin.

The use of pathfinder elements acsociated with tin in the
source rock is also dependant on an understanding of mining
contamination in determining element distribution. The association
of copper, iron, arsenic and tungsten with tin in the surficial
sediment is indicative of an alluvial source. Zinc and mangsnese,
both enriched in killas as well as in mine tailings, show a
similar pattern to tin, copper, iron, arsenic and tungsten close
inshore; but increases fﬁrthér offshore, which suggests that they
may be befter pathfinders for tin of eluvial origin. Therefore,
high zinc and manganese concentrations accompanying high tin but
low in copper, iron and arsenic in poorly sorted sediment could
theoretically indicate an eluvial source due to the availability

of locally derived tin bearing killas.
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The grain size distributicn of tin remains the most valuabls

means of differentiating between eluvial and alluvial sources of
tin. Althouph the size of availability of casegiterite in the source
rock governs the grain size distribution of tin, at increasing
distances away from the source rock,; the tin can be expected to
deevease in all grein size fractions particularly in the coarsesh.
Therefore, using this eriterion; it should be possible to differsn-
tiate between the two sources of tin because coarse-grained tin
originating from an eluvial source will distort the alluvial grain
gime distribution of tin. However, when dealing with reworked
near~shore surficial sediments in the St. Agnes Head/Portreath
ares, diffecrcntiation between eluvial and alluvial tin is very
difficult due to sediment mixing. Towerds the St; Agnes Beacon
Granite, the tin enrichment in the coarse eizme fractions of sediments
is 1likely to¢ be both eluvial and alluvial in origin and related to
local sources both onshore and offshore.

In St. Ives Bay, the bulk of the tin in the sediment off the

Red River which has originated from mine tailings has been shown by

e
1

mineralogical studies to be present largely in the form of fine
cassiterite inclusions with quartz-tourmaline and quartz-chlorite
intergrovths (Warren Soring 1962, unpub. rep.). These grains make
up the bulk of the tin present in mine tailings and because of
their low specific gravity compared to mono-~mineralic cassiterite

grains arve much more liable to loss in mineral recovery processes

and transport by fluvial processes to the sea.
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CHAPTER &, MAIN CONCLUSIONS AND RECOMMENDATIONS

8.1.0. Main conclusions

8e1e1e Field techniques

(1) The Shipek grab provides a rapid means of sampling surficial
marine sediments. The sediment samples obtained were found to
be satisfactory for the purpose of marine geochemical reconnai-~
ssance in areas with sand.

(2) The Decca Nevigator provides a rapid means of position fixing
offshore. However due to the inaccuracy of the method in near-
shore areas; the sextant is recommended in future work.

(%) The Hydrowerkstatten Vibrocorer was found to be suitabie for
taking sediment cores in medium to fine sand but further
improvements are necessary for its use in exposed areas with
strong currents. A more powerful vibrocorer would be necessary
for taking basal sediment samples adjacent to the bedrock.

(4) The bucket auger provides a rapid means of sampling the
vertical sections of alluvial and sstuarine sediments. Although
the samples obtained are often disturbed,; when sufficient care
is taken contamination due to sediment mixing is insignificant.

8.1.2. Loboratory technigues

(1) The importence of sampling reprodacibility for tin-bearing
sediment has been stressed. In order to minimise sampling error,
the samples should be split down representatively and ground.

(2) A rapid method for the determination of tin by atomic absorption
using & nitrous oxide/acetylene flame based on the method of
Bowman (1968) has been modified end applied to sediments, and
the resulis siow agreement with the volumetric technique.

(3) The preliminary removal of shells from beach and offshore
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sediments is found to be highly desirable in tin determination.
Thig firstly upgrades tin in the sediments and reduces sampling
error; secondly, gives a clearer picture of the distribution of
tin in detrital sediments, and thirdly, removes shell
interferences in tin determination.

(4) To save time and cost,; the leach solution from & nitric acid/
perchloric acid attack on the sample prepared for the atomic
absorption analysis of othexr elements can be adopted for the
colorimetric determination of arsenic following the procedure
of Stanton (1966). The results using this technique are
comparable with those obtained by potassium bisulphate fusion.

8c1.3. Application of hydraulic equivalence

(1) The hydraulic equivalence theory based on Stokes Law used to
digtinguish the source of tin by Hazelhoff Roelfzema and Toons
(1969) may apply only to silt size particles. For coarser uize
particles there is only a rough approximation.

(2) Because the sediment off the North Cornish coast consists
largely of medium to fine sand, which yields very little silit
size fraction, hydraulic equivalence cannot be applied here.

(%) Grinding has been shown to be essential to minimise sampling
error, therefore the present tin resulis take account of hoth
mono~mineralic and composite cassiterite grains. Since
composite cassiterite grains may be present in abundance in
sediment, and do not fulfill the coﬁditions required by Stokes
Law, the relative availability of tin determined on the basis
of these grains using hydraulic equivalence; may be totally
migleading.

(4) In order to apply hydraulic equivalence satisfactorily, it is

necessary to adopt time consuming grain counting technigues to
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determine the abundance of meno-mineralic cassiterite grains
and their equivalent size mineral grains. However, as an
alternative to this very slow process, the mean size and
sorting coefficient of the sediment, used in conjunction with
the tin grain size distribution, is a far more rapid and
reliable method than hydraulic equivalence in distinquishing

between different sources of tine.

8.1.4. Physical and environmental features in the offshore areas

(1) There is no evidence to suggest that the submarine rocks in the

areas investigated are composed of rocks other than killas.

(2) The environmental conditions found in the St. Agnes Head/Portrea-

th area are thought to be intermediate between the exposed high
energy Pendeen area and the more shethered lower encrgy bay

epvironment in Ste Ives Bay. This is reflected in the mean size
of the surficial sediments. In Lhe Pendeen area the zedinment is
dominated by coarse sand, in the St. Agnes Head/Portreath arez

by medium sand and in the St. Ives Bay by fine sand.

(3) Off the mouth of present day rivers end streams, there are

sediment filled bedrock channels similar to those in Mount's

Bay (Ong 1966), and may be extensions of former river valleys.

(4) Bathymetry suggests that the marine erosion platform in the

Cligga Head/St. Agnes Head area at about 10 fathoms (Garnett
1962) may occur in other parts of the North Cornish coast. There

is also evidence for other platforms at greater depths.

(5) In all areas, the majority of the surficial sediments are

well-sorted to moderately =orted, which suggests reworking

processes have taken place.

(6) Sediment thickness is reflected in mean size, sorting coefficie-

nt and shell content in the surficial sediment.



»f(7) Tovards the shore, the sediment generally increases in mean
size as well as becoming progressively betlter sorted. This is
in agreement with the expected increase in energy level
conditions found within the breaker zone.

(8) Mean size versus sorting on the very well-sorted sand half a
mile west of St. Agnes Head suggests the existence of strong
bottom currents off the headland,

u/kg) In 8t. Ives Béy? the shell content in the surficial sediment
increases towards the western part of the Bay and decreaseg
graduvally towards the mouth of the Red River. Towards the
central part of the Bay which contains fine silty sand, therc
is also a decrease in shell content compared to the coarser
sediment found at shallower depths.

(10) With the exception of St. Ives Bay, there is a general increase
in shell content away from the shore and with increasing waber
depth in the surficial sediments. Superimposed on this general
distribution pattern, sedimsnts from near the nmargin of the
sediment body are enriched in shells, end sediments ofi the
rnouth of present day rivers and.streams are poor in shells.

(11) Wind strength and direction is primarily responsible for the
direction of sediment movement in the foreshore zone.

8e105. Distribution of tin in stream sediments

(1) The winvus-80-mesh tin distribution in stream sediments reflects
the known tin mineralisation areas as well as giving an
indication of the intensity of mining activity in these areas.
In some¢ areas vhere tin is not the main ore element, the high
concentration of tin may be related to conﬁamination from
smelting houses using ore from other aveas.

(2) Investigations on the Red River have shown that large quantities
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¢f fine tin in the very fine sand to silt and clay size range
travel downstream in suspension under normal flow conditions,
and eventually reach the sea. The bulk of the tin lost throngh
present déy mine tailings is below 20 microns in grain size
and these tailings find their way downstiream into the gea with-~
out any difficulty.
(3) The Red River shows a general decrease in tin concentration
downstream away from the mineralised area.
v'(4k) The association of copper, iron, arsenic and tungsten, and legs
clearly zinc and manganese with tin, is the result of mining
rocks containing minerals bearing these elements. The distribu-
tion pattern of elements present as sulphide minerals found
asgociated with tin in the source rock including copper, zinc,
iron and arsenic¢, are related to their relative transportotion-
al resistence. These sulphide minerals are likely to be much
less abundant than tin in strecsm sediments during 'normal!
veathering and erosion,; because they are more easily broken
down than cassiterite.
(5) The presence of primary alluvial tin placers is indicated by
high tin concentrations in ¢oarse size fractions.
(6) Zinc and manganese are poor pathfinder e¢lements for tin in

killes areas, because they occur in abundance in barren killas.

8.1.6. Distribution of tin in estuarine sediments
(1) The Hayle Bstuary acts as an excellent trap for land detritus
which has included past mine tailings.

(2) Examination made on the elemental composition in the vertical

o]

section of sediment ceorrelates well with past mining record
and recent geological events. On this basis, the effect and na-

ture of pust mining contamination on marine sediments ean be
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evaluated,

8eTe7e Distribution of tin in beach sediments

(1) There is a zone of enrichment in heavy minerals including
cassiterite near the High Water Msrk in the surficial sediments.

(2) Sediment enriched in mine tailings deposited on the beach by
rivers and shtreams can be dispersed offshore during periods of
strong onshore winds. The offshere dispersion of sediment is
however selective, coarse-grained heavy minerals are the least
mehile and have a tendency to remsin on the beach.

(3) In the 8t. Agnes Head/Chapel Porth beach, variations in tin
concentration in the sediment may be accounted for by the
influence of reworking processes including running vater down
the beach slope, as well as wave action influencing the format-
ion of beach cusps.

(4t) The highest tin concentrotions ure generally found to be
associabted with wellesorted sediments. This suggests thai
éelective sorting and concentration is primarily responsible
for local enrichment in cassiterite, while distance from sourcs
is onlj of secondary importance.

8.1.8. Distribution of tin in marine sediments

(1) In the St. Agnes Head/Portreath arca, the surficial sediment is
enriched in tin which suggests a recent origin. This enrichment
is accompanied by copper, iron, arsenic and tungsten, and less
ci@arly by zinc and mangaunese. The latter two elements are
enriched in killas, therefore their distribution in sediments
may serve as & guide to bedrock source and sediment thickness.

(2) Off the mouth of rivers and streams draining from old disused
mining districtes, the surficial sediment is enriched in tin and

other elements in the foreshore zone. This indicates that
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alluvial placers may be present.

Tin is invariably found cencentrated in the fine size fraction
of sediments. In the coarser size fractions, the tin present

is almost entirely in the form of composite grains.

The grain size distribution of tin in sediments partly reflects
the distance from the source. Coarse tin ie found near to the
source rock as well as near to the shore, while fine tin travels
greater distences and is found furthest away.

The gruin sige distribution of tin in sediments using the
distanece from source criteria, cav give an iudication of its
origin. For example, anomalous concentrations of fine tin not
accempanied by coarse tin, as is the case off the mouth of the
Red River, shows a mining contamination origin.

¥nrichwent in tin and associated elements in the bacal sedimente
may be indicative of submarine bedrock mineralisation.

The enrichment in sediments of elements sssociated with tin in
source rocks is the result of mining contamination. Mining
operations are responsible for the liberation of minerals
bearing these elements in a fresh state, and since these minerals
have not been subjected to the long process of "normal!
weathering and erosion, they wmay be enriched in surficial
sediments.

The very well-sorted sand half a mile west of St. Agnes Head
which is enviched in coarse tin compared to adjacent sediments
is likely to be the result of reworking processes due to strong
bottom currents. The high concentrations of elements associated
with tin in the sand suggest that the sediments are unlikely to
be those of a fossil beach, becavse mining activity responsible

for the concentraticns is a geologically very recent event.
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8.2.0. Recommendations for future work

(1)

(2)

(3)

(5)

(6)

(7)

(8)

The vertical distribution of tin and its associated elements in
sediments off the North Cornish coast should be further invest-
igated by detailed coring, especially in the anomalous area
between Porthowan and Porireath, snd the area off the Towanwrath
Lode.

There is a need for a detailed Sparker and echosounder survey
in the St. Agnes Head/Portreath area, to aid interpretation of
the tia distribution.

Mineralogical studies should be carried out to determine the
grain size and characteristics of mono~mineralic cassiterite
grains, and the abundance of coumposite tin grains.

The part played by tidal currents and windmiﬁduced currents in
sediment movemnent should be further investigated.

The method of tin determination proposed should be tested Lor
s0ils to determine its further application.

The sediment at about 10 fathoms and the sediment channels off
the mouth of present day rivers and streams should be cored and
studied to verify the existence of tin-bearing fossil beach and
alluvial placer deposits.

In order to evaluvate the mineral potential of the sadiments,
heavy media separations should be carried out to determine the
liberation characteristics of tin in the sediments particularly
in the anomalous areas.

The sémpling problem of heavy minerals present as discrete

mineral grains warrants more attention in wminexral exzploration.



Plate IXI. Photograph taken 2 minutes after a pit was dug

in the foreshore mone of the Gwithian Beache.
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APPENDIX

WIND STRENGTH AND DIRECTION DATA FOR THE SAMPLING PERIODS RECORDED AT
THE KEBELLAND METEOROLOGICAL STATION., 5
(Time in G.li.T., direction to the nearest 10 and strength in knots).

(A) Gwithian Beach Traverse 1 and 2, 5th January, 1972.

1/ 1 0015 060 10 2/ 1 015 050 05 3/ 1 0015 calm -
0615 060 10 0615 060 11 0615 calm =
1215 070 12 1215 060 02 1215 260 03
1815 080 12 1815 calm - 1815 calm -
L/ 1 0015 calm - 5/ 1 0015. 110 02
0615 calm - 0615 100 05
1215 030 05 1215 190 03
1815 100 05 1815 120 05

(B) Gwithian Beach Traverse 1 resampled and Portheras Cove Beach, 7-10th
April, 1972,

2/ 4 0015 250 15 3/ 4 0015 260 20 b/ b 0015 190 16

0615 240 22 0615 290 Ok 0615 200 20
1215 220 20 1215 280 05 1215 250 30
1815 250 24 1815 200 10 9815 250 32
5/ & 0015 280 38 6/ 4 0015 270 20 7/ 4 0015 23%0 25
0615 280 25 0615 270 22 0615 220 30
1215 270 2k 1215 260 15 1215 270 30
1815 230 22 1815 220 16 1815 250 32
8/ L 0015 260 30 9 4 0015 260 02 10/ & 0015 2ho 18
0615 280 27 0615 %60 13 0615 280 12
1215 270 25 1215 360 15 1215 280 28
1815 270 05 1815 300 10 1815 280 27

(C) Grab and St. Agnes Head/Chapel Porth beach sampling, 28th June - kth
July, 1972,

W/ 6 0015 080 08 15/ 6 0015 020 08 16/ 6 0015 360 06

0615 070 08 0615 010 05 0615 3L0 05
1215 030 15 1215 340 09 1215 350 05
1815 020 15 1815 340 10 1815 340 ob
17/ 6 0015 calm - 18/ 6 0015 230 18 19/ 6 0015 290 12
0615 190 03 0615 220 22 0615 290 10
1215 200 14 1215 220 15 1215 270 17
1815 210 15 1815 320 15 1815 280 16
20/ 6 0015 210 05 21/ 6 0015 24o 12 22/ 6 0015 270 18
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1815 260 15 1815 230 10 1815 220 14
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(D) Vibrocoring,
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260
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RESULTS OF GRANULOMETRIC ANALYSIS

GRAIN S17FE IN MICRONS

WEIGHT PERCENT OF TOTAL MINUS~8-MESH SEDIMENT GIVEN
PHI INTFRVALS AND NEAREST RBeSa5e MESH SI1ZE

2057 MICRON - ~1,041 PHI -~ 8 MESH
500 MICRON - 1000 PHI -~ 30 MESH
350 MICRON -~ 1515 PHI -~ 44 MESH
250 MICRON ~ 2,000 pPHI - 60 MESH
170 MICRON = 26557 PHI —~ 85 MESH
124 MICRON — 3,011 PHI - 120 MESH

-2057 ~500 ~350 =250 ~170
NO e +500 +350 +250 4170 +124 =124

STe AGNFS HEAD / PORTRFATH GRABS
1 13610 1191 41,66 2922 2083 1o28
13 280 H4o46 17616 32604 2676 16678
14 2Zea?2 542 25669 Be39 19646 Be 62
15 201 4606 14,73 20683 2869 29.68
16 Z:%6 334 1234 25645 3154 24076
17 3e01 AeT72 136485 24¢75 3198 23610
18 1400 3407 11648 26652 34e45 22659
19 40,19 Tel2 25657 33647 19.51 10614
20 2685 3683 14607 29699 32.87 16.68
21 3636 3683 21682 32650 2553 10655
22 304 Go2b4 1559 350620 2949 1227
23 €75 4eltS BBe52 26220 962 393
P4 L4442 14097 3750 2925 1092 458
PS5 Be42 13:32 40644 27317 T34 270
26 44,08 1792 18.29 66156 1:76 Q77
PT 34.22 P804 25,78 Qe 75 250 077
28 22600 29,37 3229 1231 2044 Qe73
29 2298 2282 33649 16473 320 O0a77
30 35620 2542 2828 9084 1:.02 025
31 27679 24,82 35.68 1044 1618 0649
32 1178 2291 4128 2007 3628 0672
33 12.88 1598 38¢44 28001 364t 128
34 55,13 12,99 19,51 Qe 95 1429 1lel2
35 950 Ge36 2982 3868 B.82 3681
36 4616 Qe24 33648 38«45 10.84 3e B4
37 2e28 3e83 2265H9 4555 18635 Tedl
38 2¢19 HobBT 2P6el7 44679 1662 556

39 1eRB 2094 13637 35640 3248 1694
40 1e85 Be32 14626 3043 30657 19,88

41 180 8697 47603 37608 476 0637
42 14.52 20657 4545 17616 2605 0o24
43 1008 P7e48 4777 13«78 QebH O 08
ad Qe 23675 48947.17901 136 018
45 Golh 1522 5065 2689 272 0619
46 Te®4 30,05 5377 Bel?2 Qed3 0«09
47 17645 2628 4380 1167 0.73 0607
48 19,05 296,97 40,10 9e26 0:65 0507
49 17eRB 2P6e31 436909 1137 Oe82 Ce13
50 1106 26.86 46.84 1315 107 013
51 1273 PTe02 47657 11679 0685 0,04
52 23,29 29,89 39,01 7037 0.42 0,04
B3 12660 PHe32 4747 13614 1633 0615
B4 HeR6E 16617 4522 2773 3.68 0034
55 20648 3109 39,63 Ael2 0,60 0.08
56 13eRB 2754 45,12 1239 097 0:09
57 13e05 2410 44672 1559 2621 0633
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58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
T4
75
A
79
B2
84
8s
88
Q4
95
Q7
Qg
Q9
101
104
107
108
111
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

14657
De6nl
Ee78
Be&d
3e34
2689
G679
2¢19
2en3
8«15
Ter8
Teop?
2697
1636
2eA8B
Ber3

1080

1302
605
668
479

100730
Oe51
2:47
3.98
2010
2o 74

19¢02
Pep?2

A7 626
472
2eR2

T39 619

1179

1225

12675
5048
1685
1en5
3e08
DenS
1erP9
175
Seat
S5e2l
H666
16230
302
3e44
2673
205

3en0

14673
T o34

7006
3.00

1Z2e26
P
8670

2529
2071
Ple31
196 653
1262
1264
1672
Q655
Qe 79
1968
18,02
1378
1018
G627
Be45
8.27
1244
14667
1268
1581
11.09
1345
2619
7608
Qe 1
6630
1189
7183
1282
0,68
1372
Tetl
14,01
4e31
12659
13617
Bed]
b4eld
370
DeH7
16:88
3638
5,09
1155
11e24
8Bs71
297
573
5655
4o b4
3048
4616
1501
1151
12309
6580
6698
394
1449

43.45
47,03

477« ©5
47,90
48,29
49,01
45689
47670
4231
47617
4658
42047
42672
36639
38:31
38.29
36617
4115
40,06
48,66
38,87
38634
20,03
31661
3223
2750
39,02
33669
46620
103
40.73
2658
5699
16033
3866
3%e24
3072
20685
1970
3925
35621
166473
23616
36630
3697
35.12
20,04
2624
2781
2186
1978
2105
3777
39:20
eG4l
30677
23632
18659
36,68

14679
1954
1972
70e34
31e18
3080
27873
24680
386 70
2109
23e 74
29«34
RUe94
N e Q8
38045
3885
3208
PHe 18
Rhe 73
PR 95
3775
A0e 76
50000
40¢89
3767
40e63
3460
18686
33e23
De68
3182
1Re Q7
0071
27l 4
28646
2861
4344
5037
S0e5 1
3689
2781
4400973
45909
33699
QY46 8BS
37e74
A b 090
3922
u2e97
40651
4193
406 60
PRe55
B31e36
Hel7
38e51
3745
39 HQ
28«57

1675
2876
2636
7 e Q6
4607
held
3e43
5e25
615
3e24
376
€625
7692
1122
10656
Qe8P
Te53
3618
5691
2¢56
6680
6e29
22690
14634
13-93
19661
10:.06
5634
%691
0,23
7630
2188
0.05
17«46
[e29
482
959
1882
2le21
B8.82
836
28602
2le23
106273
Be79
9658
2189
18625
14092
22«88
24653
2379
556
Bea2
206
1598
1668
2674
Gedd

016
0«34

0,28
0.33
Ce51
O0sa3
Oe34
0852
Oe71
046
OebH2
0089
1e27
170
1659
1e54
0,98
0¢30
0,58
0:33
1e25
Oe 86
4638
3064
2639
385
1668
107
0663
Oe¢il1
1e61
5¢ 64
0,05
22686
2eld
1ed2
2e35
3687
354
149
2609
5¢96
368
2648
2693
3619
Be9O1
T7Te54
5631
7658
Be273
TedO
1e77
2e17
077
4:03
3e 32
Hed?
2613
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139
140
142
143
144
145
146
147
148
149
150
151
152
153
154
135
156
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158
159
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166
167
1686
169
170
171
172
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174
175
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177
178
179
180
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182
183
184
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186
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191
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107
198
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8.10
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Se12
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32e27
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6003
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49 Q7
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Teld
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Oeit
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G o0
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1 =4
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PeBd
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—
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Do b4
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P55 18
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14011
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10642
18669
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1R 59
17697
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Phe29
2:18
10623
6.08
4ol
Ged?2
2088
190
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091
105
0696
101
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129
1.06
1.69
2619
2640
2,00
4630
2¢75
2:61
3625
2639
272
332
307
2067
3651
4291
3699
16322
3e 61
bolt7
375
Teldt
2le”28
1267
3046

27e21
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33677
36681
35636
2837
27650
2587
34656
37610
29698
2541
35650
38671
3101
1721
1633
26,97
1268
18,18
35,00
28,08
49,60
51639
40646
27.88
2019
116673
8,49
Be 77
BeH1
801
B8e¢32
10,38
Bel22
10,38
1161
1371
1276
20661
1575
12,38
1375
116373
1154
1389
14612
14637
17473
17648
1979
33661
14,33
25613
12657
20616
4388
46658
12607

Qe B9
6606
1520
2033
3598
1155
TelR
8«85
PTe63
P78
10e34
8e81
35612
2191
14¢36
ReH3
4680
1000
3e50
Se91
1824
40626
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3132
37226
47066
B4 e 36
6052
60623
6P 4P
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63618
A0 32
6058
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50616
46660
L4767
4633
44601
4613
42698
3776
3498
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3183
30e32
3245
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P7e70
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2837
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"Re 77
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1Re472
25669
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216
127
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4 695
126« 05
e 4P
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199
GelQ
8695
2e¢04
184
1112
b5
2622
0.88
071
2606
0676
139
331
1169
10613
7«69
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1745
18«21
21665
25629
22667
2180
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2382
20,97
2804
28649
2976
26e31
2894
20680
26610
2832
30 65
34603
3535
31656
32645
308p
28659
2Te56
26661
11,08
3232
20630
3169
23688
4600
Ge8B1
31615

Ceb7
0.48
0688
162G
2e50
0657
Oe52
057
2812
1:96
0e51
O0e51
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O¢ta
O.22
Ce15
045
0015
Ce7
054
260
335
3620
4656
3042
475
4037
4,48
4654
4615
Se 34
575
Gel?
Te 77
Bs 43
828
870
Qe 08
Be43
BelT7
1159
1235
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17089
17656
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18661
1673
1991
15667
6579
19624
Qedt]
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202
203
204
208
206
207
208
209
211
212
213
215
216
217
218
219
220
221
275
236
204
295
206
298
299
300
301
302
3073
304
305
306
307
308
309
310
311
312
313
314
315

316.

317
318
319

320

321

322
3728
326
327
328
329
330
331

332
333
334
338

289
Fett7
edl
B3e19
1618
200
317
103'32
Pedll?2
76831
Be02
1113
3Ba14
6Ho S
64,00
108
3610
Der6
T9erR3
87,70
0640
Oen3
0en&
0,56
Ceal
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et
Oe77
0673
Oenl
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Oenl
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TTe4
G4 .h”3

4,03
BelB4
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3618
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18,66
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23676
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17649
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2e25
160
352
2696
362
3,10
381
298
2e 76
220
232
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1697
1675
2,06
220
395
4e27
Te29
1e64
2e206
2663
2658
253
176
Pe6O
2668
4051
1024
1136

13948
1256
14c44
16642
14,07
1388
1537
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25660
4313
4151
46026
26024
12616
1342
1271
16622
P6e24
6628
5680
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16664
12660
22628
15,93
12,52
19681
19¢13
2187
1564
20,40
18619
1771
14¢49
14614
1216
1335
13:16
1345
16650
14 .86
1717
1300
1630
17613
2134
20,92
9660
Be22
Ee29
e 75
1045
10,05
Qe 36
10659
11675
PR e 99
6e82
14,06

PheS5
256 30
2566
26:82
A0 eddS
28¢10
26644
20e36
31621
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2114
14073
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36029
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