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ABSTRACT

This research investigates the cost effective uses
of arsenic, antimony, bismuth and selenium as pathfinder
elements in geochemical exploration by establishing the
controls on their secondary dispersion in soils and
drainage Sediments. Sensitive and preclise determination
of these elements in geochemical samples (rapidly and
routinely) is made possible by advances in analytical
methedology, whereby their volatile hydrides are generated
and flushed into an inductively coupled plasma emission
spectrometer.

A background study of stream sediments from south-
west England confirms that the distribution of arsenic,
bismuth and selenium is correlatable with bedrock geology
but scavenging, of arsenic by ferric oxides and selenium
by organic matter, 1s locally important. All the elements
are relatively enriched in fine grained (reducing) clastic
sediments although bismuth is most abundant 1n granitic
intrusives.

Detailed studies of 14 mineral deposits in the
British Isles indicate the exploration effectiveness of
these pathfinders. Selenium (with arsenic and antimony)
is useful in the location of nickel deposits at Arthrath,
Scotland. Bismuth and arsenic pick out the tungsten
deposits at Ballinglen, Ireland and polymetallic uraniferous
veins at Dalbeattie, Scotland. The Kuroko-type deposit
at Avoca, Ireland shows distinct zonation from base to
top of bismuth, arsenic and antimony with bismuth associated
with the copper zone and antimony with the lead-zinc rich
zone. Antimony 1is a good pathfinder for +two Irish
style base metal deposits (Keel and Mallow, Ireland) and
arsenic for vein gold deposits (Clontibret, Ireland).

In the surficial environment, arsenic and selenium



are potentially mobile while bismuth shows limited mobility
and antimony is almost immobile. The mobilities of arsenic
and selenium are inhibited by accumulation at geochemical
barriers: both by ferric oxides; and for selenium by
organic matter.

Arsenic can be recommended for regional and detailed
geochemical surveys in temperate terrains but care must
be taken to note areas of iron scavenging. Antimony and
bismuth are best applied in detailed prospecting with
deep sampling much more effective for antimony in areas
of moderate to thick overburden. Selenium has very
restricted utility in temperate terrains as a result of
its affinity for organic matter. All four pathfinders are
effective in lateritised areas, where transition metals

are particularly prone to leaching.
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Part I :

Introduction and Review of
Primary Pathfinder Concentrations



CHAPTER 1 INTRODUCTION

1.1 Aims

The objective of this research is to test
the cost effective uses of the pathfinder elements
arsenic, antimony, bismuth and selenium in geochemical
prospecting. This 1s best achieved by understanding
the fundamental controls on their dispersion and concentra-
tion.

1.2 'Why Use Pathfinder Geochemistry 7'

A pathfinder element 1s defined, for the purposes
of this thesis, as an element which occurs in close
proximity to the ore element(s) sought but which forms
a more extensive halo; is concentrated in the surficial
environment or is more easily analysed than the ore
element(s). The pathfinder elements, arsenic, antimony,
bismuth, selenium (the pathfinders), considered in this
research are strongly concentrated in a broad spectrum
of sulphide deposits (Fig. 1.1).

Successful prospecting requires the discovery of
orebodies at minimum cost. The realities of exploration -
particularly the attractions of exploring in industrialised
countries - dictate that success is often the result of
the application of superior, mainly geological, skills.
Pathfinder geochemistry has the potential, which will be
demonstrated in this thesis, for resolving complex
geochemical anomalies and for discovering blind orebodies.

Recent advances in analytical geochemistry have made
possible the determination of background levels of the
pathfinders, economically and with good precision and

accuracy.
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Fig 1.1 Average concentration of elements in the
lithosphere (I) and in high grade ores (II) from Perel'man
(1977)

Note that Arsenic, Antimony and Bismuth form distinct peaks
in curve II



1.3 Approach of this Study

Surficial dispersion involves the interaction of a
number of complex variables, both chemical and physical.
It is not yet possible to realistically model pathfinder
dispersion because of these complexities and the lack of
basic data on the agueous chemistry of some of the
elements.

The alternative, and to some extent complementary,
approach of detailed studies of areas enriched in path-
finders was therefore adopted. The areas were sgelected

as

(i) having ore grade or close to ore grade
concentrations of metals;
(ii) representative of a deposit type;
(iii) known or likely pathfinder concentrations;
(iv) relatively uncontaminated by mining.

In addition a study of a large background area (South
West England) is presented. Soils, stream sediments and
waters are the main media used in surficial geochemical
exploration and in this research. Rock geochemistry is
not comprehensively investigated in all of the areas but
sufficient information is generally avallable to make
some informed estimate of the extent of primary concentration.
The results from the detailed studies are here
collated, summarised and conclusions made. It is then
possible to compare these conclusions with the
theoretical data, to suggest how the pathfinders may behave
in various environments and their most cost effective

uses.

1.4 Arrangement of this Thesis

This reflects the approach to the problem and is



divided into three parts:

I Chapters 1-2 : Introduction and a review of
primary concentrations

I1 Chapters 3-7: Reglonal and detailed studies -
a summary of the type of samples studied is
given in Table 1.1 and the locations of the
areas are shown in Fig. 1.2

I1I Chapters 8-9: Conclusions from the detailed
studies, a comparison with theoretical models
of surficial dispersion, suggestions for the
cost effective use of pathfinder geochemisiry
and future research.

1.5 Field and TLaboratory Procedures

1.5.1 Sampling Methods

Reconnaissance soil sampling was undertaken with
hand augers and samples collected in Kraft paper bags.
'Cobra' samples were taken using a Cobra petrol-driven
percussion drill fitted with standard (1" diameter) steel
rods and a Holman 'thru-flow' sampler. Samples were
prised out with a hard steel screw driver. Detailed
investigations at Dalbeattie (Chapter 4.1) demonstrate
that the -190pm fraction is the most effective practical
fraction for maximum anomaly/background contrast and this
was used throughout. Samples were sieved through nylon
sieves after air drying at 50°C. Any fractions 719Or~m
were crushed in agate pots, using a tema mill.

Active stream sediment was grab sampled with poly-
thene containers and collected in Kraft bags. Preparation
was similar to the soils. No systematic attempt was made
to compare panned concentrate samples with gradb samples.

Water samples (1 litre) were collected in acid rinsed
hard polyethylene bottles. The samples were vacuum



Table 1.1 Summary of deposits sampled and sample type

Area
(Deposit
Type)

Arthrath
(Ni-Cu)

Avoca
(Cu-pyrite)

Ballinglen
(W-sn)

Burley Wood‘
((Pb-2n))

Clontibret
(Au)

Dalbeattie
(U)
Glendinning
(sb)

Keel
(Zn-Pb)

Kilmelford
(Cu)

Maudlin’
(Sn-w)

Mallow
(Cu-Ag)

Marl Slate’
((zn))

Matlock”®
(Ba-F)

Meall Mor
(Cu)

South West England
(Background)

Rock Surface 'Cobra' Till Stream Stream
Soil Profiling Sediments Water
X X O
0 X X
0 X X X X
X 0 0
X X
0 X
X X X
X X 0 0
0 X X 0
0 0
X
0 X
X
0 X X 0
X
0 Limited Survey X Extensive Survey

. These areas are nhot discussed in detail due *o
extensive contamination (Matlock, Maudlin) or low
metal grade (Burley Wood, Marl Slate)



o Matlock

South West
England 7
Background

&

Fig 1.2 Location of field areas in the British Isles



microfiltered through 0.45 pm cellulose nitrate filters
within 24 hours of collection. The filtered waters were
acidified with 5 ml of Aristar HC1l to prevent trace
element loss. Other, smaller samples were collected for
anion and pH determination in the field.

Rock samples are mainly composite chip samples at
outcrop or grab samples of selected rocks. They were
broken into small fragments and pulverized in an agate
pot {(tungsten carbide for sulphides) tema mill.

1.5.2 Analytical Technigues

Samples were anhalysed for pathfinders, ore metals
and elements/anions which were thought to potentially
control pathfinder dispersion.

Solid samples were analyzed by two methods
(Pahlavanpour et al 1980a, Pahlavanpour et al 1980b). They
both involve the generation of pathfinder hydrides from a
solution containing the elements in a reduced state (Ast*3,
Sb+3, Bi+3, Se+l4). The hydrides are then flushed into an
inductively coupled plasma emission spectrometer (ICP)
by argon carrier gas. .

The first method (magnesium nitrate attack) is
accurate and precise for arsenic, antimony and bismuth.
The sample pulp is wet ashed with magnesium nitrate at
450’0. taken up in concentrated HCl and reduced with KI
(For details see Appendix 1).

In the second method (coprecipitation method), a
sample is attacked by 2:1 HNOB/HC104, leached into HC1,
co-precipitated with ammonia and La(N03)2 solution to
remove interfering transition metal ions, and reduced with
KBr. This is accurate and precise for selenium and precise
(although slightly inaccurate, dependent on dissolution

temperature) for arsenic and bismuth,.



Other elements in solid sediments were determined by
nebulisation into the ICP or into an atomic absorption
spectrophotometer (AAS) after a 2:1 HNOB/HClOLL attack
followed by uptake in HCl. A few samples, early in the
project, were attacked by HNO3 (specifically noted in the
text). Organic carbon was determined as 002 by gas
chromatography following a chromic acid/sulphuric acid/
hydrogen peroxide attack in a sealed vessel.

Water samples and particulates were analysed for
pathfinders in an analagous manner to the solids. Waters
were analyzed by lanthanum nitrate/ammonia co-precipitation
method and uptake in HC1/KI (Thompson et al, 1981) or
by direct introduction of the waters into the ICP with
HC1/KI. Particulates were analysed by shaking the filter
papers with concentrated HCl and reduction with KI. Water
samples were analysed for metals/major elements after
concentration by evaporation,and for anions by titration;
pH determinations were made with a glass electrode.

1.5.3 Quality Control of Analytical Data

This is vitally important to any geochemical project
and was planned according to standard practice guidelines
at the Applied Geochemistry Research Group (A.G.R.G.). With
solid samples quality was maintained by the incorporation
in each batch (usually about 100 samples) of 4% reference
materials, 10% duplicates and 4% reagent blanks. Results
were carefully monitored and any batches that significantly
deviated from acceptable accuracy and/or precision were
rejected. Overall precision is 16-20% for the co-precipita-
tion method and 12-15% for the magnesium nitrate attack on
solids. Similar precisions were obtained for the determination
of general elements. Waters samples were only subject to
scrutiny for precision as no reference waters were available:
typical precision is 20% for hydrides and 30% for general



elements.

The gquality control system has been computerised
(10.81) and only gquality controlled results are accessible
from the system (termed QUTE).

1.6 Data Handling

A1l data were entered on to the Imperial College
mainframe (CDC 6500/Cyber 174) initially by hand from
hard copy output from analytical instruments, but sub-
sequently via diskreaders from floppy disks generated by
the microcomputer dedicated to the ICP.

The data is stored on magnetic tapes using UPDATE
format.

Initial investigation of the data utilised the
MINITAB package available at Imperial College; and the
GIRAF interactive histogram and distribution dissection
programme (written by S. Earle but based on Sinclair 1976).
Multivariate data analysis utilised the PCA (Principal
Component Analysis) programme written by S. Mancey and
R. Howarth. Plotting on microfilm (KPLOT?7) and hard
copy (KPLOT8) utilised the general purpose plotting
programmes written by M. Wheatley.



CHAPTER 2 PRIMARY DYSPERSTION AND CONCENTRATION - A REVIEW

used here
All the pathfinder metalloids,are chalcophile

(Goldschmidt, 1954) and concentrated in sulphide deposits.
Arsenic, antimony and bismuth belong to Group 5 of

the Periodic Table. Selenium is significantly different
from the other pathfinders as it is a member of Group 6
of the Periodic Table and generally substitutes iso-
morphously for sulphur rather than forming independent
minerals.

The pathfinders have considerable similarities in
chemistrylnotably their variable valencies {mainly 0, 3+,
5+ for Group 5 and ¢, 4+, 6+, for Group 6). There are
systematic variations in the chemistry within the
Group 5 pathfinders, particularly increasing metallic and
cationic properties with increasing atomic number. These

are also reflected in the decreasing stability of higher
valency states (Bi5+ is probably absent from surficial
environments) and anionic complexes (bismuth complexes
are not stable in aqueous solution).

The terminology used in this thesis is that pro-
pounded by Russian geochemists (Beus and Grigorian, 1977).
Dispersion is the deviation from the crustal average (Clarke)
toward the lower values as opposed to concentration where
values are higher than the Clarke.

2.1 Primary Distribution : Background/Geochemical Cycles

2.1.1 Background Geochemical Cycles

A compilation of data (Table 2.1) gives an empirical
idea of the geochemical behaviour of the pathfinders. The
quality of these data is variable and that of antimony
should be treated with some scepticism.

The main conclusions are the great similarities
between the relative abundances of arsenic and antimony



Table 2.1 Average Abundances (ppm) of Pathfinders in
Various Lithologies

As  Sb Bi Se
Ultramafic 2.0 0.1 0.02 0.07
Basalt 1.0 0.1 0.03 0.08
Gabbro 1.5 0.1 0.03 0.15
Andesite 2.0 0.2 0.07 0.01
Granite 1.5 0.2 0.2 0.05
Rhyolite 4 ~ 0.05 0.14
Syenite - - 0.04 0.04
Mica Schist 6 1.0 0.14 0.19
Shale 13 1.5 0.13 0.5
Black Shale 30(?) 30 (?) 0.5 5
Limestone 1.0 0.3 0.03 0.03
Sandstone 2.0 1.0 0.05 0.01
Coal 20 <40 3(?) 5
Clarke 1.8 0.2 (2) 0.08 0.05

- not available.

Based on Wedepohl (1969) with additional data for Se from
Koljonnen {1975) and for Bl from Heinrichset al (1980)
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and to some extent selenium, which contrast with those

of bismuth. Arsenic and antimony are significantly
concentrated in fine grained clastic sediments relative
to igneous rocks. This pattern is repeated for selenium
but it has a stronger affinity for fine grained sediments
than arsenic or antimony (which may be concentrated in
coarser clastic sediments). Bismuth, on the other hand,
although displaying some concentration in fine grained
sediments, is most abundant in granitic rocks.

The overall geochemical balance, with greater
amounts of arsenic, antimony and selenium in sediments
than could be derived from igneous rocks, has led %o the
suggestion (Wedepohl, 1969; Onishi and Sandell, 1955)
that significant amounts of these elements are contributed
from hot springs (which are significantly enriched in
these elements). To this might be added the input from
the atmosphere. Indeed, fluxes of these pathfinders from
the atmosphere are of the same order of magnitude as
stream loads (Lantzky and MacKensie, 1979). All three
elements are significantly concentrated due to release
from volcanic exhalations and, probably, biological
methylation (Chapter 8.1).

2.1.2 Background Distribution in Igneous Rocks

The key feature of pathfinder behaviour in magmas
is their concentration in residual fluids (Chapter 2.2).
Detailed studies of the behaviour of pathfinders in
magmas, particularly in the Skaergaard Complex, show some
differences between the elements. The order of increasing
concentration in rock forming minerals is Se Bi As Sb.
This appears to be mainly controlled by ionic size and, thus,
substitutions in different sites in rock forming minerals.
As” probably substitutes for Fe3+,Tiu+ and A127 whereas
As”* substitutes for A1°' or Sil'L+ (Esson et al, 1963).
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Antimony enters into early stage magnesian ollvines

and Sb3+ can substitute for Fe?" in silicates and oxide
minerals (particularly magnetite). It has been hypoth-
esisied that Bi?® substitutes for ca?’
but is probably associated with minor sulphides 1in sphene,
apatite and rare earth minerals (Greenland et al, 1973;
Heinrich et al,. 1980).

in igneous rocks

2.1.3 Backeground Distribution in Sedimentary Rocks

Background concentrations of all the pathfinders are
probably mainly contained in minor sulphides or sorbed on
to organic materials (Wedepohl, 1969). Thus, high concentra-
tions are observed in organic rich fine grained clastic
sediments and shales, . ' Arsenic and
antimony, in addition, may be sorbed by oxidised iron-
rich sediment.

The mechanisms involved are the same as those of
surficial dispersion and these are discussed in detail in
Chapter 8.1.

2.2 Primary Concentration and Ore Deposition

7 Concentrations of pathfinders occur in a wide
variety of ore environments (summary in Table 2.2)
as a result of a number of mechanisms. The most important
are: segregation from magmas: complexation, transport in,
and deposition from, hydrothermal fluids; and sorption
and reduction from oxy-anionic complexes at low temperatures.

2.2.]1 Selenium and the Problem of S/Se Ratios

Significant selenium concentrations are known from
gix main environments: copper-nickel sulphides assoclated
with basic/ultramafic rocks; precious metal-uranium veins;



Table 2.2 Summary of Pathfinder Occurrences in some
Major Ore Types (mainly after Boyle 1974)

Magmatic Segregation
Ni-Cu-(Pt)

Porphyry Cu-Mo
Greisen Sn-W

Skarn (zn}(W)
Massive Sulphide
Vein (Ag)(U)

Vein Au (Te)
Disseminated Au
Vein Hg

Clastic hosted Cu/Pb/Zn
Carbonate Pb Zn (Cu)
Unconformity U
Sandstone U

Conglomerate Au (U)

0 May Be Locally Important

As

O © O O O M M 8 oPeooHoxo o) O X

Sb Bi Se
0 X
0 0
X
X
X X 0
X 0 0
X 0 0
X 0
X 0
0 0 X
0
0
X

X Important Pathfinder
Application
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massive sulphides (particularly those in ophiolites);
stratiform copper-zinc deposits associated with sapropelites;
uranium deposits in clastic sediments; and Recent
fumaroles/mercury deposits.

Much of the selenium commercially produced at the
present 1s derived from the by-products of nickel
smelting. The ores of the gabbroic deposits at Sudbury,
Ontario and the Noril'sk region of the U.S.S.R. are
particularly enriched. Both these deposits, and most
other nickel deposits, are thought to have been formed by
the segregation of sulphide rich liquids from magmas. The
mineral assemblages, with the predominance of pyrrhotite,
suggests a relative deficiency of sulphur in the system.

Investigation of deposits at Noril'sk by Zainullin and
Pashinkin {1963) suggests that selenium is directly
associated with the nickel (pentlandite) - copper
{chalcopyrite) phases and may be present as microinclusions
of selenides (% Fe, Sb, Bi, Te, Sn) rather than in solid
solution. The content in the ore averages 30-200 ppm Se.

Data from Western Australia and Canada (Naldrett, 1981)
suggests that nickel deposits associated with ultramafic
rocks are also enriched with 15-150 ppm Se.

There is no comprehensive review of gelenium in
massive sulphides but certain deposits e.g. Boliden, Cyprus
are anomalously rich (up to several percent Se in sulphides).
Russian investigations (Yushko-Zakharova et al, 1978)
suggest that selenium is present as an isomorphous
substitution for sulphur.

Selenides are associated with some vein deposits
of silver/cobalt/uranium e.g. Freiberg, G.D.R.; Beaverlodge,
Canada and Shinkolobwe, Zaire (Rich et al, 1977). These
selenides are a minor phase and by no means universally
associlated with deposits of this type. The type of
alteration and controls suggest that they were deposited
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under relatively low gngerature reducing conditions.
Porphyry coppe ~ contain minor concentrations of
selenium which are apparently concentrated at the contact
of the potassic and phyllic alteration zones {(Chaffee, 1981).
Selenium enrichments are a feature of sulphur rich
fumareoles with concentrations reaching 5000 ppm Se
(Stanton, 1972). Some mercury deposits of epigenetic
orizin are also enriched (Smirnov, 1977).
The uranium-vanadium deposits of the Colorado
Plateau and Wyoming have long been known to have high
selenium contents. They are associated with local reducing
environments generated by syngenetic organic matter or
roll front mechanisms (. Nash et al, 1981). 1In the latter
type selenium is zoned relative to the other metals and
is slightly up dip (higher Eh) from uranlggdor vanadium
concentrations. The roll front reflects the gradual down
dip movement of oxidising alkaline solutions which trans-
port the ore metals and pathfinders as anionic complexes
and deposit them according to the requisite oxidation
potential. The occurrence of selenium in the deposits is
probably also related to a regional enrichment in selenium
and by no means all sandstone uranium deposits are enriched.
Typical concentrations range up to several thousand ppm Se
with the element present as native selenium and ferro-
selite.
Selenium is concentrated in black shale environments
together with other metals. The exact mechanism is
unclear (Chapter 8.1) but is probably a combination of
organic sorption and reduction with the incorporation of
up to 4% Se in the pyrite lattice. High values are
reported from Kupferscheifer, particularly the relatively
unaltered deposits in East Germany, where selenium is
associated with copper (2%), lead and zine. Typical values
are 10-60 ppm Se with concentrations in early phase (?)



syngenetic copper minerals (Jung et al, 1973). Selenium is
associated with 'tar' shales in the Polish Lubin deposit
(Wojciechowska and Serkies, 1968). High values (20 ppm Se)
can also be found in low grade mineralization (0.1% Zn)

of the Marl Slate in northern England. There is a

strong correlation of copper ore grade with organic

matter in the Kupferscheifer but neither this relationship
nor the high selenium values is réepeated in other deposits
(Gustafson and Williams, 1981).

a) Sulphur/Selenium ratios

Sulphur/selenium ratios in sulphides and sulphur
have been proposed as an indicator of the temperature of

. e acteristic of
ngﬁrra 8o ~ deposits of

origin of deposits
sedimentary origin and low ratios in those of igneous/
hydrothermal derivation (Goldschmidt, 1954; Edwards and
Carlos, 1954). More recent work, notably that of Stanton
(1972) suggests a number of local controls on this ratio,
particularly the regional abundance of selenium.
Detailed consideration of the thermodynamics of the
system {Yamamoto, 1976) demonstrates that the ratio is
also controlled by the availability of sulphur and
selenium, pH, oxygen fugacity and the presence absence
of native selenium. The S/Se ratio is, however, proportional
to temperature given fixed pH, absence of native selenium
and constant S, Se.

Some indication of background concentration of
selenium in sulphides can be recalculated from reported
S/Se ratio. Typical values range from 1 ppm Se (ratio
80,000 - 100,000) for sedimentary pyrite through 40 ppm Se
(8,000) for magmatic sulphides to 5,000 ppm Se (200) for
volcanic sulphur (Stanton, 1972). Typical values of (3,000]
for the Kupferscheifer ores indicate the effect that

concentration mechanisms may have.
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2.2.2 Arsenic - A Universal Pathfinder ?

Arsenic is the most abundant of the four pathfinders
and has been recognised in a wide variety of environ-
ments.

A key feature of the element's geochemistry is
its occurrence in five main mineral types summarised in
Table 2.3.

Table 2.3 Grouping of Arsenic Minerals

Mineral Type Typical Mineral Association

Native Arsenic (?) Low Temperature
very reducing conditions
rare

Arsenides Lollingite (FeAsz) Low-Medium Temperature

veins/disseminations

Niccolite (NilixAS) ? Sulphur Deficient

Iron~-Arsenic- Arsenopyrite Wide range - the main
sulphides (FeAss) arsenic mineral
Arsenic sulphides Realgar (AsS) Epithermal deposits
Orpiment (ASZSB) Fumaroles
Sulphosalts Tennantite Wide range but later
(contain TS3' (Cu12+xA34+ysljJ " (lower temperature)
T=As, Sb, Bi groups) : than arsenopyrite
Arsenates Scorodite . Low temperature
(FE(Asoh).zHZD) oxidising deposits
Erythrite
(an(Asou)z. 8H20)

There seem to be four main (probably overlapping)
mechanisms of concentration: segregation into volatile
phases from magmas; transport as and deposition from hydro-
thermal complexes; low temperature reduction and/or



organic sorption; ‘and sorption on to iron oxides/oxy-
hydroxides. Few data are available on the form of
complexes in hydrothermal solution (Barnes, 1979) and

the exact transport mechanisms are a matter of speculation.

Arsenic 1is concentrated in a similar manner to
selenium in basic-ultramafic magmas but forms discrete
minerals. Platinum arsenide (sperrylite) is, for example,
a minor component of the Merensky Reef mineralization.
There is a more consistent enrichment (100 ppm average)
in Komatiite-associated nickel deposits than those of
gabbroic association, (Naldrett, 1981).

High arsenic concentrations (up to percentages)
are associated with mineralization derived from granitic
magmas. Anomalous concentrations in tin-tungsten ores
and skarns, contrast with the variable concentrations
in porphyry copper-molybdenum deposits. It is not clear
to what degree this is due to the recycling of high
arsenic shales by the anatexis involved in the formation
of S-type granites. A well documented example of
distribution around mineralised plutons is that of South
West England. Arsenic forms broad haloes around the
plutons but much higher concentrations are hosted by the
discrete vein structures. These veins show considerable
temperature-derived zoning with the hypothetical mono-
ascendent zonation scheme of Dines (1956) and Hosking
(1964) having an extensive arsenic zone, ranging from the
lower greisen sheet Sn-W veins to the copper rich structures.
The mineralogy is dominantly arsenopyrite with some
early stage lollingite. Arsenic concentrations (as
arsenides) are also present in lower temperature veins
associated with cobalt:nickelturanium. There does not
appear to be a specific sulphosalt zone in South West
England. A sulphosalt zone is, however, developed at
Zeehan, Tasmania (Stanton, 1972).

19



20

Volcanic-associated massive sulphides are often
enriched in arsenic and it can form extensive haloes (X00m)
in sediments and exhalites overlying the deposits (Scott
et al, 1982). Again there is evidence of a separation
of arsenic into two mineral phases and two zones - an
earlier arsenopyrite phase and a later sulphosalt phase
(Beus and Grigorian, 1977) and this is discussed in
detail in Chapter 6.1 Typical values are several
hundred ppm As.

Base metal sulphides in carbonates are often
enriched in arsenic which is contained mainly in sulpho-
salts (e.g. Irish deposits discussed in Chapter 7) but
arsenic concentrations in the brecciaform type are not
enriched (Boyle and Jonasson, 1973).

The element is concentrated in some types of
sandstone uranium deposits, particularly the tabular
types where concentrations reach hundreds of ppm As.

This is due to sorption by organic matter or reduction by
organically produced hydrogen sulphide.

The Kupferscheifer ore shows localised concentration
averaging 200 ppm (Fig. 2.1) but concentrations in many
stratiform deposits are near the Clarke.

The sorption of arsenic by iron oxides (Chapter 8.1)
leads to enrichments in oolitic iron ores, at least
locally, with concentrations reaching 500 ppm.

One of the key features of the exploration geo-
chemical application of arsenic is its almost universal
enrichment in hypogene gold deposits (Boyle, 1979). It
seems possible that the two elements may be transported
together in complexes of the Au(AsSB)Z_ type but
arsenic sulphides (associated with epithermal deposits)
are, in any case, very soluble at low temperatures (<200 C)
where S°7 and HS™ are the dominant ions (Barnes and
Czamanske, 1967).
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Epithermal processes, which may form gold, arsenic,
antimony and mercury deposits are currently active in
such geothermal areas as Broadlands, New Zealand
(Weigsberg et al, 1979). Arsenic and gold (together
with antimony, mercury and thallium) are concentrated near
the surface whereas base metals (lead and zinc with
pyrite) precipitate at depth (»300 m). This suite
of elements is observed at other hot spring deposits and
is very similar to that from the disseminated gold
deposit at Carlin (average 350 ppm As in mineralized
rocks, 10 ppm in unmineralized rocks) and other Au deposits
in Nevada. I% should be pointed out that the exact
controls on the formation of ore grade gold and mercury
deposits are unknown and it may be that they precipitate
at depth, whereas low grade material can form at the
surface. Arsenic is present in the simple sulphides
realgar and orpiment.

Most arsenic in older vein deposits is present
either as arsenopyrite or arsenic-rich pyrite; inclusions
of native gold are common. Thege deposits vary considerably
in character but the main economic deposits are in
Archean greenstone belts and the arsenic content can be
high (up to percents in some ores).

Some enrichment, (30 - 1,000 ppm) is known from
Au-U conglomerate deposits, particularly those of the
Witwatersrand.

Arsenic is found in significant concentrations in
AgtCtNifCo veins mainly as arsenides in such deposits as
Freiberg, Germany and Cobalt, Ontario.

2.2.3 Antimony

Antimony is concentrated in most types of mineral-
ization with a high arsenic content: high temperature segre-



gations; massive sulphides, epithermal deposits; and
statiform ores formed by reduction. However, antimony
is not enriched in high temperature deposits associated
with granitic rocks (Boyle, 1974).

The mineralogy of antimony is rather different
and less diverse than that of arsenic. The main minerals
are stibnite (szsj) in epithermal deposits,and sulphosalts
in more complex and higher temperature deposits - there
is no analogue to arsenopyrite. Another dissimilarity
is that antimony is the only one of the pathfinders to
be mined significantly in its own right.

Comprehensive data on the occurrence of antimony
in nickel ores is lacking but there is some evidence of
enrichment particularly in Western Australian massive
ores (McGoldrick and Keays, 1981) with values of 6 ppm Sb.
Minor concentrations occur in the platinum-bearing deposits

of the Bushveld and Nor'ilsk (Zainullin and Pashinkin, 1963).

Antimony concentrations in massive sulphide deposits
are common especially from the polymetallic Kuroko-
type (Chapter 6.1). The average content is about 50 ppm
andiis mainly associated with late stage lead-zinc ores.

Enrichments of antimony in the zinc bearing skarns
are known with the element contained in bournonite or
Jamesonite. Antimony is the principal ore metal in some
Mexican skarns.

Irish-style lead zinc deposits often contain
significantpgfncentrations (10 - 100s ppm Sb) but the
brecciaform,deposits are generally not enriched in antimony.

Polymetallic AgtCoiNiiU deposits such as Cobalt and
Jachymov have high concentrations (300 - 3,000 ppm Sb)
of antimony in the form of native antimony and sulpho-
salts.

The data for sandstone-type deposits and black shale
is almost entirely lacking. Some sandstone deposits

23
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are erratically enriched (up to 60 ppm) and there is
some evidence (Boyle, 1975) that black shales are sig-
nificantly enriched (5-140 ppm Sb). Values from the
Kupferscheifer average 15 ppm Sb (Jung et al, 1974).
Iron oxide rich sediments are enriched in antimony (up
to about 100 ppm) although few details are available.

The best documented antimony enrichments are
those associated with gold deposits. These are very
similar to, although probably less consistent than,
those of arsenic with occurrences in both Tertiary -
Recent epithermal deposits and in Archean greenstone
belts (Boyle, 1979). The mechanisms of transport are
almost certainly similar to those of arsenic. Antimony
minerals in gold deposits are dominantly stibnite or sulpho-
salts (mainly tetrahedrite). In very antimony rich deposits
gold may occur as the refractory aurostibite (AuSb).

Some antimony deposits, notably the Consolidated
Murchison deposit in South Africa, occur in similar
settings to Archean gold deposits. They are gtratabound
(Viljoen, 1979; Muff and Saager, 1979) and may well have
been formed by exhalative/hot spring activity as they
have an antimony-mercury-arsenic association.

The other main antimony deposits occur in China
and are probably the result of epithermal processes
and subsequent clastic transport of the resistant stibnite
and sulphosalts into Karstic depressions.

2.2.4 Bismuth - A Pathfinder for Tungsten ?

Major concentrations of bismuth are found in three
main settings: high temperature granitic-associated veins
and skarns; massive sulphide deposits; and veins and
sediments in low temperature reducing conditions.

Bismuth, like arsenic and antimony, shows variation
in mineralogy with deposit type. and occurs either as



an isomorphous substitution for lead in galena or as

discrete bismuth minerals. Native bismuth, which is
relatively more common than native arsenic or antimony,

is mainly found in vein dePosits although it is stable at
high temperatures (Kolonin, 1979). Lead-bismuth sulpho-
salts generally occur in massive sulphides and some
hydrothermal veins. Bismuthinite (BiZSB) is more wide—
spread, with sulphur fugacity the main control (Bente, 1982),
but is mainly concentrated in greisens.

Minor concentrations of bismuth are known from
magmatic deposits such as the Bushveld or Noril'sk with
bismuth-platinoid alloys a minor constituent. Contents
in ores are unlikely to average more than 10 ppm Bi.

Bismuth distribution in pegmatites is very erratic
but concentrations may be high. It is associated with
two parageneses (Mintser , 1979): with sulphides (mainly
Mo, Fe, Zn, Pb); and with tantalites and rare earth
minerals (20-100 ppm).

The abundance of bismuth in greisens is very high
with concentrations often reaching several thousand ppm
Bi. There is an almost universal association between
bismuth and tungsten in this environment (Rundquist, 1982)
and deposits probably form at high temperature. Examination
of the zonation pattern (Fig. 2.2) shows that bismuth is
a relatively early phase and, in my opinion, may well
be transported as a sulphide complex that is unstable at
lower temperatures. In sub~volcanic deposits such as
Chloroque, Bolivia‘bismuth is closely associated with
tin and zoning is not evident (Grant et al, 1977),
probably because of ¢ high temperature gradient. Bismuth
in the form of bismuthinite and coszlite is a minor.
though significant, component of tungsten and zinc
skarns.Smirnov (1977).

Bismuth is concentrated in the high temperature
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zones of some massive sulphide deposits (Chapter 6.1)

and values reach tens of ppm. It is present as bismuth-
inite, native bismuth, lead-bismuth sulphosalts (aikinite,
complectite, galenc-bismutite) and possibly by substitution
of Bi for As in tennantite (Yaﬁbka and Asakura, 1974).

Some gold deposits, such as Tennant Creek, Australia,
have significant bismuth concentrations. There is no
obvious pattern but it seems likely that they formed at
high temperature.

Native blsmuth and matlldlte (AgBlS ) are common
associates of the Ag- Zcoinit U vein dep051ts Typical
concentrations are 100 ppm.

Bismuth is concentrated in the Kupferscheifer with
- values of 2-3 ppm Bi (Jung et al, 1974). The content in
the Lubin deposits in Poland averages 5 ppm and is thought
to occur as bismuthinite (Wojciechowska and Serkies, 1972).

There is some evidence (Picot, 1979) that bismuth
concentrations are controlled by structure (major lineaments)

rather than by environment.

2.3 Lithogeochemical Applications of the Pathfinders

The usefulness of pathfinders in lithogeochemistry
depends on their separation from the ore elements during
primary concentration processes. Generalizations of
element zonation in three dimensions, such as those
proposed by Beus and Gregorian (1977), are a particularly
useful guide to selecting pathfinders. There are local
effects but the overall controls are the stability
(mainly as a result of temperature and pressure in hydro-
thermal solution and Eh - pH for low temperature deposits)
of metalloid bearing complexes or vapours and, thus,
generalizations seem permissible.

Substantial differences in terminology exist
between English language (Rose et al, 1979) and Russian
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descriptions (Beus and Grigorian, 1977) so brief
definitions must be given. Haloes around mineral deposits
are either additive (i.e. elements are enriched around
the deposit) or subtractive, with the former more common
and of more practical significance. The additive haloes
can be further subdivided into syngenetic or epigenetic
(later than the host rocks) types. Epigenetic haloes
related to fractures are further divided into leakage

or diffusion halces (Rose et al, 1979): leakage haloes
are where ore stage elements are present in mineralizing
structures above or below the orebody; diffusion is the
movement of sclutions into wallrocks. The arrangement of
elements (zonality) within these haloes has been
gquantified in various dimensions (Table 2.4) by Russian
workers: transverse zonality for zoning across the ore
body and wallrock diffusion; whereas axial or vertical
zoning refers to leakage haloes. The size of haloes

in epigenetic deposits is dependent on th%hgature of the
solutions, reactivity of the wallrocks and.thermal
gradient. In practical terms this means:- broad haloes
(teng of kilometres) of‘xﬁggggée elements can be produced
by large scale intrusion; = . exhalative solutiong at
the surface/sea floor can transport mobile metals for
hundreds of metres; and - wallrock. haloes in many
hypogene veins are limited %o a few metres.

One important application of lithogeochemistry is
the recognition of mineralized districts. Most of the
successful programmes have been used in the search for
lithophile elements, particularly the recognition of
mineralized plutons. Pathfinder geochemistry has not been
extensively used but a number of examples can be quoted.
Arsenic outlines the mineralized district of South West
England very effectively (Chapter 3.1) but the effectiveness
~may be related to the pre-intrusion sedimentary concentrations
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of arsenic. There is apparent enrichment of arsenic
in metasediments along strike from gold deposits in
Sierra Leone (James, 1965; Garrett and Nichol, 1967).
Massive sulphide deposits in the Kuroko district of
Japan have arsenic anomalies in associated rhyolites
(Tono, 1974) but their scale is not clear.

On a deposit scale much more information is available
particularly from Russian and, more recently, Canadian
workers. The zoning in transverse and axial dimensions
is summarized in Table 2.4, Arsenic and antimony are
late stage elements although arsenic may be present in
two stages, as arsenopyrite and sulphosalts. Bismuth 1is
an earlier phase and of similar width but data on selenium
is generally lacking.

The best documented examples of the use of the
pathfinder zonation, in non-Communist countries, come from
Australia. Arsenic leakage haloces are effective in the
search for gold deposits near Kalgoorlie (Mazgzucchelli,
1965) persisting updip for hundreds of metres. Haloes
in particular sedimentary beds are associated with many
stratiform deposits with wide arsenic and antimony
concentration in the upper parts of massive sulphide
deposits, in exhalites (Scott et al, 1982)or in the vicinity
of the sediment/volcanic contact (Chapter 6.1). Sampling
of these beds and ratloing of pathfinders to other
elements may be an excellent guide to ore, e.g. the use
of As/Na ratios in the Rio Tinto area (Mdller er al,
1982). Russian work suggests that bismuth may be used
as a proximity guide to tungsten deposits (Fig. 2.2)

Pathfinder lithogeochemistry has been successfully
used in exploration for the gold deposit at Cortez,

Nevada where antimony anomalies led to the discovery of
the orebody. In this situation zonation is of little
importance (Boyle, 1979).
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There is obviously considerable potential for
pathfinder lithogeochemistry, particularly as arsenic,
antimony (? selenium) can give large haloesv“dwide
investigation of their potential is merited, particularly

the use of ratioing to eliminate the effects of multi-
phase mineralization.



Part II :
Detailed Studies



CHAPTER 3 SOUTH WEST ENGLAND BACKGROUND STUDY

3.1 Introduction

" Interpretation of detailed surveys and selection
of significant anomalies requires a knowledge of back-
ground values. As little data was available for the
pathfinders, with the exception of arsenic, it was
decided to analyse a suite of samples representative
of a wide range of provenances and environments.
' Samples collected for the Wolfson Geochemical Atlas
of England and Wales (Webb et al, 1978) and their
corresponding results were avallable. South West England
is a particularly suitable area as there are a wide
variety of lithologies, ranging from gneisses to unconsoli-
dated sediments and the geology and mineralization are
well understood. Stream sediments are the optimum medium
as they approximate a composite sample of the catchment

area.

3.1.1 Sample Selection

About 5}000 samples are available from the Wolfson
Atlas programme collected at road and stream intersections
for an aﬁerage density . of 1 per 2.5 km®. It was not
feasible to analyse all the samples and some form of
selection was required.

There seems to be no defined upper limit to satis-
factory sample spacing; regional geochemical provinces can
be detected by very widely spaced sampling (Armour-Brown
and Nidol, 1970). As no particular target size was sought
in the South West England background study, no lower limit
was defined (Howarth and Martin, 1979). . The main
constraint was the number of sediments to be analysed.
This was, somewhat arbitrarily, set at about 500 (10% of
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samples collected). The main requirement of each sample

was that it be representative of an area of bedrock ;and
experience suggests that samples from very large rivers
(excessive dilution) and small streams (localised conditions)
be omitted.

In order to standardise the size of drainage basin
sampled, it i1s necessary to have some knowledge of the
distribution of basin sizes. No information was available
so I selected three one-inch sheets of representative
areas and calculated basin sizes of all the samples collected
for the Atlas project (Fig. 3.1). Basins of 8-15 km?
were selected to yield about 400 samples (Fig. 3.2).

3.1.2 Elements Determined

The samples were analysed by the co-precipitation
method for As, Bi. and Se. Antimony was not determined
because of time constraints.Determinations for Al,Ba, Ca,
o, Cr, Cu, Fe, Ga, K, Li, Mg, Mn, Ni, Pb, Se, Si, Sr,

Ti and V by D.C. arc spectroscopy and for As, Mo, Cd,
Zn, by wet chemistry were available from the Wolfson
Atlas Data.

3.1.3 Data Processing

This was divided into two stages, assessing inter-
element association to determine environmental and litho-
logical controls, and inspection of individual pathfinder
element patterns.

R-mode factor analysis was used, in addition to
correlation matrices, for the first stage -as the computer
programmes are readily available and it had provided useful
information for the Wolfson Atlas project (Mancey, 1980).
Tin and cadmium are omitted because of the high proportion
of values below the detection limit.
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For the inspection of pathfinder patterns geological
data was collated from the relevant one-inch geological
sheet (where available). Predominant and secondary bed-
rock lithology, age and drift type were entered onto
the computerised data file (as ordinals) to allow geological
controls of the pathfinderé to be assessed (Figs. 3.3 -
3.5).

Smoothing of the data was not attempted because of
the relatively small number of samples.

3.2 Results

3.2.1 Element Associations

The correlation matrix (Table 3.1) shows that
arsenic and bismuth correlate with potassium and to a
lesser degree with copper and zinc. Selenium is somewhatl
correlated with zinc and copper.

‘ Iron and manganese scavenging can considerably
influence secondary dispersion of metals. Arsenic shows
the highest correlation with iron (and manganese) but
scattergrams (Fig. 3.6) suggest +that the association
is mainly restricted to higher arsenic values.

Selenium and bismuth show little correlation with iron

and manganese (Figs. 3.7, 3.8) except for the association of
higher selenium values with high iron concentrations which
may reflect the association of selenium with pyrite in
bedrock rather than scavenging. The pathfinder patterns,
with the exception of high arsenic values, reflect

bedrock geology rather than inorganic environmental

effects. Selenium,and possibly bismuth, are scavenged

by organic matter although the lack of organic carbon
analyses precludes quantification.

Factor loadings for the first 10 factors (Table 3.2)
after varimax rotation show that the pathfinders have
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AL
CA
FE

MG
SI
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5C
cu
PB

BA
co
CR
NI

SR
LI
MO
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AS
BI
SE

FACT 1
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-.1300
-.8269
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0715
-.3843
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.3570
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-.3600
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~.1624
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-.1606
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=-.1314
-.13%3
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-8
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-.2377

FACT 5
-.0627
.2913
-.0515
-0353
-.0010
-.0312
-.1060
-.0245
-.0683
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-.0158
L0717
=.0079
0715
0067
0522
+ 2550
-.0363

.0292
«1334
0519
2164

FACT 6
-.4987

«0430
=-.2319
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—.0175
-.0651
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-.1742
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.5206
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FACT B
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.0014
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-.0956
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-.0502
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Table 3.2 Factor loadings for rotated 14 factor model - S.W.England
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high loadings in factors 4 (As Bi) and 7 (Se). Factor

4 has high loadings of As and Bi with somewhat lower
loadings of K and high scores show a spatial correlation
(Fig. 3.9) with the granitic rocks. Factor 7, which

has a high loading of Se and a moderate one of Cu and Zn,
has a complex distribution (Fig. 3.10) which is discussed
fully in the section 3.2.4. Other factors which have a
bearing on pathfinder geochemistry are: factor 1

(Fe Mn Pb) probably reflecting oxide precipitation and
mineralization, has 1little spatial resemblance to
pathfinder distribution (Fig. 3.11); factor 2 (-Ca +Li,
Ni, Co, Sc) probably indicates lithology and the
incidence of limestones (Fig. 3.12) and factor 3 (Ba(Pb, Zn))
which seems to reflect mineralization particularly in

the Mendips/Bristol area (Fig. 3.13).

3.2.2 Arseniec Distribution

Arsenic was the only one of the pathfinder elements
analysed (by the Gutzeit method) for the Wolfson Atlas
and its distribution has been extensively studied.

The prime interest in the area for environmental
scientists is the contamination associated with mining
and smelting of ores (Aston et al, 1975; Colbourn et al,
1975) particularly in the Upper Tamar Valley. ©This area
is outstanding on the Wolfson Atlas plot (Fig. 3.14)
and it is a result of both natural enrichment and
contamination (Aguilar,1974). Arsenic is most easily
leached from smelter-derived dust and this gives rise
to the most intense anomalies (Aston et al, 1975). Only
one sample in the present survey was collected from an
area of known arsenic smelting.

The other obvious feature of the Wolfson Atlas
data, and of the present survey (Fig. 3.15) is the halo of
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Note the distinct halo around the Dartmoor granite and the
anomaly near Banbury (marked B) associated with Jurassic
ironstones.
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high arsenic values around the Dartmoor and Bodmin

Moor granites. The detailed investigations of Aguilar
(1974) show that the high values are concentrated in
sediments and basic intrusives of the metamorphic aureole,
Gverage 660(§)X§1ié:eorr‘né)£.red to 8 ppm in unmetamorphosed

rocks) He A that the enrichment in the aureole
was caused by late stage hydrothermal fluids which
deposited arsenic in veinlets, analogous to the crackle
breccias of porphyry copper deposits.

It is difficult to assess the degree to which
the arsenic anomalies are due to vein mineralization
but examination of the top ten percent of arsenic values
(top five percent shown in Table 3.3) suggests that the
arsenic enrichment is only relatable to base metal-Sn-W
mineralization in about 50% of the samples. The
Wolfson Atlas data can also not be correlated to
intensity of known mineralization although the
mineralized Hemerdon and Okehampton districts are
clearly defined.

This pattern, related to fluids associated with
granite intrusion, is superimposed on a subtler pattern
caused by other concentrating processes and environ-
mental factors. This is reflected in the frequency
distribution of the data (Fig. 3.16). The total data
set is further subdivided for examination into histograms
by lithology and age (Figs. 3.17, 3.18). Sandstone,
shale and mixed siliceous lithology have similar means
(Table 3.4) but shale is more positively skewed. Limestone
values are slightly lower but there are insufficient
samplegs derived from granite for comparison. Paleogolc
strata are particularly enrlﬁped rea?tlve to the younger
rocks with Devonian sedlmgﬁ%élct arhlgh This, to some
extent, reflects the development of lithologies which are
particularly arsenic rich, e.g. black shales, in the
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of highest five percent of Arsenic

Yalues

Sample E N Conc. Geology Explanation
No. AS ppm
45599 2840 709 230 Dev sh/dol/gr Sn-As Min
45829 2846 748 83 Cht/tuff ? No min

7 Aureole
49176 2374 1008 52 Carb sh Lamprophyre Dyke
49338 2255 673 56 Carb Sh/cht No Min ?
49354 2180 927 72 Carb Sh/cht No Min ?
50022 2483 647 81 Div sh/gr Met Aureole
50076 2553 602 57 Dev sh Met Aureole
50091 2568 528 41 Dev sh W of Hemerdon

Sn-w
50281 2712 687 67 Dev sh Met Aureole
50343 2850 487 100 Dev Meadfoot ?

Beds

51155 2414 744 72 Carb/Dev sh Contaminated by

As smelting
51165 2478 731 112 Dev sh Cu Min
51174 2495 747 87 Dev sh/dol Aureole
51183 2532 857 g9 Dev sh/gr Aureole
51259 2537 8oy 51 Dev sh/gr Aureole
51471 2607 910 503 Gr No min ?
51477 2649 929 169 Gr/Dev cht Cu~As Min
51698 2777 738 239 Carb Sh/granite No Min

Skarn *?
52354 3796 1926 61 Inf. OGolite Jur Ironstone
Abbreviations
sh - shale st - limestone mdst - mudstone
ss - sandstone gr - granite dol - domerite
cht - chert Carb - Carboniferous Perm - Permian
Dev - Devonian met - metamorphic min - mineralization
Jur - Jurassic

bl black
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Table 3.4 Sample Classified by Predominant Lithological

Provenance
Arsenic Bismuth Selenium
Mean Mean Mean

(log Std)
mean dev

Coarse ground .8
sediments (0.68

0.30)
(n = 75)

Mixed coarse 6.3
clastic/firm (g g
clastic sedi- '
ment

(n = 55)

Fine grained 7.6
clastic gedi- (0.88
ments )

(n = 197)

Limestone 4.3
(n = 44) (0.63

0.31)

0.40)

0.43)
Granite 30.0

(n=7) (1.48  0.71)

( n = number of samples)

(log Std)
mean dev

(log Std)
mean dev

0.14
(- 83 0.25)

0.18

(=73  0.27)

0.22

(-.66  0.44)

0.13

(-.86 0.40)

0.81
(-0.09 0.28)

0.2

(-.7 0.39)
0.21

(-.68 0.33)
0.27

(-0.57 0.35)
0.20

(-0.69 0.40)
0.25 .

(-0.61 0.59)
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Table 3.5 Samples Classified by Age of Predominant
Provenance
Arsenic Bismuth Selenium
Mean ppm Mean ppm Mean ppm
(log Std) (log Std) (log Std)
mean dev mean dev mean dev
Tertiary 3.5 0.1 0.20
(n = 5) (0.55 0.59) (-1.0 0.49) (-0.7 0.55)
Cretaceous 2.4 0.1 0.19
(n = 27) (0.38 0.25) (-1.0 0.24) (-0.73 0.34)
Jurassic 5.2 0.14 0.20
(n = 95) (0.72 0.28) (-0.84 0.26) (-0.70 0.34)
Permo-Triassic 7.9 0.20 0.21
(n = 77) (0.90 0.36) (-0.69 0.37) (-0.68 0.34)
Carboniferous 6.9 0.19 0.25
(n = 103) (0.84 0.138) (-0.72 0.40) (-0.60 0.38)
Devonian 10.7 C.41 0.37
(n = 67) (1.03 0.148) (-0.39 0.52) (-0.43 0.34)

(n = number of samples)
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Paleozoic but, in my opinion, relates to the overall
environment of deposition. The high values of geosyn-
¢linal deposits in the Devonian and Carboniferous
contrasts with the lower values of shelf sediments in
the Jurassic and Cretaceous.

High (90 - 95 percentile) arsenic values are
common in stream sediments derived from a section of
Dinantian age (lowest Carboniferous) in Central West
Devon. This consists of a succession of black shales,
cherts, limestones, tuffs and thin sandstones (Edmonds
et al, 1968), which have been subject to imbricate
thrusting (Isaac et al, 1982). High values (51 ppm)
are known from the pyritic, molybdeniferous shales and
also from the cherts (Aguilar, 1974). Most of the cherts
are biogenic in origin but, in my view, the possibility
of exhalative activity and mineralization analagous %o
the pyrrhotite mineralization (MacKeown et al, 1973)
at Wilsey Down (2125 0888) should not be ruled out.

Less consistently high arsenic values occur on the other
main Devonian outcrop, which forms Exmoor. There are
occasional sulphide shows and they are dominantly
stratiform in character.

Sporadic high values exist in the western part of
the Permian red bed molasse sequence and detailed
investigations by Aguilar have shown that vulcanism,
contemporaneous with the base of the sedimentary section,
is enriched in arsenic. These volcanics have also been
reworked and arsenic rich ¢lasts deposited in the basal
sedimentary units. Poorly exposed lamprophyre dykes,
which are probably related to the vulcanism, cause
discrete arsenic anomalies within the otherwise low Mid-
Carboniferous sediments. Arsenic values in sediments
derived from the unroofing of the Dartmoor Granite
(e.g. the Crediton conglomerates) are lower than the
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underlying sediments, perhaps because they are more
distal from the sediment source.

Examination of the distribution of values in the
Jurassic shows that high (20 - 40 ppm As) values correlate
with the outcrop of the carbonaceous black clay of the
Lower Lias (Thomson, 1971) and with ironstones of the
Inferior Oolite. This latter unit is associated with major
arsenic anomalies on the Wolfson Atlas, particularly near
Banbury, Oxfordshire.

Sediments of Cretaceous and Tertiary provenance

are low in arsenic.

3.2.3 Bismuth Distribution

High (> 90 percentile) bismuth values are more
obviously related to the granite intrusives than those of
arsenic (Fig. 3.19). In particular there is no halo
effect and stream sediments derived from granite are
higher than those from the surrounding metamorphic
aureole. The very high (>95 percentile) values are
75% relatable to areas of known mineralization (Table 3.6),
particularly the tin-arsenic deposits in the Buckfastleigh
area and the disseminated tungsten-tin deposit at Hemerdon,
north of Plymouth, which is known to be enriched in
bismuth (Ball, 1982). A stream draining the Eisen iron
ore mine on Exmoor is high as is a sample taken from
an area of smelter contamination near Gunnislake, Cornwall.
Two anomalous samples are not relatable to mineralization;
one is downstream from a Permian lamprophyre dyke but
the source of the other anomaly (14.1 ppm) is unknown,
although no check analysis has been carried out.

The restricted nature of the high bismuth values
allows easier evaluation ©f background levels. The
overall distribution of values (Fig. 3.20) suggest that



62

Table 3.6 Explanation of highest five percent Bismuth

Yalues

Sample E N Conc. Geology Explanation

No. Bi ppm

L5565 2905 852 2.3 Perm sh ? Near bl sh/cht

45599 2840 709 23.0 Dev 1lst/dol/gr  Sn-As Mineral-
ization

45767 2837 867 1.9 Dev sh/gr Mineralized gr

47411 2895 1364 2.5 Dev sh Eisen Iron Mine
Exmoor

49176 2374 1008 2.5 Carb sh ? Lamprophyre Dyke

50022 2483 647 12.8 Dev sh/gr Extension of Sn
vein

50045 2569 694 3.8 Gr Mineralized gr

50068 2600 589 h,O Dev sh/gr Hemerdon Sn-W

50076 2553 602 2.6 Dev sh/gr Hemerdon Sn-W

50232 2695 589 8.5 Dev sh/gr Lurton Area-Min

50281 2712 687 8.0 Dev sh Sn min

51155 2414 744 2.2 Dev sh ? Contamination
from As smelting

51165 2478 731 2.4 Dev sh Cu min

51174 2495 747 2.0 Dev sh/dol ?

51183 2532 857 1.7 Dev sh/gr ? min

51259 2537 804 2.2 Dev sh/gr ? No min

51477 2649 929 1.7 Gr/Dev cht Cu-As min

51605 2748 1087 4.1 Carb ss/sh 292

51698 2772 738 19.7 Dev sh/gr Sn-As min

Abbreviations

See Table 3.3
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the uppermost 10 percent of values may be regarded as

an anomalous population. Fine grained clastic sediments
(Fig. 3.21) are enriched in bismuth relative to their
coarser equivalents and there is a positive skew in

the shale distribution (although this is partly due to
mineralization/granite influences). The bismuth contents
of stream sediments derived from limestone are similar
to those derived from sandstones. Devonian rocks (Fig.
3.22), with their predominance of shales, are particularly
enriched relative to the sediments of other ages with
Cretaceous and Tertliary sediments notably low.

There are two main high background, non granite,
areas: a belt in the Devonian sediments on Exmoor; and
another correlating with the outcrop of the Lower Lias
and Triassic marls in gentral Somerset. Lack of
detailled geology prevents accurate evaluation of the
Exmoor anomalies but they are probably associated with
marine shales of the Ilfracombe Beds. The outcrop of
the Lower Lias has been the subject of considerable
investigation (e.g Thornton et al, 1969) and the organic
rich component of the shales is enriched in metals
(Le Riche, 1959), particularly molybdenum, as is the
lowest part of the Rhaetic. The main problem in this
area is to try to apportion the influence of bedrock and
that of the thick organic rich alluvium on pathfinder
content. I have attempted to do this by examining the
soil survey information for the area (Avery, 1955)..
Moderately high values are associlated with both peat
covered areas and gleyed soils, but the highest values
are on thick peats. The overall control is not
clear.

Other minor enrichments are associated with the
Lower Lias and Inferior Oolite, east of Bristol, and are
probably related to bedrock enrichment of the type



SS = sandstone, SS/H = mixed sandstone / claystone /

mudstone, SH =mudstone / claystone, LST = limestone, GR
= granite
25.0 1 720-0— '-20-O~
© 5.0 4 L 15.0-
L [ T
4 r AN
10.0 - 10.0 A
L ) [
5.0 L 5.0
]
. 0.0 . 0.0
-2.0 -0.8 0.3 1.5 -2.0 -0.8 0.3 1.5 -2.0 -0.8 G.3
S5 55/H SH
35  CLASSES 35 CLASSES 35  CLASSES
- 30.0
1 25.0
20.0 4
7
15.0
10.0
Fos.0
. . . I-(- 0.C , r
-2.0 0.1—0.8 9.3 1.5 2.0 -0.8 o
LST GR o))
35  CLASSES . 3%  CLASSES

BISMUTH LOGT

Fig 3.21 Histograms of (log transformed) bismuth concentrations
subdivided by the the dominant lithology in the stream
sediment provenance area.



TERT = Tertiary, CRET = Cretaceous, JUR = Jurassic,P/T
= Permo-Triassic,c CARB = Carboniferous, DEV = Devonian.

35.0 4 r 30.0 +
30.0 EQS'Dé
25'OJ: t 20.0 1
20.0 4 SV
] 15.0 7
150‘ r T
r 10.0 J
10.0 ] L
5.0 : 5.0 4 !
0.0 - : —+ 0.0 — - ;
-2.0 -0.8 0.3 1.5 2.0 0.8 0.3 1 N 0.8 0.3 [
TERT (Kt 1 IR
35 CLASSES Y L HLLED 5 LLASHES
20-0‘1 r ?'J.f]}
?'rj L)
}‘/‘U-U
‘ g
10.0
5.0
L O-U"
1.5 2.0 -0.8 0.3 . L
(HKRE Y
30 T LASSEY 4 DLAS5TS

Fig 3.22 Histograms of (log transformed) bismuth concentrations
'subdivided by the dominant age of bedrock in the stream
sediment provenance area.

L9



68

mentioned above. There is a possibility that a single
point high near Avonmouth is a result of contamination

from base metal smelting.

3.2.4 Selenium Distribution

Selenium has a very different distribution pattern
from those of arsenic and bismuth as it does not reflect
the mineralization associated with the granites and
there is no anomalous population (Fig. 3.23).

The majority of high values (Fig. 3.24) occur
in south Devon and north Cornwall and many are associated
with Dinantian black shales which are molybdeniferous.
Detailed studies (Webb et al, 1966) show that the pyritic
shales range from 2.5 - 6.0 ppm Se. Other stream sediments
derived from Devonian shales are enriched, but there
is no obvious geological control on their distribution.

Environmental effects appear locally important and
selenium can be strongly enriched in peat overlying
bedrock, low in selenium, such as granite (Table 3.7).

High values of selenium, correlated with molybdenum,
occur in the 'teart pastures' of the Somerset Levels.
There is -no obvious association with peat and I suggest
that the prime controls are bedrock content and fixation in
gleyed soils.

The other main area of selenium enrichment is
the Forest of Dean cocalfield, where high selenium values
correlate with coal outcrops. It is not known whether
the enrichments are related to smelting or are a
primary feature, but the area is worthy of future
investigation by environmental geochemists.

A histogram of provenance lithology (Fig. 3.25)
shows that shales are higher and have a more positive
skew than the coarser clastic sediments and limestones.
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Table 3.7 Explanation of highest five percent of
Selenium Values

Sample E N Conc. Geology Explégion
No. Se ppm
47550 2984 1375 1.0 Mid Devonian ? Marine shales
Lo271 2247 926 1.1 Culm ss/sh ?
49338 2255 873 1.9 Dev/Carb sh/cht Black shale
49362 2223 915 1.3 Dev/Carb sh/cht Black shale
50091 2568 528 0.9 Dev tuff/sh Black shale
50139 2691 Lzs 1.0 Dev Meadfoot ? Marine shales
50281 2712 687 1.1 Dev shale ? Marine shales
50358 2814 556 2.5 Dev sh/tuff Black shales
51125 2514 894 1.4 Dev/Carb sh/cht Black shales
51155 2414 7hl 1.7 Dev/Carb sh/cht Black shales
51174 2465 747 1.0 Dev tuff 1st Black shales
51471 2607 910 3.2 Granite Peat
51698 2777 738 0.9 Dev/Carb shales ? Marine shales
51983 3622 1308 1.0 Jur L.Lias Marine clay
52358 3763 1937 2.7 Jur L.Lias Marine clay
52612 3686 1895 1.8 Carb Coal Coal

Measures
52615 3694 1879 1.3 Carb Coal Coal

Measures
52639 3689 1822 1.0 Carb Coal Coal

Measures
52647 3669 1872 1.1 Permian mdst Peat
75180 2813 hué 1.9 Dev sh Organic rich

drift

Abbreviations
See Table 3.3




U

30 A

SELENTUM

i 1 ] ] ] ] | ] ! 1 1

10

20 30 40 50 60 70 BOD 90 385 358 99

CUMULRTIVE PERCENT

Fig 3.23 Histogram and (log transformed) cumulative frequency

plot: selenium

70



2000

1500

1000

North

500

D 1 1 i ) 1
2000 2500

L | !
3500

4000

KEY

I

v

G
(I

G
I/

v

Fig 3.24 Selenium disribution

0.00
0.11
0.22
0.43
0.76
0.889

Selenium ppm

Class limits are 20,50,75,90,95 percentiles.

L L



SS = sandstone, $$/H = mixed sandstone / claystone /

mudstone, SH =mudstone / claystone, LST = limestone, GR
= granite
20.0 7 - 20.0 ¢ 20.0 7 -
] i ] b
L 4 :[
F15:07 i
7
10.0 4 -
5.0 L
) : 0.0 L 0. —
-2.0 -1.0 0.0 1.0 -2.0 -1.0 0.0 1.0 -2.0 -1.0 0.0 Pl
SS SS/H SH
30 CLASSES 30 CLPASSES 30 CLRSSES
i5. - 30.0 - [
| 25.04 b
k : ;
10. - 20.0 L
Z 7] *
| 15.0 + k
| ; [
10.0 d
5. . ] 1
ﬁ f :
| 5.0 £
0. - (0.0 ] T y 1
-Z2.0 -1.0 0.0 1.0 -2.0 41 0-10 |.0
LST GR
30 CLASSES 30 CLRSSES

S E | EN TUM (L OGT ] Fig 3.25 Histograms of (log transformed) selenium

concentrations subdivided by the dominant hthology in the
stream sediment provenance area.

¢l



20.

'5.

TERT = Tertiary, CRET = Cretaceous, JUR =Jurassic, P/T
= Permo-Triassic CARB = Carboniferous, DEV = Devonian.

-0—‘ _—25-0— 20.0 ~ y
E : 1 :L
- 20.0 Jf
: ] 1
I 1'/?-01
- 10.0

-
B e die B o oo e o i e S SR O

2.0 -1.0 0.0 1.0 -2, -1.0
TERT CRET
30 CLRSSES 30 CLASSES
[J_
Oﬂ
D—.
.0 A
.0 A N N
2.0 -1.0 0.0 1.0 -2.0 -1.0 0.q 1.0 2.0 1.0 0.0 1.0
P/T CRRB OFvV
30 CLRAS3SES 30 CLASSES U CLASSES

SELENTUM (LOGT) Fig 3.26 Histograms of  (log transformed)  selenium

concentrations subdivided by the the dominant age of bedrock
in the stream sediment provenance area

£



74

Stream sediments derived from Devonian rocks (Fig. 3.26)
are particularly enriched, possibly reflecting the
predominance of shales and the deposition of these in
relatively deep water. The positive skews of the
Carboniferous and, to a lesser extent, Jurassic histo-
grams show the influence of black pyritic shales.

The factor (factor 7) which shows a high loading
on selenium with lesser loadings on copper and zinc is,
thus, interpreted as a combination of organic scavenging
(known elsewhere for copper, Rose et al, 1979} and
enrichments in black shales.

3.3 Discussion and Conclusions

The major control on the distribution of path-
finder elements is the provenance of the sediments
rather than secondary scavenging. There is some
correlation between arsenic (and, to a lesser degree,
bismuth and selenium)} and iron, but this may reflect
bedrock assoclation rather than scavenging. Secondary
organic concentration and gleying are locally important
for selenium and possibly for bismuth.

The stream sediments show that all three path-
_gﬁggggg are concentrated in black shale environments,

» arsenic and bismuth are also concentrated in late
stage igneous processes.

Very high bismuth values are spatially restricted
to the vein deposits whereas arsenic forms broad haloes
around the mineralized plutons and discrimination of
individual deposits, particularly within the meta-
morphic aureole, is less obvious. The high bismuth
background of the granite may make evaluation of anomalies
(possibly related to mineralization) at the granite/
sediment contact difficult. Late stage intrusive dykes
appear enriched in bismuth and arsenic while comparable
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extrusives have enhanced arsenic. The enrichment of
arsenic in and around the plutons may, at least in part,
be due to anhatexis of arsenic rich sediments similar to
that suggested for copper by Jackson et al, (1982). The
bismuth background is also high in metamorphic gneisses.

The sedimentary provenances highlight the pathfinder
assoclations and in particular the high concentrations
in reduced marine shales. Both arsenic and selenium are
concentrated in volcanically associated Dinantian shales
while probably only selenium is high in their Jurassic
{(non-volcanic) counterparts. Arsenic is however particularly
enriched in some iron-rich (oolitic) sediments and in red
beds.

Comparison (Table 3.8) of the stream sediment
results with rock data suggest that selenium is concentrated
in stream sediments while arsenic and bismuth values in this
medium more closely reflect bedrock concentrations. The
stream sediment data also show the high degree of inter-
mixing of different rock types, and the values given,
here, are probably more useful as background values for
mineral exploration purposes . .than the ‘pure' rock values
available from the literature.

Limited data are available to compare solls with
stream sediments but the preliminary data of Thornton
(1982 pers. comm.) suggest that soils concentrate selenium
relative to stream sediments and rocks.

The stream sediment data demonstrates no evidence of
a correlation between rainfall and selenium, as reported

in Norway by Lag and Steinnes, (1978).
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Table 3.8 Comparison between stream sediment data

Sandstone
Limestone
Shale
Granite
Clarke
(Rocks)
Median

(Stream
Mean (So

(this study) and rocks (Table 2.1)

ARSENIC BT SMUTH SELENT UM
Rock Stream* Rock Stream* Rock Soils# Stream
Sediment Sediment Sediment
2.0 Lh.8 0,05 0.14 0.01 0.36 0.2
1.0 L.3 0.03 0.13 0.03 0.35 0.20
13 7.6 0.13 0.22 0.5 0.46 0.27
1.5 30 0.2 0.81 0.05 - 0.25
1.8 6.3 0.08 0.16 0.05 0.48 0.22
Seds. )
ils)

Partial Extraction

Soil data co-precipitation method Thornton (pers.
comm., 1982) approximately 500 analyses in total
includes some peats
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CHAPLER 4 SECONDARY DISPERSION FROM VEIN HOSTED DEPQSITS

Mineralized veins present the simplest case to
investigate secondary dispersion because of their
spatially limited primary concentration. Three areas
were examined: wuranium veins at Dalbeattie, Scotland;
tin-tungsten veln swarms at Ballinglen, Ireland; and
gold-antimony mineralization near Clontibret, Ireland.
Each is sub-economic but of commercial interest.

L.1 Dalbeattie, Dumfries and Galloway, Scotland

The veins present a relatively simple exploration
problem with thin surficial cover and a reasonable amount
of outcrop. The general problems of uranium exploration
caused by that element's mobility, however, remain.

L.1.1 Geology

The veln uranium mineralisation was discovered in
cliffs flanking the Solway Firth in 1959 (Miller and
Taylor, 1966) and was subsequently investigated by trenching
and drilling. I estimate that resources of the most
promising vein do not exceed 150,000 kg U308'

The veins occur on the periphery of the Caledonian
Criffel granodiorite. Hornfelsed sediments, which are
Silug&ﬁﬂ_in age, are intruded by N.W. trending porphyrite
dykeés ,contemporaneous with the granodiorite and overlain
unconformably by Carboniferous sediments. The mineralization
is structurally controlled by northwest trending fractures,
which cut the major northeasterly striking coastal fault,
and is almost entirely confined to the hornfelsed
sediments (Fig. 4.1).

Pitchblende is closely associated with hydrocarbon,
chalcopyrite, native bismuth, hematite,with minor 1vllingite,
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niccolite and sphalerite in a dolomite gangue. Para-
genetic studies suggest a later quartz-bismuth-calcite
phase. There is a large supergene assemblage developed,
including the uranium minerals, boltwoodite, zeunerite
and connellite; the copper mineral atacamite ; and the
bismuth mierals bismocdite (BioCl) and mixite (CullBi
(ASOQ)S(OH)10.6H20) and the arsenates erythrite and
annabergite

Uranium-lead dates suggest an age of 180 Ma  for
the final stage of mineralization but the overall ore
geneslis, especially the role of the unconformity, is not
clear.

The veins are up to 100 m in length, 0.6 m wide and
at least 50 m in vertical extent. There is very little

wall rock alteration.

a) Surficial Geology

The area was extensively glaciated during the
Devensian glacial period, but drift cover is limited to
relatively thin boulder clay. Compilation mapping
(I.G.S.1981) suggests that the area north of the road is
mainly underlain by bedrock. The soils are mainly brown
earths with little podzolisation.

4.1.2 Programme

The Needle's Eye area (915562), about 9 Km south
east of Dalbeattie, was selected as high grade mineralization
is well described and some veins are bismuth rich. They
crop out on c¢liffs bordering the Solway Firth and can
be traced for about 100 m inland (Fig. 4.1).
A lithogeochemical traverse(DBOl) along the cliff
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(by F.J. Tavora) sampled wallrocks and veins at approximately
7 m intervals. Two so0ll traverses normal to the

veins and of 150-200 m length were taken, one at the top

of the c¢liff in woodland (DB02) and the other in a

pasture field 50 m further inland (DB03).

a) Lithogeochemical Traverse DB01

The samples were analyzed by ICP nebulisation, by
both pathfinder attacks, and for uranium by ion exchange
at Barringer Resources Inc., Denver.

The main feature of the traverse (Figs. 4.2 - 4.5)
is the high but very erratic enrichment in the veins of a
wide variety of transition metals and pathfinders. The
elements enriched strongly are uranium, arsenic, bismuth,
copper, lead, silver, molybdenum, cobalt, nickel with
relatively lesser enrichements of chromium, vanadium,
antimony and selenium.

The content of each element varies considerably
from vein to vein and (based on field observations)
within each vein. Uranium shows this particularly and
radiometric highs are often associated with hydrocarbons,
which are patchily seleniferous. Bismuth seems to be
one of the more consistent elements but is particularly
prominent in the veins around 0 m and in the east of the
traverse. Wall rock enrichment in pathfinders is low
although there is a high arsenic background in the centre
and east of the traverse and,perhaps more significantly,
uranium enrichment in the west.

b) Soil Traverse DBO?

The object of this traverse 1s to determine the
optimum particle size for analysis with a subsidiary
interest in pathfinder response. The soll samples were
collected at two depths (0 - 30 cm, and 30 - 60 cm), dry
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sieved into three size fractions (-2,000pm + 190p m,
-190pm + 63p m and -63 1 m);and analyzed by atomic
absorption following a nitric attack and for pathfinders
by the co-precipitation method.

Comparison of the three size fractions (Fig. 4.5)
shows that concentrations are similar in each fraction
but the highest values, as might be anticipated, are in
the finest fraction. A useful measure of the grain size
dependency is to ratio the pathfinder content of a
particular grain size to the average pathfinder content
in the whole sample. This demonstrates (Table 4.1)
that all the pathfinders are enriched and most variable
in the finest fraction. This is most pronounced in the
deeper samples and there is little difference between the
two finer fractions. There is no correlation between the
ratio and the location of the mineralization.

Plots of the more complete data of the intermediate
fraction (—190|~m + 63|~m) give distinct, although
narrow, arsenic and bismuth anomalies over the two
veins indicated by gamma-ray spectrometry (Fig. 4.6).
Bismuth reaches 33ppm relative to background of 2 ppm Bi
while comparable figures are 30 ppm and 5 ppm for arsenic
(note there is no deep sample at 60 m). Copper is the
most useful of the transition metals with a maximum of
280 ppm relative to 10 ppm background. In addition
to the major anomalies over the main veins there are
minor anomalies: one at -20 m associated with a vein
shown on Fig. 4.1 and a smaller anomaly at 15 m of unknown
origin.

Minor lead highs occur over the veins, especially
in the shallower samples but they are less prominent
than the anomaly at -50 m (130 ppm relative to 40 ppm Pb
background) of unknown origin. In contrast, selenium
is not anomalous.



Table 4.1 Camparison of pathfinder content in variocus size
fractions using the ratio of pathfinder content
in each fraction to the mean content in the sample
Traverse DBJ2

d-30 cm 30-6dcm

—-2000pm  -19@wm —63pm -203%pm  -19dpm  -63ym

+19@pm +o3pm +190pum  +63pm
As X @.91 1.17 1.22 .91 1.16 1.4
s J.36 g.12 J.16 .37 g.12 .35
Bi X 9.89 1.20 1.27 3.99 l.16 1.41
s 2.96 g.12 3.19 a.g7 #.13 g.31
Se X £.88 1.24 1.25 .89 1.23 1.36
s d.98 g.17 3.22 .28 3.28 @.36

X = mean of traverse
s =standard deviation
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c) Soil Traverse DBO3

A scintillometer survey, conducted at the same
time as the soil sampling, shows two main anomalies
(Fig. 4.8) at 0 and 30 m with lesser peaks at 50 m
and - 30 m. The uranium content of the soils (-190_u.m,
0 - 30 cm) is erratic with a high at 30 m of 10 ppm U
(relative to background of 2.5 ppm), other single point
anomalies of 15 m and 55 m and smaller peaks at -30 m
-80 m and -100 m. Arsenic and bismuth {(Fig. 4.8) are
generally correlatable with the gamma-ray survey and are
strongly anomalous at 30 m (300 ppm Bi, 150 ppm As
relative to background of 3 ppm Bi and 15 ppm As). In
addition bismuth gives, minor peak at 50 m (8 ppm Bi) and
-30 m (6 ppm Bi).

Transition metals (Fig. 4.9 - 4.10) are not so
consistently enriched at the location of the gamma ray
peaks. Copper and lead are both high at 30 m but the
location of peaks at the western end of the traverse is
variable (-70'm for copper, -90 m for lead). The major
nickel high is also at - 70 m while antimony is confined

89

to - 30 m. Iron shows little variation along the traverse,

in contrast to the manganese peak at 0 m.

4,1.13 Discussion

Multielement soil geochemistry is effective in
locating a variety of mineralized structures.

The lithogeochemical data demonstrate that the
elemental content of the veins varies considerably,

both between and within veins, and an effective exploration

programme for uranium probably requires the identification

and follow up of all the mineralized structures. The
wide variety of elements and lack of wallrock alteration
suggest deposition at relatively low temperatures and
raises the possibility that permeability contrasts,
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such as the unconformity, are important controls in the
location of mineralization. This latter feature is not
the sole control as weak mineralization is found on the
northern side of the batholith (Gallagher et al, 1971},
where the unconformity is not present. High uranium
values at the western end of the traverse reflect either
concentration in granitic dykes or by paleo weathering.

The soil traverse DB02 demonstrates that the ancmalies
are extremely spatially restricted,mainly giving single
point peaks. Copper, bismuth and arsenic are useful in
locating veins with bismuth providing the highest contrast
anomalies. The shape and intensity of these anomalies
are not thought to be seriously affected by minor
contamination caused by trenching.

Particle size separations show that the finest
fraction (-63p m) contains the highest concentration of
pathfinders and, thus, gives the highest contrast
anomalies. The relative paucity of this fraction (average 8%
of the sample) limits its general applicability which in |
turn means that the -190 um (or similar size) is, in
practice, the most effective size for analysis of samples
from temperate terrains, and this was used throughout this
study.

So0il traverse DBO3 again reflects the erratic
nature of the base metal and pathfinder anomalies.

The subcrop of the main veins is detected by a concentration
of arsenic, bismuth and copper, with bismuth the most
useful. Uranium is not particularly effective as it is

so mobile e.g. the high background values at the western

end of the traverse which are probably a result of concentr-
ation in a topographic depression. The cause of the
nickel/copper anomaly at 70 m is unknown and requires
further investigation.

The mobility of the pathfinders arsenic and bismuth
in this environment is low and they are no less dispersed
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than other transition metals. The relatively high,

and consistent, enrichment of bismuth in veins, however,
means that it can be recommended as a useful part of a
multielement survey, along with copper, arsenic, nickel
and lead.

4.2 Ballinglen, Co. Wicklow, Ireland

Tungsten-tin deposits are currently being evaluated,
by Irish Base Metals, Ltd. in the area between Tinahely
and Aughrim, western County Wicklow (Fig. 4.11). These
occurrences are completely undisturbed and provide a
good opportunity for the evaluation of pathfinder geo-
chemistry versus " indicator elements, which are
relatively more difficult to determine.

h.2.1 Geology
a) Solid Geology (Fig. 4.11)

Tin-tungsten deposits are assoclated with and mainly
hosted by acid dyke complexes which intrude sediments of
the Cambro-Ordovician Ribband Group (Steiger and Bowden,
1982). The dykes range from granodiorite through micro-
granite to quartz felsite in composition and are probably
genetically associated with, although later than, the
Leinster Granite. This Caledonian batholith crops out 4 km
northwest of the main dyke complex, which trends sub-
parallel to the granite/sediment contact. Dyke complexes
consist of a number of individual dykes separated by
country rocks. These country rocks are dominantly
pelitic with lesser quartzite, greywacke and volcanics.
The regional slatey cleavage is conformable with local
hornfels development near the granite.

The mineral assemblage is typical of the greisen
association with veins showing hydrothermal alteration
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(muscovite, sericite}, almost exclusively within the
microgranite. Scheelite and stannite are the main ore
minerals with very minor cassiterite. Scheelite occurs as
discrete grains or as intergrowths with sulphides,
particularly pyrrhotite. Stannite is often intimately
intergrown with chalopyrite, sphalerite and pyrrhotite,
and is commonly associated with bismuth minerals. The latter
have been identified as native bismuth and the bismuth
sulphosalts matildite and ?cosalite (Steed, 1978).

Small gquantities of ruby silver minerals, mainly prousite
occasionally occur. Arsenbpyrite is abundant, and is the
only arsenic mineral identified. The main gangue minerals
are fluorite, tourmaline, sphene, apatite and some

carbonates.

b) Surficial Geology

The area has been extensively glaciated but drift is
residual or periglacial, generally 2 - 4 m thick, and
topped by brown earth soils.

h.2.2 Programme

The main object is %o compare pathfinder and
indicator element dispersion in soil and deep overburden
samples. Three soil sampling traverses were made
(BGO1, BGO2 and BGO4) across the strike of the mineralization
(Fig. 4.11, 4.12). The most intense anomalies {on BGOl)
were followed up by deep overburden sampling. In addition,
a regional till traverse, collected by Irish Base Metals
Ltd., was analyzed. A very limited number of drill core
samples were also analyzed.

Stream sediment and water were sampled from rivers
draining both a mineralized area (along strike from BGOl)
and a background area.
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a) Lithogeochemistry

Five drillcores (Table 4.2) from diamond drillhole
AYBG/13 were selected as representative of mineralized
and background sediments and intrusives .> . their location
is shown in Fig. 4.13. Enriched transition metals are
copper, zinc and silver with lesser lead ,and these correlate
with visual sulphide identification. Arsenic is high in
zones of both scheelite and sulphide mineralization,
while bismuth is concentrated in the sulphide rich samples.

b) B30l Soil Traverse

Prominent arsenic and bismuth anomalies occur over
and slightly downslope from the suboutcrop of the mineral-
ized microgranite. (All soil samples are collected
from the B horizon where soil zonation is developed).
Anomalous arsenic values (Fig. 4.14) reach 300 ppm
relative to background of 30 ppm while comparable bismuth
values are 1l m maximum and 0.4 ppm background. Copper

spatiaggy . -
shows a more,limlted anomaly of 55 ppm maximum with the
interesting feature of enhanced background (30 ppm Cu)
downslope from the mineralization.

The other elements determined {by atomic absorption)
do not show anomalies around 500 m but there are significant
increases in background for zinc and nickel (Fig. 4.15)
and to a lesser degree for manganese, from 650m to the
southern end of the traverse.

Cobra drill profiling provides detail on the
dispersion of the anomalous elements through the over-
burden. Tungsten values of the deepest overburden
samples suggest that the highest values occur in the
microgranite with interlaminated hornfels ,(the same
lithologies as the tungsten intersections in drill core,

Fig. 4.13). Copper, arsenic and bismuth are highly



Table 4.2 Elemental content of drillcores+-Ballinglen

Sample

b W

&

1763.9
13743.3
5336.0
35163.9
2778.9

Ni
48.0090
9.4000
11.0030
6.9000
19. 0908

Sb

. 18980
-42000
.19000
-1.90090
-1.00000

Li
225,
332.
159.
138.

73.

Al
47260.90
39850.9
17803.0
43398.9
23869.9

Cu
49.9
372.9
98.9
5972.9
11903.9

Bi
. 6200
1.3000
1783
4.9900
68. 2009

First two digits of data are

Sample 1
2

3
4

5

220"
248°*
298"
431"

448"

Na
260.90
756.00

1341.08
1583 .40
263.00

Mn
1195.50@
258.029
297.93
222.99
236.09

in
93.909
181.49
52.90
1%6@.00
2823.99

significant

K
14369.0
16732.9

4775.¢
16172.9
8525.49

Fe
49003 .9
11868.9
16158.8

8680.0
22178.0

Fb
31.209
20.000

9.5049
35.000
433 . 003

Pelitic country rock
Elvan with quartz vein, scheelite
Unmineralized elvan
Quartz-veined microgranite with stannite,

arsenopyrite and fluorite.

drillhole AYBG 13

Mg
8989 .30
3990.09
5987.20
2209.09
2168.00

Co
23.0000
6.5000
8. 0009
2.9620
4.099

As
46.00
1384.00
8.49
764 .53
3326.00

Altered microgranite adjacent to quartz
vein with galena, sphalerite, chalcopyrite,
stannite, cassiterite.

99
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Fig 4.16 Ballinglen: overburden profile BGO1
Geological symbols as for Fig 4.13
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Geological symbols as for Fig 4.13
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Fig 4.18 Ballinglen: overburden profile BGO1
Geological symbols as for Fig 4.13
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anomalous in the deepest samples but copper and arsenic highs
are slightly broader than those of tungsten because they
also reflect the more stanniferous microgranite dyke.

All the elements show downslope (southwards)
dispersion, with the order of increasing secondary dis-
persion:

W Cu Bi As

Copper shows a poor contrast at surface relative
to the deep samples unlike the strong contrast in both
arsenic and bismuth (Fig. 4.16).

Selenium and antimony give somewhat similar
patterns. Selenium is anomalous in deep samples overlying
and downslope from mineralized sediments to the south
of the main microgranite but this is not reflected at
the surface. Indeed, there is a slight low relative to
the highly enriched surface samples. Antimony is also
significantly enriched at the surface but -the anomalous
values at depth are very limited and show some spatial
correlation with bismuth and lead.

Iron (Fig. #.17) is low in the deepest samples over
the mineralization but is concentrated at intermediate
depth. Manganese, zinc and cobalt are concentrated in
the deepest samples at the southern end of the traverse
and this is reflected in high surface values slightly
further down slope.

c) Soil Traverse BGO02

This traverse is located some 1.1 km from BGOl, along
strike of the mineralized dyke complex, and is much
shorter (400 m).

, The geochemical responses, however, are similar,
with arsenic, bismuth and copper anomalies in soil
samples slightly downslope from the subcrop of the mineral-
ization (460 - 510 m). Arsenic values (Fig. 4.19)
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reach 300 ppm relative to a background of 60 ppm As.
The main bismuth high (1.3 ppm relative to background of
0.5 ppm) is located at 500 m but there is also an un-
checked single point anomaly at 410 m. Copper reaches
45 ppm relative to 25 ppm background.

The other elements determined (Pb, Zn, Ni, Fe, Mn,
Ca, Se) generally show little variation (Fig. 4.20)
with the exception of rather erratic lead values,
which are anomalous at 460 m, and a distinct manganese
peak at 390 m.

d) Soil Traverse BGO4

This is designed to transect a deep sampling
arsenic anomaly associated with the mineralized micro-
granite, which is exposed in Ballybeg Quarry (200 m to
the north east). Tungsten values in the deep samples
(Irish Base Metals, pers. comm.) are only slightly
anomalous.

Analyses (by I.C.P. nebulisation and magnesium nit-
rate method) of soil samples give only minor anomalies in
copper and arsenic (Fig.4.21). They have maxima slightly
downslope from the subcrop of the dyke complex (320 - 400 m)
of 125 ppm As and 35 ppm Cu relative to 60 ppm As and
25 ppm Cu background.

None of the other elements show significant variations.

e) overburden Traverse BGOS

This regional traverse extends from the granite/
sediment contact and transects four microgranite dykes
(Fig. 4.11), to the north of the main mineralized dyke
complex. The samples were analyzed by ICP nebulisation
and for pathfinders by the magnesium nitrate method.
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Arsenic and bismuth (Fig. 4.22) show a high
degree of inter correlation and six anomalies are developed.
The most prominent of these, between 750 m and 1,000 m,
has maxima of 950 ppm As and 2.7 ppm Bi relative to
background of 50 ppm As and 0.5 ppm Bi. ‘Eﬁ%f%‘ﬁ% a
strong correlation with tin (and to a lesser extent,
tungsten) values determined for Irish Base Metals Limited.

Sodium anomalies (Fig. 4.24) are associated with
the main arsenic and bismuth anomaly but the relation-
ship at the southern end of the traverse is less pro-
nounced. There is an antimony anomaly (0.8 ppm relative
to 0.1 background) at 1550 m.

Base metal concentrations (copper, lead, zinc)
and manganese are particularly high at the northern
part of the traverse overlying the granite. ILithium
is enriched over the granite but not over the microgranite

dykes.

£) Stream Sediments: (BGO03)

The two rivers sampled show the distinct contrast
between the rivers draining mineralization from those
draining background.

Tungsten, bismuth and arsenic are . anomalous in
the stream draining the mineralization (Fig. 4.12). Tungsten
data (Fig. 4.25) reflect +the input of mineralized material
at 300 m, as mé%?t be expected from the extrapolation
along strike of mineralized dyke complex (Fig. 4.12).

Arsenic on the other hand indicates the additional input at

the head of the river and the maximum (105 ppm As) is developed
there. Deep overburden sampling at the head of the river
indicates bedrock arsenic enrichment with low tungsten

values. Arsenic is strongly correlated with stream
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sediment iron (Fig. 4.34) in both rivers. Bismuth
concentrations correlate with tungsten and show the

lower mineralized input with an erratic decline down-
stream relative to the more steady decrease in arsenic.
Copper anomalies are even more erratic but probably reflect
mineralized material.

Selenium shows some correlation with arsenic in
the stream sediment. It is enriched near the head of
the stream whereas downstream dispersion is erratic. 1In
contrast antimony has background values at the top of
the river, rising downstream to a single point peak
near 2,000 m. The other elements show little decrease
downstream (iron and zinc), or increase at about 1000 m
(éalcium and manganese).

There is little variation in the background river
(Fig. 4.29) and the elements enriched in the mineralization
are not anomalous, with the exception of tungsten. This
element is high at 2500 m but the relation to bedrock is
not known.

Copper and selenium are erratic with single point
anomalies of twice background. Calcium and antimony show
some correlation near the head of the rivers but calcium
declines downstream thereafter.

g) Waters (BGO3)

Water samples were collected at about half of the
sediment sample sites, providing an opportunity to further
examine the aqueous dispersion of arsenic. Bismuth and
antimony are below the instrumental limit of detection in
waters and particulates. Water sampling involves the
separation into two physical phases: soluble arsenic
(¢0.45 wm) and particulate arsenic (»0.45am)}. The water
samples were analyzed for pathfinders by co-precipitation and
for general elements by I.C.P. nebulisation following

evaporation.
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Fig 4.27 Ballinglen: stream sediments,anomalous stream BGO3
Geological symbols as for Fig 4.12
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Geological symbols as for Fig 4.12
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The quantity of particulate and soluble arsenic differs
between the two inputs of mineralized material (Fig. 4.28).
The upper input is reflected in the particulates (expressed
in terms of a volume of water) but not in the soluble
phase. Both phases, however, peak immediately down-
stream from the lower input. Soluble arsenic is more
erratic and only single point highs are present; whereas
the particulate arsenic anomaly is more persistent with
a gradual, though somewhat erratic decrease downstream.
Recalculation of particulate phase arsenic (Fig. 4.28) as
the arsenic concentrations in that phase reveals even
more consistent anomalies. This is because the sampling
effects at the head of the river are eliminated. Soluble
arsenic 1s stongly correlated with major ions in the
water (Na, K, Ca), which themselves show strong inter-
correlation (Fig. 4.32). Dissolved arsenic and the majors
are, however, independent of pH, which shows rapid
decrease at the lower reaches of the traverse due to an
influx of farmyard sewage.

Particulate arsenic in the background stream (Fig.
4.31) is more erratic than soluble arsenic, which gives
a peak at nearly 1,500 m. Soluble major elements again
show strong correlation with arsenic and are uncorrelated
with pH (Fig. 4.33).

Scattergrams demonstrate that particulate arsenic
in the mineralized streams is significantly higher
than in the background stream (Fig. 4.34), while the
contrast is not pronounced for soluble arsenic.

h.2.3 Discussion

Conclusions on the primary concentration mechanisms
and zonation of pathfinders relative to tin and. tungsten
are not derivable from the limited data. The data available
indicate that, at Ballinglen, very high bismuth values
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are associated with sulphide development; while arsenic
is strongly enriched in zones of both scheelite mineral-
lzation and sulphides, with lesser concentrations in
phyllites near the mineralization. Bismuth in the only
unmineralized microgranite sample analyzed is lower than
in phyllite suggesting that bismuth enrichment is related
to alteration rather than lithology.

Variations in the primary concentrations of the ore
elements and pathfinders probably account for the differences
in anomaly/background contrast between the four soil and till
traverses. The intense so0il anomalies of BGOl reflect
the higher grade of the underlying mineralization compared
to BGO2 and BGO4. Thus BaOl can be taken as a model for
element dispersion. Little is known of the subsurface
geology along BGO5 although the same ore/pathfinder
associations seem tenable. High lead and zinc values
at the margin of the granite are probable associated
with mineralization similar to that found further north
along the granite/sediment contact (Kennan, 1976).

The till profiles of BGOl demonstrate that tungsten,
arsenic and bismuth are dispersed from bedrock through to
the surface while high copper concentrations are more
restricted to the deeper parts of the profile. Scheelite
is virtually insoluble under surficial conditions, indeed
scheelite grains can be panned from the soils (Steiger,
1977) and its distribution approximates to clastic
dispersion. Bismuth and arsenic form wider haloes
than tungsten, .as a result of a combination of
hydromorphic and clastic dispersion, with arsenic more
soluble than bismuth. The near surface concentration of
these elements is particularly noticeable.

Research by Ruan (1981} is complementary to the
present investigations. He collected samples and under-
took gas sampling at the same time as the original traverse
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BG 0l was sampled. Soil gas arsenic anomalies (partition
coefficient relative to solid ﬁ:lD“lO) occur erratically
over the subcrop of the mineralization but the most
prominent anomaly (25j~g/m3) is downslope between

600 - 700 m. This latter anomaly suggests to Ruan that
it is the result of the development of more reduced
organo~-arsenic compounds, as physical desorption methods
reveal only the upslope anomaly. The lower anomaly
correlates with the sharp decrease in surface arsenic
values and probably seepage of mineralized ground waters.
This suggests that organo-arsenic compounds or at least
volatile arsenic compounds are generated at the expense of
arsenic in solution.

Drift profiling demonstrates that the increases in
manganese and zinc to the south of the arsenic anomaly
are caused by variations in their primary distribution rather
thah by variations in the secondary environment.

The other pathfinder elements show distributions
that give insight into their surficial behaviour. Very
restricted antimony anomalies, possibly reflecting .
sulpho-salt concentrations, are found only in deep
samples. Selenium, in contrast, is more mobile and
disperses from bedrock through the lower and intermediate
parts of the profile. The lack of surface selenium
anomalies poses a consgsiderable problem with two obvious
alternative explanations: (i) the element is concentrated
at intermediate depth by adsorption or co-precipitation;
or (ii) the surface is saturated with respect to selenium
and input from depth is removed in solution or, less
plausibly, by volatilisation. The lack of correlation
between iron and selenium suggests that removal in
solution is more likely.

Aqueous dispersion of arsenic and bismuth is well
demonstrated in the river draining mineralization, and can
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be compared with that of tungsten, which approximates
clastic dispersion. The strong correlation of arsenic
with iron,and gradual decline of arsenic downstream
from the main anomaly.suggest that adsorption/co-precip-
itation of arsenic by iron is the most important process.
The interaction of arsenic in groundwater with dissolved
and particulate phase arsenic in the river water is,
however, less clear. The correlation of arsenic in
solution with major elements suggests that seepage of
groundwaters is important in providing arsenic to the
stream, and the correlagégﬁigg particulate and stream
sediment arsenic anomalies,that adsorption/co-precipitation
of arsenic onto iron takes place near the seepage of
anomalous groundwaters. Most arsenic is transported in
the dissolved phase, but the interaction of this phase
with anomalous arsenic concentrations in stream sediments
and particulates cannot be determined from data available.
Bismuth forms very weak anomalies downstream from the
mineralization and comparison with tungsten data suggest
that i1ts transport is probably clastic.

Arsenic and bismuth are effective pathfinders in
s0il with arsenic giving +the higher contrast. The occurrence
of spurious arsenic anomalies (Irish Base Metals, pers.
comm.) is worrying and further research on primary concen-
tration patterns is required to solve this problem.
Bismuth may be useful in detailed geochemistry as enrichment
seems restricted to the mineralized dyke with the back-
ground in the Leinster Granite low relative to the South
West England granites. Basal drift{ sampling is the optimum
technique for determining drill targets.

Arsenic is useful in regional stream sediment
surveys as it reflects groundwater movement as well as
clastic dispersion. Stream sediment geochemistry proved a
useful reconnaissance technique in the original exploration
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of this area (Steiger, 1977).

4.3 Clontibret, Co. Monaghan, Treland

Gold and antimony mineralization occurs in the
Paleozoic sediments of the Southern Uplands (e.g. Glendinning,
Chapter 6.3) and the northern part of Ireland. The Clontibret
area is the only location of this association within the
Irish Longford-Down massif, but base metal veins have
been sporadically worked. Clontibret is currently being
explored by Anglo-United Ltd. and most of the back-
ground data is derived from their work and that of the
Irish Geological Survey.

The key exploration problem in the area is the
thick glacial overburden, which takes the form of
drumlin swarms. These drumlins cover much of the land-
surface (Fig. 4.36) and effective geochemistry is limited
to the interdrumlin areas.

b.3.1 Geology (Fig. 4.135)

The previously exploited mineralization is hosted by
N.N.E. trending shears which cut a Silurian turbidite
sequence. Alteration is limited with bleaching near the vein
(as found in the stream bed around the old workings near
traverse CT03). Minor stibnite can also be seen in this

stream bed.

L.3.2 Programme

Two so0il traverses, each of - 150-200 m, cross the
outcrop of the known vein (Clontibret, CT03) and an un-
drilled deep overburden anomaly (Bryanlitter, CTO02).

A detailed study of soils from an area of enriched arséenic
(Ballygreany, CT0l) was made to examine arsenic scavenging.
A small number of stream sediment samples were

collected from rivers draining both the Clontibret and

Bryanlitter areas (CTOL4).
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Fig 4.36 Cross section of typical drumlins (from Flint 1971)
Arrowed areas are amenable to shallow overburden / soil
sampling.
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a) Clontibret Soil Traverse CT03

This traverse 1s parallel to the stratigraphy but
approximately perpendicular to the vein, which was
discovered in the inter-drumlin valley (Fig. 4.37).

The traverse starts and finishes on the tops of drumlin

and was sampled at 5 metre intervals. The samples were

analysed for pathfinders by the magnesium nitrate method
and for general elements by I.C.P. nebulisation (as

were the samples from the other three traverses ).

Prominent arsenic and antimony anomalies (Fig.
4.38) are developed,with lesser lead highs. Antimony
has a maximum of 450 ppm relative to background of 9 ppm
while arsenic values are up to 90 ppm with 20 ppm background.
The major anomalies are on the valley floor and may be
the result of contamination. Extrapolation of the vein
outcrop in the stream suggests that its subcrop should
be at 80 m as indicated by the eastern end of the anomaly.
The subcrop is defined by arsenic and antimony but not
by lead. Both arsenic and antimony show a gradual
decrease in background eastward (upslope) from the vein
subcrop suggesting primary enrichment or drift movement
to the east.

Manganese and zinc are also enriched (Fig. 4.39)
in the valley floor.

b) Bryanlitter Soil Traverse CT02

Commercial evaluation of this area (Fig. 4.40)} is
not complete go no details of the geology are available.
The traverse runs perpendicular to a shallow valley and
transects significant Munster Base Metals deep sampling
arsenic and antimony anomalies (Fig. 4.40). These have a
similar strike and are close to the north-south trending
river. The area between 80 and 160 m is ill drained and
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boggy while the rest of the traverse is moderately drained
farmland.
Arsenic gives a soil sample peak (Fig. 4.41)
over the deep anomaly with a maximum of 28 ppm relative
to a background of 10 ppm As. The antimony high, in
contrast, is not significant.
Lead, manganese and, to a lesser degree, zinc
(Fig. 4.42) are high over the boggy ground reaching
twice the background of the better drained soils.

c) Ballysreany Soil Traverse (CT01)

This traverse is designed to investigate the detailed
dispersion of high arsenic and antimony regionally associated
with auriferous quartz veins sub-prallel to the regional
strike. This area has been trenched (Munster Base Metals)
and the highest bedrock arsenic values are found in a
major fault (Fig. 4.43) at 18 m. Antimony is particularly
enriched at the western end of the fault induced depression,
while gold enrichment occurs in the centre of the traverse.

The results from the soil traverse are not encouraging
and do not pinpoint the mineralization. The two point
arsenic and antimony anomalies (Fig. 4.44) probably
reflect contamination of surface soils from trenching
soil, but the background throughout the traverse is high
(100 ppm As, L4 ppm Sb). No other intersting anomalies
were found.

d) Stream Sediments (CTOA4)

Arsenic and antimony (Fig. 4.45) form prominent
anomalies downstream from the outcrop of the main vein.
Antimony declines from 300 ppm immediately below the input
to 12 ppm below the confluence of the two rivers, while
the comparable figures are 120 ppm and 30 ppm for arsenic.
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Thus arsenic declines less rapidly downstream than antimony
and anomalies extend past the confluence.

Lead is enriched downstream from the old mine
and also possibly from the soil highs around traverse
CT02. There is a clear division in socdium values with
high values along the whole length of the river draining
the old mine area, and even upstream from it.

Iron, manganese and zilnc are erratically high
(Fig. 4.46) and there is little association with the
known mineralization.

4.3.3 Discussion

The lack of detailed geological information and
likelihood of contamination around the old mine workings
(CT03) make firm conclusions difficult.

The ubiquity of the drift and lack of subsurface
investigations means that few data are available on the
primary concentrations of arsenic and antimony but they
do seem to be closely associated with known vein gold
mineralization. Their enrichment in particular strati-
graphic units is much more speculative although it 1is
perhaps indicated for arsenic in the consistently high
surface values of CT0]l and a regional stream sediment
anomaly over Silurian- Ordovician sediments north east of
Clontibret in Northern Ireland (Webb et al, 1973).

The till traverse of CT03 also has particularly high
backgrounds in both arsenic and antimony, the origin of
which is unknown .

Arsenic and antimony are effective in locating
the sub-outcrop of the vein near the old mine workings,
where till is thin. The cause of the downslope dispersion
is unclear but is probably a combination of clastic
dispersion from the vein and contamination from the old
workings. Where the inter-drumlin till is thicker, as
at CT03, the sufface expression of bedrock arsenic
anomalies is poor. It is, however, more mobile than
antimony which gives no surface indication of these
primary anomalies. Surface geochemistry is thus, not
recommended but deep overburden sampling is generally effective

in areas not covered by drumlins.
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Arsenic and antimony give prominent stream sediment
anomalies downstream from the vein outcrop. Regression
of arsenic and antimony on iron and manganese glve very
similar and high residuals {(Fig. 4.47) and their distribution
suggests that dispersion is dominantly clastic. The

origin of the anomalous elements is at least in part due

to weathering of fresh stibnite exposed in the river
bed, although contamination may be an important factor.
The absence of arsenic and antimony anomalies downstream
from the deep sampling anom%%%aat CT02 is due to the
lack of a surface anomaly and,impervious nature of the
till. Stream sediment sampling is probably ineffective
due to the thickness of impervious till and the restric-
tions this imposes on aqueous dispersion.
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CHAPTER 5 DEPOSITS ASSOCIATED WITH IGNEOUS INTRUSICNS
IN GLACIATED AREAS

The deposits investigated are representative of
two of the major types of metalliferous deposits in
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igneous rocks: copper-nickel sulphides in mafic intrusives

(Arthrath) and disseminated copper-molybdenum sulphides in

porphyritic acid intrusives (Kilmelford).

5.1 Arthrath, Grampian, Scotland

Exploration geochemistry is one of the most useful
techniques in the search for nickel sulphide deposits.
Nickel has a high background in mafic rocks as a lattice
constituent of rock forming minerals, and the major
problem is the discrimination of this form of occurrence
from nickel sulphide ore. The simple use of nickel
geochemistry 1is insufficient and various other approaches
notably using primary S (Hale, 1978), Cr/Ni and Cu/Ni
ratios have been utilised. More recent work in the
lateritised areas of Western Australia has emphasised the
effectiveness of multi-element geochemistry (McGoldrick
and Keays, 1981, Travis et al, 1976). Arsenic, antimony
and selenium together with platinoid elements can
successfully be employed in the discrimination of gossans
overlying nickel sulphides from barren ironstones.

5.1.1 Geology

Mineralization at Arthrath (6 km north of Ellon)
was discovered during commercial prospecting by Riofinex
in 1967 (Rice, 1975). The sulphides are sub-economic
with nickel and copper grades not exceeding 0.5%. The
attractions of the occurrences as a study area are
that they are completely undisturbed by mining and are
covered by variable thicknesses of drift.

a) Solid Geology

A variety of basic and ultramafic rocks host the
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nickel sulphides: dunites, pyroxenites, norites and
contaminated norites (Rice, 1975). There is no outcrop
of the intrusive rocks in the Arthrath area but they are
comparable to the intrusives that crop out to the west
in the Arnage area (Gribble, 1967, Read and Farquhar, 1951).
The intrusives are Caledonian in age and form part of
a much larger body of basic rocks in north east Scotland.
Host metasediments to the intrusives are Dalradian
and predominantly siliceous,although minor limestones
occur. Detailed mapping (Rice, 1975) of the intrusives
(Fig. 5.1) revealed extensive faulting but it is not
clear how this is related to the intrusive processes.
The sequence in the Arthrath area is cut by a Permo-
Carboniferous quartz dolerite dyke.

b) Surficial Geology

North east Scotland was glaciated on several
occasions during the Pleistocene with the bulk of the
drift relating to the last (Devensian) glaciation. The
Arthrath area was probably peripheral to the major
centres of the ice-sheet,and till cover is of variable
thickness bugf%enerally thin (Clapperton and Sugden,
1977).

Detailed drift mapping by Ross (in Merritt, 1981)
suggests that much of the area has cryoturbated bedrock
near to surface, or thin till (Fig. 5.2). These tills are
generally reddish and sandy in the Arthrath area. Neltwater
water channels have been mapped along many present day
river valleys and evidence from the area immediately
south of Ellon shows that most are filled with fluvio-
glacial sediments. Although those sediments have not
been mapped in the Arthrath area, pits at Muirtack ( 993375)
indicate that they may fill some of the meltwater
channels shown in Fig. 5.2 (Merritt, 1981, 1982 pers. comm.)
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Pre-glacial (Tertiary) weathering during a period
of warm and humid climate, is thought to be extensive
(Basham, 1974). Minor ?Plioccene gravels top some of
the hills in the area.

A variety of soils are developed in the area
(Glentworth and Muir, 1963). Ill drained gleysols are
formed on the tills while weathered bedrock is covered by
podzols or brown earths. TLocalised basin peats occur
on higher ground. The soils have been considerably
disturbed by grain farming and stock rearing.

c) Regional Geochemistiry

Nickel and copper determinations on soll samples,
coupled with geophysics, delineated diamond drill targets
during the Riofinex exploration programme. Soil geo-
chemistry (Fig. 5.3) outlines the targets in the Nether
Arthrath (967373) area but fails to do so at Muirtack
(994372), where bedrock copper and nickel grades are
higher. The contrast between the two areas suggested
the location of the two soil traverses undertaken during -

the present work.

5.1.2 Programme

Soil samples (approximately 0.3 m depth) were collected
across the Nether Arthrath (AROl) and Muirtack (ARO2)
agg%gf%%%h%%%%%%ﬁp for transition metals by atomic
absorption and paghfinders by the co-precipitation method.
Shallow sampling was followed up by limited Cobra drill
till profiling over the anomalies. The follow up samples
were analyzed by both pathfinder attacks and by ICP
nebulisation.

A small selection of stream sediments, from the Burn
of Dudwick (Fig. 5.1), were analyzed by the co-precipitation

method and for general elements.
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a) Soil Traverse AROL

Nickel and copper show prominent anomalies
(Fig. 5.4) over the mineralized area delineated by
drilling. Nickel is high (background 150 ppm) over the
southern part of the intrusion relative to the siliceous
metasediments (background 50 ppm). Over the mineralization
nickel reaches 700 ppm while copper has a maximum of
370 ppm relative to a background of 20 ppm on the meta-
sediments and 100 ppm Cu over the intrusives. Copper and
nickel are slightly enriched over shallow weathered
bedrock from 600 - 700 m, as is copper over the quartz-
dolerite dyke at 2,400 m. The other transition metals
determined give no anomaly across the mineralization and
anomalies, such as that of manganese at 1,000 m can be
explained by the occurrence of shallow bedrock beneath
the soil.

Arsenic and selenium display high contrast anomalies
over the mineralization (Fig. 5.5). Arsenic values read
27 ppm relative to a background of 3 ppm while comparable
selenium concentrations are 3.7 ppm relative to 0.4 ppm
background. Lesser anomalies occur at other parts of
the traverse: for arsenic at 250 m (10 ppm As); and for
selenium at 100 m (1.8 ppm) and 1,950 m (1.6 ppm Se).
Restrictions on time meant that these anomalies were not
followed up. The southern selenium anomaly, however,
possibly reflects concentration in organic material
around a drainage channel. There is a minor bismuth
high over the mineralization (0.3 relative to 0.2 back-
ground) but it is not particularly prominent, {(Fig. 5.5).

Till profiling detailed part of the area between
1,200 and 1,500 m and includes background and anomalous
areas. Both nickel and copper show very high concentrations
(2,400 ppm Ni, 3,150 ppm Cu) at depth on the northern part
of the traverse. Values decrease upwards and nickel
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Fig 5.8 Arthrath: till profile AROL
Geological symbols as for Fig 5.1
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moves northwards (downslope)

Examination of chromium data (Fig. 5.7) and rock
fragments from the Cobra core barrel reveal that the
intrusive contact is located at 1,300 m slightly further
north than indicated in Fig. 5.1. Thus the nickel high
at 1,320 1s interpreted as background in the intrusive.
Silver is enriched over the mineralization and seems to be
enriched downslope and at surface relative to the sub-
crop of the highest nickel and copper values. In contrast,
iron and manganese are enriched at depth over the
siliceous metasedimants.

Arsenic, antimony and selenium (Fig. 5.8] have
very distinct enrichments between 1,420 and 1,500 m but
display contrasting dispersion through the drift.

Highest antimony values (6.8 ppm) are at depth at

1,440 m, as for nickel and copper, while arsenic highs
are at intermediate depth and near surface at 1,470 and
1,500 m. Selenium is enriched absolutely - in the surface
samples but the selenium in the deep samples is strongly
enriched in the northern part partscularly in profile
1,40 m. Bismuth is weeakly concentrated in the northern
part of a traverse.

b) Soil Traverse ARO2

The geochemical responses for nickel and copper
(Fig. 5.9) are poor, as anticipated from the regional
geochemistry. Both elements give lows over the subcrop
of the intrusive (500 - 850 m) but within these are single
point anomalies (at 575m, 120 ppm Ni,background 40 ppm; and
B0 ppm Cu, background 30 ppm Cu). The area from 850 -
1,050 m is slightly enhanced in both elements possibly
reflecting weathered bedrock beneath soil. Iron and
manganese, in contrast, show depletion from 400 to 800 m.
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Arsenic and selenium (Fig. 5.10) also are relatively
low from 400 to 750 m but single points over the subcrop
of the intrusive (550 m),within the low, reach levels
recorded over shallow bedrock. The most intense anomalies
are at 1,125 m for arsenic (40 ppm As relative to 15
ppm background) and at 0 m for selenium (1.4 ppm Se,
background 0.7 ). This latter anomaly is immediately
explicable as it was the only sample taken in a basin
peat, emphasising once again the association of selenium with
organic matter.

Cobra drill sampling was used to profile the drift
across the central part of the traverse and to decide
whether the single point anomalies are a reflection of
mineralization at depth. There is a sharp contrast
between the thin stony drift encqhgggged on ARO1 with
that along ARO2 which is sandy, and bedrock was not inter-
gsected.

The geochemistry of the profile is also very
different from ARO1 and there is a general decrease
in transition metal concentrations with depth. High
values for both nickel and copper (Fig. 5.11) are restricted
to profile 570 close to a river, with maximum concentra-
tion at 1 m. Iron and manganese (Fig. 5.12) show similar
patterns with slightly larger areas of enrichment.
Chromium (Fig. 5.11) is strongly concentrated near the
surface.

Arsenic and antimony also show decrease with
depth. Arsenic 1s particularly concentrated near the
surface while antimony is high at 1 m depth on 570 m.
Selenium highs are restricted to deeper samples on
profile 570. The bismuth pattern (Fig. 5.12) probably
represents variation in background.
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Geological symbols as for Fig 5.1
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Fig 5.13 Arthrath: till profile ARO2
Geological symbols as for Fig 5.1
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c) Stream Sediments (ARO3)

The sampled drainage does not cross mineralization
but the headwaters drain an area of nickel and copper
enrichment in soils.

Nickel and copper (Fig. 5.14) reflect the single
input of ultramafic material, and decline steadily down-
stream, as does iron. Manganese, in contrast, shows
localised highs downstream.

Arsenic declines very rapidly Ifrom the head of the
stream while selenium values are high at the top of the
stream and at its confluence with a minor sluggish
tributary. Bismuth shows similar highs but the background
is too near the detection limit to draw conclusions about

the element's dispersion.

5.1.3 Discussion

The contrast in geochemistry between the two soil
traverses 1s startling, considering that both are under-
lain by mineralized intrusives and the bedrock metal
grades under ARO2 are higher than those under ARO1.

Drift type is, in my view, the key to understanding
these differences. Observations during Cobra drill
sampling, reinforced by those of Merritt (1981 and 1982
pers. comm.), show that the anomalous area of AROl is
underlain by cryoturbated bedrock or till of local
derivation. Fluvioglacial material fills a meltwater
channel under the centre of ARO2 and is partly covered by
a thin veneer of till.

An alternative viewpoint, proposed by Rice (1975)
is that the pre-glacial weathering is important. He
interprets the shattered Dbedrock at Arthrath as a
result of this weathering and its absence at Muirtack
as the cause of the lack of geochemical expression.
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Indurated permafrost horizons, which . would dam up -
flowing fluids, are also hypothesised for Muirtack.

The traverse ARO1 provides a good opportunity
to examine the mobility and transport mechanisms of the
pathfinders. Gossanous fragments, which represent the
weathered mineralization, were collected at the surface
and a series of bulk soil samples were analyzed (by M. Hale)
for their elemental pore water content. The pore waters
give strong nickel and sulphur anomalies with lesser
arsenic and copper highs (Table 5.1). In contrast the
gossanous fragments contalined relatively high concentrations
of copper and antimony with intermediate selenium (Table
5.2). Quantification between the two processes is
difficult but it seems likely that nickel and arsenic are
transported mainly in solution whereas antimony and
copper are clastically dispersed. This agrees with the
location of the anomalies in the till profile, with
maximum antimony and copper anomalies at depth. The
selenium anomalies are probably derived from clastically
dispersed material, but the evidence is less satisfactory.

The origin of the shallow anomalies on ARO2 is
equivocal but their decrease with depth seems to represent
anomalous material introduced by the river flowing
immediately to the south of sample location 570 m. The
mechanism of transport is not obvious but the element
associlation suggests mainly clastic transport.

No conclusions on the usefulness of stream
sediments can be derived due to the paucity of drainage.
The results however emphasise the relatively short
dispersion trains of arsenic and selenium due to scavenging.

Pathfinder geochemistry can be a valuable additional
tool (to nickel and copper geochemistry) where drift
permits secondary dispersion. Selenium, arsenic and
probably antimony define well the sub-outcrop of the
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Table 5.2 Elemental content of gossanous fragments 158¢m ARG1

Na

8@.
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mineralization. The till profiles suggest that antimony
is best used at depth with arsenic more useful in soil
samples. Selenium gives good discrimination but environ-
mental scavenging by organic matter is a major constraint
on 1its use.

5.2 Kilmelford, Strathclyde, Scotland

Porphyry copper deposits are the source of much
of the world's supplies of this metal. Pathfinder
geochemistry has a subsidary role to play in their
exploration, notably aiding in the discrimination of
leached cappings overlying deposits and of finding
occurrences under overburden.

5.2.1 yeology

The Kilmelford deposit is one of a number of sub-
economic occurrences in the British Caledonides. It
has resocurces of only a few tens of millions of tons
better than 0.05% Cu.

Oban is situated about :25km from the mineralization,
which crops out in a rugged area on the west coast of
Scotland.

a) Solid Geology (Ellis et al, 1977; Rickard,
1979}

Mineralization is generally confined to dacitic

porphyrys (porphyrites) of Caledonian age (approximately
400 Ma ), and which are probably sub-volcanic in character.
Later alteration obscures most of the primary features of
the porphyrites but they are probably emplaced as vertical
sheets. The porphyrites form a relatively small proportion
of the Caledonian igneous rocks (Fig. 5.16), which are
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predominantly granodioritic in composition. These
granodiorite plutons are earlier than, but probably
genetically related to, the porphyrites as are the
extensive Lorne lavas, which crop out to the north.

The sediments, which have been extensively
hornfelsed near the intrusives, are part of the
? Cambrian Middle Argyll Group. They are believed
to be of shallow marine origin and are dominantly fine
grained siliceous clastics (CraignishPhyllites) with
minor coarser clastics (Crinan Grits) and limestones.
Skarns form locally near the intrusives.

Faults and lineaments are prominent features in
the area. Their dominant orientations are ENE and NW.
Relations between the faults and the intrusives are
unclear but faults form the southern boundary of the
porphyry. Brecciation along the faults is common but
distinet from intrusive breccias. The present topo-
graphy and drainage is greatly influenced by the faulting
with, for example, the Garraron River (81000950) flowing
along a fault trace for much of its length.

Tertiary dolerite dykes intrude much of the area.

Copper-molybdenum mineralization is generally confined
by the porphyry boundaries although disseminations extend
into the surrounding hornfels. There is a broad mineral-
ogical zoning but the classical porphyry alteration is
absent (Ellis et al, 1977). Two zones are recognized:
an early sericitic phase with silicification and pyrite
development; and a later kaolinitic zone with chalcopyrite,
molybdenite and pyrite. Still later kaolinitic alteration
is associated with pyrite and molybdenite. Arsenopyrite
accompanies the early phase pyrite but the paragenesses
of the minor galena and sphalerite are unclear.

Base metal veins with lead/copper/zinc occur in
the hornfels (Ellis et al, 1977) and diorite (Rickard, 1979).
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Their controls and significance are ill-understood.

b) Surficial Geology

The area is underlain by relatively thin (generally
0.5 - 1.0 m) till, which is mainly of very local origin
except for a limited development of lacustrine clay at
817105

Overlying the till is peat of variable thickness,
usually 0.5 - 1.0 m, but reaching 5 m in topographic
depressions, (Fig. 5.17).

c) Rock Geochemistry

The primary distribution of major and trace elements
is well understood as a result of comprehensive rock
sampling exercises by both the I.G.S. (Ellis et al, 1977)
and over a larger area by Rickard (1979).

High copper and molybdenum whole rock values are
mainly confined to the porphyry although there are very
occasional high values (without alteration) in the
granodiorite. Anomalous copper values (Fig. 5.18) are
concentrated at both the northern and southern margins of
the porphyry. Limited arsenic data suggest (Ellis et al,
1977) that the element may form a halo around the main
copper anomalies. Microprobe determinations demonstrate
that chalcopyrite contains up to 400 ppm Se and 0.5% As
(Rickard, 1979).

There is little lead or zinc enrichment in the
porphyry and high values are restricted to veins or skarns.
The veins have enrichment of up to 40 ppm Sb (Rickard,
1979).

5.2.2 Programme
Two perpendicular soil traverses (KDO3 and KDO4)
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were designed to cross the mineralized porphyry (Fig. 5.19).
Both till and peat were collected although it was not
always possible to collect both at each sample site.

Stream sediment samples were taken from three
drainages, each of which drain the porphyry to some
degree. They were known to be anomalous from I.G.S.
data (Ellis et al, 1977).

The surficlal sampling was complemented by a
limited rock sampling programme (undertaken by F.J.
Tavora).

a) Rock Geochemistry (KDO2)

The sampling is largely limited to the porphyry,
and copper concentrations are evident within it although
there are highs in the granodiorite (814108). Copper
correlates strongly with molybdenum and to a lesser
degree with selenium and antimony. Molybdenum (and
selenium) are also enriched in the pyrite rich breccias
which crop out in the south west of the sampled area
(808094). Antimony is slightly enriched within the
porphyry while arsenic values are erratic. Concentrations
of bismuth are particularly high on the southern side of
the porphyry but within the hornfels (Figs. 5.20 - 5.22).

L.ead is not enriched over the porphyry but there
is some indication of a zinc halo around it. Little
correlation exists between the indicator elements and
those associated with alteration, e.g. potassium,
rubidium. '

b) Soil Traverses {KDO3 and KDOA4)

Copper anomalies are prominent in both soil traverses
(Figs. 5.24, 5.27) reaching a maximum of 800 ppm relative
to background of 50 ppm Cu. These largely agree with the
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rock copper data (Fig. 5.18) except that there is no
anomaly at around 1,000 m on KDO3 and an anomaly 1is
developed at 600 m on the same traverse.

The behaviour of selenium relative to copper is
elucidated by the use of principal component analysis.
Both elements have high loadings on component 2 (Table 5. 3)
but there are two other components on which copper
(component 4) and selenium (component 5) have high loadings.
Inspection of component scores and element plots (Figs.
5.25, 5.28) show that the two elements are associated
at the base of slopes with copper mineralization and
especlally in peat flats. High copper without selenium
occurs over copper anomalies in rocks on high ground,
while selenium without copper is found in peaty areas
distant from the mineralization. Analysis of peat samples
from KDO03 (Fig. 5.29) shows that broad selenium highs
are found in peat flats, emphasising the importance of
organic matter.

The principal component analysis also shows the
association between iron, manganese, arsenic and zinc
(component 1} and high scores form a halo around the
mineralized porphyry. Peat values for arsenic are
particularly low from 900 - 1,000 m on KD03 (the highest
ground) and arsenic values are more erratic than those
of selenium.

Bismuth and lead are also correlated, with high
values around the periphery of the mineralized intrusive.
High lead values are found over a possible minor skarn
at the east end of KDO4 while bismuth enrichment (1.2 ppm
relative to 0.4 ppm background) is noticeable over the
faulting on the south side of the porphyry. Broad
bismuth highs are also evident over this faulting in the
peat analyses of KDO3 (Fig. 5.29).



Table 5.3

Factor loadings unrotated 5-factor model - Kilmelford soils

Zn
Fe
Mn
Ca
As
Bi
Se

fact 1
-.4333
—-.2480
-.7753
-.7532
-.7279
-.3677
-.7479
-.4408
-.4007

fact 2
.5724
-.4622
~.3440
.1438
-.3928
-.7616
. 3857
. 2202
.6629

fact 3
-.2569
.6626
-.2327
—.3452
-.2536
-. 169
L3072
. 7069
-792¢

fact 4
.5773
.3101
.2249

-.3724

-.9326

-.0876

—-. 4575

-.1615

-.1252
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fact 5
. 1569
-.2963
-.1194
-.3J715
.2174
-.0831
. 3986
.36l6
-.5214
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c) Stream Sediments

Copper anomalies are developed in five streams
draining the mineralized porphyry but the most prominent
are those flowing toward the south west (Garraron River).
Anomalous values reach 250 ppm Cu relative to a background
of 20 ppm (Figs. 5.30 - 5.32).

Multivariate analysis of the data shows that there
are several distinct elemental associations. The major
division is between the sluggish upland part of the
streams and the faster flowing portions, where they
descend the escarpments. The highland streams show
high loadings (Table 5.4, Fig. 5.33) on component 1
(Zn, Fe, As, Mn).

Copper with minor selenium is found in component 3
and probably reflects dispersion downstream from the
mineralized prophyry. High loadings on an almost pure
localised selenium component (component 4) represent
very localised selenium accumulations which are spatially
correlatable with peat flats. Limited water data show
that selenium in solution is relatively high in the
Kilmelford rivers (averaging 0.8 ppb immediately down-
stream from mineralization in the Garraron river) but
declines rapidly downstream (Fig. 5.34) from the small
lake (Lochan).

High lead and bismuth concentrations are almost
entirely confined to the stream draining northwest
toward Kames. Examination of indicator values suggests
that unmapped mineralization is present within the
catchment of this river, but 1ts nature is not clear.
The evidence of peak copper anomalies 200 m upstream from
those of lead indicates that the source of the anomalies
is complex, possibly with both minor skarns and lead-
zinc veins. Panned concentrate studies of the I.G.S.



Cy
PB
ZN
NI
FE
MN
CA
AS
BI
SE

Table 5.4 Factor loadings for unrotated 5 factor model

sediments

PACT 1
~. 3475
.0484
1716
.2348
L7139
3021
+3974
-1139
. 1065
2973

FACT 2
6145
2937
.2054
+1528

-.4404

-.1572
2179

-.0795

.6946
. 2255

FACT 3
- 5041
6237
. 1407
-+3838
-.2372
-.233%6
-.1477
.3628
.3498
-.3517

FACT 4
.1229
-.05%1
-.2705
-.2265
.0856
-.2033
-.3027%
«5819
.293%2
7585

FACT 5
~.2445
-.2237
-.23%68
-.1350
-.0169
-.223%6
.6548
.0739
.0706
.0377

: KMlmelford stream
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have found cerussite grains associated with similar
anomalies immediately to the east. Comparison of the
lead and zinc patterns (Fig. 5.35) shows the erratic
decline of lead downstream, with some input from
tributaries, whilst zinc decreases more steadily.

Bismuth is not directly comparable with &ither indicator
element possibly reflecting considerable imput from
tributaries and association with both postulatea types of
mineralization. Arsenic, iron and manganese demonstrate
the contrast between the two physiographic zones with
the two northern samples taken on the highland area.

5.2.3 Discussion

Pathfinder anomalies in surficial material are
derived from two bedrock associations: selenium with
disseminated copper minerals in the porphyry and bismuth
with peripheral lead-zinc-copper velns and minor skarns.

The copper-selenium association persists into the
till. Relative depletion of selenium on high ground
suggests that it is leached toward the peat filled
depressions, whereas copper is less mobile and till
copper anomalies have a closer relation to bedrock highs.
The major anomalies in depressions are not simply the
result of slope wash of copper and selenium but are also
partly derived from stream transport of the more mobile
copper (q.v.). Selenium anomalies also occur in depressions?l km
distant from the porphyry demonstrating that the magnitude
of the mineralization related anomalies is no greater
than those formed by organic concentration from waters
with background selenium levels.

Copper in stream sediments discriminates the mineralized
porphyry but anomalies vary considerably in magnitude,
probably as a result of contrast in the rate of output
of mineralized material. Selenium highs are spatially
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very limited to the organic rich portions of the 'mineralized’

streams. Selenium stream sediment values in the more
active parts of streams draining the mineralization are
more consistent but only slightly enriched. This
observation when combined with water determination
suggests that much of the selenium is transported in
solution and fixed by organic matter.

The lead-bismuth association is much less pronounced
but is evident in tills overlying skarns and veins on
the periphery of the porphyry. Bismuth anomalies on the
southern edge of the porphyry correlate with major
faulting. The associlation persists into the stream

sediments and both elements are probably mainly clastically

despersed. The extensive nature of the anomalies at823110
best explained as the result of multiple input of
mineralized material.

Arsenic is of little practical use as concentrations
are more closely related to the velocity of stream flow
than bedrock concentration(which is poorly understood).

The overall exploration significance of this study
is limited as the deposit is distinctly sub-economic and
extrapolation of conclusions to economic deposits depends
on many uncertain relationships - the main one being the
correlation between pathfinder concentration and ore
grade. Pathfinders are unlikely to find great application
to the search for porphyries in temperate terrains as
anomalous copper values are invariably found at the
surface overlying economic (i.e. mineable by open cut
techniques) deposits. The situation in intensely
weathered (tropical and arid) areas is very different, and
copper is often leached from the near surface.

Comparison with limited information (Wraith, 1982)
from the giant Chuquicamata porphyry in Chile shows 1t

is



contains significantly higher pathfinder values than
Kilmelford. Concentrations in its gossan are 1,420 ppm
As, 7.4 ppm Bi, 59 ppm Se relative to 43 ppm As, 17 ppm
Bi, 0.07 ppm Se in the enriched primary ore. Some
arsenic is also transported to the secondary Exotica
orebody. This suggests that pathfinders are potentially
effective in these more intensely weathered areas.
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CHAPTER 6 STRATABQUND DEPOSITS HOSTED BY CIASTIC
SEDIMENTS

Three deposits in this category were investigated.
They occur in the British and Irish Paleozoic, are
diverse and formed in very different environments. The
Avoca  deposit is a Kuroko-type massive sulphide deposit
associated with calc-alkaline volcanics; the Meall Mor
copper show is at the western end of a series of strati-
form and remobilised base metal occurrences scattered
through the southern part of the Scottish Highlands; while the
Glendinning antimony deposit,in the Southern Uplands, is
of enigmatic origin and spatially isolated. All the
areas have been glaciated and are overlain by variable
thicknesses of till.

The exploration problems posed by the deposits are
also contrasting. Geochemical recognition of wvelcano-
genic massive sulphide deposits involves the discrimination
of the mineralized part of the sequence and the location,
within it, of sulphide pods and stockworks. Surficial geo-
chemistry is often used on both regional and local scales
to. locate the mineralized sequence and hopefully the
sulphides. Detailed lithogeochemistry within the
mineralized sequence is being increasingly used in the
search for sulphides and recent work, both in Spain and
Canada, suggests that pathfinder/alkali ratios are good
proximity indicators (Mvller et al, 1982; Scott et al, 1982).

The location of economic pods of clastically hosted
stratiform mineralization is generally an easier problem,
and surficial geochemistry has been responsible for many
succesges, particularly in Africa. The discovery of
large blind orebodies (e.g. Lubin, Poland) suggests
that multielement techniques may have a considerable role

to play.
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Arsenic and antimony dispersion patterns are
obviously of prime importance in locating deposits in
which arsenic and antimony are present as ore metalloids.

6.1 Avoca, Co. Wicklow, Ireland

This depgpgit wa
Jdlcanogenic ) . ‘s
was the only workingama851ve sulphide mine 1n the British

S s%}ected for investigation as it

Isles, and good access (courtesy of Avoca Mines Limited

and the Geological Survey of Ireland) coupled with

detailed geological and mineralogical studies were available.
A drawback is the large scale mining contamination of much
of the area of interest, which precludes assessment of

the subcrop of the main orebodies. The object of research
of Avoca was to study the primary concentration and
secondary dispersion of a variety of elements, but high-
lighting the pathfinders.

6.1.1 Geology

The Avoca mineralization is hosted in synclinal
inliers of Ordovician calc-alkaline volcanics and sediments,
which form part of a sequence about 1000m thick, of probable
island arc origin (Platt, 1977). The basal unit exposed
is the marine clastic Ribband Group, which is overlain by
flows, shales and then tuffs of the East Wicklow Volcanic
Formation {Sheppard, 1980a). Siliceous tuffs forms the
footwall of the mineralization. The hangingwall comprises
sericitic tuffs and shales while the uppermost unit present
is interpreted by Sheppard (1980a) as an intermediate flow
but is at least in part equivalent to the dolomitic tuffs of
Platt (1977). Domes and sills of rhyolite intrude the
upper part of the sequence. The sediments have been iso-
clinally folded and thrust, with later normal faulting and
minor dioritic intrusion (Fig. 6.1).
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Three distinct types of mineralization are recognised
at Avoca: (a) massive cupriferous pyrite (pyritite)
grading 1.1% Cu, 0.6% Zn and 0.2% Pb; (b) massive galena-
sphalerite grading 7% Zn, 3.5% Pb and 0.3% Cu; and (c¢)
highly siliceous (stringer) ore comprising disseminated
pyrite, chalcopyrite and minor sphalerite grading 0.6% Cu,
0.4% Zn and 0.15% Pb. Recent remapping by Sheppard (1980a)
and by Pointon (1980} suggests that the pyritite is mainly
located at the contact between the siliceous tuffs and
the sericitic tuffs while the galena/sphalerite is generally
slightly higher in the sequence (Fig. 6.2). The siliceous
(stringer) mineralization, which is developed in the
footwall siliceous tuffs, is thought to be mainly the
product of remobilisation of the massive pyrite and not
merely a stockwork zone (Sheppard, 1980a).

The massive sulphides and stringer zones were
worked with reserves of about 19 million tons.

Reserves of lead zinc ores are estimated at about 2 M tons.

Extensive alteration is a feature of the deposit.

The footwall tuffs exhibit widespread sericitization,
plus chloritisation close to the pyritite. The hangingwall
tuffs are sericitized and dolomotised.

The area has been glaclated but the present overburden
is thought to be non-exotic and is generally 2 - 3 m thick.

6.1.2 Programme
a) Sampling

This study was confined to the western part of the
deposit, which has escaped the otherwise extensive mining
contamination.

Primary dispersion patterns were first examined. A
picture of lithogeochemistry was gained from a representative
traverse collected by Wheatley (1971), and in addition a
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a number of ore samples from West Avoca were analysed.

The surface sampling was based on a two kilometre
basal till traverse collected by the Geological Survey of
Ireland. This crosses the main units of Avoca stratigraphy
and parallels a trench excavated across the subcrop of the
lateral extension of the massive sulphide orebody. The
basal till sampling was followed up by Cobra profiling
{(by the author) of the anomalous area and the collection
of soil samples along the whole traverse.

b) Lithogeochemistry

Comprehensive mineralogical and XRF data for the
samples are avallable (Table 6.1) from the previous work
of Wheatley (1971) The traverse represents a composite
idealised section of wallrocks across the West Avoca
orebody, and intersects the ore horizon twice as the
structure is synclinal (Fig. 6.3, Fig. 6.7).

Comparison of XRF and ICP data (HNOB/HClOQ attack)
show that there is significant correlation between the
results from the two methods, although the ICP values
are, of course, lower. '

Useful major element patterns are the depletion in
sodium and potassium near the orebody with significant
enrichments in iron and magnesium (Fig. 6.4).

0f the transition metals, copper , is enriched
erratically in the footwall siliceous tuffs (Fig. 6.3) but
concentrations are also present in the overlying sericitic
tuffs. This contrasts with lead and zinc which are
particularly high in the sericitic tuffs but with enrich-
ment also in the northern siliceous tuffs. Manganese 1is
high near both ore zones while barium is enriched in the
sSupra-ore units.

The pathfinder elements display very differing
associations (Fig. 6.6). Bismuth correlates with magnesium
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Table 6.1 Mineralogy and location of lithogeochemical samples : Avoca

Mineral Composition

Quartz

Chlorite
Sericite

Pyrite

Calcite

cCoenmo

Dolomite
Graphite
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Feldspar
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and 1is strongly enriched near the ore, while arsenic

is high both in footwall and hangingwall sediments.

Lower amplitude selenium anomalies occur near the ore but
mainly in the hangingwall: high antimony values are restricted
to the hangingwall sediments.

Analyses of ten copper ore samples (0.2 - 10% Cu)
from West Avoca, kindly supplied by Mr. P. McArdle, show
that they contain consistently high bismuth values
(usually 30 - 300 ppm Bi), more erratic arsenic highs
(13 - 300 ppm with occasional values up to 6000 ppm) and
low antimony values (4 - 50 ppm), although arsenic and
antimony are high in samples enriched in lead and zinc.

c) Surficial Dispersion: Till Profiles

The till profile is 650 m in length with samples
collected at 25 or 50 m horizontal and 1 m vertical
intervals. It crosses the subcrop of the stratigraphic
equivalent of the mineralized units although the main ore-
body is only present at depth (Fig. 6.7). The profile
parallels a trench (Merrigan's Farm trench) excavated and
mapped by Avoca Mines to investigate the complex surface
geology and is approximately 300 m west of the composite
lithogeochemical traverse. My re-interpretation of this
geology, based on the units described by Sheppard and his
subsurface interpretation, must be regarded as somewhat
tentative (as I did not log any drillcore), but has the merit
of fitting the available evidence.

(1) Trench Geochemigtry

The geology of the area is a thrust syncline (Fig. 6.7)
with both limbs overturned. Transition metal data from
the trench (Fig. 6.8) highlight the occurrence of anomalous
copper concentrations ( 750 ppm , background 20 ppm)
-with erratic high values in the footwall siliceous tuffs
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(stringer zone). High lead values (up to 750 ppm.,
background 10 ppm) occur at the contact with a high back-
ground in the overlying tuffs and occasional high values in
the footwall. Anomalous zinc values occur within the
sericitic tuff and intermediate flow unit as do high
barium concentrations. Manganese, although giving a sharp
peak at the siliceous tuff/sericitic tuff contact, is
particularly enriched in the intermediate flow.

(1ii) Basal Till Cobra Samples

The Cobra samples at the base of the till are
comparable with the trench samples, although they are
discrete samples rather than the continuous sampling of
the trench.

The transition metal data (Fig. 6.9) is very similar
to that of the trench although the high lead values can be seen
to extend to the base of the intermediate flow unit.

Examination of major element data (Fig. 6.10)
clearly indicates the high magnesium concentrations associated
with the main copper anomaly at the siliceous tuff/sericitic
tuff contact. There is also depletion in potassium and
sodium at the contact while lanthanum is distinctly enriched
in the ore footwall, sericitic tuff and basal intermediate
flow.

The pattern of the pathfinders in the basal till
are clearly developed (Fig. 6.11) with high arsenic values
in the siliceous tuff (stringer zone) and, to a much lesser
degree, the top of the sericitic tuff unit. Bismuth
enrichment is almost entirely restricted to the stringer zone
as 1s selenium. Antimony enrichments in contrast are
confined exclusively to the upper units.

(iii) Dispersion Through the Till

Ma jor element patterns do not persist through the
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till and there is no significant magnesium or potassium
anomaly at surface.

The transition metals disperse to varying degrees
although patterns represented may be altered slightly by
contamination from a (filled in) small settling pond at
1320 m. Copper values are concentrated at surface immediately
overlying the stringer zone while zinc shows a general
depletion upward although there is still a zone of higher
values at surface over the enriched bedrock. Lead anomalies
show the gradual diminution and movement southward as
one ascends the profile. Barium concentrations, in contrast,
appear remarkably consistent through the profile.

Iron shows little evidence of concentration at intermediate
depth while there are erratic high surface manganese
values comparable to those at depth.

Arsenic values higher in the profile generally
reflect bedrock concentrations although there is some
southward movement and concentration at intermediate depth.
The high contrast bismuth basal till anomalies broaden and
become less intense with decreasing depth while basal
till antimony patiterns are evident at the surface although
there 1s some enrichment at intermediate depth, as for
arsenic. Selenium is very different,with the surface
enriched relative to the underlying basal till and not
reflecting the basal till (stringer zone) anomalies.

d) Regional Traverse

This provides some measure of the applicability of
specific element anomalies recognised over the subcrop of
the mineralization: data for both basal till and soil
samples are available.

Ma jor elements are useful only for basal till samples,
(Fig. 6.12). Both sodium and potassium are low over the
- footwall of the mineralization (2000 ppm K, average
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8000 ppm K; and 100 ppm Na average 500 ppm Na in basal

till) but the depletions are broad and hardly definitive.
Magnesium is high near the ore (40000 ppm Mg peak,

13000 ppm Mg background) but the patterns are rather erratic,
as are those of basal till lanthanum with the southern

high correlatable with rhyolite. In the surface soils, no
ma jor element patterns of significance can be recognized.

The transition metal data does, however, indicate
the mineralization. Copper has peaks of 300 ppm in
basal till samples compared with a background of 70 ppm.
There is a secondary peak of 250 ppm at 250 m, where bed
rock . is mapped as sediments of the Ribband Group. Soil
samples have the same overall pattern although the anomalies
are of low amplitude. Lead has particularly a strong
single point anomaly of thirty times anomaly/background
contrast compared with the broad surface highs. Barium has
high contrast anomalies in basal till samples which are
not preserved at the surface, while there is no zinc
anomaly at depth but a single point high at surface.

The pathfinder concentrations generally define the
subcrop of the mineralization (Fig. 6.14). Arsenic has
discrete anomalies, of up to 500 ppm As versus a background
of 40 ppm As for basal till, with a high background in
the south of the traverse; and a similar pattern in
the soil samples. There is a broad and high contrast
basal till antimony anomaly (20 ppm peak, 1 ppm background)
over the sericitic tuff/intermediate flow and part of the
sericitic siliceous tuffs. Soill sample anomalies are less
well developed. Bismuth has a sharp, single point high in
the basal till (anomaly 20 ppm Bi, background 0.5 ppm Bi)
with a much broader soil high. Selenium shows a very
different pattern with a distinct but low contrast basal
till high (0.8 ppm Se anomaly, 0.1 ppm Se background)

. but the surface samples are low over the suboutcrop of
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the copper mineralization.

6.1.3 Discussion

(a) Primary Concentration/Lithogeochemistry

Both the basal till and subsurface samples show a
distinct zonation in majors, transition metals and path-
finders. These are summarised in Table 6.2 and are a
combination of enrichment and depletion.

The depletion in sodium and potassium and enrichment
in iron, magnesium and manganese are consistent with the
larger study of Sheppard (1980a) who alsoc recognised barium
and manganese enrichment in the hangiﬁball sediments.

These patterns are similar to those observed from many
other massive sulphide deposits (Franklin et al, 1981).

The transition metal patterns are of copper enrichments
in the footwall and at the (copper) ore horizon while lead
and zinc concentrations are stratigraphically higher in the
sequence and more distal from the source of the mineralizing
fluids (Sheppard, 1980). The data presented also suggest
that much zinc (and barium) is dispersed through the over-
lying sequence rather than concentrated in sulphide deposits.
These patterns are similar to those described in classic
Kuroko area of Japan (Shimazaki, 1974).

The novelty of the present study is the description
of pathfinder zonation. Bismuth is correlatable with
magnesium and is concentrated in the footwall (stringer)
and pyritite zones while arsenic is present throughout
the mineralized sequence and antimony in a position similar
to that of zinec and barium. Selenium has a rather
ambiguous concentration, in the stringer zone at surface
and in the hangingwall sediments in the subsurface.

This zonation correlates well with the qualitative
mineralogical studies of Wheatley(1971) in which arseno-
pyrite is concentrated in the upper part of the sequence
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(Table 6.3) while antimony sulphosalts are present in
the stringer and massive sulphides. Native bismuth and
bismuth sulphosalts (aikinite, kobellite and lillianite)
are restricted to the lower part of the mineralized
succession. The occurrence of antimony sulphosalts in
the stringer zone is probably explained by the occasional
occurrence of lead and zinc in that zone in the eastern
part of the mine. The pathfinder distribution has
considerable similarity to the limited data available
from the Kurcko type area in Japan. Typically concentra-
tions are 180 ppm Bi, 230 ppm Sb and 350 ppm As in the
massive pyrite; 140 ppm Bi, 80 ppm Sb and 170 ppm As in
the stockwork zone and 20 ppm Bi, 290 ppm Sb and 1030 ppm
As with the black (sphalerite-galena) ore (Shimazaki, 1974).
The mineralogy is also similar to that described at Avoca.
The pathfinder zonation, thus, seems to fit into
an overall pattern which has emerged over the last ten
years. I consider this to be caused by the relative
thermal stability of the metal/pathfinder complexes.
However this zonation is by no means universal (cf Petersen
and Lambert, 1979) and other factors which may control it
are paleo-water depth (Finlow-Bates, 1980), and
source area, element availability (Franklin et al, 1981).
The problem of the quantity of magmatic input, as opposed
to leaching of sediment/volcanics, into mineralizing
solutions is by no means resolved and may, considering the
geochemistry of bismuth, have an important bearing on
its content in ores.
Pathfinder zonation and, in particular, ratios of
arsenic and antimony to major elements such as sodium
are beginning to find application in lithogeochemistry
(Mpller et al, 1982; Scott et al, 1982). These studies
show that widespread supra-ore arsenic and antimony haloes
. are developed around some massive sulphide deposits.
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DISTRIBUTION OF ORE MINERALS
| Mineralized Zones
Siliceous Pyritite Lead-Zinc

Pyrite ® @ ®
Chalcopyrite ® () k)
Sphalerite 5 & ¢
Galena & k) o
Magnetite o * o
Pyrrhotite % Nx¢ o
Cobaltite ¢ o o
Arsenopyrite # >~ k)

~
Tetrahedrite g o g
Bournonite W o W
Native Bismuth + ¥ o
Galenobismutite o % o
Aikinite e} 7}( o]
Kobellite 3 0 o
Lillianite Y o o
Gold o hA¢ o

. Major Y¢ Trace

k) Minor o Absent

* Accessory

After Wheatley (197 1)

Table 6.3 Ore mineralogy : Avoca
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Another recent study in Fiji (Rugless, 1982) confirms
the restriction of bismuth to the mineralization.

The zonation/regional distribution of pathfinder
and of other elements, notably mercury, gold, molybdenum
and tin, merits considerable further research.

b) Secondary Dispersion

Dispersion through the till seems largely hydro-
morphic. The major element patterns are rapidly diluted
with decreasing depth and elements such as magnesium are
leached from the near surface. The transition metals
appear to reflect thelr surficial mobilities with limited
dispersion of lead and barium downslope (and downice).
Copper and zinc are widely dispersed with zinc probably
leached from the surface.

By comparison with the transition metals arsenic
is mobile and is concentrated to some extent in iron
accumulations at intermediate depth. Antimony is relatively
insoluble and its behaviour is comparable with lead
although there is some association with iron at intermediate
depth. Smearing of the restricted bismuth basal till
anomalies suggests that it is somewhat mobile. The
behaviour of selenium is enigmatic although dispersion is
masked by its concentration in near surface organic rich
material. The low over the orebody in the surface layer
could reflect the increased concentration of inorganic
selenium near sulphide mineralization and thus the increased
availability for volatilisation (Zeive and Peterson, 1981).

The high contrast bismuth and antimony anomalies
are a substantial addition to the low contrast copper and
lead data. Qverall, surveys within South East Ireland
should utilise basal till samples and be analysed/for
Cu, Pb, As, Bi with Zn and Sb as useful additions. A
" spacing of 50m. is indicated for detailed sampling
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6.2 Meall Mor, Strathclyde, Scotland

This mineralization is part of a belt of sulphide
occurrences in the lower Cambrian Argyll Group that
stretchgthroughout the Southern Highlands (Willan, 1980).
Further east this belt includes the barite deposit at
Aberfeldy. At Meall Mor the mineralization is copper
sulphides within a broad pyritiferous zone. The known
assoclation of antimony with the copper mineralization
suggested the investigation (Smith et al, 1978).

6.2.1 Geology (Smith et al, 1978)

a) Solid Geology

The host unit to the mineralization is the Upper
Erins Quartzite (Fig. 6.15),which although dominantly
quartzitic shows gradation from orthoquartzite to mica
schist. This unit overlies the Stronchullin Phyllite,
which is similar to Upper Erins Quartzite, except that it
contains minor black shales. The Upper Erins Quartzite
also contains minor limestone units and a considerable
volume of amphibolite. This amphibolite probably mainly
represents metamorphosed basic sills (epidiorite) but some
material may be synsedimentary in origin.

The whole sequence has been subject to polyphase
Caledonian deformation and green schist facies metamorphism.
The sediments strike NNE in general and are inverted, forming
the root anticline of the major Tay Nappe. This complex
deformation means that detailed stratigraphy is largely
unknown.

The zone of weak pyrite enrichment is about 10 km
in length and 200 - 800 m in width (less than 200 m
true thickness): pyrite forms up to 10% of the pelite
and 20% of the quartzites. Disseminated copper sulphides
occur throughout the pyritiferous zone aa:discrete trails
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which parallel the early schistosity/bedding. The main
chalcopyrite/bornite occurrences (including those in
the area investigated in detail) are cross-cutting,
associated with epidotisation and probably formed by
remobilisation. Minor (mainly microscopic) amounts of
sphalerite and stibnite are associated with the mineral-
ization. The distribution of galena is not understood
but may be associated with quartz-feldspar veins as
well as stratiform mineralization.

b) Surficial Geology

The area has been glaciated but the drift is thin
and probably non-exotic in origin. An extensive thin
peat cover overlies the till with thicker peat accumulations
in hollows.

6.2.2 Programme

The investigation was restricted to the area of the
old Abhainn Strathain mines, where the most intense
copper soil anomalieg are developed (Smith et al, 1978).

Two soil traverses (MMO2 and MMO3) transect the
pyrite zone and roughly parallel deep sampling traverses of
the 1.G.S. Both till and peat samples were collected,
where possible.

The main river, and its tributaries, draining the
mineralization were sampled for stream sediments. These
sediments draining the area anomalous in antimony were
gseparated into several size factors. In addition, a
limited number of water samples were collected along the
anomalous stretch of river.

Flavio Tavora undertook a limited amount of rock
sampling around the main mineralized area and results
~are presented here.
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a) Lithogeochemistry (Traverse MMO4)

The thirteen samples transect the pyritiferous zone
and both copper and zinc highlight the northern part of
the main mineralization (Fig. 6.17) as indicated by
mineralized outcrops. The copper and zinc highs occur
within the broader iron high of the pyritiferous quartzite
which also has more spatially resitricted manganese enrich-
ments. The copper and zinc high correlates with high
selenium values (Fig. 6.18). Antimony is strongly anomalous
with high values both in some of the copper rich samples
and in arsenic rich quartzites on the southern edge of
the pyritiferous zone. The bismuth pattern is much more
regular with no definite anomaly.

=

| _ -.b)__= Soil Traverses MMO2 éhd.!!93 !
The tfafersés transect two different*typeé of mineraliz-
ation. The main #0il copper anomaly on MMQ3 is thought
to be relatively hémogenous and underlies quarfzitg}hosted
mineralizatioﬁ while the linear south eaétérn anoﬁély
(Fig. 6.16) is associated with epidiorite and is probably
veinlike, (Smith et al, 1978).
Examination of unzoned till traverses (Figs 6.19 -
6.22) confirms the regional copper distribution obtained
by I.G.S. and the general association of zinc with copper.
The more consistent anomalies of MMC3 (reaching 600 ppm Cu
and 1400 ppm Zn relative to backgrounds of 20 and 50 ppm)
occur within the pyrite rich zone (200 - 500 m), as
indicated by iron and gimilar manganese distribution.
The distribution of copper on MMO2 is more erratic
perhaps reflecting the veinlike nature of some of the
mineralization. .. .
The distinction between the two travérsés also applies
~ to the pathfinderSié Selenium correlates strongly with .

ot
¥
H

'
k)






7500

400

7300t

7300F

8400

8500

"%%s0

8300

1
B400

8500

7500

T400 F

7300

%00

x
8300

B400

8500

500

00

7300 |

oo

Fig 6.17 Meall Mor: lithogeochemistry MMo4

[

8300

— ke,
8400

4500

Overlay of geology opposite

KEY
- 2 90.00

e & 125.00
© z 250.00
@z 500.00
Mz 1000.00

Cu ppm

KEY
-z 0.00

o z 100.00
© 2z 200.00
M3z 400.00

Zn ppm

KEY
+z0.00

2 2z 20000.00
® 2 40000.00
O z 650000.00

Fe ppm

KEY
- 20.00

° % 500.00
© % 1000.00
@ % 2000.0¢C
Mz t009.00

Mn ppm

238



7500
KEY
+20.00
s 2 5.00
<2 10.00
400
@z 15.00
9
T As ppm
%
7300
2
72%%00 33.00 8400 a500
7500
KEY
- 20.00
e 25.00
Oz 10.00
7400
Mz z0.00
El [z s0.00
th 5b ppm
Nao0f.
. 1
?2%%00 © 8300 8400 4500
7500
KEY
- ¥ 0.00
o z0.15
O z0.30
400
®z .45
% Bi ppm
F300}
L L
72%%00 8300 8400 8500
500
KEY
= % 0.00
o 2 0.30
1400 © 2 0.60
Tz 0.90
8o Se porn
b
7300
2 U S — |
Z%QZDD sﬁ W 8500

Fig 6.18 Meall Mor: lithogeochemistry MM04

239



Cu ppm

Zn ppm

Fe ppm

Mn ppm

750

500

250

T

o1 B -LAA bt g0 d oo

-300-200-100 0 100 200 300 400 500 600 700
m

250
200 F
150 F

100 F

S0F

u i VTS AT ‘.hl..,.l“. | A b
-900 -200-100 0 100 200 300 400 500 600 700
m

60000
40000

20000

. L N AT T TR TR s T s gy n
—900-200-100 0 100 200 300 400 S00 600 700
m

20000,
15000 }

10000 f

5000 f

-0 bl L igigd i iniad v

00 - 200-100 0 100 200 300 400 Sso00 600 700

AN F

Fig 6.19 Meall Mor: till traverse MMO02
Geologlcal symbols as for Fig 6.15

240



ppm Sb ppm As ppm

Bi

Se ppm

241

[oo

75

LI b

| AR

50

25 |

Ub A P reary PPN & Loy ety
-300-200-100 0O 100 200 300 400 S00 600 700
m

15

—TT

ID_—

-‘-n Flh TR B _irws i | I Y
—gDU-ZUU-IDO 0 100 200 300 400 500 600 700
m

.25
.00%
.75

504

.25k
F

.9900—200-100 0 100 200 300 400 500 600 700
m

l.

1 M S ST A ] Iy 4 a

Pn-a-!..l i1 aaa a0l P B X
0:g00-200-100 0 100 200 300 400 500 600 700

|

m

x n X
x x =
= = =
P
" = "
now M
nomm

- oy = A

Fig 6.20 Meall Mor: till traverse MMO2
Geological symbols as for Fig 6.15



Cu ppm

Zn ppm

Fe ppm

Mn ppm

242

750
500

..-._Ll .,J.A../,_..\“ ANTE BT W e i

—900—300-200—100 0 100 200 300 400 500 600 700
m

250

1500
1000 |

500}

—900—300-200—100 0 100 200 300 400 SO0 600 700
m

80000r

60000

40000 |

20000}

| WS W 1 binion

...........

-900 300 200-100 0 100 200 300 400 500 600 700
m

1250

1000

YT

750

500

250

T

1] Pis g iiog

S .S Sl = - AT T = UL 1 FWWTS e

0FC
-400 300~ 200 100 0 100 200 300 400 SOO 600 700

m

X X W W K Y X XX wwoww
IIII‘III!II-

X X X N N X M X % %X x »

Fig 6.21 Meall Mor: till traverse MMO03
Geological symbols as for Fig 6.15



As ppm

Sb ppm

SIL

Bi

Se ppm

I

243

S0¢

ok
-400- 300 200- 100 0 100 200 300 400 500 600 700
m

MW W | PP WA P e | PR

0]
-400- 300 200-100 O 100 200 300 400 500 600 700

m
.00

15|

.50 F

.25

.00- ............ [ IS RIS S R B W Wi
0000-500-200-100 0 100 200 300 400 500 500 700

m

PN e 1oooal o sl ansalayy

00- 300 200 100 0 100 200 300 400 500 500‘700

;
6
5
4:
3
.
1
2o

Fig 6.22 Meall Mor: till traverse MMO03
Geological symbols as for Fig 6.15



125 244

100k
- -
a 75 £
(@) L
> 561
O
25 F
.g'L,,.l.,_._‘..,_._LJ,,Ll... 1 T BT A I AT S I I SR
-300-200-100 0 10C 200 300 400 500 600 700
m
100
£
Q
Qo
g
™~
:'J-.IXJ..I...I....IKAJAlnnu-la...],w--l;-|l||1
-800-200 -100 0 100 200 300 400 S00 600 700
m
300000
€ 200000}
< I
O_ -
2 10coaolf
[ ! ol ET T BPETEE SN T B I by B U P M B P
200-200-100 0 100 200 300 400 500 600 700
m
75000
[
£ soooof
a
O
< 2s5000]
-u.-J. IR B sz a1 11 PP PSP EEPEEPUE TP I IS VSV S S SR
-300 -200 -100 O 100 200 300 400 500 600 700
m

Fig 6.23 Meall Mor: peat traverse MM02
Geological symbols as for Fig 6.15



As ppm

Ppm

Bi

Se ppm

A/bj

.0
—300 200—100

00007200 ~100 0

245

75
50 -

25:—

MR . S P | H | | e |

0
-300 200-100 0 IUO 200 300 400 SOD 600 700
m

100 200 300 400 500 GUD 700

m

25

.00F

LIS E

.S0F

L

.25 F

0 TN TP ST YIS BN B AT U IS PP I PP |

-300-200-100 @ 100 200 300 400 500 SUO 700
m

7.5

5.

\/\4/\/\/\/
S,y s

100 200 300 400 500 65006 700
m

M R

d P N B
o ox oW ox W om W ¥R

A L
- " = x ® =

o

Fig 6.24 Meall Mor: peat traverse MMO02
Geological symbols as for Fig 6.15



Cu ppm

Zn ppm

&
a
a
v
L

Mn ppm

1000

750

500

250

ol
-400-300-200-100

350
300
250
200
150
100

-400 300 200-100

300000

200000

100080

246

T

T

S

0

100 200 300 400 S00 600 700
m

2 L AN A L

0

100 200 300 400 500 600 700
m

T

ulfi, 1

-- D S

04;.‘ . NI i
-400-300-200-100

25000

20000

15000}

10600

5000

-906 300-200-100

1]

100 200 300 400 500 600 700
m

L T T

TTT

LA

0

{00 200 300 400 500 600 700

------

Fig 6.25 Meall

Mor: peat traverse MMO03

Geological symbols as for Fig 6.15



ppm Sb ppm As ppm

Bi

Se opm

247

o
o
1

1., 1

i

D' M P . = u
-400-300-200-100

Ml _rwr. W AT A B A & e n
100 200 300 400 500 600 7

00

a
m
10.0
7.5k
s5.0F
o \f\/\
| ST i PN SRR i PP SRS R | Y

0.0-..., P P, .
-400-300-200-1006 O

100 200 300 400 500
m

P r
5§00 70C

1.25¢
1.00

0.75¢t

T
——————

0.50F

0.25F

b

A

| PN AT I APET I I A A

. 0".,.I....I....l..
0 £]4CI[J--:‘SUI'J“ZDD-IUU

L s 3y |
0 100 200 300 400 500 600 700

m

PSS BT i |

a1l L | | NI

1444

0.0 S
-400-300-200-100

r sl i Pl B
0 !00 200 300 400 S00 600 700

Fig 6.26 Meall Mor: peat traverse MMo03
Geological symbols as for Fig 6.15



248

copper in MMO3 (reaching 6.5 ppm relative to 0.5 ppm
background) while it is erratic in MM0O2. In contrast,
antimony is enriched over much of the pyritiferous zone
on MMO3, particularly near its western edge, but is
associated (as is arsenic) with a single point lead
anomaly on MMQO2. On MMO3 arsenic is much more erratic
with only single point anomalies, again mainly at the
edge of the pyritiferous zone. Bismuth is also enriched
over the pyrite zone on MMO3 and very erratic on MMO2.
Pathfinders are generally higher in peats than the
till with selenium particularly enriched (Fig. 6.23 -
6.26). The more consistent till anomalies of MMO3 are
reflected in the antimony and selenium anomalies over the
pyritiferous zone while the single point high (Cu, 2n,
As, Sb) is associated with a peaty area draining anomalous
bedrock. Pathfinder patterns along MMO2 are more erratic
and in general show little correlation with known mineral-
ization. Copper is the only useful indicator element in
peats, where it mirrors anomalies in till. Iron and
manganese in peat are much more erratic than in the under-

lying till. .

c) Stream Sediments and Waters (MMOQO1)

In the regional survey arsenic and antimony give
coherent though differing anomalies. The major arsenic
high (Fig. 6.27) is upstream from the pyrite zone and
reflects input from two tributaries draining south across
the lower part of the Upper Erins Quartzite. Anomalous
antimony values are found downstream from both a lead
zinc show (83057385) and, more impeortantly, from the copper
occurrences withwthe pyritiferous zone. Selenium values
are erratic, and highs are associated with peat accumulation
(87607400 and 82507410). Minor selenium enrichments also
occur downstream from the pyrite zone. Bismuth has a
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background distribution.

The detailed sediment fractionation (Fig. 6.28 -
6.29) shows considerable contrast between arsenic and
antimony. Arsenic is strongly anomalous near the origin
of the traverse, reflecting the mineralized inputs noted
above. The coarser fractions are enriched for 500 m
downstream but arsenic is relatively enriched in the
finest fractions. Antimony is anomalous in all fractions
with relatively slow downstream dispersion (300 m) from
the main input at 900 m while there is a lesser source
coincident with the main arsenic anomaly. The limited
selenium data show that selenium is enriched in the
finest fraction, as to a lesser degree is bismuth.

Limited water samples were collected along the
same stretch of the river. The main sediment arsenic
input is reflected in the particulates but not in the
dissolved phase (Figs. 6.30, 6.31). Antimony concentrations
are near the analytical detection limit for the dissolved
phase with all values below it (.03, g/1l) for particulates,
except for a distinct enrichment in the soluble antimony
downstream from the upper input. There seems little
pattern in the bismuth concentration in soluble or parti-
culate phases but soluble selenium is high downstream from

the main occurrences.

6.2.3 Discussion

Primary antimony and selenium anomalies occur in the
pyritiferous quartzite. Their distribution differs in
detail from that of copper and zinc possibly as a consequence
of metamorphic remocbilisation. Regiocnal stream sediments
indicate that the main arsenic concentration is found in
the lower part of the Upper Erins Quartzite distant
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from the pyritiferous quartzite, although minor concentra-
tions occur at its edge and together with antimony, in
lead-rich veins.

The lack of data on primary distribution means that
conclusions on pathfinder dispersion are tentative.
Auvugering by the I.G.S. demonstrates the till is thin
(mainly less than 1 m) and till anomalies in copper
directly overlie bedrock highs. The only feature which
provides some clue as to the mechanism of dispersion is
the correlation of anomalies in peat with those in the
underlying till. Bismuth, antimony and selenium are
dispersed from the more coherent anomaly on MMO3 but the
selenium high 1is indistinguishable from 'noise' over
background rocks. The arsenic distribution in peats is
enigmatic and bears little relation to till anomalies
or to iron.

The stream sediments are much more useful with
arsenic, antimony and selenium giving distinctive anomalies.
Arsenic 1is concentrated in the finest fraction of the
sediments and dispersion in the fine (-190p») fraction
sampled probably develops by transport of the arsenic
enriched particulate phase as there is little arsenic in
solution and it shows no correlation with the sediment
highs. 1In contrast antimony is anomalous in all fractions
downstream from the main copper occurrences, with a larger
anomalous dispersion train in the course fractions. This,
coupled with low concentrations in water, suggests that
the mechanism of dispersion is predominantly clastic.
Selenium is concentrated strongly in localised organic
accumulations and in background samples in the finest
fractions. This probably reflects adsorption from waters
enriched in selenium.

Although antimony and selenium are anomalous in
copper-rich pyritiferous quartzite they show little
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correlation in detail with copper or zinc. Thus they

are of little use in detailed exploration at Meall Mor
although they may be useful in similar deposits where

indicator elements are leached.

6.3 Glendinning, Borders, Scotland

The Glendinning antimony deposit, which was mined
in the early part of this century, was selected for
further investigation as generally high pathfinder values
were reported by I.G.S. in surficial material (Gallagher
et al, 1982)}. Such values make environmental effects
easier to measure, although they may quantitatively differ
from those at lower concentrations.

6.3.1 Geology (Gallagher et al, 1982)

The deposit has a similar association to Clontibret,
but is essentially isolated. It is mainly stratiform
but has later vein mineralization superimposed.
The host sediments are Silurian turbidites (Fig. 6.32)
comprising interlaminated fine sandstone and siltstones.
They generally strike NE with a steep SE dip and show
tight folding and shearing in NNE zones.
The stratiform mineralization is predominantly
pyrite and stibniferous arsenopyrite (100 ppm Sb) and this
is concentrated in fine grained sandstones and intraformational
breccias. The mineralization probably occurs over a few
tens of metres of stratigraphical thickness.
The later stage mineralization consists of dolomite
with pyrite, arsenpyrite, galena, bournonite, sphalerite
and chalcopyrite with still later stibnite and dolomite.
This last phase is tentatatively correlated with the previously
worked mineralization, which is thought to occur in a vein.
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a) Surficial Geology

The area has been extensively glaciated but the only
remnants are paleo valley fill. This reaches tens of
metres near the old mine where it is slightly to the
north of but approximately parallel to the present day
river. Thin peats cover much of the area.

6.3.2 Programme

Two parallel soil traverses (GD02 and GDO3) were
sampled to establish the distribution of arsenic and
antimony upslope from the old mine.

Stream sediments were taken both in the stream
draining the known mineralization (Glenshanna Burn) and
background rivers. This was followed up by detailed
water sampling in Glenshanna Burn.

a) Soil Traverses GD02 and GDOR

The arsenic and antimony of both traverses is
similar to the regional distribution established by the
I.G.S. Both elements form linear anomalies striking NNE
with some arsenic enrichment in the valley floor (Fig. 6. 33)
6.34). The highest anomalies (Figs. 6.36 - 6.40)} (maximum
3000 ppm As relative to 15 ppm background, 90 ppm Sb
relative to 5 ppm ) correlate with the projections at the
surface of mineralization intersected by diamond drilling
(Fig. 6.35). There seems little overall correlation with
iron and manganese except at the eastern anomaly
(GDo2, 125 m).

Minor base metal anomalies (nitric acid attack)
correlate with arsenic and antimony highs but the patterns
are much less definitive than those found by the I.G.S.
They only reach twice background and values are also
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high at a distance from the mineralization. Calcium is
more convincing with anomalies reaching 4000 ppm Ca
relative to 200 ppm background.

Bismuth and selenium show background distribution.

b) Stream Sediments GDOL

Both arsenic and antimony (Fig. 6.40) are strongly
anomalous in the Glenshanna Burn. Typical values are
200 ppm As relative to 12 ppm in sediments and 30 ppm Sb
relative to 3 ppm background. The distribution of these
environments is described in section (e¢). The elements
are also enriched in Meggat Water south of its confluence
with Glenshanna Burn but these enrichments may be related
to smelting contamination near Glendinning Farm. Bismuth
and selenium shows little ﬁariationrexcept perhaps that
selenium is slightly higher in Glenshanna Burn.

No comparable data is available for the transition
metals.

c) Detailed Investigation of Glenshanna
Burn '

Water and stream sediments were collected at
approximately 100 m distances along the rivers and examined
in detail.

Comparison of the arsenic and antimony content of the
dissolved and particulate water phases and stream sediment
(arsenic, Fig. 6.41) demonstrate that there are several
inputs of mineralized material. Three inputs can immediately
be identified: +the area south of the adit mouth, consisting
of mine spoil;a minor tributary north of the powder hut;
and a tributary west of the western end of GDO2. The
The first and second mentioned inputs are probably more
important than the third. In addition they may be some
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input from the regional soil anomaly around the powder
hut.

The most immediate response to the mineralized input
from the mine spoil contamination (at 650 m) is in the
particulate phase of the waters but this is followed
immediately downstream by sharp increases in dissolved
and stream sediment arsenic. The main particulate and
dissolved arsenic anomalies occur (at 1060 m) immediately
downstream from the second mineralized input (arsenic
values of 480 ppm in tributary stream sediments). Arsenic
anomalies persist down Glenshanna Burn in all phases with
those 1n the dissolved phase particularly enriched.
Speciation studies (Fig. 6.42) of the dissolved phase
(using the method of Pahlavanpour and Thompson, 1981)
demonstrate that arsenic is transported almost exclusively
in the arsenic (5*) valency state with very localised and
lesser concentrations of organic speciles downstream from the
lower inputs (Fig. 6.42). Physical separation of the
stream sediment into size fractions (Figs. 6.43 - 6.44)
demonstrates that arsenic occurs predominantly in the
finest grained fractions of the sediment although all
fractions are enriched to at least twice background down-
stream from the mineralization. The limited iron data does
not show a strong correlation with arsenic.

Antimony concentrations are much lower than those
of arsenic and are near the analytical detection limit
in particulate phase and in solution. Anomalous values
(Table 6.4 ) in both particulates and solution are present
downstream from the lower mineralized inputs. The more
sensitive co-precipitation method gave determinations of
0.1 ppb Sb in background waters and in a reconnalssance
sample from Megatt Water, compared to up to 14 ppb in
Glenshanna Burn, suggesting that these waters are strongly

anomalous in antimony. The behaviour of antimony in



Table 6.4

Sample
No.

D~ n

11
12
13
14
17
20
23

28
30

Antimony Values in Glenshanna Burn

m

210
420
570
690
770
870
1060
1260
1470
1650
1870
2100

Dissolved
Sb (ppb)

5
<5
<5
<5
<5
<5
<5
14

5
6

5
<5
<5

Particulate -190 e m
Sb (ppb) Stream Sediment
Sb_(ppm)
< .04 L.9
<. 04 b.7
<.0hL h.2
<.04 5.4
<.04 7.4
<. 04 13.3
<.04 8.2
.06 10.8
<.04 25.3
<.04 16.0
<. 04 24.0
<.04 28.0
<.04 14.6
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stream sediment is very different from arsenic with
enrichment only in the coarser fractions downstream
from 1150 m,. but all fractions reflect the mineralized
input of spoil at 600 m. Unfractiocnated stream sediments
also show strong enrichment further down Glenshanna
Burn (Fig. 6.40).

Bismuth is also enriched mainly in the coarser
fractions but with occasional high values in the finest
sediments.

6.3.3 Discussion

The enigma at Glendinning is the location of the
previously worked antimony vein, which was not inter-
sected during the I.G.S. drilling investigation, and it is
thus difficult to discuss the so0il geochemistry with total
confidence. The two linear soil anomalies seem, on
extrapolation from subsurface data (Fig. 6.35) to represent
the surface expressions of stratiform and fracture
hosted arsenic and antimony mineralization. Although both
anomalies occur in minor stream beds scavenging (or at
least correlation with iron and manganese) is only associated
with the highly anomalous eastern area. Arsenic and antimony
are the most effective elements to locate the mineraliz-
ation where soil is thin. In the glacial paleovalley
broad arsenic anomalies are observed from the I.G.S.
data and probably represent hydromorphic dispersion.

Regional stream sediments show that Glenshanna
Burn is strongly anomalous in arsenic and antimony. The
anomalies in Meggat Water downstream from its confluence
with Glenshanna Burn are probably partly due to contamination
from ore smelting at Glendinning Farm. Contamination is
also a problem in Glenshanna Burn and it is difficult to
decide what contribution it makes to metal input. The
spoil heap (at 700 m) is certainly one of the main inputs
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into the river and Gallagher et al (1982) report that
fresh sulphides can be panned from the river near the
powder hut. Data presented here, however, suggest that
the most important input (at 1000 m) is derived from a
minor tributary which drains anomalous till and carries
pathfinders in solution. Thus a high proportion of
metal in the drainage originates from the soil anomaly.
Arsenic is transported both in the particulate
and more abundant dissolved phases. The interaction
between these phases and sediments is difficult to establish
but particulate and sediments show a high correlation.
The enrichment in the finest fraction suggests that
arsenic is co-precipitated with or adsorbed onto fine
particles. Speciation studies demonstrate that As(5%)
is dominant in solution with only minor proportions of
As(3*) and organic arsenic species in peaty areas.
Antimony is strongly anomalous in sediments and
waters, but differs from arsenic in that anomalous
values occur in all fractions downstream from the bedrock
anomaly but especially in coarser fractions further down-
stream. This distribution is compatible with placer
development (for theory see Gladwell, 1981) and suggests
that dispersion is exclusively clastic. Interpretation
of dissolved and particulate data is hampered by the number
of samples near or below the analytical detection limit.
Anomalous concentrations in water are almost exclusively
confined to the soluble phase and derived from the natural

soil anomaly.
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CHAPTER 7 CARBONATE HOSTED DEPOSITS IN GLACTATED TERRAIN

The carbonate hosted zinc-lead and copper silver
deposits of the central Irish plain exemplify the problems
of using exploration geochemistry in glaciated terrain.
All of the major discoveries, to date, are credited to
geochemistry in some degree and the most important
discovery, Navan, was a direct result of soil geochemical
methods. The prospective area with shallow till cover
has been now explored and the current problem is to
recognise geochemical signatures through thicker deposits
(Cazalet, 1982). This has led to the routine use of deep
sampling techniques to collect samples of basal (lodgement)
till and to detailed mapping of the Quaternary deposits
(Cohen and Stanley, 1982).

In this research, two reconnaissance surveys (at
Keel and ﬁaliow) wére‘designed to assess the mobility of
pathfinder elements and compare them with the indicator
elements (Pb, Zn, Cu) normally used in Ireland.

The mineral deposits of the Irish Midlands show
considerable variation in character ranging from vein
like deposits to the recently discovered prospects in Co.
Kildare, which are comparable to the brecciaform ores
of East Tennessee. Calcareous shoreline to marginal
marine sediments of Carboniferous age are the host rocks.

The expoited Zn-Pb-Cu deposits are stratabound and
probably deposited as a result of paleo-~seafloor exhalative
activity during the deposition of carbonate sediment.

In contrast the copper-silver deposits (occuring in the
sourthern part of the Irish plain) are associated with
sediments transitional between clastic and carbonate
deposition and are more obviously epigenetic in character.
They are, however, probably of similar origin to the zinc
rich type. (Little is known of the Karstiform (Zn-Pb)
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deposits of the upper (Chadian) part of the sequence.)
Mallow is a good example of the epigenetic copper silver
type while the Keel zinc deposit does not fit into either
end member type but has an epigenetic character.

7.1 Keel, Co. Longford, Ireland

The original geochemical surveys by Riofinex, (which
led to the subsurface exploration of the prospect}, and
subsequent research (Evans 1971) discovered complex
lead zinc soil anomalies. The anomalies are broad and
the location of the relatively nharrow mineralization is
not obvious.

The prospect is located 10 km south of Longford
City and resources are estimated at 1.8 m tons of 7% Zn.

The topography is gently rolling with hills of approximately
100 m in height. |

7.1.1 Geology (Patterson, 1970)

a)  Solid Geology (Fig. 6.1)

The host sediments to the deposit are a mixture of
Lower Carboniferous clastic and carbonate sediments. They
were deposited unconformably on a basement of deformed
Silurian coarse sandstones and shales, which are thought
to form partial horst blocks (Smith, 1980).

The host sediments reflect a gradual marine trans-
gression from the south. The basal clastic unit consists
of alternations of arenaceous conglomerate and sandstone
and is overlain by the Mixed Beds, which comprise a
basal impure sandstone, followed by bioclastic dolomite
and finally interbedded dolomitized sandstones and mudstones.
The succeeding Bioclastic Limestone is made up of inter-
bedded fossiliferous limestone and sandstone, and it
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interdigitates with the overlying massive Reef (or, more
accurately, bank) Limestone, the base of which is patchily
pyritic.

Hercynian tectonism folded the Lower Carboniferous
beds, tilted the sequence to the south, and produced
north dipping low angle normal faulting and south dipping
high angle faulting. There are also later (?Tertiary)
faults throwing both east and west.

Massive sulphides are structurally controlled and
occupy some of the Hercynian high angle faults. The
mineralization is restricted to the Mixed Beds and Lower
Clastic units and is sharply truncated at the overlying
Bioclastic Limestone and underlying Silurian basement.

Typically the mineralization grades 2 - 15% Zn
over 3 - 15 m. The main ore mineral is cadmium-rich
sphalerite with minor galena, argentian tetrahedrite,
pyrite, moercasite and traces of sulphosalts. The gangue
is carbonate and gquartz.

Minor disseminated stratabound sphalerite is known
from the Mixed Beds and Upper Quartzitic sandstone.
Significant massive pyrite, with minor galena and sphalerite,
occurs in the 'Reef' limestone.

b) Lithogeochemistry (Watline, 1973)

Watling's investigations show there is no indicator
element halo surrounding the mineralization, although
the Upper Mixed Beds are enriched in iron and manganese.
Concentrations of cadmium, mercury and silver correlate
with zinc as, to a lesser extent, does copper. There 1is
some suggestion that the Zn/Pb ratio of the mineralization
decreases with the depth and northwards. ZEmission spectro-
graph determinations show that silver is preferentially
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enriched in galena (approx. 3% of ore minerals), as is
antimony. Typical concentrations in galena are 1000 ppm
Ag and 5000 ppm Sb while the sphalerite has 150 ppm Ag,
1000 ppm Sb and 15000 ppm Cd.

c) Surficial Geology (Evans, 1971)

An important feature of Keel geology is the develop-
ment of a sub-till gossanous zone in the Mixed Beds. This
lies to the north of, and is not contiguous with the
mineralized faults. The gossanous area is known as the
Decomposed Zone and probably represents the weathered
remains of disseminated sulphides. The age of the zone
is unknown but is probably a composite of pre-, inter-
and post-glacial weathering and is comparable to the
secondary orebody at Tynagh. The Decomposed Zone is
considerably enriched in several elements: notably manganese
(2 - 9%), iron (. t - 32 7 ), mercury (2 - 160 ppm) and
barium {1000 - 17000 ppm)s with localised enrichments
in antimony (mean 16 ppm) and arsenic (mean 95 ppm).

During the Pleistocene glacial till was deposited
over the Keel area from the north and west. The till 1is
typically 2 - 7 m thick, but locally reaches 18 m. At
surface, poorly drained podzols have developed, although
their A and B horizons have been admixed by ploughing.
Basin peats are locally developed, notably west of the
Keel shaft.

7.1.2 Programme

The three soil traverses were designed to investigate
specific aspects of Keel geochemistry. A long regional
traverse (KLOl) crosses the Decomposed Zone, mineralized
faults and the main part of the complex lead-zinc anomalies.
Deep overburden Cobra drill sampling was used to follow up
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this traverse. Two other traverses were used to study
element enrichment in the basin peat (KLO2) and hydromorphic
anomalies associated with the banks of drainages (KL0O3).

In addition, six stream sediment and water samples
represent a limited investigation of dispersion in surface

drainage.

a) Regional Traverse KLOL

The lead and zinc concentrations (Fig. 7.5) are
comparable to those of the regional studies (Figs. 7.3,
7.4). The lead maximum is 800 ppm relative to 20 ppm
background on the Silurian, while comparable zinc values
are 1200 ppm relative to 50 ppm. The twin peaked lead
pattern is more consistent than zinc which is very ragged.
The indicator elements are high over the subcrop of the
Decomposed Zone but lower over that of mineralized faults
(1200 m and 1350 m respectively). A lead peak and
high zinc values north of the Decomposed Zone (950 m)
are thus developed upslope and upice from the known mineral-
ization. Anomalous zinc values at 1800 m occur on the
banks of a minor drainage channel. Copper has a back-
ground distribution with only single point highs

Iron and manganeése have very different distributions.
Manganese shows a distinct anomalous population with the
highest values over the subcrop of the Decomposed Zone at
1120. Factor analysis shows that manganese, arsenic,
antimony and to a lesser extent lead and zinc have highs
loading on one factor {factor 1, Table 7.1) and that
high factor scores occur over the subcrop of the Decomposed
Zone and to a lesser degree over the Silurian inlier
(at 800 m). Calcium is low over the suboutcrop of the
lowest Carboniferous units (700 -850 m) and Mixed Beds
(1000 - 1400 m), while organic carbon shows little variation
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PB
ZN
FE
MN
CA
NI
AS
SB
BI
SE

FACT 1
-.4899
-.6523
-.7382
- 3672
-.6689

2284
-.1303
-.8491
-.8719
- 4450
-.3990

.2943

Table 7.1 Factor loadings unrotated 5 factor model

FACT 2
-.0286
-.6781
-.5232
6012
. 4860
-.2141
727
-.1290
-.1766
+5795
4471
-.1785

FACT 3
+2220
0115
.1076
.0556
.1386
3274
.1989
.2227
-.0925
-.0736

-4792

8321

L
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FACT 4
- 1767
~.0194
-.0165
.4846
.0720
-6696
-.5025
1793
.0220
-.0197
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~.1224

FACT 5
-.1508

0706
-.0213
-.1123
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-.0085
-.0635
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-.0279
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except for a peak over a bog at 550 m.

Antimony has a distinct peak over the subcrop of
the Decomposed Zone (Fig. 7.5) reaching 6.5 ppm relative
to background of 1 ppm. There are lesser highs to its
south and over the Silurian inlier. Arsenic has a some-
what similar distribution to antimony with the high at
850 more pronounced, reaching 35 ppm relative to back-
ground of 10 ppm As, and that over the Decomposed Zone
less obvious. Bismuth has a background distribution,as
has selenium (apart from a single point high over the
suboutcrop of the Decomposed Zone).

b) Till Profile (KILO1)

Four Cobra drill holes were sunk through the till:
at 1130 m over the main antimony anomaly; at 1350 m over
the suboutcrop of a mineralized fault; and two background
sites at 1530 and 1850 m.

Zzinc, lead and cadmium (Fig. 7.8) show very similar
distribution with enrichment throughout the profile at
1130 m and at the surface on 1350 m, where zinc and
cadmium are strongly anomalous.

Silver, antimony, manganese (Fig. 7.8, 7.9) and to
a lesser degree barium are also enriched in the profile
over the Decomposed Zone. Antimony and silver are also
enriched at 1 m depth, antimony at 1530 m and silver at
1350 m.

Iron shows a very different distribution with enrich-
ment mainly at the surface and intermediate depth. It has
strong correlation with arsenic, so that arsenic is enriched
at the surface at 1130 and 1350 m and at 1 m in profiles
1530 and 1850 m. The distribution of calcium at depth
correlates strongly with geology, as high values occur over
the subcrop of the limestones. However, there is leaching of
both calcium and magnesium from the surface.
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Geological symbols as for Fig 7.1

290

KEY
- 20.00

200.00

Y

400.00
700.00

4 B

1%

Zinc ppm

KEY
- 20.00
oe21.50

O 2

3.00
[z 4.50

Codmium ppm

KEY

v

0.00
0.40

hY

0.70

H G

2 1.00

Silver ppm

KEY -
- 20.00

o2

250.00
0O 2 500.00

[0z 1000.00

2

Lead ppm

KEY
0.00

a
v

1.50

[\

3.00
4.50

3 @

LY

Antimony ppm



Depth {m) Depth (m} Depth (m) Depth (m)

Depth (m)

0.0’ u M 5 =
l.UEl— a o M M
2.0F ‘o 13| (] o
b N
3.0} PN al ) ]
s.0f SO
5'%: 1 | e i A i i
1000 1250 1500 1750 2000
Location {m)
0.0¢ . -
t.0f . . o
2.0F - o ™ ]
o hY
3.0;— N o M o
s.0F N a
5. : " I i i 1 e
I%UO 125¢ 1500 1750 2000
Location {m)
0.0
; (] {3 a .
1.0f [ o E] M
2_05. N, o o .
3 \
3.0F a s o o O
a.0F A L)
5- : i " L P | i
I%UU 1250 1500 1750 2000
Location (m)
.0
1.0F L] o
2.0_5- . o (1) o
3 uE A () |
U . a
] AY
4.0F O
5-%: A 1 i i 1 A 1 A .
1000 1250 1500 1750 2000
Locotion (m)
0.0
] o o o U]
1.0 . . a o
2.0F - o . a
3.05— ~\ o o .
4.0F N o
S. : 1 — a1 .
1%00 1250 1500 1750 2000

Fig 7.9 Keel: till profile KLoI
Geological symbols as for Fig 7.1

291

KEY
- 20.00

o 2 10000.00
Oz 15000.00
[z 20000.00

Iron ppm

KEY
- 20.00

u

v

10000.00
M 2z 25000.00
("] = so0000-.00

Colcium ppm

KEY
+20.00

oz 10.00
0z 15.00
(2 20.600

Arsenic ppm

KEY
- 20.00

o20.15
M0z0.30
("1z 0.45

Selenium ppm

KEY
- 20.00

oz0.15
0o=z0.30
Mz o.45

Bismuth ppm



292

Bismuth values are low and there is no obvious
pattern except a marked concentration in the coarse
(* 190wm ) fraction. Selenium is enriched at the surface
over the Decomposed Zone and at depth on profiles 1350
and 1830 m.

c) Soil Traverse KL0O2

High lead and zinc concentrations correlate with
the location of the basin peat (Fig. 7.10) with high lead
values also occurring over the subcrop of the Decomposed
Zone. Maximum zinc values (in peat) are extremely high,
reaching 16%, and they overlie the inferred subcrop of
the mineralized fault beneath the peatbog. There is also
a small copper anomaly in this area although the element
is generally low over the bog.

Iron and manganese are low over the bog and concentrate
at the southern edge (500 - 600 m). In contrast calcium
is high over the bog.

Arsenic and antimony have very different patterns:
antimony is high over the bog (14 ppm relative to 1 ppm
background) while arsenic correlates with iron and is
high at the edge of the bog. Bismuth has little contrast
but it is generally lower over the bog.

d) So0il Traverse KL0O3

Zinc (Fig. 7.12) confirms the previous work with the
centre of the zinc anomaly correlating with the river.
There are no comparable anomalies in any other element.

e) Stream Sediments and Water s KLO4

The limited drainage survey shows significant
sediment anomalies in zinc and cadmium (Fig. 7.13) with
zinc reaching 490 ppm relative to background of 100 ppm
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and cadmium 24 ppm relative to 1 ppm Cd background.
Calcium shows a very similar pattern but other elements
including arsenic and antimony have little contrast.

Zin¢ in solution shows a similar distribution to
that in the sediments reaching 140 ppb relative to back-
ground of 5 ppb. Arsenic shows a strong correlation
with sodium and potassium and is not enriched downstream
from the mineralization. Other pathfinders are at or near
the analytical detection limit for the elements. There
is little variation in pH except for the southernmost
sample. There a pH increase correlates with a rise in
dissolved calecium, as the stream flows onto till which
overlies limestone (Fig. 7.14)

7-1.3 Discussion

Regional lead and zinc anomalies make the recognition
of mineralization in the Keel area relatively easy but
they do little to pinpoint drill targets. Antimony in
well drained solls does however locate the Decomposed
Zone and can be recommended in a detailed exploration
programme. Complementary studies on vapour geochemistry
demonstrate that COS is the only known geochemical guide
to the mineralized faults although AOZ and 002 locate
the southernmost mineralized fault and mercury is part-
icularly high over both the northern mineralized faults
and the Decomposed Zone (Lovell et al, 1979; Hale and
Moon, 1982).

The broad lead and zinc soil anomalies are not
fully explicable from available data. Till profiles,
with metals smeared on the surface to the south of the
Decomposed Zone, demonstrate the hydromorphic nature of
transport of metal southwards. The lack of surficial
geochemical expression of the faults can be explained as
a result of the inhibiting effect of the thicker till
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on element dispersion. Anomalous lead and zinc values
occur north, and thus up-ice and upslope from the Decomposed
Zone and require a different explanation. The metals in
the anomaly north of the Decomposed Zone are possibly also more
loosely bound than that south of it. (This suggestion is
based on stepwise thermal volatilisation studies by A.
Bourne which give highly anomalous values over this northern
s0il anomaly). Two obvious alternative explanations are:
(i) that the gentle hydrostatic gradient and very shallow
water table mean that upslope dispersion is possible or
(ii) the anomalies represent dispersion southward from
and undiscovered metal enrichment to the north of the
Decomposed Zone, possibly related to the Silurian inlier
(between 700 and 300 m on KLOl). I favour the latter
alternative as the metal in the northern anomalies is lead
rather than the potentially more mobile zinc. Zinc is
also strongly concentrated in the peat bog and along the
banks of rivers, which transport the metal in solution
(gq.v.). It is not obvious whether the zinc and other metals
in the bogare derived from the underlying mineralized
faults or from infiltration of anomalous soil waters.

Antimony is anomalous over the subcrop of the
Decomposed Zone and is strongly enriched in the basin
peat bog. Dispersion in till is very limited, reflecting
the relative insolubility of antimony. The association of
antimony with the peat bog indicates that it is either
fixed as reduced sulphide or by complexation with organic
matter. The known affinity of zinc for organic matter
{Cannon, 1955) and the zinc-antimony association suggest
the latter possibility is more likely. Complexation of
antimony with organic acids has been shown to occur
experimentally (Bowen et al, 1979).

Arsenic is enriched over both base metal anomalies
on KLOl but profiles indicate that it is relatively mobile



300

and fixed by iron oxides. This situation also applies to
the peat bog in which arsenic is fixed by iron oxides
precipitated around its margins.

Only zinc and cadmlum disperse into stream sediments
and waters. Arsenic and antimony values are background,
presumably because the elements are fixed in soils or
bogs. Hydromorphic infiltration anomalies along the banks
of the rivers only occur for zinc and cadmium.

Lead, zinc, antimony, cadmium and, from literature
evidence, mercury, are recommended in the analysis of
soil samples. Basal till sampling is undoubtedly superior
and this is the optimum medium. Stream sediment sampling
for zinc, although initially effective in the Riofinex
exploration programme, is of 1limited value as the rivers
have limited erosive power and most of the area is covered
with thicker till than the Keel area.

7.2 Mallow, Co. Cork, Ireland

The Mallow deposit is a resource of 4 million tons
of 0.7% copper and 25 g/t silver and occurs 6 km north
of the town of the same name (Wilbur and Royall, 1975).

The geochemical problem at Mallow is that the
copper response in soils over the sub-outcrop of the
mineralization is weak and not definitive. Pathfinder
elements and volatiles are known to be associated with
the similar Gortdrum deposit, which is 50 km to the
northeast (Williams and McArdle, 1978; Steed and Tyler,
1979).

721 Geology and Regional Geochemistry

a) So0lid Geology (Wilbur and Royall, 1975)

Mineralization occurs within a marginal marine
carbonate sequence, which is laterally equivalent to



the host rocks at Keel, some 180 km to the northeast.

The basal unit at Mallow is 0ld Red Sandstone of
mainly fluviatile origin. This is overlain by a 100 m
thick section with interbedded calcarenites and shales
{'Lowest Carboniferous Formation') followed by 60 m of
¢rinoidal bedded limestone (Tullacondra Limestone) and
a thick Waulsortian Reef complex.

Deformation in the Mallow area is more intense
than at Keel and the area is immediately north of a major
thrust belt. The mineralized section has been folded and
thrust into a dome (Fig. 7.15), which is cut by later,
approximately north-south trending dip-slip faults.

Mineralization is both stratabound, primarily in
shales, and crosscutting in near vertical calcitic veins.
The ore minerals, with chalcopyrite, bornite , chalcocite
and tennantite dominant, occur as disseminations and
fine veinlets. Other less common primary minerals are
native copper, native silver, galena, sphalerite, pyrite
and marcasite with calcite, dolomite, barite and quartsz
as gangue.

b) Surficial Geology

Till cover is ubiquitous and is of the earlier
Munsterian age with the younger (Midlandian) deposition
absent. Isopachs of drift (Fig. 7.16) demonstrate that

till over the 0ld Red Sandstone is relatively thin (usually

less than 5 m) but it is considerably thicker over the
limestone, reaching maximum thickness north of the quarry.
The soil cover is generally well drained except for boggy
areas over the maximum till development.

c) Regional Geochemistry

A regional soil survey, carried out by Munster Base
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Metals Ltd. using a 150 m grid, shows anomalies of up to
80 ppm Cu relative to background of 40 ppm (colorimetric
analysis, Wilbur and Royall, 1975). Follow up sampling
(0.6 m depth) revealed a complex anomaly with a general
north-~south trend. More detailed investigation of till
profiles highlighted the influence of till thickness,
with an absence of surface anomalies in areas of greater
than 4 m cover on mineralized limestones.

Regional %11l sampling data (at 2 m depth), kindly
made avallable by Munster Base Metals, demonstrates the
complex nature of the copper, lsad and zinc anomalies.
Copper shows a general SSW trend with high values mainly
occurring over sandstone bedrock. The anomaly near the
known mineralizationfét the far north of the trend.

Lead is high, with a north-south trend approximately
600 m to the south and slightly to the east of the copper
anomaly. High zinc values are more restricted, occurring
at the southern end of the lead anomaly (Fig. 7.17).

7.2.2 Programme

Two, roughly perpendicular, soil traverses were
designed to cross the copper mineralization and also
transect some of the untested lead and zinc deep over-
burden anomalies. Transition metals were determined by
atomic absorption and pathfinders via the coprecipitation
method (and MWO2 samples using the lanthanum nitrate
method )-

a) S0il Traverse MWOl

The suboutcrop of the mineralization is reflected in
the prominent copper anomaly from 200 to 800 m (Fig. 7.18),
which has a maximum of 300 ppm relative to 30 ppm Cu back-
ground. The twice background anomaly between 650 and 800 m

overlies sandstone suboutcrop. Lead and zinc show very
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different distributions: lead is anomalous over much of

the sandstone subcrop, reaching 230 ppm relative to 40 ppm
background while zinc only reaches 150 ppm relative to 100 ppm
background over the mixed lithologies (1600-1700 m). A

very minor silver anomaly occurs over the mineralization

with 3.5 ppm relative to 2 ppm background.

Iron shows little variation except at the northern end
over a boggy area (0 - 250 m). In contrast manganese
correlates with copper in the northern part of the
traverse and in general it is high over the sandstone
suboutcrop. Calcium gives some indication of the lithology
of the bedrock but this pattern is subdued relative to
the single point anomalies, presumably related to sampling
limestone boulders (Fig. 7.19).

0f the pathfinders only arsenic shows much variation.
Like manganese it is high over the sandstone suboutcrop
but is correlated with anomalous copper values in the
north of the traverse and lead in the south (reaching
a maximum of 20 ppm relative to background of 7 ppin.

b) Soil Traverse Mw0z (Figs. 7.21 - 7.23)

The distribution of the elements is similar to that
of MWO1l with a distinct copper anomaly from 500 - 650 m
reaching to 180 ppm relative to 30 ppm background. There
is a distinct diminution in the background £ of 1400 m.
Lead anomalies are lower (90 ppm than MWOl but restricted
to the eastern end of the traverse. Zinc, in contrast, has
a background distribution with a low between 900 - 100 m.

Manganese shows considerable variation with a low
from 700 - 1000 m but the highest values at the eastern
end of the traverse. Calcium has a distinct change in
background values at 1400 m.

Arsenic correlates with lead and there is a distinct
change in background at 1600 m with a discrete anomaly
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reaching 80 ppm As (relative to 30 ppm background east

of 1600 m and 15 ppm west of 1600 m). Antimony has a
distinct anomdy (2.5 ppm Sb relative to 0.5 ppm background)
assoclated with the copper high but is also high at the
eastern end of the traverse. Bismuth and selenium have

background distributions.

7.2.3 Discussion

Interpretation of pathfinder dispersion is complicated
by two problems: (i) lack of knowledge of primary indicator
and pathfinder dispersion; and (i1i) lack of profiles
through the till. Arsenic soil anomalies are assoclated
with lead highs while antimony is enriched in both lead
and copper ancmalies.

Bedrock copper anomalies are developed within the
Lowest Carboniferous formation and the sandstones, about
500 m to the south (Wilbur, pers. comm., 1982). Thus
the deep till copper anomalies probably reflect the
primary distribution rather than the glacial dispersion.

The source of the lead and zinc till anomalies is unknown
although till geochemistry suggests that the sandstones
may be locally high in lead with zinc concentrated in the
lowest Carboniferous formation. Considerable further
research is required into the relation between primary
concentrations of various metals.

Detailed evaluation of the till profiles by Wilbur
and Royall (1975) suggests that copper dispersion through
the till is largely hydromorphic and inhibited by large
(»5 m) thicknesses of drift. There is probably local
copper contamination of soils,as slaked copper rich lime-
stone has been used as a fertilizer (Wilbur, 1982 pers.
comm. )

The conclusions from this study are that the association
-of antimony with copper suggests that it is probably a
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useful pathfinder for copper-silver deposits in the
Irish Central Plain although high values will be encount-
ered over bedrock lead enrichments. This zonation is
similar to that described from the Gortdrum deposit
(Steed and Tyler, 1979). Lithogeochemical studies there
demonstrate an outer zone of galena, sphalerite and
arsenopyrite three to four kilometres distant from the
nucleus of the copper-silver deposit. There is also
lithological control with copper concentrated in 01d Red
Sandstone and mixed clastic/limestone unit while lead and
zinc are associated with the upper limestone. Arsenic

is said to be concentrated in an impure limestone unit
(not present at Mallow) but the case for this seems
unproven, given the sampling pattern.

The lack of dispersion through till, and the
association of thick till with the prospective mixed
pelitic/carbonate host formation means that basal till
sampling is the recommended technique. Soil copper
(and antimony) anomalies will be greatly enhanced over
areas of the sandstone outcrop relative to those derived
from similar grade mineralization in the Lowest Carbon-

iferous formation.



Part III :
Comparison of Detailed Studies
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of Pathfinder Surficial
Dispersion; Exploration Implications;
and Conclusions
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CHAPTER 8 BEHAVIOUR OF PATHFINDERS IN THE SURFICIAL
ENVIRONMENT AND APPLICABILITY IN PROSPECTING

This chapter is intended to draw together the path-
finder data from the areas of detailed study (described
in Chapters 3 - 7), compare them with theoretical and other
observational evidence available, reach conclusions about
the relative importance of the mechanisms that control
dispersion and suggest how these might apply in other
climatic/pedological environments. The available case
histories of pathfinder geochemistry are then reviewed

and compared with results obtained here.

8.1 Surficial Dispersion - Theory and Evidence: A Review

Dispersion of pathfinder elements from rock involves
the removal of elements from rock into soils and solution,
and further into circulating groundwaters, sediments,
plants and the atmosphere (Fig. 8.1). The main dispersion
mechanisms are aqueous solution and clastic transport
although there are other mechanisms, such as electro-
chemical dispersion. Gaseous dispersion, which is not
normally applicable to transport of transition metals, is
of importance for the pathfinders.

Practical considerations mean that exploration
geochemists are interested in local dispersion (usually
less than ten kilometres) but global considerations can be
of a priorl importance for the atmophile elements
(particularly selenium).

The geochemical literature on the four pathfinders
is variable in quantity with little data available for
bismuth or antimony but with a voluminous literature for

the toxic pathfinders arsenic and selenium.
8.1.1 Arsenic

Arsenic sulphides are soluble in oxidising environments
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giving rise to arsenite (+3) and arsenate (+5) complex
anions. Past consideration of these reactions has been
largely limited to inorganic chemistry but orgasic

chemistry is extensive and important. This particularly
applies to oxidation reactions where bacteria such as
Thiobacillus ferooxidans, can catalyze the oxidations

of arsenopyrite to arsenite and arsenate causing an increase
of seven times in the rate of reaction (Ehrlich, 1981).

An Eh-pH diagram for the very simplistic As—OZ—HZO
system (Fig. 8.2) suggests that arsenate is the dominant
complex in oxidising environments while arsenite is stable
in more reducing conditions. Arsenic forms a number of
organic compounds, both in solution and as gaseous phases,
of which the most important are summarised in Table 8.1.

Analytical difficulties mean that speciation of
arsenic in background soil is unreported and information is
dependent on fractionation using sequential extraction.
Most arsenic is bound to reactive iron where this is high
but binding to reactive calcium or aluminid%ﬁ%%edominate
where iron is low (Woolson et al, 1971). Information on
the relative proportion of organic/inorganic species is
lacking ,but the correlation of arsenic with iron coupled with the
observations that adsorption of arsenate and MMAA (Table
8.1) follows a Langmuir isotherm (Holm et al, 1979)
suggests that the latter species dominate soil arsenic
systems. Arsenite complexes are adsorbed by iron but
adsorption shows a correlation with arsenic concentration
(Holm et al, 1979). Further research is, however, required.

The picture for waters and stream sediments 1is
much clearer and speciation techniques are now routine
(Braman et al, 1977; Andrae, 1977; Yamamoto et al, 1981;
Pahlavanpour and Thompson, 1981). Arsenate is the pre-
dominant ion in surface waters with methylated compounds

forming about 1C% of species (Waslenchuck and Windom, 1978)



Table 8.1

Formula

3_.
ASOu

A8033~

CHBASO(OH)Z

(CHB)ZASOOH

AsH3

(CHB)ZASH

(CHB)BAS
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Summary of Major Environmental Arsenic Speciles

(from Holm et al, 1979)

Name

Arsenate
Arsenite
Metharsonic Acid (MMAA)

Hydroxydimethyl Arsenic
Oxide (DMAA)

Arsine
Dimethyl Arsine

Trimethyl Arsine

Valency
5
*3
*3

+3

-3 Gaseous
-3 Gasgeous

-3 Gaseous
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Typical values in rivers from the eastern U.S. are 0.4 -

0.7 ppb (#g/1) of dissolved arsenate (Waslenchuck, 1978).
The particulate arsenic content of one river was 0.03 -

0.16 »g/1 relative to dissolved contents of 0.08 - 0.45 .g/1
(Table 8.2). Transported particulate arsenic is deposited
at the freshwater/seawater interface while dissolved

arsenic mixes conservatively with seawater (Waslenchuck, 1978).
In spite of its predominance the behaviour of dissolved
arsenate is apparently not ideal as a result of the
complexation with low molecular weight organic matter
(Waslenchuck, 1979). When arsenate ions are reactive it
appears that adsorption is the most important reaction,
while co-precipitation (which is favoured thermodynamically
but not kinetically) is unimportant (Holm et al, 1979;
Wagemann, 1978). Particulate arsenic in river water, once
produced, is apparently not labile (Waslenchuk :, 1978).
Speciation of pore waters from sediments indicates that
arsenate is the dominant anion near the surface, partly

as a result of microbially mediated demethylation, but
organic arsenic species are important at depth (Holm et al,
1979). The implication of this observation is that arsenic.
is fixed at the stream bottonm but mobility is
possible at depth.

Investigation of ground water demonstrates that
arsenic 1s transportable in the As(3) valency state
{Hawkins et al, 1980; Gulens et al, 1979). It alsoc seems
possible that As(3*) can form a soluble complex with iron
in the 3+ valency state {(Gulens et al, 1979).

These observations are consistent with the reported
behaviour of As from oxidising sulphide deposits. Arsenic
is strongly concentrated in gossans as summarised in
Fig. 8.4 (presumably by adsorption followed by compound
formation) but data from Chuguicamata indicate that
significant amounts of arsenic are concentrated in the



Table 8.2

Rivers

Seawater

Rainwater

Typical Pathfinder Content of Waters (ng/1)

As Sb Bi Se

Dissolved 80 -~ 4500 25 4900 - 1100
Particulate 730 - 160 - - -

350

740 - 1600 120 ~ 1100 13 - 2 $5 - 140

200 16 - 160 3 _

- no data

Data from: Waslenchuk 1978, 1979 for As

Andrae et al, 1981 and Schutz and Turekian, 1965
for Sb

Lee, 1982 for Bi

4>
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secondary Exotica deposit, some 7 km distant (Smith, 1982;
Wraith, 1982).

Vethylated compounds form in solution from reduced
arsenite anions and can give rise to methylated gases
(Fig. 8.3). Recent experiments, however, show that relatively
little arsenic is transformed into gaseous methyl arsenic
compounds, (Baker et al, 1981); a maximum of 0.7% trans-
formation was formed in two weeks with the reaction enhanced
below pH5.5 although reaction occurs over a range of
3.5 - 7-5 pH.

8.1.2 Antimeny

Much less data are available for antimony but its
key geochemical characteristics seem to be: the very low
solubility of antimony sulphide and sulphosalts; the almost
total lack of an organic chemistry in aqueous solutions; and
its lower volatility relative to arsenic as evidenced by
lesser volcanic input and probable absence of volatile
methylated compounds.

Consideration of a simplistic Eh-pH diagram (Fig. 8.2)
shows that native antimony is a good deal more stable than
its arsenic counterpart. Antimony is usually present as
sulphides or sulphosalts and laboratory studies indicate
that they are virtually insoluble in inorganic agueous
solution (Boyle, 1975)}. This picture changes if organic
speclies are considered and Russian studies quoted by Ehrlich
(1981) demonstrate that microbially mediated oxidation does
occur and may be important. The dominant complex formed
in solution is the antimonate, Sb0, (or more correctly,
the hydrolyzed species Sb(OH)é‘) with the antimonite field
much more restricted (Baes and Mesmer, 1976). Adsorption or
co-precipitation of antimonate ions with ferric hydroxides
is probably qualitatively similar to that of arsenate
anions, although co-precipitation is possibly relatively
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more important in the case of antimony.

Antimony also forms complex anions of the (Sb(SOa)Z‘)
type, which are soluble except in the presence of lead,
and may be of importance 1n oxidising sulphide deposits
(Boyle, 1975). Complexation with humic and fulvic acids
occurs at neutral to alkaline pHs with dissociation under
more acid conditions (Bowen et al, 1979; Valente, 1978).
The search for methylated antimony compounds, analagous
to those of arsenic, continued unsuccesgssfully for several
decades but culminated in the recent discovery of minor
concentrations in water (Challenger, 1978; Andrae et al,
1981).

Few data are available on the form of antimony in
soils. In Alaska dispersion is thought to be almost
entirely clastic with minor amounts taken up by organic
matter while antimony is associated with B horizon iron
oxide concentrations in New Brunswick (Sainsbury, 1957;
Presant, 1971). Research on antimony uptake in plants
shows that the element is taken up mainly in roots but
values in the stalk can reach those of extractable antimony
in soil (Pearce, 1979).

Recent analytical developments allow the speciation
of antimony in solution and initial results confirm the
predominance of Sb(5%*) complexes (Andrae et al, 1981).
Total dissolved antimony concentration 1s of the order of
25 - 320 ng/l (Table 8.2) with only very minor amounts
(<10%) of Sb(3+), and lesser concentrations of methyl-
stibnic acid (CHBSbO(OH)Z) or dimethylstibnic acid
((CH3)2SbO(OH)). The only reports of the transport of
antimony in surface waters are derived from the mineral-
ogical studies of Boyle(1l975) in the Yukon. He observed
that finely comminuted grains of antimony sulphides and
sulphosalts were present in the stream sediments and
concluded that the main mechanism of transport is as clastic
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grains with minor transport as co-precipitated coatings.
Mineralized groundwaters in the Carpathians contain
antimony in the form of Sb0,%”, HSb0,° and Sb(OH),"
{Krainov et al, 1979).

B.1.3 Bismuth

Data on bismuth, particularly at background concentra-
tions are very scarce. Native bismuth oxidises slowly
and bismuthinite is s ightly soluble {(Boyle, 1979: Wedepohl,
1969). 1In contrast to the other pathfinders, bismuth
is present in solution only as the (3+) valency state and
almost sxclusively as a cationic complex. The simplistic
Eh-pH diagram (Fig. 8.2) suggests that the bismuthyl ion
(BiO+) is stable in neutral to acid solutions (also
observed by Naumev et al, 1979). More sophisticated
studies show that the ion is hydrolysed in natural solution
with Big(OH)szﬁénd to a lesser extent Bi(OH)3o the stable
ions. The anionic complex Bi(OH)L‘L~ is much less stable than
the cationic complexes (Turner et al, 1981).

These differences in chemistry would, one expect
cause differences in surficial geochemistry relative to
other pathfinders. The overall behaviour, however, seems
similar to that of arsenic with concentrations in ferric
oxides, especially gossans {(Boyle and Dass, 1971; Smith
et al, 1982; Schiefler, 1966) These similarities can be
explained by specific adsorption or the formation of
insoluble bismuth oxides/salts as the result of acid-
base reactions (Stumm and Morgan, 1970; Boyle, 1979).
These salts are known to form rapidly and are frequently
described from the oxide zone of bismuth rich deposits
(Chukhrov et al, 1979)}. SEM scans of a bismuth enriched
gossan { Whim Creek) from Western Australia have not, however,
revealed any discrete minerals. This contrasts with the

easy identification of silver as halides. {silver is
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present in similar concentrations to bismuth )(Nickel,
pers. comm., 1983). Data from Chuquicamata porphyry
demonstrate that bismuth is concentrated in both the
gossan and supergene zones suggesting adsorption /co-
precipitation and sulphide development ( Wraith, 1982).
Typical concentrations of mineralized ground waters
range from 0.1 - 1 ppb Bi (Boyle, 1979).

The low temperature organic geochemistry is unknown,
but by extrapolation from the behaviour of antimony is
probably limited. Systematic data on the concentration
of bismuth in waters 1is lacking and 1t is only recently
that any information has become availablei it is summarised
in Table 8.2 (Lee, 1982).

8.1.4 Selenium

Controls on selenium dispersion are gqualitatively
quite similar to those of arsenic, with the formation of
mobile oxy-anionic complexes and a wide-ranging organic
chemistry.

Consideration of a simplistic Eh-pH diagram (Fig. 8.2)
suggests that native selenium is stable under reducing
conditions and selenite (Seu+) is the dominant soluble
phase. The occurrence of the selenate 1ion has been
the subject of considerable controversy with recent work
(Peterson et al, 1981) taking the view that the ion does
exist in natural conditions but is confined to extremely
alkaline oxidising conditions. The form of selenium
has great significance, as selenite is strongly adsorbed
by ferric oxides in contrast to selenate which 1s not
fixed at iron oxide geochemical barriers (Howard, 1977).

Iron oxides are undoubtedly the main control in
inorganic conditions but the influence of organic geochemistry
is unclear from the literature. Experimental studies
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(Nye and Peterson, 1975) concluded that much of the selenium
is complexed by organic matter and it can form a complex
with organic matter and iron (Levesque, 1974). Micro-
organisms probably play an important role in the trans-
formation of selenium species in soils and the known
reactions are summarized in Fig. 8.5. The quantitative
implications of these are generally unknown except for
volatilisation. This process is less important than for
arsenic (Baker et al, 1981) and 1s directly ccrrelatable
with the availability of water soluble selenium (Zeive

~ Organic Se
L NG
2~ 2~ : -
(CHJ,Se _ b SeO, SeO, Se”

lCFbSe 45:*§§%t::§‘ygié¢g/
" Seo - f

CuSe

Fig. 8.5 Selenium cycle: a - E. coli; b - bacteria;
¢ - actinomycetes; 4@ - fungi;
e - M. lactelyticus; f - Thiobacillus

fercoxidans

(After Ehrlich, 1981)

and Peterson, 1981). There is probably also a chemical
mechanism by which these volatile selenium compounds
are re-adsorbed by solls from the atmosphere (Peterson et
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al, 1981) and it has been argued that there is a correlation
between the selenium content of soil and rainfall in

Norway (Lag and Steinnes, 1978). It should be noted that
anthropogenic emissions are responsible for substantial,
though minority, percentage of the atmospheric selenium
content (Lantsky and Mackensie, 1979).

Selenium 1s taken up by plants into all parts of
their structures, and concentrations may exceed those of
soils. Selenate is taken up actively while the role of
selenite is passive. Seleno-amino-acids are generated as
a result of these uptakes but the mechanism is unclear
(Shamberger, 1981).

Detailed research on Canadian soil profiles shows
that selenium 1s enriched in near surface organic layers
and in the B horizon (Levesque, 1974b). The element
correlates strongly with organic carbon, and less with
parent material and Levesque suggests that enrichment.of
the B horizon may be the result of downward migration of
organo-selenium-(iron) complexes. Recent research at
Imperial College extends these observations and found selenium
accumulated in the organic rich A and iron rich B horizon
in podzols (Smith, 1983). 1In brown earths selenium
concentrations decreases downward with decreasing 1iron
oxides and organic carbon while some gleyed soils are
significantly enriched at depth suggesting reduction to
elemental selenium. There is, however, overall correlation
between the concentrations of selenium parent material and
content in soil.

Speciation studies of selenium in river water from
Southern England indicate that the dominant species is
selenate (Measures and Burton, 1978). These data are in
conflict with the thermodynamic calculations of Howard
(1976) but further work on seawater seems to confirm the
predominance of Se(6é) (Wrench and Measures, 1982) as does
that of Peintre on mineral springs (Peintre, 1963). Russian
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work has detailed the subsurface dispersion of selenium
in acid oxidising ground waters away from a mineral
deposit and deposition in more alkaline conditions {Goleva
and Lushnikov, 1967%).

Selenium is strongly enriched in gossans. This
is brought out by research at Chuquicamata, which also
demonstrates concentration in the zone of secondary
sulphide enrichment (Wraith, 1982).

8.2 Comparison of Pathfinder Surficial Distribution

Mechanisms Evidenced in Detailed Studies with

Those from the Literature

The areas studied in detail provide evidence on
pathfinder distribution over both enriched and background
bedrock. The main line of reasoning throughout has been
statistical inference and comparison with the mobility
of well understood elements. Although the controls on
soils, stream sediments and stream waters are qualitatively
similar they differ quantitatively and are considered
separately.

8.2.1 Arsenic
a) Soils and QOverburden

The strong correlation between iron and arsenic in
many of the detailed study areas (Kilmelford, Keel, Avoca,
Meall Mor) and in many literature studies suggests that
iron oxide distribution is the main control on that of
arsenic in near surface soills. This is in accord with
theoretical studies, quoted in the previous section, which
indicate that arsenic minerals are soluble, forming
arsenate anions which are then adsorbed by iron hydroxide
(following a Langmuir isotherm).Convincing evidence of the
hydromorphic nature of much arsenic dispersion is afforded

by measurements at Arthrath. The distinct arsenic high in



331

soll waters near the soil anomaly constrasts with low
arsenic concentrations in gossanous fragments. There is

in general little evidence (in localities of low iron
content) of arsenic concentration by other mechanisms,

as suggested by some observers. The exceptional area

is Ballinglen, where there is an overall lack of correlation
between iron and arsenic and the most obvious explanation,
given the well drained nature of the area and its
ruggedness, 1is that clastic dispersion is important.

The broader dispersion of arsenic relative to the
exclusively clastic dispersion of tungsten, however,
demonstrates that hydromorphic dispersion is also important
and it 1s suggested that dispersion is by a combination of
these two mechanisms (Fig. 8.6).

Organic matter seems to play a limited role in the
geochemistry of arsenic. There is little correlation
between organic carbon and arsenic in areas of detailed
studies, particularly the peat bog at Keel and the peats
at Meall Mor and Kilmelford. Gaseous arsenic compounds,
probably, (given the limited stability of arsine) of the
methylated arsenic type are generated directly over both
a primary anomaly and over a seepage zone at Ballinglen.
The generation of reduced organic arsenic volatiles in
this seepage area suggests that arsenic is more likely
to be transported in the (3+) valency in ground waters
rather than in (5+) form which requires re-reduction to
form the volatiles: and this is in accord with the
suggestions of Hawkins et al, 1980.

Background values of arsenic in soil (Table 8.3)
vary from 2 - 15 ppm but the causes of these variations

are not particularly obvious.

b) Stream Waters and Sediments

Physical separation of waters from suspended sediment



Table 8.3

Arthrath
Avoca
Ballinglen
Clontibret
Dalbeattie
Glendinning,
Keel
Kilmelford
Mallow

Mar! Slate

Meall Mor

¥*

Background Concentration of Pathfinders in

Non-Organic_Soil Samples (ppm)

As Sb
3-?1- —
15 1.0
10 0.3
10 4.0
10 1.0
5 3.0
10 0.5
5* —
10 0.8
L -
2 0.73

Partial Extraction -

Not Determined

Bi Se

0.2% 0.4
0.5 0.8
0.4 0.9
2.0 0.5
0.4 0.7
0.2 0.8
0. 5% 0.8
0.2 0.5
0.73* 0.5
0.2 0.4

Co-Precipitation Method
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Table 8.4

Ballinglen

Glendinning

Keel

Kilmelford

Meall Mor

Background Concentrations of Pathfinders in Waters

{(mg/1)

Dissolved
Particulate
Total

Dissolved
Particulate
Total

Dissolved
Particulate
Total

Dissolved
Particulate
Total

Dissolved
Particulate
Total

. 08
.38

o O o - o -
=

o o © K O ¥
[

- Not determined

Sb Bi
2.0 1.8
0.08 0.08
g.1 ? 0.1
0.04 0.04
1.0 2.0
0.15 0.15
0.05 0.1
0.03 0.03
0.1 .2
0.03 1

Se

£ee



Table 8.5

Arthrath
Ballinglen
Clontibret
Glendinning
Keel
Kilmelford
Meall Mor

South West
Background

*

Background Concentration of Pathfinders in

Stream Sediments (ppm)

As

5%
20
10

15%

20(?)

Partial Extraction - Co-precipitation Method

Not Determined

Sb

0.
3.
2.
0]

1.

v
0

0

-7

2

0.15
0. 3%
0.2
0.2

Se

0.15

0.1
0.15
0.4

0.2
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Fig 8.6 Schematic summary of dispersion at Ballinglen
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at Ballinglen and Glendinning shows that most arsenic

is transported in sclution. Speciation of the soluble
phase at Glendinning demonstrates that arsenic is
transported in surface waters in the As (+5) state with
only very minor As(3+) or organic arsenic compounds

and this observation agrees with theoretical studies. The
strong correlation of arsenic with iron in stream
sediments (particularly at Kilmelford and Ballinglen) is
compatible with laboratory studies indicating the adsorption
of As(+5) or iron hydroxides following a Langmuir iso-
therm. There is no evidence of the formation of insoluble
arsenates by co-precipitation.

The mode of stream sediment anomaly formation is unclear.
Physical separation of sediment at Meall Mor and Glendinning
into different grain sizes demonstrates that arsenic is
concentrated in the finest grain size and enrichment in
this finest fraction is reflected in the distribution of
arsenic in the particulate phase rather than the dissolved
phase at Ballinglen and Meall Mor. Thils suggests that
fine fraction dispersion trains (of the type routinely
sampled) are the result of the transport of particulates
which presumably form by adsorption of arsenic near the
subcrop of the mineralization/groundwater seepage. Most
arsenic in sediments is transported in the coarser fractions,
probably in iron oxide coatings.

8.2.2 Antimony

a) Soils and Overburden

The detailed studies at Keel, Arthrath, Ballinglen
and Clontibret demonstrate that the key feature of
antimony geochemistry is its immobility. At Keel it 1is
distinctly less mobile than the transition metals on
traverse K10l and increases with depth to bedrock at
Arthrath. The data from Ballinglen are less clear
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as primary enrichment 1s low and limited, but antimony
dispersion is restricted to basal t111. The mobility
through till at Clontibret seems more limited than arsenic,
although it may have an erratic primary enrichment.
Evidence of limited antimony mobility is also provided by
the investigations at Avoca and Keel. Profiling at the
former location suggests that the limited soluble antimony
is co-precipitated with iron oxides. This is compatible
with transport in the (t5) state as anionic complex.

At Keel antimony is concentrated in the peat bogs and 1in
peats overlying till at Meall Mor. This 1is explicable

by complexation and fixation of antimony by humic/fulvic
acids or fixation as sulphides, as evidenced by Valente
(1978}.

Comparison of background values of the different
areas show considerable contrast beitween those in the
areas with antimony deposits (Glendinning and Clontibret)
and the others. This could be explained by clastic
dispersion from bedrock, which shows regional

enrichment.

b) Stream Sediments and Waters

The key feature of antimony geochemistry in stream
sediments is, as in soils, its low solubility. This is
well demonstrated at Glendinning and Meall Mor where the
element is enriched in all fractions downstream from the
mineralization. Comparison with the base metal and
arsenic patterns suggests that antimony is almost exclusively
introduced and transported as clastic gralins. This also
seems to be the case at Clontibret but the evidence is
legs conclusive with much antimony derived from
result of contamination.

Anomalous levels of soluble antimony are present in
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stream waters at Glendinning but they are restricted to

an area around the soil anomaly. Concentrations in the
particulate phase are invariably below the analytical
detection 1limit suggesting thg%ipartioulate phase does

not have an important role in anomaly formation. In contrast
to soils there is little correlation with iron or organic

matter.
8.2.3 Bismuth

a) Soils and Overburden

Dispersion of bismuth through overburden is well
displayed at Avoca and Ballinglen. The element is inter-
mediate in mobility between clastically dispersed tungsten
and widely dispersed arsenic at the latter location,
suggesting limited hydromorphic dispersion. Overburden
profiles in both areas give some evidence of bismuth
concentration in near surface soils implying complexation
with organic matter or possibly precipitation. Profiles
over mineralization low in bismuth at Keel and Arthrath,
however, give no indication of near surface concentration.
The other soil traverses which are relevant are those at
Kilmelford and Meall Mor. There,minor peaks occur in
both till and peats over mineralized bedrock with some
evidence of down slope leaching and base of slope concentration,
confirming limited hydromorphic dispersion. All the data,
thus, indicate limited hydromorphic dispersion but the
mechanism of concentration is enigmatic. ?Qg low correlation
of bismuth with iron and organic matter but,concentration in
gossans indicate that the precipitation of insoluble
salts (co-precipitation in gossans), as suggested by
rnukhrov et al, 1979, is important. This theory needs
to be tested by determination of the bismuth content
of soil/groundwaters and detailed mineralogical investigation.
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Background concentrations in soils vary 1little
between the areas with the exception of high values
over the granite at Dalbeattie (Table 8.3).

b) Stream Sediments and Water

Evidence of mechanisms controlling bismuth distribution
in stream water and sediments is less convincing than for
soils, particularly as background levels of the element
in water are of the order of X ppt.

The two areas in which bismuth anomalies were
encountered are Ballinglen and Kilmelford. At Ballinglen
the anomaly is minor and rapidly dissipated downstream
while at Kilmelford similarity with lead dispersion
suggests a clastic mode of bismuth dispersion. This
latter observation may be caused by the presence of
bismuth in isomorphous sclution for lead.

Perhaps a more revealing approach is to consider
the behaviour of bismuth in background areas. At Neall
Mor the fractional separation of sediments shows enrich-
ment in the finest fraction while the evidence at Glendinning
is less clear, with enrichment in the coarser fractions.
Overall these patterns suggest that bismuth is hydro-
morphically dispersed. This observation is in accord
with the close relationship between granite outcrop and
stream sediment concentrations which contrasts with the
obviously clastic dispersion of %in.

8.2.4 Selenium

a) Soils and Overburden

Selenium shows very different patterns to the
other pathfinders and concentrations in surface solls
often do not reflect bedrock anomalies. Examples of
these at Ballinglen and Avoca demonstrate that the
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processes which concentrate selenium in the near surface
are not simply the upward movement of clastic grains
or solutions. There 1s also strong evidence of absolute
concentration of selenium in the near surface (Avoca,
Ballinglen) and in peats (Kilmelford, Meall Mor).
Selenium shows a close association with organic carbon
at Keel (statistically) and organic accumulations at
Kilmelford and Meall Mor (observationally). Thus i%
seems that organic carbon is often a stronger control on
near surface selenium concentration than the selenium
content of the parent material. This agrees with the
conclusions of Levesque(1974h, 1974a) who showed that selenium is
concentrated by organic carbon/iron oxide complexes,
(which are prevalent in the soil B horizon).The role of
iron in this process in not well demonstrated, with 1ittle
correlation between selenium and total iron in areas
studied in this research

The mode of transport of selenium is less clear.
At Arthrath the surficial anomaly reflects clastic dispersion
of the selenium enriched gossan. This appears to be an
exception and the accumulation of selenium in peats
downslope from bedrock anomallies at Meall Mor and Kilmelford
suggests that most selenium 1s transported in solution
as indicated by the Eh/pH diagram. The lack of surface
anomalies over bedrock anomalies could then be explained
as the result of saturation of organic matter in selenium
with anomalous concentrations of selenium merely
dispersed in solution. An alternative or complementary
explanation invokes the atmophilic nature of selenium.
Weathering of sulphides provides a supply of inorganic
selenium which is known to be more amenable to methylation
than organically bound selenium and thus anomalous
selenium could be removed into the atmosphere (Zeive and
Peterson, 1981). The high background concentrations of
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selenium in surface soils may be related to input from
atmospheric sources as well as from weathering. Adsorption
or rainout from the atmosphere are viable, if unquantified,
mechanisms.

The picture which emerges from the areas of detalled
study is very different from that available from published
sources. The role of organic matter is more important
than previously thought and the -190sxm fraction of
surface sgoils may not reflect local bedrock highs.

b) Stream Sediments and Waters

The strong affinity of organic matter for selenium
is shown in all the areas examined. Invariably this
means concentration at the heads of streams and in peaty
areas.

The most complete example of selenium dispersion
from this study is at Kilmelford. Water analyses show that
anomalous gelenium is present in solution downstream from bedrock
selenium anomalies and reflected in stream sediments.
These sediment anomalies, however, have a much lower
contrast than those sediments in organic areas, formed by
concentration of solutions derived from areas of bedrock
showing anomalous or background selenium concentrations.
Similar patterns occur at Meall Mor. Size fractionation of
sediment at Meall Mor and Glendinning demonstrates that
selenium is strongly concentrated in the finest fractions,
also indicating concentration by organic matter or iron
oxides. On a broader scale the data from South West
England indicates that selenium concentrations in stream
sediments generally reflect bedrock concentrations with
relatively few organic related highs.

The overall behaviour of selenium 1is transport in
solution {in unknown valency state),and concentration in

sediments by organic matter or possibly (to a much lesser
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degree ) iron oxides.

8.3 Exploration Implications of the Studies: Compilation
of the Detailed Studies and Comparison with Published

Accounts

Arsenic has been, and is, extensively and successfully
applied in geochemical prospecting while antimony and
bismuth have nhad limited application. There are only a
very few reports (mainly Russian) of the use of bismuth
and 1t 1s only recently that all four pathfinders have
been used in consort, and then only for the specialised
problem of gossan discrimination in lateritised areas,
particularly Western Australia (Smith, 1982).

The successful applications from the present study
(summarised in Tables 8.6 and 8.7) are arsenic, antimony
and bismuth at Avoca: arsenic, antimony and selenium in the
delineation of sulphides at Arthrath; arsenic and bismuth
at Dalbeattie; arsenic and antimony at Clontibret and
antimony at Keel and Mallow. Their usefulness in surficial
prospecting (with the possible exception of arsenic) is
in detailing drill targets and this depends on their low
mobility in the secondary environment.

8.3.1 Arsenic

Most of the published case histories are concerned
with its application in the search for precious metals
with less data on igneous related deposits and base
metals(well summarised in Boyle and Jonasson, 1973).

Arsenic shows a wide range of anomalies 1in the
primary environment reflecting the diversity of modes
of leaching and transport.

Data from Arthrath confirm that arsenic 1s often
enriched in nickel-copper sulphides, although there is
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Table 8.6 Usefulness of Pathfinder Geochemistry in Soil/
Overburden Samples
Suggested
Area As Sb Bi Se Elemental
Suite

Athrath Soil # - 0 * Ni Cu As Sb Se
(N1 - Cuw) Overburden * # *
Avoca Se1ll * #* #* 0 Cu Pb Zn
(Cu - pyrite) Overburden * * * 1 As Sb Bi
Ballinglen Soil * 1 W As Bi
(W - sn) Overburden * #* 1 Cu
Clontibret Soil i 2 - - As
(Au) Overburden #* * - - As Sb Au
Dalbeattie Soil * 2 * 0 As Bi Pb Cu Ca
(u)
Glendinning Soil * * 0 0 As Sb
(Sb)
Keel Soil 1 * 0 0 Pb Zn Cd Hg Sb
(Zn - Cd)

Overburden 1 0 0
Kilmelford Peat 0 - 1 1 Cu Pb Mo
(Cu) Till o - 2 1
Mallow Soil 2 3# 0 0 Cu Pb Zn Mo
(Cu - Ag)
Meall Mor Peat 0 1 0 0 Cu Pb Zn
(Cu) i1l 2 2

Key #* As Good or Better than Indicator Elements

Significant Additional Information

Minor Additional Information

No Use

Not Determined



Table 8.7

Area
Arthrath
(Ni - cu)

Ballinglen
(Sn - W)

Clontibret
(Au - Sb)

Glendinning
(sb)

Keel
(zn - cd)

Kilmelford
(Cu)

Meall Mor
(Cu)

South West
Fngland
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Usefulness of Pathfinder eochemistry in Stream

Sediments

Sediments
Waters

Sediments

Sediments
Waters

Sediments
Waters

Sediments

Waters

Sediments
Waters

Sediments

Stream Sediments

Sediments/Waters

Recommended
Elemental Suite in
in Sediments

As Sb Bi Se

Does Neot Intersect Mineralization

* 0 1 ¢ W As

2 —_ — —

# # (As Sb) of Doubtful

Value

#* * 0 0 As Sb

2 2 - -

0 0 0 Zn Cd

0 0 0 -

0] - 1 1 Cu Pb Mo

0 0 0 O

2 0 0 Cu Zn

1 0 0

* - #* 1 Varies with
Deposit Type

KEY

Water

Better or as good as Indicator *

Elements

Significant Additional 2 Detectable Anomalies
Information

Minor Additional Information 1 Minor Anomalies

Of No Use 0 No Anomalieg

Not Determined

-~ Not Determined
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no anomaly at Munall, Zambia. The detailed controls on
primary arsenic disptribution in this type of deposit are
not clear at present.

One major assoclation evidenced by the detailed
studies is with granitic rocks. Arsenic is anomalous in
most, if not all, tin-tungsten bearing structures/dissemin-
ations although detailed studies suggest that arsenic is an
equivocal guide to deposits in South West England. Here a
broad halo of disseminated arsenic occurs around the
Dartmoor Granite, in addition to high concentrations in
copper and tin bearing structures. The presence of arsenic
accumulations in the intruded sediments suggests that re-
mobilisation of these concentrations is a more plausible
explanation for this distribution than diffusion from the
intrusive. The patterns around the Leinster uyranite are
different, with arsenic highs mainly restricted to greisen
dykes and no halo around the granite and low concentrations
in the intruded sediments. Its absence tends to confirm
the importance of sedimentary concentration as a source of
arsenic in granite-hosted mineralization. Arsenic anomalies
also occur in the sub-economic sulphosalt rich veins
around the South West England granites. These deposits
form at a lower temperature than those containing tin
with an assemblage very similar to that at Dalbeattie.

Here arsenic gives well defined primary anomalies with
little wallrock alteration. The metal assemblages suggest
that mineralization may well result from reduction of
relatively low temperature solutions.

All three base metal deposits studied in Ireland are
enriched in arsenic but its position in the paragenetic
sequence relative to the indicator elements differs. At
the Kuroko-style Avoca deposits the element is enriched
throughout the mineralized sequence and may have a broad
supra-ore halo similar to that described from Canadian
and Spanish deposits. Arsenic at Keel is probably mainly
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concentrated in the veins, while at Mallow it occurs both
with the copper-silver mineralization and the surrounding
disseminated lead-zinc zone.

The other major association of arsenic is with
gold. Data from Clontibret are not conclusive on the
how the two elements are associated in the primary environ-
ment but recent evidence suggests that gold may be trans-
ported as arsenic-sulphur complexes implying a very strong
correlation (Boyle, 1979; Grigor'yeva and Suknewva , 1982).
Arsenic is the most universal pathfinder for hypogene
gold and discoveries include the Cortez deposit, Nevada
(with antimony) and the Mururtan deposit, U.S.S.R. (Boyle,
1979a) .

Soils are the most favoured prospecting medium
in areas of residual soil and lateritisation. Surveys in
temperate climates generally use the B horizon and fine
fractions. This study confirms that this is generally the
fraction leading to maximum anomaly contrast. In lateritised
areas, however, it seems that sampling of the coarse
fraction is often more effective as arsenic is scavenged
by the very iron-enriched soils and then subject to very
limited clastic dispersion (Mazzucchelli and James, 1966;
Webb, 1958). This scavenging causes considerable problems
in some areas, particularly Keel and Avoca, where it is
responsible for smearing and thus poor definition of the
arsenic anomalies. Considerable care should therefore be
taken in areas where the anomalies sought may be of limited
size, areas of podzolation noted and/or iron determined.

Sampling of A horizons may be effective 1n forested
areas although there is no evidence in the present study.
Its utility depends on trees tapping bedrock anomalies
covered by exotic /impermeable overburden. Arsenic is
taken up into leaves which then decay to form forest
litter enriched in arsenic (Talipov et al, 1976 ; Boyle and
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Dass, 197V). Direct sampling of Douglas Firs has shown
them to contain anomalous concentrations (up to 10000

ppm As) overlying gold mineralization in British Columbia
(Warren et al, 1964).

Successful stream sediment surveys are numerous
with the constraint of spurious anomalies generated by
concentration at iron oxide barriers. The extent of this
problem can be gauged from the detailed studies. In these
it is most acute where very peaty waters are present
giving rise to much secondary iron hydroxides, e.g. at
Kilmelford, and arsenic distribution seem almost exclusively
related to scavenging by these hydroxides. This is, however,
not the case in lowland areas where 1t seems likely that the
most intense iron anomalies are .related to weathering
of primary sulphide concentrations. Thus correlation of
iron with arsenic does not necessarily imply scavenging.,
although iron should routinely be determined and anomalies
carefully ground-checked.

Arsenic is the only one of the pathfinders with a
high enough concentration in waters to be used in exploration
at present. The detalled studies confirm that anomalous
concentrations are present in stream waters downstream from
mineral deposits but any practical application of hydro-
geochemistry lies in the realm of subsurface waters.

The determination of arsenic in soil gases by Ruan
(1981) is, as far as the author is aware, the first to be
reported. This study demonstrates that they are generated
at seepage zones, i.e. as a result of hydromorphic dispersion,
as well as directly over primary enrichments.

8.3.2 Antimony

Antimony has had application mainly in the search

for gold, lead-zinc and antimony mineralization. The



detailed studies confirm the associations and add that
of antimony with nickel-copper sulphides.

The evidence from Arthrath suggests that antimony
is concentrated in residual fluilds of basic magmas but
the data quoted in Chapter 2.2 suggest that not all nickel
sulphides are enriched. Antimony shows very limited
concentration in granitic hosted tin-tungsten deposits
and is associated with minor sulphosalt development. It
forms a distinct halo around silver bearing mineral
belts at Coeur d'Alene, Idaho (Gott and Cathrall, 1980)
In contrast it is strongly enriched in sediment hosted
base metal deposits exemplified by Avoca, Keel and Mallow
in Ireland and there is particularly strong correlation
with lead/zinc. At Avoca antimony is concentrated in the
upper, lead-zinc rich, part of the mineralized sequence.
This 1s a more restricted stratigraphical position than
arsenic but antimony may also have a breoad lateral halo.
At Keel and Mallow antimony is closely related to the
main ore minerals and evidence of this study suggests
limited primary dispersion. Data from Meall Mor shows
concentration of antimony in the pyritiferous zone.

Antimony, like arsenic, is closely associated with
many gold deposits and may be assoclated with sulphur in
the transport of gold. The data from Clontibret suggests
that i1t is more erratically enriched than arsenic although
still a useful guide. Primary antimony dispersion at
Glendinning seems limited but this may not apply to other
hypogene antimony deposits.

Soils are by far the most commonly used medium.
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Over antimony deposits in Alaska the element is concentrated

at the bedrock/overburden interface and the base of the
humus layer (Sainsbury, 1957). Results from an antimony
prospect in Burma show only limited clastic dispersion
(Chakrabarti and Solomon, 1970). Iron rich soils in
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Zimbabwe give narrower antimony anomalies than those of
arsenic but anomalies are broader in iron poor soils
(James, 1957). The detailed profiles at Keel, Avoca and
Arthrath confirm that the key control on antimony mobility
is its insolubility, giving rise to limited dispersion
through overburden. The limited amounts of antimony
dispersed hydromorphically are probably adsorbed/co-
precipitated by iron oxides or organic matter. Thus over-
burden sampling will be much more effective than conventional
soll sampling in locating primary antimony anomalies
where the overburden is more than about 2 m thick. The
affinity of antimony for organic matter implies that the
A horizon or peat sampling may be a useful technique.
Background soil values at Glendinning and Clontibret are
significantly higher that other areas suggesting that wide
spaced sampling may indicate prospective districts.

Detailed description of antimony dispersion in
stream sediments is almost entirely lacking. The only
investigation encountered during a literature search
suggests that antimony 1s dispersed clastically in finely
comminuted grains with short dispersion trains (Boyle, 1975).
The detailed studies at Meall Mor and Glendiding provide
convincing evidence of the almost exclusive introduction
and transport of antimony as clastic grains. This mode
of dispersion has considerable implications as panned
concentrate samples are likely to be more effective in
detecting localised enrichments. Regional stream sediment
sampling of the fine fraction may however be effective in
outlining regional enrichments as background values at
Glendinning and Clontibret are significantly enriched on
a regional scale.

Application of the element in hydrogeochemical
prospecting has been almost entirely restricted to the
U.S.S.R. There it is only recommended for deep seated
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orebodies with anomalous concentrations reaching 80 ppb Sb
(Adilov et al, 1971). The data from this study suggest
that routine application of this methed will be difficult,
not least because background levels are near analytical

detection limits.

8.3.3 Bismuth

Very few detailed case histories are available outside
the U.S.S.R. where the element seems to form a prominent
part of multi-element prospecting (Beus and (rigorian, 1977).

Recent data from Cornwall suggests that bismuth is a
useful pathfinder for tourmalinised granite cusps and
vein structures (Ball et al, 1982). The data from studies
at Ballinglen and South West England and literature studies
quoted in Chaper 2.2 confirm its close association with
tin~-tungsten mineralization and it seems to have limited
primary dispersion. There are however a number of unsolved
problems. The first is that at Ballinglen bismuth is
associated with sulphide development and the form of
bismuth in other tin-tungsten deposits low in sulphides
is not known. The second is that it 1s not clear how much,
if at all, the bismuth anomalies are influenced by assimil-
ation of bismuth enriched sediments by the granite.

Bismuth is not enriched in the porphyry at Kilmelford but

only in the later faulting/lead mineralization. This

evidence is at variance with data from Chuquicamata which

show some bismuth concentration,but consistent with data

from Ely, Nevada showing a bismuth halo around copper
mineralization (McCarthy and Gott, 1978). The granitic related
polymetallic veins at Dalbeattie are consistently enriched,
perhaps indicating low temperature leaching from granite

and concentration by reduction.

Bismuth is anomalous at the Avoca massive sulphide
deposit but not in the carbonate hosted deposits at Keel and
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Mallow. Its concentration in lower zones of Avoca 1is
compatible with the empirical zonation sequence of Beus
and Grigorian (1977). Highs occur at Boudennec and
Porte-aux-Moines, Brittany but their relation to geology
is not obvious from the available data {Wraith, 1982).
Bismuth is enriched in black shales 1in Somerset and
erratically over the stratiform copper mineralization at
Meall Mor. High concentrations occur 1n copper and
precious metal deposits at Lubin, Poland and bismuth
seems a useful pathfinder in this environment.

The only detailed investigations on blsmuth in
soils are in forest mull over gold deposits in Colorado
(Curtin et al, 1974), dambo sediments in Zambia (Schiefler,
1967),with the recent addition of information from South
West England showing limited dispersion (Ball et al, 1982).
In Zambia bismuth seem hydromorphically dispersed from
enriched veins into soil and dambos with concentration in
iron oxide rich fraction of the soil. It shows clastic
dispersion in lateritic pisolites at Zolden Grove, Western
Au%ﬁéﬁ;iﬁjﬁﬁgfe bismut? geochemistry has been-successfully
applied,. Detailed profiling at Avoca and Ballinglen
demonstrates limited hydromorphic dispersion with some
concentration at the surface. This pattern also seems to
hold for Kilmelford where bismuth is probably present in
the primary environment in solid solution in galena as
opposed to native bismuth/sulphide/sulphosalts at Avoca and
Ballinglen. Thus bismuth can be successfully used in
soils and fine fraction sampling methods are adeguate.

No detailed description of bismuth dispersion in
stream sediments is available in the literature although
there is some evidence of hydromorphic dispersion of
bismuth into Zambtian dambos (Schiefler, 1967). The data
from detailed studies, although not providing a convincing
example of the effective use of bismuth, shows that fine
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fraction grab sampling would detect primary enrichments.

This technique will detect both bismuth hydromorphically
dispersed from primary enrichments as sulphide/sulphosalts

and at least in part clastically dispersed frfquiiad

rich deposits. Russian reports suggests anomalies,of up

to 0.1 ppb relative to background of 0.05 ppb arocund gold
deposits (Goleva, 196¥). These concentrations are below

the detection 1imit of the method used in this study and thus the
routine application of hydrogeochemistry must be considered

as being some time distant.

8.3.4  Selenium

Selenium has had very specific application in the
search for shale hosted base metal deposits, selenide
veins, sandstone uranium deposits and the discrimination
of gossans over nickel deposits.

The element is strongly concentrated in nickel
sulphides at Arthrath and Munali, Zambia (Wraith, 1982) and
enriched in sulphides at the Kilmelford copper porphyry.
This almost certainly reflects increased isomorphous
substitution of selenium for sulphur at high temperatures.
Minor selenium anomalies occur in bedrock at Avoca and
Ballinglen; typical concentrations in hydrothermal ores
can be anticipated to range from 1 - 20 ppm Se (based on
S/Se ratios of 10000 -30000) Reduction and/or organic
complexation are, however, the main mechanisms by which
selenium is concentrated. Their effects are well demonstrated
in the association of selenium with black shales, both
Dinantian and Jurassic, in South West England. Selenium
is strongly enriched in metalliferous sediments of the
Kupferscheifer and the stratiform sulphides at Meall Mor.
The element is also concentrated in polymetallic veins at
Dalbeattie, which probably formed by reduction.

The most comprehensive account of the application
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of selenium comes from East Germany, where soil selenium
anomalies occur over seleniferous veins in the Ezgebirge
and metalliferous sediments in the Kupferscheifer (Leutwein
and Starke, 1957). Anomalous concentrations reach 2 ppm

Se relative to 0.3 ppm background. Research in Finland
shows that anomalous concentrations of selenium occur
around Outokumpu-type sulphides at Luikonlahti, with
concentrations reaching 13 ppm in gossans (Keljonnen,

1976). The present study casts much doubt on the effective-
ness of selenium in humid terrains. Although anomalous
concentrations were found (e.g. Arthrath) they are often

of lower contrast than spurious anomalies formed by
scavenging by organic matter in background localities.

In addition bedrock anomalies at Ballinglen and Avoca are
not reflected in surface soils. Thus, selenium can only

be recommended for use in the search for nickel sulphides
or copper porphyries, and heavy mineral concentrates will
probably be more effective than total soll samples. Deep
sampling is a more useful technique than surface soils.
Selenium will almost certainly be more effective in lateritised
terrains where selenium will be largely retained in iron
oxides.

Selenium accumulator plants, such as Austragalus
Pattersoni, have been used in the search for uranium
deposits in the Colorado Plateau, U.S.A. but more recent
research indicates that their distribution 1s more dependent
on the presence of uranium (Cannon, 1979).

Although minor selenium anomalies occur downstream
from anomalous bedrock (Kilmelford, Meall Mor) they have, like
so0il anomalies, much lower contrast than spurious highs formed
by scavenging by organic matter. Selenium is, thus, not
recommended for use in temperate terrains.

Anomalies in groundwaters have only been reported on
a research basis from the U.S.S.R. (Goleva and Lushnikov,
19€é7). The method may be of some potential in arid areas
in the long term but analytical methods need to be refined.
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CHAPTER 9 CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER
RESEARCH

9.1 Conclusions

The factors which control the surficial distribution
of pathfinders are a combination of their primary distribution,

solubility and mobility in the secondary environment.

9.1.1 Conclusions: Primary Distribution

A1l the pathfinders are strongly chalcophile with
crustal abundances ranging from 0.05 - 1.8 ppm (Se<Bi<Sb<As).
Selenium, however, has a very strong affinity for organic
carbon a%xgaxnﬁﬁgperature and is atmophilic.. They are
all very low,in silicates from basic rocks (Se<Bi<As<Sb) and
are concentrated in shales (particularly those enriched
in organic matter), with bismuth also enriched in granitic
rocks.

All the pathfinders are concentrated in mineral
deposits formed by residual fluids from basic magmas and
stable native elements (with the exception of arsenic)
can form as a result of low temperature reduction. Arsenic,
antimony and bismuth are enriched in a variety of mineral
deposits precipitated at intermediate temperatures and their
distribution probably reflect the stability of transporting
complexes. Their zonation is described by the empirical
sequence of Beus and Gregorian (1977):-

Ba-Sb-As-Ag-Pb-Zn-Au-Cu-Bi-Ni-Co-Mo~U-Sn-Be-W

Selenium is different from the other pathfinders as it
substitutes isomorphously for sulphur. This process is
dominantly temperature dependent although other factors,
notably element availability, are important.

An important constraint of this study is that it has
been concerned with a small area of the globe and a short
span of time, almost exclusively in the Phanerozoic. In
older rocks, an important consideration could be the effect
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of the postulated low-oxygen atmosphere in the Archean:

this would have a considerable impact on the low temperature
transport of pathfinders as anionic complexes. In the
author's opinion environmental factors are a more important
control than evolutionary trends on the distribution of the
pathfinders, and the conclusions arrived at here can be
extended to other areas and to older rock.

a) Arsenic

Arsenic is enriched in a wide range of mineral deposits
and occurs as several different mineral types: arsenides;
arsenopyrite; sulphosalts; and arsenates.

Nickel-copper sulphides in basic rock at Arthrath
have associated arsenic concentrations. The element has
wide dispersion forming a halo around the Dartmoor Granite,
which is mineralized in tin and tungsten, and shows higher
arsenic concentrations in the tin mineralized structures.
The halo may form as a result of remobilisation of pre-
intrusive sedimentary arsenic concentrations in the
Dinantian. This situation is further complicated by late
stage sulphosalt-bearing structures which form at lower
temperatures. The pattern around the Dartmoor Granite
contrasts with the limited primary arsenic dispersion
associated with tin-tungsten bearing microgranite dykes
at Ballinglen, Ireland. Here the main granite body 1is
unmineralized and has no arsenic halo. A different type
of mineralization at Dalbeattie, in which the granite-related
polymetallic assemblages is probably precipitated from
low temperature solutions, shows limited primary arsenic
dispersion. Data from the Kilmelford porphyry copper
show that arsenic is not enriched in the porphyry, and
there is little evidence of a halo around it.

Arsenic is enriched in all three hydrothermal
base metal deposits examined in Ireland. At Avoca it 1is
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concentrated in, underneath and over the massive sulphide
with some evidence of a broad supra-ore halo. The pattern
at Keel is different with enrichment in veins while arsenic
has wider concentration in both copper-silver and lead-
zinc zones at Mallow.

The relation bhetween arsenic and gold is often close,
partly as a result of the transport of gold in arsenic-
sulphur complexes. The data from the limited study at
Clontibret is not conclusive about the nature of the
arsenic-gold relationship although arsenic is concentrated
both in particular stratigraphical wunits and in veins. At
the geologlcally similar but non-auriferous Glendinning
deposit, arsenic seems enriched in sedimentary units
rather than in the later veins.

In sediments which show no obvious hydrothermal
alteration arsenic is concentrated in both sulphide rich
and iron oxide facies (e.g. Dinantian and the Inferior Oolite
in South West England). It is enriched in the quartzites at
Meall Mor but distant from the cupriferous iron pyrite
zone. Arsenic anomalies 1n sediments should, however, be
carefully examined as they may represent the distal effects
of hydrothermal solution rather than sedimentary concentration

b) Antimony

Antimony is concentrated in a range of mineral deposit
less diverse than arsenic with particular enrichment in
sediment hosted mineral deposits.

An exception is at Arthrath where antimony is
enriched in nickel-copper sulphides. Data iigﬁigallinglen
show that it has very restricted enrichment in granitic
environment . Antimony is however high at Dalbeattie where
there is erratic, limited primary dispersion, probably
reflecting reduction from relatively low temperature

solutions.
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The three base metal deposits studied in Ireland all
show antimony concentration. At Avoca it is closely
correlated with lead/zinc¢ and mainly enriched in the lead-
zinc zone above the cupriferous zones. In the carbonate
hosted deposits antimony is closely assoclated with the
main mineralized zones at XKeel (zinc veins) and both the
copper-silver and lead-zinc zones at Mallow.

Antimony, like arsenic, often shows correlation with
gold, probably partially as a result of their transport in
gold-antimony-sulphur complexes. The evidence from
Clontibret is limited and equivocal, probably with limited
antimony enrichment around the vein. At Glendinning antimony
is concentrated both in sediments and in the fracture
hosted mineralization.

There is considerably less evidence on the nature of
antimony in sediments. It is however closely assoclated
with stratiform copper enrichments at Meall Mor.

c) Bismuth

Bismuth is particularly enriched in granitic hosted
deposits and high temperature hydrothermal deposits.
This element is only slightly enriched in nickel-
copper sulphides at Arthrath. This contrasts with the
strong concentration in the tin-tungsten mineralized
Dartmoor Granite and microgranite dykes at Ballinglen, _
Ireland. Both these areas show more limited primary bismuth
concentration than arsenic with high bismuth values assocliated
with sulphide development at Ballinglen. The polymetallic
veins at Dalbeattie are consistently enriched in the
element which is probably concentrated by reduction.
In contrast the Kilmelford porphyry is not enriched but
peripheral lead/zinc veins/skarns show bismuth concentrations.
Bismuth is strongly enriched in the lower (copper
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rich) zone of the Avoca deposit but only shows background
concentrations in the carbonate hosted Keel and Mallow
deposts.

The element is concentrated in Jurassic shales in
Somerset but gives erratic anomalies in the pyritiferous
zone at Meall Mor. There is also minor enrichment in
iron rich sediments e.g. the Inferior Oolite.

d) Selenium

Selenium is strongly concentrated in nickel sulphides,
as a result of high temperature substitutlon of selenium
for sulphuri;and in organic rich reducing shales. Significant
enrichments were encountered in two types of igneous
hosted deposits studied: nickel sulphides at Arthrath
(and at Munali, Zambia) and the copper porphyry at
Kilmelford. Minor bedrock anomalies occur at Avoca and
to a lesser extent at Ballinglen. 1In general only minor
anomalies can be anticipated from hydrothermal sulphides.

The major selenium anomalies are assoclated with
organic rich shales and coals,as exemplified by Jurassic
and Dinantian black shales in South West England. The
element i1s also enriched in sediments hosting copper
deposits at Meall Mor.

9.1.2 Conclusions: Secondary Mobility

The pathfinders show variable valency in the surficial
environment and this governs their behaviour to a consider-
able extent. Arsenic, antimony and selenium in their
inorganic forms are transported in solution as anionic
complexes (arsenic, antimony *3, +5 and selenium +4, +6).
Bismuth is exclusively present in the #3 state and pre-
dominantly as a cationic complex. Their behaviour in
the natural environment is modified by interaction with
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organic matter: arsenic and selenium readily form methylated
compounds. Similar compounds are known, although not widely
distributed, for antimony, but are unknown for bismuth.

Both arsenic and selenium can also form gaseous methylated
compounds. Selenium and arsenic minerals are generally
soluble 1in oxidising environments, bismuth minerals less

so, and antimony minerals virtually inscluble.

a) Arsenic

This study is in accord with much of the well
documented surficial chemistry of arsenic. Theoretical and
laboratory work shows that arsenic is transported 1in
oxygenated waters as the arsenate complex or in ground
waters as arsenite. These are adsorbed by amorphous ferric
oxides {(arsenate more strongly than arsenite) and this
ig the key control on surficial arsenic distribution.

This is particularly evident in peaty areas where rapid
Eh/pH changes cause precipitation of iron oxides (Meall Mor and
Kilmelford).

Studies of stream water at Glendinning confirm that
arsenic is transported in the +5 oxidation state with only
minor concentrations in the 3+ state and as organic arsenic.
The mode of arsenic stream sediment anomaly formation is
less clear and may be grailn size dependent. The element
is concentrated in the finest sediment (-63 sm) fraction
and the particulate (70.45 .m) arsenic anomalies in stream
water are developed downstream from the peak sediment
anomalies. Thus it seems likely that fine (<190 »~m) fraction
sediment anomalies downstream from mineralization are
generated by transport of arsenic in suspension, (possibly
adsorbed onto iron). The bulk of arsenic is, however,
transported in the coarse fraction in iron oxide coatings
or as arsenic rich grains. The arsenic content of these
coatings may be due to adsorption from waters enriched in
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arsenic (if erratically).

The behaviour of arsenic in overburden is less clearly
established in this study. Its close association with
iron enriched horizons suggest that dispersion is hydro-
morphic (Avoca, Keel). Direct evidence of the hydro-
morphic nature of dispersion 1s provided by anomalous
contents of arsenic in soll pore waters over the Arthrath
soil anomaly. In the more rugged and arsenic enriched
area of Ballinglen, clastic dispersion is probably also
important. Arsenic gases (probably methylated) are
generated over the subcrop of the mineralized microgranite
and over seepage zones, presumably resulting from the :

transport of arsenic in ground waters.

b) Antimony

The key feature of its behaviour in the surficial
environment is its very limited solubility.

Antimony is almost exclusively introduced and
transported in stream sediments as clastic grains (Meall
Mor, Glendinning). Determination of antimony present in
stream water gives only very localised anomalous values
in solution at Glendinning and no evidence of anomalous
concentration in particulates. There is no evidence
of concentration by either iron oxides or organic matter
in these areas.

Overburden profiling demonstrates the limited
solubility of antimony with concentrations invariably
increasing with depth. At Avoca there is some evidence
of 1its correlation with iron oxides, which might be
anticipated from theoretical predictions of antimony
transport as an (+5) anionic complex. Another facet of
antimony geochemistry is its complexation and local enrich-
ment in organic matter as evidenced by 1ts concentration in

peats at Keel and Meall Mor.
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c) Bismuth

Bismuth shows limited hydromorphic dispersion in
profiles at Avoca and Ballinglen. There 1is evidence of
1ts concentration in the near surface and this is best
explalined by precipitation of insocluble salts. The
element shows some enrichment in peats (Kilmelford and
Meall Mor) but it is not as pronounced as for antimony.

Physical fractionation of stream sediment suggests
that bismuth 1¢ dlspersed hydromorphically, although the
evidence of the detalled studlies 1s not convincing. The
data from Kilmelford indicate that dispersion may be
dependent on primary mineralogy and clastic where bismuth

is contained in lead minerals.

d) Selenium

The key control on surficial selenium distribution
is complexation by organic matter.

Selenium in soils does not always reflect deep
overburden anomalies and there is some evidence of absolute
selenium concentration in the near surface (Avoca, Ballinglen).
The element is readily soluble but anomalous selenium in
waters is not always adsorbed, perhaps because of saturation
of organic matter in selenium or preferential volatilis-
ation of inorganic selenium. The atmophilic nature of
the element could also explain enrichment of selenium in
near surface soils .with atmospheric selenium supplied
to them either by rainout or adsorption. At Arthrath
there is evidence of clastic transport of selenium through
the profile in gossanous fragments.

Selenium is transported in solutlon in stream waters
from bedrock anomalies at Kilmelford, giving rise to
sediment anomalies but these have lower contrast than
spurious anomalies formed by concentration in organic
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matter. JIron oxides may also be a control on selenium

but are less important than organic matter.

9.1.3 Implications for Geochemical Prospecting

The pathfinders, arsenic, antimony and bismuth,
have considerable although specific application in geo-
chemical exploration, both in lithogeochemistry and
surficlal prospecting. Selenium is of very limited use
in surficial prospecting in humid climates as scavenging
by organic matter often produces higher contrast anomalies
than those derived from primary concentrations. The
hydride generation/ I.C.P. method, following the magnesium
nitrate attack (for arsenic, antimony and bismuth) or
co-precipitation method for selenium,is a precise and
accurate method of determining hackground pathfinder
concentrations; and a considerable advance on previous
methods. Its cost in commercial usage will be intermediate
between that of A.A. determination of transitiom metals and
multi-element I.C.P. Thus determination of the pathfinders
ls a viable addition to the determination of indicator
metals in geochemical prospecting.

Lithogeochemistry using arsenic, antimony and bismuth
will be most effective in the search for sediment hosted
or exhalative deposits, where zonation is well developed.
A good example of this is at Avoca where the pathfinder
and transition metals could be used to determine way-up
of the deposit with bismuth at the base and antimony at
the top. Other assoclations are discussed in the section
on primary pathfinder distribution. Arsenic and bismuth
can be used to locate tin-tungsten deposits,and districts
with bismuth having more restricted distribution. Selenium
is of little use as a lithogeochemical pathfinder with the
possible exception of indicating reduclng environments in
sediments. It is, however, difficult to apply even
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in this situation except for roll front uranium deposits,
as controls on its distribution involve organic concen-
tration as well as oxidation/reduction mechanisms.

The pathfinders (with the possible exception of
arsenic) are most effectively employed in surficial
exploration in temperate zones to detail areas for
more expensive, drilling and trenching, following
target selection, by geology, geophysics or geochemistry.
They may have more regional uses in lateritised zones
where transition metals are ineffective due to leaching
and re-concentration. This study confirms the general
applicability of using the -190p# m fraction in temperate
soils and stream sediments.

The major problems of applying arsenic are its
relatively wide primary dispersion and concentration by
ferric oxides during secondary processes. This causes
smearing of soil arsenic anomalies at Keel and the development
of spurious anomalies in the peaty areas of Kilmelford and
Meall Mor. The partial remedy for this is to carefully
note areas of podzolation and input of peaty waters and/or
routinely determine iron. Not all iron-arsenic anomalies
are spurious and iron concentrations may reflect weathering
of iron sulphides. Prospecting using arsenic in soil
gases 1s a viable technique although it has no advantage
over soil sampling in temperate terrains, as it reflects
seepage zones as well as subcropping mineralization.

Application of antimony should take account of the
limited solubility. Dispersion through till is often
poor, as evidenced by profiles at Avoca and Ballinglen, and
deep sampling is the recommended technique in moderate
to thick overburden. Scavenging by iron oxides and
complexing with organic material may produce spurious
anomalies in soils/overburden although the problems are
much less important than for arsenic. The almost exclusively



364

clastic nature of antimony dispersion in surface dralnage
means that anomalies will represent a very limited part
of the drainage basin and that panned concentrates will
be more effective than fine fraction sampling.

Bismuth is much easier to apply and no special
sampling techniques are required. Good contrast anomalies
can be anticipated in soil samples possibly with some
near surface concentration. Stream sediment sampling
using fine fraction samples is generally successful in
detecting primary anomalies but there may be clastic
dispersion of bismuth in lead rich veins.

Selenium is not recommended for use in humid terrains
as organic scavenging often gives higher contrastanomalies than
those derived from primary anomalies. It may be a more
useful discriminant in lateritised areas where selenium 1is

retained by iron oxides.

9.2 Further Research

The data presented in this thesis represent some
preliminary observations on the geochemlistry of bismuth
and antimony and some more advanced ones on arsenic and
selenium. Much further work is required for a thorough
understanding of the geochemistry of these elements.

9.2.1 Primary Geochemistry

Little is known of the fundamental controls on the
distribution of pathfinders in hydrothermal fluids or
magmas. Experimental investigstions should concentrate on
the leachability of pathfinders from various rock types
and transport as different complexes, particularly of
the chloride or sulphide type. The transport of gold as
a complex with arsenic and antimony with/or without sulphur
is worthy of thorough research: some work along these
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lines 1 available in very recent Russian literature
(Ovehinat zov et al, 1982; Grigor'yeva and Sukneva, 1982).
The partition coefficients of pathfinders in magmas should
be established.

Detailed investigation of other types of deposit,
particularly Cyprus and Besshl types of massive sulphide
deposit, and other examples of the deposit types which
appear promising, will clarify the general applicability
of pathfinder gecochemistry.

9.2.2 Surficial Geochemistry

The scope for research on antimony and bismuth is
wide., Little fundamental data on solubility of their
sulphides and no up to date Eh-pH diagrams are available.

New techniques, notably combined gas chromatography-
mass spectroscopy after modified hydride generation allow
the identification of pathfinder in both inorganic and
organic compounds at.the ppt level (c¢.f. work on organo-
tin compounds{Jackson et al, 1982)). These will undoubtedly
provide breakthoughs in the understanding of pathfinder
reactions at natural concentrations. Routine determination
of identified species will then be carried out by combined
chromotography-hydride generation - A.A./I.C.P. (c.f. Fish
et al, 1982). Determination of total antimony and bismuth
in solution will probably be routinely made by hydride
generation-flameless A.A. methods (c.f. Lee, 1982).

The immediate areas for further research are:-

Arsenic: Detailed investigation of organic - arsenic

reactions in soils.

Antimony: Transport and complexation by organic matter.
Quantification of its fixation by iron oxides in

soils.



Bismuth: TIdentification of bismuth specles in gossans and

mechanism of concentration in near surface solls.

Solubility in surface and groundwaters.
Investigation of surficial organic chemistry
(if any).

Selenium: Investigation of the importance of adsorption
from the atmosphere relative to dispersion
from bedrock.

Tdentification of selenium species in black

shales.

9.2.3 Exploration Techniques

The major area for further research is in my opinion
the application of lithogeochemistry. This has mainly
advanced and will continue to advance in the immediate
future by understanding the mechanisms of ore formation
(notably by observation of present day processes e.g. the
Red Sea and the East Pacific Rise). A more thorough
appreciation of the theoretical basis of pathfinder
distribution (outlined in 9.2.1) will probably not be
immediately forthcoming but advances will probably come
from sensible application of the empirical relations
derived by Russian workers (Beus and Gregorian, 1977).

Further research on the application of arsenic vapour

geochemistry using the methods suggested by Ruan (1981)
is merited. This will be probably be limited to arid
areas, ag spurious anomalies generated by seepage will
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almost certainly nullify its usefulness in temperate terrains

Hydrogeochemistry may be useful in arid areas with
a large number of water wells and in areas of detailed

drilling. This is less prospective than the other areas of

investigation and initial research should check the major
ion dependency of the pathfinders.
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Appendix- Details of Analytical Methods

Nitric acid-Perchleoric acid attack for rock, soil, orx stream sediment

Reagents

ajl Perchloric acid (60%)

b) Nitric acid (70%)

c} Hydrochloric acid (6M}. Dilute hydrochloric acid (534 ml, 36% acid) to
l litre with water.

Eguigment

a)l Test tubes and racks

b) Liquid dispensers (4)

c) Deep heating block sited in a suitable fume cupboard

Procedure

a) Weigh each sample (0.250g, -80 mesh) into a clean, dry, numbered test tube.

b) Weigh standard and duplicate samples, and leave empty test tubes at
random intervals for blank determinations,

c) Add nitric acid (4.0 ml) to each test tube,

d) . Add perchleoric acid {1.0 ml) to each test tube,

e) Place the test tubes in the cold block and raise the temperature to
150° C +5 C over 2~3 hours. Leave at this temperature until copious evolution
of fumes ceases.

' +

f} Increase the temperature of the heating block to 185°C —SOC and transfer
the test tubes to wire racks when the residue is dry.

g) Allow the tubes to cool, Add hydrochloric acid (2.0 ml) to each test tube.

h) Place the tubes in a shallow heating block (60°C) and leave for one hour,
Transfer the tubes to wire racks and allow to cool,

i) Add water (8,0 ml) to each tube and mix thoroughly.

i) Allow the residue to settle (at least 4 hours) and aspirate the supernatant
liquid directly from the test tube.

Remarks

a) This is a more powerful attack than nitric acid alone, In addition to the
minerals completely attacked by the method 3.1, pyroxenes, biotite,
limonite and some amphiboles are almost completely attacked, Trace element
extraction from lateritic soil is almost complete. However, some common
minerals containing important metals are attacked to a negligible extent
(e.g. rutile, chromite, cassiterite, zircon, beryl), or a minor degree (barite).

b) Samples with a high organic matter content may react vigorously with nitric
and perchlorlc acids. Such samples should be kept overnight in the heating
block at 50 C after the addition of the acids at stage (d). The normal
procedure can be resumed at stage (e).

<) This method must not be attempted on samples containing oil or bitumen,

The dilution factor for this method is 40.
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Co-precipitation Method for Selenium

1. 2:1 nitric-perchloric acid attack as for general elements except maximum
temperature is 175 C and samples are removed when nearly dry.

2. Md few drops concentrated tiICl

3. Mix thoroudhly, and wash with about Sml of D.I.W. into a 'centrifuge
tube’'. -

4. Centrifuge for 2 minutes at 28@0r.p.m.

5. Transfer supernatant into second ‘centrifuge’ tube containing J.5ml of 5%
lanthanum nitrate. Discard residue

6. Add 2ml ammonia

7. Mix thoroughly

8. Centrifuge for 2 minutes at 28J¢ r.p.m.

9. Discard supernatant carefully

18. Dissolve precipitate in about 5ml of 5M HCl containing 4% KBr
11. Make up to 12ml with HCL + KBr

12. leave in a waterbath for 50 minutes at 53 C

Note: If supernatant is blue in step 9, redissolve the the precipitate in
HCl and repeat steps 5-9 until blueness dissappears



Magnesium Nitrate Method for As,Sb and Bi

1. Weigh 9.25g sample into a 50ml pyrex beaker

2. Add 1ml saturated solution of magnesium nitrate

3. Mix carefully

4. Put into furnace and leave overnight at 1@@¢ C

5. Increase temperature to 458 C for at least 4 hours

6. Cool, then add 5.@ml concentrated [IC1

7. Shake gently overnight

B. Add 5.0ml 0.2% KI, mix gently and transfer to a test—-tube

9. Leave to settle overnight or centrifuge

Note: Any samples which remain yellow when settled should be discarded
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